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ABSTRACT: Some of the largest rockslides in the Alps cluster spatially in the Eastern Alps (Tyrol, Austria).
A geodatabase was set up to evaluate their timing of failure. Compiled dating data of mass movements show
a continuous temporal distribution with accentuations during the early Holocene and, in Tyrol, a significant
emphasis of deep-seated rockslides at about 4200-3000 cal BP. Several slopes have been reactivated and show
polyphase failure events. However, the majority of dated landslides did not fail immediately after late-Pleistocene
glacier-retreat, but clearly a few thousand years later. The middle Holocene rockslide-activity in Tyrol coincides
temporally with the progradation of some larger debris flows in the nearby main valleys and, partially, with
glacier advances in the Austrian Central Alps. Based on this, deep-seated slope deformations may be induced by
complex interactions of lithological, structural and morphological predisposition, fracture propagation, variable
seismic activity and climatically controlled water-supply.

1 INTRODUCTION

Several well exposed scarp areas in the Tyrolean East-
ern Alps (Austria) provide insights in structures and
kinematics of deep-seated mass movements. Based
on morphological and lithostratigraphical criteria, the
ages of failure were formerly debated controver-
sially. Generally, late-Pleistocene glacier withdrawal,
causing an unbalanced relief and thus increasing
the stresses within the over-steepened slopes, was
assumed to be the most dominant landslides trigger
(e.g. Abele 1969, 1974).

But in the majority of cases, radiometric dating of
mass movements in the Alps yielded clearly Holocene
ages of failure and indicates that slope instabilities
are not directly controlled by deglaciation processes.
However, in the Western and Southern Alps, a depen-
dency of landslide-activity on climatic fluctuations
during the Holocene was assumed already formerly
(e.g. Raetzo-Brülhart 1997, Matthews et al. 1997,
Dapples et al. 2003, Soldati et al. 2004).

This paper deals with the temporal distribution of
dated mass movements inTyrol (EasternAlps,Austria)
and surroundings, focusing on the Fernpass region.

There, several deep-seated rockslides rank among the
largest events in the Alps and show a close spatial
distribution. One of them, the prominent Fernpass
rockslide, was recently dated (Prager et al. 2006a) and
forms a temporal cluster with its adjacent rockslides.
In view of that, the first comprehensive compila-
tion of dated mass movements in the Eastern Alps
was set up and is presented herein. Based on this,
several processes that may promote rock strength-
degradation and slope failures during the Holocene are
discussed.

2 GEOLOGICAL SETTING

The Eastern Alps are made up of complex fold-
and thrust-belts of different nappe units, which have
been deformed polyphase and heteroaxially. Main geo-
logical structures were formed during Cretaceous to
Tertiary thrust- and extension-tectonics (Schmid et al.
2004). In Tyrol, the majority of dated mass movements
are situated within the polymetamorphic Ötztal base-
ment nappe and within detached Mesozoic cover units
of the Northern Calcareous Alps.
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Figure 1. Sketch map of the Fernpass region showing
rockslide deposits (shaded dark grey) and main geological
structures.

Here detailed field studies at several instable slopes
yielded evidence that fault-related valley deepening
and coalescence of brittle discontinuities control pro-
gressive failure and landslide-kinematics (e.g. Brückl
et al. 2004, Prager et al. 2006b, Zangerl et al.
2006). Intensive cataclasis along brittle fracture zones,
e. g. the prominent Inntal- and Loisach fault systems
(Fig. 1), enabled substantial fluvio-glacial erosion.
This morphological change caused stress redistribu-
tion of the valley slopes and uncovered favourably
oriented sliding planes, permitting subsequent slope
instabilities.

