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A significant period of increased tectonics was monitored between 2013 and 2015 on the eastern margin of the Bohemian
Massif along ten faults. Nine of them showed a uniform scheme: dextral strike-slip along generally NW-SE striking faults,

508

episode.

sinistral strike-slip along generally NE-SW striking faults and uprising of the southern blocks. The distinguished fault dis-
placements displayed an NNW-SSE striking compressional component of the stress field during this remarkable tectonic
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INTRODUCTION

An understanding of the active tectonics of regional tectonic
structures requires many years of monitoring as well as a large
amount of equipment. A local extensometric network was es-
tablished on the eastern margin of the Bohemian Massif to re-
flect recent upper crustal deformation changes. Ten TM71 opti-
cal-mechanical gauges have been recording three-dimensional
displacements in this area. The first gauges were installed in the
Skalka Gallery in 1997, and several were subsequently in-
stalled in the Pustozlebska zazdéna Cave in 2003, in the Na
Turoldu Cave in 2008, in the Mlade¢ Caves in 2008, and in the
13C Cave in 2011. This type of monitoring is ongoing at more
than 150 sites throughout Europe, and helps us to compare the
results and define simultaneous activity affecting the whole of
the European plate (Briestensky et al. 2015, 2018). This paper
presents data concerning the orientation and character of the
stress field created during the significant tectonic pulse ob-
served on the eastern margin of the Bohemian Massif between
2013 and 2015. The results reveal the character of the tectonic
pulses, which may also be different from the long-term observa-
tions. Furthermore, the paper highlights the importance of
long-term tectonic monitoring.
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GEOLOGICAL SETTING

The Bohemian Massif represents a result of Variscan Orog-
eny. It was affected by Alpine Orogeny and is separated from
the Western Carpathians by the Carpathian Foredeep. The
foredeep is controlled by many active fault zones, such as the
Hana Fault Zone or the Diendorf-Cebin Fault Zone (Fig. 1).
The latter creates a SW—-NE to SSW-NNE-striking zone known
as the Diendorf Fault in the south and the Boskovice Furrow in
the north (Fig. 1). Both structures were initiated as ductile shear
zones with a sinistral strike-slip mechanism in the Early Perm-
ian (e.g., McCann, 2008). The Permian infill of the Boskovice
Furrow half-graben was uplifted above the Cretaceous rocks of
the Cretaceous basin during Alpine tectonics (e.g., McCann,
2008). The Hana Fault Zone, which is incorporated into the
so-called Nysa—Morava Zone, includes horst-and-graben
structures, deep linear sedimentary basins, Pliocene to Pleisto-
cene alkali basic volcanism, and recent CO, fluxes. Active tec-
tonics are accompanied by low magnitude seismicity (Spacek
et al.,, 2015).

METHODOLOGY — ACTIVE FAULT MONITORING

Fault displacements are monitored by specially designed
extensometric gauges, which help measure 3D deformations
and block rotations in two planes perpendicular to each other.
The long-term durability of these instruments has been verified
e.g. at the Parohy site (Fig. 2) in the high mountains of the
Western Carpathians (Briestensky et al., 2011). The site has
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Fig. 1. Location of ten extensometric observatories on the eastern Bohemian Massif margin and the Western Carpathians front
(adopted after Lenhardt et al., 2007)

The grey map in the upper-left corner shows the position of the study area in Europe

been monitored without any maintenance or reconstruction
since 1973. Only a gauge without any electrical components
such as a TM71 extensometer is able to survive such condi-
tions. Most of the optical-mechanical gauges making up the
extensometric network EU-TecNet (www.tecnet.cz) are in-
stalled under the surface, mostly in caves, which decreases the
seasonal temperature effects that usually affect the received
results (Briestensky el al., 2010a). The accuracy of the mea-
sured fault displacements is greater than 10 ym per year. Re-
cently, the methods and their detailed application were de-

scribed in detail by Kostak (2006), Kostak et al. (2007, 2011),
Gosar et al. (2009), Sebela et al. (2009), Stemberk et al. (2010,
2015), Briestensky et al. (2010, 2015, 2014a, 2014b), Klimes et
al. (2012), Marty et al. (2013), Rowberry et al. (2016) etc.

