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Cut-and-fill type fluvial terraces are ubiquitous in the Lesser Himalayan zone of the Alaknanda—Ganga
(Ganges) rivers system, which flows perpendicular to Himalayan lithotectonic units and traverses a steep
climatic gradient. Lithofacies analysis of the sedimentary sequences of cut-and-fill terraces indicated that
the valley aggradation took place via (1) channel bar development and excess sediment supply, (2) debris
flows composed of mixed rounded to sub-rounded lithoclasts, resulting from episodic high intensity
rainfalls in the upper catchment or (3) debris flows or rockfalls generated by local landslides. The
luminescence chronology indicates that valley aggradation took place in two phases: ~49—25 ka and
18—11 ka. The incision of the fill started soon after 11 ka. Paleoclimatic records from marine sediments
indicate that the aggradation and incision in the Alaknanda—Ganga River has oscillated in-phase with
global climatic variations. Glaciation—deglaciation processes in the upper catchment produced huge
amounts of sediment between 63 and 11 ka, which was fluvially transferred to the lower valley via
several cycles of erosion and deposition, leading to extensive aggradation. The climatic amelioration at
~11 ka and the completion of deglaciation processes led to increased fluvial discharge and decreased
sediment supply, conditions conducive for incision of the alluvial fills. Records from the Indo-Gangetic
plain and the Ganga Delta demonstrate that the phase of aggradation was regional but that incision in
the foreland started at least 2—3 ka later, after 7 ka.

Bedrock incision rates, as calculated from dated alluvial covers of terraces that are separated by
bedrock steps, are spatially variable and fall within the range of rates reported from across the Himalaya.
These estimated rates, however, are higher than the basin average erosion rates calculated using isotopic
mass balance in riverbed sediments. This study suggests that during the last 50 ka river dynamics in the
Himalayas were dominated by monsoon variability and the role of tectonic activity was limited to
bedrock incision in few reaches only.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fluvial terraces are often used to decipher controlling factors
and timescales of river aggradation and incision like regional
atectonic uplift (Maddy, 1997; Bridgland, 2000) and tectonic uplift
and climate (Srivastava and Misra, 2008; Srivastava et al., 2008).
Existing research suggests that valley-scale aggradation may
represent climatic impact whereas fluvial incision into the bedrock
equals the long-term uplift rate and thus the local rise of the inci-
sion rate can be interpreted as an effect of vertical motion along the
active tectonic discontinuities and/or increased hydraulic efficiency
(Pazzaglia et al., 1998; Hancock and Anderson, 2002; Bridgland and
Westaway, 2007). The aggradation history of rivers has also been
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studied to understand the response of glaciation and deglaciation
in evolution of paraglacial landscape and the lower reaches of
glaciated rivers (Church and Slaymaker, 1989; Schildgen et al.,
2002). The Himalaya, an active thrust fold orogenic belt, formed
due to the continent—continent collision between the Asian and
the Indian plates, is drained by several north and south flowing
rivers: the Ganga (Ganges), the Yamuna and the Brahmaputra. The
Ganga river system, governed by a single climatic forcing factor, i.e.
the Indian Summer Monsoon (ISM), originates in the higher
Himalaya and cuts through the tectonic discontinuities of this
orogen and traverses the E-W trending foreland before it finally
flows into the Bay of Bengal. Therefore, if studied in detail, this river
has the potential to provide a synoptic view of fluvial responses to
changing climate, to a rising orogen and upland control on the
development of the foreland. Fluvial terraces are ubiquitous in the
Himalayan catchment and have been extensively studied to
understand (1) the orogenic process at the mountain front (Lavei
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and Avouac, 2000; Mukul et al., 2007; Srivastava and Misra, 2008),
(2) climate—tectonic relationships in the evolution of the Himalaya
(Hodges et al., 2004; Pratt et al., 2004; Thiede et al., 2004), and (3)
fluvial responses to climatic changes (Bookhagen et al., 2005;
Srivastava et al., 2008, 2009). In the Himalayan foreland the
Ganga river has formed three distinct levels of regional surfaces
that have been studied for their stratigraphic evolution, climate and
tectonic interpretations (Singh, 1996; Singh et al., 1997; Srivastava
et al.,, 2003a,b,c; Sharma et al., 2004a,b; Gibling et al., 2005;
Tandon et al., 2006; Sinha et al., 2007). Based on limited chrono-
logical data, a conceptual relationship that explains the mechanism,
processes and timescales of sediment transfer from the Himalaya to
foreland to delta has been visualized by Goodbred (2003). Lacking
in these studies is a synoptic view that reconciles the existing
records from the mountain range and its foreland and the new
dataset that explains aspects of the thrust and fold belts globally.
The Late Quaternary has seen significant shifts in climate and it
seems likely that the hydrology, sediment production, and carrying
capacity of tropical—subtropical river systems such as the Ganga
would have also varied at a similar frequency to climate (Goodbred,
2003). In this paper we show, by making use of evidence from river
terraces, sedimentology of valley fills and luminescence dating, that
in the Ganga river system sediment production, aggradation and
subsequent incision have oscillated with climate change. We
present new chronological, geomorphological and sedimentolog-
ical data from terraces in the Himalayan catchment. Furthermore,
we attempt correlation of the aggradation and incision events with
global climatic changes.

2. The Ganga River: regional setting
2.1. Geological background

The Alaknanda—Ganga River flows through two distinct conti-
nental-scale geomorphic features: (1) the Himalaya, a tectonically

active orogen and (2) the Ganga Foreland, formed by the downward
flexure of the underthrusting Indian Plate. The northern part of the
Alaknanda—Ganga catchment drains through the Himalayan thrust
belt and the southern part flows across the vast Ganga alluvial plain
of the Himalayan foreland (Singh, 1996; Singh et al., 2007). In the
Himalaya, the Alaknanda and Bhagirathi are the two main
tributaries, which are in general characterized by glaciers feeding
their headwaters, by gorges, and well formed terraces. In the pre-
confluence region from the headwaters upstream of Deoprayag, the
paper focuses on the Alaknanda River, and thereafter, the Ganga
trunk channel is followed from the confluence to Varanasi in the
central Ganga foreland (Fig. 1).

In the Himalaya, the Alaknanda River flows perpendicular to the
Himalayan thrusts. These thrusts decrease in age southwards; the
oldest and northernmost tectonic zone is the Indus Tsangpo Suture
Zone (ITSZ), followed by the South Tibetan Detachment (STD), the
Main Central Thrust (MCT) and the Main Boundary Thrust (MBT).
The river leaves the orogen after crossing the Himalayan Frontal
Thrust (HFT). Fig. 2 shows the thrust boundaries and lithotectonic
units traversed by the Alaknanda—Ganga Rivers. The Alaknan-
da—Ganga River catchment cuts through the rocks of the Tethys
Himalayan Sequence (THS), the Higher Himalayan Crystalline
(HHC) and the Lesser Himalayan sedimentaries (LHS). The rocks
exposed in the Alaknanda Valley north of the STDS are called the
Tethys Himalayan Sequence (THS), composed of fossiliferous sedi-
mentary to metasedimentary lithologies. Rocks of the Higher
Himalayan Crystalline (HHC) occur between the STD and MCT,
consisting of medium to high grade metamorphic rocks. Lesser
Himalayan (LHS) rocks are exposed between the MCT and MBT and
comprise carbonaceous shale, limestone, dolomite, quartz arenite
and metavolcanic rocks, as well as argillite. The North Almora
Thrust (NAT) is an out-of-sequence thrust that emplaces HHC rocks
over the LHS sequence. South of the MBT lies the Sub Himalaya
consisting of Lower Tertiary and Siwalik rocks, consisting of sand-
stone, conglomerate, mudstone and subordinate amount of
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Fig. 1. The Alaknanda—Ganga river system flowing through the Himalaya and the Ganga foreland to the Ganga—Brahmaputra Delta. The Alaknanda tributary flows N—S to

a confluence near Josimath (see Fig. 2).
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Fig. 2. (a)Geological map of the Akaknanda—Gangariver catchment in the Himalaya. (b) Geological cross-section as exposed along the river (modified after Srivastavaand Ahmad, 1979).

limestone restricted mainly to the Lower Tertiary packages. Sub
Himalayan rocks are thrusted over the sediments of the modern
Ganga foreland basin along the HFT. Details on the formations and
lithology are discussed in Valdiya (1980) and Srivastava and Ahmad
(1979). Various thrusts exposed in the Alaknanda Valley define
a strong geomorphological break marked by knick points in the
river profile, incised valleys in the upstream sectors, and significant
terrace development and more open valleys to the south (Pal, 1986).
At places along the river, several transverse faults, such as the
Alaknanda fault, the Kaliyasaur fault and the Deoprayag fault, play
an important role in the formation of the wide valleys and river
terraces. The Alaknanda fault extends in an E—W direction on the
right bank of the Alaknanda between Tilwara, Langasu and
Rudraprayag. The Chamoli earthquake (on 29 March, 1999) was
generated along this fault and the fault plain solution and geolog-
ical investigations indicated that the Alaknanda fault is a thrust
fault with a shallow dip of 15-20° (Kumar and Agarwal, 1975;
Rawat, 1979; Rawat and Varadarajan, 1979; Thakur, 2004). The
Kaliasaur fault, trending WNW—ESE in the west and NE—SW in the
east, is another major fault in the area that is marked by alignment
of streams across the water divide and by extensive landslides. The
dip of the fault ranges from 50° to 90° (Jha, 1992). Movements along
this fault have produced a prominent quartzitic fault gouge.

The Ganga River debouches into its foreland after crossing the
HFT at Haridwar. The foreland basin that is formed above the
underthrusting Indian plate shows all the major components of an
active foreland, including an adjacent orogen (the Himalaya),
a deformed and uplifted foreland basin adjacent to the orogen (the
Siwalik Hills), a depositional basin (the Ganga Plain) and a cratonic
peripheral bulge (the Bundelkhand—Vindhyan plateau) (Fig. 3).
Sastri et al. (1971) and Rao (1973) provide an account of the base-
ment structure of the Ganga Plain and suggest that the basin is
traversed by N—S trending basement highs and lows that are
transverse to the orogen.

