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AN INVESTIGATION OF FACTORS INFLUENCING INDOOR RADON
CONCENTRATIONS

B. Majborn, A. Sorensen, S.P. Nielsen and L. Better-Jensen

Abstract. Variations in indoor radon concentrations and some
influencing tactors have been studied during a two-year pericd
(1986-1987) in 16 almost identical single-family houses. The
annual average radon concentration in the houses varied from
about 50 to about 400 Bg/m3. variations in soil characteri-
stics and radon concentration in soil gas could not be directly
related to the variations of the average indoor radon concen-
trations. Most of the houses showed a "normal" seasonal
variation of the radon concentration with a maximum in the
winter and minimum in the summer. A deviating seasonal varia-
tion was found in three of the houses. Hourly data obtained
in one unoccupied house during a period of 2-1/2 months
showed no or only weak correlations between the indoor radon
concentration and meteorological factors., However, for most
of the houses, the seasonal variation of the indoor radon
concentration was well correlated with the average indoor-
outdoor temperature difterence on a 2-month basis. It was
demonstrated that the radon conceniration can be strongly
reduced in the Riss houses if a district-heating duct, which
is connected to all the houses, is ventilated, so that a
slightly lowered pressu~e 18 maintained in the duct.
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1. Introduction and summary

A recent survey of natural radiation in a representative sample
of Danish dwellings has shown that the distribution of the
annual average rajdon concentration can be described by two
log-normal distributions, one for single-family houses and the
other for apartments (U187). For the single-family houses the
distribution has a median of 52 Bg/m3 and a standard deviation
of 2.0, whereas for the apartments these numbers are 18 Bg/m3
and 1.4 respectively. These results are in general agreement
with previous observations (S285). For most of the single-
family houses, the main source of radon is the soil below the
house. Significant differences between the distributions of
radon concentrations in single-family houses were found based on
a classification of the subsoil. For areas characterised by
mainly moraine clay the geometrical mean value is 58 Bg/m3
compared to 39 Bg/m3 for the rest of the country, characterised
by mainly sand and gravel (U187).

The object of the investigations repcrted here is a cluster of
16 almost identical single-family houses built in 1956/57 as
dwellings for Ris? employees. The site of *he houses forms
an area of about 150 m by 300 m, and the subsoil is mainly
moraine clay. Even though 14 of the houses have identical base
constructions (slab on grade), the annual average radon concen-
trations in these houses vary from about 50 to about 400 Bq/m3.
5 of the 16 houzes (i.e. 31%) have an anaual average radon con-
centration above 200 Bg/m3. In comparison, only about 3% of all
single~family houses in Denmark have a. annual average radon
concentration above 200 Bq/in3, according to the natinnal survey
(U187). In view of the varying radon 1levels in the 16 Rise
houses, and in view of the relatively h:gh radon concentra-
tions in these houses (i.e. high on a pDanish scale), it was
decided to use the houses in an investigation of some of the
factors that influence indoor radon ¢nncentrations.



The investigations comprised:

1.

2.

A character.sation of the subscil at a number of locations
on the site.

Measurements of the radon concentration in the soil gas
at a number ot locations.

Integrating measurements of radon in the 1living-room and
in a bedroom of all the houses on a 2-month basis for two
full years (1986 and 1987).

Continuous measurements of a number of physical quantities
inside and just outside one house for a period of about 2-1/2
months (April - June 1986) when the house was unoccuplied. The
measured quantities were: the radon concentration in the
living-room, in a bedroom and in a district heating duct,
the radon exhalation from the soil surface just outside the
house, the radon concentration outdoors, the temperature
indoors and outdoors, the outdoor atmospheric pressure, and
the outdoor-indoor ditterential pressure. In addition, the
air-exchange rate was measured a number of times during the
period.

Continuous measurements of the radon concentration in 5 of
the houses for a period of about 2-1/2 months (March-May 1987).
Investigations of the etfect of maintaining a slightly
lowered pressure in a district-heating duct which is connec-
ted to all the houses.

The main results and conclusions can be summarized as follows:

1.

The soil in the investigated area is mainly composed of
moraine clay. However, deposits with a more mixed and perme-
able composition were tound in part of the area. 92 samp-
les of soil from the bore holes showed radon emanations vary-
ing from 4 to 17 .adon atoms<kg~le.s~1, Neither the soil samp-
les nor the measurements carried out in the bore holes indi-
cated the presence in the area of any layers with an un-
usually high radon emanation. Grab samples of so1. gas taken
at a depth of 50 cm at various locations within the area
showed radon concentrations ranging from 4 to 82 kBq/w3.
The results of the s0il investigations could not be directly
related to the variations of the average indoor radon concen-



trations. However, the measured radon concentrations in soil
gas did demonstrate that the soil in the area has the poten-
tial of acting as a source of relatively high indoor radon
levels.

The integrating radon measurements showed annual average
radon concentrations ranging from 57 to 407 Bg/m3 in the
living-rooms and 38 to 354 Bg/m3 in the bedrooms. Most of
the houses showed a "normal” seasonal variation of the radon
concentration with a maximum in the winter and minimum in the
summer. A deviating seasonal variation was found in three of
the houses. Two of these have a foundation which differs
from that of the other houses. In the five houses, where con-
tinuous radon measurements were made, the average diurnal
variation of the radon concentration showed a max' um in the
morning. The hourly data obtained in one unoccupied house
during a period of 2-1/2 months showed no or only weak cor-
relations between the indoor radon concentrations and meteo-
rological factors. However, for most of the houses, the sea-
sonal variations of the indoor radon concentrations were
well correlated with the average indoor-outdoor temperature
difference on a 2-month basis. This, ani the observed diurnal
variations of the indoor radon concentrations, indicate that
pressure-difference-driven flow of soil gas into the houses
is the predominant mechanism of radon entry.

