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Abstract
Salinity, water logging, high nitrate, fluoride and dissolved uranium concentration in drinking water of southwest Punjab has 
impacted the local population leading to health issues and additional burden on economy. Though it was known that both 
U and its daughter products especially Rn contribute to radiological dose to the population through drinking water, there 
were no correlation studies carried out between these radioactive elements in U impacted regions of southwest Punjab. In 
this study, an initiative has been taken to assess the doses due to dissolved radon in drinking water. In addition, the U–Rn 
couple is evaluated in detail along with other hydrochemical parameters. The radon concentration ranges from 360–1700 Bq/
m3 for Faridkot and 140–1400 Bq/m3 for Muktsar for both seasons and the related average total dose due to radon for both 
season of Faridkot and Muktsar are 9.79 µS/year and 7.74 µS/year respectively. The total dissolved uranium is in range of 
16–350 µg/L for Faridkot and 14–106 µg/L for Muktsar for both seasons. An inverse correlation was observed between Rn 
and U, which could be attributed to diverse geochemistry of U and Rn in groundwater.
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Introduction

Naturally present radionuclides are not of concern if present 
within the permissible limits, however concentrations above 
permissible limits pose serious health issues to mankind. 
The main processes governing the distribution of radioac-
tive elements in groundwater are dissolution of minerals, 
weathering reactions under natural conditions as well as 
due to man-made activities such as contribution of ferti-
lizers, flyash or wastes from nuclear industry. Radon is an 
odorless, colorless and tasteless inert gas that is generated 
through decay of U-Th elements present in the bedrocks. 

Uranium-238 decays to radon-222 releasing four alpha 
and 2 beta particles. Among the radon isotopes, Rn-222 is 
the major contributor for health hazards owing to its rela-
tively long half-life (3.8 days) compared to other isotopes 
i.e. 219Rn  t1/2: 3.96 s and 220Rn  t1/2: 55.6 s which decay 
much before accumulating in groundwater and migrating 
to farther distance. The occurrence of high concentration 
of dissolved radon in drinking water can pose a potential 
health risk to human due to exhalation of radon and its decay 
products from water into the household air and also due to 
direct ingestion of radon through drinking water [1]. It was 
reported that most of the dose results from inhalation rather 
than ingestion that is true in general, if we are considering 
inhalation of the radon emanating from the indoor building 
materials as well. However, if we are considering only water 
as the source of radon available for inhalation then the dose 
due to ingestion is more than inhalation. The major diseases 
associated with radon are lung and stomach cancer [2–4]. 
The solubility of radon in water is low, 0.01 mol/kg/bar at 
293 K [5]. It degases as soon as it comes in contact with the 
air [6]. Mean concentration of radon in groundwater world-
wide is 183 Bq/L [7]. USEPA suggested limit for radon in 
drinking water as 148 Bq/L [8]. Many studies were carried 
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out in the world as well as in India on dissolved radon in 
drinking water. The dissolved radon and uranium concentra-
tions in Juban district, Yemen ranged from 1.0 ± 0.2 Bq/L 
to 896 ± 0.8 Bq/L and 0.33 ± 0.01 μg/L to 24.6 ± 0.6 μg/lL 
respectively. The study indicated that higher concentration 
of U and 222Rn were found to be from the basement aqui-
fer, while the lowest concentration of both radionuclides 
were from the sandstone aquifer and high concentrations 
of Rn were found along the fault zones. Strong relation-
ship between concentrations of 222Rn with that of U and 
salinity of water were also observed [9]. In Northeastern 
Hungary radon concentrations of 100 Bq/L to 350 Bq/L was 
reported by Kasztovszky et al. [10]. The reported values in 
central Tamil Nadu are in the range of 0.10–211.60 Bq/L 
and the main reasons for high concentration of radon and U 
were redox conditions and fracture systems [11]. Another 
study from Mandya region in Karnataka showed high 
radon concentration in groundwater mainly around the gra-
nitic rock exposures with values in range of 6.44 ± 0.20 to 
44.83 ± 0.54 Bq/L [12]. Groundwater in Fatehabad region 
of Haryana showed radon concentrations in the range of 
1.4 ± 0.6 Bq/L to 22.6 ± 2.4 Bq/L where 86% of the col-
lected samples were found within the permissible limits 
[13]. Kumar et al. in 2016 reported dissolved radon ranging 
from 5.4 to 20.1 Bq/L in Jammu and Kashmir [14]. Radon 
concentrations in soil and water of Malwa belt of Punjab was 
found to vary from 1.9 to 16.4 kBq/m3 and 5.01 kBq/m3 to 
11.6 kBq/m3 respectively [15].

