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Abstract

Radon is a naturally occurring radioactive gas produced by uranium decay in
soil and rocks, and the dominant source of natural ionizing radiation exposure.
Prolonged indoor inhalation of its alpha-emitting progeny is the second lead-
ing cause of lung cancer after tobacco smoking. This study provides the assess-
ment of indoor radon concentrations in 25 dwellings across five villages in a
mountainous region in northern Pakistan. These villages (Kamra, Thoon,
Paija, Bhattian, and Chaffar) are in Kotli Sattian, a seismically active sub-Him-
alayan township in Rawalpindi District, Punjab, Pakistan. The CR-39 solid-
state nuclear track detectors were used passively at head height for 60 days for
track counting. The overall mean radon concentration was 43.75 + 31.04
Bq-m™, ranging from 13.77 to 135.76 Bq-m™. Village-level means ranged from
33.10 Bq:m (Bhattian) to 51.85 Bq-m™ (Chaffar). Newly constructed concrete
and brick dwellings recorded a higher mean (49.44 Bg-m™) than older mud
and wood structures (35.42 Bq-m™), attributable to the elevated radium con-
tent of modern building materials. The mean annual effective dose of 0.11
mSv-y ! is well below the 1 mSv-y™! public limit. The Excess Lifetime Cancer
Risk (ELCR) of 0.37 x 10 and Lung Cancer Risk (LCR) of 5.07 x 107> both fall
within internationally accepted limits. These findings establish a radiological
baseline for Kotli Sattian and highlight the need for year-round monitoring
and targeted remediation in dwellings proximal to active fault structures.
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1. Introduction

The existence of ionizing radiation from natural sources is an intrinsic aspect of
life on Earth, persistently impacting human beings and an unavoidable character-
istic of life on our planet [1]. The presence of radon and its rapidly decaying by-
products in the atmosphere is the primary source of human exposure to naturally
occurring ionizing radiation. Radon is a naturally occurring radioactive gas that
is part of the decay series of Uranium. It is found naturally in soil, water and rocks
in varying amounts [2] [3]. The levels of uranium on Earth exhibit variation due
to the varying concentrations of uranium in different types of rocks and soils, such
as granite, uranium-enriched phosphatic rocks, and shale [4] [5]. The concentration
of radon in outdoor air is often low. However, if it is unable to dissipate, it might
accumulate to higher concentration levels in the indoor environment [6]. Indoor
radon primarily originates from soil and building materials, such as sand, pebbles,
and cement, that contain trace levels of U-238. Radon may penetrate indoor envi-
ronments through the ground in regions with high seismic activity [7] [8].

The World Health Organization (WHO) has recognized radon as being one of
the 19 ecological toxins. Radon is the 2nd primary contributor to lung tumors,
trailing the use of tobacco products, as per the U.S. Environmental Protection
Agency (EPA). It is a major cause of lung cancer in nonsmokers [9]. Radon causes
an estimated 3% to 14% of lung cancer cases, depending on the average level of
radon in country and the smoking prevalence [10] [11]. Countries and organiza-
tions advise restricting indoor radon levels to minimize health hazards. The In-
ternational Commission on Radiological Protection (ICRP) recommends imple-
menting preventive measures when the radon concentration in residential areas
exceeds 300 Bq'm™ and in occupational settings surpasses 1000 Bq-m™ [12].
Long-term exposure to radon concentrations increases the risk of developing lung
cancer by 16% for each 100 Bq-m™ increment [12].

Human beings could be exposed to artificial radiation in modern times, specif-
ically from medical procedures [13] but the primary source of human exposure to
natural ionizing radiation is predominantly radon [14]. The global radon contri-
bution accounts for up to 50% of the total radiation dosage, with a value of around
1.15 mSv-y™* [15]. During the process of radon decay, alpha radioactive particles
are emitted and can be ingested and deposited on our bodies. Additionally, Alpha
particles have the ability to disturb the DNA structure within the cells of the epi-
thelial membrane, particularly in lung cells. Exposure to this type of radiation is
known to significantly raise the likelihood of developing lung cancer [16]. The

recommended indoor radon levels from various organizations are ICRP (300
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Bq-m™), USEPA (150 Bg-m~3), and WHO (100 - 300 Bg-m™) [12] [17] [18].

