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Abstract Soil gas radon measurements were made in
Chamba and Dharamshala regions of Himachal Pradesh,
India, to study the correlation, if any, between the soil gas
radon, radium activity concentration of soil, and the geol-
ogy/active tectonics of the study region. Soil gas radon
surveys were conducted around the local fault zones to
check their tectonic activities using the soil gas technique.
Soil gas radon activity concentration at thirty-five different
locations in Dharamshala region has been found to be
varying from 13.2 + 1.5 to 110.8 £ 5.0 kBq m > with a
geometrical mean of 35.9 kBq m™> and geometrical stan-
dard deviation of 1.8. Radon activity concentration
observed in the thirty-seven soil gas samples collected
from the Chamba region of Himachal Pradesh varies from
5.2 £ 1.0 to 35.6 &+ 2.5 kBq m_3, with geometrical mean
of 15.8 kBq m— and geometrical standard deviation of
1.6. Average radium activity concentrations in thirty-four
soil samples collected from different geological formations
of Dharamshala region and Chamba region are found to be
40.4 &+ 17 and 38.6 & 1.7 Bq kg~ ', respectively. It has
been observed that soil gas radon activity concentration has
a wide range of variation in both Dharamshala and Chamba
regions, while radium activity concentrations in soil
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samples are more or less same in both the regions. More-
over, soil gas radon activity concentration has a better
positive correlation with the radium activity concentration
in soil samples collected from Chamba region as compared
to Dharamshala region.

Keywords Soil gas - Radon - Radium - Faults -
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Introduction

Migration of radon in soils occurs by different processes
viz. diffusion, advective, and convective flows (Fu et al.
2005; Tanner 1964). Radon appears mainly by diffusion
process from the point of origin following a—decay of
26Ra in underground soil. Radon can originate from dee-
ply buried deposits and can migrate to the soil surface.
Various studies have shown that a strong relation exists
between geology and radon in soil gas (Bolinder et al.
1993; Choubey et al. 1999, 2000, 2001, 2005; Gundersen
et al. 1988; Schumann and Owen 1988). Recent advances
in the application of soil gas survey have shown the
potential of radon measurements for studying both fault
activity and seismic hazards for a region (Ciotoli et al.
2007, 1998; Fu et al. 2005; Kumar et al. 2009, 2012, 2013;
Walia et al. 2006, 2009a, b, 2013). The high concentrations
characteristic 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;
Ciotoli et al. 1998, 1999; Crenshaw et al. 1982; Cox 1983;
Papastefanou et al. 2001; Williams 1985). Faults and
fractures in the underlying rocks provide paths of high
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permeability and therefore serve as conduits for radon gas
migration. High concentrations of soil gases are more
prominent along fault lines and at their intersections
(Etiope and Lombardi 1995; King et al. 1996). On the
contrary, presence of fault near the sampling locations
does not always produce anomalous radon activity con-
centration as the behavior of soil gas radon is also con-
trolled by other factors in the study region. In recent
studies in the vicinity of Ravne fault in NW Slovenia, the
concentrations of radon in soil gas were found to be lower
than the average for Slovenia and anomalous radon
activity concentrations were not observed near the fault
(Vaupotic et al. 2010).

In the present investigations, the soil gas radon mea-
surements were carried out in tectonically active regions of
Chamba and Dharamshala in the NW Himalayas, India,
using RAD7 detector. Radon activity concentrations in soil
gas were measured at various distances from the tectonic
structures in the study region, in order to find their influ-
ence on radon transport. The samples were collected from
different geological formations along and across the vari-
ous regional fault zones. The aim of the present work was
to study the correlation, if any, between the soil gas radon,
radium activity concentration of soil, and the geology/
active tectonics of the study region.

Geology of area

Himalayan region is being subjected to intense neotectonic
movements and seismic activities (Joshi 2004; Kothyari
et al. 2010; Thakur 1998). For systematic study, the study
area has been divided into two regions viz. Dharamshala
region and Chamba region on the basis of lithology and
thrust systems of the area.