3 SEISMICITY

Some major shear systems in Tyrol, e.g. the
NE-orientated Inntal- and Engadiner Line, are
characterised by recent seismic activity. Compiled
earthquake data indicate, that the effective horizon-
tal ground acceleration shows significant maxima of
about 1 m/s2 in the middle Inn valley and the Fern-
pass region (ÖNORM B 4015 2002). There, several
strong earthquakes up to magnitude 5.3 and epicentral
intensities I0 7.5◦ MSK rank among the most intense
ones ever measured in Austria (Drimmel 1980). One
of these major events occurred in 1930 in the Fernpass

region near the village Namlos.At least 16 main shocks
and numerous aftershocks were recorded, whereby this
event was subjectively registered even at distances of
about 200-400 km. Locally, this earthquake changed
the hydraulic flow field by dislocating springs, opened
ground clefts and triggered several rockfall events
nearby (Klebelsberg 1930).

4 DATA COMPILATION

The considerations presented herein base on detailed
field studies of selected mass movements in Tyrol
and comparative site visits in the adjacency. In order
to evaluate the spatial and temporal distribution of
mass movements of different types and sizes, a GIS-
linked geodatabase has been set up. At present this
includes various data of more than 450 different mass
movements in Tyrol and surroundings, ranging from
late-glacial to modern failure ages. Thereof approx.
230 events feature unknown ages of failures and/or
unknown activity. About 130 post-medieval to recent
active landslides have been compiled for Tyrol only
and were not considered for this study. Dated fossil
mass movements were implemented also from adja-
cent areas such as southern Germany, northern Italy
and eastern Switzerland and comprise at present about
110 events, which are mainly rapid events such as
rockfalls and rockslides.

Available laboratory dates of 14C-dated mass move-
ments were calibrated to calendar years (cal. BP,
quoted 0 BP = 1950 AD) using the software OxCal
Version 3.10 (Bronk Ramsey 2005) and its imple-
mented calibration curve IntCal04. The ranges of the
arithmetic mean ages are based on the statistical 2-
sigma standard deviation (corresponding to 95.4%
probability).

5 SELECTED LANDSLIDES

Some of the largest mass movement deposits in the
Alps cluster spatially in the Fernpass region, in the
western part of the Northern Calcareous Alps. Within
an area of less than 40 × 20 km, at least 9 deep-seated
failure events occurred and include the prominent
rockslides at Eibsee, Fernpass, Tschirgant and Köfels
(Fig. 1).

5.1 Fernpass rockslide

The Fernpass rockslide is characterised by two chan-
nelled Sturzstrom branches, which contain a rock mass
volume of about 1 km3 and cover excess run-out dis-
tances up to 12 and 16 km respectively.This large event
was followed by a smaller rockslide of unknown age
and the development of a deeply fractured slope that
has not failed yet (Fig. 2).
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Figure 2. Oblique view to the wedge-shaped scarp of the Fernpass rockslide and its associated mass movements (secondary
rockslide “Am Saum” AS, instable slope “Hohler Stein” HS).

The rockslide debris originated from a well exposed
and exceptional deeply incised niche, which is made
up of platy dolomites, limestones and marls of the sev-
eral hundred metres thick Seefeld Formation (Norian,
Upper Triassic). Polyphase and heteroaxial deforma-
tion generated fold- and fracture systems with vary-
ing orientation (Eisbacher & Brandner 1995). Thus,
the failure zones of the Fernpass rockslide and its
juxtaposed slopes evolved by coalescence of brit-
tle discontinuities due to multiple step-path failure
mechanisms.

Deep-seated cataclasis along the NE-orientated
Loisach-Fernpass fault system (Fig. 1) is here indi-
cated by field data and results of hybrid seismic
measurements near the apex of the present Fern-Pass.
This clearly revealed a steep pre-failure topography of
the valley flanks with a fluvio-glacially undercut slope
toe (Prager et al., unpublished data).

Due to an oblique impact of the sliding rock masses
against their opposite mountain slope, they were prox-
imally piled up as a remarkably thick debris ridge and
split into two Sturzstrom branches. Their run-out was
favoured by the large rockslide volume, channelling
effects in the narrow valley, dynamic disintegration
and, crucially, by undrained dynamic loading of the
water-saturated substrate (Prager et al. 2006b).