2.2. River valley profile and geomorphology

The Alaknanda River originates from the Satopanth glacier at
a height of 3641 m a.s.l. (above sea level) and meets the River
Bhagirathi at Deoprayag (459 m a.s.l.); it has a total catchment area
0f 10,237 km?. On the basis of geomorphology and climate it can be
divided into three major reaches from north to south: (1) the Upper
Reach, arid—semi-arid, glaciated with ‘U’-shaped valleys lined with
moraine ridges, largely falls north of the MCT in the altitude range
of >6500—2600 m a.s.l. The mapping of moraines in this reach
indicates that the elevation of glacier snouts varied from 2604 m a.
s.l. (~63 ka BP) to 3550 m a.s.l. (21—15 ka BP) to 3850 m a.s.l. at
present (Sharma and Owen, 1996; Nainwal et al., 2007). (2) The
Middle Reach is characterized by steep slopes, with ‘V’-shaped river
valleys forming deep gorges. It is located from the MCT zone to
~60 km south in the Lesser Himalaya. This zone, between 2600
and 1200 m a.s.l, forms an orographic barrier to the northward
advancing Indian Summer Monsoon and is characterized by high
rainfall and erosion (Wasson et al., 2008). (3) Wider ‘V’-shaped
valleys with lower channel and slope gradients characterize the
Lower Reach. This part of the river ranges from ~1200 m a.s.l. in
the Lesser Himalaya to ~250 m a.s.l. near the HFT at the mountain
front. Impressive cut-and-fill staircases and terraces with under-
lying bedrock steps distinguish this reach, which we studied in
detail at 15 locations between Nandprayag and Chandi Devi. Fig. 4A
shows the longitudinal profile of the Alaknanda—Ganga River
system and Fig. 4B the tectonic discontinuities and locations of the
study sites. The steepness index, calculated along the longitudinal
river profiles of the Alaknanda River, indicates higher values in the
Nandprayag and Karnprayag sector (201 and 205 respectively),
falling to 131 at Srinagar (Tyagi et al., 2009). The valley gradient in
the mountains ranges between 10 and 3 m/km and declines to
1.7 m/km at the mountain front, where the river enters the fore-
land, and in the middle part of the Ganga foreland the gradient
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Bhagirathi R,

Fig. 3. Schematic diagram showing geomorphic features of the Ganga Plain (after Singh, 1996; not to scale). T2-Upland Terrace Surface, MP-Marginal Plain Upland Surface, MF-
Megafan Surface, T1-River Valley Terrace Surface, PF-Piedmont Fan Surface, TO-Active Flood Plain Surface.

further decreases to 16 cm/km (Singh et al., 2007). This decrease in
channel gradient is in general accompanied by widening of the
active channel and a significant decrease in stream power. The
width, slope and discharge data, available for limited locations,
suggests that the stream power of the river within the mountains
varies from >900 to 200 W/m? in the mountains, reducing in the
foreland to between 60 and 10 W/m?. The data used in stream
power calculations is given in Table 1. The Ganga River in the
foreland is incised into the upland surface and is flanked by vertical
cliffs. Synoptic studies of the Ganga Plain have identified regionally
significant geomorphic surfaces (Singh, 1996; Fig. 3), namely (1) the
Upland Interfluve Surface (T-2), (2) the Marginal Plain Upland
Surface (MP), (3) the Megafan Surface (MF), (4) the River Valley
Terrace Surface (T-1), (5) the Piedmont Fan Surface (PF) and (6) the
Active Flood Plain Surface (T-0).

3. Methods

Detailed mapping of the terraces in the mountain catchment
was carried out with the help of a total-station survey, and Survey of
India (SOI) topographic maps at the scales of 1:25,000 and
1:50,000. A Digital Elevation Model (DEM) of the Alaknanda
catchment was constructed using Shuttle Radar Topographic
Mission (SRTM, 2000) data of interest processed using the Topo-
graphic module of ENVI and Global Mapper. SRTM data with
a resolution of 3 arc seconds (90 m pixel resolution) was also used
as basic data to map the Alaknanda catchment. The datum of the
SRTM data was changed from ‘Geographic Latitude Longitude’ to
‘Everest’ and projection ‘WGS 84’ to ‘Lambert conformal conic’ so
that the measurement unit changed from degrees to meters. In
addition the surface area was calculated using the 3D analyst tool of
ARC GIS 9.3 (Software of Environmental System Research Institute
(ESRI)). The surface area vacated during the deglaciation of different

stages was also calculated (discussed later). Extensive field studies
were carried out to check the geological map, to map the terraces
and document their sedimentary architecture. The elevations of
different terrace surfaces were measured with the help of total-
station survey where the reference heights above mean sea level
were ascertained using spot heights given in SOI toposheets and
THALES hand held Global Positioning System (GPS with accuracy
+3 m). The accuracy of the GPS was checked using several spot
heights and benchmarks provided by SOI toposheets. Several levels
of fluvial terraces were identified using field surveys. The valley
cross-sections were drawn using the SRTM and field data.

Studies of the style of valley aggradation were based on lith-
ofacies identification and preparation of vertical and lateral sedi-
mentary logs in the field. Several exposed sections along the river
and excavated trenches were used for detailed sedimentological
studies. The lithofacies classification is based on observations of
gravel lithology, roundness, size, matrix proportion, bioturbation,
and degree of iron staining and grain size. Lithoclast composition
and texture was visually ascertained using the 1 x 1 m grid overlays.

Optically Stimulated Luminescence (OSL) dating of the top and
the lowermost units of terrace sediments was carried out to deduce
the timing and duration of river aggradation and the rate of incision
of alluvium and bedrock. The age at the lowest stratigraphic unit
marks the initiation of terrace aggradation and that at or near the
top provides the time when the terrace surface was abandoned and
the river incised to subsequent lower surface. Samples were
collected using opaque stainless steel pipes. This technique relies
on the premise that, prior to burial, geological luminescence stored
in the minerals was zeroed by daylight exposure during erosion and
transportation (Aitken, 1998). A basic concern in OSL dating of
sediments is the extent to which the geological luminescence at the
time of burial was reduced and any error in this would imply an
over-estimation of age (Duller, 2008). Fluvial sediments in the
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Fig. 4. (a) Geomorphic profile of the Alaknanda—Ganga River from source to mountain exit. Note the zone affected by Alaknanda fault. (b) Profile of the reach and locations studied

in detail.

Himalaya are generally deposited under high-energy turbulent
conditions and thus carry a possibility of poor and inhomogeneous
zeroing. The uncertainty arising due to this is tackled by reducing
the size of aliquots and by considering the lowest palaeodoses in
age estimation (Srivastava et al., 2006, 2008, 2009). Poor or inho-
mogeneous luminescence bleaching of sediments is expressed as
a wide scatter in palaeodose estimates and the lower palaeodoses
that are considered here represent the most bleached part of the

Table 1

sediment (Preusser et al., 2009). Similarly, usage of small sub-
samples (aliquots) increases the possibility of detecting poorly
bleached grains (Wallinga, 2002; Srivastava et al., 2006). However,
the published OSL chronology for the rivers of the Himalaya high-
lights the problem of low luminescence sensitivity of quartz grains,
which limits the possibility of reducing the aliquot size, and also the
poor photon counts puts constraints on the number of aliquots that
can be used meaningfully in age estimation (Jaiswal et al., 2008).

Stream power of the river calculated at different locations. Note that from the mountains to the foreland the values decrease significantly (Data from Singh et al., 2007 and from

various sources).

River/Tributary/Segment Location Mean monsoon discharge (m>/s) Channel width (m) Channel gradient Unit stream power (W/m?)
Alaknanda/mountain Srinagar 1900 154 0.0015 181
Alaknanda/mountain Deoprayag 1775 75 0.002 463
Ganga/mountain exit Haridwar 5860 500 0.0017 196
Ganga/Ganga plains Garhmukteshwar 5800 400 0.0003 43
Ganga/Ganga plains Kanpur 6317 1000 0.00016 10
Ganga/Ganga plains Allahabad 24,131 750 0.00016 50
Ganga/Ganga plains Varanasi 21,262 4000 0.00012 63
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Feldspar contamination in quartz is another problem, as this
mineral, being brighter in terms of luminescence emission, masks
the quartz signal. Infrared-Stimulated Luminescence (IRSL) per-
formed on the sample tends to reduce the feldspar signal to
acceptable limits, approaching the quartz signal only marginally
(Jain and Singhvi, 2001). In the case of clean quartz samples (no
feldspar contamination), the IRSL output will be limited to 100—150
photon counts. Additionally a fault gouge at Kaliyasaur was dated to
ascertain tectonic activity along this fault. The dating of the fault
gouge is based on the assumption that during faulting the
temperature along the fault plane rose sufficiently to reset the OSL
signal; hence the date represents the last major movement along
the fault (Banerjee et al., 1999). However, in the present case, no
mechano-luminescence study to assure the zeroing of the geolog-
ical luminescence in the fault gouge has been done, so the age
should be considered as evidence of tectonic activity rather than an
absolute age of the activity.

The quartz fraction from samples was extracted by sequential
chemical treatment, following Srivastava et al. (2006). The fraction
was sieved to separate the 90—150 um size range and etched using
40% HF for 80 min, followed by 12 N HCI treatment for 40 min to
remove alpha-irradiated surface layers. IRSL measurement was
performed on every sample to check the feldspar contamination.
The samples showing IRSL counts more than 100 were subjected to
the additional step of density separation and HF etching for 20 min.
The grains were mounted on stainless steel disks using Silko-Spray
silicone oil. Luminescence measurements were made on a Riso TL/
OSL-12 system with an array of blue LEDs as a source for stimulation.
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Schott BG-39 and Hoya U-340 optical filters in front of an EMI 9235
QA photomultiplier tube were used for photon detection.

OSL was recorded for 40s at 125°C. A 2°Sr/?%Y beta source
delivering a dose rate of 5.5 Gy/min was used for irradiation. A
5-point single aliquot regeneration (SAR) protocol, suggested by
Murray and Wintle (2000), was used to determine the paleodose.
An additional step of IRSL cleaning (for 100 s at 60 °C) was intro-
duced before every OSL measurement. This was done to reduce any
signal coming from feldspar (Jain and Singhvi, 2001). A preheat of
220°C/10 s and a cut heat of 160 °C for test doses were used. 30—40
discs were used for measurement out of which the weighted mean
of the lowest 20% paleodose values were used for age calculations
(Galbraith et al., 1999; Srivastava et al., 2009). The OSL measure-
ments were done for 40 s at 125 °C. The paleodose estimate is based
on aliquots with a recycling ratio of 1.1—0.9. The initial 2 channels (1
channel =0.16 s of OSL measurement) of the shine-down curve
were used for analysis. Uranium, thorium and potassium concen-
trations were determined by XRF analysis.

