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Abstract: The Himalayas are a living mountain mass, which, in addition to their rocks, landforms
and processes, are the homeland of people who must continually adapt to their geodynamically
very active, yet inspiring environment. We focus on the Himalayas of Nepal, one of the less de-
veloped countries in the world. This paper addresses different issues: mountain landform build-
ing, the role of current processes and natural hazards, and their interactions with a changing
world, i.e. under the influence of economic development in a context of globalization and climate

change.
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The Himalayan mountain building is a con-
tinuous process leading to the development
of a variety of landforms depending on the
time and spatial scales considered. In the
long term, tectonic processes and rock up-
liftt exert the main control on gross land-
form geometry, whereas in the medium and
short terms climate parameters and fluvial
incision control both slope evolution and
sedimentary fluxes out of the mountains.
Erosion work is mostly accomplished by
landsliding, a major natural hazard that
causes many human and economic losses
each year. During the last decades, demo-
graphic growth, land use change and de-
velopment of infrastructure have increased
the vulnerability of the population to land-
slides. In this paper we focus on the Nepal
Himalayas, one of the less developed coun-
tries in the world. We address different is-

sues: mountain landform building, current
geomorphic processes and natural hazards,
and interactions with a changing world, i.e.
under the influence of economic develop-
ment in a context of globalization and cli-
mate change.

1. THE MOUNTAIN LANDFORM BUILDING

1.1. GEODYNAMIC CONTEXT OF THE HIMALAYAS
The 2,500 km long Himalayas represent
the southern limit of Tibet, the highest
plateau on Earth. The mountain range it-
self is the result of collision between the
Indian and Asian continents (Gansser,
1964; Valdyia, 1998). The Indian plate,
broken apart from the old Gondwana con-
tinent, started drifting northward some
90 million years ago at a rate of 20 cma'.
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Figure 1. Cross section of the Himalayas along the Kathmandu traverse, showing the main structural
units: the Terai plain, south of the Main Frontal Thrust (MFT); the Siwaliks Hills between the MFT
and the Main Boundary Thrust (MBT) with in between additional faults, such as the Main Dun Thrust
(MDT); the Mahabharat Lekh (Lesser Himalaya) then the Pahar, bounded to the north by the Main
Central Thrust (MCT), dominated by the Greater Himalaya (from Bollinger et al., 2004).

The collision occurred at the westernmost
edge of India at about 55 million years ago,
and thereafter the movement of India was
slowed down to a rate of only 5 cma. In
fact, the deformation propagated all over
the Asian continent, as expressed by large
strike-slip faults, such as those of the Red
and Salween rivers, along which most of
Central Asia is pushed eastward whereas
the western part is blocked by the Pamir
knot (Molnar and Tapponnier, 1975).
Along and south of the suture zone, the
compressional motion between the two
plates has been accommodated by slip on
a suite of major thrust faults, connected
at depth along a major detachment plane,
along which most major earthquakes are
generated (Seeber and Armbruster, 1981).
These major thrust faults (Main Central
Thrust, Main Boundary Thrust, Main Dun
Thrust, Main Frontal Thrust) delineate
an accretionary prism (Fig. 1), and define
a series of parallel, asymmetric crest lines,
oriented more or less East-West, that be-
come higher towards the north, hence of-
fering, over a limited distance, a succession
of contrasted environments. We describe
below the different morpho-structural
units -both mountain masses and intra-
montane basins- that typify the Himalayan
Range relief.

1.2. MAJOR HIMALAYAN MORPHO-STRUCTURES

There is a close relation between the
structures and landforms that make up the
Himalayas. The Himalayan range is gen-
erally subdivided into the following mor-
pho-structural belts: the Terai foothills, the
Siwaliks molassic hills, the Lesser Himalaya
middle mountains, the Pahar midland basins
and valleys, the Greater Himalayan steep
and high mountains, the north-Himalayan
mountains, and the suture line depression
valleys (Fig. 2).

The large alluvial Terai piedmont plain
corresponds to the subsiding Himalayan
foreland basin. It is formed by the coales-
cence of mega-fans, built up by the debris
carried down by the Indus, Brahmaputra
and Ganges rivers and their tributaries; the
thickness of debris is maximal in the proxim-
ity of the active Main Frontal Thrust.

North of the Terai plain, the first moun-
tain ridges encountered are the Curyia or
Siwalik hills (elevation between 300 and
1,000 m), made of Mio-Pliocene molasses
deformed by thin-skinned tectonics. The
deformation is still active to-day, as par-
ticularly well expressed by the trellis-like
drainage pattern and by the folding, tilting
or thrusting of Holocene fluvial terraces,
differentiated by their altitude, degree of
soil development and “C dates (Delcaillau,
1992; Lavé and Avouac, 2001). Their ge-
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Figure 2. Block diagram of Central Nepal Himalayas with the different morpho-structural belts

(mountains and basins) that result from the intra-continental collision. Roads connecting Nepal
Midlands to the Tibetan Plateau of China follow up very deep gorges, with a high density of landslide
hazard (from East to West: Arniko Highway, Trisuli valley road, Pokhara-Kali Gandaki road).

Numbers refer to localities cited in the text: 1: Benighat; 2: Sikha-Phalate; 3: upper Mustang; 4: Rolpa Tsho (Rolwal-
ing); 5: Dig Tsho; 6: Imja lake (Khumbu Himal) (DEM from W. Bowen 2008; http://geogdata.csun.edu).

ometry, either as stepped strath terraces or
cut-and-fill terrace systems, is a response to
uplift and warping (frontal ramp) or relative
subsidence (piggy-back basins locally called
“dun”) that typifies the different morpho-
structural units of a thrust prism (Delcail-
lau, 1992), connected at depth to the Main
Himalayan Thrust, the major detachment
plane (Bollinger et al., 2006).

