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Every river basin is characterised by an evolutionary
history, which may be analysed at different time scales.
This study provides a geological and geomorphic history
of different river basins of India at different time scales
ranging from millions of years to millennial time scales.
The river basins in India are divided into six different
groups on the basis of different tectono-climatic settings
and geomorphic characteristics. The evolutionary
trajectories in the past strongly govern the modern day
geomorphic characteristics and processes in a river
basin. The basin scale data compiled in this paper
highlights the role of geological inheritance and
‘landscape memory’ in the evolution of river systems of
India.

Introduction
Tectonic processes, climatic perturbations, and their interactions
at long time scales exert primary controls on the trajectory of landscape
evolution, which defines the physical appearance of a landscape
(Bishop, 2007). Brierley (2010) further highlighted the inherent
controls of landscape characteristics on present-day river morphology
and processes and defined ‘landscape memory’ on river systems.
Landscape memory was further divided into geological, climatic and
anthropogenic memory, which strongly controls the appearance and
behaviours of modern riverscapes (Brierley, 2010). Geological
memory was referred to in the context of inherent properties such as
lithology, presence of faults and lineaments, and tectonic forcings.
Such geological controls are inherited in the landscape and determine
its topographic characteristics such as elevation, slope and relief, and
rock erodibility (Brierley, 2010). Geological characteristics and history
of a region also defines the shape of a river basin, which further
influences water and sediment fluxes in the channel (Tandon and
Sinha, 2007). Further, climatic conditions in a river basin were defined
as ‘climatic memory’in river systems, which directly and indirectly
controls the flux variability in river systems (Brierley, 2010).
Therefore, the geomorphic characteristics of a river basin in any region
are linked to the evolutionary history of the region and the
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contemporary basin physiography bears the imprints of the past river
processes. Such parameters serve as boundary conditions within which
the present day landscape-forming processes operate (Brierley and
Fryirs, 2005). The elevation and relief of a region influence the
orographic precipitation and also determine the potential energy of
water flowing downslope. The coupled effect of climate and tectonics
is crucial for the long-term sustenance of river basins. While uplift
creates relief, runoff and discharge facilitate erosion for the
maintenance of hill and channel slope (for water and sediment
transfer). Lithology and inherent structural discontinuities dictate the
sediment availability, and the prevailing climatic conditions determine
the sediment transport and redistribution rates.
The topographic characteristics of the river basins in India display
a wide range of tectono-climatic settings and therefore the deep rooted
imprints of geological and climatic memory. Each landscape has its
own unique history of evolutionary events. While tectonic uplift rate
has exerted primary control on the formation of high elevation
mountain ranges in the Himalaya, the peninsular region of India is
characterised by relatively lower topography owing to the absence or
insignificant level of active tectonic events in the recent past. The
imprints of past geological processes are very prominent among the
river basins in Peninsular India as many of them have their main
channels developed along rift basins and lineaments which were active
during the Proterozoic and reactivated in later phases of rifting of
Pangea.
The significance of the age of relief formation on the drainage
characteristics is evident among the coastal rivers. The escarpments
along the western coast are higher than those along the eastern coast
of India owing to the differences in geological history and evolution.
Hence, rivers along the western coast differ in behaviour
geomorphologically compared to the eastern coast rivers. This
exemplifies the importance of landscape memory on river processes.
Here we present a review to understand the evolutionary
trajectories of river basins in India at time scales ranging from millions
of years to millennia. This work also assesses the controls of past
geological processes on present-day river basin morphology and
appearance of the major river basins in India. Based on the similarity
and differences in geomorphic characteristics, a classification of the
major river basin types has been made. The roles of past processes on
the modern day system were analysed for these different classes of
river systems. This approach is not only useful to comprehend the
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inherent controls on diversity in process-form relationships in different
river basins of India, but also helps to understand evolutionary
trajectory of a river system.

Major River basins of India
Indian rivers have been divided into 25 river basins comprising
of major and minor river basins (Water Resource Information System,
India) (Fig. 1). These river basins are markedly different in terms of
hydrological and basin scale physical characteristics. We have further
grouped these river basins on the basis of their geological evolution,

climatic and sediment transport characteristics in the diverse tectonoclimatic settings (Table 1). The rivers of the Indian sub-continent has
been classified into six major types, namely (I) Antecedent large
Himalayan rivers; (II) Himalayan foothills-fed rivers; (III) North
flowing cratonic rivers; (IV) West flowing peninsular rivers; (V) East
flowing peninsular rivers; (VI) Coastal rivers along the Western Ghats
Escarpment.

Antecedent large Himalayan rivers
The antecedent large Himalayan rivers originate from continental

Figure 1. River basin boundaries of the major river basins in India superposed on SRTM DEM. (1-Indus up to border, 2 a-b-Ganga and
Brahmaputra, 3-Godavari, 4-Krishna, 5-Cauvery, 6-Subarnrekha, 7-Brahmani-Baitrni, 8-Mahanadi, 9- Pennar, 10-Mahi, 11-Sabarmati,
12-Narmada, 13-Tapi, 14-West flowing coastal rivers, 15- East flowing rivers between Mahanadi and Godavari, 16- East flowing rivers
between Krishna and Godavari, 17- East flowing rivers between Krishna and Pennar, 18- East flowing rivers between Pennar and Cauvery,
19- East flowing rivers from Tadri to Kanyakumari, 20- West flowing rivers of Kutch and Saurashtra including Luni, 21- Minor rivers
draining into Bangladesh, 22- Minor rivers draining into Myanmar, 23- Area of North Ladakh not draining into Indus Basin, 24- Drainage
area of Andaman & Nicobar Islands, 25- Drainage area of Lakshadweep Islands)
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Table 1. Physiographic characteristics of the major river basins (source: Sonam and Jain, 2018; WRIS Report, 2014)
River basin type

River basin
name

Total length
(km)

Basin area
(km2)

Relief
(m)

Lithology

Bhagirathi

177

6921

4432

Medium to high grade metamorphic rocks of
the Higher and Lesser Himalayas

Alaknanda

159

10882

4519

Medium to high grade metamorphic rocks of
the Higher and Lesser Himalayas

2284

908828

4992

Medium to high grade metamorphic rocks of
the Higher and Lesser Himalayas, Alluvium

Yamuna

1376

331030

2183

Medium to high grade metamorphic rocks of
the Higher and Lesser Himalayas, Alluvium

Ghaghra

1183

131883

4587

Sediments of the Tethys Himalaya and Siwaliks,
and medium to high grade metamorphic rocks of
the Lesser and Higher Himalaya, Alluvium

Gandak

778

42464

5392

Sediments of the Tethys Himalaya and Siwaliks,
and medium to high grade metamorphic rocks of
the Lesser and Higher Himalaya, Alluvium

Arun-Kosi

736

60164

8019

Sediments of the Tethys Himalaya and Siwaliks,
and medium to high grade metamorphic rocks of
the Lesser and Higher Himalaya, Alluvium

Rapti

642

14691

1735

Medium grade metamorphic rocks of the Lesser
Himalaya and Siwalik sediments

Ramganga

566

22471

1968

Medium grade metamorphic rocks of the Lesser
Himalaya and Siwalik sediments, Alluvium

