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Abstract

This paper aims to discuss the provenance, tectonics and intensity of chemical weathering and other characteristics of the
suspended sediments of the Tawi River located in the Himalayan foreland using geochemical proxies like major, trace and
rare earth elements. The Tawi River sediments are primarily to be arkosic in nature with very few litharenite fractions. The
compositional variability index (ICV) values range from 0.88 to 1.16 suggesting that the sediments are immature in terms of
textural and mineralogical maturity. Major and trace elements data display noticeable depletion of Na,O, CaO, MgO, K,O,
Fe,0;, Sr and Be relative to upper continental crust (UCC), suggesting alteration of feldspars into clays during progressive
weathering in the source area. Enriched Zr, Th and Y relative to UCC suggest occurrence of resistant heavy minerals in
the sediments. The chemical index of alteration (CIA), plagioclase index of alteration (PIA), weathering index of Parker
(WIP) suggest towards a moderate intensity of chemical weathering in the source area. This is also supported by moderate
values of Rb/Sr and K,O/Rb ratios of the Tawi River sediments. The chondrite-normalized rare earth element (REE) pat-
terns showing enrichment of light rare earth elements (LREE), nearly flat heavy rare earth elements (HREE) and marked
negative Eu anomalies suggest dominance of felsic rocks in the provenance. The other discriminate function diagrams and
trace elements ratios (Th/Sc, Zr/Sc and Ti/Zr) and REEs also indicate that the sources of the Tawi River sediments are
predominantly felsic in nature. The tectonic signatures of the Tawi River sediments show passive margin setting and humid
climatic condition in the source area.
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1 Introduction

Weathering of rocks is an important geological phenom-
enon that has a significant impact on the global carbon cycle
and also decreases global temperatures by a few degrees
(Dupre et al., 2003). It also reflects on the nature of sedi-
ments formed by physical, chemical, and biological pro-
5 Shyam Kanhaiya cesses in response to climate, topography, and source rock

shyamkanhaiya44 @ gmail.com characteristics. The geochemistry of the sediments as well as
their representation in various plots is very helpful to deter-
mine the provenance, tectonics, and source area weathering
(Ahmad et al., 2022; Condie et al., 1995; Feng & Kerrich,
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Wronkiewicz & Condie, 1989). Immobile major and trace
elements including Al, Fe, Ti, Th, Sc, Co, Zr, and rare
earth elements (REEs) can also be utilised to perceive the
source area weathering (Singh, 2009; Taylor & McLennan,
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1985). Because these elements are immobile, they undergo
almost nil geochemical fractionation during the weathering
processes, so their detailed studies help to understand vari-
ous geological and weathering processes in the source area
(Derry & France-Lanord, 1996; Drever & Zobrist, 1992;
Edmond, 1992; Sun et al., 2010). Singh (2010) has postu-
lated that physical weathering and erosion play the domi-
nant role rather than chemical weathering in the Himalayan
catchment region of the Ganga River. Also, the REE patterns
in suspended and bed-load sediments suggest that the sedi-
ments are the result of mechanical crushing of rocks where
mineral separation is insignificant (Singh, 2010). In recent
decades, notable work on the geochemistry of river sedi-
ments have been done in India by Krishnaswami and Singh
(2005), Das and Krishnaswami (2007), Sensarma et al.
(2008), Singh (2009), Singh (2010), Mondal et al. (2012),
Sharma et al. (2013), Kanhaiya et al., (2018a, 2018b), Resmi
and Achyuthan (2018) and Bastia et al. (2020).

The present study aimed at exploring the geochemical
characteristics of the suspended sediments of the Tawi River
to deduce the nature and extent of physical and chemical
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weathering in the catchment area, the influence of various
processes on sediment geochemistry, their provenance, tec-
tonic setting, and the control of various factors on sediment
composition, their maturity and variability. The Tawi River
sediments also provide an opportunity to establish an idea
about the influence of climate and other exogenic processes
on the sediment geochemistry.

2 Geology of the area

The Tawi River traverses from the Higher and Lesser Hima-
layan litho-tectonic units followed by the Sub-Himalayan
litho-tectonic units. Metamorphic and igneous rocks of the
Higher and Lesser Himlaya occur in the upper reaches and
the sedimentary rocks of the Murree and Siwalik groups
occur in the lower reaches of the Tawi River catchment
(Fig. 1a, b) (Verma et al., 2012). The common rock types in
the Higher Himalaya are quartzite, carbonaceous phyllite,
crystalline limestone, and felsic schist, followed by porphy-
roblastic gneiss with alternating quartz-feldspar and biotite
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Fig.1 a Geological map of the Indian subcontinent showing tectonic
sub divisions of the Himalaya (modified after Verma et al. 2012). b
Map showing the stream ordering and distributions of different geo-
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bands. Psammitic gneiss with quartzite, garnetiferous mica
schist, porphyroblastic gneiss, and greyish brown gneiss are
intercalated with kyanite bands along with tourmaline-bear-
ing granite and biotite granite (Singh, 2007; Thakur et al.,
1990). The Main Boundary Thrust separates the Higher
Himalaya from the Lesser Himalaya and marks the south-
ern boundary of the Higher Himalaya. The Lesser Hima-
laya is mostly made up of metamorphic rocks with gran-
ite intrusions, and it shows inverted metamorphism, with
high-grade rocks lying on top of low-grade rocks (Thakur
et al., 1990). High-grade metasedimentary rocks of silliman-
ite—almandine—orthoclase subfacies demonstrate regional
metamorphism of Barrovian—almandine—amphibole facies,
and a NNW-SSE trending thrust separates high-grade meta-
morphic rocks from low-grade metamorphic rocks in the
Bhaderwah Rock Formation (Thakur et al., 1990). Garnetif-
erous-biotite gneisses combined with sillimanite and kyanite
schists, marble, and lenticular calc-silicate gneisses make
up the metamorphic rocks (Singh, 2007). Acidic and basic
intrusive amphibolites, granites, pegmatites, and quartz
veins intrude these metasedimentary rocks in some areas.
The acidic rocks such as granite and granite gneisses con-
tain zircon and tourmaline in addition to quartz, feldspar
and micas. The basic igneous rocks such as Panjal Trap
contain augite, andesite and other plagioclase and acces-
sory minerals such as rutile, ilmenite and magnetite. To
the south of Lesser Himalaya, the Sub-Himalaya marks its
appearance that is bounded by the Main Boundary Thrust
(MBT) in the north and the Main Himalayan Thrust (HFT)
in the south. The Tertiary sequences in the Jammu area are
comprised entirely of the sedimentary rocks (Singh, 2000;
Singh et al., 2004). The older sedimentary succession in the
Tawi catchment contains mud-pebble conglomerate, sand-
stone, siltstone and mudstone (Singh, 2000). The younger
siliciclastic rocks in the Sub-Himalaya expose a mudstone,
sandstone and conglomerate-dominated succession (Singh
et al., 2004).

