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Studies on rare earth elements (REEs) of river sedi-
ments from Kerala, India indicate that the average to-
tal REE (XREE) of clay and silt-sized fractions is much
higher than in Post-Archaean average Australian Shale
(PAAS). Peak high XREE for the clay fraction is found
in the rivers of central Kerala and, for the silt fraction,
it is in south and central Kerala. XREE shows a mod-
erate to strong correlation with Mn and P and, no cor-
relation with Al, Fe and Ti in both size fractions. XREE
also shows no correlation with heavy metals in the clay
fraction but a strong correlation in silt fraction. PAAS-
normalized REE shows MREE-enrichment in almost
all the samples. Further, LREE-enriched and HREE-
depleted REE patterns are characteristic of sediments
from south and central Kerala, and HREE-enriched or
flat REE patterns are characteristic of sediments from
north Kerala. Weak positive or weak negative Ce
anomalies are characteristic of the sediments. The Eu
anomaly is negative in a few silt fractions from south
Kerala and positive in all other sediments. Sm/Nd ratios
are high in the clay fraction and decrease with increas-
ing ZREE for the sediments of central Kerala. REE
enrichment and REE patterns are related to the felsic
component and heavy mineral content in the sediments
of south Kerala, adsorbed REE associated with the
weathering products of laterites in the sediments of
central Kerala, and the dominance of mafic component
in the sediments of north Kerala. The river sediments
of central Kerala may serve as a viable REE deposit
because of their high REE content, inexpensive mining,
easy recovery and extraction of REE. Only 21 out of 41
rivers of Kerala were analysed in this study. Detailed
exploration in other rivers may expand and confirm
the potential REE deposits and their economic viabi-
lity. This REE deposit is different from the placer sand
deposits on the beaches of south Kerala.
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RARE EARTH ELEMENTS (REEs) are a coherent group of
elements widely used as tracers to understand better the
geological evolution of the continental crust, provenance,
palaeoclimate and palaeoceanography, geochemical and
sedimentary processes associated with weathering, erosion,
transport and deposition of sediments in the riverine, estu-
arine and marine systems, and diagenesis' '*. Chemical
weathering of rocks is an important process, wherein mo-
bile REEs are removed, and immobile REEs are enriched
with the weathering products'’. REEs thus are not only
fractionated but also concentrated into REE deposits dur-
ing lateritization of bedrocks'®™"®. Cocker' reported high-
er REE content in weathering profiles and laterites than in
parent rocks. REE content was four times higher in the
laterites than in granites from the Riau Islands, Indone-
sia®’. Moreover, sedimentary REE deposits related to the
chemical weathering of rocks, known as Ion-Adsorption-
type Deposits (IADs), have been reported”’ ™ and mined
in South China®*?’.

The Kerala region is located in the southwestern part of
peninsular India, and its landscape is covered by thick lat-
erites. Bauxites have also been reported (Figure 1). At
least 41 west-flowing, rainfed, minor and medium rivers
drain the landscape of Kerala, bringing sediments from
bedrock and laterites®. The river sediments are expected
to contain weathering products of rocks and laterites, fur-
ther modified by erosion and sorting processes which oc-
curred during transport from the source to the sink site.
The purpose of this study is to determine: (a) the REE
sources in the clay and silt-sized fractions of sediments in
the rivers of Kerala and the factors controlling their distri-
bution and (b) indicate a viable REE deposit in the river
sediments. This REE deposit is similar to IAD, being
reported from the laterite soils of India. It is different
from the placer mineral deposits in the beaches of south
Kerala®’.

REE distribution in the Vembanad estuary, coastal and
shelf region of Kerala and impact of rare earth mining and
contamination of soil and water in the Chavara and
Kollam placer mineral regions has been reported” 2.
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Geology of Kerala

Kerala is bounded by the Western Ghats (mountain ranges)
in the east and the Arabian Sea in the west. Figure 1
shows the soil map of this state and the drainage basins of
rivers*>>>°. The Archean and Proterozoic rocks occur as
dominant bedrocks. Within the Proterozoic formations,
Khondalite Group, Charnockite Group, Sargur Group and
Dharwar Group of rocks are present. Broadly, the hinter-
land comprises khondalite—granulite—granite rocks intruded
by large pegmatites in south and central Kerala and Ar-
chean schists and charnokites with mafic granulites in north
Kerala. The Tertiary formations unconformably overlie
the bedrock and extend as a narrow belt along the coast.
They contain essentially variegated sandstone and clay with
lenticular seams of lignite. Quaternary sediments occur in
the coastal region. All these formations are covered by
thick laterites. Monazite-rich heavy mineral sands occur
abundantly in the beaches of south Kerala®®’.

