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Abstract: In Hungary, at the foot of the Eastern Alps, in the Sopronbanfalva Geody-
namic Observatory (SGO), a quartz-tube extensometer has been used for recording the
Earth’s tides and local tectonic deformations since 1991. The 27-year long strain record
(1991-2017) shows a continuous compression of the rock with changing rate. The rela-
tions between the measured local deformation and present-day tectonics in the region of
the observatory were investigated. The local strain rate variations were also compared
with the temporal and spatial distribution as well as with the magnitudes of earthquakes
occurred within 200 km from the observatory in two sectors around the azimuth of the
extensometer (116°): 116°£15° and 296°£15°. Our investigations show that earthquakes
can also influence the strain rate. Earthquakes to the west of SGO generally increase the
compressive strain rate, while earthquakes in the Pannonian Basin, with some exceptions,
have no significant effect on the local strain rate variations measured in the SGO. It has
been found that the recorded compressive strain is in good accordance with the recent
tectonic processes in the region of the SGO determined by Global Navigation Satellite
System (GNSS) technology and geophysical measurements. From the results it can be
concluded that the uplift of the Alps, tectonic processes in the East Alpine region and
in the Pannonian Basin play the most important role in the changing local compressive
strain rate.
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1. Introduction

Besides the global deformation measurement techniques as the Very Long
Baseline Interferometry (VLBI) measurements (e.g. Ward, 1994; Krdsnd et
al., 20183, 2015; Plank et al., 2014), GNSS technology (e.g. Caporali et al.,
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2008, 2009) and the Persistent Scatterer Interferometry Synthetic Aperture
Radar (PSInSAR) technique (e.g. Massonnet and Feigl, 1998; Burgmann et
al., 2000; Hanssen, 2001) the high resolution extensometric measurements
are also used for observation of local tectonic deformations in some obser-
vatories (e.g. Sato and Harrison, 1990; Varga and Varga, 1994; Onoue and
Takemoto, 1998; Takemoto et al., 2000). GNSS and PSInSAR techniques
are also suitable for local deformation measurements, but the temporal and
deformation resolution of extensometers are much better than that of the
PSInSAR and GNSS technologies. In addition to the tectonic deformations
extensometers also record short periodic deformations caused by Earth’ tides
and the recorded data are influenced by different effects depending on the
properties of the instruments and the local conditions of the measurement
site (Harrison, 1976; Sato and Harrison, 1990; Venedikov et al., 2006). A
large number of authors deal with the influence of the construction and the
surroundings of the instrument’s site appearing as cavity, topographic and
lithologic effects (e.g. Farrell, 1972; Harrison, 1976; Brimich et al., 1998;
Gebauer et al., 2009, 2010). The deformations caused by the atmospheric
pressure and temperature variations also depend on the properties of the
observation site. A lot of publications deal with the effect of atmospheric
pressure loading on horizontal deformation measurements (e.g. Miiller and
Zirn, 1983; Rabbel and Zschau, 1985; Sun et al., 1995; Dal Moro and
Zadro, 1998; Kroner et al., 2005; Steffen et al., 2006; Zirn et al., 2007).
To obtain real tectonic deformations the above mentioned disturbing effects
must be corrected.

In the SGO at the foot of the Eastern Alps a quartz-tube extensome-
ter has been recording local tectonic deformations and Earth’ tides since
1991. The strain record shows a compression with varying rate. In this
paper the relationships between the measured local strain and recent tec-
tonic processes in the Eastern Alps and in the Pannonian Basin as well as
the direct effect of earthquakes on the strain rate variations are investigated.

2. Observation site and the instrument

The SGO is located in the Sopron Mountains which belong to the extensions
of the Eastern Alps (Alpokalja region). The Sopron Mountains consist of
metamorphic rocks of Palaeozoic age such as gneiss and different mica schists
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(Haas, 2001). The observatory is an artificial gallery driven into an outcrop
of the muscovite gneiss (Kishdzi and Ivancsics, 1985). The rock cover above
the observatory is about 60m. The location of the SGO and the main
faults (Sikhegyi, 2002; Briickl et al., 2010) in the region of the observatory
are shown in the Fig. 1. The coordinates of the SGO are 47°40’55” N,
16°33’32” E and it is 280 m a.s.l. The observatory and its surroundings are
described by Mentes (2012) in detail.

