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Abstract
The Siwalik Group, ranging from the Early Miocene to Pleistocene, is believed to be controlled by
contemporary Himalayan tectonics and climate. In this study, we established the �uvial system
responsible for the deposition of the Siwalik succession along the Muksar Khola section and its
controlling factors. Five sedimentary facies associations are identi�ed which are interpreted as the
deposits of �ood plain dominated �ne-grained meandering river (FA1), �ood dominated overbank
environment (FA2), sandy meandering river (FA3), anastomosing river (FA4), and debris �ow dominated
gravelly braided river (FA5). These change in �uvial style occurred around 10.5 Ma, 10.0 Ma, 5.9 Ma and
3.5 Ma due to the effects of hinterland tectonics, climate and sea-level change. The thick succession of
intraformational conglomerate reveals the intensi�cation of monsoon started around 10.5 Ma in the
eastern Nepal Himalaya. The present study show asynchronous exhumation of the Himalaya east to
west brought signi�cant difference on the �uvial environment of the Neogene foreland basin. Moreover,
this study also reveals continuous drifting of the foreland basin towards the hinterland concerning
depositional age.

1. Introduction
Siwalik Group is exposed in the southernmost hill range made up of molasse deposit which is bounded
by the Main Boundary Thrust (MBT) to the north and the Himalayan Frontal Thrust (HFT) in the south
(Gansser, 1964; Corvinus, 1993). These sediments were derived from the Himalaya and deposited by the
�uvial system (Tandon, 1976; Parkash et al., 1980; Tokuoka et al., 1990; Hisatomi and Tanaka, 1994;
Willis, 1993b) in the paleo-Gangetic basin during the Early Miocene to Pleistocene time (Appel and Rosler,
1994; Gautam and Appel, 1994; Rosler et al., 1997; Gautam and Fujiwara, 2000; Ojha et al., 2009).
Lithostratigraphy of the Siwalik Group has been established by various researchers having proposed a
two-fold to �ve-fold classi�cation of the Siwalik Group (Piligram, 1913, Tokuoka et al., 1990; Dhital et al.,
1995; Ulak and Nakayama, 1998). The sedimentological studies show that meandering and the braided
river system dominated the �uvial style during the deposition of the Siwaliks (Hisatomi and Tanaka,
1994; Zaleha, 1997; Ulak and Nakayama, 2001; Ulak, 2009; Sigdel and Sakai, 2016), though anastomosed
river system has also been recorded in few sections (Huyghe et al., 2005; Nakayama and Ulak, 1999).

In the previous studies of the Siwaliks in various section along the Himalaya, the appearance of the
Middle Siwalik sub-group represented by the ‘Salt and pepper’ sandstone, supplied from the Higher
Himalaya that existed as a positive relief at that time due to tectonic upliftment (Khan et al., 1997; Kumar
et al., 1999; 2003a; 2003b; Kumar and Tandon, 1985; Zaleha, 1997) is observed to be followed by the
change in the river-style from meandering to the sandy braided river system. This change in the �uvial
system is considered to be controlled by both autocyclic as well as an allocyclic process like hinterland
tectonics, climate and size of drainage basins (Willis, 1993a; Zaleha, 1997; Nakayama and Ulak, 1999;
Huyghe et al., 2005). Meanwhile, various Himalayan researchers suggested that the exhumation history
of the Himalaya was not synchronous laterally, it was observed early in the western part compared to the
eastern part (Robinson et al., 2001; Yin, 2006; Ojha et al., 2009). Therefore, if the tectonics was one of the
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factors controlling the change in the river system of the Neogene foreland basin, then asynchronous
exhumation history of the Himalaya from west to east should also have brought a signi�cant difference
in the timing of a change in the �uvial environment laterally. Moreover, �uvial behaviour is governed not
only by the interplay between tectonics and climate but also by sea-level change (Burbank et al., 1992;
Goodbred and Kuehl, 2000a; 2000b). In the Siwalik Group along the Darjeeling-Sikkim and Arunachal
Pradesh evidence of sediment deposited in deltaic and open Marine depositional settings is reported
(Taral et al., 2018; 2019). The present study area lies in the eastern part of the Nepal Himalaya near to the
Darjeeling-Sikkim section. Therefore, the contemporary exhumation history of the hinterland, climate and
sea-level change should have a direct impact on the �uvial environment, though the effect of the sea-level
change was not mentioned in the previous studies of the �uvial environment of the Siwalik Group.

In this study, we focused on establishing the �uvial environment in the Muksar Khola section of the
eastern Nepal Himalaya based on the facies analysis. The evolution of the �uvial environment and their
change are recorded based on the magnetostratigraphy of Ojha et al. (2009). The possible factors
controlling the �uvial environment in the present study are discussed.

