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Earth Surface Processes and Landforms

ABSTRACT: Rock avalanches destroy and reshape landscapes in only a few minutes and are among the most hazardous processes
on Earth. The surface morphology of rock avalanche deposits and the interaction with the underlying material are crucial for runout
properties and reach. Water within the travel path is displaced, producing large impact waves and reducing friction, leading to long
runouts. We hypothesize that the 0.2 km® Holocene Eibsee rock avalanche from Mount Zugspitze in the Bavarian Alps overran and
destroyed Paleolake Eibsee and left a unique sedimentological legacy of processes active during the landslide. We captured 9.5 km
of electrical resistivity tomography (ERT) profiles across the rock avalanche deposits, with up to 120 m penetration depth and more
than 34 000 datum points. The ERT profiles reveal up to ~50 m thick landslide debris, locally covering up to ~30 m of rock debris
with entrained fine-grained sediments on top of isolated remnants of decametre-wide paleolake sediments. The ERT profiles allow
us to infer processes involved in the interaction of the rock avalanche with bedrock, lake sediments, and morainal sediments, includ-
ing shearing, bulging, and bulldozing. Complementary data from drilling, a gravel pit exposure, laboratory tests, and geomorphic
features were used for ERT calibration. Sediments overrun by the rock avalanche show water-escape structures. Based on all of these
datasets, we reconstructed both position and size of the paleolake prior to the catastrophic event. Our reconstruction of the event
contributes to process an understanding of the rock avalanche and future modelling and hazard assessment. Here we show how inte-
grated geomorphic, geophysical, and sedimentological approaches can provide detailed insights into the impact of a rock avalanche
on a lake. © 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

KEYWORDS: rock avalanche; runout; lake impact; paleolake reconstruction; ERT calibration; water-escape structures; Northern Calcareous Alps;
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Introduction

Massive rock-slope failures cause more than 60% of all cata-
strophic landslide disasters (Evans et al., 2006). The interaction
of the rockslide and rock avalanche material with the substrate
over which they travel strongly influences runout properties
(e.g. Abele, 1994; Hungr and Evans, 2004; Dufresne
et al., 2010; Robinson et al., 2015). Erodible and deformable
substrates as well as obstacles may divide the rock avalanche
into multiple lobes, and their deposits often show complex
emplacement structures with longitudinal and transverse ridges
(Hewitt, 2006; Dufresne et al., 2015; Dufresne et al., 2016).
Water reduces basal friction of the sliding mass, resulting in
increased runout velocity and length (Abele, 1997; Erismann
and Abele, 2001; Legros, 2006). Large landslides that enter
lakes or other water bodies have generated disastrous waves
up to several 100 m high (e.g. Lituya Bay; Fritz et al., 2009).

Landslide-triggered waves may also transform into debris ava-
lanches or debris flows that endanger human lives and infra-
structure over a wide area (lverson et al., 1997; Walter
et al., 2020). Researchers have analysed landslide-triggered
impact waves in the laboratory (e.g. Evers and Hager, 2016;
Miller et al., 2017), reconstructed displacement waves by
numerical modelling (e.g. Kafle et al., 2016; Gylfadéttir
et al.,, 2017), and provided insights into the sedimentology
of impact-wave deposits (e.g. Roberts et al., 2013;
Dufresne et al., 2018).

In spite of the scientific progress described earlier, the recon-
struction and modelling of ancient events often remain
challenging, and become speculative, as researchers are
confronted with a lack of data on paleotopography, substrate
characteristics, and the possible involvement of water. If the
landslide mass is large relative to water depth, much of
the water in a lake will be pushed out of the impact zone rather
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than entrained (e.g. Miller et al., 2017). In such cases, the
resulting landform may resemble that of dry rock avalanches,
even though they ran out on water-saturated sediments or
entered a lake (Shaller, 1991). Water-escape structures within
sediments overrun by landslides may provide evidence of
water (Pavoni, 1968; Lowe, 1975; Yarnold, 1993), but the basal
contact between the rock avalanche deposits and underlying
substrates are rarely accessible (Dufresne et al., 2015). Hence,
geomorphic evidence is often used to infer the presence and
role of water in massive rock-slope failures (Plafker and
Ericksen, 1978; Shaller, 1991; Siebert, 2002). This approach,
however, can be problematic for high-energy events because

the water may not become fully incorporated into the stream-
ing debris.

