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ARTICLE INFO ABSTRACT

Article history: Large rock avalanches constitute a critical process modulating the evolution of alpine landscapes; however, the
Rece?‘md 23 January 2016 relatively infrequent occurrence of these high-magnitude events makes identifying underlying process controls
Received in revised form 1 June 2016 challenging. Here we describe two rock avalanches in the Rinderhorn area of the Bernese Alps, Switzerland, pro-
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viding new mapping of rock avalanche source areas and deposits, refined volume estimates for each event,
runout modeling back-analyses, and absolute age constraint from cosmogenic **Cl surface exposure dating. Re-
sults reveal that the Daubensee rock avalanche released ~4 million m> of limestone sliding from the western crest
of the Rinderhorn. Debris ran out across a Lateglacial moraine before reaching the valley bottom and spreading,
leaving thin (on average 7 m) deposits across a broad area. The runout resulted in a Fahrbéschung angle of 21°.
Part of the deposit now lies beneath Lake Daubensee. The Klein Rinderhorn rock avalanche released
~37 million m? of limestone along a dip-slope sliding plane, with a maximum runout distance of 4.3 km
and estimated Fahrbéschung angle of 14°. Deposits bulked to ~47 million m> running up the opposing
slope, with distinct hummocky morphology in the proximal area and a distal longitudinal flow ridge.
These deposits were later modified and partly obscured by ice avalanches from the nearby Altels peak. Cos-
mogenic >6Cl surface exposure dating revealed nearly coincident ages for both rock avalanches of 9.8 +
0.5 ka. The large lag time between local deglaciation and failure suggests that the events were not directly
triggered by deglaciation. Rather, the concurrent exposure ages, also coinciding with the nearby Kander val-
ley rock avalanche as well as paleoseismic records from nearby lakes, strongly suggest seismic triggering.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction However, a growing number of dated post-glacial landslides show lag

times (i.e., time between deglaciation and slope failure) of thousands of

Deposits of large prehistoric rock avalanches are a common feature in
many high alpine valleys (Heim, 1932; Abele, 1974), representing cata-
strophic bedrock failure and mass transport and, in many cases, exerting
long-lasting control on the evolution of these landscapes (Korup, 2006).
However, conclusions regarding the temporal occurrence and predomi-
nant drivers of these events remain elusive. Deglaciation is often pro-
posed to be the primary cause of post-glacial alpine rock slope failures
(Holm et al., 2004; Cossart et al., 2008). Ice is commonly assumed to act
as a resisting force for oversteepened rock walls undercut by glacial ero-
sion (Abele, 1974; Agliardi et al., 2009; Geertsema and Chiarle, 2013),
which later collapse during deglaciation as they are left unsupported.
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years (e.g., Ivy-Ochs et al., 2009a; Prager et al., 2009; McColl, 2012;
Ostermann et al., 2012; Ballantyne et al., 2014a, 2014b), contradicting
this hypothesis. Moreover, the efficacy of glacial buttressing to provide
significant lateral support to adjacent rock slopes has been called into
question because of the ductile behavior of ice over long time scales
(McColl et al., 2010; McColl and Davies, 2013). Therefore, debuttressing
of valley slopes during glacial retreat is increasingly regarded as an un-
likely predominant trigger for large paraglacial rock slope failures. Al-
though glacier erosion may have acted as a preparatory factor by
oversteepening rock walls during glaciation (Augustinus, 1995; Leith
et al., 2014), other environmental processes following deglaciation re-
duce slope stability over time until catastrophic failure (Eberhardt et al.,
2004; Prager et al., 2008; McColl, 2012). Holocene climate change toward
warmer and wetter conditions is frequently proposed as a cause and
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trigger of large prehistoric landslides, which may affect temporal cluster-
ing (Prager et al.,, 2008; Ivy-Ochs et al., 2009a; Zerathe et al., 2014). Per-
mafrost thaw, melting of snow and ice, frost weathering, and increased
joint-water pressures caused by heavy rainfall are commonly invoked
processes accompanying climate change (see discussion by McColl,
2012) but generally remain speculative for any given site.

Earthquake-induced rock slope failures are common in alpine regions
(e.g., Jibson et al., 2006). Strong ground motion accompanying high mag-
nitude (M > 6) earthquakes can trigger landslides over a variety of scales
in spatially constrained areas (Keefer, 1984). In the Rhone valley of
Switzerland, historical records dating back nearly 500 years describe sev-
eral damaging earthquakes that each triggered at least one large landslide
(Fritsche et al.,, 2012). Meanwhile, paleoseismic records from subaquatic
mass movement stratigraphy in the Alps provide evidence for at least
two episodes of increased neotectonic activity during the Lateglacial
and late Holocene (Strasser et al., 2013), potentially coinciding with tem-
poral clusters of subaerial landslides. Post-glacial isostatic rebound has
been suggested to be the driver of these seismic episodes (Monecke
et al., 2006; Strasser et al., 2013). Related studies in Scotland and
Ireland exclude debuttressing as a direct trigger for the majority of
dated rock slope failures, but further support stress release and uplift
caused by glacial unloading as a predominant cause of landslide activity
(Ballantyne et al., 2014a, 2014b). Periods of isostatically induced seismic-
ity trail deglaciation, possibly explaining observed lag times of early Holo-
cene landslide clusters (McColl, 2012).

Recent studies of prehistoric rock avalanches in the European Alps re-
veal intriguing spatiotemporal patterns, with several concurrent events
during the late Pleistocene (e.g., Van Husen et al., 2007; Claude et al.,
2014; Nagelisen et al., 2015). The first apparent temporal cluster of land-
slides appears during the early Holocene (~10-9 ka; Soldati et al., 2004;
Prager et al., 2008), containing many of the largest known Alpine
rockslides, e.g., Flims (Ivy-Ochs et al., 2009a) and Kofels (Ivy-Ochs et al.,
1998; Nicolussi et al., 2015). A second peak of apparent increased land-
slide activity occurs during the Subboreal (5-3 ka; Soldati et al., 2004;
Prager et al., 2008; Zerathe et al., 2014), including the large Fernpass
event (Prager et al., 2009). As the total number of dated events in the
Alps continues to grow, such temporal clusters may become more appar-
ent, and new periods of enhanced landslide activity may be revealed. In
addition, several spatial concentrations of slope failures have been ob-
served in the Alps. Well-known spatial clusters occur, for example,
around Flims/Chur in Switzerland (Abele, 1974; Ivy-Ochs et al., 2009a),
the Fernpass region of Tyrol in Austria (Prager et al., 2008), and the
Trentino Province in Italy (Abele, 1974; Soldati et al.,, 2004; Martin et al,,
2014). In our study area in the Bernese Alps, Switzerland, between the
Kander valley and Gemmi Pass, deposits of several large landslides are
known, including the Kander valley rock avalanche (Tinner et al., 2005),
the nearby Oeschinensee rock avalanche (Abele, 1974), as well as the
Klein Rinderhorn and the Daubensee rock avalanches studied in detail
here.

