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ABSTRACT. The origin and mobilization of the extensive debris
cover associated with the glaciers of the Nanga Parbat Himalaya
is complex. In this paper we propose a mechanism by which gla-
ciers can form rock glaciers through inefficiency of sediment
transfer from glacier ice to meltwater. Inefficient transfer is
caused by various processes that promote plentiful sediment sup-
ply and decrease sediment transfer potential. Most debris-covered
glaciers on Nanga Parbat with higher velocities of movement and/
or efficient debris transfer mechanisms do not form rock glaciers,
perhaps because debris is mobilized quickly and removed from
such glacier systems. Those whose ice movement activity is lower
and those where inefficient sediment transfer mechanisms allow
plentiful debris to accumulate, can form classic rock glaciers.

We document here with maps, satellite images, and field ob-
servations the probable evolution of part of a slow and inefficient
ice glacier into a rock glacier at the margins of Sachen Glacier in
c. 50 years, as well as several other examples that formed in a
longer period of time. Sachen Glacier receives all of its nourish-
ment from ice and snow avalanches from surrounding areas of
high relief, but has low ice velocities and no efficient system of
debris removal. Consequently it has a pronounced digitate termi-
nus with four lobes that have moved outward from the lateral mo-
raines as rock glaciers with prounced transverse ridges and fur-
rows and steep fronts at the angle of repose. Raikot Glacier has a
velocity five times higher than Sachen Glacier and a thick cover
of rock debris at its terminus that is efficienctly removed. During
the advance stage of the glacier since 1994, ice cliffs were ex-
posed at the terminus, and an outbreak flood swept away much de-
bris from its margins and terminus. Like the Sachen Glacier that
itresembles, Shaigiri Glacier receives all its nourishment fromice
and snow avalanches and has an extensive debris cover with steep
margins close to the angle of repose. It has a high velocity similar
to Raikot Glacier and catastrophic breakout floods have removed
debris from its terminus twice in the recent past. In addition, the
Shaigiri terminus blocked the Rupal River during the Little Ice
Age and is presently being undercut and steepened by the river.
With higher velocities and more efficient sediment transfer sys-
tems, neither the Raikot nor the Shaigiri form classic rock-glacier
morphologies.

Introduction

Glaciers in the Himalaya are characteristically
covered with thick debris because of the large vol-
umes of ice avalanche and rock fall to the glacier
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surface from steep surrounding slopes. Kick
(1962) noted that Adolf Schlagintweit first used the
term firnkessel glaciers in 1856 for the types of gla-
ciers in High Asia that are fed predominantly by av-
alanches from the high cliffs, as opposed to the
firnmulden types in the Alps that are nourished by
slow ice flow from a firn field. Because of the ir-
regular or punctuated delivery of ice avalanches,
the mass balance of the Himalayan glaciers is
thought to be much more irregular than elsewhere,
with the result that considerable variation from one
glacier to another can occur in advance, retreat, ice
buildup, or downwasting (Mercer 1963, 1975a, b;
Mayewski and Jeschke 1979). In general, however,
most of the glaciers of High Asia have receded
since the second half of the nineteenth century, or
the Little Ice Age. A few glaciers, such as the Shai-
giri and Sachen on Nanga Parbat, were noted by
Kick (1962) to have hardly changed at all since
they were first described in the last century. He
called these two dam glaciers that rest on their own
bed of debris and appear to deposit till that accretes
below the ice, raising it up until the ice stands well
above the valley bottom, and forms strong lateral
moraines close to the angle of repose, with promi-
nent ablation valleys on either side.

In cases where debris cover on glaciers is thick
and where glacier ice motion is limited, classic rock
glaciers may be produced at Nanga Parbat. These
landforms have longitudinal and transverse ridges
and furrows, and steep termini at the angle of re-
pose. The history of rock-glacier research is replete
with: (1) appeals to dogmatic exclusion of one
landform or another from the ranks of acceptable
rock glaciers (Barsch 1996); (2) precise descrip-
tions of morphologic characteristics necessary to
define a ‘classic’ rock glacier (Wahrhaftig and Cox
1959); (3) arguments concerning mechanics of mo-
tion (Whalley and Martin 1992); and (4) some rec-
ognition of ideas of polygenesis or the continua of
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Table 1. Sediment transfer efficiency from glacier ice to melt-
water in the Nanga Parbat Himalaya.

