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A B S T R A C T   

Lacustrine deltas that develop upstream of landslide-dammed lakes can trap and store fluvial sediments. The 
development of these deltas and their size are conditioned by the geometry of the dam, which is in turn influ
enced by the landslide rheology. In this study, we back-analyze the formation of the Hintersee landslide-dammed 
lake in southeastern Germany and investigate the impact of landslide rheology on lake volume and sediment 
trapping capacity. We use the Voellmy rheology, a rheological model defined by two parameters, μ and ξ, and 
find that landslide rheology strongly influences sediment trapping. The Voellmy dry friction μ shows a non-linear 
relationship with lake volume and sediment trapping, while the velocity squared drag ξ has less impact. The 
Hintersee landslide dam presents a sediment trapping capacity of up to three times the volume of the landslide- 
dammed lake. Thus, the impact of landslide dams on sediment transport is underestimated by up to a factor of 3 
when using lake volume as a proxy for sediment trapping capacity. We find that friction exhibits a non-linear 
relationship with lake volume and sediment trapping, while velocity has a more limited influence.   

1. Introduction 

Landslide dams form when a landslide buries a riverbed, blocking the 
river flow, creating a lake, and potentially trapping sediments. These 
dams pose a high risk of flooding to settlements and infrastructure: 
upstream because they impound water, and downstream because they 
are highly unstable. Indeed, more than half of them fail within the first 
ten days of their formation (Costa and Schuster, 1988). However, some 
landslide dams last for thousands of years and act as considerable 
sediment traps (Fan et al., 2012) before they are incised by fluvial 
erosion (e.g., Savelli et al., 2013). According to Fan et al. (2012), a high 
proportion of sediment from earthquake-triggered landslides ends up 
trapped in landslide-dammed lakes (e.g., 14 to 18% for the 2008 Wen
chuan earthquake). This pattern can also be observed in the Himalayas, 
where Blöthe and Korup (2013) estimate that 44% of mountain 

sediments, including mass-wasting deposits, are trapped as valley fills. 
The sediments form a lacustrine delta behind the dam, with the delta 
plain surface following a characteristic slope angle (Ouimet et al., 2007), 
which can be directly measured on the local longitudinal stream profile. 
The value taken by this angle depends on the location of the dam within 
the mountain range and tends to decrease with increasing stream order 
and mean elevation. We define trapping capacity as the maximum vol
ume of sediment that can be stored in the sediment trap. 

Landslide dams influence watershed evolution by impacting sedi
ment supply to streams and forming new local base levels and knick
points (Ouimet et al., 2007). By creating lakes and trapping sediments, 
landslide dams reduce the sediment load of the river downstream: after 
the Wenchuan earthquake (Fan et al., 2012), sediment supply to rivers 
was delayed from weeks to years. 

With the remobilization of accumulated sediments, the sediment 
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load and incision rates of the river are again altered. Landslide dams 
induce spatial variations in fluvial incision rates (Korup, 2005): they can 
act as local base levels, inducing lower river gradients upstream of their 
location, preserving the upstream topography from incision. By forming 
sediment traps, landslide dams act as buffers to erosion and protect 
upstream landscapes, contributing to the formation of relict landscapes. 
Sediment traps can be studied by conducting a sediment budget 
assessment (Cossart and Fort, 2008; Hinderer, 2012, 2001). Common 
practice relies on the mapping of the deposits (Cossart and Fort, 2008) to 
infer the geometry of the sediment compartment, although modeling is 
also possible (e.g., with Petrel®, Pomper et al., 2017; Wang et al., 2014). 

Sediment budget assessments have already been applied to several 
infilled landslide dams. For example, Cossart and Fort (2008) recon
structed the pre-landslide topography of two landslide dams in the 
French Southern Alps and showed that landslide dams exert a sustained 
control on sediment fluxes. The sediment trap capacity of landslide dams 
is important for understanding the impact of these events on the 
landscape. 

From these sediment budget assessments, the millennial erosion 
rates in the European Alps can be constrained (Hinderer, 2001). They 
vary spatially and temporally: the Western Alps tend to present slightly 
higher millennial erosion rates than the Eastern Alps, while the highest 

Fig. 1. a) Geological map of the Hintersee landslide-dammed lake, which formed 3591 ± 85 years ago on the Klausbach river, upstream of the Ramsauer Ache river, 
in the Bavarian Alps in southeastern Germany (von Poschinger and Thom, 1995), b) location of knickpoints along the Klausbach river (black line) and c) along the 
longitudinal profile of the Klausbach river. The landslide source area as described by von Poschinger and Thom (1995) is outlined in green, the Blaueistal valley (in 
German Blaueistal) landslide deposition area in orange, the Klausbach valley landslide deposition area in red, and the lake sediments in yellow. The Hintersee dam 
forms a knickpoint about 30 m high. We used the DHDN / Gauss-Krüger Zone 4 (EPSG:31468) projection system. 
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denudation rates (several millimeters per year) are reported for the 
Central Alps (Delunel et al., 2020; Codilean et al., 2018; Grischott et al., 
2017; Glotzbach et al., 2013). Erosion rates can also vary considerably 
with rock type (e.g., Korup and Schlunegger, 2009). 

The sediment trap capacity of a landslide-dam depends on the 
landslide rheology. Argentin et al. (2021) have shown that the landslide- 
dammed lake volume, and thus the sediment trap volume, is directly 
related to the landslide damming efficiency. The formation of a landslide 
dam depends on two factors: the local topography and the deposit shape. 
Indeed, landslide rheology impacts the formation of landslide dams 
(Hungr, 2011), but in a manner subject to local topography (Argentin 
et al., 2021). However, little is known about the influence of landslide 
rheology on the formation and capacity of sediment traps. 

The aim of this study is to analyze the impact of landslide rheology 
on the volume and sediment trapping capacity of landslide-dammed 
lakes, using the Hintersee landslide-dammed lake at the boundary of 
the Berchtesgaden National Park in Bavaria, southeastern Germany, as a 
case study. We reconstruct the topography prior to landslide deposition 
and simulate the landslide that impounded the valley with a range of 
rheologies. We then calculate the lake and trapped sediment volumes. 

1.1. The Hintersee study area 

The Hintersee landslide-dammed lake is located at the beginning of 
the Klausbach valley in the Bavarian Alps, Germany, on the course of the 
Klausbach river, upstream of the Ramsauer Ache river (Fig. 1). The 
landslide dam was dated by the Geological Survey in Hannover to 3520 
± 85 years before present (von Poschinger and Thom, 1995, uncal.; 
calibrated ages are similar), and was thus formed between 1485 and 
1655 BCE by a landslide originating from the eastern valley flank of the 
Schärtenspitze mountain (Bayerisches Geologisches Landesamt, 2005). 
The lithology consists predominantly of calcareous rock, mainly lime
stone to the south and dolomite to the north of the lake. 

The landslide source area (green outline, Fig. 1a) is located on the 
Schärtenspitze mountain (Fig. 2a), on a cataclinal valley flank (von 
Poschinger and Thom, 1995), facilitating detachment. The original 
release volume is difficult to estimate from the topography, as the 
vegetation has recovered and the topography allows for several plau
sible scenarios. The rupture surface is assumed to extend from the 
Blaueistal valley floor to the top of the ridge, with a length varying from 
300 to 500 m from east to west (Fig. 2b). According to von Poschinger 
and Thom (1995), although the northern boundary is left undetermined, 
the width of the rupture area is estimated to be 400 m while the average 
thickness varies between 70 and 100 m. Thus, the original release vol
ume is evaluated to range between 12 × 106 m3 and 16 × 106 m3. 

