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Abstract

Radon (**’Rn, half-life 3.82 days) is a natural radioactive noble gas which originates from
the radioactive decay of radium (*°Ra) in the Earth's crust. It is a known hazard to
humans, due to its radioactivity. Moreover, radon can also be used as a versatile tool in
geophysical research. In order to use radon as a reliable tracer for different geophysical
processes, good knowledge of its transport mechanisms and about the parameters
influencing its exhalation to the atmosphere is of special importance.

In this doctoral thesis, radon transport characteristics in different environments and
spatial and temporal variations of radon levels are presented and discussed. The use of
radon as an earthquake precursor is highlighted and special attention is devoted to the
effects of hydrometeorological parameters on radon concentration in soil gas and to
methods for identifying anomalies in radon concentration caused by seismic activity.

The spatial distribution of radon levels in soil gas was studied in the area of the Ravne
fault and on a fly ash pile. The obtained results showed high spatial variability, which was
(within the same lithological type) mainly controlled by various levels of rock and soil
permeability. Radon concentrations and radon exhalation rates, measured at five profiles
perpendicular and parallel to the Ravne fault, were in the range of 0.9-32.9 kBqm and
1.1-41.9 mBg m2 s %, respectively. The concentration of radon in fly ash was in the range
of 0.3-46.9 kBq m . The radon exhalation rate was 24 mBq m 2 s* on the part of the pile
covered with grass and 37 mBg m % s * on the part with trees and bushes.

The temporal fluctuation of radon levels in connection to seismic activity was studied
in the thermal waters at Bled and Hotavlje. Several anomalies were identified which
might have been caused by geophysical processes preceding earthquakes. Furthermore,
different responses of radon fluctuation to seismic activity were observed at these two
measurement locations, which indicates a strong dependence on the geological
characteristics of the aquifer. The average radon concentration was 10.5 + 2.1 kBq m 2 at
Bled (October 2005 to September 2007) and 197 + 121 kBq m>at Hotavlje (October
2005 to June 2008).

Four different approaches for differentiating between radon anomalies caused by
seismic activity and those caused solely by hydrometeorological parameters were
compared in order to determine their efficiency. Among these, machine learning methods
were shown to have a great advantage and potential.

Since karst caves represent a boundary layer between the Earth's crust and the
atmosphere, they are often used for scientific research. The temporal and spatial
variability of radon concentration and its transport characteristics were studied on the
basis of continuous measurements of radon concentration at four locations in Postojna
Cave, namely Lepe Jame (Beautiful Caves), the lowest point, Velika Gora (Great
Mountain) and Pisani Rov (Gaily Coloured Corridor). Special attention was devoted to
the use of radon as a tracer for cave ventilation. Radon concentrations measured at three
measurement locations in the tourist part of Postojna Cave (Lepe Jame, the lowest point
and Velika Gora) were in the range of 0.2-1 kBqm and 3-10 kBg m™3, in winter and
summer, respectively. On the other hand, significantly higher radon levels were observed
in the dead-end passage Pisani Rov, with radon levels in summer reaching up to
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45 kBg m 3, comparable to the highest concentrations measured in karst caves worldwide.
The most important parameter governing ventilation and thus radon levels in the cave was
found to be the outside air temperature. Two major ventilation regimes were identified,
namely a summer and a winter one. A model for predicting radon concentration on the
basis of outside air temperature was developed for the Velika Gora measurement location.
Besides the temperature gradients between the cave and the outside air, an important
influence on the spatial distribution of radon levels was found to be the geomorphology of

cave passages, as well as the spatial variability of radon exhalation from rock surfaces and
cave sediments.



Povzetek

Radon (222Rn, razpolovni Cas 3,82 dni) je naraven radioaktiven zlahten plin, ki nastaja z
radioaktivnim razpadom iz radija (***Ra) v zemeljski skorji. Poleg $kodljivega vpliva
sevanja na zdravje ljudi lahko radon uporabljamo kot orodje v geofizikalnih raziskavah.
Pri uporabi radona kot sledila razli¢nih geofizikalnih procesov je zelo pomembno dobro
poznavanje mehanizmov transporta radona in parametrov, ki vplivajo na hitrost izhajanja
radona iz zemeljske skorje v ozracje (ekshalacija).

V doktorskem delu sem raziskovala znacilnosti transporta radona v razli¢nih okoljih
ter prostorske in ¢asovne spremembe koncentracije radona. Predstavila sem uporabo
radona kot znanilca potresov s posebnim poudarkom na vplivu hidrometeoroloskih
dejavnikov na koncentracije radona v talnem zraku in na metodah dolo¢anja anomalij v
koncentraciji radona, povzrocenih s seizmi¢no aktivnostjo.

Prostorsko porazdelitev koncentracije radona v talnem zraku sem Studirala na obmocju
Ravenskega preloma in na odlagaliscu elektrofiltrskega pepela. Dobljeni rezultati
odrazajo precej$nje prostorsko nihanje koncentracije radona, ki je v okviru dolocene
litoloSke enote odvisna predvsem od stopnje prepustnosti kamnin in zemljin. V petih
profilih, pre¢no in vzporedno s prelomom, smo izmerili koncentracije radona v obmocju
0,9-32,9kBgm™ in hitrost ekshalacije radona v obmo&ju 1,1-41,9 mBgm?s? V
elektrofiltrskem pepelu smo izmerili koncentracijo radona v obmo&ju 0,3-46,9 kBq m 2,
hitrost ekshalacije pa 24 mBqm?s® na s travo poras¢enem delu odlagalii¢a in
37 mBg m % s na delu, kjer odlagalis¢e porai¢ajo drevesa in grmievje.

Casovno nihanje koncentracije radona v povezavi s seizmi¢no aktivnostjo sem
Studirala v termalni vodi na Bledu in v Hotavljah. V ¢asovni vrsti koncentracije radona
sem dolocila anomalije, ki bi lahko bile posledica geofizikalnih procesov, ki spremljajo
dogajanja pred potresi. Za obravnavani lokaciji je znacilno razlicno odzivanje
koncentracije radona v vodi na potresno aktivnost, kar kaze na moc¢no odvisnost
koncentracij od geoloSkih znacilnosti vodonosnika. Na Bledu smo izmerili povpre¢no
koncentracijo radona v termalni vodi 10,5+ 2,1 kBqm 2 (oktober 2005 do september
2007), v Hotavljah pa 197 + 121 kBq m ™ (oktober 2005 do junij 2008).

Predstavila in primerjala sem $tiri metode lo¢evanja pravih anomalij v ¢asovni vrsti
koncentracije radona, povzrocenih s potresno aktivnostjo od navideznih anomalij, ki so
posledica hidrometeoroloskih vplivov. Kot zelo ucinkovite so se izkazale metode
strojnega ucenja.

Glede na poseben polozaj kraskih jam na meji med zemeljsko skorjo in atmosfero so te
pogosto predmet znanstvenih raziskav. Na osnovi kontinuirnih meritev koncentracije
radona, na Stirih mestih v Postojnski jami (Lepe jame, najnizja tocka, Velika gora in
Pisani rov) sem Studirala prostorsko porazdelitev in ¢asovne spremembe koncentracije
radona v jamskem zraku. Posebno pozornost sem namenila uporabi radona kot sledila za
prezra¢evanje jame. Na treh merilnih mestih v turistiécnem delu Postojnske jame so bile
koncentracije radona pozimi v obmo&ju 0,2-1kBgm=, poleti pa v obmodju
3-10kBgm™®. Precej visje koncentracije radona smo izmerili v slepem rowu,
imenovanem Pisani rov, kjer poleti doseze koncentracija radona vrednosti do 45 kBqm™,
ki so primerljive z najvi§jimi izmerjenimi koncentracijami radona v kraskih jamah po
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svetu. Ugotovila sem, da ima najvecji vpliv na prezraevanje in posledi¢no koncentracije
radona v jami, temperatura zunanjega zraka. Dolo¢ila sem dva glavna rezima
prezraevanja in sicer poletni in zimski rezim. Za merilno lokacijo Velika gora sem
izdelala model za napovedovanje koncentracije radona na osnovi temperature zunanjega
zraka. Poleg temperaturnih razlik med zunanjim in jamskim zrakom na prostorsko
porazdelitev koncentracij radona v jami pomembno vplivata tudi geomorfologija jamskih
rovov in prostorska porazdelitev ekshalacije radona iz jamskih sten in sedimentov.
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radioisotope activity concentration
radon concentration in the outside air
radium concentration

radon concentration

radon concentration in gas phase

radon concentration in water

"bulk" diffusion coefficient
effective diffusion coefficient
molecular diffusion coefficient
emanation fraction

radon activity diffusive flux density
radon activity advective flux density per unit of air-filled

pore area of soil
radon activity diffusive flux density per unit of air-filled

pore area of soil

soil permeability matrix

partition coefficient of radon between water and gas phase
length of diffusion inside a crystal lattice
fraction of saturation

meters above sea level

local magnitude

moment magnitude

number concentration of atoms

total porosity

effective porosity

recoil distance of radon atom

correlation coefficient

coefficient of determination

strain radius of an earthquake

radon decay products

surface area of the cave gallery

half-life of radioisotope

cave air temperature
outside air temperature
volume of the cave gallery
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radon exhalation rate
radon decay constant
viscosity

superficial velocity factor
cave ventilation rate
density of the soil grains
residence time

Abbreviations



1 Introduction

The research of natural processes and interactions in the solid Earth and its fluid
envelopes is jointed under the common interdisciplinary scientific field of geophysics,
which refers to different geological applications as well as the hydrological cycle and
fluid dynamics. Geophysics is applied to societal needs, such as mineral resources and
their sustainable extraction, geohazard research to reduce the risks posed to human
communities, and environmental protection.

Gases in the geosphere, jointed under the common term "geogas"”, are of special
concern from the view of geophysics, as they are able to carry information about
geophysical processes from deeper parts of the Earth's crust to the surface, where we are
able to monitor their spatial and temporal fluctuations. Therefore, the knowledge of their
origin and the influence of different parameters on their transport to the surface is of great
importance.

A component of geogas that deserves special attention is radon (*Rn), due to its
unique characteristics. Besides its radioactivity, which makes detection much easier, it is
also a noble gas and thus chemically inert. The relatively short half-life of radon also
makes it a useful tool for investigation of the dynamics of several processes (in the
lithosphere, hydrosphere and atmosphere).

In order to properly address the question of radon transport in different environments
and its use as a tool in geophysical research, basic physical and chemical characteristics
of radon will first be presented. Later on, different processes that influence radon
transport will be highlighted and finally the research done in the field of radon as an
earthquake precursor and radon in caves will be presented.

1.1 Natural radioactivity and radon

Radioactivity is everywhere in our environment. lonising radiation can have artificial or
natural origins. Naturally occurring radionuclides in the Earth's crust are the major source
of external gamma radiation. These are “°K and several members of the ***Th, %°U and
28 natural radioactive decay chains, among which “°K contributes 13.8 %, 2°Th 14 %
and *®Ra 55.8% to the worldwide average of the terrestrial gamma dose rate of
60 nGy h™* (UNSCEAR, 2000). In addition, alpha transformation of radium generates
three isotopes (originating from three natural decay chains) of radioactive noble gas
radon, from which **’Rn (radon) is the most abundant. Their appearance in the ambient
air, accompanied by their short-lived decay products, contributes more than half to the
effective dose a member of the general public receives from all natural radioactive
sources on the worldwide average (UNSCEAR, 2000), and is the second major cause of
lung cancer, soon after cigarette smoking (Darby et al., 2005). The concentration of
radium as the radon source in soil is one of the crucial datum to estimate radon
concentration in soil gas (Jonsson et al., 1999; Kunz et al., 1996), radon potential of the
ground on which a building is standing (Friedmann and Groéller, 2010; Kemski et al.,
2001; Neznal et al., 1996) and consequently, radon levels in indoor air (Celik et al., 2008;
Vaupotic et al., 2002).

The radon hazards do not come primarily from radon itself, but rather from radioactive
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products formed in the decay of *Rn — *®po (o, half-life ty, =3.05 min), ***Pb (B/y,
t1, = 26.8 min), 2“Bi (B/y, tuz = 19.7 min) and ?*Po (o, ty, = 164 ns). Radon decay products
(RnDP) are also radioactive, but unlike radon, they are atoms of heavy metals and readily
attach themselves to aerosols present in the air. The main health problems stem from the
inhaling of RnDP, or particles carrying RnDP, and the subsequent loading of the radon
decay products in the lung (UNSCEAR, 2000).

1.2 Chemistry and physics of radon

Radon is a unique natural element in being a gas, noble and radioactive in all of its
isotopes. Those three properties make it very attractive for environmental and radiation
protection studies. The fact of being radioactive allows radon to be measured with
accuracy and used as a geophysical tracer for locating buried faults and geological
structures, earthquake research, volcanic surveillance and mineral exploration, cave
ventilation studies, etc.

222Rn originates in the U decay chain and has a half-life of 3.82 days, ?*°Rn (thoron)
is in the **Th chain with half-life of 55.6 seconds and, >*°Rn (actinon) is in the *°U series
with its half-life of 3.9 seconds (Figure 1). All are alpha particle emitters. The most
important isotope is, by far, ??Rn (hereafter referred as “radon™) because its half-life
allows it to migrate long enough and travel long distances. The contribution of *°Rn can
be relevant in some cases, however °Rn is largely ignored because of its short half-life
and due to very small 2°U/*®U ratio (Wilkening, 1990).

Radon is a colourless gas with a density of 9.73 kg m™ under standard conditions
making it the heaviest gas in nature. The radon atom possesses a stable closed shell
electronic configuration which gives it the chemical properties of a noble-gas element.
The relatively high solubility of radon in water (230 cm® kg™ at 20 °C) accounts for its
presence at substantial amounts in certain spring waters (Wilkening, 1990).

1.3 Source of radon — the role of geology

The amounts of radon, thoron and actinon depend primarily upon the concentration of
uranium and thorium in the soil and rocks, as long-lived nuclides at the head of each of
the natural radioactive decay series. Among them, #**U and %**Th are the most abundant
in the Earth's crust.

The immediate radon precursor is radium (**Ra). Radium, with a half-life of 1602
years, is spread widely, particularly in materials which are made from mineral products.
The forerunner of radium is uranium (*8U), which has a half-life of 4.47 x 10° years
(Figure 1). It is present in all types of rocks and soils and therefore in most of the raw
materials from which we process final products. The radium content is typically
expressed as an activity concentration per unit mass.

The activity concentration of a radioisotope, A, is related to the number concentration
of atoms, N, by:

A= N (1)

where A is the radioactive decay constant. The SI unit for activity is the Becquerel (Bq),
which for any radioactive element, corresponds to the number of atoms needed to yield a
radioactive decay rate of one per second. The radioactive decay constant is related to the
half-life, ty/,, by:
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h=—= @)

t1/2

The radium content in these terms is equivalent to the total production rate of radon in the
soil. 1 Bq kg™ of radium content implies a total radon production rate of 1 atom kg s,
corresponding to 0.0076 Bq kg * h™* for *Rn.

Because of their particular geologic history (crystallization from magma,
metamorphism, weathering), certain types of soil and rock have enhanced concentrations
of uranium and, therefore, radium and radon (Table 1). Granite, where uranium is present
in accessory minerals, is relatively rich in uranium, whereas basalt is relatively uranium-
poor. The average value for rock in Earth’s crust is about 36 Bq kg™. Soils average is
about 66 Bq kg ™. Therefore, radon gas is part of our environment and about 80 % of
radon in the atmosphere comes from the top layers of ground.

Table 1: Concentrations of uranium (***U) and thorium (**Th) in rocks and soils (after Wilkening
(1990)).

Concentration / Bq kg*1

Rock type 238 28211,
Igneous rocks Basal_t 7-10 10-15

Granite 40 70
Sedimentary racks Shale, Sandstone 40 50

Carbonate rocks 25 8
Continental upper crust (average) 36 44
Soils 66 37

The concentration of the preceding isotopes (*°Ra, %**Ra and ?*Ra; Figure 1) directly
controls the production of radon, thoron and actinon. Radon gas, released to capillaries
and pores in the soil and rock, can reach levels of the order of 1000 times that of
atmospheric values. The proportion of radon, produced by radium decay that escapes a
solid grain or material, is described by the emanation coefficient (Chapter 1.4).
Geological soil and subsoil characteristics, like radium and thorium contents of rocks and
soils, intergranular and fissure porosity and permeability, location of faults, fracture
zones, volcanic pipes, soil gas and ground-water fluxes, control radon activity in soil gas.
Concentrations of radon in soil gas vary over many orders of magnitude from place to
place and show significant time variations at any given site.
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Figure 1: Radioactive decay chains of 2*Th , 28U and #*U.
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1.3.1 Physical characteristics of soil

Grain size distribution and porosity

Soils are composed of two fractions. Mineral grains of soils, including small amount of
organic matter, form a solid fraction, whereas a void fraction consists of liquid, usually
water, and gas. The void fraction is also known as the soil porosity, and the volume
fraction of water is called the moisture content. When the moisture content equals to
porosity, a soil is saturated.

According to the size distribution of the solid grains, soils can be classified to clay
(<2 pm), silt (2-60 um), sand (60 um—2 mm) and gravel (>2 mm). Clays differ from
larger particles, as they are formed by chemical weathering and can, due to their active
surfaces and small size, efficiently interact with water and adsorb radioisotopes.

Soil porosities are commonly around 0.5. Clays have higher porosities than sands and
poorly sorted soils, having a wide range of grain sizes, may have porosities of 0.3 or less.

Moisture content

The moisture content of a soil can vary over time. Migration of liquid water in the soil
pores is controlled by different forces, therefore three components of pore water can be
distinguished: "hygroscopic™ water is adsorbed on the grain surfaces by electrostatic
forces and is particularly important in clays; the "capillary” component of soil water is
held in small pores and in a film around the particles by surface tension; "gravitational”
water is free to move under the influence of gravity and is the most variable.

Moisture content is a very important factor for radon emanation and migration in soil
as discussed in the section 1.4.1 below.

Permeability and width of fractures

Permeability (k) is one of the most important physical characteristics of soils regarding
fluid flow and thus radon transport through soil. It is based on the bulk volume flux of a
fluid for a given pressure differential, which depends on microscopic properties of soil,
such us the size, shape, number and orientation of pores and the moisture content.

The permeability of common soils in the absence of structural pores can span more
than 10 orders of magnitude. At the lower end of this range (homogenous clay;
k=10 m?), molecular diffusion is the dominant mechanism for radon transport,
whereas at the upper end (coarse sand, gravel; k = 10°-10"® m?), advective flow prevails.

The permeability of soil is dependent on the degree of saturation of the fluid,
especially within the large pores. The ration of the effective permeability at a given
saturation to the permeability when the saturation is 100 %, is called "relative
permeability".

Structural pores, such as fissures and cracks, may significantly influence the effective
permeability of soil. Values of crust permeability, as discussed by Manning and
Ingebritsen (1999), are of significant level for advective transport (orders of
102°-10"° m?). In faulted zones, at a scale of hundreds of meters to kilometers, the
permeability is higher than these levels and is much higher at local scale in fractured
rocks.

The width of a fracture is the distance, at one given point, between the two rough
fractured walls and can be highly variable along the same fracture. Values of fracture
aperture at depth vary from 10 to 50 um for low-permeability argillaceous rocks, to
several cm for large fissures in geothermal systems and carbonate (karst) environments
(Etiope and Martinelli, 2002). Width of fractures in different types of rocks is presented
in Table 2 based on the data from review article by Etiope and Martinelli (2002).
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Table 2: Fracture width in different types of rocks (after Etiope and Martinelli (2002)).

Type of rock and fault Fracture width Comment

- clayey rocks 10-100 um

- granite 400-500 um

- hydrocarbon-bearing fault order of mm vertical hydrocarbon
planes migration

- hot dry rock (HDR) order of mm vertical hydrocarbon
geothermal systems migration

- crystalline bedrock near order of mm vertical hydrocarbon
active faults migration

- arenaceous rocks 0.2-0.5 mm Po plain (Italy)

- sandy Quaternary aquifers 0.1-0.2 mm southern Po plain (Italy)

- Mesozoic carbonates 1-3mm over oil reservoirs

- mineral-filled fractures <50 mm over oil reservoirs

- granitic basement of the >10 mm at depths of 2000 m
San Andreas Fault zone

- geothermal systems 1-10 cm near the surface

- karst very large joint systems and the largest rock void

rock voids, water filled structures

cavernous zones and
sinkholes
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1.4 Radon emanation properties

The proportion of radon atoms, produced by radium decay that escapes a solid grain or
material, is called emanation fraction (fem) (also emanation coefficient or emanation
power). During the creation of radon atoms by a-transformation of #°Ra in the Earth's
crust, they receive 86 keV recoil energy which enables those being close enough to the
grain surface to emanate from the grain into void space, from where they start to migrate
through the medium by diffusion and to longer distances by convection/advection, and
eventually exhale into the atmosphere and enter the buildings (Etiope and Martinelli,
2002). The recoil distance depends on the density and composition of the material. The
range for ”’Rn is 20-70 nm in common minerals, 77 nm in water and 53 um in air
(Sakoda et al., 2011). To emanate from a soil or mineral grain into a pore space, the decay
must occur within the recoil distance (R) of the grain surface and the radon atom must be
ejected in a direction that carries it outward from the solid (Figure 2).

Considering the locations of the end points of the path of the recoiling radon atoms,
three fractions of emanation can be distinguished (Nazaroff et al., 1988):
e direct recoil —radon atom is released into a pore space
e indirect recoil — radon atom travels across a pore space and becomes embedded
in an adjacent grain and afterwards migrates out of the pocket created by its
passage to enter the pore

e diffusion — radon atoms that begin and end their recoil within a single grain,
then migrate to the pore through molecular diffusion.

Scale D’
0.1 um

Figure 2: Schematic representation of emanation process. A — recoiling radon does not escape the
host grain, B — recoil in the adjacent grain, C — recoil into water, leaving radon in pore space, D —
recoil into air, leaving radon embedded in adjacent grain. R — recoil distance (after Nazaroff
(1992)).

The emanation fraction has been comprehensively reviewed by Nazaroff et al. (1992;
1988) and recently by Sakoda et al. (2011). Its values range from 0.05 to 0.7 (UNSCEAR,
2000), with representative values of 0.03 for minerals, 0.13 for rocks, 0.2 for soils, 0.17
for mill tailings and 0.03 for fly ash (Sakoda et al., 2011).
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1.4.1 Factors influencing the radon emanation fraction

Large discrepancies have been observed between measured and theoretical emanation
fractions, resulting from the effect of radium distribution in soil grains, grain size and
shape, moisture content and temperature.

Grain size and radium distribution

Grain size and its shape are two of the important factors that control the soil’s emanation
fraction because they determine in part how much uranium and radium is near enough to
the surface of the soil grain to allow the newly-formed radon to escape into pore spaces. If
radium is uniformly distributed throughout the soil or mineral grains and single-grain
model is assumed, the radon emanation coefficient is inversely proportional to the grain
size (Sakoda et al., 2010a). Expressed in other terms, the radon emanation fraction
increases linearly with increasing specific surface area. This model gives the maximum of
the radon emanation fraction, because no implantation of radon escaping from the
radium-bearing grain into another grain is taken into account (Sakoda et al., 2010a).

Since the calculated emanation fraction was found to be much lower than the measured
one, particularly for soil samples, the probability of radon emanation in the case of
radium present only on the grain surface was theoretically studied by Morawska and
Phillips (1993). The presence of grain coating in which radium is concentrated on the
surfaces of soil or mineral grains increases the emanation fraction of soils relative to those
in which radium is uniformly distributed throughout the grains. In this case, emanation
fraction reaches a constant (saturated) value of 0.5 with increasing grain size. The
saturated value is strongly dependent on radium-existing depth from the surface boundary
(Sakoda et al., 2010b). More improved models are based on the multiple-grain models
incorporating the embedding effect of radon (Sakoda et al., 2010a; Sakoda et al., 2010b).

Clays exhibit high emanation fractions (higher than 0.5) most likely due to radium
sorption on clay minerals and iron hydroxides (Miklyaev and Petrova, 2011; Schumann
and Gundersen, 1996).

Additional pathways for radon release can be provided by nanopores and pits caused
by damage to soil or mineral grains from previous radioactive decays (Sakoda et al.,
2011). If a soil or mineral grain is laced with nanopores, the specific surface area of the
grain is significantly increased and the radon emanation fraction can be much higher than
can be accounted for by escape from the outer surface of the grain alone, particularly for
sand-sized and larger grains (Rama and Moore, 1984; Sasaki et al., 2004; Schumann and
Gundersen, 1996).

Moisture content

Moisture content has a large impact on the emanation fraction, as demonstrated in several
studies (e.g. Barillon et al., 2005; Stranden et al., 1984). First of all, average soil moisture
conditions as a function of climate and topography play an important role in soil
weathering and development processes, which, in turn, affect the physical and chemical
processes of soil and thus radium distribution within soil.

A more direct influence of moisture on radon emanation is that of the thin film of
water surrounding soil grains which slows radon atoms, as they are ejected from the soil
grain. This effect increases the probability of the radon atom to remain in the pore space
rather than embedding in an adjacent soil grain. Therefore, the emanation fraction of
completely dehydrated samples (or samples containing only adsorbed water) is low.
Subsequent moistening (to moisture content of about 5% — capillary water) abruptly
increases the emanation fraction, becoming insignificant for water contents greater than
about 0.3-0.4 of saturation (Bossew, 2003; Miklyaev and Petrova, 2011; Morawska and
Phillips, 1993; Nazaroff, 1992; UNSCEAR, 2000). However, regarding the study of
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Miklyaev and Petrova (2011) emanation fraction of clays has a stable value, determined
by the structure of material at the micro- and even nanolevel, and under natural conditions
it is practically independent of changes in the ambient conditions.

Temperature

A rise of temperature has also been found to increase radon emanation fraction (Iskandar
et al., 2004; Stranden et al., 1984). Here, the reduction in physical adsorption of radon
onto grains and the inner surfaces of grains could play an important role. However, this
effect is of minor importance over the range of temperatures common for surface soils.

1.4.2 Radon partitioning in soil pores

Radon atoms in soil are distributed among four states (Nazaroff, 1992):

e bound within the soil grains

e sorbed onto the surface of soil grains (sorbed phase)

e dissolved within water containing in the soil pores (aqueous phase)

e dispersed within the gas contained in the soil pores (gas phase)
Once radon enters the pore space, its partition between the gas and liquid phases depends
on the relative volume of water in the pore space and on temperature. Radon partitioning
is rapid relative to radon's half-life.

At equilibrium the partitioning of radon between the gas and aqueous phases is

described by Henry's law:

Can = Ky xCg, 3)

where C represents the radon concentration in water [Bqm* of water], C3, radon
concentration in gas phase [Bqm™ of pore air], and Ky is the Ostwald coefficient —
partition coefficient of radon between water and gas, which is a function of temperature
(Nazaroff, 1992; UNSCEAR, 2000). The value of Kt varies from 0.53 at 0 °C to 0.23 at
25 °C in water and is typically 0.3 at 15 °C (UNSCEAR, 2000).

Taking into account the processes that take control over radon concentration in soil
gas, the concentration of radon in the absence of radon transport is described by the
following equation (UNSCEAR, 2000):

— CRa femps (1_ p)
" pm((K; ~1)+1)

(4)

where Cg, is the concentration of radium in soil [Bq kg™], fem is the emanation fraction, ps
is the density of the soil grains [kg m™], p is the total porosity, m is the fraction of the
porosity that is water-filled (fraction of saturation) and Ky is the partition coefficient of
radon between the air and water phases.
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1.5 Radon migration in the Earth's crust

Once radon accumulates in rock pores, either in water or air, it can migrate toward the
Earth's surface together with other gases. Gas migration in the Earth's crust is controlled
by the relationship between Earth outgassing and geodynamics and it is related to the
existence of the gas source itself and preferential routes for degassing, which are in fact
zones of enhanced permeability (horizons of more permeable rocks or tectonic
discontinuities such as faults and fracture zones) (Etiope and Martinelli, 2002). Driving
forces of the fluid flow can change due to tectonic forces (compaction in sedimentary
basins, extensional and compressional stresses, etc.) and variations in temperature,
pressure, mechanical stresses, chemical reactions and mineral precipitation. All these
factors affect fluid transport and thus gas exhalation from the Earth's crust.

Sub-terrestrial fluids can be classified into three main groups according to their
reactivity under geothermal conditions, taking into account the main factors controlling
the distribution of gases in geothermal discharge (temperature, pressure and the partition
coefficients in the distribution of gases between liquids) (Martinelli, 1998):

1. highly active species: H,0, CO,, H,S, NH3, Hz, N

2. CH4 — upper hydrocarbons are considered to be relatively unaffected by
chemical equilibration processes

3. noble gases (He, Rn, etc.) are considered inert or poorly affected by chemical
equilibration processes.

Radon ascends towards the surface mainly through cracks or faults on short scale by
diffusion (driven by concentration gradients) and, for longer distances, by advection
(driven by pressure gradients), dissolved either in water or in carrier gases. Gas
movement should be ascribed to the combination of both processes.

1.5.1 Diffusive transport

Diffusion is the process by which a substance is transported from one part of a system to
another, in response to variations in its thermodynamic potential. It is the predominant
mechanism in interstitial pores and microfractures, where a concentration gradient exists.
The molecular diffusion coefficient is a constant of the specific gas and it changes only
with temperature, pressure and the physical nature of the substance through which the
molecular motion takes place. In the rock pores, this substance is generally water or gas
mixture.

The flux density that results from random molecular motion is described by Fick’s law,
which is for dilute concentration of radon in open air:

J*=-D,VC,, (5)

where J%is the radon activity flux density due to diffusion [Bqm?2s?], Dm is the
molecular diffusion coefficient [m?s ], Cg, is radon activity concentration [Bg m ] and
Vis the concentration gradient [m™]. The diffusion coefficient of radon in air is
1.2x10°m?s ™ and in water 1.37x10° m?s ™ (Etiope and Martinelli, 2002; Nazaroff,
1992).

Three different processes can be distinguished (Etiope and Martinelli, 2002):

e "molecular" diffusion of gas in a fluid, Dy, which refers to the interaction
between diffusing gas and host fluid,

e interstitional™ diffusion of gas in a medium, defined by the effective diffusion
coefficient, De. It describes the diffusion considering the gas molecule motion
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through a porous structure,

e "global" diffusion of gas in a medium, defined by the "apparent” (also "true" or
"pbulk™) diffusion coefficient, D, which includes the effects of porosity and
tortuosity of the medium.

