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+ Photo 199.Taken at ca. 5400 m (aneroid measurement: 5230 m asl) from
ca. 3 km WNW of the locality of Photo 198, in the area of the ca. 5400 m-
pass (Figure 2, No. 161) over the Aksai Chin, somewhat NW of its
culmination (34°43L0" N/80°12 E). Directions: from facing WNW (left
margin) via N and E (on both sides of the centre) up to ESE (right margin).
(O) mark a lake basin, in which a nearly round lake has remained, being 4
km in diameter [0 right). Behind, a ca. WNW-ESE-stretching mountain
massif rises up to 6480 m (No. 9). It is still locally glaciated. During the High
Glacial (LGM = Stadium 0) it has been completely covered by the inland ice,
the minimum surface height of which-& 0——) is confirmed by the
rounding of the mountaine) (Figure 2, No. 162). Summit No. 9, however,
already towered above the inland ice cover during the Late Glacial (cf. since
Stadium |I; cf. Table 1) and thus has been sharpened into an approximate
glacial horn (Figure 2, below No. 161)M) is the glacial ground- and
ablation moraine sheet preserved from the lake basin as far as up the slopes.
(v) show tundra polygons (frost wedge- or frost crack polygons), i.e.,
postglacial permafrost indicators. They are typical of the Arctic, mostly
developing there in ground moraine as well) s a classically glacigenic
transfluence pass, evidenced by the trough-profile. dre classic indicators

of ground scouring in the form of exaration rills gouged into a roche
moutonnée. {) points to a postglacial cliff, marginally undercutting this
roche moutonnée /) are cone forms only a few metres-thick, consisting of
Ice Age ground moraine shifted down-slope and a thin cover of frost debris.
(Photo M. Kuhle.)

+ Photo 200 At ca. 5200-5250 m (aneroid measurement: 5000 m asl), ca.
4.5 km NW from the viewpoint of Photo 199, from the SW margin of the
same up-silted lake basin (Figure 2, Nos. 162-163; 344N/ 80°0830"

E). Directions: facing SSW (left margin) via W (left of the centre) up to NW
(right margin). This very high Tibetan plateau landscape of the Aksai Chin-
Lingzi Thang, where vegetation is completely absent, is marked by rounded
mountain- and hill ridges« right) from sedimentary bedrocks (silt- and
sandstone). Several of the slopes are lineated by exaration rills or -furrows,
arranged crossways to the incline lflack and white, centre), as defined for
classically glacigenic ground- and flank polishing characteristics. A light
erratic ground moraine overlaylj occurs on the dark bedrock in the
underlying bed ). This ground moraine has been exposed by microfluvial
rills (A right) and fluvial lateral erosiond( left). Some slopes have been
relieved from the ground moraine by flushing)( Down-slope transport can
also be evidenced by solifluction form&l)( (4A) is a flat alluvial fan,
developed by a temporary stream through the side valley. It consists of
washed and slightly shifted ground moraing) ¢hows the clayey ground
moraine matrix. ¢ ) is a late Late Glacial spillway (probably Stadia IlI-IV).

Its V-shape in this rock threshold results from a sudden, very heavy glacier
lake outbreak into an adjacent lake basirn—f is the minimum surface
height of the High- to early Late Glacial inland ice (LGM = Stadium 0 to
Stadium | or even Il; cf. up-lift of the ELA during this sequence of Stadia),
derived from the glaciogeomorphology. (Photo M. Kuhle.)
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accumulated at the foot of the valley slope. Not only afgy 600 m relative to present-day conditions, or at an uplift
smooth, round-polished rock faces of valley flanks covered Tibet (i.e., of the entire relief) by 600 m, and ELA-600:
by this ground moraine, but also rough glacigenic rock a2-1146 and 47593 indicate the extent of the feeding areas (in
eas with slip-off slopes are wearing such a veil-like grouridn?), which are pertinent to the particular test areas. ELA-
moraine cover. Despite the rinsing, this ‘ground moraink200 shows the increase in the glacier feeding area at an
veil’ has been preserved very well because of the roughnesdift of 1200 m; the pertinent surface dimensions concern
of the underground. As a glacial lubricant it might have evehe feeding areas which result from the uplift. The related
reduced and in part prevented the increased smoothingsaffaces of glacier ablation enlarged the total area of the
the rocks by glacier polishing. Ground moraine covers @facier surfaces by ca. half of these feeding area surfaces.
this kind have also been mapped on the valley flanks of the comparison with the total basal surface of the test areas
upper Yarkand valley as far as 800 and more metres abavbecomes obvious that at ca. ELA-800 to ELA-1200 the
the thalweg (Figure 2, Nos. 186 and 188). test areas have been completely covered with ice. ELA-600
corresponds to a snow line depression by 600 m and ELA-
1200 by 1200 m, compared with the present-day relief. The
9. Conclusions from the field data presented here with  gpow line depression by 600 m occurred for the last time
regard to the overall picture of the Ice Age glaciation of  quyring the late Late Glacial (Stadium IV) and the depres-
Tibet and the surface-efficiency of the ELA depression  gjon by 1200 m (to 1300 m; see Table 1) during the Last
for this glaciation High Glacial (LGM:; Stadium 0; Wiirm) (cf. Kuhle, 1997b,

. o _ - Figure 45, p. 119).
The investigation area treated is shown in Figure 1, No. 20.

The results of the field work are shown in Figure 2. The
glaciogemorphological and glaciogeological indicators Nog0. The global-climatic importance of the Tibetan Ice
1-189 provide evidence for an inland glaciation which hagd its function as a trigger for the Quaternary Ice Ages
completely covered Central- and W Tibet and in many placesan Ice Age hypothesis (in a very simplified and
was more than 1000-1400 m thick. Figures 10, 19, 32 agghematized way)
35 present cross-profiles of the inland ice with sections of
the research area concerned (Figure 1, No. 20). This is ahle@onsequence of the subduction of the Indian subcontinent
12 between Mt. Everest in the SE and above the Karakorwmder the Eurasian plate, Tibet has been uplifted above the
in the NW in Figure 12. The inland ice area indicated isnow line and completely glaciated step by step for the first
Figure 12 as 12, which — according to earlier results fromime during the early Pleistocene (maximum as in Figure 12)
surrounding areas under investigation by the author (Kuhlg&uhle, 1987d, 1988). This process of glaciation becomes
1982-1997b) — has been interpolated as an inland ice sheetjerstandable with the help of Figures 36 and 37 by way
is confirmed by these new field observations. The Centraif the test areas under investigation here. The uplift of Tibet
to W Tibetan Ice Age (LGM) inland ice areas concerned arab one of the great events of the earth’s history coincides
their extended outlet glaciers which in the S flowed dowwith the onset of the Ice Age 5.5 to 2.5 million years ago
through the Himalaya, and in the NW from the edge of th@lohn, 1988, pp. 181f). It has triggered the build-up of the
plateau into the valleys of the Kuenlun, were situated in thidordic lowland ices by the initial glaciation of Tibet and
precipitation shadow of the Himalaya and Karakorum. Tan consequence the true High Glacial. The névé surfaces of
day they are part of the most arid regions of the whole tifie Tibetan ice reflected 85% — in part even more than 90%
Tibet. This suggests, that — in order to develop an inland i¢@measurements at 6500-6650 m asl on the Mt. Everest N
— Tibet must have been either colder and more humid or vesippe after Kuhle, 1987d, 1989; Kuhle and Jacobsen, 1988)
much colder than at present. — of the incoming radiation energy, whilst debris surfaces
In order to make clear in which way the build-up of théransform 80—85% of this global radiation into long-wave
ice has taken place during the uplift of Tibet, i.e., at theeat-radiation, heating the atmosphere. Therefore the ab-
lowering of the ELA against the relief surface, two Centralolute amount with which a given ice surface intervenes in
Tibetan test areas have been chosen (Figures 36 and 87.heat balance of the earth is the greater, the nearer it is
Figures 36 and 37 concern sections of the investigation aras#isated to the equator and the higher its altitude lies above
Nos. 4, 9 and 11 (Figure 1) (cf. Figures 12 and 35). In tesea level. At an incoming radiation of 2000-1300 \¥/fon
area Tibet 8 (Figure 36) the highest summit towering aboaserage 1180 W/R) at 6000 m asl and 30N (Mt. Everest
the Tibetan plateau rises to 6986 m, the one of test amdaslope), the negative effect on the heat balance is at least
Tibet 12 (Figure 37) is 6928 m high. These are the higlfieur times that of a glaciation at 8N at sea level (Kuhle,
est elevations in the glacier feeding areas. The Tibetan hi@87d, 1989). Thus, the Tibetan inland ice with an extent
plain extends between 3353 m, i.e., 4542 m asl and thasfeca. 2.4 million kn? (Figure 12) and a surface reaching
summits in these test areas. EI-A 5700 m (Figure 36) altitudes of 5000 to 7000 m asl (Figures 10, 19, 32 and 35)
and ELA = 5900 m (Figure 37) are the particular moderbetween 27 and £0(the position of the N Sahara and the
snow line altitudes. ELA-893 and ELA-5759 indicate thé&lediterranean Sea), has caused an albedo-dependent energy
current surfaces of the glacier feeding areas (irfkny- loss of considerable dimensions (Kuhle, 1985¢c—1994b). Out
ing above these snow lines. ELA-600 shows the particulaf the albedo-dependent energy loss of the earth-atmosphere
increase in the glacier feeding area at an ELA-depressiohat least 10% of the global radiation, calculated for the
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worldwide total area of the Last Glacial (LGM) glacierspf ca. 3°C, actually led to a reduction of the glaciation, but —
already 32% (i.e., one third of the total loss) falls to thender glacial climate conditions of absolutely at leaSt°C

loss that was induced by the uplift of the Tibetan inland icend an extent of the catchment area of 68% — the total area
(Bielefeld, 1993, pp. 99ff). According to the discontinuingemained glaciated and the absolute loss in radiation contin-
relationship between the depression of the ELA into the raed. However, a local additional warming up of the climate
lief, i.e., uplift of the relief above the ELA and the resultindpy 2°C (i.e., a rise of the ELA by 400 m, for instance by the
glaciation area, every topography has a characteristic grapbital variations (Croll, 1875; Milankovic, 1941) was able
of its glaciation potential (Figures 38, 36, 37). With regard te in contrast to Phase | — to bring about a destabilization and
the Tibetan upland and its marginal mountain ranges, the ftthus a breaking apart of the inland glaciation into autochtho-
lowing exponential course of the graph is derived: accordimpus mountain glaciations, i.e., a removal of the secondary
to an ELA depression of 1400 m — as it is the case at presére increase, and thus a return of the glaciation to the real
— into the existing high mountain relief, which towers abovipographic situation. In consequence, an abrupt deglacia-
the surfaces of the plateau, a catchment area of only @Rdn took place with the result that the Tibetan plateau again
has been developed, whilst an additional ELA depressibecame the most important heating surface of the earth’s at-
by only 200-300 m (250 m) raises the increase in surfangsphere. Assuming here, as in the initial stadia (see above),
to 13%, i.e., by the factor 5.8. At a further depression bgn ice thickness of at least 200 m at the snow line altitude,
300 m are already obtained 24%, and at an ELA-@O00 m this would correspond — with regard to the remaining post-
compared with today (according to a decrease in temperatgtacial —3 °C — to a surface of the catchment area of only
of ca. —5 °C) 54% of the total area become a catchmei%, i.e., under recent climatic conditions( °C) of 5%.
area (the rate of the increase in surface per 100 m ELA dEhis means that the glaciation would be less than at present,
pression increases from 0.4 to 37600 m) recently as far where nearly 2/3 of the isostatic lowering has already been
as 6.3 (1200 m) (cf. also Figures 36 and 37). Supposingscinded (Figure 38, Graphs Il and IlI).

that the present Tibetan plateau will be uplifted by further During the Pleistocene, the schematized sequence of the
250 m (isostatically, see below) (at a recently confirmdde Age-triggerings by the Tibetan High Plateau and the
amount of uplift of 1 cm/yr this could be attained withincyclical interglacial re-warmings up to the current level of
approx. 25000 years), 7% of additional surface would priemperature, was as follows: (1) Tibet has been uplifted
marily be obtained as glacier catchment area owing to tabove the snow line (ELA) and glaciated. (2) The resulting
climatic change with altitude. At an advance of the glaciaeflection of the incoming subtropical radiation energy back
tion, following this process, and a self-increase of the glaciarno space led to the cooling-down of the atmosphere, to
surface by several 100 m — 200 m are to be expected hére depression of the snow lines and to the build-up of the
as a minimum — this corresponds to a real extent of tidordic inland ices. These lowland ices, located with their
catchment area of ca. 22% and thus, at a ratio of 2:1 ofntres between 80and 70 N, which were less energy-
feeding- to ablation area, to a glaciation surface of 33%, i.effective, obtained an extent of altogether more than 26
one-third of the total area of Tibet would be covered witmillion km?. (3) During the Quaternary a re-warming by
glaciers. In this case the high effect of the albedo, causea. 2—-3°C (mainly in the northern hemisphere) took place,
by subtropical values of the incoming radiation at a higbaused by the orbital variations (Croll, 1875; Milankovic,
sea level, would already mean an absolute loss of 1% 1341), from which derived a global rise of the ELA by
the global energy balance and in consequence lead toca 400-600 m. (4) In Tibet this rise of the snow line first
increase of the Nordic glaciation processes. At a feed-bdekl only to the melting of the marginal low outlet glacier
loop like this, a further climatically-induced ELA depressiottongues, whilst the inland ice remained on the plateau, so
into the topography must be assumed, combined with #mat the cooling continued. However, in the area of the
exponential surface increase and albedo-dependent lossdsandic inland ices, where the inclination of the surface was
energy (Figure 38, graph 1). This means, that the albedanly insignificant up to its edges, the rise of the ELA caused
effective position of the Tibetan glaciation was possibly aa decisive and very important loss in the glaciation area
important trigger of the worldwide cooling phase. For the Tamounting to many millions of ki(cf. Kuhle, 1987d). In
betan plateau and its surrounding marginal mountain rangemsequence, the connected loss in albedo and the global
a completely covering glaciation in the form of an inland icgain in energy amplified the re-warming of the atmosphere.
sheet is documented by geomorphological indicators (Fifs) Now this re-warming also gave rise to an increasing
ure 1 and especially Figure 2). In the central plateau araaglting of the Tibetan ice. However, its complete melting
and depressions its average thickness of 1500 m increased only possible because, during every glacial period, the
as far as 3000 m (Figures 10, 19, 32, 35) (Kuhle, 1987plateau has again been pressed by the glacio-isostatic lower-
1989, 1994b). Analogous to the Fennoscandian glaciationy (Figure 38) into a lower and warmer level. In the other
area, a glacioisostatic lowering by 600-700 m is supposacteas of glacial inland ice (Andrews, 1970, and others)
to be probable (Kuhle, 1989, p. 276; 1993c, p. 146). Frothe glacio-isostatic lowering has also led to an accelerated
that result the following consequences: an isostatic reactimerglacial melting-down and has thus contributed to the
can only be expected in delay, i.e., under the pressure ofeawarming.

maximum ice burden. An average lowering by 650 m (Fig- This study is to be brought to an end with the follow-
ure 38, graph lll) according to a relative rise in temperatuieg objective consideration: supposing that Tibet has never
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Glaciation of the Tibetan Plateau and surrounding mountain areas
in dependence on Topography, Isostasy and Climate
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Figure 38. Topographically-controlled rates in surface increase of the glacier catchment areas in dependence of the relative amount of the snow line (ELA)
depression. |: at an orogenic-isostatically uplifted platep®50 m); II: at the recent position of the plateau surface; Ill: at a glacio-isostatic lowering of

the plateau surface-650 m). The diagrams concern a total surface of 2464 124, kvhich for the calculation has been subdivided into 29 areas. The

key points of the recent surface diagram concern the average maximum summit height (6965 m asl) and minimum height (2741 m asl) respectively, of the
29 areas.
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Abstract

An abridged version of a geomorphological inventory and typology of Postglacial debris accumulations in High Asia is
presented, with selected examples from the Hindu Kush, the Karakoram and the Himalayas. The debris accumulations were
surveyed in the course of four research expeditions lasting a total of ten months in selected valley systems of High Asia (the
eastern Hindu Kush, the northwestern Karakoram, the Nanga Parbat massif (Pakistan), the Ladakh and Zanskar ranges, th
Nun Kun massif, the Kumaon and Garhwal Himalayas with the Kamet, Trisul and Nanda Devi massifs (India) and in the
central Himalayas with the Kanjiroba, Annapurna, Manaslu and Makalu massifs (Nepal)). The study areas being widely
scattered, a supraregional comparison of the debris accumulations proved possible. The debris accumulations are consic
ered in centre-to-periphery sequences from the mountain interior to the mountain fringes, and in vertical sequences, i.e.
altitudinal zones, taking into account their topographical relationship to adjoining elements of the landscape. Supraregional
and climate-specific types of debris accumulation are distinguished and it is recognized that the debris accumulations of the
Karakoram and the Himalayas resemble each other more closely with increasing elevation.

The core of the study is the dominant role played by past glaciation in the formation of Postglacial debris accumulations
in the high mountains of Asia. This glacial-history-oriented concept of debris accumulation stands in sharp contrast to
previous opinions about the genesis of the debris accumulation landscape in the extreme high mountains of Asia. The study
shows that at many places morainic deposits mask extensive portions of the valley sides up to several hundred metres abov
the valley floor. These moraines are the main debris sources and exert a strong influence on, or even suppress, the purel
slope-related formation of debris accumulations. Resedimentation of morainic material in combination with additional talus
delivery leads to numerous characteristic composite types of debris accumulations, which are here termed transitional glacial
debris accumulations. Various stages in the transition from moraine to slope-related debris accumulations were observed,
making it necessary to consider the evolutional element in the development of debris accumulations by taking into account
both genetic series of debris accumulations and formations of debris accumulations. A significant proportion of debris
accumulations are also due to collapse processes which result from pressure release at the valley sides after deglaciation ar
occur in the course of glacial trough valleys being transformed into more stable fluvial V-shaped valleys.

The residual morainic landscape has left debris accumulations that are basically similar in study areas of different climate
—i.e. in the Hindu Kush and the Karakoram on the one hand, and the Himalayas on the other. The age classification of the
debris accumulations was based on the location of the slope-derived debris accumulations in relation to the corresponding
stages of glaciation.

Introduction the frequent occurrence of debris accumulations points to
extremely intensive weathering processes, secondary de-
Postglacial debris accumulations in High Asia: A bris production, i.e. the redeposition of glacial sediments,
glacial-history-based concept of the formation of debris exceeds primary debris production in many places. The
accumulations classic categories of debris accumulations — talus cones,

_ _ _ alluvial cones, mudflow cones and related forms — apply
During a study on the typology of Postglacial debris accigmly to a limited extent when classifying debris accumu-
mulations in ngh Asia it was established that many of thﬁtions in H|gh Asia. Here, a further Category has been
debris accumulations in the Hindu Kush, the Karakoram arg@|dedtransitional glacial debris accumulations as a typical
the Himalayas are due to the resedimentation of morainic qﬁdex form of the Secondary debris accumulation land-
posits. Especially in the semi-arid mountain regions, whesgape This category comprises the transformation by slope
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processes of glacial deposits into composite debris accuncones and related debris accumulations as periglacial land-
lations of slope-derived and glacial material, a transiticlorms in his monograph on the geomorphology of the
that may take as long as 10000 years. The seemindgMaulagiri-Annapurna-Himalayas. Fundamental work with
homogeneous, largely conical appearance of the debris aery detailed comparisons on talus cones and talus slopes in
cumulations causes them to be attributed overhastily to tBpitsbergen and Scandinavia was published by Rapp (1957,
above-mentioned three traditional categories of debris a959, 1960a, b). For work on primary weathering processes,
cumulations and often leads to a mistaken interpretation sde Gerber (1963, p. 337), Hewitt (1989, p. 14), Goudie et
their origin. Cone-shaped residual debris accumulations tlzdt 1984, p. 390), Whalley et al. (1984, pp. 525-627), Kuhle
have beereroded out of the morainic materjahre simi- (1987, p. 20) and Hall (1998)The extremely contrary opin-

lar in shape to talus cones; however, the point is that th&ns on the extent and timescale of glaciation in the Karako-
areerosional rather than depositional landfornidany val- ram and Himalaya valleys (e.g. DAINELLI 1922-1934, de
leys display a conspicuous disproportion between catchm&fRRA 1938, v. WISSMANN 1959, HORMANN 1974,
size and the size of the debris accumulations. This apparBERBYSHIRE et al. 1984, HASERODT 1989, KUHLE
paradox can only be explained by taking into account tH®©89, 1994, 1996b) and the consequently very different
remobilizing of morainic material — an important compoviews about the provenance of debris accumulations suggest
nent of debris accumulations — in the catchment areas. that it is necessary to find criteria to distinguish between ac-
addition, the Postglacial transformation gifacially over- cumulations of glacigenic and primarily slope-related origin
steepened trough valleys into more stable V-shaped valleysas to be able to apply debris accumulations appropriately
results in many differentollapse-induced debris accumu-as palaeoclimatic indicators, and to avoid misinterpreting
lations The mistaken identification of glacial deposits amorainic deposits as purely slope-relatediime versa Up
slope-related debris accumulations is considered to be a f@now, moraine, slope-related and purely fluvial accumula-
jor contributing factor in the controversy about the extent dfonshave been treatess separate featuras the literature.

the Last Glacial Maximum (LGM) and the Late Glacial inBy contrast, the following study will show the extent to

High Asia. which all three are interrelatecand describe whiclypical
composite debris accumulationscur in the mountains of
Study areas High Asia.

The selected study areas lie along a 2500-km W-E tran-

sect spanning the arc of the Hindu Kush, the Karakoramhe interaction between the formation of postglacial
and the Himalayas (27-3'N/72-88 E) (Figure 1). They debris accumulations and glacial history in the high
comprise selected valley systems in the eastern Hindu Kughbuntains of Asia

the northwestern Karakoram, the western Himalayas (Nanga

Parbat, Nun Kun massif, Garhwal and Kumaon Himalayasjhe extent of glaciation during the Last Glacial Maximum
eastern Karakoram, the Ladakh and Zankar ranges ajifli the Late Glacial, with its glacial valley shaping and
the central Himalayas (Dolpo, Annapurna, Manaslu angdgacy of glacial sediments, may be considered the most
Makalu massifs). The study areas have precipitation gragfyportant supraregional geoparameter in the distribution of
ents ranging from perhumid-G000 mm/yr) to arid con- debris accumulations in the mountains of High Asia. It is
ditions (<100 mm/yr) in the mountain valleys. The mosthe primary control of the distribution of Postglacial debris
dramatic variation in precipitation occurs at the main Higccumulations. The Late Glacial moraine relicts that are
malayan Ridge, whose windward southern slope has t§gserved in all the study areas and that mask the valley
highest precipitation values in the study area, whereas jif$erior up to several hundreds of metres above the valley

leeward northern slope has desert-like levels. floor, were and are transformed by slope processes in many
different ways during Postglacial time, thus producing a
Current research wealth of composite debris accumulations, the ‘transitional

acial debris accumulations’ mentioned above (Figure 2).

. . . T |
Up to now, debris accumulations and their classification &hey are often mistaken for purely slope-related debris ac-

the mountains of High Asia — the Hindu Kush, the Karakoé mulations. Especially in the middle valley sections, debris

ram, and the Himalayas — have been largely neglect% cumulation processes are influenced by a residual de-

although they are common occurrences in the valleys %%fis accumulation landscape of morainic material. @hal

ing to the extreme relief energy in these mountains. O@?ructure consisting of Late Glacial morainic material at the

of the earliest and also very precise descriptions relatinggtglse and overlying Postglacial debris depositays a ma-

Fh|shtop|c Wasl pdresepted .byLDSEkY]V (,\l/|873) for study are@ role in debris accumulation typology. Secondary debris
'r? t te udpp:jetr naus river It? ? at - More recent rtiset:r?r cumulations of redeposited morainic material as well as
astended o pay more attention to mass movements a%?;sive debris-accumulation formation, i.e. the dissection

as_somated deposits, i.e. many StUd.'eS are pr_|mar|ly Procesea formerly intact morainic cover into cone-shaped debris
oriented — and therefore also application-oriented — rather

than form-related. Brunsden et al. (1984) presented a funda- 1Hall (1998) criticizes the excessive importance attributed to frost
mental study of talus cones in the northwestern Karakorarrgathering processes and considers thermal stress to be a major form of
Kuhle (1982, 143-147) described talus cones, mudfidiffaihering inareas of water shortage.
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Figure 1. Location of research areas.

features, dominates in many parts of the mountains ovdgh mountains of Asia (cf. Kick 1996; Réthlisberger, 1984)
primary debris accumulation. lies, among other factors, in the differing identifications of
Even in the arid mountain regions, where morainic denorainic material and debris of slope provenance. The age
posits are particularly evident owing to the absence ofassification of debris accumulations is based on the glacier
vegetation, a possible glacial origin of the Postglaciatages in High Asia proposed by Kuhle (1994, p. 260).
debris accumulations has apparently not been taken into In principle, it should be noted that especially talus cones
consideration, present climatic conditions being extremednd talus slopes are better able to develop in glacial valleys
unfavourable as regards glaciation. than in fluvial V-shaped valleys for purely geometrical rea-
Glacially influenced debris accumulatioascur downto sons connected with the concave shape at the base of the
the low elevations of the study area, iveell below 1000 m trough valley side. Pressure release and loss of support ow-
asl. Glacial shaping of relief is responsible for most of théng to melting ice lead to diverse collapse features on over-
collapse debris accumulations. The results of studies on steepened valley sides. As though suddenly released from a
distribution of glacially influenced debris accumulations dmould, parts of the valley sides collapse after deglaciation
not confirm the minimalist estimate of the extent of glaciaand leave debris accumulations of catastrophic origin. There
tion in High Asia advocated by, among others, v. Wissmans adirect link between glacier retreat and the formation of
(1959) and Hormann (1974). Rather, they confirm the etrue talus accumulationsas almost every historical glacier
idence of glaciations and equilibrium line depressions &font vividly demonstrates.
1300 m and more in these high mountain regions reported The pattern of debris accumulation distribution is closely
by Kuhle (e.g., 1982, 1989, 1994, 1996b). The crux atlated to the extent of modern glaciers. Despite high aridity,
these contradictory opinions on Quaternary glaciation in thlee debris accumulations accompanying the glacier stretch
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secppdary talus cones mudflow cone formation
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moraine material) - eroded
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Figure 2. Some examples of transitional glacial debris accumulations deriving from moraine material.

more than 1000 m lower (down to about 2500 m) in ththe Late Glacial — ensure an exposed relief and the produc-
northwestern Karakoram than on the southern slopes of tien of sufficient debris by the ice-free valley sides to enable
Himalayas. Depending on the type of glacier and the locdebris accumulations to form along the glacier (Figure 4).
tion of the glacier snout in the valley, specific ice-margindlhese Late Glacial debris accumulations, which were modi-
debris accumulations are formed. Particularly in the Kdied by slope processes in Postglacial times, characterize the
maon and Garwhal Himalayas, the apex areas of talus congsuntain environment today. Consequently, when inland ice
have been modified by steep hanging glaciers during Postvers the entire relief, debris accumulations — apart from
glacial times. A festooned pattern of moraines is visible iground moraine — tend not to form owing to the lack of
the upper to middle parts (the Alkanada, Nilkanth and Hatkource areas. This example demonstrates that in the laws of
Parbat valleys). geomorphology there are no linear increases in the chains of

cause and effect, but that from a certain stage of development
The shift of the altitudinal zones of debris accumulation onwards it is ‘leaps’ and ‘points of reversal’ that control
during the ice ages and its effect on the build-up of debrislandscape processes and accumulations when a factor — in
accumulations this case, glaciation — is amplified.

In general, both the periglacial region and the altitudinal

In contrast to the present-day distribution of glaciers, thene of fluvial activity were greatly limited by the extensive
tributary catchments were also ice-filled during the Lagfiacier cover in humid areas during the Last Glacial Maxi-
Glacial Maximum, sealing off both potential debris-supplynum, and the conditions necessary for debris accumulation
areas and potential accumulation areas, so that the forjj@re not promising. Present conditions are very favourable
tion of mudflow and alluvial cones was greatly impeded at

this time2 Only smaller glaciers, like those at the end oBiafo — glacier in the Muztagh—Karakoram, where we observed a conspic-
uous paucity of debris on the valley sides along the glaciers. The glaciers

2A most impressive recent analogy to debris accumulation conditiofiRemselves almost resemble Ice Age glaciers in size.
during the Last Glacial Maximum is the Baltoro — and in places also the
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glacier retreat ——>

Dual debris accumulation structure of a Late Glacial In former times the debris accumulation was deposited

ground moraine base overlain by fluvial debris deposited against the glacier as kames. The distal cliff walls can be

during Postglacial time. maintained after glacier retreat.

Cc

Residual debris accumulation consisting of ground moraine, which covers the valley flanks up to several hundred metres
above the valley bottom line and which is gradually transformed into a fluvial debris accumulation. The conical apex
which begins at the mountain spur — and not below a gully - is subsequently eroded out of the ground moraine material
by fluvial processes, therefore it resembles a purely fluvial debris accumulation. The tributary gully rivers deposit
mudflow-like debris accumulations consisting mainly of resedimented moraine material.

I .

The ground moraine covering the main valley flanks is Compound, primary fluvial debris accumulation: The

incised by tributary rivers. The fluvial deposits are debris accumulation receives a high debris supply from

composed to a great extent of resedimented moraine the lateral valley flanks. These debris accumulations

material. often derive from displaced high-level moraines. Also the
tributary valley is filled up with moraines. The distal cliff
part of the sediment cone may be lined by secondary
talus slopes and heaps.

<X % morainic material {/ l,‘\.\ fluvial debris accumulation talus cones and slopes s distal cliff edges

Figure 3. Selected examples of typical transitional glacial debris accumulations in the Hindu Kush and Karakoram.
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F

Secondary talus cones and talus slope formation Residual cone-shaped debris accumulations in ground
deriving from high-level moraines. Their surfaces are moraine: These are the remnants of a formerly closed
often reworked by mudflows, indicating their high fine moraine mantle, which is eroded by Postglacial slope
material content. processes in a cone-shape. They are in their present

shape erosion not accumulation forms.

Figure 3. Continued.

for debris deposition, the lower limit of glaciation of the sidenoraine valleys, and that many of the debris accumulations
valleys being comparatively high. present today are ‘subsidence debris accumulations’ consist-
ing of a mixture of slope-derived and morainic materials that
How to trace the course of deglaciation in a longitudinal lost their support and collapsed after glacier retreat. That
valley profile by means of debris accumulations, and do means, on the one hand, thhé materialof these polyge-
typical sequences of debris accumulation exist? netic debris accumulatiomay be considerably older than

. . , the original formthat developed during Postglacial time. On
After deglaciation, debris accumulations were bound i@g gther, the post-deglaciation situation was by no means a

build up successively from the former to the recent glacighy|a rasa rather, the dimensions and mode of deposition

location, so that older debris accumulations are found dowgs morainic material substantially influence the Postglacial
valley and the youngest talus cones near the glacier term%”d_up of debris accumulations.

