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a b s t r a c t

The estimation of radioactivity level is vital for population health risk assessment and geological point of
view and can be evaluated as rate of exhalation and source concentration (226Ra, 232Th and 40K). The
present study deals with the soil samples for investigation of radionuclides content and exhalation rates
of radon ethoron gas from different sites in northern Haryana, India. Absorbed dose and associated
index estimated in the present study are the measures of environmental radioactivity to inhalation dose.
Effective doses received by different tissues and organs by considering different occupancy and condi-
tions are also measured. Exhalation rates of radon and thoron are measured with active scintillation
monitors based on alpha spectroscopy namely scintillation radon (SRM) and thoron (STM) monitors
respectively. Sample height was optimized before measurement of thoron exhalation rate using STM.
Average values of radon and thoron exhalation are found 16.6 ± 0.7 mBqkg�1h�1 and 132.1 ± 2.6
mBqm�2s�1 respectively. Also, a simple approach was also adopted, to evaluate the thoron exhalation
which accomplished a lot of challenges, the results are compared with the data obtained experimentally.
The study is useful in the nationwide mapping of radon and thoron exhalation rates for understanding
the environmental radioactivity status.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Radioactivity is widespread in environment due to primordial
radionuclides in surrounding and has adverse effects on human
health. One of the main concerns for the environmental radioac-
tivity is radon (222Rn), which is the decay product of radium present
in earth crust and is recognized as the important source of natural
radioactivity exposure. Primary source of radon is soil which con-
tains about a thousand times soil gas concentration than atmo-
sphere concentration. Radon indoor level is influenced by
underneath soil gas concentration and is enhanced with the use of
materials having high source content for construction purpose. The
contribution of environmental radioactivity from various samples
can be defined as activity concentration (Bq/kg) of radionuclides
(226Ra, 232Th and 40K) present in them and the exhalation rate.
Concentration of radon and its sources i.e. radionuclides (radium
and thorium) vary with geological and environmental conditions.
Therefore, measurement of radionuclides content is an important
evi), chauhanrpc@gmail.com

by Elsevier Korea LLC. This is an
issue not only for health effect estimation but also from biochem-
ical and geochemical point of view [1e4]. Several studies have been
performed to study the level of radon (222Rn) and thoron (220Rn) in
dwellings in connection with radon soil gas concentration [5,6].
Knowledge of the amount of natural radionuclide and 222Rn - 220Rn
exhalation rates in soil is vital to assess the attainable radiological
risk and associated hazards index to human health and additionally
to develop standards with their use [7e9].

Radon exhalation rates are reported by several researchers using
different techniques but only few studies are done with thoron.
Thoron is the short-lived isotope of radon present in the thorium
radioactive series. Thoron exhalation rate is likewise a significant
issue not just on accounts of difficulties in its estimation due to its
short half-life yet in addition because of its high dose conversion
factors [1,2,6,7]. In recent past Canister technique was used for
radon exhalation rate measurement but the difficulty with the
technique arises because of thoron interference and leakage. Also,
thoron exhalation cannot be measured with this technique
[10e12]. This study deals with the radon as well as thoron exha-
lation rate measurement using scintillation cells equipped with
different monitors and sampling arrangement i.e. flow mode or
diffusion mode for thoron and radon respectively. Present study
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also deals with the difficulties associated with thoron
measurement.

The present study evaluates both exhalation rates (222Rn and
220Rn) and their radionuclide contents from the soil samples in the
proximity of Karnal district, lies on the western bank of the river
Yamuna in northern Haryana, India. Study is performed for this
inhabited area by keeping in mind that this area has not been
studied for environmental radon and thoron so far. Researchers
have contemplated the radioactivity level and 222Rn - 220Rn exha-
lation rate in soil [6,7,13e15] in the northern India. But a combined
study of radionuclides and exhalation rates with active techniques
has not been performed for the study area so far. The estimations of
radiological parameters which are screening tool for the risk
appraisal with the utilization of these materials for construction
purpose and obtained results are compared with universal sug-
gested criteria as well as with other studies [6e8]. This study is also
helpful in mapping of exhalation rates in country by providing
radon exhalation data with geographical location of each sampling
site.

