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Abstract: The clay mineralogy and major and trace element geochemistry of the sediments
deposited at the lower reaches of 90 medium and minor rivers from five states along the
west coast of India indicate distinct clay mineral assemblages in the Archean–Proterozoic
(A-P) terrain and Deccan Trap (DT) terrain. The sediments from A-P terrain are dominated
by kaolinite, with minor illite and gibbsite and traces of goethite, and those from DT terrain
are dominated by smectite with minor illite, kaolinite and chlorite. The sediments are
depleted of Si, Ca, Mg, Na and K relative to those of Post-Archean average Australian
Shale. The SiO2/Al2O3 ratio of the sediments suggests lateritic soils in the A-P terrain and
non-lateritic, chemically weathered soils in the DT terrain. Weathering indices indicate
strong weathering in the clay fractions of all sediments. The silt fractions of sediments
from Goa, Maharashtra and Gujarat exhibit intermediate to weak weathering and influence
by hydraulic sorting processes and source rock characteristics. The total trace element
content (∑TE) was higher in the silt fractions than in clay fractions of all sediments, and
peaks of high ∑TE occur in the silt fractions of Kerala and Maharashtra. The silt fractions
exhibit relatively high Th, U, La, Zr and Hf from A-P terrain, and high Sc, Cr, Co, Ni,
V and Ga from DT terrain. The Th/U and Rb/Sr ratios are controlled by the intensity
of weathering and lithology of source rocks. The standard plots using trace elements
reveal that the clay fractions of sediments are more mafic from both the terrains, while silt
fractions exhibit intermediate provenance between felsic and mafic sources. Since mafic
component-dominated clays are transported to the adjacent seas and oceans, it would be a
challenge to identify the provenance of clays from granitic terrain in the oceans using trace
element chemistry.

Keywords: fluvial sediments; trace elements; Western Ghats; Deccan Trap terrain; Archean–
Proterozoic terrain; chemical weathering; provenance

1. Introduction
Rivers are the most significant dynamic systems which erode the earth’s surface

and transport weathered continental material to the oceans. The composition of river
sediment can be influenced by factors such as the type of source rocks, climate, low and
high relief, the degree of chemical weathering, transport and post-depositional diagenetic
effects [1–12]. The river sediments thus provide cumulative information on the composition
of the continental crust, impact of weathering, tectonic setting of the source terrain and
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sedimentary processes associated with transportation and deposition [13–24]. It is, however,
possible to point out the influence of these parameters from the mineral and chemical
characteristics of sediments. For example, tropical climatic conditions are associated with
high precipitation and intense chemical weathering [25]. Chemical weathering causes
chemical degradation of rocks, resulting in high dissolved load of mobile elements and
enrichment of immobile elements in the sediments, and high sediment yield into the rivers.
The erosional products of chemical weathering are finer than those derived from physical
or mechanical weathering. The geomorphology of the terrain influences the sediment
characteristics. For instance, steep slopes promote more physical weathering and produce
relatively coarser sediment. Sediment texture, mineralogy and chemistry are modified
by hydraulic sorting processes during transport [20]. Post-depositional processes such
as diagenesis modify the sediment composition, depending on oxic, sub-oxic and anoxic
conditions in the sediments. However, recent sediments exhibit little or no diagenetic effect
on sediment composition [25].

Numerous studies have investigated the mineralogy and geochemistry of the sedi-
ments from large as well as small rivers to better understand the provenance and impact
of chemical weathering on source rocks [7,20,22,26–40]. The sediments from large rivers
provide cumulative information on weathering and provenance, as they usually drain
through different rock types and experience different climatic conditions during transport.
On the other hand, the sediments deposited by small rivers are more helpful to provide
information on the weathering and nature of source rocks, because their catchment areas
experience relatively homogeneous climatic and lithological settings [20,41]. The sediment
mineralogy and major element chemistry (mobile and easily leachable elements) have
been used to deduce the weathering history [18,42], while immobile trace elements, such
as La, Zr, Sc, Cr, V, Th, Hf and Yb have been used for provenance [17,42–44]. A variety
of weathering indices based on geochemical analysis have been used to understand the
intensity and type of weathering. Recent studies, however, suggest that the weathering
indices are affected by source area lithology, hydraulic sorting processes during transport
and deposition and enhanced sedimentary recycling [18,21]. However, clay fractions more
likely reflect weathering processes coeval with deposition [20]. In this study, we have
investigated clay mineralogy and major and trace element characteristics of the clay and
silt fractions of sediments deposited at the lower reaches of the medium and minor rivers
along the west coast of India. These rivers drain the Western Ghats (WG) that comprise two
distinct geological formations along their length and experience humid, tropical climate.
The western slope of the WG is much steeper in the northern and southern parts than
in the central part [45]. The basement rocks of the WG are covered by laterites, whose
thickness decreases considerably from south to north. Several investigators reported the
clay mineralogy and geochemistry of the suspended and/or bed sediments of the rivers
and estuaries [27,34–36,40,46–60], or the clay minerals and Sr-Nd isotopic composition of
the sediments in the adjacent continental shelf [56,61]. The purpose of this study is to report
clay minerals and major and trace element characteristics of the sediments in rivers along
the west coast of India, to better understand the impact of weathering on the composition
and provenance of sediments.

2. Geological Setting
Geomorphology: The present study is on the clay mineralogy and major and trace

element geochemistry of sediments in 90 medium and minor rivers along the west coast of
India (Figure 1). Rao [62] classified the rivers of Peninsular India into the major, medium
and minor rivers based on the size of catchment area. Major rivers are those with catchment
area > 20,000 sq. km, medium rivers with catchment area < 20,000 to 2000 sq. km and minor
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rivers with <2000 sq. km area. We followed his terminology for classifying the rivers. The
rivers receive sediment load and waters from the Western Ghats (WG; mountain range),
a linear geomorphic feature that runs parallel to the west coast of India (Figure 1; [63].
The Western Ghats start near the border of Gujarat and Maharashtra, south of the Tapti
River and run ~1600 km through the states of Maharashtra, Goa, Karnataka, Kerala and
Tamil Nadu and ends at Kanyakumari. The northern Western Ghats (Gujarat through
Maharashtra up to Goa) exhibit steep gradient and are remarkably straight and lie at
the edge of the Arabian Sea, also known as the Great Escarpment of India [64]. Rugged
topography, steep cliffs, deep valleys and dense forests are also characteristic of the Ghats in
this region [45]. The Western Ghats are further inland, 50 to 80 km away from the seashore
between Bhatkal and Cochin in the central and southern part and, again located on the
coast in south Kerala and around Tiruvunanthapuram. The height of the Western Ghats is
up to 2600 m, with an average elevation of ~1200 m, and their width varies between 50 and
80 km.

Geology: The Western Ghats comprise the continental flood basalts (Deccan Traps)
in the north and Archean–Proterozoic formations in the south (Figure 1; [63]). The basalts
cover >500,000 km2 for the Deccan Traps and represent the extrusion of phenomenal
volumes of lava. The thickness of the Deccan Traps varies from 2 km to 200 m, with
its maximum in the plateau region. The thickness and number of discrete lava flows is
greatest in the western parts and decrease gradually towards east and south. The Deccan
Trap basalts can be divided into four stratigraphic subdivisions. The lower basalts (the
Bushe and Poladpur formations) are largest and show evidence of contamination with
upper crustal material. The upper basalts (the Ambenali and Mahabaleshwar formations)
show low contamination and/or mobilisation of material from the mantle lithosphere [65].
The lateral transition from the Deccan basalts to Archean–Proterozoic formations (APF)
occurs close to the border of Maharashtra and Goa (Figure 1). The APF can further be
divided into granites and gneisses in the north and, and high-grade charnockites and
khondalites in the south ([66]; Figure 1). The rocks of Goa and Karnataka belong to the
Dharwar Super Group [67] with green schists and gneisses. The iron and manganese
ore deposits occur in Goa and are being mined by the open cast method [67,68]. The
Mandovi and Zuari Rivers drain through these ore deposits and carry ore particulates
in their suspended and bed loads [52,53]. Supergene Mn ore deposits formed on Late
Archean rocks also occur in the northern Karnataka [69]. Limestones, dolomites, ultramafic
rocks, orthoquartzites, argillite and banded magnetite/hematite quartzites are minor rock
types of Karnataka. The Precambrian rocks occur abundantly in Kerala and consist of
Khondalite Group, Charnockite Group, Sargur Group and Dharwar Group [70]. The rocks
are intruded by basic and ultrabasic rocks. Khondalites are interlayered with garnetiferous-
biotite gneiss, leptynite and narrow bands of charnockites, often intruded by pegmatites.
Biotite–hornblende gneiss and cordierite gneiss are seen associated with charnockites and
khondalites [71]. Laterites cover extensively the basement rocks of the Western Ghats
at different topographic levels between Kerala and Maharashtra. The thickness of the
laterites is up to 30 m in Kerala, Karnataka and Goa and decreases to <10 m in Maharashtra
region [72].

Climate: Humid, tropical climate prevails all along the Western Ghats. Semi-arid
climate is prevalent in the north of the Narmada and Tapti Rivers and Gujarat [63,73]. The
mountain ranges intercept the rain-bearing westerly winds during the southwest monsoon
(June–September). Consequently, the western slopes of the Western Ghats receive far
more rainfall (av. 250 cm/yr) than their eastern slopes (100 cm/yr). Precipitation is much
heavier, with a higher average rainfall (300–400 cm/yr) in the states of Maharashtra, Goa
and northern Karnataka than in the southern Karnataka and Kerala. Numerous rivers
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draining the western slope of the Western Ghats (Figure 1) bring suspended and bed load
of sediment into the Arabian Sea.
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Figure 1. Map of the West Coast of India. Rivers investigated in this study are numbered. A dot
marks the sample location in each river. Location of the Western Ghats along the coast and basic
geology of western India are also shown in the map. States and state boundaries are marked. Major
rivers (Narmada and Tapi) are also shown.

3. Materials and Methods
For the present study, sediments were collected at the lower reaches of 90 rivers

from five states, between the Neyyar River of Kerala and the Bhogawa River of Gujarat
(Figure 1), using Van Veen Grab. The sediments recovered were dried. The sediments from
the rivers of Kerala, Karnataka and Goa are derived largely from the Archean–Proterozoic
(A-P) terrain, while those from Maharashtra and Gujarat are from the Deccan Trap (DT)
terrain. The sand, silt and clay fractions of sediments were separated in the laboratory,
following Folk [74]. The <62 µm fraction of the sediment was separated from the total
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sediment by wet sieving, using a 230 (ASTM) mesh sieve. This fraction was collected in
a measuring glass cylinder, made up to 1000 mL volume with distilled water and stirred
vigorously for homogeneity. Three size fractions were separated from a <62 µm fraction of
the sediment in the cylinder. The <2 µm fraction was separated based on Stoke’s settling
velocity, and 250 mL of this fraction was collected in a beaker and used for clay mineralogy
(see procedure below). Again, distilled water was added to the cylinder and the volume
was made up to 1000 mL and stirred vigorously. The <4 µm fraction (clay) was separated
and collected in a beaker, dried in an oven at 60 ◦C and then powdered. This procedure
was repeated several times to ensure that the clay fraction was removed completely from
the <62 µm fraction of sediment in the cylinder. Then the remaining fraction was dried and
powdered, as it represents silt fraction (>4 to 62 µm). We are aware that this procedure may
not completely separate silts from the clay fraction. Since we used a low amount of initial
sediment and repeated the experiment and decanted the clay fraction several times, the silt
fraction was successfully separated. The powdered sediment size fractions were used for
geochemical analyses.

The <2 µm fraction of the sediment solution was used for clay mineralogy. The sample
solutions in a beaker were made free of organic matter and carbonate by treating it with
5% H2O2 and 0.2 M HCl, respectively. Then these solutions were made free of acid by
repeated washing. One ml of sample solution was pipetted on a glass slide and allowed to
dry in air. Then the dried sample on the slides was exposed to ethylene glycol vapours in a
desiccator that heated to 100 ◦C for one hr, and then slides were scanned from 4◦ to 30◦ at
2◦ 2θ/min on a PAN-analytical, Empyrean X-ray powder diffractometer using Ni-filtered,
Cu Ka radiation at SRM University, Amaravati, Andhra Pradesh. Clay minerals were
identified. Of the 90 samples, only 20 clay slides were analysed for clay mineralogy, and the
procedure mentioned in Rao and Rao [61] was followed for quantitative clay mineralogy.
Representative X-ray diffractograms are shown in Figure 2.

The major elements were determined on clay and silt fractions of sample powders by
using an X-ray fluorescence spectrometer, ‘WD XRF’ Model Axios mAX4, P-Analytical, at
the CSIR-National Geophysical Research Institute (CSIR-NGRI), Hyderabad. A detailed
procedure was given by Sai Babu et al. [34]. For trace and rare earth element analysis,
the detailed procedure mentioned in Sai Babu et al. [36] was used, and is repeated below:
Powder samples of 50 mg were taken in Savillex vessels, to which 10 mL of acid mixture
containing hydrofluoric acid (HF) and nitric acid (HNO3) was added in a 7:3 ratio. These
vials were tightly closed and were heated at 150 ◦C for 48 h. Following this step, these vials
were opened and heated at 100 ◦C to near dryness. The sample residue was further mixed
with 10 mL of acid mixture containing nitric acid (HNO3) and Millipore water in a 1:1 ratio
and was heated at 80 ◦C for 1 h. To obtain the necessary TDS level, and to minimise the
matrix effects, the obtained sample solution was diluted 50,000 times. Trace elements were
determined by High-Resolution Inductively Coupled Plasma Mass Spectrometer (HR-ICP-
MS, Attom, Hyderabad, Telangana, India), Nu Instruments at CSIR-NGRI, Hyderabad.
The instrument drift was monitored and corrected using 103Rh as the internal standard.
The within-run RSDs for all the analysed elements were under 3%. Certified reference
material JSD-3 µg/g was repeatedly analysed as an unknown to monitor the accuracy and
reproducibility of the obtained trace element data.

Table 1 shows the major element data of the clay and silt fractions of sediments.
Weathering indices, such as chemical index of alteration (CIA; [2], plagioclase index of
alteration [6], index of chemical variability [16] and mafic index of alteration (MIA: [58])
were calculated using molecular proportions of major element oxides. CaO represents the
amount of CaO in silicate fractions. We do not have CO2 data for our analyses and are thus
unable to correct Ca in carbonates to obtain CaO. Bock et al. [75] recommended to accept the
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value of CaO, if CaO ≤ Na2O. If, however, CaO > Na2O, then we assumed that the moles
of CaO = Na2O [5]. The values of weathering indices are given in Table 1. Trace element
data for the clay and silt fractions of sediments are given in Tables 2 and 3, respectively.
Table 4 shows the correlation matrix for the clay fraction of sediments, separately for
Archean–Proterozoic terrain (APT) and Deccan Trap terrain (DTT).
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Table 1. Major element content (%) of the clay (<4 µm) and silt (>4 to 63 µm) fraction of sediments in the rivers of the west coast of India.

