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ABSTRACT

The Siwalik Group is a thick sedimentary sequence forming the youngest mountain belt, extending throughout the East-
West of the foothills of the Himalayas, and is separated from the Lesser Himalaya to the north by the Main Boundary
Thrust, and the Indo-Gangetic Plain to the south by the Himalayan Frontal Thrust. The Siwalik Group was formerly
the foreland basin sediment of the Himalayas. In this basin sediments were deposited during the Middle Miocene to the
Early Pleistocene time by the major north to south flowing river system. Depending on the source rock lithology and
tectonics, the sandstones of the Siwalik Group in different basins are found to vary in their composition and detrital
constituents. The Siwalik Group in the Samari River area, Central Nepal is characterized by the exposure of the lower
part of the Middle Siwalik Subgroup thrust over by the Lower Siwalik Subgroup. The sandstones of the Siwalik
Group are mainly sublitharenite, lithic arenite and subarkose, and minorly feldspathic wacke. They are compositionally
immature as Q/(F+L) is < 2.0 and Qp/(F+L) is < 0.7. Biotite content of the Middle Siwalik sandstones (1.8%—10.6%)
is higher compared to that of the Lower Siwalik sandstones (1.1%-8.5%), and reflects a high-grade metamorphic rocks
source during the Middle Siwalik sedimentation. Textural maturity of the Lower Siwalik sandstones is better compared
to that of the Middle Siwalik sandstones. According to the QFL and QmFLt plots on ternary diagrams, the provenance
was mainly recycled orogeny during the sedimentation of the Siwalik Groups, and the source rocks were shifted from
the low-grade metamorphic rocks of the Lesser Himalaya to the high-grade rocks of the Higher Himalaya. The climatic
setting during the deposition of the Lower and the Middle Siwaliks was humid to semi-humid.
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PETROGRAFIAY PROVENIENCIA DE LAS ARENISCAS DEL GRUPO SIWALIK
DESDE LA REGION DEL LIMITE PRINCIPAL DE CABALGAMIENTO, AREA DEL RIO

SAMARI, NEPAL CENTRAL, SUB-HIMALAYA

RESUMEN

El Grupo Siwalik es una espesa secuencia sedimentaria que forma el cinturén montafioso mas joven que se extiende
de este a oeste por el piedemonte de Los Himalayas y que por el norte se separa del Himalaya Menor por el limite
principal de cabalgamiento y por la llanura Indo- Gangética y hacia el sur por el cabalgamiento frontal del Himalaya.
El Grupo Siwalik anteriormente constituy6 la cuenca sedimentaria de antepais de Los Himalayas. En esta cuenca se
depositaron los sedimentos durante el Mioceno medio hasta el Pleistoceno temprano a lo largo del principal sistema
de rios con flujo norte — sur. Dependiendo de la tectonica y la litologia de la roca fuente, las areniscas del Grupo
Siwalik varian en las distintas cuencas en cuanto su composicion y constituyentes detriticos. En el area del rio Samari
en Nepal Central, el Grupo Siwalik se caracteriza por la exposicion de la parte inferior del Subgrupo Siwalik medio
cabalgando sobre el Subgrupo del Siwalik inferior. Las areniscas del Grupo Siwalik son principalmente sublitarenitas,
arenitas liticas y subarcosas, con menor proporcion de wacas feldespaticas. Estas son inmaduras composicionalmente
con Q/(F+L) <2,0 y Qp/(F+L) < 0,7 . El contenido de biotita de las areniscas del Siwalik medio (1,8% -10,6 %) es
mas alto en comparacion con las del Siwalik inferior (1,1% -8,5 %) y refleja una roca fuente de metamorfitas de alto
grado durante la sedimentacion del Siwalik medio. La madurez textural de las areniscas del Siwalik inferior es mejor
comparado con las del Siwalik medio. De acuerdo con la representacion en los diagramas ternarios de QFL y QmFLt
la procedencia fue principalmente de un orégeno reciclado durante la sedimentacion de los grupos Siwalik, y las rocas
fuente varian desde rocas metamorficas de bajo grado del Himalaya Menor hasta rocas de alto grado del Himalaya Alto.
La configuracion climatica durante la deposicion de Siwalik medio y bajo fue de hiimedo a semi-hiimedo.

Palabras clave: Grupo Siwalik, areniscas, madurez, procedencia
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INTRODUCTION

The Siwalik Group is a thick sedimentary sequence,
which extends throughout the East-West of the
southern Himalayan belt that represents the youngest
mountain belt, and is bounded by the Main Boundary
Thrust (MBT) in the north and the Himalayan Frontal
Thrust (HFT) in the south (FIGURE 1), and is
separated from the Lesser Himalaya in the north and
the Indo Gangatic Plain in the south. The sediments
of the Siwalik Group were deposited in a foreland
basin of the Himalayas between the Middle Miocene
and the Early Pleistocene. This foreland basin was
produced by the subsequent collision of the Indian
and the Eurasian plates in Eocene time during the
Himalayan orogeny (Kizaki, 1994; Tokuoka et al.,
1986). In Nepal, the Siwalik Group (Churia Group)
extends for 800 km in length and has thickness of up
to 6 km, but the thickness and lithological character
are variable depending upon various factor such as size
of the basin, source of sediment (Chaudhari and Gill,
1981; Tokuoka et al., 1986; Tamrakar, 1998; Critelli
and Ingersoll, 1994; Kundu et al., 2012), and paleo-
hydraulics (Nakayama and Ulak, 1999; Ulak, 2002).