2. Experimental procedure

2.1. Study area and sample collection details

Area under examination belongs to the vast Indo-Gangetic plain
to the southwest of Shivalik hills. This area represents almost an
alluvial plain without any conspicuous topographical features. Map
of the study area along with sample collecting sites is represented
in Fig. 1. The district is bounded by latitudes 29.25� and 29.59� and
longitudes 76.27� and 77.13�. The district is well populated and rich
in educational and research institutes. Clayey loam and sandy loam
are the major soil types and Yamuna River is one of the sources of
drainage. Study is performed with soil samples from thirty loca-
tions by collecting 3e4 samples from diverse sites of study area
with their exact geographical location. The samples were first made
free of moisture by drying them at 100 �C in oven till the constant
weight was achieved and homogenized by sieving using mesh of
sieve size 150 mm. The samples were then processed to carry out
Fig. 1. Guide of the region under study marked with sample collecting sites (by red
dots). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
further studies of radionuclides and exhalation rates.

2.2. Measurement of radionuclides (226Ra, 232Th and 40K) content in
samples under study

For gamma dose estimation, measurement of present radionu-
clides in the samples are important and carried out using NaI(Tl)
scintillation detector. The samples were packed in measuring
beaker of same dimension that was utilized for standardization of
detector of 8 cm in height and 7 cm in diameter. Packing was
ensured to be air tight by sealing the box. To ensure secular equi-
librium between radionuclide and decay products they were then
placed for at least one month. NaI(Tl) used for the measurement is
5.08 � 5.08 cm2 in size and coupled to1K MCA card. Before starting
the measurement detector was calibrated using Co and Cs source.
Counts were obtained after a counting period of 4e5 h. Activity
concentrations of radionuclides were calculated in Bq/kg by using
the counts per second, efficiency and transition probability for the
corresponding peak under study [10,16].

2.3. Estimation of radon exhalation and emanation rates

The rate of radon emission per unit area i.e. 222Rn exhalation
rate is measured in the collected soil samples utilizing Scintillation
radon monitor (SRM) developed and calibrated by Bhabha Atomic
Research Centre, Mumbai, India. SRM is an active device dependent
on the alpha particles detection resulting from the decay of radon
and its produced progenies into the cell. Measuring arrangement
consists of cylindrical accumulator of height 5 cm and radius 15 cm,
with provision to attach cell from upper side. ZnS(Ag)is utilized as
scintillation material in the cell have volume of 150 cc. The sample
to be tested, of knownweight (1 kg) was placed into the radon-tight
accumulator and the accumulator attached to SRM in sensitive
mode. Radon starts to build up inside and enters into the cell after
crossing the pin hole arrangement which used to avoid thoron
interference present into the accumulator. Time cycle of one hour
was used for measurement and an inbuilt algorithm displayed the
radon concentration at regular interval of one hour using a con-
version factor of 1.2 cph/Bqm�3. Radon mass exhalation rate (E) in
(Bq kg�1h�1) is calculated by analysis of growing radon concen-
tration (C) with time (t) using the following relation (1) [5,7,15].

C¼ EM
Vle

�
1� e�let

�þ Cie
�let (1)

Emanation factor (ε), measures the radon that finally enters the
permeable arrangement of the sample after its creation in grains of
sample was calculated by the following equation (2) [4,17].

ε ¼ E/ARa l (2)

Where V account for the effective volume including the volume of
the scintillation cell and accumulator, le is the effective decay of
radon account for natural decay, leakage and back diffusion rate, Ci
is initial concentration.

2.4. Estimation of thoron exhalation and emanation rates

The precise estimation of 220Rn exhalation rate is crucial from
the perspective of radiation assurance particularly for the remark-
able areas having high thoron source. Thoron exhalation rate in the
soil samples under investigation was estimated utilizing scintilla-
tion thoronmonitor (STM). In light of small half life of thoron (55 s),
it can't be estimated utilizing a similar plan as utilized for radon
exhalation rate estimation. So as to recognize thoron all the more
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adequately, thoron sampling was done in flow mode in a closed
loop arrangement including accumulator, monitor and pump rep-
resented schematically in Fig. 2. In the flow mode operation, pump
was kept ON continuously and cycle of 15 min was used for com-
plete mixing. In the small air volume and with the use of pump to
accomplish the proper air mixing, thoron concentration attains
saturation very quickly.

After achieving stable thoron concentration in the accumulator,
the 220Rn exhalation rate (J) rising up out the material would thus
be able to be determined from the experimentally registered data
of thoron concentration (C) by takingmean of concentrations in the
close chamber and surface (A) to volume (V) ratio of chamber using
the following relation (3) [4,10,17,18].

