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Tisztelt Biralo Bizottsag,

Az 1998-ban meghirdetett CHOLNOKY JENO KARSZT- ES BARLANGKUTATASI
PALYAZATRA egyéni kategéridban az 1997-es munkasdgommal, két megjelent cikkel, egy

konyvfejezettel, PhD disszertdciommal valamint 1997 6szén egy nemzetkozi konferencian
elhangzott eldadasommal palydzok. A pélyazati anyagom egyes tételeit. elésegitendd az

attekintést, roviden a kovetkez6képpen jellemezhetem.

1. Hakl J. er al. Radon Transport in Fractured Porous Media - Experimental Study in Caves.
Environment Intarnational 22 (1996) S433-S437

A nyomdai késések miatt ez az anyag a feltiintett évvel ellentétben csak 1997 marciusaban
jelent meg. Emiatt tettem bele a pdlyazati anyagba. Maga a cikk a kiilsé atlagos napi
hémérséklet fliggvényében kapott napi atlagos barlangi radonkoncentracié gorbékket
hasonlitja 0ssze az Abaligeti-, Vass Imre- és Szemlo-hegyi-barlangokra. Alapvetd kapcsolatot
allapit meg barlangok szerkezete és ezen gorbék lefutdsa kozott, melyek tiikrozik a kiilsé
k6rnyezeti hatasok felszin alatti terjedését. A cikk kitér a Cserszegtomaji kuitbarlangban kapott

gyors idébeli valtozasok okara.

2. Hakl J. er al. Radon Monitoring in Caves. Fejezet a "Radon Mesurements by Etched Track
Detectors, Applications in Radiation Protection, Earth Sciences and the Environment" c.
kdnyvben. Szerk.: S.A.Durrani és R.Ilic, World Scientific, Singapore, 1997, 261-283
A fejezet a szerkesztok felkérésére késziilt a barlangi radon irodalom attekintése céljabol.
Ezzel egyiitt a fejezet 95%-ban a sajat, magyarorszagi barlangokban nyert tapasztalatainkra és
eredményeinkre ¢épit. A fejezet elején attekintem az irodalomban fellelheté barlangi
radonmérések eredményeit, hozzavéve a sajat, még nem publikalt eredményeinket, ismertetem

a Hajnoczy-, Létrasi-Vizes, Cserszegtomaji-kut- és Satorké-puszta-barlangban megfigyelt



hosszlideju véltozasokat, vizsgaltam a radon nyomjelzékénti hasznalhatosagat barlangi
kornyezetben, a detektalt transzport folyamatok kornyezeti- és kirnyezetvédelmi aspektusait,
a gyorsidejli valtozasokat, azok terjedését a Vass Imre-, Cserszegtomaji-kut és Abaligeti-
barlangokban. A fejezet €rinti az Abaligeti-, Béke-, Szeml6-hegyi, Szent Istvan-, Tapolca- és
Baradla-barlangokba tapasztalt radonszintek sugaregészségiigyi kovetkezményeit és 61 tételes

irodalomjegyzékkel zarul.

3. Hakl J. et al. Radon Transport Phenomena Studied in Karst Caves - International
Experiences on Radon Levels and Exposures. Radiation Measurements 28 (1997) 675-684
A cikk ez elébbi konyvfejezet roviditett €s két helyen bévitett valtozata. A két bovités a
Szeml6-hegyi-barlang radon idosora €s a felszini hémérséklet kozotti parhuzamot taglalja,
valamint részletesen ismerteti a Vass Imre-barlangban a szifon zar6dasakor megfigyelt

radonszintek és a barlang szerkezete kozotti kapcesolatot.

4. Hakl J. Application of Radon-222, as a Natural Tracer in Environmental Studies. PhD
ertekezés. Debrecen, 1977. 30 oldal. A dolgozatban tézisszerien osszefoglaltam a
radontranszport vizsgélatok soran nyert eddigi eredményeimet. A hat tézispont koziil 6t

(6sszesen 11 alpont) a barlangi radonmérések soran nyert eredményeimre vonatkozik.

5. Hakl J. er al. Site Specific Radon Regimes of Cave Systems. Szdbeli el6adas a "Rare Gas
Geochemistry" c. IV nemzetk6zi konferencidn (1997. oktdber 8-10, University of Roma
TRE). Az el6adds anyagat mellékeltem. Az eléadasban a barlangi radon idésorok analizise
alapjan vizsgaltam a barlangi mikroklimatikus zondkat, azok stabilitasat, a kiilsé hatdsok
behatolaséat a felszin alatti kornyezetbe; a barlangjaratok morfolégidja és a kiilsé hatasok
terjedése kozotti kapcsolatot. Név szerint érintettem a Vass Imre-, Baradla-, Palvolgyi-.

Matyéashegyi-, Satork6-puszta-, Létrasi-Vizes, Cseszegtomaji-kit- és Alba-Regia-barlangokat.

Tisztelettel:

(don

Hakl Jozsdf




Environment International, Vol. 22, Suppl. 1, pp. 5433-5437, 1996
Copyright ©1996 Elsevier Science Ltd

Printed in the USA. All rights reserved

0160-4120/96 §15.00+.00

Pergamon

PII S0160-4120(96)00143-2

RADON TRANSPORT IN FRACTURED POROUS
MEDIA - EXPERIMENTAL STUDY IN CAVES

J. Hakl, |. Csige, and |. Hunyadi
Institute of Nuclear Research of the Hungarian Academy of Sciences, POB 51, H-4001 Debrecen,
Hungary

A. Varhegyi
Mecsekuran Ore Mining Ltd., H-7614 Pécs, Hungary

G. Géczy
Edtvds Lorand University, Department of Physical Geography, H-1083 Budapest, Hungary

EI 9509-264 M (Received 12 September 1995; accepted 12 July 1996)

The spatial and temporal variation of **’Rn concentration in three horizontal caves and in one
vertical cave was measured to study the influence of different morphological and meteorological
parameters on the forming of airborne radon concentrations inside. In horizontal caves, the daily
mean radon concentration as a function of the daily average surface temperature showed a step-
function type dependence with low winter and high summer values reflecting the main direction of
underground airflows. Restriction of airflows increased winter but decreased summer radon levels.
The transition pattern between the low winter and high summer values gradually linearized as the
number of vertical fractures communicating with the surface increased. Contrary to horizontal
caves, in the vertical cave barometric pressure variations played the most important role in
controlling subsurface radon concentrations. Decreasing pressure increased radon levels, and
increased pressure decreased radon levels. In the pressure-radon correlation curve, there was a small

hysteresis which indicated the nonlinearity of the process. Copyright ©1996 Elsevier Science Lid

INTRODUCTION

Karstic strata have a characteristic feature: due to the
infiltrating waters, a special chemical dissolution pro-
cess takes place in the rock matrix. The phenomenon
results in the formation of an interconnected set of
larger openings and fractures. A cave is a part of this
system (Ford and Williams 1989). Due to the special
morphology formed, the cave is able to communicate
through the overburden under the influences of chan-
ging atmospheric pressure or temperature differences
between cave and surface. The morphology- and meteo-
rology-linked flows play a significant role in governing
the underground radon transport in these areas. The
flows are practically restricted to the fractures, as 99%

of the flow is carried by the cracks embedded in the
rock matrix (Nilson et al. 1991). From the standpoint of
morphology, two basic situations were considered,
depending on the main physical process driving the
flow:

Type A: Horizontal caves connected to the surface with
one or more fractures, shafts. In this case, the pressure
exerted at the entrance by the column of air inside the
cave will differ from the pressure of external air because
the density of the air depends upon temperature. The
pressure difference in the first approximation is propor-
tional to the temperature difference between the cave
and outside. Airflow is controlled by the chimney effect.
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Fig. 1. Daily mean radon concentrations in the Abaliget cave as a function of daily mean surface temperature. The width of transition is
approximately 10°C.

Type B: Vertical cave. In this case, the passageways lie
below the entrance and atmospheric pressure is the main
driving parameter for the flows. The volume of cave air
breathed out (in) is proportional to the difference in
atmospheric pressure changes and cave volume.

For horizontal caves, the volume of daily breathed
in/out cave air can be comparable to the cave volume
(Fodor 1981). In vertical caves it can be on the order of
a few percent (1-5%) of the cave volume. This suggests
that advection is the dominating physical process
governing the radon transport, which in turn may be
affected by the size and density of openings and frac-
tures (Nilson et al. 1991; Schery and Siegel 1986).

MATERIALS AND METHODS

For the present work, a microprocessor-controlled
automatic multichannel field radon monitor (Dataqua
Systems, Dataqua Ltd., Hungary, Kélcsey F. u. 1, 8220
Balatonalméadi) was used with simultaneous registration
of cave temperature and air pressure. Radon was mea-
sured with an open type diffusion chamber (delay time
~ 1000 s) equipped with alpha sensitive Si based semi-
conductor detectors. The sensitivity of the unit was one
count per hour (cph) at 54 Bqm™ of radon with an
0.1 cph initial background. Approximately 200 000
hourly readings were obtained with 11 monitors in the
four caves investigated during the years 1992-94. The
studied caves were:

1) Vass Imre and Abaliget caves are two cases similar to
the model cave of type A. They have one entrance and
the main passage is situated horizontally. In the middle
of the Vass Imre cave, there is a siphon, which was
closed by water two times during the observation
period. Three radon monitors were operated in each
cave: one at the entrance, one in the middle, and one at
the end of the main passages.

2) The Szeml6-hegy cave is a horizontal cave with
entrances at the foot of the hill and at the top of
the hill. The cave passageways are situated in two
levels and the cave can be considered as a cave of
type A, with one dominating large opening to the sur-
face. One monitor was operated at each level of the
cave.

3) The Cserszegtomaj well cave is a horizontal laby-
rinthine cave which was formed at 50 m depth on the
boundary of dolomite and sandstone. It has one 50 m
deep artificial vertical entrance (type B). The whole
formation is covered by clay. The radon concentration
is unusually high due to the sandstone environment
of high porosity and bad ventilation. Five radon mo-
nitors were operated in the cave: one at the bottom of
the entrance, and the other four in the depth of the

cave.

Additional site specific surface meteorological data
were obtained from the Hungarian National Meteoro-
logical Service.
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Fig. 2. Daily mean radon concentrations in front of the siphon in the Vass Imre cave. The width of transition is approximately 5°C.

RESULTS AND DISCUSSION

In the horizontal caves, there is continuous airflow
through the entrance either in or out (in winter and
summer, respectively). A typical dependence of daily
mean radon concentration on the daily mean outside
temperature is shown in Fig. 1.

The daily mean radon concentration follows an S-type
dependence on the outside temperature. The radon
levels increase with the distance from the cave entrance.
The observed pattern unambiguously reflects the change
in the main direction of underground airflows.

The same type of behavior can be found in the Vass
Imre cave. In this case, however, the volume of in-
filtrated air is controlled also by the penetrability of the
siphon. This phenomenon, in turn, markedly affects the
radon levels, as seen in Fig. 2.

When the siphon is closed, there is practically no air-
flow through the entrance. The restriction of airflows
has a different effect on the radon level depending on
the season. In summertime, it decreases and, in winter-
time, it increases the daily mean radon levels. More
remarkably, the airflow restriction also result in an
overall drop of 30% in the annual mean radon con-
centration. This asymmetric effect can be explained on
the basis of the air circulation model (Géczy et al. 1988)
and is in agreement with the results of numerical cal-
culations (Holford et al. 1993).

The spatial distribution of radon concentrations along
the main passage of the Vass Imre cave is uniform, con-
trary to the Abaliget cave. The difference between the
two caves can be attributed to the differences in the
number of vertical fractures communicating to the
surface. In the Vass Imre cave, only one less developed
fracture system, located towards the end of the cave
after the siphon, is known (Holly et al. 1956). In the
Abaliget cave, more than one better-developed vertical
fracture system exists (Szabo6 1961).

The number of fracture systems also has an effect on
the widening of the transition phase. While in the Vass
Imre cave, this width is around 5°C, in the Abaliget
cave, it is around 10°C. This step-by-step widening of
the transition state depending on the number and size of
openings is further supported by the data obtained in the
Szeml6-hegy cave (Fig. 3). Here, the S-type curve is
practically reshaped to a line. However, the turn in the
radon curve measured at the upper situated passage
indicates the proximity of the surface. From the point of
view of radon transport, the equilibrium (saturation)
value is not yet reached at this level of the cave.

In vertical caves, changes in surface temperature have
only asmall effect onradon concentration inside the cave
and only on an annual scale. Atmospheric pressure has a
strong influence on the radon level, and direct pressure
changes play animportantrole in controlling radon trans-
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Fig. 3. Daily mean radon concentrations in the Szeml6-hegy cave.
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Fig. 4. Atmospheric pressure and radon time series (hourly readings) in the Cserszegtomaj well cave. Site 1 is located 50 m below the surface
near the artificial entrance; Site 11 is at the same level but at the cave end.

port. The radon time series, observed in the Cserszegtomaj radon level and inversely. The response is almost im-
well cave, markedly shows this effect (Fig. 4). Radon mediate. The small hysteresis found in the pressure-radon
transport is predominantly controlled by advection, as  correlation curve indicates the nonlinearity ofthe processes.
shown by the immediate response of radon concentrations It corresponds to a time shift in the response of airflow
to pressure changes. Decreasing pressure increases the  velocity to the pressure changes (Wigley et al. 1967).
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Fig. 5. Time series of hourly mean radon concentrations in front of the siphon in the Vass Imre cave with the effect of opening the siphon.

Analyzing temporal changes in the radon time series,
advection was found to be the dominating transport pro-
cess. This is also shown on the transient part of the radon
record from the Vass Imre cave, which correspondsto a
summertime siphon opening (Fig. 5). The shape of the
curve, compared to results of numerical calculations on
radon exhalation from porous media (Janssens et al.
1984), corresponds to the case when a sudden pressure
drop results in instantaneous airflow development. The
latter effect was also experimentally observed during an
artificial siphon closing and opening.

CONCLUSIONS

Field measurements of real-time radon monitoring in
caves showed that, in karstic regions, radon carried by
subsurface fluids may migrate over longer distances
along caverns and fractures. The possible transport
lengths depend on the velocity of carrier fluid as well as
on the geometrical size of the openings. The advection is
driven by factors of meteorological origin. Temperature
differences formed between cave and outside air induce
air circulation in horizontal caves resulting in temporal
variations in the radon records. Atmospheric pressure
changes have a more significant effect on the radon
content of vertical caves.
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J. Hakl', I. Hunyadi' and A. Viérhegyi®

4.1 Radon Monitoring in Caves

4.1.1 Introduction

Caves are commonly considered as static environment, where not only the continual
darkness but the temperature and high relative humidity are stable. In most cases this
belief is not justified, because air currents can cause measurable changes in the physical
parameters. Caves occur everywhere on the earth, although mainly in karst areas - as
they are formed mostly in limestone environments. It is obvious that the noble gas
radon, which moves freely through the pores of permeable rocks, will easily penetrate
into subsurface cavities and even huge caves.

In the last two decades the development and the widespread application of etched
track techniques have found their place also in radon measurement projects aimed to
study the cave environment. These measurements have ranged from sporadic observations
up to regular long-term studies, and they were motivated by dosimetric and transport
study approaches as well. In Hungary the first in situ field radon measurements in caves
performed by etched track techniques started as early as 1977 and were initiated by Dr
G. Somogyi, one of the pioneers on the etched track field. Since then, the number of
studied caves has increased substantially and we have reached 10,000 observation data
in 31 Hungarian caves.

After recognising the link between the secondary porosity, fracturization and formed
radon levels the ever-pressing interest to understand underground radon transport in
karstic environment has been increased. During the last several years active electronic
devices, automatic multiparameter (radon - typically one hour integration time, pressure,
temperature, humidity) monitors (Dataqua Ltd, Hungary, Kolcsey F. u. 1, 8220 Bala-
tonalmadi), have been included into cave studies. These studies were partly financed by
Hungarian funds (projects AKA 1-3-86-185, OTKA 2011, 3005 and T 016558, T 017560)
during the course of the last ten years. The accomplishment of this section thanks is to
this support, where of course international experiences are also appreciated.

4.1.2 Sources of Radon Isotopes in Cave Environment

The sources of radon in caves are the bedrock and deposits. Radon levels in caves are
influenced primarily by the uranium content of the rock. Limestone and other sedimen-
tary rocks are found to contain about 1.3-2.5 ppm **U (16-31 Bq kg™!) on average.

