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The health hazards of radon and its decay products above certain levels are well known. However,
for any preventive measures to be taken, we have to be aware of radon levels of that particular
area. Measurement of radon and its decay products in indoor environments is an important as-
pect of assessing indoor air quality and health conditions associated with it. Keeping this in mind,
measurements of radon, thoron and their progeny concentrations were carried out in Mohali,
Northern India, using pinhole-based twin cup dosimeters. Radon exhalation rates of soil samples
in the dwellings/areas were measured via an active technique of a continuous radon monitor. The
indoor radon concentration in Mohali varied from 15.03 + 0.61 Bq/m3 to 39.21 + 1.46 Bq/m?
with an average of 26.95 Bq/m? ,while thoron concentration in the same dwellings varied from
9.62 £0.54 Bq/m3 to 52.84 + 2.77 Bq/m?3 with an average of 31.09 Bq/m3. Radon progeny levels
in dwellings under study varied from 1.63 to 4.24 mWL, with an average of 2.94 mWL, while
thoron progeny levels varied from 0.26 to 1.43 mWL , with an average of 0.84 mWL. The annual
dose received by the inhabitants of dwellings under study varied from 0.78 to 2.36 mSy, with an

average of 1.61 mSv. The in situ gamma dose rate varied from 0.12 to 0.32 pSv/h.
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INTRODUCTION

Due to lack of awareness, environmental radio-
activity poses a serious potential risk to all living
things. The world is naturally radioactive and around
90 % of human radiation exposure arises from natural
sources [1]. The naturally occurring radionuclides of
interest are uranium, thorium, actinium series ele-
ments *°K and '“C. The said radionuclides are of main
concern due to their relatively long half-lives and the
fact that they are the principal source of exposure to
natural radiation. Since they are not uniformly distrib-
uted, the knowledge of radionuclide distribution and
radiation levels in the environment is important for as-
sessing the effects of human exposure to radiation. As
most people spend 90 % of their time indoors, indoor
air quality is of great importance to those responsible
for protection against adverse health effects caused by
inhaled radionuclides.

Uranium, a naturally occurring radioactive ele-
ment, is present in trace amounts throughout the
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Earth's crust. The decay of uranium leads to radium
which decays to radon [2] in indoor and outdoor envi-
ronment, soil, ground water, and oil and gas deposits.
There are three major isotopes of radon — actinon
(*'"Rn) with a half-life of 3.96 seconds, thoron (*2°Rn)
with a half-life of 55.6 seconds, and radon (*>*Rn) with
a half-life of 3.824 days [3]. These three radon iso-
topes emit alpha particles of 6.82 MeV, 6.28 MeV, and
5.48 MeV, respectively.

Radon appears mainly by diffusion processes
from the point of origin, following — decay of radium
(**°Ra) in underground soil and building materials
used in the construction of floors, walls, and ceilings.
Itis found in natural sources only because of its contin-
uous replenishment from the radioactive decay of its
longer-lived precursors in minerals containing ura-
nium or thorium. Radon can enter the buildings
through cracks and other openings caused by the aging
of the structures or due to inherent design and con-
struction problems [4]. Depending on various geologi-
cal and geophysical aspects and features of building
materials, radon can migrate into indoor air, which can
lead to an increase in concentrations [5].
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A link between exposure to radon and its decay
products in mining environments and an increased risk
of lung cancer has been reported in [6]. These reports
have prompted the International Commission on Ra-
diological Protection (ICRP, 1993) to approve recom-
mendations on how to control radon exposure in
dwellings and work places [7]. Many researchers have
reported on the values of indoor radon [8-10] in vari-
ous parts of the world and India, as well [ 11-13]. How-
ever, our earlier paper has shown that there are still
many places for which no data of indoor radon levels
are available [14]. Not much has previously been re-
ported on indoor radon levels of the area under study
in this paper.

The study reported here is useful for the assess-
ment of the radiation dose received by the inhabitants
and for mapping a database of radon levels in the coun-
try. Keeping these important points in mind, an envi-
ronmental monitoring of radon, thoron and their prog-
eny in some dwellings in Mohali, Northern India, has
been carried out using pinhole dosimeters, as this tech-
nique does not suffer the limitations of twin cup do-
simeters of thoron interface and wind turbulence. The
newly designed single entry pinhole dosimeter is one
of the more accurate techniques which overcomes the
limitations of previous techniques i. e., those of the
bare and twin cup dosimetry systems.

