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Abstract

findings of R/S analysis within the anomaly.

On 17 November 2014, at 23:05 and 23:09 local time, two shallow earthquakes of M, =5.1 occurred in
Prokopion, Chalkis, 86 km North-West of Athens, Greece. Prior to the earthquakes a significant radon anomaly was
observed by a telemetric radon station operating with a Barasol MC2 probe (Algade France). The anomaly lasted
approximately between 24 Oct 2014 and 10 November 2014. This paper reports the trends of long-memory that were
addressed through Rescaled Range (R/S) analysis and Detrended Fluctuation Analysis (DFA). Hurst exponents above
0.8 were found by R/S analysis during the radon anomaly. The signal exhibited persistent behavior. DFA verified the
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Introduction

Radon is an alpha emitting noble gas that is produced by the
radioactive decay of uranium (*®U) series [1]. The most significant
isotope is *?Rn because it's concentration is higher when compared
to the trivial concentrations of the other radon isotopes [1]. **Rn
(hereafter, radon) has a relatively long half-life (3.8 days). For this
reason it appears at measurable levels in the environment. As radon
decays it may dissolve in soil’s pores and fluid [1]. Thereafter, it migrates
near or far and dilutes in atmosphere, surface and underground
water [1]. Anomalous radon variations have been observed prior to
earthquakes in groundwater, soil gas, atmosphere and thermal spas
[2-14]. It has been identified as a potential short-term [15] earthquake
precursor. The related research is still in progress, investigating
further potential associations between radon and earthquakes [2-14].
Nevertheless, no universal model exists to serve as a pre-earthquake
signature [16,17]. Moreover, there is no definite rule to link any kind
of pre-earthquake anomaly to a specific forthcoming seismic event,
either if this is intense or mild [16-18]. For these reasons, despite the
fairly abundant circumstantial evidence, the scientific community still
debates the precursory value of premonitory anomalies detected prior
to earthquakes [16]. On the other hand, well established criteria exist to
identify pre-earthquake patterns hidden in time-series which are based
on the concepts of fractality and self-organization [15-47]. Four recent
reports revealed fractal Self-Organized Critical (SOC) characteristics
of radon disorders prior to significant earthquakes in Greece [18-
21]. An important recent paper [22] reported also pre-earthquake
fractal characteristics of a 3 year radon signal through the method of
multifractal Detrended Fluctuation Analysis. The recent radon related
papers [18-22] employed methods such as the wavelet spectral fractal
analysis, the Detrended Fluctuation Analysis and the entropy analysis
and reported that the investigated disorders exhibited self-affine
persistent-antipersistent behavior similar to those of the pre-seismic
electromagnetic disturbances of the ULF, LF and HF range [23-47].

This paper reports the anomalous radon signal that was collected
by the telemetric radon station prior to the twin M, =5.1 earthquakes of
17 November 2014 that occurred in Greece. Trends of long-memory are
searched through Rescaled Range (R/S) analysis [48,49] and Detrended

Fluctuation Analysis (DFA) [50-56]. Results are interpreted in terms of
Hurst exponents [48,49].

Materials and Methods

Instrumentation

Radon measurements were conducted with VDG Baracol
(ALGADE, France) in the Campus of Technological Educational
Institution of Athens. Radon in soil was monitored by a telemetric radon
station operating with the radon probe Barasol MC2 (BMC2). The
main quantities measured by the BMC2 probe were the concentration
of Rn, the temperature and the atmospheric pressure. For the
measurement, the BMC2 sensor (implanted silicon detector) authorizes
counting of atoms of *?Rn and its daughter products by spectrometry.
The calibration of the sensor enables the volumetric activity of **Rn
to be calculated. The instrument is designed to be used in difficult
environments and to collect passive measurements with no disturbance
of the environment. For monitoring purposes, the BMC2 probe was
installed in a borehole at 1 m depth and data sampling was performed at
the rate of 1 measurement per 15 minutes. The radon station is depicted
in Figure 1.

