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Abstract
Radon gas is the predominant ionizing radiation on earth. Its occurrence is controlled by the presence of uranium in all

types of rocks in the earthcrust, apart from local geological features and atmospheric factors which influence its release into

the atmosphere. The present work deals with 24 h observation of the dependence of radon exhalation rate from soil on local

meteorological parameters at four locations in Bakreswar–Tantloi geothermal region, located in the highly faulted

Chhotanagpur Plateau of eastern India. This study is the primary step towards the determination of soil radon exhalation

dynamics in this geothermal area.
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Introduction

Radon is a radioactive noble gas produced by alpha decay

of radium in the natural radioactive decay chains in the

earth’s crust. Of the 39 isotopes of radon, 222Rn, the pro-

geny of 226Ra by a-decay, is most abundant in our envi-

ronment due to its comparatively longer half-life of

3.82 days. A fraction of 222Rn produced in the crust enters

into the air-filled pore spaces in soil by diffusion or by

alpha recoil. This process is called radon emanation. As

diffusion coefficient of gases in dry soil is less than two

metres, and it decreases as the soil type changes from dry

to moist and clayey [1], it may be assumed that a signifi-

cant part of radon emanation occurs due to recoil between

222Rn atoms and a-particles produced by decay of 226Ra.

The emanated radon can migrate away from its site of

production, either by advection along joints, faults and

intergranular pathways in the crust, or being carried by

carrier gases like carbon dioxide, methane, etc. or by

groundwater circulating deep inside the crust, and can

eventually reach the surface layers of soil [2–4]. A part of

this radon is finally exhaled into the atmosphere before

decay.

The process of emission, migration and exhalation of

radon is very complex; subjected to several geophysical

and geochemical factors including average uranium con-

centration in rocks and sediments [5], local geology such as

presence of faults and shears [6–8], soil composition and

structure like grain size, porosity and permeability [9–11],

and prevalent atmospheric and weather conditions includ-

ing air temperature, atmospheric pressure, wind flow and

precipitation [12–17]. 222Rn exhalation from soil, rocks,

building materials, etc. has been studied extensively all

over the world due to the negative impact of radon on

human health [18, 19]. Moreover, the release of radon gas

from soil as well as from hydrothermal systems has been

studied globally over the last few decades as an important

precursor of earthquakes [20, 21]. But in most of the radon

exhalation studies, soil or rock samples were collected

from sites and exhalation rates were measured in
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laboratories [5, 22–26]. Hence, such studies do not take

into account the meteorological factors affecting the

exhalation rates at the sites or their daily and seasonal

variations. Again, some workers have performed short-

term and long-term in situ measurements of radon exha-

lation from soil, but there is considerable confusion and

argument regarding the influence of meteorological and

soil parameters on radon exhalation rate. One of the earliest

in situ radon exhalation studies was by Kraner [27], who

reported influences of wind and rainfall on radon exhala-

tion rates from soil. Moses et al. [12] and Pearson and

Moses [13] studied the effect of wind velocity on radon

exhalation and vertical distribution of radon in the envi-

ronment. Fleischer et al. [28] observed temporal variation

of radon emanation at a site of uranium deposits. Singh

et al. [29] studied the time variation of soil radon emana-

tion with meteorological parameters for one year at a non-

mineralised site, and observed positive correlation of radon

exhalation from soilwith temperature and wind velocity,

and weak negative correlation with rainfall, humidity and

atmospheric pressure. Walia et al. [7] conducted a study of

variation of radon concentration in soil and groundwater

along the main boundary thrust of north-western Hima-

layas, whereas Vaupotič et al. [30] observed soil radon

exhalation rate along the Ravne fault in Slovenia, but their

works were mainly concerned with the effect of seismicity

and local geological features on soil radon exhalation.