The Mahabharat Lekh suddenly rises
from 1,500 m to close to 3,000 m: it con-
stitutes the Lesser Himalaya (or Border
Range), made up of old material of the
Gondwana continent (mainly low-grade
Cambrian or older metasediments, i.e.
phyllites, quartzites and marbles) thrusting
over the Siwaliks molasses (Main Bound-
ary Thrust). Characterized by a fast uplift
rate (close to 1 cma™), these “Himalayan
hills” appear as jagged ridges alternating
with narrow valleys, the bayonet pattern of
which revealing an adjustment of river inci-

sion keeping pace with differential rising of
the mountain mass. The Mahabharat Lekh
constitutes a remarkable climatic obstacle
to the monsoon rains, hence a very unstable
geomorphic environment, where landslides,
torrent erosion and debris flow scour are
the dominant hillslope processes and pose
a severe threat to the settlements and main
roads corridors linking Nepal to India.
Further to the north, the Pahar appears
as a relatively depressed region, where the
Midlands inter-mountain basins, such as the
Kashmir valley and, in Nepal, the Kathman-
du and Pokhara valleys, are aligned discon-
tinuously between the Lesser and Greater
Himalayas (Fig. 2). These fairly flat areas
are favoured places where paddy fields are
abundant and where large cities have devel-
oped recently. The Kathmandu and Kashmir
valleys are filled with lacustrine sediments
rich in fauna, interbedded with lignites that
have been dated to the Plio-Pleistocene.

http://rcin.org.pl
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The 20°-25° northward tilting of the basin
fillings along the southern edge of these val-
leys suggests they are tectonically ponded
basins —or piggy-back basins - resulting from
the uplift of the Lesser Himalaya thrust unit
to the south (Burbank and Johnson, 1983;
Delcaillau, 1992).

The midlands valleys abut against the
mighty front of the Greater Himalaya that
bolsters the highest peaks of the Himalayan
Range (>8,000 m). It corresponds to the 10
km thick, Main Central Thrust crystalline
unit, composed of medium- to high-grade
gneisses with leucogranitic intrusions, over-
topped by metasedimentary rocks (deposited
north of the former Indian passive margin)
that uphold the highest Himalayan peaks
(Kangchenjunga, Makalu, Everest-Chomol-
ungma, Xixabangma, Manaslu, Annapurna,
Dhaulagiri, to name a few) (Gansser, 1964;
Colchen et al., 1986). It represents a zone of
extreme energy, also characterized by abun-
dant precipitation, with monsoon rainfall ex-
ceeding 5 ma-!, preceded in spring by convec-
tive cloudburst rains, which makes this sector
very prone to erosion. Major Himalayan
rivers cut across this belt along steep, rocky
gorges (Seeber and Gornitz, 1975), with rela-
tive relief locally exceeding 6,000 m (e.g.,
between the glaciated Dhaulagiri (8,176 m)
and Annapurna (8,091 m) peaks and the Kali
Gandaki valley floor, at 2,000 m). In fact,
fluvial incision keeps pace with mountain up-
lift rate (4-8 mma-); it drives hillslope insta-
bilities and processes, which accomplish most
of the denudation work (Fort et al., 2010).

North of the Greater Himalaya, the land-
scape changes dramatically. The monsoon
rains are greatly depleted, giving rise to the
dry Himalaya and revealing specific struc-
tures like collapsed folded structures of the
Tibetan metasedimentary High Himalayan
series along the North Himalayan Detach-
ment Fault (Godin, 2003), or the Thakkho-
la-Mustang graben, that cuts diametrically
across the Himalayan structures (Fig. 2).
The fill of this graben is composed of two
formations (Fort et al., 1982). The lower
Tetang Formation, of Miocene age, is relat-
ed to an early stage of the Himalayan range

development and corresponds to a parallel,
piggy-back type basin. In contrast, the upper
Thakkhola Formation is related to the move-
ment of the Thakkhola normal fault — with its
synthetic and still active structures. This ba-
sin, together with other north-south oriented
grabens developed south of the Tibetan Pla-
teau (e.g., Gyirong), are associated with an
east-west extension, made possible by the
thickness of the continental crust (nearly 50
km) and favoured by the presence of strike
slip faults running across the Tibetan Plateau
and the adjacent areas (Armijo et al., 1986).

The northernmost limit of the Himalayas
corresponds to the ancient suture line be-
tween the two Asian and Indian continents,
along which the upper Indus and Brahmapu-
tra-Yalung ZangBo rivers are flowing. Along
the suture zone, the Tethys oceanic crust and
the molasse deposited before the final col-
lision were squeezed, and now outcrop ver-
tically (Valdiya, 1998). The landforms are
diversified according to the different pal-
aeogeographic units; in Zanskar (India), the
oceanic ophiolitic klippe culminates above
6,000 m, whereas along the Indus valley the
contrast is sharp between the south (left)
side, made of dissected, deformed molasse,
and the north (right) side underlain by the
massive Ladakh granodiorites (subduction
stage predating the collision).

This succession of the Himalayan mor-
photectonic units illustrates well what is a con-
tinent-continent collisional mountain belt.

1.2. DENUDATION

As in any mountains in the world, denuda-
tion work in the Himalayas is accomplished
by varying processes of different magnitude
and frequency (i.e. weathering, landsliding,
fluvial activity), animated by both tectonic
uplift and climate. Whereas large-scale
landslides are very effective in a short time
scale, their influence is diluted when con-
sidering the rates of mass transport to the
sea by large rivers at a longer time scale,
with temporary sedimentary traps (intra-
montane and foreland basins) controlled
by morpho-structural units as described
above.
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1.2.1. COLLAPSE STRUCTURES AND LARGE
SCALE ROCK FAILURES

Large, catastrophic slope failures play a pro-
minent role in the denudation history of an
active orogen like the Himalayas: they are
considered as “formative events” that shape
the landscape at a wide range of spatial and
time scales (Brunsden and Jones, 1984; Fort
and Peulvast, 1995; Hewitt et al., 2008; Ko-
rup and Clague, 2009). Such events together
with a high uplift rate are crucial to shape
and maintain the steepness of the Great
Himalayan front (Fort, 1988). They deliver
instantaneously a huge volume of debris (»
cubic kilometre) that is partly and temporar-
ily stored in valleys or intramontane basins
(Fig. 3). They also impact valley landforms
and evolution (river diversion, valley ob-
struction, forced sedimentation) that may
offset the calculated denudation rates based
on bedrock uplift and river incision rates.