The concentration of Radon in a house is influenced by several factors, includ-
ing the makeup of the underlying soil, the materials used in building construction
(such as cement and sand), the ventilation, and the flow of air both inside and
outside the building’s walls [19]. Radon can infiltrate houses and buildings by
multiple paths, such as fissures in floors and walls, openings around pipes, and
even through well water. This can result in fluctuating indoor concentrations of
radon [20]. Basements offer a substantial amount of exposed surface area that
comes into contact with rock and soil materials. The concentration of Radon is
typically elevated in basements of a dwelling [21].

The concentration of radon within a residence varies on a daily and hourly ba-
sis. To account for these variations, it is advisable to estimate the average annual
concentration of radon in indoor air over a minimum duration of two months.
The measurement of radon levels in houses can be done using either active [3] or
passive nuclear techniques. However, the passive technique, which involves the
use of Nuclear Track Detectors, is both cheaper and more convenient [22]. This
method entails the placement of solid-state detectors (namely CR-39) in different
rooms within homes. As Radon is an alpha emitter, the alpha rays produced dur-
ing its decay pass through the detector and leave tracks. These tracks are used to
measure the level of radon in an area. The CR-39 detectors are strategically posi-
tioned in a certain location to monitor the concentration of radon over a prede-
termined period, usually spanning many months [23].

Kotli Sattian is a town situated in the mountainous region of the northern Pun-
jab province of Pakistan. The region experiences predominantly temperate cli-
matic conditions and is situated near the Punjab and Kashmir borders. Most of
the population resides in dwellings constructed from clay and wood, although
there has been a recent trend towards modernization, with an increasing number
of people opting to build concrete buildings. Because the region is in a seismically
active zone, these houses are not well repaired and as a result, they have cracks
and pores through which radon gas can penetrate and harm the inhabitants. This
study aimed to evaluate the levels of indoor radon concentrations in the five vil-
lages of Kotli Sattian and investigate the health effects of radon exposure on the
local population. To achieve this objective, CR-39 nuclear track detectors were
carefully placed in 25 distinct residences. The CR-39 detectors were set up for a
duration of 60 days, and subsequently, they underwent a process of etching in the
Radiation Physics laboratory at COMSATS University Islamabad. This procedure
allowed for the estimation of the radon concentration. The region is still in devel-
oping phase and lacks a thorough investigation of indoor radon concentration
and its impact on health. This study attempts to fill this gap by providing a base-

line for this region and establishing a foundation for future research.

2. Materials and Methods
2.1. Study Area

Kotli Sattian is a municipality located in the Rawalpindi District of Punjab, Paki-
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stan. It is a subdivision of the Rawalpindi district. From a geographical perspec-
tive, it is surrounded on the east by the Jhelum River, on the southwest by the
Soan River, and on the northwest by Murree [24]. In addition, Kotli Sattian is
adjacent to Kahuta Tehsil to the south. Kotli Sattian is connected to the Kashmir
Territory in the east via a bridge over the river Jhelum, as well as to the southwest.
Moreover, it is located next to Islamabad. The maximum elevation is at Pofandi
peak, located east of the Patriata spur, with an altitude above 7035 feet above sea
level. The nadir is situated along the Jhelum River at Patton, at an elevation of
1587 feet relative to sea level. In seismically active regions, the geological setting
plays a particularly amplifying role: fault zones serve as preferential pathways for
radon migration due to their increased porosity and permeability [25], allowing
radon to travel from deeper crustal sources toward the surface far more rapidly
than diffusion through intact rock would permit [8]. Two main mechanisms of
radon discharge from soil gas in active fault zones have been identified: diffusion
and dispersion from permeable soil, and upwelling directly from fault planes, with
higher concentrations and flux consistently observed at fault locations [26]. In the
sub-Himalayan fold-and-thrust belt where Kotli Sattian is situated, the intersec-
tion of uranium-bearing metamorphic basement rocks and active seismic faults
therefore represents a geologically favorable setting for elevated soil-gas radon,
providing the fundamental geogenic context for the indoor concentrations meas-
ured in this study. Radon measurements were conducted in five villages, specifi-
cally Kamra, Bhattian, Paija, Thoon, and Chaffar. The study area map is given in

Figure 1 and the details of the houses are given in Table 1.

Kotli Sattian rp'm:g).

