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homesteads. Piuro itself consisted of merchants’ stores, mar-
kets, 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 uninterrupted 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,
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Figure 108. Sketch map of
the steep scarp slope south
of Piuro, the source of the
catastrophic  debris-rock
slide of 1618. The debris
lobe of 1618 and the debris
cone of the Carmezzano
Torrent have severely lim-
ited the development of the
narrow and flood-prone
Mera valley above Chia-
venna.

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 10°m?
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 build-
ings 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 Carmezzano 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. 111).
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For many years, the surface of the Prati Ruina at Piuro the Prati Ruina and Carmezzano cones. The bouldery chan-
has hosted vineyards and a few service chalets (Fig. 110). nel of the Carmezzano Torrent is flanked by a large stone
Recently, some of the ancient walls and buried artifacts of ~ dyke. Lavezi (or Laveggi) stone is now refined into dec-
Piuro have been excavated; the retrieved objects are now orative panels and pots in a small factory located on the
exhibited in a small museum at San Abondio. New housing periphery of the debris cone east of Prosto.

(Burgo Nuovo) extends onto formerly uninhabited parts of
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Figure 109: The town of Piuro-Plurs before and after the 1618 catastrophe, as
depicted by A. Scheuchzer in 1746.
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Figure 110: Southward view onto the slightly conical
surface of Prati Ruina and the detachment zone of the
1618 debris-bedrock slide (on the right). The town of
Piuro is at the bottom. (GSC 204166-R)

Téte Noire (A36)

Location: Giffre Vallex, Cirque du Fer a Cheval, Haute
Savoie, France (B2)
Date(s): 21 February 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 frac-
tured and semi-detached spurs of limestone mark the lower
border of perennial snow and ice fields of the summit ridge
(Fig. 113). Téte 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 Téte Noire face
collapsed along a slightly concave and almost vertical frac-
ture 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, killing 29 people. Pre-
cursory rockfalls may have forewarned some of the in-
habitants of the upper valley who apparently had abandoned
their homes prior to the catastrophe. Carbonate debris also
choked the flow of the Giffre River, and a subsequent debris
flood devastated much cultivated tand downstream from Plan
du Lac (Montandon, 1933, p. 299-300).

Figure 111: Church tower projecting from lobes of
gneissic rubble on the cone of the Carmezzano Torrent.
(GSC 204166-S)

Today carbonate slabs still protrude through the partly
forest-covered surface of Plan du Lac which hosts a major
restaurant-hotel complex and attracts many visitors during
the summer months. Downstream from the rock avalanche
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Figure 112: Sketch map of the Cirque du Fer a Cheval
and the historical rock avalanche lobe below Téte
Noire.
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deposits, a large debris cone below the bedrock cliffs west of
Téte Noire also adds debris to the Giffre River, still characte-
rized by an extremely coarse bedload. Several precarious
pinnacles along the Téte Noire cliff maintain their threaten-
ing pose above the stunning backwall of the valley.

Figure 113: View of the vertical detachment wall of
Téte Noire from Plan du Lac. (GSC 204166-T)

Salvan (A37)

Location: Trient Valley, Valais (Wallis), Switzerlund (B2)
Date(s): 31 January 1635

The communities of Salvan and Marecottes (1200 m) huddle
on a south-facing bedrock terrace (934 m) above the pre-
cipitous 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.
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Chablais (A38)

Location: Haute Savoie, France (B2)
Date(s): 11 April 1635 (also 29 July 1715, 12 March 1943)

The Chablais includes a major part of the foothills and front
ranges of the western Alps known as Préalpes Médianes
(Fig. 114a). From the south shore of Lac Léman (430 m) this
pleasant agricultural district rises southward to ridges and
peaks with elevations up to about 2000 m. Meadows, farms,
and forests interlace along gently sloping mountainsides con-
trolled by the northeasterly trending bedrock structures of
allochthonous panels of Pennine and Helvetic shale-
carbonate successions. Dip slopes or scarp faces of carbonate
ridges pierce the more recessive shale formations, particular-
ly along transverse fault zones. The open valleys are com-
monly 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 10°m? of massive limestone near the hinge zone of an
anticlinal ridge along the Dranse River collapsed (Montan-
don, 1933, p. 285).

LAC LEMAN

a

Figure 114: a) Index map of the Chablais foothills re-
gion south of Lac Léman (Lake Geneva). b) Sketch
map of the slide mass of the '‘Déluge de Viuz'.



On 11 April 1635, triggered by an earthquake (7), 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, 1914,
p. 252-253). Today, there is no evidence of the slide mass
which 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 re-
quired control work along torrents, surface drainage, and
revegetation of colluvial terraces.

On 29 July 1715, a relatively gentle scarp slope, com-
posed 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 10°m?® accelerated
and entered the Foron Valley (800 m), where it buried three
hamlets consisting of 20 houses under 7 m of debris (Mon-
tandon, 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.

a

Figure 115: a) Sketch map of the deposits of the slow
slump-debris flow that stemmed the flow of the Brévon
Torrent in 1943. b) View of [ ac de Vallon and the 1943
debris lobe, note new residential buildings on the slide
deposits (GSC 204166-U).

On 12 March 1943, a cultivated slope in the upper
Brévon basin showed signs of outward bulging; ground
cracks soon defined a distinct debris lobe descending at a rate
of 200 m/day. Set in motion by snowmelt infiltration the
failure involved 2 X 10°m? of intensely deformed limestone
and shale. The frontal part of the lobe soon impounded the
west-flowing Brévon Torrent (Fig. [15a) resulting in a lake
that eventually extended | km 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. 115b).

Bourg-St. Maurice (A39)

Location: Isere Valley (Tarentaise), Savoie, France (B3)
Date(s): May 1636 (also 163 A.D., 1363, 8 September 1579,
May 1636, 30 September 1732, 3 June and 10 August 1868,
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 Isére River and at the confluence of four major tributary
torrents from the north: the Arbonne (and Nantet), the Char-
bonnet, the Versoyen, and the Reclus (Fig. 116). 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 (Brian-
¢onnais) 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 Bourg-
St. 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 Ber-
gintrum. . .’. Bergintrum was located close to the modern
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 tribu-
tary torrent channels profoundly changed the stability of the
bedrock slopes in the Arbonne basin. In 1356 the Nant Bianc,
a northern branch of the Arbonne, suddenly abandoned its
regular channel and drained through a subterranean conduit
in gypsiferous limestone terrain. After a period of apprehen-
sion, the residents of Bourg-St. Maurice soon forgot this
peculiar incident. Then, in 1363, the Nant Blanc forcefully
emerged in its old channel. Massive ground subsidence,
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slumping and temporary blockage of the lower gorge gener-
ated 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 Isére
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 ma-
jor 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 Bourg-
St. Maurice (Fig. 117a). Reconstruction again shifted away
from the central sector of the cone (Montandon, 1933,
p. 301-302).

On 30 September 1732, debris flows, triggered by in-
tense rain and unseasonally early snowmelt, overwhelmed
the westernmost section of the town and blocked the Isere
River. When this barrier failed a floodwave swept downval-
ley. destroying bridges and miils. Effects of this floodwave
were felt as far away as Grenoble (Mougin, 1914, p. 751).

The next destructive cycle of the Arbonne was initiated
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, 1931, p. 531-539). 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. However, the torrent
now is flanked by high stone dykes and two strips of pro-
tective forest (Fig. 117b). Incipient instabilities on the moun-
tainsides 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, 1971, p. 493-494),

A map depicting slope hazards in the vicinity of Bourg-
St. Maurice was published recently following the construc-
tion of large ski facilities at Les Arcs (1600 m) across the
Isere 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 10°m? of debris was propelled down the Ravoire gorge
and fanned across the Isere Valley. Expensive control works
are being built to counteract this new hazard, which again has
been brought on partly by human activity.



Figure 117: a) Drawing of the Arbonne cone made after the debris flow disaster of
1636 (from Palluel-Guillard, 1978). b) View of the Arbonne cone and Bourg-St.
Maurice in 1981; the torrent channel on the cone is flanked by a protective strip of

forest (lower left) (GSC 204166-V).

Randa (A40)

Location: Matter Valley, Wallis (Valais), Switzerland (C2)
Date(s): 13 January 1636 (also April 1737, 1786, 27 Decem-
ber 1819, 31 January 1848, 1865, 25 August 1973)

The Matter Valley is a narrow U-shaped trough carved into
metamorphic rocks of the Pennine core of the western Alps
(Fig. 118). Rugged glacier-clad mountains loom high over
small settlements and well known tourist centres (e.g. Zer-
matt). High-gradient glacial torrents, hanging glaciers, rock-
fall lobes, sagging slopes, and persistent snow avalanches
limit the extent to which the Matter Valley can serve human
needs.

One of the largest debris cones flanking the torrential
Matter Vispa is the Dorfbach cone. Crowded against the
upstream flank of this debris cone, the community of Randa
(1429 m) faces the bulging ice front of the Bis Glacier. This
glacier originates in a bowl-shaped accumulation zone below
the ice-covered pyramids of the Weisshorn (4505 m) and
Bishorn (4134 m) on the western crest of the Matter Valley.

During the Little Ice Age Randa survived several severe
ice avalanche disasters which originated by collapse of over-
hanging ice above the main glacier. The most serious catas-
trophe struck on 13 January 1636, when a large mass of ice
collapsed on the Weisshorn face and swept down the Bis
Glacier demolishing most buildings in Randa, and killing 36
people. Two smaller ice avalanches in April 1737 and 1786,
inflicted only minor damage on the settlement which by then
huddled against the eastern valley wall, 80 m above the Vispa
Torrent.

The big ice avalanche of 27 December 1819, was
documented by I. Venetz, whose written account was
pulished by Agassiz (1840, p. 158-161). More than 10 X
10°m? (?) of ice apparently became unhinged along a deep
transverse crevasse on the face of the Weisshorn. The stream
of broken ice and snow first descended the Bis Glacier,
struck the valley floor, and then climbed to the apex of the
Dorfbach cone. Although most of the village escaped the
direct impact of the avalanche, a powerful air blast preceded
the stream of ice and dislodged millstones, uprooted trees,
hurled blocks high above the valley floor, and blew the roofs
off several buildings. In addition, Venetz noted that
‘... strangely several barns located on the bank opposite
(Randa), below the glacier, although practically covered
with debris, have not suffered any damage because they were
protected from the force of the wind. It is even more remark-
able that only two persons were killed, although several
families were blown away with their houses and buried under
snow. .. (Agassiz, 1840, p. 160).

Smaller nondestructive ice avalanches were registered
on 31 January 1848, and in 1865. With incredible tenacity
the community of Randa perservered on its plot, daring
avalanches of snow and ice, and avoiding the ravages of
nearby glacial torrents.

Recently, the Bis Glacier and its tributary ice fields
began to grow again after having shrunk for more than a
century. Residential construction at Randa meanwhile has
invaded the path of the historical ice avalanches (Fig. 119).
On 25 August 1973, a slab of ice with a volume of close to
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Figure 118: Sketch map of the Bis 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 10°m® began 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 119: View of the Dorfbach cone and the com-
munity of Randa from the snout of the Bis Glacier; note
several residential buildings near the axis of the cone

in the runout zone of potential ice avalanches
(GSC 204166-W).
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Antronapiana (A41)

Location: Valle d’ Antrona, Piemonte, Italv (D2)
Date(s): 27 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 An-
tronapiana 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 over-
steepened 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 10°m* in volume, cascaded
onto the bottom of the valley. The front of this rock ava-
lanche annihilated parts of Antronapiana and killed 93 people
(Montandon, 1933, p. 303).
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Figure 120: Sketch map of the Antronapiana rock avalanche lobe of 1642 which
originated by failure of the gneissic scarp face of Cime di Pozzuoli.

Figure 121: a) View of the scarp face of Cime di Pozzuoli and forest-covered rock
avalanche lobe below (GSC 204166-X). b} The town of Antronapiana as seen from
the unstable bedrock ledge below Alpe Corzelli (GSC 204166-Y). c) Concrete
berm-retaining wall and surface drainage ditch at the toe of the incipient bedrock
failure at Alpe Corzelli (GSC 204166-2).
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The slide mass blocked the channel of the east-flowing
Torrente Ovesca creating the deep blue Lago di An-
tronapiana. 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 butlt 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 funnel-
shaped catchment zone a bedrock-and-debris slump of
approximately 1 X 10°m? (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. 121c).

Rackling (A42)

Location: Brixen Valley, Tirol, Austria (HI)
Date(s): 1648 (also July 1946)

Most of the rolling upland ridges in the famous ski region of
the Kitzbiheler Alpen are underlain by phyllite, calcareous
schist, and greenstone of the Austroalpine basement com-
plex. Notoriously unstable bedrock embankments and dis-
continuous Pleistocene surficial deposits occur in small tor-
rent basins along the sides of major valleys.

One of the main valleys in this region is the Brixen
Valley (800 m), which follows the westerly trend of phyllitic
bedrock formations (Fig. 122). In the past most of the valley
bottom was swampy, thus settlements clustered on the flanks
of large debris cones (Fig. 123). During the Middle Ages the
cone of the Rackling Torrent hosted the settlements of Rack-
ling and Steinhdring. However, beginning in 1638 debris
flows mobilized from the toes of huge bedrock slumps in the
upland basin menaced these communities, and within ten
years both had disappeared underneath blankets of debris. In
the centuries since then 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 de-
structive 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 tempo-
rary blockage of the Brixen Torrent 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
histories of debris flows have been provided with protective
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Figure 122: Index map of the Brixen Valley showing the
focation of the notorious Rackling Torrent and the ex-
panding communities of Brixen and Kirchberg.

Figure 123 View of the uninhabited Rackling cone and
its partly forested catchment area which is character-
ized by sagging slopes of phyllite; note farm located in
the zone between the torrents where forests have a
critical protective function. (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)

Location: Val Lagarina, Rovereto, Trentino, Italy (F3)
Date(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 (150 m). A small torrent incised into un-
stable 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 build-
ings 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.

Gemmersdorf (A44)

Location: Lavant Valley, Kdirnten (Carinthia), Austria (J2)
Date(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 south-
draining Lavant Valley. Near Gemmersdorf the lower seg-
ments 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 Speik-
kogel.

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 (1965). 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 over-
whelmed the hamlets of Oberpichling and Paierdorf. The
disaster occurred after three weeks of steady rain and thun-
derstorms. At the head of the Kreuzerbach basin a slope
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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.

Figure 125: Contemporary illustration of the de-
structive bouldery debris flow which overwhelmed the
village of Gemmersdorfin 1660 (from Fresacher, 1965).

failure, involving possibly as much as 0.5 x 10°m’ of
surficial material blocked runoff from several tributary tor-
rents. 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 develop-
ment. 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.
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Lake Traun (A45)

Location: Salzkammergut, Oberdsterreich, Austria (11)
Date(s): June 1664, (1737, 27 to 31 July 1897, 10 to 13
September 1899, 18 July 1910, 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 carbon-
ate 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 clear-
cuts in the upland basins provided timber and charcoal neces-
sary for the mines and salterns. Storms and persistent season-
al 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 con-
tact between the two rock types is a south-dipping thrust
fault. The Gschliefgraben (Gschlief = slide) on the north side
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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 from
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 marls 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°m? 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 ditferentiai shear
are delimited by numerous pressure ridges which suggest that
the shore front itself partakes in the movement of the superin-
cumbent debris. In the upper section of the flow average rates
of movement of approximately 6 m/year 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 slow-
moving 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 Jake leaving behind a concave scar. Almost two
centuries later, during rainstorms between 10 and 13 Septem-
ber 1899, on 18 July 1910, and on 23 July 1955 pulses of
debris again damaged lakeshore properties.

Figure 127: View across the toe of the Gschliefgraben
debris lobe; note embayment marking the head scarp
of the historical subaqueous slump and densely refor-
ested zone above vacation bungalows.

(GSC 204167-B)



The attractive shore front along the periphery of the
Gschliefgraben cone hosts 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 embank-
ments. 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 ex-
cavated 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 com-
munity 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 salterns of Ebensee. For this
purpose strong timber linings were installed along the chan-
nel 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 (Withl, 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 prac-
tices and modern control structures, has largely neutralized
the potentially destructive effect of severe rainstorms.

