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Abstract

The natural radionuclide (238U, 232Th, and 40K) content of the 15 rock samples collected from Kolli hills along the Eastern
Ghats, India, has been analyzed using a 4” x 4” Nal (TI) scintillation detector-based gamma-ray spectrometer. The
activity concentrations of 238U, 232Th, and “°K were between 12.97-49.89, 6.4-27.05, and 51.85-95.84 Bq kg_l,
respectively. To understand the entire radiological characteristics of the collected samples, the various radiological hazard
parameters have been calculated and were compared with the global recommended mean values. From the magnetic
studies, values of y ranged from 33.1 to 510.7 x 10™® m® kg~'. Moreover, in rock samples of Kolli hills, ferrimagnetic
minerals are found to be the main magnetic carrier. Statistical analyses were performed to study the relation between the
natural radionuclides, radiological hazard parameters, and magnetic minerals. The results of Pearson’s correlation analysis
shows that 2?®U and ***Th strongly correlate with the radiological hazard parameters, and a poor correlation was noted
between magnetic and radiological parameters. However, a positive and a near-positive correlation was also observed
between SIRM/y (0.501-0.578) and kpp% (0.471-0.481) with U and Th activity concentrations, respectively. This indi-
cates that the carrier and grain size dependence parameters also play a significant role in increasing the activity con-
centrations of U and Th and its associated radiological parameters. From the cluster analysis, it is found that the content of
ferrimagnetic minerals is higher in sample nos. 4, 5, 11, and 12, which greatly improves the properties of concrete when
used for building construction purposes.
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Introduction

Humans living in the Earth’s crust have always been
exposed to natural ionizing radiations such as terrestrial
and extra-terrestrial radiations. The origin of terrestrial
radiation is due to the presence of naturally occurring
radionuclides such as potassium and the decay chains of
thorium and uranium, which is present in varying amounts
in rock-forming minerals and soils; whereas extra-terres-
trial radiation is due to high-energy cosmic-ray particles. It
is well known that the Earth’s surface is covered with rock
and rock-forming minerals such as soil. Rocks and soils are
the primary terrestrial sources of radiation in the environ-
ment that contribute to naturally occurring radionuclides
(NOR). All rocks and soils are radioactive at different
concentrations. They are composed of complex mixture
that consists of various compounds such as minerals and
organic matters. Since human beings are exposed to
external gamma radiations in varying amounts depending
upon their geology, it is of great interest to researchers to
evaluate the concentration of natural radionuclides present
in the environmental samples collected from that particular
region (Gbadebo 2011; Olarinoye et al. 2010).

Environmental magnetism methods are rapid and non-
destructive, and are commonly used to assess magnetic
iron-mineral contents (Thompson and Oldfield 1986). In
environmental magnetism, many techniques have been
developed for determining the nature of the magnetic
carriers in rocks, soils, and sediments. These techniques are
used extensively to determine the magnetic properties of
different materials. Since 1980, environmental magnetism
has become a broad field that finds wide application in an
ever increasing array of scientific disciplines (Verosub and
Roberts 1995). These methods have been frequently used
in diverse fields, including land-use studies, limnology,
oceanography, sedimentology, and soil science, among
many others.

Magnetic signals from rock, sediments, and soils are
often dominated by ferromagnetic minerals sensu lato:
ferrimagnetic (titano)-magnetite and/or antiferromagnetic
hematite. These minerals are often not detected with
standard analytical techniques due to their low concentra-
tions (< 1% wt). However, magnetic measurements are
sensitive enough to detect and identify such minerals, with
concentrations that are several orders of magnitude smaller
(Chaparro et al. 2014). The classification of magnetic
components in natural samples in terms of mineralogy,
domain state, and concentration is important for assessing
the nature and origin of the components (Peters and Dek-
kers 2003).

It should be noted that the domination of ferromagnetic
minerals in environmental samples such as rocks, soil, and
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sediments is due to the fact that they originate due to the
disintegration of their parent rock during the process of
pedogenesis, lithographic, and anthropogenic activities
(Ramasamy et al. 2010). As a result, when rocks disinte-
grate naturally (for e.g., due to flow of the rain water), the
natural radionuclides are carried over by the flow of water
through the soil matter and finally they get deposited in
stream, river, and other water bodies (Taskin et al. 2009).
Therefore, it is clear that the concentration of natural
radionuclides and magnetic minerals depends upon the
parent rock. Multivariate statistics is adequate when
attempting to determine the relationship between samples
and/or between variables of the same or different nature.
The determination of such relationships or groups (ra-
dionuclide and magnetic) is performed unbiased and with
great statistical significance.

