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Abstract
“Multifractal detrended fluctuation analysis (MFDFA)” is a relatively new technique in the
domain of nonlinear analysis and widely used to bring out the information hidden in a time
series data. The essence of MFDFA lies in overcoming various restrictions or limitations of
the “detrended fluctuation analysis (DFA)” technique. In the present paper, we have
applied MFDFA technique on soil radon-222 time series with an aim to understand the
underlying dynamics of seismic induced soil gas anomaly. Several, multifractal parameters
especially the generalized Hurst exponent, scaling exponent as well as the multifractal
spectrum of the soil radon-222 time series were figured out. Results show that soil radon222 time series data consists of several nonlinear features such as fractal structures, long
range correlation etc. which may have originated out of a wide range of perturbations
generated by seismic induced physico-chemical disturbances within the earth’s crust. The
estimated local fluctuations or root mean square (RMS) values greatly assist to figure out
the anomalous pattern present in the said radon-222 time series. The MFDFA technique
seems to be prospective in earthquake precursor study.

Multifractal, Hurst exponent, Long range correlation, Soil radon-222,
Geochemical precursor, Earthquake prediction
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1. Introduction
It is well documented in the literature that the abnormal fluctuation observed in the radon222 emanations from sub-soil gases as well as hydrothermal gases serve as a geochemical
tracer for an imminent seismic event (Cicerone et al., 2009; Hartmann and Levy, 2005;
Toutain and Baubron, 1999). The most interesting feature is that secular equilibrium of the
radioactive element radon-222 emanating from the earth’s interior is greatly influenced by
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tectonic activities, namely the changes in physico-chemical processes of the under-earth
fluid reservoir and alteration in stress-strain pattern of the earth’s crust during the final
stage of earthquake preparation phase just before rupture (Planinic et al., 2004; Wakita,
1996; Hauksson and Goddard, 1981; King, 1980). However, the diffusion and advection
mechanism for soil radon emanation process are also controlled by several geophysical and
geochemical factors such as (i) geomorphology of the study area, (ii) existence of geological
fault in the vicinity of the study area, (iii) soil porosity, (iv) ground water movement, (v)
distribution of uranium and radium in the bed rock, (vi) micro seismicity in the region etc.
(Chaudhuri et al., 2012, 2010a; Ramola et al., 2008; Das et al., 2006a; Walia et al., 2003;
Abumuard and Al-Tamimi, 2001;Ball, 1994; Virk and Singh, 1993; Igarashi and Wakita,
1990; Nazaroff and Nero, 1988; Holub and Brady, 1981; Schynoll and Chatterjee, 1958).
The earth’s tide (periodic or semiperiodic), meteorological parameters such as ambient
humidity, ambient temperature, ambient pressure, rainfall and soil characteristics such as
soil moisture, soil temperature, soil pressure, soil porosity etc. also play vital role in the
radon emanation process from sub-soil gases (Chaudhuri et al, 2011, 2010b; Weinlich et al.,
2006; Prasad et al., 2006, Barnet et al., 1997). The entire soil radon emanation process is a
complex phenomena. To understand the dynamics of radon emanation process and its
relation with tectonic activities several attempts have been made world wide since the last
three decades (Chaudhuri et al., 2013a; 2013b; Cicerone et al., 2009; Ghosh et al., 2009;
Toutain and Baubron, 1999). Various mathematical modelings were also proposed by some
workers (Omar et al., 2013; Fleischer R L, 1981; Walia et al., 2005; Kumar et al., 2012;
Walia et al., 2005a). However, as per our present understanding it is very difficult to
explore the complex phenomena of seismic induced radon emanation process by means of
conventional mathematical modeling and statistical analysis. Nonlinear methods such as
power spectrum analysis, wavelet analysis, fractal analysis etc. may assist to reveal
nonlinear characteristics of the underearth physico-chemical mechanism involved in radon
emanation process (Chaudhuri et al., 2013a; 2013b; Das et al., 2006b).
With an aim to explore the dynamics of soil radon emanation process and its relation with
seismicity in the present paper we have performed “multifractal detrended fluctuation