Dharamshala region (Fig. 1) of the NW Himalayas lies
on the southern slope of the Dhauladhar range. Diverse
lithology within a short span of distance makes the study
area tectonically significant and shows the features of
ductile shear zone due to the presence of distinct thrust
planes popularly known as Main Boundary Thrust (MBT-2,
locally known as Drini Thrust), MBT, and Main Central
Thrust (MCT, locally known as Chail Thrust) (Mahajan
et al. 1997). In this region, the individual formations and
groups are separated from one another by longitudinal
thrust systems (Mahajan and Virdi 2000), and the area is
crosscut by transverse faults/lineaments trending NE-SW.
Dharamshala group has been named after Dharamshala
town and consists of fine to medium grained dirty gray to
maroon compact, jointed, and non-micaceous sandstones
which are interbedded with clay bands of crimson red,
green, and maroon color. It is generally believed that
provenance for the rocks of Shiwalik formation are the
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metamorphic and sedimentary rocks, and these rocks con-
sist essentially of a thick succession of sandstone, shale,
clays, and conglomerates in parts of lower Dharamshala.
Dharamkot formation is named after the Dharamkot village
and extends from Kareri in the NW to the Khaniyara in the
east of Dharamshala. It is believed that these traps were
poured out at the time of epiorogenic movements which
were of widespread scale and nearly affected the entire belt
of Himalayas and have been characterized by the presence
of basic volcanic rocks with structure characteristics of la-
vas and tuffs in Dharamshala traps. The limestone succes-
sion of Dharamkot formation and Dharamshala traps is
sandwiched between two steeply inclined thrusts. Dha-
ramshala is located very close to the perennial snowline and
surrounded by deodar forests and the Dhauladhar range, the
mighty snowy mountains of Dharamshala. These mountains
rise about 4,000 m above the floor of the valley. Dha-
ramshala has an average elevation of 1,457 m (4,780 feet).
Chamba region (Fig. 2) forms a part of the wide longitu-
dinal valley that lies between the Zanskar and Dhauladhar
ranges in the north and south, respectively. The valley
trends NW-SE and is considered to be of tectonic origin
(Gansser 1964; Wadia 1957). The southern part of the
longitudinal valley is known as the Chamba valley, and the
northwestern part is known as Kashmir valley. Various
tectonic features in Chamba region are Muree thrust (MT),
Suloh thrust (ST), MBT, and Panjal thrust (PT) (Fig. 1).
The area is seismically active and lies in the high-risk
seismic zone of India. Lower part of Chamba formation
consists of monotonous alternations of metagraywacke and
slate-forming sandy flysh. Upper part of this formation
comprises of alterations of slate and metasiltstone meta-
graywacke, showing turbidite structures in shally flysh
sequence. Salkhala formation in the Chamba region consists
of phyllite, quartzitic phyllite, micaceous quartizites, and
ocassional bands of gray marbles and volcanic layers
together with biotite and garnet-biotite schists near the
granitic bodies. Chamba district presents an intricate mosaic
of mountain ranges, hills, and valleys. It is primarily a hilly
district with altitudes ranging from 600 to 6,400 m amsl.
Physiographically, the area forms a part of the middle
Himalayas with high peaks ranging in height from 3,000 to
6,000 m amsl. It is a region of complex folding, which has
undergone many orogeneses. The topography of the area is
rugged with high mountains and deep dissected by river
Ravi and its tributaries. Physiographically, the district can
be divided into two units viz. (1) high hills, which cover
almost entire district, and (2) few valley fills.

In the present study, sampling is done longitudinally
along the MT, ST, MBT, and PT in the Chamba (Fig. 2),
while in Dharamshala region, sampling is done across the
MBT-2, MBT, MCT, and along the various transverse
lineaments running parallel to drainage systems (Fig. 1).
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Fig. 1 Geological map of

Dharamshala region along with
the measurement points and
tectonic features (MBT = Main
Boundary Thrust, MCT = Main
Central Thrust) and drainage
systems (SK = Sarah Khad,
CK = Churan Khad,

MIJK = Manjhi Khad,

MK = Manuni Khad,

DK = Darun Khad) (modified
after Walia et al. 2008)
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Experimental techniques