Clay fraction

State (No. of
Rivers) SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SiO2/Al2O3 Fe2O3/Al2O3 Al2O3/TiO2 CIA PIA ICV MIA(O) MIA(R)

Kerala (21)

Range 29.01–
40.66

11.37–
32.01

7.39–
15.27

0.05–
0.22

0.65–
3.70

0.25–
2.96

0.16–
25.28

0.68–
2.88

0.71–
1.44

0.15–
0.83 1.05–2.91 0.35–0.82 11.42–

37.04
26.95–
96.35

20.82–
93.92

0.44–
3.76

38.75–
95.87

21.72–
72.67

Avg., 34.24 23.59 11.84 0.12 1.69 0.68 2.82 1.18 1.11 0.45 1.45 0.50 21.22 86.10 79.69 0.97 85.84 58.07

STD (±) 2.94 4.48 2.12 0.05 0.81 0.59 7.22 0.57 0.22 0.16 0.48 0.11 6.72 19.04 20.61 0.78 15.74 12.61

Karnataka
(20)

Range 37.88–
52.33

18.09–
21.88

6.32–
17.33

0.02–
0.34

0.29–
2.76

0.11–
0.85

0.06–
1.04

0.51–
1.64

0.89–
1.80

0.10–
0.40 1.91–2.54 0.31–0.95 11.73–

20.38
84.49–
96.60

76.90–
94.35

0.51–
1.24

83.14–
97.07

48.16–
71.78

Avg., 43.12 19.43 12.39 0.08 1.18 0.42 0.44 1.09 1.23 0.26 2.22 0.64 16.35 90.87 85.76 0.87 91.08 58.00

STD (±) 3.86 1.03 2.86 0.07 0.61 0.20 0.35 0.33 0.26 0.08 0.14 0.17 2.79 2.86 4.22 0.19 3.27 6.13

Goa (11)

Range 36.14–
43.11

15.61–
21.66

9.67–
17.71

0.04–
0.58

1.21–
3.87

0.29–
1.33

0.56–
8.40

1.28–
1.63

1.01–
1.97

0.17–
0.49 1.82–2.57 0.50–1.13 9.23–

15.94
61.49–
88.35

55.96–
81.79

0.83–
1.61

70.30–
90.49

41.30–
59.13

Avg., 40.06 18.05 13.20 0.16 2.45 0.72 2.33 1.49 1.36 0.32 2.24 0.74 13.71 80.97 74.25 1.21 82.19 49.21

STD (±) 2.27 1.95 2.01 0.17 0.73 0.33 2.57 0.12 0.32 0.09 0.22 0.16 2.03 8.52 7.99 0.24 6.06 5.43

Archean–
Proterozoic

Terrain (APT)

Range 29.01–
52.33

11.37–
32.01

6.32–
17.71

0.04–
0.58

0.65–
3.87

0.11–
2.96

0.06–
25.28

0.51–
2.88

0.71–
1.97

0.10–
0.83 1.05–2.91 0.31–1.13 9.23–

37.04
26.95–
96.60

20.82–
94.35

0.44–
3.76

38.75–
97.07

21.72–
72.67

Avg., 38.89 20.82 12.34 0.11 1.65 0.59 1.80 1.21 1.21 0.35 1.95 0.61 18.10 85.98 79.90 1.01 86.37 55.09

STD (±) 5.11 3.82 2.42 0.10 0.85 0.44 4.79 0.44 0.27 0.15 0.47 0.17 5.77 10.14 10.94 0.40 8.35 7.10

Maharashtra
(21)

Range 28.32–
51.21

13.71–
21.65

3.13–
14.67

0.07–
0.44

0.79–
5.72

0.26–
2.10

0.12–
13.22

0.55–
1.34

0.63–
2.98

0.06–
0.54 1.87–3.32 0.14–0.88 7.27–

29.27
48.67–
94.06

45.86–
91.36

0.42–
2.13

61.96–
93.91

34.01–
79.08

Avg., 42.28 16.90 10.75 0.18 2.23 1.07 1.09 0.91 1.51 0.25 2.54 0.65 11.98 85.19 80.59 1.08 84.23 53.51

STD (±) 4.74 2.28 2.51 0.10 1.20 0.53 2.79 0.29 0.44 0.10 0.42 0.18 4.33 9.25 9.28 0.34 7.09 9.06

Gujarat (17)

Range 42.88–
50.36

13.04–
16.24

6.13–
10.57

0.10–
0.24

2.51–
4.29

1.65–
6.38

0.18–
1.31

0.66–
1.83

0.99–
2.20

0.11–
0.36 2.71–3.77 0.38–0.76 7.38–

16.10
61.78–
84.19

53.70–
80.76

0.87–
1.65

63.94–
82.35

39.99–
58.96

Avg., 47.35 14.43 8.91 0.15 3.39 3.05 0.54 1.29 1.44 0.17 3.29 0.62 10.39 75.02 68.39 1.31 74.02 47.15

STD (±) 2.49 0.85 1.09 0.030 0.48 1.05 0.36 0.37 0.29 0.07 0.29 0.09 2.05 5.42 6.70 0.17 4.32 4.10

Deccan Trap
Terrain (DTT)

Range 28.32–
51.21

13.04–
21.65

3.13–
14.67

0.07–
0.44

0.79–
5.72

0.26–
6.38

0.12–
13.22

0.55–
1.83

0.63–
2.98

0.06–
0.54 1.87–3.77 0.14–0.88 7.27–

29.27
48.67–
94.06

45.86–
91.36

0.42–
2.13

61.96–
93.91

34.01–
79.08

Avg., 44.55 15.79 9.93 0.17 2.75 1.96 0.84 1.08 1.48 0.21 2.88 0.64 11.27 80.10 74.49 1.19 79.12 50.33

STD (±) 4.63 2.16 2.19 0.08 1.11 1.28 2.08 0.38 0.38 0.10 0.53 0.14 3.55 7.33 7.99 0.25 5.70 5.12

West Coast
of India

River
Average Clay

(WCIRAC)

Range 28.32–
52.33

11.37–
32.01

3.13–
17.71

0.65–
5.72

0.11–
6.38

0.06–
25.28

0.51–
2.88

0.01–
2.98

0.04–
0.58

0.06–
0.83 1.05–3.77 0.14–1.13 7.26–

37.05
26.95–
96.60

20.82–
94.35

0.42–
3.76

38.75–
97.07

21.72–
79.08

Avg., 41.41 18.69 11.32 0.14 1.27 1.32 1.15 1.32 0.13 0.29 2.34 0.63 15.21 83.63 78.98 1.06 83.94 54.12

STD
(±) 3.26 4.06 2.60 0.98 0.86 3.43 0.42 0.34 0.09 0.14 0.31 0.14 5.98 9.01 12.87 0.47 10.40 9.51
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Table 1. Cont.

Silt fraction

State (No. of
Rivers) SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SiO2/Al2O3 Fe2O3/Al2O3 Al2O3/TiO2 CIA PIA ICV MIA(O) MIA(R)

Kerala (21)

Range 34.08–
48.17

15.44–
26.06

9.55–
16.03

0.06–
0.22

0.60–
3.53

0.30–
2.59

0.17–
1.89

0.72–
2.66

0.74–
1.57

0.15–
0.80 1.38–2.21 0.37–0.71 11.29–

34.19
76.13–
94.19

67.23–
91.28

0.57–
1.14

75.61–
93.55

50.39–
67.10

Avg., 38.75 22.71 12.09 0.13 1.71 0.94 0.49 1.54 1.24 0.41 1.71 0.53 18.31 88.36 82.33 0.81 88.09 59.34

STD (±) 3.96 2.25 1.94 0.04 0.75 0.52 0.36 0.55 0.22 0.14 0.35 0.10 4.64 4.25 5.95 0.16 4.20 4.94

Karnataka
(20)

Range 39.34–
65.74

15.21–
21.44

6.69–
13.39

0.02–
0.13

0.34–
2.21

0.07–
1.18

0.05–
0.99

0.44–
1.80

0.94–
1.98

0.07–
0.35 1.99–4.32 0.32–0.71 10.31–

19.97
81.23–
96.24

72.89–
94.17

0.50–
1.02

81.34–
96.47

52.86–
71.74

Avg., 49.33 19.22 10.08 0.07 1.03 0.51 0.31 1.07 1.35 0.22 2.60 0.53 14.81 90.94 85.88 0.76 90.88 61.67

STD (±) 5.38 1.64 1.85 0.03 0.48 0.29 0.24 0.37 0.33 0.08 0.48 0.10 2.71 3.49 4.90 0.14 3.48 5.17

Goa (11)

Range 43.19–
56.47

14.81–
20.41

6.03–
14.47

0.05–
0.55

1.23–
3.50

0.42–
2.35

0.20–
0.72

1.08–
1.51

1.16–
2.10

0.21–
0.49 2.46–3.15 0.31–0.86 8.57–

14.90
80.13–
90.81

74.00–
84.87

0.60–
1.32

78.79–
91.41

47.05–
67.95

Avg., 49.38 17.65 9.66 0.17 2.23 1.06 0.42 1.30 1.59 0.32 2.81 0.56 11.46 86.43 80.05 0.95 84.54 56.52

STD (±) 4.23 1.72 2.64 0.18 0.75 0.54 0.14 0.13 0.36 0.08 0.23 0.19 2.12 3.12 3.49 0.22 3.84 6.65

Archean–
Proterozoic

Terrain (APT)

Range 34.08–
65.74

14.81–
26.06

6.03–
16.03

0.02–
0.55

0.34–
3.53

0.07–
2.59

0.05–
1.89

0.44–
2.66

0.74–
2.10

0.07–
0.80 1.38–4.32 0.31–0.86 8.57–

30.65
76.13–
96.24

67.23–
94.17

0.50–
1.32

75.61–
96.47

47.05–
71.74

Avg., 45.07 20.30 10.80 0.12 1.56 0.80 0.41 1.31 1.36 0.32 2.29 0.54 15.76 88.57 82.75 0.84 87.83 59.17

STD (±) 6.93 2.82 2.30 0.10 0.80 0.50 0.29 0.47 0.32 0.14 0.61 0.12 4.53 3.62 14.34 0.17 3.84 4.9

Maharashtra
(21)

Range 46.24–
57.94

14.98–
22.11

0.81–
9.37

0.05–
0.37

0.93–
5.76

0.47–
10.91

0.10–
1.67

0.38–
1.82

1.07–
8.36

0.08–
0.60 2.41–3.72 0.04–0.56 1.96–

15.77
55.08–
92.99

52.15–
91.00

0.39–
1.45

56.03–
89.80

44.10–
85.37

Avg., 53.34 18.06 3.12 0.20 2.55 2.93 0.64 0.78 3.43 0.25 2.99 0.18 6.12 81.02 77.46 0.78 75.96 65.72

STD (±) 3.46 2.11 2.45 0.08 1.20 2.25 0.40 0.32 1.49 0.11 0.38 0.15 2.67 8.77 8.73 0.27 9.41 10.54

Gujarat (17)

Range 50.55–
63.44

12.26–
16.32

0.30–
7.08

0.09–
0.24

2.30–
3.72

3.03–
10.88

0.77–
1.91

0.79–
1.58

1.59–
3.42

0.13–
0.33 3.17–4.75 0.02–0.50 4.19–8.81 46.56–

77.56
41.06–
73.78

0.97–
1.87

48.67–
75.85

37.37–
57.14

Avg., 55.71 14.17 3.68 0.15 2.93 6.16 1.31 1.25 2.36 0.17 3.97 0.26 6.27 62.20 56.72 1.28 60.58 48.93

STD (±) 3.36 1.46 1.62 0.04 0.41 1.86 0.32 0.26 0.53 0.05 0.50 0.12 1.35 7.54 8.09 0.27 6.24 6.17

Deccan Trap
Terrain (DTT)

Range 46.63–
63.44

12.26–
22.11

0.30–
9.37

0.05–
0.37

0.93–
5.76

0.47–
10.91

0.10–
1.91

0.38–
1.82

1.07–
8.36

0.08–
0.60 2.41–4.75 0.02–0.56 1.96–

15.77
46.56–
92.99

41.06–
91.00

0.39–
1.87

48.67–
89.80

37.37–
85.37

Avg., 54.40 16.32 3.37 0.17 2.72 4.37 0.94 0.99 2.95 0.22 3.43 0.22 6.19 71.61 67.09 1.03 68.27 57.32

STD (±) 3.57 2.67 2.11 0.07 0.94 2.63 0.50 0.38 1.27 0.09 0.66 0.14 2.16 8.15 8.41 0.27 7.82 8.35
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Table 1. Cont.

Silt fraction

State (No. of
Rivers) SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SiO2/Al2O3 Fe2O3/Al2O3 Al2O3/TiO2 CIA PIA ICV MIA(O) MIA(R)

West Coast
of India

River
Average Silt
(WCIRAS)

Range 34.08–
65.74

12.26–
26.06

0.30–
16.03

0.34–
5.76

0.07–
10.91

0.05–
1.91

0.38–
2.66

0.74–
8.36

0.02–
0.55

0.07–
0.80 1.61–4.75 0.02–0.86 1.96–

30.65
46.56–
96.24

41.06–
94.17

0.39–
1.87

48.67–
96.47

37.37–
85.37

Avg., 49.30 18.62 7.66 2.14 2.58 0.67 1.17 2.03 0.14 0.27 2.81 0.41 1.96–
30.65 81.79 76.86 0.89 80.24 59.03

STD
(±) 4.07 3.38 4.30 0.87 1.56 0.39 0.46 1.16 0.08 0.13 0.38 0.13 1.96–

30.65 5.43 12.14 0.28 12.47 8.96

Reference
Sediments

UCC 66.20 15.30 5.57 0.09 2.47 3.57 3.25 2.78 0.63 0.15 4.33 0.36 24.29 61.44 - - 75.67 47.24

PAAS 62.80 18.90 7.22 0.11 2.20 1.30 1.20 3.70 1.00 0.16 3.32 0.38 18.90 75.29 - - 63.36 55.92

CIA: Chemical Index of Alteration [1]; PIA: Plagioclase Index of Alteration [6]; ICV: Index of Chemical Variability [16,76]; MIA(O): Mafic Index of Alteration (Oxic) and MIA®: Mafic
Index of Alteration (Redox) [60]; APT: Archean–Proterozoic Terrain (this study); DTT: Deccan Trap Terrain (this study); WCIRAC: West Coast of India River Average Clay (this study);
WCIRAS: West Coast of India River Average Silt (this study); UCC: Upper Continental Crust [77]; PAAS: Post-Archean average Australian Shale [78].

Table 2. Trace element content (µg/g) of the clay fraction (<4 µm) of sediments in the rivers of the west coast of India.