Unstitute of Nuclear Research, Debrecen, Hungary
2?Mecsekuran Ore Mining Ltd, Pécs, Hungary
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The relatively high values of radon found in caves are due to these minute quantities of
parent substances that oceur naturally on and within the interior surfaces of the caves,
Increased 238(J concentrations can be associated either with fluorite mineralizatiopsg b
hydrocarbons present in the surrounding limestone.

Uranium can be oxidised and mobilised by groundwater flow. Once reducing cong;.
tions are encountered, the uranium is readily precipitated from solution. This leaching
fixation process leads to the enrichment of uranium in adjacent deposits. This secondar:
transport and enrichment process is important in cave environment, as fractures in rock
can increase the surface area interacting with water. Experimental evidence of this effect
in cave environment was found by Navritil et al. (1993), who observed enrichment of
uranium on cave walls.

The primary radon source is the Ry content of the rock. Nazaroff ef al. (1988)
report mean ***Ra content of carbonates to be 25 Bq kg™ (range 0.4-233), which were
found to be distributed lognormally. The reports of other authors (Wilkening, 1981):
96.2 Bq kg™'; (Surbeck, 1990): 20 Bq kg™!, well agree with this value. The results of
*%Ra determinations of bedrock and soil samples from the Hungarian caves examined
fall in range 0.6-26 Bq kg™ (Dezs6, 1995). The relatively impermeable soils (deposits)
such as clay do not have sufficient porosity to allow transfer of significant amounts of soj]
gas; therefore their contribution to radon budget is small (Michel, 1987). Accordingly,
Burkett (1993) found radon emitted from the clay to be not sufficient to account for the
radon concentration measured in the cave.

4.1.3 Review of Some Published Radon Data in Caves

Continuous radon measurements covering at least one-year long period were performed
by the etched track technique in Hungary, Italy, Slovakia and Luxembourg,. Seasonally
one-week-long observations were performed in England, and measurements not covering
a full year are reported from Mexico and the USA.

Based on long-term continuous radon observation the relative variations of radon
between monitor locations indicate that the cave atmosphere is not a uniform radon en-
vironment over any given time period; so it is very hard to represent one cave with one
radon value. Therefore, we decided to compile all the globally available radon data from
220 different caves (Ahlstrand, 1980; Amano et al., 1985; Borau et al., 1993; Burkett,
1993; Cappa et al., 1995; Cigna and Clemente, 1981; Collar and Odgen, 1991; Cun-
ningham and LaRock, 1991; Fernandez et al., 1984; Géczy et al., 1988; Gunn ef al,
1991; Hakl et al., 1992; Hakl, 1993, 1994; Hyland and Gunn, 1994; Hyland et al., 1994;
Kobal et al., 1986, 1987, 1988; Lénart et al., 1988; Kaufmann et al., 1995; Lively and
Krafthefer, 1995; Marx, 1996; Massen et al., 1995; Miki and Ikeya, 1980; Navratil et al.,
1994; Papastefanou et al., 1986; Quinn, 1988, 1990: Roda et al., 1994; Seymore et al,
1980; Solomon et al., 1992; Surbeck, 1990; Vibranov et al., 1975; Vicanova et al., 1994;
Wilkening, 1979, 1980; Wilkening and Watkins, 1976; Yarborough, 1980, 1981) including
our not yet published data from 12 Hungarian caves. In the distribution represented in
Fig. 4.1.1, we have included either cave minimum and maximum data (given by authors)
or average values. The distribution of the data is close to lognormal.
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We note that, taking into account results obtained only by etched track methods, tllfat
“annual average” radon concentrations in karstic caves range {l’OI‘l:l 0.1 tc? 20 kB.q m”
with a 2.8 kBq m~? arithmetic average. The lower end oi: the scale IS' associated with big
chamber volumes or high ventilation rates; the upper f.:nd is characterised by closed, badly
ventilated places and uranium-rich sediments. The hlghest.annual average was obs‘ervcd
in 1992 in the Cserszegtomaj well-cave, I:(eszthely Mountains, Hungary. The maximum
two-monthly average reached 33 kBq m™ in the same cave. On thejother .han‘d, Hylfamd
and Gunn (1994) report 46 kBq m™ one-week average from the Peak D1str1ct' region,
England. The maximum radon concentration is also reported from thcrsame region, viz.
from Giants Hole, Derbyshire Peak District, by Gunn et al. (1991). The result of the

spot measurement was 155 kBq m™>.

Worldwide Rn data in karstic caves
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Figure 4.1.1: The distribution of radon activity concentrations reported from different caves

worldwide.

4.1.4 Techniques of Radon Measurement in Caves

For the purpose of cave radon measurement, different types of opened and closed dlffusllorl
chambers are used, equipped with alpha sensitive polymer track detectors. Somogyi e
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::V.Esl!}?ﬁ descrlbe.d d‘lfferent‘ types of mult.i—detector devices suitable for measuremep; ;

s. The most significant improvement in the measuring technique was the th o
stabilised double-wall diffusion chamber (filled with water), which avoided the fefmaily
prob.lem of wetting of detector surfaces. Nowadays several commercially availahblmquerlt
monitors developed for indoor radon measurements are used in cave environmente r-a('ion
owing to the high relative humidity, may not always be optimal. The typic l -y
time ranges from one week to several months. ' T s
. fror:; the begmnmg of the IQQG’S,Idiﬂusion chambers equipped with Si based semjcop.
ductor etet:tors and connected to microprocessor controlled data storing units wer §
mt.u.)duced into cave studies. Their time resolution is limited by diffusion a_nci d : a‘_lso
efficiency; typically it is one hour. P

ure

4.1.5 Some Experimental Results and General Trends for
Long-Term Monitoring

Hajnéczy cave, Hungary
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Figure 412 Radon}ime series observed by using etched track technique in the Great Hall
?f the Hajnéczy cave, Biilkk Mountains, Biikk National Park, NE Hungary. Each observed value
is the average of three simultaneous readings with one month integration time.

It is a general phenomenon that in each cave more or less periodical fluctuations of
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gmaller or larger amplitude can be found around the mean value of the radon activity
concentration. The frequency and amplitude distributions of the data are characteristic
of the cave and its environment, of the uranium (radium) content of the enclosing rocks
and stones and of the extension of that porous surrounding which is in connection with
the cave air by the intrusion of atmospheric air and radon traced subsurface fluids.

The longest time series were obtained by us in the Hajnéczy cave, Biikk Mountains,
Biikk National Park, NE Hunary (Fig. 4.1.2), which shows a very regular seasonal
variation. It is clearly seen in the figure that the seasonal variation is superposed on a
long-term change of the mean activity concentration. The same effect was found in a few
other Hungarian caves; but it is also reported by Lively and Krafthefer (1995). In Fig.
4.1.3, the annual average radon data from three different types of caves are shown.

Long-term Rn observations, Hungary
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Figure 4.1.3: Long-term change observed in three Hungarian caves of different types.
k National Park, NE Hunary, is dominated by chim-

Hajnéczy cave, Biilkk Mountains, Biik

ney effect winds; Létrdsi-Vizes cave, Biikk Mountains, Biikk National Park, NE Hungary, is
characterised by temperature difference driven convective air motions; and Cserszegtomaj well-
cave, Keszthely Mountains, SW Hungary, is influenced mainly by atmospheric pressure changes.
The curves represent the middle part of the Létrasi-Vizes cave (a); Great Hall in the Hajndczy

cave (b); and cave average (c) and a remote part (c*) in the Cserszegtomaj well-cave.
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The long-term change can be amplified selectively at different test sites of a given
cave. This effect is markedly shown on time series taken at two different dep};hs of a
vertical cave (Satork8-puszta cave, Pilis Mountains, N Hungary). The relative d.lffere:lce
of the two data series [(a-b)/((a+b)/2) x 100%] shows an increasing tendency with years
(see Fig. 4.1.4). . .

The observed phenomenon displays the effect of slowly changing environmental pa-
rameters on radon transport processes. Such an external parameter may be the change
in radon emanation power due to the slow change of water content of the cave surround-
ing, which may reflect the variation in annual precipitation and global meteorological
situation influenced by sunspot cycles (Hunyadi et al., 1988).

Satorko-puszta cave, Hungary
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Figure 4.1.4: The radon activity concentrations at two measuring sites and the relative
difference between them representing the Sitorké-puszta cave, Pilis Mountains, N Hungary.

4.1.6 Radon as a Natural Radioactive Tracer of Subsurface Trans-
port Processes

Subsuface natural fluids in the majority of cases carry small amounts of 15'1'1\"il.'orlﬂ_'lf-‘m.anI
isotopes. The behaviour of these elements, and the variation of their cou(‘..entra-tflf:‘llll&:e
time and space, is the result of physical, chemical and biological interactions.
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elements whose physical properties, concentrations, etc., provide information on flow and
kinetics of the carrying substances are called natural tracers.

The application of radon as a natural tracer is not yet common and widespread.
Among the natural tracers it would be considered on the one hand as ideal, since it is
easily detectable even in small quantities, and does not modify the characteristics of the
environment. On the other hand, unfortunately its sources appear everywhere and are
spread over in a manner unknown a priori. Therefore the interpretation of the concentra-
{ tion data is not straightforward: it needs interdisciplinary expertise of hydrogeologists,
geologists, physicists, radiogeochemists, etc. Joint efforts have given results in different
| fields. The observations of subsurface fluid motions traced by natural radon were followed
by new ideas about the basic transport phenomena and, later, by new interdisciplinary
applications: as, for example, mapping of active faults; investigations of volcanic and
seismic activities; earthquake prediction; hydrogeological research, etc. (Fleischer, 1988).

In the speleology, similarly to the previously mentioned fields, these types of mea-
surements have already found their applications, and they make important contributions
to the better understanding of the natural regimes of caves. Cunningham and LaRock
(1991) delineated six microclimate zones in Lechuguilla cave, Carlsbad caverns, National
Park, New Mexico, using radon grab sampling in conjunction with observed air flow data.
Atkinson et al. (1983) from a single set of etched track measurements in the Castleguard
cave, Columbia Icefields, Alberta, Canada, identified the effect of tributary air currents
from larger fissures.

The most common and most apparent phenomenon which was discovered in the ma-
jority of the investigated caves throughout the world was the annual change of radon
activity concentration. Wilkening and Watkins (1976) identified temperature gradients
favourable to vertical convective transport through relatively large openings. They iden-
tified as well transport of radon by air movement through cracks and fissures due to
pressure gradients (Wilkening, 1980). As karstic caves are situated generally in highly
fracturized rocks, such a configuration is favourable for the emergence of air circulation
through this fracture system. The strength of such air motions is taken to be propor-

_ tional, to a first approximation, to dT/f, where dT is the temperature difference between
- the cave and outside and f is a friction factor characterizing the flow resistance (Atkinson
et al., 1983; Quinn, 1988; Wilkening and Watkins, 1976). A typical radon time-series
indicating the temperature control is shown in Fig. 4.1.2 (Hajnéczy cave, Biikk Moun-
tains, Biikk National Park, NE Hungary). On approaching deeper parts of the karst, the
radon levels are mostly stable, as the strength of air motions decreases due to their 1/f
dependence; and owing to saturation effects the amplitude of the changes also decreases
(Hakl et al., 1992). Radon levels in deep, complex caves cannot be simply related to
outside atmospheric parameters (Cunningham and LaRock, 1991).

The actual value of the radon concentration in the cave is influenced by subsurface
fluid motions due to the periodically or randomly changing gradients in the environmental
Parameters (temperature, pressure, humidity, stresses, ...), and by the radon concentra-
“ton saturated in the pore spaces of the surrounding rocks. Using long-term temporal and
large-scale spatial variation measurements from the analysis of temporal radon variations,
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the complex interplay of the two traced substances, water and air, can be identified. Such
measurements were performed in the Létrdsi-Vizes cave, Bikk Mountains, Biikk National

Létrdsi-Vizes cave, Hungary
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Figure 4.1.5: The yield of the stream feeding the Lake and the temporal change of radon
activity concentrations in air at the Lake and at the entrance part of the Létrasi-Vizes cave,
Biikk Mountains, Biikk National Park, NE Hungary (left). The form of the upper curves, in spite
of low temporal resolution, shows a connection between the two quantities. The phenomenon
is explained by the fact that water is the dominating radon source in cases of floods. The
difference in springtime variations of normalized monthly raden distributions (right) reflects the
same phenomenon, simultaneously showing radon regimes of the three distinct microclimatic

Zones.

Park, NE Hungary (Lénért et al., 1988). Typical patterns of temporal changes are
characterised by summer maxima and winter minima. Similar variations were found at
almost all measuring sites, with the exception of that part where more or less continuous
water inlets were present. According to the temporal variation, Lénart et al. (1988)
differentiated three parts in the cave. In the first part (entrance part) the mean radon
activity concentration in air increased from 1 kBq m™ to 2.2 kBq m~2. In the second
part it fluctuated around 2.2 kBq m~3. We note that in these two parts htherc was a
slight asymmetry in the way the radon level changes between summer and winter. In Fhe
springtime, radon levels in the cave increase gradually, whereas in the fall they decline
rapidly. (On increasing the time resolution of the measurements, the same effect can be
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made much more pronounced, as was found by Lively and Krafthefer (1995) using active
techniques.) The highest air radon values, around 4 kBq m™3, were found in the third
part, which was characterised by the presence of several streams and a Lake fed by them.
In the third part the dominant role of the periodic stream is evident from the long-term
measurement (see Fig. 4.1.5); while in the first two parts the change of the radon activity
concentration showed close connection with the temperature difference between the cave
and outside.

Radon levels in some cases show significant correlation with barometric pressure, but
as the characteristic time of pressure changes is mostly less than the exposure time of
track detectors, this type of phenomenon can be revealed only by active methods.

4.1.6.1 Modelling of observed features

The underground radon transport can be described by the following transport equation

%_i’ = Dy AC — V(3C) = AC + &
where C' [m™?] is the radon concentration in pore space, D.s; [m™% s7'] is the effective
diffusion coefficient of radon, ¢ [m] is the velocity of the carrying substance, A [s7!]
is the decay constant of radon and ¢ [m™ s7!] is the source term. In the equation,
the first term describes diffusion, second term convection, third term decay and fourth
term radon sources. For the solution of transport equation, first of all it is necessary
to know the velocity field (e.g. Navier-Stokes equation, which by itself is a sufficiently
complicated problem); then taking into account the source term, and the initial and
boundary conditions C can be determined. The emerging phenomena are determined by
the form, shape and structure of the underground void space. The above equations can
be generally solved only numerically.

The realisation of radon transport processes sharply depends on the configuration of
the interconnected underground cavities. In the case of blind-end systems, atmospheric
pressure changes are the main control parameter (Ahlstrand, 1980; Hakl et al., 1995;
Wigley, 1967), which are superimposed by convective air exchange due to temperature

(4.1.1)

differences in cave systems with vertical extension. In case of relatively large entrances
the convective air exchange due to temperature differences can mostly account for the
radon transport process taking place (Wilkening, 1979). In the case of two or more
entrance systems, where the other ‘entrances’ can be complexes of smaller fissures and
fractures, chimney effect winds may dominantly govern the radon transport; or in some
cases atmospheric winds may do so.

The interpretation of the data can be affected by the presence of these unknown
(unassumed) ‘entrances’. Yarborough (1980), in a study of nine caves, identified two
general types of physical cave configurations that affect airflow patterns and radon con-
centrations. Type 1 caves have most passages at or above the entrance elevation; Type 2
* caves have most passages below the elevation. When the outside temperature exceeded
the cave temperature, he found that Type 1 caves exhaled, while stagnation occurred in
Type 2 caves; when the outside temperature fell below the cave temperature, both types
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inhaled. As Type 1 cave is a horizontal mirror of Type 2 cave, the seasonal phenomena
should be opposites of each other, so stagnation should occur in Type 1 cave in winter
time. Winter time stagnation was identyfied in Pisznyice cave, Gerecse Mountains, Hun-
gary, resulting in high radon concentrations in the cave during the cold season (Hakl,
1994).

The above examples show the problems of interpretation and modelling. In a few
special cases, however, the emerging processes are analytically surveyable. These are the
cases of idealised two-entrance horizontal flow-through, and one narrow entrance vertical
caves. In the case of the horizontal model cave, the second entrance may represent
the set of vertical fractures which connect the main passage to the surface through the
overburden.

