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Abstract

Re'sume

The remote va1le.v~and high rnountain areas of western
Canada have experienced accelerated econotnic development only in recent years. Alrhough there have been occasional mass movements of destructive impact in this region in
the past, the short histon. of human settlement n~akesir
dificulr to properly evaluate the potential hazard and
appropriate countermeasures during future development of
steep mountainsides and narrow valleys. A large body of
dochmenred experience from long-inhabited mountain regions, notably the Alps of Europe, suggests that major misrakes can be avoided if this experience is used properly.
Most destrucrive mass movements are co~nplexand related to mountain torrent systems and ir~stabilitiesof steep
bedrock slopes. They can be cor~verrierrrly grouped info
( I ) debris flows from surficial deposits. ( 2 ) debris ,flows
from bedrock failures. ( 3 ) mass movements on volcanoes,
( 4 ) glacier-relared mass movements, and ( 5 ) rockfalls and
rock avalanches. Each of rhese requires a djfferent ype of
hazardappraisal and particular set of remedial or preventive
measures. The range of possible destrucri~*einlpacts and
appropriate countermeasures are illusrrated with 137 case
histories from the Alps which are presented in a coherent
geological-climatic framework transce~ldingthe tradiriorlul
political boundaries. Analysis of these case histories, combined with insighrs gained elsewhere, is used to outline the
application of active measures ( j o r e s n , control works, pro,
montective works), passive measures ( i o r ~ i n gplanning),
itoring, and acceptance of risk. The decisions regarding
which active or passive measures sholtld be applied and what
level of risk is acceptable are based on ( I ) information on
recurrence and magnitude of mass movements and ( 2 ) a
broad social-economic consensus.

Dans les valle'es P1oignPe.s et les haures re'giorls motrtug~reusesde I'Ouest ca~ludierl.1'e.rpan.siorl P(.onomiqrrene st1
poursrrir a un r-\.rIime accPIPrP que depuis ces derniires
an~le'es.MCme si, a I'occasior~,rles mouvcJmentsde masse orit
fair serrtir leurs effers de.srrucrjfs darls ces re'gions d une
e'poquefort ar~cienrrc.Iu courte histoire de la c~olonisrrrion
humaine rend drflcile toure ir~rrluatiorrprecise des risqrres
Cverrtuels et des mesures pre'venrives appropriies d prkvoir
au coltrs des prochaines phases de formation de versanrs
escarpe's et de valle'es htroires. Cependant, rout ltrr ensemble
d'expiriences note'es, acylrises rlat~sles re'gions monrcrgnelcses depuis longtemps peuple'es, comme Ies Alpes tl'Europe, permerrent de croire que de graves erre1rr.s polrrraient
i t r e iviries en mettat~td profit ces e.rpPriences.
Les nlouvements de masse Ies plus desrrucreltrs .rant de
nature comple.re et sorrt lie's arlx rksearrx de rorrenrs de
rnontagnes et a I'insrabilite' des perltes abnrptes de la roche
en place. Ces mouvements peuvent, d tolrres fins pratiqltes.
&re group6s duns I'rtr~edes core'gories suivantes: ( 1 ) co~tle'es
de dibris proverrant de de'pbrs de surface. ( 2 ) cortlPes de
dibris gine're's par des Pbo~tlements rochercx. ( 3 ) mo1rvemerrrs de masse sur Ies volcans, ( 4 ) rnouvemer~tsde masse
lie's aux glaciers. et ( 5 ) glissen~entsd'e'boulis r o c h e u et
trvalarlches de pierres. Chacl~tecare'gorie de mortve~trerrt
necessite UII mode diffe'rent d'evalltarion des risqrtes er ltrr jeu
particrtlier de mesltres correcrives ou priventives. L a gamn~e
possible des effets destrrrcreurs et Ies rneslrres privenrives
appropriees est illrrstre'e par 137 cas sunpenusdans Ies Alpes
et est prisente'e dons rtn cadre climnrique er ge'ologiqlre
cohirent qlti dipasse les frontieres politiqrres tradirionnelles. Une anolyse de ces cas oitlsi que le savoir acqlris ~ l i l l e ~ r r s
servent ci ditermirrer I'c~pplicatior~
de mesrtres octives (joresterie, travarrx de surveillance, rravoux de protectiotl), de
mesures passives (zonnge, plor~ification),cle srtrveilla~~ce
et
d'acceptation des risques. Les rle'cisior~squarlr au choir errrre
les mesures actives er passives er a la de'termitration tle
niveaux de risque acceptables sonr prises en fonctiot~( I ) de
I'irlformarion fournie sltr la fi-e'qlrence et I'imnportance de.7
mouvements de masse et ( 2 ) dlr conserrslts qlri se fair arr
niveau socio-6conomique.

SUMMARY
Accelerated development of remote valleys and high
mountain areas in recent years has indicated the need
for a better understanding of the phenomenon of mass
movement. Although there have been destructive slope
failures in this region in the past, their significance has
not been fully appreciated because of the relatively
sparse population. the short history of settlement. and.
until recently. the frontier state of development. In
contrast, in many other mountain regions. most notably the Alps of Europe. there is a large body of
documented experience with slope failures and mass
movements. In this paper, we draw upon this body of
knowledge and our own experience as field geologists
to summarize the major types of destructive mass
movements. their potential impact, and the range of
remedial and preventive measures that may be employed to reduce hazard.
Most destructive mass movements are complex
and are related to mountain torrent systems and instabilities in steep bedrock slopes. They are controlled
by unique combinations of geological, topographic,
meteorological, and seismic factors and by human
activity (e.g. mining, logging, urban and recreational
development). The major groups of mass movements
considered in this report are debris flows from surficial
deposits. debris flows from bedrock failures, mass
movements on volcanoes. glacier-related mass movements. and rockfalls and rock avalanches.
Debrisflows. A debris flow is a mixture of water
and sediment that moves as a viscous fluid, commonly
down a torrent channel. Some flows are merely the
extreme stage of fluvial bedload transport and can be
referred to as 'debris floods'; others are made up mainly of silt and clay and are better termed 'mudflows';
still others consist entirely of boulders or slabs of
bedrock and might be called 'boulder flows'. However, most destructive flows are heterogeneous mixtures
of sediment ranging in size from clay to boulders. The
most important sources of material for these flows are
unconsolidated sediments of Quaternary age (mainly
glaciofluvial deposits and colluvium) which commonly cover valleys and mountain slopes. Debris
flows result from the mobilization of these deposits by
water, generally during high-intensity downpours,
sustained regional rainstorms, and rapid snowmelt.
Several debris-mobilizing mechanisms operate during
these storms. including gullying by running water. soil
slips and debris avalanches, and reactivation of preexisting large slumps and slow-moving earthflows.
Once mobilized, the debris may travel long distances
down a torrent channel, commonly in a highly unsteady, pulsating manner. However. the debris rapidly
decelerates as i t leaves its steep confined channel and
spreads across the cone or fan at the mouth of the
torrent ba\in. Developed cones and fans are the sites 01'
most of the destruction wrought by debris tlows.

PRECIS
La mise en valeur acceleree des vallees isolees et des regions de
hautes montagnes de ces dernieres annees a mis en evidence le
besoin de mieux comprendre le phenomene des mouvements de
masse. Bien qu'il y ait deji eu des ruptures de pente destructives
dans les regions en question, leur signification n'a pas ete appreciee
a sa juste valeur en raison de facteurs comme la population peu
repandue, I'histoire relativement breve du peuplement el jusqu'i
recemment, la nature pionnitre des activites de ~niseen valeur. Au
contraire. dans beaucoup d'autres regions montagneuses,
principalement dans les Alpes en Europe, on a realise de nombreuses etudes des ruptures de pente et des mouvements de masse.
Dans le present rapport, les auteurs auront recours a ces connaissances et a leur propre experience en tant que geologues de
terrain pour resumer les principaux types de mouvements de masse
destructifs, leur impact possible et les mesures de prevention et de
reconstruction qui peuvent Otre employees pour limiter les risques.
Les mouvements de masse les plus destructifs sont complexes
et lies aux systemes torrentiels des montagnes et a I'instabilite des
pentes rocheuses abruptes. Ils sont gouvernes par des combinaisons uniques de facteurs geologiques, topographiques,
meteorologiques, sismiques et anthropiques (par exemple,
I'exploitation miniere, I'exploitation forestiere, la mise en valeur
de nature urbaine et recreative). Les principaux groupes de mouvements de masse consideres dans le rapport sont les coulees dedebris
provenant des dep6ts de surface, les coulees des debris provenant
des eboulements rocheux, les mouvements de masse sur les volcans, et les mouvements de masse lies aux glaciers, les glissements
d'eboulis rocheux et les avalanches de pierres.
Les coulees de debris. Une coulee de debris est un melange
d'eau et de sediments qui se deplace comme un fluide visqueux,
habituellement dans un canal d'ecoulement de torrent. Certains
ecoulements, auxquels on peut donner le nom de .coulees de
debris,), ne sont que le stade extreme de transport de la charge de
fond fluviale; d'autres consistent principalernent en limon et en
argile et s'appelleraient plus justement cccoulees de boue,; d'autres
encore consistent entierement en gros blocs ou en dalles de roche et
peuvent Otre appelts coulees de gros blocs*. Toutefois, la plupart
des coulees destructives sont des melanges heterogenes de sediments dont la taille varie des argiles aux gros blocs. Les sources les
plus importantes de materiau pour ces coulees son1 des sediments
non consolides du Quaternaire (principalement des depBts glaciofluviaux et des materiaux colluviaux) qui habituellement couvrent
les vallees et les versants des montagnes. Les coulees de debris
resultent de la mobilisation de ces dtpbts par I'eau, gCntralement
au cours de trks fortes averses, de gros orages rtgionaux, ou de la
fonte rapide de la neige. Plusieurs mecanismes mobilisant les
debris se manifestent au cours de ces orages et produisent du
ravinement par I'eau courante, des glissements de sol et des avalanches de debris, ainsi que la reactivation d'anciens grands glissements de materiaux et glissements de terrain lents. Une fois mobilises, les debris peuvent voyager sur de longues distances dans un
canal d'ecoulement de torrent, habituellement selon un mode
pulse. fortement inegal. Toutefois, les debris decelerent rapidement au fur et a mesure qu'ils s'eloignent du chenal raide dans
lequel ils etaient restreints et qu'ils s'etalent sur le cBne de dejection
a I'embouchure du bassin torrentiel. Presque toute la destruction

Debris flows also are generated by bedrock failures. Occasionally, a bedrock failure transforms directly into a debris flow through the incorporation of
water into the moving mass. More commonly, bedrock
failures block or constrict torrent channels; during subsequent periods of intense precipitation or overflow.
debris becomes mobilized from the toe of the failed
mass and accelerates down the torrent channel in much
the same manner as a flow derived from unconsolidated sediments. This type of debris flow is not
restricted to any particular type of bedrock failure.
although it is particularly common in areas of deepseated creep ('sagging') involving entire mountainsides.
The appraisal of debris flow hazard is based on:
( 1 ) documentation of historical debris flow events and
the resulting damage; (2) hazard indicators found on
the fan, in the gorge, and in the source area of the
torrent (e.g. large blocks, damaged vegetation): and
(3) formulas predicting recurrence and magnitude of
extreme flows. Once the hazard has been appraised,
'passive' and 'active' countermeasures may be taken to
minimize danger to people and property. Passive measures are those which mitigate hazard without modifying the debris flow system; they include land-use zoning and monitoring. In contrast, active measures modify the system so as to lessen the likelihood of destructive flows or to reduce their impact. Active measures are directed towards the control and stabilization
of debris in source areas; on the fan they have primarily
protective functions.
Mass movements on volcanoes. Although volcanic mass movements share many characteristics with
debris flows and rock avalanches, they are discussed
separately in this report because of the extreme hazard
they pose in areas of recent volcanism in western North
America. The potential magnitude of the problem is
indicated by the fact that, worldwide in this century
alone, thousands of deaths and enormous property
destruction have resulted from mass movements on
active and dormant volcanoes.
Volcanic mass movements may be broadly subdivided into two groups, one consisting of failures
triggered by eruptions and the other consisting of failures unrelated to eruptions. The most common types in
both groups are debris flows and debris avalanches
comprising pyroclastic material and blocks of crystalline volcanic rocks. Debris flows and avalanches occurring during eruptions are often hot and of very large
size. whereas those unrelated to eruptions are cold and
generally smaller.
Cold volcanic debris flows may be further subdivided according to their mode of formation. Some
result from the failure of a discrete mass of pyroclastic
material andlor lava above a well defined rupture surface. As this slab moves down the flank of the volcano,
it rapidly disintegrates into a melange of blocks and
smaller particles. Such debris flows commonly are

occasionnee par des coulCcs dc debris he produit i I'endroit de
formation des c6nes.
Les coulees de debris sont aussi gcncrees par de\ eboulements
rocheux. Parfois, un eboulement rocheux .;e transl'orme directement en coulee de debris sous I'effet de I'incorporation de I'eau
dans la masse en mouvement. Plus frequemment, les eboulemcnts
rocheux bloquent ou resserrent les chenaux des torrents; au cours
des periodes ulterieures de precipitation intense ou suite au dcversement d'un lac, les debris deviennent mobilises ii partirdu bord
de I'eboulis et accelerent en descendant le chenal du torrent de la
mime maniere qu'une coulee derivee de sediments meubles. Ce
type de coulte de debris n'est pas limite a un type particulier
d'eboulement rocheux. bien qu'il soit particulierement repandu
dans des regions ou la reptation en profondeur (<<affaisement*)
de
flancs entiers de montagne se manifebte.
Les risques lies aux coulees de debris sont evalues a partir de:
( I ) la documentation sur les anciennes coulees de debris et les
dommages consecutifs; (2) les indicateurs de danger trouves sur le
cbne, dans la gorge et dans la region de la source du torrent (par
exemple, grands blocs, vegetation endommagee); (3) les formules
prevoyant la recurrence et I'ampleur des coulees extremes. Une
fois que le danger a CtC evalue, des mesures preventives a caractere
upassifn et ~ a c t i f npeuvent &treprises pour reduire le risque pour la
population et les proprietes. Les mesures passives sont celles qui
attenuent le danger sans modifier le systeme d'ecoulement de
debris; elles comprennent le zonage et le contr6le de I'utilisation
des terres. Au contraire. les mesures actives modifient le systeme
de maniere a rtduire la probabilite des coulees destructives ou leur
effets. Les mesures actives visent le contrble et la stabilisation des
debris dans les zones de source: sur le c6ne. elles remplissent
essentiellement des fonctions protectrices.
Les mouvements de masse sur les volcans. Bien que les
mouvements de masse sur les volcans partagent de nombreuses
caracteristiques avec les coulees de debris et les avalanches de
pierres, le present rapport en discute separement a cause des dangers extremes qu'ils representent dans les regions de volcanisme
recent dans I'ouest de I'AmCrique du Nord. L'etendue potentielle
du probleme est indiquee par le fait que, a I'echelle mondiale et au
cours du dernier siecle seulement, des milliers de morts et des
pertes materielles tnormes ont ete causees par des mouvements de
masse survenus sur des volcans actifs et inactifs.
Les mouvements de masse volcaniques peuvent Otre subdivises approximativement en deux groupes. I'un consistant en
eboulements causes par des eruptions et I'autre consistant en
eboulements non lies aux eruptions. Les types les plus frequents
dans les deux groupes sont les coulees de debris et les avalanches de
debris comprenant des materiaux pyroclastiques et des blocs de
roches volcaniclues cristallines. Les coulees de debris et les avalanches se produisant au cours des eruptions sont souvent chaudes et
de tres grande taille, tandis que celles non liees aux eruptions sont
froides et generalement plus petites.
Des coulees de debris froids d'origine volcanique peuvent etre
redivisees selon leur mode de formation. Certaines proviennent de
I'eboulement d'une masse discontinue de materiaux pyroclastiques
ou de lave. ou les deux, au-dessus d'une surface de rupture bien
dtfinie. Pendant que cette masse descend les flancs du volcan. elle
se desagrege rapidement en un melange de blocs et de particules
plus petites. Ces coulees de debris sont frequemment occasionnees

triggered by earthquakes. by heavy rainfall or glacicr
melt. or by the swelling of the cone due to upward
movement of magma. A second nia.jor group of
volcanic debris flows (as well as many mudflows)
results from the erosion of tephra by running water.
Such flows are little different from those involving
glacial. colluvial. and other types of unconsolidated
sediments in non\;olcanic mountain areas.
Cold debris flows are water-bearing and define
one end of the spectrum of volcanogenic flows. At the
other end of the spectrum are relatively dry flows
consisting of incandescent pyroclastic debris mixed
with hot air and volcanic gases ('pyroclastic flows').
Where the gaseous phase dominates. such incandescent flows are termed 'nuees ardentes'. Nuees
ardentes have tremendous mobility and may sweep
across ridges and spread out over extensive areas at the
base of a volcano. Hot debris flows formed by the
mixing of volcanic ejecta with large volumes of water
are also very mobile. although they generally follow
valleys or other topographic depressions. Very large
flows. which may travel many tens of kilometres. often
result from eruptions through a crater lake or through
snow and ice.
Many mass movements caused by volcanic eruptions are so large that active countermeasures are of
little or no value. In such instancescomplete protection
is provided only by avoiding potentially hazardous
areas. In most cases. however, rigid zoning is impractical for economic or social reasons. Protection of
people and property in such instances is dependent
largely on monitoring. for if the time and place of an
eruption can be forecast. people can be evacuated from
the threatened area and some property moved to safety.
However. even if a volcanic eruption can be forecast.
the timing of mass movements resulting from that
eruption may be very difficult to predict. Mass movements may occur at the beginning of an eruption or for
some time after the eruption has ended.
Some protection against small debris flows may
be provided by diversion dams, retention basins. and
elevated artificial structures that serve as refuges.
Large water and hydroelectric reservoirs may contain
debris flows of moderate to large volume, but care
must be taken to lower reservoir levels prior to an
eruption in order to prevent displacement waves from
overtopping the dam. Finally, active countermeasures
employed in nonvolcanic areas may be used on extinct
volcanoes to protect against rain-induced debris flows.
although an appreciation of the large size of such flows
is required before protective works are constructed.
Glacier-reloted moss movements. Many mass
movements in high mountain areas are associated with
glaciers and with loose, poorly vegetated debris at their
margins. Glacier-related mass movements fall into five
major groups: ( I ) debris flows caused by bursts of
ice-dammed and ice-marginal lakes: (2) debris flows
resulting from bursts of moraine-dammed lakes;

par des tremblements de terre. de fortes pluies ou la Sonte des
glaciers et par le gonflement du cdne dii a la montee du magma. Un
deuxieme groupe important de coulees de debris volcaniques (ainsi
que beaucoup de coulees de boue) risulte de I'erosion du tephra par
les eaux courantes. 11 existe tres peu de difference entre de telles
coulees et celles de sediments glaciaires. colluviaux et d'autres
types de sediments meubles dans des regions montagneuses non
volcaniques.
Les coulees de debris froids contiennent de I'eau et representent une extremite du spectre des coulees volcanoginiques.
I'autre extremite du spectre se trouvent les coulees relativement
seches formees de debris pyroclastiques incandescents melanges a
de I'air chaud et a des gaz volcaniques (ccoulCes pyroclastiques~).
La oh la phase gazeuse domine, de telles coulees incandescentes
sont appelees m u t e s ardentes)). Les nuees ardentes sont dotees
d'une extreme mobilite et peuvent balayer les crCtes et s'ktaler sur
de vastes regions a la base des volcans. Les coulees de debris
chauds formees par le melange de projections volcaniques a de
larges volumes d'eau sont aussi tres mobiles, bien qu'elles suivent
generalement les vallees ou les autres depressions topographiques.
De trks larges coulees, qui peuvent se deplacer sur plusieurs dizaines de kilometres, sont souvent le resultat d'eruptions a travers
un lac de cratere ou de la glace et de la neige.
Beaucoup de mouvements de masse causes par des eruptions
volcaniques sont si considerables que des mesures de prevention
actives ont peu, sinon aucune valeur. Dans ces cas, une protection
:omplete est assuree seulement en evitant les regions de danger
possible. Dans la plupart des cas, toutefois, le zonage rigide
s'avere peu pratique pour des raisons economiques ou sociales. La
xotection des habitants et des proprietes dans de tels cas depend
argement du contrdle de la situation, car si le moment et I'emplacenent d'une eruption quelconque peuvent Ctre prevus. il est possible
1'Cvacuer la population de la region menacee et de deplacer cerains biens. Toutefois, mime si I'on peut prevoir une Cruption
~olcanique.le moment precis des mouvements de masse resultant
ie cette eruption peut Ctre difficile a prevoir. Les mouvements de
nasse peuvent se produire au debut ou peu apres la fin de I'erupion.
Une certaine protection contre de petites coulees de debris
~ e u tCtre assuree par des barrages de diversion. des bassins de
.Ctention et des structures artificielles elevees qui servent de re'uges. On doit prendre soin, avant une eruption, de baisser le
~iveaudes vastes reservoirs d'eau et hydro-tlectriques susceptibles
le contenir des coulees de debris d'un volume rnodere a important,
f i n d'eviter le debordement des vagues de deplacement liees au
,emplissage du barrage par lescoulees. Finalement. des mesures de
revention actives employees dans les regions non volcaniques
jeuvent itre utilisees sur les volcans eteints pour se protiger des
:oulees de debris provoqukes par les pluies, bien qu'il soit neces,sire d'evaluer I'ampleur d'une telle coulee avant d'entreprendre
les ouvrages de protection.
Les mouvements de mosse lies oux glaciers. Beaucoup de
nouvements de masse dans les hautes montagnes sont associes aux
rlaciers et aux debris a faible couverture vegetale en bordure des
;laciers. Les mouvements de masse lies aux glaciers se repartissent
:n cinq groupes principaux: ( 1 ) les coulees de debris causees par
'eclatement des lacs de barrage glaciaire et des lacs de front
rlaciaire; (2) les coulees de debris resultant de I'eclatement des
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(3) debris flows resulting from bursts 01 subglacial and
englacial water pockets; (4) failures of glacier ice (ice
avalanches); and (5) failures of bedrock and superincumbent glacier ice (ice-rock avalanches).
Active countermeasures may be employed to reduce the hazard of some of these types of mass movements. Ice-dammed lakes and in some instances subglacial and englacial water pockets can be drained by
tunnelling through rock or ice or by trenching across
the surface of the glacier. Where this is impractical,
debris retention dams or flood basins can be constructed below the ice dams, although to be effective
these must be of large size and therefore are expensive.
Alternatively, monitoring of both the lake and the ice
dam may provide adequate warning of an impending
burst. The most effective active measures against debris flows from a moraine-dammed lake are: ( I ) the
preparation of a deep and stable cut through the
moraine prior to the formation of a major lake; and (2)
the construction of revetments along the outlet channel
to prevent entrenchment and collapse of embankments
during periods of enhanced overflow.
Rockfalls and rock avalanches. Rockfalls and
rock avalanches are masses of broken rock that move
rapidly in a tumbling or streaming fashion. They develop most commonly on steep slopes underlain by fractured, but otherwise competent rock formations, mainly thick-betided sedimentary rocks and massive igneous and high grade metamorphic rocks. In contrast.
they occur rarely on slopes underlain by thin-bedded
sedimentary rocks and low grade metamorphics. Rock
avalanches result from the rapid detachment of a large.
relatively intact mass of rock along a well defined
rupture surface controlled by prominent discontinuities
such as bedding planes, fractures, and faults. In contrast, rockfalls involve the failure of much smaller rock
masses on steep bedrock slopes. Failure as either a
rockfall or rock avalanche is preceded by a period
during which the cohesive properties of the rock deteriorate due to repeated saturation with water. its
freezing and thawing, or due to recurrent seismic activity.
The management of rockfall and rock avalanche
hazard, in analogy with management of debris flow
hazard, follows three steps: hazard appraisal. application of passive measures. and application of active
measures. Hazard may be appraised by determining
the age and frequency of past rockfalls and rock avalanches from hazard indicators and historical records
and by assessing ground conditions in an area where
failure might occur. If such an appraisal shows that an
area is too dangerous for permanent habitation, it may
be necessary to severely restrict development there.
However, it may be impractical to d o this because of
the difficulty of predicting exactly when, or even if. a
failure will occur. Thus in most densely settled mountain regions where land is intensely utilized, the hazard
from rare, single, large slope failures generally is

lacs de barrage rnorainique; ( 3 ) les coulees de debris resultant de
I'eclatement des poches d'eau sous-glaciairc et intra-placiaire;
(4) I'eboulement de glace de glacier (avalanches de glace); et
(5) I'Cboulement rocheux cl de la place de glacier qui recouvre
cette roche (avalanches de roches el de glace).
Des mesures preventives actives peuvent itre employee\ pour
reduire les risques que posent certains de ces types de mouvements
de masse. Des lacs de barrage glaciaire el, dans ccrtains cas. des
poches d'eau sous-glaciaireet intraglaciaire peuvent itre draines en
creusant un tunnel dans la roche ou la glace, ou en creusant des
tranchees h travers la surface du glacier. La ou la situation se prite
ma1 a une telle pratique, on peut construire des barrages de rctention de debris ou des bassins d'inondation en contrebas des barrages de glace, bien que, pour itre efficaces, ils doivent ttre de
grande taille et donc, cobteux. On peut aussi, en surveillant le lac et
le barrage glaciaire, obtenir un avertissement de I'imminence d'un
eclatement. Les mesures actives les plus efficaces contre les
coulees de debris d'un lac de barrage morainique sont: ( 1 ) la
preparation d'une tranchee profonde et stable dans la moraine avant
la formation d'un lac important; et, ( 2 ) la construction de revktements le long de I'exutoire pour empCcher I'encaissement et
I'ecroulement des berges au cours des periodes de debordement
accru des lacs.
Les glissements d'eboulis rocheux el les avalanches de pierres. Les glissements d'eboulis rocheux et les avalanches de pierres

sont des masses de roches brisees qui se deplacent rapidement sous
forme de chute ou d'ecoulement. Ils ont lieu le plus frequemment
sur des pentes raides reposant sur des formations rocheuses fracturees mais competentes. composees principalement de roches
sedimentaires a couches epaisses et de roches ignees massives.
ainsi que de roches fortement metamorphisees. Au contraire, ils se
produisent rarement sur des pentes recouvrant des roches
sedimentaires a couches minces et des roches faiblement metamorphisees. Les avalanches de pierres sont causees par le detachement
rapide d'une masse importante et relativement intacte de roche le
long d'un plan de rupture bien defini que contrble des discontinuites proeminentes comme des plans de stratification. des
fractures et des failles. Au contraire. les glissements d'eboulis
rocheux ne touchent que de toutes petites masses rocheuses sur des
pentes rocheuses raides. Que l'eboulement se produise sous forme
de glissement d'eboulis rocheux ou d'avalanche de pierres, il est
precede par une periode pendant laquelle les proprietes cohesives
de la roche se deteriorent a cause de la saturation repette par I'eau,
son gel et son degel, ou a cause d'une activite sismique recurrente.
La diminution des risques de glissements d'eboulis rocheux et
d'avalanches de pierres de m@meque celle des risques de coulees
de debris. suit trois &apes: evaluation du risque, mise en ceuvre de
mesures passives et mise en ceuvre de mesures actives. Le risque
peut Ctre evaluk en determinant 1'Pge et la frequence des anciens
glissements d'eboulis rocheux et des avalanches de pierres a partir
des indicateurs de risque et des cas antkrieurs et en evaluant les
conditions de sol dans une region oh ces accidents peuvent se
produire. Si une telle evaluation indique qu'une region est trop
dangereuse pour un habitat permanent. il peut ktre necessaire de
restreindre strictement les activites de mise en valeur a cet endroitla. Toutefois, une telle mesure peut s'averer peu pratique en raison
de la difficulte de prevoir exactement quand. ou rnkme si. un
accident se produira. Donc. dans les regions montagneuses les plus

accepted. Nevertheless. monitoring of potentially unstable slopes can reduce this accepted risk by making
timely evacuation possible. Active measures against
small rockfalls are mainly preventive engineering
structures placed on and along steep rock faces. Large
masses of rock ( >10" m.?. once in motion. are almost
inlpossible to control and protective works tend to be
futile.
Whether or not the risk of mass movements is
perceived as acceptable or unacceptable depends to a
large extent on the social and economic context in
which they occur. In wealthy jurisdictions. a knowledge of past mass movements generally is taken into
account during development. However, where scarcity
of land. food. and health services are more pressing
problen~s, potential slope hazards are commonly
ignored: the ultimate result is considerable loss of life
and economic hardship.
Although there are not hard-and-fast rules as to
what is an acceptable or unacceptable risk, approaches
that may be taken to reduce risk generally depend on
two factors: the volume of the potential mass movement. and the probability of its occurrence. In this
context. preventive structures and protective forests
are most appropriate for mass movements of small size
( < l o 3 m3) and high probability ( < I to 10 years average recurrence). More expensive protective and control structures are required for larger (10~-10' m')
mass movements of moderate to high probability.
These can be justified economically only if the value of
the property to be protected exceeds the cost of the
structures, or if human lives might be in jeopardy.
Land-use restrictions generally are necessary to provide protection against large (>lo6 m') mass movements that are likely to occur once every few hundred
years or less; for rarer events, the risk generally is
accepted. although it can be reduced through monitoring.
The Appendix to this report consists of 137 case
histories of mass movements from the European Alps,
an area with a long history of settlement and a high
degree of development. These case histories show how
the hazard of destructive mass movements can be Inanaged in mountainous areas. Over the last 2000 years,
people in this region have adjusted to recurrent debris
flows. rock avalanches, deep-seated creep, and other
slope problems through a variety of tactics, including
acceptance of risk, avoidance of hazardous areas.
monitoring of troublesome slopes. improved forest
management. and remedial engineering. This experience obviously is a valuable guide to problems that will
be encountered in western Canada as ~nountainvalleys
are developed. Except for young volcanic areas. dealt
with in the general section. the niountain ranges of
Austria. Switzerland, northern Italy, and eastern
France display a spectrum of geological conditions
broadly similar to those of the Canadian Cordillera.
The literature in German. French, and Italian

densement peuplees ou la terre est lntensement amenagee, le risque
d'eboulement rare de grandes pentes isolees est generalenlent
accepte. Nianmoins, la surveillance des pentes potentiellenlent
instables peut reduire ce risque reconnu en rendant possible une
evacuation opportune. Les mesures actives contre de petits glissements d'eboulis rocheux consistent principalement en des structures preventives placees sur les faqades rocheuses abruptes ou le
long de ces dernikres. Une fois mises en mouvement, de grandes
masses de roches (> lo6 m3), s'averent presque impossibles
arrCter ou a devier et les ouvrages de protection eriges se rivelent
inutiles.
Que le risque des mouvements de masse soit perqu ou non
comme acceptable depend en grande partie du contexte socioeconomique dans lequel il se produit. Dans les circonscriptions
riches, on tient generalement compte au cours de la phase de mise
en valeur des anciens mouvements de masse. Toutefois, lorsque la
rarete du terrain, de la nourriture et des services de sante se revelent
les problkmes les plus pressants, les risques de rupture de pente
possibles sont habituellement ignores; le resultat ultime a entraine
des pertes considerables de vies et d'enormes tribulations Cconomiques.
Bien qu'il n'y ait pas de regle absolue permettant de
determiner ce qui est un risque acceptable, les manieres de reduire
les risques dependent gtneralement de deux facteurs: le volume du
mouvement de masse Cventuel et la probabilite qu'il se produise.
Dans ce contexte, les constructions a caractere preventif et les
forits protectrices sont trks appropriees pour les mouvements de
masse de petite taille (<lo3 m') et a forte probabilite (reapparition
moyenne du phenomkne < I a I 0 ans). Des ouvrages de protection
st de contr8le plus coDteux sont necessaires pour les mouvements
3e masse plus importants (10' a lo6 m3) dont la probabilitk de se
manifester est de moderee a tlevee. Ces ouvrages sont economiquement justifiables seulement si la valeur de la propriete
protegee depasse le coQt des constructions proposees ou si des vies
humaines peuvent Ctre mises en peril. Des restrictions dans
I'amknagement des terres sont habituellement necessaires pour la
protection contre les vastes mouvements de masse ( > l o 6 m') qui
Deuvent se produire probablement une fois tous les quelques siecles
3u moins; pour des evenements plus rares, le risque est generalenent accepte bien qu'une surveillance suivie permette de la rehire.
L'annexe du present rapport contient 137 cas ponctuels de
mouvements de masse dans les Alpes en Europe, region ayant une
ongue histoire de peuplement et un haut niveau de mise en valeur.
l e s cas ponctuels montrent a quel point les risques de mouvements
le masse destructifs peuvent Ctre diminues dans les regions monagneuses. Au cours des derniers 2 000 ans, les populations dans
:ette region se sont adapttes aux frequentes coulees de debris. aux
ivalanches de roches, a la reptation en profondeur et a d'autres
~roblemesde pente grlce a une variete de Inesures. notamnient
'acceptation du danger, I'evitenient des regions dangereuses, la
;urveillance des pentes sujettes a ces problemes, I'amtlioration de
a gestion forestiere et les travaux de reconstruction. Cette expe,ience sert de guide valable a la solution des problemes que I'on
)cut rencontrerdans I'Ouest du Canada lors de la mise en valeurdes
iallees montagneuses. A I'exception des regions volcaniques
i'lge recent, traitkes dans la section generale, les chaines de
nontagnes d' Autriche, de Suisse, du nord de I'ltalie et de I'est de la

which covers destructive mass movements in the Alps
is extensive, but generally is difficult to retrieve.
The Appendix summarizes much of this information
in a geological, climatic, seismic, and historical
framework that transcends national borders. Every
locality described has been visited, and almost all
descriptions are accompanied by relevant sketch maps
andlor photographs.
For the purpose of slope stability. the Alps can be
divided into the South Alpine and Austroalpine zones
(metamorphic Paleozoic basement rocks and a cover of
massive Mesozoic carbonate successions), the Pennine
Zone (low- to high-grade basement and cover rocks).
the Helvetic Zone (gneissic Paleozoic basement and a
Mesozoic cover consisting of shale, carbonate. and
flysch), and the Molasse Zone (Tertiary conglomerate.
sandstone, and mudstone). Foliation, bedding. and
composite fractures control potential zones of failure
and detachment along valleys, which commonly are
controlled by regional faults. Parts of some easttrending valleys are seismically active and presumably
contain active faults.
Mountain glaciers and ice fields covered most of
the Alps at various times during the Pleistocene and
have left behind a great variety of coarse unconsolidated sediments. Most of these sediments were
deposited during deglaciation at the close of the Pleistocene. Massive slope failures also occumed at this
time. The highest parts of the Alps still host cirque and
valley glaciers and small ice fields.
The types of mass movements experienced in
Alpine valleys depend to a great extent on the geology,
topography, and climate of the region. Deep-seated
creep is especially common on dip slopes of low grade
metamorphic rocks of the Pennine Zone, but occurs
also in metamorphic rocks of the South Alpine and
Austroalpine basement complexes. Rock avalanches
originate on dip and scarp slopes of carbonate formations in the Helvetic. South Alpine. and Austroalpine
cover rocks, on dip slopes of conglomerate in the
Molasse Zone, and on steep fracture-controlled faces
of high grade metamorphic rocks and granites. Failure
of scarp slopes in sedimentary rocks is commonly
preceded by slow subsidence of incompetent strata
(e.g. shaly flysch and evaporites). Debris flows, the
most common and destructive mass movements in the
Alps, originate mainly from Pleistocene surficial deposits, from the toe zones of sagging slopes. and from
bursting glacial lakes. Ice avalanches are released from
the toes of glaciers clinging to steep bedrock slopes.
The Alps are characterized by wet summers and
autumns, but relatively dry winters. Precipitation is
greatest on the northern and southern mountain fronts.
but mid-summer cloudbursts are frequent in many intramontane valleys. Mass movements seem to be most
common during summer and autumn months in areas
of strong topographic-climatic gradients. However. a
disproportionate number of mass movements have

:ranee prtsentent une variete de conditions gcologiques gencrale-

nent semblables a celles de la Cordilltre canadienne.
II existe une vaste gamme d'ouvrages allemands. fransais el
taliens traitant des mouvements de masse destructifs dans les
Ilpes, mais ils sont pour la plupart dirficiler trouver. L'annexe
.Csume la pluparl de ces renseignements dans un cadre gcologique.
:limatique, sismique er historique qui depasse les frontitres
iationales. Chaque localite decrite a ete visitee. et presque toutes
es descriptions sont accompagnees de croquis approprits ou de
~hotographies,ou les deux.
Selon le degre de stabilitt de leurs pentes, les Alpes peuvenl
3tre divisees en une serie de zones. soit la zone du sud des Alpes et
la zone austroalpine (roches metamorphiques du socle datant du
PalCozoi'que et couverture de sequences carbonatees massives du
Mesozo'ique), en une zone pennine (roche du socle et de couverture
de degre metamorphique faible a eleve), une zone helvetique (socle
gneissique du Paleozoi'que et couverture du Mesozoi'que formee de
schiste argileux, de carbonate et de flysch) et une zone de molasse
[conglomerat, gres et pelite du Tertiaire). La schistositc. la
stratification et les fractures composees contrblent les zones sujettes aux eboulements le long des vallees que contrblent habituellement les failles regionales. Certaines parties des vallees orientees
vers I'est ont une activite sismique et contiennent probablement des
failles actives.
Des glaciers de montagne et des champs de glace ont couvert
la plupart des Alpes a differentes epoques ou cours du Pleistocene
et ont laisse derriere eux une grande variete de sediments meubles
et grossiers. La plupart de ces sediments ont ete mis en place au
cours de la deglaciation vers la fin du Pleistocene. Des ruptures de
pente massives se sont produites aussi a cette epoque. Les parties
les plus Clevees des Alpes abritent encore des vallees et cirques
glaciaires et de petits champs de glace.
Les types de mouvement de masse survenus dans les vallees
alpines dependent dans une grande mesure de la geologie. de la
topographie et du climat de la region. La reptation en profondeur
est specialement frequente sur les pentes inclinees des roches a
faible degre metamorphique de la zone pennine. mais elle se
produit aussi dans les roches metamorphiques de la zone du sud des
Alpes et des complexes de socle austroalpin. Les avalanches de
pierres ont leur origine sur les pentes escarpees des formations
carbonatees des zones helvetique du sud des Alpes. et dans les
roches de couverture austroalpines. sur les pentes fortes de conglomerats de la zone de molasse et sur les parois abruptes constituees par des fractures de roches tres metamorphisees et de granites. Les eboulements sur les pentes abruptes des roches
sedimentaires sont generalement precedes par une subsidence lente
de la strate incompetente (p. ex., flysch schisteux et evaporites).
Les coulees de dkbris, mouvements de masse les plus frequents et
les plus destructifs des Alpes. prennent leur source principalement
dans les depBts de surface du Pleistocene. les zones bordant les
pentes affaisees et le deversement brusque des lacs glaciaires. Les
avalanches de glace proviennent de I'extremite des glaciers
accroches aux parois rocheuses particulierement abruptes.
Des etes et des automnes humides mais des hivers relativement secs caracterisent les Alpes. Les precipitations se produisent
surtout sur les fronts montagneux nord et sud, mais des trombes
d'eau sont frequentes vers le milieu de I'ete dans beaucoup de
vallees d'entremont. Des mouvements de masse semblent se pro-

been triggered by a few large regional;ainstol.~ns: these
storms probably have had the greatest impact on human activity in the Alps.
Deforestation. overgrazing. mining. road construction. and other human activities have had an
adverse affect on rhe stability of many mountainsides
since about the 13th century, particularly those covered with thick surficial deposits. Reforestation. torrent control work. hazard zoning. and comprehensive
land-use planning during the last century have barely
kept pace with an enormous surge of development
brought on by tourism and hydroelectric power generation. The Alps are now the most developed mountain
region in the world. and expenditures to prevent and
alleviate damage from mass movements are high.
However. the case histories in the Appendix indicate
that there are a variety of approaches to basically similar problems: in any specific situation much depends
on the socially acceptable level of risk and the economic means of the community or regional government.

duirent frequemment au cours des mois d'ete et d'automne dans les
regions ayant de fortes pentes et de grandes variations de climat,
Toutefois. un nombre disproportionne de mouvemenls de masse
ont ete declenches par quelques grandes averses regionales; ces
orages sont le phenomkne ayant probablement le plus touche les
activites humaines dans les Alpes.
Le deboisement. la surutilisation des pacages, I'exploitation
miniere. la construction de routes et les autres activites hulnaines
ont eu un effet defavorable sur la stabilite de nombreux flancs de
montagne depuis le XIIIe sikcle environ. particulikrement ceux qui
etaient couverts d'epais depbts de surface. Le reboisement,
I'endiguement des torrents, le zonage en fonction des dangers, et
une planification globale de I'utilisation des terres au cours du
siecle dernier ont tout juste reussi a suivre I'enorme poussee des
activites de mise en valeur dues au tourisme et a la production
hydroelectrique. Les Alpes sont actuellement la region montagneuse la plus amenagee du monde et les depenses encourues pour
empecher et reduire les dommages causes par les mouvements de
nlasse y sont elevees. Toutefois, les cas ponctuels a I'annexe
indiquent qu'il y a une variete de faqons de resoudre des probltmes
essentiellement semblables. Toute situation particuliere depend
beaucoup du niveau de risque que la collectivite juge acceptable et
des moyens Cconomiques dont dispose la communaute et le
gouvernement regional.

INTRODUCTION
Mountain ranges have always posed formidable barriers to
the development of transportation links and permanent settlements. Unstable valley walls, flood-prone rivers, and harsh
climatic conditions present serious obstacles to a full use of
mountain terrain. Yet, most mountain regions are rich in
timbzr and mineral resources, and have a high recreational
potential; part of most mountain valleys are suited for intensive agriculture as well. However, the profitable and
sustained use of these resources requires a thorough understanding of the physical limitations imposed by the stability of steep slopes, the effects of snow and ice, and the strong
vertical zonation of vegetaion.
Mining, logging, and trade traditionally have been the
pioneer activities in mountain regions requiring construction
of permanent roads in river valleys and over mountain
passes. Agricultural settlements, hydroelectric reservoirs
and generating stations, and tourist centres tend to follow
later. As development of mountain areas proceeds, conflicts
begin to arise among the various users of the land, presenting
a formidable challenge to planners and managers. Eventually
mountain land has to be managed so as to accommodate a
wide range of activities while at the same time loss of life or
property due to catastrophes such as floods, avalanches, and
mass movements is minimized.
In the Canadian Cordillera many formerly remote
mountain valleys are now being opened to development:
mining and mineral exploration are advancing into rugged
terrain; logging has encroached onto ever steeper slopes and
upland areas; hydroelectric reservoirs have flooded the floors
of large valleys; transmission lines, railways, and highways
vie for right-of-way along narrow gorges; agricultural land is
threatened by urbanization; and tourist facilities have sprung
up near major population centres. These activities have
brought an increasing number of people in direct contact with
mountain hazards, and property losses and casualties resulting from mass movements have increased. This trend has
been perceived with concern by land-use managers, politicians, and the general public.
The challenge of planning logging zones, locating
townsites safely, and providing unspoiled recreation areas in
western Canada will have to be met within the specific
geological, climatic, hydrological, and seismic constraints
of the region. These constraints are similar to those of other
mountain regions, thus benefit can be gained from the landmanagement experience of other alpine countries. In the
mountain regions of Japan and in the Alps of Europe, the
transition from pioneer development to highly sophisticated
multiple land-use practices has been achieved through more
than 300 years of trial-and-error. This experience, paired
with new insights gained in other parts of the world is at the
core of this study. In this report we review the European
experience with mass movements in order to show some of
the problems that will be encountered and options for man-

agement as development proceeds beyond the pioneer stage
in the mountains of western Canada.
We make no attempt to provide an exhaustive review of
the landslide phenomenon per se, nor to catalogue all measures that can be used to stabilize slopes; the reader interested
in these aspects of mass movements is referred ro excellent
texts by Schuster and Krizek 1197X), Selby (1982). and
Zhruba and Mencl (1982). Instead. we describe in the first
part of this report the five main types of destructive mass
movements that affect mountain areas, and review the
methods for reducing the hazards posed by them. Geological
and meteorological controls of mass movements are discussed in each chapter. The second part of the report (the
Appendix)
comprises 137 case histories of destructive mass
..
movements from the European Alps presented in a geological framework transcendine national boundaries. Case histories in the Appendix are arranged in chronological order.
Where more than one destructive mass movement has occurred in a specific area, which commonly is the case, the
most destructive event provides the date under which the case
history is catalogued. The general section and the Appendix
are linked by Table 1 which is an alphabetical list of all case
histories and the attributes of each that are significant for
management of risk. Individual case histories can be located
by using the Index of Case Histories at the end of the
Appendix.
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Table 1. Key attributes of mass movements listed in the
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Ahrn Valley - A92. G2
A~rne- A2. 83
Alrolo - A103. 0 2
Alldod-Spirinqen - A97. D2
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•

•

o

o

AcM

PaM

Mon

ACCR~

•
-

Anlelao - A74, HZ
Anlronapiana - A41, 0 2
Aosla - A27. C3
Ardenno - A24. E2
Bec Rouge - A91. 83

•

•
•

•

•

•

Becca de Luseney - A120. C3
Btasca - A23, E2
Blllen - A87. E l
Blisadona - A100. F1
Bocca dl Brenla - A94 F2

•

Bouro-SI Maur~ce- A39 83
Bozei- A105, 83
Brannenburg - A85. H I
Brenlon~co- A43, F3
Brlenz - A22, D2

•

•

•

•

•
•

•

•

•

•

•

•

•
•
•

Campo - A90, D2
CervlBres - A1 7. 84
Chabla~s- A38. 82
Clavans - A15. 83
Corbeyrler-Yvorne - A32. C2

•
•

•

•

•

•

•

Crodo - A82, 0 2
Dlablerels - A50, C2
D~senlls(Musler) - A48. D2
Dobralsch - A12. 12
Elm - A93, E2
Embach - A67. I1
Felsberg - A80 E2
Ferslna - A54. G2
Fldaz-Fllrns - A1 16, E2
Fuc~ne- A M F2

•

- 0

•

Galshorn - A61. J1
Ganderberg-Passeler
W~ldsee- A16. G2
Gasletn Valley - A29, I1
Gemmersdod- A44. J2
Glac~erdu Tour - A1 18. 83
Goldau - A71. D l
Grachen - A58. C2
Grlgno - A55. G2
Illgraben - A126. C2
Inzlno - A135. G1
Kalkkogel - A65 G I
Klausen (Ch~usa)- A1 11 G2
Kollmann (Colma dl
Barblano) - A99 G2
La Chapelle - A18 83
Lago dl Alleghe - A63 G2

•
•

•
•

•

•
•
•

•
•
•

Lake Lucerne (V~envaldslallersee) - A69 D2
Lake Traun - A45 I1
La Valle Agord~na- A49 HZ
Lavlnl dt Marco (or
Slavln~dl Marco) - A4 G3
Le Chalelard - A1 14. 83

•
•

Lecco - A136. €3
Leylron - A30 C2
L~enz- A5, HZ
Llnlhal - A1 13, €2
Marlell Ice Lake - A98. F2
Maslere de la Vedana - A6, H2
Mass11de Plate - A57. 83
Malre~-- A26. H1
Mallmark - A129. C2
Melr~ngen- A53. D2
Meran (Merano) - A3 G2
M~llslall- A122 12
Monatel - A62. €2
Monl Gran~er- A10, A3
Monle Masuccto - A73, F2

•

•
•

•
•
•

•

Case H~slory'

Type2
DF-SU DF.Rk GlMM

RkAv

Eq

Trlgger'
Raln
Snow HumAc

AcM

Managemenl'
PaM
Mon

AccRl

Mollec - A8, C2
Motlo d'Arbino - A1 12. E2
Mur Valley - A123. K1
Neukirchen - A31. H I
Neurnarkt (Egna) - A60, G2
Niederns~ll- A68, H I
Nolla - A09. E2
Obervellach - Moll
Valley - A78, 12
0tz Valley Ice Floods - A47, F2
Peccla - A01, D2
Perarolo - A75, HZ
Pellneu - A128. F1
Piuro (Plurs) - A35, €2
Pla~ned'Oisans - A9. 83
Pra.LaounAz - A107. G2
Pulschall - A134, H I
Rackling - A42, H I
Radmer an der Hasel - A25, J l
Randa - A40. C2
Randens - A56, 83
Reisskolel - A l . 12
Rentsch (Rencio) - A1 1. G2
Riviera - A125. C5
Roauebillibre - A1 10, C4

sandling - A109, I1
San Glovann~de Crbvola - A1 24, D2
Schesatobel - A70, E l
Schlanders (Silandro) - A52. F2
Sch~erengrat- A28, D2
Schwaz - A72. G I
Sernsales - A7, 82
Serribres-en-Chautagne- A1 15, A3
Sirnolon - A104 D2
Siror - A132, G2
Spriana - A79. E2
SI Gervais-TBle Rousse - A101. 83
St Jean-de-Maur~enne- A20. 83
Steinleld - A13. 12
Slriano - A133, G2
~ u r i e-i A66. €2
Tagliamenlo Valley - A137, 12
Taverner10- A1 19, €3
Tete Nolre - A36. 82
Toblach (Dobb~aco)- A96, HZ
Torrent de SI Barthklernv A83. 82
Umhausen - A59, F1
Upper Vlntschgau
(Val Venosla) - A86, F2
Vaionl - A127.. H2
Val Badia (Gader Valley) - A76. G2
Val de Bagnes - A34, C3
Val Ferrel-Val Veni - A51. C3
Valle di Vanoi - A77, G2
Vandans - A108, E l
Verrbs - A84. C3
Vorder Glarn~sch- A33, E l
Werlen - A1 17. I1
Zambana - A121. G2
Zarera - A21 F2
Zell am See - A130. H I
Zlano - A14. G2
Zlller Valley - A106. G I
Zug - A19, D l
'Place name - Appendlx number locallon on Index map (Fig 40)
'DF-Su = debrls llow (surl~c~al
depos~ts) DF-Rk = debrls Ilow (bedrock) G IMM = glac~er-relaledmass movement RhAv = rock avalanche and rocklall
3Eq = earthquake Raln = rainstorm Snow = snowmell or Ice me11 HumAc = human actlvlly
4AcM = acllve measures PaM = passlve measures Mon = monllorlng AccRl = acceplable rlsk

SLOPE FAILURE AND MASS
MOVEMENTS
The slope of natural mountainsides depends largely on their
internal bedrock structure and composition. Only a few rock
types (e.g. igneous rocks of the granitic suite) are sufficiently
competent or lack internal structure to form high cliffs and
smooth bedrock slopes. More typically, internal discontinuities and pervasive structures such as bedding. cleavage. and
foliation. determine the morphology of mountainsides (Fig.
I ) . With respect to the relationship between bedding (or
foliation) and the inclination of a bedrock slope one can
differentiate broadly between dip slopes which trend parallel
to internal bedrock structures and scarp slopes which trend
across the internal structures. In competent rock formations
such as gneisses. carbonates, quartzites, and conglomerates
scarp slopes are steeper than dip slopes. However, the shape
of slopes in competent bedrock formations is also controlled
by fractures and faults whose orientation may bear little
relation to the more pervasive internal fabric of the rock
mass. Incompetent rock formations such as shale, slate, and
thin-bedded sandstone commonly form gently undulating
slopes with little expression of internal structure. The slopes
of volcanoes are special in that they result from phases of
eruption of lava and pyroclastics which produce the constructional conical forms.
The highest parts of many mountain ranges are covered
by glacier ice, while the lower parts are mantled by thick
surficial deposits which are commonly a legacy of Pleistocene glaciations. Some of the instabilities related to processes of deglaciation have remained sources of significant
mass movements (Fig. 2).
Geologically, the failure of slopes is controlled mainly
by zones of weakness such as bedding planes, fractures,
faults. and the contact zones between bedrock and surficial
deposits. Geomorphologically, failure is promoted by undercutting of slopes by rivers and mountain torrents. A great
variety of classifications have been proposed for natural

slope failures and mass movements: perhaps the most widely
used and detailed classification is that of Varnes (1978). We
do not intend to review schemes of classification that have
been proposed in the past, taking into account that the most
destructive, unexpected, and thus problematic slope failures
and mass movements in mountain settings are generally
composites of several more elementary processes involving
three major components: water, rock, and ice. Starting from
these end members, mass movements in mountain settings
can be grouped broadly into several categories.
Floods are a significant threat along most mountain
rivers and by definition consist mainly of water and some
sediment. If a flood carries significant amounts of bedload it
may be referred to as debrisyood. In a debrisflow blocks,
mud, trees, and other solid particulate matter predominate.
Debris slump and debris avalanche are rotational or planar
failures of generally water-saturated surficial deposits leading to subsequent rapid downhill motion of the detached
material. Bedrock slide refers to a failure controlled by planar
or curved discontinuities such as bedding and fractures.
Slope sagging (or deepseated creep) is characterized by the
large-scale and slow detachment of internally broken bedrock masses along poorly defined rupture surfaces. Earth
flow is a slow or rapid outward movement along slopes
composed of fine grained materials. Rocl+all results from
detachment and rapid tumbling of blocks from steep bedrock
cliffs. Rock avalanche is a streaming mass of blocky debris
which results from bedrock failures in competent rocks; the
dry rock mass tends to travel far beyond the foot of the failed
slope. Ice avalanche is a failure of the frontal portion of a
glacier resting on a steep and smooth bedrock slope.
Composite natural mass movements are easily accommodated by a combination of these terms. To facilitate an
adequate discussion of the prevalent types of mass movements in mountain settings we will discuss them under five
separate headings: debris flows from surficial deposits, debris flows from bedrock failures, mass movements on volcanoes, glacier-related mass movements, and rockfalls and
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Figure 2: The role of Pleistocene glaciation in shaping valleys and influenc~ngthe
distribution of surficial deposits, thus controlling areas of postglacial recurrent
mass movements.

rock avalanches. These five groups of mass movements
require different approaches with respect to analysis and
remedial work.
Most destructive slope movements begin as incipient
slope failure (Fig. 3a). At this stage the failing section of a
mountainside passes from the stable to an unstable mechanical state. The volume and geometry of the ensuing slope
failure can generally be determined roughly from the shape
of the head scarp (and crown cracks), from shear displacement along the flanks, and from contraction or bulging of the
toe.
In mechanical terms incipient failure can be approximated by the concept of the srabiliry of a rigid block resting
on an inclined plane (Fig. 3b). The weight of the block (W)
exerts a normal stress a, perpendicular to the inclined plane,
and a shear stress T that acts parallel to the dip of the plane.
The normal stress acts to hold the block in place, whereas the
shear stress acts to move the block down the inclined plane.
Movement of the block is restrained by the frictional and
cohesional resistance along the contact zone between block
and inclined plane.
The critical shear stress T,,, required to overcome the
frictional resistance and thus initiate motion can be expressed
bv the formula
T,", = (0,-upw)
tan 0 + C
where cr,, is the pore water pressure along the contact zone; 0
is known as the 'angle of friction'; tan 0 is the coefficient of
friction, a material constant which for most natural materials
ranges from 0.6 to 0.7; and C is the cohesion across the
contact zone. In simple terms this equation says that the
downslope shear stress component necessary to overcome
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w
Figure 3: a) Elements of a typical slope failure in its
incipient stage. b) The mechanicalanalogue of a failing
slope: the rigid block resting on an inclined plane.
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the resistance to sliding decreases with decreasing normal
stress (e.g. on a steep potential rupture surface). decreases
with increasing pore water pressure (e.g. rising groundwater
table. infiltration of rain or meltwater), and decreases with
decreasing cohesion (e.g. seismic shaking or blasting of
rock. removal of tree roots in surficial deposits).
Although the stability of a slope is mainly controlled by
the orientation of internal planar structures, pore water pressure. and the cohesion of the materials forming the slope, it is
the topography be lo^) arid dotrl~~slope
from the incipient
failure that will determine whether or not an incipient mass
movement will accelerate and thus pose a hazard to human
works or lives. In this respect the most significant aspects
contributing to complex mass movements are embraced by
the concept of the torrent system.

MOUNTAIN TORRENTS
High mountain ranges are dominated by narrow flood-prone
river valleys. steep tributary basins, and ever more barren
bedrock ridges and peaks rising above. The principal valleys
are commonly underlain by fault zones in bedrock which,
over geological time, have been selectively eroded by running water and glaciers. Fracture zones and faults also control the orientation of many tributary valleys. However, the
detailed shape of bedrock massifs and the distribution of
surficial deposits can be attributed to the glacial history at the
end of the Pleistocene Epoch, processes of weathering, and
mass movements.
Although many mass movements are related directly to
failure of mountainsides, most arise from the complex interaction of the unstable slopes with the branching network of
channels, gorges, ravines. gullies, and chutes that define the
upland basins of mountain torrents. The term torrent, as used
here. denotes a high-gradient ephemeral or perennial water
course in montainous terrain which is characterized by
sporadic and sudden discharge of debris. In this potential for
sudden debris movements a torrent differs from creeks which
discharge from basins in more subdued terrain. Mountain
torrents are notorious for the fact that discharge of water
gives little or no hint as to the quantities of debris released
sporadically.
The torrent system (Fig. 4 ) , if viewed within the context
of a long period of time (e.g. hundreds or thousands of
years), undergoes cycles with deceivingly subdued discharge
of water ('dormant torrents'). and short pulses of vigorous
debris transport ('active torrents'). Several descriptive
geomorphological-geologicalelements can be identified for
both the dormant and active torrent stage (Aulitzky, 1980;
Eisbacher, 1982). Every torrent has a catchment area (or
drainage basin) which is located above the floor of the adjacent river valley and is bordered by a crest, composed of
bedrock ridges and peaks. Within the catchment area of the
torrent lies the debris source area which contains potentially
mobile debris within the reach of tributary torrent branches.
By definition the debris source area of a torrent system is
smaller than the catchment area. When the torrent system
changes from its dormant to its active stage debris from the
source area enters the torrent via slump scars, chutes,
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Figure 4: Descriptive elements of dormant and active
torrent systems along major mountain valleys; see text
for details..
ravines, gullies, embankments, bedrock slides, sagging
slopes, morainal dams and other unstable features. Debris
from tributary torrent branches collects in the trunk torrent
and from there descends into the gorge. In the gorge temporary blockages of debris along narrow bedrock reaches create
the coherent and pulsating flows characteristic of the active
torrent system. From the mouth of the gorge the debris
emerges onto the surface of a fan (or cone). Fans are the
result of repeated deposition of debris flows and the reworking of debris. In general the term debris fan or alluvial fan is
used to denote flat and internally stratified debris accumulations; the term debris cone is generally reserved for steeper
(e.g. more than 4") accumulations of debris. The sporadic
additions of debris masses to the surface and along the outer
fringe of the fan also modify the geometry and flood potential
of the receiving river on the valley floor: on the upstream side
accumulations of debris create lakes, swamps, or low grade
floodplains; at the toe of the fan the river channel is pushed
against the far embankment and thus causes erosion; on the
downstream side the coarse bedload added by debris flows
creates an unruly braided reach. Some debris fans prograde
into lakes or fiords, forming fan deltas. Fan deltas consist
characteristically of a shoreward-tapering wedge of fine
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Figure 5: Descriptive elements of a debris fan
(or cone).

grained sand and silt overlain by a blanket of alluvial gravels
and debris flow deposits. Discharge of massive debris flows
onto the fringe of the fan delta or other forms of overloading
may result in failure of the delta front and possibly lead to
retrogression of the failure onto other parts of the fan.
Debris fans (or cones) are the most conspicuous manifestations of active or dormant torrent systems and generally
the first to be developed. Several elements can be used to
describe their geometry in detail (Fig. 5). The mouth of the
gorge coincides broadly with the apex (head) of the fan,
which is also its highest point; below the apex upper, middle.
and lower fan segments can be differentiated; the toe of the
fan is defined as the lowest line of the fan and coincides with
the embankment of the receiving river; the radius of the fan is
the horizontal distance between apex and receiving river; the
fan aris divides the area of the fan into two halves of about
equal size; fan sectors are pie-shaped portions of the fan
tapering towards the apex.
The torrent system thus consists of three parts, one
which generates, another which translates, and a third which
receives debris. The torrent system is intimately linked not
only to the generation of debris flows, but also commonly
hosts starting zones, tracks, or runout zones of snow avalanches. The understanding of this natural unit is fundamental
for mountain hazard appraisal.
~

~

DEBRIS FLOWS FROM SURFICIAL
DEPOSITS
The tern su$cial deposits, as used here, includes unconsolidated or semiconsolidated materials that overlie
bedrock. Surficial deposits comprise Quaternary and older
sediments laid down mainly by rivers and glaciers. In young
volcanic mountains most of the stratified deposits are transitional in character between bedrock (lava flows) and surficial materials (ash, pyroclastics); mass movements in
volcanic terrain are therefore discussed in a separate chapter.

The properties of surficial deposits depend greatly on
their origin: some surficial materials are relicrs of depositional processes which prevailed during Pleistocene glaciations; others are in equilibrium with the present environment and have formed by in-situ wearhering, mass wasrin~,
and other processes. Relict surficial deposits are generally
somewhat better indurated, show internal structures such as
bedding and have a well defined base above unweathered
bedrock; in-situ soils and colluvium are more homogeneous
and tend to grade downward into disintegrating bedrock.
Mountain valleys that were glaciated during the Pleistocene are U-shaped in cross-section. and slopes are mantled
by discontinuous and often thin layers of surficial deposits
such as talus, till, unsorted ice-contact debris, landslide
rubble, alluvial gravel, and lacustrine silt. These deposits are
commonly slightly indurated and their irregular external
morphology and internal structures are, as a rule, the legacy
of processes that operated during or shortly after deglaciation, some 10 000 years ago. They thus reflect a climate and
vegetation cover quite different from the ones prevailing
today. Only in the immediate vicinity of present-day glaciers
do such vigorous depositional and erosional processes still
prevail. In most other areas dense vegetation or a dry climate
have helped to preserve, as relicts. the morphology of Pleistocene deposits. Only radical changes in the hydrological
regime of the slopes, (e.g. during rare storms. after deforestation, or by careless road construction) reactivate the
long-dormant ravines, gullies, and incipient slumps in these
deposits. Thin soils, which developed in the last 10 000
years on relict surficial deposits, are particularly prone to fail
along pre-existing V-shaped ravines (Stini, 19 10; Swanston,
1969; Moser, 1973). Once established, such persistent
'scars' may grow into major debris sources and lead to
destructive mass movements (Stini, 193 1; Schauer, 1975;
Bunza et al., 1976).
Mountain slopes in low- and mid-latitude mountain
regions that were not covered by Pleistocene glaciers in
general fringe roughly V-shaped valleys and are covered by
deep soils, colluvial blankets, and disintegrating bedrock.
These surficial deposits are distributed quite uniformly, but
are thickest near the confluence of tributary branches of
upland torrents. A stable vegetation cover plays a major role
in maintaining the subtle balance between in-situ generation
of debris by weathering and its downslope transport by running water, creep, or slumping. The resulting geomorphology of upward branching networks of gullies and bowl-shaped
amphitheatres represents the adjustment of the landscape to
recurrent intervals of erosion by running water and slope
failure ('gullying' and 'slumping'). Typically, during storm
events these two processes act hand in hand (Temple and
Rapp, 1972; Brunsden et al., 1981; Caine and Mool, 1982).
Storm-generated debris flows in both relict and in-situ
surficial deposits occur more frequently in areas where forest
cover has been removed, agricultural terracing abandoned.
road construction expanded, and stabilization of stream
embankments neglected. What actually constitutes an 'extreme' or 'rare' meteorological trigger event therefore defies
precise definition (Starkel, 1976).

Field studies in a great variety of mountain settings have
shown that the critical stages in the mobilization of debris and
the changeover from the dormant to the active stage of
torrents are basically related to intensity and cumulative total
of precipitation. exceeding greatly the long-term seasonal
averages (Strele. 1932: Starkel. 1972; Campbell, 1975;
Fuxjager. 1975; Rapp and Stromquist, 1976; Bell. 1976;
Guidicini and Iwasa. 1977: Ikeya. 1976; Moser. 1980; Crozier et al.. 1980; Caine. 1980; Eisbacher and Clague, 1981;
Eschner and Patric, 1982; and others). These studies indicate
that there are three main types of debris-generating meteorological events: high-intensity downpours. sustained regional
rainstorms. and rainstorms associated with rapid snowmelt.
High-inrensiy downpours (cloudbursts), with more
than 40 to 60 mm of rain (andlor hail) falling within one hour,
trigger debris flows in high-gradient ravines, torrent channels. and along unprotected escarpments of unconsolidated
deposits. Much of the debris is eroded by running water in
V-shaped tributary scour ravines and gullies. Bursting logjams accentuate the power of pulsating flows along the trunk
channels.
Sustained regiorzal rainsrorrns with more than 150 to
200 mrn of rain in 24 hours and intermittent squalls with I0 to
30 mm of rain per hour cause soil slips. debris avalanches,
and embankment slumps. all of which may transform into
channelized flows.
Rainstorms associated with rapid snowmelt, with
ambient air temperatures rising above 5- 10°C, release mixed
snow-debris avalanches, cause sudden runoff from frozen
terrain. and reactivate large slumps by infiltration of meltwater into crown cracks of incipient bedrock failures and debris
slumps.
As indicated in Figure 6. the type of meteorological
trigger event thus broadly determines the debris-mobilizing
mechanism in the torrent system: short intense storms primarily cause erosion by running water; sustained rainstorms
create soil slips, debris avalanches and erosion by running
water; long-lasting rains and heavy rains onto snowpacks
tend to reactivate pre-existing large slumps and accelerate
slow-moving earthflows. Beyond the external meteorological controls debris mobilization in the source areas of torrent
systems depends greatly on the texture, vegetation cover.
topography, and human activities that modify the slope environment. Most rainstorm-related slope failures in surficial
deposits are thus complex and although it may be possible to
provide sophisticated after-the-fact explanations for almost
any type of mass movement, prediction of the location and
timing of storm-related soil slips, debris avalanches, slumps,
or flows is still in its infant stages (Moser, 1980). This is
partly due to the fact that the mobilization of debris in the
source areas of mountain catchments commonly starts with
local particle erosion by running water or discrete slope
failures where such have not occurred in recent history.
The erodibility of unprotected surficial deposits by running water depends on their texture, state of consolidation.
and cementation. In the order of broadly increasing erodibility. surficial deposits can be grouped into till, cemented
gravel, clay, uncemented gravel, sandy gravel, sand. and
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Figure 6: Diagram depicting critical rainfall per hour (in
mm) against duration of rainstorms during events
which triggered massive release of debris. Dots
represent real events reported in the literature (see text
for references).
silt. In general, unsorted sandy and bouldery gravels, exposed along high torrent embankments are the most common
erosional point sources for potentially destructive debris
flows (Stini, 193 1). Channel reaches bordered by such bluffs
commonly are choked with coarse bedload from previous
floods and mass flows (Fig. 7). However, the precise point at
which a storm-fed mountain torrent begins to carry bouldery
debris is not easily defined. Bradley and Mears (1980), from
a review of available theoretical calculations and field studies, suggest that at mean current velocities of 4 to 8 mls
blocks of up to 2 m in diameter begin to move. The potential
of a confined torrent to carry coarse bedload also depends
greatly on its gradient: it takes very little running water to
undercut a steep bouldery embankment along a high-gradient
channel and initiate a skidding and rolling motion of the
bedload. The most prominent point sources along a channel
from which debris can be mobilized during storm runoff can
be identified in a general way (Eisbacher, 1980).
Even more difficult than the identification of scars with
a potential for debris generation by erosion is the prediction
of where discrete debris slumps might occur during storms.
Susceptibility to failure depends greatly on slope geometry,
type of material, and vegetation cover. Slopes of surficial
deposits with inclinations between 20 and 40" are most likely
to fail during storms (Moser, 1980). Numerous field
observations during and after catastrophic rainstorms indicate that shallow debris slides occur explosively, and that
failure of the toe zone is accompanied by the release of
significant amounts of water (Jones. 1973; Fuxjager, 1975;
Rogers and Selby, 1980; Pierson, 1983). This suggests that

during extreme Storms water from surface runoff and
throughflow enters unconsolidated materials not only by way
of the intergranular pore space but also through open soil
'pipes' which are oriented in a downslope direction along the
interlocking network of decaying tree roots. Intergranular
and pipe water together create the porcwater pressures that
reduce the effective internal shear resistance and thus cause
failure (e.g. Swanston, 1970; Moser, 1980: Sidle and Swanston. 1982). The coincidence in the timing of debris avalanches with intense squalls during sustained rainstorms (e.g.
Ikeya, 1976; Eisbacher and Clague, 1981). indicates that
failure is caused mainly by the rapid transfer of water from
the surface into subsurface zones I to 2 m deep, rather than
by the gradual rise of the groundwater table.
Failure of surficial debris commonly occurs along linear
downslope re-entrants where surface and subsurface water
can be expected to converge during storms (Johnson and
Rahn, 1970; Williams and Guy, 1973; Anderson and Burt,
1978; Pomeroy, 1980). Indeed, scarsof shallow failures tend
to accentuate re-entrant slope contours above springs and
near the confluence of subsidiary draws; detachment surfaces
have roughly the shape of an inverted spoon (Fig. 8). Stini
(1931, p. 58-99), who documented these features in detail
termed them 'Muschelanbruch' ( = conchoidal failure). He
showed that near topographic re-entrants debris generation
starts at a single point and then swiftly expands up the slope
perpendicular to the contours. In depressions filled by thick
surficial deposits this mechanism creates erosional scars,
which later are scoured by surface runoff and are thus enlarged until the local debris source is exhausted (or stabilized
by control methods).
On relatively planar slopes failure of surficial deposits
begins with the opening of downward-concave zones of
en-echelon crown cracks that coalesce into a head scarp

Figure 7: Channel of torrent flanked by bluffs of relict
surficial deposits composed of bouldery gravels which
serve as source for occasional debris flows in the Muncho Lake region of British Columbia. (GSC 204 165)

Figure 8: The three principal types of shallow slope
failures in surficial deposits: a) spoon-shaped retrogressive failure in topographic re-entrants; b) planar
failures; c ) embankment slumps.

(Heim, 1932, p. 18-32). The failure commonly expands
laterally and assumes the shape of an inverted V , similar
in geometry to the starting zone of snow slab avalanches
(Fig. 8).
Along terraces and channel embankments, a rising
groundwater table (and increased piezometric pressure) may
induce major slumps whose depth and shape depend to a
large extent on the thickness and homogeneity of the surficial
materials. Oversteepening of channel embankments by erosion also may trigger large debris slumps in the source area of
torrents (Fig. 8).
Once failure has occurred the inclination of the slope,
ravine, or channel determines whether or not the detached
masses of debris combine and accelerate into devastating
debris avalanches or flows. Ravines inclined more than 25"
are commonly dangerous conduits of failed debris and dislodged boulders; logs, once in rapid motion, become powerful tools of destruction (Fuxjager, 1975; Eisbacher and
Clague, 1981; Smith and Hart, 1982).
Erosion by running water, retrogressive slope failure,
debris avalanches, and embankment slumps all act in concert
until entire sections of the saturated debris mass begin to
move along the torrent channel and a debris flow is born.
Debris flows accelerate with increasing water content,
volume, and channel gradient; they decelerate on gentle and
wide reaches. Driven by gravity, many debris flows travel
tens of kilometres, although their advance is highly unsteady
and pulsating. In bedrock gorges below the source area
individual debris pulses may be stemmed by channel obstructions (log jams, rock spurs), only to grow in volume, and
finally break through with explosive violence. The commonly observed change in the shape of channel crosssections after the passage of flows from erosional V-shaped
ravines in the source area to distinctly U-shaped paths farther
down indicates that debris flows pick up loose blocks etc. by
ploughing and plucking, particularly at the head of the flow
(Stini. 1910; Johnson. 1970).

Early visitors to the high ranges of the Alps noted the
strange mixture of bouldery debris and water issuing from the
mouths of torrent gorges and described them as ' . . . rnigrating heaps of stones. . . ' (Walcher. 1773) or ' . . . a kind of
liquid mud mixed with decomposed slate and rock fragments; the impulsive force of this dense paste is incomprehensible: it incorporates rocks, topples the buildings
which happen to be in its way. unroots the tallest trees, and,
upon bursting forth from deep ravines, ravages the fields and
covers the soil with a considerable thickness of silt, gravel,
and rock fragments . . . ' (de Saussure, 178 1, paragraph
485). The difference between debris transport by floods and
debris flows was succinctly summarized by Stini (1910,
p. 36-37): ' . . . in moving water the largest stones drag
behind while smaller debris moves ahead because of its
smaller frictional resistance; in a debris flow the large blocks
are generally carried in the frontal tongue where they bounce
ahead until they are overtaken again by the debris, thus
regaining momentum; naturally, debris flows do not develop
a crust comparable to lava flows, but up to a degree, one can
differentiate a water-rich core from a water-poor crust; the
latter gives the debris flow its characteristic outer shape
according to whether it consists of stones, trees etc. . . :'.
The frightening blocky frontal wall, noted by many observers of debris flows, accounts for most of the damage and
destruction.
Recent detailed observations, experimental studies, and
theoretical work have established that the frontal 'bore' of a
moving debris flow is roughly drop-shaped and that it consists of more solids than water. The flow characteristics of
debris flows thus vary in both cross-section and longitudinal

Figure 9: Characteristics of a moving
debris flow:
a) longitudinal section showing variable 0 )
concentration of solids and vertical velocity
--gradients in different parts of the flow;
b) cross-section through debris flow in motion, indicating central plug and marginal
dead zones;
c ) cross-section of torrent channel after
passage of debr~sflow; note debris levees
left behind by the flow.

profile (Fig. 9). In cross-sections perpendicular to the direction of flow the central 'plug' is fringed by a marginal zone
with laminar flow; a 'dead zone' characterized by sharpcrested spillover ridges and levees marks the lateral borders
of the debris flow along pre-existing torrent channels. In
longitudinal section flow characteristics vary from nonNewtonian near the front to partly turbulent Newtonian in the
tail. Along steep reaches blocks tumble or avalanche ahead
of the main body of the flow, but are soon overtaken and
reincorporated into the main debris mass. Emergence of
larger blocks at the front, top and margins of the flow is due
partly to dispersive forces between grains, partly to buoyancy of large blocks in a finer grained matrix, and partly to the
forward push exerted by debris pulses blocked behind large
particles. Pushing, ploughing, and plucking at the debris
front account for the often dramatic volume increase of flows
along the lower parts of their tracks. Peak velocities of debris
flows along high-gradient and straight torrent gorges may
reach more than 50 mls; through momentum transfer, individual blocks may be propelled forward as projectiles with
velocities greatly in excess of those of the main flow (Bagnold, 1968; Johnson, 1970; Aulitzky, 1970; Ikeya, 1976;
Mears, 1977; Hampton, 1979; Okuda et al., 1980; Jian and
Defu, 1980; Takahashi, 1981; Xizhi, 1981; Iwamotu and
Hirano, 1982).
Debris flows spread and thin rapidly once they flare
across the debris cone at the mouth of a gorge or below a
debris chute. Unconfined flows always attempt to maintain a
straight course: minor depressions and obstacles are quickly
buried or overtopped and do not greatly modify the debris
trajectories. ow ever, on the fan-or cone frictional forces
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within the flow soon dominate, and the flow breaks into
finger-like lobes, the coarsest fraction (trees, boulders) settling out rapidly. The lobate geometry of debris flow deposits
accounts for the complex ridge-and-mound pattern and the
great variety of bedding structures exposed on active fans or
cones. Structures tend to be even more complex where fresh
debris flow deposits are reworked by normal fluvial processes (see Nilsen, 1982, for a review of sedimentary structures in composite alluvial fans).
Because of the variety of geological and topographic
parameters influencing the mobilization and transport of
debris, it is impossible to identify a single mechanism of
debris flows. Debris flows have specific source area mechanics (erosion by running water, debris avalanching,slumping, etc.), transport mechanics (wide channels, narrow
gorges, etc.), and depositional mechanics (single lobe, multiple laterally overlapping lobes, etc.). Some flows are merely the extreme stage of fluvial bedload transport and can be
referred to as 'debris floods'; others carry predominantly
uprooted trees, silt, and clay, and are true 'mudflows'; others
consist entirely of boulders or slabs of bedrock and rank as
'boulder flows'.
In the Alps many debris flow disasters have resulted
from deep scour by running water and from subsidiary
embankment collapse of surficial deposits. Examples in the
Appendix include Cervikres, Schesatobel. Toblach,
Rentsch, Lake Traun, Umhausen, Neumarkt. Kalkkogel,
Lienz (Aguntum), Torrent de St. Barthelemy, Millstatt,
Riviera, Kollmann, Klausen, Siror, Inzing, Fucine and many
other debris flow disasters. Shallow debris avalanches and
slumps have created massive flows at Aime, Steinfeld. Obervellach-Moll Valley, Upper Vintschgau, Gastein Valley,
Schlanders, Surlej, Niedemsill, Schwaz, Valle di Vanoi,
Corbeyrier-Yvorne, Bilten, Bec Rouge, Mur Valley, Zell am
See, Biasca etc. Temporary blockages of torrent gorges by
debris have contributed significantly to the recurrent catastrophes of Fkrsina, Grigno, Verrks, Klausen and many others.

