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Survey of radon in dwellings in area strongly affected by mining
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Abstract. Due to the Decree of the President of Polish Atomic Energy Agency [21], the permissible
level of radon concentration in new houses is 200 Bq/m3, while in existing houses -400 Bq/m3. This
Decree is valid since January 1, 1998. Till now, radon investigations in Poland were done on a small
scale. Therefore Central Mining Institute started at first screening campaign and later long term
measurements of radon concentrations were done in area of Upper Silesia. Usually measurements of
radon concentration in dwellings are performed at two stages. On the first stage, a screening is made
by means of short term methods of radon measurement, like activated charcoal canisters or grab
sampling to find places with elevated radon risk. On the second stage a long term measurements have
been done in dwellings chosen during screening campaign.The method of the radon measurement by
means of charcoal canisters was developed in our Laboratory in early 90's. We designed our own
detectors with the activated charcoal, after the exposure radon from the charcoal is washed out with
toluene-based liquid scintillator and measured in the liquid scintillation counter. The reliability of the
results was proved in many intercomparison runs. For long term radon measurements the method of
track etched detectors was applied. As a detector the LR-115 strippable foil was chosen and as a
reader the spark counter was applied. As predicted, the highest values in dwellings were found at the
ground floor level in several towns in northern part of Upper Silesia. All these sites are situated in
area without an overburden of impermeable Miocene clays. Moreover, these towns are located within
a specific geological structure, known as Bytom Syncline. In the underlying strata, the dominant rocks
are Triassic, strongly weathered formations, in form of carbonates. We supposed, that the influence of
geology would be intensified by coal mining. The presence of abandoned workings, excavations and
cavities on shallow depths should enable easy migration of radon gas and its penetration into houses.
Moreover numerous faults and other tectonic dislocations occur in this area. Also tremors, caused
with underground excavation, might increase radon exhalation.

1. Introduction

In 1975 Price, Fleisher and Walker [1] discovered a possibility of application of solid
state nuclear track detector (SSNTD) for measurements of radon gas concentration in air.
Since that time track detectors have a very wide applications in the radiological protection,
geology, geophysics, biology, medicine, environmental protection etc. The application of the
track detectors for measurements of radon concentration in dwellings is very common. A long
time of exposure assures proper assessment of the average radon concentration and finally a
calculation of the dose.

Upper Silesia, situated in southern part of Poland, is an industrial area, where over 50
coal mines are located as well as a couple of shallow lead and zinc mines. Geological
structure of this area is very complicated [2]. In the southern part of the coal basin, the
carboniferous strata are covered by thick layers of Miocene clays. In the north the
carboniferous strata are covered by permeable limestone and Quaternary deposits. There are
also numerous outcrops of coal strata. Such structure enables easy migration of gases.

Preliminary monitoring of radon concentrations in buildings in the Upper Silesian Coal
Basin have been performed by Central Mining Institute in years 1993-1994. These
measurements were carried out with use of activated charcoal detectors and liquid scintillator
counter [3, 8]. During "screening" measurements we found that radon concentrations in
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buildings were in range between 7 Bq/m up to 360 Bq/m . It was observed that radon
concentrations in northern part of Coal Basin are higher than in the southern part.

As we needed a method for the long term measurements therefore a track detectors
technique was implemented in our laboratory. We decided to use spark counting method
because of it's relative simplicity. After implementation of this technique in our laboratory, in
some of the dwellings, in which the screening procedure was applied, long term
measurements of radon concentration by means of track etched detectors were done in period
1995-1996. Results were described earlier [18] — we found a good agreement with screening
method what confirmed some of our preliminary conclusions.

Finally, we started another field campaign of radon measurements in dwellings in
Upper Silesia in 1998 and the survey is still in progress. Till now we found no dwellings, in
which radon concentration in habitable rooms were higher than 400 Bq/m3. In several cases
slightly elevated radon concentration was measured, but mainly in cellars. Results, achieved
during the extended radon survey are described in this paper.

2. Investigation site

Geological structure
Upper Silesia, situated in the south of Poland is characterised by a very complicated

and differentiated geological structure with numerous faults and other tectonic dislocations
[2]. Moreover, Upper Silesia is an industrial region where over 50 coal and zinc and lead ore
mines are located. The area is strongly affected by geodynamic events caused by mining.
Numerous mining excavations and workings are quite close to the ground surface. According
to Mennin [4] and Ball [5], radon indoor concentration is correlated with geological structure
of investigated area. The southern and western Silesia is characterised by thick strata of
sediments covering carboniferous formation. This overlay consists mainly of Miocene clays
and silts. The thickness of this sediments is up to 700 m. Such strata makes the migration of
water and gases almost impossible. In northern part of Silesia Miocene sediments do not
occur. Carboniferous strata are covered by Mesozoic and Quaternary slightly compacted
sands, gravel, sandstone. The oldest formation of this area form isolated sediments of Permian
or Triassic limestone strongly fissured. There are numerous outcrops of coal seams. These
formations enable very easy migration of water and gases.

