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INTRODUCTION
Radon, 222Rn, is an inert radioactive gas which arises from decay of  226Ra and

ultimately from 238U. These parent elements are ubiquitous in the crust of the earth, although
with very various concentrations. It has been recognized that Rn gas can accumulate in
homes, sometimes to levels that can exceed occupational standards for mines.  Enhanced
concentrations of indoor radon and its also� -emitting progeny 214Po and 218Po can increase
the risk of pulmonary diseases, that was first observed still among underground miners (ICRP,
1987; Lubin et al., 1990; Gilliland et al., 2000). Because of the uncertainty inherent in
extrapolating risks from studies of miners to the general population, epidemiological studies
have been undertaken to confirm the presumed harm (carcinogenesis) of indoor radon (
Stidley and Samet, 1993; Cohen, 1995).  

We undertook so called ecologic and case-control studies for inhabitants of the
Osijek town (East Croatia, a hundred thousand citizens) to investigate an association between
indoor radon exposure and lung cancer rate; some results showed a positive linear regression
for the mentioned variables, although the correlation coefficient was not statistically
significant, or statistical samples were not large enough (Planinić et al., 2002; further
investigation is going on). 

A particular problem was to determine indoor radon concentrations with a satisfied
precision (that reduces sample size), as well as to find a cause of their variation. 

MATERIAL AND METHODS
Instantaneous equilibrium equivalent concentration of radon in air (cEEC) was

measured with the Sarad Radon Monitor EQF ( Sarad Nuclear Instruments, Germany) that
processed the radon progeny alpha emitters. The relation between radon concentration (c) in
air and equilibrium equivalent concentration of radon is as follows: cEEC/c = F , where the
equilibrium factor, F, is about 0.5 usually.      

Indoor radon was mainly measured in bedroom, and the measurements with the
Sarad detector were performed under worst conditions, i.e. in room that has been closed fore
hours before measurements (so we tried to equalize atmosphere conditions in dwellings for
entire year).      

Average radon concentrations for a day were measured with a Radhome silicon
detector (CEA, France) that operated in a regimen to 100 impulses, where an impulse
corresponded to 50 Bq m-3.

Continuous measurements of radon and its alpha emitter progeny in the air were
performed by means of the passive track etching method with the LR-115 film, type II
(Kodak-Pathé, France). The cylindrical detector cup, covered with a paper filter, or diffusion
detector, registers tracks of alpha particles, emitted by radon, while radon daughters do not



pass through the semipermeable membrane (filter). The open LR-115 detector registers the
total number of alpha particles of radon and its short-lived progeny. The measurement method
with the diffusion and open detectors enables determination radon concentration as well as the
equilibrium factor for radon and its progeny in air. 

The LR-115 detectors were exposed for two months, and then etched in 10 % NaOH
aqueous solution at 60 oC (333 K) for 120 min. Afterwards the detector tracks were counted
visually using a microscope of 10x16 magnification. The sensitivity coefficient of the
diffusion detector was 33 Bq m-3/ tr cm-2 d-1 (Planinić et al., 1999). 

Radon concentration in soil gas was measured by means of the special radon
detector with LR-115 nuclear track film (constructed particularly for radon emanation
measurement) which was placed 0.5 m deep in soil during a week (Planinić et al. 2001).  

RESULTS AND DISCUSSION
In order to prepare a radon map of Osijek, systematic radon measurements were

undertaken in Osijek’s dwellings. Using the town map with square fields of 1x1 km2, the town
was divided into 24 fields, and about ten houses were chosen at random from every field by
which the radon concentration on the ground (AmEng. – first) floor predominantly was
measured. There were all together 260 indoor radon measurements; about 60 % of them were
carried out by the Sarad detector and the rest by the LR-115 and Radhome detectors. The
arithmetic mean value of all the measurements of indoor radon concentration was ci,m = 75.8
Bq m-3 and standard deviation � i = 29.1 Bq m-3 ; the highest single radon concentration was
190 Bq m-3. Distribution of indoor radon concentration means (ci) on fields in the Osijek town
map is presented in Figure 1. 

Means of the indoor radon concentration on fields had the values from 42 to 130
Bq m-3 and it was evident that the highest radon concentrations were in fields VIII, XIV, XV,
XVI and XVII, those were neighboring fields and situated in the Osijek down town
(neighboring town quarters Tvrdja and Gornji grad in the middle town area). Since, we
supposed that the geological soil structure (contents of the uranium and radium, as well as soil
porosity) was significantly different in the middle town area from the other parts of the town. 

Therefore, we undertook systematic radon measurement in the soil of Osijek. Of
course, we used the same map fields as units of the distribution as above and carried out two
radon measurement (at two different locations) in soil of the every field. Obtained mean
values of the radon concentrations in soil gas (cs) on the fields are given in Figure 1 as
numbers in parenthesis, in units of kBq m-3.   



