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ABSTRACT

Time series analysis of soil radon data has previously been proposed as a mechanism for earthquake hazard
forecasting, but it is not universally accepted as such. Here we perform time series analysis of soil radon along an
active fault zone in North Pakistan, in order to investigate pre-earthquake anomalies for a period of July 24,
2014 to April 30, 2015. The methodology includes geochemical analysis of soil, deterministic analysis (Hurst
exponent H), quantification of meteorological influence and abnormalities of soil radon within the context of
earthquake forecasting. In particular, for analyzing abnormalities in radon data, we have used residual signal
processing techniques to reduce the regular effect of meteorological factors and a statistical criterion (X + 20) at
a 95% confidence interval. Results of geochemical analysis suggest that any abnormal enhancement in soil radon
concentration is not associated with the presence of key radionuclides such as ?*°Ra, 2**Th and *°K. The de-
terministic analysis of radon and meteorological parameters reveals that H belongs to the interval 0.5 < H <1,
which indicates a persistent trend with insignificant infrequency and irregularity. Likewise, the influence of
meteorological parameters on soil radon is quantified via correlation coefficients suggesting an insignificant
impact. Furthermore, temporal variability of residual radon around the time of earthquake activity reveals the
presence of six notable anomalous peaks overpassing the statistical criterion during the investigated period. An
absence of anomalous residual radon behavior for some earthquake events in the investigated period can be
attributed to their low magnitude and high Rp/Rp value. Finally, our results validate earlier findings and re-
commend the use of radon as a seismic indicator.

1. Introduction

Huang et al., 2017; Awais et al., 2017; Barkat et al., 2018).
Among all the terrestrial gases such as Rn, H,, He, CO,, CH,, Ar, O,

Contemporary earthquake seismology indicates that migration of
soil gases mainly depends on the availability of favorable subsurface
structures (Walia et al., 2013; Tarakci et al., 2014; Woith, 2015; Wang
et al., 2017; Barkat et al., 2018; Yan et al., 2018). These structures
include faults and fractures facilitating the migration of soil gases up-
ward from deeper horizons (Choubey et al., 2007; Yuce et al., 2017).
Systematic monitoring of soil gases in seismically active regions is of
possible benefit within the context of earthquake forecasting (Pulinets
and Ouzounov, 2011). The existence of a potential correlation between
variability of soil gases and impending earthquakes has been reported
in several studies (Pulinets and Boyarchuk, 2004; Vaupotic et al., 2010;
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and N, *Rn has been most extensively studied within the context of
earthquake forecasting due to its unique geochemical characteristics
(Sugisaki, 1978; Hartmann and Levy, 2005; Fu et al., 2017a). These
characteristics include its easy detectability, short half-life (3.82 days)
and inert nature. The variability of soil radon is influenced by lithology,
soil porosity, radionuclide composition and meteorological parameters
such as temperature, pressure, humidity and rainfall (Fujiyoshi et al.,
2006; Barbosa et al., 2007; Kikaj and Vaupoti¢, 2017). Moreover, in
some cases a radon isotope (thoron: 220Rn) is also used within the above
context despite having shorter half-life (55.6s) (Yang et al., 2005; Oh
and Kim, 2015).
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The investigation of radon in different environments i.e. soil, air and
water in the context of earthquake forecasting is reported in numerous
studies (Fujiyoshi et al., 2006; Planinic et al., 2004; Ghosh et al., 2009;
Tarakci et al., 2014; Oh and Kim, 2015; Singh et al., 2017). Radon
anomalies can appear a few days or weeks prior to the impending
seismic events (Planini¢ et al., 2001; Riggio and Santulin, 2015). For
example, a radon anomaly was registered prior to the Tashkent (Uz-
bekistan) earthquake (M 5.5; 1966) with a several-fold in soil radon
concentration (Arora et al.,, 2017). An anomalous increase of radon
concentration in ground water was also reported prior to Izu-Oshima-
Kinkai (1978) and Kobe (1995) earthquakes (Fu et al., 2017a).

The correlation of radon anomalies with seismic activity requires
careful analysis of crucial factors affecting its concentration (Walia
et al., 2013; Tarake1 et al., 2014; Oh and Kim, 2015; Awais et al., 2017;
Jilani et al., 2017). These factors can be summarized as meteorological
parameters (i.e. temperature (T), pressure (P), rainfall and relative
humidity (rH)). Furthermore, identification of possible correlation be-
tween variability of soil radon and the concentration of naturally oc-
curring radionuclides requires geochemical analysis of soil (Bem et al.,
1998; Forkapic et al., 2017). It is also very important to examine the
dynamics of radon time series, determine the degree of chaotic beha-
vior, and prediction of future variations and investigate their correla-
tion with meteorological parameters (Planinic et al., 2004; Barbosa
et al., 2007; Nikolopoulos et al., 2014; Li et al., 2016).

This study aims to undertake a statistical analysis of the temporal
variability of soil radon near a seismically active location (33.742°N,
73.065°E) in Islamabad (North Pakistan) using fractal methods for a
selected time window of July 25, 2014 to April 31, 2015. A further aim
is to correlate the pre- co- and post-seismic signal registered by local
and global seismic networks using radon anomalies (Table 1). A number
of methodologies have been applied to test the hypothesis that temporal
variation of soil radon can be used as a viable indicator of seismic ac-
tivity.