1em=4km

ountry
Study Area (Pakistan)

Figure 1. Study area map.
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2.2. Selection of Houses

A total of twenty-five dwellings were chosen, and 5 dosimeters were carefully po-
sitioned in different spots within the houses across the five villages in the Kotli
Sattian region. Five houses were chosen in every village as locations for dosimeter
installation. Copper Wire was used to suspend the dosimeters at a height of 5 - 6
feet in each house. The houses in Bhattian, Paija, and Thoon were built using
bricks, cement blocks, and concrete. The newly constructed dwellings for our in-
quiry were designated as these buildings. The houses in Chaffar and Kamra were

categorized as old homes, built with mud and wood.

Table 1. Location details of houses selected for this study, Radon concentration and Annual Effective dose.

House ID ‘Latitude I‘.ongitude Village Radon conce_ntration Annual effective dose
(Decimal Degrees) (Decimal Degrees) (Bqm™) (mSv-y™)
H1 33.7558 73.5231 33.29 0.084
H2 33.7553 73.5230 23.28 0.059
H3 33.7543 73.5213 Kamra 22.63 0.057
H4 33.7532 73.5207 25.33 0.064
H5 33.7524 73.5209 84.36 0.213
Hé6 33.7502 73.5384 33.26 0.084
H7 33.7505 73.5369 24.10 0.061
HS8 33.7506 73.5358 Thoon 21.64 0.055
H9 33.7511 73.5373 37.88 0.096
H10 33.7521 73.5370 135.76 0.343
HI11 33.7555 73.5541 69.60 0.176
Hi12 33.7565 73.5546 77.47 0.195
H13 33.7562 73.5549 Paija 22.14 0.056
H14 33.7574 73.5544 28.04 0.071
H15 33.7584 73.5545 30.25 0.076
H1e6 33.7583 73.5545 23.61 0.060
H17 33.7513 73.4972 33.20 0.084
H18 33.7522 73.4963 Bhattian 27.55 0.069
H19 33.7524 73.4974 28.78 0.073
H20 33.7512 73.4971 52.34 0.132
H21 33.7455 73.4943 30.01 0.076
H22 33.7466 73.4943 91.74 0.231
H23 33.7475 73.4945 Chaffar 13.77 0.035
H24 33.7465 73.4954 24.10 0.061
H25 33.7470 73.4962 99.61 0.251

2.3. Preparation of Radon Dosimeters

Radon dosimeters utilized for extended surveys must exhibit qualities such as
small dimensions, cost-effectiveness, and ease of use. The sensitivity of a dosime-

ter depends on the choice of material, as well as the size and placement of the
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detector within the dosimeter. The dosimeter consists of a cylindrical plastic case
with a radius of 3 cm and a height of 7.5 cm. These dosimeters have one side that
is exposed, while the opposite side is sealed with a cap. The detector is affixed to
the lid utilizing double-sided tape. The Radon dosimeters (Figure 2) were ob-
tained and calibrated in the Radiation Physics Laboratory (RPL) at COMSATS

University Islamabad.

Figure 2. Closed and open view of dosimeter that consists of a cylindrical plastic bottle
with detector fixed below the lid of the dosimeter.

The CR-39 is attached to the dosimeter cap using double-sided tape, assuring
its strong fixation. The dosimeter was enclosed in a plastic bag that efficiently re-
sists moisture and blocks the entry of particles of dust from the surrounding air.
The dosimeter was installed for a period of sixty days. The CR-39 nuclear track
detector was used for radon measurements because of its exceptional sensitivity,
resilience to various environmental factors, and superior visual clarity. The selec-
tion was made to use CR-39 sheets with an average thickness of 0.9mm due to
their robustness and ability to avoid detection of any markings on the rear surface
by the image analyzer. The CR-39 sheets were accurately partitioned into rectan-
gular segments measuring 4 cm in length and 2.5 cm in width using a laser cutter.
A unique serial number was engraved on each detector to aid in identification.
View and specifications of CR-39 detector are shown in Figure 3. Figure 3(a)
shows a view of CR-39 detector used in our study while Figure 3(b) shows a sche-
matic view of the dosimeter. Radon concentration was calculated by applying the

conversion factor of dosimeter as 0.012 tracks-cm™-h™" is equal to 1 Bq-m™.

(b) F—6cm—

CR-39 track detector ¢——— —"

7.5cm

Ol

Sample 4—U

Figure 3. (a) A View of CR-39 detector; (b) A View of dosimeter for this study.
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2.4. Dosimeter Collection and Etching

Dosimeters were set at head heights in five houses of each community in Kotli
Sattian. After a duration of 60 days, the dosimeters were retrieved and carefully
transported back to the laboratory without any contamination. The detectors were
removed from the dosimeter to receive etching. The CR-39 detectors underwent
etching in a 6-molar solution (6M) of NaOH at a temperature of 70°C for a dura-
tion of three hours (Figure 4). Following the etching process, the CR-39 samples
were removed from the solution, rinsed with pure water, and dried flat using tis-

sue wipes to eliminate the etchant and etch products from the detector’s surface.

