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Landslides are a significant natural hazard in mountainous
regions1 and are often triggered by external factors, such as
earthquakes, rainfall, permafrost melting or retreat of glaciers2.
A large landslide occurred in the Swiss Alps on 13 July 2006,
when portions of an immense rock spur on the eastern flank
of the Eiger peak3 collapsed. Here we use field observations and
terrestrial laser scanning data to record and quantify the relative
motion along the various blocks of rock that form this spur. The
data show that during the year of observation the blocks moved
relative to one another by up to tens of metres along fractures that
can be related to pre-existing planes of weakness. Rates of motion
and deformation were high throughout July 2006, particularly in
the northern part of the spur that partially collapsed on 13 July.
The rates decreased considerably during the subsequent months,
although a slight increase was noted in June and July 2007. These
observations are consistent with instability of the spur initiated
by subsidence of a single block at the rear, which acted as a wedge
and disintegrated over time owing to loss of lateral confinement.

Recent catastrophic events in the Swiss Alps illustrate the
necessity of efficient monitoring of landslides: heavy rainfall caused
a landslide resulting in 14 deaths in October 2000 (ref. 4); intense
precipitation triggered debris flows, mud flows and rockfalls killing
five people in August 2005 (refs 5,6) and a major rockfall killed two
persons on a national highway in May 2006 (ref. 7).

High-resolution digital elevation models obtained from aerial
or terrestrial laser scanning are used to detect landslides
and rockfalls8–17. Most landslide monitoring techniques provide
information on only a few selected points and not the
whole landslide surface11. Sequential terrestrial laser scanning
(TLS), on the other hand, allows for analysis of movement
direction and velocity, displacement and volume change9–13. These
three-dimensional data open new perspectives in predicting mass
wasting and deciphering failure mechanisms.

In this study, we focus on a collapse at the Eiger’s eastern flank
(Fig. 1a), one of Switzerland’s most famous peaks. The instability of
this 2 million m3, compact Jurassic limestone mass was caused by
the Lower Grindelwald glacier’s retreat, which has been accelerated
since 1935 by global warming18,19. At the last glacier maximum in
1860, the ice reached the back scar’s level19,20. The instability was
subject to particularly high glacial compression due to its position
on a topographic ridge21. The removal of the glacier buttress and
subsequent decompression allowed the spur to fail.

On 10 June 2006 rockfalls of several hundred m3, first slope
movements and two steep 250-m-long valley-parallel open cracks
were observed. One of these fractures forms the back-crack of

the spur, and the other separates the spur into a front and a
rear block (Fig. 1b,c). In addition, these blocks are separated
into a main part and a northern part by a subvertical bedding
plane that is nearly perpendicular to the open cracks (Fig. 1b).
On 11 July 2006, we deployed a long-range terrestrial laser
scanner to monitor the rockslide (see the Methods section) and
acquired sequential TLS point clouds on 12, 13, 17 and 25 July,
22 September and 1 December 2006, and on 11 June and
17 July 2007 (photographs in Supplementary Information, Fig. S1).
The comparison of sequential point clouds reveals the instability’s
displacements (Fig. 2, Supplementary Information, Fig. S2) and
enables the calculation of rockfall volumes. During the first days
of TLS monitoring, the rear block subsided with a velocity of
up to 80 cm d−1, whereas the front block slid forward with a
velocity of about 20 cm d−1, which is unusually high for hard rock
slopes (Fig. 2a).

On the northern front block, frequent rockfalls were recorded
(rockfall volume: 2,530 m3 between 11 and 12 July 2006, and
450 m3 in the following 24 h). A column showed significantly
higher movement rates, up to 125 cm d−1 (Fig. 2a), which led to its
collapse and finally to a partial collapse of the northern block on
13 July 2006 (Fig. 1d) with a computed volume of 169,000 m3. Slope
movements continued, but with lower velocities (60 cm d−1 and
15 cm d−1 for the rear and front blocks, respectively, between 13 and
17 July 2006) (Fig. 2b). We did not detect new large rockfalls on
sequential TLS datasets in the following months. Nonetheless, the
rock mass continued to move, but with lower velocities (4 cm d−1

and 1.5 cm d−1 for the rear and front blocks, respectively, during
winter 2006/2007; see Supplementary Information, Fig. S2). Our
surveys in summer 2007 showed an increase in the rear block’s
movement (up to 15 cm d−1). The front block’s displacement rates
reveal some toppling with higher velocities at its top (∼9 cm d−1)
relative to its toe (∼6 cm d−1).

For a more precise slope movement analysis, we computed
displacement vectors. Their orientation remained similar between
July and September 2006, but their magnitude decreased (Fig. 3,
Supplementary Information, Fig. S3 and Table S1). The front
block moved towards 041◦/35◦ (plunge direction/plunge), whereas
the rear block was mainly subsiding (007◦/68◦ between July and
September 2006). Since autumn 2006, the rear block’s movement
direction has turned more to the east owing to disintegration and
toppling towards the east (Supplementary Information, Fig. S3 and
Supplementary Information, Table).