Formerly, morphological and lithostratigraphi-
cal field criteria, e.g. moraine-like debris-ridges,
funnel-shaped “dead-ice” sink-holes and the spatial
distribution of Pleistocene cover rocks, were used to
differentiate between a late-glacial main event and a
succeeding postglacial collapse (Abele 1964, 1974).
But now detailed field investigations showed that nei-
ther the rough scarp nor the intensively structured
accumulation area feature any signs of a smooth
morphology and argue against glacial overprints.

This was confirmed by the application of three
different radiometric dating methods on individual
sampling sites (Prager et al., 2006a). Close to the scarp
area, rockslide-dammed torrent deposits yielded a 14C
minimum-age of 3380–3080 cal. BP. The chronostrati-
graphic base of this sequence has not been dated yet,
but is assumed to date somewhat older into the middle
Holocene. This coincides well with two cosmogenic
radionuclide 36Cl exposure ages of large-scale sliding
planes at the scarp. There the sampled platy dolomites
indicate a mean age of 4100 ± 1300 yrs for the fail-
ure event. Further data were gained from the curiously
and strongly deflected southern rockslide branch. Post-
depositional carbonate cements therein have been
dated by the 230Th/234U-disequilibrium method and
yielded a minimum age of 4150 ± 100 yrs for the accu-
mulation of the rockslide debris (Ostermann et al., in
press).

Based on this, a temporal differentiation between
two failure events, one making up the northern rock-
slide branch, and another, making up the southern
branch, is not indicated yet. All dating coincide
well and indicate the Fernpass rockslide most likely
occurred about 4200–4100 yrs ago. Thus, this event
was clearly not in contact with late-glacial ice and not
triggered by deglaciation processes.

5.2 Eibsee rockslide

The Eibsee rockslide (Fig. 1) is situated 15 km north-
east of the Fernpass, on the north-face of the Zugspitze
massif (2961 m) the highest mountain in Germany
and mobilized about 400–600 mill. m3 of accumu-
lated debris (Abele 1974, Golas 1996). It originated
from a several hundreds metres high and subverti-
cal cliff, built up by mainly well bedded carbonates
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of the Muschelkalk Group (Anisian) and the thick
Wetterstein Formation (Ladinian). Due to Paleogene
compression, these Triassic carbonates were thrust
over incompetent Jurassic-Cretaceous limestones and
marls (Eisbacher & Brandner 1995).

Stability relevant discontinuities for the Eibsee
rockslide were not the bedding planes, dipping moder-
ately inclined against the slope, but subvertical fault-
and fracture systems. Tunnel constructions for the
German rack railway up to the Zugspitze ran across
such separation planes and cavities, whereat some of
them spaced several metres wide open and occasion-
ally showed a contact to the outside world (Knauer
1933). Field evidence of intense brittle faulting can
be observed at the NW-face of the Zugspitze, where
NE-orientated, subvertical faults and fractures are part
of the sinistral Loisach major shear system (Fig. 1).
This caused deep seated intensive fragmentation of the
folded carbonates and can, within the precipitous rock
walls, isolate blocks along wedge-shaped scarps.

Based on morphological field criteria, the Eibsee
rockslide deposits were formerly interpreted as a “late-
glacial rockslide-moraine” (Vidal 1953), but several
wood samples gained in drillings yielded a mean age of
around 3700 14C yrs (Jerz & Poschinger 1995).The six
best fitting, presumably not redeposited, samples were
calibrated to calendar years and show an arithmetic
mean-age at about 4181 ± 627 cal. BP.

5.3 Ehrwald rockslide

At the western base of the Zugspitze massif, the
Ehrwald rockslide deposits cover an area of about
2 km2 (Abele 1974). Its lithological and structural pre-
disposition corresponds with those of the adjacent
Eibsee rockslide; both failures were clearly controlled
by brittle faulting along the NE-orientated Loisach
fault system (Fig. 1).