Ganga (along
the Bhagirathi
River and up
to Farakka)
Antecedent large Himalayan rivers

Himalayan foothills-fed rivers

North flowing cratonic rivers

West flowing Peninsular rivers
East flowing Peninsular rivers

Coastal riversalong the Western
Ghat Escarpment

Baghmati

470

3720

1709

Sandstones, Alluvium

Kamla balan

369

2980

589

Sandstones, Alluvium

Chambal

960

143219

234

Quartz arenite, sandstones

Betwa

590

46580

364

Quartz arenite, sandstones

Ken

427

28058

350

Quartz arenite, sandstones

Son

881

70055

500

Quartz arenite, sandstones

Narmada

1312

98796

900

Basalts, Granitic-gneisses, alluvium

Tapi

724

65145

752

Basalts, Granitic-gneisses, alluvium

Godavari

1465

312812

1067

Basalts, medium to high grade metamorphic rocks
like (Schists and Granitic-gneisses), alluvium

Krishna

1400

258948

1337

Basalts, medium to high grade metamorphic rocks
like (Schists and Granitic-gneisses), alluvium

Cauvery

800

81155

1341

Granitic-gneisses, high grade metamorphic rocks
like charnokites, khondalites, and alluvium.

-

55940

max 2500

Many
Independent
rivers flowing

collision belts, with their trunk streams mostly transverse to the
growing mountain range (Gupta, 1997; Tandon and Sinha, 2007)
(Fig. 2). The average topographic characteristics of the antecedent
rivers of the Ganga basin exhibit three distinct zones: (a) the northern
most part of these large antecedent river basins comprise of low relief
but high elevation (~5, 000 m) part of the Tibetan Plateau north of
the Indus-Tsangpo suture zone, (b) the high relief and highly rugged
Higher Himalaya region (bounded by the South Tibet Detachment
Zone (STDZ) in the north and Main Central Thrust (MCT) in the
south), (c) lower relief terrain of the Lesser Himalaya (bounded by
the MCT in the north and Main Boundary Thrust (MBT) in the south)
and the Siwaliks (bounded by the MBT in the north and Main Frontal
Thrust (MFT) in the south). Large part of higher elevated Higher
Episodes Vol. 43, no. 1

Basalts in northern part and high grade
metamorphic rocks in southern part

Himalayan region is also characterised by vast glacier cover.
Hinterland tectonic uplift of the Himalaya together with the monsoon
precipitation has played the key role in sustenance of such large river
basins and the transportation of huge amounts of water and sediment.
Sinha and Friend (1994) defined these river systems as mountain-fed
rivers, which are characterised by large basin area and multi-channel
drainage systems with very high discharge and sediment load.
Within the hinterland area (upstream of mountain front), the large
Himalayan antecedent rivers are characterised by incised bedrock
channels. These rivers are characterised by high stream power values
varying from ~10,000 to 1,30,000 W/m (Fig. 2b-e) (Sonam and Jain,
2018) and consequently high denudation rates in the range of 0.5 to
2.4 mm/yr (Lupker et al, 2012). The Ganga and Yamuna rivers within
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Figure 2. (a) Geological map of the Ganga River basin (modified from Sonam and Jain, 2018). (b-c) Longitudinal profiles of the Ganga
and the Arun (Kosi basin) Rivers; (d-e) Stream power distribution along river long profile of Ganga and Arun (Kosi basin) rivers
the western Ganga plain (WGP), are braided channels with a narrow
incised valley (Sinha et al., 2005a). There are cliffs up to 15 to 30 m
above the modern channel of different rivers draining the WGP
(Gibling et al, 2005; Shukla et al., 2012). In contrast, the Kosi and
Gandak rivers in the eastern Ganga plains (EGP) are both characterised
by high relief and high precipitation. The Kosi and Gandak rivers are
characterised by high annual discharges (2256 and 1,555 m3/s
respectively) and high modern sediment loads (~43 and 82 Mt/yr)
close to their mouths (Jain and Sinha, 2003a; Sinha et al., 2005a;
Sinha et al., 2019). Consequently, large alluvial fans have developed
at the mountain exit of the Gandak and Kosi rivers as they enter the
plains because of low topographic gradients and longitudinal slopes.

Himalayan foothills-fed rivers
Foothills-fed rivers originate in the Lesser Himalaya or in the
Siwaliks (Sinha and Friend, 1994). The Ramganga, Rapti, Baghmati,
and Kamla-Balan (mixed-fed) rivers lie in this category (Fig. 2a).
Unlike the large antecedent Himalayan rivers, the foothills-fed rivers
have a larger percentage of their total basin area in the alluvial plains
and have a number of plains-fed tributaries feeding its main channel.
These are mostly sinuous single thread channels, though the upstream
part near the mountain front shows braided pattern (Sinha and Friend,
1994; Jain and Sinha, 2003a). Although the smaller foothills-fed rivers
do not have large catchments, or high relief in their hinterland, they
March 2020
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do receive high sediment supply from the Siwaliks and experience
intense flooding during the monsoon period. These floods form
extensive overbank spreads of mud alluvium in the interfan areas
(Sinha and Friend, 1994; Jain and Sinha, 2004). Active tectonics along
subsurface faults in the alluvial plains area has also played an important
role in controlling the present day river morphology and processes
via changes in channel bed slope (Jain and Sinha, 2005).
Generally, planform morphology of foothills-fed rivers is
meandering with braided nature only for reaches near the mountain
exit. The channel cross-section width is narrow (112 – 240 m) with
low width-depth ratio (Jain and Sinha, 2003a). Channel sinuosity is
as high as 1.8 in some reaches of the Baghmati river (Jain and Sinha,
2005). These rivers have high suspended sediment concentration and
low discharge (300 to 2500 cumecs). The sub-surface sedimentary
sequence generated by the foothills-fed rivers therefore consists of
thick mud deposits and narrow sand ribbons (Jain and Sinha, 2003a).
Presence of several abandoned channels and oxbow lakes indicate
frequently shifting nature of these channels.

North flowing cratonic rivers
Cratonic rivers of the Ganga river basin namely Chambal, Betwa,
Ken and Son rivers originate in tectonically inactive low-relief
mountain ranges and flows through semi-arid regions (Fig. 3). The
Aravalli-Delhi Ridge in the west, the Rajmahal Hills in the east and
the Bundelkhand-Vindhyan Plateau in the south define the hinterlands
for the cratonic rivers draining through different parts of India. These
are incised river systems that show diverse geomorphic features in
response to climate and tectonic events (Sinha et al., 2009; Sahu et
al., 2010; Ranga et al., 2016). The Chambal, Betwa, Ken and Son
rivers are examples of these rivers. These river catchments have a
relief of ~500 m and the channels are incised with ~20 - 35 m high
cliffs. These rivers are fairly active in monsoon season when they
receive >85% of discharge (Sinha et al., 2009).
The cratonic rivers are characterised by largely bedrock reaches
and incised valleys with steep walls (Gopal, 2016). The river long

profiles show prominent convex zones along the physiographic
transition zone from the Vindhyan and Malwa Plateau regions to the
Ganga alluvial plains. The Son River is braided in the Ganga plains
(Sahu et al., 2010). The denudation rates for the cratonic tributaries
of the Ganga river are much lower than its Himalayan tributaries
with values ~ 0.007mm/yr (Lupker et al., 2012). However, the absence
of major engineering structures across these river channels are
responsible for high sediment supply at their confluences with the
Himalayan axial rivers (Bawa et al., 2014).