DEBRIS FLOWS FROM BEDROCK
FAILURES
Every major failure of bedrock embankments along a torrent
has the potential for creating a serious downstream debris
flow hazard. If the gradient of the basin is sufficiently steep,
a bedrock failure may change directly into a channelized
debris flow and the distinction between slope failure and
debris flow becomes difficult. More often. however, bedrock failures simply block the torrent channel; during subsequent periods of intense precipitation or overflow, debris is
mobilized from the slide mass. This type of debris flow and
overflow-flood problem is not restricted to any particular
type of bedrock failure, although deep-seated creep ('sagging') that involves entire mountainsides is especially
troublesome. Bedrock failures with volumes of up to 1 x
106m3 are generally amenable to remedial measures, (see
Schuster and Krizek. 1978; Zaruba and Mencl, 1982), and
the control of an incipient bedrock failure may prevent major

interrerence of its toe zone with adjacent stream channels.
However, many debris flow problems originate at the toe
zone of bedrock slopes which involve entire mountainsides;
particularly slopes underlain by incompetent rocks such as
mica schists, phyllites, slates, argillaceous limestones. and
sandy flysch formations experience deep-seated gravitational creep. Large scale detachment of bedrock slopes by deeply
penetrating creep is generally restricted to mountain regions
with neotectonic uplift and/or relatively recent deglaciation.
Both tectonic uplift and deglaciation cause lowering of local
erosional base levels and thus induce substantial gravitational forces in the valley walls. Deep-seated creep or sagging
occurs in all young mountain ranges of the world (e.g.
Cordillera, Carpathians, Apennines. Alps, Himalayas).
Deep-seated creep does not necessarily lead to accelerated motion or catastrophic failure, although pans of such
slopes may fail suddenly (e.g. rockfalls or toe zone slumps).
Deep-seated creep may involve as much as 2000 x 10"rn3of
bedrock and reach depths of several hundred metres. Sagging
attains its most spectacular expression and was first recognized on foliation dip slopes of low grade metamorphic
rocks. Buxtorf and Wilhelm (1920) were among the first to
clearly separate deposits of completely failed bedrock slopes
('Bergsturz' =rockslides or rock avalanches) from semidetached rock masses undergoing deep-seated creep ('Sackungsvorgange' = sagging processes).
Deep-seated creep manifests itself by diffuse zones of
crown cracks and partly inactive head scarps (commonly
referred to as 'pseudo-cirques'. 'twin ridges' etc.). In zones
of known seismicity and in competent rocks such zones of
crown cracks, particularly uphill-facing (antislope) scarplets, may be difficult to distinguish from seismogenic fault
scarps (see Radbruch-Hall. 1978; Clague, 1979; Bovis,
1982).
Below the broad zone of crown cracks there commonly
are gently inclined benches, which, in many mountain regions, have long served as settlement sites (Huder, 1976).
Settlements located there move slowly (e.g. a few centimetres per year) often with little relative displacement between buildings. Toe zones of sagging slopes impinge
against the opposite valley wall or extend underneath the
valley floor, partly buttressed by the toe of the opposite slope
(Fig. 10).
During the first half of this century geologists working
on large-scale construction projects in mountainous terrain
recognized that in contrast to smaller bedrock slumps basal
surfaces of sagging slopes are difficult to define. Planar or
spoon-shaped zones of rupture merge almost imperceptibly
with the semicoherent creeping rock masses above and with
the solid bedrock below. The interpretation of stepped head
scarps as belonging either to several discrete shallow slides
or to a single sagging rock mass is of considerable practical
significance and was first seriously discussed by Ampferer
(1939) and Stini (1941, 1942).
In central Europe slopes of this type have been termed
'Sackung' ( =sagging slope), 'Talzuschub' ( = valley closure), 'Bergzerreissung' ( =mountain splitting), 'ancien
tassement profond' ( =ancient deep sagging) and have been
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Figure 10: Map view (a) and cross-section
(b) of a mountainside undergoing deepseated creep. Note composite head scarps
of ~nactiveand active elements, and toe
zone slumps which interfere with the torrent
channel along the narrow valley bottom.
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shown as such on large-scale geological maps (Heim, 1932;
Zeller, 1964; Clar and Weiss, 1965; Nemfok, 1972; Burri
and Gruner, 1976; Horninger and Weiss, 1980). Nevertheless. only minor progress in the understanding of the mechanics of large sagging terrains has been achieved until recent
years (see Terzaghi, 1950). The understanding of sagging
terrains came about through detailed mapping of the diffuse
headscarp regions, definition of the basal shear and rupture
zones by drilling and seismic investigation, geodetic
measurements of surface displacement, evaluation of secular
and annual hydrological regimes, and an application of
theoretical models (Jackli, 1957; Haefeli, 1967; Zischinsky,
1969; Briickl and Scheidegger, 1972; Robinson and Lee,
1972; Radbruch-Hall et a]., 1976; Huder, 1976; Mahr, 1977;
Imrie and Patton. 1977; Piteau et al., 1978; Hauswirth et al..
1979, 1982; Kronfellner-Kraus, 1980; Moser and Glumac,
1983).
Creep rates on many sagging slopes are so low (millimetres or centimetres per year) that displacements pose
little or no direct threat to human structures placed on them.
However, on others creep rates respond dramatically to induced or natural changes in the hydrological regime of the

slope (Neuhauser and Schober, 1970). This holds particularly for small (50 to 100 x IOhm') and steep (30 to 40")
sagging slopes with planar detachment zones. There, removal of the forest cover, submergence of the toe zone by a
reservoir, enhanced infiltration of snow melt, or an increase
in total annual precipitation may cause acceleration and discrete slippage in certain zones of the slope. Creep rates are
generally-higher at the 'active' toe zone than near the head
scarp (Huder. 1976; lmrie and Patton, 1977; Moser and
Glumac, 1983). Fresh zones of crown cracks delimit 'incipient' failures above the toe.
Accelerating creep rates may or may not necessitate
abandonment of human works on the sagging slope itself.
However, they invariably pose problems to structures along
the toe zone and particularly to the stability of adjacent
torrent channels. If the broken rock mass constrains the flow
of a torrent the reach along the toe zone becomes a growing
source of debris. The volumes of resulting flows depend
largely on the channel gradient below the constriction and on
the rate of slope deformation which replenishes the debris
source along the channel. Accordingly there are two prototypes of torrent basins with bedrock failures as source

areas: small high-gradient basins and large low-gradient
basins.
High-gradient torrents (30 to 60%) which drain small
funnel-shaped catchments ( I to 10 km2) underlain by unstable bedrock slopes have the potential for large blocky
debris flows (0. I to 1 X I06m3).These flows are transitional
in character between bedrock slides and high-mobility watersaturated flows. In detail, the debris enters the torrent system
either as individual rockfalls or as unstable toes of large
sagging slopes and bedrock slumps. Debris cones at the
mouths of these torrents tend to be steep, their volume
seemingly out of proportion with the small area of the catchment basins. The bedload of the dormant torrent stage gives
no hint as to the debris potential of the active torrent stage
which is initiated entirely by failure of upland slopes. Mapping and monitoring of individual slope failures thus become
a significant input for the evaluation of the debris flow
potential in high-gradient and unstable torrent basins (Zeller.
1972a; Japanese Society of Landslides, 1972; Malatrait,
1975; Cotecchia, 1978; Azimi et al., 1980; Smith and Hart,
1982).
Along low-gradient torrents (up to about 30%) and
rivers, sagging slopes continuously replenish the bedload to
the point of changing the torrent channel into a braided track
of bouldery debris. If the torrent (or river) has a high mean
discharge, the debris load that is being added slowly from the
toe zone of a sagging slope will be carried away during
annual periods of enhanced runoff. However, if normal
runoff is insufficient to carry away the debris the blockage of
the channel along the toe zone may create a lake; sporadic
bursts across the debris dam during floods may have destructive impact in the valley below.
In practice, a variety of bedrock failures create the
conditions for potentially dangerous debris flows: deepseated rotational failure develops along carbonate-shalkevaporite slopes; collapse and toppling are found mainly
along massive gneiss, quartzite, or carbonate cliffs; slumps
occur in sandstone-shale terrain: and sagging slopes are most
common in low grade metamorphic rocks.
Deep-seared rotational failures in source areas underlain by carbonate-shale-evaporite complexes commonly
are the precursors of debris flows which are characterized by
a water-saturated clay matrix and large suspended carbonate
blocks (for Alpine case histories see La Valle Agordina,
Brannenburg, Perarolo, Bourg-St. Maurice. Brienz. St.
Jean-de-Maurienne, Reisskofel, Brentonico, Vandans,
Sandling, Tavemerio, Aime, Illgraben, Pettneu).
Collapse of sreep cl~ffsof gneiss. carbonate, or quartzite
across narrow torrent gorges may produce serious blockage
and debris mobilization during the rainy seasons (for Alpine
case histories ses Ziano, Zambana, Werfen, Tagliamento.
Meran, Plaine d'oisans. Bec Rouge).
Slope creep in intensely deformed slate or sandstoneshale successions leads to almost continuous embankment
instabilities and local blockage of rain-swollen torrents.
Without effective drainage and channel maintenance debris
flow activity from such torrent systems can be severe (for
Alpine case histories see Schlierengrat, Massif de Plate.
Semsales, Chablais, Meiringen).

The most common debris-generating slope failures are
~
terrain. Therc. large
found along s u ~ g i nrncrumorphic
volumes of rock and overlying surficial deposits move slowly along shear zones and foliation planes towards torrent
channels. The gigantic volume of sagging slopes in
metamorphic rocks locally creates an inexhaustible source of
debris for recurrent debris flow activity (Neukirchen. Ardenno, Gastein Valley. Ganderberg, La Chapelle, ObervellachMoll Valley, Schlanders, Upper Vintschgau. Lienz, Matrei,
Aosta, Randens, San Giovanni de Crevola, Motto d' Arbino,
Valle di Vanoi. Rackling, Peccia, Crodo, Nolla. Campo,
Putschall, Monte Masuccio, Gaishom).

MANAGEMENT OF DEBRIS FLOW
HAZARD
In the foregoing sections we have outlined the main
nonvolcanic settings of potentially destructive debris flows;
the case histories in the Appendix show how mitigation and
acceptance of risk have been used to deal with different
debris flow situations. In general. the management of a
debris flow hazard can be approached in three steps: hazard
appraisal, passive countermeasures (monitoring and evacuation, land-use zoning), and active countermeasures (remedial engineering, reforestation).

Hazard appraisal
The debris flow hazard of any torrent system can be
appraised only semiquantitatively. However, the purpose of
such an appraisal is to obtain some estimate of magnitude and
recurrence potential for destructive flows in order to design
preventive measures. Although similar to appraisals of flood
potential along rivers, debris flow hazard appraisals are considerably more complicated and less accurate. Crude at best,
they are based on ( I ) documentation of historical debris flow
events and the resulting damage, (2) hazard indicators ('silent witnesses' of Aulitzky, 1972) found on the fan, in the
gorge, or source area of torrents, and (3) predictive formulas. The cost of an appraisal has to be balanced against the
economics of the case in question and will vary with the
sophistication of tools and techniques applied (e.g. drilling,
trenching. surveys, detailed geological mapping etc.).

Documentation of historical debris flows
The most significant set of data in the appraisal of debris flow
hazard, if available. are historical records documenting actual destructive events and the resulting damage (Aulitzky.
1968). To be able to look back at, say, a hundred years of
fairly complete damage records in a mountain range or a
major valley generally permits a first-order evaluation of the
most dangerous torrents. local debris flow recurrence, and
the regional meteorological trigger events. Published historical information concerning recurrent debris disasters exists
for some mountain valleys of the European Alps, Apennines.
Japan, and other regions where mountain settlements exist
close to urban centres. For example, Mougin (1914) produced one of the earliest and still most con~prehensiveregional inventories of historical debris flows in the Savoie
district of the French Alps. His painstaking archival studies

revealed not only prevailing weather patterns during many
debris disasters, but also documented the adverse impact of
hurnan activities such as deforestation and overgrazing on the
stability of steep upland basins. The detailed analysis of
numerous basins ravaged by erosional scour eventually aided
in the restoration efforts (Mougin. 1931). In many parts of
the world records of debris flow damage are kept by local
engineering offices or can be retrieved from newspaper
accounts. In central Europe some of the relevant data have
been compiled regionally and published in generalized form
( e . Montandon.
~
1933; Stini. 1938; Leys. 1977; Stacul,
1979). Nevertheless. such information files are scarce for
areas where the development of ~nountainvalleys is of more
recent date (e.g. western North America). Thus, in rapidly
urbanizing mountain valleys of the circum-Pacific mountain
regions systematic observations made during and after major
debris disasters will be of economic significance for future
development decisions (e.g. Sharp and Nobles, 1953; Weber
and Treiman. 1979; Eisbacher and Clague, 198 I). Historical
damage records may permit the assessment of total damage
from major regional storms, the intensity of precipitation
required to mobilize debris. the identification of source areas
with debris generating potential, and estimates of possible
volumes and velocities of destructive flows.

Hazard indicators
Second in usefulness after historical records are hazard indicators. the erosional and depositional features left behind
by past debris flow activity. Hazard indicators (or silent
witnesses) on debris fans (cones), in the gorge, or in the
source areas of torrent systems yield semiquantitative information concerning the recurrence and magnitude of past
flows. They are useful only if they can be related to an active
or dormant torrent system, i.e. a torrent system along which
recurrent mass movements have taken place repeatedly during Holocene time. If blocks strewn across the surface of a
debris fan or erosional scars in the source area are relicts of
late Pleistocene processes. they reflect a physical environment quite different from the present, and thus the data are of
little relevance to the contemporary debris flow potential of
the torrent system. The dating of debris fans is thus paramount in the discrimination of relict from active or dormant
torrent systems.
On active or dormant fans the most important hazard
indicators are: damaged vegetation, large blocks scattered
about, thickness and age of debris layers. and channel gradient. The most common vegetation damage includes scarred
bark (Fig. 11). indicating the height of a passing flow and
permitting the dating of the flow by an analysis of the new
bark growth around scars (e.g. Clague and Souther, 1982);
broken trees also yield information on the magnitude of
impact forces (Mears, 1977); pioneer vegetation fringing
active torrent channels on the cone may allow a crude
appraisal of the age of the latest debris flow event (e.g. age of
willow and alder tracks within conifer forests); buried root
horizons in combination with tree-ring or radiocarbon dates
can be used to determine thickness and age of debris flow
layers (Jackson. 1977); other vegetation remnants such as
buried lenses of peat or tree fragments incorporated in debris

flow deposits can serve to obtain maximum radiocarbon ages
of debris flow events.
Diameters of blocks strewn about on the surface of
active fans or cones. if related to datable debris flow deposits, are meaningful hints as to the transporting and destructive
potential of past flows. Blocks on the surface of a deeply
incised inactive fan do not indicate a current hazard, although
they may point to the existence of potential instabilities in the
source area.
Thickness. internal structure and texture of debris layers
are indicators of the mechanism of deposition (Nilsen,
1982). Structures such as pebble imbrication, crossbedding,
and parallel lamination of sandy lenses indicate relatively
tranquil processes of alluvial sedimentation; massive unsorted units of blocky debris indicate generally single debris
flow events.
The gradients of active fans or cones indicate the prevailing depositional processes: flat fans (less than 3") are
mainly the result of extensive reworking of debris by running
water along braided channels; steep cones (more than 5")
reflect intermittent deposition of debris flows with little
reworking by running water. On fan deltas along lakes or
along a mountainous seashore the stability of the lower fan

Figure 1 1 : Partial sectlon of a tree damaged by debr~s
flow; arrow lndlcates time of injury. (GSC 204165-A)

segments has to be appraised as well; existing slump scars
along the delta front are certain indicators of inhercnt instability of shoreline deposits.
Hazard indicators in the gorge of a torrent include patches o i debris and scarred vegetation that mark the upper limit
of recent debris flows. Sharp vegetation trimlines above the
channel often indicate the highest level attained by the moving debris. Along twisting reaches of the gorge debris flows
tend to bank and climb the outer bends. a phenomenon
known as superelevation. Trimlines on the outside permit
determination of superelevation with respect to the position
of trimlines on the inside of the bend. A rough estimate of
debris flow velocity (V) can be obtained by measuring a) the
angle of superelevation perpendicular to the path of the
debris flow (0) and b) the mean radius of curvature of the
channel bend at this point (R):
V' = Rg sine
where g is the constant of gravity.
Hazard indicators in the source areas of torrents are
either erosional scars or incipient slope failures. Erosional
scars can be recognized by exposed tree roots and debrischarged channel reaches below; incipient embankment failures, bedrock slumps, and active toe zones of sagging slopes
can be recognized by irregularly leaning trees, open crown
cracks, and sag ponds. Regular surveys which monitor the
downhill movement of sagging terrain can establish a value
for the volume of debris contributed by the toe zone to the
torrent channel. Lakes and ponds with potentially unstable
outlets always represent a hazard if they are lcoated above
high-gradient torrent systems. Excessive logging and windfall clogging of tributary ravines also increase the debris flow
potential of a basin. Similarly, carelessly emplaced sidecast
along development roads may cause debris avalanches in a
basin.
Hazard indicators, particularly those in the source area,
are most appropriately documented on large scale maps
(1:25 000 and larger). The geological surveys of several
countries have published prototype maps showing relative
slope stability for mountain areas which are under development pressures. For example, excellent and readily available
maps are those of the Bureau de Recherches Geologiques et
Minikres of France for the French Alps (Humbert, 1977). A
slightly different approach of slope stability mapping has
been used to document slope stability by the United States
Geological Survey (e.g. Nilsen et al., 1979). Maps of this
type are highly relevant for the appraisal of the debrisgenerating potential of torrent basins (Cotecchia, 1978).
More integrated maps of hazard indicators also show
snow avalanche tracks, and existing vegetation patterns (Jeglitsch et al., 1975; Harden, 1976; Kienholz, 1977; Grunder,
1980; Dow et al., 1981; Kienholz et al., 1983).
To be of greatest value hazard indicators should be
shown site-specific. The cost of subsequent zoning measures, reforestation, or engineering works can then be evaluated. It is important that the geomorphic-geological evidence
derived from hazard indicators is presented in a style comprehensible to all parties involved, including non-experts
such as land owners, prospective developers, government
agencies, and water resource planners. Experience has

shown that where a debris flow hazard is not easily demonstrated, thc essential co-operation from the concerned paflies
may be difficult to obtain.
Predictive formulas

Predictive formulas concerned with recurrence and magnitude of debris flows have bcen the outgrowth of research into
floods and bedload transport from small mountain drainage
basins (e.g. Hampel, 1970; Zeller, 1982).However, in many
small torrent basins for which historical observations are
available the volume of debris flows is difficult to relate to
annual storm runoff or bedload transport (Scott and Williams. 1978; Sommer, 1980). This fact is also bome out by
the case histories presented in the Appendix. Locally. it may
be possible to arrive at predictive quantitative relationships
between the magnitude-of extreme debris flows and other
measurable parameters of the torrent system such as catchment area, forest cover, channel gradients (source area.
gorge, fan), fan radius, etc. However, initiation of major
debris movements along both high-gradient and low-gradient
torrent systems depends on specific geologically controlled
slope instabilities and erosional point sources; their size
determines the volume of potentially hazardous debris flows.
Kronfellner-Kraus ( 1982) has therefore expressed a warning
against the application of oversophisticated prediction formulas after having carried out an analysis of historically
documented debris movements from a variety of catchment
basins in the Eastern Alps. He found that the volume of
extreme flows, although related to the gradient and catchment area of the torrent system, is critically dependent on a
factor which reflects the regional geologi~al-physiographic
setting. According to his generalized formula (KronfellnerKraus, 1982, p. 20)
G S = E x J x K
where GS is the volume of an extreme debris flow (in m3), E
is the area of the catchment basin (in km2), J is the average
gradient of the torrent from source area to the apex of the fan
(in %), and K is a regional parameter that varies greatly with
the geological characteristics of the source area. The parameter K has been found to range from 500 for large, lowgradient, and well forested basins to 1500 for small. highgradient, and poorly forested basins. K is also related to the
source area mechanics, i.e. it depends on whether bedrock
slides, debris slumps, sagging slopes, or erosional scars
produce the debris.

Passive measures
Passive measures against debris flow hazard include land use
zoning and monitoring. Appropriate land use in mountain
valleys is not a precise science and there are no simple rules
that apply with equal validity to different cultural domains.
But a wise use of information from historical records and
hazard indicators can minimize loss of homes, road works,
and lives in areas of recurrent debris flow activity. Debris
cones and fans have long played a role as preferred sites in the
development of mountain valleys and there are indisputable
advantages in living on them: the frequent floods of the main
valley floor are avoided; building foundations are generally

firmand dry: there is a better view of the valley: the mountain
torrent supplies clean water for a variety of purposes ranging
from irrigation to human use. The apical segments and axial
sectors of active or dormant fans. however. are areas of great
potential debris flow damage. Only an appraisal of the hazard
indicators or historical damage will yield criteria on whether
this hazard is acceptable or whether it is unacceptable and
thus should be avoided. Prior to settlement such a study may
result in recommendations as to the most diligent use of the
forest resources of the uplands combined with building restrictions along the torrent and on the cone (e.g. selective
logging from generally protected forests, rigorous maintenance of access roads. minimum culvert diameters and
bridge freeboards. etc.). Protective forest belts may also be
preserved along the apex and the axial sector of the fan
(cone). where their protective function is one of retaining the
force of minor flows.
In general, passive measures (i.e. zoning) for certain
land use must be simple in order to be effective. A relatively
simple approach. followed in some countries. is the threefold traffic-light system: a red zone of unacceptable risk (e.g.
no logging, no road building, or no residential construction),
a !ellon zone with carefully balanced risk (required safety
features such as dams, selective logging, full-cut roads,
channel revetments or check dams, etc.), and a green zone of
acceptable risk. The terms 'acceptable' and 'unacceptable'
risk are clearly preferable to the terms 'safe' and 'unsafe' and
depend entirely on the social-economic framework: near a
densely populated housing development an average debris
flow recurrence of once in a hundred years may be unacceptable, while the same recurrence interval may be acceptable
for a temporarily occupied recreation area (see farther on).
What represents an acceptable or unacceptable hazard
has to be understood prior to development of a torrent system. In the broad yellow zone, which bridges areas of unacceptable with those of acceptable risk the land use decisions
cannot be objective (Zeller, 1972b; Antoine, 1978). The
legal expressions 'right' or 'wrong' for the type of development chosen have little significance when the data base is
simply inadequate (Zollinger, 1976).
A special problem is posed by debris flow damage in
areas previously considered to have acceptable risk. Another
common source of difficulties is a change in land use of the
source area after the cone has been developed. If such change
in land use creates previously unknown debris movements
the only recourse is the implementation of costly active
measures. Simple financial compensation for losses to property owners without active countermeasures are bound to
result in even greater damage and costs during the next
catastrophe. Physical relocation of communities is both expensive and often socially unacceptable.
In summary, passive measures (zoning) are economical
if undertaken prior to development; more often, however,
they have to be balanced against existing historical rights,
local traditions. political pressure, and economic considerations, all of which may blunt the eventual zoning plan
for an area exposed to debris flow hazards. At best. passive
measures may improve forest practices, road construction.

and ski area developments in the catchment areas, and inhibit
further development of debris fans (cones); at worst they may
lead to protracted lawsuits between landowners and zoning
authority, or between users of the fan and users of the source
area.
Monitoring is a relatively inexpensive, although not
entirely satisfactory, passive measure for protecting people
against debris flows. Regular surveys of sagging slopes and
other bedrock failures in the source area of torrents may
provide hints of renewed debris flow activity. Warnings may
be issued to inhabitants of fans and temporary evacuation
may be required during intense rainstorms. Wire detectors,
strung across the torrent channels in the gorge above the fan
provide little time between warning and evacuation during
debris flow events of great velocity. The manning of
observation points along the gorge during storms is another
traditional monitoring technique. Monitoring activities only
help to save lives; removal of fixed property prior to the
impact of the debris flows is possible only in cases where
flows move exceptionally slowly.

Active measures
Active (remedial) measures against debris flows are undertaken where human infringement on the fan or debris
source area poses an unacceptable risk, but where passive
measures (zoning) are precluded by cost of resettlement,
value of land, or vested traditional rights. Active measures
against debris flows are generally designed according to
source area characteristics, debris composition, and fan
geometry. In the source area active measures are directed
towards control and srabilization of debris, on the fan they
have primarily protective functions.
From an economic point of view, the cost of active
measures should be considerably less than the total value of
the property to be protected. However, where human lives
are threatened, economic considerations may have to be
abandoned. According to political preferences the cost of
remedial measures may have to be borne by individuals,
entire communities, or the public at large.
Historically, active measures against debris flows were
first taken near densely settled medieval towns of central
Europe and eastern Asia (Strele, 1932; Ikeya, 1976; Stacul,
1979): there, debris disasters often prompted the reinforcement of existing flood dykes or 'water walls' along torrent
channels. Aggradation of debris in these channels and continued dyke reinforcement often led to spectacular elevation
of the axial fan sector over the rest of the built-over fan.
Since many debris disasters in the medieval towns of the
Alps were triggered by deforestation and overgrazing of
upland areas, some communities began to implement rneasures designed to check the erosional source area processes
as well: certain forests were declared off-limits or received
special protected status ('Bannwald'), often serving a combined function against snow avalanches, rockfalls, and erosion. Locally, steep erosional ravines were stabilized by
primitive masonry check dams as early as the late 17th
century (Stacul. 1979, p. 84-85). In central Europe the debris
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Figure 12: Schematic cross-section through a logging
road showing: a) debris generation along poorly designed road cuts and road beds; and b) well designed
access road.
flow problem was clearly perceived after the widespread
collapse of agriculture and depopulation of mountain valleys
after the Napoleonic wars. An early scientific literature soon
pleaded for better forest practices (e.g. Aretin, 1808; Surell.
1841), and a pioneering treatise on the function of check
dams in controlling unruly torrents above endangered settlements was published about the same time (Duile, 1834).
Following a series of debris disasters in the Alps in 1859.
1868, and 1882 active measures against debris flows became
part of the work carried out by regional forest services (Salis,
1892; Mougin, 1931; Strele, 1932). Active measures also
have a long wadition in other parts of the world where terrace
agriculture and runoff control are as old as civilization
(Ikeya, 1976; Johnson et al., 1982). Today expensive
engineering works are more and more complemented by less
expensive and environmentally pleasing bioengineering
techniques (Schiechtl, 1980; Gray and Leiser. 1982). Active
measures fall broadly into three groups: (1) improvement of
forests and reforestation in debris source areas, (2) construction of control works, and (3) erection of protective structures on and above the cones.

Forest practices and reforestation
The beneficial function of an intact forest on the stability of
slopes stems not only from the ability of trees to remove
water and thus lower pore pressure in the slope by
evapotranspiration and by interception of rainfall, but also
from a reinforcement of surficial deposits by tap roots and
secondary sinker roots of individual trees (Swanson and
Dyrness, 1975; Rice, 1977; Wu et al., 1979; Gray and

Leiser, 1982. p. 37-65). Complete removal of forest thus
lowers the threshold values of rainfall intensity and rate of
snowmelt necessary to mobilize unconsolidated surficial deposits and other debris on steep slopes. By how much these
thresholds are lowered depends on the removed tree species,
aspect of the slope. geology of the site and other parameters
which have to be determined in detail. During truly catastrophic rainstorms shallow slope failures will occur regardless of the vegetation cover.
In logging zones most debris is generated along unmanaged or poorly managed access roads. The most common debris-generating mechanisms along forest roads are
sidecast failures, retrogressive cut-slope lailures. and erosional scour near plugged culverts (Swanston and Swanson,
1976; Megahan, 1977). These three mechanisms commonly
act together where forest roads cross ravines, gullies. tributary torrents, or other topographic re-entrants. Here construction, maintenance, and runoff control are of critical
importance (Burroughs et al., 1976). Full cuts and complete
removal of the excavated material are advisable. Culverts
should be of large diameter, unobstructed, and oriented parallel to the pre-existing drainage: culverts at angles to natural channels generally are soon plugged by debris and large
erosional gashes cross the roads. Gabion toe-walls may have
to be used locally to keep cut-slopes from ravelling into
drainage ditches (Fig. 12). Reforestation of potential sources
of debris may require artificial terracing and temporary debris retaining structures (see Schiechtl, 1980, for details).
A most significant aspect of proper forest practice is the
maintenance of access roads, roadside ditches, and culverts
after logging has ceased. Removal of logging debris from
tributary ravines and torrent channels is also advisable; this
reduces the potential volume of debris that might be set in
motion during rare storm events. Improved logging practices, proper construction of access roads, and reforestation
will, over time, reduce the potential of debris generation
from logged slopes. However, one has to keep in mind that
even careful logging disturbs the natural setting and that
economic considerations always enter into the long-range
development plan for a logging zone. The economics of
logging practices therefore have to be balanced against inevitable losses to fisheries or tourism. The desired balance
should be decided for every case; there are no fixed rules that
can be applied for every natural situation or social context.

Control works
These are designed to stabilize major potential debris sources
and thus prevent the mobilization of debris into coherent
flows. In detail, the type of debris source will dictate the type
of remedial measures chosen. The urinciual
. . debris sources of
mountain torrent systems are erosional scars. debris slumps,
bedrock slides, and sagging slopes.
Erosiortal scars (e.g. along high gravel embankments)
are commonly reactivated during local downpours by scour
of running water. Torrent reaches bordered by erosional
scars are most effectively stabilized by stacked arrays of
check dams (Fig. 13). The art of check dam design is old and
the principles simple (Duile, 1834; see Stacul, 1979. for
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Figure 13 a) Dtagrammatlc vlews of the elements of
u a l dam; b) The arrangement of check
an ~ n d ~ v ~ dcheck
dams 1n stackedarrays along torrent reaches bordered
by erodlble and unstable surfrc/al depos~ts.

Flgure 14. Check dams along torrent reaches wlth unstable debrls-generating embankments a) near Predazzo, Italy (GSC 204165-B), b) near Bludenz, Austr~a
(GSC 204 165-C)

review): the rising wings of check dams keep the flow of the
torrent to the central axls of the channel and thus prevent
lateral and vertical erosion of the unstable bed; aggradation
behind check dams adds stability to the toes of embankment
slopes on the upstream side; the rush of water is broken by the
stepped channel profile; and the gently curved discharge
sectrons of the check dams facil~tateunobstructed passage for
mlnor debris floods and flows without endangering the
stability of dam abutments (Fig. 14). Depending on the
requlred strength of check dams the material used in their
construction may be steel-concrete, masonry, metalconcrete cribs, gabions, or timber (Strele, 1950; Stacul,
1979; Heede, 1980). The construction of check dams is
generally supplemented by revegetatlon of scarred embankments with fast-growing, deep-rooted trees (e.g. Alnus,
Salix). In bu~lt-overareas erosional reaches may have to be
stab~llzedby the complete training of torrent channels by
revetments of concrete-masonry or rip-rap.

Debris slumps and mlnor bedrock failures In the source
area of torrents are stabilized most economically by drainage
or retaining structures, again supplemented by revegetation.
Numerous technical details for the stab~lizationof natural
debris slumps and slides are described by Zaruba and Mencl
(1982) and by Gedney and Weber (1978) Considering that
many source areas of mountain torrents are poorly accessible, the most common technique for the stabilization of
slumps is the use of gabion retaining walls placed against the
toe of the unstable debris mass However, such stabilizing
berms may only be of temporary value and may have to be
replaced by more substantial structures.
Bedrock slides and toe zones of sagging bedrock slopes
are most economically improved by meticulous rerouting of
surface runoff away from the crown cracks, by draining sag
ponds, and by removlng water from the slope by external
(ditch) or internal (pipe) drains. Toe retaining walls, concrete
berms, or dams may be feas~blelocally, but tend to be
expensive because of the required size and strength.

Emplacement of check dams at actively eroding toe zones of
large debris slumps or sagging bedrock slopes is only partly
effective: over time such transverse channel structures are
either buried or crushed by the encroaching slide mass;
recently, check dams with compressible gabion-type discharge sections have been found suitable in the control of
erosion along bedrock-debris slumps (Kronfellner-Kraus,
1982). Where infiltration of water into unstable slopes is
caused by the torrent itself, rerouting of the torrent by diversion tunnels or cuts may be necessary. A dense mantle of
vegetation may improve the hydrological balance of the
slope and thus enhance its stability.
frotective works
These are built along the lower reaches of torrents, particularly at the apex of debris fans or cones; their function is to
reduce the direct impact of debris flows on human structures.
The 'design events', which serve as a basis for the choice of
protective works, are derived from a careful hazard appraisal. However, costs for protective works are relatively high,
and the economics of certain situations may preclude their
use. To avoid a false sense of security, the magnitude of the
'design event' and the uncertainty of obtaining the projected
volume and velocity therefore should be spelled out clearly
prior to the onset of construction. No protective structure can
be considered absolurely safe, and there always remains a
residual acceptable hazard.
Because of their momentum and their non-Newtonian
behaviour, debris flows in natural settings debouch along
straight and flaring paths close to the axial sector of fans.
Protective structures should be emplaced in consideration of
this peculiarity: sharp bends or depressions in the path of a
debris flow are filled quickly by early pulses of debris and are
thus easily overtopped by later pulses. The simplest design
criterion therefore is to provide a straight, uninhibited, and
flaring course across the fan towards the receiving river. To
avoid a potentially serious buildup of debris immediately
above the apex of the fan it may even be necessary to remove
blocking bedrock spurs above the mouth of the gorge.
Protective works include, in their order of increasing
cost, forest belts and dykes along torrent channels, deflection
dams, transverse dams, debris retention basins, and galleries
(sheds).
Forest belrs along a dyked torrent channel may offer
satisfactory protection for a sparsely inhabited fan of low
gradient; rows of closely spaced trees may impede the lateral
breakout of coarse debris from the axial sector of the fan
during minor flows. However, it is important that both channel and forest belt are entrenched somewhat into the surface
of the fan. This may require widening and lowering of the
axial sector of the fan prior to dyking and planting of tree
belts.
Deflection dams and guiding walls are generally built at
the apex of debris fans whose axial sectors have been built
over, but whose flanks or axial sector still provide sufficient
space for a wide and straight torrent track (Fig. 15). A
deflection dam should be sufficiently strong and high so that
it is not breached or overtopped by debris flows; if curved its

radius of curvature should he as large as possible to reduce
the impact of the flow on the structure. In general. some of
the material used in the construction of the dcflection dams
can be derived from the excavated blocky debris found along

Figure 15: Schematic illustrations of the three principal
types of protective engineering works against debris
flows.

Flgure 16: Debris deflection dam with strong stoneblock armour (near Chiavenna, Italy). (GSC 204165-0)
the torrent channel. The curved side of the dam facing the
torrent generally has to be reinforced with a stone-block
armour (Fig. 16); tree belts may supplement the structure to
soften its visual impression and to allow for the inevitable
spillover of fines during flows.
Transverse debris retention dams are erected across the
torrent at or immediately above the apex of a debris cone or
fan (Fig. 17). Modem transverse protective structures incorporate steel, concrete, and masonry. The foundation sills
and abutments are preferably emplaced on bedrock or are at
least anchored to the channel substratum by sheet piles. Since
they have to withstand the direct thrust of the moving frontal
debris wall the design has to be safe against shear and
toppling of the structure. The concrete wings are therefore
generally provided with downstream-pointing steel or concrete buttresses (Fig. 17c). The central discharge section of a
protective dam consists either of steel or steel-concrete
beams. The slits or openings between the beams of the
discharge section are wide enough to permit passage of
normal bedload through the dam, thus preventing premature
aggradation behind it. However, they are narrow enough to
block a potentially destructive debris flow. Screens, rakes,
and braced steel grids may serve as central discharge sections
where design of the dam is directed mainly against organic
(timber) debris. The crest of the dam is commonly provided
with a strong masonry armour and downstream-projecting
carapaces that prevent damage to the structure due to spillover of debris when, during debris flow events, the space
d
to the retention spaEe on
behind the dam fills up. ~ o a access
the upstream side of the dam permits maintenance and
cleanup after debris flows. Available space at the apex of
debris cones andlor the economics rarely permit construction
of protective dams against design debris flows in excess of
300 000 m3.
Galleries are built over highways which cross steep
debris cones; they are commonly supplemented by debris
guiding walls or retention basins (Fig. 18).

Figure 77: Examples of protective debris retention
dams: a) masonry-lined steel concrete dam wlth vertical selective discharge slits under construction (near
Innsbruck, Austria) (GSC 204 165-E);b ) steel-concrete
dam; note drains in the lower half and selective discharge section of steel beams above (near Caoria,
Italy (GSC 204165-F); c ) buttressed selective discharge section of an earth-rockfill dam (near Innsbruck, Austria) (GSC 204 7 65-G).

w
Figure 18: Combination of debris retention basin and
gallery designed to protect major mountain highway
from recurrent debris flows (Arlberg Highway, Austria).
(GSC 204 165-H)

MASS MOVEMENTS ON VOLCANOES
Severe slope stability problems occur on Quaternary volcanoes, especially those that are active or dormant. Worldwide
in this century alone, thousands of deaths and enormous
property destruction have resulted from volcanic debris
flows. For example, in 1919 a single debris flow from Kelut
volcano in Indonesia destroyed or damaged 104 villages,
killed over 5000 people and ruined thousands of hectares of
cultivated land. In this chapter we summarize the slope
stability problems associated with young volcanoes and discuss the premonitory and remedial measures that may be
employed to reduce the risk of destructive mass movements
in these areas.
It must be emphasized at the outset that the mass movements of concern here are restricted to a relatively small
portion of the Earth's surface; well over half of the roughly
10 000 recently active volcanoes of the world are found in
less than 0.3% of the Earth's land areas (Fig. 19; Williams
and McBirney, 1979). Almost all active and recently active
volcanoes are located at or near lithospheric plate boundaries. The majori:y are associated with convergent plate
boundaries and occur above subduction zones. For example,
the "Ring of Fire", a necklace of active volcanoes girdling
the Pacific Ocean, closely follows several subduction zones
encompassing New Zealand, New Guinea, the Philippines,
Japan, Kamchatka, the Aleutians, western North America,
Central America, and western South America. Likewise, the
volcanoes of the Indonesian archipelago are associated with a
major subduction zone in the Indian Ocean that connects

eastward with the Pacific volcanic belt. The volcanoes of the
Lesser Antilles and southern Europe also are located along
convergent plate boundaries. Most of the volcanoes occurring at convergent plate boundaries are stratovolcanoes
formed by repeated explosive eruptions of silica-rich
magmas.
Volcanoes also occur at divergent plate boundaries
where new crust is created by the upwelling of magma along
spreading ridges, and in the middle of plates where magma is
generated above "hot spots" in the Earth's mantle. The volcanoes of Iceland on the Mid-Atlantic Ridge exemplify the
former group, and Hawaiian volcanoes are examples of the
latter. Volcanoes located at divergent plate boundaries characteristically are silica-poor and relatively nonexplosive;
they consist mainly of lava flows and have less pyroclastics
than volcanoes at convergent margins.
Mass movements tend to be very common on Quaternary volcanoes at convergent plate boundaries for several
reasons. Firstly, the volcanic materials associated with silica- and volatile-rich eruptions are weak and prone to failure
on moderate and steep slopes. Pyroclastic deposits
("tephra"), the dominant constituents of most stratovolcanoes, are loose and poorly indurated volcanic sediments that
are easily eroded by running water and glacier ice and also
are susceptible to slope failure. Lavas, dykes, sills, and plugs
commonly are intensely fractured and jointed, and consequently also have relatively low strengths. Soils separating
eruptive units on most volcanoes are themselves potential
failure surfaces.
Secondly, young volcanoes at convergent margins
generally have moderate to high local relief, a requisite for
large mass movements. A volcano, of course, becomes elevated above the surrounding terrain by the eruption of flows
and pyroclastics from vents and fissures. The morphology of
a volcano, the steepness of its flanks, and the shape of its
summit vary in a complex fashion as a function of eruptive
history and magma chemistry. In general, relatively steep
depositional slopes are found on stratovolcanoes and
pyroclastic cones formed from silica-rich magmas. High
local relief on volcanoes also may result from erosion by
streams, glaciers, and eruptive processes. Erosional ravines
and valleys on the flanks of volcanoes commonly have steep
walls that are susceptible to failure.
Thirdly, many volcanic mountain ranges receive abundant precipitation which reduces the stability of slopes. Torrential rains commonly trigger debris flows in loose
pyroclastic materials. In other instances, eruptions melt summit glaciers or empty crater lakes to produce enormous flows
that travel many tens of kilometres.
Fourthly, young volcanoes generally are located in
zones of high seismicity (Fig. 19). Earthquates which either
accompany eruptions or are unrelated to them may initiate a
wide variety of mass movements on the flanks of volcanoes.
Finally, eruptions are themselves direct causes of landslides. The upward movement of magma in a vent may
deform and weaken the volcano and eventually lead to flank
failures. In addition, volcanic ejecta falling back on the cone
may become mobile and flow downslope.

-".
Mass movements on volcanoes may be broadly subdivided

T v ~ e sof volcanic mass movements

into two groups, one consisting of failures triggered by
eruptions and the other comprising failures unrelated to eruptions (Table 2). The most common types of mass movements
in both groups are debris flows and debris avalanches consisting of pyroclastic material and blocks of crystalline
volcanic rocks. Debris flows generally have higher water
contents than debris avalanches and flow in the manner of a
viscous fluid, but the two types of slope failures are otherwise similar. Many debris avalanches begin as slides or
slumps and transform into debris flows while moving downslope. Volcanic "mudflows" also are similar to debris flows,
but consist dominantly of dust, ash, and lapilli, with little
coarse particulate matter. Debris avalanches, debris flows,
and mudflows occumng during eruptions are often hot and of
very large size (>10' m3); avalanches and flows unrelated to
eru tions are cold and range widely in size (most are 10'10 m3).
Cold volcanic debris flows may be subdivided according to their mode of formation. Some flows result from the
failure of a discrete mass of pyroclastic material and/or lava
above a well defined rupture surface. As this slab moves
down the flank of the volcano, it rapidly disintegrates into a
melange of dust, ash, lapilli, and blocks. Such debris flows
commonly are triggered by earthquakes, by heavy rainfall or
glacier melt, and by swelling of the cone due to the upward
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movement of magma. A second major group of cold volcanic
debris flows (as well as many mudflows) results from the
erosion of tephra by running water. Loose pyroclasric sediments may be scoured by runoff during heavy rainstorms and
thus mobilized into debris flows. Such flows are little different from those involving glacial, colluvial. and other types of
unconsolidated sediments in nonvolcanic mountain ranges.
Debris flows and mudflows are water-bearing anbdefine one end of the spectrum of volcanogenic flows. At the
other end of this spectrum are relatively dry flows consisting
of incandescent pyroclastic debris mixed with hot air and
volcanic gases (i.e. "pyroclastic flows"). Where the gaseous
phase dominates, such incandescent flows are termed nuees
ardentes.

Nuees ardentes and other pyroclastic flows
When viscous, gas-rich magma erupts vertically under fairly
low pressure, incandescent volcanic ejecta may fall back on
the volcano and flow downhill as a fiery gaseous avalanche
(Fig. 20). Similar superheated clouds of gas and particulate
matter also may result from a directed lateral blast. Such
swiftly flowing and turbulent hot tephra-laden clouds are
known as nuees ardentes, literally "glowing clouds". Most of
the solid material in a nuee ardente flows near the ground,
often in a confined channel such as a valley. Above this, and
commonly covering a much larger area, is an ash-laden hot

Table 2. Types and characteristics of volcanic mass movements
Tvoe
Pyroclastic flow
(including nuee
ardente)

Temperature
("C)
>100<1000

Water
content
Low

Gas
content
High

Solid
constituents
Pyroclastics

Relationship
to eruotion
During

Hot debris flow and
mudflow

30- 100

High

Low

Pyroclastics,
crystalline
volcanicsl

During

Cold debris flow and
mudflow

0-30

High

Low

Pyroclastics,
crystalline
volcanicsl

During or
unrelated

Rock avalanche

Low

Low

Crystalline
volcanics

During or
unrelated

Debris avalanche

Low

Low

Pyroclastics

During or
unrelated

Low

Low

Crystalline
volcanics

During or
unrelated

Rockfall

0-30

'The solid constituents of mudflows are mainly dust, ash, and lapilli; in contrast, debris flows consist of both fine and
coarse pyroclastic material, or a mixture of such material and fragments of lava flows, domes, plugs, dykes, or sills.

cloud. This cloud has tremendous mobility and may sweep
across ridges and spread out over extensive areas at the base
of the volcano. Much of the death and destruction resulting
from nuees ardentes are due to these superheated clouds
rather than the dense channelized pyroclastic flows that accompany them. The velocities of nuees ardentes are controlled largely by the direction of the eruption blast. If the
blast is vertical, the speed of the cloud is determined by
gravity and rarely exceeds 45 mls; in a lateral blast, the initial
velocity may reach 300 d s . Although individual nuees
ardentes vary tremendously in temperature. debris concentration. and volume depending on the size and character of
the eruption and the morphology of the volcano, all share the
characteristics of great mobility and resultant high velocity.
The best known and most destructive nuke ardente is
that which destroyed the city of St. Pierre, Martinique. on
8 May 1902 (Fig. 2 I ; Hovey. 1902; Heilprin. 1903; Lacroix.
1904: Bullard. 1976). This catastrophe resulted from an
eruption of Mount Pelee, located about 8 km from the city.
During this eruption, a great cloud of ash rose many kilometres above the volcano. and simultaneously another cloud
shot laterally southward through a notch in the crater wall

towards St. Pierre. In less than two minutes it engulfed the
city, killing its 30 000 inhabitants. The cloud, travelling
about 45 d s , struck St. Pierre with tremendous force. stone
and cement walls 1 m thick were knocked over and tor,,
apart, big trees were uprooted, and a 3 tonne statue was
carried 12 m from its base. Much of the city caught fire, and
most of the ships in the harbour sank or were destroyed by
fire. The temperature of the blast can be estimated from its
effects on objects that did not burn. Glass was softened
(650-700°C). but the melting point of copper (1058°C) was
not reached. Death apparently resulted from inhalation of
highly heated gases. The May 8th catastrophe was followed
by sporadic nuee ardente eruptions for several months. Most
affected the same area as the May 8th nuke ardente, but one
on August 30th extended somewhat to the east of the previous ones and destroyed five villages, adding 2000 victims to
the death toll of Mount Pelee (Fig. 21).
Other well documented eruptions that have produced
spectacular nuees ardentes are La Soufritre on the island of
St. Vincent, Lesser Antilles, in 1902 (Anderson and Flett,
1903; Anderson, 1908); Mount Lamington. Papua-New
Guinea, in 1951 (Taylor, 1958); Bezymianny volcano, Kam-

Figure 20: Mechanisms of nuees ardentes formation:
a) fall of volcanic ejecta onto the flanks of a volcano
from a vertical eruption cloud (e.g. La Soufriere);
b ) laterally directed blast resulting from the plugging of
a vent by a lava dome (e.g. Pelee); c ) collapse of an
~ncandescentlava dome (e.g. Merapi). (Adapted from
Macdonald, 1972. Fig. 8-2).

Figure 2 1: Map of the northern end of Mart~niqueshowing areas devastated by eruptions of Mount Pelee on
8 May and 30 August 1902. Arrows indicate the path of
the glowing cloud that destroyed St. Pierre. (Adapted
from Bullard, 1976, Fig. 18; 8 May area after Hovey,
1902; 30 August area after Heilprin, 1903).

&atka, in 1955-1956 (Gorshkov, 1959); and Mayon volcano, Philippines, in 1968 (Moore and Melson, 1969).
During the eruption of Mount St. Helens, Washington,
on 18 May 1980, a hot (ca. 500°C) ash cloud, somewhat
different from a classic nuke ardente, spread over a fan&aped area north of the volcano, devastating an area of
almost 600 km2 (Lipman and Mullineaux, 198 I ) . This cloud
was generated by massive explosions that occurred when an
enormous landslide released the confining pressure on a
shallow magma body and its associated hydrothermal system. Propelled by expanding gases and gravity, a mixture of
gas, rock, and ice moved off the volcano as a hot, groundhugging, turbulent pyroclastic cloud at velocities of as much
as 300 rnls. Within a few minutes. the directed blast had
extended to about 25 km from its source and carried off or
knocked down all trees in its path. The cloud remained low,
extending only a few kilometres above ground level, until
forward motion diminished, whereupon convecting ash
clouds began to billow up. The deposit emplaced directly by
the blast cloud was thin, varying from about 1 m near the
volcano to only about 1 cm near the margins of the affected
area. About half of the material consisted of fresh dacitic
debris; the remainder was chiefly mixed lithic fragments
from the north flank of the volcano and entrained soil and
organic detritus.
Finally, the volcano Merapi in Indonesia has produced
many highly mobile flows of incandescent volcanic debris
accompanied by lighter clouds of hot air, volcanic gases, and
dust. These flows differ from the more common explosiongenerated nukes ardentes in that they originate from the
collapse of a growing lava dome extending over the rim of the
crater (Fig. 20; Neurnann van Padang, 1933; van Bemmelen.
1970; Macdonald. 1972).
Many flows of incandescent tephra or lava blocks are
not accompanied by glowing clouds. There is, in fact. a
continuum between pyroclastic flows lacking hot ash clouds
and true glowing clouds with a basal layer of fiery pyroclastic
debris. Pyroclastic flows commonly have tremendous mobility due to the presence of abundant gas which buoys up and
separates solid particles. Much of this gas is incorporated at
the time the flow is initiated, but some is added later by
degassing of tephra and entrapment of air beneath the onrushing avalanche (Macdonald, 1972).
Pyroclastic flows probably have a turbulent regime in
their upper gas-rich parts and a laminar regime close to the
base where the density and effective viscosity are higher
(Williams and McBimey, 1979). They behave as fluidized
systems in which solid particles are suspended in hot expanding gases. These flows decelerate and begin to deposit debris
along their paths as basal parts lose gas by upward escape,
thus increasing frictional drag along the ground. As gases
rise, the upper parts of a flow become increasingly fluidized,
so that they tend to travel farther and faster than the lower
part. Each higher part of a flow therefore tends to override the
part below, and each in turn becomes a basal layer that loses
velocity and deposits fragments of all sizes together.

Mass movements related to volcanic
eruptions
Debris flows and debris avalanches triggered by volcanic
eruptions typically are heterogeneous mixtures of tephra and
lava fragments ranging widely in size; in some instances the
debris includes vegetal matter and blocks of ice and snow.
Mudflows, although lacking significant detritus coarser than
lapilli-size, form in the same manner as debris flows and
have similar dynamics.
Volcanic debris flows are generated on the flanks of
volcanoes and move downhill at a velocity dependent on the
steepness of the slope. the freedom from obstructions. and
the viscosity of the flowing mass. Speeds of 10 to 15 d s are
common, and some of more than 30 d s have been recorded
(Macdonald, 1972). The distance travelled also depends to a
large extent on the nature of the terrain traversed. although
the volume of the flow also is an important variable in this
respect. Commonly, debris avalanches and flows originating
on the steep slopes of a volcano come to rest near the base of
the cone. Others, however. travel great distances from the
volcano: many extend 10 to 20 km from their sources, and
some more than 200 km. Individual flows may have huge
volumes and cover large areas. For example, the prehistorical Osceola debris flow, which originated on Mount
Rainier, Washington, had a volume of about 500 x 10' m3
and covered an area of over 300 km2 (Fig. 22: Crandell and
Waldron. 1956; Crandell and Mullineaux, 1967; Crandell.
1971). Flows that follow valleys are long narrow tongues,
but on reaching surfaces of low relief, they spread out as
broad sheets.
Debris flows and debris avalanches triggered by volcanic eruptions may be either hot or cold depending on their
mode of formation. They originate in a variety of ways; six of
the more common formative mechanisms are discussed below and illustrated with historical examples.

Emptying of crater lakes
The Indonesian volcano Kelut is notorious For causing debris
flows by violently expelling its crater lake. In 1919, an
eruption through Kelut's crater lake spilled about 38 x
10' mJ of water down the south and southwest slopes of the
volcano. The water picked up great quantities of loose
volcanic debris to form a series of debris flows that travelled
as much as 38 km from the crater (Fig. 23; Kemmerling.
1921). The first flows were cold, but as activity continued
and the proportion of water diminished. they became hotter
and finally gave way to pyroclastic flows. Though the flows
lasted only 45 minutes, they buried about 131 km2 of farmland, partly or completely destroyed 104 villages. and killed
over 5000 people. Debris flows of similar origin occurred
during the early phase of the devastating eruption of La
Soufribre in 1902 (Anderson and Flen, 1903; Anderson,
1908).
Sometimes, the release of a crater lake is only indirectly
related to volcanism. For example. three days before the
cataclysmic eruption of Mount Pelee on 8 May 1902. a
steaming lake in the crater of the volcano breached a plug of

tephra and emptied into the gorge of the Riviere Blanche
(Fig. 21 ; Hovey. 1902). The near-boiling waters swepl towards the coast, 7 km away and almost 1000 m below.
quickly transforming into a debris flow up to several hundred
metres wide and 30 m deep. Upon reaching the coast. it
engulfed a sugar mill and entombed about 30 workers beneath debris so deep that only the top of the mill's tall
chimney remained uncovered.
Some crater lakes empty by massive failure of enclosing
walls. This may occur either during eruptions, as for example
on Semeru volcano, Indonesia (Baak, 1949), or during periods of volcanic inactivity. as for example in 1953 on Mount
Ruapehu, New Zealand (O'Shea, 1954).
Rapid melting of snow or ice

In 1877, a large eruption of Cotopaxi volcano in Equador
produced pyroclastic flows that cut 30 to 60 m deep channels
in the glaciers at the 5897 m summit of the mountain (Wolf,
1878; Miller et al.. 1978). The liberated water changed the
pyroclastic flows into mammoth debris flows that swept
down all sides of the mountain at speeds up to 22 mls. From
the base of the volcano, these flows were funnelled into river
valleys where they caused extensive destruction. Hundreds
of people and thousands of livestock were killed; the lower
part of the town of Latacunga. about 30 km southwest of the
volcano, was destroyed. One debris flow from the north side
of the mountain travelled a distance of over 250 km in 18
hours and reached the Pacific Ocean via the Rio Pita and Rio
Guayllabamba.

Figure 22: Map showing the extent of two large prehistorical debris flows from Mount Rainier, Washington.
The Osceola flow is about 5000 years old and the
Electron flow about 500 years old. (Adapted from Crandell et al., 1979, Fig. 7.5).

During the 1955 eruption of Bezymianny volcano,
Kamchatka, pyroclastic flows spread over a large area on the
east flank of the cone. The hot pyroclastics melted snow and
thus provided the mobility necessary for debris flows to
travel more than 85 km (Gorshkov. 1959; Williams and
McBirney. 1979).
Destructive mudflows and debris flows developed within minutes of the beginning of the eruption of Mount st.
Helens, Washington, on I8 May 1980 (Fig. 24). Hot
pyroclastic debris melted snow and ice on the upper slopes of
the cone, producing flows that travelled down the major
valleys on the east and west flanks of the mountain, locally
attaining velocities of as much as 45 m/s (Janda et al., 198 1).
However, the largest flow developed many hours later by
remobilization of water-saturated landslide deposits in the
North Fork Toutle Valley.
Lava flows coming into contact with ice and snow also
can generate debris flows. For example, in 19 15 lava issuing
from the summit crater of Mount Lassen, California, came
into contact with snow on the upper east flank of the peak.
Water released from the melting snow scoured nearby unconsolidated volcanic debris to create a debris flow that
moved down two valleys for a distance of more than 30 km
(Day and Allen, 1925; Finch, 1930; Harris, 1976). More
recently, in 1963, a lava flow from the crater of Villarrica
volcano in Chile melted snow and ice near the summit, thus
triggering a debris flow that rushed down the mountain and
onto the plains to the west. This flow greatly damaged fields
and destroyed a village on the lower flank of the volcano.
Many of the more than 55 Holocene debris and mudflows originating on Mount Rainier in Washington probably
have resulted from rapid melting of summit snow and ice

Figure 23: Debris flows triggered by the 1919 eruption
of Kelut volcano, Indonesia; topographic contours in
metres. (Adapted from Williams and McBirney, 1979,
Fig. 7-7; original source Kemmerling, 7921).

70 km2. The northern flank of the mountain was replaced by
a horseshoe-shaped amphitheatre; thousands of conical.
domal, and pyramidal mounds as much as tens of metres
across stood out from the avalanche surface. The debris
consisted of angular blocks as much as 10 nl in diameter in a
matrix of finer debris. The avalanche entered stream valleys
where it mixed with water to form mobile debris flows that
destroyed farmland and killed more than 400 people (Sekiya
and Kikuchi. 1889).
An explosive eruption of Tokachi-dake volcano in
Japan in 1962 caused about 4 x loh m3 of hydrothermally
altered rock to slide from one side of the cone. The slide mass
transformed into a debris flow as it nioved downward
(Murai. 1963).
The eruption of Mount St. Helens on 18 May 1980 also
produced a large landslide remarkably similar to that at
Bandai-san nearly a century earlier. Following two months
of intense slope deformation associated with magmatic intrusion. seismicity. and gravitational creep, an enormous mass
of volcanic material with an estimated volunle of 2300 x
10%' became detached on the north slope of Mount St.
Helens during a magnitude 5 + earthquake and accelerated
towards the base of the mountain (Voight et al.. 198 1, 1983).
After 26 seconds. the first of a retrogressive series of blocks
had moved 700 m and was travelling at about 50 m/s; a
second block had moved 100 m. These slide masses rapidly
disintegrated and evolved into an enormous pulsing hot avalanche. Within I 0 minutes. avalanche lobes had travelled as
far as 8 km northward and 23 km westward, and an area of
about 60 km2 of the North Fork Toutle River valley system
was choked with 2800 x 10' m3 of hummocky surfaced,
poorly sorted debris to an average depth of 45 m. One avalanche lobe entered a lake and generated a wave that surged
up to 260 m higher on adjacent slopes.
When this avalanche came to rest on the morning of
May 18, it still was very unstable because much of the debris
was saturated with water derived from snow and ice of the
summit cone. Flows probably soon developed on various
parts of the hummocky landslide surface, but it was not until
late on the afternoon of May 18 that a large integrated
mudflow moved off the avalanche and down the North Fork
Toutle Valley. This flow destroyed trees, homes, and
bridges, and wiped out a mid-valley logging camp. Peak
velocities probably ranged from about 12 mls near the source
to less than 1.5 m/s in downstream reaches (Janda et al.,
1981 ). Thinning with distance, the mudflow travelled more
than 120 km into the Cowlitz and Columbia valleys. This
and other flows ultimately deposited more than 50 x loh n1'
of sediment along the lower Cowlitz and Columbia rivers and
raised the bed of the former by about S m (Lombard et al.,
1981 ).

monsoon season following an eruption of the Indonesian
volcano Kelut in 1919 (Ke~nmerling.1921). A few weeks
after the eruption of La Soufriere in 1902. heavy rains mobilized still-hot pyroclastic deposits, and a series of boiling-hot
flows swept down valleys on the flanks of the volcano (Anderson and Flett, 1903). Finally during the 1963-1964eruplions of lrazu in Costa Rica, flash floods scoured poorly
consolidated pyroclastic deposits, thus transforming them
into debris flows. One of these flows caused great damage
and some loss of life in the city of Cartago at the south base of
the volcano (Murata et al.. 1966: Waldron, 1967).

Mass movements unrelated to volcanic
eruptions
Mass movements on volcanoes occur not only during eruptions. but also during periods of quiescence and after the
volcano has become extinct. The presence of steep slopes,
abundant moisture. and a source of debris ensure that mass
movements will occur, although perhaps not with the same
frequency as during eruptions. These conditions also are
found in many nonvolcanic mountain areas, and in this
sense, noneruptive volcanic mass movements resemble those
of other areas. However, because many volcanoes consist
almost entirely of extremely weak, poorly lithified materials
that are especially prone to failure, the likelihood of mass
movements in such areas is greater than elsewhere.
Most noneruptive mass movements on Quaternary volcanoes are classified as debris flows because they exhibit a
dominantly flowing motion and are derived from heterogeneous, poorly consolidated volcanic materials (commonly
pyroclastic debris). However, some large flows are initiated
by falls or slides, and involve little water; these are more
appropriately labelled rock or debris avalanches.
As mentioned previously, noneruptive volcanic mass
movements may be subdivided into those resulting from the
failure along well defined rupture surfaces and those resulting from erosion by running water. Some of the triggering
mechanisms identified in the section dealing with eruptive
mass movements also apply here, including heavy rainfall.
earthquakes, and melting of snow and ice. In addition. normal fluvial and glacial erosion operating over a long period of
time may gradually reduce the stability of volcanic slopes
and eventually lead to their failure. As in nonvolcanic areas,
human activities may play a critical role in destabilizing
volcanic slopes. for example through road construction.
erection of buildings, and deforestation.
The following exanlples illustrate the character and
variety of noneruptive volcanic mass movements and highlight the hazards they pose.

Heavy rains on newly fallen pyroclastic deposits

Mass movements resulting from faillire along well defined
rupture surfaces

Newly erupted pyroclastic deposits lack a protective cloak of
vegetation and are especially susceptible to saturation and
erosion during periods of heavy rainfall. Sliding and flowage
of masses commonly cause debrih and mud flows. These
"rain lahars" were almost a daily occurrence during the

Coherent masses of pyroclastic deposits. lava flows, and
related rocks may detach from underlying materials along
well defined surfaces of rupture. On steep slopes the failed
material may become airborne. resulting in a rockfall or rock
avalanche. On lesser slopes, the failed mass slides off the

rupture surface and rapidly disintegrates into a chaotic
melange that flows at high speeds downslope. These mass
movements range from individual blocks to large rock avalanches and debris flows of up to lo7- l o b . ' volume.
In the Canadian Cordillera more than half of the large
(> lo6 m') historical landslides have occurred on Quaternary
volcanoes. These failures include the 1855- 1856 Rubble
Creek slide near Mount Garibaldi (Moore and Mathews,
1978), the 1963 Dusty Creek landslide on Mount Cayley
(Clague and Souther, 19821, and the 1975 Devastation Glacier slide near Meager Mountain (Mokievsky-Zubok. 1977).
all of which are in British Columbia. Mount Garibaldi,
Mount Cayley, and Meager Mountain are dissected stratovolcanoes consisting of pyroclastic materials, lavas, and
hypabyssal intrusive rocks. These volcanoes were constructed largely during the Pleistocene. although the oldest
activity probably is Pliocene (Souther. 1980). Mount Garibaldi was last active at the end of the Pleistocene, and the
Meager Mountain complex last erupted less than 2500 years
ago (Nasmith et al., 1967); Mount Cayley apparently has not
been active during the Holocene.
The Rubble Creek slide resulted from a failure of "The
Barrier", a 500 m high face marking the front of a lava flow
that cooled in contact with a late Pleistocene glacier (Fig.
25). During the winter of 1855- 1856, a major section of The
Barrier failed along a near-vertical composite fracture zone
causing a stream of rock rubble, 25 x 10' m3 in volume, to
flow down the valley of Rubble Creek and across the debris
fan at the mouth of the valley. Traces of rubble at the edge of
the debris track and superelevation at its bends suggest that
the front of the mobile mass flowed down Rubble Creek
valley at high velocity. locally in excess of 20 d s , and
lapped up to 80 m on the valley walls. The main debris
stream, carrying slabs of volcanic rock several metres in
diameter, spread over the northern half of the Rubble Creek
fan and blocked Cheakamus River. Subsequent bouldery
flows, composed of reworked slide material and rockfall
talus from the toe of The Barrier, covered the southern sector
of the fan. Debris floods, launched when the debris dam was
overtopped by the impounded Cheakamus River, buried
tracts of forest on the floor of Cheakamus Valley below
Rubble Creek. The Barrier probably failed in a similar fashion several times prior to 1855. This is indicated by the
unusually large size of the Rubble Creek debris fan and by the
presence of pre-1400 A.D. landslide deposits beneath the
1855 debris lobe. The trigger mechanisms for both the 1855
landslide and earlier failures are unknown.
The Dusty Creek landslide occurred in 1963 when a
large (5 x lo6 m3) block of poorly consolidated tuff-breccia
and columnar-jointed dacite became detached from the subvolcanic basement on the west flank of Mount Cayley and
slid into the valley of Dusty Creek. a small tributary of
Turbid Creek (Fig. 26). As the detached block accelerated. it
quickly fragmented into an aggregate consisting of angular
clasts up to several metres across, partially supported by a
matrix of fine comminuted rock material. This debris moved
down Dusty Creek as a wedge-shaped mass up to 70 m thick.
banking up on turns, and attaining a maximum velocity of

Figure 25: Vlew of "The Bamer". source of the 78557856 Rubble Creek slide ln Br~tishColumbia. This nearvertical cliff is the ~ce-contactfront of a late Pleistocene
lava flow. (GSC 204765-1)
15-20 mls. The debris mass thinned as it spread across the
wider and flatter valley of Turbid Creek, and came to rest as
an irregular blanket with a n~aximumthickness of 65 m along
a I km length of this valley. As a result of the landslide.
Turbid and Dusty creeks were blocked, and lakes formed
behind the debris. These debris dams were soon overtopped
and breached. causing floods and debris flows to sweep
down Turbid Creek valley far beyond the terminus of the
landslide. Because this failure occurred in a remote area of
the southern Coast Mountains of British Columbia. it was not
observed directly. However, tree-ring analysis of slidedamaged trees indicates that the event probably occurred in
July 1963. The cause of the landslide is uncertain. but it
appears that the stability of the slope at the head of Dusty
Creek gradually deteriorated over a long period of time until
a relatively minor event, such as a small earthquake or storm.
triggered the failure.
On 22 July 1975, an estimated 2.5 x 10' m3 of ice and
26 x lo6 m3 of weakly consolidated pyroclastic rocks broke
away from the northwest slope of Pylon Peak near Meager
Mountain. slid across the stagnant toe of Devastation Glacier. and flowed at high velocity over 6 km down Devastation Creek to its mouth (Fig. 27). As the debris descended
Devastation Creek. it banked up the valley walls at each bend

Figure 26: The 1963 Dusty Creek slide, British Columbia. This sl~deresulted from
the fa~lureof Pleistocene lava flows and pyroclastic rocks of the Mount Cayley
volcanic complex. Photos taken in August 1973. Stereoscopic pair, Province of
British Columbia photos BC7520-258, BC7521-025.

and triggered minor slides that joined the main flow mass.
The debris came to rest in the valley of Meager Creek where
it impounded a small lake. Here, the flow claimed the lives of
four people who were awaiting the arrival of a helicopter.
The cause of the failure probably was the discharge of large
amounts of meltwater from the base of Devastation Glacier
into underlying weak volcanic materials (Mokievsky-Zubok.
1977).
Occasionally, large masses of volcanic rock slide into
lakes and trigger secondary debris flows. On 15 January
1967, Lake Steinsholtslon in south-central Iceland was
emptied when struck by a rockslide from the flank of an
adjacent ice-capped Pleistocene stratovolcano (Kjartansson,
1967). The waters of the lake became mixed with fragmented
glacier ice and slide debris to produce an ice-debris flood
with a total volume of 1.5-2.5 X lo6 m'. This flood swept
35 km to the sea and transported blocks that were many
metres in diameter for distances of over 5 km.
Rock avalanches from Little Tahoma Peak, Washington, in 1963 illustrate another type of noneruptive volcanic
mass movement -one involving a free fall of volcanic rock.
On 14 December 1963, and probably on several subsequent
occasions during the same month, very large masses of lava
rock and interbedded breccia fell as much as 520 m from the
face of Little Tahoma Peak on the east side of Mount Rainier
onto Emmons Glacier (Fig. 28; Crandell and Fahnestock,
1965). As the rock masses struck the glacier, they shattered
and formed rock avalanches that rushed as much as 7 km
downvalley. In this distance the rock debris descended up to
1890 m in altitude. Minor lithological differences of the
rubbly debris lobes and their crosscutting relationships indicate that there were at least seven distinct avalanches separated by intervals of minutes, hours, or possibly days. The
total volume of transported material was about 1 1 x 10' m3.
During movement, some of the avalanches caromed from

Flgure 27 The valley of Devastatlon Creek. Brlt~shColumbla, shortly after the Devastatlon Glacler slide of
22 July 1975 Note the sharp trlmllnes whlch delineate
the upper 11m1t
of the flowlng mass of volcan~cdebrls In
the valley (GSC 204 165-J)

Figure 28: Map of the northeast side of
Mount Rainier, Washington, showing the
path of the rock avalanches from Little
Tahoma Peak in December 1963; arrows
indlcate the inferred direction of movement. (Adapted from Crandell and
Fahnestock, 1965, Fig. 1 ) .

one side of the valley to the other. Calculations based on the
height to which the avalanches rose on the valley walls
suggest that velocities in excess of 35 mls were attained by
the streaming debris. The unusually long distance that some
o f the avalanches travelled has been attributed to a cushion of
trapped and compressed air at their base. which buoyed them
up and reduced friction (Crandell and Fahnestock. 1965).
The initial rockfall may have been triggered by a small steam
explosion near the base of Little Tahoma Peak.
Earthquakes trigger many mass movements in Quaternary volcanic rocks. just as they cause landslides in other
earth materials. The role played by earthquakes is illustrated
by an example from Guatemala. The Guatemala earthquake
of 4 February 1976 (M = 7.5). generated more than 10 000
landslides throughout an area of approximately 16 000 km2
(Fig. 29: Harp et al.. 198 1). Over 90% of these landslides
occurred on steep erosional slopes developed in Pleistocene
pumice deposits which crop out over about 20% of the area
affected. These landslides caused hundreds of fatalities as

well as extensive property damage. and severely disrupted
road and rail traffic in Guatemala. The main types of earthquake-triggered landslides were rockfalls and debris slides of
less than 15 000 m3 volume; in addition to these relatively
small landslides. a few large ( > l o 0 000 m3) block slides,
slumps, and "rock avalanches" occurred in the pumice deposits.
One of the most dramatic earthquake-triggered mass
movements in volcanic rocks occurred in 1840 on Mount
Ararat (5 165 m) in eastern Turkey. The composite cone of
Mount Ararat is located in a region of extremely high
seismicity. It also is capped by glaciers whose termini generally are located above elevations of 3500 m. On the northeast
side of the volcano, however, the debris-covered Cehennem.
Dere Glacier flows down a deep gorge to an elevation of
2400 m. On 20 June 1840, a strong earthquake released a
major rock-ice avalanche from the high cliffs above this
glacier. As a result, the gorge was blocked and a lake began
to form upstream. About 72 hours later, the impounded

Frgure 29. Map of southwestern Guatemala showrng areas of high denslty of
landslrdes trrggered by fhe earthquake of 4 February 1976 (Harp et a1 , 1981), also
shown are rsosersmals (Esprnosa et a1 , 1976) and the drsfr~butronof Plerstocene
pumrce deposrts (Bonls et a/., 1970, Koch and McLean, 1975)
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waters burst through the debris dam, and an icedebris flow
moved rapidly downval1s-y. wasing a village and monaskery
war the base of the. muunkin (Abich, 18475. Sketches of the
northeast face of Mount Amrat before and after the carasnophe af 1840 a x shbwd in Pisre! 30 @beling, 189%.
Perhaps the m s t w m m h trtggeriag mecfmnisrn of
nonemptive mass movement% ia volcanic r a c k is heavy
rainfall and snowmek. t n t ~ n mItainwrms and heavy runoff
from snowpacks ot glaciersof~encause exces6ive infiltration
crf wktr2;r iota slopes underlain by weak volcanic materials.
W&tw-saturated pyroclafitic deposies and fmaured lava flows
are. especially susceptible ro falure. by slumping and debris
avalanching. The failed ma$stx.,oPten relatively small in size

( lo5- lo6 m3). may transform directly into mobile debris
flows that sweep down valleys and ravines on the flanks of a
volcano. Alternatively, slumps and debris avalanches may
block a gorge and temporarily stem the flow of water in it.
When these dams fail due to overtopping by water or to the
pressure of the impounded water itself, debris flows often are
produced. These types of failures are extremely common on
most stratovolcanoes in humid areas and are capable of great
destruction. In Japan, for example, widespread property
damage and much loss of life have resulted from debris flows
triggered by severe rainstorms, and such debris flows have
been particularly common on slopes underlain by Quaternary
volcanic materials (Ikeya. 1976).

Mass movements caused by erosion

Frequently. debris flows are generated by the rapid erosion of
volcanic materials along pre-existing gullies and ravines
(Okuda et al., 1980). This commonly occurs during periods
of extremely heavy rainfall or at times when bodies of water
within or at the margins of glaciers drain catastrophically. At
such times torrential runoff may deeply scour the floors or
walls of a channel, entraining large quantities of loose
volcanic sediment. This mobilized sediment may then be
transported down the gully as a debris flood or debris flow.
Mass movements of this sort commonly occur at the same
time as rain-induced slumps, debris avalanches, and debris
flows that result from failure along well defined rupture
surfaces.

Protection against volcanic mass movements
Many mass movements caused by volcanic eruptions are so
large that protective structures are of little value. In such
instances complete protection is provided only by avoiding
potentially hazardous areas. In most cases, however, rigid
zoning is not practical for economic or social reasons. Protection of people and property in such areas is dependent
largely on successful forecasts of eruptions and related mass
movements. If the time and place of an eruption can be
predicted, people can be evacuated from the threatened area,
and some property may be moved to safety. A tremendous
amount has been written on this subject, and little can be
added here (for further information, the reader should consult
general texts on volcanology, for example Macdonald, 1972;

Figure 31: Map of the region near Mount St. Helens.
Washington,
showing
zones of potential hazard
from pyroclastic flows,
debris flows, mudflows,
floods, and directed blasts,also shown is the area into
which winds are most likely
to blow tephra during an
eruption. The rnap was
constructed by staff of the
Unlted States Geolog~cal
Survey shortly after the
cataclysmic eruption of
Mount St. Helens on 78 May
1980 (Miller el a / . , 7987.
Fig. 455).