The provenance of sediments incorporates aspects such
as source rocks, climate, relief and hydrodynamics
of environment (Pettijohn, 1984; Johnsson, 1993).
Ingersoll and Suczek (1979), Dickinson et al. (1986)
and Johnsson (1990) consider in tectonic setting as the
most important factor of all the factors. Johnsson (1990)
suggested that basic signatures of tectonic setting
are not erased even by intense tropical weathering
operating for a long time and variables affecting
composition of sandstone are largely influenced by
tectonic settings of sedimentary environments. Study
of petrology and provenance of sandstone therefore
provides insight into the source types, tectonic setting,
and climatic regime during the time of sedimentation
of the Siwalik Group sandstones. Sandstone petrology
and the provenance of the Siwalik Group in the Arung
Khola-Binai Khola area, west central Nepal was
studied by Hisatomi (1990) who divided sandstones
into three groups, namely Group 1 (quartzose arenite),
Group 2 (intermediate nature or quartzo-lithic arenite),
and Group 3 (lithic arenite). Petrology and provenance
studies of the Siwalik Group sandstones by Critelli
and Ingersoll (1994) indicated sublitharenite and lithic
arenite composition of sandstones and their sources to
be the Tethyan Himalayan and Lesser Himalayan zones
uplifted during the India-Eurasia collision. They found
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in sandstones of the northwestern Pakistan, ophiolitic,
volcanic lithics and radiolarian chert reflecting a
provenance from the Indus suture and Trans-Himalayan
belt. DeCelles et al. (1998) also found sublitharenite
to lithic arenite composition of the sandstone, and
found the Lesser and the Higher Himalayan zones to
be the sources of the Siwalik sandstones. Tamrakar
et al. (2003) classified the Siwalik sandstones of
Central Nepal into sublitharenite, subarkose, lithic
arenite, arkosic arenite and feldspathic greywacke. In
the Eastern Himalaya of India, sandstones from the
Middle Siwalik Subgroup are mostly subarkose to
sublitharenite according to Kundu et al. (2012). In the
Kumaon Himalayan foreland basin, Jalal and Ghosh
(2012) identified the Siwalik sandstones as mostly
sublitharenites. In futher western regions in India,
the Siwalik sandstones are mainly lithic arenites and
subordinately sublitharenites in the Dehradun sub-
basin and the Kangra sub-basin (Ranjan and Banerjee,
2009). These studies revealed that the sediment sources
were metamorphic rocks of the Lesser Himalaya and
Higher Himalaya. According to Jalal and Ghosh (2012)
based on metamorphic ranking and indexing of the rock
fragments in sandstones, the meta-sedimentary and
very low-grade metamorphic rocks were derived from
the Lesser Himalayan domain, and the medium- to
high-grade metamorphic fragments were derived from
the Lesser Himalayan Crystalline bodies. But based
on geochemical evidence, Ranjan and Banerjee (2009)
indicated the Higher Himalayan Crystalline sequence
to be the primary source area with minor contributions
by the meta-sedimentary succession of the Lesser
Himalaya during the time of deposition of the Lower
Siwalik Subgroup and the lower part of the Middle
Siwalik Subgroup, whereas the provenance switched
position during the sedimentation of the upper part of
the Middle Siwalik and the Upper Siwalik Subgroups.
Almost all these studies indicate humid climatic setting
for the Siwalik sediments. Therefore, the sandstone
composition and provenance vary from place to place
depending on source rock lithology and tectonics.

Based on the composition of the detrital constituents
in the Siwalik Group sandstones, this study is aimed
to reconstruct the sediment provenance as well as to
understand the tectonic evolution and climatic setting
during the deposition of the Group. The study area
is located in the Samari River area, central Nepal
Sub-Himalaya, and is accessible by the Sukaura road
(FIGURE 1).
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FIGURE 1. Location of study area and sampling sites.
METHODOLOGY Blair and McPherson (1999) by measuring the apparent

Thirty three hand samples of sandstones were collected
using selective sampling strategy along the geological
traverse route, i.e., the Sukaura road (FIGURE 1) where
lower part of the Middle Siwalik Subgroup and the
Lower Siwalik Subgroup are exposed. The sandstones
were thin-sectioned, stained for K-feldspar, and were
analysed using a polarizing microscope. A petrographic
study was carried out to determine texture, matrix,
cement, packing density, contact type and composition
of the sandstones. Mineralogical composition of the
sandstones was determined by modal analyses of about
200 points counted for each thin section using Gazzi-
Dickinson method (Dickinson, 1970; Ingersoll et al.,
1984). Grain size was analysed and classified based on
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long axes of two hundred grains in each thin section.
The thin- section derived sizes were corrected for sieve
size using empirical equation developed by Harrell
and Eriksson (1979). The roundness of 100 grains per
thin-section was estimated for quartz grains using the
Power’s (1953) chart in which the rho-value boundary
was based on Folk (1955). Packing density (PD) of
the sandstone samples were calculated based on Kahn
(1956). Packing density was measured as a ratio of total
number of grain intercepts to the traverse length and
was expressed in percentage.

The sandstones were classified based on the QFL
triangle diagram of modified Dott (1964) version
by Pettijohn et al. (1987). L-pole comprised lithic
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fragments without chert, whereas F-pole comprised
only feldspar. Q-pole constituted monocrystalline quartz
(Qm), polycrystalline quartz (Qp), and chert grains.
Recalculated modal compositions of Q-F-L and Qm-
F-Lt were plotted on triangular diagrams of Dickinson
et al. (1983) for evaluating the tectonic setting. Lt-pole
comprised the total lithic fragments. The source of the
detrital sediments was interpreted by using the diamond
shaped provenance discrimination diagram of Basu et
al. (1975). For paleoclimate analysis, a bivariate log-
log plot Qp/(F+L) vs Q/(F+L) after Suttner and Dutta,
(1986) was made.

GEOLOGY OF THE STUDY AREA

To the North of the Siwalik Group, there lie successively
the Lesser Himalaya and Higher Himalaya which thrust
over along the MBT and the MCT, respectively. The
Lesser Himalaya comprises low-grade metamorphic-
sedimentary rocks to high grade metamorphic rocks
like schist and gneiss, and plutonic rock as granite. The
high-grade metamorphics and granitic intrusions are
known as the Lesser Himalayan Crystalline (Stocklin,
1981). The Higher Himalaya comprises the lower
unit of high-grade metamorphic rocks (gneisses) and
igneous intrusive rocks (granites), and the upper unit of
the Tethys Sediments of sedimentary and metamorphic
rocks mostly quartzite and carbonate rocks. Near the
MBT, the Lesser Himalayan rocks are mainly of slate
and carbonate rocks, but occasionally quartzite and
amphibolite as found in the study area.