4. Results
4.1. Luminescence chronology

The chronological framework of the study is based on 38
luminescence dates, 28 new ages and the rest after Srivastava et al.
(2003a,b, 2008) and Tandon et al. (2006). Single Aliquot Regener-
ation (SAR) analysis based on terrace samples yielded a positively
skewed dose distribution, which suggests partial bleaching (Fig. 5).
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Fig. 5. (a) The OSL shine-down curve of a natural signal from the sample LD-487. (b) The dose—growth curve of the same sample constructed from single aliquot of 7 mm diameter
having ~800 grains on average. Due to low sensitivity, analysis of smaller aliquots less than that was not carried out. (c) Dose distribution of the equivalent doses (De’s) from the
very samples. The distribution indicates inhomogeneous bleaching of the sediment. (d) Radial plot showing the dose distribution.
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This implied the need to use lower paleodoses for age analysis
(Olley et al., 1998; Srivastava et al., 2009). In the present study, an
average from the lowest 20% of paleodoses (4—6 discs) were used
for age calculation in young samples. The age and dosimetery data
of all the samples is given in Table 2. The sections at Nandprayag
yielded an age of 27 & 3 ka (LD-446) and at Langasu 16 + 2 ka (LD-
447). The alluvial fill of the Seroli section yielded an age of 49 + 1 ka
(LD-487). Sample LD-258, collected from Bamoth, yielded an age of
16 + 2 ka. At Gaucher, samples near the base of the section yielded
an age of 37 +4ka (LD-254), from 30 m higher the age was
17 + 2 ka (LD-255) and from near the top it was13 41 ka (LD-257).
Samples collected from the base of terraces T-1 and T-2 at Nagrasu
were dated to 13 +2ka (LD-324) and 34+ 6 ka (LD-449). The
sedimentary fill at Gholtir yielded ages of 40 &4 ka (LD-325) and
11 &2 ka (LD-326). Further downstream, an 11 m alluvial fill at
Sumerpur gave an age of 17 + 3 ka (LD-332) from near its base. The
top of a profile at Saur village gave an age of 11 + 3 ka (LD-451) and

Table 2

~3 km further downstream, at Rudraprayag, three samples from
the base to the top of first profile yielded ages of 41 &5 ka (LD-335),
3547 ka (LD-334) and 18 & 3 ka (LD-333). From ~20 km further
downstream of Rudraprayag (N30°15’04.4"” E78° 55'31.0”) a fault
gouge was dated to 85+10 ka (LD-490). At Dhari, a 55 m thick
sediment fill yielded an age of 27 +2 ka (LD-376) at 13 m and
20+ 2 ka (LD-377) at 11 m below the top. At Srinagar, alluvial fills
located on two levels of bedrock steps were dated. The fill overlying
the upper level step yielded an age of 25 + 2 ka (LD-329) and that
overlying the lower is dated to between 17 and 14 ka (LD-207 and
LD-327). A similar age of 11 &2 ka (LD-381) was obtained from the
top of the upstream continuation of this fill at Supana. At Deo-
prayag, a 79 m thick fill terrace yielded an age of 21 +2 ka (LD-19)
near its base and 18 & 2 ka (LD-20) at 37 m from the top, 12 + 2 ka
(LD-19A) at 33 m from the top and, from near the top, 10 + 2 ka (LD-
20A). Similarly, a section at Vyas Ghat yielded an age of 18 +2 ka
(LD-567). Finally, in the frontal belt of the Himalaya, in the Siwalik

Radioactive element concentrations, dose rate, Paleodose and ages of the samples collected from paleoflood and terrace deposits. Average of least 10% paleodoses were taken
Moisture content of 10 + 5% was assumed for all samples and cosmic ray Gamma contribution was calculated after Prescott and Stephan (1982).

S.no Lab.no Depth(m) Location Cosmic dose U (ppm) Th(ppm) K (%) Paleodose (grey) Dose rate Age (ka)

Longitude Latitude rate (kGy/a) Mean Least (Gy/ka) Mean Least 20%
Nandprayag
1 LD-446 6 E79°18'55” N30°19'59.7” 161.6 34 143 14 96+24 81+7 3.0+02 31+8 2743
Langasu
2 LD-447 4.5 E79°18'01.5” N30°17'42.1” 173.2 1.2 13 1.8 14066 45+4 28402 49+23 1642
Seroli
3 LD-487 10 E79°14'16.8” N30°16'47.2"” 141.6 13 6.9 0.6 85+16 69+4 1.4+0.09 61+12 49+4
Bamoth
4 LD-258 5 E79°10'17.1” N30°16’10.7” 164.5 29 12.5 1.6 50+11 46+3 3.0+02 20+4 1542
Gaucher
5 LD-254 24 E79°09'34.1” N30°17'53.4” 121.1 29 74 1.5 96+10 94+9 25+0.1 38+5 374
6 LD-255 1.5 E79°09'34.1” N30°17’53.4” 199.6 5.3 17.5 2.2 107+42 74+10 44+02 24+10 1742
7 LD-256 3 E79°09'54.2” N30°17'13.4” 1814 6.4 21.7 1.7 148 +16 130+4 44403 33+4 29+3
8 LD-257 1.5 E79°09'50.0” N30°16'55.7" 202.7 4.4 17 1.8 54+4 48+3 3.8+0.2 14+2 13+1
9 LD-452 1 E79°09'26.3” N30°17'26.2" 214 1 9.5 1.2 38+9 33+£2  21+01 18+4 16+2
Nagrasu
10 LD-324 18 E79°07'04.7" N30°1809.2” 126.6 33 14.7 14 65+16 41+4 3.0+02 21+5 132
11 LD-449 6 E79°10'04.1” N30°17'47.1” 161.2 2.6 16.3 1.6 170+£55 104+16 3.0+0.2 53+18 34+6
Gholtir
12 LD-325 6.5 E79°05'34.8” N30°18'04.4” 155.2 2.1 6.6 13 106 +11 89+2 22+0.1 48+6 40+4
13 LD-326 5 E79°05'34.8” N30°18'08.9” 164.2 3.7 6.1 1.2 60+22 28+4 24+02 24+9  11x2
Sumerpur
14 LD-332 7 E79°01'44" N30°18'09.3” 151.8 4.9 8.8 1.5 59+12 50+9 3.1+02 19+4 17+3
Saur
15 LD-451 6 E79°00'42" N30°17’52.0" 162.1 2.1 13.6 14 69 +30 29+8 2.7+0.1 25+11 112
Rudraprayag
16 LD-335 11 E78°59'42.4" N30°1802.2"” 137.7 2 15.2 1.1 122+17 102+11 2.5+0.2 49+8 41+5
17 LD-334 4 E78°59'42.4” N30°1802.2” 171.8 42 12.9 14 137+£32 111+18 3.1+0.2 43+10 35+6
18 LD-333 1 E78°59'42.4" N30°1802.2” 205.9 4.5 13.1 1.5 78+18 60+8 33+02 23+6 18+3
19 LD-453 6 E79°2'17.7”  N30°1825.1” 157.9 2.7 194 2.6 64+19 50+3 43+02 15+4 12+1
Dhari
20 LD-376 13 E78°52/31.2” N30°1514.3” 129.9 29 6.3 1.6 88 +21 70+1 2.6+0.1 34+7 2742
21 LD-377 11 E78°52/31.2” N30°1514.3” 129.9 5.5 8 1.7 114+52 68+3 33+02 34+16 20+2
Srinagar
22 LD-327 10 E78°47'50.3” N30°13'48.4" 137.2 4.3 12.8 2.0 69+19 56+7 36+03 19+5 15+2
23 LD-328 3 E78°47'50.3” N30°13'48.4" 176.8 34 12.8 2.1 60+ 8 52+3 3.6+04 16+3 1441
24 LD-338 5 E78°48'21.3” N30°13/13.5” 159.5 3.1 7.1 1.6 39+5 33+1 2.7+02 14+2 12+1
25 LD-380 4 E78°49'16.3” N30°14'29.1” 168.5 53 153 23 154+£57 111+1 43+03 36+13 26+2
26 LD-381 2 E78°49'16.3” N30°14/29.1” 188.6 5.4 8.9 1.1 53+17 32+1 29402 19+6 11+1
Deoprayag
27 LD-18A 5 E78°49'29.4” N30°08'1.6” 150 3 10.5 2 34+3 — 33+03 — 10+2.0
28 LD-19A 33 E78°49'29.4” N30°08'1.6" 150 3.7 19 2.6 49+7 - 24+0.1 — 12+£20
29 LD-20 37 E78°49'29.4” N30°08'1.6” 150 4.2 41 29 119+29 -— 24+0.1 — 18+2.0
30 LD-19 70 E78°49'29.4” N30°08'1.6” 150 3.7 11 22 86+25 — 24+0.1 — 21+2.0
Vyas Ghat
31 LD-567 22 E78°34/58.3” N30°04'25.8” 116.2 2.7 14.6 22 90+33 69+7 36+02 25+9 19+2
Chandidevi
32 LD-286 — — — 180 4.6 12.0 1.5 — — 34+0.005 39+7 11+2
Fault gauge
33 LD-490 — E78°55'31.0" N30°15'044” 163 1.2 1.5 0.2 74 +11 60+6 07+04 105+17 85+10
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Hills at Chandi Devi temple, a sample from near the top of the
alluvial cover of terrace T-4 yielded an age of 11 +2 ka (Sinha et al.,
20009).