Williams and McBirney, 1979; and Decker and Decker,
1981). Suffice it to say that two main techniques have been
successfully used in predicting eruptions: (1) monitoring of
earthquake activity related to the movement of magma be.
neath or in a volcano with seismographs; and (2) detection of
slight changes in the surface shape of a volcano using tiltmeters, geodimeters, and conventional surveying techniques. In
addition, changes in the Earth's gravitational, magnetic, and
electric fields near volcanoes, minor changes in heat flux,
and changes in the temperature or chemistry of fumaroles
may signal impending eruptions, although these techniques
have not been used with much success to date.
Studies of hazards associated with specific volcanoes
complement research in eruption forecasting. A researcher
who knows the past history of a volcano may be able to
identify the types of hazards and zones of potential danger in
the event of a future eruption. This information is best depicted on maps that delineate hazard areas such as potential
pyroclastic- or debris-flow zones. Such maps have been
prepared for several volcanoes in the Cascades of westem
North America (Crandell, 1973; Crandell and Mullineaux,
1978; Hyde and Crandell, 1978) the Hawaiian Islands (Mullineaux and Peterson, 1974; Crandell, 1 9 7 3 , and for several
volcanoes outside the United States, including Kelut
(Neumann van Padang, 1960), Merapi (Pardyanto et al..
1978), Mount Vesuvius (Pinna and Scandone, in Barberi and
Gasparini, 1976), Tenerife (Booth, 1977). and Cotopaxi
(Miller et al., 1978). Volcanic-risk maps like these, along
with nontechnical descriptions of the hazards, point out areas
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of potential danger during future eruptions, and also can be

in 1966, debris flows killed almost 300 people. A new,
low-level tunnel was completed in 1966, and the lake was
again drained to a low level.
Most eruptions in inhabited regions must be carefully
monitored. The growth of a dome or the outpouring of lava in
the crater of a snow-covered volcano commonly produces
abundant meltwater which may initiate debris flows. The
heads of valleys on volcanoes should be kept under careful
observation during eruptions for signs of impending debris
flows. On Merapi volcano in Indonesia, thermoelectric sensors were installed at one time in the valley heads to warn of
the passage of hot debris flows andpyroclastic flows: however, these devices were not successful. The slopes of volcanoes and nearby hillsides should be watched during and after
an eruption for the accumulation of a cover of loose tephra
that might become mobilized by heavy rains.
Some protection may be provided against small debris
and mud flows by the construction of diversion dams, retention basins, and elevated artificial structures that serve as
refuges. For example, mounds have been built near some
Indonesian villages; people may flee onto them in the event
of a debris flow. Of course, to be effective, protective structures must be large enough to deflect or impound expected
flows. Large reservoirs may contain debris flows of moderate volume very successfully. Crandell(l971) has pointed
out, for example, that an existing reservoir near the base of
Mount Rainier could contain most or all of a debris flow of
the size of the Electron flow (150 x lo6 m3) which took
place about 500 years ago (Fig. 22).
Finally, control works and protective measures that
have been so successfully applied in nonvolcanic areas may
be used on extinct volcanoes to protect against rain-induced
debris flows. However, foundation sills and abutments of
erosion check dams must be emplaced deeply into the substratum in volcanic terrain to be effective (Ikeya, 1976).
Also, protective dams must be large and should include
selective discharge sections so as to not fill up between debris
flows.

used for long-term, land-use planning for regions around
volcanoes. They show, for example, the likely extent of
debris flows in valleys surrounding a volcano (Fig. 3 1). They
may also show areas of potential nuee ardente and blast
damage, although uncertainties as to the direction and
strength of future explosive eruptions limit the value of such
Even if a volcanic eruption can be forecast, the timing of
mass movements resulting from that eruption may be very
difficult to predict. Mass movements may occur at the beginning of an eruption, at any time during the eruption, or for
some time after the eruption has ended. Once set off, they
may move so rapidly that it is not possible to provide adequate warning to people in their paths.
A classic example of the recognition of a hazard and the
application of remedial measures is the drainage of the crater
lake of Kelut in Indonesia. During several previous eruptions
of Kelut, the crater lake was ejected, causing destructive
debris flows in valleys surrounding the volcano. After the
disastrous eruption of 19 19 when over 5000 people were
killed by debris flows, Dutch engineers constructed a series
of tunnels through the flank of the volcano to drain most of
the lake so that future eruptions would do less damage (Fig.
32; Zen and Hadikusumo, 1965; Macdonald, 1972). The
volume of the lake was reduced to about 2 x lo6 m3, and
when another violent eruption took place in 195 1, no large
debris flows were generated. However, the 1951 eruption
destroyed the intakes of the tunnel system, and the crater was
deepened about 70 m; only the main shaft and the lowest
tunnel could be rebuilt (Zen and Hadikusumo, 1965). Thus
when the lake filled to the level of the lowest tunnel, it
contained about 23 x lo6 m3 of water. It was apparent that if
this volume of water remained, devastating debris flows
would likely occur during the next eruption. Consequently.
another tunnel was driven 20 m lower, but was stopped short
of the lake. It was hoped that seepage through permeable
materials of the crater would drain the lake to the level of this
tunnel, but this did not happen, and when Kelut erupted again

Figure 32: Tunnel system constructed at
Kelut volcano, Indonesia, to lower the
level of the crater lake and reduce the
danger of debris flows. (Adapted from
Zen and Hadikusumo, 7965, Fig. 3).
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GLACIER - RELATED MASS
MOVEMENTS
hlany mass movements in high mountain areas are the direct
or indirect result of processes related to the unstable margins
of glaciers and to the mobilization of loose. poorly vegetated
debris lodged immediately below the glacier termini. The
mechanisms of these mass movements are strongly influenced by the shape of the ice masses. the geometry of the
glacier bed. and the volume of morainal debris deposited at
;he front.
For purposes of the discussion which follows glaciers in
mountainous regions can be broadly grouped into cirque
glaciers, valley glaciers, and outlet glaciers of mountain ice
fields. A cirque glacier is wholly or largely confined to a
cirque. Glaciers that flow down a valley from a cirque or
from an ice sheet are temied valley and outlet glaciers,
respectively. Mountain ice sheets overlie or originate in two
or more mountain masses. burying most interfluves. but
leaving high crests and peaks exposed; outflow of ice takes
place in two or more directions.
A glacier is an active and very sensitive body. We can
view it as an open system, with input of snow at the surface in
the zone of accumulation, gradual conversion of this snow
into ice. downslope flow, and output of water. water vapour,
and ice in the zone of depletion. In the case of a small glacier,
the local topography, orientation, exposure, relation to prevailing winds, size, shape, and location of the accumulation
regioiall play a part in determining the glacier's response to
climatic variations (Sharp, 1960). Because these factors may
vary markedly over short distances, it is possible for adjacent
glaciers to exhibit different behaviour in response to climatic
change; one glacier may recede while its neighbour advances. The size of a glacier also is an important determinant
of its response to a change in climate. In general, a small
glacier reacts quickly to temperature and precipitation
changes; its terminus generally advances or retreats within a
year or two of such a change. In contrast, the termini of large
glaciers may not respond to climatic change for many years
or even decades. Some valley and outlet glaciers are also
subject to sudden advances. or surges, that seemingly are
unrelated to climate. Glacier surges usually follow periods of
downwasting and retreat extending over many decades. During such an inactive phase, the downstream part of a glacier
thins and may even become stagnant, reflecting a negative
mass balance. Then suddenly a surge begins. The terminal
zone of the glacier thickens and becomes bulbous, while
upstream portions thin. The snout of the glacier begins to
move forward at rates many times faster than normal (in
some instances, more than 150 mlday). Some large glaciers
surge more than 10 km before a new phase of stagnation and
retreat begins (Flint, 1971).
Glaciers in mountain areas have fluctuated markedly
during historical times due to global and regional climatic
changes. Today, most cirque and valley glaciers are smaller
than they have been during the last few centuries, reflecting
the somewhat warmer climate of the present. Many glaciers
attained their maximum Holocene extensions between about
A .D. 1550 and 1850, during a cool wet period referred to as

the 'Little Ice Age' (Matthes, 1939; Porter and Denton,
1967; LeRoy Ladurie, 197 1 ). The Little Ice Age is part of the
longer cool period that began as early as 5000 years ago and
is called 'Neoglaciation'. Neoglaciation followed an interval
of maximum Holocene temperatures ('Hypsithermal') when
most alpine glaciers retreated to highest postglacial positions, and when some cirque glaciers even disappeared.
Because of the advances during the Little Ice Age most
mountain glaciers are bordered by a zone that only recently
was covered by ice and is composed of a great variety of
unconsolidated bouldery sediments, chiefly till, outwash.
and ice-contact debris.

Figure 33: The principal situations in which glacierrelated mass movements occur (see text for explanation).

Glacier-related mass movements fall into five major
categories (Fig. 33): ( I ) debris flows caused by bursts of
ice-dammed and ice-marginal lakes; (2) debris flows resulting from bursts o f moraine-dammed lakcs; ( 3 ) debris flows
resulting from bursts o f subglacial and englacial water pockets; (4)failures o f glacier ice (ice avalanches); and
( 5 ) failures o f bedrock and superincumbent glacier ice (icerock avalanches).

Debris flows from ice-dammed and
ice-marginal lakes
Ice dammed and ice-marginal lakes are common in many
glaciated regions. Rapid draining o f these lakcs generally

causes Iloods, known as 'jiikulhlaups' in Iceli~ntlwhere they
arc comlnon (Thor;rrinssc~n.1939). 'rhc'cc Iloods occur when
the prcssure exerted by the lake waters exceed5 the strength
ol'the ice dam (B~ornhson.1975). Drainage may occur either
at the base of the glacier or through one or more cnglacial
channels. Floods of this typc have heen reported l'roni almost
all temperate glacierized regions o f the world ( e . g . Fig. 34).
They are known from the I4irnalayas (Mason. 1929. 1935).
the Andes (King. 1934; Hclbing. 1940; Liss. 1970). and
western North America (Kerr. 1034; Stone. 1963: Mathews.
1965; Post and Mayo, 1976; Young. 1980; Clague and
Rampton. 1982). Such floods may have considerable impact
on the valleys below the ice dam. t{owever, the destructive
force of sudden bursts of ice-dammed lakcs i s particularly

F~gure34 Lake Tulsequah ~nthe northern Coast Mountains of B r ~ t ~ sColumbia
h
shortly after ~t emptied durlng a ]okulhlaup The lake IS dammed by a lobe of
Tulsequah Glacier (foreground) Photo by Ausbn Post

severe if the valley below the bukting dam is narrow. the
torrent channel steep. and the bed houlder-strewn. In such a
case the spurt of water changes quickly into a blocky debris
flow. Historical debris flows originating by the burst of ice
dams and discharge of large quantities of water into steep
mountain ronents have caused considerable damage in Norway (Liestol. 1956). central Asia (Nijasov. 1975). the Caucasus (Hoinkes. 1972). and in the Alps (see case histories in
the Appendix under Val de Bagnes. Otz Valley Ice Floods.
hlartell Ice Lake. and Mattmark).
The case histories from the Alps illustrate dramatically
that remedial measures can be directed at the lakes themselves only as long as the accumulated water volume is still
relatively small: trenching across the ice and tunneling
through rock or ice may allow the slow controlled drainage of
the rising lake (Richter. l889b: Rothlisberger. 1979. 198 1 ).

Under circumstances where draining of an ice-dammed lake
is deemed impractical flood basins and debris retention dams
may be constructed below the ice dam. Where technical work
is not feasible monitoring of both the lake and the ice dam
provide for adequate warnings of an impending burst and
thus permit evacuation of endangered communities in the
valley below.

Debris flows from moraine-dammed lakes
Many cirque and valley glaciers are fringed by bulky terminal moraines. During retreat of the glaciers the moraines
may define the frontal portion of a depression that fills up
with water forming a lake. The size of the lake and volume of
water accumulated depends on the gradient and width of the
depression and on the height of the morainal dam. Most
Neoglacial moraines consist of a heterogeneous noncohesive
mixture of blocks, boulders, sand and silt that is highly
susceptible to erosion. During periods of enhanced overflow.
such as extreme snow-ice miltevents, unusually heavy rain:
fall, or times of wave activity caused by icefalls, the channel
at the outlet of the lake may be cut deeply into the morainal
debris. This, in general, triggers a self-accelerating process
of overflow and erosional downcutting that mobilizes large
quantities of debris and leads to potentially destructive flows
(Fig. 35). Debris flows from breached morainal dams have
caused enormous damage in the mountains of north-central
Peru (Cordillera Blanca and Huayuash), where these events
are termed 'alluviones'. Many of the moraines in this region
are composed of granitic blocks derived from the precipitous
cliffs flanking the glaciers. During the late 1920s the glaciers
began to retreat from the morainal fringe and since then the
lakes that accumulated on the upstream side have threatened
settlements in the nearby valleys (Kinzl, 1949; Lliboutry et
a]., 1977). For example, on 13 March 1941, Laguna Cohup
in the Cordillera Blanca drained rapidly to produce a debris
flow which erased a major section of the town of Huaraz,
killing several thousand people.
The most effective countermeasures against debris
flows from moraine-dammed lakes are: ( I ) preparation of a
deep and stable cut across the moraine prior to the formation
of a major lake, and (2) construction of masonry-concrete
revetments along the outlet channel to prevent entrenchment
and collapse of embankments during periods of enhanced
overflow. Both measures have been applied successfully in
the past.

Debris flows from bursts of subglacial or
englacial water pockets
Figure 35: Nostetuko Lake and the breached late
Neoglacial end moraine of Cumberland Glacier in the
southern Coast Mountains of British Columbia. The lake
drained catastrophically in July 1983 when a wave
overtopped the moraine. Escaplng waters rapidly cut
down through the loose morainal debris, producing an
alluv~on.Photo courtesy of Bntish Columbia Hydro and
Power Authority.

Some glaciers, particularly small cirque glaciers perched
against steep and irregular bedrock terrain, develop basal or
internal cavities filled with water during times of enhanced
snow-ice melt. Channels through or beneath the glacier may
drain such water-filled cavities rapidly (Jackson, 1979).
Alternatively. drainage may occur when the frontal part of
the glacier retaining the water pocket collapses. The sudden

release of water into steep debris-choked upland torrents
generally leads to debris flows. Historical debris flows of
destructive impact in the Alps originating in this manner
include those of St. Gervais-T@teRousse and Otz Valley (see
Appendix).
Direct countermeasures against bursting subglacial and
englacial water pockets are generally expensive or impractical. If the location of a cavity is known, however. it can
be drained by a tunnel. Also, in areas of recurrent flows.
stabilization of torrent embankments and protective works
against debris flows may be appropriate.

Ice avalanches
Ice avalanches occur where a glacier terminates on a smooth
bedrock slope inclined more than 30". Failure of glacier
snouts under such conditions is promoted by high ambient air
temperatures leading to the development of a thin film of
water along the base of the body of ice (Heim. 1895). This
water triggers an increase in the rate of slippage of the glacier
over its bed, which in turn leads to the widening of transverse
crevasses above a zone of extension. Accelerated slippage
may lead to failure along concave transverse crevasses reaching to bedrock; however, accelerated slippage does not always lead to complete failure of the extending zone of ice and
may result only in increased icefall activity at the toe of the
glacier (Rothlisberger and Aellen, 1970; Rothlisberger.
1974, 1977). Monitoring by photogrammetric techniques
and by cable tools attached to the moving ice have been used
to chart the development of enhanced slippage of the glacier
bed and thus to provide an indication of potential failure
(Rothlisberger, 1974, 1981).
Alpine case histories of destructive ice avalanches are
those of Altels. Simplon, Randa. Mattmark and Glacier du
Tour.

Ice-rock avalanches
Where hanging glaciers or ice caps rest on fractured bedrock
infiltration of meltwater from the base of the glacier into open
fractures may lead to failure involving both rock and ice.
This type of failure is particularly common in glacier covered
slopes underlain by volcanic materials (see chapter on Mass
Movements on Volcanoes): however, ice-rock avalanches
occur in other materials as well. Indeed, the most tragic
failures of this type, which led to the rock-ice avalanches
from the spectacular summit wall of Huascaran, Peru, in
1962 and 1970, involved a pedestal of massive granitic rocks
which failed along a composite steep fracture zone beneath
the summit glacier (Morales Arnao, 1966; Plafker and Erikson, 1978).
Large rock-ice avalanches are released during strong
earthquakes (Post, 1967) and may develop into devastating
debris flows as the constituent ice melts (see Alpine case
histories of T@teNoire, Diablerets. Val Ferret - Val Veni.
Simplon, and Becca de Luseney).

ROCKFALLS AND ROCK AVALANCHES
Huge lobes composed of blocky debris stretching across thc
floor of drift-filled mountain valleys have always attracted
the attention of travellers and pioneer settlcrs, simply because such features are obstacles to transportation and agricultural activites. In the European ~ l p many
s
composite
place names contain the local expressions for blocky debris,
such as 'liappey', 'clap'. 'rovina'. 'runia', 'Schutt', 'masere'. However, early settlers made only a vague distinction
between the deposits of debris flows, rockfalls. and rock
avalanches because often these phenomena resulted in similar chaotic block fields. Only the direct observations of
major catastrophic rockfalls and rock avalanches. first made
during the last century, have led to an improved understanding of the destructive impact and complexity of failure and
subsequent motion of large rockslides. Eyewitness reports of
survivors became the most important source of information
used by early scientific investigators (Zay. 1807; Buss and
Heim, 1881) and are still significant today.
The most baffling and therefore most frequently discussed aspect of rockfalls and avalanches is that, given a
certain volume, grain size. and geometry of runout zone, the
failed rock mass flows or streams (Heim, 1882a. 1932; Hsu,
1975). A growing literature has confirmed that the 'mobility'
('reach') of dry rock avalanches increases markedly with
increasing volume (Heim, 1932; Shreve. 1968a; Scheidegger, 1973; Abele, 1974; Hsu. 1975; Eisbacher, 1979: Lucchitta, 1979; Davies. 1982). Although for the purpose of
dealing with the hazard of potential rockfalls or avalanches
the general quantitative relationship between volume and
reach is far from satisfying. it is clear that there is a certain
threshold volume at which the free tumbling of individual
blocks (rockfall) changes into a coherent streaming of disintegrating rock masses (rock avalanche). Depending on the
geology of the detachment zone and the geometry of the rock
avalanche path this transition takes place at volumes ranging
from about 0.1 x lo6 m3 to I x lo6 m3.
Rockfall deposits accumulate characteristically as talus
cones and aprons whose inclination varies between 20 and
40" depending on particle size, lithology. and the degree of
reworking by running water. Only the largest blocks tumble
beyond the toe of the talus slope (Broili, 1974). In contrast,
rock avalanches have a far greater reach; some extend many
kilometres beyond the toes of existing talus slopes. and their
fronts may climb ridges up to several hundred metres high.
For a brief discussion, the rock avalanche process is best
viewed in two stages: the mechanics of cliff failure (stability)
and the dynamics of motion (mobility. reach) of the failed
rock masses.

Mechanics of failure
Rockfalls and rock avalanches develop most commonly on
steep bedrock slopes underlain by fractured but otherwise
competent rock formations such as thick-bedded sedimentary rocks (e.g. carbonates, sandstones. and conglomerates) or
massive igneous or metamorphic rocks (granite and gneiss).

They occur rarely on slopes underlain by thin-bedded
sedimentary rocks and low grade meta~norphics.Most rockfalls and rock avalanches originate on bare bedrock cliffs
rising high above the valley floors.
One of the requirements for the generation of a rock
avalanche is the rapid detachment of a large. relatively intact
rock mass along a well defined rupture surface. Slow detachment creates only rockfalls from the toe of the incipient
failure. Whether rockfall activity from the toe is the only
thing that will occur along a rock face or whether this activity
represents the preparatory stage for a major rock avalanche is
one of the most difficult questions regarding failure mechanics. Indeed, rockfall activity does precede the detachment
of major rock slides. particularly those related to the buildup
of high pore water pressures during rainfall or snowmelt. and
rockfall activity simply indicates that the stressed toe zone of
the slope is exbandjng by cracking and toppling in its outermost rock skin. However. rockfall activity need not precede failure of cliffs triggered by shaking during earlhquakes. Seismic shaking in the epicentral region of major
earthquakes (magnitude 6 and greater) is the most common
trigger mechanism for large rock avalanches. The distortion
of massive rock faces by seismic shaking invariably causes
widening of existing fractures and thus sets in motion a
complex process involving loss of cohesion. slippage. internal toppling. crushing. and eventual failure along a composite detachment surface. The geometry of this surface is
generally determined by prominent internal discontinuities
such as bedding planes, fractures and faults (Fig. 36). In
many seismically active mountain chains the largest rock
avalanches are located close to surfaces of seismic rupture
(e.g. Hadley. 1964; Solonenko. 1977; Keefer and Tannaci.
1981).
Comn~only,the failure of a rock mass is also 'prepared'
by a slow deterioration of its cohesive properties during
repeated intervals of extreme saturation with rising
groundwater tables or recurrent seismic activity (Voight,
1978). The exact geometry of the eventual rupture surface for
major rockslides therefore develops by a progressive
amalgamation or propagation of single discont~nuitiesand
only a rough idea of the potential detachment zone may be
gained from the geometry of incipient crown cracks. In
addition, it is often difficult to decide whether a set of surface
-

-

Scarp slope

cracks corresponds to prehistorical fault scarps or to incipient
crown cracks of gravitationally unstable slope segments (e,g,
Radbruch-Hall, 1978; Clague. 1982: Bovis. 1982). With
respect to composition and bedrock structure of natural
-.
mountainsides three main categories of slopes producing
rock avalanches can be differentiated: scarp s l o ~ e sin
...
sedimentary rocks, dip slopes in sedimentary rock's, and
fracture-controlled slopes in schist. gneiss. and granite.

Scarp slopes in sedimentary rocks
These develop preferentially in competent formations such
as limestone-dolomite successions and conglomerates; occasionally, deformed sandstone-slate assemblages form impressive scarp slopes. Scarp slopes may be controlled by
regional fracture sets trending parallel to major fold structures ('tectonic joints') or by fractures related to erosion and
unloading ('sheeting'). In practice these two types of fracture
sets are difficult to separate from each other. Surface-parallel
sheeting tends to be wider spaced at increasing depth behind
the rock face and may parallel irregularities of the rock face
surface itself. Most scarp faces are sculptured by bedrock
ravines that follow fractures or faults. Crushed and shattered
bedrock flanking the ravines supplies a steady source of
rockfall debris to talus cones at the base of the cliff (Schumm
and Chorley, 1964; Gardner. 1980).
Incipient failure of scarp slopes is commonly preceded
by the development of arcuate crown cracks in competent
bedrock formations resting on more incompetent formations
such as shale or evaporites. Subsidence and outward flow of
the incompetent formations induce a propagation of steep
cracks and their coalescence into potential detachment surfaces across the competent rock units above. Water infiltrating the cracks accelerates subsidence. thus bringing closer
the time of large-scale failure. Depending on the location and
geometry of the detachment surface. failure may proceed by
forward toppling, backward rotation and sliding, or by complex internal collapse. Alpine case histories presented in the
Appendix include Reisskofel, Dobratsch, Ziano, Radmer an
der Hasel, Corbeyrier-Yvorne, Vorder GIPrnisch, Salzburg.
La Valle Agordina, Diablerets. Massif de Plate. Lake
Lucerne, Brannenburg. Bilten, Elm, Bocca di Brenta,
Altdorf-Spiringen. Pra-Lagunaz. Vandans. Sandling, Linthal. Zambana, Illgraben. and Lecco.

P o t e n t i a l rupture a n d detachment
surfaces

Figure 36: Schematic illustration
of the geological discontinuities
controlling dip slope and scarp
slope failures with a potential for
rockfall and rock avalanche development.

I n c o m p e t e n t rocks

~ ; slopes
p
in sedimentary rocks

These are controlled by bedding planes of competent lithological units such as thick-bedded carbonates, conglomerates,
and sandstones. Steep regional fracture sets cutting across
bedding commonly create a stepped profile of otherwise
uniformly rising bedding planes and also control the orientation of high back walls a1 the crest of many dip slopes. Dip
slopes of massive sedimentary rocks are susceptible to the
development of large rock avalanches if they are characterized by smooth bedding planes or by intercalated recessive
shale horizons that outcrop above the bottom of the valley
(Fig. 36).
Dip slope failures have resulted in some of the most
devastating historical rock avalanches (Heim, 1932; Hsii,
1975). The largest rock avalanches (i.e. those in excess of
300 x lo6 m3) tend to break away on detachment surfaces
that dip less than 20". Most commonly, however. dip slopes
fail along bedding planes inclined about 30".
The mechanism of the often explosive failure of dip
slopes in sedimentary rocks is still poorly understood. The
angle of friction for dry rock surfaces, which ranges between
about 28 and 32", can explain failure of dry dip slopes along
through-going bedding planes or shear surfaces that dip
about 30" (Cruden and Krahn. 1973; Cruden. 1976; Mathews
and McTaggart, 1978). Dip slopes with bedding inclinations
of less than 30" commonly fail along argillaceous horizons
above which elevated pore water pressures develop during
sustained periods of rainfall or snowmelt. However. many
rock avalanches become detached on dip slopes with gently
inclined bedding planes (10 to 20") without obvious impermeable interbeds. These failures are difficult to explain.
Most of them are probably triggered by earthquakes which
drastically reduced the cohesional bonds between large
blocks of the rock mass. A complex mechanism of progressive failure involving rotation. translation, crushing. and
collapse of constituent blocks may thus be initiated by the
earthquake (Eisbacher, 1979; McLellan, 1983). Dilation of
the rock mass above gently dipping bedding planes also
seems to be required to account for the great reach attained by
some of the resulting rock avalanches. Failure of dip slopes
with bedding inclinations of more than 50" generally involves buckling and toppling of beds, and propagation of
shear planes across surfaces of stratification at the toe of the
incipient failure. Alpine case histories described in the
Appendix include Lavini di Marco, Masiere de la Vedana.
Mont Granier, Clavans, Leytron, Meiringen, Lago di
Alleghe, Lake Lucerne. Goldau. Antelao. Felsberg. Bec
Rouge, Blisadona, Fidaz-Flims, Vaiont, and Tagliamento
Valley.
Fracture-controlled slopes in schist, gneiss, and granite

These form some of the most spectacular mountains on
Earth, ranging from vertical towers of granite to smooth or
intricately sculptured scarp faces of metamorphic rocks in the
core zones of many young orogenic belts. Although schistosity and foliation commonly impart a distinct asymmetry to
mountains, these pervasive internal structures rarely control
the detailed slope morphology or the trend of major detachment surfaces of rock avalanches. In gneissic or granitic

terrain rock avalanches break away most commonly along
composite fracture 7ones that transcct the intern;~lplanar
fahrics of the rock Inass at high angles. and outcrop at the
bottom of the cliffs. Failure often involves only the outermost wedge-shaped segments of large mountainsides undergoing slow and deep-seated deformation. Rapid Pailure ol'
such bedrock spurs is often preceded by long preparatory
periods during which concave crown cracks and lateral rractures expand and coalesce into an ;~nastomosingpattern of
potential rupture surfaces. Metamorphic bedrock s l o p s covered by thick surficial debris may fail as complex rock-debris
avalanches. Alpine case histories include Lienz. Mottec.
Plaine dqOisans.Ganderberg. Zarera, Biasca. Piuro. Salvan.
Antronapiana. Disentis. Val Ferret-Val Veni, Grachen,
Monbiel. Spriana. Airolo. and Simplon.

Dynamics of motion
One of the most interesting aspects of rock avalanches is the
exceptional travel distance of their frontal parts. Most of the
destructive impact of rock avalanches results from this
seemingly incomprehensible reach of the dry blocky material. That rock avalanches 'stream' was first documented by
Heim ( 1882a. b) for the catastrophic rock avalanche at Elm.
Switzerland. Since then, many other far-travelled prehistorical and historical rock avalanches have been described
including gigantic examples from extraterrestrial settings
(Heim, 1932; Shreve, 1968a; Scheidegger. 1973: Abele.
1974; Hsii, 1975; Pariseau and Voight, 1979: Eisbacher.
1979; Lucchitta, 1979).
The paradox of rock avalanche nlobility is that an essentially dry blocky mass spreads and streams far beyond the
toe zone of the failed slope, often climbing over major
obstacles before coming to rest. This unusual behaviour is
best expressed in terms of an .excessive travel distance'
(Hsii, 1975) or the 'deposit length' (Davies, 1982) of rock
avalanches. Excessive travel distance L, is the distance between the frontal edge of a slide mass with an expected angle
of friction of 32". and the actlcal frontal edge of a rock
avalanche. It is expressed by the formula
L, = L - Hltan 32"
where L and H are horizontal and vertical distances as shown
in Figure 37. The simpler 'deposit length' is the horizontal
distance between the most proximal and most distal parts of a
rock avalanche deposit.
If rock avalanches travel over reasonably gentle valley
floors their excessive travel distances or deposit lengths are
related to the volume of the failed rock masses. Davies
(1982) has plotted deposit length against volume on a doubly
logarithmic chart and found that many historical and prehistorical rock avalanches cluster along a relatively straight
band. This relationship is expressed by
Ld = 9.98 V0.33
where Ld is deposit length in m, and V is volume in m'. Such
a broad relationship between the reach of rock avalanches
and their volume has also led to the suggestion that their
'coefficient of friction' (Scheidegger. 1973) or 'effective
coefficient of friction' (Shreve, 1968a). defined by the ratio
H/L of Figure 37, varies with their volume.
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Figure 37: Descriptive elements of rock avalanches;
broken line indicates the position of the rock mass
before failure (see text for explanation).

Unfortunately, the predictive value of such calculations
has only limited applicability, as it requires a knowledge of
the exact volume of the potential rock avalanche prior to
failure. This value is generally poorly known, because even
if a rock mass shows incipient failure it may become detached as a single piece or break away in a series of minor
rock avalanches or rockfalls. Furthermore, the reach of rock
avalanches also depends on the lithology of the failed mass,
its exact path below the detachment zone, and the kind of
material picked up along the path (e.g. water, snow, or ice).
Abele (1974) has demonstrated statistically that rock avalanches cdmposed of massive blocky sedimentary rocks have a
greater reach than those composed of high grade metamorphic rocks; the latter tend to be coherent after initial failure. A
winding, narrow, or rising path also introduces baffling
com~lexitiesin rock avalanche behaviour (Eisbacher. 1979).
Incorporation of significant amounts of wet soil, ice, snow,
or water along the front of a moving rock avalanche tends to
change its character into that of a debris flow; a complete
range of transitional phenomena from 'stiff' dry rock avalanches to water-saturated flows have been described (Zankl,
1958; Plafker and Erikson, 1978; Kelly, 1980). Notwithstanding these complexities, dry rock avalanches with
volumes of less than 10 x 106m' rarely travel more than
about 2 km, and those with volumes in excess of 100 x
106m3 in general travel more than 3 km.
It is generally recognized that during their initial movement rock avalanches gain velocity by gravity-induced
acceleration of the entire mass. However, the detailed dynamics of streaming by which excessive travel distances are
attained are still far from resolved. Much has been learned
from eyewitness accounts of major catastrophes, such as
those collected by Buss and Heim (1881). However, such
observations are commonly hampered by the development of
enormous clouds of rock dust rising from and enveloping the
moving stream of fragmented rock. Dust is also blown ahead
of the rock avalanche by powerful air blasts.' Thus details of
the movenient dynamics must be derived from the deposits of
rock avalanches that have come to rest completely.

In most rock avalanche deposits the bulk of the shattered
mass comes to rest at the foot of the failed cliff. In both the
proximal parts and the thinning distal lobes the sequential
order of rock units as i t existed prior to failure on the cliff is
often preserved. Although local upward mobility of fine
debris is indicated by clastic dykes and other features, the
preservation of internal vertical stratigraphic ordering rules
out large scale turbulence during the rapid motion (Helm,
1882a; McSaveney, 1978, Eisbacher, 1979; Erismann,
1979). Diverging (and locally converging) 'stream lines' on
fresh surfaces of rock avalanches suggest a dilating sheet-like
motion of the frontal part (McSaveney, 1978). Sharp-crested
lateral and transverse ridges point to sliding during the final
stages of movement and also confirm observations of the
sudden arrest of moving rock avalanche fronts. Only near
sharp bends and at steps are individual blocks propelled
outside the main stream (Plafker and Erikson, 1978; Eisbacher, 1979).
The kinematics 'frozen' into deposits of rock avalanches have to be satisfied by any proposed explanation of their
mobility. Such explanations have invoked transfer of
momentum between small fragments during streaming ('living force' of Heim, 1882a), transfer of momentum between
major blocks shortly after failure (Eisbacher, 1979), the
formation of trapped cushions of air (Shreve, 1968b),
fluidization of coarse material in a fine grained matrix (Kent,
1965; Hsii, 1975; Davies, 1982), and generation of steam
along the basal zone of rupture and shear (Goguel, 1978;
Erismann, 1979). All of these mechanisms may interact and
enhance mobility along certain reaches of the rock avalanche
path. Where rockfalls or avalanches plunge into lakes or
fiords the wave trains set up by the impact may have considerable destructive potential (Jorstad, 1968). A large slide
volume and shallow water favour the development of powerful waves (Slingerland and Voight, 1979; Huber, 1980).
In summary, the mechanics of slope failure and the
dynamics of rock avalanche mobility depend greatly on the
geology of the mountainside, the volume of the detached
rock mass and the character of the path. Management of
rockfall and rock avalanche hazard has to contend with these
variables, for which data are generally difficult to obtain.

Management of rockfall and rock avalanche
hazard
The management of rockfall and rock avalanche hazard, in
analogy with management of debris flow hazard, follows
three steps: hazard appraisal, application of passive measures, and application of active measures. In contrast to the
problems encountered with debris flows, the large size and
low recurrence of rock avalanches in any particular area may
require that risk to property be separated from risk to life destruction of property may be an acceptable risk, loss of life
may not be acceptable.

Hazard appraisal
Recurrent rockfall activity from a steep bedrock slope generally results in fresh aprons or cones of talus at the foot of the
slope. Blocks that have tumbled down a talus slope may scar

trees (Fig. 38). Careful analysis of trees may give a hint as to
the frequency of the falls, if such information cannot be
obtained from local newspapers or other accounts. Accelerating rockfall activity from steep cliffs also tends to precede major slope failures; rockfall activity thus can guide a
closer inspection of the area in which the rockfalls originated. The possibility of a major failure that might result in a
rock avalanche with a reach beyond the foot of the talus slope
is real when crown cracks and open fractures delimit an
incipient slide mass in excess of 0 . 5 to 1 x 106m3. Under
such conditions detailed monitoring by surveys andlor
evacuation of settlements may be required.
Deposits of large prehistorical rock avalanches, particularly those more than 1000 years old, are hazard indicators
only in a very general sense. A prehistorical failure may have
improved the stability of the remaining cliff to such a degree
that the present hazard is negligible; in other cases, however,
a failure along one section of a bedrock slope may reduce the
stability and set the stage for a slope failure on an even larger
scale along an adjacent section. Each case has to be judged
individually; there are no general rules. Whether a rock slope
will continue to deteriorate in the form of small and tolerable
rockfalls or whether rockfalls will change into a catastrophic
cliff failure has to be determined mainly from the observation
of survey points installed on the slope: if the cliff on the
whole is at rest and only its lower part produces rockfalls, no
major hazard exists; if, however, an ever increasing volume
of rock shows a tendency towards accelerated motion, a
major rockslide may be in the making. Theoretical calculations of reach and velocities attained by rock avalanches have
been attempted by Banks and Strohm ( 1974), Korner ( 1976),
and McLellan (1983). Such analyses may prove useful once
the volume of an incipient failure is known.
The release of large rock avalanches in most cases tends
to be preceded by periods of accelerated creep, thus provid-

ing a means lor hazard appraisal (Hcim. 1932: Muller, 1968;
Pariseau and Voight, 1979). However. large earthquakes
commonly break cohesional bonds or the rock mass within
seconds or minutes, and in such cases timely warnings are
impossible. In mountainous regions with known patterns of
historical seismicity. such as New Zealand. thedating of past
rock avalanches provides a rough estimate of the regional
rock avalanche hazard posed by the recurrent earthquakes
(Adams. 1980; Whitehouse and Griffiths, 1983).
Passive measures
Areas exposed to recurrent rockfall activity are obviously
unsuitable for permanent habitation. However. even cliffs
fringed by aprons of fresh rockfall talus may not fail as
catastrophic rock avalanches that reach beyond the foot of the
talus. In principle such areas are difficult to place into a
restricted land-use category. Indeed, many case histories and
the ubiquitous settlement on prehistorical rock avalanche
lobes in the Alps suggest that in densely settled mountain
regions the hazard from rare, single. and large slope failures
is generally accepted if they are due to natural causes. Nevertheless, regular inspection of the slopes for incipient instabilities or a monitoring program by surveys can reduce this
accepted risk by making timely evacuation possible. The risk
of massive slope failures created by human activity such as
failure of slopes along reservoirs is generally no longer
accepted or acceptable.
Active measures
Active measures against small rockfalls are mainly preventive engineering structures placed on and along steep rock
faces. A wide variety of techniques are available for coping
with these problems and have been reviewed extensively in
the literature on rock slope engineering (e.g. Muller. 1963;
Piteau and Peckover, 1978). Preventive engineering works
such as retaining walls, anchored beams. shotcrete, bulkheads. and toe buttresses are costly. They may have to be
supplemented by protective catchnets, timber fences or ditches, particularly along highways. Where high costs can be
justifikd, galleries or tunnels may be constructed to completely prevent rockfall damage to roadworks and avoid
interference with highway traffic.
Where incipient rock slope failure is suspected, drainage or artificial piece-by-piece removal of the threatening
rock mass may be attempted. Large masses of rock (i.e.
volumes in excess of I x 106m'), once in rapid motion, are
almost impossible to control and engineering works tend to
be futile. Timely evacuation of settlements threatened by
rock avalanches is therefore the only means available to save
lives.

ACCEPTABLE AND UNACCEPTABLE
RISK OF DESTRUCTIVE MASS
MOVEMENTS
Figure 38: Tree scarred by impact of a rockfall. New
growth of tree rings around the scar permits dating of
the impact. (GSC 204165-K)

Whether or not potential mass movements are perceived as
acceptable or unacceptable hazards depends to a large extent
on the social and economic context in which they occur. ln
the relatively wealthy mountain districts of central Europe.

water in steep uplands for the benefit of the whole communi.
ty. Regional legislation provided additional funds for
reforestation, torrent control works. and improved access
roads. However, the responsibility for the safety of individual mountain settlements remained with the community
leaders (mayors and councils). Because the whole community had to help members afflicted by debris disasters, there
remained an incentive to keep permanent dwellings away
from sites known to have been affected by recurrent mass
movements.
Rapid expansion of tourism and hydroelectric deb
velopments throughout many mountain regions of the world
are proceeding within a social context different from that of
pioneer communities: self reliance of pioneer communities
necessarily included acceptance of high levels of natural or
self-inflicted risks. In contrast the modem consumer commonly expects to be protected from hazards. at least from
those created by human activities. Whether such protection
should be extended to naturally recurring mass movements is
problematic. On the one hand strict hazard zoning prior to
development is highly unpopular with developers and individuals who feel that such measures interfere with their
freedom of choice. On the other hand the same citizens often
tend to blame inadequate government involvement after destructive mass movements have occurred. A balance between these two attitudes has to be achieved.

western North America. Japan, and New Zealand a knowledge of past mass movements based on historical data or
hazard indicators is generally taken seriously during the
planning of new communities. the establishment of transportation routes. and the siting of reservoirs. In developing
mountain regions where such data are sparse and where
scarcity of land. food. and health services are more pressing.
potential slope hazards are often ignored; the eventual mass
movements may exact a considerable toll in terms of human
lives and economic hardship.
Although the protective function of a healthy forest
cover on steep slopes is now widely appreciated. the tradeoff between immediate gain by harvesting trees in large
clear-cuts with poorly managed roads and the eventual loss of
soil resources is still commonly decided in favour of immediate economic gain - even in highly developed regions
such as parts of western North America. The risk of deteriorating slope stability after timber harvesting is thus still
widely accepted. In the Alps and other parts of central Europe serious debris flow disasters in the 19th century led to
legislation which substantially changed forest-related attitudes from the short-term gain towards long-range plans of
reforestation and forest management. Slope hazards induced
by reckless forest practices are no longer acceptable there.
Restrictive regional legislation evolved from local selfimposed rules that regulated the use of land. forests, and
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Figure 39: Summary diagram derived from numerous case histories illustrating the
most effective use of passive and active measures in reducing the impact of
destructive mass movements in developed mountain regions depending on their
volume and projected recurrence. Most of the measures shown can be applied in
combination with each other and their position in the diagram depends greatly on
the social-economic context of a specific situation.

A clear requirement for future development of mountain
valleys will be a very high standard of forest management in
the vicinity of permanently inhabited areas. Beyond that,
hazard appraisals with respect to potential mass movements.
construction of control or protective works, the local zoning
may be desirable prior to and during development. In the
densely populated tourist districts of central Europe zoning
and protective engineering are now mainly directed towards
mass movements with potential recurrence intervals of less
than 100 to 200 years (Eisbacher. 1982); the cost o f protective works is borne by individuals, communities. or higher levels of regional governments. In general, it makes little
economic sense to provide protective works if costs exceed a
significant proportion (say 30 to 50%) of the value of properties to be protected. Potential for loss of life, however, may
render the economic argument irrelevant.
The incidence of single large events beyond the time

frame of a few hundred years may fall under acceptable risk.
Slopes which show signs of incipient failure. located directly
above developed valley bottoms or in the source area of
high-gradient torrents. should be monitored by inexpensive
and regular surveys. Timely evacuation may save lives.
Figure 39 is a diagrammatic summary of the approaches
that are used to combat mass movement hazards in mountain
regions. These measures may he taken singly or in combination. The diagram, hased on the case histories described in
the Appendix, underlines the fact that no hard-and-fast rules
exist as to what is an acceptable or unacceptable risk. T o be
useful regional legislation should provide planners not only
with enforceable tools ('zoning laws'). but also ensure that
potentially afflicted individuals have an incentive to bear the
risk of damage or the cost of remedial structures ('buyer
beware'). The resulting land use pattern therefore always
requires a social consensus as to what risk is acceptable.
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APPENDIX
ALPINE CASE HISTORIES
Setting
The high ranges of the Alps have been inhabited for
thousands of years. Human experience with natural and
marl-induced mass movements has been profound and is well
documented. This experience has contributed significantly to
advances in the control of debris flows and unstable slopes.
Yet no single publication, particularly in English, has attempted to bring together this Alpine experience which
should be of great interest for the development of other high
mountain regions, such as those of western Canada and the
United States.
The Appendix consists of the most relevant case histories of Alpine mass movements, arranged chronologically,
using the date of the most significant event where two or
more recurrent events have occurred in the same region.
Initially this compilation was guided by summaries of
mass movements that are difficult to obtain in standard libraries of North America (i.e. Mougin, 1914, 193 1; Heim. 1932;
Montandon, 1933; Strele, 1936; Stini, 1938; Stacul, 1979).
In the later stages, literature on slope management and debris
flow problems was examined by one of us (G.H.E.) in
libraries in Austria, Switzerland, and France. To appraise
ongoing technical or cultural adjustments in the vicinity of
known historical mass movements all sites discussed in the
text were visited in the field. Since locally published
accounts of torrent and slope stability problems a;e numerous, many relevant case histories probably have been missed;
the Appendix thus is not exhaustive. We feel, however, that
it provides a fair representation of the most interesting.
dramatic, costly and tragic mass movements witnessed in
2000 years of Alpine settlement.
The brief accounts may guide the reader to older and
often unjustly forgotten accounts in German, French. and
Italian. The sketch maps, photographs, and line drawings
accompanying the text cannot substitute for the more detailed
documentation that some of the examples have received and
others still deserve. Rather, the main purpose of the Appendix is to describe Alpine mass movements within a coherent
topographic, geological. climatic, seismic. and historical
framework that transcends national boundaries. It must be
kept in mind that in an area like the Alps a long history of
border changes, migrations, and distant administrative centres have led to a variety of names and spellings for specific
localities. In order to avoid ambiguity we have not transformed local nomenclature into English equivalents and have
used the one generally preferred by the inhabitants of an area
or that shown on widely distributed maps. Figure 40 is an
index map showing the location of the 137 sites described in
the Appendix. Case histories can be located by use of the
lndex of Case Histories at the end of the Appendix.

Bedrock geology and seismicity of the Alps
The Alps have been the focus of intense geological research
for 200 years. Variety, complexity, and accessibility have
made this mountain chain one of the classical areas of
structural geology. Publications dealing with Alpine geology
are therefore countless. Well illustrated recent summaries
include those by Gwinner( 1971). Lemoine (1978. p. 17-66).
Triimpy (1980). and Oberhauser (1980).
The Alps originated by compression and foreshortening
of continental and oceanic crust located originally between
Africa and Europe. This process of crustal shortening. which
beean
- in late Mesozoic time and continues to the present, has
displaced the crystalline basement and its sedimentary cover
c o m ~ l e x e sbv hundreds of kilometres northward: several
distinct facies zones have been juxtaposed along northdirected thrust faults. During the main stages of deformation
in latest Mesozoic and early Tertiary time some of the rocks
overridden by thrust nappes from the south suffered intense
regional metamorphism. Locally, granitic intrusives rose
along fractures and faults into the deformed pile of crustal
rocks.
The bedrock geology of the Alps can be conveniently
summarized in terms of five realms or zones, characterized
by pre-Mesozoic crystalline basement and a distinct Mesozoic-Tertiary sedimentary cover. From southeast to northwest these zones are: South Alpine Zone, Austroalpine Zone,
Pennine Zone, Helvetic Zone, and Molasse Zone (Fig. 41.
42).
The South Alpine Zone consists of a Paleozoic
metamorphic-volcanic basement overlain by thick Mesozoic
carbonates and shales. Mountainsides underlain by
metamorphic basement rocks tend to display deep-seated
creep (sagging) and bedrock slumps. Massive carbonates of
the cover complex (Sciliar Formation, Dolomia Principale
etc.) often collapse along scarp slopes underlain by recessive
evaporite-marl units (Werfeniano, Raibliano etc.). Dip slope
failures are observed in thick-bedded carbonate units. Large
earth and debris flows develop in shale terrain at the foot of
soaring carbonate massifs.
The geology of the Austroalpine Zone is very similar to
that of the South Alpine Zone. The two realms are separated
by an east-trending strike slip ( ? ) fault, the Periadriatic (Insubric, Gail) Line. The Austroalpine Zone is characterized
by a Paleozoic basement of phyllite, gneiss, and minor carbonate rocks, overlain by a thick Mesozoic carbonate-shale
cover. Again mountainsides underlain by metamorphic rocks
tend to fail by deep-seated creep and slumping. The presence
of evaporitic formations (Werfen, Raibl etc.) favours scarp
slope failure in overlying resistant carbonates.
The Pennine Zone (Brianqonnais in France) consists of
a metamorphic basement and a thick, predominantly slatysandy Mesozoic cover. Over wide areas the rocks of the

Figure 40: index map of the Alps showing the location of case histories presented
in the Appendix.

Figure 41: Geological sketch map of the Alps outlining the distribution of the five
major tectonic-lithologicaI zones, their thrust-fault contacts (barbs on the upper
plate), and the extent of late Pleistocene glaciation.
Pennine Zone were overridden by Austroalpine thrust nappes
and therefore suffered extensive regional metamorphism,
particularly in the Pennine core zone of southern Switzerland
and in the Tauern Window of central Austria. Dip slopes
underlain by Pennine slates and schists are susceptible to
deep-seated creep and large-scale sagging (Huder, 1976).
The Helvetic Zone (Dauphinois in France) is underlain
by a Paleozoic basement complex of granite, gneiss, and
quartzose clastic rocks. The cover succession consists of
Mesozoic and Tertiary shale, carbonate and flysch. The
cliff-forming Malm and Urgonian limestones fail along spectacular dip slopes and scarp faces. Many slopes underlain by
evaporitic shale, slate, and flysch tend to undergo deepseated slumping and creep that trigger embankment failures
along many torrents. The tern flysch ( =flow), which is used
to describe monotonously interlayered successions of sandstone and shale, owes its origin to chronic slumping evident
on many mountainsides of the Helvetic Alps.
The Molasse Zone consists of massive conglomerate,
sandstone, and mudstone which represent the indurated
product of the early erosion of the rising Alpine chain. The
generally southeast-facing dip slopes in the Tertiary Molasse
of the northern foreland of the Alps are susceptible to largescale bedrock failures and to debris slides involving deeply
weathered blocky bedrock and colluvium.

The Alps attain their greatest elevations in the uplifted
basement massifs of the Helvetic Zone (Mont Blanc Massif4807 m) and in the metamorphic core complex of the Pennine
Zone in southern Switzerland and central Austria. Separating
the main ranges are fault-controlled longitudinal valleys and
intramontane troughs drained by large rivers (Rhone. Inn.
Drau). Bedrock in these depressions is generally buried under thick surficial deposits of Pleistocene age.
Parts of the longitudinal depressions (e.g. Rhone-Rhine
valleys in Switzerland. Inn Valley and Mur-Murz valleys in
Austria, Val Sugana in Italy) are seismically active (Baratta,
1901;Schorn, 1902; Pavoni. 1977; Vogt. 1979; Oberhauser,
1980). The present seismicity of the Alps is a manifestation
of a north-northwest-trending neotectonic compression in a
stress regime which continues to thrust the Alpine ranges
over its southern foreland along a north-dipping subduction
zone (Fig. 41). This southern foreland zone has experienced
the most devastating earthquakes in the Alps (e.g. the Friuli
region in 1976).

Pleistocene history
During the Pleistocene large mountain glaciers and ice fields
covered most of the Alps (Fig. 41). Flowing from high
central ranges through deep intramontane depressions lobes
of ice reached beyond the front ranges onto the foreland.

~ l t h o u g hdeposits related to older glaciations are preserved
locally most of the surficial deposits are related to the final
stages of the last glaciation (Wiirm Glaciation). This last
great ice sheet attained its maximum extent between 20 000
and 17 000 years ago and its retreat was effectively complete
bv about 9500 years ago (see Triimpy, 1980; Van Husen,
1$81).
Downwasting of valley glaciers left behind a variety of
coarse colluvial, lacustrine, deltaic, and alluvial deposits,
commonly preserved as terraces along the main valleys. In
many small tributary basins, particularly those underlain by
metamorphic bedrock, terraces of relict late Pleistocene ice
margin deposits are persistent sources of debris for highgradient mountain torrents. Debris flows derived from these
deposits have contributed to the growth of large fans and
cones fringing the valleys.
Deglaciation locally triggered collapse of rock slopes.
Evidence for late glacial rock avalanches is particularly common along high carbonate cliffs of the Helvetic, Austroalpine, and South Alpine zones (Abele, 1974).
Other steep slopes, particularly those underlain by lowgrade metamorphic rocks (e.g. phyllite. slate, micaschist)
responded to deglaciation by deep-seated creep or 'sagging'.
In places, zones of broken rock up to a few hundred metres
thick and extending for several kilometres along the valley
trend, form what has been referred to as 'Bergzerreissung'
( = mountain rupture; Ampferer, 1939), 'Talzuschub'
(=valley closure; Stini, 1942), or simply 'Sackung'
( =sagging; Heim, 1932; Zischinsky, 1969). This metastable
state of equilibrium along many mountainsides. initiated by
deglaciation, has remained a very significant factor with
regard to historical mass movements in the Alps: excessive
infiltration of water into sagging slopes can reactivate or
accelerate their movement setting up potentially dangerous
blockages of torrent channels in the toe zone.

Little Ice Age
The period of climatic deterioration during the Middle Ages,
but particularly between approximately 1550 and 1850, is
generally referred to as the Little Ice Age. This period was
characterized by marked advance of the glaciers and by a
regional climate that interfered seriously with human activity
in the higher Alpine valleys. The Little Ice Age has been
studied using historical records and analyzing terminal
moraines deposited in the forefields of the present Alpine
glaciers (Kinzl, 1932; LeRoy Ladurie, 1971; Patzelt, 1973;
Messerli et al., 1975; Bachmann, 1978; Schneebeli and
Rothlisberger, 1976).
Climatic deterioration and advancing glaciers began to
affect human activity in the highest parts of the Alps as early
as the 13th century. However, distinct successions of cold
and rainy summers in central Europe, coinciding with poor
harvests in the lowlands and advancing ice in the Alps,
turned into a well perceived threat around the middle of the
16th century. At the end of the 16th century there were
several glacier-related floods and debris flows of regional

impact. Between about 1550 and In50 periods of glacier
advances, following years with cold wmmers, alternated
with periods of minor retreat (Messerli et al.. 1975). The
Little Ice Age was followed by a long period of glacier retreat
and climatic amelioration which lasted from the 1850s to the
mid-1960s. Since then the mass hudgetr; of many Alpine
glaciers have been positive. and once more the termini of
many glaciers are advancing (Bachmann, 1978).

Climate
In a broad sense the climate of the Alps reflects three major
weather systems: one originating in the Atlantic Ocean
('west weather'), another in the Mediterranean Sea. and a
third in the continental interior of eastern Europe. On a local
scale the weather in the Alps is modified greatly by aspect
and elevation of individual mountain ranges. Precipitation,
the most important factor for slope stability, is greatest along
the northern and southern front ranges of the Alps (Fig. 43).
There, blockage of moist air from the Atlantic and the
Mediterranean triggers sustained catastrophic rainstorms
(e.g. 1733, 1770, 1851, 1868, 1882. 1910. 1966). Local
cloudbursts or downpours during hot 'continental' summers
occur in many intramontane basins and along the eastern
foothills of the Alps. In most of the Alps, precipitation is
greatest in the autumn and summer (Fliri, 1977). Destructive
mass movements tend to follow the same pattern: most mass
movements, other than those released by earthquakes occur
during rainstorms. delayed springtime snowmelt coinciding
with warm rains. local cloudbursts, glacier-related floods,
and ice-debris avalanches from the snout of hanging glaciers.
A plot of all case histories described in the Appendix according to month of occurrence shows that most serious mass
movements take place between June and September. the
months of greatest mean precipitation (Fig. 44).This graph
supports previous. more local, observations (e.g. ~ e i m ,
1932; Nussbaum, 1957).
On a regional scale potentially destructive debris flows
and landslides seem to cluster near areas with strong climatic
and topographic gradients (e.g. Tagliamento-Piave basins.
Ticino region, Mont Blanc Massif).
The relationship between destructive mass movements
in the Alps and long term climatic variability is more difficult
to assess. In Figure 45C nonseismic destructive mass movements described in the Appendix are grouped in ten-year
intervals. In Figure 45B the thoroughly documented chronology of minor and major debris flows in a single large transverse valley of the central Alps (Otz Valley) is plotted in the
same fashion (Leys, 1977). Figure 45A shows the fluctuations of the snout of the Grindelwald Glacier in central
Switzerland (Messerli et al., 1975). providing an indirect
measure of climatic change.
A very strong cultural-historical 'noise' induced by the
necessarily fragmented data base can be expected to weaken
any broad relationship that might exist between climate as
expressed in retreats and advances of major Alpine glaciers
and the incidence mass movements. Therefore, any vague

parallels emerging in Figure 45 should only be taken as hints.
However. times of short-tern1 climatic deterioration coinciding with cold and rainy summers, first in the late 16th
century. then between 1760 and 1780. and again between
18 10 and 1860 were also periods with enhanced mass movements.
In detail the effect of individual intense storms, such as
those in the 1430s. 1560s. 1660s. 1740s. 1760s, 1790s.
1820s. 1850s. 1880s. and 1960s probably had greater impact
on human settlements and transportation routes then the
gradual change of precipitation pattern referred to above.
The recent events of 1965 and 1966 serve as notable examples: although a majority of glaciers advanced slightly in
response to cooler and wetter summers since the mid-1960s,
the damage suffered from the extreme storms events (particularly those of 1966) far outweighed that from the subtle
adjustments of the general atmospheric circulation pattern.
The experience gained during sporadic intense meteorological events therefore has been and still is the main basis for
appropriate land use decisions and the design of effective
remedial measures (Aulitzky, 1968).

Land use history
In the Alps. as elsewhere. destructive mass movements result
from both natural causes and human activity. The extremely
long history of clearing, colonization, and intense land use in

the Alps up to elevations of 2500 m make i t difficult to
separate natural from induced mass movements.
The clearing of forests in high basins can be traced back
to the activities of Celtic miners and Roman military men,
However, the main phase of deforestation of Alpine moun.
tain valleys dates to the early Middle Ages when a scarcity of
available farm and pasture land in the lowlands of Europe
forced colonization of the mountains. At this time the exten.
sive tracts of subalpine forest were converted into seasonal
pasture. Clearcutting and overgrazing locally triggered se.
vere erosion. Exhaustion of thin soils caused regional population shifts within the Alps during the 13th century (e,g,
.WaIser' migrations) and intensified some of the problems
brought on by the initial clearing and overgrazing. During the
15th and 16th centuries the requirements for timber and
charcoal in districts with newly opened mines, salterns, and
smelters brought another phase of deforestation. Finally,
wars and early railroading strained the shrinking forest and
land resources.
Most of the early settlers of the Alps tried to avoid
flood-prone valley bottoms and preferred locations on bedrock benches and debris cones. Sporadic bursts of debris
from upland basins onto debris cones of normally tranquil
mountain streams soon brought home some of the simple
relationships between land use and debris transport in steep
mountain terrain. Nevertheless, raging giants and infuriated
dragons long remained the most common explanations for
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Figure 43: Distribution of mean annual precipitation in the Alps and locat~onof
zones where major historical earthquakes have occurred.
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Figure 44: Diagram showing the month of occurrence
for non-seismic mass movements presented in the
Appendix; number of case histories in a certain
month.
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the sudden roar in the gorges and the violent eruption of
rubbly debris onto fields and communities.
In spite of these superstitious explanations the repeated
exposure to rockfalls, debris flows, and snow avalanches led
to simple restrictive community rulings as early as the 14th
and 15th century. Critical forest land ('Bannwald') was set
aside in the source areas and on the cones of hazardous
torrents. Dykes and walls were constructed to deflect occasional spurts of debris away from threatened communities.
Continued deterioration of the uplands in the 18th and
19th centuries due to clearcutting and overgrazing, coupled
with serious competition from mechanized farming activity
in the lowlands of central Europe led to depopulation of many
high valleys, particularly in the western Alps. The first
systematic regional government legislation dealing with torrent control, the protection of existing forests, and reforestation was enacted after major natural disasters in the second
half of the 19th century (Eisbacher, 1982).
The present intense development of Alpine valleys is
mainly related to tourism and hydroelectric power generation. This development has seriously taxed the longneglected renewable resource base of the Alps (i.e. forests.
water, soil) and has led to a reappraisal of traditional and
modern land use patterns (Aulitzky, 1968, 1972, 1974).
Reforestation or engineering works along torrents, on
unstable slopes, and near known snow avalanche tracks
recently have been supplemented by programs emphasizing
monitoring and hazard zoning of areas with high population
densities.
ICE
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Figure 45: A: Historical fluctuations of the snout of the Grindelwald Glacier relative
to its position in 7970, measured in metres along the glacier bed (from Messerli et
al., 1975). B: Number of historical destructive mass movements in the Otz Valley,
western Austria, grouped in ten-year intervals (data from Leys, 7977). C: Number of
destructive mass movements presented in this Appendix, grouped in ten-year
intervals.

Description of case histories
Reisskofel ( A l )
Loc.ariorl: Gail Vallex. Kiirrlrerr (Caririrhia). Alrsrria (12)'
Darefsl: 328 A . D .

The Gail Valley follows a major west-trending fault zone, the
Gail Valley Line. which separates the South Alpine and
Austroalpine basement-cover complexes. Numerous debris
cones flank the valley and the Gail River receives a
voluminous bedload from its tributary torrents. Between the
villages of Reisach and Grafendorf (630 m), a huge debris
cone rises northward from the bottom of the valley to an apex
at an elevation of 900 m (Fig. 46); from the apex a wide track
of angular carbonate debris branches upwards into several
bedrock ravines of the Reisskofel south face. This scarp face
of the massif is composed of thick-bedded carbonates dipping between 40 and 80" to the north. The cliff-forming
carbonates overlie recessive redbeds of the Austroalpine
basement-cover transition. Steep fractures in the carbonates
dip towards the Gail Valley and separate highly unstable rock
towers from the main Reisskofel Massif (2371 m).

,

"gure 46: Index map of the
Mass'f and the
huge cone of Relsach. Notice that tradit~onalsettlements cluster along the periphery of the cone.

' L t ~ a t i o nin grid of Figure 40.

Figure 47: View north from the apex of the Relsach
cone to the jagged carbonate scarp face of the Reisskofel Massif. Note recently built hotel. (GSC 204765.~)

According to the 'Memorabilienbuch' (chronicle) of
Grafendorfthe debris cone was once the site of a Roman gold
mining town, named Risa. In 328 A.D. this settlement was
buried by debris which also dammed the east-flowing Gail
River (Till, 1907). A local legend adds that an earthquake
had shattered parts of the Reisskofel before a rainstorm
mobilized the loose blocks into a flow that swept over the
blooming but 'sinful' village.
Today most of the rubbly surface of the upper cone is
covered by dense forest. Angular blocks of carbonate protrude through the thin soil. A small creek drains the cone. In
recent years settlement has encroached onto the upper cone,
and a large hotel complex has been erected across the ancient
debris track (Fig. 47). The former lake on the west side of the
debris cone in the course of time silted in and this Gundersheimer Moos (=swamp) was reclaimed for agricultural
activities during the comprehensive regulation of the Gail
River. Although in recent years there has been no major rock
avalanche from the bowl-shaved carbonate walls of the
Reisskofel, fresh blankets of tal;s indicate continued rockfall
activity from the tilting carbonate slabs below the summit
ridge,

Aime (A2)
~ ~ ~ ~ tTarentaise.
j o n : Savoir. France ( 8 3 )
Dale(s): 5th century A . D . (also 211dcenlurjl A. D . , 8 Septemher 1579, 14 September 1733, 10 June 1764. 26 October
1778, 18 July 1834, 1 November 1859, 20 April 1893)

Near the town of Aime (600 m) the Isere River follows the
regional trend of major bedrock structures including a complicated southeast-dipping zone of thrust faults involving
rocks, calcareous flysch, shale and evaporite of the
Helvetic (Dauphinois) and Pennine (Brianqonnais) cover
complexes. Debris fans and cones on the north side of the
valley for centuries have been inhabited in preference to
adjacent unstable slopes and floodplain. Thus Aime developed on the fan of the Ormente Torrent and the villages of
Villeae and Centron on the flanks of the Nant Agot cone
(Fig. 48). Catchment and source areas for both torrents
extend to about 2500 m elevation and include unstable dip
slopes of calcareous flysch and terraces of relict colluvium.
Excavations on the O q e n t e fan have revealed walls of
the Roman town of Axima underneath a 3 m blanket of
debris. The layout of the dwellings indicates that the occupants had been exposed to repeated debris flows before much
of the town disappeared under masses of rubble sometime in
the 5th century A.D. Use, and possibly, abuse, of the land in
the upper Ormente basin also seems to date back to this early
period (Chavoutier, 1979, p. 11). During the medieval
growth of Aime at the site of the buried Roman settlement,
unstable slopes in the Ormente basin contined to launch
debris flows into the Istre Valley. Mass movements frequently coincided with rainstorms brought on by the feared
'vents du midi', warm winds from the south. Aime was
seriously damaged by debris flows during regional rainstorms on 8 September 1579 and 14 September 1733. On the
latter date a swath of debris, 50 m wide tore across the town
(Fig. 49). A local cloudburst and sudden snowmelt on
10 June 1764, released another destructive pulse of debris

onto the town. On 26 October 1778, following an extended
period of rain, a series of debris flows demolished or seriously damaged a total of 36 houses. On I November 1859,
snowmelt due to unseasonal air temperatures up to approximately 20°C and furious squalls of rain brought new havoc
(Mougin, 1914, p. 770).
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Figure 48: Index map of the lsere Valley in the vicinity
of Aime; slaty cleavage in argillaceous rocks and bedding dip southeast, favouring slump-generated debris
flows and embankment failures along south-facing
slopes.

The steep cone of the Nant Agot. downstream from
Aime. also hosted some kind of Gallo-Roman settlement
which probably disappeared underneath bouldery debris in
the 2nd century A.D. A debris carpet, 6 m thick. was found
to cover foundations of residential buildings. The later settlement of Centron on this cone also suffered repeatedly from
destructive flows during periods of sudden snowmelt (10
June 1764, and 20 April 1893) and intense rainstorms ( I 8
July 1834). Repeated destruction of human works and loss of
life have forced traditional building activity onto the sides of
the cone (Mougin. 1914. p. 773).
Today Aime is a prosperous centre of tourism. serving
the modem ski developments on the southern uplands of the
Tarentaise (e.g. La Plagne). The fan of the Ormente Torrent
is completely built over and its channel along the axis of the
fan is confined by strong stone-masonry embankments. Parts
of the formerly ravaged uplands have been reforested. The
cone of the Nant Agot. much steeper than that of the
Ormente, has not been developed to the same extent. An
inconspicuous creek bed meanders across the boulder-strewn
and forest-covered apex and then skirts the settlement of
Centron, which is gradually expanding towards the axial
sector of the cone.

Meran

- Merano fA3)

Locarior~:Siidrirol (Alro Adigc,), Iraly (G2)
Dare(s): Between 785 and 815 A.D. (also 1372)
The coalescent debris fans of the torrential Passer River and
Naifbach Torrent form a gently inclined surface on the easte m bank of the Adige (Etsch) River (Fig. 50). Meran (320 m)
spreads across the lower part of the surface. This beautiful
city grew from clusters of agricultural communities whose
roots can be traced to pre-Roman time. An extremely
pleasant climate and an adequate elevation above the floodplain of the Adige River were the principal reasons for the
early growth of these settlements.
The catchment basin of the Naifbach Torrent includes
the steep western face of the granitic Ifinger Massif (2500 m);
the deeply incised gorge of this torrent follows a westerly
trending fault zone involving shattered granite, redbeds, and
rhyolite of the South Alpine basement-cover transition.
Slump scars and rockfall chutes abound along the walls of the
gorge. Lobate deposits of granitic debris blanket the northem
side of the gorge.

Figure 50: Sketch map of the large cultivated debris cone of the Naifbach Torrent
near Meran. Rare bursts of debris, launched from bedrock failures in the narrow
gorge and along the crest of the catchment basin, pushed the torrential Passer
River against a bedrock spur along the west side of the valley during the early
settlement of the region. Notice that the cone is disproportionately large relative to
the catchment area.

Sometime between 785 and 815 A.D. a major rockslide-debris flow apparently laid waste to the Roman town of
Maia, then located near the present community of Obermais.
Excavations during the 17th and 18th centuries encountered
Roman walls and cellars deeply buried in debris: human
skeletons of possibly more recent age were also unearthed
(Aretin, 1808, p. 73). Another destructive outburst of debris
over the Naifbach fan occurred in 1372. These and other
smaller debris flows from the Naifbach gorge gradually
pushed the channel of the Passer River north towards a
bedrock spur near the area that was to become the heart of the
city of Meran. During the later debris floods of the Passer
River which originated from the bursts of the Passeier Wildsee (see Ganderberg-Passeier Wildsee (A 16). 14 19 flood).
the impact near the channel restriction was catastrophic
(Dalla Torre, 1913, p. 285-286; Stacul, 1979, p. 63-68).
Early protective works along the Naifbach Torrent attempted to confine the channel to the southern uninhabited
sector of the cone by means of simple diversion dams.
Subsequent erosion by the torrent into the fan was brought
under control by check dams and revetments.
Beginning in 1882 segments of the fan that had been
ravaged regularly by debris floods were reforested. In the
uplands check dams were inserted into gullies that had been
susceptible to chronic slumping of redbed formations.
Today vineyards, orchards, vacation homes, and tourist
facilities mingle with old estates on the surface of the fan. A
few large blocks of granite are scattered through the orchards
of the upper cone, serving as reminders of the sudden debris
flows from the gorge. The narrow Naifbach channel on the
fan now is inconspicuous and a major hotel-tram station
complex has been erected across its apex, serving the ski area
of the Ifinger Massif. A protective forest clings to the steep
bedrock slopes along most of the Naifbach gorge.

The region hosts impressive rock avalanche deposits
('marocche'), bare lobes of carbonate slabs that havc nurtured legends about disappeared villages and towns. Some of
the rock avalanches have resulted from dip slope failures
('scivolamenti'), others from collapse above or defachment
along composite fracture surfaces ('frane di crollo').
In western Trentino the best-known prehistorical and
historical slide masses are Monte Spinale (500 x 10"m').
Lago di Tovel (250 x 1Ohm'), Lago di Molveno (300 x
I06m3), Marocche di Sarca (350 x loom3). San Giovanni
(25 X I06m3), Torbole (40 x 1 0 h 3 ) ,Lavini di Marco (200
X 106m3),and Castel Pietra ( I x 10'm'). The low inclination of some rupture surfaces led some early investigators to
reject a rock avalanche origin for the rubbly deposits in
favour of a morainal origin. However. from an investigation
of the breakaway zones Schwinner ( 1912) demonstrated that
large-scale cliff collapse was the most probable mechanism.
More recently, it has been suggested that some of the rock
avalanches fell onto stagnating late Pleistocene glaciers. an
interpretation that has gained considerable support (Abele,
1974).
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Lavini di Marco (A4)
Locatiort: Val Lagarina, Trenrino. Italy ((33)
Dare(s): 883 A.D. o r 21 July 365 (or 369) A.D.
Val Lagarina and other fault-controlled valleys parallel to it
(including the depression of Lago di Garda) are flanked by
precipitous mountain ranges of massive Mesozoic carbonate
rocks of the South Alpine cover complex (Fig. 51, 52). A
distinctly Mediterranean vegetation and white walls composed of Dolomia Principale and Calcari Grigi formations
provide the spectacular background for the towns along the
sides of the valley. Many bedrock slopes parellel the northnortheasterly trend of bedding, forming either dip slopes or
vertical scarps. In detail rock slope morphology is also influenced by local high-angle fracture zones and faults. Earthquakes and intense autumn rains contribute to incipient instabilities on many cliffs. In historical times the region has
suffered strong earthquakes on 2 1 July 365 (or 369) A.D., in
543 A.D., on 3 January I1 17 (or 11 11). in September 1419,
and in 1457. Rockfalls have accompanied these and other
earthquakes.

Figure 5 1: Regional index map of the central Trentino
region, showing the location of major prehistorical and
historical rock avalanches (arrows).

Figure 52: a) View across the Marocche di Sarca onto the concave zone of rupture
from which recurrent rockfalls and avalanches have spread over the valley floor;
(GSC 204765-M), b) Incipient detachment ofjoint-controlled rock towers in gently
dipping massive carbonate strata along the west side of Lago di Garda; most of the
highway is protected from rockfalls by strong concrete galleries, tunnels, and slope
reinforcements (GSC 204 165-N).

The Lavini di Marco, south of Rovereto, has attracted
most attention. The first reference to the Lavini di Marco
dates back to 1270 (Gorfer, 1977, p. 154). However, the
fame of the Lavini di Marco rests mainly on a particularly
vivid passage in Canto 12 of Dante's ( 1265- 132 1) Inferno:
' . . . A s is that rubble, which struck the Adige in its flank, on
this side of Trento. by earthquake or defective support-that
from the mountain top from where it moved, to the plain the
rock is so inclined that it might offer passage to one that were
above . . . '.
Legend, speculation, and serious study have left a
somewhat confused picture of the Lavini (Fig. 53). Some
investigators have linked the blocky lobe to an event recorded in the Annals of Fulda, according to which a mountainside collapsed across the south-flowing Adige River in
883 A.D., blocking its course and depriving the citizens of
Verona of their main source of water for several days. Others
attribute the collapse of the mountain to the great earthquake
of 21 July 365 (or 369) A.D. and also relate the rock avalanche to the dihappearance of the town of Lagaris. Whatever

the interpretation, some ruined human works have been
found at a depth of 15 m below the surface of the debris (see
Gorfer, 1977, p. 154-155).
The main rock avalanche originated by the failure of
possibly up to 200 x IOhm' of massive oolitic limestone and
interbedded marl (Calcari Grigi Formation). The rupture
surface ('lasta' =dip slope) is inclined 23Oand is a composite
of bedding planes dipping 18' to the west and a set of
crosscutting near-vertical fractures trending north-northeast
(Fuganti, 1969, p. 7-22). It rises south-southeasterly from
the bottom of Val Lagarina (200 m) to the peak of Zugna
Torta (1250 m). The movement of the failed rock mass was
guided by the dip of the basal rupture surface and by a
fault-controlled northwesterly trending ridge (Costa Stenda)
halfway up the mountain (Fig. 53). The front of the debris
lobe was propelled to the far side of the valley and there
probably blocked the flow of the Adige River.
Stands of black pine, vineyards. dilapidated stone
walls, and encroaching urbanization today have muted its
former forbidding bleakness. Minor recent rockfall activity
along the southern sector of the lasta does not threaten buildings or structures along the highway which winds along the
foot of the mountain.

Figure 53: Sketch map of the Lavini di Marco. Detachment surface of the slide
mass is a composite carbonate dip slope along a homocline dipping about 78" to
the northwest.

Lienz (AS)
Location: Lienz, Osttirol, Austria (HZ)
Date(s): I l l 3 (?) (also spring 1787, 3 September 1965,
6 November 1966)

The city of Lienz (680 m) occupies a depression between a
steep debris cone and a gentle fan at the confluence of the lsel
and Drau rivers (Fig. 54). This modem capital city of Osttirol
developed from several precursor settlements located on or
near the cone-fan complex of the Schleinitzbach, Zauchenbach, and Debant torrents. These torrents drain basins underlain by gneiss and mica schist of the Austroalpine basement complex. Uplands reach heights of almost 3000 m and
bedrock slopes show evidence of sagging and slumping.
Lower mountain slopes have extensive Pleistocene colluvial
veneers and ice makin terraces.
It is probable that the lower segment of the Schleinitzbach cone once hosted a Roman or earlv medieval community by the name of Luenzina. About 11 13, a massive slope

failure in the steep upper parts of the catchment basin triggered debris movements onto the cone that lasted for more
than 100 years. Luenzina was engulfed and destroyed by one
of the early flows (Strele, 1936, p. 126-127). A chapel
honouring St. Helena was later built on a rock spur overlooking the cone; there were annual processions to the chapel for
centuries thereafter, reflecting the unease with which people
of the region looked towards the mountain. Today, two
harmless creeks cross the bulging Schleinitzbach cone and
the community of Oberlienz spreads far up its western sector.
A few blocks of gneiss protrude through the intensely cultivated surface of the cone.
The Debant fan, southeast of Lienz, is much gentler
than the Schleinitz cone. It has been a site of active debris
accumulation only in recent centuries, mainly in response to
intensified erosion of colluvial embankments along the Debant Torrent. The upper segment of the fan used to host the
Roman station of Aguntum (Fig. 55). Ruins of this impressive town were visible until the 16th century. Then.
possibly in response to extensive clearcutting in the uplands,

Figure 54: Index map of the
surroundings of Lienz; the
huge debris cone on the west
probably originated by massive bedrock failures on
metamorphic upland slopes
along the crest of the
Schleinitz Massif. The Debant
fan on the east owes its origin
to more frequent but less
voluminous debris floods and
flows triggered by failure and
scour of embankments cut in
relict surficial deposits.

more than 4 m of debris accumulated on the fan, completely
burying the Roman buildings. In the spring of 1787 a large
debris flow threatened two hamlets astride the fan (Sonklar,
1883, p. 89). During the great rainstorms of 3 September
1965, and 6 November 1966, the Debant fan ieceived
0.2 x 106m3 and 0.15 x 106m3 of debris respectively
(Kronfellner-Kraus, 1975).
The channel of the Debant Torrent is now confined by
masonry dykes 2 m high, leaving plenty of lateral play for the
torrent, which, during debris floods would otherwise
threaten the growing suburban community of Debant.

Masitre de la Vedana (A6)
Location: Belluno. Veneto, Italy (HZ)
Date(s): 3 January 1117 (also 29 June 1873)

Figure 55: The recently excavated ruins of the Roman
town of Aguntum near the axis of the Debant fan. The
strip of forest in the background indicates the position
of the dyked braided channel of the Debant Torrent
which is now several metres above the level of rhe
Roman streets. (GSC 204 165-0)

The southern front ranges of the Alps near Belluno are
composed of Mesozoic carbonate rocks of the South Alpine
cover complex. The main bedrock structures in this region
are folds and thrust faults which trend east-northeasterly;
they are transected by high-angle north-trending fault zones
(Fig. 56). The courses of the Piave River and its tributaries
are controlled by these bedrock structures. The region is also
within a broad east-northeasterly trending belt of historical
seismic activity.

Figure 56: Index map of
the Belluno reg~on,showing major syncllnes (converging arrows), anticlines
(diverging arrows), and
thrust faults (barbs on the
upthrown panel). The narrow gorge of the Piave River and ~ t southward
s
extension towards Lago di Santa
Croce are controlled by
high-angle transverse fault
zones. Three major prehistorical to historical rock
avalanche lobes are indicated by the dotted pattern.

On 3 January 1 117, a major earthquake, felt throughout
the eastern Alps, occurred In the Veneto-Trent~noreglon
Intense shaklng seems to have released numerous rockfalls
and probably also rock avalanches (Schorn, 1902, p 9-13)
It 1s poss~blethat durlng t h ~ searthquake two communltles.
Cornla and Cordova, In the area known as Mas~erede la
Vedana, were destroyed by a rock avalanche (Montandon,
1933, p 283-284). The extenslve debns lobe of the Mas~ere
exceeds 100 X 106m3 In volume and conslsts of angular
slabsof carbonate rocks derlved from the south face of Monte
Peron (1486 m) The spoon-shaped rupture surface 1s a
composite fracture-bedd~ngplane In th~ck-beddedcarbonate
p
30 to 40' to the south Remalnrocks that d ~ approx~mately
Ing lateral bedrock spurs g u ~ d e dthe movement of the glgantic debris stream.
Another major dip slope in the region. which probably
has been a source of recurrent rockfalls during earthquakes
such as that in 11 17, rises along the southeast shore of Lago
di Santa Croce (386 m) at an average angle of 28" to a ridge
1400 m high. Most of this slope is underlain by thick-bedded.
west-dipping carbonate strata. Prehistorical slide masses
with a total volume of approximately 200 x 10f'm%ave
impounded the lake and rerouted regional drainage to the
north. During the most recent damaging earthquake in the
Belluno area on 28 June 1873, several small rock avalanches
broke away from this cliff (Schwinner. 1912). The northernmost section of this dip slope, rising on the east shore of
Lago di Santa Croce, has not yet failed: a highway tunnel
paralleling the trend of the strata pierces the toe of this slope

(Fig. 57). Some difficulties were encountered during construction.
Many other dip slopes and fracture-controlled ravines
along scarp faces in the region have been the focus of recurrent rockfalls. In spite of potential local hazards many talus
cones below bedrock cliffs have been built over, like the
debris lobes of Masiere de la Vedana and Lago di Santa
Croce.