Fig. 1. Location of the SGO and the main faults in its region. MML, RL, BBL are the
Mur-Miirz, Rdba, and the Balaton-Bodrog lines, respectively. R1, R2 and CP are the
regions where the recent tectonic rates were investigated on the basis of GPS data.

The temperature in the gallery, where the extensometer is placed, is very
stable. Its yearly mean value is 10.4 °C and the yearly and daily tempera-
ture variations are less than 0.5 °C and 0.05 °C, respectively, therefore the
direct effect of temperature on the instrument is negligible. Temperature
and air pressure variations cause rock strain variations at the site and in
the surroundings of the observatory that interfere with tidal and tectonic
deformations, and therefore need to be corrected (Mentes, 2000, 2012).
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The quartz-tube extensometer with a capacitive sensor has a length of
22m. Its azimuth is 116° so it is nearly perpendicular to the main fault sys-
tem in its surroundings (Fig. 1). A built-in magnetostrictive actuator is used
for regular calibration of the instrument. The soundness of the quartz tube
and the stability of the scale factor of the extensometer are checked once a
day by the built-in calibrator. Since the parameters of the magnetostrictive
actuator may also change, the extensometer is yearly calibrated by means
of a portable calibrator which is calibrated by a laser interferometer in the
laboratory of the institute before and after of the in-situ calibration of the
extensometer in the observatory. The scale factor of the extensometer is
2.093 £ 0.032nmmV~! or 0.095 + 0.001 nstrmV~! (1 nstr = 107 relative
extension = measured displacement /length of the extensometer). The error
of the yearly calibrations and the amplitude variations of the daily calibra-
tion impulses are within the error range of the scale factor determination.
Mentes (2010) describes the construction and calibration of the instrument
in detail.

3. Seismicity of the investigated region

The Carpathian Basin is situated in the territory between the Mediterranean
area — which is seismically one of the active regions — and the Carpathian
Mountains belt. The area is tectonically rather complicated, and the distri-
bution of earthquake epicentres shows a rather scattered pattern (Bus et al.,
2009). The most active seismic regions near to the SGO are the Mur-Miirz
and the Central Pannonian zones (see Fig. 1). The Mur-Miirz zone running
from Mura valley to the western Carpathians is the junction of the Eastern
Alps and the Pannonian Basin. The tectonics of the Pannonian Basin is
caused fundamentally by the northward movement and counter clockwise
rotation of the Adria microplate also known as the “Adria-push”. Due to
ongoing convergence between the European Plate from the north and the
Adriatic plate from the south, crustal blocks extrude laterally to the east
into the Pannonian Basin (Brickl et al., 2010; Caporali, 2009; Bada et al.,
2007a,b; Decker et al., 2005; Fodor et al., 2005).

Focal mechanism results in the Pannonian Basin are more diverse al-
though thrust and strike-slip faulting seem to be dominant. NNE-SSW
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and NE-SW directions of maximum horizontal stresses are prevailing. The
focal mechanism findings in the Eastern Alps show that the majority of the
tectonic movements have strike-slip mechanisms with NNW-SSE and N-
S directions, but NE-SW directions are nonetheless occasionally observed
(Bada et al., 2007a; Téth et al., 2008; Olaiz et al., 2009).

The seismicity of an area can be characterized by the number of earth-
quakes, their magnitudes and the spatial location of earthquakes and by the
released energy. Fig. 2 shows the epicentre map of earthquakes around the
SGO between the coordinates 45.5° N, 13.5° E —49.5° N, 19.5° E from 1991
to 2017

49°

48°

Magnitude

47°

SGO
@ EQs (Hungarian Catalogue)
@ EQs (Austrian Catalogue)
@ Azimuth 101°-131° M>1.7
O Azimuth 281°-311° M>1.7

46°

Fig. 2. The seismicity map around the SGO (green star) between the years 1991 and 2017
(T6th et al., 1996-2018; Grdczer et al., 2012-2016; ZAMG, 2018).

