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7 Catastrophic landslides and sedimentary
budgets

Monique Fort, Etienne Cossart, and Gilles Arnaud-Fassetta

Landslides are a dominant geomorphic process affecting
mountain slopes worldwide (see also Chapters 6 and 8).
They represent a major sediment source that can supply a
large amount of unstable debris to river channels and may
affect the fluvial sediment yield. A distinctive part of the
geomorphic evolution of active mountain belts, catastrophic
landslides generally develop very rapidly so that they are
among the most powerful natural hazards on Earth. By tem-
porarily or persistently impounding river channels, they delay
or block the delivery of sediments, affect the (dis)continuity of
the cachment-scale sediment cascade, and exert a control over
the fluvial valley systems (Hewitt, 2002; Korup et al., 2004).
As a consequence, landslides may generate indirect hazards
along fluvial systems, so that they represent a major threat to
settlements, infrastructures and catchment management that
may be felt over long distances from the unstable area (Plafker
and Eriksen, 1978; Li et al., 1986; Costa, 1991; Korup, 2005;
Hewitt et al., 2008). Their magnitudes, together with their
causative factors, suggest the difficulty, if not the
impossibility, of preventing and/or to predicting them.
In this brief overview, we shall firstly define catastrophic

landslides and their geomorphic impacts, with special
attention given to landslide-induced dams; we shall move
on to their influence on sediment budgets, at local and
basin-wide scales, before eventually considering a few
actions that may help to minimize the vulnerability and
risks for the potentially affected populations.

7.1 Catastrophic landslides: definition,
modes of emplacement and
geomorphic significance

7.1.1 Definition

The term landslide covers a large array of features.
Catastrophic landslides (also referred to as super-large or

giant landslides in the literature) are considered here as low
frequency, massive rock slope failures characterized by
their magnitude, the rapidity of their emplacement and by
their spatial and temporal impacts on geomorphic systems.
More specifically, the magnitude of catastrophic landslides
refers either to the depth of the sliding place, to the scar area
or the total disturbed area, including the deposition zone, or
to their volume (Table 7.1). The displaced material gener-
ally covers at least five orders of magnitude between 105

and 1010 m3 (Evans et al., 2006; Hewitt et al., 2008).
Determination of landslide volumes can be assessed

directly from field data. Alternatively, at a basin-wide
scale, digital elevation models (DEMs) are useful tools but
they require good positional accuracy (Korup, 2005). Aerial
photomeasurements (basedmostly on the total affected area)
allow the production of an exhaustive inventory, and time
series analysis, yet their use necessitates photogrammetric
modelling and ground truthing; also, the fast recovery by the
vegetation in some (tropical) mountains may lead to an
underestimate of the final area/volume (Brardinoni and
Church, 2004; Koi et al., 2008) and introduce biases in
magnitude/frequency estimation. Despite this limitation, a
number of analyses of landslide magnitude/frequency rela-
tions have shown they are scale invariant and they obey a
power law of the general form N(A) ≈ A−b, where A is
landslide area, N(A) the number of events of greater than a
given volume, and b is a constant (Hovius et al., 2007). This
equation is used to quantify the distribution of landslides in
space and time, and hence their density and recurrence.

7.1.2 Occurrence and modes of emplacement
of catastrophic landslides

Landslide occurrence depends on various controls: climate,
slope steepness, relief amplitude, bedrock geology, failure
plane orientation, vegetation and landuse cover, etc.

Geomorphological Hazards and Disaster Prevention, eds. Irasema Alcántara-Ayala and Andrew S. Goudie. Published by
Cambridge University Press. © Cambridge University Press 2010. 75
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(Cruden and Varnes, 1996; Dikau et al., 1996). The world-
wide distribution of catastrophic landslides shows a good
correlation with mean local relief greater than 1000m
(which makes up over 5% of Earth’s land surface; Korup
et al., 2007), with seismo-tectonically active mountains
(e.g. Central and High Asia, New Zealand Alps, Coastal
Ranges) or volcanic belts (Pacific Rim), and with recently
deglaciated mountain slopes (Evans and Clague, 1994).
A large number of catastrophic rock failures consist of