Following theprinciple of correlating debris accumulations
with glacier stagesone might assume that the thicknesgyansitional glacial debris accumulations and passive
or the size of the debris accumulations would increag§mation of debris accumulations
downvalley, the formation period having been longer. How-
ever,the progressive filling of the valleys with debris aftetn the study areas a variety of secondary debris accumu-
deglaciation cannot be proved by means of the size of tlations have evolved out of primary debris accumulations,
debris accumulationsver a lengthy longitudinal valley pro- and among such ‘mothers and daughters’ those debris ac-
file, since in this relationship thiype of catchmentf the cumulations that are similar in form and origin should be
side valleys isnore importanfor the formation of debris ac- distinguished from those that differ. Another term for the
cumulations and the catchments vary greatly along the Idiormer is ‘regenerated debris accumulations’ (e.g., stacked
gitudinal valley profile. Furthermore, debris accumulatiorise avalanche cones, Photo 30). The latter are much more
develop intermittently, preferentially at relief instabilitiesfrequent and occur especially when morainic deposits shift
and therefor@ot in a homogeneous manner (e.g., talus cones formed beneath higher-level morainic de-
In the direct vicinity of the glacier, however, where theosits), they are also found in fluvial debris accumulations
catchment areas and the conditions of deposition are m@basal talus cone formation at the cliff faces of mudflow-
uniform, the experimental setup is more appropriate. Araluvial cones). Secondary formation of debris accumula-
here observations show that debris accumulations increasgams is particularly evident in dry areas. Particularly at
size with increasing distance from the recent glacier termélevations between 1500 and 3500 m, the decisive factor for
nus and must be older downvalley. In qualification, howevetebris supply is not bedrock but the type and distribution of
it must be said that the size differences of the debris acdbhe moraine lining of the valley flanks.
mulations will level off as they continue to develop, and a In their genetic evolution, many of the debris accu-
sort of ‘climax stage of debris accumulation developmenthulations are in a transitional phase between originally
will be reached (debris accumulations in the Mombhil valleglacial depositional processes and nival, fluvial and purely
downvalley from the end of the Mombhil glacier tongue to thgravitational processes of deposition and denudation. Such
confluence with the Shimshal valley: using glacial history tdebris accumulations are termed ‘transitional glacial debris
obtain a chronology of debris accumulations photo 20). accumulations’ and should be subdivided into ‘secondary
Further, it should be taken into account that debris adebris accumulations’ and ‘residual debris accumulations’.
cumulations have been deposited in the shape of kames\Bliereas the former may consist of slope-derived and glacial
slope processes on Late Glacial glaciers and in their latena&terial, the latter term refers to the relicts of glacial de-
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Figure 4. Debris accumulation landscape during the transformation of a fluvial V-shaped valley into a glacial trough valley.

bris accumulations that were carved out by Postglacial slopiten meant that cones that had later been carved out of the

processes. This is@assive debris accumulation formationloose material were not recognized as such, i.e., an erosional

i.e., the conical debris accumulations are erosional remnaatsumulation wamistaken fora depositional form.

of a formerly continuous morainic cover on the valley sides. The following categories of typical ‘transitional glacial

The most conspicuous feature of this passive formation débris accumulations’ were identified in the study area

debris accumulations is that the cone tips do not conn€Eigures 2 and 3):

with a feeder channel, but are carved out of the loose méa) Dual debris accumulation structure of a Late Glacial

terial by lateral gullies; in a manner of speaking, the cone ground moraine base overlain by fluvial debris deposited

tip is ‘dead’. At the proximal area of the cone, where the during Postglacial time.

ground moraine clings to the valley side, these moraingb) Conical residual debris accumulation carved out of Late

derived debris accumulations have considerably steeper in- Glacial ground moraine by fluvial processes during Post-

clinations than purely fluvial debris accumulations of similar  glacial time. Situated at the mouth of a steep juvenile

appearance. tributary valley. Similar in form to a fluvially deposited
The dual debris-accumulation structure- ground debris accumulation.

moraine base and fluvial debris from the side valleys — i&) Further development of type b) towards dominantly

easily recognizable at the exposed outcrops of the fluvial fluvial deposits. An alluvial or mudflow cone (partly

debris accumulations in the dry high mountain areas. The resedimented from morainic material), laterally framed

moraine relicts are being gradually destroyed by Postglacial by residual moraines on the valley sides.

slope processes and covered by slope-derived and fluvial ¢d} Composite fluvial debris accumulations: the mudflow-

bris, so that these debris accumulations possessrainic alluvial cones may have been formed by the resedi-

corethat is no longer recognizable today. mentation of moraine-filled side valleys. They receive
In addition, the debris accumulations that were deposited lateral debris from talus and mudflow cones that may

against the glacier may be subdivided imlicect andindi- also have been formed out of redeposited morainic ma-

rect ice-contact debris accumulatiank the former case, terial attached to the valley sides. The cliff faces of these
the debris accumulation was deposited directly against the composite debris accumulations are often reworked into
glacier, in the latter it may have been built up against a lat- secondary talus slopes.

eral moraine. Although the distinct conical shape of mange) Secondary formation of talus slopes beneath high-
debris accumulations has the advantage of offering an easyreaching morainic deposits on the valley sides.
description of these features, it also has a disadvantage whnMoraine mantle covering the valley side. In the process
it comes to identifying their originConvergent evolution of steady redeposition into a secondary talus slope.
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(g9) Residual conical debris accumulations, similar in shapurely slope-derived talus cones and slopes and

to primary true talus cones but carved out of a grourrdsedimented residual glacial debris accumulations

moraine mantle adhering to the valley side. This semi-arid mountain landscape is dominated by bare

It should be emphasized that the majority of debris accdebris accumulations, i.e. debris accumulations that are
mulations are diverse transitional or composite forms. In tleémost devoid of vegetation and in places only slightly
final analysis it is the dominant geomorphological processesnsolidated. Talus cones and slopes are among the com-
that govern the type of debris accumulation. This meansonest depositional accumulations in the landscape of the
that it is of great importance to take into account @w®- eastern Hindu Kush. Indeed, they dominate the landscape
lutional elementexpressed in the form gfenetic series of between 2000 and 4500 m (Photo 1). These bedrock-derived
debris accumulationsA rigid classification system is lessdebris accumulations should be distinguished from the sec-
of a help than a hindrance in attempting to understand tbadary debris accumulations later evolving from unconsol-
formation of debris accumulations. In principle, compositiglated deposits. The widespread distribution of the bare
forms of debris accumulation are more typical than a deebris accumulations ranging from high elevations to valley
bris accumulation due to one process only. The mere faites, i.e. over a vertical distance of up to 4000 m and more,
that debris transport often passes through various altitudiready implies thatne climatic characteristic alone cannot
nal zones explains the existence of many composite forme responsible for debris productioihe true talus slopes
of debris accumulation. In particular, the transition froneaused by frost weathering at high elevations interlock with
an ‘oversteepened ice-age debris accumulation landscagh@ talus slopes of medium elevations, whose formation may
to a Postglacial ‘adjustment debris accumulation landscap#$o be due to temperature and chemical weathering and
results in polygenetic debris accumulation forms. especially to the redeposition of morainic material.

Example 1: The moraine-influenced true talus cone on the
Regional-empirical section orogr. right-hand side of the Mastuj valley.The base of

the true talus cone with its fluvial catchment area on the
The debris-rich, arid to semi-arid high-mountain areas  orogr. right-hand side of the Mastuj valley, downvalley from
of mainly moderate to extreme relief energy: the eastern Mastuj, is located at an altitude of 2100 m (Photo 2). The
Hindu Kush vertical height of the talus cone measures some 400 m, and

it consists chiefly of plate-size rocks. In summer the approx-
The study area in the eastern Hindu Kush °@®- jmately 3000 m high ridges are snow-free. The talus cone
36°30' N/71°30' E-7330 E) is crossed by the main Hindughows minimal traces of reworking so that we are apparently
Kush chain from NW to SE, of which the highest catchmenigealing with a pure form of talus cone. The rock fragments
are Tirich Mir (7706 m) and Noshag (7485 m). Directly tore homogeneously distributed as to size, which is also true
the south and oriented parallel to the Higher Hindu Kusk the nearby talus cones in the Mastuj valley. The linear
is the Lesser Hindu Kush, with elevations of only 6550 Mgrosjonal forms on the talus cone surface are mostly due
The maximum vertical distance, 6000 m, is reached at tg¢ resedimentation of the debris. The product of the mass
eastern flank of Tirich Mir towards the Tirich valley (Grubermgovements resembles that of a mudflow with the typical
1977, p. 102). The equilibrium line runs between 4800 Mteral debris ridges and terminal debris lobe. Since, how-
in the SE and 5300 m in the NW of Chitral (Haserodfgyer, no allogenic material is transported from a potential
1989, p. 71). The Hindu Kush has a central crystalline zoggtchment area, an essential mudflow condition is missing
with strong granite intrusions, which build up Tirich Mirin the strict sense. Hence these accumulations are termed
and Buni Zom (Photo 1). In valley locations slate is thgndflow-like debris flows’.
main rock (Chitral and Lun slate), continuing the Karako- Tpe jsolated talus cone is embedded in a cavity of the
ram slate series occurring further to the east (Searle, 199ri'etamorphic rock. The face of the outcrop is 10 to 30 m high
p. 86). Being particularly prone to weathering, it providegng is reminiscent of a rockslide event that could have been
favourable conditions for the formation of debris accumulgy; gered by glacial reworking of the bedrotkThe debris
tions. Generously dimensioned valley receptacles with broggleymulation rests on a glaciofluvial terrace. The proximal
debris accumulations like those of Drosh (1440 m) and Chiaction of the talus cone is already close to the line of the
tral (1475 m) alternate with confined stretches like thosgountain ridge, so the slope section is approaching the stage

downvalley from Buni (1900 m). The debris accumulatiogf 5 complete frost debris slope. The valley slope already
landscape in the valley systems of the Hindu Kush is chie

characterized by glacial debris deposits. High morainic de- 3A distinction should be made between the bare talus slopes whose

; ; of vegetation is due to climatic reasons only and those on which trees
posits blanketmg the Va”ey SIOpeS safeguard the bEdrdz?rE(unable to find a hold because of active debris deposition from the catch-

from atmospheric inﬂuence_s and protect the SIOpeS_ fr%m area. The talus slopes in the Hindu Kush and Karakoram are often
retreat and from the formation of autochthonous debris agrongly cemented owing to ascending solutions — especially in limestone

cumulations. The structure of fluvial debris accumulatiorfeas — and thus attain a high degree of stability.

is also substantially influenced by the resedimentation of 4Such collapse structures were often sighted during fieldwork in the

. . Braldu valley (Muztagh—Karakoram) in 1997. They always occurred in
morainic depOSItS. combination with other glacial indicators (moraines, erratics at high ele-
vations) at the mouths of side valleys, so that the collapses cannot be solely
due to structural weaknesses of the bedrock.
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has such a considerable debris cover that a specific catpleximal parts of the cones are still adjoined by strongly
ment area is no longer present. The point of reversal fromogersteepened slope sections in metamorphic rock.
catchment to an area of accumulation is missing.

Immediately up- and downvalley, Late Glacial moraini€luvially influenced debris accumulations: mudflow cones,
deposits adhere to the valley sides. In contrast to the takliivial cones, and transitional glacial debris
cone, these deposits show strong gullying. In addition, flaccumulations
vial redeposition is causing the slope moraines to turn inta the study area of the Hindu Kush mudflow and alluvial
cone-shaped secondary debris accumulations. cones and related debris accumulations tend to occur at el-

Owing to the high clay content of the morainic mateevations between 1400 and 3600 m (Photos 1, 5 and 6).
rial, saturation turns the base into a viscous flow. Theg#e spatial distribution of true talus cones, alluvial cones
secondary debris accumulations already represent the initidd mudflow cones displays an almastial symmetry in
transitional form between glacial debris accumulations amide altitude range The optimal distribution areaof both
debris accumulations that are later identifiable only as slopgebris accumulation forms lies ettermediate altitudes be-
derived. Only the high fine material content of the featuregeen about 2000 and 3000. Above this zone true talus
termed ‘moraine-influenced debris accumulations’ or ‘trartones are in the majority, their formation being chiefly
sitional glacial debris accumulations’ serves to indicate thaiue to weathering processes and avalanches. They mostly
glacigenic origin. cover the slopes and thus require a small depositional area.

Taking into account the lateral morainic material anivith increasing elevation, the fluvially influenced debris
the glacially polished rockflank that tends to collapse afteizcumulations slowly decrease, and their upper limit of dis-
deglaciation owing to pressure release, #gparently solely tribution is higher than about 3700 m. This is where the
slope-derived talus cone turns out to be a glacier-induceghallow, nivally influenced mudflow cones of the periglacial
debris accumulation region occur, being able to develop freely in pass locations.

Below 2000-3000 m the distribution of true talus cones de-
Example 2: Moraine-influenced talus cones on the orogtreases. The altitudinal distribution of the modification of
left-hand side of the Ghizer valley: residual and secondagfope-derived debris accumulations by morainic material or
debris accumulations. Now let us turn our attention to secondary forms evolving from them, is related to the extent
a debris accumulation on the orogr. left-hand side of th# glaciation and the depositional conditions of the morainic
Ghizer valley, east of Shandur pass, at an altitude of 2915material. Onlybelow the equilibrium line can morainic ma-
(Photo 3). The fluvial catchment area of the valley siderial be releasedby the glacier. In the lower Chitral valley,
reaches some 500-700 m above the valley floor. Whatkames were observed up to a base level of 1600 m. Moraine-
remarkable about this craggy slope is that some of the gulligfluenced debris accumulations occur between altitudes of
are filled with light-coloured debris. The main gullies suppl¥400 m and at most 4500-5000 m, with a distribution max-
darker debris, similar in colour to the bedrock and breach tiraum of 2000-3000 m. In the case of formeugglaciated
lighter-coloured moraine cover. This debris cover, only renountainsthese broad mudflow and talus cones may be
licts of which have been preserved, is a moraine blanket thinsidered to ballogenic with regard to this altitudinal
is being modified by slope processes. This results in, firsone
slope-related depositional forms, partly consisting of resed-
imented morainic material, and second, purely morainExample 1: The complementarity of catchment size and the
debris accumulations carved out by slope processes. Thiake of moraine-influenced debris accumulation types in the
is, residual morainic, approximately conical debris accivarkhun, Mastuj and Laspur valleysThe Yarkhun, Mas-
mulations remain beyond the slope gullies. A characteristigj and Laspur valleys are dominated by broad sediment
feature of these composite forms of debris accumulationdsnes, sometimes more than 100 m deep, and more than
that the proximal part of the cone does not lie directly be- km in radius (Photo 7). Huge mudflow cones have built
neath the feeder gully but much further downslope. Thigp, chiefly in confined stretches of valley. What is remark-
downslope displacement of the cone apex is due to chaiile is their small-scale, fluvially influenced catchments
nelling of the debris by morainic material. In this way thevhich, at 4500 m, do not even extend above the present-
composite true talus cone assumes a waisted shape in frgey equilibrium line. In many places it is almost impossible
view. to comprehend where the enormous quantities of debris re-
quired to build these huge accumulations came from. The

Example 3: Glacially induced collapse debris accumulasolution would appear to be that these are either ancient
tions in the Laspur valley. On the orogr. left-hand side of forms or the products of resedimentation and the present re-
the Laspur valley we find a good example of glacially inmoval of morainic material. The further one proceeds up the
duced collapse debris accumulations (Photo 4). On the inmgastuj valley and its continuation, the Yarkhun valley, the
slope of a valley bend at 3200 m, composite true talus slopstsallower the alluvial and mudflow cones become (Photo 5).
have formed at the foot of a clearly glacially polished rocKince the debris accumulations are different in size but have
flank. They are graded according to rock size. The glaciakymilar catchments, their decreasing depth can theoretically
oversteepened rock flank became unstable after deglatig-correlated with progressive deglaciation.
tion, and collapse processes were the result. Upslope, the
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The catchment areas of the large alluvial and mudflotie mudflow-alluvial cones are increasingly coalescing into
cones are surrounded by elevations of up to 5000 m @mpound mudflow-alluvial cones (Photo 5). At the present
their valley heads. Depending on aspect, they are locatéde, secondary formation of debris accumulations in the
either just below the equilibrium line or just touching thenterference zone is almost more active than that of the
snowline border zone. Hence the high elevations are mosthydflow-alluvial cone itself.
unglaciated or exhibit relics of rock glaciers at the present
time. During the Last Glacial Maximim and Late GlacialExample 2: The dual structure of ground moraine base
however, these catchments were located up to 1000 m bhed overlying fluvial debris in the confined valley between
low the equilibrium line. Some of these tributary valley$astuj and Buni and in the lower Laspur valleylike
contained short, steep hanging glaciers. The steep hetok Hunza valley in the northwestern Karakoram, the wider
walls of the catchments suggest that these could have beeetches of the Mastuj valley below Mastuj (2279 m)
avalanche-fed glaciers, which are characterized by a higbntain a complex, extensive depositional landscape of
debris supply. glaciofluvial terraces, alluvial cones and mudflow cones

During the Late Glacial glaciation the tributary valleysith a morainic influence. Many of these debris accumula-
were hermetically sealed off by the trunk valley glacier, a#ons have ground moraine bases. The adjacent valley sides
long as they were not themselves glaciated and had a glaeiso used to be covered by morainic deposits which slope
link with the main trunk glacier. The debris masses prgrocesses have resedimented until their origin is no longer
duced by the tributary valleys were deposited up against trecognizable. Downvalley from Mastuj a conical deposit
glacier (direct ice-contact debris accumulations) or againstilt up from the orogr. right-hand side of the Mastuj val-
the outer slope of the lateral moraine (indirect ice-contalgtly with a cliff face some 60-80 m high occupies almost
debris accumulations), unless the glacier was accompanikd entire main valley floor (Photo 7). Its base consists of
by a lateral moraine valley where the debris accumulatiogsound moraine, the younger upper part of the debris accu-
could develop in fan-like or conical shapes. Because of theulation comprises fluvial deposits from a small catchment
glacier barriers at the valley mouths the debris accumuldrat reaches an elevation of only 4000 m. Here too, the
tions were very dense and very high. If the supply of debnmudflow alluvial cone is laterally framed by talus cones and
is higher than the height of the glacier flank, debris begitalus slopes. The dual structure of the fluvially modified de-
to accumulate on the glacier surface. This occurs especidllys accumulation of the tributary valley mouths of ground
in the short steep tributary valleys whose volume is rapidiyoraine and fluvial sediment layers may be regarded as a
exhausted when debris production is high. highly typical geomorphological phenomenon in the eastern

In the course of deglaciation these ice-supported glackdindu Kush and northwestern Karakoram.
debris accumulations were gradually released, like a cake
from a baking tin. After the supporting wall of the glacieExample 3: Moraine-derived debris accumulations in the
is removed, the debris accumulation is able to preservalley section of Drosh in the lower Chitral valleyln the
its shape and its steep walls, but eventually it will colvalley section of Drosh (1400-1500 m) in the lower Chi-
lapse. At present fluvial undercutting is helping to keeal valley, up to 300-m-high, kame-like moraines edge the
the walls steep. Thus the present-day alluvial cones avalley flanks (Photo 8). Their reddish colour distinguishes
mudflow cones should be considered to be multiphase larkdem clearly from the bedrock. That these are allochthonous
forms. They are being both incised and built up by fluviadebris accumulations is evident from the fact that their tips
processes. Heraccumulation and erosioaresynchronous begin in the bedrockext to the upslope gullieShe valley
processesThe original shape, the ancient accumulation, sde is scarcely higher than 3000 m asl. The moraines are
being permanently modified. being dissected into conical shapes by fluvial processes. At

At 2450 m in the lower Yarkhun valley, the fluvial debrighe base, lacustrine sediments up to several metres deep are
accumulations have low side walls so they merge almdsterbedded in these glacial deposits. In places, the valley
accordantly into the debris-covered floor of the trunk vafloor is covered by ground moraine. Thus the debris accu-
ley (Photo 5). The debris accumulations are alluvial conesulation landscape is dominated by glacial deposits. Purely
containing morainic debris. The cone surface is very regulslope-derived debris accumulations are few. At this altitude,
and almost elongate. At the orogr. right-hand side of theontemporary debris supply is very low, mainly resulting
Yarkhun valley several hundreds of metres high, strongfyom the resedimentation of glacial deposits. Especially the
gullied morainic deposits are notable (Photos 5 and 6). Thaituvial cones that breach the moraines formerly sealing off
remobilization by mudflows, rockfalls and slides contributethe tributary valleys, consist mainly of glacigenic debris.
to the build-up of the alluvial cone. In places, the moraines When assessing debris accumulations today, we should
clinging to the valley walls are already disintegrating into deemember that theatchment areamayhave changed their
bris accumulations resembling mudflow cones. Elsewhemharacteristics e.g.,from glacial to nival within the fluc-
the morainic deposits are being displaced, forming settration range of the equilibrium line shift during the Last
ondary dry alluvial cones. The disintegration of the morainiGlacial Maximum and Late Glacial period. Assuming a Late
deposits occurs in the interference zone of the neighbouri@tacial equilibrium line depression of 1100 m, the equilib-
mudflow-alluvial cones — in the blind corner, so to speakium line in Hindu Kush was located at about 4000 m or
of the primary accumulation of adjacent cones — so thktwer. That means that the catchment regimes of the peaks,
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T Photo 1.View from the orogr. right-hand side of the Mastuj valley at 3750 m — just downslope of the Sani pass — giving
an overview over the glacially shaped debris accumulation landscape of the E/W-trending Mastuj valley. The valley floor
lies at an altitude of 1600-1700 m and is occupied by an approx. 200 m high glacially abraded and polished rock plateau
(M), which is covered with Late Glacial ground moraine material. On the orogr. left-hand side is the NW-facing Buni
Zoom massif (B), at 6500 m the highest catchment area. Only a small part of the summit region rises above the
equilibrium line at about 5000 m, so that in view of the semi-arid climate conditions are favourable for debris production

I Photo 6 Further downvalley a further fluvially deposited debris accumulation is present. In the central part the mudflowand deposition. Avalanche talus coneg)(nourish a gradually starving rock glacief X At the valley flanks

alluvial cone is deeply incised by a discharge channel, which accumulates a secondary allu@ipbtahé Mastuj gravel floor. autochthonous, unconsolidated true talus sloggsalternate with glacial, kame-like sediments)(Large mudflow-

The distal escarpment, which is several decametres high, is divided into various earth pillars and is lined by secondary dedhiyial cones ©) derive from the catchment areas, which are connected with the lower valley regions over relatively
heaps 4 ) The Sick]e_shaped incisions in the distal cone section may be caused by the unregu]ated runoff of Surp|us irrigatﬁhﬂrt distances. All the cones are now under cultivation. The mud flow-alluvial cones dictate to a Iarge extent the course
water of the oasis settlement. However, they occur also on sediment cones, on which no settlements have been builts At the 8fd&e main valley river, which is pushed aside to the opposite valley flank of the central rock plateau. At these locations
the mudflow-alluvial cone is surrounded by talus slop&}, part of which have been strongly reworked by mudflong. ( the rock plateau is cut back in a semi-cirol€) (A thin debris mantlel{) with slight soil development, which is at this
Therefore the mudflow-alluvial cone also receives a small supply of debris from the adjacent slopes. The talus slopes repreaiiigde already governed by periglacial processes, covers the glacially polished valley flanks in the foregrderid (

a remnant of moraine deposit$)(that formerly covered the valley flanks. The nearby catchment areas are at present glacier freghows the locality of a slate flow (Schieferfliessung). (Photo L. Iturrizaga, 23 September 1995.)

but moraine depositsl() in the V-shaped section, which have been subject to resedimentation in the Postglacial period, are

evidence of a former side valley glaciation. (Photo L. Iturrizaga, 23 September 1995.)
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1l Photo 3.The debris accumulation located in the Ghizer valley at 2915 m demonstrates very clearly the
transformation of a former closed moraine mantle into residual debris accumulatjomscombination with

the supply of pure slope materia¥' Y from the higher catchment area, which leads to a composite debris
accumulation {\) of pure slope debris and glacial debris. Subordinate gullies alongside the main direction of
free fall are still filled with moraine materiaf{), whereas the main supply channels are already occupied by
slope debrisY). The conical debris accumulatioA)is composed of dark, coarse slope debris and fine, light-
coloured moraine material. Owing to the latter, mudflow-like debris flows are able to develop on the cone
surface. The "passive debris accumulation" created by slope processes is shaped like a sand-glass. The apex of
the debris accumulation has been shifted downslegeby the channelling of the moraine material. In the
foreground is a valley floord), which was flooded by a landslide-dammed lake several years ago. (Photo L.
Iturrizaga, 24 September 1995.)
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+ Photo 2.The talus cone at the orogr. right-hand side of the Mastuj
valley, opposite the Laspur valley mouth at an altitude of 2100 m is
embedded into a landslide sca®)( The smooth and straight cone
surface has been only slightly reworked by debris flow3. (In the
neighbourhood of the talus cone — separated by glacially polished
debris-free rock sections-gullied moraine®) (have been deposited.
They are already transformed into conical secondary debris
accumulations @). The talus cone is developed along a glacially
polished, formerly closed rock surface. At 4000 m, the catchment area
of the debris accumulations lies far below the equilibrium line. The
bareness of the debris accumulations is caused primarily by climatic
conditions and secondly by morphodynamic processes. In the
foreground the Mastuj river is incised into the terrack).(The
horizontal line at the base of the talus cone is a footpajh(Photo L.
lturrizaga, 23 September 1995.)

1 Photo 4.In the Laspur valley, at a side valley mouth, typical composite
glacially induced collapse talus slopeBlachbruchschutthaldgn(A) have
developed at 3200 m. The valley flank is clearly glacially polised During

and after deglaciation the oversteepened valley flanks lost their support due to
the melting of the glacier. It is also possible that part of the collapse
accumulations has been removed by the retreating glacier. (Photo L. Iturrizaga,
23 September 1995.)
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N Photo 26. Talus cones and talus sloped)(
dominate this section of the Martselang valley
between 3600 and 3700 m. The vertical outcrop
escarpments of the geological strata are heavily
mantled with debris, thus inhibiting weathering
processes. Looking at the distal cliff walla&) of
some debris accumulations, it becomes evident that
this is moraine material{). It is also obvious that
fluvial debris accumulations are missing at the true
valley mouth. On the one hand debris is transported
away by the Martselang riverl(), on the other hand
the lateral incision of the debris accumulation,
plugging the valley mouth, indicates that the debris
accumulation does not originate from the short side
valley, but is of glacigenic origin. The transversal
rock threshold ¢), as yet only slightly incised by the
tributary river, shows that it is a relatively young side
valley. (Photo L. lturrizaga, 9 August 1993.)

+— Photo 28.View at 4400 m from an Ice Age-
transfluence pass from the Parkachik valley into the
middle Suru valley loop towards NW. The tributary
valleys at the orogr. left hand valley side lead across a
confluence step into the main valley¢ (). The right
part of the panorama shows the continuation of the
glacially polished mountain ridgemj shown in photo

29 (see KUHLE et al. 1997). Especially at the orogr.
left hand side, the flanks of the Suru valley side are
covered by moraine materialdf, but a shallow
moraine cover <) is recognizable at the orogr. right
hand valley side. The side valley glaciers are lined by
avalanche conesY). The lateral morainesQ)
belonging to a historic to Neoglacial glacier stage are
relatively intact and are unaffected by erosion
processes. The end moraines of the Sentik glacier
located further upvalley are well preserved)(
(Photo: L. Iturrizaga 31 July 1993.)
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N\ Photo 23.The photo panorama covers a relief amplitude of 7000 m: On the right-hand side the Nanga Parbat massif (main peak rnieesisible) 8125 m,
whereas to the left-hand side the Rakhiot valley drops down to 1200 m at the confluence with the Indus valley over a distaocgabf 30 km. This rapid relief
gradient results in a characteristic sequence of debris accumulations. The upper third of the valley is almost comp&teyugldcioes not allow the deposition
of large debris accumulations. The avalanche-produced debris does not contribute to the development of slope debrishirdswRealley the tributary valleys
are occupied by talus cones and talus slopgof the periglacial region, some of which are greatly influenced by avalanches. The steepness of the relief prevents
the development of key cryogenic forms, such as patterned ground. Various types of talus slopes mantle the slopes, eaglésszdiyalus slopes-) or talus
slopes of the lateral moraine valleys with a moraine baee The talus cones produced by freeze-thaw action can be considered as supra-regional, key
geomorphological forms of the periglacial zone. Secondary debris accumulations are found at the base of 250 m high mesaiftédadgraine-talus complex
below the Chongra Peaks (6830 m) (Ch) is in the transformation phase to a debris accumulation completely reshaped besdepeTiredarge landslide scar
(1) at the orogr. right hand Rakhiot valley side existed in a similar form in 1936 already (cf. photographs by Finsterw@)défat88ver, the Ganalo valley
shows how far the type of debris accumlation is dependent on the elevation of the catchment area: While the orogr. raleyhside displays ice avalanche
cones W) and ice fall glaciers[{), the orogr. left hand side with lower catchment areas is occupied only by talus slopes. At its upvalley beginning,Ithe latera
moraine ridge is covered by talus con&g).(The ‘Great Moraine’l(l), an isolated glacial debris accumulation, is surrounded by the Rakhiot glacier and the
Rakhiot western glacier, which undercut the moraine and lead to the formation of secondary talus slopes. In the photagrapd @a/hlanche runs
down to the moraine. Considering the high amount of debris supplied by ice avalanches, the Rakhiot glacier has onlykaislogtedeThe
upper forest line running at 3800-3900 m is formed by birches, which are exposed to numerous avalanches and mud flowke The midd
and lower part of the Rakhiot glacier is accompanied by lateral moraine valleys at both sides, which are filled with haghily dyn
mudflow-avalanche cone<Dj. The lateral moraine valleys peter out at moraine terraces up to 200 mihigihe mudflow-
avalanche cones receive debris from talus slopgsud moraine material located at their lateral margins. The Rakhiot gérgis (
almost debris-free. Localities: Nanga Parbat-massif (N), Ganalo peak (G), Rakhiot peak (R), Chongra peaks (Ch), Buldgr peak (Bk
Buldar ridge (b), Rakhiot glacier (r), Ganalo glacier (g). (Photo L. Iturrizaga, 9 October 1995.)

+ Photo 25.View over the wide Indus valley, photographed at 3880 m from the orogr. left-hand side of the Indus valley towards N to the
Ladakh Range. The very homogeneous relief configuration is composed of short valley courses. They lie one behind thesathemrabver
tens of kilometres and are occupied by very similar debris accumulations in the form of isolated and compound mudflowhféanrg&hic
consist of remobilized moraine material. The catchment areas at 5000-6000 m reach only the nival zone, at some placaklyacier p
occur. The relief amplitudes are moderate, ranging between 2000—-2500 m over very long horizontal distances. The Indwh nivas whi
3100 m erodes only low cliff walls from the distal parts of the debris accumulations. Considering precipitation averad®@®abd0tmm/yr
the debris accumulations are sparsely covered by vegetation. Furthermore the instability of the substratum due to fregekesthighier up
may inhibit plant growth. The limited extent of the oasis settlement reflects the scanty amounts of river discharge. M¢hil®at tright hand
Indus valley side the mudflow-alluvial fans are completely framed by mountain spurs, the mudflow-alluvial fans, locateatwhere the
photograph was taken, are only partly framed by mountain spurs. At their sides subordinate mudflowysopply further debris. The lower
mountain spurs are partly weathered into talus slopes and debris cayens to the ridges. A glacigenic origin of the debris accumulations cannot
be excluded. The spatial extent of the debris accumulations exceeds the proportion of free rock walls. Glacial sedimeatsiekistthe wide
range found in other valley sections of the Karakoram. Therefore the transitional glacial debris accumulations play aemidaghrtdvel
moraines, like those downvalley of Skardu (2200 m) in the Indus valley, are not preserved. A classical terminal basinupuwadiggeof Leh ¢ ).
The valley flanks in the upper catchment areas often show kame formations. (Photo L. Iturrizaga, 24 July 1993.)
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+ Photo 31.Panorama from N to S over the heavily debris-covered Barmai glacier looking at
the orogr. right, W-facing Hathi Parbat valley side. In the lower valley basin (left margin) the
predominance of the debris supply of this valley side becomes evident. The Hathi Parbat river
is pushed aside to the opposite valley flank).(The upper part of the Barmai glacier is
accompanied by ice and snow avalanche cogs Just downvalley of two hanging glaciers
talus conesA) are deposited into the narrow lateral moraine valley, which is confined by a
lateral moraine wall®@). The upvalley talus cone shows a moraine pedestatévered with
vegetation. At present the moraine material is being incised by meltwater fursowys Only

a rock bastion[(l) separates the two talus cones. Note the gorge-like rock incistonsvhich
become wider upslope. (Photo L. lturrizaga, 3 October 1993.)

