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HIGHLIGHTS

e 218 samples from 33 locations in a uranium-mineralized area of Siwaliks were studied for radiological and pollution risk assessment.
o Concentrations and distributions of radionuclides and heavy metals were correlated with sediment physico-chemical parameters.

e Majority of radiation hazard indices were above the world average value.

e Non-carcinogenic and carcinogenic risks for both children and adults were below EPA threshold limits.

o Spatial distributions of radionuclides and heavy metals indicated precipitation towards south of the clay oxidizing zone.
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The present study reveals the distribution of terrestrial radionuclides (*%°Ra, 23Th and “°K) and heavy
metals (Cr, Ni, Cu, Zn, Pb, Co) from soil samples of Una, Hamirpur and Kangra districts of Himachal
Pradesh (India). The #2Ra, 232Th, 4°K activity concentration in the studied region has been varied from 8
to 3593 Bq kg~'; 21-370 Bq kg'16; 62—7130 Bq kg~ ! respectively. High disequilibrium factor
(?38U/??Ra) depicts that uranium constantly migrates from clay oxidizing zone and getting precipitated
with enrichment towards south. An attempt has been made to correlate the distribution of these ra-
dionuclides and heavy metals with geology and rock type formation of Siwalik region. The concentration
of Pb, Zn and Co was found higher than Indian average background value. Multiple radiological and
pollution indices have been estimated for proper risk analysis in the studied region. The annual effective
dose in studied region is lower than the recommended limit of 1.0 mSv a—'. The obtained geo-
accumulation index and enrichment factor indicated that the sites located in the Hamirpur and Kan-
gra regions were moderately contaminated with Pb and Co. The Nemerow pollution index and
contamination security index suggested that almost 45% sites were slightly to moderately polluted. The
non-carcinogenic and carcinogenic risks for both children and adults were within acceptable limits.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Soil is an extremely heterogeneous system that acts as source and
sinks for radionuclides, inorganic and organic pollutants (Saha

Radionuclides and heavy metals are high-risk pollutants and are et al,, 2017; Wu et al., 2018). Radionuclides and heavy metals can
ubiquitously present in ecosystem (Salmanighabeshi et al., 2015). accumulate in the soil depending on the physicochemical proper-
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ties (organic matter, pH, cationic and anionic exchange capacity)
and land use pattern (agricultural, mining, industrial or urban (Hao
et al., 2014; Zhang et al., 2019). The heavy metals are highly toxic
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due to their non-biodegradable nature, persistence, bio-
magnification and bioaccumulation properties, However radionu-
clides remain in soil for relatively long periods, owing to their large
half-lives and contribute significant dose to mankind (Luo et al.,
2011; Bangotra et al., 2019; Gasiorek et al., 2017). The exposure of
heavy metals and radionuclides through different pathways can
cause neurotic disorder, kidney dysfunction, risk of leukemia and
cancer to different organs (melanoma, kidney and prostate) (ICRP,
2017; United Nations Scientific Committee on the Effect of Atomic
Radiation (UNSCEAR), 2000). Furthermore in uranium mining
sites, biotoxic heavy metal contaminants coexist with radioactive
ones and it is necessary to evaluate the cumulative impact of
multiple contaminants and natural stressors for realistic risk
assessment (Cuvier et al., 2016; Singh et al., 2018).

Siwalik region in Himachal Pradesh is one of the main uranium
prospecting regions of AMD. Strategically, AGRS and heavy metal
analysis are regularly conducted at the preliminary stages of ura-
nium prospecting to delineate and identify radiation anomalies and
provide baseline environmental monitoring data for AMD study
areas. A detailed ground based radiometric survey led to the initi-
ation of exploratory mining at Andalada in Siwaliks, which has
resulted in the delineation of six discontinuous ore lenses with
dimensions of 300 x 100 m and thicknesses of 0.98—2.2 m. In that
area, a proven reserve of 3058 tons containing 0.02—0.045% of U30g
(2.32 tons) was identified (Kaul et al., 1979). Numerous studies have
been conducted on health risk assessment, environmental
contamination and toxicity due to different radionuclides and
heavy metals in various mining areas in India and world
(Mkandawire and Deudel, 2005; Popic et al., 2011; Belayaeva et al.,
2019) but, no study on risk assessment so far has been performed in
the Siwalik region.

In this manuscript, a comprehensive ecological and radiological
risk assessment has been carried out and degree of pollution has
been assessed in studied region, using geo-accumulation index
(Igeo), enrichment Factor (EF), Nemerow Pollution Index
(Plnemerow), potential ecological risk (RI), contamination security
index (CSI), air absorbed dose rate (D (nGyh™')), annual effective
dose equivalent (AEDE) and excess lifetime cancer risk (ELCR). The
carcinogenic and non-carcinogenic risks have been evaluated for
human health risk assessment. The spatial distribution of radio-
nuclides and heavy metals has been studied in order to understand
the proper migration and further correlated with the geology of the
region by conducting multivariate statistical analysis.

|GEOLOGICAL MAP SHOWING RADIOACTIVE ANOMALIES
IN PARTS OF KANGRA SUB-BASIN.
DISTT. HAMIRPUR, KANGRA & UNA, H.P.
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2. Materials and methodology
2.1. Regional geology and description of study site

The study region was located in the Siwalik sediments of Una
(31°28'48"N, 76°16'48"E), Hamirpur (31°40'48"N, 76°31'12”E) and
Kangra (32°06'00”N, 76°16'12”E) districts of Himachal Pradesh. The
elevation of the study region varied from 369 to 1189 m. According
to 2011 census, the populations of Una, Hamipur, and Kangra dis-
tricts are 0.52, 0.46 and 1.51 millions, respectively. The average
rainfall in the study area ranges from 290 to 380 cm. The soil found
in the districts of Una, Hamirpur and Kangra are brown, alluvial and
grey brown podzolic. Geologically, Siwalik sediments with thick-
nesses of around 6000 m are deposited along the foreland basins of
Himalayas and considered a favorable host for the epigenetic
sandstone type of uranium mineralization. The rocks of Siwalik
Group are divided into the upper, middle and lower Siwaliks. The
area of the present study falls within the Kangra sub-basin of the
middle and upper Siwaliks. The northern boundary of the region is
defined by the Main Boundary Thrust and its southern boundary is
surrounded by the Himalayan Frontal Thrust. A number of radio-
active anomalies in this basin were the focus of several studies on
radiation hazards and the presence of heavy metals (Kaul et al.,
1979, 1993). Radioactivity in the study area is hosted by pebbly
sandstone conglomerates and uranium mostly exists in the form of
an adsorbed phase within mud clasts, coaly matter, and clay min-
erals. The geological map of Siwaliks and location map utilized in
the present study are shown in Fig. 1(a) and (b) respectively.

The study covered sub regions of Purohitan, Polion, Khawariyan,
Kachhan and Dadoh in Una. Galotnala and Loharkar were the areas
spanned in Hamirpur whereas, Kangra constituted Ghamirkhand,
Manwala, Dhanotanala and Dhuli Bhatwan. The details of the
sampling area (latitude, longitude, geological parameters and
gamma dose rate) are listed in Table S1.