The aim of this study is to determine: (a) the relation
between natural radionuclides, radiological hazard param-
eters and magnetic parameters; (b) relation among the
various magnetic properties; and (c) groups of samples
relative to magnetic parameters and the activity concen-
tration of radionuclides.

Geology of the Study Area

Kolli hills are calm and pristine mountain range located
about 55 km from Namakkal in the central part of Tamil
Nadu on the Eastern Ghats of India (Fig. 1). On the north
of Cauvery river, Kolli hills is the highest peak in
Namakkal district with an elevation of about 1300 above
mean sea level (Kumaresan et al. 2016). The altitude of the
hill ranges from about 180 m (at the foot) to 1415 m (at the
plateau) (Gurugnanam 2015). It is covered with evergreen
forests that run almost parallel to the east coast of South
India with a length of about 28 km along the north—south
direction and 19 km wide along the east—west direction.
The study area which covers a total area of 485 km? is
geographically situated between the north latitudes
11°11'N-11°30'N and east longitudes 78°16'E-78°29'E,
and is bounded by the Salem district on the northern side
and Tiruchirappalli district in the eastern and the south
eastern sides. The major portion of the hill area is occupied
by structural hills (276.84 kmz); residual hills cover
0.48 km” in the northeastern region, whereas pediment
covers an area of 23 km? in the northern, southern, and
northeast regions. This report is based on satellite image
mapping using remote sensing and geographic information
system (GIS). The hill is also used for land use by humans
where the hilltop geomorphology is noticed in western
region covering an area of about 176.75 km? (Gurugnanam
et al. 2014).
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Fig. 1 Map of study area—
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Materials and Methods
Sample Collection and Preparation

Rock samples were collected from 15 selected locations at
various altitudes from the top of the Kolli hills toward its
base. The collected rock samples were stored in thick
polythene bags. Each sampling site was separated 100 m
approximately. After collection, the samples were trans-
ported to the laboratory and kept at room temperature,
crushed to powder, sieved using a 2 mm scientific mesh
sieve, and dried in a hot air oven at 110 °C. The dried
powdered rock samples were then packed and sealed in an
airtight PVC container (250 ml), labeled and kept for a
period of 4 weeks to allow radioactive equilibrium between
radon (222Rn), thoron (220Rn), and their short-lived pro-
genies to take place (Kurnaz et al. 2007).

Radioactivity Measurements

The activity concentrations of the primordial radionuclides
2381, 2*2Th, and *°K in rock samples of Kolli hills were
performed with a 4” x 4” Nal (Tl) scintillation detector-
based gamma-ray spectrometer. To reduce the background
level of the system that originates from the surrounding
building materials and cosmic rays, the detector is shielded
using 3" thick lead bricks on all sides of the detector. To
obtain gamma spectra of good statistics, the prepared rock
samples were counted for a period of 60,000 s and the
spectra are analyzed for the photo peak of uranium, tho-
rium daughter products, and potassium. The gamma-ray
spectrum was recorded using 1 K PC-based multichannel

analyzer (winTMCA 32) with an inbuilt spectroscopic
amplifier. Efficiency calibration of the system was carried
out using the standards (uranium, thorium, and potassium)
acquired from the International Atomic Energy Agency
(IAEA). In the laboratory, gamma transitions of 1764,
2614, and 1460 keV gamma photo peaks emitted from
214B4, 29871, and *°K, respectively, were used for the
measurement of activity concentrations. For each sample,
the net count rate was calculated by subtracting the counts
due to Compton scattering and also from other sources for
the same counting time. The below detection limits (BDLs)
for 238U, 232Th, and *°K are 1.7, 3.1, and 7.9 Bq kg_l,
respectively.

Magnetic Measurements

Fifteen rock samples were subsampled for magnetic studies
using plastic containers (2.3 cm’). Dry samples were
sieved (150 pm) to remove the fine fraction, and then they
were packed, weighted, and labeled. Magnetic measure-
ments were carried out in the Institute of Physics IFAS
(Tandil, Argentina). Magnetic susceptibility measurements
were performed using a magnetic susceptibility meter
MS2, Bartington Instruments Ltd. (1994) linked to MS2B
dual-frequency sensor (0.47 and 4.7 kHz). The magnetic
susceptibility frequency dependence (kgp%o-
=100 x [Ko47xHz — Ka.7xH7)/Ko.47¢H,) and mass-specific
susceptibility (y) were computed.

Remanent measurements such as anhysteretic remanent
magnetization (ARM) and isothermal remanent magneti-
zation (IRM) were done as well. The ARM was imparted
using a partial ARM (pARM) device attached to a shielded
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demagnetizer Molspin Ltd., superimposing a DC bias field
of 90 uT to an AF of 100 mT and an AF decay rate of
17 uT per cycle. The remanent magnetization was mea-
sured by a spinner fluxgate magnetometer Minispin, Mol-
spin Ltd. Anhysteretic susceptibility (volume Kagrwm,
specific yarm) Was estimated using linear regression for
ARM acquired at different DC bias fields (7.96 and 71.58
A/m). Related parameters, such as, King’s plot (yarm
versus y, King et al. 1982) and the ratio karm/k (Dunlop
and Ozdemir 1997) were also calculated.