After detachment from the Schärtenspitze mountain, the landslide 
collided with the opposite flank of the Blaueistal valley, the Schöner 
Fleck, before continuing its trajectory toward the Klausbach valley 
(Fig. 2a). Von Poschinger and Thom (1995) appraised the maximum 
velocities reached by the Hintersee landslide at 45 − 60 m.s− 1. By 
crashing into the Schöner Fleck flank, the landslide lost some velocity 
and partially settled in the Blaueistal valley (orange contour, Fig. 1a). 
The rest of the mass flowed down the valley into the Klausbach valley, 
blocking the river and forming a dam (red outline, Fig. 1a). Von Pos
chinger and Thom (1995) estimate the release volume at 12 − 16 × 106 

m3, the deposit volume in the Blaueistal valley at 0.5 − 3 × 106 m3 and 
the deposit volume in the Klausbach valley at 15 − 18 × 106 m3. They 
explain the volume increase by a factor of about 1.3 with bulking - the 
process by which the landslide scours the topography during runout and 
incorporates the eroded material into the moving mass (e.g., Scott et al., 
2001). This bulking estimate is consistent with the average volume in
crease found by Hungr and Evans (2004) of up to 25% of the release 
volume. The area covered by deposits in the Klausbach valley is esti
mated to be 0.6 − 0.7 km2, and the deposits to be about 40 m thick. 

The landslide dam, which blocked a 44 km2 catchment, was eroded 
after its creation and is deemed to have failed once (von Poschinger and 

Thom, 1995). Indeed, several boulders of about 4 m can still be found 
downstream of the dam site (Fig. 2d, e), up to the South of the Wartstein 
in the Brunnerlehen Mühle, indicating a possible former catastrophic 
failure of the dam (von Poschinger and Thom, 1995). The present dam 
has been incised by the river, which has removed sediments in the 
downstream part and now flows through it (Fig. 2c). 

The landslide dam formed a lake that extended much farther up
stream than the present Hintersee (Fig. 2f). According to the interpre
tation of von Poschinger and Thom (1995), the landslide-dammed lake 
(yellow outline, Fig. 1a) may have extended as far as the Grundübelau, 
about 4 km upstream, which represents the last flat valley area before 
the more incised upstream valley. The dammed lake still exists today, 
although its surface area is deemed to have shrunk since its formation, 
due to sediment infilling by the Klausbach (Penck and Richter, 1885). In 
1885, Penck and Richter (1885) estimated that 2000 m2 of the lake's 
area was lost to sediment infilling over a three-year period. Over the past 
few centuries, several construction projects have been carried out up
stream of the lake and on the dam to preserve the water impoundment 
and keep the lake from being completely infilled with sediments (von 
Poschinger and Thom, 1995). 

2. Materials 

We base our study on geologic maps, topographic data, subsurface 
modeling software, and previous field studies of von Poschinger and 
Thom (1995), which includes a geophysical longitudinal cross-section 
and two boreholes (Fig. 3, yellow). The geological map was derived 
from the Geological map of Berchtesgaden at 1:25.000 (Bayerisches 
Landesamt für Umwelt, 1993). The Berchtesgaden National Park pro
vided us with a 1 m Digital Elevation Model (DEM) (Landesamt für 
Digitalisierung, 2017), acquired by full-waveform airborne laser scan
ning (LiDAR) in 2017. For computational reasons, we resampled the 
DEM to a lower resolution of 5 m, and then used the subsurface 
modeling software from the petroleum industry Petrel® to process it. 
The geophysical profile, obtained by seismic refraction and geoelectric 
depth sounding, was acquired by GEORISK (Bader, 1981; Risch, 1993). 
The profile covers approximately the length of the valley upstream of the 
dam and sets at 50 m the bottom of the landslide-dammed sediment 
layer. Boreholes KB 1 and KB 2 are 37 m and 20 m deep, respectively 
(Risch, 1993), and were drilled by the Bavarian Geological Survey for 
the GEORISK project (von Poschinger and Thom, 1995). None of the 
cores reach the bottom of the landslide-dammed lake sediments and the 
boreholes thus provide only a minimum depth constraint without indi
cating its precise measurement. 

3. Methods 

We recreate the formation of the landslide-dammed lake and its 
sediment trap in four steps (Fig. 3). (1) We reconstruct the topography of 
the valley and mountain flank before the landslide using ArcGIS 
(Desktop version 10.7.1) and Petrel® (2019). (2) We then simulate the 
landslide runout with Gerris (using 2D libgfs version 1.3.2). (3) We fill 
the resulting topography using GRASS GIS (version 7.6.2; Module r. 
terraflow) to create the lake. (4) We finally reconstruct the sedimented 
topography of the lake using the open source GIS application SAGA 
(Wang and Liu, 2006). All maps are plotted with GMT (Wessel et al., 
2019), using the DHDN / Gauss-Krüger Zone 4 (EPSG:31468) projection 
system. 

3.1. Reconstruction of the topography 

To geometrically reconstruct part of the topography (Fig. 3, green), 
we combine selected elevation data points with the DEM contour lines. 
First, we define the extent of the DEM to be reconstructed and create a 
polyline with ArcGIS. Then, we extract the contour lines from the DEM 
and cut them with the extent polyline. We keep the parts outside the area 
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Fig. 2. a) Global view taken from the Western shore of the Hintersee lake, showing the runout path of the Hintersee landslide from the Schärtenspitze through the Blaueistal valley to the Zauberwald deposition area. 
The lake outlet is located behind the Zauberwald. b) Close-up view of the landslide source area, located between the Schärtenspitze and the Steinberg peak. c) Shores of the Klausbach river in the Zauberwald. The 
pebbles show no imbrication pattern and are angular. d) One of the biggest boulders that can be found in the Zauberwald. e) One of the many smaller boulders around the Hintersee lake. f) View in direction of the 
Hintersee lake and the upstream area of Grundübelau. 
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to be reconstructed to ensure a good continuity with the topography we 
alter. We then draw new contour lines, longitudinal profiles, and points 
inside the extent to be reconstructed to modify the topography. We call 
these points and lines “control points/lines”. We place these control 
points/lines based on field data (borehole depths, geophysical profile), 
geometric constraints (slope of the valley flanks, general shape of the 
valley) and geological principles (principle of continuity). To ensure a 
smooth and consistent transition of the reconstructed portion of the 
DEM with the unmodified portion, we ensure that the DEM contour lines 
are in continuity with the created control lines. We then combine the 
DEM contour lines with the control points in the same file. Using this 
file, we finally interpolate a surface with the convergent interpolation 
algorithm of Petrel®. This interpolation algorithm is used to delineate 
the top surface of a lithological unit in the 3D geomodelling field. It 
relies on a control-point orientated algorithm and iteratively converges 
to the solution in three steps: (1) Refine — increase the grid resolution, 
(2) Snap — regrid the data, (3) Smooth — minimize the grid curvature 
(Schlumberger, 2010). The convergent interpolation algorithm thus al
lows general trends to be preserved in unconstrained areas while hon
oring the data where they exist. The total current sediment volume 
(landslide and fluvial) is calculated by subtracting the pre-landslide 
topography from the current topography. 

3.2. Landslide runout simulation using Gerris 

For the landslide runout simulation (Fig. 3, blue), we use the Gerris 
flow solver (Popinet, 2003), in combination with the Voellmy rheology 
(Voellmy, 1955; Hergarten and Robl, 2015). Gerris is an open-source 
software that allows the simulation of depth-averaged granular flows. 
This method, close to the shallow-water equations introduced by Savage 
and Hutter (1989), is, among others, used by several studies to simulate 
debris flow and landslide runouts (Hussin et al., 2012; Schraml et al., 
2015; Delaney and Evans, 2015; Lin and Lin, 2015). We opted for Gerris 
because of its open-source policy, its growing user community and 
computational efficiency (Popinet, 2003). Hergarten and Robl (2015) 
overcame the inherent limitation of steep terrain by solving the shallow- 
water equation in Cartesian coordinates by introducing several correc
tion terms and validated their results against the leading software in the 
field, RAMMS (e.g., Christen et al., 2010). 

We use the Voellmy rheology because, compared to the frictional and 
Bingham rheologies, the Voellmy rheology most accurately reproduces 
the debris deposition when simulating landslides with depth-averaged 
flow solvers (Hungr and Evans, 1996). This rheological model is char
acterized by only two parameters, the dry friction μ and the velocity 
squared drag ξ (Voellmy, 1955). The dry friction coefficient μ is defined 
by the ratio of the required sliding force to the force perpendicular to the 
topography at zero velocity. The velocity squared drag ξ consists of a 
density and a drag coefficient, where drag increases with velocity. These 

Fig. 3. Workflow of the Hintersee back-analysis, gathering the materials, methods, and model setup used to simulate the formation of a landslide-dammed lake. The 
longitudinal profile of the Klausbach valley is schematic. 
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two parameters control the resulting landslide runout and deposit ge
ometry (Hungr, 2011): landslides with high friction coefficients tend to 
extend less far and form thick deposits, whereas landslides with high 
velocity squared drag coefficients will spread farther toward the oppo
site valley flank and run up higher on it. 