+ Photo 32.The photograph was taken from the Lata Peak (3700 m) towards N. In the
background the Nanda Devi rises up to 7816 m. The Rishi valley lies at about 2800 m. Frost-
talus conesA) reworked by avalanches occur above the forest line. Large debris accumulations
are found neither at the valley bottom nor at the valley flanks. (Photo L. Iturrizaga, 7 October
1993.)
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T Photo 5.In the middle part of the Mastuj valley, near to Brep (2450 m), we find a broad U-shaped main valley, in wl
the fluvial debris accumulations of the tributary valleys can expand freely. Thinning-out mudflow-alluvial cones coal
and are not undercut by the Mastuj river, because they lie in its inner slope section. In the interference zone betwe
mudflow-alluvial cones a considerable debris aggradatiohdue to the resedimentation of high-level moraine} ¢an

be observed. The morainic accumulations dominate on this valley flank. The higher catchment areas are at present
glaciers. The vegetation patches are limited to the oasis settlement. (Photo L. Iturrizaga, 23 September 1995.)

T Photo 7.Downvalley from Mastuj (2280 m) a broad mudflow-alluvial cone occupies over 2/3 of the valley floor. If t
cone were to expand fully, it would dam the Mastuj river. The Mastuj river has carved out up to 60—-80 m high cliff v
at the distal part of the sediment accumulation, which is mantled by a closed talus slo@ a¢ilt§ base. Considering
the relatively small catchment area, which reaches only some kilometres into the mountain chain up to 4000 m, the
accumulation is remarkably large. The debris accumulation shows a dual composition of ground moraine Mptrial |
the base, overlain by fluvial deposits of the tributary valley. In this example too, glacial sediment accumulati
resedimented from the upper valley sections, contribute to cone formation. The lateral debris supply by adjacent
debris accumulations/) is clearly recognizable in this photograph. The present moderate activity of the det
accumulations is indicated by the shallow drainage channels on the cone surface. In the left cone section is the main i
(1), where the oasis settlements are found. (Photo L. Iturrizaga, 23 September 1995.)



L. Iturrizaga

304

('s66T J1oqualdas gz ‘ebeziiiny] " 010y ASROEY] Ul pale|nwnidk ale SJuawipas aulisnoe| abnH "9|qISIA SI 100|] |9ARID [eaIyD preolq W-00SG-19A0 ayl punoibalo) ayl
u| ‘[eusreln isuoUAed SBU0D Byl ‘W OOSE 01 dn yoeal yalym ‘seale Juswydied [[ews AjaAe|al jo yinow AajleA ayl e palisodap ale [@auod [eiAn|e pa1dassipun
‘uibag suonewlo) awey) amuIBES$IP [eIANY pIp yooda [eioe|bisod ayi |nun 10N “Inds urelunow ay je areulual Aayy ‘. peap, ale saxade auod ay| ‘(peale Jusawydred
ay] apIsag 1els suol1oas [ewixoid MAYRYIQD 1UBPIAS SBW023g ‘suoie|nwnoade sugap snouoyiyoojie Ajenioe ate Asyl 1eyl (W QSHT) ysoiq Jesu ‘AsjreA [eniyd ayl
Jewpmdpubolo ayl 1e 100j} A3][eA 8yl 01 uels A3|jeA Byl WoJy 8U0Z [euonisuell ayl ul adojs ayl isurebe A1ea|d 1no puels J[Suolew.lo} awey ysippal ayl'g oloyd |



305

('s66T Joquardas Gz “ebeziuny| ~7 0loyd) 1uslu0d

[elarew aull ybiy su 01 Buimo |lem 1pd BRI pue (Z pue T) S|9Ad] oMl SMoys 1ed [elsip ayl ‘uonenwnade suqgap [eioelb e Jo wio) [enpisal e sjuasaidal 11 eyl

0S ‘|eldlew aurelow syl JO INO Uole|gaMpPadEs-aU0D © 9p0I3 S8SS8204d [elAn|) Teyl sueaw siy] ‘pouad |eioe|b1sod ayl ul paxyJomal Ajjeianyy Buiaqg si ydiym ‘sureiow
punoib Jo Jueuwsal e aledlpul 100} A8|jeA ayl anoge w 00/ Jano o1 dn Bulyoepsi(sedap aurelow paldassip Apybis Aluo pue wioliun 8yl pue ainioniis [eusaiul ayl yioq
‘1IaABMOY ‘suoljewlo) awey aq 1ubfnooEusgap ayl 'suolle|nwnade suqap |enpisal padeys-auod pue BulIaA0D aYI-8)luBW B Usamlag aseyd uolew.lojsuel] ayl ul ose
ale Aoyl "(puiblo o1uabioe|b Jo gAmIRWA PDISA0D aJe Aay] 1Byl SMOYS Syuel) A3|jeA 1uadelpe ayl 1e 00| ¥ "uoile|nwndde Slgap urew ayl Wolj SLgap pajusawipasal
surejuod yiguof@einn|je abie| Ajaairesedwod e susodsp pue uonenwndode sugap ayl s1assip Ajjelsare| ()t1aau Areingul ayr ‘1anamoH () yuels Asjea ayr buoje adeys
9ABJUOID ® Ul 1n0 sialad 1nq ‘Axmuefeddag)jul pus Jou saop xade auod ayl eyl S|eaAal UoRUIWEXD J8S0[D 'dU0I MOJPNW B Se YaNns ‘wliojpue| sLgap pale|nwnode
AlleiAn)) e sa|quiasal alay Ieyruyeanm sugap ayL [ebuls Jo Juswamas ay) 01 8S0]d Ad|jeA J1azIy9 syl Jo apis puey-1ya| 16010 ay) SpJemol W GEET WOo4) M3IA'G 0loUd |

Typical debris accumulation forms and formations in High Asia



306 L. lturrizaga

T Photo 10.Just upvalley of the locality shown in photo 9 a further moraine-derived debris accumulation is deposited. Tt
valley flank is covered by a thin blanket of ground morait (vhose viscous consistency traces the surface structure of
the bedrock. The main supply gull¥) of the small catchment area is amply filled with debris. The development of the
strongly dissected, accordion-shaped distal cliff wdl) can be attributed to the surplus drainage of the irrigation-water
from the oasis settlement. The relation between the size of the catchment area and the debris accumulation shows
clearly that the small-sized and at present unglaciated catchment areas possess apparently disproportionately large d

accumulations at their valley mouths. This suggests a high share of allochthonous debris, i.e., moraine material. (Phot:
Iturrizaga, 25 September 1995.)

T Photo 11 A mudflow cone (3450 m){)) is undercut by the Yazghil glacie®] at its outer slope, so that it shows a nearly
vertical distal cliff wall. Also this kame-like formation is composed of resedimented moraine maseridurther upvalley
talus cones with an angle of 30° blanket the valley flank and partly cover the kame formation the background the

moraine-covered valley flanks$X) of the Shimshal valley are visible. They reach up to 700 m above the valley floor. (Photo
L. Iturrizaga, 18 August 1992.)
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T Photo 12. Settlement elements can serve as a good indicator for the aggradation and degradation of de
accumulations. In the course of this century the permanent settlement of Shimshal (3080 m) — located between twc
moraine arcs®) — has lost a considerable part of its cultivated land owing to glacier lake outbursts. This is document
by the curved shape of the sediment terrae ( ). The ground beneath of the old Khan setdgmehich showed an
intact core zone at the beginning of this century, was destroyed by extreme flood events. Therefore it is mainly
threshing places¥) that are located at the distal cliff walts*), whereas the individual houses are scattered about the
field area. The valley flanks are covered with thick ground moraingsup to 700 m above the valley floors. At many
places they have been resedimented into secondary talus slapebiydflows and earth slidesO) deriving from
displaced morainic material destroy the field area. (Photo L. Iturrizaga, 7 August 1992.)

T Photo 13.The S-facing Zadgurbin valley is being extended by headward erosion into the Ghujerab mountains. Gr
moraine [J) coats the narrow V-shaped valley, transforming it into a ravine-shaped valley. Talus leQraae (eposited
on the moraines. The cliff walls of the moraines)(are dissected into the shape of organ-pipes. These glacial sedim:
relicts provide the source material for mudflows. The left middle ground of the photograph shows a light-grey gravel
(O) of the Shimshal valley, lined by talus slopés.((Photo L. lturrizaga, 25 August 1992.)
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T Photo 14 View from 3050 m from the Shimshal gravel floor to the orogr. right-hand valley flank into the Zadgurbin
valley. The mudflow-alluvial cone, which is seasonally undercut by the Shimshal river, was deposited against the Shims
glacier in the Late Glacial period, maybe also during Neoglacial time. The central incision of the cone took place aft
deglaciation when the base-level of erosion was lower. Talus slégesvhich are nourished by high-level morain€s (

are accumulated on the mudflow-alluvial cone. The remains of an end moigihaye also been incorporated in this cone.
Nowadays, the glacially induced cliff walls, which are 60-80 m high, are cut back by gravity processes and fluvi:
undercutting, as attested by the series of talus heap$. @ young "daughter alluvial coneQ)) spreads over the Shimshal

gravel floor. The valley flanks are glacially polished and collapse at the convex parts of the trough valley shoulder. (Phc
L. lturrizaga, 14 August 1992.)

T Photo 15.View towards SW from the Winian Sar pass (4250 m) towards the Maidur high-mountain valley floor, which
provides the upper connection to the Zadgurbin ravine, and towards the southern Ghujerab Range with the NW-facing ¢
of the Kuksar summit (5578 my/(). The dark mountain spurd {, visible in the foreground, consist of soft, poorly resistant
slates in contrast to the widespread limestone ridges. Here, at a valley floor altitude between 3800 and about 420C
primary talus slopes dominate the valley flanks, rather than the secondary talus slopes found farther downvalley. The fluy
reworking of the talus slopes is very limited at the arid lee-side of the Ghujerab Range. The talus slopes are deposited
glaciofluvial terrace ©), so that they are not undercut by fluvial processes. Further downvalley the talus cones gradual
cloak a moraine accumulatio®). (Photo L. Iturrizaga, 26 August 1992.)
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T Photo 16.Remnants[(l) of the end moraineX) of the former Shimshal glacier continue at the orogr. left-hand Shimsh
valley flank. They are masked by tru&)(and moraine-derived talus slopels)( At some places, the moraine materia) (

is still easily recognizable. The older surface of the mudflow-alluvial cone of Chukurdas is undercut by the pre
"daughter cone formation'Q), yet, on the other hand, it has been partly incorporated by the young debris accumulal
(Photo L. Iturrizaga, 14 August 1992.)

+— Photo 17.View of the quadrant-shaped end moraine
from the former Shimshal glacier in front of the
Churkurdas valley. It separates the mudflow-alluvial cone
into an inactive and an active part. At its distal terminus
the end moraine has been truncated by the Shimshal rivt
(0). The former terminal basin is now occupied by a
mudflow-alluvial cone Q). The peripheral fan segments
are only episodically reached by flood events. The
inactivity there is confirmed by the presence of the
settlement<€). In the foreground the bouldersl( lying in

the Hippophae rhamnoidebushes indicate the high
rockfall activity. In the background, kame&)(have been
deposited on the orogr. right hand Shimshal valley side
Some irrigation plots {) occur in the right end moraine
section. This combination of end moraine and fluvial
debris accumulation exists in various transitional stages il
the Karakoram. (Photo: L. Iturrizaga 13 August 1992.)
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+ Photo 18.This talus cone is located directly below the
Yazghil glacier tongue at 3100 m on the orogr. left-hand
Shimshal valley side. This cone has a height of about 350 m,
the supply gully reaches another 500 m upslope to a nival
catchment area. The debris-filled supply chann¥lsdre a
characteristic feature of the low-transport, dry high
mountain regions. The middle parts of the valley flanks are
coated with moraine materiaf>§, which is dissected into
stable pillars. The true talus cone is undercut by a small
tributary branch of the Shimshal river. The exposwg (
shows a layered profile and indicates the high fine material
content. The various colours of the surface of the talus cone
demonstrate the different ages of the rock patinas, and also
distinguish the light-yellow displaced morainic materia) (
from the reddish-brown slope debris®). (Photo

L. lturrizaga, 12 August 1992.)

— Photo 19.View of the lower catchment area and the path

of a mudflow. Pillar-shaped remnants of morainic material

(O0) tower above the upper slope section. They are
interrupted by a mudflow-talus cone. Sudden melt water
discharges as well as heavy precipitation events lead
frequently to seasonal resedimentation of talus material and
moraine debris. (Photo L. lturrizaga, 8 August 1992.)
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T Photo 20.The Momhil valley mouth has many talus slopésA(), especially at the bottom of its trough valley. An end
moraine position ¥) — belonging to a historic period of the Little Ice Age according to Meiners (1996, pp. 144-145
marks the sudden change from the younger, lower talus sldge® (the older, higher talus slope&)( The talus slopes

are partly recruited from Late Glacial moraine remnant$. (Directly upvalley of the end moraine position there is a
regenerated talus cone sequence which consists of three segments (1,2,3). Supposing that the Momhil glaclly,tonc
which terminates nowadays at 2840 m, does not advance any more, the height of the young talus slopes will probably
to the higher talus slopes, which lie farther downvalley. In a "fresh" condition the glacier stages can be parallelizec
the corresponding extent of the debris accumulation formation. The Karun Koh (K) rises from the Shimshal valley 1
which lies at 2750-2800 m, up to 7164 m over a horizontal distance of only 8.75 km. At the Karakoram northern slop
valley of Shimshal is so arid that the moisture supply is not even sufficient to support a forest zone in the upper slope
and in the ridge areas at the convection level of the slope winds. Therefore bare debris accumulations find their o
distribution area in this region. Owing to scarce cloud cover during the whole year in the Karakoram, maximal insol
amounts are recorded, which are conducive to insolation weathering processes. (Photo M. Kuhle, 15 August 1992.)
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T Photo 21 The Hassanabad valley photographed from the 1929 end moraine, 2.5 km upvalley of its junction with tt
Hunza valley. The lower steep-sided trough valley is mantled with young, light-grey, slightly weathered moraine materi
(O), providing the source material for the formation of talus slopes. A chaotic melt-out landscape occupies the valley flo«
The branches of the Hassanabad Nala are lined by Hippophae rhamnojdéBHoto L. Iturrizaga, 23 September 1992.)

T Photo 22.Large-sized rockfall event in gneiss bedrock close to Sarat (2300 m) in the Hunza valley. The boulder with
diameter of 2 m left the roadway of the Karakoram Highway almost intact. The adjacent stone wall has been destroyed
debris slides ¢). The roadway shows a hol® ) which was caused by the boulder at the back. (Photo L. Iturrizaga, 16

September 1992.)
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+ Photo 24.In the middle part of the Rakhiot valley, near
to Tato (2300 m), the valley flanks are covered by Late
Glacial, 250 m high moraine ledgeSl); on which talus
cones Q) are deposited. Morphodynamic activity at the
slope is relatively low, so that moraines are well
preserved. The exposure profile is heavily gullied and
shows isolated secondary mudflow con&g @t the base.
Towards the lower xeric forest line the forest becomes
very sparse. (Photo L. lturrizaga, 12 October 1995.)

1l Photo 27.At the Moray Plateau the alluvial fans can expand freely at an altitude between 4400 and 4600 m. T
alluvial fans are deposited on ground moraine material and represent a further variant of the dual development of
accumulations, which can be termed ‘compound ground moraine-alluvial fajs'Since the catchment areas have a
maximum height of 5500 m, the upper limit of debris deposition is not reached. Only at some locations do perennial
patches survive in this dry and cold high mountain region. The glacially polished mountain m)iges ¢overed by a thin

debris blanket. (Photo L. Iturrizaga, 16 August 1993.)
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T Photo 30: View from 4200 m in the Nandakini valley northward to the pass between Nanda Ghunti (6309 m) and -
(7120 m). In the foreground, the Shilasamudras gla®@flows westwards. The Nandakini valley shows, on the cataclina
orographic right-hand side, smooth slopAs (ithout talus cone formation, whereas on the paraclinal orographic left-hai
side talus and mudflow coned), which are deposited on ground moraine matefig| Cover the valley flanks. The deeply
incised gullies &) supply the talus cones with avalanches, even in September. In the middle ground, talus/gone:
underlain with ice appear at a height between 4300 and 4800 m. A multi-storey ice avalanche cone (1,2), adjacen
undercut sediment conél), feeds the Shilasamudras glacier. (Photo L. Iturrizaga, 20 September 1993.)

+— Photo 34 Mudflow cone with a
nival catchment area at the orogr. right-
hand side of Thulo Bheri Khola
downvalley from Dunai (2150 m). The
slope is overlain by Late Glacial
moraine accumulations), which are
being removed by mudflows. The
mudflow cone in the foreground shows
two generations (1, 2), which are both
undercut by the river. (Photo
L. lturrizaga, 16 February 1995.)
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T Photo 33.The precipitous orogr. right-hand valley flank of the Barbung Khola side — photographed at 2100 m - is stil
covered with a Late Glacial moraine mantg) (in places. Convex-shaped talus con&}, (vhich bear a sparse vegetation
cover and are reworked by mudflowg)( line the valley flank up to a height of 50 m. An alluvial cog éxpands fully

at the valley bottom of the Thulo Bheri Khola. The nival catchment areas reach up to max. 5900 m. At the orogr. left vall:
side slate flows ¢) can be observed. (Photo L. Iturrizaga, 6 February 1995.)

T Photo 35.In the lower Barbung Khola between 2900 and 2700 m huge Late Glacial moraine deposits are preserved.
the Postglacial period they were transformed into residual talus caneshe inactive cone surface is covered by conifers
(N), while the debris flows undercuw( the conical moraine accumulations at their sides. (Photo L. Iturrizaga, 19 February
1995.)
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+~ Photo 36.View from Siklis (1900 m)
towards Annapurna IV (7525 m) (AlIV) and
Annapurna (Il) (7937 m) (All) as well as the
Lamjung massif (L). The Madi Khola drains
the southern declivity. The photograph shows
an ice avalanched), passing about 2000 m of
vertical distance and running out on an
avalanche-cone glacier. The glacier tongtg (
terminates at 2300 m. It represents one of the
lowest ice margin positions at the south side of
the Himalayas. The altitude zone of debris
accumulations of the high mountain regions
between 4000 and 5000 m is missing owing to
the steepness of relief. Considering the almosi
debris-free valley flanks, it is astonishing
where all the debris produced by ice
avalanches has been deposited. Even the
avalanche cone glacier shows only a slight
debris cover. (Photo L. lturrizaga, 30 January
1995.)



318 L. Iturrizaga

T Photo 39.View from about 4300 m into the Barun valley, which shows a well shaped Ice Age-trough profile. The valley
floor is carpeted with ground morainél). The moraine base is overlain by autochthonous consolidated debris
accumulations4) from the adjacent slopes. These compound debris accumulations, which almost plug the valley floor, a
incised by the Barun river. Young collapse procesg8sdestroy the older trough valley profile. Hanging glaci®¥ ith

end moraine formations)) are found above the steep trough valley flanks. Mixed debris accumuladrisrtmed by
rockfall, mudflows and avalanches follow downslope. (Photo L. Iturrizaga, 28 November 1994.)

T Photo 40 View from the upper Barun glacier (5300 m) towards the orogr. right-hand valley flank. The gullied lateral
moraine @) is gradually reworked by glacial undercutting processes and mass movements. Nowadays these transitio
glacial debris accumulations are easily recognizable, but their prehistoric reconstruction proves to be very difficult in low
unglacierized mountain areas. (Photo L. lturrizaga, 6 December 1994.)
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which rise only slightly above 3000 m here in the Drosh areegntinues unchanged. As part of the Young Palaeozoic—
were transformed from nival to fluvial during PostglaciaMesozoic geosyncline of Eurasia, the sediment zone of the
time. Only the catchments above 4000 m have experiencBethys Karakoram runs north of the Main Karakoram Ridge.
the change from a glacial to a nival catchment, as in theick, slightly metamorphic limestone and dolomite series
case of the alluvial fans of the Chitral, Mastuj and Yarkhuwith interbedded slates are typical of this zone (Schneider,
valleys further upvalley. 1957) and provide the talus slope belts commonly found
in the study area. Precipitation in the valley locations of
Residual cone-shaped moraine accumulations and mudflahe northwestern Karakoram scarcely exceeds 130 mm/yr,
alluvial cones as quasi-convergent forms, with an exampléhereas it rises continuously to about 2000 mm at high el-
from the Ghizer valley. At the orogr. left-hand side of evations (Flohn, 1969, p. 211, Hewitt, 1989, p. 14), giving
the Ghizer valley, opposite Singal, there is a debris aan extremely steep precipitation gradient. In the vertical al-
cumulation with a base elevation of 1800 m, which aitudinal zonation, two entirely complementary precipitation
first glance resembles a fluvially deposited mudflow-alluviaégimes are reflected in the distribution of debris accumula-
cone (Photo 9). The fluvial catchment of this debris acctions. Significant, probably monsoon-controlled bad weather
mulation scarcely extends above 3000 m. Close observatioof uncertain origin (see Paffen et al., 1956; Reimers, 1994;
shows that the bifurcate cone tip does not derive directi§feiers, 1998, among others) — during the summer months is
from the very steep valley directly upstream, but clingthe mostimportant factor in the geomorphological processes
concavely to the craggy zone. This type of landscape is regeverning debris production and transport in the Karakoram,
iniscent of the moraine-influenced debris accumulations which has been designated a region of winter precipita-
Drosh, however in that case the moraine cover was breachieth (Goudie, 1984, p. 371; lturrizaga, 1996, p. 216). The
and a fluvial alluvial cone was built up at the tributary moutHandscape is dominated by up-to-1000-m broad debris accu-
This cone was bordered by the remains of terrace- to comaulations generated by catastrophic rainstorm events. This
like moraines. This type of debris accumulation is, so tmeans thatieviations on the statistical climate scale are the
speak, a preliminary stage of the debris accumulation ragjor triggers of geomorphological processeghe forma-
Drosh. Here, the debris accumulation that was carved irtian of debris accumulations. Freeze-thaw cycles occur at
cone shape out of the morainic material seems to have bedanging elevations in the Karakoram at all seasons (Hewiitt,
built up by the tributary. In fact , it is what is left ofground 1989, p. 14), having most impact at elevations between 4000
moraine mantle that covered the valley side up to more thamd 6000 m in the time span from May to October. Precipita-
700 m above the valley floand isdissected by mass movetion levels between 500 and 1000 m and temperatures around
mentsfrom the very steep valleys and gullies that are noWeezing supply the necessary moisture and freeze-thaw con-
free of morainic material. At the end of these gullies, juveditions required for frost action. The climate resembles that
nile alluvial fans form, mainly consisting of resedimentedf the Hindu Kush, but greater vertical relief distances and
morainic material. The residual moraine still clearly doma larger ice cover distinguish the northwestern Karakoram
inates the landscape at this tributary mouth. In the courfem the mountains to the west. Relief differences of up to
of time, however, this moraine will be further undercut byy000 m over horizontal distances of only 10 km, for example
the catchment’s streams and will retreat. As at Drosh, thetween Rakaposhi (7785 m) and the Hunza river (1850 m),
alluvial fans directly associated with the main feeder gulljiustrate the steepness of the relief. Among the study ar-
will dominate the very steep valley. Morphodynamics beingas, the northwestern Karakoram is unique for its volume of
low at these slopes, the morainic deposits will continue tiebris and the variety of its debris accumulations.
be preserved. As yet, they are neither strongly gullied nor In the Karakoram, high-lying valley floors between 4500
do they show signs of being redeposited in secondary delaisd 2500 m in combination with high catchment areas of
slopes. The distal part of the debris accumulation does ngg to 8000 m favour the formation of an expansive valley
exhibit the cliff faces that are otherwise so characteristic gfaciation, the largest glaciation outside the Antarctic.
large fluvial debris accumulations, but disintegrates into sec- The Hunza river's annual denudation rate of 1808 m
ondary aggradational heaps. This in turn points to the higim—2 corresponds to a surface erosion of 1.8 mm/yr (Fer-
fine-material content of the debris accumulation, which guson, 1984, p. 587). The loss of settlement land during the
typical of ground moraine. last hundred years is an obvious and impressive indicator of
This example, too, shows that the debris accumulatidie rapid undercutting and erosion of debris accumulations
is disproportionately large in relation to its small catchmenflturrizaga, 1997 a, b).
area, suggesting a glacial origin. Many of the valleys are in a transitional phase between
a glacially oversteepened — and hence unstable — trough val-
The debris-rich, arid to semi-arid high mountain areas  ley and the more stable fluvial, V-shaped valley (Figure 4).
with an extreme relief energy and high glaciation: the The talus slopes often disguise the glacial valley form and
northwestern Karakoram wrongly suggest a narrow V-shaped valley.

Talus slopes cannot serve as a criterion to distinguish

In terms of the development of debris accumulation typege periglacial zone or to mark the transition to the nival or

the transition from the eastern Hindu Kush to the ”Orﬂb‘eriglacial zone. The site of deposition may be at a consid-

western Karakoram is unremarkable. The unconsolidatgfhp)y jower elevation than the debris source. On account
debris accumulations of the arid to semi-arid valley locations
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of the extreme relief in the study area, the over-1000-rslopes six large glaciers flow into the Shimshal valley, of
high talus slopes of the periglacial zone stretch down ashich the 23-km-long Malanguitti, the 31-km-long Yazghil
far as 1500 m asl, although this is not the lower limit odnd the 47-km-long Khurdopin glaciers are building po-
the periglacial zone, which is at about 3000 m. The déential glacier dams (lturrizaga, 1997a). These catastrophic
bris accumulations of the arid high mountains, with theilacier lake outbursts have an average recurrence interval of
warm summers and insolation weathering, merge graduall§ years and their direct impact is visible in the undercut-
into the debris accumulation zone of the cold-humid glaci¢éing of the valley floor sediments. Truncation of the debris
regions. accumulations is most easily recognizable at the settlement
The centre-to-periphery change in debris accumulatioarea of Shimshal (Photo 12). In the course of this century it
typesalong the valleys is primarily dependent on relietvas moved back by at least 100 m. Another settlement, Pasu
conditions and on the configuration of main and tributarf2650 m) in the Hunza valley, below the confluence with the
valleys. It is especially noteworthy in the Karakoram thehimshal valley, has suffered a similar loss of land.
the occurrence diigh-level morainic deposits decreases to-
wards the modern glacier terminuise. into the valley, and Special features of the topographic pattern of the end
the secondary talus cones are succeeded by primary omegaine and fluvial debris accumulations in the Shimshal
upvalley. Hence, starting at the middle section of valley, \alley
lessening transformation of debris accumulation towards th@ end moraine deposited by the Neoglacial Shimshal valley
mountain interior is visible. One of the reasons for this is thgflacier is located at 3100 m in front of the tributary valleys
the raising of the glacier surface, accompanied by a lowering Bandasar on the orogr. right-hand side of the Shimshal
of the equilibrium line, decreases towards the mountain igalley (Photo 14) and Chukurdas on its orogr. left-hand side
terior and towards the accumulation area of the glacier, a(fhotos 16 and 17). The end moraine segments have been al-
the moraine mantle lining the valley is less high. In addmost completely embedded in alluvial or mudflow material.
tion, glacial deposits are removed very rapidly by frequefhere is an interesting interlocking of ‘dead’ debris accumu-
freeze-thaw action and the resulting mass movements, aatbon — i.e., the end moraine detached from its depositional

by avalanches at high elevations. agent, the Shimshal glacier — and the still-growing alluvial
_ o _ fan. An apparently similar location pattern of end moraine
Debris accumulations in the Shimshal valley and alluvial fan has been reported from the Hunza valley

In purely quantitative terms, most of the talus slopes in thgar val (2000 m, 3614 N/74°29 E) (see photo in Schnei-
northwestern Karakoram are located in the Shimshal vallggr 1957, p. 470). However, here the end moraine derives
and its tributaries. A large proportion of these are secondapgm the northern Rakaposhi slope, i.e. it is a tributary valley
debris accumulations deriving from Late Glacial morainig,graine, whereas in the Shimshal valley it is a trunk valley
material. Secondary talus slopes do not always evolve outffaine. By contrast, in the case of the interlocking de-
moraines. Sometimes they are reworked into earth pyramiglgs accumulation at the junction between the Shimshal and
or dissected into gullies, depending on their compositiopynza valleys, we are dealing with a very indistinct mixture
Like in the Hindu Kush, we find a dual structure of a groungf morainic material from the opposite Batura glacier and
moraine base overlain by fluvial material. Debris accumghe Shimshal alluvial fan. The interlocking of end moraine
lations parallel to the glacier are much more widespread @dm a trunk valley and fluvial debris accumulation from a
the northern Karakoram slope than in the Hindu Kush. tripytary valley is not a regular phenomenon; rather, it is a
The Shimshal valley is 60 km long and runs from east i@tyitous but frequent combination of glacial, fluvial and
west, parallel with the Karakoram Main Ridge, whose highﬂoge—derived debrislt is uncertain to what extent causal-

est catchment area reaches a peak of 7885 m at the Destiglil exist between the location of the ice margin and the
Sar. The elevation of the valley floor ranges from 2600 tq,pport of the sediments.

