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ABSTRACT

Rockfalls that trigger scree-laden snow avalanches are common in mountain

ranges, but the resulting avalanche development and its role in understand-

ing the sedimentology of scree slopes are rarely described in detail. On

Riepenwand (2774 m above sea-level, Kalkk€ogel range, Alps), on 6 May 2011

a 5800 m3 rockfall of dolostone detached from the flank of a gorge in the

upper part of the mountain. After first collapsing into the gorge, the

fragmented rock mass fell down freely for 150 m onto a talus covered by

coarse-granular snow. Rockfall impact triggered a medium-scale avalanche

that developed: (i) a lower layer A of entrained, pure snow; and (ii) an upper

layer B of clay-sized to boulder-sized fragments mixed with snow. This

‘two-layer scree/snow avalanche’ halted in the distal slope segment of the

talus. Boulders within layer B mainly came to rest in the distal part of the

avalanche deposit. Fragments smaller than cobble-size grade did not show

obvious downslope segregation. With snowmelt, the rockfall fragments dis-

persed in layer B were concentrated to a clast-supported veneer that was

draped over the older talus surface upon slower melting of avalanche layer

A. In the grain-size fraction ≤16 mm, a mean of 5 wt% matrix (silt-sized to

clay-sized grains) of the rockfall-derived scree of layer B is similar to a mean

matrix content of 7 wt% within stratified talus slopes of the Kalkk€ogel range.

This similarity suggests that a major share of matrix – widespread in strati-

fied talus – stems from rockfalls. The characteristics of the scree veneer as

melt-lag of a scree-laden snow avalanche will be blurred with time. Fossil

talus successions may contain a substantial proportion of scree carried down

by snow avalanches. The formation of a distinct sedimentary facies of snow

avalanche-deposited scree is impeded by processes of redeposition and

deposit modification on talus.
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INTRODUCTION

Effects of snow avalanches on the shape and
surface characteristics of scree slopes are
described in many papers, chiefly with a geo-
morphological perspective (e.g. Rapp, 1959,

1960; Gardner, 1970; Luckman, 1977, 1988;
Corner, 1980; Fitzharris & Owen, 1984; Ward,
1985; Ballantyne, 1987; Andr�e, 1990; Bell et al.,
1990; Jomelli & Francou, 2000; Jomelli &
Bertran, 2001; De Scally & Owens, 2005; Deca-
ulne & Saemundsson, 2006, 2010; Owen et al.,
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2006; Johnson & Smith, 2010). Most examples of
scree transport by snow avalanches were inter-
preted weeks to months after the event, when
the deposit had already been modified by snow-
melt; this is explained by the sheer remoteness
of many sites and/or the danger of access during
winter to spring. In addition, the precise timing
of snow avalanching at a given site, and the type
of avalanche formed, are difficult to foresee.
Scree-laden snow avalanches triggered by large
rockfalls hence are rarely, if ever, described
immediately after occurrence.
Although snow avalanches are common on

talus slopes, to date only a few authors have
suggested criteria for identification of avalanche-
deposited scree (Blikra & Nemec, 1998; Blikra &
Selvik, 1998; Nemec & Kazanci, 1999). A dis-
tinction between surface features of scree slopes
and sedimentary facies of talus is significant
because only a limited set of process indicators
– as seen on the surface – can enter the final
sedimentary record. As outlined herein, snow-
avalanche transported scree perhaps comprises a
significant proportion of talus successions, yet
clear-cut distinction from other processes of
transport and depositional overprint may remain
difficult. Another question in talus sedimento-
logy which is still largely unsolved concerns the
origins of matrix of silt-size to clay-size grade.
In the field, this matrix appears as a more-or-less
cohesive mud. Apart from clasts mainly of peb-
ble to boulder size, talus successions invariably
host a substantial amount of matrix (Sanders
et al., 2010). This was cursorily noted previ-
ously (e.g. Ampferer, 1907; Rapp, 1960; Br€uckl
et al., 1974; Luckman, 1977; Ballantyne, 1987;
Hinchliffe et al., 1998; Bertran & Texier, 1999;
Curry & Morris, 2004) but was not taken as a
separate research focus. First results from
carbonate-lithic scree slopes of the Eastern Alps
indicated that matrix can result from variegated
processes acting both on the rock cliffs and on
the talus (Sanders et al., 2010). Depending on
volume and fall height, rockfalls generate more-
or-less large dust clouds that may veneer exten-
sive areas after fallout (cf. Wieczorek et al.,
2000; Sanders et al., 2010; Heckmann et al.,
2012). Rockfall-generated dust, however, is
investigated only rarely in itself (Wieczorek
et al., 2000), and the potential role of rockfalls
in contributing matrix to scree-slope successions
as yet is poorly documented.
This article describes transport, deposition

and modification of scree in a wet-snow ava-
lanche forced off by a rockfall ca 5800 m3 in

volume that happened on 6 May 2011. The ava-
lanche developed into a two-layer snow flow
consisting of: (i) a layer of pure avalanche snow
gathered by entrainment; overridden by (ii) a
layer of rockfall-derived scree (boulders to clay-
size grade) mixed with snow. The rockfall took
place in the Kalkk€ogel range near the doorstep
of Innsbruck city (Austria; Fig. 1), was recorded
seismographically, and was photographed a few
hours after the event from a helicopter. In addi-
tion, the deposit could be reached easily by hik-
ing a 900 m ascent. Together, these factors
provided a rare opportunity to document: (i) a
scree-laden snow avalanche practically since the
moment of deposition; (ii) the characteristics
and distribution of clastic material in the pris-
tine avalanche deposit; (iii) modification of
deposit characteristics during snowmelt; and
(iv) the contents and grain-size distribution of
rockfall-generated matrix within the upper ava-
lanche layer. The observations presented herein
imply that a significant proportion of the matrix
of scree slopes may originate during larger rock-
falls.

SETTING

Geology

The Kalkk€ogel range (Fig. 1) is part of the East-
ern-Alpine (Austroalpine) edifice that consists of
stacked thrust nappes derived from the northern
margin of the Apulian microcontinent (Schmid
et al., 2004). The range consists of a Triassic me-
tasedimentary series resting parautochthonous
on polymetamorphic Austroalpine basement
(Geyssant, 1973; Frank et al., 1987). With
respect to morphology, the range is dominated
by two thick successions of metadolostones that
originally accumulated in peritidal environ-
ments of carbonate platforms (Geyssant, 1973;
Brandner et al., 2003). During Early Cretaceous
orogenic nappe stacking, the future Kalkk€ogel
were overridden by structurally higher nappes,
and metamorphosed at ca 450°C and 3�5 to
4 MPa (Dietrich, 1983; Donofrio, 2008). In the
Triassic platform dolostone series, meta-
morphism was not associated with penetrative
shearing and dynamic recrystallization; as a
result, both bedding and a few of the original
sedimentary structures (for example, tepees and
beds with stromatolithic lamination) are still
identifiable. The basal part of the Triassic series
had cooled to less than ca 110°C (apatite fission-
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track closure) at ca 60 Ma (F€ugenschuh et al.,
1997, 2000). At many locations, the metasedi-
mentary succession abuts the underlying base-
ment along normal faults of large throw
(Brandner et al., 2003). These faults result from
extension and lateral escape at right angles to
the compression exerted by the South-Alpine
indenter (F€ugenschuh et al., 2000). Global posi-
tioning system data and fault-plane solutions of
earthquakes along Wipp valley and Inn valley
(cf. Fig. 1) indicate that structural shortening
persists, or became re-activated (Reiter et al.,
2005).
The central and southern parts of the Kal-

kk€ogel range, including Mount Riepenwand,
consist of Upper Triassic metadolostones (Hau-

ptdolomit unit, Norian) up to 800 to 850 m in
thickness (Fig. 1B; Brandner et al., 2003). As a
result of subhorizontal to low-dipping, very
thick bedding of the Hauptdolomit, summits
tend to be of castellate form (cf. Cruden & Hu,
1999). During the Last Glacial Maximum (LGM),
the peaks of the Kalkk€ogel higher than 2300 to
2400 m a.s.l. stood as nunataks above the recon-
structed ice surface (Van Husen, 1987). The
scree slopes along the western face of the Kal-
kk€ogel range downlap onto glacigenic deposits
comprising terminal and lateral moraines, ‘flu-
ted’ moraine and rock glaciers (cf. Ladurner,
1932; Ampferer, 1943; Fig. 1B). The chronostra-
tigraphy of the glacigenic succession to date is
not established. Comparison with age-dated late-

BA

Fig. 1. (A) Position of the Kalkk€ogel range in Austria. Yellow rectangle shows area in panel (B). ‘A’: Meteorologi-
cal station Innsbruck-Flughafen (579 m a.s.l.); ‘B’: meteorological station Patscherkofel (2247 m a.s.l.). (B) Mount
Riepenwand, with detachment area of rockfall of 6 May 2011 (red blotch) and approximate downslope trajectory
of rockfall material (red arrow).

Fig. 2. (A) Satellite image of the north-western part of Riepenwand, with ‘summit gorges’ debouching into a sub-
vertical cliff. Rockfall volume of 6 May 2011 (‘6511’) is indicated by a red-shaded area. The scree slope is herein
subdivided into sectors I to V (see Table 1). The 6511-rockfall mainly affected sector III. Letters ‘A’ to ‘K’: Pre-
6511 rockfall boulders used as local reference system. (B) Laser scan of area in (A), showing the extent of rockfall-
induced avalanche, and approximate area of ‘splash haloes’ of rockfall impact. Inset in lower right: 2 m-isohypse
LIDAR-based profile along the summit gorge, cliff and scree slope. No vertical exaggeration. Alpha: Shadow angle,
30°; beta: fahrb€oschung, 54° (see text for discussion). Maps for both panels from: http://tiris.tirol.gv.at/.
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glacial moraines near the area, however, sug-
gests that the glacigenic package along the wes-
tern face of Kalkk€ogel accumulated mainly
during the Daun to Kromer–Kartell stadials (ter-
minal part of the late-glacial to early Holocene;
cf. Kerschner, 1986; Ivy-Ochs et al., 2006, 2009).

Mount Riepenwand and talus

Mount Riepenwand consists of a lower edifice
bounded by vertical cliffs between ca 150 m and
300 m in height, depending on location, and a
roughly pyramid-shaped upper edifice up to the
summit (Fig. 1B). The north-west facing facet of
the upper edifice is riddled by deep ‘summit
gorges’ that formed by incision along a promi-
nent set of structural discontinuities (joints and
faults; Figs 2A and 3; Sanders, 2011). Snow
trapped in the gorges turns to corn snow later in
the year, but no perennial tongues of ice or firn
are known. The summit gorges are conduits for
rockfalls detached from their flanking cliffs, and
for surface runoff (Fig. 3).