We assume that the entire volume is released instantaneously. We do 
not consider sediment entrainment and bedrock loosening that could 
increase the volume of the detached mass. We simulate each landslide 
for a runout time of 6 min. Because of the high flow velocities, this 
duration is long enough for the rock mass to settle (i.e., for the landslide 
momentum to decrease to a small fraction of its maximum values). Once 
the simulation ends, the landslide mass is added to the DEM. The volume 
of sediments eroded by the river since the dam was formed is calculated 
by subtracting the current topography from the post-landslide topog
raphy, and summing only the positive values. 

3.3. Filling the lake 

To reconstruct the topography of the landslide-dammed lake after 
water infilling (Fig. 3, violet), the depression created in the valley by the 
landslide deposits is filled using GRASS GIS. The landslide-dammed lake 
volume is computed by subtracting the topography after landsliding 
from the topography after water infilling. 

3.4. Filling the delta 

In contrast to the infilling of a lake by water, the development of a 
lacustrine delta results in a slightly inclined top surface. This inclined 
top surface results in the delta being capable of accommodating sedi
ment volumes of the same order of magnitude as the lake. In summary, 
there is an important subaerial component to the sediment trapping 
capacity of the landslide dam (Fig. 3, longitudinal profile 5). Therefore, 
we use a simple filling procedure relying on a defined minimum angle to 
model the sediment aggradation of the Hintersee (Fig. 3, red). 1) We 
extract the delta slope angle from the current topography (Fig. 3, yellow 
line). 2) We cut out the downstream part of the DEM at the location of 
the landslide dam. 3) We fill the upstream part using the Fill Sinks 
function of SAGA. This algorithm allows the input of a minimum fill 
slope threshold to preserve a minimum slope from cell to cell. We use the 
extracted delta slope angle of 0.8∘ to recreate the lacustrine delta 
topography. The volume of fluvial sediment is calculated by subtracting 
the topography after landsliding from the topography after sediment 
infilling. 

3.5. Longitudinal profile analysis 

Longitudinal profiles and their knickpoints are extracted using 
TopoToolbox 2.3.1 (Schwanghart and Scherler, 2014), a MATLAB add- 
on for topographic analysis, and its Knickpointfinder function (Stolle 
et al., 2019). We apply this algorithm to the same valley floor at different 
stages of landslide dam formation. Since the valley floor topography 
changes from stage to stage (e.g., damming, water infilling, sediment 
infilling), the flow path is also modified. Thus, the longitudinal profiles 
extracted for each stage do not present the same flow path, and the 
knickpoint propagation cannot be assessed directly from the distance to 
the longitudinal profile outlet. We estimate the knickpoint retreat from 
the planform map. 

4. Model setup 

The topographic evolution of the Klausbach valley can be charac
terized in three stages: 1) the landslide detached from the source area, 
leaving a scar on the valley flank, 2) the landslide settled on the valley 
floor and led to its infilling with fluvial sediments, 3) the landslide dam 
was progressively incised by the river. In this section, we explain the 
criteria on which we base the reconstruction of the topography as it was 

before each of these three stages (Fig. 3, green), and define the range of 
landslide rheologies that we test by back-analysis (Fig. 3, blue). 

4.1. Reconstruction of the pre-landslide valley, source area and intact 
landslide dam 

We reconstruct the valley floor prior to landslide deposition and lake 
sediment infilling using information from two boreholes and a longitu
dinal cross-section drawn from geophysical profiles (Bader, 1981). We 
define the maximal upstream extent of the reconstructed part by the end 
of the flat area in Grundübelau (extent in yellow, Fig. 1a), as suggested 
by von Poschinger and Thom (1995). The downstream extent is deter
mined by examining the longitudinal profiles to obtain a smooth profile. 
Since the pre-landslide valley floor is known to have been imprinted by 
glaciers prior to the landslide, the shape we try to reconstruct is 
glacially-imprinted, with a widened, overdeepened valley floor. We use 
the boreholes from the Zauberwald area to determine the elevation of 
the pre-landslide valley floor in the downstream part of the valley. The 
longitudinal slope of the pre-landslide valley floor is given by the lon
gitudinal profile, while the slopes of the pre-landslide valley flanks are 
assumed to be a continuation of the current valley flank slopes. We use 
two types of control lines to define the reconstructed topography: con
tour lines and a longitudinal profile. After interpolation in Petrel®, we 
fill in the reconstructed pre-landslide valley with ArcGIS to remove the 
depressions that formed during the reconstruction. Finally, because the 
landslide is modeled as a fluid from the beginning of the detachment, we 
add a wall on the eastern flank of the source areas to prevent the 
landslide mass from flowing into the adjacent valley. In reality, frag
mentation of the mass only occurs during the runout and the mass only 
begins to behave like a fluid after some amount of travel. 

In a second step, to account for the uncertainty in release volume, we 
reconstruct three different source areas: one based on the mapping work 
(extent in green, Fig. 1a) and the depths estimated by von Poschinger 
and Thom (1995), and two alternative areas based on the topography 
(Fig. 2b). The extent of the source area determined by von Poschinger 
and Thom (1995) is uncertain to the north, and the southern transition 
between the reconstructed source area topography and the current 
topography is not smooth. We therefore expand the source area of von 
Poschinger and Thom (1995) to the north in the second scenario and to 
the south in the third. This decision is guided by the equally flat areas on 
both sides of the source area of von Poschinger and Thom (1995). The 
extents of the new source areas are set to encompass these smooth 
surfaces: the northern boundary follows the ridge northward from the 
Steinberg peak, while the southern boundary reaches the next peak. The 
original slope of the source areas is assessed from the Blaueistal valley 
flanks, thus constraining the original elevation of the areas. 

In the final step, we make a preliminary conjecture of the topography 
and extent of the landslide dam after landslide deposition but before 
fluvial erosion, before initiating any landslide simulation. We recon
struct the dam geometry based on the current topography (Fig. 4), by 
smoothing the current deposit surface to account for sediments removed 
from the landslide dam over the past 3591 ± 85 years by river incision, 
human construction of a pathway, and rounding of the top of the dam by 
hillslope processes. To constrain the former elevation, we use two areas 
of the landslide deposits that we believe were well-preserved over time 
because they were not located on the river path: to the north near the 
Wartstein hill, and to the south near the beginning of the Blaueistal 
valley. We assume that the deposits extend far downstream to the area 
south of the Wartstein where large boulders are scattered (Fig. 2d, e). We 
use the extent of the deposits mapped by von Poschinger and Thom 
(1995) (extent in red, Fig. 1a) as a constraint. The main depositional 
body formed in the middle of the Klausbach valley, at the mouth of the 
Blaueistal valley, probably in the form of an alluvial fan. Because the 
landslide flowed over the Seeklausköpfl, we presume that a second, 
smaller deposit area was created on the other side of the Seeklausköpfl, 
in the direction of the Schottmalhorn. However, reconstruction of the 
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deposition extent to the west is uncertain due to the unknown extent of 
the deposits hidden by the Hintersee lake and to the east due to the dam 
erosion. The reconstruction of the landslide-dammed valley prior to 
infilling by water and sediment, or erosion, is based on the present 
landslide dam shape and our own conjecture of the landslide deposition 
extent. From this reconstruction, we calculate the thickness of the 
landslide dam in the Klausbach valley and the eroded thickness of the 
dam sediments. 

4.2. Setup of the landslide rheology range 

Since landslide rheology impacts the deposit geometry, we perform a 
back-analysis of the Voellmy rheology parameters for different source 
areas and volumes to find the best fit to the mapped deposits. We back- 
analyze the landslide-dammed lake by simulating the landslide with a 
range of Voellmy rheologies to test the deposit geometries. Based on the 
23 rock avalanches back-analysis results from Hungr and Evans (1996) 
according to which ξ ranges from 100 to 1000 m.s− 2, and μ from 0.03 to 
0.24, we vary ξ and μ from 150 m.s− 2 to 1500 m.s− 2 and from 0.04 to 
0.36, respectively. We test each parameter combination defined in these 
ranges with increments of 150 m.s− 2 for ξ and 0.04 for μ. A total of 90 
different rheological combinations were tested for each of the 3 source 
areas, resulting in 270 simulated scenarios. 