In the Western Himalayas and Karakoram,
Hewitt (2009) identified hundreds of large
rock slide-rock avalanches, most of them be-
ing the result of stress release developed in
response to earthquake and/or glacial debut-
tressing. In the Nepal Himalayas, eight giant
failures have been recorded to date, with ages
varying between pre-Last Glacial advance
(30-40 thousand years) and a few hundred
years (Fort, 2011). All of them occurred in
valleys with steep topography gradient, and
several of them are located along distinc-
tive lithological or structural discontinui-
ties (e.g., the North Himalayan Detachment
Fault). If some of these landslides are clearly
the result of post-glacial gravity instability,
other ones are probably earthquake-trig-
gered (Fort, 2000a, 2011). This is the case of
the Pokhara valley, located at the foot of the
Greater Himalaya near the ramp of the de-
tachment fault, where infrequent, very large

£

Figure 3. The Phoksundo lake (Dolpo District) viewed from the Northwest. The lake was formed by

a large-scale rock-avalanche of about 1.5 billion m?in volume

The photo shows the lake (elevation of 3,600 m, area of about 4.5 to 5 km?), the landslide dam (under the forest cover,
and Ringmo fields), and the source area (background), a 5,148 m high cliff made of Cambro-Ordovician shaly lime-

stones. (© M. Fort, 2010)

http://rcin.org.pl
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seismic ruptures are taking place (Fig. 4).
This valley was impacted by a giant rock ava-
lanche generated south of the Annapurna IV
Peak (7,855 m), most probably triggered by
the major 1505 (AD) earthquake, according
to “C dates (Fort, 1987, 2010). The valley
has been filled by a 4 cubic-kilometre debris
flow that buried the former topography. The
impacts of this event are still visible on the
present landscape, such as remnants of lakes
dammed by the debris flow (Phewa, Begnas,
Rupa Tals) at the mouth of tributary val-
leys, or the dramatic set of unpaired terraces
incised throughout the 60-to-100 m thick
debris flow material by the Seti River still
adjusting its longitudinal profile (incision
rate of 20 cma™). This rock avalanche event
corresponds, for the upper Seti catchment,
to a sediment yield of 22,860 m3a~km=,
a figure among the highest given for the
Himalayan catchments (Fort, 1987; Fort and

Peulvast, 1995). However, even though the
geomorphic work accomplished by such an
event is important, the denudation rates are
limited because it involves mostly redistri-
bution rather than net erosion (see below).
The Pokhara event also demonstrates that,
despite their low frequency, such large slope
failure potentially represent a major threat
for densely inhabited areas (Pokhara popu-
lation is approximately 250,000), as was re-
cently demonstrated by the 2010 Attabad
event that affected thousands of people in
the Hunza valley (Pakistan).

1.2.2. CLIMATE-TECTONICS INTERACTION
FORCING

Studies on coupling between tectonics, cli-
mate, and erosion (Molnar and England,
1990; Avouac and Burov, 1996; Willett,
1999) have emphasized the key role of ero-
sional processes and their efficiency in shap-

Figure 4. The development of Pokhara city (800 m a.s.l.; >250,000 hab.) during the last three decades
has increased the permanent threat represented by the glaciated peaks and overhanging cliffs of
the Annapurna Range (Annapurna II Peak 7,937 m and Lamjung Himal 6,983 m), one of the most
dramatic scenery of the Greater Himalaya; the steep mountain wall corresponds to the front of the
Main Central Thrust unit, subject to low frequency, high magnitude rock failures. (© M. Fort, 2009)

http://rcin.org.pl
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ing and uplifting mountain ranges. A vari-
able monsoonal climate is indeed an integral
part of the present Himalayan denudation
system, acting as an erosion trigger of vari-
able efficiency depending on which segment
of the 2,500 km long Himalayan range is
considered. Erosion indirectly fosters iso-
static rebound and uplift, the uplift being
continuously sustained by the subduction
of the Indian plate beneath Asia. In the ab-
sence of limits due to rock strength, mon-
soon rains do control most of slope instabili-
ties (via the pore pressure and the chemical
weathering rate), hence, hillslope angle and
relief, which decrease when mean annual
rainfall increase (Gabet et al., 2004). An-
other influence of monsoon climate on Him-
alayan erosion is its role on the long-term
ocean-atmosphere budget of carbon diox-
ide: whereas metamorphic decarbonation
releases CO,, rapid silicate weathering of the

-~ Silicate weathering
Casio, +2C0,+H,0
Fossil Carbon oxydation
C+0,=>C0,

uplifted Himalayan range causes a fall in at-
mospheric CO, levels, hence possibly climate
cooling (Raymo and Ruddiman, 1992);
in addition the burial of organic carbon in
sedimentary reservoirs contribute to carbon
sequestration in continental and oceanic
sinks (France-Lanord and Derry, 1997). All
elements of the erosional Himalayan system
—uplift and subsidence, isostatic readjust-
ments, monsoon climate, chemical cycles —
are thus interdependent (Fig. 5), with a posi-
tive feedback relationship between focused
erosion and deformation at the front of
the Higher Himalaya range (Hodges et al.,
2004) that command the zones where ero-
sion and aggradation are taking place.

The large Himalayan rivers (Ganges, In-
dus and Brahmaputra) have, for millions of
years, collected the debris produced by the
erosion of the Himalayan range, debris that
either accumulates in the foreland trough or

Moﬂ"’oﬁs m/Y"

Metamorphic decarbonation
CaCo, + 5i0, => CasiO, + CO,

Adapted from France-Lanord (CRPG-CNRS)

Figure 5. The Himalayan mountain system: a balance between rock uplift controlled by plate tectonic,
and erosion (landslides and fluvial incision) mostly controlled by climate; monsoon rainfall also
controls carbon cycle in both atmospheric and oceanic reservoirs (metamorphic decarbonation and
fossil carbon oxidation vs silicate weathering). Adapted after France-Lanord, CNRS-CRPG
(Nancy, France).

http://rcin.org.pl
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is conveyed in suspension down to the Ben-
gal and Indus submarine fans. The particle
flux emerging from the mountains is es-
timated to be of the order of 1 billion tons
per year by Métivier et al. (1999), who cal-
culated that 1x10° = 3x10° km? of sediments
were eroded away from the Himalayas and
deposited in the Gangetic plain and Bengal
fan during the last 2 Myrs.