West flowing Peninsular rivers
Among the major rivers in Peninsular India, the Narmada and
Tapi Rivers are the two largest rivers with a westward flow draining
into the Arabian Sea (Fig. 4). Developed within a rift-graben setting
these rivers have typical elongated shape controlled by rift valleys
(Tandon and Sinha, 2007). The initiation of rifting marked the onset
of river valley formation and subsequent head ward erosion led to
valley development. The dominant rock types include the Cretaceous
Deccan basalts along with small parts comprising Archean granitic
gneiss basement and alluvial deposits in the downstream coastal part.
Owing to their development in a structurally controlled rift and graben
setting, these rivers flow dominantly as a single channel with low
sinuosity in a bedrock setting. Distinctive geomorphic features
(boulder berms and highly incised channels) provide evidence of large
floods, high flow velocities and elevated stream power per unit area
in recent times with in the Narmada and Tapi River basins that has
been attributed to climate change (Kale et al., 1994; Kale, 2007).
Throughout their length, the incised channels exhibit patches of
depositional point bars enclosed between high rocky banks.
The estimates of hydraulic parameters for large floods in the
Narmada and Tapi Rivers in central India indicate that narrow bedrock
reaches are associated with high values of specific stream power in
the range of 102 to 103 Wm–2 (Kale, 1994). River flows in nearly
straight channel in the upstream and mid-stream reaches. The
downstream reaches are characterised by incised meanders. Channel

Figure 3. Geological map of the southern Ganga basin drained by cratonic tributaries (Geological units are from Narula et al., 2000).
Episodes Vol. 43, no. 1

540
slopes are mostly ~0.0008 to 0.001 m/m (Kale et al., 1994). Channel
plan form morphology comprises pools and riffles in the upstream
reaches and elongated point bars in the mid-stream and downstream
reaches. These rivers have a typical box shaped channel cross section
with width-depth ratios of ~11 and 59, which implies a rapid increase
in flow velocity and specific stream power during high monsoon flows
(Kale et al., 1994).

India is characterised by predominantly eastward flowing drainage
(Fig. 4), with little role of active tectonics in present day drainage;
notwithstanding that the regional physiography of this area was
affected by tectonics at million years time scale, and the regional tilt
in the last 25 Ma grew at rates of up to 0.1 mm/yr (Richards et al.,
2016). The major rivers among the east flowing rivers of Peninsular
India include the Krishna, Godavari and the Cauvery rivers. The
initiation of these rivers has been attributed to the extensional rifting
of Gondwana Land during the Early Jurassic / Late Cretaceous (Kale,
East flowing Peninsular rivers
2014). The Archean and Precambrian crystalline rocks occupy nearly
The landmass south of the Narmada–Tapi Rift is the broadly
80% of the basin, while the remaining 20% comprises Tertiary Deccan
eastward tilting Indian Peninsula. The physiography of Peninsular
Traps and recent sediments (Ramesh and Subramanian, 1988;Babu
and Lakshmi, 2005). The Cauvery
River basin drains some of the oldest
continental rocks of ArcheanProterozoic age. Its upstream area lies
in the elevated Mysore Plateau. The
Cauvery River and its tributaries have
major knick points along the
topographic transition zones from
plateau to plains, which are marked
as waterfalls (Kale, et al., 2014).
Incised valleys in the middle reaches
of the Cauvery River and formation
of hanging valleys among its
tributaries in response to incision of
the main channel were attributed to
Quaternary tectonics (Kale et al.,
2014). The Godavari and Krishna
rivers have originated in the high
elevation (700 to 1400 m) and high
rainfall zone of the Western Ghats
(Kale and Rajaguru, 1987). These
rivers flow eastwards into broad
valleys in the semi-arid eastern part.
The Cauvery River flows through the
semi-arid part towards the south of
peninsular India. The major rock
types include gneisses, charnockites
and granitic rocks of Archean age
(Sharma and Rajamani, 2001). The
initiation of the Cauvery River Basin
along the eastern passive margin of
India and consequent sedimentation
are attributed to the fragmentation of
Eastern Gondwana and opening up
of the Indian Ocean which began in
the Late Jurassic (~160 Ma ago)
(Nagendra and Reddy, 2017).
The east flowing peninsular
rivers flow in highly incised bedrock
channels with low width-depth ratios,
very low channel gradients and
resistant channel boundaries in their
upstream reaches (Gupta, 1988; Kale,
1998). River plan form morphology
in the downstream alluvial reaches
Figure 4. Geological map of the Indian Peninsula drained by the west flowing rivers, the coastal
comprises wide (~1000 m) channels
rivers and the east flowing rivers.
with large sandy point bars as well
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as mid- channel bars. These rivers have adequate channel capacity to
accommodate large flows.

Coastal rivers along the Western Ghat
Escarpment (WGE)
The western margin of Peninsular India, also known as the Western
Ghat Escarpment is a narrow belt of land about 10-25 km wide,
bordering the Arabian Sea. There is a large number of rivers on the
Western Coast - i.e. coastal Maharashtra and Karnataka, and all of
Kerala (Fig. 4). These rivers are small in length but carry a significant
amount of water owing to very high rainfall (with an annual average
of ~3000 mm) in the Western Ghats. While they drain only 3% of
India’s land area, they carry ~11% of India’s water resources (WRIS
Report, 2014). Climate has a dominant control on water resource
availability in the region, which is characterised by more than 100
rainy days (2.5 mm/day rainfall) in a year (Jain et al., 2007). These
rivers drain across a passive margin escarpment known as the Western
Ghats comprising Cretaceous Deccan basalts in its northern and central
part and high grade metamorphic rocks in the south. This highly
rugged region with a relief of ~1 km has several small rivers carving
deep gorges, spectacular waterfalls, referred to as knick points, and
flowing in to the Arabian Sea.
West flowing rivers in the Western Ghat escarpment are generally
incised bedrock rivers. The upstream segments of the channels, in
the northern part, are generally moderately incised. On the contrary,
the channels in the middle section of the escarpment between ~14° 16°N are highly incised (Guha and Jain, 2017). The valleys sometimes
attain ~150 m deep gorges with~20 - 40 m wide channels. The
upstream parts of the rivers are generally sediment starved with angular
fragments. In general, the normalized channel steepness increases
from north to south. Basin average erosion rate suggests that bedrock
erosion rates are highest in the northern parts (129.85±26.19 m Ma-1)
and decrease towards the south (74.38±11.49 m Ma-1) (Mandal et al.,
2015).