High concentration of uranium in drinking water has 
also shown negative impacts on human health. It is nephro-
toxic causing kidney damage [16]. Since chemical toxicity 
of uranium is more compared to radiological toxicity [17], 
WHO has prescribed a guideline value of 30 μg/L uranium 
in drinking water [18]. Southwest part of Punjab is already 
reported with high U in groundwater [19–21] and hence 
measurement of Rn, which is a decay product of U also 
assumes significance due to its implications on public health. 
In this paper, we report the dissolved radon values and their 
variation in space and time, estimate radiation dose due to 
dissolved radon, discuss general water quality aspects and 
evaluate the correlation of Rn with U and other hydrochemi-
cal parameters.

Study area description

The study area is bounded by four districts of Punjab in 
east, west and north (Bathinda, Fazilka, Moga and Ferozpur) 
while in south is the state of Rajasthan. The sediments of the 
alluvial plains belong to Recent to Sub-Recent age and are 
classified into two unit i.e. newer alluvium and older allu-
vium. These alluvial deposits were formed by the sediments 

transported from adjoining areas comprising Siwaliks, gran-
ites and other metamorphic rocks [22]. The groundwater is 
the main resource for domestic and irrigational purposes in 
the study area. Intense irrigation practices have led to deple-
tion of groundwater near to one meter per year in major parts 
of the Punjab state [23]. The study area covers two districts 
of Punjab state, viz., Muktsar district and Faridkot district 
(Fig. 1).

Muktsar district lies between the latitudes 29°54′20″ 
and 30°40′20″N, longitudes of 74°15′ and 74°16′E. It is 
divided into 4 blocks namely Sri Muktsar Sahib, Lambi, 
Malout and Gidderbaha. It falls on main Indus basin and 
Satluj sub-basin with an area of about 2630 km2, with no 
river flowing through it. It is mainly fed by canal network 
of Sirhind feeder. The slope of the district is north-east to 
south-west with an average elevation of 200 m amsl [24]. 
It has a dry sub-humid type climate with annual average 
rainfall of 431 mm. The period of 2004–2010 observed an 
average annual value of 267 mm [25], which was less com-
pared to period of 2012–2016 (375 mm) [26, 27]. 79% of 
its rainfall occurs during the south-west monsoon and 21% 
from western disturbance and thunderstorm. The alluvial 
plain occupuies major part of the district.

Faridkot district lies between the latitudes 29°54′00″ 
and 34°35′00″N, longitudes 74°15′ and 75°25′E on Satluj 
basin with an area of about 1419 km2, with no river flowing 
through it. It is divided into 2 blocks namely Faridkot and 
Kotkapura. It is mainly fed by Sirhind canal (~ 228 km long) 
with an average elevation of 204 m amsl [28]. It has a semi-
arid hot climate with annual average rainfall of 449 mm. 
The period of 2004–2010 observed average annual value 
of 275 mm [25] which was less compared to period of 
2012–2016 (458 mm) [27]. 78% of its rainfall is from the 
south-west monsoon and 22% from western disturbance and 
thunderstorm. 89% of the district area is under cultivation 
and is mainly irrigated by canal water since the groundwater 
is highly saline.

Methodology

Samples (twenty nos.) were collected from dug wells, tube 
wells and hand pumps from the study area (Fig. 1). The 
depth from which samples were collected from Faridkot 
district are in the range of 5–91 m bgl and for Muktsar dis-
trict it is in the range of 8–21 m bgl. To get representative 
sample the wells were flushed until a constant temperature 
was obtained and then water sample were collected. In the 
field physio-chemical parameters i.e. electrical conductivity 
(EC), total dissolved solids (TDS), pH, temperature were 
measured using potable water quality meter (Hanna make). 
Samples for total uranium measurement were collected in 
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acid-leached bottles (20 ml Tarson make). Before collecting 
the sample for measurement, bottles were thoroughly rinsed 
using sample water.

Measurement of uranium was carried out by fluorimeter 
(UA1, Quantalase), which measures fluorescence of uranyl 
phosphate complex that is formed by addition of sodium 
pyrophosphate to the sample [29]. The phosphate complex 
is preferred because of its stablity and enhanced fluoros-
ence. The standard addition method was followed for the 
measurement of dissolved uranium. This method helps in 
nullifying the effect of chemical quenching by the interfer-
ing ions like iron. The sample was counted repeatedly four 
times and the average value was taken as the representative 
value. The error reported is the standard deviation (1 σ) of 
the four readings. The typical detection limit is 0.2 µg/L. 
The detailed procedure for measurement and validation is 
described in Rishi et al. [21]. A suitable dilution was done 
in the case of sample containing high uranium content.

