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Petrographic and whole-rock geochemical analyses of Neogene sedimentary rocks
of the Siwalik Group, Khutia Khola section, far-western Nepal Himalaya

Swostik Kumar Adhikari, Tetsuya Sakai and Barry P. Roser*

Abstract

This report presents petrographic analyses of 67 sandstones and whole-rock major and trace element X-ray fluorescence
analyses (55 mudstones and 67 sandstones), of Neogene Siwalik Group samples from the Khutia Khola section of far-
western Nepal. Analyses are reported for the Jagati and Kala Formations, in which four facies associations have been
reconstructed. These are a fine-grained meandering river system (FA1), a flood-flow dominated meandering river system
(FA2), a deep sandy braided river system (FA3), and a shallow sandy braided river system (FA4), in ascending order. The
average composition of all sandstones is Q 70%, F 8%, L 22%. The Pettijohn QFL ternary diagram shows these sandstones
are classified as sublitharenites and litharenites. SiO, is the most abundant major element, but contents show considerable
variation (38.25 to0 91.09 wt%). CaO content is more abundant in sandstones than mudstones. The average CaO values in all
facies associations are higher than in average Upper Continental Crust (UCC) and Post-Archean Australian Shale (PAAS)
values, except in FA4 mudstone. The remaining elements analyzed are generally enriched in the mudstones relative to the
sandstones. A Herron geochemical classification diagram shows that most of the mudstones are classified as wackes and

shales, and the sandstones as sublitharenites and litharenites.
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Introduction

The Siwalik Group, which comprises molassic sediments
exposed in association with Himalayan uplift, was deposited
during the middle Miocene to the early Pleistocene as a
4—6 km thick fluvial sediment sequence at the southern front
of the entire Himalayan belt (Gansser, 1964; Prakash et al.,
1980; Tokuoka et al., 1986; Harrison et al., 1993; Appel
and Rosler, 1994; Gautam and Appel, 1994; Dhital et al.,
1995; Burbank et al., 1996; DeCelles et al., 1998; Gautam
and Fujiwara, 2000). The Siwalik Group has been studied as
an important archive of both Himalayan uplift and climatic
change (Quade ef al., 1995; Dettman et al., 2001 and others),
due to features such as difference in progradation style of the
fluvial system to the south (Brozovic and Burbank, 2000).

The petrography of sandstones provides a means
of deciphering the nature of the source rocks, tectonic
setting of the source area, and climatic conditions during
sedimentation (Dickinson, 1970, 1985; Pettijohn, 1975;
Dickinson and Suczek, 1979; Ingersoll and Suczek, 1979;
Folk, 1980; Blatt et al., 1980; Suttner et al., 1981; Dickinson
et al., 1983; Suttner and Dutta, 1986; Weltje et al., 1998,
and others). Geochemical studies of sedimentary rocks
have also been widely used for evaluation of the influence
of provenance, source weathering, and tectonic setting
(Nesbitt and Young, 1982; Bhatia and Crook, 1986; Roser
and Korsch, 1986, 1988; Condie, 1993, Johnsson, 1993;
McLennan et al., 1993; and others). This report presents the
datasets arising from petrographic analysis of 67 sandstones
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and whole-rock major and trace element analysis of 122
sandstones and mudstones from the Neogene Siwalik Group
along the Khutia Khola section, far-western Nepal.

Geological Setting

The Siwalik Group formed along the southern front of the
entire Himalayan belt in association with Himalayan uplift
(Gansser, 1964; Prakash et al., 1980; Burbank et al., 1996;
DeCelles et al., 1998; Upreti, 1999). The Siwalik Group is
demarcated from the Lesser Himalaya to the north by the
Main Boundary Thrust, and from the Indo-Gangatic Plain
to the south by the Main Himalayan Thrust (Nakata, 1989;
Mugnier et al., 1999). In general, the Main Dun Thrust
(MDT) separates the Siwalik Group into southern and
northern belts (Tokuoka et al., 1986; DeCelles et al., 1998,
Ulak and Nakayama, 1998; Robinson et al., 2006). In the
study area, the Jogbudha Thrust (equivalent to the MDT)
and the Rangun Khola Thrust divide the Siwalik Group into
southern, central and northern belts (Sharma et al., 2007).