2.2. Sample collection and analysis

A total of 218 soil samples where 139 samples were collected
from the Una (S1—S1¢), 34 samples from Hamirpur (S17—Sz4) and 45
samples from Kangra (Sp5—S33) districts of Himachal Pradesh dur-
ing the period of 2016—2017. The soil samples (0.25 kg) were
collected at a depth of 20 cm from the surface and homogenized,
pulverized and sieved through —150 p sized mesh. Quantitative
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Fig. 1. (a) Geological map of Siwalik region (b) Sampling locations in Una, Hamirpur and Kangra districts of Himachal Pradesh, India.
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determination of ?26Ra, 232Th and 4°K was performed by gamma ray
spectrometric system using Nal(Tl) gamma detector coupled with
photomultiplier tube and a DSP based 2K MCA system. The gamma
ray detector (5” x 4”) has an active volume of 1286.38 cm?, a res-
olution of 9.5% and an efficiency of 14.5% at 662 keV (1*’Cs). A RSM
was used to measure the gamma exposure rates (air absorbed dose
rates) at the sampling sites. The survey meter was equipped with
the 17 x 2" Nal (Tl) detector and calibrated by *’Cs source. An
arithmetic mean of the results of five measurements conducted at a
height of 1 m was calculated to determine the gamma dose rate.
Concentrations of heavy metals Cr, Ni, Co, Cu, Zn, and Pb were
measured by wavelength dispersive X-ray fluorescence spectrom-
eter (MagiX-Pro:PW2440, Panalytical, Neitherlands) after pellet-
izing the sample. The accuracy and precision achieved by WDXRF
for Cr, Ni, Cu, Zn, Pb and Co was within 4% and 3%. The limit of
detection (LOD) for Cr, Ni, Zn and Pb was 2 mg/kg, for Cu and Co was
3 mgkg .. The organic matter was determined by Walkley—Black
chromic acid wet digestion method. pH was measured by a pH
meter (Hanna HI98121).

2.3. Radiological hazard estimation

The most commonly used radiological hazard parameters air

absorbed dose rate (D(nGyh’l)), annual effective dose equivalent
(AEDE), external (Hex) and internal (H;,) hazards indices, gamma
level index (I, )and excess lifetime cancer risk (ELCR) were esti-

mated as per the methodology. (Beretka and Matthew, 1985; Orgiin
et al, 2007; Saito and Jacob, 1995; United Nations Scientific
Committee on the Effect of Atomic Radiation (UNSCEAR), 2000;
European Commission on Radiation Protection (ECRP), 1999)
(Table S2).

2.4. Quantification of pollution and ecological risks

The comprehensive soil pollution assessment and environ-
mental risk assessment was carried out by multiple pollution
indices defined in the literature, Igeo (Muller, 1969), EF (Sutherland,
2000), Nemerow pollution index (Plhemerow) (Zhong et al., 2010),
Hakanson’s ecological risk index (RI) (Hdkanson, 1980) and
contamination security index (CSI) (Pejman et al., 2015) (Table S3).

2.5. Human health risk assessment

The non-carcinogenic risks in the Siwalik region were evaluated
based on the risk assessment model proposed by the U.S. Envi-
ronmental Protection Agency (U.S. Environmental Protection
Agency (US EPA), 1986; 1989, 2001). The exposures to different
pollutants (chronic daily intakes) were calculated from the average
daily

doses of ingestion Doseing(mgkg’ld’1 )

inhalation Doseh(mgkg’]d’]) and dermal contact
Dosedel.m(mgkg’]d’1) (U.S. Environmental Protection Agency (US
EPA), 1986). The non-carcinogenic risk due to a particular metal,
hazard quotient (HQ) was estimated as the ratio of the chronic daily
exposure to the toxicity threshold (RfD). Further, hazard index (HI)
was used for the assessment of the total non-carcinogenic effect; it
represented the sum of individual HQ values determined for mul-
tiple heavy metals (U.S. Environmental Protection Agency (US EPA),
1986; Li et al., 2014). The corresponding formulas and chronic daily
uptake parameters of exposure HQ and HI are listed in Table S4
(Ferreira-Baptista and De Miguel, 2005).

In this study, Cr, Ni, Pb and Co is considered carcinogens as per
IARC (International Agency for Research on Cancer) and IRIS (In-

tegrated Risk Information System) classification. Carcinogenic risk

(CR) and total carcinogenic risk (TCR) values in the studied region
were estimated using the methodology outlined in Table S4. The
dose is multiplied by the corresponding slope factor (SF) to produce
CR (Ferreira-Baptista and De Miguel, 2005).

2.6. Spatial distribution maps

The spatial distributions maps of radionuclides, heavy metals
and corresponding radiological and pollution risks were prepared
by ARCGIS software (Version 10.3, ESRI, California USA) and surfer
11 (Golden Software LLC, Colorado, USA).

2.7. Statistical analysis

The statistical analysis was done by utilizing Statistical Program
for Social Science (SPSS, version 20). The geoelemental values of
radiation hazard parameters and heavy metals were presented by
AM, GM and R. The dispersion in the parameters was expressed by
SD and IQR. The normality of the data was tested using S—W test.
Pearson correlation analysis was performed to find correlation
among radionuclides and heavy metals. Principal component
analysis (PCA) and Factor analysis (FA) was performed for source
identification of heavy metals and radionuclides. Linear regression
analysis was carried out to find correlation between sediment
physicochemical properties and heavy metals. All tests were con-
ducted at a 95% confidence interval and values of p < 0.05 and
p < 0.001 were considered statistically significant.

3. Results and discussion
3.1. Radioactivity measurements

3.1.1. Soil radioactivity (**°Ra, >°Th and “°K) and spatial
distribution of radionuclides

The geo-elemental radioactivity concentrations of 2*°Ra, 232Th
and “°K in the Una, Hamirpur, and Kangra regions are listed in
Table 1. Concentration of 2*°Ra, 232Th and “°K in the Una region
varied from 8 to 3593 Bq kg, from 21 to 370 Bq kg~ 'and from 217
to 7130 Bq kg~! with mean values of 433, 66 and 764 Bq kg™,
respectively. Fig. 2(a—c) demonstrate the graphical illustrations of
the activity concentrations of 22°Ra, 232Th and %°K in the study re-
gion. Fig. 2(a) shows the relatively high variations of >?°Ra activity,
Dadoh west exhibiting minimum and Polion east showing
maximum in the Una region. The presence of grey sandstone rock
without mudstone is responsible for the low uranium content in
Dadoh west. However, Polion east contains medium to fine sand-
stone bedrocks with silt laminae and matrix-supported conglom-
erate mudstones that promote uranium adsorption. In the
Hamirpur region, the concentrations of 22°Ra, 2>2Th and “°K varied
from 43 to 3603 Bq kg, from 21 to 102 Bq kg~' and from 62 to
2449 Bq kg 'with mean values of 818, 65 and 754 Bq kg!
respectively. In the middle Siwalik region (composed of brown
coarsely grained pebbly sandstone), a very high 2?°Ra concentration
(6833 Bq kg ') was observed at the Sy; sampling site (Loharkar old)
as it lied between the Jwalamukhi and Barsar thrusts and repre-
sented a transition zone between the middle and upper Siwaliks, as
shown in Fig. 2(d—f). The sandstone type of uranium mineralization
is associated with mudstone beds, which are observed in highly
alkaline depositional environments and host radionuclides.

