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Background: Radon gas concentration in water has received increasing attention due
to its adverse effects on human health. Several factors affect the behavior and nature
of this gas in aquatic systems. This study aimed to investigate factors governing the
spatial variations of ???Rn in the groundwater of the Jiroft plain, Iran. Materials and
Methods: Water samples were collected from abstraction wells to analyze **?Rn and
the physicochemical properties of groundwater. ’Rn activity was measured using a
RAD 7 instrument. Results: ***Rn concentration of the groundwater ranged from 5.83
to 34.55 Bqg/l. The ???Rn activity was larger than the permissible limit of the United
States Environmental Protection Agency in many cases. Conclusion: Hydrogeological
factors, such as depth to water, bedrock situation, aquifer transmissivity, and fault
activity, had a good relationship with the spatial variation of **’Rn. No significant
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relationship was observed between

222Rn  concentration and physicochemical
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analysis, Jiroft plain.
INTRODUCTION

Radon gas (?22Rn) is a radioactive, odorless and
colorless gas that occurs naturally in geological
environments. This gas has a half-life of about 3.82
days (1. 222Rn has a very complex behavior in
groundwater (2). Several factors affect the behavior
and concentration of radon in groundwater. The
concentration of radon gas in groundwater is a
function of the uranium content of rocks (parent
radionuclides such as 238U, 232Th, and 226Ra) and
geological structures (faults and lineaments) G).
Rocks such as shale, granite, syenite, pegmatite, and
gneiss increase the concentration of radon gas in
groundwater (9. Phosphate-rich sedimentary rocks
and fluvial sandstone are also important sources of
radon (56). Carbonate rocks and their sediments have
a low uranium content (78). Faults and fractures
increase the permeability of bedrock and facilitate
the movement of radon gas (9. 222Rn can easily travel
long distances through fractures, pores, and voids (19).
The physical properties of bedrock and soil and the
size of soil grains also affect the concentration of
radon gas (11-13), The mixing of groundwater with
different origins and the residence time of
groundwater change 222Rn concentration (4. The
processes such as advection and diffusion introduce
222Rn to the groundwater system. Atmospheric loss is
also the most important process that removes 222Rn
from aquatic systems (15),

In recent years, several studies have been
conducted on the measurement of radon gas
concentration in groundwater and its health risks.
Malakootian et al. ¥ reported a concentration of
222Rn gas between 0 and 18.48 Bq/l in the villages
around the Rafsanjan fault. Asadi Mohammad Abadi
et al. ®) measured the concentration of radon gas in
33 groundwater samples around the Anar fault. The
results of their research showed that the activity of
222Rn varied between 1.33 and 29.91 Bq/l. Sukanya
et al. @ investigated 222Rn concentration in the
groundwater of southeastern Punjab, India. They
stated that the concentration of radon gas can be
controlled by a variety of geochemical reactions and
surface processes. Fouladi-Fard et al. (16) investigated
the concentration of radon gas in drinking water
wells of Qom province, Iran, and found a lower radon
concentration than the WHO (World Health
Organization) permission limit in all samples. Han et
al. M measured the radon content of water and
brackish groundwater in Jeju, Korea, and introduced
the residence time of groundwater and geological
conditions as the main factors controlling spatial
variations of 222Rn. Doung et al. (17) studied radon
activity near uranium mines in northern Vietnam and
showed that the 222Rn content of springs in the dry
season was higher than in the wet season. This
condition was attributed to the leakage of radon from
the uranium mines into the spring water.

According to the literature, the factors governing
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the spatial variations of 222Rn are still not well
understood. Some researchers have examined the
relationship between 222Rn concentration and water
quality parameters such as temperature and
electrical conductivity. However, the effect of
hydrogeological parameters such as aquifer
thickness, bedrock depth, aquifer transmisivity, and
density of faults on the spatial distribution of radon
concentration has not been investigated. Therefore,
this study was conducted to elucidate factors
influencing the spatial variation of 222Rn in the
groundwater of an alluvial aquifer. This research
mainly aimed to investigate the impacts of geological,
hydrochemical, and hydrogeological factors on the
spatial variations of 222Rn in the groundwater of the
Jiroft plain, southeastern Iran.