First, let us consider a schematic horizontal cave (see Fig. 4.1.6, left). In this case,
owing to the temperature dependence of air density the pressure exerted at the lower end
of the cave by the outside air will differ from that inside. This pressure difference in this

case is (Atkinson et al., 1983)

Ap =~ _ghp:'n‘?&—._T‘ (4.1.2)
out
where p;, is the density inside air, g is the gravitational acceleration, h is the height
difference between the two entrances, AT is the temperature difference between the cave
and the outside, and T, is the outside temperature. According to this relation, the
direction of air flow through the entrance depends on the season; in warm season air
flows out of, and in cold season air flows into, the cave.

In the case of narrow-entrance vertical caves, the most effective processes in inducing
air motions are the atmospheric pressure changes (Fig. 4.1.6, right). Falling ambient
atmospheric pressure drains air from the cave; increasing atmospheric pressure presses
air into the cave through the entrance. The volume of air passing the cave entrance

4
A s L9 (4.1.3)
Pout
where Vg, is the cave volume, p,,; and Ap are the ambient atmospheric pressure and
the change in the ambient atmospheric pressure, respectively.

We note that air flows induced by atmospheric pressure changes can be rather quick.
At the entrances of giant caves their speed can reach several tens of km h=?.

The above considerations may suggest that advection is the main physical process,
which governs the radon transport. This implication depends, however, on the size and
density of openings and fractures, as they play an important role in the forming of radon
concentrations as well as in the dynamics of transport processes inside them (Hakl, 1993;
Scherry and Siegel, 1986). The effect of geometrical parameters can be well investigated
in a three-dimensional model of a cylindrical void embedded in the rock matrix. By
solving the appropriate transport equation, the transport length (z) may be derived as
the parameter which characterises the radon transport inside the cylinder

RADON MONITORING IN CAVES 271

N
= N1+ 2(za/ro) R(ro) (4.14)

“there. vis the air flow velocity, A is the decay constant of radon, 2, is the effective radon
diffusion length in rock matrix, ry is the radius of the cylinder, and R is the negative
of the ratio of the derivative of the zeroth order modified Bessel function to the zgeroth
order Bessel function (i.e.R = —K}/K;) evaluated at o/ zd.

According to this formula two extreme cases can be distinguished: (a) In the region
where z< <z4, diffusion dominates as the radon concentration of the moving air is adapted
to it's bounding environment at very short distances; and (b) If z >> zq4, advection
dominates: radon is transported much more quickly than is characteristic for, diffusion

Physically, the above two conditions mean that the convective processes taking placAe
along the underground openings, and the diffusive processes perpendicular to the walls
of channels, compete with each other. The critical speed v, of a flowing substance in a
:channel, therefore, can be defined in such a way, that the characteristic transport lengths
in porous matrix and in the channel equals with each other, i.e.

A A (1 z4
7o +2;R{r0)) (4.1.5)

Substituting typical values for diffusion length for limestone (0.2-0.4 m) yields v = 0.2-
20 mm h™!, depending on the size of the channel (0.002-2 m).

Vo entrance  Pout » AP

T~

entrance

Vcave 2 AV

horizontal cave vertical cave

Figure 4.1.6: Schematic horizontal and vertical caves; h is the elevation difference between

‘the upper and lower entrances (horizontal cave), pi, is the air density of inside air, T, is the

utside temperature, p,y; is the ambient outside pressure, V.. is the cave volume and AV is

‘the volume of the air passing the vertical cave entrance in case of Ap change in the ambient

utside pressure (not to scale).
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A more realistic model of fracturized karstic overburden above a horizontal cave is
the model of parallel voids connecting the main passage to the surface (Géczy et al.,
1989; Scheidegger and Liao, 1972). This model is a self-evident synthesis of the idealised
two entrance horizontal cave model and cylindrical void embedded in the rock matrix
model. In the warm season, according to the Ap pressure difference, air will flow into
the cave from the direction of the fracture system (and will flow out of the cave through
the entrance at lower altitude). If the velocity of the flow is 2-3 times higher than the
critical value, the flow will be able directly to wash out radon from the fractures. If the
velocity is less than the critical velocity, then the diffusion profiles in the rock matrix are
shifted in the first step, and therefore increased radon flux can reach the cave passage
only with delay. The level and temporal variation of radon concentration in the cave
gallery therefore depend on the density and size of the fractures. In the cold season, the
direction of the flow is reversed. From the direction of the lower entrance fresh outside
air flows into the cave forming considerably lower radon concentration levels.

By the application of etched track technique alone, the above-mentioned two compet-
itive processes can hardly be discriminated between, owing to the limited time-resolution
of etched track technique. On applying the combination of active electronic and passive
etched track techniques, however, most of the hidden phenomena can be discovered (see
subsubsection 4.1.8.1).

4.1.7 Radon Risk Inside and Above the Caves

It is known that high radon exposure results in excess lung cancer mortality rate among
miners. A majority of experts believe that elevated radon levels in homes induce excess
lung cancer mortality rate among the general public, too. High radon levels that occur
in caves may raise the question whether any people are at risk or not. Most concerned
groups are the cavers and tour guides. Moreover, some cold karstic caves are used for ther-
apeutic treatment of patients suffering from chronic respiratory diseases. These patients,
and the staff members of the therapy teams, are also concerned about being subjected to
higher risks. Hungarian data were summarised by Csige et al. (1996) (see Table 4.1.1).
Currently, in Hungary radon is continuously monitored in all the five caves where ther-
apeutic treatment of bronchial asthma and chronic bronchitis is going on. Some caves
open to tourists are also monitored. In the case of the best known of these (Baradla cave,
Aggtelek Karst, Aggtelek National Park, Hungary), the radon doses of tour guides were
estimated for the years 1990-1994.

According to Navratil et al. (1994) the range of patients’ doses from nine different
therapeutic caves in Europe is 0.07-1.32 mSv, which well fits with the above table. Based
on internal working time reports, annual effective doses for therapy staff members are
about 0.4 mSv in Abaliget cave, 0.12 mSv in Szent Istvan cave and 6 mSv in Béke cave.

Annual personnel exposures also cover a wide range. Tour guides in Abaliget cave
receive about 12 mSv annually, Cigna and Clemente (1981) cite Yarborough, who has
found 0.005-19.9 mSv per year for seven different US caves; whereas Nikodemova (1995)
reports effective dose rates 0.17-4.05 mSv per month for personnel in Slovakian caves.
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Table 4.1.1: Summary of radon doses received on the course of speleotherapy in Hungary
(Csige et al., 1996).

Annual effective dose (mSv)
Cave name Period Sample size Mean, (Range) | Geometric mean,
(Geometric STD)
Abaliget! 1994 127 patients | 0.54, (0.03-1.26) 0.40, (0.77)
Béke? 1994 summer | 56 patients 1.91, (1.86-1.97) 1.91, (0.02)
Szeml6hegy*? | 1990-1992 229 patients 0.85, (0.10-5.00) 0.62, (0.76)
Szent Istvan? | 1994 360 patients 0.06, (0.01-0.17) 0.04, (0.88)
Tapolca® 1994 481 patients 0.87, (0.04-2.19) 0.45, (1.32)
Baradla® 1990-1994 12 tour guides | 2.66, (0.12-5.55) 2.13, (0.80)

1 . Mecsek Mountains, S Hungary;
2 . Aggtelek Karst, Aggtelek National Park, NE Hungary;
3 - Buda Mountains (at Budapest);
4. Balaton Highland;

* - In the case of Szemlhegy cave cumulative effective doses are given over 1990-1992, as not
all the patients attended the therapeutic courses each year.

Most active cavers may be exposed to even higher doses; so personal radon dosimetry
is highly recommended for those people. One of the authors (J. Hakl) has measured his
own annual effective dose due to radon inhalation while working in different caves, and
found that it was higher than 30 mSv in 1992. Even higher personal doses can be received
in caves with unusually high radon concentrations. Hyland and Gunn (1994) estimated
that it took 33 hours to reach 15 mSv limit in some caves of North Pennines. Two
important radiological consequences follow from the periodical behaviour of subsurface
air circulation in karst. First is the seasonally varying underground radon level which
results in a large difference between summer and winter values, and hence also in the
radon exposures received by cave visiting people.

The other consequence of the seasonally directed transport phenomenon is that vari-
ation in radon exhalation can also be expected on karstic terrains seasonally. A very
convincing experimental result of the phenomenon is represented in Fig. 4.1.7, where
radon time-series measured inside the Hajnéczy cave, Hungary (with minima in the cold
winter season), and in a slit above the cave (with winter maxima) are shown. Similar
winter maxima were found on several karstic terrains of Hungary (Hakl et al., 1992). El-
evated radon levels already observed in houses in summertime (Wilson et al., 1991) and
wintertime (Gammage et al., 1992) are attributed to this phenomenon, showing that the
season of maxima depends on the position of the house with respect to the underground
air circulatory system. The inverse correlation of radon levels inside a cave and in a house
above the cave was found directly by Lively and Krafhefer (1995).
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Hajnéczy cave, Hungary
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Figure 4.1.7: Push-pull type change of seasonal radcn activity concentrations observed in
the Great Hall of the Hajnéczy cave, Biikk Mountains, Bilkk National Park, NE Hungary, and
in a surface slit above the cave.

4.1.8 Future Developments

4.1.8.1 Combination of etched track and real-time detection techniques

Combining etched track and real-time detection techniques, spatial and detailed temporal
variation of radon concentration can be obtained. Txe information content of data can
be increased substantially, but the choice of proper rneasuring places is also desirable.
By choosing proper and right number of test sites. the functioning of the subsurface
system can be understood in greater detail. Such typ= of combination of continuous and
integrating radon measurements was performed in the Vass Imre cave situated in the
Aggtelek Karst, Aggtelek National Park, NE Hungazy. This cave is very similar to the
model cave surmised by the air circulation model. I: has one entrance, and is situated
practically horizontally with no visible vertical conneczion to the surface. In the middle of
the cave there is a syphon, which was closed by water s=veral times during the observation
period (1987-1993). When the syphon is open, ther= is continuous air flow either in or

ks i d
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out from the cave through the entrance (winter and summer, respectively). When the
syphon is closed, there is no measurable air flow through the entrance.

Table 4.1.2: Mean radon activity concentrations of air (kBq m~2) in the Vass Imre cave,
Aggtelek Karst, Aggtelek National Park, NE Hungary (1987-93).

Before syphon After syphon Annual mean
Winter | Summer | Winter | Summer
Syphon opened
(air flow exists) 1.2 8.5 1.2 8.5 4.8
Syphon closed
(‘no’ air flow) 2.5 4.0 3.5 Jul 3.3

The radon concentration is being measured with etched track detectors since 1987
at 12 sites located at equal intervals along the cave passage, and in 1991 three more
continuous real-time radon monitors were installed at characteristic points of the cave.

Vass Imre cave, Hungary
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Figure 4.1.8: The real time records of radon time-series from Vass Imre cave, Aggtelek Karst,
Aggtelek National Park, NE Hungary, at the times of syphon opening (left) and arrival of early
cold fronts during fall (right).

Etched track detectors changed monthly showed elevated levels in the summer and
lower levels in the winter: the temporal change is of a smooth sinusoidal type. The hori-
zontal radon distributions along the main cave passage were uniform. The characteristic
radon values found are summarised in Table 4.1.2.
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The penetrability of the syphon affects markedly the mass of infiltrated air through
the cave system by controlling the strength of the emerging air flows. When the syphon
is closed, the restriction of the air flows has a different effect on the forming of radon
levels, which depends on the season. In summertime the restricted air flow decreases,
but in wintertime it increases, the mean radon levels in the cave, resulting in an overall
drop of 30% in the annual mean radon concentration (see Table 4.1.2). This asymmetric
effect can be explained on the basis of the air circulation model (Géczy et al., 1988) and
is in agreement with the results of numerical calculations (Holford et al., 1993) showing
the increase of mean radon levels due to periodically changing flow conditions.

Cserszegtomaj well-cave, Hungary
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Figure 4.1.9: Temporal variation of temperature, pressure and radon activity concentration
at the entrance part of the Cserszegtomaj well cave, Keszthely Mountains, SW Hungary. On
the figure we also displayed the change of radon level measured deeper inside the cave (a).
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On analysing temporal changes in radon time-series, we found advection as the domi-
nant transport process. This is also shown on the transient part of the radon record from
the Vass Imre cave, Aggtelek National Park, NE Hungary, which corresponds to a sum-
mertime syphon opening (see Fig. 4.1.8 left). The shape of the curve, on comparing it to
the results of numerical calculations on radon exhalation from porous media (Janssens et
al., 1984), corresponds to the case when a sudden pressure drop results in instantaneous
air-flow development. The pressure drop effect was also observed experimentally during
a planned syphon closing and opening (Kérdd, 1994). On the other hand, the absence of
strong daily changes in the radon record, which would correspond to the observed daily
air flow fluctuations (Holl, 1993), shows the strong smoothing effect of diffusion, which
can be due to relatively undeveloped fracture system of this cave. (We note that in caves
located in more karstified environment, more or less pronounced daily fluctuations in
radon records can be observed.)

Cserszegtomaj well-cave, Abaliget cave, Hungary
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Figure 4.1.10: Radon activity concentration vs atmospheric pressure observed at one of the
five continuous observation stations in the Cserszegtomaj well-cave, Keszthely Mountains, SW
Hungary (left). The ‘data cloud’ corresponds to the 2 month section of the continuous data
record. The inverse pressure control on radon levels is well seen in the figure. On the right-
hand part of the fizure we have displayed radon levels vs outside temperature observed in the
Abaliget cave, Mecsek Mountains, S Hungary. The S-type dependence of radon concentration
on the outside temperature is typical of caves dominated by chimney-effect winds.

Similar conclusion can be drawn by analysing passive etched track radon measure-
ments. Because the radon concentration after the closed syphon does not depend on
the season, the radon diffusion length in the rock matrix can be estimated, taking into
account the geometry of the cave passage. Knowing the diffusion length, the air-flow
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velocity through the fracture system can be further appraised, using the summer data.
The resulting speed is in the range (0.5-1)-107* cm s™'. This speed is less then the critical
speed, which points to the diffusion control, as was deduced from analysing the real-time
data.

In contrast to the above phenomena, the cave radon concentration ‘shut down’ is very
quick in autumn, and is controlled purely by advection. An early cold front of short
duration caused a fall in radon records at the first and second measuring sites, but it
did not affect the end of the cave. High radon levels were recovered for two days by
reversing the air-flow. Finally, permanent low radon values were formed in the cave air
after the arrival of another, stronger, cold front. The time-difference between the radon
falls corresponded to an air transport velocity of about 50 m h™! along the main cave
passage (see Fig. 4.1.8, right).

In some case, in caves with small entrances the changes in outside temperature have
only a small effect on raden concentration inside the cave, and only on an annual scale. In
contrast, the atmospheric pressure has strong influence on radon level: pressure changes
play an important role in controlling radon transport. The radon time-series, observed
in the Cserszegtomaj well-cave, Keszthely Mountains, SW Hungary, show this effect
markedly (Fig. 4.1.9). Radon transport is predominantly controlled by advection, as
is shown by the immediate response of radon concentrations to pressure changes. De-
creasing pressure increases the radon level and conversely. In response to the changes
in atmospheric pressure, radon ‘pulses’ can be observed between monitoring locations.
The figure also shows the difference in phases of the site-specific radon responses. The
hysteresis found in the pressure - radon correlation curve indicates nonlinearity of pro-
cesses (see also Fig. 4.1.10, left). It corresponds to a time shift in the response of air-flow
velocity to the pressure changes (Wigley et al., 1967). From the data it is also possible to
estimate the cave volume, using simultaneous pressure measurements (and utilising the
known volume of the vertical entrance well). We found it to be 8-10 times larger than
was estimated form the calculated volumes of passages.

In the Fig. 4.1.10 (right) we have, for the sake of comparison, also displayed the radon
response of a chimney-effect controlled cave system.

4.1.8.2 Radon monitoring network

From the previous subsections it is evident that, from radon records, more information
can be deduced unambiguously, taking account of other environmental parameters. This
type of multiparameter approach is an emerging indispensable task in environmental
transport studies.