. Detailed geochemical (e.g. measurement of >?°Ra, 2*?Th, *°K and
other radionuclides) and physicochemical (e.g. moisture content, pH
and conductivity) analyses of local soil are presented.

. The fluctuation of radon concentration with the atmospheric/soil
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meteorological parameters obtained from the Pakistan
Meteorological Department (PMD) and the radon monitor (RTM
2200) for the selected time window are presented and analyzed.

. Fractal analysis of radon is performed to distinguish between
chaotic behavior (deterministic chaos) and noise (radon fluctua-
tions) and its controlling meteorological parameters for the selected
time window.

. Statistical averaging is applied to the radon time series to eliminate
the regular effect of meteorological parameters for the improved
and reliable identification of radon anomalies possibly associated
with the impending seismic activity. Then a statistical criterion
(X + 20) for identification of anomalous behavior is applied on re-
sidual radon concentration obtained using the difference between
radon concentration and its rolling average. The statistical bound
applied in this study for anomaly selection is consistent with other
studies (Vaupotic et al., 2010; Oh and Kim, 2015).

. The declared anomalous zones of radon are correlated with seismic
activity in the selected time window and the results are compared
with earlier findings reported by Jilani et al. (2017) and Barkat et al.
(2017).

In what follows, we present seismo-tectonic setting of the study
area, highlighting its importance within the context of earthquake
forecasting.

2. Tectonics of the study area

The seismo-tectonic of Pakistan is characterized by the continental
collision between the Indian and Eurasia plates (Molnar and
Tapponnier, 1975; Ali et al., 2009; Tahir and Grasso, 2013; Rehman
et al., 2015,2017b; Asim et al., 2017). Movement of these two plates is
responsible for the occurrence of major earthquakes in and around
Northern Pakistan. According to Kearey et al. (2013) and Faisal et al.
(2014), the Himalayas in North Pakistan which extend from Afghani-
stan in the west to Myanmar in the East, formed due to continental
collision of the above two plates. The major structural trends of
Northern Pakistan include, from north to south, the Main Karakoram
Thrust (MKT), the Kohistan Island Arc (KIA), the Main Mantle Thrust

Table 1
List of earthquake events used in present study for precursory analysis.

Time Latitude Longitude Depth Magnitude Rp R Re/Rp
(MM:DD:YYYY) CN) CE) (km) o) (km) (km)

08/02/2014 33.904 72.419 35.00 4.1 57.94 62 1.08
08/19/2014 34.579 71.002 44.40 3.3 26.242 211 8.04
08/22/2014 34.973 72.994 18.00 3.7 19.50 137 7.02
08/31/2014 36.586 71.090 189.85 5.4 209.89 364 1.73
09/11/2014 32.397 71.237 10.00 4.0 52.48 227 4.32
09/13/2014 36.618 69.680 130.55 5.5 231.74 444 1.91
09/22/2014 34.294 73.919 26.73 4.7 104.95 100 0.95
09/23/2014 34.815 73.393 42.10 3.5 31.99 123 3.85
10/14/2014 36.580 70.930 160.00 5.5 231.74 370 1.60
10/23/2014 34.915 73.878 34.56 4.8 115.88 150 1.30
11/09/2014 36.972 70.776 175.70 5.3 190.11 415 2.18
12/21/2014 34.910 73.843 41.11 4.2 63.97 148 2.32
01/31/2015 32.604 73.939 27.00 3.3 26.24 151 5.74
02/05/2015 34.018 74.011 31.00 3.5 31.99 96 3.01
02/24/2015 34.321 73.663 59.79 3.7 38.99 85 217
02/26/2015 34.671 73.278 29.74 5.4 209.89 105 0.50
02/27/2015 34.594 73.380 32.59 4.2 63.97 99 1.55
02/27/2015 34.548 73.307 27.37 4.0 52.48 92 1.76
02/27/2015 34.596 73.334 26.86 4.2 63.97 98 1.53
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Fig. 1. A simplified sketch of regional tectonics and distribution of earthquakes along with the location of soil radon monitoring station (Blue square). Blacklines
denote major faults. Abbreviations of fault names: AN, Andarab, CB, Central Badakhsan, DZ Darvaz, GA Gardez, HV Henjvan, KO Konar, KT Kurram Thrust, MBT
Main Boundary Thrust, MKT Main Karakoram Fault, MMT Main Mantle Thrust, SA Sarobi, SP Spinghar. Thick blue lines indicate location of the Indian and Eurasian
plates (modified after Kazmi and Jan 1997 and Rehman et al., 2015). Blue hexagon indicates the cities in and around Pakistan. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

(MMT), the Nanga Parbat-Haramosh Syntaxis, Hazara Kashmir Syn-
taxis, Main Boundary Thrust (MBT) and the Salt Range Thrust (SRT)
(Fig. 1; Kazmi and Jan 1997; Ali et al., 2009; Rehman et al., 2015).
Fig. 1 shows that many earthquake epicenters are located in and around
the Hazara-Kashmir Syntaxis during the selected time window. Fig. 1
also shows that these earthquakes are shallow seismic events
(Depth = 0-70km) that originated along the MBT. Numerous inter-
mediate-depth earthquakes (Depth > 70km) delineate the high
seismic zone of Hindu Kush, lying in the Afghan-Pakistan border
(Rehman et al., 2017a).