Radon samples were collected through a pipe with one 
end inside the pump while the other end was placed at the 
bottom of the glass bottle. The glass bottles were dipped in 
bucket filled with water and water was allowed to overflow 
through the bottle for 3 to 4 volume exchanges to avoid loss 
of gas through degassing. Radon was measured using indig-
enous Smart Radon Monitor (SRM) on site. The principal of 
SRM is based on scintillation caused by radiation in ZnS:Ag 
crystal which is then detected by PMT. The gas is bubbled 
out of water sample by purging the bottle and with the help 
of pump it is carried into scintillation cell where radiation is 
detected. Before taking the instrument to the field the instru-
ment was calibrated using a standard source and the calibra-
tion factor was added to the system for auto correction of the 
measured values in the field. Each sample was counted in six 
cycles and the average value of the counts was multiplied 
with the calibration factor to get the representative dissolved 
radon value in Bq/m3. The error reported is the standard 
deviation (1 σ) of the six readings. The sensitivity of the 

Fig. 1  Study area and sampling locations
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instrument is 1.2 CPH/Bq/m3 with low detector volume of 
about 150 cm3 [30]. Instrument sensitivity is free from the 
influence of environmental parameters like humidity and 
trace gas concentration. Minimum detection limit of the 
instrument is 14 Bq/m3 at 95% confidence for 1 h counting. 
The location map and contour map were prepared using Map 
info 8 professional and the correlation plots were made using 
ORIGIN 6.1 plotting software.

Results

The physico‑chemical and environmental isotope 
data is presented in Table 1

From the Table 1 it can be observed that most of the samples 
are saline in nature with TDS values more than 500 mg/L 
(Table 1) except F-18 with TDS value of 407 mg/L (Figs. 2 
and 3). Most of the samples are above the permissible 
limit for drinking purpose as per BIS and WHO guidelines 
[31, 32]. The pH of the samples ranges from 6.6 to 8.2 and 
is within the WHO and BIS specified permissible range of 
6.5–8.5. Two samples from Faridkot district (F-13 and F-18) 
are alkaline in nature with pH value of 8.7 and 9.3 respec-
tively, which can be due to the influence of domestic wastes 
near that area (Figs. 2 and 3). The temperature of samples 

are in range of 25–32 °C with no significant seasonal vari-
ation observed. The deeper groundwater was found to be 
warmer compared to shallow groundwater.  

Rn dose calculation

The dose from radon was calculated for both ingestion and 
inhalation. The formula for dose due to ingestion is as fol-
lows [33]:

where E is effective dose from ingestion, K is ingestion dose 
conversion factor of 222Rn, CRn is measured concentration 
of radon, Km is water consumption and t is duration of con-
sumption of water. For inhalation, the parameters used are, 
(a) ratio of radon in air to radon in tap water supply, (b) 
average indoor occupancy time per person, (c) equilibrium 
factor between radon and its progeny and (d) dose conver-
sion factor for radon exposure.

The total dose due to radon ranges from 3.6 to 16.58 µSv/
year for Faridkot with an average value of 9.79 µSv/year 
while it ranges from 1.41 to 14.04 µSv/year for Muktsar 
with an average value of 7.74 µSv/year. The average dose 
of radon due to ingestion is 7.28 µSv/year for Faridkot and 
5.75 µSv/year for Muktsar, which is more than that from 

(1)E = K × C
Rn

× K
m
× t

Table 1  Physiochemical and 
isotope data of the measured 
samples

I.D. Type Depth Temp. pH TDS Uranium Radon Error Season
(m bgl) (°C) mg/L µg/L Bq/m3 Bq/m3