The north-west facing scree slope of Rie-
penwand, herein termed Riepen talus, is
divided into five sectors (Table 1; Fig. 2A). On
slope sectors I and II small, full-depth wet-
snow avalanches probably triggered by instabil-
ity of the snow cover are common. Conversely,
on slope sector III, of most interest herein,
snow avalanches were not observed prior to
the considered rockfall. In its distal, low-
dipping part (ca 2260 to 2300 m a.s.l.) the sur-
face of slope sector III consists of boulders to
fine pebbles (Figs 2 and 3). Cursory field obser-
vations since 2001, and comparison with satel-
lite images from 2000 to 2007 (www.tirol.gv.at/
statistik-budget/statistik-tiris/tiris-kartendienste/),
indicate that the distal part of sector III is
rarely supplied with sediment; this is also sup-
ported by fully lichenized surfaces of pebbles
to boulders. Upslope of 2300 to 2305 m a.s.l.,
prior to the 6511-rockfall, the surface of slope
sector III consisted of cobbly to pebbly scree,
and showed an overall upslope fining of mean
grain size (Fig. 3). Upward of 2320 m a.s.l.,

Fig. 3. North-west face of
Riepenwand, with scheme of
rockfall/snow-avalanche.
Photograph taken prior to the
event. The summit gorges (white
arrows) focus surface run-off and
rockfalls detached from their
flanks. The cliff bears two
tintenstriche (ti) that are wet for
most of the year. The exit of the
summit gorges corresponds with
two incised chutes (blue arrows)
on the scree slope. The chutes
conduit ephemeral surface run-off
and debris flows (df). The red-
shaded area shows reconstructed
fallen rock volume. The rock mass
collapsed into the summit gorge (1)
and fell down freely over ca 150 m
in height onto the snow-covered
talus (2; see also Fig. 5). The
impact of the mass of rock
fragments triggered an avalanche
composed of scree and snow
(3, see text). Dashed red line:
approximate outline of the 6511-
avalanche deposit (cf. Fig. 5). Pre-
6511 rockfall boulders labelled ‘B’
to ‘K’ provided a local reference
system (Fig. 2).
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prior to the rockfall, the talus surface steep-
ened over a distance of a few tens of metres
into a rectilinear proximal slope segment ca
170 m in length (inset profile in Fig. 2B). The
small, but distinct slope sector IV is not influ-
enced by linear surface run-off (Fig. 2A). The
apex of this talus sector is a ridge about 1 m
in height parallel to the cliff toe; such ridges
are depositional features formed by small rock
showers, ‘wash-down’ of material from the cliff
surface during rain storms, and stone-laden
snow cascading down (Kilian, 2008). Slope sec-
tor V is supplied with scree both from Rie-
penwand and from another summit further
south (Schlicker Seespitze, 2804 m a.s.l.; not
shown). There are no quantitative data on the
thickness of corn-snow cover on slope sector
III immediately before the rockfall event on 6
May 2011 (in the following briefly designated
as 6511-event). On 11 May 2011, the first field
trip to the location, the snow cover on the

well-lit moraine field ahead of the western
cliffs was patchy, but attained more than 1 m
in thickness in morphological depressions. It is
thus inferred that the snow cover on Riepen
talus was at least a few decimetres to one
metre in thickness on the day of the event.

Climate

No temperature and precipitation records are
available for the Kalkk€ogel range. The two near-
est meteorological stations are Patscherkofel
(2247 m a.s.l.) and Innsbruck-Flughafen (579 m
a.s.l.; Fig. 1A). Their records, and contoured
maps of monthly climate relative to the mean of
1971 to 2000 (available at www.zamg.at), indi-
cate that late winter and spring 2011 had been
exceptionally warm and dry (Fig. 4A and B). In
the monthly means, an above ‘mean 1971 to
2000’ precipitation is indicated for May 2011
(Fig. 4B). From 1 May to 4 May 2011, in the

Table 1. Features of scree-slope sectors I to V along Riepenwand (see Fig. 2).

Slope sector Supply, characteristics Remarks

Sector I Supplied by rockfalls from Riepenwand
and from the southern pedestal of Grosse
Ochsenwand (cf. Fig. 1B).
Lower part of slope of concave shape,
merges laterally with sector II

On both slope sectors I and II,
small, full-depth avalanches
are common in spring (based
on 11 years of observation)
Downslope redeposition of scree
mainly by particle creep,
frictional grain flow, and transport
by full-depth snow avalanches

Sector II Supplied by rockfalls from Riepenwand.
Lower part of slope of concave shape,
merges laterally with sector I

Sector III Supplied by rockfalls focussed mainly into
the summit gorges of Riepenwand cliff,
resulting in point input of scree.
Dull-cone shaped apical part of relatively
well-sorted, fine-grained composition.
Distal part of slope with boulders

No full-depth snow avalanche was
observed on this part of the slope before
the rockfall event of 6 May 2011

Sector IV Cliff above this slope sector is 220 m
in height.
Slope sector supplied by: (i) small rockfalls
and wash-down of material from the
rock cliff above; and (ii) in its distal part,
from lateral advection of material from
sectors III and V.
Supply by small rockfalls and wash-down
of material from the rock cliff produced
a scree ridge ca 1 m in height along the
cliff toe

Small slope sector of distinct
character

Sector V Supplied with scree from the west and
south-west facing cliffs of Mount
Riepenwand (see Fig. 1B) and from the
north-west slope of Schlicker Seespitze
(2804 m a.s.l., not shown)

Ground avalanches common:
(i) avalanches detached within
and riding on snow cover (= not
relevant to scree transport); and
(ii) full-depth avalanches with scree
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Fig. 4. Temperature (A) and precipitation records (B) of meteostations near the Kalkk€ogel range. Dots indicate
monthly means for station Innsbruck-Flughafen and station Patscherkofel (see Fig. 1A). Red and blue bars are
taken from contoured monthly climate maps. (C) Seismograms of three locations nearest to the rockfall event. Data
source for (A) to (C): Zentralanstalt f€ur Meteorologie und Geodynamik, Vienna (www.zamg.ac.at/fix/klima/jb2011/
index_e.html).
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region of Innsbruck, temperatures above the
1971 to 2000 mean were combined with cloudy
sky but only trace amounts of rain; fair weather
re-established on 5 May. The higher than ave-
rage mean monthly precipitation of May 2011
(Fig. 4B) was attained almost entirely during the
second half of the month. There is thus no
evidence that the 6511-rockfall was triggered by
strong precipitation. The potential role of the
exceptionally warm late winter and spring is
discussed below.

Seismic activity

There is no evidence that the rockfall of 6 May
2011 was triggered by a macroseismic event.
According to the seismic record of the Zentra-
lanstalt f€ur Meteorologie und Geodynamik
(Vienna), for May 2011, an event with an epi-
central Richter magnitude M = 2�3 took place on
13 May in Gurk, approximately 250 km ESE of
Riepenwand. In addition, two stronger earth-
quakes at remote locations (a: Murcia region,
Spain, M = 5�1, 11 May; b: western Turkey,
M = 5�8, 19 May) were not macroseismically
recorded in the study area, and not of correct
timing to provide an explanation for the 6511-
event (see: zamg.ac.at/fix/geophys/K11-05.pdf).
On 21 June 2011, another notable rockfall took
place on Riepenwand, albeit much smaller in
volume than the event of 6 May (see below).
Again, there is no evidence that the second
rockfall was triggered by macroseismicity: at
00:14 hours on 22 June 2011 an earthquake of
M = 2�9 epicentred near the village of Axams,
7 km north of Riepenwand, ca 8 h after the
rockfall of the preceding day (see: zamg.ac.at/
fix/geophys/K11-06.pdf). There is also no report
of another larger rockfall from Riepenwand that
could have been triggered by that earthquake.

METHODS AND DEFINITIONS

Snow shows an extremely wide range of
physical properties, as does the behaviour of
avalanches (e.g. Pudasaini & Hutter, 2007). In
the present study, if not otherwise noted, only
ground-hugging avalanches (ground avalanches)
are addressed, because this is the avalanche type
of the considered event. The term ‘scree’ is
herein used as an umbrella for all talus material
of boulder-size to clay-size grade. Because inves-
tigations of Riepen talus had started earlier
(Kilian, 2008; Reichhalter, 2009), both the scree

slope and the cliff were photographed every year
since spring 2008. These investigations
facilitated identification of changes due to the
6511-rockfall. Comparison of field photographs
of the rockfall detachment area before and after
the event, and comparison of field photographs
with satellite orthoimages and LIDAR-based
topography taken before the event, allowed the
outline of the detached rock mass within a
LIDAR-based, three-dimensional isohypse model
with 2 m altitude resolution. Volume determina-
tion was made in AutoCAD (Version 2009) by
addition of the volumes of 2 m altitude incre-
ments of the defaced rock mass (Fuhrmann,
2012). The characteristics and changes of the
6511-deposit were inspected during a total of
eight field trips from 11 May (first) to 5 October
(last) in the year 2011, and by three field trips in
2012 (last on 3 October 2012). Until September
2011, due to frequent smaller scale rockfalls, it
was impossible to approach the apex of Riepen
talus. In the field, to distinguish older scree
from material brought down with the 6511-event
and its aftermath, a distinct difference in degree
of weathering, infestation and lichenization of
rock surfaces was taken as an indicator. Boul-
ders scattered on the talus surface before the
event were spotted and labelled in satellite or-
thophotographs, in LIDAR images, and in the
field (cf. Figs 2 and 3). Boulder labelling was
done to: (i) clearly identify new boulders
brought in by the 6511-event; and (ii) help in
mapping the extent of the 6511-deposit. Field
mapping of the deposit was done in comparison
with pre-rockfall laser scans and satellite ortho-
photographs.
To document the grain-size distribution of the

sediment fraction smaller than 16 mm grain
size, 11 samples each ca 2�5 to 3 kg were col-
lected. To achieve a representative grain-size
distribution of the entire 6511-event deposit,
because of the abundance of cobbles to boulders,
at least a few tons of sediment including boul-
ders should be sieved (see, e.g. Crosta et al.,
2007). To determine the content of clay-sized to
sand-sized material in the sediment fraction up
to 16 mm, however, samples of the indicated
mass were sufficient. The scree veneer on top of
the 6511-avalanche was sampled in the distal
part of the deposit, i.e. in the part that had been
accessible since the day of the rockfall event.
Sampling locations were distributed randomly
across the distal part of the avalanche deposit.
At each location, the scree veneer of typically
some 10 to 30 cm in thickness (see below) was
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sampled down to its base. Because only the
grain-size distribution of the sediment fraction
up to 16 mm was in target, larger pebbles to
cobbles were not sampled in the field. On 16
September 2011, the frequency of rock falls was
low enough for the first time to allow for sedi-
ment sampling of the apex of Riepen talus under
sensible risk. At the apex, three samples were
taken from the flank of a small ravine incised
into the apical sediment (see illustrations
below). As outlined below, the apical sediment
sampled on 16 September 2011 is not identical
to the apical sediment of the day of the rockfall
event. Nevertheless, the apex was sampled for
comparison with the scree veneer in the distal
part of the avalanche deposit. The grain-size dis-
tributions up to 16 mm in size of the samples
from the 6511-event deposit and of the talus
apex were compared with the same sediment
fraction (up to 16 mm in size) from stratified
talus slopes of the Kalkk€ogel range. The strati-
fied talus slopes were sampled per layer from
surface to bottom within a total of 11 ditches
excavated down to ca 50 to 60 cm below the
slope surface. In the ditches, individual strata
were distinguished by vertical differences in
mean grain size and sorting. These strata were
sampled in total, that is, no clast size fraction
was omitted (as in the case of the 6511-sediment
veneer in the distal part of the avalanche depo-
sits). In the final assessments of grain-size distri-
butions, however, only the relative weight
percentage of grain size classes up to 16 mm
was considered. All of the sediment samples
were sieved by washing. Before sieving, each
sample was dried for 24 h at 50°C in a stove,
then weighed. The dry weighed sample then
was bathed in water plus a few drops of rinsing
agent, to prevent coagulation of fine-grained sed-
iment. After 24 h of waterlogging, the samples
were churned gently to disintegrate potential

clumps of the mud-sized sediment fraction, then
sieved. The sediment fractions between 4 mm
and 0�063 mm in calibre were sieved under
shaking with 50 Hz for 45 min. The sediment
fraction <0�063 mm in grain size (silt-size to
clay-size), mud-size fraction, was held back.
Next, all grain-size fractions were dried at 70°C
for at least 12 h, then weighed.
The grain-size distribution of the rockfall-pro-

duced sediment fraction smaller than 2 mm in
size was determined with a Malvern Mastersiz-
er 2000� laser diffractometer (Malvern Instru-
ments Limited, Malvern, UK) with a size
detection range from 0�02 to 2000 μm. In prepa-
ration for measurement, the samples were dry-
sieved gently to eliminate particles >2 mm in
size. Dry sieving was preferred to prevent, as
far as possible, potential dissolution loss of
ultra-fine particles. To prepare the solution for
laser measurement, 25 g of Calgonit� (active
constituent: sodium hexametaphosphate;
[NaPO3]6) was dissolved in 500 ml of Aqua
bidest. Next, 1 g of dry-sieved sample was stir-
red up in 5 ml of the solution, plus 5 ml of
Aqua bidest. The resulting sample solution
then was left to rest for ca 10 h, to enable dis-
coagulation of aggregates of fine grains. In this
step, part of the ultra-fine sediment fraction
may have been lost by chemical dissolution
(see below for discussion). Measurements were
made with a red He-Ne laser (wave length
0�632 μm) and with blue light (wave length
0�466 μm). Each sample solution was measured
18 times, subdivided into packages of three
measurements each (six packages in total). Each
package was immediately preceded by an ultra-
sonic impulse 15 sec in duration, to disaggre-
gate potential clumps of fine grains. During
measurements, the duration of ultrasonic input
was increased in 15 sec increments, from 0 sec
in the first package to 90 sec in the final pack-