J¼ CVl
A

(3)

Mass exhalation rates Jm for 220Rn can be estimated knowing the
density of soil samples (r) and its diffusion length (l) with the
following relation [7e10].

Jm ¼ J
rl

(4)

Since 220Rn diffusion length is small, therefore, only the top
surface of samples enclosed in the chamber would contribute to
thoron in the chamber. Therefore, the 220Rn mass can be perceived
as thoron emanation rather its exhalation and utilized in present
investigation [7e10].

3. Results and discussion

3.1. Radionuclides and radium equivalent concentration in soil
samples

For the estimation of potential hazard, radionuclides content are
measured using gamma spectroscopy with scintillation detector in
Bq/kg for the study area. Obtained results of activity concentrations
of radium, thorium and potassium together with the statistical
uncertainty are depicted in Table 1. The obtained values of radium
content ranged from 41.8 ± 2.9 Bq/kg to 71.9 ± 5.6 Bq/kg with
average of 52.0 ± 1.3 Bq/kg while thorium in soil samples ranged
from 136.9 ± 30.2 to 257.1 ± 10.3 Bq/kg with average of 187.0 ± 6.8
Bq/kg. Presence of potassium content (40K) in materials is also
responsible for external radiation exposure by emitting gamma
radiations. Therefore, potassium contents are also measured in all
samples under study and its concentration ranged from
737.4 ± 38.5 Bq/kg to 2172.9 ± 52.2 Bq/kg with average of
Fig. 2. A schematic representation of experimental setup for thoron exhalation
measurement.
1332.6 ± 92.3 Bq/kg. Some samples show concentration of potas-
sium on higher side which is due to soil contaminationwith the use
of fertilizers. Study area is known as rice bowl of India and have
good rice production region which is allowed to dispose in the
agriculture land. Hence the green paddy contains varying amounts
of potassium content in the soil samples. The used fertilizers and
TENORM materials are responsible for slightly higher values of
potassium content [19].

For the comparison of different samples having non-uniform
radionuclide concentration, a common index in terms of radium
equivalent is used. For the assessment of the radiological hazard
and also to overcome non-uniformity in concentrations of indi-
vidual radionuclides, radium equivalent is calculated using the ra-
dionuclides content [1]. Radium equivalent vary from 309.8 to
562.7 Bq/kg with average of 422.0 ± 10.9 Bq/kg. The estimated
values of Raeq are found on somewhat higher side than referenced
worldwide value, which can be explained on the basis that it is a
common index and is the weighted sum of all three radionuclides
concentration [1e3,20]. As explained earlier that some samples
have high values of potassium content which are responsible for
slightly higher radium equivalent for the samples. Study area lies
on the south of Shivalik hills and higher values of radioactivity
contents present in soil and sand of hilly area have been found
[7,14]. This region is famous for agriculture especially for rice pro-
duction and Yamuna river water is the main source of irrigation.
Yamuna is originating from hilly region which brought down the
soil from hill sand which accounts for radioactivity in this area.
Flowing water extracts the material containing high radium and
thorium content which can account for the obtained values of
radium equivalent activity higher for some samples. Hence being
the southwestern bank of the river the region may have some
higher level of radioactivity in the sand mixed soil [5e7,13]. The
information of radioactivity levels is valuable so as to set the
standards and guidelines in the light of global recommendations.
Due to the increasing social concern, a large number of research
groups are engaged in the estimation of natural radioactivity on
national as well as worldwide levels. The concentration of the ra-
dionuclides found here are under the recommended level of
UNSCEAR and OCED [1,20].

3.2. Radiological hazard and risk index assessment

Materials having radionuclides content are health hazardous
and their hazard index depends on the concentrations of radio-
nuclides present in them with their use in construction and daily
life. Different hazardous terms and index were calculated from the
measured radionuclides concentration [1,21,22]. Assessed radio-
logical risk emerging from the utilization of soil in development of
abodes in terms of absorbed dose and different index are presented
in Table 2. Estimated values of alpha index lies from 0.21 to 0.36
with average of 0.26 ± 0.01. Values of alpha dose for all the samples
under study are less than one which is recommended for safety
[1,21]. Also, calculated average value of gamma dose is 1.55 ± 0.44,
is within the safe limit because value of that index less than 2 i.e. <2
corresponds to 0.3 mSv annual dose rate. Additionally, inferred
estimations of annual effective dose rates do not surpass the
average worldwide exposure of 2.4 mSvy�1 arises from natural
sources [1e3,21]. Hence potential radiation hazard posed by these
materials for construction purpose is not hazardous as to restrict
their use. Therefore, they can be exempted from the restrictions
concerning level of environmental radioactivity in the investigation
area. In this manner, these soils can be exempted from the re-
strictions concerning radioactivity. The human beings are exposed
to different level of environmental radioactivity which varies ac-
cording to geographical variation, environmental condition and



Table 1
Radionuclides content and radon-thoron exhalation rates in soil samples.