Higher transfer efficiency Lower transfer efficiency

Plentiful sediment

Little cold-based ice
Plentiful warm-based ice

Limited sediment

Plentiful cold-based ice
Little warm-based ice

Much firn-field nourishment Much avalanche supply
Limited debris sources Plentiful debris sources
Thin supraglacial debris Thick supraglacial debris

Vegetated side slopes
Tectonically stable

Unvegetated slopes
Tectonically active

Decreased
transfer potential

Increased
transfer en potential

Valley and ice characteristics
Steep terminus zone Gentle terminus zone
Narrow valley at terminus Wide valley at terminus
Lower ice velocity at terminus ~ Higher ice velocity at
terminus

Water characteristics

Large meltwater discharge Small meltwater discharge

Migratory terminus drainage Static terminus drainage
portal portal

Common outburst floods Rare outburst floods

Trunk river at terminus No trunk river at terminus

forms and generic applications of the terminology
(Giardino et al. 1987). As Vitek and Giardino
(1987) have pointed out, however, morphology is
not necessarily diagnostic of motive mechanism, as
the term rock glacier is generic not genetic. Most
authors agree, however, that whatever the motive
mechanism, thick debris covers are characteristic.
Furthermore, most rock glaciers have low ice ve-
locities (c. 1 m a™! or less). Low ice velocities,
which decrease gradually downward into the mass,
tend to form the typical transverse ridges and fur-
rows. Also with low velocities, steep fronts tend to
pile up at the angle of repose, although the mecha-
nisms of this process are controversial (Whalley
and Martin 1992). Once formed, rock glaciers tend
to equilibrate to a nearly static landform without
significant change thereafter. High ice velocities
tend to produce classic ice glacier forms, but not
rock glaciers. Under certain special circumstances,
rock glaciers are seen to develop from debris-cov-
ered glaciers in the western Himalaya.

Glaciers in the western Himalaya have high var-
iability of debris-load (Bishop et al. 1995) and
varying efficiencies of sediment transfer from their
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termini to other transport pathways such as rivers
(Shroder et al. 1996). Based upon field investiga-
tions and interpretation of satellite imagery, it ap-
pears that the most efficient sediment transfer (Ta-
ble 1) occurs in those valleys where there sediment
is limited by: (1) a high ratio between higher alti-
tude, cold-based, protective ice and lower altitude,
warm-based, erosive ice which reduces sediment
supply; (2) dominant firn-field glacier nourish-
ment, and therefore maximum ice flux with mini-
mum supraglacial debris cover; (3) limited debris
sources and debris feed to the glacier; (4) a rela-
tively thin supraglacial debris cover; (5) vegetated
side slopes that retain sediment; and (6) tectonic
stability that reduces seismicity and fault shattering
of rocks. Sediment transfer potential is increased:
(7) in steep terminus zones; (8) with lower ice ve-
locities; and (9) where a narrow valley occurs in the
glacier terminus zone that restricts the moraine and
enables its removal. Such transfer is also increased
where: (10) high meltwater discharges occur; (11)
a laterally migratory subglacial drainage portal oc-
curs at the terminus; (12) outburst floods remove
sediment; and (13) a trunk river removes sediment
at the terminus. On the other hand, transfer ineffi-
ciency could allow glacier debris to accumulate and
form rock glaciers where only limited ice motion
occurs beneath the debris.

In the course of work on the Nanga Parbat
Project (Bishop et al. 1998a), in which measure-
ments of long- and short-term incision and denu-
dation are paramount, we recognized that most of
the high velocity, transfer efficient ice glaciers of
Nanga Parbat do not form rock glaciers. Sachen
Glacier, on the other hand, is one of the least effi-
cient glaciers on the mountain, and does have sev-
eral rock glaciers associated with it, which sug-
gested a possible genetic relation of interest to us.
The aims of this paper are: (1) to describe and
characterize representative conditions of glacier
debris loads and ice velocities of the Raikot and
Shaigiri glaciers, together with the characteristics
of efficient sediment transfer that control their
form as debris-covered glaciers without associat-
ed rock glaciers; and (2) to contrast the debris-
covered Raikot and Shaigiri glaciers with the more
thickly debris-covered Sachen Glacier that has
low velocity, inefficient sediment transfer, and as-
sociated rock glaciers. Precise motive mecha-
nisms are not implied; nor are aspects of glacial
ice versus permafrost (Whalley and Martin 1992).
Nevertheless, the surficial characteristcs of part of
Sachen Glacier that are described here have the
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morphology of rock glaciers and may add under-
standing to the long-standing enigma of polygen-
etic rock glaciers.