A humid tropical climate prevails in the region with an
annual rainfall of ~3500 mm, and about 80% of the rain-
fall occurs only during the southwest (SW) monsoon. The
eastern part of Kerala is mountainous and is characterized
by forest soils in the upper region and alluvial sediments
in the coastal region. Laterites largely occur between the
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Figure 1. Rivers of Kerala from which sediment samples were collect-
ed for the present study. Soil map of Kerala, India is also shown™.
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forest soils and coastal alluvium (Figure 1). Both primary
(in situ) and secondary (detrital) laterites occur at different
topographic levels, and their composition varies from Fe-
rich to Al-rich types®®. The sediments collected at the lower
reaches of 21 rivers from Kerala have been analysed in
this study.

Materials and methods

For the present study, sediments were collected at the
lower reaches from the riverbeds of 21 rivers in Kerala,
between the Neyyar River in the south and the Chandragiri
River in the north (Figure 1). Van Veen Grab was used for
sample collection. The sediments recovered were silty clay
with <1% sand content. The clay (<4 pm) and silt (>4—
63 um) fractions of sediments were separated, dried at
<60°C and powdered. The powders were used to determine
the chemical composition. For REEs, closed acid digestion
using HF : HNO; mixture was adopted. Detailed procedure
for the preparation of sample solutions for REEs is given
in Saibabu et al.*’. REEs were analysed using a high-
resolution inductively coupled plasma mass spectrometer
(HR-ICP-MS, Nu Instruments, UK) at the CSIR-National
Geophysical Research Institute laboratory in Hyderabad.
Tables 1 and 2 show analytical data on REEs for the clay
and silt fractions respectively.

Results

Total rare earth elements and their relationship with
other elements

The total REE (XREE) content in the clay fraction of sedi-
ments ranged from 153 to 421 pg/g, with an average value
of 247.48 ug/g, significantly higher than that of the Upper
Continental Crust* (UCC: 148.96 ug/g), Post-Archaean
average Australian Shale’' (PAAS: 208.63 ug/g) and World
River Average Clay* (WRAC: 205.13 ng/g; Figure 2 and
Table 1). The average XREE was low in the rivers of south
and north Kerala but gradually increased to high values in
the rivers of central Kerala, with the highest ZREE corre-
sponding to the minor (48 km long) Karuvannur River
(Table 1). XREE was slightly higher than in PAAS in the
moderately long rivers (Muvvathupuzha, Periyar, Chala-
kudi and Bharathapuzha) of central Kerala (Figure 2).
>REE of the silt fraction ranged from 206 to 1080 pg/g,
with an average of 443.52 ug/g (Figure 2 and Table 2),
significantly higher than in the clay fraction (247.48 pg/g)
and World River Average Silt* (WRAS: 182.86 ug/g). Peak-
high XREE in silt was found in south and central Kerala,
with a similar trend to clay fractions in central Kerala.
>REE was low in sediments of north Kerala (Figure 2).
YREE of the clay fraction of sediments showed no cor-
relation with Al,Os, Fe,Os, K,O and TiO,, and moderate cor-
relation was found with MnO and a significant correlation
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with P,Os (Figure 3). ZREE of the silt fraction of sediments
also showed no correlation with Al,O3;, Fe,O; and TiO,,
but showed a moderate correlation with MnO and a signif-
icant correlation with K,O and P,Os (Figure 3).
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Figure 2. Total rare earth element (XREE) content in the clay and silt
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YREE of the clay fraction showed no correlation with
heavy metals such as Zr, Hf and U, but a significant corre-
lation with Th (Figure 4). ZREE, however, showed a sig-
nificant correlation with heavy metals in the silt fraction.

