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Abstract

Changes in the radon gas concentration can precede geodynamic processes associated with
tectonic, volcanic activities and earthquakes. For this reason the relationship between rock
strain and radon concentration is an important scientific issue to be answered. According to
the complexity of the radon emanation process influenced by environmental effects, the
interpretation of radon concentration variation as a possible precursor of geodynamic
processes is not yet resolved unambiguously. The Sopronbanfalva Geodynamic Observatory
in Hungary is one of the few places where radon concentration and rock strain variations are
simultaneously monitored. The object of this study is to investigate the connection between
indoor radon concentration and rock strain in the tidal frequency-range on the basis of seven-
year long data series measured in years from 2009 till 2015. The relationship between rock
deformation and radon concentration was investigated together with the temperature and
barometric pressure effects. It was found that the strain induced radon concentration
variations are in the order of 10 — 100 Bq nstr*, while the concentration variations bear more
considerable similarity and relation to the temperature and barometric variations. The
theoretical tide at the location of the measurement site and tidal components computed from
strain, radon concentration, barometric pressure and temperature data were compared with
each other. Spectral and tidal analysis of data demonstrated that only the thermally induced
solar components S1 and S2 are present in the radon concentration but their amplitudes hardly
exceed the spectral noise level. The principal lunar semidiurnal M2 and diurnal O1 tidal
waves cause the largest rock strain variations. The lack of the O1 and M2 constituents in the
radon concentration confirms the fact that the detected S1 and S2 tidal components appear

due to the barometric tide and the daily variations of the temperature and barometric pressure.
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1. Introduction

Radon 222 is an inert, omnipresent radioactive gas which is continuously produced in the
rocks and migrates into the air (Steinitz and Piatibratova, 2010; Szabé et al., 2013). Thus the
amount of radon exhalation depends on the properties of the rock (elasticity, porosity,
permeability, homogeneity, fragmentation, etc.) and on the fractures and hydrologic and
geodynamic processes in the rock (Holub and Brady, 1981; Kies et al. 2002, 2005; Millich et
al., 1998; Papp et al., 2008). The fact that geodynamic processes also change the properties of
rocks, inspires to study geodynamic processes by investigation of radon emanation and
concentration. This is why radon concentration variations were observed during volcanic
(Toutain and Baubron, 1999; Vifias et al., 2007) and tectonic (Aumento, 2002; Garavaglia et
al., 1998, 2000; Mahajan et al., 2010; Omori et al., 2007; Utkin and Yurkov, 2010) activities.
Several papers deal with the investigation of the relationship between Earth tides and radon
concentration variations measured in underground caves and dwellings (Alekseenko et al.,
2010; Barnet et al., 1997a, 1997b; Groves-Kirkby et al., 2004; Kies et al., 1999). Richon et al.
(2009) studied the connection between radon concentrations and barometric tides. Since the
Earth tide induced local strain in the rock is much smaller than the strain caused by
earthquakes, volcanic activity (Vifas et al., 2007) or by large tectonic movements it is
difficult to detect the interaction of tidal strain and radon emanations. Furthermore, the
amount of radon emanation strongly depends on the temperature and barometric pressure
(Barnet et al., 1997a, 1997b; Gregoric et al., 2011; Mentes and Eper-Pépai, 2015; Pinault and
Baubron 1996; William and Wilkening 1974). The problem is worsened by the fact that the
temperature and the barometric pressure short-term variations coincide with some diurnal and
semidiurnal tidal frequencies. In addition, both the temperature and barometric pressure have

also an indirect effect, as their changes induce stress in the rock (Mentes, 2000). Until now,