MATERIALS AND METHODS

Study area

The Jiroft plain, with an area of about 1405 Km?
and a semi-arid climate with an average annual
rainfall of 170 mm (18), is located in the southeast of
Iran. Agricultural lands are the most important land
use of the area. The Jiroft plain is located in a
tectonically active area, where the impact of tectonic
forces has caused faults and fractures. The eastern
Sabzevaran fault, the western Sabzevaran fault, and
the Dalfard fault are the most important faults in the
study area. There are various geological units in this
plain (figure 1). Igneous rocks, including granite and
rhyolite, are outcropped in the northeastern margin
of the plain. Regional metamorphic rocks
(amphibolite facies) are observed in the western part.
Marl, shale, sandstone, and conglomerate are also the
most important sedimentary rocks, which often
outcrop in the western half of the plain. The most
important geological unit of the region is alluvial
sediments, which cover a vast part of the plain and
have created a good groundwater reservoir (aquifer).

Study method

A total of 30 water samples were collected from
abstraction wells in March 2020. The locations of the
sampling stations are shown in figure 1. Electrical
conductivity (EC), temperature, and pH were
measured at the field using a portable EC meter
(HACH HQ40D, Germany). Water samples were
analyzed in the laboratory of the Kerman Graduate
University of Technology, Iran. Major ions, including
calcium (Ca?*), magnesium (Mg?+), sodium (Na*),
chloride (CI), and sulfate (S04%), were determined by
the ion chromatography method (using Metrohm 761
Compact IC, Germany). The bicarbonate ion (HCO3)
was determined by the titration method. 222Rn
concentration was measured using a RAD 7
instrument (DURRIDGE Company, United States of
America). RAD 7 is an active detector that works
based on the amount of alpha particles emitted from

radon gas (19). The results of the analysis of water
samples were interpreted using bivariate diagrams of
qualitative parameters and different spatial
distribution maps.

Statistical analysis

In this study, Minitab software (Minitab Company,
USA) was used to check the statistical distribution of
222Rn. The frequency distribution histogram was used
to this purpose. Arc GIS software (ESRI Company,
USA) was used to investigate the effect of various
hydrogeological parameters on the spatial
distribution of 222Rn. The Pearson correlation
coefficients between different parameters and the
spatial variability of 222Rn were calculated using the
spatial analysis toolbox of Arc GIS.
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Figure 1. Geological map of the study area and location of
sampling stations.

RESULT

Table 1 presents the results of the analysis of
groundwater  samples, indicating that the
concentration of 222Rn ranges from 5.83 * 0.01 to
34.55 + 0.85 Bq/1 with an average of 19.55 + 0.73 Bq/
l. The lowest and the highest concentrations of 222Rn
were measured in samples ]28 and ]J30, respectively.
The histogram of the 222Rn frequency distribution
(figure 2) showed a 222Rn concentration of 18-20 Bq/1
for the largest numbers of samples. 222Rn
concentrations of groundwater followed a normal
distribution (figure 2). The pH of water samples
varied between 6.9 and 8.4, suggesting the alkaline
environment of the groundwater system. The
temperature of groundwater ranged from 22.7 to
32.3 °C. The lowest and the highest temperatures
corresponded to the samples ]J24 and ]19,
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respectively. The average electrical conductivity of
groundwater samples was 1036.8 pS/cm, ranging
from 434 to 5260 puS/cm. The highest amounts of
electrical conductivity, sodium ion, and chloride ion
were recorded in the sample ]J25. The highest
concentrations of calcium, magnesium, and sulfate
ions were observed in the sample ]J20. The sample ]28

contained the highest concentration of bicarbonate
ions. The above-mentioned information indicated
that the quality of groundwater can be affected by
different processes such as the dissolution of halite
(NaCl), gypsum (CaS04), and anhydrite (CaSO4, 2H:0),
as well as recharge by good-quality waters (a low EC
and a high bicarbonate).

Table 1. Physicochemical characteristics of water samples (pH: Acidity, EC: Electrical Conductivity, Ca: Calcium, Mg: Magnesium, Na:
Sodium, HCOs: Bicarbonate, Cl: Chloride, SO,4: Sulphate).