Considering the diffusion of radon through soil pores (“interstitional” diffusion),
diffusion coefficient changes due to effects of the solid matrix: the area through which
radon may diffuse is reduced and the average path length that radon must traverse is
increased. Therefore, effective diffusion coefficient, De is used

D,=D,p. (6)

where pe [%] corresponds to the effective porosity. The range of De in soil is typically
10 -10° m? s (UNSCEAR, 2000). The diffusive flux density of radon activity per unit
of air-filled pore area of soil, J¢, is written as (Nazaroff, 1992):

J¢=-D,VC,, (7

To describe gas diffusion as a global flux across the bulk of the soil, the "bulk™ coefficient
D must be considered. For soil, an approximate relationship between D and D, exists,
which takes into account the soil porosity (pe):

D=D,p. (8)

Radon may diffuse also inside the crystal lattice. The length of diffusion is defined by

)
() ©

where: D is the diffusion coefficient and A is the radon decay constant. Migration of radon
inside its original crystal due to diffusion is quite limited, as the length of diffusion is
0.7 nm (less than the recoil length) (Martinelli, 1998) and only 5 % of **’Rn is able to
reach a distance of 5L (L-length of diffusion) from its origin.

Experimental results that considered the effect of the volume fraction of water
saturation on D, showed a little effect at low water content (Rogers and Nielson, 1991),
since water is predominantly on grain surfaces and in small pores and transport through
the larger pores dominates. At high water content, the pores become blocked by water and
the diffusion decreases.

Velocity of radon transport in the Earth is quite low (<10°cms™) and radon
concentration is reduced by radioactive decay to the background level before even 10 m
are traversed (Etiope and Martinelli, 2002; Fleischer, 1981). Therefore, diffusion is
important only in capillaries or small-pored rocks.

1.5.2 Advective transport

On the other hand, velocity and space scales of advective movements are much higher
than the diffusive ones. Advective transport is driven by pressure gradients, following
Darcy’s law. Since the forces that drive advective migration act only on gases which
occur at sufficient concentrations, a stream of "free gas" is required. The amount of radon
itself is, however, too small (orders of 107'° ppm) to form a macroscopic quantity of gas
which can react to pressure gradients. Therefore, it must be carried by a macroscopic flow
of carrier gases (Kristiansson and Malmqvist, 1982). A gas mixture formed by carrier
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gases (e.g. CO,, CHy, N») and rare gases (e.g. He, Rn) can be referred to as “geogas”.

The "geogas theory™ was introduced by Kristiansson and Malmgvist (1982) and
extensively discussed by Etiope and Martinelli (2002) in order to explain long-distance
radon transport and anomalous radon concentrations measured at the ground surface
(Mogro-Campero and Fleischer, 1977). This theory includes the following features
(Etiope and Martinelli, 2002): microflow of gas, advective multicomponent gas, rapid gas
upflow, the bubble flow and matter transport by geogas bubbles.

Advective movement driven by pressure gradient generated by geothermal gradients is
called "convection”. A normal geothermal gradient of 300 °C km ™ is sufficient to activate
convection in rocks with a permeability of 10 '—10 8 cm for a thickness of a few hundred
meters.

For anisotropic permeability of soil, Darcy's law may be written as:

v=—1k.vp (10)

U

where v [ms™] is the superficial velocity factor (the flow per unit geometrical area
defined over a region large relative to individual pores but small relative to the overall
dimensions of the soil), u [Pa s] is the viscosity of the fluid, K is the 3x3 soil permeability
matrix and VP [Pa m ] is the pressure gradient. If the intrinsic permeability is constant,
permeability matrix is replaced by permeability coefficient k [m?] (Nazaroff et al., 1988).

Given the superficial air velocity through soil, the advective flux density of radon

activity per unit of air-filled pore area, J¢ [Bq m*s ] is expressed by:
C
J:‘ = SRV (11)
p

Deviations from Darcy's law have been observed at increases of Reynold's number.
However, for a typical pressure gradient of 5Pam™ and soil permeability less than
approximately 10° m? (soils finer than gravel), Darcy's law is expected to hold.

A second assumption is, as in the case of applying Fick's law to porous media, that the
pores are large relative to the mean free path of the gas.

1.5.2.1 Advective forms of gas movement

Gas can migrate advectively in several different forms, depending on the condition of the
gas-water-rock system. In dry porous or fractured media gas flows through interstitial or
fissure space (gas-phase advection), whereas in saturated porous media gas can dissolve
and can be then transported in three ways: by groundwater (water-phase advection), it can
flow displacing water (gas-phase advection) or it can move in the form of bubble flow by
means of buoyancy in aquifers and water-filled fractures. The bubble movement has been
theoretically and experimentally recognized as a fast gas migration mechanism governing
distribution of carrier and trace gases over wide areas on the Earth’s surface (Etiope and
Martinelli, 2002; Varhegyi et al., 1992).
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1.5.3 The general transport equation

Considering both processes of migration, diffusion and advection, for laminar, steady-
state flow through dry, homogeneous and isotropic porous media, the following general
transport equation can be written (Etiope and Martinelli, 2002):

2
1Cen L e, =0 (12)

D
Pem dz? dz

where o is the generation rate of gas and AC,, is the rate of removal of radon from the
stream due to radioactive decay.

Combining both processes of radon emanation and transport, radon release from soil is
maximal, when the soil is moist. In this case small pores are filled with water, thus
enhancing radon emanation fraction, whereas radon transport takes place through the
larger pores, which are not filled with water. When dry, the soil has greatly reduced
emanation fraction and although radon transport is slightly enhanced, the release of radon
from soil is decreased. On the other hand, when wet, the permeability and diffusivity are
greatly reduced, although radon emanation fraction is slightly higher.
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1.6 Geological setting of Slovenia

Slovenia lies on the junction region between the Alps, the Dinarides and the Pannonian
basin. This region incorporates the Eastern Alps, Southern Alps, Dinarides, Panonian
basin and the Adriatic-Apulian foreland (Placer, 2008; Poljak et al., 2000). The Adriatic-
Apulian foreland comprises the larger part of Istria in the south-western corner of
Slovenia consisting of rocks of the Adriatic segment of the Adriatic-Dinaric Mesozoic
carbonate platform, and the flysch rocks resulting from its degradation (Placer, 2008).

The entire southern part of Slovenia belongs to the Dinarides, characterised by the
thrust and nappe structure, consisting mainly of carbonate rocks and sediments resulting
from disintegration of the Adriatic-Dinaric carbonate platform: Upper Cretaceous
carbonate turbidites, Cretaceous-Palaeocene and Eocene flysch (Placer, 2008). The
Southern Alps are palaeogeographically a part of Dinarides. Mesozoic rocks of the
Slovenian basin and Upper Triassic rocks of the Julian carbonate platform are exposed
within them (Placer, 2008). The Eastern Alps are a geologic-orographic term comprising
the complex of Precambrian and Old Palaeozoic high and low grade metamorphic rocks
and of Permian and Mesozoic sedimentary rocks north of the Periadriatic fault (Placer,
2008). The Pannonian basin, in the north-eastern part of Slovenia, consists of individual
depressions that originated during Palaeogene and Neogene. They are filled with
sediments of the Paratethys, deposited on subsided continuations of the Eastern and
Southern Alps and Dinarides (Placer, 2008). In addition to the major lithological units
described above, also alluvial and glacial deposits, extending along major valleys, have to
be considered. In the Ljubljana basin, situated in the central part of Slovenia and in the
Krsko basin in south-east, the sea and lake sediments prevail.

The most important geologic characteristics influencing radon concentration in soil gas
are the lithology and the presence of faults. For this purpose, 8 units have been identified,
based on the lithological classification (Figure 3):

- alluvial and glacial deposits (A) represent mainly unconsolidated clastic
sediments,

- consolidated clastic sediments (B) are divided into three groups: clastic sediments
containing clay (B1), coarse clastic sediments (B2), flysch (B3)

- carbonates (C)

- metamorphic rocks (D)

- seaand lake sediments (E)
- igneous rocks (F)
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Figure 3: Lithologic map of Slovenia. Major faults: RVF — Ravne, IDF — Idrija, PRF — Predjama,
RAF — Rasa, DIF — Divaca, SAF — Sava, BRF — Borovnica, ZEF — Zelimlje, CRF — Crnomelj,
PAF — Periadriatic, SOF — Sostanj, LAF — Labot, LJF — Ljutomer, KUF — Kungota (reconstructed
from Digital geologic map of Slovenia (GeoZS 1:100000)).

1.6.1 Tectonic and seismic characteristics of Slovenia

Slovenia is tectonically and seismically a highly complex area. The recent structural
pattern is a cumulative result of Tethyan evolution, where recent dynamics is determined
by the closure of the Tethys and the collision of several lithospheric units. Tisza
microplate, Adria microplate and European plate have been amalgamated together during
Tertiary time. The seismicity is not concentrated along the primary plate boundary but is
rather spread in a broad zone along their deformed rims (Placer, 2008; Poljak et al., 2000;
Schmid et al., 2004).

The territory of Slovenia can be considered as one of moderate seismicity. The
strongest event known to have happened is the so-called Idrija earthquake of 16 March
1511 (Ribari¢, 1979), with the local magnitude (M.) between 6.8 (Zivé¢i¢ and Cecié,
1998) and 7.2 (Ribari¢, 1979). The most pronounced lines of hypocentral concentration
are along the RaSa (RAF) and the Idrija faults (IDF) in the NW-SE direction (Figure 3)
(Poljak et al., 2000).

According to Poljak (2000), the territory of Slovenia can be delineated into five
seismogenic areas, i.e. the areas with similar and among themselves differentiable
tectonic and seismological characteristics (Figure 4):

1. The Eastern Alps lie north of the PAF and is the least seismically active area. The
seismicity is restricted to the upper 20 km of the crust. Recent seismicity is low.

2. The Friuli area occupies the thrust front of the Southern Alps onto the External
Dinarides, and is tectonically a highly-deformed area. Its southern border is placed on
the thrust front of the Southern Alps towards the External Dinarides. This is the most
active zone, with substantial evidence of continuous seismic activity throughout
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history. Some of the strongest earthquakes in the entire region are presumed to have
occurred inside or at the northern and eastern margins of this region (the so-called
1348 and 1690 Villach events, and the 1511 Idrija event). The most recent seismic
sequence occurred in 1976, with the strongest earthquake of M_ = 6.2.

Figure 4: Seismogenic areas of Slovenia. (after Poljak et al. (2000)).

3.

The Southern Alps in Slovenia encompass the Southern Karavanke, the Julian and
the Kamnik-Savinja Alps, and the area of the central Slovenia. The Southern Alps are
characterised by regional thrusts from the north to the south and regional faults in a
NW-SE direction, with a dextral sense of horizontal displacement. The seismicity of
the zone is moderate and rather shallow. The strongest earthquake occurred in 1895
and it damaged the city of Ljubljana (M_=6.1). The most recent seismic events
occurred in the Julian Alps within the Ravne fault zone (RAF, Figure 3 and Figure
12) in 1998 and 2004, with the moment magnitudes (M) of 5.6 and 5.2, respectively
(Kastelic et al., 2008).

The area of Transdanubian Range marks the collision zone between Tisza microplate
and the European plate. This area is in Slovenia characterised by folds, faults and
thrusts stretching in a NE-SW direction. This zone has been continuously active. The
strongest events (M. = 6.1) in 1880 and 1906 happened north of Zagreb.

The External Dinarides occupy the southern part of Slovenia. The basic structural
characteristic on the External Dinarides is a dense pattern of faults in a NW-SE
direction, in addition to the thrusts with the southwestward direction of thrusting.
The External Dinarides are characterised by moderate historic and recent seismicity.
Hypocenters in the last ten years have been aligned along the Rasa (RAF) and Idrija
fault (IDF). However the eastern part of the zone has practically no record of
historical seismicity.
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1.7 Concentration of natural radionuclides in Slovenian soils

Several studies have been conducted regarding natural radioactivity in Slovenia: a
systematic radon survey in living and working environment has been conducted in the last
two decades (Humar et al., 1992; Vaupoti¢, 2010). Radium and uranium have been
analysed in ground, spring and surface waters (Kobal et al., 1990; Popit et al., 2004;
Vaupoti¢, 2002), and equivalent uranium and equivalent thorium concentrations were
determined in soil samples from 30 cm depths at sixty points all over the country
(Andjelov and Brajnik, 1996; Brajnik et al., 1992). Recently, “°K, %*Th, ?*®U, **Ra and
“28Ra were analysed in the terra rossa and eutric cambisol soil samples from 80 cm
depths within regular 25 m x 25 m grid squares at two sites (Vaupoti¢ et al., 2007;
Vaupotic et al., 2012).

Table 3: Basic statistics of natural radionuclides in Slovenian soils. Values of minimum (min),
maximum (max), median, arithmetic mean (AM) and arithmetic standard deviation (ASD) of “K,
2%2Th, #*Ra activity concentrations (Cx, Cra, Cra) for lithological units: A —alluvial and glacial
deposits, B1 — clastic sediments containing clay, B2 — coarse clastic sediments, B3 — flysch, C —
carbonates, D — metamorphic rocks, E — sea and lake sediments (Gregori¢ et al., 2012; Kovacs et
al., 2013).

Lith. Num.
of min max median AM ASD

samples
A 15 256 2383 637 809 579
. Bl 18 120 2591 713 889 601
5 B2 3 559 832 567 653 155
> B3 6 414 785 602 595 158
@ c 24 08 2308 632 801 542
S D 2 713 862 788 788 105
E 2 303 1098 700 700 562
total 70 08 2591 688 798 519
A 15 31 126 70 71 26
- Bl 18 17 154 85 84 36
> B2 3 65 104 74 81 20
= B3 6 40 68 55 55 12
2 c 24 9 169 75 81 40
£ D 2 77 83 80 80 4
© 2 45 66 55 55 14
total 70 9 169 74 77 33
A 15 23 102 51 55 23
- Bl 18 20 170 51 56 32
> B2 3 42 49 46 46 3
= B3 6 22 42 32 33 8
2 ¢ 24 12 269 63 84 62
§ D 2 34 43 39 39 6
© 2 70 75 72 72 3

total 70 12 269 48 63 44
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During a national survey of radon concentration in soil gas (Vaupoti¢ et al., 2008), soil
samples were collected in order to upgrade and complete the previous information of
natural radionuclides. Soil samples from 70 points were analysed for °K, ***Th, **Ra and
at 29 points also for **U and U (Gregori¢ et al., 2012; Kovécs et al., 2013). Results are
summarised in Table 3 and their distribution with respect to lithological units (Figure 3)
also presented as box & whiskers plots in Figure 5. Their spatial distribution is shown in
Figure 6. Red areas in Figure 6c, marking areas of radium levels in soil above
200 Bg kg ™', coincide well with the highest radon levels previously found in indoor
(Vaupoti¢, 2010), outdoor air (Vaupoti¢ et al., 2010) and in soil gas (Vaupoti¢ et al.,
2008).

Values of “°K on alluvial and glacial deposits (A), on clastic sediments containing clay
(B1) and in one sample from carbonate rocks (C) exceed 2000 Bq kg (Table 3) and are
comparable with the world highest values found in China and Luxemburg (UNSCEAR,
2000). The lowest average concentration of “°K was found on flysch rocks (Table 3,
Figure 5a).

The overall arithmetic means of %**Th and **Ra concentrations was 76.7 + 33.0
Bq kg and 62.7 + 43.9 Bq kg, respectively and are higher than their world averages of
35 Bq kg and 30 Bq kg (UNSCEAR, 2000). The scattering of concentrations of both
%2Th and ?*°Ra was the widest on carbonates (Table 3, Figure 6b and c), on which also
the highest average value for >°Ra was found. Average values for 22Th were the highest
on clastic sediments containing clay and on carbonates. The lowest values of all
radionuclides were found on flysch rocks.

a) 3000 b) 200
2500
150
_ 2000 -
2 1500 2 100 g
o O =
@ 10001 o
Q° 500- EQQ . o
0- 04
A B1 B2 B3 C D E A B1 B2 B3 C D E
c) 300
250 max
- 200- s
2 150
C%- AM
— 100+ 50%
i3] — 25%
Q‘I 50$| [——"1 — ﬁ:.i/?‘
O A B1 B2 B3 C D E

Figure 5: Box & whiskers diagrams of activity concentration of natural radionuclides in soil at 70
points all over Slovenia with respect to lithology. a) “°K, b) ***Th, and ¢) **Ra. A — alluvial and
glacial deposits, B1 — clastic sediments containing clay, B2 — coarse clastic sediments, B3 —
flysch, C — carbonates, D — metamorphic rocks, E — sea and lake sediments (Gregoric et al., 2012;
Kovacs et al., 2013).
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Figure 6: Spatial distribution of radionuclides in Slovenian soils. Iso-concentration areas of
a) “K, b) #*Th, and c¢) #®Ra in soil at 70 points in Slovenia (Gregori¢ et al., 2012; Kovacs et al.,
2013).

1.7.1 Radon in soil gas in Slovenia

Soil-gas radon measurements in Slovenia were carried out in summer 2006 and 2007 at
seventy locations (Vaupoti¢ et al., 2008) at 80 cm of depth by solid state nuclear track
detectors. The results of radon measurements in soil gas are presented in Table 4 and by
box & whiskers plot for different lithological units in Figure 7a. Radon levels at alluvial
and glacial sediments (A) and clastic sediments containing clay (B1) are similar, with an
average value of 37.1 + 33.2 kBqm™ and 32.4 + 28.6 kBq m™, respectively. Only three
results were obtained on the unit of coarse clastic sediments (B2), with a slightly higher
average of 42.5 + 27.4 kBq m™. The lowest radon concentrations were observed on flysch
rocks (B3), with an average of 7.5 + 2.1 kBq m™, which is consistent with low values of
radionuclides on this unit (Figure 5). The highest average value (61.9 + 55.6 kBq m™)
and the highest scattering were found on carbonate rocks (C). There were only a few
locations on metamorphic rocks (D) and sea and lake deposits (E), where relatively low
radon concentrations were observed.

An expected positive correlation was found between radon concentration in soil gas
and radium concentration in soil (Figure 7b).
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Figure 7: Radon concentration in soil gas in Slovenia. a) Box & whisker plot of radon
concentration (Cg,) in different lithological units: A — alluvial and glacial deposits, B1 — clastic
sediments containing clay, B2 — coarse clastic sediments, B3 — flysch, C — carbonates, D —
metamorphic rocks, E — sea and lake sediments (Vaupoti¢ et al., 2008); b) correlation between
radon concentration in soil gas (Cg,) and radium concentration in soil (Cr,) (Gregoric et al., 2012;
Kovacs et al., 2013).

Table 4: Basic statistics of radon concentration in soil gas in Slovenia. Values of minimum (min),
maximum (max), median, arithmetic mean (AM) and arithmetic standard deviation (ASD) of
radon concentration (Cg,) for lithological units: A —alluvial and glacial deposits, B1 — clastic
sediments containing clay, B2 — coarse clastic sediments, B3 — flysch, C — carbonates, D —
metamorphic rocks, E — sea and lake sediments (Vaupoti¢ et al., 2008).

Lith. Num.
of min max median AM ASD

samples
A 15 29 970 277 371 332
@ Bl 18 24 938 252 324 286
€ B2 3 230 739 307 425 274
3 B3 6 42 97 78 75 21
< C 24 25 2114 503 619 556
g D 2 11 146 79 79 95
© E 2 172 346 259 259 123

total 70 11 2114 251 307 241
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1.8 Geophysical effects on radon transport

Both mechanisms of radon transport, diffusion and advection, depend on both soil
porosity and permeability, which at the same time vary as a function of the stress field
(Holub and Brady, 1981). However, as described in the section 1.5.3 above, migration by
diffusion is negligible, where a component of advective long-distance transport exists
(Etiope and Martinelli, 2002). High permeability of the bedrock and soil in areas of
crustal discontinuities, such as fractures and fault zones, promotes intense degassing
fluxes, which causes higher soil gas radon concentrations on the ground surface above
active fault zones. Although several measurements, experiments and models have been
performed, the understanding of the mechanism of radon anomalies and their connection
to earthquakes is still inadequate (Chyi et al., 2010; King, 1978; Ramola et al., 1990).

Before an earthquake event stress in the Earth’s crust builds up, causing the change in
strain field also. Formation of new cracks and pathways under the tectonic stress leads to
changes in gas transport and rise of volatiles from the deep layers to the surface. In fact,
fluids play a widely recognized role in controlling the strength of crustal fault zones
(Hickman et al., 1995). Anomalous changes of radon concentration are closely linked to
changes in fluid flow and therefore also to highly permeable areas along fault zones.

Several mechanisms have been proposed, which could explain the relationship
between radon anomaly and earthquake. Two models of earthquake precursors are
discussed by Mjachkin et al. (1975), with a common principle: at a certain preparation
stage a region of many cracks is formed. According to the dilatancy-diffusion model
(Martinelli, 1991; Mjachkin et al., 1975), the increase of the tectonic stress causes the
extension and opening of favourably oriented cracks in a porous cracked saturated rock.
Water flows into the opened cracks, drying the rock near each pore and finally resulting
in a decrease of pore pressure in the total earthquake preparation zone. Water from
surrounding medium diffuses into the zone. The increased water-rock surface area, due to
cracking, leads to an increase in radon transfer from rock matrix to the water. At the end
of the diffusion period, the appearance of pore pressure and the increased number of
cracks leads to the main rupture.

According to the crack-avalanche model (Mjachkin et al., 1975), the increasing
tectonic stress leads to the formation of a cracked focal rock zone, with slowly altering
volume and shape. At a certain stage, when the whole focal zone becomes unstable, the
cracks quickly concentrate near the fault surface, triggering the main rupture.

An alternate mechanism for earthquake precursory study, based on stress-corrosion
theory, was proposed by Anderson and Grew (1977). According to them, the observed
radon anomalies are due to slow crack growth controlled by stress corrosion in a rock
matrix saturated by ground waters.

King (1978) proposed a compression mechanism for radon release. According to this
mechanism, the anomalous high radon release may be due to an increase of crustal
compression before an impending earthquake that squeezes out soil gas into the
atmosphere at an increasing rate.

Toutain and Baubron (1999) observed that gas transfer within the upper crust is
affected by strains less than 10, much smaller than those causing earthquakes.
According to Dobrovolsky (1979), the radius of the effective precursory manifestation
zone depends on the earthquake magnitude and can be calculated using the empirical
equation

R, =10%*": (13)

where Rp is strain radius in km and M is the magnitude of the earthquake. Considering
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the Earth’s crust as anisotropic medium, the above mentioned law can be modified
according to the effective sensitivity to impending earthquake. The ideal circle with the
theoretical radius can be transformed to an ellipse or characterized by shadow areas where
no precursory phenomena are observable due to crustal anisotropy, discontinuities or
loose contacts along some faults, which prevent further stress transfer (Inan and Seyis,
2010; Martinelli, 1991).

Although radon anomalies can be studied in soil gas and thermal waters, thermal
waters could be much more representative of the geologic environment and could be more
reactive to stress/strain changes acting at depth than soil gases. Disadvantage of soil gases
lie in weak gas concentrations generally due to the thickness of the sedimentary cover and
the high level of atmospheric perturbations (Toutain and Baubron, 1999).

1.8.1 Radon as earthquake precursor

The term earthquake precursor is used to describe a wide variety of geophysical and
geochemical phenomena that reportedly precede at least some earthquakes (Cicerone et
al., 2009). Observation of these types of phenomena is one of the recent research
activities with the aim of reducing the effects of natural hazards. Among different
precursors, geochemistry has provided some high-quality signals, since fluid flows in the
Earth’s crust have a widely recognized role in faulting processes (Hickman et al., 1995).
The potential of gas geochemistry in seismo-tectonics has been widely discussed by
Toutain and Baubron (1999).

In the late 1960s and early 1970s reports primarily from seismically active countries,
such as the former USSR, China, Japan and the USA (Ulomov and Mavashev, 1967;
Wakita et al., 1980), indicated that concentrations of radon gas in the Earth apparently
changed prior to the occurrences of nearby earthquakes (Lomnitz, 1994). The stress-strain
developed within Earth’s crust before an earthquake leads to changes in gas transport and
rise of volatiles from the deep Earth to the surface (Ghosh et al., 2009; Thomas, 1988),
resulting in anomalous changes of radon concentration. The mechanism of observed
radon anomalies is still poorly understood, although several of them were proposed
(Atkinson, 1980; King, 1978; Lay et al., 1998; Martinelli, 1991). In the past three decades
the occurrence of anomalous temporal changes of radon concentrations was studied by
several authors in soil gas (King, 1984, 1985; Kuo et al., 2010; Mogro-Campero et al.,
1980; Planini¢ et al.,, 2001; Ramola et al., 2008; Ramola et al., 1990; Reddy and
Nagabhushanam, 2011; Walia et al., 2009a; Walia et al., 2009b; Yang et al., 2005;
Zmazek et al., 2005; Zmazek et al., 2002b) and groundwater (Barragan et al., 2008;
Favara et al., 2001; Heinicke et al., 2010; Kuo et al., 2006; Ramola, 2010; Singh et al.,
1999; Zmazek et al., 2002a; Zmazek et al., 2006). However, radon anomaly is not only
controlled by seismic activity, it also changes due to meteorological parameters like soil
moisture, rainfall, temperature and barometric pressure (Ghosh et al., 2009; Stranden et
al., 1984). This makes it complicated and for small earthquakes often impossible to
differentiate the anomalies caused by seismic events from those caused solely by
atmospheric changes. Therefore, the application of theoretical and empirical algorithms
for removing meteorological effects is necessary (Choubey et al., 2009; Ramola et al.,
2008; Ramola et al., 1988; Torkar et al., 2010; Zmazek et al., 2003).
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1.8.2 Radon and active faults

The active faults can be classified as normal, inverse or strike-slip faults, depending on
the kinematic (compression or extension) mechanism. Faults can occur as single discrete
breaks, but where the rock has been repeatedly faulted, or where the rock is especially
weak, no discrete break may be evident. Large faults are not discrete surfaces but rather a
braided array of slip surfaces encased in a highly fractured and often hydrothermally
altered transition or “damage” zone, also called "fault zone". Episodic fracturing and
brecciation are followed by cementation and crack healing, leading to cycles of
permeability enhancement and reduction along faults (Hickman et al., 1995).

Active faults commonly exhibit anomalously high concentrations of various
terrestrially generated gases (Rn, He, Hg, CO,, etc.) in ground water and soil air (Al-
Tamimi and Abumurad, 2001; Baubron et al., 2002; loannides et al., 2003; King, 1986;
King et al., 1993; Lombardi and Voltattorni, 2010; Richon et al., 2010; Walia et al.,
2010), because they act as preferential conduits in the crust. The overall picture emerging
from several studies show that an increased radon concentration occurs in the area of
active fault zones.

Gas anomalies at active faults may originate from two effects: in "direct leak
anomalies” the gas measured corresponds to the deep gas phase; or “secondary
anomalies”, linked to the different mineralogy and the hydrological behaviour of the fault
(Toutain and Baubron, 1999).

loannides et al. (2003) concluded that even a small gas velocity, i.e. 10°cm s, can
perturb radon concentration at the measuring point by approximately a factor of 2, while
higher flows increase radon concentration by more than 4-6 times, depending on the
diffusion coefficient. It has been shown (King et al., 1993) that the contrasting
permeability in fault gauges and intensely shared zones generate complex geochemical
patterns in soil. For the creeping faults, double-peak anomalies of radon concentration
have been observed, possibly caused by the low permeability of the fault-gouge materials,
sandwiched between two shear zones.

1.8.3 External effects on radon concentration in soil gas and water

Radon concentration in soil gas or water is not only controlled by geophysical parameters,
it also changes due to other external effects. Meteorological effects such as soil humidity,
rainfall, temperature, barometric pressure and wind, influence the soil gas advection.
They also change physical characteristics of soil and rock, thus influencing the rate of
radon transport and, consequently, perturbing eventual radon variations caused by
geophysical processes originating in deeper parts of the Earth’s crust. Shallow soil levels
are more affected by changing meteorological conditions than deeper ones. Radon
concentrations with no larger variations present are usually observed at depths of 0.8 m,
or deeper. Besides the effects of meteorological parameters on radon in soil gas,
considerable variations of gas composition of thermal springs have been shown as the
result of fluctuations of local hydrologic regime (Klusman and Webster, 1981).

The severe influence of barometric pressure was discussed by several authors, who
clearly pointed out an inverse relationship between barometric pressure and radon
concentration in soil gas (Chen et al., 1995; Clements and Wilkening, 1974; Klusman and
Webster, 1981). A decrease in barometric pressure, with values of other environmental
parameters remaining constant, generally causes an increase in radon exhalation from the
ground, whereas during periods of rising pressure, air with low radon concentration is
forced into the ground, thus diluting radon.

Temperature-related fluctuations of soil gas radon concentration were also proved to
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be very important. Klusman and Jaacks (1987) found an inverse relationship between soil
temperature and radon concentration. They suggested that lower air temperatures than soil
temperatures during the winter months promote upward movement of radon by
convection, whereas during the summer, soil temperatures are lower than air temperatures
and an inversion layer below the level of sampling reduces upward flux and observed
concentration. In general, the behaviour of soil gas migration in different types of soil is
seasonally dependent (King and Minissale, 1994; Washington and Rose, 1990).

In systems, where gas movement is driven by diffusion or slow advection processes,
radon activity in soil might be controlled by soil moisture and rainfall through the
opening of cracks in the surface (Pinault and Baubron, 1996; Toutain and Baubron,
1999). On the other hand, barometric pressure has the main influence on radon
concentrations in soils in advective systems, which display generally higher gas flows.
However, micro-scale soil heterogeneities in permeability, porosity and lithology, can
cause significant heterogeneities in responses of radon concentration to changes of
atmospheric parameters (King and Minissale, 1994; Neznal et al., 2004). Numerous and
often divergent results of studies related to the effect of external factors on soil gas radon
concentration suggest that no general prediction model for excluding meteorological
effects can be proposed and studies of radon in soil gas need simultaneous record of
meteorological parameters.
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1.9 Radon in karst caves

It is well known that high concentrations of radon are common in mines. The existence of
similar radiation in underground cavities was found in the 1970s and research of radon
concentration in the natural caves has been carried out since then in two directions. The
first is the aspect of radiation protection (Duenas et al., 1999; Fernandez et al., 1984;
Kavasi et al., 2010; Vaupoti¢, 2008) and the second aspect is that of radon as a tracer for
air movement in the cave environment (Cunningham and Larock, 1991; Hakl et al., 1996;
Kies and Massen, 1997; Kowalczk and Froelich, 2010; Perrier et al., 2004; Przylibski,
1999).

