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ABSTRACT

A combination of advanced characterisation techniques was
applied to study the structure, chemistry, and surface
morphological features of detrital zircon and monazite grains from
the coasts of Varkala and Kovalam situated in the south-west part
of India, showing implications to their metamict state, Rare Earth
Element (REE) chemistry, and provenance. Raman, X-ray
photoelectron spectroscopy (XPS), and Ultraviolet-Visible-near-
IR (UV-Vis-NIR) spectroscopic techniques were used to detect the
disorder in crystal structure due to self irradiation damage. The
rare earth, radioactive, and trace elements present in these minerals
were identified using high resolution inductively coupled mass
spectrometer (HR-ICP-MS). These studies are also complimented
by scanning electron microscope (SEM) analysis for under-
standing the morphological features. The present study depicts a
low degree of metamictization in natural detrital zircon and
monazite grains with information regarding their REE chemsitry
and the surface morphological changes that occurred due to
mechanical impacts caused during transportation and
deposition. These vivid datasets of information facilitate the
mining industry and scientific community for determining their
grades.

INTRODUCTION

The Indian coast is endowed with a good quantity of strategic
minerals such as ilmenite, zircon, rutile, monazite, sillimanite, garnet,
etc. (Gayathri et al., 2017). The major placer deposits in India are
Ratnagiri deposits (Maharashtra), Chavara (Kerala), Manavalakurichi
(Tamil Nadu), Bhimunipatnam (Andhra Pradesh), and Chatrapur
(Orissa) (Alietal., 2001). Apart from these important placer deposits,
many researchers have carried out detailed studies on other placer
deposits namely Thiruchendur-Ovari coast in Tamil Nadu
(Sundararajan, 2018), Cuddalore coast in Tamil Nadu (Viveganandan
et al., 2013), Ullal and Suratkal in Karnataka (Sundararajan et al.,
2009), Kanyakumari in Tamil Nadu (Sajimol et al., 2017), etc. The
studies include textural characterisation and depositional environment
of beach sediments (Gayathri et al., 2021; Sathasivam et al., 2015),
heavy mineral analysis (Angusamy et al., 2005), mineral recovery
(Rejith and Sundararajan, 2018), remote sensing exploration of beach
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minerals (Chandrasekar et al., 2011; Rajan Girija and Mayappan, 2019;
Rejith et al., 2020a, 2020b) and geochemical characterisation (Rejith
etal., 2021; Renjith et al., 2020; Sundararajan et al., 2010; Tirumalesh
et al., 2020).

The beach minerals are referred to as “strategic” because of their
high value in India’s economy obtained by their critical applications
in a wide range of areas (Nageswara Rao et al., 2001; Raju et al.,
2005). These minerals act as the source for many industrial products
such as rare earths, zirconium, titania, etc. The ilmenite, rutile, and
leucoxene are used for manufacturing titania products such as titania
pulp, titania metal, nano titania, etc. (Sundararajan et al., 2009).
Synthetic mullite for refractory applications is produced from
sillimanite sand, and garnet is used as an abrasive material for glass
polishing (Banerjee, 1998). High purity zirconia and zircon brick are
produced from zircon (Naher and Haseeb, 2006; Yamagata et al., 2008).
Monazite act as the primary source for rare earth elements (Rabie,
2007; Samsonov et al., 2015). The rare earth elements include the
fifteen elements in the lanthanide series (La to Lu), Sc, and Y (Balaram,
2019). The processing behaviour of beach minerals during
beneficiation is very important, and that can only be determined using
chemical characterisation techniques(Mitchell and Yusof, 1993). The
processing behaviour of ilmenite depends on Fe,O, content. Highly
magnetic and conducting ilmenite contains an average of 48% Fe,0,,
whereas, non-magnetic and non-conductive ilmenite contains only an
average of 34% Fe,0,. In the case of zircon also, high Fe,0, makes
the zircon magnetic due to the inclusions of magnetite. The lower
TiO, content makes the rutile non-conducting. All these factors
significantly affect the selection of appropriate magnetic and
conducting separating units for the beneficiation of these minerals.
Different types of beneficiation processes were adopted for beach sand
minerals based on their mineralogical and chemical composition
(Kumari et al., 2015). The type and composition are the main two
factors affecting the selection of treatment processes for beneficiation
of rare earth oxide minerals where these two factors can only be
confirmed using advanced characterisation studies (Ferron et al., 1991).
Apart from recovery of minerals, chemical beneficiation of minerals
like the separation of rare earth elements, Th and U from monazite,
can only be carried out after determining their geochemistry(Moustafa
and Abdelfattah, 2010).