It has been demonstrated that the radon concentration can be
strongly reduced in the Rise houses if the district-heating
duct is ventilated, so that a slightly lowered pressure is
maintained in the duct.



2. Characteristics of site and houses

2.1. The site

The houses are situated next to Rise National Laboratory at the
eastern shore of Roskilde Fjord. A plan of the site is shown
in figure 2.1. The site is about 150 metres wide and 300 metres
long. The ground level is between 15 and 19 metres above sea
level. A small ground water pocket was found in the highest part
of the site.

Figure 2.1. Plan of the site of the Ris® houses



The area consists of glacial deposits on the underlying 1lime
stone. The soil is characterized by quartevnary moraine clay
mixed with deposits of sand, gravel and small stones.

2.2. The houses

The houses are single-family houses built of bricks. They are
all of the slab-on-grade type except the two northernmost
houses, which have a crawl space (no. 43) and a crawl space
and partly a cellar (no. 41). The other houses differ only in
length, having one chamber more or less. An important feature
is a district-heating duct which is extended into each house,
where it proceeds circumferentially along the outer walls as an
integrated part of the foundation.

Pigure 2.2 shows a plan of the typical Rise house and figure 2.3
shows the cross section. The coarse concrete slab is covered
with a layer of tarred felt, which is glued together to form
a moisture barrier. The tarred felt is placed both underneath
and above the district-heating duct.

The airing of the houses tzkes place by natural ventilation
through air ducts in the kitchen and in the bathroom.
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3. Methods

3.1. Soil investigations

The soil investigations are described in Appendix I.

3.2. Measurements of radon in soil gas

Radon in soil gas was measured either by grab sampling or by
integrating measurements using the passive radon dosemeter
described in section 3.3.

The grab samples were taken at a depth of 50 cm below the ground

surface by sucking soil gas through a tube with an inner diameter
of 13 mm into scintillation flasks.

3.3. Passive radon dosemeter

Integrating radon measurements were made with a passive dose-
meter designed to measure radon as well as external radiation
(Se85, Mag6). It is a closed cup dosemeter. The sensitive
elements are CR-39 track detectors tor the measurement of radon
and thermoluminescence dosemeters (TLDs) for the measurement
of external radiation.

The components of the dosemeter are shown in Fig. 3.1. The
cup 18 a plastic container, 7.5 cm in diameter and 5.5 cm high
(outer dimensions)., It is provided with a perforated 1id and
a glass-tibre tilter. This combination results in a characte-
ristic diffusion time (A~1) of about 10 min for the diffusion
of radon into or out of the cup. The TLD unit is sealed into
a plastic envelope and taped onto a cardboard disc, which is
placed in the bottom of the cup. Another cardboard disc, holding
the CR-39 detector, 1is placed on top of the TLD package. The
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- Figure 3.1. The components of the passive radon dosemeter
1. Plastic cup 4, CR-39 track detector
2. Perforated 1id 5. TL detector unit

3. Glass~-fibre filter

diameter of the upper cardboard disc is slightly greater than
the inner diameter of the lower part of the cup, so that a €irm
press fitting is obtained. In the present work only radon was
measured, so TLDs were not included in the dosemeter.

Track counting is performed manually using a microscope or
semi-auntomatically using an image analy3is system.

The performance of the dosemeter was tested in the second
CEC radon dosimetry intercomparison in 1984 (Mi86) and again
in the thirdA CEC radon dosimetry intercomparison in 1987. In
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the 1984-intercomparison, the exposure estimates obtained with
3 groups of 10 dosemeters each deviated 4-9% from the nominal
exposures, with standard deviations of 9-21%. In the 1987-
intercomparison, the exposure estimates obtained with 4 groups
of 10 dosemeters each deviated 3-6% from the nominal exposures,

with standard deviations of 7-9%.

3.4. Continuous radon monitor

Variations in the radon concentration were measured with con-
tinuous radon monitors designed and built at Rise. Each monitor
is composed of a cylindrical detector unit and an electronic
counter system with print-out facilities as shown in figures
3.2. and 3.3. Five monitors of this design were built and used
in the investigations.

The detector unit contains a scintillation chamber, 15 cm in
diameter by 15 cm high, mounted with a photomultiplier tube.
The inner wall of the chamber is covered with a teflon foil
coated with a 72nS alpha scintillation phosphor. Radon in the
ambient air passes into the chamber through a glass-fibre
filter, which retains the radon daughters. Inside the chamber,
a central wire electrode, held at a negative potential of about
-1500 volts, partly collects the radon daughters formed in the
chamber. The ambient air is purged through the chamber at a
rate of 1 litre per minute by means of a small pump placed in-
side the detector unit.

The scintillations are counted over a preset time and accumu-
lated counts are printed out after each time interval. The
count rate, corrected for background, is converted to a mean
concentration of radon in the counting period by means of an
experimentally obtained calibration factor.
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Pigure 3.2. The continuous radon monitor. On the left: electronic
counter system with printer. Right: detector unit containing

scintillation chamber and PM tubhe.

pump _, alfafoil
—~+—} 1 1-m
N — |
PM tube centerelectrode
N -1500 V 3

Figure 3.3. The continunus radon detector unit, schematically.
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3.5. Collection of meteorological data

Measurement data were collected on a datalogger as either
digital or analog signals from the instruments.

The temperatures were measured with thermocouples having their
cold junctions at 0°C. The recorded values are the average
values over the measurement period.