The carbonate Ehrwald deposits make up hilly
scenery with several pronounced ridges and were
morphologically classified as “late-glacial rockslide
moraine” (Abele 1964, 1974). Thus far, radiomet-
ric dating has not been carried out here. However,
the internal structure is characterised by an unstrati-
fied, coarsening-upward facies, wherein several shat-
tered clasts feature a jig-saw-fit of grain-boundaries.
These sedimentary features have not been observed
in glacially derived deposits and attribute uniquely
to dynamically disintegrated rockslide masses. This
and the lack of Quaternary cover rocks and missing
glacial smoothing of the topography clearly suggest a
Holocene age for the Ehrwald rockslide.

5.4 Tschirgant – Haiming rockslides

About 10 km south of the Fernpass, the Tschirgant
massif (2370 m) forms a steep rugged NE-SW-
trending slope and released two well known, deep

seated rockslides down to the river Inn: the smaller
Haiming event (25–34 mill. m3) in the northeast and
the prominentTschirgant rockslide (180–240 mill. m3,
Abele 1974) in the southwest (Fig. 1).

The scarp areas are situated at the southern mar-
gin of the Northern Calcareous Alps, which were here
obliquely cut off by the NE-SW-striking Inntal fault
system and separated from the metamorphic Ötztal
basement complex (Eisbacher & Brandner 1995).
Slope deformation was clearly structurally controlled
by the complex cross-linking of medium inclined bed-
ding planes and subvertical brittle fracture systems.
Due to these densely spaced discontinuities, the deeply
incised source area of the Haiming rockslide exhibits
an unusually rough, stepped scarp. Lithologically this
comprises dolomites of the Wetterstein Formation
(Ladinian), the carbonate-siliciclastic Raibl Group
(Carnian) and the Hauptdolomit Formation (Norian).
At the base of the Haiming scarp, a drilling penetrated
ca. 670 m subhorizontally into the slope and proved the
existence of an effective water-table. Dammed to the
South by low permeable siliciclastics, here high pore
pressures up to 43 bar came across within the inten-
sively fractured and thus highly permeable dolomites
of the Raibl Group (Intergeo Consultants, pers. comm.
2005).

Adjacent southwest, poorly bedded dolomites of
the Wetterstein Formation make up the huge Tschir-
gant scarp. At downslope sections, these competent
and dolomites border tectonically to an incompetent
succession of the Raibl Group, containing dolomites,
limestones, marls and evaporates. Especially the sig-
nificant carbonate-evaporitic breccias (Rauhwacken),
here some decametres in thickness, make up a zone
of structural weakness at the slope toe. However, the
intensively fractured Tschirgant scarp exhibits several
large-scale bedding- and fault planes, dipping desk-
like out of the slope and enabling the translational slide
of a larger rock mass volume.

The failing debris entrapped fluvio-glacial sedi-
ments from the slope toe and valley floors and pen-
etrated into the mouth of the Ötz valley (Fig. 3).
Outcrops at the riverside show here polymict fluvi-
atile gravels overridden by carbonate rockslide-debris.
Along subvertical pull-apart structures the mobilized
valley fill was injected into the rockslide debris, indi-
cating water-saturation of the substrate (Abele 1997).

Based on morphological criteria, Heuberger (1975)
assumed an interaction of the Tschirgant rockslide
with Late-glacial Ötztal ice. But radiometric dat-
ing indicate a Holocene age at about 2900 14C yrs
(ca. 3000 cal. BP, Patzelt & Poscher 1993) for the
main event. Further investigations showed that both
slopes, Tschirgant and Haiming, did not release only
one single event, but are characterised by multiple
failures. Patzelt (2004a) differentiated here at least
four significant rockslides, all occurring between
3753 ± 191 cal. BP and 3065 ± 145 cal. BP.
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Figure 3. View from the Tschirgant massif towards South-
east to the rockslide deposits and adjacent scarp areas in the
northern Ötz valley.