On the Ganga plain several sections along the Ganga River have
been studied previously and here we use the chronology from the
uppermost part of the exposed sections (Rao et al., 1997; Srivastava
et al,, 2003a,b; Tandon et al., 2006). These chronologies mark the
termination of a major phase of sedimentation and subsequent
incision of the upland surface of the Ganga Plain (Srivastava et al.,
2003Db). The location and schematic representation of the studied
sites is provided in Fig. 6. At the mountain front, near Nagal, the
Ganga river has incised ~18 m into its relict fan deposits, which
yielded an age of 14 + 3 ka (NN-1) near the base and 7 + 2 ka (NN-
6) near the top (Jaiswal, 2005 and our unpublished data). Shukla
et al. (2001) described the sedimentary architecture of this
section in detail. Further downstream, at Amroha, an aeolian dune
located on the upland surface between the Ganga and the Ram-
ganga River yielded an age of 12.3 ka (Tandon et al., 2006). This
indicates that neither the Ganga nor the Ramganga has flooded
this surface since ~12.3 ka and the rivers probably incised before
this (Tandon et al., 2006). At Budaun the Ganga River incised the
upland surface after 12 ka, as a sample ~8 m below the top of this
surface yielded a quartz thermoluminescence age of 1241 ka
(TL-8; Rao et al., 1997). Similarly, along the River Ganga, exposed
sections towards the top of the same upland surface near Kanpur
and Varanasi yielded ages of 13 2 ka (GP-14, multiple aliquot
additive dose protocol on quartz; Srivastava et al., 2003a,b) and
7 +1 ka (GP-8; SAR on quartz; Srivastava et al., 2009).

4.2. Lithofacies and sedimentation

The Quaternary fluvial deposits of the Alaknanda valley can be
studied along the bluffs of terraces and can be divided into various
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lithofacies. The majority of the lithofacies are gravelly to sandy, and
are described below using the nomenclature of Miall (1996):

4.2.1. Gem (clast-supported massive gravel)

This lithofacies is 1-8 m thick, composed of well-rounded,
imbricated, moderately to well sorted clasts. The clasts range in size
from 5 to 25cm and are dominantly composed of lithologies
derived from the quartzites exposed in the Higher Himalayan
region (commonly called Higher Himalayan Quartzites). The matrix
is coarse to gritty, grey sand with abundant mica. These lenticular
units fine upwards and often transform into coarse to medium
grained horizontally laminated sand lithofacies. Laterally, the units
are in places multistoried and often pass upward into grey to yellow
micaceous fine sand or matrix-supported angular gravels. The
average boulder population comprises 95% quartzite, 4% gneisses
and ~ 1% fossiliferous Tethyan sedimentary rocks. This facies
occurs commonly in all the studied sections (Fig. 7a).

The Gcm facies is a product of riverbed accretion in the form of
amalgamating channel bars (Nichols, 1999; Srivastava et al., 2008).
The roundness of the gravels indicates that they have undergone
several cycles of weathering, erosion and deposition. The presence
of medium to fine sand lenses represents the waning phase of the
flood cycle. However, successive floods can erode the sandy facies
and deposit another cycle of Gem facies.

4.2.2. Gmg (matrix-supported gravel)

This lithofacies unit is 1—12 m thick, composed of poorly sorted
gravel, with clasts a few centimeters to 1 m in size (maximum
length). Clast imbrication is absent and the matrix is made up of fine
micaceous sand and, sparingly, mud. This facies is divisible into two
subfacies as follows: Subfacies A is exclusively composed of the rock
types exposed in the valley walls and the clast are angular (Fig. 7b),
whereas Subfacies B is made up of rounded to sub-rounded clasts of
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Fig. 6. Schematic sections along the Ganga River on the Ganga plain, showing the results of dating carried out to determine the age of fluvial incision. Note that the aggradation on
the upland continued at least until 7 ka and the incision is younger than 7 ka. All the ages mentioned are in ka.
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Fig. 7. Photographs showing (a) Clast-supported Massive Gravel (Gcm) lithofacies (b) Matrix-supported gravel- subfacies-A (c) Matrix-supported gravel- subfacies-B.

mixed lithologies that crop out upstream of the section (Fig. 7c). This
facies is represented in every section, although any vertical facies
association with a particular lithofacies has not been noticed.

These are the deposits of low-energy debris flows (Miall, 1996).
Subfacies A represents the deposits of fans and landslides reaching
the main channel from the immediate valley sides. In contrast,
subfacies B represents debris flows that originated somewhere
upstream in the catchment. The rounded to sub-rounded nature of
the clasts of mixed lithologies indicates the recycling of clasts
(Srivastava et al., 2008).

4.2.3. Gh (clast-supported horizontally stratified gravel)

This lithofacies is horizontally stratified and is 20—30 cm thick,
having a uniform clast size of 5—6 cm. Individual beds are up to
10 cm in thickness and in general have a clast-supported and/or
open framework, with little sandy matrix.

Horizontally stratified gravels form due to the migration of low-
relief bedforms generated during the transition from dunes to
upper stage plane beds (Miall, 1996) and represent the waning
phase of floods.

4.2.4. Sh (horizontally bedded sand)
This lithofacies unit is 0.25—2.5 m thick, and is composed of
horizontally laminated, medium to fine sand. These units are seen

to be lenticular to sheet-like in geometry and extend for 10—100 m
laterally. Individual units are in places massive and bioturbated, and
may contain thin lenses comprising matrix-supported rounded
boulders. The individual units may also show reddening, due to
iron staining. The lithofacies is best exposed in the Deoprayag
section.

These are the deposits of channel bars formed during the
waning phase of floods under water depths of a few decimeters
(Miall, 1996). Ferruginous reddening indicates increased aridity and
subaerial exposure. The gravel lenses may indicate erosion and
deposition by subsequent flood events (Srivastava et al., 2008).

4.2.5. Lithofacies associations

Lithofacies Association-A consists of lenticular to sheet-like
vertically accreted gravel bodies. Individual bodies range up to
~100 m longitudinally and up to 5 m vertically. This association
includes lithofacies Gem, Gh and Sh. Lithofacies Gcm forms the
basal part, followed by Gh and Sh. This association occurs laterally
as lenticular units and represents channel bar migration by traction
currents (Fig. 8; Srivastava et al., 2005). The vertical aggradation
indicates high sediment to water ratio.

Lithofacies Association-B consists of lithofacies Gmg overlain by
Sh. These are deposits of debris flows of different strengths. Their
clast composition indicates the origin of the debris flows within the



Y. Ray, P. Srivastava / Quaternary Science Reviews 29 (2010) 2238—2260 2247
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Fig. 8. (a) Litholog of the valley fill at Supana, Srinagar. (b) Photograph showing lateral geometry of the gravel units exposed at Supana near Srinagar. Note the OSL age of the

sequence. Refer to Fig. 13 for location.

catchment. Flows are interpreted as locally generated, when the
clast framework of Gmg facies composed mainly of locally exposed
bedrock lithologies, and generated distally, in the upper part of the
catchment, in such cases the constituent clasts are moderately to
well rounded and are mixed with local clasts. The genetic associ-
ation of Sh facies indicates temporary damming of the channel
(Sundriayal et al., 2007).

The fill terraces mostly consist of channel-bound deposits grou-
ped here as Lithofacies Association-A. The presence of rounded
boulders of granite, quartzite, fossiliferous rocks and gneisses indi-
cates that, prior to aggradation, the bedload was generated in the
upper catchment located in the Higher Himalayan Crystallines and
the Tethyan sedimentaries. The relative abundances of these lith-
oclasts depend upon the extent of exposure of the particular rock
type in the catchment. The channel-bound depositional sequence
may often be interrupted by the deposition of debris flows generated
locally as well as distally, both of which are grouped under Lith-
ofacies Association-B. These facies associations, in vertical sequence,
are randomly associated and therefore do not carry any stratigraphic
or temporal significance and suggest that the valley filling occurred
via channel bar aggradation and sediments supplied from landslides
and debris flows. However, at Srinagar a study indicated that the
occurrence of Lithofacies Association-B is temporally associated
with the phase of an enhanced monsoon (Sundriayal et al., 2007).
The occasional presence of red-yellow micaceous fine sand facies, e.
g. at Deoprayag, indicates development of a red profile resulting
from iron oxidation due to prolonged subaerial exposure and
reduced flood magnitude (Srivastava et al., 2008). The terrace sedi-
ment here is mainly derived from the Higher Himalayan Crystallines
(HHC) but at times shows higher contribution of local lithologies of

the Lesser Himalaya (Sundriayal et al., 2007; Srivastava et al., 2008).
Sediments sourced from the HHC and deposited in the Lesser
Himalayan zones represent multiple cycles of deposition and
aggradation, and cannot be correlated temporally directly with
phases of higher erosion in the Higher Himalayan region. In other
words we can say that there was a considerable time lag between the
erosion and production of sediment in the Higher Himalayan source
area and the deposition of the latter as a valley fill in the Lesser
Himalayan zone.

5. Morphostratigraphy of terraces

Fluvial terraces in this study have been recorded in terms of the
height of the bedrock steps and the thickness of the overlying alluvial
cover. Depending on the ratio of the thickness of alluvial cover and
vertical bedrock incision, three different kinds of terrace configura-
tions are identified: (I) Cut-and-fill terraces with thick alluvial cover
over a shallow bedrock step; (II) terraces with almost equal thickness
of alluvial cover and depth of underlying bedrock step; and (III)
terraces with deeper bedrock steps and thin alluvial cover (Fig. 9).

In the following text we describe the studied sections and
provide details of terrace elevation above the modern riverbed, in
an upstream to downstream sequence (Figs 4 and 10). All the
chronology mentioned in this section is derived using OSL on
sediments of the alluvial cover.

5.1. The Nandprayag section (N30°19'59.7" E79°18'55.0")

This section has three levels of cut-and-fill terraces (Fig. 11).
Terrace T-1 is disposed 7 m, T-2 25 m and T-3 65 m above the
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Fig. 9. Schematic section showing different types of uplift scenarios and development
terraces, (I) cut-and-fill terrace (II) terraces with roughly equal depth of bedrock step
and thickness of alluvial cover (III) terraces with high bedrock steps and thin alluvial
cover. These indicate lower, higher and intermediate rates of uplift, respectively
(see text).

modern riverbed. The bedrock step beneath T-1 reveals 2 m of
fluvial incision. A sample collected from 6 m below the T-2 surface
(19 m above the bedrock surface) yielded an age of 27 + 3 ka. Thick
vegetation constrained our studies of the sedimentary architecture
of the fill sequence.

5.2. The Langasu section (N30°17'42.1" E79°18'01.5")

Three levels of cut-and-fill terraces are present on the right bank
of the River Alaknanda at Langasu (Fig. 11). A 2.5 m thick bedrock
step beneath T-1 reveals minor fluvial incision. The vertical sepa-
ration of the deepest bedrock incision beneath T-1 and the top of
the aggradational sequence is 11 m. The surfaces of T-2 and T-3 are
located 36 m and 100 m above the riverbed, respectively. The
riverbed here is 796 m a.s.l. A sample from 4.5 m below the top
terrace T-3 yielded an age of 16 + 2 ka.