IRM studies were carried out using a pulse magnetizer
model IM-10-30 ASC Scientific. Selected samples were
magnetized by exposing it to DC fields, allowing it to
increase up to 25 forward steps from 1.7 to 2470 mT. The
remanent magnetization after each step was measured
using the above-mentioned magnetometer Minispin. In
these measurements, IRM acquisition curves and SIRM
were found using forward DC fields. Remanent coercivity
(H.;, the backfield required to remove the SIRM, or
IRM = 0) and S-ratio (= — IRM_3¢/SIRM, where IRM 3¢
is the acquired IRM at a backfield of 300 mT) were also
calculated from IRM measurement, using backfield once
the SIRM was reached.

Statistical Analysis

Multivariate statistical analysis was performed using the R
free software (R Core Team 2017) and was aimed to
explore the relationship between the magnetic parameters
(%, ARM, SIRM, karm/K ratio, ARM/SIRM, SIRM/y, and
H_,) and activity concentration of the primordial radionu-
clides (238U, 232Th, and 40K). Nonhierarchical k-means
clustering (CA) was performed to build clusters of samples
with similar magnetic and radionuclides features. Each of
the clusters is characterized by both kinds of variables. The
coordinates of the rows on the principal components (ob-
tained from principal component analysis, PCA) were used
to build the clusters. A very high percentage of the inertia
(above 80%) should be retained by the components selec-
ted to obtain a stable and clear hierarchy.

For each cluster, a value of the reference is calculated to
test the following null hypothesis (HO) “the average of
x for category ¢ is equal to the general average”. This value
is calculated as follows:

v-testzﬂ7 (1)
2 (1-1,
q (1_])

—

“

~

where X, is the average of variable x for the individuals of
category g, X is the average of x for all of the individuals,
and g is the number of individuals of the category.
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Results and Discussion
Activity Concentration of Radionuclides

The activity concentrations of the sample were calculated
from the peak intensity (cps) of each gamma line and the
efficiency of the detector using the relation:

. _ Net area under the photopeak (cps)
1
Activity(Ba kg ™) = Efficiency (%)

(2)

The activity concentrations of the detected radionuclides
238U, 232Th, and *°K for all the 15 rock samples are pre-
sented in Table 1 and Fig. 2. From Table 1, it is noted that
the activity concentration of natural radionuclides varied
from one sampling location to another on the same hill
which may be due to physical, chemical, and geological
variations in the study area (Krmar et al. 2009). The
activity concentration ranges for 2381, 232Th, and *°K are
between 12.97 and 49.89; 6.4 and 27.05, and 51.85 and
95.84 Bq kg~ ', respectively (Table 1). The average con-
centrations of 238U, 232Th, and “°K were 27.48, 13.90, and
73.82 Bq kg~', respectively. According to UNSCEAR
(2000), the world average values for 238U, 232Th, and “°K
are 35, 30, and 400 Bq kg, respectively. The obtained
values were 1.27 (21.49%), 2.16 (53.67%), and 5.42
(81.55%) times lower than the world mean activity con-
centrations of 228U, 2*°Th, and “°K for rock samples
(N = 15), respectively. It is to be noted that, apart from the
rock samples collected from locations 2, 6, and 9, all the
other samples have lower values of *>*U than the world
average value. Moreover, for 232Th and 4OK, the values of
all samples were below the world average values. This
shows that the radioactive materials are randomly dis-
tributed from one location to the other (Harb et al. 2012).

Environmental Impact Assessment
of the Radionuclides

To determine the factors relating to health and safety of a
person exposed to the environment, there are several
methods which are used to calculate the environmental
impacts of natural radionuclides. In the present study, the
impacts are evaluated in terms of air-absorbed dose rate
(Daa), indoor gamma dose rate (Dyy), radium equivalent
activity index (Ra.y), gamma-ray representative index
(Iy), and excess lifetime cancer risk (ELCR).