2. GEOMORPHIC PROCESSES AND HAZARDS IN
A DEVELOPING COUNTRY

Landslides represent the most frequent haz-
ards in tropical mountain environments. In
the narrow Himalayan valleys, the strong
hillslope-channel coupling favours the oc-
currence of landslide dams and resulting
floods, with impacts on land and people
(Fort et al., 2010). In a developing country
such as Nepal, they represent a major threat,
all the more damaging that this country is
fully involved in developing its network of
rural roads, a process that may indirectly in-
crease death toll and economic losses (Pet-
ley et al., 2007). We present a few pieces of
evidence of an increasing landslide risk in
relation to increasing vulnerability of people
and assets.

2.1.1S THERE A MAN-INDUCED HIMALAYAN
ENVIRONMENT DEGRADATION?

Himalayan uplands are densely populated
and cultivated, as shown by the many ter-
raced-fields that entirely cover mountain
slopes (Fig. 6). In the late 1970s, some
alarmist scientists considered Himalayan
erosion (chiefly gullies and landslides) as
being mostly the result of mismanagement
of mountain slopes by human communi-
ties (Ekholm, 1976), in a theory called the
“Himalayan Environment Degradation”. It
was argued that, locally, deforestation ex-
poses the soils to aggressive pluvial action,
causing more erosion and so reducing crop
yields; this often gives rise to further defor-
estation as communities are driven to com-
pensate for loss of soil by further enlarging
the cultivated areas. Regionally, this positive

feedback can give rise to both water deficit
problems and more damaging floods, often
choking irrigation reservoirs with the eroded
sediments and sometimes leading to excess
concentration of fertilizers. However, the re-
ality is much more complex (see the debate
and arguments in Ives and Messerli, 1989).
We cannot deny that, locally, some signs of
land degradation can be observed, such as
lopped trees, superficial soil erosion, or rel-
ict trees on recently cleared and cultivated
hillslopes. Yet, when observations are made
to some distance from the main roads, it
appears that in most valleys, hillslope man-
agement practices are fairly sustainable, al-
though they do require a large labour input
from the farmers.

2.2. LANDSLIDING, A NATURAL AND DOMINANT
PROCESS IMPACTING VALLEY BOTTOMS

The reality is that hillslope erosion and,
more specifically, landsliding is a natural
and dominant process in the Himalayas
(Brunsden et al., 1981; Gerrard, 1994; Star-
kel and Subhashranjan, 2000). Triggering
factors are mostly rains (more than 90%
landslides are rainfall triggered), and to
some extent earthquakes, whilst bedrock li-
thology (debris soils vs rocky slopes), slope
gradient, form and aspect appear as main
control factors. Whereas potential superfi-
cial soil erosion (gullying) is at its maximum
at the end of the dry season with the onset
of intense convective storm rains (Carson,
1985), most of the landslides do occur dur-
ing the monsoon, more specifically at the
end of the monsoon season when the soils
and bedrock are saturated (Carson, 1985;
Gabet et al., 2004). Rainfall thresholds sus-
ceptible to trigger landslide vary according
to authors and areas: in the Nepal Himala-
yas, daily rainfall range from 100 mm (Caine
and Mool, 1982) to 260 mm (Dahal et al.,
2006); in the Darjeeling Himalayas, Star-
kel (1972, 1976) and Froehlich and Starkel
(1987) give a threshold of 250 mm/24 h or
three-day rainfall of >350 mm to trigger
landslide. Dahal and Hasegawa (2008) sug-
gest that landslides might initiate when the
daily precipitation exceeds 144 mm, also
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Figure 6. Terraced fields on a steep debris slope, middle Kali Gandaki valley (1,200 m, Myagdi
District). The new road is cut into the instable foot slope. (© M. Fort, 2009)

http://rcin.org.pl
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Figure 7. Sikha-Phalate hillslope (2,000 m, Myagdi District), evolution between 1978 and 2000, with
a group of houses as landmark. Control factors are bedrock lithology (alternating chlorite-schists

and white quartzites of the Lesser Himalayas), structure (dip slope) and north oriented slope. The

landslide, active during monsoon rainfall, has expanded laterally and upslope during the last two

decades. In 2000, temporary stabilization is observed, favoured by revegetating with Alnus nepalensis

(foreground) by the villagers. Note the foot trail crossing the landslide. (© M. Fort)

pointing out the critical role of antecedent
rainfall in soils saturation and ground water
level. Clearly, the vegetation cover has little
impact on landslide development; indeed
most landslides affect depths that very often
largely exceed those of the tree-roots, and
they generally develop and expand rapidly,
as clearly shown between Shika and Phalate
(Fig. 7; see Fig. 2, site 2).

In fact, medium-scale, larger frequency
landslides appear as a threat that may im-
pact not only the forested (or not) mountain
slopes, but also river valley bottoms. More
specifically, landslide hazard is particularly
acute across the Greater Himalayas, where
the confinement of valleys favours landslide
interaction with rivers. Many examples of
Himalayan river valleys blocked by land-
slides, rock falls, or alluvial fans, have been
reported (Brunsden et al., 1981; Weidinger
and Ibetsberger, 2000; Paul et al., 2000;
Naithani, 2001; Dunning et al., 2006; Fort
et al., 2010). These river blockages, lasting
between a few hours to a few weeks, may re-
sult in temporary landslide dammed lakes,
with backwater inundation. The stability of
the landslide dam is crucial, and is controlled
by the material and volume of the dam, and
topographic context. From these factors de-
pend the duration of the landslide dam and

the possibility of outburst flooding gener-
ated by dam overtopping or failure. When it
occurs, outburst flooding may cause second-
ary landslides down valley, hence potential
new blockages and more floods. Due to the
topographic constraints, landslide outburst
floods may consequently result in a large
number of fatalities and losses in property.
As awhole, landslides are thus considered as
negative features reflecting the “fragility” of
the Himalayas and appearing very harmful
to the Himalayan populations.