The activity concentrations of 226Ra, 232Th and #°K in the Kangra
region varied from 122 to 2009 Bq kg, from 41 to 100 Bq kg~ ' and
558—2449 Bq kg~ 'with mean values of 789, 67 and 815 Bq kg,
respectively Fig. 2(g—i). A high ?*®Ra activity concentration (1933
Bq kg~!) was detected in the Dhuli Bhatawan area (S25) as the
region is bounded by the Soan thrust in the west and Barsar thrust
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Table 1
Descriptive statistics of the radionuclide concentrations and radiological hazard indices in the studied area (n = 218).
Parameters Region Mean Median GM Variance S.D. Min Max R IQR Sk K
Ra (Bq-kg™1) Una 432.98 129.31 160.06 478825.02 691.97 7.77 3593.07 3585.30 415.80 248 6.10
Hamirpur 818.22 614.94 564.52 495653.61 704.02 43.29 3603.06 3559.77 779.75 1.96 5.08
Kangra 789.10 577.22 629.13 2721432 521.87 121.89 2009.10 1887.21 769.23 0.821 -0.37
Th (Bq-kg™1) Una 66.30 62.11 61.68 1149.30 33.90 21.11 369.94 348.83 21.86 5.71 47.85
Hamirpur 65.04 60.90 62.39 334.09 18.27 20.70 101.90 81.20 28.72 0.30 -0.25
Kangra 66.80 60.90 64.57 320.46 17.90 41.41 100.20 58.87 30.85 0.492 -1.02
K (Bq-kg™1) Una 764.29 713.00 698.53 342648.16 585.36 217 7130 6913 217.00 9.65 105.31
Hamirpur 753.86 744.00 676.08 103017.98 320.96 62 2499 2387 186.00 3.09 18.80
Kangra 814.55 744.00 779.04 111606.18 334.07 558 2449 1891 140.00 443 22.07
D (nGyh™1) Una 272.55 133.06 179.87 101855.61 319.14 52.67 1722.38 1669.71 198.60 245 5.84
Hamirpur 448.93 356.67 334.57 105235.58 324.40 87.96 1741.33 1653.37 371.40 1.98 5.21
Kangra 407.47 384.17 380.37 57200.39 239.16 135.20 985.60 850.64 368.60 0.77 -0.49
AEDE indoor (mSvy ') Una 1.33 0.65 0.88 245 1.56 0.26 8.45 8.19 0.97 245 5.85
Hamirpur 2.20 1.75 1.77 2.53 1.59 0.43 8.54 8.11 1.82 1.98 5.21
Kangra 2.15 1.71 1.86 133 1.17 0.66 438 417 1.80 0.77 -0.49
AEDE outdoor (mSvy ') Una 033 0.16 0.22 0.15 0.39 0.06 211 2.05 0.23 245 5.86
Hamirpur 0.55 0.44 0.44 0.16 0.39 0.11 2.14 2.03 0.45 1.99 5.27
Kangra 0.53 043 0.46 0.086 0.29 0.17 1.21 1.04 0.45 0.78 -0.47
Hin Una 2.74 1.09 1.52 13.99 3.74 0.25 19.79 19.44 2.19 247 5.97
Hamirpur 4.80 3.73 3.68 3.80 14.46 0.62 19.94 19.32 437 1.97 5.16
Kangra 4.69 3.56 3.92 7.89 2.80 1.10 11.19 10.09 429 0.79 —0.49
Hex Una 1.58 0.77 1.03 3.50 1.87 0.31 10.08 9.77 1.16 245 5.85
Hamirpur 2.61 2.08 2.11 3.62 1.90 0.50 10.20 9.70 217 1.98 5.22
Kangra 2.55 2.03 2.21 1.96 1.40 0.77 5.76 4.99 2.16 0.77 -043
Iy Una 4.05 2.05 2.74 13.99 3.74 0.83 25.01 2418 2.85 2.44 5.81
Hamirpur 6.60 5.28 5.38 22.01 4.69 1.38 2531 23.93 5.36 1.98 5.22
Kangra 6.47 5.18 5.63 11.95 3.45 2.08 14.35 12.27 5.34 0.76 —-0.50
ELCR Una 117 0.56 0.77 1.87 1.36 0.21 7.39 7.18 0.83 2.45 5.36
Hamirpur 1.93 1.54 1.56 1.93 1.39 0.39 7.49 7.10 1.58 1.99 5.26
Kangra 1.88 1.56 1.64 1.01 1.00 0.60 424 3.64 1.56 0.80 -0.36

Abbreviations: GM: geometric mean; SD: standard deviation; R: range; Sk: skewness; IQR: interquartile range; K: kurtosis.

in the east containing yellowish brown oxidized and whitish grey
homogeneous sandstone rocks. No significant variations in the
activity concentration of 232Th were observed in the studied region.
Fig. 2(h) as given in (Table 1). The overall mean activity concen-
tration of “°K was also homogeneous; however, its magnitude was
higher due to the excessive feldspar in the Siwalik area. Quartz and
feldspar (plagiocase and K feldspar respectively) species are uni-
formly distributed in the rocks and gradually increase the “°K
concentration in this region. 2*°Ra and “°K isotopes exhibited
almost uniform patterns of increasing concentrations towards
Dhuli Bhatawan (south) and decreasing concentrations along
DhanotaNala (east) as shown in Fig. 2(h and i). 2>2Th has the same
distribution with high concentrations along Manawala and low
concentrations towards Dhuli Bhatawan consisting of grey sand-
stone and feldspar (Kothari et al., 2017). The results of petrological
studies revealed that the radioactive samples obtained from the
GamirKhad and Dhul areas contained ferruginous silty shales and
shaly siltstones; they were composed of silt size clasts of quartz and
feldspar mixed with a ferruginous clay matrix. To examine the
relationship between the radionuclides, Kendell tau correlation
was derived. The Kendell tau correlation coefficients determined
for 2?Ra, 232Th and “°K species indicated a weak correlation be-
tween the activity concentrations of 2?°Ra and 23°Th (r = 0.152,
p < 0.05). No significant correlations were observed between the
232Th and “°K concentrations (r = 0.013, p < 0.05) and between
226Ra and “°K concentrations (r = 0.004, p > 0.05). The results are in
agreement with those observed in Singhbhum shear zone
(Chakraborty et al., 2009). In previous studies, various correlations
between the concentrations of these radionuclides were obtained
due to their different origins and rock type parameters (Kovacs
et al., 2013; Hassan et al., 2018).

In Una, positively skewed frequency distributions deviating
from normality were observed for activity concentrations of *2°Ra

(S = 2.48, K = 6.10), 22?Th (S = 5.71, K = 47.85) and “°K (S = 9.65,
K = 105.31), which represented general trends for naturally
occurring radionuclides (Table 1). Similar positively skewed data
was observed for Hamirpur and Kangra. S—W tests were conducted
to identify the normality distributions of these radionuclides. The
obtained p values were lower than 0.05 corresponding to non-
normal distributions; however, the logarithmic transformation of
the skewed data demonstrated normal distributions (the p value
observed for lognormal transformed data points obtained by S—W
testing were greater than 0.05) as shown in Table S5. Fig. S1
demonstrate the normal and log-transformed histogram plots of
226Ra, 232Th and “°K activity concentrations in the studied region;
the latter graph confirmed the normality of the statistical distri-
bution of the obtained data points around their mean values.

The ratio of the mean value of ?°Ra activity to that of 23°Th
activity was 8.8 for Una, 12.8 for Kangra, and 15 for the Hamirpur
region due to uranium mineralization. The samples were collected
at shallow depths between 20 and 30 cm and intercepted the
mineralization. Further, the high disequilibrium factor (238U/??°Ra)
suggests that the process of uranium mineralization was still in the
dynamic state and that uranium species were constantly moved
from the clay-oxidizing zone and precipitated leading to the
enrichment of the reduced zone.

The overall migration of >°Ra was observed towards Hamirpur
(south east) which is due to the soil being alluvial having large
pores, low absorption characteristics and easy flow in watery
structures (Akozcan et al., 2018).