Sample Code (Location) Radium
226Ra ARa (Bq/kg)

Thorium
232Th ATh(Bq/kg)

Potassium
40K AK(Bq/kg)

Radium equivalent
ARa þ 1.43 � ATh þ 0.077 � AK

Raeq (Bq/kg)

Radon exhalation
(mBqKg�1h�1 )

Thoron exhalation
(mBqm�2s�1)

K-1 (76�5403800 ,29�5304800) 46.4 ± 3.2 158.6 ± 12.1 737.4 ± 38.5 329.9 12.9 ± 0.9 137.9 ± 8.7
K-2 (76�5405000 , 29�4503100) 48.0 ± 1.7 214.1 ± 11.0 870.0 ± 4.7 421.1 15.3 ± 1.2 122.2 ± 10.2
K-3 (76�5503700 , 29�5001700) 41.8 ± 2.9 157.3 ± 10.1 1860.4 ± 1.5 409.9 21.1 ± 1.1 152.3 ± 11.5
K-4 (76�5405500 , 29�4004800) 65.9 ± 6.8 166.2 ± 1.4 808.8 ± 24.3 365.8 19.5 ± 1.5 142.7 ± 14.6
K-5 (76�4602200 , 29�4701600) 48.2 ± 5.8 168.5 ± 5.4 1764.1 ± 64.4 425.1 15.2 ± 1.3 138.0 ± 9.8
K-6 (76�4502600 , 29�4903000) 54.3 ± 4.2 163.5 ± 16.4 780.1 ± 5.9 348.2 19.4 ± 0.9 145.9 ± 11.5
K-7(76�4904900 , 29�3801800) 54.3 ± 2.5 249.9 ± 1.4 1961.0 ± 31.7 562.7 14.5 ± 0.7 118.6 ± 8.6
K-8(76�5504900 , 29�4804300) 58.7 ± 2.5 250.2 ± 31.6 790.4 ± 34.4 477.4 18.2 ± 1.1 142.0 ± 9.5
K-9(76�4202100 , 29�3501700) 43.4 ± 3.1 145.7 ± 8.9 753.6 ± 13.1 309.8 9.9 ± 0.7 109.9 ± 13.5
K-10(76�4703300 , 29�4601400) 51.8 ± 2.9 155.6 ± 6.5 1793.6 ± 69.9 412.5 17.9 ± 0.9 134.0 ± 16.5
K-11(76�5302300 , 29�4305200) 55.1 ± 1.9 223.1 ± 27.4 1759.7 ± 45.3 509.6 18.1 ± 0.6 129.4 ± 18.4
K-12(76�4505000 , 29�3603500) 49.9 ± 2.5 153.5 ± 0.7 1798.7 ± 58.7 407.9 12.7 ± 1.0 122.6 ± 15.3
K-13(76�5203000 , 29�3900900) 51.3 ± 2.7 222.6 ± 18.3 837.7 ± 34.4 434.1 18.0 ± 0.9 131.0 ± 18.6
K-14(76�5203600 , 29�5204500) 45.8 ± 2.3 147.9 ± 15.8 1838.5 ± 109.5 398.9 17.3 ± 1.1 147.5 ± 14.2
K-15(76�4705800 , 29�5101500) 49.5 ± 6.4 139.3 ± 17.9 1719.5 ± 32.6 381.0 18.8 ± 1.7 138.3 ± 17.6
K-16(76�4303400 , 29�3905400) 49.1 ± 1.8 233.7 ± 10.6 783.9 ± 42.2 443.7 20.3 ± 1.3 138.7 ± 9.7
K-17(76�4501000 , 29�4101300) 47.6 ± 4.6 172.0 ± 2.7 1815.6 ± 4.3 433.4 16.5 ± 1.3 144.5 ± 10.3
K-18(76�0700300 , 29�4803500) 51.8 ± 6.1 165.4 ± 12.4 1068.2 ± 109.9 370.6 16.7 ± 1.5 136.1 ± 15.6
K-19(76�5804500 , 29�5403500) 48.5 ± 2.0 235.0 ± 17.6 1158.4 ± 40.8 473.7 22.8 ± 1.9 143.2 ± 9.6
K-20(77�0602800 , 29�5002000) 43.3 ± 1.3 166.4 ± 8.2 866.0 ± 16.2 347.9 13. ± 0.9 126.5 ± 8.8
K-21(77�0203500 , 29�4900200) 54.7 ± 4.1 231.9 ± 34.7 864.1 ± 46.9 452.8 18.4 ± 1.2 119.1 ± 12.3
K-22(77�0604600 , 29�4702800) 43.3 ± 3.2 257.1 ± 10.3 1728.7 ± 86.3 544.1 13.0 ± 0.8 110.2 ± 18.5
K-23(77�0000500 , 29�4703400) 55.0 ± 3.8 171.2 ± 26.4 1937.7 ± 17.7 449.0 19.7 ± 0.5 148.3 ± 17.9
K-24(77�0305400 , 29�4401400) 44.5 ± 4.4 228.9 ± 15.9 779.3 ± 8.9 431.9 10.3 ± 0.6 112.2 ± 10.6
K-25(77�0202800 , 29�5200500) 53.4 ± 2.4 136.9 ± 30.2 1925.1 ± 71.5 397.4 25.0 ± 1.5 157.9 ± 12.2
K-26(77�0804800 , 29�4905200) 64.4 ± 9.3 185.8 ± 5.1 2172.9 ± 52.2 497.4 13.0 ± 1.1 115.9 ± 11.1
K-27(77�5902900 , 29�4205200) 56.1 ± 6.4 164.2 ± 3.5 1795.7 ± 17.7 429.2 17.3 ± 0.8 110.1 ± 10.5
K-28(77�0403600 , 29�5103600) 56.7 ± 8.6 168.4 ± 17.2 950.0 ± 44.5 370.6 11.9 ± 0.9 123.3 ± 9.9
K-29(76�5604100 , 29�4805700) 71.9 ± 5.6 209.3 ± 19.5 1085.7 ± 16.2 454.8 17.9 ± 1.4 148.7 ± 15.6
K-30(77�0501800 , 29�4502400) 55.8 ± 4.4 166.6 ± 40.7 974.4 ± 159.2 369.0 13.5 ± 1.5 115.0 ± 13.4
AM 52.0 ± 1.3 187.0 ± 6.8 1332.6 ± 92.3 422 ± 10.9 16.6 ± 0.7 132.1 ± 2.6