The monazite grains from Chavara and Manavalakurichi deposits
were analysed for their chemical composition, surface morphology,
and crystal structure using ED-XREF, ICP-MS, XRD, and SEM-EDS
techniques(Anitha et al., 2020; Rajendran et al., 2008). The trace
elements and REEs present in zircon concentrate of beach sands from
Chavara and Manavalakurichi deposits were also analysed using
neutron activation analysis (Murali et al., 1983). The XRD and
surface morphological analysis was carried out for zircon sand from
Konark-Ramachandi coast, Orissa (Routray and Rao, 2011). The REE
and trace elements present in the zircon grains of the southern coast of
Tamil Nadu were determined using ICPMS (Angusamy et al., 2004).
The chemical composition of monazite grains recovered from
Chhatrapur in Orissa was studied using PIXE and EDXRF method
(Mohanty et al., 2003). REE geochemistry of monazite from
Bhimunipatnam- Konada coast in Andhra Pradesh was studied using
EPMA analysis (Bangaku Naidu et al., 2016). XPS provides
information regarding the chemical changes that occurred on the
mineral surfaces. In the case of zircon, the formation of Zr oxide or
hydroxide on mineral surfaces analysed using XPS suggests their
weathering rate (Balan. et al., 2001). XPS provides information
regarding the sorption of uranium (VI) species on zircon surfaces
(Lomenech et al., 2003). XPS and Raman spectroscopy helps to analyse
the metamictization that occurs in the zircon structure. The electronic
states of Ols and Si2p states help to study the electronic structure of
radiation-damaged zircon grains (Shchapova et al., 2010). The broad
Raman bands between 900 and 1000 cm' indicate metamictization in
detrital zircon (Zhang et al., 2000). The beneficiation of minerals,
especially zircon and monazite, truly depends on the physical and
chemical properties of these minerals. Advanced characterisation
techniques can be used for analysing the physical and chemical
properties such as the crystal structure, surface chemistry, chemical
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composition, and surface morphology which facilitates the grade and
potential applications of these minerals.

In the present work, the crystal structure, geochemistry, and surface
morphology of detrital zircon and monazite grains of Varkala and
Kovalam coasts in Kerala, south-west India, have been analyzed and
studied using advanced characterisation techniques such as Raman
spectroscopy, XPS, UV-Vis-NIR spectroscopy, ICPMS, and SEM-
EDS. The Raman spectroscopy, XPS, UV-Vis-NIR spectroscopy, and
SEM-EDS were carried out at CSIR-National Institute for
Interdisciplinary Science and Technology (CSIR-NIIST),
Thiruvananthapuram, Kerala, India. The ICPMS was carried out at
CSIR-National Geophysical Research Institute, Hyderabad, India

STUDY AREA AND PROVENANCE

The Varkala and Kovalam coasts are situated in the
Thiruvananthapuram district of Kerala, located in the south-west part
of India and bordered by the Lakshadweep Sea on its west (Figure 1).
Geographically, the Varkala and Kovalam are located at latitudes and
longitudes of 8°44’58.19"N, 76°41°41.23"E and 8°23°9.06"N,
76°58°42.23"E. The study area is situated between two major placer
deposits in India, such as Chavara in Kerala and Manavalakurichi in
Tamil Nadu. The beaches constitute medium to fine-sized sand with
good heavy mineral content. The Varkala and Kovalam coastal stretches
are endowed with a high concentration of ilmenite followed by
monazite, sillimanite, rutile, zircon, garnet, and leucoxene. Minor
presence of kyanite, hornblende, and sphene was also observed in
these regions (Rejith et al., 2020a). The Varkala shows maximum heavy
mineral content (THM%) of 52.33% with an ilmenite content of
30.985%. In the case of Kovalam, it is 80.04% with an ilmenite content
of 52.86%. The maximum monazite content of heavy mineral sands
of Varkala and Kovalam was estimated to about 17.44% and 18.05%.
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Fig.1. Study area map.
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The maximum content of zircon is reported to about 0.90% and 0.17%.
The minerals weathered from the host rocks (provenance) are
transported by west-flowing rivers originated from the Western Ghats,
and are deposited along the beaches by the actions of waves and long
currents. Geologically the Thiruvananthapuram district is mainly
occupied by Tertiary and Quaternary sediments on the west side along
the coastal tracts and Archean crystalline rocks on the east side. The
Archean crystalline rocks comprise khondalites, charnockites, and
migmatite groups. The khondalites, charnockites, and the outcrops of
pegmatites and quartz veins are the primary sources of these minerals.
Apart from these, the Tertiary sediments and weathered laterites also
play a significant role in the presence of these heavy minerals along
the coast (Krishnan et al., 2001).