Flgure 57 V~ewto the north along the shore of Lago dl
Santa Croce A recent h~ghway tunnel p~erces the
northern flank of the Fadalto sllde scar follow~ngthe
strlke of the d ~ pslope ~n masslve carbonate rock
(GSC 2041 65-P)

Semsales (A 7 )

Mottec (A8)

Locwrinrr: North (!/ V(,IYJF.
Friborrrg. Su~itz~~rltrt~cl
(B2l
Dote(s): 13th ccritury (ulsn 1880)

Loc.urion: Vrrl d'Arirlir~iPr.s.V ~ l o i s e(Wallis). S ~ i t : ( , ~ / ~ ~ , ~ l
(C2)
Date(s): 13th century

The village of Semsales (850 m) is located south of the apex
of a large debris fan that arises eastward from a gently rolling
foothill valley into the deeply dissected Niremont Massif
(1513 m) of the Swiss Alpine front ranges (Fig. 58). The
range is underlain almost entirely by argillaceous flysch
formations of the Helvetic cover complex.
In the 13th century the old village of Semsales was
annihilated by a large debris flow which had become detached from a slope failure in the uplands along the Mortivue
Torrent. The village was later rebuilt south of its original site.
However. debris flows continued to sweep across the cone
and in I880 parts of the village were once again laid waste.
Since that time six different projects have been carried out to
counteract erosion of unstable embankments by the torrent.
The slow sustained flowage of the slopes bordering the
torrent accentuated by intermittent sudden failure of the
flysch terrain during violent rainstorms is very difficult to
control by check dams; the dams therefore have to be replaced from time to time (Getaz. 1977).

F~gure58: Index map of the Mortivue basin showing
the approximate extent of local instabilities (dots) and
areas of deep-seated creep (crescents) in argillaceous-sandy bedrock.

Val d'AnniviCrs rises from the Rhone River southward into
the high ranges of the Pennine core zone of the Swiss
Drained by the north-flowing Navisence Torrent. this narrow
valley is bordered by steep bedrock slopes composed of
south-dipping gneisses and schists. Several high-gradient
debris cones in Val d'Anniviers attest to the action of sporadic rockfalls, debris flows, and snow avalanches. Most of the
settlements cling to protected bedrock ledges along otherwise inhospitable slopes.
Sometime in the 13th century a mass of schist and gneiss
broke away along a near-vertical fracture zone in bedrock at
approximately 2200 m elevation below the Come de Sorebois (Fig. 59). A rock avalanche with a volume of 2 x 1O6m.'
cascaded onto the hamlet of Saledo ( 1500 m), demolished the
settlement, and impounded the Navisence Torrent into a lake
which extended some 500 m upstream. The few survivors of
the catastrophe left the site and re-established themselves in
another part of Val d'Anniviers (Montandon, 1933, p. 286).
After the catastrophe the lake gradually decreased in
size as the Navisence Torrent cut a channel across the blockv
debris lobe. The former lake bottom was eventually cult';vated by the people of Pralong. On the slide mass itself, the
hamlet of Mottec was established and has grown in recent
years by the addition of several vacation homes (Fig. 60).
The valley upstream from the slide mass presently is being
used as a desilting basin for a major hydroelectric water
intake. Behind the bedrock spur east of the breakaway zone
linear ridges and depressions indicate incipient instability; no
permanent dwellings exist directly below this cliff.

Figure 59: Sketch map of a section of Val d'Anniviers in
the vicinity of Mottec, showing the deposits and detachment zone of the historical rock avalanche below
the Come de Sorebois spur.

Plaine d'Oisans (A91
Location: L'Oisarts. Isere, France ( B 3 )
Date($): 14 September 1219 (also 10 August ( ? ) 1191,
4 August 1465, 7 August 1612, 18 July 1666)
Near Bourg d'Oisans (720 m) the Romanche River occupies
a broad valley flanked by steep bedrock slopes composeb of
sedimentary and metamorphic rocks of the Helvetic (Dauphinois) basement and cover complexes (Fig. 61). Prior to the
I lth century a shallow lake (Lac de St. Laurent) occupied
most of the valley from Bourg d'Oisans to Aveyna, where it
drained across a bedrock sill. Farther west is the gorge of the
Romanche River, cut into metamorphic rocks. A few hundred metres west of Aveyna, the debris cones of two highgradient torrents, the Vaudaine on the north and the lnfemet
on the south constrict the river. The catchment areas of both
torrents encompass bare cliffs of amphibolitic bedrock rising
to elevations between 2000 and 2500 m. From these heights
rockslides used to sporadically descend onto the debris cones
crossing the channel of the Romanche and thus raising its bed
to the level of the outlet.
On 10 August (?) 1191, a large rock avalanche-debris
flow elevated the narrow channel of the Rornanche to a
height above that of the bedrock sill at the outlet of Lac de St.
Laurent. Soon the lake rose 10 to 15 m and lapped against the
lowest buildings of Bourg d'oisans. In subsequent years the
Romanche failed to deepen its channel across the blocky
cones and the people of the Oisans became accustomed to the
new lake level. Then, on 14 September 1219, possibly during an autumn rainstorm, the downstream face of the debris
barrier was deeply eroded, leading to the collapse of most of
the slide mass. A gigantic wave of water and debris swept
into the gorge below, carrying away most of the small settle-

ments along the river. When the floodwaters fanned across
the city of Grenoble, 30 km downstream, aggrading debris
shifted the channels of both the Romanche and Istre rivers. A
large part of the city was flooded and a surge of water
continued as far as the Rhone delta on the Mediterranean Sea.
Casualties reached into the thousands.
From that time onward, the inhabitants of the Oisans
district closely watched Lac de St. Laurent. In 1449 debris
flows again choked the outlet of the lake. and on 4 August
1465. after a catastrophic cloudburst and debris flows onto
the cones, enough material accumulated to once more back
up the river over the Plaine d'oisans, but subsequent deepening of the channel seems to have been harmless. The spectacle of debris flows, rising cones, and an expanding lake
repeated itself on 7 August 1612, and again on 18 July 1666.
However, at this time cause and effect of the inundations
were understood. and a channel was quickly excavated
across the cone before the impounded waters could either
damage the land upstream or surge into the gorge below.
In the last three centuries the Romanche River and its
upstream tributaries have gradually converted the lake bed
into a swampy valley flat breached by braided fluvial channels. Beginning in the 19th century a system of dykes and
drainage ditches were constructed, changing most of the
plain into fertile agricultural land; nevertheless, the threat of
serious flooding remained far into the 20th century (Allix,
1929, p. 28-31; Mougin, 1931, p. 39-42).
Today, rock faces and upland ravines still supply debris
to the uninhabited cones of the Vaudaine and lnfemet torrents; regular snow avalanches prevent a lasting advance of
vegetation into the upland basins. Only a major rock avalanche-debris flow would raise the level of the cones to the
extent that a new lake could form and thus threaten communities in the gorge of the Rornanche River below.

Figure 61: Sketch map of the Romanche Valley near Bourg d'Oisans showing the
approximate outline of the former Lac de St. Laurent which formed behind the
debris accumulations on the cones of the Vaudaine and lnfernet torrents.

Mont Granier (AlO)
Locarion: 10 km sourh of ChumbPry. Savoio, Frarlce ( A J )
Dore(s): 24 November 1248

The prominent Mont Granier Massif (1933 m) is part of the
calcareous front ranges of the French Alps. The northern
prow of this bedrock ridge rises abruptly from a low saddle
northeast of the lstre River (Fig. 62). From bottom to top, the
north wall of Mont Granier exposes a recessive calcareous
shale unit, a ledge of siliceous limestone, another calcareous
shale, and the cliff-forming Urgonian limestone. These units
belong to the Helvetic (Dauphinois) cover complex. Bedding
along the cliff dips 10 to 15" north-northeast.
On 24 November 1248, following a period of heavy
rains, the northern segment of the mountain failed along a
surface defined by bedding of the lower calcareous shale and
a near vertical fracture zone of the backwall. Approximately

rubbly debris spread as far as 7.5 km to the
500 x 10%nm'of
northeast, covering an area of 15 to 20 km2 (Fig. 62). The
rock avalanche deposits, characterized by a central and frontal zone made up of huge blocks of the cliff-forming Urponian limestone, buried the town of St. Andre and pocsibly as
many as 16 hamlets in the surrounding countryside (Gopuel
and Pachoud, 1972). Estimates of the number of casualties
range from 1500 to 5000 (Guillomin, 1937. p. 586-587).
The hummocky surface of the slide deposits, known as
Abimes de Myans, has been greatly modified by human
activity during recent centuries. The community of St. AndrC, several small hamlets, surrounding vineyards, and vacation homes interlace with lakes and protruding knobs of
Urgonian limestone. The steep breakaway wall (Fig. 63)
which remains precariously unstable has been a locus of
several rockfalls; one of the largest occurred on 6 June 1953.
The zone immediately below the main historical rupture
surface has been left undeveloped and is covered by forest.
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Figure 62: Sketch map of the blocky lobe of Abimes de Myans (dotted), which
resulted from a dip slope failure along the northern promontory of Mont Granier.
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Ftgure 63. Vtew of the joint-confrolled vertlcal headwall
of the Monf Granler rockslide detachment zone.
(GSC 2047 65-R)

Rentsch

- Rencio

I

Figure 6 4 Index map of the Rivelaun basln east of
Bozen (Bolzano) showing the location of the Flrvelaun
cone and the earth pyramrds in the source area of the
Rivelaun Torrent.

(All)

Locarion: Bozen (Bolzano). Sudrirnl (Alra Adige). Iroly (G2)
Date(s): 13 July 1327 (also benveen 1215 and 1321, 2 4
August 1806. Augltsr 1957)

The small community of Rentsch (350 m) nestles against the
western flank of the debris cone of the Rivelaun Torrent, just
above the confluence with the Eisack (Isarco) River (Fig.64).
The Rivelaun Torrent, like several other tributaries of the
Eisack River in the region, originates by the confluence of
small tributary creeks below the escarpment of an extensive
rhyolite plateau of the South Alpine basement complex.
Along the rim of the plateau, at elevations between 1000 and
1200 m, pre-Pleistocene topographic depressions are filled
with semi-indurated morainal deposits of Pleistocene age.
Where the torrents drop from the plateau into steep bedrock
gorges, moraines and relict colluvium are deeply dissected.
Along the upper Rivelaun Torrent morainal terraces have
been sculptured by erosion into the famous earth pyramids of
Bozen (Fig. 65). The cone at the mouth of the torrent consists
largely of debris from the gullies carved between the pyramids.
Local chronicles report that between 12 15 and 132 1 the
village of Rentsch suffered from violent hailstorms. torrential rains, and debris flows. On 13 July 1327 the settlement finally disappeared under a blanket of bouldery rubble
(Strele. 1936, p. 128). It is probable that excessive clearcutting on the upland plateau in the vicinity of Oberbozen
(1 220 m) initiated this devastating cycle of erosion and mass
movement. Damaging debris flows also invaded Rentsch on
24 August 1806, after a long and rainy summer, and in
August 1957 (Stacul, 1979, p. 91).

Figure 65; Earth pyramids carved from Pleistocene
morainal deposits along the flanks of the Rivelaun
Torrent. View downstream along the torrent.
(GSC 204 165-S)

Today the Rivelaun cone hosts several old estates dispersed among highly productive vineyards. The straight
channel of the torrent has been fitted with masonry linings.
sills and check dams. Meadows, farmland, and forests surround the much visited earth pyramids along the escarpment
near the thriving agricultural and tourist community of
Oberbozen.

Dobralsch (A12)
Locarion: Gail Valli~.~,
Villach. Karr~rc.r~
(Curinrhia).Austr-;r,
(12)
Dare(s): 25 Januury 1348
The imposing scarp face of the Dobratsch Massif (2000 m)
soars above the north bank of the Gail River (500 m), 5 km
west of the town of Villach (Fig. 66).The Dobratsch is
composed of intensely fractured carbonate strata which overlie a succession of recessive calcareous shales and redbeds of
the Austroalpine cover complex. Bedding dips 30 to 60" to
the north. During late Pleistocene downwasting of the Gail
Valley glacier large sections of the carbonate cliff lost their
footing and collapsed; a debris lobe of approximately 300 x
106m3 spread across stagnant glacier ice near the present
community of Amoldstein. Complete melting of this ice
hummocky terrain characterized by numerous conical mounds, known as 'Alte Schutt' (Abele, 1974,
p. 110-112).
On 25 January 1348, a strong earthquake flattened the
town of Villach and several neighbouring villages. The
earthquake occurred without significant foreshocks and
apparently was centred below the Periadriatic Lineament
(Gail Line), a major high-angle fault following the Gail
Valley. Loss of life in the communities of the region was
heavy and in part a result of rockfalls and avalanches from the
Dobratsch. Shaking during the earthquake caused several
rock slabs to break away from the Dobratsch scarp face. The
largest of these wedges (30 x lo6m3) failed along a composite fault surface dipping approximately 45" to the south

Flgure 66 Sketch map of the Dobratsch scarp face
and rock avalanche deposrts related malnly to the 1348
earthquake (dots) The faulted carbonate strata dip
approx~mately35" to the north Alte Schutt 1s a rock
avalanche deposrt orrglnally lard down on the
downwasbng late Ple~stocene Gar1 Valley glacler,
Junge Schutt denotes the Rote Wand rock avalanche of
1348

('Role Wand' = red wall) and avalanched home 4 km acroh\
hummocky terrain underlain by late Pleistocene dide depo\its in the Gail Valley. The carbonate rubble blocked the Gail
River, flooding several hamlets upstream frorn !he dam. A
short time later the Gail River burst across the weakehl part of
the slide barrier and devastated the valley below. It is probable that the rock avalanche itself buried a lew settlements
(Till, 1907).
The large number of rockPalls triggered by the 1348
earthquake created a thick cloud of dust which enveloped the
region for days. This cloud probably accounts for the fact that
villages flattened by the earthquake were initially thought to
have been struck by the Dobratsch rock avalanche; snow
avalanches may have compounded the confusion. The dust
cloud was also blamed by some for the outbreak of the
plague, which, precisely at this time. reached central
Europe.
Today the main rock avalanche lobe of 1348 is known as
'Junge Schutt' ( =young debris) or 'Steinernes Meer'

Flgure 67 a) Fracture-controlledl~neardepress~onbehind the crown of the late Plerstocene failure zone along
the Dobratsch south face (GSC 204 7 65-T) b) Detachment zone of the Rote Wand rock avalanche of 1348.
note intense hacturrng of the carbonate rocks whlch
drp to the nght (GSC 204165-U)

(=stony sea). Two hydroelectric installations exploit the
hydraulic head created by the debris lobe across the Gail
River. The prehistorical slide deposits of the 'Alte Schutt' are
being progressively invaded by the expanding communities
of Gailitz-Amoldstein, Oberschutt. and Unterschutt
(Fig. 66). New housing developnlents have advanced steadily in the direction of the highest cliff of the Dobratsch south
face. Behind this face are several large depressions, aligned
sinkholes. and gaping fissures which indicate that a future
failure of this face is likely (Fig. 67).

Steinfeld (A13)
Locution: Drurr V u l l c ~Kijrtiten
.
(Carinthicr). Austr.iu (12)
Dare(s): 1365 (also 1323. June 1827, 1848. 2 November
1851. 5 November 1966)
In the area of Steinfeld (600 m) the channel of the Drau River
is constricted by several conspicuous debris cones and fans
(Fig. 68). The largest are associated with south-flowing
torrents originating in the uplands of the Kreuzeck Massif
(2600 m). The bedrock of this mountain range is composed
of mica schists and gneisses of the Austroalpine basement
complex. Foliation and schistosity generally dip to the north.
Bowl-shaped catchment basins at elevations between 1200
and 2000 m have a discontinuous mantle of late Pleistocene
relict colluvium characterized by deep erosional gullies and
slump scars. Below these debris sources torrents plunge into
steep-walled bedrock gorges and then emerge onto the
aprons of debris which host the communities of the Drau
Valley.

During the 14th century the community of schijnfeld
( = fine fields), became a regional administrative centre,

spreading over the cone of the Grabach Torrent. Beginningin
1323, and probably due to deforestation of the uplands re.
lated to extensive mining activity, severe debris flows issued
from the gorge of the torrent. In 1365 several pulses of debris
laid waste to the whole town. According to a legend, many
people were killed. The abandoned site of Schonfeld became
known as Steinfeld ( =stone field). For 500 years oral traditions of the bursts of debris from the Grabach Torrent kept the
fan free of any kind of building. However, eventually a new
community, named Steinfeld began to grow on the ruins of
Schonfeld (Fig. 68).
The winter of 1826-27 brougt~texceptional snowfalls to
the mountains of the region and spring was delayed by
months. An abrupt snowmelt in June 1827 reactivated many
erosional scars in the uplands of the Drau region. Then,
during a succession of relatively wet years between 1840 and
1850, thick debris lobes blocked the channel of the torrent
above the narrow bedrock gorge. In 1848, a local cloudburst
mobilized this debris, causing severe damage to buildings in
Steinfeld. On 2 November 185 1, a regional rainstorm onto
frozen ground deluged the uplands of the Drau Valley; most
of the torrents carried debris flows of massive proportions
and Steinfeld was laid to waste again (Strele, 1936, p. 133).
Towards the end of the 19th century, check dams were
erected across tributary ravines of the upper Grabach Torrent
(Fig. 69a). Many of the works proved beneficial for decades
and even fulfilled their function during the great storm of
3-6 November 1966. Although the impact of debris flows in
1966 was serious on other cones in the valley and several
lives were lost, there were only minor pulses of debris down
the Grabach Torrent and these were channeled through Steinfeld by two dykes without inflicting much damage.
In the years since 1966, new protective and control
structures have been added to the upland basin of the Grabach
Torrent (Fig. 69b) and observation points have been established along the gorge to be occupied during potentially
dangerous storms. Recently, runoff from the Grabach basin
has been diverted through long tunnels towards the Moll
River hydroelectric complex. The town of Steinfeld once
again prospers (Fig. 69c).

Figure 68: Index map of the Grabach
basin and the debris fan of Steinfeld; debris sources are mainly shallow scars in
relict colluvium.

Ziano (A 14)
Locatron: Prrtlazm. Val di Fiemnte. Trenrirtn. l r a l , ~IG2)
Date(s): 15ih Century (:)I

The village of Ziano dl Fiemme (950 m) borders a stecp talus
slope at the foot of a steep carbonate cliff on the north bank of
the Avis~oTorrent west of Predazzo (Fig. 70). Above the
town the carbonate strata, which are part of the South Alpine
cover complex, dip gently north and are dissected by ravines
which also cut Into the nm of a smooth upland basin underlain by volcanics. Just east of ~ i a n aohuee bouldery cone
known as Mosene (=debris), projects southward from the
generally dry ravine of Val Bonetta. Towers of carbonate,
detached along vertical fractures, lean into the narrow gorge,
and accumulations of rockfall rubble indicate sporadic collapse of these spires. Open fissures In the mountains above
Ziano have been attributed to earthquakes (Dalla Torre,
1913, p. 333).
Excavations on the Mosene cone have unearthed ruins
of prehistorical and Roman settlements. A trad~tionrelates
that in the remote past the town of Cornelijan (or Cunelian)
was completely swallowed up by a rock avalanche that fanned over the Mosene cone (Gorfer, 1977, p. 583).
The cone has been avo~dedas a building site for many
centuries in spite of the fact that Ziano has had to contend
with repeated floods of the Avisio Torrent. In recent years a
solid protective concrete dam, approximately 10 m high, has
been constructed across the mouth of the Val Bonetta ravine
(Fig. 7 1). and the first vacation homes have sprung up below.
The old village of Ziano faces another more direct threat: a
precariously tilted p~nnacleof dolomite wh~chhas separated
from the main rock wall hangs over the town. A large cross
has been erected on the top of this spire.

Figure 69 a) Old stone-masonry check dams 1n the
upper Grabach basln, rendered ineffecbve by slumprng of surhcral deposits along the torrent embankment
(GSC 204165-V) b) Modern concrete check dam ~nthe
Grabach channel, note gently risrng wrngs and
armoured drscharge sectron whrch allows passage of
mrnor debr~sflows (foreground) whrle conf~nmgrntermiftent storm runoff fo the centre of the channel (GSC
204165-W). c ) Dyked and walled channel of the Grabach Torrent on the fan of Steinfeld, note the forested
protected zone at the confluence of the torrent w ~ t hthe
Drau River and fhe unrnhabrted area of the lower fan
whrch would be inundated by the river tn the event ottts
blockage by debrrs flows (GSC 204 165-X)

F~gure70. Sketch map of the Mosene cone and the Val
Bonetta ravrne which is flanked by steep carbonate
walls, rockfall zone behind the village 1s indrcated by a
cross.

Frgure 71 Protective steel-concrete dam at the moufh
of Val Bonetta The l~nedchannel permits nondestructive d~schargeof small debr~sfloods sprlling over from
major flows that would be retamed behrnd the structure
Note drainage bores at the base and selective
drscharge sectron ('filter dam') at the crest
(GSC 204165-Y)

Clavans (A15)
Figure 72 Sketch map of the rntensely fractured drp
slope above Clavans definrng the northwest wall of the
Ferrand Valley H~storicalslope farlure at Clavans-leBas is ~ n d ~ c a t eby
d dots

The two communities that make up Clavans (1400 m) are
perched on a narrow terrace above the gorge of the Ferrand
Torrent, which follows a north-northeasterly trending strike
valley in sandstones and calcareous shale terrain of the
Helvetic (Dauphinois) basement-cover transition (Fig. 72).
The dip slope above Clavans is underlain by fractured basement gneisses and quartzites dipping approximately 40" to
the east.
In 1418 a third of the community of Clavans was destroyed by a rockslide which also caused the death of several
people (Allix, 1929. p. 38, 189, and 204). The lobate slide
mass, approximately 3 x lo6m3 in volume, can still be seen
between the two groups of buildings constituting the small
settlements of Clavans-le-Bas and Clavans-le-Haut.
(Fig. 73). Fresh rockfall deposits on the valley wall behind
the two hamlets attest to continued slow deterioration of the
bare upland ridge.

Figure 73 V~ewofthe sl~delobe c o m ~ o s e dof auartzitic-rubble behind the communrty oi ~1avans:le-i3as
(GSC 204 7 65-2)

Ganderberg

- Passeier

Wildsee (A16)

Locarion: Passer Valley. Siidtirol (Alto Adige). Italy (G2)
Date(s):22 September 1419 (also 1404, I4 September 1503,
30September 1512,21May 1572, 18 June 1721, 17Septemher 1772. 22 October 1774, I3 October 17617)

The Ganderberg (2330 m) rises along the east side of the
upper Passer Valley ( 1200 m). The Passer River drains the
steep south slope of the Otztal Massif and joins the Adige
( ~ t s c hRiver
)
at Meran (Fig. 74). The region is underlain by
metamorphic rocks of the Austroalpine basement complex;
in the area of the Ganderberg the metamorphic foliation dips
steeply to the north. The Ganderberg slope is a sagging rock
mass involving as much as 500 to 600 x lo6m3 of gneiss,
schist, and amphibolite. The westward dipping zone of detachment of the sagging slope follows a composite fracture
cutting across the trend of the regional foliation. Halfway up
the slope is a distinct scarp that separates the lower part of the
sagging terrain from the upper part of the broken rock mass.
In 1404 a large rockslide from the toe of the Ganderberg
(or 'Gspellerberg') blocked the flow of the Passer River and
created a lake more that 50 m deep and approximately Ikm
long (Fig. 74). For the almost 400 years of its life this lake
was to become known as Passeier Wildsee ( =wild lake) or
Kummersee (=lake of sorrow). During the early years, the
lake overflowed without seriously effecting the stability of

the slide mass below the outlet. However, on 22 September
1419, a major section of the debris barrier failed and a flood
of boulders, sand, and water burst through the gorge below.
At least 400 people died as the surge of debris ovenvhelmcd
small settlements along the lower Passer River and swept
through the town of Meran. 25 km south of the Wildsee.
Continued movements along the toe zone of the sagging
slope maintained the lake. Other catastrophic bursts, generally coincident with regional rainstorms, were recorded on
14 September 1503, when the city walls or Meran were
completely demolished, on 30 September 1512, when the
city tower of Meran collapsed, and on 21 May 1572, when
the reconstructed walls were breached again. Then the fearsome floods ceased for almost 150 years, although the lake
remained. On 18 June 1721, a section of the debris dam
failed again and 5 x 10hm3of water were discharged through
the narrow gash at the outlet. Following this disaster the first
plans were made to design a protective structure across the
outlet of the lake. However. they were not carried out.
On 17 September 1772, a regional rainstorm deluged
the south slope of the Otztal Massif, flooding most tributary
torrents of the upper Passer. The level of the Wildsee rose
dramatically and its outlet was plugged by a log jam carried
into the lake by raging tributary torrents. It is possible that
movement of the Ganderberg slope also accelerated in response to the three days of rain and warm temperatures. In
any case, the waters of the lake soon breached the narrow

Figure 74: Index and sketch
map of the sagging Ganderberg
slope in the upper valley of the
Passer River. The outline of the
historical
Passeier
Wildsee
(=wild lake) is shown by the broken line pattern. Note the large
inactive arcuate scarp near the
crest of the mountain and smaller
active slumps involving fractured
bedrock and surficial deposits
along the toe zone.

outlet and 3 x 106m3 of water and debris swept down the
valley. bringing back memories of earlier tragedies. Shortly
afterwards the lake was visited by J . Walcher. a professor of
mechanics at the University of Vienna (Fig. 75). Walcher
recognized that the only lasting remedy against future debris
floods would be to permanently lower the level of the lake
(Walcher, 1773. p. 87-96). In 1773 a reinforced drainage
channel and flood gates were constructed at the narrowest
section of the outlet in order to control runoffduring critical
periods of sudden snowmelt or rainstorms.
on
22 October 1774, encouraged by preliminary success with
the sluice gates, the supervisor of the operation opened the
gates too far and the waters of the rain-swollen lake poured
into the channel. As a result the undercut embankments
collapsed and the lake drained in 12 hours, spreading death
and destruction in the valley below. In Meran, the flood wave
demolished several buildings (Staffler, 1846. v. 2, p. 744745; Sonklar, 1883, p. 87-88; Dalla Torre, 1913, p. 294).

ow ever.

Figure 75: Vlew of the Passefer
W~ldsee,looklng northward, as
deplcted by Walcher (7 773) after
his tour of lnspecbon, note
shorel~neformed dur~nga hlgher
stand of the lake

After the last of the debris floods the former lake bottom
became the only flat stretch of land along the othenvise
precipitous gorge of the upper Passer River.
Today the sagging Ganderberg slope is still in motion;
the narrow highway that crosses it high above the river bears
evidence of this: retaining walls display numerous gaping
fissures, 5 - 10 cm wide. The gorge of the Passer River along
the toe of the sagging slope continues to close by slumping
and an extraordinary amount of blocky bedload is supplied to
the river here (Fig. 76a). Concrete check dams and a protective dam have been erected to prevent the river from
undercutting its eastern embankment and to retain massive
pulses of debris, but slow creep of the whole mountainside is
uncontrollable. Bedload in the channel of the Passer River is
still very coarse as far as Meran (Fig. 76b). Over the years a
great variety of training dykes, masonry linings, and check
dams have been added, and their maintenance continues to be
a costly problem.

Cervieres (A1 7 )
Location: Briuncon. Hnlrrcs Alpes, Francc~( 8 4 )
Dare(s): June 1431 (also 1407. June 1434, 1448)

The village of Cervieres hugs a ledge of fractured carbonate
rocks and colluvial debris along the nonh bank of the Torrent
de la Cerveyrette, a tributary of the Durance River (Fig 77).
~t Cervikres (1636 m) the channel of the Cerveyrette Torrent
is
by the debris cone of a southern tributary, the
Ruisseau de Bletonnet. The floor of the upper Cerveyrette
Valley is a swampy alluvial flat which has aggraded behind
Pleistocene end moraines at the locality La Chau (1859 m).
Between La Chau and Cervieres the Cerveyrette Torrent
flows in a deep ravine carved into Pleistocene moraine and
outwash deposits (Fig. 78). The flanking mountain ridges are
composed of carbonate and slate of the Pennine (Brianqonnais) facies complex.
During the early Middle Ages practically the whole
catchment basin of the Cerveyrette lost its forest cover due to
clearing and overgrazing. As a result enhanced peak discharges of the torrent scoured deeply into the moraine and
outwash above Cervieres. In 1407 a number of buildings in
Cervieres were invaded by debris for the first time. In June
1431, some 30 to 50 houses were demolished by voluminous
debris flows. In June 1434, another part of the settlement,

which then was probably much larger than today. was covered by debris. In 1448 20 more buildings collapsed in the
onslaught of debris flows (Mougin, 1931 , p. 5 1 ). I t is probable that the present village grew around a cluster o f old
buildings located on sloping terrain far above the channel of
the torrent.
In recent years the channel across the village has been
lined by strong stone-masonry revetments.

Flgure 78. V~ewof the deeply scoured morarnal deposits above Cervieres (GSC 204166-C).
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Figure 77: Index map of
the Cerveyrette basin. The
principal source of destructive debris flows in the
15th century was a series of
end moraines at La Chau
which were scoured d e e ~ l v
by runoff from a large bash
underlain by slate and carbonate rocks.

Lo Chapelle (AI8)

Zug (A19)

Locarion: Arc V a l l e ~Sa~.oie.
.
France (831
Dare(s): I 0 Augusr 1431

Loi.nrior~:Zug, Sw~irzerlarid( D l )
Darefsj: 4 March 1435 (also 1592 ro 1594. 5 JlcIy 1887)

La Chapelle (430 m) is a small village at the toe of a bulging
debris cone above the east bank of the Arc River (Fig. 79).
The small creek that crosses the cone is fed by several
tributary rivulets which drain a steep bedrock bowl along the
west slope of Le Grand Mas (2235 m). The mountainside is
underlain by southeast-dipping gneiss of the Helvetic
(Dauphinois) basement complex.
On 10 August 143 1, a massive debris flow or slide mass
completely erased an old village on the cone of La Chapelle
(Mougin. 1914. p. 11 18). The cirque-like morphology of the
upland bowl between Le Gran Mas and Plan Verney suggests
that in prehistorical time (?) a major section of the bedrock
ridge may have failed along a valleyward-dipping fracture
zone. The detached rock masses of the scarp slope eventually
gave rise to massive debris flows, leaving behind the concave
bedrock bowl and adding a substantial volume of debris to
the bulging cone in the valley.
Boulders strewn along the apex of the La Chapelle cone
suggest recurrent historical debris flow activity. The broadly
convex surface of the cone is now agricultural land. A chapel
near the apex of the cone is dedicated to St. Bernard and
commemorates the great deluge of 1431.

Figure 79: Sketch map of the cone of La Chapelle
below the metamorphic bedrock scarp slope of Le
Grand Mas; note location of villages between the floodpla~nof the Arc River and the hazardous apex of the
cone

The prosperous town of Zug covers most of the delta of the
Lorze Torrent at the north end of Lake Zug (Fig. 80). ~h~
Lorze Torrent, which crosses unstable terrain of the Molasse
Zone of the Alpine foothills, has in the past blocked the gorge
by embankment failures, causing sporadic debris floods on
the triangular fan delta west of Zug. These floods deposited
layers of gravel on top of a poorly consolidated wedge of
lacustrine sands, silts, clays, and organic matter.
During the early growth of Zug tall stone buildings,
piles, and shoreline installations overloaded the sedimentary
wedge underneath the town. On 4 March 1435. the
shorefront of the city, consisting of 26 houses (and 60 inhabitants), suddenly slumped into the lake. At the time many
strange ideas were advanced to explain this totally unexpected disaster, including one which blamed the fishes in
the lake for having nibbled away at the mud of the shoreline!
Subsidence of the shoreline of Zug continued and between 1592 and 1594 several houses were severely damaged.
On 5 July 1887, another wedge of sediment amounting to
0.15 x 106m3 slumped into the lake, carrying a row of
houses and claiming the lives of several people (Heim, 1932,
p. 52).
Following the last of the major failures, subsidence was
monitored carefully. Between 1889 and 1944 a downward
displacement between 1 and I 1 mmlyear was measured adjacent to the failure of 1887 (Von Moos, 1948). Today buildings are set back approximately 100 m from the shore,
leaving space for an attractive marina and a shorefront promenade. The channel of the Lorze has been brought under
control by stone revetments.

Figure 80: Sketch map of Lake Zug showing the location of the major shoreline failures on the eastern fringes
of the Lorze fan delta.

~mn-de-Maurienne(A20)
Location: Arc Valley (Maurieririe), Suvoie. Froricc, ( 8 3 )
Dare(s): 1 Februav 14-79 (also February 1618. 22 December 1740,31 July 1816, 18 July 1824, 25 July 1862,20July
1871, 24 July 1872, spring 1965)

The town of St. Jean-de-Maurienne and nearby communities
are perched on debris fans fringing the narrow northwesttrending Arc Valley (Fig. 81). In this part of the Maurienne
the Arc River crosses a zone of intensely deformed Helvetic
(Dauphinois) and Pennine (Brianqonnais) basement
@ses, evaporites, shale, limestone, and flysch, known as
'Faisceau des salins'. This zone is approximately 10 km
wide, trends north-northeasterly. and dips to the eastsoutheast. From the Arc River (500 m) steep ravines, torrent
channels, and ridges rise to peaks approximately 2500 m
elevation. During the Middle Ages the high catchment areas
lost most of their forest cover; bedrock slopes are now unstable; many are characterized by deep-seated creep and
incipient slumps. Composite bedrock-debris slumps ('glisse-

ments') have lower tongues which launch slow- or fastmoving debris flows ('coullCes'). The mechanism of these
composite flows has been documented by Malatrail (1975).
One of the largest sagging slopes is the Cilissement de
Jarrier, west of St. Jean-de-Maurienne (550 m). It is a bowlshaped depression superimposed onto a dip slopc of
calcareous slate. The layer of disrupted bedrock and colluvium is approximately 50 m thick and its total volume is
650 X I06m3(Malatrait. 1975, p. 162-167). Between 1435
and 1439, precipitation in the region of St. Jean-deMaurienne apparently was abnormally high; debris flows
occurred in areas immediately east of the city. On I February
1439, during an intense winter rainstorm coupled with unseasonal snow melt, lobes of debris from the Jarrier slide
mass displaced the mouth of the Bonrieu Torrent towards the
town centre of St. Jean. A massive debris flow which subsequently followed the new channel destroyed many buildings and killed 75 people. The unstable debris lobes in the
Jarrier bowl again launched destructive debris flows in February 1618, on 22 December 1740, and on 31 July 1816
(Mougin, 1914, p. 1121-1124; Chabert. 1978).

Figure 81: Sketch map of the Arc Valley in the vicinity of St. Jean-de-Maurienne;
note the northeasterly structural trend which controls the location of major deepseated detachment zones such as those of the Glissement de Jarrier (dip slope)
and the Glissement de Bon Attrait (scarp slope).

Figure 82: a) Walled channel of the Ravoire Torrent at Pontamafrey along the
banks of the Arc River (centre ofphoto) (GSC 204766-D), b) View southward from
above the apex of the Hermillon fan towards St. Jean-de-Maurienne; note flood
retention basin in the background; the channel of the Hermillon Torrent is in the
built-over area in the foreground (GSC 204166-E).

Between 20 and 22 December 1740, when the Glissement de Jarrier was reactivated, many other basins in the
Maurienne also experienced large debris flows. These slope
movements were caused by heavy downpours and snow melt
accompanied by an unseasonally warm 'vent du midi'. In the
basin of the Hermillon Torrent, east of the St. Jean-deMaurienne, unstable flysch-evaporite terrain, that had shown
ominous signs of instability in the decade before 1740, failed
and released a debris flow which crashed through the village
of Hermillon, demolishing 22 houses, and killing 7 people.
On 25 July 1862, Hermillon again was struck by a debris
flow. this time triggered by a local cloudburst; mills and
bridges were demolished and one person was killed.
Unstable terrain also occurs in the catchment basin of
the Torrent de St. Julien. There, on 18 July 1824, a cloudburst triggered major pulses of debris from pre-existing slide
masses; a massive flow onto the cone erased 30 buildings and
killed 2 people in the village of St. Julien-de-Maurienne.
Other mid-summer cloudbursts brought destructive debris
flows to St. Julien on 20 July 1871, and on 24 July 1872
(Mougin, 1914. p. 1076-1081).
Another torrent with a history of recurrent debris flows
is the Torrent de la Ravoire. In spring 1965 a chronically
unstable west-facing scarp slope composed of evaporites and
carbonates slumped across the channel of this torrent (Glissement de Bon Attrait in Fig. 81); debris flows mobilized from
the toe of this slide, demolished transportation routes in
Pontamafrey (Goguel, 1968).
During the last hundred years reforestation and the
construction of engineering works along the most dangerous

torrents have somewhat alleviated the threat of debris flows
to the communities in the valley. Some of the settlements are
protected by dams above the cones; in others the channels of
the torrents have been lined with high concrete revetments
(Fig. 82a). In recent years, residential buildings crowd ever
larger proportions of the cones (Fig. 82b). The high basin
adjacent to the Glissernent de Jarrier now also hosts a major
ski development.
The notoriously unstable bedrock slopes in this region
also pose formidable problems in the maintenance of the
transportation corridor between France and Italy which
passes through the Maurienne. A few kilometres east of
St. Jean-de-Maurienne the route skirts the bouldery debris
cone of the Torrent du Poucet whose intensely fractured
upland source area has been found impossible to control by
technical works. During heavy rains debris flows from the
Poucet basin tend to impound the Arc River and push its bed
southward against the transportation routes. one-of the most
dramatic blockages of the Arc occurred during the storm of
20-22 December 1740, when a lake impounded by debris
from the Poucet basin drowned several buildings. Flooding
of roadways and bridges also has occurred frequently since
then. In 1955 the impounded waters of the Arc even entered
the railroad tunnel. Other threats to the modem highway
come from sagging slopes. Temporary road closures and
rerouting of traffic have been accepted in the management of
this very difficult environment (Jail. 1975; Azimi et al.,
1980; Jail and Mamezy. 1980).

Zarera (A21)

Brienz (A221

Brierrzer Set, (Lake Urrc,ni). Bern. Sn~rrzi,rland
I.ocarion: Val Lagune', Graubiinden (Grisor~s).S ~ l l j l z ~ r / ~ Lot,arion:
~d
-

(F2)
Dare(s): 13 June 1486

The town of Zarera (1500 m) used to be located at the
junction of Val LagunC and Val da Camp (Fig. 83), at the foot
of the southwestern scarp face of Cima di Cardan (2793 m).
Cima di Cardan is a bedrock ridge composed of northeastdipping amphibolitic gneiss of the Austroalpine basement
complex.
On 13 June 1486, a section of the Cima di Cardan ridge
collapsed along a composite fracture surface. The disintegrating rock mass, with a volume of approximately 0 . 5 to
0.8 x lo6m3, cascaded more than 700 m down the slope,
spreading into a thin lobe 750 m long and 250 m wide. Zarera
was obliterated and 300 people lost their lives (Heim. 1932.
p. 123).
Today the busy Bernina Pass highway skirts the haunted
surface, which is strewn with angular slabs of gneiss and is
used mainly as alpine pasture.

Figure 83: Sketch map of the fracture-controlled detachment zone and the block stream of Zarera (dots).

(D2)
Dare(s): 1499 (also 1529. 1542. 1616, 1624. 1797,
2 November 1824, 1894, 26 May and 23 Augusr 1896. 14
April 1901)

Lake Brienz (570 m) fills a depression along the westtrending Aare Valley (Fig 84). From the eastern end of the
lake a bedrock slope rises northward to the mountain ridge of
the Brienzer Rothorn (2350 m). This slope is underlain by
north-verging folds of thin-bedded carbonate-shale units of
the Helvetic cover complex and is dissected by several highgradient torrents including the Trachtbach, Schwanderbach,
Lammbach, and Eistlenbach torrents. Large aprons of debris
have accumulated at the mouths of these torrents and grade
into the fan delta of the Aare River along the eastern shore of
Lake Brienz. During the Middle Ages large parts of the
catchment basins of the torrents lost their forest cover, and
retrogressive bedrock slumps and debris avalanches scarred
the torrent embankments. To avoid the regular floods of the
Aare River the settlements of Brienz, Kienholz, Schwanden.
and Hofstetten had searched out the flanks of the debris
cones, but were now menaced by increasingly serious debris
flows.
In 1499 a violent rainstorm triggered a large slide (or
several slides) in the upper reaches of the Lammbach Torrent. A mass of loose debris blocked the gorge, but eventually yielded to the pressure of impounded i n o f f ; a flow of rock
and mud then erupted onto the town of Kienholz, which, at
the time of the disaster was an important regional administrative centre. Some 10 m of debris covered its buildings and
about 400 people perished (Montandon. 1933, p. 295). The
accumulated debris displaced the shoreline of Lake Brienz
almost 100 m to the west (Schmidt, 1896, p. 60). Smaller
debris flows inflicted damage in the area in 1529, 1542, and
1616. Then, in 1624, the community of Hofstetten was
ravaged by a major debris flow from the Eistlenbach Torrent.
In 1797 debris flows erupted simultaneously from the gorges
of Lammbach, Schwanderbach. and Eistlenbach torrents,
demolishing a total of 37 buildings.
On 2 November 1824, failure of a carbonate dip slope
below the summit ridge of the Brienzer Rothorn generated a
rapid boulder flow down the Trachtbach Torrent. Several
b"ildings of Brienz disappeared underneath the blanket of
carbonate rubble. This happened on a part of the cone where
ancient (Roman ?) baths had probably suffered a similar fate
(Montandon, 1933, p. 315). The Trachtbach Torrent again
discharged a massive debris flow in 1894; buildings and
roadworks in the upper parts of Brienz suffered heavy
damage.
Towards the end of the 19th century a large bedrock
slump developed along the eastern embankment of the upper
Lammbach gorge. The detachment surface of this slump
mass was a composite fracture-bedding plane dipping steeply
towards the gorge. Incipient movement along the headscarp
of the slump ('Rufisatz') had been noticed for more than 15

Figure 84: Sketch map of the unstable south slope of the Brienzer Rothorn; note the
principal histor~calinstabilities along the bedrock embankments of the torrents.

Figure 85: a) View of the Brienzer Rothorn south slope as it appeared about the
beginn~ngof the 20th century; note the deep Lammbach ravine on the right and the
prominent slide scar 'In Brdchen' to the right of centre (from Salis, 1914). b) The
Rothorn slope in 1981; note the difference in the amount of forest cover on the
ridges flanking the former slide scars such as 'In Brdchen' in the centre of the
photograph (GSC 204 7 66-F).

years prior to 26 May 1896, when 0.3 x 10hm3of calcareous
slate from the toe of the slide mass spread across the gorge
and completely blocked the flow of the torrent. Soon this
plug was saturated with water. On 3 1 May 1896, the frontal
portion began to move down the Lammbach gorge at a rate of
2 m/s. Since the velocity of the flow was very low by the time
it reached the cone, the farmers still had enough time to
harvest their hay before

.

. . . .the metre-high wall of angular, cobblestone-sized
limestone fragments advanced over the gentle slope, and by
releasing water, came to a halt. The lobate margin of the flow
rose over the grassland. The main mass of the flow subsided,
so that the rims surrounded the blockstream as sharp-edged
ridges, akin to moraines . . . ' (Schmidt, 1896, p. 63).
On 23 August 1896, a regional rainstorm mobilized the
bulk of the Rufisatz in the uplands and debris engulfed a
major part of Kienholz. These flows overloaded the fan delta
of the Aare River, leading to a failure which launched a
powerful turbidity flow towards the axis of Lake Brienz
where a layer more than Im thick was deposited (Sturm and
Matter, 1978).
At the time of the Lammbach debris flows another slope
failure, involving some 6 x I O b m b f carbonate and slate,
developed along the eastern embankment of the Schwanderbach gorge ('In Briichen'). On 14 April 1901, the toe of the
slump developed into a flow, which came to a halt at a
deflection wail that had been erected east of Schwanden in
anticipation of the mass movement. Fortunately only a sixth
of the bedrock slump was mobilized into the flow and artificial drainage of the slope subsequently slowed its movements (Heim, 1932, p. 158-162).
Beginning in the mid-19th century the first large debris
deflection and retention dams were built along the torrents
threatening the communities at the east end of Lake Brienz
(Fig. 85). However, the width of the discharge sections along
the channels soon were found to be insufficient to carry the
accumulating debris through the towns. Following the disasters of 1894, 1896, and 1901 efforts were intensified to
control the sources of the debris; stone-masonry check dams
were built in the unstable upland ravines, aided subsequently
by systematic reforestation (Salis, 1914, p. 24-42). This
approach has proved successful and is being upgraded by
modern concrete structures, gabion retaining-walls and
dykes (Bauer, 1971).
Today the debris cones bear little direct evidence of the
long history of destructive flows, and relatively calm creeks
cross the communities in stone-concrete-lined channels.

Biasca (A23)
Loc,ariot~:Val Blet~io,Ticrt~o.S~c~irzc.r.lut~d
(E2)
Darefs): 30 September 1513 (ulsu 20 May 1515, July (?)
1758, 2 7 September 1868. 4 October 1868)

The city of Biasca (300 m) overlooks the confluence of the
Brenno River (Val Blenio) and the Ticino River (Valle
Leventina). The mountains rise abruptly from the floodplain
of the Brenno River to elevations between 2000 and 2800 rn
(Fig. 86), and are composed of Pennine core gneisses. Foliation in the high grade metamorphics dips between 20 and 25"
northeast; steep fracture zones across the trend of the foliation control the location of sagging slopes and rockfall zones
(Zeller, 1964). Traditional communities in Val Blenio and
Valle Leventina are perched on steep debris cones or narrow
ledges of bedrock, thus avoiding the flood-prone valley bottoms. One kilometre north of Biasca a conspicuously barren
cone, the Buzza di Biasca, spreads across Val Blenio from
the mouth of the bedrock gorge of Crenone; above this defile
soars an imposing rock wall, the summit face of Pizzo Magno
(2329 m).
On 30 September 1513, during intense autumn rains, an
unstable rock wedge, I0 to 20 x 106m' in volume, collapsed
along a north-trending. near-vertical fracture zone below
Pizzo Magno. The disintegrating slab fell westward into the
Crenone gorge, then fanned across Val Blenio. pushing a
frontal wave of debris 100 m up the opposite valley wall. The
main rock avalanche was preceded by rockfalls that destroyed a number of buildings; the avalanche itself probably
devastated parts of the northern outskirts of Biasca. However, the main catastrophe was still in the making. The conical
debris mass dammed the Brenno River, forming a shallow
lake which eventually extended 5 km upstream and attained a
volume of more than lOOx I06m3. The rising waters
drowned the hamlets of Malvaglia and Semione. For more
than a year it looked as if the new lake was to become a
permanent feature of the valley. However, on 20 May 1515.
springtime overflow at the lower outlet of the lake eroded
deeply into the debris plug, causing it to collapse. An explosive surge of debris and water engulfed Biasca. swept down
the valley of the Ticino to Bellinzona, and finally set off a
huge wave in Lago Maggiore (Heim, 1932, p. 172-173;
Montandon. 1933, p. 295-296). About 600 people lost their
lives. Long after the catastrophe the survivors in the valley
below the Buzza di Biasca felt that their upstream neighbours
had been responsible for the disaster. After all, the flood had
restored the previously inundated villages and adjacent agricultural land. Deep feelings of distrust persisted for a long
time (End, 1922, p. 121-128).
The rainstorm possibly triggered the Pizzo Magno rock
avalanche on 30 September 1513. also released a debris or
rock avalanche which destroyed a village named Campo
Bargigno, near Cauco in Val Calanca, approximately I 0 krn
to the east of Biasca (Montandon, 1933. p. 296).
Other destructive boulder flows down steep bedrock
ravines of the region have occurred more recently. In July ( ? )
1758, a mass of rock broke away from the gneissic scarp face

Figure 86: Index and sketch map showing the location of Buzza di Biasca and the
detachment zone of the 1513 rock avalanche along the west flank of Pizzo Magno.

Flgure 87 a) Vlew of a recently developed northern suburb of Blasca on the lower
segment of the Buzza cone (GSC 204 166-G).b) Blocky surface of the upper part of
the Buzza dl Blasca (GSC 204166-H)

above Dongio, 10 km north of Biasca, surged over the
settlement and claimed the lives of 50 people (Montandon.
1933, p. 308).
On 27 September 1868, following a rainstorm that deluged the south-central Alps, an avalanche of gneissic blocks
cascaded down the southwest-facing ravine above Bodio
(320 m) in the Valle Leventina. The stream of gneissic blocks
flattened70 buildings and killed 22 people. According to oral
maditions this had not been the first time that Bodio was
by this kind of disaster. On 4 October 1868, a massive
debris flow devastated the hamlet of Loderio, north of Biasca, and closed the narrow passage between the cone of
Loderio and the Buzza di Biasca. The flow of the Brenno
River was stemmed once again and the floodplain north of
the Buzza became a huge lake. Understandably, this created
a panic in Biasca, where the church bell was run with such
vehemence that it cracked! However, the Brenno River overflowed without causing significant damage along the toe of
the Buzza di Biasca. The losses from debris flows and slope
failures in this region in 1868 were heavy, including the
destruction of Cumiasca, a hamlet west of Dongio, where
more than 20 persons were kdled. Many people emigrated
from the district after the catastrophe (Montandon, 1933,
p. 311).
In November 195 1 , when the southern Alps suffered
one of the most serious periods of flooding in recorded
history, many debris flows occurred in the Biasca area. At
this stage, however, a regional program of dyking and torrent
control had been in effect for some time and the control
works lessened the impact of mass movements.
In recent years residential ~0nStru~ti0n
activity in the
vicinity of Biasca has been intense. Training of the Brenno
and Ticino rivers has opened new land for development;
building activity has also invaded cones with known debris
flow history. Suburbs of Biasca are now advancing towards
the Buzza (Fig. 87).

te16ne) are composed of steeply dipping gneisses andschists
of the Pennine and Austroalpine basement complexes. Short.
high-gradlent torrents draining into the valley commonly
flow across sagging bedrock slopes or terraces composed of
late Pleistocene ice margin deposits.
On 9 May 1538, a massive slope failure in the steep
uplands above Ardenno changed Into a rapidly movlng debris
flow which demolished a number of buildings in the village
killing seven people. A large number of inhabitants were
spared a similar fate because they were busy in the fields at
the time of the disaster (Montandon. 1933, p. 296).
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Figure 88: Sketch map of settlements above the floodplain of the Adda River (va/telllne),

89 V,ew of
bullt-over cone
as
Seen from the ~~d~ ~loodp~aln,
note vegetated ravines
above the town (GSC 204166-,)

Today much of the floodplain of the Adda has been
brought under cultivation Settlements continue to cluster
near fans and cones along the sides of the valley. The small
fan of Ardenno is now completely built over [Fig. 89).

Radmer an der Hasel (A25)
Locarion: Elins River. Steiermark (Snrin). Ausrria ( J I )
Dare(s): 1540 (?)
The Radmer Valley is entrenched into rugged carbonate
ranges of the Austroalpine cover complex on the south side of
the Enns River. The upper Radmer basin is underlain partly
by recessive shale-evaporite unlts and partly by carbonate
cl~ffsatta~ningelevations of more than 2000 m. Copper and
Iron deposits found in the recessive strata along the base of
the cliffs have attracted miners to thls remote region for more
than 3000 years.
Dunng the M~ddleAges the town of Radmer an der
Hasel (900 m) developed into a thrivlng centre of copper
mining, at times employing as many as 1000 people in the
extraction and processing of ore. The mine workings extended far into the base of the steep scarp face which rises on
the northwest side of the town to the summit ridge of the
Lugauer Massif (2206 m). Partly due to subsidence of recessive strata below the carbonate rocks dipping approximately
40" to the northwest, the scarp face is laced with vertical
extension fractures parallel to the valley (Fig. 90).
According to Stini (1938. p. 14). a rock avalanche
buried most o i ~ a d m e in
r 1540 (?) A carbonate slab, 2 to
4 x 1ohm3~nvolume, faded along a steep composite fracture
zone along a bedrock ledge k ~ ~ o was
n G s ~ l t z t e rStein
(1550 m). The debris lobe crossed the floor of the valley and,
judging from several ]OW terraces On its upstream side, probably blocked the flow of the Haselbach Torrent. Mining in
the shales below the cliff may have precipitated the catastrophe.

hgure 91 View of the western half of the bmlf-over
rock avalanche lobe at Radmer an der Hasel, note the
thor0"ghly shattered bedrock spur overlapped by
fresh rockfall debrrs and the flanks of the h,storrcal
detachment zone on the west (left background)
(GSC 204166-J)

Today the houses of the village and a castle rest on the
rubbly surface of the slide mass (Fig. 91); above the settlement two fresh rockfall cones extend far into steep ravines
cut into a shattered bedrock spur that borders the backwall of
the 1540 slide.

Matrei (A26)
Location: Isel Valley, Ostrirol, Austria ( H I )
Date(s): 1550 (also 1347. 1702. 3 0 July 1723, 1752, spring
1827. 28 June and 22 July 1841, 18 Augusr 1849. autumn
1882, 19 July 1933)

k rn

Figure 90: Sketch map of the detachment zone and
rock avalanche deposits of Radmer an der Hasel.

Matrei (974 m) is an old community situated on the debris
cone of the Bretterwandbach Torrent, an eastern tributary of
the lsel River (Fig. 92). The upland basin of this torrent is
underlain by low grade metamorphic rocks of the Pennine
Tauern Window. The foliation in phyllite, greenstone and
lenticular carbonate bodies dips to the south. The terrain
below the eastern crest of the basin (Kalsergrat) is characterized by numerous slumps and rockfall cones; the broad ridge
to the west (Glunzerberg) is a composite sagging slope of at
least 500 x 10"m' (Zischinsky, 1969).

Figure 92: Sketch map of
the Bretterwandbach basln
near Matrei and the debris
sources along the unstable
bedrock slopes flanking
the torrent; note the sagging Glunzerberg slope
which involves low grade
metamorphic rocks whose
foliation dips about 55" to
the south.

Ftgure 93 a) Concrete-masonry check dams spann~ngthe lower part of the
Bretterwandbach gorge above Matrel (person on the lower left for scale) Dense
alder growth attests to present channel stablllty In the background 1s a lean~ng
hmestone cliff formlngpart of the sagg~ngGlunzerberg (GSC 204 7 66-K) b) Protectlve masonry-concrete dykes flanking the Bretterwandbach channel ln Matrei The
br~dgecan be raised mechanrcally dur~ngtrrnes of heavy runoff or threaten~ng
debns flows (GSC 204 1664)

Sustained deep-seated mass movements throughout the
basin have been responsible for repeated destructive debris
flows at Matrei. and more than once in the past the idea of
relocating the entire town has been entertained. However,
the tenacity of its people assured survival and growth.
A massive flow, probably in 1347, buried the locality
conlpletely (Hanausek. 1975. p. 108). In 1550, and during
the decade that followed. debris flows destroyed most buildings and the church. Severe damage was inflicted in 1702,
then again after a hailstorm-cloudburst on 30 July 1723, and
once more in 1752. Several debris flows in spring of 1827
laid waste to half the town (Sonklar. 1883); between 28 June
and 22 July 1841, the primitive dykes across the town were
breached by debris which invaded residential buildings. Similar damage was registered on 18 August 1849, in autumn
1882, and on 19 July 1933 (Forcher, 1980, p. 109-1 12).
Debris flows from the Bretterwandbach gorge also have
shifted the channel of the lsel River; thus programs to stabilize the channel of the torrent have paralleled efforts to train
the receiving river. In the upper parts of the torrent a spectacular array of check dams has now been maintained for
more than 80 years to prevent excessive erosion along the
unstable bedrock embankments (Fig. 93a). A paved channel,
flanked by strong stone-masonry walls 4 to 5 m high, escorts
the torrent through Matrei to the dyked riverbank (Fig 93b).
The two bridges crossing the torrent in Matrei can be raised
mechanically to prevent blockage of debris and breaching of
the walls during floods and debris flows. Matrei is a growing
tourist centre at the entrance of a proposed national park.
Residential buildings now cover almost the entire surface of
the debris cone.

Aosta (A27)
Locatiorl: Valle dVAosm,Italy ( C 3 )
L)ate(s): 6 July 1564 (also 11th cenru~l,1449)
The modern city of Aosta (580 m) developed from a fortress
which guarded the route from the Dora Baltea River (Valle
d'Aosta) to the northwestern provinces of the Roman
Empire. The valley has always been densely populated, with
most of the settlements accommodated on debris fans and
narrow terraces above the floodplain of the valley (Fig. 94).
The dip slopes on the north side of the valley are composed of
low grade metamorphic rocks of the Pennine cover complex.
During the relatively frequent regional rainstorms, slide
masses in upland basins tend to develop directly into massive
debris flows of devastating impact.
In the 1 1th century the town of Chambave (486 m), then
situated to the west of the present community, was left in
ruins after a mass of debris descended from the slopes below
Becca d'Aver (2469 m). In 1449 another large debris flow
from the slopes of Mont Mary (28 15) flattened the village of
Quart; the debris cone below the castle of Quart has since
been only sparingly occupied and its lower segments are still
shielded by a thick protective forest (Fig. 95). On 6 July
1564, a slide mass from the southeast slope of Becca France
(23 12 m) completely demolished the village of Thora, killing
a large number of people. The small debris cone at the bottom
of the mountain is niw being gradually occupied by houses
of the community of Sarre (Montandon, 1933, p. 283, 292
and 297).

Figure 94: Index map of the densely populated Aosta region; note location of
villages (diagonal ruling) astride debris cones of high-gradient torrents and above
the floodplain of the Dora Baltea River.

Figure 95 Vlew of the cone andcatchment area above
Quart east of Aosta, a pf0teCtlve forest covers most of
the axral sector of the cone and sparse vegetatron has
reconquered the denudeduplands Suburban res~dentlal development has begun to sprrng up on the flanks
of the cone (GSC 204166-M)

In spite of great development pressure in this region the
axial sectors of the most notonous debr~scones have been left
undeveloped and several host protective forests. Modem
residential construction skirts the fringes of bouldery debris
flow deposits of the past. In recent years, extensive reforestation work has been carried out in some denuded upland
basins.

In t h ~ searly perlc~ddestructive ma\\ mnvemenrs were
caused In part by extenuve removal of upland forests, overgrarlng, and log haulage In revlnes Resource u\e ha\ improved substant~allydur~ngthe modern era, hut the unstable
flysch terraln IS st111susceptible to erosion of torrent embankment\ and deep-seated creep durlng period\ of excewve
lnfiltrat~onof water. For in\tance. In 1880 crown cracks and
depresuons ~ndicatedthat a good part of the \lope above the
community of Sorenberg waF In motlon Durine the except~onallywet spnng of 19 10 some 1.5 x 106m of shale
and sandstone began to move along a composite south-facing
bedd~ng-fracturesurface. A frontal bulge of sandstone slabs
~mpoundedthe torrent In the valley temporarily. After a
harmless overflow the remain~ng slump ma#s stablllzed
(Heim. 1921, p 436-437). The stop-and-go behavlour of
many slopes in sandy arg~llaceousflhch ('flyscht = flowlng
terrain) depends greatly on the temporal pattern of preclpltation and local runoff Countermeasures, designed to neutralize the effect of large scale creep and small scale embankment failures In the Schl~erenarea include terracing and
reforestatton of major debris sources, emplacement of check
dams and retaming walls along reaches with marked erosion,
draining of swampy depress~ons,diversion of tr~butarytorrents from unstable gull~esInto more stable channels, excavation of debns retention areas on the cone, and dyklng of
channels (Eicher. 1977). Nevertheless. sporadic setbacks.
such as a massive debris flow from the Grosse Schl~ere
Torrent on 5 August 1931, still have to be accepted during
extreme rainstorms.

Schlierengrat (A28)
Location: Sarilen Vu//ey. Unrc~nvoldcr~.
S I ~ ~ I ~ Z C I( D
. / 2N)I I ~
Datels): 1565 (?) (also 1629. sprrrlg 1910, 5 August 1931)
The Schlierengrat ( 1700 m) is a southwest-trend~ngbedrock
ridge in the front ranges of the Swiss Alps (Fig. 96). Its
southeast-fac~ngdip slope above the Sarnen Valley is composed of arg~llaceous-sandySchl~erenflyschFormation of
the Helvetic cover complex. Gently undulating bedrock surfaces and benches of surfic~aldepos~tsflank the deeply
incised torrent channel. Several retrogressive bedrock sl~des
extend to the crest of the basins. Two major torrent systems
dram the Schlierengrat d ~ slope:
p
the Giswller Lau~and the
Schlieren torrents; they have bullt substantial cones Into the
Sarnen Valley.
In the late 16th century (about 1565?)a large slide mass
s
to form a
blocked the Grosse Schliere Torrent above ~ tgorge
new lake. Thls lake persisted for almost a year before the
debris dam failed and a massive flow of mud and rock swept
over the cone and engulfed the community of Schoried. In
1629 a bedrock slump in the upper basln of the Glswller Laui
Torrent set up debns flows which destroyed pans of the
village of Gisw~l(Montandon. 1933, p 297 and 301).

I rn

Frgure 96 Index map of the Schl~erengrat:most of the
southeast-facing d ~ pslopes are underlarn by slrdeprone sandy argrllaceous flysch

Gastein Vallev (A291
Location: Salzhurg. Austria (11)
Datefs): 14 June 1569 (also 1493. 1567. 29 June 1618,
10 October 1789. 21 August 1966)

The Gastein Valley, south of the Salzach River, IS cawed
into low grade metamorphic cover and gneissic basement of
the Pennine Tauem Window (Fig. 97). Foliation in phyllites,
greenstones, and calcareous schists dips to the north.
Gold veins in the basement gneisses first attracted miners to the Hohe Tauem Range (2500 - 3000 m) some 3000
years ago. Early mining communities suffered repeatedly
from floods, debris flows, landslides, snow avalanches, and
'even glaciers that advanced over mine adits. However, one
masslve slope failure actually created a lasting economic
base for the community of Badgastein. Sometime in the
Middle Ages thick relict colluvium and weathered bedrock
slid away from the west side of the Graukogel Massif and
bared gneissic bedrock, thus exposing several hotsprings
which henceforth attracted health seekers from far and wide.
This slide mass was reactivated during sporadic rainstorms,

Figure 97: Sketch map of
the Gastein Valley showing
the location of the unstable
Graukogel debris slide east
of Badgastein and the completely built-over fan of the
Rastotzenbach Torrent at
Hofgastein.

such as in 1493 and on 10 October 1789, but at Badgastein
damage to buildings and baths was always repaired
promptly.

Figure 98 Vlew of Hofgasteln from above the gorge of
the Rastotzenbach Most of the build~ngsnear the apex
of the fan are of relatively recent date (GSC 204166-N)

Levtron (A301
Locurion: Rhone Volley. Vulais, S~virierlund(C2)
Dare(s): 1570 (also January 1906)

Figure 99: Typical Slump in low grade metamorphic
rocks of the Gastein region; note recently constructed
tourist accommodations near the toe of the slide
(GSC 204166-0).
By the 16th century many of the upland basins of the
Hohe Tauem had lost their forest cover; slides on bare slopes
blocked the channels of torrents and soon settlements in the
main valleys began to suffer from debris flows and floods. In
1567, during a thunderstorm, a log-debris jam in the Rauris
Valley failed explosively and a wave of mud, rocks, and trees
devastated a mining town, killing approximately 100 people.
The largest of the debris flow disasters befell Hofgastein
(858 m). This town is located on the debris fan of the
Rastotzenbach Torrent, which drains a steep upland bowl
underlain by unstable calcareous schists and Pleistocene colluvium. On 14 June 1569, a local cloudburst mobilized much
debris in ravines of the upper Rastotzenbach basin. Trees and
boulders soon blocked the narrow bedrock gorge above the
town and then swept onto the cone, demolishing 52 buildings
and claiming the lives of 147 people (Strele, 1936. p. 126). A
similar rainstorm, followed by debris flows inflicted serious
damage to the town on 29 June 1618.
The high population density of the Gastein Valley led to
early countermeasures such as the establishment of protective forests and the construction of primitive masonry
dykes. Nevertheless, slides involving metamorphic bedrock
and colluvium continue to threaten some of the communities.
For example, on 21 August 1966, after five days of rain
totalling 370 mm, the Graukogel slide once again endangered the Badgastein hot springs, and several debris
cones in the valley were ravaged by debris floods (Lauscher,
1973).
The tourist boom of the last few decades has spurred the
construction of protective dams above several notorious
cones, check dams in upland source areas, and training walls
along the torrential Gasteiner Ache. Some debris cones (e.g.
Hofgastein) are now almost completely built over (Fig. 98);
unstable slopes along the valley flanks are locally close to
new residential developments (Fig. 99).

The town of Leytron (500 m) stretches along the foot of the
stepped cliff of L'Ardtve Mountain (1501 m), a ridge which
soars above two bulging debris cones north of the Rhone
River floodplain (Fig. 100). L'Ardeve Mountain and adjacent unstable slopes are underlain by folded calcareous slate
of the Helvetic cover complex. Bedding and cleavage dip
approximately 35" to the south-southeast. The two lobate
debris cones, now intensely cultivated, are the result of
extensive prehistorical and historical mass movements. Narrow platforms at the base of the L' Ardkve Mountain suggest
that from time to time this bedrock spur has been mined along
precariously placed adits!
In 1570 a massive failure along the rock face wrecked a
good part of Leytron (Montandon, 1933, p. 297). The mode m town has expanded onto tracts of vineyards underlain by
slide rubble.
The two debris lobes on either side of the L'Ardeve
attest to more gradual retrogression of the dip slope of the
L'Ardeve spur. In January 1906 a slump involving 5 to 6 X
106m3 slaty bedrock and surficial deposits above Chamoson
generated several debris flows. Rapidly executed drainage
works on the unstable terrain greatly retarded the movement
of the flows and averted the threat to the village (Heim, 1921,
p. 461).

Figure 700: Sketch map of the region surrounding
Leytron. This town is situated at the foot of a bedrock
dip slope composed of calcareous slates and is flanked by large prehistorical debris cones.

Neukirchen (A31)

Corbeyrier - Yvorne (A32)

Location: Salzuch Vrillq. Sal:brrr~.Ausrria ( H I )
Date(s):Ju!\' (?) 1572 (also 1826)

Location: Tour rl'Ai. Vaud. Sit~irzerland(C2)
Datefs): 4 Marcli 1584

The upper Salzach Valley is a densely populated easttrending glacial valley segmented by torrential tributaries of
the Salzach River. The town of Neukirchen (850 m) extends
onto the eastern flank of one of the most impressive of these
debris cones at the mouth of the Durnbach Torrent
(Fig. 101). The catchment basin of the torrent rises to bare
upland ridges more than 2000 m in elevation and is underlain
by slide-prone south-dipping phyllite and mica schist of the
Austroalpine basement complex. Sagging bedrock slopes
constrict the torrent, giving rise to sporadic outbursts of
debris on the fan below. A local legend recounts that the
ancient village of Mitterdorf, straddling the axis of the Durnbach cone, disappeared under masses of debris; the community of Neukirchen was later established east of the mired
settlement. However, in July (?) 1572 Neukirchen itself was
buried by slide masses - debris flows. Great devastation on
the cone was also recorded in 1826 (Stini, 1938, p. 15 and
23).
Later attempts were made to control the upland debris
sources by arrays of check dams along the torrent, but the
sagging terrain posed exceptional problems. Eventually,
check dams with flexible gabion cores were installed to
absorb the lateral pressure from the embankments (Kronfellner-Kraus. 1974, p. 339-340). A protective forest and aset of
dykes also separate the thriving town of Neukirchen from the
lower channel of the Durnbach Torrent.

F~gure701: Sketch map of Neukirchen and the basin
of the Durnbach Torrent.

Tour d'Ai (2331 m) east of Lake Geneva is the highest point
of a northeast-trending anticlinal ridge composed mainly of
limestone of the intensely deformed Pennine klippen belt of
the Swiss Prealpes (Fig. 102). The south-facing scarp slope
of Tour d'Ai exposes northward-dipping recessive
argillaceous limestones grading upwards into thick-bedded
limestone which forms the castellate summit ridge. Below
the scarp face a bench of Pleistocene surficial deposits forms
the bowl-shaped terrace of Luan (1200 m) from which the
Torrent d'Yvorne flows to the Rhone Valley (400 m).
The communities of Yvorne (445 m) and Corbeyrier
(920 m) were well established agricultural villages when, on
1 March 1584, a severe earthquake jolted the area. A carbonate ledge on the south-facing scarp slope of the western
summit ridge of Tour d'Ai collapsed and blocky debris ran
out over the terrace of Luan. From 2 to 3 March (?) it rained
and snowed almost without interruption. The Luan terrace,
now overloaded by the rock avalanche lobe, soaked up large
amounts of water from the rain and meting snow. On 4 March
the weather improved and people again worked the fields
below Luan. However, deep fissures opened at the terrace
rim and slabs of surficial deposits began to skid and slump
downhill. Near Corbeyrier cracks in the soil ejected mud and
the earth trembled. Noisy toppling of trees should have
suggested to the inhabitants of the village that much of the
terrace was now in motion. However, most people remained
in the fields. On the afternoon of 4 March incipient creep and
ground subsidence changed into a well-defined stream 600 m

Figure 102: Sketch map of the south-facing scarp
slope of Tour d'Ai; note the broadly concave detachment zone of the debris slide of 7584 below Luan.

Figure 103' Southward view from the top of the Tour
~ ' Ascarp
I
face onto the forest-covered terrace of Luan,
Rhone Valley In the hazy background (GSC 204 166-P)

wide, involving Pleistocene surfic~aldepos~tsand supenncumbent rock avalanche material. Along ~ t western
s
flank the
slide mass tore away the maln sectlon of Corbeyrier As it
accelerated along its downward tapering track, the debris
stream attamed a volume of 10 x 106m" Its veloc~tywas so
great that the front locally became airborne as it cleared slight
elevatrons in the track. As the chronicler describes ~ t the
,
debris. . . 'jumped over several plots and grape stands without doing any damage.' (Helm, 1932, p. 155). The slide
mass overwhelmed the entire village of Yvorne and claimed
the lives of 328 people (Heim, 1932, p. 155 and 186; Jeannet, 1918, p, 690-694).
The breakaway scar of the rock avalanche 1s still
recognizable below the crags of Tour d'Ai. The steep grassy
slopes below the cliffs are the starting zone of snow avalanches whose runout zones extend onto the terrace of Luan.
The terrace itself 1s mantled by a thlck protective forest,
broken by a few clearings for summerchalets (Fig. 103). The
conical debris deposits of 1584 on the north side of the Rhone
Valley host the enchanting vtllage of Yvorne and its vineyards.

Vorder Glarnisch (A331
Locarion. Glarus. Slvrcet-intrrl ( E l )
Darels): 3 July I594 (also 1701 to 1706)

The Glarnisch Masslf (2900 m) southwest of Glarus (480 m)
is part of the Helvet~ccover complex (Fig. 104) Its rugged
summit r~dgeIS composed of masslve carbonate ledges and
recesslve ~ntervalsof calcareous slate. The gently southdipping panels of carbonate are cut by steep fracture zones
parallel and perpendicular to the northea3terly structural
trend. The Glarnisch rldge is segmented Into castellate ledges
and towers susceptible to sporadic collapse. Extensive late
Ple~stocenerock avalanche deposits cover the bottom of the
Linth Valley between Schwanden and Netstal; they originated by fallure of oversteepened cliffs In the vicinity of
Glarus (Oberholzer, 1900).

Frgure 104: Index and sketch map of the Lrnth Valley
near Glarus, most of the steep-walled valley and rts
trrbutary baslns are covered wlth late Ple~stocenerocksl~dedebrrs (dots) H~storrcalrockfall acbvlty along the
Gldrnrsch and other carbonate-shale clrffs of the area is
concentrated along jornt-controlled bedrock ravlnes
and scarp faces
The most unstable group of limestone towers formerly
known as ' D r e ~Schwestern' was located just below the
Vorder G l h i s c h ridge (2327 m), an eastern buttress of the
Glarnisch Massif. Collapse of the three spurs was probably
preceded by slow subsidence of recessive calcareous slates
along the scarp face below the Vorder Glarn~sch,suggested
by the reversal of a general southerly dip of the strata to a
gentle northerly dip.
On I1 November 1593, a strong earthquake shook the
canton of Glarus. As a direct result of the earthquake the
central tower of Drei Schwestern collapsed; carbonate blocks
tumbled some 1300 m down a narrow chute onto the terrace
of Unter Sagg. Although blocks scattered over a considerable
area. damage to the few buildings on the terrace was minimal. However. in the months that followed there were additional rockfalls from the same sectlon of the cliff. On 2 July
1594. boomlng sounds akin to cannonfire were heard in the
valley. The rock wall below the two remaining pinnacles
began to bulge forward noticeably. and behlnd the p~nnacles

a large composite fissure opened over a length of 300 m. At
this time oeoole abandoned the terrace below. Their fears
were justified: next morning the lowermost of the towers
toppled and 0. I x 1 0 ~ m b rock
f
plummeted onto the alpine
meadows and chalets, burying the springs that supplied water
to Glanrs. Because of the great height of fall and the steep
gradient of the chute. individual blocks scattered over a large
area (Heim. 1932. p. 83). Although direct damage was not
great. nine days later. on 12 July 1594. the buried springs
burst forth explosively from below the debris blanket and a
flow of rubble engulfed the town of Glarus, inflicting considerable material damage (Baltzer. 1873. p. 32-33).
A series of rockfalls from the Glarnisch and other mountains in the region occurred during earthquakes between 1701
and 1703; this activity culminated in a small rock avalanche
in 1706. Other minor falls from the cliff have occurred since
then, for example on 30 July 1886, 16 April 1922, 18 April
1929. and 9 February 1930. These falls were noticed because
each time an echo, iesembling heavy thunder. reverberated
from the walls of the narrow Klontal gorge (Oberholzer,
1933. p. 575).
Today the Klontal and its sparkling lake are a favourite
tourist destination and the starting point for hikes and climbs
into the Glarnisch. Relatively few buildings have been
erected below the north face of the range although development pressures in the Linth Valley are enormous.
n

.

Val de Bagnes (A34)
Location: Martigr~~.
Valois (Wu/lisJ.Sbc,itzerla~td(CJ)
Date(s): 4 June I595 (also 580 A . D . . 13th or 14th Wntul:~,
7 August 1549. September 1640, 16 J~rne 1818. 28 J~~~~
1894. 25 July 1895, 17 June 1898)

Val de Bagnes is a southern tributary valley of the upper
Rhone River (Fig. 105). It is drained by the Dranse River
which heads in extensively glaciated upland ranges and steep
bedrock basins carved into metamorphic rocks of the Pennine
core complex. The Dranse River joins the Rhone River near
the town of Martigny (470 m).
Several large debris cones constrict the natural channel
of the lower Dranse River; the largest of these is the cone of
the Merdenson Torrent near the village of Vollkges (840 m).
In the 13th or 14th century, the community of Curalle (or
C u m ) located near the head of the cone was destroyed by
debris flows (Montandon, 1933. p. 286-287). The source of
these flows was the intensely fractured bedrock slope of the
Pierre Avoi Massif (2335 m). The Merdenson and other
torrents have continued to contribute coarse bedload to the
Dranse River to the present day. The most destructive historical mass movements in the valley have been associated with
ice floods (jokulhlaups) from glaciated upland basins.

The most serious debris floods of the Val de Bagncs
originated at the foot of the Gietro Glacier, a hanging glacier
above Mauvoisin ( 1900 m). During the Little Ice Age icefalls
from the advancing glacier repeatedly blocked the flow of the
Dranse River. Generally, a huge cone of ice accumulated in
the Mauvoisin gorge whenever the snout of the glacier
reached the steep defile at 2300 m, east of Mauvoisin
(Fig. 106).
Outbursts of impounded water across this cone of remolded ice ('glacier remanie') probably triggered floods in
580 A.D. and on 7 August 1549. The most dramatic buildup
of ice, however, occurred during the advances of the Gittro
Glacier in the last decade of the 16th century. In the spring of
1595 an enormous quantity of ice slid away from the snout of
the Gietro Glacier and the level of the lake behind the
Mauvoisin ice cone began to rise rapidly. On 4 June 1595.
abnormally high air temperatures weakened the conical mass
of ice and the lake emptied within an hour. Millions of cubic
metres of water surged down the valley picking up boulders
and loose debris along the way. The frontal wave of ice,
water and debris swept away farms and roads. After crashing
through the bedrock gorge above Martigny the deluge overwhelmed the town itself. The catastrophe claimed a total of
140 lives, half of them in Martigny; large tracts of the
ravaged Val de Bagnes remained barren for many years. A
similar but much smaller ice flood in the Val de Bapnes was
registered in September 1640.