Geological evolution of major river basins
of India
Antecedent large Himalayan rivers
The geological evolution of antecedent river basins of the
Himalaya is related to the Himalayan mountain building process. The
dominant geological divisions within the antecedent rivers are the
Tethys Himalaya, the Higher Himalaya and the Lesser Himalaya. The
Himalayan mountain building process was initiated with continentcontinent collision between the Indian and Eurasian plates around 55
Ma (Valdiya, 1998; Leech, 2005). The Indus-Tsangpo Suture Zone
defines the northern limit of the Tethys Himalaya which marks the
origin of large antecedent river systems. The Tethys Himalaya forms
the northern most hinterland of these river basins.The Tethys Himalaya
is a high elevation (average 5,000 m), low relief region (~500 m)
comprising of nearly non-metamorphosed fossil bearing marine
sediments ranging in age from Neoproterozoic (~600 Ma) to Eocene
(~65 Ma). Towards its south, the Tethys Himalaya is separated from
the Higher Himalaya by a low angle normal fault known as the South
Tibet Detachment Zone (STDZ). Subsequent compression led to the
formation of the high relief topographic ridge called the Higher
Episodes Vol. 43, no. 1

Himalayan crystalline complex represented by high-grade
metamorphic rocks affected by intense ductile deformation and
migmatization of the Proterozoic (2200 – 1800 Ma, 500-550 Ma with
younger deformation at ~20 Ma) age with the major rock assemblages
namely mica-schists, quartzite, gneisses and migmatites (Yin and
Harrison, 2000; Ramakrishnan and Vaidyanadhan, 2008; Valdiya,
2015). Owing to continuous compressive stresses and the subsequent
buckling of the crust, the formation of the Main Central Thrust (MCT)
resulted to the south of the Higher Himalaya (~21±2Ma). The high
relief topography subsequently led to the establishment of the major
drainage systems, such as Indus, Sutlej, Ganga, Ghaghra, Gandak
and Kosi rives. Further, the compression and the topography buildup continued to propagate southwards, which lead to formation of
the folded and faulted Lesser Himalayan sequence comprising
Paleoproterozoic (~1800 Ma) to Paleozoic (~550 Ma) sequences of
low-grade metamorphic and meta-sedimentary rocks. The Main
Boundary Thrust (MBT) which formed in the later stages of the
Himalayan orogeny ~10 Ma forms the southern limit of the Lesser
Himalaya (Meigs et al., 1995). The Himalayan deformation moved
further southward and now the MFT is the neotectonically active
thrust of the Himalaya (Valdiya, 2003; Jayangondaperumal et al., 2011;
Hirschmiller et al., 2014; Dey et al., 2018). The southward build-up
of high relief and high slope topographic ridges promoted generation
of several other tributaries which contributed their discharge into the
earliest formed drainage systems, thus increasing the erosive capacity
of the main channel to maintain its course by dissecting the uplifting
Himalayan terrain (Gupta, 1997). Subsequent headward erosion
further helped in the expansion of the drainage basin of the antecedent
large Himalayan river basins. The height of the Himalayan mountains
has also a significant effect on the distribution of glacial cover and
on monsoonal climates of Asia that has consequently governed the
river hydrology and discharge. Various phases of Indian Summer
Monsoon (ISM) strengthening in relation of Himalayan uplift have
been suggested by different authors with major peaks at ~10, 5 and 3
Ma (Quade et al., 1989; Zhisheng et al., 2001; Sanyal and Sinha,
2010; Tada et al., 2016).

Himalayan foothills-fed rivers
The revival of tectonic activity brought about the deformation
and folding of the Siwalik sediments towards the end of the Pleistocene
(~1.6 Ma) and the formation of the Siwalik Range (Valdiya, 2015).
The intensity of deformation was strongest along the MBT, thus
bringing the Lesser Himalaya over the Siwalik sequence. These ridges
with elevation ~1000-350 m became the hinterland for younger
drainage systems known as the foothills-fed rivers (Sinha and Friend,
1994). Since the Siwalik range comprises sedimentary rocks with
much higher erodibility than the Higher and Lesser Himalayan rocks,
they have not been able to maintain relief as high as the Higher or
Lesser Himalaya. Hence, these rivers have relatively smaller hinterland
regions. The Siwalik range is bounded to the south by the Himalayan
Frontal fault which is currently an active fault (Peltzer and Saucier,
1996; Valdiya, 2015; Srivastava et al., 2016; Jayangondaperumal et
al., 2018). Further, various active thrusts between MBT and MFT
resulted in significant topographic variability and dynamic surfaces
(Thakur et al., 2014; Dey et al., 2016; Kaushal et al., 2017). Various
workers have also highlighted the state of steady state in the Sub
Himalayan terrain because of higher uplift rate and high erosion rate
from the soft sedimentary rocks (Hurtrez et al., 1999; Barnes et al.,
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2011). Hence, the foothills-fed rivers are characterised by higher
sediment supply and sediment yield.

North flowing Cratonic rivers
The high relief regions of the Aravalli mountain range (in the
north-west of India) and the Vindhyan (in the south) mountain range
formed the headwaters of the cratonic tributaries of the Ganga River
basin. The depositional ages of the Vindhyan sediments are between
1,700 Ma and 1,000 Ma (Ray, 2006; Ramakrishnan and Vaidyanadhan,
2008; Chakraborty et al., 2019). The Bundelkhand craton forms the
basement and is overlain by the Ganga alluvial sediments. The
Himalaya-derived sediments onlapped over the cratonic-derived
sediments (Burbank, 1992). Due to continued uplift of the Himalaya
and sediment flux, the axial Ganga River shifted southward and so
did the cratonic rivers; thereby creating this onlap (Sinha et al., 2009).
Currently, the boundary between cratonic and Himalayan sediments
lies at the southern margin of the Ganga plains (Sinha et al., 2009).

West flowing Peninsular rivers
The Son-Narmada fault zone which separates the Vindhyan basin
to its north and the Gondwana belt in the south is a deep-seated fault,
which extends to the Moho (Rajendran and Rajendran, 1998). Vertical
block movements have been reported in both northern and southern
regions of the Son-Narmada lineament (West, 1962). The origin of
the west flowing Narmada and Tapi rivers is attributed to the tectonic
reactivation along the pre-existing Son-Narmada-Tapi fault and the
formation of horst and graben structures which are currently occupied
by the Narmada and Tapi river basins (Waghmare et al., 2008; Kothyari
and Rastogi, 2013). The Son-Narmada and Tapi having an ENE-WSW
trend control the course of the main drainage system (Chamyal et al.,
2003). The Son-Narmada-Tapi (SONATA) zone extends WNW and
is represented by a fault pair, the Narmada rift valley and Satpura
horst. The Tapi Fault marks the southern boundary of the Satpura
range (Kothyari and Rastogi, 2013). Seismic reflection data for the
Son-Narmada lineament reveals that these two west flowing rivers
drain through bed rocks, which formed during Precambrian (Kaila,
1986 and Dixit et al., 2010), and witnessed tectonic reactivation in
the Late Cretaceous (Kothyari and Rastogi, 2013). Most of the west
flowing rivers drain over Deccan basalts, which overlies the granitic
gneisses. The Narmada rift is seismically active and has experienced
earthquakes of M > 5.5 and 6.3 in the past 70 years. Seismic reflection
and gravity anomaly studies suggest the presence of high density
material at a shallow depth below the Narmada Fault, suggesting that
the Narmada fault is active with an NE to ENE and NW to EW
orientation of the fault plane (a cause for the recent Broach and
Jabalpur earthquakes respectively) (Rajendran and Rajendran, 1998;
Mandal et al., 2000).

