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Abstract

Clastic rocks of foreland basin from Nandhaur Sanctuary area, Kumaun Sub-Himalaya were studied to interpret their litho-
logical composition, provenance, source area weathering characteristics and tectonic setting. Detailed geochemical inves-
tigation on 33 mudstone and petrographic study of 25 sandstone samples have been carried out. Sandstones are classified
as quartz-arenite to sublith-arenite; lithic to subarkosic arenite and lithic to arkosic greywacke using detrital mode analysis.
Chemically, mudstone is identified as greywacke to lithic-arenite and also straddles between shale and wacke with a few
in lithic-arenite field. CIA values vary from 55.8 to 78.7 for Lower Siwalik, 53-78.3 for Middle Siwalik and, 58.8—-81.7
for Upper Siwalik sediments. These results suggest that differential weathering conditions acted upon the sediment prov-
enance: under steady to non-steady-state, variable climatic conditions, and Cenozoic tectonic uplifting along Himalayan
thrusts. Chemical data in Al,0;-Ca0-Na,0-K,0 (A-CN-K) plot depart from the granite-granodiorite field towards the illite-
muscovite indicating weathering trend in provenance. Chemically, mudstone bears the signature of Passive Margin tectonic
setting of deposition which is inherited from the source rock. High field strength element (HFSE) and Rare Earth Element
(REE) content of mudstone support the felsic upper crustal material as source, whereas transition elements advocate minor
contribution from mafic rocks. Chondrite normalized high Light REE (LREE)/ Heavy REE (HREE) ratio (11.15-15.11),
sloping LREE and near-flat HREE, negative Eu anomaly (Eu/Eu* =0.6-0.88) indicate the evolved upper crustal material as
the prominent source. The trace element ratio in mudstone; La/Sc (0.71-5.86), Ct/Th (2.42-9.50), Th/Co (0.07-0.95), and
La/Co (0.15-2.31), supports the sediment derivation from felsic sources however Th/Co values indicate the mixed source
rocks. The geochemistry of mudstone shows affinity with the rocks of high-grade Higher Himalaya and low-grade Lesser
Himalaya and is a useful proxy for understanding the various tectonic and paleo-climatic conditions that prevailed during
the evolution of Himalayan Foreland Basin.
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1 Introduction

The Foreland basin is a result and characteristic of collision-
related mountainous belts, often developed as an elongated
trough along the mountainous fold and thrust belt. It is often
sandwiched on the continental crust with a contractional
orogenic belt on one side and an adjacent craton on another
with enormous potential of sediment accommodation
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(DeCelles & Giles, 1996). The basin fill receives the sedi-
ments dominantly from the exhuming fold and thrust belt
with a minor contribution from the cratonic part (DeCelles
& Hertel, 1989; Dickinson & Suczek, 1979; Sawant et al.,
2017; Schwab, 1986). Thus, the characterization of the sedi-
ments, deposited in the foreland basin offer the opportunity
to unravel the history of the exhumation and source catego-
rization in the uplifting fold and thrust belt. The nature, size
and thickness of the sediments being deposited in the fore-
land basin depends on the actual site of deposition relative
to the advancing fold and thrust system and flexure bending
of the subducting portion.

In addition to the petrographic studies of clastic rocks to
demarcate the tectonic setting of basin evolution and char-
acterization of provenance, their geochemistry is widely
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used to interpret the depositional setting, provenance, exhu-
mation records and climate-tectonic interaction (Awasthi,
2017; Bhakuni et al., 2012; Huyghe et al., 2001; Khan et al.,
2019, 2020; Mandal et al., 2018; Roddaz et al., 2005; Roser
& Korsch, 1986; Sawant et al., 2017; Van Der Beek et al.,
2006; Wesnousky et al., 1999). The Himalayan foreland
basin is filled with hundreds to thousands of meter thick-
nesses of sediments that have preserved the records of
Cenozoic continental collision between Indian and Eurasian
Plates. These records involve the signature of exhumation
and upliftment from beginning to termination stage of colli-
sion and post-collision. The spatial and temporal distribution
of sediments, their geochemical records and isotopic signa-
tures can be used to demarcate the complete exhumation his-
tory and related foreland/hinterland propagated thrust belt.
Thus, the whole-rock geochemical analysis of the sandstone-
mudstone-shale sequence in a foreland basin can be used as
a proxy to understand the evolution of the mountain belt and
tectonics involved (DeCelles et al., 1998; Ghosh & Kumar,
2000; Hussain & Bharali, 2019; Mandal et al., 2018; Najman
& Garzanti, 2000; Van Der Beek et al., 2006).

The chemistry of both flysch and molasse sediments is
a significant tool to address their source characteristics, as
well as the weathering of the source rock, climatic condi-
tions and tectonic setting of deposition. Major oxide, trace
and REE contents of the sedimentary rocks are important
contributors to characterize the provenance and tectonic set-
ting. The major oxide values of the mudstone provide crucial
information on alteration indices to identify the quantita-
tive and qualitative characterization of paleo-weathering
conditions. Trace element concentrations in the sediments
(clay-rich) are useful proxy to address their source charac-
teristics as well as the tectonic setting of deposition (André
et al., 1986; Bhatia & Crook, 1986; Bhatia & Taylor, 1981;
McLennan et al., 1980). The immobile nature of some trace
elements, and thus their constant/ near-constant ratio makes
them excellent contributors in source recognition (Rollinson,
1993) as these elements are associated with a terrigenous
component of sediments. The rare earth elements (REE) are
thought to be immobile and their both relative and absolute
concentration in the sedimentary rocks are not altered dur-
ing weathering, transportation and depositional processes,
because transportation is governed primarily by mechanical
rather than chemical changes, preserving the original signa-
tures of source region lithologies and depositional processes
of clastic sedimentary rocks (Nance & Taylor, 1976; McLen-
nan, 1989). The provenance, source characteristics, tectonic
control along with influences of sedimentary processes has
been well studied using REE concentration in sedimen-
tary rocks (Bhatia, 1985; McLennan, 1989). The present
study focuses on the geochemistry of the Siwalik mudstone
from east of Nandhaur River till Sarra gad/Kalaunia gad
in Kumaun Sub-Himalaya to identify the provenance, its
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chemical weathering, climatic conditions and tectonic set-
ting of deposition. Mudstone is given more preference than
sandstone, conglomerate, since the fine clastic sediments
carry a very precise rock composition signature, are bet-
ter mixed, resulting in a more homogenous mixture than
coarser sediment fractions (Najman, 2006). To date, few
records on sedimentary geochemistry of Siwalik sediments
are available from Himachal Himalaya (Ali et al., 2021;
Ranjan & Banerjee, 2009; Sinha et al., 2007, 2008), from
Central Himalaya in Nepal (DeCelles et al., 1998; Najman
& Garzanti, 2000; Ulak et al., 2008) and from Northeast
area (Hussain & Bharali, 2019; Roy & Roser, 2013; Sawant
et al., 2017). No comprehensive geochemical investigation
on mudstone is available on Siwalik sediments in Kumaun
Sub-Himalaya. Mandal et al. (2018) studied the isotopic
and geochemical signature of Siwalik sandstone in Deh-
radun re-entrant. The Nandhaur Sanctuary area also lacks
the detailed geological investigation in Siwalik Group on
regional scale. For this purpose, the geological mapping has
been carried out on the 1:25,000 scales recording the litho-
logical variation, petrography and geochemical analysis in
almost 225 km? areas. Thus, the work presents the first-hand
detailed geological mapping of the area. The work portrays
the sandstone petrography and mudstone geochemistry to
establish the source region characteristics, temporal varia-
tion in suppliers and role of tectonics in the chemical sig-
nature of sediments in this segment of the Siwalik Range.

2 Geological setting

The Himalaya is the result of crustal-scale geodynamic pro-
cesses involving subduction of oceanic plate followed by the
Cenozoic collision between the Indian and Eurasian plates
(Gansser, 1964; Heim & Gansser, 1939; Thakur, 1992). The
collision resulted in the upheaval of the Proterozoic-Early
Cenozoic rock sequences and the development of the largest
and the youngest foreland basin on the Indian subcontinent
(Valdiya, 1980; Yin, 2006). The development of global scale
tectonic boundaries in the Himalaya divides it into various
segments. From north to south these are Trans Himalaya,
Tethyan sequence, Higher Himalaya, Lesser Himalaya and
Siwalik sediments (Fig. 1a). The Trans-Himalaya in the
north of Indus-Tsang Po Suture zone (ITSZ) comprises the
Calc alkaline Laddakh batholith sequence of Upper Cre-
taceous to Eocene age and Tso-Morari dome with eclog-
ites and marine origin metasedimentary sequence (LeFort,
1996). The Cambrian to Eocene age fossiliferous sedimen-
tary rocks, known as Tethyan sedimentary sequence; is
exposed in the south of ITSZ. These rocks abut the Higher
Himalaya in south along normal fault contact known as
South Tibet Detachment (STD), shown in Fig. la (Burch-
fiel et al., 1992; Burg et al., 1984). It is also proposed that
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Fig. 1 a Geological Map of the Himalaya showing major tectonic
boundaries and location of the study area (after Gansser, 1964), b
Geological map of the part of Kumaun Lesser Himalaya showing