4. Methods and data processing

Since the extensometer is also used for tidal monitoring, the stability of
the instrument can also be demonstrated by the stability of the measured
tidal parameters. Yearly measured extensometric data were corrected for
temperature and barometric pressure and then subjected to tidal analysis
using the ETERNA 3.40 tidal processing program package (Wenzel, 1996).
The tidal processing of the data is described by Mentes (2012) and Bdn
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et al. (2018) in detail. While the calibration only provides information on
the stability of the instrument, the amplitude factors (measured/theoretical
amplitudes) for the main lunar diurnal O1 and the semidiurnal M2 waves
were used to check the stability of the attachment of the extensometer to
the rock and the state of the rock in the vicinity of the instrument. The
obtained average value of the yearly determined O1 (0.65 + 0.07) and M2
(1.08 £ 0.11) tidal factors show clearly that the fixation of the instrument
to the rock and the properties of the rock in the vicinity of the observatory
did not change during the registration period.

The “drift” remaining after the correction of the extensometric raw data
for seasonal effects can be assumed as tectonic movement and deformation.
For investigation of the long-term tectonic movements, the annual raw data
were concatenated into a 27-year long data series. A polynomial of 9th or-
der was fitted to the long strain data series to eliminate the short periodic
and seasonal variations.

The temporal and spatial distribution of seismicity was investigated
around the SGO up to 200km distance. For that purpose, we used the
data of the Hungarian Earthquake Bulletins ranging in time from 1995 to
2017 (Toth et al., 1996-2018; Grdaczer et al., 2012-2016), which are the
most complete catalogues for the smallest events between the 45.5°-49.5° N
16°-23° E territory. For western and northern side of the investigated re-
gions we used the Austrian Earthquake Catalogue (ZAMG, 2018). Since
the extensometer is sensitive to displacements in its azimuth, firstly we ex-
amined the seismicity of this region in two 30° wide sectors around the
SGO. The centre azimuths of the sectors were 116° and 296°. The number
of earthquakes (EQs), and the released energy for different distances from
the SGO were determined. The energy of EQs was calculated according
to Gutenberg and Richter (1942). The number of earthquakes and the re-
leased energy are both very important features of an area. If energy is only
taken into account, the largest few EQs will be only emphasized, without
the yearly variation of seismicity. If we ignore the energy, the annual num-
ber of the EQs presents mainly the development of the seismological station
network or the aftershocks sequences. We have chosen a magnitude thresh-
old M > 1.7 because earthquakes of this magnitude were already reliably
recorded 30 years ago. We expected that the yearly number of these EQs
mirrors mainly the changing of the seismicity.
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5. Results

5.1. Results of the extensometric measurements

The Fig. 3 shows both the measured “raw” strain data and the fitted poly-
nomial between 1991 and 2017. We also calculated the yearly average strain
rates by fitting a line to the yearly extensometric data (Fig. 4a). It can be
seen that the compressive strain rate is increasing rapidly between 1993 and

2001, then rate has slowed down and from 2014 it is less than 2 pustry 1.

5.2. Results of the investigation of the earthquakes’ effects

The seismicity of the two 30° wide sectors (116°+15°, 296°+15°) around the
SGO was different both in activity and yearly variations. The activity is
partly reflected by the number of events and the released energy. Table 1
contains the number of EQs, and the released energy for different distances
from the SGO. The 116°£15° sector was more active than the opposite
(296° +15°) since there occurred about twice as many earthquakes of M >
0.1. In the sector of 296° £15° up to 200 km distance there occurred about
three times more earthquakes of M > 1.7 than in the 116° £15° sector. But
within 100 km from the SGO, there were twelve times more earthquakes
of M > 1.7 in the 296° £15° sector than in the opposite. The released
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Fig. 3. Rock strain measured in the SGO between 1991 and 2017.
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energy by earthquakes was almost four times more up to 200 km distance
around the SGO, and within 100 km was ten times more in the 296° £15°
sector than in the opposite. The Figs. 4b—g show the smoothed number
and the total and smoothed energy of EQs. The smoothed values are the
three year moving average of the number and energy of EQs. The Fig. 4b
shows the yearly distribution of EQs M > 1.7 in the sector 116° +15° and
Fig. 4c shows the released energy of EQs M > 1.7 within R = 200 km from
the SGO. Figs. 4d—e show the yearly distributions of earthquakes and the
released energy for the opposite side. Since the extensometer is sensitive to
displacement in its azimuth we also investigated the effect of EQs in a narrow
sector around its azimuth (116° +4° and 296° +4° and within 30 km distance
from the SGO. The Figs. 4f—g show the number of EQs and the released
energy. It can be seen that some active years occurred in both sectors in
the 27-year observational period. The sector 296° +4° up to 30 km distance
around the SGO was more active than the opposite side.