In this study, we investigate two large rock avalanches in the
Rinderhorn region of the Bernese Alps: the Klein (KI.) Rinderhorn rock av-
alanche and the Daubensee rock avalanche. We describe the release and
deposit areas of each rock avalanche and present new cosmogenic nu-
clide surface exposure ages for the two events. Recreating pre-failure to-
pography, we calculate source and deposit volumes and present runout
models of both rock avalanches. The combined results enable better un-
derstanding of how changes in rock slope boundary conditions associated
with glacier retreat, post-glacial seismicity, and Holocene climate change
help to condition and trigger large rock slope failures and to provide new
data for continued analysis of spatial and temporal clusters of large Alpine
landslides.

2. Study area

Our study area (Fig. 1) is located between Kandersteg and Gemmi
Pass in the Bernese Alps of Switzerland. The region features a high

alpine valley trending NE-SW with its floor at an elevation of
~2000 m asl and mountains to the east rising above 3000 m asl. The re-
lease area of the Kl. Rinderhorn rock avalanche includes a large portion
of the northern flank of the KL Rinderhorn (3003 m asl), while deposits
cover the valley bottom from Schwarenbach to Sunnbiiel (Fig. 1). The
Daubensee rock avalanche originated from the western flank of the
Rinderhorn (3448 m asl) and travelled north of Lake Daubensee. The
two rock avalanche deposits are separated by <1 km.

Geology of the region is embedded in the Helvetic nappes, specifical-
ly the Doldenhorn nappe. The KI. Rinderhorn rock avalanche deposit
consists mainly of massive Valanginian limestone, which slid on top of
the weaker shales and marly limestones of the Berriasian Formation
along NW-dipping bedding (Furrer et al., 1956). The Daubensee rock av-
alanche is situated in the Jurassic Malm limestones (Tithonian lime-
stone) (Furrer et al., 1956). Hydrology in the study area is controlled
by karst features and affected by the rock avalanche deposits.
Schwarenbach is the watershed divide; water originating from the
Schwarz Glacier flows toward the Kander valley (Fig. 1). The two
lakes, Daubensee and Schwarzenbachsee, have subsurface discharge to-
ward the south. During high water levels at Lake Daubensee, surface
drainage occurs through the rock avalanche debris, and temporary
springs form at the northern end of the deposit (Furrer et al., 1956).
Small lakes in the Arvenwald area contain water only during spring.

Fig. 1 displays glacier extents in our study area mapped from moraines
and trimlines. The Last Glacial Maximum (LGM) in the Alps is dated at
~28 to 18 ka BP (Ivy-Ochs et al., 2008; Ivy-Ochs, 2015). High peaks in
the region emerged from LGM ice slightly above 2000 m asl (Bini et al.,
2009). After collapse of the LGM ice cap, the last Lateglacial readvance,
termed the Egesen stadial, is coincident with the Younger Dryas at
12.8-11.5 ka BP (Alley et al.,, 1993). The main valley glacier at that time
in our research area was the Limmeren Glacier, which advanced north
toward the Kander valley (Hantke, 1980). Ice from the Schwarz Glacier
and the Altels Glacier joined the Limmeren Glacier at Spittelmatte. The
prominent Lateglacial moraine parallel to the Daubensee possibly relates
to the Egesen stadial. With the onset of the Holocene, glaciers retreated
but sustained a number of minor readvances, culminating in the Little
Ice Age (LIA) around 1850 (Ivy-Ochs et al., 2009b). The latest time ice
could have been present in the deposit area of the investigated rock ava-
lanches was during the Egesen stadial, while the release areas were not in
contact with valley glaciers since the end of the LGM.

3. Daubensee rock avalanche

The release area of the Daubensee rock avalanche (Fig. 2A, B) is lo-
cated along the mountain crest west of the Rinderhorn summit in
steep NW-dipping limestone. The source elevation varies between
2710 and 3070 m asl. At the highest point, the crest of the mountain
ridge has collapsed. Scarps within the upper part of the release area re-
veal clear boundaries, while the lower boundary is uncertain. The struc-
tural setting in the release area is defined by three distinct fracture sets
(Fig. 2B). Bedding planes (F1) dip ~30° NW. Joint set F2 strikes parallel
to the bedding with a steep dip, while F3 strikes NW-SE, is steeply dip-
ping, and follows fault structures. This predisposition enables planar
sliding with step-path failure of tabular bodies. The basal sliding plane
is mostly covered by debris today; only the upper part of the failure sur-
face near the crest remains exposed. This surface follows bedding (F1)
in the limestone. While the sliding plane is assumed to be continuous
through the main part of the release area, in the upper portion it be-
comes stepped with intervening cliffs (F2).

Following the main flow path of the rock avalanche, the maximum
runout distance is ~2.5 km (Fig. 1). Before reaching the deposit area, the
rock avalanche passed several obstacles in transit, which resulted in
some intermediate deposition. An accumulation of 10-20 m thick debris
is found above a bedrock outcrop at 2430 m asl. Farther down the path of
the rock avalanche at 2315 m asl, a Lateglacial moraine parallels the lake
trending N-S (Fig. 2C). The moraine crest, and accompanying depression
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Fig. 1. Map of Rinderhorn rock avalanches. Inset showing study site in the Bernese Alps of Switzerland. Hillshade of digital elevation model (Swisstopo) for the Daubensee (A) and KI.
Rinderhorn (B) rock avalanches. Sample locations for *°Cl and '“C dating are marked. Lateglacial and Holocene glacier extents: recent (2005 orthoimage from Swisstopo), Little Ice Age
(LIA) (Dufour Map from 1845-1865), and Last Glacial Maximum (LGM) (Bini et al., 2009). Features of the 1895 ice avalanche modified from Heim (1896).

on its uphill side, impounded rock avalanche debris over a distance of
~350 m. To the north, either the moraine has been breached by the
rock avalanche or terminates naturally. Curved ridges along the flow
path in this area appear as longitudinal flow bands, although their origin
is uncertain (Fig. 1).

The main deposit at the head of Lake Daubensee (Fig. 2C) has a dis-
tinct and clear perimeter. Bedrock outcrops reveal a thin deposit of only
a few meters depth. Large boulders are incorporated into the debris, and
bedrock on the shore of Lake Daubensee is exposed in several places.
Visible bedrock at the head of the lake shows a roche moutonnée-type
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Fig. 2. Daubensee rock avalanche: (A) Overview showing release and deposit area (dashed line). Arrows indicate direction of rock avalanche motion. (B) Release area below the
Rinderhorn summit (3448 m asl). Distinct fracture sets (F1, F2, F3) marked, defining structural setting of the release area. (C) Deposit north of Lake Daubensee and Lateglacial moraine.

landscape. To the west on the opposite side of the valley, the rock ava-
lanche ran up to an elevation 2250 m asl. Runout was stopped at this
point and trailing material surged, creating push-ridges striking N-S in
the western part of the deposit. The distal (northern) end of the deposit
lies at 2120 m asl, where the valley narrows. The Fahrbdschung angle
(relating fall height to travel distance along flow lines) for the
Daubensee rock avalanche is 21°.

