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Abstract  

The present manuscript deals with the consequences of radioactive elements present in multiple hoarded granites on the environment 
using the Laser-induced breakdown spectroscopy technique. To the best of our knowledge, the occurrence of radioactive elements has been 
correlated with the geochemical model for the first time. The spot-wise detection of Granite using the point detection capability of the LIBS 
technique confirms the radioactive elements such as K40, Th, and U along with some other common elements such as Si, Mg, Fe, Ti, Al, Ca, and 
Li. The various colors present in each spot are explained based on the elements present in each spot. To characterize the quality of the Granite, 
the hardness of each spot has been calculated by LIBS spectral lines and compared with the conventional mechanical hardness technique such 
as the Mohs hardness test. An attempt has been made to explain the hardness of the granite with the geochemical model of radioactive elements. 
The hardness of each spot has been again allied with the plasma temperature and plasma electron density with appropriate explanation. The 
chemometric technique such as principal component analysis (PCA) and Hierarchy clustering analysis (HCA) has been employed to distinguish 
each spot qualitatively and quantitatively, both techniques are found in good agreement, and the results are equally supporting the result 
obtained by the LIBS technique.
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Introduction

Granites, light-colored plutonic rocks, are found as igneous 
rocks in nature. Igneous rocks may be Archean or post-Archean 
depending upon whether it is high metamorphism, volcanic 
process, or light metamorphism, volcanic process respectively 
[1]. Granite is generally found in gleaming color and has different 
morphology in nature which depends on the climate, soil, etc.  El-
Taher et.al. detected Na, Mg, K, Fe, Sc, Cr, Ti, Al, As, Fe, Mn Co, Zn, 
Ga, Rb, Zr, Nb, Sn, Ba, La, Ce, Nd, Sm, Eu, Yb, Lu, Hf, Ta, Pb, V, Th, and 
U in the granite rocks collected from the Aswan area in Southern 
Egypt [2]. Similarly, Umar et al. found emission lines of Si, Ca, 
K, Fe, Mg, Al, Na, and Li in the raw granite rocks acquired from 
deposits in the Hunza district, Gilgit area of Pakistan [3]. Rock/
Mines experts are very curious to identify before the exploitation 
of specific rocks (Granite) because it is necessary to inspect the 
constituents, nature, and features of the rock mass present in  

 
quarries and mines by mechanical fragmentation [4]. However, 
the design of mechanical equipment for fragmentation, hauling, 
drilling operations, and crushing depend to a large extent on the 
quality and quantity of textural characteristics data. It helps the 
mine managers in the selection of appropriate machinery for 
their different levels of procedure and initiate the optimum act 
of the equipment. The disparity in the resistance experience on 
different rock types is subject to the textural characteristics of the 
rocks [5]. Granites are molded according to the variability of the 
supplies from exterior decoration to the interior like flooring tiles, 
Kitchen counters, etc. [6]. For use in artificial jewelry as well as for 
building materials, spectacular and striking Granites from Gilgit- 
Baltistan deposits are being used in India as well as exported to 
Saudi Arabia, China, Russia, the Middle East, the United States, 
Malaysia, and other countries [7].
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Many researchers appealed that the application of Granite can 
conceivably be a source of harmful radiation as it encompasses 
some hazardous trace radioactive elements [8], it may contain 
∼0.5−4.7 ppm of Uranium(U), ∼1.6-10.7 ppm of Thorium(Th) and 
∼37−1100 ppm of radioactive potassium [9]. These radioactive 
elements are producing heat in the environment and are the 
cause to global warming, so it is burning necessity to address 
the radioactive property of Granite rock sample as well. Granitic 
rocks are unique among common rock types in having high 
concentrations of heat-producing radioactive elements, namely 
U, Th, and K [10]. The origin of heat-producing and other large-
ion lithophile(LIL) elements is from the middle and upper crustal 
levels of the earth, they may transport through various processes 
associated with high-grade metamorphism, metasomatism, and 
partial melting [8]. Potassium (LIL elements) has been found 
in Granites as an essential element of common rock-forming 
minerals as phlogopite, biotite and muscovite. Uranium (U) and 
Thorium (U) are also LIL elements, but because of their lower 
abundance, they are present mostly in trace amount in common 
rocks [11]. On the whole, the chemical behavior of U, Th and K 
is unequal, but all three being LIL elements, they show similar 
inclinations in large-scale processes. Geochemical and Cosmo-
chemical models predict the global mean ratios of occurrence as 
given by following relation [8]:

( ) ( )4  /   1.0 –1.3   10  /   3.7 – 4.0K U and Th U= × =

In the present manuscript, the above-mentioned ratio of the 
radioactive elements is verified by the LIBS technique. LIBS is 
based on emission spectroscopy and the details of this promising 
technique is discussed below.