4.3. Erosion rate calculations 

Erosion rates are calculated by dividing the volume of sediments 
found by the age of the dam. Note that the volume calculations are 
performed in either the Klausbach valley or the Blaueistal valley. 

5. Results 

We describe 1) the topographies reconstructed geometrically with 
Petrel®, 2) the influence of landslide rheology on the dam, dammed 

lake, and lacustrine delta geometries simulated using the Gerris fluid 
dynamics model, and 3) the back-analysis of the Hintersee lake. Finally 
(4)), we analyze the longitudinal profiles of the reconstructed and 
simulated topographies to evaluate the approach. 

5.1. Topographical reconstructions 

We reconstructed two topographies with Petrel®: the pre-landslide 
topography and the landslide-dammed valley before infilling by water 
and sediment, or erosion. 

The reconstructed extent of the pre-landslide topography encom
passes the Blaueistal valley (first landslide deposit site) and the Klaus
bach valley (dam site). In the Blaueistal valley, subtraction between the 
reconstructed pre-landslide topography and the present topography 
leads to a total of 27 × 106 m3 of landslide deposits. The maximum 
sediment thickness reaches 105 m near the flank opposite of the failure 
area. According to our analysis, 92 × 106 m3 of landslide and fluvial 
sediments were deposited in the Klausbach valley. The reconstructed 
area extends upstream to the Grundübelau knickpoint, and downstream 
to Ramsau bei Berchtesgaden (Fig. 4a). The recomputed valley floor 
(Fig. 4b) presents a U-shaped cross-section that is consistent with the 
glacial history of the valley. The thickness of the removed sediment 
reaches a maximum of 86 m in the middle of the Klausbach valley near 
the mouth of the Blaueistal valley and decreases linearly upstream and 
downstream. The sediment layer southwest of the Hintersee was found 
to be 50 m thick by Bader (1981) (geophysical profile, p. 47), which is 
slightly less than the average 60 m reconstructed by our topography. The 
total amount of sediments removed from the Blaueistal and Klausbach 
valleys from the present topography to create the estimated pre- 
landslide topography amounts to 119 × 106 m3. 

The three reconstructed source areas (Fig. 5) exhibit very different 
volumes (15 × 106 m3, 44 × 106 m3 and 67 × 106 m3 respectively) and 
extents, but similar maximum thicknesses (189 m, 222 m and 232 m 
respectively). For comparison, the source area extent assessed by von 

Fig. 4. 3D rendering of the Klausbach valley and the Schärtenspitze mountain before (a) and after (b) reconstruction of the valley floor using Petrel®. The locations 
of boreholes KB 1 and KB 2 are indicated by crosses. Isolines are drawn every 50 m. Source area 1 is outlined in green. The location of the geophysical measurements 
that provided a longitudinal cross-section of the pre-landslide valley floor (Bader, 1981) is outlined in brown in (a). 
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Fig. 6. 3D rendering of the landslide deposits before erosion, reconstructed using Petrel®, displaying: a) the thickness of the landslide dam relative to the reconstructed valley floor, b) the thickness of eroded sediments 
from the landslide dam. Isolines are drawn every 50 m. Source area 1 is outlined in green. This Petrel® reconstruction of the dam topography before erosion is based on a priori knowledge, and is not necessarily the 
best estimate. 

Fig. 5. 3D rendering of the three source areas reconstructed using Petrel®, displaying the differences in thickness and extent between each case: a) source area computed according to von Poschinger and Thom (1995), 
volume of 15 × 106 m3, b) source area extended north of Steinberg peak, volume of 44 × 106 m3, c) source area additionally extended further south of the Schärtenspitze, volume of 67 × 106 m3. Isolines are drawn every 
50 m. 
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Poschinger and Thom (1995), on which we based the source area 1, was 
estimated to support a release volume of 12 − 16 × 106 m3. Source area 
1 is flatter, and 33 m and 43 m shallower than source areas 2 and 3, 
respectively. In source area 1, the reconstructed valley flank below 
Steinberg peak is not very steep, whereas in source areas 2 and 3, the 
valley flank is much steeper, and Steinberg peak is located closer to the 
Blaueistal valley. In addition, the reconstructed material thicknesses of 
source areas 1 and 2 are relatively homogeneous. Source area 3, on the 
other hand, presents two distinct failure planes separated by the 
Schärtenspitze peak. 

In Fig. 6a, which displays the landslide dam thickness in the Klaus
bach valley, the landslide mass forms a fan, with a second, smaller 
depositional area toward the Schottmalhorn. The total volume of sedi
ment in the dam amounts to 32 × 106 m3. The area of maximum 
depositional thickness is located near the valley flank. In comparison, 
the volume of sediments deposited in the Klausbach valley is estimated 
by von Poschinger and Thom (1995) to be 15 − 18 × 106 m3. In Fig. 6b, 
which shows the eroded thickness of the dam sediments, the eroded dam 
sediments are mainly located along a line where the river has incised. 
The maximum depth of incision reaches 40 m. The volume of sediments 
eroded since the landslide is 4 × 106 m3. 

5.2. Influence of landslide rheology on landslide, lake, and delta 
geometries 

Voellmy rheology parameters influence the simulated deposit ge
ometries (Fig. 7). An increase in dry friction μ leads to narrower, 
therefore higher, dams and shorter runout (Fig. 7a, c, e; darkest brown), 
to the extent that most of the landslide mass remains stuck on the valley 
flank for source area 1 (Fig. 7a; darkest brown). In the high μ scenarios of 
source area 1, even the Zauberwald area is not completely covered by 
sediments (Fig. 7a), making these rheologies highly unlikely. The 
Brunnerlehen Mühle, where large boulders can be found in the field, is 
covered by deposits in half of the scenarios (for ξ = 300 m.s− 2, μ = 0.28 
− 0.36 for source area 1, μ = 0.16 − 0.36 for source areas 2 and 3). In the 
source area 2 and 3 scenarios, where μ = 0.04 and ξ = 300 m.s− 2, 
deposition extends downstream as far as Ramsau bei Berchtesgaden. In 
comparison, an increase in velocity squared drag ξ has little effect on the 
depositional area for values of ξ below 900 m.s− 2 (Fig. 7b, d, f; darkest 
brown). If ξ exceeds a threshold of 900 m.s− 2, the deposit area increases 
abruptly for source areas 2 and 3 (Fig. 7d and f). The landslide extends 
beyond the Wartstein and landslide sediments are deposited on higher 
terrains on the opposite valley side. The Wartstein itself, however, is 
never buried under deposits. The amount of sediments deposited in the 
Blaueistal valley depends on μ: with μ = 0.04 and ξ = 300 m.s− 2, 24.4 ×
106 m3 of landslide sediments are left in the valley, whereas the scenario 
μ = 0.36 and ξ = 300 m.s− 2 leaves only 0.2 × 106 m3 behind. The 
modeled extent of landslide deposits at the Hintersee lake shows a 
negative linear relationship with μ and a positive non-linear relationship 
with ξ that relies on a threshold value. 

