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M. Briestenský1,*, L. Thinová2, R. Praksová3, J. Stemberk1, M. D. Rowberry1 and Z. Knejflová2
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INTRODUCTION
It is possible to measure tectonic instability directly
using extensometers installed across active faults(1, 2).
However, in the absence of direct measurements,
instability can also be inferred from anomalous concentrations of radon or carbon dioxide in the vicinity
of active faults. Many studies have shown that high
concentrations of these gases relate closely to geodynamic phenomena such as earthquakes(3) or the body
tides of the Earth(4). These relationships exist because
the geodynamic phenomena lead to a fundamental
change in the volume of the rock mass and such volumetric changes enable greater amounts of gas to
emanate towards the ground surface. However, perhaps
surprisingly, few studies have been able to show a convincing relationship between directly measured fault
displacements and anomalous radon or carbon dioxide
concentrations. In recent years, a number of natural
laboratories have been established across central Europe
to record both active fault displacements and a range of
natural gases including 222Rn and CO(5)
2 .
This study aims to further constrain the relationship
between directly recorded fault displacements and significant anomalies in radon and carbon dioxide concentrations. The two study sites are situated in the
broad contact zone between the Bohemian Massif and
Western Carpathians (Figure 1). The Bohemian Massif
represents the easternmost part of the European
Platform, while the Western Carpathians comprises
part of the Alpine-Carpathian Orogenic Belt. The
contact between the two units is represented by an
accretionary prism whose evolution took place from
the Palaeogene to the Neogene. The fault displacement

monitoring is supplemented by 222Rn monitoring in
the Mladeč Caves and by CO2 monitoring in the
Zbrašov Aragonite Caves. The Mladeč Caves are
located in the foreland of the Western Carpathians,
near the town of Olomouc, at the southern edge of
the regionally significant Hornomoravský úval Fault
Zone. The Zbrašov Aragonite Caves are located at the
contact between the Bohemian Massif and Western
Carpathians, near the town of Teplice, in the Devonian
limestones of the Hranice Karst.
BACKGROUND
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Rn originates from the radioactive decay of 226Ra
in the 228U decay series(6). The atoms are dissolved
and transported towards the ground surface with diffusion normally taking place along preferential pathways such as faults(7, 8). The rate of diffusion along a
fault may be influenced by a number of factors including its propensity to move and the character of the
fault infill. In the Bohemian Massif and Western
Carpathians cave radon concentrations are known to
change significantly at times of increased tectonic
instability(5). However, in this region, the mass activity of the radon parent element, 226Ra, is generally
low for carbonate and clastic lithologies. For example,
it is 20–60 Bq kg21 for carbonate lithologies and
3 –20 Bq kg21 for clastic lithologies in show caves in
the Czech Republic. Despite this, the caves are often
associated with high radon concentrations, sometimes
as much as tens of thousands of Bq m23. The high
concentrations accumulate despite very low emanation coefficients, which vary from 0.0 to 0.1, and
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Tectonic instability may be measured directly using extensometers installed across active faults or it may be indicated by anomalous natural gas concentrations in the vicinity of active faults. This paper presents the results of fault displacement monitoring at
two sites in the Bohemian Massif and Western Carpathians. These data have been supplemented by radon monitoring in the
Mladeč Caves and by carbon dioxide monitoring in the Zbrašov Aragonite Caves. A significant period of tectonic instability is
indicated by changes in the fault displacement trends and by anomalous radon and carbon dioxide concentrations. This was
recorded around the time of the catastrophic MW 5 9.0 Tōhoku Earthquake, which hit eastern Japan on 11 March 2011. It is
tentatively suggested that the Tōhoku Earthquake in the Pacific Ocean and the unusual geodynamic activity recorded in the
Bohemian Massif and Western Carpathians both reflect contemporaneous global tectonic changes.
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dioxide concentrations has been made for the period
from September 2010– 2011.
RESULTS
Mladeč Caves