Fig. 5. (A) Riepenwand, 6 May 2011, 12:13 hours. Note the elongate shape of the scree/snow avalanche deposit
(upper part outlined by white dots). Abundant smaller rockfall still fell out of the summit gorge (cf. Figs 2 and 3).
Note the outer limit (red dots) of rockfall dust settled on snow. (B) Rockfall-induced avalanche, 6 May 2011, 12:13
hours. Pre-rockfall boulders are labelled ‘B’ to ‘M’ (see Fig. 2). Note the elongate shape and marginal rim of the
avalanche deposit. Boulder cluster labelled 1 (red arrow) and boulder labelled 2 (red arrow) were deposited during
the event. (C) Detail of (B). Cluster of 6511-rockfall boulders (labelled 1) in the proximal part of the slope. Red dots
mark the boundary between avalanche and splash halo of pebble to clay-sized material blown out upon rockfall
impact. Note also the track of a ‘latecomer boulder’ (red arrows) rolled down on top of snow cover. (D) Detail of
(B). Note: (i) margin and front of 6511-avalanche; (ii) 6511-boulder labelled 2; and (iii) track of ‘latecomer boulder’
rolled down on the avalanche deposit (red arrow). Photographs (A) to (D) by Dr Michael Said. (E) Rockfall scar
(outlined by red dots), and rockfall boulder pinched in the summit gorge, 6 May 2011, ca 14:00 hours. Photograph
by Heinz Moser. (F) Rockfall on 21 June 2011. This event mainly resulted in a dust cloud, and did not affect the
distal part of the 6511-deposit. Photograph available at: http://tirol.orf.at/stories/522404/.

© 2013 The Authors. © 2013 International Association of Sedimentologists, Sedimentology, 61, 996–1030

1004 D. Sanders et al.



age. Automated calculation of grain-size distri-
bution was based on Fraunhofer diffraction the-
ory. Grain-size distributions were calculated
with a mean refractive index of dolomite of
1�65, and an absorption coefficient AC of 0�1;
in fine-grained carbonate deposits, this AC has

proven sufficient to eliminate artificial peaks
(see Sperazza et al., 2004). A few samples were
re-calculated with an AC of 0�5; the resulting
grain-size distributions did not change with
respect to their bimodal form, and only insig-
nificantly with respect to relative volume per-

A B

C D

E F
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centages, from those calculated with AC = 0�1.
This distribution supports the overall validity
of results. The intensity of the diffracted laser
light was detected with 52 sensors, and with
1000 detections per second.
Six samples were chosen for scanning electron

microscope (SEM) investigation of the dust fall-
out and of fine-grained matrix generated during
the rockfall event. For SEM inspection, a small
portion of dry fine-grained sediment was littered
onto a chip of adhesive tape, and inserted unsp-
uttered into the SEM vacuum chamber. Electron
microscopic inspection was done with a Digital
Scanning Microscope JEOL JSM-5130LV (JEOL
Limited, Tokyo, Japan) in low-vacuum mode,
at 25 kV acceleration voltage, a gun current of
5 lA, with a backscattered electron detec-
tor. Scanning electron microscope inspection
of angular, very fine-grained materials is
cumbersome due to electric charging of edges
and peaks, and trembling or jumping of grains;
overall, however, the samples were stable
enough to allow for photographs up to a
magnification of 3�5 to 5 k.

THE ROCKFALL

Event on 6 May 2011

The rockfall, with a reconstructed total volume
of 5878 m3 (Fuhrmann, 2012), induced a micro-
seismic event. The earliest P-wave incidence
was recorded at 05:22:9�3 UTC (07:22:9�3 hours
local time; Fig. 4C). From the first incidence of
P-waves, the seismograms show an overall grad-
ual increase in amplitude, in particular after the
incidence of S-waves a few seconds later. Wave
trains of relatively large amplitude persist until
ca 07:22:30 to 07:22:40 local time, then gradu-
ally fade out to background (Fig. 4C). In the seis-
mograms, the poor differentiation into wave
packages combined with gradual fadeout of
ground acceleration is considered typical of
gravitational mass movements. No other micro-
seismic event was recorded in this area for 6
May 2011, suggesting that the main event from
collapse into the gorge via free fall over the cliff
to stopping of the scree-laden snow avalanche
needed between ca 20 sec and 30 sec.
The rockfall produced a large dust cloud that

was not photographed. A constraint on cloud
size, however, was deduced by dust fallen out
onto snow and vegetation near the avalanche
deposit (Fig. 5A). The dustfall indicated that the

cloud had a size of ca 800 9 500 m, which is
probably a minimum estimate. The dust fallout
on snow was of overall northward-skewed
shape, i.e. the cloud slowly drifted towards the
north while settling. In the morning on 6 May
2011, the Tyrolean federal emergency centre
received a telephone call indicating ‘smoke’ by
the caller who reported a fire. Examination with
binoculars, however, showed that it was dust,
and it was assumed correctly that a larger rock-
fall had taken place. At that time of the year, the
Kalkk€ogel range is only occasionally visited by
hikers or back country skiers. Because fatalities
were not expected, a search was not started
immediately. A request to check the situation
was, however, sent to an ambulance helicopter
that was to set off to a ski resort on a glacier
south-west of the Kalkk€ogel. Helicopter flight
#342/2011 took off from Innsbruck airport at
12:08 hours, and passed Riepen talus between
12:13 hours and 12:14 hours. On this first pass,
the area was photographed from the helicopter.
On the occasion of the first helicopter bypass
the extent and lobate shape of the mixed snow/
scree avalanche was developed fully as observed
on the first field trip (Fig. 5A to D). These obser-
vations suggest that the rockfall events that were
responsible for shaping the final snow/scree
deposit indeed had started at 07:22 hours local
time.
When the helicopter first passed by, the large

dust cloud of the main event had already set-
tled. Smaller subsequent rockfalls, however,
continued to produce dust veils (Fig. 5A). None
of these subsequent rockfalls, however, was of
sufficient volume to change the external shape
and features of the entire deposit. In the upper
part of the talus, however, numerous smaller
rockfalls that continued for months after the
main event led to vertical aggradation in the
range of a few metres (see below). On the same
day (6 May 2011), the next helicopter flight
#343/2011 started at 13:33 hours from Innsbruck
airport, and Riepen talus was passed again
between 13:38 hours and 13:39 hours and photo-
graphed a second time. On this occasion, the
mixed snow/scree avalanche showed the very
same features as during the first pass. Smaller
rockfalls and associated dust veils, however,
continued with practically the same intensity as
during the first bypass. Around 14:00 hours on 6
May, the rockfall deposit was seen from the
ground by a hiker who was resting in front of
Adolf-Pichler hut (1977 m a.s.l.). The hiker pho-
tographed the defacement scar of the rockfall
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from ca 1 km distance (Fig. 5E) with a zoom
lens. Closer examination was not possible due
to perpetual rumbling and crashing of rockfalls.
Comparison of these photographs and photo-
graphs taken five days later, further underscore
that the major volume of rockfall took place in
the morning on 6 May 2011.

Early aftermath

The first field trip was made five days after the
event, on 11 May 2011. The defacement scar
of the rockfall and the avalanche deposit were
photographed, and samples of rockfall-generated
dust and sediment were collected. On 11 May,
small rockfalls still defaced nearly perpetually
from the scar, and the proximal sector of Riepen
talus was exposed to numerous impacts. Small
rockfalls were reported to have taken place
every day from the same defacement scar that
had formed on 6 May in the vicinity of the
Adolf-Pichler hut (which opened on 1 June
2011). Local information indicated that rockfall
activity diminished overnight but then intensi-
fied during the late morning of the next day,
concurring with later field observations.
On 21 June 2011, another notable rockfall

occurred close to 16:00 hours. This event, too,
was photographed by hikers (Fig. 5F). Three
published photographs (http://tirol.orf.at/stories/
522404) strongly suggest that this second rock-
fall detached from the same scar as the first one
of 6 May. Comparative analysis of photographs
of Riepen talus before and after, however, show
that the second rockfall was not of sufficient
magnitude to modify the outline and main char-
acteristics of the lobate snow-avalanche/scree
deposit formed on 6 May; this holds also for the
number and distribution of boulders (see below).
It is assumed that during the second event much
or most of the rockfall material was battered to
dust and sand-sized material while clashing
down the summit canyon. After this second
event, again, rockshowering typically weakened
during the night and increased from ca 09:00 to
10:00 hours. Rockshowering, overall, gradually
faded out over a period of months. After seven
field visits, the first day witnessed as practically
devoid of rock showers was 16 September 2011.
On that day, the apex of Riepen talus was sam-
pled. The last field visit in 2011 was on 5 Octo-
ber. At that time, despite significant volume loss
by meltdown, some of the avalanche snow
underneath the scree still had not completely
melted; the snow had metamorphosed into a

compact, frozen mass of firn that was impossible
to penetrate with the avalanche sounder. In
October 2011, in other areas of the Kalkk€ogel
range, snow from the previous winter had
melted completely. During the snow-rich winter
of 2011/2012, snow cover accumulated that was
contiguous until about the end of April 2012.

DEPOSIT

Initial features

The features documented on the day of the rock-
fall event until the first field trip on 11 May
2011 are subsumed as ‘initial’ features of the
deposit. Shortly after the event, the surface of
the deposit showed: (i) a relatively wide, elon-
gate, central part of scree and scree mixed with
snow (Figs 5B, C and 6A); and (ii) elevated
lev�ees of avalanche snow mixed with scree.
These lev�ees extended down from the proximal
part of Riepen talus, increased in height and
width downslope, and merged with a distinct
frontal part of the avalanche (Fig. 5D). Wherever
tested, the scree/snow-avalanche deposit
showed a two-layer composition of: a lower
layer A of pure avalanche snow, veneered by an
upper layer B of snow mixed with rockfall-
generated scree of clay-size to boulder-size sedi-
ment (Figs 6B, C and 7). Both on 6 May and
during the first field trip on 11 May, however,
most of the rockfall-related boulders in layer B
barely protruded from the snow (Figs 6 and 7).
Only a few boulders projected distinctly above
the scree-laden snow (Figs 5C, D and 6A). Boul-
ders more than ca 4 to 5 m in width, and that
were located on the slope before the rockfall
event, had remained in place while being
spilled over by the avalanche (Fig. 6A). In the
distal part of the deposit, soundings at nume-
rous locations with a 4�2 m avalanche sounder
did not reach ground. On the other hand, expo-
sure of pre-rockfall boulders along the snout of
the avalanche suggested that the distal part of
the avalanche was up to ca 5 to 7 m in thick-
ness. The observation that the sounder could be
pushed down into the avalanche snow over its
entire length, without reaching an obstacle, con-
firms that layer A was devoid of lithoclasts at
least down to near its base.
In the apical to proximal slope sector of Rie-

pen talus, the snow cover beyond the margins of
the scree/snow-avalanche was veneered with a
‘stray’ of angular, medium pebble-sized to sand-
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sized lithoclasts embedded in a fine-grained
matrix of rockfall-derived material (splash
haloes indicated in Figs 2B, 5C and 6A). In
addition, a few small ‘outrunner’ boulders less
than ca 1�5 m in diameter with unweathered,
freshly produced fracture surfaces were found
downslope beyond the front of the 6511-ava-
lanche. The helicopter photographs are of a high
enough resolution to show that at least a few of
the boulders had bounced and slid down on top
of the scree/snow-avalanche deposit shortly after
its emplacement (Fig. 5C and D).