Mathematical methods

Hurst exponent: Hurst exponent (H) is a mathematical quantity
which can detect long-range dependencies in time-series [48,49]. It can
estimate the temporal smoothness of time-series and can search if the
related phenomenon is a temporal fractal [18,19,21,24,25,27,35,36,45-
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Figure 1: Radon telemetric station. The station comprises a solar panel,
an IEEE box that contains all electronic equipment and the telemetric 3G
emitting instrumentation. The BCM2 probe is enclosed in a closed PVC
container and is immersed 1m below the ground.

47]. H-values between 0.5<H<1, manifest long-term positive auto-
correlation in time-series. This means that a high present value will
be, possibly, followed by a high future value and this tendency will
last for long future time-periods (persistency) [20,21,23,24,57,58].
H-values between 0<H<0.5 indicate time-series with long-term
switching between high and low values. Namely, a high present value
will be, possibly, followed by a low future value, whereas the next
future value will be high and this switching will last long, into future
(anti-persistency) [20,21,23,24,57,58]. H=0.5 implies completely
uncorrelated time-series.

Rescaled range (R/S) method: The R/S method was introduced
by Hurst [48] and attempts to find patterns that might repeat in the
future. The method employs two variables, the range, and the standard
deviation, S, of the data. According to the R/S method, a natural record
in time, X (N )= x(1), x(2),..., x(IN ) is transformed into a new variable,
y(n, N )in a certain time period n ( n=1,2,..,N ) from the average,

N

(x), = 2@ 1)

over a period of N time units [48]. y(n, N ) is called accumulated

departure of the natural record in time [48]. The transformation follows
the formula:

YN =Y )~ (x), @

The rescaled range is calculated from the following equation
[48,57,59-61]:

R(nm)
% = €)

The range is defined as the distance between the minimum and
maximum value of y(n, N') by:
R(n) = max y(n’N)  min y(n5 N) (4)

InN InN

The standard deviation S (n) is calculated by:

S = L3 )~ (x, ) (5)
N =

R/S is expected to show a power-law dependence on the bin size:

R(n) —Cat (6)
S(n)

where H is the Hurst exponent and C is a proportionality constant.
The log transformation of the last equation is a linear relation

log [%j =1log(C) + H.log(n) (7)

from which, exponent H can be estimated as the slope of the best
fit line.

Detrended Fluctuation Analysis (DFA): Detrended Fluctuation
Analysis is a method for scaling the long-range auto-correlation of non-
stationary, noisy or randomized signals and sometimes of short data
length [19,50-57]. It is based on the quantification of the complexity of
the signals. It is a modified root-mean-square analysis of a random walk
based on the observation that a stationary time-series with long-range
correlations can be integrated to form a self-similar process. Mean
square distance of the signal from the local trend line is analyzed as
a function of scale parameter. There is usually power-law dependence
and interesting parameter is the exponent. In short, the original time-
series is integrated once; then the fluctuations F(n) of the integrated
signal are determined around the best linear fit in a time window of
size n . The slope of the line relating log(F(n))-log(n) determines the
scaling exponent (self-similarity parameter) b . This line may display a
deflection (crossover) at a certain time scale where the slope abruptly
changes. The interpretations of power-law scaling exponents and the
crossovers are system dependent.

The DFA algorithm on 1-dimensional signal ¥, (i=1.,N),
involves the following six steps [19,50-57]:

(i)  Inthe first step, the integrated profile is determined:

$0= 6 ~(») (8)

where <...> denotes the mean and is the symbol of the different time
scales.

(ii) The integrated signal, y(k), is divided into non-overlapping bins
of equal length , n.

(iii) In each bin of length n, y(k) is fitted by using a polynomial
function of order 1, which represents the trend in that box. A linear fit
is usually used. The y coordinate of the fit line in each box is denoted
by y, (k).

(iv) The integrated signal is detrended by subtracting the local
trend, y, (k), in each box of duration . The detrended signal (k) is
hence calculated in each box as:

v (k) =yk) -y, k) 9)

(v) For a given bin size n, the root-mean-square (rms) fluctuations
of this integrated and detrended signal is calculated as:

1 2
F(n)=\/2{y(k)yz (0} (10)
N K=1
Hence, F(n) represents the rms fluctuations of the detrended time-
series 7 (k).

