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Abstract

Anomalies have been observed in the radon content of thermal spring water at the Italian–Slovenian border. To distinguish the

anomalies caused by environmental parameters (air and water temperature, barometric and hydrostatic pressure, rainfall) from those

ascribed solely to earthquakes with ML from 1.2 to 2.5 and epicentres, RE, within 2RD (RD—Dobrovolsky’s radius), two approaches

have been used: (i) correlation between time gradients of radon concentration and hydrostatic pressure, and (ii) regression trees within

machine learning programs. The regression trees approach has been improved by introducing additional environmental parameters and

prolonging the measuring period.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Radon (222Rn) can be transported effectively from deep
layers of the Earth to the surface by carrier gases and by
water (Kristiansson and Malmqvist, 1982; Etiope and
Martinelli, 2002). This transport is affected by phenomena
accompanying seismic events (Ulomov and Mavashev,
1971; Scholz et al., 1973; Mjachkin et al., 1975; King, 1978;
Ui et al., 1988; Ohno and Wakita, 1996; Pulinets et al.,
1997; Touten and Baubron, 1999; Planinić et al., 2000;
Belyaev, 2001; Virk and Walia, 2001). If radon is therefore
monitored at a thermal water spring, shortly before or
during an earthquake, an anomaly, i.e. a sudden increase
or decrease in radon level, may be observed (Teng, 1980;
Heinecke et al., 1995; Virk and Singh, 1995; Fedeli et al.,
2001; Heinecke et al., 1997; Virk and Sharma, 1997; Singh
et al., 1999; Italiano et al., 2001; Virk and Walia, 2001).
Thermal springs and ground waters in Slovenia have been
systematically surveyed for radon (Kobal et al., 1978;
Kobal, 1979; Kobal and Renier, 1987; Kobal and Fedina,
1987; Kobal et al., 1990; Vaupotič and Kobal, 2001;
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Vaupotič, 2002; Popit et al., 2002). In a study in 1982
aimed at forecasting earthquakes, radon concentration was
determined weekly in four thermal springs, and Cl�, SO4

2�,
hardness and pH, monthly (Zmazek et al., 2000a). In 1998,
the study was extended to other thermal springs (Zmazek
et al., 2000b, 2002a, b) as well as to soil gas (Zmazek et al.,
2000c, 2002c; Zmazek et al., 2003; Zmazek et al., 2004)
at selected seismically relevant sites, and the sampling
frequency was increased to once an hour. We shall focus
here on radon anomalies in a thermal spring.
As a general practice (Yasuoka and Shinogi, 1997; Singh

et al., 1999; Virk and Walia, 2001), we have tried to identify
anomalies in radon concentration and then relate them
to seismic activity (Zmazek et al., 2002a). While some
anomalies may be observed easily, it is most often
impossible to distinguish an anomaly caused solely by a
seismic event, from one related to meteorological or
hydrological parameters. This distinction was additionally
obscured by the rapid change of the water level above the
spring, caused by the flooding of the Tolminka river. The
implementation of more advanced statistical methods for
data evaluation (Di Bello et al., 1998; Cuomo et al., 2000;
Biagi et al., 2001; Belyaev, 2001; Negarestani et al., 2001;
Planinić et al., 2003; Steinitz et al., 2003, Planinić et al.,
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2004) was expected to improve the results. In this paper,
we have applied, for the first time, regression trees
for earthquake prediction, based on radon content in
a thermal spring. Data mining and machine learning
methods used for that purpose have already been applied
successfully to many environmental problems, as reviewed
by Džeroski (2002), and also to predicting radon levels in
soil gas (Zmazek et al., 2003, 2004). In this paper two
approaches will be used. Firstly, radon anomalies will be
sought on the basis of the relationship between the time
gradients of radon concentration and hydrostatic pressure.
Then radon concentration will then be predicted from
meteorological and hydrological data during seismically
non-active periods, followed by testing the hypothesis that
the prediction is significantly worse for seismically active
(SA) than for seismically non-active periods.

