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Abstract. A massive rock/ice avalanche of about sive volumes of ice. The high mobility of the avalanche is
100x 10° m® volume took place on the northern slope of likely related to fluidization effects at the base of the mov-
the Kazbek massif, North Ossetia, Russian Caucasus, oimg ice/debris mass with high pore pressures and a contin-
20 September 2002. The avalanche started as a slope failtous supply of water due to frictional melting of ice. The
ure, that almost completely entrained Kolka glacier, traveledpaper concludes with implications of the Kolka/Karmadon
down the Genaldon valley for 20 km, was stopped at the enevent for worldwide glacial hazard assessments. It is em-
trance of the Karmadon gorge, and was finally succeeded bphasized that situations with large glacierized high-mountain
a distal mudflow which continued for another 15km. The walls with potentially unstable glaciers within impact dis-
event caused the death of ca. 140 people and massive dé&nce need special attention and monitoring efforts.
struction. Several aspects of the event are extraordinary, i.e
the large ice volume involved, the extreme initial acceler-
ation, the high flow velocity, the long travel distance and 1
particularly the erosion of a valley-type glacier, a process

not known so far. The analysis of these aspects is essenp the evening of 20 September 2002, a large rocklice
tial for process understanding and worldwide glacial haz-5ya1anche took place on the northern slope of the Kazbek
ard assessments. This study is therefore concerned with the assif North Ossetia. Russian Caucasus. The avalanche
analysis of processes and the evaluation of the most likelyiarted as a slope failure in the NNE face of Dzhimarai-khokh
interpretations. The analysis is based on QuickBird satel4780ma.s.I.) below the summit and involved massive vol-
lite images, field observations, and ice-, flow- and thermo-;,mes of rock and ice (from hanging glaciers). The slide
mechanical considerations. QuickBird is currently the beStimpacted Kolka glacier which was entrained to a major ex-
available satellite sensor in terms of ground resolution (0.6t by disruption and liquidization. The rock/ice avalanche
m) and opens new perspectives for assessment of natural hagmich then formed had a volume of about 3a00f m3 and

ards. Evaluation of the potential of QuickBird images for as- {ravelled down the Genaldon valley for 20 km before being
sessment of high-mountain hazards shows the feasibility forstopped at the entrance of the Karmadon gorge. A mud-
detailed avalanche mapping and analysis of flow dynamicsioy, however, continued downvalley for another 15km and
far beyond the capabilities of conventional satellite remotesiopped 4 km before reaching the town of Gisel (Figs. 1 and
sensing. It is shown that the avalanche was characterized by) Several millions of cubic meters of sediment were de-

two different flows. The first one was comparable to a hyper-pqsited during the 2002 event along the Genaldon and Gisel-
concentrated flow and was immediately followed by a flow §on river beds. Both, the avalanche and the distal mud-
with a much lower concentration of water involving mas- o, were completely devastating, caused the death of about
140 people and destroyed important traffic routes, residen-
Correspondence taC. Huggel tial buildings and other infrastructures. The ice/debris de-
( chuggel@geo.unizh.ch) posits at Karmadon dammed several marginal lakes of up to
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flow or landslide classifications such as suggested by Pier-

; . son and Costa (1987) or Hungr et al. (2001), and actually
44E 46 E does not correspond to classical rock avalanches in various
RdSSIA aspects (e.g. higher concentration of water involved). Due to
North the unusual processes, this event can represent serious impli-

\4 /“‘Eo'ssetia 2 i cations for worldwide glacial hazard assessments. The ob-
i N 4 * N5 jective of this study is therefore to analyze the event and the
=~ involved processes and to draw conclusions as far as possi-
ble. Since the event is particularly difficult to interpret and

analyze, a wide range of opinions and speculations arose af-

ter the disaster. Here it is attempted to outline which interpre-

tations are realistic or not, based on ice-, flow- and thermo-
= ” 4 - , mechanical considerations and on satellite image analysis.

; ﬁ = P —~ The three main sections of slope failure (Sect. 4), glacier ero-
’ e 4 sion (Sect. 5) and avalanche dynamics (Sect. 6) are split into

N €%

B 5 ‘ -

arai-khokh = =
face

-l observations and assessment/interpretation in order to enable

a sound analysis.
Observation and analysis are strongly based on QuickBird
satellite images which have the currently best available spa-

Fig. 1. Overview of the avalanche and distal mudflow zone. The tial resolution of 0.6 m. The recent emergence of commercial

avalanche zone is shown by an ASTER satellite image from 6 ocSatellite sensors with very-high ground resolution, compara-

tober 2002, the distal mudflow zone (not in scale) by an ASTERPI€ t0 aerial photography, such as IKONOS, QuickBird or
image from 22 July 2001. Orbview-3 (Birk et al., 2003) opens new perspectives for ap-

plications in the area of natural hazards. These may range
from detailed mapping and assessment to disaster manage-
ment and response (cf. Kerle and Oppenheimer, 2002). Pre-

5x10Pm® of water. Potential floods from these lakes were sumably due to the recent emergence of the satellite and high
an imminent threat to the downstream areas after the disaster y 9 9

(Kb et al., 2003a; Haeberli et al., 2005). image ach|5|t_|0n costs, s_tudles on the application of _Qu_lck-
Bird data for high-mountain hazards are yet largely missing.

Large rocklice avalanches are rare but not uncommony s the intention of this paper to evaluate the potential of this

in_high-mountain regions (e.g. Evans and Clague, 1988)qa for the aforementioned objective of process analysis and
Several aspects of the Kolka event are, however, extraordlmapping and assessment of high-mountain hazards.

nary, among them the extreme acceleration of the avalanche

mass on a moderately inclined slope, the high flow ve-

locity, the long travel distance, and particularly the al- 2 Physical conditions

most complete erosion of a valley-type glacier. The Kolka

avalanche is furthermore the largest historically documentedrhe Kazbek massif where the avalanche started is a vol-
ice avalanche so far. According to the characteristics ob-canic area including Mount Kazbek volcano (5030 ma.s.l.)
served, the avalanche is difficult to assign to sediment-wateand a series of smaller monogenic volcanoes located within
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the central sector of the Greater Caucasus structure. Ththe visible and 1 band in the near-infrared spectrum) with
Kazbek-Tskhinvali cross deep fault is controlling the vol- 2.5 mresolution. QuickBird features sensor pointing capabil-
canic area. Major thrust faults run through the 2002ities which allow a revisiting time of 1-3.5 days. The swath
avalanche starting area (Haeberli et al., 2005). Volcanic forwidth is 16.5-19 km. A disadvantage of QuickBird imagery
mations are predominantly lavas and pyroclastic rocks (Tol-is the high cost of about USD 24 per krtStandard imagery
stykh et al., 2001). The present volcanic activity of Mount product; Digitalglobe, 2004).
Kazbek is not completely clear, but can be regarded as dor- Four scenes of the Ortho Ready Standard format from 25
mant. Geochemical observations and analyses suggest ti&eptember 2002, i.e. five days after the disaster, were ac-
proximity of magmatic bodies indicated by degassing of quired in order to cover the whole avalanche and mudflow
magmatic reservoirs (Polyak et al., 2000). track. The images were georeferenced and corrected for to-
The tectonically active area does also feature spots ofographic distortions showing a georeferencing error of 10—
geothermal activity. Hot springs occur in the area of the30 m. Difficult collection of ground reference and limited
Kazbek massif: the name of the nearby village Karmadonaccuracy of the cartographic/topographic basis hampered a
(“warm water”) relates to hot springs in the valley. Field ob- more accurate correction. To study the Kolka avalanche,
servations revealed several hot springs in the area close to tHeth, panchromatic and multispectral, images were used.
tongue of Maili glacier. The geothermal heat flow is, in fact,
slightly enhanced in the Kazbek massif with values of about3-2 Additional data