Because the deposit geometry influences the lake formation, the lake 
geometry is also altered by a change of Voellmy parameters (Fig. 8). In 
the case of an increase in μ, the sediments are deposited closer to the 
valley flank, do not flow far enough into the valley floor to completely 
block it, and thus the lake extent decreases overall. However, the 
topography of the valley is not homogeneous. The valley floor is flat and 
wide in the upstream parts, but narrows toward the east because of the 
Wartstein. Depending on the defined Voellmy parameters, the landslide 
depositional fan adopts three different geometries conditioned by the 
valley topography (example in Fig. 8a). First, the landslide spreads far 
and reaches the opposite valley flank (μ = 0.04). Second, the landslide 
does not reach the opposite valley flank but does reach the Wartstein, 
resulting in a slight increase (μ = 0.08 − 0.12) and then decrease in lake 
area (μ = 0.12 − 0.24) (Fig. B.12f). Third, the landslide only pushes the 
river to the side and creates small depressions without actually damming 
the river, inducing a distinct decrease in lake area (μ = 0.28 − 0.36). By 

comparing the landslide deposit geometries (Fig. 7a, c, e) with the lake 
geometries (Fig. 8a, c, e), we can deduce the contact line between 
landslide sediments and impounded lake. This sediment-lake contact 
line evolves from a relatively straight line (Fig. 8g; red arrow) to a 
curved line (Fig. 8g; green arrow). For an increase in velocity squared 
drag ξ (Fig. 8b, d, f; darkest blue), the upstream extent of the lake re
mains unchanged, meaning that the dam height remains constant. 
However, the downstream extent of the lake is pushed upstream, and the 
sediment-lake contact line changes from a curved line to a relatively 
straight line to become curved again (Fig. 8g; red and green arrows). 
This change in dam-lake contact suggests that for low and high ξ, 
landslide sediments are heterogeneously distributed, with high thick
ness near the valley flank, but are deposited more evenly across the 
valley floor for medium ξ values. In summary, μ exhibits a non- 
monotonic relationship with the extent of Lake Hintersee that is 
driven by the valley topography (e.g., the presence of the Wartstein), as 
is the case for the extent of landslide deposits. As for ξ, the extent of Lake 
Hintersee is relatively insensitive to it in the upstream part, but shows a 
non-linear relationship with ξ in the downstream part. 

Finally, the landslide rheology also impacts the extent of the lacus
trine delta formed upstream of the landslide-dammed lake (Fig. 9). For 
the same velocity drag squared coefficient ξ of 300 m.s− 2, the delta area 
for the source area 1 scenario augments by 0.8% between μ = 0.04 and μ 
= 0.08, then decreases by 6.2% between μ = 0.08 and μ = 0.36. For 
source area 2, the delta area increases by 2.0% between μ = 0.04 and μ 
= 0.12, then decreases by 11.0% between μ = 0.12 and μ = 0.36. For 
source area 3, it increases by 2.1% between μ = 0.04 and μ = 0.12, then 
decreases by 13.0% between μ = 0.12 and μ = 0.36. The shape of the 
sediment infill is similar to the lake extent. The velocity drag squared 
coefficient ξ does not greatly influence the lacustrine delta area (Fig. 9b, 
d, f). For the same dry friction μ of 0.08, the delta area oscillates around 
6.41 ± 0.02 × 106 m2, 6.675 ± 0.025 × 106 m2, and 6.81 ± 0.04 × 106 

m2 for source areas 1, 2, and 3, respectively. 
In terms of volumes, areas and depths of deposits, lakes, and lacus

trine deltas (Fig. 10), the impact of landslide rheology depends again 
more on dry friction μ than velocity drag squared coefficient ξ. With 
increasing μ, the dam gets higher (Fig. 10b) and forms steeper flanks, 
while the deposit area decreases (Fig. 10a). In contrast, the volumes, 
areas, and depths of the lake (Fig. 10e, f, g) and delta (Fig. 10h, i, j) 
increase only up to a certain μ threshold, and then decrease. This 
threshold is influenced by the velocity drag squared coefficient ξ. 

For high friction coefficients μ, landslide deposits reach a larger 
maximum thickness, but are less homogeneously distributed over the 
valley floor. This leads to relatively shallower landslide-dammed lakes, 
with the example of the source area 1, μ = 0.36, exhibiting a lake with a 
maximum depth of 2 m and an average depth of <1 m. 

5.3. Best-fit scenario 

We assess which scenario is most appropriate for the Hintersee 
landslide event in terms of release volume and landslide rheology from 
the landslide deposit, dammed lake, and delta planform (Figs. 7, 8, and 
9) and cross-sectional geometries (Fig. 10). 

With respect to release volume, source areas 2 and 3 give the best fits 
for the extent of deposits and lake (Figs. 7 and 8, respectively). We as
sume that the former area of the Hintersee lake includes the entire extent 
of the current lake (blue, Fig. 8). By examining the simulated lake ex
tents and the location of the present-day Hintersee lake, we find that 
source area 2 is a minimum requirement in terms of depositional volume 
and height to reach the lake extent that explains the northern border of 
the current Hintersee lake. The same can be said to achieve the mapped 
deposit extent (yellow, Fig. 7). Source area 1 is thus not sufficient to 
create a deposit thickness compatible with the borehole depths of 37 m 
of KB1 (Fig. B.12c), contrary to source areas 2 and 3 (Fig. 10c). 

As for the Voellmy rheology coefficients, ξ = 300 m.s− 2 and μ = 0.08 
seem to give the best fits to the extent of the lake (Fig. 8). While the low μ 
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scenarios display better fits to the deposit extent in the Zauberwald, they 
also stretch far downstream, reaching Ramsau bei Berchtesgaden. The 
velocity squared drag ξ, on the other hand, does not impact the upstream 
and downstream depositional extent very much, although high values 
allow sediments to reach the opposite valley flank (which is not the case 

in the field, however). The borehole KB1 tends to indicate coefficients of 
ξ = 300 m.s− 2 or higher and μ = 0.08 (Fig. B.12c). 

We note that even in the simulations giving the largest lake extents, 
the lake does not reach the upper part of the reconstructed valley, the 
Grundübelau, but that the deposit extent predicted by von Poschinger 

Fig. 7. Influence of the Voellmy rheology parameters μ and ξ on the geometry of the landslide deposit for all three source areas. For varying μ, ξ set to 300 m.s− 2: a) 
Source area 1, c) Source area 2, e) Source area 3. For varying ξ, μ set to 0.08: b) Source area 1, d) Source area 2, f) Source area 3. The landslide deposit boundaries are 
plotted as solid lines in shades of brown, reflecting the value of the variable rheology parameter. Landslide deposit pixels are considered inside the deposit area if the 
deposit thickness exceeds 1 m. The mapped landslide deposits are plotted in yellow. The current Hintersee lake is displayed in blue. We focus on the ξ = 300 m.s− 2 

and μ = 0.08 scenario as we determine it to be the best-fit scenario (Section 5.3). Further scenarios are shown in the Supplementary. 
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and Thom (1995) is exceeded in the favored scenarios. However, the 
extent of the flat area upstream of the knickpoint can be explained by the 
delta of fluvial sediments formed behind the landslide dam. We there
fore conclude that the best scenario for the Hintersee landslide is a de
posit volume at least equal to source area 2, and with Voellmy rheology 

coefficients μ = 0.08 and ξ = 300 m.s− 2. 

5.4. Validation by analysis of the longitudinal profiles of each topography 

In Fig. 11a, we can see the flow paths computed on the current 

Fig. 8. Influence of the Voellmy rheology parameters μ and ξ on the geometry of the landslide-dammed lake for all three source areas. For varying μ, ξ set to 300 m. 
s− 2: a) Source area 1, c) Source area 2, e) Source area 3. For varying ξ, μ set to 0.08: b) Source area 1, d) Source area 2, f) Source area 3. The landslide-dammed lake 
boundaries are plotted as solid lines in shades of blue, reflecting the value of the variable rheology parameter. Lake pixels are considered inside the impoundment 
area if the lake depth exceeds 1 m. g) highlights the sediment-lake contact lines in a zoom-in of e). The inferred lake sedimentation area is plotted in yellow. The 
current Hintersee lake is displayed in blue. We focus on the ξ = 300 m.s− 2 and μ = 0.08 scenario as we determine it to be the best-fit scenario (Section 5.3). Further 
scenarios are shown in the Supplementary. 
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topography and the four reconstructed and simulated topographies: the 
flow path of the current topography (black) follows the SE valley flank, 
while the flow path of the pre-landslide topography (cyan) goes through 
the middle of the valley. The river is pushed to the side, in an avulsion, 
by the landslide deposits (red - disappearing under the cyan pre- 

landslide flow path). The water infilling of the depression (blue) 
moves the flow path to the center of the created lake, as does the sedi
ment infilling of the depression (orange). 

