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ABSTRACT

This study presents an analysis of data from various radon anomalies
that were compiled by Toutain and Baubron [1999], to investigate their
relationships with the earthquake parameters of magnitude and distance
from epicenter. The simple methodology applied here reveals significant and
positive correlation between the duration of the radon anomalies and the
ratio between the earthquake preparation radius and the distance between
the sensor and the event epicenter. This shows an important relationship
between seismic activity and duration of radon anomalies at a local scale.
The consequences and implications of this relationship are discussed.

1. Introduction

The study of earthquake precursors has a long history
that goes back to the late 19th century [e.g., Kagan and
Knopoff 1987, Geller 1991, Wyss 1991; and references
therein]. In the last few years, the study of these phenomena
has been gaining new widespread interest. The reason for
this is clearly due to the valuable tools that are being devel-
oped in this field to complement existing hazard assessment
facilities. In the literature, it is possible to find a number of
different effects with many occurrences [e.g., Biagi et al.
2006, Ouzounov et al. 2007, Chauhan et al. 2009, Silva et al.
2011]. The interested reader is referred to a recent review by
Cicerone et al. [2009].

Many studies have attributed these effects to radon em-
anations that can be caused by variations in the bedrock
strain and the soil permeability during the preparatory
phase of earthquakes, and particularly by severe changes
near to the end of this phase [see, e.g., Pulinets and
Ouzounov 2011]. For example, according to Harrison et al.
[2010], the radon released in this process can ionize the
lower atmosphere, to produce a considerable reduction in
the atmospheric electrical field.

Due to its relevance, comprehensive analyses of radon
emanations are crucial, and many studies have dealt with this

issue. In particular, Toutain and Baubron [1999] carried out
a very extensive review of various degassing processes in re-
lation to seismic activity for different gases (especially radon),
with specific attention to the multiple factors that can influ-
ence these processes (mainly weather conditions). As a dis-
cussion of these aspects is not within the scope of the present
study, the reader is referred to Toutain and Baubron [1999],
where many further details can be found.

In the present study, we applied a simple statistical pro-
cedure that was recently developed by Silva et al. [2012] to
the radon anomalies associated with seismic activity that
were compiled by Toutain and Baubron [1999]. We focused,
in particular, on a study of the relationship between the du-
ration of the anomalies and the magnitude of the earthquake
and distance from its epicenter. These anomalies are defined
based on deviations in the radon levels from the soil or
groundwater. Here, after presenting the database used and
describing our methodology in Section 2, we apply this to the
occurrences reported by Toutain and Baubron [1999], in-
cluding together both the soil and groundwater radon anom-
alies, as they are linked by the same physical processes
discussed in Section 3. Our analysis indicates that the dura-
tion of the radon anomalies is linearly related to the earth-
quake preparation radius (which is exponentially dependent
on its magnitude), and is inversely related to the distance from
the earthquake epicenter to the radon-measuring site.

2. Data

In this study, we have analyzed the various radon anom-
alies that were compiled by Toutain and Baubron [1999].
Their review includes nearly 150 anomalies of different geo-
chemical indicators, including: Rn, H,, N, Ar, He, CH » HS
and Hg (gas). Nearly 72% of these anomalies are related to
radon, which provided a significant number of cases to which
we can apply our methodology. These are defined as size-
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able deviations from the mean background levels of radon,
x , which is a typically criterion used in various studies that
considers a given measurement as an anomaly when the
radon levels rise above x + 20, with o as the standard devia-
tion. This is a well-established criterion in the literature that
provides good support for our analysis, although, unfortu-
nately, the values of x and o are not presented in the review
by Toutain and Baubron [1999], because normally they are
not mentioned in the original papers.

