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Abstract
Uranium concentration in the ground water samples from the district of Tiruvannamalai, Tamil Nadu, was measured using 
an LED fluorimeter. All the samples were qualified as potable water from the radiological perspective. Though some samples 
showed mild chemical toxicity, they are still safe for ingestion. Different risk coefficients were calculated, and they were 
compared with recommended safety limits specified by various agencies. Software tools such as QGIS 15, GraphPad Prism 
8 and Surfer 15 were employed for developing maps and plots.

Keywords LED Fluorimeter · Lifetime cancer risk · Lifetime average daily dose · Whole body radiation dose · Cumulative 
whole body dose · Hazard quotient

Introduction

Water is an essential resource and a boon to the mankind. 
Due to rapid industrialisation and urbanisation, the quality of 
water is constantly deteriorating. The environmental changes 
have also made the availability of ground water very scarce 
in arid and semi-arid regions. Tiruvannamalai, a district in 
the north eastern part of Tamil Nadu, India, is relatively a 
dry region due to lack of surface water reservoirs and flow-
ing rivers. Hence, the local population is largely depend-
ent on ground water for cooking, drinking and agriculture. 
Due to a considerable drop in the ground water levels in the 

recent years, water obtained from ground water sources such 
as wells and borewells pose a higher risk of contamination 
due to rock water interaction. Contamination to some degree 
can also be attributed to extensive use of fertilizers by the 
peasant farmers in this district.

Materials and methods

Study area: location, climate and geology

The study area for this research is the district of Tiruvanna-
malai spanning over an area of 6188  km2 located at 11.55° 
and 13.15° north latitude and 78.20° and 79.50° east longi-
tude (Fig. 1). The average population is 2,464,875 according 
to census 2011, with over 63% of the working population 
engaged in agriculture (DSH 2018). The average annual 
rainfall is reported to be only 813.1 mm (Report 2014) and 
is regularly prone to drought during summer. To make mat-
ters worse, there are no perennial rivers or water reservoirs 
available in the district forcing the public and farmers to 
rely on ground water either from bore wells or open wells.

The digital geospatial layers for the preparation of 
lithological map were obtained from the Geological Sur-
vey of India (GSI). Figure 2 shows the land cover of the 
district divided into square grids (10.85 km × 10.85 km) 

 * R. Ravisankar 
 ravisankarphysics@gmail.com

1 PG and Research Department of Physics, Government Arts 
College, Tiruvannamalai, Tamil Nadu 606603, India

2 Department of Physics, University College of Engineering 
Arni, Thatchur, Tamil Nadu 632326, India

3 Department of Physics, Saveetha Institute of Medical 
and Technical Sciences, Saveetha School of Engineering, 
Thandalam, Chennai, Tamil Nadu 602105, India

4 Environment Assessment Section, Environment Assessment 
Division, Radiological Safety and Environment Group, Indira 
Gandhi Center for Atomic Research, Homi Bhabha National 
Institute, Kalpakkam, Tamil Nadu 603102, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s13201-021-01411-7&domain=pdf


 Applied Water Science (2021) 11:83

1 3

83 Page 2 of 23

using QGIS—open-source mapping software. A location 
was identified in each grid depending on the availability 
and approachability of the sampling site. The geologi-
cal study of this region indicates the presence of igneous 

and metamorphic rocks in general. The lithological map 
of the study area in Fig. 3 shows the presence of gran-
ites, charnockites, migmatite–Gneiss, Peninsular Gneiss, 
Sukinda ultramafics and alkaline complexes. Granites and 

Fig. 1  Location of the study area—Tiruvannamalai District

Fig. 2  Sampling sites with GPS coordinates within the grids
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Fig. 3  Overlay of sampling locations on the lithology of the study area

Fig. 4  LED fluorimeter working principle
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charnockites are well known for the presence of uranium 
in them, and this provides an ample reason to choose Tiru-
vannamalai District for this study. The water samples were 
carefully collected from each site using standard proce-
dures prescribed by ICRP, and after completing the in situ 
measurements, they were transported to the laboratory for 
further analysis.