analysis (MFDFA)” of the soil radon-222 time series data. In this section we have briefly
described the principles of MFDFA. The technique MFDFA is a modified and more
generalised form of the well known fractal analysis which is frequently used to understand
different complex phenomena related with space-physics (Hu J et al., 2009; Movahed M S et
al., 2006), bio-physics (Ihlen, 2012; Peng et al., 1994), medical science (Dutta, 2010a;
Ivanov et al., 1999; Stanley 1999), material science (Kantelhardt et al., 1999; Vandewalle et
al., 1999), weather forcasting (Deidda, 2000; Tessier et al., 1993), stock market (Dutta,
2010b; Liu et al., 1999) and even in earth sciences (Ghosh et al., 2012; Telesca et al., 2006,
2005; Ashkenazy et al., 2003a, 2003b). The fractal analysis demonstrates the
characteristics of the natural systems that exhibit irregular pattern at all scales i.e. every
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phase of the system. In general ‘fractals’ are classified into two categories: (i) monofractals
and (ii) multifractals. In monofractals the scaling properties of the system remain same in
different phases of the system viz. one single scaling exponent is sufficient to describe the
scaling properties of the sytem. On the other hand ‘multifractals’ are more complicated selfsimilar processes that consist of a number of weighted fractals with different non-integer
dimensions. In case of multifractals the scaling properties are dissimilar in diffferent
phases (segments) of the system both in time domain as well as in frequency domain.
Consequently, multifractal systems require at least more than one scaling exponent to
describe the scaling properties of the sytem (Chen et al., 2002). It is to be noted that any
natural system does not exhibit simple monofractal behaviour (Chen et al., 2002;
Kantelhardt et al., 2001; Hu et al., 2001). Therefore, it is absolutely essential to apply
multifractal analysis to the time series data related with a natural process to understand
the underlying physics of the complex system. In the present work, we have applied the
technique of MFDFA to the soil radon time series data recorded at Tattapani geochemical
monitoring laboratory, Jammu & Kashmir (J & K), India during the 2 months period
(November 5-December 31, 2012). During this period the ambient temperature remains
relatively dry and stable, so that the disparity between the diurnal average maximum
(160C) and minimum (90C) temperature was the least in comparison to the same at other
seasons namely in summer. Additionaly, the influence of rainfall during the mentioned
period was less with respect to the same in monsoon.
2. Geological Background of the Study Area- Tattapani hot Spring Site
Soil radon-222 monitoring facility for earthquake precursory study was installed at
Tattapani hot spring site (33.240N, 74.410E) during the mid of August 2012. The springs
are situated in proximity to the Main Boundary Thrust (MBT) of the Lesser Himalayas at an
altitude of about 800m above mean sea level (Wadia, 1928; Gokam et al., 2002). At
Tattapani there are two inferred geothermal channels (Rai et al., 1996). These channels
originate out of tear fault created by thrust contact of (a) layered structure of Precambrian
age Sirban Limestone succession composed of lamina-scale organic-rich source rocks that
unconformably overly (b) calcareous and argillaceous sediments of Subathu Formation of
Eocene age (Bhat et al. 2009, Siva, 2011). The rocks of the region have varying ages ranging
from Precambrian to recent. The area lies in a high risk zone - “seismic zone IV” as per the
seismic zoning map of India. There are two thermal springs at Tattapani with temperatures
550C and 460C. The thermal springs fall in the vicinity of geologically conjectured faults and
contact zones of the mountain formations (Shankar R, 1991; Hassan and Baig, 2006). These
faults are east-west facing. The geological settings of the study area are displayed in Fig. 1.
Terrestrial gases issuing out of the hot spring at Tattapani are enriched in radon-222 (890
kBq/m3), helium (1.1 vol.%) and carbon di-oxide (4.9 vol.%) (Chaudhuri et al., 2011).
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3. Method of Analysis
We have adopted the method of MFDFA as described by Kantelhardt et al. (2002) to
analyze the soil radon time series data. If we consider a time series x(i), where i= 1, 2, …, N,
and N is length of the time series, the average value xave of the time series is estimated by
the following mathematical relation
,