About 10 km to the NE of the Haiming scarp, the
Stöttlbach mass movement deposits (Fig. 1) have been
dated recently. There, preliminary 36Cl exposure ages
of accumulated limestone-boulders indicate a failure
event at about 4000–3600 yrs (Kerschner & Ivy-Ochs,
pers. comm. 2006).

5.5 Northern Ötz valley

The Ötz valley, a N-trending main tributary to the
river Inn, is deeply incised in the metamorphic Ötz-
tal basement complex. Its Quaternary valley filling is
characterised by the polyphase interplay of different
rockfalls, rockslides and their backwater deposits.

The Habichen rockslide deposits (Fig. 1), situated
close to the distal deposits of the Tschirgant rockslide,
dammed the south bay of Lake Piburg towards the
valley floor beneath. Pollen analyses of aggradated
lakefronts yielded a minimum age of about 10,000 yrs
(Oeggl, pers. comm. 2005) and indicate a similar age
for the rockslide barrier.

Adjacent to the southeast, theTumpen plain exhibits
several rockslides and rockfalls, originating from both
valley slopes. Based on drillings, the several decame-
tres thick rockslide-dammed backwater deposits show
an at least two-phase fluvio-lacustrine sequence. The
younger succession provided a minimum age of
about 3380 ± 80 14C yrs (Poscher & Patzelt 2000),
i.e. 3640 ± 200 cal. BP, for the damming rockslide.
Depth-extrapolations of the existing dating data sug-
gest the older sequence and its damming rockslide
barrier date at about 6000 cal. BP (Patzelt 2001).

To the south, the Tumpen backwater deposits bor-
der to the largest crystalline mass movements in the
Alps, the famous Köfels rockslide. This event fea-
tures a well established early Holocene age at about
9800 cal. BP (Ivy-Ochs et al. 1998) and dammed the

several decametres thick fluvio-lacustrine deposits of
the Längenfeld basin.

6 TEMPORAL AND SPATIAL DISTRIBUTION
OF DATED EVENTS IN THE EASTERN ALPS

Compiled dating data show a rather continuous tempo-
ral distribution of landslides and debris flows during
the Holocene, without longer time-gaps (Fig. 4). How-
ever, there is no evidence for increased activity due
to deglaciation processes during the late-Glacial and
early Holocene. In Austria, late-glacial ages have been
established for a few landslides only, e.g. an event at
Pletzachkogel (Tyrol, Patzelt 2004b) and the promi-
nent Almtal rockslide (Upper Austria, Ivy-Ochs et al.
2005a).

At about 10,000–9000 cal. BP some of the largest
rockslides in the Alps failed, e.g. Flims, Kandertal
(both Switzerland), Köfels and parts of the slope
Gepatsch-Hochmais (both Tyrol). Between approx.
9000 to 5000 cal. BP, only a few and smaller events,
with the exception of the large Wildalpen rockslide
(Styria, Austria), have occurred.

In contrast, numerous deep-seated events cumu-
late in the middle to early Holocene, with significant
emphasis in the Subboreal at about 4200–3000 cal.
BP (Fig. 4). This temporal cluster comprises some of
the largest rockslides in Tyrol, which, remarkably, also
cluster spatially (Figs 1, 5).

Some radiometric data prove polyphase reactiva-
tions of predisposed vulnerabilities and repeated slope
failures, e.g. at Tschirgant-Haiming and Pletzachko-
gel (Inn valley, Patzelt 2004a, b), Köfels and Tumpen
(Ötz valley, Ivy-Ochs et al. 1998, Poscher & Patzelt
2000). Several modern landslides show fossil and/or
historically documented precursory events, e.g. the
catastrophic events at Vajont 1963 (Kilburn & Petley
2003), Val Pola 1987 (Azzoni et al 1992) and Randa
1991 (Santori et al. 2003).