The Siwalik Group is divisible in to the outer and the
inner zones separated by the Central Churia Thrust
(CCT). The Siwalik Group itself was divided into the
Lower, the Middle and the Upper Siwalik Subgroups
based on lithology and increasing grain size by Auden
(1935). The Lower Siwalik Subgroup is characterized
by interbeddings of fine- to medium-grained sandstones
and variegated mudstones forming a uniform cycles
of about few meters. The Middle Siwalik Subgroup
comprises medium to coarse grained, micaceous, ‘salt
and pepper’ sandstones frequently several tens of
meters thick, with interbeddings of mudstones. The
Upper Siwalik Subgroup comprises pebble and cobble
conglomerates often tens of meters in thickness, with
interbeddings of sandstones and mud horizons. Hagen
(1969), Itihara et al. (1972), Yoshida and Arita (1982),
Tokuoka and Yoshida (1984), Kayastha (1979), and
Bashyal et al. (1989) followed the same ftripartite
subdivisions of the Siwalik Group as by Auden (1935).
DMG (2001) and DMG (2002) have also followed
the tripartite subdivision of the Siwalik Group in its
regional geological mapping of Sub-Himalaya of Nepal.

28

Lithostratigraphy of the Amlekhganj-Hetauda area was
studied by Sah et al. (1994) and that of the Bakiya River
area was studied by Nakayama and Ulak (1999). They
separated the Siwalik Group into the Rapti, Amlekhganj,
Churia Khola and the Churia Mai Formations, from the
oldest to the youngest and correlated the units to the
units of the western Nepal established by Tokuoka et
al. (1986). In the south of the MBT, a thrust slice of the
rock unit comparable to the Lower Siwalik Subgroup,
which was also mapped by DMG (2001; 2002) as the
Lower Siwalik Subgroup, is observed in the study area.
In the previous studies by Sah et al. (1994) and Ulak
and Nakayama (1998), this unit was considered as the
Middle and the Upper Members of the Amlekhganj
Formation which is being equivalent to the upper part
of the Middle Siwalik Subgroup and the Upper Siwalik
Subgroup. Here in this study, the tripartite subdivision;
Lower Siwalik, Middle Siwalik and Upper Siwalik, has
been followed due to its wide acceptability throughout
the Sub-Himalaya, and there is no intension of replacing
the previous local subdivisions of the Siwalik units of
the study area.

The present study area is located in the inner zone
(northern belt) and consists of the Lower and the
Middle Siwalik Subgroups only, and lacks the Upper
Siwalik Subgroup. In the outer zone (southern belt)
of the Siwalik Hills that lie south of the study area,
however the Middle and the Upper Siwalik Subgroups
are exposed from the south to the north. In the study
area the Lower Siwalik Subgroup is distributed in
the Sikharkateri area and the Sukaura area, while the
Middle Siwalik Subgroup is exposed in Banspani-Karki
Khola area (FIGURE 2). The Lower Siwalik Subgroup
in the Sukaura area exists as a thrust slice, between the
Karki Khola Thrust (KKT) and the MBT (FIGURE 2),
the south of which is occupied by the Middle Siwalik
Subgroup and the northern portion by the Lesser
Himalayan rocks, Benighat Slate.

Lower Siwalik Subgroup

The Lower Siwalik Subgroup comprises medium-
to very fine-grained grey sandstone and variegated
mudstone showing bioturbation. The mudstone
proportion exceeds that of the sandstone in the lower
part and becomes subequal in the middle part while
fine- to coarse-grained sandstone dominates in the upper
part. The Lower Siwalik Subgroup of the Sukaura road
section consists of the trough cross bedded to ripple
cross-laminated, fine-grained, greenish grey to brown
sandstone with subordinate greenish grey to red purple
mudstone (FIGURE 3). Near the MBT, planar cross
bedded, highly calcareous very fine- to fine-grained
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greenish grey sandstone is predominant. Variegated,
greenish grey to purple mudstone and shale with
numerous plant leaves and petrified wood fragments
are present and show spheroidal weathering and
bioturbation. Thickness of the Lower Siwalik sandstone
beds varies from 0.20 to 7 m, and that of the mudstone
beds approaches up to 7 m. The Lower Siwalik unit
that is exposed along the Bhalu Khola (River) section
consists of ripple-laminated to planar cross-bedded,

fine-grained, greenish grey sandstone. The greenish
grey to purple and variegated mudstone is occasionally
present. Similar lithologic features are also observed
near the MBT at the Jyamire Khola. Along the Kanti
Highway at Sikharkateri, planar cross-bedded, fine-
grained and greenish grey sandstones intercalated with
greenish grey to purple and variegated mudstone of the
Lower Siwalik Subgroup are exposed.
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FIGURE 2. A geological map and cross-section of the study area.

Middle Siwalik Subgroup

The Middle Siwalik Subgroup comprises medium- to
very coarse-grained ‘salt and pepper’ sandstones. ‘Salt
and pepper’ appearance is due to the presence of biotite,
quartz and feldspar grains. Trough cross-bedded,
ripple laminated, medium-grained, ‘salt and pepper’
sandstone beds are interbedded with greenish grey to
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brown, spheroidally weathered mudstones (FIGURE
3). Thickness of the sandstone beds varies from 0.40
to 12 m. The Middle Siwalik rocks are exposed along
the Tribhuvan Highway, Hetauda-Suparitar area, and
the Jyamire Khola. In the Jyamire Khola, they are
characterized by pebbly, ‘salt and pepper’ sandstone and
sandy matrix—supported, pebbly conglomerate beds of
thickness 3.5 to 5.5 m. The clasts in the conglomerate
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beds are mostly of quartzite, chert and vein quartz, and
matrix is of dominantly quartz grains. Both clasts and
matrix are bonded by calcareous cement. In the Bhalu
and the Jyamire Kholas, matrix-supported, pebbly
conglomerate beds with trough cross-bedded, coarse-
to medium-grained, grey to brown pebbly ‘salt and
pepper’ sandstones were observed. The conglomerate
beds are infrequent and of minor thickness compared to
the sandstone and mudstone lithologies. Similar pebbly
sandstone and sandy conglomerate beds appear in the
middle and often in the upper parts of the Middle Siwalik
Subgroup in the Amlekhganj area, but the sandstones
present there are more thick-bedded (multistoreyed),
coarser grained, and more distinctly ‘salt and pepper’
typed (Tamrakar et al., 2003) compared to those of the
Samari River area. The Middle Siwalik rocks exposed
in the Samari River area are comparable to the lower to
middle parts of the Middle Siwalik Subgroup.

