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Abstract: This paper describes the long-standing interdisciplinary geodynamic research for the
wider Zagreb area, the most seismically active area of the continental part of the Republic of Croatia,
extending over an area of around 800 km2. As a result of the research, which is based on geodetic and
geological field measurements, a unique interdisciplinary movement model of the surface layers of the
Earth’s crust for the project area is created. The analysis of survey data has determined the continuous
tectonic activity of the wider Zagreb area. In the past 18 years, a total of 10 GPS measurement
campaigns have been conducted. For each campaign, the velocities of geodynamic network points
were calculated, and the cumulative velocity rate was determined from all measurement campaigns
for the entire period of observations using GAMIT/GLOBK software. Displacements at individual
measuring points of the network, throughout research, vary widely and depend on its location within
the local geologic structural framework and regional tectonic movements. These displacements in
detail represent a measurable insight into the tectonic activity of the area of research. Therefore,
in this paper, special attention is given to the analysis and explanation of these variations in the
displacements of the individual geodynamic points, even indicating the questionable quality of
location selection for some points. In this way, we seek to explain the causes and mechanisms of
such displacements. The results presented in this paper represent the preseismic area condition and
further can be used in coseismic 2020 earthquake displacement analysis.

Keywords: geodynamic research; geodetic GPS measurements; geologic measurements;
movement model; earthquakes

1. Introduction

The wider Zagreb area is the most seismically active area of the continental part of the Republic
of Croatia [1,2] and therefore the most seismically endangered. Historically, there were strong
earthquakes in 1775, 1880, 1905 and 1906, some of which were catastrophic for the City of Zagreb
itself [3]. Considering that the subject area occupies only 7% of the total area, and 30% of the population
lives there, which earns 50% of the national gross income of the Republic of Croatia, it is clear that this
area is of great importance. This fact was the main reason for the development of the geodynamic
project to monitor tectonic movements in the area of Zagrebačka gora and the peripheral areas of
several important tectonic units that are encountered in the wider Zagreb area. On one side are the
outcrops of the Southeastern Alps; on the other, the Dinarides; and on the third, the Pannonian Basin.
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According to geological classifications, the area around Zagreb is located in the border area
between the western and southern part of the Pannonian Basin (Figure 1a). The boundaries are
represented by the Zagreb fault (5 in Figure 1a) and the Brežice-Koprivnica fault (6 in Figure 1a).
The area limited by these faults is from 12 to 25 km wide and extends for a length of around 100 km in
the SW-NE direction. The most important feature is the pronounced tectonic activity. To identify the
cause of the tectonic activity, it is necessary to observe the regional space shown in Figure 1a [4–9].
The tectonic movements of the Adriatic microplate are crucial in the model. They condition the
extreme compression in the Southern Alps and the northern part of the Dinarides. Possible regional
deformations are the reverse movements of the structural units, the Alps and the Dinarides, or their
rightward transcurrent movements. The western edge of the Pannonian Basin is located partly in a
trapped position between the Alps and the Dinarides. The consequence is the transpression of space.
This means that tectonic movements condition the compression of space along with the generally
rightward tectonic transport. It is precisely the movements of space towards the southeast that create a
pronounced compression in the frontal part, especially in Medvednica. The present recent tectonic
activity is directly indicated by seismic activity [10–15]. Figure 1b shows significant concentrations of
earthquake epicenters in the marginal parts of the Dinarides and the Alps and the area of the western
marginal part of the Pannonian Basin, especially parallel to the Zagreb fault (5 in Figure 1a) and the
Brežice-Koprivnica fault (6 in Figure 1a). The strongest earthquakes occur in Medvednica [3,12].
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Figure 1. (a) Regional structural relations; Legend: 1—Most important faults: Gorica-Ilirska
Bistrica-Rijeka fault (1), fault of the Southern Alps (2), Fella-Sava-Karlovac fault (3), Periadriatic-Drava
fault (4), Zagreb fault (5), Brežice-Koprivnica fault (6); 2—Other important faults; 3—The direction of
horizontal movement in fault zones; 4—Regional structural units: Southern Alps (SA) and Prealps
(AF), Eastern Alps (EA), Dinarides (D), Adriatic Microplate (AMP), Western Pannonian Basin (WPB),
Southern Pannonian Basin (SPB); 5—Direction of displacement of the Adriatic microplate; 6—Movement
directions of structural units parts; 7—Medvednica. (b) Earthquake epicenters of magnitude 2–6.9 [4].

Modern satellite GPS methods enable high-precision geodetic measurements, allowing, in the
tectonically active areas, ground movements to be determined with high accuracy. Our goal is to
determine the actual geodynamic displacements with high accuracy over a long period of time around
the Croatian capital, Zagreb [4,8,16]. This objective is crucial because the region around the capital has
the highest concentration of the population and industry in the Republic of Croatia and is seismically
active. The results of studies that were carried out over 18 years show that the Zagreb area is one of the
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most seismotectonically active areas in Croatia [1,2,17], where a possible stronger earthquake could
cause very considerable material damage and human losses.