the verification of the role of the tidal effect in the radon emanation from rocks and soils has
not been reassuringly unambiguous due to the above mentioned problems. Barnet et al.
(19974, 1997b) graphically compared short radon data series with the theoretical tidal
components. The short data series and the varying phase shift between the plots questioned
the effect of the tidal phenomena. Crockett et al. (2006) calculated the correlation between
theoretical tidal signals and radon concentrations but they got very low correlation
coefficients (< 0.3). Many authors used FFT (Alekseenko et al., 2010), and additional
frequency analysis methods, as spectral-decomposition techniques (Crocket and Gillmore,
2010), Empirical Mode Decomposition, Singular Spectrum Analysis (Crockett et al., 2010),
etc. but they came to various results, which can be attributed to different measurement
locations and methods. According to our knowledge the relationship between radon
concentration and rock strain variations has not yet been investigated using tidal evaluation.
In the Sopronbanfalva Geodynamic Observatory (SGO) simultaneous strain and radon
concentration measurements have been carried out by means of a quartz-tube extensometer
and an AlphaGUARD™ radon concentration recorder since 2009. It provides a good
opportunity to investigate the relationships between strain and radon concentration data. In
this paper the relation of radon concentration to rock deformation caused by tidal effects is
studied by spectral and Earth tide analysis on the basis of radon concentration, strain, indoor

and outdoor temperature and barometric pressure data measured between 2009 and 2015.

2. Observation site and measuring methods

2.1. Observation site

Sopronbanfalva (SGO) is located in the Sopron Mountains near to the Hungarian-Austrian
border (see lower right corner in Fig. 1). This territory belongs to the eastern foothills of the

Alps represented by crystalline rocks and is characterized by their outcrops in this Alpokalja



(Lower Alps) region. The Sopron Mountains are made of metamorphic rocks of Palaeozoic
age such as gneiss and different mica schists which formed from granitic and clastic
sedimentary rocks (Kishazi and Ivancsics, 1985, 1987, 1989; Fllop, 1990; Haas 2001). The
reason for the high radon concentration in the SGO is the high uranium and radium
concentration in the rocks on this area (Freiler et al., 2015, 2016).

The SGO is an artificial gallery driven horizontally into gneiss in the Nadormagaslat open
quarry. The coordinates of the observatory are: latitude 47°40°55°° N, longitude 16°33°32” E,
and the altitude is 280 m a.s.l. The overlay above the gallery is about 60 m. The gallery
where the instruments are placed is thermally insulated but not hermetically sealed. There is a
slow air transport via the conduit for the electric cables of the instruments. This ventilation
does not change the temperature in the gallery but it ensures that the indoor and outdoor
barometric pressures are the same. The yearly mean value of the temperature is 10.4 °C and
the yearly and daily temperature variations are less than 0.5 °C and 0.05 °C, respectively. The
relative humidity of the air is 90% and its variation is negligible. The quarry is not working
and there is no human activity in the observatory and in its surroundings. The instruments in

the observatory are controlled via Internet.

2.2. Measuring methods

In 1990, a quartz-tube extensometer was installed in the observatory for recording Earth tides
and local tectonic movements (Mentes, 1991). Figure 1 shows the ground plan of the
observatory and the location of the extensometer in the gallery. The extensometer is about 30
m from the entrance and it is thermally insulated by three doors. The azimuth of the
extensometer is 116° and its scale factor is 2.093+0.032 nm mV™*. Construction of the

extensometer and its calibration are described by Mentes (2010) in detail.



In autumn 2008, a radon monitor (AlphaGUARD™ PQ2000PRO) was placed near the
extensometer (Fig. 1) to measure radon concentrations. The AlphaGUARD™ is able to
continuously determine the radon and radon progeny concentrations as well as to register
barometric pressure and temperature (http://www.saphymo.com/radiation-
measurement/environmental-radiation-monitoring-systems/alphaguard/154.htm, last access:
20.10.2016). AlphaGUARD ™ incorporates a pulse-counting ionization chamber (alpha
spectroscopy). This instrument is able to measure radon concentrations between 2 Bq m™ and
2 MBg m™. Its sensitivity is 5 cpm (counts per minute) at 100 Bq m™. It has a stable long-
term calibration factor. The measurements are carried out in diffuse mode. The radon
concentration, temperature and barometric pressure data are measured hourly by the radon
monitor and are stored in its own memory.