STRUCTURE OF THE STUDY AREA

The Main boundary Thrust (MBT) is a steep northward
dipping reverse fault which separates the Lesser
Himalayan rocks to the north and the Siwalik Group
to the south. The MBT (observed in the Sukaura road
section) is distinguished by a significant lithological
contrast between the fluvial sedimentary deposits of
the Siwalik Group and the low-grade metamorphic and
sedimentary rocks of the Lesser Himalaya, Benighat
Slate (Stocklin, 1981). The MBT is traced on the left
bank of the Samari Khola, 100 m downstream of the
confluence between the Samari Khola and the Sukaura
Khola. In this area, the MBT dips towards south
(190°/62°SW), and both the Siwalik rocks and the
Lesser Himalayan rocks are overturned. In other areas,
the attitudes of the MBT are 140°/41°NE (Bhalu Khola
section) and 80°/28°NW (Jyamire Khola section). Grey
black slate, amphibolite and quartzite are present on the
hanging wall of the MBT. Fault gauge is present along
the shear zone, while in areas other than the Sukaura
road section, the MBT generally dips towards north, and
is marked by the zone with breccia composed of dark
grey limestone and black slate fragments.

The Karki Khola Thrust is an imbricated thrust sheet
which separates the Middle Siwalik Subgroup to the south
from the Lower Siwalik Subgroup to the north (FIGURE
2), and this slice extends NW-SE and dips northwards.
The Karki Khola Thrust zone is characterized by the
sharp contrast between massive bedded ‘salt and pepper’
sandstones of the Middle Siwalik Subgroup and fine-
grained interbedding lithology of fine-grained greenish
grey sandstone and greenish grey to purple mudstone
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and shale. Besides, no major shear zone lithology was
observed in the study area.

PETROLOGY OF THE SIWALIK
SANDSTONE

Texture

The results of textural parameters of sandstones are
given in TABLE 1 and shown in FIGURE 4. The Lower
and the Middle Siwalik samples show that the average
grain sizes of sandstones range from fine- to medium-
grained. Mean roundness of quartz grains sandstone
ranges from subrounded to angular categories. The
Lower Siwalik sandstones contain more frequently
subrounded grains compared to the Middle Siwalik
sandstones. The sorting of particles in the Siwalik
sandstones range from very well to very poorly sorted.
The Lower Siwalik sandstones show better sorting than
the Middle Siwalik sandstones do (TABLE 1). The
overall decreasing of roundness and poor sorting from
the Lower to the Middle Siwalik sandstones shows
that the Lower Siwalik sandstones are texturally more
matured compared to the Middle Siwalik sandstones.

Packing density of the Siwalik sandstones varies in wide
range from 23 to 80 % (TABLE 1 and FIGURE 4). The
Lower Siwalik sandstones possess higher packing density
compared to the Middle Siwalik sandstones, showing
that the former have experienced the greater burial depth
compared to the latter. Most of the grain to grain contacts
are floating to tangential in the Middle Siwalik sandstones,
whereas tangential to suture contact type are dominant in
the Lower Siwalik sandstones. It implies that the older
sandstones have experienced higher degree of compaction
and interlocking compared to the younger sandstones.

Syangbo and Tamrakar (2013) suggested the change in
river systems from one of a fine-grained meandering
river system during the time of deposition of the Lower
Siwalik sediment to a sandy mixed-load meandering
river system during the time of deposition of the Middle
Siwalik sediment. This is in agreement with the results
of the present analysis, i.e., the textural maturity and
compositional maturity diminishes in sandstones from
the Lower Siwalik to the Middle Siwalik Subgroups.
Increasing of size and diminishing degrees of roundness
and sorting in the Middle Siwalik sandstones reflect
reduction in textural maturity. It shows rapidity of
sedimentation due to change in river systems from
the Lower Siwalik sedimentation phase to the Middle
Siwalik sedimentation phase, perhaps caused by source
rock upliftment due to thrusting of the MCT.
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TABLE 1. Sandstone textural parameters.