(1)

where x (k) is the value of x(i) for i=k and k may vary from 1 to N.
Considering x(i) as the increment of a random walk process around the average value xave,
the ‘trajectory ’(or ‘profile’) y(i) of the time series is derived by the following relation
(2)
The method of integration which is adopted to figure out the trajectory assists to reduce
the noise content of the dataset. Subsequently, the integrated time series is divided into Ns
number of non-overlapping segments (designated asv) of equal length s. The number of
segment Ns is defined by the relation
(3)

Figure 1. The geological settings of Tattapani geothermal area, J & K.
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It is not essential that the length N of the time series always should be an integer multiple
of the timescale (s), therefore a short part of the trajectory y(i) may exist at the end of the
trajectory. With a view to acquire a high degree of accuracy in estimation process the same
procedure (forward direction procedure) is repeated from the opposite end (backward
direction procedure) as well. Thereby, 2Ns segments are obtained altogether.
The local trend for each of the 2Ns segments is now calculated by a least-square fit of the
time series. Thereafter, the variance F2(s,v)f (forward direction procedure) of each segment
v is estimated by
(4)
where v may vary from 1 to Ns and yv is the least-sqare fit of segment v for profile y(i).
Similarly the variance F2 (s,v)b (backward direction procedure) of each segment v is
estimated by
(5)
where v may vary from Ns+1 to 2Ns.
After detrending the time series, an average is performed over all the segments (v = 1 to
2Ns) to obtain the qth order fluctuation function
(6)
where, in general, the index variable q may take any real number other than zero.
Similar procedure is now performed for different values of the time scale length
(designated as s) of the segment v. The length ‘s’ theoretically may take any integer value.
Now, if the time series xi is governed by long-range power law correlation, Fq(s) will also
follows a power law for large values of s as described below
(7)
The graphical plot of log Fq(s) vs log (s) gives a straight line with slope H(q) for a particular
value of q. The log Fq(s) vs log (s) plot should be figured out for different values of q. Now
estimating the slope H(q) for each and every value of q, one can determine the scaling
behaviour of the fluctuation function Fq(s). ‘H(q)’ is known as ‘generalised Hurst exponent’
and varies with q. For a stationary time series second order (for q=2) generalised Hurst
exponent (Hq=2) is identical with the well defined ‘Hurst exponent’ (Feder, 1988). For the
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positive values of q, Hq describes the scaling behaviour of the segments with large
fluctuations while the scaling behaviour of the segments with small fluctuations are
expressed by Hq for the negative values of q. On the other hand the value of Hq=0 for q=0 is
determined by
. However, the direct averaging procedure as described in
equation (6) completely fails to estimate fluctuation function Fq(s) for q=0 due to the
diverging nature of the exponent. Thus, a logarithmic averaging procedure is applied to
estimate the fluctuation function Fq(s)for q=0 (i.e. F0(s)) by means of the following relation,
(8)
Now, in order to quantify the multifractality in a time series, the multifractal spectrum Dq is
derived by mathematical relation between Hq and classical scaling exponent τ(q) as
described below,
τ(q) =qH(q)–1,

(9)