Figure 1 – Distribution of indoor radon concentration means (ci / Bq m-3) on fields 
of the Osijek map; numbers in parenthesis denote radon concentration in soil 
(cs / kBq m-3), but Roman numbers are the ordinal numbers of the map fields.

The arithmetic mean of all the radon measurements in soil of Osijek was cs,m = 26.3
kBq m-3  (for the 38 radon measurements, or different locations, or 19 observed fields by two
independent measurements) and standard deviation was � s = 6.3 kBq m-3 .

Comparing soil radon concentrations mutual on fields, one can see again that the
highest radon values were in the middle town area, alike the mentioned indoor radon. Of
course, it had to be examined by a statistical method, or correlation.

For the 19 pair values of the ci , cs of several fields, presented in Figure 1, the
correlation coefficient was r = 0.62, well positive and significant, as showed the test with
Kendall’s variable (t = r(n-2)1/2/(1-r2)1/2 = 4.2 , for n = 19 pairs; the limiting theoretical value
of the Student’s variable was to = 2.1 , for the significance level of 0.05 and (n-2) = 17
degrees of freedom; thus: t > to ; Chase and Bown, 1997). 

Thus we were able to conclude that radon concentrations in homes and soil of Osijek
were associated, that was not in reality a new idea (the main indoor radon source is in soil),
but herby the statement was experimentally examined and statistically confirmed. 

Namely, the mentioned statement was an important proposal by epidemiological
investigation about radon and applying ecological study, when we take an average radon
exposure for all the people living in a town quarter or map field (unit). 

More about experiments radon measurements in soil: practically all the radon
measurements were carried out simultaneously for one or two weeks, that was an important
experimental condition considering significant temporal variations of radon concentration in



soil gas, depending on meteorological parameters, as barometric pressure, rainfall, and others
(Planinić etal., 2001). Influence of the meteorological factors was recognized as appearing
deterministic chaos by temporal radon variations in soil; for two years of continuous radon
measurement, we calculated the Lyapunov exponent that had a positive value  (0.176;
Cuculeanu and Lupu, 2001).     

By epidemiological investigation of indoor radon influence on pulmonary disease
incidence, and case-control study, we measured radon concentration in homes of diseased
persons (that was a case sample), as well as in homes of a control sample (with random
locations). For the 64 indoor radon concentrations (measured by the Sarad detector, since they
were equilibrium equivalent concentrations of radon, cEEC) of the control sample, we formed a
distribution of the number of homes, or empirical frequencies (f), on classes of radon
concentration (with the class width of 10 Bq m-3 and class mean, ce), as presented in Figure 2.        
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Figure 2 – Frequency polygon for distribution of the empirical frequencies (f, 
number of homes) on radon concentrations (class mean, ce) and curve of theoretical
frequencies (ft), fitted on the log-normal distribution (full line). 
   

Frequency distribution of the control group (sample) on indoor radon concentrations
has been compared to the theoretical log-normal distribution by applying the � 2-test;
differences between the fitted theoretical frequencies (ft) and empirical ones (f) gave the



statistical parameter value as follows: � 2= �
�

t

t

f
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= 0.056 , but the limiting theoretical

value was 8.72
05.0 �� ,  for the 3 degrees of freedom and significance level of  0.05 (in

accordance with the �  - distribution). Since  � 2 < 2
05.0� , we concluded that the empirical

frequencies of the control group were distributed to the log-normal distribution; also one can
say that the empirical frequency distribution of radon concentrations in houses of the Osijek
town belongs to the log-normal distribution.          

Meanwhile, another � 2-test showed that the frequency distribution of the case group
on indoor radon concentrations did not obeyed the function of the log-normal distribution.
Also, the arithmetic mean of the radon concentrations of the case group (52.8 Bq m-3) was
significantly different (in accordance with the t-test) from the one of the control group. 

CONCLUSION
In order to investigate a possible association between radon exposure and pulmonary

disease incidence, the town Osijek was divided into 24 square fields of 1x1 km2 and
systematic indoor radon measurements were carried out. In the five neighboring fields of the
middle town area, the average indoor radon concentrations had the highest values, that was
ascribed to a geological structure of soil. Such the supposition was proved experimentally by
means of radon measurements in soil on all the observed town fields. Because the calculating
linear correlation between the indoor radon means on fields and soil radon gave a significant
positive coefficient of correlation, we were able statistically to conclude on association of
radon concentrations in homes and soil, or enhanced indoor radon level in the middle town
area was caused by higher radon concentrations in the soil gas.          

The distribution of number of homes on radon concentrations for a random sample
was obeyed the function of the log-normal distribution.  
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