In Figs. 11b and c, we observe the longitudinal profiles of the current 
topography, of the reconstructed pre-landslide topography and of two 

Fig. 9. Influence of the Voellmy rheology parameters μ and ξ on the geometry of the lacustrine delta for all three source areas. For varying μ, ξ set to 300 m.s− 2: a) 
Source area 1, c) Source area 2, e) Source area 3. For varying ξ, μ set to 0.08: b) Source area 1, d) Source area 2, f) Source area 3. The lacustrine delta boundaries are 
plotted as solid lines in shades of brown, reflecting the value of the variable rheology parameter. Delta pixels are considered inside the deposit area if the deposit 
thickness exceeds 1 m. The inferred lake sedimentation area is plotted in yellow. The current Hintersee lake is displayed in blue. We focus on the ξ = 300 m.s− 2 and μ 
= 0.08 scenario as we determine it to be the best-fit scenario (Section 5.3). Further scenarios are shown in the Supplementary. 
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Fig. 10. Influence of the Voellmy parameters (i.e., the dry friction μ and the velocity squared drag ξ) on the geometries of the landslide dam (a-d), landslide-dammed lake (e-g), and lacustrine delta (h-j) for source area 
2. Values are plotted using a color gradient and compared to indicative thresholds when available: a) the area and b) depth of landslide deposit predicted by von Poschinger and Thom (1995), c) the minimum landslide 
deposit depth found in borehole KB1 and d) KB2 by Risch (1993). Values above the thresholds are plotted in red, those below in yellow, and those without indication in blue. The best fit scenario found based on the plan 
and cross-section geometries is highlighted by a circle. k) represents the known landslide lithologies and landslide path characteristics. 
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scenarios of the landslide dam, one geometrically reconstructed with 
Petrel®, and the other simulated using the Gerris fluid dynamics model. 
The pre-landslide valley exhibits a relatively constant delta slope angle 
of approximately 0.8∘ from the origin of the plot to a bump just below the 
Grundübelau knickpoint. This bump, although a modeling artifact (cf. 
Discussion), respects the overall slope of the valley. This slope of 0.8∘ is 
consistent with the slope of the delta measured on the current topog
raphy, which contributes to its validation. 

In the Klausbach valley, the total amount of sediment removed from 
the current topography to reconstruct the pre-landslide topography 
reaches Vtotal = 92 × 106 m3 (orange areas, Fig. 11c, d). This volume 
comprises the landslide sediments from the dam and the fluvial sedi
ments deposited upstream of the dam. 

We can compare the reconstructed dam topography (red line, 
Fig. 11b) with the simulated dam topography (red line, Fig. 11c). 

Although the dam reconstructed using Petrel® based solely on a priori 
knowledge presents a lower dam volume Vdam = 32 × 106 m3 (red area, 
Fig. 11b) than the simulated dam (Vdam = 44 × 106 m3 (red area, 
Fig. 11c), the dam is much higher, thus impounding a much bigger lake 
(blue areas, Fig. 11b and c). This reconstructed dam also extends much 
less downstream and upstream, which leads to a smaller volume of 
sediments already eroded from the dam (green areas, Fig. 11b and c). 

The sediment trapping capacity of the dam Vdelta, i.e., the maximum 
volume of sediment that can be stored in the sediment trap (gray areas, 
Fig. 11b and c), exceeds the maximum volume of trapped water Vlake 
(blue areas, Fig. 11b and c). This difference in volume is due to a contrast 
in surface geometry: fluvial sediments are deposited at a positive delta 
slope angle, while a water body presents a flat surface. In the best-fit 
scenario, the simulated lake is relatively shallow, with Vlake = 17 ×
106 m3 (blue area, Fig. 11c), while the volume of fluvially accumulated 

Fig. 11. Comparison of the longitudinal 
profile of the Klausbach river for the current 
topography (in black), the reconstructed 
topography before landsliding (in cyan), the 
topography after landsliding (in red), after 
water infilling (in blue) and sediment infill
ing (in orange). a) Traces of the longitudinal 
profiles on the valley floor, with location of 
the Hintersee knickpoints. Since the topog
raphy changes, the flow path also changes 
for each topography. These differences in 
flow paths explain some of the shifts in the 
longitudinal profiles (b & c). b) Longitudinal 
profiles for the landslide deposits as recon
structed using Petrel® based on the mapped 
extent of landslide deposits. c) Longitudinal 
profiles for the landslide deposits as simu
lated with Gerris in the best-fit scenario 
(Source Area 2, Voellmy coefficients μ =
0.08 and ξ = 300 m.s− 2). The volumes of 
different parts of the dam and dammed lake 
found in the Klausbach valley are indicated 
using fills.   
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sediments Vdelta = 53 × 106 m3 (gray area, Fig. 11c) reaches more than 
three times the volume of water. 

Sediment is trapped upstream of the dam, but the dam itself is eroded 
by the river and releases sediments in it. By subtracting the current 
topography to the simulated landslide deposits in the region of the dam, 
we obtain an eroded dam volume Veroded of 6 × 106 m3 (green area, 
Fig. 11c). 

The landslide dam forms a knickpoint (Fig. 1c) in the longitudinal 
profile of the river. We compare the position of the knickpoint on the 
current topography and on the reconstructed topography after landslide 
damming. This knickpoint is moving upstream while the dam gets 
eroded and the volume of eroded sediments increases. 

6. Discussion 

This study back-analyzed the formation of the Hintersee landslide- 
dammed lake by simulating a range of landsliding scenarios with vari
able landslide rheologies and release areas. In the following subsections, 
we discuss the uncertainties and simplifications in the employed meth
odology, the impact of landslide rheology on the formation and capacity 
of landslide-dammed lakes and their associated sediment storage, the a 
priori bias on landslide dam geometry and the Hintersee landslide dam 
history. 

6.1. Uncertainties and simplifications 

The biggest limitations of our approach originate from 1) un
certainties in the reconstruction of the pre-landslide topography 
including (a) valley floor where the landslide settled and (b) valley flank 
where the landslide originated, 2) the omission of landslide bulking, and 
3) the simplification of landslide rheology. 

There is a relatively high uncertainty on the reconstruction of the 
pre-landslide valley topography (Fig. 4), due to imprecise information 
and partial constraints. The geophysical profile indicates only a rough 
thickness of the lake sediments, and as the boreholes did not reach the 
bottom of the lake sediment layer, they provide only a minimum deposit 
thickness. Furthermore, although we validated the pre-landslide valley 
topography using longitudinal profiles, the profile is irregular and ex
hibits a slight bump close to the Grundübelau knickpoint. These irreg
ularities are intrinsic to the reconstruction method used. However, this 
unevenness is small-scale and has a negligible impact on volume com
putations in comparison with the overall uncertainty due to the absence 
of precise depth information. 

A higher uncertainty is present for the pre-landslide valley flank 
topography. Contrary to the valley floor, no release mass thickness can 
be measured. The only hints for the estimation of the released volume 
are the current valley flank topography and the deposited landslide 
volume in the Klausbach valley. Thus, we reconstructed three source 
area topographies (Fig. 5) to take into account the uncertainty linked to 
the source area extent and release volume. In the three cases, we observe 
the same simulated landslide path. Thereby, we can extrapolate the 
release volume from the deposit geometries without worrying about the 
influence of the source area geometry on the end result. 

We simulated landsliding with three source areas of increasing 
release volumes and found that the best fit in terms of source area for the 
deposit extent is the intermediate scenario, with a release volume of 44 
× 106 m3 (Fig. 7c, d). However, we did not account for sediment bulking 
due to fragmentation or entrainment during the runout. Von Poschinger 
and Thom (1995) commonly use a bulking factor of 1.3, although this 
value is highly uncertain, with studies constraining a range from 7 to 
26% of volume increase due to fragmentation (e.g., Hungr and Evans, 

2004), and a measured porosity of 18 to 35% in landslide deposits. Thus, 
if we assume a bulking factor of 1.3, the release volumes of the three 
source areas are reduced to 11.5 × 106 m3, 33.8 × 106 m3 and 51.3 × 106 

m3. Although the corrected release volume of source area 1 is consistent 
with the release volume determined at 12 − 16 × 106 m3 (von Pos
chinger and Thom, 1995), the simulations predict a required release 
volume of 33.8 × 106 m3 to form a deposit of the extent of the Hintersee 
landslide dam and create a lake of the size of the Hintersee lake. 

