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Abstract—In the present work, the soil gas radon survey has

been carried out for locating the trend of soil radon in the foothills

of Siwalik which is covered with lithology of Pliocene unconsol-

idated deposits. Soil gas radon concentration and mass exhalation

rate have been studied in natural soil samples of Udhampur district,

Jammu and Kashmir, India using active measurement technique

RAD7 and smart RnDuo monitor. The sampling measurements

were chosen according to suitability of the area. Few of the loca-

tions are near the Main Boundary Thrust (MBT) and tectonically

active lineaments, having reasonably high concentration of soil gas

radon. The soil gas radon concentration in 15 locations of studied

area has been measured at different depths (30, 45 and 60 cm) and

the overall soil gas concentration was found to vary from 0.14 to

61.01 kBq m-3, respectively. This large variation in radon content

might be due to radioactive nature of the bedrocks present in dif-

ferent geological structure. Soil pore diffusion model have been

used to observe the relation between experimentally and theoreti-

cally determined soil gas radon concentrations in the studied

region.

Key words: RAD7, smart RnDuo monitor, geology,

exhalation rate, soil gas radon.

1. Introduction

Noble gases are chemically inert; therefore, these

are used in many fields for a number of applications.

Spatial variations of these gases, primarily radon and

helium, is useful in many studies such as geophysical

tracer for locating hidden faults/thrust, in metrology,

medicine, water research and in seismic monitoring

activities (Banwell and Parizek 1988; Walia et al.

2006; Fu et al. 2005; Fleischer et al. 1975). Radon has

three isotopes; 222Rn (radon), 220Rn (thoron) and
219Rn (actinon). Radon is the short-lived decay pro-

duct of uranium (238U) series with a half-life of

3.82 days. Thoron is a decay product of thorium

(232Th) series with a relatively short half-life (55 s)

that makes it useful in very fast soil gas transport and

in thorium-rich soil. Due to short half-life of actinon

(4 s), it is neglected in geochemical exploration. In

past, many investigators have made efforts to find the

relationship between these gases and seismically

active areas (Kumar et al. 2013).

Natural background radiations have terrestrial and

extra-terrestrial source of origin and general popula-

tion is continuously exposed to these radiations.

Extra-terrestrial radiations are cosmic radiations

having subatomic particles which come from outside

the earth’s atmosphere (Saini and Bajwa 2017).

Terrestrial sources (238U, 232Th and 40K) have their

own characteristic radioactivity. Uranium has a

ubiquitous presence in earth crust.

The radon emanation from ground to atmosphere

mainly depends upon the 226Ra content and the

mineral grain size. Two main factors responsible for

transportation of radon in environment are mass dif-

fusion (it is a concentration gradient between the

point of birth of radon and the atmosphere) and

advection (movements caused by air pressure differ-

entials) (UNSCEAR 1988). Radon transport is thus

controlled by geophysical and geochemical parame-

ters while exhalation is controlled by hydro-

meteorological conditions (Etiope and Martinelli

2002). Emanation coefficient also depends upon the

water content and radon transport parameters in soil

(Stranden et al. 1984).
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The high concentration characteristics of radon

over faults reflect gas migration dominated by brittle

deformation both at macro- and/or microscale.

Therefore, spatial patterns of soil gas radon in faulted

areas appear to be suitable tools for identifying and

mapping active tectonic structures (Baubron et al.

2002). A fault is a fracture or zone of fractures that

separates different blocks of crust and accumulates a

seismic strain subjected to large stress concentrations.

The study of fault zone and its mapping is important

for understanding earthquake predictions and for

seismic hazard analysis (Kumar et al. 2013). Faults/

cracks are the main pathway for ascending of gases

and are identified by detecting high values of radon

and thoron concentrations in soil (Botond et al. 2014).

By knowing the position and activity of the fault,

people mostly avoid building houses or any structure

on the faults which would be destroyed when fault

breaks the earth’s surface. Soil gas radon concentra-

tion is generally high along the faults and at

intersection points (Etiope and Lombardi 1995; King

et al. 1996). But the presence of faults does not

guarantee anomalous radon activity concentration

always because the behavior of soil gas is also con-

trolled by some other phenomena such as climate

factor, moisture content and gas behavior (mobility,

solubility, and reactivity) as these factors influence

the transportation of radon (Ciotoli et al. 1998).

Radon and its progenies from soil, water and

rocks are the main cause of radon-related problems.