The Gietro Glac~eragain accumulated its conc of remolded ice across the gorge of Mauvoisin during the carly
19th century (Fig. 106). In spring of I818 the normally
torrential Dranse River diminished to a trickle. an unuwal
situation for the season, immediately noticed by the town\people in Martigny. A group of them went up the valley to
investigate. Upon reaching Mauvoisin. they were confronted
with the gigantic wedge of ice that by now had grown more
than 100 m above the channel of the river. Aware of the
catastrophe of 1595, the authorities immediately called upon
lgnaz Venetz, an energetic public engineer, to excavate a
tunnel through the ice and thus forestall the eventual overtopping and failure of the dam. Venetz and his 50 helpers
worked frantically from both ends of the cone. using experience gained during the construction of rock gallerie5 along
the Simplon Pass route a few years earlier. Meanwhile, the
lake continued to rise at a rate of about 0.5 m a day; the
workers in the tunnel were threatened by icefalls from the
glacier and by waves pounding against the upstream side of
the cone. After about a month of incredibly hazardous work.
the tunnel, now 200 m long. was nearly complete. Unfortunately, the upstream and downstream approaches did
not meet at precisely the same level and the floor of the upper
tunnel had to be lowered 6 m. The adjustments. which
resulted in a downward tapering cross-section. were barely
completed when the first rush of water from the lake entered
the tunnel. Blocks of ice soon jammed the lower outlet of the

Figure 106: The ice cone at the
foot of the Gietro Glac~erat the
narrows of Mauvoisin as depicted by H.C. Escher in 1818
(from Bachmann, 7 978).

Figure 107 View of the Mauvoisln reservoir and Glefro
Glac~erin 7981 from the same position as that occupied
by Escher m 1878 (GSC 204166-0)

In the late 19th century a general retreat of ~l~~~~
glac~erseliminated the hazard of the G~etroice cone, but
created another set of problems farther upstream. Downmelt.
ing of the Crete Seche and Otemma glac~erscreated a temporary ~ce-marginallake at the confluence of these glaciers,
This lake drained rapidly on 28 June 1894, on 25 July 1895,
and on 17 June 1898. These floods released up to 1 x 1
of water into the boulder-strewn channel of the Dranse,
destroying bridges and mills In the Val de Bagnes. Eventually the impounding morainal ridge between Crete Seche and
Otemma glaciers was artificially breached by a V-shaped cut
to provide unimpeded runoff for the torrent of the receding
glacier.
Between 1951 and 1957 the Mauvolsin hydroelectric
dam was erected at the narrows that used to be the site of the
threatening ice cone (Fig. 107). In recent years the snout of
the GiCtro Glacier again has approached the upper rim of the
gorge and fragments of the glac~erhave tumbled into the
reservoir. Its movement is now being monitored contlnuously by a cable device attached to the glacier. The
measured displacement of the Ice is recorded and relayed
electronically to Mauvoisin. This monitortng system permits
a timely lowering of the reservoir if major slippage of the ice
mass is observed; however, even with a full reservoir an ice
mass in excess of 0.7 X 1o6m' would be required to generate
a wave that would
the dam (R6thlaberger and
Aellen, 1970; R6thlisberger, 1974),

Piuro
tapering conduit. Obstruction of the ice tunnel by blocks of
ice became so severe that on 16 June 18 18 the whole downstream sector of the cone and adjacent morainal ridges collapsed. Within half an hour some 10 x 10hm30fwaterrushed
through the widening gap. As in 1595, the ice flood burst
through the narrow canyon at Mauvoisin and spread a thick
layer of rocky debris overa small alluvial plain below. Along
the steep reaches of the valley the flood wave changed into a
large debris flow that swept away houses, bridges, crops, and
trees. The loss of life (50 people) was relatively light compared to what it might have been, because every settlement
downstream had been alerted to the imminent collapse of the
ice dam via a series of signal stations placed along the sides of
the valley (Pictet, 1818; Beattie, 1836, v. I, p. 43-48).
To prevent another potentially catastrophic buildup of
ice at Mauvoisin, Venetz continued his work. Between 1822
and 1824 he channeled runoff from nearby ravines onto the
cone, a measure that helped reduce the buildup of ice. He
also widened the channel of the Dranse with wooden sills to
prevent individual blocks of ice from accumulating and thus
blocking the flow of the river (Richter, 1889b). In 1842,
when Forbes (1845, p. 264) visited the valley these works
were still being maintained by the cantonal engineering service. A permanent tunnel through bedrock along the endangered section of the Mauvoisin gorge was contemplated,
but not constructed because of its cost.

- Plurs (A35)

Location: Val Bregaglia, Chiaverlna, Lornbardia, Italy ( E 2 )
Datefs): 4 September 1618 (also 1675, 1760, 1858)
The Val Bregaglia, east of the old city of Chiavenna (333 rn),
is a narrow, steep-walled valley cut into gneisses and
amphibolites of the Pennine core complex. The Mera River
flows westerly, parallel to the steeply dipping foliation of the
bedrock. High-gradient torrents and ravines drain mountain
ranges up to 2800 m on both sides of the river (Fig. 108).
Sagging bedrock slopes and debris cones locally convert the
Mera River into a potentially dangerous torrent. According
to tradition, a Roman town located upstream from Chiavenna
was destroyed by a debris flood of the Mera River in the
8th (?) century.
Despite the rugged setting, the small medieval town of
Piuro (400 m), approximately 4 km east of Chiavenna, became one of the most prominent cities in the region. Its
economic dominance stemmed from a monopoly in the manufacture and trade of heat-resistant pots, pans, and pipes
made of the local Lavezzi stone (also known as Ofenstein.
lapis olaris, and pietra olare). This rock, a grey-green
metamorphic serpentine. was mined in several adits on the
north slope below Prato del Conte, south of Piuro. At the
time of the great disaster of Piuro a broad debris-mantled
bedrock terrace above the mine adits accommodated several

Figure 708: Sketch map of
the steep scarp slope south
of Piuro, the source of the
catastrophic debris-rock
slide of 1618. The debris
lobe of 76 7 8 and the debris
cone of the Carmezzano
Torrent have severely limited the development of the
narrow and flood-prone
Mera valley above Chiavenna.

homesteads. Piuro itself consisted of merchants' stores, markets, exclusive residences, villas and palaces and during the
late summer months was filled with visitors from all over
Europe.
At least ten years prior to the disaster that was to strike
Piuro, mining activity and clearing of the uplands initiated a
process of accelerated creep on the slope above the adits.
Surface cracks appeared along the terrace of Prato del Conte
at this time. However, the main failure of a thick layer of
bedrock and colluvium above the adits was triggered by an
intense rainstorm between 25 August and 3 September 1618.
After a week of almost unintempted precipitation the clouds
lifted on the morning of 4 September, and the prosperous city
bathed in sunshine. Along the eastern sector of the mining
zone a small rock-debris avalanche buried a few houses, but
this did not incite any great panic, because such rockfalls had
been experienced before. However, the peasants working on
the Prato del Conte terrace 500 m above the town witnessed
some unfamiliar events: the ground underneath their feet
vibrated with increasing intensity; there were snapping and
rumbling noises from within the mountain; the bees left their
hives and cows became restive. One of the men, while
cutting a tree, saw a huge crack propogate across the slope.
Immediately he scrambled into Piuro to spread the news. The
citizens, reluctant to abandon their cherished surroundings,

reacted downright hostile and the messenger of doom was
lucky to escape physical abuse! Nevertheless, by nightfall a
large apprehensive crowd assembled at the cathedral. At this
moment a deep breakaway scarp opened and 3 to 4 x 106m3
of rock and surficial debris failed along a composite rupture
surface dipping approximately 30" towards the town. Within
seconds, the rock-debris avalanche buried some 200 buildings and killed approximately 1200 people (Fig. 109, 110).
The Mera River was blocked for more than an hour and the
citizens of Chiavenna fled to the mountainsides, anticipating
a flood. This flood, fortunately, did not materialize when the
river overflowed the slide mass (Heim, 1932, p. 140-141;
Montandon. 1933. p. 300). The catastrophe marked the end
of Piuro. The memory of its fall was kept alive by legends
and a famous illustration by A. Scheuchzer.
Immediately to the west of Piuro. is the bouldery cone
of the Camezzano Torrent with the communities of San
Abondio and Prosto on its flanks (Fig. 108). This cone
experienced debris flows in 1675 when Prosto was buried 'to
the chimneys', in 1760 when San Abondio was destroyed,
and in 1858 when a hamlet by the name of Santa Maria
disappeared (Beattie, 1836, v. I , p. 120; Montandon. 1933.
p. 308 and 320). An isolated church tower, surrounded by
boulders of granitic gneiss, bears witness to these disasters
(Fig. 11 1).

For many years, the surface of the Prati Ruina at Piuro
has hosted vineyards and a few service chalets (Fig. 110).
Recently. some of the ancient walls and buried artifacts of
Piuro have been excavated; the retrieved objects are now
exhibited in a small museum at San Abondio. New housing
(Burgo Nuovo) extends onto formerly uninhabited parts of

the Prati Ruina and Carmezzano cones. The bouldery thannel of the Carmezzano Torrent is flanked by a large stone
dyke. Lavezi (or Laveggi) stone is now refined into decorative panels and pots in a small factory located on [he
periphery of the debris cone east of Prosto.

F~gure109 The town of Pfuro-Plurs before and after the 1618 calastrophe, as
deplcted by A Scheuchzer m 1746

Figure 110: Southward view onto the slighNy conical
surface of Pratr Rurna and the detachment zone of the
1618 debris-bedrock sl~de(on the r~ght).The town of
Piuro is at the bottom (GSC 204166-R)

Figure 11 1 Church tower projecting from lobes of
gneissic rubble on the cone of the Carmezzano Torrent
(GSC 204766-S)

Tkte Noire (A361

Today carbonate slabs st111protrude through the partly
forest-covered surface of Plan du Lac whlch hosts a maior
restaurant-hotel complex and attracts many visitors durhg
the summer months. Downstream from the rock avalanche

Locution: Giflrr Vulley. Clrque du Fer d Clzebrrl. Huure
Savoie, France (B2)
Date(s): 2 1 Februunl 1602

Cirque du Fer a Cheval is an imposing amphitheatre of
flat-lying carbonate and shale formations in the Helvetic
cover complex near the head of the Giffre Valley (Fig. 112).
From the meadows of Plan du Lac (950 m) stepped walls of
limestone, separated by ledges of recessive shale, rise to the
glaciated crest of Le Cheval Blanc (2830 m). Intensely fractured and semi-detached spurs of limestone mark the lower
border of perennial snow and ice fields of the summit ridge
(Fig. 113). TCte Noire (2167 m), the most conspicuous of
these bedrock promontories, is partly veiled by the mist of
cascading glacial torrents.
On 21 February 1602, a portion of the TCte Noire face
collapsed along a sllghtly concave and almost vertical fracture surface. Several million cubic metres of disintegrating
carbonate rock first hurtled into a funnel-shaped ravine and
then fanned across the flats along the Giffre River. The rock
avalanche annihilated the village of Entre-Deux-Nants and
damaged several nearby hamlets, kill~ng29 people. Precursory rockfalls may have forewarned some of the Inhabitants of the upper valley who apparently had abandoned
their homes prior to the catastrophe. Carbonate debris also
choked the flow of the G ~ f f r Rlver,
e
and a subsequent debris
flood devastated much cultivated land downstream from Plan
du Lac (Montandon, 1933, p. 299-3001.

F~gure7 12. Sketch map of the Crrque du Fer a Cheval
and the kstorical rock avalanche lobe below Tefe
No~re

deposits. a large debris cone below the bedrock cliffs west of
Tete Nuire also adds debris to the Giffre River. still characterized by an extremely coarse bedload. Several precarious
~innaclesalong the Tete Noire cliff maintain their threatening pose above the stunning backwall of the valley.

Chab[ais (A.38)
Loc,oljon:Haurc1Sa~.oic~,
Frcttlc.e(B2)
Dare(s): I1 April 1635 (also 29 Ju!,' 1715. 12 March ]gqj,
The Chablais includes a major part of the foothills and front
ranges of the western Alps known as Prealpes
(Fig. 1 14a). From the south shore of Lac Leman (430 m)this
pleasant agricultural district rises southward to ridges and
peaks with elevations up to about 2000 rn. Meadows, farms.
and forests interlace along gently sloping mountainsides controlled by the northeasterly trending bedrock structures of
allochthonous panels of Pennine and Helvetic shalecarbonate successions. Dip slopes or scarp faces of carbonate
ridges pierce the more recessive shale formations, particularly along transverse fault zones. The open valleys are cornmonly floored by late Pleistocene surficial deposits. Many of
the shale slopes show signs of incipient instability or creep.
Sometime during the early Middle Ages, a medieval
village at the foot of Pointe d'Autigny was buried when some
7 x 1o6rn3 of massive limestone near the hinge zone of an
anticlinal ridge along the Dranse River collapsed (Montandon, 1933, p. 285).
LAC

Figure 173: Vlew of the vertical detachment wall of
Tete Noire from Plan du Lac. (GSC 204166-T)
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Salvan (A37)
Loc-ariotl: Triettr V~tlley.Voluis (Wullis). S~c~iner.lu~~d
(B2)
Date(s): 31 January 1635
The communities of Salvan and Marecottes (1 200 rn) huddle
on a south-facing bedrock terrace (934 m) above the precipitous gorge of the Trient Torrent, a western tributary of the
Rhone River. The terrace is framed by the summit ridge of Le
Luisin (2785 m) which consists of intensely fractured schist
and gneiss of the Helvetic basement.
On 31 January 1635, a rock avalanche (mixed with
snow'?) broke away from this ridge and demolished part of
the village below (Montandon, 1933, p. 302).
Today the rock terrace of the Salvan-Marecottes is
almost completely built over and except for some highly
irregular topography in the ski village of Marecottes there are
few hints of the rock avalanche of 1635. Numerous snow
bridges in the broken bedrock terrain below the summit ridge
now protect the community of Salvan snow avalanches.

Figure 114: a) Index map ol the Chablais foothills region south of Lac Leman (Lake Geneva). b) Sketch
map of the slide mass of the 'Deluge de Vluz'.

On 1 1 April 1635, triggered by an earthquake (?), a
segment of a dip slope composed of calcareous shale and
limestone failed and swept into the village of Lullin.
obliterating 20 houses and killing 64 people (Mougin, 19 14,
252-253). Today, there is no evidence of the slide mass
possibly underlies the eastern outskirts of the present
community of Lullin. The valley below Lullin is also known
for its chronic slumps of surficial deposits which have required control work along torrents, surface drainage, and
revegetation of colluvial terraces.
On 29 July 1715, a relatively gentle scarp slope, composed of southeast-dipping calcareous shale, evaporite, and
clays, failed along a 350 m wide semicircular crown crack at
an elevation of 1200 m east of the Foron Valley (Fig. 114b).
After initial failure the slide mass of 2.5 X 106m3accelerated
and entered the Foron Valley (800 m), where it buried three
hamlets consisting of 20 houses under 7 m of debris (Montandon, 1933, p. 305-306). A bowl-shaped depression marks
the source of this 'Deluge de Viuz'. Several hamlets (e.g.
Chez Pallud) have developed on or near the slide mass which
is now mantled by a dense protective forest, in contrast to the
open fields and pastures of the surrounding countryside.

Lhich

On 12 March 1943. a cultivated dope in the upper
Brevon basin showed signs of outward bulging; ground
cracks soon defined a distinct debris lobe descending at a rate
of 200 mlday. Set in motion by snowmelt infiltration the
failure involved 2 X 1 0 ~ m bintensely
f
deformed limestone
and shale. The frontal part of the lobe soon impounded the
west-flowing Brevon Torrent (Fig. I 1%) resulting in a lake
that eventually extended I krn upstream (Lac de Vallon). The
lake overflowed without doing much damage (Moret. 1943).
and has not changed significantly since. The slide mass came
to rest and now hosts new residential buildings (Fig. I15b).

Bourg-St. Maurice (A39)
Location: Isere Valley (Tnroimisr). S u ~ ~ o i Frcincc.
c~.
(B3j
Datefs):May 1636 (also 163 A . D . . 1363,R Seprember 1579.
May 1 6 3 6 . 3 0 September 1732. 3 June and 10 A~cgltst1868.
31 March 1981)

The town of Bourg-St. Maurice (800 m). located at the
western approaches of the Petit St. Bernard Pass. has been
the centre of the upper Tarentaise since Roman times. The
town and surrounding villages cluster near a major bend of
the Isere River and at the confluence of four major tributary
torrents from the north: the Arbonne (and Nantet), the Charbonnet. the Versoyen, and the Reclus (Fig. 1 16). The upland
ridges in the vicinity rise to almost 3000 m and are underlain
by intensely deformed calcareous shale, evaporites, flysch,
and slate of the Helvetic (Dauphinois) and Penning (Brianqonnais) cover complexes. Southeast-facing dip slopes are
particularly prone to sagging and slumping. The Arbonne
and Reclus torrents have accumulated huge debris cones
attesting to voluminous mass movements in the past. The
most serious historical failures in the area have occurred in
slate-evaporite terrain underlying the lower Arbonne basin.
An old inscription, unearthed in the vicinity of BourgSt. Maurice. states that in 164 A.D. the Roman Emperor
Verus issued an order to ' . . .rebuild, out of his own money.
the roads washed away by the powerful torrents. the river
control works, bridges, temples, and baths of Bergintrum. . . '. Berginhum was located close to the modem
site of Bourg-St. Maurice and it is probable that the Arbonne
was one of the torrents ravaging the Roman installations
(Montandon. 1933, p. 279; Mougin, 1914. p. 746).
The medieval town of Bourg-St. Maurice expanded
from a cluster of buildings at the axis of the Arbonne cone.
Commercial exploitation of salt occurrences in the upland
basin and a flourishing saltern near the town soon led to
extensive deforestation of upland forests. Ensuing unbridled
runoff, enhanced infiltration. and deep erosion along tributary torrent channels profoundly changed the stability of the
bedrock slopes in the Arbonne basin. In 1356 the Nant Blanc.
a northern branch of the Arbonne. suddenly abandoned its
Figure 7 15: a) Sketch map of the deposits of the slow
regular channel and drained through a subterranean conduit
slump-debris flow that stemmed the flow of the Brevon
in gypsiferous limestone terrain. After a period of apprehenTorrent in 7943. b) View of Lac de Vallon and the 1943
sion, the residents of Bourg-St. Maurice soon forgot this
debris lobe; note new res~dentialbuildings on the sl~de peculiar incident. Then. in 1363, the Nant Blanc forcefully
deposits (GSC 204 766-U).
emerged in its old channel. Massive ground subsidence.

Figure 1 16. Sketch map of
the environs of Bourg-St.
Maurice showing large incipient bedrock slumps in
shale-evaporite terrain in
the Arbonne basin. Crisscross pattern indicates outcrop of gypsum. Note the
location of the large ski resort of Les Arcs on the high
bedrock terrace south of
the lsere River and the
track of the 1981 debris
flow along the Ravoire.

slumping and temporary blockage of the lower gorge generated huge pulses of debris debouching onto the cone of the
Arbonne and laying to waste much of Bourg-St. Maurice.
The town was reconstructed 200 m north of the debris-strewn
area, but still on the Arbonne cone. On 8 September 1579,
debris flows from the Arbonne and flooding of the Isere
River endangered the lower parts of the rebuilt town.
The most destructive cycle of debris flows from the
Arbonne basin occurred between 1630 and 1636, when major slope movements in the uplands blocked several tributary
branches of the torrent. At first the primitive dykes flanking
the torrent channel contained the flows of water and debris-.
Then, in May 1636, massive debris flows burst through the
protective works and demolished 52 houses in BourgSt. Maurice (Fig. 117a). Reconstruction again shifted away
from the central sector of the cone (Montacdon, 1933,
p. 301-302).
On 30 September 1732, debris flows, triggered by intense rain and unseasonally early snowmelt, overwhelmed
the westernmost section of the town and blocked the Isere
River. When this barrier failed a floodwave swept downvalley, destroying bridges and mills. Effects of this floodwave
were felt as far away as Grenoble (Mougin, 1914, p. 751).
The next destructive cycle of the ~ r b o n n ewasinitiated
by rapid delayed snowmelt in the spring of 1868. On 3 June
1868, slumps along the Nantet Torrent developed into a

massive debris flow, and on 10 August 1868, a rainstorm
triggered a few more pulses of debris.
Towards the end of the 19th century erosion in the
Arbonne basin was reduced by reforestation and construction
of check dams in the gorge (Mougin, 193 1, p. 53 1-539). In
the 20th century Bourg-St. Maurice has not been victimized
by major debris flows. Recently, the town again has spread
towards the channel of the Arbonne. ow ever, the torrent
now is flanked by high stone dykes and two strips of protective forest (Fig. I 17b). Incipient instabilities on the mountainsides near Bourg-St. Maurice tend to change into flows
during periods of heavy rain and rapid snowmelt, as for
example in April 1970 (Jail and Vivian, 197 1, p. 493-494).
A map depicting slope hazards in the vicinity of BourgSt. Maurice was published recently following the construction of large ski facilities at Les Arcs (1600 m) across the
Isltre Valley (Pachoud, 1979). Hotel complexes, logged ski
runs, and paved roads now cover a subalpine terrace between
1600 and 1800 m south of the town. inconspicuous ravines
below the ski station have cut deeply into the slaty bedrock
and, during an abrupt snowmelt on 31 March 1981, some
0 . 3 x 10hm3of debris was propelled down the Ravoire gorge
and fanned across the lsere Valley. Expensive control works
are being built to counteract this new hazard, which again has
been brought on partly by human activity.
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Figure 118: Sketch map of the 61s Glacier and the village of Randa in the Matter
Valley. Ice avalanches from the cliffs of the Weisshorn have repeatedly swept over
the cone of the Dorfbach Torrent.

0.5 x 106m3began to slip away from the steep flank of the
Weisshorn. Fortunately, it disintegrated into three harmless
icefalls, which were watched with some apprehension from
the village (Rothlisberger, 1979, p. 136-141).

Figure 7 19: View of the Dorfbach cone and the community of Randa from the snout of the 61sGlacier; note
several res~dentialbuildings near the axis of the cone
~n the runout zone of potential ~ c eavalanches
(GSC 2041 66-W).

Antronapiana (A41)
Location: Valle d'Antrona, Piemonre, Italy ( D 2 )
Date(s): 2 7 July 1642

The town of Antronapiana (908 m) adorns the head of the
Valle d'Antrona, a tributary valley west of Valle d'ossola.
An impressive circle of mountains surrounds the head of the
valley (Fig. 120). Three kilometres northwest of Antronapiana the sheer east wall of Cime di Pozzuoli (2602 m)
exposes a tectonic contact between a lower succession of
amphibolite-greenstone and an upper unit of gneisses of the
Pennine basement complex. The tectonic contact and the
metamorphic foliation dip approximately 40" west-northwest
and into the mountainside. Most of the upper rock face is
massive (Fig. 121a). It is possible that selective erosion of
the greenstone units at the base of the mountain oversteepened the wall of gneisses above.
On 27 July 1642, a major section of the Pozzuoli cliff
collapsed along a steep concave fracture zone and a stream of
gneissic blocks, totalling 12 x 1O6m3in volume, cascaded
onto the bottom of the valley. The front of this rock avalanche annihilated parts of Antronapiana and killed 93 people
(Montandon, 1933, p. 303).

Flgure 120 Sketch map of the Antronaplana rock avalanche lobe of 1642 whrch
orlglnated by fa~lureof the gnelss~cscarp face of Clme dl Pozzuolr

Flgure 721. a) Vlew of the scarp face of Clme dl Pozzuol~and forest-covered rock
avalanche lobe below (GSC 204 166-X).b) The town of Antronaplana as seen from
the unstable bedrock ledge below Alpe Corzellr (GSC 204166-Y) c) Concrete
berm-retainmg wall and surface dramage d~tchat the toe of the lnclpient bedrock
failure at Alpe Corzell~(GSC 204166-2)

The slide mass blocked the channel of the east-flowing
Torrente Ovesca creating the deep blue Lago di Antronapiana. Overflow of the lake along the northern margin
of the blocky lobe has reworked some of the rock fragments
on the slide mass but has only slightly modified its original
surface which today is mantled by a mixed spruce-larch
forest (Fig. 121b). Recently several vacation homes have
been built on the rugged surface of the debris stream.
As in several other tributary valleys of Valle d'Ossola
precipitous ravines and snow-avalanche chutes sporadically
release bouldery debris from instabilities in bedrock and
colluvium high on the mountainsides. The Antrona Valley
was severely struck by debris flows during the disastrous
rainstorm of autumn 1951. One of the ravines, directly across
the valley from Antronapiana, displays in its upper funnelshaped catchment zone a bedrock-and-debris slump of
approximately I x 106m3(Alpe Corzelli). As this slide mass
sits 500 m above the town it represents an obvious threat. A
deeply anchored concrete berm has been placed against the
toe of the mass and paved drainage ditches guide seasonal
runoff across the incipient slide (Fig. 1 2 1 ~ ) .
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Figure 722: Index map of the Brlxen Valley showing the
location of the notorious Rackling Torrent and the expanding communities of Brixen and Kirchberg.

Rackling (A42)

ihe centuries since ihen the surface of the Rackling cone has
remained essentially free of buildings and only recently has
the cone been used for agriculture (Strele, 1936, p. 129).
Some of the torrents in the Brixen Valley carried destructive mass flows during torrential rains in July 1946.
Debris from the Lauterbach and the Brixen torrents engulfed
most of the village of Brixen. Farther down the valley temporary blockage of the Br~xenTorrent and a subsequent burst of
debris claimed five lives.
In recent years open land on the debris cones of the
Brixen Valley and nearby areas has been under tremendous
development pressure. Most of the torrents with known
histor~esof debris flows have been provided with protective

Figure 723 View of the un~nhabltedRackllng cone and
~ t spartly forested catchment area which IS characterlzedby sagglng slopes ofphyllite, note farm located~n
the zone between the torrents where forests have a
c r ~ t ~ cprotect~ve
al
funct~on(GSC 204167-A)

dams, debris retention areas, or arrays of check dams in the
uplands. Nevertheless, incipient deep-seated bedrock
slumps have been exceedingly difficult to control by these
conventional techniques.

Brentonico (A43)
Locution: VuI Lugcrrina. Ro~~ereto.
Trerltino, Ira!\. (/-3)
Do(e(s):30 December 1648 (also 8 May 1885)

The community of Brentonico (700 m) sits on a gently
sloping bench of relict colluvium high above the west bank of
the Adige River ( 1 5 0 m). A Sn~alltorrent incised into unstable shale-carbonate terrain of the eastern flank of Monte
CamPo (1600 m) crosses this bench just south of Brentonico
on a debris fan marked as 'Masere' ( = debris) on topographic
maps.
On 30 December 1648, a violent rainstorm and
accompanying smowmelt reactivated a bedrock slide lodged
above the hamlet of Fano, which was located on the debris
fan. The debris lobe moved slowly enough for all inhabitants
to abandon the threatened buildings before they disappeared
underneath a blanket of rubbly debris (Strele, 1936, p. 129).
On 8 May 1885, debris movements again claimed five buildings in Brentonico.
In recent years improved access and new recreational
development in the area have led to increased construction
activity at Brentonico. A few large vacation apartment
blocks have sprung up on the eastern flank of the Masere, an
area traditionally restricted to agricultural use.

Gemrnersdorf (A44)

Figure 124: Sketch map of the relict debris cones at
the foot of the Speikkogel Massif. Only the uppermost
segments of the cones are not incised by the torrents.

Locarion: Lavant Valley. Karnterz (Carirlthia), Austria ( J 2 )
Dare(s): 7 June 1660 (also 7 September 1916)

The village of Gemmersdorf (560 m) is the largest of several
agricultural settlements on the gently sloping terrace between
the Lavant Valley and the Speikkogel Massif (Fig. 124). The
Speikkogel Massif (2140 m) is underlain by metamorphic
rocks of the Austroalpine basement complex. In Pleistocene
time the cirques below the summit ridge hosted small glaciers
which supplied debris to fans along the side of the southdraining Lavant Valley. Near Gemmersdorf the lower segments of these relict Pleistocene debris cones have been
dissected by creeks which, under normal conditions, are
harmless. In contrast, the upper segments of the cones are not
incised and are mantled by convex lobes of coarse debris
derived by erosion from 'debris bowls' below the Speikkogel .
On 7 June 1660. heavy rains mobilized large masses of
debris in the basin above Gemmersdorf. Blockage of the
channel probably set the stage for an outburst of a debris flow
which demolished several buildings and killed 29 people in
Gemmersdorf. A remarkable contemporary pencil sketch of
the disaster, accompanied by descriptive notes (Fig. 125).
has been found in a regional archive by Fresacher(l965). For
centuries after the catastrophe local legends attributed the
sudden burst of debris to an infuriated dragon ('Lindwurm')
which was thought to have inhabited the uplands.
On 7 September 1916, a similar debris flow overwhelmed the hamlets of Oberpichling and Paierdorf. The
disaster occurred after three weeks of steady rain and thunderstorms. At the head of the Kreuzerbach basin a slope

Figure 125: Contemporary illustration of the destructive bouldery debris flow which overwhelmed the
village of Gemmersdorf in 1660 (from Fresacher, 1965).
failure, involving possibly as much as 0.5 x 106m3 of
surficial material blocked runoff from several tributary torrents. When the debris barrier failed a rapid flow of rocks.
trees and mud descended the torrent and spread across the
cultivated land of the upper cone. At least 22 people lost their
lives (Wittmann, 1952).
In recent years, the composite cones at the foot of the
Speikkogel Massif have been invaded by residential development. In many of these areas blocks of past debris flows
protrude through cultivated meadows and fields. The creek
beds themselves bear little evidence of the debris potential in
the uplands.

Lake Traun ( A 4 9
Locario?~:Saizkan~mergut.Oberosterreich, Austria ( 1 1 )
Datels): June 1664, (1737, 27 to 31 July 1897, 10 to 13
September 1899. 18 J~cly1910, 23 July 1955)
The Salzkammergut is one of the most scenic sections of the
eastern front ranges of the Alps. Sparkling lakes fill drowned
valleys and morainal ampitheatres framed by rugged carbonate ranges of the Austroalpine cover complex and rolling
foothills underlain by recessive formations of the Helvetic
and Molasse zones. The lakes are rimmed by benches of late
Pleistocene surficial deposits. Torrents and rivers flowing
into these lakes generally follow west-trending bedrock
structures and have built substantial fan deltas.
Throughout most of medieval time the region was a
centre of salt mining, refining and trading. Extensive clearcuts in the upland basins provided timber and charcoal necessary for the mines and saltems. Storms and persistent seasonal rainfall resulting from the blockage of moist air masses
against the front ranges of the Alps ('Schniirlregen' =rains
on a string) have accentuated the erosional scars created by
careless logging practices of the past.
Lake Traun (440 m) in the eastern Salzkammergut (Fig.
126) is flanked by precipitous carbonate slopes on the south
and by gentle shale-sandstone terrain in the north. The contact between the two rock types is a south-dipping thrust
fault. The Gschliefgraben (Gschlief = slide) on the north side

Figure 126: Index map of Lake Traun showing the
location of the Gschliefgraben debris lobe and the
Langbath basin in the carbonate terrain south of the
boundary thrust fault (barbs on the upthrown side).

of this fault zone is an elongate depression extending fro,,,
the eastern shore of the lake to the foot of the calcareous cliffs
of the Traunstein Massif (1691 m). It follows the structural
trend of the recessive shales or mark and its tributary ravines
branch into a headland (900 m) composed of well-cemented
flat-lying breccia derived from the adjacent limestone cliff,
Most of the Gschliefgraben is filled with a slowly moving
lobe of debris totalling 2 to 3 x 10%' in volume. This
composite earth-debris flow originates from bowl-shaped
slumps along a head scarp where blocks of carbonate breccia
become immersed in a matrix of remolded shale. From
several tributary branches the flow develops into a central
tongue characterized by sharply defined lateral levees and
having a high water content. Towards the lakeshore the
tongue develops into a bulging lobe whose front falls at about
7" towards the water and is dissected by two torrents which
discharge into the lake. Zones of discrete differential shear
are delimited by numerous pressure ridges which suggest that
the shore front itself partakes in the movement of the superincumbent debris. In the upper section of the flow average rates
of movement of approximately 6 mlyear have been
documented from long term observations (Baumgartner,
1980).
In June 1664, following three years of heavy rains and
floods (1661 to 1663), the Gschliefgraben debris lobe
apparently accelerated and pushed an entire country estate
from the adjacent delta cone into the lake. In 1737 rapid
debris flows, mobilized by the torrents along the slowmoving lobe, overloaded the cone and caused a failure of the
shore front including buildings located on it. A large section
of the debris front and underlying lacustrine silts slumped
into the lake leaving behind a concave scar. Almost two
centuries later, during rainstorms between 10 and 13 September 1899, on 18 July 1910, and on 23 July 1955 pulses of
debris again damaged lakeshore properties.

Figure 727: View across the toe of the Gschliefgraben
debris lobe; note embayment marking the head scarp
of the historical subaqueous slump and densely reforested zone above vacation bungalows.
(GSC 204 767-8)

The attractive shore front along the periphery of the
~ ~ ~ h l i ~ f g r cone
a b e nhosts a variety of permanent dwellings,
vacation bungalows, and a major hotel. Recently (1975)
much of the area was zoned as being too dangerous for any
kind of new residential development. Check dams have been
installed along the lower reaches of the two torrents draining
the debris lobe to avoid undercutting of unstable embankments, A dense protective forest of conifers has been planted
above the threatened buildings (Fig. 127). In the uplands
only marginally effective drainage ditches have been excavated and movement of the main contributing branches of
the slow earth-debris flow is being monitored by regular
surveys.
An entirely different problem once threatened the community of Ebensee on the composite delta of the Langbath
Torrent and Traun River. The Langbath Torrent drains a
sizeable carbonate basin; its wide braided channel is flanked
by benches of relict Pleistocene colluvium. In the heyday of
medieval salt mining the torrent was used extensively to drift
logs from the uplands to the saltems of Ebensee. For this
purpose strong timber linings were installed along the channel embankments as early as the 14th century. When timber
drifting was abandoned during the 19th century unstable
colluvium again slumped freely into the torrent. Between
27 and 31 July 1897, a major rainstorm dumped a total of
380 mm of rain onto the Langbath basin. Debris avalanches
along the embankments blocked the swollen torrent creating
massive flows of uprooted trees and carbonate rubble; in
Ebensee the debris flows covered buildings and shifted the
channel of the Traun River. Restoration work in the area had
barely begun when, between 10 and 13 September 1899,
another storm brough 500 mm of rain to the basin. This time
debris flows buried the houses along the channel of the
torrent to the roof tops (Wiihl, 1980).
An energetic restoration campaign, involving at times
as many as 1000 workers, was launched with the aid of a
personal grant by emperor Franz Josef who happened to own
an exlusive hunting preserve in the Langbath basin. This
work. supplemented in recent years by diligent forest practices and modem control structures, has largely neutralized
the potentially destructive effect of severe rainstorms.

Salzburg (A46)
Location: Salzburg. Austria ( 1 1 )
Datefs): 15 July 1669 (also 1493. 1614, 1665)

The capital city of Salzburg (420 m) spreads along the banks
of the north-flowing Salzach River (Fig. 128) which here
crosses the carbonate mountains of the Austroalpine front
ranges and flows through more subdued terrain underlain by
marl and sandstone of the Alpine foothills. In Salzburg
several steep-sided bedrock ridges of carbonate, flanked by
terraces of flat-lying Pleistocene conglomerate ('Nagelfluh'), project up to 200 m above the streets of the city. The
orientation of vertical cliffs along the Monchsberg, Kapu-
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Figure 128: Sketch map of the city centre of Salzburg;
north-northwesterly trending fractures control the
orientation of the Monchsberg wall which IS composed
of Pleistocene conglomerate.
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Figure 729: Southward view along the vertical
Monchsberg wall in the city centre of Salzburg. St.
Marcus church in the foreground; festival theatre and
castle in the background; note apartment buildings at
the base of the cllff. (GSC 204167-C)

zinerberg, and the Castle of Hohensalzburg are controlled
mainly by north-northwesterly trending fractures. During the
early growth of the city lack of space along the river bank
forced rows of residential buildings against the east-facing
Monchsberg conglomerate cliff.
In 1493, 1614 and 1665 small rockfalls from the Monchsberg wall crashed into the dwellings below and claimed
the lives of several people. However, the most serious failure
along the cliff occurred at 2:00 a.m. on 15 July 1669. when a
slab of conglomerate with a volume of approximately 10 000
m3 rotated outward from the crown of the conglomerate

terrace. toppled onto a row of houses along the base of the
Monchsberg. and killed at least 220 people. It also demolished the old St. Marcus church. When a large crowd
converged onto the scene of the accident. another smaller
slab broke away above the street and killed another 30 persons (Strele. 1936. p. 128-130).
Despite the undiminished threat of rockfalls from the
Monchsberg the church and the houses were rebuilt in the
same place soon after 1669 (Fig. 129). However, since the
catastrophe the rock wall has been regularly inspected and
scaled by teams of 'Steinputzer' (=stone cleaners). This
practice. still performed today. has become an annual Salzburg folk tradition. Even the focus of Salzburg's modern
cultural life. the world famous Festspielhaus (festival
theatre). has been placed against the Nagelfluh wall. Numerous rock anchors. monitoring devices, and other works have
substantially reduced the danger of rockfalls. In recent years
a huge underground cavern has been excavated inside the
~ d n c h s b e r gtb alleviate the city's chronic parking problem!
Other steep bedrock slopes within the city, including the
precipitous cliff below the castle have failed in rockfalls or
have threatened to fail in the past. It is thus not surprising that
considerable pioneering work on rock mechanics was done in
this city (Miiller, 1963)

Otz Valley Ice Floods (A47)
Location: 0tztal Alps. Tirol and Siidtirol (Alto Adige), Austria artd Italy (F2)
Dare(s): 17 J u h 1678 (ulso 25 July 1600. I5 June 1680.
30 June 1717, 18 June 1725. 28 July 1737. 17 Ju1.v 1772.
14 June 1845, summer 1848, 1 August 1862,5 August 1874,
and 7 August 1890)

The impressive mountain ranges of the Otztal Alps, flanked
by the wide valley of the Inn and Etsch (Adige) rivers,
dominate the border region between western Austria and
northern Italy (Fig. 130). Peaks and high ridges, jutting
above icefields and valley glaciers reach elevations of more
than 3000 m, and are composed of high grade metamorphic
rocks of the Austroalpine basement complex. Runoff from
the glaciated upland basin flows in major torrents draining
either to the Inn River on the north orto the Etsch River on the
south.
During the Little Ice Age some of the glaciers advanced
over steep bedrock lips into narrow valleys and thus impounded l a c i a l lakes.. The most significant of these icedammed lakes were the Rofen Eissee (Richter. 1892). those
along the margin of the Gurgl Glacier. and the proglacial and
englacial lakes of the Wijtenkar Glacier and the Stubai.
Kauner. Ridnaun. Matscher, and Langtauferer valleys.
The events related to the Rofen Eissee ( = ice lake) have
been chronicled by Walcher ( 1773). Stotter ( 1 846), Richter
( I R92), Finsterwalder ( 1897). and Hoinkes ( 1969). The
Rofen Eissee developed whenever the snout of the Vernaptferner (Ferner = glacier) advanced rapidly to the bottom
of the Ventertal (Vent Valley), blocking the east-flowing

Rofenache Torrent. a tributary of the Otztaler Ache. on25
July 1600, the first documented burst of the impounded
Rofen Eissee through the snout of the Vernagtferner resulted
in a debris flood which damaged large sections of the upper
0 t z Valley. One year later, on 12 July 1601. an even larger
ice lake overflowed: the population was on alert, anticipating
another violent burst which. however. did not materialize,
The worst ice flood occurred on 17 July 1678. less than a year
after the glacier again had reached the bottom of the valley,
The lake first overflowed the ice dam harmlessly. Then, with
abruptly rising temperatures in late June. the crevassed mass
of ice could no longer withstand the water pressure exerted
by the lake. On 17 July, the dam failed during a cloudburst
and a deluge of water, ice, and floating debris swept over
fields and roadworks of the upper Otztal. Numerous buildings were knocked off their foundations. Damage was cornpounded by simultaneous debris flows that blocked the
Otztaler Ache near Langenfeld thus converting !he valley
bottom into a lake. Fortunately, the people of the Otz Valley
had been forewarned by the roaring sound of the approaching
flood and only two lives were lost. In the bitter aftermath of
the catastrophe a travelling journeyman was burned at the
stake in Meran, after he had been accused and found guilty of
conspiring with the Devil to bring this disaster onto the
inhabitants of the valley!
This drastic action, however, did little to prevent another blockage of the Rofenache Torrent soon thereafter, and on
15 June 1680. another overflow from the ice lake took out
bridges and damaged buldings. At t h e ~ i m eJ . Kuen. a cornmunity leader in Langenfeld hiked to the ice barrier and with
twelve helpers cut a drainage ditch across the regenerating
ice dam. This channel was kept open by natural erosion and
eventually the lake disappeared.
A fourth surge of the Vernagtferner closed the gorge
between 1770 and 1774, but this time the Eissee emptied
without doing much damage. However, apprehension rose
among the people of the valley, and a government cornrnission. led by J. Walcher, a professor of mechanics at the
University of Vienna, visited the Rofen Eissee. In a publication Walcher (1773) discussed the mechanics of glacial advances, formation of the ice lake, its drainage, and commented on possible remedial measures. He favoured a consensus arrived at in consultation with the local population:
' . . .that the torrent channels be diligently cleared; that
the objects that might be carried away by the waters be
removed; that low bridges and crossings be raised: that the
channels be maintained at a reasonable depth and possibly be
straightened; that, finally. strong "Archen" ( = stone levees)
be built to protect low-lying properties. . . ' (Walcher, 1773,
p. 39).

Walcher indicated that the people would have liked to see the
construction of a flood retention dam below the ice lake. but
that the financial burdens were considered too great.
A final advance of the Vernagtferner in the 1840s culminated in an ice-debris flood on 14 June 1845. The burst.
monitored by a scientific team from the University of In-
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Figure 130: Index map of the Otztal Alps region of the eastern Alps

nsbruck (Fig 131), involved a volume of approximately 1 x
106m3of water creating a frontal wave 10 m high at a point
5 km below the dam. The ice flood took out numerous
bridges, damaged buildings, and devastated fields in the
upper Otztal (Stotter, 1846). In the century that followed the
snout of the Vemagtferner withdrew into its cirque basin.
The Gurgl Eissee, a shallow ice-margin lake at the
confluence of the Gurgler Ferner and Langtal Ferner. experienced several historical midsummer bursts, which,
however, resulted only in minor damage to human works in

the upper dtztal. The largest of these floods occurred on
30 June 17 17, and in the summer of 1848.
On 18 June 1725, after a period of warm and rainy
weather, a small body of water near the front of the Wiitenkarfemer near Solden, Otz Valley, suddenly drained into the
straight ravine below the glacier. mobilized morainal debris
and generated a massive debris flow which crossed the steep
debris cone at the bottom of the valley. The debris lobe
pushed the swollen Otztaler Ache against a rock wall along
the west bank of the river and blocked its flow until a lake,

Figure 13 1: Map of the Rofen ice lake produced by blockage of the Rofenache
Torrent (here called Rofenthaler Achen) by the Vernagtferner (after Stotter, 1846).
The position of the glacier snout at various times during its advance between
November 1843 and June 1845 is shown.

600 m long, had formed upstream. The debris barrier failed,
triggering a flood that picked up more debris farther downstream. The raging river demolished most bridges and transported rubble that covered large tracts of cultivated land
(Walcher, 1773, p. 60-61).
On 17 July 1772, following a period of very hot weather. an ice avalanche cascaded into a small glacial lake in the
upper Stubaital, and the overtopping waters advanced as a
debris flood along this valley, causing considerable damage
(Schaubach, 1865). During the Little Ice Age the Ridnaun
Valley also experienced repeated ice-debris floods, resulting
from the blockage of the Ubeltalfemer snout (Ubeltal= evil
valley). Sporadic and rapid subglacial drainage of the ice
lake prompted the construction of a stone retention dam in the
valley below the glacier as early as 1745. The early structure,

the Agglsbodensperre, was substantially improved in 1880,
but by this time the glacier had begun to retreat into its firn
basin. This stone-masonry dam provided for temporary storage of floodwaters and their gradual release through openings in the crown of the dam (Richter, 1889b).
Ice floods also threatened the Matscher Valley between
1737 and 1901. Most of the floods originated in small proglacial lakes, the Saldur lakes near the head of the valley. The
most serious debris flood of probable glacial origin occurred
on 28 July 1737, during a period of fine weather, when debris
carried out by a swollen torrent blocked the gorge above the
town of Schludems; the subsequent massive flow of debris
onto the community killed eleven people and covered buildings up to several metres (Stacul, 1979, p. 51).

Figure 132: a) Steep debris cone of a glac~altorrent (local~tyAm See) ln the
Kaunertal (GSC 204167.0). b ) Warning sign along the recently active torrent
channel of the cone shown above (GSC 204167-E).

Ice-debris floods from small bodies of water have been
experienced in the Kaunertal. a valley flanked by bedrock
walls and steep debris cones. On I August 1862. an englacial
(?) lake burst forth from the Watzeferner and devastated a
hamlet. On 5 August 1874, a proglacial lake that had formed
behind the looping Little Ice Age terminal moraine of the
Madatschferner broke through its unstable morainal dam. A
massive debris flow, generated from eroded moraine, cascaded into the valley destroying the valuable fishstocks of the
Kaunertal. Similarly, on 7 August 1890, a piece of ice, 2000
m3 in volume, collapsed ('calved') from the snout of the
retreating Galruttferner into a proglacial moraine-dammed
lake; a wave overlapped the moraine and developed into a
debris flow with a volume of 0.15 x 106m3. which deluged a
section of the Kaunertal (Koch. 1875. 1892).
Downwasting and retreat of the Otztal glaciers, which
continued until the 1960s, greatly reduced the hazard of
ice-debris floods in the region. Several of the high basins are
now part of complex hydroelectric reservoir-and-diversion
schemes and some of the glaciers have been developed into
year-round ski areas; as a result most of the communities
have grown and prospered. The readvance of the glaciers in
recent years may initiate a new cycle of more frequent ice
floods (Fig. 132).
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133: Sketch map of the north-facing sagging
slope of the Garvera Massif near Disentis and slide
mass of 1683 (stippled) below the Bova Gronda scar.

Disentis-Muster (A481
Location: Vorderrheirr Valley (Rein Anrerirrr-).Gr-u~tbiirrderi
(Grisons), Swirzerlnnd ( 0 2 )
Darers): 29 Jirrte 1683

In the area of Disentis (Muster) the Vorderrhein Valley (1000
m) follows a fracture zone that parallels south-dipping gneisses of the Helvetic basement complex. On the south side of
the river the Garvera Massif (2384 m) rises in a scarp face

which is the zone of detachment for a gigantic sagging slope
involving approximately 1000 x 1Obmbf gneissic bedrock
(Fig. 133). In historical times the sagging slope and the scarp
face of the Garvera Massif have been the locus of repeated
mass movements.
The most dramatic slope failure occurred on 29 June
1683, when a rock slab of 10 to 20 X 106m3failed along the
westernmost part of the Garvera ridge (Bova Gronda). From

La Valle Agordina (A49)
Location: Agordo, Vetleto. Itrrly ( H 2 )
Date(s):April 1701 (also 18 August (?) 1748. 23 to 27 ~ ~ , . i l
1888)

F~gure134: View of the Bova Gronda scar and slide
deposits of 1683; note recent rock-debris avalanche
chute below Bova Gronda, farm buildings on the slide
mass, and the serrated skyline of the sagging Garvera
slope. (GSC 2 0 4 1 67-F)
an elevation of 1900 m the intensely fractured rock mass
streamed to the bottom of the valley (Fig. 134), its front
climbed 110 m up to the terrace of Disentis (1 130 m) and
temporarily halted the waters of the Vorderrhein River. The
rock avalanche killed 22 people (Heim, 1921, p. 948).
Today, the settlements of the valley are perched on
terraces between torrent cones on the north side of the river.

The twin community of La Valle Agordina (850 m) Spreads
over the head of a composite relict debris fan, which rises on
the northeast side of the Cordevole Valley and is incised by
two torrents, the Torrente Missiaga on the north and the
Torrente Bordina on the south (Fig. 135). Tributary branches
of both torrents originate below the rugged carbonate walls of
Monte Castello (2499 m). Both torrents parallel the Linea
della Sugana, a zone of complex, southeast-directed thrust
faults cutting bedrock of the South Alpine cover complex.
The carbonate cliffs of Monte Castello are composed of
flat-lying massive Dolomia Principale Formation and rest
nn
--.
recessive redbed-shale units. Subsidence of recessive shales
favours sporadic collapse of the superincumbent carbonate
walls which form the spectacular skyline of the region.
In April 1701, the west-facing wall of the southern spur
of Monte Castello failed along a rupture surface dipping
approximately 45" to the west. The failure involved a total
rock mass of 5 to 10 X 1o6m3. The toe of the rockslide
rotated outward over the possible snow-covered and watersaturated terrace of Malga Moschesin (1800 m) and changed
into a violent debris stream down the Missiaga Torrent. A
wall of rock and mud crashed into the village of La Valle

Agordina, erasing several buildings and leaving 48 inhabitants dead (Montandon, 19339 p. 304). The track of the
debris stream can still be followed from the bedrock failure to
the undulating meadows above La Valle Agordina. which
are being built over (Fig. 136).
The 1701 failure had another effect: the slide mass
which overloaded the saturated shale terrace below Monte
~ ~ ~ gave
t ~ lrise
l oto a huge incipient slump. involving most
of a small tributary basin north of the Torrente Bordina. In
1748 part ths slump mass was mobilized into debris flows
which damaged the hamlet of Connagia. More than a century
later, during the rainy decade between 1880 to 1890 the
slopes began to move once more. A series of debris
flows issuing from the toe of the slump mass were
documented by an anonymous member (A.S.) of the Club
Alpin0 ltaliano in the Revista Mensile of the club (Volume
for 1888, p. 138-140). According to this account the inhabitants of Connagia were startled by bellowing and crashing sounds on the morning of 23 April 1888. A few montanari immediately set off to investigate and soon discovered
the source of the noise: a bulging and splitting lobe of
rockslide deposits, sufiicial debris, trees, and water with a
total volume of several million cubic metres had begun to
force its way through a funnel-shaped northern tributary of
the Bordina Torrent and was slowly approaching Connagia.
The inhabitants of the village had enough time to remove
their belongings from some thirty buildings before they were
crushed on the evening of 26 April 1888. The front of the
bouldery debris lobe had advanced at an average rate of 50 to
60 mlh.
Today the large concave head scarp and the rockslide
deposits are still clearly visible west of Malga Moschesin.
During the catastrophic rainstom of 4 November 1966. the
Bordina Torrent, like many others in the Cordevole region,
again carried a heavy load of debris. Since then the threat of

Figure 136: View down the track of the 7707 debris
flow along Torrente Missiaga; La Valle Agordina in the
background. Slight undulat~onsin the meadows indicafe positions of large carbonate blocks embedded in
a shaly matrix (GSC 204167-G).

mass movements has been fully recognized. A heavy stonemasonry dyke and a concrete wall now separate the bouldery
track of the Bordina Torrent from fields and newly constructed vacation homes in Connagia.

Diablerets (A50)
Locariotl: Valais (Wallis). Swirzurlurld ( ~ 2 ,
Darefs): 23 June 1714 (also 23 July 1749)

The mountain ridge of Les Diablerets (3209 m) follows a
southwest-trending axial culmination in the Helvetic foldand-thrust belt of western Switzerland (Fig. 137). The summit plateau of the Diablerets is composed of massive Urgonian limestone, capped by an ice field, the Glacier de Diablerets. Below the summit cliffs the southeastern scarp face
of the mountain is underlain by sandy calcareous slate.
Although thedeformedformations generally dipgently to the
north, cleavage, fracture and bedding planes dip southeast,
parallel to the face of the mountainside.
Beginning in early June 1714 repeated rockfalls and
ominous rumbling from Les Diablerets attracted the attention
of the people working on the alpine pastures of Derborence
(1400 m) below the cliffs. At this time meltwater from the
glacier probably was percolating into opening bedrock
cracks. Finally, on 23 June 1714, several million cubic
metres of rock (and ice) became detached from the face of the
mountain and cascaded over the gently inclined terrace below. The rock stream overwhelmed alpine pastures. annihilated 55 buildings and killed 15 people. A freakish circumstance led to the incredible survival of one of the men: a
huge block crashed into a chalet. and stopped where it landed, thus protecting the rest of the frail structure from the
streaming debris; trapped alive inside the cheese room of this
chalet and cut off from the outside by a thick blanket of
rubble, but supplied by the cheese he had been preparing and
a trickle of water, he set about digging himself out. Eventually, after three months of strenuous and injuring work. the
emaciated figure emerged from the chaotic surface of the
slide mass looking like a ghost from the nethenvorlds. His
story was later retold in the powerful novel 'Derborence' by
C.F. Ramuz.
On 23 July 1749, a recurrent failure of about 30 X
10'm3 set off another avalanche of rock and ice which covered the slide deposits of 1714. This time precursory rockfalls and crashing noises were heeded by the mountain people, for most of them had left the uplands by the time the
wedge of rock and ice plummeted off the bedrock bench
below the main cliff, then glanced off the vertical wall of
L'Ecorcha, and streamed 3 km down the gorge of the Lizerne
Torrent. Nevertheless, five people perished in the rock
stream. The blocky lobe impounded the Derborence Torrent
into the Lac de Derborence. The total mass of the two
Diablerets debris streams ('Liapey') has been estimated at
approximately 50 x 106m3(Heim, 1932, p. 130-133. p. 187
and 1921, p. 460-461; Becker, 1883, p. 310-316).

Figure 137: Sketch map and geological cross-section through the south slope of
Les Diablerets, showing the wedge-shaped scarp slope failure below Diablerets
Glacier.
Since 1749 several smaller rockfalls have built a conspicuous talus cone at the foot of the Diablerets wall (Fig,
138). The largest of these occurred in 1881 and 1944.
Today the basin of the Derborence is accessible via a
spectacular road that winds its way along steep cliffs and

across the Liapey to Lac de Derborence. Several vacation
chalets, a camp ground, and a restaurant dot the margin of the
blocky surface which is now partly covered by a struggling
pine forest. During the summer months the area is visited by
many people.
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F~gure138 Northwestward view
of the detachment zone of the
D~ableretsrock avalanches and
rockfalls, note chalets on the promontory east of the blocky deposits of Le Llapey
(GSC 204 167-H)
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Val Ferret

- Val Veni (A51)

Locariorl: Valle d'Ao.rtu. Italy (C3)
Dore(s):12 September 1717(a/so15 August 1728, 14 and 19
November 1920)

Val Ferret and Val Veni form a remarkably linear trough
along the Italian side of the Mont Blanc Massif (4807 m).
The valleys parallel the northeasterly trend of the Helvetic
basement crowned by the imposing ice-covered granitic
spires of Mont Blanc (Fig. 139). About twenty glaciers cling
to cirques and bedrock ledges along the southeast-facing
valley wall. During the Little Ice Age ( 1550- 1850) most of
these glaciers reached the valley bottom (1300-1800 m).
Moraines fronting these ice tongues receive abundant debris
from massive rockfalls, ice-rock avalanches, and debris
flows (Porter and Orombelli, 1981).
During the early 18th century the Triolet Glacier played
a part in 'atastrophic mass movements in the upper Val
Ferret. Published accounts differ in emphasis and detail, but
it is probable that two major catastrophes occurred (compare
the accounts of Rabot, 1905; Sacco, 1918; and Montandon,
1933, p. 306). On 12 September 1717, a mass of rock, ice
and water, possibly set off by the burst of a small englacial
water pocket, developed into a bouldery debris flow that
overwhelmed pastures below the glacier, killing seven people and much livestock. On 15 August 1728, about 10 to 20
x 10'm3 of granitic debris, having broken away from a
bedrock spur above the Triolet firn basin (Aiguille de
~'~boulernent),
developed into a rock-ice avalanche that
moved at great speed 2 km beyond the glacier terminus where
it annihilated a hamlet.
On 14 and 19 November 1920, a section of the spectacular Peuterey ridge collapsed onto the Brenva Glacier whose

Figure 139: Index map of the hanging glaciers of Val
Ferret and Val Veni along the southeastern approaches
of the Mont Blanc Massif.

snout then was near the bottom of Van Veni. By scouring ice.
snow, and morainal debris the rock avalanche lohe swelled to
a volume of 4.5 x IOf'm': it blocked the flow of the Doire de
Veni and created a small lake (Valbusa. 1921). The thick
blanket of granitic debris on the lower Brenva Glacier protected the ice from solar radiation and thus triggered a spectacular advance of the glacier snout that lasted until 1940,
while all other glaciers in the region experienced dramatic
retreat. Between 1940 and the mid- 19605 downwasting and
retreat of the glacier left behind an imposing complex of
moraines (Fig 140). More recently the snout of the Brcnva
Glacier has advanced almost to the entrance of the Mont
Blanc tunnel at Entreves.
It is possible that during the initial glacier advances or
the Little Ice Age an ice avalanche of major proportions
occurred in the vicinity of the Brenva Glacier. In 1842, J.D.
Forbes was told by one of the locals that
"..on St. Margaret's day, the 15th of July, no one knows in
what year, the inhabitants of the village of St. Jean de Pertus.
which was then overhung by the Glacier de la Brenva.
instead of keeping the fete, pursued their worldly occupations: - the hay is dry. they said: the weather is fine: let us
secure it. But the sacrilege was soon punished. Next day the
glacier descended in a moment. and swallowed up the village
with its inhabitants.. . ' (Forbes. 1845, p. 206-207).
Today the Val Veni and Val Ferret are frequented by
numerous visitors during the summer tourist season. New
residential and hotel buildings have sprung up in the lower
parts of the valleys. Although they are generally protected
from snow avalanches, much of the hazard from rock and ice
falls has been found difficult or uneconomic to eliminate.

Figure 140: View from the debris-strewn lower part of
the Brenva Glacier towards the Aiguilles de Peuterey.
(GSC 2041 67-1)

Schlanders - Silandro (A52)
Locariorl: Vinrschgau (Val Vetiosta).Sudrirol (Alto Adige).
Ira!\. (F2)
Dare(s):29 May 1731
Schlanders (720 m) is the prosperous commercial and tourist
centre of the Vintschgau (Val Venosta), a fertile valley
following an east-trending lineament within the Austroalpine
basement complex (Fig. 141). The Vintschgau is drained by
the east-flowing Etsch (Adige) River which receives tributary torrents from glaciated catchment basins rimmed by
peaks with elevations above 3000 m.
Schlanders, like other communities in the valley, developed near the head of a debris fan on the north side of the
flood-prone river. The Schladraun Torrent flows from an
elongate upland basin through a narrow bedrock gorge onto a
gentle fan. The shape of the basin is controlled by steep
north-trending fractures cutting steeply south-dipping mica
schist. Unstable dip slopes and relict colluvial deposits supply most of the bedload of the torrent.

Figure 741: Sketch map of the precipitous mountains~desflanking the gorge of the Schladraun Torrent and
the built-over debris fan of Schlanders; note the location of the unstable foliation dip slope of Gamp which
suppl~edmuch of the debris during the disaster that
befell the community in 1 73 1.

Occasional debris flows were experienced during the
early history of Schlanders and in 1461 'water walls' were
first built across the head of the debris fan. However,
aggradation behind the walls raised the channel of the torrent. Then, in the late 17th century, several upland slopes
(e.g. Gamp slope) were completely denuded by clearcut
logging. Incipient instabilities on foliation dip slopes and
along steep colluvial ravines supplied increasing amounts of
debris to the torrent.
On 29 May 173 1, a devastating series of debris flows
burst forth onto the upper section of Schlanders. Waves of
debris surged across the now buried protective walls and
covered some 30 houses under more than 5 m of mud, sand,
and rocks. After the catastrophe most of the buildings were
excavated or rebuilt; but even today the entrance to the old
church is almost 2 m below street level (Fig. 142). Construction also began on a massive diversion dam of dry stone
masonry to confine the channel of the torrent to the eastern
fan sector. The dam eventually reached a length of 300 m, a
height of 10 m, and a maximum crest width of 5 m (Fig. 143).
It is one of the most impressive protective structures in the
Alps surviving from this early period (Stacul, 1979, p. 5657).
Aggradation behind the dam since its construction has
raised the eastern sector of the fan by several metres above
the built-over western sector, but the dam has served well to
the present day. Recently, check dams and transverse steelbeam rakes have been added along the channel. Resilient
stands of pine are slowly reconquering the formerly denuded
uplands, thus contributing to the stability of steep colluvial
slopes. The former off-limits eastern sector of the fan now
hosts the outdoor sports facilities of the town.

Figure 142: View of the church entrance below street
level at Schlanders, indicating the incomplete excavation effort after the catastrophe of 7 731. The he~ghtof
the wall on the left indicates roughly the depth to which
the town was buried in 1731. (GSC 2041 67-J)

Flgure 143 Two vlews of the protectlve debns deflect~ondam between the channel of the Schladraun Torrent and the modern build~ngsof Schlanders
(a GSC 204167-K, b GSC 204767-L)

Meiringen (A53)
Locarion: Aare Valley, Bern. S~vitzerland( 0 2 )
Date(s): 10 July 1733 (also 5 April 1650, July 1762, 1764,
26 May 1792, 1975)
The town of Meiringen (600 m) takes up the north side of the
Aare Valley where the latter transects a high mountain range
composed of complexly deformed southwest-trending
calcareous rocks of the Helvetic cover complex (Fig. 144).In
days past villages and hamlets were forced against precipitous bedrock walls or onto apices of gently inclined
debris fans by the unruly Aare River. Meiringen grew around
the apex of the Alpbach fan. The Alpbach Torrent reaches the
valley floor via a series of waterfalls behind the town.
During the late Middle Ages large amounts of bedload,
eroded from excessive clearcuts in the tributary basins, converted the river bed of the Aare into a braided network of
shifting channels; the slightest blockage of the river by debris
flows from tributary torrents created lakes and swamps on the
extremely low-gradient floodplain. Repeated debris flows
along the Alpbach Torrent, generally due to embankment
failures in the uplands, often caused flooding near
Meiringen.
On 10 July 1733 a serious debris flow buried a large part
of Meiringen and sparked the construction of a dry masonry
deflection wall. In July 1762 and 1764 massive flows overtopped this wall, dumping a debris blanket 5 to 10 m thick on
the remnants of several ruined buildings. The present church
near the apex of the Alpbach fan is the fifth on the site; its
original foundation rests under 7 m of debris. Comprehensive training works along the Aare River, initiated in
the mid-19th century, later supplemented by control works
and arrays of check dams along some of the tributary torrent
branches, have made life in Meiringen more tranquil (Ringgenberg, 1975).

By living close to the bedrock walls detining the valley
the people of the region also learned how to cope with slope
failures above their settlements. In 1649 herders working on
the alpine pastures across the valley from Meiringen noticed
that a huge crack had opened behind a limestone cliff above
the hamlets of Balm and Falcheren at an elevation of 1400 m.
In anticipation of a major collapse inhabitants in these settlements removed their belongings from the zone they considered too dangerous. On 5 April 1650, during springtime
snowmelt, a rock spur. possibly in excess of I x 106m3,
ruptured along the crack noted a year before and a disintegrating blocky lobe came hurtling down the mountainside. Preceded by a powerful airblast the debris lobe demolished several of the abandoned buildings. Today the rock
avalanche deposits on the valley floor are overgrown by a
protective and protected forest.
Similarly, on 26 May 1792. following a period of rapid
snowmelt and intense rainfall. a large mass of calcareous
slate and carbonate failed along the dip slope of the Engelhorner Massif. The resulting debris lobe split into two parts. Its
larger western portion slid towards the Reichenbach Torrent.
demolished several homesteads, killed three people, and
impounded the swollen torrent. The eastern lobe descended
the Geissholz gorge, spilled onto the debris cone of Geissholz and continued down a torrent channel towards Willigen. Both arms of the slide mass poured into the Aare
Valley, inflicting considerable damage.
More recently, there has been concern about rockfalls in
Meiringen. Scarcity of suitable development land had necessitated expansion of residential construction activity towards the historical rockfall chute of the Kirchberg cliff. an
overhanging limestone ledge 300 m above the town (Fig.
145). As early as 1914 about 3000 m3 of rock broke away
from the cliff and tumbled onto the then unoccupied flat
below. Since then, some twenty homes have been built there.

Figure 144: Index map of
the vicinity of Meiringen;
note the trained channel
and floodplain of the Aare
River which transects
southwest-trending carbonate ranges.

F~gure145 Detachment zone and tfack of the arbfrcialty released Kirchberg rockfallalong the outskrrts of
Merr~ngen.(GSC 204167-M)

By 1973,continued rockfalls totalling 60 000 m3pointed to a
serious threat to human I~ves.After other alternatives had
been pondered a decision was reached to blast away the
unstable rock mass in three stages while the endangered
buildings below were evacuated. The operation was carried
out successfully in 1975. Damage inflicted by scattering
blocks was minor compared to that which would have resulted if the whole unstable rock mass had failed unexpectedly and struck occupied homes (Neiger, 1978).

Fersina (A54)
Locarion: Trento. Trcwtino. I t u l ~( G 2 )
Date(s): October 1747 (also 13th century, 1686)
The drainage basin of the Fersina Torrent, a major tributary
ofthe Adige River, extends some 30 km into the mountains
east of Trento (200 m), the capital city of the Trentino (Fig.
146). The Hrsina Torrent drains upland basins underlain by
carbonate and metamorphic rocks of the South Alpine basement and cover complexes. The torrent enters the Adige
Valley through a narrow carbonate gorge below the conical
surface of Pergine (500 m). The city of Trento itself spreads
over the gently inclined debris fan of the Ftrsina on the
eastern bank of the Adige River. From excavated Roman
ruins within the city it appears that sand and gravel, deposited
by debris floods of the Adige and Fersina, have raised the
level of the townsite by 4 km during the last 2000 years.
Deforestation in the uplands, combined with rare
storms, made life along the Ftrsina Torrent very difficult
from the start. On the Pergine plain two hamlets. Arzenaca
and Bracese, disappeared in debris floods as early as the 13th
century (Strele, 1936, p. 127-128). Pergine protected itself
by constructing heavy stone walls and dykes during the 16th
century. Excessive bedload and debris carried by the Fersina
frequently blocked the gorge above Trento and then broke
forth in catastrophic debris floods sweeping through the old
city centre. In 1537 the first wooden dam was erected at

Pontalto (Pontt Alta) in the gorge to retain debris brought
down by the river during storms. However, this protective
structure collapsed in 1542 when the first serious onslaught
of debris pounded against the timber abutments. Subsequent
masonry dams at Pontalto did not fare much better: one
collapsed in 1564, another in 1686; during the dam failure of
1686 Trento suffered considerable damage. After this. attention shifted to a scheme whereby the channel of the torrent
was diverted onto the southern flank of the fan through a
sparsely populated section of Trento; but, just to make sure,
another stone-and-timber dam was also erected at Pontalto.
This dam held until 1747 when sections of rotten timber gave
way and a deluge of stony debris demolished numerous
houses in Trento. In the decades that followed the dam was
reinforced repeatedly and reached the impressive height of
40 m. It withstood the otherwise regionally catastrophic
period of debris floods in 1882 (Seckendorff. 1884, p. 1 17123).
In this century the course of the Fkrsina has been controlled by a combination of dykes, walls, check dams, and
sills. Many potential debris sources in the uplands have been
neutralized by reforestation; nevertheless, blocky bedload in
much of the upper torrent channel still demonstrates the
strong seasonal variations in the competence of the torrent.
The waterfall over the dam of Pontalto is now a tourist
attraction (Fig. 147); a marker details the history of the long
battle which the people of Trento had to wage against the
torrent.

F~gure146: Index map of the Fersina drainage basin showing the location of the
Ponte Alta (Pontalto) dam above Trento.

Figure 147: The debris
retention dam at Ponte Alta
(Pontalto) across the gorge
of the Fersina Torrent;
drawing from Seckendorff
(1884).

Grigno ( A S )
Location: Val Sugana, Trentino. Italj (G2)
Date(s): 18 August 1748 (also June 1564, September 1665,
16 September 1882, 4 November 1966)
The south-flowing Grigno Torrent drains a large catchment
area underlain by a variety of rock types of the South Alpine
basement and cover complexes, which are locally covered by
late Pleistocene surficial deposits. The torrent enters the Val
Sugana through a narrow carbonate bedrock gorge and
crosses a gentle fan on the north side of the Brenta River (Fig.
148). In the past, the community of Grigno (250 m) huddled
against the apex of the fan to avoid the regular floodwaters of
the Brenta. It was thus exposed to sporadic debris flows
caused by blockage of the lower Grigno gorge. Destructive
debris flows such as those of June 1564 and September 1665
were generally followed by long periods of deceptive
tranquility. By the early 18th century many of the formerly
forest-covered colluvial benches along Grigno Torrent had
been almost completely denuded in large clearcuts; erosion
along steep gullies was intensified during rainstorms. On
18 August 1748, a regional rainstorm triggered numerous
debris avalanches in the surficial deposits bordering the torrent. Pulses of debris collected into a massive flow which
swept Grigno, killing 19 people. After this event protective
forests were established along the most unstable ravines and

slopes of the upper Grigno Valley. However, on 16 September 1882, excessive runoff and infiltration of water during
one of the greatest storms in the history of the southern Alps
triggered 35 major debris avalanches in the Grigno basin
sending surges of debris towards the gorge. Bursting forth in
waves, the debris accumulated to a depth of 4 to 7 m and
destroyed 28 houses in Grigno (Strele, 1936, p. 130 and 134;
Seckendorff, 1884, p. 161-162). Beginning in 1883, check
dams were erected along the torrent and a set of 3 m high
stone walls was erected on the fan to guide the torrent through
the village. Immediately above Grigno a confining bedrock
nose was blasted away to allow the easier passage of debris
through the gorge. In recent years, the destructive impact of
mass movements has been confined to a few precarious
debris chutes carved into colluvial upland terraces. During
the storm of 4 November 1966, with its 200 m of rain in three
days, a debris avalanche destroyed several buildings in Molini (Gorfer, 1977, p. 949). At the same time erosion along one
of the most notorious debris sources, the Frana di Casa
Campestrin, north of Pieve Tesino (871 m), undercut several
buildings and threatened to expand towards and thus engulf
the whole village. Approximately 3 x l0'rn3 of unstable
debris is still present in this area (Largaiolli and Siro. 1977).
Since 1975 check dams and terracing, combined with
revegetation have been used to counteract erosion in tributary
gullies of the torrent, including the Frana di Casa Campestrin.

FRANA

Figure 749: Sketch map of the composite debris cone
of Randens and high-level source areas of histor~cal
debris flows down the Vorgeray and Nant Brun torrents.

Between 1748 and 1751 heavy rains and rapid spring
snowmelts set off massive slides along tributary ravines of
the Vorgeray. These slides developed into debris flows
which reached the upper part of Randens, then located on the
apex of the Vorgeray cone. The most serious flow in this
series occurred on I2 June 1751: it almost demolished the
church. A thunderstorm on 12 June 1760. mobilized an even
greater volume of unstable debris along the upper Vorgeray

Figure 148: Sketch map of the lower Grigno basln
showing the location of major debris sources near
Pieve Tesino and the Grigno fan.

Randens (A56)
Locatior~:Aiguebelle. Arc Valley. Savoie, France ( 8 3 )
Date(s): 12 June 1751 (also 12 June 1760, 7 June 1806)
Randens (349 m) is located at the periphery of two coalescing
debris cones along the eastern bank of the Arc River opposite
the town of Aiguebelle (Fig. 149). The debris cones extend
from the river to the steep gorges of the Vorgeray and Nant
Brun torrents which are carved into mica schist terrain of the
Helvetic basement complex. Scarps along steep dip slopes
below Pointe Arc (2365 m) indicate sagging and incipient
slumping of the intensely deformed metamorphic bedrock in
the uplands of both torrents. In the early 18th century large
sections of the uplands lost their forest cover due to clearcut
logging.

Figure 150: Recently excavated and renovated building foundations at the apex of the Nant Brun Torrent
cone; note two generations of walls on the far side of the
building. (GSC 204167-N)

gorge. and a fast moving lobe containing huge slabs of mica
schist engulfed stables and livestock in the village. Another
cycle of debris flows seriously threatened Randens between
1806 and 18 12. On 7 June 1806. one flow smashed into two
buildings and killed 4 people. (Mougin. 1914. p. 11651169).
Since 1807 stone masonry dykes along the axis of the
Vorgeray cone have successfully contained minor debris
flows. In the uplands reforestation has contributed to stabilizing embankments of debris chutes and ravines. In recent
years residential construction has extended onto the bouldery
debris of the upper cones. Here, formerly buried building
walls locally serve as pedestals for new homes (Fig. 150).

Massif de Platd (A57)
Location: Servoz. A r ~ vValley. Haute Saroie. France (83)
Date(s): 4 August 1751 (aslo 'early in the Christian era',
Februan 1471. 17 September 1852. 16 April 1970)

The Massif de PlatC (2553 m) overlooks the upper valley of
the Arve River and the glacier-covered northern buttress of
Mont Blanc, the highest mountain of Europe. Near Servoz
(870 m) the Arve River leaves the granitic basement terrain,
crosses an ancient lake bottom (Le Lac), and drops westnorthwesterly into a narrow gorge carved into north-dipping
shale-carbonate units of the Helvetic cover complex underlying the Massif de Plate (Fig. 151). North of the Arve gorge
the land rises smoothly to the terrace of Plaine Joux (1300 m)
and then in a series of steps to a serrated summit ridge known
as Rochers des Fiz (2200 m). The flat-topped ridge is
crowned by massive Urgonian limestone. Bedding dips 10 to
25" to the north-northwest. The orientation of the carbonate
scarp face of Rochers des Fiz is controlled by a system of
east-northeasterly trending fractures; fractures also penetrate
the karst plateau behind the summit ridge (Goguel and
Pachoud, 1978).
In the past the slopes below the PlatC Massif have been
affected by bedrock slumps. Most of the area is covered by a
blanket of angular limestone debris resulting from rockfalls
from the Urgonian cliff. Torrent gorges cross this unstable
terrain.
Sometime during the early Christian era a large slide
mass from the sagging toe zone of the Plate slope apparently
blocked the gorge of the Arve, impounding a lake that
flooded the plains of Servoz. The lake waters eventually
overflowed, not into the original gorge but into the parallel
gorge of Le Chitelard. located 0 . 5 km to the south. The lake
seems to have persisted until the 13th century when a failure
of the debris dam cleared the old channel, re-establishing the
old course of the river. The catastrophic debris flood that
resulted from this burst wiped out a locality named St. Denis
(Dyonisia) in the Arve Valley below (Mougin, 1914, p.
268).
Towards the end of February 1471 a major segment of
the sagging terrain failed again, raising the river channel to a

height of 150 m above its norrnal level. Once more, rising
waters threatened to inundate the community of Servoz,
However, before this could happen the inhabitants of the area
excavated a ditch across the slide mass. thus draining the lake
without further damage to property above or below the gorge
(Mougin, 1914. p. 268).
On 4 August 175 I , a major section of the summit ridge
of the Rochers des Fiz began to subside on a large scale at the
Col du Derochoir. Overhanging slabs of limestone crashed
onto the terrace of Plaine JOUXand a major rock avalanche
obliterated six houses and killed six people. Subsidence and
outward flow of the argillaceous strata below the Urgonian
cliff continued for more than a month; snapping noises and
dust clouds soon attracted the attention of the people in the
surrounding villages and rumour reached the royal courl in
Torin0 that a volcano had erupted in the region. To check on
the truth of these alarming reports the scientist Donati was
sent out to ivestigate. After completing his field assignment
Donati could report:
' . . . that after travelling for four days and two nights without
stopping I found myself in the face of a mountain completely
enveloped in smoke, from which broke away continuously,
day and night, masses of rock, with an astounding noise
stronger than thunder or the battery of a cannon. All the
peasants had left the neighbourhood, and only dared to watch
these collapsing cliffs from a distance of more than two
miles. The surrounding fields were covered with dust, much
resembling ashes; in some places the dust had been carried by
the winds to distances of five miles. The peasants said that
they had seen at times a red smoke during the day and that
during the night it was accompanied by flames. These
observations created the general belief that a new volcano
would be found; 1 examined the so-called ashes and found
that the dust was nothing but pounded marble. I observed the
smoke attentively but I saw no flames and received no odour
of sulphur, and neither the creeks nor the springs presented
signs of sulphurous matter. Thus 1 was convinced that there
were no sulphurous emanations. I passed through the smoke,
and, although alone and without escort, I advanced to the
edge of the defile. I saw an immense crag that was crumbling
into the abyss, and I observed that the smoke was nothing but
the dust arising from the fall of the stones. I searched for and
later found the-reason for the collapse of these rocks; because
I saw that a great part of the ground below the disintegrating
mountain consisted of earth and stones that were not ordered
in layers or beds, but were superimposed without order.
From this I could see that at this very mountain similar
collapses had occurred before and had left the crag that fell
this year without support and a considerable overhang. That
cliff consisted of of horizontal beds, of which the two lowest
were made up of shale or a laminated fractured rock without
much consistency; the two upper beds resembled the marble
of Porto Venere, but they were split by many transverse
fissures. The fifth layer again consisted of shale completely
broken in vertical slabs and forming the upper surface of the
fallen mountain. On this upper surface there were three lakes
whose water penetrated the openings of the rock layers that

Figure 15 1: Sketch map and geological cross-section of the Massif de Plate (after
Pachoud, 1976).

were thus separated from each other and undermined their
foundations. The snow that had fallen this year in the Savoie
higher than ever in memory, increased this force to such an
extent that it caused the fall of 3 million cubic spans ( =
approximately 20 x 106m3) of rock, enough to form a
mountain of its own. . . . ' (de Saussure, 1781, v. 11, paragraph 493).
Donati's remarkable report concluded with the prediction that the slope movements would come to rest, which
eventually they did. The slightly concave re-entrant of the

Col du Derochoir has since remained fringed by huge leaning
slabs of limestone (Fig. 151). It is flanked by two deeply
fractured bedrock spurs.
On 17 September 1852, an intense rainstorm set off
large bedrock-debris slumps at the headwaters of the Nant
Noir and Ruisseau de Bourdon torrents below the terrace of
Plaine Joux. For almost a year masses of debris descended to
the bed of the Arve River threatening repeatedly to stem its
flow. Debris flow activity along these two torrents continued
to be substantial until about 1856 (Goguel and Pachoud,
1978).