The Siwalik Group has traditionally been divided into
three units known as the Lower, Middle and Upper Siwaliks
(Auden, 1935; Hagen, 1969; Yoshida and Arita, 1982; Quade
et al., 1995; DeCelles et al., 1998; Gautam and Fujiwara,
2000; Ojha et al., 2000; Robinson et al., 2006; Sharma
et al., 2007). Locally, two-, four- or five- fold divisions are
also acceptable (Glennie and Ziegler, 1964; Sharma, 1973;
Tokuoka et al., 1986, 1988; Corvinus and Nanda, 1994; Sah
et al., 1994; Dhital et al., 1995; Ulak and Nakayama, 1998;
Sigdel et al., 2011). The common three-fold classification
generally begins with the mudstone-dominated Lower
Siwalik, grading upward into the sandstone-dominated
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Fig. 1. Generalized geological map of the Siwalik Group along the Khutia Khola section, far-western Nepal
(modified after Adhikari and Sakai, 2015), showing sample locations (grouped by sample number).

Middle Siwalik, followed by conglomerate-dominated
sediments of the Upper Siwalik (Medlicott, 1875; Pilgrim,
1913; Auden, 1935; Wadia, 1957; Hagen, 1969; Yoshida
and Arita, 1982; Quade et al., 1995; DeCelles et al., 1998;
Upreti, 1999; Gautam and Fujiwara, 2000; Ojha et al., 2000;
Robinson et al., 2006). Previous studies of the Siwalik
Group along the Khutia Khola section also followed the
classical tripartite classification (DeCelles et al., 1998; Ojha
et al.,2000; Sharma et al., 2007). Adhikari and Sakai (2015)
recently established the lithostratigraphy of the southern belt
in the area. This consists of the Jagati Formation (2,110 m
thickness, equivalent to the Lower Siwalik) and the Kala
Formation (2,050 m, equivalent to the Middle Siwalik), in
ascending order (Fig. 1). The Upper Siwalik is not exposed
in the area, and may be masked by the Jogbudha Thrust,

thrusting the central block onto the southern belt rocks from
the north. Both the Jagati and Kala Formations are further
subdivided into lower, middle and upper members.

The Jagati Formation is composed of variegated, red-
dish-brown, yellowish-brown, brown, yellowish-grey, grey
to greenish-grey mudstones and very fine- to coarse-grained,
brown, reddish-grey, light grey, grey to greenish-grey sand-
stones. Most of the mudstones show characteristics typical
of paleosols, containing burrows, rhizoliths, desiccation
cracks, and nodules. However, some mudstones are thinly
laminated or massive. The Kala Formation consists of thin-
to thick-bedded, medium- to very coarse-grained, light grey,
grey to greenish-grey sandstones and pebbly sandstones,
interbedded with reddish-brown, brown, grey, greenish-grey
to dark grey mudstones. Finely laminated or massive
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mudstones are common, whereas paleosols are infrequent.
Biotite, quartz and feldspar are abundant in the sandstones,
leading to characteristic “salt and pepper” appearance. Sub-
rounded to rounded pebbles 1-2cm diameter are present
in the sandstones in the lower part of the upper member,
whereas gravel size tends to be larger and some cobble-sized
gravels appear in the upper part of this member.

Depositional Setting

Adhikari (2017) studied fluvial facies and depositional
environment in the Khutia Khola section, and reconstructed
meandering and braided river systems, as had been
recognized in other Siwalik sections in Nepal Himalaya
(cf. Nakayama and Ulak, 1999; Ulak and Nakayama, 2001;
Ulak, 2004, 2009; Huyghe et al., 2005; Sigdel and Sakai,
2016). Both of these fluvial systems are made up of two
facies associations. The lowermost meandering river system
comprises a fine-grained meandering river system (FA1) and
a flood-flow dominated meandering river system (FA2). The
braided river system is divided into a deep sandy braided
river system (FA3) and a shallow sandy braided river system
(FA4). The facies associations also more or less correspond
to stratigraphic divisions, with FA1 being the lower member
and up to the middle part of the middle member of the Jagati
Formation, and FA2 comprising the remainder of the middle
member and the upper member. Similarly, FA3 corresponds
to the lower and middle members of the Kala Formation,
and FA4 to its upper member. Ojha et al. (2000) analyzed
the magnetostratigraphy in the study area, and the rock units
were dated from 13.30 to 7.65 Ma. The change in the river
systems from fine-grained meandering river system (FA1)
to flood-flow dominated meandering river system (FA2) is
inferred to have occurred a little before 13.3 Ma, probably
around 13.5 Ma. Similarly, the change from the meandering
river system (FA1-FA2) to the braided river system
(FA3-FA4) took place at around 11.0 Ma.