3200 m. The valley starts with a gorge, which is not con-

ducive to debris deposition. Further on, the valley has loAghe Bandasar mudflow cone: the truncated mudflow and
steep slopes which narrow into a subglacial ravine towarggyial cones as an indicator of glacial genesis and the

the valley bottom. Here the steep valley walls are borderggtmation of mudflow cones by resedimentation of morainic
by a series of homogeneous talus slopes of limestones grgkerial

slates. In many places the slopes are covered by high-leygl, 7aqgurbin valley mouth on the orogr. right-hand side
morainic deposits, later resedimented as secondary t3#§he Shimshal valley is bordered at an altitude of 3050 m
slopes. A variety of debris accumulations — talus cones, %ly a mudflow cone with a diameter of about 1 km and a cliff
luvial cones and mudflow cones, end moraines and kameggjght of 60 m (Photo 14). Itis linked to a glacial catchment,
have been deposited in the upper Shimshal valley. Here t0@§; of the over-6000-m high Boesam Pir. In the lower part
the only permanent sett!ement in the Shimshal valley systee valley, the extremely steep Zadgurbin valley is com-
(3080 m, 3626 N/75°17 E) (Iturrizaga 1996, 1997b).  pjetely covered by Late Glacial morainic deposits, providing

Glacier lake outbursts truncate the fluvial debris 5The glacier tongue of the Baltoro glacier ends at 3300 m and is now
accumulations also framed by two mudflow cones. It would be interesting to observe the
Glacier lake outbursts have a major impact on the Shapeirﬁ?raction between end moraine and mudflow cone if the glacier were to

. . . . advance.
debris accumulations in the Karakoram. From its northern
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the source material for large-scale mudflows (Photo 13). Thkmver or higher. Depending on altitude, they are formed by a
Bandasar mudflow cone is divided into two by a central flowariety of weathering processes. In all cases, debris produc-
channel. In the orogr. left-hand segment the continuatidion in the mountains is facilitated by the enhanced exposure
of the Shimshal glacier end moraine, which is integrated insolation, very frequent freeze-thaw cycles and sporadic
in the Chukurdas alluvial fan, is embedded in the mudfloplant cover. The Shimshal valley sides are bordered by talus
cone. However, there is very little evidence here of the estbpes up to 1200 m high and several kilometres long with
moraine, as only a small whaleback-shaped remnant peé@pdinations of up to 40.
out at the surface of the mudflow cone. Especially in the broad valley sections, for example at
The almost perpendicular cliff faces of the Bandas&ost (2850 m), Garkuch (1800 m), Gilgit (1450 m) and
mudflow cone raise the question of their origin and of th&kardu (2200 m), ground moraine with occasional interbed-
genesis of the entire mudflow cone. Basically the cliff faceded lake sediments mantles the valley sides up to several
may have been formed in one of two ways: (1) by fluvidhundreds of metres above the valley floor. In the Shimshal
undercutting (2) by glacial erosion, i.e., the mudflow conealley too, morainic mantles cover extensive areas of the up
would then be a kame. It seems likely that the distal partis 5000 m high, glacially polished valley sides. These high
of the mudflow cone have been undercut in modern times norainic deposits supply the source material for secondary
fluvial processes mainly during the summer months, keegalus slopes and mudflow cones (Photo 19).
ing them continuously steep. However, it should be noted The Shimshal talus slopes have undergone considerable
that the central formation of a ‘daughter’ alluvial fan actureworking by elongate mudflows with dam-like boundaries
ally prevents undercutting of the cliff faces and also that trend debris lobes at their bases (Photo 19). The susceptibility
secondary talus cones from mudflow material at the basedfftalus slopes to mudflows is due to theigh content of
the cliffs have not been washed away, so that we are defate clays and siltsThe fine material of high-level morainic
ing with old cliffs, now being reworked. Furthermore, thaleposits is gradually transported downslope. Snowmelt is
secondary talus cones at the cliff faces are evidence that the time when high morainic deposits on the valley sides
mudflow cone is disintegrating and no longer subject to tlee mobilized, creating mudflows that flow over the talus
same processes as when it was being formed. Contempordopes. In extreme cases the best material for mudflows is
mudflow processes would destroy the cliff profile. These irsupplied by morainic talus cones, i.e., cones deriving di-
dicators support the hypothesis of glacial formation. Strorrgctly from the redeposition of morainic material. Saturation
evidence in its favour is supplied by the preservation @fuses the clay components to swell, leading to plastic flow.
kames on the valley sides directly downvalley from the mu@®ecause their individual elements interlock rather like build-
flow cone (Photo 17). They are some tens of metres highg blocks, cones consisting solely of talus are more stable
These debris accumulations adhere to the slope — they hane tend to produce rockfalls in reaction to precipitation
no connexion with the valley floor and have lost all supporévents. Rounded rock fragments from the morainic material
they crop out into the air. It therefore follows that the mudare also found in places on the talus slopes.
flow cone cannot be older than the above-mentioned kames,
or else that the mudflow cone itself must have been deposit@dpression of the lower limit of nivation and the origin of
against an earlier glacier. Granite erratics on the 4350 nockfall gullies
high Chatmerk pass are evidence of a Last Glacial MaximuBiven the dry climate of the northwestern Karakoram, the
ice thickness of more than 1300 m in the Shimshal valleyuestion is how to account for the origin of the rockfall
(Kuhle, 1996b, p. 156). It also follows that the mudflowgullies, which are responsible for the formation of single
cone can only have formed after the Last Glacial Maximurtarge talus cones. For the development of rockfall gullies is
i.e., it was deposited against the glacier when the ice wase not only to repeated, purely gravitational falls of rock
less thick during the Late Glacial. Only after deglaciatiofragments — as the name suggests — but also to a consider-
could the mudflow cone develop in a semi-circular shapable degree to fluvial processes, that is, meltwater flow from
In Postglacial time the mudflow cone continued to buildmall cirque glaciers and snow patches. In other cases, ice
up slightly owing to talus-supplying processes and to segvalanches have shaped them out of the bedrock. Rockfalls
ondary cone formation in the frontal area. The mudflovater took over from fluvial processes as primary users of
cone was formed in a few catastrophic events by resedimeite gullies. The lowering of the equilibrium line during the
tation of the morainic material available in the catchmempireceding LGM and Late Glacial was of necessity linked to
area. Steep tributary-valley gradients combined with somg-drop in the lower boundary of nivation. The talus cone
times high meltwater rates provided favourable conditiogs small supply funnels that are linked to low catchments

for displacement of the morainic material. extending to about 4500 m. At the present time they are
free of ice and snow or contain only seasonal snow patches.

High-level morainic deposits as source material for The lowering of the nivation limit meant that the funne Is

secondary talus slopes stored ice and snow and supplied abundant meltwater in

The vertical distribution range of talus slopes in the Karakdhe summer, in time causing the gullies to develop. Hence,
ram is remarkable. They occur not only in the zone dhe gullies were primarily of fluvial origin with some rock-
maximum debris production bordering the equilibrium lindfalls during their initial development phase, and were later
but also in the zone between 1000 and 5000 m, occasionalepened by further rockfalls.
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A valley mouth with no debris accumulations: the Pamir because the valley was previously occupied by the Momhil
Tang valley and the thick morainic deposits in the Shimshallacier. The talus slopes below the end moraines are much
valley opposite the Yazghil glacier tongue older. They started to form several thousand years after the
The segment of the up-to-2 km broad Shimshal valley bestreat of the Neoglacial and Late Glacial glaciers. The Post-
tween Shimshal and the Pamir Tang valley further upstreagtacial talus slopes are connected to the basal trough formed
is the terminal basin of the former Shimshal valley glaciein the V-shaped valley. The concave U-shaped profile is
In this segment, no tributaries join the trunk valley and seonducive to the formation of talus slopes because accu-
it seems strangely devoid of debris accumulations. Linkeéaulation naturally occurs here rather than on a steep slope.
to catchments at elevations up to 6500 m, the Pamir Tambis basal, trough-valley-linked talus slope formation is also
valley displays no large fluvial deposits at its confluencéund at the mouth of the Lupghar valley and at the conflu-
Its middle section is steeply V-shaped near the valley floence with the Shimshal valley. Furthermore, the example of
and contains an abundance of talus slopes and morainic the& Momhil glacier shows that talus slope formation occurs
posits that are several hundreds of metres high. So itilemediately after deglaciation —whereby displaced moraine
all the more surprising that there is no alluvial fan at thend slope material may be involved in building the debris
mouth of the valley. This absence is due to local glacial hisccumulations — and the glacial legacy may be destroyed
tory. During Late Glacial time the valley mouth was almostery rapidly.
entirely blocked by the advance of the Shimshal glacier.
Evidence of this is provided by the up-to-700-m high anBebris accumulations in the Hassanabad valley
several tens-of-metres thick morainic deposits on the oroff3atura-Muztagh/south Karakoram slope): A young glacier
right-hand side of the Shimshal valley (Photo 11), on eforefield and its debris accumulations, and the Postglacial
ther side of the mouth of the Pamir Tang valley (lturrizag&ollapse dynamics of glacially formed trough valleys
1997b). After the ice melted, the Pamir Tang river had tbhe north-south oriented Hassanabad valley °136-
make its way through this morainic material before it could8 N/74°36 E) joins the Hunza valley downstream from
join the receiving stream. These Late Glacial moraines afdiabad (2250 m) on the orogr. right-hand side of the Hunza
remarkably well preserved, which, in view of the morphovalley. More than 100 m high glaciofluvial terraces have
dynamic activity in the northwestern Karakoram, suggedteen deposited at the Hassanabad valley mouth, so the Has-
they are young deposits. The glacial sediments covering thenabad river has cut into them but has not built a large
slope prevent debris accumulations being formed solely biluvial fan there. The Hassanabad valley has very steep,
slope processes. During Postglacial times the morainic derrow trough-valley sides, owing to the highly resistant
posits were — and still are — fluvially dissected into triangulamneiss bedrock (Photo 21). The highest point of the catch-
segments several hundreds of metres in width. ment is Shispare Sar at 7611 m. The 15 km long Hassanabad
glacier is an avalanche caldron glacier with correspondingly
Debris accumulations in the Momhil valley downvalley  abundant supraglacial debris. Over a horizontal distance of
from the end of the Momhil glacier tongue to the confluenamly 2 km in the middle section of the trough valley, both
with the Shimshal valley: using glacial history to obtain a flanks rise vertically by the same amount: from 3000 m to
chronology of debris accumulations 5060 m on the orogr. right-hand side, from 3500 mto 5725 m
The debris accumulations downvalley of the Momhil glaciesn the left. At the valley head too, the south-facing steep
tongue illustrate very clearly the linkage between debrfgce falls from 7295 m (Pasu Il) to 4000 m over a horizon-
accumulation formation and glacier stages (Photo 203l distance of 3.5 km. In this narrow valley, only 150 m
The 26 km long, NNW-facing Momhil glacier (867— high Late Glacial moraine terraces occur on the orogr. left-
20 N/75°04 E) ends at an elevation of 2840 m, 5 km awafand side. Downvalley of the modern glacier tongue, at an
from the confluence of the Momhil and Shimshal valleyaltitude of 2400 m, the lower parts of the valley flanks are
(Meiners, 1996, pp. 139-146). This glacier-free section fhed with a thin mortar-like layer. A 30 m high end moraine
the valley is marked by a historical and a much higher Lateampart bars the Hassanabad valley floor at an altitude of
Glacial glacier level. The historical stage is terminated &50 m and a distance of some 3 km from the valley mouth.
2790 m by an end moraine 2 km away from the modethobviously marks a glacial advance in historical tinghe
glacier tongue. The elevation of this end moraine marksogbris accumulation landscape in front of the Hassanabad
distinct break in the height of the talus slopes. Whereas tpacier is characterized by recent short-term glacier oscilla-
upvalley talus slopes are about 50 m high, the height #éns: the lower flanks are decorated with fresh but already
those downvalley rises abruptly to a maximum of 300 nstrongly gullied and shallow morainic deposits. The valley
Even without the presence of an end moraine — in casdlfor is carpeted with ground moraine. Talus accumulations
has already been eroded - this distinct change in talus sldpgnediately overlie the valley floor and hence cannot have
height should be sufficient evidence of an ice margin. developed fully before the glacier retreated in 1925. They
By dating the end moraine location using the classificatretch down from the slopes and cover the ground moraine.
tion of glacier stages proposed by Kuhle (1994, p. 260) Tihese talus slopes show a classic sorting of large blocks at
is possible to establish the time span of talus slope forma— —— o _ _
tion. The 50 m high talus slopes upvalley from the historicgl With its spectacular oscillations of several kilometres in a few months

; i ound the turn of the century, the Hassanabad glacier counts as a textbook
end moraine location must be younger than 400-180 yeakgmple of a surging glacier.
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the foot of the slope and smaller fragments towards the apex. A talus cone with a slant height of 35 m, a height of
Furrowed by numerous closely spaced gullies, the youB9 m, a radius of 30 m, and therefore an angle of slope of
morainic material is undergoing rapid erosion, chiefly as38°, has a volume of 924.77 %rand comprises 1178097
result of rainstorms. square rocks whose sides are 20 cm long. Talus cones of such
The steep and smooth trough sides of the Hassanalfiiensions belong to the smaller examples of their kind, but
valley do not provide a suitable surface for the morainiare common in the Karakoram. If we estimate a time span
material to accumulate. The area between the end moraafel0 000 years for the Postglacial period, a rock must have
and the recent glacier tongue impressively demonstrafafien every three days for such a cone to form. If we halve
how much debris can accumulate over short periods. @re cone volume for shallower talus slopes, a rockfall event
the orogr. left-hand side of the Hassanabad valley, mdnad to occur every 6 days. Larger talus cones — which can
than half the valley floor is taken up by a true talus coneach lengths of 1000 m in the Karakoram — would need to
with man-high boulders at its base, illustrating the activaverage 10 to 20 times as many rockfalls.
collapse dynamics of the oversteepened, glacially formed Rapp (1960a, pp. 91-92) studied the recent morpho-
trough-valley sides after deglaciation (Kuhle et al. 1998). dynamics of talus slopes in Spitsbergen over the period
About 100 m high, the talus cone was built up after th£882-1954 and concluded that contemporary debris accu-
ice melted in the first half of the 20th century and so — thmulations build up very slowly, although the talus slopes
end moraine having been dated to 1925 — it cannot be mare very large and the study area is subject to strong frost
than 60 or 70 years old. The Hassanabad valley was visitwdathering. This disproportion between supply and size of
in mid-September 1992, shortly after the heavy precipitatidhe talus slopes cannot be explained by hypothesizing that
of 7-9 September 1992. At this time the cone experiencdte supply surfaces are already exhausted by weathering
many rockfalls, including boulders up to 1 m in diameteprocesses, for there are high walls immediately adjacent to
It is not possible to deduce the age of debris accumulatiaihe talus slopes. Rapp assumes that debris production dur-
from their size and thickness, or from sedimentation rata@gg the 10 000 year long Postglacial period was once much
derived from these data. Extreme events that build up a larfgjgher.
proportion of the debris accumulations in only a few hours, Field observations in the mountains of High Asia suggest
days or months, alternate with lengthy phases of non-activityat similar conditions also prevail: primary debris produc-
or gradual debris accumulation. tion is already past its peak, even though this is a high-
Mass movements triggered by the rainstorm event ofountain area with very intensive weathering processes.
September 1992 also destroyed most of the main rolReesent-day debris production does not explain the immense
across the Karakoram, the Karakoram Highway (Hewittlebris accumulationsThey are a relict of the last glaciation
1993; Reimers, 1994, Iturrizaga, 1996, 1997b). Most heaphases.
ily affected was the 25 km stretch of road through the Hunza The contradiction repeatedly observed in the field that
gorge between the settlements of Bulchi Das and Muhautisproportionately large debris accumulatiormecur be-
madabad (2300 m). The destruction of the Karakoram Higheath small catchments and vice versa, can be explained
way shows how slope failure can result when human activiby the close connexion between debris accumulations and
and glacially predetermined factors overlap. The bedrofrmer glacial phases. ‘Disproportionately large’ debris ac-
consists of gneisses and granodiorite, which are both higldymulations are due to the redeposition of glacial sediments
resistant and massive rocks. This makes the large numbeirofthe catchment, whereas ‘small debris accumulations’
landslides and rockfalls (Photo 22) even more remarkabshow that little debris is produced on moraine-free valley
It is important to note thatecent mass movements do ndflanks with less glacial influence.
create the now dominant slope forms but primarily destroy Another argument supporting low debris production —
an older form namely the glacial relief dating from the Lastconsidering the abundant availability of unconsolidated rock

Glacial Maximum to Late Glacial time. — is that, in comparison with intermediate elevations, few
talus cones can be found in the snowline border zone where
A contribution to the discussion on recent debris the highest number of freeze-thaw cycles are recorded. The
production: the relationship between primary and number of talus cones increases with decreasing elevation,
secondary debris supply although in the case of primary talus cones we might ex-

The high proportion of resedimented and residual glacigéct to find the opposite: namely that most talus cone occur
debris accumulations in recent debris accumulations rais#shigh altitudes with intensive frost weathering. This un-
the question of how much contemporary primary debris @erlines the fact that the talus cones of the intermediate
being produced from solid bedrock. Evidently, the diversglevations are subject to ‘outside influences’, i.e., induced
secondary debris accumulatiomedeposited from glacial by glacial processes. Hence, at intermediate elevations of
sediments give a cursory observer ihgression that re- the study areas in High Asia purely autochthonous, non-
cent or autochthonous debris supply is much greater thangtacially influenced talus slopes are very rare. Glacially
actually is induced collapse talus slopes are frequent, even when they
— _ are not secondary talus slopes. In this case the bedrock
Here reference should be made to Gardner and Hewitt (1990; p. 158);phsides owing to the relief of pressure on the rock af-

who present evidence showing how recent landslides were triggered by{he . It. Maxi debri | d iust aft
surge of the Bualtar glacier in the Karakoram. er ice-meft. aximum debris supply occurrea just arer
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deglaciation when the oversteepened trough-valley sides dadnation of mud and alluvial cones can only occur on a lim-
the unstable glacial sediments simply collapsed when thed scale. For the most part the side valleys are short steep
supporting ice melted. branch valleys, at whose exits consolidated and unconsoli-
Settlement and agricultural areas at the foot of rockfallated talus cones as well as steep-sided mudflow-avalanche
slopes are good indicators of the extent of modern massnes are deposited. In the Rakhiot valley gneisses as well as
movements. In Shimshal boulders fell on the fields afterystalline schists outcrop (Searle, 1991, pp. 291-295). The
slight rain in early August 1992. They did not come frontentral-peripheral distribution of the debris accumulations
the talus slope nor from the bedrock, but from the highrom the mountain centre to the valley exit observed here is
level morainic deposits above the talus slopes. The fact thgpical of many of the short longitudinal valleys among those
it is at all possible for many settlements to occupy areaalleys with catchment areas over 7000 m. Glacial residual
at the foot of 100-m-high, unstabilized rockfall slopes sugiebris accumulations develop in particular along the valley
gests that the talus slopes are not very active at present. Thatre through the transformation of Late Glacial morainic
failure of the inhabitants’ efforts to stabilize the slopes bgleposits (lturrizaga, 1998b).
plantingHippophaé rhamnoiddsushes and laying the nec-
essary irrigation canals into the talus slopes, may be dueTie upper catchment area of the Rakhiot valley above
the undercutting of the talus slopes by the irrigation canad©00 m — Debris production induced by ice avalanches, and
themselves. On the other hand, the canals are destroyedcbgresponding debris accumulations
fluid mass movements such as mud- and debris flows and 8etep valley sides with ice balconies surround the Nanga
by primary rockfall events. Parbat basin, which is bounded by the Ganalo Peak (6601 m)
The bareness of the debris accumulations in the dry highd the Chongra Peak (6830 m). While ice avalanches ‘heal’
mountain regions suggests enormous recent activity thet@glaciers below the very high catchment areas, beneath the
Compared with other high-mountain regions, this area of diewer ridges only ice avalanche cones are found. The ice
bris accumulation is indeed very active; however the abserwglanche cones successively block the supply funnels with
of vegetation is primarily due to lack of water and not teheir proximal cone sections, so that here glacier growth be-
extreme activity. The fact that the debris surfaces are not sggns from the base. Beneath the Jiliper Peak (5206 m) are
bilized is often due to fluvial undercutting of the talus slopmerely talus cones, which are overformed by avalanches.
base and not to recent active debris delivery from the catchhe current enormous debris supply via the erosive and plan-
ment. In the case of the study areas in the Hindu Kush aing activity of the ice avalanches on the valley sides has little
Karakoram, contemporargsedimentation of glacial debris effect on the debris accumulations of the valley sides. The
is several times greater than the production of new delmis debris is transported and deposited in and on the glacier and
the long term, the present high redeposition rate of high-levalits lateral surroundings. Only where the ice avalanches
morainic deposits means that the erosional regime in thesgen into funnels connecting with talus or mud flow cones
mountains is gradually shifting back towards primary debrigo the debris accumulations immediately benefit from debris
processes. When no morainic material is left, there will tkgipply. The small steep hanging glaciers as well as the ice
no secondary debris deliveries worth the name. At the sagalanches prepare the potential supply funnels of the talus
time the lack of moraine cover will again expose the bedro@ones in the case of glacier retreat.
to weathering agents. In principle, it should be emphasized On the Rakhiot glacier the widely distributed fresh boul-
that at the end of the great phases of glaciation, such as the masses bear witness to large mountain slip and landslide
terminal Late Glacial, the debris that was collected by th@ents. Bearing in mind the considerable avalanche activity
ice was released on a large scale and became availableafiedi associated debris production, the sparse debris cover of

further formation by slope processes. the Rakhiot glacier is surprising. It appears in large extents
as a blank ice glacier, whereby the tongue end is as usual for

The distribution of debris accumulations in the the ablation area heavily covered with debris.

transition zone from the Karakoram to the Himalayas:

The Rakhiot valley, Nanga Parbat north side Debris accumulations between 5000 and 3000 m with

articular reference to the lateral moraine valley as debris
The Nanga Parbat (8125 m), on whose northern slope [EI y

&umulation areas
Rakhiot valley (3814-35°29 N/74°30-7440 E) runs . . .
down in a north-south direction, forms the western cornelffjl teral moraine valleys are a widely distributed feature
’ in the Asian high mountain regions (Oestreich, 1911/12;

stone of the Himalaya chain, which runs in close correlaticiﬂSser 1938, p. 37). In particular the great width of the

with the Karakoram in this section of the mountain regio : . .
The Rakhiot valley falls by just under 7000 m over a hor?_[oors of the lateral moraine valleys with only little outward

zontal distance of 28.5 km from the highest catchment arteransport of thg debris material by means of.the receving
Stream predestines them as favourable locations for debris
of the Nanga Parbat to the lowest level where the Rakhio : L
. : accumulations. Glaciation of the valleys does not rule out
valley joins the river Indus at 1194 m (photo 23). The ex; . g
. e he development of debris accumulations because of the
treme relief of the Nanga Parbat already implies that the
) : . : resence of the broad lateral valleys.

debris accumulations may be characterised by ice and snow. . . . .

The Rakhiot glacier is accompanied by lateral moraine

avalanches Into very low regions. The Rakhiot yalley has r\]@llleys on both sides from an altitude of 3800 m downwards.
pronounced side valleys, so that for topographic reasons the
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catchment area altitude will break up the surface of the terrace. These transitional de-
5200-5600 m //( \\\ bris accumulations are preserved in a similar manner further
glacier downvalley.

It can furthermore be observed that although the upper-
—————— most catchment areas demonstrate the most active debris
production, in the long term we are dealing here with the
geneticallymost stable debris accumulatignand interre-
gionally, i.e. both in the arid and in the humid mountain
regions of High Asia, thenost homogenous debris accumu-
lationsare to be found at this altitude zone. For the most part
these are talus cones overworked by avalanches (Figure 6).
The altitude of the catchment area of the lateral moraine
valley debris accumulations extends to a maximum of
5600 m. Thus steep, short hanging glaciers, which release
ice avalanches of broken-off ice, flow down from the crest
areas reachingist above the snow linét the valley exits
of these short side valleygghly active mudflow avalanche
conesare deposited (Figure 5). Many of these side valleys
are funnel-shaped at their end and entirely covered with
talus cones. This talus belt extends to an altitude of between
about 4800 and 5400 m. These large unconsolidated debris
collection basins with a narrow, steeply dropping valley bot-
tom provide ideal conditions for debris flows and mudflows,
with precipitation events, ice and snow avalanches as well
Cx Tk x X as meltwater streams. Moraines are not preserved at this
Figure 5. Highly active compound debris accumulation type (formed bj€Vel, they are for the most part to be found in the lower
avalanches, mudflows and rockfall) in lateral moraine valleys with a glacikvels of the branch valleys. In the variable range of the snow
catchment area. line, high levels of snow deposition overlap with temporary
high levels of meltwater, so that the debris accumulations

At the beginning of the lateral moraine, that is at the co®f the lateral moraine valleys show a very fresh surface,
junction between lateral moraine and adjacent valley flarkonditioned by wet mass movements. These mudflow cones
the talus cones cover the lateral moraines like a veil and &§ve & high density of table-sized blocks with rounded cor-
similate these successively. Further downvalley the distarfé@'s- Erosion channels up to 2 m deep traverse the mudflow
between lateral moraine and valley flank extends to 1 kR@Nes. The debris accumulations of the lateral moraine val-
near Fairy Meadows (3300 m). These two deposit forms, i.&8ys coincide with the upper timber line, so that the distal
glacial and slope-dependent, tend in opposite directionsRASs of the debris accumulations are covered with vegeta-
their deposit orientation, so that inevitably a system of corfion (birch, pine, juniper). The forests are much broken by
petition between both deposit forms develops. The late@alanches. Frequently one finds composite mudflow cones,
moraine valleys are a product of high debris supply, which j€., the mudflow-avalanche cone receives debris from the
produced in the upper catchment areas, and this oversupigigedimentation of the adjacent lateral talus slopes and small
of debris means that the glacier does not bound immediat&igdflow cones.
on the valley flank, but rather a new morainic deposit bed is The debris accumulations of the lateral moraine valleys
formed. differ from the normal cone-shaped deposits of unglaciated
Above the lateral moraine valleys from an altitude oyalleys in that they are usually not undercut by the receiv-
4200 m, the Rakhiot glacier is accompanied on its or#ng stream and also do not have a central incision canyon.
graphic right-hand side by a Late Glacial lateral morainEhe distal base of the debris accumulations is formed from
about 300 m high, below the Buldar Peak (5602) and tiggound or lateral moraine material. Undercutting of the de-
Chongra Peak (6830 m). The good preservation of this |&tis accumulations usually occurs by means of the glacier
eral moraine in the high zone of intensive weathering ar@d not the lateral moraine valley stream.
erosion processes supports its young age. Talus cones which
collapse downwards at narrow points of the lateral moraifRebris accumulations in the middle section of the Rakhiot
are to be found on the moraine terrace. It can clearly ialley (3000-2000 m) and the Rakhiot Gorge
seen how through these ‘talus collapses’, the debris cov&900-1200 m)
originally readily identifiable as a moraine, rapidly loses ithe degree of transformation of moraine terraces by mass
facility to be easily diagnosed as a glacial deposit throughovements in the central section of the Rakhiot valley be-
resedimentation. In the course of time these ample latefaeen 3000 and 2000 m is still relatively low in comparison
moraines will successively break through the Rakhiot glacit& other valleys at this altitude. Disintegration of the moraine
as a result of basal undercutting, and avalanches and rainfaicrops into pyramidal columns and residual talus slopes

snowline
c. 4900 m

screes with snow cover

ice avalanche

mud flow

show avalanche-

moraines

=

moraine base
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Altitudinal Zone Type of debris accumulation

1200 - 1700 m Gorge section with negligible debris accumulations, in the upper section
resedimentation of moraine material

1700 - 3000 m Transformation of moraine deposits by erosion processes in residual debris
accumulations, the lower xeric timber line begins at ca. 2300 m and thus also the
transition from consolidated to unconsolidated debris accumulations

3000 - 4000 m Lateral moraine valley debris accumulations in the form of avalanche-, mudflow- and
talus-cones, partially overworked by ice avalanches (from glaciers); in the distal cone
areas the debris accumulations are vegetated; the tree cover is much reduced by
avalanches, talus creep by means of periglacial processes

4000 — 5500 m Avalanche debris accumulations, composite accumulations of ice, snow and debris,
talus cones (sometimes with ice inserts), talus creep by means of periglacial processes

5500 - 8125 m Flanks free of debris accumulations, ice avalanche debris accumulations

Figure 6. The altitudinal zones of debris accumulations in the Rakhiot valley.

takes place (Photo 24). In isolated cases, mudflow cordmveloped synchronously with the Late Glacial glaciation.
overformed by avalanches emerge from the steep branite retreat of the Late Glacial Rakhiot glacier only slightly
valley downvalley from the moraine terraces. At the vahffects the debris accumulations deposited in the lateral val-
ley shoulder of Bezar Gali (3800 m) above Tato (2300 mé¢ys up to several hundred metres wide, and on the moraine
on the orographic left-hand side of the Rakhiot valley nterraces. Only in the area below the moraine terrace of Fairy
debris slopes are to be found, but rather a cover of groulttadows up to a Late Glacial glacier terminus at 1700 m
moraine overlies the valley flank. The erratics at an altitudies a rapid backward erosion of the glacial sediments oc-
of 3800 m as well as a 1400 m high ice fill of the Rakhiot valeur, due to the absence of ice and the resulting absence of a
ley, characterise the confluence of the Rakhiot glacier wittounterbalance of the moraine deposits clinging to the valley
the High Glacial Indus glacier (Kuhle, 1996a, pp. 148—-149%anks. The Postglacial development of debris accumulations
The gorge section initiating the Rakhiot valley for the firstould take place from 13 000 B.P. onwards.