Sm/Nd ratios

The Sm/Nd ratios ranged from 0.174 to 0.218 in the clay
fractions of sediments, with relatively low values (av.
0.181) in central Kerala, followed by south (av. 190) and
north Kerala (av. 0.199; Figure 5 a). In the silt fraction, the
Sm/Nd ratios were again low (av. 0.159) in central Kerala,
followed by south (av. 0.168) and north Kerala (av.
0.185). The lowest Sm/Nd ratio corresponded to the sedi-
ments of the Karuvannur River in both fractions (Figure 5 a).
The average Sm/Nd ratio was higher in the clay (0.190)
than in silt fraction (0.171), UCC (0.174) and PAAS (0.184).

PAAS-normalized REE patterns

The PAAS-normalized REE patterns exhibited Middle-REE
(MREE) enrichment over Low-REE (LREE) and Heavy
REE (HREE) (Figure 6 and Tables 1 and 2). Further, in the
clay fraction, the LREE-enriched and HREE-depleted REE
patterns were typical of sediments from south and central
Kerala. In north Kerala, HREE-enriched and LREE-deple-
ted REE patterns were characteristic of the Chandragiri
and Thejaswini rivers. However, flat REE patterns with
near equal proportions of LREE and HREE were found in
other rivers (Table 1). The Ce anomaly (Ce/Ce*) ranged
from 0.95 to 1.13 in the clay fractions, with weak negative
Ce/Ce* in the sediments of central Kerala (Figure 7 a).
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Positive Eu anomaly was typical of all clay fractions (Fig-
ure 7 b).

The silt fraction also showed LREE-enriched and HREE-
depleted REE patterns in the rivers of south and central
Kerala. The highest (La/YD), and lowest (Lu/La), ratios
correspond to the Karuvannur river from central Kerala
(Table 2). In north Kerala, the Thejaswini River silt showed
HREE-enriched and LREE-depleted REE patterns, while
the Chandragiri River silt shows flat REE patterns with
near equal proportions of LREE and HREE (Figure 6).
LREE-enriched and HREE-depleted REE patterns were
characteristic of other rivers. Weak positive Ce anomalies
were typical in the south and north Kerala, and weak
negative anomalies in central Kerala (Figure 7 ). The Eu
anomaly was negative in the southernmost rivers and posi-
tive in all other samples (Figure 7 b).

Discussion
Part 1: Source sediments for REE

Lateritic REE enrichment: The REE content of river sedi-
ments is controlled largely by the composition of parent
rocks, intensity of chemical weathering, and mixing and
size sorting during transport'**. The Chemical Index of
Alteration (CIA) values of sediments (range: 87-95; Tables 1
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and 2) indicate that the source rocks have been subjected
to intense chemical weathering®. Under such conditions,
REEs get released as soluble ions from primary REE-
bearing minerals in the parent rocks and, in turn, associate
with the exchangeable sites on clay minerals, oxy-hydroxides
of iron and manganese, colloids and secondary phosphates'®
No correlation of XREE with oxides of Al, Fe, K and Ti in
the clay fractions indicates that clay minerals are not the
primary hosts for REE (Figure 3). Moderate to strong cor-
relation of XREE with MnO and P,0s in both the clay and
silt fractions illustrates that the released REEs may have
been adsorbed onto the oxides and hydroxides of Mn and
P (Figure 3)"'°. The major and trace element studies of
sediments indicated low SiO,/Al,O; and Fe,01/Al,O5 ratios
(Tables 1 and 2), enrichment of Al, Fe, Ti, Mn and P, and
depletion of Ca, Mg, Na and K relative to that of PAAS,
suggesting that the river sediments are similar to lateritic
soils®. Tn other words, the river sediments consist of intense
chemical weathering products of bedrock and laterites.
The correlation of ZREE with Mn and P in both fractions
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suggests REE adsorbed onto secondary weathering prod-
ucts is responsible for REE enrichment (Figure 3).
Relatively high ZREE (Figure 2), increase in XREE cor-
responding to a decrease in Sm/Nd ratios in the sediments
of central Kerala (Figure 5 a), and negative correlation bet-
ween XREE and Sm/Nd ratio (Figure 5 b) suggest signifi-
cant REE contribution is from lateritic debris. This is
because a large proportion of Nd is expected to get released
from REE-bearing minerals during intense chemical weath-
ering. The Nd thus released, in turn, associates with the
weathered residue, resulting in low Sm/Nd ratios. In the
above, we have suggested that the weathered residue is
from laterites. Therefore, high XREE coinciding with low
Sm/Nd ratios in the sediments from central Kerala suggests
that lateritic debris contributes to high REE. Ohlander et
al.*® reported the release of high Nd content from source
rocks during intense chemical weathering and its associa-
tion with the weathered residue, as a consequence, lateritic
soils exhibit low Sm/Nd ratios. The highest ZREE corre-
sponding to the lowest Sm/Nd ratio in the size fractions of
sediments from the minor Karuvannur River, central
Kerala, supports the argument that the lateritic debris may
not have transported the sediments over a long distance,
but abundantly deposited it within the drainage basins of the
river (Figures 2 and 5 ). Syvitski and Milliman*’ suggest-
ed that the small mountainous rivers discharge far more
sediments than the estimated amount based on their drain-
age basin areas. The Western Ghats are at ~50—80 km from
the coast in central Kerala. Therefore, it is possible that
large amounts of the weathered debris brought down from
the Ghats by small rivers must have accumulated within
their drainage basins in central Kerala. In other words, the
REE-enriched sediments associated with lateritic debris may
have occupied large areas in central Kerala. Relatively
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low XREE in the clay fractions of sediments from the riv-
ers of north and south Kerala are in accordance with the
geology in the hinterland and steep gradient of the West-
ern Ghats in the south, where clay fractions are transport-
ed further offshore.