Pakistan is ranked 5th in population size category in 2017 with over
200 million inhabitant. Many major populated cities of Pakistan are
located on or near active fault zones. The capital of Pakistan, Islamabad
is located in the proximity of active fault of the MBT and other faults
(Riwat Fault, Jhelum Fault, Kalabagh Fault, Mansehara Fault and the
Kotli Thrust). The MBT is a key tectonic element which is responsible
for destructive earthquakes e.g., Kashmir Earthquake (M 7.6) Oct 8,
2005 (34.29°N, 73.37°E).

3. Methodology
3.1. Experimental setup

3.1.1. Radon monitor

In the present study, soil radon and thoron along with soil me-
teorological parameters were continuously measured using the RTM
2200, which was installed by the Centre for Earthquake Studies (CES
National Centre for Physics, Islamabad, Pakistan) at Islamabad; Saidpur
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village monitoring site (Fig. 1). For establishing a radon monitoring
site, a soil probe was fixed at 1 m depth in the soil profile and encased
with a PVC pipe to avoid any infiltration of rainfall. The top soil was
covered with a polythene sheet in order to minimize atmospheric effect.
The subsoil radon is transported via a section pump to the chamber
through a surgical pipe. The sensitive volume and the sensitivity of the
detector are 0.27 L and 0.01 cpm per Bq/m® respectively, determined
by comparing it with the reference instrument having a statistical error
of = 1%. Real time measurements of radon/thoron and soil meteor-
ological parameters (temperature, pressure and relative humidity) were
measured every 15min. The instrumental setup used in the current
study is also utilized globally within the context of earthquake fore-
casting. Further details on this instrumental setup, can be found in Fu
et al. (2017a) and Jilani et al. (2017).

3.1.2. Geochemical analysis of soil

A detailed geochemical analysis of soil around the monitoring site
was performed to know the content of naturally occurring radionuclides
using Gamma Spectroscopy along with other soil properties i.e.
moisture content, pH and conductivity. The purpose of this detailed
geochemical analysis is to access the content of the natural and an-
thropogenic radionuclides ?*®U, 23*Th, “°K and '*’Cs that affect the
radon level. In particular, soil samples were collected, mixed and
homogenized from the proximity of the radon monitor at a depth of
~1m, dried and used in powdered form with the help of sieving. After
that, the soil was sealed and stored for 4-6 weeks in order to attain
secular equilibrium (Siddique et al., 2006).

The Gamma spectroscopic measurement for radionuclide analysis
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was performed using High Purity Germanium (HPGe; Canberra Model
AL-30) detectors on a dry weight basis. The detection system has a
resolution of 1.9keV for the 1332.5keV peak of ®°Co and a Peak-to-
Compton ratio of 60:1. The software GammaVision, Version 6.01
(Advanced Measurement Technology, Inc.) was used for spectral ac-
quisition. The counting system was calibrated daily using calibrated vy-
ray sources. The most abundant y-peak was used for quantification,
whereas the less abundant peaks were used to confirm the presence of a
particular radionuclide. All necessary corrections were applied and the
final results obtained on a dry weight basis compared with standard
references. The brief description of the experimental setup and proce-
dure used for radionuclide analysis is described by Siddique et al.
(2006).

3.2. Theoretical setup

3.2.1. Time series analysis of radon

The emanation of soil radon can be considered as a complex and
nonlinear stochastic process having dependency on potential chaotic
variables i.e. soil temperature, pressure and humidity (Planinic et al.,
2004; Barbosa et al., 2007; Kiilahci; Sen, 2014). To detect long-range
discrepancies and to estimate the temporal evenness of radon time
series before correlation with seismic activity, long memory char-
acteristics are needed to be examined. The similarity of fractal dimen-
sions determines the degree of correlation between radon and their
controlling parameters (T, P and rH). Long memory characteristics are
used to express the dependency of elements on one or more factors over
a specific lag (Barbosa et al., 2007; Pausch et al., 1999; Gkarlaouni
et al., 2017).

To obtain long-memory effects, R/S analysis of the radon time series
is performed in order to define the temporal tendency known as the
Hurst exponent (H) whose value ranges from 0 to 1. In particular, H
quantifies the stochastic memory of a process related to the fractal di-
mension. H is classified into three different scenarios into which it may
be classified as random, persistent and anti-persistent (Tatli, 2015;
Gkarlaouni et al., 2017).

In the first scenario, known as a random walk, H is often close to 0.5
suggesting that the process or time series does not possess long memory
trend. In the second scenario, H is in a range of 0.5 < H < 1 known as
persistent trend. The persistent trend means that the time series exhibits
a long memory correlation between events. The third scenario implies
an anti-persistent trend if 0 < H < 0.5 and a trend reversion is more
probable than the trend continuation. According to the R/S method, the
set of observations N € {N;, N,, N;,..., N,} is further divided into d
non-overlapping intervals of N, (Ng-_1)s+1, Nk-2s+2 - Nks)s
whereas k = 1, 2, 3, ..., d with individual length s = n/d. The com-
putation methodology of H is based on the following relation given by

(%)= 3 3 (%5.)

k=1 @
In Equation (1), Rg; is calculated using the following relationship
Ris = maxicics{(Yes)i} — mini<ics{(Yes)id 2

Here (Y;,): is the deviation of an individual observation of sub-
groups (i) from their mean (X ) and calculated as

(Yk,s)i = z [X(k—l)s+j - )_(k,s]
j=1 3
The mean (X ;) of subgroups can be calculated as
1 s
X== Z Xk-1)s+i
s 4 (C)]

The parameter Sy introduced in Equation (1) is calculated using the
following relationship
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Ses = \/ZL] Xe—1)s+i — Xis)? /s )
In conclusion, the rescaled range is linearly regressed against groups
according to following relationship

loglO(R/S) = constant + H,p, log,,s ®)
where H, is the estimate of the Hurst exponent. In general, for Hurst
statistics large data sets (2500 or more observations) are required
(Planinic et al., 2004).