Post-depositional changes, 2011

According to accessibility in the wake of the
rockfall, the post-event changes of the deposit
are described in upslope order from the distal to
apical part of slope. In the distal part, the first
change was rapid meltout of scree from the surfi-
cial avalanche layer B of scree mixed with snow
(Fig. 6). This change was probably propelled by
moderately intense rain from a weather front
passing on 8 May, followed by exceptionally
warm weather from 8 to 13 May 2011. With the
progressive disappearance of its matrix of snow,
and with progressive downmelting of the under-
lying pure snow, the clastic material of ava-

lanche layer B merged into a continuous,
clast-supported drape containing material of
cobble-size to clay-size grade. The drape typi-
cally ranged from 10 to 30 cm in thickness. The
snow matrix of layer B everywhere had melted
completely by 26 June (second field trip), while
the underlying, pure snow of avalanche layer A
was still undergoing melting. A comparison of
field photographs from 6 May, 11 May and 26
June suggests that layer B originally was between
ca 50 cm to perhaps 200 cm in thickness. In the
months after the event, wherever excavations in
the distal part of the avalanche deposit were
made, the same layering was revealed: a surficial
layer B of unsorted scree of grains of clay-size to
boulder-size, sharply underlain by layer A of
compacted avalanche snow with slide planes
subparallel to local slope dip. In addition, melt-
back of avalanche snow away from the flanks of
pre-6511 rockfall boulders resulted in gashes that
revealed the two-layer internal structure of the
scree/snow-avalanche (Fig. 7A and B). Notably,
avalanche layer B initially did not show an
inverse grading of the clay-sized to boulder-sized
sediment fraction (cf. Fig. 6B and C); during
snowmelt, however, layer B developed inverse
grading (Fig. 7C and D). From May to August
2011, the avalanche snow metamorphosed from

A

B C

Fig. 6. (A) Overview of the
avalanche deposit on 11 May 2011,
five days after the event. Note: (i)
cluster of boulders (red arrow
labelled 1) emplaced during the
event (cf. Figs 2 and 5); and (ii)
avalanche ‘flow shadows’ (outlined
by red arrowtips) downward of pre-
6511 rockfall boulders ‘G’ to ‘J’,
exposing avalanche snow
(avalanche layer A, see text). Red-
dashed bedding surfaces labelled 1
to 3 sustained an estimate of
aggradation in the apical part of
Riepen talus (cf. Fig. 14). (B)
Northward view along the snout of
the 6511-avalanche deposit, 11 May
2011. Avalanche snow veneered
with melted-out scree represents
the distal fringe of the event
deposit. Width of view in the
foreground ca 5 m. (C) Surface of
distal part of 6511-avalanche, 11
May 2011. Unsorted scree melting
out from snow of avalanche layer B.
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compacted corn snow that was penetrable with
an avalanche sounder into icy firn. The icy firn,
in turn, could be penetrated only to a depth of
a few centimetres to decimetres, and this
remained so until the last field visit in October
2011. Laterally variable meltdown of avalanche

layer A amplified the transient surface relief of
the ‘scree + snow’ deposit, and revealed boul-
ders carried within layer B of the avalanche
(Fig. 8A and B). In the medial part of slope, after
meltdown of layer B of the avalanche deposit,
the slope surface was paved with a veneer of

A B

C D

Fig. 7. (A) and (B) Excavations in the distal part of the avalanche deposit, 27 June 2011. Wherever made, excava-
tions showed a lower layer A of pure avalanche snow with slide planes (light-grey lines labelled by blue arrows), ve-
neered by an upper layer B of scree. Layer B results from meltout of scree from a former ‘scree + snow’ mixture in
the shallow part of the avalanche (see Fig. 5). Pen (encircled) is 14 cm, hammer is 35 cm in length. (C) Excavation
into distal part of avalanche deposit on 5 October 2011, showing vertical layering similar to panels (A) and (B). Red
rectangle shows area of panel (D). (D) Scree veneer with inverse grading of grain size. Scale in centimetres.
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cobbles to small boulders up to ca 1 m in size
(Fig. 8C).

Avalanche splash fringe
The distalmost fringe of the 6511-snow/scree
avalanche was a comparatively thin veneer of
snow mixed with relatively fine-grained scree
(Fig. 6B). After snowmelt, this veneer was
draped over the pre 6511-talus surface. Locally,
the veneer contained a sizeable amount of
matrix (silt-sized to clay-sized lithoclastic mate-
rial; Fig. 8D); at other locations, the veneer was
poor in or devoid of matrix (Fig. 8E). Meltdown
of snow beneath the splash halo of the 6511-
rockfall (cf. Figs 2B and 6C) resulted in a drape
composed of rockfall-derived, angular medium
pebbles to matrix (Fig. 8F).

Avalanche margins and boulders
The elevated rims or margins of the 6511-ava-
lanche showed internal features and a stratigra-
phy analogous to the distal part of the deposit
(Fig. 9A). As mentioned, initially, a relatively
large number of boulders up to ca 2�5 m in size
within the distal part of the avalanche was hidden
within the snow of avalanche layer B. Snowmelt
revealed a loose ‘scatter’ of 6511-boulders that
came to rest on the distal part of slope, yet none
was carried to the distalmost fringe of the original
avalanche (Fig. 8A and B). Locally, clusters of
boulders were observed (Fig. 9B). With snow-
melt, then, the 6511-boulders projected above
the surrounding deposit, and were supported by
the melting avalanche snow. Snowmelt resulted
in transient fabrics with boulders perched in pre-
carious positions (Fig. 9C). With the melting of
avalanche layer A, boulders not only sank verti-
cally down, but also crept downslope for at least
a few metres (Fig. 9D and E). With gradual dis-
appearance of the supporting snow, a few of the
boulders further disintegrated along joints within
the first months after the rockfall event (Fig. 9F).

Proximal to apical part
Relative to the distal part where early post-depo-
sitional changes are confined to effects induced
by snowmelt and rain, the proximal to apical
part of Riepen talus showed more significant
changes subsequent to the 6511 event. Compari-
son of the helicopter photographs of 6 May 2011
with later field photographs suggests that, imme-
diately after the event, the apex was of coarser-
grained and more poorly sorted composition
than it was later. Until about June 2011, due to
a hail from numerous smaller rockfalls and

ephemeral, stone-laden run-off out of the
summit gorge, the apex turned into a dull-cone
shape that showed a clear-cut downslope
increase, or downslope grading, from small
mean grain-size upslope to larger mean grain-
size downslope. Until about June 2011, the apex
consisted of relatively fine-grained material up
to coarse pebble size. Furthermore, its external
appearance suggested that it was richer in silt-
sized to clay-sized matrix than the more distal
parts of the slope. In addition, until about June
2011, the apex was devoid of linear erosion by
surface run-off as characteristic of, both, the
pre-6511 apex (see Fig. 2A) and its state a few
months after the rockfall event. After June 2011,
as mentioned, the frequency and volume of
smaller rockfalls gradually faded out, and the
apex started to become re-shaped by: (i) linear
erosion from surface run-off, in particular along
the contact to Riepenwand cliff; combined with
(ii) deposition of tongues of openwork pebbles
to cobbles; and (iii) by formation of a veneer of
fresh, rockfall-derived pebbles to cobbles on a
layer up to ca 5 cm thick, and concordant with
the talus surface, of firm, cohesive sand rich in
matrix of silt-sized to clay-sized material. On 16
September 2011, when the apex could firstly be
accessed, it consisted of well-sorted fine pebbles
to coarse sand with a matrix of cohesive carbo-
nate mud (Fig. 10A).

Dust halo
On the first field trip (11 May 2011), the rockfall
dust had coalesced into mammillary to sub-glob-
ular aggregates up to one centimetre in width.
This aggregation was observed both on the snow
cover and on the leaves and shoots of mosses
and plants. With the passing weeks, the dust
was progressively washed by rain onto the
underside of rockfall pebbles to boulders, where
it formed mammillary to vein-like draperies up
to a few millimetres in thickness (Fig. 10B).
Beyond the 6511-avalanche deposit, on boulder
surfaces facing the sky, the dust was washed
into small puddles by rain. In addition, after
snowmelt, the dust was coalesced to mammil-
lary aggregates on clast surfaces (Fig. 10C), and
was moulded to small patches on vegetated soil
(Fig. 10D). A second significant production of
rockfall-related dust took place on 21 June; this
input, however, occurred when the talus was
devoid of snow exposed at the surface (Fig. 5F).
Input of dust produced by frequent smaller
rockfalls, however, continued at least until
approximately July 2011.
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Fig. 8. (A) Northward view over the distal part of the avalanche deposit, 18 August 2011. The rugged topography
results from underlying avalanche snow, not sediment. Width of view in middleground ca 60 m. (B) Northward
view over the distal part of the avalanche deposit. Rugged surface is from underlying, downmelting, pure ava-
lanche snow (layer A); 18 August 2011. (C) Southward view over proximal segment of Riepen talus, consisting of
a veneer up to a few clasts in thickness of cobbles to small boulders derived from the 6511-rockfall and its after-
math; 16 September 2011. (D) Distal fringe of the avalanche after local snowmelt, 27 June 2011. Very-poorly sorted
rockfall clasts and intercalated, light-grey veneer of fine-grained matrix of clastic carbonate mud (silt-sized to clay-
sized sediment). (E) Lateral fringe of avalanche after snowmelt, 18 August 2011. Note: (i) shrubby vegetation of
pre-6511 talus surface; and (ii) difference between brownish-weathered, lichenized pre-6511 rockfall clasts (pc)
with litter of light-grey, angular, unlichenized clasts transported to the site by the avalanche. Pen: 14 cm. (F)
Detail of left-side splash halo after snowmelt, 6 July 2011. Pre-6511 talus cobble (tc) veneered by rockfall-derived
sediment of clay to medium pebble size. The pebbly sediment fraction throughout consists of angular unliche-
nized rock fragments, embedded on a cohesive matrix of clastic carbonate mud.
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Fig. 9. (A) Upslope view of the backmelting right margin of the avalanche, 6 July 2011. In snowmelt, the scree
veneer on top is redeposited in small cones (white stipples). Note also the layered appearance of the avalanche
snow. Width of view ca 6 m. Inset shows excavation at site, with pure avalanche snow veneered by scree. (B)
Cluster of boulders melted out of avalanche layer B, 18 August 2011. At the day of observation, these boulders
and the other, laterally adjacent scree still rested on pure avalanche snow. (C) Boulder perched on two other boul-
ders, 6 July 2011. The boulder cluster was underlain by pure avalanche snow. During later field trips, this fabric
was no longer present. (D) Backmelting snout of avalanche, showing pre-6511 rockfall boulder A, 6 July 2011.
Boulder X arrived with the avalanche; this boulder crept downslope for a few metres upon melting of underlying
avalanche snow [see (E)]. (E) Snowmelt in avalanche layer A has led to downslope creep of boulder X, and to
juxtaposition along the pre-6511 rockfall boulder A; 5 October 2011. (F) 6511-rockfall-derived boulder, disinte-
grated in situ upon downsinking with snowmelt, 5 October 2011. Note the fitted boundaries of open fractures.
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Scanning electron microscope investigation