Punjab

GEOLOGY OF STUDY AREA

The state of Punjab is surrounded by Pakistan on
the west, Indian states Haryana and Rajasthan to its
south, Jammu and Kashmir to the north, Himachal
Pradesh to its northeast. It covers a geographical area of
50.362 km? and is located between 29°30'N to 32°32'N
latitude and 73°55' E to 76°50'E longitude, with an aver-
age elevation of 300 m above the sea level. Punjab is a re-
gion of fertile plains with some portions at its southeast
edge accommodating semiarid and desert landscapes.

Figure 1 shows the Mohali district (also called
Sahibzada Ajit Singh Nagar (S. A. S. Nagar), located
between 30°21'N and 30°56'N latitude and 76°30'E
and 76°55'E longitude.

The district is bounded by the Rupnagar district
in the northwest, Patiala and Fatehgrah Sahib districts
in the southwest, Ambala district of Haryana state in
the south, Union Territory Chandigarh in the east. This
research is also important because most of the districts
mentioned here are in the Shivalik foothill range (i. e.,
Rupnagar, Mohali, Ambala, and U. T. Chandigarh),
hardly previously included into any studies. The cli-
mate of the Mohali district can be classified as mon-
soon subtropical. The southwest monsoon contributes
by about 80 % of annual rainfall. The major soil type of
the district is arid, weakly solonized brown soil [ 15].

Figure 1. Location of the study area
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MATERIALS AND METHODS

Several methods are in use for measuring radon
and its daughter elements in buildings but, in this
study, the measurement of radon, thoron and their
progeny levels was done using single entry pin-
hole-based twin cup radon dosimeters i. e., passive ra-
don, thoron meters (PRTM). The details of a twin pin-
hole radon-thoron dosimeter and its calibration are
described elsewhere [16]. Pinhole radon-thoron do-
simeters (PRTM) consist of two compartments, each
cylindrical in shape, with a length of4.1 cm and radius
of 3.1 cm, internally coated with metallic powders so
as to result in a zero electric field inside the compart-
ment volume in order to ensure the deposition of prog-
enies formed from the gases in an uniform manner
throughout the volume. The two compartments are
separated by a central pinhole disc, acting as a ’Rn
discriminator. The disc has four pinholes, each 2 mm
in length and of a 1 mm diameter. There is a single en-
try for the gas in the dosimeter cups. The gas enters
into the first, namely “radon and thoron” compart-
ment, through a glass fiber filter paper (pore size
0.7 um) and diffuses to the second one, namely “ra-
don” compartment, through pinholes cutting off the
entry of 22Rn into it. The schematic of the pinhole do-
simeter is shown in fig. 2. Solid-state nuclear track de-
tector (SSNTD), particularly CR-39 and LR-115, are
used to measure *?’Rn and its progeny [11, 17, 18].
However, we have used LR-115 type II, a strippable
plastic track detector film (2 cm x 2 cm), as we have
studied its etching characteristics in detail [19]. Pris-
tine LR-115 (cellulose nitrate, type-II, strippable, pro-
cured from DOSIRAD, France) is an alpha sensitive
plastic track detector. Itis a 12 um thick film, red-dyed
cellulose nitrate emulsion coated with an inert polyes-
ter base 100 m thick. The films were fixed at opposite
ends of the entry face in each compartment. The detec-
tor of the “radon and thoron” compartment measures
the tracks produced by the alphas emitted from both
radon and thoron, while the detector of the second one
measures the tracks due to radon only.

Radon | _}

chamber

Pinhole for
radon -
. . . diffusion

Figure 2. Schematic diagram (a),

actual single entry radon-thoron
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The single entry of air in a pinhole-based radon-
-thoron dosimeter has advantages over the conventional
double entrance twin cup dosimeter [16]. There is a com-
mon entrance for radon so that the concentration of the
gas is always the same in both chambers. Since the en-
trance port is at the bottom, when installed, the effect of
turbulence from horizontal wind velocity is minimal.
The metallic coating on the inner side of the cup provides
anet zero electric field which gives a uniform deposition
of radon and thoron progeny inside the cup.

Inside the room, the dosimeters were suspended
at a height of more than two meters above ground level
and approximately a meter from the ceiling. The dis-
tance of the dosimeters from the walls was kept at two
meters. In still air, the diffusion length of thoron is
2-3 cm, so the contribution of thoron to track forma-
tion on the dosimeter is negligible; but, in the presence
of convective thoron transport due to natural intermix-
ing of air, the thoron emitted from the walls is distrib-
uted throughout the room. The monitored dwellings
were all built from similar materials, with cemented
walls and floorings, located at different areas within
the Mohali district for the purpose of uniform distribu-
tion.