3 Tawi River

The Tawi River basin originates in the east of Bhaderwah,
in the Indian state of Jammu and Kashmir, from a glaciated
terrain having elevation of 4250 m. This glacier is one of
several glaciers that occur in the Dhauladhar range of the
central Himalaya.

The Tawi catchment lies between 32° 35’ and 33° 15’
north latitude and 74° 45" and 75° 45’ east longitude with
a catchment area of 1900 km? and drainage of up to fifth
order (after Strahler, 1969). The basin's upper section is
elongated, whereas the lower section is broad and circular.
Rugged rocky terrain dominates the upper reaches of the
river, although low hills and aggradational plains dominate

in the lower reaches. The upper reaches of the basin have an
east—west slope; whereas the lower reaches have a northeast-
southwest slope. The Tawi catchments are divided into three
meso-geomorphic zones: the upper one, north of the Panjal
Thrust, has a maximum elevation of 4000 m, the middle one,
between the Panjal and Udhampur thrusts, has an elevation
of 700-1900 m, and the lower one, between Udhampur and
Jammu, is made up of low-lying hillocks. Snow feeds only
a small fraction of the Tawi catchment, near to its source;
on the other hand, the terrain is primarily hilly with plain
areas in and around Jammu town and before the Chenab
River's confluence. In general, the Tawi River basin has a
subtropical monsoonal climate with more active summer
monsoon in the plains and winter monsoon in hilly regions.
Over the traverses of the Tawi River, the middle reaches
experience the more rainfall. The annual rainfall varies from
90 to 140 cm around Bhaderwah town, from 140 to 190 cm
over Udhampur, and from 90 to 100 cm over Jammu city.

4 Material and methods

Sixteen water samples were collected systematically at
definite intervals to extract the suspended load in monsoon
season (Fig. 1c). All the sampling points have been mapped
(latitude, longitude and elevation) using global positioning
system (GPS) (Table. 1). All the samples were collected in
polypropylene bottles from the surface (< 10 cm of depth)
to avoid sand fraction as the suspended load. Any suspended
debris or waste materials were removed from the water sam-
ples using a 0.5-mm sieve. The sediments were allowed to

Table 1 The sampling locations (sample id, latitude, longitude and
elevation) of the Tawi River sediment

Sl.no. Sampleid Latitude Longitude Elevation (m)
1. T-1 75°25'25.62" 32°53'32.74" 157443
2. T-2 75°23'01.11" 32°55'33.44" 1385+5
3. T-3 75°21'55.53" 32°57'50.55" 1280+2
4, T-4 75°20'49.47" 32°59'50.62" 1141+2
5. T-5 75°19'11.67" 33°01'08.69" 1064 +3
6. T-6 75°18'17.41" 33°01'30.68" 1040+4
7. T-7 75°16'44.46" 33°01'51.52" 1002+1
8. T-8 75°14'09.08" 33°00'46.27" 870+2
9. T-9 75°09' 38.47"  32°56'59.04" 641+5
10. T-10 75°04' 03.34" 32°48'00.69" 392+3
11. T-11 75°00' 14.43" 32°48'20.09" 359+5
12. T-12 74° 58'26.40" 32°47'41.42" 34245
13. T-13 74°54'43.29" 32°46'15.39" 322+3
14. T-14 74° 52'56.06" 32°45'26.76" 314+3
15. T-15 74° 52 43.46" 32°44' 05.55" 303+2
16. T-16 74°51'37.45" 32°43'19.51" 297+2
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settle without disturbing the bottles once they were brought
to the laboratory. The water was then decanted to obtain the
suspended sediment samples.

To eliminate organic matters, the samples were washed
with dilute H,O, and then air dried. Sediment samples were
homogenised and then geochemically analysed (Major,
Trace and REEs). The X-ray fluorescence (XRF) was used
to examine major and trace elements (Philips Universal
Vacuum PW1540). Pellets for analysis of major and trace
elements were produced according to Stork et al. (1987) and
Saini et al. (2000). To validate the precision and accuracy
of the sample preparation and instrumental performance,
several reference standards were employed, including SO-1,
GSS-1, GSS-4, GXR-2, GXR-6, SCO-1, SGR-1, SDO-1,
MAG-1, GSD-10, GSR-6 and BCS-267. The measure-
ment precision is~98% and the measurement accuracy is
better than 95% (for details see Purohit et al., 2010). After
digestion of the samples in teflon vials with a mixture of
HF +HNO; +HCIO, acids according to Shapiro and Bran-
nock (1962) method for solution-B preparation, trace ele-
ments, including rare earth elements (REEs) were deter-
mined by ICP-MS (Perkin Elmer SCIEX ELAN DRC) (for
details see Khanna et al., 2009). Several USGS standards,
including SGR-1, MAG-1 and SCo-1, as well as a few in-
house standards, were employed to calibrate and validate
the results. The precision for the ICP-MS analyses obtained
is 95%.

5 Results
5.1 Geochemistry

The major oxides are presented in Table 2, whereas the trace
element concentrations are listed in Table 3 and REEs con-
centrations are presented in Table 4.