Sample collection

Sample collection containers were polyethylene bottles, 
each of 1 l capacity. The containers and their lids were 
washed using a dilute detergent solution and were rinsed 
thoroughly using 10% nitric acid solution (Virk 2016). 
The containers were then soaked overnight in a 1:1 diluted 
nitric acid solution and were further thoroughly dried 
before taking to them to the sample collection sites (Sar 
et al. 2018). In the case of a bore well, water was purged 
out from it for 5 minutes in order to obtain a fresh water 
sample. Each sample container was rinsed with the same 
water before it was filled with it. The temperature and GPS 
location of each sample were noted down in situ, and the 
container was then labelled neatly before it was transported 
to the laboratory.

Measurement of physico‑chemical parameters

Using a multi-parameter tester designed by Hanna Instru-
ments (HI98194), the TDS, pH and EC of the water sample 
were determined.

Measurement of uranium concentration

The samples were carefully filtered using a 0.45-µm fil-
ter paper and were subject to uranium analysis using an 
LED fluorimeter (Quantalase Uranium Analyser—QL/
LEDF/01) developed by Laser Applications and Elec-
tronics Division at the Centre for Advanced Technology, 
Department of Atomic Energy, Indore, India (Bhangare 
et al 2013).

The LED fluorimeter causes fluorescence in a sample 
when it is set to match its excitation condition. A photo-
multiplier tube is used to detect fluorescence. An ADC 
converts the signal from the photomultiplier tube into digi-
tal pulses. The digital pulses are fed into a microcontroller 
and are later processed by the built-in computer software.

Each water sample is mixed with 10% of buffer 
solution (sodium pyrophosphate and orthophosphoric 
acid) to ensure a uniform yield for all complexes of 
uranium. 6 ml of the mixture is then poured carefully 
into quartz cuvette and placed in the LED fluorimeter. 
A schematic diagram in Fig. 4 shows the analytical 
procedure for uranium quantification using an LED 
fluorimeter.

Dose assessment

Chemical toxicity assessment

Lifetime average daily dose

The lifetime average daily dose (WHO 2011) refers to quan-
tity of a substance that is ingested by a person per day per 
kg of his body weight.

where C—concentration of uranium (µg   l−1), DWI—
daily water intake (3.7 l for an adult male and 2.7 l for an 
adult female) (USNAS 2004), EF—exposure frequency 
(365.25 days) (USEPA 2011), LE—life expectancy 
(70 years) (USEPA 2011), AT—average exposure time 
(365.25 × 70 = 25567.5 days) and BW—average body weight 
(70 kg) (USEPA 1991).

Hazard quotient

The extent to which ingestion of uranium from drinking 
water can be hazardous to an individual is determined by 
the hazard quotient (WHO 2011).

(1)LADD
(

�g kg−1 Day−1
)

=
C × DWI × EF × LE

AT × BW

(2)HQ =
LADD

RfD

Table 1  Age-dependent dose 
conversion factors and average 
daily water intake

*M male, F female, DWI daily water intake, DCF dose conversion factor

Age group Infant 1 year old 5 years old 10 years 
old

15 years 
old

Adult

M F M F M F

DWI (l  day−1) (Sar et al. 2018) 0.8 1.3 1.7 2.4 2.1 3.3 2.3 3.7 2.7
DCF ×  10–7 (µg  kg−1) (Virk 2016) 1.4 1.2 0.8 0.68 0.68 0.67 0.67 0.45 0.45
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where LADD—lifetime average daily dose and RfD—refer-
ence dose (0.6 µg/kg and 1.2 µg/kg are the reference doses 
prescribed by WHO (2011) and AERB 2004, respectively).

Radiological risk analysis

Whole body radiation dose

Annual whole body radiation dose (WHO 2011) is given 
by Equation 3

Table 3  pH—comparison with BIS (10,500:2012) and WHO (2011) 
limits

BIS (2012) WHO (2011) No of samples

Within the acceptable 
limit

6.5–8.5 6.5–8.5 61

Below the acceptable 
limit

 < 6.5  < 6.5 0

Above the acceptable 
limit

 > 8.5  > 8.5 2

Fig. 5  Distribution of pH in the 
samples

Fig. 6  Spatial distribution of pH 
in the study area
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where Ac—activity concentration of uranium (Bq/l), DWI—
daily water intake (L), EF—exposure frequency (365.25 
days) (USEPA 2011) and DCF—dose conversion factor (Sv/
Bq). Table 1 shows the age-dependent conversion factors 
prescribed by ICRP (1995) (ref).

Cumulative whole body dose

Cumulative whole body radiation dose (WHO 2011) is the 
whole body radiation dose over the life span of an individual.