Table 1. The seismicity of the investigated area around the SGO.

Number Number Max. Energy of
Investigated area of EQs  of EQs Richter EQs M > 0.1
M >0.1 M >1.7 magnitude [GJ]
within 200 km from SGO and
between azimuths: 101°<116°<131° 558 50 3.7 60.4
within 100 km from SGO and
between azimuths: 101°<116°<131° 28 10 35 18.4
within 200 km from SGO and
between azimuths: 281°<296°<310° 379 168 4.0 2292
within 100 km from SGO and 982 120 4.0 203.8

between azimuths: 281°<296°<310°

For investigation of the effect of EQs on the strain rate variation, the
number and the released energy of EQs were compared to the strain rate.
Despite the limited number of data (27) in the data series, correlation anal-
ysis was performed between strain rate data and the number and energy of
EQs in each sector. Results are shown in Table 2. On the one hand the
obtained small correlation coefficients cannot be considered to be significant
(less than 0.7) due to the small number of data. On the other hand, they
suggest that the direct effect of earthquakes on strain rate changes is less
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than that of other tectonic processes in the region. The correlation coeffi-
cients between the strain rate and the number and energy of EQs in the 296°
sector (296 £15° and 296 +4°) are only between 0.20 and 0.53. The sign of
the coefficients in the 296° sector is positive, while in the 116° sector is neg-
ative. Despite the small correlation coefficients, these results suggest that
earthquakes in the 296 sector generally increase, while in sector 116 they
reduce the rate of compression. Practically the same results were obtained
when the numbers and energies of EQs in the sector 116° were subtracted
from the same values in the sector 296° and these differences were correlated
with the strain rate (see Table 2). However, the Fig. 4 also shows some op-
posite examples. In these cases, we can assume that the earthquakes had
a direct effect on the rate of compression. The number of EQs and the
released earthquake energy in the 116°£15° (116° £4°) sector increase the
strain rate (see years 1992 and 2014 in the Fig. 4a,f~g) while in the opposite
sector decrease it (see years 2003, 2008 in the Fig. 4a,f).

Table 2. Correlation coefficients between strain rate and the number (N) and energies
(TE = total energy and SE = smoothed energy) of earthquakes in the different sectors.

Sectors Differences: S269—S116
1164+15° 296+15° 11644° 296+4° +15° +4°
N TE SE N TE SE N SE N SE N TE SE N SE
Ccoff? 0.00 —0.02 —0.02 0.53 —0.16 —0.03 —0.19 —0.12 0.36 0.25 0.53 —0.15 0.03 0.40 0.20

6. Discussion

The measured compression in the SGO is in good accordance with the GPS
(Global position System) measurements in the Central European GPS Ref-
erence Network (CEGRN) (Grenerczy et al., 2000, 2005; Caporali et al.,
2008). Strain rates from GPS data (from 1994 to 1998) in the CEGRN
and in the Hungarian GPS Geodynamic Reference Network (HGRN) were
determined in surroundings of the SGO (Grenerczy et al., 2000). In the
region R1 contraction with a strain rate of —8.6 +2.5nstry~! in the NE-
SW direction (see Fig. 1), but in the region R2 a NW-SE compression
of —8.0 &+ 5.3nstry ! was obtained (see also Tesauro et al., 2006). Bus
et al. (2009) determined a principal compressive strain rate —4.1nstry !
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with a NEE-SWW direction in the Central Pannonian (CP) area from the
HGRN data from 1991 to 2007 (see also Caporali et al., 2009). In the Mur-
Miirz (MM) zone, parallel with the fault ~12nstry~! compression, while
perpendicular to it 9.6 nstry~! extension was obtained (Fodor et al., 2005).
These directions correspond to forces moving the East Alpine-North Pan-
nonian unit to the east, rotating it clockwise and the anticlockwise motion
of the Adria microplate, causing compression in the Eastern Alps (Caporali
and Martin, 2000; Bada et al., 2007a; Caporali et al., 2008; Sdnchez et
al., 2018). The results derived from borehole breakout, earthquake focal
mechanism (FMS) and overcoring measurements in the vicinity of the MM
zone show diverse local maximum compression strain directions (Bada et al.,
2007b; Olaiz et al., 2009; Briickl et al., 2010). Some of them are parallel
with the extensometer in the SGO. Thus we can assume that the direction
of the extensometer is near to the direction of the principal compressive
strain rate in this local region (see also Olaiz et al., 2009; Bokelmann et
al., 2018). Sdnchez et al. (2018) investigated the surface deformation of
the Alpine region on the basis of GPS measurements. According to their
results the deformation vectors in the Eastern Alps describe a progressive
eastward rotation towards Pannonia and a shortening in the order of about
Immy~t. Sternai et al. (2019) found that the uplift rate of the Eastern
Alps is about 1 mm y~! characterized by shortening and crustal thickening,
which probably can be explained by deglaciation, long-term erosion and dy-
namic processes related to the sub-lithospheric mantle flow. These processes
can cause the ongoing Alpine elevation changes and can be responsible for
the high and changing local compressive strain rate measured by the exten-
someter in the SGO.