2. Geological Outline
The present study area lies in the eastern part of the Nepal Himalaya (Fig. 1-A). The Siwalik Group in this
area is divided into three belts by the Main Dun Thrust (MDT) and the Kamala-Tawa thrust (KTT)
(Shrestha and Sharma, 1996). The present study deals with the Siwalik Group in the southern belt,
bounded by the MDT in the north and the MFT in the south. Lithostratigraphy of the Siwalik Group in the
southern belt along the Muksar Khola section is established by Rai and Yoshida (2020). The > 4 km thick
Siwalik Group is divided into the Lower Siwalik sub-group, the lower member of the Middle Siwalik sub-
group, the upper member of the Middle Siwalik sub-group and the Upper Siwalik sub-group (Fig. 1-B). The
Lower Siwalik sub-group comprises of grey, �ne-grained indurated sandstone with dark greenish grey and
purple, mottled mudstone. About 80 m thick successions of intraformational conglomerate (composed of
mudstone clast with medium- to very coarse-grained sandstone matrix) is present within the middle part
of the exposed section of the Lower Siwalik sub-group. The lower member of the Middle Siwalik sub-
group is characterized by “salt and pepper” appearance medium-grained sandstone, with dark greenish
grey mudstone to siltstone. The upper member of the Middle Siwalik sub-group consists of light grey,
medium- to coarse-grained sandstone with some pebbly layers and grey to dark grey mudstone to
siltstone. Sandstones are less indurated with a decrease in the amount of biotite grains and the
proportion of mudstone is increased compared to the lower member of the Middle Siwalik sub-group. The
Upper Siwalik sub-group is made up of poorly-sorted, pebble to cobble conglomerate. These
conglomerate beds are frequently interbedded with thick massive, coarse-grained sandstone and dull-
yellow to yellowish-grey mudstone to siltstone beds. The magnetostratigraphic study by Ojha et al.
(2009) indicates that the ~ 2500m thick Middle Siwalik sub-group of the Muksar Khola was deposited
between 10.0 and 3.5 Ma.
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Previous studies of the eastern Nepal Himalaya shows a change in the hinterland exhumation rate, fast
exhumation similar to the central and western Nepal was observed during the deposition of the lower
member of the Middle Siwalik sub-group but was absent during the deposition of the upper member of
the Middle Siwalik sub-group (Chirouze et al., 2012; Rai et al., in press). This fast exhumation was
observed after 11.0 Ma as rapid uplift of the HHC occurred due to activation of out-of-sequence Thrust
known as the Sun Koshi Thrust (Schelling and Arita, 1991; Rai et al., in press). Similarly after ~ 5.5 Ma,
rapid subsidence of the foreland basin was observed as a result of thrust loading of the MBT (Ojha et al.,
2009; Rai et al., in press). The climate of the eastern Nepal Himalaya was more or less similar to the
Central Nepal Himalaya (Quade et al., 1995). Though the exact time frame of vegetation change from C3
to C4 is not clear, comparing the stratigraphic thickness by Quade et al. (1995) with Ojha et al. (2009)
suggest, this change in the vegetation probably occurred around 6 Ma to 7 Ma. This change in the
vegetation suggests a greater seasonality re�ected by stronger monsoon (Quade et al., 1989; 1995).

3. Methods
This study was carried out in eastern Nepal along the Muksar Khola section. Field data were acquired
based on the topographic map of 1:25000 scale. Lithofacies were identi�ed based on grain size and
texture of beds and associated sedimentary structure. Architectural elements were classi�ed based on the
nature of internal and external geometry and the bounding surfaces. Mainly foresets of cross-
strati�cations were measured for the paleocurrent analysis. The paleo-�ow direction was estimated using
standard methods (Tucker, 2003). Based on these lithofacies, architectural elements and paleocurrent
directions, facies associations were classi�ed following the code of Miall (1977, 1985, 2000 and 2006).
Route map and detail sedimentological logs were made to evaluate the precise boundary of these facies.
The paleomagnetic data by Ojha et al. (2009) was used to determine the speci�c age for each facies
association. Based on this facies association, river systems were interpreted.

4. Results

4.1. Facies Associations
Based on sandstone-mudstone ratio, grain size, assemblages of sedimentary structures and the nature of
the beds, 12 sedimentary lithofacies and �ve facies associations have been recognized. These are
summarized in Tables 1 and 2 and representative photographs of each lithofacies are shown in Figs. 2
and 3. Representative sedimentological logs of each facies associations are shown in Fig. 4 and their
locations in Fig. 5.

4.1.1. Facies Association 1 (FA1)
Description
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This facies association is characterized by a predominance of thick-bedded mudstone interbedded with
very �ne- to medium-grained sandstone. Normally, �ning-upward sequences of �ne-grained sandstone to
mudstone are found in this facies association. Mudstones are olive-grey to dark-grey and reddish-brown
with thickness ranging from 0.4 to 2.0 m. Dominating mudstone show facies Fm and are mostly
bioturbated, mottled or variegated (Fig. 3-F). Facies Fl are also abundant in mudstone with occasional
occurrence of facies C.

Sandstone beds normally range between 0.15–1.5 m in thickness, though there are few beds with
thickness more than 4 m (Fig. 4, Sc-1&4). Thick to very thick beds (> 70 cm) of �ne- to medium-grained
sandstone show facies Sp with an erosive basal surface, whereas in the thick beds (30–60 cm) facies Sh
or Sr dominates. Lateral accretionary structures are mainly observed in these beds. Medium to thick beds
of �ne-grained sandstone are massive and occasionally show facies Sh or Sr. Very �ne- to �ne-grained
sandstone shows both �ning- and coarsening-upward succession with comparatively �at basal surface
and usually occurs at an interval within very thick beds of mudstone with facies Fm or P (Fig. 4, Sc-4).
Thin to medium bedded very �ne-grained sandstones are bioturbated if not shows facies Sr to Fl (Fig. 6-
A). Calcareous nodules are often observed on 15–25 cm thick upper portion of the �ne-grained
sandstone and mudstone beds. Sandpipes oriented perpendicular to bed with diameter ca. 3 cm (Fig. 3-
C), roots and rootlets are observed in mudstone and very �ne-grained sandstone. Though the data for
paleocurrent analysis in this facies association is limited but show a dispersive �ow pattern (Fig. 5).
Facies association FA1 is preserved in the Lower Siwalik sub-group.