(3)D
(

μSvYear−1
)

= Ac × DWI × EF × DCF

(4)CD (μSv) = D
(

μSvYear−1
)

× LE

where LE is the average life expectancy (70 years) (USEPA 
2011).

Lifetime cancer risk

Lifetime cancer risk due to the ingestion of uranium con-
taminated water is given by Equation 5 (USEPA 2011)

where Ac—activity concentration of uranium (Bq/l) and 
R—risk factor.

Risk factor R is calculated using Equation 6

(5)LCR = Ac × R

(6)R = RC × DWI
Fig. 7  Distribution of EC in the samples

Fig. 8  Spatial distribution of EC 
in the study area

Fig. 9  Distribution of TDS in the samples
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where RC—risk coefficient (mortality and morbidity) 
(USEPA 2011) and DWI—daily water intake.

Results and discussion

A total of 63 ground water samples were collected from 
the district of Tiruvannamalai, Tamil Nadu. Basic physico-
chemical parameters such as pH, EC and TDS for all the 
samples were determined using a multi-parameter tester. 
Table 2 shows all the 63 samples with their corresponding 
parameters and their GPS coordinates.

pH

pH is the measure of the concentration of hydrogen ions in a 
given sample. It measures the relative presence of hydrogen 
and hydroxyl ions on a 14-point scale ranging from 0 to 14. 
The pH value is represented in logarithmic units, i.e., an 
increase or decrease in pH by 1 unit would mean a tenfold 
increase or decrease in the sample’s acidity. The pH of the 
samples ranged from 6.75 to 8.67 with a mean value of 8.1. 
Only samples from locations CHN-W8 (Neepathurai) (8.67) 
and VEM-W58 (Abdullapuram) (8.53) were found to mar-
ginally fall out of the safety range specified in both the WHO 
(2011) and BIS (2012) guidelines indicating slight alkalinity. 
Table 3 shows the number of samples qualifying the safety 

Fig. 10  Spatial variation of 
TDS in the study area

Table 4  TDS—comparison 
with BIS 2012 and WHO 
(2011) limits of safety

BIS (2012) WHO (2011)

Limit (mg/l) No of samples Limit (mg/l) No of samples

Within the acceptable limit  < 500 17  < 600 28
Below the maximum permissible limit  > 500 42  > 600 28
Above the maximum permissible limit  > 2000 4  > 1000 11

Table 5  Samples qualifying and disqualifying the permissible limits

WHO (2011) USEPA 
(2011)

UNSCEAR 
(1982)

ICRP (1995) AERB (2004)

Permissible limit (µg/l) 15 30 9 1.9 60
No of samples within the permissible limit 60 62 58 38 63
No of samples exceeding the permissible limit 3 1 5 25 0
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Fig. 11  Distribution of uranium 
concentration in the samples

Fig. 12  Spatial distribution of 
uranium concentration in the 
study area
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limits of BIS and WHO. Figure 5 shows the distribution of 
pH in the samples, and Figure 6 shows the spatial distribu-
tion in the study area.

EC

Electrical conductivity known as specific conductance is 
the ability of the sample to allow the passage of electric 
current through it. Ground water shows higher electrical 

conductivity due to the presence of dissolved salts due to 
rock water interaction. Hence, electrical conductivity of 
ground water in a region will depend largely on its geol-
ogy with which it interacts. EC of the ground water samples 
ranged between 1.275 and 96.4 mS  cm−1 with the mean 
value of 29.67 mS  cm−1. All the water samples fall within 
the acceptable BIS limits (BIS 2012). Distribution of EC in 
the samples and the spatial variation of EC in the study area 
are shown in Figs. 7 and 8, respectively.

TDS

Water being a good solvent allows the easy dissolution of 
many inorganic salts and also some organic substances. The 
TDS measurements of the samples ranged from 233 to 2488 
mg/l with a mean value of 790 mg/l. On comparison with 
the WHO (2011) set water safety guidelines 26 samples were 
found to be within the acceptable limit of 600 mg/l and 26 
samples exceeded it, whereas 11 samples were unpalatable 
as they exceeded the maximum permissible limit of 1000 
mg/l. Considering the BIS (BIS 2012) guidelines 17 samples 
fell within the acceptable limit (<500 mg/l) and 42 samples 
exceeded it, whereas 4 samples from Pulivanandal (CHT-
W12), Edaipirai (POL-W37), Sodiambakkam (VEM—W60) 
and Vembakkam (VEM W-61) exceeded the maximum 
permissible limit of 2000 mg/l. Distribution of TDS in the 
samples and the spatial variation of TDS in the study area 
are shown in Figs. 9 and 10, respectively. Table 4 shows the 
number of samples within and out of the range specified by 
BIS and WHO.