Due to fact that the results are usually presented in Carte-
sian coordinates, we have transformed the sense of the signifi-
cant displacement into a 3D vector (Table 1), which are firstly
defined by two spherical values — plunge and azimuth
(Briestensky et al., 2018). Subsequently, the data were plotted
on the lower hemisphere of the Equal-area stereonet using the
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Fig. 2. Results of very long-term monitoring in the high mountains of the Western Carpathians at the Parohy site (Slovakia)

The TM71 extensometric gauge was installed in 1973 and has displayed slow creep movements in the scarp of a large Parohy slope defor-
mation (Briestensky et al., 2010). The graph shows separate displacement components of the 3D space. The right picture shows the com-
mon installation of the TM71 instrument in the Saeva Dupka Cave (Bulgaria). The instrument is fixed in two opposite blocks, separated by the
monitored fault
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Table 1

Sense of significant fault displacements monitored on the eastern Bohemian Massif margin during the noticeable period

between 201

and 2015, data were used for stereograPhic projection and the compressional component of the recent stress

ield computation

. Fault dip azimuth®°—plunge®
fl':f Site Name g!rerlction“—» Sense of significant fault displacements during 2013/2015 period
ip
1. Mlade¢ Caves No. 1 232°—81°  oblique (0.023 dextral, 0.003 mm NE block subsidence, 0.001 mm opening) / 2014 145°—15°
2. Mlade¢ Caves No. 2 330°—60°  oblique (0.003 mm sinistral, 0.002 mm closing, 0.001 mm NW block subsidence) / 2013 214°—0°
3. 13C Cave 280°—89°  sinistral (0.05 mm) /2013 197°—2°
normal (0.042 mm W block subsidence) / 2014 100°—85°

4.  Pustozlebska zazdéna Cave No. 220°—80°  oblique (0.703 mm dextral, 0.314 mm SW block subsindence, 0.174 mm opening) / 2013 291°—24°
5. Pustozlebska zazdéna Cave No. 310°—80°  oblique (0.05 mm sinistral, 0.024 mm NW block subsidence, 0.001 closing) /2014 049°—34°
6.  PustoZlebska zazdéna Cave No. 190°—89°  oblique (0.127 mm dextral, 0.021 mm NE block subsidence, 0.004 mm opening) / 2014 279°—14°
7.  Skalka Gallery No. 334 018°-60°  oblique (0.862 mm NE block subsidence, 0.659 mm opening, 0.36 mm dextral) / 2014 126°—76°
8. Skalka Gallery No. 410 244°—69° none none

9. Na Turoldu Cave No. 1 086°—76°  oblique (0.026 mm E block subsidence, 0.003 mm dextral) / 2013 356°—85°
10.  Na Turoldu Cave No. 2 216°—48°  oblique (0.195 mm dextral, 0.126 mm closing, 0.028 mm NW block subsidence) / 2014-2015 339°—-9°

Stereo32 software (Roller and Trepmann, 2003) as described
in Briestensky et al. (2018). They were further processed using
Win-Tensor software (Delvaux and Sprener, 2003). If the orien-
tation of the significant displacement vector fell outside the cor-
responding planes, its orientation was adjusted to the closest
possible fit onto the plane, in accordance with Win-Tensor’s
suggestions. The Improved Right Dihedron method based on
the original method of Angelier and Melcher (1977) was subse-
quently used to separate the data and to estimate the maximum
horizontal stress (Spymax) and mean stress axes (o4, o2, and o3).
Given the limited amount of data and the aim to provide only a
rough estimate of the reduced tensor, the data were not further
processed using the tensor Rotational Optimization method.

RESULTS

Fault displacements on the eastern margin of the Bohemian
Massif do not generally display creep movements with trends,
but they are manifested in so-called tectonic pulses (Figs. 3
and 4). The pulses were previously described by Stemberk et
al. (2010) as a distinguished manner of the active tectonics of
the Bohemian Massif.