Study area

Nanga Parbat is located in the Himalaya of north-
ern Pakistan (Fig. 1), and is the ninth highest moun-
tain in the world at 8125 m. Itis heavily ice covered
in its upper reaches by 69 separate glaciers which
cover an area of 302 km? and have an estimated vol-
ume of 25 km? (Kick 1980). The mean elevation of
the glaciers is 5140 m on the north side of the
mountain, and 4720 m on the south side, with the
lowest ice reaching down to ¢. 3000 m. The moun-
tain is strongly influenced by orographic precipita-
tion as it is the first major topographic barrier to
monsoon precipitation that travels northwards
from the Indian Ocean and Arabian Sea. At higher
elevations above 5000 m, the summer monsoon
precipitation falls as snow. In winter, westerly
storms also provide some snow. Precipitation is
less than 120 mm a™! at elevations below 2500 m,
but rises to more than 8000 mm a™' at elevations
above 4500 m (Kick 1980).
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Three of the glaciers on Nanga Parbat provide
the focus of this paper: Raikot, Shaigiri, and
Sachen (Fig. 1). Raikot Glacier flows from the
north side of the mountain, and is surrounded by
steep slopes that provide frequent snow and ice av-
alanches onto the glacier surface. Icefalls connect
the accumulation zone with the ablation zone,
which consists of a relatively low-gradient (9°)
tongue. Sachen Glacier forms the main ice mass on
the eastern side of the mountain, and is physically
similar to Shaigiri Glacier on the south side. Both
of these glaciers have relatively wide and flat accu-
mulation zones at elevations above 5000 m and are
somewhat unusual because their accumulation and
ablation zones are not physically connected. Ice
and snow avalanches from the upper accumulation
zone are the only way that mass is provided to the
lower ablation zone. As is characteristic of most
Himalayan glaciers, and all of the glaciers dis-
cussed here, their ablation zones are heavily debris
covered by material up to 4 m thick. This supragla-
cial debris reduces ablation, and allows the glaciers
to extend to lower elevations than would be other-
wise possible.
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Methodology
Data acquisition and processing

Fieldwork was conducted intermittantly during the
summers of 1984, 1993, 1995, 1996, and 1997.
Data collection consisted of measuring supragla-
cial debris depths and ice velocities, as well as den-
drogeomorphological assessment (Spencer 1985;
Shroder, et al. 1996). Slope profiles and ground
photography were also used to document landform
characteristics and landscape conditions. All infor-
mation obtained in the field was georeferenced us-
ing the technology of the global positioning system
(GPS) to c¢. +30 m accuracy.

Measurements of surface velocity and supragla-
cial debris depths were made along multiple tran-
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Fig. 2. SPOT panchromatic image
of Raikot Glacier in 1991 on the
north side of Nanga Parbat. The
image is annotated as follows: +B-
location of base station in 1996 for
measuring velocity and samples of
debris depths along transects. T1 is
the measurement transect. Open
circles are portals of breakout
floods. The floodway is illustrated
by light lines. The glacier is ~750
m wide near the transect.

sects in the ablation areas of the Raikot and Shaigiri
glaciers in summer 1996. One representative
transect for each glacier is reported here (Fig. 2, Ta-
ble 2; Fig. 3, Table 3). Velocities were determined
by surveying the location of markers painted on
large boulders across each transect at the start and
end of 4-6 day periods. A Geodimeter Total Station
400 electronic theodolite with an accuracy of +11—
23 mm over the distances surveyed was used for
this. Debris depths were determined by digging
through and measuring the supraglacial debris lay-
er to solid ice. Where the debris was too thick to en-
able the underlying ice to be reached, a debris depth
of 1.5 m was recorded. The debris depth chosen
was based on observations at the top of exposed ice
cliffs at the margins and over the surface of the gla-
ciers.
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Fig. 3. Map of Shaigiri Glacier tak- 0 1Km
en from Finsterwalder (1937) and
SPOT image of 1996. T1 (Table 3), N
T2, and T3 are measurement tran-
sects. The lower part of the icefall
that was mapped as ice by Finster-
walder in 1937 is bare rock in
1996.
Table 2. Velocities and debris depths on transect T1 across Raikot Glacier.
Distance along Debris Veiocity Distance along Debris Velocity

Point transect (m) depth (m) (cm day™!) Point transect (m) depth (m) (cm day™)
1-1 18.0 0.55 93 1-12 334.6 0.06 15.9
1-2 39.9 0.75 83 1-13 3724 0.02 18.0
1-3 61.9 0.75 9.7 1-14 403.6 0.00 15.2
14 76.8 0.25 10.9 1-15 428.3 0.02 159
1-5 94.7 0.70 10.7 1-16 458.0 0.00 16.2
1-6 124.8 0.04 12.3 1-17 562.0 0.05 16.1
1-7 168.1 0.20 13.8 1-18 603.2 0.05 6.5
1-8 198.4 0.08 11.9 1-19 646.5 0.05 12.2
1-9 219.9 0.18 12.0 1-20 687.7 0.04 11.2
1-10 253.8 0.08 15.2 1-21 718.1 0.03 6.2
1-11 297.7 0.05 16.1 1-22 731.6 0.08 53

Mean velocity 12.2
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Fig. 4. Stereopair of satellite images of Sachen Glacier. These images were generated from a digital elevation model derived from two
SPOT images taken in October, 1996, following a light snowfall. Because of the mathematical transformations of the data that were
required to produce stereo imagery of this kind, some of the cliffed slopes are too steep, and the lower regions of Sachen Glacier near
the edge of the image actually appear to rise gently, where they actually decline gently. Nevertheless, the overall configuration of Sachen
Glacier and the rock glaciers projecting from it are clear. Compare with Fig. 7 for locations.