Air-Absorbed Dose Rate (Dpp)

The measured activity concentrations of 238U, 232Th and
49K are converted into doses to calculate the total air-
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Table 1 Activity concentration of natural radionuclides (***U, *Th, and *°K) in rock samples of Kolli hills

S. no. Activity concentration of radionuclides (Bq kg™")

238() 2327y, o
1 33.47 16.6 72.36
2 42.22 20.94 81.63
3 20.7 9.39 58.87
4 31.84 15.49 69.13
5 12.97 6.4 51.85
6 49.89 27.05 95.84
7 24.28 11.51 67.66
8 30.19 15.63 84.62
9 44.81 21.82 76.86
10 19.91 10.93 77.62
11 16.34 8.69 66.01
12 21 11.97 81.54
13 27.57 15.37 89.39
14 15.24 7.38 69.4
15 21.7 9.4 64.5
Mean 27.48 13.90 73.82
World mean 35 30 400
Variation of calculated mean values with world mean values in % (=) 21.49 (—) 53.67 (—) 81.55

(—) indicates lower value

absorbed dose rate (Daa) using the conversion factor of
0.462 nGy h™'/Bq kg~" for 2**U, 0.604 nGy h™'/Bq kg™'
for *?Th, and 0.0417 nGy h™'/Bqkg™' for “K
(UNSCEAR 2000). The external air-absorbed gamma dose
rate in air at a height of about 1 m above the ground was
calculated by using the given formula:

Daa(nGy h™") = 0.462Cy + 0.604Cry, + 0.0417Ck.  (3)

The calculated D values for the 15 rock samples
(N = 15) of Kolli hills are presented in Table 2. The air-
absorbed dose rate of the samples from the study area
varied from 12.02 nGy h™" (s. no. 5) to 43.38 nGy h™"' (s.
no. 6), with a mean value of 24.17 nGy h™'. The Daa
values for all the collected samples are below the global
mean value of gamma radiation dose level from terrestrial
sources, which according to UNSCEAR (2000) is
57 nGy h™'. This mean value is about 2.4 times (57.6%)
less than the world mean value. This may be due to the low
concentrations of >**U and ***Th in sampling locations.

Indoor Gamma Dose Rate (Dyy)
When sediments are used as building materials, the indoor

gamma dose rate (D) due to the emissions of gamma rays
from natural radionuclides 238U, 23 2Th, and *°K was

calculated based on the assumption that: (1) the dimension
of the room is 4 m x 5 m x 2.8 m; (2) wall thickness is
20 cm; and (3) the density of the aggregates is 2.35 x 10°
kg m~>. Dy is calculated using the following equation
(Turhan and Giindiiz 2008; European Commission 1999):

Din(nGy h™') = 0.92Cy + 1.1Cry + 0.080C, (4)

where Cy, Ctp, and Cy are the activity concentrations of
radium, thorium, and potassium in Bq kg™, respectively.
The indoor gamma dose rate for the 15 rock samples is
shown in Table 2. The calculated minimum and maximum
values are 23.12 and 83.32 nGy h™!, respectively, with a
mean value of 46.48 nGy h™'. This mean value is 1.8 times
lower than the worldwide mean value (84 nGy h™")
(UNSCEAR 2000).

Radium Equivalent Activity Index (Ra.q)

The natural radioactivity rocks, sediments, and soil are not
uniform throughout the world. The uniformity with respect
to exposure to radiation has been defined in terms of radium
equivalent activity (Ragy) in Bq kg™! to compare the
specific activity of materials containing different amounts of
238U, 22Th, and *°K using a single quantity and is given by
the following relation (Beretka and Mathew 1985):
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Fig. 2 Distribution of activity 238
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where Cy, Cty,, and Cy are the activity concentrations of
238U, 2%2Th, and *“°K in Bq kg™ ', respectively. It has been
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4810 Bq kg~ *°K produces the same gamma dose rate
(Krisiuk et al. 1971), when Ra, is defined for the collected
samples. The calculated Ra., values for all the collected
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Table 2 Radiation hazard parameters (Daa, Din, Ragg, I,, and ELCR) in rock samples of Kolli hills

S. no. Air-absorbed dose rate Indoor gamma dose rate  Radium equivalent activity Gamma-ray  Excess life time cancer risk
(Daa) nGy h™! (Din) nGy h! (Ragq) (Bq kgfl) index (I,) ELCR (x 1073)
1 28.51 54.84 62.78 0.44 0.12
2 35.56 68.41 78.45 0.55 0.15
3 17.69 34.08 38.66 0.27 0.08
4 26.95 51.86 59.31 0.41 0.12
5 12.02 23.12 26.11 0.19 0.05
6 43.38 83.32 95.95 0.67 0.19
7 20.99 4041 45.95 0.32 0.09
8 26.92 51.74 59.06 0.41 0.12
9 37.09 71.38 81.93 0.57 0.16
10 19.04 36.55 41.52 0.29 0.08
11 15.55 29.87 33.85 0.24 0.07
12 20.33 39.01 44.4 0.31 0.09
13 25.75 49.42 56.43 0.4 0.11
14 14.39 27.69 31.14 0.22 0.06
15 18.39 35.46 40.11 0.28 0.08
Mean 24.17 46.48 53.04 0.37 0.10
Minimum 12.02 23.12 26.11 0.19 0.05
Maximum  43.38 83.32 95.95 0.67 0.19
Median 20.99 40.41 45.95 0.32 0.09
Standard 8.74 16.8 19.51 0.14 0.04
deviation
Skewness 0.68 0.68 0.68 0.71 0.67