* AM ¼ Mean and SE ¼ standard error ¼ SD/√ N, Where SD is standard deviation and N is the no of observations.

Table 2
Estimated various radiological dose and index in soil samples.

Representative level index Absorbed gamma dose (DR) (nGy/h) Annual effective dose (HR) (mSv/y) Alpha Index Ia Gamma index Ig

Formula used [1,20e22] ARa

150
þ ATh

100
þ AK

1500
ARa þ 1:1ATh þ 0:080AK DR � 8766 � 0.2 � 0.7 � 10�6 ARa

200Bq=kg
ARa

300
þ ATh

200
þ AK

3000
Min. 2.25 139.5 0.17 0.21 1.12
Max. 4.17 257.8 0.32 0.36 2.08
Average 3.10 192.5 0.24 0.26 1.55
SE 0.08 5.1 0.01 0.01 0.44
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individual's living standard. The activity concentrations of radio-
nuclides in the soil give essential and principal information of
radioactivity with an impact on general wellbeing, plants and
creatures [7,8].
3.2.1. Effective dose rate to different tissues and organs
Dose to different body organs and tissues Horgans is a function of

fraction of time spend i.e. occupational factor (OF) and can be
calculated by

Horgans ¼ OF x Aedr x F (5)

Where, Aedr and F refer to annual effective dose rate and dose
conversion factor respectively. Values of conversion factors are
different for different organs and are given by O'Brien and Sanna
[23]. In literature, occupancy factor is 0.8 which is commonly used
all over the world, but according to living standards of peoples in
India, Sharma et al. [6] gave satisfactory reasons for the variability
of occupational factors. Different occupancy factors were analyzed
according to the populace indoor occupancy. The fraction of time
spend depends on climate, season and life style etc. can be taken as
0.1 (<0.1 assumed for peoples live in towns/villages amid the
summer season.), 0.5 (for residential communities and urban areas,
the part of the time spent inside in the midst of the summer season
is 0.5.), 0.3 (the weighted normal of all the populace range) and
0.8(commonly used occupancy factor). Hence, here dose to
different body organs (Lungs, Ovary, Red bone marrow RBM, Testes
and whole-body WB) is calculated using the average value of
annual effective dose, occupancy factors and corresponding con-
version factor for different organs. Comparison of annual effective
dose to different body organs for different occupancy factor is given
in Fig. 3 and shows the straight forward dependence of dose to the
occupancy factor. The estimated dose due to radionuclide content
to different body tissues and organswas found to bewell within the
recommendation of ICRP [3].
3.3. Radon exhalation and emanation rates in samples under study

Radon exhalation rate was measured using closed accumulator
technique in which the sample enclosed hermetically in



Fig. 3. Annual effective doses to different body organs for different occupancy.
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accumulator [4]. Radon concentration builds up to attain a satu-
ration concentration in the closed chamber. The build-up of 222Rn
concentration (C) in accumulator was measured for one hour cycle
represented in Fig. 4 and continued until it gets saturated. This
equilibrium concentration estimated with the following relation.

C ¼ Ceq
�
1� e�let

�
(6)

Where, Ceq is the asymptotic value of 222Rn concentration and le
refers to effective decay constant. Equilibrium concentration for the
samples under study ranged from 96.1 ± 4.8 to 219.9 ± 3.2 Bq/m3

with average concentration of 146.7 ± 5.8 Bq/m3. This varying
equilibrium radon concentration is because of different radioac-
tivity content in samples (Table 1) and different soil parameters