2.3. LANDSLIDES AND INFRASTRUCTURE
DEVELOPMENT

This statement cannot be denied, but should
be discussed in the light of settlement pat-
terns and their recent changes, particularly
in relation to road building and subsequent
economic development and urbanisation.

In Nepal Himalayas, where agricul-
ture remains the main economic activity in
mountain areas, village fields are tradition-
ally and most often located along hill slopes,
upon “old” landslide material. Despite haz-
ards and induced risks generated by land-
slides, such locations are positively valued
as they provide good opportunities for ter-
racing and farming (gentler slopes, hetero-
geneous loose debris including soft and fine
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Figure 8. Irrigated rice fields on slumped shaly bedrock (1,500 m, Harpan khola catchment, Kaski

District, West of Pokhara). (© M. Fort, 1978)

soils, chemical regeneration, water springs)
(Fig. 8) and house building (quarrying of the
largest blocks embedded in the colluvium).
In addition, their elevation (= 2,000 m) cor-
responds to the tropical-temperate (malaria
free) transitional biotic belt, whereas their
location at mid-slope, below rocky spurs and
above deeply entrenched river thalwegs, also
favoured the optimization of the design of
old foot-trails linking villages to other set-
tlements in adjacent valleys. An active land-
slide was never a major obstacle to tradition-
al societies developed before modern road
infrastructures (Fig. 7): people could always
walk across unstable landslide masses, with
villagers readjusting and repairing the foot
trails on the basis of community labour.
Conversely, the economic development
of the last two decades and the construc-
tion of new roads are often considered as the
causes of an upward trend in small landslide
occurrences, regardless of the geomorphic
setting and “natural” causes of landslides. Is

the presence of a road the cause of these ac-
tive processes, as often pointed out (Petley
et al., 2007)? Or does the road represent an
additional, costly and more vulnerable asset
compared to traditional foot trails?

Generally, the population perceive the
construction of a new road in a very positive
way: it improves accessibility to the market,
hence favours exchange of goods and servic-
es with neighbouring valleys and countries.
Locally, it results in rural development (pro-
duction of specific agricultural resources
such as organic crops, medical plants, fruits)
and booming urbanization, located in sites
more exposed to natural hazards (e.g., along
the narrow fluvial terrace strips) than for-
merly. Yet a road also favours out-migration
of young people in search of better educa-
tion and jobs that in turn may cause a pro-
gressive abandonment of resource man-
agement activities and landslide mitigation
systems in the rural areas (Khanal and Wa-
tanabe, 2000).
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In fact, all these recent processes, such
as infrastructure development and associ-
ated land-use changes spread spatially with-
out consideration of the potential dangers
that may result from landslides and floods
hazards. Clearly, there is an increasing level
and changing nature of vulnerability, all the
more important that geomorphic hazards
affect the major arteries that traverse the
entire Himalayan range (Fig. 2): the “old”
Arniko road, joining Kathmandu to Lhasa,
and the two new roads along the Trisuli
khola and Kali Gandaki valleys respectively,
already open to traffic despite the fact they
are not fully completed (late 2010).

A good example of increasing risk with
time is provided by the Benighat case (My-
agdi District; see Fig. 2, site 1), where the
new Kali Gandaki road has been designed

along the left bank of the valley, at the foot of
a mountain slope prone to large-scale mass
wasting (Fig. 9). Some 30 years ago, a large
earth flow occurred that shortly dammed
the Kali Gandaki River downstream of its
confluence with the Mayangdi River. At
that time, Benighat was still a small market
(bazaar) place. In 2007, the same hillslope
appeared to be at least temporarily stabi-
lized, with the regeneration of tree cover
(Alnus nep.) encouraged by village commu-
nities. However, the dangerous slope is still
there, with the recent construction of the
road cut at its foot. Meanwhile, Benighat
has become a large city because of the many
facilities made available by the presence of
the road; there is now a considerable num-
ber of people and assets at risks under the
threat of this dormant landslide they are not

oy
4

Figure 9. 30-year slope evolution near Benighat (Myagdi District). The chlorite-schist lithology favours

the recurrent development of earth flow, as attested by the series of older, longitudinal levees on both

side of the active flow (1977). Conservation measures (planting of alders, Alnus nepalensis) are quite

efficient in controlling temporarily the earthflow as observed in 2007. Yet the persistent instability of

the entire mountain slope and the likelihood of a river blockage endangers the Benighat city, recently

developed in response to the construction of the road. (© M. Fort)
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aware of. Direct risks along the road (de-
struction of the road alignment, losses and
injuries to travellers, damages to vehicles)
and adjacent urbanised areas (inundation by
backwater flooding), and indirect risks such
as day-to-week-long closures may eventu-
ally cause heavy economic loss and a grow-
ing number of affected people. Similarly,
there are many other known sites of recur-
rent landslides and related damages along
this Kali Gandaki road (Fort et al., 2010)
and other national highways, e.g., Kathman-
du-Pokhara-Narayanghat Highway; Kath-
mandu-Kodari-Chinese  border  Arniko
Highway (Adikhari and Koshimizu, 2005;
Bhandary et al., 2008; Oven et al., 2008).
Mitigation measures such as slope moni-
toring and early warning systems, together
with information of the local population on
potential disasters should be encouraged.
Yet, making these roads safer would require
a massive maintenance budget that Nepal
probably cannot afford.

Finally, one can acknowledge the expan-
sion of road network in Nepal as a good way
to open landlocked Himalayan valleys and
favour exchange of goods between comple-
mentary environments (tropical South Asia
vs continental Central Asia). Conversely, in
this landslide prone environment, it rein-
forces the functional vulnerability that may
arise from any traffic interruption along
these highly strategic and trading link roads
between China and Nepal. Indirect econom-
ic drawbacks may additionally come from
disappointed tourism and resulting disuse of
classical trekking routes (Annapurna tour,
Langtang National Park, etc.). Eventually,
any aggravation of natural hazards due to
climate change (i.e. monsoon strengthen-
ing) also questions the maintenance of such
roads for the next decades.

