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Abstract. Prior to large earthquakes (e.g. 1995 Kobe earth-
quake, Japan), an increase in the atmospheric radon concen-
tration is observed, and this increase in the rate follows a
power-law of the time-to-earthquake (time-to-failure). This
phenomenon corresponds to the increase in the radon migra-
tion in crust and the exhalation into atmosphere. An irre-
versible thermodynamic model including time-scale invari-
ance clarifies that the increases in the pressure of the ad-
vecting radon and permeability (hydraulic conductivity) in
the crustal rocks are caused by the temporal changes in the
power-law of the crustal strain (or cumulative Benioff strain),
which is associated with damage evolution such as microc-
racking or changing porosity. As the result, the radon flux
and the atmospheric radon concentration can show a tempo-
ral power-law increase. The concentration of atmospheric
radon can be used as a proxy for the seismic precursory pro-
cesses associated with crustal dynamics.

1 Introduction

Many precursory geochemical anomalies that occurred prior
to the 1995 Kobe earthquake in Japan (moment magnitude
Mw 6.9), were investigated (e.g. Igarashi et al., 1995; Tsuno-
gai and Wakita, 1995, 1996; Johansen et al., 1996, 2000; Ya-
suoka and Shinogi, 1997; Yasuoka et al., 2006). In particular,
Yasuoka and Shinogi (1997) reported an anomaly related to
the atmospheric radon (222Rn) concentration. The concen-
trations were analyzed statistically and changes were found
to follow a power-law of time-to-mainshock (time-to-failure)
(Yasuoka et al., 2006). This means that the increase in rate
of the atmospheric radon concentration is time-scale invari-
ant, viz., it has a temporal fractal property (e.g. Takayasu,
1990). In general, atmospheric radon is supplied from the
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subsurface, and its concentration depends on the meteoro-
logical factors such as precipitation and the vertical and hori-
zontal variations in barometric pressure and temperature (e.g.
Hatuda, 1953; Ball et al., 1991; Nazaroff, 1992). However,
changes in atmospheric radon concentration before a large
seismic event was found to be beyond the estimated ranges
of annual or daily changes due to meteorological factors (Ya-
suoka and Shinogi, 1997; Yasuoka et al., 2006). This sug-
gests that anomalous radon exhalation from crust must have
occurred prior to the large earthquake.

Holub and Brady (1981) and Katoh et al. (1985) showed an
increase in radon emanation associated with microcracking
and changes in volumetric strain from uniaxial experiments.
Trique et al. (1999) reported that such emanation is associ-
ated with transient crustal deformation based on observations
of a tunnel in the vicinity of the two lakes. The crustal re-
sponse due to stress-strain changes in a region prior to large
earthquakes is qualified on the basis of cumulative Benioff
strain-release (a summation of square root of released en-
ergy from each seismic event) following the power-law of
time-to-mainshock (time-to-failure). This change has been
investigated in terms of the irreversible thermodynamic mod-
els such as fibre-bundle and continuum damage models (e.g.
Bufe and Varnes, 1993; Bowman et al., 1998; Main, 1999;
Rundle et al., 2000; Ben-Zion and Lyakhovsky, 2002; Tur-
cotte et al., 2003; Kawada and Nagahama, 2006). However,
the interaction between the crustal response and changes
in atmospheric radon concentration has not been studied in
terms of the irreversible thermodynamic models and time-
scale invariance.

In this paper, we investigate the role of crustal deforma-
tion in supplying the radon to the atmosphere, in order to
explain the cause of increase in atmospheric radon concen-
tration prior to the seismic event. First, we look at the anoma-
lous change in atmospheric radon concentration preceding
the 1995 Kobe earthquake, and describe the fundamental
principles related to radon migration in the crust. We then
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Fig. 1. Map showing the locations of the monitoring station of
atmospheric radon concentration, fault distribution in Kobe area
(Rokko fault zone) and the epicentre of the 1995 Kobe earthquake
(Mizuno et al., 1990; Huzita and Maeda, 1984; Huzita and Kasama,
1982, 1983; Yasuoka et al., 2006).

investigate how the temporal changes in the crustal strain
associated with the damage evolution affects the temporal
power-law evolution in the atmospheric radon concentration.
In particular, the time evolution of porosity, which is a pa-
rameter that regulates the migration of radon, will be dis-
cussed based on an irreversible thermodynamic model for
damage mechanics with time-scale invariance.