5.1.1 Major oxides

The Tawi River sediments show appreciable variations in
the major element concentrations (Table 2). Among the
major oxides, SiO, shows highest concentration with an
average value 69.44 wt% (ranging from 62.4 to 80.3 wt%).
The SiO, concentration is followed by Al,O; with an aver-
age value 12.20 wt%. Other major oxides fall in the range
of 12-15 wt% (Table 2). The SiO,/Al,0; ratio (Avg. =5.69)
of the sediments is greater than Post-Archean Australian
Shale (PAAS) value of 3.32 (Taylor & McLennan, 1985)
and upper continental crust (UCC) value of 4.33 (Rudnick
& GaO, 2014). The Al,O; concentration is followed by
Fe,0; with average value 4.91 wt%, with majority of sam-
ples lying between 3.23 and 3.96 wt%. The TiO, exhibits an
average value of 0.62 wt% in the Tawi River sediments. The
TiO, concentration is followed by CaO with average value
3.00 wt%, with majority of samples lying between 3.20 and
3.76 wt%. The CaO concentration is followed by MgO with
average value 1.91 wt%, while the K,O content having an
average value 2.00 wt%. The concentration of Na,O having
an average value 0.74 wt% is ranging from 0.57 to 0.85 wt%.
The concentration of other oxides is very low, i.e., MnO hav-
ing average value 0.07 wt% and P,05 having average value
0.08 wt% in the Tawi River sediments.

Table 2 Estimated major element (in wt%) concentration in ppm for the Tawi River sediments

Sampleno. T-1 T2 T3 T4 T5 T6 T7 T8 T9 T-10 T-11 T-12 T-13 T-14 T-15 T-16 Avg

Sio, 80.30 75.06 74.95 70.50 71.08 69.64 69.72 69.34 69.68 68.00 68.11 67.97 68.03 62.37 63.50 62.85 69.44
TiO, 052 0.68 065 065 066 065 065 066 063 066 0.67 0.63 065 0.66 062 0.65 0.64
Al,O4 777  9.86 1032 11.25 1140 11.41 1221 13.00 1249 11.97 13.23 1246 13.17 15.09 14.63 15.02 12.20
Fe, 05 323 349 335 3.6 374 378 414 411 434 396 392 3.84 39 505 492 598 4.08
CaO 1.85 143 1.14 3.65 343 320 280 273 282 376 3.65 3.70 371 346 329 333 3.00
MgO .12 142 153 168 171 1.69 177 184 2.00 211 220 217 209 247 240 244 191
MnO 0.08 0.07 007 006 006 006 007 008 0.07 007 0.08 007 0.07 0.08 0.07 0.08 0.07
Na,O 085 057 071 062 064 064 078 070 062 091 0.87 095 092 065 070 0.67 0.74
K,0 147 1.64 176 179 190 184 202 2.00 198 195 190 1.98 194 263 258 263 2.00
P,0; 0.08 0.09 010 0.09 009 0.09 010 0.09 0.09 008 0.08 0.01 0.09 0.09 0.09 0.09 0.08
Total 97.27 9431 9458 93.89 9471 93.00 9426 94.55 94.72 93.47 94.71 93.78 94.57 92.55 92.80 93.75 94.18
CIA 63.33 7348 71.13 73.83 73.68 74.17 71.86 7470 74.87 70.06 73.03 70.52 71.67 75.57 74.48 74.62 72.56
PIA 692 821 79.1 828 824 825 803 831 843 769 798 76 78.8 857 843 853 809

ICV 1.16 094 088 1.06 106 1.03 099 093 099 1.11 099 1.06 1.00 099 099 1.04 1.01
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Table 3 Estimated trace elements concentration (in mg kg™") for the Tawi River sediments

Sampleno. T-1 T2 T3 T4 T5 T6 T7 T8 T9 T-10 T-11 T-12 T-13 T-14 T-15 T-16 Avg
Sc 8 8 8 12 10 10 29 25 24 23 24 31 27 25 28 27 19.93
Co 10 11 11 11 12 12 13 11 10 12 14 12 13 11 13 12 11.75
Ni 19 17 22 25 25 29 50 40 38 36 42 40 46 49 44 41 35.19
Cu 64 31 35 33 34 32 22 23 21 29 24 22 23 25 32 24 29.62
Zn 108 63 66 69 71 71 54 46 43 52 62 63 48 56 49 57 61.12
Ga 9 10 10 11 11 11 26 20 19 21 23 22 19 24 25 24 17.81
Pb 39 23 24 24 21 22 93 59 41 52 66 48 77 89 72 51 50.06
Th 14 15 13 13 15 12 14 14 16 15 14 16 15 15 15 14 14.37
Rb 73 74 81 83 87 86 116 95 105 99 106 96 109 138 107 103 97.37
U 19 16 21 2 38 21 22 21 24 2 2.1 1.9 2.1 2.3 2.1 1.8 2.16
Sr 40 37 41 66 61 63 75 64 73 75 79 64 65 80 68 72 63.94
Y 25 28 27 28 28 27 20 19 20 21 19 20 21 21 24 26 23.37
Zr 287 481 329 321 333 272 179 185 251 154 252 175 320 250 256 255  268.75
Nb 13 15 15 14 14 15 12 11 11 12 12 12 11 12 12 11 12.62
Table 4 Estimated rare earth elements (REEs) concentration (in mg kg‘l) for the Tawi River sediments