2. Experiment

Experiments are described in detail elsewhere (Zmazek et
al., 2000c, 2002b, c). The thermal spring is located in a SA
area at the Slovenian–Italian border in the Devil’s Bridge
Cave near Zatolmin village (Fig. 1). The spring, whose
average temperature was 20.671.0 1C during the experi-
ment, is at the bottom of a small pool in a cave, which is
connected to the nearby Tolminka river. Since the end of
1999, radon concentration, temperature and pressure
(hydrostatic pressure, which is related to the water level
above the spring) in the water at the spring have been
measured and recorded once per hour with a barasol probe
(MC-450, ALGADE, France). Meteorological data, such
as air temperature, barometric pressure, rainfall and water
level of the Tolminka river have been provided by the
Office of Meteorology of the Environmental Agency of the
Republic of Slovenia, and seismic data by the Office of
Seismology of the same agency. Using Dobrovolsky’s
equation, RD ¼ 100.43M, (Dobrovolsky et al., 1979), the
radius RD of the zone within which precursory phenomena
Fig. 1. Map of the region with the location of the Devil’s Bridge Cave near Z

Tolminka rivers. The inset shows the position of this region (SLO—Slovenia,
may be manifested (so-called Dobrovolsky’s radius) was
calculated, M being the magnitude. The earthquakes for
which the distance RE between the epicentre and the
thermal spring was equal to or less than 2RD have been
taken into account.

3. Methodology of data analysis

Experimental data have been analysed by searching for
radon anomalies (i) expressed as time intervals when time
gradients of hydrostatic pressure and radon concentration
have the same sign, and (ii) by using regression trees.

3.1. Dependence of radon concentration on hydrostatic

pressure

Hydrostatic pressure, as measured with the barasol
probe at the spring, is equivalent to the water level in the
pool. The relationship between radon concentration in
the water, CRn, and the water level, h, is very complex. The
overflow of the Tolminka river increases water level and
decreases the temperature of the water in the pool. This
enhances the dissolution of radon gas in the water. On the
other hand, radon in the pool is diluted by river water,
reducing CRn. In addition, an increase in h may reduce the
flow rate of the spring and thus reduce the inflow of radon
into the pool. Therefore, in this study we considered the
periods when the time gradient of radon concentration in
thermal water, DCRn/Dt, and the time gradient of water
level, Dh/Dt, have simultaneously the same sign, as radon
anomalies, attributed to the seismic activity and not to
environmental parameters.

3.2. Regression trees

We used regression trees (Breiman et al., 1984), as
implemented with the WEKA data mining suite (Witten
atolmin. Shown also are the Idrija and Tolmin faults, and the Soča and

I—Italy, A—Austria, H—Hungary, HR—Croatia).
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and Frank, 1999). Details of our approach are described
elsewhere (Zmazek et al., 2003).

Regression trees are a representation for piece-wise
constants or piece-wise linear functions. Like classical
regression equations, they predict the value of a dependent
variable (called class) from the values of a set of
independent variables (called attributes). Data presented
in the form of a table can be used to learn or automatically
construct a regression tree. In that table, each row
(example) has the form (x1, x2,y, xN, y), where xi are
values of the N attributes (e.g., air and water temperature,
hydrostatic pressure, etc.) and y is the value of the class
(e.g., radon concentration in water). Unlike classical
regression approaches, which find a single equation for a
given set of data, regression trees partition the space of
examples into axis-parallel rectangles and fit a model to
each of these partitions. A regression tree has a test in each
inner node that tests the value of a certain attribute and, in
each leaf, a model for predicting the class. The model can
be a linear equation or just a constant. Trees having linear
equations in the leaves are also called model trees (MT).

The predictive performance of the regression methods
was determined using two different measures, the correla-
tion coefficient and the root mean squared error (RMSE).
The correlation coefficient (r) expresses the level of
correlation between the measured and predicted values of
radon concentration, higher values of the correlation
coefficient signify a better correlation. The RMSE mea-
sures the discrepancy between measured and predicted
values of radon concentration, smaller RMSE values
indicate lower discrepancies.
Fig. 2. Temporal variations of radon concentration in thermal spring at the D