In the distal part of Riepen talus, in SEM, two
samples (collected on 27 June 2011) of the rock-
fall-produced matrix of avalanche layer B show
an extremely poorly sorted mixture of grains of
mini-micrite (carbonate particles <1 μm; Folk,
1974) to sand (Fig. 11A). In the sediment frac-
tion smaller than ca 20 to 30 lm, nearly all
grains are of very angular shapes, and many
show sharp edges and acute apices resulting
from fracture (Fig. 11B). A small proportion of
the particles, however, are partly or largely
bounded by surfaces of the dolomite rhom-
bohedron (Fig. 11C). No or only inconclusive

indications of modification of particle shape by
dissolution or precipitation were observed
(Fig. 11B to D). In situ energy-dispersive X-ray
fluorescence analyses suggest that the mini-
micritic particles also consist of dolomite. In all
inspected samples of 6511-rockfall matrix, indi-
cations of chemical dissolution such as honey-
comb structure, pitting and dissolution channels
were very rare.
Two samples collected on 27 June 2011 of

rockfall-generated dust from: (i) a small puddle
on top of a boulder located south-west off Riepen
talus; and (ii) from a snow patch ca 10 m ahead
of the front of the 6511-rockfall deposit, showed

A B

C D

Fig. 10. (A) Apex of Riepen talus, 16 September 2011. Note the composition of the relatively well-sorted, fine-
grained, cohesive material. The small trench (blue arrow) resulted from beginning re-incision by ephemeral sur-
face run-off from the south-west summit gorge of Riepenwand (cf. Fig. 3). Width of view in middleground ca 6 m.
(B) Underside of rockfall boulder of 6511-avalanche deposit, with aggregates of fine-grained rockfall material
(‘matrix’, labelled m) illuviated by snowmelt and rain; 18 August 2011. (C) Pre-6511 talus clast, beyond the snow
avalanche, littered with aggregates of rockfall-generated dust (‘matrix’, labelled m). The dust had aggregated upon
snowmelt; 27 June 2011. (D) Detail of vegetated surface beyond the 6511-snow avalanche, 27 June 2011. After
snowmelt, rockfall dust initially fallen out onto snow cover is redeposited by ephemeral overland flow into
patches. Pen is 14 cm long.
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Fig. 11. (A) Sample of fine-grained matrix of apex of Riepen talus, taken on 16 September 2011. Note: (i) extre-
mely poorly sorted composition; and (ii) grain of sub-rhombohedral shape (labelled r). (B) Detail of sample in
panel (A): Extremely poorly sorted sediment composed of angular fragments of silt-size to clay-size grade. (C)
Sample of apex of Riepen talus, 16 September 2011. Note the extremely poorly sorted composition, and grain of
rhombohedral shape (labelled r). (D) Detail of sample in panel (C): Particles are bounded by surfaces according to
the dolomite rhombohedron (crystal surfaces and cleavage surfaces), and by fracture surfaces of irregular shape.
(E) Sample of rockfall dust fallen out on top of an older boulder beyond the snow avalanche. Apart from being
composed of very angular particles, this sample appears relatively better-sorted than those of panels (A) to (D). (F)
Detail of sample in panel (E): Grain with pitted surface (red arrowtip).
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characteristics that differed from those of the
matrix. In both dust samples: (i) micritic to mini-
micritic particles seemed to be more rare than in
the matrix samples; (ii) the mineralogical compo-
sition is more diverse and includes calcian dolo-
mite, potential dedolomite or magnesian calcite,
calcite and blade-shaped particles composed
mainly of Si, Al and O (probably phyllosilicates);
and (iii) many carbonate grains (dolomite, dedo-
lomite/Mg-calcite and calcite) show pitting and
channelling (Fig. 11E and F).

Grain-size distribution from wet sieving
(fraction ≤16 mm)

The composition of the sediment fraction
≤16 mm of the apex of Riepen talus and of the
distal part of avalanche layer B were compared
to samples from stratified talus slopes of the
Kalkk€ogel range (Fig. 12). Note that the scree
sampled from the apex on 16 September 2011
(Fig. 12A) is younger than the sediment sampled
from avalanche layer B (Fig. 12B). This is because
the apex had re-built during the many smaller
aftermath rockfalls; in addition, surface run-off
from the summit gorge during rainstorms contrib-
uted significantly to buildup of the apex in the
months between the main rockfall event and the
day of sampling. As mentioned, in avalanche
layer B, an overwhelming number of sand-sized
to boulder-sized lithoclasts were fresh, rockfall-
derived material. It thus can be safely assumed
that the sediment of layer B stems, entirely or
nearly, from fracturation during the rockfall
rather than representing sediment reworked from
the overridden part of Riepen talus. In layer B, a
significant yet unquantified portion of the carbon-
ate mud (silt-size to clay-size grains) probably
stems from settled dust of the numerous smaller
scale rockfalls in the weeks after the main event,
with the ‘dust-rich’ rockfall of 21 June perhaps
the most prominent one. Despite the differences
in origin and relative time of sampling, the sedi-
ment fractions ≤16 mm from both the apex and
the distal part of layer B are similar with respect
to: (i) the relative grain-size distributions, with
low sand content (flat part of curves) and a signifi-
cant increase in percentage of pebbles (≤16 mm,
sharply steepening part of curves); and (ii) a con-
tent of mud ≤0�063 mm in grain size between 4
wt% and 9 wt%. In the sediment fraction
≤16 mm, samples from excavation into stratified
scree slopes of the western face of Kalkk€ogel
range show much wider variability (Fig. 12C).
The large variability in the scree-slope samples

A

B

C

Fig. 12. Grain-size distributions (weight per cent) of
sediment fraction ≤16 mm of: (A) apex of post 6511-
scree slope (samples from 16 September 2011); (B)
of distal part of 6511-avalanche (samples from 11
May 2011 and 27 June 2011); and (C) of excavations
into stratified scree slopes of the Kalkk€ogel range.
The average is indicated by a red line. See text for
discussion.
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results from the fact that stratified slopes are sub-
ject to a host of processes (for example, debris
flows, particle creep, frost heave, ice segregation,
growth of needle ice, stripping of surficial pebble
veneer by snow avalanches and snow glides, illu-
viation/eluviation of matrix during snowmelt and
rain, etc.). Nevertheless, the individual grain-size
distribution curves and, in particular, the average
of all curves are remarkably similar to those of the
apex and of layer B. The average content of 7 wt
% of matrix in the stratified talus slopes is in a
similar range to that of the pristine rockfall-
derived materials.

Grain-size distribution from laser diffraction
analysis (fraction ≤2 mm)

From the distal part of the 6511-deposit, two
samples were subject to laser diffraction analy-
sis (Fig. 13A). The results show: (i) absence of
particles <0�4 μm; (ii) a peak in relative percen-
tage of grains between ca 2 to 8 μm in size;
and (iii) a second smaller peak of grains a few
tens of microns in diameter. The measurements
thus suggest a bimodal grain-size distribution
with a lower cut-off at 0�4 μm. From the apex
of Riepen talus, two samples of matrix (col-

A B

C D

E F

Fig. 13. Malvern� mastersizer grain-size distributions of sediment fraction ≤2 mm of: (A) distal part of layer B of
6511-snow avalanche; (B) apex of Riepen talus; (C) 6511-rockfall-generated dust fallen out on snow beyond the
avalanche; and (D) to (F) excavations into stratified talus slopes of the Kalkk€ogel range. See text for discussion.
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A B

C D

E F

Fig. 14. (A) Overview of Riepen talus, 18 September 2012, with pre-6511 rockfall boulders labelled by letters (cf.
Fig. 2). (B) Talus apex on 12 September 2010, i.e. eight months before the rockfall event (cf. Figs 2 and 3). The
red-dashed bedding surfaces 1 to 3 indicate that the 6511-rockfall had led to only minimal aggradation of the apex
[compare panel (C)]. Note also the incised chutes (labelled by blue arrows) produced by ephemeral surface runoff
from the summit gorges of Riepenwand. (C) and (D) Status of talus apex on 29 June 2011 (C) and 18 August 2011
(D). The incised chutes that flanked the apex prior to the 6511-rockfall were filled up. Bedding planes 1 to 3 indi-
cate that the vertical aggradation of the apex was a few metres only. (E) Northward view onto Riepen talus, 5
October 2012, with pre-6511 rockfall boulder ‘M’. The apex was subject to re-incision (white vertical lines). The
eroded scree was redeposited in lobes composed of cohesive debris-flow deposits (cdf, outlined by red dots). (F)
Detail of the apex undergoing re-incision, 3 October 2012. Inset (enlargement indicated by red arrows) shows view
up the re-incised chute, with a red trailmark on the rock. Scale bars are 1 m.
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lected on 16 September 2011) were analysed
(Fig. 13B). Overall these samples show a grain-
size distribution, relative percentage of grain-
size classes, and lower grain-size cut-off quite
similar to that of the samples from the distal
part. From the dust fallout, two samples were
analysed: these also show no particles smaller
than ca 0�4 μm, but differ from the matrix sam-
ples by a main peak in grains a few tens of
microns in size (Fig. 13C). To sum up, the two
common features of the grain-size distributions
of rockfall-generated matrix and the dust fallout
are: (i) a lower size limit at 0�3 to 0�5 lm; and
(ii) a bimodal size distribution with one peak at
a few microns grain size and another peak at a
few tens of microns. For comparison, five sam-
ples of matrix from excavations into stratified
talus slopes of the western face of the Kalkk€ogel
massif were analysed. These samples show: (i)
absence of particles smaller than ca 0�4 μm; (ii)
a bimodal grain-size distribution with peaks
located in the same size ranges (few microns,
few tens of microns) as in the samples of rock-
fall matrix and dust; but (iii) a variable grain-
size range of peak volumes (Fig. 13D to F).
Despite the wider range of matrix contents of
stratified talus, however, the persistence of both
the lower grain-size cut-off at ca 0�4 μm and
the presence of two peaks in the grain-size
range from a few microns and a few tens of
microns are noted.

Year after (2012)

As mentioned, along the distal fringe of the
6511-avalanche, the snow had not melted
completely before the onset of the successive
cold season 2011/2012. The status after com-
plete snowmelt (documented on 18 September
2012) is summarized as follows. Overall, the
outline of the 6511-deposit still was clearly
identifiable (Fig. 14A). In the distal part of the
deposit that was underlain by snow on 5 Octo-
ber 2011, the scree veneer on top of the ava-
lanche was laid down onto the pre-6511 talus
surface. Over most areas, this resulted in a
veneer of angular, unweathered scree of sand-
sized to very coarse pebble size sediment lit-
tered with cobbles to small boulders. In patches,
the veneer is just a ‘loose stray’ of 6511-clasts
on the older talus surface; this is recorded by
weathered, lichenized clasts and shrubby vegeta-
tion peeking through the 6511-scree litter.
Where the original avalanche snow had positive
relief, snowmelt led to a veneer of unsorted peb-

bly to cobbly scree up to 30 cm in thickness.
Otherwise, no changes were evident in the distal
part of the slope.
A more marked change since 2011, however,

had taken place in the apical to proximal part of
the slope. Before the rockfall, the apex was
delimited on each side by an erosionally incised
chute (Fig. 14B). After the rockfall, these chutes
were filled up with scree, whereas the upper-
most tip of the apex aggraded only slightly
(Fig. 14C and D). Subsequent to approximately
early August 2011, the apex became erosionally
re-incised by surface run-off out of the same
summit gorge that had spouted the 6511-rock-
fall. Apical re-incision corresponds with growth,
mainly over spring and summer 2012, of a lobe
of cohesive debris-flow deposits on the proximal
part of slope (Fig. 14E). Field inspection of the
incised apex allowed estimation of vertical
aggradation along the incised chute due to the
6511-rockfall. Incision had re-exposed a red
landmark of a climbers’ trail along the toe of
Riepenwand (Fig. 14F, and inset). Because this
landmark is painted onto the rock ca 1 to 1�8 m
above the pre-6511 talus surface, it provides a
proxy indicator of the former surface of the
incised chute. Comparative analysis of scaled
field photographs thus indicates that the incised
chute in the apical part of slope had aggraded
vertically by ca 5 to 6 m during the 6511-event
and its aftermath. Conversely, the left-side
splash halo showed no marked changes until 18
September 2012.