2.5. Track Density and Radon Concentration Calculation

The average number of tracks accumulated during a 60-day period was deter-
mined by counting the average number of tracks in a CR-39 detector under x10
magnification, using 20 - 25 fields of view. The track density was calculated by
multiplying the calibration of the microscope (x10) by the average number of
tracks observed in each field of view. The track density per hour was determined
by translating the exposure time into hours. The radon concentration was deter-
mined by utilizing the given equation.

Track Density

Radon Concentration (Bq .m ) = : :
Conversion Factor of the Dosimeter

The conversion factor of dosimeter used is 0.012 tracks-cm=2h™".

Figure 4. (a) Installed dosimeter in the house; (b) Etching of the Cr-39 detector for track
counting.

3. Results and Discussion

The radon concentration for 25 houses was calculated, and the values are given in
Table 1. The mean radon concentration in this study was found to be 43.75 +
31.04 Bq-m™, ranging from 13.77 to 135.76 Bq-m~°. The houses have radon activity
below the standard value provided by the US-EPA, which is 150 Bq-m™. The in-
door radon concentration was relatively high in six houses, specifically H5, H10,
H11, H12, H22, and H25. The H10, H11 and H12 are the new concrete houses
and the radon concentration in new houses is higher due to radioactive Ra-226
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present in the construction materials in higher amounts [27]. Although mud and
wood construction often results in reduced radon emission compared to cement
and brick, three residences in Chaffar and Kamra (H5, H22, H25) demonstrated
significantly heightened radon levels (84.36, 91.74, and 99.61 Bq/m?, respectively).
This is due to the interplay of the region’s seismic activity with the structural in-
tegrity of older buildings. Faults and fractures operate as favorable conduits for
radon gas migration from the lower crust to the surface, resulting in increased
soil-gas radon levels in tectonically active regions [28]. Kotli Sattian is situated on
the seismically active Muzaffarabad Fault in the NW Himalayas; radon concen-
trations along this fault exhibit a significant negative correlation with distance
from the fault (R* = 0.73), with the highest concentrations observed closest to the
fault zone [29]. Research on the Balakot-Bagh Fault in Northern Pakistan indi-
cates that soil-gas radon concentrations are markedly higher near the fault (mean
11.9 kBq/m?) than in nearby regions [30]. Radon-laden soil gas infiltrates struc-
tures via cracks and fissures in foundations due to pressure differentials, as indoor
air pressure is generally lower than the pressure of the underlying soil gas [31]. In
outdated mud and wood dwellings, fissures in floors and walls resulting from
years of structural settlement and seismic micro-tremors act as direct conduits for
the ingress of soil-gas radon [31]. Low-income households in rural mountainous
Pakistan generally lack the means to repair and seal such entrance holes, resulting
in the gradual accumulation of structural vulnerability. We emphasize that the
kind of building material alone does not dictate indoor radon risk; the interplay
of geological conditions, structural soundness, and socioeconomic ability for
maintenance is equally vital. In terms of villages, the highest radon concentration
was found in Chaffar ie. 51.7 Bq-m~ and lowest in Bhattian 33.3 Bq-m™. The av-
erage radon concentration in different villages of Kotli Sattian are given in Table
2 alongside average track densities and annual effective doses. The average radon
concentrations in five villages are also plotted using GIS tool Inverse Distance

Weighting Interpolation (IDW) in Figure 5.

Value .
wr High :135.7 Indoor Radon Concentration

.Low:13.7

=
N

1 centimeter = 600 meters

Q051 2 3 2 Kilometers

Figure 5. Spatial Distribution of Radon activity in different villages calculated using Inverse
distance weighting interpolation (IDW).
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3.1. Village-Level Radon Concentrations