To date, no study has documented sedimentology that reveals
the spatial and temporal reconstruction of a rock avalanche that
has entered a lake and displaced its water. In this article, we
focus on this issue by presenting evidence for the existence
and size of a paleolake in the German Alps that was overrun
by a rock avalanche. We marry geomorphological mapping
with a geoelectrical survey and sedimentological analysis of
outcrops and drillhole data to prove the existence of this
paleolake and to provide an estimation of its size. The
geoelectrical profiles provide insights into the structure,
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(a) Satellite image with a three-dimensionalview of the Wetterstein Mountains in southern Germany, showing Mount Zugspitze (2962 m a.

s.l.) and the scarp of the Eibsee rock avalanche, modern Lake Eibsee and part of the runout zone towards Garmisch-Partenkirchen. (b) LIDAR image
(hillshade) with overview of the scarp niche Bayerisches Schneekar at Mount Zugspitze and the area covered with rock-slope failure deposits. The
locations of ERT profiles P1-P8 are shown as red lines. Coordinates are given in Gauss-Kriiger Zone 4 (Bavarian Surveying and Mapping Author-

ity, 2006). [Colour figure can be viewed at wileyonlinelibrary.com]
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thickness, and distribution of the rock avalanche deposits and
their interaction with lake water and lake sediments. Our results
offer an explanation for the exceptionally long runout of the rock
avalanche (9-10 km; Jerz and Poschinger, 1995) and support
our paleotopographic reconstruction, thus providing a valuable
contribution to future modelling and hazard assessment.

Lake Eibsee and Mount Zugspitze
Geographical setting and geology

Lake Eibsee is located in the Wetterstein Mountains in the south-
ernmost part of Bavaria at an elevation of 973 m above sea level
(a.s.l.). It lies at the foot of Mount Zugspitze, the highest summit
in Germany at 2962 m a.s.l. (Figure 1a). This area is of consider-
able research interest as it lies at the edge of the Northern Cal-
careous Alps and is prone to large rock-slope failures in
carbonate rocks (Krautblatter et al., 2012). The rock avalanche
that is the subject of this article detached from the scarp niche
‘Bayerisches Schneekar’ on the north flank of Mount Zugspitze.
The Zugspitze comprises Triassic limestones and dolostones of
the dislocated and overthrust Wamberg Anticline (Riiffer, 1995;
Haas et al., 2014). The Eibsee Syncline, over which these rocks
have been thrust, are Jurassic and Cretaceous limestones and
dolostones with low permeability that favour the presence of a
paleolake on the valley floor (Tollmann, 1976; Hornung and
Haas, 2017).

Eibsee rock avalanche

The Eibsee rock avalanche is the largest rock-slope failure in
Bavaria (Abele, 1974). The landslide deposit covers an area of
~15 km? and has a runout length of 9-10 km and a maximum
vertical travel distance of ~2.3 km (Jerz and Poschinger, 1995;
Haas et al., 2014).

Volume estimates range from 400-600 million m
(Abele, 1974; Prager et al., 2008) and 300-400 million m® (Jerz
and Poschinger, 1995) to 150-200 million m® (Haas
etal., 2014; Leith et al., 2016). Vidal (1953) initially interpreted
the debris to be glacial, but Abele (1974) recognized them to
be rock avalanche deposits. The main flow direction is to
the north, but a large lobe extends to the east towards
Garmisch-Partenkirchen (Figure 1). Jerz and Poschinger (1995)
obtained a radiocarbon age that dates the event to ~3700 BP
(Part 11, the companion to this article, Knapp et al., 2020). They
inferred that the landslide had overridden a lake based on the
presence of displaced lake clay in a drillcore, and accordingly
suggested that the long runout resulted from the involvement of
the lake waters. Haas et al. (2014) proposed a paleolake situ-
ated at the same location as modern Lake Eibsee. However,
the displaced clay site is far from the modern lake, and the exis-
tence and size of a paleolake remained speculative.