rock avalanches (or sturzstroms; Hsü 1975) and/or rock-
slides, even if other processes such as translational rock-
slides, rotational slumps or spreads cannot be excluded.
The mode of emplacement of rock avalanches can be very
complex: it generally involves an initial failure from steep
mountain walls of cohesive rock mass that descends several
hundreds or thousands of metres and is disintegrated and
crushed, a process that gives great momentum to the result-
ing debris (Hewitt, 2002). The nature and extent of the
resulting deposits depend on the geological setting and
valley morphology (Costa and Schuster, 1988). In topo-
graphically confined settings, the deposits may pile up on
and run up the opposing slope, or split into separate lobes
both upstream and downstream of the impacted slope, all
situations that favour the blockage of the valley and the
formation of a lake. Alternatively, wherever there is no
spatial confinement, the crushed rocks may travel long
distances and evolve, in the presence of water (or snow,
or ice), into giant debris flows (Plafker and Eriksen, 1978;
Fort, 1987; Shang et al., 2003). These failures may also
incorporate a variety of earth materials entrained in their
path, and the runout process may affect, or be affected by,
the type of substrate (Hewitt, 2002; Schneider et al., 2004).
Earthquakes and/or high intensity precipitation are the

most efficient triggering factors for rapid collapse. The
failure site may be controlled by major tectonic lines
(Figure 7.1; Fort, 2000), or be considered as a direct adjust-
ment to high rates of rock uplift and correlated river inci-
sion (Burbank et al., 1996). The failure may be preceded by
a phase during which slow, deep-seated deformation leads
to the opening of tension cracks, weakening of the shear
strength of the rockmass, and eventually to high pore-water
pressures. Other unusual mechanisms such as acoustic flu-
idization during sliding, or internal, self-accelerating rock
fracture (Kilburn and Petley, 2003) may also favour large-
scale rock slope failures (Hewitt et al., 2008). Additionally,
anthropogenic actions may be the cause of large hillslope
destabilization (e.g. Vaiont reservoir; Table 7.1).
These very large rock mass failures are generally con-

sidered as a major denudational process of active orogens,
and as formative events influencing landscape development
(Brunsden and Jones, 1984; Fort, 1988, 2000; Hewitt,

1988, 1998, 2002; Fort and Peulvast, 1995; Burbank
et al., 1996; Korup et al., 2004, 2007). More specifically,
they give rise to complex sedimentary assemblages and to
specific constructional and erosional landforms that create
‘interrupted valley landsystems’ distinctive of these
large-scale landslides (Hewitt, 2006).

7.2 Geomorphic impacts of catastrophic
landslides

Catastrophic landslides have direct geomorphic impacts at
the local, basin-wide and mountain-belt scales, as synthe-
sized by Costa and Schuster (1988), Hewitt (2002, 2006)
and Korup (2005). We want to stress here local and regional
impacts, which are the most meaningful in terms of hazards
and risks for the population. Geomorphic impacts and their
consequences on water and sediment fluxes and budgets
will be appreciated in considering different interactions
between landslides and fluvial systems.

7.2.1 Interactions with river systems

Three different situations are illustrated: partial blockage of
the valley by the landslide, complete damming and
upstream water ponding, and catastrophic collapse of the
landslide dam (Figure 7.2).
In the case of partial blockage (Figure 7.2, case 1), the

landslide mass forces the river to divert its course to the
opposite bank; this in turn leads to a change in transverse
and longitudinal channel geometry, channel pattern and
morphology. Wherever the opposite bank consists of soft
material (slope or alluvial deposits), this diversion triggers
bank erosion and further destabilizes the entire hillslope
(Figure 7.2B). Upstream of the landslide mass, which acts
as the local base level, braiding of the river and aggradation
predominate. These may indirectly increase overflow and
channel avulsion-shifting frequencies, and flood hazards
for the adjacent settlements (Figure 7.2A). Across the land-
slide mass, the narrower cross section of the river favours
erosion of the landslide debris and increases sediment
fluxes downstream, whereas the larger blocks exceeding
the competence of the stream power form a debris lag,
which armours the channel bed and prevents further erosion
during regular high flows.
When the volume of the landslide is sufficient to block