3.2.2. Correlation with earthquake activity

Correlation between the anomalous emanation of soil radon and an
impending earthquake event is mainly dependent upon the zone of
earthquake preparation. The earthquake preparation zone is defined as
an area under the influence of tectonic stresses within which the pre-
cursory manifestations related to earthquake activity can be observed.
Dobrovolsky et al. (1979) proposed a mathematical relationship be-
tween the magnitude and the radius of the (respective) event given by:

)

Here, M is the earthquake magnitude, and Rp is the radius (km) of
the preparation zone within which precursory phenomenon may man-
ifest (Dobrovolsky et al., 1979; Vaupotic et al., 2010). The magnitude of
the earthquake event plays a crucial role in determining the radius of
the preparation zone; whereby earthquakes of greater magnitudes have
larger preparation zones and vice-versa. The distance between the
earthquake epicenter and the monitoring station is referred to as epi-
central distance (Rg). The cut-off value for R in this study is taken to be
less than or equal to 1.5Rp with M > 3. This cut-off means that only
earthquake events with M > 3 and Rg/Rp>1.5 possess the potential
chance of registering precursors related to them. The criterion for the
earthquake preparation zone applied in this study is consistent with
other studies performed by Zmazek et al. (2005), Vaupotic et al. (2010),
Papastefanou (2010), Laskar et al. (2011), Walia et al. (2013) and Oh
and Kim (2015).

In this investigation, we adopted the residual signal processing
technique for identification of radon anomalies associated with earth-
quake activity by reducing the regular frequent effects of recorded data
(Fu et al., 2017a; b). This technique uses the comparison of hourly and
daily averaged (also known as the trend line for radon concentration)
raw radon data with a 7 days rolling average. The residual radon
concentration (dA(t)) is the difference between daily averaged (A(t))
and the 7 days rolling averaged (RA(t)) radon concentration presented
as:

dA() = A(t) — RA(t)

RD — 100.43M

(8

Anomalous behavior related to the residual radon concentration is
determined with the help of a statistically bound (threshold) equal to
the mean value *+ two times the standard deviation (X + 20) (e.g.
Ghosh et al., 2009; Ramola et al., 2008; Oh and Kim, 2015). The con-
centration of residual radon exceeding the defined threshold (X + 20)
prior to the seismic activity can be considered as a pre-earthquake
radon anomaly (Fu et al., 2017a). Moreover, the anomaly selection
criteria adopted in this current study has a confidence interval of 95%
(Gregoric et al., 2011). In addition to the above, analysis of residual
radon instead of raw radon also increases the confidence level for
identification of a pre-earthquake anomaly (Arora et al., 2017).

4. Results
4.1. Geochemical analysis of soil samples
Geochemical analysis of soil samples reveals some key information

relating to the variability of radon concentration and soil characteristics
in order to estimate radon potential. Spectroscopic measurements
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Table 2 a
Activity concentrations of major radionuclides are expressed in Bq/kg at 95% 970
confidence interval. Fo60
g
Isotope Mean (Bq/kg) SD (Bq/kg) %SD 5950
E940
226Ra 32.69 3.13 9.58 930
214pp 31.52 3.11 9.86
40K 389 22 5.74 b
960
950
Table 3 &
Concentration of radionuclides expressed in Bq/kg for dry soil samples com- “—5‘
pared with international standard values. #1930
920
Isotope Observed (Bq/kg) Reported (Bq/kg)
28pc 57.9 + 4.8 57.6 + 2.5 ¢
214p; 67.3 + 6.3 67.0 + 2.3 129 il
137¢s 1493 * 73 1450 = 73 _ 105 3 ~
g 638 * 51 636 33 < <
212pp 57.9 = 1.7 57.9 + 2.9 s 0
214pp 71.4 + 6.2 711 = 2.3 ERE 10 <
234Th 127.3 = 7.6 127.0 = 7.1 s .

confirm the presence of 22°Ra, 2°2Th and “°K with a mean value of
32.69 (Bq/kg), 31.52 (Bq/kg) and 389 (Bq/kg) and standard deviation
of 3.13 (Bq/kg), 3.11 (Bg/kg) and 22 (Bq/kg) respectively (Table 2).
Besides this, other radionuclides are also observed and compared with
reported values in Table 3. Observed concentrations of naturally oc-
curring radionuclides in the soil samples are within the normal range
and any enhancement in radon concentration is not related to them but
to some external factors (i.e. geodynamic activity or meteorological
effects). In addition, other soil properties such as pH (8.1), conductivity
(41.0 uS/cm) and soil moisture content (0.15%) were also measured.

4.2. Soil radon and meteorological parameters

The temporal variability of soil radon influenced by meteorological
parameters (T, P and rH) of the soil and atmosphere are critically
analyzed and compared. These parameters are recorded in the soil by a
radon monitor and in the air by a meteorological station installed by
PMD near the monitoring site. At the first stage, a comparison between
soil and atmospheric pressure fluctuations was performed (Fig. 2a-b).
The atmospheric pressure ranges from 936 to 964 mbar with an average
value of 952 mbar. While, the pressure values for soil gas show almost
similar trend with a slight difference in range (924-953 mbar) and
average value (941 mbar).