East flowing Peninsular rivers
The regional topography of the Peninsular region is related to its
separation from eastern Gondwanaland and rifting along its western
margin, which resulted in an eastward regional tilt to this landmass
(Ramakrishnan and Vaidyanadhan, 2008). Among the Peninsular
rivers, the Godavari River has been developed over a pre-existing
graben whose antiquity goes back to the Mesoproterozoic (Valdiya,
2015). The northern part of the Godavari basin sedimentary

successions (deposited over the Precambrian basement rocks) are
overlain by the Deccan lava piles (Narula et al., 2000). The Krishna
River basin comprises Deccan Traps in the north-western part,
crystalline Archean basement rocks in the central part, and Proterozoic
sediments of the Cuddapah Group in the east. Most of the headwaters
lie along the high relief range of the eastern margin of the Western
Ghats and some along the undulating outcrops in the Archean
basement. The Cauvery River in the south also largely drains the
Precambrian basement rocks comprising relatively higher grade
metamorphic rocks such as charnockites, granites and graniticgneisses. Some of the high relief features occur along the mylonite
shear zones.

Coastal rivers along the Western Ghat
Escarpment (WGE)
The coastal rivers along the western rift margin of India formed
as a result of crustal doming and rifting which preceded the drifting
of the Indian subcontinent, resulting in the development of an initial
escarpment along the western margin of India (Subrahmanya, 1994,
1998). The formation of the present western Indian margin was
affected by the late Cretaceous separation from Madagascar (Gunnell
et al., 2003). The continuous stretch of relief created along the
escarpment owing to the rifting process created a north-south passive
continental margin known as the Western Ghat. The west coast was
formed ~65 Ma (Valdiya, 2015). Seismic data recorded along the
Konkan deep water basin shows evidence of pre-, syn- and post-rift
tectono sedimentary stages of the west coast rifting event (Valdiya,
2015). The entire northern half of the Western Ghat escarpment margin
comprises the Deccan Traps (Cretaceous-Palaeocene lava flows), the
central part by the Dharwar schist belt and the southern part by
Precambrian Charnockites and Granitic-gneisses.

Geomorphic evolution of the major river
systems in different geological settings
Sediment deposition by rivers during the Late Quaternary is
preserved in the form of landforms. Geomorphic processes define
valley evolution at relatively shorter time scales, which include
formation of river terraces, alluvial fans, floodplains and interfluves.
Geomorphic processes at such shorter time scales like 103-105years
define the evolution of valley setting. Valley setting further plays an
important role in defining modern day river processes (Brierley and
Fryirs, 2005). Stratigraphic reconstruction of such sedimentary records
have been used to infer geomorphic evolution of the river valleys
during the Quaternary time period by analysing variations in river
fluxes. However spatial and temporal resolution of such reconstruction
depends on the preservation potential of the sedimentary record. The
extent of understanding about geomorphic evolution is different for
different river basins, which will depend on the geomorphic setting
of the river basin. In this context, we summarize the geomorphic
evolution of Indian river valleys in different geomorphic setting based
on their Quaternary stratigraphic records (Table 2).

Antecedent large Himalayan rivers
Terrace deposits in the valleys of antecedent rivers provide an
insight about their geomorphic evolution in response to climatic and
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Table 2. Geomorphic landforms and evolutionary history of the Indian rivers in response to the Late Quaternary climate change.
MIS

Antecedent river

Foothill rivers

Craton rivers

West flowing

East flowing

MIS1

Baspa valley: pulse of fluvial
aggradation (9.1–6.5 ka) (Dutta
et al., 2017).

The fluvial terraces along
the Baghmati, Bakeya,
Narayani, and Ratu rivers
in the Nepal SubHimalaya revealed four
major episodes of strath
terrace formation between
9.2 and 2.2 cal. kyr BP
(Delcaillau, 1992; Lave
and Avouac, 2000 and
2001)

Belan river : fluvial and
eolian sand (14–7 ka BP)
corresponds to a period of
climatic instability (Gibling
et al., 2008).

Narmada: Slack-water deposits
(~5 ka) in Central Narmada basin
(Kale et al., 1993).

Cauvery: Incision between 10 and 4.5
ka BP (Kale and Rajaguru, 1987).

High magnitude floods preserved
as benches of slack-water deposit
(Kale et al., 1994; Ely et al.,
1996).

Paleoflood deposits represent high
discharge at ~8 ka (Kale et al., 2010).

Sutlej valley: Increase in
sediment-transport rates (10–4
ka) and intensified monsoon
(Bookhagen et al., 2005).
Alaknanda river: Terrace
incision at ~11 ka (Ray and
Srivastava, 2010).

Geomorphic evolution was
controlled by differential uplift
along the Narmada–Son Fault
(Chamyal et al., 2002) Luni river:
Incision at ~10 and 3 ka in Luni
river and less active with aeolian
deposition during arid phase
between 14 and 11 ka (Jain et al.,
2004)

Ganga Plains, aggradational
periods (15-12, and 2.5 ka BP)
separated by incision (~7 ka BP)
(Roy et al., 2012).
Alakananda valley: Aggradation
around 8 ka (Juyal et a., 2010).
Yamuna valley: Fluvial
aggradation (7–4 ka; 3–2 ka;
and <2 ka ka BP) separated by
incision between 11 and 7 ka, 4
and 3 ka and less than 2 ka
(Dutta et al., 2012).
MIS2

Baspa valley: rock avalanches
(>23 ka); Lake sedimentation
reduced during cold and arid
(23–18 ka) and increased during
warm and humid (18–11.5 ka)
(Dutta et al., 2017).

Son and Belan:Prolonged
aggradation (39±9 to 16±3
ka) with sustained vertical
incision after 16 ka (Williams
et al., 2006).

Narmada: Alluvial fan, and debrisflow deposits during the
Pleistocene (Chamyal et al.,
1997).
Luni: Incision at 14 ka (Jain et al.,
2004).

Sutlej: Increase in sediment
transport rates (29–24 ka)
(Bookhagen et al., 2005).

Betwa: Thick floodplain
deposition of Unit-4 (Sinha
et al., 2005b).

Mahi and Sabarmati rivers are
characterized by fluvial inactivity
and aeolian deposition (Jain et al.,
2004).

Baspa valley: Alluvial fan
progradation (~49–45 ka)
(Dutta et al., 2017).

Son and Belan: Prolonged
aggradation (39±9 to 16±3
ka) (Williams et al., 2006).

Alaknanda: Aggradation of
channel bars, debris flow (~49–
25 ka) (Ray and Srivastava,
2010). Debris flow terraces
developed during MIS 3
followed by a phase of incision
after 45 ka (Juyal et al., 2010).

Betwa: gravel bed channels
(Sinha et al., 2005b).

Mahi: Fluvial aggradation (52 to
44 ka and 30 to 37 ka) and
intermittent pedogenesis between
40 and 25 ka (Juyal et al., 2000).

Alaknanda river: Aggradation
and landslide generated deposits
(18–11 ka) (Ray and Srivastava,
2010).
Alakananda valley: valley fill
aggradation ~26 ka, 18 ka and
15 ka (Juyal et al., 2010).
Yamuna valley: Aggradation
(~15 to 11 ka BP) followed by
incision at ~11 ka BP (Dutta et
al., 2012).
MIS3

Fluctuations in ISM (37 ka to 27
ka) recorded in the alluvial
successions (of the Banas and
Saraswati rivers) in the northern
Gujarat
alluvial
plain
(Bhattacharya et al., 2017).