To investigate the influence of landslide rheology on the geometry of 
the landslide deposit, we tested a set of Voellmy rheologies (Fig. 10) and 
found that μ = 0.08 and ξ = 300 m.s− 2 leads to a landslide deposit that is 
largely consistent with the geometry of the observed deposit at the 
Hintersee lake. However, the landslide rheology may change spatially 
(e.g., different rock types in a single landslide) or temporally (e.g., 
material entrainment during the runout, fragmentation, water content 
change; Hungr, 2011; Shen et al., 2019). Thus, our rheological model is 
simplified by neglecting spatial and temporal variations in fluid 
rheology. 

6.2. Impact of landslide rheology on landslide damming and sediment 
trapping 

For a given valley geometry, landslide rheology is a key controlling 
factor in the formation of a landslide-dammed lake (Fig. 8). 

A low friction coefficient will create a flat dam with little 
impoundment, while a high friction coefficient can prevent the landslide 
from reaching the river or from spreading laterally enough to dam the 
river (Fig. 7a). Thus, landslide rheology is a non-linear controlling factor 
on lake and delta geometries (Figs. 8, 9). 

The influence of landslide rheology is mitigated by valley geometry. 
When testing different Voellmy rheologies on a set of 10 cases, Argentin 
et al. (2021) showed that the results were not consistent. In four cases, 
an increase of dry friction resulted in a non-linear, but continuous, 
change of lake volume. However, this trend change did not occur for the 
same friction thresholds or in the same directions for all four cases. 

Landslide rheologies depend, among others, on landslide lithology 
(Sosio et al., 2013; Zimmermann et al., 2020), path material (Aaron and 
McDougall, 2019) and, potentially, water content (Naaim et al., 2013). 
Rock avalanches (μ = 0.08 − 0.25 and ξ = 300 − 1000 m.s− 2) exhibit 
medium to high friction coefficients, while volcanic debris avalanches 
(μ = 0.003 − 0.08 and ξ = 200 − 1200 m.s− 2) are characterized by low 
friction and ice-rock avalanches (μ = 0.03 − 0.1 and ξ = 1000 − 2000 m. 
s− 2) by long runouts (Sosio et al., 2013). The variable μ is correlated 
positively with clay content, but not with water saturation or other soil 
physical properties (Zimmermann et al., 2020). On the relation of path 
material to Voellmy rheology coefficients (Aaron and McDougall, 2019), 
rock avalanches overrunning glacial ice/snow (μ = 0.03 − 0.13 and ξ =
1000 − 2100 m.s− 2) display the highest mobility (Zimmermann et al., 
2020), followed by rock avalanches with saturated substrate (μ = 0.05 
− 0.18 and ξ = 200 − 1700 m.s− 2), those with unsaturated substrate (μ 
= 0.23 − 0.29 and ξ = 350 − 900 m.s− 2), and rock avalanches over
running bedrock that display the highest motion resistance (μ = 0.32 −
0.45 and ξ = 200 − 1100 m.s− 2). Higher friction coefficients could be 
obtained by landslides with very coarse debris substrate (e.g., Val Pola 
and Hope, Aaron and McDougall, 2019). Thus, water content increases 
the mobility. This finding is backed up by similar results reported for 
debris flows (Hürlimann et al., 2015), and snow avalanches (Naaim 
et al., 2013) where the friction is linked negatively to water content 
above a certain water threshold. 

Since landslides with high friction coefficients have lower chances of 
damming rivers, unsaturated substrate landslide have lower chances of 
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forming big lakes and deltas. 

6.3. A priori reconstruction 

There is a significant difference between the geometry of the dam 
geometrically reconstructed with Petrel® using a priori knowledge only 
(Fig. 11b), and the geometry of the dam simulated using the Gerris fluid 
dynamics model (Fig. 11c). Although both dam reconstructions are 
empirically constrained at certain locations (e.g., boreholes), the depth- 
averaged flow simulation with Gerris allows for physics-based con
straints (e.g., friction, depositional angles) on the possible geometries of 
the dam to be introduced. Whereas the a priori reconstruction using 
Petrel® relies on expert based knowledge, making it prone to misjudg
ment and bias (Bond, 2015). Thus, the reconstruction of the dam based 
on landslide deposit remains using Petrel® generally leads to an over
estimation of the dam height and an underestimation of its extent in 
downstream and upstream direction. The extents upstream and down
stream are not easily recognizable in the field, which is common for old, 
sediment covered or eroded landslide dams. This appraisal error leads to 
questioning the uncertainty (Bond, 2015) linked to dam geometry 
assessments. 

6.4. Back analysis of the Hintersee landslide dam 

The best fit of the landslide rheology back-analysis was achieved 
with μ = 0.08 and ξ = 300 m.s− 2 (Fig. 10). Some studies found that this 
set of rheological parameters is suitable for volcanic debris, but also for 
rock avalanches (Fig. 10k; Sosio et al., 2013), hints toward a low clay 
content (0–5%, Zimmermann et al., 2020) and is characteristic of a 
water-saturated substrate (Fig. 10k, red; Zimmermann et al., 2020), 
which could indicate a rainfall-trigger. According to these studies, the 
Hintersee landslide would thus have occurred as a rock avalanche with 
low clay content and would have run on a water-saturated substrate. The 
two first assumptions can be easily defended, as the source lithology of 
the Hintersee landslide consisted of carbonatic rocks, and the mass 
deposited relatively close to its source, with large blocks found in the 
Klausbach valley. The third assumption is harder to validate, although it 
is partly supported by the conclusions drawn by von Poschinger and 
Thom (1995) about the absence of snow cover. Since temperatures at the 
time of the landslide were higher than in 1819 (Ilyashuk et al., 2011), 
when the end moraine only reached the upper parts of the Blaueistal 
valley (von Poschinger and Thom, 1995), a glacier of greater extent 
would have been very unlikely and the substrate would not have been 
covered with snow or ice. This would only leave a water-saturated 
substrate to explain the low friction of the landslide. However, this 
speculation about the climatic conditions at the time of triggering re
mains uncertain. 

6.4.1. Erosion and stability of the landslide dam - a possible partial breach 
Since most of the sediments from the Hintersee landslide are still 

present in the field, we can deduce that the Hintersee landslide dam did 
not undergo a full failure. However, a gradual erosion of the Hintersee 
landslide dam by the Klausbach river is debated. Von Poschinger and 
Thom (1995) advance the hypothesis of a partial catastrophic outburst, 
based on the boulders found downstream of the dam and channels found 
in the deposits. However, according to the best fit scenario of our model, 
the landslide deposit extends much farther downstream than recogniz
able in the terrain today (Fig. 7). Hence, these large boulders could mark 
the actual extent of the landslide instead of giving evidence for a dam 
break and flooding. On the other hand, the simulation output indicates 
that the volume of landslide dam sediments already eroded reaches 6 ×

106 m3 (Fig. 11c). In the case of a gradual erosion, this volume implies a 
mean erosion rate of ~1,600 m3.yr− 1 over the last 3591 years, a 
maximum erosion rate of 7930 mm.ka− 1 at the deepest incised point and 
a mean erosion rate of 850 mm.ka− 1 over the whole dam. These numbers 
are well under bedrock incision rates reported from cases of landslide- 
induced river avulsions (Pratt-Sitaula et al., 2007). Furthermore, by 
comparing the position of knickpoint on the current topography and on 
the reconstructed topography after landslide damming (Fig. 11), we find 
that the Hintersee landslide dam knickpoint moved approximately 300 
m since landsliding, thus entailing a mean knickpoint migration velocity 
to 0.08 m.yr− 1 over the last 3591 years. 

6.4.2. Sedimentation of the landslide-dammed lake 
The landslide-dammed lake of the Hintersee does not reach as far 

upstream as the lacustrine delta and has a smaller volume (Fig. 11). 
According to the simulated lake and delta geometries (Figs. 8, 9), and 
contrary to the assumptions of von Poschinger and Thom (1995), we 
suggest that the landslide-dammed lake did not reach the upper part of 
the valley, the Grundübelau. In fact, the knickpoint observed in Grun
dübelau matches the upper extent of the fluvial sediment aggradation, 
while the former upper extent of the dammed lake cannot be determined 
easily from topographic data. According to the longitudinal profiles 
(Fig. 11c), only one third of the fluvial sediments are trapped in the 
dammed lake itself, while two thirds are stored into the lacustrine delta 
formed upstream due to the creation of a new base level. Thus, we 
suggest that studies taking landslide-dammed lake volume as a proxy for 
sediment trap capacity are underestimating the impeding action of 
landslide dams on sediment transport, and should use a correction 
coefficient. 

