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Late Cenozoic fluvial stratigraphic records of the
Himalayan foreland basin– the Siwalik Group between
Rivers Ganga and Ravi were studied and reviewed to
understand the responses of allogenic forcing at variable
timeframe. The Siwalik succession represents an upward
stratigraphic coarsening sequence which was initiated
~13 Ma and terminated and deformed by the Himalayan
Frontal Thrust (HFT) at around 0.2 Ma. Fluvial
architecture, composition and paleoflow patterns exhibits
patial and temporal variations and characteristics of a
large river that evolved around 10 Ma with southward
propagating mountain front with large gravelly alluvial
fans evolving after 5 Main the proximity of Main
Boundary Thrust (MBT). Influx of boulder- to pebblesized clasts indicatesmajor surface uplift at around 5
Ma all along the Himalaya. This uplift is more
widespread and responsible for the generation of much
of the modern drainage system. The fluvial architecture
reveals variation in temporal and spatial deposition style
at million-year scale in response to variable hinterland
topography, tectonics and climate. However, direct
climatic signatures are not evident, although stable
isotopic studies suggest variability at million-year scale,
which was overwhelmed by tectonics.

Introduction
The Himalayan foreland basin (HFB) was formed in response to
thrust loading in Himalaya during the Cenozoic. During the early
stage the basin was influenced by marine processes that gradually
changed into fully fluvial-driven continental processes at around 44
Ma (Bhatia and Bhargava, 2006, Bera et al., 2008; Sangode et al.,
2010) or at around 28 Ma with an unconformity between Subathu
and Dagshai Formations (Najman et al., 2004; Najman, 2006; Jain et
al., 2009). In the Indian part the HFB is extensively studied to
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understand the variability in depositional setting (Tandon, 1976, 1991;
Kumar and Tandon, 1985; Burbank et al., 1996; Kumar et al., 2003a;
2004a,b; 2011; Goswami and Deopa, 2018 and references therein),
marine to fluvial transition (Srivastava and Casshyap, 1983; Singh,
1978; Najman; 2006; Bera et al., 2008; Kumar et al; 2008 and
references therein), biostratigraphy, faunal evolution and migration
route (Pilgrim., 1913; Colbert., 1935; Agrawal et al., 1993; Nanda
and Sehgal, 1993; Nanda, 2002; 2013; 2015; Basu., 2004; Patnaik,
2013; Gilbert et al., 2017; Nanda et al., 2018 and references therein),
magnetostratigraphy (Azzaroli, and Naponeone, 1982; Johnson et al.,
1983; Tandon et al., 1984; Ranga Rao, 1993; Ranga Rao et al., 1995,
Sangode et al., 1996, 1999, 2003; Chirouze et al., 2012; Sangode,
2014; Govin et al., 2018 and references therein), thrusting event (e.g.
Meigs et al., 1995; Kumar et al., 1999; 2002; 2003a,b; 2011; Ghosh
and Kumar, 2000; Jain et al., 2000; Gavillot et al., 2018), exhumation
history (e.g. White et al., 2002; Jain et al., 2009; Adlakha et al., 2013;
Chirouze et al., 2013; Lang et al., 2016; Gavillot et al., 2018 and
References therein), and Indian monsoon and vegetation changes (e.g.
Sanyal, et al., 2004; 2010; Ghosh et al., 2004; Vögeli et al., 2017;
Ghosh et al., 2018; Kotla et al., 2018 and references therein).
Sedimentation pattern and fluvial architecture of late Cenozoic basin
fill stratigraphy of the HFB marked temporal and spatial variability
(Tandon, 1991; Willis 1993; Burbank et al., 1996; Kumar et al., 2011)
in terms of channels and body geometry, lateral and vertical
architecture and its relationship with flood plain fines. It also evaluated
the role of allogenic signals (such as stratigraphy base level change
during active and quiescent phase and climate effect). Moreover,
topographic variation along the strike of hinterland of HFB controlled
the precipitation pattern and probably caused architecture variability.
A decade of geodynamic modelling and physiographic evidences
inferred linkage of topography and precipitation (e.g. Beaumont et
al., 2001; Montgomery and Brandon, 2002; Burbank et al., 2003;
Wobus et al., 2005; Bookhagen and Burbank, 2006; 2010; Theide et
al., 2017 and references therein). Earlier studies inferred that almost
present-day topography of Dhauladhar Range in the Kangra sub-basin
was established before 10 Ma (Sinha et al., 2007; Deeken et al., 2011;
Theide et al., 1017), whereas it evolved after 5 Ma in Dehradun subbasin (Kumar et al., 2003a). Heavy precipitation, rapid erosion and
the syn- and post-tectonic activity are therefore interrelated and can
greatly alter the sediment load, grain-size pattern, locus of
sedimentation and hence the overall fluvial architecture.
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The present review is a compilation of late Cenozoic deposits in
the northwestern part of HFB which includes Dehradun, Subathu
and Kangra sub-basins between Rivers Ganga and Ravi (Fig. 1A and
B). These sub-basins show marked variation in fluvial architecture,
channel/overbank ratio, paleoflow pattern, clasts and minerals
composition, depositional setting and hinterland topography.
Objectives of this reviewis to provide (1) causative factors controlling
fluvial architecture between River Ganga in the southeast and Ravi
in the northwest, and (2) response of hinterland topography, tectonic
and climate on the evolution of drainage system.