the valley entirely (Figure 7.2, case 2 and Figure 7.2D), a
lake will instantaneously start filling up, whereas the down-
stream part is starved of water. Lake depth depends on
valley geometry and landslide height; the latter may reach
hundreds of metres (e.g. Lake Sarez; Table 7.1). Landslide
dams may be ephemeral (a few minutes to a few hours), or
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FIGURE 7.1. The large, prehistoric Dhumpu–Kalopani rock avalanche and its morpho-sedimentary impacts (Nepal Himalayas). The
collapsedmass failed along theNorth HimalayanDetachment Fault (NHDF) and blocked durably the Kali Gandaki River, which had carved
the deepest gorges in the world across the Annapurna (8091m) and Dhaulagiri (8172m) ranges. The 23 km long, >200m deep Marpha
lake developed and filled in with sediments brought from upstream and from glaciated tributary valleys. The braided pattern of the river
course reflects the still persisting role of the rock-avalanche barrier in the denudational evolution of the mountain.
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short-term (a few weeks or months), or persistent (several
thousand years), a duration that directly influences their
potentially catastrophic nature and their control on sedi-
ment fluxes and budgets (Figure 7.1 and Figure 7.2E). Dam
longevity is a function of its stability, which depends on the
size and shape of the dam, the characteristics of the geo-
logical material composing the dam (material properties,
grain size distribution), the volume and rate of water and
sediment inflow to the newly formed lake, and the rate of
seepage through the dam (Costa and Schuster, 1988).
Water ponding occurs up to the dam height, resulting in
upstream backwater flooding that can be damaging for
settlements and infrastructures (Figure 7.2C). The rapidity
of the water level rise depends on the river inflow versus
the size and shape of the inundated valley; it generally
leaves enough time for evacuation of the threatened
populations to take place.
In contrast, catastrophic downstream flooding

(Figure 7.2, case 3) will occur following a rapid failure of
the landslide dam, caused either by overtopping and imme-
diate retrogressive incision across the dam (Figure 7.2F), or
by increasing shear stress because of seepage at the base of
the dam (that can be reinforced by the weight of the
impounded water mass upstream), or by displacement
waves triggered by landslide failures directly into the
lake. The catastrophic nature of the (flash)flood, involving
the release of a large amount of sediments and water, is
recorded by extreme peak discharges (usually back-
calculated from field surveys and hydraulic equations)
and high velocities that permit the transport of sediments

derived from the dam and from the upstream lacustrine
reservoir. The geometry and extent of the coarse debris
wedge formed immediately downstream of the dam
(Figure 7.2G) suggest both the competence of the debris
laden waters (often in the form of debris flows) and their
rapid evolution in both time and space into hyper-saturated
flows and then into ‘normal’ high flows, in relation to
progressive deposition of the coarser material in the flood
plain (Figure 7.2H).
The catastrophic draining of a landslide-dammed lake

and associated flooding may create secondary impacts.
Firstly, new landslides may develop, both upstream of the
lake, following the rapid drawdown of the water, and across
and downstream of the dam, where the propagation of the
flood contributes over very large distances to a sudden rise
of water, bank undercutting and hillslope instabilities
(e.g. Yigong debris flow; Table 7.1), which may in turn
give rise to new dams and flooded areas. Secondly, specific
aggradational landforms may develop, such as ‘barrier-
defended’ terraces upstream of the dam, with the sedimen-
tary facies reflecting the architecture and sequences of
debris inputs from the trunk river and adjacent tributaries
and slopes (Hewitt, 2002). Thirdly, a distinctive morphol-
ogy of ‘interrupted valleys’ appears as a legacy of past
catastrophic events, consisting of partial obstructions by
landslide barriers (e.g. boulder accumulations resting in
the middle of river channels) or in persistent impoundments
that ‘create a chronically fragmented drainage system’

(Hewitt, 2006). This is the case for the Dhampu–Chooya–
Kalapani rock avalanche that dammed the upper Kali

FIGURE 7.2. Types of geomorphic impacts of landslide dams on hydrosystems.
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Gandaki valley (Nepal Himalaya) some 70,000 years ago
and is still influencing the bed profile and planform pattern
(braiding) of the river channel (Fort, 2000) (Figure 7.1).
This influence is related not only to the stability of the dam,
but also depends on the stream power of the river being
sufficient to breach the dam. This is a function of the
longitudinal profile, and of the liquid and solid discharge
of the river (parameters controlled by climate, autocyclic
processes, slope and tectonics).

7.2.2 Impacts on sedimentary fluxes
and budgets

In the frame of sedimentary budgets, landslide masses form
a particular type of sediment store, characterized by their
volume and calibre of materials, and by their distance from
the channel (Slaymaker, 2006). As already mentioned,
large landslides impact adjacent channels and valleys,
either by accelerating, or slowing down, or even interrupt-
ing, the conveyance of sediment to the downstream reser-
voirs. These different impacts may occur successively in
time, depending on the magnitude of the landslides and
their capacity to act or not as an efficient barrier; they may
randomly affect the functioning of the sediment fluxes, and
contribute to the formation of a cascading sequence of
intramontane storage units (Korup, 2005).