As the role of the geological environment and the necessity of multiparameter studies
has recently been recognised, there is an increasing need for instruments suitable for
long-term field measurements. Owing to the complexity of the radon transport problems,
these above-mentioned studies require numerous, continuously operating stations. From
the scientific and economic point of view, an independent working ability is more and
more frequently required (the usual on-line measurement and data transmission in real
time are prohibited by cost and insufficient infrastructure).
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These efforts initiated, in Hungary, the development of the prototype of the Dataqua
field multiparameter radon monitor in the beginning of the 1990’s, which opened new
dimensions in radon research. In many places in Hungary, such complex radon monitoring
stations have now been installed. At the test sites, radon concentrations together with
other environmental parameters are continuously recorded with a sampling frequency of
one measurement per hour. The main aims in operating these monitoring stations are:

- to indicate whether or not there are extremely high radon concentrations in places
where people live or work (dwellings, cellars, caves, coal mines, uranium mines),

- to obtain radon output activity of some objects of interest (uranium mine, mill and
tailings, coal mine and power plant, coal ash tailings, etc.) into the environment,

to study the relationship between the variation of radon concentration and other
environmental parameters (air temperature, barometric pressure, water level vari-
ation, etc.),

- to reveal the connection - if any - between radon exhalation and geodynamical
events (earthquakes, fault movements, rock explosions in the mine, etc.).

The first field results proved the usefulness of the radon monitoring system. The
advantage of this system, in comparison with the traditional solid state nuclear track
detector technique alone, is obvious: the time resolution of observations has revealed
previously unknown details of temporal variations, and by interpreting them one can
define new approaches of physical models describing the objects of interest. Some of the
results have been highlighted in foregoing sections. We note, however, that enormous
efforts (including software and hardware) are required to analyse and interpret the great
amount of time-series recorded (some 10,000 data per year per monitor).

4.1.9 Concluding Remarks

Research activity has been developed in the field of geologically related radon transport
studies. As radon is an easily measurable radioactive element, it is a very convenient
natural tracer for the transport processes taking place at the interfaces of the atmosphere,
hydrosphere and lithosphere. It brings information from the depths of the earth, which
may be helpful in the prediction of earthquakes, lava eruptions and other geodynamical
events as mine outburst. Because of the improved time resolution, the proportion of
active automatic radon measuring methods is continuously increasing in this field.

By interpreting the observed long-term radon time series, new results will be obtained
from intercomparison of the dynamical behaviour of radon concentrations at different
geographical and geological sites. In this way, general understanding of environmental
(radon) transport processes will be improved.

The measurements in karstic caves will rely on examining the natural ventilation
regimes. Because the interrelations between surface and cave environments are affected
by flowing air masses, the exploration of transport processes is a precondition to gathering
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_knowledge about the development and changes in the cave microclimate and about the
propagation mechanism of external effects. In this way, these results should also find
application in the protection of the karst environment.

The radon values should be compared with environmental parameters, e.g. microcli-
mate, temperature, humidity, ventilation rates etc. The spin off would be to understand
emanation control in these environments, and as a result this would help in controlling
the radiation hazard.
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ABSTRACT

The results of radon measurements in caves obtained by using of nuclear track detectors
are summarized. Mean radon concentrations are ranging worldwide from 0.1 to 20 kqu']
with 2.8 kliqm'] arithmetic average. From long-term extended radon measurements in
caves not only a detailed dosimetric picture can be drawn, but using radon gas as a
radioactive tracer, the subsurface and near-to-surface transport processes can be studied,
too. It will be shown that long-term radon monitoring by nuclear track detectors, in
conjunctions with active detectors which enables detection of fast dynamic changes, offers
very important information for naturally-occurring transport processes.
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INTRODUCTION

Limestone contains in average about 1.3 - 2.5 ppm 28U (16 - 31 Bqkg"), e.g. its daughter product
22Rn can be found naturally in all caves. These minute quantities of parent substance result in
relatively high values of radon in caves. Caves occur everywhere on the earth, although mainly in karst
areas - as they are formed mostly in limestone environments. Karst strata have a characteristic feature:
due to the infiltrating waters a special chemical dissolution process is taking place in the rock matrix.
The phenomenon results in forming of an interconnected set of larger openings and fractures; a cave
is a part of this system. Due to the formed special morphology the cave is able to communicate
through the overburden under the influences of changing atmospheric pressure or temperature. These
morphology, meteorology (and surface topology) linked flows play the most significant role in
governing the underground radon transport in these areas.

In the last two decades the etched track techniques have found their place also in radon measurement
projects aimed to study the cave environment. These measurements have ranged from sporadic
observations up to regular long-term studies, and they were motivated by dosimetric and transport
study approaches as well. In Hungary the first in situ field radon measurements in caves performed by
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etched track techniques started as early as 1977 and were initiated by Dr G. Somogyi, one of the
pioneers of the etched track field. Since then, the number of studied caves has increased substantially
and we have reached 10000 observation data in 31 Hungarian caves. After recognizing the link
between the secondary porosity, fracturization and formed radon levels the ever-pressing interest to
understand underground radon transport in karst environment has been increased. During the last
several years active electronic devices, automatic multiparameter radon monitors have been included
into cave studies. Including a short literature review the following results are excerpts based on this
data set.

MATERIALS AND METHODS

For the purpose of cave radon measurement, different types of opened and closed diffusion chambers,
equipped with alpha sensitive polymer track detectors, were used. Somogyi et al. (1983) described
different types of multi-detector devices suitable for measurement in caves. The most significant
improvement in the measuring technique was the thermally stabilized double-wall diffusion chamber
(filled with water), which avoided the frequent problem of wetting of detector surfaces. Nowadays
several commercially available radon monitors developed for indoor radon measurements are used in
cave environment, which, owing to the high relative humidity, may be not always optimal. The typical
exposure time ranges from one week to several months.

RESULTS AND DISCUSSION

Review of Published Data

Continuous radon measurements covering at least one year long period were performed by the etched
track technique in Hungary, Italy, Slovakia and Luxembourg. Seasonally one week long observations
were performed in England, and measurements not covering a full year are reported from Mexico and
USA.

Worldwide Rn data in karstic caves
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Figure 1. The distribution of radon activity concentrations reported from different caves
worldwide. In the graph we compiled radon data available from 220 different caves.

Taking into account these results the annual average radon concentrations in karst caves range from
0.1 to 20 kBqm™ with a 2.8 kBqm™ arithmetic average. The lower end of the scale is associated with
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big chamber volumes or high ventilation rates; the upper end is characterized by closed, badly
ventilated places and uranium-rich sediments. We note however, that based on long-term continuous
radon observation the relative variations of radon between monitor locations indicate that the cave
atmosphere is not a uniform radon environment over any given time period; so it is very hard to
represent one cave with one radon value. The distribution represented on Fig. 1. provides compiled
results of cave radon literature. The distribution of the data is close to lognormal.

Radon as a Natural Radioactive Tracer of Subsurface Transport Processes

The application of radon as a natural tracer is not yet common and widespread. Among the natural
tracers it would be considered on the one hand as ideal since it is easily detectable even in small
quantities, which do not modify the characteristic of the environment. On the other hand, unfortunately
its sources appear everywhere and are spread over in a manner unknown a priori. The realization of
radon transport processes in addition sharply depends on the configuration of the interconnected
underground cavities. In the case of blind end systems, atmospheric pressure changes are the main
control parameter, which are superimposed by convective air exchange due to temperature differences
in cave systems with vertical extension. In the case of relatively large entrances, the convective air
exchange due to temperature differences can mostly account for the radon transport process taking
place. In the case of two or more entrance systems, where the other ‘entrances’ can be complexes of
smaller fissures and fractures, chimney effect winds may dominantly govern the radon transport, or in
some cases atmospheric winds may do so. It is obvious, that the interpretation and modeling of the
concentration data is not straightforward: it needs interdisciplinary expertise of hydrogeologists,
geologists, physicist, radiogeochemists, etc.

In the speleleology these types of applications give important contributions to the better understanding
of the natural regimes of caves. Cunningham and LaRock (1991) delineated six microclimatic zones in
Lechuguilla cave, Carlsbad caverns, National Park, New Mexico using radon grab sampling in
conjunction with observed airflow data. Atkinson er al. (1983) from a single set of etched track
measurements in the Castleguard cave, Columbia icefields, Alberta, Canada, identified the effect of
tributary air currents from larger fissures.

Hajnoczy cave, Hungary
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Figure 2: Radon time series observed by using etched track technique in the Nagy-terem (Great
Hall) of the Hajnoczy cave, Biikk Mountains, Biikk National Park, NE Hungary. Each observed
value is the average of three simultaneous readings with one month integration time
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Long-term Rn observations, Hungary
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Figure 3: Long-term change observed in three Hungarian caves of different types. Hajnéczy cave,
Biikk Mountains, Biikkk National Park, NE Hungary, is dominated by chimney effect winds;
Létrasi-Vizes cave, Bitkk Mountains, Biikk National Park, NE Hungary, is characterized by

temperature difference driven convective air motions; and Cserszegtomaj well-cave, Keszthely

Mountains, SW Hungary, is influenced mainly by atmospheric pressure changes. The curves
represent the middle part of the Létrasi-Vizes cave (a); the Nagy-terem (Great Hall) in the

Hajnéczy cave (b); and cave average (c) and a remote part (c*) in the Cserszegtomaj well-cave.

Szeml6-hegy cave, Hungary
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Figure 4: Outside mean temperature and radon time series obtained at the Kozgyiilés-terem
(General Assemly room) of the Szemlo-hegy cave, Buda Mountains, Central Hungary. The
sealing of an artificial shaft in winter 1989/90 influenced ventilation regime and consequently
radon level in the cave.

So far the longest time series were obtained in the Hajndczy cave, Biikk Mountains, Biikkk National
Park, NE Hungary (Fig. 2), which shows very regular seasonal variation. The same effect was found in
a few other Hungarian caves, but it is also reported by Lively and Krafthefer (1995). The observed
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fluctuations of smaller or larger amplitude are a general phenomenon, where the frequency and
amplitude distribution of the data is a common characteristic for the cave and its environment.

It is also clearly seen on the Fig. 2, that the seasonal variation is superposed on a long-term change of
the mean activity concentration. This long-term change can be found in different types of caves, as it is
shown on Fig. 3. They display the effect of slowly changing environmental parameters on radon
transport processes. Such external parameter may be the change in radon emanation power due to the
slow change of water content of the cave surrounding, which may reflect the variation in annual
precipitation and global meteorological situation influenced by sunspot cycling (Hunyadi et al., 1988).
The observed annual change of radon activity reflects two basic processes. Wilkening and Watkins
(1976) identified temperature gradients favorable to vertical convective transport through relatively
large openings. They identified as well transport of radon by air movement through cracks and fissures
due to pressure gradients (Wilkening, 1980). As karst caves are situated generally in highly fracturized
rocks, such a configuration is favourable for the emergence of air circulation through this fracture
system. The strength of such air motions is taken to be proportional, to a first approximation, to dT/f,
where dT is the temperature difference between the cave and outside and f is a friction factor
characterizing the flow resistance (Wilkening and Watkins, 1976; Atkinson et al., 1983). A typical
radon time series indicating this type of temperature control is shown on the Fig. 4 (Szemlo-hegy
cave, Buda Mountains, Central Hungary). On approaching deeper parts of the karst, the radon levels
are mostly stable, as the strength of air motion decreases due to their 1/f dependence; and owing to
saturation effects the amplitude of changes also decreases (Hakl ef al., 1992). Radon levels in deep,
complex caves cannot be simply related to outside atmospheric parameters (Cunningham and LaRock,
1991).

Létrasi-Vizes cave, Hungary
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Figure 5: The yield of the stream feeding the Lake and the temporal change of radon activity
concentrations in air at the Té (Lake) and at the entrance part of the Létrasi-Vizes cave, Biikk
Mountains. Biikk National Park, NE Hungary (left). The form of the upper curves, in spite of low
temporal resolution, shows a connection between the two quantities. The phenomenon is
explained by the fact that water is the dominating radon source in cases of floods. The difference
in springtime variations of normalized monthly radon distributions (right) reflects the same
phenomenon, simultaneously showing radon regimes of the three distinct microclimatic zones.
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The actual value of the radon concentration in the cave is influenced by subsurface fluid motions due
to the periodically or randomly changing gradients in the environmental parameters (temperature,
pressure, humidity, stresses,...), and by the radon concentration saturated in the pore spaces of the
surrounding rocks. Using long-term temporal and large scale spatial variation measurements from the
analysis of temporal radon variations, the complex interplay of the two traced substances, water and
air, can be identified.

Such measurements were performed in the Létrasi-Vizes cave, Biikkk Mountains, Bitkk National Park,
NE Hungary (Lénart et al., 1988). Typical patterns of temporal changes are characterized by summer
maxima and winter minima. Similar variations were found at almost all measuring sites with the
exception of that part where more or less continuous water inlets were present. According 10 the
temporal variation, Lénart et al. (1988) differentiated three parts in the cave. In the first part (entrance
part) the mean radon activity concentration in air increased from |1 }(qu"1 to 2.2 kqu"l. In the
second part, it fluctuated around 2.2 kqu"". We note that in these two parts there was a slight
asymmetry in the way the radon changes between summer and winter. In the springtime, radon levels
in the cave increase gradually, whereas in the fall decline rapidly. (On increasing the time resolution of
the measurements, the same effect can be made much pronounced, as was found by Lively and
Krafthefer (1995) using active techniques.) The highest air radon values, around 4 kqu'F, were found
in the third part, which was characterized by the presence of several streams and a Lake fed by them.
In the third part the dominant role of the periodic stream is evident from the long-term measurement
(see Fig. 5); while in the first two parts the change of the radon activity concentration showed close
connection with the temperature difference between the cave and outside.

Radon Risk Inside and Above the Caves

It is known, that high radon exposure results in excess lung cancer mortality rate among miners. A
majority of experts believe that elevated radon levels in homes induce excess lung cancer mortality
rate among the general public, too. High radon levels that occur in caves may rise the question whether
any people are at risk. Most concerned groups are, the cavers and tour guides. Moreover, some cold
karst caves are used for therapeutic treatment of patients suffering from chronic respiratory diseases.
These patients, and the staff members of the therapy are also concerned about being subjected to
higher risks. Hungarian data were summarized by Csige et al. (1996) (see Table 1).

Table 1. Summary of radon doses received on the course of speleotherapy in Hungary (Csige et al.,

1996).
Annual effective dose, mSv
Cave name Period Sample Mean, (Range) Geometric mean,
size (Geometric STD)
. _A.bi.i..;ée‘l : .1904 SRS 1 : 3?Pa;u mq ..................... Fﬂ_((ﬂ)grg(; _ao_(();) .......

Béke’ 1994 summer 56 patients 1.91, (1.86-1.97) 1.91, (0.02)
Szenﬂ{i—hcgyl 1990-1992 229 patients 0.85, (0.10-5.00) 0.62, (0.76)
Szent Istvan’ 1994 360 patients 0.06, (0.01-0.17) 0.04, (0.88)
Tapok-a'1 1994 481 patients 0.87, (0.04-2.19) 0.45, (1.32)
Baradla’ 1990-1994 12 tour guides 2.66, (0.12-5.55) 2.13, (0.80)

1 - Mecsek Mountains, S Hungary; 2 - Aggtelek Karst, Aggtelek National Park, NE Hungary; 3 - Buda
Mountains, Central Hungary; 4 - Balaton Highland, W Hungary; In the case of Szemls-hegy cave (3)
cumulative effective doses are given over 1990-1992, as not all the patients attended each year to the
therapeutic courses.
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Currently, in Hungary radon is continuously monitored in all the five caves where therapeutic
treatment of bronchial asthma and chronic bronchitis is going on. Some caves open to tourists are also
monitored. In the case of the best known of these (Baradla cave, Aggtelek National Park, Hungary),
the radon doses of tour guides were estimated for the years 1990-1994.

According to Navratil et al. (1994) the range of patients' doses from nine different therapeutic caves in
Europe is 0.07-1.32 mSv, which well fits with the above table. Based on internal working time reports,
annual effective doses for therapy staff members are about 0.4 mSv in Abaliget cave, 0.12 mSv in
Szent Istvan cave and 6 mSv in Béke cave. Annual personnel exposures also cover a wide range. Tour
guides in Abaliget cave receive about 12 mSv annually, Cigna and Clemente (1981) cite Yarborough,
who has found 0.005-19.9 mSv per year for seven different US caves; whereas Nikodemova (1995)
reports effective dose rates 0.17-4.05 mSv per month for personnel in Slovakian caves.Most active
cavers may be exposed to even higher doses; so personal radon dosimetry is highly recommended for
those people. One of the authors (J. Hakl) has measured his own annual effective dose due to radon
inhalation while working in different caves, and found that it was higher than 30 mSv in 1992. Even
higher personal doses can be achieved in caves with unusually high radon concentrations. Hyland and
Gunn (1994a) estimated that it took 33 hours to reach 15 mSv limit in some caves of North Pennines
in the U.K. Two important radiological consequences follow from the periodical behaviour of
subsurface air circulation in karst. First is the seasonally varying underground radon level which
results in a large difference between summer and winter values, and hence also in the radon exposures
received by cave visiting people.