Minute quantities of uranium (*®U) present in limestone (1.3-2.5ppm) result in
relatively high values of radon in karstic caves compared to the outside atmosphere
(Cigna, 2005; Gillmore et al., 2002; Hakl et al., 1997) due to low natural ventilation of the
underground cavities and a constant emission from surfaces, fractures and drip waters.

In a study of 220 caves around the world, Hakl et al. (1997) reported an annual average
radon concentration of 2800 Bq m™2. Probably the highest radon concentration in a karst
cave was measured in a Castafiar de Ibor cave in Spain (Lario et al., 2006), with an annual
mean radon concentration of 32246 Bq m °.

Radon can be transported from its place of origin by diffusion through the porous rock
or advection through fractured rocks. Faults that are usually responsible for the cave
formation therefore represent an additional pathway for radon entry into the cave. As
discussed in the previous section (1.3.1), very large void systems can exist in the karst
environment, representing the preferential path for Earth outgassing. Once a given
amount of radon is in the cave, its concentration depends on the cave ventilation and its
radioactive decay (Figure 8). Radon concentration in underground cave systems is also
characterised by internal mixing of air masses (Perrier and Richon, 2010). According to
Wilkening and Watkins (1976) and Perrier et al. (2004), the temporal evolution of radon
concentration at a given location in the cave can be described as:
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where S [m?] and V [m®] represent the total area and volume of the cave, @ [Bqm2h™]
is the radon exhalation rate from the rock surface, A [h™] is *Rn decay constant
(7.56 x 102 h'™), v¢ [n'] is the cave ventilation rate and Coy is radon concentration in the
outside air. Note that the radon concentration in the outside air is on the order of tens of
Bg m* and thus negligible in comparison to radon concentration in the cave air.

Cave ventilation has the highest impact on radon concentration in cave air and is
further discussed in the section 1.9.1.3.

As the total area and volume of the cave are very hard to determine without exact
measurements, the radon source for different locations can be considered separately:

S
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where @&, [Bq m2h] is the radon source in a specific chamber, Se, [m?] and Ve, [m?]

are, respectively, the surface area and volume of the chamber; and @ [Bqgm?Zh™]
represents the radon exhalation rate from the rock surface.

In the case of stable conditions, with no ventilation and no temporal variation in radon
concentration in a specific chamber, the radon source can be estimated. In this case
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Equation (14) can be transformed to:

Dy, =ACH o (16)
where C2__ [Bq m ] represents the highest radon concentration in a specific chamber.

Besides ventilation process, also temporal changes in radon source can be observed,
caused by changes of moisture content in the fractures and pores (Whittlestone et al.,
2003) or by atmospheric pressure variations (e.g. Clements and Wilkening, 1974; Perrier
and Richon, 2010). Barometric pumping from the pore space is the effect of atmospheric
pressure variation. During pressure drops, radon reach air from the rock unsaturated zone
Is pumped into the cave atmosphere, where it mixes with the cave air. During the increase
of pressure, cave air is pushed into the rock, thus reducing the radon diffusion process
from the pore space into the cavity.
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Figure 8: Simplified representation of radon sources and sinks in a karst cave (cross section).

1.9.1 Cave microclimate

Cave microclimate is a joint effect of atmospheric environmental processes that take
place inside a cave. The Kkarst cave environment is characterised by very high
microenvironmental stability with essentially quasi-closed air masses (Badino, 2010) and
may be considered stable in comparison to the outside atmosphere. Beyond this apparent
stability, however, complex processes occur, which can today be brought to light thanks
to advances in measurement techniques, data storage and data processing. All caves
should be considered fragile systems, but show caves are particularly at risk because of
anthropogenic impact.

Karst systems are limited on their upper part by the outside atmosphere and on their
lower part by low permeability bedrock. Two major hydrological subsystems can be
distinguished: the vadose (unsaturated) and the phreatic (saturated) zone, both being the
subject of karstification processes, leading to the formation of new conduits (Luetscher
and Jeannin, 2004).

An understanding of cave microclimate is of great importance when studying the
thermodynamics of karst processes, paleoclimate proxies, hydrogeological aspects of
speleothems, CO, build-up and cave ecosystems (Baldini et al., 2006; Faimon et al.,
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2011; Kowalczk and Froelich, 2010; Perrier and Richon, 2010; Spotl et al., 2005;
Tremaine et al., 2011). The thermal and moisture characteristics of the cave air (Badino,
2010; De Freitas et al., 1982), as well as the concentration of gases (*’Rn, CO,) (e.g.
Cuezva et al., 2011; Fernandez-Cortes et al., 2011; Kowalczk and Froelich, 2010) and
aerosols (Bezek et al., 2012) are mainly controlled by the degree of air exchange with the
outside environment.

The most important parameter governing dissolution and precipitation processes in
carbonate karst is CO, (Dreybrodt, 1999), so understanding CO, distribution and
dynamics in caves is important for paleoclimatic research. The dynamics of CO, in caves
is governed by the distribution and intensity of its sources and (mainly) advective
transport by air currents. The main sources of CO; in caves are diffusion from the
epikarst, decomposition of organic matter and precipitation of calcite from supersaturated
solutions. Many authors therefore include cave ventilation when modelling CO, variation
over time in order to explain seasonality and trend (Baldini et al., 2008; Fernandez-Cortes
et al., 2011; Milanolo and Gabrovsek, 2009; Tanahara et al., 1997).

1.9.1.1 Cave temperature

Underground temperature increases with depth according to geothermal gradient.
However, percolating meteoric water in the deep vadose zone, which equilibrates the rock
mass with external temperature, is the reason for low cave temperatures. According to
Badino (2004), the time scale of climatic fluctuations, which are able to penetrate in the
underground, depends on the water and rock thermal capacity, water infiltration rate and
rock thickness and ranges from hundreds to thousands of years. Therefore the karst
massifs are in thermal equilibrium with "historical™ infiltrating fluids (Badino, 2010).

In approximation, cave temperature reflects the local yearly average temperature,
under assumption that it is equal to the temperature of surrounding rock, which has
basically the temperature of infiltrating water (Badino, 2010). Even so, a number of
processes exist that can alter the cave temperature on a seasonal or daily scale and are
extensively described by Badino (2010). Cave air temperature is influenced by conductive
heat transfer, where temperature at the surface represents the upper boundary and deep
geothermal heat flux the lower boundary (Luetscher and Jeannin, 2004). In the systems
that are not thermodynamically closed, a temperature gradient exists, with higher
temperature in the upper part of the conduit and lower in the bottom. In a closed system,
these temperature differences would be wiped out in a short time. Temperature fluctuation
is a function of external daily and seasonal temperature variations, carried inside by the
inflow of external waters and, secondarily, the inflow of air (Badino, 2010; De Freitas and
Schmekal, 2003).

1.9.1.2 Cave humidity, condensation and evaporation

The term "humidity” indicates the water vapour in air. Direction of the vapour gradient
between the air and moist surface at any given time period controls the dynamic process
of condensation/evaporation. Vapour pressure remains stable at "equilibrium pressure”,
called also "saturation pressure™ (Badino, 2010). Condensation process is very important
component of the cave microclimatology, as it plays an important role in the speleothem
formation cycle (De Freitas and Schmekal, 2003; Fernandez-Cortes et al., 2006). Perhaps
the most important process is that of "condensation corrosion™, which occurs where water
condensing onto cave walls that are made of soluble rock mineral is undersaturated with
respect to the mineral (De Freitas, 2010; De Freitas and Schmekal, 2003).

The humidity of a cave atmosphere is generally at the equilibrium level. Evaporation
and condensation occur when the vapour pressure is slightly below or above the
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equilibrium level, which is generally connected to the presence of airflow.

1.9.1.3 Cave ventilation

Cave ventilation has been investigated in many caves in connection to its influence on the
cave microclimate and sustainable cave management (e.g. Badino, 2010; Cigna, 1968;
Faimon et al., 2011; Fairchild et al., 2006). Underground air fluxes are driven by external
meteorological conditions, such as atmospheric pressure, temperature and winds.

The time for which atmosphere is retained in a cave is called the residence time (z,
expressed in time units) and the inverse value (1/7) corresponds to the cave ventilation (vc,
time *). Cave ventilation represents the amount of cave air exchanged per time unit. If the
cave atmosphere is just pulled back and forth due to an alternating ventilation regime
during transitional periods in spring and autumn, there is no air exchange in the deeper
parts of the cave. This period can be called a stagnant ventilation period. By contrast,
active ventilation is considered in the case of the cave remaining in one ventilation regime
for long enough in comparison to the residence time of the cave atmosphere (Faimon et
al., 2011).

1.9.1.3.1 Convective ventilation

Convective ventilation is a major mechanism controlling air circulation in caves with
more than one entrance at different elevations (Badino, 2010; Cigna, 1968; Hakl et al.,
1996; Kowalczk and Froelich, 2010; Wigley, 1967). It is driven by buoyancy force,
created by the difference of air density between the external and internal air masses.
Internal air density is almost constant, whereas the external is denser during winter and
less dense during summer. Therefore, a system with two or more entrances at different
altitudes ventilates during the whole season by a so called chimney-effect. When the
external temperature is lower than cave temperature, cave air flows from the lower toward
the upper entrances and vice versa. The pressure difference (caused by temperature
difference) that drives convective ventilation, depends on the difference of the entrance
altitudes and on the difference of temperature between the cave and outside air. The
velocity of air flux additionally depends on the friction force due to air movement inside
the cave, which is a nonlinear function and depends also on the geomorphology of the
conduit. It has been shown that air flow is proportional to the square root of temperature
difference between the cave and the outside air (Badino, 2010).

1.9.1.3.2 Barometric ventilation

On the other hand so-called barometric ventilation can be very important for caves with
large volumes connected by small passages, for caves with one entrance or with
extremely small entrances (Badino, 2010; Cigna, 1968; Wigley, 1967). It is driven by the
internal-external pressure difference. Therefore, in addition to the outside atmosphere,
cave geomorphology plays an important role in cave ventilation. However, this process is
relatively weak in the type of caves characteristic for Slovenian karst caves, which are
characterised by many cave entrances and relatively small volumes.

1.9.1.3.3 Airflow oscillation

Periodic cave winds have been observed in some cases (Badino, 2010; Cigna, 1968;
Faimon et al., 2011; Plummer, 1969), with a period ranging from a few seconds to a few
minutes. Such oscillations are broadly interpreted as a resonance phenomenon and depend
on the geometry of cave conduits. They could occur for example in the presence of strong
winds. However, the high frequency in cave airflows was not discussed yet in detail.
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1.9.1.3.4 Implications of cave ventilation

Partial pressure of CO, (Pco2) in the cave air, which controls the speleothem growth, is
governed mainly by cave ventilation (Faimon et al., 2006; Hakl et al., 1997). If the water
Pco2 source in the epikarst is considered as invariant (Spétl et al., 2005), only cave
ventilation would determine the rate of the speleothem growth. Therefore
paleoenvironmental reconstruction based on the study of stalagmites (Banner et al., 2007,
Fairchild et al., 2006; Wong et al., 2011) requires detailed information on cave
ventilation. Besides controlling Pco2, cave ventilation can disturb paleoproxies also by
influencing cave air temperature.

Furthermore, there is a risk connected with artificial changes of cave ventilation by
closing or building new ones and thus changing the condition for speleothem growth or
even triggering condensational corrosion. This fact makes cave ventilation an important
factor, which should be considered in cave conservation studies and sustainable cave
management of show caves.

1.9.2 Radon as a tracer for cave ventilation

Radon has often been used as an excellent tracer for air circulation, since it is a noble gas
and highly abundant in caves (Cigna, 2003; Cunningham and Larock, 1991; Hakl et al.,
1996; Hakl et al., 1997; Kies and Massen, 1997; Kowalczk and Froelich, 2010; Perrier et
al., 2004; Przylibski, 1999). Its half-life, suitable for the timescales on which cave
ventilation takes place, distinguishes ??Rn from the other two radon isotopes. The
ventilation characteristics of a cave can be reflected in the fluctuation of radon
concentration as long as the turnover time is shorter than five mean lives of ??Rn
(approximately four weeks) (Kowalczk and Froelich, 2010). The pattern of seasonal
variation of radon concentration reflects the pattern of circulation of air currents in the
underground system. On approaching deeper parts of the karst, radon levels increase and
are more stable due to decreasing ventilation rate (Hakl et al., 1997).

Seasonal changes in natural ventilation often cause large temporal variation in radon
levels, most commonly characterised by high summer and low winter concentrations
(Przylibski, 1999; Szerbin, 1996; Tanahara et al., 1997; Wilkening and Watkins, 1976).
Spring and autumn are transitional periods, during which, high variation of radon
concentration is expected. Seasonal variation with opposite behaviour, a maximum in
winter and minimum in summer, has also been observed in some cases: Moestroff Cave
in Luxembourg (Kies and Massen, 1997), Altamira (Lario et al., 2005) and Castafar de
Ibor Cave (Lario et al., 2006) in Spain. However, other less common patterns have also
been documented, such as maximum concentration during autumn and minimum during
summer in the Mammoth Cave, Kentucky (Eheman et al., 1991). Besides seasonal
pattern, also diurnal variation of radon concentration has been observed in some cases,
particularly during periods of large fluctuation of atmospheric parameters.

1.9.3 Radon concentration in Slovenian caves

In Slovenia karst covers more than 40 % of the area (8700 km?) with around 10200
registered karst caves. Among them, 21 caves are opened for tourist visits.

Radon concentration is during the last decade measured continuously in two most
visited tourist caves in Slovenia, Postojna and Skocjan Caves, in order to estimate doses
that tourist guides receive during their working hours.

Radon concentration was measured in 12 show caves by Kobal et al. (1987) in the
years from 1978 to 1985. Values of radon concentration vary from cave to cave as well as
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along the tourist route in a cave. The highest radon levels were observed in Postojna and
Tabor Cave, 2500 and 10000 Bq m™, respectively. In all other caves, radon levels were
less than 1000 Bq m>. Spatial and temporal distribution of radon levels in the Postojna
Cave has been investigated in the year 1987 by grab sampling, using alpha scintillation
method (Kobal et al., 1988). Graphical representation of results in shown in Figure 9 and
reveals a significant difference in radon levels between winter (Figure 9a) and summer
period (Figure 9b).

Postojna Cave, being the longest known cave system in Slovenia for many years (until
summer 2012), as well as one of the most visited show caves in Europe, has been a
subject of several surveys during the last 15 years. To improve radon dosimetry long-term
study of radon and radon decay products was performed (Vaupotic, 2008; Vaupoti¢ et al.,
2001). In order to enlighten processes that govern the fraction and distribution of attached
and unattached fraction of radon decay products in the cave air, number concentration and
size distribution of aerosols in the cave air has been measured recently (Bezek et al.,
2012). Relationship between radon concentration and present-day tectonic movement was
studied by Sebela et al. (2010). Recently, local characteristics of the Postojna Cave
microclimate (Sebela and Turk, 2011) and microbiological studies were conducted
(Mulec et al., 2012).
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Figure 9: Spatial distribution of radon concentration in Postojna Cave (after Kobal et al. (1988)).
a) January 1987, b) July 1987. Measurement points: 1 — Pisani Rov before door, 2 — Pisani Rov
beyond door, 3 — Nebotiénik, 4 — Carobni Vrt, 5 — Velika Gora, 6 — near Ruski Most, 7 — Rde¢a
Dvorana, 8 — end of Lepe Jame, 9 — by Partizan, 10 — the lowest point, 11 — Betlehem, 12 —
Koncertna Dvorana, 13 — lower Tartar, 14 — upper Tartar, 15 — Tartar, 16 — railway crossing, 17 —
Dvorana Zaves, 18 — Kongresna Dvorana, 19 — entrance above Pivka, 20 — exit.
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2 Aims and Hypothesis

Radon, being a geogas component, has a special value in geophysics, as it can be used as
a reliable tracer for geophysical processes that take place in deeper parts of the Earth's
crust, as well as on the Earth's surface and in the atmosphere. Therefore, knowledge about
its sources and the processes governing its transport to the surface is of great importance.
In this study, two main aspects of radon as a tool in geophysical research are considered:
a) radon concentration in soil gas and water, radon transport in the Earth's crust and
the use of radon as an earthquake precursor — structured into two chapters:
- radon transport in different environments (Chapter 4.1)
- radon as a tracer for geophysical processes in the Earth's crust
(Chapter 4.2)
b) radon concentration in cave air and its use as a tracer for cave ventilation
(Chapter 4.3)

The goals and hypotheses of this thesis are:

a) to study radon transport characteristics in different media through its temporal
and/or spatial variations and to assess the contribution of different processes to radon
variation. The use of radon gas as an earthquake precursor is evaluated, taking into
consideration the role of the geological position of the measurement location and the
influence of hydrometeorological conditions. The following hypotheses were considered:

- the effect of geophysical processes on radon fluctuation in soil gas or water is not
spatially uniform, but rather depends on the geological characteristics of the
measurement location,

- the effect of hydrometeorological parameters on radon concentration in the Earth's
crust can be efficiently eliminated by applying different types of analyses in order
to detect anomalous patterns of radon concentration, resulting from geophysical
processes.

b) to evaluate radon gas as a tracer for cave ventilation, using Postojna Cave as an
experimental site. Although the general ventilation characteristics and radon levels of
Postojna Cave are already known (and can, to some degree, be estimated from cave
morphology and studies performed in other caves worldwide), the direction of airflows
and the degree of ventilation in some remote passages remain mainly unknown. An
additional aim is to determine and evaluate the contribution of different sources of radon
in the cave air. The hypotheses considering radon in the cave are as follows:

- the radon concentration in the cave can be, for a specific location, predicted on the

basis of outside atmospheric parameters,

- among all of the atmospheric parameters, the outside temperature is the most

important in controlling cave ventilation characteristics and therefore radon levels,

- atime lag exists between outside atmospheric changes and the consequent change

of radon concentration in the cave, which is a function of the ventilation rate and
the distance from the cave entrance,
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the relationship between radon and carbon dioxide in the cave air can reveal the
contribution of different radon sources (contribution of radon from advective and
diffusive flux),

spatial and temporal variation of radon sources is assumed, resulting from
exhalation from rock surfaces and sediments, dripping water and cracks.
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3 Materials and Methods

3.1 Measurement locations

Measurements of radon concentration were performed in various environments in order to
study the behaviour of radon transport, and thus its fluctuation in these environments in
relation to changes of geophysical as well as atmospheric parameters. Three different
natural environments were selected: soil gas, thermal water and karst caves. In addition, a
fly ash deposit (raw industrial material) was considered.

The selection of measurement locations was based on preliminary results and already
existing monitoring stations for radon in thermal water and karst caves, whereas in the
case of soil gas, the measurement locations were selected according to their geological
background. All locations are situated in the western and central parts of Slovenia, as
presented in Figure 10:

- the spatial distribution of radon in soil gas was investigated within the Ravne fault
zone in NW Slovenia, which is an area of recently increased seismic activity
(Chapter 3.1.1),

- the fluctuation of radon concentration in thermal water and soil gas is mainly a
result of the joint effect of geophysical and atmospheric parameters. Radon
fluctuation with respect to seismic activity was studied in the areas of recent
seismic activity in NW Slovenia,

- radon levels in karst caves are mainly governed by the degree of cave ventilation,
as well as changes of radon emanation from rock surfaces and exhalation from
fractured and faulted rocks, which are in fact influenced by geophysical
parameters in the Earth's crust. For this part of the research, the largest Slovenian
show cave was selected.
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Figure 10: Map of Slovenia with marked measurement locations.

3.1.1 Bovec — Ravne fault

Radon concentration in soil gas and radon exhalation rate was measured at 18 points
along the Ravne fault in NW Slovenia, grouped in five profiles (Figure 11). Measurement
points were selected on the basis of geology and tectonics of the area. However, due to
the mountainous morphology, the selection of measurement points was limited to north-
western and south-eastern ends of the fault zone, which are accessible by car.
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Figure 11: Ravne fault with marked measurement points and profiles. RAF — Ravne fault, CP —
Cez Potoge, PNP — Planina na Polju, TSB — Tolminka Springs basin and TR — Tolminske Ravne.
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Being an active fault zone, responsible for the two most recent strong seismic events in
1998 and 2004, makes this area an interesting research field for studying the influence of
tectonic deformation on radon transport in the Earth's crust and its exhalation rate.

The Ravne fault has been studied from the structural point of view by Kastelic et al.
(2008). 1t is an actively propagating NW-SE trending dextral strike-slip fault in the Julian
Alps of NW Slovenia. Strike-slip displacements on moderate-steep fault planes are
responsible for the recent seismic activity that is confined to shallow crustal levels. The
fault is growing by interaction of individual right stepping fault segments and breaching
of local transtensional step-over zones. The fault geometry is controlled by the original
geometry of the NW-SE trending thrust zone, modified by successive faulting within the
fault zone. At epicentral depths, the fault system is accommodating recent strain along
newly formed fault planes, whereas in upper parts of the crust, the activity is distributed
over a wider deformation zone that includes reactivated brittle thrust faults.

The Bovec basin, at the north-western end of the Ravne fault (Figure 12), is
characterised by Triassic and Jurassic carbonates and Cretaceous flysch rocks, covered by
fluvio-glacial deposits. The Ravne fault is less exposed to the SE of the Tolminka Springs
basin, where it is covered by grass and forested terrain. There is no individual fault planes
outcrop between the Tolminka Springs basin and areas SE of Tolminske Ravne. Along
that part of the fault trace, the fault exhibits a right-stepping fault segmentation pattern
and both segments overstep in the area of Tolminske Ravne.

3 13.50 ° 13.70 ° 13.90 ° 14.10 ° 14.30° 14.50 ° 1470 ° o
v A 3
- ]
<+
o

2 i
o Legend: <
<+

ik Earthquake location

) — Faults

AAAAAA Thrust faults

Normal faults
E’ e < — Rivers |
N n
. N
g Quaternary ©
<

Pliocene

Miocene

Oligocene

Eocene
z’ ‘ = Paleocene o
o n
] | ol Cretaceous | O
N ?

| =] Jurassic

g&’ i ) 3 i = ' A Triassic

20 km e 4 “ ik N R [ Paleozoic

L S NG L) N ‘ : :
13.50 ° 13.70 ° 13.90 ° X X 14.70 ©

Figure 12: Geologic map of north-western Slovenia with marked measurement locations.
Rectangle in Bovec region indicates the area of measurement points within the Ravne fault zone
(Figure 11). Faults: SAF — Sava, ZUF — Zuzemberk, RAF — Ravne, IDF — Idrija, PRF — Predjama.
Location of 1998 and 2004 earthquake epicentre is marked with a star.
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3.1.2 Thermal water

There are only a few thermal springs in the seismically active area along the Soca river,
the closest and most easily accessible ones being at Bled and Hotavlje (Figure 12). In
contrast, there are many thermal springs in east Slovenia, but this area exhibits lower
seismic activity. Earthquakes that occurred during the time of our research (October
2005—-May 2008) and that are inside the range of two lengths of Dobrovolsky radius (Rp,
Eq. 13) are indicated in Figure 13.

3.1.2.1 Thermal spring at Bled

The thermal spring at Bled wells on the Bled fault on the eastern side of Lake Bled
(46.37N, 14.11E) which belongs to Southern Alps. The Bled fault represents a SW
boundary of tectonic depression of Ljubljana and Radovljica, which was formed in
Tertiary. Depression is filled by 100 to 500 m deep Tertiary strata (Buser, 1975). Cold
meteoric and underground water trickles through fractured carbonate bedrock on the
border of depression, where it is warmed due to geothermal gradient. Thermal water then
springs from a deep Triassic carbonate reservoir due to convective forces and rises
through Oligocene clay and shallower Quaternary lake and glacial sediment. Thermal
water is used in the swimming pool of the Toplice Hotel and is characterized by a
constant temperature of 21.82 + 0.01 °C and by active bubbling (Popit et al., 2005).

3.1.2.2 Thermal spring at Hotavlje

The thermal spring at Hotavlje (46.12N, 14.08E) is situated at the bank of a small stream
near the Hotavlje village and belongs to the tectonic unit of External Dinarides. Water
temperature is constant at 20.22 + 0.04 °C and wells on the fault in Main dolomite
oriented along the valley of Kopacnica (Grad and Ferjanci¢, 1968). The water is of
meteoric origin. Meteoric water trickles through the rocks to deeper layers, where it
accumulates and warms up and is then raised again with convective flow through fault
zones (Popit, 2004).

a) b)

Hotavlje , * ° 24

290 °* , @22

Figure 13: Earthquakes with an impact on Hotavlje and Bled location from October 2005 to May
2008. The size of a circle represents the earthquake magnitude (M,). Only earthquakes with Rp/R
ratio of 0.5 are considered.
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3.1.3 Karst cave — Postojna Cave

The Postojna Cave, with its 20570 m of known passages (Figure 14), is the second
longest of 10000 registered karst caves in Slovenia and one of the most visited show
caves in Europe. The river Pivka sinks at the lower entrance to the cave at a height of 511
m above sea level (masl). The entrance to the main, currently dry, passage is situated at
529.5 masl and is 10 m high and 6 m wide. This entrance is also used as a tourist
entrance. The cave passages have developed in approximately 800 m of Upper Cretaceous
bedded limestone situated between two dextral strike-slip Dinaric faults, Idrija and
Predjama Fault (Sebela, 1998; Sebela et al., 2010).

Cave passages are developed in both flanks of the Postojna anticline and follow the
strike and dip of the bedding-planes (Car and Sebela, 1998). They are mostly horizontal,
dipping toward the north and northeast (Figure 15). The cave has six known entrances and
some less known or unknown connections to the surface, for the most part corrosionally
widened fissures. There is no forced ventilation in the cave and air is only exchanged via
natural air flow through the numerous cracks, passages and breathing holes (Gams, 1974)
connecting the cave with the outside atmosphere.

Mean annual air temperature in Postojna is 8.4 °C with the lowest monthly average —
0.9 °C in January and the highest average 17.7 °C in July. During the last few years, an
increase of the mean annual temperature is observed. Average monthly rainfall in
Postojna is in the range of 90-170 mm. During the measurement period, a flood occurred
from 17 to 21 September 2010, extending over almost the whole of Slovenia. The level of
Pivka river just before the sinking point reached 520.4 masl on September 19th. The
highest water level in the Postojna Cave system during the flood was 518 m, which is just
2 m lower than the highest observed water level in 1933.

Postojna Cave has been under permanent radon survey since 1995 because of elevated
radon concentrations (Kobal et al., 1988; Vaupoti¢, 2008; Vaupoti¢ et al., 2001). More
recently, air temperature and pressure monitoring has been conducted to better understand
radon emanations connected with microtectonic displacements of two monitoring sites,
Velika Gora and Lepe Jame (Sebela et al., 2010).

All these studies have brought to light the complexity of the Postojna Cave
microclimate (Sebela and Turk, 2011), influenced by numerous known and unknown
entrances at different levels and the long and highly ramified cave system.

The first location is situated in a narrow fissure in the Lepe Jame (Beautiful Caves)
(Figure 14, cross section a-a"), 529 m above the sea level and about 15 m from the route
followed by tourists. Because of the large vent hole here, this fissure was artificially
widened about 50 years ago in order to create a new passage, but the passage ended in a
narrow fissure. Radon concentration was measured continuously at this location during
two periods: April 2006—-October 2007 and March 2010-October 2012.

The second location is situated at the lowest point of the tourist route (Figure 14, cross
section b-b"), at 508 masl, where the passage widens significantly. Measurements of radon
concentration have been introduced to this location simultaneously with the research of
aerosols in the cave air (Bezek et al., 2012) in March 2011.
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Velika Gora (Great Mountain) is located at the northern edge of the biggest collapse
chamber in the cave (Figure 14, cross section c-c') at 561.4 masl with 65 m of the
limestone roof and 50 m from a well-used tourist route. Radon was monitored
continuously in the Velika Gora chamber from July 2005 to October 2009.

The fourth measurement location (Figure 14, cross section d-d) lies at the end
(532 masl) of the 920 m long Pisani Rov (Gaily Coloured Corridor), which deviates from
the main passage to the north. This passage is not a part of the tourist route. It terminates
below the slopes of a collapse doline where the bottom is filled by sediments at 535 masl
(Sebela and Car, 2000). Along the whole passage, grey loam originating from weathered
flysch rocks can be found. The roughly 145 cm thick profile of fluvial sediments situated
at the end of Pisani Rov consists of fine-grained sediments (yellowish brown silts to clays
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with dark stains in the upper part showing cubic to columnar disintegration with Fe stains
on the fractures), covering the collapse boulders and massive flowstone (Zupan Hajna et
al., 2008). The deepening of the collapse doline interrupted the continuation of Pisani Rov
towards the north (Sebela and Car, 2000). The smallest thickness of the cave ceiling is
about 30 m. Continuous measurements of radon concentration started in this corridor in
February 2010 and lasted until October 2012.
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Figure 15: Longitudinal profile through Postojna Cave with marked measurement locations (after
Gospodari¢ (1976)).
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3.2 Radon measurement techniques

Radon activity can be determined by measuring either the activity of radon itself, the total
activity of radon and its decay products (RnDP), the activity of some of RnDP or the
gross activity of RnDP. Measurement techniques may be classified according to the
principle of analysis, sampling or the duration of measurements.

Regarding the principle of analysis, three types of measurements can be distinguished:

e Dby the grab sampling technique, the instantaneous activity concentration of
radon is obtained. Samples of air, soil gas or water are collected and analysed
with a proper device, for instance a-scintillation cells, ionisation chambers or
semiconductor detectors (Quindos-Poncela et al., 2003; Vaupotic et al., 1992).

e by continuous monitoring at a pre-selected frequency, a time series of radon
concentration is obtained. Samples are collected and analysed automatically at
short time intervals (from several minutes to several hours) over a longer
period of time (days or weeks). For this purpose, the following devices are
often used (commercial names): Barasol probe, Radon Scout, Radim 5,
AlphaGuard and Rad7, RTM 1688 and EQF 3020-2.

e Dby integrating measurements, the average radon activity concentration for the
period of exposure is obtained by exposing detectors to radon, either in air, soil
gas or water, for a longer period of time (from weeks to months). For these
measurements, ion chambers based on electret (Kotrappa et al., 1988) and solid
state nuclear track detectors of various manufacturers are used (e.g. Radosys,
Gammadata).