100 mW/n? (Polyak et al., 2000). G i and h o of lite i
The initial slide detached in the Dzhimarai-khokh NNE S8CMetric and topographic correction of satellite Images re-

wall at around 4300 m a.s.l., ca. 500 m below the summit quuires a cartographic basis and a digital elevation model

. : . : DEM). Here the only maps available were Russian topo-
Dzhimarai-khokh. The NNE face is more than 1000 m hlgh.( / ) )
Kolka glacier is located at the base of the mountain wall be_graphlc maps of 1:100000 and 1:25000 scale, 30-40 years

tween 3000 and 3300 ma.s.l. The glacier length before thé:g;l_Eng abtsir:ced 0{ a feaS|bIethEM, ster?o wga(\)ges fromd
2002 avalanche was ca. 3500 m with an area of ca. 225 km DEM K"S'?be 2I(()902a e;\vsv_?rEeRuset "_(: g_enera €a rr;-space
an estimated volume of 100-15@0° m® and a moderate (Keab, )- satellite images were also ap-

slope of 5-10. Kolka glacier is known as a surging glacier, plied for pre- and post-event analysis including the monitor-

characterized by quiescent phases and phases of accelerafgg..c.) f marginally dammed lakes at the ice dam in Karmadon

glacier flow speed (up to 2 orders of magnitude faster ice'. aab et al., 2003a). DEMs could furthermore support map-

flow) accompanied by rapid and strong glacier advances. Theng of the avalanche track and corresponding dynamical cal-

last surge dates from 1969/1970 and was described in deta ulations. Several field visits were undertaken during 2003
by Rototaev et al. (1983) though the access to the avalanche starting area was diffi-

. o . cult. Field observations of the ice dam, the avalanche transit
The glacier valley IS first dlrecteql_WSV_\/-E_N!E and then zone and the Maili and Kolka glaciers could be made and im-
turns to S-N at the point where Maili glacier joins the val- . : o _
ley. Maili glacier descends from the basin between Mountportant information gathered. In addition, regular helicopter
Kalzbek and Mount Maili to an elevation of ca. 2400 ma.s.| flights were started from 21 September 2002, and contin-
Lateral moraines of both Kolka and Maili glaciers are promi- U.Gd through 2903. and_ 2004. Ehotographs taken durmg these
nent features in this upper part of the Genaldon Va"eyfhghts allowed insight information on areas not accessible by
(Fig. 1). The main deposits of the avalanche are situateJOOt and served as an advantageous complementary source to
17 k;'n féom the Dzhimarai-khokh NNE face. The ice dam satellite images for reconstruction and analysis of processes.

which formed at Karmadon, was initially 2.5km long, 0.5

to 1km wide and approximately 100 m high. The Genaldong |nitial slope failure
gorge continues downvalley but widens after a few kilome-

ters before the confluence with Giseldon river 8 km down-4.1 Observations

stream from the ice dam.
The 2002 avalanche starting zone in the Dzhimarai-khokh

NNE wall mainly consists of volcanic and metamorphic rock

3 Methods and data used layers oriented towards NE and inclined by about 35-40
system of fissures cuts through the bedrock layers. The aver-
3.1 QuickBird satellite images age inclination of the slope is around 40=4&nd the heavily

fractured rocks are characterized by foliation that appears to
QuickBird, launched in late 2001, is the first (non-military) daylight in the slope such that an unfavorable (in terms of
spacecraft that offers sub-meter resolution imagery. Togetheslope stability) bedding approximately parallel to the slope
with IKONOS (1 m) and Orbview-3 (1 m), QuickBird repre- orientation exists.
sents a new generation of satellite sensors which open new Slope instabilities in the Dzhimarai-khokh NNE wall have
perspectives in earth surface mapping and analyses. Quickalready been observed in the summer months of 2002 prior
Bird has a black and white (panchromatic) band with 0.6 mto the main avalanche event. Mountain climbers reported
ground resolution and four multispectral bands (3 bands inwidespread and significant rock and ice failures and related
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4.2 Assessment and interpretation

Lithological and structural characteristics of the Dzhimarai-
khokh NNE wall favor deep-seated slope failures. Analy-
sis of the scar suggests that the initial failure was within
the bedrock subsequently entraining a massive volume of
ice from hanging glaciers. The steeply inclined daylighting
bedrock layers in the lower part of the affected slope have
likely exerted an important influence on the local stability
conditions. In addition to the geology, the thermal aspects of
the Dzhimarai-khokh NNE wall like permafrost occurrence
and geothermal activity must be taken into account.

In fact, thermal conditions affecting ice and water within
rock fissures have probably played a major influence.
Bedrock stability in cold mountain areas can be especially
low in warm or degrading permafrost (Davies et al., 2001;
Gruber et al., 2004). Based on data from a former weather
Fig. 3. QuickBird satellite image showing Dzhimarai-khokh NNE station near Karmadon, a mean annual air temperature
face with the slope failure and the upper Kolka glacier. Areas of ice(MAAT) of —642°C at the lower and-11+3°C at the up-
(blue) and rock (brown) failure mapped are indicated. per end of the detachment zone are estimated (Haeberli et
al., 2003). Bedrock surface temperatures in the detachment
zone may thus be estimated at abebtto —10°C, indicating
bedrock conditions of cold permafrost. The thermal condi-
tions, however, are complicated by the existence of hanging
laciers in the Dzhimarai-khokh NNE wall. Such steep ice
odies can induce significant thermal anomalies to the under-

ying bedrock since latent heat dissipation from percolating

debris flow and rockfall activity over a width of about 1 km
indicating that extended parts of rock and ice in the sourc
wall and adjacent slopes had been in unstable condition

(A. Glazovsky, pers. communication). According to the data d ref : ltwater at the fi ’ ften invol
recorded by nearby seismic stations, the slope failures begﬂasr: ;?Jiflliggr]iurpnetgvrﬁpegr;ureeatlr;esﬁée?/(t:)eec?roiﬂ :zygr;/ai:se
tween July and September 2002 are not related to seismif . .

y P Eehmd the frozen ice front (Haeberli et al., 1997). Hence,

activity. o . ) .
Y it is reasonable to assume that the Dzhimarai-khokh failure

To estimate the total mass loss from the Dzhimarai-khokhZone was in a complex condition of relatively cold/thick per-
NNE wall, the QuickBird satellite images were analyzed mafrost combined with warm or unfrozen parts and meltwa-
together with oblique photographs from 2001 and earlier.ter flow in steeply inclined and heterogeneously permeable
The reconstruction of the former situation and measurement&aterial favoring high and variable water pressures.
based on the QuickBird images are complex since the mor- As mentioned above, the Kazabek area lies in a geother-
phology and ice cover has strongly changed since Septembépally active zone. It has been argued whether geother-
2002. Volume estimates of the mass lost were done on th&al activity influenced the Dzhimarai-khokh slope instabil-

basis of geo_referenced satellite images (F|g 3) |ty (KOtlyakOV et al., 2004) The dust cloud visible on the
QuickBird satellite image (Fig. 3) was believed to contain