Analytical Methods

Petrographic Analyses

Sixty-seven sandstone samples from the southern belt
of the Siwalik Group along the Khutia Khola section
were examined using standard thin-section petrography.
Framework modal compositions were quantified using the
Gazzi-Dickinson method (Ingersoll and Suczek, 1979;
Dickinson, 1985). A total of 500 grains were counted per
thin section, using a Swift point counter with horizontal grid
spacing of 0.3 mm, to avoid individual grains being counted
more than once. The main categories of grains identified
included monocrystalline quartz (Qm), polycrystalline
quartz (Qp), plagioclase (P), K-feldspar (K), sedimentary
lithics (Ls), carbonate lithics (Lc), metamorphic lithics
(Lm), volcanic lithics (Lv) and chert. In addition, biotite,
muscovite, chlorite, calcite cement, other cements, heavy

minerals, altered minerals, accessory minerals, matrix and
opaques were also included in the point counts.

Geochemical Analyses

A suite of 122 samples (55 mudstones, and all 67
sandstones from the petrographic analysis) was assembled
for geochemical analysis. The samples were prepared
for analysis using the standard methods applied in the
Department of Geoscience of Shimane University (Roser
et al., 1998; 2000). Each sample was reduced to chips about
1 -2 cm in diameter using a hammer and a manual hydraulic
rock trimmer. Any chips containing deleterious material such
as veins or surface coatings were discarded. The remaining
chip was then washed repeatedly in water to remove any
surface dust. The washed samples were oven-dried at 110°C
for 24 hours. Roughly 100 grams of each dried sample were
subsequently crushed in a Rocklabs® tungsten carbide
ring mill, with crushing times of about 20—30 seconds for
the mudstones, and up to 60 seconds for the sandstones.
The mill was cleaned with ethanol between samples, or (if
necessary) by crushing of a load of quartzose sand, followed
by cleaning with ethanol.

Loss on ignition (LOI) values were determined by ignition
of 8—10 grams of crushed sample in ceramic crucibles in a
muffle furnace at 1010°C for at least 3 hours, compared to
the normal ignition time of 2 hours. The longer time was
adopted to ensure complete sublimation of carbonate cement
and carbonate lithic fragments. The ignited samples were
manually disaggregated in an agate pestle and mortar, and
stored in glass vials in a 110°C oven for at least 24 hours
before preparation of glass fusion beads (anhydrous basis).
The glass fusion beads were prepared using an alkali flux
consisting of 80% lithium tetraborate (Merck Spectromelt®
A10) and 20% lithium metaborate (Merck Spectromelt®
A20). The beads contained 1.8000+£0.0004 g of ignited
sample and 3.6000+0.0004 of flux (sample to flux ratio of
1:2). The beads were made in platinum crucibles using an
automatic bead sampler, with two static 120 second fusions,
followed by fusion and rotation mixing for 360 seconds.
The glass beads were then analyzed using a RIX 2000 XRF
spectrometer (Rigaku Denki Co. Ltd.). Abundances of the
major elements and fourteen trace elements (Ba, Ce, Cr, Ga,
Nb, Ni, Pb, Rb, Sc, Sr, Th, V, Y and Zr) were determined in
all samples. Analytical methods, instrument conditions and
calibration followed those described by Kimura and Yamada
(1996). Calibrations for individual elements were confirmed
by analysis at run time of nine standard rocks produced by
the Geological Survey of Japan, spanning the compositional
range between gabbro/basalt and granite/rhyolite. These
standards also included two shales (JSI-1 and JSI-2).

Results

Petrographic Analyses
The recalculated modal analyses of individual samples
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Fig.2. (A) Q — F — L (Quartz, feldspar, lithic fragments) ternary diagram for sandstone classification (after Pettijohn, 1975). (B) Log
(Si0,/Al,05) — Log (Fe,05/K,0) geochemical classification (after Herron, 1988). Abbreviations: WK — wacke; LA — litharenite;
mst — mudstone; sst — sandstone; FA — facies association; Fm — formation.

by formation are listed in Table 1, and average recalculated
modal analyses by facies association are listed in Table 2. The
average compositions of FA1-FA2 and FA3-FA4 are QF5,
Ly; and QgF oLy, respectively. The average composition of all
sandstones overall is Q;FsL,,.