Salzburg (A46)

Location: Salzburg, Austria (11)
Date(s): 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 (‘Nagel-
fluh”), project up to 200 m above the streets of the city. The
orientation of vertical cliffs along the Ménchsberg, Kapu-
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Figure 128: Sketch map of the city centre of Salzburg;
north-northwesterly trending fractures contro! the
orientation of the Ménchsberg wall which is composed
of Pleistocene conglomerate.
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Figure 129. Southward view along the vertical
Ménchsberg 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 cliff. (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 Mon-
chsberg 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
m® 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 de-
molished 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 per-
sons (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 Salz-
burg folk tradition. Even the focus of Salzburg’s modern
cultural life, the world famous Festspielhaus (festival
theatre), has been placed against the Nagelfluh wall. Numer-
ous 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
Monchsberg to 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: Otztal Alps, Tirol and Siidtirol (Alto Adige), Aus-
tria and Italy (F2)

Date(s): 17 July 1678 (also 25 July 1600, 15 June 1680,
30 June 1717, 18 June 1725, 28 July 1737, 17 July 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 or to 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 im-
pounded glacial lakes. The most significant of these ice-
dammed lakes were the Rofen Eissee (Richter, 1892), those
along the margin of the Gurgl Glacier, and the proglacial and
englacial lakes of the Wiitenkar 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 (1846), Richter
(1892), Finsterwalder (1897), and Hoinkes (1969). The
Rofen Eissee developed whenever the snout of the Ver-
nagtferner (Ferner = glacier) advanced rapidly to the bottom
of the Ventertal (Vent Valley). blocking the east-flowing
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Rofenache Torrent, a tributary of the Otztaler Ache. On 25
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
Otz 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 build-
ings were knocked off their foundations. Damage was com-
pounded by simultaneous debris flows that blocked the
Otztaler Ache near Lingenfeld thus converting the 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 anoth-
er 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 the time J. Kuen. a com-
munity leader in Lingenfeld 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 commis-
sion, led by J. Walcher, a professor of mechanics at the
University of Vienna, visited the Rofen Eissee. In a publica-
tion Walcher (1773) discussed the mechanics of glacial ad-
vances, formation of the ice lake, its drainage, and com-
mented on possible remedial measures. He favoured a con-
sensus 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 cul-
minated 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
10°m? of 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 ficlds in the
upper Otztal (Stotter, 1846). In the century that followed the
snout of the Vernagtferner withdrew into its cirque basin.

The Gurgl Eissee, a shallow ice-margin lake at the
confluence of the Gurgler Ferner and Langtal Ferner, ex-
perienced several historical midsummer bursts. which,
however, resulted only in minor damage to human works in

the upper Otztal. The largest of these floods occurred on
30 June 1717, 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 Wiiten-
karferner near Sélden, 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,
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Figure 131: 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 down-
stream. The raging river demolished most bridges and trans-
ported rubble that covered large tracts of cultivated land
(Walcher, 1773, p. 60-61).

On 17 July 1772, following a period of very hot weath-
er, 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 Ubeltalferner 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,
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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 stor-
age of floodwaters and their gradual release through open-
ings 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 pro-
glacial 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 Schluderns; the subsequent massive flow of debris
onto the community killed eleven people and covered build-
ings up to several metres (Stacul, 1979, p. 51).
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Figure 132: a) Steep debris cone of a glacial torrent (locality Am See) in the
Kaunertal (GSC 204167-D). 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 1 August 1862, an englacial
(?7) 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, cas-
caded into the valley destroying the valuable fishstocks of the
Kaunertal. Similarly, on 7 August 1890, a piece of ice, 2000
m? 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 10°m?, which deluged a
section of the Kaunertal (Koch, 1875, 1892).

Downwasting and retreat of the Otztal glaciers, which
continued until the [960s, 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).

Disentis-Muster (A48)

Location: Vorderrhein Valley (Rein Anteriur), Graublinden
(Grisons), Switzerland (D2)
Date(s): 29 June 1683

In the area of Disentis (Muster) the Vorderrhein Valley (10600
m) follows a fracture zone that parallels south-dipping gneis-
ses of the Helvetic basement complex. On the south side of
the river the Garvera Massif (2384 m) rises in a scarp face
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Figure 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.

which is the zone of detachment for a gigantic sagging slope
involving approximately 1000 X 10°m? of 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 10°m? failed along the
westernmost part of the Garvera ridge (Bova Gronda). From



Figure 134: 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 204167-F)

an elevation of 1900 m the intensely fractured rock mass
streamed to the bottom of the valley (Fig. 134), its front
climbed 120 m up to the terrace of Disentis (1130 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.
Several small hamlets also dot the surface of the sagging
Garvera slope. A large campground has been opened recent-
ly along the bouldery river bench just below Disentis.

Figure 135: Sketch map of
La Valle Agordina and the
debris flow tracks along the
two torrents draining the
unstable scarp slope of
Monte Castello.

AGORDO
(611 m)
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La Valle Agordina (A49)

Location: Agordo, Veneto, Italv (H2)
Date(s): April 1701 (also 18 August (?) 1748, 23 to 27 April
1888)

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 on
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 10°m?. The toe of the rockslide
rotated outward over the possible snow-covered and water-
saturated 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
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Agordina, erasing several buildings and leaving 48 in-
habitants dead (Montandon, 1933, 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
gradually are being built over (Fig. 1306).

The 1701 failure had another effect: the slide mass
which overloaded the saturated shale terrace below Monte
Castello gave rise to a huge incipient slump, involving most
of a small tributary basin north of the Torrente Bordina. In
1748 part of 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
upland 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
Alpino Italiano in the Revista Mensile of the club (Volume
for 1888, p. 138-140). According to this account the in-
habitants of Connagia were startled by bellowing and crash-
ing sounds on the morning of 23 April 1888. A few monta-
nari immediately set off to investigate and soon discovered
the source of the noise: a bulging and splitting lobe of
rockslide deposits, surficial 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 m/h.

Today the large concave head scarp and the rockslide
deposits are still clearly visible west of Malga Moschesin.
During the catastrophic rainstorm 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 irack of the 1701 debris
flow along Torrente Missiaga, La Valle Agordina in the
background. Slight undulations in the meadows indi-
cate positions of large carbonate blocks embedded in
a shaly matrix (GSC 204167-G).

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

Diablerets (A50)

Location: Valais (Wallis), Switzerland (C2)
Date(s): 23 June 1714 (also 23 July 1749)

The mountain ridge of Les Diablerets (3209 m) follows a
southwest-trending axial culmination in the Helvetic fold-
and-thrust belt of western Switzerland (Fig. 137). The sum-
mit plateau of the Diablerets is composed of massive Urgo-
nian limestone, capped by an ice field, the Glacier de Di-
ablerets. Below the summit cliffs the southeastern scarp face
of the mountain is underlain by sandy calcareous slate.
Although the deformed formations generally dip gently 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 be-
low. The rock stream overwhelmed alpine pastures, an-
nihilated 55 buildings and killed 15 people. A freakish cir-
cumstance led to the incredible survival of one of the men: a
huge block crashed into a chalet, and stopped where it land-
ed, 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
atrickle of water, he set about digging himself out. Eventual-
ly, 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 netherworlds. 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%m? set off another avalanche of rock and ice which cov-
ered the slide deposits of 1714. This time precursory rock-
falls and crashing noises were heeded by the mountain peo-
ple, 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 10°m? (Heim, 1932, p. 130-133. p. 187
and 1921, p. 460-461; Becker, 1883, p. 310-316).
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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 con-

spicuous 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
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Figure 138: Northwestward view
of the detachment zone of the
Diablerets rock avalanches and
rockfalls; note chalets on the pro-
montory east of the blocky de-
posits of Le Liapey. '
(GSC 204167-H)

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.



Val Ferret — Val Veni (A51)

Location: Valle d’Aosta, ltaly (C3)
Date(s): 12 September 1717 (also 15 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 catastrophic 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, kiiling seven peo-
ple and much livestock. On 15 August 1728, about 10 to 20
X 10°m® of granitic debris, having broken awady from a
bedrock spur above the Triolet firn basin (Aiguille de
I’Eboulement), 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 spectacu-
lar 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 lobe swelled to
avolume of 4.5 x 10°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 pro-
tected the ice from solar radiation and thus triggered a spec-
tacular advance of the glacter snout that lasted until 1940,
while all other glaciers in the region experienced dramatic
retreat. Between 1940 and the mid-1960s downwasting and
retreat of the glacier left behind an imposing complex of
moraines (Fig 140). More recently the snout of the Brenva
Glacier has advanced almost to the entrance of the Mont
Blanc tunnel at Entréves.

It is possible that during the initial glacier advances of
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 féte, pursued their worldly occupa-
tions: — 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
rumerous 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 204167-1)
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Schlanders — Silandro (A52)

Location: Vintschgau (Val Venosta), Siidtirol (Alto Adige),
Italy (F2)
Date(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 tribut-
ary torrents from glaciated catchment basins rimmed by
peaks with elevations above 3000 m.

Schlanders, like other communities in the valley, de-
veloped 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 sup-
ply most of the bedload of the torrent.
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Figure 141: Sketch map of the precipitous mountain-
sides flanking the gorge of the Schiladraun Torrent and
the built-over debris fan of Schlanders, note the loca-
tion of the unstable foliation dip slope of Gamp which
supplied much of the debris during the disaster that
befell the community in 1731.
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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 tor-
rent. 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 1731, 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). Construc-
tion aiso 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. 56-
57).

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 steel-
beam 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 Schilanders, indicating the incomplete excava-
tion effort after the catastrophe of 1731. The height of
the wall on the left indicates roughly the depth to which
the town was buried in 1731. (GSC 204167-J)



Figure 143: Two views of the protective debris deflection dam between the chan-
nel of the Schladraun Torrent and the modern buildings of Schianders.

(a. GSC 204167-K, b. GSC 204167-L)

Meiringen (A53)

Location: Aare Valley, Bern, Switzerlund (D2)
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 pre-
cipitous 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, con-
verted 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 over-
topped 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. Com-
prehensive 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 (Ring-
genberg, 1975).

By living close to the bedrock walls defining 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 settle-
ments removed their belongings from the zone they consid-
ered too dangerous. On 5 April 1650, during springtime
snowmelt, a rock spur, possibly in excess of 1 X 10°m?,
ruptured along the crack noted a year before and a dis-
integrating blocky lobe came hurtling down the mountain-
side. Preceded by a powerful airbiast the debris lobe de-
molished 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 Engelhéor-
ner 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 Geis-
sholz and continued down a torrent channel towards Wil-
ligen. 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 ne-
cessitated expansion of residential construction activity to-
wards 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 m? of rock broke away
from the cliff and tumbled onto the then unoccupied flat
below. Since then, some twenty homes have been built there.
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Figure 144: Index map of
the vicinity of Meiringen,
note the trained channel
and floodplain of the Aare
River  which  transects
southwest-trending  carb-
onate ranges.

Figure 145: Detachment zone and track of the arti-
ficially released Kirchberg rockfall along the outskirts of
Meiringen. (GSC 204167-M)

By 1973, continued rockfalls totalling 60 000 m> pointed to a
serious threat to human lives. 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 re-
sulted if the whole unstable rock mass had failed un-
expectedly and struck occupied homes (Neiger, 1978).
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Férsina (A54)

Location: Trento, Trentino, Italy (G2)
Date(s): October 1747 (also 13th century, 1686)

The drainage basin of the Férsina Torrent, a major tributary
of the Adige River, extends some 30 km into the mountains
east of Trento (200 m), the capital city of the Trentino (Fig.
146). The Férsina Torrent drains upland basins underlain by
carbonate and metamorphic rocks of the South Alpine base-
ment 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 Férsina 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 Férsina, 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 Férsina 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 Férsina
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
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Pontalto (Ponté 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, atten-
tion 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. 117-
123).

In this century the course of the Férsina has been con-
trolled 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.
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Figure 146: Index map of the Férsina drainage basin showing the location of the

Ponté Alta (Pontalto) dam above Trento.



Figure 147: The debris ‘
retention dam at Ponté Alta 30
(Pontalto) across the gorge
of the Férsina Torrent;
drawing from Seckendorff
(1884).

Grigno (A55)

Location. Val Sugana, Trentino, ltaly (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 tor-
rent. 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
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slopes of the upper Grigno Valley. However, on 16 Septem-
ber 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 Moli-
ni (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 10°m® 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 Campes-
trin.
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Figure 148: Sketch map of the lower Grigno basin
showing the location of major debris sources near
Pieve Tesino and the Grigno fan.

Randens (A56)

Location. Aiguebelle, Arc Valley, Savoie, France (B3)
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 [8th century large
sections of the uplands lost their forest cover due to clearcut

logging.
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Figure 149: Sketch map of the composite debris cone
of Randens and high-level source areas of historical
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 12 June [751; it almost demolished the
church. A thunderstorm on 12 June 1760, mobilized an even
greater volume of unstable debris along the upper Vorgeray

Figure 150: Recently excavated and renovated build-
ing 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)
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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 1812. On 7 June 1806, one flow smashed into two
buildings and killed 4 people. (Mougin, 1914, p. 1165-
1169).

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 stabiliz-
ing 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 Platé (A57)

Location: Servoz, Arve Valley, Haute Savoie, France (B3)
Date(s): 4 August 1751 (aslo ‘early in the Christian era’,
February 1471, 17 September 1852, 16 April 1970)

The Massif de Platé (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 west-
northwesterly into a narrow gorge carved into north-dipping
shale-carbonate units of the Helvetic cover complex underly-
ing the Massif de Platé (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 Platé 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 Platé 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 Chételard, 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
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height of 150 m above its normal 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 1751, 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 Joux and 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 court in
Torino 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 [ 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; I 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 I 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
[ 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
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Figure 151: Sketch map and geological cross-section of the Massif de Platé (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 10°m?®) of rock, enough to form a
mountain of its own. ...’ (de Saussure, 1781, v. Il, para-
graph 493).

Donati’s remarkable report concluded with the predic-
tion 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).
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Figure 152: View of the sanatorium of Praz Coutant;
note the snow-debris avalanche track behind the build-
ing. (GSC 204167-0)

During the winter of 1969-1970 most of the Savoie
experienced exceptional snowpacks and snow-avalanche
activity. The spring snowmelt was greatly delayed by late
snowfalls. On 5 April 1970, a small wet-snow avalanche
slightly damaged a sanatorium on the thinly forested bench of
Praz Coutant. On 12 and 13 April 1970, about 50 mm of rain
fell on the area and infiitrated the slope above Praz Coutant,
which is inclined 30-40° and is underlain 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 30 000-
40 000 m? in volume, followed the path of the snow ava-
lanche and crashed in to the western wing of the building
(Fig. 152). The walls that had resisted the impact of the snow
avalanche collapsed under the impact of the debris, and 72
people, mostly children. lost their lives (Jail and Vivian,
1971, p. 475-482).

Today several sanatoriums, hotels, and private homes
dot the *sun slope’ of the Platé. An elaborate network of
roads provides access for hikers and excursionists who come
to enjoy the magnificent view of Mont Blanc. It is unlikely
that past catastrophes will greatly inhibit use of this moun-
tainside in the future. The site at Praz Coutant which suffered
from the debris avalanche of 1970 has been protected by a
high deflection dam. Several active slumps along the terrace
rim of Plaine Joux are being drained by open ditches. The
possibility of a major collapse of the Rochers des Echines
above Praz Coutant has been recognized: it would not only
endanger Praz Coutant but also the town of Chedde in the
Arve Valley (Fig. 151). The importance of monitoring in-
cipient movement along the cliff has been emphasized by
Pachoud (1976) and Goguel and Pachoud (1978).
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Grdachen (A58)

Location: Matter Valley, Wallis (Valais), Switzerland (C2)
Date(s): 9 December 1755 (also 12 September 1855)

Grichen (1600 m) is a large village spreading over a bedrock
terrace 600 m above the northeast-trending Matter Valley
and commanding a spectacular view of the surrounding
mountain ranges. The terrace is a remnant of an old valley
bottom carved into gently west-dipping metamorphic suc-
cessions of the Pennine core zone (Fig. 153). Rising above
the Grichenwald forest the mountain spur of the Durloch-
horn (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
Grichen is one of the most seismic 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 es-
timated at V111, a part of the Durlochhorn failed and a rock
avalanche buried one third of Grichen. Similarly, a series 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 Griachen has developed into an im-
pressive tourist centre and building activity has approached
the rockfall lobes of past centuries (Fig. 154). The Grichen-
wald forest above the community will provide protection
only against minor rockfalls.
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Figure 153: Sketch map of the bedrock terrace of
Grachen above the valley of the Matter Vispa, note
blocky rockfall debris below the Durlochhorn.