In the ice failure area, two zones were distinguished: ansulfur as reported by emergency personnel during a heli-
upper less inclined zone with ice sheared off to a depth of 10-copter landing two days after the disaster. In addition to
15m, and a lower zone with deep-rupture failure (30—40 m)the hot springs around the Maili glacier tongue, indications
of hanging glaciers. The total ice volume lost is estimatedof surfacing (possibly warm) water in the north-facing wall
between 8.5 and 231.0° m3. The rock failure zone is even between Dzhimarai-khokh and Maili glacier were observed
more difficult to delineate, in particular the lower limit, since in spring 2003. In the slope failure zone, no indications of
mass movements during and after the avalanche event blurregeothermal activity were recorded, neither during the 9-year
the former rock structures. Nevertheless, a main failure zonenonitoring period in the 1970ies (Kotlyakov et al., 2004) nor
with a depth of 30-40 m could be identified as well as a sec-during summer 2003. Clear and unambiguous evidence from
ondary adjacent zone with a failure depth of 5-15m. Thefield observations at the site on the potential existence of hot
total rock volume lost is estimated at 10-480°m3. The  springs and gas liberation in the slope failure zone is there-
overall failure volume is thus between 18.5 ancka®®m3,  fore missing presently.

a value considerably higher than initial estimates suggested Based on the available information, it cannot exactly be
(less than ca. 1010° m® of ice/rock; Kotlyakov et al., 2004; assessed how much rock/ice failed during precursor events
Haeberli et al., 2005). The mass might, however, have parand how much was detached during the main event of 20
tially failed already during days and weeks before the mainSeptember. The available photographic documents suggest
event of 20 September 2002 (cf. Sect. 4.2). that several millions of cubic meters of rock and ice failed
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Fig. 4. QuickBird satellite image showing the remainings of the
eroded Kolka glacier. Dashed red lines indicate impulse and main
flow direction. Blue arrows point to the ice/debris deposits resulting
from overflow of the left lateral moraine. The detachment of Kolka
glacier at the right margin is indicated by a blue line.

during the weeks before the main event of 20 September. IiFig. 5. Photograph of eroded Kolka glacier taken two days after the
particular the eastern slope area adjacent to the main detachvalanche from the helicopter. The shattered and disrupted ice, and

ment zone experienced frequent instability processes. main and secondary flow lines can be recognized.

5 Kolka glacier erosion glacier but no clear indications of accelerated glacier flow
) were reported.

5.1 Observations The erosion of Kolka glacier shows two striking features.

. ) First, the glacier ice appears to have been pushed towards the
The almost complete erosion of Kolka glacier was amongqg |ateral moraine with deposits behind the moraine due to
the most extraordinary processes of the avalanche disastefyefiow (Fig. 4). The flow was deflected at the moraine to-
There is no comparable case documented worldwide so fag, s the main valley direction at an inflowing angle of about
The'eroswe traces.on t.he remaining glacier can be well recymo (according to the impact angle) and an outflowing angle
ognized on the QuickBird satellite images (Fig. 4). gy, ©f @bout 30 to the horizontal. Secondly, on the opposite
The pre-avalanche area of Kolka glacier of ca. 2.5km 516y side a sharp line parallel to the foot of the Dzhimarai-

as reconstructed from the satellite images is in correspongyokh wall can be recognized along which the glacier was
dence with earlier measurements by Rototaev et al. (1983)4ched (Fig. 4).

or Kotlyakov et a||2}1v$,'2004)' The arear%laffectgd by €rosion " the further erosion traces of Kolka glacier observed
amounts to 2.35krmwith a zone of 1.2kmshowing erosion i the first week after the disaster (cf. Figs. 4 and 5)

of several tens of meters deep. Based on satellite imageryy, yeq a rather chaotic pattern with a general flow direction
and field observatlons,.the erosion depth is estimated as 10%Bwards the main valley as well as numerous cross-tracking
50m. Thus, the total ice mass eroded from Kolka glaciersjoys The erosive features, detachment zones and the shat-

3

may be between. 60 and 900° m". , . tered and crushed remaining ice are evidence of a massive
Field observations by mountaineers during the \_Nee_ks pr'orimpact. A comparable situation is not documented in the

to the avalanche (A. Glazovsky, pers. communication) in-,, 014 and makes this case unique.

dicated special hydraulic conditions of Kolka glacier (en-

hanced water pressure). Formation of lakes on and at thg.2 Assessment and interpretation

margin of the glacier was reported. Indications of subglacial

water bodies were not observed but their existence cannot b€he extraordinary nature and dimension of the erosion of
excluded. Repeated ice and rock fall activity caused asymetKolka glacier gave room to various interpretations and spec-
ric loading on the glacier and debris accumulation betweerulations. Here, it is attempted to outline possible failure
mountain wall and glacier in a ramp-like form. It should causes and to demonstrate by simple impact-, ice- and flow-
also be noted that the summer 2002 in the northern Caucasusechanical considerations which theories could be realistic
was characterized by high precipitation and melting rates ofand which ones rather not. Actually, it is crucial to under-
1.5 to 2 times higher than average (Kotlyakov et al., 2004).stand the processes which led to the erosion of Kolka glacier
This probably contributed to water saturated conditions at thesince it is the key to the unusually large and destructive
glacial sediment bed and sub/englacial high water pressureswvalanche, and, thus, of essential importance for worldwide
One picture showed unusual marginal crevassing on Kolkaglacial hazard assessments.
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mechanism proposed for flow initiation is thereby acoustic
fluidization of debris in relation with an acoustic field pro-
duced by shock waves (Melosh, 1987). In fact, it has often
been observed that mud/debris flows are produced following
meteorite impacts. The application of such theories to the
Kolka case might appear somewhat exaggerated at first hand.
Impact velocity may differ by about one order of magnitude
between meteorite impacts (in the order of 1 km/s) and the
slope failure at Dzhimarai-khokh (ca. 100 m/s according to
gravitational acceleration) but ice disruption processes have
also been documented with impact velocities of 100-500 m/s
(Arakawa, 1999). Given the impact energy as the kinetic
energy in the collision divided by target mass (Benz and
Asphaug, 1999), the impact energy difference between the
Fig. 6. Ice deposits at the Karmadon dam with a small temporaryKOIka avalanche and meteorite impacts may thus be around