The annual effective dose received by the inhab-
itants was looked into in the light of guidelines given
by the International Commission on Radiological Pro-
tection, 2009 [20].

The detectors were left exposed for a period of
three months. At the end of exposure time, the detec-
tors were removed and subjected to chemical etching
ina 2.5 N NaOH solution, at 60 °C for 90 minutes and,
upon this, to alpha track counting using a spark coun-
ter (Polltech Inst., Mumbai), the details of which have
been provided earlier in [11].

The counted track density is converted into ra-
don-thoron concentration according to following relations

. T —dCy Ky 0
! dK +
T

= 2

R =K (2)
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where Cg and Cr are the radon and thoron concentra-
tion, while T is the track density observed in the “ra-
don” compartment. Ky — the calibration factor of radon
in the “radon” compartment (0.0170 + 0.002 tr. cm
per Bqdm ), d—the number of exposure days. 75 —the
track density observed in the “radon and thoron” com-
partment, K , (0.0172+0.002 tr. cm * per Bqdm °) and
K+1(0.010+0.001 tracks per cm” per Bqdm ™) calibra-
tion factors of radon and thoron in the “radon and
thoron” compartment [16]. The inhalation dose due to
radon and thoron was calculated by the conversion co-
efficient of 9 and 40 nSvh™' per Bqm™ with equilib-
rium factors Fr = 0.4 and Fr = 0.1 for radon and
thoron, respectively [21, 22]. The dose coefficients for
radon and thoron are calculated using the conversion
coefficient 0.17 nSv for radon and that of 0.11 nSv for
thoron. Finally, an estimation of the annual inhalation
dose in mSv may be provided [23-25]

D =[(017+9F )Cg +

+(0.11+40F; )C 1-7000-107° 3)

Measurement of radon exhalation
rates from soil samples using an
active technique

Measurements of the radon exhalation rate were
carried out by an active measurement technique for de-
tecting radon growth in a sealed accumulator [26]. The
samples were dried and sealed in a leakproof exhalation
chamber. The growth of radon in the accumulator was
measured by the scintillation radon monitor (SRM)
connected to the chamber. The measurement of radon
growth was continued to the saturation point of radon
concentration. Growth data was then fitted to eq. (4) for
estimating the radon mass exhalation rate (J,,)

T M
Vi,

where J;, represents radon mass exhalation rates in
Bgkg 'h™', M and Vrepresent the mass of the soil sam-
ple and effective volume of the chamber, including the
volume of the scintillation cell. A represents the effec-
tive decay constant which is the sum of the radon de-
cay constant, radon back diffusion constant, and
chamber leakage rates if any and C is the initial radon
concentration in the chamber.

C (1—e %" )+ Cpe ™

“4)

In situ measurement of gamma dose

Beta-gamma radiation survey meter (RM707),
manufactured by Nucleonix Systems, Hyderabad, was
used for the in situ measurement of the gamma dose in
the dwellings of the study area. This instrument is a
lightweight, battery operated portable radiation sur-
vey meter. It has a miniature halogen quenched GM
detector with an energy compensation filter.

RESULTS AND DISCUSSION

The measurement of indoor radon and thoron
concentrations in some dwellings of Mohali were car-
ried out using pinhole dosimeters. The results for the
summer season are listed in tab. 1.

Table 1 shows the indoor levels of radon, thoron
and their progeny and the value of the in-sifu gamma
dose rate received by the inhabitants over the summer
season. These values are calculated using egs. (1) and
(2). It also has the value of the annual effective dose re-
ceived by the inhabitants, calculated using eq. (3).

The indoor radon concentration in Mohali varied
from 15.03 +0.61 Bqm™ to 39.21 + 1.46 Bqm >, with an
average of 26.95 Bqm3,while the concentration of thoron

Table 1. Radon, thoron and their progeny levels in some dwellings of Mohali over summer season, using PRTM