The deformation in the Pannonian Basin is not uniform. It is concen-
trated mostly in the western and central parts of the basin (e.g. Bada et
al., 2007a). The vertical movements, such as uplift and subsidence (Horvdth
and Cloetingh, 1996; Bada et al., 1999) induce horizontal strain (Caporali,
2009). The other reason for the high strain rate measured by the exten-
someter in the SGO is probably the difference of the vertical velocities in
the East Alpine region and in the Pannonian Basin (Cloetingh et al., 2005;
Dombrddi et al., 2010). The weak lithosphere (folding and compression)
absorbs the strain in the Pannonian Basin (Dombrddi et al., 2010) while
faults and earthquakes in the region relax it (Bada et al., 2007b; Bus et
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al., 2009). Probably, this is the reason for the much smaller strain rates
(in the order of nstry~!) obtained by GPS measurements in networks with
50-100 km base lines than strain rates (in the order of ustry~!) measured
on short base lines (1-100m) by extensometers. Similarly, in other obser-
vatories, local strain rates measured by extensometers are also in order of
pstry ! (e.g. Sato and Harrison, 1990; Braitenberg et al., 2001; Brimich,
2006; Takemoto et al., 2000).

Time series measured at individual GPS stations show also daily and
seasonal changes, which are also corrected (e.g. Pellegrinelli et al., 2005;
Serpelloni et al., 2005; Kontny et al., 2006; Tesauro et al., 2006, Hackl
et al., 2011; Bogusz et al., 2012; Rajner and Liwosz, 2017, Sdnchez et
al., 2018; Sternai et al., 2019) but the change of the rate of tectonic de-
formations are within the measurement uncertainty of this measurement
technology. Therefore, extensometric measurements are still useful in the
study of local tectonic deformations.

According to our results the rate of the compression is also affected by
EQs in the investigated region of the observatory. A possible explanation
that EQs in the sector 116° +15° decrease or do not influence the rate of
compression may be that the energy emitted by earthquakes are absorbed
by the folding in the Pannonian Basin (Cloetingh et al., 1999; Caporali,
2009; Dombradi et al., 2010). The released energy by the EQs in the sector
296° £15° contributes to the compressive forces (Bada et al., 2007b; Olaiz
et al., 2009; Bruckl et al., 2010; Salcher et al., 2012; Bokelmann et al.,
2013) in this region of the SGO, increasing the compressive strain rate. In
some years, we found that earthquakes had a direct effect on the strain rate
changes. However, in these cases their effect on the strain rate is in contrast
to what was obtained by the correlation analysis described above.

7. Conclusions

The 27-year long strain measurements showed a compressive strain with
varying rate at the foot of the Eastern Alps. The measured compressive
strain is in good accordance with the GPS and geophysical strain measure-
ments in the region of the SGO. We can assume that the uplift of the Alps,
tectonic processes in the East Alpine region and in the Pannonian Basin
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play the most important role in the varying strain rate. This assumption
can be proven in the future by measurements in GPS networks with short
baselines or by PSInSAR technology, which allows measurement of surface
deformations in densely located points.

Our investigations show that earthquakes can also influence the strain
rate. Earthquakes to the west of SGO generally increase the compressive
strain rate, while earthquakes in the Pannonian Basin, with some excep-
tions, have no significant effect on the local strain rate variations measured
in the SGO.

Based on our measurements, we can assume that in addition to GPS and
PSInSAR measurements, continuous, long-term extensometric observations
may play a very important role in investigation and understanding of local
tectonic movements and deformations in the future.
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