ice-marginal lake. The deposits are mostly composed by disrupte@N€ Order of magnitude or more.
and re-compacted ice covered by a varyingly thick debris layer. Notwithstanding, it has actually been observed that flu-
Note the persons for scale (photo by C. Huggel, 8 May 2003). idization phenomena can take place in connection with im-
pacts from large landslides on earth, e.g. during the 3
November, 2002, Alaska earthquake where several rock-
The following hypotheses and related processes are evakjides were triggered which themselves triggered mud/debris
uated in order to learn to which extent they can explain thefiows, partly also on glaciers but without entraining entire
failure of Kolka glacier: glaciers (Ebehart-Phillips et al., 2003). Hypothesis (2.) could
1. Melting of the glacier by direct impact energy; help explaining the fluidization phenomena on Kolka glacier
and the very strong acceleration of related flows. The pho-
2. Melting of glacier ice and formation of avalanche by tographs of Kolka glacier shortly after the disaster show re-
impact-related shock wave effects; mains of a highly shattered and disrupted ice surface (Fig. 5),
which would fit the impact theory with associated disruption
processes. The theory of ice disruption is also supported by
Hypothesis (1.) considers direct ice melt through transmis-the type of avalanche deposits found at the Karmadon ice
sion of energy by the falling rock/ice slide. Considering a dam. The deposits are mainly characterized by recompacted
failure mass of 28 10°m3 (10x10°md ice and 1610° m®  shattered ice particles while compact ice is much less found
rock) and a drop height of 900m, a potential energy of (Fig. 6). Mentioning the effects of water under the target sur-
3.14x 10 kJ is calculated. The impact energy on Kolka face is furthermore particularly interesting since it is likely
glacier could theoretically melt up to x1.0° m3 of ice (335  that Kolka glacier was under high water pressure as outlined
kJ per kg ice at OC necessary for melting). In reality, how- above.
ever, a considerable amount of energy is dissipated during This relates to hypothesis (3.) where an instability within
fall and impact, so the actual amount of ice to be melted isand/or at the base of Kolka glacier is assumed. Such an
likely less. Furthermore, in consideration of the precursorinstability is likely linked to the hydraulic condition of the
failure events (weeks and days before the main slope failglacier. High water pressure at the glacier base can signifi-
ure), it is reasonable to assume a smaller impact mass. A&antly reduce the shear strength. In extreme conditions the
total maximum of 0.4410°m? of ice could be melted by, glacier ice may be floating. Possible subglacial or englacial
for instance, a mass o68.0° m3. Therefore, hypothesis (1.) water bodies can further reduce the strength of ice. A hy-
would only explain small volumes of removed ice. pothesis repeatedly discussed was the influence of possible
Hypothesis (2.) relates to findings from crater impact re-volcanic and/or geothermal activity on the stability of Kolka
search (typically meteorite impacts) (Dypvik et al., 2004). glacier. Based on available data on a geothermal heat flux
According to theoretical considerations, field observationsof ca. 80-100 mW/rh for the Kazbek area (Polyak et al.,
and experimental studies shock waves can be produced000), an annual melting of ca. 1 cm of ice can be derived.
by transformation of kinetic energy of the impacting mass Higher heat flux values of 500—1000 m\/rhave been re-
(strong compression and deceleration of the impacting masgorted from other volcanic areas, particularly above magma
and compression and acceleration of the target; Kieffer andchambers (e.g. Smith and Braile, 1994). Such a heat flux un-
Simonds, 1980). Impacts on icy targets involve disruptionder Kolka glacier which would result in an annual melt of
and shattering of ice (Arakawa, 1999; Benz and Asphaugaround 10 cm is still below the quantity that could affect the
1999). Such impacts are furthermore often accompanied bgtability of Kolka glacier at its base. For comparison, ice
fluidization effects where the target material begins to flow melting related to glacier ablation is in the order of meters
even if it is rock or debris. Existence of water under the sur-annually.
face of the target greatly eases fluidization (Dence, 1971). A

3. Instability within or/and at the base of Kolka glacier.
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Even though significant effects of geothermal heat flux on
Kolka glacier destabilization can now be discarded, the role
and causes of high basal water pressure should be investi
gated in more detail. Landslide and debris flow research
shows that a water table is often a necessary condition to
trigger mass collapse by increased pore water pressure unde
undrained conditions (Iverson, 1997). Water is an incom-
pressible material and ensures a minimum hydrostatic pore =
pressure gradient which can account for a significant reduc-
tion of the granular shear stress (Legros, 2002). Such high
water-pressure conditions may have prevailed with Kolka &
glacier prior to its failure. High and continuous liquid precip-
itation and strong melting during summer 2002 could hav
resulted in a significant increase of subglacial water, causing
an increase of pore pressure due to a predominantly imper!
meable sediment bed. The effect would be a reduction of
shear stress, or even fluidization or floatation at the glacier
base. On account of the moderate slope of Kolka glacier and
its surrounding topography, a spontaneous collapse and flow:
formation is still unlikely under these conditions. However,
a major force acting on the glacier from a high-energy im- &
pact could be sufficient to initiate the flow. The unstable §
conditions of Kolka glacier prior to its failure are probably
the reason why other rock or debris avalanches of compa-
rable dimensions impacting glaciers have not caused signif-'+-
icant glacier erosion. In fact, several rock avalanches on _ o )
glaciers are documented worldwide, for instance the rockFi9- 7- Near-infrared QuickBird image of the superelevation zone.
avalanche on Sherman glacier, Alaska, in 1964 (McSavene rrows indicate avalanche flow (?Ilrectlons gs y|5|ble on Fhe image.

. . . he blue arrow represents the first more liquid flow while the red
1978), the lliamna debris avalanches on Red glacier, Alaskaone . : .
: . points to deposits from the second flow. The green circles are
in the 1990|es. (Waythpmas et al., 2000), the rock avalanCh%vidence of unaffected vegetation (in red), the upper one indicating
on Black Rapids glacier caused by the 3 November 2002 erjump processes.
Alaska earthquake (Ebehart-Phillips et al., 2003) or a num-
ber of rock avalanches in British Columbia, Canada (Evans

and Clague, 1988), but none of them showed massive erosiogvalanche even though in mid-August 2002 no indications
of the glacier affected. for such a process could be observed. The 1969/1970 classi-
Kotlyakov et al. (2002) and Desinov (2004) believe that cal surge clearly differed from the 2002 avalanche (though
the high water input to the glacier in combination with the the 2002 event is often referred to as “surge” in Russia)
overload of debris by continuous rock/ice fall in late summer by extreme |Ongitudina| extension (1969/1970) versus com-
2002 was sufficient to cause failure of Kolka glacier with- plete detachment of the glacier (2002). The surge behaviour
out any major rock fall impact as a trigger. The instability shows, however, that the debris-covered Kolka glacier is able
of Kolka glacier was also suggested to be linked to its surgeo decouple from its (sediment) bed.
activity (Kotlyakov et al., 2004; Petrakov et al., 2004). The  After the discussion of the feasibility of hypotheses (1.)
last surge of Kolka glacier dated from 1969/1970 (Rototaevtg (3.) it is concluded that hypothesis (1.) can certainly not
etal., 1983). During this surge, the heavily crevassed glaciegxplain the full failure of Kolka glacier and that hypothesis
advanced with typical velocities of meters to decameters pe{3) provides an important explanation. It is likely that pro-

day over a total distance of 4.5km without loosing connec-cesses related to all three hypotheses were involved during
tion to its accumulation area (Hoinkes, 1972). Avalancheipe event.

flow velocities, in constrast, were decameters per second. A

similar but smaller avalanche event than 2002 happened in

1902 (and probably in 1835 as well; Popovnin et al., 2003).6  Avalanche dynamics

The event, documented by Poggenpohl (1905), involved a

rock/ice slide from the Dzhimarai-khokh NNE wall with a 6.1 Observations

travel distance of 12 km. Flow height was about 100 m and

average flow velocity ca. 50 m/s. Poggenpohl (1905) did notObservation in the field and on QuickBird images showed
report any destructive effects or instability of Kolka glacier two different flow patterns starting from Kolka glacier

during these events. Kotlyakov et al. (2004), however, statedFigs. 7 and 8). The first flow runs along the right glacier
that a glacier surge had started in 2002 some weeks before thmaargin parallel to the northern slope linking Dzhimarai-
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have been rather an avalanche sliding process of massive vol-
umes of ice.