REE enrichment from source rocks: In general, the REE
content is higher in the clay than in the silt and sand frac-
tions of sediments’. In contrast, low ZREE in the clay
fractions and high XREE in the silt fractions of sediments
from south Kerala suggest different sources for REE (Fig-
ure 2). A strong correlation of ZREE with heavy metals in
the silt fractions indicates that minerals rich in heavy metals
contribute to high REE (Figure 4). Heavy minerals are
considered important hosts for heavy metals and REE®.
High XREE and heavy metals (Zr, Hf, U and Th) content
in the silts of south Kerala (Table 2) and a positive corre-
lation between the two (Figure 4) suggest REE contribution
from heavy minerals. Marchandise et al.*® reported the
presence of monazite, allanite, florencite, xenotime and
zircon in clayey silt. Moreover, placer sands consisting of
monazite, zircon, rutile, sillimanite and garnet occur abun-
dantly in the beaches and coastal regions of south Kerala™.
A significant correlation of ZREE with Th and P,Os in
both fractions suggests that Th-bearing minerals (mona-
zite or apatite) may have contributed to REE (Figures 3
and 4). Therefore, heavy minerals in the silt fractions con-
tribute REE to the sediments of south Kerala (Figure 2). It
is not yet known why heavy minerals or heavy metals and
REE-rich silts are concentrated only in the rivers of south
Kerala. It may be because khondalite rocks in the Western
Ghats with steep slopes are located close to the coast in
south Kerala®*’. Moreover, the rivers draining the Western
Ghats in south Kerala are small’*®. As a consequence, the
heavy minerals eroded from the khondalites are transport-
ed over short distances and deposited in rivers and coastal
regions of south Kerala.