MATERIALS AND METHODS

Raman spectra for zircon and monazite were measured using a
confocal Raman microscope (WI-Tec, Inc., Germany, alpha 300R).
The XPS spectrum of zircon was taken using Multilab 2000
(Thermofisher Scientific, U.K.). The UV-Vis-NIR spectra were
measured using Shimadzu UV-VIS- NIR spectrophotometer (UV-
3600). The powdered bulk mineral samples were digested using HF:
HNO, acid mixture (Satyanarayanan et al., 2018), and the content of
REE, radioactive elements, and the trace elements were measured using
HR-ICP-MS of make Nu Instruments Attom®, UK at CSIR-National
Geophysical Research Institute, Hyderabad, India. The SEM images
were taken using JEOL make model JSM5600 LV. The chemical
composition of minerals were measured using EDS instrument Silicon
Drift Detector”X-MaxN attached to the SEM of Carl Zeiss make
EVO18 model. The Raman spectroscopy, XPS, UV-Vis-NIR
spectroscopy, and SEM-EDS were carried out at CSIR-National
Institute for Interdisciplinary Science and Technology (CSIR-NIIST),
Thiruvananthapuram, Kerala, India.

RESULTS AND DISCUSSION
Zircon - ZxSiO,

Zircon having a tetragonal structure (/4 /amd and Z = 4) formed
by a chain of edge-sharing and alternating SiO,, tetrahedra (Hazen and
Finger, 1979). Theoretically 12 Raman active normal modes
represented as 2A1g + 4B1g + B,, + 5E,_ in which the internal modes
are 2A1g + 2B1g + Bzg + 2Eg and external modes are 2B1g (translatory)
+ 2Eg(translatory) + Eg(rotatory) (Dawson et al., 1971; Zhang et al.,
2000). The internal modes, along with their assignments and the
external modes for zircon, are listed in Table 1 (Hoskin and Rodgers,
1996; Syme et al., 1977). The Raman spectra of zircon from Varkala
and Kovalam are shown in Fig.2(a). The o-decay radiations from
radionuclides and their daughter products bring crystal disorders to
natural zircon (Lumpkin, 2001; Weber et al., 1997). This causes the
v4(Si0,) frequency mode between 850 and 1100 cm™, to become
broader and weaker (Balan. et al., 2001; Nasdala et al., 1995; Zhang
et al., 2000). High radiation damage may cause loss in the periodic
crystal structure of zircon and this state is termed as the metamictization
of zircon (Holland and Gottfried, 1955). Metamict is defined as a
state of a periodic or amorphous (Ewing, 1994). The Varkala and

Table 1. Raman frequencies (cm™) of Zircon

Symmetry Assignment Raman peaks
(cm™)

Internal modes Si-O p stretching 1008

Blg

Alg Si—O u, stretching 978

Alg Si-O u, bending 439

Bzg Si-O u, bending 270

External modes 207, 225, 357, 395
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Fig. 2. Raman spectra (a) zircon; (b) monazite.