Geology and study area
The Paleocene-Eocene Himalayan succession provides evidences
towards the withdrawal of the Subathu and Zanskar seas (Raiverman
and Raman, 1971; Sahni et al., 1983) in response to collision of Indian
and Eurasian plates around 55 Ma (van Hinsbergen, 2012; Najman et
al., 2010 and references therein). Subsequent thrusting and crustal
loading in the Himalaya resulted in development of peripheral HFB
in the south and foundations of the well-developed fluvial, fauna and
floral records of the world. Petro-mineralogy data reveal that the
Murree Formation received detritus from low-grade metamorphic
sequences whereas underlying Subathu predominantly comprises
sedimentary provenance (Kumar et al., 2008; Singh et al., 2009; Bera

et al., 2008). Therefore, earlier fluvial deposits of the HFB is
represented by the Murree and its equivalent (Balakot, DagshaiKasauli, Dharamshala formation), leading to uplift of the
Himalaya.
The HFB succession is exposed along the southern front of the
Himalayan orogen, trends WNW to ESE and confined by the Main
Boundary Thrust (MBT) to the north and Himalayan Frontal Thrust
(HFT) to the south (Fig.1B). The Siwaliks are thrust over modern
flat-lying alluvium of Indo-Gangetic foredeep toward south of the
HFT (Karunakaran and Ranga Rao, 1976), whereas PrecambrianCambrian Lesser Himalaya is thrust along the MBT. The HFB is
divided into a number of sub-basins such as Kangra, Subathu, Dehra
Dun by several basement highs and ridges, demarcated by transverse
lineaments ((Fig. 1C; Raiverman et al., 1983). Stratigraphy of the
Siwalik succession in the entire length of the basin is divided into
three Subgroup – Lower, Middle and Upper Siwalik. (e.g., Prakash
et al., 1980, Tandon, 1991; Burbank et al., 1996; Cina et al., 2009;
Kumar et al, 2011; Chirouze et al., 2012; Lang and Huntington, 2014;
Coutand et al., 2016; Govin et al., 2018). In the Sub-Himalaya, the
Siwalik succession is folded into anticlines and synclines. In the Dehra
Dun and Kangra re-entrants, the synclinal folded Siwaliks is overlain
by post-Siwalik Quaternary deposits.
The present study focuses on the late Cenozoic succession in the
HFB exposed between Rivers Ganga and Ravi, NW Himalaya.

Figure 1. A. Geological map of the Himalayan range showing the extent of Himalayan (Siwalik) foreland basin between the Indus and
Brahmaputra river; B. Simplified geological map of the hinterland of Himalayan foreland basin between Ravi and Ganga Rivers (modified
Karunakaran and Ranga Rao, 1976; Raiverman, 2002); C. Geological map of the northwestern part of Himalayan foreland basin showing
various sub-basin (after Raivermanet al., 1983).
MCT = Main Central thrust; MBT = Main Boundary Thrust; HFF = Himalayan Frontal Fault; SRT = Salt Range Thrust; CL = Chanab
lineament; RL = Ravi lineament; MRL = Manali-Rupar lineament; YTF = Yamuna Tear Fault; GTF = Ganga Tear Fault.
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Siwalik Group
Sedimentation Pattern
The onset of Siwalik sedimentation is not truly understood due
to insufficient information for the reconstruction of the basin geometry,
tectonic setting and litho-contact relations during the initiation of
foreland sedimentation in the Himalaya. However, sedimentation
history in combination with bio- and magnetostratigraphy has made
a greater contribution in deciphering the evolution of Outer and Lesser
Himalaya during Siwalik time. Detailed description, review and
account of previous work in this context is given by Karunakaran
and Ranga Rao (1976), Parkash et al. (1980), Tandon (1991), Burbank
et al. (1996), Najman (2006) and Kumar et al. (2011).The Siwalik
succession shows stratigraphic coarsening up and records deposition
from low-gradient sinuous to high gradient braided rivers in the form
of alluvial fans along the Himalayan mountain front, as the thrust
front propagated southward with migration of depositional lobe at
the rate of 19 ± 5 mm/yr (Mugnier and Huyghe, 2006). The Lower
Siwalik (LS) is mudstone-dominated and consists of alternating finegrained sandstones and siltstones; the Middle Siwalik (MS) is
dominated by fine-medium- to coarse-grained sandstone and up
section increase of conglomerates, whereas the Upper Siwalik (US)
is mainly composed of conglomerates interceded with sandstones and
some siltstones especially in the re-entrant. The latter is divided into
the Tatrot, Pinjor and Boulder Conglomerate formations in the salient.
The channel body connectness in the LS is <50%, >50% throughout
the MS and US succession in the re-entrant, whereas the US has
marked variability in the salient. Willis (1993) inferred variation in
the proportion of channel bodies at formations level, for example the
Chinji Formation (prior to 11 Ma) has <50% and Nagri Formation
(between 11 and 9 Ma) has >50% in the Potwar Plateau. This scheme
is not applicable in the Indian part of the HFB. For example, Dehra
Dun sub-basin (DSB) shows >90% channel body proportion between
9 and 5 Ma; Subathu sub-basin (SSB) shows >70% between 6 and 5
Ma, whereas in the KSB between 11 and 5 Ma, the channel body
proportion shows rapid changes over short stratigraphic (~ 0.5 Ma)
intervals (Fig. 2).