5 km is for the most part debris-free. At the upper end of

the gorge isolated moraine remnants, which today are H2ebris-rich arid high-mountain areas of moderate to low

ing resedimented, cling to the valley flanks up to 1700 melief energy and predominantly periglacial-nival influence:
(photo 23). the Ladakh and Zanskar ranges

Age classification of the debris accumulations In the Ladakh and Zanskar ranges{38-34°30' N/75°50-

By means of correlation of the locational relationship of thé%"50 E) similar climatic conditions prevail to those in the
debris accumulations with the glacial deposits, the debif@rakoram; however the pattern of debris accumulation dis-
accumulations can be placed in a relative time scale. A dgbution is completely different owing to slighter variations
tailed age classification of the glacial sediments, made relief amplitude and thereforg less glacial cover. .Leh
Kuhle (1996a), is available for the Nanga Parbat area, whigpp22 M, 3409 N/77°36 E) receives an annual precipita-
facilitates a corresponding classification of the debris acciifn of 115 mm, of which 58 mm usually fall in just less than
mulations. The debris accumulations above the High Glaciaiays between May and September (Dronia, 1979, p. 464).
glacier surface may be much older than 17 000 years. Abe lowest local erosion level at Ladakh lies at 3000 m. At
debris production and ice and snow avalanches are howeJXimum catchment elevations of 6000 m relief energy is
very active at this altitude, the material on the surfaces 8f the moderate side. The study area is devoid of forest. The
the debris accumulations can be very young, while the cof@tchments of the debris accumulations are chiefly fluvial or
cores in contrast may contain debris materials of greaf¥friglacial/nival. The Ladakh and Zanskar mountains give
age. At altitudes above 4900 m no more debris accumufd€ impression of a mountain landscape drowning in debris
tions characterised by or underlaid by moraines are to (21010 25). The contrast seen in the northwestern Karakoram
found. Slope sections between the maximum High Glaciggtween high, debris-free walls and an excess of debris in the
ice level and the Late Glacial glacier surface — i.e., betwe¥@lleys is not found here, where the entire mountain range
4500 and 1800 m downvalley — were freed of ice in the laté Covered by debris of slope and glacial origin. In general,
High Glacial and thus were available for debris supply and f{oPes covered by small-sized debris predominate; in fact
some cases as sedimentation surfaces. The debris accunt{If aré characteristic of the entire altitude range between
tions of the lateral moraine valleys could have been creatdd00 m and the firm line. Because of the lack of vegetation,
as early as the early to middle Late Glacial and could haslifluction processes are largely of the free type. Basically,
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slide movements dominate over fall movements in buildingent areas and diverse debris accumulations in the valleys.
up the dry debris accumulations. In the Nun Kun massif there is a glacial zone with several
Compound geomorphological accumulations — a typicglaciers, up to 60 km long, that are chiefly characterized by
sign of mountains with high relief amplitude — decrease & wastage and remain within the bounds of their lateral
a result of the wider valleys and the low relief energy. Imoraines. At a maximum vertical span of 3500 m over long
the non-glacierized mountain ridges the upper limit of dérorizontal distances, the absolute relief amplitudes are mod-
bris accumulations is often not reached, and the high regicrate in the context of High Asia. The tributary valleys on the
up to the mostly rounded peaks are covered with a thin derogr. left-hand side of the Suru valley start at an elevation
bris mantle that is sorted by freeze-thaw action accordingbetween 4800 and 4600 m and cross a confluence step to
slope inclination. join the Suru valley at about 4000 m. In comparison with the
The broad Indus valley, which is several kilometres widdesert-like aridity of Kargil (2800 m), the part of the Suru
near Leh, puts few restrictions on the development of the dealley near the confluence with the Indus already enjoys
bris accumulations from the tributary valleys of the Ladakmore favourable conditions, with occasional rainfalls from
and Zanskar ranges (Photo 25). The debris accumulatithe monsoonal fringes blowing from the south. The annual
landscape is homogeneous, being characterized by the nagcipitation of this dry-alpine environment is estimated at
ularity of the coalescing mudflow- and alluvial fans on botd00—700 m.
sides of the valley. The fans have 3—4 km long slant heights The Suru valley has a classic trough shape (Photo 28).
and continue to spread over tens of kilometres into the I&specially on the orogr. left-hand side, between Parkachik
dus valley. It seems appropriate to distinguish between thd8490 m) and Tongul (3290 m), the Suru valley is mantled
debris accumulations (here termegkposed debris accu- by relatively shallow morainic deposits that are several hun-
mulation$) that emerge from their valley ‘receptacle’ anddreds of metres high, the legacy of a Late Glacial valley
those that are deposited within the frame of the mountagtacier. At the mouths of the tributary valleys well-preserved
ridges (partly surrounded by mountain ridgesnd ‘debris end moraines and pedestal moraines occupy the valley floor.
accumulations surrounded by mountain ridge¥he sides The 10 km long Parkachik glacier ends as a poten-
of the main fans are bounded by small subordinate alluvil valley-blocking glacier in the Suru valley. Only a few
or mudflow cones emerging from the lateral mountain sputens of metres are still open. In comparing the Parkachik
These cones have an inclination of 82Hsd help to build glacier with the paraglacial debris accumulation forms of
up the alluvial fans. The steep, several hundreds of mettbe Karakoram glaciers, it is most appropriate to proceed
high, true talus cones that frame the fans in the northwestersing negative criteria. The Parkachik glacier has neither
Karakoram rarely occur in such dimensions here becausdatkral moraine valleys nor large paraglacial debris accumu-
the lack of relief. Rare too are moraines located high dations. Moraine ridges of former glacier highstands are no
the valley flanks. The mountains surrounding the alluviénger preserved, so that secondary glacial talus cones are
fans display local kame terraces bearing slope-derived @sent. On the floor of the Suru valley there is a lenticu-
bris accumulations. On the orogr. left-hand side of the Indies roche moutonnée, several hundreds of metres long and
valley, glaciofluvial terraces from the trunk valley often liembout 150—200 m high which is presently being gradually
in front of the fans. A well-developed glacial terminal basimlestroyed by rockfalls and collapse processes (Photo 29). It
above Leh indicates that the Ladakh catchments have exjgeeovered by a thin veil of debrigCurrent processes are
rienced a fundamental change from glacial to fluvial or nivalestroying the ancient glacially moulded rock mouiitie
processes between Late- and Postglacial times. Becauserofyr. right-hand side of the Suru valley consists of a sim-
their location in the snowline border zone, the mountairilgarly glacier-overridden mountain spur, only 800-1000 m
of Ladakh are especially prone to such transformations. Hagh, and looks like a larger copy of the roche moutonnée
example, directly beneath the terminal basin above Leh thene the valley floor (Photo 28). Its catchment area lies below
is a glaciofluvial mudflow-alluvial cone which is presentlythe equilibrium line. Here too, large areas are occupied by
being aggraded or eroded by fluvial and nival processes onipconsolidated talus cones and occasional mudflow cones.
The Suru valley exhibits an inverse altitudinal distribution
A transitional area from the eastern Karakoram and the  of dry talus slopes that is otherwise only found in semi-arid
Ladakh/Zanskar ranges to the western Himalayas: the  glaciated mountains, i.e., the proportion of unconsolidated
northern Nun Kun slope — the cleared, debris-poor, debris accumulations increases with decreasing elevation.
glaciated valley heads A remarkable feature in the Suru valley is that the distal

. , , parts of the debris accumulations all end in a conspicuous
The Nun Kun massif (7135 m/7087 m, ‘S5 -34°05" N— 5qvex curvature rather than the usual elongated or con-

75°50-76°15 E) in the western part of the Zanskar rang,aye cone foot. These features are not true talus deposits
just under 200 km to the east of Nanga Parbat (8125 B moraine accumulations, as is recognizable from the fact
forms a transition between the eastern Karakoram and g they are being dissected into cone shapes by their catch-

Main Himalayan Ridge. Following the debris-rich massifs,ons Typical characteristics of the lateral boundaries of
of the Hindu Kush, Karakoram and Ladakh mountains, thege moraine cones are the rows of erosion notches.

northern slope of the Nun Kun massif displays a very mixed the syry river is undercutting the distal moraine cones,

range of debris accumulations in the middie segment of thg e soil profile shows rounded boulders embedded in
Suru valley, with a paucity of debris in the upper catch-
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a fine matrix, a characteristic feature of moraines. Trmosits dominate the valley floor (cf. the comments by Kuhle,
Suru valley and the northern Nun Kun slope in the wes1994, 1996b, about the Tibetan plateau). The alluvial fans
ern Zanskar range exhibit few purely slope-derived debrid the adjoining mountain groups with radii of several kilo-
accumulations in their upper glacial catchments. Owing toetres and angles of inclination of about ib the distal

the thick flank glaciation of the pyramidal peaks, the argsarts merge gradually into the High to Late Glacial ground
lacks the relief energy and ice-free rock areas necessary rfiworainic deposits. This type of debris accumulation dom-
a productive supply of debris. The bedrock of the northnates the high plateaux and may be termed a ‘compound
ern Nun Kun slope consists of highly resistant metamorphicound moraine-alluvial fan.” These fans coalesce with the
rocks (marble, amphibolite, hornfels, quartzite, and gneids}erally adjacent alluvial fans and with those on the other
that produce very little debris in the present climate. Most gide of the valley. Kames were observed at some valley
the debris accumulations in the Nun Kun massif possess mieuths. The mountains surrounding the high valley floors
val and fluvial catchments. Debris production by avalanchesach altitudes between 5800 and 6000 m. The maximum
is probably negligible because of the low relief amplitudeslifferences in altitude are about 1500 m over a horizontal

especially in the Suru valley. distance of several tens of kilometres.

Transition to the Kumaon-/Garhwal Himalayas: the The moderately debris-covered high mountains of the
broad pass regions and high plateaux as extra-local humid Kumaon-/Garhwal Himalayas (Trisul/Nanda
debris accumulation sites, with special reference to the  Devi and Kamet massifs) with locally extreme relief
More Plains (4600 m) energy

The broad high-mountain passes and high plateaux mgpthis section of the Himalayas (300’ N-31°00' N/79°10—
be distinguished as special landscape zones with regar@tpo0 E) — the Kumaon-/Garhwal Himalayas at the transi-
their debris accumulations. Here, the development of tiign between the West and East Himalayas — the study area
individual debris accumulation is controlled by the relief sitcomprises the Alaknanda trunk valley and four tributaries,
uation and the characteristics of the hydrographic netwotlse Nilkanth, Hathi Parbat, Nandakini and Rishi valleys.
as well as by climatic conditions. In particular, the low dismMountains like Nanda Devi (7816 m) (Photo 32), Trisul
charge rates of the small catchments facilitate the unimpedgd 20 m) and Kamet (7756 m) are among the highest catch-
development of the debris accumulations. Within the nafent areas. The western side of the Kamet slope drops from
rower pass area the relief amplitude is often reduced to7@56 m over a horizontal distance of 12 km to 3996 m at
minimum. Gently sloping, often periglacially and glaciallyGhastoli. Among the highest relief amplitudes are those at
rounded accumulations characterize the landscape. For g¥ west side of Dunagiri. From the 7066 m high Dunagiri
ample, the Shimshal transfluence pass in the Karakorg@fe Tolma Gad valley drops down to an elevation of 2161 m
has extremely rounded accumulations and the bedrockatsSurajthota, over a horizontal distance of only 11 km. In
covered with ground moraine. Slow downslope movemenggntrast to the broad and clearly structured long valleys in
of the periglacial region dominate, rather than rapid falhe western Karakoram — such as the Hispar or Shimshal
processes. valley which runs more than 60 km in a straight line — we
Fifty km SE of Upshi (Zanskar) lies Taglang Lafind a closely meshed valley network here. Short side val-
(5328 m), where the Tibetan type of landscape begins, widys cluster around the transverse gorge of the Alaknanda
broad rounded mountain chains. Here the bedrock — mosélifd Dhauli Ganga valleys. Modern glaciers are between 3
limestones — is completely covered by solifluction debrignd 15 km long’ Perfectly preserved trough valleys with
with the stone stripes typical of freeze-thaw processes. Fijorge-like bottoms down to an elevation of 1400 m con-
caps and perennial snow patches are only visible abaygl the topography of the main valleys and thus also the
5500 m. This is one of the few study areas where the uppgévelopment of debris accumulations in the form of basal
limit of debris accumulation is not reached locally. Nontalus slope ramps. The narrowness of the valleys impedes
glacierized mountain ridges are in parts covered with debfise formation of alluvial fans and mudflow fans in many
right up to the summit region, which is only possible beyalley sections. Only inner slope locations permit narrow
cause of the low relief and in particular because of the lagkrrace deposits, on top of which talus cones and slopes have
of summit walls. The high equilibrium line at about 5800-accumulated. Closed, largely ungullied valley walls chiefly
5900 m means that the relief is freely available for debrisomposed of gneisses and granites (Gansser, 1964, pp. 108—
accumulations. Immediately south of the Taglang La thei5) are typical of the valley sections between 1500 and
More Plains, a 54 km wide high plateau, start at an elevagoo m.
tion of 4500—4600 m. Here we find optimal and unrestrictee——-

. . . . . 8 = i i
conditions for alluvial fan formation in a 3—7 km wide, . Nand et al. (1989, pp. 22-30) postulate an extensive Pleistocene
aciation in the Kumaon Himalayas, with end moraines occurring down to

ﬂat'b_Ottomed high—.altitude valley. An int.eresting ?SpeCt %valley floor elevation of 1000 m. Erratic boulders are found near Joshi-

the high plateaux is that, when the equilibrium line dropgath (1800 m) for example. Large areas of the lower Himalaya chains

to the elevation of the plateaux, they become either fulBje covered by morainic material. Recent fieldwork by Kuhle (1995) has
- . . Iso found evidence of an LGM ice margin at an altitude of 1100 m in the

_glamenzed or_develop |_nto an accumulation zone. Accor@\Iaknanda valley near Pipalkoti (326 15" N/79° 2616 E).

ingly the glacial deposits differ from those in the valleys

of greater relief. On the high plateau, ground moraine de-
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Abundant precipitation from the summer monsoon arask glacially induced V-shaped gullig®hoto 31). What is
moderate temperatures tend to hinder frost shattering. Delvamarkable about these gorges is that they become broader
production is lower in the humid-tropical mountain regionapslope, i.e., they are notched into the rock in a narrow V-
than in the continental mountain areas of the Karakoram. Sbape. Thisipslope wideningloes not correspond directly
the actual zone of less well-consolidated talus cones begtogluvial development but can be attributed to the existence

only above the treeline at 3600—-3700 m. of a glacier that formerly covered the valley wall. Near the
summit the gully had the longest time to develop. Only
The Alaknanda, Nilkanth and Hathi Parbat valleys when the glacier level sank did gullying continue further

From 3100 m onwards the Alaknanda valley starts to widelownslope (Kuhle, 1982).

after the 18 km long stretch of gorge beginnning at Josimath.

The valley floor is occupied by broad mudflow and alluviaPebris accumulations in the Nandakini valley (Trisul-S/SW
cones on which settlements have mostly been built. At tiséde)

approach to Badrinath (3020 m,3RY12’ N/79°2927’ E) Upwards of 3500 m, the Nandakini valley, whose highest
a debris landscape of glacial origin opens up, characteatchment reaches its peak at the Trisul (7120 m), contains
ized by a marked U-profile, a valley floor covered bywumerous glacial debris deposits of former glacier termini
ground moraine, glaciofluvial deposits and lacustrine sedif Postglacial age (Photo 30). The bases of the slope debris
ments. Purely slope-derived debris accumulations take saceumulations are truncated mainly by lateral moraines left
ond place to polygenetic debris accumulations interfingerbdhind by the glaciers. It is remarkable that this deep circular
with morainic deposits. The debris accumulation structukalley contains no high-level morainic deposits. Hence there
is controlled by glacially induced collapse dynamics. Thare almost no secondary debris accumulations of morainic
debris accumulation morphology of the valley sides exhibitaaterial, and the transitional glacial debris accumulations
similar forms to those in the Hindu Kush and the Karakoramlay a background role. Compound accumulations due to
where the dissected morainic deposits covering the slomaslanche, rockfall and mudflow processes occur frequently,
have been carved into a triangular shape. Here too, the tabug the last-named process is never dominant.

cones contain remobilized morainic material previously cov- The shape of the Nandakini valley shows a structurally
ering the slopes. On this valley flank there are also cone-likentrolled asymmetry of the valley sides in terms of out-
accumulations several hundreds of metres high alongsidepping beds and bedding planes (Photo 30). The paraclinal
the gullies of the mudflow-alluvial cone. They rise abruptlyorogr. left-hand side is formed by outcropping beds and is
without a feeder gullyup from the evenly shaped, upslopéherefore very steep, with different types of debris accu-
part of the slope. The sides of these debris accumulationslations everywhere. By contrast, at the altitude zone of
display sharp erosion-induced edges. So the full-form of thtise valley floor between 3500 m and 4200 m, the catacli-
‘pseudo talus coneesembles a piece of pie rather than theal orogr. right-hand side of the Nandakini valley has more
usual cone segment. Initially the ground moraine mantlegently inclined bedding planes giving a homogeneous slope
the valley sides completely. The triangular outline wab- with only a thin moraine cover.

sequently carved out of the glacial debris maritielateral The following hypsometric sequence of debris accumu-
erosion by the slope channels. The terrace-shaped incisiations can be seen on the paraclinal, orogr. left-hand side of
at the distal cone ends is due to the fact that the basettie Nandakini valley:

composed of ground moraine. After deglaciation the slope- (1a) Between 3500 and 4000 m: vegetation-covered talus
derived debris accumulations built up on top of the grourmbnes with central flow channels generated by avalanches or
moraine (Figure 7). In their initial phase, the cones of thmeltwater. The cone slopes undergo only slight reworking
orogr. right- and left-hand sides of the Alaknanda vallely rockfall or fluvial processes.

were connected by the morainic base, which was later dis- (1b) Between 3500 and 4000 m: vegetation-coveredtalus
sected by fluvial processes. In the upper Alaknanda vallegnes without central flow channels, but with high debris
collapse debris accumulations (rockfall slopes) near Matansport from the rockfall gullies on the rock slopes. The
are slowly beginning to cover a 100 m high ground morairgebris accumulations listed in (1) and (2) contain ground
terrace. Thenorainic coreis nowconcealed moraine at their bases.

A compound accumulation of slope and glacial sed- (2) Between 4000 and 4500 m: Mostly vegetation-free
iments is common in the upper catchment areas of threie talus cones: The abundant falling debris covers a kame
Kumaon Himalayas: the end moraine ramparts lying on therrace at the base of the talus cones. Avalanches modify
talus cones (Photo 31). They were deposited on the tathe cone surfaces. The cones consist largely of fresh, hand-
accumulation by short, steeply flowing hanging glacierto table-sized blocks of granite and gneiss. The individual
The end moraine loops are being dissected by the meltwatemponents are stacked with almost no matrix material, so
channels of the retreated glaciers and are gradually beihg blocks are stably interlocked owing to the high friction
incorporated into the talus cones. They can be seen maiofithe angular fragments.
in the Nilkanth and Hathi Parbat valleys. Other conspicu- (3) Between 4500 and 5000 m: Discontinuous and per-
ous features in these valleys are the feeder gullies of thmnent avalanche talus deposits, occasionally ice avalanches
permanent and discontinuous avalanche cones that arenabdify the cones.
ready assuming a gorge-like shape and may be designated
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| Late Glacial glacier in the Ice Age trough valley

Il After deglaciation the valley floor is carpeted with ground moraine, on which are sucessively deposited
slope-derived collapse debris accumulations.

Hl The debris supply of the valley flanks decreases. The surfaces of the debris accumulations begin to
consolidate. The ground moraine material is still visible on distal exposures.

IV (Collapse) talus cones mantle the morainic base.

Figure 7. Development of the debris accumulation landscape following the Late Glacial deglaciation.

(4) From 5500 m onwards ice avalanche cones alaions it represents an interesting transitional area between
formed, which are now feeding the glaciers. the arid to semi-arid areas of the Karakoram and the ex-
The moderately inclined slope sections on the orogremely humid southern Himalayan slope. The Kanajiroba
right-hand, cataclinal side of the Nandakini valley are blamMain Peak (North) attains 6861 m, the Putha Hiunchuli in
keted by thin, frost-shattered debris in the slate betwe#re south of the study area reaches 7246 m. Precipitation
4000 and 48000 m. There are very marked creeping detatsJumla (2424 m, 248N/82°12 E) amounts to merely
movements in the periglacial zone. 696 mm/yr (Kleinert, 1983, p. 47). The mountain envi-
Just as glaciers tend to lose ice after overcoming a stegmment displays a sparse steppe vegetation (e.g., juniper,
rock step and then regenerate downslope, so a similar pdeedar). The xeric lower forest line practically coincides
nomenon ofaccumulation-regenerationccurs in the for- with the lower boundary of solifluction. This close prox-
mation of debris accumulations. Two stacked ice avalancimaity stands in sharp contrast to the situation in the Alps
talus cones are connected by a gully whose channellingpere the solifluction zone ends above the forest line. In this
effect guarantees renewed lower cone formation. This cstudy area too, the presence of a discontinuous xeric lower
alescing proves to be a very typical feature of the steéprest line results in a bilateral distribution of the bare and
Himalayan flanks. It extends over several levels and can orlgmetimes unconsolidated deb ris accumulations in the alti-
occur because of the great relief amplitude of more thamdinal profile. A detailed geomorphological description of
3000 m and the alternation between cliff walls and steep rottke Dhaulagiri Himal was given by Kuhle (1982). According
ledges that permits debris to accumulate. to Kuhle (1995) a 550 m thick outlet glacier of the Tibetan
Cirque-like trough-shaped depressions occur in the clifflateau still filled the Thulo Beri Khola at 1900 m during the
wall between 3900 and 4200 m. They measure as mulcast Glacial Maximum.
as 100 m in diameter. Their formation is due to former The transitional glacial debris accumulations in the Bar-
glacial processes when glacier termini extended down bang Khola and Thulo Bheri valleys (Photos 33—-35): in the
lower elevations and ice avalanches occurred during ice tewer reach of the Barbung Khola, at an elevation between
treat, gouging out the valley sides at the steeply truncat2d00 and 2900 m, we find numerous transitional glacial
snouts. Today these depressions are undergoing fluviallgbris accumulations consisting primarily of morainic ma-
induced linear erosion by periodic thread-like waterfalls. terial. Downvalley from Kakkotgaun (3000 m) up to 150 m
high moraines were deposited by a Late Glacial glacier, es-

Areas with a moderate to low number of debris pecially on the orogr. right-hand side of the Barbung Khola
accumulations in the semi-arid Lower Dolpo area with  valley. They bear a gappy conifer vegetation and the river
largely moderate relief energy undercuts parts of their bases. The cliff faces are disin-

tegrating into conical secondary debris accumulations and
The Lower Dolpo area (280-2920 N/82°30-83°15 E) residual debris accumulations several tens of metres high.

lies between the Kanjiroba Himal in the N/NW and therhis conical shape is not a product of aggradation, but is
Dhaulagiri Himal in the SW. With regard to debris accumu-
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due to subsequent dissection of a fossil debris accumulatidine valleys of the Modi, Seti and Madi Khola are corre-

The moraines stand out clearly in the slope profile. Becausgondingly gorge-like. In complete contrast to this are the
of their thickness, a very lengthy transformation processlief conditions at the northern Annapurna slope whose
will be necessary before linear erosion integrates them irtecal erosion level is the Tibetan Plateau at an elevation
slope-related debris accumulation processes. between 4000 and 5000 m.

Apart from lake sediments upvalley from this moraine Extreme relief conditions are also the reason why catch-
site, this Barbung Khola valley section seems to have fawents may span various climate zones. A high percentage
purely slope-derived debris accumulations. The valley sysf the debris accumulations may be describedllshtho-
tem consists of very steep-walled U- to V-shaped valleysous i.e., theelevation of the depositiogite is considerably
Further downvalley, between 2600 and 2300 m, the Bdower than the climatic zone where the debris originated.
bung Khola takes on an narrow V-shaped form. The vall&yhe catchment’s transformation from ‘glacial’ to ‘fluvial’
walls have a thin moraine cover and occasional furrows dgenerally takes place more quickly along the length of the
to mudflows. Again and again, structure-related true talgsoss valleys of the Himalayas than in the Karakoram. In
cones and slopes, not higher than 100 m, are interbeddethie Himalayas the main ridge is adjoined in the south by the
the rock outcrops. Himalayan foothills which scarcely exceed 4000 m, so that

On the orogr. left-hand side of the Thulo Beri valley, athe catchments are purely fluvial. In the Himalayas, debris-
2100 m, echelons of landslides are visible in the schisfsee walls with heights of several thousand metres alternate
These were not pluvially triggered saturation flows; locabith wide glaciofluvial terrace landscapes at low altitudes
outflow has caused saturation of the bedrock and its debiiem about 1500 m downvalley. The formation of alluvial
cover. In comparison with the nearby southern side of tlnes and mudflow cones by the side valleys cannot prevail
Himalayas, both the slides and the resulting slope retreajainst the trunk valley deposits, which are sometimes as
make a negligible contribution to debris accumulation.  much as 200 m deep. In the transverse gorges many collapse

Recent debris production is nowhere near as great in tlligbris accumulations, moraine debris accumulations, and
semi-arid part of the mountains as in the Karakoram. Thess thick glaciofluvial terraces form a link with the moun-
talus cones range between a few metres to mostly not méase foreland. The transitional glacial debris accumulations
than 10—20 m in height, so that only the basal slope zonedige fewer in the Himalayas compared with the Karakoram,
covered by these debris accumulations. Generally the raitiiere are fewer high-level moraines and therefore secondary
of the mudflow cones measure a few tens of metres. THebris accumulations are less important.
cones often consist of medium to small blocks and are of Whereas the Karakoram is largely divided by longitu-
structural origin. Generally, the morainic material forms adinal valleys, the main valley system on the south side of
almost intact blanket overlying the bedrock; only in places the Himalayas consists éfansverse valleysThis directly
it conspicuously dissected by erosional furrows. The surfaa#fects the distribution of debris accumulations. Longitudi-

of the moraine cover is semi-consolidated. nal valleys have more space and therefore more favourable
depositional conditions than the cross valleys with their

Debris accumulations in selected study areas of the gorge-like sections.

Central Himalayas: Extreme relief energy on the The debris-producing freeze-thaegime was consider-

southern side of the Himalayas — debris accumulations  ably less active on the humid and cloudy windward side of

on the south side of the Annapurna with special the Himalayas than on their lee side. The forest zone is a con-

reference to the Modi, Mardi, Seti and Madi Kholas tinuous belt up to elevations of 3600 m. So it is not surprising

. . . . that consolidated debris accumulations are dominant. The
l_Debrls accumulations and factors of relief, climate and precipitation values for the southern slope of the Annapurna
lithology . . Himal are among the highest in the Himalayas. Kleinert
The study focuses on the debris accumulations of tl?f983, p. 91) gives an annual precipitation of 6170 mm for
southern slope of the Himalayas (302900 N/82°30~ | mie (2817 N/83°48 E). Whereas debris transport over
88°00 E). The distribution of debris accumulations in they,q+ gistances is dominant in dry areas, through-transport
high mountains is primarily a function of relief conditionsy,yer 1ong distances is characteristic for the southern slope
Hence, regardiess of climate, thebris accumulation zone 4t the Himalayas. The lower boundary of solifluction lies at
may be reduced to a very narrow altitudinal belt owing 0,4t 3000 m in the study area, i.e., freeze-thaw-influenced
high relief energyin some places it may even disappear, afapris layers are still found up to 600-800 m below the forest
a r(_eSL_JIt of extremely steep relief over long vertical distancg, o (Kuhle, 1987, p. 30). In the Himalayan foothills lateritic
This is the case at the southern slope of the Annapurgsaihering reaches up to 2000 m on the southern slope of

Lamjung massif where no frost-weathered true talus congg, Himalayas (Boesch, 1974; Kalvoda, 1992, p. 46) and
have formed because of the steep relief (Photo 36). Here, B}Bduces several metreé of reg’olith. ’ ’

ice-avalanche altitudinal zone merges into the debris accu- |, woth the Himalayas and the Karakoram mainly mas-

mulation region of the fluvial zone. Some 30 km away frofgjye rock such as granite is found in the central parts, and
the Annapurna basin — Annapurna | (8091 m), Annapurigetamorphic rocks and sediments such as slate and lime-
South (7219 m), Hiunchuli (6441 m), Machhapuchhargqne ccur in the foothills. The highest peaks do not always

(6993 m) — the erosion level of the Himalayan forelands |§)nsist of magmatic rock, as one might expect, but may also
located as much as 7000 m lower (e.g., Kusma at 1000 m).
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be built up of sediments, like for example the Nilkanth, Aneumulations. On the orogr. left-hand side of the Modi Khola
napurna or Mount Everest. Not only the type of rock but alsaalley, typical slate flows are visible in mid-slope locations
its bedding has a decisive influence on the amount of debais1700 m. Owing to the high humiditgediment through-
produced. The summit flanks of the Annapurna massif hatransport is much greater in the Himalay#gan in the arid
heavily jointed southern walls (Kuhle and Roesrath, 1998reas. The zone of high slide frequency lies between 700
p. 17). The rock structure predetermines the directions afhd 2000 m. Redeposited morainic material was discovered
the debris feeder channels and the accumulation sites.  up to an elevation of 1400 m.

The outcropping beds turn out to be more productive sup- At Hinko Cave (3030 m) the Hiunchuli and the Machha-
pliers of debris than the bedding planes —a phenomenon hpoehhare are connected with the valley bottom line at 3000—
termed Systematic talus cone formation resulting from th8500 m over a horizontal distance of only 9.6 km. The valley
erosion of outcropping bedsThe dependence on structureshape varies between gorges and narrow troughs, which are
of relief formation and the corresponding debris accumulined and shaped by snow- and ice avalanches. Remnants
tions is easily recognizable in the vertical range of a feaf snow avalanches were observed up to an elevation of
metres up to several thousand metres at the great summitg000 m in January 1995. To the south of the Machhapuch-

The high-energy ice avalanches also carve out the strinare and Hiunchuli there is a distinct break in the processes
tural shape of the mountain at high altitudes and thedf debris supply. Whereas ice avalanches are responsible for
tracks follow structural irregularities in the rock. When thelebris production and slope formation at high-level catch-
equilibrium line is higher, the gullies carved out by thenent areas, further downvalley, in catchments at 4500 m, it
ice avalanches continue to be deepened by rockfall aisdsnow avalanches that modify the slopes and debris accu-
avalanche processes. That is, today’s true talus cones withlations but do not shape them. Even farther downvalley
nival catchment areas are then located beneath gullies that enter the area in which ancient, partly glacial, debris is
are of glacial origin. redeposited below the forest line. Young debris is chiefly

The foothills of the Himalayas are characterized bgroduced by landslides. One such may be seen at the con-
landslide deposits; however, permanent saturation has digence of the Modi Khola and the Chomrong Khola near
guised the severe geometry of the debris accumulations &ttbmrong (2155 m) (Z2556" N/83°4942" E).
amorphous debris accumulatioase now dominant.

In spite of the greater maximum elevations of the catchi-he Seti Khola: fluvial side-valley debris accumulations
ments, the ice cover is much less on the southern slopecoinpete with trunk valley terraces
the Himalayas than in the Karakoram. So the paraglacigpvalley from the confluence of the Mardi Khola and the
debris accumulations only extend as far as about 36003®ti Khola, a gigantic glaciofluvial terrace landscape has
at most. The avalanche cone glaciers that stretch downfagned at an elevation of 1100 to 1400 m in the Seti Khola
far as 2300 m at the farthest, benefit with regard to thejalley? The Seti Khola originates between Annapurna Ill
lower elevations from the steep relief conditions that cauge855 m) and Annapurna IV (7525 m). In the Seti Khola we
through-transport rather than providing accumulation aredidid a clear dominance of trunk valley debris accumulations
Hence the valley flanks are also largely devoid of debris airfl the shape of a 150-200 m high terrace fill of the val-
the usual transitional debris deposits from the accumulatitsy. The tributaries are scarcely able to deposit cone-shaped
area to the glacier tongue are absent. debris accumulations, rather they cut gradually into the ter-

At medium elevations, the gradually developed rockfathces, so that there are two competing systems: the conical
slopes tend to be rare; collapse debris accumulations doaébris accumulations of the side valleys and the terraces of
nate especially in the narrow stretches of valley. Morainéise trunk valleys. The terraces consist of up to 7 major levels,
covering the valley sides are not as typical in the humigbmetimes with minor sub-terraces in between.
zones of the Himalayas. They have either already been de-
stroyed by precipitation or stabilized by a plant cover. BYhe Madi Khola: Paucity of debris in the upper catchment
contrast, large ‘morainic plugs’ are more frequent in thareas resulting from extreme relief energy
wider valley sections, for example in the middle Barun, Burfhe Madi Khola originates between Annapurna IV and An-
Gandaki and in the lower Barbung Khola valleys (Photasapurna Il. In combination with the Lamjung (6931 m) in

33-35). the east, its southern walls form an impressive steep face
_ (Photo 36). Over a horizontal distance of just under 10 km
The Modi Khola the massif drops from just under 8000 m to 2500 m, a dif-

The Modi Khola is just under 45 km long and originates ifierence in altitude of some 5500 m. The valley head lies in
the Annapurna basin. It joins the Kali Gandaki at 686 ma very narrow valley basin, a few hundred metres wide. A
Between the Hinko gorge (3000 m) and Chandrakot smallkm long avalanche cone glacier runs southward from the
mudflow cones and alluvial cones occur only very sporabot of the wall. Its lobe ends at 2300 ran unusually low
ically. Most of the mudflow-alluvial cones have a centraklevation for a modern ice margim the Himalayas. The
deeply incised canyon. They are generally single cones, wigbuthern flank is practically devoid of debris. Flat parts of
a simple, non-interlocking structure. The slopes are marked—— _ o _

by many small-scale landslides (Ives and Messerli, 198%‘)1 9According to Fort (1987) the sediment deposits in the Seti Khola

. . lley and further downvalley in the Pokhara Basin are due to an earthquake
however they generally do not develop into large debris agy, years ago.
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the wall are occupied by small ledge glaciers. The ice loaki produce strongly cemented, even steep walls without
on the narrow ledges often causes ice to break off. A maamy notable basal secondary debris accumulations. On the
avalanche track runs between Annapurna Il and Lamjunther hand, the few wider stretches of valley like that at
Himal. Either these funnel-shaped depressions are a dehilam (1595 m) are characterized by thick, up to 150 m
of initial stage in the process of juvenile valley formatiomigh glacial accumulations (kames) that are now undergoing
or else they are supply channels for future true talus confasvial incision and at whose bases mudflow-alluvial cones
should the equilibrium line rise. A talus slope belt — othemwith a radius of 300 to 400 m are being deposited. In the
wise so typical of frost debris zones — is absent here becagsatral section they are presently being incised by mudflow
of the steep relief. The foot of the wall is bordered by icpressure.
avalanche cones and not by true talus cones. If we remem-In the middle Buri Gandaki the gorge shape is even more
ber that the lower boundary of ice avalanches of the othgronounced than in the lower course. Over a horizontal dis-
8000 m peaks is at 4000 m on average — possibly even higkarce of 10 km, the Shringi Khola from Shringi (7177 m)
in places — in the Himalayas, it becomes clear that the da-the Thaple Himal connects with the confluence with the
bris accumulation pattern plays a special role at the south&uari Gandaki at an elevation of about 1500 m, i.e., over a
Annapurna slope. relief difference of 5677 m. Glaciofluvial terraces are fre-
guent, shaped into a conical or semi-circular form by the
Debris accumulations in the Manaslu region with special meandering Buri Gandaki river.
reference to the transverse valleys of the Buri Gandaki and The altitudinal zone between 3400 and 3900 m is
the Marsyandi Khola characterized by the more frequent occurrence of various
The Manaslu massif is bounded by two of the large Hiypes of transitional forms between mudflow-, rockfall-
malayan transverse valleys, the Buri Gandaki and tiaad avalanche cones with different recent activity and with
Marsyandi Khola (2800-28°40' N/84°15-85°00 E). Both periglacial and glacial catchment areas. Special types of de-
these trunk valleys are largely cut into gneisses, which beihgs accumulation are the mudflow-alluvial cones directly
highly resistant have retained their steep-sided trough-vallegjoining the recent glacier termini in front of which lie
glacial profile. The valleys of the Himalaya forelands cuthick, Late Glacial, sometimes Neoglacial, fluvially divided
into the weakly resistant slates of the Navakot nappes tieatd moraine loops.
are highly prone to slides and mudflows when saturated. One example of this is the glacier forefield of the north-
The rock distribution largely controls the type of debrigastern Manaslu glacier which also has a small proglacial
accumulation. In the altitudinal zone below 800 m wherake. Downvalley there is a glaciofluvial transitional cone
the Navakot nappes control rock structure, broad slope faiith a length of some 700 m. It consists largely of resed-
ures due to saturation are the dominant process of slgpeented morainic material. These outwash-plain-like accu-
retreat. Debris accumulations ranging in shape from bufulations are typical forms of debris accumulation between
bous to irregularly conical have built up below the scar8500 m and 4600 m in the upper unglaciated reaches of the
Sometimes distinct depositional accumulations are absétfimalaya valleys (in contrast to the Karakoram where these
altogether since the debris is immediately removed by realley sections are generally glaciated).
ceiving streams as a result of the high saturation rates. The The forest line is located at 3700 m in the Buri Gandaki
catchments of these debris accumulations are mostly omlgd the transition from the clearly activity-controlled bare
a few hundred metres higher in elevation than the area@gbris accumulations to the vegetation-poor or bare debris
debris accumulation, so we are dealing with an autochthascumulations that are also climate-controlled begins up-
nous process. Isolated mudflow-alluvial cones with radii ¢lope. From 3800 m onwards, occasional true talus cones
several tens of metres have built up in the narrow valley sezan be observed. Farther upvalley they dominate the valley
tions of the Buri Gandaki. The debris accumulations contaftanks in the side valleys of the Buri Gandaki as paraglacial
many coarse blocks. talus cones.