Also dated debris flows show periods of fluctuat-
ing activity. Concerning the Tyrolean Inn valley and
its tributaries, Patzelt (1987) established phases of
raised accumulation at about 9400 14C yrs (ca. 10,630
cal. BP), between 7500–6000 (ca. 8350–6840 cal. BP)
and a third at about 3500 14C yrs (ca. 3780 cal. BP).
According to this, some of the largest alluvial fans
in Tyrol and Northern Italy, e.g. the rivers Gadria
and Weissenbach, show significant activity at about
7900–7100 cal. BP (Fig. 4). Others, e.g. the rivers
Sill and Melach, show raised debris accumulation in
the middle Holocene at about 3700–3600 cal. BP. In
between these periods, at about 6000–4500 14C yrs
(ca. 6840–5170 cal. BP), the Inn valley was affected
by a distinctive phase of fluvial erosion (Patzelt 1987).

Increased fluvial dynamics and debris flow progra-
dation in the Subboreal were established at several sites
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Figure 4. Temporal distribution of Late-glacial to Holocene mass movements in Tyrol and surrondings (vertical axes: cali-
brated years BP, horizontal axes: dimensionless sequence of dated events; vertical range bars to the right: periods of increased
landslide acitivty, according to the references).

Figure 5. Spatial and temporal distribution of Lateglacial to Holocene mass movements in Tyrol and surroundings.
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in Tyrol and have now been compiled in a geodatabase
for the first time.

7 DISCUSSION

Detailed field surveys and compiled data indicate that
rock strength degradation and slope deformation are
controlled by a complex and polyphase interaction of
variable processes, which may superpose each other.

7.1 Deglaciation and decompression

In the Eastern Alps, stability conditions within the
polyphase and heteroaxially fractured rock units were
fundamentally influenced by morphological changes
during the Quaternary. Late-glacial Gschnitz valley-
glaciers advanced, at the type locality in the central
Eastern Alps, down to lowermost altitudes of about
1200 m asl not later than 15,400 ± 1400 yrs ago
(Ivy-Ochs et al. 2005b). This indicates that the toes
of several instable slopes, especially when East- and
Southward exposed, such as e.g. at Köfels, Fernpass
and Tschirgant, bordered on thin dead-ice or even ice-
free valley-floors and however, were not glacial but-
tressed at least since theYounger Dryas. Subsequently,
late-Pleistocene glaciers rapidly melted down till they
reached at about 9500 14C yrs (ca. 10,850 cal. BP) for
the first time modern extents (Patzelt 1972, 1977).

Fluvio-glacial erosion, valley-deepening and post-
glacial debuttressing uncovered favourable oriented
sliding planes and caused substantial stress redistri-
bution within the undercut and oversteepened slopes.
Therefore, the high and unbalanced relief since the
early Postglacial is certainly a dominant factor for any
Alpine mass movement. Subsequently some slopes,
characterised by critical fracture density and thus close
to their stability limit equilibrium, failed.

7.2 Progressive failure

Glacier retreat left oversteepened valley flanks with
characteristic unloading fractures, where slope stabil-
ity was continuously lowered by long-term processes
due to stress redistribution. Further rock strength
development has been intensively affected by stepwise
interactions of pre-existing brittle discontinuities and
subcritical fracture propagation (e.g. Eberhardt et al.
2004).

Thereby, complex processes of subcritical crack
growth depend on the interaction of several parame-
ters, e.g. in-situ stresses, bedrock mineralogy, fracture
geometries and pore-water-characteristics. Being sig-
nificantly favoured by high pore pressures, a lower
bound of fracture propagation velocities ranks at
about several centimetres per 1000 years (Atkinson
& Meredith 1987).

7.3 Dynamic loading

Regional seismic data show that earthquakes close to
the Fernpass feature epicentral intensities up to 7.5◦
and rank among the strongest ones ever measured in
Austria. That some of these triggered rockfalls and
changed locally the hydraulic flow field (Klebelsberg
1930) suggests, here also the release of fossil rock-
slides with similar ages could have been essentially
favoured by seismic shaking.