Faridkot
F-05 BW 31 28 7.3 1155.08 66.25 1688.33 64.39 Postmonsoon
F-12 TW 91 28.96 7.86 1066.64 41.6 950 41.29
F-15 TW 31 28.22 7.87 2816.68 124.87 1379.67 61.78
F-17 TW 18 26.49 8.2 2180.85 19.2 1220 39.86
F-20 HP 11 27.4 7.1 935.32 15.84 1132.33 57.77
F-24 HP 5 27.08 6.6 2680 83.7 1363.33 65.63
F-07 BW 61 28.5 8.01 1584.55 259.75 367 30.15 Premonsoon
F-13 BW 49 27.57 8.7 1308.51 353.45 839 46.05
F-18 BW 46 25.8 9.3 407.36 278.01 476.33 36.88
F-31 HP 34 25.99 7.62 1090.76 221.16 555 55.75
Muktsar
MU-12 HP 14 25.75 7.24 574.19 29.74 949 52.58 Postmonsoon
MU-15 BW 14 26.8 7.09 2795.91 36.39 700 32.95
MU-28 HP 12 27.56 7.3 2308.82 54.32 1045 42.92
MU-31 HP 14 26 6.7 3569.76 36.45 1429.67 64.51
MU-32 HP 15 27.61 6.9 1116.22 14.01 1258.67 60.63
MU-13 BW 8 26.95 7.7 4745.61 105.37 774 51.57 Premonsoon
MU-24 HP 21 28.4 8.09 3904.09 90 649 40.64
MU-37 BW 12 28.79 7.8 1791.58 84.43 217.67 21.49
MU-39 BW 12 26.4 7.12 1593.93 47.11 714.33 42.76
MU-41 BW 15 31.65 7.77 1508.84 67.78 143.33 23.23
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average inhalation dose of 2.51 µSv/year and 1.99 µSv/year 
for Faridkot and Muktsar district respectively (Table 2). 

The averaged doses for premonsoon season due to inges-
tion are 4.08 µSv/year and 3.65 µSv/year and due to inha-
lation are 1.41 µSv/year and 1.26 µSv/year for Faridkot 
and Muktsar districts respectively. While for postmonsoon 
season, averaged doses due to ingestion are 9.41 µSv/year 
and 7.86 µSv/year and due to inhalation are 3.25 µSv/year 
and 2.71 µSv/year for Faridkot and Muktsar respectively. 
The seasonal fluctuation can be clearly seen from the above 
calculated values i.e. doses are higher from both inputs i.e. 
ingestion as well as inhalation for postmonsoon season. This 
is due to release of soil-pore trapped radon into the infiltrat-
ing water after monsoon period.

Discussion

Rn and U spatial variations

The radon concentrations for Faridkot district range from 
367 to 839 Bq/m3 for premonsoon season and 950–1688 Bq/
m3 for postmonsoon season. The radon values in Muktsar 
district range from 143 to 774 Bq/m3 for premonsoon and 
700–1430 Bq/m3 for postmonsoon respectively. The dis-
solved Rn obtained from the groundwater of this study 
area was found to be less compared to the groundwater 
collected from Juban district, Yemen (1.0 ± 0.2 Bq/L to 
896 ± 0.8 Bq/L) [10], Northeastern Hungary (100 Bq/L to 
350 Bq/L) [11] and Tamil Nadu (0.10 to 211.60 Bq/L) [12]. 
The concentrations were comparable to Fatehabad, Haryana 
[14] and Jammu and Kashmir [15]. An increase in the Rn 
concentration was observed in groundwater during postmon-
soon season which could be due to dissolution of radon from 
vadose zone with infiltrating rainwater.

Fig. 2  Histograms of Temperature, pH, TDS for both season of Faridkot district
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The concentrations of uranium in groundwater of Farid-
kot district (Fig. 4) are in range of 221–354 µg/L for pre-
monsoon season while it is in range of 16–125 µg/L for post 
monsoon season. In groundwater of Muktsar district (Fig. 5) 
the U concentrations are in the range of 47–105 µg/L for 
premonsoon and 47–54 µg/L for postmonsoon. Both dis-
tricts showed higher U concentration in premonsoon period 
compared to postmonsoon period. This trend is found to be 
opposite of Rn concentration. This reduction in U values in 
postmonsoon indicates the dilution of U in groundwater by 
freshly added rainwater. 

The lithological source for uranium was found to be local 
sediments that are derived from rock weathering in a study. 
Singh et al. reported that soil uranium concentrations are in 
the range of 1.03–9.82 ppm [34]. The radon exhalation rate 

in these collected samples has been found to vary from 1.03 
to 8.83 mBq/kg/h [34]. Radon being a decay product in U 
series, it gets emanated from the sediments and dissolves 
in groundwater. Authors also found a positive correlation 
between the radon exhalation rate and the uranium concen-
tration of soil samples [34].