Laser-induced breakdown spectroscopy (LIBS) has emerged 
as a subtle and consistent optical emission technique that is being 
used to investigate the elemental compositions of materials in 
the solid, liquid, or gaseous form [12-14]. In this technique, when 
given sample is irradiated with a high-power pulsed laser, the 
material is heated and get melted which forms a plasma plume 
that consists of atom, ions and electrons, such that the laser 
fluence is greater than the breakdown threshold of the material. 
The material ablation should be stoichiometric under the LIBS 
conditions, and finally, the identification and quantification of 
the species are achieved by examining the atomic and ionic lines 
emitted by the laser-produced plasma. It has been observed 
that the intensity of the atomic emission spectrum of a given 
materials in LIBS also depends on the matrices (hardness) of solid 
substances [13,15].

The hardness of a material is characterized by its resistance 
to permanent indentation and there are several hardness tests 
that can be used [16,17]. One of the most commonly employed 
techniques is the Vickers hardness test, Mohs hardness test etc. 
which requires the optical measurement of the indented area 
related to an applied load, these tests can be time-consuming, 

places geometric and size constraints on the samples and requires 
that samples have a good surface finish [18].

The laser-Induced Breakdown Spectroscopy (LIBS) technique 
has been successfully employed to determine the surface hardness 
of various solid samples which have different degrees of humidity 
such as concrete samples [19]. Z. Abdel Salam et al. [20] used 
the LIBS technique to measure the surface hardness of calcified 
tissues. They reported that in calcified tissues, the intensity ratios 
of Ca II / Ca I and Mg II / Mg I gave a direct correlation with the 
sample’s surface hardness of different types and demonstrated 
that there is a remarkable correlation between the surface 
hardness of solid samples and the intensity ratio of ionic to atomic 
emission spectral lines from the plasma. Additionally, the laser-
induced plasma parameters, namely the electron density and the 
plasma excitation temperature have been estimated as a function 
of the surface hardness of the selected samples [21]. The obtained 
direct proportionality between the plasma temperature and the 
sample’s surface hardness is due to the increased collisions in the 
plasma plume because of strong repulsive forces for harder targets 
[22]. Since the selected Granite sample is consisting of multiple 
spots having various colors and various surface morphology so 
it is necessary to apply chemometric technique to differentiate 
qualitatively.

Principal component analysis (PCA) and Hierarchy clustering 
analysis (HCA) techniques are used to differentiate each spot 
present in Granite rock sample. In one side where, PCA works 
by taking large number of data sets for each spot and form it 
co variant matrix finally grouped in 2D or 3D spaces according 
to the excess or trace amount of elements present in each spot 
whereas HCA may be applied to that sample where large data 
sets matrix (observations) are not necessary [23]. PCA and HCA 
are both unsupervised technique and both are used frequently to 
distinguish the sample in modern spectroscopy technique data 
set.

Therefore, the foremost objective of the present paper is 
to evaluate the practicability of the measurement, via the LIBS 
technique, of the radioactive elements and their environmental 
effect in multiple hoarded granite. Many other elements such 
as Si, Mg, Fe, Ti, K, Sr, Ba etc.  have been detected and the colour 
with surface appearance of each spot has been explained based 
on the relative intensity of the spectral lines of these elements. 
The relative surface hardness of the sample has been calculated to 
characterize the Granite sample of each spot and correlated with 
the Mohs hardness test which has been found in good correlation. 
Plasma parameter such as plasma temperature and plasma 
electron density also vary with sample matrix(hardness) which 
is also explained well. Chemometric technique such as PCA and 
HCA is applied well to distinguish each spot both results are in 
close agreement and explain/support well to the results obtained 
by the LIBS technique.
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Figure 1: [a] Photograph of the total Granites and [b] Annular part is encircled by blue color.

Figure 2: Resolved image of each spot of the big granite sample.