These sandstones are rich in quartz, and monocrystalline
quartz is more abundant (65%) than polycrystalline quartz
(35%). Lithic fragments are the second most abundant
detrital constituent, among which sedimentary (Ls=55%)
and metamorphic (Lm=43%) lithic fragments are much
more abundant than volcanic (Lv=2%) lithic fragments.
Feldspar is the least abundant among the framework QFL
constituents. In most samples K-feldspar (K) is dominant
over plagioclase (P), but overall their distribution is almost
equal at P=49% and K=51%. The QFL diagram for
classification (Pettijohn, 1975) shows that these sandstones
are classified as sublitharenites and litharenites (Fig.2A).

Geochemical Analyses

Major and trace element analyses of individual samples
are listed in Table3. The data are listed on anhydrous
basis, with the major elements normalized to sum to 100%.
The same normalization factors were also applies to the
individual trace element data, so that the original ratios
between major and trace elements were maintained. Original
LOI values (hydrous basis) are also listed, along with the
anhydrous total of the major elements in the original XRF
analysis. These data allow recalculation of the analyses on a
hydrous “as-analyzed” basis if desired.

In a geochemical study of the Bakiya Khola Siwalik
section, Roser et al. (2002) suggested that the fluvial style
apparently influenced the compositions of the sediments and
hence geochemical trends in the sequence. Consequently,
we also calculated averages by facies association in the
Khutia Khola section. Average chemical compositions by
facies association and lithotype (sandstone and mudstone)
are listed by formation in Table4, also on an anhydrous
normalized basis, as in Table3. Average LOI values in

the mudstones are higher than those in the sandstones of
equivalent facies associations, except in FA4, where the
average sandstone LOI value (8.43 wt%) is greater than of
the average mudstone (6.15 wt%, Table 4).

The most abundant major element is SiO,, which reaches
a maximum value of 91.09 wt% and a low of 38.24 wt% in
individual sandstones and mudstones, respectively (Table 3).
The average SiO, content of the sandstones (average
77.19 wt%) in all facies associations (FA) are higher than
those in the average Upper Continental Crust (UCC)
(66.00 wt%) and Post-Archean Australian Shale (PAAS)
(62.80 wt%) of Taylor and McLennan (1985), whereas UCC
and PAAS values are higher than the average SiO, content
in the mudstones, except in FA1 and FA4, where average
SiO, contents are slightly greater than in PAAS (Table4).
The next most abundant major element, Al,Os, ranges in
abundance from 3.57 to 11.53wt% (average 6.76 wt%)
in the sandstones, and from 8.58 to 20.40 wt% (average
15.20 wt%) in the mudstones. The average Al,O; contents
are lower than the UCC (15.20 wt%) and PAAS (18.90 wt%)
values except in FA4 mudstones (19.47 wt%). Abundances
of CaO are very high in both lithotypes, ranging from 0.11
to 44.93 wt% (average 10.67 wt%) in the sandstones and
from 0.18 to 34.66 wt% (10.13 wt%) in the mudstones. The
average values of CaO in all facies associations are higher
than in UCC (4.20 wt%) and PAAS (1.30 wt%) values except
in FA4 mudstone (1.18 wt%). Fe,0;, MgO, CaO and K,O
are the three next most abundant major elements. Average
concentrations of the four remaining major elements (TiO,,
MnO, Na,0, and P,0s) by FA and lithotype_are all less than
1 wt%.

Seven trace elements (Ba, Ce, Cr, Rb, Sr, V and Zr) are
present in concentrations near to or exceeding 100 ppm. The
seven remaining trace elements (Ga, Nb, Ni, Pb, Sc, Th and
Y) are present in concentrations of less than 50 ppm. Most of
these elements have higher values in the mudstones than in
the sandstones.

The geochemical classification of Herron (1988) provides
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Table 1. Recalculated framework compositions (%) of the Siwalik sandstones from the Kala and Jagati Formations, Khutia Khola section, Nepal.