PAAS-normalized REE patterns and provenance: The nor-
malized REE patterns provide important clues for infer-
ring provenance composition. The MREE-enrichment
over LREE and HREE is typical of clay and silt fractions
(Tables 1 and 2 and Figure 6). At least three factors con-
tribute to MREE enrichment. (a) The clay fraction usually
shows higher MREE and HREE content than the bulk sedi-
ments*?. In this study, both the clay and silt fractions exhi-
bited high MREE content. (b) Intense chemical weathering
causes MREE enrichment in river sediments'. High CIA
values suggest intense chemical weathering in the drain-
age basins of the rivers and is probably a factor for MREE
enrichment. (c¢) Phosphate usually adsorbs more MREE than
LREE and HREE'. The positive correlation of ZREE with
P,05 and MnO in both fractions indicates that phosphate
and oxy-(hydr)oxide phases of Mn may have adsorbed more
MREE (Figure 3)"'".
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South Kerala: REEs fractionate during intense chemical
weathering. Since LREE are less mobile than HREE, more
LREE are retained with the weathering residue, and HREE is
carried away as complex ions. The LREE-enriched and
HREE-depleted REE patterns with negative Eu anomaly
(Figure 6 b), high XREE (Figure 2) and heavy metal content
(Table 2) in the silt from the four southernmost rivers in-
dicate that their probable provenance is from felsic rocks.
Because, felsic rocks are more enriched with heavy metals
and rare earths than mafic rocks and contribute to the LREE-
enriched and HREE-depleted REE patterns with striking
negative Eu anomaly™. Heavy minerals are an important
host for heavy metals. Mallik et al.*® reported monazite-
dominated placer minerals (monazite, zircon, garnet, silli-
manite, ilmenite and mica) in the coastal sediments of
south Kerala. We, therefore, suggest that the negative Eu
anomaly may be related to heavy mineral assembly in the
silt fraction. Garzanti ef al.”' reported that monazite, allanite,
apatite, ilmenite, magnetite and micas (biotite, muscovite
and vermiculite) exhibit LREE-enriched and HREE-depleted
REE patterns with negative Eu anomaly. A strong correla-
tion of REE with K,O in the silt fraction indicates that mica
or K-feldspar may have contributed to negative Eu ano-
maly (Figure 3).

The near-equal proportions of LREE and HREE with
(La/YDb), and (Lu/La), ratios close to 1, and positive Eu
anomaly are typical of clay fractions of the southernmost
rivers (Tables 1 and 2). Such REE patterns are expected
from the weathering of khondalites and granites intruded
by pegmatites in the hinterland. It is likely that the weathe-
red products from mafic rocks (basic and ultrabasic intru-
sions and garnetiferous gneisses) are admixed with those
from the primary felsic rocks, resulting in near equal pro-
portions of LREE and HREE.

Central Kerala: As mentioned earlier, the river sediments
here are derived from lateritic soils. The laterite profiles
exhibited stronger REE fractionation with LREE-enrichment
over HREE and pronounced positive Ce anomaly'*'®'"?',
The river sediments from Central Kerala indeed show en-
richment of LREE over HREE in both size fractions (Fig-
ure 6) but with weak Ce anomalies (Tables 1 and 2). We
suggest that the REE composition of river sediments may
not reflect the total weathering process, as the weathered
debris was altered and averaged during transport from the
weathering site to the riverbed. The highest (La/Yb), ratios
and XREE corresponding to the lowest Sm/Nd ratios in
both the fractions of sediments from the minor Karuvannur
River in central Kerala support the argument that the
weathering product from laterite is associated with the
river sediments. Hard rocks are exposed in the channels of
a few rivers, implying that the source rock may also have
contributed to total REE, especially in the silt fractions.
Source rocks in this region are charnockites and gneisses
intruded by granites and basic rock types. Therefore, we
suggest that the LREE-enriched and HREE-depleted REE
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patterns are controlled largely by the weathering products
of laterites and source rocks, modified by the sedimentary
processes during transport.

North Kerala: The HREE-enriched and LREE-depleted REE
patterns in both fractions of sediments from the Tejaswini
and Chandragiri rivers indicate the dominance of mafic
material in the hinterland (Archean schists and charnockites
with mafic granulites) (Figure 6). Although the sediments
in the other rivers of north Kerala are marginally enriched
with LREE, the ratio of (Lu/La), tending to become 1 implies
increasing proportions of the mafic component. Thorough
mixing, recycling and re-distribution of fine-grained sedi-
ments during transport, especially in heavy monsoonal
conditions, result in homogenization of the sediments and
uniform REE patterns.