According to National Academy of Science 1998

BEIR Report, there are annually about 21,000 lung

cancer deaths due to radon and its short-lived decay

products. It is well established fact that the populace

exposed to high concentration of radon and its

daughter products for a long period of time suffer

from pathological effects such as change in immune

system, respiratory function problems and occurrence

of lung cancer (USEPA 2012).

In the present investigation, the soil gas radon

concentration, radon mass exhalation rate and radium

(226Ra) concentration measurements were carried out

in tectonically active (Siwalik and Murree) region of

Udhampur district of Jammu and Kashmir state, in

the NW Himalayas, India. Soil gas radon concentra-

tions were measured at various depths to find the

influences of soil gas on local environment and its

togetherness (correlation coefficient) if any, have also

been analyzed with radium (226Ra) activity, exhala-

tion rate and also with the geology of tectonically

active areas. The main aim of this study is to evaluate

the local levels of soil gas radon, creating soil gas

radon map, geological information and identification

of radon-prone areas in the study region and to find

its variance with soil pore diffusion model.

2. Geology of the Study Area

The investigated area as shown in Fig. 1 is located

in Udhampur District along MBT (Reasi Inlier). The

district has varied topography. The most area of the

district is covered by hills and mountains. The alti-

tude variation in district is approximately

600–2500 m above the mean sea level. The topog-

raphy of the area is rugged with high mountains and

deep dissected by rivers Tawi and Ujh. The

Udhampur district is divided in three litho-tectonic

domains such as Siwalik, Murree and Ramban and

Sincha group. The Reasi Inlier occurs in detached

inliers of Jammu region and extends westwards to the

oil producing potwar Basin in Northeast Pakistan.

The Reasi Inlier, 40 km long and 12 km wide, is the

largest inlier in this region. This comprises of reser-

voir quality, dark-gray dolomite, limestone with seal

horizons of chert and argillites and organic-rich shale

intervals. The lime stones possess vuggy, inter- and

intragranular, fracture, inter- and intra-layer porosi-

ties. The shale with organic matter content of 10%

has oil/gas-generating potential. Some of these car-

bonate and shale horizons yield Neoproterozoic

microflora comparable with those reported in North

African Neoproterozoic sandstones and late Protero-

zoic carbonates of the giant oil and gas fields of the

Baikit Anticline of the Siberian Platform (Krishnan

and Prasad 1970).

Upper Murree and Lower Siwalik are very well

exposed north of the Kishanpur Nagrota-Mandli

section of Udhampur-Dhar road. The geological

sequence of the rock formations in the area is given in

Table 1. The rocks exposed immediately above the

Middle Siwalik with a thrusted contact from Kis-

hanpur Nagrota to Mandli are Upper Murree, because

they show sedimentological characters (Zircon types

4412 S. Sharma et al. Pure Appl. Geophys.



Figure 1
Regional geological map of Siwalik and Murree group with Sirban formation and Reasi inlier

Table 1

Different formation in the study region and their descriptions

Formations Description
Middle Shiwalik Grey, medium grained sandstones. With subordinate 

buff, ash grey and purplish clays.

Lower Shiwalik
Kamlial stage

Brown, red and orange clays with grey
purple, fine grained sandstones

Chinji stage Hard, fine grained, grey, purple greenish grey
Sandstone, clays and siltstones.

Upper Murree Hard, fine grained, purple, greenish grey, and grey 
sandstones, clays and siltstones.
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and grain size studies) very closely resembling the

undoubted Upper Murree exposed north of the Main

Boundary fault in the Udhampur area. These Upper

Murree are conformably succeeded by Kamlials; and

both these units exhibit similar lithological charac-

ters. The Kamlials pass conformably into the Chinji

stage and the latter is distinguished by the dominance

of clay in comparison to sandstones. The beginning

of Chinji stage is also marked by a change in the

grain size of sandstones and incoming of bright red

clays. The entire area is a major anticline and the

studied part forms its northern faulted limb (Sahni

and Mathur 1964). The Siwalik Group of Jammu

division is mostly exposed in outcrops that occupy an

intermediate position between the type sections on

the west and Siwalik Hills of Chandpur in east having

type localities Pinjor and Boulder Conglomerate.

Various lithostratigraphic units starting from Chinji

Formation to Boulder Conglomerate Formation have

been delineated in this area (Pascoe 1964). The Upper

Siwalik subgroup of rocks of Jammu region has been

divided into Parmandal Sandstone, Nagrota Forma-

tion, and Boulder Conglomerate (Ranga et al. 1988).

