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ABSTRACT

Soil Radon Emanation has been continuously monitored
along with other geophysical measurements in the seismical-
ly active Marmara region of Turkey over the past ten years
for understanding the pre-earthquake crustal deformation. In
this paper, radon gas emanation time series are decomposed
into intrinsic (characteristic) modes via Empirical Mode
Decomposition (EMD) and the relationship between seismic
activities and radon gas emanation is investigated. A statisti-
cal model of gas emanation is discussed. Also, observation
of the atmospheric effects as daily-quasi-periodic fluctua-
tions (which may sometimes dominate the recordings) is
demonstrated and a signal-adaptive periodicity removal pro-
cess based on the EMD method is used for robust pro-
cessing. The results for both seismic and a-seismic time in-
tervals and a short discussion on how the analysis of radon
gas data can be used as a precursor of seismic activity is
presented.

1. INTRODUCTION

In Turkey, soon after the destructive Izmit earthquake of 17
August 1999 with magnitude of Mw=7.4, along with various
other seismic observations, the soil radon gas activity has
been systematically monitored since 2002 in the Marmara
Region (NW Turkey) covering an area of 40 000 km?; by
cooperation of TUBITAK - Earth and Marine Science Insti-
tute and Istanbul Metropolitan Municipality. Since 1960s,
many studies have been conducted for the search of earth-
quake precursors [1-5 and references therein]. Although so
far it seems that there are no reliable precursors preceding
large earthquakes [6], there are reports of measurements of
the temporal variation of soil radon that could be related to
seismic and volcanic activity ([3, 7-16] among many oth-
ers). Recent studies show that soil radon gas emanation data
may provide insight on temporal variation of soil gas in po-
rous and permeable part of the shallow crust of the earth.
For example, some of the observed anomalies in the soil
radon emanation data, such as an abrupt change in the am-
plitude, can be related to seismic activities.

In this study, radon emanation data from various sta-
tions (with and without seismic activity in the vicinity of the
sensor) are decomposed into intrinsic modes (characteristic
components) having different frequency bands. Data-
adaptive Empirical Mode Decomposition (EMD) is used to
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extract these “physically meaningful” characteristic compo-
nents. Then high-frequency and low-frequency components
of the data are investigated in order to observe possible
anomalies related to the seismic activity or other effects such
as variations in temperature and/or precipitation. Meteoro-
logical effects are observed as daily pseudo-periodic com-
ponents in soil radon data. It is shown that pseudo-periodic
atmospheric effects can be easily removed by subtracting the
corresponding periodic intrinsic modes from the overall data
[17]. Furthermore, a discussion about the distribution of the
radon gas emanation data is provided for both seismic and a-
seismic periods.

2. BACKGROUND

2.1 Soil Radon Emanation Data

The locations of the soil radon monitoring stations in Mar-
mara region of Turkey are shown in the map in Fig. 1. The
soil radon gas emanation is measured via silicon detector
based alpha-particle counting tools (Alpha-meter) [11]. At
each location one radon sensor is used at approximately one
meter soil depth. Meteorological data are obtained from
nearby meteorology stations on the weather underground
web site. The alpha particles emitted by radon gas are
counted in 15 minute intervals and recorded into the
memory of the device. In this paper, data collected at
Armutlu, Génen and Efteni (Diizce) stations are studied.
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Figure 1 — Soil radon gas monitoring stations (white circles) in
Marmara region of Turkey (4rmutlu, Génen and Efieni (Diizce)
stations are marked by red circles.)
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2.2 Empirical Mode Decomposition

Empirical mode decomposition is a data-adaptive, easy and
powerful signal decomposition method which is shown to be
convenient in the analysis of non-stationary signals [18-20].
EMD iteratively decomposes the signal into several Intrinsic
Mode Functions (IMF). IMFs are considered as the charac-
teristic (physically meaningful) modes of the signal in differ-
ent frequency regions which catch local oscillations within
the signal. The method does not need any a-priori defined
basis. In “sifting” process, which is the main procedure of the
method, fast oscillations in the signal are isolated from the
slow ones iteratively. The first IMF which consists of locally
highest frequency components is obtained after the first sift-
ing. This IMF is subtracted from the signal and the sifting
procedure is repeated using remainder signal to get the next
IMF. Iterations are run until some stopping criteria are ful-
filled [19]. IMFs are zero-mean signals having the same
number of zero-crossing points and local extrema (minimum
and maximum) points (or differ by 1 at most.) The signal,
x(f), can perfectly be constructed by summing up the IMFs,
ie.,