At the second stage, a comparison between humidity and tem-
perature measured by soil and atmospheric monitors respectively was
performed (Fig. 2c—d). The atmospheric humidity ranges from 58% to
98% with an average value of 88%. The atmospheric temperature
corresponding to humidity shows an inverse trend, within a range of
11.2-37.7 °C with an average value of 25.8 °C. Soil humidity and tem-
perature demonstrate analogous behavior, as presented in Fig. 2¢, with
a range of 44-96% for soil humidity and 4.7-38.8 °C for soil tempera-
ture. Furthermore, the daily and cumulative behavior of rainfall data
for the selected time window was also examined to analyze their in-
fluence on the temporal variability of radon (Fig. 2e). The months of
July—-August 2014 and February 2015 are marked as periods of highest
rain-fall showing a surge in cumulative and daily rain-fall.

4.3. Deterministic analysis

A deterministic analysis (fractal method) of radon data along with
meteorological parameters has been performed to estimate the degree
of chaotic behavior and long-range discrepancies in the time series by
using a mathematical quantity known as the Hurst exponent (H). H is
estimated for the whole data set via Equation (6) and it categorizes the
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Fig. 2. The time series plot of soil radon, meteorological parameters (soil and
atmosphere) and earthquakes is presented here form July 25, 2014 to April 30,
2015. Fig. 2a and b presents a comparison between atmospheric and soil
pressure. Fig. 2¢ and d illustrate that the humidity and temperature depict an
inverse relationship among them for soil and atmospheric possible due to
rainfall presented in Fig. 2e. Cumulative rainfall data indicate heavy rain fall for
the months of July, August and September whereas relatively straight line from
September to March show very minimal rainfall. Temporal change of radon
further divided in three zone (Zone A, zone B and Zone C) based on the ob-
served abnormalities of radon and thoron presented in 3e. The detailed analysis
of these identified anomalous zone are presented in Fig. 4-6. Besides this, some
anomalous peaks in thoron also identified prior to earthquake events. Popula-
tion of earthquake events (g) corresponding to the selected anomalous zone (e)
is high.
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Fig. 3. The R/S analysis results for selected time series of soil radon and meteorological parameters. (a) Hurst exponent estimated for whole data set of radon
showing a persistent behavior. For meteorological parameters such as (b) temperature; (c) pressure and (d) humidity, Hurst exponent is found to be within the range

of 0.5 <H<1.

dataset by its deviation as persistent, anti-persistent or random in
chaotic regime as discussed in section 3.2.1. Our radon data lie in the
persistent category with a H value of 0.827 (Fig. 3a). Furthermore, the
H value for meteorological parameters are 0.933 (T), 0.941 (P) and
0.740 (rH) respectively (Fig. 3b-d).

4.4. Recognition of anomalous radon concentration and its tectonic
implications

The times series analysis of soil radon presented in Fig. 23e shows
anomalous radon/thoron peaks along with accompanying meteor-
ological parameters of the soil and atmosphere. Such an anomalous
variability in radon values can possibly be correlated with tectonic
activity (i.e. earthquakes shown in Fig. 2f) during the selected time
window. For detailed investigation of anomalous soil radon and their
tectonic implications, the selected time window was divided into three
zones (Zones A, B and C). All zones were critically analyzed and results
are presented in Figs. 4-6 along with corresponding earthquake events.
Before correlating radon variability with seismic activity, a 7 days
rolling average was applied to the radon time series to eliminate diurnal
and short term effects. The variability of raw radon data (hourly var-
iation), the trend line (daily moving average) and the rolling average (7
days moving) show distinct and robust peaks (Fig. 4a). To recognize
anomalous peaks associated with an impending earthquake event, a
statistical criterion discussed in section 3.2 was applied on residual
radon computed via Equation (2) (Fig. 4b).

The first notable anomalous zone (Zone A) ranges from July 24 to
September 25 2014 as presented in Fig. 4. Earthquake events for the
selected time window (July 24 2014 to September 25 2014) recorded
by local and global seismic networks are presented in Fig. 4c. During
the selected time period of Zone A, 8 seismic events are reported with
their magnitude ranging from 3.3 to 5.5. The residual radon values
surpass the statistically bound 2 days prior to a shallow focused (35 km)
and moderate (M 4.1) earthquake having Rg < 1.5Rp. The corre-
sponding anomalous variation of the raw radon, trend line and rolling
average shown by the vertical column in Fig. 4 can also be observed.
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For the two events of low magnitude (3.3, 3.7) during the selected time
period of Zone A, the residual radon value was observed to be within
the statistically bound area. However, the raw and trend radon data
show anomalous peaks almost 5-10 days prior to these events. The
absence of residual anomalous peaks for these events can be attributed
to higher Rg/Rp values as shown in Table 1.

A very prominent anomalous peak of residual radon surpassing the
statistical bound can be observed for an earthquake event of M 5.4. The
threshold of statistical bound is crossed almost 3 days prior to this
particular event. The raw radon and trend line corresponding to this
particular event reveal a plausible correlation in the form of anomalous
peaks. Anomalous behavior of residual radon is found to be absent for
two earthquake events (M 4, 5.5) reported on September 11-13 2014.
For these events, only the raw radon data shows an increase with low
amplitude. Again this can be attributed to higher Rz/Rp values given in
Table 1. The Zone A ends with a moderate amplitude residual and a
high amplitude raw/trend radon anomaly 4 days prior to the two events
of magnitude 4.7 and 3.5 (Fig. 4).