reflect the low cave ventilation coefficient (c. 0.1 h21).
It is also known that gases emanating from faults are
commonly characterised by relatively high concentrations of carbon dioxide(9, 10). This often, although
by no means exclusively, originates from degassing
of the mantle and, therefore, the rate of diffusion is
also influenced by the same factors as those that are
applicable for radon. Many CO2-rich springs are
associated with major zones of seismicity including
some that have been found in association with rifting
continental platforms(11).
METHODS
The active fault displacements at both sites are
recorded using a type of 3D extensometer called a
TM-71(12). These are installed in caves because the
faults in such settings are largely shielded from
diurnal or seasonal climatic effects(13). The relative
displacements are recorded with a precision of better
than +0.007 mm, while the angular rotations are
recorded with a precision of better than +0.00016
rad(14). In the Mladeč Caves, the radon concentrations are recorded using a radon monitor Radim 3A,
while the temperature and atmospheric pressure are
recorded using an Ejkelkamp Baro-Diver. The Radim
3A has been placed in a plastic box with an anhydrous
calcium chloride desiccant that does not adsorb
radon and, therefore, it is not necessary to correct the
results for humidity(5). In the Zbrašov Aragonite
Caves, the carbon dioxide concentrations, temperature and atmospheric pressure are recorded using a
Gascard-II Infrared Gas Sensor. The statistical processing of continually monitored radon and carbon

Zbrašov Aragonite Caves
The Zbrašov Aragonite Caves, located 57 km east–
southeast of the Mladeč Caves, is equipped with four
TM-71s and a Gascard-II Infrared Gas Sensor. Three
of the TM-71s were installed in 2006, with a fourth
added in 2011, while the Gascard-II was installed in
2007. During early 2011, enormous concentrations of
carbon dioxide were recorded (Figure 3). The CO2
concentrations dropped from 7 % on the 23
February to 0.4–0.6 % on the 24 February. These low
values persisted until the 12 March, after which they
increased rapidly until attaining a maxima of 53–54 %
by the end of March. Furthermore, two of the TM-71s
presented notable fault displacements during March
2011. At Site No. 2, dextral strike-slip movements were
observed, which contrast directly to the long-term sinistral strike-slip trend. At Site No. 3, clear horizontal
rotation occurred after the 11 March 2011 (Figure 4).
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Figure 1. The location of the fault displacement monitoring
sites in the contact zone between the Western Carpathians
and Bohemian Massif. 1, Mladeč Caves; 2, Zbrašov
Aragonite Caves; 3, Čachtická Cave; 4, Beckovská Cave.

The Mladeč Caves are equipped with two TM-71s, a
RADIM 3A and an Ejkelkamp Baro-Diver. During
the past 4 y of monitoring, it has not been possible to
characterise significant fault displacement trends at
this site. In contrast, however, processing of the radon
dataset has provided important results. Initial attempts
to process the measured radon concentrations in order
to find diurnal variations proved unsuccessful. In view
of this fact, the data were divided into a training dataset
and a testing dataset. The training dataset comprised a
total of 553 values measured prior to the Tōhoku
Earthquake on 11 March 2011 (all values were measured prior to 14 January 2011). This dataset was used
to generate a suitable statistical model of the radon
time line. The software Statgraphics Centurion XVI
compared five different forecasting models and, for
each model, five tests were run on the residuals to determine whether the model was adequate for the data.
The selected model, the Simple exponential model,
passed four tests and had the smallest mean absolute
percentage error. In the model the parameter alpha
equals 0.7248, the mean absolute deviation equals
73.78 Bq m23 and the mean absolute percentage error
equals 2.28 %. Figure 2 presents the annual record of
radon concentrations measured at the Mladeč Caves
and the absolute percentage error of the Simple exponential model calculated using the formula: ((measured
value 2 forecast values)/measured value). It shows
clear anomalies in the cave radon concentrations
shortly before the catastrophic MW ¼ 9.0 Tōhoku
Earthquake.
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Figure 3. Cumulative percentage curves of CO2
concentration for the months December 2010 to May 2011
(star represents the Tōhoku Earthquake).

These movements are interpreted to reflect a postseismic slip associated with the Tōhoku Earthquake. It
is important to note that both the horizontal rotation
that occurred at Site No. 3 and the measured CO2
concentrations are characterised by two peaks, demonstrating the association between the active fault displacements and natural gas emanation during times of
tectonic instability. In addition, coseismic displacements were observed at a third site, Čachtická Cave, in
the Western Carpathians (Figure 4). This site is 89 km
south–southeast of the Zbrašov Aragonite Caves.