This paper describes the research work on the development of a geodetic velocity model
based on geodetic GPS measurements on specially stabilized points of the geodynamic network
in the form of GPS campaigns, and a geologic movement model created based on geologic field
measurements. The results obtained, based on the processing of such interdisciplinary measurement
data, combined with earthquake data, fully confirm the distinct tectonic and seismic activity of the
area of research, particularly along the Medvednica mountain and Žumberak hills [18]. The performed
interdisciplinary analysis of geodetic and geological measurements resulted in movement values of
near-surface structures and their directions in space, which enabled the development of an acceptable
geodynamic model of the wider area of Zagreb and offered an explanation of possible causes of
unexpected directions of movements at certain points in the geodynamic network of the City of
Zagreb. These models are dynamic and they change over time. The changes and their causes can be
explained only by repeated long-term measurements. This combined space–time analysis of geodetic
and geological surveys is also used for the evaluation of the reliability of the position of points in the
Geodynamic network of the City of Zagreb.

Geodetic research performed so far, and previous geological research, including the recent seismic
activity, indicate the slow accumulation of stress, which could result in a strong earthquake in the
wider Zagreb area in the near future. This was verified on 22 March 2020, when Zagreb was hit by an
earthquake (M 5.5) shortly before this paper was written. The epicenter of this earthquake is marked
in Figure 2.
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Figure 2. Recent geologic structural framework and seismotectonic activity; 1—Structural units:
Žumberačka gora-Medvednica (1), Vukomeričke gorice-Šamarica (2), Dugo Selo-Vrbovec-Moslavačka
gora (3), Sava River Basin (4); 2—Structures: Medvednica (1), Marija Gorica (2), Hum (3),
Plešivica (4), Dugo Selo-Lupoglav (5), Brezovica (6), Vukomeričke gorice (7), Krško-Zagorje subbasin (8),
Stubica subbasin (9); 3—Structural blocks of Medvednica: Sljeme (1), Zelinska gora (2); 4—Axis of
maximum and minimum of gravimetric Bougue anomalies; 5—Most important faults of the structural
framework: Zagreb fault (1a,b), Brežice-Koprivnica fault (2a,b), Bistra-Laz fault (3a,b), Stubica-Kašina
fault (4a,b), Dugo Selo-Ivanić Grad-Kutina fault (5a,b), Vukomerice fault (6), Pokupsko fault (7),
Sv. Nedjelja-Plešivica fault (8); 6—Larger faults within structures and fault zones and faults
following most important faults; 7—Reverse faults; 8—Normal faults; 9—Faults of unambiguous
character; 10—Fault zones; 11—Earthquake epicenters with magnitude: (a) 4.6–5.0; (b) 5.1–6.0;
(c) 6.1–6.3; 12—Orientation of maximal compressional stress; 13—Orientation of local compressional
stress; 14—Direction of movement of structure parts according to geological measurements;
15—Faults with mostly horizontal wing movement; 16—Seismotectonic profile; 17—GPS points
of the geodynamic network.
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2. Geologic Framework and Tectonic Evolution in the Zagreb Area

Development of the geodynamic movement model is based on decades of geological field
measurements on rock outcrops in the wider Zagreb area [4,12,16–20].

According to geological classification, the wider Zagreb area is located in the border area between
the western and southern part of the Pannonian Basin (Figure 1) [4]. In this area, there is active
seismotectonic activity (Figures 2, 8 and 9). The causes of these activities are regional tectonic movements
(as described in the Introduction and Figure 1). The intensity and direction of movement of geological
structures along the fault depend on the size, location and extension of various rock complexes at depth.
Figure 2 shows the included geological structural framework. The most important is the position of the
structural unit Žumberačka gora–Medvednica (1 in Figure 2) with NE–SW extension. In the regional
framework, it represents an immediate border between the western and southern edge of the Pannonian
Basin. Units Vukomeričke gorice–Šamarica (2) Dugo Selo–Vrbovec–Moslavačka gora (3) and the Sava
River Basin (4) belong to the southern edge of the Pannonian Basin. They have an NW–SE extension.
Along the boundaries of the structural units and structures, faults are extended. Faults presented by
zones of different widths stand out in particular. Main boundary faults of individual zones are marked
by the letters a and b. The most important are faults bordering the most seismotectonically active
structural unit, Žumberačka gora-Medvednica (1 in Figure 2). These are the Zagreb fault (1a, b) and
Brežice-Koprivnica fault (2a, b).

To calculate the present regional tectonic movements, the position of the western edge portion
of the Pannonian Basin (Sava faults) in a regional framework is essential. Partially, it is wedged
between the Alps and the Dinarides. This creates transpression of space. This means that tectonic
movements control the compression of space with regional right shifts of structures to the east and
southeast [4–6,16,21–23]. These movements create in the front part, along with the structural unit
Žumberačka gora–Medvednica (1 in Figure 2), a very noticeable compression. Tectonic movements are
particularly present in Medvednica (1 in Figure 2) with the occurrence of earthquakes with relatively
high intensity (locations of major earthquakes shown in Figure 2) [3]. However, the constant occurrence
of earthquakes of weaker intensity directly indicates the ever-present tectonic activity [3,12–15,24].

Within structural units, certain structures stand out. In Medvednica (1 in Figure 2), due to the
different movement, two major structural blocks differ: Sljeme (1) and Zelinska gora (2 in Figure 2).
It is especially important to note that in the deformations and displacements of parts of structural unit
Žumberačka gora-Medvednica (1 in Figure 2), there is a direct influence on the position and extent of
the rock complex of higher density in the depth that builds the structural units of the southern edge
portion of the Pannonian Basin. The most important is a large complex of granite rocks within the
structural unit Dugo Selo-Vrbovec-Moslavačka gora (3 in Figure 2).