RAD7 produced by Durridge Company, USA, has been
used for monitoring radon activity concentration in soil
gas. For soil gas sampling, a hollow steel probe of 3 cm
diameter and 130 cm length with disposable sharp awl that
can make steel probe favorable for drilling into the soil and
prevent soil from blocking the probe was used. This steel
probe is placed into the ground at a depth of about
0.8-1.0 m by pounding using a hammer and drive in head.
A thin solid bullet (punching wire) is used to displace the
tip and allows the lower end of the probe to be in contact
with the soil surface at the required depth. A hand pump
pumping through a specially designed rubber tube (with
two filters, one for the moisture and one for dust) was
connected with hollow steel to collect gas into sample bag.
If the flux is strong enough, then the hand pump can be
replaced by an alpha pump (an automatic pump having
pumping rate 1 1/min) to collect soil gas in the evacuated
sample bags having capacity of 3 1 (Walia et al. 2005).
Before collecting the soil gas in sample bags, the tube and
the probe must be flushed for air, which might be present,
by pumping it for approximately 1 min.
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Sample bags used for collecting soil gas are Tedlar
standard sample bags (manufactured by SKC Inc. com-
pany), which utilize a lightweight, patented compact two
fittings of inert polypropylene that combine the hose/valve
and the septum holder which allow the sample bag to be
used in a closed circuit for radon analysis. With the
increase in the humidity detection efficiency of RAD7
decreases, therefore before making the measurement
RAD7 must be dry. To achieve this, it is purged for
sometime using drying unit and RAD7 humidity reading
has been inspected to make it sure that relative humidity
readings during the measurement period are below 10 %.
The soil samples were immediately analyzed with RAD7 at
the site after the collections without any delay; therefore,
decay correction is neglected. For many instruments, radon
and thoron interfere with each other. Generally, it is diffi-
cult to measure one isotope accurately in the presence of
the other. But compared to other instruments, the RAD7 is
much less susceptible to radon thoron interference due to
its ability to distinguish the isotopes by their unique alpha
particle energies. The RAD7 separates radon and thoron
signals and counts the two isotopes at the same time with
little interference from one to the other. In order to measure
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Fig. 2 Geological map of 32.65 -
Chamba region along with the
measurement points and
tectonic features (MBT = Main il =
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MT = Muree Thrust) (modified 32.55 B
after Thakur 1998)
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radium activity concentration in soil, surface soil samples
were collected from undisturbed sites at each location.
Samples were dried in an oven at about 100 °C for 1-2 h to
remove the moisture content and then crushed to pass
through a 150-pm-mesh sieve to homogenize it. Then, a
sample of 300 g was weighed, and finally, a split of the
prepared sample was packed in a standard plastic con-
tainer; after properly tightening the threatened lid, the
containers were sealed with adhesive tape and left for at
least 4 weeks (>7 half-lives of **’Rn and ***Ra) before
counting by gamma spectrometry in order to ensure that the
daughter products of **°Ra achieve equilibrium with their
respective parent radionuclide’s. The samples were ana-
lyzed by using high-resolution gamma spectrometry system
consists of coaxial n-type high-purity germanium (HPGe)
detector having 50 % relative efficiency with respect to
7.62 cm x 7.62 cm Nal (Tl), and its energy resolution
measured in terms of the full width at half maximum
(FWHM) is 2.1 keV at 1,332.5 keV of ®°Co gamma energy
at 25 cm from the top of the detector. Spectrum stabilized
8 K MCA (PHAST, Electronics Division, BARC) along
with other electronic accessories was coupled with the
HPGe detector. Details of the measurement technique are
given elsewhere (Chinnaesakki et al. 2011).
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Results and discussion