DISCUSSION
The two sites described in this paper form part of the
fault displacement monitoring network EU-TecNet.
This network comprises more than 100 sites in the
crystalline basement of central Europe. The results
obtained during the past decade have established that
the underlying tectonic processes are initiated as a
result of the widespread redistribution of stress and

strain in the crust (2). More specifically, in the
Bohemian Massif and Western Carpathians, it has
been demonstrated that active fault displacements
reflect the ongoing modification of the regional stress
field. Furthermore, it is known that the optical–mechanical crack gauges record nearby earthquakes(15),
while it has been proposed that they may also record
globally significant seismic events(16). However, the
relationship between active fault displacements and
seismic activity is difficult to define: for example, an
earthquake may terminate or initiate fault displacements. Perhaps more commonly, however, an earthquake may simply modify the recorded fault
displacement trends. This reflects the fact that tectonic
processes are characterised by fault movements
without necessarily needing to be associated with
seismic activity.
The results presented in this paper demonstrate that
there was a protracted period of tectonic instability in
the Bohemian Massif and Western Carpathians during
2011. This is reflected both by radon concentrations
recorded in the Mladeč Caves and by the fault displacements and carbon dioxide concentrations recorded
in the Zbrašov Aragonite Caves. Furthermore, at the
same time, the data recorded at a number of fault displacement monitoring sites in the Western Carpathians
are characterised by modifications to the recorded
strike-slip displacement trends (Figure 4). It has been
noted that this period of significant tectonic instability
relates temporally to the catastrophic MW ¼ 9.0
Tōhoku Earthquake that occurred on 11 March 2011.
It is, therefore, tentatively suggested that the recorded
tectonic instability in the Bohemian Massif and
Western Carpathians and the Tōhoku Earthquake
offshore Japan both fit within a framework of contemporaneous global tectonic changes.
The radon concentrations measured in the
Mladeč Caves showed anomalies 10 d before the
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Figure 2. The annual record of radon concentrations measured at Mladeč Caves and the absolute percentage error of the
Simple exponential model (star represents the Tōhoku Earthquake).
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earthquake. These anomalous concentrations lasted
for 1 week and are interpreted to represent a precursor
to the Tōhoku Earthquake. The changes to the strikeslip trends recorded from 2010 until the Tōhoku
Earthquake at Site No. 2 in the Zbrašov Aragonite
Caves, as well as the dramatic decrease in carbon
dioxide concentrations recorded after 23 February
2011, suggest that these also reflect far-field precursors to the major earthquake event. Furthermore, a
very interesting relationship between the radon and
carbon dioxide concentrations has been noted during
this period of tectonic instability. The long-term trend
of the radon and carbon dioxide curves was found to
be identical, with a correlation coefficient of R 2 ¼
0.92, albeit with a shift of 66 d. The reason for this
shift is as yet unknown and will form the basis of
further research.

CONCLUSIONS
This paper has presented the results of fault displacement monitoring at two caves in the Bohemian
Massif. The fault displacement monitoring has been
supplemented by radon monitoring at the Mladeč
Caves and by carbon dioxide monitoring at the
Zbrašov Aragonite Caves. It has been shown that
there was a significant period of tectonic instability,
reflected by changes in fault displacement trends and
anomalous radon and carbon dioxide concentrations,
during 2011. This period of tectonic instability was
recorded around the time of the catastrophic MW ¼
9.0 Tōhoku Earthquake on 11 March 2011. It is tentatively suggested that the Tōhoku Earthquake in the
Pacific Ocean and the unusual amount of geodynamic
activity recorded in the Bohemian Massif and
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Figure 4. Directly recorded fault movements and CO2 monitoring results around the Tōhoku Earthquake. (A) Significant
strike-slip displacements at three monitored caves in the Western Carpathians. (B) Horizontal block rotation at Site No. 2 and
CO2 concentrations in Zbrašov Aragonite Caves (star represents the Tōhoku Earthquake).
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Western Carpathians reflect contemporaneous global
tectonic changes. The recorded anomalous carbon
dioxide and radon concentrations, measured only a
few days before the Tōhoku Earthquake, suggest that
they reflect earthquake precursors.
ACKNOWLEDGEMENTS
The authors wish to thank the Cave Administration
of the Czech Republic and, in particular, the Heads
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