Grachen ( A H )
Locarrorl: Marter Valley. Wallis (Vu/ar.s).S\r~rrzer/u~d
(~2)
Dare(s): 9 December 1755 (also I 2 September 1855)

F~gure152 V~ewof the sanator~umof Praz Coutant,
avalanche track beh~ndthe bu~ldnote the snow-debr~s
mg. (GSC 204167-0)

Dunng the wlnter of 1969-1970 most of the Savoie
experienced exceptional snowpacks and snow-avalanche
act~v~ty.
The spring snowmelt was greatly delayed by late
snowfalls. On 5 Apr~l1970, a small wet-snow avalanche
slightly damaged a sanatorium on the thlnly forested bench of
Praz Coutant. On 12 and 13 April 1970, about 50 mm of rain
fell on the area and lnf~ltratedthe slope above Praz Coutant,
which is inclined 30-40" and 1s underlam by slaty marl
capped by about 2 m of colluvium. On 16 April 1970, a
blanket of colluvial debris several tens of metres wide
cracked open along a head scarp 300 m above the sanatorium
of Praz Coutant. The mass of soil and trees, about 30 00040 000 m' in volume. followed the path of the snow avalanche and crashed In to the western wlng of the building
( F I ~152).
.
The walls that had res~stedthe impact of the snow
avalanche collapsed under the impact of the debris, and 72
people, mostly children. lost their lives (Jail and Vlvian.
1971, p 475-482)
Today several sanatoriums, hotels, and prlvate homes
dot the 'sun slope' of the Plate. An elaborate network of
roads provldes access for hlkers and excurslonlsts who come
to enjoy the magn~ficentview of Mont Blanc It 1s unllkely
that past catastrophes will greatly ~ n h ~ use
b ~ of
t thls mountajns~dern the future The site at Praz Coutant whlch suffered
from the debr~savalanche of 1970 has been protected by a
high deflection dam Several actlve slumps along the terrace
nm of Pla~neJoux are be~ngdra~nedby open d~tches.The
possib~lityof a major collapse of the Rochers des Echlnes
above Praz Coutant has been recogn~zed.it would not only
endanger Praz Coutant but also the town of Chedde In the
Arve Valley (Fig 15 1 ) . The Importance of monltor~ngInc ~ p ~ e movement
nt
along the cl~ffhas been empha~zedby
Pachoud ( 1976) and Goguel and Pachoud ( 1 978)

Grachen ( 1600 m) 1s a large village spread~ngover a bedrock
terrace 600 m above the northeast-trending Matter valley
and commanding a spectacular vlew of the SUrroundlng
mountain ranges. The terrace IS a remnant of an old valley
bottom cawed into gently west-dipping metamorphic quccessions of the Penn~necore zone ( F I ~153).
.
Rising above
the Grachenwald forest the mountain spur of the Durlochhorn (2723 m) consists of semidetached rock towers and
sagging bedrock terrain mantled by rock avalanche deposits
which extend to the fringes of Grachen. The area surrounding
Grachen is one of the most selsmic regions in the central
Swiss Alps (Pavoni, 1977).
On 9 December 1755, probably as a consequence of an
earthquake whose Mercalli Intensity in Visp has been estimated at VII1, a part of the Durlochhom faded and a rock
avalanche burled one third of Grachen. Similarly, a serles of
earthquakes in July 1855 probably set the stage for serious
rockfalls on 12 September 1855, which damaged several
buildings in the village (Montandon, 1933, p. 307-308).
In recent years Grachen has developed into an Impressive tourist centre and building activ~tyhas approached
the rockfall lobes of past centuries (Fig. 154). The Grachenwald forest above the community will provide protect~on
only against minor rockfalls.

Figure 154 View of the lower slopes of the Durlochhorn and the conlcal rockfall deposlts behind Grachen
(GSC 204 167-P)

Reconstruction of Umhausen shifted partly to Ncudort
(=new village) a locality farther down the debris cone
(Strele, 1936, p. 130-131; Leys, 1977, p. 68-73).
In the summer of 1807 a large debris now burled a
hamlet located between Umhausen and Langenfeld. At the
same time Osten was demolished once more On 2 Augu5t
1851 and on I8 June 1855 debns flows agaln caused damage
in the central 0 t z Valley.
S~ncethe mid-18th century the most notorlou\ debr15
cones have been left undeveloped wlth broad strips of protectlve forest along their axes (Fig. 156) However, the
recent development boom has brought some res~dent~al
buildings close to the dangerous torrents. Sporad~cdebri5
flows, exceeding the design magnitude of protective dams,
walls, and linings, demonstrate the lim~tsof the 'achievable'
in this kind of environment. For example, on 29 June 1965,
an intense regional ramstom caused severe eroslon In the
uplandsof th;~ischbach Torrent; Langenfeld suffered heavily when a debris flow and flood carrying some 0 15 x 10hm3
of bouldery debr~sbroke across dykes and w a d e d the town
at the beginning of the tounst season (Heuberger, 1975;
Leys, 1980).

Umhausen (A59)
Locatior~:0 t z Valle~j.T ~ r o lAustrlu
,
(FI)
Dare(s): 9 to I I July 1762 (also surnmer 1807. 2 August
1851, 18 June 1855, 29 June 1965)

The 0tztal (0tz Valley) is a deep north-trending glaciallysculptured trough that crosses gneiss, amphibolite, and mica
schist terrain of the Austroalpine basement complex. Mountains bordenng the valley attain elevat~onsof more than 3000
rn (Fig. 155). The course of the Otztaler Ache (river ) is
confined by rock avalanche deposits, rockfall lobes and
debris cones. The most conspicuous of these obstacles, the
gigantic Taufererberg rockslide, has a volume of 2100 X
106rn3and originated by failure of a gnelssic ridge on the
west side of the valley above Umhausen (1036 m) about
8700 years ago (Erismann et al., 1977).
The prehistoric Taufererberg slide mass ong~nally
blocked the Otztaler Ache and its eastern tributary, the Horlachbach Torrent. Erosion of the fractured rock mass by the
Horlachbach Torrent has created the large debris cone of
Urnhausen. The aggradatlonal flat of Langenfeld south of
Taufererberg also recelves several high-gradient torrents.
The people of the valley, here as In other parts of the
Alps, preferred the sporadic threat of debris flows to the
regular floods of the river (see Otz Valley Ice Floods).
However, at times the debrls flow hazard has been substantial. The name Umhausen ( = resettlement) suggests that
the community had a predecessor elsewhere on the cone.
Between 1760 and 1770 Urnhausen again was In senous
difficulties and during the same decade debris flows forced
complete evacuation of the nearby hamlet of Osten. Between
9 and 1 I July 1762, an intense rainstorm filled the gullies and
ravines above Umhausen with debris which broke forth simultaneously dernolish~ng70 bulldings and kllllng 9 persons.

Figure 155 Index map of the central dfztal area, note
the gigantic prehistorical Tauiererberg rockslide and
the inhabrted debris cones at the mouths of tributav
torrents

Figure 156 View of the hamlet of Osten, note dense
protechve forest along the axis of the cone (background), the lone church (a remnant of a former setflement), and the farm burld~ngson the flank of the cone.
(GSC 204167-Q)

cones In this valley are of slrnllar orlgln and all of them have
been traditional sltes of settlement, occupled prlor to the firs,
attempts to control the floods of the unruly river
In the 13th century a predecessor of the village of
Neumarkt apparently was located along the outer periphery
of the Truden fan, about 1221 (?) it was swept away by a
flood of the Etsch River. Subsequent growth of two corn.
mun~ties, Neumarkt ( = n e w market) and V111. therefore
shifted up the debns cone. There sporad~cflows of debns
threatened both villages. necessltatlng the construction of
prim~tiveprotectlve walls
On 18 November 1767. a ralnstorm deluged the eastem
~ t s c hbasin (Sonklar, 1883. p. 86). One of the many torrents
that were choked by the debris eroded from tr~butaryravines
was the Truden Torrent. As a result, a masslve flow swept
into Neumarkt, obl~teratlngseveral build~ngsand k~lllng21)
people (Strele. 1936, p. 131) After this catastrophe two
buie stone-masonry dykes. 800 m long and 6 m high, were
built along the channel of the torrent to guide debris flows
stralght towards the river. Check dams constructed since
1884 have contributed substantially to the stabll~zatlo~
of
embankments ~n the upper Truden bas~n.Today the cone
hosts h ~ g h l yproductive vineyards and the two expanding
communltles.

Neumarkf-Egna (A6O)
Location: Ersch (Adige) V a l l e ~Siidtirol
.
(Alro Adige). Ituly
(G2I
Dute(s): 18 November 1767
The towns of Neumarkt (Egna) and Vill(226 m) are situated
on the large debris fan of the Truden Torrent which drains
parts of a rhyolite plateau (1200 m) of the South Alpine
basement complex on the east side of the Etsch Valley (Fig.
157). Cutting through extensive late Pleistocene surficial
deposits in the upper Truden basin, this torrent has built a
substantial fan out into the Etsch Valley. Many other fans and

Flgure 757: Sketch map of the
basin of the Truden Torrent and
the neighbour~ngcommunities of
Vill and Neumarkt (Egna).

Gaishorn (A61)
Location: Palten Valle)', Steiermark. Austria ( J I )
Dare(s): 1768
The Palten Valley is a wide trough-shaped depression that
follows a northwest-trending fault zone in phylliticcalcareous bedrock formations of the Austroalpine basement
complex. The low-gradient Palten River receives torrents via
debris cones from both sides of the valley (Fig 158). One of

Monbiel (A62)
Locarion: Klosrcrs. Grc~~thiirldrrl(Gri.ron.r). Swir:erloncl

(E2)

Figure 158: Sketch map of the Flitzenbach basin, the
Gaishorn cone, and the swampy terrain of former Lake
Gaishorn.

the largest debris cones is that built by the Flitzenbach Torrent, whose tributary branches collect runoff from bare
calcareous cliffs of the Reichenstein Massif (2251 m) north
of Gaishorn (720 m) and whose lower part is deeply incised
into unstable phyllitic bedrock which tends to slump or creep
across the channel.
Beginning in 1746 serious blockages of the Flitzenbach
channel by embankment failures set off debris flows which
repeatedly engulfed the community of Gaishorn. A massive
flow during a regional rainstorm in 1768 not only ravaged the
village but also blocked the Palten River (Stini, 1938). As a
result, a lake formed and flooded productive agricultural land
upstream from the cone. Continued debris flow activity from
the Flitzenbach basin not only restricted use of the cone to its
easternmost sector, but also maintained the Gaishornsee
(Lake Gaishorn) for more than 150 years. In 1925 it was
decided to drain the channel of the Palten River and thus
regain the flooded land. At the same time check dams and
other control works were built in the Flitzenbach basin to
diminish the input of fresh debris by the torrent. Nevertheless, debris movements continued with occasional blockage
of the Palten River; the river channel had to be dredged
repeatedly. At the same time swampy conditions prevailed
along the former lake bottom. In recent years there have been
plans to re-establish the lake as an economically and environmentally more appealing alternative to the costly dredging
operations along the periphery of the Gaishorn cone. A
recent housing development also has invaded the central
sector of the debris cone.

The hamlet of Monbiel ( 1291 m) crowds the western flank of
a large debris cone at the foot of the south-facing Schildflue
Massif (2887 m). The scarp face of the mountain above
Monbiel is sculptured by deep ravines and snow avalanche
chutes (Fig. 159). Bedrock consists of Pennine phyllite and
dolostone, overlain in tectonic contact by high grade metamorphic~of the Austroalpine basement complex. Foliation,
bedding. and the tectonic contact dip approximately 20" to
the northeast; numerous fractures parallel and perpendicular
to the valley fragment the rock faces.
During the winter of 1769-1770 heavy snowfalls, occasionally mixed with rain. created a thick snowpack throughout western Austria and eastern Switzerland. Spring of 1770
was delayed and snow began to melt in May. he delayed but
sudden snowmelt was accompanied by several rainstorms
during which slope failures and debris flows occurred widely
in this part of the Alps.
On 17 June 1770, intense rainfall and snowmelt triggered the collapse of approximately 70 000 m3 of fractured
gneissic and carbonate bedrock along a steep valleywarddipping fracture zone above Monbiel at an elevation of
1700 m. Channeled by the steep embankments of a bedrock
ravine, the crumbling rock mass fanned over the cone of
Monbiel. erasing 13 houses and killing 17 people
(Blumenthal. 1925; Heim. 1932, p. 122).
After the catastrophe most of the community has remained in its somewhat protected niche astride the cone and
away from the regular snow avalanches from the Schildflue
slope (Fig. 160).

Figure 159: Sketch map of the debris cone east of
Monbiel.

Figure 160: View of the rock avalanche lobe of 1770 on
the cone of Monbiel. Farm buildings on the lower cone
are located in the fall line of rare far-reaching snow
avalanches from the Schildflue slopes.
(GSC 204167-R)

Locarion: Cordevole Vulley, Verzero, Iraly ( G 2 )
Date(s): 11 J a n u a y 1771 (also I May 1771)

Figure 161: Sketch map of the environs of Lago di
Alleghe and the carbonate dip slope of Monte Forca;
note the historical change in the position of the Cordevole delta front (indicated by years).

Lago di Alleghe has one of the most enchanting natural
settings in the Southern Alps. The scenic village of Alleghe,
the dark forests behind it, and the white scarp face of the
Civetta Massif looming in the background have been illustrated in many travel books. The lake owes its origin to a
catastrophic rockslide that broke away from the (never depicted!) west side of the Cordevole Valley (Fig. 161).
The valley walls flanking the Torrente Cordevole near
Alleghe (980 m) are part of an east-dipping panel of carbonate and shale of the South Alpine cover complex. The dip
slope of the western valley wall is composed of limestone and
marl rising to the spur of Monte Forca (1980 m). Bedding
dips at an average angle of 28" to the southeast.
On I 1 January 1771, a slab of 20 x 10hm' of thickbedded carbonate rocks failed above a horizon of thinbedded argillaceous limestone below Monte Forca and
crashed to the bottom of the valley. Prior to the collapse of
the rock cliff the peasants working on the high pastures of
Monte Forca had noticed opening of cracks which to them
appeared as if 'a plough had just passed through'. The slide
erased three hamlets and killed their 49 inhabitants. The front
of the rock avalanche crossed the Cordevole Valley and
climbed more than 50 m up itseast wall, blocking the flow of
the Cordevole Torrent. One by one, five hamlets on the
upstream side of the slide mass disappeared beneath the
waters of a rising lake which soon extended 4 km upstream
(Fig. 162). ln February 1771 an engineering mission from
Belluno arrived at the site of the new lake and contemplated
the possibility of draining it. It was quickly recognized that

this was impossible. However, an unanticipated second failure on the Monte Forca dip slope was to prove more disastrous than the feared overflow of the lake.
On I May 177 1, a remnant of the overhanging Monte
Forca cliff broke away from its precarious pedestal and the
disintegrating mass plunged into the newly formed lake,
setting up a wave that surged over the opposite shoreline and
up the channel of the Zunaia Torrent. In the village of
Alleghe the wave damaged the church and killed three people
(Casal, 1898; Angelini, 1976, p. 45-57). The rockslide barrier at the lower end of the lake withstood the impact of the
wave train. Later, stone-masonry and concrete linings were
installed to stabilize the overflow channel on the blocky
Masare ( = debris).
Since 1771 numerous buildings, including the romantic
Villa Paganini, have turned the formerly forbidding Masare
into a sizable community of vacation homes. However, the
catastrophe of 177 1 did not remove all unstable rock from the
failure surface above the Cordevole Valley (Fig. 163). The
southern section of the Monte Forca is still a downward
tapering wedge of dolomite similar in cross-section to the
slab that failed in 1771. Several buildings have recently
sprung up at its base.
During every major rainstorm the Cordevole Torrent
adds an enormous load of sand and silt to Lago di Alleghe
(Trener, 1957). The original north arm of the lake has
changed into a wide braided reach and the depth of the lake
has decreased from 50 to approximately 15 m.

Lago di Alleghe (A63)

Ftgfffe 1M Map ?made fir 3 785) aS the impound& CardBvofe Torrent 8f?dthe Lags o'i AXi@g#h#;dfdwnedhamlets hav@b a n h&ated
by @e aftifit fffnm Angef~nt,1976).

Figure 163: a) View of the Monte Forca detachment zone and rock
avalanche deposits of 1771; note recently constructed vacation
homes on the blocky Masare (photo taken in 1980) (GSC 204167-S).
b ) View along the detachment surface of the rockslide to Lago dl
Alleghe; village of Alleghe on the left (GSC 204167-T).

Fucine (A64)
Lot-trtiot~:Vtrl rii Sole. Trentirlo. I m l ~f F 2 )
D ~ ~ ~ 17( Scprunrber
~ ) :
1772 (also 1 Sc~prember 1757,
1 0 October 1789, 1.5 August 1846. 2 5 Septetnber 18851

Fucine rests on a small cone at the confluence of the Vermigliana Torrent and the Noce Torrent. From the head of the
cone a large basin opens westward to Passo del Tonale. The
Vermigliana Torrent receives a number of steep tributaries
from the north and south which drain basins underlain by
gneiss. phyllite and granite of the South Alpine basement
complex. These tributaries join the main valley across short
but well defined cones covered with blocky debris. Because
of the l a ~ area
e
of the Vermigliana drainage basin, destructive debris flows at Fucine generally coincide with major regional floods of the Adige and Inn rivers, and are due to
blockage of bedload in the narrow bedrock passage above the
apex of the Fucine cone.
On 1 September 1757, following a series of thunderstorms, pulses of debris were deposited among the buildings
of Fucine. On 17 September 1772, three days of rain accompanied by warm south winds triggered great floods along the
Inn and Adige rivers and set off numerous slides in the basin
of the Torrent Vermigliana. In Fucine 22 buildings were
destroyed by a raging debris flood and half of the nearby
town of Ossana disappeared under a mass of rubble that had
broken away above a steep ravine. Damaging flows also
entered Fucine after the warm rains on 10 October 1789,
15 August 1846. and 25 September I885 (Strele, 1936, p.
131; Gorfer, 1975, p. 846).

Figure 164: Index map of
the Kalkkogel Massif and
the major communities on
its debris fans; note the
forced deflection of the torrent above Gotzens.

Today the undulating grassy cone of Fucine is
pierced by occasional blocks of granite. Parts of the vermigliana Torrent are controlled by old stone revetli-,ents and
sills; however. upstream from Fucine the braided reaches or
the torrent are uncontrolled.

Kalkkogel (A65)
Locarion: 1tit~sbruc.k.Tirol. Austria ( G I )
Dare(s): 1 Ju!\' 1782 (also 1575. 2 4 July 1750, 8 Augltsr
1807, 25 Ju!\' 1846, 2 June 1908)

The Kalkkogel Massif (2600 m). southwest of Innsbruck, is
a deeply dissected complex of flat-lying carbonate formations resting on metamorphic rocks of the Austroalpine basement complex. The upland basins of the main torrents are
directly underlain by carbonate rocks; the lower reaches of
the torrents are carved into locally unstable schistose bedrock
and late Pleistocene colluvium. Debris cones at the mouths of
the three torrents draining the massif accommodate the
flourishing communities of Fulpmes, Gotzens, and Axams
(Fig. 164). Clearcutting and overgrazing in the uplands during the Middle Ages enhanced the debris flow hazard which
in this area is related to the frequent summer thunderstorms.
Gotzens (868 m) suffered debris flow damage at least as
early as 1575. The main source of the debris is a deep
erosional scar (Grosse Blaike) in a bench of relict colluvium
at 1500 m on the west side of the Geroldsbach Torrent. On 24
July 1750, rapid runoff during a thunderstorm generated a
massive debris flow that invaded the church and damaged 20

Surlej (A66)
LO~.UIIOII
Lake Srlr'uplona. SI Morrr:. Grorthrtr~tleri(Grrtonr). Swirzerlund ( E 2 )
Date(s). 1793

F,gure 765 Protectrve dam under construct~onabove
the apex of the Axams cone, note vertrcal s11t.sln the
dam whrch allow Selective drscharge of normal bedload and mlnor debrls flows (GSC 204 1 6 7 4 )

houses. On 1 July 1782, another terr~ble cloudbursthallstorm moblllzed masses of bouldery debrls from the
Grosse Bla~ke;t h ~ ds e b r ~ sflared across the cone of Gotzens
demollshlng 22 houses and k~lllngfour people After t h ~ s
catastrophe the community set to work on a stone-masonry
deflection dam to divert d e b r ~ sIn the Geroldsbach gorge east
away from the vlllage. The cost of malntalning this structure
proved to be cons~derablebecause d e b r ~ sfrom mlnor flows
soon filled the space behind the dam. On 25 July 1846.
during another thunderstorm, d e b r ~ scompletely filled the
bend of the deflect~ondam and a 2 m thlck lobe overtopped
the wall covering fields near Gotzens. The protectlve structure was then ra~sedto a total he~ghtof 10 m and re~nforcedto
a th~cknessof 4 m. However. the scarred source area res
every majorstorm
sponded w ~ t hnew pulses of d e b r ~ dunng
On the evenlng of 2 June 1908, d u r ~ n ga cloudburstthunderstorm d e b r ~ sw ~ t hboulders reachlng 2 m In d~ameter
again breached the protectlve dam and In Gotzens 22 houses
d~sappearedIn the stony lobe (P. Frey, personal communlcation. 1980).
The torrent systems of the Kalkkogel area also are actlve
during regional rainstorms (e.g. 1807. 1855. and 1882).
During such a storm on 8 August 1807, Fulpmes was almost
entlrely destroyed by massive d e b r ~ smovements along the
Schl~ckerbachTorrent
In recent years the Kalkkogel has seen an enormous
expansion of tourlsm on account of two Olymp~cGames
.
reforestat~on
staged partly In the Axamer L ~ z u mSystemat~c
and terrac~ngof areas such as the Grosse Bla~ke.carr~edout
slnce the 1950s, construction of check dams and modem
protective dams (Fig 165). channel I~ninps,and stonemasonry revetments have substant~allyreduced the hazard on
the cones. New clearlng for ski runs in the uplands and
d
development pressure on the cones have j u s t ~ f ~ econsiderable expense to assure safety for lnhab~tantsand v~sitors.

Lake Sllvaplana 1s one of a strlng o l rparkllng lake\ in the
h ~ g hEngadln Valley, a 1our1~1
reglon blessed w ~ t h\tunnlng
vlsta5 and a pleasant winter climate The communltles of
Sllvaplana and Surlej have developed on two delta cones on
opposlte s ~ d e sof the lake (Fig 166)
Upland baslns In the area arc devo~dof trees and torrents
flow from rugged slopes underlam by Austroalplne
metamorph~cand sed~mentaryrocks, In places covered by
thlck moralnal deposit5
Surlej (1800 m) used to be a small agricultural hamlet
on the gently northwest-slop~ngdelta cone of a small creek
drainlng the slopes of the Rosatsch Massif (3 123 m). In 1793
a huge debris slump on the slopes behlnd the hamlet changed
into a massive flow that completely devastated the settlement
(Montandon, 1933. p. 310). The settlement was later rebullt
along the fringes of the debr~swhlch I S st111known as Crap da
Sass (Crap = debris)
In recent years the entlre upper cone of Surlej has been
built over w ~ t hvacatlon homes and apartments, part of the
overall development of the St Montz reglon (Fig 167)
Only the lowermost part of the debns fan 15 st111In agncultural use.

Frgure 166 Sketch map of Lake S~lvaplanaand the two
fan deltas on whlch Surlej and S~lvaplanaare located

Figure 767 Vtew towards the recently built-over segments of fhe Surle] fan delta. (GSC 204167-V)

Embach (A67)
Locatron Salzach Valley. S a l ~ b u r g Austrrc~
,
(11)
Date(s): Spnng 1794 (also 5 August 1598, June 1874)

Near the community of Embach the Salzach River winds
easterly through a narrow gorge cut into intensely deformed
phyll~ticbedrock of the Austroalplne basement complex and
a terrace of Pleistocene surfic~aldeposlts (Fig. 168). Tributary basins of the Salzach River along this stretch of the valley
are susceptible to sporad~cslumplng and d e b r ~ flows.
s
One of
the largest areas of chronic slumplng 1s the crown of the
terrace of Embach (1017 m), which is approximately 350 m
above the river. The Embacher Blaike (bla~ke=scar) is about
500 m wlde and at times has lnvolved as much as
10 x 106m3 of d e b r ~ movlng
s
away from the concave headwall of the sand-gravel terrace.
On 5 August 1598, accelerat~onof debris movements
caused retrogression of the head scarp, one of the openlng
cracks 'swallowed' a homestead and a family of seven. In the
spring of 1794 another sectlon of the head scarp failed,
de5troylng fields and bulld~ngsin the hamlet of Berg which is
s
a debrls lobe,
perched on the edge of the terrace. T h ~ tlme
composed of gravel, clay, moralne, sand and phyllitic bedrock blocked the rlver and created a lake which extended
3 km upstream, as far as the village of Taxenbach The lake
pers~stedfor several years before the rlver cawed a new
channel across the toe of the s l ~ d emass (Stmi. 1938, p. 15
and 20)
Because of the large size of the area susceptible to
sllding and the abundance of subburface water, the unstable
terrace at Embach has remained a serlous problem to thls
day. Drarnage by surface d~tchesand attempts at reforestatlon have only been partly successful. From tlme to time (e.g
1935, 1948) these works are distorted by accelerated movements of the whole slope and have to be renewed. The road

Figure 168 Sketch map of the Salzach River gorge
east of Taxenbach, the gravel terrace of Embach, and
the slide-prone phyllite slope north of the river Rail and
road beds skirt unstable terrain along the bottom of the
gorge

Figure 169 View of the Embacher Blaike scar: note
rubbly toe zone and head scarp of the slowly moving
debris shde which is covered by several generations of
planted trees (GSC 204 167-W )

and railway along the busy transportation corr~dorwere
forced onto the unstable bedrock slope along the north side of
the river (Fig. 169). There. as early as June 1874. the roof
and wall of a rallroad tunnel collapsed Into the river (Wolf,
1875). The design of the modem highway has required
extensive rock engineering to overcome the problems of the
sagglng terrain

cone hosts several settlements, including Niedernsill, Jesdorf, and Muhlbach.
On August 1798*a
Over the
ridges
in this area caused ~I'lOrmOusrunoff and subsequent erosion
along the banks of the Muhlbach Torrent and mobilized an
incipient debris slump at the mouth of the Bombach ravine
(Fig. 170). This slide mass swerved across the swollen waters of the Miihlbach Torrent creating a lake 20 to 30 m deep.

km

Flgure 170 Sketch map of the Muhlbach basln south
olthe Salzach Valley; note low-gradlent Swampy floodplaln between debrrs cones of tr~butarytorrents

Figure 171 View of ~ ~ h , b(foreground,
~ ~ h
and
N~edernsrll(background), note the sharply curvedprotectrve debns d~versrondam and contrnurng construetlon achvlty on the upper fan (GSC 204 167-XI

The oversaturated plug of debris failed and a masslve flow
completely ravaged the village of Muhlbach at the apex of the
cone and invaded sections of Jesdorf and Niedernsill, six
persons lost their lives. The debris stemmed the flow of the
Salzach River and left a braided blanket of gravel on formerly
productive agricultural land downstream from the cone. During this catastrophe more than 6 x 106m3ofdebris may have
been moved across the cone.
On 7 August 1970, a short and intense thunderstorm
deluged the Muhlbach basin; more than 60 mm of rain fell in
only 40 minutes. Reactivation of long-dormant erosional
scars and local blockage of the torrent channel by log jams
produced four debris flows. The wings of pre-existlng check
dams were tom off as the flows tried to establish a deeper and
widerdischarge section. A volume of 0.5 x 106m3of blocky
debris flared over the eastern sector of the cone. The frontal
wall of debris contained blocks several metres in diameter
and locally attained speeds of 50 to 60 km/h. Houses in
Muhlbach were severely damaged and three people lost their
lives. One building, plcked up by a pulse of debris, was
carried 500 m down the cone, where its occupant walked
away unhurt! This catastrophe spurred the rapid construction
of a masonry deflection dam at the apex of the cone.
Almost exactly one year later, on 28 July 197 1, thunderstorms again struck the upland basin of the Muhlbach Torrent. This time there was 40 mm of rain in 90 minutes.
Debris totalling 0.3 X 106m3swept across the fan, causlng
heavy material damage. After this disaster the crest of the
deflection dam which had gulded only part of the flow was
raised to a helght of 10 m (Fig. 171). Control works (check
dams) in the source area and a large-capacity retention basin
at the apex of the fan have been added since then (Hoffmann,
1972).

Lake Lucerne

- Vierwaldstattersee (A69)

Loc~atioti:U r i - S c h ~ ~ : ~ ; - U n r e r ~ SI~-irrerlatid
~ ~ a l ~ l e ~ l .( 0 2 )
Date(s): 14 Ma! 1801 (also 1659,23Juk 1764.8 Decenlber
1769. I 5 JI~!\.1795. December 1879. 8 Aicgust 1964)

Lake Lucerne (435 m) occupies a deep fracture-controlled
glacial basin carved into the front ranges of the Swiss Alps
(Fig. 172). On the north side it is bordered by the conglomeratic Rigi Massif (1801 m) of the Molasse Zone; its
southern arm (Urnersee) is walled in by near-vertical carbonate cliffs of the Helvetic cover coniplex that attain heights of
more than 2000 m. Bedding surfaces and major thrust faults
dip approximately 20" to the southeast. Communities along
the lake are located on small fan deltas and narrow terraces.
In the past human works have suffered both directly and
indirectly from debris flows and rockfalls into the lake.
In 1659 a massive failure along the conglomeratic cliffs
of the Rigi generated a blocky stream that destroyed the baths
of Liitzelau (Heim, 1932, p. 82: Montandon, 1933, p. 303).
On 23 July 1764, a cloudburst deluged the summit ridges
west of Lake Lucerne; water and debris collected on the
deforested and deeply scarred limestone cliffs, and descended into a ravine that opens onto the steep debris cone
with the settlement of Buochs. The rush of water and debris

knocked down a dozen buildings and killed I I people ( ~ ~ f fo, 1977). On 8 December 1769. a wcdge of carbonate
splintered away near Seelisberg and plunged directly into the
lake, setting up a wave train that demolished shoreline in.
stallations nearby (Heim. 1932. p. 69).
In the spring of 1795 a series of cracks opened in a
debris-covered slope above W e g g i ~at the foot of the Rigi
Massif. After a period of intense and sustained rainfall in july
a slide mass, I km wide began to skid towards the lake,
carrying the village of Weggis with it. Its overall movement
was so slow that the inhabitants of the community still could
salvage their belongings from the doomed homes. The motion of the slide was accompanied by a low rumble and
continued for more than two weeks until the whole blocky
lobe including the village disappeared into the lake. A new
village soon was built near the site that had vanished into the
rising waters of Lake Lucerne (Heim, 1932, p. 17; Montandon. 1933, p. 310).
On 14 May 1801, a mass of limestone, resting on
calcareous slate and dipping steeply towards the lake below
the Buggisgrat on the east side of Urnersee, became detached
from its pedestal and plunged into the lake. The coherent
rock mass set up a large wave train which rolled over
shoreline installations, smashed several buildings and
drowned 14 people (Montandon, 1933, p. 312).
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Figure 7 72: Index map of Lake Lucerne (Luzerne) and sketch map of the debriscovered conglomerat~cdip slope of the Rigi Massif.

Late in December 1879 an unstable ledge on the Vitznauerstock (1452 m) failed; the blocky debris of the disintegrating slab temporarily halted on a terrace of calcareous
flysch below the summit ridge. However, the terrace with its
load of carbonate blocks began to move slowly into the
headwaters of the Vitznauer Torrent; there the debris accelerated into a flow which eventually swept across the southern
sector of the cone of Vitznau. Fortunately only the northern
sector was inhabited and there was no loss of life when the
overloaded periphery of the delta cone slumped into the lake
(Heim, 1921, p. 436).
On 8 August 1964, a carbonate slab of 40 000 m3
volume came loose along a quarry face near Obermatt. It set
off a wave train in the lake that caused minor damage.
In recent years the communities along Lake Lucerne
have continued to thrive. A major through road to the Gotthard Pass which formerly clung to the rockfall-prone eastern
shore of the Urnersee has been placed entirely in a tunnel.

Schesatobel (A70)
Locariori: Bludenz, Vororlberg. Ausrrio ( E l )
Dare(s): 1804 (also 1867, 1907, Augusr 1966, May 1967)

The Schesatobel (1300 m), an amphitheatre-shaped upland
bowl 700 m across, is probably one of the largest erosional
features in the Alps produced by human carelessness (Fig.
173). It rises above the headwaters of the Schesa Torrent, a

southern tributary of the Ill River (530 m) and is carved into a
200 m high late Pleistocene ice-margin terrace. The poorly
sorted and unconsolidated bouldery material of this terrace
rests on deformed evaporitic carbonates of the Austroalpine
cover complex.
Prior to 1770 thick forests mantled the Schesa basin,
and the torrent was an inconspicuous creek. In 1796 major
clearcutting operations completely denuded the basin. The
creekbed, which served as a haulage route during logging.
and its tributary ravines, became an ever-growing source of
debris. During a series of rainy years backward erosion and
widening of tributary gullies undercut numerous unstable
embankments along the terrace rim and in 1804 the first
massive flows of bouldery debris reached the Ill River. In wet
years mobilization of debris from the Schesatobel continued
to be a major problem: by 1867 the cone of the torrent had
pushed the channel of the 111 River against the low terrace of
Niiziders, threatening the collapse of several buildings in that
settlement.
Towards the end of the 19th century, the SchesaTorrent
and Ill River became the target of systematic control works.
However, the Schesatobel amphitheatre by now had all
aspects of a badland: precariously unstable pinnacles of
bouldery deposits alternated with deeply incised ravines.
Control works below the Schesatobel rim proved to be more
difficult to execute than expected. In order to raise the torrent
channel and thus prevent bank scour the abutments of check
dams had to be provided with especially wide wings (Fig.
174). Construction activity in the bowl itself was hazardous.

Figure 173: Sketch map of
Schesa Torrent and the
completely trained 111 River
in the densely populated
district of Bludenz.

Figure 174: Two views of the large check dams along the Schesa Torrent below the
erosional bowl of the Schesatobel: a) check dams confining the braided channel of
the Schesa Torrent to the centre of the valley thus preventing lateral scour (GSC
204767-Y); b) steel-concrete check dam with an armoured carapace which minimizes damage to the structure from minor debris flows (GSC 204167-2).

In 1907 a wall of bouldery debris with a volume of 0.2 X
1 0 ~ ncollapsed,
i~
almost killing a work gang. Only the foresight of a supervisor averted a major disaster. Gradually
control of bank erosion and reforestation of bare slopes have
reduced the amount of material carried to the 111 River.
Nevertheless, local mockery referred to the erosional feature
as 'Millionenloch' ( = t h e million hole) in reference to the
money poured into it.
Schesatobel continues to be a problem. A rainstorm in
August 1966 and another in May 1967 mobilized debris with
a total volume of 0.8 x 106m' and forced a complete modernization of the check dams (Fiebiger, 1974). Existing and
planned housing developments in Burs, on the Schesa cone,
have justified construction of a protective debris deflection
dam and expenditures for continued control work (Fig. 174).
In the 180 years of its existence the Schesatobel has
produced about 40 x IOhm3 of debris. Check dams erected
during the last 80 years have raised the bed of the torrent by
approximately 40 m, allowing alders to invade some of the
scarred embankments.

Goldau (A71)
Locatior~:Schrzyz. Switzerland ( D l )
Date(s): 2 September 1806 (also 1354, August 1874)

The community of Goldau (500 m) is situated on a large
apron of angular debris which envelops the southern flank of
the Rossberg or Rufiberg Massif (1570 m). The Rossberg
and its famous counterpart across the valley, the Rigi, are
part of the Tertiary Molasse Zone of the Swiss Alps and are
underlain by panels of resistant conglomerate and recessive
shale, dipping to the south-southeast (Fig. 175). Near the toe
of the Rossberg dip slope bedding dips 15", near the top of the
mountain the dip increases locally to 30". Transverse joint
sets disrupt the Rossberg slope into large tilted slabs. A large
part of the Rossberg south slope is covered by such dislodged
blocks; some of them are remnants of prehistorical rockslides, others the result of minor historical rockfalls; however, most of them are remnants of the great 'Goldauer Bergsturz' of 1806.
The earliest known historical failure of the Rossberg dip
slope occurred about 1354. This slide probably obliterated
the hamlet of Roten, then located in a zone that was to fail
again during the great catastrophe of 1806.

Figure 175: Sketch map of
the Goldau rockslide; note
minor incipient
debris
slumps along ledges of the
conglomerate dip slope.

The events leading up to the destruction of Goldau in
1806 were chronicled by Zay (1807) in an extremely important monograph; supplemental studies were conducted later
by Heim (1921, 1932), Kopp (1936), Lehmann (1942) and
Zehnder (1974). Incipient instabilities near the crown of the
Rossberg Massif had raised some apprehension at least thirty
years prior to the 1806 failure. Movement of part of the slope
became obvious during the exRemely rainy
of 1799,
1804, and 1805. In 1805 debris flows and bedrock slumps
occurred widely throughout eastern Switzerland. Then the
winter of 1805- 1806 brought an exceptional snowpack and
runoff was delayed by a cold spring. The period of delayed,
but rapid snowmelt was followed by heavy precipitation in
July and August. At this time the upper part of the Rossberg
Massif conglomerate walls collapsed into adjacent ravines
and trees toppled into open fissures. Vertical fractures, now
filled with water, cracked open emitting sounds akin to the
discharge of cannons. Some of the people living on the

Rossberg packed up and left. Others, including the inhabitants of Goldau, stayed. fascinated by the drama that
unfolded above their heads.
On the afternoon of 2 September 1806, the main head
scarp of the slide opened along a single fracture and a rock
mass of approximately 10 to 20 x I06m%egan to move,
first slowly then explosively fast, along a composite bedding
plane contact between conglomerate and calcareous shale.
Earth tremors were felt throughout the incipient slide area
and the rising toe of the disintegrating rock mass instantaneously ploughed into the Lauerzer See where it set off
a wave of mud, trees, and water, 20 m high. This wave
surged over the lakeside villages of Busingen and Lauerz,
and debris filled one seventh of the lake. Destruction was
even more violent in Goldau along the western arm of the
slide mass; an air blast preceding the frontal wall of the rock
avalanche lifted a few lucky souls to safety, but the main
body of debris annihilated about 300 buildings and claimed

457 lives. The terrible roar of the avalanche was followed by
a deathly silence and a thick cloud of dust drifted across the
valley (Fig. 176).
In spite of the generally turbulent times in Europe, the
catastrophe attracted wide attention, and the site of the disaster was visited by many travellers, artists and writers. Lord
Byron, who came to Goldau ten years later wrote about the
Rossberg slide. . .

Reoccupation of the land devastated by the 1806 rockslide and re-establishment of a community were slow at first.
However, the arrival of the Rigi and St. Gotthard railways in
the late 19th century turned Goldau into an important transfer
centre. Nevertheless, the idea of a railroad tunnel beneath the

'Mountains have fallen
Leaving a cap in the clouds and with the shock
rocking their Alpine brethren, filling up
The ripe green valleys with destruction's splinters,
Damming the rivers with a sudden dash,
Which crushed the waters into mist, and made
their fountains find another channel - thus,
Thus, in its old age, did Mount Rosenberg -'. . .
The 1806 failure of Rossberg was followed by smaller
recurrent slides. At the end of August 1874, a small rockdebris avalanche cascaded down the southwest flank of the
mountain, causing minor damage at a locality known as
Sonnenberg above Oberarth; the failure was triggered by
infiltration of water from two springs into open fractures of
deeply weathered bedrock and surficial debris (Baltzer,
1875). During the wet summer of 1910, considerable slippage of old slide material was also noticed along the eastern
flank of the mountain by Heim (1932, p. 40 and 55).

Figure 177: View northward from the town of Goldau to
the detachment zone of the 1806 rockslide; note large
transported blocks in the foreground.
(GSC 204 168-A)

slide masses along the Rossberg toe zone was abandoned
because . . .
.those parts of the Rossberg, which according to the views of
might cause similar catastrophes in time spans of
several hundreds of years, overhang the southern entrance. . . ' (Zehnder, 1974, p. 144).
Today Goldau flourishes on account of its industry and
tourism. An excellent small 'Bergsturzmuseum' keeps alive
the memory of the disaster which so deeply affected the land
and people of this beautiful part of Switzerland. The detachment zone of the rockslide has been set aside as a nature
conservancy area (Fig. 177). The eastern upland slope of the
Rossberg is still dotted by numerous hamlets and farms.

Schwaz ( A72)
Location: Inn Valley, Tirol, Austria ( G I )
Date(s):26 July 1807 (also 600 A . D . . February 1527, 1539
(?), 1553. 1569. July (?) 1669)
The town of Schwaz (545 m) owes its origin to mining
activities dating back to prehistorical times. The main mining
boom, based on silver and copper ores found southeast of the
city, lasted from about 1500 to 1700. During this period
Schwaz grew rapidly, spreading over most of the cone of the
Lahnbach Torrent (Lahn = avalanche), a southern tributary
of the Inn River (Fig. 178). This torrent drains a bowl-shaped
basin on the northwest side of the Kellerjoch (2200 m) which
is underlain by gneissic bedrock of the Austroalpine basement complex. Discontinuous pockets of late Pleistocene

ice-margin deposits perched against bedrock between 1000
and 1500 m are dissected by tributary ravines. Below the
debris sources the torrent passes through a narrow gorge with
phyllitic bedrock embankments. Historical debris flows in
the Lahnbach basin have resulted from embankment failures.
blockage of the gorge, and instabilities along deforested
colluvial veneers.
The first 'horrible' bursts of debris over Schwaz occurred about 600 A.D. (Hanausek, 1975, p. 108-109). Devastating flows engulfed the thriving mining centre again in
February 1527, in 1539 (?), in 1553, in 1569 when 140
people were said to have been killed, and in July ( ? ) 1669
when 50 people perished (Dalla Torre. 1913. p. 103).
On 26 July 1807, a thunderstorm-cloudburst centred
over the Kellerjoch released large amounts of debris from the
ravines of the upland basin; debris flows flattened I1 buildings in Schwaz, damaged many others. and killed four people (Aretin, 1808, p. 79-80).
For centuries the town has attempted to protect itself
against the ravages of the torrent by a system of stonemasonry dykes designed to guide debris straight through the
city to the Inn River. Repeated spillover of debris during
storms raised the level of the channel and dykes several
metres above the town's streets. Today the bed of the torrent
follows the elevated axial ridge of the cone, fringed by a
public park. Above the apex of the cone two steelbeamconcrete dams, approximately 10 m high, provide protection
against exceptional mass movements. The principal debris
sources of the uplands have been neutralized with check
dams and snow avalanche bridges. Within the city this inbuilding activity even
creased level of control has
along the slanting outer flanks of the old stone-masonry
dykes, and the debris cone now is completely built over (Fig.
179).

Figure 178: Sketch map of
the old mining town of
Schwaz on the cone of the
Lahnbach Torrent.

F~gure179: View of the built-over cone and the catchment basin of the Lahnbach Torrent, note farms along
upland terraces, protective forests along the gorges,
and snow avalanche tracks below the crest of the
basin. (GSC 204 168-6)

Monte Masuccio (A73)
Location: Tirario, V~~ltelline
(Adtlu Valley).Lo~nbardicr.Iruly (F2)
Date(s): 7 December 1807 (also June 1808)
The massif of Monte Masuccio (28 16 m) rises on the north of
the Adda River (500 m). Like most other south-facing slopes
of the Valtelline, Monte Masuccio hosts several small hamlets and vineyards, which cling to a sagging complex of
steeply dipping low grade metamorphic schists of the Austroalpine basement complex covered by pockets of surficial
debris (Fig. 180).The toe zone of this sagging slope has been
undercut by the Adda River. which. at precisely this point, is
forced northward by a large debris cone.
On 7 December 1807, movements along the toe of the
sagging slope accelerated. and a large slump mass crossed
the Adda River, obliterating the mills of Sernio. These movements probably were triggered by infiltration of water into
cracks during the periods of exceptional regional rainfall
registered in the months and years preceding the failure.
The slide mass obstructed the flow of the Adda, creating
a lake which drowned several small settlements on the floodplain upstream from Sernio. Six months later, in June 1808,
the overflow of the lake, possibly enhanced by springtime
freshets in the upper basin of the Adda, ruptured the slide
dam and a debris flood laid waste to the valley below,
including parts of the townof Tirano (Schaubach. 1867, v. 4,
p. 78; Bohm, 1886, p. 634).
Today erosion-control structures inhibit undercutting of
the Adda River along the toe zone of the sagging Monte
Masuccio slope: high masonry walls and dykes guide the
boulder-strewn river through the town of Tirano.

Figure 180: Sketch map of the sagging Monte Masuccio bedrock slope northeast of Tirano.

A ntelao ( A74)
Locatiori: Cndore. Boitr V(llle.v, Venero, Ituly (HZ)
Dare(s): 21 April 1814 (also 25 January (?) 1348, 1729,
1737. 1868)
The Antelao Massif (3263 m) on the northeast side of the
Cadore Valley is a steep-walled carbonate pyramid in the
South Alpine cover complex (Fig. 181). Below, shattered
spurs, towers and ragged ravines open over steep cones of
blocky debris.
The upper
part of Antelao is composed of thick-bedded
.dolomite resting on a recessive shale-sandstone unit. The
entire panel of rocks dips 25" to the north-northwest. The
recessive unit (Raibliano Formation) defines a slightly inward-dipping terrace along the west face of the mountain.
The communities of Borca di Cadore (945 m), Villanova,
and Cancia (892 m) occupy the slopes between the mountains and the Boite Torrent. The town of San Vito di Cadore
covers the lower portion of a huge debris cone, which probably originated by prehistorical mass movements along the
north face of Antelao.
On 25 January (?) 1348. possibly due to a great earthquake that shook the southern Alps, a rock avalanche broke
away from the upper cliffs of Antelao and seriously damaged
some buildings in Borca di Cadore. Small rockfalls were
again registered in 1729 and 1737; these may have been
precursors of the great collapse along the northwest face of
the mountain in 1814.
-

Figure 18 1 . Sketch map of
the carbonate pyramid of
Antelao and the tracks of
histoncal rock avalanches.

On 21 April 18 14, a mass of carbonate rocks approximately 5 x 1O6m%n volume slid away above the Raibliano
shale horizon. Guided by the northwest-dipping bedding and
a steep northwest-trending fracture set, the disintegrating
mass of dolomite first moved north-northwesterly and then
cascaded westerly from the slanting terrace onto the valley
floor (Fig. 182). There the lobe split into two parts: one
erased the villages of Taolen and Marceana, killing 300
people; the other blocked the south-flowing Boite Torrent
temporarily (Catullo, 18 14; Casal, 1898). The buried villages were not rebuilt after the catastrophe.
In 1868, a year characterized by abnormally deep snowpacks and severe rainstorms throughout the Alps. another
segment of Antelao failed. This time. a spur below the
summit of the mountain split along a vertical crack and a
stream of carbonate rubble swept down the Rovina di Cancia.
The rubble cut a swath through the village of Cancia. killing
12 people (Marinelli, 1878. p. 34).
Because of their proximity to the tourist centre of Cortina d'Ampezzo the communities of Villanova. Borca di Cadore, and Cancia presently are experiencing rapid growth.
New vacation homes are located on deposits of the 18 14 rock
avalanche and on the slanting apron of debris fringing the
Rovina di Cancia.

Figure 182: Part of the talus-covered basal rupture
zone of the Antelao rock avalanche of 1874.
(GSC 204768-C)

Perarolo ( A75)

Perarolo (528 m). a small town in the upper Piave Valley, is
located on a small bouldery triangle marking the confluence
of the Boite Torrent and the P ~ a v eRiver. Upstream from the
town the Bbite Torrent crosses a gorge cut into fractured
carbonate shale and evaporites of the South Alpine cover
coniplex.
In October 1820 a part of the evaporitic-calcareous
bedrock slope of the Boite gorge failed and a thick lobe of
debris temporarily blocked the torrent. When the barrier
broke a massive debris flow overwhelmed Perarolo, depositing as much as I2 m of rubble among the houses, rendering
them useless (Casal. 1898. p. 214).
After the catastrophe. the town huddled against the
steep western wall of the gorge. Today a dyke, approximately 10 m high, protects the village from the ravages of the
torrent (Fig. 183). Two hydroelectric reservoirs in the upper
part of the Boite basin control seasonal discharge. A railroad
tunnel also pierces the unstable formations of the gorge.

open valleys. In strong contrast, the carbonate successions
above weather in vertical walls and towers. The presence of
swelling clays in the shales and volcaniclastics favours development of slumps, incipient slide scarps, and extensive
earthflows. Mobile shale slopes involve broken bedrock and
surficial deposits up to 50 m thick. Displaced fences and
road beds suggest long-term movement rates of 10 to 80 cm/
year. However, these rates vary greatly from year to year
depending on the quantity of water entering the slopes during
snowmelt and seasonal storms (Fischer, 1967). The outflow
of shale from beneath the plateaux leads to sporadic collapse
of carbonate pinnacles. Many of the upper shale slopes are
covered by angular carbonate blocks which local legends
used to attribute to battles between giants! Chaotic aprons of
blocky carbonate debris also are mobilized occasionally into
devastating debris flows.
On 19 June 1821, probably prepared by infiltration of
snowmelt from heavy snowpacks and by extended periods of
summer rain in the region during the preceding decade, creep
and slumping involving most of the mountainside below the

Figure 183: Masonry and gabion dyke separating the
town of Perarolo from the channel of the Bo~teTorrent;
unstable bedrock slopes upstream from Perarolo in the
background. (GSC 2041 68-0)

Val Badia

- Gader Vallev (A 76)

Locarion: Dolomire Mout~roins,Sudrirol (Alto Adige). Iruly
(G.21
Dorefs): 19 June 1821 (also 1488 to 1493, June 1827, 1 ro
8 November 1841. 14 April 1867)

The north-flowing Gader Torrent drains a large catchment
area of subdued shale slopes crowned by rugged carbonate
plateaux of the northern Dolomite Mountains (South Alpine
cover complex); the crests of the Gader basin attain heights of
more than 3000 m (Fig. 184). Extensive veneers of surficial
deposits characterize most of the lower shale slopes of the

Figure 784: Index map of the upper Val Badia. Note the
large earthflow lobes on the gentle shale slopes below
the carbonate plateau.

Valle di Vanoi (A77)
Locutrofl Vatle dr Vanor. Tretrtrrlo. lrcllv ( G 2 )
Darefr): December 1825 (a150 14 AUK US^ 1748, autumn
1823, May 1826, 20 September 1829, September 1882,
12 October 1889, 4 November 1966)

Figure 185 The unstable shale slope of Larnuda below
the carbonate cl~ffsof the Kreuzkofel (Fanes) Massif
The toe of thls slope impounded the Gader Torrent ~n
1821. (GSC 204168-E)

west wall of the Kreuzkofel (Fanes) Massif (2700 m) were
noticed southwest of St. Leonhard (Fig. 185). Large cracks
soon opened in a broad arc above the hamlets of Lazonei and
Sottni and an earth-debris mass pushed 16 buildings of
Lamuda into the rising waters of the Gader Torrent whose
flow had been stemmed by the advancing toe zone of the
moving slope. A lake known as Lec da Sompunt eventually
extended more than 1 km upstream before being drained by a
cut across the debris banier. However, the embankments
along the former lake were now extremely unstable and
during a sudden snowmelt and rainstorms in June 1827 the
Gader Torrent camed away much of the loose slide material,
devastating fields and communities in the lower valley (Staffler, 1846, v. 2, p. 280).
During the wet period of the early 19th century other
shale slopes In the Dolomite Mountains were in motion.
Between 1 and 8 November 184 1, a large earthflow advanced towards the town of Cortlna d' Ampezzo (10 km east
of Val Badia) demolishing 24 bulldings in the hamlet of
Pecol. On 14 April 1867, a gigantic earthflow near Pescosta
threatened the hamlet with a simllar fate.
In the past earthflows on poorly dralned shale slopes of
the Dolomite Mountains were accepted as a nuisance by the
inhabitants of tradit~onally agricultural settlements in the
region. Recently, the Dolomite Mountaln region has experienced an unprecedented tourist boom: roads, ski lifts,
and residences have invaded formerly open shale slopes (e.g.
the Corvara-Pescosta area). Surface drainage is pursued
vigorously as the only economically feasible remedial measure, but is often inadequate to completely stabilize creep of
the impermeable shale terrain.

The large drainage basin of the south-flowing Van01 Torrent
IS underlain by phyllite, sch~sts,and granitic rocks of the
South Alplne basement complex (Fig. 186). The basin IS
bordered on the north by a cham of rhyolite peaks, the
Cadena dei Lagorai (2500 m). Much of the large catchment
area is underlain by sagging mountainsides of phyllite and
pockets of late Pleistocene ice-margin deposits. After reckless deforestation during the 18th century deep cracks and
gullying appeared in several tributary basins, initiating a
remarkable series of mass movements affecting the length of
the Vanoi Valley.
On 14 August 1748, a violent regional rainstorm released an enormous quantity of water onto loose debris near
the summit of Clma Folga. The mater~alwas mobilized into a
coherent debris flow that overwhelmed Canale di Sotto (near
the present Canal San Bovo), killing 72 persons (Gorfer,
1977, p. 962).
However, the most spectacular debris movements In the
region occurred in the Val del Rebrutt, a small tributary basin
west of the Vanoi Torrent. The crest of this basin includes
Monte Calmandrino (2079 m) and is underlain by phyllitic
bedrock which formerly was covered by a thick blanket of
surficial deposits. In 1786, after the basin had been completely denuded of its forest cover, large crown cracks
appeared along the upper nm of a north-facing dip slope east
of Monte Calmandrlno. Landowners recognized that excessive snowmelt and rainstorms had triggered the ground
movements and they tried to channel some of the runoff away
from the open fissures. Unfortunately, their efforts came too
late: gullying and subsidence had advanced to the stage
where massive failure was imminent. Flnally, in the autumn
of 1823 a regional rainstorn set off the first series of debns
flows from the Rebrutt basin; the flows crossed the Vanoi
Torrent and stemmed its flow for more than an hour. Then the
unstable debris bamer burst and a deluge of rock and mud
demolished several buildings in Canale. After this. discharge
of debrls occurred ever more frequently and in December
1825 a newly formed cone across the bottom of the Valle di
Van01 began to impound a lake (Lago Nuovo) which soon
drowned 36 houses comprising the hamlet of Ponte (Strele,
1899). In May 1826. during a spring freshet, a large section
of the conical dam failed and a deluge of debris burst over the
hamlet of Remesori near Canal San Bovo, erasing 13 buildings and killing 52 people (Gorfer, 1977, p. 962). New loads
of debris from the Rebrutt basin ra~sedthe height of the cone
to 90 m above the valley floor and increased the length of the
lake to more than 2 km. Below, the Vanoi Torrent now
shifted its braided track randomly from one bank to the other
On 20 September 1829, the lake again overflowed and cut
deeply into the conlcal dam. The resulting debris flood.
which reduced the lake to one third its size, toppled the
church and several buildings in Canal San Bovo.

Figure 186: a) Geologicalindex map of the upper Vanoi basin; wavy lines indicate
phyllites, crossses indicate granitic rocks. b) Sketch map of the Vanoi Torrent
between Caoria and Canal San Bovo; note the Rebrutt fan andsagging foliation dip
slopes along Rio Valsona.

In subsequent years supply of available debris in the
Rebrutt basin gradually decreased and vegetation reconquered the bleak slopes. Nevertheless the braided reach of
the Vanoi Torrent near the Rebrutt cone and the remnants of
Lago Nuovo remained a menace for years to come. Late in
September 1882, on the heels of a great regional rainstorm, a
debris flow from a steep tributary torrent (Val Regana ?)
closed the Vanoi Gorge at a point 8 km above the village of
Caoria. This bouldery barrier soon collapsed and a flow
carrying gigantic granite blocks swept across the lower parts
of Caoria into the swampy upper end of Lago Nuovo. The
wave train set up by the impact of the debris forcefully struck
the Rebrutt cone and lowered the outlet channel of the lake.
On 12 October 1889, several debris flows occurred in the
Vanoi basin. The most disastrous of these originated from
slides in the basin of Rio Valsona. It slammed into buildines
of Caoria and filled whatever remained of Lago Nuovo
(Strele, 1936, p. 135-1361. This last series of catastrophes
accelerated the ongoing depopulation of the upper Vanoi
region.
.
J

Figure 187: Northwestward view along the
of the Vanoi Torrent at the toe of the Rebrutt cone (on
the left); note wide-winged check dams designed to
localize bedload transport and impede channel migration. (GSC 204168-F)

Figure 188: Recently constructed church on the cone
of the Rio Valsona Torrent at Caoria; note the block of
metamorphic rock marked with '7889', the date of the
debris flow which deposited it. (GSC 204 168-G)
During this century the most severe mass movements in
the Vanoi region occurred during the great rainstorm on
4 November 1966, when, after four days of rain totalling
300 mm, dozens of buildings, roads, and bridges collapsed
in the onslaught of debris avalanches, debris flows, and
debris floods. After this event the regional government initiated a concerted effort to check debris movements in the
uplands and to control erosion along the banks of the Vanoi
(Fig. 187). Protective dams and control structures have been
built in and near the communities of Caoria and Canal San
Bovo where a considerable number of vacation homes have
since sprung up (Fig. 188). Much of the bouldery torrent
track along the former bottom of Lago Nuovo between
Caoria and Canal San Bovo is now covered by a dense alder
forest (Fig. 187). Forests again contribute to the stability of
precarious bedrock slopes in the Rebrun, Valsona and other
tributary basins. Downstream from the Rebrutt cone two
distinct terraces flanking the Vanoi channel are reminders of
the two largest bursts of Lago Nuovo in the 19th century.

Obervellach - Moll Vallev (A781
Locarion: Kiirnren (Carinrhiu). Alrstrio (12)
Dare(s): 2 7 June 1828 (also 1619, 1620, 1717, 1757, May
1827, 1840-1854, 1 7 to 1 8 August 1 9 6 6 )

The Moll Valley (700 m) west of Obewellach follows the
east-trending, south-dipping tectonic contact between mica
schists of the Austroalpine basement complex on the south
and medium- to low-grade metamorphic rocks of the Pennine
Tauern Window on the north (Fig. 189). Mountain ranges
flanking the valley attain elevations of approximately
2500 m and are the sources of torrents that commonly flow

across sagglng bedrock slopes or arc carved into Pleistocene
colluvium (Weiss, 1969). Prchistorical debris flows from
unstable uplands created large cones along the sides of the
Moll Valley, giving rise to the sinuous course of the Miill
River. In historical time massive debris movcrnents generally followed periods of deforestation or overgrazing of steep
south-facing slopes.
In 1619, 1620, 1717 and 1757 the town o f Obervellach
at the head of the Kaponigbach cone was severely damaged
by debris flows as much as 4 m deep. On 27 June 1828. a
slide off the dip slope of the Steggraben ravine blocked the
Kaponigbach gorge above Obewellach; the pressure of the
impounded waters soon caused failure of the debris plug
which changed into a massive flow that overwhelmed the
town, burying 14 houses (Stini, 1938, p. 23).
At about the time of the last disaster at Obervellach the
Klausenkofler Torrent began to deeply erode its unstable
embankments. The torrent had been a harmless northwestern
tributary of the Moll River until the beginning of the 19th
century when a large clearcut denuded a bench of relict
colluvium along an unstable foliation dip slopc. In May 1827
warm rains and rapid melting of an exceptional snowpack set
off the first voluminous debris flows through the steep gorge
of the Klausenkofler Torrent into the Moll River. As the
torrent joins the Moll River along a relatively narrow stretch
of the valley, the flows of debris immediately impounded the
river, creating a shallow lake, the Gossnitzsee. Sporadic
floods resulting from bursts of the lake persisted for decades
and became particularly troublesome during the wet years
between 1840 and 1854 (Seckendorff, 1884, p. 202-205).
In later years the torrents of the region were brought
under control by masonry check dams in the uplands and by
walled embankments on the cones. The Gossnitzsee all but
disappeared. Nevertheless, until recently the settlement pattern in the valley reflected the traditional knowledge of
recurrent debris flows and flood waves: most villages cluster
along south-facing interfan areas well above the floodplain of
the Moll River. In the wake of large scale hydroelectric
development of the Moll basin, the Gossnitzee was reestablished by a dam. New housing developments and residential construction soon shifted onto more hazardous cones.
During the great rainstorm of 17-18 August 1966. most
of the torrents of the Moll Valley carried very large loads of
debris. One of the most destructive debris flows originated
by the failure of a high embankment of relict colluvium in the
upland basin of the Wollinitzbach Torrent. A lobe of boulders and uprooted trees accelerated as it descended down the
gorge, attaining a volume of 0.3 x lo6m3; the debris surged
in several pulses over a new section of Kleindorf on the axis
of the cone, demolishing eleven buildings and killing three
people. The debris reached the Moll River, pushed its channel against the south bank and raised its bed 7 m. Only rapid
excavation of a ditch across the debris flow deposit, which
eventually attained a volume of 0 . 6 X 106m3, prevented
potentially costly damage to hydroelectric installations upstream from the cone.
After the storm of 1966, check dams and revetments
along many channels were supplemented by protective dams
across the gorges (Fig. 190).

Figure 789: Index map of the Moll Valley showing the principal areas of historical
debris flow activity on debris-covered south-facing foliation dip slopes.

Figure 190 a) Large gneiss block near the apex of the Wollinitzbach cone, commemorative plaque refers to the Catastrophe of 1966, note new residence behrnd
the block (GSC 204168-H) b ) Protective masonry-concrete-steel dam across the
gorge of the Wollinitzbach Torrent,person on the right for scale Steel beams dehne
a select~ved~schargesectlon ('filter dam') which prevents the passage of blocky
debris llows but permits a gradual removal of accumulated debrrs by the normal
erosive action of the torrent (GSC 204168-1)
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In 1834 arock avalanche broke away along a composite
fracture zone above Spriana and obliterated most of the
village (Montandon, 1933, p. 317). Gigantic blocks of
gneiss from this and possibly older falls still pierce the
tel~acedmeadows between the old stone-roofed build~ngsof
the community (Fig. 192). Some of these houses have recently been restored into modem homes.

F~gure792 Steep rockfall cone and part of Sprrana
(GSC 204168-J)

Felsberg (A80)
Locarton: C h u r , Gruubrtrlden
Dare(s)c 13 March 1834
E
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Figure 197. Sketch map of the gnerssrc bedrock slope
flankrng the ~Wallerogorge near Spnana

( G r ~ s o n ~S~~~rt:erlurtd
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The old village of Felsberg (570 m) spreads over mounds of
prehistorical slide debris at the foot of the Calanda Massif
(1700-2400 m) north of the Rhine River (Fig. 193). The
valley wall behlnd the village is a composite d ~ pslope of
massive Malm limestone of the Helvetic cover complex. On
the lower part of the slope bedding dips approximately 35" to
the south and together with steep fractures defines a surface
of detachment of prehistorical rockslides. Towards the top of
the cliff bedding dips between 25 and 30".
Beginning on 13 March 1834, and continuing untll
1867, a seriesof rockfalls, involving slabs of l~mestoneup to
100 m in diameter. broke away from the headwall of the
preh~storicaldetachment surface at about 1400 m elevat~on.
Some of the blocks came to rest only a short distance behind
Felsberg. By 1844 apprehension concerning a major rock
avalanche led to the partial evacuation of the community to a
new town site, named Neu-Felsberg. 1 km to the east. The
anticipated rock avalanche did not materialize although
minor rockfalls from the cllffs have been registered from
time to time (Heim. 1932. p. 153-154).
In recent years the two Felsbergs - Altdorf and
Neudorf - have absorbed suburban growth from the nearby
cities of Chur and DomaVEms; most of the new homes are
within reach of a major rock avalanche from the Calanda
cliffs (Fig. 194).

Frgure 193: Sketch map and cross-section of the Calanda dip slope near Felsberg; note blanket of rockfall debris below the retrogressive scarp midway up the
slope.

Peccia (A811
Locarioiz: Val Lavizzara (Maggin Valley). Tirino, Su~irzerland ( 0 2 )
Dare(s): 27 August 1834 (also 1760)

Figure 794 Vrew of Felsberg-Altdorf and the carbonate d ~ slope
p
behrnd the vrllage, the church rests on a
prehtstor/cal slrde block [GSC 204168-K)

The village of Peccia (840 m) presently sklrts the eastem
flank of a small debrls cone at the junctlon of the torrential
Maggia and Peccla rivers (Fig. 195). The cone is bordered by
steep bedrock slopes composed of granitic gneisses of the
pennine core complex. ~oliationin the gnelsses dips about
30" to the east and is cut by near-vertical north-trending
fractures. A short distance north of Peccia the Maggla Rlver
flows through a narrow gorge whose east side is a sagglng
slope ~nvolvinga total rock volume of more than I50 x
1O6m'. Prehistorical movement along thts slope blocked the
Maggla channel and created a small aggradational basin on
the upstream side
Accelerated movement of this slope was triggered by
intense rainstorms and flood events I n September 1757 and
July 1758; in 1760 a series of debris flows debouched from
the Maggia gorge and leveled the commun~tyof Peccia.
Shortly thereafter, the community was rebuilt farther to the
east, but still on the boulder-strewn cone.
After the Intense rainstorm that deluged the southcentral Swiss Alps on 27 August 1834, the toe of the sagging
slope again obstructed the flow of the Maggla River and
bouldery flows once more demol~shedPecc~a(Preiswerk,
1918; on tan don, 1933, p, 308). During this catastrophe
approximately 50 x 106m30fmater~alwere In rnotlon on the
lower part of the sagging slope.

Crodo (A82)

Figure 195: Sketch map of the sagging slope below
Pizzo di Ruscada and subsidiary bedrock slump below
Alpe di Arena; the gorge of the Maggia River was
repeatedly blocked by movements of this slope.

Crodo (534 m) crowds the southern flank of the steep debris
cone of the Alfenza Torrent along the west side of the Toce
River (Valle Antigorio). Bedrock underlying thc mountains
in the vicinity of Crodoconsists of massive, gently southeastdipping gneisses of the Pennine core zone. The Alfenza basin
above Crodo, however. is a huge terrace of sagging bedrock
rimmed by the southern summit ridge of Monte Cictella
(2880 m). Embankments of unstable bedrock and relict colluvium along the gorge between Mozzio and Cravegna sporadically fail due to deep-seated creep of the sagging rock
mass (Fig. 197).
On 27 August 1834. during a severe rainstorm. slumps
along the Alfenza gorge stemmed the flow of the swollen
torrent. A massive plug of bouldery debris containing slabs
of bedrock up to 12 m in diameter burst forth from the gorge
onto the Alfenza cone and devastated half the village of
Crodo (Montandon, 1933, p. 3 17).
Until recently the axial sector of the Alfenza cone was
left undeveloped because of the threat of debris flows from
the unstable uplands. However, check dams and protective
structures have been completed above the cone and the first
houses have sprung up o n its central sector (Fig. 198).
Sustained lateral pressure along sagging channel embankments has threatened to crush the check dams and will eventually necessitate repair or replacement of these structures.

Figure 196: Deep but dormant crown cracks In massive gneisses along the headwall of the Alpe di Arena
detachment zone. (GSC 204168-L)

Since that time the rown has survived, perched against
the precipitous and not entirely stable bedrock spur of Piano
del Monte. The Maggia River has been diverted into a
hydroelectric tunnel just above the slide-blocked gorge. The
sagging slope now displays an undisturbed mantle of mature
forest, suggesting that at present it is dormant (Fig. 196).

Figure 197: Sketch map of the Alfenza Torrent which
flows through a sagging bedrock slope of gneisses
overlain locally by thick surficial deposits.

Figure 198. a) View of the Alfenra cone; villaf~eof Crodo on the left, note dehse{y
forested slopes bordertng the Alfenza gorg@and relafive& new reSidentiaI bu~ldings along the formerly a v ~ i d e central
d
sector of the debrrs cone (GSC 204168-lkl).
6) Damaged wing of a check darn En the upper Alfenza Tarrenf; the structure 1.9
bejflg crushed by Eateral stresses exerted by the sagging slope (GSC 204168-N).

Torrent de St. Barthelemv fA83)
Locarion: Rhone Valley, Vnrrd, S~vinerland(B2)
Datds): 26 Augusr 1835 (also 563 A.D.. I1 October 1635,
I2 Maj 1636, 25 June 1636, 26 September to 9 October
1926)
The channel of the St. BarthClemy Torrent leads from the
west bank of the Rhone River (430 m) over the huge debris
cone of Bois Noir to the hamlet of La Rasse (600 m) and up
into the steep Gorge du Foillet. The gorge eventually opens
towards the rugged and ice-covered summit ridge of the
Dents du Midi (3100 m). The gorge of the torrent parallels
the north-dipping contact between crystalline basement and
sedimentary cover of the Helvetic zone (Fig. 199. 200).
Vertical walls and unstable pinnacles of calcareous flysch
and massive limestone along the Dents du Midi ridge frequently are the source of rockfalls. Glaciers (Plan NCvC) and
firn fields cover some of the bedrock shelves above the Gorge
du Foillet. In the past, temporary blockage of slide debris in
the Gorge du Foillet set off violent flows of debris to the Bois
Noir cone.
During the decline of the Roman Empire the Bois Noir
cone was probably the site of a military fortress and a town,
known as Tauredunum, which controlled access to the upper
Rhone Valley. In 563 A.D., a massive failure in the St.
Barthelemy basin triggered a large debris flow (or flows),
which demolished the settlement and blocked the flow of the
Rhone River; the impounded river eventually broke through
the low dam and a devastating flood wave raced downvalley
to Lake Geneva (Lac Lkman). Many people were said to have
been killed (Montandon, 1933, p. 280-281).
On 1 I October 1635, a series of slides from the summit
ridge of the Dents du Midi produced pulses of debris which
reached the cone. On 12 May and 25 June 1636, the masses

of accumulated debris again were of sufficient volume to
block the Rhone River temporarily (Montandon, 1933,
p. 302-303).
On 26 August 1835, a small rock avalanche from the
Cime de 1'Est deeply scoured the ice fields of Plan NCvC; the
mixture of ice and rock descended through the gorge in four
major pulses. The first pulse was the most destructive: it
buried parts of the hamlet of La Rasse and destroyed much

Figure 199: Sketch map of the Torrent de St. Barthblemy, its partly glacier-covered source area, and the
large debris cone extending across the floor of the
Rhone Valley.

agricultural land on the cone; the Rhone was dammed briefly
(Helm, 1921, V. 11, p. 461). This catastrophe was witnessed
by a group of geologists, among them Elie de Beaumont. In
1847 de Beaumont wrote about his observations:

. . . '1 have seen in these muddy overflows a small-scale
picture of the "phEtnombne erratique" as I conceive it'..
m e term 'phknombne erratique' was then used for the
seemingly incomprehensible occurence of erratic blocks of
crystalline schists in the sedimentary foreland of the Alps. A
catastrophi~t,Elie de Beaumont could not yet accept a glacial
interpretation for erratic blocks which at the time was rapidly
gaining support among European naturalists.
In September 1926, debris and remnants of snow avalanches from the previous winter filled the upper gorge.
Torrential rains that began on 26 September mobilized this
debris, generating flows that ravaged the cone until 9 October. The total volume of material brought down during this
cycle was approximately 1 x I06m3 (Mariktan, 1927;
Montandon, 1933, p. 3 17-3 18 and p. 327-328). Other debris
flows in 1927 and 1930 interrupted the transportation routes
to the upper Rhone Valley.
By 1939 several masonry check dams had been erected
in the upper basin of the torrent to prevent undercutting of the
colluvial embankments along the channel (Fig. 201a). In
1970 the torrent again showed signs of serious debris flow
activity, and in 1975 a concrete dam, 45 m high, was erected
across the upper gorge (Fig. 201b). Aggradation behind this
structure will eventually render it ineffective. A large part of
the impressive cone of Bois Noir is still covered by a pine
forest (Fig. 201c); the community of Evionnaz and several
recreational developments are now encroaching onto the
southern sector of the cone.

Figure 200: Schemat~c geological cross-sections
along the Gorge du Foillet.

Figure 201: a) View towards the rugged summit ridge
of the Dents du Midl from the top of the Gorge du Folllet;
note large masonry check dam bu~ltin the 7930s (GSC
204 7 68-0).b ) Recently completed steel-concrete dam
across the Gorge du Foillet; note temporarily impounded snowmelt runoff behind the structure (photograph taken in 198 1) (GSC 204 168-P),c ) View across
the 801s Noir cone; note protective plne forest on the
northern sector of the cone (right); farms and residences dot the southern sector (GSC 204768-Q).

Verres (A84)
Loc.c~rinri:Doro Balrea Vr~llej..V d l e d'Aasra, Italy (C3)
Dare(s): 1840 (also 11th cenrun, 1408. 1620. 10 Seprernher
1857)

Near the town of Verres (391 m) the Dora Baltea River
breaks through mountain ranges composed of southeastdipping metamorphic rocks of the Pennine and South Alpine
basement complexes. Closely spaced settlements in the narrow valley cluster along debris cones and fans marking the
junctions of tributary torrents with the flood-prone river (Fig.
202).
One of the most prominent of these cones is the rubbly
surface of Arnad (361 m), which used to be known as 'Glarier d'Arnaz' @area= blocks. gravel). It spreads below a
precipitous bedrock basin underlain by massive gneisses.
Steep ravines feather out in the summit ridges of Monte
Crabun (2710 m). Wedge failures of bedrock along these
ravines develop into channelized flows to the cone. Destructive bursts of blocky debris on the Arnad cone occurred
in the 11th century, in 1408, in 1620, and on 10 September
1857, when 30 people lost their lives (Montandon, 1933,
p. 319-320). The community of Arnad has persevered in the

Figure 203: a) View of the apex of the built-over cone of
Arnad; large gneissic blocks are visible to the left of the
trained torrent channel. Pavedmasonry walls are about
2 to 3 m high (GSC 204768-R). b ) View of Verres from
the gorge of the Evancon Torrent; fan apex and lowermost gorge are densely populated (GSC 204168-s).