Modal composition (%)

Recal QFL (%)

SmN Metre Lith FA

Qm Qp Chert P K Ls Lm Lv Mus Biot Chl Cem Alt Mat Opg Oth Q F L
KALA FORMATION
Upper Member
KS-121 4108 CS FA4 372 150 14 38 42 86 86 04 18 12 00 64 20 68 06 20 671 103 226
KS-120 3983 VCS FA4 386 184 10 46 34 38 68 06 32 36 00 52 18 58 08 24 748 105 147
KS-118 3898 CS FA4 396 218 04 36 44 46 54 08 38 28 00 34 20 46 04 24 76.6 10.0 135
Middle Member
KS-116 3756 CS FA3 406 162 02 34 28 70 62 04 30 34 00 56 14 56 10 32 742 81 17.8
KS-114 3623 CS FA3 358 202 06 30 36 86 68 02 12 08 00 66 16 82 08 20 716 84 199
KS-112 3510 CS FA3 346 172 12 36 40 64 94 08 34 36 00 46 16 7.8 02 16 682 10.0 21.8
KS-110 3217 CS FA3 364 182 06 30 36 84 88 06 38 28 00 52 20 42 06 18 691 84 225
KS-107 3125 CS FA3 344 226 08 42 44 40 72 12 44 36 00 48 14 44 06 20 731 11.0 159
KS-106 2960 VCS FA3 280 248 16 38 42 52 98 14 62 46 00 42 16 32 02 12 684 104 21.2
Lower Member
KS-104 2895 CS FA3 352 136 14 46 36 80 60 06 34 30 00 92 18 74 06 16 682 115 204
KS-103 2880 CS FA3 332 194 12 40 52 98 86 00 30 22 00 72 18 26 04 14 656 115 229
KS-99 2765 VCS FA3 406 172 16 42 48 48 54 04 30 28 00 52 16 6.0 06 18 747 116 137
KS-98 2720 CS FA3 318 214 04 28 32 70 62 10 42 34 00 76 18 66 10 16 725 8.2 193
KS-97 2714 FS FA3 346 172 02 46 32 82 58 04 32 38 00 84 08 7.8 04 14 70.0 105 195
KS-94 2666 VCS FA3 324 246 18 44 42 76 86 00 26 32 00 54 04 34 08 06 697 105 19.8
KS-93 2635 CS FA3 352 148 18 34 36 140 56 06 28 26 00 58 10 6.8 06 14 648 9.1 26.2
KS-91 2585 VCS FA3 330 218 12 38 46 118 50 00 22 32 00 66 14 44 04 06 685 105 21.0
KS-89 2560 MS FA3 362 158 02 52 42 84 64 02 30 24 04 92 18 56 04 06 681 123 196
KS-86 2432 CS FA3 334 168 10 42 38 88102 14 32 12 00 70 10 6.2 04 14 639 10.2 26.0
KS-84 2368 CS FA3 284 206 04 46 54132 82 10 28 14 00 78 14 32 00 16 602 123 275
KS-82 2330 MS FA3 308 182 04 38 44104 84 10 28 22 00 86 14 6.6 04 06 636 10.6 257
KS-80 2272 FS FA3 298 172 02 32 38116 98 08 26 16 00 98 20 64 06 06 617 9.2 29.1
KS-78 2240 CS FA3 316 222 00 28 32186 38 00 18 14 00 86 04 52 02 02 655 73 273
KS-76 2210 FS FA3 326 202 00 22 30128 08 00 22 16 00180 14 38 04 10 737 7.3 19.0