The catchment areas rise abruptly to more than 5000 m The Jarkya Himal on the orogr. left-hand side of the
towards the Himalayan interior. This rise is accompanidduri Gandaki, opposite the Manaslu massif, already forms
by the transition from the slides that dominate in the slaté@ytransition to the Tibetan-type landscape with rounded ac-
rocks of the foothills to the linear mass movement processggmulations undergoing bound and free solifluction. True
where there is a great horizontal distance between the soulgs cones are rare here, and morainic debris covers the
area and the depositional site and the debris accumulatigesitle slopes. The view westward from Larkya La (5213 m)
are often allochthonous. In Postglacial time, the glaciallyives a good overview of the accumulations of the upper
rounded gneiss walls have been destroyed well below tBgidha Khola in the Peri Himal (photo 37). The highest
thalweg by fluvial undercutting and also by collapses cosummits are the Himlung (7125 m) and Panwal (6885 m).
trolled by release joints. In the transverse valleys, landslidtere too, there are many paraglacial debris accumulations
and rockfall debris are the most conspicuous debris accuniuthe form of diverse types of talus cones and talus slopes,
lations (including those downvalley from Jagat (1235 m), céis there are in the other study areas, in both arid and humid
Jacobsen, 1990, pp. 31-32). Secondary glacial debris acg@untain regions. Generally speakirtye various forms
mulations are less well-developed here. Even large groudddebris accumulation become more similar with increas-
moraine outcrops at 2200 m on both sides of the Buri Gaing altitude in mountain regions although the climates are
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fundamentally differentOn the one hand, conditions of de-Only moderate debris cover at sometimes extreme relief
bris production become more uniform because freeze-thawergy in the humid Central Himalayas: the Makalu massif
patterns in arid and humid mountain regions become mdi@&63 m) with the Barun and Arun valleys
similar with increasing altitude; on the other, similar depofhe easternmost study area is the Makalu region with
sitional conditions prevail in the upper glaciated catchmentise Barun and Arun valleys (277 N-2755 N/86°50—
of the climatically different mountain regions. 8715 E). Over a horizontal distance of some 60 km,
The orogr. left-hand side lateral moraine valley of th#akalu (8463 m) is connected to the Himalaya foreland at
Dudh glacier starts in a narrow V-shape at an altitude ah elevation of only 457 m near Tumlingtar. The middle
about 4500 m and widens downvalley to 3700 m, becorBarun valley cuts into the Barun gneisses, while, in petro-
ing increasingly trough-shaped (Photo 38). Small mudflographic terms, the lower reach of the Barun valley already
cones and collapse features can be recognized only odeads on to Navakot and Kathmandu nappes of the Arun
sionally on the valley floor. These inactive lateral moraingalley (Bordet, 1961; Gansser, 1964, pp. 160-161).
valleys are very typical of the Himayalas. The environment Because of the high elevation of the upper Barun glacier
here shows that the lateral moraine valleys are chieflytide paraglacial lateral moraine valleys are only very slightly
product of excess debris in the upper catchment areas — igeveloped between 4700 and 5100 m here. Farther up-
they are built up by glacially transported debris — rathejlacier the moraine ridges adhering to the valley sides de-
than resulting from active debris delivery on the immediatelgrmine basal slope activity. The most active recent debris
adjacent slopes. production occurs here in the snowline border zone. The
The debris accumulations in the Marsyandi Khola amarun glacier surface bears a heavy load of supraglacial de-
similar to those in the Buri Gandaki, with some local modbris. It should be noted that the debris accumulations of the
ifications (Figure 8). Downvalley from Thonje (1810 m)]ateral moraine valleys of the upper Barun glacier are located
gorge-type debris accumulations can also be observed (cbove the forest line and therefore bear only a thin alpine
lapse talus slopes consisting of coarse blocks, sometinigsadow vegetation cover in the distal zones.
resting on glaciofluvial terraces, landslide accumulations, At the foot of the south side of the Makalu valley the
fluvial side-valley debris accumulations, strongly truncateBarun valley is very wide, with favourable conditions for
by the receiving stream). At the confluence of the Muslebris accumulation at elevations between 4000 and 4700 m
Khola (flowing down from the Himalchuli western slopejin the unglaciated high-altitude valley reaches. Between the
and the Marsyandi Khola at 1100 m there is an extensiase camp at Makalu (4800 m) and the Shershon alpine
kame terrace landscape that impedes recent autochthonpeadow there is an unglaciated valley section especially
debris accumulation at the slope bottoms. characterized by Late Glacial to historical moraine accu-
Jacobsen (1990) has described the glacial history of thrilations. The Late Glacial moraines at 4600-5000 m
Manaslu Himalayas. The ice margins of the Last Maximuge several hundreds of metres high and have been resedi-
Glaciation postulated by Jacobsen (1990, p. 70) at abenénted by fluvial processes, producing a wide, almost 500 m
1000 m in the main valleys have been called into quelng mudflow-alluvial cone consisting of coarse blocks and
tion by moraines recently found at 450 m near Dumre iresembling an outwash plain. The glaciofluvial debris ac-
the Marsyandi Khola (Kuhle, 1995). With regard to theumulation is composed of sometimes man-high blocks.
age of debris accumulations, this would mean that debfis contrast to the upper catchments in the Karakoram, the
accumulations older than the ‘LGM’ are only to be foungrresence of unglaciated, high valley floors enables such
downvalley from this last-named ice margin or at the samgaciofluvial debris accumulations to spread out at high
level as the LGM glacier surface. This is confirmed by presfevations.
Quaternary laterites occurring on the unglaciated domes of The transformation of the ice-age trough-valley profile
the Himalaya Hills. Small talus fans rest on the inciseighto a V-shaped valley profile and its collapse debris ac-
ground moraine deposited in the trunk valley. In the iceumulations (photo 39): The middle Barun valley between
margin zone we find a characteristic thaw environment wigg00 and 3200 m has a conspicuous glacial trough-valley
kames. However, the kames in the middle reaches of thleape strongly reminiscent of landscapes in Norway with
Buri Gandaki are of Late Glacial origin. This means thaheir bell-shaped mountain&lockenberge In the basal
the mudflow-alluvial cones whose feeder streams make thgiirt of the trough valley, i.e. the first hundred metres be-
way through the kames must be younger than these glagigken the valley floor and just below the trough shoulder,
accumulations and therefore of Postglacial age. Being thezone of frequent glacially induced collapse features has
result of Late Glacial deglaciation, the collapse debris accbieen established. One of the largest collapse features in the
mulations are chiefly Postglacial or in many cases historiaBhrun valley can be found at 3800 m on the orogr. right-hand
in age. The destruction of the rounded parts of the vallgyde between the lower Barun glacier tongue and the alpine
flanks implies that they were of prehistoric glacial origin. meadows of Yangri Kharka (3595 m). At this locality the
valley bears moraine terraces on which the landslide deposit
rests.
Further down the Barun valley, the valley is completely
filled with morainic accumulations, which now bear a thick
vegetation cover. Only the undercutting river carves out
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Altitudinal zone | Type of debris accumulations

Up to 800 m Unconsolidated and consolidated owing to oversaturation of the talus cover, debris
accumulations of sudden origin (slide accumulations)

Autochthonous mudflow- and alluvial cones of relatively small dimensions (slant heights
between 20-300m) with central incision

Debris accumulations partly built up by resedimentation of glacigenic material

8001500 m Lower gorge area with very few debris accumulations, occasional coarse-blocky mudflow-
and alluvial cones (cone radii measuring several tens of metres), otherwise glaciofluvial
terraces

Rockfall and landslide accumulations, release-joint-controlled, i.e. by disappearance of the
Late Glacial and High Glacial glacier infill and by extreme saturation

Many unspecific amorphous debris accumulations

1500-3400 m Transverse gorge with many rockfall- and landslide accumulations

At occasional sites connected to high-level catchment areas allochthonous debris
accumulations, possibly avalanche-modified

In the wider parts of the valleys moraines breached and resedimented by fluvial processes
resulting in moraine-derived secondary debris accumulations

3400-3900 m Frequent occurrence of allochthonous mudflow-alluvial cones, i.e. with nival and glacial
catchment areas

Glaciofluvial, extensive mudlow alluvial cones built of very coarse blocks, transitional
cones

True talus cones modified by avalanches

Solifluction debris formations

Prehistoric consolidated true talus cones

3900-5500 m Paraglacial debris accumulations in the form of unconsolidated true talus cones and small,
partly consolidated mudflow accumulations (radius in metre range)

Composite accumulation forms of snow, ice and debris

Periglacial debris mantles in the more gently sloping terrain of the arid Larkya Himal

5500 m and above | Formation of ice-avalanche talus cones where catchment area elevations permit

Figure 8. Debris accumulation zones in the transverse valleys of the southern slope of the Himalayas with reference to the Buri Gandaki and the Marsyandi
Khola.

pronounced unconsolidated cliff walls, against which smaflynthesis of field results

talus accumulations have been deposited. In the middle

Barun valley, between 3500 and 4000 m, the presence of tWbe close link between glacial history and debris
formation systems of different ages is obvious in view giccumulations

the rounded accumulations and the craggy ones destroying

them. The former are due to glacial accumulation processgdaternary glaciation is the major control of the Postglacial

and the latter to recent processes of linear erosion apgP!'s accumulation landscape in the mountains of High
Asia. In the middle and lower elevations of all the stud

collapse. ldie an : all y

areas, the morainic relicts of Late Glacial glaciation and the

If we now leave the Barun to look at the Arun valley, ; X i ) . .
we see that glacigenic V-shaped valleys are dominant. ggbris accumulations resulting from their redisposition dom-
inate over primary debris accumulations due solely to slope

the section between 600 and 1300 m fewer mudflow- ati{f _
talus cones are visible, not least because of the narrown@8d fluvial processes. On the one hand, the frequent occur-

of the valley. The fluvial catchment areas reach elevations!gf1ce Of talus accumulations (talus cones and talus slopes)
only 3000-3500 m and the regolith is stabilized by abundaijt du€ 0 intensive weathering processes and to the direct
vegetation. The valley sides are partly composed of sldfBPact of the release of pressure on the valley sides due to
and are extremely prone to landslides. Morainic deposits 41 0SS of ice support after deglaciation (glacial debris accu-
often the only largish flat areas on the slopes (for example™@plations resulting from collapse processes). On the other,

Num, 1400 m, pers. comm. by Prof. Kuhle during fieldwork@ny of the talus slopes were shown to be resedimented
on 22 November 1994). morainic material and not primary debris deposits.

The glacial landscape of residual debris accumulations,
i.e. the moraines that underwent post-depositional rework-
ing by fluvial processes, displays features similar in ap-
pearance to depositional accumulations deriving from slope
processes. Like terraces, which can be due to both accumula-
tion and denudation, cones were shown, on the one hand, to
derive from deposition, and, on the other, to have been sub-
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sequently carved out of unconsolidated material. The latf€he extent of Postglacial and current debris accumulation
results in a passive debris accumulation landscape whichpmduction

created by fluvial dissection of glacial sediments rather than

by recent supplies of new debris. The current rate of debris production is turning out to be too
Because of the large-scale legacy of glacial sediments thé@ to account for the huge volumes of debris presently blan-
allochthonous debris accumulations play a major role as deting the valleys. High morphodynamics in the mountain
bris suppliers. In most of the valley systems the type anglief primarily contributes to the remobilization of ancient
distribution of debris accumulations are determined by tiéconsolidated glacial fill. In all probability, debris accumu-
diverse morainic deposits and by their type and state @tion peaks immediately after each phase of deglaciation.
preservation. Bedrock plays a minor role in debris produ-crhis link was observed even at historical areas of glacier
tion. Basically, the residual glacial debris accumulations afgtreat.

better preserved in the Karakoram than in the Himalayas.

The abundant debris of the semi-arid mountain areas is fetastrophic debris accumulation

due solely to climatic factors, i.e. to intensive weatheri

n . . . . .
processes, but also to the former glaciation. gt the present time catastrophic debris accumulation is

plainly visible particularly in the northwestern Karakoram.

One single event, triggered by rainstorms, sudden meltwater
flow or, more rarely, by an earthquake, can bring a debris
accumulation close to its climax stage. Various subsequent

The examples presented from the high mountains of tHEbris supply processes have little morphologic impact on
Hindu Kush demonstrate the disproportion between the siggbris accumulation. A ‘mega-event’ is unlikely to recur
of the catchment area and the corresponding accumulatiBhthe same locality because the previous event has already
Huge, fluvially shaped debris accumulations have been demoved the easily transportable unconsolidated material in
posited at the mouths of small and short valleys. Suéhe catchment area. Deviations from annual mean precipi-
accumulations cannot derive from the autochthonous deldaéion values at the level of extreme events can be decisive
produced in the catchment itself for the simple reason tH&¢ctors in debris accumulation.

not enough debris is produced there. The only plausible

explanation for the huge dimensions of the debris acclibe age of debris accumulations

mulations is that they also contain resedimented morainj . .
deposits and a ground moraine base. The disproportion B—E'-e types of debris accumulations presented here are very

tween catchment size and debris accumulation continL}’é&m?dfom;lsm gg%rggrpigoolgglcalterrr;)s,fl.e.the majon;\yare
down to lower elevations, which constitutes evidence thﬁ?t older than - A years before present._ con-
the lower valley reaches below 1500 m were glaciated. li%erable proportion of these are composed of resedimented

The disproportion between catchment sizes and
accumulation sizes

contrast, relatively small debris accumulations have bu dconf]ohdzra]ted materl;al,_l.e._ the debrlls itself may be much

up below large catchments, implying that primary debrid/der than the accumulation it presently constitutes.

production — with no glacial influence — is low. . L . :
Regional-climatic and supraregional types of debris

The distribution of debris accumulations as a function of accumulation

topography and relief energy In the course of the study it proved possible to distinguish

%tween regional-climatic and supraregional types of de-

Whereas cross valleys are dominant in the Himalayas, lati Redional includ idity-induced
Karakoram valleys are generally longitudinal, running para 1S accumu ation. Regional types Inciude art ity-In uce
consolidated true talus accumulations of low and mid-

lel to the main mountain chains. As a result of these differe F | : b 1000 and 3500 m in th d
relief configurations, the two mountain areas each displ elevations between an m in the very dry

a specific pattern of debris distribution. The longitudin gh mountains of the Hindu Kush, the Karakoram, and

valleys are very broad in places, creating favourable con je Ladakh and Zanskar ranges. Upslope, these are fol-

tions for debris deposition. By contrast, the gorge-like cro WEd by bare talus accumulations of the frost action region,
valleys with very juvenile side valleys inhibit debris accu? ich also occur on the southern Himalaya slope above

mulation because of the lack of suitable deposition sites al forest line upwards of 3600 m, and thus count as

because of the dominant transport capacity of the receiviﬁ _praregmnal typ_es of debris gccumu_latlon. These accumu-
stream. ations are devoid of vegetation mainly because of mass

For reasons of relief, i.e., high relief energy, entire debr@ovemgnts rgther than lack of water. Whenever arid .h|gh—
accumulation belts may be absent from the geomorp ountain regions have a forest zone, the unconsolidated

logical elevation pattern. For example, typical true taljlue talus accumulations located in the periglacial and flu-
accumulations are missing in parts of the steep slopesvé)?l zones are distributed bilaterally. Debris accumulations

the southern Himalayan declivity. The ice avalanches of tIWaith composite apd complex debris supply (debris deliyery
- r@’ lateral subordinate talus- and mudflow cones, resedimen-

@ion of high-level morainic material etc.) occur primarily

where there is a close interlinkage of debris accumulatio . .
In dry regions, as do the broad mudflow-alluvial cones

with glacial and purely fluvial catchments.
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resulting from favourable topographic conditions (longitudi- Between 1500 and 3000 m broad and thick moraine-
nal valleys) coupled with a high debris supply. Secondamgfluenced mudflow-alluvial cones occur in the wide reaches
unconsolidated loose debris accumulations deriving froaf the Karakoram valleys. In the Himalayan foothills, how-
high-level morainic deposits can be found particularly iever, there is less fluvial formation of debris accumula-
the wider stretches of the Karakoram valleys. By contrasipns. The narrow transverse valleys prevent debris from
small, highly dynamic mudflow (alluvial) cones composedccumulating.

of semi-consolidated coarse blocks are widespread on the

southern slope of the Himalayas. They receive debris froBentre-to-periphery distribution

feeder gullies rather than from the adjacent slopes. Many of

these debris accumulations are characterized by a high pe@nsitional glacial debris accumulations are most common
centage of coarse blocks embedded in a fine matrix. Typid¢althe middle reaches of the valleys. From there, morainic
of the Himalayan foothills are the numerous oversaturatiofleposits —and therefore secondary accumulations — decrease
induced landslide masses with unspecific deposits. Furthé-both directions, upvalley towards the upper catchments
more, the glaciofluvial terraces deposited at the trunk vall@pd downvalley towards the lower elevations.

mouths compete strongly with the debris accumulations of _ _ _
the tributary valleys. Paraglacial debris accumulations

The similar course of glaciation during the LGM and . s
the Late Glacial in the Karakoram and the Himalayas prg_xtenswe glaciation in the northwestern Karakoram and the

duced similar supraregional types of debris accumulati et that the glaciers stretch far belqw the gquilibrium Iipe
which were individually modified according to the prevail-,ead to a high percentage of paraglacial debris accumulations

ing climate. These debris accumulations include the variogkth'_S study area. The _h|ghly actwe,_lateral moraine valley
types of transitional and residual glacial debris accumul ebris accumulation with a composite d‘?b”s supply from
tions in loose material and the collapse debris accumulatio?\\éalamhes' mudilows, rockialls a_nd glacial ca_tchment area
in bedrock. Formation of the last-named accumulations rjé_presented as a category of debris accumulation.

sults in the destruction of the ice-age mountain environmen}ﬁ h  the debri lati
which still dominate the landscape. e catchments of the debris accumulations

Debris accumulations with an allochthonous catchment —
the place of deposition is located at a lower elevation than
the source area — occur very frequently in mountain areas

The low-relief high-mountain regions in which the glaciaYVith strong relief. Many catchments of the Postglacial true

zone is absent, e.g. in Ladakh, in many cases do not e QWS accumulations underwent major modification in pre-
attain the lower boundary of debris accumulation and th storic times._ This is especially tf‘_*e .Of ca_tchme_nts Ioc_ated
high elevations are characterized by an extremely honi _the fluctuation zone of the equilibrium line shifts during

geneous debris accumulation pattern, mainly consisting 9 LGM and Late Glacial. They were transformed from
microforms with the debris creep of the periglacial zone. glacially shaped to nivally or fluvially shaped catchments.

Debris accumulations in high-mountain regions of low
relief

Genetic series of debris accumulations The results of the study in the context of current research

The present study sets great value on the perception of de}fi§ "€Sults of the study stand in sharp contrast to previ-

accumulations as genetic series, considering debris acculid® ~ and sparse — publications on debris accumulations in

lations not only as isolated landforms but in a context 6Pe high mountains of Asia with regard to both the origin

landscape genesis and evolution. By means of the iderdnd the age of such accumulations. The first aspect refers

fication of typical series of genetic debris accumulations ©© glacially induced debris accumulation, the second to the

especially in the transitional area between slope-related ng age of the deposits. The high percentage of glacially

glacial debris accumulations — the individual debris land? uenced debris accumulations down to the low elevations

form can be set in an evolutional context and characterisﬂl: the mountain forelands stands in contradiction to the

stages of transitional glacial debris accumulations can Hgditional-minimalistic opinions of the extent of glaciation
identified in these high mountains.

Hypsometric morphological change of the debris
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Abstract

The extent of the Postglacial is characterized by a main end moraine, which is called Great Lateral Moraine. In general
its outer slope is very steep and the recent ice terminal retreated inwards and lost much volume. Between this stage of
historical/latest Neoglacial an ice marginal position was found, which can only be classified into the earliest Neoglacial
because of its glaciogeomorphic position. It lies ca. 5—6 km outside of the historical moraines and leads to snow line
depressions of 300—600 m. This stage can not mixed up with the latest Late Glacial stage. Relating to the Late Glacial
only moraine terraces or remnants were found in the steep valleys. In the Kangchenjunga Valley there is a large end moraine
complex of Late Glacial at 2700 m, 27 km down-valley of the recent glacier termini and in the Yalung Valley (Simbua Khola,
Kangchenjunga SW) we found a lateral moraine wall 600 m above the valley bottom of Torontan. In the Rolwaling Valley
several indicators imply a former glaciation of the whole valley, which stretches out into the Bhote Kosi. In consideration
of the maximum glaciation of Last Glacial (LGM) which has extended lower than 1000 m in the investigated areas it can be
assumed that the levels of moraines valley- inwards are younger. Snow line depressions of 300—600 m for the Neoglacial
(earliest stage) and 900-1200 m for the Late Glacial can be calculated.

Introduction determine absolute age, but most of the results are not yet
available.
The extent of glaciation is a question of current interest The key locations include the signs of glaciation found
in the reconstruction of prehistoric climate, since glaciemutside of the encountered glacier stages in the glacier ap-
directly document climatic change. This study provides @oaches and considerably further down the valley. If glacia-
record of Post-to Late-Glacial glacier stages, the sequenties indicators are assigned to the Last High Glacial, then
of which are assigned chronologically. The chronology fothe ice margins beyond the historical stages are Neoglacial
lows Kuhle’s classification (1994) in which the sub-recerdr Late Glacial. In the areas studied, a dimension is achieved
to historical glacier stages from 1950 AD to 1700 yBP arir the High Glacial that can only be explained with the aid
differentiated from the Neoglacial stages (1700-5500 yBBj the catchment areas of the southern Tibet Plateau and
in the Post Glacial and the latter are differentiated from this outlet glaciers. In the light of such ice filling, it should
Late Glacial. also be mentioned for the Late Glacial advances that it is not
The compilation of a relative age classification accordnown to what extent the High Glacial ice has disappeared in
ing to their glacio-geomorphologic position is supported bihe meantime or to what extent it contributed to Late Glacial
a calculation of snow-line displacements according to thee accumulation.
method used by Kuhle (1988). Particular importance must Only a short selection of previous studies of former
be placed on the elevation of the catchment area, which haglacial extents in the adjacent areas to Rolwaling and
decisive influence on the extent of the glaciers. When calddangchenjunga Himalaya can be given here. Observations
lating the snow line, the average summit elevation is relatbdve been done by Heuberger (1956) and Heuberger and
to the final height of the glacier. The snow-line depressionWeingartner (1985) in the Dudh Kosi (Everest South slope).
obtained by subtracting the recent snow-line from the calcEer the glacial extent of Last Glacial Maximum in the lower
lated snow line (Sm). The extended method uses the fackdrumbu Himal (Dudh Kosi glacier) below 2500 m they
snow-line difference (FED) to determine a real snow-linealculate a snow line depression of 1000-1100 m (1985
value (Sr). This factor is determined empirically and takgs 79). Further indicators were ranged into older glaciations
into account the different gradient conditions of the accyHeuberger, 1986, p. 29). Postglacial glacier stages were
mulation and ablation areas. For reasons of comparabilibwestigated in W Khumbu (Cho Qyu southern slope) by
and due to the lack of a cartographic basis, the snow-likeihle (1987) with the help of 14C datings. Many authors
depression is determined using the calculated snow lihave discussed the glacial fluctuation in the Langtang Valley.
(Sm), unless stated otherwise. 14C samples were takerSturaiwa and Watanabe (1991) stressed out, that the Lama
stage at 2600 m only allows a classification as Neoglacial
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80 82 The valley flanks are very steep on both sides and are
30 /_\_g\_l\ characterised by a steep lower slope that is covered with
thin debris cones, and a very steeply inclined valley shoulder

84 above, which is heavily polished and abraded in the middle

longitudinal section of the valley (Photo 1). Flank glaciers
which end at approx. 5100 m hang down from the valley
\Q\ 86 ridges, especially in southern exposure. The upper tree line,
—5 N} |28 consisting of Rhododendrons, occurs at 3900 m.

, X (< The largest glaciers, Trakarding (Photo 2) with a length
NEPAL of 17 km and Ripimo (Photo 3) with a length of 11 km, the
”%E'Z;hé??n"vil;tiga“on catchment areas of which are mostly south-facing, make up
=150 Km the valley end. Ripimo is an avalanche basin and Trakard-

ing a firn hollow glacier type, each of them having heavily
_ _ o debris-covered glacier tongues. The real snow line (Sr)
Figure 1. Area under investigation. (method: Kuhle, 1988) of the Trakarding is at 5600 m. The
average catchment area level is 6350 m, with the highest
and not Late Glacial. The glaciation history of the Anna[-)eakhbemg "_:lt 694? m. Bqth gLamers”egd &: apprr]ox. 4500 m.
purna and Dhaulagiri range is interpreted in the detailed The R'|p|m'o glacier is channelled through a 5509_
study of Kuhle (1982). Quite recently on the central an B00 m high |nj[ermed|§1te valley ridge in the va!ley basin
eastern Himalayan southern declivities, deep ice margi thto 3)- Ahne|ghb0Lf1r|ng, 4_ km Iong};ﬁ valley gIamer:,. Ka}nﬁ
from Tibetan outlet glaciers at 460—900 m with snow—lingIac ugo (P_ 9‘0 3), orces Its way from orographic "9 t
depression values of up to 1600 m are described by Kuffigxtto the _R|p|mogl_aC|erto the valleyo_utlet andends W'th.a
(1990, 1997, 1998). For instance, the deepest signs of glatﬁ}%?p termma} moraine ata pase ele\{at|on 0f 4600 m. During
tion in the catchment area of the Manaslu Himalayas afe igher glacier stage, m¢d|al moraines were formed here.
found in Buri Gandaki on the SE declivity at 680 m and oﬁ‘ further small valley glacier, Ripimo Nup (Photo 3), ends
the SW side in Marsyandi Khola even as far as Dumre the wide lateral moraine valley of the Ripimo at 5100 m
460 m (280720" N, 84°26 E) (Kuhle, 1997, p. 125, 127). (Fgure 2). _ _ _
In contrast, Jacobsen (1990, pp. 78—79) describes maximumln the NE?facmg \_(alung basin orograph_|c I?ft' there are
glaciation characteristics in the Manaslu region Marsyan?iShort hanging glaciers, the largest of which is the Yalung
Khola only up to 1050 m and 1040 m in the Buri Gandak

]

Photo 4) with a length of 3.3 km. The recent snow line of the

Fort (1986, p. 108) described Neoglacial moraines at 14ooqﬁr5e0-ice gI_acieLr_ Yr?lung Ei (,Photth)dwlzsh(?e,terminheddto_bhe
in the Seti Khola, (Annapurnalll and IV) and a Late Glacia1r’ M using Lic tgnec_ers method. uhie’s method wit
glacier extent to 1127 m. At Thumma in the Tamur Valley Oﬁhe factor for snow-line difference results in 5308/5292 m.
the Kangchenjunga Himalayas, Kuhle (1990, p. 420) found Further'hanging glaciers exis_tqnthe o'rographic right and
an ice-margin indicator at 890 m and in the Arun Valley, thl?ft Rolwaling Valley flanks, beginning at ridge elevations of
catchment area of which includes the Makalu SE side witr0—6700 m.

the Barun Valley, at up to 500 m (224 N, 87°0830" E)
(Kuhle, 1997). Kalvoda (1979, p. 20, 21) described Late

High Glacial glaciation features only in the Barun Valley of arge Historical to Neoglacial terminal moraines of 300 m
the Makalu SE massif. _ . fill the valley confluence area. A displacement or change in
In this article, the boundaries of the Post Glacial to th@e flow direction of the former glacier tongue can be seen
Late Glacial are differentiated taking the Rolwaling Kholg, the Ripimo glacier. At least 3 areas of displacement of
and the Kangchenjunga Massif (Figure 1) and their timege former glacier terminus can be seen from deposits of
since Last Glacial Maximum (LGM). In Rolwaling as wellmoraine material at the base of a basal moraine (Photo 6). It
as in Yalung/Simbua Khola on the Kangchenjunga SW sidga pe clearly seen that there was an ice flap protruding over
Neo- to Late Glacial ice margins can be distinguished.  {he |eft lateral moraine, where the glacier leaves the valley
flank and turns down-valley. The flow direction towards the
opposite valley flank is also clear. The meltwater at present
flows through an outlet that was created by the outburst of a

] ) ] small dammed lake in 1991 (Mool, 1993). Mud flowed off
The Rolwaling Valley (2752'N, 86°25 E) is located in cen- g 4 result of the fluidity of the loose moraine debris.

trql Nepal on the southern declivit_y of the High Himalayas ap equally large terminal moraine complex forms the
(Figure 2). At an east-west extension of 24 km, the Rolwaloyndary of the Trakarding glacier. The current glacier ter-
ing River flows into the Bhote Kosi at 1400 m. The Bhotninys calves into a glacial lake, the Tsho Rolpa (Photo
Kosi originates in the Tibetan Highlands and crosses the I-ﬂ,— 7), which has tripled in size since the 1950's. At this
malayas from north to south. The glacial trough profile gfme it is 5 km long and 0.5 km wide. In the latest frontal
the upper part of the valley to Beding changes downstregfyraine part, there is a 2.5 m wide opening through which
into a glaciofluvially carved, gorge-like, V-shaped valley. grainage occurs. On its way downstream, this water also

ganstorical and neoglacial glaciation

Rolwaling Khola: Description of the area studied
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T Photo 1.Looking downvalley towards the West into the middle section of the Rolwaling valley between the settlemer
Na and Beding ¥). The U- shaped valley flanks are strongly undercut by the river at both sides. The portion of debi
along the lower parts of the valley flanks is less. The higher parts of the flanks are polished and incised by the meltw
(¢) of the small hanging glaciers. Locality Rolwaling Khola. (Photo S. Meiners, 30 October 1997.)