Air, soil gas or water may be sampled either actively, by pumping (continuously or at
pre-selected intervals) through the detector chamber, or passively, where only radon
which diffuses into the detector chamber is measured.

Regarding the duration of measurement, short-term measurements, which last for days
or at most a week, and long-term measurements, over weeks and months, can be
distinguished (Klein et al., 1995; Nero, 1988; Papastefanou, 2002).

For the purpose of studying the temporal variation of radon levels in karst caves, soil
gas or water, continuous measurements are the most appropriate, as they provide an
opportunity to observe diurnal variations, as well as variations over a longer time-scale.
Therefore, several passive devices for continuous radon measurements have been used,
including Barasol probes, Radim 5 and Radon Scout (commercial names). On the other
hand, the grab-sampling technique using alpha-scintillation cells was used for the
research of the spatial distribution of radon concentration within the Ravne fault zone.
This technique is also very useful for preliminary measurements, as it gives reliable
results in a relatively short time and in this way represents a helpful tool for choosing the
most appropriate location for continuous measurements.

Long-term continuous measurements under real environmental conditions are
inevitably subject to extreme conditions, particularly high humidity in caves and soil gas
and therefore electronic devices used in field measurements should be robust enough.
Besides its corrosive effect, moisture additionally influences the efficiency of radon
detection and thus attention should be paid while exposing radon monitors to field
conditions.
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3.2.1 Grab sampling technique

3.2.1.1 Alpha-scintillation cells

Instantaneous radon activity concentrations can be measured either in indoor air, soil gas
or water. For that purpose, air and soil gas are sampled directly into the scintillation cell
using a pump, while from water samples, radon is degassed and then transferred into the
cell. Two types of scintillation cells have been used for measurements performed within
the frame of this thesis: cells manufactured at Jozef Stefan Institute (Kristan and Kobal,
1973; Vaupoti¢ et al., 1992) and the second type, manufactured in Spain (Quindos-
Poncela et al., 2003). In both types of scintillation cells, silver-activated zinc sulphide,
ZnS(Ag) scintillator is used.

For the purpose of analyses, scintillation cell is placed inside a photomultiplier tube
inside a light-tight enclosure three hours after sampling, when secular equilibrium
between radon and its decay products has been reached. Light pulses emitted when alpha
particles emitted by Rn and RnDP strike the scintillator, are amplified by the
photomultiplier tube and then counted with an alpha counter PRM 145 (AMES,
Slovenia).

3.2.2 Continuous measurements of radon concentration

3.2.2.1 Barasol probe

Battery-operated Barasol probe (MC-450, Algade, France) is a passive device for
continuous measurements of radon concentration. The probe is primarily designed for
radon measurements in soil gas and it therefore has a higher lower limit of detection
(about 500 Bg m™®) than devices designed for measurements in indoor or outdoor air. It
gives radon concentration based on alpha spectrometry of radon decay products (formed
from radon that diffuses into the detector active volume) in the energy range of 1.5 MeV
to 6 MeV using an implanted solid-state silicon detector. The detector sensitivity is
50 Bqgm™ per 1imph™ with a sampling frequency of once an hour. It also records
temperature and relative barometric pressure. Data are stored in the internal memory at
predefined frequency and are periodically transferred to a personal computer.

The advantage of this type of probes is their robustness and high capacity of internal
memory and battery, which makes Barasol a very convenient device for long-term
measurements under environmental conditions. However, high lower limit of detection
restricts its use to environments with high radon concentration.

3.2.2.2 Radim 5 and Radon Scout

Radim 5 (SMM Company, Czech Republic) and Radon Scout (Sarad, Germany) are
passive devices for continuous radon measurements, mainly designed for indoor air
measurements. Both instruments are battery-operated and have the same principle
detection. The activity of radon, diffused into the measuring chamber, is measured via its
decay products #®Po and ***Po, electrostatically collected on the surface of a semi-
conductor detector.

The measuring range of Radim 5 monitor is from 80 Bq m™ to 50 MBgq m 2 and the
sampling interval is 0.5 or 1 hour. It is intended for extreme conditions, when 100 %
humidity or dust environment is expected.

Radon Scout has lower measuring range than Radim 5, from 5 Bq m™ to 10 MBg m 3,
with a statistical error lower than 5 %. Additionally, it measures also temperature and
relative humidity. Measured data are stored in the internal memory at predefined intervals
(1 or 3 hours) and then transferred to a personal computer.
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3.3 Databases

Databases included in the research are mostly based on long-term measurements of radon
concentration and atmospheric parameters. In the case of thermal water, measurements
had already started in the frame of previous research. The same is true for measurements
at Velika Gora and Lepe Jame in Postojna Cave. During the progress of the research and
temporary results, the need for additional measurements at some crucial points in the cave
appeared, in order to be able to interpret the time evolution and fluctuation of radon
concentration and thus cave ventilation. However, the radon time series at each location
exceeds a period of one year, which is necessary to observe the seasonal behaviour of
observed parameters.

As distinguished from other locations, the spatial distribution of radon concentration
was highlighted in the case of the Ravne fault zone.

Hourly values of atmospheric parameters (temperature, barometric pressure and
relative humidity) and daily height of rainfall for the Postojna region were provided by
the Slovenian Environment Agency (Ministry of Agriculture and Environment of the
Republic of Slovenia) until November 2010. A data logger DL-180THP (Voltcraft,
Germany) was installed in front of the tourist entrance to Postojna Cave in November
2010, and has been continuously recording atmospheric parameters at one hour intervals
since then. The list of radon databases included in the thesis is summarised in Table 5.

The location of seismic events and their magnitudes was provided by the Seismology
Office of the Slovenian Environment Agency (Ministry of Agriculture and the
Environment of the Republic of Slovenia).

In order to improve the knowledge of the Postojna Cave microclimate and cave
ventilation in particular, additional parameters (Tcawe — Cave air temperature and CO,
concentration), were considered beside radon concentrations that were provided by Dr.
Stanka Sebela and Dr. Franci Gabroviek from the Karst Research Institute (Research
Centre of the Slovenian Academy of Sciences and Arts).

Table 5: Summary of databases.

Type of
measurement

04/2006-10/2007 continuous Radim 5

Location Media Period Device

L i . .

g Jame CAVe AT 03/2010-10/2012  continuous  Radim 5

O the lowest point  cave air 03/2011-10/2012  continuous Barasol

& : . : Barasol

S Velika Gora cave air  07/2005-10/2009  continuous

2 Radon Scout

Q- Pisani Rov cave air 02/2010-10/2012 continuous Barasol
Bled thermal  10/2005-9/2007 continuous Barasol
Hotavlje water 10/2005-6/2008 continuous Barasol
Bovec — soil gas  17/8/2008-3/9/2008 920 alpha
Ravne fault sampling scintillation

A complete time series of radon concentration at four measurement locations in the
Postojna Cave is presented in Figure 17. The longest uninterrupted time series are
obtained using Barasol probe, while missing data in the time series obtained by Radim 5
or Radon Scout are usually caused by device malfunction.
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3.4 Uncertainty of radon measurements

Field measurements under real environmental conditions are inevitably subjected to
additional sources of uncertainty, compared to laboratory experiments under
well-controlled conditions. These additional components of uncertainty, connected to
field measurements, mainly arise from sampling technique, unpredictable environmental
conditions and approximations and assumptions incorporated in the measurement method
and procedure, which are very difficult to evaluate quantitatively.

In field measurements, such as continuous measurements of radon concentration in
water, soil gas or cave air, uncertainty related to sampling and transportation of samples is
avoided. However, a disadvantage in a sense of accuracy of field measurements is their
unreplicability due to the changing values of measured parameters. Therefore, it is even
more important to accurately evaluate uncertainties arising from measurement devices,
prior to field measurements. Using a calibrated measuring device is a prerequisite to
obtain good and reliable measured values. Calibration, as well as intercomparison,
enables a laboratory to evaluate their own data obtained with various measuring devices,
and to compare their results with those of other laboratories.

Calibration of radon measurement devices owned by Radon Center (Department of
Environmental Sciences, Jozef Stefan Institute) is performed regularly either by the
company, where the instrument was produced or by exposing a measuring device to
known concentration of radon in a radon chamber. IFJ-KR-600 Radon Chamber
(Figure 16), located in the Laboratory of Radiometric Expertise at The Henryk
Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Krakow,
Poland (IFJ-PAN) has been used for calibration and intercomparison of measuring
devices (Kozak et al., 2009).

Figure 16: Radon Chamber IFJ-KR-600. a) radon chamber, b) control panel.

Traditional methods for the development of 2?Rn reference standards are based on the
quantitative transfer of the 2Rn produced in a known period of time by a **Ra standard
source, to a suitable chamber operating as the ’Rn detector. The counting efficiency of
this detector is obtained from the instrument reading and the known ?*°Rn activity. The
detector is therefore used as a *’Rn reference measurement system (De Felice, 2007).
This is a so called "relative standard".

Intercomparison of radon measuring devices and sampling techniques is performed
regularly between different laboratories and also within Radon Center between different
devices (i.e. Barasol probes, Radon Scout and Radim 5), with AlphaGuard (Saphymo,
Germany) used as a reference instrument.



46

Materials and Methods



47

4 Publications

4.1 Radon transport in different environments

While radon is often used as a tracer in different geophysical applications, it is important
to understand the processes governing its formation and transport to the Earth's surface.
Simultaneously with numerous experimental studies carried out worldwide with the goal
of constructing geogenic radon maps of different countries, several theoretical models
were applied with the purpose of predicting radon concentration from radium levels in
soil gas. However, the Earth's non-homogenous crust and its upper soil layer are
responsible for a high level of uncertainty of such applications.

The spatial distribution of radon in soil gas and its exhalation was studied in detail in
the area of the Ravne fault in NW Slovenia, a region of recently increased seismic
activity. Results are presented in the paper "Radon concentration in soil gas and radon
exhalation rate at the Ravne Fault in NW Slovenia". Radon levels at sampling points
aligned in five profiles revealed highly heterogeneous distribution, mainly controlled by
various levels of permeability within the deformed fault zone.

In addition to the natural environment, radon concentration and radon exhalation rate
was investigated on a fly ash pile, regarding its use as a building lot. The study is
presented in the paper "Radon potential of a fly ash pile — a criterion for its use as a
building lot". In addition, the permeability of fly ash and gamma dose rate were
measured. The degree of transport of radon from a fly ash layer to the environment is
important due to the enhancement of radium content in the process of coal burning in
thermal power plants. Since several disposal sites of fly ash exist in Slovenia, a question
emerges as to what the radon potential of a layer of fly ash is and thus what radon risk is
expected when using this layer as a building lot. The site chosen was classified as a
medium radon risk, according to the German classification, and a normal radon risk,
according to the Swedish one.
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4.1.1 Scientific paper: ""Radon concentration in soil gas and radon
exhalation rate at the Ravne Fault in NW Slovenia"
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Abstract. The Ravne tectonic fault in north-west (NW) diffusion and, for longer distances, by advection dissolved
Slovenia is one of the faults in this region, responsible foreither in water or in carrier gases. Eventually it exhales
the elevated seismic activity at the Italian-Slovene border.into the atmosphere. Radon emanation depends mainly on
Five measurement profiles were fixed in the vicinity of the ??Ra content and mineral grain size, its transport in the
Ravne fault, four of them were perpendicular and one par-earth governed by geophysical and geochemical parameters,
allel to the fault. At 18 points along these profiles the fol- while exhalation is controlled by hydrometeorological condi-
lowing measurements have been carried out: radon activitgions (Etiope and Martinelli, 2002). Radon activity concen-
concentration in soil gas, radon exhalation rate from groundjration, measured at the surface, either in a thermal spring
soil permeability and gamma dose rate. The radon meaer in soil gas is a result of a combined effect of the above
surements were carried out using the AlphaGuard equipmentioned parameters. Among diurnal and seasonal varia-
ment, and GammaTracer was applied for gamma dose ratgons which are ascribed to the hydrometeorological parame-
measurements. The ranges of the obtained results are asrs, sudden changes (either increase or decrease, also called
follows: 0.9-32.9kBqm? for radon concentrationCgn), radon anomalies) may be observed in the time series of radon
1.1-41.9 mBqm?s~1 for radon exhalation ratefg), 0.5—  concentration. These have been found to be related to an in-
7.4x 1013 m? for soil permeability, and 86-138 nSvhfor  crease in seismic (King, 1986; Zmazek et al., 2002) or vol-
gamma dose rate. The concentrationg3Rn in soil gas  canic (Cigolini et al., 2007; Gasparini and Mantovani, 1978)
were found to be lower than the average for Slovenia. Be-activity of a region, or activity change of a tectonic or geo-
cause the deformation zones differ not only in the directionlogic fault (Sebela et al., 2010). On the other hand, radon
perpendicular to the fault but also along it, the behaviour ofanomalies in the spatial distribution of radon levels in a re-
either Crp Or ERp, at different profiles differ markedly. The gion have been observed to coincide with the locations of tec-
study is planned to be continued with measurements beingonic and geologic faults, either well expressed on the surface
carried out at a number of additional points. or still hidden (Burton et al., 2004; Swaket al., 2005).

The Ravne fault is one of the faults in NW Slovenia
responsible for elevated seismic activity along thet&o
(Isonzo) river at the Slovenia-ltaly border. In this paper, at
various distances from the fault, radd$4Rn) activity con-
Noble radon gaSZEZRn) originates from radioactive transfor- centration in soil gas, radon exhalation rate, soil permeability
mation of226Ra in the?38U decay chain in the earth’s crust. and gamma dose rate were measured in order to estimate the
On|y a fraction of the radon atoms so created is able to eminfluence of the fault on radon transport, and thus on the le-
anate from the mineral grains and enter the void space, filled/els of the measured parameters.
either by gas or water. From here, radon moves further by
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Fig. 1. Location of the Ravne fault with the measurement points 5 km ,;{;A
indicated. CP -€ez Potge, PNP — Planina na Polju, RAF — Ravne e

fault, TR — Tolminske Ravne, TSB — Tolminka Springs basin.
Fig. 2. Measurement profiles.

2 Description of the Ravne Fault 3 Experimental

3.1 Measurement points

The Ravne Fault is an actively propagating NW-SE trend-jn principle, measurement points were selected on the basis
ing dextral strike-slip fault in the Julian Alps of NW Slove- o geqlogy and tectonics of the area. The number of cho-
nia (Fig. 1). Strike-slip displacements on moderate-ste€Rsen points had to be limited because of mountainous terrain
fault planes are responsible for the recent seismic activityitn scarce roads. Some points were not accessible by car
that is confined to shallow crustal levels. The fault is grow- hich was necessary to transport equipment. Thus, in to-
ing by interaction of individual right stepping fault segments tal, measurements were performed at 18 points, grouped in

and breaching of local transtensional step-over zones. Theye profiles, four perpendicular and one parallel to the fault
fault geometry is controlled by the original geometry of the (Fig. 2).

NW-SE trending thrust zone, modified by successive fault-

ing within the fault zone. At epicentral depths, the fault 32 Radon in soil gas

system is accommodating recent strain along newly formed

fault planes, whereas in upper parts of the crust the activityThe measurement set-up to analyse radon concentration in
is distributed over a wider deformation zone that includes re-sojl gasCgy, (Bq m3) consisted of an AlphaGuard PQ 2000
activated brittle thrust faults. The active deformation along PRO (AG) radon monitor, a soil-gas probe and an Alpha-
the Ravne fault zone is concentrated in the upper parts oPump (AP) (Genitron, Germany) (Fig. 3). Soil gas was
the crust, which is characterized by a high density of olderpumped through the AG ionization chamber at a flow rate of
structural elements such as fault planes, fractures and cleaw.3 dn? min—1. The temporary radorf42Rn) concentrations
age. The fault is best exposed in its central part aroundwyere registered in one-min intervals over approximately a
the Tolminka Springs basin over a length of approximately20-min period. After initial growth, the concentration be-
11 km from theCez Pot@e pass in the NW to the Tolminske came stabilised. The average of the last few stabilised values
Ravne in the SE (Fig. 1) (Kastelic et al., 2008). The Bovecwas taken as the radon concentration in soil gas. At this low
basin, at the north-western end of Ravne fault, is characflow rate, contribution of thoron?€°Rn, half-life 555s) was
terised by Triassic and Jurassic carbonates and Cretaceouggligible Zunic et al., 2006).

flysch, covered by fluvio-glacial deposits. The Ravne fault

is less exposed to the SE of the Tolminka Springs basin3.3 Radon exhalation from soil

where it is covered by grass and forested terrain. There are

no individual fault planes outcropping between the Tolminka The radon exhalation ratr,, (Bqm2s-1) from soil was
Springs basin and areas SE of Tolminske Ravne. Along thaimeasured using the Exhalation Box (EB) and the same AG
part of the fault trace, the fault exhibits a right-stepping fault monitor and AP pump as in the previous section (Fig. 4). The
segmentation pattern and both segments overstep in the ar@@ was circulated in the closed circuit for about 90 min and
of Tolminske Ravne. the concentration of radon accumulated in EB was recorded

Nat. Hazards Earth Syst. Sci., 10, 8889, 2010 www.nat-hazards-earth-syst-sci.net/10/895/2010/
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Fig. 4. Radon exhalation measurement.

Fig. 3. Soil gas radon measurement.

Pressure low O Multisensor
every 10 min. The exhalation rate was calculated according ©) Unit D/D
to the formula: €) AirIN
v 4 (P Air OUT
-
Ern=B -—
R=2F t
where: B — slope of the straight line fixed to the increasing g ‘m Filter
radon concentration points in the EB,— volume of the EB f
(m3), F — surface area covered by EB m(Zunic et al., Pump Soil e [ J|out
2006) probe _‘;T Radon Monitor. —
1
3.4 Soil permeability 7777 e 777 AlphaGUARD PQ2000 PRO
The system to measure soil permeabikigy; (m?) consisted
of a Multisensor Unit D/D device (Genitron, Germany) and

the same AG monitor, AP pump and soil-gas probe as in

Sect. 3.1 (Fig. 5). Soil gas was sucked from soil by soil-

gas probe and pumped through the AG and Multisensor. The = con

pressure difference between soil air and open aiP) and

ﬂO\_N rate (Q) _V\_/ere measured by th(? Multlsens_(_)r D/D. The Fig. 5. Soil permeability measurement (Genitron Manual Multisen-
soil permeability was calculated using a modified equationg, DID).

of Fick’s law of diffusion (Janik, 2005):

1)

ksoil = h———,
W-AP 4 Results and discussion

in which: ksojl is soil permeability (),  is dynamic viscos-

ity of air (Pas),W is shape parameter of the soil-gas probe The results are shown in Table 1. The coordinates and eleva-

(m), 0 is soil gas flow rate (fmin—1), andA P is pressure  tions above sea level (a.s.l.) of measurement points together

difference measured (pajl(mf; etal., 2006). with the dates of measurements are also presented. The mea-
surement points lie from about 350 m to almost 900 ma.s.l.
3.5 Gamma dose rate The values of radon concentration in soil gas, were in

. the range 0.9-22.9kBqgmi and are lower than the aver-
Gamma dose ratd, (nSv h ') was measured in outdoor air age of 40.1 kBgm? obtained at 70 points all over Slovenia
at the height of 1 m above the ground using a GammaTracefvaupoti, 2009). Also radon exhalation ra,, varied sub-
TM Wide Type E probe (Genitron, Germany). The values stantially from point to point, i.e., from about 1 mBq st

of gamma dose rate were registered in 5-min intervals. Theo about 42mBqm?2s~1. Soil permeability was found in
average value of 12-15records was taken as a final result. the range 0.5-7410-23m? and may be thus considered as

www.nat-hazards-earth-syst-sci.net/10/895/2010/ Nat. Hazards Earth Syst. Sci., 8332810
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Table 1. Radon activity concentration in soil gaSg), radon exhalation rateFERy), soil permeability ki) and gamma dose raté?{() at
the Ravne fault.

No N E asl. Date  Cpn ERn ksoil Hy
m in2008 kBqm3 mBgm2s 1 m? nSvhl
1 20.536 34.414 447 27Aug 80.9 15.6:5.0 3.6¢10°13 11946
2 19.853 35299 894 27Aug D5 41.9%7.3 3.x10°18 9645
3 20.183 34.863 454 27Aug 1671.2 14.2:4.1 7.4¢10713  110+6
3A 20155 35017 459 3Sep 2&8.0 3.0t5.3 7.210°13  105t6
4 19.606 34.554 407 27Aug = 9B.7 13.3+4.8 0510713  104+6
4 19.646 34.608 400 3Sep 1609 1.119 4510713 12246
4A  19.268 33.756 384 1Sep %04 3.4x10713  g7+4
4B 19.075 32.907 367 1Sep  ®8.2 8.8£35 3.5¢10713  113t6
4C  19.069 31.754 374 1Sep 485 1.9:2.6 351018 1146
5 19.935 32.290 450 1Sep 1480 40.37.1 351018  128+6
6 18.249 40.827 648 2Sep %07 2.2:t16 4.0<10°13  86+4
6A  18.727 39.577 528 2Sep 142.8 15.3:3.3 3.8«10° 18 11146
6B  20.091 38.716 452 3Sep 0.0 1512 3.7%10718  g6+4
9 13.803 46.292 897 28Aug 1892  9.5:2.9 31018 9145
10  13.998 46.313 28Aug 8.8 8.3:3.6 3.8«10° 18  87+4
11 14287 43385 410 29Aug @®.2 7.0t2.3 3.7%10713  94t5
11A 11.903 44.029 340 29Aug D7 3.6¢<10°13  138+7
12 15.027 43.497 509 29Aug 202 11.7Z3.9 6.6<10713 8744
a)a—a' b)b-b' cyc—c¢
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Fig. 6. Radon activity concentrations in soil gagg,) and radon exhalation rat&g,) at profile (f — fault):(a) a—a’, (b) b—b’, (c) c—c’, (d)
d-d’, and(e)e—e’.

medium. Gamma dose rate in the range 86-138 n$us Gas-bearing properties of faults depend on the enhanced
close to the average value obtained for the central part opermeability of fracture systems. However such permeability
Slovenia of 118 nSvht (Brajnik et al., 1992). is not continuous leading to spotted distribution of soil-gas
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anomalies, as shown by Ciotoli et al. (1999). Furthermore Edited by: T. Przylibski

Crn and Egr;, depend also on local characteristics such asReviewed by: two anonymous referees
thickness of soil covering the underlying deformed rocks.
Thus, close to the fault botGr, and Erp are lower at the
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Radon potential of a fly ash pile - a criterion for its use as a
building lot

Radonski potencial odlagalisca elektrofiltrskega pepela kot
merilo za njegovo uporabo kot gradbeno zemljisce
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Abstract: Radioactivity survey on a fly ash pile was carried out. Concen-
tration of radon (*?Rn) in fly ash at a depth of 1 m was in the range
of 0.3-46.9 kBq m3, with arithmetic mean of (23.8 £ 0.2) kBq m™.
Radon exhalation rate was about 24 mBq m? s™!' on the part of the
pile covered with grass, and about 37 mBq m? s! on the part with
trees and bushes. Gamma dose rate was about 168 nSv h™' and ash
permeability around 3.9 x 10~'* m? on both parts.

Izvlec¢ek: Na odlagaliscu elektrofiltrskega pepela smo izvedli raziskavo ra-
dioaktivnosti. Na globini 1 m smo v elektrofiltrskem pepelu izmerili
koncentracije radona (***Rn) 0,3-46,9 kBq m™ s povpre¢jem (23,8 +
0,2) kBq m™. Na s travo poras¢enem delu odlagalis¢a smo izmerili hi-
trost ekshalacije radona okrog 24 mBq m? s, na delu, kjer odlagalisc¢e
preraséajo drevesa in grmi¢evje, pa okrog 37 mBq m? s™'. Hitrost doze
sevanja gama smo izmerili okrog 168 nSv h™!, prepustnost pepela pa
okrog 3,9 x 10> m>na obeh predelih.

Key words: radon, concentration, exhalation rate, gamma dose rate, fly
ash

Kljuéne besede: radon, koncentracija, hitrost ekshalacije, hitrost doze
sevanja gama, elektrofiltrski pepel
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INTRODUCTION

Radon (**’Rn) is a radioactive noble
gas (o radioactive transformation,
half-life, 7, = 3.82 d) originating from
radioactive transformation of radium
(**°Ra) in the natural radioactive chain
of uranium (**U) (Nazarorr & NERO,
1988). Only a small fraction of radon
atoms emanate from the solid and en-
ter the space between mineral grains,
from where they migrate through the
medium, by both diffusion and advec-
tion, and eventually exhale into the
atmosphere (ETIOPE & MARTINELLI,
2002). Radon is always accompanied
by its short-lived products (*'*Po, ?'“Pb,
21“Bi and ?'*Po) formed by its radioac-
tive transformation and appearing in
air as nano aerosols. Together, radon
and radon short-lived products con-
tribute more than half to the effective
dose a member of the general public
receives on the world average from
all natural radioactive sources (UN-
SCEAR, 2000) and are a major cause
of lung cancer, second only to cigarette
smoking (DArBy et al., 2005). Keep-
ing low radon levels in dwellings and
at workplaces is therefore a serious so-
cial concern and a great scientific chal-
lenge.

Radon enters the indoor air mostly
from the ground on which a building is
standing. Other radon sources, such as
outdoor air, building material, burning

natural gas and using water, are usually
minor if not negligible. It is therefore
important where and how the building
is constructed. Particularly important
is the quality of the basic floor slab and
parts of the walls contacting the ground.
Obviously, the higher the uranium con-
tent in the ground, and, consequently, ra-
don concentration in soil gas, the higher
quality is needed to keep radon level in
indoor air acceptably low. In this sense,
radon concentration in soil gas togeth-
er with soil permeability, as a measure
of radon potential (Wieganp, 2001;
NEznAL & SMARDa, 1996), should be
considered when constructing a new, or
remodelling an old building. In Germa-
ny, Kemski et al. (2001) have proposed
the following ranking of radon risk with
respect to radon concentration in soil:
low at <10 kBq m™~, medium at 10—-100
kBq m™, increased at 100-500 kBq m™,
and high radon risk at >500 kBq m™.
In Sweden, the ranking is slightly dif-
ferent: low at <10 kBq m™, normal at
10-50 kBq m™ and high at >50 kBq m™
(EC, 2005). A classification of soil with
respect to radon potential in Slovenia
has not been accepted.

Radon potential varies markedly
from soil to soil. It is reasonable to
expect that it will be higher in the
technologically enhanced naturally
occurring radioactive material (TE-
NORM). Such are wastes and by-
products of technological processes

RMZ-M&G 2010, 57



Radon potential of a fly ash pile - a criterion for its use as a building lot

503

in which some members in the urani-
um radioactive chain are concentrat-
ed and hence their contents elevated.
An example is burning coal in a ther-
mal power plant. As in any material,
also in coal, there is certain, though
low, level of ??°Ra which, after burn-
ing, grows concentrated in the fly ash.
A question emerges what is the radon
potential of a layer of fly ash and thus
which radon risk is expected when
using this layer as a building lot.

In Slovenia, there are several fly ash
disposal sites of various sizes. For this
study, a small fly ash pile of well de-
fined geometry was chosen. In addi-
tion to radon concentration in fly ash
also radon exhalation rate from fly ash,
permeability of fly ash and gamma
dose rate were measured, and the site
was classified according to radon risk.
These have been the first such measure-
ments in Slovenia, aimed only at show-
ing as an example how radon potential
for this kind of sites may be dealt with.

MATERIALS AND METHODS

Site description

To the site selected as an example for
this study, the fly ash of a thermal pow-
er plant burning lignite had been dis-
posed of for years. At present it is a 5—7
m thick layer of an approximate 150 m
% 200 m surface area.
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Figure 1. A schematic outline of the fly ash
pile: the part covered by grass only is shad-
owed; measurement points are indicated,
with vertical bars representing radon con-
centration in ash-gas.

A gamma spectrometric analysis of an
averaged dry ash sample had shown
the following concentrations of ra-
dionuclides (Bq kg'): #%U: 200 + 26,
22Th: 37 + 8,%6Ra: 237 £ 8,%'°Pb: 102
+ 14, %“K: 410 £ 23. For comparison,
the following ranges were found in the
terra rossa soil in various points in the
karstic area: 238U: 52-70, 22Ra: 53-74,
40K 320450, (VaupoTIC et al., 2007a).
A small part of the pile is a glade cov-
ered with grass only, while the rest,
with dense bushes and trees (Figure 1).
Complete measurements of all the pa-
rameters were carried out only in the
former part because the movement of
the equipment (except of scintillation
cells) to the latter was practically im-
possible.
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Radon in fly ash

To measure radon concentration (C, /
(Bq m™)) in the ash-gas (gas contained
in the bulk of fly ash) an AlphaGuard
radon monitor and alpha scintilla-
tion cells were used. Because the cells
showed similar values and are, in ad-
dition, more simple to move and use,
only at two points in the part covered
with grass the AlphaGuard monitor
was used and the cells everywhere else.

1. AlphaGuard

The measurement set-up to analyse ra-
don concentration in soil gas consisted
of an AlphaGuard PQ 2000 PRO (AG)
radon monitor, a soil-gas probe and
an AlphaPump (AP) (Genitron, Ger-
many) (Figure 2). A borehole of 7 cm
diameter was hand-drilled into the fly
ash to a depth of 100 cm. The soil-gas
probe was inserted to the bottom and
the rubber ring around it inflated to
isolate the bottom part of the borehole
from the outdoor air. Soil gas was then
pumped from the bottom through the
AG ionization chamber at a flow rate
of 0.3 dm® min™'. The temporary radon
(*?Rn) concentration was registered
in one-minute intervals over approxi-
mately a 20-minute period. After ini-
tial growth, the concentration became
stabilised. The average of the last few
stabilised values was taken as the radon
concentration in soil gas. At this low
flow rate, contribution of thoron (**°Rn,
half-life 55 s) was negligible (Zunic et
al., 20006).

PRESSURE
_,BOX_,

AlphaGUARD

FLY ASH

Figure 2. Schematic set-up for measuring
radon concentration in ash-gas.