The two main mass flows, separated by only a few seconds
and probably triggered by two successive avalanche impacts,
crossed each other in the area of the major superelevation at
the north-bound turn of the main valley. While the first more
liquid flow traveled along the right valley margin and pro-
duced this spectacular superelevation, the second flow fol-
lowing the left side run up the lower part of the supereleva-
tion. Corresponding deposits visible in the QuickBird images
clearly show that the right-margin flow was followed by the
left flow (Fig. 7). At the downstream end of the superele-
vation, unaffected vegetation is evidence of overjumping by
the first flow of the avalanche, thus indicating very high flow
speeds (Fig. 7).

The avalanche then continued along the Genaldon valley.
Fig. 8. Photograph showing Dzhimarai-khokh and the initial slope The flow depth was 60 to 150 m with repeated supereleva-
failure zone (red arrow). The two main flows of the avalanche start-tions of up to 200 m. The observed superelevations imply a
ing from Kolka glacier and crossing the tongue of Maili glacier are swing-like movement of the slide suggesting the movement
indicated by the dashed _blu_e arrow. The green _circle indicates g g compact mass through the fairly straight Genaldon val-
secondary flow from the I!qwd flow area to the main flow zone (cf. ley (Figs. 1 and 9). The occurrence of parallel supereleva-
text) (photo by I. Galushkin, 22 September 2002). tions on opposite valley flanks confirms the existence of at

least two flows. Similar as at the superelevation of the main

valley bend, secondary flow deposits in other superelevations
khokh and Kasbek mountain. Then it runs straight down-can be recognized on the satellite image (Fig. 9). Again, the
stream and crosses Maili glacier at an altitude of aboutfrst flow caused the superelevation while the second one ran
2800ma.s.l. A Striking feature is the Straight line where across the Supere|evation in an upward movement.
Kolka glacier was disrupted leaving a scar of 10-30 m height. The trim line along the Genaldon valley is mostly a sharp
The erosional force of this first mass flow must have beer‘ine with a small upwards sp]ash zone of about 10-30m.
less than the one of the second flow, however, since the ovelsjeld observations together with analysis of the QuickBird
flown Maili glacier remains intact (Fig. 8). In fact, the flow jmages showed skipped shrubs and small trees in this zone,
structures around Maili glaCieI’ SuggeSt a |IQUId flow with a as well as the deposition of ﬁne_grained debris to 30 cm-
sediment concentration probably not higher than ca. 30-40%ulders. Indications of a high-pressure (dust) waves are
by volume, which would correspond to a hyperconcentrateqmssing.
flow (Pierson and Costa, 1987). At the widening of the valley near Karmadon, flow depth

The second flow had quite distinct characteristics andand velocity decreased and flow spreading took place. The
started as a continuation of the NNE wall of Dzhimarai- main mass of the slide was eventually stopped at the entrance
khokh hitting Kolka glacier in a 45angle to the horizon- of the narrow Genaldon Gorge forming a huge ice/debris
tal. The flow was deflected at the left lateral moraine of dam. According to geodetic measurements, the ice/debris
Kolka glacier and then diverted to the right valley margin. dam had a volume of 13610° m®. The downstream part
There it almost met the upper straight erosion line and madef the dam was charaterized by a higher content of compact
a strong left turn (Fig. 4). Ice/debris deposits on the airsideice and a thinner debris layer whereas the upstream part of
of the lateral Kolka moraine at the point of flow deflection the dam, i.e. the avalanche “tail”, showed mainly disrupted
indicate that the impulse was large enough to overflow theand recompacted ice and a larger amount of surficial debris
moraine. The left lateral moraine was also overflown some(Fig. 6). While the main ice masses were stopped, water and
hundred meters further downstream at the lower end of Kolk&ine sediment from the first flow part, and possibly also ex-
glacier. Further downstream, the main flow then hit the leftpelled as a consequence of the extreme compression of the
lateral rockwall at an angle of 3@nd produced a superele- fast sliding main flow mass, caused the formation of a dis-
vation of ca. 150 m. The main flow was constrained within tal mudflow, traveling down the gorge, joining the Giseldon
the Kolka gorge which then makes a sharp left turn to theriver and eventually running out at a distance of about 15 km
north. The QuickBird images at this point show very well from the gorge entrance. Reports related to the temporal pas-
erosional streamline structures and thus the direction of thesage of the avalanche and the distal mudflow indicate an im-
flow (Fig. 7). Interestingly, the middle part of the left lat- mediate initiation of the mudflow during avalanche stopping
eral moraine of Maili glacier remained unaffected as evi- and deposition at the Genaldon gorge entrance. This assump-
dence from vegetation cover on the QuickBird images indi-tion is furthermore supported by the observation of deposits
cates (Fig. 7). In comparison with the first more liquid flow, indicating a high runup at the gorge entrance which were fol-
the second one showed a higher solid concentration and mapwed continuously by large flow heights (20-50 m) further
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Fig. 9. Photograph taken from the helicopter and the corresponding QuickBird near-infrared image showing the avalanche transit zone with
repeated superelevations, shortly before the ice dam at Karmadon. The arrows depict the flow direction of the two avalanche surges (flow 1
in blue is followed by flow 2 in red; note the ice deposits from flow 2).

Table 1. Values of the angle of reaehfor different travel distances of the Kolka/Karmadon avalanche and distal mudflow.

Avalanche/mudflow start — end point tan o
NNE face — Karmadon ice dam 0.15 85
Kolka glacier — Karmadon ice dam 0.11 64
NNE face — distal mudflow deposits 0.10 %9
Kolka glacier — distal mudflow deposits 0.08 4.6

NNE face — Karmadon ice dam (centre of mass) 0.12 ° 7.0

downstream, thus suggesting a direct continuation of the firsavalanche path. However, for practical reasons of hazards
more liquid flow part into the distal mudflow. Deposits in assessment and because the liquid flow part of the avalanche
the mudflow area mostly consisted of mud, sand, gravel andlirectly evolved into the distal mudflow, the angle of reach
wooden debris. Ice deposits were not observed. Based ois given both for the trajectory down to the avalanche de-
mapping of the QuickBird images, the total mudflow volume posits at Karmadon and to the mudflow deposits near Gisel
was about 4-&10° m?. (Table 1).