Velocities and debris depths were not measured
at Sachen Glacier (Fig. 4) because prior observa-
tions by Finsterwalder (1936, 1937) and Kick
(1962, and unpublished data) indicated a low index
of activity that was of low interest in our attempt to
understand the more rapid rates of denudation from
Nanga Parbat. The glacier was judged, however, as
highly useful in understanding inefficient sediment
transfer, but debris depths near the terminus were
greater than we could measure. Furthermore, the
glacier forefield of Sachen is composed of large
masses of the Rama moraine that is little eroded
since deposition, in contrast to the strongly eroded
forefields of Raikot and Shaigiri where almost all
moraine has been removed.

SPOT Panchromatic data acquired on 31 Octo-
ber 1991, with a spatial resolution of 10 m, were
used to map debris load variations on each glacier.
Specifically, satellite imagery and artificial neural
network (ANN) technology were used to classify
categories of debris-load classes for each glacier
based upon surface reflectance variations and envi-
ronmental relationships (Bishop et al. 1999). Bish-
op et al. (1995, 1998b) have demonstrated that de-
bris-load variability on Himalayan glaciers is rela-
tively high and that supraglacial characteristics can
be accurately characterized and mapped using ro-
bust, quantitative, remote-sensing analysis and pat-
tern-recognition approaches. We use high resolu-
tion panchromatic satellite data and ANN tech-
niques to produce accurate debris-load maps that
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depict the spatial variability of debris-load charac-
teristics (Figs 5 and 6).

We specifically utilized a feedforward ANN to
classify each glacier surface, as ANNs offer numer-
ous advantages over conventional classification al-
gorithms, including minimal training, generaliza-
tion, non-linear recognition capabilities, and clas-
sification uncertainty analysis (Hepner et al. 1990;

Table 3. Velocities and debris depths on transect T1 across Shai-
giri Glacier.

Distance along Debris Velocity
Point transect (m) depth (m) (cm day ")
1-1 35.0 1.00 42
1-2 66.8 1.20 6.0
1-3 924 1.00 83
1-4 118.3 1.00 8.8
1-5 152.8 0.80 11.2
1-6 177.8 0.38 11.0
1-7 215.6 0.55 124
1-8 2435 0.40 14.8
1-9 265.2 0.50 13.3
1-10 288.9 1.50 13.8
1-11 3254 1.50 12.7
1-12 357.1 0.75 14.0
1-13 409.1 0.60 14.1
1-14 444.6 1.50 15.7
1-15 481.0 1.50 14.8
Mean velocity 11.7
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Fig. 5. ANN classification of de-
bris loads on Raikot Glacier. Close
comparison with Fig. 8 allows a
qualitative comparison between
classification results and the ob-
lique photograph. The ANN clas-
sification is generally reliable, ex-
cept directly on the margins of the
terminus where ice slopes are steep
and shadowed.

Gong and Chen 1996). These techniques may be
unfamiliar to many geoscientists but afford valua-
ble insights nonetheless (Rumelhart and McClel-
land 1986; Sui 1994). A C++ program was written
that implements the back-propagation training al-
gorithm, and enabled us to evaluate the multi-layer
feedforward ANN.

In our analysis, the input layer consisted of nine
input nodes, one hidden layer, and an output layer
made up of nodes corresponding to debris-load
classes. The input layer represented the spectral re-
flectance values from a 3 x 3 pixel area. A minimal
training set was selected based upon random sam-
pling of the glacier surface. We trained each ANN
torecognize: (1) base glacier ice; (2) shallow debris
on white ice; (3) moisture-laden, shallow debris;
(4) thick debris—topographic high; and (5) thick de-
bris—topographic low. ANN training parameters

Geografiska Annaler - 82 A (2000) - 1

Raikot Glacier Debris Load Classes

Glacial Ice
we Shallow Debris
mmm Moisture-Laden Debris
s Thick Debris

and structure were determined empirically. Accu-
racy assessment, or comparison between known
ground conditions and ANN results, was also con-
ducted to determine the validity of the classifica-
tion results (Bishop et al. 1999).

Finally, the total efficiency of sediment transfer
(Table 1) from glacier to meltwater was evaluated
for Raikot, Shaigiri, and Sachen glaciers (Table 4),
in order to differentiate between them. Only
Sachen Glacier, with its associated rock glaciers,
was clearly different from the other two (Fig. 7).