Figure 3: Experimental set-up for recording LIB spectra of granite sample.
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Materials and Methods

 Sample preparation

The photograph of the bigger size of the Granite sample 
is shown in Figure 1. The Granite sample is collected from the 
mining area of the district Mirzapur (U.P) India. In the shown 
sample of Granite, we have marked total thirteen spots including 
the annular region these spots have different colors and different 
surface morphology. To better understand the color of each spot 
and surface morphology, we have shown the resolved image of 
each spot in Figure 2.

 Experimental technique

The elemental configuration/identification of the granite 
samples is examined by optical emission spectroscopy i.e., LIBS. 
The elemental composition has been obtained by inspecting the 
optical emission spectra of the laser-produced plasma which was 
produced on the surface of the Granite sample. The experimental 
set-up is shown in Figure 3 which consists of a high-power 
Q-switched Nd: YAG laser (Continuum, Surelite III-10 USA) having 
4 ns pulse duration and 10 Hz repetition rate, which can deliver 
maximum energy of about 425 mJ at 532 nm. An energy meter 
(Genetec-e model UP19K-30H-VM-DO) was used to measure the 
laser pulse energy. A quartz lens (convex) of 10 cm focal length 
and a collection optics (UV-NIR light collection ME OPT007, Andor 
Technology, USA) was used to focus the laser beam on the target 
sample placed in air at atmospheric pressure and collect the light 
from the plasma. The plasma was generated by focusing the Nd: 
YAG laser beam with pulse energy of about 15 mJ at 532 nm and a 
laser spot size of about 0.5 mm after focusing, which corresponds 
to the laser fluence of ∼65 J/cm2. The target sample was placed 
on a rotatable stage to prevent crater formation and to provide a 
fresh location for the target sample. The spectrometer provides 
high resolution (FWHM of 0.1 nm) in the 200−510 nm region and 
low resolution (FWHM of 0.75 nm) in the wavelength region 200-
900 nm.

Result and Discussion

Qualitative analysis of LIBS spectra

(Figure 1a-b) is big granite marking of the thirteen spots. and 
Figure 2 is resolved image of each spots showing different color 
and texture.

A typical optical emission spectrum (Figure 4) consists 
of spectral lines of the constituent elements, which provides 
information about the major and trace elements present in the 
Granite sample. In Figure 4, we show the optical emission spectrum 
of granite rock in different spots covering the wavelength range 
from 240 to 500 nm.

The average spectrum of ten laser shots was recorded to 
avoid the surface inhomogeneity and to minimize the statistical 
errors. The spectral lines belonging to various elements in the 
spectra were identified with the help of the NIST database [24]. 

The emission spectra mainly consist of dominant spectral lines of 
Si, Ca, K, Fe, Mg, Li and Al along with the trace elements such as Sr, 
Ba U, Th. The spectrum in the wavelength region (265-310 nm) 
mainly contains lines of Fe, Ti, and Al along with a Si line. Some 
of the fine persistent line of radioactive elements such as Th and 
U, K along with Li are shown in following LIBS spectra (Figure 5).

The radioactive element Th line appeared at wavelength 
330.4(I), 360.9(II), 370.6(I), 371.9(I), 382.8(I) etc. as shown 
in (Figure 5a), U at wavelength 348.9(I), 351.4(I), 356.1(I), 
356.6(I), 358.4(I), 383.9(I), 385.4(I) etc. as shown in (Figure 5b), 
K at wavelength 766.4(I), 769.8(I) etc, as shown in (Figure 5c) 
and Li at wavelength 610.3(I), 670.7(I) as shown in (Figure 5d) 
respectively.

Analysis of the responsible elements present in the 
color of each spot

On observing closely, the colors of each spot are found to be 
different from each other. Therefore, it is necessary to find out the 
responsible elements for the appearance of the color. Spot_1 Mg 
and Fe are responsible for the silvery colour and chocolaty colour. 
Spot_2 contains Mg and Si therefore, it looks like silver white in 
spot_3 Ca, Fe is present along with the Si element so this spot is 
light white however the spot_3 consist of an ample amount of Fe 
but still it is light white because of the excess amount of the Ca 
element is present as shown in Figure 6.

Similarly, we may explain the color appearance of the 
remaining spots. The summary of the responsible elements of 
each spot has been given in Table 1.