Kovalam zircon grains show a clear, well-defined peak at 1008 cm™
corresponds to u, (Si0,) stretching (Dawson et al., 1971). The well-
resolved and sharp peaks indicate less metamictization and a well-
crystallized structure for zircon samples. The XPS peaks of the zircon
are shown in Figure 3 (a-d). The Zr 3d photo-peak decomposed into
3d,,, at 182.95 eV and 3d,, at 185.52 eV. The Si 2p spectra were also
fitted with two Gaussian components of Si,2p and Si,2p at 101.10eV
and 102.27 eV (Balan. et al., 2001). The O1S represents a superposition
of oxygen atoms such as O, and O, at 530.96 eV and 531.36eV. The
energy of O, 1s corresponds to regular atoms of the three-coordinated
oxygen in ZrSiO,, and that of O,Is corresponds to defect oxygen
atoms assigned to defect SiO;™ and SiO) (Shchapova et al., 2010).
The absence of any additional components or variations for Zr3d
photo-peak suggests less Zr enrichment or less chemical change
occurred on the surface of detrital zircons (Balan et al., 2001). It further
supports the better resistance of zircon to weathering and less chances
of radiation damage (Balan et al., 2001). The UV-Vis-NIR spectrum
of zircon is given in Figure 4(a). It helps to analyze the effect of
natural radiation, and thereby the extent of metmictization occurred
in zircon. Natural radiation in detrital zircon grain results in the
replacement of zirconium with uranium atoms. This can be identified
by analyzing with UV-Vis-NIR spectroscopy. The sharp lines of
absorption spectra below 600nm in zircon is due to f-f electron
transition caused by the presence of U, Th, and rare earth elements
(Chen et al., 2011). But in the case of natural zircon, these sharp lines
are weak and faint denoting less chances of radiation damage (Nasdala,
2003). The results of Raman, XPS, and UV-Vis-NIR spectroscopy
clearly denote less metamictization and a well-crystallized
structure for detrital zircon grains.

The rare earth and trace elements present in zircon samples of
Varkala and Kovalam are shown in Figure 5 (al-a2) and Figure 5 (b1-
b2). The precision and accuracy of the trace element analysis is less
than 2% RSD and 5% RSD for pg/mL and ng/mL-pg/mL levels in the
original samples. The total rare-earth content of Varkala and Kovalam
zircon are 1574.08ppm and 1823.39ppm with a maximum for Ce,
followed by La, Nd, Y, Sc, Pr, etc. The Ce content in Varkala and
Kovalam zircon are 605.217ppm and 651.110ppm respecively. The
zircon from the Kayamkulam—Thottappally placers, Kerala, southwest
India also shows a high concentration of Ce (79.52 — 7615.19ppm)
followed by La, Nd, and so on (Nallusamy, 2015). The trace elements
present in Varkala and Kovalam account for about 1.781% and 1.753%,
in which Zn exists mainly with a concentration of 1.114% and 1.011%,
followed by Pb, Hf, Sr, Ba, Th, Cu, etc. The radioactive elements are
also present in zircon. The Th content of Varkala and Kovalam zircon
are 236.002ppm and 208.843ppm, whereas the U content is
118.049ppm and 151.058ppm. The chondrite—normalised REE
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Fig. 3. XPS results of zircon (a) Wide scan XPS spectra, and high resolution scans of (b) Zr3d, and (¢) Si2p, and (d) Ols.