Results and Discussion

Raikot Glacier

The Raikot Glacier on the north face of Nanga Par-
bat begins in an ice field at c. 7700 m altitude, and
descends 19 km through a firn basin at an elevation
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Sachen Glacier Debris Load Classes

Glacial Ice

Shallow Debris
mmm Moisture-Laden Debris
wam Thick Debris-Topo. Low
Thick Debris-Topo. High

of ¢. 5500 m to its terminus at 3175 m (Fig. 8). The
glacier is one of the largest in the region, with an
area of 32 km?, an equilibrium-line altitude at c.
4800 m, and an accumulation/ablation area ratio of
0.60 (Gardner and Jones 1993). Large crevasses
and seracs typical of plug-flow movement occur in
the middle of the glacier 10-6 km above the termi-
nus, at about the same place that debris begins to
accumulate on the glacier margins (Fig. 2).
Blockschollen motion (Finsterwalder 1937) or
plug-flow movement of Raikot Glacier has a rath-
er uniform velocity distribution over most of the
cross-section and a very abrupt decrease of speed
near the margins. The mean surface velocity of
Raikot Glacier, at a distance of ¢. 5 km from the
terminus, was 37 cm day~! over seven days in mid-
July 1934 (Finsterwalder 1937), and 49 cm day™!
over four days in mid-August 1954 (Pillewizer
1956). Our surface velocity measurements made
over four days in mid-June 1996 c. 2.5 km from
the terminus average 12 cm day~'. These variable
ice velocities probably partly reflect different
measurement times, as recent studies have dem-
onstrated the strong relationship between the sea-
sonal development of the subglacial hydrological
system and ice motion rates (Harbor et al. 1997).
In addition, the difference in surface velocities be-
tween our measurements and earlier ones is also
likely a function of ice slowdown toward the ter-
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Fig. 6. ANN classification of de-
bris loads on Sachen Glacier. The
classification category of mois-
ture-laden debris on the front of the
northeastern lobe is also partly a
reflection of vegetation and of
shadowed slopes there. The rock
glacier lobes are distinct. Compar-
ison with Fig. 7 shows locations.

minus, as well as mass balance fluctuations, and
blockage and release of subglacial drainage. It is
difficult to determine conclusively which of these
mechanisms is most important in explaining the
velocity variations at Raikot Glacier, although the
recent outbreak floods (Shroder et al. 1998) ob-
served in the terminus region suggest that varia-
tions in subglacial hydrology are dominant. In any
case, the decreased ice velocities near the termi-
nus increase sediment transfer potential in not
overwhelming the terminus area with more sedi-
ment than can be removed by existing processes
(Table 1).

Atc. 2.5 km from the terminus, debris of varying
thickness completely covers the glacier surface and
increases in thickness toward the glacier terminus
and margins. Our measurements of debris cover
(Table 2) closely resemble those of Gardner and
Jones (1993) and were used to evaluate the accura-
cy of the ANN classifications (Fig. 5). Debris ac-
cumulations have formed close to or at the angle of
repose on the margins in the past, and have then de-
clined as the subsurface ice melted or moved along.
Mattson and Gardner (1989) and Mattson et al.
(1993) noted that ablation of Raikot Glacier was in-
itially enhanced by addition of thin debris covers up
to c. 1.0 cm. Above 3 cm the debris cover acts as an
insulator and suppresses ablation.

Terminus fluctuations have been well document-

Geografiska Annaler - 82 A (2000) - 1



DEBRIS-COVERED GLACIERS AND ROCK GLACIERS, PAKISTAN

&
B

Fig. 7. Simplified geomorphologi- \ )

cal map of Sachen Glacier and its :

four rock glaciers. 1 - West Sango
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Fig. 8. Photograph looking south at Raikot Glacier terminus in
1995 following break-out flood of 1994 that removed much debris
from the west (shadowed) side and forefield of the glacier. Three
pressurized bursts of meltwater were distributed along the whole
length of the shadowed area, and a fourth break-out portal oc-
curred on the top of the terminus just to the left (east) of the main
drainage portal and the large ice cliff above the Raikot River pic-
tured.
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ed by Gardner (1986), with thinning and backwast-
ing of 450 m from 1930 to 1954 and advance of 200
m up to the mid-1980s. The subglacial meltwater
channel migrated from the east side of the terminus
to the west side, then into the center, and now in the
1990s, back to the west again.

From 1994 to 1996 the debris-covered terminus
of Raikot Glacier greatly steepened and new ice
cliffs appeared on the front and west sides. At the
same time, Chongra Glacier, in the Rupal valley on
the opposite side of the mountain, was observed to
be behaving similarly, with the initiation of a new
period of advance (Shroder et al. 1998). The con-
temporaneous response of both glaciers suggests
that they were responding to an increase in mass
balance on both sides of the upper mountain ridge
at some time in the past.