Ganga Plains: aggradational
periods (37, 28 ka BP) separated
by incisional episodes (30, and
20, ka BP) (Roy et al., 2012).
Yamuna valley: Aggradation
(~37 to 24 ka BP) followed by
incision phase at ~24 ka BP
(Dutta et al., 2012).
MIS4

Ganga Plains, aggradational
period (74-61 ka BP) (Roy et
al., 2012).

MIS5

The Betwa tributary of
Yamuna river in the southern
Ganga plains shows floodplain accretion with strong
pedogenic event (Unit-2)
(Sinha et al., 2005b).

Mahi: Gravel bedload stream
deposit (Juyal et al., 2000).

Belan: fluvial activity (85
and 72 ka BP) (Gibling et al.,
2008). Son and Belan:
valley-fill aggradation at 73
ka (Williams et al, 2006).

Luni: Gravel bedload aggradation
during MIS5e (Jain et al., 2004).
Mahi: Marine clays (~74 ka) in
distal reaches (Juyal et al., 2000).
Sabarmati: Mud aggradation (Jain
and Tandon, 2003).
Fluvial aggradation (~90 to 84 ka)
during stronger ISM in MIS-5
(Thokchom et al., 2017)

Betwa: Four major allostratigraphic units starting with
high energy gravel deposition (Sinha et al., 2005b)
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Cauvery: Aggradation (>30–10 ka
BP) (Kale and Rajaguru, 1987).
Fluvial aggradation (30-40 ka),
otherwise it was modest fluvial
erosion during last ~40 ka (Kale,
2014).
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tectonic forcings. Climatic variations at 103-105 years time scale in
the Himalayan regions played an important role in valley evolution
process. Further, spatial climatic variability and glacial cover in
different litho-tectonic zones added more variability in valley
evolution process.
River valleys in the antecedent Ganga River basin are characterised
by various episodes of sediment filling and evacuation at millennial
time scale, which resulted in different sets of river terraces in response
to climate change events in last 50 ka time period (Ray and Srivastava,
2010; Juyal et al., 2010; Dutta et al., 2012). The terrace formation
processes define shape of fluvial valleys in different litho-tectonic
terrains of the Himalaya. Devarani and Singh (2014) further
highlighted the local control on geomorphic development of river
valley. These studies also highlighted absence or little role of tectonics
on the geomorphic evolution of fluvial valleys in the tectonically
active Himalayan region.
In the neighbouring Sutlej River basin, sediment supply from the
northern arid part of the river basin, which lies in the Tethys Himalaya
played an important role on valley processes. Monsoon intensification
phases during the late Pleistocene (29–24 ka) and Holocene (10–4
ka) leads to a five-fold increase in sediment-transport rates compared
to the present-day sediment-flux measured in the Sutlej valley
(Bookhagen et al., 2005). It was inferred to be due to deep penetration
of the monsoon into the high arid parts of the northwest Himalaya
resulting in increased mass wasting (Bookhagen et al., 2005). Thus,
the erosion of these internal and high-elevation regions provided the
voluminous valley fills in the low-gradient regions during increased
precipitation whereas weak and dry ISM intervals led to a decrease
in the sediment to water ratio, allowing fluvial incision and terrace
formation in the northwest Himalaya (Bookhagen et al., 2006). The
aggradation processes in the Baspa valley, on the eastern side of Sutlej
valley in the Higher Himalaya, shows aggradation in response to
glacial retreat and readjustment of glaciogenic sediment or fluvial
sediments from paleolake breaches (Dutta et al., 2017). Hence, climate
is the dominant control on geomorphic evolution of river valleys,
which was manifested through fluvial and glacial processes.
However, nature of external control was different in
neotectonically active Sub-Himalayan area. The river valleys of
Narayani, Sapt Kosi, the Kali Gandaki, the Marsyandi, Buri Gandaki,
Trisuli, Sun Kosi and Arun in the Nepal Himalaya were strongly
governed by tectonics and are actively incising in the Sub-Himalaya
to compensate for active thrusting and folding across the MFT(Lave
and Avouac, 2001).
Initial chronological data of geomorphic surfaces in the Ganga
Plain show evidence of different phases of aggradation and
degradation, although these were not synchronous with aggradation
and degradation in the hinterland Himalayan area (Srivastava et al.,
2003). Valley evolution in the Ganga Plains are governed by different
set of external controls (Tandon et al., 2006). The valley formation
and channel incision near the Himalayan front was governed by
tectonic and climatic variability, whereas climate was the major
controlling factor in defining valley formation in the craton margin
area (Tandon et al., 2006). The eastern Ganga plains is characterized
by minimal incision of the modern megafans and interfan rivers in
response to high sediment supply, low stream power and high
subsidence (Jain and Sinha, 2003a; Sinha et al., 2005a; Tandon et al.,
2006; Dingle et al., 2016). The role of climate in valley morphology
was also highlighted by Roy et al. (2012) through stratigraphic analysis
in the middle Ganga Plains. Five aggradational periods (74-61, 37,

28, 15-12, and 2.5 ka BP) in the area correspond to times of declining
monsoonal strength separated by incisional episodes (30, 20, 7 ka
BP) that correspond broadly with periods of monsoonal intensification
(Roy et al., 2012).
Multiple controls at different (regional and local) scales and
nonsynchronous aggradation or degradation events highlights
disconnectivity in the geomorphic processes in a river basin. These
data have also highlighted that upstream control on aggradationdegradation processes at downstream reaches is not uniform and it
may be limited within a given time frame.

Himalayan foothill-fed rivers
Geomorphic evolution of river valleys in the Sub-Himalaya is
strongly governed by active tectonics (Delcaillau, 1992; Lavé and
Avouac, 2000, 2001). Fluvial terraces along the Baghmati, Bakeya,
Narayani, and Ratu rivers in the Nepal Sub-Himalaya revealed four
major episodes of strath terrace formation between 9.2 and 2.2 cal.
kyr BP in response to active tectonics (Delcaillau, 1992; Lavé and
Avouac, 2000, 2001). Further, geomorphic response to tectonic forcing
was spatially variable which was the reflection of variability in uplift
rate along active faults between MFT and HFT. Further downstream,
valley evolution in the fan setting is governed by climate change events
(Singh et al., 2001). Multiple phases of sediment filling and evacuation
occurred in the Dehradun valley in last 50 ka period, which were
mostly in response to climate change events.
The smaller rivers in the Western Ganga Plains were incised
around 10 ka in response to monsoon intensification, whereas rivers
in the Eastern Ganga Plains aggraded (Pratt et al., 2002; Dutta et al.,
2012; Jain et al., 2012). The average sedimentation rate in the Eastern
Ganga plains is 0.7–1.5 mm/yr (Sinha et al., 1996), which is much
higher in comparison to the western Ganga plains (0.2–0.3 mm/yr)
(Chandra, 1993; Joshi and Bhartiya, 1991; Rajagopalan, 1992).
However, in the present day scenario, a comparison of degradation
rates (based on rating curves of direct storm run-off) of small rivers
show higher values (1.0 mm/yr) for the Rapti river in the western
Ganga plains compared to the value of 0.6 mm/yr for the Baghmati
river in the eastern Ganga plains (Andermann et al., 2012).