patterns (Taylor and McLennan, 1985) are given in Fig. 6(a). Like
other placer deposits in Kayamkulam, Thottappally, southwest India,
the zircons of the present study area also show enrichment for LREE
compared to HREE (Nallusamy, 2015). Moreover, a positive Ce-
anomaly and a negative Eu-anomaly were also observed (Fig. 6 (a)).
This anomalies are characteristic features of unaltered igneous zircon
(Hoskin and Schaltegger, 2003). The redox conditions during zircon
crystallization from magma make the Eu exist in the state of Eu**
causes negative anomaly for Eu (Murali et al., 1983). The Eu having
a larger ionic size, which is against other trivalent rare earth elements,
results in its least preference during crystallization, and the preferential
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uptake of Eu by other phases may cause negative Eu anomaly for
detrital zircon (Belousova et al., 2006). The variation in REE
concentration reflects the multi-source origin of detrital zircon grains
(Hoskin and Ireland, 2000). However, the bulk zircon grains from
Varkala and Kovalam have similar REE patterns (Fig.6(a)), which
implies the same origin for zircon. Figure 8 shows the SEM
micrographs of detrital zircon grains. Zircons are usually stable and
well-developed with rounded edges with high relief (Fig.8 (a-f)). The
rounded edges suggest a long history of transportation. Presence of
more rounded zircon grains in the present study area may be a
significant contribution of offshore as suggested by (Mallik, 1986a).
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Fig.4. UV-Vis-NIR spectra (a) zircon; (b) monazite
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Inclusions, impact V’s, and irregular pits of different shapes are seen
on the surface. Zoning effects were also noticed on the grains (Mallik,
1986b). These features clearly suggest the derivation of detrital zircons
from the charnockite suite of south-west India (Nallusamy, 2015).
During transportation, mechanical abrasion may cause the formation
of broken grains with many marks and cracks on the surface (Fig. 8
(a, e)). The grain-to-grain collision in the aquatic medium creates V-
shaped pits (Roger Higgs (2), 1979). The solution activity causes
grooves on the surface-oriented in different angles (Nallusamy, 2015).
Even though the khondalite and charnockites of the Western Ghats
act as the main source of zircon grains, the incipient charnockite
produce a comparatively more number of rounded detrital zircons
(Kumar and Narayanaswamy, 1995; Soman, 2002). Figure 9(a) and
Table 3 show the SEM-EDS results of the zircon grains. The SEM-
EDS of the zircon grains show high content of Zr followed by Si
(Routray and Rao, 2011). The Zr and Si content obtained by
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SEM-EDS is 45.35% and 12.90% (weight percentage), which are
also comparable with the zircon from Kayamkulam, Thottappally,
southwest India (Nallusamy, 2015). The surface morphological
analysis and REE chemistry prove that the detrital zircon of the
study area are derived from khondalites and charnockites units, which
are commonly seen in the coastal hinterland of the southwest part of
Kerala.

Monazite

Monazite is a light rare-earth orthophosphates mineral with the
general formula MPO, where M = La to Gd. It belongs to the
monoclinic system (space group C52h ) consists of four formula units
per unit cell. The M and PO, occupy the general C1/ sites. About 36
Raman-active modes (Ag+Bg) are feported for monazite (Ce) as
represented by its optical modes as A = 18Ag +17A, + 18Bg +16B,
(Sundararajan et al., 2021). The free (PO,), ion shows the normal
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Fig.8. SEM images of zircon
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modes, such as v, v;, v,, and v, correspond to symmetric stretch
(A1), antisymmetric stretch (F2), bending (E), and (F2) vibrations.
The distinct Raman peaks in the range 970- 1075 cm”" correspond to
internal PO, stretching vibrations (Sadeghi et al., 2020). The Raman
modes of monazite were clearly shown in Figure 2(b) and Table 2.
The PO, bending together with the external vibrations of Ce** ions
and [PO 4]3’ units cause peaks below 620 cm™ (Simpraditpan et al.,
2013). The strong peak at 972 cm™ corresponds to symmetric stretching
of the PO, tetrahedrons caused by both Ag and Bg modes. Compared
to zircon, monazite doesn’t exist in the metamict state, even though it
contains a large amount of U and Th (Ewing, 1975). In natural
monazite, the radiation damage is limited to isolated areas within the
crystal. So radiation damage in monazite is studied by external
irradiation or by annealing above the critical temperature where
amorphization happens (Meldrum et al., 1998). On annealing the
monazite to a temperature of 1200°C, v,(PO,) band shifts from 972
to 974 cm’! with a decrease in FWHM (Seydoux-Guillaume et al.,
2002).

The UV-Vis-NIR spectrum of monazite is shown in Figure 4(b).
Two absorption bands of 213nm and 274nm in the UV region
correspond to the transition of 2F5 , (ground state) to 2D5 , and 2D3 "
levels (excited state). The weak extension noticed from 300 to 450nm
corresponds to the presence of Ce**. The peaks around 1465nm and
1964nm in the NIR region corresponds to the presence of phosphate
(Verma and Bamzai, 2014). The rare earth elements, radioactive
elements, and trace elements present in monazite are shown in Figure
7. The total REE present in monazite from Varkala and Kovalam are
40.736% and 42.599%, with major content of Ce (19.821% and
20.814%) followed by La, Nd, Pr, Sm, Gd, Y, etc. The earlier
determined ~REE using ICP-MS for Chavara and Manavalakurichi

Electron Image 1

e ——1
100um

Electron Image 1

Fig.9. SEM-EDS results. (a) zircon; (b) monazite.
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Table 2. Raman active frequencies (cm™') of Monazite