The mobility of landslides or avalanches is often expresseds 2 Assessment and interpretation
by their angle of reach (also termed Fatsbhung or average
slope), i.e. the angle of the line connecting the avalanche Based on the analysis of QuickBird satellite images,
starting point with the distal margin of the deposit (Heim, aerial oblique photographs, and repeated field observations,
1932). The tangent of the angle of reach has later beemvalanche formation and dynamics were reconstructed as fol-
defined as the coefficient of friction of the surface betweenlows. The two overflows of the left lateral Kolka moraine
sliding mass and ground (Shreve, 1968; Scheidegger, 1973how that Kolka glacier must have been pushed to the left
equivalent to the ratio of the vertical drop height H and theside by a major impact from the Dzhimarai-khokh NNE
horizontal travel distancé). It has, however, been argued wall. Due to this impact and related traction forces, the
that the concept of coefficient of friction is only valid for ice was disrupted at the right glacier margin. After hav-
linking the centre of mass of slide source and depositi(Hs ing been deflected to the right at the left-lateral moraine, the
1975). Yet, in statistical analyses of landslide and avalanchdlow turned to the left again and carried the main part of the
geometry, the maximum travel length vs. drop height is moreice/debris mass downstream. Another more liquid flow trav-
commonly used and more relevant for hazard assessmentdled down the right valley margin at a higher speed. The
than the centre of mass. Description of the geometry of theorigin of the water cannot be clearly determined yet but may
Kolka avalanche should take into account two different start-be from friction-related ice melt during the initial ice/rock-
ing points, i.e. the point of initial slope failure at the NNE fall and from water stored on, in and under Kolka glacier.
face of Dzhimarai-khokh and Kolka glacier. The distinc- Thermo-mechanical calculations indicate that only 70 000 to
tion is of importance for comparison with other events, for 200 000 ni of water may stem from the initial fall (based on
the derivation of the appropriate coefficient of friction, and an actual drop height of 900 m, a volume-independent drop
in view of hazard evaluation. The Falidzhung concept height of 37000 m for complete ice melt ¢giknher, 1983), an
typically takes into account only the geometry of the main energy efficiency gradient of 0.4 and a mass volume of 8 and
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20x10° m3, respectively). Therefore, it is likely that Kolka iment concentration of ca. 40% and thus a total amount of
glacier had already contained a large amount of water. Thavater of 2—410°m3. It is thereby assumed that the wa-
temporal separation of the two main flows must have been irter involved in the avalanche was largely transferred to the
the order of seconds. Figure 8 shows deposits of a smallesubsequent mudflow. The incompressibility of water facili-
secondary ice/debris mass which flowed from the liquid flowtates attaining lithostatic pressure, and thus, a few millions
zone into the main flow area after passage of the main mas&f cubic meters of water should be sufficient to fluidize a
Since the liquid flow was temporally the first one as evi- solid mass of 60-8010° m® (cf. Legros, 2002) though the
dence from the superelevation shows, this small secondariiquid concentration in relation to the main avalanche mass
flow must have originated from the tail of the liquid flow, was rather low (roughly 10%). Recent experimental work on
and the main avalanche must have been only seconds behimbre pressure generation in debris flows suggests that a net
the liquid flow. downward movement of the debris is required to maintain
Though documents from comparable events are virtuallyhigh pore pressures (lverson, 1997; Major, 2000; Iverson and
non-existing, it appears that different flows of varying lig- Denlinger, 2001). The Kolka avalanche is supposed to have
uid/solid concentration could be a common characteristic ofmaintained high pore pressures all along the avalanche track
large ice avalanches. During the 1974 surge of Didal glaciereven though deposition at the base was rarely observed, at
(Central Asia), for instance, an ice avalanche with a vol-least in the upper and middle part of the track. This may
ume of about 1.510°m3 formed at the glacier front, and be due to a continuous supply of water at the bottom of the
three different flow waves with varying solid concentration avalanche by frictional melting of ice which enabled main-
were observed (written communication by A. Yablokow to taining high pore pressures.
J. Schneider, Vienna). In order to evaluate the enormous acceleration from Kolka
Velocity estimates for the liquid, hyperconcentrated flow glacier to the first site of large superelevation, a simple fric-
at the main superelevation are based on basic hydraulic coriion model was applied.
siderations (Chow, 1959; Evans and Clague, 2001): Fo=F. - F, @

v=,/% 'Z’ ’ Q) whereF, is the effective downward forcé, the downward
force parallel to the surface slope due to gravitational accel-

where v=flow velocity, g=gravitational acceleration, eration andr the friction force.F; can be expressed as
d=superelevation, r=centreline radius of curvature,

b=channel width, yielding a maximum af=70 to 90m/s Fr=un—N, (3)

with r=1500 m 5=600 m and/=200-250 m. where is the friction coefficient equal to tam and N the
The unaffected vegetation in the downstream area of the, .- stress.

§upe_re|evation alsg confirms such high flow veIociFies (over- According to Newton's second law, the resulting accelera-
jumping effects, Fig. 7). The average flow velocity of the tion a is then

avalanche from Kolka glacier down to Karmadon was esti-

mated using a seismic record from the impacting mass on, — F (4)
Kolka glacier and the disruption of the power lines at Kar- m

madon (Haeberli et al., 2005). The resulting mean velocitywith m=avalanche mass.

of 50 to 80 m/s is enormous considering the moderate slope Assuming an avalanche volume of600° m3, the density

of the Genaldon valley from the Maili glacier tongue down of ice pice=850 kg/n¥, tan«=0.11 (cf. Table 1) and the sur-
to Karmadon (ca. 5-9. Similarly high velocities of 50 to  face slope8=1C, a is equal to 0.64 mfs Assuming further-

60 m/s were reported from rock slides but on much steepemore an acceleration time of 100 s until the point of superel-
slopes (Evans and Clague, 2001). Debris flows on steep volevation, the velocity attained is 64 m/s, and thus a velocity at
canic flanks have reached velocities of up to 40 m/s (Piersonthe lower range of the one estimated above.

1995). These considerations show that, based on the assumption
The extreme acceleration of the main glacier mass over af a constant coefficient of friction from Kolka glacier to the
distance of only about 4-5 km is also highly unusual. Expla-Karmadon ice dam, the acceleration of the ice mass from
nations for long-runout slides and avalanches include air, wazero velocity at Kolka glacier to a velocity in the range as ob-
ter and acoustic fluidization effects (Shreve, 1968; Melosh,served at the superelevation can theoretically be reproduced.
1987; Voight and Sousa, 1994; Legros, 2002). An inter- The friction model does not consider additional acceleration
stitial fluid can reduce solid friction by supporting particles due to the initiating impact force. Hence, the velocity would
and reducing the normal granular stress. If the fluid pres+result higher than calculated and may be closer to a velocity

sure gradient becomes equal to lithostatic, the whole loadf 90 m/s as reconstructed.