2 Observations and analyses of atmospheric radon con-
centration

Radon (222Rn) is a radioactive noble gas, having a half-life of
3.8 days. It is the only gaseous nuclide produced as a result
of the decay of radium (226Ra) in naturally radioactive ura-
nium (238U) series.222Rn and its short-lived decay products
(218Po,214Pb,214Bi and214Po) emitα-particles,β-particles,
besidesγ -rays. We can detect the concentration of222Rn by
countingα-particle emission,β-particles and also theγ -rays
(e.g. Ball et al., 1991; Nazaroff, 1992).

We briefly introduce an observation and analysis of atmo-
spheric radon concentration preceding the 1995 Kobe earth-
quake based on Yasuoka and Shinogi (1997) and Yasuoka et
al. (2006). The atmospheric radon concentration was moni-
tored continuously using a flow-type ionization chamber (18
litre volume) from January 1984 to February 1996 (except
during January 1989 to December 1989 when the cham-
ber was out of order). The monitoring station is located at
the Kobe Pharmaceutical University and directly above the
Rokko fault zone (Fig. 1) in which the aftershocks of the
Kobe earthquake happen. The air 5 m above the surface was
filtered into the chamber, and the atmospheric radon concen-
tration was measured. The radon decay products are assumed
to be trapped by the high-efficiency particulate air filter be-
fore measuring the concentration of radon in the ionization
chamber.

Kobe Earthquake
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Fig. 2. Time series of the smoothed residual value of atmospheric
radon concentration as observed from January 1984 to February
1996 (except from January–December 1989). Data was taken from
Yasuoka et al. (2006).

The continuous data was integrated for every hour. The
daily minimum in the hourly data was taken to be the regional
representative value, since radon is diffused or advected in
the atmosphere (Ikebe et al., 1983). The averaged seasonal
variation in the daily minimum is taken as the normal value
for each day. For example, the normal value for 1 January
was derived as the average of nine daily minimums for 1 Jan-
uary observed between 1984 and 1993 (except for 1989 when
the data was not available). The daily minimums and normal
values of atmospheric radon concentration were smoothed
based on the exponential smoothing method (Gardner, 1985)
which minimizes daily meteorological effects. Thus, we can
quantify the deviation removing the residual seasonal vari-
ations in radon concentration as the residual value, i.e., the
difference between the smoothed daily minimum and normal
value of the radon concentration for each day. The residual
values from 1 January 1990 to 30 December 1994 and from
31 December 1994 to 16 January 1995 are smoothed again,
respectively, to minimize the meteorological noises more ac-
curately. Thus, we obtain a time-series of the smoothed
residual values of atmospheric radon concentration for each
day as shown in Fig. 2. Preceding the 1995 Kobe earthquake,
a remarkable anomaly was detected – the atmospheric radon
concentration was found to continuously exceed the mean by
three standard deviations (3σ s).

To evaluate the seismic precursory anomaly, Yasuoka
et al. (2006) analyzed the relation between the time-to-
earthquake and the smoothed residual values, and showed
that the increase in the atmospheric radon concentrationCR

obeys a power-law of the time to the 1995 Kobe earthquake
of the form:

CR = C1 − C2 (te − t)γC , (1)

Nonlin. Processes Geophys., 14, 123–130, 2007 www.nonlin-processes-geophys.net/14/123/2007/



Y. Kawada et al.: Atmospheric radon concentration and crustal strain 125

wherete is the time of occurrence of the 1995 Kobe earth-
quake,γ C is the power-law exponent, andC1 and C2 are
constants (shown in Fig. 3). Equation (1) and Fig. 3 show
that the increase in the rate of atmospheric radon concen-
tration is scale invariant during the time-to-failure (time-
to-earthquake), i.e., it has a temporal fractal property (e.g.
Takayasu, 1990).

The atmospheric radon concentrationCR varies linearly
with the crustal radon flux, and various regression equations
have been proposed (e.g. Ito et al., 1998; Jha et al., 2000;
Zhuo et al., 2005). Near the measuring site at the Kobe Phar-
maceutical University, the radon flux under normal condi-
tions was estimated to be of the order of 10−2 Bq m−2 s−1,
and the flux under seismic precursory conditions was found
to be 1.9–3.5 times higher than that under normal conditions.
These observations and analyses of the anomalous changes
in atmospheric radon concentration and radon flux show that
the seismic precursory anomaly was mainly attributed to the
change in the exhalation of radon from the crust.