samples are presented in Table 2. The values of Ra varied
from 26.11 to 95.95 Bq kg™' with an average value of
53.04 Bq kg~'. According to Krisiuk et al. (1971), if
Ra.q <370 Bq kg™!, then the external dose rate will be
below 1.5 mSv year ' and this determines the safe utility
of materials. The calculated average value of Ra.q in rock
samples of the Kolli hills is lower than the maximum
permissible value of 370 Bq kg~ ' suggested for building
materials from the point of radiation hazard (OECD 1979;
Igbal et al. 2000).

Gamma-Ray Representative Level Index (/,)

The estimation of radiation hazards in building materials,
which are associated with natural radionuclides, is done by
means of gamma-ray representative index. It is defined by
the following equation (Mantazul et al. 1999):

_ G Cm
777150 0 100 1500°

(6)

where Cy, Cry,, and Ck are the activity concentrations of
238y, 2%2Th, and *°K in Bq kg™ ', respectively. European
Commission (1999) has introduced two criteria for

materials which are used as building materials, i.e., an
exemption criterion of 0.3 mSv y~' and an upper limit of
1 mSv y~! for building materials such as rocks when they
are used in large quantities; an exemption dose criterion of
0.3 mSv yfl corresponds to I, < 0.5, whereas the dose
criterion of 1 mSv y~! corresponds to I, < 1. For materials
such as tiles, the corresponding I, value must be between 2
and 6. Building material with I, exceeding 6 corresponds to
a dose rate of > 1 mSv y ' (European Commission 1999)
and should be totally avoided for the purpose of con-
struction. According to UNSCEAR (1993) report, this is
the maximum value of dose rate in air recommended for
humans living in a particular region.

The calculated values of I, for all the 15 rock samples
are listed in Table 2. It is noted from Table 2 that the I,
values are between 0.19 and 0.67 with an average value of
0.37. It must be taken into account that samples collected
from locations 2, 6, and 9 have I, > 0.5, whereas all the
other samples have I, <0.5. This indicates that rock
samples of Kolli hills that do not expose any risk can be
widely used for the construction of buildings.
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Excess Lifetime Cancer Risk (ELCR)

The excess lifetime cancer risk (ELCR) for the rock sam-
ples of Kolli hills was calculated using the following
equation:

ELCR (x107%) = AEDE x DL x RF, (7)

where AEDE is the annual effective dose equivalent (in
mSv y '), DL is the duration of life (on an average of
70 years), and RF is the risk factor, i.e., fatal cancer risk
per Sievert (in Sv™ ), respectively. For the public, ICRP 60
uses values of 0.05 for the purpose of stochastic effects
(Taskin et al. 2009). The calculated values of ELCR for all

the sediment samples are clearly presented in Table 2. As
seen from Table 2, the calculated minimum and maximum
ELCR values are 0.05 and 0.19, respectively. Moreover, it
is noted that the average of the 15 rock samples is
0.10 x 1072, and this value is 2.9 times lower than that of
the recommended worldwide average value of
0.29 x 10~ (UNSCEAR 2000).

Magnetic Properties
Values of y ranged from 33.1 to 510.7 x 107% m® kg™ ".

Specific susceptibility is a magnetic concentration-depen-
dent parameter, and its values vary according to the kind of
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materials, i.e., diamagnetic (~ — 6 X 107° m? kg_l),
paramagnetic (~ 107° m’ kg™'), and ferrimagnetic
materials (~ 0.5-5.6 x 1073 m? kgfl, in detail in Maher
et al. (1999). The other concentration-related remanent
parameters varied between 40.5 and 436.2 x 107° Am? -
kg_1 for ARM, and between 2.0 and 23.3 x 1073 Am? -
kg~ for SIRM (Fig. 3, Table 3).

Measurements of isothermal remanent magnetization
acquisition (and backfield) revealed the dominance of fer-
rimagnetic carriers for most of the samples (Table 3). This
fact is especially concluded from S-ratio results, which
varied between 0.827 and 1. S-ratio values clearly show the
predominance of ferrimagnetic minerals over antiferro-
magnetic minerals.

Parameter y correlates significantly with SIRM
(R =0.95, p <0.01) indicating that ferrimagnetic minerals
dominate the magnetic signal as well. Both parameters are
represented in Fig. 4, which show a linear trend and allow
to identify rock samples with a higher magnetic concen-
tration (SIRM > 11.5 x 107> Am? kg™ "), that is, sample
nos. 5, 11, 12, and 13.