Concentration of uranium

The concentration of uranium in the samples was deter-
mined using an LED fluorimeter. The minimum concen-
tration was recorded to be 0.17 µg/l and the maximum 
as 43.26 µg/l. The mean concentration was found to be 
3.22 µg/l. The permissible limits of uranium concentra-
tion in water have been recommended by various agencies 
such as the WHO (2011), USEPA (2011), ICRP (1995), 
UNSCEAR (1982) and AERB (2004). In comparison with 
the WHO set permissible limit of 15 µg  l−1, it was observed 
that 3 samples from Pulivanandal (CHT-W12), Edaipirai 
(POL-W37) and Sodiambakam (VEM-W60) exceeded 
the limit. UNSCEAR (UNSCEAR 1982) has set a limit 
of 9 µg/l which has been exceeded by 5 samples from 
Pulivanandal (CHT—W12), Veerapanur (JHL—W22), 

Fig. 13  Frequency distribution of LADD in adult males

Fig. 14  Frequency distribution of LADD in adult females
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Edaipirai (POL-W37), Sodiambakkam (VEM V60) and 
Vembakkam (VEM-W61). 30 µg/l is the permissible limit 
stipulated by USEPA (1982), and only sample from Puli-
vanandal (CHT-W60) is found to exceed this limit. AERB 
(AERB 2004) being the only agency with the highest per-
missible limit of 60 µg/l all the samples easily qualified 
it. The lowest permissible limit, i.e., 1.9 µg/l, has been 

recommended by ICRP (1995), only 38 samples fell within 
the aforesaid limit, and the rest 25 samples exceeded it.

The number of samples that qualified and disquali-
fied the different permissible limits specified by various 
agencies is shown in Table 5. Figure 11 shows a plot of 
the frequency distribution of uranium concentration and 

Fig. 15  Spatial distribution of 
LADD in the study area for 
adult males

Fig. 16  Spatial distribution of 
LADD in the study area for 
adult females
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Figure 12 shows the spatial distribution of uranium in the 
study area.

The central region on the spatial map showing denser 
contours indicates higher concentration of uranium. It is 
observed that the rocks in this region are mainly charnock-
ites which could considerably contribute to elevated levels of 
uranium concentration. However, other regions of the same 

rock type show relatively lower concentration. As the region 
is not an industrial hub, the only possible reason could be the 
usage of fertilizers in vast agricultural lands

Fig. 17  Frequency distribution 
of HQ using AERB RfD

Fig. 18  Frequency distribution 
of HQ using WHO RfD
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Lifetime average daily dose

The chemical toxicity risk due to the ingestion of uranium 
through drinking water is assessed by calculating the life 

time average daily dose. LADD for this study has been 
calculated (Table 2) separately for adult male and female 
using the WIR of 3.7 l  day−1 and 2.7 l  day−1, respec-
tively (USNAS 2004). LADD for adult males varied 

Fig. 19  Spatial distribution of hazard quotient in the study area

Table 6  Statistical parameters—
annual whole body dose

Age group Water intake L per 
day (Sar et al. 2018)

Dose conversion factor 
Sv/Bq (Virk 2016)

Annual whole body dose (μSv/year)

Range Mean Median SD

Min Max

Infant 0.8 1.40E−07 0.17 44.21 3.29 1.29 6.37
1 year 1.3 1.20E−07 0.24 61.57 4.58 1.79 8.88
5 years 1.7 8.00E−08 0.21 53.68 4.00 1.56 7.74
10 years
 Male 2.4 6.80E−08 0.25 64.42 4.80 1.88 9.29
 Female 2.1 0.22 56.36 4.20 1.64 8.12

15 years
 Male 3.3 6.70E−08 0.34 87.27 6.50 2.54 12.58
 Female 2.3 0.24 60.82 4.53 1.77 8.77