Higher Himalayan rocks form the basement for the Teth-
yan sediment with the normal order of metamorphic grade
(LeFort, 1975). The Higher Himalaya comprises catazonal
metamorphics of granite gneiss, quartzite, pelitic schists,
calc silicates and Paleozoic and Cenozoic granitoid assem-
blage up to upper amphibolite facies. The Higher Hima-
laya is thrust over the Lesser Himalaya along south directed

present study area (Map compiled after Raina & Dungrakoti, 1965;
Kumar & Kothiyal, 1993; Saxena, 1975, 1978; Das et al., 1974 and;
Singh & Kothiyal, 1997)

thrust system known as Main Central Thrust (MCT) (Heim
& Gansser, 1939; Searle et al., 2008; Thakur, 1992; Valdiya,
1980). The MCT developed as a consequence to accom-
modate the collision-related crustal shortening during the
Middle to Late Miocene age (Najman & Garzanti, 2000;
Yin, 2006). The Lesser Himalaya comprises low-grade
unfossiliferous metasedimentary sequence of Proterozoic
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to Lower Paleozoic age. In the south, the Lesser Himala-
yan rocks are thrust over the Paleogene—Neogene sequence
of Sub-Himalaya along Main Boundary Thrust (MBT)
(DecCelles et al., 2001; DiPietro & Pogue, 2004; Fuchs &
Linner, 1995; Gansser, 1964; Heim & Gansser, 1939). The
Neogene sediments, also known as Siwalik Group, comprise
molasse sediments of Middle Miocene to Lower Pleistocene
age, deposited in the foreland basin. The rocks of Siwalik
Group are thrust over the Indo-Gangetic Plain, the present-
day active foreland basin (Fig. 1b), along Main Frontal
Thrust (MFT) (Jayangondaperumal et al., 2018; Thakur,
2013). The Indo-Gangetic Plain comprises Quaternary age
unconsolidated sediments, further classified into Older and
Newer Alluvium.

3 Study area

The study area forms a part of Nandhaur Sanctuary between
Nandhaur River in the west and Kalaunia gad in the east
(Fig. 2). The Siwalik Group in the study area comprises
Nahan (Lower Siwalik), Dewal and Mohargarh (Middle
Siwalik) and Pinjor formations Upper Siwalik. These rocks
are exposed in the Saj gad—XKalaunia gad section and many
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north—south trending tributaries. This litho-package is thrust
over Quaternary sediments of Indo-Gangetic plains along
Himalayan Frontal Thrust (HFT). In the north, the rocks of
Siwalik Group are under thrust with Nagthat Formation of
Jaunsar Group of Lesser Himalaya and partly by Amritpur
granite along Main Boundary Thrust (MBT). Within the
Siwalik, the rocks of Nahan Formation are thrust over Pinjor
Formation along Lugad Thrust in the northern sector. (Das
et al., 1974; Kumar and Kothiyal, 1993; Raina and Dungra-
koti, 1965; Saxena, 1975, 1978; Singh & Kothiyal, 1997).

4 Materials and methods

From the various mudstone-sandstone association of
Lower to Upper Siwalik rocks, the 33 mudstone samples
(12 for Lower Siwalik; 16 for Middle Siwalik and 05 for
Upper Siwalik) for geochemistry and 25 sandstone-mud-
stone samples (06 for Lower Siwalik; 11 for Middle Siwa-
lik and 08 for Upper Siwalik) for petrography were col-
lected. The sample abbreviations and related stratigraphic
levels of each sample are shown in the Fig. 2 and details
of each sample along with chemical analysis are given in
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Fig.2 Geological map of the Siwalik Group in part of Nainital and Champawat districts, Uttarakhand
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Table 2 Trace element composition of the Siwalik mudstone samples from Nandhaur Sanctuary area (all values of trace elements in mg kg~

Sample No Ba Co Cr Cu Ga Nb Ni Pb Rb Sc Sr Th V Y Zn Zr U Cr/Th Zr/Sc Th/Sc Cr/Ni
14/REE/STM 828 125 94 40 22 20 55 46 175 17 59 23 162 81 94 357 575 4.09 21.00 135 1.71
15/REE/STM 735 84 152 28 22 18 37 26 132 20 76 16 201 35 71 215 437 950 10.75 0.80 4.11
17/REE/STM 530 35 66 23 22 16 29 22 140 19 36 16 101 32 78 185 3.96 4.13 9.74 0.84 228
18/REE/STM 993 47 95 30 25 18 46 18 174 17 45 17 154 34 100 208 3.77 559 1224 1.00 2.07
33/REE/STM 758 64 73 30 17 14 28 21 175 15 36 19 88 24 78 246 2.08 3.84 1640 127 2.61
34/REE/STM 670 31 68 23 17 14 26 29 145 16 47 18 86 28 69 237 232 378 1481 1.13 2.62
35/REE/STM 814 45 68 26 20 14 31 21 149 20 46 18 109 29 60 192 2.05 3.78 9.60 0.90 2.19
36/REE/STM 649 30 74 21 21 18 23 22 180 10 79 17 75 27 62 242 278 435 2420 1.70 3.22
08/REE/STM 615 102 60 16 9 18 17 70 17 18 NA 53 20 40 126 2.7 - 741 - 3.33
09/REE/STM 745 126 51 18 9 11 18 67 17 21 NA 46 27 37 333 3.67 - 19.59 - 4.64
10/REE/STM 422 77 46 10 8 6 18 65 17 42 NA 34 24 27 290 3.15 - 17.06 - 7.67
11/REE/STM 1155 103 37 20 <55 5 23 36 21 38 NA <20 13 29 124 1.81 - 590 - 7.40
11a/REE/STM 963 33 87 32 22 16 45 22 154 18 78 NA 136 37 82 195 4.09 - 10.83 - 1.93
12/REE/STM 788 271 100 32 20 17 48 25 191 16 59 18 133 34 90 221 341 556 13.81 1.13 2.08
13/REE/STM 1085 36 83 26 22 16 43 29 154 18 71 14 139 35 85 175 259 593 9.72 0.78 193
16/REE/STM 756 55 85 28 20 16 30 29 158 16 47 16 109 30 71 245 337 531 1531 1.00 2.83
25a/REE/STM 737 117 58 17 16 13 23 21 132 15 49 18 83 30 49 221 3.04 322 1473 120 2.52
26/REE/STM 726 98 61 22 14 12 21 23 123 16 34 18 72 29 49 248 2.80 339 1550 1.13 290
29/REE/STM 447 107 53 20 19 13 23 24 154 18 96 16 66 23 60 196 240 3.31 10.89 0.89 230
30/REE/STM 922 22 101 34 25 18 53 30 170 20 65 16 176 34 92 153 244 6.31 7.65 0.80 191
30a/REE/STM 745 71 46 21 17 13 27 22 118 20 48 19 88 31 51 275 258 242 1375 095 1.70
31/REE/STM 849 67 52 20 18 13 22 23 157 17 56 20 88 30 64 244 271 2.60 1435 1.18 236
32/REE/STM 815 54 71 31 20 15 33 25 174 18 55 18 115 31 67 239 223 394 1328 1.00 2.15
37/REE/STM 457 28 65 17 14 17 27 18 120 9 71 16 61 28 63 235 294 4.06 26.11 1.78 2.41
19/REE/STM 582 20 75 29 24 16 24 19 184 16 60 19 115 39 79 192 340 395 12.00 1.19 3.13
20/REE/STM 383 89 49 17 14 15 14 20 158 8 53 16 59 31 51 247 3.14 3.06 30.88 2.00 3.50
21/REE/STM 554 69 97 29 23 21 51 31 173 11 50 20 109 35 8 203 595 485 1845 1.82 1.90
22/REE/STM 849 65 81 20 22 17 38 24 146 19 37 16 151 37 78 197 396 5.06 10.37 0.84 2.13
23/REE/STM 510 108 81 21 18 13 34 23 131 16 58 12 87 28 59 189 2.87 6.75 11.81 0.75 238

NA Not analyzed

Table 1, 2, 3. The mudstone samples were carefully col-
lected avoiding any pedogenetic modifications and were
analyzed for the major oxide, trace elements and REE
content. All the analysis was performed in the Geological
Survey of India Northern Region Labs.

The whole rock chemical composition including major
oxides and trace elements were analyzed using Bruker Make
S8 Tiger X-Ray Fluorescence (XRF). The pallet method was
applied for the chemical analysis. The detection limit was
0.1% and 1.00 mg/1 for major and trace elements, respec-
tively. GSD10 with known element concentrations was used
as standard reference material. The standard was analyzed
after each batch of 20 samples for accuracy and duplicate
samples after each batch of 10 samples was analyzed for
repeatability. The accuracy of the measurement during the
entire analysis remains +3% with precision of +5%. Var-
ian make Inductively Coupled Plasma Mass-Spectrometer
(ICP MS) instrument was used for the Rare Earth Element

analysis with quantification limit in the range of 0.1 to
1.00 mg kg-1. The XRF and ICP-MS analysis were carried
out as per procedure given in Lucas-Tooth and Pyne (1964),
Rollinson (1993) and Khanna et al., (2009).