Remanent coercivity values varied widely between 25.4
and 48.1 mT (Fig. 3), and most of samples belong to two
characteristic intervals: 25.4-33.0 mT (sample nos. 5, 8,
10, 11, 12, and 13) and 40.3—48.1 mT (sample nos. 1, 2, 3,
4,7,9, 14, and 15). This H., range corresponds to values of
magnetite-like mineral with different characteristics. An
extra contribution of antiferromagnetic materials could be
expected in samples with higher H.. In addition, this
variation can be interpreted as the contribution of different
magnetite particles with a wider grain size distribution

Table 3 Magnetic parameters of rock samples from Kolli hills, India

range, which is supported by significant correlations
between this parameter and grain size-dependent ARM/
SIRM (R = 0.65, p < 0.01), karm/k (R = 0.73, p < 0.01).
Values of SIRM/y, from 4.6 to 10.1 kA/m, belong to the
range of (titano) magnetite (Peters and Dekkers 2003), and
higher values can be interpreted as finer magnetic grain
size abundance (correlation with Karm/k is R = 0.69,
p < 0.01). Both magnetic parameters are displayed in a
biplot (Fig. 5). Two groupings are identified as mentioned
for parameter H., above.

The xpp% parameter is sensible to the presence of
superparamagnetic (SP) material (Dearing et al. 1996).
Values of xpp% > 2.0% indicate virtually no SP grains,
between 2.0 and 10.0% indicate admixture of SP and
coarser non-SP grains, between 10.0 and 14.0% indicate
virtually all SP grains. In these powdered rock samples, the
Kpp% mean value is 0.2% and the standard deviation (SD)
is 0.6%. The presence of SP grains can be discarded.

Magnetic grain size-dependent parameters, i.e., ARM/
SIRM, xarm/x (Fig. 3), and the King’s plot show the
presence of coarser magnetic grain size for most of samples
with higher concentration (sample nos. 5, 11, 12, and 13).
This trend can be appreciated in Fig. 6; higher values of y
correspond to coarser magnetic grain sizes (at about 5 and
20 pm). Values of magnetic parameter karm/K are dis-
played in Fig. 3. It can be appreciated that higher values are
indicative of finer magnetic grains. In particular, KArm/K
values above 3.0 correspond to magnetic grain sizes
between 0.2 and 1 um, and group samples with low mag-
netic concentration-dependent values such as nos. 1, 2, 3, 4,
7,9, and 14 (Fig. 3). On the other hand, sample nos. 5, 8, 10,

Sample j, Y ARMS> ARM, SIRM, KED» Karm/K, ARM/ SIRM/y, H., S ratio,
no. 108 m kg™ 108m*kg™ 10°Am’kg™ 10 Am’keg™! % a.u. SIRM, a.u. kA/m mT  au

1 60.4 206 150.3 43 —02 34 0.035 7.1 425 0903
2 111.3 379.8 267.7 10.2 14 34 0.026 9.2 423 0939
3 34.5 162.2 105.7 3 0 47 0.035 8.8 40.8  0.958
4 99.8 315.5 2252 10.1 08 32 0.022 10.1 462  0.862
5 292.9 381.6 264.7 15.2 0 13 0.017 52 305 1

6 87.7 198.1 141.2 8.4 03 23 0.017 9.5 38.8  0.968
7 44.8 148.7 109.1 3.9 -07 33 0.028 8.6 451 0913
8 79.9 75.8 51 3.9 —-05 09 0.013 4.8 27.8 0919
9 75.5 254.7 185.1 6.7 08 34 0.028 8.9 463  0.87
10 78.7 75.7 40.5 6.2 -02 1 0.007 7.8 32.1 0929
11 510.7 618.9 436.2 23.3 06 12 0.019 4.6 255  0.982
12 330.3 513.7 357.4 21.6 02 16 0.017 6.6 254 0.996
13 224.7 217.7 149.2 11.5 04 1 0.013 5.1 33 0973
14 33.1 74.5 51.6 2 - 03 22 0.026 5.9 48.1 0.863
15 81.5 134.3 96.4 6.5 —-01 16 0.015 8 403 0.827
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11, 12, 13, and 15 show kagrm/K values below 1.6 corre-
sponding to the coarsest magnetic grains of 5-20 um
(Figs. 3, 6).