Interpretation

Thick to very thick beds of �ne- to medium-grained sandstone showing planar cross-strati�cation and
ripple lamination with erosive basal surface represents channel deposits (Miall, 2006). Medium to thick
massive looking, �ne-grained sandstone with occasional ripple or parallel lamination represents sheet
�ow (Miall, 2006). Medium-bedded very �ne- to �ne-grained sandstone with either �ning- or coarsening-
upward succession with bioturbation, if not ripple lamination, occurring at an interval within �ood plain
deposits suggests crevasse deposits (Nakayama and Ulak, 1999; Miall, 2006). Thin to medium beds of
very �ne-grained sandstones showing parallel to ripple laminations and �ne-to medium-grained
sandstone with paleo �ow direction normal to channel are levee deposits (Singh, 1972). Variegated and
bioturbated mudstone with sandpipes and rootlets, presence of calcareous nodules indicate long term
exposure of the �ood plain (Nakayama and Ulak, 1999). Laminated and peaty mudstone represents the
waning stage of river �ood and swamp deposits indicating the overbank deposits (Miall, 2000; 2006).
Sandstone with lateral accretionary structures along with dispersive paleo�ow pattern and frequent
crevasse splay suggests a river with high sinuosity. The dominance of the �ood plain deposits along with
the meandering nature of the river suggest FA1 is deposited by the �ood plain dominated �ne-grained
meandering river system.

4.1.2. Facies Association 2 (FA2)
Description
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This facies association is characterized by thick to very thickly bedded (0.4- >4.0 m), poorly-sorted, clast-
supported intraformational conglomerate (Fig. 6-B). These intraformational conglomerate are massive
and composed of siltstone clast with medium- to very coarse-grained sandstone matrix with non-
erosional basal surface. These siltstone clasts are greenish-grey in colour and angular to sub-angular in
shape (some clasts shows soft deformation) with an average diameter of 1–2 cm (some clasts are
elongated up 10 cm). The average ratio of clast and matrix is about 70% and 30% respectively. In the
lower part of this facies association, massive coarse-grained sandstone beds with �at basal surface
ranging 0.1 to 0.8 m in thickness are observed in between these intraformational conglomerate beds. In
the upper part of this facies association, sandstone facies disappears and occasional 0.4 to 0.5 m thick
mudstones with facies Fl are observed (Fig. 4, Sc-2). Thin to medium beds of �ne-grained sandstone
(overall thickness of around 10 m) with facies Sr and Fl is observed at the top of this succession (Fig. 4,
Sc-2 & 6-C). The FA2 facies association is preserved in the Lower Siwalik sub-group within facies
association FA1 with a thickness of about 80 to 90m.

Interpretation

The formation of intraformational conglomerate suggests bank failure due to the rapid lowering of water
level during the waning stage of �ood (Gohain and Prakash, 1990; Singh et al., 1993; Plink-Bjorklund,
2015). Angular to sub-angular shape of clast indicates the immature sediments (Reineck and Singh
1980). The structureless beds with planer basal surface suggest deposition by debris �ow (Miall, 2006).
Therefore composition, shape and the proportion of the clast of the conglomerate states that these clasts
were not transported for long distance, i.e. source of these clasts was proximal to the deposition place
probably the overbank deposits. The massive sandstone bed with a �at basal surface occurring in
between conglomerate beds are the sheet �ow deposits (Martin and Turner, 1998; Miall, 2006). The
laminated mudstone present in between the conglomerate is deposited in a lower �ow regime due to a
sudden decrease in the velocity and depth of water indicating the termination of the �ood. Thin to
medium beds of �ne-grained sandstone with facies Sr and Fl observed at the top intraformational
conglomerate represents a levee deposit (Miall, 2006). The absence of channel deposits and dominance
of overbank architectural elements suggests this facies association FA2 is deposited in the �ood
dominated overbank environment.

4.1.3. Facies Association 3 (FA3)
Description

This facies association is dominated by sandstone facies with subordinate mudstone facies (Table. 2). It
is characterized by very thickly bedded, “salt and pepper” textured medium- to coarse-grained sandstone
associated with very �ne-to �ne-grained sandstones and dark to greenish-grey mudstone. Sandstone
shows both amalgamated and individual beds. Amalgamated sandstone beds occur intermittently with
varying thickness ranging from 4 to 20 m (Fig. 6-D). These amalgamated sandstone beds consist of a
1.0 to 3.0 m thick individual sedimentary cycle dominated by facies Sp and undulating amalgamation
surface. The individual cycle shows weakly developed �ning-upward succession starting from coarse-
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grained sandstone at the base to medium- to coarse-grained sandstone at the top (Fig. 4, Sc-5) (some
time amalgamation surface is unclear due to identical grain size). Towards the younger section individual
cycle of �ning upward succession ranges from coarse- to �ne-grained sandstone, occasionally thin
mudstone to siltstone barrier are preserved along the undulating amalgamation surface (Fig. 4, Sc8)
separating amalgamated beds. Sub-angular to angular elongated mud clasts (up to 20–30 cm in length,
Fig. 6-E) are sporadically observed at the base of these amalgamated beds. Non-amalgamated
sandstone beds are �ne- to coarse-grained with thickness ranging from 0.2 to > 3.0 m. Facies Sp is
mainly observed in thick to very thick sandstone beds (Fig. 2-E) with occasional channel lags at the base
(Fig. 6-F). These lags are composed of mud clast and coal fragments. The nature of the basal contact
surface of sandstone beds is slightly erosive. Lateral accretionary structures are often observed in these
beds (Fig. 6-G). Thickly bedded (50–90 cm) �ne- to medium-grained sheet-line sandstone beds show both
�ning and coarsening upward sequence with abundant ripple lamination. These beds show planar basal
surface and are sometimes associated with mud clast. Medium to thickly bedded (25–50 cm) very �ne-
to �ne-grained sandstone are mostly bioturbated if not ripple or parallel lamination are observed and
occurs intercalated with mudstone.