3. FUTURE CHANGE

There are some important issues concern-
ing future for the younger generations. Eco-
nomic development may be jeopardized by
Himalayan environment, with its constraints

and hazards (earthquakes, floods, access to
water resource), to be considered in a con-
text of global warming.

3.1. EARTHQUAKE THREAT
The Himalayan range may be affected by
severe earthquakes as attested by historical
seismicity records (Nakata, 1972; Bilham
and Wallace, 2005). The impact of the 2005
earthquake that affected Kashmir in Octo-
ber 2005 gives an idea of the amount of loss
and damage to be expected when the next
large earthquake occurs in the Himalayan
region. The seismicity map of Nepal (Fig.
10) shows clearly which areas of the Hima-
layan range are likely to be the next to be
affected: the central and western part of Ne-
pal along the Himalayan front where stress
accumulation rate is the highest. As men-
tioned earlier, earthquakes are generated
along the Main Himalayan Thrust (Fig. 1),
whereas north of the Greater Himalaya most
of the shortening is accommodated continu-
ously along a creeping zone, south of the
Greater Himalaya, where most of the popu-
lation lives (under 3,500 m elevation). The
detachment zone is generally locked, so that
the energy of the convergence accumulates
until it is suddenly released (Bollinger et al.,
2004b); the longer the lock, the greater the
earthquake and the resultant damage.
Kathmandu city lies within this zone, and
is ranked as the most earthquake vulnerable
city in the world (Bilham and Wallace, 2005).
Indeed, the city was badly affected by the
Bihar earthquake in 1934 (magnitude 8.1,
Richter scale), all the more damaging that
the Kathmandu valley is built on soft Pleisto-
cene, lacustrine substrate; more than 8,500
people were Kkilled. The rapid development
of the city during the past 25 years (increase
by 6.5% every year, representing more than
2.5 million people living in the valley), the
poor quality of the buildings and unplanned
urbanization, the unpreparedness of the
population and their little awareness of the
dangers, the limited access to medical facili-
ties, and the poor expertise and resource for
emergency and rescue operations collectively
make the Kathmandu valley one of the most
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Figure 10. Earthquake magnitude map of Nepal Himalayas (1:1,000,000, NSC4) compiled for the
period 1994-2005 by the National Seismological Centre of Nepal, Department of Mines and Geology
(Kathmandu). The map shows clearly the importance of microseismicity and the concentration of
large portion of earthquakes (M >5) along a belt following the front of the Greater Himalayas (focal
mechanisms associated with the MHT ramp and thrusting perpendicular to the range).

vulnerable sites for the next major earth-
quake. Actually, an earthquake on the range
of 8 in the Richter scale is due anytime, and
would cause significantly greater human cas-
ualties, physical damages and economic loss
than in 1934. A survey by KVERMP (Kath-
mandu Valley Earthquake Risk Manage-
ment Project) in 2003/2004 warned that up
to 5 percent of the valley’s population could
be killed and up to 25 percent severely in-
jured; in addition, about 95 percent of water
supply pipes might explode and 50 percent
of bridges and 10 percent of roads could col-
lapse in the valley, hence making hospitals
and most of the public services non-opera-
tional. Nepal, one of the poorest countries
in the world, would obviously not be able to
deal with such a large-scale disaster without
international assistance, even though every

year the “Earthquake Safety Day” is aimed
at disaster risk reduction, in raising public
awareness and calling for community initia-
tive and adherence to the building code in
order to minimise the damages caused by
a seismic event.

3.2. IMPACTS OF CLIMATE CHANGE

The second type of threats that may affect
the Himalayas and the surrounding areas
is related to Climate Change, which is ex-
pected to have a major impact on hydrologi-
cal cycle and water resource, and on natural
hazards.

3.2.1. GLACIERS: A WATER RESOURCE?

The Himalayan glaciers cover a total area of
about 35,000 square kilometres; they con-
tain a volume of 3,734 cubic kilometres of
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ice, and provide about 500 cubic kilometres
of water annually. About two third of them
are receding, at a rate faster than the world
average (Dyurgerov and Meier, 2005), a fact
interpreted as resulting from precipitation
decrease in combination with temperature
increase, such that glacier shrinkage might
accelerate if climatic warming and drying
continue. However, this drying has been re-
cently challenged, and a number of recent
studies suggest the reality might be more
complex.

Alford and Armstrong (2010) estimate
that the contribution of glacier annual melt
water to annual stream flow into the Ganges
Basin from the glacierized catchments of the
Nepal Himalayas represents approximately
4% of the total annual stream flow volume
of the rivers of Nepal, and thus, is a minor
component of the annual flow of the Ganges
River. These authors conclude that neither
stream flow timing nor volume of the rivers
flowing into the Ganges Basin from Nepal
will be affected materially by a continued
retreat of the glaciers of the Nepal Hima-
layas. In fact, Nepal glaciers are of summer
accumulation type that controls their sea-
sonal runoff signal and the distribution of
mass balance with elevation (Thayyen and
Gergen, 2010). Having their main accumu-
lation season and ablation season during
the summer monsoon, their contribution to
runoff is not that large in many river basins
when averaged for the entire year, but does
become seasonally important. According to
the same authors, the glacier component in
the stream discharge is highest during the
years of low summer runoff (i.e. relatively
low monsoon rainfall). Therefore, the impor-
tance of glaciers cannot be assessed without
an examination of the seasonal impact of
glaciers on river flow (Kulkarni et al., 2010).
In the absence of a dense network of climate
and gauge stations, various snowmelt models
based on satellite-derived snow cover suggest
that there will be a 30-50% reduction in dry
season flow with large along-strike variations
(Bookhagen and Burbank, 2010). Yet the
models do not account for the complexity of
mountain environments resulting from the

effects of slope, elevation, and orientation of
mountain ridges. More specifically in the Ne-
pal Himalayas, the wet, monsoon dominated
downstream climates and runoff will not
much affect the river discharge, hence, wa-
ter availability and food security in contrast
to what has been suggested in the Indus and
Brahmaputra basins (Immerzeel et al., 2010).