Our results show the most significant pulse observed in
2013—-2015 on margin of the eastern Bohemian Massif. The
pulse showed nearly simultaneous displacements with signifi-
cant strike-slip along nine of the monitored faults (Fig. 3). The
strike-slip represents a displacement component that is not as-
sumed to be caused by gravitational processes or hydrogeo-
logical factors.

During the tectonic pulse, the strike-slip displacement com-
ponent was a prevalent mode of displacement in the majority of
the monitored faults; although dip-slip was also occasionally
present (Table 1 and Fig. 5). The NW-SE-striking faults had a
dextral sense of strike-slip displacement, while the NE-SW to
ENE-WSW-striking faults had a sinistral sense. The sinistral
sense is in discrepancy with the defined dextral strike-slip along
the Diendorf—Cebin Fault Zone (Hausmann et al., 2010; Bruckl
etal., 2010). On the other hand, our observation is in good con-
formity with the results from the Driny Cave (the Central West-
ern Carpathians), located to the east in the Malé Karpaty Mts.
(Slovakia). Here, the fault displacement monitoring displays a

sinistral strike-slip along NNE-SSW striking faults, a dextral
strike-slip along NW-SE striking faults, and an NNW-SSE ori-
ented compressional component of the stress field
(Briestensky et al., 2010).

Of the ten significant displacements vectors, two were sep-
arated and excluded from the further analysis during the soft-
ware separation of the data in Win-Tensor. These excluded
vectors were problematic in several ways. The first of the ex-
cluded vectors was from the measurements taken from in the
13C Cave, where two significant displacement senses were
found. The excluded vector represents a normal movement,
which almost completely rebounded within half a year (Fig. 3). A
similar rebound, albeit in a shorter timeframe, was also ob-
served in the second of the excluded displacement vectors
measured at Skalka Gallery (Fig. 4). Moreover, the measure-
ment came from the only surface locality of this study and the
displacement vector was one of the three vectors that had to be
adjusted onto the fault plane.

The calculated data of estimated stress orientation from the
remaining displacement vectors further supports the notion of
the strike-slip regime with NNW-SSE-striking maximum com-
pression in the studied area in the period between 2013 and
2015 (Fig. 5). Using the Improved Right Dihedron method, the
stress orientation was determined as following: azimuth
345.2 £5.9 for the Spmax and the azimuth/plunge 341/29 (+14.6)
for o1, 193/56 (x16.9) for o, and 78/15 (x13.3) for o3 (with
strike-slip tectonic regime). The counting deviation was 24.4 +4.
These results show that fault-slip analysis of the movements
obtained from 3-D monitoring of active faults may be used to
provide a rough estimate of the principal stress orientation (see
also Stemberk et al., 2019a). Furthermore, we speculate that
given a sufficient amount of data these methods may be used to
reliably determine the orientation of the stress tensor of recent
crustal stresses. Our results are in good conformity with GPS
studies (Pospisil et al., 2012, 2017), which showed a dextral
strike-slip along NW-SE-striking faults (Nectava—Konice Fault)
and a sinistral strike-slip along NE-SW-striking faults
(Boskovice Furrow, Diendorf Fault, Bulhary Fault) in the east-
ern part of the Bohemian Massif (Fig. 1). Moreover, computed
stress-field orientation is in good conformity with the results
from neighbouring areas: (1) NW-SE oriented horizontal com-
pression in the Outer Western Carpathians (Jarosinski, 1998,
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Fig. 3. The fault displacements recorded on the eastern margin of the Bohemian Massif
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Dip-slips and strike-slips displayed remarkable reversals in 2014
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The stereographic projection on the right shows the fault planes (black great circles) and displacement vectors (projected as points).
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The first two months of 2014 show increased earthquake activity all over Europe (source: https://earthquake.usgs.gov/earthquakes),
which is in good conformity with registered faulting activity on the eastern Bohemian Massif margin. The lower-right graph shows the time
distribution and a list of local earthquakes observed on the eastern margin of the Bohemian Massif (source: www.emsc-csem.org)
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2005; Stemberk et al., 2016), (2) NNW-SSE (Havif, 2004) and
WNW-ESE/NW-SE (Stemberk et al., 2019b) in the Jeseniky
region, (3) the Czech part of the Upper Silesian basin (Peska,
1992), (4) NNW-SSE in the central Western Carpathians
(Briestensky et al., 2010b), (5) NW-SE in the Nisa—Morava
Zone (Spacek et al., 2015).