3 Radon migration in the crust and flux to the atmo-
sphere

Uranium (238U) is distributed widely in crustal rocks so that
radon, a nuclide of the natural radioactive238U series, is con-
stantly generated within the rock strata (e.g. Ball et al., 1991).
Radon migrates through cracks in the rock, pores in soil or
wide openings along faults or joints, followed by its exhala-
tion into the atmosphere.

Radon is water-soluble and chemically inert, and so its mi-
gration occurs through advection of fluid (such as groundwa-
ter or crustal gas) as well as via diffusion. The radon diffu-
sion is formulated as Fick’s law,

J = −D
dc

dz
, (2)

whereJ is the molar flux of radon per unit area and time,
D is the diffusion constant for radon gas,dc/dzis the gradi-
ent of the radon concentration in the interstitial space of the
medium (∇c is utilized in case of 3-dimension where∇ is the
gradient operator), andz increases downward (e.g. Hatuda,
1954; Fleischer, 1980; Etiope and Martinelli, 2002). TheD-
value in soil generally ranges from 10−7–10−5 m2 s−1 (e.g.
Nazaroff, 1992). On the other hand, the advection of fluid
can be expressed using Darcy’s law,

Q = −κ
dp

dz
, (3)

whereQ is the volume flux of the fluid,κ is the hydraulic
conductivity, anddp/dzis the pressure gradient in the fluid
(∇p is substituted fordp/dz in case of 3-dimension).κ is
defined asρ̃gK/η, whereρ̃ is the density of the fluid,g is
the gravitational acceleration,K is the permeability, andη
is the viscosity of the fluid (e.g. Nazaroff, 1992; Etiope and
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Fig. 3. Log-log plots of the time-to-earthquake (time-to-failure) and
smoothed residual value of atmospheric radon concentration during
the period from September 1994 to January 1995. The fitted lines
follow respective power-laws given in Eq. (1) withC1=2.86×10
(Bq m−3), C2=3.54×10 (Bq m−3 year−γ c), te=1995.045 (year)
andγ C=0.232, andC1=2.86×10 (Bq m−3), C2=1.94×10 (Bq m−3

year−γ c), te=1995.045 (year) andγ C=0.009. The boundary of the
two fitting lines is at 30 December, 1994. Data was obtained from
Yasuoka et al. (2006).

Martinelli, 2002). Note that, only the parameterK reflects
the rock property. κ-value ranges in the order of 10−11–
10−4 m s−1 for soils (e.g. Bear, 1972) and 10−12–10−8 m s−1

for limestones and sandstones (e.g. Boving and Grathwohl,
2001). In the Nojima fault, where the 1995 Kobe earth-
quake occurred,κ-value was estimated to be of the order of
10−6 m s−1 from water injection experiments (e.g. Kitagawa
et al., 2002), and theK-value ranged from 10−14–10−13 m2

in the fault breccia zone and 10−22–10−18 m2 in the fault
gauge, respectively, at effective pressures between 50 and
180 MPa (e.g. Mizoguchi et al., 2000). The increase in the
fluxes ofJ andQ directly reflects the exhalation of radon
from crust to atmosphere.

When we neglect the geochemical (such as the radioactive
decay rate or spatial distribution of radon) and meteorolog-
ical (such as barometric pressure) effects of the medium in
Eqs. (2) and (3), thenJ andQ can be seen to depend mainly
on the porosity, i.e., a parameter describing number of radon
paths in the medium. This is supported by some observa-
tions; notably high concentrations of atmospheric radon were
detected along many faults (e.g. Ball et al., 1991; Etiope and
Martinelli, 2002). This means that the migration of radon de-
pends on the porosity, viz., the volume fraction of interstitial
spaces including pores, cracks and the wide openings along
the faults. Note that the definition of the term ’porosity’ is in
a wider sense in this paper.
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The change in porosity is generally affected by the defor-
mation of the medium, i.e., the crustal strain. Holub and
Brady (1981) conducted a uniaxial compression experiment
with a uranium-bearing granite sample, and showed that tem-
poral change in radon emanation was associated with micro-
cracking of the sample. Moreover, Katoh et al. (1985) also
carried out a similar experiment, and pointed out that the in-
crease in volumetric strain is correlated with the radon ema-
nation prior to the failure and that connecting and networking
the generated cracks cause an increase in the radon emana-
tion. These results support the fact that the change in crustal
strain leads to a corresponding change in atmospheric radon
concentration.