Methods of investigation
During preliminary investigations, measurements of radon concentration in dwellings

were performed at two stages. On the first stage, a screening was done, by means of short term
methods of radon measurement, like activated charcoal canisters, grab sampling to find places
with elevated radon risk. On the second stage a long term measurements have been done in
dwellings chosen during screening campaign.

During current campaign, only track detectors are in use.

The method of the radon measurement by means of charcoal canisters was developed
in our Laboratory in 1993-1994. We designed our own detectors — 5 grams of the activated
charcoal is placed in the scintillation vial, after the exposure radon from the charcoal is
washed out with toluene-based liquid scintillator [8]. Measurements are done in the liquid
scintillation counter. The reliability of the results was proved in many intercomparison runs.

Later, we started to implement in our laboratory a method of track etched detectors,
due to the fact that a decree of the President of the Polish Atomic Energy Agency was issued,
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concerning requirements for methods of measurement of indoor radon in dwellings. As a
detector the foil LR-115 strippable from Kodak was chosen. It enables the detection of alpha
particles with energy in a range from 0.1 MeV to 6 MeV. As a reader of tracks after chemical
etching the spark counter was applied (from Italian MI.AM company).

Radon chamber
Our chamber was built of stainless steel sheets, and internal dimensions are:

3.7x1.6x1.8 m, so a volume of the chamber is equal to 7.25 m3. The system of airlocks and
valves ensures the leak-proof of the chamber and a stability of the conditions inside the
chamber [7]. Additionally, in the chamber are placed two fans and outside the chamber is
located a source of water aerosols. As a reference instrument, ratemeter AB-5 from PYLON is
used.

Radon sources
Because of the need of a reference atmosphere for the proper calibration of track

detectors two flow through sources of radon and thoron were bought from PYLON. Certified
radon source (222Rn) has the activity 256 kBq [Certificate RN-1025, 1992], while the thoron
source (220Rn) based on 228Th had the initial activity 285 kBq [Certificate TH-1025, 1992].
Application of the flow through radon source in the chamber gives a possibility to reach the
maximum concentration of 222Rn of about 35 kBq/m3.

3. Experimental section

Calibration of the track etched detectors

Before the application of the SSNTD for measurements in dwellings, it was necessary
to gain some experience of the etching procedure, which is the key problem in handling of
track detectors. Moreover, the calibration procedure of the detectors must be performed
repeatedly, until we would rely on the results of measurements.

Accordingly with the instruction of the foil's producer (Kodak) all types of LR 115
foils should be etched in 10% (2.5N) solution of NaOH. The desired temperature of the
etching solution is 60°C and a time of the etching within the range 75-90 minutes. The
optimal time should be chosen experimentally, depending on the different conditions like:
geometry of the bath, number and total surface of etched foils, the temperature in the
laboratory and so on [9]. At first the etching was done during period of 90 minutes but results
of the read-out of detectors weren't stable. Therefore we exposed in radon chamber one big
sheet of foil and later the analysis of the readout results for the stripes of foil etched in
different time periods was done.

We found that for the time of etching between 120-130 minutes a kind of a plateau
existed on the calibration curve. Therefore for the routine measurements the time of etching
was set as 120 minutes. The calibration factor, calculated on the basis of results from this
series was equal ~1.3 kBq*h/m3*track. Even slightly longer time of etching than 120 minutes,
didn't affected this value too much.

To ensure a good quality of radon measurements in dwellings, several calibration runs
were performed in the radon chamber. As the diffusion chambers, in which detectors are
placed, typical cups used for medical purposes (transparent polyethylene containers with a
polyethylene lid). The average calibration factor, calculated from the results of these
calibration runs was equal ~1.44 kBq*h/m3*track.
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4. Results of the field campaigns

Preliminary investigations

Preliminary investigations were performed in 1996 and 1997. Several dwellings were
chosen for measurements, mainly those, in which in previous years screening measurements
were made and elevated radon concentrations were found. The exposure time of track etched
detectors was three or four months. We requested the owners to put detectors into the cellars
and rooms on the ground floor (in each point two track detectors). Additionally, during that
time, charcoal canisters for the short term measurements were used twice.