T Photo 2.Looking towards the North East over the Tsho Rolpa Lake and the steep glacier front of the Trakarding gl
at 4500 m. The glacier tongue of the 17 km long Trakarding glacier breaks off into large ice floes. If huge pieces bree
there is a big risk of a glacial lake outburst, because of the water wave, which is able to destroy the moraine dam. |
glacier surface heights from the subrecent stages to the Postglacial can bd)s@dw (peaks with flank ice are towering
high (6660 — 6729 m) above the glacier. Locality Rolwaling Khola. (Photo S. Meiners, 6 October 1997.)
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T Photo 3.View from 4800 m towards the North into the Ripimo basin with the Ripimo glaligrte Ripimo Nup glacier

(O) and the Kang Nachugo glaciek). The lateral moraines of the Ripimo and the Kang Nachugo glacier formed medial
moraines. With a maximum altitude of 6801m the recent Ripimo glacier stops at 4500 m. The historical end moraine of t
Nup glacier has been partly destroyed by a mudfle\y, whose material deposited into the lateral moraine valley of the
Kang Nachugo glacier. The Nup glacier was not connected with the Ripimo and Kang Nachugo glacier during the Lat:
Glacial Maximum. The valley divide is covered by ground moraine material up to 5550 m. One of the former glacier surfa
levels can be seen at the orographic left side of the valley divide above the smalt {akéD(iring the late Late Glacial

the valley divide was partly overflown by ice, but during the early Late Glacial it was overflown completely (see Photo 11
Locality Rolwaling Khola. (Photo S. Meiners, 13 October 1997.)

T Photo 4.The 3.3 km long Yalung pure ice glacier lies in the Yalung basin, which has a northern exposure. The later
moraine at the left side sets in at 5175 m and represents the oldest, early neo-Glacial stage. At the same time, there wi
contact to the hanging glaciers of Yalung Ri (see Photo 5). A small meltwater lake was dammed up below the cirque —st
Locality Rolwaling Khola. (Photo S. Meiners, 14 October 1997.)
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T Photo 5.The small hanging glaciers Yalung AllY and the neighbouring glacieA facing North- East. The recent snow
line runs at 5150 m with a catchment area at 5630 m. The historical moraines of the latest Glacial MaXjnavensijarply
divided from a neoglacial laterak) moraine. Locality Rolwaling Khola. (Photo S. Meiners, 13 October 1997.)

T Photo 6.View from 4200 m into the upper Rolwaling valley, where the glaciers Ripimo and Trakarding left their termi
moraines of the historical and neo-Glacial period. The Ripimo glacier drains through a mudflow channel, which
formed after an outburst of a small moraine dammed lake in 1991Next to the mudflow the elder part of neoglacial
moraines can be seem].In the background the ridge of the Trakarding end moraine is visiBleThe main discharge

drains next to a big boulder. The stability of the slope can be destroyed, if the boulder comes out of its position or
water penetrates into the moraine body. The risk of lake outburst is permanently given. Locality Rolwaling Kf

(Photo S. Meiners, 5 October 1997).
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T Photo 7.The Tsho Rolpa lake in front of the Trakarding glacier is ca. 5 km long and 0.5 km wide. The lake is damme
by the terminal moraine at 4500 m. The steep inner slopes of the lateral moraine are undercut by the lake. In the mic
ground the terminal moraines of the Ripimo)(and the Kang Nachugo glacier) join the upper Rolwaling valley. During

a higher glacier surface level, the Ripimo-ice flew through an outlet of the left lateral moraine. Moranic material at the sp
of the Kang Nachugo ridgeN) indicates a late Glacial ice filling of the Ripimo basin. Locality Rolwaling Khola. (Photo
S. Meiners, 7 October 1997.)

T Photo 8.The lateral moraine terrace accumulated in the valley section near Na area at 4100 m on the orographic left s
(— —) can be classified into the early neo-Glacial or the late Late Glacial. The level of the terrace slopes downvalley to 39
m (see Photo 12), but an ice terminal does not exits any more. For this reason this the valley section of Na was glaci:
to a minimum altitude of 3900 m. Locality Rolwaling Khola. (Photo S. Meiners, 13 October 1997.)
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T Photo 9.Looking downvalley from the Yalung basin in the direction of North to the Ripimo SharThere is a huge
ridge @) between the former glacier tongue basin with its end moraine at 4820 m and the Yalung glacier, which
running at the right side of the basin. Considering the low catchment area of 5400 m of the Yalung Ri glacier and
small neighbouring glacier (see Photo 5), the extent of that glacier tongue basin seems to be surprisingly la
Consequently, they must have had a larger catchment area. Locality Rolwaling Khola. (Photo S. Meiners, 12 Octc
1997.)

T Photo 13.The longitudinal weals in the ground moraine)( lieing on the orographic right Rolwaling valley flank next
to the cloister of Na<¢) are marked by deposited rockfall material. These glacigenic exaration furkdyvsvére built
through prehistoric glacier polishing. Locality Rolwaling Khola. (Photo S. Meiners, 3 October 1997.)
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T Photo 14.The Late Glacial glacier level reached a minimum thickness of ca. 400-600 m above Beding (3700 m). The
medial moraines &) are deposited on the flat valley shoulders at the orographic right side. During that time the hangin
glaciers joined the main Rolwaling glacier. In this case, the medial moraines can also be understand as a reverse fil
against the main glacier or they are moraines of retreat. Locality Rolwaling Khola. (Photo S. Meiners, 14 October 1997

T Photo 15.The shape of the tributary valley outlet at the orographic right side near Beding was completely rounded durir
the Last- and Late Glacial period. The 150 m high step into the main valley is sharply incised by meltwater. The on
possible reason for its development is subglacial water under hydrostatic pressure. The step had to be climbed to asce
the Gaurisankar (7146 m) basecamp from South. Locality Rolwaling Khola. (Photo S. Meiners, 30 September 1997.)
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+ Photo 16. View from 1985 m near the settlement
Lamobager directed towards South into the orographic lef
Rolwaling flank and the valley exit. The polished and
rounded flanks indicate a glacier level of the Last Glacial
Maximum of ca. 800—-1000 m in the Bhote Kosi. During the
Last Glacial Maximum the Rolwaling glacier joined the
Bhote Kosi glacier, which seems to be an outlet glacier fron

< the Tibet plateau. Consequently the ridge projecting
laterally from the Daldung range where the monastry of
Simigaon @) was erected on at 2000 m must have beer
formed primarily by an ice overflow in the High Glacial and
secondly during Late Glacial as a medial moraine. Locality
Rolwaling Himalaya, Bhote Kosi. (Photo S. Meiners, 18
October 1997.)

T Photo 17.The photo shows an outcrop at 1020 m lieing at the edge of the second highest fluvial terrace, 15 m abo
deepline of the Bhote Kosi (Tama Kosi; orographic left). A huge piece of rock projects the material from erosion.
boulders with a maximum diameter of 50 cm were rounded and angular-rounded and cemented with fine mater
addition there are nummerous large boulders, which also rise above the flat fluvial terraces. The only reason why the
deposited here, is glacifluvial transport (as a high energy flow) or by ice itself. Locality Rolwaling Himalaya, Bhote K
(Photo S. Meiners, 22 October 1997.)
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T Photo 20.View from 5000 m towards the west flank of the Kambach&n(7902 m). The snowline sm (method Kuhle,
1988, 1990) of the Ramtang glacier (firn hollow type) can be calculated at 5700 m. The actuell end of the glacier tong
moves back to 4580 m] and the glacier becomes lower in volume. Historical terminal moraines were left at ca. 4500 nr
at the exit of the Kambachen valle®©). The neoglacial lateral moraines join the moraines of the Kangchenjunga glacier
(~ 7). Further down ¢) marks the lateral moraines of the avalanche fed hanging glaciers at the left side. Locality
Kangchenjunga massif, West range. (Photo S. Meiners, 12 November 1997.)

T Photo 21.Looking north upvalley from 4175 m towards a lateral- and end morala),(which blocks the main
Kanchenjunga valley. This ice terminal can be assigned to the hanging glaciers of the left side (see P@)tdRON(

the latest glacial maximum the glaciers reached the valley bottom and the glacier ice was pushed over the lateral more
The main river was pressed against the opposite valley flank. Generally, the glacial- geomorphic risk potential is hi
because of mudflows running down the steep valley flanks at the right hand side, which are undercut by the river and ¢
covered by loose ground moraine material. At any time the river can be blocked by mudflows. In the background left t
neoglacial terminal moraines of the Kangchenjunga and Ramtang glacier can bel3ef®eq Photo 23). Locality
Kangchenjunga massif, West range. (Photo S. Meiners, 6 November 1997.)
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T Photo 22.The 25 km long Kangchenjunga glacier ends at 4580 m. A small meltwater lake has developed at the frc
the glacier tongue. The postglacial lateral moraine ridges)(stretch out on the wide lateral moraine terrace which is
directed in towards southeast. In the background the tributary Llonak glacier valley joins the Kangchenjunga valley at
m (1), whose glaciers stop at 5000 m. Locality Kangchenjunga massif, West range. (Photo S. Meiners, 6 November

T Photo 25.View from 4500 m downvalley into the Ghunsa Khola. A lateral moraine terrace at the left hand side al
lateral moraine ridge at the right hand side mark an early Neoglacial glacierBv&hgse morainic remnants discontinue
at 3600 m before Ghunsa, but they do not leave an ice marginal indicator. The polished valley flanks prove a high ¢
glacier level of more than 1000 m (see Kuhle, 1990, fig. 4). Locality Kangchenjunga massif, West range. (Photo S. Me
12 November 1997.)
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T Photo 29.The Yamatari glacier valley joins the Ghunsa valley at 3500 m just below the settlement. On the left side of tt
photograph, two end moraines at 4050l é@nd 3900 m-{ —, left) mark the glacier extension during the historical and
latest neoglacial stage. The vertical distance to the recent glacier tongue end is 150/300 m. Close to this, a lateral mor
of the earliest Neoglacial continues to the valley exit( right) and forms a wide tongue basin. The lower end of the ridge
orographically left is polished and ground moraine material is accumulated along the #nBg¢ause of this a contact
with a main valley glacier already at latest Late Glacial can be detected here. Locality Kangchenjunga massif, West ran
(Photo S. Meiners, 1 November 1997.)

T Photo 31.This photo shows the former glacier tongue basin of the Yamatari glacier (early Neoglacial), which has it
positon at 3500 m at the valley exit near the permanent settlement of Ghunsa (34AAndrks the lateral moraine,
which can be assigned to the tongue basin. Locality Kangchenjunga massif, West range. (Photo S. Meiners, 15 Noven
1997.)
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T Photo 32.Smooth terraces, sharply undercut by the river, are formed at the orographically right side downvalle
Ghunsa between 3300-3200 m. The settlement of PElegjst as Ghunsa (left side) lie on it. The valley flanks of both
sides are polished and completely abraised. In consideration of the downvalley terminal moraine at 2700 m (see Ph
it can be assumed, that this smooth terrace belongs to a tongue basin of the Ghunsa and the Yamatari glacier, whi
allows a classification as latest Late Glacial. Locality Kangchenjunga massif, West range. (Photo S. Meiners, 15 Now
1997.)

T Photo 34.View from 4600 m into the Yalung glacier valley. In the background left the main Kangchenjunga peaks (€
m (Vv), 8505 m, 8476 m), the middle the Kapru peaks ( 7338-7350 m) and right the Ratong (667)8amJ (he Kotang
(O) are towering above the glacier. The length of the Yalung glacier is 23 km and it stops at 42pArwigdle and not
glaciated valley connects at 3900 m. It leads to the Kangla Khang pass (5560 m) at the Indian bodder@mdy(short
hanging glaciers exist in the orographic right side of the Yalung ridge. In general, they end in a well pronounced p
moraine, which is built onto the wide ablation valley bottohiHin arrows). The latest glacier stage (historical) is markec
by the steep end moraine at 4000 th ( ). Farther, two lateral moraine stages can be delimited (latest Neoglacial) ¢
and 3930 m-© «). The next stage lies at Tseram, 3870 m (middle Neoglaeial) (The highest postglacial level (earliest
Neoglacial) AAA) crosses the exit of the Kangla Khang valley and ends at 3570 m. For this a snowline depression ¢
m is likely. The valley divide (4500 m) between the Kangla Khang valley and the main valley is pokshedd
completely covered with fine morainic material at the right hand side. An ice level of more than 700 m during the Late
Last Glacial is proved by this. Kangchenjunga Southwest massif, Yalung glacier. (Photo S. Meiners, 16 November 1
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T Photo 35.The temporary alpine hut ,Nyamgyalama‘ at 3600 m was errected on a lateral morainBW&00(m above

the valley floor of the Simbua Khola (locality ‘Torontan’). This lateral moraine wall demonstrates the minimum elevatior
of the former glacier surface. If an ice margin can be extrapolated at 2400 m, a snowline depression of 900 m places i
the late Late Glacial. This locality (27°38/ 87°54 E ) is at the true right side. The top of the main ridge reaches 3947 m.
The valley flank above this is also covered by fine morainic material. Because of this the accumulation can be ranged i
a late Late Glacial. Further down there are some more indicators for a complete ice filling during late- and high glaci
stages. Locality Kanchenjunga Southwest massif, Yalung/ Simbua Khola. (Photo S. Meiners, 25 November 1997.)

T Photo 36.The valley exits of the Simbua/ Yalung Khola and the Ghunsa Khbjgdin at 1500 m into the Tamur river
(see Kuhle, 1990, fig. 5). The intermediate valley ridge was overridden by ice during the High Glacial. The rock has
polished surface<). At the orographic right valley flank of the Simbua Khola, which is covered with morainic material,
the locality of ‘Nyamgyalama’ at 3600 m (Photo 35) can be sdénl(ocality Kangchenjunga Southwest massif, Tamur
river. (Photo S. Meiners, 31 November 1997.)
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T Photo 10.A panorama of the different glacier surface levels of the former Trakarding glacier at the true right side of the Tsho Rolsaléast three levelsh(A) can
be seen from the latest, e.g., historical phase to the Late Glacial. At the end of the Tsho Rolpa Lake the terminal ntbeaRiggnod and Kang Nachugo glacier have been
deposited in the Rolwaling valley. Locality Rolwaling Khola. (Photo S. Meiners, 6 October 1997.)

1 Photo 11.An intermediate valley ridge separates the Ripimo from the Ripimo Nup glak)eA(small mudflow fan breakes through the steep end moraine of the Nup
glacier whose basic height is 4700 m. During the Neoglacial the Ripimo Nup glacier terminates between the Kang Nachugulgleeiealley divide. A lake was dammed
there after the beginning of the glaciers retreat. The longitudinal profile of the valley divillgié terraced in a typical glacigenic way and is completety covered by ground
moraine. During the late Late Glacial the valley divide was partly overflown by ice, but during the early Late Glacialignflas/o completely. Locality Rolwaling Khola.
(Photo S. Meiners, 8 October 1997.)

S. Meiners
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T Photo 12.View from 4260 m is southwards against the orographic left flank of the Rolwaling Khola. The peaks whose average height e#&%€s glaciated. In the middleground remnants of a moraine terrace
(late or middle Late Glacial) ca. 400 m above the valley floor are well developed only at this Ideality ( ). The coveragauwithmpraine stretches out beyond this level. Looking upvalley, large mudflow dnes (
cover the morainic material at the valley flanks. In the foreground, the wide alluvial fan @)Ns ¢pread out on the orographic right side at 4100 m. Downvalley a small lateral moraine terrace of the Neoglacial or
late Late Glacial can be seen{) (see Photo 8). Locality Rolwaling Khola. (Photo S. Meiners, 4 October 1997.)

— Photo 18.View from 5230 m into the upper
course of the 25 km long Kangchenjunga
glacier. The glacier type can be described as a
dendritic firn hollow glacier, which is partly fed
on breakoffs of the ice balconys and avalanches
of the steep flanks of the Kanchenjunga peaks
(¢ ~) (main 8586 m, West peak 8420 m in
clouds). The glacier surface level of the
historical to neoglacial maximum is marked by
(»). After Kuhle (1990:410) this ridge of rock
(=) was completely overflowed by glacier ice
during the maximum glaciation. Locality
Kangchenjunga massif, West range. (Photo S.
Meiners, 7 November 1997.)
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+— Photo 26.During the latest glacial
maximum the Jannu glacier reached
repeatedly the steep end moraine crest
(A) (historical and late neoglacial stage)
and destroyed it by ice. Later, the glacier
surface sunk in and the fluvial outlets
became deeply incised. A remnant of a
lateral moraine wall £ —) on the right
hand side, which formed a lateral moraine
valley, corresponds with a moraine
terrace level @) at the opposite side. The
inner edges of the lateral moraines were
undercut by meltwater flow. These stage
can be ranged into the early Neoglacial.
Several mudlfows lie thickly on the
surface of the glaciofluvial terraces.
Locality Kangchenjunga massif, West
range. (Photo S. Meiners, 12 November
1997.)

+— Photo 19.The glacier tongue end of
the 11 km long Jannu glacier stops at
4150 m (v). Its glacier surface sink 120
m into the frame of the lateral moraines.
The end moraine of historic to neoglacial
stage was cut twice by outlete (). For
this reason the former glacier surface
must have lain flat against the edge for a
longer period. If a new glacier advance
set in, a glacier dammed lake could
develope quickly. In the background
(right) the Jannu peaka(, 7902 m can
be seen. In the background (left) the
tributary Kambachen valley joins the
Kanchenjunga main course at 3900 m.
Lateral moraines of neoglacial and late
Late Glacial period prove the former
connection with the main Kangchenjunga
valley (VVV). Locality Kangchenjunga
massif, West range. (Photo S. Meiners,
12 November 1997.)
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T Photo 27 Photograph taken from the edge of the Jannu end moraine looking upvalley to the settlement ground of Kambachen l).3D06€ gihaCier level of the early Neoglacial can be established by a lateral movamewhich continues downvalley

along the main run and the tributary valley. A less continunous level lies directly above thisThe top of the central peak in the foreground was overridden by ice during High Glacial because of the polished vadleg flemkounded forn®).

Ground moraine material is widespread at the flank, which is marked by typical triangle form in the loose na#griiheé main foot path{ 1) crosses the loose material section and because of this rock fall is most dangerous for inhabitants and tourists.
Locality Kangchenjunga massif, West range. (Photo S. Meiners, 12 November 1997.)

T Photo 28.View from Kambachen village, 3900 m in the direction of Northwest into the Kambachen tributary valley. At the end of thiseld-vstiley there are small hanging glaciers whose nourishment areas rises 5500 m on average. In the middle ground
a late Neoglacial end morain®) was accumulated at 4470 m. The flanks of both sides of the valley are covered by ground moraine nhatéried fOrmer tributary glacier will not have contact to a main glacier unless the snowline lowers at least 400 m.
This was likely during the early Neoglacial. The glacial flank polishing and smoot#ngré evidence of an ice filling during Late and Last Glacial Maximum. Locality Kangchenjunga massif, West range. (PhaterS, Biliovember 1997.)
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T Photo 30.View from 4050 m into the Ghunsa valley ) on the left side of this photograph. In the background the end moraine of the Yannu dla€leisforical /latest Neoglacial) can be seen. On the right side the lateral moraine of the Yamatari glacier
(earliest Neoglacial)+ —) can be distinguished from the lower level of Neoglacial (latest stage) which continues down to the valley exita ( ) marks the historical glacier extend. In the middle part, there is the Naro(b2bpea). The lowest level

of its cirques @) is at ¢. 4500 m, which hints at a former snowline altitude 900 m lower than today. The rounded valley shoulders demonsitmaiendevel of Last Glacial Maximunm). Locality Kanchenjunga massif, West range. (Photo S. Meiners,

15 November 1997.)

1 Photo 33.View from 2800 m into the lower Ghunsa valley downwards the settlement. The U- shaped profile changes into a steep V-lalialytofgue basin at 2700 rll) is surround by a huge terminal moraine (150 ). (This ice marginal
position marks the extent of a middle late glacial Ghunsa glacier. The whole valley flank is covered by ground moraineThateti&avo higher moraine marginal traces indicate an early, late- to high glacial ice filkif)gl(ocality Kangchenjunga
massif, Southwest range. (Photo S. Meiners, 1 November 1997.)
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T Photo 23.This end moraine at 4250 rill) is described to the neoglacial stage of the Kangchenjunga and Ramtang glacier. Both glaciers joined in the neoglaciflepatiexdl and end moraines in the foreground originated from the two hanging
glaciers at the orographic left side are of the same age. (see Photo 21). A late glacial moraine terrace stretches out ewhvallthe background the Kambachen tributary valley exit is visible [ocality Kangchenjunga massif, West range. (Photo
S. Meiners, 11 November 1997.)

1 Photo 24 Several lateral moraine walls follow the Kangchenjunga glacier on it’s true right kiéi¢. (They were deposited in the extraordinary wide and flat ablation valley. The Kambached&p€éa&02 m) towers high in the background. The historical
end moraine of the Ramtang glacie) (blocks the valley exit. The ablation valley is preferred for pasturing livestook, because there is no risk of avalanduisfalhdThe high glacial glacier level overrides the range at the orographic righi@jide (
Locality Kangchenjunga massif, West range. (Photo S. Meiners, 7 November 1997.)
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Figure 2. Glaciogeomorphological sketch of the Rolwaling Khola. (1) glacier; (2) settlement; (3) Great Lateral Moraine (GLM) (historical/Neoglacial)
= stage VI-X after Kuhle, 1994; (4) lateral moraine (¥Imiddle Neoglacial; V= early Neoglacial, V= latest Late Glacial; (5) hummocky moraine;

(6) debris cone (including till); (7) till of Late Glacial/Last Glacial; (8) gorge; (9) glacial flank polishing; (10) transfluence pass; (11) eapglaaigiuvial
outwash (high energy flow); (12) tongue basin; (13) intermediate valley ridge; (14) mud flow (1991); (15) 14C sample locality; (16) kames.

flows around the base of the Ripimo terminal moraine. Aoy a lower-lying tongue basin that is also bounded by a ter-
isolated remnant of a moraine directly before the frontahinal moraine at 4790 m. The stepped longitudinal profile is
moraine of the Trakarding glacier was 14C dated (Figontinued with a flattened valley slope at 4675 m, although
ure 2). This result shows an age of 2220’9 yBP (dating there is no terminal moraine here. The tongue basins are in
performed in the Physics Institute of the University of Erlanno way related to the larger Yalung glacier which is sepa-
gen), which confirms the classification of middle Neoglaciatated from them by a high lateral moraine. The ice margins
In the north-facing Yalung basin, the three pure-ice, smalp to 4675 m are classified as Neoglacial, because snow line
hanging glaciers are preceded by Historical frontal moraindepression is calculated between 93—-206 m.
(Photo 5).

A glacier level approx. 100 m higher than Ripimo corkate Glacial
responds to a moraine level on the orographic right side of
the Trakarding glacier (Photo 10). At that time, the Ripimé glacier level in the Trakarding/ Ripimo confluence region
Nup g|acier extended up to the Kang Nachugo_ Since Hﬂﬁ.t is at least 200 m hlgher is demonstrated by the lateral
further terminal moraines can be found in the upper RdRoraine level on the Trakarding glacier (Photo 10) as well as
waling Valley, it must be assumed that the multiple-phad®y an intermediate valley ridge on the Ripimo glacier that is
terminal moraines of the main glacier represent the Histdgiovered with moraine material on its lower parts (Photo 11).
ical to Neoglacial glacier extension. Dotted circular osef3uring this phase, the glaciers flowed together. Their range
near the valley bottom above Na at 4050 m (Figure 2) af@nnot be demonstrated by terminal moraines. Indications
a small lateral moraine terrace down-valley orographic le®f @ corresponding glacier fill are present in the form of
(Photo 8) point to the existence of a common glacier tonglteral moraine ledges about 400 m above the valley floor
of at least approx. 3900 m. For this a snow line depressiéfPgraphic left of Na (Photo 12). These correspond to longi-
of 200 m can be calculated. tudinal weals in the loose moraine material on the opposite

In the light of the minimal recent glaciation in the Yalungside of the valley below the cloister, which are marked by
basin, it is surprising to see the size of the tongue basins witfiposited rock-fall material (Photo 13). Extrapolation of an
terminal moraines at 4900 m (Photo 9) and 4820 m, followeé$companying glacier terminus at 3000 m at the bridge near
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Dongang points to a snow line around 840 m lower than that At Bote Kosi's valley floor elevation of 1020 m near the

of today. If this rough estimation is approx. accurate, it casettlement Suri Dhoban at the Khare Khola tributary val-

be ranged into the Late Glacial. This means that the alluvialy outlet is an outcrop in which large boulders in a fine

fan of Na (Figure 2) is definitely more recent than the ice fillnatrix are protected from erosion by a very large block.

so it must be Latest Late Glacial to Neoglacial. The unsorted boulders are sharp-edged, round-edged, and
The Yalung glaciers did not have contact to the mairounded, and are of varying size. Material of this size can

glacier in this phase either, because a lateral moraine asfly have been transported to this location by a glacier or

Yalung Ri orographic left which covers the intermediate vahs ‘glacifluvial outwash’ by a powerful meltwater current

ley ridge and that of the Yalung glacier come to an end befoféhoto 17).

reaching the valley bottom.

Late Glacial/High Glacial Rolwaling Khola: Summary

During a larger valley glaciation, the Ripimo intermediat@|| the glaciers at Rolwaling Khola form a GLM (Great
valley ridge was completely covered by ice, because thargteral Moraine) that is no longer filled with ice. The exist-
is ground moraine on it. In the section of the main valleyyg glaciers have greatly sunk and their termini have pulled
between Na at 4100 m and Beding at 3700 m, polished apgck several hundred metres. Just as in Karakorum (Meiners,
over-steepened valley flanks and the glacigenic U-profii®97), these glaciers show a clear decrease in volume. The
demonstrate the existence of a glacier that filled the what§ M terminal moraines from Historical to Late Neoglacial
valley. Medial moraine sanders above Beding orographifiow snow-line depressions of 50-150 m. In the main Rol-
right are also proof of this, and should be interpreted @galing Valley, no further terminal moraine deposits remain
reverse filling against a body of ice of at least 400—600 @ther than those mentioned above.
that abutted here (Photo 14). However, they could also be various lateral moraine levels help to differentiate Neo-
interpreted as the result of a retreat phase when the mgiiy Late Glacial stages from the increasingly relief-filling
glacier had already decreased in volume and the smaligciation of the High Glacial. In the north-facing Yalung
flank glaciers were retreating. Basin, snow-line depressions of 130-400 m for Neoglacial
The orographic right hanging valley outlet at Beding tha{nd Late Glacial could be identified and four glacier stages
leads up to Gaurisankar Basecamp is a classical polishfiflerentiated. For a late Late Glacial Rolwaling glacier, the
stage into which the meltwater had already carved gorg&sow-line depression measured approx. 800 m. In summary,
subglacially (Photo 15). Pure ground moraines adhere to §8hould be stressed that the main Neoglacial glaciation (lat-
valley flanks near Na (Photo 13). Down-valley, debris conest stage) did not reach farther than the deepest-lying and
on the valley flanks contain a morainic core. Kuhle, Ituherefore oldest part of the terminal moraine complex. An
rizaga, Meiners (1998, p. 89) described such type of debggier Neoglacial stage can thus be differentiated from that
cones which derive directly from the redeposition of moraingtest main glacier extension.
material and stressed their natural hazard potential. The indicators shown here point to a probable valley-
The Rolwaling Valley outlet is a gorge cut several metrggling glaciation in the Rolwaling Valley that lasted beyond
deep into the outcropping rocks. The formation of suchge Late Glacial. A snow-line depression can not be calcu-
gorge is only made possible through subglacial water undgfed for the Last Glacial Maximum because the catchment
hydrostatic pressure, which proves that ice filling existed tgea of the Bhote Kosi outlet glacier have to be taken into
this point. account. Nevertheless it can be assumed that the Rolwaling

Glaciation continuing over the Rolwaling Valley (segjlacier came into contact with a Bhote Kosi glacier.
Konig, 1999) has been demonstrated through the ground

moraine covering of the Daldung La (4000 m) on the oro-

graphic left Rolwaling Valley outlet (Figure 2). Light yellow Kangchenjunga massif: Description of the area studied
ground moraine remnants on the right-hand valley outlet at

4000 m corresponds to this massive 2000 m ice fill. In aghe Kangchenjunga mountains (3#-47 N, 87°58—
dition, abraded valley flanks in Bhote Kosi upstream of thgg>02 E) drain into the Tamur River, which has its source in
Rolwaling Valley outlet at Lamobager point to an Ice Agghis massif. In contrast to Rolwaling, contact to the Tibetan
Bhote glacier. The remains of a kames terrace on the ofjghlands exists over passes that are higher than 5000 m.
graphiC rlght Bhote Kosi flank at ca. 2300 m directly acCrosgne Kangchenjunga massif (Figure 3) has three peaks over
from the Rolwaling Va”ey outlet demonstrates the EXiSten%Oo m, several over 7000 m and includes a much |arger
of a valley glacier of at least 900 m. Corresponding to thigaciation area. The extent of glaciation can be divided into
is a medial moraine spur at Simigaon on the orographic Igfree groups: (1) the two large glaciers in the main valley,
valley outlet on which the cloister of the same name Waglung (23 km long) and Kangchenjunga (25 km long);
built (PhOtO 16) This is probably aresult of the retreat Staqg) medium-sized Va”ey g|aciers Llonak, Ramtang, Jannu
of the Last Ice Age glacier. During the High Glacial, theynd Yamatari having lengths of 10-12 km; and (3) small,
Yalung basin was also completely glaciated and fed into thre-ice hanging glaciers. The many small hanging glaciers,
Rolwaling glacier. the majority with a southern exposure, end in platform ter-
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Figure 3. Glaciogeomorphological sketch of the Kangchenjunga massif. (1) peaks and ridges; (2) glacier: (3) terminal morairdsdyacial (Nauri

stage); (4) lateral moraine (# Late Glacial (Ghasa stage): (5) polished rock surface glaciated walls; (6) subglacial potholes; (7) roches m@esintonn
(8) pass; (9) settlement; (10) pasture; (11) gorge; (12) till; (13) cirque; (14) marks findings by the author, compare Kuhle, 1990, p. 421.

minal moraines in the large ablation valleys of the maisnow-line levels. For instance, the real snow line (Sr) cal-

glaciers. culated for the Kangchenjunga glacier is 6000 m, while that
for the Yalung glacier is 5300 m. Without taking the gradient
Recent and Historical/Neoglacial glaciation conditions into account, the calculation of the mathematical

) ] show line (Sm) yields 5800-5900 m. Both glacier valleys
The two largest glaciers, Kangchenjunga (Photo 18) on thee characterised by particularly wide ablation valleys.
west side and Yalung (Photo 34) on the south west side of gecayse there are lower reliefs on the orographic right
the massif, span a maximal relief energy of over 4000 Mygiung range, several short hanging glaciers terminate in

The glaciers terminate at 4580 m and 4200 m (Figure 3). steep platform moraines here in the wide lateral moraine
The angle difference, calculated on the basis of differeey.