1oRE=RDp2), level of the Tolminka river and rainfall for September 2000–F
In order to estimate the performance of predictors on
measurements that were not used for training the predictor,
a standard 10-fold cross validation method was applied.
We shall base our analysis on the hypothesis that, during
SA periods, r will be lower and RMSE higher than during
seismically non-active (non-SA) periods.
4. Results and discussion

Experimental results for the thermal spring at Zatolmin
are shown in Fig. 2. In the following sections, these raw
data will be analysed by applying (i) time gradients of
hydrostatic pressure and radon concentration, and (ii)
regression trees. Some earthquakes may be preceded and
accompanied by radon anomalies (denoted as CA case:
correct anomaly related to seismic events), some are not
(denoted as NA case: no anomaly observed for an earth-
quake); there are also anomalies during seismically non-
active periods (denoted as FA case: false anomaly,

appearing without a seismic event). Sometimes a single
short anomaly appears, but more often a number of
anomalies over longer periods have been observed, here-
after called swarms of anomalies. From the point of view of
earthquake forecasting, only anomalies starting day or
more before occurrence of an earthquake are relevant. The
duration period of a swarm, also called total time of

anomalies, is defined as the time from the beginning of the
first to the end of the last anomaly in the swarm. The net

time of anomalies in a swarm denotes the sum of duration
times of all anomalies in the swarm.
evil’s Bridge Cave, earthquake events (solid lines, RE=RDp1, dashed lines,

ebruary 2002.
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Fig. 3. Time run of (DCRn/CRn)/(Dh/h) at the thresholds fixed at (DCRn/

Dt)/CRn40.1 d–1 and Dh/Dt42 cmd–1, for selected periods. Also earth-

quakes are shown by bold vertical lines, the attached numbers are

RE/RD.
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4.1. Anomalies based on the correlation between DCRn/Dt

and Dh/Dt

From the data of the measured radon concentration in
water, CRn, and the height of the water level in the pool
above the barasol probe, h, time gradients DCRn/Dt and
Dh/Dt were calculated. Values of 1, 2, 6, 12 and 24 h have
been taken for Dt. Because of radon data fluctuations,
values Dto6 h are not used, while Dt ¼ 24 h appeared to be
optimal and has been eventually used in this paper. Time
intervals with both gradients having the same sign, either
positive or negative, i.e., ðDCRn=Dt=CRnÞ=ðDh=Dt=hÞ40,
were considered as radon anomalies, possibly related
to seismic activity (Zmazek et al., 2002c). Taking the
same value of Dt for both gradients ðDCRn=Dt=CRnÞ=
ðDh=Dt=hÞ ¼ ðDCRn=CRnÞ=ðDh=hÞ. In addition, threshold
values for both gradients were required. Thus, if a
positive ðDCRn=CRnÞ=ðDh=hÞ value was observed below
the threshold fixed at ðDCRn=DtÞ=CRno0:1 d21 and
Dh=Dto2 cmd21, a negative sign was assigned to it and
it was not considered as an anomaly. Values of ðDCRn=
CRnÞ=ðDh=hÞ thus obtained are plotted versus elapsed time
in Fig. 3. In the case of several earthquakes occurring on
the same day the magnitude of the largest is given. A series
of several earthquakes occurring within a few days (such as
those on 18.04 and 26.04.2000; 15.10 and 18.10.2000; 29.06,
03.07 and 07.07.2001; 15.10 and 17.10.2001) are considered
as one seismic event.

Anomalies were observed (Table 1) for all earthquakes
(CA cases) except for that on 18.07.2000 (NA case). In fact,
this has magnitude ML ¼ 1:8 and RE=RD ¼ 1:8, and hence
failure to forecast it does not appear to be critical. The CA
anomaly on 17.–18.05.2001 is presumably a precursor for
the earthquake on 18.07.2001. A swarm of FA anomalies
was observed between the two earthquakes on 26.04.2000
and 16.08.2000. We have tried to reduce the number of FA
cases by augmenting the threshold of Dh/Dt from 2 to
5 cmd–1 and to 10 cmd–1. It is evident from Table 2, which
also summarises the main findings from Table 1, that
increasing this threshold results in decreasing the number
of FA anomalies but, at the same time, it decreases the
number of CA and increases the number of NA cases.
Thus, with Dh=Dt ¼ 10 cmd21, anomalies were observed
for only 8 earthquakes and not for the remaining 7. This is
undesirable from the earthquake forecasting point of view,
so we have mostly based our analysis on Dh=Dt42 cmd21

(Tables 1 and 2).
Fig. 4 presents how (a) time delay between the

appearance of the anomaly and occurrence of the earth-
quake, (b) net duration time of anomalies, (c) total
duration time of anomalies and (d) number of anomalies
in the swarm all depend on the RE/RD ratio. Though with
widely scattered points, all plots show negative trends with
increasing RE/RD, as expected.