Figure 154: View of the lower slopes of the Durloch-
horn and the conical rockfall deposits behind Gréachen.
(GSC 204167-P)

Umhausen (A59)

Location: Otz Valley, Tirol, Austria (FI)
Date(s): 9 to 11 July 1762 {also summer 1807, 2 August
1851, 18 June 1855, 29 June 1965)

The Otztal (Otz Valley) is a deep north-trending glacially-
sculptured trough that crosses gneiss, amphibolite, and mica
schist terrain of the Austroalpine basement complex. Moun-
tains bordering the valley attain elevations of more than 3000
m (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
10°m* and originated by failure of a gneissic 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 originally
blocked the Otztaler Ache and its eastern tributary, the Hor-
lachbach Torrent. Erosion of the fractured rock mass by the
Horlachbach Torrent has created the large debris cone of
Umbhausen. The aggradational flat of Lingenfeld south of
Taufererberg also receives 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 debris flow hazard has been sub-
stantial. The name Umhausen ( = resettlement) suggests that
the community had a predecessor elsewhere on the cone.
Between 1760 and 1770 Umhausen again was in serious
difficulties and during the same decade debris flows forced
complete evacuation of the nearby hamlet of Osten. Between
9and 11 July 1762, an intense rainstorm filled the gullies and
ravines above Umhausen with debris which broke forth sim-
ultaneously demolishing 70 buildings and killing 9 persons.

Reconstruction of Umhausen shifted partly to Neudorf
(=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 flow buried a
hamlet located between Umhausen and Léangenfeld. At the
same time Osten was demolished once more. On 2 August
1851 and on 18 June 1855 debris flows again caused damage
in the central Otz Valley.

Since the mid-18th century the most notorious debris
cones have been left undeveloped with broad strips of pro-
tective forest along their axes (Fig. 156). However, the
recent development boom has brought some residential
buildings close to the dangerous torrents. Sporadic debris
flows, exceeding the design magnitude of protective dams,
walls, and linings, demonstrate the limits of the ‘achievable’
in this kind of environment. For example, on 29 June 1965,
an intense regional rainstorm caused severe erosion in the
uplands of the Fischbach Torrent; Langenfeld suffered heavi-
ly when a debris flow and flood carrying some 0.15 X 10%m?
of bouldery debris broke across dykes and invaded the town
at the beginning of the tourist season (Heuberger, 1975;
Leys, 1980).
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Figure 155: Index map of the central Otztal area, note
the gigantic prehistorical Taufererberg rockslide and
the inhabited debris cones at the mouths of tributary
forrents.
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Figure 156: View of the hamiet of Osten, note dense
protective forest along the axis of the cone (back-
ground), the lone church (a remnant of a former settle-
ment), and the farm buildings on the flank of the cone.
(GSC 204167-Q)

Neumarkt-Egna (A60)

Location: Etsch (Adige) Valley, Siidtirol (Alto Adige), lialy
(G2)
Date(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

Figure 157: Sketch map of the
basin of the Truden Torrent and
the neighbouring communities of
Vill and Neumarkt (Egna).
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cones in this valley are of similar origin and all of them have
been traditional sites of settlement, occupied prior to the first
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 com-
munities, Neumarkt (=new market) and Vill, therefore
shifted up the debris cone. There sporadic flows of debris
threatened both villages, necessitating the construction of
primitive protective walls.

On 18 November 1767, a rainstorm deluged the eastern
Etsch basin (Sonklar, 1883, p. 86). One of the many torrents
that were choked by the debris eroded from tributary ravines
was the Truden Torrent. As a result, a massive flow swept
into Neumarkt, obliterating several buildings and killing 20
people (Strele, 1936, p. 131). After this catastrophe two
huge stone-masonry dykes, 800 m long and 6 m high, were
built along the channel of the torrent to guide debris flows
straight towards the river. Check dams constructed since
1884 have contributed substantially to the stabilization of
embankments in the upper Truden basin. Today the cone
hosts highly productive vineyards and the two expanding
communities.

Gaishorn (A61)

Location: Palten Valley, Steiermark, Austria (J1)
Date(s): 1768

The Palten Valley is a wide trough-shaped depression that
follows a northwest-trending fault zone in phyllitic-
calcareous 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
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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 Tor-
rent, 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. Neverthe-
less, 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 environ-
mentally 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.

Monbiel (A62)
Location: Klosters, Graubiinden (Grisons), Switzerland
(E2)

Date(s): 17 June 1770

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 meta-
morphics 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, occa-
sionally mixed with rain, created a thick snowpack through-
out western Austria and eastern Switzerland. Spring of 1770
was delayed and snow began to melt in May. The delayed but
sudden snowmelt was accompanied by several rainstorms
during which slope fatlures and debris flows occurred widely
in this part of the Alps.

On 17 June 1770, intense rainfall and snowmelt trig-
gered the collapse of approximately 70 000 m® of fractured
gneissic and carbonate bedrock along a steep valleyward-
dipping 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 re-
mained in its somewhat protected niche astride the cone and
away from the regular snow avalanches from the Schildflue
slope (Fig. 160).

SCHILDFLUE MASSIF

NN

2000 m

Z 2400 ©
////I“\
2200 m
u

HONB[EL
(1291 m)

Figure 159: Sketch map of the debris cone east of
Monbiel.
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Figure 160: View of the rock avalanche lobe of 1770 on
the cone of Monbiel. Farm buildings on the loweér cone
are located in the fall line of rare far-reaching snow
avalanches from the Schildflue slopes.

(GSC 204167-R)

Lago di Alleghe (A63)

Location: Cordévole Valley, Veneto, Italy (G2)
Date(s): 11 January 1771 (also 1 May 1771)

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 illus-
trated in many travel books. The lake owes its origin to a
catastrophic rockslide that broke away from the (never de-
picted!) west side of the Cordevole Valley (Fig. 161).

The valley walls flanking the Torrente Cordévole near
Alleghe (980 m) are part of an east-dipping panel of carbon-
ate 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 11 January 1771, a slab of 20 X 10°m* of thick-
bedded carbonate rocks failed above a horizon of thin-
bedded 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 shde
erased three hamlets and killed their 49 inhabitants. The front
of the rock avalanche crossed the Cordévole Valley and
climbed more than 50 m up its east 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). In 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
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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 Corde-
vole delta front (indicated by years).

this was impossible. However, an unanticipated second fail-
ure on the Monte Forca dip slope was to prove more dis-
astrous than the feared overflow of the lake.

On 1 May 1771, 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 bar-
rier 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
Masar¢ ( =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 1771 did not remove all unstable rock from the
failure surface above the Cordévole 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 Cordévole 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.



Figure 162: Map (made in 1785) of the impounded Cordevole Tor-
rent and the Lago di Alleghe, drowned hamlets have been indicated
by the artist (from Angelini, 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 di
Alleghe; village of Alleghe on the feft (GSC 204167-T).
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Fucine (A64)

Location: Val di Sole. Trentino, Italv (F2)
Date(s): 17 September 1772 (also 1 September 1757,
10 October 1789, 15 August 1846, 25 September 1885)

Fucine rests on a small cone at the confluence of the Ver-
migliana 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 wel] defined cones covered with blocky debris. Because
of the large area of the Vermigliana drainage basin, de-
structive debris flows at Fucine generally coincide with ma-
jorregional 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 thunder-
storms, pulses of debris were deposited among the buildings
of Fucine. On 17 September 1772, three days of rain accom-
panied 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 1885 (Strele, 1936, p.
131; Gorfer, 1975, p. 846).

Figure 164: Index map of
the Kalkkdgel Massif and
the major communities on
its debris fans, note the
forced deflection of the tor-
rent above Gotzens.

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

Kalkkigel (A65)

Location: Innsbruck, Tirol, Austria (G1)
Date(s): 1 July 1782 (also 1575, 24 Julv 1750, 8 August
1807, 25 July 1846, 2 June 1908)

The Kalkkdgel Massif (2600 m), southwest of Innsbruck, is
a deeply dissected complex of flat-lying carbonate forma-
tions resting on metamorphic rocks of the Austroalpine base-
ment 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, Gétzens, and Axams
(Fig. 164). Clearcutting and overgrazing in the uplands dur-
ing 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 onthe 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
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Figure 165: Protective dam under construction above
the apex of the Axams cone, note vertical slits in the
dam which allow selective discharge of normal bed-
load and minor debris flows. (GSC 204167-U)

houses. On 1 July 1782, another terrible cloudburst-
hailstorm mobilized masses of bouldery debris from the
Grosse Blaike; this debris flared across the cone of Gétzens
demolishing 22 houses and killing four people. After this
catastrophe the community set to work on a stone-masonry
deflection dam to divert debris in the Geroldsbach gorge east
away from the village. The cost of maintaining this structure
proved to be considerable because debris from minor flows
soon filled the space behind the dam. On 25 July 1846,
during another thunderstorm, debris completely filled the
bend of the deflection dam and a 2 m thick lobe overtopped
the wall covering fields near Gotzens. The protective struc-
ture was then raised to a total height of 10 m and reinforced to
a thickness of 4 m. However, the scarred source area re-
sponded with new pulses of debris during every major storm.
On the evening of 2 June 1908, during a cloudburst-
thunderstorm debris with boulders reaching 2 m in diameter
again breached the protective dam and in G6tzens 22 houses
disappeared in the stony lobe (P. Frey, personal communica-
tion, 1980).

The torrent systems of the Kalkkogel area also are active
during regional rainstorms (e.g. 1807, 1855, and 1882).
During such a storm on 8 August 1807, Fulpmes was almost
entirely destroyed by massive debris movements along the
Schlickerbach Torrent.

In recent years the Kalkkogel has seen an enormous
expansion of tourism on account of two Olympic Games
staged partly in the Axamer Lizum. Systematic reforestation
and terracing of areas such as the Grosse Blaike, carried out
since the 1950s, construction of check dams and modern
protective dams (Fig. 165), channel linings, and stone-
masonry revetments have substantially reduced the hazard on
the cones. New clearing for ski runs in the uplands and
development pressure on the cones have justified consider-
able expense to assure safety for inhabitants and visitors.

Zr

Surlej (A66)

Location: Lake Silvaplana, St. Moritz, Graubiinden (Gri-
sons), Switzerland (E2)
Date(s): 1793

Lake Silvaplana is one of a string of sparkling lakes in the
high Engadin Valley, a tourist region blessed with stunning
vistas and a pleasant winter climate. The communities of
Silvaplana and Surlej have developed on two delta cones on
opposite sides of the lake (Fig. 166).

Upland basins in the area are devoid of trees and torrents
flow from rugged slopes underlain by Austroalpine
metamorphic and sedimentary rocks, in places covered by
thick morainal deposits.

Surlej (1800 m) used to be a small agricultural hamlet
on the gently northwest-sloping delta cone of a small creek
draining the slopes of the Rosatsch Massif (3123 m). In 1793
a huge debris slump on the slopes behind the hamlet changed
into a massive flow that completely devastated the settlement
(Montandon, 1933, p. 310). The settlement was later rebuilt
along the fringes of the debris which is still known as Crap da
Sass (Crap = debris).

In recent vears the entire upper cone of Surlej has been
built over with vacation homes and apartments, part of the
overall development of the St. Moritz region (Fig. 167).
Only the Jowermost part of the debris fan is still in agricultu-
ral use.
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Figure 166: Sketch map of Lake Silvaplana and the two
fan deltas on which Surlej and Silvaplana are located.
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Figure 167: View towards the recently built-over seg-
ments of the Surlef fan delta. (GSC 204167-V)

Embach (A67)

Location: Salzach Vallev, Salzburg, Austria (11)
Date(s): Spring 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
phyllitic bedrock of the Austroalpine basement complex and
a terrace of Pleistocene surficial deposits (Fig. 168). Tribut-
ary basins of the Salzach River along this stretch of the valley
are susceptible to sporadic slumping and debris flows. One of
the largest areas of chronic slumping is the crown of the
terrace of Embach (1017 m), which is approximately 350 m
above the river. The Embacher Blaike (blaike = scar) is about
500 m wide and at times has involved as much as
10 x 10°m? of debris moving away from the concave head-
wall of the sand-gravel terrace.

On 5 August 1598, acceleration of debris movements
caused retrogression of the head scarp; one of the opening
cracks ‘swallowed’ a homestead and a family of seven. In the
spring of 1794 another section of the head scarp failed,
destroying fields and buildings in the hamlet of Berg which is
perched on the edge of the terrace. This time a debris lobe,
composed of gravel, clay, moraine, sand and phyllitic bed-
rock blocked the river and created a Jake which extended
3 km upstream, as far as the village of Taxenbach. The lake
persisted for several years before the river carved a new
channel across the toe of the slide mass (Stini, 1938, p. 15
and 20).

Because of the large size of the area susceptible to
sliding and the abundance of subsurface water, the unstable
terrace at Embach has remained a serious problem to this
day. Drainage by surface ditches and attempts at reforesta-
tion have only been partly successful. From time to time (e.g.
1935, 1948) these works are distorted by accelerated move-
ments of the whole slope and have to be renewed. The road
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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 bottomn of the

gorge.

Figure 169: View of the Embacher Blaike scar, note
rubbly toe zone and head scarp of the slowly moving
debris slide which is covered by several generations of
planted trees. (GSC 204167-W)

and railway along the busy transportation corridor were
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 railroad tunnel collapsed into the river (Wolf,
1875). The design of the modern highway has required
extensive rock engineering to overcome the problems of the
sagging terrain.



Niedernsill (A68)

Location: Salzach (Pinzgau) Valley, Salzburg, Austria (H1)
Date(s): 5 August 1798 (also 7 August 1970, 28 July 1971)

Niedernsill (796 m) is one of several communities that have
grown on debris cones in the flood-prone and swampy Sal-
zach Valley (Fig. 170). Tributary torrents of the Salzach
River enter the valley from catchment basins carved into
east-trending low grade metamorphic rocks of the Aus-
troalpine basement complex (north of the river) and the
Pennine Tauern Window (south of the river). The Mahibach
Torrent which has built the cone of Niedernsill receives most
of its debris from unstable embankments of Pleistocene col-
luvium. The debris cone has pushed the channel of the
Salzach River onto the north side of the valley and created a
swampy floodplain on its upstream side. The surface of the
cone hosts several settlements, including Niedernsill, Jes-
dorf, and Miihlbach.

On 5 August 1798, a cloudburst over the upland ridges
in this area caused enormous runoff and subsequent erosion
along the banks of the Mihlbach Torrent and mobilized an
incipient debris slump at the mouth of the Bombach ravine
(Fig. 170). This slide mass swerved across the swollen wat-
ers of the Mithlbach Torrent creating a lake 20 to 30 m deep.
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Figure 170: Sketch map of the Mihlbach basin south
of the Salzach Valley, note low-gradient swampy flood-
plain between debris cones of tributary torrents.

Figure 171: View of Mdihibach (foreground) and
Niedernsill (background), note the sharply curved pro-
tective debris diversion dam and continuing construc-
tion activity on the upper fan. (GSC 204167-X)

The oversaturated plug of debris failed and a massive flow
completely ravaged the village of Miihlbach 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. Dur-
ing this catastrophe more than 6 X 10°m® of debris may have
been moved across the cone.

On 7 August 1970, a short and intense thunderstorm
deluged the Miihlbach 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-existing check
dams were torn off as the flows tried to establish a deeper and
wider discharge section. A volume of 0.5 X 10°m? of 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
Mihlbach were severely damaged and three people lost their
lives. One building, picked 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 1971, thunder-
storms again struck the upland basin of the Miihlbach Tor-
rent. This time there was 40 mm of rain in 90 minutes.
Debris totalling 0.3 X 10°m?* swept across the fan, causing
heavy material damage. After this disaster the crest of the
deflection dam which had guided only part of the flow was
raised to a height 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).
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Lake Lucerne — Vierwaldstiittersee (A69)

Location: Uri-Schwyz-Unterwalden, Switzerland (D2)
Date(s): 14 May 1801 (also 1659, 23 July 1764, 8 December
1769, 15 July 1795, December 1879, 8 August 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 con-
glomeratic Rigi Massif (1801 m) of the Molasse Zone; its
southern arm (Urnersee) is walled in by near-vertical carbon-
ate cliffs of the Helvetic cover complex 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 de-
scended into a ravine that opens onto the steep debris cone
with the settlement of Buochs. The rush of water and debris
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knocked down a dozen buildings and killed 11 people (Bof-
fo, 1977). On 8 December 1769, a wedge 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 Weggis at the foot of the Rigi
Massif. After a period of intense and sustained rainfall in July
a slide mass, 1 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 mo-
tion 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; Montan-
don, 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 172: Index map of Lake Lucerne (Luzerne) and sketch map of the debris-
covered conglomeratic dip slope of the Rigi Massif.