Figure 202: Index map of the lower Dora Baltea Valley
near Verres and Arnad.

face of these flows and recently has expanded onto blocky
debris left by the last catastrophe (Fig. 203a). The lower parts
of the 'Glarier' are now shared by new housing, industrial
sites, and vineyards; the channel has been lined with high
masonry revetments.
The problem of Verrbs is slightly different. This town
has grown at the mouth of the Evancon Torrent, on the gentle
debris fan above the east bank of the Dora Baltea River. The
large catchment basin of the Evancon Torrent (Val Ayas) is
underlain by intensely fractured ultramafic and metamorphic
rocks. Along the eastern flank of Monte Zerbion (2722 m) a
prehistorical (?) slide mass of approximately 200 x 106m3
crosses the valley floor and in the past has supplied abundant
debris to the torrent (Fig. 202). In 1840 coarse bedload
apparently jammed the narrow gorge above Verres; the explosive release of the accumulated debris crushed a number
of buildings in the town's centre, killing 80 people (Montandon, 1933, p. 318).
Today Val Ayas faces tremendous development pressure and many hazardous reaches along the torrent, including
the floodplain below the Monte Zerbion slide mass, host
permanent dwellings or campgrounds. Verres still clings to
the exit of the Evancon gorge and the torrent crosses the
built-over fan in a masonry-walled channel (Fig. 203b).

grannenburg 6485)

Upper Vintschgau-Val Venosta (A86)

Localion: Degerndorf. Inn Valley. Bayern (Bavaria), Germany ( H I )
Dore(s): 9 to 1 8 August 1851

Locclrion: Vinrschga~c(Vul Vcnosta). Siidrirol (Alto Arlige).
Ifaly ( F 2 )
Date(s): 17 to 18 June 1855 (also I 8 ro I 9 May 1847. 7 June
1849, July 1851. 3 June 1855)

Brannenburg (509 m) is a small community on the north
flank of a large debris cone west of the Inn River in the front
ranges of the eastern Alps (Fig. 204). This cone is crossed by
the Kirchbach Torrent whose catchment area straddles the
tectonic contact between south-dipping Austroalpine carbonate complexes and intensely deformed Helvetic flysch ter,,in. Approximately 1 km west of the apex of the cone the
rim of the drainage basin is a steep scarp slope
(Schrofen) consisting of a lower recessive evaporitic shaledolomite unit and an upper cliff-forming dolomite.
The summer of 1851 was extremely rainy throughout
the front ranges of the Alps; the Inn River flooded at least
three times. On 9 August 1851, excessive infiltration of
rainwater caused the collapse of approximately 3 x 106m3of
carbonate-evaporite rock from the Schrofen face. By 18
August the fragmented carbonate mass had spread across the
channel of the Kirchbach Torrent. Saturated by the impounded waters behind the slide mass the lobe of debris
began to advance towards Brannenburg which was spared
destruction by a ledge of bedrock in the path of the debris
masses (Giimbel, 1861, p. 290). However, in the small
hamlet of Gmain, south of Brannenburg, six buildings were
crushed before the debris lobe came to a halt.
In the years since this disaster a mature forest has grown
on the bulky debris lobe and check dams along the torrent
prevent mobilization of debris from its embankments. The
lower fringe of the debris lobe recently has been invaded by
large hotels. The breakaway scar on the Schrofen, although
still bare, shows only traces of rockfall activity.

The upper Vintschgau (Val Venos~a)is a wide, glacially
sculptured valley, flanked by mountains composed of high
grade metamorphic rocks of the Austroalpine basement complex. It is drained by the Etsch (Adige) River which heads in
two lakes (Reschensee and Haidersee) near the border between Italy and Austria (Fig. 205). Tributaries of the Upper
Etsch River enter the valley over huge debris cones which
restrict the flow of the river. Catchment basins are rimmed by
peaks 2000 to 3000 m in elevation. In the past many of the
steep slopes of the upper Vintschgau have suffered from
overgrazing and deforestation. Mass movements have occurred repeatedly during periods of intense rain and delayed
snowmelt. It comes as no surprise that local legends tell of
disappeared cities, bursting lakes, and irate dragons!
The largest of the debris cones, reputedly the largest in
the Alps, is the 'Malser Heide' (Fig. 206). Dropping off from
an astonishingly small catchment basin, this cone has forced
the Etsch River against the west side of the valley for a
distance of almost 10 km. It also impounds the Haidersee, a
lake whose level once depended on the subtle interplay
between debris accumulation on the cone and erosional
downcutting by the torrential Etsch River. Numerous historical debris flows have swept across the barren cone and the
hamlet of Plawenn near its apex was destroyed at least three
times. Below the Malser cone the floods of the unruly Etsch
River forced other settlements onto cones and fans along the
sides of the valley, exposing them to sporadic debris flows
from other basins.

Figure 204: Sketch map of
the Schrofen scarp face
near Brannenburg and the
blocky debris lobe of 185 1 .

Figure 205: Index and sketch map ofthe upper Vintschgau (Val Venosta); note the
huge debris cone of Mals east of the Etsch (Adige) River.

In 1844, 1845 and 1846 the upper basin of the Etsch
River experienced three major floods: on 25 October 1844,
after heavy autumn rains; on 13 August 1845, after a lengthy
period of snowmelt, rainstorms and warm winds from the
south; and on 17 May 1846, after rapid snowmelt. These
unusual climatic events triggered numerous failures in'colluvium and bedrock in the upland basins; in the following
decade torrents released great quantities of bedload and occasional debris flows over their cones.

On 18 and 19 May 1847, extensive mass movements set
off pulses of debris, totalling more than 0.3 x IOhm', which
overwhelmed the community of Lichtenberg (900 m); twenty-six houses were completely obliterated. Only two years
later, on 7 June 1849 another sudden burst of debris flattened
other buildings in the same community and eight people were
killed. In July 1851 and on 3 June 1855 debris flows again
erupted over Lichtenberg. After these disasters a large stonemasonry dam was constructed along the eastern sector of the
fan to deflect the flows along the torrent away from the
community.

In the summer of 1855, when the old community of
~ i ~ h t e n b e received
rg
its last blow. other human works along
the Etsch were demolished in one of the greatest natural
disasters to befall the region. The spring melt of 1855 had
been long delayed and when temperatures rose abruptly to
their seasonal values the heavy winter snowpack quickly
disappeared Runoff was intensified by heavy rains. On 17
and 18 June 1855, pulses of debris from the Metzbach Torrent buried dozens of buildings in Schleis. Meanwhile the
rising waters of the Mittersee (now part of the Reschensee
hydroelectric reservoir) and the Haidersee in the upper Etsch
basin overflowed, thus causing deep erosion of the outlet of
the Haidersee; floods breaching the channel of the Etsch
River demolished buildings in four small communities along
its banks (e.g. Burgeis); it also destroyed most of what was
left of Schleis (Sonklar, 1883, p. 100-102: Strele, 1936,
p 133-134; Stacul, 1979, p. 50).
Early attempts to control the Etsch River were directed
towards systematic lowering of the lake levels. After the
catastrophe of 1855 more attention was paid to training the
river channel below the lakes. More recently. Mittersee and
Reschensee have been combined to form the Reschensee
hydroelectric reservoir that inundated parts of the settlement
of Graun. The glacial Karlin Torrent, whose cone used to
separate the two lakes, has accumulated a large delta into the
unsightly reservoir. Below Haidersee some communities
(e.g. Burgeis) have recently expanded onto the formerly
barren surface of the Mals cone (Fig. 206); this development
has been accompanied by the construction of protective dams
above communities threatened directly by debris flows.

Bilten (A87)
Locc~riorr: Linrh Valley. G1oru.v. S\vit:erlcmd ( E 1 )
Dare(s): 29 to 30 April I868

The village of Bilten (430 m) is situated on a small debris
cone at the foot of a bedrock cliff composed of conglomerate
and mudstone of the Molasse Zone (Fig. 207). Small ravines
extend from debris-covered benches in the uplands to the
Linth Valley.
The winter of 1867-68 produced exceptionally deep
snowpacks throughout most of the north-central Alps. In
early spring wet snow avalanches were common. One of
these large avalanches came to rest above a northeast-facing
conglomerate rib 500 m above Bilten. As the snow avalanche melted, underlying thick surficial deposits became
saturated and began to slip towards the edge of the cliff.
There the debris mass broke away piece by piece and collected in a bedrock ravine above the apex of the debris cone
of Bilten. The spatulate lobe attained a volume of 0 . I8 X
10'm3 and engulfed 20 buildings in Bilten (Heim, 1932,
p. 39-40).
Today there is little to be seen of the 1868 debris flow
deposit; large apartment buildings have been built on the
upper segment of the debris cone. The torrent above the cone
has long been controlled by an array of check dams.

Figure 207: Sketch map of Bilten and the snowmelttriggered debris flow of 1868.

1868 Ticino Rainstorm (A88)
Flgure 206. V~ewof the large cone of Mals and
the settlement of Burgels 1n the foreground
(GSC 204 168-T)

Locariotl: Ticino and Grrlithiitlderl (Grisor~s).S\vitzerlnnd
Date(s): 17 September ro 7 October 1868

In autumn of 1868 the south-central part of the Alps suffered
one of the most severe rainstorms in the recorded history of
the region. The year 1868 had begun with a winter and spring

characterized by exceptional snowpacks leading to numerous
snow avalanches in eastern Switzerland and western Austria.
The summer that followed was hot and dry. Then in August
and early September thunderstorms and localized downpours
struck the western Alps. These storms set the stage for a
20-day period of almost unintempted precipitation beginning on 17 September. At first, heavy snow fell in the high
mountains between the Ticino and Rhine rivers. Then. on
25 September the snowfall changed to torrential rain. Exceptionally warm winds from the south beginning on
27 September and lasting until 4 October brought more heavy
rain and unseasonable temperatures to most upland basins.
Locally rainfall amounted to more than 250 mml24 h and on
the Passo del San Bernardina (2100 nl) more than 1600 mm
of rain was recorded between 17 September and 6 October
(Salis. 1868; Hellwald, 1869).
Landslides. debris flows, and floods afflicted much of
the region. Rescue operations could only begin after the
storm had moved eastward into the Trentino region. In
November a sharp drop in air temperatures brought stabilizing winter weather.
The enormous impact of this natural disaster spurred
implementation of improved forest practices, and construction of torrent control works in eastern Switzerland and
northern Italy.

Figure 208: Sketch map of
the Nolla basin and the
sagging
Heinzenberg
slope; broken lines with
barbs indicate the main
head scarps of the sagging
low grade metamorphic
terrain.

Nolla (A89)
Loc.olioii: Tl~usis.Hir~rerrl~c~ir~
(Rhirir) Vtrllc~\~.
Grtrithirnderl
(Grisons). S ~ v i t ~ c r l o (E2)
t~d
Dare(s): 27 ro 28 Sc/~rcmhcr1868 (also 15 Alr~usr 158.7,
1705 ro 1719.30 November 1807, 181 7 . 1834.5 July 1938)

The Nolla Torrent is a western tributary of the Hinterrhein
(Rhine) River (Fig. 208). The Nolla Torrent joins the Hinterrhein Valley where it opens into the broad Domleschg plain,
Thusis (730 m), strung out along a terrace above the river
near the mouth of the torrent. used to be a major medieval
supply and trading centre.
The Nolla Torrent has two principal branches: the
'Schwarze Nolla' (=black Nolla) fed by tributary ravines
from the Heinzenberg slope, an undulating surface underlain
by sagging masses of Pennine slates; and the 'Weisse Nolla7
(=white Nolla) draining Pennine carbonate cliffs south of
the Heinzenberg slope.
A chronicle of the early 16th century describes the Nolla
as a pleasant creek with mills along its lower course. Only a
few decades later it had acquired an evil reputation (Clavuot,
1973, p. 44). The cycles of destructive debris flows that
began to ravage the Domleschg plain were probably initiated
by intense cultivation and deforestation of the Heinzenberg
slope, and a generally deteriorating summer climate during
the late 16th century. The 'roar' of moving debris in the

gorge of the torrent was soon attributed to an infuriated
dragon which supposedly had taken UP quarters in the sag
ponds and other depressions of the fog-shrouded uplands.
On 15 August 1585. after rains had fallen for most of the
debris flows erupted from the Nolla gorge and
stemmed the flow of the Hinterrhein River. Rupture of the
blocky welt which stretched across the valley sent adeluge of
mud and rocks over the cultivated Domleschg. Retween
1705 and 1719 a series of debris flows raised the channel of
the Hinterrhein River to such a level that flooding became an
annual disaster (Salis, 1892, v. 2, p. 13).
A particularly severe cycle of debris flows began during
the wet years of 1805 and 1806. Finally, on 30 November
1807, after another exceptionally wet summer and early
autumn, large slides occurred along the Nolla gorge below
Tschappina (1577 m). Houses at Tschappina swerved off
their foundations and several people were killed. The debris
flows that soon debouched on the debris fan below Thusis
raised the braided channel of the river by 12 m. Similar flows
again shifted and raised the channel in 1817 and 1834.
inflicting severe hardship on downstream communities
whose livelihood depended on crops grown on the Domleschg plains.
In this period of distress the first attempts to train the
Hinterrhein River were undertaken. However, progress was
not satisfactory because of undiminished discharge of debris
from the unbridled Nolla Torrent during every rainstorm.
During the great regional storm between 27 and 28 September 1868, more than 1 X 10hm3of blocky debris reached the

Figure 209: Slumping bedrock embankments along
the Nolla channel as seen at the turn of the century; note
shifted and partly crushed masonry check dams (from
Salis, 1914).

channel of the river. Mass movements were accentuated by
the overflow of the Luschersee, the largest sag pond at the
head scarp of the Heinzenberg slope (Salis. 1892. v. 2,
p. 13-14).
I t was now recognized that without a comprehensive
control program along the Nolla Torrent the dyking of the
Hinterrhein River was doomed to Cailure. Thus began a long
and ultimately successful struggle against the Nolla dragon!
Shon-term neutralization of the main debris sources was
achieved by masonry spurs and check dams along the unstable embankments of the torrent (Fig. 209). Channel revctments and flood control dykes were added farther downstream. Later, the steepest embankment sections were reforested and the Liischersee sag pond drained. Runoff from
the alpine meadows of the Heinzenberg crest has been and
still is being carefully channeled along drainage ditches (Fig.
210) which are adjustable to allow for continued deep-seated
creep amounting to between I0 and 2 0 c d y e a r and involving
slaty bedrock to a depth of approximately 150 m (Jackli,
1957, p. 56). Many check dams on the Nolla crack slowly
under stresses propagated from the Heinzenberg slope and
are buried by slumps and small debris flows. They have to be
replaced from time to time by ever stronger concrete dams to
maintain a reasonably 'clean' torrent.
The efficiency of this system was tested when a rock
avalanche from the carbonate crags of Piz Beverin (2997 m)
overloaded the channel of the Weisse Nolla on 5 July 1938.
Although more than 0.2 x 10hm3of debris was transported
through the Nolla channel. both the torrent and the Hinterrheinmaintained their positions during this phase of aggradation (Jackli. 1957. p. 32 and 56). At present the difficult
problems of the past in the upper Domleschg are almost
forgotten; the bouldery surface of aggradation of 1868 is now
a terrace 10 m above the Hinterrhein River and hosts an open
pine forest, pleasant camping facilities. and an outdoor
sports centre. Ski facilities and new hotels dot the Tschappina upland area.

Figure 210: View of surface drainage ditches on
the undulating upper part of the Heinzenberg slope;
snowmelt runoff is thus prevented from accumulating
in and infiltrating along sag ponds on the slope.
(GSC 204768-U)

Campo (A90)
Loc~urinti:\'rille cli Cc~try~o.
Tic.itio. S~i~ir;c~rlotirl
(D2)
Date(s): 27 Septerrrher to 4 October I868 (nlso 1859)
The Rovana Torrent in the Valle di Campo is an easl-flowing
tributary of the Maggia River which drains rugged mountains
underlain by high grade schists and gneisses of the Pennine
core zone (Fig. 2 1 1, 2 12). The north side of the Campo
valley is partly a sagging dip slope: foliation planes are
inclined approximately 20" towards the Rovana channel. The
south side of the valley is a steep scarp slope mantled by
rockfall cones. As in other districts of the Ticino. settlements
are preferably sited on gentle, sunny south-facing dip slopes.
Campo (1400 m) is an old village located on a terrace several
tens of metres above and north of the Rovana gorge. The
gorge cuts the toe of an enormous (200 x 106m3)sagging
mass of mica schist below the Bombogn Massif (2330 m).
Up to 1850 no dramatic slope movements were registered at Campo. although sporadic slumping was noticed
along the toe of the slope around 1780. In 1851 large-scale
logging was carried out in the uplands west of Campo and the
channel of the Rovana Torrent was used to drift logs down
the valley. Repeated 'flushing' of the torrent during the log
drifting began to undercut the terrace of Campo with the
result that the western half of the sagging slope began to slide
towards the gorge. Soon about 120 X 10bm3were in motion
and in 1859, during an extended period of rain, several
buildings in Campo collapsed. As a first countermeasure
against the impending destruction of an ancient church and
surrounding farmhouses log drifting was discontinued. But
the deep-seated creep of the broken terrain continued. In late
September or early October 1868, when a catastrophic rainstorm deluged the Ticino. a small rock avalanche became
detached from the scarp face along the south flank of the
Rovana gorge; its debris lobe pushed the raging waters of the
torrent against the toe of the Campo terrace. Erosion of the
toe zone and infiltration of water into open cracks along the
head scarp of the sagging slope again accelerated motion of
the slide mass and another group of buildings in Campo soon
veered off their foundations. After this disaster the rate of
movement of the slope decreased to a tolerable level. Since
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Figure 21 1: Sketch map of sagging bedrock terrain in
the vicinity of Campo in the upland basin of the Rovana
Torrent.

1889 stone-masonry spurs, groins, and check dams have
been installed to keep the Rovana from eroding its unstable
northern embankment. Nevertheless, high rates of infiltration in the uplands during years of abnormal snowmelt or
rainfall tend to accelerate the steady creep of the rock mass
(e.g. 1927 and 1951). Between 1892 and 1960 the churchof
Campo moved a total of about 15 m horizontally and settled
almost 3 m vertically. Distortions of the buildings are corrected from time to time (Fig. 213). In the same period the
Rovana Torrent has lowered its channel 14 m and eroded
approximately 3.5 x 106m3from the toe of the slide mass.
Most of this debris has been carried to the Maggia River and
has contributed to a recurrent flood problem on the Maggia
delta along the north arm of Lago Maggiore.
Between 1964 and 1966 piezometers were installed in
the slope. They indicated that artesian water pressures exist
below the terrace of Campo. Plans were drawn up to eventually drain the sagging rock mass by means of a tunnel more
than I km long and extending into the slope from beneath the
eastem detachment zone (Heim, 1932, p. 49-55; Hirsbrunner, 1960. p. 20-35; Lichtenhahn, 1971b).
Bornboono E

Figure 212: Cross-section of the slide mass underlying the village of Campo and
overlying the fol~ationdip slope of the Bombogn Massif (from Helm. 1932).

Flgure 213 a) The old church of Campo which during the last century has shiftedat
least 15 m hor~zontally(GSC 204168-V). 4) Close-up view of the cracked and
d~stortedchurch wall (GSC 204768-W )

Bee Rouge (A91)
Location: Taretiraise, Savnre. France ( B 3 )
Date(s): May-July 1877 (also 30 August 1882, 3 June atld
16 September 1883, 20 July 1895)
The Bec Rouge Massif (2515 m),a pointed ridge east of the
upper Isere River (900 m) is composed of ~ntenselyfractured
conglomerate, quartzite, and slate of the Pennine basement
complex (Fig. 214). Bedding dips 30 to 40" to the south. At
the foot of the dip slope the narrow gorge of the Torrent de
St. Claude drops westward to the lsere River passlng between the hamlets of Le Miroir and La Masure (1200 m).
Parts of these hamlets rest on prehistorical landslide rubble.
In theearly 19th century most of the slopes below the summit
ridge of Bec Rouge were denuded by extensive clearcuts.
Spring of 1877 was charactenzed by long delayed
snowmelt of an exceptional wlnter snowpack. Snowmelt
infiltrated the fractured bedrock of the Bec Rouge slope and
the first threatening rockfalls were registered in Le Mlroir in
May 1877. Durlng the following months the slope above
opened along an arcuate array of cracks and a rock mass of
approximately 3 x 106m3began to slide away on a complex
zone of rupture along its eastern flank. Except for incessant
rockfatls the motlon of the shde mass was slow. Eventually,
the disintegrating toe settled into the gorge and blocked the
Torrent de St. Claude over a drstance of 0.5 km. Some
buildings in Le Miroir were destroyed by shlftlng ground and
rockfalls A more serious problem was posed by the small
lake that had been impounded. Violent overflows from this
lake destroyed the hamlet of Champet on the cone of the
Torrent de St. Claude: first, a regional rainstorm on
30 August 1882, mobilized 0.2 x 10'm' of debris from the
rubbly toe of the slide mass, which burst over fields and
houses of Champet; then. on 3 June and 16 September 1883.
even more violent flows devastated the remaining fields and

buried the abandoned rulns of the hamlet; finally. on 20 July
1895. during a local thunderstorm, 0.6 x loom3 of debris
covered the entire cone and took out the road to the upper
Isere region. At this stage six transverse masonry check dams
were built to prevent further erosion along the toe of the slide
mass (Fig. 215). Drainage works on the landslide itself
reduced continuing downward creep and reforestation Impeded the development of new ravines In the scarred uplands
(Mougin, 1914, p. 721-725, and 1931, p. 525-531).
With these remedial measures the destructive mass
flows to the cone ceased and soon a mantle of vegetation
covered the abandoned s ~ t eof Champet. In recent years the
cone has become a major gravel pit. Some of the old buildings of Le Mirolr have been abandoned, others have been
converted into vacatlon homes. The upland cliffs of Bec
Rouge adjacent to the slide scar of 1877 are in a state of
precarious equlllbnum.

F~gure214 Sketch map of the detachment zone and
p
slide depos~tson the Bec Rouge d ~ slope.

Flgure 215 Masonry check dams along the r u b b l ~toe
of the Bec Rouge slide, check dams have prevented
the torrent from eroding the loose landslide d e ~ o s l t s
(GSC 204 7 68-X)

a

village of St Jakob and blocked t h e - ~ h Torrent
r
;t form
small lake. When the d e b r ~ barr~er
s
burst a deluge of mud and
rocks blanketed agr~cultural land below (Strele, 1936,
p 134)
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Flgure 216 lndex map of the Ahrn Valley, note closely spaced joint-controlled
tributary torrents

/
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Between 16 and 17 August 1878, a highly localized
swept across the valley. It was accompanied by an
exceptional rise in air temperatures and led to con~plete
melting of an unseasonal snow cover. Runoff-triggered debris avalanches caused deep erosion of the benches of surficial debris throughout the valley. About 14 x 1O6m' of
debris was deposited at the mouth of the Rotbach Torrent,
burying a copper smelter and other buildings to a depth of
more than 10 m and impounding the Ahr Torrent into a lake
that soon flooded the village of St. Martin. Downstream, the
people fled from their homes in anticipation of a sudden
failure of the unstable debris wedge. On 17 August 1878, the
expected flood surged through the communities of Sand-St.
Moritz and Kematen, burying houses and rendering fields
and crops useless (Daimer, 1879; Lehmann, 1879, p. 43-44).
The destructive force of the storm also spilled over the
mountain range to the north; there too roads, buildings and
people disappeared in the onslaught of the torrential runoff
(Sonklar, 1883, p. 107-108).
A concentrated effort to stabilize embankments along
the Ahr and its tributary torrents began after 1884. Check
dams and reforestation have tranquilized many notorious
debris sources, but others continue to cause problems. A
severe rainstorm on 30 June 1959, again resulted in a debris
flood along the Ahr Torrent which took out bridges and
demolished several buildings. In recent years the Ahm Valley has become a thriving tourist centre hosting modem
hotels and recreation facilities.

Elm (A931

Figure 217: Sketch map of the Tsch~ngelwaldscarp
slope near Elm and the rock avalanche lobe of 1881.

Location: Sernf Valley, Glarus. Switzerland ( E 2 )
Date(s): 11 September 1881

Elm (980 m) is a small village in the north-trending Sernf
Valley (Fig. 217). Near Elm the Tschingelwald ridge, composed of Eocene slaty flysch of the Helvetic cover complex,
rises along a north-northwesterly facing scarp slope with a
general inclination of about 40". Cleavage and bedding of the
slaty rocks dip between 30 and 50" into the mountain and to
the south-southeast (Fig. 2 18).
The catastrophe of Elm in 188 1 became famous because
the events leading up to and accompanying the failure were
carefully documented by Buss and Heim (1881) and Heim
(1882a. 1932). Their work still stands among the most valuable descriptions of streaming rock avalanches. It was based
on interviews with eyewitnesses and on geological observations. Particularly significant were the observations of
Schoolmaster J . Wyss who, watch in hand, timed the initial
failure, and of the boy Fridolin Rhyner who ran for his life.
barely escaping the streaming rubble.
The failure of the Tschingelwald slope had been partly
prepared by natural processes, and partly by the reckless
extraction of slate at the Plattenberg quarry (1 200 m) near the
foot of the cliff. In 1760 a minor failure along the western
flank of the Tschingelwald created a steep ravine. the
Mooseruns. In 1856 scarplets and minor subsidence were

noted in the upper segment of the slope. along a bench known
as Stafeli (1640 m). Then, in 1868 the Plattenberg slate
quarry was opened and. after a period of ten years, the quarry
extended for a distance of 180 m along the slope. Towards
1879 an increasing number of cracks. oriented parallel to the
slope, opened above the quarry and soon rockfalls began to
threaten the operation. Nevertheless, extraction of slate continued even after gaping fissures appeared in the working
face. Major cracks also developed higher up on the Tschingelwald and in spring 1881 one of these captured runoff from
snowmelt. The water which disappeared into the crack
drained through the fractured mountainside and reappeared
as a spring 40 m below the quarry. In August 1881 a large
composite fracture - 'der grosse Chlagg' -opened across the
mountain at an elevation of 1500 m. The crack stretched
several hundred metres eastward from the head of the
Mooseruns ravine and displaced the Tschingelwald slope
along a 4-5 m high head scarp.
Between 25 August and 10 September 1881. about
250 mm of rain fell in the Sernftal region. Rockfalls and
cracking noises from inside the Tschingelwald at first merely
frightened the quarry personnel, but later work was stopped
along the quarry face. On 10 September an investigative

Figure 2 18: Reproduction
of the original ill~Strati0nof
Heim (1882a) of the debris
lobe that resulted from
the collapse of the Plattenbergkopf above the slate
quarry.
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commission made up of local authorities climbed the
Tschingelwald and noticed cracks, subsidence, tumbled
trees, disappearing rivulets, and an almost unintempted
rockfall activity. Some of the commission members felt that
a removal of the tall conifers from the slope might do some
good, but the district forester refused to do this and expressed
his presentiments of an imminent rockslide. On 1 I September 1881, rockfalls and small avalanches continued to break
away from the slope and at 4 p.m. rows of trees collapsed
backwards into the gaping fissure along the Grosse Chlagg.
At 5:15 p.m. a small rock avalanche descended from the east
side of the quarry, covered part of the terrace below and
catapulted onto the valley floor, burying several buildings
that had already been abandoned. At 5:32 p.m., a larger mass
of rock came loose along the western margin of the Grosse
Chlagg and the resulting rock avalanche buried the hamlet of
Untertal and 20 people. The two failures left a downward
tapering wedge of slate of approximately 10 x 10"m3 without lateral support. Sensing disaster people and animals
stampeded away from the Tschingelwald. At 5:36 p.m. the
remaining unsupported wedge came loose along the full
length of the Grosse Chlagg, now a scarp 500 m long. The
wedge of slate first collapsed onto the Plattenberg quarry and
then shot across the valley towards the ~ i i n i b e r ~1n. the
words of Schoolmaster J . Wyss:
'1 saw the mass first falling vertically and then gushing forth
horizontally from the platform of the Plattenberg, whereby
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the lower and farther projecting part of the mountain was
squeezed outward by the pressure of the upper part falling
onto it and was thus blasted out into the air (Buss and Heim,
1881, p. 3 3 . '
For a few seconds the Untertal Valley could be seen underneath the cloud of rock and dust as it became airborne at
the Plattenberg terrace. In its fall the rock avalanche attained
a velocity of at least 8 0 mls (Heim, 1932, p. 148) and,
according to witness H. Elmer, crashed into some houses 'as
if a bowling ball had hit the pins'. The front of the avalanche
surged up the Diiniberg slope and then turned left. A blast of
air and dust preceded the rock stream and pushed a few
people to safety. Buss and Heim (1881, p. 143-144) noted
from the eyewitness accounts that . . . .
'this preceding blast of wind acted powerfully only in the
direction in which the rock masses shot forward, but that
laterally it was entirely insignificant'.
Furthermore,
'it was stronger near the breakaway area in Unterthal than
farther away at Mijsli . . . . Along the eastern fringe of the
debris stream, between the rock spur of Knollen and the
hamlet of Eschen, bales of hay not more than 2 m from the
margin of the debris lobe remained undisturbed.'

According to witness M. Rhyner-Kubli 'the mass appeared
to slide along the ground'. A bituminous smell hung in the
air and after the blocky mass had come to a sudden halt the
Semf River was briefly blocked. The catastrophe claimed the
lives of 115 people in the community of Elm; most of them
had been overtaken by the debris in their desperate run from
the cliff.
In the breakaway area a rock spur of approximately I x
106m3remained precariously balanced above the detachment
surface whose inclination towards the valley was approximately 50". Had this unstable mass, the Risikopf, failed as a
unit it probably would have resulted in a rock avalanche
which might have reached Elm. Between 12 and 16 November 1881, the wide crack that separated the Risikopf from the
main wall of the Grosse Chlagg widened noticeably. In
December the Swiss army directed a barrage of artillery fire
towards the Risikopf to bring it down. Although no bodily
collapse was achieved the barrage probably contributed to
the eventual disintegration of the rock spur in a series of
harmless falls (Heim, 1932, p. 163-164).
Within a few decades the lobe of shattered slate fragments in the valley weathered into a smoothly rolling surface, soon to be reoccupied by fields and roads. Today. a few
slabs of slate dot the meadows of Elm (Fig. 219b). On the
lower slopes of the Duniberg a colony of bungalows has
recently sprung up, facing the scar above the overgrown
Plattenberg (Fig. 2 19a).
The detailed observations of Heim and the conclusions
he drew from them have led to important hypotheses towards
a better understanding of the baffling reach of dry rock
avalanches (Hsu, 1975, 1978).

Bocca di Brenta (A94)
Location: Cima Tosa. Brenta Group. Trentino. Iruly ( F 2 )
Date(s): May 1882

The Brenta Group is a rugged mountain chain in the western
Trentino. It is composed of flat lying and gently dipping
carbonates of the South Alpine cover complex. The Cima
Tosa-Bocca di Brenta area consists of well stratified Dolomia
Principale which weathers in towers and spires of breathtaking biauty.
During a rainy night in May 1882 a northerly spur of the
Cima Tosa (3100 m) collapsed into the valley leading from
the Alpe Brenta to the Bocca di Brenta. The failed slab was
several hundred metres high and about 6 to 10 x 106m3in
volume. It fell 200 m. crashed onto a shelf, and splintered
apart 'like a fluid'. The sheet of debris (mixed with ice and
snow?) erased Alpe Brenta (1700 m) and split into three
tongues before coming to rest. The 'roar' of the collapse was
heard in Madonna di Campiglio, 10 km to the north (Richter,
1885, p. 72-73; Schwinner, 1912, p. 175-177).

1882 Rainstorm (A95)
Locarion: Saoutheastern Alps (Trenrino. Siidtirol, Tirol
Kiirnren)
Dare(s): 13 to 17 September and 26 to 2 9 October 1882

The summer of 1882 was characterized by long periods of
rain throughout the Alps. In September the frequency and
intensity of precipitation increased markedly because a persistent low-pressure zone had settled over central Europe.

Between I I and 13 September it rained hard along the southem front ranges of the Alps and snow fell in the higher
regions. Then. on 14 September. strong warm winds swept
the southern valleys creating a chaotic mix of warm and cold
air masses above the mountains, resulting in local cloudbursts and rapid snowmelt. Between 13 and 17 September
rainfall in the valleys reached values between 250 and
400 mm. At high elevations slope failures and the gullying of
colluvial veneers created unprecedented debris transport in
many torrent basins. The rivers were in flood.
Between 26 and 29 October, after a calm spell of four
weeks the sequence of thunderstorms, snowfall, southerly
winds. snowmelt, and intense rain squalls repeated itself
once more. Between 150 and 400 mm of precipitation were
recorded in valley communities (Koch, 1883; Sonklar, 1883,
p. 108-116).
The impact of debris avalanches. debris flows, floods,
and windfall in terms of lost property and human lives was
enormous. A concerted effort was made by the Austrian
government to assist the affected regions in cleanup operations and in installing new protective and control works
along the most dangerous torrents. In 1884 countrywide
systematic torrent control became Austrian government policy. This program has been broadened since then.

Toblach-Dobbiaco (A96)
Location: Puster Valley. Siidtirol (Alto Adige). Italy (HZ)
Date(s): 16 September 1882 (also 1754, 28 May 1821,
15 October 1823, summers of 1856 and 1857, 19June 1871)

The town of Toblach (1250 m) spreads across the apex of the
large debris fan of the Sylvesterbach Torrent on the north side

Figure 220: Sketch map of
the Sylvesterbach basin,
the main debris source
area in the Pfannbach tributary catchment, and the
fan of Toblach (Dobbiaco).

of the Puster Valley (Fig. 220). The Puster Valley parallels a
west-trending lineament separating South Alpine basement
gneisses on the north from Mesozoic cover rocks on the
south. The Sylversterbach fan also creates a major drainage
divide between the west-flowing Rienz River and the eastflowing Drau River. The most significant tributary of the
Sylvesterbach is the Pfannbach Torrent, which drains the
bowl-shaped south slope of the Pfannhorn Massif (2663 m)
marking the border between Italy and Austria. The lower
Pfannbach basin is fringed by terraces of late Pleistocene
ice-margin deposits up to 5 0 m thick.
During the 18th and early 19th centuries several densely
forested catchment basins north of the Puster Valley including the Sylvesterbach were clearcut. Colluvium and Pleistocene ice-margin deposits in these basins soon showed signs
of gullying and debris avalanching, and an increase of bedload transport by the torrent was noted. In the Sylvesterbach
basin the first destructive debris flows occurred in 1754; they
demolished several buildings in Wahlen, a hamlet then located along the torrent channel just above Toblach. Other
serious flows followed on 28 May 1821, and on 15 October
1823, when 40 buildings in Toblach were seriously damaged. During heavy cloudbursts in the summers of 1856 and
1857 the remaining buildings of Wahlen disappeared in debris and the entire hamlet was rebuilt on a terrace west of the
Sylvesterbach. By this time the torrent channel above Toblach had changed into a wide braided track. On 19 June 1871,
during a period of intense rain onto a residual snowpack,
masses of debris spread across Toblach. In the source area
gullying now had reached such proportions that every minor
rainstorm released bouldery flows.

Between 15 and 17 September 1882 a three-day raindeluged the southeastern Alps. Colluvial embankrnents along tributary gullies collapsed and pulsating debris
flows engulfed ~ o b l a c hdestroying some 40 houses. Other
buildings were covered deeply by sand and gravel. but fortunately for the inhabitants they could be reclaimed after the
storm. They simply had gained basements they did not have
before (Fig. 221a).
Other towns of the Puster Valley did not fare much
better than Toblach. Welts of fresh debris converted the
valley bottom into a string of lakes submerging all the lowlying land spared by debris flows (Bazing, 1872; Seckendorff, 1884, p. 166-189; Strele, 1899, p. 5; Dalla Torre,
1913, p. 217; Stacul, 1979, p.99).
During the last hundred years a gallant battle has been
waged with increasing success to neutralize the debris
sources in the Sylvesterbach basin. The lower reach of the
sylvesterbach Torrent has been confined to a lined
along the western flank of the cone. Near the head of the fan
the wide track is bordered by stone-block levees and two
strips of protective forest. In the uplands several generations
of ,-heck darns along deep V-shaped ravines bear
to

the difficult struggle against gullying (Fig. 221b). An attempt is also being made to raise the treeline by cystematically planting ecologically appropriate spruce and larch species.
Both Toblach and Wahlen continue to grow as prosperous
agricultural-tourist communities and some of the recent development has been taken up by Neu-Tohlach along the
periphery of the cone.

Alldorf

I l r i - S'virzerlarld(D2)
Darefs): 29 Muy 1887 (also berwcer~1 1 10 and 1125. 14 June

l9I0)

The town of Altdorf (500 m) is built on a gently sloping
triangular plain bounded by the floodplain of the Reuss River
0" the West, the debris fan of the Schachen Torrent on the
south, and a steep bedrock face on the northeast (Fig. 222).
The Schachen
the strike of gently northdipping Helvetic flysch and carbonate rocks. The settlement
of Spirinnen (990 m) nestles on a terrace above the northern
embankment of the torrent.
Between 11 10 and 1125 parts of Biirglen apparently
were buried by slides off the south side of the valley (Montandon, 1933, p. 283).
On 29 May 1887, possibly as a result of rapid infiltration of snowmelt, a rock slab approximately 0.5 x 1 0 ~ min
'
volume failed along a steep composite fracture surface in
slaty flysch below the summit ridge of Spitzen (2400 m)
south of Spiringen (Fig. 223). The disintegrating slab cascaded some 1300 m to the bottom of the Schachental. surged
over a hamlet and killed 7 people. The front of the debris
stream charged 50 m up the north side of the valley and. for a
brief spell, dammed the west-flowing Schachen Torrent
(Heim, 1932, p. 122-123).
In June 1910 the mountains of eastern Switzerland and
western Austria were still covered deeply by snow when
intense squalls of warm rain deluged the Schachen basin. On
14 June 1910, when 100 to 200 mmI24 h were registered in
Altdorf, a total of 0.2 x I06m3of debris was mobilized from
the Spitzen rock avalanche deposit and surficial deposits
along the Schachen Torrent. An industrial installation south
of Altdorf was seriously endangered by this debris. At the
same time, a rockfall from the cliffs above Altdorfdescended
through a chute and crashed into a building, killing its I I
occupants (Heim, 1932, p. 68).
In the aftermath of these events a large number of check
dams were erected along the channel of the Schachen Torrent. They have functioned satisfactorily since then,
at the confluence of the torrent
althoueh recently. agaradation
""
and the Reuss River has required modification of the channel
works. Since 1972. several protective dams also have been
constructed below ravines near Altdorf (Fig. 224).
u

House in Toblach which survived the
,zigure 221:
debris floods and flows of the late 19th century,.the first
a basement (GSC
floor has been converted
204 169-A). b ) Erosional ravines in late glacial icemargin deposits in the Pfannbach basin; note check
dams (GSC 204 169-8).

- Spiringen (A97)

Figure 222: Index map of the lower Schachen Torrent showing the location of the
slide deposits of Spiringen and the debris fan that hosts the communities of Altdorf
and Schattdorf; steep debris-rockfall chutes occur on the northeastern outskirts of
Altdorf.

Frgure 223. Detachment zone of the Spitzen rockslide,
farlure occurred along a stepped composite hacture
surface cutting across the bedd~ng(GSC 204169-C)

Figure 224. Protect~vedam agarnst debris avalanches
under constructron near Altdorf, note stone block
armour and d~schargesection designed to dram water
from complex debrrs-snow avalanches
(GSC 204 169-0)

Martell Ice Lake (A98)
Location: Martell Valley, Virtfschgau (Vul Vennsra), sijdfir01 (Abo Adige). Italy ( F 2 )
Date(s): 17 June 1891 (also 1127 (?), 16 June 1888, 5 June
1889, 1 June 1895)

The Martell Valley is a relatively straight and narrow tributary of the Vintschgau (Val Venosta) carved into South
Alpine basement rocks (Fig. 225). It is drained by the Plima
Torrent which flows from glaciated cirques below the Monte
Cevedale Massif (3778 m) to Morter (850 m) in the Vintschgau.
Sudden discharge of water and debris from the head of
the basin has always been feared by the people of Morter: as
early as 1127 (?) a debris flood practically demolished the
town. Debris floods of glacial origin once again threatened
the town towards the end of the 19th century.
The Plima Torrent flows from two glaciers in the upper
Martell Valley: the Langenferner and the Zufallfemer. During the Little Ice Age the two glaciers formed a single
terminal moraine a short distance below their confluence.
After 1850 both glaciers retreated, the Langenferner at a
greater rate than the tributary Zufallferner. During a minor
readvance in the 1880s the Zufallferner crossed the Martell
Valley bottom and impounded a lake that extended to the
snout of the Langenferner (Fig. 225).

On 16 June 1888, the lake drained suddenly through a
natural tunnel underneath the ice of the Zufallferner. Picking
up loose bouldery debris below the ice dam, the raging flood
waters ripped most of the bridges in the valley off their
foundations. Fortunately, the roaring sound of the approaching debris flood alerted the inhabitants of the valley and they
were able to take refuge on high ground before the frontal
wave struck their homes.
On 5 June 1889, a newly formed lake burst again.
Approximately 0.6 X 106m3 of water rushed through the
subglacial tunnel and the lake was empty within half an hour;
again the frontal wave of the flood changed into a debrisladen surge. Damage to structures was twice as serious as
during the preceding flood and two lives were lost. After the
catastrophe the glaciologists E. Richter and S. Finsterwalder
visited the Martell Ice Lake. E. Richter suggested the installation of a signal service and urged the regional government to erect a retention dam below the Zufallfemer.
Although the funds for this undertaking were approved
quickly, local disputes over the supposed mechanisms of the
ice floods prevented an immediate start of construction.
In June 1891 the lake. now closely monitored. rose
again at a rate of I to 2 m a day. Finally, on 17 June I89 1 ,
alarm shots were fired at the mouth of the subglacial conduit
announcing the burst of some 0.7 x 1 0 ~ mof
' water through
the collapsing gap of the ice barrier. In the hamlet of Gand
people had just removed their most precious belongings from

Figure 225: Index map of the Martell Valley showing the location of the Langenferner and Zufallferner. The Martell Ice Lake formed behind the toe of the Zufallferner
glacier in the late 19th century.

their homes when the frontal wall of rocks. trees. and water
approached the settlement with a frightful roar. The abandoned buildings were completely demolished.
Between 1892 and 1893 the proposed retention dam was
built approximately I krn below the Zuiallferner. The dam
was 330 m long and had a maximum height of 15 m, allowing
for retention of 0 . 7 x lobm3of water. A tunnel was blasted
through a rock abutment to serve as a spillway. The structure
served its purpose during the last burst of the ice lake on
1 June 1895 (Richter. 1889a; Mayr, 1895; Hueber, 1906).
After this series of ice floods the Zufallferner withdrew
from the bottom of the valley and the Martell Ice Lake
disappeared. Today the Martell Valley has become a major
tourist area and the Plima Torrent has been impounded into
the hydroelectric Zufritt Reservoir a few kilometres below
the historical retention basin.

During the night of 17- 18 August 189 1, a local cloud.
burst over the east slope of the Rittner Horn set off several
debris slides and avalanches which choked the channel of the
swollen torrent. Gaining momentum along the bedrock
ravine above Kollmann, a major debris flow demolished 20
buildings and killed 39 people in the village. A conical debris
blanket, about 0.5 X 1O6m3 in volume, impounded the
Eisack River and created a lake 1.2 km long. About 1000
people worked for several weeks before the river channel was
lowered to the point where the Eisack could reoccupy its old
course (Strele, 1936, p. 136; Stacul, 1979, p. 90). After the
catastrophe Kollmann was rebuilt in the same place. Check
dams in the upland and a protective dam above the community have been constructed in recent years.

Blisadona (A100)
Kollmann-Colma di Barbiano (A991

Locatiori: Arlberg, Vorarlberg. Austria ( F I )
Dote(s): 9 July 1892

Locurioti: Eisack (Isarco) Valley. Siidrirol (Alto Adige). Iraly

(G2 1
Dare(s): 17-18 August 1891

Kollmann (490 m) is a small community crowding the steep
cone of the Gonderbach Torrent west of the Eisack (Isarco)
River (Fig. 226). The two tributaries of the Gonderbach
Torrent drain an escarpment east of the Rittner Horn Massif
(2260 m) underlain by volcanic bedrock of the South Alpine
basement-cover transition. Extensive Pleistocene surficial
deposits form embankments along the upper part of the
torrent before it drops over the bedrock escarpment at an
elevation of 1400 m to the bottom of the Eisack Valley
(480 m).

Flgure 226: Sketch map of the Gonderbach Torrent
w h ~ c hflows through a steep narrow gorge into the
Elsack (Isarco) River.

The Arlberg is a major east-west mountain pass connecting
Vorarlberg with the rest of Austria; the region is a popular
centre of Alpine skiing. In the Arlberg area Austroalpine
metamorphic basement rocks on the south and intensely
deformed carbonate cover rocks on the the north form a
south-dipping fault zone. Roads, railroad, and settlement
development have followed the valley created by erosion
along this fault zone. Large debris cones spread south across
the valley floor from the mouths of steep ravines cut into
carbonate rocks. The cones not only receive sporadic debris
flows and rockfalls, but are also regularly swept by snow
avalanches.
The high Blisadona ridge (2200 m) north of the Alfenz
Torrent (I 100 m) consists of a northward-overturned panel of
well-bedded carbonate rocks dipping 85" to the south (Fig.
227). Because of the steep inclination (40 to 50") of the bare
bedrock slope. snow avalanche bridges were installed below
the Blisadona ridge soon after the railroad had been built.
Pictures taken of these protective works in November 1891
also show sections of the bedrock cliff that were to fail less
than a year later in July 1892 (Pollack, 1892). A deep
east-trending furrow developed some 20 m behind a packet
of carbonate strata at an elevation of 2100 m and fresh talus
cones below this panel indicated recent rockfall activity.
On 9 July 1892, possibly as aresult of snowrnelt infiltration, the slab of carbonate strata, 240 m wide, 70 rn high, and
15 m thick failed. The photographs taken before the failure
indicated that failure was preceded by downward buckling
('Ausbauchen') and outward rotation ('Urnkippen') of the
lower part. After breaking and shearing along a ragged basal
rupture zone, the panel collapsed into a downward tapering
ravine filled with avalanche snow. When the rock stream
burst onto the cone it spread out in two thin lobes (Fig 228a).
The western lobe buried the road and railroad, then banked

F~gure227 Sketch map and geolog~calcross-sectron
of the Blrsadona ndge and the 1892 rock avalanche

30 m up the southern valley wall, turned 90" to the west. and
came to rest among the easternmost buildings of Klosterle
(1069 m), where it demolished a few houses and killed
2 persons. The small eastern lobe only buned the railroad
tracks. By scounng snow and saturated soil the rock avalanche attained avolume of0.3 to0.5 x 106m3,almost twice
that of the initial mass of the failed slab. An a~rblastpreceded
the debris stream and toppled trees in its path;.trembling of
the ground was felt in communities several kilometres away.
k in ear furrows, up to 20 m deep were carved into the lower
cone by the largest carbonate blocks. For hours after the
event a tremendous dust cloud hung in the air and the flow of
the Alfenz Torrent was stemmed by debris (Pollack, 1892:
Toula, 1893; Tiefenthaler, 1973, p. 71-73).
To protect the railroad from similar future events a
tunnel was bored beneath the apex of the debris cone. More
recently, a modem highway also has been routed vla a
.
concrete gallery along the periphery of the cone ( F I ~228b).
Klosterle in recent years has grown into a prosperous tourlst
village. Today the green surface of the Bl~sadonacone hardly
betrays its violent recent history!

Frgure 228 a) Photograph of the Bl~sadonarock avalanche shortly after the event (from Toula, 1893) b) The
Blrsadona cone today a modern hrghway gallery
plerces the debrrs cone and an armoured channel
fac111tatesthe passage of runoff, snow avalanches, and
rare debrls flows (GSC 204169-E).

St. Gervais - Tite Rousse (A101)
Locurioti: Arre Valley. Hortre S o ~ ~ o i Frtrtice
e.
(B3)
Durr(s): I2 July I892 (I3rh centrtry)

The TCte Rousse Glacier (3 100 m) is a small cirque glacier
perched against steep granitic walls above the Bionassay
Glacier on the northwestern flank of the Mont Blanc Massif
(Ddrne du Goiiter). It is connected by a glacial torrent with
the gorge of Bon Nant (Fig. 229). The Bon Nant Torrent
skirts the thermal spa of St. Gervais (700 m) and joins the
Arve River on the plains of Le Fayet (581 m). In the 13th
century Le Fayet apparently was struck by a sudden debris
flood. possibly of glacial origin (Mougin. 1914. p. 372).
During the late spring and early summer of 1892 a large
pocket of water accumulated in an ice cavity behind the steep
snout of the TCte Rousse Glacier unbeknownst to anybody in
the valley. In July 1892 hot weather triggered ice floods
throughout the Alps (e.g. on 9 July 1892, one of the largest
bursts of Marjelen Ice Lake was registered along the Aletsch
Glacier in Switzerland). On 12 July 1892, the front of the
Tite Rousse Glacier collapsed, releasing some 0.2 x 106m3
of water, which burst forth onto the boulder-strewn Desert de
Pierre Ronde (2700 m). The water then rushed towards the
moraine along the right side of the Bionassay Glacier, erodingan estimated0.9 X 106m'of blocky granitic debris. Thus
an initial spurt of clean water and ice fragments changed into

a bouldery debris flow which plunged into the narrow gorge
above Bionnassay gaining coherence and niornentum. Rising
to a height of 30 m above the torrent channel, and glancing
off the fringes of Bionnay, the debris flow erased several
houses and killed 24 people. With a velocity of 14 m/s the
bouldery mass then converged into the channel of the Ban
Nant Torrent, rising locally to 60 m above its bottom. This
wall of debris struck the baths of St. Gervais with unbridled
force. Every building fringing the gorge was buried to the
second floor and 78 people died. Farther down, the debris
was diverted by a stone bridge towards the village of Le Fayet
(581 m) where another 22 houses were demolished before
the mass spread out over the fields on the south bank of the
Arve River. The descent of the ice-debris flow from Tete
Rousse to the Arve River had taken about 30 minutes. ~t
claimed a total of 177 lives (Toula, 1893; Mougin, 1914,
p. 372-373).
In 1894 and 1896 there were smaller bursts of water
from the Tite Rousse Glacier. To avoid a repetition of the
catastrophe of 1892 a 200 m tunnel was driven through rock
and ice towards the glacial cavity. When the tunnel reached
the cavity no water was encountered. However, the tunnel
was maintained and in 1904 approximately 18 000 m' of
water were diverted harmlessly onto the surface of Bionassay
Glacier. With the retreat of the terminus of the TCte Rousse
Glacier, the former water-filled cavity became visible and
eventually disappeared (Bachmann. 1978, p. 96-97).
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Figure 229: Index map ot the Bionassay basin and the small Tete Rousse Glac~er.
Inset (after Toula, 1893) shows a cross-section of the water-filled cavity and the
zones of collapse which led to the ice flood and debris flow of 7892.

Altels (A102)
Locatiori: Gemtni Pass. Bcrri, S~~itic~r/ont/
(C2)
Date(s): I 1 September I895 (also 17 August 1782)
The pyramidal peak of Altels (3629 m) is composed of
massive Malm limestone dipping 30 to 32' northwest (Fig.
230). The rugged mountains in the area are part of the
Helvetic thrust complex and dip slopes tend to fail as rock
avalanches. The dip slope of the Altels is partly covered by a
small glacier which during the Little Ice Age attained a
considerable size. The stability of the glacier on its smooth
and planar bedrock substrate is precarious at best, and at least
twice a large part of it slid away from its bed, generating
powerful and destructive ice avalanches.
On 17 August 1782. a huge portion of the ice tongue
failed and the resulting avalanche killed 4 herdsmen and their
cattle on the pastures of Spittelmatte at the base of Altels. An
associated air blast knocked down trees and flung some of the
animals far up the opposite valley wall. By 1895, when the
overhanging ice lobe failed again, memories of the earlier
avalanche were dim (Heim, 1895, p. 40-45).
As in 1782, the summers between 1892 and 1895 were
characterized by hot, dry weather. In 1895 high summer
temperatures persisted throughout August and into the early
part of September. At that time the snout of the Altels Glacier
dropped over the smooth glacier bed at an elevation of 3000
to i f 0 0 m. Intense melting even at very high altitudes probably contributed to water pressures and discrete slippage at
the base of the tongue whose volume amounted to 4.5 x
lo6m3. Shortly before 1 1 September 1895, a single crescentshaped and downward-concave crack reaching bedrock opened across the width of the glacier at an elevation of
3300 m. On l l September the contact between the upper and
lower ice masses was broken. In Heim's (1895) words:

ridge. Yet, the ice spray ' . . . . did not scour or Incorporate
underlying soil, but only overrode and covered i t . . .'
(ibid., p. 21).
The deposits of the main ice avalanche resembled a
compact 'ice conglomerate', with well-rounded pieces of ice
embedded in a turbid matrix of ice powder. The largest ice
fragments did not exceed I m! Heim concluded that 'the
whole avalanche pile is thus a mechanical aggregate in which
the process of fragmentation ground its own cementing powder' (ibid.. p. 18) and within which

. . . 'the streaming motion with rotation, sliding, and pushing of the individual parts against each other and against the
substratum works like a gigantic grinding machine' (ibid..
p. 18).
The main ice avalanche fringed by a rim of stony debris
formed an even Layer, between 3 and 7 m thick. showing
distinctly fanning flow lines. Back fall of the frontal segment
doubled the thickness of the lobe below the Uschenen ridge.
The catastrophe claimed the lives of 6 people and a large
number of cattle.
Today the meadows of Spittelmatte are protected alpine
uplands, frequented by hikers who follow the historical
Gemmi Pass route between the Swiss cantons of Bern and
Wallis.

. . . 'the cleft opens across a width of 580 m, the glacier as a
whole begins to slip, within a few seconds its motion accelerates, the separated piece of glacier collapses, turns first into a
rough network of seracs, then into a pile of fragments, and
now rushes as a stream down the steep incline of rock . . .'
( P 11).
The expanding and disintegrating stream of ice first struck a
bedrock terrace where

. . . 'the avalanche became airborne and leaping forward at a
speed of more than 100 mlsec struck the bottom of the
valley, compressing the trapped air beneath it' (p. 29).
A powerful airblast radiating out from the foot of the slope
carried blocks of ice enveloped in a cloud of smaller ice
particles as far as I km from the point of impact (Fig. 231).
Trees were felled or thoroughly 'sanded' by the ice spray. a
small lake was blown dry. a stone wall dislodged, and cattle
picked up and hurled 500 to 1000 m horizontally and 250 to
350 m vertically up the ijschenen ridge opposite the Spittelmatte pastures. Similarly. a packet of timbers near a newly
constructed cabin was propelled 120 m up the Uschenen

Figure 230: Sketch map of the dip slope pedestal of
the Altels Glacier showing detachment zone (barbed
line), spray zone (broken outer line), and main depositional area (inner broken line) of the ice avalanche
of 1895.

Figure 231: Deposits and
spray zone of the Altels ice
avalanche as documented
by Heim (1895); note the
radiating pattern of fallen
trees produced by the air
blast. Heim also depicts
flow 11nesof the avalanche
and backfall ridges (h).

A irolo (A 103
Locarion: Volle Levrntino. Ticitlo, Switzerlarzd (D2)
Dare(s): 28 December 1898

The important railroad and tourist centre of Airolo ( 1 178 m)
nestles against the bedrock slope of Sasso Rosso along the
south side of the Helvetic Gotthard Massif. The slope is
inclined approximately 40" and is underlain by gneiss dipping 50" north into the mountainside.
On 28 September 1898, a small section of the cliff
below the summit ridge of Sasso Rosso failed along a spoonshaped composite fracture surface. An avalanche of loose
blocks with a total volume of 0.5 x 106m' cascaded some
900 m down the mountainside, cutting a swath across the
thin protective forest above the town and obliterating 10
houses. Three persons lost their lives (Heim. 1932, p. 121122).
In this century Airolo has grown and been exposed to
considerable snow avalanche hazard (e.g. 1951). Protective
stone walls and dams have been built above the town to
reduce snow avalanche and rockfall hazards.

Location: Sirnplon Pas.s. Wrrllis (Vulais). Switzer~land( 0 2 )
Dare(s): 19 March 1901 (also 31 August 1597, 1843)

The Simplon Pass route is one of the oldest crossings of the
Alps (Fig. 232). Since the earliest days this route between
Valle d'Ossola (Italy) and the Wallis (Switzerland) has been

exposed to rockfalls, snow avalanches, and icefalls. Almost
200 years ago the first galleries were blasted from the steep
walls of gneissic bedrock of the Pennine core zone to make
the approaches to the pass somewhat safer. A few settlements
cling to debris cones and narrow benches on the sides of the
valley.
During the dramatic glacial advances in the final decades of the 16th century the Homattu Glacier, like others in
the region, reached far from its bowl-shaped upland basin
onto a smooth rock slope southeast of Simplon Pass. On 31
August 1597, the frontal part of the glacier became detached
and slid away from its rock pedestal. An avalanche of ice and
morainal material annihilated the community of Egga claiming the lives of 80 people (Montandon, 1933, p. 299). A
similar ice avalanche from the Homattu Glacier apparently
occurred in 1843.
On 19 March 1901, a fractured gneissic spur on the
serrated northwestern summit ridge of the Fletschhom
(3993 m) collapsed and a mixture of rock and snow, amounting to 0.8 x 106m3, plunged onto the Rossbode Glacier
where it gained enough momentum to scrape up more ice,
snow and morainal debris. Growing into a massive avalanche
with a total volume of 5 x 1O6m3 (Montandon, 1933,
p. 326), and dropping through a vertical distance of 2300 m,
the raging stream of ice and rock engulfed 27 chalets and
killed two people (Fig. 233). The front of the blocky lobe
came to a halt 200 m from the village of Simplon (1478 m)
which was shielded by a late Pleistocene morainal ridge.
Today the bouldery mass north of Simplon is covered by
an open forest of larches (Fig. 234) and is known as 'Gletschersturz' ( = glacier fall).

Figure 232: Index map of the Simplon Pass area showing the outline of the 1901 rock avalanche ('Gletschersturz') above the community of Slmplon.

Flgure 233 Photograph of,the Rossbode Glacier and
the 1901 rock-~ceavalanche deposlts shortly after failure (photo courtesy Muller)

F~gure234 a) V~ewonto the larch-covered Gletschersturz ~n1981 (GSC 204169F) b) Gne~sslcblocks ~nthe frontal part of the rock avalanche deposlts
(GSC 204 169-G)

Bozel (A105)
Lo~~nrioti:
Isere V ~ ~ l l eSm.oic.
, ~ . F r ~ t i c( B~3 )
Date(s): 16 Juk 1904 (also 1270, 1450. 15 June 1666.
19 June 1669. 14 September 1733. 26 October 1778.
15 J~trle1818)

The west-flowing Doron de Bozel drains a large basin underlain by northeast-trending sedimentary and metamorphic
basement rocks of the Helvetic (Dauphinois) and Pennine
(Brian~onnais)facies complexes. The main tributaries of the
torrent collect runoff from partly glaciated catchments of the
Vanoise region, where peaks attain heights between 3000
and 3800 m (Fig. 235). In its lower section the torrent flows
in a gorge of highly unstable evaporitic rocks ('Faisceau de
Salins') before it discharges into the Iskre River at Moutiers
(500 m). In the remote past the small triangular plain of
Moutiers suffered repeatedly from bursts of debris which left
their legacy in several levels of graves in the old graveyard of
the town. Debris flows along the Doron de Bozel are generally related to mass movements which directly affected communities in the Bozel Valley (Salins-les-Themes, Bozel,
Villard-de-Plana). In the past slide-prone upland slopes deteriorated mainly due to excessive clearcuts serving medieval
salterns in the area (Mougin, 1914).
The village of BozeI(840 m) is located on a large debris
cone at the mouth of the Bonrieu de Bozel which drains
uplands underlain by sagging slate terrain and thick colluvium. The earliest recorded damaging debris flows in
Bozel occurred in 1270. The town was battered again on
15 June 1666, and on 19 June 1669, and on several occasions
during the following century. However, the layout of the
village remained the same. Then on 16 July 1904, a local
intense cloudburst-hailstorm once again triggered a powerful
debris flow down the Bonrieu de Bozel, and as in days
bygone, masses of bouldery debris crashed into the buildings

and bridges of Bozel; this time I I persons lost their lives
(Mougin, 1914, p. 779, 1931. p. 19-20).
The narrow ;orge above ~ o u t i e r posed
s
another problem. In 1450 a spur of evaporitic bedrock, with a volume of
only 70 000 m3, collapsed along the western wall of the
Doron de Bozel gorge, across from Salins-les-Thermes. it
knocked over buildings, buried the valuable salt springs, and
formed a temporary debris dam across the channel of the
torrent. When this dam burst a debris flood damaged large
sections of Moutiers. During the great regional rainstorm of
14 September 1733, the gorge of Salins-les-Thermes again
was the site of numerous embankment failures which caused
severe damage to buildings.
A third threat to the valley were debris floods originating from bursts of the glacial Lac de Glikre which was located
above the gorge of the tributary Doron de Champagny. On
26 October 1778, rainstorm runoff, probably compounded
by overflow from the glacial lake, created a debris flood
along the Doron de Champagny which demolished 18 buildings at Villard-de-Plana (Mougin, 1931, p. 19-20). The
threat from the glacier-impounded lake became particularly
serious in the early 19th century. In 1818 iceavalanches from
the steep north-facing snout of the Glacier de Lepena built a
cone of remolded ice across the channel of the torrent; the
lake behind it soon attained a volume of 3.7 X 106m3.On 15
June 1818, the ice dam failed and a wall of water, ice, and
debris devastated fields and settlements all the way to Moutiers. Minor outbursts of the lake recurred until 1847 (Rabot,
1910) when the Glacier de Leptna retreated.
In this century reforestation has improved slope stability
in many parts of the basin. The town of Bozel now covers
most of the debris cone of the Bonrieu de Bozel which now
flows in a narrow masonry-lined channel. Slumps and rockfalls continue to threaten the principal transportation routes
to new ski centres (Courchevel, Meribel) and to the uplands
of Vanoise National Park (Antoine et al., 1979).

I

F~gure235: Index map of the Doron de Bozel drainage basin; note the completely
built-over cone of Bozel.

Ziller Valley (A106)
Location: Tirol. Austria ( G I )
Date(s): 29 July 1908 (also 21 July 1559, 14 July 1887,
13 July 1891, I5 July 1945. July 1946, 30 May 1968, 20
August 1974)

The northern Ziller Valley (530 m) in the Hohe Tauern
Range is drained by the north-flowing Ziller River (Fig.
236). It has an extremely low longitudinal gradient (l:330),
and the channel of the river is confined by large debris cones.
The crests of tributary basins, between 1500 and 2200 m
elevation, are underlain by north-dipping low grade
metamorphic rocks of the Pennine Tauem Window and the
Austroalpine basement complex. Thick deposits of late
Pleistocene colluvium locally fringe the torrent channels.
The debris cones and fans of the Ziller Valley host sizable
communities which thus avoid the notoriously flood-prone
and swampy valley bottom. Debris movements in the torrent
basins are commonly triggered by midsummer thunderstorms. Dyking systems against debris flows were built as
early as 1435 (Hanausek, 1975, p. 407).
On 21 July 1559, a series of four flows down the
Oxlbach Torrent almost completely destroyed the community of Schlitters. On 14 July 1887, several pulses of debris
totalling 0.4 X 10%' and originating by extensive undercutting of colluvial embankments along the Riedbach
Torrent flattened six buildings. On 13 July 189 1 debris flows
down the Kaltenbach Torrent burst forth in great force,
covering several buildings.
On 29 July 1908, a severe thunderstorm-cloudburst
deluged the eastern slope of the northern Ziller Valley. Up to
20 cm of hail and uprooted trees were washed into swelling
torrents already blocked by embankment failures and debris
avalanches. A dozen debris cones received destructive flows

of bouldery debris, including the Niederharterbach (0.3 x
106m'), the Haselbach (0.2 x 10"m3),and Riedbach basins.
Great damage resulted from the blockage of the Ziller Kiver
by masses of timber and mud. Most of the valley bottom
resembled a lake. On the cone of the Niederharterbach I I
people were killed by one of the debris flows. Cleanup work
was hampered by other rainstorms that followed later in the
summer. The careful observations of J . Stini relating to the
mechanisms by which slumps and avalanches of debris
change into devastating flows were the basis for his oftencited monograph on debris flows (Stini, 1910).
Beginning in 1931. but particularly during the twenty
years after 1938. extensive clearcuts denuded the colluvial
slopes of the upper Finsing basin. Snow avalanches opened
the first scars in the logged-off ravines and set the stage for
later debris movements which culminated in the destruction
of buildings and roads during cloudbursts on 15 July 1945,
and in July 1946 (Schiechtl. 1954).
On 30 May 1968, a local downpour dumped about
40 mm of rain within an hour onto the upland basin of the
Oxlbach Torrent, setting off a debris flow that covered part of
Schlitters with several metres of debris; six years later, on
20 August 1974, a similar cloudburst produced 60 mm within an hour and mobilized 18 000 m' of debris; three buildings in Schlitters were buried (Hanausek, 1975).
Today communities in the northern Ziller Valley are
growing rapidly; thousands of tourists pass through the valley or spend part of the summer in it. Modem protective
steelbeam-concrete dams and arrays of check dams have
been built along the principal torrents. A comprehensive
program of reforestation on unstable torrent embankments
and sagging slopes has been carried out to protect the extremely valuable land on the debris cones. The Ziller River
has been dyked along its entire length.

Figure 236: Index map of the northern
Ziller Valley; note clusters of settlements
at the apices of major debris cones.

Locution: Valle c/i Surr Lircorlo. Verit~to.1t(1!\.(G2)
Date(s): 3 December 1908

Valle di San Lucano, drained by the east-flowing Tegnas
Torrent. is a narrow tributary valley in the Cordevole basin.
It follows the crest of a broad anticline in carbonates of the
South Alpine cover complex. Steep rockfall cones rise into
sheer walls of massive dolomite dissected by funnel-shaped
ravines. Along the torrent dense forest has been cleared only
in a few spots, one of which used to host the twin communities of Pra and Lagunaz (800 m). Behind the narrow flats
which accommodated the hamlets. the south wall of Cirna
d'Ambrosogn soars to a height of 2266 m (Fig. 237).
In the early 19th century one of the fractures parallel to
the cliff face opened into a gaping fissure below the summit
of Cima d'Ambrosogn. In 1867, concern over a possible
rupture along this crack led to plans to relocate the communities of Pra and Lagunaz to a site in the Cordkvole Valley,
several kilometres to the east. However, just about this time a
rockfall occurred at the projected new site and relocation
schemes were abandoned. During the following decades the
people of Pra and Lagunaz were kept alert of the threat above
their heads by sporadic rockfalls which, however. caused
'more noise than damage', at least until December 1908
(Bibolini. 1909. p. 64).

The late autumn months of 1908 were characterized by
great daily temperature fluctuations. One week before the
main disaster a rockfall from the Cima d' Arnbrosogn came to
a halt just above Lagunaz and a few days later a similar
rockfall almost reached the buildings in Pra. Finally, at
midnight on 3 December 1908, a wedge of about I0 000 m"
of carbonate rock splintered away at an elevation of 2000 m
and cascaded through two steep ravines onto the talus cones
at Pra and Lagunaz, 1200 m below. Due to the height of fall.
the steep gradient (60°), and the effect of channeling in the
ravines, the carbonate blocks scattered wildly and obliterated
several buildings (Fig. 237, 238). An air blast unroofed
buildings and toppled trees adjacent to the rock avalanche
path and a pall of dust hung over the valley for hours after the
avalanche had come to rest; 28 persons lost their lives (Bibolini, 1909).
Smaller recurrent rockfalls from the same source occurred on I8 and 19 June 191 1 (Schwinner, 1912, p. 196).
Like many other mountain settlements in the region, Pra
and Lagunaz were abandoned. The ruins of the old buildings
are crumbling beneath an encroaching forest of alders (Fig.
238). In 1959 a stone memorial to the victims of the catastrophe was erected at the former site of Pra. New, touristoriented buildings have since been built or are being renovated at Col di Pra, 2 krn to the west.

Figure 237: Map and geological cross-section of Cima dtAmbrosogn,showing the
tracks and depositional lobes of the 1908 rock avalanche at Pra and Lagunaz (from
Bibolin~,1909).

Figure 238: Blocks of the rock avalanche of 1908 (foreground) scattered among the ruins of Pra; the carbonate cliff of Cima d'Ambrosogn ~nthe background (photograph taken ~n 1980). (GSC 204 769-H)

Vandans (A108)
Location: Blunclrnz, Vorur-lhcrg. A~rstr.itr( E l )
Date(s): 15 June 1910 (also 1762, 1764, 29 May 1894,
I2 August 1933, August 1967)
Vandans (650 m) spreads over an inclined terrace along the
south bank of the 111 River which here flows northwesterly
from metamorphic basement terrain through a complex of
Austroalpine cover rocks (Fig. 239). The stretch of the valley
between Vandans and St. Anton is dominated by coalescing
debris cones of the Rellsbach, Mustrigil, and Venser torrents
on the south and the cone of the Gipsbach Torrent on the
north. The upland basins of most of these torrents are underlain by northeast-striking and northwest-dipping evaporitic shales overlain by dolomite cliffs rising to crests of
2400 m elevation. The Rellsbach basin contains sagging
slopes of metamorphic basement mantled by thick relict
colluvium.
In remote times. the dolomitic crest of the Gipsbach
basin collapsed and probably demolished a settlement on the
huge cone north of St. Anton; debris possibly impounded the
I11 River into a sizable lake. This area has since been avoided
by settlement.
In 1762 and 1764 Vandans was damaged by a series of
debris flows caused by failures along the scarp face of the
Vandanser Steinwand (2443 m). with the debris channeled

down thc gorge of the Mustrigil Torrent. On 29 May 1x94. a
fractured mass of carbonate about 2 x IOf'm' in volume
failed at the eastern end o l the Vandanser Steinwand and.
mobilized by runoff during a furious r;rinstorm. proceedcd to
stem the How of the I l l River. A lake which becarnc an
attraction throughout the summer eventually burst acroh\ the
debris wedge and created serious damage downutream.
On 14 June 1910. during a regional rainstorm thal
caused widespread flooding in Vorarlberg and Switzerland.
about 230 mm of rain fell in the vicinity of Vandans within a
period of 24 hours. Massive debris transport occurred along
all the torrents above Vandans. Along the Rcllsbach Torrent
embankment failures along the me zones of sagging slopes
triggered debris flows that burst into Vandans, burying 30
buildings underneath a total 1.4 x 10"m' of rubble (Strele.
1936, p. 136-137).
On 12 August 1933, runoff from a series of thunderstorms mobilized debris that had accumulated below the
scarp face of the Vandanser Steinwand; a rapid debris flow.
with a volun~eof more than 0.1 x lOhm1, crashed into Y
buildings in Vandans, killing 5 people (Schiennbock and
Geyer. 1974). In August 1967 the Rellsbach Torrent again
carried a flow with a volume of 0. I x 106m3which came to
rest in a debris retention basin.
After these and other accidents a large number of check
dams and protective works (transverse dams. dykes, deflection walls, and retention basins) were built in the vicinity of
Vandans. On account of an extensive hydroelectic development and booming tourism. the community has greatly expanded in the last 30 years. Occasional rockfalls from the
steep scarp face are obviously beyond human control. but the
condition of the cliff is being closely monitored by regular
inspection.

Figure 239: Sketch map of the 111 River near Vandans.
Broken 11neindicates outcrop of evaporitic shales.

Sandling (A109)
Loc.trriorr: Su1:ktrmmergrtr. O b ~ ~ r r(Upper
r i Ausrria).
Ausrria (11)
DarelsJ: I 2 September 1920 (also 1560)

The Sandling Massif ( I7 17 m) is part of the front ranges of
the eastem Alps. Underlain by carbonate strata of the Austroalpine cover complex that dip about 20" to the east the
southwestem scarp face of the Sandling exposes a massive
upper limestone cliff and a lower more recessive calcareous
flysch and evaporitic shale (Fig. 240). The escarpment is
mantled by talus.
In the Middle Ages much of the unstable south flank of
the mountain was dotted by adits to underground salt mines.
In 1560 a slope above one of the adits failed and a number of
miners were buried by the slide debris (Lehmann, 1926,
p. 271).
During late August and early September 1920 a heavy
rainstorm pounded the front ranges of the Alps, setting off
floods in the Salzkammergut region. On 12 September one
week after the rainstorm, several people who stayed in cabins
on the gently sloping meadows below the southwest face of
the Sandling observed that one of its isolated rock towers, the
Pulverhomdl, was surrounded by a dust cloud due to almost
continuous rockfalls. One person who had climbed the peak
early in the day had noticed that the talus cone below the

Figure 240. Sketch map and schematic cross-section
ol the Sandling Massif; note the overloaded shale terrace below the Pulverhorndl tower and the deposits ol
the slow-moving debris flow of 1920.

Pulverhomdl was shifting slowly towards the southwest.
soon became apparent to the onlookers that the rock spur, 0.2
x 106m3 in volume. was gradually moving away from the
main face of the Sandling along a vertical fracture trending
north-northeasterly. Accompanied by rockfalls and Outward
flow of shale below the tower this process of detachment
continued for more than twelve hours. When trees and huts of
the alpine meadows began to shift as well, the people abandoned the area. Shortly thereafter, the main part of the tower
crumbled completely and a lobe of blocky carbonate spread
over the meadows which were underlain by water-saturated
shale and surficial deposits. The frontal segment of the overloaded area began to break up into slumps which combined
into a downward pressing flow of mixed shale, moraine, and
rock avalanche deposits. The initial rate of displacement at
the front of this flow was 11 mls; eventually a mass of 6 to 9
x 106m3moved slowly down the tributary ravine destroying
valuable forest land (Lehmann, 1926). Upon reaching the
Leisling Torrent the toe of the debris lobe was reworked and
transported to the cone of the torrent. During the years since
then the flow slowed down and today only a small segment
seems to be active. Check dams along the lower reaches of
the Leisling Torrent have kept erosion of rubble along the
channel within tolerable limits. Several deep cracks along the
face of the Sandling indicate that not all of the Pulverhomdl
was carried away in 1920 (Fig. 241).

Figure 241: Remnants of the collapsed Pulverhorndl
tower along the fracture-controlled west face of the
Sandling Massif. (GSC 204169-1)

Roguebillitre (A110)
Locarion: Moj'erlne Vksubie. A ~ P EMaritimes.
S
France f C 4 )
Dare(s): 25 November 1926 (also 1094. 12th century.
2 0 ~ u l 1564,
y
22 February 1742)

The Moyenne Vesubie is part of the moutainous region
separating the crystalline Massif de Mercantour from the
Mediterranean Sea. The ranges are underlain by sedimentary
successions of the Helvetic (Dauphinois) cover complex and
rise to ridges 1000 to 1500 m in elevation. The bedrock
consists of shale, carbonate and flysch. Near Roquebilliere
the VCsubie River follows a north-trending zone of intensely
deformed evaporitic shales (Fig. 242). The narrow floodplain of the river is bordered by notoriously unstable terraced
slopes hosting small agricultural communities. Roquebilliere
is only one of many settlements in the area that have suffered
from mass movements.
The earliest community of Roquebilliere probably
spread along the west bank of the VCsubie River; it was
almost completely swept away by a debris flood in 1094. The
survivors of this catastrophe moved to a new site on the east
bank of the river near the debris cone of the Gordolasque
Torrent. Sometime in the 12th century the Gordolasque Torrent debouched enormous amounts of debris onto its cone,
forcing a relocation of the village onto a river terrace below
the colluvial bench of Belvedere (800 m). On 20 July 1564,
an earthquake accompanied by landsliding destroyed much
of the community and killed scores of people. The village
grew back to reasonable size, when, on 22 February 1742,
another debris flood of the VCsubie wrecked two-thirds of the
buildings (Mougin, 1931, p. 99-100).