222

Rn Temperature EC Ca Mg Na HCO; Cl SO,
Sample ID Ba/l pH C I I | megq/| I I |
J1 11.28+0.21 8.00 - 580 2.5 1 2.4 2.5 1.2 2.2
J2 21.11+1.58 7.15 25.1 642 2.9 1.5 2.2 3.1 1.4 2.1
J3 27.15+1.12 7.48 24.5 1123 2.6 2.5 7.1 4.7 2.5 5
J4 7.32 £0.05 7.60 - 550 1.6 0.9 3.1 2.5 1.5 1.6
J5 10.76 £ 0.58 7.59 28.3 644 0.5 0.8 5.2 1.7 2.3 2.5
J6 19.67 £0.78 7.55 31.1 642 1.6 0.5 4.2 1.8 2.2 2.3
J7 20.88 £ 0.65 8.40 - 475 1 1 2.7 2 1 1.7
J8 31.21+1.73 8.00 - 560 1.01 1 2.67 2.1 1 1.71
J9 28.31+0.32 7.49 28 455 1.7 0.4 2.2 2.4 0.5 1.4
J10 15.85 +0.09 7.48 24.5 1123 2.6 2.5 7.1 4.7 2.5 5
J11 18.41+0.12 7.80 25 553 0.7 1 4.1 2.8 1.6 1.4
J12 26.14 £ 0.54 7.40 25.3 1083 3.7 3.1 4.8 3.8 2.9 4.9
J13 18.9+0.23 7.20 23.7 1027 3.7 2.6 5.1 4.4 2 5
J14 19.52 +0.26 7.15 25.1 642 2.9 1.5 2.2 3.1 1.4 2.1
J15 24,98 £1.32 7.24 27.2 836 2.6 1.6 4.5 3.7 2.4 2.6
J16 30.67 +1.02 7.49 28 455 1.7 0.4 2.2 2.4 0.5 1.4
J17 23.12+0.13 7.50 - 600 2 2 2 3.5 0.6 1.9
J18 28.11 £ 0.65 7.90 - 840 1.5 0.9 6.2 2.5 3 3.1
J19 9.08 + 0.05 7.23 32.3 2840 11 1.8 16.6 2.1 18 9.3
J20 13.07 £ 0.43 7.22 26 3340 21.8 8.2 15.7 4.3 4 37.4
J21 17.71+£0.54 7.75 - 1122 1.75 1.25 7.9 3.25 4.35 3.3
J22 6.54 +0.01 8.02 30.5 822 1 0.3 7 2.2 2.7 3.4
J23 23.59+0.21 8.20 27 462 0.8 0.5 3.4 2.3 0.9 1.5
J24 10.34 £0.03 7.84 22.7 550 1.9 1 2.4 2.5 1.2 1.6
J25 23.74 £ 0.61 7.30 28.3 5260 13 7.8 32.7 4 28.4 21.1
J26 14.62 +1.13 7.88 23.5 434 1.2 0.6 2.3 2.4 1.1 0.6
)27 31.97+1.62 8.20 27 462 0.8 0.5 3.4 2.3 0.9 1.5
J28 5.83+0.01 6.90 26.1 1678 4.1 2.4 12.8 8.1 4.7 6.5
J29 9.74+0.13 7.30 26 477 2.5 1.2 1.4 2.7 0.9 1.5
J30 34.55 +0.85 7.69 - 825 1.5 1 5.9 3 2.2 3.2
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Figure 2. Statistical distribution of radon concentration: a frequency histogram, and b cumulative frequency (CDF).

Figure 3 shows the spatial variations of 222Rn con-
centration, indicating an increase in 222Rn activity
from the southeast and northwest of the plain to its
center and south. The concentration of 222Rn was
larger than the permissible limit (11.1 Bq/l) of the

USEPA (United States Environmental Protection
Agency) in a vast part of the study area. Only 26.7%
of water samples (]J1, 4, ]5,J19, ]22, |24, ]28, and J29)
had a concentration lower than the permissible limit
of USEPA.
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Figure 3. Spatial distribution of 22?Rn activity in groundwater
of Jiroft plain.