Late in December 1879 an unstable ledge on the Vitz-
nauerstock (1452 m) failed; the blocky debris of the dis-
integrating 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 acceler-
ated 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 m?
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 Gott-
hard Pass which formerly clung to the rockfall-prone eastern
shore of the Urnersee has been placed entirely in a tunnel.

Schesatobel (A70)

Location: Bludenz, Vorarlberg, Austria (E1)
Date(s): 1804 (also 1867, 1907, August 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
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southern tributary of the 11l 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 Ill River against the low terrace of
Niiziders, threatening the collapse of several buildings in that
settlement.

Towards the end of the 19th century, the Schesa Torrent
and 111 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.
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Figure 173: Sketch map of
Schesa Torrent and the
completely trained Il River
in the densely populated
district of Bludenz.
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Figure 174: Two views of the large check dams along the Schesa Torrent below the
erosional bow! 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
204167-Y); b) steel-concrete check dam with an armoured carapace which mini-
mizes damage to the structure from minor debris flows (GSC 204167-Z).

In 1907 a wall of bouldery debris with a volume of 0.2 X
10°m? collapsed, almost killing a work gang. Only the fore-
sight 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 IIl River.
Nevertheless, local mockery referred to the erosional feature
as ‘Millionenloch’ (=the 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 10°m? and forced a complete mod-
ernization of the check dams (Fiebiger, 1974). Existing and
planned housing developments in Biirs, 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 10°m? 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.
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Goldau (A71)

Location: Schwyz, Switzerland (D1)
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 Riifiberg 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 rock-
slides, others the result of minor historical rockfalls; howev-
er, most of them are remnants of the great ‘Goldauer Berg-
sturz” 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.
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The events leading up to the destruction of Goldau in
1806 were chronicled by Zay (1807) in an extremely impor-
tant 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 extremely rainy years 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
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Figure 175: Sketch map of
the Goldau rockslide; note
minor  incipient  debris
slumps along ledges of the
conglomerate dip slope.

Rossberg packed up and left. Others, including the in-
habitants 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 10°m? began 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 in-
stantaneously 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
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Figure 176. Reproduction of a watercolor dramatizing the destructive impact of the
Goldau rock avalanche on the communities in the valley (original watercolor by
D.A. Schmid, sold as a poster at the Bergsturz Museum in Goldau).

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 disas-
ter was visited by many travellers, artists and writers. Lord
Byron, who came to Goldau ten years later wrote about the
Rossberg slide. . .

‘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 rock-
debris 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 slip-
page of old slide material was also noticed along the eastern
flank of the mountain by Heim (1932, p. 40 and 55).
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Reoccupation of the land devastated by the 1806 rock-
slide 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

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 204168-A)



slide masses along the Rossberg toe zone was abandoned
because ...

‘those parts of the Rossberg, which according to the views of
geologists might cause similar catastrophes in time spans of
several hundreds of years, overhang the southern en-
trance. ..’ (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 detach-
ment zone of the rockslide has been set aside as a nature
conservancy area (Fig. [77). The eastern upland slope of the
Rossberg is still dotted by numerous hamlets and farms.

Schwaz (A72)

Location: Inn Vallev, Tirol, Austria (G1)
Date(s): 26 July 1807 (also 600 A.D., February 1527, 1539
(?), 1553, 1569, Julv (?) 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 base-
ment complex. Discontinuous pockets of late Pleistocene
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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 oc-
curred about 600 A.D. (Hanausek, 1975, p. 108-109). De-
vastating 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 11 build-
ings in Schwaz, damaged many others, and killed four peo-
ple (Aretin, 1808, p. 79-80).

For centuries the town has attempted to protect itself
against the ravages of the torrent by a system of stone-
masonry 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 steelbeam-
concrete 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 in-
creased level of control has permitted building activity even
along the slanting outer flanks of the old stone-masonry
dykes, and the debris cone now is completely built over (Fig.
179).
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Figure 179: View of the built-over cone and the catch-
ment 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 204168-B)

Monte Masuccio (A73)

Location: Tirano, Valtelline (Adda Valley), Lombardia, Ita-
ly (F2)
Date(s): 7 December 1807 (also June 1808)

The massif of Monte Masuccio (2816 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 ham-
lets and vineyards, which cling to a sagging complex of
steeply dipping low grade metamorphic schists of the Aus-
troalpine 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 move-
ments 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 flood-
plain upstream from Sernio. Six months Jater, 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 town of 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.
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Figure 180: Sketch map of the sagging Monte Masuc-
cio bedrock slope northeast of Tirano.

Antelao (A74)

Location.: Cadore, Boite Valley, Veneto, ltaly (H2)
Date(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 in-
ward-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 moun-
tains and the Boite Torrent. The town of San Vito di Cadore
covers the lower portion of a huge debris cone, which prob-
ably originated by prehistorical mass movements along the
north face of Antelao.

On 25 January (?) 1348, possibly due to a great earth-
quake 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,
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On 21 April 1814, a mass of carbonate rocks approx-
imately 5 X 10°m? in 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, 1814; Casal, 1898). The buried vil-
lages were not rebuilt after the catastrophe.

In 1868, a year characterized by abnormally deep snow-
packs 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 Corti-
na d’Ampezzo the communities of Villanova, Borca di Ca-
dore, and Cancia presently are experiencing rapid growth.
New vacation homes are located on deposits of the 1814 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 1814.
(GSC 204168-C)
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Perarolo (A75)

Location: Piave Valley,
Date(s): October 1820

Ceneto, Italy (H2)

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 Piave River. Upstream from the
town the Boite Torrent crosses a gorge cut into fractured
carbonate shale and evaporites of the South Alpine cover
complex.

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, deposit-
ing as much as 12 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, approximate-
ly 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.

Figure 183: Masonry and gabion dyke separating the
town of Perarolo from the channel of the Boite Torrent;
unstable bedrock slopes upstream from Perarolo in the
background. (GSC 204168-D)

Val Badia — Gader Valley (A76)

Location: Dolomite Mountains, Siidtirol (Alto Adige), Italy
(G2)

Date(s): 19 June 1821 (also 1488 to 1493, June 1827, 1 to
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
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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 de-
velopment 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
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Figure 184: Index map of the upper Val Badia. Note the
large earthflow lobes on the gentle shale slopes below
the carbonate plateau.



Figure 185: The unstable shale slope of Lamuda below
the carbonate cliffs of the Kreuzkofel (Fanes) Massif.
The toe of this slope impounded the Gader Torrent in
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
Sottri 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 | km upstream before being drained by a
cut across the debris barrier. However. the embankments
along the former lake were now extremely unstable and
during a sudden snowmelt and rainstorms in June 1827 the
Gader Torrent carried away much of the loose slide material,
devastating fields and communities in the lower valley (Staf-
fler, 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 1841, a large earthflow ad-
vanced towards the town of Cortina d’Ampezzo (10 km east
of Val Badia) demolishing 24 buildings in the hamlet of
Pecol. On 14 April 1867, a gigantic earthflow near Pescosta
threatened the hamlet with a similar fate.

In the past earthflows on poorly drained shale slopes of
the Dolomite Mountains were accepted as a nuisance by the
inhabitants of traditionally agricultural settlements in the
region. Recently, the Dolomite Mountain region has ex-
perienced 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 mea-
sure, but is often inadequate to completely stabilize creep of
the impermeable shale terrain.

Vaile di Yaioi (£77)

Location: Valle di Vanoi, Trentino, [taly (G2)

Date(s): December 1825 (also 14 August 1748, autumn
1823, May 1826, 20 September 1829, September 1882,
12 October 1889, 4 November 1966)

The large drainage basin of the south-flowing Vanoi Torrent
is underlain by phyllite, schists, and granitic rocks of the
South Alpine basement complex (Fig. 186). The basin is
bordered on the north by a chain of rhyolite peaks, the
Cadena dei Lagorai (2500 m). Much of the large catchment
area 1s underlain by sagging mountainsides of phyllite and
pockets of late Pleistocene ice-margin deposits. After reck-
less 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 re-
leased an enormous quantity of water onto loose debris near
the summit of Cima Folga. The material was 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 com-
pletely denuded of its forest cover, large crown cracks
appeared along the upper rim of a north-facing dip slope east
of Monte Calmandrino. Landowners recognized that ex-
cessive 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. Finally, in the autumn
of 1823 a regional rainstorn set off the first series of debris
flows from the Rebrutt basin; the flows crossed the Vanoi
Torrent and stemmed its flow for more than an hour. Then the
unstable debris barrier burst and a deluge of rock and mud
demolished several buildings in Canale. After this, discharge
of debris occurred ever more frequently and in December
1825 a newly formed cone across the bottom of the Valle di
Vanoi 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 build-
ings and killing 52 people (Gorfer. 1977, p. 962). New loads
of debris from the Rebrutt basin raised the 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 conical dam. The resulting debris flood,
which reduced the lake to one third its size, toppled the
church and several buildings in Canal San Bovo.
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Figure 186: a) Geological index map of the upper Vanoi basin; wavy lines indicate
phyllites, crosses indicate granitic rocks. b) Sketch map of the Vanoi Torrent
between Caoria and Canal San Bovo, note the Rebrutt fan and sagging foliation dip

slopes along Rio Valsona.

In subsequent years supply of available debris in the
Rebrutt basin gradually decreased and vegetation recon-
quered 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 7)
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 buildings
of Caoria and filled whatever remained of Lago Nuovo
(Strele, 1936, p. 135-136). This last series of catastrophes
accelerated the ongoing depopulation of the upper Vanoi
region.
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Figure 187: Northwestward view along the floodplain
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 migra-
tion. (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 ‘1889’, the date of the
debris flow which deposited it. (GSC 204168-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 in-
itiated 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 Rebrutt, 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 Valley (A78)

Location: Kdrnten (Carinthia), Austria (12)
Date(s): 27 June 1828 (also 1619, 1620, 1717, 1757, May
1827, 1840-1854, 17 to 18 August 1966)

The Mol Valley (700 m) west of Obervellach 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 sagging bedrock slopes or are carved into Pleistocene
colluvium (Weiss, 1969). Prehistorical debris flows from
unstable uplands created large cones along the sides of the
Moll Valley, giving rise to the sinuous course of the Moll
River. In historical time massive debris movements general-
ly followed periods of deforestation or overgrazing of steep
south-facing slopes.

In 1619, 1620, 1717 and 1757 the town of 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 Obervellach; 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 Méll River until the beginning of the 19th
century when a large clearcut denuded a bench of relict
colluvium along an unstable foliation dip slope. 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 M&ll River. As the
torrent joins the MOl River along a relatively narrow stretch
of the valley, the flows of debris immediately impounded the
river, creating a shallow lake, the Gdssnitzsee. 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 pat-
tern 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 MOoIl basin, the Gossnitzee was re-
established by a dam. New housing developments and resi-
dential 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 bould-
ers and uprooted trees accelerated as it descended down the
gorge, attaining a volume of 0.3 X 10°m?; 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 Mol River, pushed its chan-
nel 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 10°m>, prevented
potentially costly damage to hydroelectric installations up-
stream 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).

165



166

h"l”’

< S
VA
W\ e

=

///////;// 7

/‘,////

RS

S —
/L s
\Q

Al

NS

I
"\ \\

AN

.

Ausot ERAGAN]

KLAUSENKOFU LR TORRKLMNT N

Figure 189: 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,; com-
memorative plaque refers to the catastrophe of 1966; note new residence behind
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 define
a selective discharge section ('filter dam’) which preventis the passage of blocky
debris flows but permits a gradual removal of accumulated debris by the normal
erosive action of the torrent. (GSC 204168-1)



Spriana (A79)

Location: Val Malenco, Lombardia, Italy (E2)
Date(s): 1834

Spriana (754 m) is one of several small settlements clinging
to narrow bedrock ledges on the lower slopes of Val Malenco
(Fig. 191). Val Malenco is drained by the south-flowing
Mallero Torrent which has carved a gorge into massive
gneisses of the Pennine basement complex.

Spriana and Scilironi are located on the flanks of an
overgrown rockfall cone on the east side of the Mallero
gorge. The bouldery cone rises at an angle of 25 to 30° from
the Mallero Torrent to a precipitous bedrock chute which in
turn opens into a concave rockfall scar at approximately
1800 m elevation. The gneissic bedrock is cut by joints that
parallel the trend of the valley.

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
terraced meadows between the old stone-roofed buildings of
the community (Fig. 192). Some of these houses have recent-
ly been restored into modern homes.

Figure 191: Sketch map of the gneissic bedrock slope
flanking the Mallero gorge near Spriana.

Figure 192. Steep rockfall cone and part of Spriana.
(GSC 204168-J)

Felsberg (A80)

Location: Chur, Graubiinden (Grisons), Switzerland (E2)
Date(s): 13 March 1834

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 behind the village is a composite dip slope 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 until
1867, a series of rockfalls, involving slabs of limestone up to
100 m in diameter, broke away from the headwall of the
prehistorical detachment surface at about 1400 m elevation.
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 cliffs 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 Domat/Ems; most of the new homes are
within reach of a major rock avalanche from the Calanda
cliffs (Fig. 194).
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Figure 193: Sketch map and cross-section of the Calanda dip slope near Fels-
berg, note blanket of rockfall debris below the retrogressive scarp midway up the

slope.

Figure 194: View of Felsberg-Altdorf and the carbon-
ate dip slope behind the village; the church rests on a
prehistorical slide block. (GSC 204168-K)
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Peccia (A81)

Location: Val Lavizzara (Maggia Vallev), Ticino, Switzer-
land (D2)
Date(s): 27 August 1834 (also 1760)

The village of Peccia (840 m) presently skirts the eastern
flank of a small debris cone at the junction of the torrential
Maggia and Pecciarivers (Fig. 195). The cone is bordered by
steep bedrock slopes composed of granitic gneisses of the
Pennine core complex. Foliation in the gneisses dips about
30° to the east and is cut by near-vertical north-trending
fractures. A short distance north of Peccia the Maggia River
flows through a narrow gorge whose east side is a sagging
slope involving a total rock volume of more than 150 X
10°m?. Prehistorical movement along this slope blocked the
Maggia channel and created a small aggradational basin on
the upstream side.

Accelerated movement of this slope was triggered by
intense rainstorms and flood events in September 1757 and
July 1758; in 1760 a series of debris flows debouched from
the Maggia gorge and leveled the community of 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 south-
central Swiss Alps on 27 August 1834, the toe of the sagging
slope again obstructed the flow of the Maggia River and
bouldery flows once more demolished Peccia (Preiswerk,
1918; Montandon, 1933, p. 308). During this catastrophe
approximately 50 X 10°m® of material were in motion on the
lower part of the sagging slope.
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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.

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

Since that time the town 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).
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Crodo (A82)

Location: Valle Antigorio, Piemonte, Italy (D2)
Date(s): 27 August 1834

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 the mountains
in the vicinity of Crodo consists of massive, gently southeast-
dipping 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 Cistella
(2880 m). Embankments of unstable bedrock and relict col-
luvium along the gorge between Mozzio and Cravegna spor-
adically 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. 317).

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 on its central sector (Fig. 198).
Sustained lateral pressure along sagging channel embank-
ments has threatened to crush the check dams and will even-
tually necessitate repair or replacement of these structures.
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Figure 197: Sketch map of the Alfenza Torrent which
flows through a sagging bedrock slope of gneisses
overlain locally by thick surficial deposits.
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Figure 198 a) View of the Alfenza cone; village of Crodo on the left; note densely
forested slopes bordering the Alfenza gorge and relatively new residential build-
ings along the formerly avoided central sector of the debris cone (GSC 204168-M).
b) Damaged wing of a check dam in the upper Alfenza Torrent, the structure is
being crushed by lateral stresses exerted by the sagging slope (GSC 204168-N).