3.1.2. Spatial distribution of the gamma dose rate

Gamma exposure rates at the sample sites were measured in puR/
hr using scintillometer. These exposure rates were converted to
AEDE using an outdoor occupancy factor of 0.2. The results of
average absorbed dose rate level in the Una, Hamirpur, and Kangra
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Fig. 2. Spatial distribution of activity concentration (Bq kg ~')(a) 2*°Ra, (b) 2*2Th and (c) #°K radionuclides in Una district.(d)??°Ra (e) 2>?Th and (f) “°K radionuclides in Hamirpur

district.(g) 2*°Ra, (h) and 2*2Th and (i) “°K in Kangra district.

regions were 118, 163, and 135 nGyh~! respectively (Fig. 3(a)). A
positive correlation (R*> = 0.63) was observed between the
measured dose rate in field and calculated dose rates from grab
samples (Fig. 3(b)). This is in agreement with other reports (Achola
et al, 2012; Srinivas et al., 2017). The air absorbed dose rate
measured from the grab samples were relatively higher when
compared to that measured 1 m above the air, as the samples were
collected from mineralized zone.

The annual effective dose due to activity (AEDE) in the soil is
calculated using the following equation (United Nations Scientific
Committee on the Effect of Atomic Radiation (UNSCEAR), 2000).

AEDE (msyy—1) - D(ncy h—l) x 8760 h x 0.2
x 0.7(51/ Gy—l)

The annual effective dose has been calculated in the studied area
using the conversion convention (0.7 Sv Gy~!') and occupancy
factor (20% for outdoor occupancy Factor) as discussed by UNSCEAR
(United Nations Scientific Committee on the Effect of Atomic
Radiation (UNSCEAR), 2000; UNSCEAR, 2008), 8760 is the time in
hours.

The results of annual effective dose were 0.15, 0.20 and 0.16 mSv
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Fig. 3. Spatial distribution of (a) Gamma dose rate (nGy h™"') (b) Correlation between measured and calculated gamma dose rate.

in Una, Hamirpur and Kangra respectively. The measurement is
affected by the mineralization near the soil (around 1 m from the
topsoil) and radius of 10 m around its location. So the total dose rate
is generated by the integration near a concentrated mineralized
zone (around 1 m) and a distributed non mineralized zone (10 m).

3.1.3. Radiological hazard parameter
The statistical characteristics of the radiological hazard indices

are listed in Table 1. The D(nGyh’l) measured in the Una, Hamirpur,
and Kangra regions ranged from 52.7 to 1722 nGy h™!, from 87.9 to
1741.3 nGy h~! and from 135.2 to 985.6 nGy h™! respectively. These
results are in good agreement with that observed in the higher
atomic mineral occurrences Dharmapuri Shear zone (Tamil Nadu,
India) by Bhattacharya et al. (2018), in Jaduguda region (Maharana
et al, 2011) and in Lambwe East Kenya (Achola et al., 2012). The
average indoor and outdoor dose equivalents in the Una, Hamirpur,
and Kangra regions were 1.33 and 0.33, 2.2 and 0.55 and 2.14 and
0.53 mSv y~! respectively. The % contributions of >?°Ra, 2>2Th and
40K radionuclides to the total dose in Una, Hamirpur and Kangra
was 78.8, 12.0, 9.1; 86.2, 7.7, 6.1 and 84.1, 8.8 and 7.1 respectively.
The world average % contribution of 22°Ra, 232Th and “°K to the total
dose is 25%, 40% and 35%.

The primary objective of measuring Heyxis to limit the radiation
exposure caused by natural radionuclides to a permissible limit of
1 mSv y L The mean values of Heyxdetermined for the Una,
Hamirpur, and Kangra regions were 1.58, 2.61 and 2.37 while the
corresponding mean values of H;,were 2.74, 4.83 and 4.37
respectively. These magnitudes are greater than their standard

unity values indicating that the soil in these regions is unsafe for
construction purposes according to the European Commission of
Radiation Protection (European Commission on Radiation
Protection (ECRP), 1999). The I,parameter is used to estimate the
v value — the radiation hazard level of soil samples. The magnitudes
of I determined for the Una, Hamirpur, and Kangra regions ranged
from 0.83 to 25.01, from 1.38 to 25.31 and from 1.38 to 14.35,
respectively (Table 1). The values of I, < 0.5 correspond to the dose
rate criterion of 0.3 mSv y~!; while I,> 0.5 correspond to the dose
rate criterion of 1 mSv y~'. ELCR values were calculated to assess
the additional risk of developing cancer due to the exposure to toxic
substances acquired over the lifetime. Their magnitudes obtained
for the Una, Hamirpur, and Kangra regions were (0.21-7.3) x 1073,
(0.39-7.49) x 10~3 and (0.39—4.24) x 103 respectively. The ELCR
risk was higher than the world average of 0.29 x 10~3 (United
Nations Scientific Committee on the Effect of Atomic Radiation
(UNSCEAR), 2000). The spatial distribution of Raeq, Hex , Hi, and
ELCR is shown in Fig. 4.

3.1.4. Multivariate statistical analysis

Factor analysis (FA) was performed to classify the similar vari-
ables. The variables used for this analysis were *%Ra, 232Th, 4°K,
D(nGyh’l), AEDE, I,.Hj, Hex, ELCR. Dimension reduction was
performed and it was found that Kaiser-Meyer-Olkin (KMO) and
Bartlett’s test of sphericity was significant (KMO = 0.78 > 0.6,
p = 0.00 < 0.005) and entails sample adequacy. Further
x° = 10967.46 was found significant at p < 0.05 (Table S6). Factor
analysis yielded two factors with eigen value > 1 explaining 88% of

N
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Fig. 4. Spatial activity distribution of (a) Radium equivalent (b) External Hazard Indices (c) Internal Hazard Indices (d) ELCR in districts of Una, Hamirpur and Kangra.

the total variance. On examining the rotated component matrix
232Th was found to load almost equally on the two factors, and the
magnitude of loading was less than 0.3. Therefore, it does not ac-
count for any common factor and has to be eliminated from the
final factor solution. Out of the other 8 variables, “°K loaded on a
single factor while rest of the 7 items loaded on the other factor.
This indicated that “°K is not correlated with the other variables
and constitutes a separate factor within the current sample of soil
having various concentrations of elements. This 4°K factor accounts
for 12.5% of variance, compared to 75.4% variance by the other
factor. The first factor consists of 22°Ra, AEDE, D(nGyh-1), Hex , Hp,
and I, which are significant radioactive hazards in the soil sample.