The structural analysis on the basis of the TLS point clouds
(see the Methods section) reveals three main discontinuity sets
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Figure 1 Geographical setting of the 2006 Eiger rockslide. a, Location map indicating the different blocks of the Eiger rockslide, and the scanning locations (A and B) and
directions. b, Frontal view of the Eiger rockslide (12 July 2006). The spur is divided into a front and a rear block separated by a steep middle fracture (green line). Northern
rear and front blocks are separated from the main blocks by a bedding plane (blue line). c, Lateral view of the instability (4 July 2006). d, Photograph of the northern blocks’
partial collapse on 13 July 2006.

(Fig. 3a): slightly undulating bedding planes S0 with orientations
varying between 135◦/80◦ (dip direction/dip angle) and 313◦/71◦;
discontinuity set J1 dipping towards the valley (067◦/36◦

± 2.9◦)
and set J2 parallel to the valley (060◦/78◦

± 2.9◦). The back-crack
and the middle fracture, separating the front block from the rear,
are formed by sets J2 and S0 and their overall orientations are
076◦/81◦ and 072◦/89◦, respectively. The discontinuity sets are of
tectonic origin, but their opening is related to debuttressing.

On the basis of the structural data we established an instability
mechanism that explains the observed three-dimensional slope
displacements (Figs 3,4). The front block slides on a basal failure
surface formed by discontinuity set J1 (067◦/36◦), which was
laterally constrained by the bedding planes S0 (mean orientation:
313◦/86◦

±3.1◦). In fact, the intersection S0 ∧ J1 (040◦/33◦) has an
orientation similar to the displacement vectors of the front block
(041◦/35◦), its toe (045◦/39◦) and also the northern block’s front
(038◦/39◦). The subsidence of the rear block (overall displacement

vector: 026◦/76◦) and the northern block’s rear part (031◦/74◦) is
controlled by set J2 and the bedding S0 (intersection: 027◦/76◦).

Initially, the instability evolved as bilinear wedge failure22,
with the rear block, including the northern rear block, acting
as an active wedge pushing the front and northern front block
passively along the basal failure surface, in a manner comparable
to the Prandtl wedge mechanism proposed for the 1963 Vaiont
landslide in Italy23,24. The Prandtl wedge is situated along the middle
fracture and consists of a zone of extensive internal rock mass
deformation, because it transmits the driving forces of the rear
blocks to the front blocks. The movement initiation was most
likely promoted by high water pressures at the sliding plane due to
snow melting and high precipitation in spring and summer 2006,
which is a common triggering factor2,25. The rear blocks rapidly
started to break apart owing to high displacements and lack of
lateral confinement. Photographs (see Supplementary Information,
Fig. S1) indicate that both rear blocks became more and more
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Figure 2 Comparison of sequential TLS point clouds. Green colour indicates no displacement, yellow to red colours stand for advance of the rockslide or for scree
accumulation, whereas blue to violet colours express downward movements or rockfall areas. Missing data are due to wet surfaces and occlusion. a, Between 12 and
13 July 2006 (24 h interval) displacements up to 2m are shown. b, Movements between −6m and +2m are shown for the 96 h period between 13 and 17 July 2006. The
partially collapsed northern block appears in grey, because the differences exceed the colour scale.
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Figure 3 Spatial orientations of main discontinuity sets and displacement vectors. a, The orientation of the bedding planes varies slightly between 135◦
/80◦ and

313◦
/71◦ (stippled great circles), the mean orientation being 313◦

/86◦ (lower-hemisphere stereonet). The displacement vectors of the rear and northern rear blocks (filled
and open circles, respectively) lie within the S0/J2 intersection, whereas the displacement vectors of the front and northern front blocks (filled and open squares,
respectively) are controlled by the S0/J1 intersection. b, Graph of the total displacement since the beginning of the TLS monitoring (bottom) and the velocity (top) versus date
of the TLS acquisition.

dismantled into smaller blocks, which behave more like a granular
aggregate than an intact rock mass, which is in agreement with the
Prandtl wedge mechanism23. The disintegration of the rear blocks
led to a mass loss and perhaps an increase in water permeability
and consequently to lower pore-water pressure along the basal
failure surface. The combination of mass loss and lower pore-water
pressure could explain the observed decrease in velocity at the
end of summer 2006 and during winter 2006/2007. The velocity
increase in summer 2007 is probably caused by rheological changes
along the failure surface due to rock crushing26 and by increased
pore-water pressure due to snow melting25. Finally, the toppling
detected in addition to the sliding of the front block suggests that
its toe started to be retained by the glacier (Fig. 4).

