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Synopsis

Landslides impact the Earth’s natural environment, including effects on (1) the morphology
of the Earth’s subaerial and submarine surfaces; (2) forests and grasslands, and (3) habitats of
native flora and fauna. Morphologic effects are part of a general tendency of surface
degradation by mass wasting and erosion. The effects of landslides on vegetation and wildlife
are mostly negative; in some cases, they are catastrophic. However, landslide-caused disasters
to flora and fauna are generally local in nature, which allows for species recovery with time.
In the long term, landslides may even have positive effects on the habitats of flora and fauna.

Biotechnical approaches to landslide mitigation have much less impact on the environment
than traditional concrete and steel retaining structures. Biotechnical slope protection utilizes
mechanical elements (structures) in combination with biological elements (plants) to prevent
and correct slope failure and erosion with minimum impact on the environment.
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1. Introduction

Much has been written on the impacts of landslides on the fotal environment, including
effects on people, their homes and possessions, farms and livestock, industrial establishments
and other structures, and lifelines. However, few authors have discussed the effects of
landslides on the natural environment, i.e., on (1) the morphology of the Earth’s surface,
particularly that of mountain and valley systems, both on the continents and beneath the
oceans; (2) the forests and grasslands that cover much of the continents, and (3) the native
wildlife that exist on the Earth’s surface and in its rivers, lakes, and seas. This paper deals
with these effects. In addition, current approaches used to reduce the impacts of landslide-
mitigation measures on the natural environment are discussed.

We will use landslide terminology as presented by Varnes (1978) and Cruden and Varnes
(1996). As used, the term “landslide” will include all types of gravity-induced mass
movements, ranging from rock falls through slides/slumps, avalanches, and flows, and it
includes both subaerial and submarine mass movements triggered mainly by precipitation
(including snowmelt), seismic activity, and volcanic eruptions. For simplification, the term
“debris flow” will include mud flows, debris torrents, and lahars (volcanic debris flows).



2. Impacts on Morphology of the Earth’s Surface

The surface of the Earth, both on the continents and beneath the oceans is continually
modified by internal forces and the forces of gravity; both, particularly the latter, produce
landslides. The net morphologic effect of landslides is to reduce slopes to angles at which
they possess long-term stability. “The processes involved vary enormously from extremely
large rapid movements to extremely slow micro-displacement. The result is denudation in the
source area, frequent erosion along the transport path, and then deposition, the degree of
whose permanence varies widely.” (Small and Clark, 1982, p. 27). We have made no attempt
to quantify the worldwide, or even regional, morphologic significance (i.e., the average rate
of downcutting) of landslides, an amount that is extremely difficult to determine for large
areas. However, we do present case histories of some of the world’s largest landslides, which
provide useful information on the maximum effects of individual or regional landslide events,
and which have provided local information on rates of slope recession and cliff retreat.

2.1 Subaerial landslides

2.1.1.  Morphologic impacts of large subaerial landslides

The world’s largest landslides are prehistoric, but their remains are displayed as significant
morphologic features on the Earth’s surface. Most very large landslides have been triggered
by earthquakes or volcanic eruptions. In a study of 40 major historic earthquakes, Keefer
(1984) has shown that landslides can be triggered over an area as large as 500,000 km* by a
M=9.2 earthquake (Fig. 1).
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Fig. 1. Area affected by landslides triggered by earthquakes of different magnitudes (after Keefer, 1984)



In 1977, Wolfe (1977) identified what may be the world’s largest subaerial landslide: an
18x25-km displaced block of limestone on Samar Island, the Philippines. This block was
1nterpreted by Wolfe to be an earthquake-triggered Holocene landslide, possibly as large as
135 km’ in volume.