3.2. Heavy metal analysis

3.2.1. Heavy metal concentrations

Descriptive statistics obtained for six priority metals (Cr, Ni, Co,
Cu, Zn, and Pb) in the soil samples collected from each region and
its comparison with the global data is provided in Table 2. The
average heavy metal concentrations in the Una region followed the
trend Zn (53.19) > Pb (53)> Ni (25)> Cr (21)> Cu (19.4)> Co (18.7)
mg/kg respectively. The average background values of Cr, Ni, Cu, Zn,
Pb and Co were 22, 26.3, 23, 49.04, 49.85 and 22 mgkg ! respec-
tively. In Hamirpur region the contents of Cr, Ni, Cu, Zn, Pb and Co
exceeded the reference background values by 1.25, 1.20, 1.81, 1.54,
1.61 and 1.64 times respectively. Similarly, the contents of these
metals in the Kangra region were greater than the average
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Table 2
Statistical parameters of heavy metals (Cr, Ni, Cu, Zn, Pb and Co) in the Una, Hamirpur and Kangra region.
Cr Ni Cu Zn Pb Co
Una Region Min 17 18 15 44 45 14
Max 30 34 25 66 58 27
Mean 21.88 25 19.44 53.19 53 18.69
Median 20 24 19 52 53.50 17.50
GM 21.40 24.61 19.17 52.81 52.85 18.37
Std. Dev 4.938 4.938 3.326 6.635 4.082 3.719
oY 0.2257 0.2257 0.1711 0.124 0.077 0.199
Skewness 0.959 0.959 0.120 0.606 —0.638 0.957
Kurtosis —0.763 —0.141 —~0.181 -0.751 -0.516 0.021
MAD 4,078 35 2.70 5.46 3.25 2.984
Hamirpur Region Min 20 23 28 53 57 58
Max 34 35 50 100 117 42
Mean 27.5 29.75 4175 75.5 80.125 355
Median 27 31 43 74 76 355
GM 27.10 29.39 40.967 74217 78.37 35.13
Std. Dev. 4.898 4.83 8.22 14.81 18.64 4.78
v 0.1784 0.162 0.1969 0.1962 0.232 0.1367
Skewness —0.121 —0.363 —0.729 0.223 1.0688 0.120
Kurtosis -1.195 —1.743 —0.726 ~0.0733 1.428 -0.356
MAD 4.0 4,062 6.5 11.2 13.65 35
Kangra Region Min 22 35 31 45 40 28
Max 40 56 55 104 70 44
Mean 28.22 43.77 41 69.3 56.7 38.7
Median 25 43 37 50 55 40
GM 27.55 43.05 40 65.2 55.5 383
Std. Dev. 6.76 8.54 9.8 25.9 12.3 5.04
cv 0.239 0.195 0.24 0.373 0.216 0.310
Skewness 0.813 0.451 0.46 0.345 -.08 -1.29
Kurtosis —-0.955 -1.76 -1.57 -2.30 -2.06 15
MAD 5.629 - 8.51 23.9 10.86 3.78
Indian natural soil background?® 114 27.7 56.5 221 131 15.2
Indian limit for soil” — — 135-270 300—-600 250-500 —
Poland soil guidelines® 150 100 150 300 100 20
China soil guideline? 200 50 100 250 300 -
Average background values in China®(CNEMC) 61 26.9 22.6 74.2 26 -
CNEMC' 61.00 26.90 - 74.20 26.00 -
CEPC® 200.00 100.00 - 250.00 120.00 -
4 Kumar et al., 2019, Gowd et al., 2010.
b Awasthi 2000.
¢ Wecislo 2012.
4 NEPA 1995.
€ Chen 2015.
f CNEMC (China National Environmental Monitoring Centre) 1990.
& CEPC (Chinese Environmental Protection Administration)2018.
Table 3
Linear regression between heavy metals and sediment physicochemical properties in Una, Hamirpur and Kangra district.
Si Al,03 Mn,03 Fe,03 Clay oM PH R?
B P g P g P BP BP BP Bp
Una Cr -- -- -- 0.544 " 0.32° 41°¢ -- 0.35
Co —0.28 0.28°¢ -- 0.75 ¢ 0.15 ¢ 032" -- 0.73
Ni -032°¢ -- -- -- -- 0.07° -- 0.54
Cu -- 0.34 ¢ -- 0.55° 043 ° 043 ° 0.27° 0.57
Zn 050" 0.72° 0.18°¢ 035" 0.15°¢ 021" -- 0.82
Pb 0.82° 0.96° -- 0.57 € 031° 053" -- 0.77
Hamirpur Cr 031°¢ -- -- 061" 0.25° 038 ¢ -- 0.40
Co -0.32° -- -- 0.72° -- 0.57 -- 0.51
Ni —0.45°" 0.51°¢ 0.43 ¢ 0.59 ¢ 033" -- -- 0.37
Cu -- -- 0.52° 025" 0.05° 0.60 © -- 0.61
Zn 0.14¢ 0.20° 0.61° 051" 0.17°¢ -- -- 0.42
Pb 0.25°¢ 0.14°¢ 054 ¢ 0.40 0.13°? 075" 0.53
Kangra Cr —0.20 ¢ 0.15°¢ 0.13° 0.43° 0.15° 013° -- 0.40
Co 031° 0.20° 0.20° 027" 0.05° 021°¢ -- 0.73
Ni 025°¢ 0.16 ° -- 0.14° 0.13° 033°¢ -- 0.53
Cu 042 ¢ 0.05° -- 0.25° 0.36° 0.16°" -- 0.48
Zn 0.33°¢ 02172 0.08 % 038" 042 ¢ 0.05° -- 0.53
Pb 0.15°¢ 0.31° 0.13° 022" 042 ¢ -- -- 0.26

2 p < 0.001 (correlation is significant at 0.001 level).
b p < 0.01(correlation is significant at 0.01 level).
¢ p < 0.05 (correlation is significant at 0.05 levelO.
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Fig. 5. Spatial distribution of heavy metals concentration Cr, Ni, Cu, Zn, Pb and Co (mg/kg) in Una, Hamirpur and Kangra region.
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background values by 1.28, 1.64, 1.76, 141, 113 and 1.75 times
respectively. Elevated high concentration of heavy metals in this
region is due to thick layer of organic content and high clay content.
In Hamirpur and Kangra similar type of trend was obtained, while
in Una region concentrations of heavy metals were varied. In the
present study, the mean contents of Cr, Ni, and Cu were lower,
whereas those of Pb, Zn and Co exceeded the average Indian
background values (Gowd et al., 2010). In addition, the concentra-
tions of heavy metals were lower than the risk screening levels
established for the residential and industrial land uses of Polish,
Canadian and Chinese soils (Table 2) (Awasthi, 2000; Wcislo, E.,
2012; CNEMC , 1990).

Coefficient of variation (CV) is a key statistical parameter for
identifying anthropogenic sources from geogenic activities. In Una,
Cr, Cu, Zn, Pb and Co species exhibited low variability’s, and their
CVs ranged from 7% to 19%, whereas Ni demonstrated a 22% vari-
ation. These results indicate that soil contamination in the studied
area can be attributed to natural or lithogenic sources. For Hamir-
pur and Kangra regions, the corresponding CV magnitudes ob-
tained for heavy metals were close to 30% suggesting the
dominance of natural processes with anthropogenic influences.

All heavy metals in the study regions exhibited normal distri-
bution patterns with (—1< Sk < 1) and kurtosis (—2 <K<2) which
were validated by performing S—W tests (p > 0.05). Two sample t-
test conducted to determine the differences in the means of the
datasets obtained for the heavy metals of Una, Hamirpur, and
Kangra indicated sufficient evidence to reject the null hypothesis at
95% confidence interval (p < 0.05) and that the means of the three
regions were significantly different.

3.2.2. Multivariate statistical analysis (for source identification)

The results of linear regression between heavy metals and
sediment physico-chemical properties are indicated in Table 3. In
Una, the Cr showed a positive correlation between Fe,;03 (p < 0.01),
organic matter (p < 0.05) and clay content (p < 0.01). Co was
negatively correlated to Si (p < 0.05), mildly positively correlated to
Al,03 (p < 0.05), clay content (p < 0.05) and organic matter
(p < 0.01) and strongly positively correlated to Fe;03 (p < 0.05). Cu
was positively correlated to Fe;03 (p < 0.01), clay (p < 0.001) and
organic matter (p < 0.01). Zn was strongly positively correlated to
Al>O3 (p < 0.01) and mildly positively correlated to Fe,03 (p < 0.05),
Mn203 (p < 0.01), clay (p < 0.01) and organic matter (p < 0.01). Pb
was strongly positively correlated to Al,O3(p < 0.01) and Fe;03
(p < 0.05) and mildly positively correlated to clay (p < 0.01) and
organic matter (p < 0.01). No significant correlation of the heavy
metals with pH was observed. The pH varied from neutral (7.5) in
Una to mildly alkaline (9.0) in Hamirpur and Kangra districts.