Legendre transform of τ(q) (Barabási et al. 1991; Feder, 1988) provides the value of
Hölder exponent (or singularity strength) hq as follows ,
(10)
and subsequently the multifractal spectrum Dq which specifies the dimension of subset
series (characterised by hq) is determined by the relation
(11)
The nature of multifractality of the soil radon-222 time series was also investigated by
means of randomly shuffled data set generated out of the original soil radon time series
data by the technique followed by Kantelhardt et al. (2002). In principle, the multifractality
of a time series may originate (a) either due to presence of broad probability-density
function (non Gaussian distribution) of the time series and / or (b) simultaneous existence
of dissimilar characteristics of long-range correlations for small as well as large
fluctuations or occasionally from (c) combination of both. In order to identify the source we
analyzed the randomly shuffled time series of soil radon data. Generally, in the randomly
shuffled time series all possible correlations are wiped out by putting the data points into a
random fashion. However the probability density function remains unchanged. If the
multifractality of the time series is sourced from type (b) the shuffled series will show
random behavior with Hq,shuf = 0.5. On the other hand if the multifractality of the time series
is sourced from type (a) the generalised Hurst exponents estimated from original and
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shuffled time series will be identical (i.e. Hq,original = Hq,shuf). This happens only because the
multifractality depends upon the probability density. Moreover, if the multifractality is
sourced from both type (a) and type (b) the shuffled series will exhibit weaker
multifractality in comparison to the original time series. The values of classical scaling
exponent τ(q), known as mass exponent (or Rényi exponent), were also estimated for the
soil radon time series by means of equation (9) to determine the confinement of
nonlinearity. Further, the mutifractal spectrum for the soil radon time series was figured
out using the equation (11). The multifractal spectrum gives the detailed quantification of
long range correlation characteristics of a time series (Ashkenazy et al., 2003a, 2003b;
Shimizu et al., 2002). In particular, the width of a multifractal spectrum is a measure of
degree of multifractality present in the time series –“wider the spectrum richer the
multifractality” (Telesca et al., 2004). However, for the monofractal data set the width of
the spectrum happens to be zero. The particular value of Hölder exponent (i.e. hq,max) for
which the spectrum reaches its maximum value (i.e. Dq, max) indicates the degree of
correlation present in the sample. As the estimated value of hq,max gets lowered the time
series shows higher degree of correlation.
Apart from MFDFA of soil radon time series recorded at Tattapani observatory, an attempt
was also made to correlate the anomaly observed in the radon time series with subsequent
earthquakes that occurred in the region of interest. A number of empirical algorithms,
given in the literature, facilitate to identify the patterns of precursory signals that
characteristically occur prior to earthquakes (Chaudhuri et al., 2011; Cicerone et al., 2009;
Walia et al., 2005b; Talwani., 1979). The empirical algorithms were proposed on the basis
of statistical comparison of precursory data with seismic ones, from an existing data base
recorded by means of geochemical, hydrological, seismological and electromagnetic
techniques related with earthquake precursory studies. The preparation area (or the zone
of influence) of an earthquake scales directly with the magnitude M. Maximum limit of the
zone of influence (Rmax) is essentially a geodesic distance (in km) that includes the
epicenter of the earthquake and the monitoring stations where significant anomalies can
be expected due to seismic activity (Chaudhuri et al., 2013a; 2013b; Walia et al., 2013;
Walia et al., 2009). Out of the various empirical relations that connect M to R, the equation
put forward by
(12)
Fleischer (1981) confers the largest value (Rmax) to the radius of influence (R).
4. Experimental Methodology
In order to monitor radon precursor for imminent seismic events we have set up
monitoring facility to continuously record radon-222 concentration in sub-soil gases of
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Tattapani geothermal area (Fig.1). Concentration of soil radon-222 (in Bq/m3) along with
soil pressure (in mbar) and soil temperature (in 0C) are continuously registered by
BARASOL BMC2 probe (Algade, France make). All the probes are integrated in a cylindrical
chamber was installed at a depth of 2 meter.
The instrumental setup also consists of a pluviometer installed at the earth’s surface to
acquire the rainfall data of the region. The data registered by different probes are stored in
a memory chip which is controlled by a micro-processor embedded in the system.
Processing of the recorded data in tabulated form are performed automatically by a
software RnView2 and subsequently are transferred to the interfacing server computer. A
schematic diagram of the experimental set up is shown in Fig. 2. The data recorded at field
laboratory are regularly (daily) transferred to our headquarter at Kolkata by VSAT internet
facility to prepare a data bank. Further analysis of data by means of nonlinear analysis is
performed at VECC, Kolkata.

Figure 2. Schematic diagram of the experimental set up for continuous soil radon monitoring.