With an aim to understand tectonic and geological controls
on soil gas radon variations in the study regions, detailed
surveys were conducted in a continuous stretch of 2 weeks
during the month of April 2010, to ascertain the spatial
variation of soil gas under stable meteorological conditions.
Thirty-seven soil gas samples were collected in the Dha-
ramshala region (Fig. 1), and thirty-five samples were col-
lected in the Chamba region (Fig. 2). Along with soil gas
radon samples, thirty-four surface soil samples were also
collected from both Dharamshala and Chamba region.
Spatial distribution of soil gas sampling is important, but it
is not always possible to choose the limits of sampling
interval and have dense sampling due to the following:
tough terrain, proper site location, no/poor soil gas flux, and
other practical/field problems which are difficult to avoid.
In the present study, we also faced these problems, and even
though we hammered down the probe at many locations but
failed to get enough gas emission, to have the samples as
rocks in this area are devoid of any primary porosity due to
underlying hard rock formations. For these reasons, we
have to satisfy ourself with the confined number of samples
we were able to collect during field works.
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Table 1 Average soil gasradon g o Geological No.of GM. of radon Maximum  Minimum  Geometrical
concen.tratlons mn _dlfferent formation sample  concentration (kBq m™3) (kBgm™) SD
geological formations of (kBq m™?)
Dharamshala region
1 Shiwaliks 7 31.6 702 +£39 13.6+£15 1.7
2 Dharamshala sandstone 14 27.9 662 +38 132+£15 1.6
3 Alluvium 12 455 1108 £50 188+1.7 1.7
4 Dharamkot 35.4 436+29 287+£22 12
5 Dharamshala trap 80.2 83.7+43 768 +41 1.0

The results of soil gas radon activity concentration
measurements along with error bars (shown by green color)
are shown by bar graphs in Figs 3 and 4, for Dharamshala
and Chamba regions, respectively. The soil gas radon
variation with minimum, maximum, and geometrical mean
(G.M.) of soil gas radon activity concentration in different
geological formations of Dharamshala and Chamba regions
has been tabulated in Tables 1 and 2, respectively. Average

radium activity concentrations observed in different geo-
logical formations of Dharamshala and Chamba regions
have been tabulated in Tables 3 and 4.

In Dharamshala region, the soil gas radon activity con-
centrations have been observed to be varying from
132 £ 1.5 to 110.8 + 5.0 kBq m >, with a geometrical
mean of 35.9 kBq m ™ and geometrical standard deviation
of 1.8. The radon activity concentration in soil gas of the
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Table 2 Average soil gas radon

] or S. no. Geological No. of G.M. of radon ~ Maximum Minimum Geometrical
concentrations in different formation sample  concentration (kBgm™) (kBqm™)  SD
geological formations of (kBq m™?)

Chamba region
1 Chamba formation 8 17.4 356 £ 25 52+1.0 1.5
2 Salooni 2 17.2 20.6 £ 1.8 143 £ 1.5 1.2
3 Manyjir 2 6.0 63 £ 1.1 57+£1.1 1.1
4 Salkhala 3 16.1 122 +£14 308=£23 1.5
5 Granite 7 18.3 23.6 £2.0 152+ 1.6 1.2
6 Shiwalik 4 15.8 293 +£22 82+12 1.6
7 Muree 9 15.0 193 £ 1.8 109 £ 1.3 1.2

Table 3 **°Ra activity in different geological formations of Dha-
ramshala region

S. no. Geological formation 226Ra activity (Bq kg™")
1 Dharamshala trap 454 £ 1.7
2 Shiwalik 369 £ 1.6
3 Alluvium 383+ 14
4 Dharamkot limestone 404 £ 1.9
5 Dharamshala sandstone 439 £ 1.7
Average 2*°Ra activity in soil samples of Dharamshala:

404 + 1.7 Bq kg™!

Table 4 ?*°Ra activity in different geological formations of Chamba
region

S. no. Geological formation 226Ra activity (Bq kg™")
1 Chamba formation 444 + 1.7
2 Salooni 39.6 £ 1.6
3 Manjir 339+ 14
4 Granite 409 £ 1.7
5 Shiwalik 33.6 + 1.8
6 Muree 39.1 £ 2.1

Average **°Ra activity in soil samples of Chamba: 38.6 + 1.7 Bq
kg™!