The analogue output signal of the extensometer, the microbarograph, the outdoor
temperature and barometric pressure data are sampled and digitized hourly by means of a
PREMA 24 bit A/D converter. Radon concentration, strain, outdoor temperature and outdoor
barometric pressure data were subjected to data processing, as the indoor temperature was
practically constant (10.4 °C) and the indoor and outdoor barometric pressures did not differ

significantly.

3. General overview of the measured data

Figure 2 shows the hourly measured data from 1 January, 2009 till 31 December, 2015. The
radon concentration (Rn c.) strongly depends on the outdoor temperature (Temp.) and the
measured strain (Strain) also displays a seasonal variation due to temperature variations, while
the barometric pressure (Bar. p.) does not have an obvious seasonal character. At first sight, it
is apparent that the character of the radon concentration data is different in the summer and

winter periods. In the winter months, both the mean value and the variability of the radon



concentration is much lower than in the summer months (see also Garavaglia et al., 1998;

Gregoric et al., 2011; Mentes and Eper-Pépai, 2015; Przylibski 1999; Virk et al., 2000).

4. Data analysis

Two main methods — spectral and tidal analysis — were applied to detect any connection
between radon concentrations and the tides of the solid Earth (Melchior, 1978). The strain,
radon concentration, temperature and barometric pressure data were involved into the
analyses. For the spectral analysis, Fast Fourier Transformation (FFT) of the data series was
used, while the tidal analysis was carried out by the ETERNA 3.40 Earth tide data processing
program package (Wenzel, 1996) using the Wahr-Dehant Earth model (Wahr, 1981; Dehant,
1987) and the HW95 tidal potential catalogue (Hartmann and Wenzel, 1995). The program
package ETERNA allows the calculation of theoretical tides (e.g. tidal potential and strain for
a given location), preprocessing and analysis of Earth tide observation data (gravity, tilt,
horizontal, areal and volume strain, and ocean tides). It provides the amplitude factors
(measured/theoretical amplitudes) and phase lags between measured and theoretical tidal
components in frequency groups depending on the length of the data series. Therefore, the
obtained tidal amplitudes by ETERNA may differ from the values obtained from Fourier-
transform. The adjusted parameters of the observed tidal strain refer to the Earth model that
was used. Beside tidal analysis of strain, radon concentration, temperature, barometric
pressure data, ETERNA was used for calculation of theoretical tidal potential and strain data
to compare the structure of these signals in the tidal frequency band. Radon gas concentration,
temperature and barometric pressure data were analysed as tidal potential data giving adjusted
parameters in the original unit. Theoretical strain was calculated as horizontal strain for the
azimuth of the extensometer. The data preparation was done by the Tsoft software package

for the analysis of time series (Van Camp and Vauterien, 2005). It was used for filtering the



data series by a high-pass filter with a cut-off frequency of 0.8 cpd (1 cpd is 1 cycle per day)
before Fast Fourier Transformation and by a band-pass filter (low cut-off frequency 0.8 and
high cut-off frequency 2.5 cpd) before the tidal analysis. The dependence of the strain and
radon concentration on the temperature and barometric pressure was investigated by
Multivariable Regression analysis (MVR) using the ORIGIN 9.1 program (http://

www.originlab.com, last access 22.12.2016).