KS-74 2157 MS FA3 322 118 12 38 46 124 78 10 50 40 02 84 18 52 02 04 598 114 2838
KS-72 2120 CS FA3 284 232 12 32 42112114 06 34 16 00 38 16 44 08 10 628 9.0 282
JAGATI FORMATION
Upper Member
KS-70 2075 MS FA2 346 16.0 00 44 40118 62 00 16 18 02114 14 38 14 14 657 109 234
KS-68 2028 FS FA2 336 194 00 36 22 96 74 06 26 32 00 90 28 40 06 14 694 7.6 23.0
KS-66 1988 CS FA2 358 184 06 32 40162 20 00 24 16 02 86 08 44 06 12 681 90 229
KS-64 1938 MS FA2 362 168 08 38 40150 68 02 22 16 00 62 14 3.0 06 14 640 94 266
KS-62 1893 MS FA2 392 186 00 32 34 86 7.8 00 36 28 00 44 16 54 06 08 715 82 203
KS-60 1872 MS FA2 412 196 00 28 3.0 86 92 00 22 18 00 50 08 44 04 10 720 69 21.1
KS-58 1830 FS FA2 338 204 00 26 44 74 56 02 28 08 02136 14 46 04 18 728 94 177
KS-56 1788 FS FA2 352 238 00 18 34 72 72 08 44 50 00 56 12 32 02 10 743 65 19.1
KS-54 1743 MS FA2 252 98 00 10 26122 26 00 58 40 02244 16 82 08 16 655 6.7 277
KS-53 1738 MS FA2 422 174 12 34 46 78 68 04 24 18 00 54 14 42 04 06 722 97 182
KS-51 1672 CS FA2 394 236 04 36 30 68 74 06 34 26 00 48 06 36 00 02 746 78 175
KS-49 1628 FS FA2 336 208 04 24 28 58 9.0 00 34 24 02 96 16 62 08 1.0 731 7.0 199
Middle Member
KS-47 1620 FS FA2 414 204 00 30 34 60 82 00 32 24 00 54 08 44 06 08 750 78 172
KS-45 1574 FS FA2 346 186 02 14 12168 32 00 16 14 00112 08 72 08 1.0 702 34 264
KS-44 1545 CS FA2 396 258 06 18 24 98 76 02 18 10 00 42 06 28 14 04 750 48 202
KS-42 1490 MS FA2 378 252 00 20 32 84 92 00 16 02 00 90 10 22 02 00 734 6.1 205
KS-41 1450 FS FA2 382 198 00 32 42 66 54 00 38 22 00108 12 34 06 06 749 96 155
KS-40 1419 FS FA2 372 192 00 16 28 112 92 00 18 26 00 92 08 32 08 04 695 54 251
KS-37 1250 FS FA1 366 280 00 42 26 64 74 00 22 24 00 38 10 44 02 08 758 80 162
KS-36 1230 CS FA1 382 274 02 18 22 86 86 00 16 06 00 56 04 38 04 06 756 46 198
KS-34 1155 CS FA1 328 292 00 22 12136 118 04 08 10 00 34 00 34 00 02 680 37 283
KS-31 960 MS FA1 352 236 14 20 34 88112 00 22 10 00 36 18 50 04 04 698 64 238
KS-30 955 CS FA1 302 204 00 22 26 124 140 02 12 0.8 00 118 04 32 02 04 617 59 324
KS-28 920 MS FA1 342 194 06 28 22126 122 00 24 18 04 78 00 24 04 08 643 6.0 297