Most of the anomalies (83%) correspond to groundwa-
ter measurements, with 10% from soil measurements, and
7% measured using both groundwater and soil observations.
These values should imply a dominance of the groundwater
processes in our results; however, interestingly, Virk and Baljin-
der [1994] showed that groundwater and soil radon measure-
ments show similar behaviors as earthquake precursors. Thus
our dataset should be representative of the general radon em-
anation dynamics in connection with earthquake occurrences.

The measurements were made for intermediate to long-
term periods (more than 1 year of observations), and differ-
ent techniques were used. The soil radon anomalies were
measured using the track-etch method [Virk and Baljinder
1994], which is usually a low-frequency technique (integrated
over one or two weeks) that does not allow the correct esti-
mation of the anomaly duration and its starting time. On the
other hand, groundwater measurements typically consider
daily sampling from natural springs, and a subsequent closed-
circuit system enables the collected gases from these samples
to pass through a detector; e.g., a ZnS(Ag) cell. This detector
measures the number of decays recorded for a given period
after radon and its progeny reach equilibrium [Virk and
Baljinder 1994]. This technique was used for 90% of our
dataset, and it allows better control of the anomaly duration
and starting time.

It is important to note that 63% of the anomalies con-
sidered in the present study corresponded to M =5 earth-
quakes. Indeed, different precursor behaviors would be
expected for small and large earthquakes, and a careful analy-
sis regarding this will be carried out in the future.

For each radon anomaly, Toutain and Baubron [1999]
presented (for the information that is available): the magni-
tude, M, and depth of the earthquake, z (km); the distance
from the earthquake epicenter to the measurement site, D
(km); the relative amplitude of the radon measurement, da
(%); the duration of the anomaly, d (days); and the time in-
terval between the beginning of the anomaly and the occur-
rence of the earthquake, 5t (days). We selected 109 anomalies
where that the earthquake parameters M and D are available
(we did not considered z in the analysis, and thus this param-
eter was ignored), along with at least one of the three pa-
rameters of the radon anomalies, da, d, and 8t. The ranges
of theses parameters are: M = [1.9, 8.1]; D = [1, 1000] (km);
da =[—80, 1200] (%); d = [1, 1370] (days); 6t = [1, 180] (days).
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Figure 1. Representation of all radon data points from Toutain and
Baubron [1999] in the R-D plane, where R is the earthquake preparation
radius, and D the distance (km) from the epicenter to the measuring site.

3. Methodology

We will now focus on a description of the methodology
applied. First, we should note that when analyzing the possi-
ble effects of an earthquake on anomalous radon emanations,
two parameters must be considered together: the event mag-
nitude, M, and the distance from the epicenter to the meas-
uring site, D. This can be clarified when two earthquakes of
the same magnitude are considered, where they occur at dif-
ferent distances from a measuring site: it is expected that the
nearer event will influence the radon emanations more sig-
nificantly than the farther event, such that we cannot com-
pare them directly. This is because, in principle, both of the
earthquakes would be expected to generate similar deforma-
tion fields, while the deformation caused by the nearer one to
the measurement site is expected to be stronger, thereby caus-
ing a substantial increase in the local soil permeability, and
enabling greater radon emanation, as compared to the far-
ther event. Thus, it is important to develop a parameter that
is suitable to simultaneously account for both the effects of M
and D, as these two parameters by themselves are insufficient
to describe the significance of an earthquake with respect to
the radon levels at a measuring site.

On this basis, we considered the concept of the earth-
quake preparation radius, R, that depends on M [see Dobro-
volsky et al. 1979]. It is assumed that there should be an
approximately circular region around the epicenter of an
earthquake that undergoes elastic crustal deformation prior
to seismic events, with this radius estimated as R =~ 10°43M
(km). Bearing in mind these observations, we can assume
that for relevant events, the radon measurement site will fall
within a circle of radius R that is centered at the seismic epi-
center, such that R = D. Indeed, we have represented the 109
occurrences of radon anomalies that are relevant to the pres-
ent study in the R-D plane in Figure 1. From Figure 1, it is
clear that more than 84% of the events obey the R = D con-
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dition. In the remaining 16%, 10 anomalies almost coincide
as R = D (black line), while seven of the anomalies corre-
spond to microseismicity data from the same study, Virk
[1995], as cited by Toutain and Baubron [1999].