The Siwalik Group is also divided into Mansar For-

mation (Lower Siwalik Subgroup); Dewal Formation

(= Nagri), Mohargarh Formation (= Dhok Pathan)

(Middle Siwalik Subgroup); and Uttarbehani For-

mation and Dughor Formation (= Boulder

Conglomerate) (Upper Siwalik Subgroup) (Gupta and

Verma 1988).

3. Experimental Detail

3.1. Sampling

In the present study, sampling is done along

Kishanpur-Mandli thrust (MBT) and other various

transverse lineaments which also act as small

thrusts/faults (Madun thrust) as shown in Fig. 2.

The sampling interval is limited due to tough terrain,

improper site locations and other practical/field

problems. For this, one hole was drilled on each

location down to the bedrock surface. Soil gas radon

concentration has been carried out in couple of days

in the month of May 2017 covering an area about

45 km2 with 15 sampling sites within the urban and

rural area of Udhampur district. These representative

sampling sites were also taken for the measurement

of mass exhalation rate in natural soil. Soil samples

were collected from the each sampling site at the

depth of 10–20 cm from the soil surface for exhala-

tion study. Radon gas in soil and mass exhalation rate

were measured at the sampling site by active

technique RAD7 and Smart RnDuo monitor.

3.2. Measurement of Radon Gas Concentration

in Soil

RAD7 of Durridge Company, USA, has been

utilized for the monitoring of soil gas radon activity

concentration. A hollow steel probe of diameter 3 and

10 cm in length with sharp pointed tool for piercing

the hole is at the end of the probe for drilling into the

soil. It also prevents the soil from blocking the probe.

This probe is immersed into the ground at different

depths with the gentle stock of hammer and not

possible to inert the probe below the suggested depth

of 1 m (Barnet et al. 2008). Probe is connected to the

RAD7 through the drierite in the closed-loop circuit

as shown in Fig. 3. At the time of measurement, the

detector operates in external relative humidity rang-

ing from 0 to 95% and the internal relative humidity

0–10% with low detection limit of 4 Bq m-3 and an

upper detection limit of 400 kBq m-3. Larger the

relative humidity, lesser is the detection efficiency of

the RAD7 detector (Kumar et al. 2014). In many

instruments and techniques, radon and thoron inter-

fere with each other and it is impossible to measure

one accurately in the existence of other. But, RAD7 is

much less susceptible to radon thoron interference

due to its ability to distinguish the isotopes by their

alpha energies. Briefly, RAD7 starts working when

air is circulating from the ground through a mem-

brane filter which hold airborne particulate issue

containing radon progeny and through desiccant to

anticipate radon artifacts amid estimations. This

purified air enters the RAD7 measuring chamber

where radon gas is detected through the decay

products of its daughters (218Po) produced inside

the chamber. During sampling, RAD7 is operated in

sniff mode with grab sampling. Since, radon and its

progeny (218Po) has taken the 15 min to attain the

secular equilibrium and a solitary measurement must

4414 S. Sharma et al. Pure Appl. Geophys.



have an average duration of 25–30 min with every

readings taken 5 min, data is received in the form of

bar charts and cumulative spectra of the sample

through printer (Cinelli et al. 2014).

3.3. Mass Exhalation Rate

Radon mass exhalation rate in soil samples were

measured using advanced smart RnDuo Monitor

(SRM), manufactured and calibrated at BARC

(Gaware et al. 2011). The collected soil samples

were first dried to make it moisture free and then put

in the exhalation chamber (stainless steel) of inner

height 8 cm and radius 4.5 cm. Exhalation chamber

is connected to SRM through diffusion mode as

shown in Fig. 4. Alpha particles emitted from

sampled radon/thoron and its decay products are

detected in the detector volume (153 cc) by scintil-

lation with ZnS(Ag). The alpha counts obtained from

each interval (1 h) are converted into 222Rn activity

concentration (Bq m-3) using an algorithm imple-

mented in the micro-controller. In this technique,

there is no interference of thoron and its decay

products in concentration values and leakage of gas

like sealed canister technique (Gaware et al. 2011).

The monitor has a sensitivity factor of 1.2 counts

h-1 Bq m-3 with detection range of 8 Bq m-3 to

10 mBq m-3. The growth of radon mass exhalation

in chamber has been carried out for each sample till

the saturation of radon concentration is obtained and

Figure 2
Surveyed locations in the study area

Vol. 175, (2018) Assessment of Soil Gas Radon and Exhalation Studies in Lower Himalayan Region 4415



radon mass exhalation rate (Jm) is estimated using the

least square fitting method for radon concentration

C(R) at time (t) (Sahoo et al. 2007).

