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Abstract: This study is a contribution to the planning of hydrocarbon exploration pro-

gram of the Koum sedimentary basin in North Cameroon. 3D modeling of WGM2012

gravity data derived from EGM2008 geopotential model in the Koum basin was used to-

gether with existing geological and spectral analysis information to give structural picture

of the basin. The 3D model of the Koum basin confirms that the basin is developed as

a half graben bounded by sub-vertical faults. The thickness of the Cenozoic sediments

is about 1.5 km in the eastern part and reaches 4.5 km in the western part of the basin.

Gravity lineaments computed by multi-scale analysis revealed structural trends in the

E–W, NW–SE, NE–WS and N–S directions. The faults in the sedimentary terrain reach

6 km depth and have a predominant NW–SE trend with E–W trending faults along the

contact between the sedimentary section and the basement complex in the northern edge.

Key words: Koum sedimentary basin, 3D density model, spectral analysis, horizontal
gradient, faults

1. Introduction

In view of investigating new sources of oil and gas, Cameroon envisages to
conduct exploration of hydrocarbon resources of onshore sedimentary basins
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(Koum, Mamfe and Garoua). Even though geological and geophysical ex-
ploration activities in Cameroon started more than 50 years ago, geology of
these basins is relatively unknown compared with the coastal basins. The
Koum basin which is the largest of the isolated Cretaceous basins in the
north Cameroon region has been poorly studied because of its relative inac-
cessibility and thus is poorly covered by the country geophysical database.

In this paper we present the subsurface structure setting of the Koum
sedimentary basin using gravity data extracted from the World Gravity Map
(WGM 2012) database (Bonvalot et al., 2012; Balmino et al., 2012) derived
from the EGM2008 geopotential model. Gravity method is one of the best
geophysical techniques for delineating subsurface structures and is widely
used in hydrocarbon exploration to establish the limits and structure of sed-
imentary basins. In this work, a constrained 3D density model of the upper
crust in the Koum basin area was obtained based on Bouguer anomaly data
by means of modelling and inversion. Multi-scale analysis was also applied
to obtain a map of the geological contacts and deep faults in the area. This
study is a contribution to the planning of hydrocarbon exploration program
of the Koum basin since the appraisal of the basin subsurface structure can
allow the delineation of areas with large sedimentary thickness which are
believed to be areas of possible hydrocarbon exploration targets and since,
in general, fractures and faults within a reservoir can provide important
pathways for the movement of reservoir fluids.

2. Geological and tectonic settings

The Koum basin also called Mayo Rey basin is located in the northern region
of Cameroon between latitudes 8◦ 11′ and 8◦ 20′ and longitudes 14◦ 11′ and
15◦. The Koum basin stretches over 80km long by 16km wide (Brunet et al.,
1988; Brunet et al., 1990; Maurin et al., 1986; Schwoerer, 1965) and covers
a total surface area of about 1200 km2. The Koum basin is a relatively
small half-graben, located about 25 km to the southeast of outcrops of Yola
Arm and Benue through (Popoff, 1988) (Figs. 1 and 2) filled primarily by
sediments of Cretaceous age covered by thin ferruginous hardground and
recent alluviums (Duperon-Laudoueneix, 1991; Brabant, 1976; Brabant and
Gavaud, 1985). Popoff (1988) proposed that the Koum basin were part of
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Fig. 1. Distribution of cretaceous and younger sediments in the Benue trough (after Allix
and Popoff, 1983).

Fig. 2. Geological sketch map of the Koum basin.
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an early episode of rifting associated with N–S extensional regime which
existed prior to inception of the Benue trough proper. Brunet et al. (1990)
also implicate the Koum basin in an early episode of rifting which preceded
the formation of the main part of the Benue trough. The geologic map of
Schwoerer (1965) shows Yola Arm sediments to be similar in age to those
in the Koum basin. He grouped the Koum basin rocks with those of the
Logone and Benoue Basins, defining their age as “Cretace Moyen”.

3. Database and gravity field features

The Bouguer gravity data for the study area has been acquired from the
World Gravity Map (WGM 2012) database (Bonvalot et al., 2012; Balmino
et al., 2012). WGM 2012 gravity data is available all over the globe, has
no gaps and therefore can provide suitable data for geological and geo-
physical applications in areas lacking surface gravity measurements. The
WGM 2012 Bouguer data is derived from the EGM2008 geopotential model
(Pavlis et al., 2012) and is computed at the Earth’s surface with a 1′ × 1′

resolution. The EGM2008 geopotential model was developed by the Na-
tional Geospatial-Intelligence Agency (NGA) and includes surface gravity
measurements (from land, marine or airborne surveys), satellite altimetry
and satellite gravimetry (GRACE mission) measurements. Technical spec-
ifications on EGM 2008 gravity fields can be found in National Geospatial-
Intelligence Agency (NGA) website: http://earth-info.nga.mil/GandG/
wgs84/gravitymod/egm2008.

The available WGM 2012 Bouguer gravity data of the Koum area is pre-
sented as a 5 mGal contour map (Fig. 3). The reference density used for
the Bouguer anomaly map of the study area is 2670 kg/m3 and projection
information: UTM, zone 33, spheroid and datum WGS 84.

In situ Bouguer gravity data of the survey area (Collignon, 1968) have
been extracted from the ORSTOM (Office de la Recherche Scientifique et
Technique Outre-Mer) database and compared with the Bouguer gravity
data generated using EGM2008. The raw gravity data study was acquired
with the Worden or Lacoste and Romberg gravimeters with a resolution
of 0.01 mGal. They were collected at about 4 km intervals between grav-
ity stations, on all available roads and tracks in the area (Fig. 3). All
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gravity measurements were tied to the International Gravity Standardiza-
tion Network 1971 (IGSN71) datum after correction of luni-solar effect and
instrumental drift. The measurement accuracy was about 0.5mGal. To de-
termine the Free-Air anomaly, the linear vertical gradient of 0.3086mGal/m
was used to approximate free-air correction. Elevation values were obtained
with Wallace and Tiernan altimeters. A correction density of 2670 kg/m3

was used for the Bouguer correction. The statistics of the differences of in
situ and EGM2008 Bouguer gravity anomalies for the study area are given
in Table 1.

Table 1. In situ vs EGM2008 Bouguer gravity data differences.

Number of values 129

Minimum 3.66 mGal

Maximum 26.93 mGal

Mean 14.51 mGal

Standard deviation 3.59 mGal

Fig. 3. Bouguer Gravity map of the Koum area. Black triangles show the ground gravity
stations.
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On the Bouguer gravity map, the Cenozoic sediments of Koum basin are
characterized by a long-wavelength gravity low which reaches a minimum
value of 55 mGal in the central part of the Bouguer map. The northern,
western and eastern parts of the map show gravity highs of about 82 mGal
associated to Precambrian basement rocks. The southern area of the map
is characterized by gravity lows reaching 35 mGal. The southern negative
anomalies don’t correlate with surface geology (granite bodies and meta-
morphic rocks) and thus can be interpreted as gravitational effect of a deep
tectonic depression in the southern part of the basin. The central negative
anomaly is bounded by relatively steep gradients in the northern, western
and eastern edges. It can be inferred that the Koum basin is a half graben
bounded by faults in the northern, western and eastern edges.

4. Bouguer anomaly regional/residual separation

This study is based on qualitative and quantitative analysis of the Bouguer
gravity data to delineate basement structure of the Koum basin area. Re-
gional/Residual separation was made using polynomial method to isolate
deep source from shallow sources. Zeng’s technique (Zeng, 1989) was ap-
plied to determine the degree of the polynomial that gives the most efficient
estimation of the regional trend from the Bouguer anomaly data. To apply
the Zeng’s technique:

– Bouguer gravity data were upward-continued at different levels by step
of 5 km up to 60 km and the number of extremes counted,

– the number of extremal points of the calculated upward continuation map
was plotted against the corresponding level of continuation (Fig. 4a).
From Fig. 4a, it is seen that, for h ≥25 km, the number of extreme
points of the anomaly contour map at different heights is approximately
constant.

The polynomials of degree 1, 2, . . . , 10 have been fitted to the upward
continuation map at height hm = 25km and as a result, a graph of variance
against the polynomial degree is plotted (Fig. 4b). The optimum upward
continuous height of 25 km obtained to determine the regional trend from
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Fig. 4. a) graph of variation of the number of extrema according to the upward con-
tinuation height, b) graph of the variance according to the degree of the polynomial.

the Bouguer anomaly data is consistent with the results of deep seismic in-
vestigations by Tokam et al. (2010) who find a crustal thickness of 25.5 km
in the South of Yola through. The appropriate degree of the regional poly-
nomial is estimated from the point of gradient turning point on this graph.
Accordingly, the optimum degree of polynomial representing the upward
continuation of the observed anomaly at height hm = 25 km is four.
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The regional structure (Fig. 5) is characterized by a gradient decreasing
towards the south possibly indicating crustal thickening. The variations on
the regional anomaly can be interpreted as the undulations of the Moho.
This map indicates that the Mohorovicic discontinuity is rising northward.

The regional component was subtracted from the Bouguer map to obtain
the residual map (Fig. 6). On the residual map the gravity low associated
to the sedimentary formations is more pronounced and enable to better de-
limit the extension of the basin with a possible reservation, namely that
some part of the gravity signal coming from the basin infill can be still in-
cluded also in the regional gravity anomaly map which, unfortunately, is
and will remain a week point of the polynomial method of regional/residual
separation.

5. Tectonic trend analysis

To extract deep faults in the study area, multi-scale edge analysis was per-
formed on WGM2012 Bouguer gravity dataset. Bouguer gravity data were
firstly upward-continued at different levels 2, 4, 6, 8, 10 and 12 km. Hor-
izontal gradient maxima of upward-continued data at different levels were
calculated and plotted (Fig. 7).

In 2D top view, the linear features defined by the succession of points
are related to the trend of the deep faults in the area and these faults are
traced along these salient features. The resulting set of lineaments is shown
in Fig. 8. The horizontal derivative of gravity anomalies is maximum over
the boundaries of geological structures like horst or graben, masses extend-
ing horizontally and vertically, fault blocks and volcanic intrusive bodies
(Blakely, 1995).

The lineaments in the study area are shown in Fig. 8. The basement
terrains tend to have the greater number of lineaments than in the sedi-
mentary terrain. The rose diagram for all the lineaments mapped in the
study area is shown in Fig. 9. The predominant trends of the lineaments
are E–W, NW–SE, NE–WS and N–S. The faults in the sedimentary ter-
rain have a predominant NW–SE trend with E–W trending faults along the
contact between the sedimentary section and the basement complex at the
latitude of Koum town. The horizontal gradient maxima map in the basin
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Fig. 5. Regional gravity anomaly map of the Koum area.

Fig. 6. Residual gravity anomaly map of the Koum area.
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Fig. 7. Horizontal gradient maxima of the residual Bouguer anomaly map and its upward
continuations to different heights.

Fig. 8. Lineament map of the study Koum basin area.
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Fig. 9. Tectonic trends derived from Bouguer, regional and residual maps of the study
area.

suggest that these faults affect the sediment formations up to 6 km depth.
The faults in the basement terrain have a slightly different orientation with
predominant NE–SW trend with few NW–SE and E–W directions. The
orientation analysis of gravity lineaments shows various tectonic patterns
which were found consistent to a great extent with the regional tectonic
grain in the upper Benue through (Ogunmola et al., 2014; 2016).

6. 3D gravity inversion and modelling

The residual map was used to infer the uppermost crustal density variations
in the Koum area by modelling and inversion. The data analysis method-
ological approach emphasized the integration of geological and geophysical
constraints into the forward modeling. For geological constraints, infor-
mation from the simplified geological map outlining the main superficial
lithostratigraphic units was used complemented by borehole data (Nolla Ju-
nior et al., 2015). Geophysical constraining focused on direct interpretation
of the gravity field (power spectrum analysis).
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6.1 Power spectrum analysis

In order to compute the maximum sedimentary thickness in the basin, 2-D
spectral analysis was carried out on the residual data over central negative
anomaly (Fig. 6). FOURPOT 1.3 software (Pirttijärvi, 2014a) has been used
to calculate the radial amplitude spectrum of the residual as a function of
radial wave-number kr. The residual gravity field values were transformed
from the space domain to the frequency domain by means of a Fast Fourier
Transform (FFT). Padding and Tapering were applied to remove the Gibbs
phenomenon effect as well as ringing and other artifacts in the inverse trans-
formed data and to prevent rapid amplitude changes at the borders of the
data area. The power spectrum curve is presented in Fig. 10. On this curve,
two straight line segments can be identified and plotted by a least square
fitting on the data points. The mean depth of density contrast plane is rep-
resented by h1 in the low frequency range associated to deep-seated bodies
and h2 in the high frequency range caused by bodies near surface. The
mean depth estimates for the deepest discontinuities obtained is 4.567 km.
This depth is related to deep seated bedrock underlying the thick sediment

Fig. 10. Power spectrum of the gravity data over the negative central anomaly.
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in the area. This result is consistent with those obtained by Nolla Junior
et al. (2015) who estimated the maximum thickness of sediments in the
region at about 4.3km using field measurements of strikes and dips of beds.
The shallowest depths obtained from the second profile is 1.787 km. If we
adopt a straightforward approach, this depth should correspond to an intra
basin density variation. However, the author of the used software himself
(Pirttijärvi, 2014a) advised some reserve since the method of depth determi-
nation had not been sufficiently verified. A combination of other geophysical
techniques or an a-priori geological information would be necessary in order
to justify the interpretation suggested here.