2. Alpha scintillation cells

For this experiment, the Spanish 0.3
dm? alpha scintillation cells were used
(Qumnpos-PonceLa et al., 2003). After
the measurement with the AlphaGuard
had been finished, a cell was connected
to the soil-gas probe and pump, and
ash-gas was flushed through the cell at
a flow rate of 1 dm?® min™' for 3 minutes,
necessary to exchange the air in the
cell by the ash-gas sample. In a time
longer than three hours, when the secu-
lar equilibrium between radon and its
short-lived products had been reached,
gross alpha activity of ??Rn, ?'*Po in
214Po was measured in an PRM 145
a-counter (AMES, Ljubljana) (Figure
3). Cell efficiencies are from 0.000218
s Bq?' m?to 0.000428 s' Bq! m® and
their background from 0.1 min™' to 0.5
min', thus assuring a lower limit of de-
tection from 50 Bq m™ to 110 Bq m™
at counting times of 15 min.
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Figure 3. Alpha counter with a scintilla-
tion cell.

Radon exhalation from fly ash

The radon exhalation rate £, /(Bq m™ s™")
from soil was measured using the Ex-
halation Box (EB, dimensions 0.7 m X
0.7 m x 0.2 m) and the same AG moni-
tor and AP pump as in the previous sec-
tion (Figure 4). The air was circulated
in the closed circuit for about 90 min
and the concentration of radon accu-
mulated in EB was recorded every 10
min. The exhalation rate was calculat-
ed using the formula:

v
E,, =B><E (1)

in which: B — slope of the straight line
fixed to the increasing radon concen-
tration points in the EB, //m’ — volume
of the EB, F/m?— surface area covered
by EB (Zuni¢ et al., 2006).
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f

EXHALATION BOX

| ! ! FLY ASH

Figure 4. Schematic set-up for measuring
radon exhalation rate from fly ash.

Fly ash permeability

The system to measure fly ash perme-
ability k£ ,/m* at 1 m depth consisted of
a Multisensor Unit D/D device (Geni-
tron, Germany) and the same AG mon-
itor, AP pump and soil-gas probe as for
measuring radon concentration (Fig-
ure 5). Ash-gas was sucked from soil
by soil-gas probe and pumped through
the AG and Multisensor. The pressure
difference (AP) between ash and open
air, and flow rate of ash-gas (Q) were
measured by the Multisensor D/D. The
fly ash permeability was calculated us-
ing a modified equation of Fick’s law
of diffusion (Janik, 2005):

o

W x AP @

kash :/u

in which: k_ /m* — permeability of fly
ash, 4 — dynamic viscosity of air (Pa s),
W/m — shape parameter of the soil-gas
probe, O/(m* min') — gas flow rate and
AP/Pa — pressure difference measured
(ZuNic et al., 2006).
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MULTISENSOR

PRESSURE LOW UNIT D/D

O
©
O AR IN

(p AIR OUT

J

]

out

AlphaGUARD

Figure 5. Schematic set-up for measuring
fly ash permeability.

Gamma dose rate

Gamma dose rate H /(nSv h') was
measured in outdoor air at the height of
1 m above the ground using a Gamma-
Tracer TM Wide Type E probe (Geni-
tron, Germany). The values of gamma
dose rate were registered in 5-min in-
tervals. The average value of 12—15 re-
cords was taken as a final result.

RESULTS AND DISCUSSION

Figure 6 shows the initial increase in
readings when measuring radon con-
centration in the ash-gas with the Al-
phaGuard monitor. A time of about 20
min was needed to reach the correct,
saturated value, taken as the results for
C,,- Accumulation of radon under the
exhalation box during exhalation rate
measurements is presented in Figure 7.

The initial slope of the curve was used
to calculate £, (in this case (10 + 1.2)
Bq m™ min™).

Values of radon concentration in ash-
gas are given in Table 1, together with
radon exhalation rate, fly ash perme-
ability and gamma dose rate. Based on
good agreement between radon con-
centrations obtained with both devices
in boreholes 1 and 6 (less than 15 %
difference) we decided to use the Al-
phaGuard monitor only at two points
easily accessible for the equipment,
and scintillation cells everywhere else.
Except at points 2 and 3, concentrations
were in the range from about 10 kBq m™
to about 45 kBq m™, with an average of
(23.8+0.2) kBqm™. This is similar as in
gravel deposits and lake sediments (38.1
kBq m~ and 20.3 kBq m~, respective-
ly) but lower than at carbonates (50.4
kBq m™) in Slovenia (VauproTiC et al.,
2007b; Vauroric et al., 2008), although
22°Ra concentration in fly ash is about
four times higher, and therefore higher
radon concentration would be expect-
ed, than in an ordinary soil (VAauroTIC
et al., 2007a). The lowest two values
(points 2 and 3) belong to boreholes
at the very edge of the pile where the
ash layer was thinner. Differences in
values among points (except 2 and 3)
are normal, as it is well known that
even at a homogeneous distribution of
22°Ra, radon levels may differ markedly
from borehole to borehole because of
micro fractures in the ground (DURRANI
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Figure 6. Initial increase in readings (S6) when measuring radon concentra-
tion in the ash-gas with the AlphaGuard monitor.

900
800 -+
700
600 -
500 -
400 -
300 -
200 -

CRnfIr Bq m-3

0 ¥ T T T

0 10 20 30

T T T

40 50 60 70

Duration of measurement / min

Figure 7. Accumulation of radon under the exhalation box during exhala-

tion rate measurements (S1).

& BaDR, 1995; Baixeras et al., 1996;
Kemskr et al.,, 2001; WINKLER et al.,
2001; IakovLEva & RyzHAKOVA, 2003;
VaurorTi¢ et al., 2007a). Point 4 is at the
same level as other points but only 1
m or so away from the steep edge of
the pile. We may speculate that atmos-
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pheric air may penetrate horizontally
into the borehole, diluting the ash-gas
and thus reducing radon concentration.
Such a situation has not been observed
at point 7 where radon concentra-
tion was second the highest. Although
the radon exhalation rate is similar as
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somewhere else in Slovenia (VAuPOTIC
et al., 2010; VauroTiC et al., 2007b) it
is higher at point 1 (36.9 mBq m™? s™)
than at point 8 on glade (24.2 mBq m™
s'), most probably because the roots of
trees and bushes here break up the bulk
structure of the pile and thus enhance
radon diffusion (MoLDpRruP et al., 2000).
Also the permeability of fly ash does
not differ from that measured at other
places (Vauroric et al., 2010; VauroTiC
et al., 2007b). It is practically the same
at point 1 and 6, thus pointing out that
higher exhalation rate at point 1 is due
to enhanced diffusion (MoLDRuP et al.,
2000) and not higher advection in the
ash.

Gama dose rate of 168 nSv h™' is about
50 % higher than over a nearby ground
and about 15 % (27 nSv h™") lower than
over the Pohorje granite (195 nSv h'")
(Bramik et al., 1992).

With respect to radon concentration in
ash-gas (never exceeding 50 Bq m™),
this fly ash pile may be considered as
a building lot with a normal radon risk
according to the Swedish (EC, 2005)
and a medium radon risk according to
the German (Kewmski et al., 2001) clas-
sification. This classification is con-
servative, because the measurements
were carried out in summer after a long
period of dry weather when radon con-
centration is higher than it would be in
wet condition (Hosopa et al., 2007; Pa-
PACHRISTODOULOU et al., 2007).

CONCLUSIONS

Concentration of radon in ash-gas was
in the range of 0.3-46.9 kBq m™, with
arithmetic mean of (23.8 + 0.2) kBq m?,
and radon exhalation rate about 24
mBq m? s on the part of the pile cov-

Table 1. Radon concentration (C, ), obtained with alpha scintillation cells and Alph-
aGuard monitor, radon exhalation rate (£, ), permeability of fly ash (k) and gamma

dose rate (H ,) on the fly ash pile.

Meas. C,/(kBgm?) C,/(kBqm?) . . :

point | Scintillation cell | AlphaGuard | T%/(MBATTSD | K/ H jmSvh
s1 13.6 <03 15529 36.9+4.9 37 %107 166
52 03 +0.05
s3 1.2+0.08
54 13.0+04
S5 37.0+0.6
S6 308 0.6 265433 4010 " 169
57 128+06
S8 469+ 0.7 242425
$9 289405
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ered with grass, and about 37 mBq m* s™
on part with trees and bushes. Accord-
ing to the German classification the pile
may be considered as a building lot
with medium radon risk, and according
to the Swedish, normal radon risk.
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4.2 Radon as a tracer for geophysical processes in the Earth's
crust

Radon is one of many geophysical and geochemical phenomena that can be considered to
be an earthquake precursor. Due to the large number of processes in the Earth's crust that
control the spatial and temporal distribution of seismic events, the question about the
predictability of earthquakes often arises. Nevertheless, radon has often been found as an
efficient earthquake precursor and many studies report anomalous patterns of radon
fluctuation prior to earthquakes. The major problem that arises with measurements in the
shallow soil levels is how to eliminate the perturbing effect of atmospheric parameters on
eventual radon variations caused by geophysical processes.

The basic principle of earthquake precursor studies is to learn from past observations
and efficiently apply this knowledge to present data. Therefore, much energy and time has
to be devoted to preliminary studies to discover the appropriate location for long-term
measurements. Two measurement locations in thermal water, at Bled and Hotavlje, and
their sensitivity to seismic events are presented in the paper "Radon concentration in
thermal water as an indicator of seismic activity". A high radon concentration in thermal
water and its fluctuation was observed at Hotavlje, showing an intensive response to weak
earthquakes nearby. Although radon levels in thermal water at Bled were much lower and
more stable, a significant anomalous pattern of radon fluctuation was observed during the
period of increased seismic activity.

Different approaches for differentiating between those anomalies in radon time series
caused by seismic activity and those caused solely by hydrometeorological parameters are
combined and evaluated in the book chapter "Radon as an earthquake precursor —
methods for detecting anomalies”. Among four different approaches — standard deviation
from the related mean value, the correlation between time gradients of barometric
pressure and radon concentration, artificial neural networks and decision trees — the most
promising results were achieved by using decision trees and artificial neural networks.
Machine learning methods enable the simultaneous incorporation of all of the available
environmental parameters, which might influence radon concentration in soil gas or
water.
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4.2.1 Scientific paper: ""Radon concentration in thermal water as an
indicator of seismic activity"
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Coll. Antropol. 32 (2008) Suppl. 2: 95-98
Original scientific paper

Radon Concentration in Thermal Water
as an Indicator of Seismic Activity

Asta Gregoric, Boris Zmazek and Janja Vaupotic

Radon Center, Department of Environmental Sciences, »Jozef Stefan« Institute, Ljubljana, Slovenia

ABSTRACT

Radon concentration in thermal springs at Hotavlje and Bled has been measured from October 2005 to June 2008
and from October 2005 to September 2007, respectively. At both locations several anomalies in radon concentration were
observed, that might have been caused by seismic events. In this study all earthquakes with ratio (D/R) between strain ra-
dius (D) and distance to the epicenter (R) greater than 0.5 were taken into account. Five earthquakes occurred in the vi-
cinity of Bled in this period, the strongest at a distance of 17 km with the magnitude M;=3.8 and four radon anomalies
were observed. At Hotavlje fourteen earthquakes occurred in the vicinity with D/R ratio from 0.5 to 2.9. During this pe-

riod three radon anomalies were observed.

Key words: radon, anomalous radon level, thermal water, earthquakes

Introduction

Earthquakes cause severe human disasters in many
parts of the world. The large amount of energy released
by an earthquake can lead to great loss of life and prop-
erty, especially if the earthquake is located near big
cities'. The greatest worldwide seismic hazard is the
ground shaking and the greatest risk is the structural
damage that results from this ground motion. On the
other hand, secondary effects, such as landslides and tsu-
namis triggered by the ground motion, may even cause
far greater loss of life and property. Therefore, earth-
quake precursors have been intensively sought in order
to forecast increasing seismic activity — one of the precur-
sors is radon.

Radon (??2Rn) can be transported effectively from
deep layers of the Earth to the surface by carrier gases
and by water?-3, This transport is affected by phenomena
accompanying seismic events*®. If radon in a thermal
water spring is monitored for a long period, shortly be-
fore, during or after an earthquake, a radon anomaly
may be observed”, i.e. a sudden either increase or de-
crease in radon activity concentration. Radon concentra-
tions of two standard deviations (2c) above or below av-
erage value are considered as an anomaly. Thermal springs
and ground waters in Slovenia have therefore been sys-
tematically surveyed for radon!®'2,

Received for publication July 30, 2008

It is well known that a gas such as 2?2Rn can be re-
leased by rock micro fracturing!®. Small strains could
have major effects on the generation of anomalies at
pre-existing fractures and faults'*. Toutain and Bau-
bron® observed that gas transfer within the upper crust
is affected by strains less than 107, much smaller than
those causing earthquakes. Anomalies in water tempera-
ture, radon concentration and gas composition are re-
lated to both hydrometeorological data and seismic eve-
nts. For our purpose the radius, D, of the effective pre-
cursor manifestation zone in km (also called the »strain
radius«) was calculated using Dobrovolsky’s equation!?:

D= 100.43M (1)

for an earthquake of magnitude M, corresponding to a
deformation of 10-%. 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 be-
tween our measurement site and the epicenter. All earth-
quakes were detected by the Office of Seismology at the
Environmental Agency of the Republic of Slovenia.

The work presented here is a continuation of our pre-
vious radon monitoring related to seismic activity carried
out on weekly analyses during 1981-82 in thermal wa-
ters of the Ljubljana basin!l. In 1998, measurements
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were resumed and extended to the tectonically active re-
gion close to the Soca (Isonzo) river (north-west Slo-
venia) (Figure 1). Radon content, electrical conductivity
and temperature were measured continuously!? at Bled
and Zatolmin, as well as at Podplat near Rogaska Slatina
as a reference point. In 2003, radon measurements were
started at Hotavlje village, some 30 km to the south of
Bled. In this paper, we focus on radon anomalies in ther-
mal springs at Hotavlje and Bled in the period from Octo-
ber 2005 to June 2008 and from October 2005 to Septem-
ber 2007, respectively.

Geologic setting

There are only a few thermal springs in the seismi-
cally active area along the Soca River, the closest and
most easily accessible ones being at Bled and Hotavlje. In
contrast, there are many thermal springs in east Slo-
venia, but this area exhibits lower seismic activity.

The recent geotectonic setting in Slovenia is a cumu-
lative result of Tethyan evolution, where recent dynam-

ics are determined by the closure of the Tethys and the
collision of several lithospheric units. Slovenia lies at the
junction of three tectonic plates (European, Adriatic and
Tiszian), which were amalgamated during the Tertiary
period!®,

The thermal spring at Bled wells on the Bled fault on
the eastern side of Lake Bled (46.37N, 14.11E) which be-
longs to Southern Alps. Water springs from a deep Trias-
sic carbonate reservoir and rises through Oligocene clay
and shallower Quaternary Lake and glacial sediment.
Thermal water is used in the swimming pool of the
Toplice Hotel and is characterized by a constant temper-
ature of 21.82 + 0.01 °C and by active bubbling!”.

The thermal spring at Hotavlje (46.12N, 14.08E) is
situated at the bank of a small stream near the Hotavlje
village. Water temperature is constant at 20.22 + 0.04 °C
and wells on the fault in Main dolomite oriented along
the valley of Kopacnica. The water is of meteoric origin.
Meteoric water trickles through the rocks to deeper
layrs, where it accumulates and warms up and is then
raised again with convective flow through fault zones®.

Materials and Methods

Radon activity concentration (shortly concentration,
Crn in Bq m™) in water was measured with the Barasol
probe (MC-450, ALGADE, France)'®. The probe gives
Cry, based on alpha spectrometry of radon decay products
in the energy range of 1.5-6 MeV, using an implanted sili-
con detector. The sensitivity is 50 Bq m= and sampling
frequency once per hour. In addition to radon concentra-
tion, the probe also records temperature and barometric
pressure. Values of all measured parameters are stored in
the inner memory and later transferred to a PC for eval-
uation. Instruments are regularly checked using Alpha-
Guard radon monitor (Genitron, Germany) as a refer-
ence instrument.

25

M=2.9;32km
M =2.6:24 km

M =26, 5km

M =3.8; 17 km
F25

r2o

D/R

M (=3.4;30 km
o5

0.0

o z o 2 wL = « = 2 7 o«

2006

w

L = « = o 9 o«

2007

o 4 (=] =

Fig. 2. Radon concentration (Cg,) in thermal water at Bled and D/R ratio (ratio between the strain radius and the distance to the epicen-
ter) for the local earthquakes during the period from October 2005 to September 2007; vertical bars present earthquakes, for which mag-
nitude My, and the distance between our measurement site and the epicenter are indicated.
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Fig. 3. Radon concentration (Cgy) in thermal water at Hotavlje and D/R ratio (ratio between the strain radius and the distance to the
epicenter) for the local earthquakes during the period from October 2005 to June 2008; vertical bars present earthquakes, for which
magnitude My, and the distance between our measurement site and the epicenter are indicated.

Results

The average radon concentration in thermal water at
Bled in the period from October 2005 to September 2007
was 10.5 £ 2.1 kBq m™ (Figure 2). Five earthquakes oc-
curred in the vicinity in this period, with D/R ratio from
0.6 to 2.6. The strongest one at a distance of 17 km with
M,=3.8 and D/R=2.5 occurred on January 1, 2007, and
the nearest one at a distance of 5 km with M;,=2.6 and
D/R=2.6 on November 24, 2006. Four anomalies in ra-
don concentration were observed.

At Hotavlje (Figure 3), the average radon concentra-
tion in water in the period from October 2005 to June
2008 was 197 + 121 kBq m™. In this period fourteen
earthquakes occurred in the vicinity, with D/R ratio from
0.5 t0 2.9. The strongest one with M}, =3.8 at a distance of
42 km and D/R=1.0 occurred on January 1, 2007, and
the nearest one at a distance of 1.9 km with M;=1.0 and
D/R=1.4, on May 17, 2008. The earthquake with the
highest D/R ratio (D/R=2.9) occurred on December 12,
2005, only 45 days after measurements were started. In
this period three radon anomalies were observed.

Discussion

The first radon anomaly at Bled was observed imme-
diately after measurements were started, at the end of
October 2005. In three days, radon concentration de-
creased from 11.7 to 5.2 kBq m™3, being about 2.5 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 longer anomaly
(about 3c above the average value) followed from the end
of February to the beginning of May 2006. The last two
anomalies were observed, first one (about 2c above the
average value) in September, two months before earth-
quake M;,=2.6, and the second (about 3c over the aver-

age value) in December 2006, one month before the
strongest earthquake.

At Hotavlje three radon anomalies were observed
from October 2005 to June 2008, as mentioned in the
previous chapter. There were no anomalies in radon con-
centration during the short period before the first earth-
quake on December 12, 2005. Radon concentration raised
for the first time in April 2006, however it did not exceed
2c above the average value. The first radon anomaly was
observed in June 2006. Six earthquakes followed in the
period from June to September. The second anomaly
(2.50 above the average value) was observed in July
2006, five months before the strongest earthquake. After
this anomaly radon concentration remained below the
average value. The highest radon anomaly was observed
in April 2008 (more than 4c above the average value).
Earthquake with D/R ratio 1.4 occurred on May 17, 2008
in the vicinity of Hotavlje, only few days after radon con-
centration dropped to the average value.

As in our previous study!?, these data will be further
analyzed using machine learning statistical methods,
such as decision trees and neuron networks, in order to
identify anomalies that cannot be ascribed to environ-
mental parameters, but are probably caused by seismic
events.

Conclusion

Although no strong earthquakes have occurred in the
period of this study, some radon anomalies were identi-
fied that might have been caused by earthquakes. At
Bled, an anomaly was observed 3.5 months before the
strongest earthquake with M;,=3.8. Five months before
the same earthquake an anomaly was also observed at
Hotavlje.
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These preliminary results are based on simple statis-
tics. Further analysis will be performed, applying deci-
sion trees and neuron networks of the machine learning
approach. For that purpose, the time series of radon con-
centration of the whole period of measurements will be
considered and not only the period limited in this paper.
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KONCENTRACIJA RADONA U TERMALNIM VODAMA KAO INDIKATOR SEIZMICKE AKTIVNOSTI

SAZETAK

Koncentracija radona u termalnim izvorima mjerena je na lokacijama Hotavlje i Bled (Slovenija) u razdoblju od
listopada 2005.g. do lipnja 2008.g., odnosno od listopada 2005.g. do rujna 2007.g. Na objema lokacijama opazeno je
nekoliko odstupanja u koncentraciji radona, koje bi mogle biti uzrokovane seizmi¢kom aktivnoséu. U ovom istrazivanju
uzeti su u obzir svi potresi u kojima je omjer udaljenosti od epicentra (D) i radijusa podrudja deformacije (R), D/R veéi od
0,5. Pet potresa pojavilo se u okolici Bleda u navedenom periodu, najjaci s udaljeno$¢u od epicentra od 17 km, magni-
tude Mp,=3,8, a opaZene su Cetiri anomalije u koncentraciji radona. U okolici podrudja Hotavlje dogodilo se 14 potresa s
omjerom D/R od 0,5 do 2,9, a tijekom ovog razdoblja opaZzena su tri odstupanja u koncentraciji radona.
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Slovenia

1. Introduction

Radon is one of many geophysical and geochemical phenomena that can be considered to be
an earthquake precursor. Due to the non-linear dependence of earthquakes’ initial
conditions, the question about the predictability of earthquakes often arises (Geller, 1997).
The successful prediction of earthquakes is yet to be accomplished, in terms of their
magnitude, location and time, and much effort has been spent on this goal.

The term “earthquake precursor” is used to describe a wide variety of geophysical and
geochemical phenomena that reportedly precede at least some earthquakes (Cicerone et
al., 2009). The observation of these types of phenomena is one recent research activity
which has aimed at reducing the effects of natural hazards. Among the different
precursors, geochemistry has provided some high-quality signals, since fluid flows in the
Earth’s crust have a widely recognised role in faulting processes (Hickman et al., 1995).
The potential of gas geochemistry in seismo-tectonics has been widely discussed by
Toutain and Baubron (1999).

In the late 1960s and early 1970s, reports from seismically active countries such as the
former USSR, China, Japan and the USA (Ulomov & Mavashev, 1967; Wakita et al., 1980)
indicated that concentrations of radon gas in the earth apparently changed prior to the
occurrence of nearby earthquakes (Lomnitz, 1994). The noble gas radon (222Rn) originates
from the radioactive transformation of 226Ra in the 238U decay chain in the Earth’s crust.
Since radon is a radioactive gas, it is easy and relatively inexpensive to monitor
instrumentally, and its short half-life (3.82 days) means that short-term changes in radon
concentration in the earth can be monitored with a very good time resolution. Radon
emanation from grains depends mainly on their 226Ra content and their mineral grain size,
its transport in the earth being governed by geophysical and geochemical parameters
(Etiope & Martinelli, 2002), while exhalation is controlled by hydrometeorological
conditions. The stress-strain developed within the Earth’s crust before an earthquake
leads to changes in gas transport and a rise of volatiles from the deep earth up to the
surface (Ghosh et al.,, 2009; Thomas, 1988), resulting in anomalous changes in radon
concentration. The mechanism of observed radon anomalies is still poorly understood,
although several theories have been proposed (Atkinson, 1980; King, 1978; Lay et al., 1998;
Martinelli, 1991). Over the past three decades, the occurrence of anomalous temporal
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changes of radon concentrations has been studied by several authors specialising in soil
gas (King, 1984, 1985; Kuo et al., 2010; Mogro-Campero et al., 1980; Planini¢ et al., 2001;
Ramola et al., 2008; Ramola et al., 1990; Reddy & Nagabhushanam, 2011; Walia et al.,
2009a; Walia et al., 2009b; Yang et al., 2005; Zmazek et al., 2005; Zmazek et al., 2002b) and
groundwater (Barragan et al., 2008; Favara et al., 2001; Gregori¢ et al., 2008; Heinicke et
al., 2010; Kuo et al., 2006; Ramola, 2010; Singh et al., 1999; Zmazek et al., 2002a; Zmazek et
al., 2006). However, radon anomalies are not only controlled by seismic activity but also
by meteorological parameters like soil moisture, rainfall, temperature and barometric
pressure (Ghosh et al., 2009; Stranden et al., 1984). This makes it complicated and, for
small earthquakes, often impossible to differentiate between those anomalies caused by
seismic events and those caused solely by atmospheric changes. Therefore, the application
of theoretical and empirical algorithms for removing meteorological effects is necessary
(Choubey et al., 2009; Ramola et al., 2008; Ramola et al., 1988; Torkar et al., 2010; Zmazek
et al., 2003). In this chapter, the different approaches to distinguishing between those
anomalies in radon time series caused by seismic activity and those caused solely by
hydrometeorological parameters are presented and discussed.

2. Radon migration in the Earth’s crust

Only a fraction of the radon atoms created by radioactive transformation from radium are
able to emanate from mineral grains and enter into the void space, filled either by gas or
water. Radon ascends towards the surface mainly through cracks or faults, on a short
scale by diffusion and, for longer distances, by advection - dissolved either in water or in
carrier gases. Gas movement should be ascribed to the combination of both processes.
Diffusive movement is driven by a concentration gradient and is described by Fick’s law.
Considering gas diffusion in porous media, it is necessary to take into account that the
volume through which gas diffuses is reduced and the average path length between two
points is increased, thus altering the diffusion coefficient (Etiope & Martinelli, 2002).
Nevertheless, the velocity of radon transport in the earth is quite low (<10 cm/s) and the
concentration of radon is reduced by radioactive decay to the background level before
even 10 m are traversed (Etiope & Martinelli, 2002; Fleischer, 1981). Diffusion is only
important in capillaries and small-pored rocks. On the other hand, the velocity and space
scales of advective movements are much higher than those of diffusive ones. Advective
transport is driven by pressure gradients, following Darcy’s law. The amount of radon
itself is, however, too small to form a macroscopic quantity of gas which can react to
pressure gradients. Therefore, it must be carried by a macroscopic flow of carrier gases
(Kristiansson & Malmgqvist, 1982). A gas mixture formed by carrier gases (e.g., CO,, CHy,
and N») and rare gases (e.g., He, Rn) can be referred to as “geogas” (Etiope & Martinelli,
2002; Kristiansson & Malmqvist, 1982). In dry, porous or fractured media, gas flows
through an interstitial or fissure space (gas-phase advection) whereas in saturated, porous
media gas can dissolve and then be transported in three ways: by groundwater (water-
phase advection), by displacing water (gas-phase advection) or by forming a bubble flow
by means of buoyancy in aquifers and water-filled fractures. The bubble movement has
been theoretically and experimentally recognised as a fast gas migration mechanism
governing the distribution of carrier and trace gases over wide areas on the Earth’s
surface (Varhegyi et al., 1992).
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2.1 External effects on radon in soil gas and water

Radon concentration in soil, gas or water is not only controlled by geophysical
parameters, but it also changes due to other external effects. Meteorological effects - such
as soil humidity, rainfall, temperature, barometric pressure and wind - control radon
concentrations in soil gas. These parameters change the physical characteristics of soil and
rock, thus influencing the rate of radon transport and, consequently, perturbing eventual
radon variations caused by geophysical processes originating in the deeper parts of the
Earth’s crust. Shallow soil levels are more affected by changing meteorological conditions
than deeper ones. Radon concentrations with no larger variations present are usually
observed at depths of 0.8 m or deeper. Besides the effects of meteorological parameters on
radon in soil gas, considerable variations in the gas composition of thermal springs have
been shown to be the result of fluctuations of local hydrologic regimes (Klusman &
Webster, 1981).

The significant influence of barometric pressure has been discussed by several authors, who
clearly pointed out an inverse relationship between barometric pressure and radon
concentration in soil gas (Chen et al, 1995; Clements & Wilkening, 1974; Klusman &
Webster, 1981). A decrease in barometric pressure, with the values of other environmental
parameters remaining constant, generally causes an increase in radon exhalation from the
ground, whereas during periods of rising pressure, air with low radon concentration is
forced into the ground, thus diluting radon. Temperature-related fluctuations of soil gas
radon concentration have also been proven to be very important. Klusman & Jaacks (1987)
found an inverse relationship between soil temperature and radon concentration. They
suggested that lower air temperatures as compared with soil temperatures during winter
months promoted an upward movement of radon by convection, whereas during the
summer, lower soil temperatures as compared with air temperatures and an inversion layer
below the level of sampling reduces the upward flux and observed concentration. In
general, the behaviour of soil gas migration in different types of soil is seasonally dependent
(King & Minissale, 1994; Washington & Rose, 1990). In systems where gas movement is
driven by diffusion or slow advection processes, radon activity in soil might be controlled
by soil moisture and rainfall through the opening of cracks in the surface (Pinault &
Baubron, 1996; Toutain & Baubron, 1999). On the other hand, barometric pressure has the
major influence on radon concentrations in soils in advective systems, which display
generally higher gas flows. However, micro-scale soil heterogeneities in permeability,
porosity and lithology can cause significant heterogeneities in the response of radon
concentration to changes of atmospheric parameters (King & Minissale, 1994; Neznal et al.,
2004). Numerous and often divergent results in studies related to the effect of external
factors on soil gas radon concentration suggest that no general predictive model for
excluding meteorological effects can be proposed, and studies of radon in soil gas need a
simultaneous record of meteorological parameters.

3. Anomalous radon concentration and seismicity

Both mechanisms of radon transport - diffusion and advection - depend on both soil
porosity and permeability, which at the same time vary as a function of the stress field
(Holub & Brady, 1981). However, migration by diffusion is negligible, where a component
of advective long-distance transport exists (Etiope & Martinelli, 2002). The high permeability
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of the bedrock and soil in areas of crustal discontinuities, such as fractures and fault zones,
promotes intense degassing fluxes, which causes higher soil gas radon concentrations on the
ground surface above active fault zones. Although several measurements, experiments and
models have been performed, the understanding of the mechanism of radon anomalies and
their connection to earthquakes is still inadequate (Chyi et al., 2010; King, 1978; Ramola et
al.,, 1990). Before the earthquake stress in the Earth’s crust builds up causing a change in the
strain field; the formation of new cracks and pathways under the tectonic stress leads to
changes in gas transport and a rise in volatiles from the deep layers to the surface. In fact,
fluids play a widely recognised role in controlling the strength of crustal fault zones
(Hickman et al., 1995). Anomalous changes of radon concentration are closely linked to
changes in fluid flow and, therefore, also to highly permeable areas along fault zones. Large
faults are not discrete surfaces but rather a braided array of slip surfaces encased in a highly
fractured and often hydrothermally altered transition - or “damage” - zone. Episodic
fracturing and brecciation are followed by cementation and crack healing, leading to cycles
of permeability enhancement and reduction along faults (Hickman et al., 1995).