Sedimentary succession between Rivers
Ganga and Ravi
Dehra Dun Sub-basin (DSB)
Based on ten parallel litho-sections, lithostratigraphy of the DSB
is established that comprises the MS (sandstone-dominated) and US
(conglomerate-dominated) Subgroup (Kumar, 1993). A detailed
sedimentologic analysis of the MS Subgroup (between 9 and 5.23
Ma, based on magnetostratigraphy, Sandode et al., 1999) is described
in Kumar and Nanda (1989), Kumar (1993), Kumar and Ghosh (1994)
and Kumar et al. (2003a, b; 2004a), whereas the US is covered by
Kumar and Ghosh, (1991) and Kumar et al. (2003a). The MS
succession of the DSB (Fig. 2) represents a multi-storey sandstone
complex (900–1200 m thick), with facies variation from sandstone–
mudstone (300–450 m thick) to sandstone (900–1200 m thick) and
finally to sandstone–mudstone–conglomerate (100–250 m thick). The
grey sandstones are fine-medium to coarse-grained that occur as
multistorey units with sheet geometry. Individual stories vary in
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thickness from 0.5 to more than 3 m, each underlain by a major
erosional surface, which extends laterally for hundreds of meters.
The erosional surfaces are locally irregular, but generally planar,
although some show relief of the order of 1 m. Individual stories
within the multistorey sandstone are recognized by presence of intraand extra-formational clasts along the base of each storey, differences
in paleocurrent azimuths (in order of ±90°), and the orientation of
erosional surface. Trough cross-stratification and parallel laminations
are the dominant internal structures in these sandstones. The paleoflow
data, obtained through trough cross-stratification, shows S, SE and
SW vector modes. At outcrop level, the data sets show clustering
around the mean paleoflow direction. However, temporally and
spatially there is high variability of the order of ±90°.
The MS succession is conformably overlain by a transitional
contact of the US Subgroup. The lower part of the latter is represented
by conglomerate, sandstone and mudstone facies. These facies
typically form upward fining 3–25 m thick cycles, with erosional
bases. The conglomerate facies gradually increases up-section and is
marked by laterally and vertically amalgamated sheets of gravel beds.
These constitute dominantly clasts of quartzite (70–85%), both from
Inner and Outer Lesser-Himalaya, with minor argillite (5–10%;
including slate and phyllite), limestone (5–20%), granitoid–gneiss
(1–3%), and mafic volcanic rocks (<1%; Kumar and Ghosh, 1991).
The paleoflow data obtained mainly from clast imbrication suggest a
southwestward flowing paleo-drainage.