In line with the above arguments, Silva et al. [2012] in-
troduced a dimensionless parameter, S, that was defined as

follows:

=R _
S=p—1L (1)

where S should be positive, or very small if negative, for oc-
currences considered to be relevant to the present study; i.e.,
those that obey the R = D condition. In the present analysis,
we used the restrictive criterion of S =0 for the relevant
cases. Figure 2 shows the parameters that characterized the
observed radon anomalies; namely, 8a (Figure 2a), d (Figure
2b), and &t (Figure 2c¢), as a function of S for these cases. In
the S-d plot (Figure 2b), it is possible to identify a clear out-
lier point for S = 16.38 and d = 1370 days, which corresponds
to an earthquake with M = 7.8 at 130 km from the sensor,
and a radon anomaly with da = —40% and no information
about 8t as reported by Hauksson [1981]. Indeed, Toutain
and Baubron [1999] noted that in areas with frequent high-
magnitude earthquakes, more than one event might cause
an apparently single anomaly. In the particular case of this
outlier, where 8t was not identified, it might have been re-
lated to either the Haicheng (February 4, 1975, M 7.3) or the
Tangshan (July 28, 1976, M 7.8) earthquake [Toutain and
Baubron 1999], and for that reason this point was not in-
cluded in the analysis.

Finally, we performed a Pearson correlation analysis of S
with da, d and St using the statistical computing program "R".

4. Results and discussion

The Pearson correlations of da (%), d (days) and St
(days) with S are shown in Figure 3. A p <0.01 level of sig-
nificance was considered (Figure 3, blue line). Even though
no correlation was found between 8a or 8t with S, stimulat-
ingly, there was a significant positive correlation between d
and S, with a coefficient of 0.503 with a p of approximately
zero. In addition, we carried out linear regression, which fit
the data reasonably and showed a reasonable coefficient of
R? ~0.25, as can be seen in Figure 4. Although both of these
parameters are not high, they are statistically significant.
Thus we consider this as an important result, as it shows a
possible relationship between the radon anomaly duration, d,
and both the magnitude of the impending earthquake and
the distance from the earthquake epicenter to the measure-
ment site. In other words, this reveals that for two seismic
events with the same magnitude, the nearer one to the meas-
urement site will show a longer anomaly than the farther
one. This tends to confirm the physical hypotheses presented
at the beginning, as it is expected that an event that occurs
near to a measurement site should result in a stronger local
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Figure 2. The three parameters of interest presented as functions of S (de-
fined in Equation 1). (a) The time interval between the beginning of the
radon measurement anomalies and the occurrences of the earthquakes, 5t
(days). (b) The duration of the anomalies, d (days). (c) The relative ampli-
tudes of the anomalies, a (%). The data shown were extracted from
Toutain and Baubron [1999].

deformation field, together with a larger increase in the soil
permeability (while also implying a slower recovery to the
equilibrium state), and this should induce a longer radon em-
anation episode, as compared with the farther event. Like-
wise, a stronger earthquake that has a larger preparation
radius will tend to generate a radon source of larger superfi-
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Figure 3. Results obtained for Pearson correlation tests for 8a, d and &t
with S correlations.
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Figure 4. Linear regression of d as a function of S.

cial area, together with anomalous radon levels (in both the
soil and the groundwater) that last longer. It therefore ap-
pears that parameter d is related more directly to the overall
process of deformation and the permeability state than the
other parameters. Indeed, the amplitude of the anomalies,
da, depends on the amount of radon released, which is un-
avoidably related to the specific lithology at the measuring
site, such that comparisons of data from different sites has
relatively little meaning. Likewise, the interval between the
beginning of the anomaly and the occurrence of the earth-
quake, 8t (days), is strictly reliant on the intricate process of
the radon source, the emanation and flow of the radon
through the fissure network of the rocks, and its diffusion
through the overlying soil at the observation site, such that,
once again, the results from different sites are blurred by sev-
eral uncontrolled site-related factors.

