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Abstract

The development of paraglacial fans, studied in the upper Bhagirathi valley, Garhwal Himalaya, northern India, relates to
the retreat of the Gangotri Glacier over the last 200 years. These fans demonstrate the speed by which mass movement and
fluvial processes may lead to the modification and readjustment of the Himalayan landscapes during deglaciation. The
paraglacial fans in this region grew within approximately 100 years of deglaciation, and there after were modified by small
debris flows and entrenched by fluvial incision. On the basis of the preservation of moraines which were deposited during
the Last Glacial, total resedimentation of glacial sediments by mass movement and fluvial processes is estimated to occur
over approximately 100,000 years in this region. A knowledge of the magnitude and frequency of development of
paraglacial fans is essential for hazard mitigation and management in Himalayan environments where glaciers are presently
retreating and are likely to retreat in the near future if global warming occurs. q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The term paraglacial was first used by Ryder
Ž .1971a,b to explain the formation of alluvial fans in
south-central British Columbia. Ryder related these
fans to the resedimentation of glacial deposits by
fluvial and mass movement processes. On the basis
of the style and age of proglacial sediments on
Baffin Island and in British Columbia, Church and

Ž .Ryder 1972 defined the term paraglacial as being
nonglacial processes that are directly conditioned by

) Corresponding author.

glaciation. They also used the term to categorise
landforms that were the product of paraglacial pro-
cesses, and to describe the period of time following
deglaciation when landforms were adjusting to the
new conditions.

In the Himalaya, a combination of steep slopes,
thick deposits of glacial sediments and large dis-
charges from rivers, have resulted in paraglacial
processes producing major landscape changes associ-
ated with deglaciation. Mass movement processes in
the landscape evolution of the Karakoram Mountains
and Great Himalaya in Northern Pakistan throughout
late Quaternary times were emphasised by Owen
Ž .1989, 1991 . In addition, by comparing three val-
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leys which had undergone different degrees of
Ž .glaciation, Owen et al. 1995a showed that

paraglacial sedimentation was relatively rapid and
was one of the major factors in the evolution of
glaciated valleys in the Lahul Himalaya in Northern
India. Similarly, in the Garhwal Himalaya of India,

Ž .Sharma and Owen 1996 showed that paraglacial
processes were important in the evolution of glaciated
valleys. Because of control over poor dating, the
exact timing and rates of resedimentation have yet to
be calculated.

To provide some control on the rapidity of
paraglacial processes in the landscape evolution
within Himalayan valleys, paraglacial fans in the
upper Bhagirathi valley in the Garhwal Himalaya

Ž .were examined Fig. 1 . Here, good chronologies
and reconstructions of glacial retreat have been es-

Ž .tablished Sharma and Owen, 1996 which help
quantify the rates of landscape evolution and read-
justment by paraglacial processes. This paper will
describe the timing and rates of paraglacial processes
in the upper Bhagirathi valley, thus providing a
framework for the evolution of the Himalayan land-
scapes.

2. Geomorphological setting

The study area, situated in the upper Bhagirathi
Žvalley in the Garhwal Himalaya, Northern India Fig.

.1 , is tectonically active and is undergoing rapid
Ž .uplift Owen et al., 1995b, 1996b; Metcalfe, 1993 ,

with elevations ranging from 1500 m to 7075 m a.s.l.
The climate is influenced by the southwest Indian
monsoon, with an average annual precipitation of
1550 mm. Valley aspect and altitude, however, pro-

Žduce a variety of microclimates Sharma and Owen,
.1996 . The main flora comprises Quercus incana,

Rhododenron arboreum, Pieris oÕalifolia, and Ce-
drus deodara, which are tolerant of long-lying snow
cover, and Artemisia maritima, Pinus excelsa, P.
geradiana and Betula utelis which occur as pioneers

Ž .on scree and steep slopes Schweinfurth, 1968 . The
upper tree-line in Garhwal is represented by B. utelis
at an altitude of 4150 m a.s.l.