5.3. The Seroli section (N 30°16'47.2" E 79°14'16.8")

This section represents a fill terrace along the river with a 16.5 m
thick sedimentary fill and the base of the sequence lies 1 m above

the modern riverbed (Fig. 11). The fill sequence consists of two units
of Lithofacies Association-A separated by one of Lithofacies Asso-
ciation-B representing valley aggradation by the migration of
channels bars with an intermittent locally generated debris flows
(Fig. 11). A sample from 10 m below the surface of this section
yielded an age of 49 +1 ka.

5.4. The Bamoth section (N30°16'10.7” E79°10'17.1")

At Bamoth, the meandering Alaknanda river is incised into the
bedrock with the present-day riverbed at 732 m a.s.l. Three levels of
terraces are observed on the right bank of the channel, where
terraces T-3 and T-2 are of the cut-and-fill type and together form
a 113 m thick valley fill sequence (Fig. 12). Total bedrock incision,
punctuated with the minor aggradation of terrace T-1, is of the
order of ~23 m. A sample collected from 5 m above the base of the
T-2 terrace is dated to 15+ 2 ka.

5.5. The Gaucher section (N30°17'53.4" E79°09'34.1)

Five levels of fluvial terraces are observed on the right bank of
the river at this location. Terraces T-5, T-4 and T-3 represent a first
set of cut-and-fill terraces and mark an older phase of valley filling
at Gaucher. The surface of terrace T-5 lies at 860 m a.s.l., T-4, which
is the widest, lies at 812 m a.s.l. and T-3 lies at 770 m a.s.l. The
bedrock step beneath T-3 lies at 737 m a.s.l, i.e. 24 m above the
riverbed (Fig. 12). The total thickness of this phase of alluvial fill is
123 m, out of which the basal 30 m represents mainly aggradation
of Lithofacies Association-A, with one event of distally generated
debris flow (Fig. 12). The aggradation of the second phase
comprises terraces T-1 and T-2 that are gently sloping towards the
channel and are of cut-and-fill type. The bedrock surface beneath
terrace T-1 lies 3 m above the riverbed at 713 m a.s.l. The total
thickness of the alluvial fill represented by T-1 and T-2 is ~13 m,
which is mainly in the form of Lithofacies Association-A capped by
distally generated debris flow deposits representing two separate
events. Samples from 24 m and 1.5 m depth below the surface of
T-3 and that from near the base of T-5 indicate that the first phase
of the alluvial fill occurred between 37 and 13 &1 ka. The age of
16 & 2 ka at the base of T-2 is slightly overestimated as morphos-
tratigraphically it should be younger than 13 ka. This combined
evidence indicates that the Gaucher section preserves a record of
nearly continuous aggradation from between ~37 and 13 ka.

5.6. The Nagrasu section (N30° 18'09.2" E79° 07'04.7")

Two levels of fill terraces are present on the right bank of the
river at Nagrasu. The present-day riverbed is at an altitude of 686 m
a.s.l. The bedrock step below the T-2 terrace lies at 99 m above the
riverbed and is covered by a 20 m thick fill sequence. Similarly
the base of the lower terrace T-1 lies on bedrock just 4 m above the
river level, 70 m of alluvial fill taking the terrace surface to 74 m
above the river level. One of the interesting facts about the deposits
present here is that both are ‘rock defended’ terraces, in that both
represent fossil valleys (Fig. 12). The alluvial fill of the older terrace,
T-2, is mostly covered with thick vegetation and so could not be
studied; however, a small sand body 6 m below the surface gave an
age of 34 + 6 ka (LD-449). The basal ~22 m of the alluvial cover of
the T-1 terrace is entirely made up of Lithofacies Association-A,
which, from nearly 3 m above the base, yielded an age of 13 + 2 ka
(LD-324). The data from this site indicate that aggradation phases at
around ~38 ka and ~ 13 ka were separated by ~95 m of bedrock
incision.
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Fig. 10. Terrace configuration of the studied sections along the Alaknanda—Ganga River. Note the dominance of cut-and-fill type terraces (type I in Fig. 9) in most parts of the valley.
The sections at Nagrasu, Sumerpur—Rudraprayag and Chandi Devi, however, show type III terraces (see Fig. 9) from which bedrock incision rates have been calculated (see Table 5).

5.7. The Gholtir section (N30° 18'04.4" E79° 05'34.8")

Three levels of cut-and-fill terraces are present at Gholtir, with
the riverbed located at 673 m a.s.l. The total thickness of the alluvial
fill here is 75 m, of which T-3, T-2 and T-1 account for 25 m, 40 m
and 10 m, respectively; there is a 2 m thick bedrock step below T-1.
Therefore this section essentially represents only a single phase of
valley aggradation and minimal (2 m) bedrock incision. A ~10 m
thick section of sedimentary fill, exposed at the scarp of T-1, indi-
cates aggradation of Lithofacies Association-A. Age estimates on
samples from 6.5 m below T-2 and 5 m below T-3 indicate that the
aggradation took place between >40 and 11 ka and that incision of
the fill post-dates 11 ka (Fig. 12).

5.8. The Sumerpur—Saur—Rudraprayag section (N30°18'25.1"
E79°02'17.7")

At Sumerpur, where the riverbed is situated at an altitude of
631 m a.s.l., a single terrace is observed on the left bank of the river.
The section here shows 84 m of limestone and dolomitic bedrock
overlain by 10 m thick alluvial cover. The base (7 m below the
surface) of the latter was dated to 17 43 ka. Similarly, ~5 km
downstream (Saur village), the same terrace, shows a bedrock step
of 79 m overlain by an alluvial sequence of ~9 m. Here, a sample
from 6 m below the surface was dated to 11 + 3 ka. In the section at
Rudraprayag the bedrock step, at 104 m above the riverbed, is
overlain by a 12 m thick alluvial fill. The riverbed here is at 625 m a.s.
1. Three samples collected from 11 m,4 m and 1 m below the surface
yielded ages of 41 +5ka, 35+6ka and 18 +3 ka respectively.
Therefore, the terrace chronology of Sumerpur—Saur—Rudraprayag

section indicates aggradation between 41 and 18 ka and that this
reach of the river has undergone significant local base-level
adjustment by incising deep into the bedrock (Fig. 13).

5.9. The Dhari section (N30°15'14.3" E78°52'31.2")

A single terrace can be observed here, with a 55 m thick alluvial
fill separated from the modern river by a 5 m bedrock step. The fill
sequence is largely made up of Lithofacies Association-A. Two
samples from 13 m and 11 m below the surface provided ages of
27 + 2 ka (LD-376) and 20 + 2 ka (LD-377).

5.10. The Srinagar section (N30°13'48.4" E78°47'50.3")

At Srinagar the Alaknanda valley is at its widest and shows the
development of six terraces. Bedrock is seen below terraces T-6 and
T-2, suggesting that terraces T-5—T-2 are of cut-and-fill nature.
Terrace T-6 is formed by ~80 m thick alluvial fill separated from
the lower terrace sequence by a 90 m thick bedrock step. The
younger terrace sequence from T-5 to T-2 is composed of ~80 m
thick alluvial sequence with an underlying 15 m thick bedrock step
(Fig. 14). The riverbed here is 543 m a.s.l. An approximately 7 m
thick fluvial fill lies over the present-day river makes terrace T-1.
Thus the Srinagar section represents three phases of valley alluvi-
ation separated by two bedrock incision periods. The sedimentary
architecture of older alluvial fill (T-6) is dominated by Lithofacies
Association-B and a sample more than 40 m from the surface of this
terrace yields an age of 26 + 4 ka (LD-329). The younger phase of
valley fill (which comprises terraces T5—T2) is dominated by Lith-
ofacies Association-A; three samples collected from 60 m, 10 m and
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3 m below the top of the fill provided ages between 17 and 14 ka. A
date from near the top of a similar fill at Supana yielded an age of
11 4+ 2 ka (LD-381) (Fig. 8).

5.11. The Deoprayag section (N30° 8.961'E78° 36.837')

Srivastava et al. (2008) have studied the Deoprayag section in
detail. The total thickness of the fill is ~79 m and composed of two
cut-and-fill terraces. The upper T-2 lies at 86 m and the lower (T-1)
at 16 m above the modern river level. A 7 m thick bedrock step lies
below T-1 and above the riverbed, which here lies at an altitude of
459 m a.s.l. (Fig. 15). The fill sequence is made up of Lithofacies
Association-A and includes red coloured oxidized sand. Four
samples collected from 5 m, 33 m, 37 m and 70 m below the surface
yielded ages of 10+2ka, 12+2ka, 18+2ka and 21+2ka
respectively (Fig. 15).

5.12. The Vyas Ghat section (N30° 04'25.8" E78°34'58.3")

The height of the modern river at Vyas Ghat is 431 m a.s.l. The
section here shows a basal ~20 m bedrock step (in Chandpur
phyllite) overlain by a ~28 m thick alluvial fill. The alluvial
sequence is mainly made up of Lithofacies Association-A. A sample
collected from ~3 m above the bedrock is dated to 19 +2ka
(Fig. 16).

5.13. The Chandi Devi section

Sinha et al. (2009) have studied this section in detail. It lies in the
Sub Himalaya within the Siwalik belt. The River Ganga has cut four
bedrock steps here with thin alluvial cover lying over them. The
uppermost terrace, T-4, is at 104 m above the present-day riverbed,
with the river at 280 m a.s.l. The alluvial cover of T-4 is 24 m thick, is
made up of Lithofacies Association-A and is dated to 12 4-2 ka at
5 m below the top (Fig. 16).