4. Klein Rinderhorn rock avalanche
4.1. Release and deposit area

The release area of the KI. Rinderhorn rock avalanche (Fig. 3A) is lo-
cated below the summit of the KI. Rinderhorn (3003 m asl) in steep,
NW-dipping limestone and is structurally predisposed by the same
three fracture sets as the Daubensee slide (see Fig. 2B). The lateral ex-
tent of the KI. Rinderhorn release area is defined by the head scarp (fol-
lowing F2) at 2960 m asl and a vertical cliff to the south (following F3).
Clear indications of a lower boundary are not apparent from field evi-
dence. The sliding plane follows NW-dipping bedding (F1) and is pres-
ently covered by debris. At Rindersattel (see location in Fig. 1), the
continuation of the weak layer that acted as the sliding plane is visible
in an outcrop, daylighting on the ridge; here strongly laminated marls
are found interbedded with massive limestone (Fig. 3B).

The KI. Rinderhorn deposit is displayed in Fig. 3 (see location in
Fig. 1). The thick runup deposit at Schwarenbach reaches an elevation
of 2183 m asl; blocky debris contains large angular limestone boulders
and is sparsely vegetated. Large boulders are often surrounded by
shattered rock pieces. The deposit at Arvenwald in the southern end
of the valley has a strongly hummocky morphology (hills with heights
between 10 and 50 m) and is covered with a pine forest. Small lakes
with ephemeral water form in the depressions between hills. Alluvial
deposits from the Schwarzbach fill most of the remaining low-lying
area. The deposit at Sagiwald is located below LIA moraines of the
Schwarz Glacier (Fig. 1); however, the extent of this deposit is unclear.
Material mostly consists of angular cobbles with smaller boulders in a
fine matrix, with a few large boulders incorporated. However, this de-
posit is clearly distinguishable from the adjacent LIA moraine, which is
less weathered and not as blocky as the rock avalanche deposit. The
LIA moraines terminate in the eroded deposit, meaning LIA glaciers
did not reach farther than Sagiwald, which itself does not show any
signs of Lateglacial modification. At Spittelmatte, the rock avalanche de-
posit exhibits a distinctly different morphology than at Arvenwald and
Schwarenbach. Topography is gentle, without a hilly surface or forest
cover. The deposit mainly consists of one large flow ridge striking N-S

with thickness up to 60 m. We also observe smaller longitudinal flow
ridges in this area. Only a few large boulders are apparent along the
boundary with the Arvenwald and at the northern front of Spittelmatte.
On the eastern side of the deposit, a steep erosional cutbank has been
created by incision of a former course of the Schwarzbach creek. A fluvi-
al terrace with small shallow ponds follows the recent alluvial plain at
an elevation of 1880-1870 m asl, covering the rock avalanche deposit
with a thin layer of debris; however, outcrops clearly show distinguish-
able rock avalanche deposits below. The distal limit of the rock ava-
lanche is located at Sunnbiiel, where lobes of debris are observed
containing a few large boulders. The runout distance at this point is
4.3 km reaching an elevation of 1910 m asl, resulting in an estimated
Fahrbodschung angle for the rock avalanche of 14°.

A small gravel quarry on the east side of the Spittelmatte (see label
ETH-44961 in Fig. 1) provides a geological section into the KI.
Rinderhorn deposit (Fig. 4). Underlying material consists of rock ava-
lanche debris, evident as densely compacted, angular limestone compo-
nents in a fine matrix with dark gray to bluish color. A silty clay layer
with well-rounded cobbles rests on top of rock avalanche debris. The
thickness of this layer varies; it is not continuous and dips slightly
west. Several small fragments (1-20 mm) of charcoal were discovered
within this layer, around 1 m below ground. The charcoal sample
(ETH-44961) was prepared for dating following the protocol of Hajdas
(2008). We obtained a radiocarbon age of 3660 + 30 BP with accelera-
tor mass spectrometry (AMS) using MICADAS (Wacker et al., 2010). The
14C age was then converted to calendar ages with IntCal13 (Reimer
et al., 2013) using the OxCal v4.2 program (Bronk Ramsey and Lee,
2013), resulting in a calendar age range of 4.085-3.899 cal ka BP (20).
Above the clay, we distinguish at least three layers of debris by color
that contain similar material. The matrix of these is sandy gravel with
silt and clay, and they contain a large amount of subangular to rounded
cobbles and boulders. Debris layers above the rock avalanche deposit
thus provide evidence for subsequent erosional and depositional pro-
cesses, post-slide fluvial modification of the Spittelmatte, as well as tem-
porary ponded water bodies.

4.2. Altels ice avalanche

The steep, NW-dipping slope of the Altels, with its glaciated summit
(3629 m asl), has a high predisposition for ice avalanches. Rock ava-
lanche deposits of the KI. Rinderhorn event are located in the transit
and deposition area of these ice avalanches. Historical records exist for
at least two ice avalanches: 18 August 1782 and 11 September 1895
(Heim, 1896; Faillettaz et al., 2011). The latter event was well docu-
mented by Heim (1896). In autumn 1895 the glacier below the Altels
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Fig. 3. Klein Rinderhorn rock avalanche: (A) Release and parts of the deposit area (dashed line) below the K. Rinderhorn summit (3003 m asl). Arrows indicate direction of rock avalanche
motion. Weak layer (red line) that acted as the sliding plane daylighting at Rindersattel. (B) Outcrop of weak layer (red lines) composed of laminated marls (enlarged closeup) interbedded
with limestones at Rindersattel. (C) Thick runup deposit at Schwarenbach. (D) Hummocky deposit and forest at Arvenwald. (E) Overview of the deposit at Arvenwald and Spittelmatte

with the path of the 1895 Altels ice avalanche indicated.

summit failed in a catastrophic manner; about 4.5 million m® of ice
broke free and slid to the valley below. The transit path ranges from
below the summit of the Altels toward the valley at the Spittelmatte,
where the main deposit came to rest (Figs. 1 and 3). The resulting air
blast destroyed parts of the Arvenwald. Backflows of ice avalanche de-
posits were observed from the steep cut bank in the Spittelmatte, leav-
ing behind almost undisturbed vegetation. On average, the cumulative
percentage of emplaced rock debris was estimated by Heim (1896) to
be about 1-2%, consisting of small, angular rock fragments. After melt
of the ice avalanche deposit, the meadow of the Spittelmatte was cov-
ered with a layer of fine debris and small rocks; only in a few areas
were larger boulders found. Observations from Heim (1896) thus dem-
onstrate that the ice avalanche had mostly an aggradational effect at
Spittelmatte, with almost no substrate erosion.