Table 2 also shows that the average duration time is
longer for FA than for CA anomalies, and is not much
dependent on the Dh/Dt threshold. For CA, the number of
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Table 1

Gradients method: earthquakes listed with (1) the date of occurring, (2) ML magnitude, and (3) RE/RD value (RE, distance of the measuring site from the

epicentre; RD, Dobrovolsky’s radius (Dobrovolsky et al., 1979)), and radon anomalies defined with (DCRn/CRn)/(Dh/h)40 under condition (DCRn/Dt)/

CRn40.1 d–1 and Dh/Dt42 cmd–1, and characterised by: (4) period of the anomaly, (5) type (CA—correct anomaly, FA—false anomaly, NA—no

anomaly), (6) start time (how many days the anomaly appeared before the seismic event), (7) duration of the anomaly swarm in days (net time of

anomalies/total time from the start of the first to the end of the last anomaly in the swarm), (8) number of anomalies in a swarm

Earthquakes (EQ) Radon anomalies

1 2 3 4 5 6 7 8

Date ML RE/RD Duration period Type Start time

before EQ/d

Duration

time/d

Number of

anomalies

15.10.2000 2.5 1.2 02.10.–12.10.2000 CA 13 2/11 2

18.10.2000 2.5 1.3

— — — 01.11.–04.11.2000 FA — 2/4 2

28.11.2000 1.2 0.3 14.11.–21.11.2000 CA 14 4/8 3

22.12.2000 1.5 2.0 09.12.–10.12.2000 CA 13 1/1 1

03.01.2001 2.3 0.8 03.01.–08.01.2001 CA 1 2/6 3

07.04.2001 1.6 0.8 13.03–25.03.2001 CA 25 3/13 3

29.06.2001 2.2 1.1 17.06.–19.06.2001 CA 12 2/3 2

03.07.2001 2.1 1.3

07.07.2001 2.3 1.8

18.07.2001 1.8 1.8 — NA — — —

27.07.2001 1.9 1.9 21.07.–22.07.2001 CA 6 2/2 1

25.09.2001 2.4 2.0 15.09.–28.09.2001 CA 10 5/14 3

14.10.2001 2.1 1.4 07.10.–10.10.2001 CA 7 2/4 2

17.10.2001 2.1 1.3

— — — 21.10.–22.10.201 FA — 1/1 1

08.11.2001 1.8 1.7 01.11.–12.11.2001 CA 7 2/12 2

Table 2

Summary of main features from Table 1, and their comparison for different values of the Dh/Dt (cmd–1) threshold

Dh=Dt42 Dh=Dt45 Dh=Dt410

CA FA NA CA FA NA CA FA NA

Total number of anomaliesa 22/10 3/2 —/1 18/6 3/2 —/5 10/4 3/2 —/7

Total duration of anomaliesb/d 26/74 3/5 — 20/66 3/5 — 11/34 3/5 —

Average duration time/d 1.18 1.0 — 1.11 1.0 — 1.10 1.0 —

Number of ‘+’ anomalies 10 1 — 8 1 — 5 1 —

Number of ‘�’ anomalies 13 2 — 10 2 — 5 2 —

aNumber of anomalies/number of swarms.
bNet time of duration of anomalies/total time of duration of swarms.
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‘�’anomalies (when both gradients are negative) always
outweighs the number of ‘+’ anomalies (when both
gradients are positive) while for FA, the ‘�’/’+’ ratio
decreases with increasing Dh/Dt.