State (No. of
Rivers) Sc V Cr Co Ni Cu Zn Ga Rb Sr Nb Cs Ba Hf Th U Zr Ta Pb Y La Ce Yb

Kerala (21)

Range 20.63–
32.93

111.22–
247.00

108.93–
286.56

18.62–
41.83

42.60–
101.54 29.20–111.95 29.81–155.05 24.97–

37.80 36.92–91.31 45.69–160.74 10.99–21.14 2.39–
6.01

169.20–
805.44 3.64–6.87 7.09–

24.33 1.54–5.11 106.61–
220.88

0.73–
1.28 12.15–55.83 16.55–

32.17
29.48–
95.76

63.29–
179.62

1.86–
3.33

Avg., 26.54 175.49 158.78 29.48 63.45 73.45 58.06 33.53 61.77 79.31 14.93 3.57 381.11 4.77 11.92 2.57 147.03 0.97 31.71 25.82 55.64 109.03 2.72

STD
± 3.29 39.86 52.25 7.77 16.01 19.72 30.32 3.59 15.08 29.62 2.81 0.83 199.44 0.85 3.97 1.00 27.29 0.14 11.62 3.76 19.96 36.47 0.38

Karnataka (20)

Range 14.30–
36.60

136.10–
347.61

82.77–
897.42

11.39–
55.12

46.31–
129.46 76.34–231.77 53.65–195.43 24.54–

39.11 31.90–88.76 29.47–71.71 11.33–26.53 3.22–
6.99

104.12–
288.19 4.02–10.58 7.93–

25.70 1.62–6.16 136.56–
393.66

1.04–
2.38 17.31–51.19 8.57–

27.41
8.03–
42.58

29.50–
86.72

1.23–
2.96

Avg., 22.49 228.55 203.82 24.74 72.18 133.00 85.45 32.48 61.71 49.21 16.63 4.98 177.67 5.63 13.92 3.92 199.00 1.55 31.86 16.31 24.51 66.32 1.88

SD
(±) 7.09 64.94 168.25 11.36 18.10 48.96 33.00 4.01 17.04 10.62 3.60 1.29 49.70 1.67 4.88 1.13 66.10 0.37 9.97 4.83 9.14 15.29 0.48

Goa (11)

Range 16.04–
29.54

178.55–
273.34

146.39–
237.87

17.48–
39.65

57.23–
74.55 91.65–194.89 63.40–128.70 23.87–

31.19 53.52–87.73 53.38–80.88 12.60–20.29 4.42–
7.33

140.51–
255.50 4.93–7.86 9.14–

15.50 3.51–7.61 175.51–
282.74

1.07–
1.85 21.79–88.87 16.05–

28.52
17.45–
37.34

52.80–
87.53

1.89–
2.74

Avg., 24.12 222.57 187.98 30.54 63.89 121.41 84.62 27.00 74.51 70.70 15.60 5.93 185.07 6.14 12.54 4.94 220.42 1.43 34.10 22.73 28.77 71.29 2.33

SD
(±) 3.63 31.30 23.42 7.85 5.55 33.43 18.87 2.27 9.91 10.21 2.86 0.91 36.73 0.99 1.89 1.18 37.97 0.24 18.69 4.87 6.24 10.34 0.33

Archean–
Proterozoic

Terrain (APT)

Range 14.31–
36.60

111.22–
347.61

82.77–
897.42

11.395–
55.12

42.60–
129.46 29.20–231.77 29.81–195.43 23.87–

39.11 31.90–91.31 29.47–160.74 10.99–26.53 2.39–
7.33

104.12–
805.44 3.64–10.58 7.09–

25.70 1.54–7.61 106.61–
393.66

0.73–
2.38 12.15–88.87 8.57–

32.17
8.03–
95.76

29.50–
179.62

1.23–
3.33

Avg., 24.47 205.86 182.28 27.88 66.90 106.50 74.21 31.75 64.44 65.91 15.73 4.61 261.40 5.39 12.82 3.59 182.54 1.29 32.27 21.51 37.98 84.62 2.32

SD
(±) 5.37 55.03 110.18 9.50 15.70 45.14 31.88 4.29 15.63 24.39 3.18 1.39 163.37 1.35 4.07 1.42 56.01 0.38 12.63 6.12 20.32 32.32 0.56
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Table 2. Cont.

State (No. of
Rivers) Sc V Cr Co Ni Cu Zn Ga Rb Sr Nb Cs Ba Hf Th U Zr Ta Pb Y La Ce Yb

Maharashtra (21)

Range 26.37–
58.58

194.68–
465.37

86.18–
267.99

27.03–
70.83

53.67–
104.41

133.71–
275.27 64.06–192.93 23.34–

45.45 26.92–92.18 42.26–217.87 9.00–18.21 1.67–
7.82

128.83–
362.78 4.31–9.14 5.40–

18.30 1.00–5.90 158.73–
321.44

0.90–
1.71 8.60–39.25 20.64–

54.54
20.08–
46.22

45.04–
127.80

2.05–
3.92

Avg., 40.15 343.61 159.77 48.83 67.89 204.18 102.43 30.10 49.72 75.98 12.77 4.01 193.90 6.80 8.65 2.69 248.78 1.25 23.46 34.76 28.20 68.63 2.80

SD
(±) 8.21 75.77 46.99 12.27 12.02 47.94 32.05 4.77 19.26 39.00 2.94 1.82 59.51 1.23 3.33 1.38 45.46 0.25 8.44 8.95 6.90 19.88 0.47

Gujarat (17)

Range 27.04–
43.05

164.99–
424.36

105.93–
968.39

28.29–
91.34

42.41–
536.77

110.88–
391.21 52.21–697.89 23.00–

30.96 41.53–101.17 83.44–374.88 11.19–15.15 3.44–
8.56

163.61–
382.99 4.95–7.04 6.81–

14.28 1.14–2.44 182.27–
270.61

0.966–
1.57 11.17–77.11 26.25–

32.43
20.98–
35.59

47.11–
71.30

2.01–
2.38

Avg., 36.24 264.24 173.00 40.26 75.47 165.34 117.30 25.96 65.38 129.26 13.05 5.02 225.60 5.90 8.73 1.58 221.23 1.23 21.67 29.64 26.78 57.51 2.24

SD
(±) 3.93 73.68 205.49 13.68 118.93 66.20 151.43 1.94 15.48 65.98 1.09 1.20 56.85 0.58 1.77 0.33 22.51 0.16 15.57 2.19 3.70 5.57 0.14

Deccan Trap
Terrain (DTT)

Range 26.37–
58.58

164.99–
465.37

86.18–
968.39

27.03–
91.34

42.41–
536.77

110.88–
391.21 52.21–697.89 23.007–

45.45 26.92–101.17 42.26–374.88 9.00–18.21 1.67–
8.56

128.83–
382.99 4.32–9.14 5.40–

18.30 1.00–5.90 158.73–
321.44

0.90–
1.71 8.60–77.11 20.65–

54.54
20.08–
46.22

45.04–
127.80

2.01–
3.92

Avg., 38.40 308.10 165.69 45.00 71.28 186.81 109.08 28.25 56.73 99.82 12.90 4.46 208.08 6.40 8.69 2.20 236.46 1.24 22.66 32.47 27.56 63.66 2.55

SD
(±) 6.85 83.97 139.63 13.45 78.80 59.34 102.61 4.27 19.14 58.53 2.28 1.63 59.73 1.08 2.71 1.18 39.10 0.21 12.01 7.21 5.67 16.08 0.46

West Coast of
India River

Average Clay
(WCIRAC)

Range 14.30–
58.58

111.22–
465.37

82.77–
968.39

11.39–
91.34

42.41–
536.77 29.20–391.21 29.81–697.89 23.00–

45.45 26.92–101.17 29.47–374.88 9.00–26.53 1.67–
8.56

104.12–
805.44 3.64–10.58 5.40–

25.70 1.00–7.61 106.61–
393.66

0.73–
2.38 8.60–88.87 8.57–

54.54
8.03–
95.76

29.50–
179.62

1.23–
3.92

Avg., 30.35 249.03 175.27 35.11 68.75 140.41 88.94 30.27 61.18 80.23 14.53 4.55 238.88 5.81 11.08 3.00 205.31 1.27 28.21 26.14 33.58 75.77 2.41

SD
(±) 9.16 85.12 123.01 14.12 52.22 64.98 72.52 4.60 17.52 45.26 3.15 1.49 132.21 1.33 4.10 1.49 56.13 0.32 13.19 8.53 16.63 28.54 0.53

Reference
Sediments

PAAS 15.89 150.00 110.00 23.00 55.00 50.00 85.00 20.00 160.00 200.00 19.00 15.00 650.00 5.00 14.60 3.10 210.00 1.50 20.00 27.31 44.56 88.25 2.04

UCC 14.00 97.00 92.30 17.30 47.30 27.70 67.00 17.50 82.00 320.00 11.80 4.10 624.00 5.26 10.10 2.63 193.00 0.88 17.00 21.00 31.40 63.40 3.01

State (No. of
Rivers) ∑TE Th/Sc Zr/Sc Cr/V Y/Ni Co/Th La/Sc Zr/Co La/Th Th/Yb Th/U Rb/Sr K2O/Rb Cr/Th Cr/Ni V/Th

Kerala (21)

Range 991.58–
1802.55 0.23–0.94 3.85–9.73 0.69–1.38 0.21–0.66 1.05–5.89 0.95–3.91 2.68–9.09 3.02–10.48 2.21–8.02 2.44–12.31 0.36–1.58 0.06–0.01 5.74–36.89 1.98–3.11 6.53–

31.27

Avg., 1358.44 0.46 5.62 0.91 0.43 2.76 2.14 5.36 4.81 4.45 5.24 0.87 0.02 14.95 2.49 16.30

STD
± 212.30 0.17 1.30 0.18 0.12 1.29 0.83 1.80 1.70 1.51 2.61 0.35 0.01 7.90 0.33 6.83

Karnataka (20)

Range 1097.93–
2027.12 0.22–1.47 4.23–1.28 0.42–3.35 0.09–0.35 0.44–4.20 0.28–2.38 3.57–23.38 0.75–2.51 3.56–20.75 1.93–7.17 0.72–2.03 0.01–0.02 3.22–110.23 1.78–6.93 5.74–

33.78

Avg., 1368.79 0.69 9.33 0.91 0.23 1.97 1.23 9.45 1.77 8.06 3.69 1.28 0.02 17.98 2.63 18.57

STD
± 218.06 0.35 3.22 0.62 0.07 1.02 0.63 5.10 0.37 4.18 1.18 0.37 0.00 22.36 1.07 8.42

Goa (11)

Range 1269.83–
1611.23 0.34–0.84 6.54–

17.62 0.71–1.07 0.22–0.45 1.14–4.03 0.74–1.64 4.42–15.09 1.28–2.89 4.40–7.20 2.03–3.11 0.89–1.26 0.01–0.27 9.58–23.10 2.55–4.01 13.41–
29.90

Avg., 1393.51 0.54 9.56 0.86 0.36 2.53 1.20 8.03 2.32 5.45 2.60 1.06 0.02 15.43 2.95 18.20

SD
(±) 92.54 0.15 3.35 0.14 0.09 0.90 0.22 3.71 0.48 0.99 0.37 0.13 0.00 3.64 0.41 4.53

Archean–
Proterozoic

Terrain (APT)

Range 991.58–
2027.12 0.22–1.47 3.85–

17.62 0.42–3.35 0.09–0.66 0.44–5.89 0.28–3.91 2.68–23.38 0.75–10.48 2.21–20.75 1.93–12.31 0.36–2.03 0.01–0.2 3.22–110.23 1.78–6.93 5.74–
33.78

Avg., 1369.84 0.57 7.88 0.90 0.34 2.41 1.59 7.50 3.12 6.05 4.08 1.07 0.02 16.22 2.64 17.58

SD
(±) 192.99 0.27 3.20 0.40 0.13 1.15 0.80 4.14 1.81 3.21 2.08 0.37 0.00 14.68 0.73 7.06
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Table 2. Cont.

State (No. of
Rivers) ∑TE Th/Sc Zr/Sc Cr/V Y/Ni Co/Th La/Sc Zr/Co La/Th Th/Yb Th/U Rb/Sr K2O/Rb Cr/Th Cr/Ni V/Th

Maharashtra (21)

Range 1360.43–
1980.54 0.11–0.67 4.30–

10.75 0.23–0.73 0.29–0.77 1.88–10.90 0.45–1.70 3.20–11.73 2.01–4.67 1.65–7.34 1.88–5.39 0.28–2.02 0.01–0.02 9.13–47.41 1.39–3.61 15.62–
72.53

Avg., 1624.96 0.24 6.37 0.49 0.52 6.41 0.75 5.47 3.48 3.23 3.61 0.77 0.02 20.82 2.35 44.28

SD
(±) 164.49 0.15 1.52 0.16 0.13 2.81 0.31 2.13 0.87 1.57 1.05 0.48 0.00 10.62 0.51 16.84

Gujarat (17)

Range 1248.28–
3733.64 0.16–0.52 5.30–6.74 0.28–3.06 0.05–0.72 1.98–12.38 0.52–1.31 2.06–7.23 2.49–3.37 2.99–6.81 4.33–6.28 0.19–0.76 0.01–0.02 10.31–131.34 1.80–3.17 11.55–

55.57

Avg., 1596.46 0.25 6.12 0.65 0.60 4.85 0.76 5.82 3.10 3.93 5.55 0.55 0.02 21.33 2.59 32.20

SD
(±) 565.62 0.08 0.42 0.63 0.16 2.17 0.19 1.10 0.23 0.92 0.49 0.14 0.00 28.54 0.29 13.04

Deccan Trap
Terrain (DTT)

Range 1248.28–
3733.65 0.11–0.67 4.30–

10.75 0.23–3.06 0.06–0.77 1.88–12.38 0.45–1.70 2.06–11.73 2.01–4.67 1.65–7.35 1.88–6.28 0.19–2.02 0.01–0.02 9.13–131.34 1.39–3.61 11.55–
72.53

Avg., 1612.21 0.24 6.26 0.56 0.56 5.72 0.75 5.63 3.31 3.55 4.48 0.67 0.02 21.05 2.46 38.87

SD
(±) 391.38 0.13 1.16 0.44 0.15 2.63 0.26 1.73 0.69 1.35 1.29 0.38 0.00 20.33 0.44 16.24

West Coast of
India River

Average Clay
(WCIRAC)

Range 991.58–
3734.37 0.11–1.47 3.85–

17.62 0.23–3.35 0.06–0.77 0.44–12.38 0.28–3.92 2.06–23.38 0.75–10.48 1.65–20.75 1.88–12.31 0.19–2.03 0.01–0.06 3.22–131.34 1.39–6.93 5.74–
72.53

Avg., 1473.05 0.43 7.20 0.75 0.43 3.81 1.24 6.71 3.20 4.99 4.25 0.90 0.02 18.26 2.56 26.57

SD
(±) 315.46 0.27 2.66 0.45 0.17 2.52 0.76 3.45 1.44 2.87 1.79 0.42 0.01 17.35 0.63 15.81

Reference
Sediments

UCC 1650.87 0.72 13.79 0.95 0.44 1.71 2.24 11.16 3.11 3.35 3.84 0.26 - 9.14 1.95 9.60

PAAS 1807.09 0.92 13.22 0.73 0.50 1.58 2.80 9.13 3.05 7.16 4.71 0.80 - 7.53 2.00 10.27

APT: Archean–Proterozoic Terrain (this study); DTT: Deccan Trap Terrain (this study); WCIRAC: West Coast of India River Average Clay (this study); UCC: Upper Continental Crust [77];
PAAS: Post-Archean average Australian Shale [78].

Table 3. Trace element content (µg/g) of the silt fraction (>4 to 63 µm) of sediments in the rivers of the west coast of India.