Directly east of the area, shown in Figure 2, granites are located at a depth of around 1 km.
In Vukomeričke gorice (7 in Figure 2), in the first few kilometers of depth, Palaeozoic schists and
Mesozoic carbonates are widespread. In Medvednica (1 in Figure 2), Marija Gorica (2 in Figure 2) and
Hum (3 in Figure 2), these rocks are located on the surface [25,26]. Gravimetric maximums indicate
the positions of said rock complexes (Figure 2). Within the Sava Basin (4 in Figure 2) and Stubica
sub-basin (9 in Figure 2), the thickness of the Neogene-Quaternary rock complex reaches depths of
3500 and 2700 m, respectively [25,26]. This rock arrangement points to a compression of space which is
directly indicated by geodetic and geologic measurements from this paper and can be recognized in
Figures 2, 14 and 15.

In the structural framework, the faults have the most importance. In their outcrops on numerous
localities, the movements of parts of structures have been determined [6,21]. The most important
directions of movements are shown in Figure 2. Along the boundaries of structural units and structures,
the reverse faults with opposite vergence are extended. Within individual fault zones, there are arrays
of faults with parallel extension. The main zones are followed by branches which are particularly
pronounced in the parallel extension of the Zagreb fault (1a, b). Significant reverse movements of
Neogene and Quaternary rocks along the most important fault zones are well known—for example,



Geosciences 2020, 10, 498 5 of 20

Zagreb fault (1a, b)—2800 m, Brežice-Koprivnica fault (2a, b)—up to 2800 m and Bistra-Laz fault—up
to 3300 m. Due to tectonic movements in the structural framework, the stress field is generated.
The orientation of the maximum compressional stress is north–south, and local stress is variable.
The orientation of compressional stress directly affects the movements and deformations of individual
structures. It is especially important to point out that in Medvednica (1), deflection of the orientation
of the local compressional stress to the left is discerned going from Zagreb over Medvednica (1).
This indicates the presence of retrograde rotation of parts of Medvednica (1). Directions of movement,
determined by geological field measurements, indicate the rotation of its parts too. Especially the
retrograde rotation of movement in the Zagreb fault zone (1a, b) is expressed. This is the result of
the position of the granite rock complex that resists regional tectonic movements. In conditions of
compression of space, only movements of Zelinska gora (2) towards SW and S, and not towards SE,
are possible (Figure 2).

Earthquakes directly indicate the constant presence of tectonic activity in the period 1997–2015.
In this period, there were more than 100 earthquakes of magnitude up to 3.5 [18]. In the seismotectonic
profile, the foci of these earthquakes are marked (Figure 3). The concentration of hotspots in the zones
that are directly connected with the zones of the Zagreb fault (1a,b in Figure 2), the Brežice-Koprivnica
fault (2a,b in Figure 2) and the Bistra-Laz fault (3 in Figure 2) is noticeable. The branches of the
Zagreb fault are also seismotectonically active (1a,b in Figure 2). Most earthquakes occurred to a
depth of around 5–15 km. Earthquakes that occurred in the period 2009–2015 were specially marked.
The epicenters of these earthquakes on the surface are marked in Figure 2.
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gora-Medvednica: Zagreb fault (1), Brežice-Koprivnica fault (2) and Bistra-Laz fault (3); 3—Other active
faults; 4—Seismotectonically active zone in space (updated from [4]).
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3. Geodetic Movement Model

The geodetic movement model is determined from the results of GPS measurements that have
been carried out on points of the geodynamic network in the period from 1997, when the geodynamic
network of the City of Zagreb was first established, until 2015.

3.1. Establishment of the Geodynamic Network

Since the research area covers around 800 km2, the network is designed to form triangles with
points whose mutual distance does not exceed five kilometers. The network configuration with
approximate locations of the points was determined on the geodetic map, before entering the field,
while the definite location of the points was chosen in the field. An interdisciplinary team of experts,
consisting of geodetic, geologic and geotechnics experts, chose the location of the points that will
best meet the requirements of the geodynamic network quality [27]. Thus, the network consists
of 43 (specifically) stabilized points that meet all the criteria that are set for this kind of research.
In Figure 1, a sketch of the pillar of geodynamic points and photo of built pillars on the field are shown.
As can be seen on the Figure 4, the foundations of points are reinforced by micro piling Ø200 mm.
Reinforcement is carried out by four micro-piles, and their depth was determined by trial geotechnical
drilling directly on the field, mostly 2 to 4 m, and on some points, it reaches 10 m in depth.
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With such stabilization, the intention was to ensure the stability of geodynamic points over a longer
period and provide installation of GPS antennas on the same place with high accuracy, which enables
the determination of real geodynamic movement with precision within a millimeter [4].

Since the area of research is seismically very active (earthquake epicenters with magnitude:
(a) 4.6–5.0; (b) 5.1–6.0; (c) 6.1–6.3 are given on Figure 2), the network is designed in a way that optimally
covers the recent structural framework in the area, which covers more than 800 km2 (Figure 5).
Network points are set according to fault zones in positions that should represent geodynamic
processes in the area of research [19].

3.2. GPS Measurements

GPS measurements were carried out so that in one measuring campaign, all of the points in the
network are included (epoch measurements). GPS measurements within a campaign were conducted
in three sessions, where each lasted for 24 h. Theoretically, it would be best that the measurement
campaign could be carried out as a single session, but practically, it would require many more GPS
receivers than were available. When organizing measurement campaigns in three sessions, we were
able to implement GPS receivers of the same manufacturer on all points, which significantly simplified
the measurement process and the subsequent data processing.
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Figure 5. Configuration of the geodynamic network (blue dots with four-letter names). Most important
faults of the structural framework: Zagreb fault (1a, b), Brežice-Koprivnica fault (2a, b), Bistra-Laz fault
(3a, b), Stubica-Kašina fault (4a, b), Dugo Selo-Ivanić Grad-Kutina fault (5a, b), Vukomerice fault (6),
Pokupsko fault (7), Sv. Nedjelja-Plešivica fault (8).