INTERPRETATION AND DISCUSSION

Rockfall trigger

As mentioned in the Seismic activity section,
there is no evidence that the 6511-event was trig-
gered by seismic activity. The rockfall, however,
was preceded by three successive months with
an average temperature distinctly above the 1971
to 2000 mean (Fig. 4A). Although the detached
‘flake’-shaped rock mass was a few metres in
thickness only, thermal conductivity of rock is
not high enough for three months of relative
warming to arrive at a depth of a few metres
within the rock mass (cf. Gruber et al., 2004;
French, 2007). Permafrost warming to tempera-
tures closely below the freezing point, however,
terminates the ‘cementing effect’ of ice (Davies
et al., 2001; N€otzli & Gruber, 2005; Gruber &
Haeberli, 2007; Ravanel et al., 2010). If perma-
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frost weakening (not necessarily melting) indeed
played a role, the required warming may reflect a
longer term signal beyond three months in dura-
tion. The anomalously warm spring in 2011 may
have aided in rockfall detachment: in cliffs, melt-
water percolating down vertical fractures acceler-
ates strongly permafrost decay, favouring rockfall
(Matsuoka & Sakai, 1999; Kr€ahenb€uhl, 2004; Gru-
ber & Haeberli, 2007). Temperature gauges are not
available for the summit gorges of Riepenwand,
but the gorges are located near the gross lower
limit (2500 to 3000 m a.s.l.) of continuous perma-
frost in the Eastern Alps (Kneisel, 2010). In shady
locations or under otherwise favourable circum-
stances, permafrost can be present down to
2500 m a.s.l. or even lower (N€otzli & Gruber,
2005; Lambiel & Pieracci, 2008; Kneisel, 2010).
Permafrost weakening and/or percolation of melt-
water along vertical fractures thus potentially
triggered the 6511-rockfall. It is however
remarked that even in areas with long detailed
rockfall monitoring, such as the Yosemite
National Park (USA), only half of all events can
be referred to a trigger such as intense rainfall or
an earthquake (Zimmer et al., 2012).

Rockfall and avalanche development

Phase 1
The rock mass involved in the 6511-event could
not fall down freely, but first crashed into the
summit gorge (Fig. 3). As a result of numerous
impacts, the falling rock mass became intensely
fragmented. The disintegrated rock mass then
spouted out from the exit of the gorge, and fell
down freely over some 150 m onto the apical part
of Riepen talus (Figs 3 and 15). Further fragmen-
tation, in particular of cobbles to boulders, proba-
bly took place upon this second impact.

Phase 2
Hitting the snow-covered scree slope, the mass of
rockfall material pushed vigorously outwards and
downslope from the impact area. As a result, the
initial stage of avalanche development probably
was a thorough mixture of scree and wet granular
snow. The front of the forcefully driven snow-
scree mixture ploughed into the pure snow cover
laterally and downslope of the impact area
(Fig. 15A). Due to the shear exerted by energetic
flow of the snow-scree mix, the overridden pure-

Fig. 15. Development of a rockfall-
triggered two-layer avalanche. (A)
Impact of the rock mass churned
up the snow cover down to
ground, and a mass of rock
fragments mixed with snow started
to push laterally outward and
downslope. In an early stage of
downslope movement, the snow
cover closely ahead of the moving
mass of ‘scree + snow’ was sheared
off and entrained. (B) Further
entrainment of snow by
detachment in the headward region
of the avalanche increased the
mass of snow relative to rockfall
material. (C) When fully
developed, the avalanche consisted
of a comparatively thick layer of
snow (layer A) overridden by a
layer of ‘scree + snow’ (layer B).
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snow cover detached along or near its base, and
became part of the avalanche while carrying the
mixed snow-scree layer piggyback (Fig. 15B).
This phenomenon of snow entrainment along the
avalanche front is well-known for avalanches of
granular snow (e.g. Sovilla et al., 2001, 2006;
Sovilla & Bartelt, 2002; Kern et al., 2009). In this
way, an avalanche composed of a lower layer of
pure, entrained snow overlain by an upper layer
of scree mixed with snow formed. Snow entrain-
ment probably took place by ploughing at the ava-
lanche front (‘frontal entrainment’), as well as
some distance behind the downslope avalanche-
tip (‘step entrainment’ or ‘basal erosion’) (see, e.g.
Sailer et al., 2002; Sovilla & Bartelt, 2002; Sovilla
et al., 2006; Issler et al., 2008; Christen et al.,
2010). Wet-snow avalanches are characterized by
an upper, moderately deformed layer riding on a
thinner lower layer wherein most deformation is
accommodated (e.g. Tiefenbacher & Kern, 2004;
Sovilla et al., 2008). This characterization is not
‘plug-flow’ sensu strictu (e.g. Voellmy, 1955;
Savage, 1979), and hence is termed ‘plug-like’
flow hereafter (cf. Brugnot & Pochat, 1981; Dent &
Lang, 1982; Sovilla & Bartelt, 2002; Kern et al.,
2004, 2009; Tiefenbacher & Kern, 2004; Thibert
et al., 2008; Buser & Bartelt, 2011).

Phase 3
Snow entrainment along the frontal part of the
avalanche led to development of the two-fold lay-
ering as described, i.e. a lower layer of pure ava-
lanche snow carrying piggyback an upper layer of
snow plus scree. During development of this type
of avalanche, basal shear exerted by downslope
movement is transferred more-or-less completely
from the initial scree-snow mixture (Fig. 15A) to
the underlying, entrained avalanche snow
(Fig. 15C). A laminar style of movement (see
Pudasaini & Hutter, 2007, for terminology), at
least shortly before and during halting of the ava-
lanche, is suggested by the subparallel sliding
surfaces in the lower (pure snow) part of the
avalanche deposit. If moving like a laminar-type
avalanche, the mass probably travelled at veloci-
ties of 5 to 25 m sec�1 (18 to 90 km h�1; cf.
Pudasaini & Hutter, 2007; Sovilla et al., 2008;
Kern et al., 2009). Radar measurements recently
showed that ground avalanches representing an
apparently ‘single’ event may indeed descend as
a series of avalanche fronts, or surges (Vriend
et al., 2013). If the 6511-event descended as a ser-
ies of fronts, the surging flow behaviour should
leave a record, such as transversal ridges and/or
duplexing of avalanche layer A and layer B.

Although the backmelting cleft along boulder
flanks provided insight into the avalanche deposit,
at no location was duplexing observed. Also on the
pristine avalanche deposit, no transversal ridges or
other features suggestive of surging were seen (cf.
Fig. 5). The absence of morphological and sedi-
mentological evidence for surging, however, does
not necessarily indicate that it did not take place,
provided that the internal stratigraphy of the final
deposit with respect to layers A and B remained
intact.

Shape of avalanche deposit. The teardrop-like
shape of the 6511-avalanche deposit fits with
experiments whereby grain collectives are
released suddenly onto an open slope (e.g. De
Toni & Scotton, 2005; Pudasini & Hutter, 2007).
Because the main volume of the 6511-rockfall
probably hit Riepen talus within a few seconds,
the effect was similar to sudden material release
on the slope. Rajchenbach (2002) showed that
externally triggered avalanches acquire a trian-
gular final shape. In experiments on avalan-
ching, however, on slopes steeper than 34°, only
triangular avalanches formed, irrespective of
whether the avalanche was externally triggered
or self-triggered (Daerr & Douady, 1999). Recall
that the long upper slope segment of Riepen
talus ranges from 34° to 36° in dip. The impact
of the 6511-rockfall was not a minute, nearly
point-sized disturbance to just trigger instability
(see Daerr & Douady, 1999), but was of sizeable
radius and high kinetic energy. It is thus specu-
lated that the impact of the falling rock mass
onto the snow-covered slope increased the
‘opening angle’ of the final avalanche deposit.
The presence of boulders mainly in the distal
part and along the flanks of the 6511-deposit fits
with plug-flow like behaviour. Initially, homoge-
neous mixtures of particles of different size
laterally segregate during downslope avalan-
ching, with coarse particles migrating towards
the front and flanks of plug-like flows (Iverson &
Vallance, 2001; Pudasaini & Hutter, 2007). On
scree slopes, boulders located mainly along the
front and flanks of snow-avalanche deposits are
common (Rapp, 1959; Jomelli & Bertran, 2001).
From the above, the 6511-boulder cluster placed
at 2360 m a.s.l. is an exception (cluster labelled
1 in Fig. 5B and C). Because the helicopter pho-
tographs show that these boulders also were em-
placed that same day, it is assumed that they
fell in the aftermath of the main event onto the
apical part of slope, and from there perhaps slid
down some distance.
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Splash haloes
The described splash haloes may be explained
by two processes, which are not mutually exclu-
sive:
1 Rockfall impact onto talus produced an

airblast carrying sand to medium pebbles (cf.
Morrissey et al., 1999). Wieczorek et al. (2000)
described two immediately successive rockfalls
(ca 23 000 to 38 000 m3 in combined volume) in
Yosemite Valley that fell freely over 400 m and
then impacted a talus slope. Near the impact
site, an airblast comparable to a hurricane blew
out, as indicated by the toppled forest ahead. A
sandy deposit of rockfall material comminuted
upon impact extended over about 350 m
downslope from the impact site. Near the impact
site, up to 10 wt% of pebbles (up to 32 mm in
size) was present in some sediment samples.
Wieczorek et al. (2000), however, assumed that
at least some of the pebbles may have been
deposited: “from impact rather than entrainment
in the cloud”. A similar airblast that downed for-
est over hundreds of metres was mentioned by
Zimmer et al. (2012) for the 46 700 m3 2009
Ahwiyah Point rockfall in Yosemite National
Park. Airblasts also form from rockfalls of much
smaller volume. At Mount Hellhore, Switzer-
land, a rockfall 400 to 500 m3 in volume, and of
100 m free fall, produced an airblast felt by eye-
witnesses down in the valley (Graf & Tobler,
2008). This event indicates that the Riepenwand
rockfall (5800 m3 volume, 150 m free fall) was
large and energetic enough to produce an air-
blast.
2 Another process that can carry out pebbles

beyond impact sites is ballistic throw. During
the Hellhore rockfall, pebbles were thrown out
for up to 500 m horizontally from the site of
rockfall breakout; a low impact angle of some of
these clasts, however, suggested that their throw
may have resulted from deflection and/or impact
fracture of larger clasts during downward move-
ment (cf. Graf & Tobler, 2008). Because of its
impact onto the inclined talus surface, during
the Riepenwand rockfall, ballistic throw of
clasts may have resulted from: (i) elastic reflec-
tion of rockfall clasts on clasts of the talus
surface; and/or from (ii) elastic energy released
upon fracture of clasts when hitting the talus.