Since the data points are not sufficient to evaluate the sea-
sonal variation of Rn and U, both seasons data was plotted 
together for preparing contour diagrams (Fig. 6). An inverse 
relationship was observed between uranium and radon con-
centrations in the study area i.e. areas with high U showed 
low Rn and vice versa.

Fig. 3  Histograms of temperature, pH, TDS for both season of Muktsar district
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Vertical distribution of U, Rn and physiochemical 
parameters

Depth profile of temperature shows an increase in temper-
ature with depth while TDS was found to decrease with 
increasing well depths. pH of the groundwater doesn’t not 
show any definite pattern with depth (Fig. 7).

Due to limited number of samples collected from the 
study area, the depth profile was plotted after combin-
ing all the data for both seasons of Muktsar and Farid-
kot districts. Figure 8 shows scatter in values of Rn and 
U for both seasons where dissolved radon show increase 
in concentration in postmonsoon season compared to 
premonsoon for both the districts. This is justified as 
vadose zone contains trapped radon gas which is decay 
product of parent nuclide (uranium). This radon from 
vadose zone emanates into the infiltrating water dur-
ing the postmonsoon season and hence groundwater 
during postmonsoon season shows increased values for 
radon concentration. On the contrary, dissolved uranium 
decreases in postmonsoon season due to dilution caused 
by infiltrating rainwater.

Table 2  Annual effective doses due to presence of Radon

I.D. Annual effective 
dose due to ingestion

Annual effective dose 
due to inhalation

Total dose

µSv/year µSv/year µSv/year

F-05 12.32 4.25 16.58
F-12 6.94 2.39 9.33
F-15 10.07 3.48 13.55
F-17 8.91 3.07 11.98
F-20 8.27 2.85 11.12
F-24 9.95 3.44 13.39
F-07 2.68 0.92 3.60
F-13 6.12 2.11 8.24
F-18 3.48 1.20 4.68
F-31 4.05 1.40 5.45
MU-12 6.93 2.39 9.32
MU-15 5.11 1.76 6.87
MU-28 7.63 2.63 10.26
MU-31 10.44 3.60 14.04
MU-32 9.19 3.17 12.36
MU-13 5.65 1.95 7.60
MU-24 4.74 1.64 6.37
MU-37 1.59 0.55 2.14
MU-39 5.21 1.80 7.01
MU-41 1.05 0.36 1.41

Fig. 4  Histograms of U and Rn for both season of Faridkot
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Fig. 5  Histograms of U and Rn for both season of Muktsar

Fig. 6  Contour diagrams for Rn and U for Faridkot and Muktsar districts (both seasons combined)
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Rn correlations with U and physical parameters

Correlation study helps in determining the role of hydro-
chemical parameters on the distribution of Rn concentra-
tion in the study area. These correlation studies can help in 
predicting the release mechanism and migration behavior 
of Rn to farther distances. Radon showed negative cor-
relation with all the physico-chemical parameters under 
study (Fig. 9). The solubility of gases in solvent decreases 
if temperature increases and the main reason is dissolu-
tion of gas in solvent is an exothermic process (ΔHsoln < 0). 
And if heat is supplied to an exothermic process it tends to 
shift its equilibrium in reverse direction. Conversely, add-
ing heat to the solution provides thermal energy that over-
comes the attractive forces between the gas and the solvent 
molecules, thereby decreasing the solubility of the gas. 

Hence negative correlation between Rn and temp can be 
understood. Similar trends are observed in Muktsar district 
in both pre and postmonsoon seasons while in Faridkot 
district no particular trend was observed which could be 
due to limited number of samples. But a slight decreasing 
trend can be noticed if pre and postmonsoon samples are 
considered separately. Negative correlation between Rn 
and TDS may be due to precipitation of Ra (precursor of 
Rn) as carbonate  (CO3

2−), bicarbonate  (HCO3
−), chloride 

 (Cl−) forms. According to studies carried out by Langmuir 
et al. [35, 36] radium is readily removed from system by 
adsorption on clay and silicates present in rock material 
and it co precipitates with insoluble sulphates.