M) = dy(6)+7(2) (1)

Here, di(f) is the k™ IMF. #(¢) is the residual signal which can
be considered as the last (K™) IMF. Each IMF covers the
lower frequency regions locally in time-frequency plane than
the previous IMF. For wide-band signals, EMD behaves like
a dyadic filter bank [19, 20].

3. ANALYSIS AND OBSERVATIONS

EMD algorithm is applied to the selected parts of the radon
data. Then the IMFs are recombined to construct the high-
frequency (noise), low-frequency (trend) and daily quasi-
periodic parts of the time series.

3.1 Seismicity-related Radon Emanation Data

It is known that soil radon emanation is influenced by the
seismic activities around the measurement area [16, 21]. Gas
release shows a positive anomaly (an increase in the gas
concentration) prior to earthquakes with a magnitude of M >
4 [21] (up to 100 km in distance from the measurement sta-
tion.) In this paper three examples are provided in order to
show the seismicity related anomalies. In Fig. 2, temporal
variation of soil radon gas at Armutlu station between 1%
Sept. — 31* Oct. 2004 is shown. On the 29" September at
18:42 (Turkish Standard Time -TST), an earthquake (EQ)
with a magnitude of M = 4.0 has occurred at distance of ~50
km to the measurement station. The time of the EQ is shown
as a vertical line on the same plot. As reported in [21], pre-
earthquake anomaly is detected as an increase in radon val-
ues. To magnify the effect, the data is automatically decom-
posed into 12 IMFs by EMD algorithm. The first 6 IMFs
and the last 6 IMFs are combined to reconstruct the high-
frequency (Fig.3-a) and very low-frequency (Fig.3-b) com-
ponents of the time series, respectively. The latter can be
considered as the local mean (trend/baseline) of the data. It
is clear in Fig. 3-b that the local mean of the radon data in-

crease prior to the EQ. There is a sharp decrease after the EQ
and the local mean drops to a smaller baseline afterwards
compared to the one during the pre-EQ time period. The var-
iance of the HF-component is also increasing prior to the EQ.
This can be seen in Fig.4, where the short-time variances of
the HF-component are shown. Here the window size is set to
2 days with a 1-day overlap.
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Figure 2 — Temporal variation of soil radon gas at Armutlu station
between 1% Sept. — 31% Oct. 2004 (As seen in [21]). (Vertical line on
the 29" Sept. 18:42 (TST) shows the time of EQ with M=4.0).
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Figure 3 — (a) High- and (b) low-frequency components of the
Armutlu data given in Fig.2.
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Figure 4 — The variances of the HF components of Armutlu data
given in Fig.3-a (window length is set to 2 days with 1 day overlap).

The next example shown in Fig.5 is the radon data col-
lected at Gonen station between 19™ April and 25" April
2009. An EQ occurred with a magnitude of M = 2.7 on the
22™ April, 2009 19:24 (TST) within 20 kilometers to the
Gonen measurement station. This EQ is marked as a vertical
line on the same plot. The magnitude of the EQ is smaller
than the previous one. However, since the epicenter of the
EQ is very close to the station, the pre-earthquake stress
buildup apparently affects the radon gas emanation, again as
an increase in the data baseline. 5-days-long radon data is
decomposed into 8 IMFs by EMD and the HF and LF com-
ponents are constructed by combining the first 4 and the last
4 IMFs (Fig.6). While there was no obvious variation at the
HF component levels, the LF component (baseline) shows a
rapid increase and a rapid decay within 24 hours having the
EQ in the middle.
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Goénen Soil Radon Gas Station
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Figure 5 — Temporal variation of soil radon gas at Gonen station
between 19" and 25" April 2009. (Vertical llne on the 22" April,
2009 19:24 (TST) shows the time of EQ with M=2.7).
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Figure 6 — (a) High- and (b) low-frequency components of the
Gonen data given in Fig.5.