Ce and Eu anomalies: Ce is a light REE and occurs as
Ce*" or Ce* in oxidizing conditions. When Ce(III) is oxidi-
zed to Ce(IV) at near-surface conditions, it forms CeO,, a
stable compound in the laterite soil layer and gives rise to
a positive Ce anomaly. A pronounced positive Ce anomaly
has been reported in intensively weathered profiles on var-
ious source rocks and lateritic profiles'®'®. However, the
weak positive Ce anomaly in the river sediments of south
and north Kerala indicates that the anomaly was altered or
weakened during the transport of weathered debris in the
rivers (Figure 7 a). Weak negative Ce anomaly in the river
sediments of central Kerala suggests that the weathered
debris represents either a weaker degree of lateritization or
mild reducing conditions (Figure 7 a). Saibabu et al.* re-
ported that the river sediments exhibit high kaolinite, follo-
wed by gibbsite and illite, suggesting sediments with early
stage lateritization or lateritized soils. Sanematsu et al.*'
reported weak Ce anomaly in the laterite profiles and sug-
gested that the profiles were kept in reducing conditions
due to the high groundwater level where REE were mobi-
lized. Su et al.'® found remarkable positive Ce anomaly in
the weathering profiles and poor or no Ce anomaly in the
river sediments. They suggested that the hydraulic, sorting-
induced mineral redistribution can homogenize the weath-
ering and pedogenic alterations and weaken REE fraction-
ation in the river sediments.

Eu anomaly in the sedimentary rocks is strongly litho-
logy-dependent. The positive/negative Eu anomaly in the
river sediments is generally attributed to the presence/
absence of plagioclase or related to the sediment mineral
assembly. As mentioned above, negative Eu anomaly in
silt is related to high heavy mineral content and felsic source
rocks in the hinterland (Figure 7 ). Positive Eu anomaly
and HREE-enriched patterns indicate the dominance of
the mafic component. The flat REE patterns with equal
proportions of HREE and LREE in the sediments of north
Kerala suggest reworking and homogenization of the sedi-
ments. Moreover, the moderate negative correlation between
(La/YDb), ratio and Eu anomaly suggests that the increasing
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felsic component decreases the Eu anomaly, which is more
distinct in the case of silt fraction (Figure § a). The clay
fractions showed more mafic components with a low
(La/YDb), ratio and relatively high positive Eu anomaly
(Figure 8a). The hinterland rocks are high-grade meta-
morphic rocks with charnockite and different types of
gneisses, with basic intrusives and migmatites. Allen et al.*
reported positive Eu anomaly for charnockites of south
India. The weathering product of these formations may
have contributed to the positive Eu anomaly. Mafic rocks
exhibit high Sc content, while felsic rocks show high Th
content. Th/Sc ratios higher than in UCC (0.72) indicate
dominance of felsic component, and lower ratios indicate
a more mafic component™>. A strong negative correlation
between Th/Sc and Eu anomaly suggests the dominance of
felsic component in the silt fraction of sediments in several
southernmost rivers of Kerala and the dominance of mafic
component in all clay fractions and some silt samples
(Figure 8 b).

>REE of the Kerala Rivers Average Clay (KRAC) was
higher than in WRAC. However, the normalized REE pat-
tern of KRAC resembled that of WRAC and UCC but dif-
fered from that of the Peninsular India Rivers Average
Clay™ (PIRAC) (Figure 6). This implies that the REE com-
position of KRAS is close to that of UCC. The REE pat-
tern of the Kerala River Average Silt (KRAS) distinctly
differed from that of WRAS with strong LREE-enrichment
and HREE depletion (Figure 6). This difference is due to
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the high heavy mineral content in the silt fraction of sedi-
ments from Kerala.

Sm/Nd ratios: The Sm/Nd ratios of sediments depend on
mineral composition and their age®. Clays are the ultimate
weathering products of rocks. High Sm/Nd ratio in the
clay fractions (av. 0.19) compared to the silt fraction (av.
0.174) and UCC (0.17) suggests dominance of basic rock
components. The gradual decrease in Sm/Nd ratios (to a
maximum of 0.14) (Figure 5 @) coinciding with an increase
in ZREE in the sediments of central Kerala (Figures 5 ¢ and
2) indicate that the released Nd during weathering was ad-
sorbed onto secondary weathering products, resulting in low
Sm/Nd ratios. In other words, sedimentary processes can
change the Sm/Nd ratios with a high degree of fractionation.
This statement contrasts with those of Viers and Wasser-
burg™, and Goldstein e al.’®, who stated that the Sm/Nd
ratios of river sediments do not change and remain close
to that of UCC. On average, the Sm/Nd ratios of river sedi-
ments in south Kerala are lower than those in north Kerala
in both size fractions (Figure 5a). This suggests increasing
proportions of mafic component in the river sediments as
one proceeds from south to north Kerala. This interpreta-
tion agrees with the earlier suggestion that felsic compo-
nent dominated the sediments in south Kerala, while mafic
component dominated the sediments in north Kerala.