Sample no. T-1 T-2 T-3 T-4 5 T6 T7 T8 T9 T-10 T-11 T-12 T-13 T-14 T-15 T-16 Avg
La 36.9 68.2 388 468 429 388 38.1 40.1 437 368 472 46.1 369 50.1 582 429 4453
Ce 75.0 1412 808 954 878 788 748 80 882 753 794 828 90.1 968 895 949 88.17
Pr 7.81 44 88 10 9.1 81 87 89 95 104 95 109 85 98 106 102 9.7
Nd 31.7 584 369 408 37.1 328 335 339 364 362 375 351 357 315 404 331 3694
Sm 6.1 10.1 7.3 7.8 72 63 74 69 78 15 77 718 85 83 75 83  7.66
Eu 1.1 1.7 12 1.4 1.3 12 14 14 1.6 15 1 1.4 1.6 1 1.4 1.5 1.36
Gd 4.7 73 59 5.6 5 44 52 53 52 5 55 59 49 5.1 5.4 48 532
Tb 0.8 1.1 0.8 0.9 0.9 08 08 0.8 07 08 09 09 08 08 09 09 0.85
Dy 4.2 5.1 4.1 4.7 4.7 43 4.1 4 41 42 43 45 44 5 5.1 49 448
Ho 0.9 09 038 0.9 0.9 09 09 08 09 09 1 1 08 09 1 09 09
Er 2.6 28 23 2.8 2.7 25 21 19 21 23 29 29 26 25 3 29 256
Tm 04 04 03 0.4 0.4 04 03 03 04 03 03 03 04 03 03 03 034
Yb 22 23 2 23 2.4 22 19 18 19 19 1.8 22 19 2 22 1.9 2.01
Lu 0.3 03 03 0.3 04 03 03 02 03 04 03 04 03 02 03 03 0.31
Th/Sc 1.75 1.88 1.63 1.08 1.5 1.2 048 056 067 065 058 052 055 06 053 052 092
Zr/Sc 3588 60.12 41.12 2675 333 272 6.7 74 1045 6.7 105 5.64 11.85 10 9.14 944 19.48
Eu/Eu* 0.6 058 054 0.62 063 066 0.66 0.68 0.72 0.71 0.48 0.61 07 044 0.64 069 0.62
Gdy/Yby 1.73 257 239 197 1.69 1.62 221 238 221 212 247 217 209 206 198 204 214

5.1.2 Trace elements

The concentrations of trace elements of the Tawi River
sediments show large variations (Table 3). In particular,
Zr, Rb, Str, Zn, Pb and Cu occur in appreciable amounts
in these sediments (Table 3). Being highest among the
trace elements, Zr content is greater than the upper con-
tinental crust (UCC, 193 mg kg™'; after Taylor & McLen-
nan, 1985) and Post-Archean Australian Shale (PAAS,
210 mg kg_l; after Rudnick & Gao, 2014). The Ni concen-
tration is less than the Cu ranging from 21 to 64 mg kg™

with an average value 29.62 mg kg~!. The Sc shows an aver-
age value 19.93 mg kg~! and the Ga has an average value
17.81 mg kg~!. The Th ranging from 12 to 16 mg kg™! has
an average value 14.37 mg kg™!. The U shows very little var-
iation, and majority of the samples have its values between
2.0 and 2.4 mg kg~!, respectively.

5.1.3 Rare earth elements (REEs)

The concentrations of rare earth elements (REEs) of the
Tawi River sediments show large variations (Table 4).

@ Springer



430

M.Verma et al.

Total REE (}.REE) concentration of the Tawi River sedi-
ment ranges between 174 mg kg™! and 304 mg kg™, aver-
aging to 204 mg kg~!. The average Y REE data show a
relatively higher value than the average value for the UCC
(148 mg kg'l; Rudnick & Gao, 2014). The Eu/Eu* values
vary from 0.44 to 0.72 with an average value of 0.62 and
most of the sediment samples also show negative Eu anoma-
lies. The average Eu/Eu* (0.62) value of the sediments is
very close to the average value of the UCC (Eu/Eu*, 0.65;
Rudnick & Gao, 2014). The Lay/Yby of the sediment sam-
ples range from 13.17 to 17.97 (avg. 15.04), which is rela-
tively higher than the UCC value of 10.69 (Rudnick & Gao,
2014) and the PAAS value of 9.17(Taylor & McLennan,
1985). The Gdy/Yby of the sediment samples varying from
1.72 to 2.56 (avg. 2.14), are relatively higher than the UCC
value of 1.65 (Rudnick & Gao, 2014) and the PAAS value
of 1.36 (Taylor & McLennan, 1985).

6 Discussion
6.1 Bulk geochemical composition

Harker bivariate diagrams of the Al,O; versus major oxides
show a correlation of varying strength in the sediment sam-
ples. In the present case with increasing in Al,O; content,
the SiO, subsequently decreases due to variable sediment
sorting and hydrodynamic fractionation controlling its distri-
bution. Al,O5 shows a strong negative correlation with SiO,
(*=-0.94) and positive correlation with Fe,O; (*=0.72),
K,O (#*=0.83), MgO (r*=0.91) and TiO, (+*=0.20).

The increasing trend and positive correlation of other
elements with Al,O; suggest the control of aluminous clay
or heavy minerals in specific size grades (Hossain et al.,
2017). The lack of significant correlation of Al,O; with
Na,O shows its conserved nature in all the studied samples
(Fig. 2). Other oxides like CaO, MnO and P,O5 which do
not show any significant correlation with A1,0O; also suggest
scattered distribution among all the studied samples. CaO
concentration is low near the source; however, it slightly
increases and maintains consistency throughout the river.
The concentration and distribution of CaO and Na,O is
linked with relatively coarse size fraction of the sediments
and abundance in low weathered fractions (Hossain, 2019;
Hossain et al., 2018). Their CaO and Na,O low concen-
trations are justified because of fine-grained nature of the
studied sediments.