4.1. Results of spectral analysis

Before Fourier analysis, the data were filtered by a high-pass filter (cut-off frequency of 0.8
cpd) to eliminate the disturbing effect of the large, slow variations of data. Figure 3 shows
amplitude spectra of the radon concentration (Rn c.) temperature (Temp.), barometric
pressure (Bar. p.), measured strain (Ext.) and theoretical strain (Th. strain) data series. Spectra
in the diurnal frequency range (0.92—1.05 cpd) are in the left and spectra in the semi-diurnal
range (1.92-2.05 cpd) are in the right column. The noise level N in the radon concentration
spectrum was calculated as the average of the amplitudes with exception of the largest
amplitudes. The theoretical strain spectrum is shown to demonstrate those frequencies where
tide generating lunisolar forces act. Fourier amplitudes in the strain, temperature and pressure
data are significant, while prominent components of the radon concentration bear much worse
signal to noise ratio, especially in the semidiurnal band where these amplitudes can hardly be
distinguished from the background spectral noise. Unlike the theoretical and measured strain
spectra (second row of the diagrams (Ext.)) which exhibits clear tidal transmission, the radon
gas concentration variation produces distinct frequency components only at the S1 (1.000
cpd) and S2 (2.000 cpd) solar harmonics. The amplitude of S1 in the measured and theoretical
strain spectra is much smaller (in the noise) than that of the O1 (0.929512006 cpd) principal

lunar constituent while it is in inverse relation in the radon concentration spectrum. The



largest amplitudes (S1, S2, K1 (1.002925 cpd), K2 (2.005012531 cpd)) in the radon
concentration spectrum do not differ essentially from the average noise level (N) and the
amplitudes of the principal lunar waves O1, M2 (1.932367 cpd) are below the noise level. The
P1 (0.997091815 cpd) principal solar component appears in each data but its amplitude in the
measured strain is smaller than its amplitude in the theoretical strain. It can be assumed that
the P1 tidal component appears only in the radon concentration data due to the barometric

tide.

4.2. Results of the tidal analysis

Tidal analysis was carried out in two different ways. During the first analysis the measured
raw data were filtered by the high-pass filter of the ETERNA program (cut-off frequency 0.8
cpd). The temperature (Temp.), barometric pressure (Bar. p.) and radon concentration (Rn c.)
data were analysed as tidal potential. The obtained tidal amplitudes are depicted in Fig. 4.
Comparing the constituent amplitudes for each data series we can see that the radon
concentration variation produces a significant tidal response only in the diurnal K1 (S1)
(0.9986-1.0236 cpd) wave group range while in the semi-diurnal band the components are
very small. The principal lunar semi-diurnal M2 wave does not appear in the radon
concentration. The principal lunar diurnal O1 wave has very small amplitude. The ETERNA
program calculates the amplitudes of the individual tidal waves and the standard deviation of
their determination. In addition it calculates an average noise level for the diurnal and
semidiurnal tidal waves. The amplitudes of O1 and M2 waves are below the noise level in the
radon concentration.

Before the second tidal analysis the data were filtered by a band-pass filter to eliminate the
disturbing effects of the low and high frequency components of the data series. Since both the

rock strain and radon concentration are depending on the temperature and barometric



pressure, both were corrected for these quantities in order to compare the corrected and
uncorrected radon concentration with the corrected and uncorrected strain values. The
correction was done by a multiple linear regression method using the regression coefficients
obtained by the MVR. After these corrections the data series were subjected to data analysis
by ETERNA. With exception of the strain all data were analysed as tidal potential. The results
can be seen in Fig. 5. Due to the correction the amplitude of the S1 in the corrected radon
concentration (C. Rn) is smaller than in the uncorrected (Rn), while this is inversely in the
corrected (C. Ext.) and uncorrected (Ext) strain components. Since in our observatory the
ratios between the amplitudes of the tidal components of the radon concentration and strain
are not the same or nearly the same values we can state that there is no significant connection
between these two quantities in the diurnal and semidiurnal tidal frequency ranges.

The connection between strain and radon concentration data were also investigated separately
for the summer and winter periods. Practically the same results were obtained from the
summer months as in the case of the continuous seven-year long data series. In the winter all

tidal amplitudes were less than 0.1 kBq m™, below the noise level.