Several mechanisms have been proposed, which could explain the relationship between
radon anomalies and earthquake. Two models of earthquake precursors are discussed by
Mjachkin et al. (1975), with a common principle: at a certain preparation stage, a region of
many cracks is formed. According to the dilatancy-diffusion model (Martinelli, 1991;
Mjachkin et al., 1975), the increase in tectonic stress causes the extension and opening of
favourably-oriented cracks in a porous, cracked, saturated rock. Water flows into the
opened cracks, drying the rock near each pore and finally resulting in a decrease of pore
pressure in the total earthquake preparation zone. Water from the surrounding medium
diffuses into the zone. The increased water-rock surface area, due to cracking, leads to an
increase in radon transfer from the rock matrix to the water. At the end of the diffusion
period, the appearance of pore pressure and the increased number of cracks leads to the
main rupture. According to the crack-avalanche model (Mjachkin et al., 1975), the increasing
tectonic stress leads to the formation of a cracked focal rock zone, with slowly altering
volume and shape. At a certain stage - when the whole focal zone becomes unstable - the
cracks quickly concentrate near the fault surface, triggering the main rupture. An alternate
mechanism for earthquake precursory study, based on stress-corrosion theory, has been
proposed by Anderson and Grew (1977). According to them, the observed radon anomalies
are due to slow crack growth controlled by stress corrosion in a rock matrix saturated by
ground waters. King (1978) has proposed a compression mechanism for radon release,
whereby anomalous high radon release may be due to an increase of crustal compression
before an impending earthquake, that squeezes out soil gas into the atmosphere at an
increasing rate.

Toutain and Baubron (1999) observed that gas transfer within the upper crust is affected by
strains less than 107, much smaller than those causing earthquakes. According to
Dobrovolsky (1979), the radius of the effective precursory manifestation zone depends on
the earthquake magnitude and can be calculated using the empirical equation:

Ry=10%4>M (1)

Where Rp is the strain radius in km and M is the magnitude of the earthquake. Considering
the Earth’s crust to be an anisotropic medium, this law can be modified according to the
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effective sensitivity to the impending earthquake. The ideal circle with its theoretical radius
can be transformed into an ellipse or characterised by shadow areas where no precursory
phenomena are observable due to crustal anisotropy, discontinuities or loose contacts along
some faults, which prevent further stress transfer (inan & Seyis, 2010; Martinelli, 1991).
Although radon anomalies can be studied in soil gas and thermal waters, thermal waters
could be much more representative of the geologic environment and could be more reactive
to stress/strain changes acting at depth than soil gases. The disadvantage of soil gases lie in
weak gas concentrations, generally due to the thickness of the sedimentary cover and the
high level of atmospheric perturbations (Toutain & Baubron, 1999).

4. Methods for detecting anomalies in radon time series

An anomaly in radon concentration is defined as a significant deviation from the mean
value. Due to the high background noise of radon time series, it is often impossible to
distinguish an anomaly caused solely by a seismic event from one resulting from
meteorological or hydrological parameters. For this reason, the implementation of more
advanced statistical methods in data evaluation is important (Belyaev, 2001; Cuomo et al.,
2000; Negarestani et al., 2003; Sikder & Munakata, 2009; Steinitz et al., 2003). In our research,
radon has been monitored in several thermal springs (Gregori¢ et al., 2008; Zmazek et al.,
2002a; Zmazek et al., 2006) and in soil gas (Zmazek et al., 2002b) and different approaches to
distinguishing radon anomalies were applied.

4.1 Standard deviation

A very common practice in determining radon anomalies is the use of standard deviation.
The average radon concentration is calculated for different periods with regard to the nature
of yearly cycles of radon concentration. In the case of radon in soil gas, the mean value of
radon concentration is calculated separately for four seasons (spring, summer, autumn and
winter) based on the air and soil temperature.
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Fig. 1. Continuous radon concentration recorded in soil gas at Krsko basin. Straight lines
represent the mean value and two standard deviations of the radon concentration. Local
seismicity is expressed in terms of local magnitude (ML) and the distance between the
measuring location and the earthquake epicentre (D). Radon anomalies are Cr, values
outside the +20 region.
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In contrast to soil gas, radon in ground or spring water is greatly influenced by the
hydrologic cycle, which has to be considered during the data analysis. To define the mean
and standard deviation, anomalously high and low values - which may cause unnecessary
high deviation and perturb the real anomalies - have to be neglected. The periods when
radon concentration deviates by more than #20 from the related seasonal value are
considered as radon anomalies that are possibly caused by earthquake events and not by
meteorological parameters (Ghosh et al., 2007; Gregori¢ et al., 2008; Virk et al., 2002; Zmazek
et al,, 2002b). Fig. 1 shows an anomalous radon concentration, exceeding 20 above the
average value, which appeared approximately 10 days before the occurrence of three
earthquakes with magnitudes from 1.8 to 3.2.

4.2 Relationship between radon exhalation and barometric pressure

An inverse relationship exists between the time derivative of radon concentration in soil gas
and the time derivative of barometric pressure (as was discussed previously in section 2.1).
A decrease in barometric pressure causes an increase in radon exhalation from the ground,
whereas during periods of rising pressure, air with low radon concentration is forced into
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Fig. 2. The time gradient of radon concentration in soil gas and the time gradient of
barometric pressure during two periods at the Krsko basin: a) the period without local
seismic activity, b) the seismically active period, whereby the radon anomaly 14 days before
the earthquake is marked by the green rectangle. The earthquake is expressed in terms of
local magnitude (M) and the distance between the measuring location and the earthquake
epicentre (D).
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the ground, thus diluting the radon concentration. Therefore, deviations from this rule
during these periods - when the time gradient of barometric pressure, AP/At, and the time
gradient of radon concentration, ACrn/At, in soil gas have the same sign - can be considered
to be radon anomalies (Zmazek et al., 2002b). A clear negative correlation between the time
gradient of radon concentration and the time gradient of barometric pressure can be seen in
Fig. 2a, when no seismic activity is present. The radon anomaly, characterised by positive
correlation of time gradients, is marked in Fig. 2b. Anomalous behaviour in radon
concentration started 14 days before the earthquake with a local magnitude of 2.6, and
ended a few days after the earthquake.

4.3 Machine learning methods

Machine learning methods have been successfully applied to many problems in the
environmental sciences (DZeroski, 2002). In the case of radon as an earthquake precursor, it
must be considered - as discussed in section 2.1 - that the variation in radon concentration
is controlled not only by geophysical phenomena in the Earth’s crust, but also by the
environmental parameters associated with the radon monitoring sites. With machine
learning methods, a model for the prediction of radon concentration can be built, taking into
account various environmental parameters (e.g., barometric pressure, rainfall, and air and
soil temperature). The aim is to identify radon anomalies which might be caused by seismic
events. The application of artificial neural networks (Negarestani et al., 2002, 2003; Torkar et
al., 2010), regression and model trees (Dzeroski et al., 2003; Sikder & Munakata, 2009;
Zmazek et al., 2003; Zmazek et al., 2006) and some other methods (Sikder & Munakata, 2009;
Steinitz et al., 2003) have proven to be useful means of extracting radon anomalies caused by
seismic events.

4.3.1 Artificial neural networks

An artificial neural network (ANN) is a well-known computational structure inspired by the
operation of the biological neural system (Jain et al., 1996) and it is a well-established tool,
being used widely in signal processing, pattern recognition and other applications. An ANN
consists of a set of units (neurons, nodes), and a set of weighted interconnections among
them (links). The organisation of neurons and their interconnections defines the net
topology. The inputs are grouped in an input layer, the outputs in an output layer and all
the other units in so-called hidden layers. The algorithm repeatedly adjusts the weights to
minimise the mean square error between the actual output vector and the desired network
output vector. The universal approximator functional form of ANNs is well-suited for the
requirements of modelling the non-linear dependency of radon concentrations on multiple
variables. Among a number of various topologies, training algorithms and architectures of
ANN s, the traditional multilayer perceptron (MLP) with a conjugate gradient learning
algorithm was chosen in the case of analysing the soil gas radon concentration time series at
the Krsko basin (Torkar et al., 2010). The series was first split into seismically non-active
periods (NSA) and seismically active periods (SA), adjusting the duration of the seismic
window from 0 to 10 days before and after the earthquake and with the purpose of
investigating the influence of a complete earthquake event on radon concentration (the
preparation phase, the earthquake itself and aftershocks). The ANN of the MLP type was
trained with each of the NSA datasets, which were divided into three sets: the training set
(60%), the cross-validation set (15%) and the test set (25%). The ANN was trained with the
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training and cross-validation set, while the test set was used to verify its performance. The
topology of the ANN generated for each NSA dataset is shown in Fig. 3.

soil temperature —()
air temperature ——)
soil air pressure —()
air pressure ——{_) ‘
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CO00O0 D0

90000000
¢

Fig. 3. The ANN topology for learning radon concentration dependency on environmental
parameters.

In the testing phase, the correlation between the measured (m-Crn) and predicted (p-Crn)
radon concentration in NSA periods was compared to the correlation between the measured
and predicted radon concentration in the entire dataset (NSA and SA). The difference
between the correlation coefficients might indicate a period of seismically induced radon
anomaly. The ratio between the measured and predicted values (m-Crn/p-Crn)—1 represents
the discrepancy between both values (Fig. 4).
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Fig. 4. The ratio between the measured and predicted radon concentration (m-Crn/p-Crn)-1
using an ANN in the case of soil gas radon in the Krsko basin for a seismic window of +7
days. A radon anomaly, possibly caused by a seismic event, is observed when the signal
exceeds the threshold value of 0.2.

A radon anomaly is held to be when the absolute value of signal (m-Crn/p-Crn)—1 exceeds the
predefined threshold of 0.2. The ANN in this case performed the best in the case of a seismic
window of +7 days (indicating the length of the period of pre- and post-seismic changes).
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4.3.2 Decision trees

Decision trees are machine-learning methods for constructing prediction models from data.
The models are obtained by recursively partitioning the data space and fitting a simple
prediction model within each partition. As a result, the partitioning can be represented
graphically as a decision tree, where each internal node contains a test on an attribute, each
branch corresponds to an outcome of the test, and each leaf node gives a prediction for the
value of the class variable (DZeroski, 2001; Loh, 2011). Regression trees are designed for
dependent variables that take continuous or ordered discrete values. Like classical
regression equations, they predict the value of a dependent variable (called the class) from
the values of a set of independent variables (called attributes).
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Fig. 5. A schematic description of the different stages of radon data series analysis with
machine learning methods.

The model in each leaf can be either a linear equation or just a constant; trees with linear
equations in the leaves are also called model trees. Tree construction proceeds recursively,
starting with the entire set of training examples. At each step, the most discriminating
attribute is selected as the root of the sub-tree and the current training set is split into
subsets according to the values of the selected attribute. For continuous attributes, a
threshold is selected and two branches are created, based on that threshold. The attributes
that appear in the training set are considered to be thresholds. Tree construction stops when
the variance of the class values of all examples in a node is small enough. These nodes are
called leaves and are labelled with a model for predicting the class value. An important
mechanism used to prevent the tree from over-fitting data is tree pruning.

Regression (RT) and model trees (MT), as implemented with the WEKA data mining suite
(Witten & Frank, 1999), were used for predicting radon concentration from meteorological
parameters in the case of radon time series in soil gas at the Krsko basin (Zmazek et al.,
2003; Zmazek et al., 2005) and in the thermal spring water in Zatolmin (Zmazek et al., 2006).
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Fig. 6. Measured and predicted radon concentration using model trees in the case of soil gas
radon at the Krsko basin for a seismic window +7 days; a) low discrepancy in the period
without seismic activity; b) high discrepancy starting 10 days before a group of earthquakes;
c) the ratio between the measured and predicted radon concentration (m-Crn/ p-Crn)-1 for
the same SA period. A radon anomaly, possibly caused by earthquakes, is observed when
the signal exceeds the threshold value of 0.2 (marked by the green lines).

As presented in Fig. 5 the first stage of data analysis comprises the selection of attributes -
i.e. environmental parameters - and the partitioning of the whole data set to the periods
with and without seismic activity, SA and NSA respectively. After inspecting the correlation
changes between radon concentration and barometric pressure, a seismic window of +7
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days was chosen. The performance was estimated with 10-fold cross-validation in order to
evaluate the predictability of the radon concentration in the NSA periods. The model built
on the NSA data set was then applied to the SA data set and the performance change was
determined using two different measures, the correlation coefficient (r) and the root mean
square error (RMSE). For the purposes of prediction, the measured performance in NSA
periods should be higher than the performance in SA periods. In these periods, when the
discrepancy between the measured and predicted radon concentration is low, no seismic
activity is anticipated (Fig. 6a), while in the periods with a higher discrepancy, a radon
anomaly can be ascribed to increased seismic activity, rather than to the effect of
atmospheric parameters (Fig. 6b). This discrepancy is clearly shown in form of the ratio
between both values (m-Crn/p-Crn)—-1, as shown in Fig. 6c. A radon anomaly is held to be
when the absolute value of the signal (m-Crn/p-Crn)—1 exceeds the predefined threshold of
0.2. Besides regression trees, other machine learning methods were also tested (e.g., linear
regression and instance-based regression). However, model trees have been shown to
outperform other approaches.

4.4 Comparison of the results

The results of all of the approaches used for the identification of radon anomalies caused by
seismic events in the case of soil gas radon at the Krsko basin are shown in Fig. 7 for the
period of 1/9 - 30/12/2000. Among all of the approaches - and although not very exact -
the +xo0 method (I) is the most frequently used. The threshold of anomalous concentrations
(e.g., £lo, +20, £30) should be chosen in order to minimise the number of false anomalies
(FA: anomalies in seismically non-active periods) and so as not to miss the correct ones
(CA). Generally, a range of *20 from the related seasonal mean value is chosen.
Furthermore, a cyclic behaviour of radon concentration has to be taken into account in order
to accurately define the period of standard deviation and the calculation of the mean value.
For this purpose different methods of time series analyses - for example, Fourier transform
(Ramola, 2010) - can be applied.

In the case shown in Fig. 7a, three radon anomalies exceeding 20 above the mean value may
be noticed. The first, in the beginning of September, cannot be assigned to a seismic event
(FA). About a week before a weak earthquake of local magnitude My =1.1, 5 km away from
the measurement location - which is the first of five earthquakes over a period of 2 months -
the second anomaly is observed. And finally, the third one can be noticed soon after a weak
earthquake 6 km away (Mp=1).

The first of the anomalies mentioned above as FA is also visible by applying the method of
pressure gradients (II) (Fig. 7b). A positive correlation between the time gradient of radon
concentration and the time gradient of barometric pressure is considered to be a radon
anomaly, and corresponds to the anomaly observed through method (I) which preceded the
first earthquake (Mr=1.1). A radon anomaly can also be noticed a few days before the last
earthquake, as with the analysis of method (I). Additionally, the anomalous behaviour of the
radon concentration as regards the gradient approach is observed during the period starting
a few days before the earthquake with M;=2.7 and lasting until the earthquake with M;=1.
More often than not, swarms of anomalies are observed over longer periods, with a higher
number of anomalies in a swarm observed for approach (II) than for approach (I). As an
additional criterion, a threshold of AP/At > 2 hPa d ! is introduced by this approach in order
to optimise the identification of anomalies caused by seismic events. However, by increasing
the threshold value above 2 hPa d, the ratio between correct and false anomalies cannot be
significantly improved (Zmazek et al., 2005).
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Fig. 7. A comparison of different approaches for the identification of radon anomalies: a)
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Both machine learning approaches, artificial neural networks (III) and decision trees (IV)
give promising results, with a low number of false anomalies. The two distinctive anomalies
- observed in Fig. 7c and Fig. 7d, for ANN and MT, respectively - confirm the anomalies
identified by approaches (I) and (II). Additionally, a relatively long negative anomaly was
observed using the ANN approach at the end of November, accompanying the earthquake
with M;=1.6. On the other hand, the same negative anomaly is only weakly expressed using
the MT approach. A FA observed at the beginning of September using approaches (I) and
(IT) was also noticed using the MT approach but not by the ANN approach. Approaches (III)
and (IV) do not appear to greatly depend upon the choice for the threshold of (m-Crn/p-
Crn)-1 and can, therefore, be used with less hesitation.

5. Conclusion

Since the appropriate interpretation of field measurements plays an important role in any
research, the purpose of this work was to combine and evaluate the different approaches
applied by our research group for differentiating the radon anomalies caused by increased
seismic activity from those caused solely by environmental parameters. The application of
four different approaches - standard deviation from the related mean value (I), the
correlation between time gradients of barometric pressure and radon concentration (II),
artificial neural networks (III) and decision trees (IV) - was presented. Radon anomalies
based on approach (I) have been less successful in predicting earthquakes than those based
on the other three approaches. Secondly, approaches (I) and (II) greatly depend upon the
values of the +xo and AP/At thresholds, respectively, while the dependence of approaches
(IIT) and (IV) on the threshold of (m-Crn/p-Crn)-1 is very weak. The number of false
anomalies for approach (II) points to the disturbance of radon exhalation by other
environmental parameters and not just by barometric pressure. The assumption that radon
exhalation is only directly influenced by barometric pressure is further suggested by
different forms of radon transport at compression and dilatation zones (Ghosh et al., 2009).
Promising results are achieved by applying approaches (III) and (IV), which make it
possible to simultaneously incorporate all of the available environmental parameters.
Furthermore, in using these techniques, the relation between radon concentration and
environmental parameters does not necessarily have to be presumed linear. And finally, in
taking into account the scale of the earthquake magnitudes observed during the time of
radon measurements, one may speculate that the performance of the applied approaches
would be better in the case of stronger earthquakes.

6. Acknowledgement

This study was done within the program P1-0143: Cycling of substances in the environment,
mass balances, modelling of environmental processes and risk assessment.

7. References

Anderson, O.L., & Grew, P.C. (1977). Stress-corrosion theory of crack-propagation with
applications to geophysics. Reviews of Geophysics, Vol. 15, No. 1, pp. 77-104
Atkinson, B.K. (1980). Stress corrosion and the rate-dependent tensile failure of a fine-

grained quartz rock. Tectonophysics, Vol. 65, No. 3-4, pp. 281-290



192 Earthquake Research and Analysis — Statistical Studies, Observations and Planning

Barragan, R M., Arellano, V.M., Portugal, E., & Segovia, N. (2008). Effects of changes in
reservoir thermodynamic conditions on 222Rn composition of discharged fluids:
study for two wells at Los Azufres geothermal field (Mexico). Geofluids, Vol. 8, No.
4, pp. 252-262

Belyaev, A.A. (2001). Specific features of radon earthquake precursors. Geochemistry
International, Vol. 39, No. 12, pp. 1245-1250

Chen, C., Thomas, D.M., & Green, R.E. (1995). Modeling of radon transport in unsaturated
soil. Journal of Geophysical Research-Solid Earth, Vol. 100, No. B8, pp. 15517-15525

Choubey, V.M., Kumar, N., & Arora, B.R. (2009). Precursory signatures in the radon and
geohydrological borehole data for M4.9 Kharsali earthquake of Garhwal Himalaya.
Science of the Total Environment, Vol. 407, No. 22, pp. 5877-5883

Chyi, L.L., Quick, T.J., Yang, T.F., & Chen, C.H. (2010). The experimental investigation of
soil gas radon migration mechanisms and its implication in earthquake forecast.
Geofluids, Vol. 10, No. 4, pp. 556-563

Cicerone, R.D., Ebel, J.E., & Britton, J. (2009). A systematic compilation of earthquake
precursors. Tectonophysics, Vol. 476, No. 3-4, pp. 371-396

Clements, W.E.,, & Wilkening, M.H. (1974). Atmospheric-pressure effects on Rn-222
transport across earth-air interface. Journal of Geophysical Research, Vol. 79, No. 33,
pp. 5025-5029

Cuomo, V., Di Bello, G., Lapenna, V., Piscitelli, S., Telesca, 1., Macchiato, M., & Serio, C.
(2000). Robust statistical methods to discriminate extreme events in geoelectrical
precursory signals: Implications with earthquake prediction. Natural Hazards, Vol.
21, No. 2-3, pp. 247-261

Dobrovolsky, I.P., Zubkov, S.I., & Miachkin, V.I. (1979). Estimation of the size of earthquake
preparation zones. Pure and Applied Geophysics, Vol. 117, No. 5, pp. 1025-1044

Dzeroski, S. (2001). Data mining in a nutshell, In: Relational data mining, DZeroski, S., Lavrac,
N. (Eds.), pp. 3-27, Springer, Berlin

Dzeroski, S. (2002). Environmental sciences, In: Handbook of data mining and knowledge
discovery, Klosgen, W., Zytkow, J. (Eds.), pp. 817-830, Oxford University Press,
Oxford

Dzeroski, S., Todorovski, L., Zmazek, B., Vaupoti¢, J., & Kobal, 1. (2003). Modelling soil
radon concentration for earthquake prediction. Discovery Science, Proceedings, Vol.
2843, pp. 87-99

Etiope, G., & Martinelli, G. (2002). Migration of carrier and trace gases in the geosphere: an
overview. Physics of the Earth and Planetary Interiors, Vol. 129, No. 3-4, pp. 185-204

Favara, R., Grassa, F., Inguaggiato, S., & Valenza, M. (2001). Hydrogeochemistry and stable
isotopes of thermal springs: earthquake-related chemical changes along Belice
Fault (Western Sicily). Applied Geochemistry, Vol. 16, No. 1, pp. 1-17

Fleischer, R.L. (1981). Dislocation model for radon response to distant earthquakes.
Geophysical Research Letters, Vol. 8, No. 5, pp. 477-480

Geller, R.J. (1997). Earthquake prediction: a critical review. Geophysical Journal International,
Vol. 131, No. 3, pp. 425-450

Ghosh, D., Deb, A., & Sengupta, R. (2009). Anomalous radon emission as precursor of
earthquake. Journal of Applied Geophysics, Vol. 69, No. 2, pp. 67-81



Radon as an Earthquake Precursor — Methods for Detecting Anomalies 193

Ghosh, D., Deb, A., Sengupta, R., Patra, KK., & Bera, S. (2007). Pronounced soil-radon
anomaly - Precursor of recent earthquakes in India. Radiation Measurements, Vol. 42,
No. 3, pp. 466-471

Gregori¢, A., Zmazek, B., & Vaupotic, J. (2008). Radon concentration in thermal water as an
indicator of seismic activity. Collegium Antropologicum, Vol. 32, pp. 95-98

Heinicke, J., Italiano, F., Koch, U., Martinelli, G., & Telesca, L. (2010). Anomalous fluid
emission of a deep borehole in a seismically active area of Northern Apennines
(Italy). Applied Geochemistry, Vol. 25, No. 4, pp. 555-571

Hickman, S., Sibson, R., & Bruhn, R. (1995). Introduction to special section: Mechanical
involvement of fluids in faulting. Journal of Geophysical Research, Vol. 100, No. B7,
pp. 12831-12840

Holub, R.F., & Brady, B.T. (1981). The effect of stress on radon emanation from rock. Journal
of Geophysical Research, Vol. 86, No. NB3, pp. 1776-1784

Inan, S., & Seyis, C. (2010). Soil radon observations as possible earthquake precursors in
Turkey. Acta Geophysica, Vol. 58, No. 5, pp. 828-837

Jain, A.K,, Jianchang, M., & Mohiuddin, K.M. (1996). Artificial Neural Networks: A Tutorial.
Computer, Vol. 29, No. 3, pp. 31-44

King, C.Y. (1978). Radon emanation on San Andreas Fault. Nature, Vol. 271, No. 5645, pp.
516-519

King, C.Y. (1984). Impulsive radon emanation on a creeping segment of the San-Andreas
fault, California. Pure and Applied Geophysics, Vol. 122, No. 2-4, pp. 340-352

King, C.Y. (1985). Radon monitoring for earthquake prediction in China. Earthquake
Prediction Research, Vol. 3, No. 1, pp. 47-68

King, C.Y., & Minissale, A. (1994). Seasonal variability of soil-gas radon concentration in
central California. Radiation Measurements, Vol. 23, No. 4, pp. 683-692

Klusman, RW., & Jaacks, J.A. (1987). Environmental influences upon mercury, radon and
helium concentrations in soil gases at a site near Denver, Colorado. Journal of
Geochemical Exploration, Vol. 27, No. 3, pp. 259-280

Klusman, RW., & Webster, ].D. (1981). Preliminary analysis of meteorological and seasonal
influences on crustal gas emission relevant to earthquake prediction. Bulletin of the
Seismological Society of America, Vol. 71, No. 1, pp. 211-222

Kristiansson, K., & Malmqvist, L. (1982). Evidence for nondiffusive transport of 222gRn in
the ground and a new physical model for the transport. Geophysics, Vol. 47, No. 10,
pp. 1444-1452

Kuo, T., Fan, K., Kuochen, H., Han, Y., Chu, H., & Lee, Y. (2006). Anomalous decrease in
groundwater radon before the Taiwan M6.8 Chengkung earthquake. Journal of
Environmental Radioactivity, Vol. 88, No. 1, pp. 101-106

Kuo, T., Su, C, Chang, C, Lin, C,, Cheng, W., Liang, H., Lewis, C,, & Chiang, C. (2010).
Application of recurrent radon precursors for forecasting large earthquakes (Mw > 6.0)
near Antung, Taiwan. Radiation Measurements, Vol. 45, No. 9, pp. 1049-1054

Lay, T., Williams, Q., & Garnero, E.J. (1998). The core-mantle boundary layer and deep Earth
dynamics. Nature, Vol. 392, pp. 461-468

Loh, W.-Y. (2011). Classification and regression trees. Wiley Interdisciplinary Reviews: Data
Mining and Knowledge Discovery, Vol. 1, No. 1, pp. 14-23

Lomnitz, C. (1994). Fundamentals of Earthquake Prediction, John Wiley & Sons, New York



194 Earthquake Research and Analysis — Statistical Studies, Observations and Planning

Martinelli, G. (1993). Fluidodynamical and chemical features of radon 222 related to total
gases: implications for earthquake predictions, Proceedings of IAEA Meeting on
isotopic and geochemical precursors of earthquakes and volcanic eruptions, Vienna,
September 1991

Mjachkin, V.I., Brace, W.F., Sobolev, G.A., & Dieterich, J.H. (1975). Two models for
earthquake forerunners. Pure and Applied Geophysics, Vol. 113, No. 1, pp. 169-181

Mogro-Campero, A., Fleischer, R.L., & Likes, R.S. (1980). Changes in subsurface radon
concentration associated with earthquakes. Journal of Geophysical Research, Vol. 85,
No. NB6, pp. 3053-3057

Negarestani, A., Setayeshi, S., Ghannadi-Maragheh, M., & Akashe, B. (2002). Layered neural
networks based analysis of radon concentration and environmental parameters in
earthquake prediction. Journal of Environmental Radioactivity, Vol. 62, No. 3, pp. 225-233

Negarestani, A., Setayeshi, S., Ghannadi-Maragheh, M., & Akashe, B. (2003). Estimation of
the radon concentration in soil related to the environmental parameters by a
modified Adaline neural network. Applied Radiation and Isotopes, Vol. 58, No. 2, pp.
269-273

Neznal, M., Matolin, M., Just, G., & Turek, K. (2004). Short-term temporal variations of soil
gas radon concentration and comparison of measurement techniques. Radiation
Protection Dosimetry, Vol. 108, No. 1, pp. 55-63

Pinault, J.L., & Baubron, J.C. (1996). Signal processing of soil gas radon, atmospheric
pressure, moisture, and soil temperature data: A new approach for radon
concentration modeling. Journal of Geophysical Research-Solid Earth, Vol. 101, No. B2,
pp. 3157-3171

Planini¢, J., Radoli¢, V., & Lazanin, Z. (2001). Temporal variations of radon in soil related to
earthquakes. Applied Radiation and Isotopes, Vol. 55, No. 2, pp. 267-272

Ramola, R.C. (2010). Relation between spring water radon anomalies and seismic activity in
Garhwal Himalaya. Acta Geophysica, Vol. 58, No. 5, pp. 814-827

Ramola, R.C., Prasad, Y., Prasad, G., Kumar, S., & Choubey, V.M. (2008). Soil-gas radon as
seismotectonic indicator in Garhwal Himalaya. Applied Radiation and Isotopes, Vol.
66, No. 10, pp. 1523-1530

Ramola, R.C,, Singh, M., Sandhu, A.S,, Singh, S., & Virk, H.S. (1990). The use of radon as an
earthquake precursor. Nuclear Geophysics, Vol. 4, No. 2, pp. 275-287

Ramola, R.C,, Singh, S., & Virk, H.S. (1988). A model for the correlation between radon
anomalies and magnitude of earthquakes. Nuclear Tracks and Radiation
Measurements, Vol. 15, No. 1-4, pp. 689-692

Reddy, D.V., & Nagabhushanam, P. (2011). Groundwater electrical conductivity and soil
radon gas monitoring for earthquake precursory studies in Koyna, India. Applied
Geochemistry, Vol. 26, No. 5, pp. 731-737

Sikder, L.U., & Munakata, T. (2009). Application of rough set and decision tree for
characterization of premonitory factors of low seismic activity. Expert Systems with
Applications, Vol. 36, No. 1, pp. 102-110

Singh, M., Kumar, M., Jain, RK., & Chatrath, R.P. (1999). Radon in ground water related to
seismic events. Radiation Measurements, Vol. 30, No. 4, pp. 465-469

Steinitz, G., Begin, Z.B., & Gazit-Yaari, N. (2003). Statistically significant relation between
radon flux and weak earthquakes in the Dead Sea rift valley. Geology, Vol. 31, No.
6, pp- 505-508



Radon as an Earthquake Precursor — Methods for Detecting Anomalies 195

Stranden, E., Kolstad, A.K., & Lind, B. (1984). Radon exhalation - moisture and temperature
dependence. Health Physics, Vol. 47, No. 3, pp. 480-484

Thomas, D. (1988). Geochemical precursors to seismic activity. Pure and Applied Geophysics,
Vol. 126, No. 2, pp. 241-266

Torkar, D., Zmazek, B., Vaupoti¢, J., & Kobal, I. (2010). Application of artificial neural
networks in simulating radon levels in soil gas. Chemical Geology, Vol. 270, No. 1-4,
pp- 1-8

Toutain, J.P., & Baubron, ]J.C. (1999). Gas geochemistry and seismotectonics: a review.
Tectonophysics, Vol. 304, No. 1-2, pp. 1-27

Ulomov, V.., & Mavashev, B.Z. (1967). On forerunners of strong tectonic earthquakes.
Doklady Akademii Nauk SSSR, No. 176, pp. 319-322

Varhegyi, A., Hakl, J.,, Monnin, M., Morin, J.P., & Seidel, J.L. (1992). Experimental study of
radon transport in water as test for a transportation microbubble model. Journal of
Applied Geophysics, Vol. 29, No. 1, pp. 37-46

Virk, HS., Sharma, A.K., & Sharma, N. (2002). Radon and helium monitoring in some
thermal springs of North India and Bhutan. Current Science, Vol. 82, No. 12, pp.
1423-1424

Wakita, H., Nakamura, Y., Notsu, K., Noguchi, M., & Asada, T. (1980). Radon anomaly -
possible precursor of the 1978 Izu-Oshima-Kinkai earthquake. Science, Vol. 207, No.
4433, pp. 882-883

Walia, V., Lin, S.J., Hong, W.L., Fu, C.C, Yang, T.F.,, Wen, K.L., & Chen, C.H. (2009a).
Continuous temporal soil-gas composition variations for earthquake precursory
studies along Hsincheng and Hsinhua faults in Taiwan. Radiation Measurements,
Vol. 44, No. 9-10, pp. 934-939

Walia, V., Yang, T.F.,, Hong, W.L., Lin, SJ., Fu, C.C.,, Wen, K.L., & Chen, C.H. (2009b).
Geochemical variation of soil-gas composition for fault trace and earthquake
precursory studies along the Hsincheng fault in NW Taiwan. Applied Radiation and
Isotopes, Vol. 67, No. 10, pp. 1855-1863

Washington, J.W., & Rose, A.W. (1990). Regional and temporal relations of radon in soil gas
to soil-temperature and moisture. Geophysical Research Letters, Vol. 17, No. 6, pp.
829-832

Witten, LH., & Frank, E. (1999). Data Mining: Practical Machine Learning Tools and Techniques
with Java Implementations., Morgan Kaufmann, San Francisco

Yang, T.F., Walia, V., Chyi, L.L., Fu, C.C., Chen, C.H,, Liu, T.K,, Song, S.R., Lee, C.Y., & Lee,
M. (2005). Variations of soil radon and thoron concentrations in a fault zone and
prospective earthquakes in SW Taiwan. Radiation Measurements, Vol. 40, No. 2-6,
pp- 496-502

Zmazek, B., Italiano, F., Ziv&ié, M., Vaupoti¢, ], Kobal, 1., & Martinelli, G. (2002a).
Geochemical monitoring of thermal waters in Slovenia: relationships to seismic
activity. Applied Radiation and Isotopes, Vol. 57, No. 6, pp. 919-930

Zmazek, B., Todorovski, L., Dzeroski, S., Vaupoti¢, J., & Kobal, I. (2003). Application of
decision trees to the analysis of soil radon data for earthquake prediction. Applied
Radiation and Isotopes, Vol. 58, No. 6, pp. 697-706

Zmazek, B., Todorovski, L., Ziv¢ié, M., Dzeroski, S., Vaupoti¢, J., & Kobal, 1. (2006). Radon in
a thermal spring: Identification of anomalies related to seismic activity. Applied
Radiation and Isotopes, Vol. 64, No. 6, pp. 725-734



196 Earthquake Research and Analysis — Statistical Studies, Observations and Planning

Zmazek, B., Ziv¢ié, M., Todorovski, L., Dzeroski, S., Vaupoti¢, J., & Kobal, L. (2005). Radon in
soil gas: How to identify anomalies caused by earthquakes. Applied Geochemistry,

Vol. 20, No. 6, pp. 1106-1119
Zmazek, B., Ziveié, M., Vaupoti¢, J., Bidovec, M., Poljak, M., & Kobal, I. (2002b). Soil radon

monitoring in the Kr$ko Basin, Slovenia. Applied Radiation and Isotopes, Vol. 56, No.