3.2.2. HAZARDS INDUCED BY GLACIAL RETREAT:
GLOFS
Projected global warming will cause most
Himalayan glaciers to continue to retreat and
thin, even though a few examples of advanc-
ing glaciers are known in the Karakoram
(Hewitt, 2005). One major concern is, with
glacier retreat, the dramatic development of
meltwater lakes behind loosely consolidated
Little Ice Age end moraines. With the warm-
ing trend observed from the 1980, there
is an increasing likelihood of catastrophic
glacial lake outburst floods (GLOFs) that
might cause heavy losses of life and property
in the high valleys. Among the 24 GLOFs
known events recorded in Nepal, some of
them were particularly serious, such as in
the Bhote Kosi (1964) and the Sun Kosi val-
leys (1981). Yet the Dig Tsho GLOF (Fig. 2,
site 5) that occurred in 1985 in the Khumbu
area (Vuichard and Zimmermann, 1987) is
considered as the founding event that raised
concern about GLOFs hazards. Indeed, this
event was very damaging, destroying the
nearly completed Namche Small Hydel Pro-
ject, many bridges and washing away cattle as
far as 60 km down valley of the Dudh Kosi:
about 6-to-10 million cubic metres of water
and about 3 million cubic metres of debris
were released, and the discharge (two orders
of magnitude higher than the average) re-
sulted in both erosion and aggradation that
propagated along more than one hundred
kilometres downstream (Vuichard and Zim-
merman, 1987; Cenderelli and Wohl, 2003).
This outbreak flood caused more than three
million dollars worth of damage and disrupt-
ed the downstream community of Khumbu
Sherpas for several months (ICIMOD 2011).
More than two thousand moraine-
-dammed lakes have developed in the past
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40 years in the Nepal Himalayas (Mool
et al.,, 2001), out of which about 20 are con-
sidered as potentially dangerous. Some
moraine-dammed lakes may also develop
in very dry areas such as the Mustang Dis-
trict (Thakkhola graben, Fig. 2, site 3),
where a GLOF event occurred in 1988 and
destroyed many houses and fields, also ru-
ining high pasture meadows (Fig. 11; Fort,
2000b). More generally, because of the
presence of settlements downstream, most
of these lakes (like the Rolpa Tsho in the
Rolwaling valley; location in Fig. 2, site 4)
are now carefully monitored using satellite
images (mostly surveying the lake area ex-
pansion rather than lake volume), that may
result in mitigation measures such as partial
draining of the threatening lake, as was done
in Rolwaling Himal in the late 1990’s. A cru-
cial issue is the stability of these morainic

dams as assessed by different criteria: dis-
section of the moraine by local drainage, po-
tential seepage occurrence, lake water level
rise, behaviour of dead ice, instability of the
slopes and hanging glaciers overlooking the
lake that might triggered a surge wave, etc.
In the Everest-Khumbu Himal zone, the
Imja lake (Fig. 2, site 6) is particularly closely
studied because of its accessibility and tour-
istic importance (Bajracharaja and Mool,
2009); it also represents a good study case of
balancing between the quite frequent alarm-
ist attitude of mass media and the uncertain-
ty derived by careful scientific expertises. In
a recent study, Watanabe et al. (2009) tried
to assess characteristics of the lake growth
over the last 50 years, and to evaluate the
degree of danger of catastrophic drainage.
On the basis of repeated intensive field sur-
veys and detailed satellite images analysis,

Figure 11. Evidence of a catastrophic Glacial Lake Outburst flood that occurred in 1988; it originated
in the glaciated Main Shail Range (6,235 m) bounding the Thakkhola-Mustang basin to the west (see
Fig. 1 for general location). Metric granitic boulders were carried downvalley by a dense debris flow for

more than 30 km in distance and spread over the present upper Kali Gandaki thalweg and terraces.
(© M. Fort, 1993)

http://rcin.org.pl
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these authors conclude that the Imja lake
is not as immediately dangerous as former-
ly said. The lake area expansion does not
pose a threat of frontal moraine breaching;
conversely the up-glacier expansion, hence
possible higher ice-cliff would recommend
modelling the height of a possible impulsed
wave; therefore, careful surveys of the evo-
lution of both morphology of the morainic
dam and surrounding slopes, together with
monitoring of the lake parameters, are to
be systemically developed (Watanabe et al.,
2009; ICIMOD 2011).

More general actions are now undertaken
to collect information at Hindu-Kush-Him-
alayan scale, and elaborate a coordinated
approach in updating data (field surveys,
satellite monitoring), mitigation actions and
increasing public awareness, collectively all
the more necessary that the trans-border
extent (China-Nepal) of some GLOFs dam-
ages requires international cooperation
(ICIMOD 2011).

3.2.3. INCREASE OF CATASTROPHIC FLOODS IN
THE MOUNTAIN AND HIMALAYAN FOOTHILLS?
Apart from the GLOFs that distinctively
affect the high, glaciated valleys, climate
change may also involve changes in the fre-
quency and magnitude of extreme events
further downvalley. Other hazards such as
landslide, debris flows and flash flood events
seem to have recently increased in the Mid-
dle Himalayas, some of them with chain re-
action impacts propagating as far as down to
the Himalayan foothills.