(vi) The above is repeated for a broad range of scale box sizes (n)
to provide a relationship between F(n) and the box size n. In general
F(n) will increase with the size of segment n. Then a logarithmic graph
(logF(n) vs log(n)) is created. The linear dependence between the
average root-mean square fluctuation F(n) and the bin size n indicates
the presence of long-lasting self-fluctuations:
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Figure 2: The signals recorded by the telemetric station of Figure 1. From the top: evolution of (a) radon (b) temperature and (c) air pressure. The output was

produced by the software provided by the manufacturer.

F(n)~n’ (11)

the slope of the line, ie., the scaling exponent, quantifies the
strength of the long-range correlations in the time-series.

Results and Discussion

Figure 2 presents the radon signal recorded by the monitoring
station of radon in Athens (Greece) prior to the earthquakes of 17
November 2014. It also presents the evolution of temperature and
air pressure measured by the BMC2 probe. The measurement data
presented in Figure 2 spanned from 10 September 2014 to 17 November
2014, namely they ended approximately one hour after the twin
earthquakes. A significant radon anomaly was observed. The anomaly
started approximately on 24 October 2014 and lasted roughly up to 10
November 2014. During this radon anomaly, significant disturbances
were addressed in pressure and temperature in the borehole of the
measurements. The environmental conditions in the interim interval did
not exhibit any extreme alterations. No external influence was observed
as well. Noteworthy is the simultaneous downturn of temperature
and pressure in the borehole. Remarkable is also the sudden increase
in pressure which may have act as a piston-like procedure for radon
emanation. The pressure profile may partially explain the drop of radon
concentration; however, it may not explain the gradual increase of it.
Most importantly, the source of these alterations could not be attributed
to changes of environmental conditions or external influences. On
the other hand, a geological long-lasting procedure attributive to the
twin earthquakes of 17 November 2014 could justify the noteworthy
concentration changes of radon in soil of the borehole between 24
October 2014 and 10 November 2014.

Figure 3 shows the 50 db wavelet scalogram of the radon signal of
Figure 2a. The scalogram was produced with a logarithmic Gabor filter
of 256 scales. Of significance are the following issues.

(a) The scalogram of the first 11500 signal's samples did not exhibit
alterations;

(b) The useful scale range was approximately from scale 1 to scale
160. Scales above did not contribute in the representation of the
signal. Considering that the high scalogram scales (130-160)
correspond to the small spatial frequencies, more power was
allocated to the high scales viz. the small spatial frequencies.
Investigators [10,57] have declared this as a footprint of
earthquake generation;

(c) The radon anomaly in the scalogram of Figure 3 lasted
approximately between samples 11500 and 13000. Each sample
corresponded to 15 min of recordings of radon in soil. Hence
the radon anomaly in Figure 3, lasted 1500 samples of fifteen
minute duration, viz. approximately 15 days. This finding is in
accordance to the data of Figure 2a;

(d) The wavelet transform employed in Figure 3 is superior to
the Fourier transform since it involves space and time in a
combined way [10-21,25,27,57]. The temporal variations can
be corresponded to spatial frequencies, viz., scale parts the
earth-system that fracture in the crust. Hence, time can be
corresponded to space, namely regions in the earth that break;

Further to the above it should be mentioned that, as the wavelet
spectrogram analysis of Figure 3, the Fourier spectrogram analysis
[19] revealed that the background variations of radon in soil were
characteristically different in Fourier space than those of the anomalous
parts [19]. In addition, the Fourier spectrograms, presented [19], as
the wavelet scalograms, more power at the high frequencies and, most
importantly, similar db profiles of the background parts as those of the
scalograms. Hence, it may be supported that the first 11500 samples of
Figure 3 referred to background concentrations of radon in soil in the
borehole of TEI of Athens.
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Figure 3: 50 db wavelet scalogram of the radon signal of Figure 2a. The term “signal” corresponds to the concentration variations of Figure 2a. The term “time or
space” is explained in text. The horizontal axis may be corresponded to time intervals (x15 min). Significant high power can be observed approximately between

sample 11500 and 13000.