State (No. of
Rivers) Sc V Cr Co Ni Cu Zn Ga Rb Sr Nb Cs Ba Hf Th U Zr Ta Pb Y La Ce Yb

Kerala (21)

Range 14.85–29.27 97.66–
254.56

118.32–
350.87

15.53–
43.83 35.91–90.85 31.87–94.86 57.81–

262.67 18.21–47.22 26.99–90.74 61.44–
337.38 11.15–34.86 1.09–

2.93
186.31–
1503.00 5.49–65.31 6.93–

116.47
1.26–
14.63

188.07–
2435.71 0.60–2.58 19.12–

87.62
19.01–
38.58

44.16–
232.43

88.86–
521.22

2.07–
4.32

Avg., 24.27 181.09 174.38 29.60 56.46 68.22 148.77 33.53 59.27 155.88 20.47 2.20 642.24 18.71 30.73 3.92 646.91 1.28 41.00 30.51 105.36 201.27 3.10

STD
± 3.97 45.16 76.90 7.46 15.72 17.49 67.62 6.19 20.96 79.16 6.36 0.49 401.36 15.03 27.44 3.27 538.36 0.52 18.69 5.38 56.70 111.54 0.54

Karnataka
(20)

Range 11.30–39.13 104.96–
536.01

80.64–
2350.39

10.73–
35.55

35.12–
146.15

50.12–
185.46

44.01–
98.21 11.63–39.13 15.11–79.79 36.62–

101.55 10.20–23.31 1.66–
4.70

98.82–
290.56 5.39–27.48 6.27–

28.43
1.95–
7.14

19.57–
1237.72 1.15–2.31 12.94–

42.77
13.63–
33.74

15.87–
72.91

32.63–
132.22

1.50–
3.90

Avg., 22.53 228.92 296.12 21.22 63.73 106.65 67.10 29.13 40.54 61.83 16.91 2.97 194.49 10.92 14.31 4.14 426.76 1.72 25.19 21.57 32.06 68.19 2.40

SD
(±) 8.35 101.91 489.51 6.12 23.30 37.28 15.70 6.65 17.40 18.35 3.21 0.99 49.97 4.85 5.98 1.43 234.76 0.30 7.82 5.28 13.16 23.49 0.60
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Table 3. Cont.

State (No. of
Rivers) Sc V Cr Co Ni Cu Zn Ga Rb Sr Nb Cs Ba Hf Th U Zr Ta Pb Y La Ce Yb

Goa (11)

Range 18.96–28.72 183.73–
348.37

185.49–
245.62

16.63–
39.02 44.34–68.93 85.38–

166.15
51.77–
73.84 16.93–26.49 28.96–58.61 52.11–

107.48 13.64–25.62 2.45–
5.29

102.86–
274.01 6.26–13.27 4.34–

16.79
4.01–
7.93

229.78–
502.26 1.35–4.11 19.44–

57.53
18.00–
31.95

16.75–
39.64

31.78–
89.49

2.11–
3.34

Avg., 22.99 242.94 211.09 28.10 58.58 108.90 63.52 22.55 47.64 84.84 17.56 3.85 203.64 8.72 10.84 5.30 326.41 2.06 29.87 27.51 28.41 61.81 2.77

SD
(±) 2.90 49.26 18.60 7.03 6.88 28.24 7.53 2.67 9.23 17.14 3.83 0.98 50.62 2.26 3.27 1.27 88.03 0.81 11.12 4.80 6.40 16.24 0.34

Archean–
Proterozoic

Terrain
(APT)

Range 11.31–39.13 97.66–
536.01

80.64–
2350.39

10.73–
43.83

35.12–
146.15

31.87–
185.46

44.01–
262.67 11.63–47.22 15.11–90.74 36.62–

337.38 10.20–34.86 1.09–
5.29

98.82–
1503.01 5.39–65.31 4.34–

116.47
1.26–
14.63

188.07–
2435.71 0.60–4.11 12.94–

87.62
13.63–
38.58

15.87–
232.43

31.78–
521.22

1.50–
4.32

Avg., 23.33 212.57 228.97 26.06 59.70 91.61 99.33 29.51 49.61 104.68 18.48 2.84 377.25 13.60 20.21 4.30 494.44 1.62 32.56 26.44 60.89 120.58 2.76

SD
(±) 5.87 76.53 307.77 7.79 17.88 34.24 59.89 7.07 19.32 67.27 5.03 1.02 336.33 10.82 19.72 2.36 391.37 0.60 15.37 6.53 51.97 98.18 0.61

Maharashtra
(21)

Range 18.19–54.44 179.81–
1308.25

124.63–
576.09

25.65–
82.14

42.06–
103.18

84.52–
424.44

46.005–
156.51 19.14–39.99 12.76–60.43 50.55–

380.44 11.85–68.14 0.53–
5.17

83.55–
340.66 5.15–21.47 2.63–

15.64
0.83–
5.56

195.08–
1119.75 0.90–7.48 7.03–

38.44
21.64–
40.05

12.69–
40.81

29.29–
98.56

2.26–
3.65

Avg., 37.24 599.33 219.29 54.57 65.73 229.67 88.68 27.21 28.02 114.67 23.68 1.96 176.60 9.63 7.46 2.47 397.79 2.38 18.59 31.77 25.04 56.91 2.98

SD
(±) 10.18 276.65 125.91 13.82 11.95 91.62 30.58 6.01 13.30 68.84 12.21 1.22 70.63 3.97 3.61 1.42 222.87 1.41 8.29 4.98 6.93 17.66 0.46

Gujarat (17)

Range 15.15–28.24 165.01–
403.65

77.84–
732.65

21.72–
66.59

31.26–
440.13

81.24–
264.51

37.10–
387.41 15.97–21.98 30.36–67.08 127.08–

340.74 13.12–23.77 1.27–
4.38

166.05–
323.90 4.84–9.07 6.66–

24.50
1.28–
3.24

179.65–
353.63 0.853–2.12 10.54–

51.99
26.21–
38.23

22.81–
53.57

47.95–
103.57

2.29–
3.51

Avg., 20.39 280.24 153.23 34.95 62.75 130.62 72.73 18.32 45.90 189.43 18.45 2.60 238.46 6.71 11.42 1.97 250.86 1.56 17.29 31.15 32.94 67.29 2.82

SD
(±) 3.54 73.03 153.31 9.93 97.39 40.97 82.15 2.03 11.31 52.79 3.09 0.83 39.80 1.12 4.36 0.55 45.84 0.33 9.77 3.19 7.96 14.94 0.30

Deccan Trap
Terrain
(DTT)

Range 15.15–54.44 165.01–
1308.25

77.84–
732.65

21.72–
82.14

31.26–
440.13

81.24–
424.44

37.10–
387.41

15.974–
39.99 12.76–67.08 50.56–

380.44 11.85–68.14 0.53–
5.17

83.55–
340.66 4.84–21.47 2.63–

24.50
0.83–
5.56

179.65–
1119.75 0.85–7.48 7.03–

51.99
21.64–
40.05

12.69–
53.57

29.29–
103.57

2.26–
3.65

Avg., 29.70 456.58 189.74 45.79 64.39 185.36 81.55 23.23 36.02 148.11 21.34 2.25 204.28 8.32 9.23 2.25 332.06 2.02 18.01 31.49 28.57 61.55 2.91

SD
(±) 11.55 263.68 140.86 15.61 64.66 88.06 59.06 6.43 15.24 72.01 9.57 1.10 65.98 3.35 4.39 1.13 182.32 1.14 8.88 4.23 8.32 17.10 0.40

West Coast
of India

River
Average Silt
(WCIRAS)

Range 11.31–54.44 97.66–
1308.25

77.85–
2350.39

10.73–
82.14

31.26–
440.13

31.87–
424.44

37.10–
387.41 11.63–47.22 12.76–90.74 36.62–

380.44 10.21–68.14 0.53–
5.29

83.55–
1503.01 4.85–65.31 2.63–

116.47
0.931–
14.63

179.65–
1435.70 0.60–7.48 7.03–

87.63
13.63–
40.05

12.69–
232.43

29.29–
521.22

1.50–
4.32

Avg., 26.02 315.60 212.40 34.39 61.68 131.19 91.82 26.86 43.87 123.02 19.69 2.59 304.22 11.37 15.58 3.43 425.88 1.78 26.42 28.57 47.25 95.66 2.82

SD
(±) 9.23 216.68 250.82 15.23 43.89 77.87 59.86 7.46 18.87 72.21 7.39 1.09 272.05 8.87 16.14 2.18 328.78 0.89 14.85 6.18 42.83 80.65 0.53

Reference
Sediments

PAAS 15.89 150.00 110.00 23.00 55.00 50.00 85.00 20.00 160.00 200.00 19.00 15.00 650.00 5.00 14.60 3.10 210.00 1.50 20.00 27.31 44.56 88.25 2.04

UCC 14.00 97.00 92.30 17.30 47.30 27.70 67.00 17.50 82.00 320.00 11.80 4.10 624.00 5.26 10.10 2.63 193.00 0.88 17.00 21.00 31.40 63.40 3.01

State (No. of
Rivers) ∑TE Th/Sc Zr/Sc Cr/V Y/Ni Co/Th La/Sc Zr/Co La/Th Th/Yb Th/U Rb/Sr K2O/Rb Cr/Th Cr/Ni V/Th

Kerala (21)

Range 1395.11–3848.58 0.23–5.31 8.22–111.19 0.71–1.48 0.27–0.93 0.20–6.29 1.51–10.61 5.99–103.99 1.99–6.75 1.81–
31.85 2.761–18.26 0.18–1.35 0.02–0.03 1.01–46.17 2.03–4.89 1.08–36.29

Avg., 2338.94 1.27 26.65 0.96 0.54 0.96 4.34 21.85 3.43 9.91 7.83 0.38 0.03 5.67 3.09 5.89

STD ± 601.68 1.31 26.08 0.23 0.18 1.66 2.67 27.47 1.56 7.53 4.79 0.31 0.00 11.99 0.69 9.80

Karnataka
(20)

Range 1148.90–3826.03 0.24–1.64 5.67–71.39 0.34–6.73 0.183–0.63 0.43–4.67 0.43–4.20 5.47–79.21 1.15–3.18 2.61–
16.46 1.90–7.52 0.32–1.32 0.02–0.04 3.26–236.69 1.68–

16.08 5.94–39.05

Avg., 1635.17 0.73 21.90 1.20 0.36 1.81 1.64 22.34 2.32 6.51 3.60 0.67 0.03 25.73 3.77 18.94

STD ± 600.64 0.41 15.32 1.34 0.11 1.07 0.90 16.14 0.54 3.77 1.46 0.27 0.00 50.13 3.01 11.37
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Table 3. Cont.

State (No. of
Rivers) ∑TE Th/Sc Zr/Sc Cr/V Y/Ni Co/Th La/Sc Zr/Co La/Th Th/Yb Th/U Rb/Sr K2O/Rb Cr/Th Cr/Ni V/Th

Goa (11)

Range 1319.37–1753.87 0.20–0.67 9.67–21.27 0.59–1.11 0.29–0.59 1.26–8.08 0.79–1.78 6.92–23.74 1.94–3.86 1.85–5.21 1.043–3.16 0.39–0.71 0.02–0.03 12.99–53.11 3.04–4.92 15.71–62.36

Avg., 1499.40 0.48 14.45 0.90 0.48 3.04 1.24 12.71 2.74 3.90 2.06 0.57 0.03 22.02 3.66 25.56

SD (±) 144.14 0.15 4.45 0.16 0.10 1.93 0.26 5.91 0.60 1.03 0.55 0.09 0.00 10.98 0.64 14.06

Archean–
Proterozoic

Terrain
(APT)

Range 1148.90–3848.58 0.20–5.32 5.67–111.19 0.340–6.734 0.18–0.93 0.20–8.08 0.43–10.61 5.47–103.99 1.15–6.76 1.81–
31.86 1.04–18.26 0.18–1.35 0.02–0.04 1.02–236.69 1.68–

16.08 1.08–62.36

Avg., 1890.66 0.93 22.86 1.03 0.47 2.10 2.73 21.72 3.24 7.17 5.22 0.57 0.03 19.27 3.46 17.32

SD (±) 649.46 0.94 19.63 0.85 0.17 1.57 2.32 20.60 1.44 5.70 4.15 0.27 0.00 32.53 1.94 12.43

Maharashtra
(21)

Range 1483.29–3738.62 0.06–0.66 5.90–28.97 0.13–1.23 0.25–0.58 2.28–24.94 0.31–1.72 3.26–18.51 2.36–5.67 1.01–4.97 1.62–6.19 0.06–0.95 0.02–0.04 10.22–96.15 2.04–9.17 15.98–
253.89

Avg., 2104.98 0.23 11.32 0.46 0.49 9.62 0.75 7.82 3.73 2.53 3.40 0.31 0.03 35.78 3.30 105.72

SD (±) 483.88 0.16 6.69 0.35 0.08 5.87 0.38 4.78 0.95 1.20 1.33 0.24 0.00 23.82 1.68 75.20

Gujarat (17)

Range 1081.08–2897.20 0.30–1.44 7.65–20.75 0.30–2.77 0.06–1.12 0.88–6.92 1.01–3.16 3.03–12.90 2.18–3.46 2.77–7.64 4.91–7.71 0.13–0.45 0.02–0.03 4.54–76.12 1.66–5.74 6.73–48.79

Avg., 1557.88 0.59 12.69 0.56 0.77 3.45 1.68 7.64 2.99 3.99 5.72 0.26 0.03 14.75 2.91 27.16

SD (±) 381.93 0.29 3.43 0.58 0.22 1.45 0.58 2.33 0.33 1.21 0.71 0.08 0.00 16.13 0.86 10.03

Deccan Trap
Terrain
(DTT)

Range 1081.08–3738.62 0.06–1.44 5.90–28.97 0.13–2.77 0.06–1.12 0.88–24.94 0.31–3.16 3.03–18.51 2.18–5.67 1.01–7.64 1.62–7.70 0.06–0.95 0.02–0.04 4.54–96.15 1.66–9.17 6.73–253.89

Avg., 1860.22 0.39 11.93 0.51 0.62 6.86 1.17 7.74 3.40 3.18 4.44 0.29 0.03 26.37 3.13 70.57

SD (±) 515.40 0.29 5.45 0.46 0.21 5.40 0.67 3.83 0.82 1.40 1.59 0.19 0.00 23.06 1.37 68.32

West Coast
of India

River
Average Silt
(WCIRAS)

Range 1082.66–3848.58 0.06–5.32 5.67–111.19 0.13–6.73 0.06–1.12 0.20–24.94 0.31–10.61 3.03–103.99 1.15–6.76 1.01–
31.86 1.04–18.26 0.06–1.35 0.02–0.04 1.01–236.69 1.66–

16.08 1.08–253.89

Avg., 1878.63 0.70 18.25 0.81 0.53 4.11 2.07 15.82 3.31 5.49 4.89 0.45 0.03 22.27 3.32 39.80

SD (±) 593.28 0.78 16.21 0.75 0.20 4.38 1.97 17.25 1.21 4.83 3.33 0.28 0.01 28.98 1.72 52.24

Reference
Sediments

UCC 1650.87 0.72 13.79 0.95 0.44 1.71 2.24 11.16 3.11 3.35 3.84 0.26 - 9.14 1.95 9.60

PAAS 1807.09 0.92 13.22 0.73 0.50 1.58 2.80 9.13 3.05 7.16 4.71 0.80 - 7.53 2.00 10.27

APT: Archean-Proterozoic Terrain (this study); DTT: Deccan Trap Terrain (this study); WCIRAS: West Coast of India River Average Silt (this study); UCC: Upper Continental Crust [77];
PAAS: Post-Archean average Australian Shale [78].
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Table 4. Correlation matrix (APT—Archean–Proterozoic Terrain; DTT—Deccan Trap Terrain). The red colored values belong to APT and the black colored values
belong to DTT.