Mudstones are dominantly dark grey coloured and their thickness ranges from 0.2 to 2.0 m. These
mudstones are mostly bioturbated or mottled, though parallel laminations are also observed in few beds.
Calcareous nodules are observed on the upper portion of very �ne- to �ne-grained sandstone and
mudstone beds. Sandpipes (ca. 12 cm long perpendicular to bed with diameter ca. 3 cm) are frequently
observed in very �ne-grained sandstone and mudstone. Paleocurrent shows the �ow direction frequently
changed towards south-east and south-west with high dispersion (Fig. 5). The FA3 facies association is
preserved in the lower member of the Middle Siwalik sub-group.

Interpretation

The occurrence of amalgamated sandstone beds suggests deposition by channel with high deposition
rate, high �ow energy with a high erosive capacity (Zhang et al., 2017). Unclear amalgamation surface
shows erosive features and occurs frequently within channel deposits whereas the increase in the
distance from the main channel makes amalgamation surface more distinct with the occurrence of
mudstone barriers (Walker 1966). Therefore, a weakly developed �ning upward sequence with occasional
unclear amalgamation surface in the lower section followed by the distinct amalgamation surface in
upper section suggests a shift of the channel. Thick to very thick sandstone beds showing �ning upward
sequence with channel lags and planner cross-strati�cation, represent deposits from the main channel
(Miall, 2006). Thickly bedded, bioturbated sheet-like �ne- to medium-grained sandstone with �ning- or
coarsening-upward succession and occasionally preserved ripple lamination (Fig. 4, Sc-6&7) represents
crevasse splay deposits. Very �ne-grained sandstones intercalated with mudstone and showing parallel
to ripple laminations suggests levee deposits (Miall, 2006). Thick bioturbated mudstone represents
overbank deposits. Laminated mudstone represents the waning stage of river �ood and swamp deposits.
High dispersion of paleo-�ow direction, �ning upward sequence of sandstone with mudstone lag and
laterally accretion, and thick �ood plain deposits with intermittent crevasse deposits resemble the
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meandering river deposits (Miall, 2006). On these bases, FA3 is considered to be deposited by the sandy
meandering river system.

4.1.4. Facies Association 4 (FA4)
Description

This facies association is characterized by very thickly bedded coarse-to very coarse-grained sandstone
with subordinate pebbly sandstone associated with thickly bedded �ne- to medium-grained sandstone
and dark grey mudstone. Sandstones are less indurated and lack a “salt and pepper” texture compared to
the sandstone of FA3. The thickness of sandstone beds ranges from 1.0 to  5.0 m with well-maintained
�ning-upward succession (Fig. 6-H). Facies St (Fig. 2-D) are abundant compared to facies Sp and pebbly
sandstone layers are observed as a lens at the base with mostly sub-rounded quartzite clast. Very thickly
bedded (> 1 m), �ne- to coarse-grained sandstones are massive with faint traces of cross-strati�cation
and show down-stream accretion. Thickly bedded medium- to coarse-grained sandstone shows
coarsening upward succession and are massive or bioturbated, whereas �ne-grained sandstone are
medium to thickly bedded (30–70 cm) and mostly bioturbated, occasionally ripple or parallel lamination
are observed. These sandstones are mostly associated or interlayered within mudstone beds. Both the
proportion and thickness of mudstone is increased in this facies association. The overall thickness of
mudstone ranges > 20 m with individual beds ranging from 0.3 to 3.0 m. Mudstones are mostly gleyed
and bioturbated but occasionally parallel laminated mudstone (Fl) is also observed. Variegated
mudstone and carbonaceous layers are also observed sporadically at the upper section of this facies
association. Paleocurrent shows the �ow direction changed towards south-east from the south-west with
high dispersion (Fig. 5). This facies association FA4 is observed in the upper section of the upper member
of the Middle Siwalik sub-group.

Interpretation

Coarse- to very coarse-grained sandstone with pebbly lags represent the channel deposits. Increase
downstream accretion and absence of lateral accretion suggests bar deposits related to the braided river
system (Almeida et al., 2016). Massive or bioturbated sandstone within mudstone and showing
coarsening upward succession are crevasse deposits or sheet �ow deposits (Martin and Turner, 1998)
representing overbank deposits. Bioturbated �ne-grained sandstone with occasional ripple lamination
interlayered with laminated or bioturbated mudstone suggests levee deposits. Thick to very thick
mudstone suggest the overbank deposits and presence of either variegated or carbonaceous layers
suggest the long time exposure. Crevasse deposits, high dispersion and repeated change in the paleo
�ow direction (Fig. 5) show the sinuous nature of the channel. The well-developed �ning upward
succession of sandstone beds, increase in the proportion of �ood plain with crevasse or sheet �ow
deposits suggests the sinuous nature of the channel. Though Anastomosing river system is hard to
demonstrate in the stratigraphic log (Makaske, 2001), but Miall (2006) suggested anastomosing river
show channel deposits bounded by large �ood plain deposits. The evidence of both the braided and
meandering nature of the river and large proportion of overbank deposit bounding the sandstone beds
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suggests anastomosing river system (Bridge and Demicco, 2008; Makaske, 2001). Therefore, FA4 is
considered to be deposited by the anastomosing river system.