6.2 3D density model

For three-dimensional gravity modelling and inversion, the software GRAB-
LOX2 2.1a developed by Pirttijärvi (2014b) was used. The main purpose
was to optimize the density contrast and/or the shape and dimension of
the density variations. GRABLOX computes the synthetic gravity anomaly
of a large rectangular super block, which is divided into smaller brick-like
volume elements. As the gravity modelling is generally ambiguous, we used
depth to the source of the gravity anomaly estimated by spectral analysis
in order to constrain gravity modelling. Furthermore, geological constraints
(density values) were deduced from the density values (Kamguia et al., 2005)
and lithostratigraphic studies (Nolla Junior et al., 2015) published in the
area of study and in surrounding areas.

The starting model was constructed by selecting a 100 × 300 × 8 km
super block as the area for density modelling (Fig. 11). The block was
discretized by grid blocks of dimension 1.44 km and 1.49 km in the E–W
and N–S directions. Constant density values were assigned to each minor
individual block. Forward calculation was applied on the measured data to
have the computed model, and then Occam inversion method was applied
to optimize the density contrast model. The RMS error of the resultant
model is 0.481 mGal and the maximum difference between the observed
and calculated Bouguer data is 16 mGal. The resultant density model
obtained after 7 iterations is shown in multiple layers (Fig. 12). The main
features modeled in the central part of the model are lower density bodies
(1) with densities ranging from 2.59 to 2.63g/cm3. These bodies are related
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Fig. 11. Plain view of the super block for the comprehensive 3D gravity model of the
Koum basin.

to cretaceous sediments. The Koum basin low density zone is characterized
by a large horizontal extension in the shallow part and gradually decrease
downward in the deeper part. Metamorphic rocks surrounding the basin
have densities ranging between 2.64 and 2.7 g/cm3. Obviously, none of the
bodies is expected to really have a homogenous density, because of both the
presence of lithologic alternations and the natural increasing of density with
depth.

A 2D cross section A–B through the 3D model (Fig. 13) shows that the
sediment thickness under the eastern part of the basin is shallower than in
the western part. It is about 1.5 km beneath the eastern part and reach
more than 4 km in deepest western area.

7. Conclusion

In this paper, we attempted to give an insight on the structural setting of
the Koum sedimentary basin using WGM2012 gravity data. Regional and
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Fig. 12. Resulted 3D gravity inversion maps of the study area.

residual components were separated using the polynomial fitting technique.
3D Modeling of the gravity indicates the sediment thickness is about 1.5km
in the eastern part of the basin and gets deeper in the eastern part to reach
4.5 km. Multi-scale analysis was applied to the residual data and results
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Fig. 13. 2D gravity inversion section across profile A–B.

show that the NW–SE and E–W trends characterize the structure setting of
the Koum basin area. The results of this study can be employed as a cost-
effective tool for delineating preliminary locations for more sophisticated
and more expensive geophysical and/or geochemical surveys in the Koum
basin.
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Abstract: Predicted values of the vertical gradient of gravity (VGG) on benchmarks of

Etna’s monitoring system, based on calculation of the topographic contribution to the

theoretical free-air gradient, are compared with VGG values observed in situ. The veri-

fication campaign indicated that improvements are required when predicting the VGGs

at such networks. Our work identified the following factors to be resolved: (a) accuracy

of the benchmark position; (b) gravitational effect of buildings and roadside walls adja-

cent to benchmarks; (c) accuracy of the digital elevation model (DEM) in the proximity

of benchmarks. Benchmark positions were refined using precise geodetic methods. The

gravitational effects of the benchmark-adjacent walls and buildings were modeled and ac-

counted for in the prediction. New high-resolution DEMs were produced in the innermost

zone at some benchmarks based on drone-flown photogrammetry to improve the VGG

prediction at those benchmarks. The three described refinements in the VGG prediction

improved the match between predicted and in situ observed VGGs at the network consid-

erably. The standard deviation of differences between the measured and predicted VGG

values decreased from 36 to 13 μGal/m.

Key words: VGG, topographic effect, building correction, DEM, volcano gravity moni-
toring network

1. Introduction

Many active or dormant volcanoes are monitored by repeated gravity mea-
surements aimed to detect and interpret spatiotemporal gravity changes.
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The latter can be used to study subsurface processes associated with magma
dynamics, thus contributing to forecasts about possible eruptive events
(e.g. Battaglia et al., 2008; Carbone et al., 2017; Fernández et al., 2017). In
such time-lapse surveys the knowledge of the true (in-situ) values of the ver-
tical gradient of gravity (VGG) plays an important role. The use of various
types of gravity meters, relative and/or absolute that are fitted with sensors
at different heights requires proper consideration of the VGG to “reduce”
data readings to the ground or to a common level. If the VGG values are
not observed in-situ, they can be modeled (predicted). The quality of this
prediction is the subject of the presented work, which is focused on a case
study from Etna.

The deviation of the in-situ real VGG from the normal (theoretical) value
of –308.6μGal/m (1μGal/m = 10−8s−2) strongly depends on the nearby to-
pography. A great part of this deviation can be modeled provided that
a detailed digital elevation model (DEM) with sufficient resolution (accu-
racy), as well as correct rock-density information, is available. We have
analyzed this topographic contribution to the VGG for the case of Teide
volcano on Tenerife, Canary Islands (Zahorec et al., 2016). A good agree-
ment was obtained between the calculated (predicted) and the subsequently
in-situ verified VGGs on several benchmarks of the Teide gravity monitor-
ing network. These results motivated us to conduct a similar study at Etna
volcano.

The gravity monitoring network of Etna (for time-lapse measurements)
consists of 71 benchmarks (Fig. 1; Carbone and Greco, 2007; Greco et al.,
2012). The network is operated by INGV Osservatorio Etneo since 1986
(Budetta et al., 1989). Relative gravity surveys have been gradually com-
plemented by 13 absolute gravity points allowing the so-called hybrid mi-
crogravity surveys (Greco et al., 2012). Several campaigns of VGG mea-
surements have been also realized on absolute as well as relative bench-
marks (Greco et al., 2012; Bonforte et al., 2017). Our primary effort was to
compare the in-situ measured VGGs with our calculated (predicted) values
based on the contribution of topographic masses to the gradient. Our first
results showed that the match between predicted and observed VGGs was
not satisfactory. Therefore, we decided to carry out a dedicated gravity
campaign aimed at identifying the causes of the above misfit, at improving
the calculation, and at observing some additional in-situ VGG values.
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Fig. 1. Sketch map of Etna showing the benchmarks for time-lapse relative (circles) and
absolute (triangles) gravity measurements. See upper left inset for explanations.

In the first part of the article we describe the method of the VGG predic-
tion. Next, we focus on in-situ data acquisition and processing and finally
we discuss the improvements to the VGG prediction.

2. VGG prediction on the benchmarks of Etna’s gravity net-
work

In previous studies (Vajda et al., 2015; Zahorec et al., 2016) it was found that
in-situ measured VGGs in volcanic areas can deviate significantly from the
theoretical value depending on topography conditions (besides the geology
contribution which is usually less important in areas of prominent topogra-
phy). We measured VGG values in the range –125 to –506 μGal/m in the
Teide volcano area. Extreme deviations, low and high in absolute sense, are
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associated with rough terrain shapes: narrow valleys (gorges, canyons) and
sharp convex features (peaks, ridges, caldera rims), respectively.

We predicted the VGG values by computing the topographic (and also
bathymetric) contribution to the gradient. To that end, we used the propri-
etary software Toposk (Zahorec et al., 2017). This program was especially
developed to calculate the topographic effect (i.e. the gravitational effect
of the masses between the topo-surface and the zero level) at arbitrary
point locations, e.g. above or below the topographic surface. This comes
very handy when VGGs are calculated over benchmarks that lie below the
terrain level. Such is the case of the absolute point at the Pizzi Deneri
volcanological observatory (PDN; 2820 m a.s.l.), located in the basement of
the observatory.

The topographic contribution to the VGG is simply computed as the dif-
ference between the topographic effects calculated at the heights of 1.25 and
0.25 m, respectively, above the surface. These heights equal approximately
to the CG-5 gravity meter sensor positions during the VGG measurements
in the field using a tower. The topographic (and also bathymetric) effect is
considered up to the standard distance of 166.7 km, while the integration
area is divided into the following zones: inner zone up to 250 m around the
calculation point, intermediate zone 250–5240 m and outer zones from 5.24
up to 166.7 km. The inner and intermediate zones play dominant roles in
the contribution to the VGG. A high-precision DEM, such as those derived
from LiDAR data, is required especially within the inner zone. In the pre-
sented study we used an available LiDAR-based DEM produced by Bisson
et al. (2015). The DEM was produced by INGV (Sezione di Pisa), on the
grounds of a survey completed in 2005. The original DEM with spatial reso-
lution of 2 m (vertical accuracy of ±0.24m) was resampled to 5m resolution
(provided in ASCII format). Final grid was computed using the Surfer soft-
ware using Nearest Neighbor interpolation procedure with the grid cell size
of 5m (Fig. 2). Although this DEM is of relatively high quality, it does not
account for morphological changes that occurred in some areas after 2005.
In addition, some parts of the model feature a lower quality (due to missing
LiDAR data). These facts complicate our VGG prediction. Therefore, we
decided to complement the DEM through detailed drone-flown photogram-
metry models in the nearest zone, wherever necessary and possible.

The topographic as well as bathymetric contributions from the outer
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Fig. 2. Shaded relief map of the LiDAR-based DEM (Bisson et al., 2015) with the positions
of measured and predicted VGG points. Absolute gravity points are blue crosses, relative
benchmarks are red crosses. Cyan circles represent points along the NE-rift. The little
black square encloses the cloud of points with observed VGGs near the Torre del Filosofo
area (2800 m a.s.l.).

zones (beyond 5.24 km) were calculated using SRTM data (Jarvis et al.,
2008; Olson et al., 2016). The maximum topographic contribution to the
VGG from the outer zones represents about +20 μGal/m (10−8s−2). For
comparison, the maximum contribution from the inner and intermediate
zones is –176 μGal/m (for the density of 2670 kg/m3). The bathymetric
contribution to the VGG (for the density of –1640 kg/m3) in our Etna area
is negligible, it amounts to only –1 to –2 μGal/m.

The correct estimation of the density of topographic masses can be a
serious problem due to high rock-density variability in volcanic areas. For
example, in the case of Teide volcano the adopted density of 2200 kg/m3

yielded in general successful results (Zahorec et al., 2016), but with caution
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that the real density could be even considerably smaller in some places such
as the areas of young slag lavas or thermally altered layers. As Etna rep-
resents a large basaltic composite volcano (Branca et al., 2011), we opted
for a higher density. We have used the density of 2670 kg/m3, which is in
accordance with Schiavone and Loddo (2007), who used this value as refer-
ence density for the Bouguer anomaly map of Etna.

The total (from all integration zones) estimated topographic contribution
to the VGG is added to the theoretical value –308.6 μGal/m to predict the
VGG at a given point. Figure 3 shows the predicted VGG values compared
with the measured ones on absolute gravity points and relative benchmarks.

Figure 3 shows that the fit between measured and predicted values is gen-
erally not good (notice that some measured VGGs are scattered due to poor

Fig. 3. Predicted VGGs (red triangles) on absolute gravity points (upper graph) and
relative benchmarks (bottom graph). Black crosses represent measured VGGs. Dashed
line represents theoretical (normal) VGG of –308.6 μGal/m. Station positions are shown
in Fig. 2.

304



Contributions to Geophysics and Geodesy Vol. 48/4, 2018 (299–317)

observation conditions). The first cause of misfit we considered was a possi-
ble station position error. We assumed this error because we knew that the
stations were not positioned using precise geodetic point positioning (point
coordinates were determined only by hand-held GPS). In addition, there
seemed to be a systematic shift between measured and predicted VGGs.
In the case of absolute gravity points a systematic shift to higher predicted
values (in their absolute value) was apparent, while relative points exhibited
an opposite tendency (Fig. 3). On the ground of previous observations, we
hypothesized that this could be due to local positioning and near building
effects (Zahorec et al., 2014). Therefore, we decided to perform additional
in-situ observations, aimed at (i) verifying the position of the observation
points and (ii) precisely determining the geometrical characteristics of an-
thropic structures (walls, buildings, etc.) in close vicinity to relative and
absolute gravity points, in order to model their effect on VGG values.