4, pp. 649-657



94

Publications



Publications 95

4.3 Radon as a tracer for cave ventilation

While a number of radon measurements have been performed in the last few decades in
Slovenian caves, they were mainly devoted to dosimetry studies, whereas the processes
governing the spatial and temporal distribution of radon levels were left aside. A rising
number of different studies that have been taking place in Postojna Cave have emphasised
the question about the ventilation characteristics of cave passages. At this point, a long
radon database (Figure 17) in Postojna Cave was found to be useful for this application.
Along with ventilation studies, a chance to study radon transport from the Earth's crust to
the atmosphere arose, since caves can be considered somehow a boundary layer between
the lithosphere and the atmosphere.

The general ventilation characteristics of Postojna Cave and the influence of outside
temperature on radon levels in the cave is presented in the paper "Dependence of radon
levels in Postojna Cave on outdoor air temperature™. Within this study a model was built,
which helps to predict the radon concentration at a specific location in the cave on the
basis of outside temperature. Although measurements cannot be avoided, the model could
markedly reduce their number without diminishing the level of reliability of the data
needed for dose estimates for personnel working in the cave.

The influence of geomorphology of cave passages on radon levels and the reasons for
an extremely high radon concentration in the Pisani Rov part of Postojna Cave are
presented and discussed in the paper "Reasons for large fluctuations of radon and CO,
levels in a dead-end passage of a karst cave (Postojna Cave, Slovenia)”. CO, was used as
an additional parameter to interpret the contribution of different sources to radon
concentration. The comparison of radon fluctuation at three different locations revealed
airflow patterns and differences in the degree of ventilation of different passages.
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Figure 17: Time series of radon concentration at four locations in Postojna Cave: Lepe Jame, the
lowest point, Velika Gora and Pisani Rov.
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4.3.1 Scientific paper: ""‘Dependence of radon levels in the Postojna Cave
on outdoor air temperature*
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Dependence of radon levels in Postojna Cave on outside air
temperature
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Abstract. Postojna Cave is the largest of 21 show caves inal., 1984; Kavasi et al., 2010; Vaupdtj 2008) and the sec-
Slovenia. The radon concentration there was measured comnd that of radon as a tracer for air movement within a cave
tinuously in the Great Mountain hall from July 2005 to Oc- (Cunningham and Larock, 1991; Hakl et al., 1996; Kies and
tober 2009 and ranged from about 200 Bghin winter to Massen, 1997; Kowalczk and Froelich, 2010; Perrier et al.,
about 3kBqnm3 in summer. The observed seasonal pattern2004; Przylibski, 1999). Minute quantities of uraniufddU)
of radon concentration is governed by air movement due tgresent in limestone result in relatively high values of radon
the difference in external and internal air densities, controlledin karstic caves (Cigna, 2005; Gillmore et al., 2002; Hakl
mainly by air temperature. The cave behaves as a large chinet al., 1997) due to the low natural ventilation of the un-
ney and in the cold period, the warmer cave air is releasedlerground cavities. Tectonic faults constitute an additional
vertically through cracks and fissures to the colder outsidesource of radon (Ball et al., 1991; Gillmore et al., 2000;
atmosphere, enabling the inflow of fresh air with low radon Sebela et al., 2010). Variations of radon concentration in
levels. In summer the ventilation is minimal or reversed andcave air arise from a balance of the emission from cave sur-
the air flows from the higher to the lower openings of the faces and drip waters, decay in cave air, and exchange with
cave. Our calculations have shown that the effect of the dif-the outside atmosphere (Wilkening and Watkins, 1976). Sea-
ference between outside and cave air temperatures on rad@onal changes in natural ventilation often cause large tempo-
concentration is delayed for four days, presumably becauseal variation in radon levels, most commonly characterised
of the distance of the measurement point from the lower enby high summer and low winter concentrations (Kowalczk
trance (ca. 2km). A model developed for predicting radonand Froelich, 2010; Perrier and Richon, 2010; Przylibski,
concentration on the basis of outside air temperature has beet®99; Tanahara et al., 1997; Wilkening and Watkins, 1976).
checked and found to be successful. However, other atypical patterns have also been documented,
such as maximum concentrations during autumn and mini-
mum during summer in Mammoth Cave, Kentucky (Eheman
et al., 1991) or in Moestroff Cave (Luxembourg), where the
lowest concentrations are observed in the summer (Kies and
Radon £22Rn), a radioactive gas with a half-life of 3.82 days, Mass«_an, 1997). As a result of elevated radon concentrations,
ostojna Cave as well has been under permanent radon sur-

is released from minerals into the pore space of rocks an ; . ] .
subsequently into the atmosphere (Nazaroff, 1992). It is/€Y since 1995 (Vaupdtiet al., 2001; Vaupdti 2008). In

well known that high concentrations of radon are commonthls study, ra_ldon was monitored in the Great Mountain hall
in mines (Cohen, 1982; Sevc et al., 1976). The existencepf the. Postojna Cave from July 2005 to October 2009'. OL.”
of similar radiation in underground cavities was found in the Intention was to eStabl'fSh a model of rado_” concentration in
1970s, since when research on radon concentration in nafl'® Cave air on the basis of temperature differences between
' ﬁe cave air and the outside air. Such a model could reduce

ural caves has taken two directions. The first is the aspec ber of tsin th ded for d
of radiation protection (Duenas et al., 1999; Fernandez et. € NUMDEr of measurements in the cave needed for dose es-
timates for the personnel working there.
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Fig. 1. (a)Slovenia with the Postojna Cave indicatéld) The passages of Postojna Cave with the monitoring site in the Great Mountain hall
and the cross section d-iadicated.(c) Cross section of the Great Mountain hall with the measurement point and tectonic structure.

2 Site description 3 Methodology

Postojna Cave, with 20 km of galleries, is the longest known3.1 Measurement methods
cave system and the largest of 21 show caves in Slovenia
(Fig. 1a). It is one of the most visited show caves in the Radon was monitored continuously in the Great Mountain
world. The vertical extent of the system is 115 m. The heighthall from July 2005 to October 2009. During the first year, a
above sea level of the river Pivka where it enters the cave igarasol probe (MC-450, ALGADE, France) was used, which
511 m and that of the platform in front of the cave entrancewas then replaced by a Radim 5 WP monitor (SMM Com-
529 m. The cave passages have been developed in approgiany, Prague, Czech Republic). Data for some months in
mately 800 m of Upper Cretaceous bedded limestone situated006, at the end of 2007, and in summer 2009 are missing
between two important Dinaric faultSébela et al., 2010). because of high air humidity, which damaged the measuring
This cave is a typical horizontal cave (Fig. 16pbela, 1998) devices. The Barasol probe is designed primarily for radon
with the tourist entrance being a large natural entrance withmeasurements in soil gas. The probe gives radon concentra-
a diameter of several meters. An electric train takes visi-tion, based on alpha spectrometry of radon decay products in
tors through 2 km long galleries and passages to the statiothe energy range of 1.5MeV to 6 MeV using an implanted
in the cave, from where they start a walking route. Besidessilicon detector. The detector sensitivity is 50 Bgtand a
the part of the cave open to visitors, the Postojna Cave syssampling frequency was set at once an hour. In addition to
tem is composed of several halls, named Island Cave, Magradon concentration, the probe also recorded temperature and
dalene’s Cave and Black Cave, connected to each other barometric pressure. The Radim 5 monitor determines radon
narrow passages. Some of them can be accessed from tig@ncentration by measuring gross alpha activity of the decay
surface through their own entrances (Fig. 1b). There is ngproducts?!8Po and?*4Po, collected electrostatically on the
forced ventilation in the cave and air is exchanged only bysurface of a semiconductor detector. The sensitivity is about
natural air draught through the numerous cracks, corridor$0BgnT2 and the sampling frequency was twice an hour.
and breathing halls (Gams, 1974) connecting the cave withThe data have been stored in the internal memory of both
the outside atmosphere. The measurement site is located instruments and then transferred to a personal computer for
the Great Mountain hall (Fig. 1c), which is the biggest col- further evaluation. The daily averages of radon concentration
lapse chamber in Postojna Cave and lies about 2 km from th#vere calculated from raw measurements.
tourist entrance. Hourly values and daily averages of outside air tem-
perature at the Postojna meteorological station were ob-
tained from the Office of Meteorology of the Environmental
Agency of the Republic of Slovenia.

Nat. Hazards Earth Syst. Sci., 11, 152828 2011 www.nat-hazards-earth-syst-sci.net/11/1523/2011/
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3.2 Radon modelling 3

Fluctuations in cave air radon concentration are a balance
between the net exhalation of radon from the surfaces within<
the cave, decay in cave air, and the degree of mixing of out-
side air with cave air (Wilkening and Watkins, 1976) as de-
scribed by mass balance Eg. (1):

dcd;tave = ERné - )\Ccave— % (Ccave— Cout) (1)
where Ccave and Coyt represent radon concentration in the o
cave and outsideErp, is a net flux of radon atoms from the JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
material surrounding the cavity into the open volurfiend

V are surface area and volume of the cavitys the radon  Fig. 2. Average monthly radon concentrations in the Great Moun-
decay constant an@ the natural flow rate of cave air. Since tain hall from 2005 to 2009.

the exact volume of the cave and the natural flow rate are not
known because of the complex morphology of the Postojnat

o
o
X
-~

CCEVE

cave passages, radon mass balance Eq. (1) can be simplifie?f shapes of the various halls and corridors and the presence

to Eq. (2) of vertical cracks and breathing halls that affect the venti-
e lation of the cave. In addition to seasonal variation, diurnal
dCcave ®—2C ki|AT|Ccave @ variations were also observed at some points in the cave, usu-
dr 0 caver L ally in summer (Kobal et al., 1988; Vaup6ti2008). How-

a1y ) ever, this is not the case in the Great Mountain hall, pre-
where® (Bqm™>s™") is the radon source term\T (K) is g mably because of its huge volume: it is open on all sides
the difference between outside and cave temperatliré®) 4 thus intensively aerated. This has a smoothing effect on

is distance of the measuring location from the entrance and,qon concentration and thus reduces its diurnal variation.
t (s) is time. The outside radon concentration is set at zero,

since it is much less than the value in the cave. The radon.1 Cave air ventilation and seasonal radon behaviour
source term@, is calculated from Eg. (3) in the case of no
ventilation, when radon concentration reaches its maximumDuring the cold winter months, air temperature in the cave
is higher than outside and this temperature difference causes
a natural draught of less dense, radon-rich cave air upwards
through vertical cracks and channels into the outside atmo-
sphere, thus allowing the entry of cold denser outside air into
the cave through the tourist entrance (chimney effect). This
_ oL AL (Cua—Co)L [ms—lK—l] ) continuous ventilation significantly lowers the radon concen-
|AT|C, |AT| dt|AT|C, tration. As can be seen in Fig. 3a, radon concentration and
outside temperature follow a linear relationship, with a corre-
lation coefficient R) of 0.62, as long as the outside temper-
ature is lower than the cave temperature. However, when the
daily outside temperature drops belevé °C, radon concen-
4 Results and discussion tration increases, presumably due to ice and snow covering
the smaller breathing holes from above, thus preventing the
Radon concentration in the Great Mountain hall was found to“chimney” effect. Radon concentration reaches its maximum
be in the range from about 200 Bqrhto about 3 kBg m3. when ventilation stops or is minimal. This happens at outside
The lowest average monthly radon concentration betweenemperatures approximately the same as the cave tempera-
2005 and 2009 occurred in March (600Bq#h and the ture (10°C), as seen in Fig. 3a. Small black dots on Fig. 3a
highest in June (2500Bqm) (Fig. 2). The seasonal pat- at temperatures above 10 and radon concentrations below
tern is mainly the result of air movements caused by differ-1500 Bq 13, reflect the influence of some other parameters
ences between external and internal air densities, controllednd were not included in the analysis.
to a large extent by air temperature; this corresponds well The influence of atmospheric changes on radon concen-
with the processes characteristics of horizontal caves (Hakiration in the Great Mountain hall was observed only after
et al.,, 1996). The cave temperature varies from 9 t60 114h. The reason for this time lag is the geomorphology
only, the whole year round. Radon concentrations can vanof Postojna Cave and the long distance from the tourist en-
substantially from place to place in the cave (Kobal et al.,trance (2 km). This shifted influence of the outdoor tempera-
1987, 1988), depending on the distance from the entranceure is most clearly noticed in spring (Fig. 4a), when the cross

d=rChX 3)

Values ofk can be calculated from existing data for every
single day according to Eq. (4),

i

whereC, andC, 1 represent average daily radon concentra-
tions for two consecutive days andid 1 day.

www.nat-hazards-earth-syst-sci.net/11/1523/2011/ Nat. Hazards Earth Syst. Sci., 115P%3011
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correlation between radon concentration and outside air tem ,
peratures points to 114 h lag time (Fig. 5) :
In summer the ventilation is reversed and air flows from
higher to lower openings of the cave. The temperature dif- }
ference between outside air and cave air creates a pressu
difference which causes a draught of air out of the cave anc
consequently lower radon concentrations over time (Fig. 3a)
However this process is observed in the Great Mountainhal 8323888823 288883
only when the temperature difference between outside anu
cave air is.high enough. The effect pf Iowering.the radon Fig. 4. Average daily radon concentration€chye, average
concentration CO,UId be observgd during two periods of hOtdaily outside temperatureddyt) and the difference between maxi-
summer days with average daily temperatures aboV&C20  1yym and minimum outside temperaturesft.o for different sea-
in July and August 2008 (Fig. 4b). sons: (a) winter/spring 2009 (February, March, Apriljb) sum-
The transition periods in spring and autumn are characmer 2008 (June, July, Augus(g) autumn 2008 (September, Oc-
terised by a large range of ventilation rates caused by diurnalober, November) an¢d) winter 2008/2009 (December, January,
variability in the temperature difference between cave andrebruary).
outside air. In spring, radon concentration rises only after
some days of higher daily temperatures (Fig. 4a), since the
increased ventilation during the cold nights prevents the ac-
cumulation of radon in the cave air. On the other hand,
sudden drop in radon concentration below 500 BGfroan
be observed as soon as one or two days after the first col
front on 19 November 2008 (Fig. 4c).

07,
11
15
19
23
27,

In winter, with constantly low outside temperatures (14 to
38 December 2008, Fig. 4d), continuous ventilation leads to
low radon levels in the cave. In contrast, the effect of de-
reasing ventilation can be observed during the sunny days
from 8 to 12 December 2008 (Fig. 4d), characterised by

Nat. Hazards Earth Syst. Sci., 11, 152828 2011 www.nat-hazards-earth-syst-sci.net/11/1523/2011/
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4.2 Radon modelling Fig. 6. Comparison of predicted and measured radon concentra-

. tion (C and outside air temperatur@g(,t) from July 2005 to
The radon concentration measured from July 2005 to chcto(bgf\ée())og. P ol Y

tober 2007 was used to establish a model, while the other
part of the dataset (November 2007 to November 2009)

was used for testing the model. The radon source term, The correlation coefficient of 0.76 between measured and
calculated from Eq. (3), is (520.6)x 103Bgm3s?  predicted radon concentrations on the validation dataset,
in the case of no ventilation, when radon concentrationfrom November 2007 to October 2009, is high. As expected,

reaches its maximum at the confidence level of 97.5%the correlation is poorer in the transitional periods of spring
(Chax = 2800+ 280 Bq n13). For this purpose, the time shift and autumn.

of 4 days between outside temperature and radon concentra-
tion was taken into account.
Constantk was calculated for everfipour—Cecavepair (daily 5 Conclusions
averages) in the period from July 2005 to October 2007 and
average values were determined separately for summer anflvo major ventilation regimes have been identified in the
winter, according to different ventilation regimes (Fig. 3b). Postojna Cave that have a direct influence on radon concen-
Taking into account the different behaviour of radon con-tration in the cave. In cold periods the cave behaves as a large
centration at temperatures belev6°C (Fig. 3a), the aver-  chimney and the warmer, radon-rich cave air is released to
age radon concentration of 0.640.23kBq nT> was calcu-  the colder outside atmosphere, driving an inflow of fresh air
lated. The results are collected in Table 1. Averaglues  with low radon levels. Radon levels in the cave are highest
were used for predicting radon concentration using Eq. (2Jwhen the outside temperature is similar to or lower than the
according to the rules described in Table 1. Constantas  cave temperature (EC) and, hence, air movement is very
used for days with an average daily temperature abov€10 Jow. Calculations have shown that the effect of the differ-
andk; for days with an average daily temperature betweenence between outside and cave temperature on radon con-
—6 and 10°C. When the average daily temperature droppedcentration was delayed by four days, presumably because of
below —6°C, radon concentration was set to 0.64kBgm  the distance of the Great Mountain from the tourist entrance
(Table 1). The time series of predicted and measured rado(ca. 2 km). When the daily outside temperature drops below
concentrations are presented in Fig. 6. Radon concentrationg°C, radon concentration increases. It is assumed that ice
is more stable in summer than in winter (Fig. 3b), causingand snow on the surface above the cave prevent the cave air
a higher dispersion of; values and eventually also a larger from leaving the cave. In summer, the ventilation is mini-
discrepancy between measured and predicted radon concefiral or reversed and the air flows from higher to lower open-
trations in winter. ings of the cave. When the temperature difference between
cave and outside air is high enough to overcome the barrier
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Abstract. Measurements of radon concentration were per-risk because of anthropogenic impact. An understanding of
formed at three geomorphologically different locations in cave microclimates is of great importance when studying the
Postojna Cave, Slovenia. In the part of the cave open tdhermodynamics of karst processes, palaeoclimate proxies,
visitors, annual average radon activity concentrations ofhydrogeological aspects of speleothems,,@Qild-up and
3255+ 1190BqnT3 and 2315+ 1019 B3 were found  cave ecosystems (Baldini et al., 2006; Faimon et al., 2011;
at the lowest point (LP) and in the Lepe jame (Beau-Kowalczk and Froelich, 2010; Perrier and Richon, 2010;
tiful Caves, BC), respectively. A much higher average Spotl et al., 2005; Tremaine et al., 2011). The thermal and
of 25020+ 12653 Bgm3 was characteristic of the dead- moisture characteristics of the cave air (Badino, 2010; De
end passage Pisani rov (Gaily Coloured Corridor, GC), inFreitas et al., 1982), as well as the concentration of gases
which CQ» concentration also reached very high values of (??2Rn, CQ) and aerosols (Bezek et al., 2012) are mainly
4689+ 294 ppm in summer. Seasonal variations of radon andcontrolled by the degree of air exchange with the outside en-
CO, levels in the cave are governed by convective airflow, vironment. Convective air circulation, driven by buoyancy
controlled mainly by the temperature difference between theforces created by the difference of air density between the
cave and the outside atmosphere. The following additionakxternal and internal air masses, is a major mechanism con-
sources of radon and G@vere considered: (i) flux of geogas trolling air circulation in caves with more than one entrance
from the Earth’s crust through fractured rocks (radon andat different elevations (Badino, 2010; Cigna, 1968; Hakl et
CO, source), (ii) clay sediments inside the passage (radoral., 1996; Kowalczk and Froelich, 2010; Wigley, 1967). On
source) and (iii) the soil layer above the cave (radon ang CO the other hand so-called barometric circulation, driven by the
source). internal—external pressure difference, can be very important
for caves with large volumes connected by small passages,
with one entrance or with extremely small entrances (Badino,
) 2010; Luetscher and Jeannin, 2004; Wigley, 1967). There-
1 Introduction fore, in addition to outside atmosphere, cave geomorphology

) ) ) _ _plays an important role in cave ventilation.
The karst cave environment is characterised by very high mi- p5q0n 822Rn, a-radioactive, half-lifery 2 = 3.82 days)

croenvironmental stability with essentially quasi-closed airp55 often been used as an excellent tracer for air circula-
masses (Badino, 2010), and may be considered stable ifon since it is a noble gas and highly abundant in caves
comparison to the outside atmosphere. Beyond_thls appareretigna, 2003; Cunningham and Larock, 1991; Hakl et al.,
stability, howe\{er, complex processes occur, which can todayL9961 1997: Kies and Massen, 1997: Kowalczk and Froelich,
be brought to light thanks to advances in measurement tecrgom; Perrier et al., 2004; Przylibski, 1999). Its half-life,

niques, data storage and data processing. All caves should kg,itape for the timescales on which cave ventilation takes
considered fragile systems, but show caves are particularly at
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place, distinguishe®?Rn from the other two radon isotopes  a) 82 prviaava Wizt s
(?2%Rn and?®Rn). An additional advantage is its radioac- "“STR'L\A}{%
tivity, which makes it relatively easy to monitor the activ- g§ SLOVENIA g’:o@‘“

ity concentration of radon with a very low detection limit.  wcoaena A ° s

CRNA JAMA

Variation of radon concentration in cave air arises froma =
balance of radon emission from cave surfaces and drip wa
ters, its radioactive transformation, and exchange with the
outside atmosphere (Wilkening and Watkins, 1976). Rador »
concentration in underground cave systems is also charac 2 € b) 600 |
terised by internal mixing of air masses (Perrier and Richon, ER’ . Sdoline,
2010). In a study of 220 caves around the world, Hakl et om g mance, BC
al. (1997) rgported an annual average radon concentration ¢ :E;o s sinkof Pivkaver
2800Bgnr=.
The most important parameter governing dissolution and
precipitation processes in carbonate karst is @eybrodt, N

& cave entrance
& tourist entrance
® measurement location

1999), so understanding GQlistribution and dynamics in

caves is important for palaeoclimatic research. The dynamic.
of CO;, in caves is governed by the distribution and intensity
of its sources and (mainly) advective transport by air Cur'System with marked monitoring sites: Lepe jame (BC), the lowest

rents. The main sources of G@n caves are diffusion from  naint (LP) and the Pisani rov (GCJb) the level of measurement
the epikarst, decomposition of organic matter and precipitajgcations.

tion of calcite from supersaturated solutions. Many authors

therefore include cave ventilation when modelling 3@ri-

ation over time in order to explain seasonality and trend (Bal-sured in Casf@ar de lbor karst cave in Spain (Lario et

dini et al., 2008; Fernandez-Cortes et al., 2011; Milanolo andal., 2006), although the rest of the cave is characterised

Gabroek, 2009; Tanahara et al., 1997). £®as used in by radon levels similar to world average values (Hakl et

this study as an additional tool to characterise and explairal., 1997). This paper presents the results of 18 months

the sources and reasons of high radon concentration and iarch 2011-September 2012) of continuous measurements

variability in a dead-end passage in Postojna Cave. Howevenf radon concentration in three passages in Postojna Cave, in-

the exact interpretation of short-term fluctuation of the;CO cluding Pisani rov, in which C@concentration was addition-

level remains outside the scope of this study. ally measured in two periods: 1 March-9 May and 28 June—
The complexity and size of Postojna Cave, with its numer-1 September 2012. The aim of this study is to reveal the geo-

ous known and unknown entrances at different levels and ahysical processes and geomorphological characteristics of

long and highly ramified cave system, makes this cave a faseave passages that are responsible for very significant dif-

cinating study site for a variety of physical and environmen-ferences in the amplitude of fluctuations of radon and,CO

tal studies (Bezek et al., 2012; Gosar et al., 2009; Grégori levels.

etal., 2011; Kobal et al., 1988; Mulec et al., 208&bela et

al., 2010;Sebela and Turk, 2011; Vaupet2008). In general

the ventilation of Postojna Cave is characterised by convec2  Sijte and methodology

tive airflow, controlled mainly by the temperature difference

between the cave and the outside atmosphere, as discussed  Site description

by Gregort et al. (2011) for one measurement location in

the Velika Gora (Great Mountain) chamber of Postojna Cave The Postojna Cave System (Fig. 1a), with its 20570 m of

Different ventilation regimes in the cold and warm periods of known passages, is the second longest of 10000 registered

the year are responsible for the observed seasonal pattern krst caves in Slovenia and one of the most visited show

radon concentration with low winter and high summer levels,caves in Europe. The passages were formed at two main lev-

as already reported for this (Gregbet al., 2011; Kobal et els. The river Pivka sinks at the lower entrance to the cave

al., 1988; Vaupof, 2008) and several other caves (Gillmore at 511 m above sea level (ma.s.l.) (Fig. 1b) and the active

etal., 2002; Kowalczk and Froelich, 2010; Nagy et al., 2012;river passages are mostly smaller than the higher ones. The

Perrier and Richon, 2010; Przylibski, 1999; Tanahara et al.river bed is composed mostly of gravels derived from the

1997; Wilkening and Watkins, 1976). Eocene flysch. The entrance to the main, currently dry, pas-
In one passage of Postojna Cave, known as the Pisarsage is situated at 526.5ma.s.l. and is 10m high and 6 m

rov, very high radon levels have been observed (annualvide. This entrance is also used as a tourist entrance. The

mean 25026 12 653 BqnT3) which are comparable to the cave passages have developed in an approximately 800 m

highest radon levels of 32246 Bqh (annual mean) mea- thick layer of Upper Cretaceous bedded limestone situated

500 m

Fig. 1. Postojna Cave Systerfa) ground plan of the Postojna Cave

Nat. Hazards Earth Syst. Sci., 13, 287297, 2013 www.nat-hazards-earth-syst-sci.net/13/287/2013/
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Table 1. Geomorphological characteristics of cave passages with measurement locations.

Cave passage Abbrev. Level/ma.s.. Touristroute = Geomorphological characteristics and
sediments

Lepe jame (Beautiful Caves) BC 526 15m away — narrow solutional fissure, created along a fault
plane
—loam in the fissure

Lowest point LP 508 yes — wide passage
— thin layer of loam

Pisani rov (Gaily Coloured GC 529 no — 920 m long dead-end passage

Corridor) — grey loam originating from weathered flysch

rocks along the whole passage

— 145 cm thick profile at the end of the passage:
fine-grained sediments (yellowish brown silts to

clays with dark stains in the upper part showing

cubic to columnar disintegration with Fe stains

on the fractures) covering the collapse boulders
and massive flowstone

between two important Dinaric faultSébela et al., 2010). (Black Cave) (Fig. 1a), an artificial tunnel is closed by doors
The cave passages are mostly horizontal. The system has sikat are opened only during occasional tourist visits. The ven-
known entrances; however, unknown connections to the surtilation from érnajama does not have a significant impact on
face along corrosionally widened fissures undoubtedly existour monitoring locations.