Abbreviations: SmN - sample number; Metre - stratigraphic height in metres; Lith - lithology: FS, M, CS, VCS - fine, medium, coarse, very coarse
grained sandstone, respectively; FA - Facies association; FA1 - fine-grained meandering; FA2 - flood-flow dominated meandering; FA3 - deep
sandy braided; FA4 - shallow sandy braided; Qm - monocrystalline quartz; Qp- polycrystalline quartz; P - Plagioclase; K - K-feldspar; Ls -
sedimentary lithic fragment; Lm - metamorphic lithic fragment; Lv - volcanic lithic fragment; Mus - muscovite; Biot - biotite; Chl - chlorite; Cem -
cement; Alt - altered; Mat - matrix; Opq - Opaque; Oth - others; Q - total quartz (Qm + Qp); F - total feldspar (P + K); L - total lithic fragments (Ls +
Lm + Lv); Recal - recalculated.
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Table 1. Continued.

Modal composition (%)

Recal QFL (%)

SmN Metre Lith FA
Qm Qp Chert P K Ls Lm Lv Mus Biot Chl Cem Alt Mat Opg Oth Q F L

JAGATI FORMATION (ctd.)

Lower Member

KS-26 845 FS FA1 410 184 02 24 28 96 7.8 00 52 24 00 26 04 68 04 00 724 63 212
KS-25 820 FS FA1 40.2 206 02 36 22 76 74 00 48 36 00 32 06 48 06 06 745 7.1 184
KS-24 750 MS FA1 396 226 04 30 34 76 78 02 30 26 00 36 12 34 06 10 739 7.6 185
KS-22 700 FS FA1 428 196 04 34 32108 58 00 32 12 00 32 18 32 06 08 729 77 194
KS-19 595 CS FA1 410 254 00 32 24 64 68 00 24 28 00 32 12 36 08 08 779 6.6 155
KS-18 585 CS FA1 434 184 10 3.0 26 110102 00 16 14 00 34 04 26 04 06 698 6.3 239
KS-17 570 CS FA1 36.8 198 02 30 24140 98 00 20 18 00 36 12 40 06 08 66.0 63 27.7
KS-15 510 FS FA1 322 100 00 38 36172 7.0 02 68 52 02 78 04 42 02 12 57.0 10.0 33.0
KS-14 460 FS FA1 318 166 04 42 24 156 7.8 00 40 26 04 76 12 34 08 1.2 617 84 298
KS-13 430 FS FA1 406 196 02 22 14108 94 02 54 42 00 24 04 20 04 08 715 43 242
KS-11 345 FS FA1 296 158 00 26 26 146 92 02 32 36 00 92 06 68 06 14 609 7.0 322
KS-10 240 FS FA1 366 220 02 32 28112 72 00 36 26 00 64 06 20 06 10 706 7.2 222
KS-7 180 MS FA1 438 216 02 16 36 86 76 00 16 28 00 50 06 22 02 06 753 6.0 187
KS-5 75 MS FA1 382 212 12 26 18 104 84 04 16 1.0 00 62 16 44 04 06 716 53 23.1
KS-4 65 MS FA1 38.8 208 08 22 18140 82 04 30 18 0.0 48 02 20 04 08 691 46 26.2
KS-3 60 MS FA1 352 194 06 34 26 114 90 02 30 26 00 32 28 50 04 12 672 74 254
KS-1 35 MS FA1 404 232 04 26 22 72 52 04 42 38 00 38 08 42 06 1.0 783 59 158

Table 2. Average recalculated framework compositions (%) of the Siwalik sandstones from the Khutia Khola section, by facies association.

Modal composition (%)

Recal QFL (%)

FA Fm. N

Qm Qp Chert P K Ls Lm Lv Mus Biot Chl Cem Alt Mat Opq Oth Q F L
FA4 K. Fm 3 385 184 09 40 40 57 69 06 29 25 00 50 19 57 06 23 728 103 16.9
FA3 K. Fm 23 334 189 08 37 40 95 72 06 32 26 00 73 14 54 05 13 67.7 100 223
FA2  J.Fm. 18 366 196 02 27 33 98 67 02 28 22 01 88 12 43 06 09 712 76 21.2
FA1 J.Fm. 23 374 210 04 28 25109 87 01 30 23 00 50 09 38 04 08 698 6.5 237

Abbreviations: K. Fm. - Kala Formation; J. Fm. - Jagati Formation; N - number of samples; for other parameters refer to Table 1.

an important clue for estimating the character and origin of
sediments. The Herron diagram shows that samples spread
across the sublitharenite, litharenite (LA), wacke (WK) and
shale fields (Fig.2B). The sandstones are mainly classified
as sublitharenites and litharenites, whereas the mudstones
are mostly classified as wackes and shales.

A number of key provenance and paleoweathering indicators
(e.g. SiO,/ALO;, K,0O/Na,O, Th/Sc, Zr/Sec, Al,O;/Na,O,
ALO;/K,0) (not illustrated here) show systematic shifts
within lithotypes and facies associations, which indicate that
stratigraphic shifts in geochemical composition occur within
the Siwalik Group in the Khutia Khola section. These features
will be discussed in detail elsewhere in the future studies.
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Table 4. Average compositions of the Siwalik sandstones and mudstones from the Khutia Khola section, by facies association (data from Table 3).