Symmetry Assignment Raman peaks (cm™)
Bg Lattice 89
Ag Lattice 105
Ag Lattice 151
Bg Lattice 173
Ag Lattice 181
Ag/Bg Lattice 219
Ag/Bg Lattice 227
Ag Lattice 256
Ag Lattice 276
Ag/Bg Lattice 400
Ag/Bg Lattice 418
Ag/Bg v, 469
Ag/Bg v, 621
Ag/Bg v, 972
Ag /Bg vy 1058

Table 3. SEM-EDAX results of zircon

Element Weight (%) Atomic (%)
ZrL 45.35 13.94
Si K 12.9 12.88
OK 41.75 73.18

monazite is 48.42% and 56.61%, which are comparable to the current
results (Rajendran et al., 2008). The Ce content for monazite from
Chavara and Manavakurichi is 23.83% and 27.68%, which comes
very close to the results of the present study. The Ce present in highest
concentration followed by La, Nd, Pr, Sm, and so on. The concentration
of radioactive elements such as Th and U present in Varkala are 6.312%

2 4 6 8 10

2 14 16 18 20
ull Scale 2429 cts Cursor: 0.000 ke

Full Scale 3367 cis Cursor: 0.000 keV]
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Fig.10. SEM images of monazite.

and 0.304%, and that of Kovalam are 6.359% and 0.320%. The ThO,
and U,O, content for Chavara and Manavalakurichi monazite normally
observed around 10.50% and 0.04%, which are comparable to the
current results (Rajendran et al., 2008). The trace element content of
Varkala and Kovalam samples is 1.98% and 2.16%, in which the Zn
exists majorly, followed by Pb, Ga, Sr, Zr, Ba, etc. The chondrite—
normalised REE patterns for bulk monazite grains are drawn by (Taylor
and McLennan, 1985) are given in Fig.6(b). It shows a greater
enrichment for lighter rare earth elements with a prominent negative
Eu anomaly, which is also similar to Chavara and Manavalakurichi
detrital monazite (Rajendran et al., 2008). The less variation in REE
abundance for both Varkala and Kovalam monazite suggests the
existence of the same provenance rocks act as the origin of monazite.
The variation in Ce content is 0.993%, which is very less compared to
the reported values of Chavara and Manavalakirichi (about 4.45%)
(Rajendran et al., 2008).

Figure 10 gives the SEM photos of monazite. Figure 9(b) and
Table 4 show the SEM-EDS results of monazite. The monazite is
usually seen as highly rounded in shape with moderate relief (Fig.10
(a-d)). Irregular pits oriented in different directions are noticed (Figure
10 (b and d)). Cleavage-controlled blocky fractures due to the removal
of blocks (Figure 10 (e and f) were formed due to precipitation. Impact
effects cause linear, curved, or irregular features, sometimes they
coalesced on the surface (Fig.10 (e)). The morphology clearly indicates
the polycyclic nature of the grains occurred due to high physical energy
conditions, long transport, and solution effects of grains (Mallik,
1986b). The high content of rare earth elements (Ce, La, and Nd),
radioactive elements (Th and U), and P confirms that the minerals are
monazite. The Ce content estimated through EDS analysis is 14.31%

Table 4. SEM-EDAX results of monazite

Element Weight (%) Atomic (%)
CeL 14.31 2.3
LaL 6.99 1.13
NdL 4.8 0.75
Th M 5.81 0.56
UM 0.15 0.01
PK 9.84 7.14
CaK 0.8 0.45
FK 0.09 0.11
OK 41.89 58.87
CK 15.31 28.67
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(weight percentage), whereas that for Chavara monazite is 21.42%
(Anitha et al., 2020). The SEM-EDS also shows the minor presence
of Ca and F (Anitha et al., 2020).

CONCLUSION

Detailed studies on the crystal structure, REE chemistry, and
surface morphology of detrital zircon and monazite grains collected
from the coasts of Varkala and Kovalam, southwest of India,
were carried out using Raman spectroscopy, XPS, UV-Vis-NIR
spectroscopy, HR-ICP-MS, and SEM-EDS analysis. The Raman-
XPS peaks confirm less metamictization for zircon and monazite
samples. The REE chemistry and surface morphological studies
provide information regarding the provenance of detrital zircon and
monazite. Further, the SEM images show the mechanical impacts and
solution pits, a clear indication of weathering and long transportation
process.
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