Torrent de St. Barthélemy (A83)

Location: Rhone Valley. Vaud, Switzerland (B2)

Date(s): 26 August 1835 (also 563 A.D., 11 October 1635,
12 May 1636, 25 June 1636, 26 September to 9 October
1926)

The channel of the St. Barthélemy 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 fre-
quently are the source of rockfalls. Glaciers (Plan Névé) 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.
Barthélemy 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 Léman). Many people were said to have
been killed (Montandon, 1933, p. 280-281).

On 11 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
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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 I’Est deeply scoured the ice fields of Plan Névé; 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

gy

Figure 199: Sketch map of the Torrent de St. Bar-
thelemy, 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
(Heim, 1921, v. II, p. 461). This catastrophe was witnessed
by a group of geologists, among them Elie de Beaumont. In
1847 de Beaumont wrote about his observations:

...l have seen in these muddy overflows a small-scale
picture of the “phénomeéne erratique™ as I conceive it’..

The term ‘phénoméne erratique’ was then used for the
seemingly incomprehensible occurence of erratic blocks of
crystalline schists in the sedimentary foreland of the Alps. A
catastrophist, 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 ava-
lanches 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 Octo-
ber. The total volume of material brought down during this
cycle was approximately 1 X 10°m® (Mariétan, 1927;
Montandon, 1933, p. 317-318 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.
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Figure 200: Schematic geological
along the Gorge du Foillet.

Ccross-sections

Figure 201: a) View towards the rugged summit ridge
of the Dents du Midi from the top of the Gorge du Foillet;
note large masonry check dam built in the 1930s (GSC
204168-0). b) Recently completed steel-concrete dam
across the Gorge du Foillet; note temporarily im-
pounded snowmelt runoff behind the structure (photo-
graph taken in 1981) (GSC 204168-P). c) View across
the Bois Noir cone; note protective pine forest on the
northern sector of the cone (right); farms and resi-
dences dot the southern sector (GSC 204168-Q).
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Verres (A84)

Location: Dora Baltea Valley, Valle d’Aosta, Italy (C3)
Date(s): 1840 (also 11th century, 1408, 1620, 10 September
1857)

Near the town of Verrés (391 m) the Dora Baltea River
breaks through mountain ranges composed of southeast-
dipping metamorphic rocks of the Pennine and South Alpine
basement complexes. Closely spaced settlements in the nar-
row 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 ‘Glar-
ier d’Arnaz’ (glarea=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. De-
structive 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
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Figure 202: Index map of the lower Dora Baltea Valley
near Verres and Arnad.
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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. Paved masonry walls are about
2 to 3 m high (GSC 204168-R). b) View of Verres from
the gorge of the Evancon Torrent; fan apex and lower-
most gorge are densely populated (GSC 204168-S).

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 Verres 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 ultramatic and metamorphic
rocks. Along the eastern flank of Monte Zerbion (2722 m) a
prehistorical (?) slide mass of approximately 200 X 10°m*
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 ex-
plosive release of the accumulated debris crushed a number
of buildings in the town’s centre, killing 80 people (Montan-
don, 1933, p. 318).

Today Val Ayas faces tremendous development pres-
sure 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).



Brannenburg (A8S5)

Upper Vintschgau-Val Venosta (A86)

Location: Degerndorf, Inn Vallev, Bavern (Bavaria), Ger-
many (HI)
Date(s): 9 to 18 August 1851

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 carbon-
ate complexes and intensely deformed Helvetic flysch ter-
rain. Approximately 1 km west of the apex of the cone the
southern rim of the drainage basin is a steep scarp slope
(Schrofen) consisting of a Jower recessive evaporitic shale-
dolomite 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 10°m> of
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 im-
pounded 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.
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Location: Vintschgau (Val Venosta), Siidtirol (Alto Adige),
ltaly (F2)

Date(s): 17 to 18 June 1855 (also 18 to 19 May 1847, 7 June
1849, July 1851, 3 June 1855)

The upper Vintschgau (Val Venosta) is a wide, glacially
sculptured valley, flanked by mountains composed of high
grade metamorphic rocks of the Austroalpine basement com-
plex. It is drained by the Etsch (Adige) River which heads in
two lakes (Reschensee and Haidersee) near the border be-
tween 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 oc-
curred 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 smail 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 histor-
ical 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.
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Figure 204: Sketch map of
the Schrofen scarp face
near Brannenburg and the
blocky debris lobe of 1851.
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Figure 205: Index and sketch map of the 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"col-
luvium and bedrock in the upland basins; in the following
decade torrents released great quantities of bedload and occa-

sional debris flows over their cones.
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On 18 and 19 May 1847, extensive mass movements set
off pulses of debris, totalling more than 0.3 X 10°m?, which
overwhelmed the community of Lichtenberg (900 m); twen-
ty-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 stone-
masonry 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
Lichtenberg received 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 Tor-
rent buried dozens of buildings in Schieis. 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.

Figure 206: View of the large cone of Mals and
the settlement of Burgeis in the foreground.
(GSC 204168-T)

Bilten (A87)

Location: Linth Vallev, Glarus, Switzerland (E1)
Date(s): 29 to 30 April 1868

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 ava-
lanche 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 col-
lected in a bedrock ravine above the apex of the debris cone
of Bilten. The spatulate lobe attained a volume of 0.18 X
10°m?> 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.
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Figure 207: Sketch map of Bilten and the snowmelt-
triggered debris flow of 1868.

1868 Ticino Rainstorm (A88)

Location: Ticino and Graubtinden (Grisons), Switzerland
Date(s). 17 September to 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 uninterrupted precipitation begin-
ning 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. Ex-
ceptionally 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 mm/24 h and on
the Passo del San Bernardina (2100 m) 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 stabiliz-
ing winter weather.

The enormous impact of this natural disaster spurred
implementation of improved forest practices, and construc-
tion 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.
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Nolla (A89)

Location: Thusis, Hinterrhein (Rhine) Vallev, Graubiinden
(Grisons), Switzerland (E2)

Date(s): 27 to 28 September 1868 (ulso 15 August 1585,
1705 1o 1719, 30 November 1807, 1817, 1834, 5 Julv 1938)

The Nolla Torrent is a western tributary of the Hinterrhein
(Rhine) River (Fig. 208). The Nolla Torrent joins the Hinter-
rhein 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 Nolla’
(= 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
summer, 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 a deluge of
mud and rocks over the cultivated Domleschg. Between
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 Dom-
leschg 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 Septem-
ber 1868, more than 1 X 10°m* of 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 Liischersee, the Jargest sag pond at the
head scarp of the Heinzenberg slope (Salis, 1892, v. 2,
p. 13-14).

It was now recognized that without a comprehensive
control program along the Nolla Torrent the dyking of the
Hinterrhein River was doomed to failure. Thus began a long
and ultimately successful struggle against the Nolla dragon!
Short-term neutralization of the main debris sources was
achieved by masonry spurs and check dams along the un-
stable embankments of the torrent (Fig. 209). Channel revet-
ments and flood control dykes were added farther down-
stream. Later, the steepest embankment sections were re-
forested 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 10 and 20 cm/year and involving
slaty bedrock to a depth of approximately 150 m (Jickli,
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 10°m? of debris was transported
through the Nolla channel, both the torrent and the Hinter-
rhein maintained their positions during this phase of aggrada-
tion (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
aterrace 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 Tschappi-
na 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 204168-U)
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Campo (A90)

Location: Valle di Campo. Ticino, Switzerland (D2)
Date(s). 27 September to 4 October 1868 (also 1859)

The Rovana Torrent in the Valle di Campo is an east-flowing
tributary of the Maggia River which drains rugged mountains
underlain by high grade schists and gneisses of the Pennine
core zone (Fig. 211, 212). 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 10°m?) sagging
mass of mica schist below the Bombogn Massif (2330 m).

Up to 1850 no dramatic slope movements were reg-
istered 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 10°m* were 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 rain-
storm 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

Campu
Cimaimatio 1

Rovana

> l?OMBUG?%—s\i&;\'\ o o
& L@ g F ™ \
7y
|

&
\/\\:@\\\\\\ﬁ\\\

s S [

w////////”/vl

CAMPOY,
n

25

7

Il

AT
T
\\\\\\\\\\x\l\.\\\>\

Figure 211. 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 infiltra-
tion 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 church of
Campo moved a total of about 15 m horizontally and settled
almost 3 m vertically. Distortions of the buildings are cor-
rected 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 10°m?® from 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 even-
tually drain the sagging rock mass by means of a tunnel more
than I km long and extending into the slope from beneath the
eastern detachment zone (Heim, 1932, p. 49-55; Hirsbrun-
ner, 1960, p. 20-35; Lichtenhahn, 1971b).
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Figure 212. Cross-section of the slide mass underlying the village of Campo and
overlying the foliation dip slope of the Bombogn Massif (from Heim, 1932).
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Figure 213 a) The old church of Campo which during the last century has shifted at
least 15 m horizontally (GSC 204168-V). b) Close-up view of the cracked and

distorted church wall (GSC 204168-W).

Bec Rouge (A91)

Location: Tarentaise, Savoie, France (B3)
Date(s): May-Julv 1877 (also 30 August 1882, 3 June and
16 September 1883, 20 July 1895)

The Bec Rouge Massif (2515 m), a pointed ridge east of the
upper Isére River (900 m) is composed of intensely fractured
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 Isére River passing be-
tween the hamlets of Le Miroir and La Masure (1200 m).
Parts of these hamlets rest on prehistorical landslide rubble.
In the early 19th century most of the slopes below the summit
ridge of Bec Rouge were denuded by extensive clearcuts.
Spring of 1877 was characterized by long delayed
snowmelt of an exceptional winter snowpack. Snowmelt
infiltrated the fractured bedrock of the Bec Rouge slope and
the first threatening rockfalls were registered in Le Miroir in
May 1877. During the following months the slope above
opened along an arcuate array of cracks and a rock mass of
approximately 3 X 10°m® began to slide away on a complex
zone of rupture along its eastern flank. Except for incessant
rockfalls the motion of the slide mass was slow. Eventually,
the disintegrating toe settled into the gorge and blocked the
Torrent de St. Claude over a distance of 0.5 km. Some
buildings in Le Miroir were destroyed by shifting 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 ruins of the hamlet: finally, on 20 July
1895, during a local thunderstorm, 0.6 x 10°m? 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 im-
peded 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 site of Champet. In recent years the
cone has become a major gravel pit. Some of the old build-
ings of Le Miroir have been abandoned, others have been
converted into vacation homes. The upland cliffs of Bec
Rouge adjacent to the slide scar of 1877 are in a state of
precarious equilibrium.

LE MIROIR P
(1200 m)

Figure 214: Sketch map of the detachment zone and
slide deposits on the Bec Rouge dip slope.
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Figure 215: Masonry check dams along the rubbly toe
of the Bec Rouge slide; check dams have prevented
the torrent from eroding the loose landslide deposits.
(GSC 204168-X)
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Ahrn Valley (A92)

Location. Siidrirol (Alto Adige), 1taly (G2)
Date(s): 17 August 1878 (also 14 to 15 September 1867,
30 June 1959)

The upper Ahrn Valley (1000 m) is drained by the southwest-
flowing Ahr Torrent which originates in numerous high-
gradient tributary ravines joining the main torrent almost at
right angles (Fig. 216). The uplands are underlain by south-
dipping schists of the Pennine Tauern Window. At their
mouths the tributary ravines flow across terraces of late
Pleistocene ice-margin deposits.

Medieval copper mining and smelting led to early de-
forestation of the high basins which later was aggravated by
overgrazing of the alpine pastures. Deep erosional ravines
developed in the unconsolidated deposits flanking the Ahrn
Valley (Bazing, 1872). Old chronicles and recent excava-
tions tell a long and sad story of debris flows, floods, heavy
damage, and loss of life in the settlements of the region
(Stacul, 1979, p. 101-102).

Between 14 and 15 September 1867, an intense heavy
rainstorm pounded the upper Ahrn Valley, triggering numer-
ous debris flows. One of them destroyed 25 buildings in the
village of St. Jakob and blocked the Ahr Torrent to form a
small lake. When the debris barrier burst a deluge of mud and
rocks blanketed agricuitural land below (Strele, 1936,
p. 134).

Figure 216 Index map of the Ahrn Valley; note closely spaced joint-controlled

tributary forrents.
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Between 16 and 17 August 1878, a highly localized
storm swept across the valley. It was accompanied by an
exceptional rise in air temperatures and led to complete
melting of an unseasonal snow cover. Runoff-triggered de-
bris avalanches caused deep erosion of the benches of sur-
ficial debris throughout the valley. About 14 X 10°m® 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 Ahrn Val-
ley has become a thriving tourist centre hosting modern
hotels and recreation facilities.

Elm (A93)

Location: Sernf Vallev, Glarus, Switzerland (E2)
Date(s): 11 September 1881

Eilm (980 m) is a small village in the north-trending Sernf
Valley (Fig. 217). Near Elm the Tschingelwald ridge, com-
posed 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. 218).

The catastrophe of Elm in 1881 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 valu-
able descriptions of streaming rock avalanches. It was based
on interviews with eyewitnesses and on geological observa-
tions. 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 (1200 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
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Figure 217: Sketch map of the Tschingelwald scarp
slope near Elm and the rock avalanche lobe of 1881.

noted in the upper segment of the slope, along a bench known
as Stifeli (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 con-
tinued even after gaping fissures appeared in the working
face. Major cracks also developed higher up on the Tsching-
elwald 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
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Figure 218: Reproduction
of the original illustration of
Heim (1882a) of the debris
lobe that resulted from
the collapse of the Platten-
bergkopf above the slate
quarry.

commission made up of local authorities climbed the
Tschingelwald and noticed cracks, subsidence, tumbled
trees, disappearing rivulets, and an almost uninterrupted
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 11 Septem-
ber 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., alarger 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°m” with-
out 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 Diiniberg. In the
words of Schoolmaster J. Wyss:

‘I 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. 35).°

For a few seconds the Untertal Valley could be seen un-
derneath 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 80 m/s (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 Miisli . ... 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.’



Figure 219. a)View of recently built vacation homes on the Diiniberg slope as seen
from the former Plattenberg terrace. (GSC 204168-Y) b) View towards the Tsching-
elwald failure zone (arrow), slate block in the foreground is one of the few that
remain from the rock avalanche of 1881. (GSC 204168-7)

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
Sernf 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 1 X
10°m? remained precariously balanced above the detachment
surface whose inclination towards the valley was approx-
imately 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 Novem-
ber 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 frag-
ments in the valley weathered into a smoothly rolling sur-
face, 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 Diiniberg a colony of bungalows has
recently sprung up, facing the scar above the overgrown
Plattenberg (Fig. 219a).

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 (Hsii, 1975, 1978).

Bocc~ di Brenta (A94)

Location. Cima Tosa, Brentu Group, Trentino, Italv (F2)
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 breathtak-
ing beauty.

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 10°m?® in
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)

Location: Saoutheastern Alps (Trentino, Siidtirol, Tirol
Kdrnten)
Date(s): 13 to 17 September and 26 to 29 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 per-
sistent low-pressure zone had settled over central Europe.
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Between 11 and 13 September it rained hard along the south-
ern 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 cloud-
bursts 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 op-
erations and in installing new protective and control works
along the most dangerous torrents. In 1884 countrywide
systematic torrent control became Austrian government poli-
cy. This program has been broadened since then.

Toblach-Dobbiaco (A96)

Location: Puster Valley, Siidtirol (Alto Adige). Italv (H2)
Date(s): 16 September 1882 (also 1754, 28 May 1821,
15 October 1823, summers of 1856 and 1857, 19 June 1871)

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

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 east-
flowing 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 50 m thick.