Atmospheric pressure was measured with a pressure transducer,
which covered the range from zero to 1.2 bar. The collected
data were later calibrated to the actual barometric reading
trom the nearby meteorological station at Riseg National Labo-
ratory.

Data on wind direction and wind speed were obtained from the
meteorological mast at Rise National Laboratory.

3.6. Measurement of air-exchange rate

The air-exchange rate was measured by the tracer gas technique
(rate of decline) using SPg as the tracer gas.
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4. Results

4.1. Soil investigations

The soil investigations are described in Appendix I.
The results can be summarized as follows:

1. In most of the area the soil consists of moraine clay, i.e.
clay with a content of sand and/or silt and/or gravel. The
physical properties of the soil, e.g. the permeability, are
dominated by the clay.

2, In a part of the area (cf. Figure 1 in Appendix I) sandy
deposits with a high permeability for water have been found.
In this part of the area ground water was found in the bore
holes (holes no. M3, 27A, 27B, 33 and 35, cf. Figure 1,
Appendix I). The water table was found at depths of between
2 and 3 metres.

3. 92 samples of soil from tha bore holes showed radon emana-
tions varying from 4 to 17 radon atoms-kg"-s". 12 samples
showed emanations above 10 atoms-kg"-s—', i.e. above typi-~-
cal emanations for Danish moraine clay (Da85).

4, Neither the snil samples nor the measurements carried out
in the bore holes indicate the presence in the area of any
layers with an unusually high radon emanation.

Pigure 2 in Appendix I shows the geological profile revealed by
the investigations alony a line from bore hole no. 41 (north-
east) to bhore hole no. 17 (south-west).

Additional soil investigations were carried out in 1937 near
house nos. 33 and 35. These investigations comprised 18 drillings
of holes with a diameter of 22 mm down to depths of bhetween 1.2
and 3.0 metres. The investigations showed that the soil around
the two houses has a varying composition, Strong variations
were found within distances of a few metres.



4.2. Radon in soil gas

The radon concentration in soil gas was measured at various loca-
tions on the site in different periods during 1936 and 1987.

1.

In June and July 1986 integrating radon dosemeters were used
to measure radon in snil gas at 8 locations around Risa house
no. 27, and also at 8 locations around Ris® house no. 17.
Measurements were made June 2-9, June 9-16 and June 16-26
ac house no. 27, and July 9-16 and July 16-23 at house no.
17. At house no. 27 the dosemeters were placed at distances
between 65 and 147 cm from the wall of the house and at
depths between 21 and 36 cm. The measured radon concentra-
tions are given in Table 4.1. They vary from 1600 to 15000
Bg/m3 with an overall average value for the 8 locations and
3 periods of about 6000 Bq/m3. At house no. 17 the dosemeters
vwere placed at Jistances between 60 and 125 cm frca the wall
of the house and at depths between 20 and 30 cm. The measured
radon concentrations are given in Table 4.2. They vary from
400 to 17000 Bq/m3 with an overall average value for the 8
locations and 2 weeks of about 7000 Bq/m3.

On November 18-19, 1986, grab samples were taken at a
depth of 50 cm at locations adjacent to 10 of the bore holes
used for the soil investigations (cf. Appendix I). At each
locatinn two qgrab samples were taken. The results are shown
in figure 4.1. The measured average radon concentrations range
from 12000 to 82000 Bg/m3,

During the period March 24 to May 13, 1987, grab samples were
taken at 5 locations near the 5 houses which were continuously
monitored for indoor radon 4during that perinod (cf. section
4.5). Each location was 3 metres from the wall of the respec-
tive house (Pigure 4.2), and the samples were taken at a depth
of 50 cm. All the samples were taken between 9 and 12 a.m.
The resulis are shown in Fiqure 4.3 and summarized in Table
4.3.



Table 4.). Radon concentration in s0il gas around Rise house no. 27 measured with

integrating dosemeters

Period Exposure Location: 1 2 3 4 S 6 7 3 Mean S.4.

(1986) time Depth(cm): 30 29 29 33 N 30 36 21 30 4
(h)

June Radon concentration (Bq/-J)

2~9 169 9490 6120 4790 5040 5980 7360 8730 13060 6320 2130

9-16 166 5100 6440 3800 4730 11290 15410 10650 1600 7500 tS.TO

16-2¢ 240 4960 4790 33% 3580 43% 4600 5850 2200 4220 1130

Overall mean: 6010

Table 4.2. Radon concentration in soil gas around Rise house no. 17 measured with

integrating dosemeters

Period Exposure Location: 1 2 k 4 5 6 7 8 Mean §.4.
(1986) tinme Depth{cm): 30 21 25 27 21 20 25 22 24 3
(h)
July Radon concentration (Bg/m3)
9-16 169 9640 7080 5900 9240 3590 1690 17300 §20 6860 5370
16-23 169 8050 5890 6830 15010 3680 3750 8560 5320 2140 31650

Overall mean: 7000
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Pigure 4.1. Results of grab sample measurements of radon in
November 18-19, 1986. The
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gsoi! gas at a depth of 50 om,
measured radon concentration (average of 2 grab samples)

given in Bg/n3 at each location.
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Pigure 4.2. Locations for grab sampling of radon in soil gas
March 24 - May 13, 1987. Each location is 3 m from the wall
of the respective house (nos. 13, 17, 27, 33 and 35).
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Table 4.3. Summary of the results of measurements
of radon in soil gas at 5 of the Rise houses during
the period March 24 - May 13, 1987. Grab samples were
taken at a depth of 50 cm at locations 3 m from the
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wall of the respective house.

