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Abstract

At the Orlica fault in the Krško basin, combined barasol 
detectors were buried in six boreholes, two along the fault 
itself and four on either side of it, to measure and record 
radon activity, temperature and pressure in soil gas every 
60 minutes for four years. Data collected have been anal-
ysed in a manner aimed at distinguishing radon anoma-
lies resulting from environmental parameters (air and soil 
temperature, barometric pressure, rainfall) from those 
caused solely by seismic events. The following approaches 
have been used to identify anomalies: (i) ± 2σ deviation of 
radon concentration from the seasonal average, (ii) corre-
lation between time gradients of radon concentration and 
barometric pressure, and (iii) prediction with regression 
trees within a machine learning program. In this paper 
the results obtained with regression trees are presented. 
A model has been built in which the program was taught 
to predict radon concentration from the data collected 
during the seismically inactive periods when radon is 
presumably influenced only by environmental parameters. 
A correlation coefficient of 0.83 between measured and 
predicted values was obtained. Then, the whole data time 
series was included and a significantly lowered correlation 
was observed during the seismically active periods. This 
reduced correlation is thus an indicator of seismic effect. 
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1 INTRODUCTION

Since the advent of the nuclear era in Slovenia in sixties, 
radon (222Rn) and other radionuclides have been system-
atically monitored in ground and surface waters [1-7]. 
The first radon analyses, aimed at forecasting earth-
quakes [8-15], were carried out in Slovenia in 1982 [16]. 
In four thermal water springs, radon concentrations 
were determined weekly, while Cl–, SO4

2–, hardness and 
pH value, were determined monthly. In 1998, this study 
was extended to other thermal water springs [17-20] and 
also to soil gas [20-22] at selected, seismically relevant 
sites, and sampling frequency was increased from once a 
week to once an hour. 

It is often difficult to distinguish a radon anomaly caused 
solely by a seismic event, from one resulting from 
meteorological or hydrological parameters, therefore the 
implementation of more advanced statistical methods in 
data evaluation [23-29] is important. We have found that 
among these methods, regression/decision trees may 
be very successful for this purpose and outperformed 
the others [30]. We teach the program to predict radon 
concentrations on the basis of environmental data (air 
and soil temperature, barometric pressure, rainfall) 
during seismically non-active periods, and then apply 
the hypothesis that the prediction is significantly wors-
ened during seismically active periods.

In this paper we shall focus on the radon concentra-
tion in soil gas in the Krško basin. For earthquakes, 
Dobrovolsky’s [31] equation was used to calculate the 
radius of the zone within which precursory phenomena 
may be manifested (so-called Dobrovolsky’s radius RD):

RD = 100.43M         (1)
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where M is the earthquake magnitude. Earthquakes for 
which the distance RE between the epicentre and our 
measuring site was equal or less than 2RD have been 
taken into account.

2 EXPERIMENTAL

Since April 1999, in 60-90 cm deep boreholes at six 
locations in the Krško basin, radon concentration in 
soil gas, barometric pressure and soil temperature 
have been measured and recorded once an hour, using 
barasol probes (MC-450, ALGADE, France). Other 
meteorological data, such as air temperature and rainfall, 
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. Boreholes 1 and 4 are located in the Orlica fault 
zone, at a distance about 4000 m from each other, while 
the other boreholes are at distances from 150 to 2500 
m on either side of the fault zone (Fig. 1). Experimental 
details are described elsewhere [22]. Air temperature 
and rainfall were measured at the meteorological station 
Bizeljsko, approximately 14 km from the boreholes. 
Data recorded are shown in Fig. 2. In this paper, only 
data collected from stations 1 (Krško-1) are evaluated 
because they have the longest time series.

Figure 1. Map of the Krško basin with locations of radon 
monitoring stations at the Orlica fault with strike-slip
displacement. The insert shows the position of Krško 
(SLO - Slovenia, I - Italy, A - Austria, H - Hungary, 
HR - Croatia).

3 RESULTS AND DISCUSSION

Since radon concentration is a numerical variable, we 
have approached the task of predicting radon concentra-
tion from meteorological data using regression (or

function approximation) methods. We used regression 
trees [32], as implemented with the WEKA data mining 
suite [33]. Details of our procedure are described else-
where [30].