Subathu sub-basin (SSB)
This sub-basin falls in the salient between the Kangra and Dehra
Dun re-entrants separated by Satluj and Yamuna Rivers (Fig. 1A). It
dominantly comprises US succession having three formations–Tatrot,
Pinjor and Bounder Conglomerate, with LS and MS. The MS is
exposed along southeastern part (Fig. 2) whereas the LS (Nahan
Formation; Sen, 1981) is overriding the MS and US along the Nahan
Thrust. The sedimentology is based on four measured sections at
Haripur (Kumar et al. 1999); Khetpurali, Moginand and Ghaggar
(Kumar and Tandon, 1985; Kumaravel et al. 2005).
Magnetostratigraphic study (Tandon et al., 1984; Sangode et al., 1996;
Kumaravel et al., 2005) suggests that the exposed succession is
deposited between ~6 and ~0.5 Ma south of the Nahan Thrust.
In the southeastern parts, the MS, deposited between ~ 6 and 5.5
Ma, pinches out towards northwest, and consists of thickly bedded
(>40 m) multistorey grey sandstone with minor mudstones displaying
trough cross-stratification. The intervening massive mudstones are
brown to grey and contain calcrete nodules. Immature paleosols and
bioturbation features are commonly observed in the mudstone.
Paleoflow data obtained through trough cross-stratification shows
southeasterly trend. After ~5.5 Ma, deposition of US was initiated as
the Tatrot, Pinjor and Boulder Conglomerate formations. In the Tatrot
Formation (~5.5–2.58 Ma) three types of sandstone bodies are
observed: (i) major grey sheet bodies (W/D >100), (ii) minor grey
sheet bodies (W/D > 15 < 100), and (iii) ribbon bodies, both grey and
buff (W/D <15). The ribbon sandstone bodies are associated with
higher proportion of overbank deposits. A distinct conglomerate body
is observed at 2.6 Ma at the Tatrot-Pinjor formational boundary; these
bodies substantially increase up-section in abundance. In the Pinjor
Formation, the minor grey sheet sandstone is accompanied by preTertiary clast–bearing conglomerates (Fig.2). These conglomerates
are stratified, imbricated and are composed of subangular to

Figure 2. Simplified lithosections of DSB, SSB and KSB marked temporal and spatial variation in fluvial architecture, channel connectedness and clasts composition with chronologic age
obtained through magneto-stratigraphy.
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subrounded clasts of quartzite with minor limestone, phyllite, slate,
chert, granitoid, and rare basic igneous rocks similar to clasts
composition of DSB (Kumar et al., 2003a). Clast size ranges from 10
to 15 cm, with the largest clasts of 20 cm in diameter. The paleoflow
directions of grey and buff sandstones are almost perpendicular to
each other and show SW (mean 226°) and SE (mean 159°) trend,
respectively (Kumar et al., 1999).
At the contact between the Pinjor and the Boulder Conglomerate
formations (~1.77 Ma), the conglomerate clast composition changes
from the Lesser Himalayan–derived quartzite to Sub-Himalayan–
derived (Tertiary) sandstone (Fig.2). The conglomerate beds are 1–6
m thick in the basal part of the Boulder Conglomerate Formation.
These conglomerates are stratified, imbricated and composed of
subrounded to subangular clasts which are embedded in buff sandy
muddy matrix, interbedded with buff sandstones and abundant
mudstones (overbank/channel deposit ratio >5). The size of the
conglomerate bodies, clast size (up to 50 cm) as well as angularity
increases up section. The conglomerates have abundant muddy matrix
and are weakly imbricated. Paleoflow trends, obtained through trough
cross-stratification and clasts imbrication, are marked dominantly
toward S-SE.
In the north-westernparts of the area, thickness of the Tatrot
Formation decreases and exhibits similar characteristics as those in
the southeastern part (see Kumar and Tandon, 1985), except that there
is an absence of pre-Tertiary clasts with SE paleoflow trend. Up
section, the Pinjor Formation comprises only buff sandstone of sheet
and ribbon geometry with southerly paleoflow direction; it gradually
passes upwards in to Bounder Conglomerate Formation.
Conglomerates of this formation have similar characteristics as in
the southeastern part, however, these consist only of Tertiary clasts.
Paleoflow direction, obtained from clast imbrication, show S-SW trend
with high azimuthal variability. However, the Boulder Conglomerate
Formation have a time transgressive lower contact ranging from
1.77 to 1.16 Ma (Fig. 2). The formation represents alluvial fan
sedimentation, which was initiated at ~1.77 Ma in the southeastern
(Haripur) and northwestern Ghaggar River sections,whereas its
timing is at ~1.16 Ma between at Khetpurali and Moginand sections
(Tandon et al., 1984; Kumaravel et al., 2005; Kumar et al., 2007;
2011).

Kangra Sub-Basin (KSB)
The Siwalik succession in the KSB is divided into the northern
and southern belt by the Jawalamukhi Thrust (JMT; Fig. 1B). All the
three Subgroups LS, MS and US are well exposed in the northern
belt, whereas only the MS and US are exposed in the southern belt.
Magnetostratigraphic studies by Johnson et al. (1983), Meigs et al.
(1995), Brozovic and Burbank (2000), Sangode et al. (2003) and
Sinha et al. (2005) suggest that the succession exposed, north of the
Jawalamukhi Thrust, were deposited between ~13 and~3.5 Ma, though
upper age appears to be ambiguous.
Sedimentology of KSB is based on eight litho-stratigraphic
sections: two sections in the northwestern part at Katilu Khad and
Nagrota (Sinha et al.,2005, 2007) and the remaining sections in the
southeastern part at Kotla-Brail and Ranital-Kangra (Sangode et al.,
2003; Kumar et al., 2004b), Kangra and Nalad Khad (Brozovic and
Burbank, 2000), Jawalamukhi (Meigs et al., 1995) and Haritalyangar
section (Johnson et al., 1983). The entire area exhibits remarkable
variation in fluvial architecture and paleoflow pattern.
Episodes Vol. 43, no. 1