The other consequence of the seasonally directed transport phenomenon is that variation in radon
exhalation can also be expected on karst terrains seasonally. A very convincing experimental result of
the phenomenon is represented on Fig. 6, where radon time series measured inside the Hajnoczy cave,
Hungary (with minima in the cold winter season), and in a slit above the cave (with winter maxima)
are shown. Similar winter maxima were found on several karstic terrains of Hungary (Hakl et al.,
1992). Elevated radon levels already observed in houses in summertime (Wilson ar al., 1991) and
wintertime (Gammage ef al., 1992) are both attributed to this phenomenon, showing that the season of
maxima depend on the position of the house with respect to the underground air circulatory system.
The inverse correlation of radon levels inside a cave and in a house above the cave was found directly
by Lively and Krafhefer (1995).

Hajnoczy cave, Hungary

— L I |\
=af b H"ﬁJ
o surface 4 | |_ L
2ot = L fel ] L
é 6 _ cave Jlﬁ ' N
3 M -t
2 4 r i [ —‘ [ ’7 ‘ ‘l H
e I i 0 [ (L
2+ ]Jl— B L Ld RO
O. [ I L L
1990 1991 1992 1993 1994 1995

Figure 6. Push-pull type change of seasonal radon activity concentrations observed in the Nagy-
terem (Great Hall) of the Hajnoczy cave, Bitkkk Mountains, Bitkk National Park, NE Hungary, and
in a surface slit above the cave.
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Combination of Etched Track and Real-Time Detection Techniques

Combining etched track and real-time detection techniques, spatial and detailed temporal variation of
radon concentration can be obtained. Such type of combination of continuous and integrating radon
measurements was performed in the Vass Imre cave situated in the Aggtelek Karst, Aggtelek National
Park, NE Hungary. It has one entrance and is situated practically horizontally with no visible vertical
connection to the surface. In the middle of the cave there is a syphon, which was closed by water
several times during the observation period (1987-1993). When the syphon is open, there is continuous
air flow either in or out from the cave through the entrance (winter and summer, respectively). When
the syphon is closed, there is no measurable air flow through the entrance. The radon concentration is
being measured with etched track detectors since 1987 at 12 sites located at equal intervals along the
cave passage, and in 1991 three more continuous real-time radon monitors were installed at
characteristic points of the cave. Etched track detectors changed monthly showed elevated levels in the
summer and lower levels in the winter. The penetrability of the syphon markedly affected the radon
levels through controlling the mass of infiltrated air through the cave system. The restriction of the air
flows has different effect on the forming of radon levels depending on the place of measurement (in
front of or behind the syphon) and on the season. In summertime the restricted air flow decreases (8.5
kqu"" — 4.0 kqu"" or 8.5 kqu": — 3.1 kqu’"}. but in wintertime it increases (1.2 kqu" — 2.5
kqu"“ or 1.2 kqu'" » 3.5 kqu"‘ ). the mean radon levels in the cave, resulting in an overall drop
(4.8 kqu'"' —» 3.3 kBqm™) of 30% in the annual mean radon concentration . This asymmetric effect
can be explained on the basis of the air circulation through covering strata (Geczy et al. 1988) and is in
agreement with the results of numerical calculations (Holford et al. 1993) showing the increase of
mean radon levels due to periodically changing flowing conditions. On analyzing temporal changes in
radon time series, we found advection as the dominant transport process. This is also shown on the
transient part of the radon record from the Vass Imre cave, Aggtelek Karst, Aggtelek National Park,
NE Hungary, which corresponds to a summertime syphon opening (see Fig. 7 left). The shape of the
curve, on comparing it to the results of numerical calculations on radon exhalation from porous media
(Janssens et al. 1984), corresponds to the case when a sudden pressure drop results in instantaneous
air-flow development. The pressure drop effect was also observed experimentally during a planned
syphon closing and opening. On the other hand. the absence of strong daily changes in the radon
record. which would correspond to the observed daily air flow fluctuations, shows the strong
smoothing effect of diffusion, w hich can be due to relatively undeveloped fracture system of this cave.
(We note that in caves located in more karstified environment, more or less pronounced daily
fluctuations in radon records can be observed.) The cave radon concentration 'shut down' is very
quick in autumn and is controlled purely by advection. An early cold front of short duration caused a
fall in radon records at the first and second measuring sites, but it did not affected the end of the cave.
High radon levels were recovered for two days by reversing the air-flow. Finally, permanent low
radon values were formed in the cave air after the arrival of another, stronger cold front. The time-
difference between the radon falls corresponded to an air transport velocity of about 50 m-h™' along the
main cave passage (see Fig. 7, right).

In some case, in caves with small entrances the changes in outside temperature have only a small effect
on radon concentration inside the cave, and only on an annual scale. In contrary, the atmospheric
pressure have strong influence on radon level, pressure changes play important role in controlling
radon transport. The radon time series, observed in the Cserszegtomaj well-cave, Keszthely Mountain,
SW Hungary, show this effect markedly (Fig. 8, left). Decreasing pressure increases the radon level
and inversely. The hysteresis found in the pressure-radon correlation curve indicates nonlinearity of
processes. It corresponds to a time shift in the response of air-flow velocity to the pressure changes
(Wigley et al. 1967). From the data it is also possible to estimate the cave volume, using simultaneous
pressure measurements (and utilising the known volume of the vertical entrance well). We found it to
be 8-10 times larger then was estimated from the calculated volumes of passages. On the right part of

the figure, for the sake of comparison, also displayed the radon response of a chimney effect
controlled cave system.
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Figure 7: The real time records of radon time series from Vass Imre cave, Aggtelek Karst,
Aggtelek National Park, NE Hungary, at the times of syphon opening (left) and arriving of early
cold fronts during fall (right).
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Figure 8. Radon activity concentration vs atmospheric pressure observed at one of the five
continuous observation stations in the Cserszegtomaj well-cave, Keszthely mountains, SW
Hungary (left). The ‘data cloud’ corresponds to the 2 month section of the continuous data
record. The inverse pressure control on radon levels is well seen in the figure. On the right-hand
part of the figure we have displayed radon levels vs outside temperature observed in the Abaliget
cave, Mecsek mountains, S Hungary. The S-type dependence of radon concentration on the
outside temperature is typical for caves dominated by chimney effect winds.
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Preface

It happened in October 1985 that Dr. Gydrgy Somogyi, the late leader of the Track
Detector Group of the Institute of Nuclear Research of the Hungarian Academy of
Sciences (Debrecen, Hungary) invited me to accompany him on one of his favourite
duties. He took me to a cave (Hajnéczy cave, Bitkkk Mountains, Hungary) not for
recreation but to work, to change the etched track type radon concentration measuring
devices. It was when I have got my first impression about the application of a nuclear
technique in environmental studies. The underground tour lasted 6 hours. [ got stiffness

for two days and I promised myself never to repeat this action again.

It did not happen though. The things around caves started to interest me and I readily
took part in field-work. In the spring of 1987 Dr. Gytrgy Somogyi suddenly died of
heart attack. Dr. [lona Hunyadi took the lead of the group and under her leadership I got
the chance to continue the work in this field. | have elaborated the available cave radon
data and started to organise the continuation of cave studies. It has became and still it is

my main scientific area. | have enjoyed this work very much.

It was Dr. Ilona Hunyadi, who in the early hard times fought with great enthusiasm and
success for financial background of radon works; exposing her young colleagues, in the
meantime, to the national and the international scientific community. Here I should like

to thank for her selfless help, advice and all she had done for the group.

Also, I should like to thank my closest colleagues Dr. Istvan Csige and Attila

Viasarhelyi, with whom [ had the chance to work together in the laboratory.

During the field and laboratory works my closest colleagues were Gabor Géczy, Dr.
Andras Varhegyi, Dr. Janos Somlai, Dr. Laszld Lénart, Dr. Istvan Torocsik, Dr. J. L.
Seidel, Ferenc Szolga and Laszlé Rénes, with whom I spent exciting times discovering
the secrets of the nature.

Particularly, I should like to thank to Mrs. Eniké Molnar for the excellent technical and
administrative work and for all she has done for us in the Radon laboratory of Debrecen.

During the course of the last ten years these radon studies were financed by the

Hungarian Academy of Sciences Research Fund contract No. 1-3-86-185 and Hungarian
National Scientific Research Fund contract Nos. 2011, 3005, T 016558, T 017560. Their
support is highly acknowledged.




1 Introduction

With increasing pollution world-wide the need for understanding of the dynamics of
environmental processes has became of primary concern of mankind. The problems are
focused on two, in certain sense opposite areas. These are the industrially heavily
contaminated areas and yet clean but endangered regions. In the first area questions
regarding the propagation of contaminants, in the second one the transport processes

themselves are in the centre of public and scientific attention, respectively.

One of the methods suitable to study these processes, which reflect the interaction of
atmosphere, hydrosphere and lithosphere, is the use of tracer isotopes. Subsurface
natural fluids in the majority of cases carry small amounts of radioactive isotopes.
Among them the alpha radioactive 232Rn, as a member of U decay series, is
ubiquitously present in the ground and in the lower atmosphere as well, Through the
measurement of radon concentration in the geological environment, information can be
obtained about the transport processes as well as about penetrated geological structure.
This approach is applicable also in cases of radioactive contaminants, where the

essential question is the retention of transport.

Among the endangered regions in highly permeable areas, as e.g. karst' is per se, the
problems are perhaps the sharpest, as they serve as natural water reservoirs for mankind.
In these areas, owing to the set of interconnected fractures and voids, the propagation of
external effects is very quick and deep. One of the most appropriate methods to trace
transport with natural radon in these systems is the application of etched track detectors
allowing desirable large-scale in situ measurements. At the Institute of Nuclear
Research of the Hungarian Academy of Sciences first underground environmental alpha
radioactivity studies, based on the latter technique, were initiated by Dr. G. Somogyi in
1977. 1 have entered this step by step widening radon field in 1987. My scientific

interest focused on studying radon transport, giving emphasis to cave investigations.

" Areas in which the rock has suffered solutional activity with the development of caves and enlarged
fractures




Caves occur everywhere on the earth, although mainly in Karst areas - as they are
formed mostly in limestone environments. They may appear to men as static
environment, where not only the continual darkness but also the temperature and high
relative humidity is stable. This belief is, however. not justified, because fluid currents
can cause measurable changes in the physical parameters. The underground radon
measurements supplied us with a great amount of data. both spatially and temporally
variable, confirming the awaited diversity of data. The complexity of environmental
transport processes manifests itself everywhere. The influence of inflowing waters, the
presence of underground air circulation as well as the morphology and structural
dependence of transport processes are traceable in our radon records. Based on these
investigations, physical model interpretations of the observed fluid motions were
developed in collaboration with the Department of Physical Geography, Eétvés Lérand
University (Budapest, Hungary) and Department of Hydro- and Engineering Geology,
Miskole University (Miskole, Hungary). The so-called vertical geogas microbubble
radon transport model was developed in collaboration with Mecsek Ore Mining Ltd
(Pécs, Hungary). Its validity conditions were tested in measurements done ina 270 m
deep karst well at Miskole University and on a 8.5 m high model column at the
Laboratory of Hydrogeology, University of Montpellier (Montpellier, France), These
collaborations resulted in developing of a microprocessor controlled automatic radon-
measuring unit in Hungary, which, since 1991, is routinely used in fieldwork parallel

with track etch technique.

The object of this thesis is to summarise results obtained during the last decade. I have
included those findings, in obtaining of which my role was decisive. As a main part, 1
will outline results related to radon concentration measurements in karst caves and in
natural (not necessarily karst) waters. Additionally, 1 will summarise results of
methodological developments connected to the solutions of tasks of environmental
radon activity concentration measurements. These are the studies of radon transport
through different filter and blocking materials, and the developments of new measuring

techniques for underwater and continuous radon concentration measurement purposes.

2 Review of literature

2.1 Sources of radon in karst

Radon is a mobile, chemically inert radioactive element. All the three naturally
produced isotopes. 2pn (radon), 20Rn (thoron), and 9pn (actinon) decay by emitting
alpha particles. These noble gas isotopes are produced from radium decay as steps in
lengthy sequences which originate from uranium or thorium series — **Rn from B3y,
*%Rn from **Th; and *'*Rn from *°U. Their respective half lives are 3.82 d, 55.6 s, and
3.96 s (mean lives 5.51 d, 80.2 s, and 5.71s). The relative importance of the three
isotopes increases with their mean lives and relative abundance. *'°Rn is the shortest
lived, and is virtually always produced in much smaller amounts than is ***Rn, since the
natural **U/***U ratio of these ultimate progenitors is 0.00719. Hence 2Rn is largely
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ignored. *Rn too is short lived relative to 2?Rn and consequently moves a much
smaller distance from its source than does **Rn. In air, for diffusion constant, D, of 0.1
cm’s”, the mean distances of diffusive motion are 2.2 m for ““Rn and 0.029 m for
**Rn. Hence in circumstances where signals from relative distant sources or processes
in the earth are sought, “Ra is by far the dominant nuclide, and **’Rn provides only a
local background that one want to exclude during detection. Characteristic feature of
radon isotopes is their high mobility in comparing them to other members of the
radioactive decay series. They are able in a short time to escape into the pore space from
the mineral in which they are born. The radon atom that escapes is either released by
direct ejection by recoil from alpha emission (Kigoshi, 1971) or by diffusion through
damaged channel after chemical solution of it with pore water (Fleischer and Raabe,
1978). From the pore space radon atoms migrate towards microcracks, fractures and

cave volumes either by diffusion or forced flow.

The sources of radon in caves are the bedrock and deposits. Raden levels in caves are
determined primarily by the uranium content of the rock. Limestone and other
sedimentary rocks are found to contain about 1.3 - 2.5 ppm i (16 - 31 Bq-kg") on
average. The relatively high values of radon found in caves are due to these minute

quantities of parent substances that occur naturally on and within the interior surfaces of
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the caves. Increased >*U concentrations can be associated either with fluorite

mineralizations or hydrocarbons present in the surrounding limestone.

Uranium can be oxidised and mobilised by groundwater flow. Once reducing conditions
are encountered, the uranium is readily precipitated from solution. This leaching
fixation process leads to the enrichment of uranium in adjacent deposits. This secondary
transport and enrichment process is important in cave environment, as fractures in rock
can increase the surface area interacting with water. Experimental evidence of this effect
in cave environment was found by Navratil et al (1993). who observed enrichment of

uranium on cave walls.

The immediate radon source in caves is the ***Ra content of the rock. Nazaroff er al
(1988) reports mean “**Ra content of carbonates to be 25 Bq-kg'[ (range 0.4-233), which
were found to be distributed lognormally. The results of **°Ra determinations of
bedrock and soil samples from the Hungarian caves examined fall in range 0.6-26
Bq-kg" (Hunyadi er al., 1997). The relatively impermeable soils (deposits), such as
clay, do not have sufficient porosity to allow transfer of significant amounts of sojl gas,
therefore their contribution to radon budget is small (Michel, 1987). Accordingly,
Burkett (1993) found radon emitted from the clay to be not sufficient to account for the

radon concentrations measured in the cave,

2.2 Radon as a tracer

Subsurface natural fluids in the majority of cases carry small amounts of environmental
isotopes. The behaviour of these elements, and the variation of their concentration in
time and space, is the result of physical, chemical and biological interactions. These
elements, as their physical properties, concentrations, etc., provide information on flow

and kinetics of the carrying substances, are called natural tracers.