During the 18th and early 19th centuries several densely
forested catchment basins north of the Puster Valley includ-
ing the Sylvesterbach were clearcut. Colluvium and Pleis-
tocene ice-margin deposits in these basins soon showed signs
of gullying and debris avalanching, and an increase of bed-
load 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 lo-
cated 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 dam-
aged. During heavy cloudbursts in the summers of 1856 and
1857 the remaining buildings of Wahlen disappeared in de-
bris and the entire hamlet was rebuilt on a terrace west of the
Sylvesterbach. By this time the torrent channel above Tob-
lach 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.
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Between 15 and 17 September 1882 a three-day rain-
storm deluged the southeastern Alps. Colluvial embank-
ments along tributary gullies collapsed and pulsating debris
flows engulfed Toblach destroying some 40 houses. Other
buildings were covered deeply by sand and gravel, but fortu-
nately 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 low-
lying land spared by debris flows (Bazing, 1872; Secken-
dorff, 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 channel
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 check dams along deep V-shaped ravines bear witness to

Figure 221: a) House in Toblach which survived the
debris floods and flows of the late 19th century, the first
floor has been converted into a basement (GSC
204169-A). b) Erosional ravines in late glacial ice-
margin deposits in the Pfannbach basin; note check
dams (GSC 204169-B).

the difficult struggle against gullying (Fig. 22ib). An at-
tempt is also being made to raise the treeline by systematical-
ly planting ecologically appropriate spruce and larch species.
Both Toblach and Wahlen continue to grow as prosperous
agricultural-tourist communities and some of the recent de-
velopment has been taken up by Neu-Toblach along the
periphery of the cone.

Altdorf — Spiringen (A97)

Location: Uri, Switzerland (D2)
Date(s): 29 May 1887 (also between 1110 and 1125, 14 June
1910)

The town of Altdorf (500 m) is built on a gently sloping
triangular plain bounded by the floodplain of the Reuss River
on the west, the debris fan of the Schichen Torrent on the
south, and a steep bedrock face on the northeast (Fig. 222).
The Schidchen Valley follows the strike of gently north-
dipping Helvetic flysch and carbonate rocks. The settlement
of Spiringen (990 m) nestles on a terrace above the northern
embankment of the torrent.

Between 1110 and 1125 parts of Biirglen apparently
were buried by slides off the south side of the valley (Mon-
tandon, 1933, p. 283).

On 29 May 1887, possibly as a result of rapid infiltra-
tion of snowmelt, a rock slab approximately 0.5 X 10°m? in
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 cas-
caded some 1300 m to the bottom of the Schichental, 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 Schichen 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 Schichen basin. On
14 June 1910, when 100 to 200 mm/24 h were registered in
Altdorf, a total of 0.2 X 10°m? of debris was mobilized from
the Spitzen rock avalanche deposit and surficial deposits
along the Schichen Torrent. An industrial installation south
of Altdorf was seriously endangered by this debris. At the
same time, a rockfall from the cliffs above Altdorf descended
through a chute and crashed into a building, killing its 11
occupants (Heim, 1932, p. 68).

In the aftermath of these events a large number of check
dams were erected along the channel of the Schichen Tor-
rent. They have functioned satisfactorily since then,
although recently aggradation at the confluence of the torrent
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).
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Figure 222: Index map of the lower Schéachen 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.

Figure 224 Protective dam against debris avalanches
under construction near Altdorf; note stone block

Figure 223: Detachment zone of the Spitzen rockslide

failure occurred along a stepped composite fracture

surface cutting across the bedding. (GSC 204169-C) armour and discharge section designed to drain water
from complex debris-snow avalanches.

(GSC 204163-D)
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Martell Ice Lake (A98)

Location: Martell Valley, Vintschgau (Val Venosta), Siid-
tirol (Alto Adige), Italy (F2)

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 tribu-
tary 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 Vint-
schgau.

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 (?7) 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 Zufallferner. Dur-
ing 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 tunne] 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 approach-
ing 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 10°m?* 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 debris-
laden 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 in-
stallation of a signal service and urged the regional govern-
ment to erect a retention dam below the Zufallferner.
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 1 to 2 m a day. Finally, on 17 June 1891,
alarm shots were fired at the mouth of the subglacial conduit
announcing the burst of some 0.7 X 10°m? of water through
the collapsing gap of the ice barrier. In the hamlet of Gand
people had just removed their most precious belongings from
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Figure 225: Index map of the Martell Valley showing the location of the Langenfer-
ner and Zufallferner. The Martell Ice Lake formed behind the toe of the Zufallferner

glacier in the late 19th century.
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their homes when the frontal wall of rocks, trees, and water
approached the settlement with a frightful roar. The aban-
doned buildings were completely demolished.

Between 1892 and 1893 the proposed retention dam was
built approximately 1 km below the Zufallferner. The dam
was 330 m long and had a maximum height of 15 m, allowing
for retention of 0.7 X 10°m?> of 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 Zufaliferner 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.

Kollmann-Colma di Barbiano (A99)

Location: Eisack (Isarco) Valley, Siidtirol (Alto Adige), Italv
(G2)
Date(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
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Figure 226: Sketch map of the Gonderbach Torrent
which flows through a steep narrow gorge into the
Eisack (lsarco) River.
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During the night of 17-18 August 1891, 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 10°m® 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 communi-
ty have been constructed in recent years.

Blisadona (A100)

Location: Arlberg, Vorarlberg, Austria (F1)
Date(s): 9 July 1892

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 (1100 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 tajus
cones below this panel indicated recent rockfall activity.

On 9 July 1892, possibly as a result of snowmelt infiltra-
tion, the slab of carbonate strata, 240 m wide, 70 m high, and
15 m thick failed. The photographs taken before the failure
indicated that failure was preceded by downward buckling
(‘Ausbauchen’) and outward rotation (‘Umkippen’) 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



of the Blisadona ridge 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 buried the railroad
tracks. By scouring snow and saturated soil the rock ava-
lanche attained a volume of 0.3t0 0.5 X 10°m?, almost twice
that of the initial mass of the failed slab. An airblast preceded
the debris stream and toppled trees in its path; trembling of
the ground was felt in communities several kilometres away.
Linear 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
tunne] was bored beneath the apex of the debris cone. More
recently, a modern highway also has been routed via a
concrete gallery along the periphery of the cone (Fig. 228b).
Klosterle in recent years has grown into a prosperous tourist
village. Today the green surface of the Blisadona cone hardly
betrays its violent recent history!
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Figure 228: a) Photograph of the Blisadona rock ava-
lanche shortly after the event (from Toula, 1893). b) The
Blisadona cone today: a modern highway gallery
pierces the debris cone and an armoured channel
facilitates the passage of runoff, snow avalanches, and
rare debris flows (GSC 204169-E).
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St. Gervais — Téte Rousse (A101)

Location: Arve Valley, Haute Savoie, France (B3)
Date(s): 12 July 1892 (13th century)

The Téte Rousse Glacier (3100 m) is a small cirque glacier
perched against steep granitic walls above the Bionassay
Glacier on the northwestern flank of the Mont Blanc Massif
(Déme du Gofter). 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 Téte 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 Mirjelen Ice Lake was registered along the Aletsch
Glacier in Switzerland). On 12 July 1892, the front of the
Téte Rousse Glacier collapsed, releasing some 0.2 X 10°m’
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, erod-
ing an estimated 0.9 X 10°m? of blocky granitic debris. Thus
an initial spurt of clean water and ice fragments changed into

FRONTAL FATLURE ZONE -~
- .

a bouldery debris flow which plunged into the narrow gorge
above Bionnassay gaining coherence and momentum. 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 Bon
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 Téte
Rousse to the Arve River had taken about 30 minutes. It
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 Téte 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 Téte 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 of the Bionassay basin and the small Téte Rousse Glacier.
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 1892.
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Altels (A102)

Location: Gemmi Pass, Bern, Switzerland (C2)
Date(s): 11 September 1895 (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 3100 m. Intense melting even at very high altitudes prob-
ably contributed to water pressures and discrete slippage at
the base of the tongue whose volume amounted to 4.5 X
10°m?. Shortly before 11 September 1893, a single crescent-
shaped and downward-concave crack reaching bedrock op-
ened across the width of the glacier at an elevation of
3300 m. On 11 September the contact between the upper and
lower ice masses was broken. In Heim’s (1895) words:

. . . ‘the cleft opens across a width of 580 m, the glacieras a
whole begins to slip, within a few seconds its motion acceler-
ates, the separated piece of glacier collapses, turns firstinto a
rough network of seracs, then into a pile of fragments, and
now rushes as a stream down the steep incline of rock . . .7

(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 m/sec 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 1 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 Uschenen ridge opposite the Spittel-
matte pastures. Similarly, a packet of timbers near a newly
constructed cabin was propelled 120 m up the Uschenen

ridge. Yet, the ice spray . . . . did not scour or incorporate
underlying soil, but only overrode and covered it ...’
(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 1 m*. Heim concluded that ‘the
whole avalanche pile is thus a mechanical aggregate in which
the process of fragmentation ground its own cementing pow-
der’ (ibid., p. 18) and within which

. . . ‘the streaming motion with rotation, sliding, and push-
ing 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.
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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 de-
positional area (inner broken line) of the ice avalanche
of 1895.
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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 lines of the avalanche
and backfall ridges (h).

Arvenwald

Airolo (A103)

Location: Valle Leventina, Ticino, Switzerland (D2)
Date(s): 28 December 1898

The important railroad and tourist centre of Airolo (1178 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 dip-
ping 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 spoon-
shaped composite fracture surface. An avalanche of loose
blocks with a total volume of 0.5 X 10°m® 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. 121-
122).

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.

Simplon (A104)

Location: Simplon Pass, Wallis (Valais), Switzerland (D2)
Date(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
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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 de-
cades 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 claim-
ing 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 Fletschhorn
(3993 m) collapsed and a mixture of rock and snow, amount-
ing to 0.8 X 10°m?, 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 10°m’ (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 ‘Glet-
schersturz’ (= glacier fall).
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Figure 232: Index map of the Simplon Pass area show-
ing the outline of the 1901 rock avalanche (‘Gletscher-
sturz’) above the community of Simplon.

Figure 233: Photograph of the Rossbode Glacier and
the 1901 rock-ice avalanche deposits shortly after fail-
ure (photo courtesy Mdller).

Figure 234: a) View onto the larch-covered Gletschersturz in 1981 (GSC 204169-
F). b) Gneissic blocks in the frontal part of the rock avalanche deposits

(GSC 204169-G).
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Bozel (A105)

Location. Isére Valley, Savoie, France (B3)

Date(s): 16 July 1904 (also 1270, 1450, 15 June 1666,
19 June 1669, 14 September 1733, 26 October 1778,
15 June 1818)

The west-flowing Doron de Bozel drains a large basin un-
derlain by northeast-trending sedimentary and metamorphic
basement rocks of the Helvetic (Dauphinois) and Pennine
(Briangonnais) 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 Isére 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 general-
ly related to mass movements which directly affected com-
munities in the Bozel Valley (Salins-les-Thermes, Bozel,
Villard-de-Plana). In the past slide-prone upland slopes de-
teriorated mainly due to excessive clearcuts serving medieval
salterns in the area (Mougin, 1914).

The village of Bozel (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 col-
luvium. 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

and bridges of Bozel; this time 11 persons lost their lives
(Mougin, 1914, p. 779, 1931, p. 19-20).

The narrow gorge above Moutiers posed another prob-
lem. In 1450 a spur of evaporitic bedrock, with a volume of
only 70 000 m>, 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 originat-
ing from bursts of the glacial Lac de Gliere 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 build-
ings 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 ice avalanches from
the steep north-facing snout of the Glacier de Lépéna built a
cone of remolded ice across the channel of the torrent; the
lake behind it soon attained a volume of 3.7 X 10°m®. On 15
June 1818, the ice dam failed and a wall of water, ice, and
debris devastated fields and settlements all the way to Mou-
tiers. Minor outbursts of the lake recurred until 1847 (Rabot,
1910) when the Glacier de Lépéna 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 rock-
falls continue to threaten the principal transportation routes
to new ski centres (Courchevel, Méribel) and to the uplands

bygone, masses of bouldery debris crashed into the buildings  of Vanoise National Park (Antoine et al., 1979).
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Figure 235:
built-over cone of Bozel.
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Ziller Valley (A106)

Location: Tirol, Austria (G1)

Date(s): 29 July 1908 (also 21 July 1559, 14 July 1887,
13 July 1891, 15 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 (1:330),
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 Tauern 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 thunder-
storms. 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 communi-
ty of Schlitters. On 14 July 1887, several pulses of debris
totalling 0.4 X 10°m> and originating by extensive un-
dercutting of colluvial embankments along the Riedbach
Torrent flattened six buildings. On 13 July 1891 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
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of bouldery debris, including the Niederharterbach (0.3 X
10°m?), the Haselbach (0.2 x 10°m?*), and Riedbach basins.
Great damage resulted from the blockage of the Ziller River
by masses of timber and mud. Most of the valley bottom
resembled a lake. On the cone of the Niederharterbach 11
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 often-
cited 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
OxIbach 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 with-
in an hour and mobilized 18 000 m* of debris; three build-
ings in Schlitters were buried (Hanausek, 1975).

Today communities in the northern Ziller Valley are
growing rapidly; thousands of tourists pass through the val-
ley or spend part of the summer in it. Modern 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 ex-
tremely 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.
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Pra — Lagunaz (A107)

Location: Valle di San Lucano, Veneto, Italy (G2)
Date(s): 3 December 1908

Valle di San Lucano, drained by the east-flowing Tegnas
Torrent, is a narrow tributary valley in the Cordévole 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 communi-
ties of Pra and Lagunaz (800 m). Behind the narrow flats
which accommodated the hamlets, the south wall of Cima
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 communi-
ties of Pra and Lagunaz to a site in the Cordévole 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).
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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’ Ambrosogn 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 10 000 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 (Bibo-
lini, 1909).

Smaller recurrent rockfalls from the same source oc-
curred on 18 and 19 June 1911 (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 catas-
trophe was erected at the former site of Pra. New, tourist-
oriented buildings have since been built or are being reno-
vated at Col di Pra, 2 km to the west.
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Figure 237 Map and geological cross-section of Cima d'Ambrosogn, showing the
tracks and depositional lobes of the 1908 rock avalanche at Pra and Lagunaz (from

Bibolini, 1909).
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Figure 238 Blocks of the rock avalanche of 1908 (fore-
ground) scattered among the ruins of Pra; the carbon-
ate cliff of Cima d’Ambrosogn in the background (pho-
tograph taken in 1980). (GSC 204169-H)

Vandans (A108)

Location: Blundenz, Vorarlberg, Austria (ET)
Date(s): 15 June 1910 (also 1762, 1764, 29 May 1894,
12 August 1933, August 1967)

Vandans (650 m) spreads over an inclined terrace along the
south bank of the Ill 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 un-
derlain by northeast-striking and northwest-dipping evapori-
tic 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
111 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 the gorge of the Mustrigil Torrent. On 29 May 1894, a
fractured mass of carbonate about 2 X 10°m® in volume
failed at the eastern end of the Vandanser Steinwand and,
mobilized by runoff during a furious rainstorm, proceeded to
stem the flow of the Ill River. A lake which became an
attraction throughout the summer eventually burst across the
debris wedge and created serious damage downstream.

On 14 June 1910, during a regional rainstorm that
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 Rellsbach Torrent
embankment failures along the toe 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 thunder-
storms mobilized debris that had accumulated below the
scarp face of the Vandanser Steinwand; a rapid debris flow,
with a volume of more than 0.1 X 10°m?, crashed into 9
buildings in Vandans, killing 5 people (Schiermbock and
Geyer, 1974). In August 1967 the Rellsbach Torrent again
carried a flow with a volume of 0.1 X 10°m?® which 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, deflec-
tion walls, and retention basins) were built in the vicinity of
Vandans. On account of an extensive hydroelectic develop-
ment and booming tourism, the community has greatly ex-
panded 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.
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Figure 239: Sketch map of the il River near Vandans.
Broken line indicates outcrop of evaporitic shales.
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Sandling (A109)

Location: Salzkammergut, Oberésterreich (Upper Austria),
Austria (11)
Date(s): 12 September 1920 (also 1560)

The Sandling Massif (1717 m) is part of the front ranges of
the eastern Alps. Underlain by carbonate strata of the Aus-
troalpine cover complex that dip about 20° to the east the
southwestern 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
Pulverhérndl, 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
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Figure 240: Sketch map and schematic cross-section
of the Sandling Massif; note the overloaded shale ter-

race below the Pulverhdrndl tower and the deposits of
the slow-moving debris flow of 1920,
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Pulverhorndl was shifting slowly towards the southwest. It
soon became apparent to the onlookers that the rock spur, 0.2
% 10°m? 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 aban-
doned 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 over-
loaded 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 m/s; eventually a mass of 6 to 9
X 10°m® moved 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 Pulverh6rndl
was carried away in 1920 (Fig. 241).