which results into different values of exhalation rates.

Estimated values of radon exhalation rates are depicted in
Table 1. Radonmass exhalation varies from 9.9± 0.7mBqkg�1h�1 to
25.0 ± 1.5 mBqkg�1h�1, with average exhalation value of 16.6 ± 0.7
mBqkg�1h�1. The obtained 222Rn exhalation rates are below the
world wide average value and also less than that exhaled by the
samples of coal and fly ash [19]. Radon emanation which is mea-
sures the amount of 222Rn comes into pore space after its produc-
tion is calculated from radium content present in samples and final
radon exhalation rate (Table 1) from the samples using equation
Fig. 4. Typical graph showing radon builds up concentration with time cycle of one
hour.
(2). Emanation factor in the collected soil samples are found to be
2.69 to 6.73 with average emanation factor of 4.30 ± 0.2. Values of
observed emanation factors are of same order as observed by Sahoo
et al. [17] for different construction materials. A positive correlation
of 0.51 is presented in Fig. 5 between 222Rn emanation and its
accumulated concentration in the chamber. In the accumulator
containing a known weight of sample, accumulated concentration
depends on the amount of radon coming from grain to pore space.
This concentration increase with an increase in the emanation
factor is represented by positive correlation.
3.4. Thoron exhalation and emanation rates in samples under study

In recent past thoronwas underestimated because of difficulties
inmeasurement and calibrationwhichmakes its case very different
from that of radon due to its shorter half life (55s) as compared to
long lived 222Rn. Different half life of these two results into their
distinct behavior such as different diffusion length, time required in
attainment of stable concentration (Figs. 4 and 7), height and
amount of sample taken, dispersion behavior (uniformity) and
hence requirement of chamber size for exhalation measurement
[11,18,25]. Due to these difficulties associated with thoron the same
measurement apparatus and procedure used for the radon case
cannot be applicable to thoron hence, the different monitors.
Scintillation monitors are employed for radon and thoron exhala-
tion measurements in different modes i.e. diffusion mode (SRM)
and flow mode (STM) respectively. Because of difficulty in accom-
plishing uniformity for thoron in the chamber used for radon of
volume 3.5 � 10�3 m3, a different chamber of small volume
1.3 � 10�3 m3 is used for thoron exhalation measurement. Thoron
uniformly cannot be achieved without forces air mixing in the large
chamber because of short diffusion length. A pump was used to
achieve a certain level of homogeneity between the scintillation
cell and accumulator of STM. Establishment of uniformity in case of
thoron requires the optimal minimum chamber size and forced air
mixing within closed circuit [18,25]. Fig. 6 represents the radon
concentration growth with timemeasured using SRMwhich shows
that radon attains a asymptotic value after several cycles of one
hour while thoron concentration measured using STM with small
air volume attains a stable concentration very quickly for the time
cycle of 15 min (Fig. 7). During measurement of thoron concen-
tration in the accumulator present air volume is only 33% of total
chamber volume (STM) and is very less as compare to accumulator
used in SRM. Air volume during thoron measurement is only
0.4� 10�3 m3 which is only 12% of the volume of accumulator used
in SRM.
Fig. 5. Radon concentrations in correlation with radon emanation factor.