Scree transport

It seems notable that a plug-like flow of coarse-
granular snow (density of 300 to 550 kg m�3,

0 °C; Brun & Rey, 1987) has the competence to
carry boulders of carbonate rock (density of ca
2600 to 2700 kg m�3) piggyback along the top of
flow. This phenomenon, also typical of plug-like
flows composed of sediment and devoid of snow
(= debris flows), has been discussed for decades
(see, e.g. Rodine & Johnson, 1976; Coussot &
Piau, 1994; Coussot & Meunier, 1996; Iverson &
Vallance, 2001; Legros, 2002; Phillips, 2006). In
a thought experiment, a boulder could be placed
onto a static layer of wet, granular snow: the
boulder will sink into the snow by mechanical
compaction, but it will not sink immediately to
ground. This is because of two effects: (i) the
compacted snow grains provide a grain-
supported fabric, sustaining weight; and (ii)
because of pressure solution, at least part of the
boulder weight will be sustained by hydrostatic
pressure in pores between snow grains.
The validity of this ‘static’ concept is sup-

ported by the fact that the vertical distribution
of 6511-boulders and underlying, pure ava-
lanche snow remained the same during the
entire phase of snowmelt. As described, boul-
ders up to about 3 m in size readily melted out
from layer B, and then remained on the very
surface of the downmelting, pure avalanche
snow underneath. For avalanche movement as a
layered plug-like flow – at least when the
avalanche was developed fully (cf. Iverson &
Vallance, 2001) – it is assumed that the weight
of both the boulder plus underlying snow was
supported within a strongly sheared lower zone
of the avalanche. In this layer, snow grains may
be organized into collectives vertically separated
from each other by discrete slide planes. In
addition, in a sheared granular medium with
interstitial fluid, pore pressures higher than
static equilibrium pressure can reduce grain-
contact stresses (Iverson, 1997; Major & Iverson,
1999; Iverson & Vallance, 2001). For wet-snow
avalanches, Sovilla et al. (2010) suggested that
quasi-cyclic pressure fluctuations measured at a
vertical obstacle result from buildup and disin-
tegration of snow clusters providing ‘force
chains’. The building blocks (individual snow
grains and/or collectives thereof) that may sup-
port force chains are not fully clear at present
(cf. Sovilla et al., 2010). Force chains of snow-
grain collectives perhaps may also vertically
support cobbles to boulders during avalanche
flow. This does not exclude the additional
action of other mechanisms, such as supra-
hydrostatic pore fluid pressure.
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A two-layer stratigraphy is a widespread
feature of scree-laden snow-avalanche deposits
(cf. Ballantyne, 1987; Luckman, 1988; Bell et al.,
1990; Jomelli & Bertran, 2001). In most cases,
however, because of observation well after the
event, it is not clear whether an avalanche
deposit was triggered by rockfall or by instabi-
lity of snow cover, or whether the vertical layer-
ing reflects a stacking of successive avalanches.
Primary two-layer stratifications formed during
single avalanche events are indicated by direct
field observations on scree-laden, wet-snow ava-
lanches triggered by instability of the snow
cover (Lorenzi, 2012). Jomelli & Bertran (2001)
implicitly suggested that the surficial layer of
‘scree + snow’ forms during halting of the
avalanche. This may apply to avalanches rich in
material ripped up from the substrate (for exam-
ple, scree, soil and shrubs) in the starting zone.
During halting of a ground avalanche, thrust sur-
faces propagating upslope and up-section can
telescope material from the tailing part of the
avalanche onto the top of the already halted
portion of the avalanche. In the early morning of
23 March 2012, at a location 30 km west of
Innsbruck, a rockfall 76 000 m3 in volume onto
snow-covered talus forced off a scree-laden
snow avalanche (currently subject to investiga-
tion). Although the volume and details of the
downslope trajectory of this avalanche differ
from that described herein, the deposit also con-
sisted of: (i) a thicker, lower layer of pure granu-
lar snow with slide planes; and (ii) an upper
layer containing unsorted clastic material from
clay-sized grains to boulders up to ca 6 m in
width. These observations underscore that ‘two-
layer’ flow probably is a widespread feature of
avalanches triggered by rockfall loading.

Parameter comparison

In view of its runout towards the end of the
scree slope and its path length, the rockfall-
induced snow avalanche classifies as a size 3
or medium-scale avalanche, respectively (see
European Avalanche Warning Services – www.
avalanches.org). Rockfall-triggered, heavily
scree-laden avalanches are not included, neither
in models of ‘rockfall’ runout, nor of snow-
avalanche movement. Models of rockfall runout
treat settings wherein rock particles fall down
more-or-less freely from the start (e.g. Meißl,
1998; Bourrier et al., 2009; De Blasio & Saeter,
2009). In this case, the geometrical parameteriza-
tion of an event is relatively straightforward

(Evans & Hungr, 1993; but see Keylock & Dom-
aas, 1999). For the 6511-event, of the diverse
geometrical parameters to characterize rockfalls,
the best determinable one is the shadow angle
(see Evans & Hungr, 1993; Dorren, 2003), with a
value of 30° (angle alpha in inset in Fig. 2B).
This angle is well within a range of shadow
angles of 21° to 42° reported for rockfalls on
other scree slopes (cf. Evans & Hungr, 1993;
Meißl, 1998; Guzzetti et al., 2003; Copons et al.,
2009; Stock et al., 2012).
The fahrb€oschung of a rockfall or rock ava-

lanche is the angle from the upper end of the
detachment scar to the downslope terminus of
the resulting event deposit (angle beta in inset
in Fig. 2B; e.g. Scheidegger, 1973). With the
reservation that there are fundamental mechani-
cal differences between rockfalls and rock
avalanches (see e.g. Evans & Hungr, 1993;
McSaveney & Davies, 2002; Evans et al., 2006;
Imre et al., 2010), the fahrb€oschung of 54° of the
6511-event may be compared with other rock-
falls. In the Northern Calcareous Alps (Eastern
Alps), the fahrb€oschung values of 21 rockfalls
descended without major topographic confine-
ments or obstacles along their path range from
29° to 48�5° (Meißl, 1998, fig. 17). An identical
fahrb€oschung of 54° was determined for a
2�19 9 106 m3 rock avalanche at El Capitan,
Yosemite valley (Stock & Uhrhammer, 2010);
this angle is much higher than a ‘should-be’
fahrb€oschung of 20° to 23° (or 30°, if the upper
limit of 1 standard deviation is taken) according
to a linear regression between landslide volume
and fahrb€oschung (see Scheidegger, 1973, fig. 2;
Collins & Melosh, 2003, fig. 1). The rock ava-
lanche at El Capitan defaced from the topmost
part of the cliff, fell down freely over 650 m in
altitude, and then impacted a talus dipping ca
20°. The impact of the vertically downfalling
rock mass onto a gently dipping surface dissi-
pated most of the kinetic energy; as a result, the
rock mass could run out only for a small
distance downslope of the impact area (Stock &
Uhrhammer, 2010). This highlights the strong
control of geometry (such as steepness, continu-
ity or inversion of slope, curvatures, channelling
or not, etc.) of the travel path of mass move-
ments on runout (Nicoletti & Sorriso-Valvo,
1991).
The fahrb€oschung is identical in geometrical

definition to the runout angle alpha as used in
snow-avalanche research (see, e.g. Lied & Bak-
kehøi, 1980; Smith & McClung, 1987). Cursory
field observations since 2001 indicate that rela-
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tively small, ‘high-frequency’ avalanches with a
return period of less than 100 years (cf. Smith &
McClung, 1987) are common on Riepen talus.
The 30° shadow angle of the 6511-event is close
to a mean runout angle of 32�5° deduced by
Smith & McClung (1987) for high-frequency,
pure-snow avalanches in the Columbia Moun-
tains of Canada. Thus, with respect to its
shadow/runout angles, the 6511-event is not
exceptional. In summary, it is inferred that the
high 54°-fahrb€oschung of the 6511-event com-
bined with a shadow/runout angle of 30° results
from consumption of kinetic energy when the
rockmass fragmented downway along the sum-
mit gorge. In addition, a relatively small runout
of the avalanche probably resulted from the
superposed effects of: (i) a stable snow cover
before rockfall impact; (ii) the open slope that
allowed the avalanche to spread out laterally, so
to more effectively dissipate kinetic energy; (iii)
the downslope profile of the talus, with a proxi-
mal segment (36° to 34° dip) sharply switching
to much lower dip at 2285 m a.s.l.; and (iv) the
boulders littered in the lower part of the talus
that consumed part of the kinetic energy of the
avalanche in bypassing.

Grain-size distribution (fraction ≤16 mm)

As mentioned, due to numerous rock showers in
the aftermath of the 6511-rockfall, the sediment
samples from the apex of Riepen talus (Fig. 12A)
could be collected only from 16 September
2011, i.e. more than five months thereafter. It is
assumed that the apical sediment reflects the
finer-grained fraction of pristine rockfall mate-
rial derived from Riepenwand, whereas (as
observed in the field) coarser-grained rockfall
clasts were transported to locations further
down on the slope. Conversely, the unsorted
scree of clay to boulder particle size of ava-
lanche layer B (Fig. 12B) only reflects rockfall-
related fracturation; there was no time and no
opportunity for other processes to significantly
modify the grain-size distribution of this sedi-
ment since its first deposition within the ava-
lanche. In the grain-size fraction ≤16 mm, the
scree of both the apex and of layer B are very
similar. This is not surprising, because both sed-
iments originated from rockfall and (in the size
fraction ≤16 mm) were subject to little, if any,
modification since first deposition on the slope.
In the samples of the stratified scree slopes,
however, the grain-size distribution of the frac-
tion ≤16 mm shows a comparatively large scatter

(Fig. 12C). Because the samples for sieving were
taken per stratum from excavations into scree
slopes, this is explained by differences in clast
fabric and sorting among strata. The similarity
of grain-size distributions ≤16 mm of pristine
rockfall materials with the average size distribu-
tion of the stratified scree slopes is, however,
notable; this holds in particular for the similar
average content in matrix ≤0�063 mm between 5
wt% and 10 wt%. It can be assumed that a por-
tion of the matrix of scree slopes is produced by
processes other than rockfall (see Sanders et al.,
2010). If so, the average matrix content of the
stratified scree slopes would be expected to dif-
fer significantly from that of the pristine rockfall
material, which is not the case. It thus seems
most parsimonious to conclude that the average
grain-size distribution and matrix content, in the
fraction ≤16 mm, of the stratified scree slopes
largely reflect disintegration by rockfall.
As described, subsequent to emplacement,

rockfall-derived boulders were observed to
further disintegrate. In addition, due to the
dense jointing of the metadolostones, with time,
older boulders are seen to be surrounded by a
litter of cobble-sized to pebble-sized fragments
produced by physical weathering while the
boulder rests in place. Thus, in particular, the
coarse-pebbly to bouldery sediment fraction is
subject to post-depositional shift of its grain-
size distribution. The SEM inspection of the
6511-matrix suggests that practically all of it
was produced by fragmentation during the
rockfall. The dolomite particles bounded by
rhombohedral surfaces (Fig. 11A and C) may
result from fracture along either intercrystalline
pores and/or intracrystalline cleavage. The lack
of grains ≤0�3 to 0�5 μm in size, as indicated by
the Mastersizer measurements (Fig. 13), may be
explained by physical processes and/or by dis-
solution. Because the kinetic energy required
for particle fracture increases exponentially
with decreasing grain size, the lower comminu-
tion limit for most materials is ca 1 lm (e.g.
Kendall, 1978; An & Sammis, 1994). Ultra-fine
mineral particles produced by fracture may
store residual strain in the lattice, which ren-
ders them ‘supersoluble’. The absence of grains
≤0�3 to 0�5 μm thus may reflect a physical com-
minution limit and/or removal by dissolution.
Rock cliffs are morphologically differentiated

by benches, chutes and dihedra, and many
show a steeply inclined lower buttress. Most
rock masses defaced from cliffs thus are subject
to impact and fragmentation during descent,
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Table 2. Surface features indicative of scree transport by snow avalanches on talus.