For source identification of heavy metals, Principal component
analysis (PCA) was performed as the first step of a cluster analysis
(CA) procedure. In Una, the KMO value (0.62) and results of Bar-
tlett’s test of sphericity (p < 0.001) showed that PCA could be used
for data analysis. The eigenvalues of components PC1 = 3.029 and
PC2 = 1.311 were greater than unity. According to the obtained
Varimax rotation data, the values of PCland PC2 explained 72% of
the total variance. In particular, PC1 explained 53% of the variance
and a strong positive loading for Cr, Ni, Pb, Zn, and Co suggesting
their similar origins (Table S7 and Fig. S2). The main soil minerals in
Una were plagioclase, montmorriollite and quartz which featured
high concentration of SiO,, Fe;03, Al,03, Mn,03 and CaO. Fe;03 is
known to influence the correlation of other heavy metals such as
Cu, Zn and Pb by its adsorptive capacity (Marchand et al., 2016). The
results of linear regression analysis have indicated a positive cor-
relation between Fe,;03 and Cr, Co, Cu, Zn and Pb which explained
their geogenic nature. The second group demonstrated a strong
positive loading for Cu (0.957) indicating different origin sources

Table 4

Inhalation, ingestion, and dermal uptake doses, hazard quotient, hazard indices for non-carcinogenic risk and carcinogenic risk of heavy metals in the studied region.

Adults

Metals Children

Region

Carcinogenic

risk

Non-carcinogenic risk

(mg kg~! day™1)

Carcinogenic

risk

Non-carcinogenic risk

(mg kg ' day ")

Hqing HClinl querm
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Dosey, Dosegerm Hing Hy Haerm HI
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Cu
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53 x 1074
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33 x107*

Co
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Fig. 6. Box Plots of Igeo in Una, Hamirpur and Kangra region.

explaining 18% of variation. Linear regression analysis indicated a
positive correlation between Cu and Al,03 explaining its geogenic
origin.

Pearson correlation coefficient analysis also revealed the exis-
tence of significant positive correlations (p < 0.05) between various
heavy metals: Pb and Zn (r = 0.694), Ni and Cr (r = 0.622), Zn and Ni
(r = 0.608), Co and Zn (r = 0.510) and Co and Pb (r = 0.584)
(Table S8). Hence, the FA results are in good agreement with the
Pearson correlation coefficient. Hierarchical cluster analysis (HCA)
results presented in the dendogram showed that two distinct
groups were observed in Una (Fig. S3). Zn and Pb elements belong
to the first cluster; the second cluster is divided into different
subgroups constituting Ni, Cu, Co and Cr.

The FA data obtained for Hamirpur revealed two groups with
strong positive loadings for Zn, Pb and Cr metals suggesting similar
origin sources in the first group. In the second group, strong posi-
tive loading for Ni (0.816) and negative loading for Cu (-0.919)
indicated their different sources of origin, that explained 20.3% of
variation (Table S9, Fig. S4). Pearson correlation coefficient indi-
cated a strong positive correlation between Pb and Cr (r = 0.799)
and Zn and Cr (r = 0.783). A positive correlation was observed
between Zn and Pb (r = 0.855) and Ni and Cr (r = 0.875). The data
was statistically significant at (p < 0.01) and (p < 0.05) (Table S10).
The cluster analysis of heavy metals in Hamirpur is depicted in
Fig. S5. For Kangra region, a negative correlation existed between
Co and Cr (r = —0.803) and a strong positive correlation between Cu
and Zn (r = 0.931). These results matched the PCA data where Co
and Cr constituted PC1 with a strong positive loading for Cr (0.949)
and a negative loading for Co (—0.868). The results of the multi-
variate statistical analyses conducted for Kangra are provided in
Table S11 — S12.

3.3. Spatial distributions of heavy metals

The hazard caused by the heavy metal in soil depends not only
on the concentration, but also on their mobility, speciation and
bioavailability (Salazar et al., 2012). The spatial distributions of
heavy metals (Cr, Co, Cu, Ni, Zn, and Pb) are shown separately for
each studied region (Fig. 5). In Una region, the obtained
geochemical maps revealed relatively high concentrations of Cr, Zn,
Co, Ni and Pb at the S4 (Polian central), Sg (Polian northwest), Sg
(Polian west) and S14 (Kuchhan south) sampling sites. The spatial
distribution of the majority of heavy metals in Una was related
mainly to the Fe/Mn oxides, clay content and organic matter. The %
of sand and mud (silt and clay) was in ratio 70:30 in Una, (40:60) in
Hamirpur and (50:50) in Kangra. Organic matter occurred as clots,
stringers and fine laminae in sandstone. The organic matter varied
from 5% in Una to 17% in Hamirpur and 10% in Kangra. The Fe;03
concentration and organic content was higher in central region (S4)
and (Sg) due to higher thickness of mudbed and decreases towards

S1. Fine mudstone (having silt and clay) retain organic matter and
Fe,0s3, which attaches the heavy metals due to complexation (Zhu
et al., 2019). Significant correlation of Cr, Zn and Pb with Fe,03
and mudstone is observed as indicated by the results of regression
analysis. These conditions leaded to high concentration of heavy
metals in the central portion of Una. In contrast, Cu showed mildly
high concentration in north western and south eastern part.
Regression analysis has showed a positive correlation between Cu
and Al;Os. The results of spatial distribution are in corroboration
with multivariate statistical analysis.

In the Hamirpur region, significant metal loadings existed due to
the additional variations related to the anthropogenic activities
pertaining to previous mining. The organic content at Hamirpur
was (17%) which strengthens the soil adsorption capacity for heavy
minerals hence the sites at Sy, and S»; were having higher con-
centration of Co, Cr, Ni, Zn, Co and Pb whereas high Cu concen-
tration was observed at Sy7 and S»3 sites. In Hamirpur, the heavy
metals are positively correlated to Fe;O3 as indicated by regression
analysis. The natural source of iron is ferruginous silty shale. The
enhanced concentration of Zn and Pb in the S, and S,; region was
as also attributed to the former mining activity Kangra has a larger
terrain and its spatial distributions were dependent on greater
slope, geogenic and anthropogenic factors. Kangra had rich organic
content which showed increase towards the south east portion
towards Dhuli Bhatawan. S;5 and Syg represented high priority sites
for Cr, Cu, Zn, Co, and Pb which showed migration towards south
east. Low concentration of heavy metals was observed at Ss3;, S3»
and S33 whereas Ni exhibited the opposite pattern with an
enhancement in the central portion.

3.3.1. Human health risk assessment

For non-carcinogenic health risk (HQ) assessment, the average
daily dose of exposure (Dosens, Dose, and Dosegem,) and hazard
quotients ((Hing, Hp, and Hger,) corresponding to different path-
ways were calculated separately for children and adults as tabu-
lated in Table 4. For the adults living in the Una region, the Hjp,
values obtained for heavy metals followed the pattern Pb
(21 x 1072) > Cr (1.0 x 1072) > Ni (1.7 x 1073) > Co
(1.3 x 1073) > Cu (6.6 x 104> Zn (2.5 x 10~%). The Hj, magnitudes
were arranged in the sequence Co (65 x 1074 > Cr
(16 x 1004 > Pb (33 x 107°) > Ni (25 x 1077) > Cu
(9.6 x 1078)> Zn (3.6 x 10~%), whereas H,, exhibited the trend of
Cr (53 x 1074 > Pb (15 x 1074 > Ni (68 x 107%) > Cu
(24 x 1078 > Co (1.7 x 107%) > Zn (1.3 x 107°). In the Una region,
the Hy,g, Hy and Hge, magnitudes obtained for children followed
the patterns Pb > Cr > Ni > Co > Zn > C(u,
Co>Cr>Pb>Ni>Cu>Zn, and Cr > Pb > Ni > Cu > Co > Zn,
respectively. The Dose;,g in the studied region was 3—4 orders of

magnitude greater than Dosey, and Dose,,,, values due to the direct
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Table 5

Heavy metal pollution indices (Igeo), EF, Plnemerow, RI and CSI calculated on the basis of heavy metal content in Una, Hamirpur and Kangra region.