5. Results and Discussions
Temporal variation of the soil radon data recorded at Tattapani laboratory during the
period November 5-December 31, 2012 is shown in Fig. 3 (Panel A). Temporal variation of
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soil radon recorded by Barasol probe, estimated values of cubic line interpolation, mean
value, mean+2σ (σ is the standard deviation of the data set) and mean-2σ of the soil radon
data set are represented by black, red, blue, green and brown symbols respectively in Fig. 3
(panel A). The observed soil radon concentration varied from 2.34 kBq/m3 to 58.99
kBq/m3 with an average value 35.50kBq/m3 and standard deviation 6.75. Four prominent
fluctuations (>mean+2σ and also < mean-2σ) are seen in the entire two months radon time
series data. Estimation shows that these fluctuations are observed through wide band of
data points such as band 1 (data points 52-359), band 2 (data points 2230-2623), band 3
(data points 6673-6730) and band 4 (data points 7754-7859). In data band 1 (i.e. in time
frame November 5-7, 2012), data band 2 (i.e. in time frame November 20-23, 2012), data
band 3 (i.e. in time frame December 20, 2012) and data band 4 (i.e. in time frame December
28-29, 2012) soil radon concentrations show local minima with value 15.74 kBq/m3, local
maxima with value 58.99 kBq/m3, local minima with value 12.23 kBq/m3 and local minima
with value 2.34 kBq/m3 respectively. Variations of soil temperature, soil pressure and
rainfall recorded during the mentioned time period are also shown in panel B, panel C and
panel D of Fig. 3 respectively. The registered soil temperature at 2 m depth varied from
18.20C to 25.60C while sub-soil pressure fluctuated between 914 mbar and 929 mabr.
There was no noticeable rainfall during the monitoring period of November 5–December
31, 2012, other than that which was registered by the rain gauge on December 28, 2012.
On this day a 1.6 mm rain occurred across a 20 hours duration as shown in Fig.3 (panel D).
Any cross-correlation between the temporal variation of concentration profile of soil
radon, soil temperature as well as soil pressure was not found. However, interestingly in
the region of band 4 (7754-7859) (i.e. in the time frame December 28-29, 2012) the
temporal variation in the concentration of soil radon reflects a good anti-coorelation with
the rainfall data.
Local fluctuations or root mean square (RMS) plots of the soil radon data are shown in
panel A and panel B of Fig. 4 for scale length S=16 and 32 respectively. The method of RMS
analysis greatly assist to filter out very small fluctuations (noise) present in the soil radon
time series. Moreover RMS technique helps to identfy the genuine fluctuations (large
amplitude fluctuations) embedded in the soil radon time series.
Two large amplitude fluctuations are identified in the RMS plot in the data band A (61966320) and band B (7262-7440) of Fig. 4. Consequently out of four prominent fluctuations
as reflected in Fig. 3 (panel A) only two fluctuations can be statistically valid large
amplitude fluctuations (as shown in the Fig. 4). These large amplitude fluctuations
correspond to the negative anomalies observed in the soil radon time series data (Fig. 3,
panel A) recorded during December 20, 2013 (band 3) and December 28-29, 2013(band 4)
respectively. The graphical plot of log Fq(s) vs log (s) for different values of q (q= ±5, 0) is
shown in Fig. 5.
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Figure 3. (A) Temporal variation of soil radon-222 (B) Temporal variation of soil temperature, (C)
Temporal variation of soil pressure, (D) Temporal variation of rainfall recorded at Tattapani during
the period November 5-December 31, 2012.

Figure 4. Variation of RMS (local fluctuation) for the soil radon time series for scale-16 (panel A) and
scale-32 (panel B).
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Figure 5. Log (Fq) vs log (s) plot for q= ±5, 0.