The modal analysis was performed on the Olympus BX51
TRF Petrological Microscope following the traditional
method for counting the different detrital grains (Basu et al.
1975; Folk, 1974; Mack and Suttner 1977). The different
detrital minerals and lithic fragments were identified and
counted separately as monocrystalline quartz (Qm), poly-
crystalline quartz (Qp), K-feldspar (kfs), plagioclase (pl),
biotite (bt), muscovite (mus), and lithic fragments individu-
ally. The Qm + Qp = Qt; kfs 4 pl + granite gneiss =Ft and all
finer rock fragments are taken together as Rf (after Folk,
1980), whereas these parameters were recalculated keeping
in mind the size fraction of these ingredients following the
procedure of Dickinson (1985) to present the quartz—feld-
spar-lithic fragment (Q—-F-L) plot. Nearly 250-300 detrital
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o[ (PD) x P(wg)]/(ng) = xng/ng
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grains including both mineral and rock fragments were
examined in representative 25 thin sections of sandstone
with two thin sections for each sample for modal analysis.
The petrographic samples were collected from thicker sand-
stone layers avoiding any other local lithological variations.
The section measurement was carried out by precisely col-
lecting field data on meter scale using tape-compass-clinom-
eter method as per the procedure given in Compton (1962).
The true thickness of the lithologies is calculated using the
formulas proposed by Palmer (1916). The true thickness of
individual lithotype viz. conglomerate, sandstone, siltstone,
mudstone-shale was added separately and relative abun-
dance was normalized to 100 that led to determine the ratio
of conglomerate-sandstone—siltstone—mudstone in Lower,
Middle and Upper Siwalik. The facies records were identi-
fied and marked in the stratigraphic column using Miall’s
classification (1996). The graphic artwork has been carried
out on Corel-Draw software.

The major ion composition of the sediments provides sig-
nificant information to assess the weathering intensity under
prevailing climatic conditions that acted on the provenance.
Thus, for both qualitative and quantitative characterization
of weathering and paleoclimatic condition, Nesbitt and
Young (1984) proposed the Chemical Index of Alteration
(CIA) that evaluates the chemical weathering and transfor-
mation of various phases into secondary products (often
clay/phyllosilicate) as compared to source rock. The quan-
titative CIA value is evaluated in terms of mol% of oxides
using formula CIA =[Al,0,/(Al,0;+ CaO* 4+ Na,O +K,
0)*100]. The CaO* fraction represents the Ca content in
the silicate-bearing minerals and its calculation is made on
assumptions that if CaO <Na,O, then CaO* value is taken as
CaO value and if CaO > Na,O, then Na,O values are taken as
CaO* value (Ali et al., 2021; Bock et al., 1998; Gallet et al.,
1998; Roddaz et al., 2006).

5 Results
5.1 Field description

The sediments of Lower Siwalik are fine-grained, hard,
compact with dominantly repeated flood plain sediments
over channel sand (Fig. 3a) and frequent lateral shifting
of the channel and few crevasse splay deposit. The pres-
ence of iron nodules in the rocks of Lower Siwalik is also
noticed near Kalaunia (Fig. 3b). Mud pallets in the sand-
stone are signature of scouring of the active channel along
its bank (Fig. 3¢). The rocks of Lower Siwalik up-section
grades into Middle Siwalik with a reduction in mud con-
tent and the sand-mud ratio is about 50-50 (Fig. 3d). The
sandstone is thinly bedded to massive and medium-grained
with some pebbly horizon. The thick sandstone layers form

the multi-storeyed nature (Fig. 3e). The pebbles comprise
quartzite, sandstone, mudstone indicating both intra-forma-
tional, as well as extra-basinal nature (Fig. 3f). The transition
from the lower to the upper part of Middle Siwalik records
the sudden decrease in mud content from 50% to almost
10-15% and increment in the rolling population of larger
clasts (Fig. 3g). The clasts comprise quartzite, metabasic,
slate, schist, granitic and gneissic fragments. The upper part
of Middle Siwalik shows a higher degree of secondary calci-
fication in the sandy layers in multi-storeyed sandstone form-
ing calcretes and protruding out. These carbonate-cement
bearing sandy layers are developed in subaerial vadose zone
under warm and humid climatic conditions (Tandon & Var-
shney, 1991).

The size and frequency of the clasts increase in the upper
part of Middle Siwalik. The sandstone is relatively loose
and fragile. The size of clasts in the sandstone of Middle
Siwalik reaches up to 10-15 cm. The further transition of
Middle to Upper Siwalik is marked with a rapid increase in
the size of clasts and thickness of conglomerate beds up to
30 m or even more. The conglomerate is matrix-supported
(Fig. 4g) in the lower part but grades into clast supported up-
section (Fig. 4h). The presence of sand lenses is an impor-
tant feature of the conglomerate in the upper part (Fig. 3h).
The larger clasts in conglomerate comprise quartzite, basalt,
amphibolites, granite, gneiss, schist, phyllite and limestone.
The upper part has medium- to coarse-grained, loose, fri-
able sandstone with variegated mudstone in few horizons
(Fig. 32).

The measured section during field work in the Siwalik
along Saj gad/Kalaunia gad—Sarra River indicates the
development of various sedimentary facies (Fig. 4a—h).
The section measurement results in the calculation of total
true thickness of Siwalik about 3134 m. viz. Lower Siwa-
lik (710 m), Middle Siwalik (2076 m) and Upper Siwalik
(348 m) (Fig. 5a, b and c). The huge thickness of Middle
Siwalik along Kalaunia gad is probably the second thickest
sedimentation record in Uttarakhand Himalaya after Dun
sub-basin (Ghosh & Kumar, 2000). The dominant lithofa-
cies identified are massive silt and mud (Fsm), fine lami-
nated silt and mud (Fl), massive and faintly laminated sand
(Sm), horizontal laminated sand (Sh), ripple cross-laminated
sand (Sr), planer cross-bedded sand (Sp), sand fine to coarse
may be pebbly or group cross bedded (St), clast supported
crudely bedded, horizontal bedding, imbrications (Gh) and
matrix-supported massive gravel (Gmm) in various parts
of the Siwalik Group (Fig. 5a—c). The lithofacies and their
abbreviation are after Miall (1996).

5.2 Petrography

The sandstone petrography is a useful tool to address the
source area lithology and provenance studies. Petrographic
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Fig. 3 Field photographs

of Siwalik rocks showing a
Variegated mudstone in Lower
Siwalik b Development of iron
nodules in mudstone of Lower
Siwalik ¢ Mud pallets in the
sandstone d Thick mudstone—
sandstone association in Middle
Siwalik. Note the development
of load cast structure at the con-
tact e Multistoried sandstone in
Middle Siwalik f Quartzite and
shale lithic fragments in Lower
Siwalik sandstone g Mudstone
sandwiched between conglom-
erate beds in Upper Siwalik h
Sandstone lenses in the con-
glomerate in Upper Siwalik

study of the Siwalik sandstone was carried out of the rep-
resentative 25 unaltered coarse- to fine-grained, sand-
stone and mudstone samples from different horizons of
the Lower to Upper Siwalik Subgroup. During the pet-
rographic study, the varieties of quartz and other detrital
constituents were described following the methods given
by Krynine (1940) and Folk (1980). The monocrytalline
and polycrystalline quartz grains were separately noticed
and their relative abundance was taken into consideration

@ Springer
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along with feldspar (potash and plagioclase, separately),
mica and other lithic fragments (Basu et al., 1975; Dick-
inson, 1985; Ingersoll & Suczek, 1979).

5.2.1 Lower Siwalik
Quartz (70 to 90%) is the dominant constituent grain in

the rock. Monocrystalline quartz (Qm) has a high abun-
dance over polycrystalline quartz (Qp) (Fig. 6A). The rock



Provenance composition, paleo-weathering and tectonic setting of Himalayan foreland basin... 481

Fig.4 Field photographs
showing a—h development of
various sedimentary facies in
Lower to Upper Siwalik rocks.
Facies classification after Miall
(1996), Abbv: massive silt and
mud (Fsm), fine laminated silt
and mud (Fl), massive and
faintly laminated sand (Sm),
horizontal laminated sand (Sh),
ripple cross laminated sand (Sr),
planer cross bedded sand (Sp),
sand fine to coarse may be peb-
bly or group cross bedded (St),
clast supported crudely bedded,
horizontal bedding, imbrica-
tions (Gh) and matrix supported
massive gravel (Gmm)

contains 5 to 20% mica (biotite dominating) with very few
grains of feldspar (1 to 5%) qualifying this sandstone into
the quartz-arenite as dominant lithology whereas a few
samples straddle between sublitharenite to the sub-arkosic
field (Folk, 1974) (Fig. 9). Both the feldspar; K-feldspar
and plagioclase, are present and former is in relatively
higher proportion. The twining in the detrital feldspar of
Lower Siwalik sandstone is common feature. Mica flakes
are aligned and the tight packing of quartz grains is due

10/02/2016

19/02/2016

to high compaction and/or overburden related lithostatic
pressure. However, sandstone of the Lower Siwalik has a
siliceous matrix, sometimes calcareous and ferruginous
cement, up to 5% in the interstitial space of clasts/detrital
grains. The sandstone of the Lower Siwalik is mineral-
ogically and texturally matured, very fine to fine-grained,
well-sorted and tight to moderately packed. Maturity, fine
grain, high roundness, high compactness and less weath-
ering of the constituting grains of the rock represent long
transportation and prolonged burial. The fine mudstone
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«Fig.5 Litho-log of the Siwalik succession in Saj Gad—Sarra River
section showing various sedimentary facies with measured thick-
ness for each sub-group: a Lower Siwalik; b Middle Siwalik; ¢ Upper
Siwalik

samples show very small quartz grains associated with
clay and silt. The lithic fragments of shale are also noticed
in the mudstone (Fig. 6b).