Figures 4-6 present the results from the application of the R/S
method to the radon signal of Figure 2a, through two different
approaches namely sliding window technique and lumping. To apply
the sliding window technique the following four steps were followed:

(i) The signal was divided in segments-windows of certain size
(number of samples).

(ii) In each segment-window, R/S analysis was applied.

In each segment, the least square method was applied to the
R
log % —log(n)linear representation of equation (7).
representations were considered those exhibiting squares of Spearman’s

correlation coefficient above 0.95.

Successive

The window was slid for one sample and steps (i)-(iii) were repeated
until the end of the signal.

To apply the lumping technique, step (iv) was modified. Instead
of the continuous sliding of one-sample per segment, the signal was
lumped at the whole size of the segment, viz. the sliding step was set equal
to the segment size. It is noted that the segment-size of 128 corresponds
to radon recordings of 1,920 min duration, ie., approximately 32 h
of segmented analysis. The double value of the window-size (256) in
Figure 5 corresponds roughly to 64 h of segmented R/S analysis. It is
worth to mention, that lumping is considered advantageous according
by some researchers [28,29].

Figures 4-6 reveal very important information about the time
evolution of the Hurst exponent. It can be observed that all Hurst
exponent values were in the range 0.5<H<1. This means that the radon
time-series had underlying memory associated with persistency. This
implies that if the signal has a tendency to increase its values in a certain
time period, it is most probable to continue increasing the values. In an
alternative interpretation, if the signal decreases in a time period, it will
continue to decrease. Within the anomaly, Hurst exponents increased
above 0.8. This is indicative of very long memory. This has certain
implications. The radon concentrations in a certain time period of long
memory refer to their past values so as to define their present values
and their future values. Moreover, Hurst peaking within the anomaly
implies that the anomaly generating earth-system was not random. On
the contrary, it was produced by fracture of cracks which propagated
in the crust in a way that a certain crack of the past was a source of a
present crack which was a source of a future crack. Investigators have
proposed such a crack propagating procedure as a pre-earthquake
signature [16,17]. In this sense, the cracks of the past were organized
with the cracks of the presence and the future, generating a backbone
of self-organized asperities [16-21]. This roadway, i.e., the asperities
backbone provided a pathway for either radon sucking (continuous
or abrupt decrease due to under pressure in the asperities) or radon
emanation (continuous or abrupt increase due to over pressure in the
asperities). Researchers have described this process under the so called
DD model (dilatation and dilatancy) [18,61]. In this sense, the DD
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Figure 4: R/S analysis with the sliding window technique of window size of 128 samples. From top to bottom: (a) the radon signal of Figure 2a; (b) the evolution
of Hurst exponent calculated through R/S analysis; (c) evolution of the square of the associated Spearman's correlation coefficient.

Figure 5: R/S analysis with the sliding window technique of window size of 256 samples. From top to bottom: (a) the radon signal of Figure 2a; (b) the evolution
of Hurst exponent calculated through R/S analysis; (c) evolution of the square of the associated Spearman's correlation coefficient.
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model could be descriptive of behavior of the Hurst exponent (Figures
4-6) only within the self-organization phase of the asperities. It is
important to note that the aforementioned long-memory process was
not quick since it lasted approximately 15 days. It is very important also
that similar slow behavior of anomalous concentration of radon in soil
was also reported for Ileia, Greece prior to a very disastrous earthquake
0f 2008 in Kato Achaia, Peloponnisos Greece [16-20]. It was also similar
to a pre-earthquake anomaly of radon in soil detected in Lesvos, Island,
Geece in 2008 [21].