3

Methods
Geomorphological mapping

Geomorphological mapping was performed at a scale of 1:10
000 on airborne laser-scan images and topographic maps. A
bare-earth digital elevation model (DEM) with 1-m resolution
was provided by the Bavarian Surveying and Mapping
Authority (2006). We mapped characteristic landforms of the
rock avalanche deposits, distinguishing between longitudinal
and transverse ridges and valleys. To evaluate landslide flow
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directions, we covered the study area with a grid of 200-m--
wide cells. The 200-m cells divided ridges and valleys into
smaller segments. A ridge or valley was classified as ‘longitudi-
nal” if it diverges no more than 30° from the mean flow direc-
tion of the segment, and ‘transverse’ if it diverges no more
than 30° from the orthogonal to that direction. An ‘undefined’
orientation refers if the angle relative to the mean flow direction
is 30°-60°.

Electrical resistivity tomography (ERT)

We performed an electrical resistivity tomography (ERT) survey
with an ABEM SAS 1000 Terrameter with 81 electrodes. The
roll-along  method was  employed along  eight
two-dimensional profiles (Figure 1b, Supporting Information
Table S1) with electrode spacings of 5m and 4 m using 100-
m-long cables, as well as one profile with a 10 m electrode
spacing using 200-m-long cables. All measurements were
made with Wenner and Schlumberger arrays and the same cur-
rent settings (up to 200 mA and 400V, respectively). The con-
tact resistance of each electrode was tested before
measurements were started.

Data were processed with the inversion software RES2DInv
(Loke, 2006) in three steps: (i) bad datum points (few outliers)
were eliminated; (ii) the data were inverted using robust inver-
sion to avoid smoothing the resistivity gradients (Sass, 2004);
and (iii) in the case of profile P8, we used a finer mesh size to
cope with high-resistivity —contrasts (Krautblatter and
Hauck, 2007) and inverted the data with a half electrode spac-
ing of 2.5 m.

The ERT profiles were calibrated in the field where data from
drillings and outcrops are available, and the measured values
of apparent resistivity were cross-checked with laboratory data
on the different rock types (Plattenkalk Limestone, Wetterstein
Limestone and Hauptdolomite).

Sedimentological analysis

A detailed sedimentological analysis was undertaken in a
gravel pit northwest of Mount Zirmerskopf to facilitate the
recognition and characterization of distal rock avalanche
deposits. Two sediment samples of matrix-rich bands were
analysed by wet sieving using the Euronorm DIN EN [SO
17892-4 (2017-04) protocol and classified based on their frac-
tal dimension (Xu et al., 2001; Dufresne and Dunning, 2017).
The results are presented using DCSIEVE software.

Results and Interpretation

The results of the complex flow behaviour of the Eibsee rock
avalanche can be seen in deposit morphology, bulk material
composition related to mixing or entrainment of substrate
material and water (ERT), and rock avalanche lithofacies
(sedimentology).

Rock avalanche landforms and interpretation

Geomorphic mapping revealed several features characteristic
of rock avalanches (Figure 2). Parallel or radiating ridges with
small valleys or depressions in between can be found through-
out the study area. The longitudinal ridges, oriented towards
the north, are common. The ridge surfaces are covered with
limestone mega-blocks that derived from the scarp niche

Earth Surf. Process. Landforms, Vol. 46, 296-306 (2021)
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Figure 2.
transverse ridges and valleys. LIDAR image: Bavarian Surveying and Mappin
figure can be viewed at wileyonlinelibrary.com]

(Wetterstein Limestone), many of them exceeding 10m in
diameter. The largest blocks, with diameters of 20 m, lie along
the main flow path. All ridges consist entirely of rock avalanche
debris. Debris flows and sturzstrom-like debris flow deposits
are present locally on top of the rock avalanche deposits
(Hornung and Haas, 2017). Swamps are present at the west
margin of the rock avalanche adjacent to bedrock slopes and
north of Mount Zirmerskopf.