4.1.5. Facies Association 5 (FA5)
Description

This facies association is characterized by very thick beds of poorly-sorted pebble to cobble
conglomerate with very coarse-grained sand to granules matrix. These conglomerate beds are associated
with coarse- to very coarse-grained sandstone and dull yellowish-grey mudstone (Fig. 6-I) and mostly
show sharp non-erosional basal surface. Conglomerate consists of dominant quartzite clast and purple
meta-sandstone with few amounts of sandstone, mudstone and gneiss and are mostly sub-rounded
(Fig. 6-J). These conglomerates mostly are structureless (Fig. 2-A) or show inverse grading (Fig. 2-B).
Strati�ed conglomerates (Fig. 2-C) are mostly observed at the lower section of this facies association.
These inversely graded and strati�ed conglomerate beds are 0.8 to 2.0 m thick, amalgamated to form > 
5.0m thick succession. Sandstone thickness ranges from 1.0 to 3.0 m (occasionally > 3.0m). These
sandstone beds are almost massive. Few beds showing slight �ning-upward sequence bears faint
parallel cross-strati�cation. Isolated pebbles are abundant in sandstone, sometimes up to pebbly
sandstone. Mudstones are thickly bedded ( 4m) and bioturbated without any pedogenic features. This
facies association FA5 is found in the Upper Siwalik sub-group.

Interpretation

Poorly-sorted conglomerate with inverse grading is considered to be the deposits of debris �ow (Blair and
McPherson, 1994; Miall 2006, Nakayama and Ulak 1999). Coarse- to very coarse-grained sandstones and
pebbly sandstones with a lack of well-developed �ning-upward sequence represents a braided river
system (Nakayama and Ulak 1999). Thick bioturbated mudstone represents �ood plain deposits (Miall,
2006). Domination of poorly-sorted conglomerate with inverse grading in this facies association
suggests this FA5 is deposited by debris �ow dominated gravelly braided river system. The presence of
thick sandstone and mudstone beds within the conglomerate beds will be further discussed in the
discussion section.

4.2. Depositional Process
The facies analysis is a very useful tool to understand the particular depositional environment. Based on
the facies association three �uvial styles namely meandering, anastomosing and braided river system
have been recognized, responsible for the deposition of the Siwalik Group of rocks in the Muksar Khola
section (Fig. 7). Deposition began with �ood plain dominated �ne-grained meandering river system (FA1).
This river system encountered a large scale �ood depositing a very thick succession of intraformational
conglomerate at around 10.6 Ma (?) as �ood dominated overbank environment (FA2). Since Ojha et al.,
(2009) magnetostratigraphy does not cover the section of the Lower Siwalik sub-group before 10.0 Ma.
This age of ~ 10.6 Ma (?) was estimated using their oldest sedimentation rate of 0.33 mm/yr. and
thickness of 210 m from the sedimentological log of the present study. Although this age is quite
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speculative due to the lack of proper age data and uncertainties on the sedimentation rate. Therefore
based on the evidence from other studies (that will be discussed later) we consider this age as 10.5 Ma.
The dominance of the sandy beds in the meandering river system (FA3) was increased after 10.0 Ma.
Sporadic deposition of the amalgamated sandstone succession for a limited period is observed in this
facies association. These successions are mainly noticed around 10.0 Ma, 9.4 Ma, 7.7 Ma and 6.2 Ma
(Fig. 7). After 5.9 Ma sediments were deposited by an anastomosing river system (FA4). The change from
the anastomosing river system to the debris �ow dominated gravelly braided river system (FA5) occurred
around 3.5 Ma.

5. Discussion

5.1 Intraformational conglomerate and its relation to the
monsoon intensi�cation.
The dramatic occurrence of a large succession of the intraformational conglomerate is unique in the
present study area. Such a large succession of the intraformational conglomerate has not been reported
in the other Siwalik succession. Even in the previous studies of the Muksar Khola section, it has been
excluded by various researchers (like Quade et al., 1995; Robinson et al., 2001; Chirouze et al., 2012). As
mention above formation of an intraformational conglomerate is related to the bank failure during the
waning stage of a �ood. Singh et al. (1993) suggested during the falling stage of the �ood, banks are
undercut by the current initiating the development of shear cracks. Further parts of the bank slump and
melts away, in the case of the cohesive muddy bank, they break into large blocks. These large blocks
change to angular and then to rounded clasts with a decrease in size as they roll along the channel �oor
for some distance. Such collapse of �uvial banks initiates sediment-laden currents movement across and
along the �uvial channel (Martin and Turner, 1998). In the present study, this conglomerate consists of
angular to sub-angular shape of mud clast which indicates immature sediments that were not
transported for a longer distance. If this conglomerate was deposited by the main channel there would be
a possibility of longer transportation and soon disintegration of these clasts. Therefore, we consider this
was not deposited by the main channel collapsing adjacent �ood plain rather it was deposited in the
overbank setting more distal to the main channel due to the collapse of the distal alluvial terraces.