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



Roquebilliere (A110)

Location: Movenne Vésubie, Alpes Maritimes, France (C4)
Date(s): 25 November 1926 (also 1094, 12th century,
20 July 1564, 22 February 1742)

The Moyenne Vésubie 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 Vésubie River follows a north-trending zone of intensely
deformed evaporitic shales (Fig. 242). The narrow flood-
plain of the river is bordered by notoriousty 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 Roquebilliére probably
spread along the west bank of the Vésubie 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 Tor-
rent debouched enormous amounts of debris onto its cone,
forcing a relocation of the village onto a river terrace below
the colluvial bench of Belvédere (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 Vésubie wrecked two-thirds of the
buildings (Mougin, 1931, p. 99-100).
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For centuries the benches above Roquebilliere were
irrigated by farmers working the fields. Minor slumps 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 deteriora-
tion of the entire shale slope behind Roquebilliere. Precipita-
tion in the Moyenne Vésubie 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 10°m? temporarily closed the gorge of
the Vésubie above Roquebilliére; 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 Belvédere 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
atarate 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 Ro-
quebilliere Vieux has continued to be in a zone of recognized
risk (Bénévent and Maury, 1927; Bertrand, 1927; Meneroud
and Calvino, 1976). Recent development in the area has
shifted to a bench above the western bank of the Vésubie
River where the modern community of Roquebilliére is lo-
cated.

Figure 242: Index map of the sur-
roundings of Roquebilliére; note the his-
torical slump area on the terrace of Bel-
védére.
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Klausen-Chiusa (Alll)

Location: Eisack (Isarco) Valley, Siidtirol (Alto Adige), ltaly
(G2)
Date(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 thunder-
storms 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 m/s. The first pulse of debris cut
a broad swath across the town and killed four people. Subse-

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 (Al112)

Location: Val d’Arbedo, Bellinzona, Ticino, Switzerland
(E2)
Dates(s): 2 and 28 October 1928 (also 18 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.
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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 rock-
debris avalanches noticed as early as 1913. On 18 October
1915, 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 d’Arbino 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 10°m?, lodged between
two fracture-controlled ravines was found to be moving at an
accelerating rate of 4 to 15 mm/day. Three hamlets on the
slope were evacuated. On 2 October 1928, the rate of dis-
placement increased markedly and rockfalls broke away
from the deteriorating mountainside. Soon thereafter 30 to 40
X 10°m?* of rock crashed into the gorge, blocking the
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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 rain-
storm saturated the frontal part of the debris barrier, launch-
ing 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 contin-
ued to disintegrate in a series of rockfalls. Rockfall activity
has been particularly intense during and after sustained per-
iods 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.
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Figure 244: Sketch map and geological cross-section of the Motto d’Arbino rock-
slide area and the built-over cone of Arbedo.
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Linthal (Al113)

Location: Glarus, Switzerland (E2)
Date(s): 6 to 7 November 1932 (also 1798, 25 August 1944)

The picturesque village of Linthal (662 m) rests at the foot
of the northwestern termination of the Kilchenstock ridge
(1800 m). The brow of the rising ridge behind the village has
an average inclination of 38° and is underlain by gently
southeast-dipping slaty sandstone of the Helvetic cover com-
plex. 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 Linthal, 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. During the rainy autumns of 1926 and 1927 rockfall
activity from the Kilchenstock increased markedly and
a crown crack appeared at an elevation of 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 10°m?®
was in state of creep which accelerated during the summer of
1927 to 1.2 mm/day, during the summer and autumn of 1928
to 1.6 mm/day, and during October 1930 to 10 mm/day, at
which time the village was evacuated. In July 1932 the rate of
movement was 30 mm/day and in October 1932, 200 mm/
day. On 6 and 7 November 1932, 20 000 m> of broken

bedrock came loose in a series of rockfalls that did little
damage (Heim, 1932, p. 190-197 and 214-217; Oberholzer,
1933, p. 566-567).

Today the 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)
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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.

Le Chadtelard (Al114)

Location: Bauges, Savoie, France (B3)
Date(s): 12 to 15 March 1931 (also I1th century and 1625)

The region of Bauges is a part of the front ranges of
the French Alps. Mountain ridges parallel the north-
northeasterly 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 Chatelard (650 m) is located in the valley of the
Chéran River (Fig. 247). The ridges of Mont Julioz (1600 m)
to the northeast and Dent de Rossane (1900 m) to the south-
west are composed of slate and intercalated ribs of limestone,
in most places mantled by surficial deposits.

In the 1 1th century about 3 X 10°m* of rock failed along
the northeast face of the Dent de Rossane. This slide obliter-
ated a community in the valley and blocked the westerly flow
of the Chéran River, creating a temporary lake. The sur-
vivors in the mired community founded the settlement of Les
Granges (650 m) on the debris fan of the normally in-
conspicuous 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
(1100 m), defining an area of incipient instability 800 m long
and 500 m wide. On 7 January 1931, 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 Chatelard 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 247: 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 dam-
aged by the debris. About 0.3 X 10°m® of debris spread
across the surface of the cone (Gex, 1931; Montandon, 1933,
p. 282 and 329). The hamlets of Mont and Michauds were
abandoned.

Serrieres-en-Chautagne (A115)

Location: Lac du Bourget, Rhone Vallev, Savoie, France
(A3)
Date(s): 17 January 1936

Serrieres-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 Serriéres-en-Chautagne
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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 of 900 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 over-
flow 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 in-
habitants managed to escape from the doomed buildings
(Martin and Messines du Sourbier, 1936).

Fidaz — Flims (A116)

Location. Rhein (Rhine) Vallev, Graubiinden (Grisons),
Switzerland (E2)

Date(s): 10 April 1939 (also 6 August 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

Figure 248: Sketch map of
Flims and the huge Pleis-
tocene rockslide that re-
sulted from a failure of the
Flimserstein dip slope; note
historical rockfall lobes and
talus derived from the car-
bonate cliff behind Flims
and Fidaz.
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filled almost entirely with prehistorical rockslide deposits
known as Flimser Bergsturz (Heim, 1932: Trimpy, 1980, p.
225-231). These deposits originated by the failure and of
some 10 000 x 10°m* of 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 histor-
ical rockfalls and avalanches.

On 6 August 1578, a slab of limestone collapsed onto
the talus slope above Flims; the resulting debris stream de-
molished 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 rock-
snow avalanche obliterated three cabins below the cliff
(Niederer, 1941, p. 6).

On 10 April 1939, part of the nearly vertical cliff north-
east 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 0.1 X 10°m? in volume,
came loose along an easterly trending fracture surface at an

FLIMSERSTE [N

FIDAZ . il iin
(1180 ) T




Figure 249: View westward along the steep carbonate
cliff of the Flimserstein above Fidaz. (GSC 204169-K)

elevation of 1600 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 dis-
integrating 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 Sunnehiisli (1250 m), where, preceded by an air-
blast, it overrode the building and killed 18 occupants. By
scouring soil and colluvium. the rock avalanche attained a
volume of 0.4 X 10°m?; it carried individual blocks of
limestone with volumes in excess of 500 m®. The entire event
from initial detachment of the rock slab to the sudden halt of
the debris lobe took less than two minutes. 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 bring down
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 lime-
stone cliff (Fig. 249).
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Werfen (A117)

Location: Salzach Valley, Salzburg, Austria (11)
Date(s): 4 July 1947 (also 1683, 4 August 1974)

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 carbonate complex (Fig. 250). The narrow
floodplain of the river is bordered by precipitous spires.
crags, walls, and funnel-shaped ravines rising above steep
debris cones. The cones are, in general, uninhabited. Several
bedrock spurs confine the Salzach River to a narrow channel.

The summer of 1947 was one of the hottest ever in the
Alps and thunderstorms were frequent. On 4 July 1947, a
series of cloudbursts deluged the southwest flank of the
Raucheck Massif (2340 m). Runoff from the bare carbonate
cliffs mobilized 0.1 t0 0.2 X 10°m* of angular-blocky debris
in ravines below the main mountain crest. The carbonate
rubble, augmented by logs that had been deposited by snow
avalanches in previous years, temporarily blocked the Kam-
merloch 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 catas-
trophe claimed two lives (Lauscher, 1973, p. 144). Histori-
cal records suggest that a similar debris flow disaster oc-
curred near Werfen in 1683. After 1947 storfe-masonry
check dams were built across the main tributary ravine of the
uplands to prevent future mobilization of the carbonate rub-
ble 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
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Figure 250: Sketch map of the Salzach
River gorge near Werfen and the steep
carbonate cliffs of the Raucheck Massif.
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Figure 251 a) View of the intensely fractured carbon-
ate cliffs near the summit of the Raucheck Massif, note
the sparsely vegetated track of the 1947 debris flow in
the ravine below the cliff (GSC 204169-L). b) Stone-
masonry check dam across the upper Kammerloch
Torrent built to prevent mobilization of carbonate rub-
ble derived from the Raucheck Massif (GSC 204169-

M).

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 m? of the rockfall rubble were mobil-
ized 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
1670s 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.

Glacier du Tour (A118)

Location: Vallee de Chamonix, Haute Savoie, France (B3)
Date(s): 14 August 1949

The Glacier du Tour is a northwest-facing cirque glacier
located in a bow] 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 10°m? of 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).
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The hazard of potential ice avalanches in the runout

zone below the glacier has been recognized and de-
velopments are not expanding towards the morainal ridges
below the Tour Glacier.
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Figure 252: Sketch map of Glacier du Tour, eastern
Mont Blanc Massif.



Tavernerio (A119)

Location. Como, Lombardia, Italv (E3)
Date(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 1! November 1951, heavy rainfalls
deluged the south-central front ranges of the Italian Alps
creating devastating floods in the Po Valley. In the moun-
tains 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.

Becca de Luseney (A120)

Location: Valpelline, Valle d’Aosta, Italy (C3)
Date(s): 8 June 1952

The Valpelline, drained by the Buthier Torrent extends from
the high glaciated border ranges between Italy and Switzer-
Jand 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 10°m* 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 ham-
let 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.
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Figure 253: Sketch map of the rock-ice-debris stream

of 1952 which originated on the western flank of Becca
de Luseney.

Zambana (A121)

Location. Adige Vallev, Trento, Trentino, Italy (G2)
Date(s): 25 November 1955 (also 1811, 17 April 1956,
autumn [959)

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 thick-
bedded to massive dolomite formations of the South Alpine
cover complex dipping 10 to 20° west-northwest (Fig. 254).
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 1811 a slice of
the wall peeled off along a composite fracture just north of
the community of Mezzolombardo and spread across the
valley floor as an ‘enormous sea of rubble’ (Schaubach,
1867, v. 4, p. 385). This debris lobe has since been com-
pletely 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
autumnn 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
and Roman coins unearthed from the cone demonstrate that
in spite of these threats settlers have been attracted to this site
for more than 6000 years (Gorfer, 1977, p. 382-384).
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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 Zam-
bana. 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°m? 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 sub-
sidence 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 for-
ward, filling the gorge of Val Manara. The gruesome specta-
cle was illuminated by floodlights set up by the army be-
forehand. 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 im-
mediately. 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 build-
ings were covered by several lobes of carbonate rubble (An-
dreatta, 1956). Autumn rains in 1959 set off another series of
flows flattening a second protective dyke and invading an-
other 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).
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Figure 254: Sketch map of the Paganella carbonate
wall at the confluence of the Adige and Noce rivers.
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Figure 255: Debris flow deposits that engulfed Zambana in 1955 as seen from the
mouth of Val Manara (from Andreatta, 1956).
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Millstatt (A122)

Location: Lake Millstart (Millstitter See)}, Kdrnten (Carin-
thia), Austria (12)
Date(s). 31 July 1958

Lake Millstatt (588 m) is one of several lakes in the densely
populated tourist region of central Kirnten (Carinthia).
Mountain ranges in the region rise to approximately 2000 m
(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.
Legends relating 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 mm/h was reg-
istered. 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 80 buildings were severely damaged and six
people were killed, four of them at a campground on the
Pesenthein cone. The destruction ¢ould 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).
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Figure 256: Sketch map of the torrent basins on the
southwest slope of the Millstétter Alpe; note completely
built-over fan deltas.

Figure 257: View of the Pesenthein cone and Lake
Millstatt. Left cone sector is entirely occupied by camp-
ground facilities, right cone sector hosts several re-
cently built hotels. (GSC 204169-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 (A123)

Location: Steiermark (Styria), Austria (K1)
Date(s): 12 to 14 August 1958 (also 22 July 1740, 8 June
1827, 6 to 7 September 1833)

The upper Mur and Miirz 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-Miirz lineament rise to elevations about 1500 m and are
underlain by schists, phyllites and carbonates of the Aus-
troalpine basement complex. The area is outside the Pleis-
tocene glaciation limit of the Alps and exhibits deep weather-
ing. 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 thun-
derstorms and downpours in July. On 22 July 1740, a cloud-
burst centred in the vicinity of Leoben triggered massive
debris movements in the Lainsachgraben basin. Debris flows
demolished several homesteads there and claimed 32 casual-
ties (Stini, 1938, p. 18).
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Figure 258: Index map of the Mur and Mdrz valleys and
adjacent mountain ranges.

On 8 June 1827, aregional rainstorm in the eastern Alps
set off numerous debris avalanches and flows in the Mur-
Miirz basin. Transportation routes were blocked for many
weeks, dozens of buildings were demolished and many peo-
ple lost their lives (Stini, 1938, p. 23).

On 6 and 7 September 1833, a regional rainstorm ac-
companied 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 moun-
tains. Between 12 and 14 August 1958, a pulsating shower
cell was centred in the Fischbach Ranges (Breitenau), south-
east 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 dis-
lodged 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 km? of the storm cell about 10 X 10°m? of
debris were in motion.

Since 1958, many communities in the tributary valleys
of the Mur-Miirz corridor have doubled in size. Most of 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 Creévola (A124)

Location: Crevola d’ Ossola. Piemonte, ltaly (D2)
Date(s): 20 August 1958

The village of San Giovanni de Crévola (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 tor-
rent basin in the Breitenau Valley. Although normally
characterized by insignificant runoff this type of basin
produced large debris flows during the catastrophe of
1958. 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).
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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 Crevola. The avalanche crushed 12
houses, killed 13 people, and stemmed the flow of the Di-
veria 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 (C5)
Date(s): 19 October 1959 (also 24 April 1952, 2 December
1959, 25 August 1965)

The Riviera is the densely populated coastal fringe of the
Alps bordering the Mediterranean Sea. Bedrock slopes un-
derlain 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 moun-
tain air trigger 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 reg-
istered within a time span of 24 hours. Numerous torrents
severely eroded their embankments. Wind-driven waves un-
dercut coastal cliffs which collapsed. Numerous buildings
and four lives were lost. Continued rainfall led to the catas-
trophic 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 Au-
gust 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.

Illgraben (A126)

Location: Rhone Valley, Wallis (Valais), Switzerland (C2)
Date(s): 26 March 1961

The Illgraben 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 Iligraben 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 Illgraben basin
is underlain by northwest-dipping intensely fractured quart-
zite and evaporitic carbonates of the Pennine cover complex.
Failures along the bare and deeply ravined scarp slope of the
Gorwetschgrat (1800 m) have supplied abundant debris to
the Illgraben 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 10°m? of evapo-
rites and carbonate rock filled the upper Illgraben with an
elongate mass of debris. Runoff from the crest of the basin
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Figure 260: Sketch map of the lligraben and the large
cone at its mouth.
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soon saturated the rubbly lobe and, by 6 June 1961, a small
lake had formed behind the slide. It emptied rapidly and a
major debris flow reached the Rhone River. There, the debris
threatened to destabilize the trained river channel.

To prevent additional debris flows from the unstable
slide mass, a 50 m high steel-and-concrete dam was built
across the bedrock gorge immediately below the slide depos-
its (Lichtenhahn, 1971a). Soon debris completely filled the
space between the dam and the slide; thus a volume of
approximately 2 X 10°m?® of slide material was effectively
neutralized (Fig. 262). The torrent continued to undercut the
part of the slide projecting 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 shifting towards the
built-over cone sector of Pletschen and Susten. These works
will require careful maintenance in the future (Fig. 262).

a

Figure 261. View of the lllgraben cone, note protective
forest along the torrent channel, community of Susten
at lower right. (GSC 204169-Q)

Figure 262: a) Steel-concrete dam, approximately
50 m high, at the toe of the lligraben rockslide of 1962
(GSC 204169-R). b) Two check dams across the chan-
nel of the lligraben Torrent below the main retention
dam; note damage caused by small debris flows

(GSC 204169-S).