In the preparation of campaigns, for all GPS receivers (during these years, only Trimble GPS
receivers, from model 4000SSI to 5700 and R8, were used, and on points CAOP and ZZFP, choke ring
antennas were mounted), all the necessary actions to synchronize the parameters of observations were
done. Moreover, all the receivers were tested on the test site to check their status, power supply and
the possibility to store and transfer data. Based on the results of preliminary testing, a schedule of
receivers in each of the three sessions was prepared. Setting up and testing of instruments significantly
facilitates the field measurements, because the pre-tested and adjusted instruments and measurement
plan are handed over to all field crews.

In the past 18 years, a total of 10 measurement GPS campaigns were performed as follows: 1997,
2001, 2003, 2004, 2005, 2006, 2007, 2008, 2009 and 2015 (Table 1). All campaigns were carried out with
24-h sessions with a 30-s interval of observations, giving 2880 measuring epochs per session/point [19,20]
(except 2015 and all latter, which were recorded in 15-s intervals collecting 5760 epochs per point).
All measurement campaigns were performed in the same period of the year to eliminate seasonal
influences on measurements.
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Table 1. All conducted GPS campaigns with the number of sessions, points included and used receivers.

Campaign Date (from–to) Nr.
Session

Nr.
Pts

Nr.
GPS Receivers

Nr.
Epochs/pt

Zagreb 1997 27.10.1997–29.10.1997 2 43 27 2880
Zagreb 2001 25.06.2001–28.06.2001 3 40 16 2880
Zagreb 2003 22.06.2003–23.06.2003 1 13 13 2880
Zagreb 2004 17.06.2004–20.06.2004 3 39 13 2880
Zagreb 2005 10.09.2005–11.09.2005 1 11 11 2880
Zagreb 2006 22.06.2006–25.06.2006 3 41 15 2880
Zagreb 2007 13.07.2007–15.07.2007 2 21 13 2880
Zagreb 2008 10.06.2008–13.06.2008 3 41 15 2880
Zagreb 2009 11.06.2009–14.06.2009 3 41 15 2880
Zagreb 2015 11.06.2015–14.06.2015 3 41 15 5760

3.3. Processing of GPS Measurements

For the subject research, the scientific GPS software GAMIT/GLOBK, which runs under the Linux
operating system, was used. GAMIT/GLOBK uses Kalman filtering to determine the point velocities
from time separated GPS measuring campaigns. In current practice, the GAMIT solution is not usually
used directly to obtain the final estimates of station positions from a survey. Rather, GAMIT is used
to produce estimates and an associated covariance matrix (“quasi-observations”) of station positions
and (optionally) orbital and Earth-rotation parameters, which are then input to GLOBK to combine
the data with those from times to estimate positions and velocities [28,29]. GLOBK uses a Kalman
filter (equivalent to sequential least-squares if there are no stochastic parameters in the solution)
which operates on covariance matrices rather than normal equations and hence requires specifying a
non-infinite a priori constraint for each parameter estimated [30]. In order not to bias the combination,
GAMIT generates the solution used by GLOBK with loose constraints on the parameters. Since phase
ambiguities must be resolved (if possible) in the phase processing, however, GAMIT also generates
several intermediate solutions with user-defined constraints before loosening the constraints for its
final solution. These steps are described in [31,32].

The data were processed in series: 1997–2001, 2001–2004, 2004–2006, 2006–2007, 2007–2008,
2008–2009 and 2009–2015, and a final one using all of the above. For each period, a separate velocity
model on the network points was determined (Figure 6) and then the cumulative model that includes
all the measurement campaigns conducted since 1997 (Figure 7).

Point velocities are computed using the module GLOBK; therefore, the velocity field is calculated
according to a special computation model using the Kalman filtering method as described in [29–35].
When processing GNSS measurements, all parameters were set for the local network in order to
determine only unbiased local movements in the Zagreb area, and the two most stable points in the
study area were selected as a reference, the city’s permanent GNSS station, CAOP, and the ZZFP station.
The offsets of all other points in the network refer to the vector between the two points mentioned.
The FES2004 ocean loading model was used through otl.grid, while the atmospheric correction
model was not available. IGS final orbits and corresponding Earth orientation parameters were used.
ITRF08 was used to map the velocities. Velocities are expressed in millimeters per year (mm/yr).
In addition, the magnitude of the total spatial vector in all three dimensions is determined. The results
obtained with the GAMIT/GLOBK software package were verified by independent calculation using
the BERNESE software package, with the only difference being that, in this case, the IGS points GRAZ,
MATE and MEDI were used as reference points [36].