Ashok et al. [16] observed radon exhalation rate from soil

continuously for one year in Bangalore city, India, and

Zhang et al. [31] carried out similar one year study in the

city of Beijing, China. Both studies reported higher radon

exhalation rates during night and early morning hours

when air temperature was low and lower exhalation rates

when air temperature peaked in the afternoon. According to

Kojima and Nagano [14] who studied the dependence of

soil radon exhalation rate on environmental factors in

Tokyo, radon exhalation rate shows poor correlation with

atmospheric pressure but is considerably affected by rain-

fall. They observed significant reduction in radon exhala-

tion from soil during heavy rainfall, and after rain

the exhalation rate was found to increase gradually. When

water content of soil became higher than 35% by volume,

radon exhalation rate from soil was found to decrease with

increasing water content, whereas at soil water contents

lower than 35%, radon exhalation rate decreased with

decreasing water content. The authors concluded that lower

radon exhalation rates at very high soil water content may

be due to capping effect at ground surface caused by heavy

rainfall, and reduction of soil permeability due to the

presence of huge amount of moisture. Radon emanation

coefficient, and hence radon exhalation rate from soil, is

highest at moderate soil moisture content (around 35% by

volume). Kulali et al. [11], who studied the effect of

meteorological parameters on radon exhalation from soil

during different seasons in Karahayıt region of Turkey,

have reported similar observation regarding the relation

between soil radon exhalation and rainfall. Various authors

have observed positive correlation between atmospheric

pressure and radon exhalation from soil [32–34]. Sahoo

et al. [17] have reported negative correlation of soil radon

exhalation rate with air temperature and positive correla-

tions of soil radon exhalation rate with relative humidity

and atmospheric pressure in their study on temporal vari-

ation of radon exhalation from soil with meteorological

parameters and seismic activities in Kutch region of

western India.

In the present work, diurnal variation of radon exhala-

tion rate from soil with a few meteorological parameters

has been studied in situ at four locations in Bakreswar–

Tantloi geothermal region of the states of West Bengal and

Jharkhand, India. Soil gas, as well as groundwater of this

region contains large concentration of radon [35–37]. For

comparison, similar measurements were conducted at one

location in Kolkata, West Bengal. This spot, 170 km away

from Bakreswar, is in the campus of Jadavpur University,

Kolkata. The geological setting of this region is completely

different from that of Bakreswar because Kolkata is located

in a non-geothermal region, in the alluvial plain of the

Ganga Basin.

Bakreswar–Tantloi region experiences several incidents

of lightning and thunder throughout the year. It has been

reported by several workers that radon emission from the

earth’s crust is related to the atmospheric global electric

circuit (GEC) and formation of thunderclouds and occur-

rence of lightning flashes [38, 39]. High levels of

radioactivity in regions of high soil radon exhalation can

cause increased charging of the GEC, which leads to

enhanced thunderstorm activity. We have proposed to set

up a monitoring station for study of interrelation between

soil radon emission and occurrence of thunder and light-

ning in Bakreswar–Tantloi region. The aim is to monitor

how increased electrical conductivity of the local atmo-

sphere caused due to higher volume of radon in air leads to

enhanced occurrence of lightning and thunder conditions in

this region. The present work has been undertaken in order

to determine the meteorological and seasonal influences on

soil radon exhalation in the region of study, which is a first

step towards this goal.

Geology of the study area

Bakreswar–Tantloi geothermal region is located along the

extreme eastern fringe of the Son-Narmada-Tapti

(SONATA) lineament, the mega mid-continent lineament

extending from Gujarat in the west to West Bengal in the
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east (Fig. 1a) [40, 41]. This region geologically belongs to

the Archaean Chhotanagpur Gneissic Complex (CGC)

which is composed of Precambrian granites and gneisses,

Gondwana sedimentary rocks and Rajmahal volcanic rocks

[42, 43]. The basement is predominantly composed of

granite and gneiss with minor enclaves of calc-silicate,

amphibolite, gabbro, pegmatite and dolerite belonging to

Pre-Cambrian CGC. The gneiss and calc-silicate are

regionally folded to form asymmetric anticlinical and

synclinical structures trending NE–SW [44]. The

Chhotanagpur Plateau experienced a series of fissure

eruptions over years during Rajmahal volcanic activity in

early Cretaceous age [44, 45]. Therefore, Bakreswar–

Tantloi region is criss-crossed by a number of fractures and

faults, most of which are partly or fully buried by sedi-

ments or silica. The distribution of faults and fractures in

this region has been shown in Fig. 1b. The average crustal

thickness of this region is about 23 km [41]. This

geothermal area is characterized by high crustal heat flow

of 230 mW/m2 [46]. There are seven hot springs in Bak-

reswar (23�52’30’’ N, 87�22’30’’ E) in Birbhum district of

West Bengal and four in Tantloi (24�02’25’’N,

87�17’30’’E) in Dumka district of Jharkhand. All these

make Bakreswar–Tantloi geothermal region an ideal spot

for study of radon emanation from the earth crust.