Within the frame of screening measurements, we have made slightly more than 200
measurements in 100 dwellings. The highest measured radon concentration was 362 Bq/m3.
The lowest concentration was 8 Bq/m3, the arithmetic mean value was 56 Bq/m3. The results
obtained in cellars were higher than in the living areas in the same house. The highest result
obtained in cellar was 679 Bq/m3, while the average radon concentration in cellars was
calculated as 81 Bq/m3.

In the vicinity of several houses with the highest radon indoor concentration we
performed measurements of radon in soil gas. Radon concentration measured in soil gas
varied from 150 up to 45000 Bq/m3.

Results of screening measurements showed a big difference between radon levels
during summer and autumn. On the other hand, results of integrating measurements,
performed with track detectors, could be stated in most cases as a good approximation of the
average value for this period. The highest radon concentration, measured by track detectors,
was as high as 66 Bq/m3. The maximum permissible level of radon concentration in dwellings
in Poland is 200 Bq/m3, so there is no exceeds of this value in examined houses. Nonetheless,
the highest radon concentration in cellars was 679 Bq/m3.

Extended measurements

New radon campaign in Upper Silesia was started in autumn 1998. We wanted to
measure radon concentrations in dwellings during winter, when radon level was usually
higher. We chose few hundred dwellings for measurements, laying into different parts of
Silesian Coal Basin. Typical time of the exposure was three months. In all cases detectors
were placed in bedrooms, located at the ground floor and in cellars — two duplicate detectors
at each sampling site. Another set of measurements was started in spring 1999, and is still in
progress.

After a first set of exposures we retrieved detectors from of about 300 dwellings.
These dwellings were located in different parts of the coal basin. Of about 100 dwellings were
chosen in the southern part of the basin, and approximately 200 dwellings in the northern part.
Results show a significant difference between both parts. The average concentration in the
southern part is lower than the corresponding value in the northern part. Similar dependence
was observed for the highest and lowest values. Only in few dwellings in the southern part
slightly elevated radon values were found. In table 1 average values of radon concentration as
well as maximum and minimum values are quoted.

Good correlation between elevated radon concentrations in dwellings and in cellars have been
observed. But in several cases, mainly during spring/summer measurements, we found in
basements lower concentrations as in dwelling. It was mainly due to better ventilation of
cellars during hot days.
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Table 1. Results of long term radon survey

Average value [Bq/m3}
Maximum value [Bq/m3]
Minimum value [Bq/m3]
Number of measurements

Northern part
45
267
10
200

Southernpart
27
125
5
100

Whole area
39
267
5
300

Assessment of dose equivalent for inhabitants

On the basis of the results of long term radon measurements the assessment of the dose
equivalent was done for the inhabitants. Due to reports of UNSCEAR 1986 [10] and NCRP
1987 [11] the equilibrium factor between radon and progeny in dwelling F is equal 0.4 for our
climatic zone. But in ICRP report [12] equilibrium factor in dwellings was set at level 0.5,
which value is in agreement with the Decree of the President of Polish Atomic Energy Agency
[13], concerning dose limits for ionising radiation and issued in 1995. Moreover, recent
publication from the investigations made in Slovakia [14], shows that the value of the average
equilibrium factor in schools there is 0.46-0.48. Therefore we decided to apply the
equilibrium factor equal F=0.5.

Calculations of the potential alpha energy concentration Ca were done accordingly to
the following equation:

Ca = 0.00059 CA + 0.00290 CB + 0.00213 C c [|iJ/m3]

where CA, CC, CC are concentrations of particular radon daughter products and for F=0.5. For
instance, if radon concentration is equal 100 Bq/m3, then Ca = 0.28 uJ/m3 [15]. Later annual
dose equivalents were calculated, taking into account the following equation from Basic
Safety Standards [16]:

Ha = 0.001 l*Ca*t
where: 0.0011 - coefficient set in Basic Safety Standards

Ha - annual dose equivalent, mSv
Ca - concentration of radon progeny in the dwelling, uJ/m3

t - occupancy time, 16 hours per day, 5840 hours/year.

Such assessment of the dose equivalents gives results within the range from 0.2 to 4.4
mSv per year. The average annual dose equivalent for whole area of Upper Silesia is roughly
of about 0.7 mSv. Slightly different average values have been obtained for southern and
northern parts of the Silesian Coal Basin - in the southern part the average dose equivalent
was calculated as 0.5 mSv, while in the northern part - 0.8 mSv per year.