Possible factors affecting the concentration of
222Rn
Hydrogeological factors

The spatial distribution of 222Rn concentration in
groundwater system is affected by various factors.
Local geology is among the most important factors
(20.21), Previous studies showed that the groundwater
moves through granite rocks and their sediments
contain high concentrations of radon (22. Among
sedimentary rocks, shale and sandstone have a good
ability to increase the radon content of groundwater
(6). As mentioned in the previous sections, the most
important geological units of the Jiroft plain include
granite and volcanic rocks in the northeast,
sedimentary rocks (marl, shale, and sandstone) in the
western half, and metamorphic rocks in the
southwest. These geological units are the most
important factors controlling the type of sediments in
the plain. One of the areas that show the highest
concentration of 222Rn in the Jiroft plain is located in
the northeast. The presence of granite rocks and
their sediments is an important factor in increasing
222Rn concentration in these areas. The outcrops of
shale, sandstone, and their resulting sediments in the
western half of the plain have also increased the
concentration of 222Rn in groundwater. The type and
depth of bedrock affect the radon concentration of
groundwater (), The aquifer bedrock is of shale type
in the western part of the plain. In the central part,
conglomerate and sandstone form the bedrock.
Limestone rocks are also placed under the
conglomerate and recharge the aquifer in the eastern
part (23), Spatial variations of the bedrock type affect
the 222Rn activity. The map of bedrock depth is
presented in figure 4a (23), showing a variation of 39

and 162 m in the depth of bedrock. The bedrock is
deeper in the central part of the plain. This situation
can increase the residence time of groundwater and
decrease its radon content. It seems that there is an
inverse relationship between the bedrock depth and
the concentration of 222Rn. This hypothesis was
examined by calculating the correlation coefficient
between the map of the bedrock depth (figure 4a) and
the spatial distribution map of 222Rn concentration
(figure 3) using the Spatial Analysis package of ArcGIS
10.7 software. As seen in table 2, the correlation
coefficient of these layers is -0.41, which confirms the
inverse relationship between the depth of the
bedrock and the 222Rn concentration. From
hydrologists' viewpoints, the vertical distance
between the groundwater table and the bedrock is
considered the thickness of the aquifer. Figure 4b
indicates the spatial variations of the aquifer
thickness, showing that the aquifer is thicker in the
central part of the plain. The lowest thickness of the
aquifer is seen in the western half. It can be claimed
that the concentration of 222Rn has an inverse
relationship with the aquifer thickness (R = -0.31,
table 2).

Waters that can potentially have high radon
concentrations are usually shallow and contemporary
groundwater (24). The map of depth to groundwater is
presented in figure 4c. This map was prepared using
the data of water depth in observation wells. These
data were prepared by the Kerman Regional Water
Authority (KRWA) (25). As seen in figure 4c, the depth
of groundwater is more than 27 m in the northwest
and southeast of the plain. However, the groundwater
depth decreases in other areas (especially in the
western half of the plain). According to table 2, the
groundwater depth and the 222Rn concentration have
an inverse relationship (R = - 0.49).

Figure 4d shows the aquifer transmissivity map of
the Jiroft plain. Transmissivity is the ability of an
aquifer to transfer water through itself. The aquifer
transmissivity ranged from 100 to 3460 m2/d in the
study area (25. As seen in figure 4d, the aquifer
transmissivity decreases from the north to the south
of the plain. This pattern of aquifer transmissivity has
a direct relationship with the 222Rn activity (R = 0.39,
table 2).

The presence of faults and their activity affect the
spatial variations of 222Rn. Displacement of rock
masses occurs around active faults. As a result of
these displacements, many small cracks are gradually
created in the rocks (26). These cracks facilitate the
migration of radon gas. This situation increases the
concentration of radon in the groundwater around
the active faults (27). As seen in figure 3, the highest
concentration of 222Rn was measured around the
western Sabzevaran fault and the Dalfard fault, where
the groundwater is at a lower depth. The
concentration of 222Rn around the eastern Sabzevaran
fault is lower than that of the other two main faults
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(the western Sabzevaran fault and the Dalfard fault).
The most important reason for this issue is the
increase in the groundwater depth, the thickness of
the aquifer, and the residence time of groundwater.
The activity of the eastern Sabzevaran fault is also
less than the other two main faults (28). Maps of the
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distance to the fault and the fault density are
presented in figure 5a and figure 5b, respectively.
According to table 2, the concentration of 222Rn has
an inverse relationship with the distance to the fault
and a direct relationship with the fault density.
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Figure 4. Spatial distribution of a Bedrock depth, b Aquifer thickness, ¢ Depth to the water (July 2020), and d Aquifer transmissivity.