Experimental method

Radon exhalation rate from soil was measured with

AlphaGuard PQ 2000 PRO radon monitor and AlphaPump

together with a radon exhalation chamber manufactured by

Saphymo, Germany (Fig. 2). The AlphaGuard is a pulse

counting ionisation chamber with active volume of 0.56 l.

It is designed to monitor continuous radon concentrations

in a large range from 2 to 2 9 106 Bq/m3. The exhalation

chamber is a rectangular box of dimensions

0.57 m 9 0.37 m 9 0.165 m with an open base. At first, a

rectangular hole was dug in the ground at the chosen

location and the exhalation chamber was kept inverted on it

so that radon exhaled from beneath could accumulate in the

covered volume. The top face of the box has two corru-

gated nozzles. These nozzles were initially closed with

tygon tubing provided with pinchcock to shut communi-

cation of the internal volume with outside air. The box was

left undisturbed in this state for 1 h to allow radon exhaled

out of the soil to accumulate in the enclosed volume. Then

Alphaguard and Alpha pump were connected with the

exhalation chamber with tygon tubes as shown in Fig. 2.

The AlphaGuard was set in 10 min diffusion mode. The

Alpha pump was set at a slow displacement capacity of

0.03 L/min. Radon concentration readings were noted

every 10 min for 1 h. Then the AlphaGuard was discon-

nected, and soil gas accumulated in the exhalation chamber

Fig. 1 a Location and geology of study area (after Singh et al. 43). b Distribution of faults and fractures in Bakreswar–Tantloi geothermal region
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Fig. 1 continued
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was pumped out by operating the AlphaPump at a higher

rate of 1 L/min for half an hour. Then, soil gas was again

allowed to accumulate in the exhalation chamber for 1 h,

and the same procedure was followed. This was continued

for 24 h at each location studied.

Radon exhalation rate ERn from soil is calculated

according to the following relation [30]:

ERn ¼
Cavg � V

tacc � S
ð1Þ

where, Cavg = Average Rn concentration, tacc = Accumu-

lation time, V = Volume of radon exhalation chamber

(0.035 m3), S = Surface area covered by the chamber

(0.211 m2).

Result and discussion

The diurnal variation of radon exhalation rate from soil and

its dependence on meteorological parameters were

observed at three locations in Bakreswar and one location

in Tantloi, as shown in Fig. 3 (locations plotted on Google

map). In Bakreswar, the three chosen spots, designated as

Location A (23.8871�N, 87.3773�E), Location B

(23.8794�N, 87.3751�E) and Location C (23.8786�N,

87.3638�E), are on three sides of the hot spring Agnikunda.

The spot at Tantloi, designated as location D (24.04008�N,

87.27802�E), is also beside a hot spring. This study was

carried out in early January 2017 when this region expe-

rienced winter. Maximum and minimum temperatures were

around 30 and 7 �C respectively. No rainfall occurred

during this period.

In order to understand the effects of meteorological

parameters on soil radon exhalation rate, simultaneous

measurements of 222Rn concentration in soil gas, ambient

temperature, relative humidity and atmospheric pressure

were carried out continuously for 24 h at each location.

Although it is ideal to carry out such observations at all

locations simultaneously, it could not be done in this case

due to lack of resources. At location A, observations began

at 12:30 PM on January 05, 2017 and ended at 12:30 PM

on the next day. At location B, the time of start of obser-

vations was 3:30 PM on January 06, 2017, and the time of

completion was 3:30 PM the following day, whereas at

location C observations were started at about 5:00 PM on

January 12, 2017 and completed at the same time on Jan-

uary 13, 2017. At location D in Tantloi, the times of start

and end of the measurements were 8:00 PM of January 14,

2017 and 8:30 PM of January 15, 2017 respectively.