4.2. Anomalies found with regression trees

The following procedure was applied. Firstly, the value
of the class, i.e., daily radon concentration in water, and
the values of attributes, i.e., average daily height of water
level, average daily air and water temperatures and daily
amount of rainfall were selected. Secondly, this dataset was
split into two parts. As in our work on soil gas radon
(Džeroski et al., 2003a, b; Zmazek et al., 2003, 2004), in the
first part, data for the periods with seismic activity (labelled
SA) were included, i.e., periods of 7 days before and after
an earthquake. Data for the remaining days were included
in the second part, belonging to the seismically non-active
periods (labelled non-SA). Then, to evaluate the predict-
ability of radon concentration in the seismically non-active
periods, we estimated the performance of MT on the non-
SA data with cross-validation. Furthermore, we induced a
model tree on the whole non-SA data and measured its
performance on the SA data in order to evaluate the
practicability of predicting radon concentration in the SA
periods. If our hypothesis is true, the first measured
performance should be higher than the second.
In order to facilitate the visualisation of radon anomalies

found by this technique, we plotted the value of (CRn)m/
(CRn)p–1 Versus the time elapsed, as shown in Fig. 5. Here,
(CRn)m is the measured radon concentration and (CRn)p is
the radon concentration predicted with MT. In the plots,
in addition to the ðCRnÞm=ðCRnÞp21 ¼ 0 line, the 70.2
regions are indicated by dashed lines. These are threshold
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Fig. 4. Gradients method: dependence of (a) time delay between start time

of anomalies and earthquake occurrence, (b) net duration time of

anomalies, (c) total duration time of anomalies, and (d) number of

anomalies, on RE/RD.

Fig. 5. Time run of (CRn)m/(CRn)p–1 for selected periods. The solid line is

drawn at ðCRnÞm=ðCRnÞp21 ¼ 0, and dashed lines at –0.2 and 0.2

Numbers attached to the earthquake bars are RE/RD. Radon anomalies

are the (CRn)m/(CRn)p–1 values outside the �0.2 and 0.2 regions.
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regions and values of (CRn)m/(CRn)p–1 falling outside them
were considered as anomalies. All the anomalies found are
collected in Table 3. In the case of several earthquakes
occurring on the same day the magnitude of the largest is
given. Also here, a series of earthquakes occurring within a
few days (such as those on 15.10 and 18.10.2000;
23.12.2000 and 04.01.2001; 29.06, 03.07. and 07.07.2001;
18.07 and 28.07.2001; 15.10 and 17.10.2001) have been
considered as one seismic event. The area of an anomaly
is the area between the threshold line at �0.2 or +0.2
and the (CRn)m/(CRn)p–1 Versus time curve. Results are
collected in Table 3. With this approach, no anomaly was
observed for the earthquake with ML ¼ 1:8 and RE=RD ¼

1:8 on 18.07.2001, unless we connect this earthquake to
the preceding series of earthquakes from 29.06.2001 to
07.07.2001 with the CA anomaly on 17.–19.06.01. The
number of FA cases is higher than with the gradient
approach. Reducing the threshold of (CRn)m/(CRn)p–1
from 70.20 to 70.15 does not eliminate the NA event
on 18.07.2001, as seen in Table 4. Table 4 also shows
that, on increasing the threshold of (CRn)m/(CRn)p–1 from
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Table 3

Trees method: Earthquakes listed with (1) the date of occurring, (2) ML magnitude, and (3) RE/RD value (RE, distance of the measuring site from the

epicentre; RD, Dobrovolsky’s radius (Dobrovolsky et al., 1979)), and radon anomalies defined with ((CRn)m/(CRn)p–1)o�0.2 or 40.2 ((CRn)m is the

measured radon concentration and (CRn)p is radon concentration predicted by decision trees), and characterised by: (4) period of the anomaly, (5) type

(CA—correct anomaly, FA—false anomaly, NA—no anomaly), (6) how many days the anomaly appeared before the seismic event, (7) duration of the

anomaly in days (net time of anomalies/total time from the start of the first to the end of the last anomaly in the swarm), (8) number of anomalies in a

swarm, (9) surface area of the anomaly, i.e., the area between the –0.2 or 0.2 line and the ((CRn)m/(CRn)p –1)—time curve