Table 2. Results of the statistical analysis using the Spatial Analysis package of Arc GIS.

Figure 5. Map of a Distance to the fault, and b Fault density.

Hydrochemical factors

The chemical nature of water and its temperature
affect the rate of radon dissolution 29). The solubility
of radon gas has an inverse relationship with
temperature (39). Figure 6 shows the variations of
222Rn versus the temperature of the groundwater
samples. The general trend in this figure is a decrease
in 222Rn concentration with increasing temperature
(R = - 0.07). Nonetheless, three detailed patterns can
be identified in figure 6. According to these patterns,
groundwater samples are placed into three groups.
The first group (group 1) includes samples ]2, J3, ]J10,
J11, J12, J13, J14, J24, and ]26, which are mainly
located in the northern and central parts of the Jiroft
plain. The temperature of these samples varies
between 22 and 26°C. In group 1, the 222Rn activity

Layer (map) Minimum | Maximum | Mean | Standard deviation | Correlation coefficient with *’Rn
2pn 5.83 34.55 19.69 5.12 1

Depth to water 4.13 43.62 24.8 5.11 -0.49
Aquifer transmisivity 100.4 3460.2 | 1004.9 621.7 0.39
Bedrock depth 39.02 161.98 92.37 17.55 -0.41
Aquifer thickness 14.46 133.76 67.57 17.07 -0.31
Distance to fault 0.00 10316.1 | 2460.2 2185.44 -0.12
Fault density 0.00 2.88 0.20 0.36 0.21

@ Y increases with the increase in groundwater

: : temperature (R = 0.72). The second group (group 2)

a b includes samples J6, ]9, J15, J16, J23, ]25, and ]J27. In

this group, radon activity decreased with increasing

temperature (R = - 0.62). The temperature of these

samples ranged from 26 to 32°C. Group 2 samples are

—— Fat mainly located near the western Sabzevaran fault and

W z0s the Dalfard fault. Samples J5, J19, J20, J22, J28, and

: [ 20844128 . Faut densiy J29 are placed in the third group (group 3). There is

E::ZZ;EZ igzzzzzj no strong relationship between 222Rn variations and

B 525 - 10316 h [ T temperature (R=-0.2). These samples are mainly

A PR o N N located around the eastern Sabzevaran fault.

According to figure 4, it can be concluded that the
mixing of groundwater with different origins occurs
in the aquifer. This mixing process can affect the
spatial variations of radon concentration. The
bivariate plots of 222Rn versus other groundwater
quality parameters are presented in figure 7. As seen
in this figure, there are no strong correlations
between 222Rn variation and groundwater quality

parameters.
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Figure 7. Bivariate diagram of 22?Rn versus a Acidity (pH), b Electrical Conductivity (EC), c Calcium (Ca), d Magnesium (Mg), e Sodium
(Na), f Chloride (Cl).

DISCUSSION

The concentration of 222Rn varied between 5.83
and 34.55 Bq/l in the Jiroft plain. The radon
concentration values measured in this research are
different from the radon concentration reported in
similar studies (table 3). These differences could be
due to differences in geological and hydrogeological
conditions. Radon concentration follows a normal
distribution in the study area. Fouladi-Fard et al. (16)
also reported the normal distribution of 222Rn in the
groundwater of Qom province, Iran. But, Sukanya et
al. @ reported a log-normal distribution for 222Rn
data in Punjab, India.