The final results are GPS velocities of the geodynamic network points, obtained for the mentioned
seven periods and cumulatively for the whole period from 1997 to 2015 (Figure 7). The maximum
absolute value of the velocity for a cumulative solution in the horizontal direction is 4.9 mm/yr, and in
the vertical, 12.4 mm/yr, and the mean spatial velocity is 2.3 mm/yr. The largest absolute value of
velocity was obtained during the period 2006–2007 and amounted to 19.4 mm/yr in the horizontal
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direction, from which it is evident that these are significant in a geodynamic sense. However, it should
be noted that the mean spatial velocity is 3 mm/yr.
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Figure 7. Cumulative geodetic velocity model on the geodynamic network points for the period
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From the obtained velocity values for each period, an analysis of movement for each point was
carried out in order to show the spatial movement of a point in time between individual campaigns.
Accordingly, an interdisciplinary geodetic and geological analysis of the behaviour of network points
within a structural framework, depending on their position in it, was conducted. A more detailed
analysis is presented in Section 4.1. In Figures 8–13, a few selected points and their movements in each
period are shown. In the end, the original geodetic model of the velocity field of the observed area for
the entire research period from 1997 to 2015 was created, which is shown in Figure 7.
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The values of the velocity components of the network points, for the whole period from 1997 to
2015, calculated from all measurement campaigns, are shown in Table 2.
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In Table 2, the first column shows the name of the point; the second and third column show
latitude and longitude. The fourth and sixth column show velocity components in latitude and
longitude directions (vϕ and vλ), and the fifth and seventh show their accuracies, while the eighth
and ninth column are the vertical velocity component (vH), and its accuracy, respectively. The 10th
column shows the velocity in the horizontal plane as the result of the first and second component
(horizontal velocity—vhor), the 11th column shows the value of spatial velocity (vsum), and the 12th
and 13th column show the azimuth and vertical angle of velocity vectors. The statistical overview of
the absolute values of velocity components for the period 1997–2015 is shown in Table 3.
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Table 2. Velocity components on the network points for the 1997–2015 period.

Name λ ϕ
vϕ

(mm/yr) +/−mm vλ
(mm/yr) +/−mm vH

(mm/yr) +/−mm vhor
(mm/yr)

vsum
(mm/yr) Azimuth◦ V. ang◦

BKVJ 16.2114 45.7323 1.4 0.06 −1.6 0.05 −0.2 0.23 2.1 2.1 312.1 −6.0
BLGS 16.1353 45.9257 −0.3 0.05 −0.9 0.05 −1.4 0.20 0.9 1.6 252.0 −56.2
BRDV 15.7585 45.8662 0.7 0.07 −0.4 0.06 −2.3 0.29 0.8 2.4 328.4 −71.5
BRZV 15.9065 45.7247 0.7 0.06 −0.7 0.05 0.8 0.25 1.0 1.3 314.6 40.2
CAOP 15.8949 45.7912 0.3 0.03 0.5 0.02 1.3 0.11 0.6 1.5 64.7 66.2
DSTB 15.9753 45.9929 −0.6 0.07 −1.7 0.06 −0.1 0.27 1.8 1.8 250.8 −4.2
GPLN 16.0743 45.9460 4.1 0.31 2.7 0.26 −7.8 1.53 4.9 9.2 33.1 −58.1
GRNC 16.0850 45.9031 −0.3 0.05 −0.3 0.04 −0.5 0.18 0.4 0.6 228.1 −52.6
GRNS 16.0544 45.8466 −0.1 0.05 −0.2 0.04 −0.5 0.20 0.2 0.5 255.3 −68.2
HRTC 16.1333 45.9385 0.1 0.38 −0.7 0.35 −2.1 1.45 0.7 2.2 280.4 −70.9
HRVT 15.8225 45.7147 0.3 0.06 −1.1 0.06 0.0 0.25 1.2 1.2 286.6 0.5
KLBR 16.0097 45.7070 1.6 0.07 0.0 0.05 −2.8 0.24 1.6 3.2 0.7 −60.4
KPKR 15.8832 45.6809 0.4 0.07 −1.9 0.06 0.2 0.24 1.9 1.9 283.2 5.3
KPLJ 15.8118 45.9265 0.1 0.07 −0.2 0.06 −0.7 0.24 0.2 0.7 289.2 −70.0

KPNC 15.7947 45.6580 0.7 0.07 −1.4 0.06 1.3 0.26 1.5 2.0 295.1 40.7
KPTL 16.0304 45.9291 0.2 0.05 −0.1 0.05 −2.4 0.21 0.2 2.4 324.8 −85.0
KRLJ 16.1832 45.8068 −0.7 0.06 −1.0 0.05 −0.2 0.23 1.2 1.2 234.8 −7.4
KTSS 16.1114 45.8268 −0.5 0.11 0.2 0.09 0.6 0.45 0.5 0.8 155.9 47.9
LAZZ 16.0906 45.9759 0.0 0.06 −1.1 0.05 −0.8 0.22 1.1 1.4 271.6 −38.1
LKTC 16.2330 45.8604 −0.7 0.06 −0.5 0.06 −0.7 0.25 0.8 1.1 217.8 −38.7

MDVG 15.9404 45.8691 0.5 0.04 −0.8 0.03 −1.2 0.15 0.9 1.5 305.8 −53.1
MRGJ 15.9834 45.8351 1.6 0.06 0.5 0.05 −1.4 0.28 1.7 2.2 17.8 −39.6
MRKS 16.0149 45.8758 −0.3 0.07 −0.8 0.06 −1.8 0.32 0.9 2.0 247.0 −64.0
MRTR 15.9596 45.6562 −0.1 0.07 −0.2 0.06 3.0 0.26 0.2 3.0 235.6 85.6
PLES 16.0663 45.7307 −0.6 0.07 −0.9 0.06 −0.1 0.28 1.1 1.1 236.8 −6.9