In late 1993 or early 1994, in the midst of the re-
newed advance, the subglacial drainage system of
Raikot Glacier became blocked c. 1.5 km from the
terminus and resulted in a large flow reduction in
the outlet river. After several spring months of re-
stricted water discharge, a catastrophic breakout
flood burst from four new portals: three on the west
side and one on the top of the ice above the termi-
nus, just east of the normal river portal. This flood
event mobilized considerable debris from along the
west side and front of the glacier, the lateral abla-
tion valley, and the nearby Neoglacial and Little Ice
Age moraines on the west side (Figs 2 and 8). After
a number of months when all the impounded water
was drained from the subglacial reservoirs and ad-
ditional ice-melt adjustments had occurred, the
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Table 4. Evaluation of efficiencies of sediment transfer from glaciers to rivers for Raikot, Shaigiri, and Sachen glaciers on Nanga Parbat.
Qualitative measures of transfer efficiency: 2 — large, high, narrow, and/or common 1 — intermediate or mixed; 0 — small, low,wide, or
rare; the numerical rating is included for the pupose of comparison. The comparative evaluation shows that summations of sediment supply
efficiencies and valley and ice characteristic efficiencies do not effectively discriminate between the three glaciers, but that the efficiency
summations associated with meltwater characteristics do differentiate the Sachen glacier from the other two.

Raikot Shaigiri Sachen

Sediment supply
Cold-based ice Large 2 Small 0 Small 0
Warm-based ice Intermed. 1 Small 0 Large 2
Firnfield sources Large 2 Small 0 Small 0
Avalanche sources Large 2 Intermed. 1 Intermed. 1
Debris sources Large 2 Intermed. 1 Intermed. 1
Supraglacial debris Large 2 Large 2 Large 2
Side slopes Unveg. 2 Unveg. 2 Mixed 1
Tectonics Active 2 Intermed. 1 Intermed. 1
Totals 15 7 8
Valley and ice characteristics
Terminus slope Intermed. 1 Intermed. 1 Gentle 0
Valley width Intermed. 1 Wide 0 Narrow 2
Ice velocity High 2 High 2 Low 0
Totals 4 3 2
Meltwater characteristics
Meltwater discharge High 2 Low 0 Low 0
Portal migration Large 2 Intermed. 1 Small 0
Outburst floods Common &

large 2 Intermed. 1 Small 0
Trunk river None 0 Large 2 None 0
Totals 6 4 0

Raikot River returned to its pre-flood drainage por-
tal on the west side of the glacier.

Raikot Glacier has almost no terminal moraine
in its narrow valley, which suggests that the lateral
movement of the Raikot River, coupled with other
breakout floods, has efficiently removed much sed-
iment from the terminal area. We postulate that the
generally high ice velocities and efficient transfer
of sediment to meltwater (Table 4) do not favor for-
mation of rock glaciers in the Raikot valley.

Shaigiri Glacier

On the southwest side of Nanga Parbat the 6 km-
long Shaigiri Glacier accumulates in a high firn-
field and ice-avalanche cirque basin at about 5000
m altitude below the ice caps of Mazeno Peak
(7120 m). First mapped by Finsterwalder in 1936,
at that time the glacier descended from its cirque in
a steep icefall from c. 4850 m to 4300 m altitude
over a distance of c.-1.2 km, before moving over a
more gentle gradient (8°) to its terminus (Fig. 3). In
1996 we discovered that the main icefall, from c.
4500 m to 4300 m, was now bare rock and had lost
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its direct connection to the ice fields above. This
was confirmed later by examining SPOT satellite
imagery from 1991 and 1996 that showed a com-
plete ice fall in the earlier image and fully exposed
rock in the latter (Fig. 3).

Kick (1962) had noted that the lower surface of
Shaigiri Glacier had changed a good deal between
1934 and 1958 when he was there. At an altitude
of 3900 m he found that the ice surface had down-
wasted 12.9 m, and at 3800 m it had downwasted
4.0 m, whereas near the terminus at 3700 m it
thickened 2.1 m. The terminus piled up a moraine
rampart from about 3610 m to 3640 m, and ap-
peared to have raised the level of debris at the gla-
cier bottom to produce what Kick (1962) referred
to as a dam glacier. The overall form resembles
that of a rock glacier, but the lack of transverse
ridges and furrows, the tumbled uppermost surface
of ice cliffs and debris piles, the low terminus an-
gle, and other features described below show that
the morphology of a ‘classic’ rock glacier (Wahr-
haftig and Cox 1959) is lacking.

Shaigiri Glacier has forced the Rupal River
against the south valley wall opposite (Fig. 10).
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Fig. 9. Shaigiri Glacier terminus in
1966 showing Rupal River on ex-
treme left (west) and in the lower
foreground. The main meltwater
drainage occurs on the right (east)
where a prominent fan has formed.
Two light-colored areas of lacus-
trine sand and silt occur on the top
of the terminus. The largest one on
the left poured over the terminus
slope in 1995 and eroded the light-
colored areas where no vegetation
survived. Compare with Fig. 3 for
locations.

Fig. 10. West Sango rock-glacier #
1 on the right (south) side of
Sachen Glacier in 1995. This lobe
moved laterally into the ablation
valley, blocked it, and caused for-
mation of Sango Sar. Part of the
East Sango rock glacier # 2 occurs
on the right side of the photograph.