The 1782 ice avalanche was similar to the 1895 event but with a
smaller impact area (Heim, 1896; Faillettaz et al., 2011). Only
113 years were thus necessary for the Altels Glacier to grow again and
fail by 1895. We therefore assume that these (and similar) events
were part of a potentially repeating process of periodic ice avalanches
from the Altels. The KI. Rinderhorn rock avalanche deposit is located
within the transit and deposition area of these ice avalanches. Our
field observations revealed a different, smoother surface of the rock av-
alanche deposit in the Spittelmatte region than in the adjacent
Arvenwald. We suggest that periodic accumulation of debris by repeat-
ing Holocene ice avalanches might explain the difference in surface
morphology (as well as vegetation). Further indication of the geomor-
phic effect of ice avalanches in the Spittelmatte area are large boulders
(0.5-1 m?) of siliceous limestone (Hauterivian) deposited in the middle
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Fig. 4. Outcrop in the Spittelmatte (ETH-44961, Fig. 1) showing rock avalanche deposit covered by clay layer and distinguishable debris layers. Location of charcoal sample shown in clay

layer used for radiocarbon dating, resulting in a calendar age range of 4.085-3.899 cal ka BP.

of the meadow. These are not part of the KI. Rinderhorn source material
and can only originate from the lower part of the Altels.

5. Cosmogenic nuclide surface exposure dating

Failure ages of the two Rinderhorn rock avalanches were investigat-
ed using cosmogenic nuclide surface exposure dating of deposited boul-
ders. Following failure, fragmentation, and deposition of a rock
avalanche, freshly created rock surfaces are exposed to bombardment
from cosmic rays. Cosmogenic nuclides are produced gradually in ex-
posed surfaces, which allows determining the absolute age of a rock av-
alanche (Ivy-Ochs and Kober, 2008). Cosmogenic 2°Cl exploited in this

study for exposure dating of limestone is produced by several reactions:
spallation of “°Ca and *°K, muon-induced reactions on “°Ca and *°K, and
thermal and epithermal neutron capture by >>Cl and K (Gosse and
Phillips, 2001).

We carefully selected boulders for sampling according to the criteri-
on given by Ivy-Ochs and Kober (2008). We sampled 12 boulders from
within the KI. Rinderhorn deposit and 8 boulders from within the
Daubensee deposit (Fig. 5). Sample locations are shown in Fig. 1. To ob-
tain a more complete spatial description and to resolve uncertainties re-
garding failure scenarios, boulders from the three main parts of the KL
Rinderhorn site were chosen, including the runup deposit at
Schwarenbach, the hummocky deposit at Arvenwald, and the distal

Fig. 5. Selected boulders chosen for surface exposure dating at the Daubensee and KI. Rinderhorn deposits (see Table 1).
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deposit at Sunnbiiel. Boulders in the Spittelmatte area were avoided be-
cause of the unknown influence of the Altels ice avalanches.

Sample preparation and isotope dilution followed common proce-
dures (Ivy-Ochs et al., 2004, 2009a). Total Cl and 3°Cl of the samples
were measured with the 6 MV TANDEM at the AMS facility of the Labo-
ratory of lon Beam Physics, ETH Zurich (Table 1). The ETH internal stan-
dard K382/4 N with a value of >6Cl/Cl = 17.36 x 10~ '? and the stable
37C1/5Cl ratios to the natural ratio *’Cl/2>Cl = 31.98% were used to nor-
malize the 3°Cl/3>Cl ratios of the samples (Christl et al., 2013). The ETH
internal standard is calibrated against the primary >6Cl standard
KNSTD5000 (nominal ratio (5.00 & 0.10) x 10~ !?; Sharma et al.,
1990). The measured sample ratios were corrected by subtracting full
process chemistry blanks (3.4 x 10~ '°). A production rate from Ca of
54.0 + 3.5 atoms 2°Cl (g Ca)~' a~!' (Stone et al., 1996, 1998) was
used to calculate surface exposure ages using a custom routine created
by V. Alfimov based on the parameters described in Alfimov and Ivy-
Ochs (2009). A density of 2.4 g cm ™2 was assumed for all samples. Cor-
rections for topographic shielding were calculated with the CRONUS-
Earth online calculator (Balco et al., 2008). A typical surface erosion
rate for karstified limestones of 0.5 cm ka~! (Hauselmann, 2008) was
assumed for all samples. No corrections for snow cover were applied.
Major and minor element (B, Gd, Sm) concentrations (Table 2) were
used to calculate the sample specific production rates following the pro-
cedures in Alfimov and Ivy-Ochs (2009).

Exposure ages from the Daubensee deposit range from 9.3 to 11.3 ka
(Fig. 6). Excluding DA10, this scatter remains within the margins of
error for each sample. The overall mean exposure age of the Daubensee
rock avalanche is 10.0 & 0.5 ka. The mean age excluding outlier DA10 is
9.8 £ 0.5 ka, which fits well with the peak age obtained using the
“camel plot” approach (e.g., Balco, 2011), i.e., summing the Gaussian
probability distributions of each measurement. Sample DA10 appears
much older than the other dated boulders, which may indicate exposure
prior to the rock avalanche.

Exposure ages for the KI. Rinderhorn deposit are more scattered,
ranging from 7.6 to 11.6 ka (Fig. 6). The mean exposure age for all sam-
ples is 9.7 £ 0.5 ka. Excluding four outliers (SCH2, S1, SO2, SO3), the
mean age is 9.8 + 0.5 ka, which matches the peak age obtained from
the “camel plot”. SCH2 and SO3 show markedly younger ages, likely

because of post-depositional shielding, spalling of the boulder surface,
or karst erosion (Ivy-Ochs and Kober, 2008). Ages of S1 (11.6 +
0.7 ka) and SO2 (11.2 + 0.6 ka) are close to the Younger Dryas (YD)
and may be explained by entrainment of possible Egesen moraines.
The choice of boulders at Sunnbiiel was limited, and the selected sites
were often covered by vegetation (e.g., SO2, SO3, S5; Fig. 5). Such sub-
optimal sampling conditions, in contrast to the more favorable
Schwarenbach and Arvenwald sites, may have led to larger scatter in
the resulting exposure ages. The exposure ages at Sunnbiiel are not
fully convincing as to the continuity of the deposit, but outcrops
(e.g., Fig. 4) confirm the presence of rock avalanche material in this dis-
tal region.

Our dating results suggest that the Daubensee and KI. Rinderhorn
rock avalanches were coeval at 9.8 4 0.5 ka, and alternative approaches
for interpreting the exposure ages (i.e., “camel plots”) yielded similar
results. The two rock avalanches thus occurred roughly 1.7 ka after the
end of the YD. During the YD, glacial ice of the Egesen stadial likely oc-
cupied the deposit areas of our study site for the final time, while the re-
lease areas of both rock avalanches were last in contact with valley
glaciers during the LGM. The spatial distribution of ages supports the
hypothesis that each rock avalanche occurred as a single, catastrophic
event. Furthermore, the relatively large lag time after the LGM and YD
rules out the possibility that the transit path was covered by ice. The ra-
diocarbon age of the charcoal sample (ETH-44961) provides a mini-
mum age and is not in conflict with exposure ages for the KI.
Rinderhorn event. Because the deposit at Sagiwald in front of LIA mo-
raines of the Schwarz Glacier (Figs. 1 and 3) does not show evidence
of glacial modification, we assume that by the time of failure (9.8 ka),
the Schwarz Glacier had already retreated behind this extent (see also
Ivy-Ochs et al., 2009b). The presence of hummocks and thick deposits
in the proximal Arvenwald region supports the absence of ice within
the deposit area (Robinson et al., 2014).