Fig. 6. Optimization of sample height for thoron exhalation measurement using STM.
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The diffusion length of 220Rn in the soil is less as compared to
that of radonwhichmakes its originmainly fromupper surface. The
consequences of the thoron exhalation measurements rely upon
the thickness of sample placed which must be taken into account.
The 220Rn concentration (C) present in the chamber includes its
generation and decay rate. In order to optimize the sample height
for thoron, concentration was measured experimentally corre-
sponding to varying height presented in Fig. 6. Initially thoron
concentration increases with the height of sample in the chamber
becausemore the amount of sample taken in the chambermore the
thoron will be emerging out in chamber. Then, thoron concentra-
tion attains a constant value within a range of sample height
because only few upper layers contribute to thoron concentration
because of small diffusion length of thoron in soil (1 cm) and air
(2.3 cm) in the certain air volume present. After this thoron con-
centration again rise due to the emission of fixed amount of thoron
concentration in the small air volume than earlier [11,18,25]. For the
exhalation rate measurement optimized height range should be
correspond to constant thoron concentration which is
7.5 cme9.5 cm in this case. Therefore, to measure the thoron
exhalation rates of the soil samples under study, the height of all
samples was kept at 8 cm in order to keep up a generally small air
volume in the accumulator to ensure uniform mixing at the oper-
ating flow rate.

Thus, with the forced air mixing in the accumulation chamber
and this optimized sample height, one can have the thoron uniform
Fig. 7. Typical graph showing thoron stable concentration with 15 min time cycle.
distribution inside the chamber and thoron exhalation rates can be
calculated using thoron concentration in equation (3). Attainment
of steady state thoron concentration is illustrated graphically in
Fig. 7 [14,24]. Calculated values of exhalation rates for 220Rn for the
soil samples under study are depicted in Table 1 with arithmetic
mean and standard deviation. Thoron surface exhalation varies
from 109.9 ± 13.5 to 157.9 ± 12.2 mBqm-2s-1 with an average of
132.1 ± 2.6 mBqm-2s-1. Also the emanation rate of 220Rn can be
calculated using its diffusion length and sample density for all the
samples under study and is varying from 5.50 to 7.89 with an
average of 6.60 ± 0.13.222Rn and 220Rn exhalation rates are below
the recommendation level [1,2], therefore the region is safer as the
exhalation rates of 222Rn and 220Rn are concerned. The variation
in 222Rn and 220Rn exhalation rate can also be attributed because
of different radionuclide content and soil substructure of samples
as shown in Table 1.

The highest and lowest value of exhalation for both 222Rn and
220Rn are obtained from the same soil samples. Minimum value of
radon mass exhalation rate is 9.9 ± 0.7 mBqkg�1h�1 and thoron
surface exhalation rate is 109.9 ± 13.5 mBqm�2s�1 from the sample
K-9 while the maximum value of radon exhalation (25.0 ± 1.5
mBqkg�1h�1) and thoron exhalation (157.9 ± 12.2 mBqm�2s�1) are
obtained from the sample K-25. Also, Fig. 8 represents an observed
positive correlation between 222Rn and 220Rn exhalation rates.
3.5. Estimation of thoron exhalation using radon exhalation rates

Detection of thoron and measurement of its exhalation rate is
important by taking its radiological risk into consideration espe-
cially for some regions having its high level; on the other hand its
measurement is not a simple task but consists of a lot of challenges
described above. Any alternate method rather than the direct
measurement if available can be easily adopted by one for the 220Rn
exhalation rates calculation in the samples. One such theoretical
approach is provided by Magnoni et al. [12], to estimate the
exhalation rates of thoron using the radon exhalation rates and the
source term concentration both for radon and thoron. Present study
has measured all the parameters required for such approach to
predict thoron exhalation using that of radon and can estimate the
correlation between predicted and experimentally measured
values using STM. Magnoni proposed the relation given below to
estimate thoron exhalation (JTh), in equation (7) using the radon
exhalation rate (JRn), radium concentration (ARadium) and thorium
concentration(AThorium) [12].
Fig. 8. Correlation of 220Rn exhalation rate with 222Rn mass exhalation rate in soil
samples.