C tð Þ ¼ JmM

keV
ð1� e�ketÞ þ C0e

�ket;

where Jm represents the radon mass exhalation rate in

(Bq kg-1 h-1).M is the mass of soil sample (kg), V is

the residual volume of the chamber and the volume of

the scintillation cell (m3), ke is the effective decay

constant which is the sum of 222Rn decay constant

and any chamber leakage decay rate if exists, and C0

is the initial radon concentration in chamber.

4. Theoretical Evaluation of Soil Gas

Theoretical estimation of soil gas radon concen-

tration is also estimated using the soil pore diffusion

model proposed by Nero (1988). This model is

Figure 3
Schematic diagram of the RAD-7 soil gas setup

Figure 4
Schematic diagram of radon mass exhalation setup
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applicable to both diffusive and advective transport

of radon. It is the hypothetical result obtained from

one-dimensional steady-state transport of radon from

homogenous isotropic soil. In one-dimensional

transport of soil radon, the model gives the soil radon

concentrations at different depths as shown below:

CðZÞ � ð1 � ez
ffiffiffiffiffiffiffiffiffiffiffiffiffi

kRn=De

p

Þ c ð�1Þ;

where C is the radon concentration in pores

(Bq m-3), De is effective diffusion coefficient of

radon in soil (m2 s-1), kRn the radon decay constant

in second.

c ð�1Þ ¼ G

kRn
;

where G is radon generation rate in soil pores

(Bq m-2 s-1) and measured as:

G ¼ ARa � q � f � kRn �
1� e
e

� �

;

where ARa is the radium (226Ra) activity concentra-

tion (Bq kg-1), q is bulk density of the material

(kg m-3). f is the emanation factor, ratio of the radon

concentration emanation from air-filled pores to the

total radon production from the material. Some

important parameters were set equal to (Nero 1988):

e ¼ 0:434;

De ¼ 2 � 10�6 m2 s�1 for normal soil;

5� 10�6 m2 s�1 for dry soil;

2� 10�7 m2 s�1 for wet soil; respectively:

5. Results and Discussion

The results obtained from the measurement of soil

gas radon activity concentration at different depths of

Udhampur district has been tabulated in Table 2. At a

depth of 30 cm, the soil gas radon concentration has

been observed to be varying from 0.14 to

5.84 kBq m-3 with an average value of

1.37 ± 1.62 kBq m-3. At 45 cm, the minimum and

maximum soil gas concentrations have been found to

be 1.46 and 61.01 kBq m-3. The average activity

concentration of soil gas at 45 cm was

19.76 ± 15.66 kBq m-3. At 60 cm, the soil gas

Table 2

Soil gas radon and mass exhalation rate in 15 locations of Udhampur district, Jammu and Kashmir State, India

Sr. no. Village

name

GPS Humidity

(%)