We also planned to verify the VGGs measured in 2009 (Maucourant et
al., 2014) along a cloud of points clustered in a small area near the 2002
eruptive vent (see little square in Fig. 2). We realized that our prediction
at these points was completely inadequate (Fig. 4). Indeed the topogra-
phy of this area underwent a drastic change, due to the fall-out products
erupted from Etna’s main craters. We mention this to illustrate that on
active volcanoes large topographic changes may occur over relatively short
intervals, implying that the available DEM may become inadequate in some
parts shortly after its production.

Fig. 4. Misfit between predicted (red triangles) and measured (black crosses) VGGs at
Torre del Filosofo area in 2009. Dashed line represents theoretical (normal) VGG of
–308.6 μGal/m.
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We focused also on benchmarks of the gravity-deformation monitoring
profile established in the area of the NE-rift (Fig. 2). The measurements
between 2002 and 2003 captured very high vertical displacements (more
than 2 m) associated with the 2002–2003 NE-rift eruption, as well as grav-
ity variations up to 350 μGal already corrected for the free-air effect using
the normal free-air gradient –308.6 μGal/m (Bonforte et al., 2007). At the
benchmarks of this profile the true VGG values were not known. We thus
decided to assess the difference between the free-air correction based on pre-
dicted and theoretical VGGs. Since our prediction indicated VGG values
quite different from normal free-air gradient on several benchmarks, a suc-
cessful prediction would be of great value, particularly in this case, where
a large difference between gradients is multiplied by a very large vertical
displacement, see Table 1. Due to harsh observation conditions (strong
wind in combination with unstable ground) in-situ measurements could be
performed at only one of the NE-rift benchmarks, see next chapter.

Table 1. Expected deviation in free-air correction as a result of difference between pre-
dicted VGG and normal free-air gradient (−308.6μGal/m) multiplied by observed vertical
displacement at three selected benchmarks of the NE-rift gravity-deformation monitoring
profile (cyan circles in Fig. 2).

Point Vertical Predicted VGG Expected

displacement (m) (μGal/m) deviation (μGal)

LZ –2.16 –371 135

DG –2.329 –357 113

CO –1.403 –374 92

3. In-situ geodetic and VGG observations

In July 2018 we conducted a gravity campaign on Etna in order to make
precise in-situ geodetic positioning on microgravity network points as well as
to verify several VGG predictions. Our goal was to improve consistency be-
tween calculated (predicted) and in-situ measured VGGs on network bench-
marks. In addition, we also carried out new VGG measurements with the
same objective.

Spatial coordinates of all benchmarks, as well as of ground control points
(GCP) for our surveying and photogrammetry, were determined using GNSS
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and traditional terrestrial measurements. GNSS measurements used Net-
work and Satellite based Real Time Kinematic (NRTK/SRTK) or Fast
Static Post-processing (FS) mode. NRTK measurements were realized using
the Italy HEXAGON positioning service HxGN SmartNet (http://it-xpos
.nrtk.eu/spiderweb/frmIndex.aspx) in Virtual Reference Station con-
cept. SRTK measurements were realized using satellite Trimble RTX tech-
nology (https://www.trimble.com/positioning-services/trimble-rt
x.aspx).

SRTK and Fast static method with precise post-processing was used on
sites with no internet connection or with bad observation conditions (near
the trees). For FS method the nearest permanent GNSS stations from
Etna’s geodetic network (Palano et al., 2010) or HxGN SmartNet GNSS
network were used as reference points. Traditional terrestrial measurements
were performed in the places without GNSS signal availability (in the build-
ings or in the forests). Measurements were realized with the Trimble R10
GNSS receiver and Trimble M3 total station. Average observation period
was about 3 minutes in the case of the NRTK measurements, and about
20–30 minutes in the case of the SRTK or fast static measurements. Final
processing was performed in Trimble Business Centre (v. 4.10) software.
Spatial positions of the points were determined primarily in the ETRS89
coordinates system and then transformed to UTM33 projection. Physical
heights of the points were transformed from ellipsoidal ones using global
geopotential model EGM2008 (Pavlis et al., 2012). Horizontal and vertical
accuracy achieved for the VGG and GCP points is better than 5 cm.

After processing the measurements we found differences between new
exact GNNS coordinates and the previous approximate positions to be in
the range of 0.7 to 28 m in horizontal position and 0.4 to 10 m in vertical
position.

The majority of relative benchmarks is situated on the roadside rock-
walls (Fig. 5). This is for practical reasons: during the winter season the
benchmarks do not get covered by the snow piled up by snow plows. The
gravity effect on the gradient of these walls is not negligible, and thus it
has to be modeled. Therefore we precisely measured the dimensions of the
walls as well as benchmark positions with respect to the walls, and calcu-
lated their effect that was added to the nearest zone contribution in VGG
prediction.
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Fig. 5. GNNS measurements on one of relative benchmarks situated on the top of roadside
rock-wall (top) and in the front of a refuge with an absolute gravity point inside (bottom).

The absolute gravity points are typically situated inside accessible small
refuges (see an example in Fig. 5), except PDN and MNT. PDN is situated
inside the basement of the Pizzi Deneri volcanological observatory (man-
aged by INGV Catania). This point is actually underground, which caused
the worst VGG prediction (see Fig. 3). MNT is situated inside the build-
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ing of the upper cable-car station. However, this point was not accessible
during our campaign. At all absolute gravity points we took the GNSS mea-
surement at an open-air place in their proximity from which we positioned
the gravity benchmark inside a building using terrestrial measurements by
means of total station. We also measured the dimensions of the buildings
and the thickness of their walls, as well as the relative position of benchmark
with respect to the building walls (using laser rangefinder), in order to be
able to carry out subsequent building correction calculation.

In addition to GNSS/terrestrial geodetic measurements, we also aimed at
improving the topographic effect calculation in the nearest zone using drone-
flown photogrammetry wherever feasible and applicable. Aerial images were
taken in the surrounding of the selected absolute/relative benchmarks (di-
ameter of 50 to 120 m around the point) using the unmanned aerial vehicle
– DJI Phantom v. 3 and 4. Minimum six artificial GCPs were prepared and
distributed before the flight at each locality. Checked and cleaned stereo-
scopic images with at least 60% longitudinal and latitudinal overlap were
processed using Agisoft PhotoScan (http://www.agisoft.com/) with stan-
dard processing chain into classified point clouds, digital elevation models
and georeferenced orthophotomosaics. The quality of the photogrammet-
ric processing was checked using GCPs and independent sets of points and
varies between 3–7 cm in the horizontal position and 5–13 cm in the height.
The automatic classification to the ground class was improved by supervised
selection of individual trees, buildings or artefacts (see Fig. 7) in Surfer v. 15.
Final digital terrain/surface models with the resolution of 0.5 m were cre-
ated in Surfer v. 15 using Kriging interpolation method.

Because of inappropriate environmental conditions (presence of trees,
strong wind preventing the drone flight) we managed to perform drone-
borne photogrammetry only at five benchmarks (see Fig. 2): TG, CV, PDN,
GVL and the new point MNT IG, where the iGrav# 020 superconducting
gravity meter was installed by INGV team in 2016.

We repeated VGG measurements on benchmarks CF and DNV to con-
firm older measurements (Fig. 3). We made new VGG measurements at
two points, LZ and MNT IG. The VGG measurements were performed in a
tower mode using relative gravity meter CG-5 and geodetic tripod (Fig. 6).
Gravity acceleration at each point was measured by A-B-A-B-A repeating
method at two height levels (with gravity meter sensor approximately 0.25m
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Fig. 6. Tower VGG measurement at point LZ (in its top position) in unusual conditions
(with a view of NE creater in the background). Umbrella had to be used to shield the
meter from wind.

(A) and 1.3m above the ground (B), depending on the tripod setup). The ex-
act height of the gravity meter sensor above the ground (point/benchmark)
was measured using the smart high-precision laser distance meter. Striking
wind posed a serious problem for the tower VGG measurement accuracy at
several points, especially in the upper measuring position (B) on the tripod.
We used a common umbrella (Fig. 6) to shield the gravity meter from the
wind, but it was very problematic to get reasonable results in several cases.
The strong wind was the reason why we were able to get the VGG at only
one of three scheduled points in the NE-rift area. We have estimated a
measurement error at particular measurement levels (A and B) of approxi-
mately ±7 μGal, which leads to an error of about ±10 μGal/m in VGG.

At the new point MNT IG, which is situated at the Montagnola hut
on the top of an extinct crater (2600 m a.s.l.), we acquired the highest (in
absolute sense) VGG value of –454 μGal/m, which represents a deviation
of 47% from the normal gradient. For a comparison, Greco et al. (2012)
reported previously measured gradients on Etna network benchmarks with
deviations of up to about 25%.
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4. Near topography refinement and building corrections

All in-situ determined data, i.e. accurate horizontal positions and elevations
of benchmarks and new measured VGG points (with exact gravity meter
sensor heights above the ground), building and roadside wall dimensions,
as well as drone-borne photogrammetry-derived DEMs of the nearest zones,
were subsequently used to improve the VGG calculation (prediction).

Topographic contribution to the VGG was calculated in the same man-
ner as described previously, using the density of 2670kg/m3. Real heights of
the gravity meter sensor with respect to the ground were kept in this case.
Using exact coordinates and heights of the benchmarks yields an improve-
ment of the topographic contribution in the range from –45 to +23μGal/m
(standard deviation of 15 μGal/m), while the topographic contributions to
the VGG itself ranges from –165 to +93 μGal/m. The highest negative
contribution is at point MNT IG situated on the top of an extinct crater,
the highest positive contribution is at point PDN situated in underground
setting. In addition, drone-borne photogrammetric DEMs of the nearest
zone were used to improve the innermost zone contribution at five points
(within the distance of up to approximately 80 m). This improvement is
less than 10 μGal/m at all points except for point PDN, where it reaches
52 μGal/m due to the fact that the point is located in the basement of the
observatory (Fig. 7).

The gravitational effect of building walls, roadside walls, as well as con-
crete pillar was modeled by means of simple rectangular prisms using the
software Potent (Potent, 2010). The real position of the gravity meter sen-
sor with respect to the modeled bodies was accounted for, based on the
in-situ measured distances using laser rangefinder. While the geometric
definition of the modeled prisms is simple, the estimation of their density is
still problematic. We took into account the brick material (basalt) as well
as its porosity, so we chose the density of 2500 kg/m3 for compact walls
and 2200 kg/m3 for the walls made of rocks with higher porosity. In case
of the concrete pillar (protruding above floor level) we used the density of
2300 kg/m3. Station PDN required special attention as it is situated un-
derground. After the calculation of topographic effect (using drone-borne
photogrammetric DEM in the innermost zone, see Fig. 7) for a true under-
ground position of the point, we had to also model “empty” underground
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Fig. 7. Comparison of the LiDAR-based DEM (left) with the drone-borne photogrammet-
ric DEM (middle) in the vicinity of the absolute gravity point PDN (black cross) situated
in the basement of Pizzi Deneri volcanological observatory (2820 m a.s.l.). The right pic-
ture shows the “cleaned” model that was used for the topographic effect calculation. Red
dashed line indicates the position of underground basement, which was subsequently also
modeled (see Fig. 8).

spaces, see Fig. 8.
Thus calculated building contributions to the VGG reach –5 to –15

μGal/m in case of relative benchmarks situated on roadside walls, and +14
to +26 μGal/m in case of absolute gravity points located inside buildings
(note that opposite sign of these contributions corresponds to the opposite
systematic “shifts” observed from prediction, see Fig. 3). A special case is
again PDN, where the “basement” contribution (see Fig. 8) reaches –140
μGal/m, but this contribution and the topography contribution compensate

Fig. 8. Modeled underground spaces around point PDN (left – top view, right – side
view). Blue model bodies represent basement room with inclined access corridor, small
red prism represents a concrete pillar protruding above the floor level. Picture is taken
from Potent modeling software interface, axis units are in meters.

312



Contributions to Geophysics and Geodesy Vol. 48/4, 2018 (299–317)

each other to a significant extent.
Since the points GPA and ZAF are located near local terrain steps with

a height of approximately two meters, which are not adequately captured
by the LiDAR DEM, we used simple prism approximation of these edges to
estimate their contribution to the VGG. We estimated these contributions
to be +17 and –8 μGal/m for GPA and ZAF, respectively (note that op-
posite sign of these contributions corresponds to opposite field conditions,
GPA lies below the terrain edge while ZAF lies on the top of the edge).

Fig. 9 shows comparison between measured VGGs and VGG values cal-
culated (i) using previously available information and (ii) the new informa-
tion described above (in case of repeated VGG measurements at the same
benchmark the portrayed VGG value represents the average values).

Fig. 9. Comparison of averaged measured VGGs (black crosses) with previously predicted
VGGs (red triangles, also shown in Fig. 3) and newly calculated values (blue diamonds) on
absolute gravity points (upper graph) and relative benchmarks (bottom graph). Dashed
lines represent theoretical (normal) gradient of –308.6 μGal/m.
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5. Discussion

A relatively good improvement of newly calculated VGGs was achieved in
comparison with previously predicted values at most benchmarks (demon-
strated by the shift of blue marks closer to the black ones in Fig. 9). Re-
garding the absolute gravity points (Fig. 9, upper graph), there is a shift
towards positive VGG values in most cases, which is mainly the result of
introducing the building correction. The most significant improvement has
been achieved at PDN, after including the correction for the underground
positioning of the gravimeter.