Adult
 Male 3.7 4.50E−08 0.26 65.72 4.89 1.91 9.47
 Female 2.7 0.19 47.96 3.57 1.40 6.91
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from a minimum of 0.01 µg  kg−1  day−1 to a maximum 
of 2.29 µg  kg−1  day−1 with an average of 0.17 µg  kg−1 
 day−1. On the other hand, LADD in adult females varied 
from a minimum of 0.01 µg  kg−1  day−1 to a maximum 
of 1.67 µg  kg−1  day−1 with an average of 0.12 µg  kg−1 
 day−1. The LADD in adult male and female is plotted in 
Figs. 13 and 14, respectively. WHO (2011) has specified 
a threshold limit of 1 µg  kg−1  day−1 which is seen to be 
exceeded by the sample from Pulivanandal (CHT –W12). 

Spatial distribution of LADD in the study area for adult 
male and female is also shown in Figs. 15 and 16. The 
rock formations at Pulivanandal are mainly charnockites 
and may contribute to elevated levels of LADD. Perhaps 
the usage of fertilizers is also causing a higher uranium 
concentration in ground water as they tend to easily seep 
into the ground water table.

Hazard quotient

The extent to which the ingestion of uranium from ground 
water can be dangerous is determined by calculating 
(Table 2) the hazard quotient. The hazard quotient for the 
samples has been calculated separately for adult males and 
adult females using two different reference doses (RfD) 0.6 
µg  kg−1  day−1 and 1.2 µg  kg−1  day−1 as recommended by 
WHO (2011) and AERB (2004), respectively. As per WHO 
guidelines HQ > 1 is considered chemically dangerous 
(WHO 2011). It is observed that the HQ of the sample from 
Pulivanandal (CHT-W12) alone exceeds the stipulated safety 
limit. The distribution of hazard quotient using WHO and 
AERB RfDs is presented in Figs. 17 and 18, respectively. 
Spatial contour maps using both AERB and WHO RfDs are 
shown in Fig. 19. It is noted the region around Pulivanandal 
(CHT-W12) shows denser contour lines.

Whole body radiation dose

The absorption dose rate is known to vary for each organ 
in the human body. The whole body dose rate is the total 
absorption dose rate of the entire body taking into account 
the individual absorption rate of each organ over a period of 

Fig. 20  Violin plot of annual body dose for different age groups

Fig. 21  Spatial variation of 
annual whole body dose in adult 
males
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one year. Table 7 shows the variation whole body dose rate 
for different samples. Statistical parameters along with their 
corresponding conversion factors pertaining to the whole 
body dose rate for various age groups are shown in Table 6. 
Fortunately, all the samples are safe with respect to the 
WHO’s stipulated threshold limit of 100 µSv/Year (WHO 
2011). The violin plot in Fig. 20 shows the distribution in 
the study area across different age groups. Contour maps in 
Figs. 21 and 22 show the spatial variation of annual whole 
body dose in the study area.

Cumulative whole body dose

The total whole body dose received by an individual during 
his life time is known as cumulative whole body dose. Con-
sidering the average span of a typical adult to be 70 years, 
the cumulative dose rate has been calculated for both adult 
male and female (Table 7). For adult males, it is found to 
range from 18.08 µSv to 4600.34 µSv with a mean of 342.54 
µSv. On the other hand, for the adult females, it is found to 
range from 13.19 µSv to 3357.00 µSv with a mean of 249.96 
µSv. Frequency distributions plot of cumulative whole body 
dose for both male and female is shown in the plot (Fig. 23). 
Spatial variation of cumulative whole body dose is shown in 
Figs. 24 and 25 for male and female, respectively.

Lifetime cancer risk

The life time cancer risks for mortality and morbidity were 
calculated for all the samples (Table 7) using the risk coef-
ficients prescribed by USEPA (2011). For the commonly 

occurring isotopes (omitting the traces),  U238,  U235 and  U234 
the risk coefficients of mortality are 1.13 ×  10−9, 1.21 ×  10−9 
and 1.24 ×  10−9, respectively. The risk coefficients of mor-
bidity for  U238,  U235 and  U234 are 1.73 ×  10−9, 1.88 ×  10−9, 
and 1.91 ×  10−9, respectively. The statistical parameters of 
life time cancer risk (mortality and morbidity) for adult 
male and female are shown in Tables 8 and 9, respectively. 
The limit of safety as specified by AERB (AERB 2004) is 
1.67 ×  10−4, and all the 63 samples qualify to be safe as they 
all fall within this limit. The USEPA (USEPA 2011) limit 
is much higher than that of AERB; hence, all the samples 
easily qualify to be very safe. Violin plots of life time can-
cer risk (mortality and morbidity) for male and female are 
shown in Figs. 26 and 27, respectively. The spatial variation 
of life time cancer risk for  U238 (mortality and morbidity) is 
shown in Fig. 28.