Correlation of Rn with uranium showed negative cor-
relation with correlation coefficient of − 0.39 (Fig. 10). 
Uranium decays to give Th-230 and then Ra-226 and this 

Fig. 7  Depth profile for temperature, TDS and pH for Faridkot and Muktsar districts (both seasons combined)
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newly formed radium moves along the flow path and gets 
removed from the system by absorption, precipitation or 
cation exchange [37]. Hence, site of high radium concen-
tration can be different from site of its generation due to its 
parent decay i.e.Th-230. When radium decays to give its 
daughter nuclide i.e. radon it is propelled out from the site of 
generation and an alpha gets recoiled in opposite direction. 
The diffusion length of Rn-222 depends upon density and 
composition of matrix. It is studied that the diffusion length 
of radon is short and is of the order of 0.02–0.07 mm [38]. 
Depending on the position of radium grain the gas may go 
deep in rock matrix or can go in the flowing groundwater 
[39]. The degree of emanation to groundwater depends on 
aquifer conditions like fractures in bed rock and its connec-
tion with groundwater, permeability of bedrock etc. Hence 
the site of high uranium concentration is different from site 
having high radon concentrations; thus a negative correla-
tion between these two elements can be expected.

Summary

The groundwater in uranium impacted districts viz., Faridkot 
and Muktsar of southwest Punjab was studied for its dis-
solved radon concentration, radiological dose and correla-
tion with U and physico-chemical parameters. The vertical 
distribution of temperature shows a slight increase while 
TDS shows decrease with depth and pH value shows scatter 
for Faridkot district. In the case of Muktsar district, a scat-
ter is observed for all the three parameters. Results from the 
study showed negative correlation between Rn and TDS, 
which may be due to removal of precursor radionuclide i.e. 
radium from the system as it precipitates forming carbon-
ate and bicarbonate complex leading to lesser concentration 
of radon when TDS increases. It is well known that with 
increasing temperature the dissolution of gases decreases 
and similar trends were noticed in the current study. A nega-
tive correlation was observed between radon and uranium 
and hence disequilibrium condition exists, which may be due 
to adsorption or cation exchange of radium. The radon con-
centrations seem to increase in postmonsoon season which 
may be due to dissolution of radon present in pores with the 

Fig. 8  Depth profile of U and Rn for both seasons of Faridkot and Muktsar districts
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Fig. 9  Correlation of Radon with temperature, TDS for both seasons of Faridkot and Muktsar districts

Fig. 10  Correlation plots for Rn 
and U for both seasons of Farid-
kot and Muktsar districts
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infiltrating water while a decreasing trend is observed for 
uranium which is due to dilution by the recharging water.

Acknowledgements Authors sincerely acknowledge the constant 
support and encouragement by Dr. P.K. Pujari, Associate Director, 
Radiochemistry and Isotope Group, Bhabha Atomic Research Centre, 
Mumbai. The help rendered by B.K. Sahoo, RPAD, BARC is duly 
acknowledged.

Funding Funding was provided by Board of Research in Nuclear Sci-
ences (IN) (Grant No. 35/14/11/2014-BRNS-193).

References

 1. USEPA (1999) Radon in drinking water, factsheet. EPA815-
F-99-007, United States Environmental Protection Agency. http://
water .epa.gov/scite ch/drink ingwa ter/dws/radon /qal.cfm. Accessed 
20 Nov 2018

 2. Mill WA (1990) Risk assessment and control management of 
radon in drinking water. In: Cothern CR, Rebers P (eds) Radon, 
radium and uranium in water. Lewis Publishers, Chelsea, pp 
27–37

 3. NRC (1999) Risk assessment of radon in drinking water. National 
Resource Council, Washington, D.C

 4. Darby S, Hill D, Auvinen A, Barros-Dios JM, Baysson H, Boch-
icchio F, Deo H, Falk R, Forastiere F, Hakama M, Heid I (2005) 
Radon in homes and risk of lung cancer: collaborative analysis 
of individual data from 13 European case-control studies. BMJ 
330(7485):223–228

 5. https ://pubch em.ncbi.nlm.nih.gov/compo und/radon #secti 
on=Solub ility 

 6. IARC (1988) Monographs on the evaluation of the carcinogenic 
risk of chemicals to humans. vol 173. World Health Organization, 
International Agency for Research on Cancer, Geneva, 1972-PRE-
SENT (Multivolume work), p. V43. http://monog raphs .iarc.fr/
ENG/Class ifica tion/index .php

 7. Beach L (1984) Exposure from the uranium series with empha-
sis on radon and its daughters, report no. 77. National Council 
on Radiation Protection and Measurements Bethesda, NCRP, 
Bethesda, p 131

 8. USEPA (2012) Radon in drinking water, factsheet. EPA 815-R-12-
002 (https ://archi ve.epa.gov/water /archi ve/web/pdf/epa81 5r120 
02.pdf). Accessed 20 Nov 2018