The glaciers within the region are of high activity
type, and have source areas at high altitudes and
equilibrium line elevations ranging from 4510 to

Ž .5390 m a.s.l. Sharma and Owen, 1996 . The envi-
ronment of glacial deposition is dominated by
supraglacial debris transport pathways, similar to
Ghulkin-type glaciers described by Owen and Der-

Ž .byshire 1989 in the Karakoram Mountains.
Throughout the higher parts of the region, glacial
meltwater dominates the fluvial system. Mass move-
ment is common, initiated by heavy monsoon rains
and active fluvial incision along the lower steep

Ž .valley slopes Owen et al., 1995b, 1996b .

3. Methods

The best map of this region was at a scale of
Ž .1:150,000 Huber, 1985 , because detailed base maps

and aerial photographs are not available. Base maps
were, therefore, constructed at a scale of 1:5000
using reconnaissance survey techniques that included
plane tabling and chain surveys. Standard geomor-
phological mapping was undertaken using the meth-

Ž .ods described by Derbyshire and Owen 1990 and
Ž .Cooke and Doornkamp 1990 . Detailed geomorpho-

logical maps were produced for an area in the upper
Bhagirathi valley, extending for approximately 5 km
east of Bhujbas to the snout of the Gangotri Glacier
Ž .Figs. 1 and 2: Sharma and Owen, 1996 . Morphos-
tratigraphy was used as a primary basis for correlat-
ing and supported by the relative dating techniques

Ž .of Perrott and Goudie 1984 , Burbank and Kang
Ž . Ž .1991 and Burke and Birkeland 1979 . The relative
dating techniques included the frequency of boul-
ders, the ratio of fresh to weathered boulders, and
boulder relief. Other relative methods included the
number of species of vascular plants and the percent-
age of plant cover, and the number and diameter of
lichen species. Former thicknesses of the ice and the
sequence of retreat were reconstructed using the
established chronology, the mapped positions of the
former glacier and levelled elevations of moraines.
The formation and growth of the paraglacial fans in
this area was reconstructed using the geomorphologi-
cal maps in relation to the timing of glacier retreat.
The extent of one of the large fans was calculated for
different time periods using landforms and sedi-
ments, and the reconstruction of the former position
of the Gangotri Glacier, and dated on the basis of
relative weathering criteria. The volume of sediment
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Fig. 1. Location map of study area, showing the main moraines.
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deposited was not calculated because the thickness
of the fan could not be determined.

The sedimentological characteristics of debris flow
and till deposits were described in the field and
samples were collected for particle size analysis. The
analysis of particle size was undertaken by a combi-

Ž .nation of wet sieving using the method of Lee 1991
for grain sizes between 3 mm and 63 mm, and
SediGraph analysis for grain sizes below 63 mm.

4. Results

Three major sets of landforms are dominant within
the study area and are important to the understanding
of the paraglacial history of the region. Each set of
landforms are discussed in turn.

4.1. Moraines

Impressive lateral moraines are present along the
Ž .valley sides of the Bhagirathi valley Fig. 3 . These

extend from altitudes of )4200 m a.s.l. above the
Gangotri Glacier, down the Bhagirathi valley to an

altitude of ca. 3300 m west of Gangotri village,
where they become discontinuous to Jhala, approxi-
mately 40.5 km from the present snout of Gangotri
Glacier. These moraines are well vegetated with
abundant Potentilla microphylla. The surface of the
Gangotri Glacier is inset into these lateral moraines
and has eroded steep slopes of loose debris that rise
120 m to the crest of the highest lateral moraine.
These large lateral moraines form a series of discon-
tinuous ablation valleys which are filled with scree,
debris flow and lacustrine sediments. Sharma and

Ž .Owen 1996 attribute these moraines to the Bhagi-
rathi Glacial Stage, which occurred during the Last
Glacial and reached its maximum extent at approxi-
mately 63 ka.