Southeastern Area
Marked temporal variations in sedimentation pattern
(Fig. 2) are observed in ~3 km thick succession (cumulative
thickness) encompassing upper part of LS, MS and US Subgroups.
These sediments essentially represent cycles of alternating channel
and overbank facies. Proportion of channel bodies shows temporally
increasing trends along Ranital–Kangra (RK) section (Fig. 2).
The LS consists of interbedded dark grey fine-grained sandstone and
purple brown mudstone; the latter exhibits pedogenesis with calcrete,
bioturbation and rootlets. The sandstones are thin (0.8 to 2 m) with
ribbon geometry (W/D =<15) and some beds display trough-cross
stratification and ripple marks. Mean paleoflow, obtained by trough
cross-stratification, is toward south (Mean–182°) with minor modes
toward southeast (Kumar et al., 2004b). The MS exhibits variations
in fluvial architecture and colour of sandstone. The sandstone
represents sheet geometry with low mudstone content. Variation in
channel body proportion is of the order of 200 to 300 m stratigraphic
interval (Fig. 2). Within the individual fluvial cycle, the percentage
of overbank facies (includes crevasse splay and levee deposit)
varies from 20 to 80 percent. Single to compound paleosol–bound
overbank sequences are common. The paleosol shows grey and green
mottling and possesses calcareous and ferruginous concretions.
The conglomerate facies in the MS (between ~8.7 and 7.0 Ma), are
well stratified, imbricated and fining upward beds of 1 to 2 m
thickness, comprising of rounded to well-rounded clasts of
quartzite, basics, granite/gneiss and sandstone. Initially these
conglomerates show coarsening up succession up to ~7.2 Ma,
followed by fining upward succession. The conglomerates within MS
are observed at 10.0 Ma in the Nalad Khad section (Brozovic and
Burbank, 2000), about 40 km NE from the RK section with
southwestward paleoflow direction and thus prograde southwestwards with decrease in bed thickness and clast size, and
simultaneous increase in matrix proportion. Further west, percentage
of coarse-grained facies decreases with increased mudstone
as observed in the Kotla-Brail section (Fig. 2). However, cycle
thickness is almost similar to the RK section, where channel body
proportion is 50% that increases in the southeastern side up to 80
percent and decrease in the northwestern part in Kotla-Brail Khad
section to only 36%. Paleoflow pattern of the MS marks major change
from S-SE (LS) to SW with mean azimuth toward 239°, parallel to
the basin axis.
Thick accumulation of conglomerate of the US succession
(~2000m thick) is observed after 6 Ma with sandstone and
rarely mudstone beds in the lower part and thickly bedded
conglomerates in the upper section with increasing clasts size in
the all measured sections. The conglomerates are poorly to
moderately sorted, with subrounded to rounded clasts, crudely
stratified and transverse imbrication clast fabrics; the beds show
sheet geometry. Clasts are matrix-supported but clastssupported pebble, cobble and boulder–conglomerates are also
present. Clast size ranges from 10 to 40 cm, reaching to a maximum
of 50 cm in the up-section. These conglomerates are truly
polymictic and include crystalline white (40–60%) and pink
quartzite (10–15%), limestone (15–20%), granite/gneiss (5–10%),
sandstone (Tertiary, 14–18%), basic volcanic (1–4%) and
others (4–10%). The paleoflow trend is towards SW with
mean 250° and a high variability of the order ± 40º (Kumar et al.,
2004b).
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Northwestern Area