Regression trees are a representation for piece-wise 
constants or piece-wise linear functions. Like classi-
cal 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 this table, 
each row (example) has the form (x1, x2,..., xN, y), where 
xi are values of the N attributes (e.g., air temperature, 
barometric pressure, etc.) and y is the value of the class 
(e.g., radon concentration in soil gas). 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). 

A number of systems exist for inducing regression trees 
from examples, such as CART [32] and M5 [34]. M5 
is one of the best known programs for regression tree 
induction. We used the system M5’ [35], a reimplemen-
tation of M5 within the WEKA data mining suite [33]. 
The parameters of M5’ were set to their default values, 
unless stated otherwise.

To test the hypothesis that the predictability of radon 
concentration in periods with seismic activities is worse 
than in periods without seismic activities, the following 
procedure was applied. Firstly, the value of the class - 
daily radon concentration, the values of attributes - daily 
average barometric pressure, daily average air tempera-
ture, daily average soil temperature, difference between 
daily soil and daily air temperatures, daily amount of 
rainfall, and difference in daily barometric pressure were 
selected. The difference between the pressures on day 
i +1 and day i is related to day i. Secondly, this dataset 
was split into two parts. In the first part (labelled SA and 
amounting to 23 % of the data), data for the periods with 
seismic activity were included. As a first estimate, peri-
ods of seven days before and after an earthquake were 
taken. Data for the remaining days were included in the 
second part, belonging to the seismically non-active 
periods (labelled non-SA and amounting to 77 %). Then, 
to evaluate the predictability of radon concentration in 
the non-SA periods, we estimated the performance of 
model trees on the non-SA data with cross-validation. 
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Furthermore, we induced a model tree on the total 
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 prediction should be better than the 
second.

In order to facilitate the visualisation of radon anomalies 
found by this technique, the quantity {(CRn)m/(CRn)p – 1} 
was plotted versus the time elapsed, as shown in Fig. 3 
for selected periods. Here, (CRn)m is the measured radon 
concentration and (CRn)p is the radon concentration 

predicted with decision trees. In the plots, in addition 
to the {(CRn)m/(CRn)p – 1} = 0 line, the ± 0.2 regions are 
indicated by dashed lines. Values falling beyond the 
dashed lines are considered as anomalies. We see that 
some earthquakes are 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 earthquake), and, also, 
that there are 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 swarms of anomalies 

Figure 2. Time run of daily average radon concentration in soil gas and of soil temperature recorded with barasol probes in 60 cm 
deep boreholes at the Krško-1 station at the Orlica fault in the Krško basin during the period from June 2000 to January 2002. Local 
earthquakes with RE/RD equal to or less than 2 (Dobrovolsky et al., 1979), barometric pressure, air temperature and rainfall at the 
nearby meteorological station Bizeljsko are also shown.
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are observed over longer periods. 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 stopping 
of the last anomaly in the swarm. On the other hand net 
time of anomalies in a swarm is called the sum of dura-
tion times of all anomalies in the swarm.

All the anomalies found over the total period of obser-
vation are collected in Table 1. Several earthquakes 
occurring within a few days (such as 14.04.00, 16.04.00 
and 17.04.00, 24.08.00 and 31.08.00, 29.10.00, 31.04.00 
and 06.11.00) are considered as one seismic event. The 
area of an anomaly is the area between the – 0.2 and 
+ 0.2 regions and the (CRn)m/(CRn)p – 1  versus t curve. 
For every earthquake the anomaly was observed at all 
stations (if in operation), though not at the same time. 

Data from Table 1 are summarized in Table 2. The 
number of CA cases largely outweighs the number of FA 
cases. The average surface area per anomaly is more than 
2-fold greater for CA than for FA. A positive anomaly 
(+) is one with {(CRn)m/(CRn)p – 1} > + 0.2, and negative 
(–), with {(CRn)m/(CRn)p – 1} < – 0.2. For CA, the number 
of ‘+’ cases is higher than the number of ‘–‘cases. The 
numbers of ‘+’ and ‘–‘ cases for FA are practically the 
same at all stations. In Table 3, the results for different 
threshold of (CRn)m/(CRn)p – 1 are shown, and we see 
that for  {(CRn)m/(CRn)p – 1} > ± 0.2 optimal results were 
obtained.