It is significant that the Hurst exponents peaked well above 0.8 for
the same time period as the radon anomaly. More significant is that this
peaking was observed both through the sliding window technique and
through lumping. This fact indicates that the Hurst exponent increase
during the anomalous concentration of radon in soil of Figure 2a, was
not an artifact of the method. Further evidence can be provided by
the DFA method. Figures 7, 8 and 9 present three characteristic DFA
plots similar to those proposed by Peng et al. [52-56]. To apply the DFA
method the experimental data were fitted to equation (11), viz., F(n)~n®.
To identify existing long-lasting self-fluctuations in the experimental
data, the outputs of the DFA method were plotted in log(F(n))-log(n)
representation and fitted to linear trendlines. It may be recalled that the
linear trendline is not constant (independent of scale) and crossovers
exist, i.e., its slope differs between the short and the long time scales.
All generated DFA plots verified this and exhibited one crossover. This
crossover was observed as a change in the slope of the linear trendline
of the DFA plot. The crossover can be observed in Figures 7-9 as change
in the slope of the two trendlines. It should be mentioned, that some
electromagnetic disturbances of the MHz range presented DFA plots
with not one, but two crossovers [19].

The DFA plots prior and after the anomalous radon part were
similar (Figures 7 and 8). The slopes of the short and long scales were
analogous. On the contrary, the plots within the anomaly were mirror-
like in comparison to those of the background. The characteristic plot
of Figure 9, shows clearly that within the anomaly the long-scales
have significantly higher slope of the linear trendline. Note that this
tendency was identified in the DFA of the signal of the Ileia [19] and the
one of Lesvos [21]. Most importantly, the slope of the long scales was
above 1.5, namely 1.5<b<1.8. Similar b - value range was found for the
long scales in previous publications [19,21,57] as well. Note that DFA
is considered as very advantageous in short signals with high variations
[52-56]. It is also of importance that in the whole F(n)-n range, the
trend is linear in both parts of the log -log transformation with high
values of the square of the Spearman's correlation coeflicient (r >0.95)
in all cases.

According to Peng et al. [54], the DFA results within the radon
anomaly show characteristic persistent long range correlations. This
characteristic epoch of the radon signal is separated by the radon
background through DFA. More precisely, in the radon background the
DFA exponent of the small scales (b, ) presented values between 0.51
and 0.70, while in the region of the anomaly, between (b, ,) 1.5 and
1.8. The aforementioned values of the DFA slopes indicate that radon
background is consistent with a f{Gn-model ( 0<a<1 ) [19,54,57]. On
the contrary, the region of the radon anomaly presented DFA exponents
consistent with a fBm-model (1<a<2 ) [19,54,57]. It is very important
as well that the DFA exponent b and the spectral power-law fractal
exponent f [19-21,24,25,27,44-47,59] are related with the formula
B = 2.b-1 for both the fBm and fGn models [62]. According to this

formula the range 0.51<b, <0.70 corresponds to power-law values

Figure 6: R/S analysis through lumping with step of 128 samples. From top to bottom: (a) the radon signal of Figure 2a; (b) the evolution of Hurst exponent
calculated through R/S analysis; (c) evolution of the square of the associated Spearman's correlation coefficient.
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Figure 7: DFA plot of a background part of signal of Figure 2a. Horizontal axis is log(n)and vertical axis is log(F (n))( log — log representation of equation 11). The

legend provides the values b and b with corresponding Spearman's r 2 values.

ROI -1 ROI -2

Figure 8: DFA plot of another background part of signal of Figure 2a. Horizontal axis is log(n)and vertical axis is log(F (n))( log — log representation of equation

11). The legend provides the values b and b with corresponding Spearman's r 2 values.

ROI -1 ROI -2
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Figure 9: DFA plot of a part within the anomaly of the signal of Figure 2a. Horizontal axis is log(n)and vertical axis is log(F (n))( log - log representation of equation

11). The legend provides the values b and b

ROl -1 ROl -2

of 0.01<f<0.30 (ROI-1, short scales). These f3 - values are indicative of
the fGn class [19,54,57]. On the contrary, the DFA value range within
the radon anomaly corresponds to the range (ROI-2 long-scales). It is
of importance that this § - value range in ROI-2 (long-scales) has been
identified as a pre-earthquake signature by several publications [16-
21,23-25,27,30,31,35,36,44-47]. It is also identified as a characteristic
pattern of persistent long-memory (8 > 2). This finding verifies in an
alternative manner the outcomes of the R/S analysis.