Dharamshala area is higher than the radon activity con-
centration in soil gas of non-tectonic of Ropar district of
Punjab by Singh et al. (2009) (11.6-27.4 kBq m ) but are
comparable than those reported for soil gas in nearby
neotectonic areas of Himachal Pradesh by Singh et al.
(2006) (1.1-82.2 kBq m3). Average radium activity
concentration in the soil samples collected from different
geological formations of Dharamshala region is found to be
40.4 + 1.7 Bq kg™ ".

Average radium activity concentration in soil samples
collected from Dharamshala formation is found to be
454 + 1.8 Bq kg™'. Fourteen samples of soil gas have
been collected and analyzed to find the radon activity
concentration in soil gas of Dharamshala formation. The
geometrical mean and geometrical standard deviation in
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soil gas radon activity concentration in Dharamshala for-
mation has been found to be 27.9 kBq m— and 1.6,
respectively. Average radium activity concentration in soil
samples of Shiwalik formation of Dharamshala region is
36.9 + 1.6 Bq kg~ '. The geometrical mean and geomet-
rical standard deviation of radon activity concentration in
Shiwalik formation has been found to be 31.6 kBq m™>
and 1.7, respectively. Twelve samples of soil gas have been
collected and analyzed from the alluvium formation of
Dharamshala region. Soil gas radon activity concentration
in this formation varies between 18.8 £ 1.7 and
110.8 & 5.0 kBq m ™, with a geometrical standard devia-
tion of 1.7. Geometrical mean of soil gas radon activity
concentration in alluvium formation is found to be
45.5 kBq m . Soil gas radon activity concentration and
radium activity concentration in soil samples collected
from Dharamkot limestone formation (Fig. 1) of the study
zone have been found to have an average value of
354kBqm™ and 404 + 1.9Bqkg™' , respectively,
while average activity concentration of radium
(45.4 &+ 1.7 Bq kg~ ") and soil gas radon activity concen-
tration in soil samples collected from Dharamshala traps is
45.4 4+ 1.7 Bq kg ' and 80.2 kBq m™>, respectively.

In Dharamshala region, soil gas radon activity concen-
tration in Dharamshala and Shiwalik formation is com-
paratively smaller than other geological formations of this
region irrespective of the higher radium content in the soil
samples of Dharamshala formation. This may be due to
compact packing of the sandstones resulting in poor con-
ditions for migration of radon gas from some deep seated
source of radon. Soil gas radon activity concentration in
alluvium formation has been found to be comparatively
higher than the sandstones of Dharamshala and Shiwalik
formations. This may be due to the comparatively higher
porosity of soil as compared to Shiwalik/Dharamshala
group which are having compact basement that hinder the
radon migration. Soil gas samples collected from the
locations near Manjhi Khad (MJK) (sample no 19 and 27,
Fig. 1) show comparatively higher radon activity concen-
tration of 56.6 £ 3.4 and 66.2 £+ 3.8 kBq m—>, respec-
tively. Comparatively higher values of radon activity



Environ Earth Sci (2014) 72:2837-2847

2843

concentration near Manjhi Khad may be due to the influ-
ence of transverse lineaments on the migration of radon
gas. It has been observed that soil gas samples collected
from the Dharamshala traps (viz. 29 and 30) (Fig. 1) have
comparatively much higher radon activity concentration of
the order of 80.2 kBq m~>. The limestone succession of
Dharamkot formation and Dharamshala traps is sand-
wiched between two steeply inclined thrusts which may be
the reason for better migration of radon to the surface.

To better understand the whole scenario of soil gas
radon variation in Dharamshala across the tectonic features
such as MBT, MBT-2, and MCT, efforts were made to
undertake transverse profiles (Fig. 5a, b, c) across the
existing fault zones in Dharamshala region. It has been
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Fig. 5 a Soil gas radon variation across MBTin Dharamshala region.
b Soil gas radon variation across MCT in Dharamshala region. ¢ Soil
gas radon variation across MBT-2 in Dharamshala region