For centuries the benches abovc Roquebilliere were
irrigated by farmers working the fields. Minor rlump5 along
the outer rim of the terraces occurred frequently but posed
problems only during major rainstorms. However, a series of
rainstorms in the autumn of 1926 led to a marked deterioration of the entire shale slope behind Roquebillitre. Precipitation in the ~Moyenne Vesubie between 21 October and
23 November was as much as 1700 mm, seven times the
normal; in the five days between 19 and 23 November a slide
with a volume of 3 x I O ' ~ ' temporarily closed the gorge of
the Vesubie above Roquebilliere; fortunately overflow of the
river occurred before a major lake had formed. However, the
most destructive landslide triggered by the rains was yet to
strike Roquebilliere. On 23 November 1926. a large crown
crack appeared along the rim of the Belvedere terrace and on
25 November 1926, at 3 a.m., a slab of evaporitic shale.
150 m wide and 0.2 x 10'm' in volume slid away along a
gently inclined basal shear surface. Its front ploughed into
the southern section of the village destroying 20 houses and
killing 19 people. The slide mass came to rest but was
remobilized by more rain on 29 November 1926. Advancing
at a rate of 5 m per day the reactivated flow of remolded shale
demolished another 10 buildings before winter temperatures
slowed its motion. However, large new cracks developed
behind the head scarp and the village was partly evacuated.
The remaining group of buildings - now known as Roquebilliere Vieux has continued to be in a zone of recognized
risk (Benevent and Maury, 1927: Bemand, 1927; Meneroud
and Calvino, 1976). Recent development in the area has
shifted to a bench above the western bank of the Vesubie
River where the modern community of Roquebilliere is located.

Figure 242: Index map of the surroundings of Roquebilliere; note the historical slump area on the terrace of Belvedere.

Klausen-Chiusa (A111)
Location: Eisack (Iscirco) V a l l e ~Siidtirol
.
(Alto Adige). Ira!\.
(G2)
Darc(s): 9 August 1921

The town of Klausen (550 m) crowds the small fan of the
Tinnebach Torrent on the west side of the narrow Eisack
(Isarco) Valley (Fig. 243). The catchment basin of the torrent
is a large bowl-shaped plateau on which tributary ravines are
incised into phyllitic bedrock of the South Alpine basement
and Pleistocene surficial deposits. Midsummer thunderstorms and downpours tend to produce erosional scars in
otherwise inconspicuous ravines. The steep slopes below the
main escarpment are also notoriously unstable. A local
legend tells of a settlement named Schonberg (=pretty
mountain) which disappeared after a rainstorm, was later
rebuilt in the same place, and received the fitting name
Villanders (=quite different); this community still clings to
the mountainside south of Klausen (Dalla Torre. 1913,
p. 253).
On 9 August 1921, an intense cloudburst-hailstorm
raged in the Tinnebach basin for approximately three hours.
During this storm scour along numerous tributary ravines
produced debris that collected in the gorge. From there a wall
of boulders. mud. and trees advanced to the narrow mouth
above Klausen at a rate of 2 rnls. The first pulse of debris cut
a broad swath across the town and killed four people. Subse-

Figure 243: Sketch map of
the bowl-shaped Tinnebach basin above the town
of Klausen (Chiusa); most
of the tributary branches of
the torrent are incised into
bouldery surfic~aldeposits.

quent pulses of debris filled the channel of the Eisack River; a
lake 7 m deep flooded most of the buildings that had escaped
direct damage from the flows. This lake persisted for several
days.
Since this disaster several protective dams, 10 m high,
have been erected across the mouth of the gorge above
Klausen. A large number of check dams now neutralize the
most serious debris sources in the uplands; one of these
debris chutes contains as many as 150 closely spaced check
dams (Pitra, 1921; Stacul. 1979).

Motto d'Arbino (A1 12)
Location: Val d'Arhedo. Bellit~iono. Tic,irlo. Su7itierland
(E2)
Dates(s): 2 and 2 8 October 1928 (also I 8 October 1915)

The broad summit ridge of Motto d'Arbino ( 1694 m), east of
the lower Ticino Valley, is composed of gneiss and marble of
the Pennine core zone of the Swiss Alps (Fig. 244). The
foliation of the metamorphic rocks. which dips 80" north,
controls the course of the Traversagna Torrent along the
north side of the mountain. The torrent joins the Ticino River
after crossing a debris cone on which the communities of
Arbedo (270 m) and Molinazzo are located.

After the retreat of Pleistocene glaciers in this area much
of the north side of Motto d'Arbino probably experienced
slow deep-seated gravitational sagging. Material from the
toe zone was carried to the cone of the Traversagna Torrent.
The first precursors of a major slope failure were rockdebris avalanches noticed as early as 19 13. On I8 October
19 15, a debris avalanche channeled through a bedrock ravine
and buried three construction workers.
In 1925, during a routine triangulation survey in the
region, monuments on the main Motto dlArbino slope were
found to be displaced (Knoblauch and Zurbuchen, 1927).
The surveyor, M. Zurbuchen, issued the first warning of a
possible destructive slope failure and continued to monitor
the movements. During the wet summers of 1927 and 1928 a
rock mass of approximately 170 X 106m3, lodged between
two fracture-controlled ravines was found to be moving at an
accelerating rate of 4 to 15 mmlday. Three hamlets on the
slope were evacuated. On 2 October 1928, the rate of displacement increased markedly and rockfalls broke away
from the deteriorating mountainside. Soon thereafter 30 to 40
x 1o6m3 of rock crashed into the gorge, blocking the

Traversagna Torrent over a distance of more than 1.5 km and
impounding it into a small lake; sixteen evacuated buildings
were demolished (Heim, 1932. p. 156-158; Knoblauch and
Reinhard, 1939, p. 82-84).
Four weeks later, on 28 October 1928. an intense rainstorm saturated the frontal part of the debris barrier, launching several debris flows which engulfed buildings in the
communities of Arbedo and Molinazzo (Montandon. 1933,
p. 329). In the years following the main failure parts of the
sagging terrain above the head scarp of the slide mass continued to disintegrate in a series of rockfalls. Rockfall activity
has been particularly intense during and after sustained periods of rain (e.g. 1936).
Between 1930 and 1950 the mouth of the Traversagna
gorge was closed by a debris-retention dam 30 m high. Since
then, retention space behind the dam has completely filled
up. The surface of the cone is now enveloped by residential
buildings; the channel of the torrent, which is wide enough to
contain minor debris flows, has been provided with strong
revetments.

Figure 244: Sketch map and geological cross-section of the Motto d'Arbino rockslide area and the built-over cone of Arbedo.

Linthai (A113)
Locatior~:Glrrrts. S~~*ir;erland
lE2l
Dare(s1:6 to 7 November 1932 (also 1798, 25 August 1944)
-

The picturesque village of Linthal (662 m) rests at the foot
of the northwestern termmation of the Kilchenstock ridge
(1800 m). The brow of the nsing ridge behind the village has
an average inclination of 38" and IS underlain by gently
southeast-dipping slaty sandstone of the Helvetic cover complex. Large debris cones flank the Kilchenstock (Fig. 245).
The debris cone on the south side is of prehistorical age. The
cone on the north of Linthal has been deposited by the
Durnagel Torrent partly in historical times; major debris
flows have swept down this cone in 1798 and on 25 August
1944. The main threat to L~nthal,however, has been the
northwestern promontory of the Kilchenstock itself.
In the past the ravines above Linthal channeled sporadic
rockfalls to the base of the pointed ridge without doing much
damage. Dunng the rainy autumns of 1926and 1927 rockfall
act~vity from the Kilchenstock increased markedly and
a crown crack appeared at an elevat~onof approximately
1600 m, Indicating that a major segment of the ridge was in
motion. In 1927 survey markers were installed at points
below the head scarp of the suspected slide mass. Resurveys
Indicated that a rock mass of approximately 0.5 x 106m3
was in state of creep which accelerated during the summer of
1927 to 1.2 m d d a y , during the summer and autumn of 1928
to 1.6 m d d a y , and during October 1930 to 10 m d d a y , at
which time the village was evacuated. In July 1932 the rate of
movement was 30 m d d a y and in October 1932, 200 m d
day. On 6 and 7 November 1932, 20 000 m3 of broken

bedrock came loose in a series of rockfalls that did little
damage (Heim, 1932, p. 190- 197 and 2 14-217; Oberholzer,
1933, V. 566-567).
~ b d the
a ~village of Linthal is thriving in the shadow of
the Kilchenstock (Fig. 246). A dam 650 m long and several
metres high has been built behind the village to protect it
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Figure 245: Sketch map of Linthal; note the protective
rockfall dam below the Kilchenstock and the debris
retention dam at the mouth of the Durnagel Torrent.

Figure 246: View of the Kilchenstock slope southeast of Linthal; note the two active
rockfall chutes flanking the main unstable rock promontory. (GSC 204169-J)

from small rockfalls. This structure, of course, could not
prevent destruction of the village if the entire slope failed.
The significance of continued monitoring of creep in the
unstable rock mass has been recognized since Heim's
thoughtful investigation which he concluded by stating that
'. . .great rock slides get going slowly and make themselves
known weeks or at least days in advance.' (Heim, 1932, p.
197).

This time interval can hopefully be used to evacuate the
threatened community.

Location: Bauges. Savoie. France ( 8 3 )
Date(s): I 2 to I 5 March 1931 (also 11th centur? and 1625)

The region of Bauges is a part of the front ranges of
the French Alps. Mountain ridges parallel the northnortheasterly trending folds in carbonate and argillaceous
rocks of the Helvetic (Dauphinois) cover complex. Steep
slopes underlain by limestone, calcareous shale, and surficial
deposits are commonly unstable.
Le Chltelard (650 m) is located in the valley of the
Chtran River (Fig. 247). The ridges of Mont Julioz (1600 m)
to the northeast and Dent de Rossane (1900 m) to the southwest are composed of slate and intercalated ribs of limestone.
in most places mantled by surficial deposits.
In the 1 1th century about 3 X 106m3of rock failed along
the northeast face of the Dent de Rossane. This slide obliterated a community in the valley and blocked the westerly flow
of the Chtran River, creating a temporary lake. The survivors in the mired community founded the settlement of Les
Granges (650 m) on the debris fan of the normally inconspicuous Torrent Mellesine ( = bad torrent) which drains
the west-facing slope of Mont Julioz. In 1625 Les Granges
apparently experienced a destructive debris flow triggered by
a slope failure in the uplands of the Mellesine basin.
In October 1930 large cracks appeared on the lower
slope of Mont Julioz near the hamlets of Monts and Michauds
(I I00 m), defining an area of incipient instability 800 m long
and 500 m wide. On 7 January 193 1 . the ground cracks
captured runoff from the upper slope, and local slumping
raised apprehension among the people living nearby.
However, a subsequent period of cold weather and snowfall
eased the fears to some degree. Then, between 28 February
and 10 March 1931, about 300 mm of warm rain fell on the
snow causing numerous slumps and debris avalanches along
the steep mountainsides. At Le Chltelard snowmelt and
runoff entered along the wide-open cracks of the failing
slope. On 12 March 1931, large blocks 10 to 30 m across
began to move away from a retrogressing scarp that soon
involved the two hamlets. One by one buildings toppled and
rotated under the strain of the expanding slide. The front of
the slide transformed into a debris flow that moved down the
channel of the Mellesine towards Les Granges. A total of 15
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Figure 2 4 7 : Index map of the bedrock ridges in the
vicinity of Le Chatelard and principal area of historical
slope failures.

buildings in Les Granges were demolished or seriously damaged by the debris. About 0 . 3 x lo6rn3 of debris spread
across the surface of the cone (Gex. 193 1; Montandon, 1933,
p. 282 and 329). The hamlets of Mont and Michauds were
abandoned.

Locofion: Lac. du Bortrget. Rhone Valley. Savoie, F m r ~ c e
(A3)
Dare(s): 1 7 Januaty 1936

Serrikres-en-Chautagne (260 m) consists of several hamlets
strung out along the toe of the west-facing Montagne du Gros
Foug (1000 m) in the foothills of the French Alps. This ridge
is the core of a north-trending anticline of carbonate and
calcareous shale of the Helvetic zone (Dauphinois), piercing
the calcareous sandstone and shale of the Molasse Zone. The
western limb of the anticline above Senieres-en-Chautagne

is overlain by thick deposits of calcareous tufa. The tufa
deposits weather into unstable blocks that tend to disintegrate
by'creep in the underlying shale.
The months of November and December 1935 were
characterized by sustained rain and snowfall reaching locally
a total of900 mm water equivalent. In January 1936 all of the
snow melted on the Gros Foug ridge. This resulted in a high
rate of infiltration into the slope below and caused the overflow of a small reservoir. On 17 January 1936 a veneer of tufa
blocks, soil and trees began to accelerate toward the hamlets
of Serrieres-en-Chautagne. Upon reaching the valley this
mass split into several lobes. one of which destroyed 15
buildings and severely damaged several others; all inhabitants managed to escape from the doomed buildings
(Martin and Messines du Sourbier, 1936).

Fidaz

- Flims (A116)

Locariotr: Rheitl (Rhirie) VaIle,~.Graubiirrdetr (Grisoris).
Swirzerland ( E 2 )
Dare(s): 10 April 1939 (also 6 Augrtsr 1578. 16 May 1687.
16 March 1868

The east-trending Rhein (Rhine) Valley between Ilanz and
Chur follows a major south-dipping fault zone that separates
Pennine slates on the south from Helvetic carbonates on the
north (Fig. 248). In this zone, characterized by a cluster of
historical seismicity (Pavoni, 1977), the Helvetic basement
plunges steeply to the east. The bottom of the Rhine Valley is

F~gure248: Sketch map of
Flims and the huge Pleistocene rockslide that resulted from a failure of the
Flimserstein dip slope; note
historical rockfall lobes and
talus derived from the carbonate cliff behind Flims
and Fidaz.

filled almost entirely with prehistorical rockslide deposits
known as Flimser Bergsturz (Heim. 1932; Triimpy, 1980. p,
225-231). These deposits originated by the failure and of
some 10 000 X 106m3of Malm limestone formation on the
Flimserstein Massif. The breakaway zone is the terrace of
Flims, a dip slope inclined 15 to 25" and rimmed by a
fracture-controlled limestone head scarp several hundred
metres high. The vertical backwall of the terrace of Flims has
been the detachment zone of several prehistorical and historical rockfalls and avalanches.
On 6 August 1578, a slab of limestone collapsed onto
the talus slope above Flims; the resulting debris stream demolished several buildings and killed 10 people in the village
(Niederer, 1941, p. 6). It may be significant that several
strong earthquakes were felt in the region in the same year
(Schorn, 1902, p. 36).
On 16 May 1687, a massive rockfall from the cliff
destroyed a strip of the protective forest above Flims, and on
16 March 1868, following a winter of heavy snows, a rocksnow avalanche obliterated three cabins below the cliff
(Niederer, 1941, p. 6).
On 10 April 1939, part of the nearly vertical cliff northeast of Fidaz failed. Some precursory rockfalls had been
noticed prior to the main collapse, but this was not perceived
as being unusual: most of the trees in the protective forest on
the talus below the cliff are scarred by impact of blocks
tumbling from the face above. However, on 10 April 1939, a
slender rock slab, 200 m high and 0. I x lo6m3 in volume,
came loose along an easterly trending fracture surface at an

Werfen (A117)
Locatron: Sulzuch V~lley,Sulzbrrrg, Au.+rriu ( I f )
Dule(r): 4 July 1947 (ako 1683. 4 Aicgu.vr 1974)

Figure 249: View westward along the steep carbonate
chff of the Flrmserste/n above F~daz(GSC 204169-K)

elevation of I600 to 1800 m. Eyewitnesses reported that at
the moment of failure two cracks opened rapidly 'from the
bottom up' emitting a 'thundering noise'. Then the disintegrating slab descended like a 'plowshare' over the talus
and slid like a 'toboggan' through the forest. The mass then
sped in a 'scouring-rolling' motion towards the children's
home of Sunnehusli (1250 m), where, preceded by an airblast, it overrode the building and killed 18 occupants. By
scouring soil and colluvium, the rock avalanche attained a
volume of 0.4 X 106m3; it camled individual blocks of
limestone with volumes In excess of 500 m3. The entireevent
from initial detachment of the rock slab to the sudden halt of
the debris lobe took less than t,wo mlnutes. An enormous dust
cloud rose over Fidaz (Niederer, 1941).
On 10 November 1939, a small nondestructive rockfall
broke away from the scar of the earlier slide. A barrage of
artillery fire then was directed towards the cliff to bringdown
remaining pieces of loose rock (Niederer, 1941).
In recent years the thriving tourist centre of Flims has
expanded over extensive tracts of land below the high limestone cliff (Fig. 249).

North of the town and castle OF Werfen (550 m) the Salzach
River flows in a deep gorge across the rugged front ranges of
the Austroalpine carbonace complex (Fig 250). The narrow
floodplain of the river is bordered by precip~toussplrex.
crags, walls, and funnel-shaped ravines rislng above steep
debris cones. The cones are, in general, uninhab~ted.Several
bedrock spurs confine the Salzach River ((1 a narrow channel.
The summer of 1947 was one of the hottest ever in the
Alps and thunderstorm were frequent. On 4 July 1947. a
serles of cloudbursts deluged the southwest flank of the
Raucheck Massif (2340 m). Runoff from the bare carbonate
cllffs mobilized 0.1 to 0.2 x 106m3of angular-blocky debr~s
in ravines below the main mountain crest. The carbonate
rubble, augmented by logs that had been deposited by snow
avalanches in prevlous years, temporarily blocked the Kammerloch gorge. Eventually the mass burst forth onto the
cone, across the railroad tracks, and into the Salzach River.
A debris lobe, at least 15 m high and containing limestone
blocks several metres in diameter. dammed the river. A few
hours later the barrier broke and a flood wave demolished
bridges and roadworks downstream from Werfen. The catastrophe claimed two lives (Lauscher. 1973, p, 144). Historlcal records suggest that a s ~ m ~ l debris
ar
flow disaster occurred near Werfen in 1683. After 1947 stode-masonry
check dams were built across the main tnbutary ravlne of the
uplands to prevent future mobilizat~onof the carbonate rubble below the Raucheck (Fig. 251). The low floodplain
above the bedrock spur of Werfen, avoided in the past and
submerged during the blockage of the Salzach River in 1947,
now hosts an outdoor sports centre and a few homes.
In the spring of 1974 a rockfall occurred on the steep
northeast ridge of the Rifflkopf summit (2254 m) on the east
of the Salzach River. The calcareous rockfall rubble blocked
the upper reaches of a bedrock ravine that drops steeply down

Figure 250: Sketch map of the Salzach
River gorge near Werfen and the steep
carbonate cliffs of the Raucheck Massif.

to a cone astride the river embankment. On 4 August 1974, a
heavy thunderstorm deluged the Rifflkopf Massif and runoff
scoured deeply in the rockfall and talus blankets of the ravine
below. About 10 000 m3 of the rockfall rubble were mobilized into a coherent flow which swept across the highway at
great speed, picking up two cars and hurling them into the
river. Both drivers perished (Pippan, 1981). During the late
1970s the new highway through the Salzach gorge was
placed into tunnels and galleries which thus permit safe travel
along this stretch of valley exposed to rockfall, debris flow,
and snow avalanche activity.

The hazard of potential ice avalanches in the runout
zone below the glacier has been recognized and developments are not expanding towards the morainal ridges
below the Tour Glacier.

Glacier du Tour (A 118)
Loratiori: Vallee de Charnonix. Haute Savoie, Fral~ce(B3)
Date(s): 14 August 1949

The Glacier du Tour is a northwest-facing cirque glacier
located in a bowl of granitic gneisses below the northeastern
ridges of the Mont Blanc Massif (Fig. 252). The firn basin
above 2700 m feeds an intensely crevassed tongue of ice that
overhangs a smooth ledge of bedrock, inclined at 25 to 35", at
an elevation of approximately 2500 m.
On 14 August 1949, without warning, approximately 2
to 3 x 106m3of ice broke away from the frontal lobe of the
glacier at 2200 m. The slab disintegrated into a chaotic flow
of ice fragments and dust, then avalanched explosively to the
foot of the bedrock slope, and spread across the morainal
banks in the valley, killing six hikers. Photographs of the ice
avalanche in progress were taken by a tourist from across the
valley (Guichonnet, 1950).

( 3 5 1 2 rn)
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F~gure252 Sketch map of Glacler du Tour, eastern
Mont Blanc Masslf

Tavernerio (A119)
Locarion: Como, Lombardia, Iraly (E3)
Dare(s): 8 November 1951

Tavernerio (420 m) straddles the lower Cosia Torrent which
originates by the confluence of several tributaries flowing
from bedrock basins underlain by south-dipping limestone
and shale formations of the South Alpine cover complex. Dip
slopes along the crest of the tributary basins below Monte
Bolettone (1317 m) tend to disintegrate in rockfalls and
debris slides.
Between 6 and 11 November 195 1, heavy rainfalls
deluged the south-central front ranges of the Italian Alps
creating devastating floods in the PO Valley. In the mountains debris avalanches caused extensive damage to roads
and settlements. On 8 November 1951, a slide mass of shale
and carbonate blocks from the Monte Bolettone dip slope
blocked the Cosia Torrent and then changed into a debris
flow. The flow entered the upper part of Tavernerio, crushed
ten buildings and killed 16 people (Mussio, 1974).
Today little remains to be seen of the 1951 debris flow
track. Most of the torrent embankments at Tavernerio are
completely built over.

Figure 253: Sketch map of the rock-~ce-debrisstream
of 7952 which originated on the western flank of Becca
de Luseney.

Becca de Lusenev (A1201
Zambana (A121)
Locarion: Valpelline. Valle d'Aosru. Italy (C3)
Date(s): 8 June 1952

The Valpelline, drained by the Buthier Torrent extends from
the highglaciated border ranges between Italy and Switzerland to the Valle d'Aosta. Bedrock ridges flanking the valley
are composed of intensely fractured southwest-trending
metamorphics of the South Alpine-Austroalpine basement
complexes. The Comba d' Arbiere, a glacial tributary torrent,
originates in a rubble strewn cirque below the ragged summit
pyramid of the Becca de Luseney (3500 m) and joins the
Buthier Torrent near the Hamlet of Chamen (Fig. 253).
On 8 June 1952, following two years of exceptional
snowpacks and meltwater infiltration. a slide mass consisting
of 0.1 x lo6m3 of bedrock, superincumbent moraine. ice
and snow came loose along the west-facing slope of Becca de
Luseney at an elevation of 2900 m. Picking up blocks of ice,
morainal debris, and water, it changed into a rapid debris
flow 250 m wide. Cascading down the straight gorge of the
Comba d'Arbiere Torrent, the mass struck the bottom of the
Valpelline and then climbed approximately 100 m up the
opposite valley wall. The debris obliterated huts in the hamlet of Chamen (1700 m) and killed 4 people. A small lake
formed upstream from the debris lobe and four days later
launched a debris flood carrying blocks of ice and rock down
the Valpelline (Stragiotti and Peretti, 1953: Abele, 1974,
p. 141).
The upper Valpelline, although accessible by road. is
still relatively remote and only limited development related
to tourism has invaded this rugged region.

Locarion: Adige Valle.~.Trenro. Trenrino. Ira/! (G2)
Dare(s): 2 5 November 1955 (also 181 1 . 17 April 1956.
autumn 1959)

The community of Zambana (215 m) used to be located at the
apex of a gently sloping debris fan that rises only about 25 m
above the wide and intensely cultivated floodplains of the
Noce and Adige rivers. Directly behind the village rises the
Paganella wall, a bedrock face composed mainly of thickbedded to massive dolomite formations of the South Alpine
cover complex dipping 10 to 20" west-northwest (Fig. 754).
Controlled by near-vertical faults and fractures, this wall is
nearly 2000 m high. Sections of the Paganella wall tend to
topple or collapse along vertical fractures. In 18 11 a slice of
the wall peeled off along a composite fracture just north of
the community of ~ e z z o l o m b a r d oand spread across the
valley floor as an 'enormous sea of rubble' (Schaubach.
1867, v. 4, p. 385). This debris lobe has since been completely covered by alluvium of the Noce River and now
supports extensive orchards.
Near Zambana the Paganella wall is breached by the
fault-controlled Val Manara ravine. Although dry during
most of the year the ravine can carry substantial runoff after
autumn rains and springtime snow. Since its earliest days the
settlement faced sporadic bursts of debris and regular floods
of the Adige River. Mesolithic cultural traces near Zambana
2 unearthed from the cone demonstrate that
and ~ o m coins
in spite of these threats settlers have been attracted to this site
for more than 6000 years (Gorfer. 1977, p. 382-384).

The destructive events of 1955- 1956 began on 7 August
1955, when a rockfall from the Paganella wall blocked the
Val Manara gorge: on 7 September 1955 during a period of
rain the mobilized debris invaded the upper section of Zambana. Other slabs fell from the cliff soon thereafter and
apparently prepared the slow detachment of a downward
tapering wedge of limestone with a volume of 0.2 to 0.3 x
10'm3 along two vertical fractures near the 1000 m contour.
Simple pegs were installed across the main fracture near its
crown to monitor the outward displacement of the rock slab.
Evacuation of parts of Zambana was also ordered soon
thereafter. On the night of 24 November accelerated subsidence and rotation of the rock mass indicated impending
failure. In the early morning hours of 25 November 1955, the
slender rock column collapsed internally and toppled forward, filling the gorge of Val Manara. The gruesome spectacle was illuminated by floodlights set up by the army beforehand. It soon became clear that the annual spring rains
might mobilize the mass of debris: therefore construction of a
protective stone dam above Zambana was initiated immediately. Indeed, on 17 April 1956 the first heavy spring
rains set in motion most of the debris which unfortunately
overtopped the protective works. The church and other buildings were covered by several lobes of carbonate rubble (Andreatta, 1956). Autumn rains in 1959 set off another series of
flows flattening a second protective dyke and invading another row of houses in Zambana (Fig. 255).
After these disasters a new community, Zambana
Nuova, was established 2 km east of Zambana Vecchia on
the floodplain of the trained Adige River. However, the old
community, Zambana Vecchia, was not abandoned; the
church has been excavated completely from the rubble and
some of the seriously damaged buildings have been repaired.
The most threatening rock promontories of the Paganella
wall are now inspected regularly because their collapse could
be locally disastrous to such communities as Mezzolombardo
(Largaiolli and Vaia. 1975).

MBANA NUOVA

Figure 254: Sketch map of the Paganella carbonate
wall at the confluence of the Adige and Noce r~vers.

Figure 255: Debris flow deposits that engulfed Zambana in 1955 as seen from the
mouth of Val Manara (from Andreatta, 1956).

Millslull (AI22)
Locarion: Lakr Millstart (Millstattrr Sue). Kiirnrrn (Car,,!rhia), Austria (12)
Dare(s): 31 July 1958

Lake Millstatt (588 m) is one of several lakes in the densely
populated tourist region of central Kamten (Carinthia).
Mountain ranges in the region rise to approximately 2000 rn
(Fig. 256) and are underlain by schists and gneisses of the
Austroalpine basement complex. Many torrent basins of the
region are flanked by sagging bedrock slopes and thick
deposits of Pleistocene colluvium (Clar and Weiss, 1965).
Debris cones along lake shores and in river valleys host
sizable towns and villages. Although blessed with a mild
climate, the generally hot summers tend to be interrupted by
violent thunderstorms accompanied by intense downpours.
~ e g e n d srelating to ancient debris flow disasters speak of
furious dragons ('Lindwurm') and enraged giants.
On 31 July 1958, a cloudburst dumped approximately
100 mm of rain onto the Millstatter Alpe Massif (2086 m).
During this downpour an intensity of 36 mmlh was registered. Trees, knocked over by strong winds, mixed with
debris eroded from torrent embankments, generating debris
flows which erupted over the Millstatt and Pesenthein cones,
among others. An estimated total volume of 0.3 X 10'm' of
rubble reached the lower parts of the torrents in the area. The
outer part of the overloaded cone at Millstatt slumped into the
lake. About 8 0 buildings were severely damaged and six
people were killed, four of them at a campground on the
Pesenthein cone. The destruction could have been even more
severe, but was held in bounds by check dams and other
control works already in place along the torrents (Richter,
1959).

Figure 256: Sketch map of the torrent basins on the
southwest slope of the Millstatter Alpe; note completely
built-over fan deltas.

Figure 257: View of the Pesentheln cone and Lake
Millstatt. Left cone sector IS entirely occupied by campground facilities; rlght cone sector hosts several recently built hotels. (GSC 204769-N)
In recent years most of the cones in the area have been
completely built over. Additional control works have been
erected on some torrents. but. since the recurrence interval of
thunderstorms like the one in 1958 is about 300 to 500 years
(Richter, 1959) the debris flow risk on many small cones has
been accepted (Fig. 257).

Mur Valley ( ~ 1 2 3 )
L ~ ~ ~~ ~ , ~ ~ (, s ~~, . ,:~ ~, A) ,, , ~ ~ , .(;K
,~ I, J
~
~
Datefs): 12 to 14 August 1958 (also 22 July 1740, 8 June
1827. 6 to 7 September 1833)

The upper Mur and Murz valleys follow a seismically active
northeast-trending Neogene fault zone (Fig. 258). The two
major towns along this industrial corridor are Bruck and
Leoben (500 m). Most of the mountain ranges along the
Mur-Murz lineament rise to elevations about 1500 m and are
underlain by schists. phyllites and carbonates of the Austroalpine basement complex. The area is outside the Pleistocene glaciation limit of the Alps and exhibits deep weathering. Violent hailstorms and thunderstorms are frequent in
this zone bordering the Pannonian Basin and produce flash
floods in the lower foothills, debris flows in the mountainous
basins, and debris slides along deeply weathered foliation dip
slopes in metamorphic bedrock terrain. Localities with
names containing the root 'Goss', 'Giiss' and 'Giess'
(=debris flood) reflect this physiographic situation.
The winter of 1740 in eastern Austria was long and
severe. After a very short spring there were powerful thunderstorms and downpours in July. On 22 July 1740. a cloudburst centred in the vicinity of Leoben triggered massive
debris movements in the Lainsachgraben basin. Debris flows
demolished several homesteads there and claimed 32 casualties (Stini. 1938, p. 18).

Figure 258: Index map of the Mur and Murz valleys and
adjacent mountain ranges.

On 8 June 1827, a regional rainstorm in the eastern Alps
set off numerous debris avalanches and flows in the MurMurz basin. Transportation routes were blocked for many
weeks. dozens of buildings were demolished and many people lost their lives (Stini, 1938, p. 23).
On 6 and 7 September 1833, a regional rainstorm accompanied by violent local squalls deluged the slopes south
of Leoben, triggering debris avalanches and floods in the
area. A large debris slide blocked the Gossgraben Torrent,

and a massive flow overwhelmed buildings along the
embankments, claiming the lives of several people (Stini,
1938, p. 24).
The summer of 1958 was very hot throughout the Alps.
These conditions favoured local cloudbursts of considerable
intensity particularly along the eastern fringes of the mountains. Between 12 and 14 August 1958, a pulsating shower
cell was centred in the Fischbach Ranges (Breitenau), southeast of Bruck. A total of 400 to 500 mm of precipitation fell
within 8 hours. One squall lasting for 30 minutes dumped
100 mm of rain onto the uplands. Gullies and slides in
weathered bedrock filled the torrents with debris and dislodged trees. Debris-log jams rose up to 30 m above the
torrent channels and when the barriers failed violent bursts of
debris engulfed roads, buildings and claimed the lives of 12
persons (Clar, 1959; Richter, 1959). It has been estimated
that within the 100 km2of the storm cell about 10 x 10'm3 of
debris were in motion.
Since 1958, many communities in the tributary vallevs
of the Mur-Murz corridor have doubled in size. ~ o soft the
debris cones in the region have been built over (Fig. 259).
The major torrents have been provided with revetments or
check dams, but the smaller ravines are largely in their
natural state.

San Giovanni de Crkvola (A124)
Location: Cre\gola d' Ossola. Piemor~rc.Italy (D2)
Date(s): 20 August 1958

The village of San Giovanni de Crkvola (373 m) used to be
located on a steep debris cone in Val Divedro, the narrow
gorge south of the Simplon Pass. The catchment basin of the

Figure 259: a) Typical V-shaped, densely forested torrent basin in the Breitenau Valley. Although normally
characterized by insignificant runoff this type of basin
produced large debris flows during the catastrophe of
7958. Note recently constructed buildings on the apex
of the small cone (GSC 204169-0). b) Example of a
check dam-revetment combination in the Mur Valley
(GSC 204169-P).

small torrent joining the Diveria River at this point is rimmed
by bedrock ridges with elevations of approximately 2400 m.
Gneissic bedrock of the Pennine core complex along the
northern crest of the basin is unstable.
On 20 August 1958, an intense rainstorm set off a
massive rock-debris avalanche from the unstable dip slope
above San Giovanni de Crkvola. The avalanche crushed 12
houses, killed 13 people, and stemmed the flow of the Diveria River for a short time. When the debris dam yielded to
the pressure of the impounded river, a debris flood surged
through the bedrock gorge onto the gentle fan at Crevola
d'ossola, wreaking havoc there.
After the catastrophe San Giovanni was abandoned and,
except for the overgrown debris cone, little remains to be
seen. The railroad passes through a tunnel beneath the cone.
The highway has been rerouted to the far side of the valley,
placed safely in rockfall and snow avalanche galleries.

Riviera (A125)
Location: Alpes Maritimes. France ( C 5 )
Date(s): 19 October 1959 (also 24 April 1952, 2 December
1959, 25 Augusr 1965)

The Riviera is the densely populated coastal fringe of the
Alps bordering the Mediterranean Sea. Bedrock slopes underlain by carbonate and flysch of the Helvetic (Dauphinois)
cover complex are dissected by deep gorges and precipitous
ravines that lead from attractive coastal cities to rugged
upland basins. Intense rainstorms, generally caused by the
mixing of warm Mediterranean air masses with cold mountain air migger rockfalls, debris slides, and torrent activity of
considerable regional impact.
On 24 April 1952, a swollen river undercut a built-over
bedrock embankment at Mentone causing the collapse of 25
buildings and claiming the lives of 14 people.
In the autumn of 1959 about 90 mm of rain were registered within a time span of 24 hours. Numerous torrents
severely eroded their embankments. Wind-driven waves undercut coastal cliffs which collapsed. Numerous buildings
and four lives were lost. Continued rainfall led to the catastrophic failure of the Malpasset arch dam on 2 December
1959. Slight slippage of one of the abutments prepared the
collapse of the structure. An enormous wave of water and
scoured debris surged down the valley and claimed the lives
of 424 people, most of them inhabitants of Frejus (Lotze,
1960, p. 183).
During the rainy summer of 1965 numerous debris
slides and rockfalls occurred along the Riviera. On 25 August 1965. a massive rockfall near Noli killed 22 people.
Density of population along the shore of the Riviera
brings with it an almost inevitable risk of rockfall and debris
flow damage. However, since the catastrophe of Malpasset
the variable runoff and debris movements in many of the
ephemeral torrent channels are fully appreciated. The dam of
Malpasset has not been rebuilt.

Locarior~:Rhono Valley. Wallis (Volais). Slz~incrlorrdfC2)
Dare(s): 26 March 1961

The lllgraben is a rugged uninhabited tributary valley south
of the Rhone River, across from the town of Leuk (Fig. 260).
The huge debris cone at the mouth of the lllgraben Torrent
has forced the Rhone River against the north side of the
valley. It also forms a major climatic-cultural border between
the eastern and western regions of the Wallis (Valais). The
communities of Susten (624 m) and Pletschen are located on
the eastern sector of the cone (Fig. 261 ). The lllgaben basin
is underlain by northwest-dipping intensely fractured quartzite and evaporitic carbonates of the Pennine cover complex.
Failures along the bare and deeply ravined scarp slope of the
Gonvetschgrat (1800 m) have supplied abundant debris to
the lllgraben Torrent and its cone. Minor historical debris
flows (e.g. 1920,1928, and 1934)have been discharged onto
the upper segment of the cone which is mantled by an
extensive protective forest.
On 26 March 1961. a failure of 3.5 x lo6m3of evaporites and carbonate rock filled the upper Illgraben with an
elongate mass of debris. Runoff from the crest of the basin

Figure 260: Sketch map of the lllgraben and the large
cone at its mouth.

soon saturated the rubbly lobe and. by 6 June 1961, a small
lake had formed behind the slide It empt~edrapidly and a
major debns flow reached the Rhone River. There, the debrls
threatened to destabilize the trained rlver channel
To prevent add~t~onal
debr~sflows from the unstable
sl~demass, a 50 m h ~ g hsteel-and-concrete dam was built
across the bedrock gorge rmmediately below the sl~dedeposrts (Lichtenhahn, 1971a) Soon debris completely filled the
space between the dam and the sl~de,thus a volume of
approximately 2 x 106m3of sl~dematerral was effectively
neutralized (Fig. 262). The torrent continued to undercut the
part of the sl~deprojecting above the level of the dam's
crown, and check dams had to be erected along the channel
below the dam to keep the torrent from sh~ftlngtowards the
built-over cone sector of Pletschen and Susten. These works
will requlre careful malntenance In the future (Flg. 262).

1

F~gure261 View of the Illgraben cone, note protective
forest along the torrent channel, community of Susten
at lower right (GSC 204 169-Q)

Fiqure 262: a) Steel-concrete dam, approximatelv
Illgraben rocks'lide of 1962
ieck dams across the chan"el of the lllgr~benTorrent below the main retention
dam, note damage caused by small debr~s flows
(GSC 204 169-S)
8
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Vaiont (A127)
Location: Piave Valley. Friuli-Venzia Giulia and Veneto.
lraly (HZ)
Date(.r): 9 October 1963 (also 4 November 1960)
The Vaiont Torrent is a major eastern tributary of the Piave
River which flows south across the front ranges of the southern Alps (Fig. 263). Before it was impounded by the ill-fated
Vaiont dam the torrent dropped from an elevated bedrock
basin (700 to I000 m) through a narrow gorge to the floodplain of the Piave River. A slightly elevated bench on the
west side of the Piave River opposite the mouth of the Vaiont
gorge hosts the town of Longarone (474 m). Both the Piave

and Vaiont valleys are rimmed by bedrock ridges soaring to
elevations of approximately 2000 m. Regional bedrock
structure is dominated by east-trending folds and southdirected thrust faults involving well bedded carbonate formations of the South Alpine cover complex. The Piave Valley
follows transverse high-angle faults (e.g. Linea del Col delle
Tosatte) which may have been the locus of minor displacements or at least intense shaking during historical earthquakes. Schaubach (1867, v.4, p. 450). a traveller in the
early 19th century, reported that
' . . .below Termine (i.e. a few kilometres north of Longarone) the road crosses a rock fissure formed by an earthquake
in the 16th century. .'

~ i ~ u 263:
; e Sketch map of the Piave Valley near Longarone; inset shows cross-section (no vertical exaggeration) of the rockslide that filled the ill-fated Vaiont
reservoir (after Broili, 7967).

The Vaiont Valley follows a gently eastward plunging \yncline of Jura-Cretaceous limestone and marl. The syncline is
slightly asymmetric to the south and overthrust from the
north by the Monte-Borgi thrust plate. The northern wall of
the valley is also partly covered by deposits of prehistorical
rock avalanches. The southern valley wall is a dip s l o p
rising to the summit ridge of Monte Toc ( 1921 m); bedding
dips between 30 and 40" to the north.
In September 1960 a bold hydroelectric concrete dam.
261 m high. was completed across the upper part of the
Vaiont gorge. Soon thereafter thc valley floor above the
slender concrete shell disappeared beneath the impounded
waters of the reservoir. On 4 November 1960. a mass of
deeply disintegrated bedrock and surficial deposits. 0.7 x
IOhm' in volume, slumped away along the submerged toe of
the southern embankment below Monte Toc. leaving behind
a horseshoe-shaped scar. Subsequent changes in the level of
the reservoir continued to cause deep-seated movement of
the Monte Toc slope. These movements were now monitored
by regular surveys. Late in 1960 en-bloc dislocation of the
lower segment of the slope became evident, when a composite fracture opened high on the mountainside. The zone of
cracks could be followed for about 2 km along strike. Now
more instruments (e.g. piezometers) were installed on the
slope and seismic sounding was carried out at the site. The
results of the seismic survey apparently indicated a peculiar
downward decrease in the seismic velocity indicating that the
rock mass may have been dilating at depth; the seismograms
disappeared after the catastrophe.
In August and September 1963 precipitation in the
Piave Valley was three times higher than normal. Infiltration
of rainwater into the dilating dip slope below Monte Toc
probably contributed substantially to its eventual failure in
October. On the day before the disastrous failure of the rock
mass and its rapid descent into the reservoir creep rates of 40
cmlday were registered.

Figure 264; a) Detachment surface and toe of the Vaiont slide; note coherent strata
of the slide mass (GSC 204769-T),b) View downstream towards the concrete dam
w h ~ c hcloses the Vaiont gorge (photo taken in 7980) (GSC 2041 6 9 4 ) .

>'

Figure 265 Before and after views of
Longarone, a slzeable town destroyed by
the debris flood from the Valont reservoir

1

On the night of 9-10 October 1963, the unstable seatshaped slab of the lower Monte Toc slope failed. Most of the
surface of rupture followed a medium to thin-bedded limestone-marl unit dipping about 30" to the north (Fig. 263).
Small undulations of the bedding planes and fractures across
bedding resulted in a composite detachment surface with a
somewhat steeper inclination. The thickness of the whole
slab amounted to 250 m and its volume was calculated as
approximately 250 x 106m3. As the slab moved away from
the head scarp it remained internally coherent (Fig. 264a) and
pre-slide features on the surface, e.g. stone walls and trees,
were rotated 10 to 30" against the direction of movement.
Parts of the toe of the slide were crushed and overridden by
the main mass as it plunged into the narrow reservoir. A wall
of water surged almost 250 m up the north side of the valley,
then veered westward, and overtopped the concrete dam
which withstood this onslaught. About 30 x 106m3of water,
cutting a sharp trim line above the dam (Fig. 264b), picked
up momentum by dropping into the narrow defile below,
then scoured blocky debris from the bottom of the torrent
channel, and fanned across the Piave River. The wall of
water erased most of Longarone and nearby smaller communities, killing at least 1900 people (Fig. 265).
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In the wake of the catastrophe several scientific investigations were launched in rapid succession. The results
were published in a series of papers by Weiss (1964). Broili
(1967), Miiller (1968), Cadisch (l970), and Jaeger (1979, p.
402-423). Several engineers and a geologist involved in the
construction of the Vaiont power project were charged with
causing a landslide and flood, manslaughter and injury. The
long trial included eyewitness accounts of 2500 people and
presentations by 60 lawyers; three engineers were found
guilty of manslaughter, because they had been somewhat lax
in their responsibilities during the time leading up to the
disaster.
The site of the Vaiont dam has been left as it was after
the catastrophe. The ramifications of this slope failure were
broadened bv the international interest in the trial. Vaiont has
remained a monument to human skill (the dam held) and
misjudgment (signs of impending failure were misread). It
has led to greater attention towards slope stability problems
along hydroelectric reservoirs in steep-sided valleys. Longarone has been rebuilt and is again a.thriving town spreading
over the bench along the west side of.the Piave River.

pettneu (A128)
Location. Sianzer Vullev, A r l b c r ; ~ Ttrol,
,
Au\rrirr ( F I )
Date($): 29 to 30 June 1965

The Stanzer Valley, drained by the east-flowing Rosanna
Torrent, separates metamorphic bedrock of the Austroalpine
basement complex on the south from intensely deformed
Ausfroalpine carbonate rocks on the north. Most of the agricultural-tourist communities In the valley, including Pettneu
(1200 m), spread over south-facing debris cones below steep
rav~nesflanked by bare dolomite cl~ffs(Fig. 266). The
ravines are the tracks OFregular snow avalanches, sporadic
rockfalls and debris flows.
The ravine north of Pettneu, called Gdlontobel, rises
steeply towards a ridge of fractured dolomite. A prehistor~cal
slide mass of broken dolomite and shale is lodged in a
funnel-shaped re-entrant at 2100 to 2300 m elevation below
the serrated summit ridge. The debris cone of Pettneu has
received sporadic flows from the toe zone of this unstable
rock mass since 1789.
The spring of 1965 was cold and melting of the thick
snowpack in the uplands was long overdue when in mid-June
temperatures suddenly rose. This delayed arrival of summer
was accompanied by thunderstorms and heavy rain. Due to
infiltration of meltwater and rain the frontal section of the
slide mass in the Gridlontobel bas~nbecame saturated and
parts began to slump into the main ravine which was still
filled with avalanche snow.
On 29 June 1965, masses of bouldery debris continued
to break away along a concave scarp; the torrent issuing from
the Gndlontobel onto the cone turned increasingly turbid.
These warning signs prompted an evacuation of buildings
along the channel of the normally ln~onspic~ous
creek bed
On 30 June 1965, several pulses of slushy debris overwhelmed the eastern sector of the community destroying half
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Figure 266 Sketch map of the PeRneu cone and the
ma,n debris source in the Gnd/ontobe/ basrn

F~gure267 a) Vlew of Pettneu from across the Rosanna Torrent, nofe protectrve
forest at the apex of the cone (GSC 204169-V), b) D~schargesection of the
protect~vedam above the Pettneu cone, source area of the 1968 debrls flow ln the
upper rtght (GSC 204 169-W)

a dozen abandoned buildings. The total volume of the flows
was estimated to have been 0.3 x lo6m3. A protective forest
above the town prevented the debris from taking a more
destructive path. After the catastrophe a large protective dam
with a selective discharge section of steel beams was erected
above the cone (Fig. 267). Its design capacity of 0.3 x 106m3
corresponds roughly to the volume of potentially unstable
debris sources remaining in the upland (Moll, 1976). The
people of Pettneu contributed much free labour to the restoration of their town and also planted 15 000 extra trees in the
protective forest zone above the community.

Locatioti: Saas Valley. Wallis (Valais). S~~it:erland
(C2)
Datefs): 30 August 1965 (also 21 August 1633, 25 June
1829, 20 July 1868, 2 J u l ~1968, 8 July 1970)

The Saas Valley is drained by the north-flowing Saaser
Vispa, which joins the Rhone (Rotten) River at the town of
Visp (Fig. 268). The lower part of the valley is a narrow
bedrock gorge. In contrast, the upper section opens along
several flats hosting the villages and hamlets of Saas. The
glacially sculptured valley is rimmed by peaks and ridges of
high grade metamorphic rocks of the Pennine core zone.
They rise to elevations above 4000 m and are partly mantled
by glaciers.
The Allalin Glacier overhangs the west side of the upper
Saas Valley (Fig. 269a). It originates in an ice-filled cirque
between 2800 and 3100 m and descends eastward over a
bedrock slope inclined about 30" towards the Saas Valley.
During historical advances the Allalin Glacier frequently
crossed the bottom of the valley (2000 m) and blocked the
torrential Saaser Vispa. The dam of ice and moraine which
impounded the Mattmarksee (Lake Mattmark) intermittently
posed a hazard to the communities of the lower valley.
Between 1589 and 1808 the ice dam failed at least 20 times.
The most serious flood occurred on 21 August 1633, when a
wave of debris devastated forests and fields on the valley
bottom and demolished 18 buildings in Visp. In 1834 a
potential flood threat from the Mattmarksee was forestalled
by the construction of an ice tunnel across the snout of the
Allalin Glacier. This work was carried out by lgnatz Venetz,
an engineer who had gained considerable experience during
rock tunneling work along the Simplon Pass and at the ice
lake of Mauvoisin (Richter, 1889b, 1891).
During the time interval between 1917 and 1924 the
front of the Allalin Glacier again stemmed the flow of the
Vispa and this time a spillway tunnel was blasted through the
rock wall along the east side of the valley. Shortly thereafter
the glacier retreated up the bedrock slope on the west. In the
mid-1960s the snout of the Allalin Glacier once again advanced.
In 1965 work was in progress at Mattmark to impound
the Vispa by means of a rock-and-earthfill dam, 120 m high,
for a major hydroelectric reservoir. The two bulky lateral

Figure 268: Index map of the Saas Valley and bordering glacier-covered mountain ridges.

moraines of the Allalin Glacier, deposited during the Little
Ice Age, supplied most of the fill for the projected dam. A
construction camp was established halfway betwen the two
morainal ridges -directly below the icy ramp of the advancing Allalin. This site had been chosen because it avoided the
almost ubiquitous snow avalanche hazard of the upper Saas
Valley; however, small ice avalanches triggered by slippage
along the ice-rock interface of the glacier snout had been
registered at the site in 1954, 1961, and 1963.
During the summer of 1965 snowmelt was somewhat
delayed but eventually proceeded rapidly. Then between 22
and 24 August 1965, a regional rainstorm deluged the upper
Wallis region. Finally, on the evening of 30 August 0.8 to

in the ice lobe whose thickness reached 10 to 20 m (Vivian,
1966). The question as to whether or not the camp had been
appropriately located led to a trial. After six years of litigation and hearings the accused parties were acquitted of the
charge of negligence.
Careful studies since the catastrophe have indicated that
failure occurred during a phase of enhanced slippage along
the ice-rock interface. Such minor surge-like advances do not
always lead to a failure of the glacier front. However, the
catastrophic failure was the extreme manifestation of recurrent 'normal' slippage during warm summer periods
(Rothlisberger, 1974).
In recent years another area of the Saas Valley has been
threatened by a different kind of glacial process. The Gruben
Glacier rests in a cirque at an elevation of 2800 to 3 I00 m east
of the Saas Valley (Fig. 268). The high-gradient meltwater
torrent from the glacier descends to the small debris cone
hosting the community of Saas-Balen (1450 m). Along the
front of the glacier three small ice-margin lakes drain subglacially. Blockage of the natural ice tunnels that connect the
lakes set off violent bursts of water through new exits. Debris
flows triggered by such sudden outflows damaged buildings
on the cone on 25 June 1829, 20 July 1868 and 2 July 1968.
The last of these attained a total volume of 0.4 x 106m3and
devastated a great part of Saas-Balen. Although construction
of a drainage tunnel in the glacier was begun almost immediately after the 1968 disaster. another burst of water on 8
July 1970, almost thwarted the construction effort. A simple
system of drainage tunnels and pipes has since prevented
sudden discharge of large quantities of water into the glacial
torrent (Rothlisberger. 1979; Lichtenhahn, 1979).

Zell am See (A130)
Location: Lake Zell (Zeller See), Salzburg, Ausrria (HI)
Dote(s): 12 June 1966 (also 29 October 1567. 1598. 1632.3
and21 July1737, 1817, 1834. 1879, 17July1884,15foJ9
August 1966).
Flgure 269 a) Allal~nGlac~erIn 1981 (GSC 204169-X).
b} The destructive Allal~n~ c avalanche
e
of 7965 (Photo
Electro Watt Zur~ch)

1.0 X 106m3of ice at the heav~lycrevassed front of the
hanging glacier slid away. Leaving behind a downward concave fracture 40 m hlgh at an elevat~onof 2500 m. the
avalanche of ice, 100 to 200 m across, surged down the
smooth rock slope and overwhelmed the construction camp
located in its track. A powerful air blast flattened barracks
and other timber structures before the camp disappeared
underneath a blanket of pulvenzed Ice and morainal debns
(Fig. 269b). A total of 88 construction workers lost their llves

Zell am See (750 m) covers the fan delta of the Schmittenbach Torrent along the western shore of Lake Zell (Zeller
See). From the fan delta, which has been inhabited for at least
3000 years, a relatively straight torrent channel leads into a
bowl-shaped catchment area of converging ravines In Intensely deformed phyllite of the Austroalpine basement complex and relict colluvium (Fig. 270). The semicircular crest
of the basin culminates in the Schmittenhi'he (1900 m).
During the Middle Ages demand for timber in nearby
mining districts and extensive overgrazing of the uplands
contributed to an ever deteriorating process of bedrock
slumping and erosional scour along the denuded slopes of the
Schmittenbach basin. Erosional scars swept by powerful
snow avalanches and deepened by storm runoff developed
into notorious sources of debris referred to as 'Blaiken'.

The first destructive flows that demolished houses and
public buildings in Zell am See occurred during regional
rainstorms on 29 October 1567. in 1598. and 1632 (Hiilzl.
1975).
On 3 July 1737, a violent cloudburst, centred on the
Schmittenhohe. set off lobes of blocky debris along the
tributary ravlnes of the Schmittenbach Torrent. These lobes
coalesced into pulsating flows that invaded Zell am See,
demolishing many buildings and killing four people. On 21
July 1737. a second downpour brought additional devastation to the delta cone. After these disasters and a similar one
in 1817 the townspeople began to protect themselves from
further invasions of debris by constructing stone-masonry

walls up to 250 m long along the torrent. Nevertheless,
debris spilled over these structures during storms in 1834,
1879, and during a particularly devastating cloudburst on 17
July 1884. Deposits of these debris flows raised the level of
the lower part of the town by 1.5 m and from then on the
church had to be entered by steps leading down from street
level rather than up as before (Fig. 271a). Aggradation in
front of the delta suggests that on the average an annual
discharge of approximately 20 000 m3 of solids reached the
lake during the 19th century. Beginning in 1886 the Schmittenbach basin was brought increasingly under control by
systematic reforestation, check dams. and debris retention
walls. As a result, the average annual debris load of the
torrent decreased to 1200 m3 (Hartwagner, 1954). During the
last fifty years the town has become a major tourist centre and
residential construction activity has expanded westward into
the Schmittenbach basin (Fig. 271b).
On 12 June 1966, a local hailstorm-downpour dumped
about 65 mm of precipitation in 90 minutes on the converging
slopes of the Schmittenhohe amphitheatre. Intense scouring
of debris chutes and shallow slope failures soon blocked the
main channel of the torrent. Compounded by several log
jams, massive pulses of debris invaded Zell am See. Some 70
buildings suffered heavy damage and one of the debris avalanches along the steep fringes of the town overran a building
killing six inhabitants. A period of intense rainfall between
15 and 19 August 1966 triggered another series of debris
flows and slope failures in the vicinity of Zell am See (Holzl,
1975).
Today, development activities along the banks of the
Schmittenbach ~ o ~ e and
n t on steep slopes near the town
continue unabated. New protective structures and extensive
revetments have been added to the channel. Although the
forest cover in the Schmittenbach basin has increased from
58% (in 1884) to 75% (in 1975), recent demand for new ski
runs in the uplands has again reduced this value and thus
increased the potential for erosional scour by storms and
snow slides.

Figure 271: a) Entrance to the church of Zell am See below street level, an
indication of aggradation by historical debris flows on the Schmittenbach cone
(GSC 204169-Y). b) View into the ~ntenselydeveloped zone above the apex of the
Schmittenbach cone; ski slopes and snow avalanche tracks ~nthe background
(GSC 204 169-Z).

1966 Rainstorms (A131)

Siror (A132)

Location: Northern Ituly and sotrthrrri Ausrricr
Dare(s): 15 ro 18 A u ~ u s t1966, and 3 to 5 Novernber 1966

Locution: Fiera di Primero. VuI Cisrtiotr. Trenrino. Imly
((32)
Dare(s): 4 November 1966 (also 12th ccnf~tr).)

In the southeastern Alps the precipitation pattern of the
summer of 1966 was characterized by local thunderstorms in
June, followed by a succession of rainy days throughout July
and August. Towards the middle of August the situation
deteriorated markedly when cold air moved into the region
from the northwest and collided with warm humid air masses
that approached the mountains from the Adriatic Sea. Between 15 and 18 August some 200 to 300 mm of rain fell in
southeastern Austria. Locally as much as 100 mm were
registered within periods of 24 hours. Flooding along major
rivers, debris flows from tributary basins, and numerous
thin-skinned slope failures and debris avalanches resulted in
great material damage and loss of lives (Kravogel and Wurzer, 1967; Schreiber and Zettl, 1967; Fuxjager, 1975).
Then, between 3 and 5 November 1966, strong winds
carried warm moist air from the Mediterranean against stationary cold air in northern Italy. All of northern Italy suffered from severe floods. The southeastern Alps again suffered from debris avalanches, debris flows, embankment
failures, and torrential runoff. Precipitation that had begun as
snowfall continued as w m rain, and locally reached between 200 and 700 mm (Fig. 272). Exhaustive documentation of the damage caused by mass movements during this
storm resulted in considerable advances in the application of
remedial measures against future rare events of this type
(Guntschl, 1966; Martinis and Salvini, 1972; Venzo and
Vaia, 1972; Castiglioni et al., 1974; Croce et al., 1974;
Fuxjager, 1975).

The confluence of the south-flowing Cismon Torrent and the
east-flowing Canale Torrent definesa gently sloping triangular surface whose apices are taken up by the communities of
Fiera di Primero (7 10 m). Siror, and Tonadico (Fig. 273).
Other villages in the area cling to the flanks of debris cones
that spread from the mouths of steep gullies towards the
Cismon Torrent. The walls of the Val Cismon are underlain
by unstable phyllitic bedrock of the South Alpine basement
complex and late Pleistocene ice-contact deposits. Ephemeral tributary torrents have carved ravines and gullies into these
materials. The inclined surface between Siror and Tonadico
probably owes its origin to slope failures and debris flows
from the east side of the valley, one of which, according to
tradition, annihilated a settlement sometime in the 12th century (Gorfer, 1977, p. 1026). For centuries the area between
Siror and Tonadico was restricted to agricultural use.
On 4 November 1966, during the great rainstom in the
region, debris flows descended most of the seemingly harmless ravines and gullies of Val Cismon. and invaded the
built-over fringes of Siror, Tonadico, and Mezzano. Scores
of buildings were demolished.
Today, areas below ravines still are used mainly for
agriculture, but recently vacation homes have expanded on
terrain formerly avoided. Check dams have been erected
across most of the gullies that show signs of slumping and
scour (Fig. 274). Dykes and diversion dams also have been
built at the apices of several debris cones.

Figure 272: lsohyets of the 3-5 November 7966 rainstorm in the southeastern Alps;
criss-cross pattern outlines zone with major destructive mass movements (see
references in text for data sources).

Figure 273: Sketch map of the Fiera .diPrimem- SITOF F~gure274 Recently campleted array of check dams
across a ravine above S~rorwhrch is carved jnb slumparea
prone relict c~fluv~urn
and phylhftc bedrock.
(GSC 2047 70-A)

Strigno (A133)
Location: Val Sugana, Trentino, Iralj ( G 2 )
Date(s): 4 November 1966 (also 1564, 31 August 1757,
3 August 1851)
Strgno (460 m) and Samone (680 m) are two of several
communities dotting vineyard-covered terraces and benches
on the north side of the fertile Val Sugana (Fig. 275). From
the floodplain of the east-flowing Brenta River (420 m)
debris fans and cones rise into tributary basins underlain by
phyllite, granite, and carbonates of the South Alpine basement and cover complexes. Coarse late Pleistocene icemargin deposits mantle the flanks of most upland gorges.
Samone rests on a south-facing terrace overlapped laterally by the small debris cone of the Cinaga Torrent. The
generally dry bed of this torrent merges downward with the
fan of the Chieppena Torrent. Devastations on the fan of the
Chieppena Torrent are known to have occurred as early as
1564. Most of these flows seem to have been released by
regional rainstorms, accompanied by rockfalls from carbonate ravines, debris avalanches from unstable terrace rims,
and embankment failures along the toes of sagging slopes of
phyllitic bedrock.

On 30 to 31 August 1757, a series of severe thunderstorms, following an extended period of rain, created one of
the most memorable historical flood events in the front
ranges of the southern Alps (Sonklar, 1883, p. 82-84). In Val
Sugana, damage from debris floods was extensive. One of
the squalls during this storm triggered a debris flow from a
zone of fractured schistose bedrock below the granitic cliffs
above Samone. The bouldery lobe of debris crashed into
Samone demolishing 20 houses and killing four persons
(Strele, 1936, p. 130). On 3 August 1851, during a major
rainstorm, a debris flow from the same general source area
apparently flattened five buildings in Strigno. The largest
historical mass movements occurred during the great regional storm on 4 November 1966 (Fig. 276). Blocky material,
mobilized mainly along tributary ravines of the Chieppena
and Cinaga torrents, created two major debris flows that
broke across the protective dykes on the Chieppena fan,
destroying severalhouses in Villa and killing three people
(Venzo and Largaiolli, 1968, 1969; Gorfer, 1977, p. 915916).
Today many of the erosional scars created during the
1966 rainstorm are overgrown by thin stands of alder. The
lower channels of the torrents have been provided with sturdy
dykes and masonry revetments (Fig. 277).

Frgure 275 Sketch map of the densely populated
wrne-growing reach of Val Sugana near Strrgno, note
the composrte debr~sfan of the Chreppena Torrent

Flgure 276 Aenal vrew of debrrs damage on the
Chreppena fan ~nthe autumn of 7966, note breached
dykes at points of curvature rn the channel (from Dragogna, 7975)

Frgure 277 Reconstructed masonry-lrned channel of
the Chreppena Torrent belaw Strrgno, note armoured
srlls defrnrng the normal drscharge sectron of the torrent (GSC 204 170-8)

Putschall (A134)
Lnc.arior~:Moll Valley. Kijrrlter~(Carirlthiu). Austria (HI)
Datets): 6 Norwnber 1966 (also I2 October 1889, 31 July
1900. 14 April 1901. 9 August 1902.29 May 1917, auturnrl
1965)

The narrow upper Moll Valley is the southern approach route
to one of the most daring road crossings of the Alps. Most of
the area is underlain by metamorphic basement and cover
rocks of the Pennine Tauern Window. The schistose
metamorpic rocks are exposed along south-facing foliation
dip slopes and steep north-facing escarpments. Debris cones
and fans constrict the narrow floodplain of the torrential Moll
River. Villages and hamlets in the valley are perched against
south-facing dip slopes, on terraces of late Pleistocene
morainal debris. and on debris cones. Many of the slopes
underlain by phyllitic bedrock and surficial deposits suffer
from sporadic snow-debris avalanches and bedrock slumps.
Thus heavy rainstorm-snowmelt on 12 October 1889, and
abrupt springtime runoff on 14 April 1901, and 29 May
1917, caused extensive damage to villages and transportation
routes. During a violent rain-hailstorm on 3 1 July 1900 and a
thunderstorm on 9 August 1901, large debris flows descended tributary ravines and blocked the Moll River, thus
endangering several of the downstream communities (Stini,
1938).

Figure 278: Sketch map of
the sagging foliation dip
slope along the north side
of the Gradenbach Torrent
and debr~scone of Putschall.

Mass movements were widespread in the upper Moll
basin during the autumn storms of 1965 and 1966. Devastating debris flows issued from the gorge of the Gradenbach
Torrent, a western tributary northwest of Dollach (Fig. 278).
The Gradenbach Torrent enters the main valley over a debris
cone that hosts the hamlet of Putschall (1053 m). The source
of most of the debris transported by the torrent is the toe of a
sagging slope on the north side of the Gradenbach gorge,
involving a total volume of more than 150 x 106m3 of
phyllite and calcareous schist, dipping 50" to the southsoutheast. The surface of the sagging slope is inclined 26".
Creep of bedrock reaches to a depth of 100 to 200 m and has
led to the development of a diffuse head scarp below the
Eggenviesenkopf (2268 m). The toe of the creeping rock
mass infringes on the channel of the torrent for a length of
approximately 900 m.
Movement of the sagging slope along the Gradenbach
Torrent was first recognized in the spring of 1917 when an
abnormal snowmelt set off debris flows that covered the
upper uninhabited part of the cone. In 1962 a subsidiary
slump from the toe of the moving slope forced the evacuation
of a farmstead located on it.
During the intense rainstorms of 1966 movement of the
whole slide mass accelerated and much of the Gradenbach
channel was blocked by masses of broken rock. Bursts of
debris repeatedly fanned over the cone; by 6 November
1966, some 1.3 x 106m3of bouldery material blanketed the

Flgure 279 Debris lobes on the Gradenbach cone
engulfing the community of Putschall In the autumn 01
7966 (from Kronfellner-Kraus. 1974)

Figure 280. Check dams across the Gradenbach Torrent, note damage to the abutments of the check
dams caused by lateral pressure from the toe zone
of the sagging Eggerwiesenkopf slope.
(GSC 204 170-C)

F~gure28 7 Putschat/ in 1981, note dense alder fringtng the controlled channel of the Gradenbach Torrent.
(GSC 204 7 70-0)

cone, forcing the evacuation of Putschall (Fig. 279). Huge
masses of bedload also choked the channel of the Moll River.
After the catastrophe an extensive research project was initiated along the Gradenbach Torrent and on the sagging
slope above (Kronfellner-Kraus, 1974, 1980; Horninger and
Weiss, 1980; Moser and Glumac, 1983). Detailed surveys
defined the principal zones of displacement on the sagging
slope. Installation of piezometers coupled with local

meteorological observations established that creep rates are
directly related to infiltration of surface waters from rainstonns and snowmelt. Check dams in the Gradenbach gorge
were found to be strained to the point of failure by the lateral
pressure exerted by the slope (Fig. 280): their reconstruction
and maintenance has been found to be extremely difficult
(Kronfellner-Kraus, 1980). The hamlet of Putschall continues to exist on the cone (Fig. 281).

Loc.ariori: /ti11 \/alley. Tirol. Altsfrici ( G I )
Dore(s): 26 July 1969 (also 1701 , 31 A~cgusr1807, 1855,
1879, 24 July 1929)

The communities of lnzing (6 16 m) and Flaurling (675 m) are
located on debris cones projecting northward in the wide Inn
Valley west of lnnsbruck (Fig. 282). The cones are drained
respectively by the Enterbach and Kanzingbach torrents
which originate along north-facing cirques of the Rosskogel
Massif (2649 m). The bedrock underlying this massif is
composed of well-foliated schists of the Austroalpine basement complex. Walls and floors of the cirques (e.g. lnzinger
Alm) are sparsely vegetated and underlain by late Pleistocene
morainal and ice-contact deposits locally more than 50 m
thick. The two torrents are deeply incised into these deposits
and. above their bedrock gorges, are flanked by steep colluvial embankments. Climatically, the Rosskogel Massif is
part of a zone along the Inn Valley noted for its frequent
summer thunderstorms (Aulitzky, 1970).
In 1701, slumps and debris avalanches in the surficial
deposits of the Flaurlinger Alm triggered debris flows that
buried the community of Flaurling, killing 12 people
(Hanausek. 1975, p. 108). On 31 August 1807, an exceptional rainstom, accompanied by warm winds, swept
through the northern Alps. causing numerous debris flows.

Figure 282: Sketch map of
the Enterbach and Kanzingbach basins near lnzing
showing the debris sources
consisting of late Pleistocene morainal and icecontact deposits and relict
colluvium.

km

One of these flows erupted overthe cone at Inzing, demolishing about 80 buildings. This catastrophe and others in the
area inspired Aretin (1808) to a vigorous proposal for improved land and forest practices as a first step to prevent
debris flow damage.
Following another series of debris flows along the Enterbach Torrent in 1855 and 1879, a large protective rock
dam was built across the apex of its cone. Finally. after a
massive flow on 24 July 1929, check dams were also installed in the debris source area below the lnzinger Alm.
On 26 July 1969, an extremely localized cloudbursthailstorm deluged the Rosskogel Massif. Within 30 minutes
this downpour produced 80 mm of precipitation. Rapid and
concentrated runoff resulted in deep scour and debris
avalanching in the ravines feeding the upper Enterbach
basin. Debris brought in by tributary torrents combined with
that derived from the high embankments of the main torrent
to knock out several critical check dams. Two major pulses
of debris burst forth onto the cone, depositing a total of 0.4 x
1O6m3of bouldery material. The flows reached velocities of
14 to 17 m/s, erased 12 buildings and a public swimming
pool in Inzing, and killed three people (Fig. 283). Total
damage to the community was still small compared to what it
might have been had expert.advice not been heeded some
time before the catastrophe when westward expansion of the
town had been proposed in the wake of development pressures (Aulitzky, 1970).

Figure 283: impact of the $969debfrs fidw on the Eniwbach cone (phologr~raphAlpine Luftbtld); note the
tradrttoflal lanu' use pattern which assigned resrdentrai
use to one flank of fhe cone.and agrrcu7ture to the resl.

Figure 284 ProtecYtve dam above Inzmg, note selecBve drscharge SectrOn of steel beams Yfilter damrj
which a/lows passage of normal bedbad
(GSC 20'042 70-E)

Flgure 285. a) Vlew of the crest of the Enterbach basln; note converg~ngerosional
rav~nes(GSC 204 170-F).b ) Steel-concrete check dam under construction on the
Enterbach Torrent; note gently rrslng wrngs, deeply founded abutments, and
dralnage bores (GSC 204 7 70-G).

After the 1969 disaster, the torrent channel on the cone
was moved 150 m to the west away from Inzing. The protective dam above the community was converted into a
steel-concrete-masonry structure with a retention capacity of
more than 0.3 x 106m' (Fig. 284). New arrays of check
dams were built in the source area below the lnzinger Alm
(Fig. 285). and about 10 000 m' of rock (used in the construction of the protective dam) were blasted away from a constriction in the lower gorge to avoid blockage of the channel
during future flows (Hopf and Wanner, 1975).

Lecco (AI36)
Locarion: Logo tfi Lecro. Lomburdio. Ira!\. ( E 3 )
Date(s): February 1969

The city of Lecco (210 m) spreads over the eastern shore of
Lago di Lecco astride a gently sloping fan delta. In recent
years the city has expanded to the foot of the south-facing
scarp slope of Monte San Martino (1 157 m). This mountain
is composed of intensely fractured north-dipping carbonate
strata of the South Alpine cover complex. The lower part of
the unstable cliff is mantled by extensive rockfall material.

In February 1969 a slabofdolomite 10000 to I2 000 m"
in volume. broke away from the joint-controlled face of
Monte San Martino and scattering blocks claimed eight
casualties in Lecco.
Subsequent model experiments and in situ rockfall tests
(Broili. 1974; Fumagalli and Camponuovo. 1975) provided
insights which were applied in the construction of protective
walls at the foot of the slope.

Tagliamento Valley (A137)
Loc,orioti: Frirrli-Verii,zia Gilrliii. Iriilv (12)
Dore(s): 6 Muy 1976 a t ~ d15 to 1 7 September (also 15 Augusr
1692, 2 NOI-ember18.51. 2 8 October 1882, 22 ro 2 3 August
1891. I 3 ro 14 September 1 9 0 3 . 2 7 March 1 9 2 8 . 5 November
1966)

The drainage basin of the south-flowing Tagliamento River
in northeastern Italy is one of the most remarkable geomorphic-tectonic regions of the Alps. Over a distance of only
20 km the southern Alps rise from their foreland near the
Adriatic Sea to mountain ridges 1000 to 2000 m high. The
westerly trending ranges are composed mainly of carbonate
and shale units of the South Alpine cover complex. In detail,
the topography is controlled by west-trending thrust faults
which separate north-dipping rock panels above an active
zone of subduction and high seismicity (Fig. 286). Large
earthquakes have occurred here in 1348, 15 1 1, 1700, 1790,
1928, and 1976. The proximity of the mountains to the
Mediterranean Sea also tends to cause blockage of warm
maritime air masses by the cold mountain air, thus releasing

Figure 286: Index map of
the part of the Tagliamento
basin most seriously affected by the earthquakes
of 1976 (Mercalli intensity
zones 9 and 10). Major
north-dipping thrust faults
are shown as barbed lines.,
Area of greatest rockfall
density related to the 1976
earthquake is stippled.
Note location of Monte
Auda

intense rainstorms. On one hand slopes and ravines, shattered by seismic shaking, may experience slope failures
during a violent rainstorm; on the other, cliffs weakened by
excessive infiltration of water may fail during sporadic earthquakes. To make matters worse, many torrent basins in the
region have suffered from overgrazing and deforestation.
The Tagliamento River itself flows in a wide braided
channel.
On 15 August 1692, following a period of heavy rainfall
that apparently triggered widespread mass movements in the
Tagliamento basin, the north-northwesterly facing dip slope
below Monte Auda (1700 m) failed along a composite bedding-thrust surface dipping 30' towards the Tagliamento
River (500 m). About 30 X 10hm3of dolomite surged down
the mountain, crossed the river, and climbed 100 m up the
northern flank of the valley (Fig. 287). The rock avalanche
annihilated the village of Borta and killed at least 53 inhabitants (Fig. 288). It also stemmed the flow of the Tagliamento River, creating a lake almost 7 km long. After t k
lake had risen to more than 80 m above the bottom of the
valley it overflowed in two major bursts on 4 and 20 October
1692. Remnants of the lake persisted for some time, and
approximately 30 m of lacustrine silts were deposited in the
former valley before vigorous downcutting -by the Tagliamento River created a new channel across the rockslide
and the accumulated alluvial-lacustrine deposits upstream
from it (Cavallin and Martinis, 1974). A rock mass of approximately 10 x lo6m3 lodged to the east of the failure surface
below Monte Auda still represents a potential hazard, but at
present does not directly threaten any permanent settlement.
The month of October 185 1 was very rainy and many
slopes became saturated with runoff. On 2 November a
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Figure 287: Cross-section of the north-facing dip slope
of Monte Auda and the rock avalanche deposits of
7692 (after Cavallin and Martinis, 1974).
particularly intense storm deluged the tributary basins of the
Tagliamento River. The storm possibly coincided with a
minor earthquake. Numerous slopes failed. The bedrock
terrace of Cazzaso, carved into a dip slope of argillaceous
limestone 300 m above the town of Tolmezzo, began to show
signs of creep. Although movement did not develop into
catastrophic avalanching the crumbling community of Cazzaso shifted by more than 10 m and the sagging slope has
remained a problem ever since. On the same day the Fella
River was blocked by several debris flows from steep tributary basins; these flows claimed a total of more than 20

casualties. Near the village of Pontebba the channel of the
torrential Fella rose 24 m due to aggradation behind embankment slumps (Stini. 1938. p. 26; Tosolini, 1974. p. 61-62).
On 28 October 1882. during the second pulse of a
regional rainstorm there were many debris flows and debris
avalanches in theTagliamento region. One of them struck the
outskirts of the village of Forni di Sopra. killing three people.
On 22 to 23 August 1891, a catastrophic downpour, releasing
300 mm of rain in 24 hours, again triggered massive flows
from small catchment areas in the upper Tagliamento basin,
threatening the existence of several hamlets. At Tarvisio six
houses were toppled. A similar series of thunderstorms between 13 and 14 September 1903, caused severe debris
floods; along the Fella River a hamlet disappeared underneath a blanket of carbonate rubble (Stini, 1938, p. 33 and
36; Tosolini, 1974, p. 62).
On 27 March 1928, an earthquake shook the mountains
south of Tolmezzo, releasing some hundred rockfalls and
minor rock avalanches in the epicentral area. The rockfalls
were mapped by Gortani ( 1928) in what can be considered a
pioneering study of its kind. The type of ravelling along the
ravines of high scarp faces depicted in his photographs and
shown on his map are remarkably similar to those published
after the earthquakes of 1976. Some of the slabs that splintered away from the cliffs disintegrated into dry rock avalanche lobes.
On 5 November 1966, the great rainstorm that deluged
the southern Alps also affected the upper Tagliamento basin.

Figure 288: Before a) and after b) sketches of the 'Frane di Borta' by Pascolo
Pascoli made one month after the catastrophe (from Cavallin and Martinis, 7974).

Numerous transportation routes and several buildings were
completely covered with blocky debris (Martinis and Salvini. 1972).
On 6 May. IS September. and 17 September 1976, the
Gemona area experienced three fierce earthquakes with magnitudes ranging between 6 and 7 ('Friuli Earthquake'). In the
epicentral area. straddling the lower reaches of the Tagliamento. numerous rock avalanches and rockfalls from
scarp faces of intensely fractured carbonate bedrock descended into steep bedrock ravines. Some of the rock avalanches exceeded a volume of 0. I x 106m3. Near Gemona.
scarplets and cracks. some in excess of I krn in length. were

observed along several mountainsides. Some of the rockfall
deposits which accumulated as steep cones during the first
earthquake were remobilized into spreading lobes during the
second series of earthquakes between 15 and 17 September
1976 (Govi and Sorzana. 1977).
Rebuilding of the towns and transportation routes after
the Friuli earthquake also included work to control mobilization of unstable debris lobes and to protect buildings underneath overhanging fractured rock faces. Most orthese
tasks will remain difficult challenges for some time to come
(Querini, 1980).
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Vandans(A108) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Verris (A84) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Vorder Glarnisch (A33) . . . . . . . . . . . . . . . . . . . . . . .
Werfen (A117) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zanibana ( A I 2 I ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zarera (A2 1 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zell am See (A 130) . . . . . . . . . . . . . . . . . . . . . . . . . .
Ziano (A141 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ziller Valley (A106) . . . . . . . . . . . . . . . . . . . . . . . . . .
Zug(A19) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

172
111
205
207
99
217
91
195
96

1868 Ticino Rainstorm (A881 . . . . . . . . . . . . . . . . . . 175
1882 Rainstorm (A95) . . . . . . . . . . . . . . . . . . . . . . . . 183
1966 Rainstorms (A1311 . . . . . . . . . . . . . . . . . . . . . . 219