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 ∑REE Y La Ce Yb Zr Hf U Th Sc V Cr Co Ni Cu Zn Ga Rb Sr Nb Cs Ba Ta Pb

SiO2 1 −0.27 −0.57 −0.07 0.18 0.43 −0.58 0.08 0.06 −0.38 −0.50 −0.15 −0.41 −0.50 −0.45 0.03 0.01 −0.61 −0.28 0.01 −0.20 0.01 −0.15 −0.01 −0.37 0.01 −0.37 0.04 0.26 −0.11 −0.04 0.14 −0.26 −0.20

Al2O3 −0.39 1 −0.02 −0.21 −0.53 −0.60 −0.18 −0.28 0.45 0.50 0.09 −0.19 −0.03 0.28 0.24 0.54 0.59 0.67 0.28 −0.01 0.34 −0.16 −0.21 −0.09 0.22 −0.11 0.68 −0.04 −0.31 0.54 0.11 −0.31 0.60 0.20

Fe2O3 −0.31 −0.04 1 0.24 −0.18 −0.39 0.15 0.02 −0.39 0.14 0.64 0.22 0.51 0.64 0.36 −0.18 −0.17 0.50 0.34 0.06 0.15 0.16 0.40 0.13 0.30 0.10 0.26 0.03 −0.38 −0.12 0.06 0.13 0.03 0.23

MnO −0.19 −0.12 0.32 1 −0.10 −0.05 −0.12 −0.29 −0.08 0.31 0.28 0.68 0.17 0.03 0.57 −0.01 −0.01 −0.29 −0.33 0.42 0.20 0.21 0.66 0.21 0.40 0.23 −0.12 −0.46 −0.20 −0.47 −0.44 0.38 −0.28 0.15

MgO −0.21 −0.28 0.02 0.36 1 0.65 −0.14 0.52 −0.27 −0.33 −0.24 −0.11 −0.02 −0.35 −0.43 −0.44 −0.44 −0.38 −0.18 −0.27 −0.61 −0.08 −0.28 −0.11 −0.33 −0.03 −0.66 0.19 0.44 −0.28 0.05 −0.06 −0.30 −0.21

CaO −0.29 −0.45 −0.06 0.13 0.50 1 −0.18 0.58 −0.23 −0.34 −0.30 −0.17 −0.07 −0.38 −0.52 −0.40 −0.45 −0.56 −0.10 −0.23 −0.57 −0.12 −0.33 −0.14 −0.41 −0.12 −0.63 0.31 0.77 −0.16 0.18 0.34 −0.17 −0.27

Na2O −0.20 −0.50 −0.28 −0.15 0.17 0.71 1 −0.06 −0.11 −0.10 0.13 0.10 0.14 0.09 0.23 −0.12 −0.14 0.12 0.00 0.08 0.08 −0.06 0.02 −0.05 0.12 −0.09 0.10 −0.05 −0.12 −0.06 −0.05 −0.17 −0.09 −0.11

K2O −0.10 −0.63 −0.24 0.11 0.53 0.62 0.75 1 −0.35 −0.12 0.12 −0.40 0.33 0.19 −0.52 −0.45 −0.47 0.09 0.50 −0.58 −0.74 −0.25 −0.47 −0.25 −0.36 −0.17 −0.28 0.83 0.47 0.31 0.72 0.14 0.26 −0.01

TiO2 0.37 −0.05 −0.05 −0.25 0.00 −0.14 −0.08 −0.02 1 0.33 −0.30 −0.06 −0.42 −0.20 0.15 0.70 0.70 0.06 −0.18 0.22 0.61 −0.11 −0.13 −0.05 0.07 −0.08 0.50 −0.36 −0.43 0.44 −0.24 −0.19 0.38 −0.05

P2O5 −0.67 0.34 0.15 0.23 0.17 0.11 −0.05 −0.04 −0.16 1 0.24 0.17 0.18 0.25 0.40 0.20 0.25 0.36 0.23 −0.03 0.18 0.18 0.21 0.24 0.61 0.30 0.28 −0.08 −0.34 0.27 0.01 0.13 0.41 0.58

∑REE −0.64 0.43 −0.02 0.23 0.06 0.15 −0.02 −0.02 −0.15 0.79 1 0.35 0.92 0.91 0.46 −0.33 −0.32 0.51 0.57 −0.06 −0.01 −0.05 0.21 −0.09 0.11 −0.09 0.23 0.16 −0.26 0.09 0.10 −0.02 0.25 0.12

Y −0.71 0.31 0.26 0.41 0.21 0.22 −0.01 0.00 −0.28 0.58 0.70 1 0.14 −0.02 0.84 0.18 0.18 −0.33 −0.50 0.71 0.30 0.07 0.66 0.06 0.41 0.12 −0.08 −0.65 −0.23 −0.62 −0.68 −0.02 −0.46 −0.19

La −0.62 0.46 −0.08 0.19 0.03 0.13 −0.01 −0.02 −0.12 0.76 0.99 0.66 1 0.84 0.19 −0.60 −0.58 0.43 0.69 −0.31 −0.30 −0.02 0.02 −0.09 −0.06 −0.09 0.01 0.39 −0.08 0.13 0.27 0.08 0.27 0.15

Ce −0.58 0.41 −0.01 0.21 0.01 0.10 −0.07 −0.03 −0.15 0.77 0.98 0.62 0.95 1 0.21 −0.26 −0.26 0.75 0.79 −0.27 0.03 −0.06 0.04 −0.09 0.04 −0.12 0.43 0.37 −0.28 0.40 0.36 −0.02 0.50 0.25

Yb −0.71 0.39 0.25 0.32 0.08 0.16 0.01 −0.08 −0.20 0.47 0.59 0.94 0.55 0.50 1 0.39 0.42 0.10 −0.26 0.65 0.50 0.01 0.57 0.03 0.53 0.04 0.30 −0.63 −0.48 −0.29 −0.57 −0.16 −0.11 −0.06

Zr 0.40 −0.29 0.05 −0.15 0.05 −0.10 −0.07 0.09 0.53 −0.39 −0.52 −0.28 −0.52 −0.52 −0.16 1 0.99 0.07 −0.37 0.53 0.68 −0.24 0.07 −0.14 0.25 −0.16 0.59 −0.45 −0.39 0.22 −0.26 −0.23 0.21 −0.20

Hf 0.31 −0.23 0.02 −0.15 0.07 −0.05 −0.03 0.09 0.56 −0.33 −0.44 −0.21 −0.44 −0.45 −0.07 0.98 1 0.09 −0.36 0.50 0.65 −0.23 0.06 −0.14 0.26 −0.15 0.56 −0.50 −0.42 0.20 −0.29 −0.27 0.21 −0.17
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Rb −0.10 −0.05 0.04 0.28 0.33 −0.05 −0.19 0.37 −0.04 0.07 0.17 0.24 0.17 0.19 0.10 0.02 −0.06 0.41 0.36 −0.25 −0.27 −0.36 0.11 −0.41 −0.13 0.07 −0.27 1 0.34 0.59 0.95 0.19 0.50 0.18

Sr −0.45 0.07 −0.03 0.28 0.51 0.40 0.11 0.25 0.01 0.68 0.71 0.50 0.68 0.67 0.35 −0.23 −0.16 −0.22 −0.15 0.02 −0.36 −0.21 0.23 −0.27 −0.44 −0.30 −0.11 0.12 1 −0.15 0.25 0.14 −0.15 −0.18

Nb 0.31 −0.06 −0.19 −0.30 −0.35 −0.17 −0.07 −0.04 0.64 −0.06 0.10 −0.27 0.14 0.15 −0.25 0.24 0.25 0.19 0.72 −0.19 0.13 −0.06 −0.34 −0.04 −0.15 −0.11 0.44 0.04 −0.04 1 0.69 −0.03 0.91 0.25

Cs 0.28 −0.48 0.25 0.07 0.20 −0.04 −0.07 0.32 0.25 −0.39 −0.46 −0.18 −0.46 −0.43 −0.23 0.45 0.36 0.75 0.28 −0.20 0.28 −0.05 0.08 0.06 0.28 0.29 −0.46 0.61 0.61 0.22 1 0.21 0.62 0.25

Ba −0.54 0.40 0.03 0.21 0.04 0.08 −0.09 −0.03 −0.03 0.80 0.91 0.56 0.90 0.89 0.47 −0.41 −0.34 −0.52 0.07 0.13 −0.32 −0.27 0.23 −0.31 −0.44 −0.37 0.37 0.15 0.15 0.11 −0.45 1 0.01 0.22

Ta 0.64 −0.40 −0.08 −0.26 −0.24 −0.22 −0.12 0.05 0.48 −0.44 −0.43 −0.53 −0.39 −0.36 −0.54 0.47 0.40 0.61 0.65 −0.38 0.29 0.01 −0.31 0.06 0.20 0.23 0.06 0.15 0.15 0.75 0.61 −0.39 1 0.25

Pb −0.04 0.24 0.14 0.02 −0.16 −0.10 −0.16 −0.08 −0.11 0.16 0.18 0.12 0.19 0.21 0.04 −0.20 −0.30 0.13 0.23 −0.27 −0.19 −0.21 0.00 −0.22 0.00 0.43 0.18 0.35 0.35 −0.03 0.13 0.15 −0.04 1
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4. Results
4.1. Clay Minerals in the Sediments

Two contrasting clay mineral assemblages are found in the sediments. Kaolinite is the
most dominant mineral (av. 78%), followed by minor illite (6%) and gibbsite (6%) and traces
of goethite (3%) in the sediments from Kerala, Karnataka and Goa (A-P terrain; Figure 2).
Quartz content ranges up to 7%. Contrastingly, the river sediments from Maharashtra
and Gujarat (DT terrain) showed predominant smectite (av. 58%), followed by illite, (17%)
kaolinite and chlorite (25%), and traces of feldspar (Figure 2). Indeed, the continental shelf
sediments of Goa, Karnataka and Kerala also showed similar clay mineral assemblages,
but with decreasing proportions of gibbsite as one moves from Kerala to Goa [56,61]. Very
high proportions of smectite with minor kaolinite and illite were reported in the sediments
from the Narmada and Tapi Rivers [46] and shelf sediments off Maharashtra and Gujarat.

4.2. Distribution of Major Elements

The Post-Archean average Australian Shale (PAAS)-normalised distribution of major
elements (Figure 3) showed depleted SiO2, MgO, CaO, Na2O and K2O and enriched Al2O3,
Fe2O3, MnO, TiO2 and P2O5 in both fractions. However, the relative enrichment/depletion
of these oxides varies differently in river sediments of different states and terrains. The
sediments weathered from the A-P terrain are more enriched with Al2O3, Fe2O3 and P2O5,
while those weathered from the DT terrain are enriched with MgO, CaO and TiO2 (Table 1).
The mean Al2O3 content of the sediments decreased gradually from Kerala (23.5%) to
Gujarat (14.43%). The mean Fe2O3 content, however, increased for the clays from Kerala
(11.8%) to Goa (13.2%), with low mean values for Maharashtra (10.75%) and Gujarat (8.9%).
The mean SiO2/Al2O3 ratios (Table 1) for the clays of Kerala (1.45), Karnataka (2.22), Goa
(2.24), Maharashtra (2.64) and Gujarat (3.29) are much lower than those from the Upper
Continental Crust (UCC: 4.33) and PAAS (3.32). The mean SiO2/Al2O3 ratio for the silt
fraction of sediments was 2.99 ± 0.61 for A-P terrain and 3.43 ± 0.66 for DT terrain (Table 1).
The mean Fe2O3/Al2O3 ratio gradually increased in the clay fraction of sediments from
Kerala (0.5) to Karnataka (0.64) and then to Goa (0.74) of the A-P terrain, but remained
at 0.64 for Maharashtra and Gujarat. Similarly, the mean Fe2O3/Al2O3 ratio for the silt
fraction of sediments was higher for the A-P terrain (0.54) than for the DT terrain (0.22).
The mean Al2O3/TiO2 ratio decreased gradually from 21.22 to 10.39 in the clay fraction,
and from 18.3 to 6.12 in the silt fraction of sediments from Kerala in the south to Gujarat in
the north (Table 1).

4.3. Weathering Indices

To better understand the degree of chemical weathering and extent of lateritisation,
various weathering indices are determined, using the oxides of major elements.

(a) The chemical index of alteration (CIA) is determined by the equation of Nesbitt
and Young [1].

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100 (1)

CaO* is related to CaO in the silicate fraction of the sediment [6].
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The CIA values ranged from 27 to 97 for clay fractions and from 47 to 96 for silt
fractions of sediments (Table 1), with low CIA values in both fractions corresponding
to the sediments of Gujarat. The mean CIA values for the clay and silt fractions of the
sediments are 86 and 88 from the A-P terrain and 80 and 72 for DT terrain, respectively.
The plot of CIA values in the A-CN-K diagram (Figure 4A) showed that the clay fractions
of sediments from Kerala, Karnataka and Maharashtra plot closely to the Al2O3 pole,
indicating strong (intense) chemical weathering, while those from Goa and Gujarat plot
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in the intermediate to strong weathering region (Figure 4A). On the other hand, the silt
fractions of sediments from Kerala and Karnataka exhibit strong weathering, while those
of Goa and Maharashtra exhibit intermediate to strong weathering and those from Gujarat
exhibit weak to intermediate weathering (Figure 4A). High CIA values in the clay fraction
indicate strong weathering, and this fraction is not influenced by sorting processes [20,21].
Relatively low CIA values in the silt fractions of Goa, Maharashtra and Gujarat suggest
that this fraction may have been influenced by hydraulic sorting processes and/or source
rock characteristics. Since the sediments from DT terrain are mafic component-dominated
and mafic rocks are more vulnerable to weathering, it is possible that the low CIA values in
the silts of Maharashtra and Gujarat are influenced by physical weathering of source rocks.

Minerals 2025, 15, x FOR PEER REVIEW 18 of 45 
 

 

CaO* is related to CaO in the silicate fraction of the sediment [6]. 
The CIA values ranged from 27 to 97 for clay fractions and from 47 to 96 for silt frac-

tions of sediments (Table 1), with low CIA values in both fractions corresponding to the 
sediments of Gujarat. The mean CIA values for the clay and silt fractions of the sediments 
are 86 and 88 from the A-P terrain and 80 and 72 for DT terrain, respectively. The plot of 
CIA values in the A-CN-K diagram (Figure 4A) showed that the clay fractions of sedi-
ments from Kerala, Karnataka and Maharashtra plot closely to the Al2O3 pole, indicating 
strong (intense) chemical weathering, while those from Goa and Gujarat plot in the inter-
mediate to strong weathering region (Figure 4A). On the other hand, the silt fractions of 
sediments from Kerala and Karnataka exhibit strong weathering, while those of Goa and 
Maharashtra exhibit intermediate to strong weathering and those from Gujarat exhibit weak 
to intermediate weathering (Figure 4A). High CIA values in the clay fraction indicate strong 
weathering, and this fraction is not influenced by sorting processes [20,21]. Relatively low 
CIA values in the silt fractions of Goa, Maharashtra and Gujarat suggest that this fraction 
may have been influenced by hydraulic sorting processes and/or source rock characteristics. 
Since the sediments from DT terrain are mafic component-dominated and mafic rocks are 
more vulnerable to weathering, it is possible that the low CIA values in the silts of Maha-
rashtra and Gujarat are influenced by physical weathering of source rocks. 