CSI

Plnemerow
MEAN

Ritot

RI

EF

Igeo

MAX

2.90

MIN

MEAN
224

MAX

0.7359

MIN

MEAN
17.81

MAX

2.72

MIN

MEAN
1.988

MAX

1.36

MIN

MEAN

MAX
-0.14
-0.22
-0.29
-0.46
-0.16
-0.37
0.0430
-0.17
0.3479
0.645

MIN

MEAN

1.84

0.5323

0.6205

1.545
0.6836
3.181

0.756

1.007
0.955
0.86

-0.95
-1.13
-1.24
-1.20
-0.74
-0.73
-0.722
—0.788
—-0.237
—-0.301

—0.62
—0.68
—0.845
-0.85
—0.48
—0.50

Cr

Una Region

1.291
6.136
5.43
1.34
5.81

0.9494
4.247

1.251

1.20

0.749
0.60

Ni

Co

3.260
0.897
4.51

4.225
1.08
531

1.192
1.334
1.233
1.629
1.572
2.012

0.638

0.860

Cu

0.880

1.095
1.075
1.355
1.225
1.747
2.004

Zn

0.8522
1.00
0.96

Pb
Cr

3.0909 30.398 1.2959 0.9552 1.7030 2.2799 1.65109 3.162
1.3292

9.5454

10.869

2.0391

11.735

3.636

2.1268
16.913

1.818

2.409

—0.2838
—0.4264

0.0937
0.247

Hamirpur Region

0.87352
6.3636

1.08241
8.06818
9.5652

Ni

Co

1.596
1.138
1.189
1.258

6.08695

2.801

Cu

1.08075
5.717
2

1.48858
7.7858
2.5656
1.6626
8.8859
8.840

2.150
2475

1.674
1.756
1.3959
1.846
1.270
1.9353
1.5436
1.9610

0.4755
0.3479
0.2775
0.5037

-0.4729
-0.237

0.07366
0.067

Zn
Pb
Cr

1.00174 0.77414 1.2364 2433 1.873 3.2806

29.0634

1.7641
2.515

1.17506
1.280

—0.58496
-0.1743

-0.2370
—0.15432

-0.222

—0.260

Kangra Region

1.329

0.12467
0.2164
0.2008
0.3115

Ni
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4.8832
6.739

1.762
2.519

0.7512
1.5311
0.8903
1.2347

0.41503
0.6728
0.9861
0.4999

Co

11.9565
2.1207
7.0210

Cu

0.9176
4.0120

1.4138

5.6998

2.234
2.3549

Zn

-0.3074

0.16602

Pb

and most common exposure pathway. The HQ values in the Una
region determined for adults and children were in the order of
Pb > Cr > Co > Ni > Cu > Zn and Pb > Cr > Ni > Co > Cu > Zn,
respectively. In case of both adults and children, the HQs of Pb and
Cr contributed to 90% of the HI values. In Hamirpur and Kangra
regions, the HQ magnitudes obtained for adults and children fol-
lowed the sequence Pb > Cr > Co > Ni > Cu > Zn, in which Pb and Cr
were major contributors to HI. In the Hamirpur region, the total HI
values determined for adults and children were 2.3 x 10~! and
4.7 x 107!, respectively. Similarly, in the Kangra region, the HI
values for adults and children were 1.7 x 10~! and 3.95 x 107},
respectively. The HI child-to-adult ratios determined for the Una,
Hamirpur, and Kangra regions were 9.5, 2.0, and 2.3, respectively.
Because the HI values in studied regions were less than unity, the
non-carcinogenic risks estimated for both adults and children were
within the acceptable limits (The children in studied areas were
found to be more susceptible to non-carcinogenic risks than the
adults).

The carcinogenic risk (CR) is defined as the incremental proba-
bility of developing cancer in human beings due to exposures to
potential carcinogens. CR and total carcinogenic risk (TCR) values in
the studied region were estimated using the methodology outlined
in Table S4. The dose is multiplied by the corresponding slope factor
(SF) to produce CR (Ferreira-Baptista and De Miguel, 2005). Based
on the classification criteria of IARC (International Agency for
Research on Cancer) and IRIS (Integrated Risk Information System)
out of the four elements, Cr, Ni, and Co are considered carcinogen
by inhalation, while Pb is considered carcinogen by ingestion (IARC,
2011; IRIS, 2013). The mean (10—90%) values of TCR obtained for
adults and children in the Una region were 2.9 x 1077 and
5.3 x 1077 respectively. In the Hamirpur region, the TCR magni-
tudes determined for adults and children were 1.2 x 107 and
78 x 1077, while in the Kangra region, the values were
3.37 x 10 7and 1.12 x 1078, respectively (Table 4). Because the TCR
values ranged from 1 x 108 to 1 x 1078, no significant CR was
identified for adults and children. The observed carcinogenic risk
was greater for children than for adults due to the higher ingestion
rate. A similar CR pattern (Pb > Cr > Co > Ni) was observed for
adults and children in all three regions.

3.3.2. Environmental risk assessment using geochemical indicators

The box plots of Igeovalues obtained for the heavy metals in the
studied region are presented in Fig. 6 (their magnitudes vary
from —1.3 to 1). Table 5 depicts the descriptive statistics of Igeo, EF,
Plyemerow, RI and CSI. The magnitude of Igeowas computed for each
metal using its average normal background (mgkg~!). Almost 83%
of Igeovalues obtained for Cr, 84% for Ni, 67% for Cu, 64% for Pb, and
58% for Co corresponded to unpolluted sites (Igeo<0). Since the
average Igeomagnitudes in the Una region for all heavy metals
(Igeo<0) hence, heavy metals in that region did not pose any sig-
nificant contamination risk. The minimum Igeovalue in Una was
observed at Sy (—1.237) and maximum Ige, value was observed at
S4 (—0.137). Moderate degrees of pollution were obtained for Pb,
Cu, Co, and Zn in Hamirpur and Kangra (0 < Igeo< 1). The minimum
Igeovalue was observed at Sq7 (—0.7800), and the maximum one at
S23 (0.5353) in the Hamirpur region. The minimum Igeoin Kangra
was —0.5849 and the maximum Igeowas 0.9861. The highest
Igeovariations were observed for Zn, Co, and Pb. Around 15% of
Igeovalues obtained for Ni, 30% for Pb, 27% for Cu, 27% for Zn and
33% for Co corresponded to sites that were moderately polluted
with these metals.

An EF-based approach was used to differentiate between the
elements produced by natural phenomena and human activities. Fe
was utilized as the reference element due to its widespread
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Table 6
Comparative chart of Igeoand EF of cities around the world.