A series of sharp crested moraines are inset into
the lateral moraine of the Bhagirathi Glacial Stage
and can be traced down valley to Bhujbas. In places,
the moraine ridges are buried beneath debris flows
and fluvial sediments. Elsewhere the moraines have
been eroded by migrating glaciofluvial and tributary
valley streams, and by mass movement processes.
Impressive palaeochannels have been preserved, and
permit accurate reconstructions of former positions

Fig. 3. View looking NNW at Fan C on the northern side of the Bhagirathi valley. The moraines labelled BSM refer to the Bhagirathi
Glacial Stage, S the Shivling Advance and B the Bhujbas Advance. The circle encloses a camp of seven tents for scale. The moraines below
the camp where formed in 1971.
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Fig. 4. Map showing the distribution of moraines associated with the retreat of the Gangotri Glacier.

of the meltwater streams. At the mouth of the Raktva
Ž .Bamak valley Fig. 1 , three moraine ridges are

present at heights of ca. 120 m above the present

surface of Gangotri Glacier and 120 m below the
highest lateral moraine level of the Bhagirathi Glacial
Stage. These can be traced down the Bhagirathi

Fig. 5. Relative heights of moraines along selected profiles on the north side of the upper Bhagirathi valley.



( )L.A. Owen, M.C. SharmarGeomorphology 26 1998 171–184 179

Fig. 6. Reconstructions of former ice positions and thicknesses for the Gangotri Glacier.

Ž . Ž .valley to Bhujbas Fig. 3 . Sharma and Owen 1996
attribute these moraine ridges to the Shivling Glacial
Advance which formed during mid-Holocene times
Ž .-5 ka .

Small moraines are inset into the moraines of the
Ž .Shivling Glacial Advance. Sharma and Owen 1996

attribute these to the Bhujbas Glacial Advance and
correlate them with a series of retreats over the last
300 years. These moraines are, therefore, equivalent
to the Little Ice Age moraines found elsewhere in the
world. Within 1 km of the snout of Gangotri Glacier,
a chaotic assemblage of hummocky moraines and
dead ice, with small ponds exist. These features have

Žformed during rapid ice retreat since 1971 Sharma
.and Owen, 1996 . The geographical distribution and

elevations of moraines in this region are shown in
Figs. 4 and 5, whereas Fig. 6 is a reconstruction of
the former ice thicknesses.

4.2. Paraglacial fans

Spectacular paraglacial fans are present in the
upper Bhagirathi valley and are intricately associated

Ž .with the moraines and outwash plains Fig. 3 . Fig. 2
shows the geomorphological characteristics of the
fans and their relationship to the moraines within the

Fig. 7. View looking south across the Bhagirathi river on the surface of Fan B showing typical debris flows. The pinnacle in the bottom
right hand corner shows a typical eroded deposit of till that has supplied debris to the paraglacial fan. The circle encloses tents for scale.



( )L.A. Owen, M.C. SharmarGeomorphology 26 1998 171–184180

study area. The fans consist of sediment from debris
flow, glaciofluvial, fluvial and avalanche processes.
The surface of the fans are characterised by a large
number of shallow channels with levees, which have
gradients ranging from about 208 at the apex of the

Ž .fans to -28 near the fan toes Figs. 2 and 7 . Small
debris flows modify the surface of some of the fans
near their heads during the spring and summer snow
melt, and during the monsoon rains. Where the fans
have been incised by streams, the debris flow de-
posits can be examined. They have crude down slope
stratification and poorly developed fabric. The debris
comprises diamictons which have grain size distribu-
tions that are extremely poorly sorted, very leptokur-
tic to extremely leptokurtic and are positively to very
positively skewed, with angular clasts. They are
virtually indistinguishable from the supraglacial tills
from which they are derived. Table 1 compares the
particle size characteristics for selected debris flows
and glacial sediments. Avalanche processes also con-
tribute large quantities of debris to the surface of the
fans, as shown by the small conical piles of fresh
sharp rock fragments and organic matter that are
distributed across the surface of the fans.