6. Reconstruction of pre-failure topography and volume analysis
Reconstruction of pre-failure topography is necessary for volume

calculation and runout modeling. We recreated pre-failure topography
by modifying the modern topography (swissALTI3D 2013 DEM by

Table 1

AMS measured concentrations of >°Cl and calculated surface exposure ages.
Sample Latitude (DD.DDD)  Longitude Elevation Site setting Thickness ~ Shielding ~ Cl Clerror  3®Clconc. (atg=' >®Clconc.  Exposure
name (DD.DDD)  (masl) (cm) corr. factor  (ppm) (%) x 10°) error (%)  age (ka)
Daubensee
DA 1 46.424 7.622 2173 Front deposit 1.5 0.978 4.1 03 0.979 33 9.27 £ 043
DA 2 46.423 7.622 2178 Front deposit 1.0 0.978 9.2 03 1.090 44 10.03 & 0.55
DA 3 46.418 7.621 2227 Main deposit 1.0 0.985 7.5 1.5 1.173 3.7 10.38 + 0.51
DA 6 46.420 7.622 2230 Main deposit 1.5 0.985 5.1 1.1 1.154 2.5 10.11 £ 042
DA7 46.416 7.627 2311 Behind moraine 2.0 0.980 6.1 13 1.045 32 9.38 + 0.43
DA 8 46.414 7.627 2315 Behind moraine 1.5 0.976 7.2 25 1.162 4.2 9.61 + 0.52
DA 10 46.419 7.620 2243 Main deposit 2.5 0.985 8.0 0.3 1.300 2.2 11.29 £ 045
DA 11 46.418 7.621 2223 Main deposit 35 0.981 6.6 1.2 1.115 53 9.96 £+ 0.62
KI. Rinderhorn
SCH 1 46.436 7.626 2174 Schwarenbach 15 0.977 10.1 0.6 1.037 47 9.69 + 0.56
SCH 2 46.435 7.626 2178 Schwarenbach 1.0 0.978 8.9 1.0 0.831 3.8 7.55 £ 0.38
SCH 4 46.435 7.627 2160 Schwarenbach 1.0 0.982 16.6 0.7 1.039 53 9.61 + 0.60
SCH 5 46.435 7.627 2162 Schwarenbach 1.5 0.980 5.7 04 0.948 39 8.81 £ 0.45
AR 1 46.441 7.637 1902 Arvenwald 1.0 0.973 8.1 13 0.805 5.1 9.65 + 0.58
AR 2 46.439 7.636 1899 Arvenwald 0.75 0.963 5.8 0.5 0.816 3.8 9.69 + 0.49
AR5 46.442 7.638 1910 Arvenwald 2.0 0.974 74 15 0.847 3.7 9.77 £ 048
S1 46.457 7.649 1933 Sunnbiiel 1.5 0.961 16.5 1.2 1.096 49 11.63 4+ 0.68
S02 46.456 7.647 1927 Sunnbiiel 1.5 0.962 21.8 1.0 1.046 3.9 11.22 + 0.58
SO3 46.455 7.646 1932 Sunnbiiel 2.0 0.958 11.7 1.1 0.688 4.7 7.78 £ 045
S5 46.454 7.647 1914 Sunnbiiel 1.5 0.963 5.6 0.1 0916 2.6 10.30 + 043
S6 46.456 7.648 1935 Sunnbiiel 2.0 0.962 19.5 0.6 0.999 3.1 10.53 4+ 0.48
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Major and minor element concentrations for the analyzed samples determined by XRF at XRAL, Ontario, Canada; samples denoted with (*) were determined by XRF at ETH Zurich (n.d. =

not determined).

Sample  Al,03 Ca0 Cr,03 Fe,03 K,0 MgO MnO Na,O P,05 Si0, TiO, Total B Gd Sm Th U
name (wt®)  (wt®)  (wtk)  (wtk)  (wth)  (wtk)  (wt%)  (wt%)  (wt%)  (wt®)  (wt®)  (wtk) (ppm) (ppm) (ppm) (ppm) (ppm)
DA1 0.52 5320 <0.01 0.19 0.08 0.34 <0.01 <0.1 0.01 273 0.02 57.09 <10 0.29 0.20 0.10 0.64
DA 2 0.29 5390 <0.01 0.2 0.04 0.43 <0.01 <0.1 0.01 143 0.02 56.24 <10 0.29 0.20 <0.1 0.53
DA3 0.37 5430 <0.01 0.16 0.04 0.47 <0.01 <0.1 0.02 218 0.01 57.55 <10 0.24 0.30 0.30 0.87
DA 6* 0.14 55.13 0.00 0.06 0.02 0.67 0.01 0.00 0.03 036 0.01 5642 nd. n.d. n.d. 0.00 0.00
DA 7 0.36 51.00 <0.01 0.14 0.05 0.57 <0.01 <0.1 0.02 221 0.02 5437 <10 0.39 0.20 <0.1 0.88
DA 8* 0.13 55.22 0.00 0.08 0.02 0.56 0.01 0.00 0.02 039 0.01 5644 nd. n.d. n.d. 0.00 0.00
DA 10"  0.17 55.21 0.00 0.08 0.02 0.69 0.01 0.00 0.03 038 0.01 56.58  n.d. n.d. n.d. 0.00 0.00
DA11* 017 55.13 0.00 0.07 0.02 0.71 0.01 0.00 0.03 042 0.01 56.57 n.d. n.d. n.d. 0.00 0.00
SCH 1 0.34 5320 <0.01 0.21 0.05 0.91 <0.01 <0.1 <0.01 154 0.02 56.27 <10 0.23 0.20 <0.1 1.06
SCH2 0.31 5420 <0.01 0.18 0.04 0.60 <0.01 <0.1 <0.01 141 0.02 56.76 <10 0.18 0.20 <0.1 1.06
SCH4*  0.64 52.44 0.00 030 0.07 2.03 0.01 0.00 001 149 0.03 57.02 nd. n.d. n.d. 0.00 0.00
SCH 5 0.27 5450 <0.01 0.23 0.03 0.41 <0.01 <0.1 <0.01 143 0.02 56.89 <10 0.25 0.20 <0.1 0.76
AR1 0.90 5030 <0.01 0.66 0.13 0.52 0.02 0.20 0.01  6.02 0.04 58.80 <10 0.79 0.80 1.10 0.51
AR2 0.73 51.60 <0.01 0.33 0.10 0.46 <0.01 010 <0.01 535 0.04 5871 <10 037 0.30 0.30 2.06
AR5 0.44 5270 <0.01 0.27 0.06 0.54 <0.01 <01 <0.01 241 0.03 5645 <10 0.34 0.30 0.20 0.79
S1* 0.13 55.47 0.00 0.05 0.02 0.67 0.01 0.00 0.04 023 0.01 56.62 nd. n.d. n.d. 0.00 0.00
SO 2 0.22 53.80 <0.01 0.18 0.03 0.53 <0.01 <0.1 0.03 124 0.01 56.04 <10 0.27 0.20 <0.1 0.40
SO3 0.42 5260 <0.01 0.20 0.07 0.65 <0.01 <0.1 0.02 282 0.03 56.81 <10 0.52 0.50 0.10 0.65
S5* 0.11 54.74 0.00 0.05 0.02 1.02 0.00 0.00 0.03 039 0.01 5636 n.d. n.d. n.d. 0.00 0.00
S6* 0.10 55.27 0.00 0.06 0.01 0.59 0.01 0.00 0.03 019 0.01 56.26  n.d. n.d. n.d. 0.00 0.00