A detailed investigation of the second notable anomalous zone
(Zone B; Fig. 2f) ranging from September 25 2014 to November 15
2014 is presented in Fig. 5. The first anomalous peak of residual radon
surpassing the statistical bound in Zone B is observed on October 01
2014, preceding a seismic event with a magnitude of 5.5. The corre-
sponding raw and trend line radon concentrations also show incon-
sistent behavior prior to this particular event. The second anomalous
residual radon peak crossing the statistical threshold can be observed 8
days prior to an earthquake event of magnitude 4.8. Again for this
event, an inconsistent change in the raw and trend line radon con-
centration can be observed. Residual and raw radon concentrations fail
to capture any anomalous behavior for an event occurring on November
09 2014, having magnitude 5.3 due to higher Rp/Rp value.

The third notable anomalous zone (Zone C) ranging from December
20 2014 to March 15 2015 is presented in Fig. 6. The temporal varia-
bility of residual and raw radon is unable to exhibit any precursory
signals associated with two low magnitude events recorded on January
31 and February 05 2015, possibly due to high Rp/Rp values (Table 1;
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Fig. 4. A detailed statistical analysis of anomalous Zone A from July 24, 2014 to September 25, 2014 (a) Temporal variation of raw soil radon along with trend (24 h
average) and moving average (7 days) reveals some anomalous fluctuations of radon. The residual radon concentration computed via Eq. 9 is plotted in (b) showing
three abnormal peaks overpassing the threshold ( + 20) of anomaly selection. Vertical light green colour bars show a linkage between earthquakes, residual, raw,
trend and 7 days rolling average of radon. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6a). A comparative analysis of raw, trend and 7 day rolling average
radon data reveal 2 extreme peaks observed (February 8-15, 2015)
nearly 10-12 days prior to the 4 recorded earthquake events having
magnitudes of 3.7, 5.4, 4 and 4.2 (Fig. 6¢). The corresponding residual
radon concentration shows a rapid rise/fall trend before these events. In
particular the residual radon exceeds the threshold of = 20 almost
12-15 days prior to the occurrence of these events. Furthermore, over
the entire time series multiple thoron peaks are also observed prior to
numerous reported events despite its shorter half-life.

5. Discussion

The present study has analyzed the association of radon with its
controlling factors in the context of pre- co- and post-seismic processes.
Numerous studies suggest analysis of all potential controlling factors
(soil geochemistry and meteorological parameters) for radon need to
carried out prior to attempting any correlation with geodynamic ac-
tivity. In general, the temporal variability of soil radon flux associated
with the seismo-tectonically driven forces has been suggested by nu-
merous researchers in the last few decades (Planinic et al., 2004;
Fujiyoshi et al., 2006; Choubey et al., 2007; Ghosh et al., 2009;
Vaupotic et al., 2010; Tarakci et al., 2014; Woit, 2015; Jilani et al.,
2017; Singh et al., 2017). Radon measurements have been carried out
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in different media (e.g. water, soil and air) within the context of
earthquake forecasting (Gosh et al., 2009; Cicerone et al., 2009; Woith,
2015; Riggio and Santulin, 2015; WHuang et al., 2017).

The first controlling factor is the radionuclides concentration (ur-
anium, radium and potassium) that may be spatially associated with
soil radon anomalies (Sroor et al., 2001; Singh et al., 2005a; Baykara
and Dogru, 2006; Kurnaz et al., 2007; Vinson et al., 2009; Sharma et al.,
2016; Forkapic et al., 2017). There is a general lack of consensus on the
extent to which soil radionuclide concentration influences soil radon.
For instance, Sroor et al. (2001) analyzed soil samples to explore the
relationship between natural radioactivity and radon exhalation rate of
soil in southern Egypt. They concluded that the radon exhalation rate
and uranium concentration coincide with each other for the same soil
sample. Singh et al. (2005a) determine the concentration of naturally
occurring radionuclides in soil samples from Punjab and Himachal
Pradesh, India. They reported the activity concentration of *?°Ra
(18.22-90.30 Bq/kg) and 2*2Th (34.80-124.68 Bq/kg) in soil is higher
and for “°K (80.42-181.41 Bq/kg) is lower than the world average.
Additionally, Appleton et al. (2008) also reported a good agreement
between radon and soil geochemical analysis using different multi-
variate regression correlations. On the other hand, Vinson et al. (2009)
explored the relationship between radium content and radon occur-
rence from fractured crystalline rocks in North Carolina, USA. They
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Fig. 5. A detailed investigation of second notable radon anomalous zone (Zone B) for a time interval of September 25, 2014 to Nov 15, 2015 is presented here. Raw
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found that the content of radionuclides in the soil samples collected
around the monitoring site is minimal and their effect on radon en-
hancement is insignificant.