5.2.2 Middle Siwalik

In the lower part of Middle Siwalik, sandstone shows domi-
nancy of quartz over feldspar and lithic fragments. The
grains are sub-angular to sub-rounded, moderately sorted
and well packed in the lower part of the Middle Siwalik but
in younging direction, grains are texturally immature and
comprise angular to sub-angular, loosely packed and poorly
sorted in the upper part of the Middle Siwalik. Grains show
sutured and concave-convex contact, probably due to the
reaction of carbonate cement with quartz and lithic frag-
ments (Ghosh & Kumar, 2000). The lower part of Middle
Siwalik sandstone comprises quartz grains (~70%); both
monocrystalline quartz (~85%) and polycrystalline quartz
(~15%), mica; both muscovite and biotite, (~20%), feldspar;
both plagioclase and potash, (5 to 10%) and lithic fragment
(~10-12%) (Fig. 6¢ and d). The proportion of feldspars and
the lithic fragment is increased in the upper part of Mid-
dle Siwalik (Fig. 6e and f). Compositionally, the sandstone
(< 15% matrix) falls in the sublith-arenite field with a lit-
tle quartz-arenite composition. A few samples with > 15%
matrix are classified under arkosic-greywacke composition
(Fig. 7). The sandstone shows a higher proportion of lithic
fragments and feldspar than Lower Siwalik, hence, miner-
alogically and texturally it is relatively less-matured. Pla-
gioclase shows albite twinning whereas the cross-hatched
twining is noticed in the microcline. The feldspar some-
times shows weathered nature. Presence of kinked mica,
fractured quartz grains, Qp, undulose extinction in quartz
show deformed metamorphic source rock. Qp is formed by
the development of sub- grains within the large quartz grain
under the process of sub-grain rotation in dynamic recrys-
tallization (Passchier & Trouw, 1995). Lithic fragments are
metamorphic (quartzite, schist, phyllite) and sedimentary
rocks (shale, sandstone). Sandstone comprises calcareous
(calcite) and ferruginous (iron oxide) cement, and siliceous
matrix (quartz) binding the framework grains. Well-devel-
oped calcite can be appreciated in thin sections as a result
of secondary precipitation (Fig. 6¢). The gradual increment
in the proportion of calcareous cement and decline in fer-
ruginous cement and siliceous matrix from Lower to Middle
Siwalik is noticed.

5.2.3 Upper Siwalik

The Upper Siwalik sandstone is medium to coarse-grained,
angular to sub-angular, immature, poorly sorted and mod-
erate to loosely packed. The constituting grains are quartz
(30-50%), feldspars (10-20%), lithic fragments (10 to
50%) and mica (5-10%) (Fig. 6g—j). Matrix/cement is
siliceous, ferruginous and calcareous (10 to 30%). The
sandstone is classified as lithic greywacke to feldspathic
greywacke composition (Folk, 1974) (Fig. 7). Calcite as
cement shows high order interference color, and siliceous
matrix shows dark grey to grey appearance. The grains are
sometimes surrounded by reddish-brown to opaque ferrug-
inous cement which is in high proportion to other binding
materials. Quartz grains are Qp or composite quartz (num-
bers of crystals with different orientations within a grain
boundary) as well as Qm (Fig. 6g and h). Lithic fragments
and feldspar grains are in high abundance in the Pinjor
Formation of the Upper Siwalik. Lithic fragments include
platy fragments of shale, schist and mylonite gneiss, gran-
ite gneiss, and large fragments of sandstone and quartzite
(Fig. 6i and j). The platy nature of shale, schist, mylonite
and gneissic rock fragments is a result of derivation from
a cleaved or foliated source rock containing abundant platy
minerals. Distinguishable large sandstone fragments and
schist having mica rich flakes showing preferred orienta-
tion are common features. Along with these, large detrital
of polycrystalline quartz, and shale represent metamor-
phic and sedimentary source rock, respectively. Sub-grain
development within large quartz grain is the result of sub-
grain boundary rotation under the dynamic recrystalli-
zation process in the metamorphic rock and depicts the
derivation of the grain from the deformed metamorphic
source rock. Lithic fragments of shale are common in the
sandstone of the Pinjor Formation. Mylonite gneiss frag-
ment can be appreciated with the presence of alternate thin
component bands of stretched or ribbon quartz grains and
feldspar and darker mica flakes; biotite, in the sandstone.
Grains of twinned plagioclase crystals at the right angle,
kinked muscovite flakes, fresh microcline and K-feldspar
are present in the sandstone. Twinned crystals of plagio-
clase feldspar represent igneous protolith. The igneous
source rock for the sediments is evidenced by the presence
of microcline and perthite texture in K-feldspar. Kinked
mica is the product of deformation and hence originated
from the deformed source rock. Large size, high angu-
larity and less to un-weathered nature of rock fragments
and grains give clues about less transportation of the con-
stituents. The heavy mineral constituents of the sandstone
comprise medium to high grade metamorphic minerals
like garnet, kyanite along with some accessory phases like
zircon, apatite, rutile and tourmaline. These are princi-
pally derived from acidic rocks like granite and granite
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Fig.6 Photomicrograph of

the samples showing: a Fine
grained sandstone of Lower
Siwalik, showing mus-bt and
Qm; b Lithic fragments of shale
with fine grained quartz in
mudstone of Lower Siwalik; ¢
Medium grained sandstone with
rounded to sub-rounded quartz
and calcite grown in intergranu-
lar spaces; d Medium grained
sandstone showing pl-bio-Qm
assemblage. e Lithic frag-
ments of shale, calc-shale with
siliceous and calcitic matrix; f
K-feldspar with perthite texture
and large monocrystalline
quartz indicating granitic source
area; g Lithic fragment of
quatz-mica schist and sandstone
indicating mixed provenance of
sedimentary and metamorphic
terrain; h Polycrystalline quartz
with biotite and shale associa-
tion; i Microcline feldspar with
mylonitic gneiss and muscovite
as detrital composition; j Pres-
ence of pl and mylonitic gneiss.
Both i and j support the deriva-
tion of sediments from igneous,
as well as high grade metamor-
phic terrain in the provenance. k
and 1 Presence of heavy miner-
als like grt-ky-rt-tur-ap-zrn-opq
derived from acidic igneous and
high-grade metamorphic rocks.
Abbr: Qm; quartz monocrystal-
line, Qp: polycrystalline quartz,
pl: plagioclase, bt: biotite, mus:
muscovite, grt: garnet, ky:
kyanite, rt: rutile, tur: tourma-
line, ap: apatite, zrn- zircon,
opq: opaque (mineral abbrevia-
tions after Whitney & Evans,
2010)
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Fig. 7 Sandstone classification schemes of the Pettijhon et al. (1973) showing composition of the sandstone in Siwalik Group

gneiss (Fig. 6k and 1). The high-grade metamorphic min-
erals and accessory phases start appearing from Middle
Siwalik sandstone up-section as Lower Siwalik sandstone
dominantly contains iron oxide and magnetite—hematite
association.

5.3 Grain size

The lower part of Middle Siwalik sandstone has grain size
ranging from very fine to medium-grained, occasionally
coarse (mean graphical grain size 1.18 to 1.21®) in nature.
The upper part behaves similarly with a slight increase mean
graphical grain size (1.16 to 1.31®). The sediment sorting is
better in the upper part. The Upper Siwalik sandstone shows
mean graphic grain values of about 1.08—1.51 ®. The skew-
ness values range between — 0.042 to — 0.071 in Middle
Siwalik and — 0.095 to +0.159 in Upper Siwalik. The kurto-
sis values of the grain size variation range from 0.598-0.683
in Middle Siwalik whereas 0.604—1.112 in Upper Siwalik,
suggesting platykurtic to platykurtic-Mesokurtic nature,
respectively.