Sandstones Mudstones
FA FAT  FAZ FAS FA4 FA1  FAZ FA3 FA4 Total
Code FGM FFDM DSB  SSB a"geé' FGM FFDM DSB  SSB a‘;eé' Aver. UCC  PAAS
N 23 18 23 3 14 16 22 3 age
Major elements (wt%)
Sio: 81.76 7288 7371 8042 7719 6581 5473 5880 6389 60.81 69.00 66.00 62.80
TiO. 043 039 033 025 035 062 068 069 082 070 053 050  1.00
Al,Os 732 750 722 499 676 1336 13.80 1416 1947 1520 1098 1520 18.90
Fe.0s 231 250 236 155 218 538 584 568 754 6.1 414 498 722
MnO 006 009 007 018  0.10 011 014 012 005 0.1 010 010  0.11
MgO 102 157 160 055 1.9 321 283 320 237 290 205 220 220
ca0 573 1339 1267 10.88 10.67 815 17.94 1326 118 1013 1040 420  1.30
Na:O 021 031 038 014 026 013 021 023 012 017 022 390 120
K.0® 108 130 158 100 124 313 368 372 447 375 249 340 370
P.O 005 007 008 005 006 010 014 014 010 0412 009 020 0.6
Trace elements (ppm)
Ba 195 206 261 194 214 516 497 516 698 557 385 550 650
Ce 73 63 54 40 57 85 80 81 86 83 70 64 80
cr 19 18 16 4 14 58 62 65 91 69 42 3 110
Ga 9 9 7 1 7 17 18 16 16 17 12 17 20
Nb 11 10 9 7 9 14 15 15 17 15 12 25 2
Ni 12 11 9 4 9 28 29 31 44 33 21 20 55
Pb 15 25 17 13 17 27 30 30 35 30 24 20 20
Rb 62 74 83 59 70 150 164 171 237 180 125 112 160
Sc 9 11 12 13 11 13 14 16 17 15 13 11 16
Sr 60 130 170 60 105 98 156 148 74 119 112 350 200
Th 13 12 11 12 12 19 18 21 33 23 17 11 15
Vv 36 31 27 17 28 79 82 85 123 92 60 60 150
Y 22 23 20 15 20 31 34 31 37 33 27 22 27
zr 203 230 190 180 223 231 195 207 191 206 215 190 210
LOI (Wt%) 552 1046 1008 843 915 1432 1203 6.5
Ratios
Si0:/A:Os 1116 972 1021  16.10 493 397 415 3.8 629 434 332
K»O/Na:O 512 419 420  7.40 2457 1732 1618  36.61 1157 087  3.08
Th/Sc 139 108 095 093 143 130 135  1.87 132 097 091
Zr/Sc 3211 2120 1645 1437 1772 1396 1333  10.96 1651 1727 1313
Al,Os/Na,O 3464 2418 1918 36.95 10481 6501 61.65 159.45 5093 390 1575
A,Os/K:O 677 578 456  4.99 427 375 381 436 440 447 511

Abbreviations: UCC - Upper Continental Crust values from Taylor and McLennan (1985); PAAS - Post-Archean Australian shale values from
Taylor and McLennan (1985); N - number of samples; for other parameters refer to Table 3.
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TR A/ S— b, 774 THIRCIZEL T 2B =200 ) 7 BHEL DRI 7260545 67 3
BLOSEMIHLE & S, A 55 R L 0% 67 B O F TR L MEICE OGN R, HOb X KT EE
BERAWCITo 72, GHORNRE LIZHEBIZY Yy AT 1 BEDTRET, TNO5OHENSIT4OD
HERGHUAHASRE R S 7z, GBI S N7 HERGHUANIZ T A2 S ISR BEA T )1 S 2 7 2 (FAD), #EKiE
FLBIEATIT I S A7 2 (FA2), HEWHEIRFEI)I S A7 2 (FA3), Z L CERWIREITII Y A7 4
(FA4) THDH. TNTOWEOFEMMIE, AT 70%, £ 8%, 7 22% T - 72, Pettijohn O
QFLX~®O 7y MIX), NSO EIZHEAGET L+ A b (sublitharenite) 225 HE7 L+ 1
I (litharenite) (Z[X53 &7z, SIO KD EEEDZ WEEILHR TH LD, TOHEHERITITITSLD
ENH o7z (38.25%~91.09%). CaO DEA®IZRHE LD WETE o7, FAADORETHET
RTOHERHAM T, CaO OFHHIL, FHD i KEE#TE (UCC) & PAAS (Post-Archean Australian
Shale) DL b REVEE o7z, G LIZHERD OILRIZOWT, WEICHRTRATEARED
lAYE < 7 HAEITIZ B - 72. Herron D#E(LFEXSHAD 7Ty XY, BEDIZEAEDNT ¥
rEHEICKGEN, MWEEHEAE7LVFA PEARET LA MIRGEN.

13