 
Figure 4. Ternary diagrams showing (A) the plots of Al2O3–(CaO + Na2O)–K2O along with chemical
index of alteration (CIA) (adopted from Nesbit and Young [1]) and (B) (Al2O3–K2O)-CaO-Na2O
along with plagioclase index of alteration (PIA) (adopted from Fedo [6]). (C) Plot of chemical index of
alteration (CIA) vs index of chemical variability (ICV) (adopted from Cox [16]), (D) Tetrahedral plot
of AF–CN–K–M ((Al2O3 + Fe2O3)–(CaO + Na2O)–(K2O)–(MgO)) (modified adopted from Babechuk
and Fedo, [60]), (E) Tetrahedral plot of A–CN–K–FM ((Al2O3)–(CaO + Na2O)–(K2O)–(FeO + MgO))
(modified adopted from Babechuk and Fedo, [60]).
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(b) The plagioclase index of alteration (PIA) is used to quantify the degree of weath-
ering of plagioclase feldspar. It is determined by the equation of Fedo et al. [6].

PIA = (Al2O3-K2O)/(Al2O3 + CaO* + Na2O-K2O) × 100 (2)

CaO* is related to CaO in the silicate fraction of the sediment [6].
The PIA values are in the range 21 to 94 for the clay fractions and 41 to 94 for the silt

fractions of sediments (Table 1). The average PIA values for the clay and silt fractions of
sediments are 86 and 88 for A-P terrain and 80 and 71 for DT terrain, respectively. The
plot of major element oxides in the ternary diagram ((Al2O3–K2O)-CaO–Na2O) indicates
that the sediments from Kerala, Karnataka, Goa and Maharashtra exhibit a high degree
of plagioclase weathering, while those from Gujarat exhibit a low to moderate degree of
plagioclase weathering (Figure 4B).

(c) The index of chemical variability (ICV) is used as a proxy indicator to assess the
role of mineralogical maturity of the sediments. It is determined by the equation of Cox
et al. [16].

ICV = (Fe2O3 + K2O + Na2O + CaO + MgO +MnO +TiO2)/Al2O3. (3)

Typical rock-forming minerals such as feldspars, amphiboles and pyroxenes have ICV
value > 1, whereas the alteration products like kaolinite, illite and muscovite have ICV
value < 1 [16,76]. High ICV values imply compositionally immature sediments due to high
content of non-clay silicate minerals. Sediments that contain high quartz content and/or Fe
and Ti oxides also exhibit ICV values > 1. Low ICV values correspond to mature sediments
deposited in areas of sediment recycling and intense chemical weathering. The mean ICV
values of the clays from Kerala, Karnataka and Goa are 0.97, 0.87 and 1.21, respectively,
with an overall mean of 1.02 for the A-P terrain. The mean ICV values of the clays from
Maharashtra and Gujarat are 1.08 and 1.31, respectively, with an overall mean of 1.20 for the
DT terrain. Similarly, the mean ICV values are <1 for the silts from Kerala, Karnataka, Goa
and Maharashtra and 1.28 (range: 0.97–1.87) for Gujarat. The ore particulates (Fe-oxides)
in the sediments of Goa and Fe- and Ti- minerals in the sediments from DT terrain (see
chemistry below) may have influenced ICV values to be >1. The plot of ICV vs. CIA
(Figure 4C) indicates that the clays from Kerala, Karnataka and Maharashtra are intensely
weathered and compositionally mature, whereas the clays from Goa and Gujarat are
intensely weathered, with a few showing compositional immaturity (Figure 4C). On the
other hand, most of the silt fractions of sediments from Kerala, Karnataka and Maharashtra
are intensely weathered and mature. A few silt samples from Goa are immature but
intensely weathered. Almost all silt samples from Gujarat are compositionally immature
and weakly weathered (Figure 4C).

(d) Babechuk et al. [58] proposed the Mafic Index of Alteration (MIA) to quantify the
total loss of mobile elements relative to that of immobile elements. Subsequently, Babechuk
and Fedo [60] proposed MIA(O) and MIA(R), respectively, for oxidative and reductive
weathering, to separate the effects of feldspars (both plagioclase and K-feldspar) and mafic
mineral weathering and the addition of labile elements during diagenesis/metasomatism.
Following the equations of Babechuk and Fedo [60],

MIA(O) = [(Al2O3 + Fe2O3(T))/(Al2O3 + Fe2O3(T) + MgO + CaO + Na2O + K2O)] × 100 (4)

MIA(R) = [(Al2O3)/(Al2O3 + FeO(T) +MgO + CaO + Na2O+ K2O)] × 100

are calculated. The MIA(O) values (Table 1) are close to that of CIA. The mean MIA(O) values
range from 82 to 91 for the clay and from 84 to 91 for silt fractions of sediments from the
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A-P terrain. It ranges from 74 to 84 for the clay and 62 to 75 for silt fractions of sediments
from the DT terrain. Indeed, the MIA(O) values are lower for the sediments from DT terrain
than those from A-P terrain. The MIA(R) values are much lower than MIA(O) in both size
fractions (Table 1). The mean MIA(R) values are 55 and 50 for the clay fractions and 50 and
57 for the silt fractions of sediments from A-P terrain and DT terrain, respectively.

Babechuk and Fedo [60] proposed the AF-CN-K-M tetrahedral plot (Figure 4D), useful
for oxidative weathering, where Fe is retained alongside Al across all stages of incipient to
advanced weathering. One ternary diagram (AF-CN-M) of the tetrahedron is integrated
with the MIA(o)–K weathering index (Figure 4D). The sediments from A-P terrain and the
DT terrain of Maharashtra showed MIA(o) values > 80 in both size fractions and plot very
close to the AF pole in the AF-CN-M diagram, indicating extreme leaching and net loss
of Ca, Na, K and Mg, released from plagioclase and mafic minerals, and Fe is retained via
oxyhydroxide development. This agrees with the results from X-ray diffraction studies,
where Al is retained as gibbsite and Fe as goethite (Figure 2) in the sediments from A-P
terrain. The sediments from Gujarat plot slightly away from the AF pole (with MIA(o)

values 50 to 80 in both fractions), suggesting intermediate leaching of labile elements.
However, in another ternary diagram (CN-K-M) of the tetrahedron, our samples plot in the
central inner space designated for MIA(o) (Figure 4D), indicating strong leaching of labile
elements and that subsequent diagenesis has not obscured the chemical weathering effects.

Babechuk and Fedo [60] also proposed the A-CN-K-FM tetrahedral plot (Figure 4E),
useful to study reductive weathering, where Fe is lost and/or redistributed in the system.
One ternary diagram (A-CN-FM) of the tetrahedron is integrated with the MIA(R)-K weath-
ering index (Figure 4E). Our samples plot slightly away from the FM pole and slightly
towards the A pole in the A-CN-FM diagram, suggesting an advanced weathering stage
where Fe and Mg were lost, since our sediment samples show high values of Fe and some
Fe may have been retained as goethite. The average MIA(R) values for the clay (55 ± 7.1)
and silt (59 ± 4.9) fractions from A-P terrain may indicate only loss of Mg during ad-
vanced weathering of sediments. In another ternary diagram (CN-K-FM) of the tetrahedron
(Figure 4E), our samples plot close to the FM pole, but not in the inner space designated
for MIA(R) reduction, implying subsequent that diagenesis has not obscured the chemical
weathering effects. The silt samples from Gujarat plot mid-way between AN and FM
(Figure 4E), suggesting that intermediate weathering has minimal effect on labile elements.

4.4. Distribution of Trace Elements

The PAAS-normalised distribution of trace elements (Figure 5) showed strong deple-
tion of alkaline earth elements (Rb, Sr, Cs, Ba) in the sediments from both terrains. The
Th, U, La and Ce are enriched relative to PAAS in the sediments of Kerala and Karnataka,
but depleted as one moves towards Goa, Maharashtra and Gujarat. The transition trace
elements (TTEs: Sc, V, Cr, Co, Ni, Cu and Zn) are enriched relative to PAAS in the sediments
of all rivers (Figure 5). The TTE content is higher in the silt fractions than in clay fractions
of sediments. Moreover, the ΣTTE is higher in the sediments from DT terrain than in A-P
terrain (Tables 2 and 3). The Ga content is enriched relative to that of PAAS, with higher
values in the sediments from A-P terrain than in DT terrain (Tables 2 and 3). Among the
high-field-strength elements (HFSE: Zr, Hf, Ta, Nb and Y), Nb is depleted relative to PAAS
in the sediments of all rivers. The mean values of Zr, Hf, Ta and Y are lower in the clay
fraction of sediments from A-P terrain than DT terrain (Table 2). In the silt fractions, the
mean values of Zr, Hf and Ta are much higher, and Y is much lower, for the sediments from
A-P terrain than those from DT terrain (Figure 5).
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Total Trace element (ΣTE) content: A total of 23 trace elements, excluding rare
earth elements (REEs), are considered in this study. Sai Babu et al. [36] reported the REE
distribution of these sediments. The distributions of trace elements, along with a few REEs
(La, Ce, Yb, Y), are given in Tables 2 and 3 and considered here for discussion. The total
trace element content (ΣTE) varied from 991.6 to 2027.1 µg/g in the clay fractions and from
1081.1 to 3848.6 µg/g in the silt fractions of sediments from different states (Figure 6A).
Within the clay fractions, the ΣTE of Maharashtra was high compared to those of other
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states (Table 2). The mean ΣTE of the clay fraction of sediments from all rivers (1468.4 µg/g)
was lower than for their silt fraction (1827.2 µg/g), UCC (1650.57 µg/g; [77]) and PAAS
(1807.09 µg/g; [78]). The silt fractions of sediments showed broad peaks of high ΣTE
corresponding to the rivers of Kerala and Maharashtra (Figure 6A). The peaks of high ΣTE
correspond to broad peaks of high ΣREE in the sediments of Kerala, but in other states,
ΣTE distribution is significantly different from that of ΣREE (Figure 6A,B).

Minerals 2025, 15, x FOR PEER REVIEW 22 of 45 
 

 

Total Trace element (ƩTE) content: A total of 23 trace elements, excluding rare earth 
elements (REEs), are considered in this study. Sai Babu et al. [36] reported the REE distri-
bution of these sediments. The distributions of trace elements, along with a few REEs (La, 
Ce, Yb, Y), are given in Tables 2 and 3 and considered here for discussion. The total trace 
element content (ƩTE) varied from 991.6 to 2027.1 µg/g in the clay fractions and from 
1081.1 to 3848.6 µg/g in the silt fractions of sediments from different states (Figure 6A). 
Within the clay fractions, the ƩTE of Maharashtra was high compared to those of other 
states (Table 2). The mean ƩTE of the clay fraction of sediments from all rivers (1468.4 
µg/g) was lower than for their silt fraction (1827.2 µg/g), UCC (1650.57 µg/g; [77]) and 
PAAS (1807.09 µg/g; [78]). The silt fractions of sediments showed broad peaks of high ƩTE 
corresponding to the rivers of Kerala and Maharashtra (Figure 6A). The peaks of high ƩTE 
correspond to broad peaks of high ƩREE in the sediments of Kerala, but in other states, ƩTE distribution is significantly different from that of ƩREE (Figure 6A,B). 

 

Figure 6. (A) The total trace element content (∑TE) and (B) total rare earth element content (∑REE), 
(C) Th/U, (D) Co/La, (E) Cr/Th, (F) Co/Th and (G) Th/Sc ratios in the clay and silt fractions of sedi-
ments in the rivers along the west coast of India. 

Th/U and Rb/Sr ratios: The distribution of the Th/U ratio (Figure 7A) shows that this 
ratio is lower in the clay than silt fractions of sediments of all rivers. The peak high Th/U 
ratio in the sediments of Kerala broadly coincides with peak ƩTE (Figure 6C). The mean 
Th/U ratios for the clay and silt fractions of sediments from Karnataka and Maharashtra 

Figure 6. (A) The total trace element content (∑TE) and (B) total rare earth element content (∑REE),
(C) Th/U, (D) Co/La, (E) Cr/Th, (F) Co/Th and (G) Th/Sc ratios in the clay and silt fractions of
sediments in the rivers along the west coast of India.

Th/U and Rb/Sr ratios: The distribution of the Th/U ratio (Figure 7A) shows that this
ratio is lower in the clay than silt fractions of sediments of all rivers. The peak high Th/U
ratio in the sediments of Kerala broadly coincides with peak ΣTE (Figure 6C). The mean
Th/U ratios for the clay and silt fractions of sediments from Karnataka and Maharashtra
are close to that of UCC. The mean ratio is much lower for the sediments of Goa and higher
for the sediments of Gujarat than for UCC. The Th contents and Th/U ratios plotted on
the binary diagram of Gu et al. [79] indicate significant positive correlation between the
two in the sediments from A-P terrain, weak correlation in the clay fractions and moderate
positive correlation in silt fractions of sediments from DT terrain (Figure 7B).
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The distribution of the Rb/Sr ratio shows much higher ratios in the clay than in their
silt fractions of sediments (Figure 7C). The mean Rb/Sr ratios for the clay fractions of
sediments from A-P terrain (1.07) and DT terrain (0.67) were much higher than in UCC
(0.26; Table 2). The mean Rb/Sr ratio was highest for the sediments of Karnataka and Goa,
followed by Kerala, Maharashtra and Gujarat (Figure 7C). The mean ratio was low for the
silt fractions of sediments from DT terrain and close to that of UCC. The plot of Rb/Sr ratio
against Sr content (Figure 7D) showed strong negative correlation between the two in the
sediments from both terrains.

4.5. Relationships of Major and Trace Elements

Table 4 is the correlation matrix of elements for the clay fraction of sediments, sepa-
rately for A-P terrain and DT terrain. Figure 8 shows the important binary plots between
the elements. Within the A-P terrain, Al2O3 showed negative correlation with CaO, Na2O,
MgO and K2O (Figure 8A). The TiO2 showed strong positive correlation with Zr, Hf and
Nb (Figure 8B), while P2O5 showed strong positive correlation with Sr, Ba and ∑REE
(Figure 8C). Moderate to strong correlation exists among U, Th, Nb, Cs and Ta. The Fe2O3

and MnO showed strong correlation with V and Co (Figure 8D). On the other hand, the
sediments from DT terrain showed negative correlation of Al2O3 with CaO, MgO and Na2O
and strong positive correlation with P2O5 (Figure 8E). The Al2O3 also showed moderate to
strong correlation with Zr, Hf, U, Ga Nb and Ta. The Fe2O3 showed positive correlation
with ∑REE (Figure 8F), U and Co. TiO2 showed strong correlation with Zr, Hf, V and Ga.
Strong correlation exists among TTEs (Sc, Co, Cr, Ni, Cu and Zn; Figure 8G) elements and
TTEs with Zr and Hf (Figure 8H).
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5. Discussion
5.1. Mineralogy and Major Element Geochemistry—Stages of Weathering and Provenance

The Western Ghats (WG) experience humid, tropical climatic conditions. Therefore,
the rivers draining the WG obviously carry the weathering products of rocks subjected to
chemical weathering, prevalent under tropical conditions. Kaolinite is a product of intense
chemical weathering [25]. Occurrence of abundant kaolinite along with gibbsite in the
sediments from A-P terrain (Figure 2) indicates that the hinterland rocks were subjected
to intense chemical weathering and lateritisation, and/or sediments are weathered from
laterites. Babechuk and Fedo [60] reported that the breaking down of 2:1 clay and formation
of dominant 1:1 clay such as kaolinite, and Al- and Fe-(oxy)-(hydr)oxides such as gibbsite
and goethite indicate that the sediments have undergone intense to extreme weathering
conditions. The highest CIA values (Figure 4A) and kaolinite (Figure 2) in the clays from
A-P terrain also suggest strongest chemical hydrolysis [20]. The relatively high gibbsite
content in the offshore sediments of Kerala and its decreasing content towards Goa was
attributed to decrease in lateritisation from Kerala to Goa [61].