At this point, it is important to note that recorded radon
anomalies are very much dependent on the local weather
conditions; namely, the precipitation and water run-off, and
also the temperature. In contrast, there is no relevant influ-
ence from the wind [Chen and Thomas 1994]. Actually, pre-
cipitation affects the soil permeability, therefore reducing
the radon release rate, and this might be responsible for the
short duration of radon anomalies like the points on the S
axis (d ~0) in Figure 2b. Thus special care must be taken
with meteorological conditions. Indeed, a possibility to min-
imize any meteorological influences on these radon anom-
alies is to consider only the anomalies with § > S_(a critical
value to study only the events with the earthquake epicen-
ter close enough to the measuring site; e.g., S. = 20). How-
ever, due to the restricted size of the database considered in
the present study, this would significantly reduce the num-
ber of selected occurrences and thereby preclude the real-
ization of any statistical analyses.

Unfortunately, as mentioned by Toutain and Baubron
[1999], there is almost no information in the literature of
very important parameters like the focal mechanics of these

earthquakes, and the meteorological conditions during the
anomalies, among others. Thus, the results shown here are
preliminary and deeper investigations will be required to pro-
vide more robust results. In particular, the effect of the focal
mechanism on the radon anomalies is definitely important,
and although it requires a significant monitoring effort, it
could complement the present analysis in the future. Never-
theless, stimulating perspectives for earthquake hazard as-
sessment are found here, and they are presented at the end of
this report (Section 4).

On the other hand, from a comparison between the re-
sults from an analysis performed by Cicerone et al. [2009]
and the present study, it is interesting to note that a clear re-
lationship between the radon anomalies and the earthquake
parameters is found here, while no particular relationships
were found by Cicerone et al. [2009]. From our point of view,
this is because they did not take into account the balance be-
tween the distance of the earthquake epicenter to the meas-
uring site and its magnitude; thus, it is not physically
appropriate to compare anomalies from different magni-
tudes at different distances (see discussion in Section 2). For
this reason, we plan to apply our methodology to the very
relevant data that was compiled by Cicerone et al. [2009], and
to compare their data with the present data. Indeed, new
studies using larger databases with careful attention to me-
teorological conditions, and particularly using more ad-
vanced statically methods (like the Kolmogorov-Smirnov
test), need to be carried out in the near future.

5. Final remarks

The present study constitutes a first step to a more pro-
found analysis that must include a larger and more complete
database of radon anomalies, with particular attention being
paid to the meteorological conditions, and especially to pre-
cipitation (this is a crucial aspect for future studies). Never-
theless, by using a simple approach, this supports significant,
although not decisive, evidence of a correlation between the
seismic activity and the duration of the radon anomalies re-
ported by Toutain and Baubron [1999]. However, the pres-
ent viewpoint of many studies, e.g., Pulinets and Ouzounov
[2011], tends to emphasize the analysis of satellite data, e.g.,
Sarkar et al. [2011], as a crucial approach to the study of
earthquake precursory phenomena. We believe that similar
to the case of meteorology, local stations are determining
in the better constraining of models, and for that reason,
much effort is still needed in multiple-parameter-based re-
search of earthquake precursory phenomena at the local
level. To this end, we suggest the combination of satellite
InSAR analysis, which provides an accurate calculation of
the deformation area (especially if compared to the rough
estimation by the formula of Dobrovolsky et al. [1979]),
with local radon measurements in seismically active regions.
In this way, it will be possible for future studies to fully ex-
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plore the effects of deformation area on radon emissions, to
provide more assertive results.
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