Swisstopo) in the release, transit, and deposit areas of both rock ava-
lanches, based on field and remote thickness estimates. Topographic
contour lines from modern topography were modified and DEM data
interpolated to reconstruct the pre-failure surface. The recreated topog-
raphy was then adjusted as necessary to provide a smooth transition
with surrounding terrain. We subtracted the reconstructed pre-failure
topography from the modern topography (DEM) to calculate a height
difference map. Volumes were determined by integrating over the
area of the thickness raster. Total volumes in the deposit and release
areas for each event were adjusted in an iterative process so that the re-
leased volumes matched the deposit volumes accounting for a typical

fragmentation bulking factor of about 25% (Hungr and Evans, 2004).
Post-slide deposit erosion was not taken into account in our volume
analysis, and material entrainment during emplacement was neglected
(not supported by field evidence).

Fig. 7 compares hillshade images of the post- and pre-failure topog-
raphy at the Daubensee site. The release area was reconstructed by ex-
trapolating adjacent topographic surfaces assuming similar inclination.
Deposited rock avalanche debris was removed from the transit area. Ac-
cumulated debris behind the moraine was also removed to form a de-
pression of similar size as in the adjacent unaffected area. The moraine
was not extended to the north as the breaching processes cannot be
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Fig. 6. Exposure ages of the Rinderhorn rock avalanches: (A) and (B) show exposure ages with error bars. Excluding outliers (shown as open symbols), the mean age of 9.8 & 0.5 ka for the
individual events is indicated by the gray bar. Younger Dryas (YD) period is indicated in blue shading (12.8-11.5 ka BP). (C) and (D) show “camel plots” of all ages with peak ages of 9.8 and
9.9 ka for the Daubensee and KI. Rinderhorn rock avalanches, respectively. (E) Locations of sampled boulders (yellow) with calculated exposure ages, deposit extents (green), and release

area extents (red).
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Fig. 7. Volume analysis for the Daubensee rock avalanche: (A) Post-failure surface (DTM
by Swisstopo), (B) estimated pre-failure surface, and (C) calculated height difference.
Contour interval is 20 m. Longitudinal profile along runout path and cross section
through deposit (yellow lines) displayed in Fig. 10. Mapped release area (red line) and
deposit area (green line) are shown.

recreated in subsequent runout modeling. The pre-failure surface in the
main deposit area was reconstructed with the aid of bedrock outcrops
and field estimations of deposit thickness. Because the amount of de-
posit in Lake Daubensee is unknown, calibrating the release volume
until it matched the deposit volume with a reasonable bulking factor
was not possible. Instead, the release volume was adjusted until the vol-
ume of the onshore deposit in the runout models (assuming a bulking
factor of 25%) matched the calculated onshore volume from the field.

We compare reconstructed pre-failure topography to modern to-
pography at the KI. Rinderhorn site in Fig. 8. The steep cliff at the crest
of the release area was reconstructed assuming similar dip as the neigh-
boring slopes in order to obtain the released volume. Mapped deposits
were subtracted from the current topography. The Spittelmatte area
was modeled as a relatively flat alluvial plain dipping gently toward
the outflow point of the Schwarzbach creek. Similar geomorphology is
observed higher in the valley today. The topography at Schwarenbach
was recreated as a steep bedrock ridge, as indicated in exposed surfaces
adjacent to the deposit.

The release and deposit volumes for each rock avalanche were calcu-
lated by subtracting the pre-failure topography from the post-failure
(present) topography; resulting height differences (i.e., deposit thick-
nesses) are displayed in Figs. 7 and 8. Cumulative volumes are listed
in Table 3 for both events. The estimated onshore deposit volume of
4.2 million m? for the Daubensee rock avalanche is distributed thinly
at the end of Lake Daubensee. Thick deposits of >20 m accumulated be-
hind the Lateglacial moraine and in the transit area. The average thick-
ness is around 7 m. The released volume of the Daubensee rock
avalanche was estimated to be 4.4 million m?, and we assume that a sig-
nificant additional volume is deposited in the present-day Lake
Daubensee (also verified by runout models). The Kl. Rinderhorn rock
avalanche is an order of magnitude larger, with estimated deposit vol-
ume of 46.6 million m>. The main body of the deposit lies at
Schwarenbach with maximum thickness of 135 m. The hummocky to-
pography at Arvenwald and Spittelmatte consists of hills up to 60 m
high. The overall deposit has an average thickness of 22 m. The estimat-
ed released volume of 36.7 million m> results in a fragmentation bulking
factor of 27%. Observed Fahrbdschung angles for both events are typical
for rock avalanches of similar volumes, matching well with empirical
data relating volume and runout (Hungr et al., 2005, and references
therein). Other recently investigated carbonate rock avalanches with
comparable volumes also had similar Fahrbdschung angles
(e.g., Patzelt, 2012; Nagelisen et al., 2015).

7. Runout analysis

Numerical runout simulation was performed for the Daubensee and
KI. Rinderhorn rock avalanches using the code DAN3D (Hungr, 1995;
McDougall and Hungr, 2004). The program models flow of an “equiva-
lent fluid” over user-input three-dimensional terrain (Hungr and
McDougall, 2009). We used a modified version of DAN3D that simulates
the initially coherent landslide body transitioning into a flow-like rock
avalanche by treating the initial sliding mass as a flexible block (Aaron
and Hungr, 2016). The aim of our modeling was to simulate rock ava-
lanche runout, predict deposit extents and thickness to compare with
field estimates, and to verify the hypothesized single-event failure sce-
narios. Reconstructed pre-failure topography served as the path topog-
raphy, and estimated thickness in the release area provided the source
volume. For both rock avalanches, we assumed frictional basal rheology
with an initial coherent sliding phase of 10 s. Rheology parameters
(basal friction angle ¢y, internal friction angle ¢;, and pore pressure co-
efficient r,) were adjusted by trial-and-error to match the total runout
distance and lateral spreading of the deposit (Sosio et al., 2011). Note
that ¢, represents the basal flow resistance of the rock avalanche,
while ¢; affects the material spreading. Erosion and entrainment were
neglected. Pore pressure coefficients were held at zero and unit weights
set to 24 kN m—>. Bulking during initial fragmentation cannot be simu-
lated in DAN3D, therefore the release volume was increased by the pre-
viously determined bulking factors (Table 3). All terrain data and
simulation outputs had spatial grid resolution of 5 m.