Fresh moraine remnants on the south bank show
that the glacier has blocked the river in the past. Or-
ganic matter in sands impounded in slack water on
the south bank dates at 170 + 200 '“C years BP, sug-
gesting that the glacier advanced significantly dur-
ing the Little Ice Age and blocked the Rupal River.

The dominant meltwater pathway from the ter-
minus of Shaigiri Glacier since the 1930s has been
along the water-eroded left moraine on the north
side of the ice from several small melt zones of ex-
posed ice (Figs 3 and 9). A prominent debris fan has
been developed laterally alongside the lateral mo-
raine, with numerous intermittent exiting drainage-
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ways that cut though the lateral moraine at different
points. Two different supraglacial water impound-
ments at the terminus have deposited thick lacus-
trine and fluvial sediments on the top of the termi-
nus and caused subsequent breakout floods over the
frontal moraine. The most recent flood occurred in
the summer of 1995, cutting several channels and
flushing out a minimum of ¢. 6000 m? of sediment
into the river (Fig. 9).

Velocity measurements on three transects close
to the terminus of Shaigiri Glacier average 11.7 cm
day! for transect 1 (Table 4), and a few millimeters
to a few centimeters per day for the other two fur-
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ther down the glacier. These velocities are similar
to the Raikot Glacier and could, therefore, in the ab-
sence of a large outlet river, be expected to decrease
sediment transfer potential by piling up thicker ac-
cumulations of debris at the terminus (Table 1). The
known breakout floods and undercutting by the
Rupal River, however, appear to considerably in-
crease transfer efficiency (Table 4) so that debris
does not greatly accumulate or form a rock glacier.

Sachen Glacier

This 8 km-long glacier on the east slopes of the
Nanga Parbat massif is nourished largely by ice-fall
avalanches across an immense rocky cliff from the
ice cap on Chongra Peak to the west (Fig. 4). A nar-
row ice fall from the small Gurikal Glacier to the
southwest does still provide a more direct connec-
tion to high altitude firn fields. The main ablation
zone of the glacier exists as a wide (c. 1.5 km), low-
gradient (c. 5°) mass with a digitate terminus. A
number of rock glaciers have moved out from its
lateral moraines, but not from the lowermost ter-
mini.

Sachen was first painted and described by Adolf
Schlagintwiet in 1856 who reported the lateral mo-
raine as standing 18-28 m high above Sango lake.
Grove (1988) reported that Kick found the same
moraine towering 180 m above the lake in 1958 and
judged that the change was due to ice buildup
around 1900. Since then the digitate or multiple
tongues of the terminus have changed their position
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Fig. 11. Frontal view of Sachen
rock glacier # 3 showing a steep
front at angle of repose in 1984. Al-
though foreshortened in this view,
the lateral moraine of the main
Sachen Glacier is visible on the left
and the right, and several trans-
verse ridges and furrows on the up-
per surface can be discerned. Melt-
water was occurring midway up on
the left side in 1984.

very little although the surface has dropped about
10 m in a number of places between the first survey
in 1934 and the second in 1958. Both Mercer
(1963) and Mayewski and Jeschke (1979) have not-
ed that in terms of advance or retreat, of all of the
glaciers on Nanga Parbat, Sachen Glacier is the
only one with a nearly unchanging terminus, which
is confirmed by our repeated observations since
1984.

Sachen rock glaciers. A number of unusual ‘lateral
moraine eruptions’ (seitliche Gletscherausbruche)
(Finsterwalder 1937) were originally mapped by
Finsterwalder (1936) and have changed very little
since then. These features occur at high angles to
the dominant ice-flow direction, and thereby sug-
gest either a spatial or a temporal disconnection be-
tween glacier flow and rock glacier motion, or both.
It is unknown whether the internal ice of the rock
glaciers is glacier ice or permafrost.

The West Sango rock-glacier lobe that impound-
ed Sango lake was featured in Schlagintweit’s 1856
water color so it was clearly already formed by that
time, although it appears smaller than that of the
present day. This landform has a classic rock-gla-
cier form, with a large number of transverse ridges
and furrows across it (Fig. 10).