Discussion

Compared to the southeastern area, the associated facies are
different all together in the northwestern area (Fig.2). North of the
JMT, the Katilu Khad and Nagrota sections have similar
characteristics. Sedimentologic studies in the area were made by
Tandon and Rangaraj (1979) and Sinha et al. (2005, 2007, 2008).
The Siwalik succession in this area was deposited between ~12.7 and
~2Ma (upper age ambiguous), and shows varying percentage of
channel and overbank cycle (Fig. 2). Based on lithostratigraphy, it is
difficult to recognise the LS and MS, as both have similar lithofacies
association. Multistorey, vertical and lateral amalgamated mediumto fine-grained, fining upward, 7 to 18 mthick, grey sandstone occurs
between 12.7 and ~6 Ma with up section decreasing trend. Internally,
the channel sandstone shows erosional surfaces, trough and planar
cross-stratification, ripple marks and rarely parallel lamination. These
sandstones pass upward into overbank facies with sharp contacts
which include paleosol–bound mudstone, levee and crevasse splay,
fine-grained buff ribbon sandstone and lacustrine deposits with
varying thickness within individual cycle from 34 to 176 m. The buff
sandstones are fine-grained with ribbon geometry bound by mudstone
and are massive, but some beds display trough cross–stratification
and ripple marks.The mudstones are in general purple and at places
variegated colour and have several mature to immature paleosol
horizons as both isolated and compound profiles. At ~ 8.39 Ma
(Fig. 2), distinct conglomerate bed is observed comprising 2-10 cm
clasts of granite/ gneiss, mylonite gneiss, greenish, grey and white
quartzite, schist, limestone and sandstone. The average clast-size,
proportion and frequency of conglomerate beds gradually increase
with decrease grey sandstone up section and finally disappear at the
contact of US at ~6 Ma. The paleoflow data shows high variability
with mean azimuth direction 98º for the grey sandstones, whereas
210º for buff sandstones, almost perpendicular to each other (Sinha
et al., 2007).
After ~5.7 Ma, ~1500m thick, laterally amalgamated and
multi-storied conglomerates of the US are massive to crudely
stratified and at places trough cross-stratified. Further up section,
thickly bedded, amalgamated sheet conglomerates are present.
Lenticular body of medium- to coarse-grained sand lenses
(~50-60 cm thick) and mudstones (20-40 cm thick) are also
present. They have similar characteristics as in northeastern part,
except that these differ in paleoflow direction toward S-SW with
azimuthal mean 230° and clast composition. These conglomerates
comprise greenish, grey and white quartzite (12-35%), granite/
gneiss (10-27%), mylonite gneiss (1-5%), schist (1-5%), siliciclastic
(20-35%), slate (1-3%) and limestone (2-15%) and sandstone (1040%). The paleoflow pattern obtained through clast imbrication
reveal S-SW with azimuthal mean 230º and high variance in order
of ±60°.
Aforesaid data reveal variation in fluvial architecture,
paleoflow pattern and clast composition in the SE and NW part
of the Kangra sub-basin. The MS, although deposited by
opposite flowing axial river having similar architecture, shows
dominancy of S-SW trending transverse stream deposits in
northwestern area. However, during the US time, alluvial fan
progrades toward SW along basin axis in the southeastern area,
whereas it is S-SW–directed in the northwestern area. Granite clasts
and percentage feldspar are high in the northwest as compare to
southeast.

Depositional environment
The Siwalik succession between the Rivers Ganga and Ravi,
representing alternate re-entrant and salient along the strike, shows
distinct variation in fluvial architecture, composition and paleoflow
pattern, although all the sub-basins represent stratigraphic coarsening
upwards. Sedimentation pattern broadly reveals that the depositional
setting varied at sub-basin scale during late Cenozoic in the HFB.
The LS is present in the KSB and SSB on the hanging wall of the
Nahan Thrust. However, Johnson et al. (1983) correlated Nahan
Formation with MS in the Haritalyangar area of the KSB. Associated
facies and paleoflow data suggest its deposition by S-SE flowing
high sinuosity streams with broad floodplain and pedogenic alteration
due to sub aerial exposure (Meigs et al., 1995; Burbank et al., 1996;
Kumar et al., 2004b).
The MS of the KSB exhibits high variability as compare to DSB
and also differ in the SE and NW part although they have similar
hinterland and high relief. In the SE area, the MS of KSB in the RK
section deposits by confined, gravelly braided stream flowing toward
SW direction with well-defined floodplains. Thick conglomerate facies
deposited in the form of alluvial fan, between 10 and 7.2 Ma, is
observed in the extreme NE part of the basin along Nalad Khad section
which prograde towards SW. This suggests that development of the
MS gravelly alluvial fan was initiated around 10 Ma at Nalad Khad
area, progrades south-westward along basin axis and tapered toward
southwest in RK section. This resulted into a gradual change from
unconfined to confined channel in the span of 40 km (without
balancing). Further downstream, in the Kotla-Brail section (Fig. 2),
gravel progradation was delayed and inferred depositional pattern
exhibits marked transition from meandering to braided stream with
well-developed floodplains (Kumar et al., 2011). On the other hand,the
MS were deposited by the southeast–flowing braided stream in the
area. Although sedimentation in both the areas took place by axial
river flowing opposite to each other, time–equivalent transverse
piedmont stream (TPS) deposited sediments in the sheet flood
environment (Sinha et al., 2007), and are dominant in the northwestern
part that interfingered with axial river deposits. Vertical stacking of
axial and TPS deposits indicates that both the stream types have
changed their position several times between 12 and 6 Ma (Sinha et
al., 2007). These two time-equivalent fluvial systems interfinger with
each other, but display distinct facies. Presence of conglomerate in
the TPS suggests high energy conditions and gradient that gradually
increased up section resulting in migration of the axial drainage toward
farther edge of the basin. This further suggests that the TPS deposits
gradually convert into alluvial fan toward basin margin and transition
from TPS to alluvial fan was responsible for totally dislodging axial
river deposits. On the other hand, the MS of DSB (9.0–5.23 Ma)
shows radial paleoflow pattern and deposited by sheet floods
environment in the form of a southward prograding sandy alluvial
fan, deposited by southeasterly flowing axial braided river in the SSB.
Both in the KSB and DSB, the US Subgroup have >2000m thick
conglomerate in the vicinity of basin margin, having high degree of
paleoflow variability, rapid variation in clast size (laterally and
vertically), non-erosive lower contact and coarsening upwards
sequences; all these suggest deposition by unconfined channels in
the distal to medial alluvial fan (Kumar and Ghosh., 1991; Kumar et
al, 2004a; 2011; Sinha et al., 2007). Although these conglomerates
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were deposited in the form of alluvial fans, these have different
depositional settings and progradation directions. In the northeastern
part of the KBS, fans prograde along the basin axis in the SW direction,
whereas these were transverse to mountain in the DSB and
northwestern part of KSB. The depositional setting of sedimentary
succession of the DSB is marked by two overlapping sandy (MS)
and gravelly (US) alluvial fans (Kumar and Ghosh, 1994). The SSB
has varied history of facies associations and fluvial architecture.
Between 5.23 to 1.77 Ma facies associations (Tatrot and Pinjor
Formations) show interfingering of grey, sheet and buff, ribbon
sandstone bodies. The grey sheet sandstones associated with quartzite
clast–bearing conglomerate after 2.6 Ma were deposited by southwestward flowing transverse trunk stream. In contrast, buff ribbon
sandstone, bounded by overbank deposits without lateral migration
features, reveal deposition by south-eastward flowing laterally fixed
channel forming the tributary of trunk stream (Kumar et al 1999,
2003a, b). After 1.77 Ma and up-section, quartzite clast–bearing
conglomerate is replaced by sandstone clasts–bearing conglomerate,
which was deposited in the form of proximal to distal alluvial fan
setting, prograding into S-SE direction and dislodged completely the
southeasterly flowing trunk drainage from this basin.