By taking the volume of trapped sediments (gray area, Fig. 11c), the 
time since the landslide happened, the upstream area, as well as the 
densities of the solid bedrock and unconsolidated sedimentary infill, we 
can roughly deduce the mean denudation rate of the catchment and 
sedimentation accumulation rate in the lake (Hinderer, 2001). This 
approach is subject to some uncertainty since the Hintersee and the 
upstream Klausbach river have been subject to man-made modifications 
to avoid the complete sediment infilling of the lake. The upstream area 
and the age of the landslide are well-constrained, but the volume of 
trapped sediments has a higher uncertainty. According to the best fit 
scenario, the volume of trapped sediments solely in the Klausbach valley 
amounts to Vdelta = 53 × 106 m3 (gray area, Fig. 11c). We take a solid 
bedrock density of 2.5 g.cm− 3 and a density of unconsolidated sedi
mentary infill of 1.7 g.cm− 3 (Hinderer, 2001), which leads to a mean 
denudation rate of 230 mm.ka− 1, which is well in line with erosion rates 
reported for formerly glaciated alpine catchments (Delunel et al., 2020). 

These volumes and erosion rates are linked to the valley gradient. In 
the Klausbach valley, the local slope upstream of the Hintersee dam is 
spatially variable (Fig. 11c, black). Near the Grundübelau, the creation 
of a local base level probably triggered sediment deposition, in a manner 
similar to alluvial fans, with high slopes (usually between 1.5◦ and 25◦; 
Blair and McPherson, 1994; Crosta and Frattini, 2004), while down
stream, closer to the Hintersee, the remainder of the sediments were 
deposited in a flatter fashion, more characteristic of fluvial processes 
(Blair and McPherson, 1994). These sedimentation slope values vary 
greatly depending on the location of the landslide dam in the mountain 
range. Indeed, the local slope is related to the longitudinal profile of the 
river (Hack, 1957). Landslide dams located farther downstream would 
be filled with a significantly lower alluvial gradient. At a smaller scale, 
the local gradient is also sensitive to the type of sedimentation process, 
the river regime (e.g., suspended-sediment, mixed-load, and bedload 
transport), and the sediment characteristics (e.g., grain size and shape, 
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lithology) (Dade and Friend, 1998). However, a lower sedimentation 
slope does not guarantee that a smaller volume of sediment will be 
trapped, as the valley slope will also be lower, providing a larger ac
commodation space. 

As long as a landslide dam blocks the water flow, most of the fluvial 
sediments are trapped. The water seeps through the dam and the 
ground, and the bedload and part of the suspended load are deposited in 
the landslide-dammed lake (Morche and Schmidt, 2012). However, in 
case of partial dam failure or dam overspilling, the water runs over the 
remnant landform and the fluvial sediments are not retained as effi
ciently: only a fraction of the upstream eroded sediments deposits in the 
landslide-dammed lake. Furthermore, the drop in lake level induces the 
incision of the previous delta surface, and sediments deposit closer to the 
dam and in the incised delta, as an inset delta sequence (Winsemann 
et al., 2011). Thus, a dam that fully impounded the river flow but un
derwent a partial failure would be associated with a decreasing sediment 
infilling rate in the upstream lake and an incised delta topography in the 
upstream part of the valley, a landform that we did not observe. 

6.5. Rheology, landslide types and dam longevity potential 

Landslides are usually classified into different types (Varnes, 1978) 
based on the landsliding process and the type of material involved. Since 
the composition of landslides (e.g., clay and water content) affects their 
rheology (see Section 6.2), landslide rheology is therefore related to 
landslide type. 

Most landslide dams (> 80%) fail within the first year (Costa and 
Schuster, 1988), but at different rates depending on the landslide type 
(Fan et al., 2020). Indeed, in the long term (after 10 years), rock 
avalanche, debris flow, debris avalanche, and unconsolidated landslide 
dams have similar longevity. However, in the short term (within the first 
few hours/days), debris flow dams tend to fail more quickly than rock 
avalanche dams (such as the Hintersee). 

The stability of landslide dams is also controlled by the degree of 
debris fracturing (Weidinger, 2011) and the internal structure of the 
dam (Fan et al., 2017). Overall, the longer the landslide travels, the 
stronger the debris fracturing, and the less robust the dam forms (Wei
dinger, 2011). The internal structure of dams, meanwhile, can be clas
sified into three types (Fan et al., 2017): long-runout slides, composed of 
unconsolidated debris, with low stability and high erodibility (e.g., 
Donghekou and Xiejiadianzi landslides, Fan et al., 2017); dams con
sisting of large blocks forming a shell on top of more fragmented debris, 
which are more stable (e.g., Falling Mountain rock avalanche, Davies 
and McSaveney, 2002); and dams formed from an intact stratum of 
bedrock at the base covered by debris, the most stable of all (e.g., 
Xiaojiaqiao dam Fan et al., 2017). In the case of the Hintersee dam, the 
short runout distance and large boulders scattered over the study area 
point to low fracturing and a structure with shell, thus relatively stable. 

7. Conclusions 

In this study, we investigate the impact of landslide rheology on the 
formation of landslide dams and their associated lacustrine deltas by 
back-analyzing the Hintersee landslide dam. We first reconstruct the 
pre-landslide topography based on literature and geophysical data, then 
simulate several landsliding scenarios with different release volumes 
and landslide rheologies, and finally compute the resulting dammed- 
lake and lacustrine delta topographies. We obtain the best reproduc
tion of the current topography with a Voellmy rheology of μ = 0.08 and 
ξ = 300 m.s− 2. Furthermore, we find that:  

1. There is an important subaerial component to the sediment trapping 
capacity of landslide dams: here, the volume of trapped sediment 
exceeds the volume of the landslide-dammed lake by a factor of 
three.  

2. Different landslide styles and valley geometries (accomodation 
spaces) create different types of dams, associated lakes and sediment 
trap capacities. Specifically, landslide rheology exhibits a non-linear 
relationship with lake volume and sediment trap capacity. The 
optimal rheology for the greatest sediment trap capacity is deter
mined by valley topography. 

3. Dry friction μ has more control over landslide-dammed lake forma
tion and volume than velocity squared drag ξ. 

4. By comparing our results to previous studies, we find that rock av
alanches on unsaturated or bedrock substrates could be less likely to 
dam large lakes and form sediment traps.  

5. Our findings suggest that the Hintersee landslide dam may have 
never breached catastrophically.  

6. Based on trapped sediment volumes and age of the landslide, erosion 
rates in the valley could reach 230 mm.ka− 1.  

7. By analyzing the dam morphology, we find that the dam was eroded 
with an average rate of 850 mm.ka− 1 and a maximum rate of 7930 
mm.ka− 1. 
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Fig. B.12. Influence of the Voellmy parameters - the dry friction μ and the velocity squared drag ξ - on the geometries of the landslide dam (a-d), landslide-dammed lake (e-g), and lacustrine delta (h-j) for source area 1. 
Values are plotted using a color gradient and compared to indicative thresholds when available: a) the area and b) depth of landslide deposit predicted by von Poschinger and Thom (1995), c) the minimum landslide 
deposit depth found in borehole KB1 and d) KB2 by Risch (1993). Values above the thresholds are plotted in red, those below in yellow, and those without indication in blue. The best fit scenario found based on the plan 
and cross-section geometries is highlighted by a circle.  
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Fig. B.13. Influence of the Voellmy parameters - the dry friction μ and the velocity squared drag ξ - on the geometries of the landslide dam (a-d), landslide-dammed lake (e-g), and lacustrine delta (h-j) for source area 3. 
Values are plotted using a color gradient and compared to indicative thresholds when available: a) the area and b) depth of landslide deposit predicted by von Poschinger and Thom (1995), c) the minimum landslide 
deposit depth found in borehole KB1 and d) KB2 by Risch (1993). Values above the thresholds are plotted in red, those below in yellow, and those without indication in blue. The best fit scenario found based on the plan 
and cross-section geometries is highlighted by a circle.  
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Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.geomorph.2022.108363. 
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