of the solid material is supported by the fluid, and solid fric-  The mobility of the Kolka avalanche is at the upper limit
tion basically decreases to zero (Legros, 2002). Observationfr known rock/ice avalanches. The second largest docu-
of the avalanche track suggest a significant amount of watemented rock/ice avalanche after Kolka is the Hua&scavent
being involved in the avalanche. Simulations of the distalin 1970 which showed a coefficient of friction of 0.24 with
mudflow using FLO-2D (O’Brien et al., 1993) yielded a sed- a total mass of 50—7010° m? (Plafker and Ericksen, 1978;
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0.6 ately behind a more liquid flow. The first liquid flow had
characteristics similar to a hyperconcentrated flow whereas
05| — the second flow part probably consisted of a large ice mass
£l moving on a basal water layer (ca. 10% water concentration).
S04t The conservation of very high velocities over a long distance
é with moderate inclination is one of the most spectacular fea-
fo3f . tures of the Kolka avalanche. As outlined above, fluidiza-
; Altels 1885 e~ 5 Bl tion effects at the bas_e of the moving mass with hig_h pore
go2r liamna, Alaska 1980 7 ] pressures, and a continuous supply of water due to frictional
&I melting of ice, probably have played a significant role. Still,
01 Kolka/Karmadon 2002 __» in detail the mechanics of the Kolka avalanche are not un-
B derstood. The case, however, can serve as an important illus-
0105 — "‘1'86 = “'1‘0'7 — "‘1'08 tration for advancing our knowledge on fast-moving, long-

runout ice and rock avalanches, and, thus, for improving cor-
responding hazard assessments.

Fig. 10. Bivariate plot of volume versus reach angle of major ice
avalanches. The black regression line represents the relationship:
tane=1.111-0.118 Log(V) (Huggel et al., 2004). Regression lines7
for volcanic and non-volcanic landslides from Legros (2002) are
shown in red and blue. For the Kolka/Karmadon avalanche, the two
data points refer to the angle of reach based on a travel distance f;
the ice dam (A) and to the distal mudflow deposits (B) (data from
Huggel et al. (2004) and this study). Note that published values o
« or ratios of H/L of landslides usually do not include the runout of
distal mudflows or lahars.

volume (m?3)

Implications for worldwide glacial hazard assess-
ments

fh view of the rare dimensions and the extraordinary pro-
cesses of the Kolka disaster, it was clear from the beginning
that as much as possible had to be learned from this case
where it became reality what most specialists had consid-
ered as impossible so far, i.e. the failure of virtually an en-
tire valley-type glacier. Therefore, one of the objectives of
. . - . the project was to draw conclusions of the Kolka disaster for
Korner, 1983). A considerable number of empirical relatlon-the European Alps and generally for global glacierized high-

ships have been proposed to derive the angle of reach frorHwountain regions. Based on the analysis of the event, the

the vo_Iume of diffgrent types of ice a_md rock avalanCheS’following implications split in three thematic aspects were
landslides or debris flows (e.g. Scheidegger, 1973; Evan Hentified:

and Clague, 1988; Corominas, 1996; Rickenmann, 1999;
Legros, 2002; Huggel et al., 2004). quomlnas ,(1996) has7.1 Slope instability in large glacierized high-mountain
thereby shown that the angle of reach is essentially depen-
dent on the mass volume and not on the fall height. The
reach angle of the Kolka event is at the lower end when com-
pared with corresponding relationships (best power-law/log
fits) for ice avalanches (Alean, 1985; Huggel et al., 2004) or
volcanic landslides (Legros, 2002), and considerably overes-
timated by relationships for non-volcanic landslides (Legros,
2002) (Fig. 10). The Kolka avalanche actually better fits to
corresponding relationships for debris flows or lahars (Rick-
enmann, 1999), in particular when looking at the reach an-
gle for the trajectory from Kolka glacier to the distal end of
the mudflow. In fact, a comparison with volcanic landslides
which typically evolve into lahars may be a feasible analogy
for the Kolka avalanche in terms of mobility. Nevertheless,
the processes of movement observed at Kolka/Karmadon
have rarely been described so far. Therefore, it is difficult
to assign the Kolka avalanche to established classifications of
sediment-water flows or landslides (Pierson and Costa, 1987;
Hungr et al., 2001). For example, velocities in the order of
100 m/s have been described for (fluidized) granular flows
but seldom for more liquid slurry flows.

walls

— Large and steep rock slopes in permafrost conditions
can experience slope instabilities, in particular in rela-
tion with permafrost degradation processes. Hanging
glaciers in such rockwalls are often at the stability limit
and introduce complex ground thermal conditions. Es-
pecially critical situations can arise in glacierized rock-
walls in permafrost conditions which are usually in a
delicate equilibrium and are susceptible to system dis-
turbance such as short-term (e.g. seasonally high pre-
cipitation) or long-term (e.g. atmospheric warming) cli-
matic variation or change.

— The geological structure of the high-mountain wall may
not necessarily be an immediate trigger factor of slope
instability but determines the susceptibility to failure.
Daylighting of steeply inclined layers makes a high
mountain wall particularly prone to large slope failures.

— Geothermal activity in glacierized steep permafrost

Field evidence at Kolka/Karmadon such as the relative
position, and depositional characteristics, of superelevations
suggests the movement of a large compact mass, immedi-

rockwalls can induce important thermal anomalies and
effectively destabilize the slope by melting and related
change of stress.
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Fig. 11. Deposits of at least two major mass movement processes
resembling rock avalanches intersected by fluvial sediment accu-
mulations. The deposits were found at the upstream end of the Kar-
madon ice dam (photo by C. Huggel, 8 May 2003).

7.2

Given adverse geological conditions, large glacierized
mountain walls have the potential for high-magnitude
failures. This may appear a trivial finding but implica-
tions should seriously be taken into account for hazard
assessment even though the probability of occurrence of
large events is relatively small.

Large slope failures are often preceded by smaller pre-
cursor events. A regular monitoring of potentially haz-
ardous mountain walls can therefore contribute to miti-
gate disasters. Monitoring is also important in view of
the rapid climatic change and related change of slope’ -
stability.

Glacier instability

Glaciers which can develop englacial or subglacial in-
stabilities and can be hit by large impacting mass move-
ments have the potential to fail, and thus for large disas-
ters. Glaciers at the toe of large glacierized mountain
walls are common phenomena in many mountain re-
gions around the world. This particular conclusion may

7.3

therefore imply a revision of views on glacier stability
in such situations.

The processes that may cause en/subglacially unstable
conditions and may make glaciers prone to failure are
complex and not well understood. It is, however, highly
probable that a strong increase in subglacial water pres-
sure is a critical if not the determinant factor for glacier
instability (similar to the one experienced with Kolka
glacier).

A sediment bed of the glacier could possibly be a “sine-
gua-non” condition for such instabilities in moderately
inclined glaciers. A saturated sediment bed with high
water pressure may have the characteristics of a “soft
soap”.

Heat fluxes related to geothermal activity are usually not
sufficient to produce subglacial water pressures which
enable destabilization of a valley-type glacier. An ex-
ception may be volcanic eruptions (e.g.afpj, Vat-
najokull, Iceland; Gudmundsson et al., 2004). The sit-
uation is different with steep (hanging) glaciers: addi-
tional melt at the glacier base from geothermal activity
can result in extreme hydraulic gradients in polythermal
ice causing stress changes and disturb the delicate equi-
librium possibly leading to glacier failure.