5. DISCUSSION

In the SGO main lunar diurnal (O1) and semidiurnal (M2) waves, which should be induced
by the tidal rock strain, were not detected above the noise level in the radon concentration,
while they appear in the theoretical tidal potential and in the strain. In contrast with our
results, Lenzen and Neugebauer (1999) detected these two waves in an abandoned gypsum
mine, presumably owing to the different measurement site. Steinitz and Piatibratova (2010)
also did not reveal the principal lunar waves O1 and M2 near the S1, S2 and S3 components.
Crockett et al. (2010) investigated the tidal effect at two measurement sites. At one location

they found the weak presence of the M2 wave, while at the other location the wave was not



detected. They assume that the S1 and S2 waves are due to the effects of temperature and
barometric pressure (e.g. Richon et al., 2009). The S1 and S2 solar tidal components are
present in our data similarly to other published results (e.g. Alekseenko et al., 2010; Groves-
Kirkby et al., 2006; Kies et al., 1999).

The calculated FFT spectral components and the adjusted tidal amplitudes from the radon
concentration data are in good agreement. Both methods show expressed daily variation at
only the S1 frequency in the diurnal band and at S2 frequency in the semidiurnal band. The
lack of the main solar and lunar components (O1 and M2) is similar to the results of Steinitz
and Piatibratova (2010), and together with the presence of the S1 and S2 makes it
unambiguous that the tidal rock strain has no direct effect on radon concentration at this
location (see Figs. 4 and 5) while the spectral structure of the data series in Fig. 3 and the
results of the tidal evaluation support the role of barometric pressure and temperature in the
radon concentration variation. The lack of the main lunar components (O1 and M2) in the
radon concentration can be explained as follows: while the global effect of tidal forces is
considerable (changing the radius of the Earth by 30-50 cm), their local effect is very small.
The induced local tidal strain in the rock is in the nanostrain (10®) range. Therefore its effect
on the radon concentration variations is negligible compared to the effect of temperature and

barometric pressure variations.

6. CONCLUSIONS

The seven-year simultaneous data record shows a complex relationship between strain,
temperature, barometric pressure and radon concentration data. Radon emanation is quite
different in the winter and summer. Spectral and tidal analysis of data demonstrated that only
the thermally induced solar components S1 and S2 are present in the radon concentration but

their amplitudes hardly exceed the spectral noise level. The analysis also proved the lack of



the principal lunar semidiurnal M2 and diurnal O1 tidal waves — which have the strongest
effect on the deformation of the solid Earth — in radon concentration but they are explicit
components in the theoretical tidal and rock strain variations. The lack of the O1 and M2
constituents in the radon concentration confirms the fact that the detected S1 and S2 tidal
components appear due to the barometric tide and the daily variations of the temperature and
barometric pressure. The investigations do not reveal any significant connection between
radon concentration variations and Earth’s tide induced rock strain above the noise level at the

measurement site.
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Figure captions

Fig. 1. Ground plan and the location of the Sopronbanfalva Geodynamic Observatory (SGO)
in Hungary (lower right corner)

Fig. 2. Strain measured by the extensometer (Strain), outdoor temperature (Temp.),
barometric pressure (Bar. p.) and radon concentration (Rn c.) measured between 1 January

2009 and 31 December 2015

Fig. 3. Fourier amplitude spectrum of radon concentration (Rn c.), barometric pressure (Bar.
p.), temperature (Temp.), extensometric data (Ext.) and calculated theoretical strain (Th.
strain) in the diurnal (left hand column) and in the semi-diurnal (right hand column)

frequency band. N denotes the noise level.

Fig. 4. Amplitudes of tidal components obtained by tidal analysis of the strain (Ext.),
temperature (Temp.), barometric pressure (Bar. p.) and radon concentration data (Rn c.)

Fig. 5. Amplitudes of tidal components obtained by tidal analysis of the strain (Ext.),
corrected strain for the temperature and barometric pressure (C. Ext), temperature (Temp.),
barometric pressure (Bar. p.), radon concentration (Rn) and radon concentration corrected for

the temperature and barometric pressure (C. Rn) data



Highlights

Relationships between rock strain an radon concentration are investigated.
Temperature and air pressure have a large effect on the radon concentration.

O1 and M2 tidal constituents in the rock strain are not present in the Rn concentration.
In the Rn concentration the S1 and S2 solar tidal components are only present.
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