The significant period between 2013 and 2015 led us to
search for correlations with seismicity. Here, the faulting began
in the first half of 2013 in at the PustozZlebska zazdéna Cave
No. 1 (Fig. 3) and during this period, three local earthquakes
were monitored in the area of the eastern Bohemian margin.
Moreover, noticeable mutual faulting began in December 2013,
which was observed on the southernmost site of the Na Turoldu
Cave and in the northernmost Mlade¢ Caves (distance =
103 km, Fig. 3). The automatic data collection in the 13C Cave
revealed the start of the late autumn fault activation on 12 De-
cember 2013.

The strike-slip displacements also continued until the first
half of 2015 in the Na Turoldu Cave (Site No. 2; Fig. 2). More-
over, the start of the faulting at the end of 2013 was followed by
increased seismic activity on the European Platform (Fig. 6), re-
garding events in a circle with a radius of 1600 km (source:
https://earthquake.usgs.gov/earthquakes). This fact shows that
the faulting was not evoked by increased seismicity, but both
phenomena displayed accelerated tectonics at the end of 2013
and the beginning of 2014. Figure 6 shows monthly earthquake
sums of 2013 and 2014 with increased seismicity in January
2014.

DISCUSSION

Regarding our stress-field results from 2013 to 2015, ob-
served on the eastern margin of the Bohemian Massif, and the
above-mentioned reports from the other Carpathian foredeep
sites, a significant pattern may be noticed. The reported
stress-field orientations are generally defined as perpendicular
to the Carpathian Arc (Jarosinski, 2005; Spacek et al., 2015;
Hok et al., 2016), referred to as the continual recent ALCAPA
push (Jarosinski, 2005). Therefore, NNW-SSW striking Syimax,
during the presented 20132015 period, slightly deviates from
the general scheme. A study from the Upper Silesian Coal Ba-
sin (Mendecki et al., 2020) reveals more significant discrep-
ancy. The results of seismic moment tensor inversion in the
area of the Bytom Syncline show the compression acting in an
NE-SW direction. This deviates from the expected general

NW-SE direction. Moreover, Stemberk et al. (2019b) described
two switching compressional stress/strain states — WNW-ESE
to NW-SE compression and the NNE-SSW compression in
the Dé&dicna Stola Gallery in the Rychlebské hory Mts. during
the period between 2014 and 2017. It may be speculated that
these deviations are produced by the episodical clockwise or
counterclockwise rotation of the ALCAPA microplate. This phe-
nomenon was described for the previous development of the
unit. For example, after the early Miocene tectonic phase, the
Western Carpathian push was accompanied by a counterclock-
wise rotation of ~60° with respect to the European Platform
(Marton et al., 1999).

CONCLUSIONS

Our extensometric monitoring showed a significant increase
in tectonic activity in the period between 2013 and 2015 on the
eastern margin of the Bohemian Massif. During this time, fault
micro-displacements allude to the following uniform scheme:
dextral strike-slip along generally NW-SE striking faults,
sinistral strike-slip along generally NE-SW striking faults and
uplift of the southern blocks. These eminent microdisplace-
ments were utilized in the software fault-slip analyses to deter-
mine the orientation of the principal stresses that generated
them — an approach that to our knowledge has only been tried in
a few other studies in this particular field. The estimate of the
stress tensor calculated by the Win-Tensor program shows a
strike-slip stress-field with the main compression axis having an
NNW-SSE orientation. Increased mutual microdisplacements
occurred in December 2013 in the whole space, and following
increased seismic activity in Europe in January 2014, support
the importance of the observed displacements on the nine mon-
itored fault structures. This fact provides a correlation between
these two phenomena.
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