Optimal runout results for the Daubensee rock avalanche were
achieved assuming a basal friction angle of 22° and an internal friction
angle of 25°. Fig. 9 displays the modeled runout at different times, as
well as the final simulated deposit after 70 s. The modeled runout
reached a maximum velocity of ~95 m s~ . Cross sections through the
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Fig. 8. Volume analysis for the KI. Rinderhorn rock avalanche: (A) post-failure surface (DTM by Swisstopo), (B) estimated pre-failure surface, and (C) calculated height difference. Contour
interval is 20 m. Longitudinal profile along runout path and cross sections through deposit (yellow lines) displayed in Fig. 12. Mapped release area (red line) and deposit area (green line)
are shown. Light-blue dashed line delineates the valley sediments assigned lower friction angle in our runout model.

runout path comparing pre-failure topography, post-failure topogra-
phy, and modeled deposit are shown in Fig. 10. Modeled deposit extents
match mapped extents well in the northern and western areas.
Modeled thicknesses are within the same range as field estimates, al-
though lateral spreading at the head of Lake Daubensee does not resem-
ble field observations. The stranded deposit high in the transit area was
adequately reproduced. The mapped runout at Daubensee, including
deposits interacting with the Lateglacial moraine and within Lake
Daubensee, was challenging to recreate. Material retention behind the
moraine was not adequately achieved in our models, and runout behav-
ior was strongly controlled by the recreated depression at Lake
Daubensee. We note that the topography of the lake bottom was esti-
mated as no bathymetry data are currently available. Assuming 25%
bulking, we estimate a source volume of 5.5 million m®. Runout models
resulted in an onshore deposit volume of 4.0 million m3 with
1.5 million m? in the lake. The onshore volume agrees well with our
field estimate of 4.2 million m>.

The main challenge in modeling the Kl. Rinderhorn rock avalanche
was simultaneous generation of a long runout toward the northern dis-
tal end of the deposit and limited proximal runup at Schwarenbach. Op-
timal results were achieved assuming a basal friction angle of 22° and an
internal friction angle of 25°, with a reduced friction angle of 12° in the

Table 3
Physical parameters resulting from volume analysis of the Daubensee and KI. Rinderhorn
rock avalanches.

Unit Daubensee Kl. Rinderhorn

Source volume (10° m?) 4.4 36.7

Source area (km?) 0.13 0.37

Mean source thickness  (m) 35 101

Rock type Tithonian limestone Valanginian limestone
Deposit volume (10° m?) 42° 46.6

Deposit area (km?) 0.58% 2.10

Mean deposit thickness (m) 7 22

Bulking factor (%) 25° 27
Fahrboschung angle (*) 21 14

2 Calculated deposit volume and area for the Daubensee rock avalanche does not in-
clude unidentified deposits in the lake.

b The bulking factor for the Daubensee rock avalanche is the estimated value for runout
models including assumed deposits in the lake.

valley sediments of the alluvial plain (light-blue dashed line in Fig. 8).
The modeled deposit at several time intervals is presented in Fig. 11
along with the final simulated deposit after 90 s. Fig. 12 compares pre-
and post-failure topography with model results along longitudinal
cross sections. Overall our simulation captured the general runout be-
havior of the KI. Rinderhorn rock avalanche in a satisfactory manner.
Runup at Schwarenbach was reproduced, although the field-estimated
thickness is greater than the modeled deposit. The total runout distance
at Spittelmatte and Sunnbiiel is underestimated, and simulated deposits
have more evenly distributed thickness than observed deposits
(Fig. 12). Partial verification of modeled runout velocities is possible at
overtopped features, such as the hill at Schwarenbach, with the follow-
ing (see, e.g., Evans et al., 2001; Jibson et al., 2006):

Vmin = (Zgh)()‘s

Because basal and internal friction are neglected in this formulation,
Vmin Fepresents the minimum velocity needed to achieve the observed
runup height h (g is gravitational acceleration). Estimated v, at
Schwarenbach (h = 135 m) is 51 m s~ !, consistent with our predicted
model velocity of 60 m s~ '. Runout of the KI. Rinderhorn rock avalanche
attained a maximum simulated velocity of ~110 m s~ !, which is near
the upper limit of comparable results in other model studies (Hungr
and Evans, 1996); however, frictional basal rheology can overestimate
velocities (Hungr et al., 2005).

Application of a reduced friction angle for the valley sediments at KI.
Rinderhorn may be explained by entrained material and rapid un-
drained loading. Entrainment of saturated sediments, snow, ice, or sur-
face water into a rock avalanche, as well as rapid undrained loading
reducing effective stresses because of increased pore pressure at the
slide base, can increase mobility of the debris and lower the apparent
friction coefficient (Hungr and Evans, 2004; Dufresne et al., 2010;
Schneider et al,, 2011). Valley fill in the Spittelmatte area could provide
water-saturated sediments during runout and thus increase mobility for
the KI. Rinderhorn rock avalanche. All applied basal friction angles are
within the range of typical values for rock avalanches (between 11°
and 31°) determined from previous case-history back analyses (Hungr
and Evans, 1996; Sosio et al., 2011). Overall, results of our simulations
validate the hypothesis that both rock avalanches failed in a


Image of Fig. 8

L.M. Grdmiger et al. / Geomorphology 268 (2016) 207-221 217

k N | Deposit (m)
”{f %/’n 4
N :“.i‘ I '_:’}?.yﬂ,}‘-{f ; 47
7 \ S 7-10
10-15
15-20
20-40

40-55

(i‘—\(/ "“ P ———, o
g Sy

ll': X5 XL
st

\

Fig. 9. Runout model for the Daubensee rock avalanche: Isopach maps of the deposit assuming frictional rheology compared to deposit outlines from field observations (orange line) at
time steps of 15, 30, 40, 50, and 70 s after failure initiation. Longitudinal profile along runout path and cross sections through deposit (yellow lines) shown in Fig. 10.

catastrophic manner and that the large observed runout distances are
plausible assuming typical basal friction angles; runout over glacier ice
is not required in either case (as previously assumed, e.g., by Abele,
1974).

8. Preconditioning, preparatory and triggering factors

To better understand failure of the Rinderhorn rock avalanches in a
paraglacial context (Ballantyne, 2002; McColl, 2012), it is important to
analyze time-dependent failure mechanisms, collectively referred to
as progressive failure (Terzaghi, 1962), or processes that lead to degra-
dation of rock mass strength and ultimately slope failure (Eberhardt
et al,, 2004). Rock slope stability is at the fundamental level controlled
by inherited structure (Terzaghi, 1962; Augustinus, 1995; Moore et al.,
2009). Steep, valley-dipping sedimentary bedding, weak interlayered

beds of marl, and karstification contribute to the high predisposition
for dip-slope sliding on the eastern flanks in the Rinderhorn region.