Soil gas radon (kBq m-3) Mass exhalation rate

(mBq Kg-1 h-1)
Latitude Longitude 30 cm 45 cm 60 cm

1. Bilaspur 32�41.1580 75�15.4260 22 0.15 ± 0.03 9.03 ± 0.07 2.4 ± 0.12 29.57 ± 1.02

2. Chugwan 32�41.5620 75�14.7180 18 0.18 ± 0.04 19.25 ± 0.83 4.32 ± 0.2 36.31 ± 1.06

3. Puthwar 32�41.0040 75�17.6020 17 0.89 ± 0.06 21.0 ± 1.87 6.59 ± 0.16 17.96 ± 0.64

4. Banara 32�41.6250 75�13.0880 19 2.39 ± 0.17 39.01 ± 2.69 7.34 ± 0.19 24.54 ± 0.62

5. Baryalta 32�42.5720 75�10.9110 16 5.83 ± 0.15 61.02 ± 0.71 7.6 ± 0.16 13.04 ± 0.67

6. Omara 32�38.6120 75�18.0570 12 0.14 ± 0.04 8.79 ± 0.09 1.29 ± 0.06 20.04 ± 0.59

7. Darsoo 32�47.9410 75�08.4150 15 0.71 ± 0.04 10.25 ± 0.43 1.42 ± 0.13 27.24 ± 0.91

8. Rount 32�56.3030 75�07.9770 19 0.41 ± 0.14 20 ± 1.7 2.52 ± 0.13 35.64 ± 2.01

9. Gangera 32�56.3830 75�08.4220 21 0.62 ± 0.18 26.5 ± 1.12 4.27 ± 0.24 25.37 ± 0.76

10. Jaganoo 32�52.2610 75�08.7980 24 0.84 ± 0.07 11.56 ± 1.46 1.54 ± 0.4 15.57 ± 0.72

11. Jib 32�55.1290 75�03.2910 17 0.36 ± 0.10 1.46 ± 0.21 0.84 ± 0.06 21.68 ± 1.25

12. Jakhar 32�56.2400 75�07.1870 18 0.19 ± 0.02 1.53 ± 0.43 0.96 ± 0.24 30.31 ± 0.78

13. Seen 32�54.3410 75�02.4800 18 4.56 ± 0.29 22.01 ± 1.39 7.36 ± 0.86 23.98 ± 1.82

14. Tikri 32�56.8850 74�58.9560 21 1.36 ± 0.25 19 ± 1.36 2.53 ± 0.48 21.51 ± 1.15

15. Muttal 32�58.9840 75�01.8740 18 1.96 ± 0.35 26.01 ± 1.52 6.46 ± 0.19 21.26 ± 0.64

Min 0.14 1.46 0.84 13.04

Max 5.84 61.01 7.59 36.31

Average 1.37 19.76 3.82 24.25

S.D. 1.65 14.66 2.49 6.49

G.M. 0.71 13.73 2.95 23.38
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concentration varied from 0.84 to 7.59 kBq m-3 with

an average of 3.82 ± 2.58 kBq m-3. The overall

maximum value of soil gas radon concentration was

found in Baryalta (61.01 kBq m-3) which is near the

MBT and minimum value was found in Omara

(0.14 kBq m-3). Locations along Main Boundary

Thrust (MBT) i.e., Kishanpur-Mandli thrust (Bar-

yalta, Banara, Chugwan and Puthwar) and near the

local thrust, i.e., Madun thrust (Rount, Gangera, and

Muttal) have comparatively higher soil gas radon

concentrations than the other locations.

A scattered plot of soil gas radon concentrations is

plotted in Fig. 5. The plot shows the variation of soil

radon concentration at different depths (30, 45 and

60 cm) at each sampling site. From the obtained

results, it is observed that as we move from 30 to

45 cm down the earth, soil gas radon concentration

increases. At the depth of 45 cm, the maximum soil

gas radon concentration has been obtained. After that,

as we move down from 45 to 60 cm, the observed

concentration of soil gas radon decreases. Compara-

tively less gas concentration at 60 cm might be due to

underlying bedrocks, compact packing of sandstones/

bedrocks and soil permeability at that particular

position, resulting poor migration of radon gas. The

results of this study agree with the results of reported

by Tareen et al. (2016) for very high hazard area of

Muzaffarabad, Pakistan and Kaur et al. (2018) for

Siwalik Himalayas, Jammu and Kashmir. Soil gas

radon concentration in Udhampur district has also

been compared with the radon concentration in water

samples reported in our published papers (Kumar

et al. 2017). For instance, as we observe the radon

level at Baryalta location, it is found maximum in soil

gas as well as in water as reported in the above-

mentioned paper. It is also evident from the correla-

tion studies that the values of soil gas radon

concentrations are in close agreement with that of

radon in water (Fig. 6a). The high values of soil gas

and radon concentration in water samples were found

at Baryalta and Banara locations. These two locations

are at the share zones of the two geological forma-

tions as shown in the map which act as thrust and

small lineament and migrate radon gas. Soil gas

radon concentration has also been compared with the

radon concentration in indoor environment of

Udhampur district reported in published data (Sharma

et al. 2018). Same conclusion has also been drawn

from this correlation study that, where the soil gas

radon is high, the indoor radon level is also high.

Therefore, positive correlation between soil gas and

indoor radon level indicates that soil is the main

cause of increasing radon level in the dwellings

(Fig. 6b).

Figure 5 shows that the soil gas radon concen-

tration in the environments of Siwalik formation are

higher than that of the Murree formation. Maximum

activity concentrations were obtained at Baryalta

location at each depth, in this formation as marked in

Fig. 5. The main sources of soil gas radon are ura-

nium and radium and their distribution, permeability,

moisture content and porosity of the soil. The prin-

cipal sources of uranium and radium in soil are

minerals (salts), iron oxide coating on rocks, soil

grains and organic materials in soil and sediments,

phosphate and carbonate complexes (Devoto 1984).

The low value of soil gas concentration in Murree

region of Pakistan was also reported by Ali et al.