The mean radon concentrations across the five villages, alongside average track
densities and annual effective doses, are summarised in Table 2, and the spatial
distribution of radon activity is illustrated through Inverse Distance Weighting
(IDW) interpolation in Figure 5. At the village level, the highest mean radon con-
centration was recorded in Chaffar (51.85 + 40.53 Bq:m™), followed by Thoon
(50.53 + 48.10 Bq:m™), Paija (45.50 £ 25.91 Bq-m™), Kamra (37.78 + 26.38
Bq-m™), and the lowest in Bhattian (33.10 + 11.29 Bq-m™). The large standard
deviations observed particularly in Chaffar (CV = 78.2%) and Thoon (CV =
95.2%) indicate substantial intra-village variability in radon concentrations. In-
door radon concentration can vary highly from place to place, and even from
room to room within the same dwelling, as it is influenced by geological, building-
related, meteorological, and socio-economic factors acting simultaneously [32]
[33]. Among these contributors, geological factors are the most variable, while
ventilation variation among houses is generally responsible for radon variations
comparable to those introduced by building materials, and is more significant at
lower ventilation rates. In Chaffar specifically, the wide range from 13.77 Bq-m™
(H23) to 99.61 Bq-m ™ (H25) within the same village reflects the local heterogene-
ity of soil radon potential, which even within a relatively homogeneous area can
exert a strong influence on indoor concentrations [34]. In contrast, Bhattian ex-
hibited the lowest inter-house variability (CV = 34.1%), with values ranging nar-
rowly from 23.61 to 52.34 Bq-m™, suggesting a more homogeneous sub-surface
radon source in that locality.

The elevated concentrations in Chaffar and Thoon, despite belonging to differ-
ent construction categories (old mud/wood and new concrete respectively), point
to geology as the dominant driver over building material type in these cases. The
physical and chemical properties of soil, including porosity and permeability, sig-
nificantly affect the migration and release of radon from underground sources
into the indoor environment [34]. The presence of faults allows for the migration
of radon gas from deeper geological origins, favouring its entry into homes; high
radon emissions are more likely to be found in permeable soils such as sandy or
gravelly soils, whereas fine soils act as a natural barrier to the upward movement
of gas [34]. Kotli Sattian lies in a tectonically active zone of the sub-Himalayan
fold-and-thrust belt, where permeable fractured geology facilitates vertical radon
transport irrespective of surface construction type. Geological characteristics and
meteorological parameters present synergistic effects on indoor radon levels, and
indoor radon concentrations are reportedly more sensitive to meteorological pa-
rameters than to building characteristics alone [35] [36]. A review of 31 indoor
radon studies from different countries revealed a weighted mean indoor radon
concentration of 178 Bq-m™ with a standard deviation of 193 Bq-m~, underscor-
ing the extent to which local geological and meteorological conditions drive vari-

ability between regions [36].
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Table 2. Averages track densities, mean radon concentrations and annual effective doses in five villages of Kotli Sattian, Pakistan.

. . Mean Radon Concentration Annual Effective Dose
Village Average Track Density per hour
(Bgm™) (mSv-y™)
Chaffar 0.44 51.85 £40.53 0.13
Kamra 0.45 37.5 £ 26.38 0.10
Thoon 0.55 50.53 £48.10 0.13
Paija 0.61 45.50 £ 34.52 0.11
Bhattian 0.62 33.10 £ 33.00 0.08

3.2. Annual Effective Dose

In radiation protection, the annual effective dose is expressed in units of mSv-y™
and is utilized to evaluate the quantity of radiation exposure and radionuclide in-
take for the public and workers. The following equation is employed to estimate
the average annual effective dose of radon to the Kotli Sattian population that is

caused by indoor radon:
H=CxF*0O*T*D (2)

The variables in the equation are as follows: H is the annual effective dose, C
represents the indoor radon concentration in Bq-m™, Fis the adjustment factor
with a value of 0.4 for indoor measurement, Ois the occupancy factor with a value
of 0.8 for indoor measurement, 7 represents the number of hours in a year 8784
h-y™, and Dis the dose conversion factor with a value of 0.9 nSv-Bq-m~*h"" (0.9)
[22] [37].

Table 3 presents the annual effective dose for each individual residence. At the
household level, the maximum annual effective dosage was observed in HI0,
Thoon (0.343 mSv-y!), associated with the peak individual radon concentration
of 135.76 Bq:m™, whereas the minimum was noted in H23, Chaffar (0.035
mSv-y '), linked to the lowest concentration of 13.77 Bq-m™. The computed mean
annual effective doses at the village level are shown in Table 2. The highest mean
annual effective dosage was reported in Chaffar (0.13 mSv-y™!) and Thoon (0.13
mSv-y ), followed by Paija (0.11 mSv-y™) and Kamra (0.10 mSv-y*), with the low-
est observed in Bhattian (0.08 mSv-y!). The mean yearly effective dosage for all
25 residences in Kotli Sattian was determined to be 0.11 mSv-y™.