Location Number of Radon concentration (Bgq/m3)
samples mean s.4d.
House no. 13 28 15900 6600
- 17 29 19500 5200
" 27 29 63400 5700
- 33 29 25900 11300
" 35 29 32200 8900
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4.3. Integrating radon measurements

Integrating radon measurements were made in all 16 Rise houses
on a 2-month basis throughout the two years 1986 and 1987. Por
each 2-month period each house was provided with two dosemeters
of which one was placed in the living-room and the other in
a bedroom. The results are given in Figures 4.4, 4.5, 4.6 and
4.7. Por house no. 27, no results were obtained for November-
December 1996, because the dosemeters were lost in connection
with a change of inhabitants. Furthermore, the results have
been discarded in a few further cases, bhecause they were con-
sidered to be unreliable, due to inhomojeneous track distri-
butions on the CR-39 detectors. This was observed in 11 out of
382 measurements, mostly in March-April 1986.

House no. 15 was not normally occupied during 1986 and 1937.
Until June 1987, the living-room was used as an soffice during
daytime on weekdays, and the bedroom was used occasionally as a
guest room. From July 1987, the house was unoccupied, apart
from another bedroom, which was used occasionally as a guest
room.

Bouse no. 27 was inhabitel by one fawily until March 31, 1986,
and by another family from December 1, 1986. In the intervening
period it was unoccupied. Continuous measurements were made in
the house during the period April 2 - June 16, 1986 (cf. section
4.4).

Change of inhabitants also occurred in house no. 17, which
was unoccupied in an intervening period of 3 months (June 1 -
August 31, 1986), and in house no. 39, where the change occur-
rerd per September 1, 1987.

The inhabitants of each house w2r2 asked to note all periods
of one week or more, when the house was unoccupied. House no.
35 is inhabited by a sinjle person, who spent a significant
part of his time abroad 3uring 1986 and 1937,
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Figure 4.7. The average radon concentration per 2-month inter-
val 1in 1986-1987 in the living-rooms (L) and bedrooms (B) of

Ris@ house nos.

37,

39,

41 and 43.
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In soime cases an apparent increase in radon concentration
occurred when a house was unoccupied for a period. This seems
to be the case for house no. 27 during spring and summer 1936,
and also for house nos. 37 and 39 during July-August 1986. On
the other hand, house no. 17 was unoccupied during July-August
1986 without any apparent increase in the radon concentration.

Most of the houses exhibit a "normal" seasonal variation of
radon concentration with a maximum during the winter and a
minimum during the summer. Exceptions are house nos. 35, 41 and
43, For house nos. 41 and 43 this may be related to the diffe-
rence in their type of foundation relative to that of the other
houses (cf. section 2.2). The seasonal variations of the average
radon concentration in the living-room, for two groups of four
houses each, are shown in figures 4.8 and 4.9. The first group
is composed of house nos. 19, 21, 23 and 33 (annual average
50-100 Bg/m3), and the other of house nos. 13, 17, 29 and 31
(annual average 150~300 Bq/m3). For both groups the average
radon concentration is about a factor of 2 higher during the
winter half-year (November-April) than during the summer half-
year (May-October).

The annual average radon concentrations in 1986 and 1987 for
the living-room and bedroom of the 16 houses are given in
Table 4.4. For those living-rooms where results are available
for all six 2-month periods in both years (13 houses), the
average ratio of the radon concentration in 1987 to that 1986
is 0.93 with a standard deviation of 0.10. For the bedrooms,
the corresponding ratio (for 11 houses) is 1.04 with a standard
deviation of 0.10. For the 1living-rooms, the annual average
radon concentrations (average for 1986 and 1987) range from 57
to 407 Bg/m3. For the bedrooms they range from 38 to 354 Bg/m3.
The average radon concentrations for both rooms and both years
range from 56 Bg/m3 in hcise no. 33 to 380 Bg/m3 in house no.
35.
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Figure 4.8. Seasonal variation (1986-1987) of the average
radon concentration in the 1living-rooms of house nos. 19,
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Table 4.4. Annual average radon concentrations (Bg/m3)

houses for 1986 and 1987

in the Rise

1986 1987
House Living- Bed- Average Living- Bed- Average Overall
no. room room room room averagel)
13 233 2082) 221 173 149 161 191
15 171 82 127 141 75 108 117
17 268 229 249 297 214 255 252
19 103 57 80 86. 64 75 78
21 60 65 63 53 59 56 59
23 79 75 77 82 79 81 79
25 130 90 110 132 106 119 115
27 1922) 1882) 190 153 1322) 142 166
29 181 2463) 213 168 2243) 196 205
31 173 104 139 158" 103 130 135
33 73 35 54 74 40 57 56
35 417 366 391 397 341 369 380
37 105 81 93 101 94 97 95
39 2002) 214 207 2542) 227 241 224
41 239 101 170 208 118 163 166
43 2962) 3782) 337 278 325 302 319

Notes: 1) Annual average for both rooms and both years

2) 10-month average

3)

8-month average
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4.4. Continuous measurements at one house

Continuous measurements of a numbher of physical quantities were
made inside and just outside Rise house no., 27 for a period of
about 2-1/2 months (Aoril 2 - June 16, 1986), when the house was
unoccupied. All the inner doors in the house were kept open
during the measurements, whereas the windows and outer doors were
kept closed (except iuring the short times of entry or exit of
persons) .