Figure 6. Variation of qth order Hurst exponent (Hq) with q for original time series (blue) and
shuffled time series (red).
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Variations of log Fq(s) vs log(s) for q=+5, q=0 and q= -5 are marked as green, blue and red
symbols respectively. The dots represent the values of the log Fq(s) for different values of
log (s) where as the regression fits of the same are shown by solid lines. The slopes of the
graphical plot of log Fq(s) vs log (S)for different values of q (q=±5, 0) give the values of the
generalised Hurst exponent Hq=+5= 0.84426, Hq=0= 0.91728 and Hq=-5= 0.95430 for q=+5,
q=0 and q=-5 respectively. Mismatching of the values for generalised Hurst exponent for
different values of q (q=±5, 0) as mentioned above confers that the soil radon time series is
characterised with multiscaling properties. However in case of monofractal data or white
noise these Hq values for different values of q (q=±5, 0) will be identical (i.e. Hq=+5= Hq=0=
Hq=-5. Figure 6 shows the variations of the generalised Hurst exponent Hq for different
values of q (q=±1 to ±5 and q= 0) (marked in blue symbol). It has been found that the value
of Hq varies between a maxima 0.955 (for q= -5) and a minima 0.804 (for q= +5). The
values of Hq seems to be higher for q < 0 in comparison to the values of Hq for q> 0. A
similar feature was also observed by Kantelhardt et al. (2002) during the analysis of a non
stationary time series data. This typical feature of Hq invokes that the soil radon time series
content multifractal characteristics. Figure 6 also reveals that since the value of Hq always
lies within 0.5<Hq<1, the soil radon time series is characterized with persistent behavior. It
is notable that if the value of Hq lies within 0<Hq<0.5 the time series will show antipersistence behaviour. Moreover, Figure 6 shows the variations of the generalized Hurst
exponent for the shuffled time series (marked in red symbol) and that the values of Hq,shuf
remains around 0.5 with a minor dependence on the values of q. As the value of Hq,shuf = 0.5,
one may confer that the multifractality present in the soil radon time series likely to be
originated out of the source type (b) as mentioned earlier i.e. due to long range
correlations. The nature of dependence of scaling exponent τ on the values of q is shown in
Figure 7.

Figure 7. Variation of mass exponent (τ) with q for original time series (blue) and shuffled time
series (red) for soil radon data.
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For monofractal data set mass exponent shows linear dependence on the values of q. In the
present case for soil radon data the mass exponent exhibits nonlinear characteristics with
slope 0.60 for the region A (q= -5 to 1) and slope 0.36 for the region B (q =2 to 5). This
implies that the nonlinearity is confined within the region C (q =1 to 2). In Figure 7 the
variation of τ(q) with q for the original radon time series is represented by blue symbol
while the same for the shuffled series is designated by red symbol. Since the variation of
τoriginal does not follow the same trend as the variation of τshuffled, one may conclude that the
mutifractality present in the radon time series could be sourced from source type (b) as
mentioned earlier i.e. due to long range correlations. Figure 8 shows the multifractal
spectrum (graphical plot of Dq vs hq, known as singularity spectrum) of the time series
derived by MFDFA technique. The variation of Dq with hq for the original radon time series
is marked in blue symbol while the same for the shuffled time series is indicated in red
symbol. Width of the spectrum for the original time series is Woriginal= 0.246 whereas for the
shuffled one this value is Wshuffled = 0.112. It is to be noted that width of the multifractal
spectrum represents the degree of multifractality present in the time series. In the present
case for the soil radon data Woriginal>Wshuffled and therefore the shuffled series shows weaker
multifractality in comparison to the original time series. This implies that apart from the
source type (b) i.e. contribution from long range correlations, the multifractality of the soil
radon time series was also sourced from the source type (a) i.e. broad probability density
function. The maximum value of hq(i.e. hq,max) for which Dq attains its maximum value was
estimated for the original radon time series. This value is estimated to be 0.9167. This
relatively high value of hq,max (>>0) confers that the degree of correlation present in the
said soil radon time series may be considered as an weaker coorelation. This suggests that
the soil radon time series seems to be more irregular in pattern.

Figure 8. Multifractal spectrum of the original time series (blue) and shuffled time series (red) for
soil radon data.

71

Chiranjib Barman et. al. 2014

As mentioned earlier, out of four prominent fluctuations present in the entire time series as
shown in Fig. 3 (panel A) there exist only two statistically valid large amplitude fluctuations
(Fig. 4). Those two fluctuations were recorded during the periods December 20, 2012 and
December 28-29, 2012 respectively. However, an average rainfall of 1.6 mm that continued
for more than 20 hours was also recorded on December 28, 2012 (Fig. 3, pannel D).
Consequently the anomalous decrease in the concentration of soil radon observed during
December 28-29, 2012 likely to be associated with 1.6 mm rainfall on December 28, 2012.
On the other hand, the soil radon anomaly observed during December 20, does not appear
to be influenced either by rainfall or related meteorological criteria. It could be sourced
from pre-seismic tectonic activities and may be well treated as a seismic induced anomaly.
The said negative anomaly was well below M-2σ and also sustained for more than 10 hours
on December 20, 2012. Now, in order to assign the probable seismic events that sourced
the observed soil radon anomaly, we consider all the 51 earthquakes (magnitude > 4M)
that occurred in India and its neighborhood during the two month time period November
1, 2012 to January 10, 2013. The regional occurrences of the listed earthquakes were
within a radius of 1000 km from the Tattapani monitoring laboratory. Seismological data
was collected from the India Meteorological Department (IMD) and the US Geological
Survey (USGS) website reports (http://www.imd.gov.in/ section/seismo/dynamic &
http://earthquake.usgs.gov/earthquakes) for the study period Nov 12 to Jan 2013.