The last example is taken from Efteni (Diizce) station.
This time, a longer period (a full year of 2003) data is pro-
vided in Fig.7 to show the regional seismicity related varia-
tions. The EQs occurred in the area with a magnitude greater
than 4.0 are also marked as vertical lines on the plot.

Efteni Soil Radon Gas Station

OF=F === F =T ==F— ==
| | | | | { | Radon Data | |I
[ [ |
40 o e Earthquake il
| | | | | | |
| | | | | | |
R R R R | N
%7 w H\ | w ST T
| | | | | | |
20 | R ———
\N I | I o

i HH T

L

WMWM

|

il W

‘WHM\\ it

o

A

|

|

1
c
=3
3
o
®

02 Mar. ==
01 Apr. - —
01 May. | =

|
c c > = a = S
& © ) % S o 8 5 9
S S = s < o 2 Z 0
s 5 - » o © ~ o~
o ® ™ N & YN 8 «

Figure 7 — Temporal variation of soil radon gas at Efteni (Diizce)
station for a full year of 2003 (Vertical lines corresponds to the
times of EQs occurred in the area with a M>4.0).

The dates, the magnitudes (M) and the distances (d) of
the EQs around this monitoring station are as follows; 8"
March 13:18 (M=4.0, d~50km); 9" March 21:01 (M=4.1,
d~50km), 20" March 14:25 (M=4.5, d~50km); 21" May
11:21 (M=4.5, d~15km); 28" May 02:25 (M = 4.0, d~15km);
9™ June 20:44 (M = 5.1, d>200km); 9™ June 20:47 (M = 4.1,
d>200km); 6™ July 22:10 (M=5.3, d>200km); 6" July 23:10
(M=4.9, d>200km); 13™ July 08:09 (M=4.0, 4>200km); and
23" December 14:23 (M=4.8, d~140km). Note that, there
were also several small-magnitude EQs in the vicinity of the
measurement station appeared as aftershocks. Whole data is

decomposed into IMFs. Then HF and LF components are
constructed as in Fig.8. The baseline data shows an abrupt
increase prior to the first 2 EQs. In the seismically active
time period (between March and July) the baseline (local
mean) of the radon gas emanation proceeds at higher values
compared to the pre-EQ and post-EQ (quite) periods. Time-
varying variance of the HF-component is investigated using
sliding windows having length of 2 days with a 1-day over-
lap. The variances of the windows are given in Fig.9. It is
clear in the figure that the variance of the HF-component is
also having greater values during seismically active period
compared to the quite terms. The very last EQ resulted in a
narrow peak at both HF and LF-components lasting about a
week.
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Figure 8 — (a) High- and (b) low-frequency components of the Ef-
teni (Diizce) data given in Fig.7.
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Fig.9 — The variances of the HF components of Efteni (Diizce) sta-
tion given in Fig.8-a (2-day long windows with a 1 day overlap).

3.2 Atmospheric Effects

It is known that radon gas emanation is affected by several
meteorological phenomena such as pressure, temperature,
precipitation, etc. [17, 22-28]. Among meteorological pa-
rameters rainfall is known to adversely affect radon emana-
tion. During heavy rainfall radon emanation in soil is sup-
pressed. Effect of variation in atmospheric pressure is not as
clear. Normally negative correlation is expected between
atmospheric pressure and soil radon data if the soil is per-
meable (e.g., crack formations during doughtiness or sand-
size grain dominated soil) ; this seemingly negative correla-
tion cease to exist when the soil is relatively impermeable
[21]. Most dominant effects appear as (quasi) periodical
components due to seasonal and/or diurnal variations of pre-
cipitation, pressure and temperature changes. Heavy precipi-
tation during winter causes very high moisture in soil and
this retards radon emanation throughout winter months [15].
On the other hand, temperature is known to be the main rea-
son for daily-periodicity in radon gas emanation. Usually in
summer when the soil is dry and cracked, air penetrates into
the deeper parts and thus visible quasi-periodic behavior ex-
ists as a result of diurnal variations in temperatures [17]. This
periodicity may cover the other possible seismicity effects
and must be removed from the data. Here EMD is used to
identify and extract the pseudo-periodic component from the
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data as suggested in [17]. First the data is decomposed into
several IMFs. Then the IMF that has nearly 1-day-long peri-
od is removed and the remainders are summed up to con-
struct the clean data. A 5-day long (26™ — 31st July) example
data measured at Génen station is given in Fig.10 where
dominant daily periodicity is visible. The corresponding
IMFs are given in Fig. 11. The 5" IMF corresponds to the
daily-periodic components. After removing the 5™ IMF daily-
periodicity (Fig.12-b) periodicity-free data can be obtained as
in Fig. 12-c.
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Figure 10 — Temporal variation of soil radon gas at Gonen station
between 26™ and 31% July.
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Figure 11 —IMFs of the Génen data given in Fig. 10.
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Figure 12 — (a) Gonen data, (b) Daily quasi-periodic effect (5
IMF), and (c) clean data without periodicity.