Two newly measured VGG points MNT IG and LZ are also shown in
the mentioned graph. They show a good correlation between measured and
calculated VGG values, as they are located outdoor (see Fig. 6), imply-
ing that the correction accounting for the hosting building is not needed.
At LZ, the difference between the in-situ measured (–352 μGal/m) and the
theoretical (–308.6 μGal/m) VGG can lead to a significant difference in the
free-air correction if large vertical displacements (> 2 m) occur, as in the
case of the ground deformation associated with the 2002–2003 NE-rift erup-
tion (Bonforte et al., 2007), cf. Table 1.

Relative benchmarks show an opposite behavior (Fig. 9, bottom graph),
as they exhibit a shift towards negative VGG values in most cases. This
results from the improved topographic correction, as well as the roadside
wall corrections. The correlation between measured and newly calculated
VGG values is significantly better at most points compared with previ-
ously predicted values, but there are still some points where predictions are
not satisfactory, especially points CC, CH. These points are situated under
trees, so it was not possible to perform drone photogrammetry and get more
accurate terrain models.

6. Conclusions

We can statistically evaluate the improvement of the VGG prediction as
follows: standard deviation of differences between measured and predicted
VGG values decreased from 39 to 13μGal/m at absolute gravity points and
from 18 to 12μGal/m in case of relative benchmarks. In terms of maximum
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differences (in absolute sense) we got improvement from 117 to 22 μGal/m
(absolute points) and from 39 to 28 μGal/m (relative points). Regarding
the relative importance of the different contributions to VGGs, we have
to distinguish between “surface” benchmarks and the underground PDN
point. At PDN, an important contribution to VGG comes from considering
the empty underground spaces. Furthermore, drone-borne photogramme-
try allowed to improve the topographic contribution of the inner-zone (a
difference of 52 μGal/m was found for this component). Conversely, the
inner-zone topographic contribution improvement was relatively small at
other points (less than 10 μGal/m). In the case of absolute gravity points,
the correction accounting for the building that hosts the gravimeter reaches
26 μGal/m in maximum. Finally, the accurate geodetic re-positioning of
benchmarks resulted in an improvement in the topographic contribution of
up to 45 μGal/m. These results indicate that accurate VGG predictions
require precise information on topography and point positioning, as well as
consideration of the contribution from man-made structures in close prox-
imity to the observation point.
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Abstract: We present a simple and straightforward method for estimating the mean

density of topographic masses based on underground gravity measurements along with

topography modelling. Two examples under different conditions are given, the first coming

from a railway tunnel passing through a Mesozoic karst area and the second from an

active coal mine situated in a Neogene sedimentary basin. Relative gravity measurements

were processed and corrected by topographic effect modelling based on high-precision

airborne LiDAR-derived elevation models. In addition, detailed mining tunnel gravimetric

modelling based on terrestrial laser scanning data is presented. Resulted mean (bulk)

densities are compared with those obtained from detailed surface gravity measurements

as well as with available rock-samples density analysis.

Key words: Bouguer correction density, underground gravity, topographic effect, digital
elevation model

1. Introduction

Calculation of Bouguer anomaly requires proper correction (reduction) den-
sity estimation. While the density of 2.67 g/cm3 (1 g/cm3 = 103 kg/m3) is
generally used in global or regional studies (e.g. LaFehr, 1991; Hinze et al.,
2005), in local studies the correction density should represent a real topo-
graphic rock density within the given area. The Bouguer correction density
is often estimated directly from the surface gravity measurements by simple
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correlation of Bouguer anomalies with topography (Nettleton, 1939). More
straightforward comparing of near topographic effect with free-air anoma-
lies in the territory of Slovakia was recently studied in Mikuška et al. (2014,
2017).

The utility of underground gravity measurements for the density deter-
mination is well known. The gravity difference between a station at the
surface and a vertically offset underground station depends on the mean
density of the Earth, as well as on the density of the rock layer between the
stations (e.g. Domzalski, 1955). Knowing one of these densities the other
one can be determined, while the determination of the average rock layer
density is generally more reliable.

In this paper we deal with gravity measurements using standard relative
gravity meters, performed at the surface and in underground mines, shafts,
tunnels etc. However there is a close connection with borehole gravity sur-
veys. As Hammer (1950) wrote, his survey with standard-type gravimeter
in vertical shaft was made to simulate the data, which would be obtained
by a borehole gravimeter.

There is a reason why we could consider the density determination by
underground gravity measurements as superior to other methods. As Ham-
mer (1950) and Domzalski (1955) mentioned, the average (integrated) bulk
density of the rocks is exactly what we need in gravity prospecting. In addi-
tion, such density can generally differ from the densities obtained from the
measurements on rock samples.

Pı́cha (1953) published results of gravity measurements along the vertical
shaft in the mine “Anna” near Př́ıbram in the present-day Czech Republic.
And later there were other underground gravity works in the Czech Republic
including experimental gravity and vertical gravity gradient measurements
in the mine shaft Stonava on which we collaborated (Posṕı̌sil et al., 2013).
Within the territory of the present-day Slovak Republic, however, so far
we have knowledge only about unpublished pioneering underground gravity
measurements in mining workings of Maar in Vyb́ıral et al. (1990). The ab-
sence of modern underground gravity works in our country also motivated
us to perform such measurements.

The issue of rock-densities in the territory of Slovakia is currently under
consideration in Šamajová and Hók (2018). The authors summarized the
already published density information (coming mainly from rock-samples
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analysis) and they subsequently attempted to assign a characteristic den-
sity interval to the main geologic/tectonic units present in Slovakia. As they
realized, there is a very high variability of the rock densities, both laterally
and vertically. Therefore, the question of proper density determination for
local gravity surveys is still an open issue. In this article we present a
method that enables to determine Bouguer correction density in-situ.

Currently, the LiDAR technique is often used for the generation of high-
resolution digital elevation models (DEM) with their wide applicability in
various areas. We successfully used the LiDAR data for the vertical grav-
ity gradient prediction (Zahorec et al., 2016), where the exact calculation
of the near topographic effect is crucial. The use of terrestrial laser scan-
ning for the near terrain correction calculation is described by Schiavone
et al. (2009). Here we have used LiDAR-based elevation models, as well
as terrestrial laser scan models for the precise near-zone topographic effect
calculations presented in this paper.

In the first part of the article we describe the methodology for density
determination. Then, two case studies are presented.

2. Methods of rock density determination from underground
gravity measurements

The classical approach to determine mean rock density from underground
gravity measurements (e.g. Hammer, 1950) is based on the following relation
for gravity change along the vertical underground depth interval ΔH:

Δg = (F − 4πκσ)ΔH +ΔT, (1)

where F is the free-air vertical gradient (–0.3086 mGal/m), κ is the gravi-
tational constant, σ is the density and ΔT represents the variation of the
terrain correction over the elevation interval ΔH. The right-hand side of
Eq. 1 (except of the term ΔT ) is also called Poincaré-Prey reduction. By
inserting the known values the desired density can be expressed from Eq. 1
as follows:

σ = 3.683 − 11.933Δg/ΔH, (2)
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assuming that Δg is corrected for topography undulations, as well as for
underground excavations (shaft, mine, tunnel, etc.). The density calculated
using Eq. 2 is expressed in g/cm3, while the gravity is in mGal and the el-
evation in m. Introduction of the terrain (and excavations) correction into
Eq. 2 requires input density estimation. As Hammer (1950) writes, this
term is so small that no appreciable error is introduced by using an as-
sumed value of the density for it. However, it is still a source of a potential
additional error. A method presented below overcomes this complication.

Another source of potential error in density determination arises from
anomalous vertical gradients associated to local or regional gravity anoma-
lies. The presence of anomalous bodies can be estimated from Bouguer
anomaly maps or from additional gravity measurements (Hammer, 1950).
Because of the known geological situation in our study areas, we do not
expect local anomalous bodies, which could potentially cause anomalous
vertical gradients.

Unlike the classical method, the presented approach is simpler and more
straightforward. After correcting the measured gravity difference between
the vertically separated surface and underground gravity stations using
the normal VGG (again, presuming there is no abnormal VGG caused by
anomalous sources), we can assign the resultant gravity difference Δg (which
in fact equals to the difference in the free-air anomalies) to the difference in
the effect of the topography (meaning the gravitational effect of the masses
between the topo-surface and the zero level, the so-called Near Topographic
Effect – NTE), taking into consideration the effect of the underground ob-
jects (tunnel, mine). Therefore the density value can be simply obtained
by dividing the Δg by the ΔNTE, while NTE is calculated for the density
of +1.0 g/cm3 and the tunnel/mine effect for the density of –1.0 g/cm3. It
should be noted that the situation is a little complicated if the measuring
points lie below seal level, we will discuss this briefly later.

The NTE is calculated using the proprietary software Toposk (Zahorec et
al., 2017a). The program enables to calculate very precise topographic ef-
fect at arbitrary point location, e.g. above or below the topographic surface,
the latter being a special case of underground gravity stations. The NTE
is considered up to the standard distance of 166.7 km, while the calculated
area is divided into the following zones: inner zone up to 250m from the
calculation point, intermediate zone 250–5240 m and outer zones from 5.24
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up to 166.7 km. The inner and intermediate zones play dominant roles, so
they must be considered more carefully. We have used high-precision DEMs
derived from LiDAR data within the inner zone.

The effects of underground objects (tunnel, mine) were calculated using
two approaches. First we tried to use again the Toposk software and DEMs
prepared from terrestrial laser scanning data. As the Toposk program re-
quires input elevation models in grid format, the excavated object must be
defined using two complementary grids. The effect of the object is calculated
simply as a difference between the topographic effects of the top and the
bottom topo-surface (grid), see an example in Fig. 1. We have successfully
used this approach in the case of railway tunnel (case study I), as we had
a detailed laser scan model available over the whole tunnel (performed by
Amberg Tunnel Scan system). On the other hand, as we did not have such
model available from the mine (case study II), we tried to perform laser
scanning using the total station Trimble SX10. But as we have realized,
this task has become very difficult due to the presence of a dense fog inside
the mine. Therefore we were not able to model the mining corridor up to
a sufficient distance around all measurement stations employing laser scan
data. Thus we utilized Potent software (Potent, 2010) for modelling using
a polygonal prism approach, while the cross section of the mining corridor
was taken from the closest laser scan data (Fig. 2) or from hand-held laser
distance meter measurements.

Fig. 1. An example of underground object (tunnel) modelled by two topo-grids. Grav-
itational effect of the tunnel is calculated using Toposk software simply as a difference
between topographic effects defined by particular topo-surfaces.
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Fig. 2. 3D view of in-situ laser scanning data from the mine (case study II, left). A cross
section of the mine (right) was defined by the point cloud (black) taken from the closest
laser scan data. Red crosses were used as vertices of polygonal prism approximating the
tunnel and modelled using the Potent software.

3. Case study I – railway tunnel Soroška

The underground gravity measurements were performed in the Jablonovský
railway tunnel passing Mesozoic karst rocks in the Slovenský kras area
(Fig. 3). Measurement stations in the tunnel were chosen at the cross-
ing points of the tunnel with the former detailed surface gravity profiles
(Fig. 4), while the vertical distance between surface gravity stations and
the tunnel was approximately 200 m. Our goal was to validate the value
of the correction density used in Bouguer anomaly calculation. Since the
gravity survey mainly covers the area of Mesozoic rocks (limestones, marl
slates, etc., see Fig. 4), we assumed that their density should not differ much
from the value of 2.67 g/cm3. Detailed density analysis along the surface
gravity profiles based on the proportionality between free-air anomalies and
the NTE (Fig. 5) confirmed this assumption, leading to the value of about
2.66 g/cm3 (Mikuška et al., 2017). On the other hand, the density analysis
from drilling rock-samples showed a little higher values of volume densities,
specifically about 2.7 g/cm3 (Zahorec et al., 2017b). We assume that this
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Fig. 3. Relief map of Slovakia showing position of the two studied localities with un-
derground gravity measurements. Case study I is located in the hilly area composed of
Mesozoic units of the Slovenský kras, case study II is located in the Neogene sedimentary
rocks of the Hornonitrianska kotlina basin.

Fig. 4. Detailed situation of the case study I (blue circle). Underground gravity mea-
surements were performed at the crossing points of railway tunnel (black line) with two
parallel surface gravity profiles (longer red lines). The vicinity of the utilized measured
stations is built by Steinalm and Wetterstein limestones. Geological background is taken
from Káčer et al. (2005).

difference could be due to a significant karstification of the limestones.
Positions of the underground gravity stations were determined by ter-

restrial measurements using the total station Leica MS50. Horizontal and
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Fig. 5. Graph showing an almost linear dependence of the free-air anomalies “faa” (after
elimination of a linear regional trend taken from the complete Bouguer anomaly “cba”)
on the near topographic effect “nte” calculated for density of 1.0 g/cm3 (Mikuška et
al., 2017). The linear regression coefficient of approximately 2.66 should represent the
estimated density of the topographic rocks in g/cm3 units.

vertical accuracy of the measurements are better than 0.03m. The stations
inside the tunnel were set to be vertically aligned with the surface grav-
ity points within a few centimeters in their horizontal positions. Besides
the four main stations (exactly projected from the surface gravity profiles
points), several side points were also measured for comparison. Gravity
values at each station were measured using CG-5 gravity meter, while the
same instrument and the same methodology were used for the surface grav-
ity measurements. The gravity measurement error was estimated at ±10
μGal for both surface and underground measurements.