Two main types of fans can be differentiated on
the basis of the nature of the sediment transport
paths. In the first type, sediment has been eroded
from moraines and transported between moraine
ridges. Near the apex of these fans, sediment is

deposited around moraine ridges incorporating the
moraines as inliers within the fans. Fans A and E
Ž .Fig. 2 are of this type. Much of the debris which
has been transported to Fan E, however, has been
supplied by meltwater channels and debris flows
from the end moraine of the Meru Glacier. The
second type of fan is fed by streams and debris flows
which transport debris almost perpendicular to the
trend of the moraines. The channels along which
debris is transported within these fans has deeply
eroded into the lateral moraines, which suggests that
the entrenchment accompanies glacial retreat and ice
wastage. Fans B, C and D are of this type. All the
fans in the study area are being actively incised at
their toes by the Bhagirathi River, while only Fan B
is deeply entrenched to its head.

4.3. GlaciofluÕial terraces and outwash plain

Glaciofluvial terraces are present in front of all
the recently deglaciated forefields in Garhwal. The
terraces are usually within 1 km of the glacier snout
and comprise poorly sorted sand, and rounded to
subrounded gravels and pebbles, with sub-horizontal
down valley stratification. Four main terraces occur
along the forefield of the Gangotri Glacier, and their
development is related to the progressive retreat of

Ž .the Gangotri Glacier Fig. 2 .

Table 1
Particle size characteristics for selected debris flow and till sediments from the upper Bhagirathi valley

Sample Mean Sorting Kurtosis Skewness

Ž .Debris flow Gangotri 6.74 5.42 2.34 0.69
Ž .Debris flow Gangotri 6.98 7.35 5.59 1.71

Debris flow near, upper Bhagirathi valley 6.88 6.68 5.63 1.58
6.77 6.85 1.74 0.51
7.21 5.29 1.90 0.05
7.76 5.54 1.81 0.42

Lateral moraine, Gangotri 6.65 4.84 1.35 1.04
Hummocky moraine, upper Bhagirathi valley 7.23 7.27 3.00 0.96

6.66 8.25 8.37 2.33
6.76 5.86 1.26 0.09
7.23 7.46 5.38 1.58

Supraglacial debris from the Gangotri Glacier 6.80 5.46 3.46 1.25

All values are measured in f units.
Ž .The statistical analysis was undertaken using Folk and Ward 1956 .
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5. Discussion

The fans in this region formed by paraglacial
resedimentation of lateral moraines during and shortly
after the Gangotri Glacier retreated. The increased
volumes of meltwater associated with deglaciation

may have helped increase the rate of erosion and
resedimentation. More likely, however, as the glacier
began to retreat, the streams began to adjust and
grade to the new localised base-level, eroding per-
pendicular to the moraine ridges. Sediment was
transported by mass movement as streams eroded

Fig. 8. Sequential development of paraglacial fans in the upper Bhagirathi valley over the last 200 years.
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into the moraines. The steepened moraine slopes
collapsed because they were no longer supported by
the glacier. Debris flow processes were mainly re-
sponsible for the transfer of large amounts of sedi-
ment from the moraines to the valley bottom.

The paraglacial fans within this region exhibit
different phases of development because of the pro-
gressive retreat of the Gangotri Glacier. In this re-
spect, Fan A was the first to form, followed by Fan
B. Fans C and E are approximately the same age,
and are younger than Fan B, while Fan D is the
youngest fan in the study area. Fig. 8 shows the
progressive development of Fan C over the last 200
years. This fan developed initially across moraine
ridges, when the glacier was still thick. As the ice
retreated, there was substantial erosion and resedi-
mentation of lateral moraines as streams graded to
the new base-level. Within 150 years, the fan had
grown in extent from approximately 15,420 m2 to
90,840 m2 in 1935. Fig. 9 shows the relative growth
from 1780 to 1990. Since 1935, the fan has extended
little, restricted by fluvial erosion at its toe by the
Bhagirathi River, although small debris flows have
continued to contribute material to its surface. Fan
D, to the east of this fan, began to grow as the ice
retreated from its 1971 position. In contrast, Fan D is
deeply entrenched to its head, indicating that erosion
now dominates down valley. This suggests that

Fig. 9. Graph showing rate of sedimentation of the paraglacial
fans in the upper Bhagirathi valley. The error bars show the
uncertainty associated with the age of the glacial moraines and
hence timing of retreat.

aggradation has ceased on this fan and it is being
resedimented by fluvial processes. The main streams
and debris flows that supplied sediments to its sur-
face have been substantially reduced due to the

Ž .lowering of slope gradients presently -288 or
because of the reduced supply of sediment from the
main axial stream as moraines have been destroyed
and the sediment source has been depleted.