But with the exception of the prominent 1348-
release of the Dobratsch rockslide in Carinthia,Austria
(Eisbacher & Clague 1984) and some events triggered
by the 1998-earthquake in NW-Slovenia (Vidrih et al.
2001), documented case studies of seismically induced
slope failures in central Europe are commonly of small
dimensions. However, active fault systems can not
only trigger mass movements, but do produce intensely
fractured and uncemented rock masses to substantial
depths, inclusive potential sliding planes.

Moreover, even less energetic earthquakes may
accelerate progressive fracture propagation within the
shook rock units. Comparable load tests show that
component parts with discontinuities show no further
fracture propagation under static loading conditions
below its critical collapse load. In contrast, dynamic
loading initiates fracture propagation far below the
critical load (Gross 1996). Such fatigue crack growth
can step-wise weaken intact rock bridges and raise the
effective joint porosity.Thus, repeated seismic loading
can effectively favour and prepare landslides.

7.4 Climatic aspects

After the Younger Dryas cold period, glaciers in the
Central Eastern Alps rapidly melted down to modern
extents. Subsequent glacier- and forest-line fluctua-
tions indicate considerable changes of Holocene cli-
mate, whereat glaciers varied about modern sizes and
had limited extents over longer periods in the mid-
dle and early Holocene (Patzelt 1977, 2001). During
the glacial unfavourable period between ca. 10,450–
3650 cal. BP both Austrian largest glaciers, Pasterze
and Gepatschferner, were repeatedly and even for
longer phases smaller than at present, but show from
3650 cal. BP till waning Roman age several smaller
and fluctuating advances up to modern dimensions
(Nicolussi & Patzelt 2001). Based on this, long periods
in the Holocene showed favourable climatic conditions
with average summer temperatures predominantly
slightly higher than at present. Repeatedly these were
interrupted by pronounced but relative short-termed
deteriorations with multiple glacier advances (Fig. 6),
e.g. the Löbben advance at about 3750–3250 cal. BP
(Patzelt & Bortenschlager 1973).

Unstable Holocene climatic conditions are also
indicated by glacier fluctuations in the Central Swiss
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Figure 6. Late-glacial to Holocene paleoclimatic indica-
tors of Lake Gerzensee (−1: dry, 0: normal, +1: wet, +2:
very wet), solifluctuation activity and glacier fluctuations
(Dapples et al. 2003) with combined glacier- and forest-line
data from the Austrian Central Alps (modified after Patzelt
2001).

Alps, featuring at least eight phases of significant
glacier recession with several cold-wet periods in
between (Hormes et al. 2001).

Compiled dating data of mass movements in Tyrol
and surroundings show a continuous temporal distri-
bution of events during the Holocene. At least two
age-clusters of enhanced slope instability are charac-
terised by the occurrence of several deep-seated failure
events: firstly in the early Postglacial and secondly in
the Middle Holocene, with lower landslide activity in
between (Fig. 4).

Early Holocene rockslide activity, at about 10,000-
9000 cal. BP, comprises some of the largest alpine
rockslides, e.g. Köfels, Kandertal and Flims, and is
generally assumed to attribute to postglacial warm-
ing. This coincides well with an early phase of
precipitation-controlled, raised debris accumulation of
tributaries to theTyrolean Inn valley, occurring at about
9400 14C yrs (Patzelt 1987, i.e. approx. 10,630 cal.
BP). Remarkably, compiled data also indicate a sig-
nificant emphasised landslide activity during the Sub-
boreal about approx. 4200–3000 cal. BP (Fig. 4). This

includes some of the largest rockslides in Tyrol, which
even cluster spatially in the region Fernpass – Northern
Ötz valley (Figs 1, 5). Since theirs releases were clearly
not directly linked with deglaciation processes, a strik-
ing environmental change was likely to occur during
this period.