Estimation of the relative hardness

As we discussed in the introduction section that 
hardness(resistance) is crucial property to distinguish the type of 
Granite. Hardness is the ability of a material to resist deformation, 
and it, generally, is determined by the conventional test (Mohs 
hardness, Vickers hardness, etc.) where the surface resistance 
to indentation is measured. This commonly used method of 
hardness tests is defined by the shape or type of indent, the size 
and the amount of load applied which is not an easy task. Now-a-
days, LIBS technique is frequently used to determine the hardness 
just by taking the ratio of ionic to atomic line (for example CaII 
(393.3)/CaI (422.7)) provided that the selected spectral lines 
should not be self-absorbed. To confirm that the selected lines 
is not self- absorbed, we have calculated partial self-absorption 
coefficient (KR (λ) (in m2 s−1)) of the lines.

It can be obtained by multiplying the self-absorption cross-
section (SL) of such line with the lower energy level population 
(C):

( ) .LKR S Cλ =

00.33 j
L ji

i

gmS A
T g

λ=
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where C is given by:
2 11.85001 5 ( )KR E m sλ −= −

where λ0 is the wavelength of the spectral line (in m), M is the 
atomic mass of the element, gi and gj are the statistical weights of 
the lower and upper levels, respectively, T is the temperature (in 
K), and Aji is the transition probability (in s−1), U is the partition 
function, Ei is the energy of the lower energy level, and Kb is the 
Boltzmann’s constant. For this purpose, we have placed respective 
value of each parameters of the selected lines (CaI & CaII) and 

calculated the partial self-absorption coefficient for CaII at 393.6 
nm, and CaI at 422.9 nm and found 2 11.85001 5 ( )KR E m sλ −= −  for 
CaII and 9.50078E−5 m2s−1 for CaI respectively. The selected 
calcium lines in our measurements have relatively low partial self-
absorption coefficient than calculated by Authors  K. Tsuyuki et 
al. which are found for CaII at 396.8 nm and CaI at 422.6 nm  are 
1.9618 E−5 and 9.6607E−5 m2 s−1 respectively [22].

Now, taking the ratio of ionic and atomic lines calcium 
elements we have plotted the bar plot showing the hardness of 
each spot.

Table 1: Spot location, its colour and corresponding responsible elements.

Sr.no. Spot location Spots color Responsible elements

1 Spot_4 Soily Si, Ca

2 Spot_5 Light brown Fe, Fe

3 Spot_6 Light blue Ti, Fe

4 Spot_7 Dark blue K, Li

5 Spot_8 Green Fe, Si

6 Spot_9 Light green Fe, K

7 Spot_10 Light soily Si

8 Spot_11 Soily Si, Ca

9 Spot_12 Green- brown Fe, K, Ti

10 Spot_13 Soily Si, Ca

Table 2: Average of the relative intensity of different radioactive elements (Th, U, K) and their ratios.

Spot Group Averaged value of Th (371.9) Averaged value of U (385.8)  Averaged value of K  -766.5 K/U x 104 Th/U

Group_I 13.34 24.97 583.7 0.002356 0.56

Group_II 8.17 13.54 1919.48 0.01417 0.6

Group_III 9.69 13.67 2052.31 0.015013 0.7

As we observe the bar plot (Figure 7) for the hardness of 
each spot of granite, we may categorize each spot in three groups. 
Group_I has spot_3, 6, and 11 with maximum hardness(highest). 
Group_II has spot_1,2,4,9,10,13 with moderate hardness(medium) 
and Group_III have spot _5,7,8,12 with minimum hardness (Low). 
The variation of hardness depends upon various factors such as 
grain size, crystallization condition, rolling temperature, crystal 
structure and their interatomic/bonding force etc. [25,26]. 
The reliability of the relative hardness calculated by the LIBS 
technique is validated further by applying the Mohs hardness test 
as discussed below.

Relation between Mohs hardness and LIBS hardness

The Mohs hardness is assigned with in the value between 1 
and 10. The larger the value, the harder will be the given mineral. 
Mohs hardness scale is the arrangements of ten reference 
minerals. In this test the hardness of minerals is defined as their 
resistance to being scratched [27]. So, by doing the successive test 

with reference successive reference specimens, we can closely 
estimate the Mohs hardness of the given minerals.