3.3 Statistical Characterization of the Data

In order to investigate the distribution of the radon gas
emanation both for seismic and a-seismic periods, two set of
data are chosen from Efteni station measurements given in
Fig.7. This monitoring site is situated within the brecciated
zone of an active fault [21]. “I* March — 1™ May” phase is
selected as “seismic period” where several EQs with M > 3
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were recorded, whereas “1* September — 1* November”

phase is selected as “a-seismic period” where no seismic
event were present. Soil radon data corresponds to the radon
intensity level around the sensor by counting the alpha parti-
cles released by the radioactive decay of radon over a 15-min
fixed interval. Since the process can be considered as a
count-process if there are no external effects, its distribution
can be modeled by Poisson distribution [29]. Another phe-
nomenon that affects the intensity of the gas is upward
transport of the gas through soil from the source to the sen-
sor. This movement depends on the physical characteristics
of the soil such as fractures, porosity, permeability, etc. which
may be modeled as 3D random walk [21]. Assuming that the
radon has a particle behavior with random moves over an
irregular ground path then, such movement results in Ray-
leigh-type exponential probability density function (pdf) as
suggested for any random-walk behavior [29]. As a result, for
overall radon gas data one can expect to observe Rayleigh-
type and/or Poisson-type (or perhaps combination of both)
distribution functions.

Rayleigh, Poisson and Gaussian pdfs are fitted to the
histogram of the mentioned data segments using maximum
likelihood method. In Fig.13-a, the normalized histogram of
the a-seismic-period data is plotted with Poisson and Ray-
leigh pdf fits. The minimum fit error is obtained for Poisson
pdf (approximately 20 times smaller than the Gaussian fit
error). In Fig.13-b, the normalized histogram of the seismic-
period data is plotted with best probability density function
fit which is Gaussian pdf in this case. Here, the Gaussian fit
error is about 3 times smaller compared to the Poisson pdf fit
error. This observation suggests that the distribution converg-
es to Gaussian prior to seismic activity. One can conclude
that, during earthquake building process (e.g., accumulation
of critical crustal stress), micro-fracturing of the rock is en-
hanced leading to increasing paths for radon migration forc-
ing the distribution towards Gaussian (law of large numbers).
The same behavior is observed for all other stations.
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Figure 13 — Histograms and fitted pdf’s for a-seismic (a) and
seismic (b) periods.

4. CONCLUSIONS

Soil radon data probably contains pre-earthquake signals;
however, in soil environment emanation of radon may be
strongly influenced by atmospheric variations. In case these
effects can be detected and removed from the data via EMD
method as described in the paper, pre-earthquake related
anomalies in the soil radon may become more apparent and
more reliable. It is observed that the soil radon emanation
increases in the pre-earthquake phase. This anomaly is ap-



parent in both baseline (LF components), and high frequen-
cy components obtained by EMD. The studies of the noise
characteristics of radon data can be practical and useful for
anomaly detection that may be interpreted as precursors to
seismic activity. Finally, it has been shown that during a-
seismic (quiescence) periods, the soil radon data show Ray-
leigh-type and/or Poisson-type (or combination of both)
distributions. However, during earthquake phase the radon
data distribution tends to Gaussian or multiple (mixture)
distributions.
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