Earthquakes (EQ) Radon anomalies

1 2 3 4 5 6 7 8 9

Date ML RE/RD Duration period Type Start time

before EQ/d

Duration

time/d

Number of

anomalies

Surface

area/d

15.10.2000 2.5 1.2 01.10.–19.10.2000 CA 14 17/19 3 3.50

18.10.2000 2.5 1.3

28.11.2000 1.2 0.3 28.10.–05.12.2000 CA 31 15/39 5 1.84

22.12.2000 1.5 2.0 09.12.–13.01.2001 CA 14 7/36 4 0.53

03.01.2001 2.3 0.8

— — — 25.01.–18.02.2001 FA — 4/25 3 0.24

07.04.2001 1.6 0.8 14.03.–19.04.2001 CA 24 18/37 7 2.20

— — — 19.05.–06.06.2001 FA — 2/19 2 0.03

29.06.2001 2.2 1.1 15.06.–04.07.2001 CA 14 18/20 2 0.58

03.07.2001 2.1 1.3

07.07.2001 2.3 1.8

18.07.2001 1.8 1.8 — NA — — — —

27.07.2001 1.9 1.8 24.07.–08.08.2001 CA 4 16/16 1 1.79

— — — 05.09.–06.09.2001 FA — 2/2 1 0.35

25.09.2001 2.4 2.0 14.09.–25.09.2001 CA 12 10/12 2 1.79

14.10.2001 2.1 1.4 27.09.–20.10.2001 CA 18 24/24 1 3.50

17.10.2001 2.1 1.3

— — — 25.10.–28.10.2001 FA — 2/4 2 0.06

08.11.2001 1.8 1.8 08.11.–09.11.2001 CA 1 2/2 1 0.13

Table 4

Summary of main features from Table 3, and their comparison for different values of the (CRn)m/(CRn)p–1 threshold

470.15 470.20 470.25

CA FA NA CA FA NA CA FA NA

Total number of anomaliesa 26/9 8/4 —/1 26/9 8/4 —/1 21/9 3/2 —/1

Total duration of anomaliesb/d 127/205 10/50 — 127/205 10/50 — 85/161 4/27 —

Average duration time/d 4.88 1.25 — 4.88 1.25 — 4.85 3.0 —

Total surface area of anomalies/d 21.3 2.3 — 21.3 2.3 — 9.8 0,4 —

Average surface area per anomaly/d 0.82 0.28 — 0.82 0.28 — 0.47 0.31 —

Number of ‘+’ anomalies 14 5 — 14 5 — 10 3 —

Number of ‘�’ anomalies 12 3 — 12 3 — 11 0 —

aNumber of anomalies/number of swarms.
bNet time of duration of anomalies/total time of duration of swarms.
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70.20 to 70.25, the number of FA cases is reduced
without the appearance of new NA cases.

In the analysis, those anomalies were also accepted
which appeared more than 7 days before an earthquake,
provided they continued without interruption, or the
interruptions were not longer than 2–3 days. The longest
period of continuously appearing anomalies was a month.
About 52% of anomalies were of such a kind.

The dependence on the RE/RD ratio of (a) time delay
between the appearance of the anomaly and occurrence of
the earthquake, (b) net duration time of anomalies, (c) total
duration time of the swarm and (d) number of anomalies in
the swarm is shown in Fig. 6. Though with widely scattered
points, all plots show decreasing trends with increasing
RE/RD, as expected.
Table 4 summarises the main features obtained by

regression trees. The number of CA swarms outweighs
the number of FA swarms by a factor of about 2. Also, the
average duration time and average area of an anomaly is
much bigger for CA than for FA. Both for CA and FA, the
number of ‘+’ anomalies (when the value of (CRn)m/
(CRn)p–1 is positive) is always higher than the number of
‘�’ anomalies (when the value of (CRn)m/(CRn)p–1 is
negative).
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Fig. 6. Trees method: dependence of (a) time delay between start time of

anomalies and earthquake occurrence, (b) net duration time of anomalies,

(c) total duration time of anomalies, and (d) number of anomalies,

on RE/RD.