The 5 continuous radon monitors were installed in the house as
shown in Pigure 4.10. The radon concentrations in the living-room
and in a bedroom were monitored by monitor nos. 2 and 5, re-
spectively. Monitor no. 3 monitored outdoor air, and monitor
no. 4 the air in the district-heating duct. Monitor no. 1
monitored radon exhaled from the so0il, yielding a relative
measure of the exhalation vate as a function of time. The
absolute exhalation rate was measured by qrab sampling with

scintillation flasks (ingrowth rate in an inverted drum).

The tewmperature indoors and outdoors, the atmospheric pressure
and the differential pressure (outdoor - indoor pressure dif-
ference) were measured and logged into a datalogger as hourly
mean values. The radon concentrations were also logged on an
hourly basis. In addition, data on wind 4irection and wind speed
at various heights above ground were obtained from the nearhy
Ris2 meteorological mast, and data on sunshine and rain Auring
the period were obtained from Risa's department of meteorology
and wind energy.

The air-exchange rate was measnred by the tracer-gas techanique.
SFg was injected and mixed with the air in all rooms by means
of small fans. The house w : thus regarded as one compartment.
The rate of decline of the SFg concentration was followed and
the results converted to air-exchange rate. The air-exchange
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Figure 4.10. Plan of Rise house no. 27 showing the locations
of the 5 continuous radon monitors, April 2 - June 16, 1986.
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rate was =neasured 16 times during the period April 1-11. The
results range from 0.24 to J.41 air changes per hour with a
mean value of 0.31 and standard deviation of 0.05. During the
period April 14-24 a ventilator was blowing air out of the
house in connection with another experiment. The ventilator
yielded a depression of AP = 25 Pa and 3.3 air changes per hour
which is unrealistic in an inhabited house. Nevertheless, the
radon level did not change very much. From April 24 to 28
the air flow was reversed so that air was purged into the
house. Not surprisingly, this caused the radon level to go down
to low values in the house and also in the district-heating
duct.

Figure 4.11 gives a general overview 9f the continuously aeas-
ured radon concentrations and other quantities. The data obtained
with monitor 3, which was monitoring outdoor air, have not been
included, because they turned out to be erroneous, partly Fue
to a leak of indoor air into the monitor and partly to an
electronic failure. The collection of Jdata on temperature and

pressure was interrupted in two periods,

The collected data have been subjected tn a number of correla-
tion analyses. The data have been compared on an hourly basis
and on other time bases, in full or in liaited sub-periods.
Furthermore, the wind speed, a 4directionally weighted wind
speed, and the rate of change of atmospheric pressure have been
included in the analyses.

Por the data on an hourly basis, the highest correlation coef-
ficient (0.96) was found for radon in the living-room and in
the bedroom. This is not surprising as the inside doors in the
house were kept open and the air was circulated with small
fans. In the further analyses, the data on radon in the two
roomns were combined to "radon in the house®™. Among the other
parameters, only two sets had a conrrelation coefficient abhove
0.5: outdoor and indoor temperature (0.6h), and radon in the
house and in the Aistrict-heating duct (0.64).
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ratures and atmospheric pressure at Riss house no. 27, April 2
- June 16, 1986.
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4.5. Continuous radon measurements in 5 houses

During the period March 4 - May 18, 1987, the radon concentra-
tion was monitored continuously in Rise house nos. 13, 17, 27,
33 and 35. House nos. 13 and 17 are situated in the part of
the area characterised by a subsoil of mainly moraine clay,
whereas the other 3 houses are situated in the part of the arez
that has a more mixed subsoil (cf. section 4.1). Moreover, nos.
13 and 17 have relatively high average indoor radon levels,
whereas nos. 33, 27 and 35 have a low, medium and high average
indoor radon level, respectively, compared with the other Riso
houses (cf. section 4.3). Rise house nos. 33 and 35 are an
example of two neighbouring houses, which have very Jdifferent

averaqge indoor radon 1levels, but are otherwise identical.

The houses were occupied most of the time during the monitoring
period, so, in order to 1limit the nuisance for the occupants,
the continuous monitors were run as silently as reasonably
achievable, i.e. with the pump disconnected and with stamping
of data at 3-hour rvather than hourly intervals. This implies
that a 3-hour resolution was accepted in the registration of
time variations in the radon concentration.

The variations of the radon concentration as a function of time
are shown in figure 4.12 for the whole monitoaring period. Diurnal
variations are obvious in most of the houses during most of the
monitoring period, although the radon concentration seems to
vary in a different manner in house no. 35. The average diurnal
variation of the radon concentration in each house normalized
to the daily means is shown in figure 4.13,
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Figure 4.12. Continuously measured radon conceatrations 1in
5 Rise houses during the period March 4 - May 18, 1987. PFrom

May 4 to May 11 a slightly lowered pressure was maintained in
the district-heating duct (cf. section 4.6).
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Pigqure 4.13. Average diurnal variation of the radon concen-
tration for 5 Rise houses normalized to the daily means for
the period #arch 4 - May 18, 1987. (Data from the period May
4-11, when a slightly lowered pressure was maintained in the
district-heating duct, have not been included). The standard
errvors of the values are typically about 4%.
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4.6, Effect of maintaining a slightly lowered pressure in the

district-heating 3uct

During the period Hoveaber 28 -~ December 8, 1986, an experiment
was perforaed in order to investigate the effect of maintaining
a Sslightly lowered opressure in the district-heating Aduct.
Continuous radon aonitors were installed in house nos. 13, 17,
31 ani 43. The monitors were operated with the pump ruanning and
with staaping of data evary hour. From December 3 at 10 a.m.
to December 5 at 2 p.m. a ventilator was aperated, so that a
dJeoression of about S Pa was aaintained in the district-heat-
ing duct. The ventilator was replacing one of the lids covering
an entry point to the district-heating duct (situated north
of and near to house no. 15). The variations of the radon con-
centration in the houses are shown in figure 4.14. It is ohvious
that the radon concentration in the houses is strongly reduced
during the period when the lowered pressure is maintained in
the duct, although it is not kept as low in house no. 43 as it
is in the other 3 houses. (No. 43 is situated at the farthest
end of the duct (cf. fiqure 2.1)).