Alluvial terraces are developed as a result of cyclic deposition of alluvial sediments and incision of
alluvial plain (Oldknow and Hooke, 2017). The causes of incision is a complex issue, a mixture of various
processes like climate, tectonics, eustatic �uctuations (Miall, 2006; Tandon et al., 2006; Oldknow and
Hooke, 2017). Zaitlin et al. (1994) suggested rivers proximal to coastal areas undergo incision during the
fall of sea level and aggradation as sea-level rise. Similarly, incision due to climatic effects also occur,
which are mediated through variations and increase in water discharge, when the discharge exceeds than
that needed for transport of the available sediment, river promotes incision (Bogaart et al., 2003). The
deposition of such very thick succession of intraformational conglomerate after 10.5 Ma has unique
coincidence with rapid fall of the sea level around 10.5 Ma (Haq et al., 1988), rapid exhumation of the
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eastern Nepal Himalaya around 11.0 Ma and intensi�cation of the Monsoon in the central Nepal
Himalaya at 10.5 Ma (Nakayama and Ulak, 1999). Therefore, the sudden fall of the sea level should have
favoured the river incision on the foreland basin creating alluvial terraces as mention above (Fig. 8A).
During high �ood event when water level drastically rises it submerse the overbank and shear cracks are
developed due to undercutting of distal alluvial terrace during its waning stage. This subjects to the
collapse of the distal alluvial terrace (Fig. 8B). The increase in the distance from the main channel causes
a slowdown of the �ow velocity due to which mud clast are not transported for a long distance preventing
it from further rework. The occurrence of massive coarse-grained sheet-like sandstone beds within the
intraformational conglomerate beds (Fig. 4, Sc1) also suggests the increase in the �ow velocity since the
Lower Siwalik sub-group is dominated by �ne- to medium-grained sandstone. At normal �ow conditions,
this coarse-grained sandstone should have been trapped somewhere upstream because experiments
show travel distance decreases with an increase in the particle size (Church and Hassan, 1992; Parsons
and Stromberg, 1998). Generally, high magnitude �oods are triggered only during abnormal or
strengthened monsoon season (Plink-Bjorklund, 2015). In modern rivers, such large-scale erosion of the
banks has also been observed at the end of the monsoon season in the modern Koshi River with 300 m x
200 m areas of scattered slumped blocks (Singh et al., 1993; Plink-Bjorklund, 2015). Therefore the
occurrence of this intraformational conglomerate in the present study area at around 10.5 Ma should be
related to waning stage of high-magnitude �oods suggesting the intensi�cation of monsoon in the
eastern Nepal Himalaya. The timing of this �ood event in the present study is also coeval to the time of
onset of monsoon intensi�cation in central Nepal and can be correlated to the peak sediment
accumulation observed in Indus and Bengal fans between 9.0 Ma to 6.0 Ma which was derived from the
Himalaya probably due to the uplift and erosion of the Himalaya (Rea, 1992).

5.2 Controlling factors for change in river system.
Generally, channel styles are determined by the channel slope and bankfull discharge (Leopold and
Wolman, 1957). The slope of the channel is controlled by the tectonics or change in the sea level (Smith
and Smith, 1980; Smith, 1986; Burbank, 1992); whereas, discharge is related to tectonics and climate
(Goodbred and Kuehl, 2000a; Clift and Giosan, 2014; Clift, 2017). In eastern Nepal, fast exhumation was
observed after 11.0 Ma. Similarly, the eustatic curve by Haq et al. (1988) shows the rise in the sea level
before 10.5 Ma (Fig. 7). Therefore, the low slope angle due to sea-level rise and absence of the hinterland
exhumation must be the reason for the meandering river system before 10.5 Ma.

During the deposition of the lower member of the Middle Siwalik sub-group, fast exhumation was
observed in the eastern Nepal Himalaya similar to its western and central counterpart. This exhumation
of the hinterland could have increased the channel slope angle and sediment supply resulting in a
domination of the braided river system similar to western and central Nepal. The evolution of the braided
river system in western and central Nepal has a similar trend with hinterland exhumation i.e. around 9.5
Ma in the Karnali River section and 6.5 Ma in the Surai Khola section (Table: 3). But, the tectonic history
of eastern Nepal is quite different from central and western Nepal. In western and the central Nepal
Himalaya, observed fast exhumation of the hinterland was due to the formation of the duplex structure
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which began at 12 − 10 Ma and 9.8 Ma respectively (Huyghe et al., 2001; Robinson et al., 2003; Herman et
al., 2010). In the eastern Nepal Himalaya, such a duplex structure was developed only after 4.0 Ma (Haviv
et al., 2009; Rai et al., in press). The tectonic activity of hinterland during the deposition time of the lower
member of the Middle Siwalik sub-group was the activation of the Sun Koshi Thrust (Schelling and Arita,
1991; Rai et al., in press). Therefore, the possible explanation may be asymmetric subsidence (Burbank,
1992) of the foreland basin in eastern Nepal Himalaya. According to Burbank (1992), if thrusting is the
primary cause of mountain uplift, the resultant crustal thickening causes more subsidence and
deposition in the proximal parts of the foreland resulting in the restriction of the fan to the proximal area.
Contrary to this if enhanced erosion is the cause, then �exural uplift occurs across the foreland basin due
to isostatic adjustment which displaces sediments to a more distal part of the basin. The imbrication of
thrusts in duplex structure results in regional uplift compared to the single thrust that breaches the
surface, enhancing a comparatively high rate of erosion. Robinson et al. (2001) also mention the absence
of duplex structure resulted in less erosional unroo�ng in eastern Nepal Himalaya compared to western
and central Nepal Himalaya. Therefore, the activation of the out-of-sequence thrust and absence of
duplex structure in eastern Nepal Himalaya could have resulted in this asymmetric subsidence and lead
more sediments to be trapped in the proximal part of the basin, resulting in the starvation of sediments at
the distal part where the present lower member of the Middle Siwalik sub-group was deposited.