4 Changes in the crustal strain

Below, we review temporal changes in the crustal strain prior
to large earthquakes. Many of the large earthquakes are pre-
ceded by an increase in seismic activity in a region called
accelerated seismic release (or accelerated moment release)
(e.g. Bufe and Varnes, 1993; Bowman et al., 1998; Main,
1999; Rundle et al., 2000; Ben-Zion and Lyakhovsky, 2002;
Turcote et al., 2003; Kawada and Nagahama, 2006). This
process is defined by cumulative Benioff strain� or cumu-
lative seismic momentM in a region, as follows;

� =

∑
k

√
ek = �c − A� (tc − t)γ� , (4)

or

M =

∑
k

mk = Mc − AM (tc − t)γM , (5)

whereek andmk are the energy released and the seismic mo-
ment for thek-th earthquake,tc is the occurrence time of the
large earthquake,γ � andγ M are exponents of the power-
law, and�c, Mc, A� and AM are constants. Bowman et
al. (1998) analyzed theγ � value for twelve earthquakes.
Rundle et al. (2000) have estimatedγ � to be 0.26±0.15.
Note that the Benioff strain is not equal to the crustal strain,
while the crustal strain (obtained from satellite data) corre-
sponds to Kostrov strain (which is the cumulative seismic
momentM divided by the seismic volume) (Kostrov 1974;
Ward, 1998; Main, 1999). These seismo-statistical Eqs. (4)
and (5) show a tendency for increase of crustal strain prior
to the seismic event, following a power-law time-to-failure
equation. Note that the mathematical structure of Eqs. (4)
and (5) is same to that of Eq. (1), and the scale invariance
of time-to-failure (time-to-earthquake) can be recognized.
Moreover, it is known that the scale invariance of time-to-
failure also characterizes the ion concentration in ground-
water (Johansen et al., 1996, 2000) and also the cumulative
Benioff electromagnetic radiation (the square root of the re-
leased electromagnetic energy at each earthquake) (e.g. Ra-
binovitch et al., 2002). Especially, the invariances in cumula-
tive Benioff strain-release and electromagnetic radiation are

found to be related to the fractal structure of the pre-existing
fault system (Nanjo and Nagahama, 2004) or asperities (e.g.
Muto et al., 2007).

Thus, the temporal change in the power-law of crustal (Be-
nioff) strain is associated with the time evolution of porosity
and affects the temporal evolution of power-law of the radon
exhalation prior to large earthquakes.

5 Irreversible thermodynamics of radon migration un-
der seismic precursory conditions

5.1 Damage and porosity evolutions in rocks

In this section, we consider the time evolution of poros-
ity based on an irreversible thermodynamic model for dam-
age mechanics (e.g. Biot, 1954; Lyakhovsky et al., 1993,
1997; Ben-Zion and Lyakhovsky, 2002; Turcotte et al., 2003;
Hamiel et al., 2004; Nanjo and Turcotte, 2005; Kawada and
Nagahama, 2006; Kawada et al., 2006). The irreversible
thermodynamic model is used to describe the macroscopic
viscoelastic (or elastic) behaviour with microscopic dam-
age evolution such as microcracking. The continuum dam-
age model (Lyakhovsky et al., 1993, 1997; Ben-Zion and
Lyakhovsky, 2002; Turcotte et al., 2003) and fibre-bundle
model (Turcotte et al., 2003; Nanjo and Turcotte, 2005;
Kawada and Nagahama, 2006) are different types of the irre-
versible thermodynamic models.

The damage is quantified by a state parameterα, called
the damage parameter and lies in the range 0<α<1. At α=0,
the material is undamaged, and failed at a critical value of
αc. Hamiel et al. (2004) discussed the deformation of porous
rocks by using this damage parameter and the porosity sep-
arately. We consider the two parameters as one, and define
the porosity to be the volume fraction of interstitial spaces
including cracks, pores and their assemblies along wide fis-
sures such as fault zone, without loss of generality as far as
irreversible thermodynamics (e.g. Biot, 1954; Kawada et al.,
2006) is concerned. The temporal change in porosity can be
linked to damage evolution.