Himalayan foothills are subject to large,
devastating floods generated by rains excep-
tional in their intensity and abundance, compa-
rable to what Starkel (1972) studied in the Dar-
jeeling Himalayas in 1968. For instance, in July
1993 very localized, extreme precipitation (65
mm/h, >500 mm/24h) in the upper Bagmati
catchment (south of Kathmandu) increased
the discharge of the river from 161 m3s to
11,700 m3! (flood return period of 66 years),
carrying a solid load estimated to be 100 Mm?*
chiefly supplied by the lower hillslopes and
river banks (Fort, 1997). In the gorge sections,
the rising water mostly destroyed the veg-

etation, whereas in wider sections of the Ma-
habharat range (Palung, Kitini and Markhu
basins) and Siwalik-Terai foothills, several
villages were severely destroyed: more than
1,000 people living in the foothills died, and
losses totalled several million USD (a new ir-
rigation plant was entirely damaged). Again in
the Eastern Nepal Himalaya, in August 2008,
the monsoon rains were so strong that the Kosi
River discharge increased from an average of
30,000 up to 130,000 cubic metres per second,
hence causing the failure of a man-made em-
bankment of the Kosi River and the diversion
of the river back to its 18" century old chan-
nel. The waters flowed across the Nepal Hima-
layan foothills and the adjacent Bihar state
(India): 2,000 people were killed, more than
300,000 houses were destroyed, 3,500 square
kilometres devastated, and about 3 million of
people were severely affected. Heavy monsoon
rains also were at the origin of the catastrophic
late July 2010 Indus floods, which put about
one fifth of Pakistan’s land under water, af-
fected about 20 million people (death toll close
to two thousands), and caused unprecedented
economic damages (destruction of infrastruc-
ture and crops) amounting to 4.5 billion USD.
Indeed, all these recent events have to be con-
sidered as snapshots of what is a long-term pro-
cess (avulsion, an integral part of the construc-
tion of Himalayan mega-fans) that has taken
place repeatedly along the Himalayan foothills
for the past 18 million years, as recorded by
the Siwalik molasse sediments, and shaped the
Himalayan foothills.

Nowadays many changes have occurred:
piedmont plains have become the wheat and
rice granary for millions of people and of-
fer the greatest potential for development
(major irrigation projects, unlimited un-
derground water reserves, well developed
infrastructures); this explains their attrac-
tiveness and their rapid urbanization, hence
their great vulnerability and high potential
of losses when such an event does occur.

3.2.4. TOWARDS WATER SHORTAGE?

Global warming might well impact upon
water resources, upon which depends the
survival of mountain populations, especially
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those living in the driest parts, i.e. in the
high valleys north of the Greater Himalayas.
Different IPCC scenarios (Cruz et al., 2007)
suggest that increased temperature will be
accompanied by increased seasonal variabil-
ity in precipitation. Lal (2002) stated that
decreasing rainfall in winter and increasing
rainfall in summer are expected, with an in-
creased variability in the monsoon’s onset.
More specifically, in the Middle Hima-
layas, models suggest that there will be
a 30-50% reduction in dry season flow. This
means that during the dry season, increase in
evapotranspiration rates would result in a re-
duction of seasonal soil moisture and ground
water storage, hence of spring yield, with
reduced runoff. Collectively it will result in
a higher pressure on water resource, all the
more important that the irrigated agricul-
ture, the economic and demographic growth
together with higher living standard in ur-
banized zones cause a higher water demand
(Merz et al., 2003). In addition, winter water
deficit may directly affect both water quality
and hydropower production, particularly in
urbanized areas. In the Kathmandu valley,
water shortage may reach critical levels dur-
ing the end of the dry season, a situation that
reinforces the man-induced pollution, e.g.,
the high degree of heavy metals and nitrates
concentration and microbial contamination
in the Bagmati watershed (Warner et al,
2008). Similarly during winter and spring,
access to electricity is already restricted to
only a few hours per day (low level of the
Kulekhani reservoir fed by ground water
flow), an important drawback that compro-
mises Kathmandu economic development.
Conversely, during the rainy monsoon
summer, an increased rainfall is expected
(Christensen et al., 2007), hence an in-
creased runoff and a higher susceptibility
to flood generation and land degradation by
water (as mentioned above). This, together
with higher flood peak size, will primarily
affect the Himalayan valleys, where a con-
trasted pattern of settlement and land-use
change (abandoning of marginal, agricul-
tural land vs expansion of new urban centres
along roads; Khanal and Watanabe, 2006)

makes Himalayan population more vulnera-
ble to any hillslope and/or river channel haz-
ards (Fort et al., 2010). To a greater extent,
this will also affect downstream societies.

Whatever the hydrological models used,
all results obtained suggest that fair, sustain-
able water management options should be
taken to reducing considerably the vulner-
ability to natural hazards and improving the
quality of the water.

CONCLUDING REMARKS

The Himalayas are the highest mountains on
Earth, characterized by intense geomorphic
processes affecting mountain slopes, and ad-
jacent river channels. Himalayan populations
have always coped with a highly dynamic en-
vironment; for many generations, they have
acquired an empirical knowledge and a good
understanding of the most frequent hazards
(landslides and floods) that may threaten
them. Recent migrations of people attracted
by the economic and social benefits asso-
ciated with a large city or a new road have
made the population much more vulnerable,
because of their exposure to unfamiliar haz-
ards that may occur in their new settlement.
The impacts of global change, quite obvious
in the high mountains, are more difficult
to predict in the densely populated, middle
Himalayas (i.e. behaviour of the monsoon) or
in the foothills plains (large floods). The ma-
jor disaster people would have to face is the
conjunction of several hazards occurring at
the same time. For instance, the occurrence
of a large earthquake affecting the Himala-
yan mountains during the monsoon season
would create a dreadful situation: triggering
of many landslides, with their downstream
chain reaction effects (combined secondary
landslides, stream blockages and floods) and
the probable difficult impediment to the res-
cue and recovery phase after the disaster, as
illustrated by the aftermath of the 2008 Si-
chuan earthquake. Finally, water resource
availability, either limited (droughts) or in
excess (floods), is an important issue that
may impact durably, economically and so-
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cially, the entire Nepal and adjacent India.
Clearly, in a context of developing country
and socio-economically vulnerable popula-
tion, there should be no fatality to live per-
manently with such natural threats. Combin-
ing local and scientific knowledge, selecting
simple local techniques of hazards control
and mitigation, raising awareness collectively
would help Nepali people to help themselves
for a better life in their unique environment:
they strongly deserve it!
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