Despite this, the occasional episodic occurrence of a very thick succession of amalgamated sandstone
beds in limited thickness within the sandy meandering river system (FA3) at ca. 9.4 Ma, 7.7 Ma and 6.2
Ma suggests some change in the �uvial condition. Sandstone amalgamation usually occurs in the
central region of the channel suggesting a high rate of �ow energy, deposition and erosive capacity
(Zhang et al., 2017). The sub-angular to angular elongated mud clasts (up to 20–30 cm in length) that
are observed on the base of the amalgamated sandstone (Fig. 6-E) suggest the erosive nature of �ow and
give evidence of �ooding as discussed above. Other than this, the timing of the occurrence of these thick
succession of amalgamated sandstone succession in the present study is coeval to the timing of sea-
level fall and rise (Fig. 7). The eustatic curve of Haq et al. (1988) shows a change in the sea level around
10.5 Ma, 8.7 Ma, 6.6 Ma, 5.5 Ma and 3.8 Ma. Therefore, the occasional occurrence of this very thick
succession of the amalgamated sandstone should be the result of the interplay of high discharge and
sea-level rise. The absence of evidence related to river incision as discussed above during the sea-level
fall may be either due to the rate of sea-level fall or the shift of depositional area. If we see the eustatic
curve (Fig. 7), the rate of sea-level fall around 8.4 Ma and 6.4 Ma is not sudden and on a large scale as
observed around 10.5 Ma. Also, the dominating grain size of Facies 3 is medium- to coarse-grained
sandstone suggesting depositional area somewhere upstream to the depositional area of Facies 1,
suggesting a shift of the depositional area more proximal to the hinterland.

Anastomosing of rivers are controlled by both climatic and geological conditions where anabranching of
new channels are mainly due to the avulsion process (Nanson and Knighton, 1996; Makaske, 2001). The
frequency of avulsion increases with an increase in sedimentation rate (Bridge and Leeder, 1979; Bryant
et al., 1995) and base-level rise (Tornqvist, 1994; Makaske, 2001). The rise of the base level may be due to
the rise in the sea level (Smith and Smith, 1980) and the subsidence of the foreland basin (Smith 1986).
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The subsidence of the foreland basin and rise in the sea level during the deposition of the upper member
of the Middle Siwalik sub-group (Fig. 7) ful�ls the condition of base-level rise. Furthermore, an increase in
seasonality observed by the shift of C3 plants to C4 plants can be considered another contributing factor.
Increasing seasonality suggests strengthened monsoon (Quade et al., 1989; 1995) and an arid to semi-
arid climatic condition where bankfull discharge exceeds rarely more than once a year (Gibling et al.,
1998). Such bankfull discharge occurs during the high magnitude �oods triggered by a strengthened
monsoon. During a normal time of such conditions, deposition of the sediments takes place in-channel,
consequently, the channel loses the capacity to accommodate sediments in the next �ood and become
liable to avulsion (Makaske, 2001). Various researchers also suggested the avulsion process takes place
during a large �ood (Like Brizga and Finlayson, 1990; Mack and Leeder, 1998).

The eustatic curve after 6.0 Ma mainly shows three falls and a rise of the sea level (Fi. 7). Considering our
previous discussion this effect of sea-level change should have brought some change in the lithology, but
such distinct lithological changes are absent. The probable consideration might be the shift of the
depositional area more proximal to the hinterland. The sea-level rise resulted in an overall rise of the base
level of the foreland basin, but the deposition area was far from the sea. Therefore, it was more controlled
by the hinterland tectonics and climate. Due to this the small changes in the sea level was overprint and
was not traced on the lithology of the upper member of the Middle Siwalik sub-group. This shift of the
depositional basin towards the hinterland concerning the depositional age suggests the foreland basin
was continuously drifted north towards the hinterland.

5.3 Signi�cance of thick mudstone beds in Upper Siwalik
sub-group
The gravelly braided river system marked by the abrupt increase in the grain size to gravel size in the
Upper Siwalik sub-group indicates a shift of the depositional basins more proximal to the hinterland. The
composition of the conglomerate suggests the supply of the gravels mainly from the Ramechap and
Tumlingtar Group of the Lesser Himalaya Series. Very thick beds of sandstone (ca. 3 m) and mudstone
( 4.0 m) observed associated with a conglomerate in the present study area is quite unusual, since
studies along the Siwalik section in central and western Nepal, mention absence or very limited thickness
of sandstone and mudstone beds associated with such conglomerate (Nakayama and Ulak, 1999; Ulak
and Nakayama, 2001; Sigdel and Sakai, 2016). Generally, debris �ows are more common in inner alluvial
fan (Blair and McPherson, 1994; Miall, 2006) where boulder conglomerate are reported in both paleo and
modern �uvial system (Singh et al., 1993; Nakayama and Ulak, 1999; Ulak and Nakayama, 2001; Miall,
2006; Sigdel and Sakai, 2016). The absence of boulder size clast (where the size of clast hardly reaches
cobble size) in the present study reveals either presence of a small alluvial fans or long-distance travel of
debris �ow. If we see the modern river system in the foothill of the Himalaya many small and medium
rivers exist in between big river system. Willis (1993b) suggested the idea of small rivers in the fan and
interfan areas that drains local area. Therefore one possibility is the existence of a similar environment
where small river fans exist and share a common or proximal basin during the deposition of FA5.
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On the other hand, such progradation of gravels was reported in the Nalad Khad and Jawalamukhi
section of the Himachal Pradesh (Brozovic and Burbank, 2000). Brozovic and Burbank (2000) suggested
three hypothesises for such progradation of gravels. (1) Increase in the discharge and sediment �ux of
rivers due to climate change, (2) Initiation of the Main Boundary thrust led to signi�cant erosional relief
developing above it and (3) Decrease in the subsidence rates of the foreland basin due to gradual
hinterland erosion without major tectonism. If we consider increase in the seasonality resulting in a
strong monsoon as a factor for high discharge and sediment �ux in the present study, then similar
lithology should have been observed in the central Nepal Siwalik section, since the timing of monsoon
intensi�cation and vegetation change at the present study area and central Nepal are coeval. Therefore,
the presence of gravel progradation only in the present study area denies the possibility of climate
change as the controlling factor. In eastern Nepal, the activation of the MBT at the frontal margin of the
Himalaya already started around 5.5 Ma (Ojha et al., 2009; Rai et al., in press), but activation of the
duplex structure at the rear of the Himalaya after 4.0 Ma should have slowed down the movement of the
MBT. Hence decrease in the movement of the MBT should have consequently reduced the subsidence
rate. Therefore, either existence of the small alluvial fans or a decrease in the subsidence rate of the
foreland basin may be the reason for the gravel progradation in the present study area.