The viscoelastic behaviour of rocks with or without mi-
crofracturing is given by Dorn’s equatioṅε ∝ σ ρ (e.g. Lank-
ford, 1981; Poirier, 1985; Nanjo and Turcotte, 2005). It can
be transformed into a temporal power-law in the relaxation
modulusE(t), as follows;

dσ

dε
≡ E (t) ∝ t−1/ρ, (6)

whereσ andε are the macroscopic elastic stress and strain,
respectively. This equation means that the viscoelastic
behaviour of rocks with or without microfracturing have
an intrinsic invariant time-scale (e.g. Kawada and Naga-
hama, 2004, 2006; Kawada et al., 2006). Moreover,
Schapery (1964, 1969) and Kawada et al. (2006) derived the
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stress-strain relation associated with damage evolution based
on irreversible thermodynamics as

σ = he

dα

dε

∫
E

(
t − t ′

) dε

dt ′
dt ′, (7)

wheret ′ is the arbitrary deformation time, andhe, a constant.
Note thatα contributes towards the plastic component of the
deformation. We use Eq. (7) along with Eq. (6) to denote
the constitutive law of viscoelastic behaviour with damage
evolution.

In this setting, the continuum damage and fibre-bundle
models recover the microscopic damage evolutiondα/dt,

dα

dt
∝ (tc − t)

2−ρ
ρ−1 , (8)

and the cumulative Benioff strain-release can be formulated
as

� = �′
c − B (tc − t)

ρ−2
2(ρ−1) , (9)

where�′
c andB are constants (e.g. Lyakhovsky et al., 1993,

1997; Ben-Zion and Lyakhovsky, 2002; Turcotte et al., 2003;
Nanjo and Turcotte, 2005; Kawada and Nagahama, 2006).
This equation corresponds to Eq. (4), and the exponents are
related byγ �=(ρ–2)/[2(ρ–1)]. Damage evolution given by
Eq. (8) has been also investigated based on the percolation
model (e.g. Chelidze, 1993; Xie, 1993; Main, 1999; Chelidze
et al., 2006).

5.2 Irreversible thermodynamics for radon migration asso-
ciated with damage evolution

Based on the Sect. 5.1, let us consider damage mechanics
with radon migration, defined by Helmholtz free energy of
unit volumeF =F(T , ε, α, c, ζ ) whereε is the macroscopic
elastic strain, andζ is the volume of the fluid content (e.g.
de Groot and Mazur, 1962; Jou et al., 2001; Hamiel et al.,
2004). Then, the total differential ofF is given by

dF = T ds +
∂F

∂ε
dε +

∂F

∂α
dα +

∂F

∂c
dc +

∂F

∂ζ
dζ, (10)

wheres is the entropy density,∂F/∂ε can be considered as
the macroscopic elastic stressσ , ∂F/∂c as the chemical po-
tentialµ, and∂F/∂ζ as the pressure in the fluidp. The mass
balance equations for radon concentration and volume fluid
content are

dc

dt
= −∇ · J, (11)

dζ

dt
= −∇ · Q, (12)

respectively, where· corresponds to the scalar product. The
local entropy production8 can be expressed as

8 =
1

T

[
σ

dε

dt
−

∂F

∂α

dα

dt
− J · ∇µ − Q · ∇p

]
. (13)

When the process is isothermal and linear irreversible, the
phenomenological relations forα, J andQ can be defined as

dα

dt
= −0

∂F

∂α
, (14)

J = −D′
∇µ, (15)

Q = −κ ′
∇p, (16)

where0 is a positive constant reflecting the temporal scale
of the irreversible process,D′

≡ (∂c/∂µ)D′′, whereD′′ and
κ ′ denote a diffusion constant and hydraulic conductivity,
respectively. Equation (14) relates to the damage evolu-
tion (e.g. Lyakhovsky et al., 1993, 1997; Hamiel et al.,
2004; Kawada and Nagahama, 2006; Muto et al., 2007), and
Eqs. (15) and (16) recover Eqs. (2) and (3) in one-dimension,
respectively (e.g. de Groot and Mazur, 1962; Jou et al., 2001;
Hamiel et al., 2004).