Fig. 7. CA-correct (black point) and FA-false (gray point) anomalies as

observed by applying CRn and P gradients for Dh=Dt42, 5 and 10 cmd–1,

and regression trees for (CRn)m/(CRn)p –1 beyond 7 0.15, 70.20 and

70.25. Vertical lines represent earthquakes with RE/RD lower than 2.

Horizontal dotted lines represent the periods when the instrument was in

operation and no anomalies were observed.
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Fig. 7 shows earthquakes and CA and FA anomalies,
as observed by gradients at different values of the Dh/Dt

threshold and by regression tress at different values of
the (CRn)m/(CRn)p–1 threshold. For gradients, Dh=Dt ¼

2 cmd21 appears to be optimal, while for regression trees,
the same results are obtained with ðCRnÞm=ðCRnÞp21 ¼
�0:15 or 70.20, but with 70.25 some of the CA and FA
anomalies are lost.
5. Conclusion

The analysis of temporal variation of radon concentra-
tion in a thermal spring has shown, by applying both (i) the
correlation of time gradients of radon concentration and
hydrostatic pressure and (ii) regression trees within the
machine-learning programs, radon anomalies caused by
environmental parameters can be distinguished from those
ascribed to seismic activity for earthquakes with ML

between 1.2 and 2.5. Both approaches have shown radon
anomalies for all earthquakes occurring within RE/RDo1
(RD-Dobrovosky’s radius), but both approaches failed for
an earthquake with ML ¼ 1:8 and RE=RDo1:8. A number
of false anomalies (those not accompanying earthquakes)
are also seen. This number could not be effectively reduced
in approach (i) because it is based on the assumption that
the effect of hydrostatic pressure on radon level over-
whelms other environmental parameters, which is often not
necessarily the case. The situation is more promising with
decision trees. Here, the possibility exists that, by including
additional environmental parameters such as barometric
pressure and its time gradient, temperatures of air and
water and their difference, and by extending the time with
further measurements, the machine learning can be
improved and hence the number of FA cases reduced. It
should be stressed that the earthquakes that occurred
during our study were weak (MLo2:5) and we may expect
that both approaches would show more reliable forecasting
for higher ML.
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Modelling soil radon concentration for earthquake prediction. In:

Workshop on Mining Scientific and Engineering Datasets, Interna-

tional Conference on Data Mining, Cathedral Hill Hotel, San

Francisco, California, May 3, pp. 19–28.
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Popit, A., Urbanc, J., Vaupotič, J., Kobal, I., 2002. Radioactivity survey

of waters in the Slovenian Karst region. RMZ—Mat. Geoenviron. 49,

487–497.

Pulinets, S.A., Aleseev, V.A., Legenka, A.D., Khegai, V.V., 1997. Radon

and metallic aerosols emanation before strong earthquakes and their

role in atmosphere and ionosphere modification. Adv. Space Res. 20,

2173–2176.

Scholz, C.H., Sykes, L.R., Agrawal, Y.P., 1973. Earthquake prediction: a

physical basis. Science 181, 803–810.

Singh, M., Kumar, M., Jain, R.K., Chatrath, R.P., 1999. Radon in ground

water related to seismic events. Radiat. Meas. 30, 465–469.

Steinitz, G., Begin, Z.B., Gazit-Yaari, N., 2003. Statistically significant

relation between radon flux and weak earthquakes in Dead Sea rift

valley. Geology 31, 505–508.

Teng, T.L., 1980. Some recent studies on groundwater radon content as an

earthquake precursor. J. Geophys. Res. 85, 3089–3099.

Toutain, J.P., Baubron, J.C., 1999. Gas geochemistry and seismotectonics:

a review. Tectonophys. 304, 1–27.

Ui, H., Moriuchi, H., Takemura, Y., Tsuchida, H., Fujii, I., Nakamura,

M., 1988. Anomalously high radon discharge from the Atotsugawa

fault prior to the western Nagano Prefecture earthquake (M 6.8) of

September 14, 1984. Tectonophys 152, 147–152.

Ulomov, V.I., Mavashev, B.Z., 1971. Forerunners of the Tashkent

earthquake. Izv. Akad. Nauk Uzb. SSR, 188–200.
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