Elemental concentrations of sediments normalized rela-
tive to the average Upper Continental Crust (UCC) have
been presented along with average Siwalik mudstone (see
Sinha et al., 2007) and average Murree sandstone (see Singh
et al., 1990) for the comparison (Fig. 3). Figure 3 shows that
most of the major oxides in the Tawi sediments show mean
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normalized values less than 1, that is lower than the UCC,
implicating removal of mobile elements from the sediments
during extensive weathering and erosion processes (e.g. Bas-
tia et al., 2020; Hossain et al., 2017; Kanhaiya et al., 2018a,
2018b; Mondal et al., 2012). SiO, having mean normalized
value of more than 1 shows higher concentrations compared
with UCC in the Tawi sediments. Enriched concentration of
Si0, and SiO,/Al,0O; ratio (ranging from 4.18 to 10.33, avg.
5.69) can be related to the presence of more quartz (e.g. Bas-
tia et al., 2020; Potter, 1978). The slight depletion in all other
oxides compared to UCC can be explained by their relatively
more mobile nature during transportation of the Tawi sedi-
ments (e.g. Garzanti & Resentini, 2016; Mondal et al., 2012;
Nesbitt & Young, 1982, 1984). A similar observational fact
was observed in the case of the Siwalik mudstone and Mur-
ree sandstone. This can be justified by the similar mineral
assemblage of the Siwalik mudstone and Tawi sediments
which are rich in above oxides (Sinha et al., 2007). The Mur-
ree sandstone also shows more concentration of SiO,, MgO,
MnO and Na,O than the Tawi sediments due to similarities
in their mineralogical constituents (see Singh et al., 1990).

Among the trace elements, Ga, Rb and Ni show positive
correlations with Al,O;, indicating their distribution and
association with clay minerals. Also they are linked to vari-
ation in degree of sediment sorting of the river. The Ca and
Zn show negative correlation with Al,O5. Trace elements
like Th, Zr, U, Co, Pb, Y and Nb have no significant corre-
lation with Al,O5 (Fig. 4) suggesting their association with
heavy minerals (e. g. Garzanti et al., 2010, 2011).

The enrichment of Zr, Th and Y than the UCC indicates
that their abundances are primarily controlled by resistant
heavy minerals like zircon, monazite and apatite (Garzanti
et al., 2016; Hossain, 2019). Strontium (Sr) is showing
depletion relative to the UCC, indicating disintegration of
feldspar during prolonged chemical weathering. Enrich-
ment of Rb compared to UCC is due to its association with
K- feldspar, mica and clay minerals (e. g. Hossain, 2019;
Kanhaiya et al., 2018a, 2018b; Mondal et al., 2012). Trace
elements such as Pb and Y also show enrichment compared
to the UCC suggesting alteration of clay minerals during
weathering process (Fig. 5).

6.2 Textural and mineralogical maturity

Two major log ratios of SiO,/Al,0; and Na,O/K,0O (Pet-
tijohn et al., 1972) and log ratios of SiO,/Al,05 and Fe,0;/
K,O (Herron, 1988) have been used to classify Tawi sedi-
ments. Based on these two log ratios, the Tawi sediments
have been categorized as arkose with subordinate amount of
litharenite proportion (Fig. 6a, b). The above classification
schemes, thus, suggest that the Tawi sediments are texturally
and mineralogically immature in nature. The similar obser-
vational facts have been observed in case of other Himalayan
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compositions of the Tawi River sediments. The major oxide composi-
tions of Siwalik mudstone (after Sinha et al. 2007) and Murree sand-
stone (after Singh et al., 1990) are shown for comparison

ous rock average SiO,/Al,0O; ratio comes out to be around
3 and 5, respectively (Roser et al., 1996), whereas average
Si0,/Al,0; value in clastic sediments comes around 5 and
indicates sediment maturity. The average SiO,/Al,0O5 value
of the Tawi sediments is 5.69 suggesting low to moderate
textural maturity.

The index of composition variability, ICV = (Fe,O0; +
K,0 +Na,0+MgO + TiO,)/Al,03 (Cox et al., 1995) is
widely used as a tool to evaluate the mineralogical maturity
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of sediments. The ICV values for rock-forming minerals are
higher (> 0.84), while clay minerals have lower ICV values
(<0.84) (Cox et al., 1995). The high ICV values in clastic
sediments indicate textural immaturity, while low ICV val-
ues indicate recycling and/or a highly weathered source rock
(Cox et al., 1995; Hossain et al., 2018). The Tawi sediments
exhibit high ICV values ranging from 0.88 to 1.16 (avg.
1.01) and are within the range of typical UCC (upper con-
tinental crust) and PAAS (Post-Archean Australian Shale)
(Taylor & McLennan, 1985; Fig. 7), implying that they are
likely concomitant with major rock forming minerals which
are mineralogically immature in nature.
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6.3 Palaeoweathering

Chemical weathering of rocks is observed to have a huge
influence on global climate as it affects the atmospheric
CO, concentration (Berner, 1992, 1995; Dupre et al.,
2003). Convergence of Indian and Asian plates during
Cenozoic period led to the tectonic uplift of the Hima-
laya that influenced the Himalayan foreland and modern
Himalayan rivers and its tributaries in terms of climate
(precipitation) and ocean water chemistry in and around
Indian Subcontinent (Singh & Lee, 2007). To quanti-
tatively measure the degree of weathering, Nesbitt and
Young (1982, 1984) defined a chemical index of altera-
tion i.e., CIA =[Al,05/(Al,05+ CaO* 4+ Na,0 + K,0)] X
100, where CaO* denotes Ca in the silicate phases only.
The CIA value for freshly exposed rock is 50 and for aver-
age shale CIA values vary from 70 to 75, which reflect
the presence of weathering products like muscovite, illite
and smectite. Intensely weathered rocks have CIA values
approaching 100 (Fedo et al., 1995; Nesbitt & Young,
1982, 1984) and composition close to kaolinite or gibbsite.
The CIA values of the Tawi sediments varying from 63.9
to 75.2 with an average value of 72.6, suggesting moder-
ate intensity of chemical weathering in the source areas.