The Hurst exponent H is related to the power-law exponent 3 by
the formula 8 = 22H +1 (1<f3<3) for the time-series model of fractional
Brownian motion (fBm) and = 2 - H -1 (-1<f <1) for the time-
series model of fractional Gaussian (fGn) [20,54,57]. By employing
the aforementioned formula of = 2 - b -1 for both the fBm and fGn
models [62], the relationship between Hurst and DFA exponents
is derived: H=b-1 for 1<b<2 and H=b for 0<b<l. In this sense, the
range corresponds to Hurst exponents (radon background)(ROI-1)
and the rangel.5 < b, , <1.8 within the radon anomaly, to 0.5 < H <
0.80 Although DFA did not identify the peaking of Hurst exponents
that was observed through the sliding-window R/S analysis, the DFA
results are in agreement with those of the R/S analysis. The latter is
very significant because two independent techniques provide similar
evidence regarding the long-memory of the system that generated the
radon anomaly. This further suggests that the underlying dynamics
are governed by positive feedback mechanisms and, hence, external
influences tend to lead the system out of equilibrium [62]. In this
manner, the system acquires a self-regulating character and, to a great
extent, the property of irreversibility, one of the important components
of prediction reliability [16-21]. All these issues further imply long-
range temporal correlations, i.e., strong system memory. Furthermore,
each value correlates not only to its most recent value but also to its

with corresponding Spearman's r 2 values. Note the higher slope of the long scales (long-memory).

long-term history in a scale-invariant, fractal manner [16-21]. The
system refers to its history in order to define its future (non-Markovian
behavior) [16-21]. From another viewpoint this behavior implies that
the final output of fracture is affected by many processes that act on
different time scales [16-21]. The aforementioned results are in good
agreement with the relevant prediction based on the hypothesis that the
evolution of the Earth’s crust toward the general failure may take place
as a SOC phenomenon. All these issues are compatible with the last
stage of earthquake generation [16-21].

In conclusion it can be supported that the findings of this paper
provide evidence regarding the existence of long memory in time-series
of radon in soil derived prior to the recent twin M, = 5.1 earthquake of
17 November 2014 occurred in Chalkis, Greece. The findings of the R/S
analysis and DFA were comparable and provided analogous estimations
for the Hurst exponents. Within the radon anomaly persistent behavior
was identified. The results seem to be compatible with the last stages of
the earthquake generation process.

Conclusions

1. 'This paper reported time-series of concentration of radon in
soil recorded prior to the recent twin M, = 5.1 earthquake of 17
November 2014 occurred in Chalkis, Athens Greece. The data
were derived by a telemetric radon station that operated with a
BMC2 probe installed in TEI of Athens, Greece. A significant
radon anomaly was observed approximately 2-3 weeks prior to
the twin earthquakes.

2. The data were analysed through the R/S technique and DFA.
The results were interpreted in terms of Hurst exponents.
Both techniques provided comparable results and analogous
estimations of the Hurst exponents. R/S was employed through
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sliding-windows and lumping. During the radon anomaly,
significant increase in Hurst exponents was addressed by the
R/S technique. DFA did not identified this peaking.

3. Trends of long-memory were identified during the recorded
radon anomaly. The texture of the anomaly and the results of
the related analysis were comparable to the texture and the
long-memory patterns reported for two other radon signals
collected by the team during 2008. Despite the similarities
and the noteworthy radon variations, it is still an open issue
to collect more data and to investigate the topic further. The
continuation of the study will provide additional information
regarding the pre-earthquake variations of radon in soil and the
prospects of the related analysis.

4. The findings are compatible with a SOC phase characteristic of
generation of earthquakes.
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