Clast composition variability
Truly polymictic clast composition varied at sub-basin scale and
was dependent on the hinterland lithology. The eastern part of the
KSB comprises dominantly quartzite clasts (both white and pink),
limestone, granite/gneiss (<5%), sandstone (Tertiary), basic volcanic
and low- grade metamorphics and reveals complex provenance, having
rock types from the hanging wall of both the MBT and Chail Thrust
(MCT). Some clasts (up to 18%) have been cannibalized from the
foreland basin sediments (Meigs et al., 1995; Raiverman, 2002; Kumar
et al., 2004b). In contrast, in the northeastern area, percentage of
granite/gneiss increases up to 30% with decrease of quartzite (1235%) and other clast types, and suggest major source from the Chail
Nappe and Dauladhar granite (Sinha et al., 2008). The DSB has
dominant quartzite with subordinate amount of limestone, shale,
siltstone, sandstone, phyllite, schist, slate, granite-gneiss and basic
rocks. Among the quartzite clasts, 60–70% are from the Outer Lesser
Himalaya and the 10–15% represent the Inner Lesser Himalaya. Upsection and laterally toward SW, quartzite clasts increase from 70%
to 85%, with decrease in limestone and granitoid clasts (Kumar and
Ghosh, 1991). In contrast, the SSB has dominant quartzite clasts
similar to the DSB up to 1.77 Ma and up section, these are replace by
the Tertiary clast (Kumar et al., 1999; 2003a).

Tectonic, Climatic and topographic affects
The Siwalik succession between Rivers Ganga and Ravi shows
marked variation in fluvial architecture, composition, paleoflow
pattern and depositional setting. Such variations in the basin fill
stratigraphy can be gained by past environmental changes as well as
changes in hinterland tectonics, topography, composition and climate
(Bridge, 2003). The foreland stratigraphy was largely controlled by
thrust sheet evolution that controlled the sedimentation (e.g. Chapman
and DeCelles, 2015). It is also affected by regional isostatic uplift by
exhumation and uplift associated with advancing thrust wedge or
retrograde migration of the forebulge (Quinlan and Beaumont, 1984;
Flemings and Jordan, 1990; Sinclair et al., 1991). The exhumationEpisodes Vol. 43, no. 1