Local scale
An illustration is provided by the sedimentary budget of
the upper Cerveyrette catchment (Southern French Alps).
This was directly influenced by a series of earth-flows that
developed after glacial retreat, and was caused by the
combined effects of post-glacial debuttressing and lique-
faction of the serpentinite bedrock, in a context of seismic
activity (Cossart and Fort, 2008) (Figure 7.3A). The larg-
est slide-earth flow of the Chenaillet (c. 3 × 107m3; 3.5 km
long) efficiently dammed the valley, so that the Bourget
Plain developed in response to the impoundment.
Longitudinally, the trap was infilled with alluvial gravels
and silts fed by alpine periglacial and/or still-glaciated
hillslopes. This debris accumulated as a prograding fan
delta encroaching upon the lake that developed in the
distal part of the valley, closest to the dam. Lacustrine
deposits are interfingered with colluvial debris derived
from the steep slopes of Mount Lasseron as scree and
avalanche cones.
The sediment budget was estimated by combined field

surveys, DEM and GIS approaches (Figure 7.3B; Cossart
and Fort, 2008). The sediment stored in the Bourget Plain
represents approximately the same volume (22.3 × 106m3)
as the Chenaillet landslide dam (21 × 106m3), whereas

debris still blankets the hillslopes (18.4 × 106m3) without
reaching the Bourget Plain. This store developed between
the Late Pleistocene and c. 5,000 BP; it first interrupted,
then considerably reduced the sediment fluxes downstream.
As soon as the blockage of the valley occurred, the down-
stream part of the Cerveyrette torrential river started adjust-
ing its longitudinal profile by retrogressive erosion. The
present situation corresponds to a total sediment removal
and export of only 106m3 (c. 1/60 of the debris). However,
sporadic dissection of the landslide dam triggered by
extreme meteorological events is directly threatening the
Cervières village, as during the 1957 >100-years recurrence
flood that destabilized the entire hydrosystem. This exam-
ple shows how, in alpine headwater contexts, landslide
dams are persistent features controlling the sediment fluxes
long after their occurrence.

Regional scale
Large landslides may contribute to a significant increase
in sediment yield in a very short period following failure,
not only by direct massive input of landslide debris into
the fluvial system, but also by secondary hillslope pro-
cesses that rework the landslide material before vegetation
regrowth. Such landslide-derived sediment pulses result
in aggradation in the downstream reaches from the land-
slide site, and are often accompanied by metamorphosis
and/or change in the river course that may induce off-site
hazards and damaging impacts to downstream settlements
and infrastructures. For instance, Korup et al. (2004)
calculated that the 1999 Mount Adams rock avalanche
(New Zealand) produced a specific sediment yield in
excess of approximately 75,700 ± 4,600 t km−2 a−1, as
expressed by the massive fanhead aggradation and the
opening of a major avulsion channel at the mountain
range front. This sediment yield represents a sediment
discharge of 2.5 × 106 m3 a−1 calculated for the three
years following failure, an amount that rapidly declined
after the event. In the Nepal Himalayas, Fort (1987)
described a giant (>4 × 109 m3) collapse of the south
face of the Annapurna IV peak that occurred about 500
years ago, and filled the 35 km distant Pokhara valley
under a 60 to 100m thick gravel aggradation, which
blocked and caused the flooding of adjacent tributary
valleys. The calculated annual contribution of
Annapurna rockslide-derived sediment is in the order of
4 × 106 m3 a−1 and represents, for the upper catchment, a
sediment yield of 22,860m3 a−1 km−2 (Fort, 1987; Fort
and Peulvast, 1995). This is a figure averaged over a
500-year period, which in fact is exceptionally high if
one considers the fact that the aggradation took place in
a very short time, i.e. ‘instantaneously’ after the failure.

81Catastrophic landslides and sedimentary budgets
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7.3 Forecasting and preventing

Catastrophic rock failures are generally preceded by peri-
ods of accelerated creep, which may result in observable
slope deformation and ‘sackung’ related features: develop-
ment and widening of tension cracks, buckling, increased
rockfall activity and toppling, or break-out across bedding.
Measured stress drops in crustal rock, and related fracturing

could provide a physical basis for quantitatively forecasting
catastrophic slope failure (Kilburn and Petley, 2003).
However, monitoring of all potential threatening slopes is
not realistic, especially in developing countries where other
priorities (food, shelter, employment) come well ahead of
unpredictable natural hazards.
Other forecasting methods are based on statistical

assessment of landslide susceptibility; they rely on a series

FIGURE 7.3. Sedimentary budget assessment in response to the Chenaillet earthflow dam (French Southern Alps). (Modified and
completed after Cossart and Fort (2008.)