Location Y;?féﬁg%n o figz;eg%r;ma concR:x?t(r)arlltj?n conc;rl?t(r);(tii;n Cr f;ggﬁng;af\lxs/f]f gﬁ%inge[\g{’svgﬁ An?;rll%vciose
[uSvh '] | Cr[Bqm ] [Bgm ]
D-1 Good 0.18 15.03 £ 0.61 20.81 £1.10 1.63 0.56 1.00
D-2 Average 0.17 28.76 £ 1.01 31.65£1.52 3.11 0.86 1.67
D-3 Poor 0.32 24.84 £0.82 52.84+2.77 2.69 1.43 2.18
D-4 Average 0.19 23.53+£0.72 31.75+ 1.58 2.54 0.86 1.53
D-5 Poor 0.28 31.37+1.21 48.26 £2.54 3.39 1.31 2.21
D-6 Average 0.20 35.95+1.37 31.50 £ 1.55 3.89 0.85 1.86
D-7 Good 0.12 18.31 £ 0.61 17.41 £0.91 1.98 0.47 0.98
D-8 Poor 0.30 33.34+£1.28 51.56 £ 2.57 3.61 1.39 2.36
D-9 Average 0.18 35.95+1.37 17.06 £ 0.90 3.88 0.46 1.44
D-10 Average 0.23 24.18 £ 0.85 29.52 £1.32 2.61 0.81 1.49
D-11 Poor 0.26 39.21+1.46 38.11 £ 1.79 4.24 1.03 2.13
D-12 Good 0.16 18.95 £ 0.65 9.62 £ 0.54 2.05 0.26 0.78
D-13 Good 0.19 20.92 £0.71 2403 +£1.23 2.26 0.65 1.24
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in the same dwellings varied from 9.62 + 0.54 Bqm™ to
52.84 +2.77 Bgm with an average of 31.09 Bqm™.

Radon progeny levels in dwellings under study
varied from 1.63 to 4.24 mWL" with an average of
2.94 mWL, while thoron progeny levels varied from
0.26 to 1.43 mWL with an average of 0.84 mWL. The
annual dose received by the inhabitants of the dwell-
ings under study varied from 0.78 to 2.36 mSv, with
an average of 1.61 mSv.

The measurement of radon exhalation rates of
some soil samples collected from the Mohali was
also carried out using the active technique and the
results of these measurements are listed in tab. 2.
Radon exhalation rates from the soil samples varied
from 2.17 to 4.76 mBqgkg 'h™!, with an average of
3.43 £ 0.54 mBqkg 'h!. Radon exhalation rates of
Mohali soil measured by the active technique were
found to be lower than the worldwide average.

The value of the in situ gamma dose rate was
found to vary from 0.12 to 0.32 uSvh™!, with an aver-
age of 0.21 pSvh!. The values of indoor radon levels
found were below the lower limits of the reference
level recommended by the ICRP, 2009 [20].

Figure 3 shows the amount of the annual dose re-
ceived by occupants according to the ventilation con-
ditions of the dwellings. It clearly shows that the dose
received by the inhabitants of the poorly ventilated
homes is higher in comparison to that of the average
and well ventilated residences. This demonstrates that,
by improving ventilation, the risk from radon can be
reduced. High values of indoor radon in dwellings
with poor ventilation were also reported recently [11].

Table 2. Radon exhalation rates from Mohali soil
samples using a scintillation radon monitor

No Location Mass exhalatliorll rate
i [mBgkg h™]
1 S-1 3.69
2 S-2 3.12
3 S-3 4.76
4 S-4 2.17
2.5
=
2 2
‘o
15
=
2 1
c
<
0.5
0 .
Good Average Poor

Ventilation condition

Figure 3. Dependence of annual dose received by
inhabitants on ventilation conditions

* WL stands for working level — the radiation level releasing 130 000
MeV energy per 1 liter of air in 1 hour. In SI units, ] WL=20.8

Table 3. Comparison of indoor radon levels, Mohali,
Punjab, along with different parts of Northern India and
some other countries

Annual average
No. Region indoor radon Reference
value [Bqm™]
1 | Chandigarh (India) 233 [27]
2 Sirsa (India) 13.8 [28]
3 | Kurukshetra (India) 40.33 [29]
4 |Yamunanagar (India) 118.03 [29]
5 Panchkula (India) 51.8 [29]
6 Bathinda (India) 153.6 [12]
7 Ambala (India) 13.0 [11]
8 Mansa (India) 106.6 [30]
9 Ludhiana (India) 90.6 [30]
10 Moga (India) 82.0 [30]
11 Rupnagar (India) 14.6 [31]
12 Yemen 42 [32]
13 Egypt 65.97 [33]
14 Romania 112, 105 [34,10]
15 Belgium 48 [35]
16 Spain 86 [24]
17 Saudi Arabia 18.4 [36]
18 Austria 97 [37]
19 Italy 70 [38]
20 Mohali (India) 26.95 Present study

Table 3 shows the values of radon concentration from
different parts of Northern India.