Figure 8 represents the correlation plot between the hardness 
measured by the LIBS technique (Intensity ratio) and measured 
Mohs hardness. The coefficient of determination (R2 = 0.9686) 
suggests that both techniques are indicating consistency in 
the result. In Figure 8, we see that three groups of hardness 
(highest, medium and minimum) are similar as calculated by LIBS 
technique hardness (Figure 7). Furthermore, Mohs hardness test 
requires scratching in the surface so it is destructive therefore 
hardness measured by the LIBS technique is the best technique 
to monitor the surface hardness of the samples because it is non-
destructive to the surface, real-time, portable, in-situ system and 
can be used under extreme conditions such as encountered in a 
nuclear reactor, ion accelerator or Tokamak. we may correlate the 
hardness of each spot based on the radioactive elements present 
in the granite sample as discussed in the following section.
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Figure 4: LIBS spectra of each thirteen spots having wavelength between 240-500nm.

Figure 5: Persistent spectral lines of Th, U, K, and Li at different wavelengths.

Figure 6: Relative intensity of the LIBS spectral lines of different elements.
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Analysis of radioactive elements of Granite for the 
environmental effect

Heat production by radioactive decay is among the main heat 
sources on the Earth [28]. The information of heat production in 
granitic rocks is pivotal for the thermal modeling of the Earth’s 
crust. Jaupart et.al. [10] found that Granitic rocks are unique 
among common rock types in having high concentrations of heat-
producing radioactive elements, namely U, Th, and K. Rudnick et 
al. [2] found that, although the chemical behavior of U, Th, and 
K is dissimilar yet they exhibit similar tendencies in large-scale 
processes. Geochemical models predict the following global mean 
ratios of radioactive elements occurrence:

( ) 4/ 1.0 1.3 10K U = − ×

( )/ 3.7 4.0Th U = −

Based on this model, we have also calculated the ratio of the 
concentration of the above-found elements using LIBS technique 
and tabulated them as follows (Table 2).

We have averaged the relative intensity of Th elements 
for Group_I spots and placed the value in the row of Group_I 
(Spot_3,6,11) also for U elements, we have averaged the relative 
intensity of Group_I spots and similarly for K element. The 
same procedure has been followed for Group_II and Group_III 
respectively.  From this Table 2, we may deduce that the group of 
spots having the lowest hardness shows a maximum ratio of K/U 
and Th/U and vice-versa. Irina M Artemieva et al. [8] reported 
that post-Archean rocks (lightly metamorphized low-volcanic 
sediments) have higher concentrations of heat-producing 
elements (HPE) than Archean rocks (heavily metamorphized and 
deep-volcanic sediments). Since, Group_III spots have greater 
heat-producing elements i.e., HPE (K/U, Th/U) so they must have 
been made of post-Archean-type rocks (Granite). As we know 
that post-archaeon rocks are low metamorphized and volcanic 
sediments so it must be minimum hardness therefore from the 
Table 2, we may infer that Group_III has the lowest hardness. 
Similarly, Group_I spot are made of Archean rocks (Granite) due 
to minimal concentration of HPE hence these spots reflect the 
highest hardness. Group_II spots are showing moderate hardness 
which means these spots have a blend of Archean and post-
Archean Rocks (Granite) due to these spots to have a moderate 
ratio of HPE hence indicating moderate hardness value.

To clear the relation between the hardness and the ratio of the 
radioactive elements we have plotted the correlation plot (Figure 
9a, b).

(Figure 9a) is the correlation plot between the hardness and 
the Th/U. Each point represents the average of spots of one group 
(as Group_I, II &III) which has approximately similar ratio of the 
Th/U and hardness respectively. The coefficient of determination 
(R2) = 0.9256 suggest that the occurrence of the radioactive 

elements varies with respect to the hardness coherently. Similarly, 
the ratio K/U shows proportional behavior with respect to the 
hardness (Figure 9[b]).

Plasma Parameters

Plasma temperature and electron density of plasma are vital 
parameters to know the actual characteristics of the selected 
sample. The study shows some significant variation in this plasma 
parameter with respect to variation in hardness [29]. Therefore, 
the viability of hardness measurement via the LIBS technique 
for Granite samples was evaluated. This was done by measuring 
the value of the plasma excitation temperature (Te) and plasma 
electron density (Ne) in the different spots of the granite samples.