Multivariate Statistical Analysis

Pearson’s correlation analysis was carried to understand the
relation between the activity concentration of natural
radionuclides (238U, 232Th, and 4OK), radioactive hazard
parameters (Daa, Din, Ragg, 1, and ELCR), and the various
magnetic variables (Table 4). From Table 4, statistically
significant positive correlation among the activity con-
centration of U and Th (0.986); U and K (0.663); Th and K
(0.757) is observed. This indicates that all the three
radionuclides contribute to the activity concentration in
Kolli hill’s rock samples. Also, it is noted that U and Th

600 . ; . ;

India - Powdered rock
® R samples °

1(10° m'kg”)
o

200 |- —

0 . 1 1 A
0 10 20 30

SIRM (10°Am’kg™)

Fig. 4 Biplot of magnetic concentration-dependent parameters, mag-
netic susceptibility (), and remananent magnetization (SIRM)
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Fig. 5 Biplot of magnetic mineral-dependent parameters SIRM/y and
HCT
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correlate higher than U and K and also between Th and K.
This indicates that the activity concentration of any one of
the radionuclide among the two can be used to predict the
activity concentration of the other radionuclide. This is in
good agreement with the findings of Okedeyi et al. (2014).
As observed from Table 4, the strong positive correlation
coefficient between **U and ***Th may be due to the fact
that uranium and thorium decay series occur together in
nature (Tanaskovic et al. 2012). Moreover, the derived
radioactive hazard parameters (Daa, Din, Raeg, I, and
ELCR) are also showing strong correlation with “**Th and
238U, This indicates that »®U and ***Th contribute greatly
for the hazard parameters in Kolli hill’s rock samples.
Medium correlation is observed between *°K with ***Th
and 2*®U, while ***Th shows slightly higher correlation.
But magnetic susceptibility (y) and its other related
parameters (yarm, ARM, SIRM, kpp%, Karm/k, ARM/
SIRM, SIRM/y, H.,, S-ratio) show poor correlation with all
the radioactive observations. In the present study, the
strong correlations of ***U and ***Th among themselves
and with other radiological parameters indicate that they
greatly contribute to the emission of gamma radiation in all
the locations, whereas the poor correlation with magnetic
susceptibility indicates that no such correlation to natural
radioactivity exists in the rock samples of Kolli hills
(Nagamalleswara Rao 1995). But, it is to be considered
that, a near-positive correlation that was also observed
between kpp% and U (0.481), kgp% and Th (0.471), and
also between kgp% and dose rate D (0.472), SIRM/y cor-
relates significantly (p value < 0.05) with U, Th, and to the
derived radioactive parameters Daa, Din, Ragg, I, and
ELCR (R = 0.501-0.578). This shows that the grain size
dependence parameter also plays a significant role in
increasing the activity concentration of U, Th, and various
calculated hazard parameters.

T
India - Powdered rock o
® R samples 0.2’ um L
1000 + ' 5]
°
°
—9 . e ® 20725 .‘m:
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Z °
°
é °
=100 |- 1
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Fig. 6 The King’s plot (yarm versus y) for rock-powered samples
from Kolli hills
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Table 5 Clusters of rock samples with similar activity features obtained from a nonhierarchical k-means clustering analysis

Variable (Bq kg’l) Mean overall Cluster Al (n = 6) Cluster A2 (n = 6) Cluster A3 (n = 3)
Samples 3, 5, 7, 11, 14, 15 Samples 1, 4, 8, 10, 12, 13 Samples 2, 6, 9
Mean group p value Mean group p value Mean group p value
By 27.48 18.53 1.1IE—02 - - 45.64 1.7E—03
Z2Th 13.90 8.80 6.0E—03 - - 23.27 2.1E—03
K 73.87 63.04 3.0E—03 - - - -

Table 6 Clusters of rock samples with similar magnetic features obtained from a nonhierarchical k-means clustering analysis

Variable Mean overall Cluster M1 (n = 5) Cluster M2 (n = 7) Cluster M3 (n = 3)
Samples 8, 10, 13, 14, 15 Samples 1, 2, 3,4, 6,7,9 Samples 5, 11, 12
Mean group p value Mean group p value Mean group p value
7 (1078 m* kg™h 143.1 - - - - 378.0 8.9E—04
SIRM (107> Am* kg™") 9.1 - - - - 20.0 1.1IE—03
ARM (107% Am® kg™ ") 175.4 71.7 2.0E—02 - - 352.8 3.0E—03
Karm/K (a.u) 2.3 1.3 2.7E—02 34 9.2E—04 - -
ARM/SIRM (a.u.) 0.02 0.01 3.0E-02 0.03 7.5E—03 - -
H. (mT) 37.7 - - 43.1 1.2E—-02 27.1 1.0E—-02
SIRM/y (kA/m) 7.4 - - 8.9 2.8E—03 - -

From the cluster analysis (CA), two independent CAs
were obtained for magnetic parameters on one hand, and
on the other hand, for activity concentration of radionu-
clides. Both magnetic- and radionuclide-related variables
are not statistically correlated for this study case. Three
clusters for each kind of variables are detailed in Tables 5
and 6.