Vaiont (A127)

Location: Piave Valley, Friuli-Venzia Giulia and Veneto,
Italy (H2)
Date(s): 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 south-
ern Alps (Fig. 263). Before it was impounded by the ill-fated
Vaiont dam the torrent dropped from an elevated bedrock
basin (700 to 1000 m) through a narrow gorge to the flood-
plain 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
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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 south-
directed thrust faults involving well bedded carbonate forma-
tions 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 dis-
placements or at least intense shaking during historical earth-
quakes. Schaubach (1867, v.4, p. 450), a traveller in the
early 19th century, reported that

*...below Termine (i.e. a few kilometres north of Longa-
rone) the road crosses a rock fissure formed by an earthquake
in the 16th century..’



.. N
NTE BORGA

MO

LONGARONE
(474 =)

il
MONTE TOC
(1921 m)

Figure 263. Sketch map of the Piave Valley near Lon-
garone; inset shows cross-section (no vertical exag-
geration) of the rockslide that filled the ill-fated Vaiont
reservoir (after Broili, 1967).

The Vaiont Valley follows a gently eastward plunging syn-
cline of Jura-Cretaceous limestone and marl. The syncline is
slightly asymmetric to the south and overthrust from the
north by the Monte-Borga 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 slope
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 the 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
10°m* 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 compos-
ite 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
cm/day were registered.

b

Figure 264. a)Detachment surface and toe of the Vaiont slide, note coherent strata
of the slide mass (GSC 204169-T). b) View downstream towards the concrete dam
which closes the Vaiont gorge (photo taken in 1980) (GSC 204169-U).
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Figure 265: Before and after views of
Longarone, a sizeable town destroyed by
the debris flood from the Vaiont reservoir.

On the night of 9-10 October 1963, the unstable seat-
shaped slab of the lower Monte Toc slope failed. Most of the
surface of rupture followed a medium to thin-bedded lime-
stone-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 10°m?. 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 % 10°m? of 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 com-
munities, killing at least 1900 people (Fig. 265).
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In the wake of the catastrophe several scientific in-
vestigations were launched in rapid succession. The results
were published in a series of papers by Weiss (1964), Broili
(1967), Miiller (1968). Cadisch (1970), 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 by 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. Lon-
garone has been rebuilt and is again athriving town spreading
over the bench along the west side of.the Piave River.



Pettneu (A128)
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Location: Stanzer Valley, Arlberg, Tirol, Austria (F1) o

Date(s): 29 to 30 June 1965

The Stanzer Valley, drained by the east-flowing Rosanna
Torrent, separates metamorphic bedrock of the Austroalpine

. - 2
basement complex on the south from intensely deformed /é "
Austroalpine carbonate rocks on the north. Most of the agri- Z

cultural-tourist communities in the valley, including Pettneu
(1200 m), spread over south-facing debris cones below steep
ravines flanked by bare dolomite cliffs (Fig. 266). The
ravines are the tracks of regular snow avalanches, sporadic
rockfalls and debris flows.

The ravine north of Pettneu, called Gridlontobel, rises
steeply towards a ridge of fractured dolomite. A prehistorical
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 basin became 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 p _
the Gridlontobel onto the cone turned increasingly turbid. km

These warning signs prompted an evacuation of buildings  Fiqure 266: Sketch map of the Pettneu cone and the

along the channel of the normally inconspicuous creek bed. 5/ gebris source in the Gridlontobel basin.
On 30 June 1965, several pulses of slushy debris over-

whelmed the eastern sector of the community destroying half

PETTNEU
(1200 m)

ROSANNA TORRENT

Figure 267: a) View of Pettneu from across the Rosanna Torrent; note protective
forest at the apex of the cone (GSC 204169-V). b) Discharge section of the
protective dam above the Pettneu cone; source area of the 1968 debris flow in the
upper right (GSC 204169-W).
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a dozen abandoned buildings. The total volume of the flows
was estimated to have been 0.3 X 10°m®. 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 10°m?
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 restora-
tion of their town and also planted 15 000 extra trees in the
protective forest zone above the community.

Mattmark (A129)

Location: Saas Valley, Wallis (Valais), Switzerland (C2)
Date(s): 30 August 1965 (also 21 August 1633, 25 June
1829, 20 July 1868, 2 July 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 Ignatz 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 ad-
vanced.

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
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Figure 268: Index map of the Saas Valley and border-
ing 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 advanc-
ing 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



Figure 269: a) Allalin Glacier in 1981 (GSC 204169-X).
b) The destructive Allalin ice avalanche of 1965 (Photo:
ElectroWatt Zurich).

1.0 % 10°m?® of ice at the heavily crevassed front of the
hanging glacier slid away. Leaving behind a downward con-
cave fracture 40 m high at an elevation of 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 pulverized ice and morainal debris
(Fig. 269b). A total of 88 construction workers lost their lives

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 litiga-
tion 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 recur-
rent ‘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 3100 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 sub-
glacially. 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 10°m® and
devastated a great part of Saas-Balen. Although construction
of a drainage tunnel in the glacier was begun almost im-
mediately 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, Austria (HI)
Date(s): 12 June 1966 (also 29 October 1567, 1598, 1632, 3
and 21 July 1737, 1817, 1834, 1879, 17 July 1884, 15 10 19
August 1966).

Zell am See (750 m) covers the fan delta of the Schmitten-
bach 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 in-
tensely deformed phyllite of the Austroalpine basement com-
plex and relict colluvium (Fig. 270). The semicircular crest
of the basin culminates in the Schmittenhohe (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’.
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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 (Holzl,
1975).

On 3 July 1737, a violent cloudburst, centred on the
Schmittenhohe, set off lobes of blocky debris along the
tributary ravines 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 devasta-
tion 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

N l// Wiy

N

N / i\ 72

!0/ N\ [\\\Tﬁ{///////
Q\\\\\\\\\%

ZELL AM SEE

/K /// // (250 m)
\\ \\\\ \\\\\\\\\\\

\
\ \\§
(o} 1 2
Kkm

Figure 270: Sketch map of Lake Zell and the built-over

fan delta of the Schmittenbach Torrent.

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 m* of solids reached the
lake during the 19th century. Beginning in 1886 the Schmit-
tenbach 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 m* (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 Schmittenhdhe 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 ava-
lanches 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 Torrent and 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 intensely developed zone above the apex of the
Schmittenbach cone; ski slopes and snow avalanche tracks in the background

(GSC 204169-Z).
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1966 Rainstorms (AI131)

Siror (A132)

Location: Northern [taly and southern Austria
Date(s): 15 to 18 August 1966, and 3 to 5 November 1966

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. Be-
tween 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 Wur-
zer, 1967, Schreiber and Zettl, 1967; Fuxjiger, 1975).

Then, between 3 and 5 November 1966, strong winds
carried warm moist air from the Mediterranean against sta-
tionary cold air in northern ltaly. All of northern Italy suf-
fered from severe floods. The southeastern Alps again suf-
fered from debris avalanches, debris flows, embankment
failures, and torrential runoft. Precipitation that had begun as
snowfall continued as warm rain, and locally reached be-
tween 200 and 700 mm (Fig. 272). Exhaustive documenta-
tion 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,
Fuxjdger, 1975).

TRENTO
®

Location: Fiera di Primero, Val Cismon, Trentino, [taly
(G2)
Date(s): 4 November 1966 (also 12th century)

The confluence of the south-flowing Cismon Torrent and the
east-flowing Canale Torrent defines a gently sloping triangu-
lar surface whose apices are taken up by the communities of
Fiera di Primero (710 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. Ephemer-
al 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 cen-
tury (Gorfer, 1977, p. 1026). For centuries the area between
Siror and Tonadico was restricted to agricultural use.

On 4 November 1966, during the great rainstorm in the
region, debris flows descended most of the seemingly harm-
less 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.

VILLACH
[ ]

Figure 272 Isohyets of the 3-5 November 1966 rainstorm in the southeastern Alps;
criss-cross pattern outlines zone with major destructive mass movements (see

references in text for data sources).
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Figure 273: Sketch map of the Fiera di Primero — Siror
area.

Strigno (A133)

Location: Val Sugana, Trentino, ltaly (G2)
Date(s): 4 November 1966 (also 1564, 31 August 1757,
3 August 1851)

Strigno (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 base-
ment and cover complexes. Coarse late Pleistocene ice-
margin deposits mantle the flanks of most upland gorges.

Samone rests on a south-facing terrace overlapped later-
ally 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 carbon-
ate ravines, debris avalanches from unstable terrace rims,
and embankment failures along the toes of sagging slopes of
phyllitic bedrock.
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Figure 274: Recently completed array of check dams
across a ravine above Siror which is carved into slump-
prone relict colluvium and phyllitic bedrock.

(GSC 204170-A)

On 30 to 31 August 1757, a series of severe thunder-
storms, 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 region-
al 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 several houses in Villa and killing three people
(Venzo and Largaiolli, 1968, 1969; Gorfer, 1977, p. 915-
916).

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).
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Figure 275: Sketch map of the densely populated
wine-growing reach of Val Sugana near Strigno; note

Figure 276: Aerial view of debris damage on the
the composite debris fan of the Chieppena Torrent.

Chieppena fan in the autumn of 1966, note breached

dykes at points of curvature in the channel (from Dra-
gogna, 1975).

Figure 277: Reconstructed masonry-lined channe/ of
the Chieppena Torrent below Strigno, note armoured

sills defining the normal discharge section of the tor-
rent. (GSC 204170-B)
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Putschall (A134)

Location: Moll Valley, Kérnten (Carinthia), Austria (HI)
Date(s): 6 November 1966 (also 12 October 1889, 31 July
1900, 14 April 1901, 9 August 1902, 29 May 1917, autumn
1965)

The narrow upper Méll 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 Mall
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 31 July 1900 and a
thunderstorm on 9 August 1901, large debris flows de-
scended tributary ravines and blocked the Mol River, thus
endangering several of the downstream communities (Stini,
1938).

Figure 278. Sketch map of
the sagging foliation dip
slope along the north side

Mass movements were widespread in the upper Moll
basin during the autumn storms of 1965 and 1966. Devastat-
ing debris flows issued from the gorge of the Gradenbach
Torrent, a western tributary northwest of Déllach (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 10°m’ of
phyllite and calcareous schist, dipping 50° to the south-
southeast. 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
Eggerwiesenkopf (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 10°m?® of bouldery material blanketed the
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Figure 279: Debris lobes on the Gradenbach cone
engulfing the community of Putschall in the autumn of

1966 (from Kronfeliner-Kraus, 1974).

Figure 280: Check dams across the Gradenbach Tor-
rent; note damage to the abutments of the check
dams caused by lateral pressure from the toe zone
of the sagging Eggerwiesenkopf slope.

(GSC 204170-C)

cone, forcing the evacuation of Putschall (Fig. 279). Huge
masses of bedload also choked the channel of the Méll River.
After the catastrophe an extensive research project was in-
itiated 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

¥

Figure 281. Putschall in 1981, note dense alder fring-
ing the controiled channel of the Gradenbach Torrent.
(GSC 204170-D)

meteorological observations established that creep rates are
directly related to infiltration of surface waters from rain-
storms 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 con-
tinues to exist on the cone (Fig. 281).
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Inzing (A135)

Location: Inn Vallev, Tirol, Austria (G1)
Date(s): 26 July 1969 (also 1701 , 31 August 1807, 18553,
1879, 24 July 1929)

The communities of Inzing (616 m) and Flaurling (675 m) are
located on debris cones projecting northward in the wide Inn
Valley west of Innsbruck (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 base-
ment complex. Walls and floors of the cirques (e.g. Inzinger
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 col-
luvial 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 ex-
ceptional rainstorm, accompanied by warm winds, swept
through the northern Alps, causing numerous debris flows.

Figure 282: Sketch map of
the Enterbach and Kanz-
ingbach basins near Inzing
showing the debris sources
consisting of late Pleis-
tocene morainal and ice-
contact deposits and relict

Iéé FLAURLING
(675 m)
S .
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One of these flows erupted over the cone at Inzing, demolish-
ing about 80 buildings. This catastrophe and others in the
area inspired Aretin (1808) to a vigorous proposal for im-
proved land and forest practices as a first step to prevent
debris flow damage.

Following another series of debris flows along the En-
terbach 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 in-
stalled in the debris source area below the Inzinger Alm.

On 26 July 1969, an extremely localized cloudburst-
hailstorm 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
10°m? of 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 pre-
ssures (Aulitzky, 1970).
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Figure 283. Impact of the 1969 debris flow on the En-
terbach cone {(photograph Alpine Luftbild), note the
traditional land use pattern which assigned residential
use to one flank of the cone and agriculture to the rest.

Figure 284: Protective dam above Inzing; note selec-
tive discharge section of steel beams (‘filter dam’)
which allows passage of normal bedload.

(GSC 204170-E)

Figure 285: a) View of the crest of the Enterbach basin; note converging erosional
ravines (GSC 204170-F). b) Steel-concrete check dam under construction on the
Enterbach Torrent; note gently rising wings, deeply founded abutments, and

drainage bores (GSC 204170-G).

After the 1969 disaster, the torrent channel on the cone
was moved 150 m to the west away from Inzing. The pro-
tective dam above the community was converted into a
steel-concrete-masonry structure with a retention capacity of
more than 0.3 x 10°m® (Fig. 284). New arrays of check
dams were built in the source area below the Inzinger Alm
(Fig. 285), and about 10000 m? of rock (used in the construc-
tion of the protective dam) were blasted away from a con-
striction in the lower gorge to avoid blockage of the channe]
during future flows (Hopf and Wanner, 1975).

Lecco (A136)

Location: Lago di Lecco, Lombardia, Italv (E3)
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 (1157 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.
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In February 1969 a slab of dolomite 10 000 to 12 000 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)

Location: Friuli-Venezia Giulia, [talv (12)

Date(s): 6 May 1976 and 15 to 17 September (also 15 August
1692, 2 November 1851, 28 October 1882, 22 10 23 August
1891, 1310 14 September 1903, 27 March 1928, 5 November
1966)

The drainage basin of the south-flowing Tagliamento River
in northeastern Italy is one of the most remarkable geo-
morphic-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, 1511, 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
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Figure 286: Index map of
the part of the Tagliamento
basin most seriously af-
fected 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.
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intense rainstorms. On one hand slopes and ravines, shat-
tered by seismic shaking, may experience slope failures
during a violent rainstorm; on the other, cliffs weakened by
excessive infiltration of water may tail during sporadic earth-
quakes. 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) tailed along a composite bed-
ding-thrust surface dipping 30° towards the Tagliamento
River (500 m). About 30 X 10°m? of 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 in-
habitants (Fig. 288). It also stemmed the flow of the Tag-
liamento River, creating a lake almost 7 km long. After the
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 Tag-
liamento 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 appro-
ximately 10 X 10°m® 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 1851 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
1692 (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 Caz-
zaso 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 tribu-
tary basins; these flows claimed a total of more than 20
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casualties. Near the village of Pontebba the channel of the
torrential Fella rose 24 m due to aggradation behind embank-
ment 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 the Tagliamento region. One of them struck the
outskirts of the village of Forni di Sopra, killing three people.
On22to023 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 be-
tween 13 and 14 September 1903, caused severe debris
floods; along the Fella River a hamlet disappeared un-
derneath 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 splin-
tered away from the cliffs disintegrated into dry rock ava-
lanche lobes.

On 5 November 1966, the great rainstorm that deluged
the southern Alps also affected the upper Tagliamento basin.
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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, 1974).
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Numerous transportation routes and several buildings were
completely covered with blocky debris (Martinis and Salvi-
ni, 1972).

On 6 May, 15 September, and 17 September 1976, the
Gemona area experienced three fierce earthquakes with mag-
nitudes ranging between 6 and 7 (‘Friuli Earthquake’). In the
epicentral area, straddling the lower reaches of the Tag-
liamento, numerous rock avalanches and rockfalls from
scarp faces of intensely fractured carbonate bedrock de-
scended into steep bedrock ravines. Some of the rock avalan-
ches exceeded a volume of 0.1 X [0°m?. Near Gemona,
scarplets and cracks, some in excess of | km in length, were
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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 mobiliza-
tion of unstable debris lobes and to protect buildings un-
derneath overhanging fractured rock faces. Most of these
tasks will remain difficult challenges for some time to come
(Querini, 1980).
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