PLNN 16.0780 45.9284 −0.4 0.05 −1.1 0.05 0.7 0.22 1.1 1.3 250.1 31.0
PPVC 16.1388 45.8503 0.0 0.06 −0.3 0.05 −1.5 0.22 0.3 1.5 268.2 −77.5
PRPS 16.1317 45.8927 0.1 0.05 −0.5 0.04 −1.1 0.20 0.5 1.2 275.4 −63.3
SCTR 16.1159 45.7744 −0.8 0.06 −0.7 0.05 −2.5 0.23 1.1 2.7 222.8 −66.0
SKRL 15.8265 45.8309 0.0 0.07 −1.7 0.06 0.8 0.27 1.7 1.9 269.3 23.3
SSVT 16.1065 45.8349 −1.5 0.05 −0.5 0.04 0.1 0.20 1.6 1.6 197.9 4.4
STPN 15.8364 45.7489 0.5 0.06 −1.2 0.05 0.7 0.21 1.3 1.4 291.3 28.2
SVDH 15.9407 45.8216 −1.7 0.10 0.0 0.09 4.8 0.43 1.7 5.1 179.0 71.0
SVMG 15.7681 45.7746 −0.4 0.09 0.3 0.07 12.0 0.35 0.5 12.1 142.5 87.4
TKRT 15.9787 45.8062 2.0 0.07 0.3 0.06 1.2 0.28 2.0 2.3 9.6 31.1
VKVD 16.1035 45.9361 2.2 0.26 1.1 0.22 −1.1 1.35 2.4 2.7 25.9 −24.8
VMLK 16.0255 45.7302 −0.3 0.06 −0.8 0.06 −0.2 0.27 0.8 0.9 248.6 −15.8
ZLMG 15.8813 45.8528 0.8 0.07 −1.0 0.06 2.3 0.28 1.3 2.6 309.1 59.8
ZZFP 16.0170 45.8112 −0.3 0.03 −0.5 0.02 −1.9 0.11 0.6 2.0 244.7 −73.0
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Table 3. The statistical value of the velocity components for the 1997–2015 periods.

vϕ
(mm/yr)

vλ
(mm/yr)

vH
(mm/yr)

vhor
(mm/yr)

vsum
(mm/yr)

max 4.09 2.67 12.04 4.88 12.05
min 0.01 0.02 0.01 0.20 0.53
avg 0.70 0.76 1.71 1.14 2.28

4. Discussion

The interdisciplinary analysis performed in the current study includes joint analysis of the obtained
movement models described in the two previous chapters, in order to determine the unique movement
model of near-surface layers in the wider Zagreb area.

The most important data on the tectonic activity, in the period 1997–2015, were obtained using
geodetic GPS measurements. Configuration of the geodynamic network enabled the collection of
data which directly indicate the amplitudes of tectonic movements in areas covered by the geologic
structural framework, directions and angles of inclination of movement of certain points.

It is necessary to point out two important facts. First, constant changes in the intensity of tectonic
activity occur. This also results in movement direction changes, which are almost always diagonal in
space and can be positive (elevation) or negative (lowering). Second, it is also noticed that variable
movement angles are present, which, for example, show parts of structures where the compression of
space is predominant, reverse movements or rotation of structures.

4.1. Analysis of the Movement of the Geodynamic Points

A good example of the constant change in the direction and magnitude of the movement was
observed at the point PPVC (Figure 8), which is located east of Zagreb, outside of the zone of the
Zagreb fault (1). The causes of these changes are probably twofold. The main reason is probably the
movements and retrograde rotation of Zelinska gora (2) and the rising and compression of space in
the local geological structure Dugo Selo–Lupoglav (5 in Figure 2). However, around the point on the
surface, there are predominantly clayey sediments. During sudden tectonic movements of relatively
larger amplitudes, which cause the mentioned rotation, this may represent a less stable substrate.
This arose as a result of considering the possible cause of the specific movements determined at the
PPVC point since the errors in the retrieved GPS velocities are not significant. Namely, we do not
consider that there was a movement due to poor stabilization or displacement of clay sediments directly
below the point, but the whole wider area around the point is of this soil type, and these movements
are therefore manifested in the previously described way.

The following isolated points are located on solid rocks of higher density. The change in direction
is even more pronounced but with relatively larger movements in the most active periods on the point
VMLK, situated south of Zagreb (Figure 9). It is located in the Sava basin (4). Most predominant is
the horizontal component of movement. Obviously, the oscillating changes are mainly influenced by
the movements of the surrounding elevated structures that cause compression of the basin area and
different movement directions of the observed geodynamic point.

Especially interesting are the data obtained at the point BLGS (Figure 10). It is located directly
along the route of the main fault 1a of the Zagreb zone in Zelinska gora (2). The prevailing movements
are towards SW and W but with the compression of space in the periods 2001–2004 and 2008–2009.
Then, the movements were in the opposite direction. Movements of individual geodynamic points
obviously depend on their position in the geological structural framework. For example, point MRKS
is located in the zone of the main fault 1a in Zagreb (Figure 11). In the period 2009–2015, the Zagreb
fault activity is increased.

Interesting are the directions of small movements mainly towards the SW, W and NW, and only in
the period 2004–2006 were they oriented towards the SE. This is probably the result of the retrograde
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rotation of parts of Medvednica (1) and the relatively small activity along the section of main fault 1a
in the Zagreb zone.