The diurnal variations of 222Rn exhalation rate from soil

along with temperature, pressure and relative humidity at

the four locations have been shown in Fig. 4. At location A

in Bakreswar, radon exhalation rate from soil varied

between 198 and 688 Bqm-2 h-1, at location B between

138 and 530 Bqm-2 h-1, and at location C it varied

between 577 and 1408 Bqm-2 h-1; whereas at location D

in Tantloi it varied between 5310 and 8426 Bqm-2 h-1.

These values show that soil radon exhalation rate is gen-

erally higher in Tantloi than in Bakreswar. This may be due

to differences in local geology of the two places, including

soil structure and location of faults. The topsoil of Tantloi

contains more sand and small stones than that of Bakres-

war, and there is a fault very close to the monitoring

location at Tantloi, through which the river Siddheswari

flows. Location D at Tantloi is at a distance of 628 m from

a hot spring, whereas Location A, Location B and Location

C are respectively 708 m, 184 m and 1.183 km away from

Agnikunda hot spring. All these factors may contribute to

the difference in soil radon exhalation rate between Tantloi

and Bakreswar.

From Fig. 4 it can be seen that at all four locations, soil
222Rn exhalation rate increases after sunset, becomes

highest during night hours from 9:00 PM to 1:00 AM, and

then decreases until it reaches a minimum around noon.

This may be due to the fact that the ground gets heated

during the day and cooled during the night, causing

a large diurnal temperature variation at the earth surface,

whereas the temperature underneath the top-soil layer

remains more or less constant. Bakreswar–Tantloi region,

being a geothermal area with crustal heat flow about 230

mW/m2, is expected to have quite high sub-surface soil

temperature. During evening, night and early morning, the

temperature of topsoil layer is lower than that of the sub-

surface soil layer, while around midday the surface tem-

perature is higher than subsoil temperature. Thus, during

nighttime there exists a positive temperature gradient

between the soil at a depth of about 1 m and the ground

surface, and during midday and afternoon a negative

temperature gradient exists between subsurface and ground

Fig. 2 Experimental set-up for determination of soil 222Rn exhalation
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surface. According to Klusman and Jaacks [47], positive

temperature gradient between subsoil layer and ground

surface assists the upward movement of radon from inside

the earth’s crust to the atmosphere, whereas a negative

temperature gradient hinders the upward movement of

radon. The reversal of the temperature gradient between

day and night in Bakreswar–Tantloi region may be the

main reason behind the appreciable diurnal variation of

radon exhalation rate. Similar observations have been

reported by several researchers [17, 48–50]. Also, the

cracks and pores in the soil get heated throughout the day

and are dilated considerably by sunset. Hence, radon gas

trapped underneath the top-soil can find larger exhalation

pathways after sunset.

Convection currents in atmosphere may be another

factor that can cause diurnal variations of radon exhalation

rates, with calmer atmosphere during late evening hours

gradually increasing radon concentration in top-soil layers

[51]. Moreover, it is known that radon exhalation from soil

increases with increase of the radon emanation factor,

which in turn increases with moisture content of soil

[52–54]. In the region of study, relative humidity was

found to increase gradually after sunset and reach above

95% around midnight and in early morning, as Fig. 4

shows. Also, there was dew throughout the night. These

factors increased moisture level in soil, and hence radon

exhalation, at night. It may be observed from Fig. 4 that

soil radon exhalation rate is generally lower during the

daytime when atmospheric pressure is higher. However,

during the observation period, atmospheric pressure did not

vary much throughout the day. Therefore, from such a

small data set it cannot be concluded with certainty whe-

ther any negative correlation exists between radon exha-

lation from soil and atmospheric pressure.