5.4 Geochemistry
5.4.1 Major oxide

The geochemical composition of mudstone in the Siwalik
shows variation at various stratigraphic levels (Table 1). The

major element composition confirms the abundance of SiO,
ranges from 57.01 to 86.24 wt%, while Al,O; ranges from
4.84 to 19.37 wt%. Harker Variation Diagram are prepared
for total silica and alumina variation in mudstone against
all other oxide values (Fig. 8) indicating a fairly correla-
tion of silica with Na,O and MgO. This correlation suggests
the presence of sodic-plagioclase and involvement of mafic
constituents like olivine, pyroxene and biotite in the source
region, as well as their altered products like illite, chlorite
and smectite. However, the Na,O content is always < 1
in the studied samples and a higher K,0/Na,O ratio sug-
gests the dominance of potash feldspar over sodic plagio-
clase. Whereas Al,O; (r=— 0.89), K,O (r=— 0.84), FeO'
(r=-0.86) and TiO, (r=— 0.51) (to some extent) display
strong linear negative arrays with silica point towards the
reduction in kaolinite content and presence of other Fe-Ti
bearing phases like ilmenite, up-section. The Si0,/Al,0;
ratio increases from Lower (4.18 avg.) to Middle Siwalik
(6.64 avg.) indicating a progressive increase in quartz con-
tent (Ranjan & Banerjee, 2009) and variable contents of
aluminous clay and quartz in the samples. Further in Upper
Siwalik (4.16 avg.), the ratio decreases due to increase in
variation in lithic fragments indicating mixed provenance.
The scattering of the other oxides as CaO and P,0O5 against
silica is noticed. The variation diagrams exhibit positive
correlation of K,O (r=0.92), TiO, (r=0.74), and FeO"
(r=0.84) whereas Al,O; displays negative linear plots
with Na,O (r=- 0.57) and slightly with MgO (r=—- 0.47)
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Fig.8 Harker Variation Dia-
gram of the mudstone of Siwa-
lik Group of all oxides against o

silica and alumina !
< 10

(Fig. 8). Like silica, CaO and P,05 remain scattered against
the alumina too. The positive correlation between alumina
and potash indicates the presence of potash feldspar and clay
mineral control, i.e., illite in the mudstone composition. The
variation diagram also indicates all the data plots near the
muscovite-illite line (Fig. 8) suggesting alteration of potash-
feldspar and muscovite, derived from felsic rocks like granite
and granite gneiss. Such alteration takes place under moder-
ate to intense weathering in humid climatic conditions. The
Post Archean Australian Shale (PAAS) normalized major
oxide values (after Taylor & McLennan, 1985) opine about
the enrichment of silica and depletion of rest of the major
oxides with strong negative Na,O and MnO anomalies. The
Cao and K,O exhibit wide variation (Fig. 11a).

Hayashi et al. (1997) suggested Al,0,/TiO, ratio varies
between 21 and 70 for felsic rocks within the silica range of
66—76%. The positive correlation of Al,O5 with TiO, and
FeO', Al,05/TiO, ratio (13.15-31.61) and total silica content
(57.01 to 86.24 wt%) in the mudstone suggest the association
of Ti- bearing phases with clay fraction and abundant Fe-Ti
bearing independent phases like biotite, chlorite, ilmenite,
titano-magnetite and opaques, derived principally from basic
suits and their low-grade metamorphic products along with
the felsic component. The presence of biotite and ilmenite in
heavy minerals and chlorite in clay minerals further support
the geochemical interpretation.

The binary classification schemes have been proposed to
classify the chemistry of sediments in various litho-fields
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(Herron, 1988; Pettijohn et al., 1973). In the binary plot
of Pettijohn et al. (1973) between log (SiO,/Al,05) vs log
(Fe,04/K,0), the present mudstone chemistry straddles
between shale and wacke with a few samples in the lithic-
arenite field (Fig. 9a) whereas the mudstone samples show
greywacke to lithic-arenite composition in the log (SiO,/
Al,03) vs log (Na,O/K,0) classification schemes of Herron
(1988) (Fig. 9b). The Lower and Middle Siwalik sandstone
are classified as quartz arenite, sublitharenite to the sub-
arkosic field and where the matrix is > 15% as in upper Mid-
dle and Upper Siwalik, are classified as arkosic-greywacke
to lithic greywacke and feldspathic greywacke.

5.4.2 Trace element geochemistry

Trace Element concentrations of the studied Siwalik sedi-
ments are given in Table 2. Concentrations of the Large
Ion Lithophile Elements (LILE) like Ba, Sr and Rb range
between 383 and 1155 mg kg! (avg. 727); 18-96 mg kg™
(avg. 52.75) and 36-191 mg kg~! (avg. 142), respectively.
Their vide variation is noticed in the studied samples due
to their high mobility during weathering, diagenesis and
low-grade metamorphism (Wronkiewicz & Condie, 1987).
Barium is enriched whereas Sr is highly depleted against
the PAAS and Upper Continental Crust (UCC) (Nance &
Taylor, 1976; Taylor & McLennan, 1985). Rubidium shows
a strong positive correlation with the alumina (r=0.84) and
K (r=0.94) whereas scattering nature is displayed by Ba
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Fig. 9 Geochemical classifica- 2— 2—
tion of the mudstone in Siwalik
Group on: a Herron (1988)’s |
log (Si0,/Al,05 vs log (Fe,O5/ Fe-shale Fe-sand 1—
K,0) binary plot and; b Pet-
tijohn et al (1973)’s log (SiO,/
Al,03 vs log(Na,0/K,0)
Quartz arenite
| [ - LI I B IR S I S N R
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a Log (SiO./ALQO,) b Log (SiO,/ALQ;)
x N 5.4.3 Rare earth element geochemistry
1000 A:
© 800 ‘::A,‘A Results of REE from the present study are given in Table 3.
@ 6004 A A The ZREE ranges between 69.61 and 377.27 mg kg™!, which
N is most of the time higher than UCC (146.37 mg kg™') and
A0~ A occasionally higher than PAAS (184.86 mg ke™!). Although
there is no significant variation noticed in the REE content
200 towards younging direction in the measured section yet
A a few samples from the upper Middle and Upper Siwalik
A :K @150' shows relatively higher REE contents (>200 XREE). This
:&‘AA 100- may be attributed to the exhumation of basement gneisses
At Laal 504 and granites in the Higher Himalaya and crystalline klippen
A — during the deposition of Middle-Upper Siwalik sediments.
5 10 15 20 QQQI QQQI QQQI QQQI The PAAS normalized REE plot points towards the relative
ALO, N enrichment of LREE and depletion of HREE with promi-

Fig. 10 Bivariate plots of LILE (Large Ion Lithophile Elements)
against alumina and potassium showing chemical variation in the
mudstone samples

and Sr content (Fig. 10). The HFSE prefers the felsic rock
over the mafic one and these elements range between 13
and 81 mg kg™! (Y), 126 and 357 mg kg™! (Zr) and 5 and
20 mg kg~! (Nb). Yttrium and Zr show enrichment against
the PAAS and UCC values (Table 2). Niobium is often
noticed as a negative anomaly (Fig. 11c) and is depleted
in the granite and granite gneiss from Higher and Lesser
Himalayan Crystallines of Kumaun Himalaya (Islam et al.,
2005; Rao & Sharma, 2009, 2011). The average values of
transition elements like Cr, Sc, V, Co, Ni are 73, 16.44, 103,
75.13 and 30.03 mg kg ™!, respectively. It suggests the enrich-
ment of Sc and Co and depletion of Cr, V, and Ni against
the PAAS. The minor depletion of Cr and Ni suggests less
contribution from the mafic rocks in the source. Th and U
contents vary between 12 and 20 and 1.81 and 5.95 mg kg!,
respectively. The binary plots of alumina against the transi-
tion elements (Fig. 12) indicate a strong positive correlation
of alumina with V, Ni (»=0.86 for both) and Cr (r=0.74).

nent positive Eu anomaly (Fig. 11b). The normalized values
of the REE closely resemble the Upper Continental Crust
values (Taylor & McLennan, 1985). The chondrite—-normal-
ized REE plots shown in Fig. 11d indicate a more or less
uniform pattern with slopping LREE and near-flat HREE
content. The LREE/HREE ratio is high (11.15-15.11) with
a significant negative Eu anomaly (Eu/Eu* =0.6-0.88). The
ratio of the important REE suggests the depletion in Lay/
Smy (0.74-1.16), Gdy/Yby (1.01-1.31; one sample 0.94),
Lay/Yby (0.76-1.23), Yny/Hoy (0.93-1.4), and Cey/Yby
(0.8-1.11) contents.

5.5 Paleo-alteration indices

The calculated values of CIA from the present investigation
vary from: 55.8 to 78.7 for Lower Siwalik; 53 to 78.3 for
Middle Siwalik, with one sample showing 49.9 and; 58.8
to 81.7 for Upper Siwalik sediments. This is an indication
of moderate weathering when these data are compared with
the ‘Average Shale’ value of 70-75 (Visser & Young, 1990).
The unweathered igneous rocks have CIA values of about 50
(Nesbitt and Young, 1984) and most of the samples exceed
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Fig. 12 Bivariate plot of the transition elements against alumina
showing strong positive correlation of Cr, Ni, and V with alumina

this value. A few samples although show higher values
between 75 and 81.7 and indicate intensely weathered prov-
enance. The Plagioclase Index of Alteration (PIA) values
{PIA = Al,05/(Al,054 CaO + Na,0)*100} in most of the
samples surpass 60, which is a threshold value for moderate
to low weathering conditions (Fedo et al., 1995, 1996) fur-
ther confirming the intensely weathered provenance.
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stone samples, d Chondrite normalized REE pattern of the mudstone
samples in Siwalik Group. PAAS values after Taylor and McLennan
(1985), UCC values after Taylor and McLennan (1989)

The relative proportions of alkali, alumina and calcium
oxide (Al,0;—Ca0O* 4+ Na,0-K,0) in molecular proportion
can be used to address the source rock composition in the
A-CN-K ternary classification scheme (Nesbitt & Young,
1984). The unaltered igneous rocks occupy the place near
A-CN join with CIA values near 50. Any level of weather-
ing in these primary rocks will plot away towards the A-K
join related with enrichment of alumina and potash. The
most altered rocks host the clay minerals like kaolinite,
gibbsite, chlorite, illite, muscovite, etc. The data cluster-
ing in the A-CN-K ternary plot lies towards the illite field
indicating a large contribution from clay minerals and deple-
tion of Na-Ca related to the decomposition of plagioclase
(Fig. 13a).