The application of radon as a natural tracer is not yet common and widespread. Among
the natural tracers it would be considered on the one hand as ideal since it is easily
detectable even in small quantities, which do not modify the characteristic of the
environment. On the other hand, unfortunately, its sources appear everywhere and are

spread over in a manner unknown a priory. Therefore, the interpretation of the
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concentration data is not straightforward: it needs interdisciplinary expertise of
hydrogeologists. geologists, physicist, radiogeochemists, etc. Joint efforts have given
results in different fields. The observations of subsurface fluid motions traced by natural
radon were followed by new ideas about the basic transport phenomena and, later, by
new interdisciplinary applications: as, for example, mapping of active faults;
investigations of volcanic and seismic activities; earthquake prediction; hydrogeological

research, etc. (Fleischer, 1988).

In the speleology, similarly to the previously mentioned fields, these types of
measurements have already found their applications, and they give important
contributions to the better understanding of the natural regimes of caves. Cunningham
and LaRock (1991) delineated six microclimate zones in Lechuguilla cave, Carlsbad
caverns, National Park, New Mexico using radon grab sampling in conjunction with
observed airflow data. Atkinson er al. (1983) from a single set of etched track
measurements in the Castleguard cave, Columbia icefields, Alberta, Canada, identified

the effect of tributary air currents from larger fissures.

The most common and most apparent phenomenon, which was discovered in the
majority of the investigated caves throughout the world, was the annual change of radon
activity concentration. Wilkening and Watkins (1976) identified temperature gradients
favourable to vertical convective transport through relatively large openings. They
identified as well transport of radon by air movement through cracks and fissures due to
pressure gradients (Wilkening, 1980). As karst caves are situated generally in highly
fracturized rocks, such a configuration is favourable for the emergence of air circulation
through this fracture system. The strength of such air motions is taken to be
proportional, to a .ﬁrst approximation, to AT/f, where AT is the temperature difference
between the cave and outside and fis a friction factor characterising the flow resistance

(Wilkening and Watkins, 1976; Atkinson er al., 1983; Quinn, 1988).
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2.3 Modelling of Observed Features

The underground radon transport can be described by the following transport equation:

% =D AC - V(VC)~AC+9,

where C [m'g] is the radon concentration in pore space, D,y [m!-s"} is the effective
diffusion coefficient of radon, V[m-s'] is the velocity of the carrying substance. i [s"]
is the decay constant of radon and (o] [m -5 ] is the source term. In the equation first
term describes diffusion, second term advection, third term decay and fourth term
sources of radon. For the solution of transport equation, first, it is necessary to know the
velocity field (e.g. Navier-Stokes equation, which by itself is a sufficiently complicated
problem); then taking into account the source term, and the initial and boundary
conditions C can be determined. The emerging phenomena are determined by the form,
shape and structurc of the underground void space. The above equation generally can be

solved only numerically.

The realisation of radon transport processes sharply depends on the confie guration of the
interconnected underground cavities. In the case of blind end systems, atmospheric
pressure variation are the main control parameter (Wigley, 1967; Ahlstrand, 1980),
which are superimposed by convective air exchange due to temperature differences in
Cave systems with vertical extension. In the case of relatively large entrances. the
convective air exchange due to temperature differences can mostly account for the radon
transport process taking place (Wilkening, 1979). In the case of two Or more entrance
systems, where the other ‘entrances’ can be complexes of smaller fissures and fractures,

chimney effect winds may dominantly govern the radon transport, or in some cases

atmospheric winds may do so.

The interpretation of the data can be affected by the presence of these unknown
(unassumed) ‘entrances’, Yarborough (1980), in a study of nine caves, identified two
general types of physical cave configurations that affect airflow patterns and radon
concentrations. Type | caves have most Ppassages at or above the entrance elevation,

Type 2 caves have most passages below the entrance elevation. When the outside
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temperature exceeded the cave temperature. he found that Type 1 caves exhaled, while
stagnation occurred in Type 2 caves: when the outside temperature fell below the cave
temperature, both caves inhaled. As Type 1 cave is horizontal “mirroring” of Type 2
cave the seasonal ventilation patterns should be alternatives of each other. The clear
asymmetry in this case, however, points to the difference between the air flow-through
and blind end system. This indicates, that substantial hidden parts of the upward

directed systems remained unrevealed from the descriptive point of view.,

The above examples illustrate the problems of interpretation and modelling. In two
special cases, however, the emerging processes are analytically easy to survey. These
are the cases of idealised two-entrance horizontal flow-through (type A), and one
narrow entrance vertical caves (type B). In the case of the horizontal model cave, the
second entrance may represent the set of vertical fractures, which connect the main

passage to the surface through the overburden,

i entrance  Pou + AP

| ] =y

\ AV

| “cave

/_,.__

horizontal cave vertical cave

Figure 1: Schematic horizontal (type A) and vertical (type B) model caves; h is the
elevation difference between the upper and lower entrances (horizontal cave), p,, is the
air density of inside air, T, is the outside temperature, p,,, is the ambient outside
pressure, V,,. is the cave volume and AV is the volume of air passing the vertical cave

entrance in case of Ap change in the ambient outside pressure,

First, let us consider a schematic horizontal cave (see Fig. 1, left). In this case, owing to
the temperature dependende of air density the pressure exerted at the lower end of the
cave by the outside air will differ from the inside one. This pressure difference in this

case is (Atkinson et al., 1983):

AT
Ap & _ghpm ’
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where p;, is the density of inside air. g is the gravitational acceleration. h is the height
difference between the two entrances, AT is the temperature difference between the cave
and the outside, and T,,, is the outside temperature. According to this relation, the
direction of airflow through the entrance depends on the season; in warm season air

flows out of, and in cold season air flows into, the cave at the lower entrance.

A more realistic model of fracturized karstic overburden above a horizontal cave is the
model of parallel vertical voids connecting the main passage to the surface (Scheidegger
and Liao, 1972). The variation of **Rn activity concentrations in this case is interpreted
by an air circulation model (Géczy et al., 1988). According to it, in warm season, air
will flow into the cave from the direction of the radon-rich fracture system (and will
flow out of the cave through the entrance at lower altitude) resulting in high radon levels
in cave. In cold season, the direction of the flow is reversed. From the direction of the
lower entrance fresh outside air flows into the cave forming considerably lower radon

concentration levels than in summer

In the case of narrow-entrance vertical caves, the most effective processes in inducing
air motions are the atmospheric pressure changes (Fig. 1, right). Falling ambient
atmospheric pressure drains air from the cave; increasing atmospheric pressure presses

air into the cave through the entrance. The volume of air passing the cave entrance:

AV = - i"iﬂp ;
Pow
where V... is the cave volume, p,, and Ap are the ambient atmospheric pressure and
the change in the ambient atmospheric pressure, respectively. Airflows induced by
atmospheric pressure changes can be rather quick. At the entrances of giant caves their

speed can reach several tens ofkm-h'](Cunningham and LaRock, 1991).

IX

3 Materials and methods

For the purpose of environmental radon concentration measurements opened diffusion
chambers equipped with LR-115 type 1I alpha sensitive polymer track detector were
used. The diffusion chamber consisted of a cup (diameter: 5.5 cm, height 12 cm) with a
detector located at the bottom of the cup. The other end of the diffusion cup was opened
to the atmosphere and looked downwards during the exposure. The discrimination
against thoron (mRn) was obtained by the delay effect of the diffusion on the basis of
the use of a sufficiently long cup. The sensitivity of the detector is 2.3
alpha-tracks-cm'szBq-m'Jvh at standard etching conditions (2.5 N NaOH, 60 025
hours). Generally, in each cave the track etch detectors were placed along the main
passages of caves more or less equidistantly. There were generally 3-20 regular
measuring sites per cave. Extra observation points were established at “characteristic”
places. Typical exposure time was 1 month. About 10000 observation data were

obtained in 31 investigated Hungarian caves during the years 1977-1997,

From the beginning of the 1990s, microprocessor controlled automatic field radon
monitors (type Dataqua’) were gradually introduced into cave studies. The single
channel type measured only radon concentration, while the multiparameter version
simultaneously registrated the temperature and air pressure. Radon concentration was
measured in 1 hour cycles using open type diffusion chamber (delay time = 1000 s)
equipped with alpha sensitive Si based semiconductor detectors. The sensitivities of the
units are 6.7 cph/kBq-m™h (detector sensitive area: 1 em’) and 17.8 cphvkBq-m™-h
(detector sensitive area: 3 em?) with an 0.1 cph initial background (cph stands for count
per hour). Generally, in each cave the continuous radon monitors were placed in the
main passages at characteristic places. There were 1-5 regular measuring sites per cave.
A total number of approximately 400000 hourly readings was obtained with 11

monitors in the investigated five caves during the years of 1991-96.

* Produced by Dataqua Ltd., Kolcsey F. u. 1, 8220 Balatonalmadi, Hungary




Measuring sites

The most characteristic results were obtained in the following caves from the

investigated ones:

Biitkk Mountains, Biikk National Park, Hungary

- The Létrdsi-Vizes cave is a multi-level typical swallet cave. The main passage declines
towards the end of the cave, which is located at 85 m depth from the natural entrance.
The cave collects waters from the surrounding area, but its streamlets often go dry.
The cave can be considered as cave of type B. The radon concentration was measured
with etched track detectors at 15 places along the main passage during the period of
1983-1993.

- The Hajnoczy cave can be considered as cave of type A. Its passages are located along
3 parallel fault zones. The distance between two farthest points of the cave is 150 m.
The radon concentratio-n was measured with etched track detectors at 8 places during
the period of 1977-1982, at 6 places in period of 1982-90, at 9 places since 1991; and
with one Dataqua radon monitor since 1991 in the central fault zone.

- The Szepessy cave is a cave of type B. The depth of the entrance shaft is 130 m, the
maximum depth of the cave is 165 m. The radon concentration was measured with
etched track detectors at 4 places during the period of 1983-1985 and at 9 places in
1991-1992.

- The Istvdnldpa cave is a cave of type B. It is one of the deepest caves in Hungary. The
depth of the entrance shaft is 210 m, the maximum depth of the cave is 240 m. The
radon concentration was measured with etched track detectors at two places, in 130 m
and 215 m depths in years 1983-1985 and with two Dataqua radon monitors in

summer 1994,

Aggelek Karst, Aggtelek National Park, Hungary

- The Baradla cave is nearly a horizontal cave located between Aggtelek and Josvafé
villages. The cave has several entrances located along and at the ends of the main
passage, which length is 6 km. The main passage declines towards the Jésvafo
entrance. The elevation difference between the entrances at Aggtelek and Jésvafs is 60

m. The radon concentration was measured with etched track detectors at 11 places in
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1984-1986, at 13 places in 1987-1995 and with one Dataqua radon monitor in
1991-1997.

- The Vass Imre cave is a cave very similar to the model cave of type A. It has one
entrance and the main passage is situated horizontally. The length of the cave is 600
m. In the middle part of the cave there is a siphon, which was closed by water two
times during the overall observation period. The radon concentration was measured
with etched track detectors at 5 places in 1980-1985 and at 15 sites in 1987-1994.
Additional three Dataqua radon monitors were operated in the cave in the period
1991-1997, one at the entrance, one in the middle and one at the end of the main

passage.

Pilis Mountains, Hungary
- The Satorké-puszta cave is a vertical cave of type B. The depth of the cave is 48 m.
The radon concentration has been measured with etched track detectors at 2 places, in

33 m and 45 m depths since 1991,

Mecsek Mountains, Hungary

- The Abaliget cave is very similar to the model cave of type A with a small flowing
stream inside the cave. It has one entrance and the main passage is situated practically
horizontally. The length of the main passage is 500 m. The radon concentration was
measured with etched track detectors at two places in 1980-1984. Additionally we
operate three Dataqua radon monitors in the cave since 1991, one at the entrance, one

in the middle and one at the end of the main passage.

Buda Mountains, Hungary

- The Szemlé-hegy, cave is a horizontal cave with the main entrance situated at lower
altitude, and several other 'entrances’ located at higher altitudes of the hill. The cave
passageways are situated in two levels but the cave can be considered as cave of type
A with one dominating large opening to the surface. The length of the lower passage is
350 m. The end of the main passage is 65 m depth from the surface, the vertical
distance between two levels is 15 m. The radon concentration has been measured at 10
places since 1985 and with two Dataqua radon monitors at both levels of the cave

since 1992,
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Keszthely Mountains, Hungary

- The Cserszegtomaj well cave is a horizontal maze cave of type B, which was formed
in 50 m depth on the boundary of dolomite and sandstone. It has one 50 m deep
artificial vertical entrance. The whole formation is covered by clay. The radon
concentration is unusually high due to the sandstone environment of high porosity and
bad ventilation. The radon concentration was measured with etched track detectors in
1984-1986 and at 10 places in 1992-1997. We operated 5 Dataqua radon monitors in

the cave during the period of 1993-1996, one at the bottom of the entrance, other four

in the depth of the cave.

Lamalou Karst, France

- The Lamalou cave is a horizontal water cave with a flowing stream inside the cave. A
part of the cave, except floods, is aerated. The aerated part of the cave has one vertical
and one horizontal entrance. The aerated part of the cave system can be considered as
cave of type A. The length of the vertical entrance shaft is 20 m, the length of the
horizontal part of the aerated passage is 90 m. During the period of 1991-1997 we
operated 2 Dataqua radon monitors at the 15 m depth, one in the vertical entrance shafi

and one on the roof of the horizontal passage deeper inside the cave.

X
4 Summary of results

(Papers referred as [A..] containing the new scientific results can be found in the

attachment.)
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1. Characterisation of airborne ““"Rn concentration occurrences in karst caves

1.a Compiling all the globally available radon concentration data Srom 220 different
caves world-wide 1 have found that the distribution of *’Rn concentrations is
lognormal [A1, A2] (GM=1130 Bqm™, GSD=6.3), which is in good accordarice with
the awaited distribution for a geochemical element. The lower end of the scale is
associated either with big cave chamber volumes or high ventilation rates; the upper end

is characterised by closed, badly ventilated places and uranium-rich sediments.

1.b For the 31 examined Hungarian caves I have determined the cave average annual
mean radon activity concentrations, (.3-20 kBq-m'j. the characteristic annual
maximum/minimum ratios, 2-50, and the periodicity, which was typicall ly one or half a
Yyear [A3]. In the majority of cases the marked seasonal variations can be characterised
with high radon concentration values in summer and low radon concentration values in

winter. In few cases, reversibly, summer minima and winter maxima were observed.

l.e I have observed a long-term variation of the annual mean radon activity
concentration in all the studied caves [Al, A4]. The phenomenon shows the effect of
slowly changing environmental parameters on radon transport processes, Such an
environmental parameter may be the annual precipitation. The variation of annual
precipitation, which may due to climatic changes, influences water content of the cave
embedding rocks, 'which on the other hand affects radon emanation power of rocks. The
long-term variation can be amplified selectively at different sites in a given cave. This
latter effect is markedly shown on time series taken at two different depths of the
Satorké-puszta cave. The ratio of the difference of data pairs to the mean of the same

data pairs increases with years (see Fig. 4. in [A1]).
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2. Influence of Karstification and morphology of caves on airborne

concentrations

2.a By model calculations 1 have shown. that the saturation value of radon activiry
concentration in fractures and the radon exhalation Jrom fractures strongly depend on
the size of the fracture, According to calculations, at low airflow velocity to aperture
size ratios, the advective **Rn transport along a fracture is strongly reduced by lateral
diffusion inside the fracture [Al, A6). These theoretical predictions were justified by
measurements done in the Vass Imre and Lamalou caves. In the Vass Imre cave, which
can be characterised by relatively undeveloped fractures with small size openings, |
found no daily variation in the radon records [A1], in spite of the observed daily air flow
variation. On the other hand, in the Lamalou cave, which is embedded in a well
karstified strata. characterised by big solutional openings and fracturized volumes,

. o 7% g .
strong daily fluctuations of ***Rn acuvity concentrations were recorded [AT].

2.b 1 have found that in horizontal caves the number of vertical fracture systents
communicating the swrface affects the width of the outside temperature interval, vehich
characterises the transition from the low to the high daily average radon concentration
values [8]. While in the Vass Imre cave the transition width is around 5 °C, it is around
10 °C in the Abaliget cave. In the Vass Imre cave, only one less developed fracture
system, in the Abaliget cave, more than one more-developed vertical fracture systems
exist. The step by step widening of the transition interval as a function of the number
and size of openings, is further supparted by the data obtained in the Szemld-hegy cave.

Here the step function type curve is practically reshaped to a linear function (see Fig. 3.
in [A8]).