All annual effective dose levels documented in this study are below the recom-
mended public exposure action level of 1 mSv-y™}, as specified by ICRP, US-EPA,
and WHO, demonstrating that radon-related radiation exposure in Kotli Sattian
remains within internationally recognized limits. This finding aligns with similar
research conducted in Pakistan. A research in the Murree region, adjacent to the
current study area, showed a mean annual effective dosage of 0.733 mSv-y™* [38],
exceeding our values, possibly due to the varying geological sub-zones within the
larger Murree formation. Research in the Punjab Province of Pakistan indicated
mean annual effective doses of 1.39 + 0.78 mSv-y™* [39], whereas significantly el-
evated values of 3.5 - 5.1 mSv-y™' were observed in the Hazara Division [40], high-
lighting the impact of uranium-rich geology and diminished winter ventilation in
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those areas. In the sub-Himalayan area of Kotli, Azad Jammu and Kashmir, which
possesses geological characteristics directly comparable to Kotli Sattian, the mean
annual effective dosage was 1.8 mSv-y™, due to the uranium-bearing geological
formations present in the region [32]. The relatively low doses in Kotli Sattian
indicate that, despite the seismically active environment, the local geology does
not yield uranium-rich rocks at a concentration adequate to generate harmful in-
door radon levels under present conditions.

It is important to acknowledge that the dosage numbers presented are derived
from a singular 60-day assessment window and do not account for seasonal fluc-
tuations. Indoor radon levels are generally heightened during winter months ow-
ing to less ventilation and greater pressure differentials between indoor air and
soil gas [32]. Future research should use year-round data to comprehensively

characterize the annual dosage load on the population of Kotli Sattian.

3.3. Excess Lifetime Cancer Risk (ELCR)

The Excess Lifetime Cancer Risk (ELCR) measures the increased likelihood of get-
ting terminal cancer during an individual’s lifetime as a result of prolonged expo-
sure to indoor radon. It is computed as:

ELCR = ExDLx RF (3)

where E is the annual effective dose (mSv-y™!); DL is the life expectancy of Pakistan
= 67.1 years [41]; and RF is the ICRP fatal cancer risk coefficient = 5 x 10~ mSv™*
(Z.e 0.05 Sv™') [42]. The calculated ELCR values for all five villages of Kotli Sattian
are presented in Table 3. The overall mean ELCR across the study area was 0.3703
x 107, At the village level, the highest ELCR was recorded in Chaffar (0.4388 x
107%), followed by Thoon (0.4277 x 107%), Paija (0.3851 x 107%), Kamra (0.3198 x
107%), and the lowest in Bhattian (0.2801 x 107®). The ICRP Publication 103 [42]
defines an acceptable ELCR range of 0.29 x 107 to 1.45 x 107 for the general
public from a single source. Four of the five villages (Kamra, Thoon, Paija, and
Chaffar) fall within this range. Bhattian recorded an ELCR of 0.2801 x 1073, mar-
ginally below the lower bound, consistent with it having the lowest mean radon
concentration in the study (33.10 Bq-m™). The overall mean ELCR of 0.3703 X
107 is well within the acceptable range, confirming that the population of Kotli
Sattian does not face an elevated lifetime cancer risk from indoor radon under

current conditions.

Table 3. Village-level radon concentration, annual effective dose, Excess Lifetime Cancer Risk (ELCR), and Lung Cancer Risk (LCR).

Village Mean C (Bq-m™) E (mSv-y?) ELCR (x1073) LCR (x1073) ICRP ELCR and LCR Status
Kamra 37.78 0.0953 0.3198 4.3822 Within v
Thoon 50.53 0.1275 0.4277 5.8612 Within v
Paija 45.50 0.1148 0.3851 5.2780 Within v
Bhattian 33.10 0.0835 0.2801 3.8391 Low v
Chaffar 51.85 0.1308 0.4388 6.0141 Within v
Overall 43.75 0.1104 0.3703 5.0750 Within v
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3.4. Lung Cancer Risk (LCR) from Indoor Radon

Radon exposure carries a specific, well-characterised risk for lung cancer the pri-
mary radiological health outcome of concern. The WHO estimates that radon ac-
counts for 3% - 14% of all lung cancers nationally, depending on mean indoor
radon concentration and smoking prevalence [18]. The radon-specific lung can-
cer risk (LCR) is calculated as:

LCR=Cx1.16x10"* (4)

where C is the mean indoor radon concentration (Bq-m™), and 1.16 x 107 is the
WHO lifetime lung cancer risk coefficient per unit radon concentration [18] [43].