This rapid short-lived period of resedimentation
and fan formation supports the finding of other

Ž .workers such as Ballantyne and Benn 1994 and
Ž . Ž .Ballantyne 1995 in Norway, Ryder 1971b in

Ž .south-central British Columbia, Gardner 1982 in
the Canadian Rocky Mountains, and Jackson et al.
Ž .1982 in the Bow Valley, Alberta. In the upper
Bhagirathi valley, the paraglacial fans also undergo
modification by fluvial incision after they have
formed, and result in fan head entrenchment as the
axial streams continue to grade. This is demonstrated
by Fan B in the upper Bhagirathi valley. Further
landscape modifications occur because the main
glaciofluvial streams, in this case the Bhagirathi
River, migrate across the proglacial area in response
to fluctuating positions of meltwater channels as they
exit the glacier and as the main glaciofluvial stream
adjusts to the new gradients and is redirected around
or through the newly formed moraines.

The preservation of the large lateral moraines
which formed during the Bhagirathi Glacial Stage,
however, demonstrate that although resedimentation
of moraines may be rapid in localised areas, moraine
debris may survive for considerable periods of time.
Within the study area, the Bhagirathi Glacial Stage
moraines are approximately 17,000 years old and
further down valley they are about 63,000 years old
Ž .Sharma and Owen, 1996 . Beyond Bhandargaon,
these moraines are discontinuous and have obviously
undergone greater degrees of incision. In addition,
there is no evidence for moraines older than those of
the Bhagirathi Glacial age in Garhwal. In other
Himalayan regions, multiple glacial stages have been

Ž .recognised Shroder et al., 1993; Owen et al., 1996a ,
which suggests that pre-Bhagirathi Glacial age
glaciations probably effected the Garhwal Himalaya.
The lack of preservation of evidence for older glacia-
tions in Garhwal suggests that for periods of more
than about 100,000 years, moraines are totally de-
stroyed by resedimentation within this region.
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6. Conclusion

Paraglacial resedimentation of moraines is an im-
portant and dominant process in the glaciated valleys
of the Garhwal Himalaya and is intricately linked
with deglaciation. The paraglacial fans in upper Bha-
girathi valley illustrate the rapidity of mass move-
ment and fluvial processes in the readjustment of the
Himalayan landscape to changes in glaciation. This
study shows that the main development of paraglacial
fans in this region occurs within approximately 100
years of deglaciation, and there after the fans were
modified by small debris flows and eroded by fluvial
processes. Within time spans of about 100,000 years,
however, any moraines within this area are totally
resedimented.

The timing and rates of paraglacial modification
in other Himalayan environments have not been
studied, but this example provides a model which
may be used in other regions. Care must be taken,
however, when comparing these results with other
regions because regional climates, as well as micro-
climates, vary considerably throughout the Hi-
malayas and comparisons may not be valid for all
regions. The progressive retreat of Himalayan

Žglaciers since the later part of this century Mayew-
.ski and Jeschke, 1979; Mayewski et al., 1980 has

probably resulted in paraglacial processes becoming
more prolific and dominant throughout the Hi-
malayas in recent years. The possibility that global
warming may lead to further increases in glacial

Ž .retreat Houghton et al., 1990 may further increase
the prevalence of paraglacial activity. An understand-
ing of the dynamics of these processes, therefore, is
particularly important for hazard mitigation and wa-
tershed management, particularly for the accurate
calculations of sediment yields in relation to the
longevity of reservoirs.
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