The CIA values are also graphically represented in the
Al,0;—(CaO* 4+ Na,0)-K,0 (A-CN-K) triangular plot
(Fig. 8a) to investigate weathering trends and bulk source
composition, as well as the extent of post depositional
K-metasomatism (Fedo et al., 1995; Kanhaiya et al., 2018a,
2018b; Nesbitt & Young, 1984). The Tawi sediments show
a loss in K, O, Na,0, and CaO, when compared to UCC on
the A-CN-K plot (Fig. 8a), and follow the ideal weather-
ing trend. The K-corrected CIA in the sediments (avg. 72.6)
is indicative of moderate intensity of chemical weathering
in the Tawi River catchment area also supported by the
comparable data from other Himalayan rivers and marine
sediments (Hossain et al., 2017; Lupker et al., 2012; Mondal
et al., 2012).

The chemical index of alteration (CIA) val-
ues is consistent with plagioclase index of alteration
(PIA) (Fedo et al., 1995). The PIA =[(Al,05;-K,0)/
(Al,05 4+ CaO* + Na,0-K,0)] x 100, where CaO* repre-
sents Ca in the silicate phases only (Fedo et al., 1995). The
PIA values for the Tawi sediments ranging from 69.2 to 85.7
(avg., 80.9) indicate alteration of feldspars and moderate
chemical weathering environment in the river catchment.

The PIA values are plotted graphically in the
(Al,0,-K,0)-CaO*-Na,0 (A-C-N) triangular plot
(Fig. 8b) and reflect the weathering trends and alteration
of plagioclase feldspars. The (A—C-N) ternary diagram
(Fig. 8b) shows relatively high values of PIA in the Tawi
sediments indicating moderate degree of plagioclase weath-
ering. In the (A—C-N) triangular plot, all the samples are
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Fig.8 Ternary plots of the studied Tawi River sediments. a Major »

elements compositions plotted as molar proportion on an Al,O;—
(CaO+ Na,0)-K,0 (A-CN-K) diagram (arrow indicates the weath-
ering trend of the sediments, the scale showing the chemical index of
alteration (CIA) is shown at the right side), b major element composi-
tions of sediments plotted as molar proportions on an (Al,0;-K,0)-
(Ca0)-Na,O (A—-C-N) diagram (the scale showing the plagioclase
index of alteration (PIA) is shown at the right side), ¢ major element
compositions of sediments plotted as molar proportions on an Al,O;—
(Ca0+Na,0+K,0)—(Fe,0;+Mg0O) (A-CNK-FM) diagram. The
upper continental crust (UCC) and Post-Archean Australian shale
(PAAS) (after Taylor & McLennan, 1985), Siwalik mudstone (after
Sinha et al., 2007) and Murree sandstone (after Singh et al., 1990) are
shown for comparison

showing distribution field near the A apex which can be
related to the effect of substantial weathering.

The CIA is the resultant value of measuring proportion of
Al,O; versus labile oxides. High CIA value means removal
of labile cations like Ca**, Na®* and K'*compared to sta-
ble cations like AI’**, Ti?>* during the course of weather-
ing. Hence, aluminium-rich clay minerals have higher CIA
values and primary minerals have lower CIA values. The
negligible variation in CIA and PIA values of the Tawi
sediments can be reflective of textural and compositional
homogeneity leading to no larger variations in major ele-
ment concentration.

The CIA and PIA values (Nesbitt & Young, 1982) are
useful to evaluate the degree of the chemical weathering
to which the sedimentary rocks are subjected consequently
affecting mineral geochemistry of sediments. High CIA val-
ues are suggestive of hot and humid climate whereas low
CIA values suggest almost negligible chemical alteration
and consequently reflect cool and/or arid conditions (Fedo
et al., 1995; Nesbitt & Young, 1982). The moderate CIA
and PIA values suggest moderate weathering intensity in
the Tawi River catchment. The major part of Tawi catchment
experiences a subtropical monsoonal climate, which may be
responsible for moderate weathering intensity.

Intensity of weathering in the Tawi sediments
can also be assessed from the A-CNK-FM i.e.,
(Al,05)-(CaO* 4+ Na,O + K,0)—(Fe,0; + MgO) triangle plot
proposed by Nesbitt and Young (1989). All of the sediments
in this plot have distributions that are similar to the average
composition of granite, granodiorite, and diorite, as well
as the UCC, implying a usual felsic to intermediate source
composition. All of the sediments have a distribution that is
extremely similar to PAAS and Murree sandstones as well
as Siwalik mudstones (Singh et al., 1990; Sinha et al., 2007).
All of the values in the investigated sediments are above
the feldspar—smectite tie line and heading towards the A
(Al,O5)—-apex indicating dominance of feldspar and enrich-
ment of kaolinite during progressive weathering (Fig. 8c).

The elemental ratios Rb/Sr and K,O/Rb ratios in UCC are
0.32 and 252, respectively (Taylor & McLennan, 1985). The
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RDb/Sr ratios varying from 1.2 to 2.0 (avg. 1.5) are more than
the UCC and K,O/Rb ratios ranging from 174.1 to 255.3
(avg. 205.4) are close to the UCC in the studied sediments.
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These ratios also confirm the moderate to strong chemical
weathering in the examined sediments where high Rb/Sr
ratios (> 1) in the sediments imply strong chemical weath-
ering conditions and K,O/Rb ratios <250 indicate moder-
ate weathering ( e.g. McLennan et al., 1993; Hossain et al.,
2017).

6.4 Provenance

Sediment geochemistry is a useful indicator of provenance
as some trace elements and REEs have low or limited mobil-
ity during fluvial processes (McLennan et al., 1993; Roser
& Korsch, 1988; Taylor & McLennan, 1985). Roser and
Korsch (1988) categorized sandstone and argillite from sev-
eral New Zealand greywacke terrains into four provenance
groups, namely mafic (P1), intermediate (P2), felsic (P3)
and recycled (P4), based on the abundance of seven major
oxides. On the discriminate function plot (Fig. 9), majority
of the Tawi sediment samples fall well within the felsic field
(P3), suggesting felsic source rock provenance and progres-
sive weathering environment.