Summary

The ground water samples from 63 locations in the district of 
Tiruvannamalai have been analysed for palatable and pota-
ble. The study area was divided into grids using QGIS, and 
samples were collected from each grid covering the entire 
region. A lithological map was obtained from Geological 
Survey of India’s website (Bhuvan), and the sampling sites 
were overlaid on the map to determine the type of rock for-
mation at the sampling site. TDS, pH and EC for the sam-
ples were determined using a multi-parameter water tester, 
and the concentration of uranium was found using an LED 
fluorimeter. Lifetime average daily dose and hazard quo-
tient were calculated to assess the chemical toxicity, whereas 

Fig. 22  Spatial variation of 
annual whole body dose in adult 
females
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whole body radiation dose, cumulative whole body dose and 
excess cancer risk were calculated to assess the radioactive 
risk. To study the distribution of parameters in the samples, 
Violin, Whisker and Scatter plots were drawn. Using Surfer 
spatial contour maps for each parameter were plotted. Each 
parameter was compared with the limits of safety specified 
by different agencies.

Based on AERB guidelines of safety, all the samples 
showed the concentration of uranium to be below than 
60 µg/l. However, some samples exceeded USEPA (2011), 
WHO (2011), UNSCEAR (1982) and ICRP (1995) lim-
its. Sample from Pulivanandal (CHT-W12) was found to 
exceed the WHO limit for both LADD and HQ. Carcino-
genic risk assessment done using whole body radiation 
dose, cumulative whole body dose and life time cancer risk 
revealed that the water samples are potable.

As there are no industr ies, tanneries or mills in 
the region around Pulivanandal (CHT-W12),  the 
possible reason for higher concentration of uranium 
could be attr ibuted to excessive use of fer tilizers. 
Agriculture being the main occupation of the local 
population, farmers grow short-term crops and apply 
fer ti l izers to get better yields.  More information 
could be obtained on conducting a detailed study 
of the rock formation, soil types and anthropogenic 
activities in this region.Fig. 23  Frequency distribution of cumulative whole body dose

Fig. 24  Spatial variation of 
cumulative whole body dose in 
adult males
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Fig. 25  Spatial variation of 
cumulative whole body dose in 
adult females

Table 8  Lifetime cancer risk 
(male)—statistical parameters

Lifetime cancer risk (male)

U238 U235 U234

Mortality Morbidity Mortality Morbidity Mortality Morbidity

Min 4.54E−07 6.95E−07 4.86E−07 7.55E−07 4.98E−07 7.67E−07
Max 1.16E−04 1.77E−04 1.24E−04 1.92E−04 1.27E−04 1.95E−04
Mean 8.60E−06 1.32E−05 9.21E−06 1.43E−05 9.44E−06 1.45E−05
Median 3.36E−06 5.15E−06 3.60E−06 5.60E−06 3.69E−06 5.69E−06
SD 1.67E−05 2.55E−05 1.78E−05 2.77E−05 1.83E−05 2.81E−05

Table 9  Lifetime cancer risk 
(female)—statistical parameters

Lifetime cancer risk (female)

U238 U235 U234

Mortality Morbidity Mortality Morbidity Mortality Morbidity

Min 3.31E−07 5.07E−07 3.55E−07 5.51E−07 3.64E−07 5.60E−07
Max 8.43E−05 1.29E−04 9.03E−05 1.40E−04 9.25E−05 1.42E−04
Mean 6.28E−06 9.61E−06 6.72E−06 1.04E−05 6.89E−06 1.06E−05
Median 2.46E−06 3.76E−06 2.63E−06 4.09E−06 2.69E−06 4.15E−06
SD 1.22E−05 1.86E−05 1.30E−05 2.02E−05 1.33E−05 2.05E−05
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Fig. 26  Distribution of life time cancer risk (males) in the samples Fig. 27  Distribution of life time cancer risk (females) in the samples

Fig. 28  Spatial distribution of life time cancer risk in the study area
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