Part 2: Prospects for a viable REE deposit in river
sediments

REEs are a group of 17 elements —the 15 lanthanides
(La—Lu), yttrium (Y) and scandium (Sc). They exhibit
high density, high melting point, high conductivity and high
thermal conductance, and are extensively used in modern
technology’’. Rare earth permanent magnets (REPMs) are
small, light-weight, high-strength magnets that are essential
components in almost all electronic equipment, modern
electric vehicles, hybrid cars, and in almost all green energy
applications, aerospace and manufacture of defence equip-
ment like missiles, rockets and guidance systems. REEs
are used in the renewable energy technologies such as wind
turbines, batteries and catalysts, and are often used as addi-
tives in glass fibres for fibre-optic applications and medi-
cal applications™. In view of different applications for
REEs, their demand has been ever-increasing, with a plau-
sible shortage in supply in the near future. Therefore,
REEs are globally considered as critical and strategic ele-
ments.

REEs occur in igneous, metamorphic and sedimentary
rocks. However, world resources and REE production pri-
marily comes from igneous®”®' (carbonatites and alkaline
rocks) and sedimentary deposits®>® (placers, bauxites,
laterites and ion-adsorption clays). Placers are the second
largest resource for REE and are formed by the erosion of
igneous source rocks. The placer minerals rich in REE are
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monazite, xenotime, ilmenite, garnet and cassiterite. Coun-
tries with notable placer deposits are the USA, Brazil, India,
Malaysia, Russia, Canada and Vietnam®'. The entire coast-
line of the Indian Ocean Region, i.e. the entire arc of Aus-
tralia, Indonesia, Thailand, Myanmar, India, Sri Lanka,
Kenya, Tanzania, Madagascar and South Africa is enriched
in placer minerals®. At present, China, Malaysia, India,
Brazil and Russia are engaged in mining and processing
monazite. However, some challenges (difficult extraction
and relatively expensive mining process) need to be over-
come in the exploration and exploitation of REE. Moreo-
ver, extraction may harm the environment since the host
minerals contain radioactive elements.

China dominates the world in reserves of rare earths
and accounts for 36% of the total global reserves®. China
produces ~90% of the global REEs, of which ~80% is expor-
ted to America. Countries in the European Union get 98%
of their rare earth requirements from China. Also, China is
not only a producer and consumer but also the controller
of REE processing technology®. Since 2005, China has
been threatening to withhold or restrict yearly export quo-
tas of REE ores in order to gain control over the global
market. Also, China had stopped the rare earth supply to
Japan in the past.

India’s status on REE and the need for exploration of new
resources: The primary REE deposits that appear promis-
ing in India are the xenotime deposits in Madhya Pradesh,
carbonatite—alkaline complex in Amba Dongar and Kamthai,
in Gujarat, and Siwana Ring Complex, in Rajasthan®®®®,
Sung Valley ultramafic alkaline carbonatite complex,
West Jaintia Hills and East Khasi Hills districts of Megha-
laya, and uranium, lithium, helium and REE deposits in
Arunachal Pradesh®. Placer deposits in the beaches of
Kerala, Tamil Nadu, Andhra Pradesh and Odisha, riverine
REE placers in Chhotanagpur gneissic terrain and areas of
Precambrian shields hold much promise for future REE
exploration®®®. Although India shares 5.7% of the world’s
reserves™, it imports most of its rare earth needs in finished
form from China. This is because mining and extraction
processes are capital-intensive, consume large amounts of
energy and release toxic by-products. Monazite from
beach placers is only mined in India for REE®". Indeed,
India has not focused much on rare earth extraction pro-
cesses. Keeping in view the recent US—China geopolitical
rivalry, continuing geopolitical tension between India and
China, and the global pandemic, China may threaten to
withhold or stop REE supply to the US and its allies. In
view of high demand for REEs, their prices are increasing
rapidly in recent years. Therefore, renewed global efforts
are necessary to research and develop rare earths. India
needs to focus on finding new resources and processing/
extraction technologies’”.