The two oxides in the fluvial system that become less
fractionated through weathering, transportation and diagen-
esis are Al,O; and TiO, (Armstrong-Altrin et al., 2015;
Rollinson, 1993). In determining the composition of mafic,
intermediate and felsic source rocks, the Al,05/TiO, ratio
is frequently used. The Al,O5/TiO, ratio in mafic, interme-
diate, and felsic igneous rocks ranges from 3 to 8, 8 to 21,
and 21 to 70, respectively (Hayashi et al., 1997). Here, most
of the investigated samples have Al,0;/TiO, ratios ranging
from 14.5 to 23.9 (avg. 19.06), as well as high SiO, contents
(up to 80.30 wt%) suggesting that the Tawi sediments were
largely generated from felsic source rock with some inter-
mediate rock proportions.
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Fig.9 Major element provenance discriminant plot (after Roser &
Korsch, 1988) of the studied Tawi River sediments indicating felsic
nature

Following Floyd et al. (1989), the Ni versus TiO, binary
plot has been prepared, which also suggests the felsic nature
of source rock from which the Tawi sediments have been
derived (Fig. 10a). The Zr/Co versus Th/Co (McLennan
et al., 1993) and Th/Yb versus La/Th (McLennan et al.,
1980) are very useful bivariate plots in differentiating felsic
and mafic source rocks. In these plots, all the studied samples
show relatively high Th/Co and La/Th ratios indicating felsic
provenance (Fig. 10b, c). As per Crook (1974), the Na,O
versus K,O scatter diagram of the studied samples suggests
that the Tawi sediments are rich in quartz (Fig. 11a). The
examined sediments fall into the felsic provenance field in
the Zr versus TiO, bivariate plot of Hayashi et al. (1997),
which divides source rocks into the following three divi-
sions: mafic, intermediate, and felsic rocks (Fig. 11b). The
greater Rb and K,O contents as well as the K/Rb ratio below
230 (typical differentiated magmatic suite) indicate that
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Fig. 10 The bivariate plots a Ni-TiO, (after Floyd et al., 1989), b Zt/
Co-Th/Co (after McLennan et al., 1993) and ¢ Th/Yb-La/Th (after
McLennan et al., 1980) showing the source rock characteristics of the
Tawi River sediments
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Fig. 11 The bivariate plots of a Na,0O-K,O (after Crook, 1974),
b Zr-TiO, (after Hayashi et al., 1997) and ¢ Rb-K,O (after Shaw,
1968) showing the nature of source rock of the Tawi River sediments

these sediments are chemically coherent and derived mostly
from acidic to intermediate source rocks (e. g. Shaw, 1968;
Fig. 11c). In comparison to K, felsic rock weathering results
in Rb enrichment due to distinct adsorption mechanisms and
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Fig. 12 The Th/Sc—Zr/Sc binary plot (after McLennan et al., 1993) of
the Tawi River sediments

ion exchange (Heier & Billings, 1970). The low mobility
of Rb has been found throughout the weathering processes
due to its substantial sorption by clay minerals in the studied
sediments (e. g. Dypvik & Harris, 2001).

On the Th/Sc versus Zr/Sc binary plot, the investigated
sediments are scattered on both sides of the primary com-
positional trend (PCT) and closer to the average rhyolite,
UCC, and I and S-type granites composition (e.g. McLennan
et al., 1993; Fig. 12). The scattered distribution of sandy
sediments associated with greater Th/Sc and Zr/Sc ratios
implies loss of Sc and enrichment of zircon concentration
due to hydraulic sorting or possible influence from recycled
sediments sources.

The REE distributions and Eu anomalies are commonly
utilised to distinguish mafic and felsic source compositions
of the sediments (McLennan et al., 1993). The REE contents
in the Tawi River sediments are enriched, averaging around
204.5 mg kg~!, compared to an average UCC value of
148 mg kg™! (Rudnick & Gao, 2014), implying that hydrau-
lic fractionation may increase REE concentrations. In the
Tawi sediments chondrite-normalized REE patterns show
significant LREE enrichment, more or less flat HREE frac-
tionation, and strong negative Eu anomalies (Fig. 13), which
closely matches the range of typical granodiorite (Condie,
1993), UCC (Rudnick & Gao, 2014), and PAAS (Rudnick &
Gao, 2014). The above observation shows that the sediments
under investigation are primarily felsic in composition. The
mafic igneous rocks display a less fractionated chondrite-
normalized REE pattern with low Lay/Yby ratio values and
no Eu anomalies (McLennan et al., 1993). The felsic igneous
rocks, on the other hand, exhibit a highly fractionated chon-
drite-normalised REE pattern with high Lay/Yby ratios and
large negative Eu anomalies (Taylor & McLennan, 1985).
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Fig. 13 The chondrite—normalized REE pattern of the studied Tawi
River sediments

The Lay/Yby ratios in the Tawi sediments range from 11.39
to 20.14 (avg. 15.04) (Table 4), which are quite near to nor-
mal Phanerozoic tonalite-trondhjemite-granodiorite (TTG;
8.9), granite (7.6; Condie, 1993), and UCC (10.96; Rudnick
& Gao, 2014), implying a felsic provenance. On the other
hand, Lay/Smy values in the studied samples ranging from
2.7 to 4.8 (avg. 3.6) are equivalent to the average UCC (4.15;
Rudnick & Gao, 2014) and indicate that the sediments are
derived from felsic upper crustal source. The variations in
Eu/Eu*-Gdy/Yby have also been used to distinguish terrig-
enous sediment sources for a long time (McLennan, 1989).
Most upper crustal rocks had Gdy/Yby ratios of 1.0 to 2.0.
(McLennan, 1989; McLennan et al., 1993). In the Tawi sedi-
ments, the Eu/Eu* and GAN/YDbN ratios range from 0.48 to
0.72 (avg. 0.62) and 1.62 to 2.57 (avg. 2.14) respectively
indicating upper crustal (UCC) and andesitic composition
(Fig. 14). The sediments also have a composition that falls
between ordinary felsic volcanic rock (Condie, 1993) and
UCC (Rudnick & Gao, 2014), indicating a felsic provenance.
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Fig. 14 The Eu/Eu*-Gdy/Yby variation diagram (after McLennan,
1989) used to differentiate sources of the studied Tawi River sedi-
ments

In general the felsic igneous rock shows higher LREE/HREE
ratios with strong negative Eu anomalies, whereas mafic
igneous rock has lower LRRE/HREE ratios with low Eu
anomalies. The LREE/HREE ratio for the Tawi sediments
ranges from 14.71 to 23.11 (avg. 17.23), which is more or
less close to the average UCC (8.68; Rudnick & Gao, 2014),
and shows significant negative Eu anomalies (avg. Eu/Eu*,
0.62), implying that the investigated sediments were primar-
ily derived from felsic source rocks.