222

Table 3. “““Rn concentration in alluvial aquifers
Country/ region | Range of 2’Rn activity (Bq/l) |Reference
Korea/ Jeju 0.4-20.65 W
Iran/ Anar 1.33-29.91 &
Iran/ Rafsanjan 0.00-18.48 i
India/ Punjab 0.62-3.21 Bh
Kenya/ Kericho 46-22.5 =2
Saudi Arabia 0.01-67.4 &3
Nigeria/ Ibadan 0.08-14.8 Sl

Parameters such as local geology, type and depth
of bedrock, aquifer thickness, groundwater depth,
aquifer transmissivity, distance to fault, and density
of faults control the spatial variations of 222Rn activity
in the study area. Rocks such as granite, shale, and
amphibolite have the potential to increase the radon
concentration of groundwater in the Jiroft plain.
Ameho et al. 35 reported the geological factor as one
of the factors affecting the radioactivity of
groundwater. Mehnati et al. 39 have mentioned the
effect of granitic rocks on the concentration of radon
gas of hot springs in Kerman province, Iran. Cho et al.
(37) also reported high levels of radon in granite
aquifers of South Korea. Oni et al. 39 and Sukanya et
al. @ have pointed out the effect of bedrock type and
depth on 222Rn concentration.

There is an inverse relationship between the
groundwater depth and the 222Rn concentration in
the Jiroft plain. Fouladi-Fard et al. (16) reported the
inverse relationship of 222Rn and groundwater depth

in the Qom province, Iran. But Sukanya et al. @ did
not find a strong relationship between water depth
and 222Rn activity in hard rocks of southeastern India.
Because, the lineaments are the most important
factor determining the groundwater potential and its
radon content of hard rock formations.

Water mixing is one of the processes affecting
radon activity in Jiroft plain. Przylibski and
Zebrowski (38) have also emphasized the effect of the
mixing process on the radon concentration of the
groundwater in southwestern Poland.

The activity of the western Sabzevaran fault and
the Dalfard fault has caused high radon anomalies.
Sukanya et al. @ investigated the role of fault activity
on the spatial variation of the 222Rn in southeast
India. These researchers showed that the activity of
faults has increased the concentration of 222Rn. Li et
al. 39 also stated that there is a direct relationship
between fault activity and radon concentration in
central China.

No strong correlation was observed between
222Rn activity and groundwater quality parameters in
Jiroft plain. Studies by Srilatha et al. 49, Sharma et al.
(31), and Sukanya et al. @) also confirm this finding.

To generalize the factors affecting the spatial
distribution of radon gas in groundwater of Jiroft
plain, the plot of 222Rn concentration versus the
distance to the fault was used (figure 8). Mehrabi (19
showed that the impact of the Jiroft plain faults on
the radon concentration was significant up to a
distance of 1000 m. Based on this finding and a
threshold of 20 Bq/l for 222Rn (figure 8), the
processes affecting the variability of 222Rn in the
groundwater can be expressed as follows:

A. Proximity to active faults

The samples located in region A (figure 8) have
high 222Rn concentrations (> 28 Bq/1) and are located
close to the Dalfard fault and the western Sabzevaran
fault. Therefore, this high concentration of 222Rn is
related to the activity of faults.

B. Groundwater residence time
Groundwater samples with relatively low radon
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activity (5 to 15 Bq/1) are placed in region B (figure
8). Although these samples are located close to the
eastern Sabzevaran fault, their low radon
concentration is due to the less activity of the fault,
the greater depth of the groundwater, the greater
thickness of the aquifer, and the longer residence
time of the groundwater.

C. Influences of surficial geology and bedrock

The samples that are classed in region C (figure 8)
have relatively a high 222Rn content (20-30 Bq/1) and
are located far from faults. The most important
factors responsible for this condition are the radon
content of surface geological formations and aquifer
bedrock. Proximity to buried faults could also be the
possible reason for the increase in 222Rn
concentration.

D. Combination of groundwater mixing and
groundwater residence time

In figure 8, region D includes samples that have
222Rn activity between 5 and 20 Bq/l and are mainly
located in the central part of the plain. The mixing of
groundwater with different origins, the greater
thickness of the aquifer, and the long residence time
of groundwater are the most important factors
responsible for this condition.
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Figure 8. Plot of 222

CONCLUSION

This study investigated the factors affecting the
spatial distribution of 222Rn in the groundwater of the
Jiroft plain. The concentration of 222Rn varied
between 5.83 and 34.55 Bq/l. Parameters such as
groundwater depth, bedrock depth, aquifer
thickness, and distance to the fault have inverse
relationships with the spatial distribution of 222Rn
concentration. However, aquifer transmissivity and
fault density parameters have direct relationships
with the spatial variability of 222Rn. There were no
clear relationships between the physicochemical
parameters of groundwater and the 222Rn activity.
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