6. Chronological synthesis of terraces

Thus 15 sections, from Nandprayag to Chandi Devi, covering
~200 km downstream distance, represent more than 60% of the
valley length. The sections show varying degrees of aggradation
and incision. The Nandprayag, Langasu and Seroli sections show
minimum bedrock incision (1-2.5m) and preserve valley fill
sequences as old as 49 ka. The sections at Bamoth and Gaucher
show valley fill sequences of >100 m that range in age from 37 to
13 ka. This valley reach shows >20 m of bedrock incision. Further
downstream, at Nagrasu, two terraces, namely T-2 and T-1, show
bedrock incision of 95 m and 4 m respectively and represent valley
aggradation from 38 to 32ka BP. The Gholtir section reveals
a sedimentary fill of 40 to 11 ka with 2 m of bedrock incision. The
sections at Sumerpur, Suar and Rudrapyayag show significant
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Fig. 12. (a) Field map and (b) terrace configuration (heights are in meters a.s.l.) (c) lithologs and luminescence age of alluvial cover at Bamoth, Gaucher, Nagrasu and Gholtir.

bedrock incision of 84, 79 and 104 m respectively and represent
aggradation between 41 and 11 ka BP. The Dhari section shows
55 m thickness of aggradation and ~5m of bedrock incision.
Similarly the Srinagar section shows two phases of valley aggra-
dation and bedrock incision. Here the first phase represents
aggradation prior to 25 ka and the second between 17 and 14 ka.
Similarly, at Deoprayag a ~79 m thick alluvial fill sits above a 7 m
bedrock step, the aggradation having started before 21 ka and
continued until 11 ka. The geomorphic configuration at Vyas Ghat
shows a 20 m bedrock step overlain by 28 m thick alluvial fill. The
latter sequence, near the base, yielded an age of ~19 ka. A section
at Chandi Devi represents the geomorphic setup as the river crosses

the outermost part of Himalaya. The section shows four bedrock
steps, the uppermost of which lies ~104 m above the riverbed and
is overlain by ~22 m of alluvial cover dated to 11 ka at 5 m below
the top.

7. Discussion
7.1. Climatic variation and valley aggradation
Our observations on the geomorphic configuration of the

studied reach of the Alaknanda—Ganga River combined with
luminescence chronology and available data on climate change and
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glacial advances indicate a direct link between valley alluviation
and climate change. For example, glacial and deglacial processes
played a significant role in supplying the sediment. The fill thick-
ness varies from ~20 m to >125 m. These aggradational processes
represent phases of high sediment generation and supply. Studies
of the glacial moraines and debris fans of the upper Bhagirathi
Valley indicate that deglaciation resulted in a rapid sediment
transfer into the river valley (Barnard et al., 2001). The Alaknanda
valley experienced two phases of major deglaciation, between 63
and 12 ka, implying that there were two periods of enhanced
sediment supply. The OSL chronology of the valley fills indicate an
aggradation phase that started before 49 ka and ended at ~ 11 ka.
The ages of the alluvial fills in the Alaknanda valley group into two
clusters: ~49—25 ka and ~18—11 ka (Fig. 17). The incision of the
alluvial fills started soon after 11 ka. Therefore it can be inferred
that the Alaknanda—Ganga River largely responded to global
climatic changes and local glaciation—deglaciation conditions and
the evolution of the valley fills took place as follows. (1) glacia-
tion—deglaciation processes in the upper catchment produced
large amount of sediment during ~63—12ka; (2) Glacially
produced sediment was transferred to the lower valley via several
cycles of erosion and deposition during deglaciation. (3) This phase,
incorporating a drier LGM and a moderately wet MIS 3, charac-
terized by lower discharge accompanied with high sediment load,
led to extensive valley aggradation in the Himalaya. (4) Climatic
amelioration after the LGM at ~ 12 ka, and the completion of the
deglaciation process, led to increased fluvial discharge and
decreased sediment supply, conditions conducive to the incision of
the alluvial fills.

River valley aggradation, and the subsequent formation of
terraces, is assigned to varying sediment supply and/or hydrology

produced by climatic perturbations (Hancock and Anderson, 2002;
Srivastava et al., 2008). Sediment supply that exceeds the transport
capacity of the channel will have produced the valley fills underlain
by shielded bedrock erosion surfaces (bedrock steps). The number
and elevation of terraces in a particular section, however, can
depend upon the local tectonic setting (Wegmann and Pazzaglia,
2009). In the Alaknanda—Ganga river system, discharge condi-
tions depend directly upon monsoonal variations and glacial melt.
The sediment supply, however, is controlled by the degree of
vegetation cover, glaciation—deglaciation processes and mass
wasting from the steeper slopes.

Glacial expansion and retreat in the Higher Himalaya, as a major
source of sediment supply, has registered two major episodes
during the last 65 ka. The glacial history of the Gangotri and Sato-
panth, the main glaciers that feed the Ganga river system, included
extensive valley glaciation during the period 63—11 ka. Deglacia-
tion started after 11 ka, with minor re-advances at 7 ka, 5 ka, 1 ka
and around 200—300 yrs BP (Sharma and Owen, 1996; Barnard
et al,, 2001; Owen, 2008). However, the maximum glaciation took
place at ~63 ka, during which the glacier snout was located at
2600 m a.s.l. In the Alaknanda valley a three-phase glaciation is
observed; the oldest Stage-1 (penultimate glaciation) descended to
2604 m a.s.l, whereas the Stage-II glaciation, corresponding with
the LGM (21—12 ka), was located at 3550 m a.s.l. and the Stage-III
(mid—late Holocene) remained at 3700 m a.s.l. (Nainwal et al.,
2007). Glaciers in the Ganga valley registered their maximum
extent at ~63 ka because this was a phase when environmental
temperatures were low, but monsoons, supplying moisture, were
relatively stronger than during the last glacial phase (Owen, 2008).
These data, when analyzed using Arc GIS, indicate that in the Ala-
knanda river valley an area of approximately 2366 km? was vacated
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by glacial retreat between Stage- I and Il and ~606 km? between
Stage-II and the present day (Fig. 18). This two-phased retreat and
fluvial catchment expansion would have supplied pulses of higher
sediment load into the lower reaches of the river. Additionally,
a study of the deposits of landslide-dammed lakes near Srinagar
indicates increased landslide activity soon after the last glaciation
(Sundriayal et al., 2007). Monsoon reconstructions based on a varve
and rythmite sequence preserved in the upper Alaknanda catch-
ment suggests a strengthening monsoonal system after 14.5 ka
(Juyal et al., 2009).

The past variability in the Indian monsoon has been widely
studied using both continental (lakes, ice cores) and marine
(sediment cores) archives. A comprehensive article that analyzed
the proxy records, supported with computer simulations, indicated
that the precipitation over the Indian subcontinent has varied in
response to Milankovitch cycles and that solar insolation, atmo-
spheric CO,, temperature, rainfall, vegetation cover and sediment
erosion and deposition are all interlinked (Prell and Kutzbach,
1987). The study suggested that, over the Indian subcontinent,
the intensity of the SW Indian monsoon and rainfall fluctuated by
as much as 30% from present values over the past 100 ka (Prell and
Kutzbach, 1987). During the LGM rainfall was ~30% lower than
present. Computer simulations and lake and ocean records indicate

that after the LGM, at ~ 12 ka, the monsoon started ameliorating
towards a peak at around 9 ka (Cullen, 1981; Swain et al., 1983; Van
Campo, 1986; Dill et al., 2003). More recent findings from the Bay of
Bengal and offshore from Sumatra show that monsoonal activity
after the Last Glacial Phase commenced around 15 ka BP, becoming
well established 2000 years later; they also show that the Holocene
saw a significant increase in river discharge to the ocean and that, in
the Ganga Plain and the Himalaya, vegetation, was progressively re-
established, after the Last Glacial Phase, between 19 and 8 ka (Galy
et al., 2008; Murgese et al.,, 2008). Reconstruction of temporal
variations in sea surface salinity (SSS) in the Bay of Bengal and
fluvial discharge of the Himalaya during the Late Quaternary indi-
cates that between 20 and 15 ka BP the Higher Himalaya was
intensively glaciated, with minimal fluvial discharge until 15 ka BP.
The beginning of the Holocene ( ~9.5 ka) was characterized by high
fluvial discharge, attributed to an intensified monsoon regime that
persisted throughout the Early Holocene (Chauhan, 2003). Overall,
important climatic events during the last 60 ka coincide with MIS 3
(Marine Isotope Stage 3; 60—25 ka), which was relatively humid
and cold, MIS 2 (25—15 ka), the last glacial phase (LGM); MIS 1
(12—0 ka) marks the major shift in precipitation regime from drier
(glacial conditions) to wetter Holocene. Therefore, it can be
concluded that from ~ 60 to 12 ka the hydrology of the Ganga river
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system was of lower energy than at present, with a significant
increase after 12 ka, peaking at ~9 ka.

A review of chronologies from all over the Himalayan catch-
ments of the Ganga and other major river systems indicates
climate change to be responsible for river incision and the
formation of terraces. Well-studied rivers include the Spiti and
Sutlej, in the NW Himalaya (Burbank et al., 1996; Bookhagen et al.,
2005; Phartiyal et al., 2009), as well as rivers like the Kali Gandaki,
the Marsyandi, the Burhi Gandaki, the Trishuli, the Sun Kosi, the
Bagmati and the Arun Rivers in the Central Nepalese Himalaya,
where late Pleistocene—Holocene deposits are well preserved. Fill
terrace deposits in the Marsyandi river valley have been dated at
around 50—35 ka, suggesting valley alluviation during same the
phase as in the Alaknanda (Pratt et al., 2004). Studies on bedrock
strath terraces in Central Nepal have indicated that, although the
straths lie at different levels above the riverbed, their incision ages
cluster between ~11 and 9Kka (Lavei, 1997; Lavei and Avouac,
2001). Likewise, in the Eastern Himalaya of Sikkim, the River
Teesta incised the mountain front at 11.3 ka (Mukul et al., 2007). In
the NE Himalaya, the Kameng River started to incise at 13.9 ka
(Srivastava and Misra, 2008) and similar results have been
obtained from the mountain exit of the Brahmaputra river
(Srivastava et al.,, 2009). This review has indicated that in the
Himalayan region river valleys experienced incision ~13—9 ka
(Srivastava et al., 2009). Similar studies from other tectonically
active settings, despite differing incision rates, have also demon-
strated the coincidence of incision with documented climatic
changes, suggesting climate change to be the major forcing factor
responsible for periodic river aggradation and incision: e.g. the
Charwell river in the Kaikoura Ranges, New Zealand (Bull and
Knuepfer, 1987; Bull, 1991), strath and cut-and-fill terraces along
the three various rivers at Mendocino triple junction, northern,
California (Merritts et al., 1994; Fuller et al., 1998; Pazzaglia et al.,
1998; Hancock et al., 1999) and the fluvial record preserved along
the Clearwater River of the Casacadia fore arc (Pazzaglia and
Brandon, 2001).