Smectite is the dominant weathering product of Deccan Trap basalts under tropical
conditions. Abundant smectite, together with minor illite, kaolinite and chlorite in the
sediments from DT terrain (Figure 2), thus reflect dominant weathering products from
basalts. The sediments with abundant smectite and minor kaolinite and chlorite indicate
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the abundant occurrence of 2:1 clay (smectite) and an early stage of 1:1 clay (kaolinite)
formation, suggesting an advanced to intense stage of chemical weathering, according to
the classification of Babechuk and Fedo [81].

The depletion of Ca, Mg, Na and K relative to PAAS (Figure 3) indicates that they are
leached and carried away as a solute during chemical weathering of source rocks. The
extent of leaching of labile elements is much higher in the sediments from A-P terrain than
in DT terrain. High CIA and PIA values for the clay fractions of sediments from Kerala,
Karnataka and Maharashtra indicate strong weathering (Figure 4). Relatively low CIA
values for the silts of Goa, Maharashtra and Gujarat (Figure 4A) indicate the influence of
hydraulic sorting processes and provenance. The MIA(O) values are close to that of CIA
(Table 1) and point out extreme leaching and net loss of labile elements, probably released
from plagioclase and mafic minerals.

In general, the SiO2/Al2O3 ratio is close to that of UCC or higher for the sediment
weathered from intense chemical weathering of silicate rocks and much lower than in
UCC for the sediment weathered from laterites. This ratio is <1.33 for laterites, 1.33–2.0
for lateritic soils and >2.0 for non-lateritic, chemically weathered tropical soils [71,82]. The
SiO2/Al2O3 ratio, however, can range from 1.33 to 2.2 in lateritic soils [81]. The mean
SiO2/Al2O3 ratio for the clay fractions of sediments from Kerala (1.45), Karnataka (2.22)
and Goa (2.24) and the silt fraction of sediments from Kerala (1.71) suggests that they
resemble lateritic soils. The mean SiO2/Al2O3 ratio for the silts from Karnataka (2.6) and
Goa (2.81) suggests dilution of lateritic soils by material weathered from the hinterland. The
gradually decreasing Al2O3 content coinciding with increasing Fe2O3 content and mean
Fe2O3/Al2O3 ratio in the clay fraction of sediments from Kerala to Goa (Table 1) suggest
an increase in particulate iron, probably from Fe-Mn ore mines, located in north Karnataka
and Goa [67,83–85]). As the rivers from northern Karnataka and Goa drain these open cast
mines, weathered material from the ores, together with lateritic material, are transported
as suspended and bed load and deposited in the lower reaches of rivers and estuaries.
Several workers reported ore material-dominated sediments in the rivers and estuaries of
northern Karnataka and Goa [52,55,57,86,87]. Hence, the sediments of Karnataka and Goa
are lateritic soils admixed with ore material. Sai Babu et al. [36] reported MREE- and HREE-
enriched REE patterns with positive Ce and Eu anomalies in both fractions of sediments
from the rivers of northern Karnataka and Goa and suggested that the sediments consist
of weathered material from source rocks, Fe-Mn ores and laterites. On the other hand,
the mean SiO2/Al2O3 ratios of the clay and silt fractions of sediments from Maharashtra
(2.54 and 2.99, respectively) and Gujarat (3.29 and 3.97) suggest that the sediments are
non-lateritic and chemically weathered soils. Moreover, the mean low Al2O3/TiO2 ratios
for the clay (11.7) and silt (6.2) fractions of sediments from DT terrain compared to UCC
(24.29), and strong correlation of TiO2 with Zr, Hf, Nb, V and Ga (Figure 8B; Table 4) suggest
Ti association with heavy metal-enriched minerals, i.e., heavy minerals, such as rutile and
ilmenite, abundantly reported from the Deccan Trap basalts.

5.2. Relationships Among Major Elements and Trace Elements

Strong correlation among labile alkali and alkaline earth elements and their negative
correlation with Al2O3, Fe2O3 and TiO2 in the sediments from both terrains (Table 4;
Figure 8A) may be related to chemical weathering of source rocks, wherein labile elements
are transported as dissolved species, and immobile elements such as Al, Fe and Ti are
enriched in solid detritus. The correlation of TiO2 with Zr, Hf and Nb in the sediments
from both terrains (Table 4; Figure 8B) implies association of these elements with heavy
minerals. Strong correlation of Fe2O3 and MnO with Co (Figure 8D) suggests Co adsorbed
onto Fe-Mn oxy-(hydr) oxides. The moderate to strong correlation of P2O5, Fe2O3 and
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MnO with ΣREE in the clay fractions of sediments from A-P terrain (Figures 4 and 8C)
suggests that REEs released during weathering are bound to secondary mineral phases
such as Fe-Mn oxy-(hydr)oxides and phosphate. Strong positive correlation of ΣREE with
Fe2O3 (Figure 8F) and moderate correlation with Al2O3 (Table 4) in the sediments from
DT terrain suggest that the clay minerals and Fe-oxy-(hydr)oxides are important hosts for
REEs. It appears that that the primary hosts for REEs are secondary weathering products
such as Fe-oxy-hydroxides and phosphates in the A-P terrain and clay minerals and Fe oxy-
(hydr)oxides in the DT terrain. Pourret et al. [88] and Du et al. [89] suggested that REEs are
adsorbed onto Fe-Mn oxy- (hydr) oxides and phosphates abundantly. The correlation of Sr
and Ba with P2O5 in both terrains indicates that they are associated with secondary mineral
phases like phosphates. Strong correlation of Al2O3 with Ga in both terrains (Table 4)
suggests its association with clay minerals. Higher Ga content in the A-P terrain than in
the DT terrain may be due to preferential binding of Ga with kaolinite and gibbsite-rich
sediments. Several workers reported association of high Ga content with laterites [71,90].
Positive correlation of Al2O3 with Zr, Hf, U, Ga, Nb and Ta (Table 4) implies that these
elements are immobile during weathering and associated with the weathered detritus.
Within the DT terrain, strong correlation exists among TTEs (Figure 8G), and TTEs (Sc, Co,
Cr, Ni, Cu and Zn) are negatively correlated with Rb, Cs and Nb (Table 4) maybe because
TTEs are retained and alkaline earth elements are removed during chemical weathering.
High TTE and Yb contents and strong correlation of Yb with TTEs (Table 4) suggest that
TTEs and heavy rare earth elements (HREEs) like Yb occur in higher proportions in basalts.
Sai Babu et al. [36] reported PAAS-normalised MREE- and HREE-enriched and LREE-
depleted patterns in the weathered products of basalts. Correlation of REEs with U, Th and
Ta (Table 4) indicates that some REEs are associated with heavy metal-associated minerals
(i.e., heavy minerals). Positive correlation of Zr and Hf with Sc, V and Ga and positive
correlation of U and Th with Rb, Cs, Nb, Ta and Ga suggest a mixed source for these
elements. It has been reported that the basalts are contaminated with crustal rocks away
from the Deccan Plateau, and crustal rocks are exposed because of thin cover of Deccan
basalts. Heavy monsoonal rains may have eroded these contaminated crustal rocks and
released these metals to the sediments.

5.3. Factors Controlling ∑TE, Th/U and Rb/Sr Ratios

∑TE: Trace elements are usually associated with fine-grained sediments and heavy
minerals. The low ∑TE or ∑TE values close to that of UCC in the clay fractions and
relatively high ∑TE in silt fractions of sediments (Figure 6A; Tables 2 and 3) imply that
the trace elements released during chemical weathering are largely transported away from
source rocks. The steep slopes of the western Ghats and chemical and physical weathering
associated with heavy monsoonal rains (>250 mm/yr) in short duration (within 4 months
during southwest monsoon—June to September) may have facilitated quick erosion of
dissolved and particulate material as suspended load of the rivers, resulting in low ∑TE in
the clay fraction of sediments.

The peaks of high ∑TE in the silt fraction of sediments from Kerala and Maharashtra
correspond to two different geographic terrains (Figure 6A). The peak high ∑TE in the sedi-
ments of Kerala is associated with peaks of high Th/U ratio, peak high ∑REE (Figure 6A–C),
low Co/La, Cr/Th and Co/Th ratios (Figure 6D–F), peak high Th/Sc (Figure 6G) and
higher HFSE elements relative to PAAS (Figure 5). It implies that high ∑TE is associated
with Th- and La-enriched minerals and minerals that contain both high REEs and heavy
(HFSE) elements i.e., heavy minerals. Felsic granites are usually enriched with heavy metal-
enriched minerals (i.e., heavy minerals) and high REEs [5]. Felsic granites are predominant
in the Western Ghats (WG) of south Kerala and WG, with steep slopes occuring at close
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proximity to the coast. Therefore, it is likely that the heavy monsoonal rains promoted both
physical and chemical weathering and quick erosion of rocks from the WG, and transported
and deposited weathered sediments in the lower reaches of rivers and adjacent coastal
region. This results in high heavy metal- and high REE-enriched minerals in the silt fraction
of sediments. Sai Babu et al. [36] reported PAAS-normalised LREE- and MREE-enriched
and HREE-depleted patterns in both clay and silt fractions of sediments from Kerala and
suggested their derivation from felsic granites and laterites from hinterland. In other words,
the peak high ∑TE of the silts from south Kerala is related to the source rock geology, high
relief of the Western Ghats (WG) and intense chemical and physical weathering of the rocks.
Heavy mineral (such as monazite, ilmenite, zircon)-enriched sediments have been reported
in the coastal region of south Kerala [91].

The broad peaks of high ∑TE in the silts of Maharashtra coincide with peaks of
high Co/La and Co/Th ratios (Figure 6D,E) and, to some extent, peak high Cr/Th ratios
(Figure 6F), a very low Th/Sc ratio (av. 0.2 compared to 0.9 of UCC; Figure 6G) and high
transition trace elements (TTEs; Figure 5; Table 3) and Fe and Ti contents relative to PAAS
(Figure 3; Table 1). This implies that high ∑TE is associated with TTE-dominated mafic
minerals and Fe- and Ti-enriched minerals, such as magnetite, ilmenite and rutile. Since
basalts contain high concentrations of TTEs and Ti- and Fe-rich minerals, the silts may have
eroded from the Deccan Traps. Moreover, the Western Ghats in this region exhibit a steep
gradient, known as the Great Escarpment of India. Therefore, the peaks of high ∑TE in the
silt fraction are most probably related to physical or mechanical erosion and weathering
of Deccan Trap material. The MREE- and HREE-enriched patterns in the clay and silt
fractions of sediments from Maharashtra were attributed to their derivation from Deccan
Trap basalts [36]. Therefore, peak high ∑TE in the silt fractions of sediments is related to
source rock composition, topography of the WG and associated physical and chemical
weathering. Unlike Kerala, the peak high ∑TE in the silts of Maharashtra corresponds to
high content of TTEs and low ∑REE (Figure 6A,B), implying that basalts are enriched with
TTEs, but not enriched with REEs. The peaks of high ∑TE in the silt fractions of sediments
from two different geographic domains suggest that the processes for enrichment of trace
elements are similar.

Th/U ratios: Trace element (Th, U, Rb and Sr) content and ratios of Th/U and Rb/Sr
can be used to measure the intensity of weathering in the source region [92–96]. Th is
immobile in the sedimentary environment. U is strongly mobile, and weathering and
recycling result in oxidation of U to the soluble U6+ state [5]. The higher Th (mean:
12.8 µg/g) and U (mean: 3.5 µg/g) contents in the clay fraction of sediments from A-P
Terrain than in UCC (Th: 10.1 µg/g; U: 2.63 µg/g; Table 2) suggest that high Th and U
contents may be from a granitic source. The higher mean Th/U ratio (4.1) of the A-P terrain
than in UCC (3.8) probably suggests oxidation of U to the soluble U6+ [5], and thus the
intensity of chemical weathering affected this ratio. Significant positive correlation between
Th content and Th/U ratio in both fractions of sediments from A-P terrain (Figure 7B)
suggests that chemical weathering modified the Th/U ratio. Usually, the Th/U ratio
increases with increasing degree of chemical weathering. However, in the sediments of
Kerala, the peak high Th/U ratio (Figure 6C) coincides with peak high ΣTE (Figure 6A),
suggesting that the lithology of the source rocks also affected this ratio. Felsic granites are
major rock types in south and central Kerala and contain Th-enriched minerals [70]. The
adsorption of Th by clay minerals produced under strong weathering results in high Th/U
ratios [5]. Therefore, chemical weathering, the lithology of source rocks and adsorption
of Th onto clays affected the Th/U ratio in the sediments of Kerala. The mean Th and U
contents increases and Th/U ratios decreases as one moves from Kerala to Karnataka and
then to Goa in both fractions of sediments (Tables 2 and 3). In other words, the sediments
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from Karnataka and Goa gained U and, as a result, the Th/U ratios are lower than in
UCC (Figure 7A), and do not fall on the weathering trend line shown in Figure 7B. Since
the sediments from Karnataka and Goa contain particulates from Fe-Mn ores together
with lateritic material, the U contents are influenced by ore material, favouring gaining U,
leading to a decrease in the Th/U ratio of the sediments.

The mean low Th (8.6 µg/g) and U (2.19 µg/g) contents and mean high Th/U ratio
(4.47) for the clay fractions of sediments from DT terrain compared to UCC (Tables 2 and 3)
imply low Th and U contents in source rocks and strong oxidation of U due to weathering.
Weak correlation of Th/U ratio with Th content (Figure 7B) in the clay fractions and
moderate correlation in silt fractions of sediments negate that the intensity of weathering
is a sole factor influencing the Th/U ratio. Moreover, nearly all sediments from Gujarat
and a few sediments from Maharashtra fall on the weathering trend line (Figure 7B). A few
sediment samples from Maharashtra gained U, resulting in low Th/U ratios, which plot
below UCC (Figure 7A,B), suggesting that contaminated crust material could have affected
this ratio. The strong positive correlation of U with Al2O3 and Fe2O3 (Table 4) indicate U
associated with silicate, Fe-oxy-(hydr) oxides, and that weathering of contaminated crustal
material with basalts at the transition zone of Goa and Maharashtra may have provided U
to the sediments, causing a low Th/U ratio. A few sediments from Maharashtra fall within
or close to the depleted mantle (Figure 7B), implying that they are weathered directly from
basalts. In other words, the Th/U ratios of sediments from Maharashtra are affected by
chemical weathering of basalts and contaminated crustal source material from hinterland.
The Th/U ratios for the clay and silt fractions of sediments from Gujarat are higher than in
UCC, and values plot on the weathering trend line (Figure 7C), suggesting oxidation of U
may have enhanced the Th/U ratio. However, the sediments from Gujarat exhibit weak
to intermediate weathering (Figure 4A,B) and are compositionally immature (Figure 4C),
implying that high Th/U ratios are not due to chemical weathering but related to recycling
of sediments.