In addition, vertical gradients of gravity (VGG) were measured at two
underground stations to appraise methodically the possibility of the den-
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sity determination from the VGG measurements. The VGG measurements
were performed in a tower mode using relative gravity meter CG-5 and a
geodetic tripod. Gravity was measured in A-B-A-B-A repeated mode at two
height levels (A and B) with gravity meter sensor approximately 0.25m and
1.2m above the ground, respectively. The exact height of the gravity meter
sensor above the ground was measured using high-precision hand-held laser
distance meter. The measurement at one station had to be interrupted due
to a passing train. The measurement error at this station was estimated to
±7 μGal, while it was ±2 μGal at the other station.

As mentioned above, the measured positions of gravity stations and
their gravity values have to be corrected for the normal gradient (–0.3086
mGal/m), and then for the NTE, including the effect of the tunnel. For
this purpose we used the airborne LiDAR-based DEM with resolution of
0.5m and estimated vertical accuracy of approximately ±0.15 m (Zahorec
et al., 2017b). In addition, the available terrestrial laser scan model of the
tunnel (performed by Amberg GRP 5000) was used for exact calculation of
the effect of the tunnel. We also calculated the effect of the tunnel on the
surface gravity points. Since this effect reaches values of only several μGal,
it can be neglected. Tables 1 and 2 summarize the mentioned effects and
the calculated density values for pairs of the surface/underground gravity
stations, as well as underground VGG points. The results will be discussed

Table 1. Summarized measured differences ΔH , Δg, calculated free-air gradient effect
(FAGE), near topographic effect (density of +1.0g/cm3), gravitational effect of the tunnel
(density of −1.0 g/cm3) and calculated densities for a set of pairs of surface/underground
gravity stations within the case study I.

Under- ΔH Δg FAGE NTE NTE Tunnel Density

ground (m) (mGal) (mGal) surface tunnel effect (g/cm3)

station (mGal) (mGal) (mGal)

13691 207.075 –22.367 –63.903 22.714 7.004 0.101 2.661

136911 207.007 –22.434 –63.882 22.714 7.013 0.118 2.660

13701 204.717 –22.010 –63.176 22.624 7.027 0.118 2.659

23801 175.836 –16.914 –54.263 21.476 7.315 0.109 2.658

238011 175.818 –16.933 –54.257 21.476 7.319 0.118 2.659

23805 175.85 –16.984 –54.267 21.476 7.332 0.118 2.658

23811 173.096 –16.480 –53.417 21.361 7.342 0.110 2.656

238111 173.103 –16.490 –53.420 21.361 7.341 0.118 2.656

23805 173.076 –16.453 –53.411 21.361 7.332 0.118 2.657

327
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Table 2. Summarized measured differences ΔH , Δg, calculated free-air gradient effect
(FAGE), near topographic effect (density of +1.0 g/cm3), gravitational effect of the tunnel
(density of –1.0 g/cm3) and calculated densities for two gravity stations with measured
vertical gradients. A stands for lower measurement level, B stands for upper level. Note
that the resulting values may be subject to rounding errors.

VGG ΔH Δg FAGE NTE A NTE B Tunnel Tunnel Density

station (m) (mGal) (mGal) (mGal) (mGal) effect A effect B (g/cm3)

(mGal) (mGal)

23805 0.949 –0.205 –0.293 7.353 7.431 0.118 0.071 2.817

136911 0.947 –0.211 –0.292 7.034 7.110 0.118 0.072 2.723

later.
For verification we have also compared our straightforward approach of

density determination with the classical method described above (Eq. 2).
Table 3 summarizes calculated effects and resultant densities. The terrain
correction (for the “assumed” density of 2.67 g/cm3) was calculated as dif-
ference between the gravitational effect of truncated spherical layer with the
thickness equal to the elevation of a particular surface gravity station and
the calculated NTE. We note that the this way calculated terrain correction
has a “standard” meaning for surface gravity points, but this is not the case
for underground gravity points. It is interesting to see that in the case of

Table 3. Summarized terrain corrections (assumed density of 2.67 g/cm3), gravitational
effects of the tunnel (assumed density of –2.67g/cm3) and calculated densities for a classic
method applied to a set of pairs of surface/underground gravity stations (measured val-
ues of ΔH and Δg are shown in Table 1). Densities calculated for the case when terrain
correction and tunnel effect are not included are shown in the last column.

Under- Terrain Terrain Tunnel Density Density

ground correction correction effect (g/cm3) (no terrain

station surface tunnel (mGal) correction)

(mGal) (mGal) (g/cm3)

13691 2.706 −1.629 0.269 2.659 2.393

136911 2.706 −1.638 0.315 2.658 2.389

13701 2.680 −1.430 0.316 2.658 2.399

23801 2.402 0.907 0.290 2.656 2.534

238011 2.402 0.902 0.315 2.657 2.533

23805 2.402 0.861 0.315 2.656 2.529

23811 2.396 1.133 0.294 2.654 2.546

238111 2.396 1.136 0.314 2.654 2.545

23805 2.396 1.167 0.315 2.655 2.548
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underground stations, the terrain correction can reach negative as well as
positive values (see third column in Table 3). That is in agreement with
previous works, e.g. by Algermissen (1961).

Because our goal was numerical comparison of the methods, we calcu-
lated terrain correction up to the same distance of 166.7 km, however, Al-
germissen (1961) for instance calculated his correction for topography up
to 2615 m (8578 feet). The last column in Table 3 shows density values
calculated for the specific case in which terrain correction and tunnel effect
are not included in the calculation at all. Since this locality is hilly, the
differences are significant this time.

4. Case study II – active coal mine Baňa Nováky

This case study is a typical example of an active subsidence associated
with mining activities. Currently the area is intensively studied within the
framework of the scientific project VEGA 1/0462/16. Monitored gravity
profiles are located above the border of the mining area (Fig. 6). Unlike in
case study I, a small number of the monitored gravity points, as well as the
flatness of the area, do not allow a reliable density analysis based on the
surface gravity profiles. Moreover, we do not have rock-sample density anal-
ysis available from this area. Therefore we performed underground gravity
measurements (and corresponding surface measurements) in accessible min-
ing corridors, in order to prove the density determination methodology and
to better estimate the Bouguer correction density for the gravity profiles.

Positions of five underground gravity stations (Fig. 6) were determined
by terrestrial measurements using the total station Trimble SX10. Hori-
zontal and vertical accuracies of the measurements are better than 0.05 m.
The corresponding surface gravity stations were targeted using GNSS mea-
surement in the Real Time Kinematic Mode (RTK) with SKPOS service.
The surface stations were set to be vertically aligned with the underground
gravity stations within a few centimeters in horizontal position, while the
vertical distance between surface/underground stations ranged from 146 to
200 m.

Gravity value at each station was measured using two CG-5 gravity me-
ters. After the data processing we found out that there were systematic
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Fig. 6. Situation of the case study II. Red numbered circles represent pairs of sur-
face/underground gravity stations. Blue crosses are surface monitoring gravity profiles.
Shaded background indicates excavated coal beds. Underground measurements were car-
ried out in mining corridors, which are also visible.

differences between the gravity values from the individual gravity meters
(average difference of 40 μGal). We assumed that this could be caused by
incorrect calibration factors of gravity meters. Therefore we subsequently
performed re-calibration of both gravity meters at vertical calibration line
with gravity range of 200 mGal in the High Tatra Mountains. After the
reprocessing, average difference between gravity values from both gravity
meters decreased from 40 to 15 μGal. It is even more interesting to note
that McCulloh (1965) already pointed out the errors in density determina-
tion associated with bad calibration factors.

Besides positional measurements, we also used total station Trimble
SX10 for laser scanning to map the shape and dimensions of the mining
corridors in order to calculate their effect using the Toposk program. How-
ever, it was not easily performed because of the presence of dense fog. We
got sufficient scans (at least 20 m around the gravity station) only at two
stations. Therefore we had to model the gravitational effect of the corri-
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dors also in another way, by means of polygonal prism approximation using
the software Potent (Fig. 7), while a cross-section of the prism was defined
on the basis of laser scan data (Fig. 2). We compared both approaches at
common points. Both methods provided practically the same results. The
advantage of the modelling via Potent software is that we can extend the
length of the corridor arbitrarily. On the other hand, proved by our mod-
elling tests, extending the corridor length beyond 20m on both sides brings
only negligible improvement of its gravitational effect.

Fig. 7. Mining corridor modelled in Potent software (picture is taken from software
interface).

The NTE was calculated in the same way as described above, using high-
precision airborne LiDAR-based DEM, although this time with resolution
of 1 m and estimated vertical accuracy of approximately ±0.15 m. The
calculated effects are summarized in Table 4. The average value of the
determined density is about 2.04 g/cm3. According to Šamajová and Hók
(2018), densities in Neogene basins should range from 2.0 to 2.2 g/cm3 to
a depth of 1000 m. Nevertheless, Stránska et al. (1986) state the value of
1.92 g/cm3 for Neogene formation in Hornonitrianska kotlina basin.
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Table 4. Summarized measured differences ΔH , Δg, calculated free-air gradient effect
(FAGE), near topographic effects (density of +1.0 g/cm3), gravitational effects of the
mining corridor (density of −1.0 g/cm3) and calculated densities for a set of pairs of sur-
face/underground gravity stations in case study II.

Station ΔH Δg FAGE NTE NTE Mine Density

(m) (mGal) (mGal) surface mine effect (g/cm3)

(mGal) (mGal) (mGal)

21 200.252 −27.242 −61.798 11.447 −5.765 0.052 2.014

51 147.994 −20.077 −45.671 11.718 −0.956 0.053 2.028

61 146.02 −19.747 −45.062 11.831 −0.639 0.064 2.041

71 147.958 −19.913 −45.660 11.885 −0.719 0.066 2.054

91 150.308 −20.015 −46.385 11.914 −0.884 0.060 2.070

5. Discussion

Results from case study I (Table 1) show that the surface/underground grav-
ity measurements give reliable density value of approximately 2.66 g/cm3,
which is in perfect agreement with the density analysis of profile surface mea-
surements (Fig. 5). This density value also supports the assumption about
the lower mean density due to the karstification of the rocks, in contrast to
the laboratory rock-samples densities. There is yet another interesting fact
arising from Table 1. We can sort the measured stations into two groups
according to their position below the surface profiles. The first group con-
sists of the first three points (numbered starting with the numeral 1). This
group of points is about 300m away from the second group along the tunnel.
When considering these groups separately, we can see a weakly decreasing
trend of the calculated density. The average density value in the first group
of points is 2.660 g/cm3, while in the second group it is 2.657 g/cm3. The
difference is really small, but it could represent a change in lithology, or in
the intensity of karstification.

On the contrary, underground VGG measurements (Table 2) show con-
troversial results. The estimated densities differ from each other, as well
as from previous values. This could have several reasons. First reason
could be the expected sensitivity of the method to the measurement error.
Table 2 shows that the greatest impact on the mutual density differences
between two stations arises from the measured gravity differences. Better
density estimation would require more accurate VGG measurements. Yet
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there is also another issue to consider. The VGG measurement, unlike the
surface/underground measurement, is much more sensitive to local density
conditions around the VGG station. This makes the method principally
less suitable for Bouguer correction density estimation, even if the maxi-
mum measurement accuracy is achieved.

Comparing densities calculated using the presented method (Table 1)
with the ones calculated using the classical method (Table 3, fifth column),
we found only very small differences. This is because we used the same
approach for the calculation of the NTE and the terrain correction and also
because the “assumed” density of 2.67 g/cm3 (used for terrain correction in
the classical method) is very close to the true density. However, if the as-
sumed density differed greatly from the real one, the result would be much
more affected. This fact is highlighted when the terrain corrections in the
classical method are completely omitted (Table 3, last column). Since the
topography in this area is hilly, the error in density estimation increases
considerably.

Densities determined in the case study II (Table 4) show a significantly
increasing trend with increasing number of stations. We assume that there
could actually be a connection with the positions of stations, since the sta-
tions with lower numbers are distributed in the area of extracted coal beds,
while those with higher numbers are outside the exploited area (see Fig. 6).

One more remark is needed. The presented method is easy to implement
in cases where underground stations are still at positive heights (i.e. above
sea level), which was the case for both presented sites. On the other hand, if
underground stations would have negative heights (i.e. below sea level), the
method would require modifying elevation models, because usually DEMs
are defined only for positive elevations.