Larger movements with a steep slope in space were recorded at points that are located in parts
with predominant compression of geologic structures. The point ZLMG stands out (Figure 12). It is
located in the western part of Medvednica (1). The prevailing movements are towards WNW and WSW.
Only in periods 2004–2006 and 2008–2009, the directions of movements were towards ENE. The latter
is probably a reflection of larger reverse movements in the fault zone of Bistra-Laz (3), which cause the
rotation of part of Medvednica (2) around an obliquely inclined axis and the movement’s direction
changes with the descent of the observed point.

A particular example is point SVMG. It is located west of Zagreb along the route of the main fault
1a in the Zagreb zone in the structure Plešivica (4). This structure is relatively compressed and elevated
between reverse faults of opposite vergences. Directions of movements towards W and WNW indicate
the reverse movements along the fault Sv. Nedjelja-Plešivica (8) and towards E and SE along the main
fault 1a in the Zagreb zone. The most active periods are between 1997–2001 and 2009–2015.

4.2. Tectonic Movements

The key fact is that the intensity of tectonic movements for the observed period (1997–2015) is
highly oscillatory. There are constantly changing periods of higher and lower tectonic activity. In these
periods, the amplitudes, the directions and angles of movements are variable in space.

Data for the entire observed period between 1997 and 2015 include the summary values of
movements of geodynamic points. The amplitudes of tectonic movements, for the period 1997–2015,
are shown in Figure 14. Small summary values were obtained. Nevertheless, it was possible to
separate the parts of the structures in which the value of the amplitude is larger than 2 mm/yr
and in particular 5 mm/yr. On certain points, amplitudes stand out: SVD2-5, 1 mm/yr (Zagreb),
GPLN-9, 2 mm/yr (fault zone Stubica-Kašina, 4ab on Figure 2) and SVMG-12, 1 mm/yr (Plešivica, 4 on
Figure 2). Discerned is the activity of the zone of the Zagreb fault (1a,b on Figure 2), the western part of
Medvednica (1 on Figure 2), the western part of Zelinska gora (2 on Figure 2) and particularly around
the fault zone Stubica-Kašina (4a,b on Figure 2) and the entirety of Vukomeričke gorice (7 on Figure 2).
The amplitudes of less than 1 mm/yr are separated east of Zagreb, then within the Sava Basin (4) and
Stubica sub-basin (9 on Figure 2). Also important are the average movement directions of certain parts
of geologic structures.

There are three main observations; first, terrain movements WNW and NW in Medvednica (1) and
Vukomeričke gorice (7 on Figure 2) present a response to regional tectonic movements. In Medvednica,
this also means reverse movements along the fault Bistra-Laz (3). Furthermore, the rotation of the
parts of Medvednica (1 on Figure 2) east of Zagreb is evident. Particularly noteworthy is the part of
the geological structure Plešivica (4 on Figure 2). The summary direction of the movement at point
SVMG towards SE indicates a significant concentration of the structure and the activity of Zagreb fault
(1a,b on Figure 2).

The performed analysis shows that the tilt angles and directions of tectonic movements for the
period 1997 to 2015 are very different (Figure 15). Particular emphasis is placed on the parts of the
geologic structures in which positive and negative spatial movements of a steep slope, greater than
70◦, have been determined.



Geosciences 2020, 10, 498 16 of 20

Geosciences 2020, 10, 498  15  of  19 

 

are  shown  in  Figure  14.  Small  summary  values were  obtained. Nevertheless,  it was  possible  to 

separate the parts of the structures in which the value of the amplitude is larger than 2 mm/yr and in 

particular 5 mm/yr. On certain points, amplitudes stand out: SVD2‐5, 1 mm/yr (Zagreb), GPLN‐9, 2 

mm/yr (fault zone Stubica‐Kašina, 4ab on Figure 2) and SVMG‐12, 1 mm/yr (Plešivica, 4 on Figure 2). 

Discerned  is  the  activity  of  the  zone  of  the Zagreb  fault  (1a,b  on  Figure  2),  the western part  of 

Medvednica (1 on Figure 2), the western part of Zelinska gora (2 on Figure 2) and particularly around 

the fault zone Stubica‐Kašina (4a,b on Figure 2) and the entirety of Vukomeričke gorice (7 on Figure 

2). The amplitudes of less than 1 mm/yr are separated east of Zagreb, then within the Sava Basin (4) 

and Stubica sub‐basin (9 on Figure 2). Also important are the average movement directions of certain 

parts of geologic structures. 

 

Figure 14. Amplitudes of tectonic movements based on geodetic data for the period 1997–2015; 1—

amplitudes of tectonic movements in mm for the period 1997–2015, 2—average movement directions 

of geologic structure parts according to geodetic measurements. 

There are three main observations; first, terrain movements WNW and NW in Medvednica (1) 

and Vukomeričke  gorice  (7  on  Figure  2)  present  a  response  to  regional  tectonic movements.  In 

Medvednica,  this also means  reverse movements along  the  fault Bistra‐Laz  (3). Furthermore,  the 

rotation of the parts of Medvednica (1 on Figure 2) east of Zagreb is evident. Particularly noteworthy 

is  the  part  of  the  geological  structure  Plešivica  (4  on  Figure  2).  The  summary  direction  of  the 

movement at point SVMG towards SE indicates a significant concentration of the structure and the 

activity of Zagreb fault (1a,b on Figure 2). 

The performed analysis shows that the tilt angles and directions of tectonic movements for the 

period 1997 to 2015 are very different (Figure 15). Particular emphasis is placed on the parts of the 
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1—amplitudes of tectonic movements in mm for the period 1997–2015, 2—average movement directions
of geologic structure parts according to geodetic measurements.