The ability to predict failure is crucial to hazard assessment
and monitoring of landslides27. Comparison of sequential TLS data
enables the detection of areas with the highest displacement rates,
which are more susceptible to future failure. The partial collapse of
13 July 2006 (Figs 1b, 2a) underlines the link between maximum
velocities and failure locations. Knowing the most active zones on a
landslide, permanent survey techniques can be designed for precise
temporal failure prediction.

Our study demonstrates the necessity of a global analysis of
three-dimensional displacements on the entire unstable body, as
obtained by comparison of TLS point clouds. This enabled us
to understand the failure mechanism and construct a consistent
structural and geometrical instability model, with the subsiding
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Figure 4 Profile across the Eiger rockslide. The profile is parallel to the
displacement direction of the front block (southwest–northeast). The back-crack and
middle fracture, as well as black cross-sections, are based on TLS data. First and
last TLS data are shown as thicker black lines. The grey line illustrates the prefailure
state (DEM-CS provided by swisstopo). The position of the basal sliding plane is
unknown, but its orientation is controlled by J1. Total displacement vectors between
11 July 2006 and 17 July 2007 are shown to scale. Enlargements show (i) the rear
block, (ii) the front block and (iii) the scree deposits.

rear block acting as an active wedge. Such knowledge is crucial for
landslide hazard assessment, because it opens new perspectives in
characterizing and understanding the slope movements and helps
in designing continuous monitoring techniques.

METHODS

TLS is based on the reflectorless and contactless acquisition of a point cloud
of the topography using the pulsed laser time-of-flight technique8. For this
study, we used an Optech Ilris 3D terrestrial laser scanner system and acquired
TLS point clouds with 3–5 million points from two viewpoints located on the
opposite side of the valley (Sites A and B in Fig. 1a) at a distance of 600 m
and 530 m and with a mean angular point spacing of 0.018◦ and 0.021◦,
respectively. From both viewpoints the resulting point cloud has an average
resolution of 18.0 cm on the rock face and 20.0 cm at the back-crack. This

spacing is approximately twice the magnitude of the laser spot size (11.4 cm at a
distance of 600 m), which is significantly more than the proposed ideal spacing
of 0.859 times the beamwidth28. This however has the advantage of drastically
reducing acquisition time and data file size by still providing high-resolution
point clouds.

We aligned the scans from both viewpoints with Innovmetric PolyWorks
software using first manual point-pair matching and afterwards the surface-
to-surface iterative closest point algorithm implemented in PolyWorks29.
We progressively reduced the maximum distance between the two scans to
minimize the alignment errors (1σa < 2.5 cm). This error is mainly due to the
spot spacing and the fact that consequently not always the same points of the
quite irregular rock surfaces were measured. In comparison, the instrument’s
precision is given by the manufacturer as 7 mm on the range and 8 mm on
the position at a distance of 100 m. Georeferencing is achieved by alignment
of the TLS point cloud onto the high-resolution aerial digital elevation model
with a cell size of 2 m (DEM-CS provided by swisstopo), with an absolute
positioning error of 14.5 cm (1σgr). We used the same alignment procedure
for the alignment of sequential TLS point clouds, but restraining the iterative
alignment to the stable part around the rockslide only (1σa < 2.5 cm). Thus,
the overall alignment error of sequential scans is equal to approximately 6 cm
on single points. The displacements measured in the 2006 Eiger rockslide are
much bigger than instrumental and data treatment errors. Considering entire
point clouds, for example by interpolated surfaces, errors are significantly lower
than on single points30.

Pre- and postfailure three-dimensional models on the basis of the
interpolated TLS point clouds permitted us to obtain precisely the volume
of rockfalls by calculating the volume contained between the two surfaces
using PolyWorks. The comparison of the aligned sequential TLS point clouds
reveals differences (expressed as shortest distance) between the two topographic
surfaces. These positive or negative differences are interpreted as slope
movements: positive differences stand for an advance of the rockslide and debris
accumulation on the scree slopes, whereas negative differences are related to
subsidence or rockfalls.

More precise information on the slope movements is obtained from
displacement vectors of different rockslide parts. They are calculated by
manually identifying corresponding points on view-shaded representations
of both point clouds. Ideal point pairs are summits of blocks or small spurs,
intersections or end points of discontinuity traces and so on. The vector
between a point pair provides the displacement direction and velocity of
the point. Multiple vectors on each rockslide compartment provide the
mean displacement vector and error. The errors in the average displacement
length and orientation are obtained by dividing the standard deviations by
the square root of the number of vectors and are equal to 10.1 cm and 2.7◦

(aperture of cone centred on the mean orientation and including 68% of the
values), respectively. The relatively high error is due to the high point spacing
(∼18 cm), the measurement error on a single point and the fact that the slope is
breaking apart.

The orientations of main discontinuity sets are obtained from the TLS data
by selecting the points that define a discontinuity and fitting a plane through
the point selection. As for the displacement vectors, the standard deviation of
the discontinuity orientation is expressed as the cone aperture divided by the
square root of the number of vectors.
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