Global resources are contained in REE-bearing IADs.
China is producing rare earths largely from [IADs, which
also occur in Thailand, Brazil, Malawi, Madagascar and
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the Philippines’**>’®. REE are also enriched in bauxites
and laterites.

Here, we have documented REE enrichment in (a) clay
and silt fractions of river sediments from central Kerala
and (b) silt fractions of river sediments from south Kerala,
the former corresponds to the weathering products of lat-
erites and the latter being detrital and associated with heavy
minerals. The monazite-dominated placer mineral deposits
were reported in river sands and coastal regions of south
Kerala and are being mined for REEs at present. Indeed,
the REE-enriched silt fractions from south Kerala, reported
here, are similar to the placer sand deposits of south Kerala.
Moreover, silt in the rivers of south Kerala contains high
Th content (13.2-116.4 pg/g) (Table 2), with an average
of 51 pg/g, much higher than in UCC. Since Th is a radio-
active material, chemical processing of silt for concentrat-
ing rare earths may give rise to thorium-rich by-products.

We propose here that REEs that are associated with the
weathering products of laterites in river sediments from
central Kerala are similar to [ADs and may serve as a viable
deposit for the following reasons:

(a) Figure 9 shows the Rare Earth Oxide (REO) content
of the clay and silt fractions of sediments. The total REO
content of the clay (327—621 pg/g) and silt fractions (339—
1132 pg/g) of river sediments from central Kerala (Figure
9) is much higher than in the UCC* (239.51 pg/g), and
PAAS* (326.81 pg/g). The ZREO range of river sediments
(327-1132 pg/g) is within that reported for IADs from
China® (300-7000 pg/g), Madagascar** (300-3500 pg/g),
Africa (900—4000 pg/g), Asia (300-3300 pg/g) and South
America (3260 ug/g)”. Ram et al.”® noted that the REO
content of IADs varies widely from one deposit to another
and exhibits a high level of inhomogeneity within a deposit.
Despite the low REO content, IADs are considered econo-
mically viable because of the relatively easy recovery of
REEs using low-cost leaching techniques™. When com-
pared to IADs, the REO content of river clay is of low
grade and within the lower end of the > REO range reported
for IADs. Like IADs, recovery of clay from rivers is less
expensive, and no mining is involved. Since REEs are ad-
sorbed onto the weathered products of laterites in river
clay, low-cost leaching techniques can produce high-grade
REO products. In other words, almost no mining expenses
and low processing costs are the advantages, and REEs
can be extracted from river clay with ease and at a much
lower cost compared to IADs.

(b) TIADs exhibit both positive and/or negative Ce
anomalies, whereas the river clay of Kerala exhibits weak
positive or weak negative Ce anomalies.

(c) Positive Eu anomaly is characteristic of both river
clay and TAD.

(d) The average Th content in the clay fractions of river
sediments from central Kerala (14.3 pg/g) is close to that
of UCC (8.5 pg/g) and PAAS (14.6 ng/g). Although the
average Th content of the silt fractions (29.6 ug/g) of
sediments from central Kerala is slightly higher than the
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Figure 9. Total Rare Earth Oxide (XREO) content of sediments from different rivers in Kerala.

clay fractions, the highest XREE associated with the lowest
Sm/Nd ratios in silt from central Kerala suggests that the
REEs occur largely as adsorbed ions on weathered prod-
ucts of laterites, and may be easily extracted using low-cost
leaching techniques. Therefore, the river clay of central
Kerala may serve as a viable REE deposit.

Of the 41 west-flowing rivers in Kerala, only 21 analy-
sed in this study. Most of the rivers in Kerala are small*®
and bring sediments from the Western Ghats (mountainous
regions). The landscape of the state is covered with thick
laterites (Figure 1). Therefore, there may be stronger ero-
sion of laterites and their weathered products are not
transported far away, but deposited within the river basins
or on the lower slopes of the Western Ghats as secondary
laterites. Therefore, detailed exploration within the sedi-
mentary basins of the rivers from central Kerala may
prove worthy of finding economically viable REE depos-
its. Since India is importing REEs, it is time that it should
explore and focus on laterite-associated river clay for a viable
REE deposit. Exploration of river sediments may provide
a viable REE deposit.
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