Topographic interference leads to longitudinal and trans-
verse confinement of a rock avalanche (Hewitt, 2006; Dufresne
et al.,, 2015). Longitudinal and transverse ridges can be
interpreted to be pressure ridges (Hewitt, 2006) and record
the deflection of debris by valley walls and obstacles as defined
by Heim (1932) and related ‘caroming’ flow (Hewitt, 2006).
The western half of the deposit has a chaotic orientation of
ridges, indicating a complex interaction with topography,
whereas ridges in the eastern half are mostly longitudinal and
are parallel to the flow direction, probably because there were
few obstacles along their path. The sturzstrom-like debris flow
ran straight to the north without spreading, thus forming longi-
tudinal ridges only.

Geophysical insights into the pre-failure landscape
and the rock avalanche impact on a paleolake

Eight ERT profiles (location in Figure 1b) totalling ~9.5 km in
length and with 34000 resistivity datum points provide

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Geomorphic map of rock avalanche, rock fall, and debris flow deposits, showing the main direction of movement and longitudinal and

g Authority (2006); coordinates given in Gauss-Kriiger Zone 4. [Colour

unprecedented insights into the rock avalanche deposits and
the surface on which the deposits lie.

The profiles, shown in Figures 3 and 4, are depicted with the
same colour ramp for ease of comparison. Minimum and max-
imum plots (MinMax-Plots) of all profiles are included in the
Supporting Information (Figures S1 and S2) to show the uncer-
tainties in the ERT measurements. Resistivity calibrations based
on data from the literature, field, and laboratory tests are given
in Table S2.

Four resistivity zones can be distinguished in Figures 3 and 4:

High resistivity zones (> 2000 Qm, dark red): bedrock,
either limestone (Plattenkalk or Wetterstein Formation) or
dolomite (Hauptdolomite Formation). The rock avalanche
carapace is highly resistive because of the large size and
proximity of boulders.

Mid-range resistivity zone (~500-2000 Qm, orange-red):
mixed fine- and coarse-grained materials with a high pro-
portion of boulders; interpreted to be moraine material cov-
ering bedrock. Mid-range resistivity is also encountered at
the transition between high and low resistivity zones.

Low resistivity zone (~100-500 Qm, yellow-blue): mixed fine-
and coarse-grained materials with a high proportion of fines;
interpreted to be highly fragmented rock avalanche debris
mixed with entrained fine-grained (paleolake) sediments.
Extremely low resistivity zone (< 100 Qm, dark blue): clay- or
silt-size sediment, perhaps, mixed with small amounts of
sand and small gravel; interpreted to be paleolake sediments.

Earth Surf. Process. Landforms, Vol. 46, 296-306 (2021)
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ERT profiles P1—P4. (a) P1: southeast-northwest (SE-NW) profile (in flow direction) of main deposits and bedrock at Mount Zirmerskopf.

(b) P2: west—east (W-E) profile (perpendicular to flow direction) of main deposit between bedrock (W) and dam (E), showing shearing and squeezing
out of paleolake sediments. (c) and (d) P3 and P4 showing the northern basin with ‘splash zone’, water-saturated mixed sediments and assumedin

situpaleolake clays. [Colour figure can be viewed at wileyonlinelibrary.com]

Eight types of materials and processes detected with ERT
could be calibrated in the field (Table S2): (i) rock avalanche
body, (ii) bedrock (pk and hd), (iii) lake clay/silt and (iv) mixed
sediments as materials, as well as processes like (v) bulldozing
with (vi) overriding of secondary lobes, (vii) bulging, and (viii)
splashing of single boulders. For these, calibration sites have
been introduced in Figures 3 and 4. Moreover, morainal sedi-
ments, and upward injection of lake sediments are identified.