Sample nos. 3, 5, 7, 11, 14, and 15 belong to the Cluster
A1 with the lowest activity concentration of radionuclides
(Table 5). On the contrary, sample nos. 2, 6, and 9 are
grouped in Cluster A3 that has mean group values (45.64
and 23.27 Bq kg~ ! for **U and %**Th, respectively) higher
than the mean overall variable values (27.48 and
13.90 Bq kg~ for #*®*U and **’Th, respectively). Thus,
only sample nos. 2, 6, and 9 have values of 238y higher
than the world average value (UNSCEAR 2000) and may
be discarded for construction purposes.

The multivariate analysis for magnetic variables
involved concentration, grain size, and mineralogy-depen-
dent parameters, which is observed in Table 6. The first
group (Cluster M1, sample nos. 8, 10, 13, 14, and 15) is
characterized by  low  magnetic  concentration
(ARM = 77.7 x 107 Am® kg™!) and coarser magnetic
grains (i.e., lower values of ratios xKarm/k and ARM/
SIRM). The second group (Cluster M2, sample nos. 1, 2, 3,
4, 6, 7, and 9) shows concentration values statistically

@ Springer

similar to the mean overall, but it is characterized by finer
magnetic grains (i.e., higher values of ratios kagrp/Kx and
ARM/SIRM) and higher coercivity values than the mean
overall. On the other hand, Cluster M3 (sample nos. 5, 11,
and 12) is statistically different from the mean overall by
their high magnetic concentration
(7 =378.0 x 107® m® kg™, SIRM = 20.0 x 10~°
Am?kg™', and ARM =77.7 x 10°® Am* kg~") and
magnetic mineralogy evidencing low-coercivity minerals
(Her = 27.1 mT, Table 6).

From the magnetic point of view, samples from Cluster
M3 and Cluster M2 may be more appropriated for con-
struction purposes. These samples (nos. 5, 11, and 12; and
nos. 1, 2, 3, 4, 6, 7, and 9) have higher magnetic concen-
tration, and therefore, higher ferromagnetic mineral con-
tents (iron oxides) in these samples improve the properties
of concrete for construction purposes.

Conclusion

Using gamma-ray spectroscopy, the natural radioactivity
levels of 238U, 232Th, and “°K have been measured for the
rock samples collected from various altitudes of Kolli hills
in the Eastern Ghats of India. The activity concentrations
ranged between 12.97 and 49.89 Bq kg~' for **"U, 6.4 and
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27.05 Bq kg~ for ?*Th, and 51.85 and 95.84 Bq kg~ for
“0K. The mean concentrations of ***U (27.48 Bq kg™ "),
#2Th (13.90 Bq kg™"), and “°K (73.82 Bq kg™ ') are
21.49, 53.67, and 81.55% lower than the worldwide aver-
age values of 35, 30, and 400 Bq kg™, respectively. The
calculated mean air-absorbed dose rate is 24.17 nGy h_l,
which is 57.59% lower than the world recommended mean
value of 57 nGy h™'. All the derived radiological param-
eters (Daa, Din, Ragg, 1,, and ELCR) have mean values
lower than that of the permissible global values. This
confirms that the rock samples of Kolli hills emit low level
of natural radionuclides and can be extensively used for
building construction purposes. Magnetic properties of the
samples indicate that ferrimagnetic minerals are the main
magnetic carriers of Kolli hill’s rocks. Among the magnetic
minerals, magnetite with grain sizes between 0.2 and
20 pm are identified from parameters H.. (25.4-48.1 mT),
Karm/K (0.9-4.7), as well as plots SIRM/y versus H., and
7arM Versus y. From Pearson’s correlation analysis, the
present study confirms that U, Th, K, and SIRM/y con-
tribute greatly, whereas, grain size dependence parameter
kpp% plays a significant role in the various radiological
hazard parameters of Kolli hill’s rock samples. The mul-
tivariate analysis of activity concentration of radionuclides
indicates that most of the samples (Clusters Al and A2)
have lower activity than the world average value, except
sample nos. 2, 6, and 9 for B8y (Cluster A3). The cluster
analysis using magnetic properties, such as concentration,
mineralogy, and grain sizes, outcomes three clusters of
samples where Clusters M3 and M2 have higher magnetic
concentration (e.g., SIRM = 20.0 x 107> Am* kg™ ") and
low-coercivity minerals (e.g., H.,, = 27.1 mT), and there-
fore, higher ferrimagnetic mineral contents in sample nos.
4,5, 11, and 12 improve the properties of concrete if used
for construction purposes.
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