In comparison, investigations done by Jagielak and co-workers [17] give an average
value of the annual dose equivalent from radon in Poland at level 1.7 mSv. Preliminary results
of screening, quoted earlier, gave in average the similar value. Our results of long term
measurements are two times lower. Of course, some of our measurements were done during
spring and summer, so higher values of dose might be predicted on the particular areas of
Silesia. Therefore short term measurements will be used for the searching of areas with
potential radon risk and later long term measurement will be done to assess the real dose
equivalent.
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Influence of the geological structure and underground mining

More detail analysis of geological structure of sites, where highest concentrations oh
radon indoor and in soil gas were measured, have been done.

The highest concentration of radon were measured in area of occurrence of Triassic
sediments filling synclinal forms of northern and eastern part of Coal Basin. This strata are
formed mainly by dolomites and limestone. Triassic formation is strongly weathered with
many fissures and caves being good way for migration of water and gases. Directly under thin
layer of the soil (0.3-1.0 m) strongly weathered Triassic strata occur. Quaternary cover near
investigated houses is reduced, Tertiary sediments do not occur. Beneath dolomites and
limestone layer there is not isolating shale or clay layers. Under Triassic rocks with thickness
up to 100 m carboniferous strata occur in which the exploitation of coal beds have been
performed.

High concentrations of radon were also measured in places with different geological
profile. In the area where structural deformations are present in a big number, carboniferous
strata often occur under thin layer of Quaternary or directly on the surface in form of outcrops.
These sites were being intensively exploited by small scale mining up to late 40's. Because of
intensive exploitation the structure of bedrock were destroyed, cracked and fissured.
Numerous of abandon workings and excavations are present just several meters beneath the
surface. The excavations are backfield with different fillings such sand, waste-rocks, ash from
power stations.

We predicted, that such transformations in bedrock caused by mining activity should
enable very easy migrations of gases (radon, methane, CO2) [19] and their penetration into
houses. During screening measurements we found in several cases the enhanced exhalation of
radon from the ground. But generally, results of extended survey don't prove our assumptions
— only minor correlation between underground mining and elevated radon levels in dwellings
were found. Possible explanation of that phenomenon is as follows. Enhanced exhalation of
radon from underground abandoned working is more likely to be short term event, as a result
of tremors or changes of the atmospheric pressure. Therefore during short term measurements,
made by charcoal canisters, we were able to encounter such sudden releases.

The final conclusion can be drawn, that the most important factor, affected radon exhalation
from the ground, is just a geological structure of the strata.

5. Summary

The method of radon measurements by means of track etched detectors LR-115 have
been applied for long term investigations in dwellings on the area of the Upper Silesian Coal
Basin.

Typical value of the annual dose equivalent from radon in Poland is at level 1.7 mSv.
Our results of screening showed lower values, of about 0.7 mSv in average.

The influence of the geology structure of the Coal Basin on the radon level in
dwellings is very important. Houses with highest indoor level concentrations are situated in
northern part of Upper Silesia, where Miocene impermeable clay-silt cover do not occur. On
this area dwellings are built on strongly fissured limestone or dolomites. In southern part of
Silesia, where thick strata of isolating Miocene deposits occur, radon concentrations are
lower. The influence of geology may be intensified by coal mines activity, but only on a small
scale. Moreover numerous faults and other tectonic dislocations occur in this area.
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The results of investigations allowed to characterise geological structure of regions
where high concentration of radon can be expected:
- strongly weathered limestone-dolomite formations with numerous fissures, caverns and
debris, covered with thin layer of soil
- outcrops of carboniferous strata with exploited coal beds under thin layer of soil and reduced
Quaternary.

Carbonates, very common in bedrock in this area, are usually strongly weathered and a
lot of fissures and emptiness can be found in rock body. Therefore easy migration of radon in
soil gas is possible and high exhalation rates are predicted.

Additional factor, which enables easy migration of radon into buildings, is a high
permeability of the soil and underlying Quaternary layers. Also mining activity in the past
caused, that remains of old galleries and caverns at shallow depths can be stated as an extra
source of radon Moreover seismic events, induced by mining activity, lead to the increase of
emission of different gases, among them radon, from the ground.

The subsidence of the surface in area affected by mining, leads to smaller and bigger
damages of buildings. Another reason of enhanced radon risk are fissures and cracks in walls
- the easiest pathways of radon migration into buildings.

We would like to recognise this problem better, so further investigations are in
progress.
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