The LCR values for all five villages are presented alongside the ELCR values in
Table 3. The overall mean LCR was 5.075 x 107 (approximately 507 cases per
100,000 persons). The highest village-level LCR was recorded in Chaffar (6.014 x
107) and the lowest in Bhattian (3.839 x 107%). All village LCR values fall within
the US-EPA acceptable carcinogenic risk range of 1 x 107 to 1 x 10~ ICRP Pub-
lication 115 [44] reports that each 100 Bq-m™ increase in radon concentration
raises lung cancer risk by 16% a relationship that amplifies considerably in smok-
ers. Given that adult male smoking prevalence in Pakistan is around 45.5% [45],
targeted public health messaging combining radon awareness with smoking ces-
sation would be the most effective risk-reduction strategy to mitigate lung cancer
cases for this population. Radon gas measurements also help in a better prediction
of seismic events and they should be monitored continually in the seismically ac-

tive regions of Pakistan [25].

3.5. Comparison with Worldwide Studies

In this section, Table 4 compares the study’s average indoor radon concentration
(43.75 £ 31.04 Bq'm™) to data from different countries. Numerous countries show
average indoor radon levels lower than those measured in Kotli Sattian. In Har-
yana, India, 91 dwellings had an average of 22 Bq-m™’, with values ranging from 9
to 94 Bq-m~. Libya had an average of 29 Bq-m™* (range from 5 to 54 Bq-m), while
Saudi Arabia had an average of 31 Bq-m™. The data from arid and semi-arid geo-
logical environments with sandy and limestone substrates show slightly lower ra-
don emanation compared to the folded metamorphic and sedimentary phases be-
neath Kotli Sattian. The average indoor radon concentration in the United States
isaround 50 Bq-m™?, which is consistent with the findings of this study. Numerous
investigations show mean radon concentrations that are consistent with the cur-
rent findings. A preliminary survey of 800 houses in Beijing, China, revealed a
mean of 42 Bq-m™ with a range of 12 - 119 Bq-m™?, which closely matched our
results in both mean and range. Western Iran (Aleshtar) had an average of 43
Bq-m™3, while Kilis, Osmaniye, and Antakya, Tiirkiye, reported averages ranging
from 40 to 51 Bq-m™. Several analogous mountainous and seismically active
places have elevated indoor radon levels. The Kathmandu Valley in Nepal, a com-

parable sub-Himalayan seismic zone, had an average of 67 Bq m™ across 50 house-
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holds, with values reaching 135 Bq-m™3, while earthquake-affected Gorkha had av-
erages as high as 104 Bq-m™. Iraq had an average of 63 Bq-m™. Bing6l Province,
Tirkiye, located on the Anatolian fault system, recorded a mean of 103 Bqg-m™,
more than doubling our values, which is consistent with the region’s high seismic-
ity and uranium-rich basement geology. Indonesia (Bangka Island) recorded a
mean of 56 Bq-m™, whereas Bangladesh (Dhaka) reported 63 Bq-m™. The higher
values in Nepal and eastern Tiirkiye when compared to Kotli Sattian are instruc-
tive; both places are sub-Himalayan or Alpide belt fault zones with similar tectonic
properties. This suggests that local geological makeup, rather than tectonic con-
text, is the primary factor affecting Kotli Sattian’s unusually low concentrations.
Kotli Sattian falls within the global average for indoor radon levels in residential
areas, with a mean concentration of 43.75 Bq:m™ and a range of 13.77 - 135.76
Bg-m™. This international comparison confirms that radon levels in Kotli Sattian
provide no significant public health concern when compared to global standards;
however, continuing monitoring is recommended due to the area’s seismic activ-

ity and aged housing structures.

Table 4. Comparison of indoor radon concentration in Kotli Sattian with worldwide studies.