Movements with steep slope indicate the prevailing of the vertical component of movement which
appears in the conditions of the compression of space. The uplift is present in the western part of
Medvednica (1), Plešivica (4) and Vukomeričke gorice (7). The compression of space but also the descent
of certain network points are noted in parts of Sljeme (1) and Zelinska gora (2), northeast of Zagreb,
and in the area between the points GRNC, PRPS and PPVC. Movement directions in all observed points
are emphasized. Particularly, three areas are pointed out. First perceived are the prevailing horizontal
movements of parts of Vukomeričke gorice (7) and the geological structure Brezovica (6) towards
WNW and movements of points in different directions in the Sava basin (4). Especially noticeable are
the different directions of movements of points around fault zones Stubica-Kašina (4a,b), indicating the
expansion of space in the observed zone.
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Figure 15. Tilt angles and directions of tectonic movements based on GPS data for the period
1997–2015; 1a—positive spatial (elevation/uplift) and 1b—negative movement (descent) under the angle
higher than 70◦ (prevailing of vertical movement component); 2a—positive spatial (elevation/uplift)
and 2b—negative movements (descent) with an angle between 30◦ and 70◦; 3a—positive spatial
(elevation/uplift) and 3b—negative movements (descent) with an angle less than 30◦ (prevailing of
horizontal movement component).

5. Conclusions

Geodetic measurements at the points of the geodynamic network in the period 1997–2015 directly
indicate the permanent presence of tectonic activity in the wider Zagreb area. Based on the processing
in GAMIT/GLOBK software, amplitudes and directions and tilt angles of movements of the geodynamic
points were determined.

Tectonic activity in the encompassed geological structural framework is influenced by the regional
tectonic movements, as described earlier (Figure 1). They are responsible for the compression and
reverse movements along the most important fault zones. It should be noted that the data show that the
tectonic movements have different oscillating intensity. Directions and tilt angles of movements of some
geodynamic points are constantly changing. The causes are not only regional tectonic movements but
also the arrangement, attitude and position of rocks of different density within the structural units and,
in particular, Medvednica (1 in Figure 2). Their existence sets preconditions for the creation of smaller
structural blocks. It can also be noted that there are further changes in the direction and magnitude of
tectonic movements in certain fault zones. However, here, we must also conclude that some of the odd
behavior of the points shown in the paper also indicates that those points should be further checked
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and possibly excluded from the solutions since it can also mean that their position in the structural
setting is questionable and new points should be stabilized on a better, more suitable location.

Based on the interdisciplinary analysis of geodetic and geological movement models for the wider
Zagreb area in the observed period, there are several important conclusions:

• The largest amplitudes of tectonic movements are present in the western part of Medvednica,
then along the zone of Zagreb fault and west of Zagreb, around the fault zone of Stubica-Kašina
and in parts of Vukomeričke gorice.

• The resulting different average movement directions, as in Medvednica, show that regional
tectonic movements initiate retrograde rotation of its structural blocks. This is especially expressed
with the different directions of movements of Zelinska gora.

• In the western part of Medvednica, positive movements (elevation) were recorded in certain points.
These parts of Medvednica directly oppose the action of regional tectonic movements. In contrary,
in the eastern part of Medvednica, mainly in the wider area around the fault zone Stubica–Kašina,
negative movements (subsidence) at geodynamic points are prevailing. This indicates that in the
Medvednica area, a general rotation around the obliquely inclined axis in space is present.

It can be concluded that by using geodetically precisely determined movements of the points of
the geodynamic network, a detailed analysis of the tectonic activity in the area of research has been
conducted. Movements determined at each specially stabilized geodynamic network point vary widely
and depend on its position within the local geologic structural framework, as well as on regional
tectonic movements and possibly due to poor location selection of some points. The poorly located
points should be excluded from the tectonic analysis and moved to more suitable locations. Currently,
a densification project for the geodynamic network of the City of Zagreb is in its preparatory phase.

The next step in the research is to enhance the research on the geodynamic network with the
results from two recent GPS measurement campaigns conducted in 2018 and 2019 and using the InSAR
(Interferometric Synthetic Aperture Radar) technique, in order to obtain a more detailed insight into
ongoing ground deformations. Current research includes the utilization of InSAR data. InSAR data
will provide better coverage of the area, especially in urban parts. The combination of GPS and InSAR
methods will give a more accurate and more detailed insight into future geodynamic activities that
occur in the area of research.

Author Contributions: Conceptualization, A.Ð., B.P., E.P. and M.P.; methodology, A.Ð., M.P. and E.P.; software,
A.Ð. and M.P.; validation, A.Ð., B.P., E.P. and M.P.; formal analysis, A.Ð., M.P. and E.P.; investigation, A.Ð., M.P.
and E.P.; resources, A.Ð., M.P., E.P. and B.P.; data curation, A.Ð., M.P. and E.P.; writing—original draft preparation,
A.Ð., M.P. and E.P.; writing—review and editing, A.Ð., M.P. and E.P.; visualization, A.Ð., M.P. and E.P.; supervision,
A.Ð., M.P. and B.P.; project administration, B.P.; funding acquisition, B.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Croatian science foundation, grant number IP-01-2018-8944 and the APC
was funded by IP-01-2018-8944.

Conflicts of Interest: The authors declare no conflict of interest.

References
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20. Ðapo, A.; Pribičević, B.; Medak, D.; Prelogović, E. Correlation between Geodetic and Geological Models in

the Geodynamic Network of the City of Zagreb. Rep. Geod. 2009, 86, 115–122.
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