observed that the radon activity concentration shows a very
wide range of variation, and peaks of concentration were
obtained near the MBT, MBT-2, and MCT. Similar type of
profiling has already been done previously by a Walia et al.
(2008) across MBT-2 for fault delineation study. Soil gas
radon activity concentration is found to be comparatively
higher near the tectonic structures in both surveys, but
unlike to the results obtained previously in 2008, there was
no rapid increase in radon activity concentration in soil
near the fault. Soil gas radon activity concentration has
been found to be higher in the alluvium formation in the
both the surveys, and results reveal that few sampling
points have more or less similar trend for radon activity
concentration variation. Differences in the soil gas radon
activity concentrations observed in these two surveys may
be due to the possible seasonal effects/change in meteo-
rological conditions prevailing during these surveys or may
be due to the fact that sampling points are not exactly the
same. Moreover, soil gas radon activity concentration as
well as the soil gas permeability varies not only from one
survey to another, but also among different measurement
points/locations within each survey (Chen et al. 2008).

Radon activity concentration in the thirty-five soil gas
samples collected from the Chamba region of Himachal
Pradesh (Fig. 2) has been found to be varying from
52+ 1.0 to 35.6 & 2.5 kBq m > with geometrical mean
of 15.8 kBq m— and geometrical standard deviation of
1.6. The radon activity concentration in soil gas of the
chamba area is slightly higher than the radon activity
concentration in soil gas of Ropar district of Punjab by
Singh et al. (2009) (11.6-27.4 kBq m~°), but are lower
than those reported for soil gas in neotectonic area near
Dharamsala region of Himachal Pradesh by Singh et al.
(2006) (1.1-82.2 kBq m). Average radium activity
concentration in soil samples collected from Chamba
region has been found to be 38.6 + 1.7 Bq kg ~'.

Eight samples of soil gas have been collected and ana-
lyzed from the Chamba formation (Fig. 6a). Soil gas radon
activity concentration in this formation varies between
524 1.0 and 35.6 +£2.5kBqm > with a geometrical
standard deviation of 1.5. Average radium activity con-
centration and geometrical mean of radon activity con-
centration in the soil samples of Chamba formation are
found to be 44.4 4+ 1.7Bqkg™' and 17.4 kBq m~,
respectively. Geometrical mean of soil gas radon activity
concentration in Salkhala formation is found to be
16.1 kBq m ™, and geometrical standard deviation is 1.5.
In Chamba region, thirteen soil gas samples were also
collected on/near the MBT, ST, PT, and MT (sample no
23-35) (Fig. 6b). Geometrical mean of soil gas radon
activity concentration in these samples has been found to
be 16 kBq m~>, with geometrical standard deviation of
1.4.
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In Chamba region, average soil gas radon activity con-
centration in the Dalhousie granites and Salooni formation
is found to be comparatively higher than Manjir formation
(Fig. 6a). This can be attributed to the higher activity of
26Ra in soil samples of Salooni (39.6 + 1.6 Bq kg™ ') and
granite formations (40.9 + 1.7 Bq kg™') as compared to
Manjir formation (33.9 + 1.4 Bq kg_l) (Table 4). Com-
paratively, higher values of soil gas radon activity con-
centration (sample nos 8, 9, 10, and 12) in Chamba
formation (Fig. 6a) may be related to a present neotectonic
active fault along the Ravi River (Joshi 2004) or may be
due to the comparatively higher radium activity concen-
tration in the soil samples of Chamba formation. This
active fault initially recognized on morphotectonic criteria
gained significance as a seismogenic structure following
the 1995 earthquake. An attempt will be made in the future
studies to delineate this neotectonic fault using soil gas
technique.