A similar experiment was carried out in connection with the
continuous measurements of radon in 5 of the houses Aduring
March - May 1987 (c€f. section 4.5). In this case the ventilator
was operated for a week, i.e. from May 4 at 1 n.m. to May 11 at
1 p.m. The ventilator was installed at the same location as
mentioned above, and the Jepression in the duct was maintained
at ahout 5 Pa. The influence on the radon concentration in tae
houses is obvious from figure 4.15. The radon concentration is
strongly reduced in all 5 houses Aduring the period when the
lowered pressure is maintained in the duct.
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Figure 4.14. Radon concentrations in Rise house nos. 13,
17, 31 and 43 during the period December 1-7, 1986. From
December 3 at 10 a.m. to December 5 at 2 p.m. a depr2ssion
of about 5 Pa was maintained in the district-heating duct.
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5. Discussion

5.1. Relations between soil characteristics, radon in soil gas

and indoor radon concentrations

The soil in the investigated area is composed mainly of moraine
clay. However, deposits with a more mixed and permeable com-
positionn were found in a sub—area (cf. Appendix I). No geological
deposits with an unusually high - or low - radon emanation were
found.

House nos. 27, 29, 31, 33 and 35 are situated in the sub-
area characterized by mixed deposits (cf. Figure 1 in Appendix
I). In these 5 houses, thfr annual average radon concentrations
range from 56 to 380 Bq/m3 with an arithmetic mean of 188 Bq/m3
and a standard deviation of 120 Bq/m3 (cf. Table 4.4). 1In the
remaining 11 houses, the annual average radon concentrations
range from 59 to 319 8g/m3 with an arithmetic mean of 154 Bq/m3
and a standard deviation of 34 Bq/m3. Hence, the distribution
of indoor radon concentrations within the sub-area does not seem
to be significantly different from that in the rest of the
area.

The grab samples of soil gas taken at a depth of 50 cm on Novem-
ber 18-19, 1986, showed radon c¢oncentrations from 12 to 82
kBq/m3 ({cf. Figure 4.1). The highest values wers 76 kBq/m3 ad-
jacent to bore hole no. 17 and 82 kBg/m3 adjacent to bore hole
no. 31, i.2, both in the "moraine clay" part of the area (cf.
Figure 1 in Appendix I).

The grab samples taken during the period March 24 - ™May 13,
1987, at house nos. 13, 17, 27, 33 and 35 showed radon con-
centrations frm 4 to 75 kBy/m3 (cf. Figure 4,3), The average
soil-jas radon concentrations were higher at house nos. 27,
33 and 35 (situated in the sub-area with a mixed sonil compnsi-
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tion) than they were at house nos. 13 and 17 (situated in the

"moraine clay" part of the area).

The indoor radon levels do not appear to be correlated with the
radon levels in soil gas near the houses. However, the results
of the soil gas measurements clearly demonstrate the potential
of the so0il to act as a source of high indoor radon levels.

In a Swedish proposal for classifying radon risks from the
ground, quoted in the Nordic recommendations on naturally
occurring radiation (RP86), the ground is classified as "high",
"normal®” or "low"” radon ground, according to a number of cri-
teria. "Normal" radon ground includes ground with soil-gas
radon contents of 10 - 50 kBg/m3 (for clay up to 100 kBg/m3).
Houses on "normal®™ radon ground should be built with a "radon
protective™ construction. According to this classification, the
area of the Ris® houses would be considered as an area with

"normal®™ radon ground.
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5.2. Relations between indoor radon concentrations and meteo-

rological parameters

The analyses of the data collected at house no. 27 during
April 2 - June 16, 1986, showed no or only weak correlations
between the time variations of the radon concentrations and the
meteorological parameters. The average diurnal variation of the
radon concentration in the house showed a maximum in the morn-
ing, as did also the average diurnal variations in the 5
houses monitored during March 4 - May 18, 1987. This variation
indicates that pressure-difference-driven flow of soil gas into
the houses is the predominant mechanism of radon entry (Ar37).

The seasonal variations of the radon concentrations in 1986-
1987 showed a maximum in the winter and minimum in the summer
in most of the houses, which also indicatas that the predomi-
nant mechanism of radon entry is pressure-difference-driven
flow of soil gas (Ar87). Exceptions wer>» house nos. 35, 41 and
43 (cf. Figqures 4.6 and 4.7). For house nos. 41 and 43 this may
be related to the difference of their type of foundation rela-
tive to the other houses. No. 43 has a crawl space and 41 has
hoth a crawl space and cellar. Seasonal variations of the indoor
radon concentration with winter/summer ratios around one or
smaller than one have been observed previously in some Danish
dwellings (S285), and in other countries as well, e.j. in
Finland (Ar37).