6. Conclusions

The presented straightforward method for Bouguer correction density deter-
mination based on underground as well as surface gravity measurements was
used in two case studies with different conditions. The density of 2.66g/cm3

was calculated for a Mesozoic karst area in the Slovenský kras and the mean
density of 2.04 g/cm3 was calculated for the Neogene rocks of the Hornon-
itrianska kotlina basin. The determined densities are in accordance with
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the published values typical for both sites. At the first site a slightly lower
density was determined compared to the results of rock-samples analysis,
probably due to karstification. In addition, the calculated densities show
systematic change in horizontal direction, suggesting the possible change in
the geological structure depending on the position of extracted coal beds
(case study II), as well as the intensity of karstification (case study I).
Comparison with the “classical” method (based on Poincaré-Prey reduc-
tion including terrain corrections) shows consistency, if the same approach
is used for the topographic effect and the terrain correction calculation. On
the contrary, if the terrain corrections are omitted or calculated with incor-
rectly assumed density, the possible error from the classical approach will
arise. Therefore the presented method is not only simpler but also more
reliable than the classical method.
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of Terrain Correction Within the Boguer Anomaly Evaluation (Program Toposk),
chapter 5, pp. 79–92, In book: Roman Pašteka, Ján Mikuška and Bruno Meurers
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Abstract: We present the state of the modernized, upgraded and enhanced National

Network of Seismic Stations (NNSS) of Slovakia at the end of the year 2017 and the

importance of the Project: Modernization and enhancement of the National Network

of Seismic Stations which took place in years 2001–2004. In this period some stations

were modernized and upgraded and several new stations were built in various places in

Slovakia to increase ability to localize seismic events on the territory of Slovakia and

adjacent areas. Before the year 2001 the average number of localized earthquakes on the

territory of Slovakia was only 7 per year. The breakthrough occurred in the year 2005 with

the fully operational network when the number of localized earthquakes with epicentre

on the territory of Slovakia was increased up to 50. Now this number is approximately

70–90 earthquakes per year. We present the changes in the NNSS in the last 13 years,

obtained results (some of them are preliminary), advantages and weaknesses of the NNSS

and future plans toward further improvements of our seismic network system.

Key words: Slovakia, National Network of Seismic Stations, earthquakes

1. Introduction

Before the year 2001 the NNSS consisted of six permanent seismic stations –
Hurbanovo (HRB), Košice (KOS), Modra (MOD), Šrobárová (SRO), Vyhne
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(VYH) and Železná studnička (ZST) (Fig. 1). Due to the quality of seismic
records and number and placement of seismic stations the ability to local-
ize seismic events was at very low level (Moczo et al., 2005). The average
number of localized earthquakes on the territory of Slovakia was only 7 per
year (Cipciar et al., 2017). In the year 2001 a new very important and am-
bitious project was started which primary goal was to upgrade the NNSS to
the standard European level at that time. The NNSS has been modernized
and enhanced during the years 2001–2004. The Železná studnička seismic
station was the only one at the European level at that time and only min-
imal upgrade was necessary. All other seismic stations (Modra, Šrobárová,
Vyhne) required serious upgrades. Due to increased noise level, the seismic
station Košice was cancelled from operation and moved to Červenica, where
was a more suitable place for seismic recording. New seismic stations Iža,
Kečovo, Kolonické sedlo, Likavka, Moča, Stebńıcka Huta were built (Moczo
et al., 2005). For each new seismic station a site selection process was car-

Fig. 1. State of the NNSS in the year 2001 after Moczo et al. (2005).
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ried out. A typical seismic station was equipped with a sensor (short period
or broadband), 16bit digitizer, GPS, classic PC and satellite. Only the old-
est seismic station Hurbanovo was not upgraded during the project. This
seismic station has been in operation since 1909 (Pajdušák, 1997) and is
equipped with two horizontal seismographs type Mainka and analogue reg-
istration on a smoked paper. After the end of the Project: Modernization
and enhancement of the National Network of Seismic Stations the NNSS
consisted of five broadband and seven short period seismic stations (Fig. 2)
(Moczo et al., 2005). For more information about the beginnings and initial
status of the modernized and enhanced NNSS see paper Labák (2004).

Fig. 2. State of the NNSS after the end of the Project: Modernization and enhancement
of the National Network of Seismic Stations.

2. Current state of the NNSS

At the present, the NNSS (ESI SAS, 2004) is the most important Slovak
infrastructure for monitoring of seismic activity. Its main mission and goal
is to monitor and localize earthquakes with macroseismic effects (effects on
people, objects, buildings and nature) on the territory of Slovakia. Besides
these earthquakes the seismic stations of NNSS record also weaker local
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earthquakes and other seismic events (e.g. quarry blasts) as well as regional
end teleseismic earthquakes and nuclear explosions. All permanent seismic
stations are registered in the International Seismological Centre (ISC).

The network consists of eight short period and five broadband seismic sta-
tions (Fig. 3). Broadband stations are: Červenica (CRVS), Kolonické sedlo
(KOLS), Modra (MODS), Vyhne (VYHS) and Železná studnička (ZST).
Short period seismic stations are: Hurbanovo (HRB), Izabela (IZAB), Iža
(SRO1), Kečovo (KECS), Liptovská Anna (LANS), Moča (SRO2), Stebńıcka
Huta (STHS) and Šrobárová (SRO). Some of them are in operation with
original equipment since the installation, others have undergone upgrading
process partly or completely (e.g. 24/32bit digitizers, 12V mini-PC). Due
to signal problem caused by increased level of background seismic noise the
seismic station Likavka (LIKS) have been moved to the new location in
Liptovská Anna in cooperation with the Progseis, Ltd. company in the year
2009 (Fig. 4). Almost 9 years of operation the Liptovská Anna (LANS)
proves to be our best short period seismic station. In the year 2016 the
seismic station IZAB has been added to the NNSS as a new permanent
short period seismic station. This seismic station has been operated in co-
operation with Progseis, Ltd. company. Three additional stations Banka
(BAN), Podolie (POD), Jaľsové (JAL) have been added to the NNSS in

Fig. 3. Current state of the NNSS.
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Fig. 4. Comparison of the data quality on the component Z of the seismic stations LIKS
and LANS. NHNM and NLNM model is after Bormann and Wielandt (2002). NHNM
– new high noise model, NLNM – new low noise model, Pv – velocity power spectral
density.

the Little Carpathians (Fig. 3) in cooperation with Progseis, Ltd. company
and Institute of Rock Structure and Mechanics of the Czech Academy of
Sciences (Fojt́ıková et al., 2015). The seismic station Pusté Úl’any (PULA)
has been added to the NNSS in Podunajská ńıžina (Fig. 3) in cooperation
with Institute of Rock Structure and Mechanics of the Czech Academy of
Science.

Three basic types of stations can be classified: cave, vault and surface
stations. The cave type stations are CRVS, IZAB, MODS, VYHS, ZST and
these stations are mostly broadband stations. The vault type stations are
KOLS, SRO, SRO1, SRO2, STHS.These seismic stations are short-period
except KOLS, where a broadband sensor is installed. The surface stations,
which are equipped with short-period sensors, are BAN, HRB, JAL, KECS,
LANS, POD and PULA. For more details about seismic stations and their
equipment see the website http://www.seismology.sk.

The data are transmitted from all seismic stations in real-time, except
HRB – the reason mentioned above and are collected by the software pack-
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age SeisComp3 (Weber et al., 2007) through SeedLink server. For routine
daily interpretation of collected data the Seismic Handler software package
(Stammler, 1993) is used. Continuous raw seismic data from the NNSS are
stored in a local archive and seismic data interpretations (together with in-
formation on equipment of stations) are stored in a web accessible database.
Beside seismic data from the NNSS we also use seismic data from other lo-
cal networks in Slovakia (Local Seismic Network of Eastern Slovakia, two
private local seismic networks around nuclear power plants Jaslovské Bohu-
nice and Mochovce) and seismic data from networks of neighbouring coun-
tries - Austrian Seismic Network (ZAMG – Zentralanstalt für Meterologie
und Geodynamik, 1987), Czech Regional Seismic Network (Institute of Geo-
physics, Academy of Sciences of the Czech Republic, 1973), Hungarian Na-
tional Seismological Network (Kövesligethy Radó Seismological Observatory,
1992), Local seismological network for monitoring NPP Dukovany (Institute
of Physics of the Earth Masaryk University, 2014), GEOFON Seismic Net-
work (GEOFON Data Center, 1993), Polish Seismological Network.

Daily seismic data from the NNSS are provided to the ORFEUS Data
Center through GEOFON Data Center in Potsdam (GEOFON Data Cen-
ter, 1993). From there other countries and institutions can download and
use these data. Seismic data from the NNSS are used permanently for the
daily interpretation of seismic events by neighbouring countries e.g. Bondár
et al. (2018); Schneider et al. (2018); Yang et al. (2018).

All permanent seismic stations of the NNSS are included in the Central
and East European Earthquake Research Network – CE3RN (Lenhardt et
al., 2014) and three broadband stations MODS, VYHS and ZST are part
of the AlpArray permanent seismic network (Hetényi et al., 2018).

3. Preliminary results and results

Although the Project: Modernization and enhancement of the National
Network of Seismic Stations had indicated positive results already in the
year 2004, the real breakthrough occurred in the year 2005 with the fully
operational network. In this year the number of interpreted seismic events
and phases (Graph 1) and localized earthquakes on the territory of Slovakia
(Graph 2) increased dramatically compared to the year 2003 and sooner.
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Graph 1. Number of interpreted seismic events and phases in the period 1995–2017.

Graph 2. Number of localized earthquakes on the territory of Slovakia in the period
1995–2017.

Other very appropriate comparison of the old and the new NNSS is the
ability to seismometrically localize earthquakes on the territory of Slovakia.
Fig. 5 shows the number of seismometrically localized earthquakes in the
period 1902–2003. During this period only 92 earthquakes were seizmomet-
rically localized. Recently approximately 70–90 earthquakes with epicentre
on the territory of Slovakia are localized every year, most of them (cca
97%) are weak events with estimated local magnitudes below 2 (Cipciar et
al., 2017).

The increase accuracy of localizations of earthquakes on the territory of
Slovakia allows more precise definition of seismo-active areas and their active
fault systems and helps us to eliminate mining events from the earthquake
catalogue (Fig. 6). Thanks to modernized and enhanced seismic network,
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Fig. 5. Epicentres of seismometrically localized earthquakes on the territory of Slovakia
by the old NNSS in the period 1902–2003.

Fig. 6. Epicentres of seismometrically localized earthquakes on the territory of Slovakia
and adjacent areas by the new NNSS in the period 2004–2017.
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localizations of earthquake epicentres confirm geological neotectonic and re-
cently active fault zones (e.g. Fojt́ıková et al., 2010; Hók et al., 2014, 2016,
2018; Madarás et al., 2012; Marko et al., 2017). The hypocentres of these
earthquakes indicate shallow earthquake activity on the territory of Slovakia
with a maximum depth to 15km. We plan common geological and geophys-
ical interpretation of the localized earthquakes together with geologists in
the future.

The increased number of recorded and localized earthquakes by modern-
ized NNSS allowed the determination of the new local magnitude formulae
for the territory of Slovakia (Chovanová and Kristek, 2018). Until now the
(Hutton and Boore, 1987) formula was used for estimation of the local mag-
nitudes. One of the main motivations of developing the new formulae was
the reduction of the differences between the local magnitudes estimated for
one event at different seismic stations of the NNSS. The formulae was de-
veloped using 3579 trace amplitudes recorded by nine permanent seismic
stations of the NNSS from 2005 until 2016. The formulae are valid from
10km up to 550km of epicentral distance. The attenuation parameters and
also the station corrections for nine seismic stations were estimated. The
range of the station corrections is –0.21 for VYHS up to 0.28 for KOLS.
The smallest correction 0.03 is for CRVS and MODS station. Using the
new formulae with the station corrections, the reduction of error is up to
58% comparing to formulae by Hutton and Boore (1987).

4. Conclusion and discussion

Period of 13 years of the seismic activity monitoring on the territory of
Slovakia from a geological point of view is very short time but years 2004–
2017 show enormous advances to understanding the seismic regime of active
fault systems and geological evolution of tectonic units on the territory of
Slovakia. Currently the new NNSS localize approximately ten times more
earthquakes on the territory of Slovakia then the old NNSS. Localizations
of earthquake epicentres confirm geological neotectonic and recently active
fault zones.

However, the seismic monitoring in Slovakia should be further improved.
Due to lack of strong earthquakes and missing temporary stations in the
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main seismo-active areas (except for the Little Carpathian seismic source
zone), the ability of the calculation of focal mechanisms is at very low level.
Recent years of data acquisition and processing showed the necessity to
build additional stations in various parts of Slovakia, particularly in Spǐs
and Kysuce – Orava regions from where still we don’t have enough infor-
mation about the seismic regime in these seismo-active areas. On the other
hands 13 years of monitoring is too much for seismological equipment. For
this reason we need to replace outdated seismometers and data loggers with
new modern instruments.