Unit Sample no. Thi(cnli?ess Gr(?ri]r:]f)ize * Roundness Sorting Paking density

LH18 825 0,13 3,00 SR Moderatly sorted 59

LH19 800 0,19 2,86 SA Poorly sorted 47

D14 752 0,20 2,80 SA Poorly sorted 45

LH20 745 0,19 2,62 SA Poorly sorted 51

LH21 740 0,13 2,90 SA Poorly to moderatly sorted 49

LH23A 696 0,16 3,19 SR Poorly to moderatly sorted 46

Middle DoC 465 0,24 2,70 SA Poorly to moderatly sorted 62

Siwalik D9B 450 0,20 2,74 SA Poorly to moderatly sorted 56

Subgroup D9A 432 0,23 2,86 SA Poorly to moderatly sorted 59

D7B 393 0,20 2,95 SA Poorly to moderatly sorted 60

D7A 335 0,20 2,84 SA moderatly sorted 57

D6-3 155 0,22 2,78 SA Poorly to moderatly sorted 55

D5-2 87 0,20 2,90 SA Poorly to moderatly sorted 48

D5B 30 0,11 2,82 SA Poorly to moderatly sorted 23

D5A 20 0,18 2,66 SA Poorly to moderatly sorted 46

D30 802 0,14 3,06 SR Moderatly to well sorted 59

LH4 786 0,13 3,18 SR Moderatly to well sorted 43

D29 773 0,11 3,10 SR Well to very well sorted 51

LH7 736 0,13 2,98 SA Poorly to well sorted 68

LH8 706 0,19 2,90 SA Moderatly to well sorted 77

LH9 611 0,23 2,75 SA Moderatly to well sorted 80

LH10 583 0,16 3,04 SR Well sorted 65

LH11 571 0,15 2,98 SA Well to very well sorted 62

Lower LH12 541 0,20 2,08 SA Well to very well sorted 80
Siwalik

Subgroup D24 518 0,18 2,88 SA Well to very well sorted 69

D23 511 0,17 3,02 SR Moderatly to well sorted 58

LH14 458 0,19 3,00 SR Well to very well sorted 79

D21 430 0,19 2,90 SA Well to very well sorted 64

LH15 379 0,15 2,90 SA Moderatly to well sorted 54

D20 369 0,13 2,80 SA Moderatly to well sorted 60

LH16 123 0,15 2,88 SA Moderatly to well sorted 58

D18 58 0,27 2,42 SA Poorly to moderately sorted 59

LH17 0 0,22 2,68 SA Moderatly sorted 70

*SA = subangular; SR = subrounded
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FIGURE 4. Variation of textural parameters.
Composition low in the Lower Siwalik sandstones whereas these

The modal composition of the sandstones from the
Sukaura Road section is shown in TABLE 2. Modal
composition shows a wide range of the compositional
variation in clastic constituents. The latter includes
basically quartz, feldspar and lithic fragments. Quartz
grains are mono and polycrystalline varieties. Chert
fragments were included in polycrystalline quartz
category. Feldspars include plagioclase and K-feldspar.
Lithic fragments include chert, siltstone, sandstone,
phylite, schist, metasandstone, quartz-mica tectonites,
quartz-mica aggregates and pelitic shale. In the
sandstones, lithic fragments vary from 4 to 22%, and
become less in the Lower Siwalik sandstones than in
the Middle Siwalik sandstones. The average Lm in the
Middle Siwalik sandstones slightly exceeds that in the
Lower Siwalik sandstones. Muscovite and biotite vary
from 1 to 6% in the Lower Siwalik sandstones and 1
to 10% in the Middle Siwalik sandstones, respectively.
Muscovite and biotite contents are considerably

constituents smoothly increase towards the Middle
Siwalik succession (FIGURE 5). Tokuaka et al. (1986)
and Hisatomi (1990) also mentioned increase in mica
content from the older to younger units of the Siwalik
Group in west central Nepal.

Matrix varies from 1 to 16% of the modal composition
of the sandstones. Only 2 samples have more than 15
% matrix. The amount of the matrix content is high in
very fine-grained sandstone from the Lower Siwalik
Subgroup. Cement content varies from 13 to 30% and the
types of cementing materials are calcareous, ferruginous
and siliceous. Mostly calcareous cement occurs as pore
filling but some replacing cement also exists, forming
reaction rims around the grains. Siliceous and ferruginous
cementing materials are also seen at the boundary of the
grains as syntaxial overgrowth and pressure solution.
Heavy minerals range from 0 to 6%, and include opaque,
garnet, zircon, kyanite, sillimanite, tourmaline, etc.
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FIGURE 5. Variation of biotite content in the Siwalik sandstones from the study area.

Classification and Nomenclature of sandstones

Recalculated quartz, feldspar, and lithic fragment
were plotted over QFL ternary diagram of Dott
(1964), modified by Pettijohn et al. (1987). The two
samples with more than 15% of matrix were classified
as feldspathic wacke (FIGURE 6) whereas the other
samples were classified as arenites (FIGURE 6a).
Arenites were further classified into subarkose,

a) Q
Quartz arenite
Subarkose blitharenite
Arkosic arenite Lithic arenite
F RF

x Lower Siwaliks
e Middle Siwaliks

sublitharenite and lithic arenites, whereas wackes were
further distinguished as felspathic wackes (TABLE 3,
FIGURE 6b). The Lower Siwalik sandstones are mainly
subarkoses to sublitharenites with minor feldspathic
wacke and lithic arenite, whereas the Middle Siwalik
sandstones are mainly sublitharenites with minor lithic
arenite and subarkose.

b)

Quartz wacke

Feldspathic Lithic wacke

wacke

F RF

FIGURE 6. Classification of sandstone by using QFRF diagram: (a) Arenites, and (b) Wackes.
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TABLE 3. Recalculated percentage of Q-F-L, and classification of sandstones from the Samari Khola area, central Nepal.