6. Conclusions
We started this study with a view that does the asynchronous exhumation of the Himalaya from west to
east and change in sea level brought any signi�cant effects on the �uvial system in the foreland basin.
From the above discussion, we came up with the following conclusions.

Five facies association are recognized in the Neogene �uvial sediments of the Siwaliks in the Muksar
Khola section of eastern Nepal. They are interpreted as �ood plain dominated �ne-grained meandering
river (FA1), �ood dominated overbank environment (FA2), sandy meandering river (FA3), anastomosing
river (FA4) and debris �ow dominated braided river (FA5). This change in the river system occurred at
around 10.5 Ma, 10.0 Ma, 5.9 Ma and 3.5 Ma respectively.

The large succession of an intraformational conglomerate in the present study gives the evidence of a
high magnitude river �ooding suggesting monsoon intensi�cation in the eastern Nepal Himalaya at 10.5
Ma as a result of uplift of the eastern Nepal Himalaya.

The present study shows the hinterland tectonics, climate and the �uctuation of the sea level has
signi�cant effects on the Neogene foreland basin in the eastern Nepal Himalaya. The sea-level rise and
absence of the hinterland exhumation during the deposition of the Lower Siwalik sub-group and absence
of duplex structure during the deposition of the lower member of the Middle Siwalik sub-group in the
eastern Nepal Himalaya resulted in the domination of the meandering river system. The rise in the base
level due to rise in the sea level rise along with subsidence of foreland basin and increase in the
seasonality is considered as the controlling factors for the domination of the anastomosing river during
the deposition of the upper member of the Middle Siwalik sub-group.
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The present study reveals continuous drifting of the foreland basin towards the hinterland. The effects of
sea-level change during the deposition of the Lower Siwalik sub-group suggests the deposition area was
more proximal to the sea and distal to the hinterland. Similarly, this effect of the sea-level change was
minimum during the deposition of the lower member of the Middle Siwalik sub-group and almost absent
during the deposition of the upper member of the Middle Siwalik sub-group.
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Figures

Figure 1

A) Location of the present study area with other previously studied Siwalik section; B) Geological Map of
the study area (modi�ed after Rai and Yoshida, 2020). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 2

Outcrop photographs of the lithofacies, A) Matrix supported poorly sorted pebble to cobble size massive
gravel (Gmm); B) Matrix supported gravel with grading (Gmg); C) Strati�ed gravel (Gp); D) Trough cross-
strati�cation (St); E) Planer cross-strati�cation (Sp); F) Horizontal lamination (Sh).
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Figure 3

Outcrop photographs of the lithofacies, A) Ripple cross lamination (Sr); B) Massive sandstone (Sm); C)
Massive mudstone with sandpipes (Fm); D) Laminated mudstone (Fl); E) Peaty mudstone (C); F)
Reddish-brown paleosols (P).
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Figure 4

Representative sedimentological log of the facies association of the Siwalik Group along the Muksar
Khola Section (Location is given in �g 5).
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Figure 5

Location of the section of facies association presented in Fig 4 in terms of the entire sedimentological
logs (left) and geological map (right). Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 6

Outcrop photographs of, A) Ripple lamination on the very �ne-grained sandstone (FA1); B)
Intraformational conglomerate with mud clast (FA2); C) Parallel to ripple lamination observed in the �ne
grained sandstone representing levee deposits (FA1); D) Amalgamated sandstone bed (FA3); E) Sub-
angular to angular mud clast observed on the base of amalgamated sandstone (FA3); F) Channel lag
deposits (FA3); G) Laterally accreted sandstone bed (FA3) ; H) Fining upward sequence observed in a very
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thick bed of sandstone (FA4); I) Silt to mudstone bed and matrix supported conglomerate (FA5); J) Matrix
supported conglomerate with sub-rounded, pebble to cobble sized clast (FA5).

Figure 7

Evolution of the �uvial style in the present study area based on a magnetostratigraphic time frame
(modi�ed from Ojha et al. 2009) and the eustatic curve (modi�ed from Haq et al., 1988).
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Figure 8

Schematic diagram showing A) Meandering river during normal �ow condition and B) Waning stage of
river after �ood.
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