Plasma temperature

Plasma temperature is the measure of the thermal kinetic 
energy per particle. Customarily, it is measured in kelvins or 
electron volt. The high temperatures are usually needed to 
sustain ionization, which is a defining feature of plasma. At low 
temperatures, ions and electrons tend to recombine into bound 
states atoms and the plasma will finally become a gas [30]. To 
determine the plasma temperature (Te), the Boltzmann plot 
(Figure 10) method from the LIBS spectral line intensities is 
used. Since, the relative intensity (Iki) of the spectral lines may be 
defined by the  equation:

The Boltzmann equation:

( ) ( )/ . /k
ki ki k S s

B

Eln I A g ln F C U T
K T
−

   = +   

comparing with the standard linear equation, it gives slope 
(m) and intercepts (qs) as follows:

( ) ( ).
1/ , , , . /k ki ji j k k s S S
B

Y ln I A g X E m q ln F C U T
K T

 
 = = = − =  

 

Table 3 shows the plasma temperature (Te) from six 
promising selected spots by using Boltzmann plot (Figure 10). The 
Spot_3&11 are having maximum hardness, Spot_1&2 are having 
medium value of hardness and Spot_5&8 are having minimum 
value of hardness.

Hardness v/s Plasma temperature plot

The viability of hardness measurement via the LIBS technique 
for granite samples was evaluated. This was done by measuring 
the value of the plasma temperature (Te) in the different sample’s 
spots using the Boltzmann plot (Figure 10) and tabulated in Table 
4.

From the above Table 4, it is obvious that the spot having a 
higher hardness value indicates a higher plasma temperature. To 
clearly understand the relation between hardness and Plasma 
temperature we have plotted a correlation plot (Figure 11). The 
coefficient of determination (R2= 0.9986) suggests that hardness 
of the Granite spots show proportional behavior.
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Figure 7: Hardness of the different spots from the big granite.

Figure 8: Correlation plot of Mohs hardness and LIBS hardness of the different spots from granite sample.

Figure 9: [a] Correlation plot Th/U, [b] K/U with hardness.

Plasma electron density

Plasma density often refers to the plasma electron density, 
that is, the number of free electrons per unit volume. For plasma 

to exist, ionization is necessary. The plasma temperature is mainly 
responsible to the ionization of a plasma which depends to the 
atoms that have lost or gained plasma electrons density. Moreover, 
the electron density is related by the average charge state of the 
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ions and density of electrons [31].

Hardness v/s Plasma electron density plot

From studying the well-isolated line of Si(288.1nm) in 
the plasma emission, the electron density (Ne in cm-3) can be 
estimated using the equation.

16
1/2 2 /10eNλ ω∆ =

where Δλ1/2 and ω are the FWHM of the Si line and the electron 

impact parameter respectively. 

Table:5 shows the plasma electron density with respect to the 
hardness. From the table we may easily infer that plasma electron 
density increases with respect to increase in the hardness value.

The correlation plot (Figure12) shows that the harder 
the sample, it has more electron density of the plasma plume. 
R2=0.9928 suggest that it is in good correlation with hardness and 
electron density.

Figure 10: Boltzmann plot of different elements in different spots.

Figure 11: Correlation plot of hardness v/s plasma temperature.
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Table 3: Plasma temperature of different location spot.

Sr.No. Plasma Temperature(K)

Spot_3 15800 ±150

Spot_11 16900 ±280

Spot_1 14500 ±200

Spot_2 13800 ±250

Spot_5 13100±300

Spot_8 12700 ±400

Table 4: Selected spots hardness and their plasma temperatures.

Spot location Hardness Plasma Temperature (K)

Spot_3 2.59 14500±200

Spot_11 2.82 16900±280

Spot_1 2.13 14500±200

Spot_2 1.98 13800±250

Spot_5 1.7 13100±300

Spot_8 1.58 12700±400

Table 5: Hardness and electron density of spots.

Spot location Hardness Electron density (Ne in cm-3) x1017

Spot_3 2.59 4.68

Spot_11 2.82 4.7

Spot_1 2.13 4.65

Spot_2 1.98 4.6

Spot_5 1.7 4.61

Spot_8 1.58 4.6

Crammers’ et al. [14,32] reported that the breakdown 
threshold of solids (hardness increase) is lower than that for 
liquids (loose matrix). Thus, in Granite having a greater hardness 
value, a minimal part of the leading pulse of the incident laser 
beam is consumed to attain the breakdown threshold, and the 
remaining pulse having large energy, is used to heat the plasma 
resulting in high plasma temperature hence the resultant plasma 
electron density of plasma increases. In addition to this, due to 
increase in the temperature, there is the increase of the ionic to 
atomic line intensity ratio because surface hardness is related 
to the competition between the ionization and recombination 
mechanisms in the plasma [26]. Hence, there could be a 
linear relationship between Plasma electron density, plasma 
temperature, and hardness. The different hardness spots can be 
visualized by applying the multivariate technique specially PCA 
score plot and HCA which can distinguish on the basis of the 
hardness as discussed in the subsequent section.