 9. USEPA (2005) Current drinking water standards, US Environ-
mental Protection Agency Office of Water. http://www.epa.gov/
safew ater/. Accessed 20 Nov 2018

 10. Abdurabu WA, Ramli AT, Saleh MA, Heryansyah A (2016) The 
activity concentrations of 222Rn and corresponding health risk in 
groundwater samples from basement and sandstone aquifer; the 
correlation to physico-chemical parameters. Radiat Phys Chem 
127:34–41

 11. Kasztovszky Z, Sajó-Bohus L, Fazekas B (2000) Parametric 
changes of radon (222Rn) concentration in ground water in North-
eastern Hungary. J Environ Radioact 49:171–180

 12. Thivya C, Chidambaram S, Tirumalesh K, Prasanna MV, Thila-
gavathi R, Nepolian M (2014) Occurrence of the radionuclides 
in groundwater of crystalline hard rock regions of central Tamil 
Nadu, India. J Radioanal Nucl Chem 302(3):1349–1355

 13. Shivakumara BC, Chandrashekara MS, Kavitha E, Paramesh L 
(2014) Studies on 226Ra and 222Rn concentration in drinking water 
of Mandya region, Karnataka State, India. J Radiat Res Appl Sci 
7(4):491–498

 14. Duggal V, Sharma S, Mehra R (2017) Radon levels in drinking 
water of Fatehabad district of Haryana, India. Appl Radiat Isot 
123:36–40

 15. Kumar A, Kaur M, Sharma S, Mehra R, Sharma DK, Mishra R 
(2016) Radiation dose due to radon and heavy metals analysis in 
drinking water samples of Jammu district, Jammu & Kashmir, 
India. Radiat Prot Dosim 171(2):217–222

 16. Kumar S, Singh S, Bajwa BS, Sabharwal AD (2011) In situ meas-
urements of radon levels in water and soil and exhalation rate in 
areas of Malwa belt of Punjab (India). Isot Environ Health Stud 
47(4):446–455

 17. Vicente-Vicente L, Quiros Y, Pérez-Barriocanal F, López-Novoa 
JM, López-Hernández FJ, Morales AI (2010) Nephrotoxicity of 
uranium: pathophysiological, diagnostic and therapeutic perspec-
tives. Toxicol Sci 118(2):324–347

 18. Kurttio P, Auvinen A, Salonen L, Saha H, Pekkanen J, Mäkeläinen 
I, Väisänen SB, Penttilä IM, Komulainen H (2002) Renal 
effects of uranium in drinking water. Environ Health Perspect 
110(4):337–342

 19. WHO (2011) Uranium in drinking-water, WHO/SDE/
WSH/03.04/118/Rev/1

 20. Pant D, Keesari T, Sharma D, Rishi M, Singh G, Jaryal A, 
Sinha UK, Dash A, Tripathi RM (2017) Study on uranium con-
tamination in groundwater of Faridkot and Muktsar districts of 
Punjab using stable isotopes of water. J Radioanal Nucl Chem 
313(3):635–639

 21. Rishi MS, Keesari T, Sharma DA, Pant D, Sinha UK (2017) Spa-
tial trends in uranium distribution in groundwaters of Southwest 
Punjab, India-A hydrochemical perspective. J Radioanal Nucl 
Chem 311(3):1937–1945

 22. Sharma DA, Keesari T, Rishi MS, Pant D (2018) A study on the 
role of hydrogeology on the distribution of uranium in alluvial 
aquifers of northwest India. Environ Monit Assess 190(12):746. 
https ://doi.org/10.1007/s1066 1-018-7112-6

 23. Wadia DN (1981) Geology of India, vol 50. Tata McGraw-Hill, 
New Delhi

 24. Gupta S (2009) Groundwater management in alluvial areas central 
ground water board http://hindi .india water porta l.org/node/53383 . 
Accessed 20 Nov 2018

 25. CGWB (2013) Groundwater resources and development poten-
tials of Muktsar district, Punjab. http://cgwb.gov.in/distr ict_profi 
le/punja b/mukts ar.pdf. Accessed 20 Nov 2018

 26. https ://www.india water porta l.org/artic les/distr ict-wise-month ly-
rainf all-data-list-raing auge-stati ons-india -meteo rolog ical-depar 
tment 

 27. http://www.punja bdata .com/Rainf all-In-Punja b.aspx
 28. CGWB (2013) Groundwater resources and development poten-

tials of Faridkot district, Punjab http://cgwb.gov.in/Distr ict_Profi 
le/Punja b/Farid kot.pdf. Accessed 20 Nov 2018