6 Discussion
6.1 Source characteristic (provenance)

Petrographically, the Siwalik sandstone is classified as
quartz arenite with subordinate sublitharenite and sub-arkose
in present study area (Pettijohn et al., 1973). The same is
confirmed on the Ternary classification scheme of Q—F-L
indicating quartz arenite to sublitharenite, subfeldsarenite
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Fig.13 a Ternary A-CN-K plot of the mudstone (after Nesbitt &
Young, 1984) of the mudstone samples; A-Al,O5; C-N-Cao+Na,O;
K-K,O (mol prop.); Abbv: Sm-smectite, Ka-Kaolinite, Chl-chlorite,
Gi-gibbsite, Mus-muscovite, Il-illite, Kf-k-felspar, Plg-plagioclase.
Data for To (Tonalite), Gd (granodiorite) and Gr (granite) is from
Condie (1993). The arrows indicate the weathering trends of these
rocks. b Bivariate plot of alkali ratio vs total REE after Bhatia, 1985.
The red stars indicate the locations of granite gneiss and sedimentary
sources

and a few represents the lithic feldsarenite to feldspathic
litharenite (Folk, 1974) (Fig. 16a). It indicates low relief
of the source area with stable tectonic conditions. In strati-
graphic direction, the sandstone becomes more sublitharen-
ite with matrix > 15% in a few samples. Stratigraphically,
the younger part has received a higher proportion of feldspar
and rock fragments indicating their lithic and feldspathic
greywacke composition. The presence of the twinned and
perthitic nature of feldspar indicate their igneous proto-
lith. Mono and polycrystalline quartz, bent mica and the
lithic fragment of mica schist, gneisses indicate the deriva-
tion of sediments from a deformed and metamorphic ter-
rain. The polycrystalline quartz grains indicate the effect of

cataclastic deformation in the source area. This is further
evidenced with the presence of high grade metamorphic and
heavy minerals like garnet, kyanite, biotite, tourmaline and
opaques, sourced from highly metamorphosed provenance.
The zircon, ilmenite, apatite and titanite are scattered in the
thin sections from various stratigraphic levels being repre-
sentative of granitoids and other felsic igneous rocks in the
source region. These rocks are abundantly present in the
Kumaun Himalayan region. The grain size of sandstone in
Middle Siwalik indicates saltation and suspension processes
as a major mode of transportation and dominant over trac-
tion or rolling population. The saltation population has a
steep curve indicating well-sorted grain but the curve flat-
tens in suspension load due to poorly sorted sediment. High
variation in traction load content is noticed in the Upper
Siwalik sandstone indicating streams with changing energy
condition.

The chemistry of fine-grained clastic sedimentary rocks
has been demonstrated to investigate the provenance and
tectonic setting, as well as variation in sedimentary pro-
cesses such as weathering conditions, climatic factors, and
post-depositional changes (Cox et al., 1995; Cullers, 1994;
McLennan et al., 1993). The identification and characteriza-
tion of the provenance based on the geochemical signatures
of sediments have been carried out (Floyd and Leveridge
1987; Cullers 1994; Armstrong-Altrin et al., 2004). Both
mobile and immobile elements and their ratios are catego-
rized as useful input to decipher the provenance studies to a
diverse extent. The presence of immobile elements such as
REE and HFSE carry constructive information to determine
the composition of the source rock as these elements remain
unaffected during weathering and transportation (Bhatia &
Crook, 1986). The Siwalik sedimentation records have been
brought out with geochemical and detrital geochronological
input in many sections of the Himalaya (Al et al., 2021;
Mandal et al., 2018; Najman, 1995, 2006; Najman & Gar-
zanti, 2000; Ranjan & Banerjee, 2009; Sinha et al., 2007) but
the spatial variations in the litho-packages along the strike
in the Himalaya viz. presence or absence of eclogites, vari-
ous klippe and nappe units, differential exhumation records
with varying metamorphic assemblages, geochronology of
lithounits and along-strike variation in the thrusting events
are contributory factors for exposing the varieties of litholo-
gies in the temporal frame. Thus, the nature and composi-
tion of Siwalik sedimentation is resulted from a combination
of many such factors and justifies its along-strike variation
within the foreland basin.

The PAAS normalized major oxide values indicate the
enrichment of silica suggesting the upper crustal material
as a major source of the sediments. The depletion in the
Na,O and wide variation in the CaO suggests moderate
to strong weathering conditions and their removal during
weathering and transportation. The major oxide and their
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ratio are widely used to describe the provenance signatures
and tectonic setting of deposition. Roser and Korsch (1986)
utilized the bivariate plot of SiO, and K,0/Na,0 ratio to
discriminate the principle tectonic setting of deposition
viz. Passive Margin, Active Continental Margin, Oceanic
Island Arc setting. The bivariant plot of the SiO, and K,0/
Na,O of the mudstone of the Siwalik Group in the Nand-
haur Sanctuary area shows the clustering of the samples
in the Passive Margin field (Fig. 14a). The Passive Margin
tectonic setting of the provenance is further confirmed on
the K,0/Na,0 vs Si0,/Al,0O5 plot (Maynard et al., 1982)
(Fig. 14b). The Siwalik sediments have been character-
ized as molasse deposit. These sediments are deposited in
the foreland basin that was developed in the frontal part of
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Fig. 14 Tectonic discrimination bivariate plot of the Siwalik sedi-
ments. a After Roser and Korsch (1986) b After Maynard et al.
(1982). Both the binary plots show Passive Margin field of sediments
deposition. Abbv: PM: Passive Margin; ACM: Active Continental
Margin; ARC: Continental Arc
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India-Eurasian collision. However, the chemistry of Siwa-
lik sediments represents the Passive Margin tectonic setting
which is actually inherited provenance signature, preserved
in the finer clastic sediments of Siwalik. The reduction in the
average ratio of K,0/Na,O from Lower to Middle Siwalik
also suggests the change in the provenance from the low-
grade metasedimentary association to high-grade metamor-
phic rocks. The Al,0,/TiO, appears very promising in the
determination of the nature of the source rock (Andersson
et al., 2004; Garcia et al., 1994; Hayashi et al., 1997) as the
immobile nature of Al and Ti during weathering qualifies
them to use their ratio as strong provenance signatures. Wil-
lis et al. (1988) proposed the range of Al,05/TiO, between
3 and 8 for mafic igneous rocks, 8 and 21 for intermediate
and 21 and 70 for felsic rocks, whereas later a broader range
was provided as < 14 for mafic rocks and 19-28 for felsic
rocks as provenance (Hayashi et al., 1997). The Al is hosted
in the feldspar whereas Ti is retained in the mafic miner-
als like pyroxene, amphiboles, biotite and some accessory
phases like ilmenite and rutile. Hence the values of the ratio
increase with evolved magma and their products. The Al,O5/
TiO, ratio in the Siwalik sediments in the present investi-
gation varies between 13.15 and 31.61 indicating a mixed/
variety of rocks in the provenance with intermediate to felsic
being dominated. The REEs are considered as immobile ele-
ments and their total abundance and ratio are not disturbed
during weathering and metamorphism. Bhatia (1985) cor-
related the sum of REE and alkali ratio in the sediments
and proposed the fields for granite-gneiss and sedimentary
sources. The Siwalik mudstone from study area plots near
these granite gneiss and sedimentary sources (Fig. 13b) in
K,0/Na,O vs ZREE plot (Bhatia, 1985). Cox et al. (1995)
proposed the Index of Compositional Variability (ICV) to
measure the degree of chemical weathering. The ICV is
dependent on the relative abundance of alumina over other
oxides but silica and is indication of behavior of clay miner-
als against the non-clay silicate minerals. The value of ICV
indicates the maturity of the mudrocks. Potter et al. (2005)
proposed the relation of ICV against the CIA to relate the
sediments to its provenance. This binary plot illustrates the
weathering trends of three principle crustal magmatic rocks;
granite-andesite-basalt (Fig. 17b). The Siwalik mudstone
shows the affinity of its sediments dominantly with gran-
ite-andesite though minor but important contribution from
basaltic rocks (Fig. 1717b). The Himalaya has a variety of
Proterozoic—Palaeozoic granitoids in various tectonic belts
such as in Central Crystallines, Almora-Ramgarh, Chipla-
kot, Askot klippe rocks and intrusive granites viz. Amritpur,
Dudhatoli, Champawat, and Cenozoic leucogranites (Debon
et al., 1986; Islam et al., 2005; LeFort, 1988; Sharma et al.,
2011) along with sedimentary rocks of low or almost no
metamorphism, especially in the Outer Lesser Himalaya.
All these units have thus contributed the sediments to the
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foreland basin. The precise characterization of the source
area lithologies can be made on the classification scheme of
Herron (1988) based on SiO,/Al,0;-Na,O/K,0 plot. The
mudstone chemistry from present study plots in greywacke
to lithic arenite field with one sample in subarkose field.
In the classification scheme of Pettijohn et al. (1973), the
chemical composition of the mudstone shows affinity with
shale-wacke and extends up to the lithic arenite field.