Sharma et al. (2016) concluded that it is hard to estimate the radon
concentration from *2°Ra content as it depends on many other factors.
For example, Faheem and Matiullah (2008) explored that the radon
exhalation rate and moisture content have a direct relation up to a
certain limit and then radon exhibits a decreasing trend with a further
increase in moisture content. Forkapic et al. (2017) provides values of
linear correlation coefficients by incorporating all possible input vari-
ables that can affect the radon concentration. They suggested that the
radon level greatly depends on the concentration of 2°Ra and 2*2Th as
compared to other input variables such as pH, 2®U, *°K and '*’Cs. In
current study, the activity concentrations of major radionuclides ob-
served in soil samples are found to be in accordance with some in-
vestigations as discussed earlier. For example, the low activity con-
centration of 226Ra (32.69Bq/kg) does not suggests any apparent
correlation with radon level. It can be concluded that 226Ra is not a
prominent factor controlling soil radon levels for this particular case.
Overall, the results of radionuclides summarized in Tables 2 and 3 are
found to be within the typical range and for the studied area their effect
on radon enhancement is insignificant.

The second important factor affecting soil radon concentration are
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meteorological parameters. It is often difficult to discriminate an
anomaly caused solely by meteorological parameters or seismic ac-
tivity, therefore the meteorological effect should be taken into con-
sideration (Oh and Kim, 2015; Fu et al., 2017a). In this regard, analysis
of meteorological parameters prior to correlating the radon with geo-
dynamic activity is of utmost importance (Zafrir et al., 2016). Nu-
merous researchers have worked to establish relationships between
radon variability and meteorological parameters (lakovleva and
Ryzhakova, 2003; Singh et al., 2017; Oh and Kim, 2015; Jilani et al.,
2017). For example, Singh et al. (2017) monitored the soil radon level
along with key meteorological parameters in some area of Northern
Punjab, India. They concluded that a negative correlation exists be-
tween radon and temperature (—0.4), while a positive correlation ex-
ists between pressure (0.2) and humidity (0.4). Contrary to the above,
lakovleva and Ryzhakova (2003) estimated a positive correlation for
soil temperature and radon (0.752) whereas, negative correlation for
atmospheric pressure (—0.861) and humidity (—0.555) for the city of
Tomsk (West Siberia, Russia).

In the present study, the variability of meteorological parameters in
soil and air is monitored for the selected time window (Fig. 2). The
temporal variability of meteorological parameters of soil and atmo-
sphere reveals a symmetrical behavior with a slight variation in their
amplitude. For example, an analogy exists among atmospheric and soil
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Fig. 6. A detailed investigation of temporal variability of notable anomalous zone (Zone C) for a time window of Dec 20, 2014 to March 15, 2015 is presented here.
Over a selected time window abnormal increasing decreasing pattern of raw, trend and residual radon concentration followed by a series of seismic events were
observed. Residual radon concentration overpasses the threshold prior to recorded earthquakes indicated by light green vertical column. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

pressure value with slight variation (Fig. 2 a-b). However, the varia-
bility of soil radon inflicted by pressure is found to be least significant
due to its low correlation coefficient (0.05).

The relationship between humidity and temperature is presented in
Fig. 2c—d showing an analogous inverse trend. A negative correlation
(—0.268) exists between temperature and radon while, a positive cor-
relation (0.374) exist between humidity and radon during the selected
time interval. Fujiyoshi et al. (2006) and Arora et al. (2017) also re-
ported a direct relationship between humidity and radon and an inverse
relationship for temperature possibly due to an increase of water con-
tent which may holds higher concentration of radon progenies (Singh
et al., 2005b).

By comparing radon with rainfall data (Fig. 2e-f), it is observed that
at the onset of rain, radon shows a surge with a time lag, possibly due to
the entrapment of soil radon (Arora et al., 2017). As expected, the
frequency of rainfall was found to be higher for the months of Ju-
ly-August 2015 and lower from November—January 2014 (Fig. 2e). A
very clear relationship can be observed between the asymmetrical trend
of humidity and temperature values presented in Fig. 2¢ and rainfall
data (Fig. 2e). Extreme values of humidity and temperature from July

to September 2014 are possibly due to the highest rainfall values for the
corresponding time interval and vice versa. Overall, the comparison
presented in Fig. 2c—d suggests that a temporal progression of hu-
midity/temperature is dependent on each other for soil and atmo-
sphere. It is worth mentioning that the low correlation among radon
and meteorological parameters reveals that radon enhancement is
possibly related with some others external factors (i.e. seismic activity)
recorded during the selected time window.

The third important factor is the temporal analysis of radon along
with its controlling parameters to determine the degree of chaotic be-
havior and examine the dynamics of radon concentration reported in
numerous studies (Pausch et al., 1999; Planinic et al., 2004; Barbosa
et al., 2007; Tatli, 2015). The estimation of a fractal element for radon
time series facilitates exploring the underlying dynamics of a physical
system such as seismic activity (Barman et al., 2015). Overall, a wide
range of values for H are reported in many studies for radon and me-
teorological parameters. This range mainly depends on the metho-
dology adopted for monitoring and quality of the data (Pausch et al.,
1999; Planinic et al., 2004; Barbosa et al., 2007; Nikolopoulos et al.,
2014; Gkarlaouni et al., 2017). For example, Planinic et al. (2004)
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calculate the chaotic behavior of radon along with pressure and tem-
perature in different environments. They concluded that environmental
parameters exhibit a persistent trend (H > 0.5) while, the behavior of
radon is anti-persistent (H < 0.5) i.e. a decreasing trend in the past
implies a probable increase in future and vice versa. On the contrary,
different values of H for radon have been obtained in many studies e.g.,
Planinic et al. (2004). In current study, the fractal dimensions of radon
time series exhibit characteristics of deterministic chaos with
0.5 < H < 1 i.e. persistent trend. Furthermore, the persistence of
controlling meteorological parameters of radon time series attests to
their mutual dependency. In summary, the H computed in the current
study exhibits a persistent trend for radon and its accompanying me-
teorological parameters. Therefore, no chaotic behavior can be ex-
pected in our radon data, consistent with some prior observations as
discussed earlier.