Rb/Sr ratios: Rubidium (Rb) co-exists with K in silicate minerals such as K-feldspar,
biotite and muscovite, whereas Sr prefers Ca-bearing minerals such as carbonates, plagio-
clase and pyroxenes [9]. Moreover, K-bearing minerals are more stable than Ca-bearing
minerals, resulting in fractionation between Rb and Sr during weathering [97,98]. The much
lower Rb and Sr contents compared to UCC and PAAS (Tables 2 and 3) in both terrains
implies that some Rb and Sr is lost to solution during chemical weathering. Rubidium
(Rb) is highly soluble and also adsorbs abundantly onto clay minerals [99]. Higher Rb/Sr
ratios in the clay fractions than in the silt fractions of all sediments (Figure 7C) suggest
that a high degree of chemical weathering and a very strong sorption capacity of Rb by
clay minerals affected this ratio. Elevated concentrations of Rb have been reported in
shale and mudstones [100]. Increasing Rb/Sr ratios indicate stronger chemical weath-
ering [101]. Significant negative correlation between Rb/Sr ratio and Sr content of the
sediments from both terrains (Figure 7D) suggests that the Rb/Sr ratios are strongly affected
by chemical weathering. However, very high Rb/Sr ratios in both fractions of sediments
from south Kerala (Figure 7C) could be due to Rb-enriched rocks in the hinterland and
chemical weathering. Soman [70] reported khondalite–granulite–granite rocks intruded by
large pegmatites in south and central Kerala and Archean schists and charnockites with
mafic granulites in north Kerala. It is known that felsic granites and pegmatites contain
Rb-enriched minerals (muscovite, albite, K-feldspar and lepidolite; [70]). Therefore, very
high Rb/Sr ratios in south Kerala may have resulted from strong physical and chemical
weathering of felsic granites and pegmatites. Relatively low Rb/Sr ratios in the north
Kerala may be because of the increasing mafic component with high Sr in the hinterland
rocks and more intense weathering.
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Peninsular granites and gneisses are important source rocks in the hinterland of
Karnataka and Goa. The Rb in metamorphic rocks is largely associated with K-bearing
phyllosilicates, such as biotite and muscovite [98]. Rb also substitutes for K+ in mica
(muscovite) and to a lesser extent in K-feldspars. On the other hand, Sr is the most easily be
removed from the parent rocks during chemical weathering and carried away as a solute.
Therefore, the ion exchange and differential adsorption mechanisms tend to concentrate Rb
during weathering, causing high Rb/Sr ratios in the clays of Karnataka and Goa. Therefore,
high Rb/Sr ratios are related to the source rocks and intense chemical weathering.

High Rb/Sr ratios continued in the clay and silt fractions of sediments in a few rivers
of southern Maharashtra (Figure 7C) appear anomalous because the surficial rocks are
basalts. Since basalts contain high Sr, one would expect low Rb/Sr ratios, as seen in
northern Maharashtra. As mentioned in the geology of the hinterland, the Proterozoic
(peninsular granite and gneisses) rocks laterally change over to Deccan Traps at the border
of Maharashtra and Goa (Figure 1). Since the Deccan Trap material is contaminated with
crustal sediments at the transition zone of Maharashtra and Goa, high Rb/Sr ratios in the
sediments of southern Maharashtra could be due to the weathering of subsurface rocks and
their mixing with the products of Deccan Traps at the transition zone. Heavy monsoonal
rains and steep slopes of Western Ghats may have favoured exposure of subsurface rocks
and their erosion. Sai Babu et al. [36] reported a positive Ce anomaly in the sediments
of southern Maharashtra and its absence in the sediments of northern Maharashtra, and
attributed this to the mixing of weathered products from Deccan basalts with crustal rocks
at the transition zone.

The Deccan Trap basalts (basic rocks) contain high Sr content. Mafic rocks weather 2
to 10 times faster than felsic rocks. Therefore, Sr is the most easily dissolved from basalts
during chemical weathering. Strong negative correlation of Sr content with Rb/Sr ratio
(Figure 7D) suggests that chemical weathering is the major process for modifying this ratio.
Moreover, the silt fractions of sediments contain high Sr and low Rb/Sr ratios (Figure 7C),
implying the influence of source rocks.

5.4. Dominance of Mafic/Felsic Source Components in the Sediments

Binary plots and element to element ratios: The standard plots and element-to-element
ratios provide valuable information on the dominance of mafic/felsic component in the
sediments. The plot of Al2O3 and TiO2 values on the binary diagram of Bhatia [44] shows
that most of the clay and silt fractions from A-P terrain fall in the intermediate region
between felsic and mafic provenance, with a few samples falling in the felsic provenance
(Figure 9A). Within the DT terrain, the clays from Maharashtra fall in the intermediate
provenance between mafic and felsic, while those from Gujarat fall in the mafic prove-
nance (Figure 9A). The silt fractions of sediments from DT terrain fall in the intermediate
provenance between mafic and felsic provenance. Similarly, the plot of TiO2, MgO and
Fe2O3 values in the TiO2 versus Fe2O3 + MgO diagram of Bhatia [44] indicates that the
sediments from both terrains plot more towards basalts, suggesting dominance of the mafic
component in all samples (Figure 9B). The plot of TiO2 and Zr values in the TiO2-versus-Zr
diagram of Hayashi et al. [17] indicates that the sediments from A-P terrain plot in the
intermediate region between felsic and mafic, with clay fractions more towards the mafic
region and silt samples more towards the felsic region (Figure 9C). The sediments from DT
terrain plot in the intermediate zone between mafic and felsic (Figure 9C).

Felsic rocks are enriched with Th, whereas the basic igneous rocks are enriched with Sc,
and the Th/Sc ratio can chemically differentiate the sediments. Taylor and McLennon [3]
and Bhatia and Crook [102] reported Th/Sc ratios for the post-Archean (~1), granitic (>1)
and Archean and basic rock (<1)-derived sediments. The much lower mean Th/Sc ratios
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for the clay fractions of sediments (Tables 2 and 3) from A-P terrain (0.566) and DT terrain
(0.243) than from PAAS (0.919) and UCC (0.721) suggest predominant Archean and basic
rock-derived material. Accordingly, most of the clay fractions of sediments from both
terrains fall in the mafic region, with a few samples falling in the intermediate provenance
between mafic and felsic in the Th-versus-Sc plot (Figure 9D). However, the mean Th/Sc
ratio of the silts from A-P terrain (0.93) is close to that of PAAS (0.919), but these silts extend
from the mafic to the felsic region in the Th-vs-Sc plot (Figure 9D), with more samples
from Kerala and Karnataka falling in the felsic region and samples from Goa falling in the
intermediate zone between the mafic and felsic regions. The lower mean Th/Sc ratio of the
silts from DT terrain (0.391) than from UCC suggests the dominance of mafic component.
However, these samples extend from the mafic to the felsic region, with more samples
from Maharashtra falling in the mafic region and more samples from Gujarat falling in the
felsic region.

The ratios of Cr/Th, Co/Th, Sc/Th and La/Sc relative to UCC have been used to
estimate the dominance of the mafic and felsic component in the sediments [103]. The
much higher mean Cr/Th, Co/Th and Sc/Th ratios and much lower La/Sc ratio than in
UCC for the clay fractions of sediments from A-P terrain (Table 2) imply dominance of the
mafic component. However, in the silt fractions, the mean Cr/Th, Co/Th and La/Sc ratios
are much higher, and Sc/Th is lower than in UCC (Table 3). Low Sc/Th ratios in the silts
could be due to Th-enriched heavy minerals recycled into the sediments. In the case of DT
terrain, the much higher Cr/Th, Co/Th and Sc/Th ratios and much lower La/Sc ratios in
the clay fractions of sediments than in UCC (Table 2) imply dominance of mafic component.
The mean Sc/Th ratio for the silts of Gujarat (0.59; Table 3) is much lower than in UCC
(1.39), implying Th-enriched heavy minerals in this fraction.

Ratio–ratio plots of trace elements: The ratio–ratio plots of immobile trace elements
are frequently used to understand the dominance of the source rock component and
sedimentary processes. The ratio–ratio plot of trace elements in the Th/Sc-vs.-Zr/Sc
diagram (Figure 9E) indicates that the clay samples from both terrains plot close to UCC
and spread more towards andesite. High Zr concentrations in a few silt samples from
Kerala and Karnataka (Table 3) indicate the presence of zircon, a heavy mineral. Moreover,
these silt samples plot on the linear line in the Th/Sc vs. Zr/Sc (Figure 9E), representing
zircon addition through the sediment recycling process or hydrodynamic transportation
process. The Th/Yb and La/Th ratios are also helpful to determine the dominant source
components. The mean Th/Yb ratio is much higher and the mean La/Th ratio is closer to
that of UCC for both fractions of sediments from the A-P terrain. The mean Th/Yb and
La/Th ratios of both fractions of sediments from DT terrain are close to that of UCC. The
ratio–ratio plot of La/Th vs. Th/Yb (Figure 9F) shows intermediate source between mafic
and felsic provenance for both clay and silt fractions. The data points from Kerala extend
more towards a felsic source, pointing to dominance of the felsic component.
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Figure 9. (A) Element-based provenance discrimination diagrams for the clay and silt fraction of 
river sediments. (A) Al2O3 vs. TiO2; discrimination lines for the felsic, intermediate and mafic prov-
enances are adopted from Bhatia [44] and Absar and Sreenivas [104]. (B) Fe2O3 + MgO vs. TiO2 

Figure 9. (A) Element-based provenance discrimination diagrams for the clay and silt fraction of
river sediments. (A) Al2O3 vs. TiO2; discrimination lines for the felsic, intermediate and mafic
provenances are adopted from Bhatia [44] and Absar and Sreenivas [104]. (B) Fe2O3 + MgO vs. TiO2

(adopted from Bhatia [44]); relationships of (C) Zr vs. TiO2, discrimination lines are adopted from
Absar and Sreenivas [104]) and (D) Th vs. Sc (adopted from Cullers, [105]); ratio-ratio plots of (E)
Zr/Sc vs. Th/Sc (adopted from Condie, [106] and Roser, [107]) and (F) Th/Yb vs. La/Th (adopted
from Mongelli et al. [108]).
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Ternary diagrams: Ternary diagrams using trace metals are helpful to distinguish
the dominant trend of the source components in the sediments. In the La-Th-Sc diagram
([102,109], the clay and silt fractions from A-P terrain extend from granite to basalt, while
samples from Kerala are more towards granite and those from Karnataka plot more towards
basalts (Figure 10A). The clay and silt samples from Goa plot in the granodiorite region
(Figure 10A). The sediments from DT terrain fall within the region between granodiorite
and basalts (Figure 10A).

Figure 10B shows the plot of V, Ni and Thx10 data in the ternary diagram [110]. Sedi-
ments from A-P terrain fall in the region between felsic and mafic rocks, with clay fractions
plotting more towards mafic source. Some silt samples fall within felsic provenance region
and others plot linearly between felsic and mafic provenance region. The clay fractions of
sediments from DT terrain plot close to mafic rocks, while silt samples plot parallel to the
V-Thx10 axis and more towards apex V.

Figure 10C shows the plot of Zr, Cr and Ga data in the ternary diagram [111]. All
sediment samples plot parallel to the Cr-Zr axis. The major difference between clay and silt
samples from A-P terrain is that silt fractions extend from acidic and metamorphic rocks
(Zr apex) to the basic rocks, while clay fractions extend more towards Cr, from sedimentary
rocks to basic rocks. Similarly, the clay and silt fractions of sediments from DT terrain
extend from sedimentary to basic rocks region (Figure 10C). A few silts from DT terrain
also fall in the region representing acidic and metamorphic rocks.

The provenance of river sediments from Figures 9 and 10 may be summarised as
follows. The sediments from A-P terrain essentially represent an intermediate provenance
between felsic and mafic sources. However, the clay fractions from A-P terrain trend more
towards mafic composition (Figure 9B–D and Figure 10B,C). A few silt fractions exhibit
distinct felsic provenance (Figures 9D and 10A–C). Since these silts contain heavy minerals,
they may have been recycled or transported into the rivers. Similarly, the provenance
of sediments from DT terrain is intermediate between felsic and mafic sources, with
both fractions from Maharashtra and clays from Gujarat trending more towards a mafic
(Figures 9D and 10B,C) source. The silts from Gujarat are dominated by a felsic source
(Figure 9D). Sai Babu et al. [36] reported mafic component-dominated rare earth elements
from the sediments of both terrains. Two implications can be drawn from the provenance
of sediments. (a) One would expect the clays from the granitic terrain (A-P terrain) to be
more felsic, but mafic component-dominated in their rivers, implying that the crystalline
felsic components weathered from granitic terrain may have deposited more closely to the
source and finer mafic component is transported farther from source [112]. The sediments
from A-P terrain thus show size-sorting during transportation. (b) A curious point one
should realize is that the clay fractions from both terrains are more mafic, despite the source
rocks in the hinterland being distinctly different. The sediments from the inner continental
shelf all along the west coast of India and the Arabian Sea are abundantly clayey [113].
Since the rivers from the west coast of India are transporting mafic component-dominated
clays into the Arabian Sea, it would be a great challenge to identify the exact source of clays
weathered from granitic rocks in the Arabian Sea sediments using trace element chemistry.
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Figure 10. Ternary diagrams using trace elements to demarcate the provenance (A) La–Th–Sc
(adopted from Bhatia and Crook [102]; Bracciali et al. [110]) and (B) V-Ni-Thx10 (adopted from
Bracciali et al. [110] and (C) Zr–Cr–Ga (adopted from Balasubramaniam et al. [111]).
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6. Summary and Conclusions
The clay mineralogy and major and trace element chemistry of the sediments deposited

at the lower reaches of 90 medium and minor rivers along the west coast of India indicate
the following:

(a) Distinct clay mineral assemblages, predominant kaolinite followed by illite, gibbsite
and goethite in the sediments from A-P terrain, and predominant smectite followed
by minor illite, kaolinite and chlorite in the sediments from DT terrain.

(b) Depletion of Si, Ca, Mg, Na and K and enrichment of Al, Fe, P and Ti relative to PAAS
in the sediments from both terrains. SiO2/Al2O3 ratios suggest that the sediments
resemble lateritic soils from A-P terrain and non-lateritic and chemically weathered
soils from DT terrain.

(c) Weathering indices suggest that clay fractions are intensely weathered and composi-
tionally mature, while silt fractions from Goa, Maharashtra and Gujarat are size-sorted
and recycled.

(d) Higher total trace element content (∑TE) in the silt fraction than clay fractions of
all sediments and peaks of high ∑TE values correspond to the silts from Kerala and
Maharashtra.

(e) The Th/U and Rb/Sr ratios are controlled by grain size, lithology of the source rocks
and intensity of chemical weathering.

(f) Binary and ternary plots of trace elements suggest that the clay fractions from both
terrains trend more towards a mafic source, while silt fractions exhibit intermediate
provenance between felsic and mafic sources.

(g) It would be challenging to identify the source of sediments from the granitic terrain
in the oceans by using trace element chemistry.
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