orography-climate relation is significant during the late Cenozoic
evolution of HFB and exhibits strong relationship between tectonic
uplift and climatic variation. Broadly, varied fluvial architecture,
paleoflow direction and composition between Rivers Ravi and Ganga
reveal following aspect: (i) fluvial architecture shows contrast variation
at the transition from LS to MS at ~10Ma from ribbon to thick
multistorey sandstone with change in paleoflow direction; (ii) thick
conglomerate appears at ~6 to 5 Ma, with variation in SSB; (iii)
drainage re-organisation in the southeastern part of KSB at 10 Ma
and at 5 Ma at DSB; (iv) axial drainage dislodged at ~5.5 Ma in the
NW part of the KSB and SSB, and (5) southwestward flowing trunk
stream totally dislodge after 1.77 Ma in the SSB. Apart from this,
basin–scale variation is observed in the SSB at 4.8 Ma, and exhibits
partitioning of the basin with peak activity at 1.77 Ma (Kumar et al.,
1999, 2002, 2003a, b; Ghosh et al., 2003; Suresh et al., 2004).
Similarly, the DSB also records re-activation of the MCT at around
7.5 Ma (Sandoge et al., 1999; Ghosh and Kumar, 2000; Kumar et al.,
2004a). The two major events at 10 and 5 Ma are further discussed,
since these mark major changes in the HFB and are regionally
significant especially in its NW sector.
The 10 Ma event is represented by creation of a big river system
with broad catchment area in the Higher Himalayan region and
enhanced net sediment accumulation rate. During this time mass
accumulation rate in the Ganga Basin and Bay of Bengal drastically
increased (Schumm and Rea, 1995; Métivier et al., 1999, Clift, 2006).
Similarly, at 5 Ma sudden influx of conglomerate facies was interpreted
as the reseult of major uplift and creation of new mountain front.
This uplift is widespread throughout the Himalaya and is responsible
for the modern drainage system in the foreland (Abbasi and Friend,
2000; Kumar et al., 2003b). However, in the salient, conglomerate
flux appeared after 1.77 Ma which was related to partition of the
foreland basin and creation of piedmont system (Kumar et al., 1999,
2002).
Apart from tectonic controls on basin fill, climate has also exerted
an influence on the overall distribution of grain size and rate of
sediment supply to the basin. Reconstructions of weathering in East
Asia show that faster erosion correlates with more humid, warm
climates in the early–middle Miocene, changing to less erosive, drier
climates after 14 Ma when Antarctic glaciation began (Clift, 2006).
Mineralogical data suggest major source was the Higher Himalayan
Crystalline around 10 Ma (Najman et al., 2006; Sinha et al., 2008).
During this time, the Bengal basin also received higher input from
Higher Himalayan Crystalline. This suggests topography of Higher
Himalaya forms an orographic barrier for high precipitation and hence
enhance exhumation. The topographic gradient of the HFB is highly
variable for re-entrant and salient. The topography in the KSB rises
abruptly from the low-lying Gangetic Plain in the south to a series of
peaks exceeding >4000 m in the Chamba Nappe to the north before
10 Ma (Deeken et al., 2011; Sinha et al., 2005; Theide et al., 1917),
whereas these were ~2000m along the MBT at >5Ma in the DSB
(Kumar et al., 2003a) and gentler in the SSB (Raiverman, 2002).
Therefore, orographic–controlled precipitation in the re-entrant is high
as compare to salient. The fluvial architecture around 10 and 5 Ma
suggests gradual increase in river size and its discharge as a result of
orographic–controlled increased precipitation of both in the DSB and
KSB, having source from the Himalayan crystalline and Lesser
Himalaya. Carbon and oxygen isotope ratios of soil carbonate nodules
and carbon isotope ratio of associated organic matter also indicated
that monsoon intensified around 10 to 6 Ma with changes in vegetation
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Figure 3. Schematic depositional model illustrating chronologic-wise modifications and spatial relationship of fluvial system between River
Ravi and Ganga (displacement of various transverse lineaments are adjusted to give the prefaulting scenario). MCT= Main Central Thrust;
MBT= Main Boundary Thrust. (Adopted from Kumar et al., 2011).
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from C3 to C4 grasses types around ~6 Ma (Sanyal et al., 2004; Sinha
et al., 2009). Kumar et al. (2011) proposed a conceptual tectonoclimatic controlled depositional model showing temporal and spatial
variation in depositional realm (Fig. 3).

Conclusion
In the peripheral Himalayan Foreland Basin, the Late Cenozoic
Siwalik Group deposits were initiated at 13Ma and terminate at around
0.2Ma. This basin received detritus from the rising Himalaya with
southward propagating mountain front. Sedimentary succession
marked spatial and temporal variation in fluvial architecture, channel/
overbank ratio, paleoflow direction, clasts and mineralogical
composition, depositional environment that were governed by both
allogenic, autogenic and autogenic processes as well as hinterland
topographic variation. Rapidly increasing topographic gradient in the
HFB was responsible for contrasting fluvial architecture between the
Rivers Ganga and Ravi. In the low relief-low gradient landscape, the
erosional rate is slower as compared to high relief landscape. This
contrasting architecture also favoured the variability in climate and
tectonic forcing which influenced landscape-scale of erosion rate.
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