For the majority of the houses, which showed a "normal” seasonal
variation of the radon concentration, the variations are closely
related to the indoor-outdoor temperature Jdifference. Figure
5.1. shows the wvariation of the avarage outdoor temperature
at Rise on a 2-month basis in 1986 and 1937. This variation
has been compared with the wvariations of the averag2e radon
concentrations on a 2-month basis in the living-rooms of two
groups of four houses each (cf, Pigures 4.8 and 4.9). Linear
regression analyses showed correlation coefficients between
outdnor tenperature and indonr radon for the two groups of
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Figure 5.1. The average outdoor temperature at Rise per
2-month interval in 1986 and 1987.

houses of -0.98 and -0.95 tor 1986, -0.98 and -0.98 tor 1987,
and -0.96 and -0.94 for 1986 + 1987. As the variations of the
average 1indoor temperature are small compared with those ot the
outdoor temperature, the results indicate that a strong corre-
lation exists between the average indoor radon concentrations
and the average indoor-outdoor temperature diffterence.
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5.3. Possible remedial measures

The International Commission on Radiological Protection (ICRP)
has publisned principles for limiting exposure of the public
to natural sources of radiation (IC84). For existing dwellings,
the ICRP suggests an action level that corresponds to an annual
average radon concentration of about 400 Bg/m3 (200 Bg/m3 equi-
librium eguivalent radon concentration (EER)). At this action
level, simple action to reduce the radon exposure might be
considered. In the Nordic recommendations on naturally occurring
radiation (RP86), it is recommended that possibilities for
remedial action should be considered, if the average radon
concentration exceeds about 200 Bg/m3 (100 Bg/m3 EER).

In 1986 and 1987 the annual average radon concentration d4id
exceed 200 Bg/m3 in 5 of the Risas houses, cf. Table 4.4. How-
ever, the levels were not excessive, as they were all below the
action level of about 400 Bq/m3 suggested by the ICRP.

In this investigation it has been demonstrated tnat one pos-
sible remedial measure that could he taken against radon in the
Ris2 houses would %“e to maintain a slightly lowered pressure in
the district-heating duct, which is connected to all the houses
(cf. section 4.6). This measure would have the aidvantage that it
would apply tn all the houses simultaneously.

Alternatively, passive remedial measures in the indivi iual hnuses
with the highest radon 1levels might be considered. In house
nos. 43 and 41, increased ventilation of the crawl space might be
applied. In the other houses, sealing of possible leakage paths
might bhe applied, after identifying the main entry points
of soil gas into each honuse.
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6. Conclusion

In this work it has been shown that the annual average radon
concentration in the 16 Rise houses varies from about 50 to
about 400 Bq/m3. The s0il in the area has been characterized,
and measurenents of radon in soil gas have been carried out.
The results of the soil investigations could not be directly
related to the variations in the average indoor radon concen-
trations, hut the potential of the soil in the area to act
as a source of relatively high inioor radon levels was de-

monstrated.

The observed diurnal and seasonal variations of the indoor
radon concentrations indicate that pressure-differeince-driven
flow of soil gas into the houses is the predominant mechanism
of radon entry. Por most of the houses, the variations of the
average radon concentration on a 2-month basis were closely
related to the variation of the average indoor-outdoor tempera-
ture difference. In three of the houses, deviating seasonal
variations of the radon concentration were observed. Two of
these houses have foundations which Jdiffer from those of the
other Riso houses.

It has been demonstrated that the radon concentratinn can
be strongly reduced in th2 Rise houses if the district-heating
duct is ventilated, so that a slightly lowered pressure is

maintained in the Auct.
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Geology and radon at Riseg Huse

The Department of Electrophysics at the Technical University
of Denmark has investigated the geology at Rise Huse in
order to find a pussible correlation between the indoor
radon concentrations and the local declogy. Three questiouns
have been in focus:

. Does the permeability of the geological deposits vary froms

one location to another inside the Rise Huse area?

Are there within the Rise Huse area geological deposits with
unusual high - or low - radon emanation?

. Are there other geological factors - e.g. the level of the
ground water - that could influence the inflow of radon to
the buildingds.

-00C0O. ...

In order to answer these questions the following investiga-
tions have been carried out:

11 boreholes have been drilled “o depths ranging from 2,70 m
to 6,50 m. The diameter of the holes was app. 100 mm. During
the drilling the lithology vs. depth was recorded.

During the drilling 113 samples were collected for examinat-
ion in the laboratory. The litholody of the samples was
investigated and their content of uranium/radium, thorium
and potassium was measured.

The specific radon-emanation of 92 samples was neasured in
the laboratory.

Spectral Natural Gamma-ray logs were run in all i1 bore-
holes. The purpose of the logding was to check the litholo-
gical log and to assure that thin layers with a high content
of radium had not been missed during the sampling.

The lithology/deologdy around the boreholes was further vali-
dated by measurements in the boreholes with a neutron-
moisture probe and a gamma-density probe.

The geology around two neighbouring houses with very dif-
ferent radon content was investigated by drilling 18 holes
to a maximum depth of 3,0 o (diameter = 20 mm).

GEOLOGY

The existing geoclogical maps for the Rise Huse area
indicated prior to the investigations that the area around
Rise Huse was composed everywhere by moraine clay i.e. clay
with a content of sand and/or silt and/or gravel. Thus a low
permeability for both water and radon should be axpected.
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The investigations showed, however, a more complex situation.
Within the North-eastern pert of the Rise Buse aree were
found sandy deposits wvith a high permesbility for water. A
“water table” was found app. 2.5 @ below the surface in 5
boreholes (100 am diameter) whereas oo water was found in
the resmainiog 6§ boreholes. The figures | and 2 showv the
distribution of the perseeble deposits.

Figure 1 shows a map of the Rise Huse area. The boreholes
are indicated with their identification numsbers e.g. #,
sand the buildings are identicated with their “street onums—
bers”. In the boreholes $27A, $27B, #M3, 233 and 835 ground
wvater wvas found at a depth of app. 2.5 = below the surface.
In the other boreholes no water was detected.