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

P1 (Figure 3a) is a profile oriented from south to north, in the
direction of the incoming rock avalanche. At the south end of
the profile, the surficial layer with mega-blocks can be cali-
brated at the Eibsee Hotel (Table S2; Socco et al., 2010). Here,
the rock avalanche deposits are ~50 m thick and lie on top of
material with mid-range resistivity (brown-red colour). We
interpret the latter material to be morainal deposits (Table S2;
Samouélian et al., 2005) and/or bedrock that impound a

Earth Surf. Process. Landforms, Vol. 46, 296-306 (2021)
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the calibration site for lake clays with extremely low resisitivity values (< 100 Qm, dark blue). [Colour figure can be viewed at wileyonlinelibrary.com]

paleolake towards the east. In the middle part of the profile
are near-vertical shear zones with material of very low resistiv-
ity (< 100 Qm, dark blue colour). This material is interpreted to
be lake sediment squeezed into and partially mixed with rock
avalanche [~100-400 Qm, light blue colour; interpretation
follows Bader (1979, 1981), Kneisel (2003) and Samouélian
et al. (2005)].

There is shearing due to compression (pressure ridges in
Figure 2) during collision of the rock avalanche with bedrock
at Mount Zirmerskopf (dark red colour). The ~30m deep
northern basin of the paleolake is seen at the north end of the
profile with a thin cover of rock avalanche debris.

P2 (Figure 3b) extends in an easterly direction across the
northern basin. The profile starts on the west on Plattenkalk

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

Limestone bedrock (Table S2). Farther east, fine-grained mate-
rial (~100 Qm, blue colour) has been carried to the surface
along shear zones, as is seen in P1. In the middle of the profile,
rock avalanche debris overlies mixed sediments (~500 Qm,
yellow colour). The brown-red spots near the base of the profile
in this area may delineate paleotopography shaped by glaciers
(drumlins or flutings). At the east end, the profile extends across
the paleodam observed in P1 (red colour), beyond which the
surface elevation drops rapidly.

P3 (Figure 3c) and P4 (Figure 3d) provide views of the north-
ern part of the paleolake. P3 passes the drilling site ‘Grainau IV’
(Jerz and Poschinger, 1995), where rock avalanche material is
mixed with paleolake sediments and where the resistivity of
Plattenkalk Limestone was calibrated. Large boulders at the

Earth Surf. Process. Landforms, Vol. 46, 296-306 (2021)
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surface are sparse and not connected to the main rock ava-
lanche deposit farther south. In P4, large boulders are stacked
atop one another and extend upward without any indication
of flowing motion. This area may rather be a ‘splash zone’
(e.g. Plafker and Ericksen, 1978; Cruden and Hungr, 1986)
where boulders overtopped Mount Zirmerskopf at high speed
and came to rest in the northern paleolake basin while rock
avalanche material streamed around the ridge on both its west
and east sides [homogenous debris; interpretation follows
Ostermann et al. (2012)]. The stacked boulders overlie dark
blue (< 100 Qm) in situ paleolake sediments.

P5 (Figure 4a) is another northerly oriented profile parallel to
flow that ends at the distal margin of the rock avalanche, with
evidence of bulldozing at the front. In the middle part of the
profile, we identify Hauptdolomite bedrock at ~100-120m
depth, suggesting that the basin was ~100 m deep at this local-
ity after deglaciation.

P6 (Figure 4b) provides insight into the structure of the
paleodam and translational shearing resulting from collision
of the rock avalanche with the dam. Two near-vertical
obstacles (red colour), which may be moraine material,
are covered by ~20-30m of rock avalanche debris with
entrained fine-grained sediments (~100-500 Qm, blue-yellow
colour).

P7 (Figure 4c) is a short northwest-profile through ~30-m-
thick rock avalanche deposits. One debris lobe has been over-
ridden by a second lobe. Paleolake sediments (< 100 Qm, dark
blue) have been injected upward as the debris ran up a former
hill (moraine ridge or drumlin).