Multivariate Technique Analysis

A multivariate technique is used to deliver a qualitative 
assessment of the LIBS data [33]. Principal component analysis 
(PCA) is a statistical method and is used in discovering chemical 
relationships within a complex spectral data set and retain as 
much information as possible by performing linear regression 
in multidimensional space. PCA is totally based on finding the 
principal components describing the major/minor trends in 
the data set that simplifies the visualization of the distribution 
of sample, the observation of outliers’ spectra and reduces the 
variable.

A very standard statistical procedure, Hierarchy clustering 
analysis (HCA) provides a better alternative for visual 
representation of high-dimensional data, in this technique an HCA 
dendrogram incorporates the full dimensionality of the database 
[34]. HCA groups the analyte vectors according to their inter-
vector spatial distances in their full dimensional vector space [35]. 
The space-wise based HCA, grouped together that data, which has 
similar profiles chemically/mechanically. HCA is able to organize 
samples into a tree based on the basis of similarity/dissimilarity 
of their constituents.

Principal component analysis (PCA)

In this study, the spectroscopic data were analysed statistically 
via PCA with the help of commercial software (Unscrambler). The 
twenty-six LIBS spectra of the thirteen different spots (two spectra 
for each spot were used in the PCA analysis. PCA differentiate and 
classify the LIBS data in terms of discriminant score plot (Figure 
13). The clustering of data point in the score plot (Figure 13) can be 
explained in terms of hardness. Since, hardness of spot_3, spot_6 
and spot_11 is nearly same so these data are clustered positive 
side with respect to the PC_3 with variance 8%. The spot_5,7,8 
& 12 have the lowest hardness value so they are clustered on the 
negative side with respect to the PC_1 with maximum variance 
31%.  Remaining all spots such as Spot_1,2,4,9,10 &13 have 
moderate hardness so these are clustered altogether on the 
negative side with respect to the PC_1 with a slight amount.

Hierarchy clustering analysis (HCA)

The dendrogram of HCA was employed to envision differences 
amongst the selected different spots of Granite sample as shown 
in Figure 14. The twenty-six of the spectral data (intensity v/s 
wavelength) taking two spectra from each on the basis of the 
hardness all the spectral data are distributed according to the 
constituents and their surface morphology. The spot_8,5,7,12 
have the same hardness(lowest) and nearly the same morphology 
so they are clustered in one group. The spot_2,1,4,9,13 have nearly 
equal hardness(moderate) and hence the same morphology so 
they are clustered in another group. Spot_3,6&11 have maximum 
hardness value and nearly equal morphology so they are also 
formed a separate group (Figure14).
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Figure 12: Correlation plot of hardness v/s electron density.

Figure 13: Score plot of each spot of PCA.

Figure 14: Different spots showing in the dendrogram.
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Conclusion

In this paper, Laser-induced breakdown spectroscopy (LIBS) 
technique is skillfully used to investigate the adverse effect on 
the environment due to radioactive elements present in multiple 
hoarded granite and the obtained results successfully supported 
the geochemical model of radioactive occurrence. The point 
detection capability of LIBS technique ensured well the presence 
of radioactive elements such as K40, Th, and U along with common 
elements Si, Mg, Fe, Ti, Al, Ca, and Li. The color envisioned in each 
spot was initiated mainly due to the elements Si, Ti, Fe and Ca in 
various spots of the Granite sample. The hardness of each spot has 
been obtained by LIBS spectral intensity and compared with the 
Mohs hardness test. Both results displayed a decent correlation. 
It was concluded that spots having the maximum hardness value 
of the granite exhibited minimum occurrence of radioactive 
elements. Plasma temperature and plasma electron density have 
crucial relation and has been found that with the increase of the 
hardness both parameter increases linearly. The chemometric 
technique such as principal component analysis (PCA) and 
Hierarchy clustering analysis (HCA) are used to distinguish 
and explain the distribution of each spot clearly on the basis 
of hardness of each spot. Both techniques were found in close 
agreement, and also, both the results were equally supporting the 
result obtained by the LIBS technique.
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