North flowing Cratonic rivers
Cratonic rivers have deeply incised channels, mostly associated
with wide belts of Badlands and found to be sensitive to climate change
events at millennial time scale. The Son and Betwa river valleys are
characterised by multiple phases of aggradation-degradation in
response to climate events in last 73 ka (Williams et al., 2006; Gibling
et al., 2008). The stratigraphic section at Kotra on the Betwa River, a
tributary of the Yamuna river, also shows five discontinuities that
bound four alternating high and low energy fluvial deposits at different
times (Sinha et al., 2005b).

West flowing Peninsular rivers
Tectonically controlled Narmada and Tapi river valleys evolved
through high magnitude flood events. The incised bedrock channel
of the Narmada River along the Son-Narmada Fault zone provides
space for preservation of slack-water deposits in tributary channels,
which are good archives of paleofloods. Several slackwater deposits
(3 to 10 m thick) are present at the mouths of tributaries of the Narmada
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and Tapi rivers (Kale et al., 1993, 1994; Ely et al, 1996). High
magnitude floods in the Narmada and Tapi rivers coincide with midto late Holocene rise in monsoon precipitation (Kale et al., 1993,
1994). Further, the magnitude and frequency of severe floods in the
Narmada River increased in recent years (1951-1991) in comparison
to ~1,700 yr paleoflood records (Ely et al., 1996). Clustering of major
flood events during the early Holocene humid phase in the Narmada
and Tapi basins suggest an intimate link between magnitude and
frequency of floods and long term fluctuations in monsoon rainfall
(Mishra and Rajaguru, 1993; Kale et al. 1994, 2003).
The lower Narmada valley evolved through geomorphic processes,
which were also governed by neotectonic forcing and pre-existing
lineaments (Chamyal et al., 1997; 2002). The geomorphic evolution
of other west flowing rivers, Mahi and Sabarmati, occurred mainly
during the Late Quaternary in response to climate change (aggradation
during sea-level rise) and a change to drier conditions during the
Holocene resulted in aeolian sand deposition.
A stratigraphic section along the Mahi River provides a
geomorphic history of ~74 ka BP. the lower most unit of which is
marine clay (Juyal et al., 2000). It is coeval with the phase of mud
aggradation in the inland reaches of the Sabarmati river (Jain and
Tandon, 2003). The Mahi River valley witnessed major aggradation
events governed by different river forms ranging from a gravel bedload
braided river system to mixed load meandering rivers in last ~50 ka
(Juyal et al., 2000). The overbank deposit of the meandering rivers
was also characterised by intermittent pedogenesis with extensive
red horizons in the Mahi River and in the Sabarmati River valley at
different time periods (Tandon et al., 1997; Juyal et al., 2000; Jain
and Tandon, 2003). The meandering river deposits were followed by
fluvial inactivity and aeolian deposits, however, meandering streams
were re-established during the 14-11 ka period followed by river
incision during the early Holocene, perhaps in response to climatic
amelioration and reduced sediment availability (Jain et al., 2004).

East flowing Peninsular rivers
The Godavari, Bhima and Krishna rivers originate in the elevated
high rainfall zone of the Western Ghats and flow eastward through
the area covered by Deccan Trap basalt of Cretaceous – Eocene age
where there is an uneven distribution of rainfall with two-third of the
drainage area in the rain shadow zone of the Western Ghats.
Stratigraphic sections along the late Quaternary floodplain deposits
include sandy-pebbly-cobbly gravels overlain by non-calcareous dark
brown sandy-silts, with gravelly lenses (Kale and Rajaguru, 1987).
These processes coincide with regional climatic changes of the late
Quaternary as well as the sea level changes along the west coast of
India. The major aggradation (>30–10 ka BP) coincided with the
weakening of the south–west monsoon, including that during the
LGM, and deposition of fine sediments between 17 and 10 ka BP.
Incision took place between 10 and 4.5 ka BP during the early
Holocene because of increased runoff; similarly, increased
continentality and aridity during low sea-level and sea recession by
>200 km led to fluvial aggradation in contrast to incision during the
high sea-level (Kale and Rajaguru, 1987).
The midstream part of the Cauvery canyon was tectonically
rejuvenated during the time when the monsoon system was established
over the Indian region about 8–10 Ma ago (Kale et al, 2014). Further,
the fluvial aggradation phase in the Cauvery basin dates back to 30 –
40 ka BP and low sediment load in the modern channel together
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suggests modest fluvial erosion during the last ~40 ka (Kale et al.,
2014). This period was also characterised by short-term, high
discharge events by flash floods, as manifested in paleoflood deposits
in the upper Cauvery catchment (Kale et al., 2010). These flood events
occurred in response to increased monsoon variability in the middle
Holocene (~8 ka) (Kale et al., 2010). This suggests that sediment
production in peninsular rivers occurs in tectonically produced old
topography and is transported intermittently during climatically
controlled high discharge events.