The extent to which the Tawi sediments keep the source
properties was investigated using a bivariate plot of immo-
bile element ratios such as Al,05/SiO, versus Fe,0,/S10,
(Galy & France-Lonard, 2001). In addition to the Tawi sedi-
ments, we also plotted the available data from the Siwalik
Sedimentary rocks, Lesser Himalaya, Higher Himalaya, and
Trans-Himalayan Batholiths on this diagram for comparison
(Fig. 15) (Galy & France-Lonard, 2001). The examined sedi-
ments are generally found in the fields of the Higher Hima-
laya, Lesser Himalaya, and Siwalik (Fig. 15), indicatimg that
the Tawi sediments have retained the characteristics of the
source rock from which they were derived.

6.5 Tectonics and climate

The geochemistry of detrital sediments is also extensively
used to decipher the tectonic setting of sedimentary basin
(Bhatia, 1983; Bhatia & Crook, 1986; Roser & Korsch,
1986). Roser and Korsch (1986) proposed a tectonic setting
discrimination diagram based on K,0/Na,O and SiO, binary
plot that categorized sedimentary rocks into three tectonic
settings viz. volcanic island arc (ARC), active continental
margin (ACM), and passive margin (PM). On the diagram
of Roser and Korsch (1986), the Tawi River sediments fall
entirely in passive margin (PM) field (Fig. 16a). The K,0/
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Fig. 15 The Al,05/Si0,~Fe,05/Si0, bivariate diagram for the Hima-
layan source rocks (after Galy & France-Lonard, 2001; Mondal et al.,
2012)
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Al,O; binary plot (after Maynard et al., 1982) showing passive mar-
gin tectonic setting for the Tawi River sediments

Al,O5 versus Si0,/Al,05 bivariate plot given by Maynard
et al. (1982) also suggests passive margin (PM) field for
the Tawi River sediments (Fig. 16b). Sediments from plate
interiors or stable continental zones are quartz-rich and
low in feldspar, and they are plotted on the PM field (Roser
& Korsch, 1986). Passive margin (PM) setting was also
reported for Siwalik mudstones by Sinha et al. (2007). The
active margin is made up of sediments from arc and collision
settings, whereas the passive margin is made up of sedi-
ments from rift setting (Verma & Armstrong-Altrin, 2013).
The passive margin field encompasses all Tawi sediments,
inferring rift settings. A foreland basin, which comprises
sediments produced from metasediments and recycled sedi-
mentary rocks, does not belong to a rift setting. Singh (2013)
suggested that the geochemical signatures of the sediments
deposited in the foreland basins are either the passive mar-
gin sediments or between the active and passive continental
margin sediments, while studying the Murree sedimentary
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Fig. 17 The bivariate plot of (Al,0;+K,0+Na,0)-SiO, introduced
by Suttner and Dutta (1986) is utilized to reveal the climate condi-
tions in the catchment area of the Tawi River of the western Himala-
yan foreland, India

rocks. The two lithologies (Murree and Siwalik sandstones)
contribute sediments chiefly to the Tawi River, which is a
foreland basin without any doubt.

Suttner and Dutta (1986) have given a bivariate plot of
(AL,O5;+K,0 4+ Na,0) versus SiO, to deduce the climate
conditions in the catchment area of the Tawi River during
sediment weathering and erosion. The majority of Tawi
sediment samples fall in humid climate field (Fig. 17). This
is also owing to the fact that the majority of the samples
are immature in nature and have only been moderately
weathered. Three samples clustered in the dry climatic field
showed a lower degree of weathering, which could be attrib-
uted to the varied amounts of mean annual precipitation in
different regions of the basin throughout the time.

7 Conclusions

Geochemical composition (major, trace and rare earth ele-
ments) of the Tawi River sediments have been studied to
evaluate sediment type, compositional maturity, weathering
intensity, provenance and tectonics. The key findings are as
follows:

The Tawi River sediments are mostly arkosic in nature
with a few litharenite fractions and have low compositional
as well as mineralogical maturity. High concentration of
Si0, in Tawi sediments shows strong correlation with Al,O;
representing progressive weathering and or sorting effects.

The CIA, PIA, Rb/Sr and K,O/Rb ratios and their rela-
tions in the sediments suggest moderate chemical weather-
ing intensities. A—-CN-K, A—C-N and A—-CNK-FM plots
also suggest moderate degree of chemical weathering under
humid climatic conditions and the dominance of felsic
provenance. Depletion of common labile elements (Na,O,
Cao, K,O, Ba, and Sr) relative to UCC (upper continental
crust) indicates loss of feldspar during the phase of chemical
weathering in the source rock or during transportation in the
fluvial regime.
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The Zr and Th concentrations are considerably enriched
in the Tawi River sediments as compared to UCC, signifying
the occurrence of resistant heavy minerals, such as zircon
in the source rocks.

The major elements discrimination diagram and immobile
trace element ratios suggest that the Tawi River sediments
were produced typically from felsic sources with composi-
tions more or less similar to average rhyolite, granodiorite,
UCC, and I- and S-type granites.

The chondrite-normalized REE patterns show LREE
enrichment and nearly flat HREE pattern with significant
negative Eu anomalies, pointing to felsic provenance again
(mainly derived from Higher Himalaya). From the examined
sediments, the tectonic setting signatures lead to a foreland
basin or a passive continental margin setting.
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