CONCLUSIONS

Using newly developed single entry ra-
don-thoron dosimeters, in the study presented here we
have measured the indoor values of radon, thoron and
their progeny levels in some dwellings of the Mohali
district in Northern India for which no data previously
existed in literature. The annual effective dose for the
occupants of these dwellings was calculated, as well.
Radon exhalation rates from some soil samples of the
study area were measured using a scintillation radon
monitor. The in situ measurement of the gamma dose
was carried out via a beta-gamma radiation survey me-
ter. The conclusions of our study are:

— The overall average value of radon is found to be
26.9 Bqm°, lower than the global average value
of 40 Bqm [39] for indoor radon levels. The re-
corded indoor radon values are below the refer-
ence level recommended by ICRP. It is also clear
from tab. 3 thatradon levels in the dwellings of the
Mohali district are close to indoor radon levels of
nearby areas in Northern India, as measured by
other researchers.

—  The maximum value of the radon progeny level is
found to be 4.24 mWL, below the action limit of
21.50 mWL for Indian dwellings [40, 41].

— The values of the annual effective dose in dwell-
ings under study are found to be lower than the
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Figure 4. Average radon concentration vs. in situ gamma
dose rate of the dwellings in Mohali

worldwide average radiation dose of 2.4 mSv per
year. The effective annual dose received by the
residents in the study area is below 3-10 mSyv, as
recommended by ICRP.

— Radon concentration values are found to be higher
in dwellings with poor ventilation.

— The measurement of radon exhalation rates of
some soil samples collected from the Mohali was
also carried out by the active technique using a
scintillation radon monitor.

—  Our study shows radon exhalation rates values to be
lower than the worldwide average of 57 mBqKg 'h™!
[37].

— A weak positive correlation (R* = 0.2) was found
between the average indoor radon and the gamma
ray doserate of these dwellings, as shown in fig. 4.
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Buman MEXTA, [Tun IIUKXA, Cynpet ITan CUHI, Pumn ITan YAYXAH,
I'ypmen Cunr MYJJAXAP

MEPEIbA PAJIOHA, TOPOHA U IbUXOBUX ITOTOMAKA Y
3ATBOPEHMM CPEIMHAMA YIHOTPEBOM NUHXOJ TO3UMETAPA Y
MOXAJIM, ITAHIIAB, CEBEPHA WHINJA

31 paBCTBEHN PU3UK Off PalOHA U BEerOBUX NOTOMAKA U3HAJ ofipeheHux HuBoa JoOpo je Mo3HAaT,
MebyTum, fa 6 ce IpPeBeHTUBHE Mepe CIPOBelie NOTPEeOHO je OAPEeUTH HUBOE pajioHa y aToj obnacTu.
Mepeme pafgoHa U NMPOU3BOAA HETOBOT paclajia y 3aTBOPEHUM CpEAMHaMa 3HAuYajHO je pagd OIeHEe
KBaJMTETA Ba3/yXa U 3[[paBCTBEHUX YCJIOBa IOBE3aHKX ca TUM. Mepere KOHIIEHTpalje pajJjoHa, TOpOHa 1
BUXOBUX IOTOMaka M3 y3opaka 3emibuinTa y obnactu Moxamnu, CeepHa MHpuja, cripoBefieHO je
AKTHUBHOM METOOM KOHTHHYaJHOT MOHHMTOpHHra pajoHa. KoHIeHTpalnuje pajoHa y 3aTBOPEHHUM
cpemunama y Moxainu cy y untepBaiy off 15.03 £0.61 Bq/m? 10 39.21 + 1.46 Bq/m?, ca cpemom BpeHouthy
011 26.95 Bg/m?, 10K je KOHI|eHTpanyja TOpOHa y UCTHM 00jeKTuMa Omita y omncery of 9.62 + 0.54 Bg/m? o
52.84 + 2.77 Bq/m®, ca cpenmom Bpeanomhy on 31.09 Bq/m’. HuBon moromaka pajona y o6GjeKTuma
Bapupanu cy of 1.63 mWL o 4.24 mWL, ca cpeitoM BpefHolthy ox 2.94 mWL, a HUBoM moToMaka TOpOHa
uzHocunu cy opg 0.26 mWL 1o 1.43 mWL, ca cpemom Bpeanouthy o 0.84 mWL. N'oguima ecpekTuBHA 1032
KOjy IPUMU CTAHOBHMIIITBO Y O0jeKTHMA YKIbYUCHUM y UCTpaskuBame n3Hocu o 0.78 mSv go 2.36 mSyv, ca
cpenwoM BpenHolhy on 1.61 mSv. [n situ BpegHOCT jaunHe 1o3e rama 3padyewa Bapupa o 0.12 uSv/h no
0.32 uSv/h.

Kwyune peuu: paoon, opoH, oillomak, HyKaeapHu paz 0eilleKitiop, HacemeHu 00jeKill, 200uliiiba
eghexitiusHa 003a, eHiluLAUU]A