Both rock slope failures investigated in this study occurred during
the early Holocene, several thousand years after deglaciation of the val-
ley flanks. With such a large lag time, deglaciation processes (e.g., glacial
debuttressing) were likely not the predominant factor leading to ulti-
mate failure. However, glacial erosion conditioned both slope failures
by undercutting and exposing slopes in steeply dipping limestone, mak-
ing failure kinematically feasible. Valley deepening can also lead to in-
creased stresses on rock bridges connecting non-persistent
discontinuities, reducing slope stability (Augustinus, 1995; Leith et al.,
2014). Fatigue mechanisms may further contribute to time-dependent
rock mass strength degradation (e.g., thermo- and hydro-mechanical
stress cycles), preparing paraglacial valley slopes for failure until limit
equilibrium is reached (Eberhardt et al., 2004; Prager et al., 2008;
McColl, 2012).
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Fig. 11. Runout model for the K1 Rinderhorn rock avalanche: Isopach maps of the deposit assuming frictional rheology compared to deposit outlines from field observations (orange line) at
time steps of 15, 30, 40, 60, and 90 s after failure initiation. Longitudinal profile along runout path and cross sections through deposit (yellow lines) shown in Fig. 12.

Climate conditions during the early Holocene were cold and dry
(Ivy-Ochs et al,, 2006; Kerschner and Ivy-Ochs, 2008), but the
Preboreal/Boreal represents a climatic transition toward a warmer and
wetter environment (Haas et al, 1998; Tinner and Kaltenrieder,
2005). Holocene climate change may have influenced slope stability at
the Rinderhorn. Increased temperatures can affect the strength of ice-
filled discontinuities high in the release areas (Draebing et al., 2014)
or melt ice promoting increased joint-water pressures (Fischer et al.,
2010). In addition, more frequent heavy rainfall events coinciding
with a wetter climate may affect rock slope stability through hydro-
mechanical damage (Gischig et al., 2015). These processes drive pro-
gressive failure leading to a bulk reduction in resisting forces until ulti-
mate failure is triggered. Despite the apparent increase in Alpine
landslide activity coinciding with climate change during the onset of
the Holocene (Prager et al., 2008; Ivy-Ochs et al., 2009a; Zerathe et al.,
2014; Nicolussi et al,, 2015), clear mechanical linkages between climate
and slope stability for individual case studies remain speculative.

Stronger evidence exists for coseismic triggering of the Rinderhorn
rock avalanches. The two rock avalanches failed at ~9.8 ka (this
study), approximately coeval (within the uncertainty of the dating
method) with the nearby Kander valley rock avalanche at ~9.6 ka
(Tinner et al., 2005). This tight spatial and temporal correspondence
suggests a seismic trigger, with an earthquake epicenter in the general
area. The nearby Rhone valley in southern Switzerland has a history of
earthquake-triggered rock avalanches; Fritsche et al. (2012) reported

four known M~6 earthquakes over the past 500 years, each of which
triggered multiple rock slope failures. Numerous examples also exist
worldwide of multiple landslides (frequently spatially clustered) trig-
gered by a single large earthquake (e.g., Jibson et al., 2006; Owen
et al., 2008). Keefer (1984) highlighted that the area affected by land-
slides depends on the magnitude of the earthquake. An M~6 earth-
quake would be strong enough to trigger landslides within an
epicentral distance of up to 100 km. In our study region, the Gemmi
fault is an active NW-SE trending strike-slip fault, with two instances
of post-glacial reactivation dated using luminescence techniques at
8.7 £ 2.0kaand 2.4 + 0.5 ka (Ustaszewski et al., 2007). Macroseismicity
in this area of Switzerland, however, is not generally restricted to
known active faults, having a typically more distributed pattern
(Ustaszewski and Pfiffner, 2008).

Further evidence for a seismic trigger lies at the bottom of Swiss
lakes. Subaquatic mass movement stratigraphy can be used to identify
and date paleo-earthquakes (e.g., Strasser et al., 2013). Lacustrine
mass movement deposits in Lake Lucerne and nearby Lake Seelisberg
indicate a strong earthquake (M > 6) occurred in central Switzerland
at 9.88-9.96 ka BP (Becker et al., 2005). Schnellmann et al. (2006) refers
to the same event in sediments from Lake Lucerne dated at 9.87 ka BP.
Their assumed epicenter is located in central Switzerland 60-80 km
from the Rinderhorn region, requiring an earthquake with M > 6 to trig-
ger large landslides over this distance (Keefer, 1984). The precise epi-
center is unknown, however, and Becker et al. (2005) proposed that a
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Fig. 12. Longitudinal profile along runout path, and cross sections through the deposit of the KI. Rinderhorn rock avalanche, showing estimated and modeled source and deposit thickness.

large paleo-earthquake occurred in the central Swiss Alps at this same
time. Potentially concurrent triggering of more distant landslides at
Flims and in the Eastern Alps (Prager et al., 2008; Ivy-Ochs et al.,
2009a; Nicolussi et al., 2015) by the same seismic event would require
an earthquake with M > 7, but no evidence for a paleo-earthquake
with this magnitude has been found (Strasser et al., 2006, 2013).
While the origins of temporal landslide clustering at the orogen-scale
remain unresolved (cf. Zerathe et al., 2014; Nicolussi et al., 2015),
there is evidence for enhanced earthquake activity during the late Pleis-
tocene/early Holocene, suggested to be caused by isostatic post-glacial
rebound (Monecke et al., 2006; Strasser et al., 2013), which likely affect-
ed the entire Alps. Our results support the occurrence of a strong earth-
quake around ~9.8 ka, and we propose that they may help refine the
estimated epicenter as nearer to the Kander valley than previously
thought.

9. Conclusions

We presented detailed investigations of two rock avalanches in the
Rinderhorn area of the Bernese Alps, Switzerland. Both events initiated
as dip-slope sliding along sedimentary bedding, representing massive
slope failure in a catastrophic manner, and developed into high-
mobility rock avalanches with long runout. Key outcomes of our study
are:

» The KI. Rinderhorn rock avalanche released ~37 million m* of rock
with a runout distance of up to 4.3 km (Fahrb6schung angle = 14°).
The deposit bulked to ~47 million m>. The rock avalanche developed
spatially variable deposit morphology, including a hummocky surface
in the proximal region and a longitudinal flow ridge in the distal area.
The distal region was later modified by fluvial erosion and by periodic
ice avalanches from the neighboring Altels.

The 4.4 million m® Daubensee rock avalanche had a maximum runout
distance of 2.5 km (Fahrbdschung angle 21°), breaching a
Lateglacial moraine and bulking to an estimated 5.5 million m® during
deposition. Deposits are thin and spread over a large area, with several
flow and push ridges. A large amount of the deposit is estimated to re-
side in Lake Daubensee.

 Runout behavior of the two rock avalanches was recreated in numer-
ical simulations employing a frictional rheology. A basal friction angle
of 22° was assumed for each, with a reduced value of 12° in the alluvial
plain at KI. Rinderhorn. This low basal friction angle may be related to
entrained water-saturated sediments and to rapid, undrained loading
along the runout path.

Ages of the two rock avalanches constrained from 6Cl surface expo-
sure dating are coeval at 9.8 + 0.5 ka, ruling out deglaciation as a di-
rect trigger. The close temporal agreement of the two events,
together with the contemporaneous nearby Kander valley rock ava-
lanche as well as paleoseismic records from nearby lakes, supports
the hypothesis of simultaneous earthquake triggering.
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