Country/Region

India (Haryana)
Libya
USA (national)
Saudi Arabia
China (Beijing)
Western Iran
Tiirkiye (Kilis)
Nepal (Kathmandu)
Iraq
Indonesia (Bangka)
Bangladesh (Dhaka)
Tiirkiye (Bingdl)
Pakistan (Present Work)

No. of

Dwellings Mean Radon (Bg:-m™) Range (Bqg-m™) Ref. vs. Present Study
91 22 9-94 [46] Lower
56 29 5-54 [47] Lower

- 50 - [48] Comparable
50 31 18 - 41 [49] Lower
800 42 12-119 [50] Comparable
56 43 1-197 [51] Comparable
204 47 - [52] Comparable
50 67 11-135 [53] Higher
50 63 20-114 [54] Higher
94 56 - [55] Higher

- 63 11 - 360 [56] Higher
77 103 43 - 348 [57] Higher
25 43.75 13.77 - 135.76 - -

4. Strengths, Limitations and Recommendations

Strengths: This work offers the first baseline evaluation of indoor radon levels in
Kotli Sattian, addressing a significant deficiency in the environmental radioactiv-
ity literature for the sub-Himalayan area of northern Punjab, Pakistan. The em-
ployment of CR-39 solid-state nuclear track detectors a proven and globally
acknowledged passive technique facilitated economical and dependable inte-
grated measurements throughout five villages and two types of dwelling construc-

tion simultaneously. The health risk assessment was broadened to encompass Ex-
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cess Lifetime Cancer Risk (ELCR) and radon-specific Lung Cancer Risk (LCR), in
addition to GIS-based spatial interpolation, thereby offering a thorough radiolog-
ical and public health characterization of the study area. Limitations: The primary
limitation is that all measurements were taken within a single 60-day period, and
indoor radon concentrations are recognized to be 1.5 - 2 times greater in winter
than in summer due to diminished ventilation and heightened pressure differen-
tials; thus, the reported values may underrepresent the actual annual mean. The
study utilized only five houses per village, which, due to the significant intra-vil-
lage coefficients of variation observed (34% - 95%), restricts the statistical repre-
sentativeness of the village-level means.

Recommendation: Subsequent research should implement detectors during all
four seasons or for a complete 12-month duration, with at least 10 residences per
each village, to produce statistically significant yearly average concentrations in

accordance with WHO criteria.

5. Conclusion

This study provides the first baseline assessment of indoor radon concentrations
in 25 dwellings across five villages of Kotli Sattian, a seismically active sub-Hima-
layan region in northern Punjab, Pakistan. CR-39 solid-state nuclear track detec-
tors were deployed for 60 days at head height in each dwelling, covering five room
types and two construction categories. The overall mean indoor radon concentra-
tion was determined to be 43.75 + 31.04 Bq/m’, with individual house values rang-
ing from 13.77 Bq/m? (H23, Chaffar) to 135.76 Bq/m? (H10, Thoon). At the village
level, the highest mean radon concentration was recorded in Chaffar (51.85 +
40.53 Bq/m?) and the lowest in Bhattian (33.10 + 11.29 Bq/m?®). All recorded values
fall below the US-EPA action level of 150 Bq/m?® and the ICRP reference level of
300 Bq/m? only one house (H10, Thoon) exceeded the WHO reference level of
100 - 300 Bg/m’. Newly constructed houses in Bhattian, Paija, and Thoon, built
from concrete, bricks, and cement, recorded a higher mean radon concentration
(49.44 Bq/m’) than older mud and wood dwellings in Kamra and Chaffar (35.42
Bg/m?), consistent with the higher radium content of modern construction mate-
rials. Three outlier houses in Chaffar and Kamra (H5, H22, H25) exhibited dis-
proportionately elevated concentrations, attributed to the region’s active fault sys-
tem facilitating soil-gas radon migration through unrepaired structural cracks, an
effect compounded by limited household resources for maintenance. The mean
annual effective dose across all villages was calculated to be 0.11 mSv-y ! well be-
low the ICRP, WHO, and US-EPA public exposure limit of 1 mSv-y*. The overall
Excess Lifetime Cancer Risk (ELCR) of 0.3703 x 107° falls within the ICRP ac-
ceptable range of 0.29 x 107 to 1.45 x 107, and the radon-specific Lung Cancer
Risk (LCR) of 5.075 x 107 is within internationally accepted limits, collectively
confirming that the population of Kotli Sattian does not face an elevated radio-
logical health burden from indoor radon under current conditions. Nonetheless,

year-round monitoring, expanded village coverage, fault-proximity spatial analy-
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sis, and targeted remediation of the three outlier dwellings are recommended as

priorities for future work.
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