The clastic sedimentary rocks preserve the trace element
ratio as in their parental rocks and are widely used in prov-
enance study, primary source composition, the extent of
heavy mineral content and sediment recycling. The wide
variation of LILE is noticed in the studied samples related to
their high mobility during weathering, diagenesis and low-
grade metamorphism (Wronkiewicz & Condie, 1987). The
positive correlation of LILE against alumina is indicative of
strong control of phyllosilicate minerals over their distribu-
tion (Sinha et al., 2007). Although Rb content varies in the
Siwalik sediments yet its positive correlation with K is due
to the presence of illite as one of the major clay minerals,
as illite prefers large ionic radii cations like Rb, K, Cs over
smaller ones (Na, Ca and Sr) during weathering (Nesbitt
et al., 1980; Wronkiewicz & Condie, 1987). The scatter-
ing values of Ba and Sr also indicate that they are derived
from granitic rocks in the Himalaya, which are depleted in
these elements (Islam et al., 2005), and the smaller size of
Sr over Ba qualifies it to be leached out of the weathering
profile, whereas Ba is absorbed in clay minerals. Also, the
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Fig. 15 a Trace Element Th/Sc vs Zr/Sc diagram of Mudstone sam-
ples from Siwalik (after McLennan et al., 1993). Average volcanic
rocks plotted after Roser and Korsch (1999). Solid line represents the
compositional trend, dashed line represents sediment recycling and
zircon saturation. The PAAS and UCC compositions are also plotted
for comparison. All the samples show affinity with UCC field. b La-

depletion of Sr is strongly indicative of plagioclase domi-
nated intensely weathered source terrain, especially under
sub-aerial weathering conditions. Thus, the scattering of
these elements is indicative of clay dominated as well as
plagioclase bearing granitoids and basic rocks.

The least mobile elements, such as HFSE, REE, Th, Sc,
Hf and Co, which remain unaffected during weathering,
transportation, post-depositional changes and metamor-
phism (Taylor & McLennan, 1985) are taken into consid-
eration to evaluate the source rock lithologies. Th and Zr
show incompatible behavior and are enriched in felsic rocks
whereas Sc is a compatible element that has affinity with
mafic rocks. The recycling processes do not affect the Th/
Sc ratio (McLennan et al., 1993). The binary plot between
Th/Sc and Zr/Sc, proposed by McLennan et al. (1993) has
Th/Sc on the vertical axis being a good indicator of mag-
matic differentiation processes and Zr/Sc on the horizontal
axis which represents the measure of mineral sorting and
recycling (Taylor & McLennan, 1985). The Th/Sc and Zr/
Sc ratios range from 0.75-2.00 to 5.90-30.88 in the studied
mudstone, respectively. These values are indicative of felsic
rock as a source in comparison to mafic rocks. Further on the
Sc vs Th/Sc plot, the mudstone samples are clustered near
Rampur Group (=Rautgara), Chakrata pelites and Chand-
pur Formation and in the vicinity of Chakrata quartzite and
Nagthat Formation indicating these are a few of the prov-
enance (Fig. 17a). The mudstone samples plot in a cluster
mostly in the Upper Continental Crust and near the PAAS
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Th-Sc Ternary Discrimination Plot showing source composition and
tectonic setting of sediment deposition. The darker line fields are after
Bhatia and Crook (1986); dotted line fields are after Cullers (1994).
Abbv: PM: Passive Margin; ACM: Active Continental Margin; CIA:
Continental Arc; OIA: Oceanic Island Arc

@ Springer



492

D.S. Chauhan et al.

(Fig. 15a). Their trend is almost parallel to the evolution-
ary trend of volcanic suits from basalt to rhyolite (Roser &
Korsch, 1999). The UCC normalized trace element contents
in the mudstone show strong Sr, P, Nb and Ti anomalies.
The negative Sr, Nb and Ti anomalies are often associated
with syn-collisional granites. The negative Ti and Sr are
associated with fractional crystallization of biotite and pla-
gioclase fractionation, respectively. The Paleo-Meso Prote-
rozoic granites of the Himalaya display the negative anoma-
lies of Sr, Ti, Nb and P (Chauhan, 2015; Das et al., 2019;
Islam et al., 2005; Rao & Sharma, 2011) suggesting that
these granites and their gneissic variants along with meta-
sedimentaries are also important sources of the sediments.
The other significant ratios of the immobile trace elements
are La/Sc, Cr/Th, Th/Co, and La/Co which are reliably used
for assessment of provenance composition of sedimentary
rocks (Armstrong-Altrin et al., 2004; Cullers, 2000). The
range for these ratios in the studied mudstone sample is La/
Sc (0.71-5.86), Cr/Th (2.42-9.50), Th/Co (0.07-0.95), and
La/Co (0.15-2.31) which mostly lies within the range of
sediments derived from the felsic sources. However, Th/Co
values straddle between the felsic and mafic sources and
indicate the mixed source rocks. The various trace element
ratios are given in Table 4 for a comparison with felsic and
mafic provenance along with PAAS and UCC values.

The transition elements like Cr and Ni are severely asso-
ciated in the mafic and ultramafic suits and sulfide minerals,
although in trace amount, play a significant contribution in
tracing the provenance lithologies. The crustal abundance
of Cr and Ni are 100 and 75 mg kg ™! (Taylor, 1964), respec-
tively, whereas in basaltic magma these elements are con-
centrated up to 200 and 150 mg kg™' (Nockolds & Allen,
1956; Turekian, 1963; Vinogradov, 1962). Their depletion
is noticed in the felsic magma thus low concentration of
these elements into sediments are indicative of their proto-
lith being felsic in nature. The Cr and Ni concentration in
sediments > 150 mg kg™! and > 100 mg kg™!, respectively,
and their low ratio between 1.3 and 1.5 and bearing high
correlation coefficient (r=0.9) altogether opine their deriva-
tion from mafic/ultramafic suite. The present study reveals
the low Cr; 37-152 mg kg™' (avg.73) and Ni 5-55 mg kg™
(avg. 30.03) contents in Siwalik mudstone. The higher Cr/Ni
ratio (1.7-7.67) and their fairly good correlation with each
other (r=0.75) suggest a little derivation of the sediments
from the mafic/ultramafic suit.

The REEs are considered as highly immobile in nature
and carry information related to magmatic evolution, dif-
ferentiation and signature of melting material during magma
generation. The LREE and HREE content, along with a
significant normalized elemental ratio of Eu/Eu*, Lay/
Smy, Gdy/Yby, Lay/Yby, Yy/Hoy and Cey/Yby contribute
notably to understand the magmatic processes. The relative
occurrence of LREE and HREE vary in mafic to felsic rocks
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with mafic being generally richer in HREE and thus has a
low LREE/HREE ratio. On the contrary, the high LREE/
HREE ratio and negative Eu anomaly are characteristic of
felsic rocks (Cullers, 1994). As the REE remains inert dur-
ing weathering, alteration and metamorphism, they carry
key signatures in interpreting the provenance of sediments
(Taylor & McLennan, 1985). In the studied mudstone sam-
ples, the TREE ranges between 69.61 and 377.27 mg kg™
and higher than UCC most of the time (146.37 mg kg ™)
and occasionally higher than PAAS (184.86 mg kg™"). In
the XREE vs K,0/Na,O binary plot, the data are scattered
near the granite gneiss and sedimentary sources (Bhatia,
1985) indicating these rocks as the primary source for the
sediments. The chondrite normalized REE pattern shows
sloping LREE and near-flat HREE contents where LREE/
HREE ratio is high (11.15-15.11) with significant negative
Eu anomaly (Eu/Eu* =0.6-0.88) and are strongly indica-
tive of their derivation from fractionated and evolved felsic
source. Though few samples show no anomaly and indicate
the presence of basic rock in the protolith that has supplied
the calcic plagioclase retaining Eu in their lattice. The rocks
of Higher Himalaya have granite gneiss and granite as major
lithologies including basic intrusive along with the pres-
ence of basic extrusive—intrusive rocks and felsic intrusive in
Lesser Himalaya together have contributed significantly dur-
ing the Siwalik sedimentation. The sediments of Lesser and
partly Higher Himalaya were deposited in passive margin
setting in the northern age of Indian plate (Acharyya, 1990;
Ahmad et al., 2000; Brookfield, 1993). The paleocurrent
directions obtained from the Lesser and Higher Himalaya
indicate transport direction of sediments towards NNW-
NNE (Ganesan, 1975; Myrow et al., 2003; Valdiya, 1970)
suggesting the sediments were derived from south such
as Aravalli Supergroup, Delhi Supergroup, Bundelkhand
granitoids, etc. In Siwalik Group the paleocurrent analysis
reveals transport direction in channels towards south indicat-
ing the origin/provenance of the Siwalik sediments in north,
the Himalaya (Ghosh et al., 2003; Kumar et al., 1999). The
PAAS normalized REE patterns show variable REE content
in the mudstone sample with almost similar trends that also
point out the evolved crustal material. The Gdy/Yby ratio
varies between 1.01 and 1.31 with one sample showing 0.94
value. This range matches well with the sediments derived
from Post-Archean upper crustal rocks, in absence of any
hydrodynamic sorting of heavy phases during transportation
(McLennan et al., 1993) which is also corroborated by scat-
tering of Zr against Gdy/Yby in the studied samples (Supple-
mentary Material 1). The chondrite normalized Himalayan
granitoids in Kumaon Himalaya viz. in Higher Himalayan
Crystallines, in Chiplakot, Askot, Almora klippe and nappe
units, Bhilangana, Debguru and Amritpur granitoids also
show high LREE/HREE ratio, strong negative Eu anomaly
and sloping LREE and flat HREE content (Chauhan et al.,
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2013; Das et al., 2019; Mehta, 1993; Rao & Sharma, 2011).
Thus, the chondrite and PAAS normalized REE content of
the studied mudstone samples indicate their derivation from
the evolved crustal material like granite and granite gneisses
both from Higher Himalaya, their equivalent thrust sheets
and Lesser Himalayan region along with a contribution from
metasedimentary rocks as well.