Cr Ni Cu Zn Pb Co Location References

Igeo -0.62 —0.68 —0.85 —0.48 —-0.50 -0.85 Una Present Study
-0.28 -043 0.24 0.07 0.067 0.09 Hamirpur Present study
-0.26 0.12 0.20 0.31 0.17 0.22 Kangra Present Study
04 04 1.5 0.9 43 - China Gu et al. (2016)
2.0 24 1.0 1.0 2.3 - Greece Papazotos et al. (2016)
0.2 0.3 1.5 14 7.9 - Brazil Figueiredo et al. (2007)
0.5 0.4 1.7 2.2 7.9 - Beijing, China Du et al. (2013)

EF 1.0 0.96 0.86 1.1 1.1 0.86 Una Present stdy
13 1.2 2.0 1.7 1.8 1.7 Hamirpur Present study
14 1.8 1.9 1.5 2.0 13 Kangra Present Study
5.99 7.30 9.55 6.59 4.02 — India Kumar et al. (2019)
0.4 4.0 5.1 2.8 7.0 — Poland Charzynski et al. (2017)
4.2 5.0 2.2 0.0 5.0 — Greece Papazotos et al. (2016)
0.8 0.8 33 0.0 9.3 - China Gu et al. (2016)

RI 1.98 0.94 4.2 1.08 53 4.2 Una Present study
2.4 1.08 9.5 148 7.7 8.06 Hamirpur Present study
2.5 1.6 8.8 8.4 5.7 8.8 Kangra Present Study
9.22 28.10 36.73 5.07 1547 - India Kumar et al. (2019)
2.98 6.88 7.62 1.64 7.51 — Northern plateau of spain Santos-Francés et al. (2017)

presence and its insusceptibility to anthropogenic activities. In Una
region, the average EF values of Cr, Ni, Cu, Zn, Pb, and Co were 1.19,
1.26, 1.43, 1.36, 1.29, and 1.38 respectively. However, the mean EF
values obtained in the Hamirpur region for Cu (2.004), Zn (1.674),
Pb (1.756), and Co (1.747) and in the Kangra region for Ni (1.85), Cu
(1.94), Zn (1.54), and Co (1.97) were greater than 1.5 suggesting
anthropogenic influences. Generally, EF magnitudes between 0 and
1.5 indicated that the metal might originate from a crustal material
or a natural weathering process. In Hamirpur and Kangra regions,
the average EF values determined for Cr were less than 1.5, whereas
the mean EF values obtained for Cu, Zn and Co were slightly greater
than 1.5, which could be attributed to anthropogenic activities. A
total of 27% sites containing Cu, 6% sites containing Pb, 6% sites
containing Ni, 12% sites containing Zn, and 15% sites containing Co
found to be moderately contaminated. Previous studies have
shown that Cu is major contaminants of mineral and mining re-
sources, which is consistent with the data presented in this work
(Kumar et al., 2019). Relatively high EF values were observed at the
S26, S22, and Sy3 sites and minimal enrichment was observed at Sqs.
Zn and Pb are chemical elements that are introduced into the
environment mainly by the natural weathering of their ore deposits

(Table 5). Table 6 represents the comparison of the Igeo and EF with
the values across the world.

Pollution due to multiple heavy metals was comprehensively
evaluated using the Plpemerow index. Based on the classification
criteria, its magnitude varied from “unpolluted” in Una (0.6) to
“low-level pollution” in the Hamirpur region (1.29). The main
heavy metal pollutants included Pb, Co, and Cu. The distribution of
Plhemerow in different regions is shown in Fig. 7. Almost 87.5% sites
of Hamirpur and 55% of Kangra (1< Plyemerow <2) were slightly
polluted.

The toxicity response coefficients for Cr, Ni, Cu, Zn, Pb, and Co
were 2, 5, 5, 1, 5, and 5, respectively (Hakanson, 1980). The
ecological risks caused by individual elements followed the
sequence Pb > Co > Cu > Cr > Zn > Ni in the Una region. In the case
of the Hamirpur region, the sequence was
Cu > Co > Pb > Cr > Zn > Ni. Finally, in the Kangra region, the trend
was Co > Cu > Pb > Cr > Ni > Zn. The average RI values determined
for the Una, Hamirpur, and Kangra regions were below 150 indi-
cating low ecological risks (Table 5). The minimum RI value (15.7)
was observed at S; whereas the maximum was observed at Sjj3
(36.0) (Fig. 6). The comparative chart of ecological risk indices in

N
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Fig. 7. Spatial distribution of (a) Plyemerow (b) RI in Una, Hamirpur and Kangra districts.
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Table 7
Comparative chart of ecological risk indices Plpemerow, Rl and CSI of cities around
the world.

RI Plhemerrow  CSI Location References

17.81 0.62 2.24 Una Present Study

3033 1.29 2.27 Hamirpur Present Study

29.1 1.0 24 Kangra Present Study

2543 22 319.7 Xiamen Island (China) Luo et al. (2012)

25.6 0.9 40.9  Asadabad(Iran) Solgi (2016)

92.6 04 108.7 Faisalabad (Pakistan) Parveen et al. (2012)
4873 0.9 801.9 Belgrade (Serbia) Kuzmanoski et al. (2014)

indicated in Table 7.

Furthermore, moderate to high values of CSI was observed in the
Una (2.24), Hamirpur (2.28), and Kangra (2.43) regions. Note that
CSI is a very sensitive index that shows relatively high contami-
nation as compared with other indicators. As per CSI index almost
27% sites were having low to moderate severity, 45% were having
moderate severity and 6% were having high severity contamination
index.

4. Conclusion

The present manuscript described the concentration, spatial
distribution, environmental health risk and pollution risk from
radionuclides and the heavy metals in the uranium mineralized
region of Siwaliks. The average activity concentration of radionu-
clides (**Ra, 23Th and “°K) as well as the radiological hazard pa-
rameters was higher than recommended safe limits by United
Nations Scientific Committee on the Effect of Atomic Radiation
(UNSCEAR) (2000). The highest radiological contamination was
observed at Loharkar old (S,1) followed by Loharkar extension (S»3),
Dhuli Bhatawan (S;5) and Polion East (S7). This implies that highly
mineralized uraniferrous zone is responsible for radiological risk
20K and 232Th scanty contributed to radiological risk in the studied
region. Cluster analysis method identified *?°Ra to be primarily
contributing radionuclide, hence specific strategy is required to
ameliorate the environmental impact of radiological contamina-
tion. The average air absorbed dose rates measured for the Una,
Hamirpur, and Kangra regions were 118, 163, and 135 nGyh~!
which was higher compared to the world average of 69 nGyh~.
Further too comprehensively assess the effect of pollution risk, the
heavy metal contamination was studied using pollution indices.
The sites with the highest contamination were S»; (Loharkar old),
S22 (Loharkar extension), Sze, (Dhuli Bhatawan old), Sp7 (Ghamirk-
hand) and Syg. (Purohitan North). The abundance and migration of
heavy metals in Siwaliks were governed by geogenic factors. The
obtained Igeo data and corresponding EF magnitudes suggested
that Co, Pb, and Cu were major pollutants. The estimated eco-
environmental risk indices as well as the R, Plemerow, and CSI pa-
rameters showed that the study region was a low-risk zone. In-
formation on soil pollution generated by geochemical and
radiological mapping in Siwaliks indicated that uranium and heavy
metals precipitated southward of the clay oxidizing zone. This
study provided basic information on the concentrations, distribu-
tions and potential hazards of radionuclides and heavy metals in
uranium mineralized region of Siwaliks and may help in formu-
lating policies that can minimize the deleterious effect on human
health and environment.
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Abbreviations

AMD Atomic Minerals Directorate for Exploration and

Research

AGRS airborne and ground based radiometric survey

WDXRF  wavelength dispersive X-ray fluorescence

EF enrichment factor; SPSS: Statistical Program for Social
Science

S—W Shapiro—Wilk

RSM radiation survey meter

AEDE annual effective dose equivalent

ELCR excess lifetime cancer risk

cv coefficient of variation

PCA principal component analysis

CA cluster analysis

HCA hierarchical cluster analysis

FA factor analysis

HQ hazard quotient

HI hazard index

CR carcinogenic risk

TCR total carcinogenic risk

RI Hakanson'’s ecological risk index

CsI contamination severity index

AM arithmetic mean

G.M geometric mean

R range

Plhemerow Nemerow pollution index

D air absorbed dose rate

Hex external hazard index

Hi, internal hazard index

Igeo geoaccumulation factor

SD standard deviation

IQR interquartile range

UNSCEAR United Nations Scientific Committee on the Effects of
Atomic Radiation
Sn supplementary information.
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