The Fernpass landslide cluster correlates tempo-
rally with the activity of several debris flows in the
nearby main valleys (Fig 4). At about 3500 14C yrs
(approx. 3780 cal. BP), a phase of raised alluvial accu-
mulation in the Tyrolean Inn valley was established
(Patzelt 1987). This and the activity of several local
torrents and debris flows nearby indicate periods of
raised water supply in the catchments areas.

Similar groupings of early post-glacial and mid-
dle to young Holocene landslides, but with a phase
of relative inactivity in between, were established also
in the surroundings. In Switzerland, Raetzo-Brülhart
(1997) attributes two distinct cluster of raised landslide
activity, at about 10,000–9000 and 5200–1500 cal. BP,
to warmer and/or more humid paleoclimatic condi-
tions. Dapples et al. (2003) correlate five Lateglacial
to Holocene pulses of raised landslide dynamics with
climatic deteriorations, indicated by glacier advances,
solifluctuation and lacustrine stratigraphical records
(Fig. 6).

In the Italian dolomites, Soldati et al. (2004) differ-
entiate also two striking age-clusters of landslides: one
early postglacial at about 13,000–9000 cal. BP, which
is due to deglaciation processes and was probably
favoured by increased precipitation and/or permafrost
meltdown, and a younger one, at about 6500–2300 cal.
BP in the Subboreal, which is assumed to correlate
with an increase of precipitation.

Thus, high groundwater levels, due to increased
precipitation, might have climatically controlled
Holocene rockslide activity. Raised pore pressures
increase the velocity of subcritical crack growth
(Atkinson & Meredith 1987) and lower the friction
angle of weathered and water-saturated rock sur-
faces, which is generally lower than those of dry and
unweathered ones. Coupled hydro-mechanical desta-
bilising processes are also indicated by drilling-results
from the basal Tschirgant massif (Tyrol, Austria),
which is characterised by polyphase rockslide events.
Here remarkably high pore pressures suggest, deep
seated slope deformations could have been favoured
by water-saturation of the fractured rock masses. In
coincidence, also historical case studies point out
that rainstorm is a dominant trigger (Eisbacher &
Clague 1984) and pore pressure changes drive slope
movements respectively (e.g. Weidner 2000).

8 CONCLUSIONS

Dated mass movements in Tyrol and surroundings
have been compiled for the first time and show a
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rather continuous temporal distribution of events in the
Holocene. However, there is no evidence for increased
activity due to deglaciation processes during the late-
Glacial and early Holocene, but at least for two phases
of increased landslide-activity. One at about 10,000–
9000 cal. BP and another, spatially clustered, in the
middle Holocene at about 4200–3000 cal. BP. Latter
comprises the prominent Fernpass rockslide and sev-
eral large events nearby and coincides temporally with
periods of increased debris flows activity in the nearby
main valleys. All data indicate, the majority of slope
collapses were not directly triggered by late Pleis-
tocene deglaciation processes, but occurred clearly
later after a preparing lag-time of several 1000 years.

Well-exposed scarp areas show that slope fail-
ures were clearly structurally controlled by fracture
propagation and coalescence of brittle discontinuities.
Regional earthquake data suggest a considerable neo-
tectonical influence on slope instabilities.Active fault-
ing can directly trigger mass movements, but above all,
effectively prepare these by increasing fracture density
to substantial depths.

Debris flow activity, glacier fluctuations and case
studies from adjacent landslide areas are proxy of pale-
oclimatic conditions and indicate periods of raised
precipitation and groundwater flows. These control
pore pressure within the fractured rock masses and
favour progressive failure.

Thus, structurally and morphologically predisposed
mass movements were prepared and triggered by
the complex and polyphase interaction of several
rock strength degrading processes. Deep-seated slope
deformations may be attributed to initiation, prop-
agation and coalescence of brittle discontinuities,
favoured by seismic activity and climatically con-
trolled pore pressure changes. Any of these destabil-
ising processes, even if only at subcritical thresholds,
can trigger a failure event if slope stability is already
close to its limit equilibrium.
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