Analyses of all the above three factors intend to explore the tem-
poral reconnaissance of soil radon within the context of earthquake
forecasting. The main rationale behind this temporal reconnaissance of
radon is the tectonic stresses associated with the impending earthquake
event (Walia et al., 2013; Woith, 2015; Zafrir et al., 2016; Arora et al.,
2017). In this regard, Pulinets and Ouzounov (2011) proposed a phy-
sical mechanism that systematically explain the synergy between pre-
earthquake signals and seismic activity is proposed by Pulinets and
Ouzounov (2011) in the form of Lithosphere-Atmosphere-lonosphere
Coupling (LAIC) model. According to LAIC model, the relative move-
ment of the tectonic blocks increasing the stress level which leads to
opening of micro-fractures in the impending focal zone facilitating the
emanation of soil gases that can serve as earthquake precursors. How-
ever, there is a lack of universally accepted model that conceivably
demonstrate the precursory nature of radon anomalies (Woith, 2015).

The current study encompasses the significance of residual signal
processing techniques which diminish the regular frequent effect of
data recording. A very distinct feature of this technique is linked with
the reduction of any kind of random noise related to regular frequent
effects of data recording (Fu et al., 2017; Arora et al., 2017). Further-
more, the anomaly selection criteria (¥ + 20) applied on residual radon
concentration helps in identification on earthquake related signals by
lowering the probability of false anomalies (Hartmann and Levy, 2005;
Fu et al., 2017a). The statistical criterion of (X + 20), means that we
have a confidence interval of 95% for identification of a radon anomaly.
In other words, there is only a 5% probability that a spike overpassing
this criterion in radon data can exist (Planinic et al., 2001).

The results of the present investigation inferred interplay between
the magnitude of an earthquake event, the location of a radon mon-
itoring site and the distance from the event epicenter (Inan et al., 2008).
For example, radon variations fail to register any anomalous change
associated with a distant earthquake event of Zone A recorded on
September 13 2014, despite of its high magnitude (M > 4). On con-
trary, radon variation seems to be more responsive for impending
earthquake events of low magnitude and low Rg/Rp, values belonging to
Zone A. Likewise, the results of Zone B further endorse the presence of
radon anomalies around the time of selected earthquakes with high
magnitude and low Rp/Rp value. The Zone C presents a scenario of
anomalous radon signals possibly caused by an earthquake swarms of
small events. In this case, the largest earthquake (M = 5.4; Fig. 6) is
assumed to precede the anomaly as reported in earlier investigations
(Hartmann and Levy, 2005). It is worth mentioning that the radon
anomaly associated with this swarm of earthquakes also fulfills the
superposition of pre- co- and post-seismic signals.

In particular, notable anomalous peaks of residual radon are iden-
tified prior earthquake events of magnitude > 4.0 and low Rp/Rp va-
lues. Moreover, the absence of anomalous peaks prior to a few earth-
quake events in the selected time window can be attributed to their low
magnitude and high Rg/Rp values. Besides this, the temporal variability
of thoron also reveals few upsurges around the time of a few earthquake
events during the selected time window, suggesting a change in depth
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of the predominant source of soil radon. However, least preference is
given to thoron in the context of earthquake forecasting due to its re-
latively shorter half-life (55.6s).

The present investigation reveals that the results obtained in this
study are consistent with the results reported by Jilani et al. (2017) and
Barkat et al. (2017) at other radon monitoring sites within this region.

6. Conclusions

In the current study, a systematic monitoring of soil radon along
with key meteorological parameters is conducted within the context of
earthquake forecasting. In particular, before correlating fluctuations of
soil radon with impending earthquakes, we have performed: (1) a
geochemical analysis of soil around the monitoring site, and (2) sta-
tistical (Hurst) analysis of soil radon and meteorological parameters.
Our results suggest a clear relationship between the variability of soil
radon and seismic events. The main results of this study are summar-
ized as:

a) Geochemical analyses reveal that the content of radionuclides in the
soil is comparable to standard values. This suggest that any en-
hancement in radon is not related with the occurrence of natural
radionuclides as well as other soil properties such as soil moisture
content, pH, conductivity etc.

b) The deterministic analysis of radon and meteorological parameters
reveals a positively auto-correlated persistent long-memory trend
indicating that past trend of selected data is more likely to be con-
tinued than to be inverted in the future.

c) The low correlation coefficients among radon and meteorological
parameters disclose that any anomalous enhancement of radon is
not attributed to a meteorological change.

d) The statistical analysis (residual signal processing technique;
X + 20) of soil radon variability reveals the presence of three per-
iods (Zones A, B and C) of significant radon enhancements. In every
period, notable peaks of residual radon were identified with im-
pending earthquake activity. It is worth mentioning that the current
statistical approach fails to capture any anomalous change asso-
ciated with the earthquakes of low magnitude and high Rg/Rp value.
Inclusively, the existence of such a significant correlation between
the results observed for different monitoring stations endorses the
use of a dense network of radon monitoring for earthquake predic-
tion studies.
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