We can define Maxwell’s relations between each term in
Eq. (10). These relations and the mass balance Eqs. (11)
and (12) correspond to the field equations in terms of con-
tinuum mechanics of porous media (e.g. Biot, 1941, 1956;
Rice, 1976). Correspondingly, two Maxwell’s relations for
the last three terms in Eq. (10) can be expressed as(

∂H

∂c

)
ε,α,ζ

=

(
∂µ

∂α

)
ε,c,ζ

,

(
∂H

∂ζ

)
ε,α,c

=

(
∂p

∂α

)
ε,c,ζ

, (17)

whereH ≡ ∂F/∂α, and the changes inµ andp are given as

δµ =

(
∂H

∂c

)
δα, δp=

(
∂H

∂ζ

)
δα, (18)

whereinδ represents the incremental change. Here,dα/dt in
Eq. (8) is defined as a separable function,

dα

dt
∝ G (x, y, z) (tc − t)

2−ρ
ρ−1 , (19)

where functionG(x,y,z) relates to the coordinates (x, y, z).
Combining Eqs. (15), (16), (18) and (19) leads to

J = J1 − J2 (tc − t)
1

ρ−1 , (20)

Q = Q1 − Q2 (tc − t)
1

ρ−1 , (21)

whereJ1, J2, Q1 and Q2 are constants. From Eqs. (15),
(16), (20) and (21),J andQ can be seen to depend on the
power-law of time-to-failure (time-to-earthquake). Thus, the
cumulative Benioff strain-release is associated with damage
evolution, which affects the temporal power-law of exhala-
tion radon from the crust to atmosphere.
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6 Discussions and conclusions

We reconsider the migration process of radon under normal
condition regulated by Eqs. (2) and (3) and under seismic
precursory condition as prescribed by both Eqs. (15) and
(16). Comparing the parameters in Eqs. (2), (3), (15) and
(16) which decideJ andQ, under both normal as well as
seismic precursory conditions,D and D′′ are found to be
nearly equal, whereas, other parameters∇µ (or ∇c), κ and
∇p were found to increase under the latter. The damage evo-
lution induces change in the connectivity in the medium (e.g.
Chelidze, 1993; Xie, 1993; Chelidze et al., 2006) besides in-
creasing the hydraulic conductivityκ ′. Thus, from Eqs. (17)
and (18) it can be seen that the damage evolution is associ-
ated with changes in parameters∇µ (or ∇c), κ and∇p, and
consequently to the increase inJ andQ (or radon flux).

When we regard Eqs. (20) and (21) as Eq. (1), these expo-
nents are related byγ C=1/(ρ–1). In Fig. 3,γ C-value during
September to December 1994 is seen to be equal to 0.232.
Hence,ρ≈5.31, and the exponent of the accelerated seismic
release in Eqs. (4) and (9) becomesγ �=0.384. Thisγ �-
value is within the expected value for accelerated seismic re-
lease (0.26±0.15, cf. Sect. 3). Although an accelerated seis-
mic release was not observed in the case of the 1995 Kobe
earthquake, the atmospheric radon concentration could por-
tray the seismic precursory process associated with crustal
dynamics better compared to the small earthquakes that oc-
curred in the region.

In Fig. 3, the regression line can be seen to have a bend at
(te−t)≈10−1.32 years, which tells us that the rate of change
of atmospheric radon concentration slows down about 15
days prior to the 1995 Kobe earthquake. So, we can infer that
the tectonic damage process underwent changes during this
period. Log-log plot of the time-series of the atmospheric
radon concentration shows the time of this bending clearly.
Thus, when there is a detectable anomalous increase in the
atmospheric radon concentration which allows us to deter-
mine the time when the bending takes place, it is possible to
predict the time of mainshock.

There are many modes for radon transportation by fluids
such as gas flow in a dry fracture and microbubbles in the
groundwater (e.g. Etiope and Martinelli, 2002). By taking
into account the rate and distance of the radon migration, the
advection of fluids may be the dominant mode. We need to
quantify the contribution of each form of radon transporta-
tion, but the geochemical and hydrological properties of mi-
gration are outside the scope of this paper. In this paper, we
shed light into the geophysical or geomechanical properties
of the medium through which radon passes, and point out
the qualitative relationship between time-scale invariances of
the increase in atmospheric radon concentration and damage
evolution of the medium.

In conclusion, we have investigated seismic precursory
increase in atmospheric radon concentration based on irre-
versible thermodynamics for the damage mechanics of the

crust supplying the radon to atmosphere. The temporal
power-law change in the cumulative Benioff strain was found
to be associated with the damage evolution viz., the change
in porosity. This time-scale invariant behaviour of the crust
promotes an increase in the hydraulic conductivity (perme-
ability), pressure of the fluid advecting radon, and the radon
concentration within the crustal rocks, all of which affect the
time-scale invariant increase in the flux of radon into the at-
mosphere and hence the atmospheric radon concentration.
The concentration of atmospheric radon can be used as a
proxy for the seismic precursory processes associated with
crustal dynamics.
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