P8 (Figure 4d) is located near the east end of the rock ava-
lanche deposit at the ‘Grainau V' drillsite (Jerz and
Poschinger, 1995), where we calibrated ERT measurements in
lake sediments (< 100 Qm, dark blue). Thin rock avalanche
deposits are registered in red.

Figure 5. Gravel pit exposure at Mount Zirmerskopf. (a) and (b) Two lobes of rock avalanche debris separated by (c) and (d) reddish shear bands and
gravel lenses. (e) Convoluted structures in the shear band. (Original photographs are provided in Figure S3 in the Supporting Information.) [Colour

figure can be viewed at wileyonlinelibrary.com]
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Shear zones and water-escape structures revealed
in sediments

A gravel pit is located in a distal facies of the rock avalanche
deposit west of Mount Zirmerskopf (Figure 1). The gravel pit
provides a panoramic view ~30m wide and ~10 m high of a
blocky carapace and main body of the rock avalanche deposit
with a paleoflow direction towards the observer (Figure 5). The
base of the deposit is not visible. In the eastern half of the out-
crop, the body of the rock avalanche deposit is covered by
large boulders of Wetterstein Limestone. To the west, however,
there are two sheets of diamictic rock avalanche deposits sepa-
rated by a matrix-rich band, but without a distinct carapace
(Figure 5a, b). Both sheets of rock avalanche debris have the
same composition, but the lower sheet contains larger boulders
than the upper one. The smaller fragments are angular to
subangular and intensely fractured. The matrix-rich band is at
the surface at the west end of the exposure, dips eastward down
to ~3—4 m depth, then rises again and reaches the surface in the
middle of the exposure (Figure 5a, b; for original photographs
see Figure S3 in the Supporting Information).

The matrix-rich band consists of matrix-supported gravel,
and is up to ~1.0 m thick (Figure 6). It has a reddish-orange tint
that differentiates it from the light grey diamictic rock ava-
lanche deposits. Contorted sill- and dyke-like structures are
evident at the eastern termination of the band (Figure 5e). Here,
the matrix-rich band shows complicated folding and penetra-
tion of the overlying rock avalanche material in multiple flame,
diapir and injection structures. Matrix-free and matrix-poor
gravel lenses locally sharply separate the matrix-rich band from
the underlying rock avalanche deposits (Figure 5). The lenses
are only few decimetres thick, are structureless, and contain
stones that are more rounded than those in the body facies
(Figure 5c, d).

The two rock avalanche bodies are interpreted to be the
deposits of two, nearly simultaneous lobes. This interpretation
is supported by ERT profile P5 (Figure 4a), where the outcrop
is depicted at ~650 m length with up to ~30 m of rock ava-
lanche deposits that have been bulldozed at the front of the
rock avalanche. A thin front lobe overlies and presumably
overran an initial thicker lobe. This happened when the first

lobe slowed down while bulldozing as it entered the northern
basin of the paleolake. The matrix band is interpreted to be a
zone of shearing between these two lobes. Two sieved samples
from the shear band (Figures 6 and S4) have fractal dimension
factors of ~2.59 and ~2.72, typical of shear bands according
to Dufresne and Dunning (2017). The fine-grained matrix is
likely a product of comminution during fragmentation
(Yarnold, 1993; Davies and Mcsaveney, 2009), but it might also
contain entrained fines.

The convoluted sill- and dyke-like structures at the east edge
of the shear band are interpreted to be soft-sediment deforma-
tion structures that formed due to water escape (Hewitt, 2006)
and can be considered hydroplastic intrusions (Lowe, 1975).
We attribute the convolution to shear-induced liquefaction as
the flow decelerates (Bennett et al., 2000; Carling, 2013). The
gravel lenses are likely wedges of debris bulldozed and washed
out close to the front of the upper rock avalanche lobe as it ran
out, when great hydraulic pressures were generated in the
trapped moisture (Krieger, 1977; Yarnold, 1993). They can only
form when water under high pressure entrains and removes
fines, not by pore-water escape from wet substrates.