There is no forced ventilation in the cave, and air is only ex-
changed via natural air flow through the numerous cracksy »
passages and breathing holes (Gams, 1974) connecting the

cave with the outside atmosphere. In the interior part theAt all three measurement locations, radon activity concen-
temperature is relatively stable at aroundC Measure- tration (Crn) was measured continuo,usl once an )rqour from
ments were performed at three locations (Fig. 1a). Geomor- Rn y
; o . March 2011 to September 2012.
phological characteristics of the passages are summarised in .
Radon measurements at BC were performed using a

Table 1. The first location is |nS|dg a narrow splutlonal fls_.Radim 5 monitor (SMM Company, Czech Republic), which
sure, created along a fault plane in the Lepe jame (Beauti:

ul Caves, BC), 526 ma..1. and about 15 of he qiced, T 490 o rdr, messuremerts i oy o
tourist route. The second location is situated at the low- y 99 P

i 8 14
est point (LP) of the tourist route, at 508 ma.s.l., Wheret'VIty of the. radon decay product$®Po and? Po, collected
, o : electrostatically on the surface of a semiconductor detector.
the passage widens significantly. The distance between th L o
. . . he lower limit of detection is about 50 BqTh and the sam-
two locations is about 250 m. The third measurement loca- ling frequency is twice an hour. Hourly averages are cal
tion lies at the end (529 ma.s.l.) of the 920 m long PisaniP'nd red Y ' y g

rov (Gaily Coloured Corridor, GC), which deviates from the (rzr:gztsel?ré?]:gﬁgheér?:rtri:&/zﬂgi‘?'Ogﬂgr;ftrdeerst%fr?qrézﬂmd Ijoe-
main passage to the north. This passage is not a part of theCes P 9 yp 9

) ) Vi

tourist route. It terminates below the slopes of a collapse do- .

line where the bottom is filled by sediments at 535ma.s.l. At the LP and GC locations, Barasol probes (MC-450,

(Fig. 1b) éebela andar 2000). Along the whole passage ALGADE, France) were used for radon measurements. The
' L ' X probe is primarily designed for radon measurements in soll

grey loam originating from weathered flysch rocks can begas, and it therefore has a higher lower limit of detection

found. The roughly 145 cm thick profile of fluvial sediments gabout 500 Bq m?) than the Radim 5 monitor. It gives radon

situated at the end of GC consists of fine-grained sedimentConcentration based on alpha spectrometry of radon deca
(yellowish brown silts to clays with dark stains in the upper . P P y ecay
products in the energy range of 1.5MeV to 6 MeV using

art showing cubic to columnar disintegration with Fe stains . - R
P g g n implanted silicon detector. The detector sensitivity is

on the fractures) covering the collapse boulders and massiv 0Bant3 per 1imo 't with a sampling frequency of once
flowstone (Zupan Hajna et al., 2008). The deepening of thean hgur Itglso rech))rds tem eraturz ar?d re?ative Z\tmos heric
collapse doline interrupted the continuation of GC towards ) P P

the north Bebela andar, 2000). The smallest thickness of PTeSSUre- . .
the cave ceiling is about 30 m. Between BC £omha jama In both instruments data are stored in the internal memory

and are transferred to a personal computer. The instruments

Instrumentation
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are checked regularly, using a portable AlphaGuard radorfound in the cold period of year (period D, Table 2). The
monitor (Saphymo, Germany) as a reference instrumentradon concentration at BC exhibits high variation throughout
and were calibrated in the Radon Chamber at the Henthe whole measurement period. Short periodic cycles (24 h)
ryk Niewodniczdiski Institute of Nuclear Physics, Polish can be observed at BC in the transitional periods, spring and
Academy of Sciences, Krakv, Poland (Kozak et al., 2009). autumn, as a result of the changing ventilation regime during
Continuous measurements of €@oncentrations were cold nights, when outside temperature drops below cave tem-
performed in two periods, spring and summer 2012, at theperature (10C), and warm sunny days with outside temper-
GC location. CQ is measured along with the other micro- ature above cave temperature.
climatic parameters within broader monitoring of cave mi- The GC location is, in contrast to LP and BC, char-
crometeorology. A Vaisala Carbocap g¢@odule GMM 221 acterised by much higher radon levels in summer, reach-
with a measurement of interval 0—~7000 ppm and an accuracyng up to 44500 Bqm?, with a mean summer value of
range of 1.5% is used for the task. It is connected to a dat®5 857+ 3259 Bqnr 2 in 2011 and 33038 3015Bqn3
logger with a sampling interval of 10 min. Probe operation isin 2012 (Table 1). During the cold part of the year, how-
based on measurements of infrared absorption by.CO ever, radon concentration in the periods of active ventila-
Atmospheric parameters (temperature, barometric prestion drops below 500 Bq m? — the lowest of all three mea-
sure and relative humidity) were measured continuously bysurement locations (Fig. 3). The mean value in winter is
a DL-180THP data logger (Voltcraft, Germany) in front of 8684+ 7648 Bqnt3.
the tourist entrance. Daily height of rainfall was additionally = CO; levels at the GC location show similar seasonal char-
provided by the Postojna weather station of the Sloveniaracteristics in spring and summer as radon levels, with mean
Environment Agency (Ministry of Agriculture and Environ- values of 1522 614 ppm and 4682 294 ppm, respectively.
ment of the Republic of Slovenia). Higher fluctuation of C@levels is observed in spring, which
represents a transitional period in terms of the ventilation
regime. During this period high correlatio®{ = 0.91) is
3 Results observed between GQand222Rn concentrations, pointing
to a common driving force (i.e. cave ventilation) (Fig. 4). In
On a long timescale, radon concentration in the Postojnasummer, CQ levels remain high, consistent with decreased
Cave exhibits annual cycles with high summer and low win- ventilation. However, different behaviour of these two gases
ter values (Gregoti et al., 2011), reflecting the ventilation is observed, reflecting in a weaker correlatigt? & 0.69)
pattern. However, amplitudes of fluctuation of radon lev- than in spring.
els differ from point to point. Annual mean radon concen-
tration recorded at LP is 32551190Bqm 3 and at BC, 3.1 Spatial differences in radon levels
2315+ 1019 Bgn13, which is in the same range as values
recorded at the Great Mountain location (Gregoet al., Linear correlation of radon levels between the GC and LP lo-
2011). On the other hand, radon concentration at GC is ugations, with coefficient of determinatio®{) 0.85, can be
to ten times higher than in other cave passages (Fig. 2) wittobserved throughout the annual cycle, as seen in Fig. 5a and
the annual mean of 2502012 653 Bq n13 (Table 2). b. From Fig. 5a, where the point colour represents daily mean
At LP radon concentration follows significant annual cy- outside temperature, it can be noted that the lowest radon
cles, with average values of 1742666 Bqnt3 in winter levels are usually observed at outside temperatures between
months (period D, Table 2) and constantly high summer con0 and 10C, while the highest radon levels are typical for
centrations of 4138 370 Bqn1 3 (average of summer 2011 days with daily mean outside temperatures arountiCL¥n
(B) and 2012 (F), Table 2). The biggest variations betweenextremely cold winter days, whef,: remains below 0C
minimum and maximum values are, as expected, characteffor several days, slightly higher radon levels are observed at
istic of transitional periods in spring and autumn. both locations (GC and LP). Conversely, during extremely
Situated in a side branch of the main passage, characwvarm summer dayslty: > 23°C), radon levels slightly be-
terised by cracked and faulted rocks and possibly connectetbw maximum are observed. Atmospheric pressure (Fig. 5b),
to an unknown passage, the BC location exhibits a far moreon the other hand, does not show a significant role in con-
variable radon concentration pattern, not only on an annuatrolling radon levels in the cave. Therefore, although the am-
scale but also from year to year. Changes of behaviour oplitude of fluctuation of radon concentration at GC is some
radon concentration were, for example, observed after floodsrders of magnitude higher than at LP, it is obvious that both
in 2010 (Grego® and Vaupott, 2011). Concentration dur- locations are subject to a similar ventilation pattern.
ing the period discussed in this paper shows a different sea- In contrast to GC and LP, the measurement location at BC
sonal pattern from the LP location, with the highest valuesshows slightly different behaviour, with radon levels being
in spring and autumn, reaching up to about 5500Bdm roughly in the same range as at the LP location. A moderate
(Fig. 3), whereas the concentration in summer usually re<orrelation R? = 0.46) is observed between radon concen-
mains below 4000 Bq . Minimum radon levels are still trations at BC and GC in winter months, when fresh outside
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Fig. 2. Time series of radon concentration at three measurement locations (Pisar@§fu tepe jame ECand the lowest point €57)

and CQ concentration recorded at the GC location. Time series of main atmospheric parameters controlling radon concentration in the
cave: outside air temperaturéy(y), air pressure Bout) and daily height of rainfall;). Radon concentration and atmospheric parameters

are expressed in hourly values, 24-h weighted average smoothing is applied to radon concentration and temperature; rainfall is expressed &
absolute daily values.

air enters the cave through the large tourist entrance, anthe underground was shown. Therefore, air pressure may in
warmer cave air rises through narrow vertical cracks andthis case have an influence on radon concentration only by
channels and exits into the outside atmosphere. Radon corthe effect of “barometric pumping” of radon from the pore
centration at BC (CRC) is higher than at LP(('F-{';) in au- space (Perrier and Richon, 2010). However, no significant in-
tumn and lower in spring (Fig. 3). The negative correlation fluence ofPq; can be observed, possibly due to the obscured
(R% =0.26) observed when daily medh,: exceeds 26C effect of pressure changes by airflows driven by temperature
(Fig. 5¢) indicates that other parameters take control of vengradients.

tilation at BC and the air connection between LP and BC is The most sensitive measurement location for rainfall with

cut off. respect to radon concentration seems to be BC, where sig-
nificant changes of radon levels after heavy flooding in 2010
3.2 Influence of outside atmospheric parameters in (Gregort and Vaupotft, 2011) provide further evidence for

governing radon levels in the cave high sensitivity to precipitation. Rainfall acts in two ways at
this location; firstly, by reducing the air connection between
Correlation between radon levels at each location with outthe outside atmosphere and the cave atmosphere due to satu-
side atmospheric parameters — outside temperalyi®)(  ration of soil pores on the surface (thus causing an increase of
pressure Rout) @and accumulated rainfall in the last 7 days radon concentration) and, secondly, by reducing radon exha-
(hr-7) (Table 2) — reveals thafoy: has the highest influence |ation from rock surface and cracks (decrease of radon con-
onradon levels. The response of fluctuation of radon concencentration shown about a week after heavy rainfall) (Grégori
tration on7outis comparable at the GC and LP locations in all and Vaupoit, 2011). On the other hand, no significant corre-
periods except the summer months (periods B and F), whemtion with rainfall was observed for the GC location.
radon concentration at BC and LP decreases with increasing
Tout- 3.3 Estimation of radon source

Correlation betweePyy; and Peave (pressure in the cave)
was discussed béebela and Turk (2011) in the study of cli- The ventilation characteristics of a cave can be reflected
mate characteristics of Postojna Cave, where simultaneou the fluctuation of radon concentration provided the
pressure variations at the surface and at three locations iturnover time is shorter than about five mean live$%8Rn
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Table 2. Basic statistics (min — minimum, max — maximum, AM — arithmetic mean and SD — standard deviation) of radon concentration
(Crp) at locations LP, BC and GC in 6 periods (A to F) and correlation coeffigtenetweenCr, and outside air temperatur@q(t), Crn
and atmospheric pressurBgt), andCrpy and cumulative height of rainfall in the last 7 days.f) for each location and time period.

. Crn/Bgm3
period min  max  AM SD  R(Crp Toud R(Crp Poud R(CRrn hir-7)
Mar 2011-12 Mar 2012 1019 5030 3255 1190
A Mar-May 2011 1138 4636 3370 993 0.51 0.05 0.19
B Jun-Aug 2011 3662 5030 4244 302 ~0.30 —0.01 0.36
Lp C Sep-Nov2011 1608 4826 3653 850 0.60 ~0.15 0.30
D Dec2011-Feb 2012 1019 4019 1742 666 ~0.55 0.18 ~0.16
E  Mar-May 2012 1275 4729 3164 980 0.57 0.31 0.26
F  Jun-Aug 2012 2874 5389 4022 440 ~0.40 —0.17 0.52
Mar 2011-Mar 2012 185 4909 2315 1019
A Mar-May 2011 185 4909 2430 1154 0.30 ~0.06 0.09
B Jun-Aug 2011 937 3636 2039 654 —0.52 ~0.18 0.23
sc C Sep-Nov2011 937 4865 2925 804 —0.24 0.19 0.43
D Dec2011-Feb 2012 209 3825 1543 828 030  —0.06 0.47
E  Mar-May 2012 260 4059 1853 852 ~0.14 —0.01 ~0.27
F  Jun-Aug 2012 1093 4428 2282 710 —0.41 —0.04 0.40
Mar 2011-Mar 2012 344 44578 25020 12653
A Mar-May 2011 486 44578 24514 10307 0.47 0.15 0.08
B Jun-Aug 2011 25861 43872 35857 3259 0.10 012 -021
oc C  Sep-Nov 2011 10571 40123 30910 6884 064  —0.10 0.10
D Dec2011-Feb 2012 344 26666 8684 7648  —051 0.28 —0.31
E  Mar—May 2012 1095 36939 20147 8821 0.39 0.33 0.11
F Jun-Aug 2012 24373 38776 33038 3015 0.53 029  —0.27

(approximately four weeks) (Kowalczk and Froelich, 2010).  As the total area and volume of the cave are very hard to

Cave ventilation represents the proportion of cave air ex-determine without exact measurements, we considered the

changed per time unit. If the cave atmosphere is just pulledadon source for different locations separately:

back and forth due to an alternating ventilation regime dur- Sen

ing transitional periods in spring and autumn, there is no air®ch = —43 (2

exchange in the deeper parts of the cave. This period can be ch

called a stagnant ventilation period and could be the reasowhere ¢, (Bqm~3h-1) is the radon source in a specific

for higher radon levels at BC in spring and autumn. By con-chamber, either GC or LPSc, (m?) and Ve, (M) are, re-

trast, ventilation is considered active when the cave remainspectively, the surface area and volume of the chamber; and

in one ventilation regime for long enough in comparison to ® (Bqm~2h~1) represents the radon exhalation rate from

the time that air is retained in the cave (i.e. residence time}he rock surface.

(Faimon et al., 2011). The radon source can be estimated for the summer pe-
According to Wilkening and Watkins (1976) and Perrier et riod at the GC and LP locations when radon concentration

al. (2004), the temporal evolution of radon concentration at aremains constantly high — around 40kBgtat GC and

given location in the cave can be described as 4kBqm 3 at LP location. If we consider the summer period
dCve s as a stagnant ventilation period and a constant radon concen-
& =V —® — ACR—v(CR*-C °“t) (1) tration, Eq. 0) can be transformed to
t

wheres (m?) andV (md) are, respectively, the total surface Pen = ACRY-max ®)
area and volume of the cav@; (Bq m~2 h~1) represents the whereCRn_ max (Bd m~3) represents the highest radon con-
radon exhalation rate from the rock surfageth~1) is the  centration in a specific chamber. This means that in order to
radioactive decay constant8Rn; v (h~1) is the cave ven-  maintain 40 kBqm? (4 kBqm2) during stable conditions
tilation rate; ancfg‘r‘f (Bgm~3) is the radon concentration in  in summer at the GC (LP) location, the radon source should
the outside air. Note that the radon concentration in the outnot be less than about 300 Bqah~ 1 (30BgnT3h1).

side air is on the order of tens of Bqthand thus negligible Winter ventilation should be similar at the BC and LP lo-
in comparison to the radon concentration in the cave air.  cations, while during other periods of year the BC location
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Fig. 3. Time series of radon concentration at three measurement locations (Pisard §fu £epe jame -€ESand the lowest point €57),

CO, concentration at the GC location and atmospheric parameters: outside air tempdiatrand daily height of rainfall ;) in two

periods: sprinda) and summe(b) 2012. Radon concentration and atmospheric parameters are expressed in hourly values; 24-h weighted
average smoothing is applied to radon concentration and air temperature; rainfall is expressed as absolute daily yaliese@@tion is
measured at 10-min intervals.

07 s is subject to mixing of different air currents, carrying cave
=0.91 T../°C air from different passages with various radon levels. On the
40 - . 2.4 other hand, occasional strong winter ventilation is expected
21 t the GC location, in order to decrease radon concentration
29 g 17.9 a 1 ) .
W 21 tolower levels than at other two locations (Fig. 3a).
7. 307 35
o -7 I -6.1
m -10. . .
S o 4 Discussion
woé
Based on the morphology of the cave and several open-
10 A ings at different altitudes, we can characterise the Postojna
Cave as a dynamic cave which is ventilated throughout the
o s year. Different parts of the cave, however, exhibit different
o 1000 2000 3000 4000 5000 6000 ventilation patterns based on local geomorphology. As also

reported in the study of radon concentration in the Great
Mountain chamber in this cave (Gregoet al., 2011) and

Fig. 4. Correlation between daily mean values of radon concentrafor several other caves (De Freitas, 20100t6pt al., 2005;

tion (Cg’ff) and CQ concentration at GC location depending on Wilkening and Watkins, 1976), two main ventilation regimes
outside air temperature (colour scale). can be distinguished in the main passage of the Postojna
Cave. The measurement locations considered in this study,
i.e. LP, BC and GC, have unique characteristics. Comparing
the LP and BC locations, situated in the central part of the

[CO,]/ ppm
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cave in galleries extending from the main passage, LP lies aa) 50)g-qs b) 50
508 ma.s.l., while BC, located at 526 ma.s.l., has a specific 40 e T ih a2
geomorphology and microlocation — a narrow corrosionally  so| # 27 E 5 A2 M
widened fissure, located 15 m from the central part of the pas£ ,, ; ‘gg' °§ ” O gggg
sage, characterised by numerous, more or less pronouncé g, ‘ I 8 2 Igggig
fault planes. Significant differences can therefore be found ir 3 0 e e
their ventilation pattern and radon fluctuation, while the an- ¢ C%,,/éq m{g 56 % LR
nual mean radon concentration is roughly the same for bottc) 50, =026 d) 50 "o
locations. GC, on the other hand, is situated in a dead-eni 4| %= 40
passage off the main passage and is therefore characterisf?g o E ""g 30 R
by a higher stability of the cave atmosphere. The entrance 2 ;| . =25 £
located below the ceiling of the main passage, and the meese ' 8%,
surement location is situated at 529 ma.s.l. s i

During the winter period, the difference in density be- % 2.3 4 5 6 %0 2.8 4. 5 6

Cq, /kKBgm Cr, /kKBgm

tween the cold outside air and warm cave air triggers a
rise of warmer cave air, which exhales to the outside atmo-ig. 5. Correlation between radon concentration at @gr%) and
sphere through vertical cracks and fissures, thus giving spacgp (CLPy depending on(a) outside air temperature (colour scale)
to cold, denser outside air, which enters the cave throughind(b) atmospheric pressure (colour scale) and correlation between
lower entrances. This so called “chimney effect” predomi- radon concentration at GC and BCS) depending onc) outside
nates throughout the winter and can be observed through thg temperature (colour scal? for summer and winter period) and
entire cave system. On the basis of relatively good correlatior{d) atmospheric pressure (colour scale). Daily mean values are used.
between radon concentration at all three locations (Fig. 5)
in winter, as well as the good correspondence between CO
and radon at the GC location (Fig. 4), it may be assumed thain summer Sebela and Turk, 2011). Behind the BC loca-
a current of fresh outside air comes in from the tourist en-tion, fresh air could enter through subvertical corrosionally
trance and river entrance, is lifted upwards, and leaves thevidened fissures, possibly through some undiscovered cave
cave through vertical cracks and openings. The artificial tun-chambers. On the other hand, summer ventilation has only a
nel that connects Lepe jame wﬁhnajama is closed off by a small effect on the LP location, and is almost undetectable at
door, thus preventing the airflow in direction frddmnajama.  the GC location.
Therefore, boti??2?2Rn and CQ concentrations at GC tend The results show that the intense winter ventilation regime
to decrease toward their atmospheric level$@—30 Bq nt3 takes control over the behaviour of gases in the cave, result-
for 222Rn and~380 ppm for CQ) during periods with an ac- ing in a high correlation between different locations as well
tive chimney effect, whereas radon levels at LP, located loweras a good correspondence in the fluctuation of different gases
than the tourist entrance, still remain higher than at GC. Ow-(e.g. CQ and?22Rn). On the other hand, together with di-
ing to the remote location of BC, a slower increaseC&ﬁ minishing effect of ventilation in summer, the response of
in comparison toC'F-{'; is observed in spring, and a slower gases to other processes becomes apparent (e.g. changes of
decrease in autumn (Fig. 3). The chimney effect is most protadon exhalation from the rock surface and from deeper parts
nounced at GC whefi, is lower than the cave temperature of the Earth’s crust, and changes of the flux of J@m the
(< 10°C), but remains above“®. Below that temperature, epikarst).
the snow layer and water freezing in the upper few centime- The question of high differences in the spatial distribution
tres of the soil layer above the cave prevent the exhalatiorof gases cannot, however, be explained simply by the venti-
of cave air and provoke cave air isolation. Consequently, arlation characteristics of the cave, although it is obvious that
increase of radon concentration (and £@ observed first  the atmosphere in the Pisani rov is more stable than in the
at GC (Fig. 5a and c¢) and then, at lower temperatures, also ahain cave passages. Stable conditions are reflected addition-
BC and LP. ally in cave air temperature, with the highest daily ampli-
Ventilation decreases in summer and is more pronouncedude of 0.2C at the LP location and only 0.08 at the GC
at the beginning of the main passage, where fresh, warmeocation. A rapid increase in both radon and £é»ncen-
outside air enters the cave below the ceiling and cold cavedrations during decreased ventilation points to strong radon
air is swept out of the cave near the bottom. When the tem-and CQ sources, which could be the sum of different contri-
perature difference of outside and cave air reaches the critibutions: (i) flux of gases from the ground in faulted rocks,
cal point, around 10C (at mean dailylo; > 20°C), warm  (ii) cave loam sediments as a radon source and (iii) deep
air enters the cave system through known and unknown ensoil layer in the collapse doline — on the surface where the
trances, fissures and cracks at higher elevations and leavé¥sani rov terminates — as a source of radon and.QBe
the cave through lower entrances. There is frequent strongrocess (i), known as advection of geogas (Etiope and Mar-
ventilation from the BC location toward the main passagetinelli, 2002), is a common source of both radon and>,CO
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and can act as a major radon source in fractured rocks. COand CQ sources and mechanisms leading to very high con-
(together with other gases) works as a carrier gas for radomentrations of both gases. Significant differences in radon
(Kristiansson and Malmqvist, 1982). While numerous fault concentration between the main passages of the cave (up to
zones are found along the Pisani rddepela, 1992), this 5400 Bqn13) and the Pisani rov (up to 44 600 B, as
process may have a substantial role in controlling the conwell as high CQ concentration at the GC location, lead to
centration of radon and GQOin this passage. The second the conclusion that ventilation itself could not be the only
source of radon (ii) are rock surfaces and cave sedimentggeason for the extremely high variability in the spatial distri-
from where radon diffuses to the cave air. While limestonebution of radon and C®in Postojna Cave. Taking into ac-
has basically the same characteristics in all cave passagesgcaunt the geomorphological characteristics of cave passages,
large amount of cave sediments at the GC location makes thia substantial contribution to radon and £€oncentration

part different compared to other cave passages. Clays, espaiay be represented by the deeper soil layer above this pas-
cially when radium is absorbed to clay minerals and ferroussage, formed at the bottom of the collapse doline — this ef-
oxides, may have a high emanation capacity (Miklyaev andfect being additionally emphasised by the thin cave ceiling.
Petrova, 2011), which determines the amount of free radorAdditional radon sources with very low variability may be

in the geologic medium. Considering the stable atmospheri¢he clay sediments which are present along the whole of the
conditions in the cave throughout the year, the radon emaPisani rov.

nation from clays should be constant. Process (iii) could be

expressed when outside air temperature is higher than cave

temperature and the chimney effect stops. Airflow in sum-AcknowledgementsThis work was supported by the Ministry of
mer is decreased as the fresh outside air moves downwardzducation, Science, Culture and Sport of the Republic of Slove-
through narrow fissures, soil and rock matrices. Vertical con-Nia (Programme P1-0148ycling of substances in the environment,
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5 Conclusions

Radon can be used as a reliable tracer for several geophysical processes taking place
either in the Earth's crust or at its surface. Radon measurements and studies were
performed in different environments and under different conditions in order to improve
our knowledge of radon sources and the processes governing its transport to the surface.
The evaluation and detailed study of measurement data have lead to several conclusions.

a) Conclusions derived from the field of radon research in soil gas and water:

- the spatial variability of radon concentration in soil gas and its exhalation rate to the
atmosphere were studied based on five profiles within the Ravne fault zone as well as
on a fly ash disposal site. The results revealed high variability, which is within the
same lithological type mainly controlled by various levels of rock and soil
permeability. Therefore, the task of determining the appropriate measurement location
for the purpose of earthquake precursory studies has to be accompanied by precise
preliminary measurements,

- during two years of continuous radon measurements in the thermal water at Hotavlje
and Bled, radon anomalies were identified that might have been caused by
earthquakes. The different response of radon fluctuation to seismic activity was
observed at these two measurement locations, which indicates a strong dependence on
the geological characteristics of the aquifer,

- the comparison of four different approaches for differentiating between radon
anomalies caused by seismic activity and those caused solely by hydrometeorological
parameters showed the great advantage of machine learning methods, which enable
the simultaneous incorporation of different environmental parameters.

b) In the case of Postojna Cave, radon concentration was found to be a reliable tracer for
ventilation. Radon levels in the tourist part of the cave were found to be in the range
comparable to the world average values measured in karst caves. On the other hand,
significantly higher radon levels were measured in a dead-end passage — Pisani Rov.
Based on the results of continuous measurements of radon concentration at four
measurement locations in Postojna Cave, the following conclusions can be made:

- Seasonal characteristics of radon levels in the cave air at all measurement locations
indicate that the most important parameter governing ventilation and thus radon levels
in the cave is the outside air temperature. Two different ventilation regimes were
identified, a summer and winter one. The ventilation rate is higher in winter due to the
so-called "chimney effect" and can be observed throughout the entire cave system,
thus preventing radon from accumulating in the cave. On the other hand, locally
separated airflows exist in the warmer part of the year (Tout > Tcave), Which leads to
spatial differences in radon concentration, governed mainly by the geomorphological
characteristics of the cave passages. The overall ventilation rate is weaker in summer,
causing higher radon levels in the cave.

- For the measurement location at Velika Gora, a model was developed based on the
results of the previous long-term monitoring in Postojna Cave. The model provides a
relatively good prediction of radon concentration in the cave air, simply on the basis
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of the difference in air temperature between the cave and outside.

- Surprisingly, a deviation from expected radon levels in the cave was observed during
extremely cold winter days with average daily temperatures below 0 °C. At such
atmospheric conditions, the snow layer and water freezing in the upper few
centimetres of the soil layer above the cave prevent the exhalation of cave air and
provoke cave air insulation.

- No significant influence of outside air pressure on radon levels in the cave was
observed, possibly due to the obscured effect of pressure changes by airflows driven
by temperature gradients.

- A time lag between outside atmospheric changes and an observed change in radon
concentration is a function of the distance from the entrance of the outside air and of
the ventilation rate. A time lag of 114 hours was observed at Velika Gora in spring
2008 and 2009. Additionally, a time lag was also observed between different
measurement locations, indicating the direction of airflows.

- In Pisani Rov, both gases, radon and CO,, are to a great extent governed by a degree
of ventilation. Although CO; is known as a carrier gas for radon from the Earth's
crust, both gases can have additional separate sources. The contribution of other
sources might be observed from a lower correlation between both gases during stable
summer conditions, when the effect of ventilation on the concentration of gases is
much lower.

- Significant differences in radon concentration between the main passages of the cave
(up to 5400 Bqm®) and Pisani Rov (up to 44600 Bqm), as well as a high CO,
concentration in Pisani Rov, lead to the conclusion that ventilation itself could not be
the only reason for the extremely high variability in the spatial distribution of radon
and CO; in Postojna Cave. Additional sources of radon and CO, in Pisani Rov were
considered for the first time: (i) a substantial contribution to radon and CO,
concentration may be represented by the deeper soil layer above this passage, formed
at the bottom of a collapsed doline, this effect being additionally emphasised by the
thin cave ceiling and (ii) clay sediments which are present along the whole of Pisani
Rov as a source of radon with very low variability.

- A significant temporal variation of radon concentration was observed at the
measurement location in Lepe Jame, which is, among all of the measurement
locations, characterised by the highest variability of radon levels. A decreased radon
source was observed after heavy flooding in September 2010 and was reflected by
changes in the seasonal variation of radon levels in 2011.

The above mentioned conclusions indicate the high potential of the use of radon as a
tracer in various fields of geophysics. Results of my doctoral dissertation have shown that
the implementation of advanced tools in data analysis, such as machine learning methods,
may highly improve this potential. Extensive research of radon transport in soil, thermal
waters and in karst caves, has revealed the processes governing the spatial and temporal
radon variability and has proved radon as a suitable indicator of changes in seismic
activity and cave microclimate.

Further work in this research direction should primarily intensify the implementation
of machine learning methods in radon-based modelling of cave ventilation, and add CO,
gas as subsidiary parameter. After establishing a reliable model of radon levels in
Postojna Cave, appearance of significant deviations of radon levels from the modelled
values will show the anomalies potentially related to the seismic activity or tectonic
movement recorded by extensometers already installed in the cave.

Additionally, reasons for high radon levels in Pisani Rov, reported in the paper entitled
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"Reasons for large fluctuation of radon and CO, levels in a dead-end passage of a karst
cave (Postojna Cave, Slovenia)" (Chapter 4.3.2) should be further supported by results of
measurements of radon exhalation rate from the cave surfaces and by analysis of the
238-series radionuclides in the cave sediments and in the soil cover above the cave.

On the basis of the knowledge gained in this study, possibilities of additional
application of radon as a research tool in geophysics, especially those related to the
processes in the karstic environment, should be further investigated.
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