Feature Interpretation Remarks, references

Concave slope devoid of chutes,
may show steep front and
elongated low-dipping distal
part (‘roadbank’)

Distal part of slope may show:
(i) litters of cobbles to boulders;
(ii) longitudinal boulder tongues;
(iii) grooves; and (iv) debris tails

Debris tails: Ridges parallel to
avalanche flow, extend upslope
and downslope of boulders on
talus surface

Shaping of talus surface
by snow avalanches

Debris tails: Some may be
erosional, others depositional
Rapp (1959, 1960), Gardner (1970),
Luckman (1977, 1978, 1992)

Isolated boulders to cobbles
perched along slope; boulders to
cobbles may be placed in
precarious positions

(i) Dampened impact of
boulders falling into snow,
preventing or limiting
downslope transport by
rolling and bouncing; and/or
(ii) downslope transport by
snow avalanche

Rapp (1960), Gardner (1970),
Luckman (1977, 1978),
Matthews & McCarroll (1994),
Decaulne & Saemundsson (2010)

Avalanche impact landforms,
scour pits: Downslope-elongate to
subcircular depressions down to
a few metres in depth, up to a few
hundreds of metres in area;
may be filled by ponds (tarns)

Erosional features from impact
and scouring of snow avalanches;
probably produced by
successive avalanches

Luckman (1977), Corner (1980),
Fitzharris & Owen (1984),
Matthews & McCarroll (1994),
Smith et al. (1994), Owen et al.
(2006), Johnson & Smith (2010)

Depositional avalanche impact
forms, impact tongues:
tongue-shaped debris accumulations;
oblique to transverse to
main avalanche flow direction

Some protalus ramparts may
(additionally) form by
snow-avalanche impact

Depositional features
produced by redeposition
of scree by avalanche erosion
and impact

Corner (1980), Matthews
et al. (2011)

Boulders with cobbles to
pebbles placed on top

Deposition of clasts on boulder
top by melting of avalanche snow

Luckman (1988)

Lichenized boulders with bare,
unlichenized patches

Bare patches result from lack
of lichenization due to placement
of clast on top of the boulder.
Clast was later purportedly
removed by a snow avalanche

In view of time needed for
lichenization, this feature
requires at least a few decades
to develop
Ward (1985)

Boulder holes Negative imprints left by boulders
plucked out of place bypassing
snow avalanche

Ward (1985)

(i) Impact and scratch marks on
boulders in the distal part of slope,
and beyond reach of rockfall impacts.
(ii) Polished and striated patches
on lichenized cobbles to boulders

(i) Marks generated by stones
embedded in overriding snow
avalanche.
(ii) Abrasion of clast surface by
snow avalanche laden with
stones and soil

Ward (1985), Braunhofer
(2011)
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before hitting a scree slope. Fragmentation dur-
ing fall and upon impact on the scree slope
results in generation of dust of clay-grade to
silt-grade material. Depending on cliff morpho-
logy and the locus of defacement, rockfalls
may even be largely turned to dust. For
instance, on 12 October 2007 on Einserkofel
(2698 m a.s.l.; The Dolomites, Italy), a rockfall
of an estimated volume of 60 000 m3 defaced
between 2400 m and 2600 m a.s.l. within a
deep chute. Eyewitness reports and videos
showed that the rock mass first crunched down
the chute, then fell down freely, it next
impacted the buttress of the cliff, and finally
poured out onto the scree slope. As a result of
this trajectory a large part, perhaps even most,
of the falling rock mass turned to dust. Under
calm fair weather, a huge cloud of rockfall-gen-
erated dust slowly fell out in a drape that, near
the rockfall impact, was up to ca 20 cm in
thickness. Conversely, on the scree slope, com-
paratively little pebble-sized to boulder-sized
rockfall material had accumulated; the impres-
sion was that much or most of the fallen rock
volume was fragmented to dust. Unfortunately,
this rockfall was not subject to more detailed

geological investigation. As mentioned, Wiecz-
orek et al. (2000) described two large rockfalls
associated with airblasts. In the airblast damage
zone, grain-size analyses of the settled dust
indicate a relative content of matrix (material
≤0�063 mm in grain size, as understood herein)
of ca 5 to 25 wt%. The rocks in that case were
granodiorite and tonalite. The original dust
cloud, however, was richer in fine-grained
material, because a layer of dust up to a few
millimetres thick fell out over an area extend-
ing for more than a kilometre beyond the dam-
age zone (see Wieczorek et al., 2000). Overall,
it seems that rockfalls with a volume of more
than a few tens of cubic metres are associated
with sizeable dust clouds, irrespective of rock
type (see Gordon et al., 1978; Wieczorek et al.,
2000, 2008; Guzzetti et al., 2003; Kr€ahenb€uhl,
2006; Graf & Tobler, 2008). Rockfall, however,
is not the only process to contribute fine-
grained matrix to talus. For instance, biological
infestation of rock (talus clasts and cliff sur-
faces) can produce fine-grained material (Moses
& Smith, 1993) by loosening the mineral grain
structure via physico-chemical attack (Sand,
1997; Hoppert et al., 2004; Horath et al., 2006;

Table 3. Possible geological features of scree deposition associated with snow avalanches.

Location, feature Interpretation Remarks, references

1: Proximal, steep-dipping part of
slope succession:

(A) Isolated boulders, or clusters of
boulders, intercalated in succession
of stratified scree mainly of poorly
to well-sorted pebbles

(B) Isolated boulders associated
with upslope debris horns

(A) (i) Downslope transport in
snow avalanche; or (ii) dampened
impact of boulder falling into
snow cover (without avalanche);
or (iii) debris flow or slush flow
onto snow cover

(B) (i) Boulders trap lithoclasts
transported downslope in snow
avalanche; or (ii) hold back
lithoclasts transported downslope
by other processes (grain flow,
rolling, bouncing)

Whitehouse & McSaveney
(1983), Ward (1985),
Sanders et al. (2009)

2: Distal, low-dipping part of
slope succession:

Intervals, up to a few metres thick, with:
(a) indistinct stratification;
(b) openwork clast fabric, locally with
interstices (partly) filled by internal
sediment; larger clast interstices may
contain stratified waterlain infill;
(c) chunks of ripped-up soil;
(d) ‘rolling boulder fabric’
(arrays of isolated boulders embedded
subparallel to stratification)

In interpretation, all of these
features should be applied in
combination

Blikra & Selvik (1998),
Blikra & Nemec (1998)

Except perhaps for very
large and heavily scree-laden
snow avalanches, deposition
of a geological interval
(more than one to two clasts
in thickness) may require
repeated avalanche descends
over some interval of time.
Facies may be mixed with
talus facies of other origins
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Weber et al., 2010). The potential interactions
of epilithic and endolithic rock colonization
(e.g. Chen et al., 2000; Etienne, 2002; Pohl &
Schneider, 2002) with microgelivation (cf.
Matsuoka, 2001; Matsuoka & Murton, 2008) in
producing fine-grained sediment is hardly
explored. In a study of late-glacial to Holocene
talus development on Mynydd Du (Wales) and
associated retreat of cliffs composed of marls,
sandstones and conglomerates, Curry & Morris
(2004) concluded that ca 27% of cliff retreat
may be attributable to microgelivation. These
authors did not refer to the type and pathways
of sediment from microgelivation. In cold-arid
environments, fine-grained sediment is pro-
duced by thermal stress fatigue at the mineral
grain scale by cyclic heating and cooling (Hall,
1999; Hall & Andr�e, 2003). In brief, while rock-
fall-related fragmentation can produce a major
share of the matrix of talus, depending on rock
type and climate, other processes might con-
tribute to or even prevail in matrix generation.

Preservation potential

The observations up to autumn 2012 record the
beginning of redeposition and overprint of the
6511-deposit (Fig. 14). Satellite and laser scan
images prior to the 6511-event (Fig. 2), and field
data from years before 2011 (Kilian, 2008;
Reichhalter, 2009), indicate that the pattern of
surface run-off on the scree slope is similar before
and after the event. This drainage pattern is dic-
tated by the boundary between the toe of the rock
cliff and the scree slope. The preservation poten-
tial of the estimated 5 to 6 m of event-related
aggradation of the talus apex seems to be low; this
is suggested by the significant, and ongoing, rede-
position of apex material by debris flows further
downslope within about 18 months after the
event (Fig. 14E and F). Provided that no major
depositional or erosional event will affect Riepen
talus in the near future, further changes will
include: (i) degradation of the 6511-apex and
redeposition of apical material in the proximal
part of slope; (ii) illuviation of fallen out dust and
of layer-B matrix into pore space; (iii) downslope
particle creep of rockfall-derived pebbles to
boulders in the proximal slope, accompanied by
mixing with older scree and with clasts from
future rock showers; (iv) partial disintegration of
6511-boulders to cobbles into clasts mainly of
cobble to pebble size; and (v) weathering and
lichenization of 6511-clast surfaces. The fresh
rockfall clasts will become fully colonized and

infested by epilithic and endolithic lichens,
fungi, cyanobacteria and other bacteria within
some 100 to 150 years (cf. Chen et al., 2000; Pohl
& Schneider, 2002; Hoppert et al., 2004).
On talus surfaces, a spectrum of features indi-

cates scree transport by snow avalanches
(Table 2), but the record is highly variable in
clarity and scale (cf. Ward, 1985): slopes passed
every year, or nearly so, by at least one large
snow avalanche may be shaped into avalanche
roadbanks (e.g. Rapp, 1959, 1960; Luckman,
1977; Jomelli & Bertran, 2001); slopes subject to
more-or-less regular avalanching, but also to
significant influence, for instance of debris flows
and ephemeral water run-off, show surface char-
acteristics transitional between ‘end-member
types’ (Jomelli & Bertran, 2001); finally, slopes
passed relatively rarely by avalanches may
provide only a more subtle record (Ward, 1985;
Braunhofer, 2011). For the geologist dealing
with vertical sections through talus successions,
the question is which surface feature can enter,
and in what form, into the final sedimentary
record. The geological preservation potential of
snow-avalanche transport is limited (Table 3).
For instance, in the proximal, steep-dipping part
of fossil talus, isolated boulders may indicate
snow-avalanche transport. Boulders high up on
the steep part of slope, however, can also be
emplaced by: (i) fall into snow cover quenching
further downslope bouncing and rolling; and/or
(ii) low fall distance or toppling from the basal
part of a cliff. For the distal, low-dipping part of
slope, intervals of unstratified to faintly strati-
fied openwork fabrics of extremely poorly sorted
pebbles to boulders, with partial geopetal infil-
lings of matrix, are considered characteristic of
repeated transport by snow avalanches (Blikra &
Selvik, 1998; Table 3). To accumulate a finite
interval of such deposits may require repeated
scree-laden snow avalanching, combined with
lack of redeposition of sediment after snowmelt.
Apart from snowmelt, rain and ephemeral sur-
face run-off are also effective in illuviating
matrix into interstitial pore space. In fossil
carbonate-lithic talus successions of the Eastern
Alps, to date it has not been possible to unam-
biguously identify a sedimentary facies accumu-
lated only from snow-avalanche transport; this
may be related to post-avalanche overprint, and/
or to other processes that may produce similar
results, rather than to the rarity of avalanche
transport (Sanders et al., 2009). In the distal part
of fossil talus, perhaps much of the scree was
originally carried down by snow avalanches.
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Clear-cut identification of overprint of the origi-
nal, avalanche-deposited sediment and distinc-
tion of avalanche-deposited scree from other
facies, however, remains a challenge.
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