 29. Sahoo SK, Mohapatra S, Chakrabarty A, Sumesh CG, Jha VN, 
Tripathi RM, Puranik VD (2010) Determination of uranium at 
ultra trace level in packaged drinking water by laser fluorimeter 
and consequent ingestion dose. Radioprotection 45(1):55–66

 30. Gaware JJ, Sahoo BK, Sapra BK, Mayya YS (2011) Development 
of online radon and thoron monitoring systems for occupational 
and general environments. BARC News Lett 318:45–51

 31. BIS (2012) Indian standards specification for drinking water. 
IS:10500:2012, 2nd Rev, BIS, New Delhi

 32. WHO (2011) Guidelines for drinking water quality. World Health 
Organization, Geneva

 33. Duggal V, Mehra R, Rani A (2013) Determination of 222Rn level 
in groundwater using a RAD7 detector in the Bathinda district of 
Punjab, India. Radiat Protect Dosim 156(2):239–245

 34. Singh H, Singh J, Singh S, Bajwa BS (2008) Radon exhalation 
rate and uranium estimation study of some soil and rock samples 

http://water.epa.gov/scitech/drinkingwater/dws/radon/qal.cfm
http://water.epa.gov/scitech/drinkingwater/dws/radon/qal.cfm
https://pubchem.ncbi.nlm.nih.gov/compound/radon#section%3dSolubility
https://pubchem.ncbi.nlm.nih.gov/compound/radon#section%3dSolubility
http://monographs.iarc.fr/ENG/Classification/index.php
http://monographs.iarc.fr/ENG/Classification/index.php
https://archive.epa.gov/water/archive/web/pdf/epa815r12002.pdf
https://archive.epa.gov/water/archive/web/pdf/epa815r12002.pdf
http://www.epa.gov/safewater/
http://www.epa.gov/safewater/
https://doi.org/10.1007/s10661-018-7112-6
http://hindi.indiawaterportal.org/node/53383
http://cgwb.gov.in/district_profile/punjab/muktsar.pdf
http://cgwb.gov.in/district_profile/punjab/muktsar.pdf
https://www.indiawaterportal.org/articles/district-wise-monthly-rainfall-data-list-raingauge-stations-india-meteorological-department
https://www.indiawaterportal.org/articles/district-wise-monthly-rainfall-data-list-raingauge-stations-india-meteorological-department
https://www.indiawaterportal.org/articles/district-wise-monthly-rainfall-data-list-raingauge-stations-india-meteorological-department
http://www.punjabdata.com/Rainfall-In-Punjab.aspx
http://cgwb.gov.in/District_Profile/Punjab/Faridkot.pdf
http://cgwb.gov.in/District_Profile/Punjab/Faridkot.pdf


1249Journal of Radioanalytical and Nuclear Chemistry (2020) 323:1237–1249 

1 3

from Tusham ring complex, India using SSNTD technique. Radiat 
Meas 43:S459–S462

 35. Langmuir D, Melchior D (1985) The geochemistry of Ca, Sr, Ba 
and Ra sulfates in some deep brines from the Palo Duro Basin, 
Texas. Geochim Cosmochim Acta 49(11):2423–2432

 36. Langmuir D, Riese A (1985) The thermodynamic properties of 
radium. Geochim Cosmochim Acta 49(7):1593–1601

 37. Herczeg AL, Simpson HJ, Anderson RF, Trier RM, Mathieu GG, 
Deck BL (1988) Uranium and radium mobility in groundwaters 
and brines within the Delaware Basin, southeastern New Mexico, 
USA. Chem Geol Isot Geosci Sect 72(2):181–196

 38. Tanner AB (1980) Radon migration in the ground: a supplemen-
tary review. In Gessell TF, Lowder WM (eds) Proceedings of the 
natural radiation environment III. Report CONF-780422, Depart-
ment of Energy, Washington, D.C

 39. Fleisher RL (1980) Isotopic disequilibrium of uranium: 
alpha-recoil damage and preferential solution effects. Science 
207:979–981

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Spatiotemporal distribution of dissolved radon in uranium impacted aquifers of southwest Punjab
	Abstract
	Introduction
	Study area description
	Methodology

	Results
	The physico-chemical and environmental isotope data is presented in Table 1
	Rn dose calculation

	Discussion
	Rn and U spatial variations
	Vertical distribution of U, Rn and physiochemical parameters
	Rn correlations with U and physical parameters

	Summary
	Acknowledgements 
	References