Table 1. Krško-1 station: 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} < – 0.2 and > + 0.2 ((CRn)m is the measured radon concentration and (CRn)p is radon concentration predicted by 
decision trees, cf. Fig. 3), 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, and 
(9) surface area of the anomaly in day

earthquakes radon anomalies
1 2 3 4 5 6 7 8 9

13.04.99 0.8 1.4 13.04.-16.04.99 CA 1 3/4 2 0.34
20.05.99 0.6 1.6 06.05.-23.05.99 CA 14 12/18 3 1.73
- - - 11.08-12.08.99 FA - 1/1 1 0.02
06.10.99 2.1 2.0 04.10.-10.10.99 CA 2 5/7 2 0.23
- - - 21.02.-09.03.00 FA - 3/18 2 0.04
14.04.00 1.8 1.6

01.04.-11.04.00 CA 13 10/11 2 1.9316.04.00 3.2 0.5
17.04.00 2.2 1.2
28.07.00 3.0 0.4 10.07.-15.07.00 CA 17 4/6 2 0.29
24.08.00 1.8 1.0

25.08.-26.08.00 CA 7 1/1 1 0.01
31.08.00 1.9 2.0
13.10.00 1.1 1.4 08.10.-12.10.00 CA 5 4/5 2 1.27
29.10.00 2.7 1.5

02.11.-07.11.00 CA 4 4/6 2 1.3931.10.00 1.3 1.0
06.11.00 1.0 2.0
29.11.00 1.6 0.8 15.11.-16.12.00 CA 14 24/32 5 2.60
- - - 02.01-12.01.01 FA - 10/11 2 0.80
19.02.01 1.4 0.4 26.01.-04.03.01 CA 24 15/38 6 1.14
- - - 09.03.-29.04.01 FA - 12/50 8 0.63
04.06.01 2.7 2.0 01.06.-12.06.01 CA 3 2/12 2 0.15
- - - 20.06.-24.06.01 FA - 5/5 1 0.39
25.09.01 1.9 1.4 03.09.-11.10.01 CA 22 18/39 7 3.50
- - - 09.11.-28.12.01 FA - 11/50 5 1.24
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Figure 3. Time run of expression (CRn)m/(CRn)p – 1 (CRn, radon concentration in soil gas, m – measured, p - predicted with decision 
trees) for selected periods at the Krško-1 stations. The solid line is drawn at {(CRn)m/(CRn)p – 1} = 0, and dashed lines at – 0.2 and + 0.2. 
Numbers attached to the earthquake bars are RE/RD values. Radon anomalies are the (CRn)m/(CRn)p – 1 values outside the – 0.2 and 0.2 
regions.
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Table 2. Summary of characteristics of anomalies from Table 1.

CA FA NA
total number of anomaliesa 36/12 19/6 0
total duration of anomaliesb / d 102/179 42/135 -
average duration time / d 2.83 2.21 -
total surface area of anomalies / d 14.58 3.12 -
average surface area per anomaly / d 0.41 0.16 -
number of ‘+’ anomalies 22 11 -
number of ‘-‘ anomalies 14 8 -

a number of anomalies / number of swarms
b net time of duration of anomalies / total time of dura-
tion of swarms

Table 3. Different threshold for (CRn)m/(CRn)p – 1, marked as A.

Krško-1 A > ± 0,15 A > ± 0,20 A > ± 0,25
PA 12 12 9
LA 8 4 2
NA 0 0 3

4 CONCLUSIONS

The analysis has shown that regression trees are reliable 
in identifying radon anomalies caused by earthquakes, 
i.e., radon anomalies were observed for all earthquakes 
of RE/RD < 1. Unfortunately, the approach has shown a 
number of false anomalies (FA), that is, ones not related 
to seismic events. We hope to reduce this number by 
including additional environmental parameters such as 
humidity of soil [36-37], direction and velocity of wind 
[38], and snow coverage [37], and by extending the time 
with continued measurements. This will improve the 
machine learning and hence increase predictability of 
radon levels. Therefore, a great deal of further effort will 
be devoted to this approach.
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