Salkhala formation in the Chamba region consists of
phyllite, quartzitic phyllite, micaceous quartizites, and
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ocassional bands of gray marbles and volcanic layers
together with biotite and garnet-biotite schists near the
granitic bodies. G.M. of soil gas radon activity concen-
tration in Salkhala formation is found to be 16.1 kBq m_3,
and geometrical standard deviation is 1.5. Average soil gas
radon activity concentration in the Dalhousie granites and
Salooni formation is found to be comparatively higher than
Manjir formation (Fig. 6a). This can be attributed to the
higher activity of radium in soil samples of Salooni
(39.6 + 1.6 Bq kg™ ') and granite formations (40.9 +
1.7 Bq kg ") as compared to Manjir formation (33.9 &
1.4 Bq kg™ "). It has been observed that the Shiwalik for-
mation in Chamba region (along the MT) yields compar-
atively less average soil gas radon activity concentration
(GM. 15.8 kBq m ™), as compared to Shiwalik formation
(GM. 31.6 kBq m ) of Dharamshala region. Compara-
tively, higher soil radon activity concentration in Dha-
ramshala region may be due the presence of local
transverse lineaments in the region. Comparatively, less
radon activity concentration in the soil gas samples
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collected from Muree formation may be due to the compact
packing of sandstones in this formation, resulting into poor
migration of radon gas, thus corroborating the results
obtained by Walia et al. (2008) in the sandstones of Dha-
ramshala region.

Efforts were made to undertake transverse profiles
across the fault zones and have dense sampling in Chamba
region, but the tough geological/geographical conditions
made it impossible to do the task efficiently and in planned
way. Most part of the area is underlain by hard rock for-
mation ranging in age from Paleozoic to Triassic. These
older rocks are devoid of any primary porosity. Thirteen
soil gas samples were collected and analyzed on/near the
Main Boundry thrust, ST, PT and MT (sample no 23-35)
(Fig. 6b). Comparatively, higher values of soil gas radon
activity concentration (sample nos 23, 32, and 31) in
Chamba region (Fig. 6b) may be related to a present neo-
tectonic active fault along the Ravi River (Joshi 2004).

The results obtained by different studies showed that the
soil gas radon activity concentration may vary over a wide
range depending on weather conditions, climatic factors,
and soil type (Chernik et al. 2001; Durrani and Ilic 1997).
The observed values of radium activity concentration in
soil samples in the present study are less than the recom-
mended action level 370 Bq kg_1 (OECD 1979) but
slightly higher than the worldwide average value of
35 Bq kg~ for the same radionuclide in soils reported by
UNSCEAR (2000).

Linear regression model equations to represent the soil
gas radon activity concentration and radium activity con-
centration data of Dharamshala and Chamba have been
observed (Figs. 7, 8). It has also been observed that soil gas
radon activity concentration in Chamba region has a
positive correlation of 0.55 with the observed radium
activity concentration in the soil samples collected from
different locations near the sampling points of soil gas
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Fig. 7 Correlations between radon and radium activity concentration
in Chamba region
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Fig. 8 Correlations between radon and radium activity concentration
in Dharamshala region

(Fig. 7), while comparatively weak positive correlation of
0.18 has been observed between soil gas radon activity
concentration and radium activity concentration in Dha-
ramshala region (Fig. 8). From the present study, it seems
in the Chamba region radon is not only controlled by
radium but also influenced by tectonic activity and geo-
logical setting of the area, whereas in the Dharamshala
region radon is mostly controlled by tectonic setting of the
area.

Conclusion

Results of radon activity concentration in soil gas and
radium activity concentration in soil samples of Dha-
ramshala and Chamba regions of NW Himalayas are
reported here. The study area was selected after literature
surveys about the geology and tectonic of the areas. Soil
gas radon activity concentration has shown large variation
in both Dharamshala and Chamba regions, while radium
activity concentration in soil samples is more or less same
in both the regions. The observed values of radium activity
concentration in soil samples in the present study are less
than the recommended action level but slightly higher than
the worldwide average value. Radon and radium have
shown poor correlation in Dharamshala region as compared
to Chamba region with the overall poor correlation coef-
ficient of 0.20. It is observed from the radon anomalies
pattern in the studied regions that anomalies are not dis-
tributed on the conspicuous faults locations only. It is
reported that soil gas radon emission not only depend upon
radium activity concentration but also on other factor viz.
tectonic activity, geology of the area, soil porosity, etc.
From the poor correlation of radium activity concentration
and radon activity concentration in the present study, it can
be concluded that the radon activity concentration may be
mainly controlled by tectonic and geological features
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present in the area. Further, the anomalous radon concen-
tration activity has also been observed along the local
drainage patterns and river pathways suggesting the pre-
sence of some neotectonic feature which is also reported in
some other studies.
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