In order to find out how soil radon exhalation depends

on meteorological parameters in a non-geothermal region,

similar 24 h measurements were carried out at another

location in Kolkata, far away from Bakreswar, designated

as location E (22.4993�N, 88.3718�E). The location of this

spot is shown in Fig. 5. Here, observation started at 10:00

AM on January 21, 2017 and ended the following day at

10:30 AM. The results have been shown in Fig. 6. As there

are no highly mineralised rocks in this region, radon

exhalation rate from soil is much lower than that in Bak-

reswar–Tantloi region, as can be seen from Fig. 6. How-

ever, soil radon exhalation rate shows similar dependence

on local meteorological factors, that is, radon exhalation

appears to be negatively related with air temperature and

Fig. 3 Locations in Bakreswar–Tantloi region where soil radon exhalation was studied
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Fig. 4 Diurnal variation of soil radon exhalation rate with ambient temperature, atmospheric pressure and relative humidity at a Location A,

b Location B, c Location C, d Location D

Fig. 5 Location in Kolkata where soil radon exhalation was studied
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positively related to relative humidity of air. Also, slight

negative correlation seems to exist between soil radon

exhalation rate and atmospheric pressure. This shows that

the presence of geothermal energy fields and crystalline

rocks in a region increases the radon exhalation rate from

soil; however, it does not affect how the exhalation rate

depends on meteorological parameters.

Although this work shows that exhalation of radon gas

from soil at a place depends significantly on local meteo-

rological parameters, there are a few other issues that need

to be addressed. Firstly, dependence of soil radon exhala-

tion on rainfall must be studied, because moisture content

of soil is known to affect significantly the radon emission

rate from soil. Also, soil radon exhalation rates at all these

locations were estimated in winter only. Similar work

should be carried out in other seasons in order to determine

any seasonal variation in radon exhalation from soil. It

would be better if variations in radon exhalation rate at any

location be studied continuously for a considerable period

of time, preferably throughout a year. Moreover, long-term

studies should be conducted at a considerable number of

locations in Bakreswar–Tantloi geothermal region in order

to have a complete picture of soil radon exhalation in this

region.

Conclusion

Radon exhalation rates were estimated for 24 h at four

locations in Bakreswar–Tantloi geothermal region of the

Indian states of West Bengal and Jharkhand. For the sake

of comparison, similar study was performed at one location

in Kolkata also, which is located in the alluvial Gangetic

plain, a non-geothermal region. It has been observed that

radon exhalation rates from soil are much higher in the

geothermal region. However, soil radon exhalation rate at

all locations has been found to depend significantly on

ambient temperature and relative humidity. Atmospheric

pressure seems to have slight effect on soil radon exhala-

tion, but the nature of this effect cannot be determined with

absolute certainty. Radon exhalation rates from soil should

be measured at more locations in Bakreswar–Tantloi

geothermal region, and also during different seasons, so

that there would be adequate information to study the

influence of the presence of geothermal energy sources on

soil radon exhalation in this region.

Lightning and thunder are common occurrences in

Bakreswar–Tantloi geothermal region throughout the year.

A monitoring station has been proposed for the study of the

influence of soil radon emanation on thunder and lightning

events in this geothermal region. The data collected from

this primary study would be useful and valuable for the

installation of the proposed monitoring station in this

region in near future.

Fig. 6 Diurnal variation of soil

radon exhalation rate with

ambient temperature,

atmospheric pressure and

relative humidity at Position E
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25. Modzelewska D, Dołhańczuk-Śródka A, Ziembik Z (2014) Issues

of radon (Rn-222) exhalation measurements. In: Proceedings of

ECOpole’14 conference, Jarnoltowek. https://doi.org/10.2429/

proc.2014.8(2)049

26. Harb S, Ahmed NK, Elnobi S (2015) Radon exhalation rate and

radionuclides in soil, phosphate, and building materials. IOSR J

Appl Phys 7(2):41–50

27. Kraner HW (1964) Measurements of the effects of the atmo-

spheric variables on Rn-222 flux and soil gas concentrations. In:

The natural radiation environment. University of Chicago Press,

Chicago, pp 191–215

28. Fleischer RL, Fisk MD, Hart Jr. HR, Likes RS, Mogro-Campero

A (1979) Anomalies in concentrations of radon in the earth.

Bendix Field Engineering Corporation, CJBX-97

29. SinghM Ramola RC, Singh S, Virk HS (1988) The influence of

meteorological parameters on soil gas radon. J Assoc Explor

Geophys IX 2:85–90
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