7.2. Linkages with the Ganga foreland and the Bengal Delta

The Ganga foreland basin has formed in response to the Hima-
layan orogeny during the middle Miocene and since then it has
been filled by sediments largely eroded from the Himalaya and to
some extent from the southern plateau (Singh, 1996). Sediment
production, supply and deposition, however, have been a function
of ongoing tectonic activity and climate changes within the orogen
and the basin and therefore the sedimentary sequence of the Ganga
basin and delta archives these climato-tectonic perturbations.
Major rivers like the Ganga, which originate in the higher Himalaya
and flow through the basin to the Bay of Bengal, act as conduits that
transfer the signal from the mountains to the foreland and deltaic
zones.

Several workers have studied the foreland segment of the Ganga
River and established a broad geomorphic framework (Singh, 1996),
chronology of various geomorphic units (Srivastava et al., 2003a;
Srivastava et al., 2009), stratigraphy of interfluve and valley fill
deposits (Singh et al., 1999; Gibling et al., 2005; Sinha et al., 2007),
and the timing and causes of river incision (Srivastava et al., 2003b;
Tandon et al., 2006). The regional geomorphic setup of the Ganga
Plain indicates that most rivers, including the Ganga and associated
rivers, are incised into the Upland Interfluve Surface and thus the
youngest age along the cliff section of interfluve deposits exposed
along the margins of the river channels marks the timing of the
incision (Srivastava et al., 2003b). At Nagal, ~30 km south of the
mountain front, the Ganga River has incised into a ~20 m thick
sandy sequence of Upland surface. A unit 3 m below the surface
yielded an OSL age ~7ka (Jaiswal, 2005). Further downstream,
near Amroha, an aeolian dune in the interfluve regions between the
Rivers Ganga and Ramganga is dated to ~ 12 ka, implying that these
rivers never inundated the interfluve surface since then and
possibly incised prior to 12 ka (Tandon et al., 2006). Likewise, at
Budaun the Ganga River has incised ~16 m into the Upland Inter-
fluve Surface and a sample from ~8 m below the top of a vertical
cliff yielded a thermoluminescence (TL) age of 12 +1 ka (Rao et al.,
1997). Similarly OSL ages of 13+ 2 ka and 7 +1 ka are reported
from the top of the cliff sections at Bithur (Kanpur) and Varanasi
(Srivastava et al., 2003a,b; Srivastava et al., 2009). These chrono-
logical data indicate that the interfluve regions were aggrading at
least up to ~6—7 ka and that the Ganga River incised this surface
shortly thereafter (Table 3; Fig. 6). Ages of similar order are
reported from the Yamuna and associated rivers (Williams and
Clarke, 1995; Singh et al., 1997). In the Ganga—Gomati interfluve,
central Ganga plain, a study on abandoned channels and oxbow
lakes indicated higher drainage density ~13 ka when the SW
monsoon was probably stronger (Srivastava et al., 2003c) The
stratigraphic succession below the Upland interfluve surface along
the Ganga River at Bithur indicates a discontinuity surface related
to reduced flooding at around the LGM (Gibling et al., 2005).
Luminescence age data from two sedimentary cores drilled in the
valley fill sequence near Kanpur reflect two distinct phases of valley
aggradation before 26 ka and between 11 and 6 ka (Sinha et al,,
2007). Similar investigations from other river systems of the
southern Ganga Plain have indicated a decline in fluvial aggrada-
tion around the LGM (Williams et al., 2006; Gibling et al., 2008).
The summed probability plots of published chronologies from the
Ganga plain reveal several periods of alluviation in the Ganga
foreland since the strengthening of the SW Indian Monsoon after
14 ka (Kale, 2007). To summarize, the fluvial archives from the
Ganga Plain indicate the following. (1) The Ganga River incised into
the uplands after 7 ka, which is 2—3 ka later than in the Himalaya.
(2) There were two major sedimentary pulses from the Himalaya to
the Ganga plain, which occurred before 26 ka and between 13 and
6 ka, whereas the Himalayan rivers aggraded in two phases from
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~49 to 25 and between 18 and 11 ka. (3) The rivers experienced
reduced flooding around the LGM. (4) There was increased fluvial
activity in response to the climatic amelioration after the LGM.
The Bengal Delta acts as the ultimate sink into which the Ganga
and Brahmaputra River systems deliver their water and sediment.
The sediment budget delivered to the sink however varies with the
climate and tectonism in the source region (Goodbred, 2003).
Borehole studies on the lower deltaic plains indicate a phase of
channel filling and high sediment supply prior to 14 ka (Umitsu,
1993). Similar evidence comes from the upper Bengal Fan
(2600 m depth), where the sediment input rates drastically
increased at ~ 15 ka and continued to increase until ~ 12 ka (Weber
et al,, 2003). Studies from mangrove sequences have indicated
a two-fold increase in sediment supply from the Ganga dispersal
system during 11—7 ka (Goodbred and Kuehl, 2000). More recent
studies of cores from the Bengal Delta indicate the presence of
a regional unconformity produced by lowered sea level (>100 m

Table 3
River incision chronologies in the Ganga plain.

Ganga River, Ganga Plain

Location River Age (ka) Reference

Fan area, Nagal Ganga 742 Jaiswal (2005)

Amroha Ganga <123 Tandon et al. (2006)

Budaun Ganga <12+1 Rao et al. (1997)

Bithur, Kanpur Ganga 13+2 Srivastava et al. (2003a,b)
Varanasi Ganga 7+1ka Srivastava et al. (2003a), (2009)

below modern sea level) during the LGM, represented by a palae-
osol and valley incision. During 23—17 ka the incised valley was
filled as a result of the decrease in the rate of sea level fall and
higher sediment supply. At ~9ka a rapid transgression and
simultaneous monsoon intensification and related high sediment
load (4—8 times than present) and water discharge inundated the
lowstand surface and caused a rapid aggradation of both flood plain
and estuarine valley fill deposits between 8 and 7 ka (Sarkar et al.,
2009). Sea surface salinity estimates from a radiocarbon-dated
sediment core from the Bay of Bengal suggest high fluvial
discharges starting at 12.5 ka that continued during most of the
Early Holocene (Chauhan, 2003). Summarizing the above, it can be
said that (1) deltaic zones received sediments and aggraded at
a higher rate during 15—7 ka, which is linked with increased rainfall
after the LGM and (2) 12.5—9 ka was a time of increased fluvial
discharge. Based on the data from the mountains, the Ganga fore-
land and the delta, a relationship in terms of aggradation and
incision is established below (Table 4).

Between 63 and 11 ka glacial conditions generally prevailed,
encompassing the LGM (MIS 2) and penultimate glaciation (MIS 3).
The Alaknanda—Ganga River valley received huge sediment load
from the two-phased deglaciation and aggraded between ~49 and
11 ka in the mountainous headwaters. The ages of sedimentation in
the Alaknanda valley largely group into two clusters, 49—25 ka and
18—11 ka, indicating that sediment transport was assisted by
increased discharge during the climatic transitions from dry to wet.
In the Ganga foreland, the stratigraphy of the upland interfluve
surface as exposed along the Ganga River suggests continuous
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Table 4

Summary of the responses of Ganga—Alaknanda River from the mountains—foreland—delta during the last 63 ka. 1. Owen et al. (2008); 2. Owen (2008); 3. Sharma and Owen
(1996); 4. Nainwal et al. (2007); 5. Srivastava et al. (2008); 6. Srivastava et al. (2003a); 7. Srivastava et al. (2003b); 8. Gibling et al. (2005); 9. Srivastava et al. (2009); 10. Goodbred

and Kuehl (2000); 11. Sarkar et al. (2009); 12. Prell and Kutzbach (1987).

Period ~63-11 ka ~11-7 ka Reference
Geomorphic zone
Glaciated part of Snout elevation in Alaknanda —Ganga river valley fluctuated Deglaciation completed and further northward 1, 2, 3, 4 and

Alaknanda—Ganga river
valley in Himalaya
major northward expansion of fluvial regime.

Non-glaciated lower reaches
of river valleys in Himalaya

Widespread valley aggradation

Indo-Gangetic plain
as marked by unconformities

Bengal Delta
rates around glaciation

River discharge
weaker as compared to modern conditions

Sediment load

Regional climate

between 2604-3550 m amsl with the maximum glaciation
being at ~63 ka. The deglaciation of ~63 ka peak lead to

Active aggradation with reduced flooding during LGM

Active aggradation with reduced sedimentation

River discharges were low as SW monsoon was ~20%

High sediment load was generated in the Higher Himalayan
reaches due to extensive glaciation and deglaciation processes

Two major glaciations between 63-18 ka and thereafter
strengthening of SW monsoon characterize this phase.

expansion of fluvial regime. present study

Rivers incised at ~11 ka 5, Present study

Aggradation continued till ~7 ka with incision
being younger than 7 ka

6,7,8,9,
Present study

Rate of sediment increased to ~4-8 times 10, 11
Increasing trend peaking at ~9 ka 12
Sediment load started decreasing due to 10, 11

re-establishment of vegetation cover
and glacial stability. The sediment to
water ratio decreased due to
strengthened SW Monsoon.

Largely wet conditions prevailed
with minor fluctuations.

1,2,3,12

The Last Glaciation (25-18 ka) phase was arider and limited
in extent than the penultimate (~63 ka). The SW monsoon

strengthened after 15 ka and peaked at ~9 ka.

aggradation from ~59 to 7ka (Srivastava et al, 2003ab,c;
Srivastava et al., 2009) with breaks around the LGM (Gibling
et al.,, 2005).

Between 11 and 7 ka the Indian monsoon strengthened after the
LGM and the rainfall and vegetation cover increased significantly
(Prell and Kutzbach, 1987). This scenario led to a decrease in sedi-
ment to water ratio and subsequent valley incision. The river in the
mountains shows incision at ~ 11 ka, whereas incision occurred at
~7 ka in the plains. This time lag can be explained by the fact that
variation in channel gradient, which controls the stream power, is
significantly higher in the mountains than that in the foreland
(Table 1). This was also a phase of higher sedimentation rates in the
Bengal Delta.