In consideration that Kolka glacier is the only docu-
mented induced failure case of a moderately inclined
valley-type glacier, it is not possible to indicate a min-
imum or maximum glacier size which allows complete
failure or erosion by impacts. Whether failure oc-
curs depends on impact energy, efficiency of energy
transfer, and geometry and stability conditions of the
glacier. Glaciers significantly larger than Kolka glacier
(i.e. larger than about 10 Kinwould probably require
an enormous impact energy in order to fail. Impacts
with such energies have very low probabilities of occur-
rence. Partial failure associated with smaller impacts,
however, could not be excluded.

Glaciers with historical surge behavior may be more
susceptible to large instabilities. However, since Kolka
glacier was not in a surge phase at the time of the disas-
ter, an unambiguous relation between surge, instability
and failure cannot be proposed.

Avalanche processes

Avalanches involving a volume of ice in the order of
10 m?3 are extremely rare. A similar event is histori-
cally not documented worldwide and derivation of such
events from geological records (deposits) is usually not
possible since deposited ice is typically not preserved
more than a few years to decades. Yet, in Karmadon
deposits of past mass movements were found at the up-
stream end of the present ice dam (Fig. 11). Fluvial de-
posits alternate with deposits resembling rock avalanche
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processes. More detailed investigations concerning ori-of avalanche dimension, analysis of flow formation and dy-
gin and age of the deposits are underway. Meanwhile hamics, and avalanche, ice dam and mudflow mapping. This
such field evidence may be an indication that similar kind of study may also be achieved using aerial photography.
events as the 2002 avalanche also happened in the pastowever, QuickBird imagery is superior to aerial photogra-
(Kotlyakov et al., 2002). Likewise, studies in other re- phy in terms of full digital data processing and multispectral
gions of the Caucasus have revealed evidence of similaband capabilities. Furthermore, it can be acquired from vir-
mass movement types in the Holocene (Bogatikov et al. tually any location on earth whereas up-to-date aerial pho-
1998; Bogatikov et al., 2003). tography may not be available, or acquisition is prevented
due to political or military restrictions, difficult logistics or

— Entrainment of massive volumes of ice may result in . A
; .. remoteness of the target location. QuickBird images can usu-
processes that enable long-runout and high-velocity,

) E%:“y become available a few days after a disaster if weather
avalanches. Since such events are very rare, the relate

._conditions allow. QuickBird can therefore also be employed
processes are not well understood although theoretic . .
; . or disaster management and response by evaluation of dam-
considerations have been made.

ages or identification of access routes to the disaster area,
— In avalanches with large volumes of ice, granular fric- which necessarily requires very-high resolution data. If, on
tion can effectively be reduced by melting of ice and the other hand, repeated acquisition of images is needed,
possibly associated fluidization effects and by reducede.qg. for continuous hazard monitoring, or for pre-/post-event
friction through sliding of ice. The travel distance of analyses, ASTER may be the more appropriate toéiket
such avalanches may be at the upper limit of statisti-al., 2003a). In most cases, QuickBird is too expensive for
cal volume vs. angle-of-reach relationships of rock/ice acquisition of more than one image sample.
avalanches and landslides, considering only the main In combination with digital terrain data, QuickBird can be
avalanche path (without any distal mudflows). Assess-used for quantitative measurements in three dimensions, e.g.
ment of hazards in terms of area potentially affected isfor detailed slope measurements such as demonstrated in the
therefore possible if a critical situation is identified. The present contribution. Numerical mass movement modeling
crucial point thereby is in-advance assessment of thas another example for which QuickBird imagery has been
probable failure volume, particularly regarding glacier applied during the studies of the Kolka/Karmadon avalanche
entrainment. A practical approach in such a case is theand mudflow (cf. Swartz et al., 2004).
definition of different scenarios.

— Ice avalanches have the potential for flow transforma-
tion, mainly by melted ice and debris entrainment. The
distal hazard zone may therefore be considerably en
larged when accounting for secondary debris flow or
mudflow processes.

9 Conclusions

It has been demonstrated that several aspects of the Kolka
avalanche were extraordinary (large ice volume, high flow
velocity, long travel distance) if not unique (entrainment of
Kolka glacier). The erosion of Kolka glacier is not yet well
8 Evaluation of QuickBird imagery understood but reasonable assumptions suggest that a high-
energy impact on the glacier in critical conditions of stabil-
QuickBird is currently the top solution among satellite sen- ity (high en/subglacial water pressure) occurred. The pro-
sors in terms of spatial resolution. Corresponding appli-cess of the Kolka avalanche motion is instructive and impor-
cations can be regarded representative for other very-highant for the understanding of the mobility of large-volume
resolution sensors such as IKONOS or Orbview-3, and, tace avalanches by strongly reduced friction and fluidization
some extent, SPOT-5 (2.5m ground resolution). So far,processes moving in different flow waves. It has been shown
more conventional satellite sensors (e.g. Landsat-5/7, SPOThat large high-mountain walls in permafrost conditions have
3/4, ASTER) have been used for assessment of glacialhe potential for large failures depending on the susceptibil-
hazards. Application examples are detection of hazardou#y determined by geological factors. If a potentially unstable
glacial lakes (Wessels et al., 2002; Huggel et al., 2002)glacier is within the range of impact, a large disaster cannot
identification of ice avalanche prone glaciers (Salzmann ebe excluded. Continuous monitoring of such potentially crit-
al., 2004), or mass movement modeling based on ASTERical situations is of crucial importance.
derived DEMs (Huggel et al., 2003;8b et al., 2003b). The Beyond the process analysis, it was an objective of this
spatial resolution of 15-30 m makes ASTER and Landsatpaper to evaluate the potential of QuickBird satellite im-
7 suitable for regional applications covering areas 0#-10 ages for assessment of glacial and high-mountain hazards.
10*km2. In view of the spatial resolution and related acqui- QuickBird is thereby representative for new satellite systems
sition costs, QuickBird images are clearly more adequate foisuch as IKONOS or Orbview-3. The use of QuickBird im-
local studies. agery has been demonstrated for estimates of avalanche di-
This study has shown that QuickBird images facilitate mension, analysis of flow formation and dynamics, and for
analyses that previously have not been possible with satetopographic measurements in combination with digital ter-
lite imagery. Demonstrated applications include estimategain data. Though not specifically described here, Quick-
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Bird satellite images can furthermore be applied for disasteiCoaz, J.: Statistik und Verbau der Lawinen in den Schweizer Alpen,
management and response. A limiting factor with QuickBird  Eidgerbssisches Departement des Innern, 20-25, 1910.
(and generally very-high resolution satellite data) is the highCorominas, J.: The angle of reach as a mobility index for small and
cost of image acquisition. Even though this data has virtually 'arge landslides, Can. Geotech. J,, 33, 260-271, 1996.
not yet been applied for assessment of high-mountain haz>75% T TR, T I RETE L TS S g
?r‘rrgsgzg f\/?/ﬁl tt? ilzggrj1):15ilrj1?;?:§;isntgiﬁzqeb§rr%? gg:)?irc]:gztiilo?:ssrn(:h ice-filled discontinuities, Permafr. P. P., 12, 137-144, 2001.
Dence, M. R.: Impact melts, J. Geophys. Res., 76, 5552-5565,
the future. 1971
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