(2010). These lithological units may potentially be

the cause of soil gas radon concentrations in these

areas. This is also relied upon the observed concen-

tration in two distinct geochemical (Siwalik and

Murree) matrices with different uranium–radium

concentration levels: Soil gas radon concentration in

these three different sets will reflect both parent

lithology portrayed by Kumar et al. (2017).

Figure 5
Variation of soil gas radon at different depths

4418 S. Sharma et al. Pure Appl. Geophys.



Table 3 shows a comparison of soil gas data

collected from some locations of Udhampur district

having regional geology with other locations from

national and international places which are available

in the literature. The overall result of soil gas radon

concentration (0.14–61.02 kBq m-3) obtained in

present study is comparatively lower than that in

Islamabad of Pakistan (Ali et al. 2010), Upper

Siwalik (Singh et al. 2010), Tusham ring, Haryana

(Bajwa et al. 2010), Kangra region of Himachal

Pradesh (Singh et al. 2006), Alluvium of Dharam-

shala (Kumar et al. 2014) but higher than that in

Murree region of Pakistan (Ali et al. 2010), Southern

Punjab of Pakistan (Mujahid et al. 2010), Budhakedar

of Tehri Garhwal (Prasad et al. 2008), Harmirpur of

Himachal Pradesh (Mehra and Bala 2013), Malwa

belt of Punjab (Kumar et al. 2011) and Garhwal

Himalayas (Bourai et al. 2013). The high value of soil

gas radon concentration in Islamabad region of Pak-

istan is due to the presence of different geographical

formations such as Hangu, Lackhart, Chichali,

Lumshiwal and Samana Suk formations (Ali et al.

2010) while in Upper Siwalik, it is due to the pres-

ence of active fault (Singh et al. 2010). In Tusham

ring of Haryana, it is due to the presence of granite

rocks (Bajwa et al. 2010) while in Kangra, it is due to

the presence of transverse Dehar lineament which is

tectonically active (Singh et al. 2006). Alluvium
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Figure 6
a Correlation between dissolved radon (Bq L-1) vs. soil gas radon concentration (kBq m-3). b Correlation between indoor radon (Bq m-3)

vs. soil gas radon (kBq m-3)

Table 3

Comparison of soil gas radon concentration with reported values

by other investigators

Regions Range

(KBq m-3)

References

Islamabad, Pakistan 17.34–72.52 Ali et al. (2010)

Murree, Pakistan 0.61–3.89 Ali et al. (2010)

Southern Punjab, Pakistan 0.42–3.56 Mujahid et al.

(2010)

Budhakedar, Tehri Garhwal,

India

1.10–31.80 Prasad et al. (2008)

Hamirpur district, HP 0.03–2.28 Mehra and Bala

(2013)

Garhwal Himalaya, India 0.01–2.33 Bourai et al. (2013)

Upper Siwaliks, India 11.50–78.47 Singh et al. (2010)

Amritsar, Punjab 14.4 Kumar et al. (2012)

Malwa belt, Punjab, India 1.90–16.40 Kumar et al. (2011)

Tusham ring, Haryana, India 42.80–71.50 Bajwa et al. (2010)

Kangra district, HP, India 1.10–82.20 Singh et al. (2006)

Siwalik region of

Dharamshala

13.6–70.2 Kumar et al. (2014)

Dharamshala sandstones 13.2–66.2 Kumar et al. (2014)

Alluvium of Dharamshala 18.8–110.8 Kumar et al. (2014)

Udhampur, J&K, India 1.46–61.02 Present study
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geological formation of Dharamshala has high soil

gas concentration due to high porosity of the soil

(Kumar et al. 2014) and having the high activity

concentrations than the other formations of

Dharamshala.

The findings of the present study seems to be in

good agreement with the data reported by Kumar

et al. (2012, 2014) which shows that the sediments

which were derived from Siwalik Himalayas of

Amritsar, Punjab and Siwalik formations and sand-

stones of Dharamshala, Himachal Pradesh have

comparable soil gas radon concentration with that of

the studied area. The similarity observed in reported

and obtained data of soil gas radon concentration of

Udhampur district and Dharamshala region as pre-

viously mentioned is due to the fact that both the

regions have the same geology. This may also be due

to the compact packing of the sandstones resulting in

poor migration conditions of soil gas radon from

deep-seated earth (Kumar et al. 2014). While the

Amritsar lie in zone IV of seismic zoning map of

India. The seismicity of the Amritsar is because of its

closeness to the seismically active areas; Kangra and

Hindu Kush areas of NW Himalayas. This may be

due to the presence of active faults in NW Himalayas

(Kumar et al. 2012).

