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INTRODUCTION

Radon (222Rn) can be transported effectively from deep layers of the
Earth to the surface by carrier gases and by water [1-2]. This transport is affec-
ted by phenomena accompanying seismic events [3-5]. If radon is therefore
monitored shortly before or during an earthquake, at a thermal water spring, an
anomaly, i.e. a sudden increase or decrease in radon level, may be observed
[6-8]. Thermal springs and ground waters in Slovenia have therefore been
systematically surveyed for radon [9-11].

The work presented here is a continuation of our previous radon monito-
ring related to seismic activity carried out on weekly analyses during
1981-82 in thermal waters of the Ljubljana basin [10]. In 1998, measurements
were resumed and extended to the tectonically active region close to the Soča
river (north-west Slovenia). Radon content, electrical conductivity and tempera-
ture were measured continuously [11] at Bled and Zatolmin, as well as at Pod-
plat near Rogaška Slatina as a reference point. In 2003, radon measurements
were started at Hotavlje village, some 27 km to the south of Bled. In this paper,
we focus on radon anomalies in thermal springs at Hotavlje and Bled in the pe-
riod from October 2005 to September 2007.

MATERIALS AND METHODS

There are only a few thermal springs in the seismically active area near
the Soča river, the closest and most easily accessible ones being at Bled and
Hotavlje. In contrast, there are many thermal springs in east Slovenia, but this
area exhibits lower seismic activity.

The thermal spring at Bled is used in the swimming pool of the Toplice
Hotel. Water is characterized by a constant temperature of 21.82 ± 0.01 °C and
by active bubbling.

The thermal spring at Hotavlje is situated at the bank of the Kopačnica
river, 3 km north of the Hotavlje village. Water temperature is constant at
20.22 ± 0.04 °C.
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At Bled and at Hotavlje, radon concentration in water was measured with
the Barasol probe (MC-450, ALGADE, France) [12]. The sensitivity is 50 Bq
nr 3 and sampling frequency once per hour. Radon concentration, temperature
and pressure are recorded and later transferred to a PC for evaluation.

RESULTS AND DISCUSSION

It is well known that a gas such as 222Rn can be released by rock micro
fracturing [13]. Small strains could have major effects on the generation of ano-
malies at pre-existing fractures and faults [14]. Toutain and Baubron [4] obser-
ved that gas transfer within the upper crust is affected by strains less than 10~7,
much smaller than those causing earthquakes. Anomalies in water temperature,
radon concentration and gas composition are related to both hydrometeorologi-
cal data and seismic events. The radius, D, of the effective precursor manifesta-
tion zone in km (also called the "strain radius") may be calculated from Dobro-
volsky's equation [15]:

D = 10°-43W (1)

for an earthquake of magnitude M, corresponding to a deformation of
10~8. In this study all earthquakes with ratio D/R > 0.5 were taken into account,
where D is strain radius calculated from equation (1), R is the distance of the
epicenter. All earthquakes were detected by the Office of Seismology at the
Environmental Agency of the Republic of Slovenia.

The data for each thermal spring are presented and discussed separately.
The average radon concentration in thermal water at Bled was 10.5 ±

2.1 kBq m"3 in the period from October 2005 to September 2007, and was unaf-
fected by hydrometeorological parameters such as rainfall, air temperature and
barometric pressure. Five earthquakes occurred in the vicinity in this period, the
strongest at a distance of 17 km with ML = 3.8 and D/R = 2.5 on January 1, 2007,
and the nearest at a distance of 5 km with ML = 2.6 and D/R = 2.6 on November
24, 2006. Four anomalies in radon concentration were observed, the first one im-
mediately after measurements were started, at the end of October 2005. In three
days, radon concentration decreased from 11.7 to 5.2 kBq m"3, being about 2.5cr
below the average value. This was 45 days before the first of two earthquakes
with magnitudes from 2.6 to 2.9 and epicenter distances from 24 to 32 km. A lon-
ger anomaly (about 3<7 above the average value) followed from the end of Fe-
bruary to the beginning of May 2006. The last two anomalies were observed, first
(about 2a above the average value) in September, two months before earthquake
ML = 2.6, and the second (about 3o over the average value) in December 2006,
one month before the strongest earthquake (Figure 1).
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Figure 1. Radon concentration in thermal water at Bled from October 2005
to September 2007

At Hotavlje, the average radon concentration in water in the period from
October 2005 to September 2007 was 166 ± 89 kBq m'3. It was not affected by
hydrometeorological parameters such as rainfall, air temperature and barome-
tric pressure. In this period ten earthquakes occurred in the vicinity, with D/R
ratio from 0.5 to 1.4. The strongest one with ML = 3.8 at a distance of 43 km
and D/R =1.0 occurred on January 1, 2007, and the nearest one at a distance of
3 km with ML = 1.3 and D/R = 1.4, on March 24, 2007. The first two radon ano-
malies (2a above the average value) were observed in April and in June 2006.
Six earthquakes followed in the period from June to September. The biggest
anomaly (more then 3a above the average) was observed in July 2006, five
months before the strongest earthquake (Figure 2).

As in our previous study [12], these data will be further analyzed using
machine learning statistical methods, such as decision trees and neuron net-
works, in order to identify anomalies that cannot be ascribed to environmental
parameters, but are probably caused by seismic events.

CONCLUSION

Although no strong earthquakes have occurred in the period of these data
presentations, some radon anomalies were identified that might have been cau-
sed by earthquakes. At Bled, an anomaly was observed six months before the
strongest earthquake with ML = 2.9. Five months before the same earthquake an
anomaly was also observed at Hotavlje.
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Figure 2. Radon concentration in thermal water at Hotavlje from October 2005
to September 2007

These preliminary results are based on simple statistics. Further analysis
will be performed, applying decision trees and neuron networks of the machine
learning approach. For that purpose, the time series of radon concentration of
the whole period of measurements will be considered and not only the period li-
mited in this paper.
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