3. Identification of air circulation pathways and microclimate zones in cave

. 2 ;
systems based on airborne ***Rn concentration measurements

3.a I have pointed owt, that in a consequence of the seasonally directed underground
transport, enhanced surface exhalation can be expected on karstic terraing seasonally
[A3]. Experimentally the existence of the latter phenomenon was verified in the Biikk

Mountains, Hungary, where the radon time series measured inside the Hajnéczy cave
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and in a slit above the Hajnoczy cave were inversely correlated (see Fig. 6. in [A2])
showing high winter radon concentration values on the surface. Winter maxima were as
well observed on several karstic terrains of Hungary [A3]. The above phenomenon can

serve as an explanation to other observations published in the literature.

3.b I have identified microclimate zones bused on the analysis of temporal variations of
radon concentrations in caves. In the Baradla cave these zones are [AS5]: 1. the entrance
region in the Aggtelek part with summer maxima and winter minima; 2. the middle part
from Libanon hill to Vérdsté entrance with constant radon levels; and 3. the region
between the entrances of Vérostd and Josvafé with winter maxima and summer minima.
1 have pointed out, that the temporal behaviour of radon activity concentration in the
third microclimate zone of the Baradla cave refer to a definite connection between the
main passage of the Baradla cave and the Rivid-Also cave situated at a lower altitude.
Based on the difference in temporal variation of radon concentrations three

microclimate zones were as well identified in the Létrisi-Vizes cave [A2, A9].

4. Determination of underground airflow velocity and its relation to cave average

- 122
annual mean airborne ““"Rn level

da I have determined the propagation speed of outside fresh air intrusions
underground and a volume of a vertical cave from the continuous measurements of
radon concentration [Al, A2]. In horizontal caves fresh air intrusion appears when the
outside temperature falls below the cave air temperature, while in vertical caves their
presence is related to an increase of the ambient outside pressure. Utilising the time
differences among radon falls measured at distinct places, their propagation speed can
be calculated. This speed is about 50 m-h” along the main cave passage of the
horizontal Vass Imre cave. As the len gth of the cave is 600 m, the whole known volume
of the cave is flushed through with outside air in 12 hours. Contrary, the propagation
speed of the dilution effect in the vertical Cserszegtomaj well cave is around only 2
mh™ ina 10-20 m region from the bottom of the entrance well. This low value shows
that the cave is highly unventilated. In average 2 hPa of atmospheric pressure increase

flushes out radon gas from the complete volume of the vertical entrance, Taking into
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account the known volume of the entrance well and the ideal gas law, it indicates, that
the volume of the cave is in the order of 10000 m’, an order of magnitude larger, than it

was estimated from the volumes of known passages.

4.b I have found that cave average annual mean airborne *Rn levels depend on the
strength of underground air motions [A2, A8]. In the Vass Imre cave the volume of
infiltrated air is naturally controlled by the penetrability of the siphon. When the siphon
Is open, there is continuous air flow either in or out from the cave through the entrance
(winter and summer, respectively). When the siphon is closed, there is no measurable ajr
flow through the entrance. The restriction of the air flows resulted in an overal] drop of
30% in the annual mean radon concentration level in the cave, accompanied by the
decrease of the amplitude of the seasonal radon concentration variation, This effect can
be explained on the basis of the air circulation through the cave covering strata. It shows
the increase of mean radon levels due to periodically changing flowing conditions. The
absence of seasonal variation in radon levels and the low radon activity concentration
values found in the deepest parts of the narrowest vertical caves in Hungary ( Szepessy,
Istvanlapa) may also be attributed to this phenomenon [A3], as from the point of view

of ventilation the deep caves can be considered as the most closed ones.
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5. “"Rn transport in water

3.a I have found that water inlets can he significant sources of radon in cave, In deeper
parts of the Létrasi-Vizes cave the regular seasonal variation of radon levels are
considerably disturbed [A1. A2, A4, A9]. Approaching the endpoint of the cave, the
periodical character of the readings decreases and the variation of springtime values
becomes higher. On the other hand, there is hi gh similarity between temporal variations
of the yield of one of the intermittent streams and radon concentration measured in the
air. As subsurface waters permeating porous rocks can be significantly enriched in
solved radon, this effect is explained on the way that radon is essentially carried to the

place by the latter intermittent stream.

3.b Using radon as a tracer I have found that thermal gradient induced convectional

mixing is taking place in the water column of a 270 m deep karst well [A4, A10]. T have

XVII

developed a model to calculate the depth dependence of the vertical transport velocity
from the measured vertical ***Rn concentration profiles. The results indicated
continuous upward transport of radon in the water column with a mean velocity of about
0.7 m-h™". I have pointed out, that this high value can be attributed to the vertical thermal
gradient induced convectional mixing of water, and rejected the possibility of transport
by geogas microbubble theory. The strong effect of vertical mixing on transporting
radon was observed as well in model experiments at the Hydrogeological Department,
University of Montpellier, France, in an 8.5 m high model column [A11]. As the search
for new U ore deposits in Hungary in late 80s was partly based on the interpretation of
the vertical radon profiles taken underwater in shallow drills, the recognition of
underwater vertical mixing processes along bore holes in this respect played a

supplementary role.

6. Methodological developments

6.a Silicon photodiode based Datagua radon monitoring devices were developed and
brought to successful applications with my significant contribution [A12). The idea of
utilising silicon detectors for field radon measurements (by alpha particle detection)
came from our French collaboration partner, Hydrogeological Department, University
of Montpellier, Montpellier, France. The hardware of the device (analog and digital
electronics) was developed by the Dataqua Electronic Ltd. The design of the sensitive
volume of the radon head of the instrument and the electronic testing were done by me
al the Institute of Nuclear Research. I have calibrated the instrument in the radon
reference chamber of the Swedish National. Institute of Radiation Protection
(Stockholm). The obtained calibration coefficient, 6.7 cph/kBg-m™h for the 1 em?

surface detector, coincides well with that I have previously calculated.

6.b A novel method to measure radon permeability of thin foils using etched track
technigue was developed with my  significant contribution [A13], During the
Measurement the sample foil separates the radon source volume from the measuring
volume. I have elaborated an analytical model to describe the non steady state temporal

variation of radon activity concentrations in source and in the measuring volumes as a
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function of the permeation characteristic of the investigated foil. This method allows to
determine radon permeability coefficient as well as radon/thoron separation factor of a
given foil in few hours. | have tested the reliability of the method in a series of
laboratory measurements using polyethylene foils of different thickness. The obtained
permeability value, 7.1*10™® em?s™', is in good agreement with the literature data. The
permeation characteristics of different materials are of interest from the point of view of
sealing homes against invasion by radon. As a practical application of the method we
have examined six types of floor covering materials, and found, that they can reduce

radon entry into dwellings by 2-3 orders of magnitude.

6.c Two experimental techniques Jor the determination’ of the effective diffusion
coefficients of radon in polymer/silicate gels and clay suspensions were developed with
my significant contribution [A16, A17]. Similarly to the previous method, one side of
the samples was exposed to the radon source. the other side was closed by a small
measuring volume. Track etch type radon monitors were used to measure the radon
exposures on both sides of the samples. The diffusion mass transport in the sample was
numerically modelled for different exposure times and sample thicknesses. Diffusion
constant was a fitting parameter to obtain best fit to the experimentally measured radon
exposures. I used Dataqua type continuos radon monitors to test the experimental
arrangement against leaks. The procedure was based on testing of the variation of the
diffusion constant in subintervals of the full exposure time. The variation in the value of
the diffusion constant was the indicator of leakage. We have determined the effective
diffusion coefficient of radon in polymer/silicate gel-containing porous media, 3.3*10°
em’s”, and in Montax/clay suspension, 6.0*10°° cm2s™. The corresponding values for
the bulk phases are comparable to that characteristic in pure aqueous solutions,

therefore the sealing technology applying these materials can be very attractive.

6.d A new method for the determination of the radium and dissolved radon content of
water samples using track etch type radon monitors was developed with my significant
contribution [A14]. During the measurement an immersed small volume radon monitor
is sealed together with the water sample into a container. The air filled radon monitor is

protected from the water by a thin radon permeable rubber foil. The dissolved radon and

e Ty
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the radium content of water samples is determined by two subsequent exposures. In the
first exposure the sum of dissolved radon and radium concentrations, in the second
exposure the radium concentration itself are measured. 1 have developed a model, which
describes the temporal variation of the radon concentration in the measuring volume of
the small radon monitor. For the given arrangement at the Radiochemical Department of
Veszprém University I have determined experimentally the calibration coefficient, 24.1
tracks‘cm'lf(d-kBq-m's) [A15]. which value coincided well with the calculated one.
Characteristic for the method is that it not applies any type of separation procedures. the

use of which is often difficult in field circumstances.
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5 Tézisek

(Az [A...]-ként hivatkozott 1j tudomanyos eredménveket tartalmazo cikkek masolatai a

mellékletben talalhatok.)

1. A karsztbarlangok légterében mért radonkoncentricié értékek jellemzése

La Atekintettem az elmilt kér éviizedben publikalt barlangi radonmérési programok
eredményeit s megdllapitottam, hogy a vilag 220 barlangjdban mért radonkocentrdcic
adatok eloszldsa lognormadlis [A1, A2] (GM=1130 Bq-m'S. GSD=6,3). Az eloszlas
tipusa megegvezik mds geokémiai elemek szokasos foldi eloszlasival. A skala also
részét nagy térfogati termek ill. erdsen szell6z6 helyek, mig a felsd részt zdrt, rosszul
szellozo helyek és uranium gazdag mineralizaciok jellemzik.
'

1. Nyomdetektoros mérések alapjan  megdllapitottam, hogy a 31 vizsgdlt
magyarorszagi barlangban az éves dtlagos radon aktivitdskoncentrdcic a 0,3-20
kBg-m™ tartomdnyba esik, a mért radon idésorok periodicitasa tipikusan egy vagy fél
év. Jellem=G az éven beliili 2-30 radonkoncentrdcié maximum/minimum ardny [A3]. Az
barlangok t6bbségében nyéri maximumot és téli minimumot tapasztaltam, ritkébban

forditva.

l.c Minden egves vizsgdlt barlangban a mért évi dtlagos radon aktivitdskoncentrdcio
hosszii idejii vdltozdsdt tapasztaltam [Al, A4). Ez a hosszlidejii trend eltérd lehet egy
adott barlang kiilsnboz6 pontjain. Az utébbi jelenséget jol mutatja a Satorké-puszta-
barlang két kiilonbozo mélységében felvett radon idésor (lasd 4. 4bra [A1]). A két
adatsornak az adatparok atlagara normdlt kiilénbsége id6ben névekvé tendenciat mutat.
A megfigyelt jelenség tikrozi a lassan valtozé kornyezeti paraméterek hatdsat a
radontranszport folyamatokra. Ilyen paraméter lehet a kézetek radonkibocsatési
tényezdjének a lassi valtozasa a barlangot befoglalé kdzet viztartalméanak valtozdsa
miatt. Ez utébbi paraméter éricke a klimatikus valtozasok miatti  éves

csapadékmennyiség valtozasat tiikrizheti.
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2. A karsztosodas fokanak és a barlang morfologidjinak hatisa a barlangi levegé
radonkoncentriciéjara
2.a Modellszamitasokkal — kimutattam, hegy a repedésckben kialakulo telitési
radonszintek és a radon exhaldcidja a repedésekbél erdsen fiigg a repedés méreiétdl.
Kis repedésmeéret/légaramlasi sebesség ardnyokndl, " a repedés menti advektiv
radontranszportot erdsen csdkkenti a keresztirdny( diffizio hatdsa [Al, A6] A
szamitasok kovetkeztetéseit a Vass Imre- és a Lamalou-barlangokban folytatott
radonkoncentracio mérések eredményeivel igazoltam. A Vass Imre-barlang egy gyengén
fejlett repedésrendszerrel jellemezheté, a Lamalou karszt, Franciaorszag, pedig egy
erdsen karsztosodott teriilet nagy oldasi tiregekkel és téredezett rétegekkel. A Vass Imre
barlangban felvett radon idésorokra a nagyfokl napi stabilitds a jellemz6 a megfigyelt
erés napi légaramlas valtozasok ellenére. A jelenség a diffuzid erds simitd hatasat
mutatja. Ezzel szemben a Lamalou barlangban, a felszini hémérséklet napi

valtozasainak megfelelden, erds napi radonszint valtozasokat talaltunk [A7].

2.b Vizszintes barlangokban a napi dtlagos radonkoncentracio ugrdsszeriien valtozik a
napi dtlagos felszini hémérséklet figgvényében, egy dimeneti tartomannyal az alacsony
1éli és magas nydri értékek kazot. Mérésekkel ramutattam, hogy az dtmeneti tartomdny
szélessége fiigg a felszinnel kapcsolatban dllo fiiggdleges repedésrendszerek szamatol
[AB]. A Vass Imre-barlangban enneck az dtmeneti tartomdnynak a szélessége 5 °C, az
Abaligeti-barlangban pedig 10 °C. A Vass Imre-barlangban csak egy, a barlang vége
felé elhelyezkedd repedésrendszer taldlhatd. Ezzel szemben az Abaligeti-barlangban
tobb mint egy, jobban fejlett fiiggbleges torészona talalhatd. Az dtmeneti tartomany
szélesedését a repedések szamdanak és méretének fiiggvényében a SzemlShegyi-
barlangban mért adatok is alatamasztjak. Itt a megfigyelt gérbe gyakorlatilag linedris
(lasd 3. dbra [A8]).

3. Légaramlasi utak és mikroklimatikus zonik azonositisa barlangrendszerekben
radonkoncentricié mérések alapjan

3.a Ramutattam, hogy az évszakosan viliakozo irdnyi Iégdramlds kivetkezménye a

karsztos felszineken az évszakosan viltozé radonexhaldcié [A3). Erre a jelenségre a

legmeggy6zobb kisérleti bizonyitékot a Hajnoczy-barlangban és a barlang feletti
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felszinen egy repedésben mért radonszintek elleniitemit valtozasa szolgaltatta (lasd 6.
dbra [A2]). A felszinen magas téli radonkoncentraciot mértiink, de 1€li maximumokat
talaltunk Magyvarorszag szamos més karsztos teriiletén is. A fenti Jelenség magyardzatul

szolgalhat az irodalomban publikalt tovabbi megfigyelésekre is.

3.b Mikroklimatikus zéndk jeleniétét mutattam ki a radon idésorok analizise alapjan. A
Baradla-barlangban ezek a zénak [A5): 1. az aggteleki bejarati szakasz magas nyari ¢s
alacsony téli radonkoncentricié értékekkel; 2. A Libanon-hegy és a vorostoi bejarat
kozti rész id6ben stabil radonszintekkel; valamint a 3. jésvafoi és vorostoi bejaratok
kozotti rész magas téli és alacsony nyari radonszintekkel. A radonkoncentricié mérések
alapjan ramutattam, hogy légkorzés szempontjabél kapesolat van a Baradla barlang és
az alatta elhelyezkedo Rovid-Alsé-barlang kozott. Mikroklimatikus zondk jelenlétét a
tavaszi radonkoncentracié  értékek sikeriilt

szérasanak  kiilonbdzésége alapjan

kimutatnom a Létrasi-Vizes-barlangban is [A2, A9].

4. A felszin alatti Iégaramlisi sebesség meghatirozasa és kapesolata az éves atlagos

radonkoncentricioval

4.a Meghatdroztam a friss kilszini levegé barlangba valé behatoldsdnak terfedési
sebességét és egy vertikdlis barlang térfogatdt a folyamatos radonkoncentrdcic mérések
alapjan. Ez a jelenség vizszintes barlangokban a kiilsé homérsékletnek a barlangi
homérseklet ald valo csokkenésekor, fuggdleges barlangokban az atmoszférikus
légnyomas meredek novekedésekor tapasztalhatd, A detektorok kizitti tavolsagot és a
radonszint esések kozotti idoeltolodasat figyelembe véve a légaramlas sebessége a Vass
Imre barlang féjarata mentén kb. 50 m-h”' [Al, A2]. Mivel a jarat hossza 600 m, ezént
killszini hatdsok 12 o6ra alatt érik el a barlang végpontjat. Ezzel szemben a
Cserszegtomaji-kutbarlangban a kiilszini hatdsok terjedési sebessége a kat aljatél 10-20
m-re csak kb. 2 mh”. Ez az alacsony érték mutatja, hogy a barlang szellézése rossz. A
mérések szerint atlagosan 2 hPa légnyomas emelkedés hatasdra terjed ki a friss levegd
radonkoncentrécio higité hatdsa a bejarati kut teljes térfogatdra. Az idedlis gaztorvény
figyelembevételével a barlang térfogata eszerint kb. 10000 m’, ami egy nagysagrenddel

nagyobb, mint az ismert barlangi jaratok térfogaténak becslésébol szamitott érték.