Unit Sarr]r;;')le % of main components of sandstone Recalcu(lj)tr?](z;/r(:eor:‘tzhe main Classification of
) = ] 9 = . sandstone
D5A 37,6 6,9 20,0 58,3 10,7 31,0 Lithic arenite
D5B 32,8 10,2 8,4 63,9 19,8 16,3 Subarkose
D52 38,5 6,3 13,8 65,7 10,8 23,5 Sublitharenite
a D6-3 37,1 7,3 17,7 59,7 11,8 28,5 Lithic arenite
3 D7A 44,9 32 22,7 63,4 45 321 Lithic arenite
-§ D7B 39,9 46 14,0 68,2 7,9 23,9 Sublitharenite
g D9A 373 46 19,4 60,8 7,5 31,6 Lithic arenite
§ D9B 40,2 45 9,5 74,2 8,3 17,5 Sublitharenite
2 DoC 38,7 59 11,7 68,7 10,5 20,8 Sublitharenite
E LH23A 34,4 6,7 11,5 65,4 12,7 21,9 Sublitharenite
= LH21 41,3 35 40 84,6 7,2 8,2 Subarkose
LH20 434 7,4 16,5 64,5 11,0 24,5 Sublitharenite
D14 38,4 2,2 13,8 70,6 4,1 25,3 Sublitharenite
LH19 36,3 3,7 16,8 64,0 6,4 29,6 Lithic arenite
LH18 32,2 12,5 7,7 61,5 23,9 14,7 Subarkose
LH17 43,3 8,1 19,1 61,5 11,5 27,1 Lithic arenite
D18 50,0 3,6 16,4 71,4 51 23,4 Sublitharenite
LH16 49,2 7,9 13,2 70,0 11,2 18,8 Sublitharenite
D20 46,6 10,8 15,0 64,4 14,9 20,7 Sublitharenite
LH15 44,3 12,6 8,4 67,8 19,3 12,9 Subarkose
o D21 50,5 8,7 9,9 73,1 12,6 14,3 Subarkose
3 LH14 52,8 16,6 9,6 66,9 21,0 12,2 Subarkose
§ D23 45,5 10,0 19,0 61,1 13,4 25,5 Sublitharenite
2 D24 53,2 7,0 12,5 73,1 9,6 17,2 Sublitharenite
g | LH 46,5 90 95 715 138 146 Subarkose
. LH11 495 7,0 19,0 656 93 252 Sublitharenite
§ LH10 58,0 4,6 9,3 80,7 6,4 12,9 Sublitharenite
LH9 54,1 4,0 14,7 74,3 55 20,2 Sublitharenite
LH8 50,5 5,0 13,8 73,0 7,2 19,9 Sublitharenite
LH7 46,4 6,0 17,9 66,0 8,5 25,5 Sublitharenite
D29 314 11,9 13,0 55,8 211 23,1 Subarkose
LH4 30,7 12,3 6,4 62,1 24,9 13,0 Feldspathic wacke
D30 37,0 11,0 8,0 66,1 19,6 14,3 Feldspathic wacke

Sublitharenite. Sublitharenites are massive, rippled are poorly to moderately well sorted (FIGURES 7a
to trough cross-bedded, medium-to fine-grained and and 7b). Packing density of sublitharenites from the
calcitic cemented. Matrix varies from 3.9 to 10.4%. Lower and the Middle Siwalik Subgroups reaches up
Quartz varies from 65.5 to 80%, feldspar from 5.5 to 80% and 57%, respectively. Biotite and muscovite
to 14.9%, and rock fragments from 12.9 to 25.5%. distribution significantly increases in the Middle Siwalik
They contain subangular to subrounded grains, which  sublitharenites.
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FIGURE 7. Photomicrographs of thin sections under crossed Nicols: (a) Sublitharenite of the Middle Siwalik Subgroup at D9C,
(b) Sublitharenite of the Lower Siwalik Subgroup at LH11, (c) Lithic arenite of the Middle Siwalik Subgroup at D9A, and (d)

Lithic arenite of the Lower Siwalik Subgroup at LH17.

Lithic arenite. Lithic arenites are massive, planar to
trough cross-bedded, medium- to fine-grained, greenish
grey, and are calcitic cemented. Quartz varies from 58.3
to 63.4%, feldspar from 4.5 to 11.5% and rock fragments
from 27.1 to 32.1%. Matrix reaches up to 8.5%. Lithic
arenites are strongly indurated with poorly to moderately
sorted, subangular grains and with packing density of
46-70% (FIGURES 7c¢ and 7d).

Subarkose. Subarkoses are massive, rippled laminated
to trough cross-bedded, medium-to fine-grained, grey
and are calcitic cemented (FIGURE 8a and 8b). Most
of the grains are sub angular to sub rounded. They are
strongly indurated with matrix varying up to 11.96%.
Quartz varies from 61.5 to 71.5%, feldspar from 7.2 to
23.9%, and rock fragment from 8.2 to 16.3%. Biotite and
muscovite distribution increases in the Middle Siwalik
sandstones. Packing density of subarkoses ranges from
23 to 80%, and shows a decreasing trend towards the
Middle Siwalik Subgroup.

Feldspathic greywacke. Feldspathic greywackes are
thick, rippled laminated to planar cross-bedded, fine-

37

grained, greenish grey and are ferruginous to calcitic
cemented (FIGURE 8c and 8d). They are composed
of quartz 62.1-66.1%, feldspar 19.6-24.9%, lithic
fragment 14%, cement 16.4-23.6% and matrix 16.5%.
They are strongly indurated with sub rounded grains,
and packing density of 43-59%. They are dominant
mostly in the Lower Siwalik unit.

Provenance and Tectonic Setting

QFL and QFLt ternary diagrams plotted for the
provenance analysis are based on triangular diagram
of Dickinson et al. (1983) and Dickinson (1985). The
procedure suggested by Dickinson (1985) has been
carried out for defining the different components of the
model analysis. Most of the plots in QFL diagram plot
on recycled orogeny provenance field (TABLE 4 and
FIGURE 9). The ternary diagrams (FIGURE 9) suggest
transitional recycled to quartzose recycled and mixed
orogeny of the Siwalik Group. The detritus of rock
fragments strongly suggest mixed sources of the Siwalik
sandstones as metamorphic (Lm) and sedimentary (Ls)
lithics occur dominantly.
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(b) Subarkose of the Lower Siwalik Subgroup at D21, (c) Feldspathic wacke of the Lower Siwalik Subgroup at D30, and (d)
Feldspathic wacke of the Lower Siwalik Subgroup at LH 4.

2) Q b) Qm

x Lower Siwaliks

e Middle Siwaliks

F L F Lt

FIGURE 9. Provenance diagram showing QFL (a) and QmFLt (b) of the Lower and the Middle Siwalik sandstones from
Sukaura Road section, Samari River area, Central Nepal. Cl=Craton interior, T=Transitional continental, BU=Basement uplift,
RO=Recycled orogenic, DA=Dissected arc, TA=Transitional arc, UA=Undissected arc, M=Mixed, QR=Quartzose recycled,
TR=Transitional recycled, LR=Lithic recycled. The fields in the diagram are after Dickinson et al. (1983).
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TABLE 4. Recalculated percentage of Q-F-L and Qm-F-Lt, of the Siwalik sandstones from Samari Khola area, Central Nepal.