The results of seismic monitoring in Slovakia before and after modern-
ization clearly demonstrate a success of the realization of the Project: Mod-
ernization and enhancement of the National Network of Seismic Stations
and it’s importance for a future seismological and tectonic research of the
Slovak territory and adjacent areas.
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Group, 2018: Relocation of Seismicity in the Pannonian Basin Using a Global 3D Ve-
locity Model. Seismological Research Letters, 89, 6, 2284–2293, doi: 10.1785/022
0180143.

Bormann P., Wielandt E., 2002: Chapter 4: Seismic Signals and Noise (Version June 2013)
In: Bormann P. (Ed.) 2002. IASPEI New Manual of Seismological Observatory
Practice. GeoForschungsZentrum Potsdam, 1, 7, 1–62, doi: 10.2312/GFZ.NMSOP-2
ch4.

Chovanova Z., Kristek J., 2018: A Local Magnitude Scale for Slovakia, Central Europe.
Bulletin of the Seismological Society of America, 108, 5A, 2756–2763, doi: 10.1785/
0120180059.
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tion of the seismic active regions in Slovakia based on historical earthquake records
and current monitoring of tectonic and seismic activity. Mineralia Slovaca, 44,
351–364. (in Slovak, English resume).
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Abstract: Our contribution presents the geological analysis results of the lithological

composition for deep geothermal sources characterized by the thermal conditions suitable

for application of classic hydrothermal sources exploitation and specialized EGS technolo-

gies for the electricity production in the territory of Slovakia. The results are presented

in the form of lithological characterization for the isothermal surface depths with the

reservoir temperature of 160 ◦C. The lithological conditions of geothermal source regions

were constructed using available published and archive materials. From the point of view

of technically utilized depths (up to 5000 m) there are two most perspective regions –

Eastern Slovakia and Danube Basin with surrounding areas. We tried to characterize

supposed lithological composition also in second category of geothermal sources between

5 and 6 km.

Key words: Western Carpathians, geothermal energy, lithology of deep geothermal
sources

1. Introduction

The territory of Slovakia belongs to the very perspective European areas
suitable for the geothermal energy exploitation (Hurtig et al., 1992; Geoelec,
2013, 2016; Majcin et al., 2017). The activities related to the geothermal
energy sources prospection in Slovakia were devoted to some selected local-
ities, however, there were published also global studies of the whole area
of Slovakia. The existing knowledge was concentrated and analyzed mainly
in the Atlas of geothermal energy of Slovakia (Franko et al., 1995). This
very important monographic publication presents the summary of research
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results in the period of more than two decades of the authors and other sci-
entists working in this subject field as well. Among other problems it evalu-
ates also the thermal, geological and hydrological conditions for geothermal
energy, thermal capacity of sources and defines basic selection of region to
separate source areas. The atlas, mentioned above, brings the data and
map basis for subsequent geothermal energy studies in the Slovakia.

The prospection activities and applications were aimed mainly to hy-
drothermal sources (Král et al., 1985; Franko et al., 1986; Franko et al.,
1995; Remš́ık and Bodǐs, 2010; Fendek et al., 2011 and plenty of other pub-
lications from partial geothermal localities of the Slovakia). The research
activities were less focused to problems of the energy acquirement by the
petrothermal approaches including the HDR (hot dry rock) and HWR (hot
wet rock) ones. Beside some methodologically and technically specialized
works various local analyses were accomplished. They were related mainly
to the structure Beša-Čičarovce (Franko et al., 1986; Rudinec, 1989; Franko
et al., 1995; Masaryk, 2008). In the recent years some projects of geother-
mal energy exploitation by EGS systems were prepared in localities of both
the Danube Basin and East-Slovakian Basin, however they were not realized
till now.

The publications Majcin et al. (2016, 2017) create the optimal geother-
mal base for selection of areas from region under study suitable for the deep
geothermal energy utilization in the electric energy production. The men-
tioned papers provide, among other things, the depth distributions for deep
temperature of about 160 ◦C which is sufficient for the reasonable economic
exploitation of the geothermal energy for electricity production minimally
by the binary cycle technologies. This knowledge defines basic division
of perspective regions both for classic hydrothermal source types and for
petrothermal sources within Slovakia.

Our contribution is aimed to precision of this division by other geother-
mal source parameters namely geological, economic and technical ones. For
defining perspective regions in addition to available depths (optimally up
to 5 km, max. up to 6 km) and terrain accessibility is another important
criterion lithology in the depths involved. In this work, we have therefore
mainly focused on it. We used the available information from both pub-
lished and archive sources (mainly results of Franko et al., 1995; Bezák et
al., 2015) and we use them in this work as an input data.
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2. Methods

The principle of the successive separation was applied for the selection of
perspective areas for deep geothermal sources exploitation within the Slo-
vakia.

The temperature of the acquired liquid medium on the Earth’s surface
represents the basic determining criterion. There the reservoir temperature
of 160 ◦C is required as the smallest one for the reasonable electric energy
production minimally by binary cycles (Kalina cycle, Organic Rankine cycle
or others). The starting selection model is taken from the map published in
Majcin et al. (2017). The second criterion for the classification of geother-
mal source areas has technical and economical nature. It is represented by
the depth at which the required reservoir temperature is safely and effec-
tively reachable by present day drilling methods. Nowadays the depth of
5000 m is supposed as the maximum reasonable value. The third criterion
for the utilization of geothermal sources of the petrothermal type is related
both to the structural and lithological conditions suitable for creation of the
artificial underground heat exchanger as a part of the enhanced geothermal
system (EGS). The lithological situation in the depths of determined reser-
voir temperature is very useful also for appraisal of the existence and quality
of the geothermal energy sources.

To evaluate the territory of Slovakia in terms of its lithologic composi-
tion in the depths of the 160 ◦C isothermal surface, we have divided it into
two categories: depth up to 5 km and depth of 5–6 km. The first depth
level is the most appropriate in terms of the technological reachability (in
certain areas, the mentioned temperature can be found at a 3–4 km depth),
morphology (lowlands and hill country) and availability of data on the ex-
pected lithology at the said depth (boreholes, geophysical data, tectonic
models). The data from the individual depth levels, which can be found
in the Geothermal atlas of Slovakia (Franko et al., 1995), are an essential
source of information for our analysis of the lithologic structure. Additional
data have been acquired from the deep boreholes (Biela, 1978). Lithology
mainly of basin filling and some other complexes was taken over project
Thermes (synthesis about lithology of several authors, Bezák et al., 2015)
and explications to the Tectonic map of Slovakia (Bezák et al., 2004) and
other sources. The geophysical data, mainly magnetic, gravimetric and
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magnetotelluric (mainly Kubeš et al., 2001; Pašteka et al., 2017) were yet
another important source of information.

The first category is divided into two areas – Eastern Slovakia and the
area of the Danube Basin with the adjacent areas. Both have diverse pa-
rameters in the terms of geology. The second category (5–6 km) stretches
from W to E across whole territory of Slovakia and it is least represented in
Central Slovakia. The assessment of the likely lithologic composition is very
ambiguous at these depths. In Western Slovakia, where the crust is thinner,
we could to use also the gravimetric and magnetic results and divide the ar-
eas with predominance of granitoids and metamorphites in studied depths.
Other areas are evaluated on the basis of available conceptual and factual
knowledge about the tectonic structure (e.g. the Flysch Belt, Klippen Belt)
or assessed as undivided crystalline complexes. An exception is the drilled
Cretaceous Rochovce granite, whose impact is expected up to the required
depth. The occurrence of areas with supposed subvolcanic bodies is also
very interesting from the geothermic point of view.

The basic tectonic divisions of the complexes in the depths of tempera-
ture 160 ◦C is presented in Fig. 1. The numbers dedicate descripted areas
from the second category. Two areas of first category are presented sepa-
rately more in Fig. 2 and 3.

3. Results: supposed lithology of individual areas for the
160 ◦C isotherm

Distribution of lithological complexes for the temperature level of 160 ◦C is
based mainly on the work of Franko et al. (1995), modified after Bezák et
al. (2004) and Bezák et al. (2015). The mentioned distributiom for Danube
Basin is depicted in Fig. 2 and for Eastern Slovakia in Fig. 3. Lithology
description for depths 5–6 km is divided into partial areas after numbers
which are drawn in Fig. 1.

The Danube Basin and surrounding areas (Fig. 2)

Danube Basin is thermally extensive and it started to open up at the end of
Lower and beginning of Middle Miocene. The main part of the synrift phase
occurred during the Middle Miocene, and the postrift or thermal phase took
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Fig. 1. Basic tectonic division of supposed rock complexes in depths demarcated by the
temperature of 160 ◦C in the territory of Slovakia. 1 – Neogene sediments and volcan-
oclastics, 2 – supposed areas of subvolcanic intrusions, 3 – Flysch Belt with underlying
European platform, 4 – Flysch Belt with underlying supposed Pieninic crust, 5 – Iňačevo-
Kričevo unit, 6 – crystalline complexes of the Tatricum unit, 7 – crystalline complexes
of the Veporicum unit, 8 – altered crystalline complexes of the Veporicum with sup-
posed Cadomian basement, 9 – Mesozoic complexes of Fatricum, 10 – Rochovce granite,
11 – Gemericum unit with underlying Veporicum, 12 – Zemplinicum unit, 13 – Eastern
Alps units, 14 – Pelsonia unit, 15 – rock complexes boundaries and faults, 16 – axis of
Carpathian Conductivity Zone position, 17 – reference position of Klippen Belt, 18 –
depths of the isothermal surface of 160 ◦C plotted with the isoline step of 500m. Numbers
in circles – described areas of second category (between 5–6 km).

place during Upper Miocene and Pliocene. The history of this basin started
by arching out of the bedrock and erosion of the younger, particularly Meso-
zoic complexes. This was linked with the growth of asthenolite, which sub-
sequently fused into the crust, but also resulted in subsidence, heat flow
and volcanism. The biggest depression, and also thickness of sedimentary
filling can be found in the central part (Gabč́ıkovo depression). Here, the
160 ◦C isotherm is usually 4 km below the surface or higher and thus in the
Neogene sediments.

The sedimentation was accompanied by volcanism. Apart from the typ-
ical sedimentary rocks of pelitic and psammitic origin (mostly sandstone
and claystone), the sedimentary fill of the basin is also composed of the
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Fig. 2. Lithological complexes on the isotherm lying in the depth up to 5 km in the
area of Danube Basin. 1 – Neogene sediments and volcanoclastics, 2 – supposed areas of
subvolcanic intrusions, 3 – metamorphic complexes of the Tatricum unit, 4 – granitoid
complexes of the Tatricum unit, 5 – Tatric mostly Mesozoic cover unit, 6 – metamorphic
complexes of the Veporicum unit, 7 – granitoid complexes of the Veporicum unit, 8 –
altered crystalline complexes of the Veporicum with supposed Cadomian basement, 9 –
Eastern Alps Mesozoic units, 10 – Eastern Alps Palaeozoic units, 11 – Pelsonia unit.

rocks of volcanic origin (mostly volcanoslastics, but also lava flows and ex-
trusions). Products of volcanism are concentrated mainly in the eastern and
north-eastern edge of the basin, and are also buried under the younger basin
fills. Their position is captured mainly by magnetic measurements and the
largest occurrences are shown in the Tectonic Map of Slovakia (Bezák et al.,
2004). The products of magmatism are shown also in the magnetic maps as
positive anomalies. The Danube Basin is characterized by a relatively large
number of positive anomalies (Kubeš et al., 2010). The sources of these
anomalies are found not only in the sedimentary-volcanic complex of the
Tertiary period, but also in the Pre-Tertiary basement. The anomalies in
the basement can be caused by the basal differentials of granitoids (gran-
odiorites, diorites, tonalites), amphibolites and some types of metamorphic
rocks (e.g. mica schists).

In the remaining parts of the basin and neighbouring volcanic mountains,
the isotherm 160 ◦C decreases to the bedrock at a depth of 4–5km. In these
depths, the bedrock already consists exclusively of Palaeozoic metamorphic
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and magmatic rocks with the exception of a small area in NE (Žiarska
kotlina depression), where is a probable occurrence of Mesozoic carbonates
and subvolcanic intrusions. In the area of large stratovolcanoes, such as
Banská Štiavnica stratovolcano, the occurrence of intrusive volcanic rocks
mostly of intermediary composition (diorites, porphyrites) is highly proba-
ble.

Metamorphic rocks of all types, ranging from phyllites to gneisses, are
present. The drilling exploration and geophysical analysis indicate that rel-
atively large areas in the Danube Basin basement are expected to include
magmatic granitoid rocks of Palaeozoic age. The metamorphic and mag-
matic complexes belong to three tectonic units – Tatricum, Veporicum and
Pelsonia. The southern part of the Veporicum is greatly altered because of
the effects of volcanic and hydrothermal processes and it may have different
physical properties – we therefore visualize it separately. The Pelsonia unit
is located south of the Hurbanovo fault, with a possible highly-metamorphic
Cadomian basement with an early Palaeozoic sedimentary cover mainly
composed of carbonates. In the southernmost area, the isotherm 160 ◦C
again falls below the depth 5 km, which is caused most likely by the occur-
rence of Pelsonia carbonates.