gradient conditions of the ablation and accumulation areas
(method: Kuhle, 1988), causes fluctuations in the recent
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The medium-sized valley glaciers only occur on th¥alung) this accumulation should be placed in the earliest
Kangchenjunga west side. Their calculated snow lines (Sigoglacial.
are between 5500-5700 m. On Yamatari, however, the snow It can be assumed that a Kambachen glacier joined with a
line is calculated to be 5390 m, which Kuhle (1990) ha8hunsa glacier, since the moraines continue far into the trib-
already reported. utary valley. A terminal moraine at 4470 m (Photo 28) points
These glaciers, of the avalanche basin/ firn basin typesa snow-line depression of approx. 200 m. With a current
(Jannu= Photo 19, Ramtang Photo 20, 21 and Yamatasi glacier terminus at 4800 m and the elevation of the valley
Photo 30), pushed their great lateral and terminal morainastlet at Kambachen at 3960 m, a snow-line depression of
of the GLM (Great Lateral Moraine) type so far into theoughly at least 400 m would be necessary to facilitate this
main valleys that they almost reach the opposite valley flankentact. This would prove that such contact took place in the
(Photo 19). Today, the horizontal distance between the cearly Neoglacial.
rent glacier termini and the terminal moraines is less than This also holds for the Yamatari glacier. The current
1 km. They all have in common a large loss of volumeé/amatari glacier terminus at 4200 m is located just off a
which is illustrated by the deeply sunken glacier surfaces.Historical terminal moraine stage at 4050 m and a neoglacial
The Kangchenjunga glacier currently terminates atage at 3900 m (Photo 29). The outermost terminus is
4580 m. In the wide, orographic right lateral moraine valleyormed by a wide tongue basin at 3500 m with a terminal
at least four generations of morainic walls can be found nexioraine at the tributary valley outlet below the settlement
to each other, whereby the innermost is strongly undercut Ay Ghunsa (Photos 30 and 31). The snow-line depression of
the current glacier (Photos 22 and 24). around 350 m calculated here only allows a classification as
The Ramtang glacier terminates before the confluenearliest Neoglacial.
with the Kangchenjunga glacier and forms sub-recent to The terminal moraine ahead of the Yalung glacier on the
historical terminal moraines in the valley outlet region. Itsouth-west side of Kangchenjunga massif consists of a flat
lateral moraines, orographic left and deposited high on thase with a steep frontal moraine deposited on top of it.
valley slope, turn into the main valley and, together witfThis terminal moraine rises 220 m above the valley bottom,
the orographic right lateral moraines of the Kangchenjungéile the recent debris-covered glacier terminus at 4200 m
glacier, form a common terminal moraine of an earliehas dropped approx. 100 m and retreated, and now rests on
Neoglacial stage at 4225 m (Photos 21 and 23). During ttasdebris platform. The latest (historical) glacial maximum
stage, the Ramtang glacier flowed from orographic left inie represented by the frontal moraine with a flat base at
the Kangchenjunga glacier. This confluence also explaii®00 m. Two ice margins at 3915 m and 3930 m (Photo 34)
the increased formation of lateral moraine walls on the rigdate to the Historical glacial stage. The next highest lateral
side of the Kangchenjunga glacier. Increased ice pressumeraine edge marks a glacier stage near the locality Tseram
and overlapping must have occurred here in the conflat 3870 m. Above this is a further moraine level that leads
ence region (Photo 24). Directly in front of the Kangchernto an wall-like, deposited terminal moraine at 3570 m.
junga/Ramtang terminal moraine are terminal moraines @h the right side of the valley, this level forms a moraine
the same age from two hanging glaciers from the orographérace on which the temporary settlement Yalung lies. This
left valley flank that currently nourish the regenerated glacipart belongs to the earliest Neoglacial with a depression of
with sheared off ice-balconies. Depending on the diffeB00 m, while the ice margin at Tseram is classified as middle
ent elevations of the catchment areas snow-line depressiblepglacial with a depression of 170 m.
of around 180 m (Ramtang) and 290 m (Kangchenjunga)
are calculated for this generation of terminal morainebate Glacial

These glacier phases are ascribed to the Historical to late o ) ) )
Neoglacial Age. The further glaciation history in Ghunsa Valley is told by a

The next older generation of moraines show that the Véﬂ[nooth terrace located on the orographic left side and form—
ley basin was filled with ice up to just up-valley of Ghunsi9 the settlement terrace of Ghunsa at 3450-3300 m which

(Photos 25 and 26) and that the Yamatari glacier reached3¢gontinued on the other side of the valley at 3300-3000 m.
the point of the Ghunsa settlement (see Kuhle, 1990). TAdew houses and the Phole cloister stand here (Photo 32).

related lateral moraine level is especially clear in the valley Farther down-valley an extended tongue basin with a
basin of Kambachen. Furthermore a less continuous legel0 M high lateral moraine is preserved at 2700 m (Kyapla

lies directly above this (Photo 27). A terminal moraine carloc@lity) on avalley extension to orographicright (Photo 33).
not be detected above Ghunsa. At 3600 m. lateral morafigriculture is practised in the tongue basin and on the lateral
terrace remnants on the orographic right valley flank apaoraineterrace. Anice fillin the Ghunsa Valley up to 27 km
exposed by the river. This accumulation is not continuéV@y from the current ice margin has been demonstrated
down-valley. During this stage the glaciers had advanc&®y this stage. A snow-line depression of around 1200 m
about 5 km to this point. If the snow line is calculated frony@" be calculated for this ice margin, which places it in the
this locality, the Ghunsa glacier has a snow-line depressiBiddle Late Glacial (see Kuhle, 1990). Above this tongue
of 670 m, which places it in the late Late Glacial. In conPasin, there are three higher moraine levels on the valley

sideration of the other ice margins (Yamatari, Kambachef2hk (Photo 33). The highest seem to be is High Glacial and
the two lower are Late Glacial. This shows that the thickness

of the Late Glacial ice must still have been at least 600 m.
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A snow line running at approx. 4500 m can also be devith a tongue basin at 2700 m and further accumulated lat-
tected on the currently unglaciated cirque below the Namoal moraines supports the existence of three phases of Late
Ma peak (5250 m) on the orographic right valley flanislacial glaciation. Snow-line depressions of 900-1300 m
of the Yamatari glacier valley. A snow-line depression dfom middle to late Late Glacial were determined.

1200 m is also found here, which places it in the middle Further indicators such as glaciofluvial remains of a
Late Glacial. Contact between the Yamatari glacier andnaoraine terrace and flank polishing in the Tamur Valley
Ghunsa glacier must be assumed in at least middle, if rd#monstrate ice fill to at least 890 m (after Kuhle, 1990)
even late Late Glacial. This is demonstrated by the polishadhich is classified as High Glacial.

and completely moraine-clad flanks of the tributary valley

at the valley outlet orographic left up to 3955 m elevation

(Photos 29 and 30). Conclusion

In Yalung Valley on the south-west side of the massif, o ] )

a deposited lateral moraine wall 600 m above the valldy’€ research of the limits of the Postglacial against the
bottom at 3600 m (2B2 N/87°54 E) on the right side of Latg _GIaC|a! m_respect to the :_sys_;tem of ’Lage_benehu:ng’
the valley (Photo 35) demonstrates the minimum elevati®@sition of indicators for glaciation was carried out at 12
of the former glacier surface. This indicator lies a furthe§lacier systems of the Rolwaling and Kangchenjunga Hi-
5 km away from the earliest Neoglacial (3570 m). AbovBralaya. As a res_ult t.he Postglacial can be divided mtq a
the lateral moraine, the valley slope is further strewn withoUnger stage which is marked by a Great Lateral Moraine
moraine material. The section of the valley between 3000 (LM)- It also represents the historical glacier extent. An-
and 1500 m could not be inspected. Under the assumpti%Wer' older stage_ of the Postglamal, which can be separa_ted
that a hypothetical glacier terminus existed at 2400 m, tHfom lateral moraines or moraine terraces of the Late Glacial

would yield a snow-line depression of 900 m. can only be found in few localities. Examples for this stage
have been observed in the Yalung/ Simbua glacier valley
Late Glacial/High Glacial (Kangchenjunga SW) at 3570 m, in the Yamatari glacier

valley (Kangchenjunga W) at 3500 m and in the Rolwal-
The two main valleys described, Yalung (Simbua Khola) aridg Valley. For these moraines, snow line depressions of
Ghunsa, which originate from the upper catchment area80—-400 m can be calculated. Their horizontal distances to
of the Kangchenjunga massif, flow into the Tamur Vallethe recent termini are 5-6 km. The Late Glacial ice level
at 1500 m near the settlements of Sakathon and Hellok.dan be divided into two or three phases. Its latest stage is
the narrow Ghunsa Valley outlet, moraine terrace remnamsirked by lateral moraine terraces and end moraines ex-
are preserved orographic left. Kuhle (1990) describes simmplary in the Ghunsa Khola at 2700 m or in the Yalung
ilar remnants for the Yalung (Simbua) Khola outlet. Thesealley at 3000 m. They are 11-25 km away from the recent
demonstrate the existence of a complete ice fill in the triglaciers. This study also shows that the Rolwaling Valley,
utary valleys. A snow line calculation for these glaciatiothe Yalung/Simbua valley and the Ghunsa Valley were filled
indicators yields a depression of 1350 m. with a more than 1000 m thick ice stream, overlain by the

The intermediate valley ridge between the parallel valevel of Last Glacial Maximum (LGM). For the calculation

leys is completely polished and abraded (Photo 36). Thi§ the maximum (LGM) snow line depression, more com-
demonstrates that the range of glaciation reached into lex catchment areas of the outlet glaciers of the glaciated
Tamur Valley. The maximal ice fill of the Last Ice Agehigh Tibet Plateau, which flew through the Himalayan range
reached an elevation of at least 890 m at Thumma. Thisthe direction of South have taken into account.
indicator is described in detail by Kuhle (1990, 420) and is

classified as High Glacial.
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Abstract

On the basis of empirical findings and inductive conclusions, the least extent of glaciation during the last ice age can be
shown for two areas on the southern slopes of the Himalayas in Nepal — the Rolwaling Himal and the Kangchenjunga
Himal. For the Rolwaling Himal, the snow line during the last ice age is calculated at 4000 m asl., i.e., 1500 m below the

recent snow line. The last high-glacial snow line in the Kangchenjunga Himal is thought to be at 4350 m asl., the snow line
depression here is 1150 m.

Introduction

Within the framework of a joint expedition with Dr S. Mein-
ers, the author had the opportunity to investigate two are
on the southern slopes of the Himalayas in Nepal. Glaci
geomorphologic field-works could be carried out in th
Rolwaling Himal and the Kangchenjunga Himal betwee
September 1997 and December 1997 (Figure 1).

In the Rolwaling, the route of the expedition passe
through the valley communities of the upper Tamba Khol 1 Rolwaling Himal
the lower Bhote Kosi, the Rolwaling Khola and the Khar? Kangchenjunga Himal
Khola. The working area is near the northern border of Nepeu
to Tibet, between the main breakthrough valleys of Bhote
Kosi to the west and Dudh Kosi to the east. It covers a to-
tal vertical distance of about 6200 m; the highest peak [gate values.

Gaurisankar (7134 m asl., 236 N 86°20 E). The focus of the following illustration is on the high-glacial
The main ridge of the Kangchenjunga massif forms th@aciation of the areas. Historic to post-glacial snow lev-
Eastern border between Nepal and Sikkim and culminatgg gre only mentioned in passing (cf., Meiners, 1999, this
in the 8586 m high Kangchenjunga main peak°@? N volume).
88°09 E). In addition to the main valley of the Tamur river  Eqr the Rolwaling Himal there are not yet any glacial ge-
and Ghunsa Khola, the Simbua Khola and the Kabeli Kholnorphological descriptions. The Kangchenjunga area has
were particularly investigated, starting from the Dobhageen described by Kuhle (1990) with regard to its glacia-
settlement. tion history. Brief remarks on the glaciation of the upper
Homologous, generally morphological features of g&hunsa Khola can be found in Dyhrenfurth (1931) and Kurz
glacial landscape are brought out and related to one g0931). Concerning the temporal and regional allocation of
other. This approach makes it possible to make statemefig findings, studies from neighbouring areas of the south
about the glaciation history of a valley with a high degree @fce of the Himalayas can be consulted. In particular, the
probability (cf., Kuhle, 1991). publications by Fort (1986, Annapurna), Heuberger (1956,
By documenting the experiments photographically.gg6, Everest), Heuberger and Weingartner (1985, Everest),
they could be compared to the findings from classicghcobsen (1990, Manaslu), Kuhle (1982, 1985, 1997, An-
glacial-geomorphologic working areas, such as the AlRgpurna, Dhaulagiri, Everest, Makalu, Manaslu), Yugo Ono
(Schwarzbach, 1983) and they therefore correspond to @986, Langtang) and Osmaston (1989, Xixabangma) must
ditional glacial-geomorphologic field studies. be taken into account.
The values for the course of the prehistoric snow line, Eqr map material, the ‘Kangchenjunga’ map edited by
which were calculated using the methods of Kuhle (1986gndoni (no details) from the publishing house ‘Nepa
1988) and Louis (1954-1955), should be seen as approyiaps’ (1:175000) and sheet 4 of ‘Rolwaling Himal

Figure 1. Sketch map of the areas studied.
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(1:50000) of the Nepal map system of the Arbeitsgemeiside of the valley of the Dozam Tsangpo can be identified as

schaft fur vergleichende Hochgebirgsforschung (Schneidbeing glacial, bearing in mind the work mentioned above.

1992) were consulted. When ascertaining the extent of the high-glacial glacia-
tion of the valleys mentioned, the valley exit of the Rol-
waling Khola is of extraordinary significance in conjunction

Indications of the extent of the last high-glacial with the polishing described in the Bhote Kosi. The ice level

glaciation of the Rolwaling Himal to be determined in this area is no lower than 4000 m asl.
This gives an ice thickness of approximately 2400 m.

Upper Tamba Kosi and lower Bhote Kosi

Outline of Rolwaling Himal
Two drifts to the north of Suri Dhoban (1020 m asl.) and at

Jagat (1400 m asl.), both only a few metres above the defdh the basis of the findings indicated, the author comes
line, can clearly be interpreted as moraine material becad@ethe probable conclusion that the high-glacial glaciation
of their granulometric and petrographic characteristics. of the Bhote Kosi must have reached 1040 m asl, near the
cannot be ruled out that the materials have been shifted frégftiement of Suri Dhoban.
higher hanging areas (Photo 1, Figure 2). The calculation of the prehistoric snow line is based on
Up the valley, between Suri Dhoban and Manthale, thetee assumption of a minimum ice edge position, here at ap-
is evidence of flank polishing and triangular shaped ared@oximately 1040 m asl., and on the delineation of a relevant
These are approx. 300—400 m above the recent valley fl&@&tchment area. This is difficult to apply to the Bhote Kosi,
(1100 m asl.) and, in conjunction with the striated pebblé&s this part of the glacier can be seen as a an outlet tongue of
found in the same section of the valley, should be consider@d ibetan inland-ice (cf., Kuhle, 1997, 1998). However, the
glacial (Photo 2). recent catchment area with an average height of the ridge of
The orographic right flank of the Bhote Kosi betwee®300 m asl. is to be determined for the Rolwaling Khola. The
Lamobagar and Gongar is glacially polished to a height of é@lues mentioned give an arithmetical value for the snow
least 3800 m asl. In addition to roches-moutoneé-like forrm#)e of 3650 m ((6300 m+ 1000 m)/2) (cf., Louis, 1954~
there are also glacifluvial accumulation forms at levels abo#855). On this basis, the high-glacial snow line depression is
3000 m asl (Photo 3). The recent valley floor in this sectigglculated to be 1850 m (5500 m recent snow line — 3650 m
of the valley is between 1400 m and 1600 m asl. The settlecehistoric snow line). It would be logical to assume local
ment of Lamobagar (1980 m asl.) is on a post high-glaciglaciation on both the orthographic right and the left exit
rock-fall site, which sealed off the valley and led to the creédf the Rolwaling Khola valley. However, this assumption
ation of a small basin filled with fine material. This should bgoes not tally with the finding of horizontal polishing in both
taken into consideration when calculating the possible higlecalities (Photos 3 and 4). The upper line of the polish of a
glacial ice thickness. The orographic left flank of the Bhoteorizontally abrading glacier is at a height of 4000 m asl at
Kosi clearly proves to be polished and smoothed at the heigh€ Rolwaling valley exit, which rules out local glaciation at
of Lamobagar. The upper limit of the polishing is at a heigfihis point. It must be assumed that the Rolwaling Khola was
of between 3900 m and 4000 m asl. This polishing continuéiéed with ice to a level of 4000 m asl. near the valley exit
up to where the valley converges with the Rolwaling Kholgluring the high-glacial period.

(cf., Photo 4). The following facts need to be taken into consideration
for snow line calculation using Kuhle's (1988) method:
Rolwaling Khola — In order to calculate the real snow line, this must be on

the surface of the glacier.

Photo 4 shows the orographic right flank of the Rolwaling - The real snow line is down the valley from the Rolwal-
Khola valley exit, i.e. the extension of the aforementioneilg valley exit, as it does not exceed the value of 4000 m asl.,
orographic left flank of the Bhote Kosi valley, down theand therefore the glacier level discovered.
valley from Lamobagar. The height of the high-glacial pol- — In the section of the valley between Manthale and
ishing line was ascertained to be at least 4000 m asl heGongar the probably high-glacial glacier surface is below
The shortest vertical distance to the floor of the valley of thte arithmetical snow line, on the basis of the findings for
Rolwaling Khola works out to 1900 m, or 2500 m to thehe glacier level (Photo 2).
main valley. These findings tally with those for the northern The relativity of the length between the accumulation
slopes of the Sambur Danda chain in the region of the Dalnd ablation area can be derived from these three points, and
dung La (3976 m asl). The high-glacial ice covering here tan then be used to calculate the real snow line in accor-
evidenced by round roches-moutoneé-like polished ridgesiance with Kuhle's (1986, 1988) method. However, because

In accordance with the study presented by Meinetle high-glacial catchment area for this value is significantly
(1999), neo-glacial to sub-recent glaciation can be provésiver than the recent one, this value must first be corrected
for the Rolwaling Khola. Late-glacial glaciation levels camlownwards. This is necessary because the high-glacial snow
be differentiated on the basis of moraine terrace remains.lime is significantly further down the valley than the recent
the whole valley, there is evidence of high level flank polistsnow line. A catchment area with a height of 5700 m is
ing, morainic material, lateral moraines and terrace residu@st unlikely. On this basis, the real snow line works out
Flank polishing between Ramding and the orographic right 3850 m—-4000 m, i.e., about 200 m—-350 m above the
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Figure 2. (a) Grain size distribution and cumulative curve of the fine soil in the outcrop (1020 m asl.) 1 km north of Suri Dhoban (cf., Photo 2). A

comparison with the grain size curves published, among others, by Kuhle (1991, 1997) and Meiners (1996) supports the interpretation of the grain size

distribution of this sample with regard to its glacial origins. (b) Grain size distribution and cumulative curve of the fine soil in the outcrop (4400 m a
near Jagat.

arithmetic snow line. Therefore the snow line depression asfew hundred metres north of the Dobhan settlement (730 m
1500 m—1650 m. This sort of positive discrepancy betweasl) should be mentioned. Near the community of Thuma
the real and the arithmetic snow line is only found for plateg890 m asl) there are earth pyramidal eroded moraine rem-
glaciation, or, it is suspected, for inland ice masses (chants on the orographic right side of the valley (cf., Kuhle,
Kuhle, 1988). 1990).

As can be shown when considering the representation The morphological indicators for the prehistoric glacia-
by Meiners (1999), the transition from high-glacial to latéion of the Tamur Khola and Ghunsa Khola detailed by
to post glacial glaciation is particularly marked in the RolKuhle (1990) could largely be proved in the field. At this
waling Khola as far as the ice thickness is concerned. Thpsint, more information should be provided about these
leap becomes plausible if a Tibetan inland-ice is involvefthdings.
in the composition of the ice in the Rolwaling Khola. Itis The section of the valley between Kyapla and Ghunsa
therefore possible that parts of the Rolwaling north chaia of particular significance. Round roches-moutoneé-like
were flooded by the inland-ice and formed an ice filling ipolished rock remnants prove the glacial over-filling of the
this valley which was nearly independent of the recent @rographic right side of the valley between Kyapla (2700 m
late-glacial catchment area. asl) and Amjilassa (1500 m asl). The staggering of post high-

As a result of the melting of the ice in the late-glaciaglacial lateral moraine weal remnants makes it likely that the
age, the ice input from Tibet broke off. The result was posighest polishing edge on the slope is a form belonging to the
sibly an accelerated melting of ice in the Rolwaling Khol#ast ice age. This polish area is at a height of 3100 m—3400 m
because of the reduction of the catchment area. Each sulz#- (Photo 5). The recent valley floor is below this locality
guent advance of the glacier no longer achieved high-glacé&l 2300 m asl. A few kilometres through the valley from
proportions and was therefore dependent on the height of tgapla, moraine material at 2350 m asl supports this conclu-
catchmentarea in the Rolwaling Khola. In addition, it shoulsion. Post high-glacial accumulated glacial and glacifluvial
be taken into consideration that the Rolwaling Khola, whematerial forms a steep step across the longitudinal profile of
filled with ice during the high-glacial age, would have had the valley near Kyapla, meaning that the recent height of the
very large surface area in comparison to the glaciers possitaégley depth line at Kyapla must remain unconsidered when
on the basis of the recent catchment area and would thesiseertaining the ice thickness at the time of the LGM.
fore also have benefitted from primary accumulation, i.e. Morphologically well represented polish lines at a height
precipitation falling directly onto the surface of the glacier.of about 4600 m asl above Killa evidence the glacial over-

filling of the orographic right valley flank up to this level,

and the triangular shapes in the outcrops are clearly inter-
Indications of the extent of the high-glacial glaciation of preted as being glacigenous (Photo 6). At the height of the
the Kangchenjunga Himal confluence of the orographic left side of the valley of the
Yamatari glacier below Ghunsa, polishing and accumulation
forms prove that both valley sides of the main valley were

At the height of the Handrung settlement (800 m asl), thré'lled with ice during the high-glacial period to a height of

kilometres SW of Thuma, an orographic left side vaIIe4 00 m asl. Beneath the Nango Na (5200 m asl) in the Ya-

stream produces a drift which includes moraine materi%ﬁ?ata” glacier valley, rounded gnd polished forms_ uptoa
: : . .Jevel of 4600 m—4700 m asl testify to the fact that this valley
In the following, this area is referred to as the Last Glacial

Maximum (LGM). In addition, large blocks (up to 2 m in gi.vas ice filled to the height specified (Photo 7). Moraine ma-
ameter) down the valley from the locality specified and only

Tamur Khola and Ghunsa Khola



376 G.0. Kbnig

terial at 4000 m asl. below a pass on the orographic left siegnug and Pathibara
of the Yamatari glacier valley backs up this interpretation.

The polish lines described add up to form a picture whichtarting from Tanjang (4878 m asl), the Deorali Danda chain
leads one to believe that the ice filling in the main valleipitially forms the orographic left flank of the Simbua Khola
reached up to a height of minimal 4700 m asl in this part @d continues to become the orographic left side of the
the valley, which evidences a high-glacial ice thickness damur Khola through the Megnug (3903 m asl) as far as the

approx. 1200 m. Patibhara (3794 m asl). For a side valley in this chain which
is exposed to the north-west, Kuhle (1990, cf., Figure 9)
Simbua Khola charts a last high-glacial terminal moraine at 2800 m below

the Megnug. In a side valley with the same catchment area
The Simbua Khola begins with the southern slopes of théhich is exposed to the south-east, the remains of a lateral
Kangchenjunga and ends at the confluence with the Tanmoraine can be found at 2500 m asl on the left side of the
Khola at the settlement of Hellok (1600 m asl). The catclvalley. Between the settlements of Tambawa and Keshewa
ment area of the recent Yalung glacier reaches a heighttofthe south of the Megnug and to the south-east of the Pati-
about 7000 m asl. bhara, there are glacifluvial water shapes and medium sized

In order to ascertain the high-glacial glaciation of thiblocks (up to 1.5 m in diameter) which can be found at a

part of the working area, lateral moraine remains aboWweight of 1150 m asl — about 80 m above the recent floor of
the locality of Toronthan (3040 m asl) at 3600 m asl| argne valley.
of particular importance. About 300 m below the peak of
the Sumathalung (3947 m asl) there is a morphologicalalculation of last high-glacial snow line for
well maintained terminal moraine valley. Photo 8 shows thHéangchenjunga Himal
flattened moraine wall and the steep-sided lateral moraine
valley. Because moraine material can be found up the slopae snow line depression for the Tamur and Ghunsa Kohla
from this locality, it must be concluded that the laterafiuring the last-high-glacial period can be ascertained as fol-

moraine described does not represent the highest gladf¥s. The glacier stretched from a catchment area averaging
level. 6800 m—7000 m asl. down to a height of 800 m asl and its av-

In addition to flank striations and parts of the slopgrage total length was therefore about 85 km. On this basis,
polished to a triangular form up to 4700 m asl on the orthd&he arithmetic snow line lies between 3850 m and 3900 m on
graphic right flank between Tseram and Lapsang (Photo #)e surface of the glacier (cf., Louis, 1954-1955). It could
a rounded peak (4520 m asl.) which had been covered in 6@ shown that the surface of the glacier reaches this level
on the orographic left Simbua Khola side of the valley at tHeetween Kyapla and Killa, i.e. the snow line separates an
height of the Yalung settlement proves that the minimum i@cumulation area, 40 km long on average, from an ablation
thickness in this section of the valley was probably abo@f€a with an average length of 45 km. The result of this is
900 m during the high-glacial period. At the top of the pea® difference in angle between the accumulation and ablation
there is gravel-sized debris of different rocks, the transpatea of about 0.5. Because of the specific relief parame-

of which to this level can be attributed to ice. ters, the real snow line is actually 450 m—470 m above the
arithmetic snow line (cf., Kuhle 1986, 1988).
Kabeli Khola In the catchment area observed, the recent snow line is

at a height of 5500 m asl, the resulting snow line depres-
In the Kabeli Khola, the section of valley between the Duptsion is not 1700 m, as could be assumed on the basis of the
pass (2630 m asl) and the Keshewa settlement could d&&hmetic snow line, but is in fact only 1250 m.
investigated. In the upper Kabeli Khola to the north of Because of the orographic left lateral moraine at 3600 m
Yamphuidin (1740 m asl), evidence of side striations arabl in the Simbua Khola, as described above, a glacier level,
triangular forms make the glaciation of this part of the vallewhich has to be beneath the snow line, can be reconstructed
likely. On the orographic right flank of the Kabeli Kholaat this level. On the basis of the ice flow network proved for
below the Duphi pass, there are marked vertical glaciflthe Tamur/Ghunsa Khola, a similar assumption is made in
vial watermarks, about 2.5 m high, in the outcrops abotgrms of the height of the catchment area for Simbua Khola
50 m above the recent valley depth line (1830 m asl). TH{&000 m asl) when calculating the snow line of the edge of
rounded, almost polished looking forms on the Duphi pag$ie ice at Handrung (800 m asl). The arithmetic snow line is
together with a distribution of core grains which has beeat 3900 m. On the basis of these empirical findings, the snow
diagnosed as typical of moraines, back up the possibility tHate lies between Thoronthan and Tseram on the surface of
this area was glaciated. Rounded and facetted blocks 20@ha glacier. The snow line, once corrected using the Kuhle
up the slope from Yamphuidin (1740 m asl) support thi€l988) method, lies at about 4370 m asl. The resulting high-
assumption. A marked striation edge and roches-moutongé&cial snow line depression is 1100 m—1200 m.
like polished rock remains on the orographic left side of the
valley between Yamphuidin and Anpan makes it possible
that this section of the valley was filled with ice up to a level
of 1800 m asl, i.e., about 200—300 m above the floor of the
valley.
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T Photo 1.The faceted and largely rounded-edged blocks of an outcrop 1 km north of Suri Dhoban are embeddet
matrix of fine material (see above, Figure 2a). Some blocks have sharp-edged fractures. The resting tapIpleaches

a diameter greater than 2 m. On the basis of its petrographic and morphographic characteristics, the outcrop
interpreted as glacial. The locational relationship between the outcrop described, the outcrop near Jagat (cf., Figure .
the polish line described in photograph 1 supports this interpretation. This does not indicate a position at the edge
ice, but at least the necessary prehistoric extent of the ice up to this-podnt% meter—).

T Photo 4.Looking northwards from 2670 m asl. to the orographic right flank of the Rolwaling Khola above the settlen
of Rigu (27°54 N 86° 14 E). The lighter coloured stone parts show the recent erosion form of the slope. Stone parts t
off as small slats and keep the flank steep. Terrace edgjeand polish lines (¢ ¢ ¢) not caused by the lithography suppor
the assumption of a probable last-high-glacial minimum ice level in this section of the valley up to a height of 4000 r
The trough-shaped form of the upper valley flanks in this section of the valley in particular support this interpretatior
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+ Photo 2.View of the orographic left flank of Bhote Kosi
seen from 1800 m asl. in an easterly direction. The houses
form part of the settlements of Khare and Salle (27Rb64
86°13 E). A probable late-high-glacial polish line (s « ) is
found at between 1400-1500 m asl., approx. 300—-400 m
above the recent valley floor. The outcrop described in
Figure 2a and Photo 2 is below the marked polish line on the
right of the picture (down the valley).
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+ Photo 3.This photograph was taken from 1740 m asl.
looking NE to the orographic right flank of the Bhote Kosi
between Lamobagar to the north and point where the
Rolwaling Khola merges into the Bhote Kosi to the south
(27°53 N 86°13 E). The valley floor in this part of the
valley is between 1400-1600 m asl. The polish lire-)
reaches heights of up to 3800 m asl. Glacial anc
glaciofluvial accumulation forms are found up to 3000 m
asl. ). The mountain chain in this section of the valley
reaches a height of up to 4500 m asl.
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+ Photo 5.Looking SE onto the orographic right flank of the Tamur-Khola near the
settlement Kyapla (2700 m asl., 27°3687°52 E). Lateral moraine remains (s ¢ ¢ ¢ °),
round roches-moutoneé-like forms*) and polish lines (------ ) support the assumption
of a high glacial ice level in this section of the valley up to at least 3400 m asl.

+ Photo 9.The orographic right flank of the Simbua Khola above the community of
Yalung (3950 m asl.), photographed from 4400 m asl. in a north-westerly direction
(27°34 N 87°59 E). (— —) marks a possible late high glacial polish line at a height of
4600—-4700 m asl. above flank sections polished to a triangular shi3pé&He dotted

line (¢ ¢ ¢ * ¢) marks post-high-glacial local glaciation levels which are partly
established by clear lateral moraine remains. The structure of the mountain side on the
right edge of the picture is characterised by a vertical glacier movement. By contrast,
the forms in the left part of the picture indicate an almost horizontal movement of the
ice, which can be related to the lateral moraine remains below the Sumathalung (cf.,
Photo 8).
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+— Photo 6.The photograph shows the
orographic right valley flank of the
Tamur/Ghunsa Khola between Killa
(2950 m asl.) and Ghunsa (3460 m asl,
27°39 N 87° 56 E). (¢ ») marks what
is probably the highest late high
glacial polish line (4600 m asl) above
triangular abrasion formdg1(). This is
suggested, among other factors, by the
fall of the upper polish line down the
valley, which can be traced as far as
Kyapla (see above, Photo 5), and
which corresponds with the polish
line in the Yamatari valley (see below,
Photo 7).

+ Photo 7.The SE flank of the Nango
Na (5200 m asl) at the point where the
valley of the Yamatari Glacier merges
into the Ghunsa Khola (on the right of
the picture). The catchment area of the
Yamatari Glacier reaches an average
height of 6500 m asl. and culminates
in the Jannu (7710 m asl.). On the left
of the picture, the historical terminal
moraine of the Jannu Glacier can be
seen {J , 4020 m asl, cf. Photo 6). The
line (» « * * ¢) marks a possible late-
high-glacial polish line at a height of
4600-4700 m asl. The picture was
taken from 4000 m asl. from the
orographic left valley flank of the
Yamatari Glacier valley.

v Photo 8.The location is situated at
3600 m asl. below the peak of the
Sumathalung (3974 m asl.) in the
lower valley section of the Simbua
Khola on the orographic right side of
the valley (place name:
Nyamgyalama, 27°3IN 87°54 E).
The view faces into the valley (cf.
Photo 9). The moundJO) that can
be clearly seen in the picture is more
or less in front of and parallel to the
mountain side, but it recedes slightly
down the valley. The mound is made
up of fine material and embedded
blocks that are partly jagged and
partly with rounded edges. The small
valley between the mound and the
main flank of the valley is mainly
filled with fluvial material €& ). This
form is interpreted as a remainder of a
lateral moraine and makes an ice
thickness of 600 m probable in this
section of the valley. Up the slope
from this locality is further moraine
material. This could be interpreted as
evidence of an even greater ice
thickness.
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