. Sample . Recalculated % of the Recalculated %
Unit % of main components of sandstone -
number main components Qm-F-Lt
om Qp Q F L Lt Q F L om F Lt
D5A 32,75 4,8 37,6 6,9 200 248 583 10,7 31,0 50,8 10,7 385
D5B 28,37 4.4 328 102 84 128 639 19,8 16,3 553 19,8 249
D52 30,6 7,9 38,5 6,3 13,8 21,7 65,7 10,8 235 52,2 10,8 37,0
D6-3 33 4,1 37,1 73 17,7 218 59,7 11,8 285 531 118 351
D7A 41,6 3,3 449 32 227 260 634 4,5 32,1 58,8 45 36,7
D7B 36,6 33 399 46 140 173 682 79 239 626 79 296
Middle D9A 345 28 373 46 194 222 608 75 316 563 7.5 362
Siwalik

Subgroup | D9B 363 39 402 45 95 134 742 83 175 670 83 247

DoC 352 35 387 59 117 152 687 105 208 625 105 270
LH23A 31,3 306 344 67 115 146 654 127 219 596 127 277
LH21 379 34 413 35 40 74 846 72 82 717 72 152
LH20 3701 63 434 74 165 228 645 110 245 551 110 339

D14 2857 98 384 22 138 236 706 41 253 526 41 434
LH19 314 49 363 37 168 21,7 640 64 296 553 64 382
LH18 275 47 322 125 77 124 615 239 147 525 239 237

LH17 27,06 1618 433 81 191 353 615 115 271 385 115 50,0
D18 36,07 139 500 36 164 303 714 51 234 516 51 433
LH16 361 131 492 7,9 132 263 700 11,2 188 514 112 375
D20 342 124 466 108 150 274 644 149 20,7 473 149 379
LH15 354 89 443 126 84 173 678 193 129 542 193 265
D21 4302 75 505 87 99 174 731 126 143 623 126 251
LH14 427 1006 528 166 96 197 669 21,0 122 541 210 249
D23 325 13 455 100 190 320 61,1 134 255 436 134 430

Lower D24 41,7 115 532 70 125 240 73,1 96 172 573 96 330
Sﬁg’é?.g':p LH12 38 85 465 90 95 180 71,5 138 146 585 138 277
LH11 415 8 495 70 190 270 656 93 252 550 93 358
LH1I0 482 98 580 46 93 191 807 64 129 670 64 266
LH9 451 903 541 40 147 237 743 55 202 619 55 326
LH8 437 68 505 50 138 206 730 72 199 631 72 297
LH7 442 218 464 60 179 201 660 85 255 629 85 286
D29 266 48 31,4 119 130 178 558 211 231 472 211 316
LH4 266 41 307 123 64 105 621 249 130 538 249 213

D30 31 6 370 110 80 140 661 196 143 554 19,6 250
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Previous studies associated the Lesser and the Higher
Himalayas as probable sources for the Siwalik Group
(Chaudhari, 1982; Critelli and Ingersoll, 1994,
DeCelles et al., 1998; Tamrakar, 1998; Tamrakar
et al., 2003). More recent study on provenance and
depositional environment of the Middle Siwalik
Subgroup in Eastern Himalaya, India by Kundu et al.
(2012) has also shown that the sediments were derived
from the Lesser and the Higher Himalayas. Ranjan and
Banerjee (2009) have shown the Higher Himalayan
Crystalline sequence to be the primary source of the
Lower and the part of the Middle Siwalik Subgroups.
The study by Jalal and Ghosh (2012) showed that the
meta-sedimentary and very low-grade metamorphic
rock fragments were sourced to the Lesser Himalayan
domain, whereas the medium- to high-grade
metamorphic fragments were sourced to the Lesser
Himalayan Crystalline.

For the recognition of the sediment source and tectonic
setting of the provenance, the model analysis data
were plotted in a diamond diagram of the Basu et al.
(1975), (TABLE 5, FIGURE 10). Frequency of the
non-undulatory monocrystalline quartz (Qnu) is larger
in the Middle Siwalik sandstones compared to those of
the Lower Siwalik sandstones (TABLE 5). The greater
abundance of Qnu may suggest plutonic provenance
for the sandstones (Suttner et al.,, 1981). The
proportions of the undulatory monocrystalline quartz
(Qu) and the polycrystalline quartz (Qp) are subequal
in sandstones of both Siwalik Subgroups. Basu et al.
(1975) suggested that the frequency of Qp remains
directly proportional to the grain size. The diamond
diagram plot of the current study suggests that almost
all the sandstones fall on the low-rank metamorphic
provenance, i.e., sediments were transported from the
low-grade metamorphic rocks of the Lesser Himalaya
(FIGURE 10), however the four of the Middle
Siwalik sandstones fall on the middle- and upper-rank
metamorphic provenance, suggesting that the detrital
grains in those sandstones were derived from high-
grade metamorphic rocks from the Lesser and the
Higher Himalayas. Increasing amount of muscovite
and biotite content in the Middle Siwalik sandstones
can be related to the unstable tectonic setting of the
MCT and uplift of the Higher Himalaya. The MCT
activation and the Higher Himalaya upliftment and
its denudation probably had caused increase in biotite
detritus to the Middle Siwalik sandstones. It suggests
that the source rocks were shifted from the low-grade
metamorphic rocks of the Lesser Himalaya to the
High-grade rocks of the Higher Himalaya during the
Lower to the Middle Siwalik sedimentation.
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TABLE 5. End-variables of the quartzose components of the
sandstone recalculated for a diamond diagram based on Basu
etal. (1975).