Monique Fort et al.82



C:/ITOOLS/WMS/CUP/556791/WORKINGFOLDER/ALA/9780521769259C07.3D 83 [75–86] 26.9.2009 5:35PM

of variables (landslide inventory with the help of GIS,
terrain predisposing factors, neo-predictive variables
with a geomorphological meaning) that are tested (simu-
lations) and eventually evaluated by expert judgement
(Thiery et al., 2007). Another similar approach is based
on geotechnical modelling and 3-D model calibration set
up from a known and well-studied event (quantitative
data), as was done after the 1987 Val Pola landslide, one
of the most destructive and costly natural disasters that has
occurred in Italy during recent decades (Costa, 1991;
Crosta et al., 2004). In their study, Crosta et al. (2004)
showed how modelling techniques help one to understand
the rheology of such a failure, and to predict its timing in
highlighting the transformation of potential energy to
kinematic energy.
The power law curve of landslide magnitude/frequency

can also be used for landslide hazard assessment (Evans
et al., 2006), and as input into a quantitative risk calcu-
lation if combined with vulnerability data, as was done to
assess rockfall risk along transportation corridors (Hungr
et al., 1999).
To prevent the failure of landslide dams and resulting

catastrophic floods, the most commonly used control
measure consists of the construction of spillways either
across the landslide crest or across the adjacent bedrock.
Alternatively, drainage by siphon pipes, pump systems or
diversion tunnels (Val Pola, Mount St Helens, Bairaman;
Table 7.1) are short-term measures to control lake level.
More radical methods consist in large-scale blasting, as
was done across the landslide dams that were formed near
Beichuan city after the 18 May 2008 Sichuan earthquake
in China. However, the disaster may occur before
adequate control measures can be completed (more par-
ticularly in remote and rugged areas that render transport
of heavy equipment very difficult), or because high rapid
inflow to the impoundment often exceeds general predic-
tions and causes an early dam failure (Shang et al., 2003).
In the case of Lake Sarez and the related Usoi landslide
dam (Tadjikistan), the highest dam on Earth, and despite
extensive observations and technical studies that suggest a
satisfactory stability of the dam against sliding, the possi-
bility of a catastrophic outburst flood that would destroy
the many villages and infrastructures of the Bartang–
Pyang–Amu Darya catchment, situated between the lake
and the Aral Sea, cannot be entirely ruled out (>5 million
people would be affected). Combined measures are thus
being implemented, consisting of (i) the monitoring of the
stability of the dam and slopes surrounding the lake, (ii) an
early warning system to alert inhabitants of the upper Amu
Darya valley, together with (iii) the modelling of a series
of flood scenarios to determine the degree of risk and

vulnerability of downstream villages and infrastructures
(Alford and Schuster, 2000). Whatever these measures, a
simple doubling of the present mean streamflow volume
of 2000m3 s−1 of the Bartang River would readily destroy
large portions of existing roads, low-lying villages and
agricultural land for more than 100 km downstream from
the dam, whereas a lake outburst flood would generate an
instantaneous, catastrophic peak flow of about one million
cubic metres per second (Alford and Schuster, 2000).

7.4 Conclusions

Despite their low frequency, large landslides are natural
hazards that induce geomorphic impacts that can badly
damage human settlements (Table 7.1). They are generally
associated with episodes of extreme rainfall and/or with
earthquakes, which are the natural hazards that cause the
highest human losses on Earth. The rapid failure of a land-
slide dam will cause catastrophic downstream flooding
whereas a long-lasting dam and its resulting filling by sedi-
ments will mostly affect mountain valley morphology and
the sediment cascade.
The development of large-scale, catastrophic landslides

should be put in the broader, long-term perspective of the
evolution of a mountain range. In the context of the overall
balance between erosion and rock uplift rates (Burbank
et al., 1996; Montgomery, 2001), superficial variables
such as sediment fluxes and hillslope angle respond to
both climate forcing and sporadic, catastrophic mountain
slope collapse. This results in punctuated epicycles of
aggradation and/or river incision that offset the equilibrium
state at a shorter, 104–105 year time-scale (Fort, 1988; Pratt-
Sitaula et al., 2004). These high magnitude, low frequency
failures are the very ‘formative events’ of the present mor-
phology of active mountains and accomplish the main part
of the denudation process of these orogens.
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