In 1934 the upper top of the West Sango lobe was
at an altitude of ¢. 3600 m where it broke through
the lateral moraine, whereas the top of the terminus
was c. 3500 m. It has deflated somewhat since then,
perhaps indicative of reduced avalanche input or
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Fig. 12. Rock glacier # 4 at head of
the ablation valley above Sango
Sar on the south side of Sachen
Glacier in 1984. On the right of the
picture is the lateral moraine of
Sachen and on the left is the rock
wall of Bulan Kamm down which
snow and ice avalanches travel.
The rock glacier heads in the low-
ermost part of an avalanche chute,
filled in its lower portions with gla-
cier ice, and moves at right angles
to the chute axis. The steep front at
the angle of repose of the rock gla-
cier is partially swept over by ava-
lanche snow, some of which re-
mains in this picture taken in mid-
summer.

recent climatic warming. The oversteepened front
has partially stabilized with vegetation since for-
mation, although in a few places collapses have oc-
curred. A second rock-glacier breakout of the mo-
raine, the East Sango lobe (Fig. 7), occurs directly
northeast of the West Sango lobe, but is not so prom-
inent or well developed. Furthermore one of its lat-
eral margins has been partially overrun by a half-
moon-shaped ridge of debris and ice, resembling a
Kinematic wave. This ridge crest was first mapped
and photographed by Finsterwalder (1937). This
moraine crest was remapped by Kick 24 years later
as having moved only 6-10 m a~! over the 24 years.
This longterm average suggests ice velocities con-
siderably less than those measured in the ablation
zones of Raikot and Shaigiri Glaciers, but still con-
sidably more than the <1 m a™' characteristic of
rock glaciers (Whalley and Martin 1992). A similar
overriding glacier-ice lobe appears to be traveling
down Sachen Glacier at the present time (Fig. 7).

A third rock-glacier breakout (Fig. 11) devel-
oped at an altitude of ¢. 3800 m, almost directly
across from the Gurikal icefall. It was ¢. 75 m wide
at the top, 335 m wide at the bottom, ¢. 32 m high,
extended out from the lateral moraine ¢. 150 m, and
has a front at the angle of repose of 36°. Small
transverse ridges and furrows occur along its top,
and water-saturated till from ice-melt was observed
by one of us (JFS) on the northeast side in 1984
(Spencer 1985).

A fourth rock-glacier form at Sachen Glacier has
moved laterally and parallel to the main ice motion
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and into the upper end of the ablation valley above
Sango lake (Fig. 12). Its head region is the distal
end of an ice-filled snow-avalanche chute that
pours snow and ice onto the surface of Sachen Gla-
cier. At right angles to this chute axis, the rock gla-
cier has mobilized snow-avalanche debris that
moved into the head of the ablation valley between
the Sachen lateral moraine and the mountain wall.
Finsterwalder (1936) mapped the form as 700 m
long by 250 m wide, with crevassed glacier ice on
its upper surface. Assuming that this cartography
was accurate for the time, and that Finsterwalder is
recognized as an otherwise highly accurate cartog-
rapher, by 1984 the feature had ablated a good deal,
had concentrated debris on its upper surface, and
was quite different in that it no longer showed any
ice on its surface. A number of transverse ridges
and furrows now run across the upper surface of the
form and a steep terminus at the angle of repose
shows its affinity to classic rock-glacier morpho-
logy. This seems to represent rare documentation of
a glacier tongue evolving into a rock glacier.
Motive mechanisms for these unusual rock-gla-
cier breakouts containing glacier ice might relate to
irregular large ice avalanches that, in times of ice
buildup of the main glacier, apply differential ice
pressure to the high and steep lateral moraines. Al-
ternatively, buildup of permafrost in moraines at
certain locations could also account for the unusual
rock-glacier configuration. The pressure would
then cause the ice to flow perpendicular to the mo-
raine and produce the characteristics of a rock gla-
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cier. With its very inefficient ice to meltwater trans-
fer (Table 4), it seems likely that Sachen Glacier oc-
casionally responds to spatially and temporally lo-
calized deliveries of ice mass by. breakouts of
lateral ice. Once formed they tend to remain as a
largely static rock-glacier form, although ice melt-
out may reduce the surface height.

Conclusion

The debris-covered glaciers of Nanga Parbat in the
western Himalaya that were studied for this report
have each had diverse histories, but share similar
morphologies. Raikot, Shaigiri, and Sachen Gla-
ciers all receive large quantities of debris on their
surfaces that is carried down-glacier and concen-
trated at the glacier termini. Most of the large gla-
ciers on Nanga Parbat, except Sachen have moder-
ate to strong debris-transfer efficiencies into high-
energy fluvial systems that remove much material
from the termini and forefields of the glaciers.

Sachen Glacier, which has generally inefficient
transfer mechanisms, (Table 4), is the the only one
of the group that has generated rock glaciers. A mo-
tive mechanism is suggested in which buildup of
thick debris covers that are not efficiently removed,
can result in rock-glacier forms. Whether or not the
Sachen rock glaciers have internal glacier ice or
permafrost is unknown, but observations over c. 50
years do document the transition of an ice glacier
to arock glacier. We propose that the mechanism of
this transition is the reduction of the sediment
transfer efficiency of the glacier. A reduced ice ve-
locity and a decrease in the rate of debris removal
from the glacier can lead to buildup of debris and
the development of a rock glacier in certain areas.
Once formed, the rock-glacier morphology may
become a persistent landform, except for slow
movement and minor downwasting because of in-
ternal ice melt.
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