Figure 9. Seismological data of the earthquakes that occurred within a radius of 1000 km from the
Tattapani observatory during the period of November 1, 2012 – January 10, 2013.
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Magnitude wise epicenter within 1000 km of Tattapani for the study period area is shown
in Figure 9. Tattapani lies within 500 km of the M 5.9 HinduKush earthquake epicenter as
shown by the circle. The maximum radius of precursory zone (Rmax) for each event was
estimated using equation (12). We put forward the argument that an impending
earthquake may generate anomalies in soil radon concentrations provided the distance
between the monitoring site and the earthquake epicenter (DE) is approximately close to or
less than Rmax i.e., (i) DE ~ Rmax or (ii) DE ≤ Rmax. A similar approach was also followed by
Chaudhuri et al., 2011; Walia et al., 2013 to find out correlation between observed radon
anomaly and subsequent seismic events. Out of all the 51 listed earthquakes (shown in Fig
9) only one instance (red star symbol), the Hindukush region (35.7110N; 70.5990E)
earthquake of magnitude 5.9M that occurred on December 29, 2012 satisfies the distance
rule (ii) DE (=443 km) <Rmax(=679 km). Consequently the soil radon anomaly observed
during the period December 20, 2012 may be considered as a genuine precursor for the
5.9M Hindukush region earthquake that occurred on December 29, 2012. The mentioned
negative anomaly was observed 9 days prior to the Hindukush region earthquake.
6. Conclusion
The technique of MFDFA helps to identify four prominent fluctuations (> mean+2σ and also
< mean-2σ) in the entire two months radon time series data recorded at Tattapani
laboratory. Out of four prominent fluctuations observed in the soil radon time series only
two fluctuations were identified as statistically valid large amplitude fluctuations using the
RMS analysis. Any cross-correlation between the temporal variation of concentration
profile of soil radon, soil temperature as well as soil pressure was not found. However, the
anomalous decrease in the concentration of soil radon (large amplitude fluctuation)
observed during December 28-29, 2012 is likely to be associated with 1.6 mm rainfall on
December 28, 2012 and was not sourced from any seismic activity. Moreover the distance
rule incorporating the estimation of the epicentral distance and maximum radius of
precursory zone suggests that the soil radon anomaly observed during the period
December 20, 2012 (the remaining large magnitude fluctuation) may be considered as a
genuine precursor for the 5.9M Hindukush region earthquake that occurred on December
29, 2012.
The method of MFDFA also assists to figure out the underlying dynamics of radon
emanation process from soil gas. Mismatching of the estimated values for generalised Hurst
exponent for different values of q (q = ±5, 0) confers that the soil radon time series was
characterised with multiscaling properties. Moreover since the estimated values of Hq
always lies within 0.5<Hq<1, one may confer that the soil radon time series is characterized
with persistent behavior. The estimated value 0.5 of the generalized Hurst exponent for the
shuffled time series (Hq,shuf) suggests that the multifractality present in the soil radon time
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series likely to be originated out of the source contribution from long range correlations.
For the radon time series data the estimated width of the multifractal spectrum for the
original time series (Woriginal) seems to be greater than the width of the multifractal
spectrum for the shuffled time series (Wshuffled). This implies that apart from the source of
multifractality from contribution from long range correlations, the multifractality of the soil
radon time series was also sourced from the broad probability density function. Relatively
high value of the estimated Hölder exponent hq,max (>>0) for the soil radon time series data
implies that the soil radon time series seems to be more irregular in pattern. The method
of MFDFA seems to be potential tool to explore the underlying physics inherent in the time
series data related with soil radon anomaly for the study of earthquake precursors.
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