Sample Number Recalculated % of quartz components

Qnu Qu Qp
Samples with 2-3 crystal units per grain (>75% of total
Qp)
D5A 16,7 69,4 13,9
D5B 20,3 64,2 15,5
D52 15,9 68,1 15,9
D6-3 17,0 59,7 233
D7A 14,3 57,8 28,0
D7B 20,1 51,9 27,9
D9A 23,4 52,6 24,1
D9B 15,9 62,9 21,2
D9C 18,8 48,1 331
LH21 23,6 59,3 17,0
LH20 10,8 63,3 25,9
D14 40,6 39,9 19,6
LH19 9,8 62,4 27,8
D18 19,1 54,1 26,8
D21 2,3 80,3 17,4
LH8 6,8 87,2 6,0
LH4 4,2 78,0 17,9
D30 6,2 83,4 10,3
Samples with more than 3 crystal units per grain (>25%

of total Qp)

LH23A 351 51,9 13,0
LH18 33,1 52,2 14,6
LH17 17,7 72,1 10,2
LH16 9,6 78,1 12,3

D20 10,0 84,3 5,7
LH15 7,6 83,3 9,0
LH14 8,7 70,3 20,9

D23 2,8 78,5 18,8

D24 4,0 80,5 154
LH12 6,1 73,3 20,6
LH11 9,6 73,6 16,9
LH10 5,7 76,4 17,9
LH9 51 70,5 24,4
LH7 2,3 78,5 19,2

D29 4,7 81,2 141
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Qp (2-3 crystal units/grain
>75% of total Qp)

x Lower Siwaliks
o Middle Siwaliks

Qp (=3 crystal units/grain
>25% of total Qp)

FIGURE 10. Diamond diagram plots of the sandstone
samples from the Samri River area, Central Nepal, based on
Basu et al. (1975).

Paleoclimatic Setting

Paleoclimatic condition of the Lower and the Middle
Siwalik Subgroups is interpreted based on the plot of
the Suttner and Dutta (1986). Bivariant log-log plot of
ratio of the polycrystalline quartz to feldspar plus rock
fragment against ratio of total quartz to feldspar plus
rock fragments (TABLE 6) is shown in FIGURE 11.
All data plot mostly on semi-humid field and some on
humid field of the diagram showing prevalence of these
climatic conditions. Kundu et al. (2012) and Jalal and
Ghosh (2012) have also suggested humid climate for
the Siwalik sandstones they studied. The compositional
maturity is poor; Qp/(F+L) is below 0.7 while Q/(F+L)
is nearly below 4.0. Variations of Qp/(F+L) and Q/(F+L)
against stratigraphic level show slightly diminishing
trend of Qp/(F+L) upsection (FIGURE 12), suggesting
diminishing compositional maturity towards upsection.
This could have happened against the response of
uplifting source areas due to thrusting and rapid
sedimentation due to active river system; sandy mixed-
load meandering river system of the Middle Siwalik
Subgroup (Syangbo and Tamrakar, 2013; Miall, 1978;
Miall, 1985). Considering the abundance of the total
feldspar grains, both Lower and the Middle Siwalik
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sandstones contain relatively low amount compared to
quartz grains because of their weathering potential in
humid and subhumid climates.

TABLE 6. Recalculations of sandstone components (Qp/Q/
F/L) for paleoclimate diagram based on Suttner and Dutta
(1986).

Unit| Sample Qp  Q F L (§+p|i) (F?L)
D5A 48 376 69 200 02 14
D5B 44 328 102 84 02 18
D52 79 385 63 138 04 19
D63 41 3701 73 177 02 15

o | DA 33 49 32 227 01 17

S| DB 33 399 46 140 02 21

3| oA 28 33 46 194 01 16

= | pee 39 402 45 95 03 29

5| pec a5 387 59 17 02 22

S |LHA 31 a4 67 15 02 19

S| LHat 34 413 35 40 05 55
LH20 63 434 74 165 03 18
D14 98 384 22 138 06 24
LH19 49 363 37 168 02 18
LH18 47 322 125 77 02 16
LHI7 162 433 81 191 06 16
D18 139 500 36 164 07 25
LH16 131 492 79 132 06 23
D20 124 466 108 150 05 18
LHI5 89 443 126 84 04 21
D21 75 505 87 99 04 27

S| LH14 101 528 166 96 04 20

B| D23 130 455 100 190 04 16

S| b4 15 532 70 125 06 27

S| LHI2 85 465 90 95 05 25

Ol LMl 80 495 70 190 03 19

ElHo 98 580 46 93 07 42
LHO 90 541 40 147 05 29
LH8 68 505 50 138 04 27
LH7 22 464 60 179 01 19
D20 48 314 119 130 02 13
LH4 41 307 123 64 02 16
D3O 60 370 110 80 03 19
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FIGURE 11. Qp/(F + RF) vs Q/(F + RF) plot based on Suttner
and Dutta (1986).
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FIGURE 12. Variation trends of maturity of the sandstones
from the Sukaura road section, Samari River area, Central
Nepal.

CONCLUSIONS

The Middle Siwalik sandstones are texturally and
compositionally less matured compared to the Lower
Siwalik sandstones. Compositionally, both Lower and
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Middle Siwalik sandstones are immature as Q/(F+L) is
<2.0 and Qp/(F+L) is <0.7. Textural and compositional
maturities becoming lower in the Middle Siwalik
sandstones compared to the Lower Siwalik sandstones
perhaps reflect change in river systems, sediment
derivation and sedimentation regime, and relief related
to thrusting and uplifting of source areas.

The QFL and QmFLt plots on ternary diagrams reveal
mainly recycled provenance and tectonic settings.
The provenance shifted from low-rank metamorphic
terrain to middle- and upper-rank metamorphic terrains
for the Lower to the Middle Siwalik sedimentation,
respectively. Biotite content and the average Lm content
of the Middle Siwalik sandstones are higher compared
to that of the Lower Siwalik sandstones. Increasing
amount of biotite and the presence of middle to high-
rank metamorphic rock fragments in the Middle Siwalik
sandstones reflect additional supply from high-grade
metamorphic rocks during the sedimentation.

As the relative proportions of polycrystalline quartz
and total quartz are exceedingly high compared to the
proportion of feldspar plus lithic fragments, the climatic
setting during the deposition of the Lower and the
Middle Siwalik Subgroups was humid to semi-humid.
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