The position of the water table in the borehwolss was
measured twvice - at the drilling tise and 3-5 months later.
Only minor variations in the depth of the water table were
found. #h=1 water was taken from the boreholes., the water
level retirned to its original position within a fev minut-
es. No puxntests were however performsed, and it is not knowm
wvhether tae boreholes with wat~er are ianterconnected.

The area with ground water is iocicated in the wmap (figure
1). The permeable layer(s) say be due to diluvial deposits
of sand and silt; the deposits have,however, been disturbed
by later ice-age glaciers.

RADIOACTIVITY AND RADON EMANATION.

The laboratory measurements revealed no samples with unusual
concentrations of natural radicactive elewments, and the
emenations of radon were within the range kmown from other
Danish Quarteraary deposits. Table 1 -hows the wseasured
values for borehole SMl. 11 samples were taken during the
drilling (to a depth of 5.90 =m.) The concentration of
radium-226 varied from 20 to 26 Bq per kg - corresponding to
1.6-2.1 ppm eU. The emanation of radon-222 varied from 5.8
to 13.4 atomus per kg and sec. (Samples having the original
moisture content).

The 92 samples (taken from all boreholes) showed radon
emanations ranging from 4.1 to 17.3 atoms per kg and sec. 12
samples snoved emanations above 10 atoms per kg and sec.
i.e. above typical emanations for Danish wmoraine clay.
Almost all samples with emanations above 10 atoms per kg and
sec. (10 out of 12) were taken from the uppermost app. 190
cm of the boreholes #M1, #13, #27A, #27B, #35 and #41. This
distribution of samples with high radon emanations cannot
easily be correlated to the distribution of the gdeological
deposits.

EXAMINATION OF THE SOIL AROUND THE HOUSES NO.33 AND 35.

Measurements of the radon concentrations in the houses no.
33 and 35 had unveiled large differences. Therefore it was
decided to nerfors a more detailed examination of the geo-
logy/litho.:ogy around those houses. 18 holes with a diamseter
of 22 mm vere driiled to a msaximum depth of 300 cm. They
showed large differences in the lithology within distances
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of less than 1 meter - both vertical and horizontal.

At depths of more thaen 2 m the ground at house no.35 was
very moist vhereas only minor sasount of moisture was detect-
eod at house no.33.

CONCLUSION.

The investigations have shown that the geolody/lithology
vary very such within the Rise Huse area. The main results
are indicsted in figure 2, which shows & vertical cross
section of the area from North-East to South-WHest. Within
the ares named "Mixed deposits” were found deposits ranging
from coarse sand to clayey sand and moraine clay. Outside
that area was found soraine clay everywhere.

Measurements of semples taken at different depths in
different boreholes unveiled radon esmanations that varied
from 3.8 to 17.3 stoms per kg and sec. 12 samples (wmoraine
clay) had emanations above 10 atoms per kf and sec. which
are above typical radon emenations of Danish wmoraine clay.
Ten of those samples were collected from the uppermost app.
100 ca of the boreholes. However, no correlation was found
between the geology and the ten samples.

It has not been possible to establish a connection between
the geology/lithology of the area and the radon concent-
rations in the houses. The results of the investigations
indicate that the gdeology/lithology might influence the
redon concentrations in the houses in the following ways:

a. Permeable deposits were found, and they may act as a
“flow channel” for soil gas with radon above the water
table. Thus the answer to question no.l1 is “yes”; the
permeability of the geological deposits do vary within the
Rise Huse area.

b. The radon emanation from samples taken at a depth of
0-100 cm from different boreholes vary from 4.9 to 17.3
atoms per kg and sec. The emanation from the samples of
soraine clay are slightly higher than the average for Danish
moraine clay, but the emanations are not exceptional. For
question no.2 the ansver is "no”; there have not been found
unusual high - or low - radon emanations.

c. The mechanical integrity of the houses might have been
threatened diffasrently due to the large variation in the
g€eology/lithology across the Rise Huse area - i.e.
development of cracks in the membranes (bottom plates of the
houses) between the soil and the inside of the houses might
be more probabie at some locations than in other locations.
Thus the question no.3 should be answered with a “yes”;
there have been found other geological factors that could
influence the inflow of radon to the buildings.
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6
Table 1. PATA FOR SAMPILES
FROM BOREHOLE #M1
Sample Depth Th 4] K Moisture Emanation
no. ca ppm ppm X x atoms per
(kg*sec. )
1 Soil, light brown 0o- 7.6 2.0 1.92 6.0 12.7
50
2 Soil,clayey, with 75—~ 6.4 1.6 1.78 8.2 13. 4
dravel, brown 95
3 Clay, sandy with 140- 5.5 1.6 1.47 6.4 7.2
dravel, brown 170
4 Clay, sandy with 175- 8.1 2.0 1.52 12.5 8.7
dravel, brown/yellow 205
5 Similar to sample 225- 6.1 2.0 1.57 11. 4 7.5
no. 4 250
6 Clay with gravel, 295- 5.7 2.1 1.51 14. 4 8.7
sandy, olive-brown 315
7 Ciay and gravel, 360- 5.3 1.6 1.48 9.6 5.8
light olive-brown 390 _
8 Similar to sample 428- 5.4 1.7 1.43 11.8 5.8
no.7. 458
9 Clay.sandy with some 470- 5.1 1.7 1.39 12.1 8.1
gravel, light ol.br. 490
10 Clay and gravel 510- 5.4 1.8 1.45 11.2 5.8
ligtt olive-browm 535
11 Similar to sample 57%- 5.1 1.7 1.41 6.7 5.8

no. 16, 590
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