7.3. Spatial variations in bedrock incision rates

In the Alaknanda—Ganga valley river terraces can be used to
decipher bedrock incision rates. Depending on the ratio of the
thickness of alluvial cover and vertical bedrock incision, different
terrace configurations can be evaluated and the relative role of
climate and tectonics in their formation can be deciphered (Starkel,
2003). In areas of relative tectonic quiescence, the river has higher
residence time and the opportunity to aggrade, forming a thick
alluvial cover over bedrock steps. The subsequent incision will give
rise to cut-and-fill terraces above a low bedrock step. The terraces
at Nandprayag, Langasu, Seroli, Bamoth, Gaucher, Gholtir, Dhari,
Deoprayag and Vyas Ghat fall in this category and can be classified
as type I. The terraces at Srinagar show two bedrock steps overlain
by alluvial cover of thickness almost equalling the depth of bedrock
incision in each step and thus may be classified as Type II, repre-
senting mild tectonic activity. In contrast, terraces above relatively
deeper bedrock steps and with thinner alluvial cover represent
fluvial reaches with intense tectonic uplift (Starkel, 2003;
Srivastava and Misra, 2008). Therefore the terraces at Nagrasu,
Sumerpur, Saur, Rudraprayag and Chandi Devi fall into this category
and can be classified as Type III (Fig. 9).

In the present study the bedrock incision rate has been esti-
mated from dated terraces of Type IIl. The heights of bedrock steps
above the present-day river level or above the successive younger
steps has been considered as total incision (in meters) (Pazzaglia
et al., 1998; Kumar et al., 2006; Srivastava and Misra, 2008). Thus
the rates of river incision are given by the ratio of the elevation
difference Ah between the two successive bedrock incision phases
of the river and total time elapsed (AT) during the incision, and can
be related to tectonic uplift in the region (Pazzaglia et al., 1998).
Table 5 provides the mean incision rate using the central ages and
minimum incision rates using the maximum age span. The
minimum incision rates, incorporating the errors associated with
the ages, are 2.7 mmy/year at Nagrasu to 2.6 mmy/year at Sumerpur,
5.6 mm/year and 4.9 mmy/year at Saur and Rudraprayag respec-
tively. In the frontal Himalaya, the Siwalik ranges, at Chandi Devi
have been incised at the rate of 7.4 mm/year.

In the area near Rudraprayag, cosmogenic radionuclide (CRN)
dating of surface rock of a strath yielded bedrock incision rate of
~4 mm/year and analysis based on active landsliding, upstream
of Rudraprayag, accounted for a lowering of the landscape of
~5.7 mm/year (Barnard et al., 2001). Similarly, bedrock incision
rates for the Braldu River, Central Karakoram Mountains, northern
Pakistan, based on CRN ages for strath terraces, range from 2 to
29 mmy/year (Seong et al., 2008). Dating of abandoned river-cut
surfaces in the northwestern Himalaya reveals that the Indus River
has incised through bedrock at 2—12 mm/year (Burbank et al.,
1996; Leland et al., 1998). In Nepal, Higher Himalayan Crystalline
(HHC) rocks have been incised at ~4—8 mm/year (Lavei and
Avouac, 2001). In Central Nepal, Higher Himalayan gneiss is
reported to have been incised at the rate of 13 mm/year during the
Holocene (Pratt et al., 2007). Maximum bedrock incision rates as
reported from the Marsyandi valley, Nepal, are ~7 mm/year in the
Higher Himalaya and ~1.5 mm/year in the Lesser Himalayan
Mahabarat Ranges (Pratt et al., 2004). In the outer Himalayan
ranges of the Siwalik, this study estimates incision rates of 7.4 mm/
year, as compared to 4—6 mm/year determined from the uplifted
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Table 5

Bedrock incision rates estimates at selected locations along Alaknanda River. See the Fig. 4 for locations.
S. no Location Height of riverbed Geomorphic unit Strath AH Time to incise Incision rate

(mamsl) (m) AT (ka) mm/yr
Mean Max Mean Least

1 Nandprayag Cut-fill terrace — — — — —
2 Langasu Cut-fill terrace - - - - -
3 Seroli Cut-fill terrace - - - — -
4 Bahmoth 732 Cut-fill terrace — — — — —
5 Gaucher 713 Cut-fill terrace — - — - -
6 Nagrasu 686 One level of Strath terrace T2 and Fill Terrace T1 T2-T1=95 25 35 3.8 2.7
7 Gholtir 673 Cut-fill terraces - - - - —
8 Sumerpur 645 Strath terrace T1 T1-TO=52 17 20 3.1 2.6
9 Saur 631 Strath terrace T1 T1-T0O=79 11 14 7.2 5.6
10 Rudraprayag 625 Strath terrace T1 T1-TO=104 18 21 5.8 49
11 Dhari 580 Cut-fill terraces = - = = =
12 Srinagar Cut-fill terraces — - - - -
13 Deoprayag 475 Cut-fill terraces — — — — —
14 Vyas Ghat 442 Cut-fill terraces - - - - -
15 Chandi Devi 228 Four levels of Strath terraces T4 -TO=104 11 14 9.5 74

terraces of the Ghaggar, Markanda, Shajahanpur and Kosi rivers, in
the nearby area (Kumar et al., 2001). Similarly, in the Central
Himalaya, Nepal, fluvial terraces on a growing anticline in the
Siwaliks, along the Bagmati and Bakeya rivers, indicate uplift rates
of 10—15 mm/yr (Lavei and Avouac, 2001). In the Eastern Himalaya,
the Teesta river has incised the Siwalik bedrock at a rate of ~4 mm)/
year (Mukul et al., 2007) and in the NE Himalaya, the Kameng river
has incised the Siwalik sandstone at a rate of 7.5 mm/year
(Srivastava and Misra, 2008). Our bedrock incision data indicate
that near Rudraprayag and Chandi Devi, which show development
of terraces with high bedrock steps, implying higher incision rates,
are hotspots of tectonically driven erosion. The Rudraprayag area
lies in the vicinity of the seismically active Alaknanda and Kaliya-
saur faults. A gouge sampled from the latter fault zone yielded an
age of ~85 ka, which indicates tectonic deformation in the area.
The Chandi Devi area, which lies near the mountain front, is
influenced by the deformation and uplift that is taking place in
response to activity along the Himalayan Frontal Thrust (HFT).
Therefore, the Himalayan thrust belt has experienced tectonic
deformation both near the mountain front (i.e. Chandi Devi) and in
the hinterland (i.e. the Rudraprayag area). The Himalaya is
considered as a critical taper wedge where the activation and
successive locking of thrust faults takes place. In this context the
Main Central thrust (MCT) is the oldest and inactive and the frontal-
most thrust located at the toe of the wedge, i.e. Himalayan Frontal
Thrust (HFT); this is an active thrust where most deformation is
taking place. This is called the Forward Thrust Model, or in-
sequence deformation of thrust fold belt (Dahlen, 1990). Our data
however indicate that, apart from the in-sequence deformation (at
Chandi Devi section), this part of the Himalaya is also registering an
out-of-sequence deformation in the hinterland. Similar inferences
were drawn in earlier studies where the Main Boundary Thrust
(MBT, a thrust immediately older than the HFT and south of the
MCT) is said to deform via normal faulting (Mugnier et al., 1994).
Bedrock incision rates are also at times equated with the land-
scape erosion rates. Our results indicate that basin average erosion
rates differ significantly from that deduced from the terrace
geomorphology (Barnard et al., 2001). Vance et al. (2003) analyzed
CRN corroborated with Nd isotopic mass balance of the river
sediments from the Upper Ganges catchment and indicated
catchment-averaged erosion rates to be 2.7 +0.3 mm/yr in the
High Himalaya, falling to 0.8 + 0.3 mmy/yr in the foothills. Erosion
rates deduced in this study are lower than our estimates of bedrock
incision rates. It should be noted in this regard that inferences

drawn by Vance et al represent the erosion integrated over the
whole catchment and the study also underestimated the effect of
grain size variation on the '°Be concentration (see Reinhardt et al.,
2007). Rates estimated using bedrock steps provide site-specific
information that may be governed by tectonic deformation and/or
focused precipitation in the area. Furthermore, there may have
been distortion of the isotopic signal as rivers like the Alaknanda, in
its Lesser Himalayan stretch, have incised into their older valley fill
deposits and into paleo-landslides; these older deposits, when
banked against the valley walls, form barriers that restrain the
entry of locally sourced sediment with Lesser Himalaya isotopic
signatures. In addition, valley fills that are in general dominated by
Higher Himalayan sources erode and supply sediment to the
channel and add a Higher Himalayan isotopic signature in the
Lesser Himalayan zones as well. Therefore, erosion rates based on
isotopic studies of riverbed load and the mass balance of contri-
butions of Higher and Lesser Himalayan rocks could be misleading
(Burbank and Anderson, 2001).

8. Conclusions
The following conclusions can be drawn from this study:

1. The river geomorphology of the Alaknanda—Ganga river
system shows well-developed terraces that in most cases are of
cut-and-fill type. However, segments around Nagrasu, between
Sumerpur and Rudraprayag and at Chandi Devi show terraces
with deep bedrock steps.

2. The luminescence chronology of the alluvial fills indicates that
the river has experienced massive valley filling episodes
between ~49 and 25 ka and between 18 and 11 ka. These were
phases when sediment supply significantly increased, probably
due to the two phases of deglaciation during the last ~63 ka.
Lithofacies analysis of the sedimentary fill indicates that the
valley filling mainly took place due to channel bar aggradation
during periods of high sediment supply and low water
discharge and was thus climatically controlled.

3. Incision of the valley fill started soon after 11 ka. Increased
precipitation and fluvial discharge are likely causes; this inci-
sion phase is coeval with incision chronologies reported from
other parts of the Himalaya.

4. Records from the Ganga foreland and delta suggest parallels
between aggradation phases in the mountains and foreland.
However, the Ganga river channel in the foreland was incised
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after 7 ka, thus following a time lag of ~2—3 ka compared with
the Himalaya. Decreasing stream power from the mountains to
the Ganga Delta is probably responsible for this time lag.

5. Bedrock incision rates, as calculated from dated alluvial covers
above bedrock steps, show values that are spatially variable
and fall in the range of rates reported from across the Himalaya.
These estimated rates, however, are higher than the basin
average erosion rates calculated using isotopic mass balance in
riverbed sediments.
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