Discussion
Role of basin evolution on modern day river systems inherent
controls of a river basin, namely geology and climate, strongly define
the modern day river behaviour (process) and appearance
(morphology). The presence of ‘landscape memory’(sensuo Brierley,
2010) suggests a need for a holistic approach to river studies by
incorporating river evolution and the role of inherent basin
characteristics. Some recent approaches to geomorphic classification
of river systems also includes landscape characteristics and trajectories
of geomorphic systems as an important parameter (Rosgen, 1994;
Montgomery and Buffington, 1998; Brierley and Fryirs, 2005; Sinha
et al, 2017); this helps to understand the future of a river system in
response to external forcing/disturbance.
Geological evolution of a basin area at million year time scale
governs the origin of river and landscape characteristics, whereas
landscape dynamics in response to external forcings (tectonics, climate
or sea level) are represented by geomorphic processes at millennial
time scales. These geological and geomorphic processes in different
river basins provide an opportunity to analyse the role of ‘landscape
memory’in geomorphic evolution in modern-day rivers.
The geological characteristics of the Indian sub-continent presents
significant diversity. The tectonically active landscape of the Himalaya
is characterised by high relief and steep slopes, which causes high
sediment supply and discharge. The Higher Himalaya is the main
source of sediments (Wasson, 2003; Lavé and Avouac, 2001; Singh,
et al., 2008). Steep slopes of the river long profiles in the Higher
Himalaya which are maintained owing to the higher rock resistance
cause higher stream power along its channels (Sonam and Jain, 2018).
Intense orographic precipitation due to high relief of the Higher
Himalaya and glacial-melt runoff from glaciated area provides more
discharge to further support higher stream power values along the
steep slopes. The antecedent Himalayan rivers are characterised by
large basin area, high sediment supply, higher discharge and incised
valleys in response to uplifting terrains. These mountain-fed rivers
(Sinha and Friend, 1994) are characterised by distinct geomorphic
characteristics (braided channel pattern) and processes (very high rate
of sediment transportation) in comparison to other rivers. However,
a significant geomorphic diversity in these rivers in different parts of
the Himalayas has been documented. The rivers which originate from
the steeper parts of the eastern Himalaya have the highest stream
power values (with maximum values ~106 W/m) and hence transport
much higher amounts of sediment (Sonam and Jain, 2018). Higher
stream power values along river long profiles of the Nepal Himalaya
also explain high erosion rates and high sediment supply in the eastern
Himalayan tributaries of the Ganga River (Jain and Sinha, 2003a;
Sinha et al., 2005a; Sonam and Jain, 2018). High sediment supply
also causes extensive deposition in the downstream regions. It makes
the channels shallower, which further causes frequent flooding and
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migration of channels (Gole and Chitale, 1966; Wells and Dorr, 1987;
Mohindra et al., 1992; Sinha and Jain, 1998; Jain and Sinha, 2003b,
2004).
Foothill-fed river systems are also characterised by high sediment
load. Highly erodible and rapidly uplifting sedimentary rocks in the
Himalaya provide substantial sediment loads (Tripathi et al., 2004;
Jain et al., 2008). Erosion rates in the Siwalik terrain are the highest
in the Himalaya (Lupker et al., 2012; Olen et al., 2016). Therefore,
these rivers are also known for very high sediment yields (Sinha and
Friend, 1994). High sediment yield in these river systems is
responsible for extensive channel sedimentation in downstream
alluvial reaches, frequent flooding and braided or anabranching
channel patterns (Jain and Sinha, 2003b, 2003c, 2004). Further, similar
to the antecedent rivers, morphology and processes are different from
west to east (Jain and Sinha, 2003a; Sinha et al., 2005a). This variation
is because of high uplift rates (~15 mm/a) along the MFT in the Nepal
Himalaya compared to western Himalayas (6.9 mm/a) (Peltzer and
Saucier, 1996; Wesnouskyet al., 1999; Lave and Avouac, 2000;Thakur
et al., 2014; Dey et al., 2019) and higher rainfall in the eastern
hinterland and Ganga plains in comparison to the western hinterland
and Ganga plains (Sinha et al., 2005a).
The west flowing Narmada and Tapi rivers have a linear course
as their channels are developed in a rift and graben setting. Most of
the basin area is characterised by basaltic rocks, which are highly
susceptible to weathering. These rivers have some of the highest
sediment concentration values among all cratonic rivers owing to the
dominance of the basaltic rocks (Sonam and Jain, 2017). Further, the
Narmada and Tapi rivers have typical box-shaped channel cross
sections which implies rapid increase in specific stream power
conditions in the river channel during high discharge conditions in
the monsoon season (Kale and Hire, 2004; Kale, 2007). Flood power
analysis also suggests that modern day channel morphology of the
bedrock as well as alluvial channel reaches of the Tapi River are
maintained by large-magnitude floods (Kale and Hire, 2004). Specific
stream power values during the highest flood events in these west
flowing rivers were estimated in the range of 290-325 W/m2, which is
significantly higher than the threshold required to transport boulder
material (Kale, 2007). Incised valleys also provide good
accommodation space for slack water deposits, which provides
excellent archives for paleoflood data and flow response to climate
change (Ely et al., 1996; Kale et al., 2003; Sridhar, 2007).
The cratons of the Indian Peninsula India have low relief, and a
regional eastward tilted landmass consisting of high-grade
metamorphic and meta-sedimentary rocks resulting in large river
basins on gently sloping surfaces. The long profile of the river systems
in this terrain is also governed by long term tectonic evolution of the
area (Richards et al., 2016). The low relief terrain and highly resistant
metamorphic rocks are also responsible for lesser sediment supply
(Sonam and Jain, 2017). Therefore, the east flowing rivers, namely
Krishna, Godavari and Cauvery, are supply-limited, which is evident
from their dominantly bedrock channels with insignificant sediment
deposits. Further, these rivers are moderately incised with wider
channels in comparison to the west flowing channels owing to low
erosion rates. Wider channels further reduce effectiveness of stream
power by lowering specific stream power values, which leads to
deposition at downstream reaches (Sonam and Jain, 2017). The
downstream parts of the rivers are alluvial owing to the large channel
cross-section width and low slope.
The coastal rivers along the Western Ghats have different hydro-

geomorphic attributes because of topographic characteristics of the
Western Ghat escarpment (WGE). The WGE has relatively higher
relief, which is responsible for focussed precipitation on the
escarpment due to an orographic effect. High intensity rainfall over
the escarpment leads to high runoff and intense erosion. This leads to
escarpment retreat due to fluvial erosion (Kale and Subbarao, 2004).
The landward retreat of the escarpment created space for small basins
of coastal rivers. These coastal rivers of the WGE are characterised
by longitudinal basin shape, steep slope and high discharge (Guha
and Jain, 2017). Further, hydro-geomorphic characteristics of the
modern rivers in the WGE are variable and strongly governed by
lithology and topography. Basalt is highly susceptible to weathering
in comparison to other Precambrian rocks of the southern WGE
(Gurumurthy et al., 2012). Therefore, the rivers in the northern part
of the WGE draining the basaltic terrain are characterised by high
sediment load in comparison to rivers in the southern WGE (Guha
and Jain, 2020). The rocks in the southern WGE are generally less
susceptible to weathering, which further governs the relief variation.
The relief of the southern part of the WGE is higher than its northern
counterpart. Higher strength of Precambrian rocks in the south gives
rise to high relief and steepness which is also evident from river
profiles (Guha and Jain, 2017). Mandal et al. (2015) further
highlighted a major role for topography in the bedrock erosion process
on the basis of 10Be cosmonuclide derived erosion rate in the central
WGE.

Conclusions
River systems in India in different landscape settings are
characterised by different evolutionary pathways, which in turn have
governed their modern day hydro-geomorphic characteristics. A
review of geological and geomorphic processes at different time scales
highlights a strong role of inheritance and ‘landscape memory’ in
river behaviour and appearance. The main conclusions are as follows
1. The river systems in India have been classified into six major
classes on the basis of their geological evolution, climatic
and sediment transport characteristics. This first order
classification of river systems in diverse tectono-climatic
settings provides a basic template to understand the evolution
of river systems of the sub-continent and its implications on
the modern day river behaviour and processes.
2. Tectonics is a major control on channel morphology.
Tectonics, in combination with lithology, governs the
topography (relief and steepness), which further influences
climatic variability. These inherent parameters define the
geomorphic state of a river system. Topography and climate
variability directly affects river systems by controlling stream
power and sediment supply.
3. In the absence of tectonics, lithological and topographic
variability plays an important role in defining geomorphic
characteristics of river systems by controlling the catchment
erosion rate, sediment supply and channel shape. East flowing
peninsular rivers and coastal rivers along the Western Ghats
fall in this category.
4. River response to external forcing over geological time scales
defines its present day morphology. Deeply incised valleys
for most of the river systems were formed during the last
monsoon intensification around 10 ka, especially for the
Himalayan and west flowing rivers. The deeper valleys are
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responsible for concentration of flood power, which further
enhances rates of bed level erosion. The valley shape governs
modern day river processes, through utilisation of available
stream power.
5. Rivers are not isolated linear bodies but are a part of the overall
landscape (also called Riverscape), which defines their hydrogeomorphic characteristics. The role of ‘landscape memory’
in river systems is therefore significant to achieve holistic
understanding of a river system.
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