Independent T test has been applied on soil gas

radon concentrations measured in two different geo-

logical regions (Siwalik and Murree) of Udhampur

district, Jammu and Kashmir. The statistical param-

eters of three different sets are reported in Table 4.

Calculated 95% confidence intervals of soil radon at

different depths (30, 45 and 60 cm) were found to be

0.43–2.32 kBq m-3, 11.36–28.16 kBq m-3 and

2.39–5.25 kBq m-3, respectively. The standard mean

error shows the difference between the expected and

observed data of the soil radon. The hypothetical

normality and log normality was verified for each

depth using the Q–Q plot (Fig. 7). After the t test, the

normal Q–Q plot (Fig. 7a, c, e) compares the

observed quantiles of the data (depicted as circles)

with the quantiles that we would expect to see if the

data is normally distributed (depicted in solid line). In

a Q–Q plot, you should look for points that stray far

from the line of expected values, as well as trends in

the observed values. The Detrended Normal Q–Q

Plot (Fig. 7b, d, f) also shows the same information

as the Normal Q–Q Plot, but in a different manner. In

the Detrended Plot, the horizontal line at the origin

represents the quantiles that we would expect to see if

the data were normal and the dots represent the

magnitude and direction of deviation in the observed

quantiles. Each dot is calculated by subtracting the

expected quantile from the observed quantile. (This

implies that if a dot is below the trend line on the

Normal Q–Q plot, it will appear above the trend line

on the Detrended Normal Q–Q plot, because

observed-expected[ 0). On the basis of statistical

parameters (Table 4) and Q–Q plot (Fig. 7), the three

sets belonging to different depths could be approxi-

mated with normal distribution.

5.1. Mass Exhalation Rate and 226Ra Content

Radon mass exhalation rate is calculated in col-

lected soil samples of studied area and found to vary

from 13.04 ± 0.67 to 36.31 ± 1.06 mBq kg-1 h-1

with an average value of 24.27 ± 6.49 mBq kg-1 h-1

Table 4

Statistical distribution of sampled soil gas radon concentration at different depths using independent t test

Depth (in cm) Frequency (N) Mean (m) (kBq m-3) Standard deviation (r) Standard mean error 95% confidence interval of the

difference

Lower Upper

30 15 1.37 1.71 0.44 0.43 2.32

45 15 19.7 15.17 3.92 11.36 28.16

60 15 3.82 2.58 0.67 2.39 5.25

cFigure 7
On the left side (figure a, c and e) are normal quantile–quantile

plots for soil gas radon activity concentrations (kBq m-3)

measured at different depths whereas on the right side (b, d and

f) is Detrended Normal Quantile–Quantile Plots
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(Table 1). Minimum concentration of exhalation rate

is 13.04 mBq kg-1 h-1 for Baryalta, while the max-

imum exhalation rate of 36.31 mBq kg-1 h-1 was

measured at Chugwan. No direct correlation has been

observed between soil gas and mass exhalation rate in

the studied locations of Udhampur district.

The activity concentration of 226Ra (ARa) in soil

samples of study area was also measured by scintil-

lation-based gamma ray spectrometer NaI(Tl). The

principle and working of gamma ray spectrometer is

explained elsewhere (Kumar et al. 2018; Saini and

Bajwa 2017). The observed concentration of 226Ra

content (ARa) varied from 11.28 to 31.52 Bq kg-1

with an average value of 22.34 ± 5.54 Bq kg-1. The

reported values of 226Ra content in soil samples are

much lower than the world average value of

32 Bq kg-1 recommended by UNSCEAR (2008).

From the analysis of the observed concentration, the

maximum value of 226Ra activity is 31.52 Bq kg-1 in

Tikri location with mass exhalation rate of

21.51 mBq kg-1 h-1 which is not too high, whereas

minimum concentration of 226Ra in Rount location is

11.28 Bq kg-1 having mass exhalation rate is

35.64 mBq kg-1 h-1. Hence no correlation has been

found between 226Ra content and mass exhalation

rate in soil samples of the study region. No correla-

tion has been observed between soil gas radon, mass

exhalation rate and 226Ra content. The statistical

variation of 226Ra content and mass exhalation rate is

shown in box whisker plot as given in Fig. 8.

Moisture in the soil also affects the radon concentra-

tion, i.e., radon generation and transportation.