Fig. 9. Represents the correlation between experimental and theoretical thoron
exhalation.
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JTh ¼ JRn:
AThorium

ARadium
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lThoron
lRadon

s
(7)

Where lThoron and lRadon represents the decay constant for thoron
and radon respectively. Fig. 9 presented the estimated thoron
exhalation from radon exhalation based on the above relation with
black dots. A test of this method had also been performed by
experimentally measuring 222Rn and 220Rn exhalation rate along
with theoretical calculations for the sienites sample utilizing alpha
spectrometry technique. Result of test performed by Magnoni et al.
also shows significantly greater than those obtained theoretically,
which is also observed in this study. However, based on the test
results, Magnoni et al. proposed an empirical relation to model the
thoron exhalation using the same parameters as in equation (7).
Based on the assumption that the exhalation rate is not only de-
pends on the diffusion but is the result of direct recoil of gas atoms
from the upper surface with alpha decay, he deduced an general
empirical relationship between the 222Rn and 220Rn exhalation
rates as following [12].

JTh
JRn

¼ AThorium

ARadium
:357 (8)

This relation can also be used as screening tools for other stony
materials such as granites and similar rocks for practical purposes.
The values for thoron exhalation rates obtained using the param-
eters estimated in the present study in the empirical relation
Table 3
Comparison of present study results with recent studies of222Rn exhalation rates
conducted in north Indian regions.

S.N. Location Radon exhalation
rate (mBqKg�1h�1)

Technique Used
(Reference)

1. Morni Hills 122 ± 1 Canister technique [14]
2. Yamuna nagar 73 ± 3 -do-
3. Naraingarh 50 ± 2 -do-
4. Shivalik foot hills 50 ± 1e143 ± 6 Canister technique [13]
5. Udhampur (J&K) 11.57e65.62 SRM [6]
6. Kurukshetra 6e31 SRM [4]
7. Yamunanagar 29.2e73.1 SRM [7]
8. Ambala 28.2e60.7 -do-
9. Panchkula 34.3e76.8 -do-
10. Karnal 9.9e25.0 SRM (Present study)
(equation (8)) are used to find he correlation with the experi-
mentally obtained values by red dots in Fig. 9. Correlation found
between the experimentally observed values and the values ob-
tained using theoretical and empirical relation is R2 ¼ 0.06, but the
values of exhalation are more comparable for empirical relation.
Also, study conducted by Tokonami (2010) [25] founds no corre-
lation between radon and thoron, proposed formula by Magnoni
et al. [12] needs somemore validation to use this as a screening tool
for 220Rn exhalation rate estimation.

In order to study the environmental radioactivity level, a
comparative study was performed with the nearby regions of the
study area. On comparison with the other studies of northern India
conducted in recent times, it is observed that the values of exha-
lation rates for 222Rn and 220Rn are below than in the hilly areas and
comparable to nearby plain area of indo Gangetic plane. A com-
parison of the study area with other nearby hilly and plain regions
in terms of radon exhalation rates represented in Table 3.
4. Conclusions

The measurements of radionuclides (226Ra, 232Th and 40K) along
with exhalation rates of radon-thoron in the samples from north-
ern part of India are presented. The following conclusions are
drawn from the study:

� Estimated values of radioactivity content using gamma spec-
troscopy and different radiation hazard index are within the
recommendation levels by UNSCEAR and ICRP.

� Uniformity and stability during thoron measurement are ach-
ieved with air volume of 0.4 � 10�3 m3 and forced thoron
mixing. Optimized height for measurement lies in the range
corresponding to constant thoron concentration and found at
top of the chamber.

� Average value of radon mass exhalation found 16.6 ± 0.7
mBqkg�1h�1, while that of thoron surface exhalation was found
132.1 ± 2.6 mBqm�2s�1which are less than the world average
values. Positive correlations are observed between 222Rn and
220Rn exhalation rates from the soil samples.

� A different approach for 220Rn exhalation rate measurement, by
measuring only the corresponding rate for radon (SRM)was also
tested and found a poor correlation hence, needs some more
verification.

� A comparison with other studies indicated that the place and
use of soil present in study area for construction is considered to
be safe for human habitation.

This study will be helpful in bridging the source radionuclides
concentration for the area under study for future research expe-
ditions and is also helpful in mapping of country by providing
radiological data with exact geographical location of each sampling
site.
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