6.2 Paleo-weathering conditions

In the A-CN-K ternary plot of Nesbitt and Young (1984)
the samples origin around granite-granodiorite source near
A-CN join and trends depart towards the A-K join indicating
moderate to high chemical weathering (Fig. 13a). The maxi-
mum number of samples lies near the illite-muscovite field
on A-K join above 70 CIA values supporting the removal of
Na—Ca by leaching and enrichment of K,O during weath-
ering and conversion of feldspar into clay minerals (Nes-
bitt et al., 1980) indicating severely weathered provenance.
The K,O values in the mudstone are up to 4.24%, eroding
the possibility of potash metasomatism to enrich the K,O
content. The samples remain scattered along with the trend,
especially near the illite field and are characteristic of prov-
enance under non-steady state weathering, resulted from the
Cenozoic tectonics and rapid exhumation of the rocks during
thrusting in Himalaya that further promote the rapid erosion
of the soil and rocks. Thus, clay minerals have significant
control on mudstone chemistry. The ICV values for the Siwa-
lik mudstone in the present investigation vary between 0.59
and 1.18, suggesting that mudstone is chemically matured
(Cox et al., 1995). A few less weathered samples indicate
their derivation from a highly unstabilized source rock, prob-
ably rapidly exhuming Himalayan lithounits along various
thrusts that hampers the weathering processes. Although
the age of MCT has been proposed between 23 and 17 Ma
(DeCelles et al., 2001; Thakur, 1992) with some younger
ages around 9-7 Ma (Macfarlane et al., 1992), yet the ero-
sion and upliftment of Higher Himalayan Crystallines and
emplacement of crystalline nappes were operated between
11 and 7.50 Ma, the post Lower—Middle Siwalik boundary
viz. 11 Ma (Ghosh & Kumar, 2000; Valdiya, 1999), though
the development of Lesser Himalayan Duplex system initi-
ated about 12.5 Ma, still very close to the above-said age
(DeCelles et al., 2001). Hence the Higher Himalaya has not
started eroding its sediments to a substantial level before
11 Ma and the Lesser Himalaya was also not being rapidly
exhumed as MBT remained active between 11 and 5 Ma thus
Higher and Lesser Himalayan sequence was under relatively
steady-state and supplied the highly weathered sediments
along with some relatively less weathered products to the
foreland basin. Thus, provenance before 11.0 Ma, mudstone
of Lower Siwalik received sediments from, was under rela-
tively steady-state and supported the stability and allowed

the intense weathering processes. This is further supported
by the strongest weathering condition reported in the Hima-
laya during Middle Miocene time, probably related to the
extra influence of higher temperature during the climatic
optimum (Clift et al., 2008; Zachos et al., 2001). The Middle
Siwalik sediments aged 11.0-5.3 Ma. (DeCelles et al., 1998;
Ghosh & Kumar, 2000; Sinha et al., 2005), exhibit extreme
variations in the degree of weathering point out the non-
steady state conditions in the provenance. The unstable prov-
enance in Himalayan region was result of rapid exhumations
along the major thrusts like MCT, Ramgarh Thrust (RT),
nappe boundaries and specially MBT that was active during
the same time frame. Thus, there remained little time for the
effective weathering processes to act upon and sediments
were eroded from partially to incomplete weathered profiles
and regoliths. After the 5.3 Ma, although many of the thrusts
were ceased yet the MBT, various back-thrusting structures
and intra-formational thrusts within Siwalik were active/
reactive and thus supplied the sediments from the various
intensity of weathered levels during the deposition of Upper
Siwalik (Catlos et al., 2001; Chauhan et al., 2022; DeCelles
et al., 2001; Harrison et al., 1997; Huyghe et al., 2001). The
presence of quartzite clasts in high frequency (dominantly
of Nagthat and Ramgarh quartzite) in the Upper Siwalik
conglomerate supports the proximity of the provenance to
the foreland basin.

6.3 Tectonic setting

The petrographic modal analysis (after Basu et al. 1975;
Mack and Suttner 1977) indicates the composition of sand-
stone as quartzarenite to subfeldsarenite-sublitharenite with
minor as lithic-feldsarenite to feldspathic litharenite (Folk,
1974). The Siwalik sediments represent the “Recycled Oro-
gen” tectonic setting in the Q—F-L ternary classification
(Fig. 16b). Two important criteria are used SiO, vs K,0/
Na,O plot (after Roser & Korsch, 1986) and log (K,0/Na,0)
vs log (S10,/Al,05) (after Maynard et al., 1982) to classify
the nature of tectonic setting during sedimentation viz. Pas-
sive Margin (PM), Active Continental Margin (ACM) and
Continental Arc (ARC). The mudstone samples from the
present study are plotted in the PM Field in both the binary
plots indicating that the sediments were deposited in a Pas-
sive Margin tectonic setting. The same is further confirmed
on the ternary plot of La-Th-Sc proposed by Bhatia and
Crook (1986) and Cullers (1994) where the samples straddle
between the Passive Margin and Continental Island Arc set-
ting (Fig. 15b). However, the Siwalik rocks are well-known
Molasse sediments, deposited in dynamic fluvial setting in
the Foreland Basin developed in front of the rising Himalaya
thus the Passive Margin tectonic setting is the provenance
geochemical signatures that are inherited from the source of
the sediments. The Proterozoic to Early Paleozoic sediments
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Fig.16 a Q-F-Rf (quartz-feldspar-rock fragments) ternary diagram
showing composition of the sandstone based on relative detrital
modes (after Folk, 1974) b Q-F-L (quartz-feldspar-lithic fragment)
ternary diagram indicating various provenance (Dickinson, 1985)

of Lesser Himalaya are believed to be deposited on Passive
Margin of Indian plate (Brookfield, 1993; Frank et al., 1977)
whereas the granite and granite gneiss of Higher Himalaya
and their equivalent nappe/klippe bears the signature of syn-
collisional to Paleo Proterozoic Island Arc Setting (Kohn
et al., 2010; Rao & Sharma, 2011) being the source rocks
for the sediments.

7 Conclusions
The chemical signatures in mudstone of the Siwalik Group

are studied to address these sediments to their protolith units.
The Th/Sc vs Sc values links these mudstones with various
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Fig.17 a Sc vs Th/Sc binary plot of mudstone b Binary plot of ICV
vs CIA values (after Potter et al., 2005) indicating sediments sup-
plied from mixed felsic-mafic sources. The published data of various
sources from Himalaya are also shown for comparison (symbols for
both the diagrams are same)

tectono-stratigraphic units in Lesser and Higher Himalaya
as prominent suppliers of sediments. The REE values also
points towards the origin of sediments from evolved felsic
crustal source rocks with minor contribution from mafic
suits.

The geochemical distribution in mudstone is governed
by the dominance of clay minerals like illite and kaolinite.
The mudstone is derived from the weathering of the mixed
source rock of felsic, mafic and metasedimentary rocks in
the provenance that were deposited in the Passive Margin
tectonic setting. This is also confirmed on the Th/Sc vs Zr/
Sc ratios.

The Siwalik mudstone with their weathering trends and
high CIA values, indicate the moderate to highly weathered
provenance subject to different climatic conditions. Various
parameters of weathering in Siwalik mudstone geochemi-
cally match with the present day exposed lithounits of Lesser
and Higher Himalaya further confirms their derivation from
Himalayan region.
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Table 4 Trace and REE ratio from mudstone samples from Nandhaur Sanctuary area, the similar ratios from felsic and mafic sources, PAAS and

UCC using various references are also shown for comparison

Elemental ratio Siwalik (present  Felsic rock-derived

Mafic rock-derived sedi- Post Archeasn Australian

Upper Continen-

Study) sediment range® ments range® Shale (PAAS) values® tal Crust values
La/Sc 0.71-5.86 2.50-16.3 0.43-0.86 3.40 221
Th/Sc 0.75-2.0 0.84-20.5 0.05-0.22 1.18 0.79
Cr/Th 2.42-9.50 4.0-15.0 25-500 4.61 7.76
Th/Co 0.07-0.95 0.67-19.4 0.04-1.40 0.15 0.63
La/Co 0.15-2.31 1.80-13.8 0.14-0.38 0.67 1.76
Eu/Eu* 0.6-0.88 0.40-0.94 0.71-0.95 0.64 0.63

2Cullers, (1988, 1994, 2000); Cullers et al (1988); Cullers and Graf (1984)

®McLennan (2001); Taylor and McLennan (1985)
“Nance and Taylor (1976)
dChondrite normalized

The signature of weathering intensity varies from Lower
to Upper Siwalik sediments and indicate steady to non-
steady state provenance during the foreland basin deposi-
tion. This is also related with the development of Himalayan
thrust kinematics that played a significant role in providing
the variety of clasts to the Himalayan Foreland Basin during
Middle Miocene to Lower Pleistocene age.
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