Discussion
ERT error sources

For the ERT survey, we used Wenner and Schlumberger arrays,
which provides the best compromise between measurement
precision and time investment (Rodder and Kneisel, 2012).
The electrode arrangement provides high resistivity resolution
in the vertical direction, but there is uncertainty in precision in
the horizontal direction (Aizebeokhai, 2010). Additional uncer-
tainties relate to (i) bad connections between the electrodes and
substrate material, (i) dryness of the sediment or (iii) large
air-filled cavities, for example around rock avalanche boulders
in the carapace (Supper et al., 2014). With regard to the first
cause of uncertainty, it is important to push the nails thoroughly
into the ground and remove loose sediment or plant cover prior
to making measurement. We obtained sharp resistivity contrasts
between rock avalanche material (~500-2000 Qm, red),
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Figure 6. Sampling locations within shear band between two rock avalanche lobes. Sieving results are provided in Figure S4 in the Supporting Infor-

mation. [Colour figure can be viewed at wileyonlinelibrary.com]
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fine-grained lake sediments (< 100 Qm, dark blue) and the
mixed sediments (~100-500 Qm, blue-yellow) in between.

The deviation between the measured values and the final
tomography is indicated by the root mean square (RMS) error.
Small errors do not necessarily indicate a realistic model
(Hauck and Miihll, 2003), therefore we selected only five itera-
tions of modelling rather than risking overfitting, while
obtaining satisfying RMS errors between 3.1% and 14.1%. To
further assess the reliability of the inversions, we created
MinMax-Plots of the ERT uncertainty (Figures ST and S2)
based on a model covariance matrix (Alumbaugh and
Newman, 2000). These plots show negligible uncertainty with
respect to the interpreted sections.

Evidence that the rock avalanche impacted a lake

Complex emplacement structures with longitudinal and trans-
verse ridges point toward the Eibsee rock avalanche impacting
a deformable substrate (interpretation follows Hewitt, 2006;
Dufresne et al., 2010; Dufresne et al., 2015). Swamps on the
west and north margins of the rock avalanche deposit indicate
water-impermeable geological strata, the
existence of a lake at this position.
Extremely low resistivity values below the rock avalanche
deposit in the ERT profiles are indicative of lake sediments,
which we calibrated with similar sediments encountered in
drilling at ‘Grainau V' (Jerz and Poschinger, 1995) and with
data from the literature (Table S2). Moreover, zones of mixed
deposits are present in distal areas where the rock avalanche
moved into an existing lake. This is also supported by
water-escape structures in the gravel pit at Mount Zirmerskopf
(Figure 5). The matrix-free gravel lenses below the matrix-rich
zone in this exposure indicate that the lake was filled with
water and not dry (Yarnold, 1993).

which favour

Paleolake Eibsee

During the Last Glacial Maximum, the study area was covered
by the Inn glacier flowing from the crest of the Alps (Fernpass
area). When the glacier retreated, it left behind a landscape

5261000 |

shaped by glacial erosion and partly blanketed by till and melt-
water deposits. Till and/or bedrock formed a dam that sealed off
part of the Eibsee Syncline (P1, P2 and P6; Figures 3 and 4). A
lake formed behind the dam, and fine-grained lake sediments
began to accumulate in it. The lake formed adjacent to the
roche moutonnée Zirmerskopf (Figure 7a) near where
late-glacial lake sediments, mobilized and redeposited by the
rock avalanche, were found during the drilling at ‘Grainau IV’
(Jerz and Poschinger, 1995). To the west, the lake presumably
reached the rising slope of Plattenkalk Limestone bedrock. At
the south, the modern Lake Eibsee basin was also part of the

paleolake, again dammed to the west and south by Plattenkalk

Limestone. The paleolake existed and continued to accumulate
silt and clay up to the moment of the Eibsee rock avalanche

(Figure 7b; see Part Il, the companion to this article, Knapp
et al., 2020).