: vertikdlis termikus gradiensek indukalta konvekcionak tulajdonithatd, a
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4.b Kimutattam, hogy kapcsolat  van a felszin alaiii évi datlagos radonkoncentracio és
felszin alatti légdramldsok erdssége kozon [A2. A8]. A Vass Imre-barlangon ataramlo
levegd mennyiséeét a barlangban talalhaté szifon természetes modon szabalyozza. Ha a
szifon zarva van, nincs mérheté légaramlds a barlangban. A légaramlas természetes
korlatozdsa éves szinten mintegy 30%-os atlagos radonkoncentracid csokkenést okoz.
egyben csokkentve az évszakos radonkoncentracio valtozasok nagysagat. Ez a jelenség
a fedo rétegeken keresztiili légkdrzéssel magyarazhat6 s a periodikusan valtozo aramlasi
feltételek atlagos radonkoncentraciot noveld hatdsat mutatja, A legmélyebb
magyarorszigi fliggleges barlangok (Szepessy, Istvnldpa) mélyén talalt alacsony
radonkoncentricié szintek és a radonkoncentricié szezondlis valtozasainak a hianya
[A3] szintén a fenti jelenségnek tulajdonithat, mivel szelldzés szempontjabol a mély

barlangok altaldban a legzartabbak kozé tartoznak.

5. Radontranszport vizekben

3.a Kimutatiam, hogy a szell5=ési folvamatokon il, esetenként, a barlangi vizfolyasok is
befolydsoljdk a barlangi levegd radonszintjér [Al, A2, A4, A9]. A Létrdsi-Vizes-
barlang mélyebb részein a radonszintek évszakos periodikus valtozisa jelentdsen
modosul, a barlang végpontja felé a periodikus jellege csdkkenése mellett né a tavaszi
értékek szorasa. Ezzel szemben nagy hasonlésag van a barlang végpontjan fakadé egyik
idoszakos forrds vizhozama és a levegbben mérheté radonszint idébeli valtozasai
kozott. Mivel a felszin alatti vizek oldott radontartalma jelentdsen néhet a porozus
kozeteken val¢ athatolasuk sordn, igy a hasonlésag azzal magyarazhatd, hogy a radont
ez az id6szakos patak szallitja a helyszinre.

3.b Egy 270 m mély firt karsstkithan Jolytatott radonkoncentrdcio profil mérése
alapjdn keveredési Jolyamatokat azonositottam a figgéleges vizoszlopban [A4, A10).
Az adatok értelmezéséhez kifejlesztettem egy eljarast, amely kapcsolatot teremt a mért
radonkoncentrcié profil és a mélységfiiged vertikdlis transzportsebesség kozott, Az
eredmény a radonnak a fiiggdleges vizoszlop menti 0.7 m-h” atlagos sebességii felfelé
irdnyuld mozgdsdt jelzi. Megdllapitottam, hogy a megfigyelt nagy vertikdlis sebesség a

geogaz

mikrobuborékok altal gyorsitott radon feldramlas lehetoségét elvetettem. A vertikalis
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keveredés er6s hatasit egy 8,5 m magas modelliornyon (Montpellieri Egvetem,

Franciaorszag) lefolytatott kisérletsorozat is igazolta [A11]. Mivel a 80-as években
Magyarorszagon az urdn kutatis részben a sekélyfirasokban felvett viz alatti
radonkoncentracié profilok értelmezésén alapult, az utdbbi eredmény felhasznalast nyert

a modszer ipari alkalmazésaban.

6. Modszerfejlesztések

6.a Jelentésen hozzdjdrultam a szilicium fotediéddn alapulé Dataqua radonméré eszkoz

kifejlesztéséhez  [A12]. A fotodiéda  alkalmazhatosiganak  otletét terepi
radonkoncentracié mérésekre (alfa részecskék detektalasa tjan) a francia egylttmiik6do
partnereinktdl  (Montpellieri  Egyetem, Hidrogeoldgiai  Tanszék, Montpellier,
Franciaorszag) kaptuk. A miiszer hardwerét és szoftverét a Dataqua Elektronikai Kft.
fejlesztette ki. A méréfej érzékeny térfogatinak tervezését modellszamitasokkal, az
elkésziilt mérofejet a mérdtérfogat és az elektronikus beallitasok valtoztatisaval
kisérletileg teszteltem. A Svéd Nemzeti Sugdrvédelmi Intézet stockholmi referencia
radonkamrdban folytatott méréseim alapjan meghataroztam a miiszer kalibracios
allandéjat, 6,7 cphkaq-m']-h, mely jé egyezésben volt a szamitasaimmal. A Dataqua
markanevii miiszer prototipusat terepi koriilmények kozott a Mecsekuran kft, (Pécs)

munkatarsa, Dr. Virhegyi Andrés tesztelte.

6.b. JelentGsen hozzdjdrultam a radon vékony folidkon belili diffiiziés dllanddjanak
nyomdetektor technikan alapulé mérését szolgdld 1 eljards kifejlesztéséhez [AI3]. A
mérés sordn a vizsgalando foliat egy radonforrds és egy mérbkamra kézé helyezziik.
Kidolgoztam a médszer hatterét képezd modellt, amely leirja a radonkoncentricié
idobeli valtozasat a mérSkamraban a mérendd diffuzids allandd fliggvényében. Az
eljdrds lehetévé teszi a vizsgdlati idok csokkentését néhany orara. A modszer
alkalmazhatésagat  kiillonbozé  vastagsgd  polietilén  folidkkal  laboratoriumi
korlilmények kozou teszteltem. A kapott érték, 7,1*10° em®s”, jol egyezik az
irodalomban publikaltakkal. A kiilénbozé anyagok radonateresztd képessége a radont a
lakasokbol kizar6 szigetelo anyagok iranti igény miatt érdekes. A modszer gyakorlati
alkalmazdsaként megvizsgaltuk néhiny padléburkold

muanyag radondteresztd
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képességetl. Ugy talaltuk, hogy mindegyik anyag 2-3 nagysagrenddel cstkkenheti a

talajeredetil forrashoz kéthetd radonszintet a lakasokban [A13].

6.c JelentGsen hozzdjdrultam a radon polimer/szilikdt ~ gélekben és agyag
szuszpenziokban vald effektiv diffiziés dllanddjanak mérését szolgdlé két rtovébbi
eljdrds kifejlesztéséhez [A16, A17]. Hasonloan az elbbi eljardshoz. a vizsgalandd
anyagot egy radonforras és egy mérokamra kézé helyeztiik. Nyomdetektorokkal mértiik
a radonexpozici6t a'mintdk két oldalan. A mintdn belili diffiziés tSmegtranszportot
numerikus modelleztiik kiilénbz6 mintavastagsag és besugarzasi idék esetére. A
diffiazios dllandot, mint paramétert, a mért expoziciokhoz tartozé legjobban illeszkedd
modellezés eredménye szolgiltatta. A kisérleti elrendezés zdrtsigat Dataqua tipusi
folyamatos radonmérokkel felvett idésorok elemzése alapjan ellenériziem. Az elemzés a
besugdrzdsi  id6  rész-iddintervallumaira meghatdrozott  diffiziés  paraméter
dllandosaganak vizsgilatdn alapult. Ugy talaltuk, hogy a vizsgalt polimer/szilikat gélt
tartalmazo porozus kozegben az effektiv diffuziés dllandé 3,3*10° cm’s”, mig a
Montax/agyag szuszpenziéban 6,0*10° cm®s”. Az eredmények alapjan a tiszta fazishoz
tartozd értékek dsszemérhetdk a pusztan vizes oldatokat jellemzo adattal, ezért az ezeket

az anyagot alkalmazo szigetelési eljardsok nagyon vonzoak lehetnek.

6.d. Jelentdsen hozzdjdarultam a vizmintdk rddium és oldott radon tartalmdanak mérését
szolgdld, nyomdetektor technikan alapuld iij modszer kidolgozdsihoz [A14]. A mérés
sordn a vizmintat egy kis térfogatt, gumimembranba csomagolt radon monitorral egyiitt
egy livegedénybe zdrjuk. A gumimembrin dtengedi a radont de kizirja a vizet a
radonmonitor mérdtérfogatabsl. A vizminta oldott radon és radium tartalmat ket
fiiggetlen méréssel hatdrozzuk meg. Az elsé méréssel a radium és oldott radon egyiittes
koncentricidjat, a mésodik méréssel a radium koncentraciét hatirozzuk meg.
Kidolgoztam a kis térfogatti radon monitor mérétérfogatan belili a radonkoncentrcié
idébeli valtozasat leiro modellt. Az dltalunk hasznalt mérési elrendezésre a Veszprémi
Egyetem Radiokémiai Tanszékén folytatott mérésekkel meghatiaroztam modellben
szerepld kalibracis allando értékét, 24,1 ﬂ}'Om‘Cm‘Efnﬂp-kBq-m‘; [A15], mely jo
egyezésben volt szamitasaimmal. A kidolgozott médszerre jellemz6, hogy semmilyen
elvalasztasi technikdt nem alkalmaz. melyek hasznilata terepi koriilmények kozott
gyakran nehézkes,
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SITE SPECIFIC RADON REGIMES OF CAVE SYSTEMS
J Hakl, | Csige, A Varhegyi”, | Hunyadl; Zs Kenész and G. Géczy*

Institute of Nuclear Research, H-4001 Debrecen, POB. 51, Hungary
*Mecsekuran Ore Mining Ltd., H-7614 Pécs, POB. 65, Hungary
*Eotvos Lorand University, Department of Physical Geography,

H-1083 Budapest, Ludovika Square 2, Hungary

We have measured spatial and temporal variations of Rn concentration in eight,
morphologically and geneuncally different caves in Hungary Our results show, that the
influence of meteorological parameters an radon in caves largely depends on cave
mphology, for horizontal caves surface temperature, for vertical caves barometric pressure

sariatien conuolled dnving forces are domunant Furthermore, at different parts of a
particular cave system there are differences in the way how radon concentration reacts to
changes in control parameters. Based on the patterns of temporal and spatial changes, distinet
microclimatic zones can be delineated, which are characterized by site specific radon regimes

It was observed, that the long term stability of such a microchmatic zones can be influenced

oy changes in the penetrability of the underground void system. Qur measurements further

simitlanities in radon regimes of two. separate caves may indicate possible

conneciion between the two systems

This work was supported by the Hungarian National Scientific Research Fund contracts Nos

T 218338 and T 017560

ORIGIN OF RADIOGENIC HELIUM IN DEEP AQUIFERS AND THE PROBLEM OF
DATING VERY OLD GROUND WATER

D. Pinu®, B. Many®®
2 Graduate School of Earth and Space Science, Osaka University, Osaka 560, Japan

o Centre des Recherches Pétrografiques et Géochimiques, Vandoeuvre-Les-Nancy, France
Ecole Normale Supérieure de Géologie, Nancy Cedex, France

Noble gases, inert elements having 1solopes produced by decay of long-lived radionuchdes,
offer a unique tool for tracing the fluid circulation in deep aquifers and dating very old ground
water in the range of 104-108 a Several works have shown that helium water age, calculated from
the accumulation rate in water of radiogenic 4He produced in the aquifer rocks, 15 frequently higher
than the hydrologic age This discrepancy 15 generally interpreted followiny two contrasted models
1) heterogeneities of aquifers, which allow water stagnation and accumulation of large amounts of
radiogenic 4He or 1) addition of exotic helium from deeper regions such as the continental crust
Resolving uluimately the sources of radiogenic 4He in sedimentary fluids is fundamental for the
correct cahibration of this geochronometer in basin hydrology

[n this contribution, we propose that the apparent contrast between He ages and hvdrologic
ages reflect mixing of different types of waters, having different residence times In the Pans Basin,
northern France, we show, using the helium isotope ratios, that such a mining occurs belween two
different aquifers having constrasted helium contents, each of them being heterogeneous in term of
chemical composition and permeabilities Differences in the radiogenic isotopic 4He/40AT* ratios
between these two aquifers strongly suggest that a significant fraction of 4He 1s produced intemally
in the aquifer rocks, and imply residence umes for ground water much longer ( 1-50 Ma) than those
obtained from hydrologic studles([Ka - IMa) Independent fluid age estimates, based on the water
paleotemperatures al the recharge calculated with the aimosphere-derived noble gases seems

confirm the presence of very old ground waters in the Paris Basin
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SITE SPECIFIC RADON REGIMES OF

CAVE SYSTEMS

J. Hakl, I. Csige, A. Varhegyi', 1. Hunyadi, Zs. Kertész
and G. Géczy2

Institute of Nuclear Research, Debrecen, Hungary
1 - Mecsek Ore Mining Ltd, Pécs, Hungary
2 - Eotvos Lorand University, Dept. of Physical Geography,
Budapest, Hungary

Sopported by: Hungarian National Scientific Research
Fund contract Nos. T 016558, T 017560
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- microclimatic zone : given temporal pattern of external
parameters (air flow = T,,., humidity, Rn ...)
- spatial stability ?
(changes in radon concentration regimes could be explained by

variations in cave climate)

Vass Imre cave - Aggtelek Karst, Hungary (horizontal,

dominated by chimney effect winds)

typical temporal pattern: annual change with summer

maxima and winter minima

<> identify air flow direction

spatial pattern = winter : entrance and 'cave' zone
siphon: closed <> open : is the border unchanged ?

I Rn amplitude change < air flow strenght change
U
the change in the penetrability of the cave system may affect the

microclimatic zonation of the cave= as air flow =

penetrability of external (polluting) effects is changed
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Cave Morphology

Blind end; T,p(<) Flow through, T

.
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Ventillation effect

Rn conc.

\entila tion Flow strength

Blind end systems Flow through system
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I behind siphon phenomenon in winter 1989/90:
NO MINIMUM = possibility of change in the microclimatic

zonation

Baradla cave - Aggtelek Karst, Hungary

annual average: 1 - 5,3 kqu'3

(min) three distinct microclimatic zones:

Aggtelek part (=Styx) : summer max, winter min

Nehéz ut - Vorosto entrance: stable levels with increasing trend

- Retek and Torokmecset branches have no effect on the radon
records -

Vorosto - Josvatfo entrance: summer min, winter max with

increasing trend

Palvolgyi cave

Buda Hills, Hungary

summer maxima, winter minima, monthly averages - T, p?
annual average: 0.7 - 3.1 increses with depth

annual max/min ratio: 1.4 - 15.5 varies with depth

(different patterns of the T driven process)



Rare Gas Geochemistry IV International Conference, 8-10 October, 1997
University of Roma TRE
Rome, Italy

Matyashegyi cave

Buda Hills, Hungary

summer maxima, winter minima, monthly averages - T, p?
annual average: (2.3) 3.2 - 3.8 spatially stable

annual max/min ratio: 1.4 - 2.1 stable

(similar patterns of the T driven process)

? connection between the two caves

Satork6-puszta cave, Hungary
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Létrasi-Vizes cave, Hungary
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Cserszegtomaj well-cave,

Abaliget cave, Hungary

Hungary
4

el :‘,:E"‘ 110

B ; .'{:. ‘ o
L 15

. '=.|;',:.“ =

—_ .':'J.’r
! 1 1 ¥ 'lg"l'l "I'I! , L 0
1010 1020 1030 -10 0 10 20 30

pressure [hPa]

Outside daily mean temperature [°C]

Daily mean Rn act. conc. [kBq - m™]




Rare Gas Geochemistry IV International Conference, 8-10 October, 1997
University of Roma TRE
Rome, Italy

Alba-Regia cave, 24HMA

200
Zeusz - Top, left branch
| i1 l: .| II|| illgi!;il! r.!rl!"h!ii
= Gubanc - Top, right branch
Q
=100
o
C o~
S 0 A
=
O
o :
¢ 100 N
0 1
Koch - Bottom
100
i [ T
L LAY i x : r_\\‘;?'_]. vl
O |

960101 970101

980101




Rare Gas Geochemistry IV International Conference, 8-10 October, 1997
University of Roma TRE
Rome, Italy

Cserszegtomaj well cave, 1994-96
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Cserszegtomaj well cave, 1994-96
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