Outside the territory of Danube Basin temperatue isoline 160 ◦C lying in
the depth smaller than 5 km also is located in small zone in the NW of the
Vienna Basin. In these depths most authors expect the Mesozoic complexes
of the Eastern Alps provenance. Carbonates are the prevalent lithological
types here. In a small section, there are traces of metasediments of the
Grauwacken zone of the Eastern Alps.

Area of the Eastern Slovakia with the isotherm 160 ◦C in the depth
less than 5 km (Fig. 3)

The highest isotherm 160 ◦C in Slovakia exists in the East-Slovakian Basin,
which is the center of this general area. Here the depth of the isoterm
position is usually smaller than 3500 m and some times even less than
3000 m. The East-Slovakian Basin had a very specific tectonic develop-
ment (e.g. Rudinec, 1989; Bezák et al., 2004). The bedrock of the basin is
broken into blocks with uneven depth, with the deepest parts of more than
6 km in the central depression of the NW direction. The isotherm lies in
the Neogene sedimentary-volcanic filling in most parts of the basin.
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Fig. 3. Lithological complexes on the isotherm lying in depth up to 5km in the area of the
Eastern Slovakia. 1 – Neogene sediments, 2 – Neogene volcanoclastics, 3 – supposed areas
of subvolcanic intrusions, 4 – Flysch Belt with underlying European platform, 5 – Flysch
Belt with underlying supposed Pieninic crust, 6 – Klippen Belt, 7 – Iňačevo-Kričevo
unit, 8 – crystalline complexes of the Tatricum unit, 9 – Mesozoic cover of Tatricum,
10 – metamorphic complexes of the Veporicum unit, 11 – granitoid – complexes of the
Veporicum unit, 12 – Mesozoic cover of Veporicum, 13 – Mesozoic complexes of Fatricum,
14 – altered crystalline complexes of the Veporicum with supposed Cadomian basement,
15 – crystalline complexes of Zemplinicum unit, 16 – Upper Palaeozoic and Mesozoic cover
of Zemplinicum.

The filling of East-Slovakian Basin consists of Neogene sediments and
volcanics (from Lower Karpathian to Late Panonian and Pontian age). The
sandstones, conglomerates, siltstones, claystones and different volcanoclas-
tics are the prevailing lithological types (Vass et al., 1991).

Volcanic activity occurred in parallel with the sedimentation in the Mio-
cene period not only in the neighbouring volcanic mountains but also in the
potential centers in the basin. The volcanic centers within the basin fill are
bound to the volcanic-tectonic zones in the NW–SE direction, which are
marked on the Tectonic Map of the Slovakia (Bezák et al., 2004). The mag-
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netic map (Kubeš et al., 2001) also shows the buried volcanoes. Therefore,
the volcanic sedimentation is frequent and sometimes dominant. In the area
of the volcanic centers we can assume the occurrence of subvolcanic intru-
sions in the depths of interest with a temperature of 160 ◦C.

The isotherm 160 ◦C falls below 4 km on the edges of the basin and it
enters to the bedrock of the Neogene sediments and the Slánske vrchy Mts.
volcanites. The composition of the bedrock is varied in view of the tectoni-
cally complicated interface of the Eastern and Western Carpathian units.

The geological and tectonic composition of the Pre-Tertiary bedrock
in the East-Slovakian Basin is greatly affected by the deeply-established
Slanská tectonic line, which was defined by Slávik (1974). It stretches in a
north-south direction under Slanské vrchy Mts. and it allowed the extru-
sion of volcanic material to the surface. It serves as a contact area for the
Gemericum and Veporicum unit in the west with the Zempĺın and Iňačevo-
Kričevo units. The situation east of the Slanska fault system is geologically
and tectonically complicated. Mesozoic complexes (mostly carbonatic) of
the Fatricum is located in the northern part of the territory, it is surrounded
by the southern edge of the Klippen Belt and it emerges on surface in the
Humenské vrchy hills. In this part of basement we assumed also (Franko
et al., 1995) crystalline complexes of the Tatricum. We expect that the
Iňačevo-Kričevo unit is located to the South of Fatricum and Tatricum in
the Neogene sedimentary bedrock, and composed of very weakly metamor-
phic fine sandstones and schists with pockets of limestones.

The Zemplinicum tectonic unit is located in the southern part of this ter-
ritory (Slávik, 1976). Zemplinicum is a structural-tectonic unit composed
of highly metamorphic crystalline core (mostly gneisses and amphibolites)
and their Carboniferous-Permian and Mesozoic cover. The tectonic struc-
ture of the Zemplinicum rock complexes is not entirely clear to this day. The
western part of the said territory is composed of crystalline complexes of
the Veporicum with a significant presence of granitoids. Numerous authors
(e.g. Franko et al., 1995) expect the occurrence of Mesozoic carbonates in
the cover of crystalline complexes.

The isotherm 160 ◦C reaches the outer flysch sediments (sandstone, clay-
stone) in the northernmost part of the area in question. We assume that
these flysch sediments are situated on the boundary of supposed Pieninic
crust and European platform.
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The territory of Slovakia with the isotherm 160 ◦C in a depth of
5–6 km

This territory stretches across the whole Slovakia from west to east. It occu-
pies various geological and geomorphological units, which will be described
sequentially from the west as presented and numbered in Fig. 1. The small-
est area is located in Central Slovakia where the isothem falls below 6 km
mostly under the higher mountains. Supposed lithology is described after
smaller regions marked by numbers which are shown in Fig. 1.

1. Area of the SE part of the Vienna Basin and the Malé Karpaty Mts.

In the said depth, the basement of Vienna Basin also includes the Meso-
zoic East Alpine complexes in the north, while in the southern part and in
the area of the Malé Karpaty Mts. we can already see the complexes of the
Tatricum represented by Hercynian metamorphites (paragneisses, amphibo-
lites, phyllites). The occurrence of granitoids is likely to be the case in these
depths mostly SE of the Malé Karpaty Mts. which means that this area is
more favourable in terms of lithology and morphology. The occurrence of
flysch sediments is possible even at a depth of more than 5km in the north-
ern part up to the CCZ axis. The flysch sediments in the northernmost part
of Vienna Basin basement are thrusted onto the Brunia crystalline struc-
tures and/or their Palaeozoic cover, which mainly consists of carbonates.

2. Area of the northern protrusions from the Danube Basin, including the
Piešt’any and Horná Nitra depressions and the surrounding mountains of
Považský Inovec and Tribeč

At a depth of 5–6 km, we mainly expect the Tatricum crystalline rocks
in this area. Due to the reduced crust thickness in this area as a result
of asthenolite, the gravimetric data allow us to distinguish the position of
the predominantly heavier Palaeozoic metamorphic rocks (gneisses, mica-
schists, less phyllites and amphibolites) in the mountains area from the
lighter granitoids in the depressed areas – basins, coupled also with the ef-
fects of overlying Tertiary sediments. In some tectonically exposed areas, for
example along the Považie fault or near the Klippen Belt, we can consider
the possibility of Mesozoic and Upper Palaeozoic rocks being tectonically
sucked into these depths (see Franko et al., 1995). The Mesozoic rocks are
mainly represented by the carbonates of the cover of crystalline complexes
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and Fatricum units.

3. Outer Carpathian Flysch Belt in the north-western Slovakia

This is a Flysch Belt where the flysch sediments may be assumed to have
reached a thickness of more than 5 km mainly in the southern part, near
the Klippen Belt zone. These lighter sediments overshadow the weight ef-
fect of the European platform in the bedrock. In these areas, the European
platform is represented by the Brunia unit consisting of granitoids, gneisses
and amphibolites and their Lower Palaeozoic cover. The span and mainly
the extent of particular Klippen Belt rocks (carbonates, marbles, schists,
sandstones etc.) in the depth is difficult to assess, but their occurrence is
likely in the narrow zone at the foreland of the Tatricum. Some authors
even consider a larger presence of Mesozoic rocks of the oceanic type. In
the areas where the Klippen Belt zone passes south of the Carpathian Con-
ductivity Zone (CCZ), we assume the presence of the segment of Pieninic
crust in the bedrock of flysch sediments, which has a rock composition sim-
ilar to Brunia.

4. Northern Slovakia: area of core mountains from Strážovské vrchy Mts.
to Branisko Mts. and the adjacent basins or hills with a predominant Ter-
tiary sediments

In this areas the isotherm 160 ◦C lies in the depth more than 5500 m,
thats why these areas only contain Palaeozoic crystalline rocks, mostly of
Tatricum, less of Veporicum tectonic unit. However, since this area be-
longs to the Carpathian gravity low, we are lacking the distinctive features
for the determination of the position of granitoids and metamorphic rocks.
The geological development on the surface indicates that granodiorites and
granites prevail along with orthogneisses and paragneisses with smaller con-
tent of amphibolites.

5. Wider area of the Lučenská kotlina depression

In the mentioned depth range, the Veporicum crystalline rocks prevail in
the northern part, and due to the Hercynian tectonic superposition, we ex-
pect this area to contain mainly Palaeozoic mica-schist rocks with supposed
Cadomian basement in the southern part. According to the magnetotelluric
measurements, the southern part exhibits anomalous conductivity along the
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entire cross-section of the crust. This is due to the fact that it is substan-
tially altered by intensive tectonic movements in the regional faults and
also by young volcanic activity accompanied by hydrothermal alterations.
Therefore, this block is visualized separately in the Fig. 1. The occurrence
of subvolcanic intrusions mostly of basaltic character is also very likely in
this area.

6. Area of Gemeric unit

The occurrence of Veporicum crystalline rocks is very likely in these depths
over 5500 m although the occurrence of Palaeozoic low metamorphic phyl-
lites, metasandstones and metavolcanites of the Gemericum is also possible.
The presence of a Mesozoic cover from the Veporicum is less likely. Further
north, only the crystalline Veporicum is present (granitoids and metamor-
phites), which is tectonically separated from the Tatricum. Franko et al.
(1995) again expects the possible presence of carbonate complexes of the
Tatricum cover in the areas adjacent to Klippen Belt, as well as Fatricum
complexes. Relatively small intrusion of the Cretaceous Rochovce granite
on the western edge of Gemericum is very interesting in terms of lithology.

7. Outer Carpathian Flysch Belt in the north-eastern Slovakia

This area of Outer Flysch Belt has a completely different gravimetric but
also magnetotelluric features than the western flysch area. Lithology of
flysch sediments is same (alternation of sandstones and claystones). We
assume that this is caused by a different crust type in the bedrock of the
flysch sediments (tectonically disturbed platform, e.g. Bezák et al., 1997,
segment of Pieninic crust, e.g. Grad et al., 2006) and especially by a much
larger influence of the volcanic activity (intrusions into the flysch are also
expected, see Kucharič et al., 2012, 2013), including the protrusions of par-
tial asthenolites into the flysch strata. Therefore, this area is interesting
and promising in terms of geothermal use.

4. Conclusion

The contribution finalizes the primary selection of the perspective areas for
deep geothermal sources exploitation within the studied region of Slovakia.
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We utilized the principle of the successive separation on the geothermal base
(Majcin et al. 2017) which provides the depth distributions for deep tem-
perature of about 160 ◦C. This temperature is sufficient for the reasonable
economic exploitation of the geothermal energy for electricity production
minimally by the binary cycle technologies. Applied were additional geo-
logical, economic and technical parameters of geothermal sources.

In this paper we described the supposed lithological composition in depths
technically applicable for utilization of the heat of rock complexes. The
studied territory of Slovakia is divided to two categories according depths
– first one up to 5 km and the second one between 5 and 6 km. The re-
sults were constructed from various accessible geoscientific sources enhanc-
ing the basic knowledge presented in Geothermal atlas (Franko et al., 1995).
The rock complexes are presented only schematically because of better lu-
cidity. Our results create the base for both starting decisions of regions
suitable for electricity production by binary cycles and further selection
requires more precise exploratory development works (analysis of geologi-
cal profiles, boreholes, additional geophysical works and others) in concrete
localities. According the basic parameters (temperatures, depth, accessibil-
ity, lithology) application by geothermal sources evaluation we determined
the central parts of both basins (East-Slovakian and Danube) as the most
favourable. The suitability is increased mainly in the case if the sedimentary
filling containes volcanic bodies. Further we incorporate the border parts
of mentioned basins including the volcanic mountains, from intramountains
basins Žiarska kotlina depression is favourable, further NE part of Outher
Carpathians Flysch zone and a part of Vienna Basin to the perspective
geothermal areas of Slovakia for electricity production.
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Bratislava, 1–194.

Geoelec, 2013: A prospective study on the geothermal potential in the EU. Electronic
source: http://www.geoelec.eu/wp-content/uploads/2011/09/D-2.5-GEOELEC-

prospective-study.pdf.

Geoelec, 2016: Geothermal Potential for Electricity Generation for the EU. 2016. Interac-
tive GIS map. Electronic source: http://www.thermogis.nl/geoelec/ThermoGIS

GEOELEC.html.

Grad M., Guterch A., Keller G. R., Janik T., Hegedűs E., Vozár J., Ślaczka A., Tiira T.,
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