Interaction of the rock avalanche with the lake

Upon impact with the valley floor, the rock avalanche split into
several lobes radiating fanwise across the valley floor. The
centre of the rock avalanche impacted the paleolake and prob-
ably generated a displacement wave that moved north, east,
and west.

The streaming rock mass eroded the floor of the lake but then
slid on the fine-grained lake sediments. The basal friction was
reduced due to lubrication or partial fluidization, probably
causing the rock avalanche to accelerate. The eastern part of
the rock avalanche decelerated as it crossed the rough and
hilly terrain of the paleolake dam, and continued down the
valley towards Garmisch-Partenkirchen. Lake sediments
were entrained and mixed into the coarser, diamictic rock
avalanche material (yellow and blue mid-range ERT values,
Figures 3 and 4).

Due to collision with obstacles the rock avalanche split into
several smaller lobes along its distal margins (Figures 4a, c, and
5). Bulldozing, squeezing, and shearing are recorded in the
deposits at the margins of the paleolake. Here, multiple shear
planes developed as successive lobes ran into one another
with little time between them (P1 and P2; Figure 3). Also,

soft-sediment  deformation structures and water-escape
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(@) Schematic sketch of Paleolake Eibsee with assumed dimension and position of the paleodam and shallow water areas and small

islands. (b) Paleotopography after the rock avalanche impacts the lake, showing inferred processes. Dashed line indicates outline of modern Lake
Eibsee. Coordinates are given in Gauss-Kriiger Zone 4. [Colour figure can be viewed at wileyonlinelibrary.com]
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structures formed where the rock avalanche ran over
water-saturated fine-grained sediment.

Conclusions

The Eibsee rock avalanche overran Paleolake Eibsee. The
entire body of water in the lake was displaced by the rock ava-
lanche, presumably causing a large impact wave.

Fine-grained paleolake sediments were eroded and
entrained by the rock avalanche. Water-escape structures,
soft-sediment deformation structures, and matrix-free gravel
lenses provide additional evidence for the existence of
Paleolake Eibsee.

The paleolake was larger than modern Lake Eibsee. The
main deposits of the rock avalanche cover the northern half
of the paleolake. Today, swamps along the north and northwest
sides of Lake Eibsee hint at the existence of the paleolake.

The long runout of the rock avalanche is attributed to low
basal friction induced by entrainment of water and
fine-grained sediments.

The rock avalanche deposits show evidence of complex
runout and emplacement processes. Geomorphic mapping
and an ERT survey provide detailed insights into interactive pro-
cesses of the rock avalanche and the lake: separation into lobes,
bulldozing, and formation of multiple shear planes at the lake
margins with upward injection of fine-grained lake sediments.

We reconstructed the paleotopography of the valley before
the rock avalanche. Resistivity values typical of morainal sedi-
ments were measured at the paleodam and along ridges and
hilly landforms in the former basin of the proglacial paleolake.
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Figure S1: MinMax-Plots of the ERT profiles P1-P4 (a—d)
depicting each the modelled inversion with the minimum
values (top) and maximum values (bottom) within the error
range. Colour differences occur only sparsely and according
to the error range at the specific location.

Figure S2: MinMax-Plots of the ERT profiles P5-P8 (a—d)
depicting each the modelled inversion with the minimum
values (top) and maximum values (bottom) within the error
range. Colour differences occur only sparsely and according
to the error range at the specific location.

Figure S3: Raw pictures of the gravel pit at Zirmerskopf. (a) and
(b) are east-west (E-W)-oriented (rock avalanche flow towards
the observer) and were taken on 6 July 2015, (c) was taken on
18 June 2015 looking along the sediment surface to the east.
Figure S4: Grain-size distributions of the two samples from the
shear band between two rock-avalanche lobes with fractal
dimensions.

Table S1: Parameters of the ERT profiles.

Table S2: Calibration of the ERT profiles with literature data,
laboratory tests and field sites.
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