Therefore, radon transportation is generally opposed

by moisture content which blocks the soil pores with

water (moisture) reducing the gas transportation from

the soil. Radon atoms can diffuse through water, but

if a radon particle can move around 1 m by diffusion

through dry soil amid its mean expectancy, it might

relocate just 1–2 cm in saturated soil during same

time period (Tanner 1964). In fine grain soils having

high clay content and less moisture, it is necessary to

hinder radon transport from the ground because pores

spaces are less and interlayer water molecules are

electrostatically bound to the clay particles, so clay-

rich soil holds moisture longer and tend to dry out

more gradually.

5.2. Comparison Between Experimental Results

and Theoretically Analyzed Soil Gas Radon

Data

Soil gas radon concentration measured in Udham-

pur district of Jammu and Kashmir is also compared

with theoretically estimated values using soil pore

diffusion model given by Nero (1988). This model is

helpful in providing the knowledge about soil gas

concentration of any region by knowing the 226Ra

content and exhalation rate of soil samples of that

Figure 8
Box–whisker plot of 226Ra content (Bq kg-1) and mass exhalation

rate (mBq kg-1 h-1) in soil samples

Figure 9
Theoretically calculated soil gas radon concentration for normal,

dry and wet soil. Box–whisker plot represents the experimentally

calculated soil radon
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Figure 10
Correlation with experimentally observed and theoretically determined soil gas radon concentration

Vol. 175, (2018) Assessment of Soil Gas Radon and Exhalation Studies in Lower Himalayan Region 4423



region. All the theoretical evaluations were carried

out in research laboratory. Emanation factor in the

studied locations is calculated according to Stoulus

et al. (2003) and it varies from 0.11 to 0.38 with an

average of 0.18. The 226Ra activity concentration

(ARa) was calculated for each location using Gamma

ray spectrometry (NaI(Tl)) and found to vary from

39.36 to 48.39 Bq kg-1. The results obtained from

theoretically observed soil gas concentration profile

for different soil conditions (normal, dry and wet) is

reported in Fig. 9 and the box whisker plot in this

figure represents the experimentally observed soil gas

concentration at 45 cm. For the validation of this

model, the theoretically observed soil gas radon

concentration has been correlated with experimen-

tally observed values. A positive correlation has been

observed and presented in Fig. 10. It is clear from

Fig. 10 that the correlation coefficient of experimen-

tally observed and theoretically determined soil radon

at particular depth (45 cm) is considerably remark-

able with Pearson’s coefficient of 0.62 (slope = 0.16,

intercept = 2.62), 0.58 (slope = 0.10, inter-

cept = 1.70) and 0.58 (slope = 0.22,

intercept = 3.64) for normal, dry and wet soil. The

concentration profile reported in these two Figs. 9

and 10 shows that theoretically determined soil gas

values calculated for diffusive soil at the depth of

45 cm are in fair agreement with the experimentally

measured values.

6. Conclusions

Soil gas radon measurements were carried out in

Udhampur, a hilly area, having varying topography.

It is mainly characterized as foothills of Siwalik and

provides the initial results to investigate the sensi-

tivity of the radon in the studied area for identifying

the locations concerned with faults and hidden lin-

eaments which is covered with unconsolidated

formations. The overall soil gas radon concentration

ranges from 0.14 to 61.04 kBq m-3. This large

variation in radon concentration is due to different

lithostatic units. The relatively high values of soil gas

radon concentration are due to the presence of

deformed structure and having higher permeability

than surroundings which allows the increasing flux of

soil radon. Therefore, permeability is the main cause

of controlling the variation of soil gas concentration

than the geotectonic activities. The moderate level of

soil gas radon concentration might be attributed due

to compact nature of rocks and soil in the given

bedrocks. The soil gas radon concentration results

obtained in this study are consistent with the results

of radon concentration in water and indoor air

reported in published papers (Kumar et al. 2017;

Sharma et al. 2017). No direct correlation has been

observed between soil gas radon, 226Ra activity and

mass exhalation rate in this study because clay tex-

ture and cold climate of the studied region have

impermeable soil due to high moisture content than

dry soil. This type of correlation has also been

reported by some investigators (Ramola and Choubey

2003; Hassan et al. 2009 and Righi and Bruzzi 2006).

The soil gas radon concentration is also measured

theoretically in this study using the laboratory cal-

culation of mass exhalation rate, emanation factor

and 226Ra activity in soil pore diffusion model of

Nero. The theoretically obtained results of soil gas

radon concentration is also consistent with experi-

mentally observed values. Therefore, this model is

too schematic to measure soil gas radon

concentrations.
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