Another huge prehistoric landslide that was probably earthquake-induced is the Simareh
landslide in southwest Iran (Fig. 2) (Harrison and Falcon, 1938; Watson and Wright, 1969).
Composed of limestone debris, this landslide, which occurred about 10,000-11,000 yrs B.P.
(Watson and Wright, 1969; Ambraseys and Melville, 1982) has a surface area of 166 km? and
an estimated volume of 24-32 km’, making it one of the world’s largest subaerial landslides
(Shoaei and Ghayoumian, 2000).
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Fig. 2. Geologic map of the prehistoric Simareh (Seimareh, Saidmarreh) landslide in southwestern Iran,
showing 40-km-long Simareh Lake, which has been filled by lactustrine sediments to form a large dissected
plain. Note that smaller Jaidar Lake was also impounded by the landslide and has also since been filled by
sediment. Location of landslide within Iran is indicated on index map by star. (After Shoaei and
Ghayoumian, 2000.)

Major earthquakes also have triggered multiple historic landslides over large areas. These
often consist of thousands of individual landslides that in total have significant effects on the
Earth’s surface. Some significant examples from the 20" century are:

e In May 1960, one of the world’s strongest earthquakes (M, =9.2)(Kanamori, 1977)
struck the coast of south-central Chile causing numerous major landslides and
hundreds of surficial slides (Davis and Karzulovic, 1963; Weischet, 1963). The
largest individual mass movements were three contiguous landslides with a total
volume of 40 million m’.

e The M=9.2 Alaska earthquake in 1964 dislodged landslides from slopes over an area
of about 260,000 km* (Plafker et al., 1969).

e The 1987 Reventador earthquakes (M=6.1 and 6.9) in northeastern Ecuador occurred
after about one month of heavy rain, causing thousands of small landslides, which



began as small slips on steep slopes (Schuster et al., 1996). These thin slides
liquefied, and turned into major debris flows in the region’s tributaries and main
streams (Fig. 3). Hundreds of square kilometers of the Earth’s surface were modified
by the landslides, which had a total volume estimated at 110-120 million m® (Hakuno
et al., 1988; Nieto et al., 1991).

Fig. 3. Looking downstream at the confluence of the Malo River (flowing from the left) with the Coca River,
northeastern Ecuador, following debris-flow activity induced by the 1987 Reventador earthquakes. A
debris flow issuing from the Malo River during the night of 5 March 1987 formed a short-lived dam of
the Coca River, resulting in deposition of ~15 m of sediment in the Coca channel (Nieto et al., 1991).

e An event similar to that in Ecuador occurred in southwestern Colombia in 1994. The
M=6.4 Paez earthquake caused thousands of thin residual slides on steep slopes; these
thin slides liquefied and turned into damaging debris avalanches and debris flows
(Fig. 4) (Martinez et al., 1995). A total of 250 km® of the ground surface of the area
was affected.

Volcanic eruptions also have triggered major landslides that have significantly impacted the
Earth’s surface. Possibly the largest of these is the ~300,000-yr-old debris avalanche (Fig. 5)
that originated as the probable result of a major eruption of 4317-m-high Mount Shasta in the
Cascade Range of northern California (Crandell et al., 1984). This debris avalanche today
extgnds 43 km westward from the base of the volcano and has an estimated volume of 26
km’.

Another major North American example of a volcanic landslide that has had major effects on
morphology is the large debris flow (lahar) that was triggered by an eruption of Mount
Rainier volcano in the Cascade Range of the State of Washington, U.S.A., about 5700 yrs
B.P. (Crandell and Waldron, 1956; Crandell, 1971). This debris flow, which is known as the
“Osceola mudflow,” traveled 110 km down the valley of the White River and onto the surface
of the Puget Lowland (Fig. 6). It was deposited over an area of at least 505 km” (Dragovich et



Fig. 4. Destruction of vegetative cover on the valley walls of the upper San Vicente River, southwestern
Colombia, by slides, debris avalanches, and debris flows triggered by the 1994 Paez earthquake.

Fig. 5. Aerial oblique view to the south of the ancestral Mount Shasta, California, debris avalanche
(foreground and middle distance). (Photo by D.R. Crandell, U.S. Geological Survey.)



o Kent | /
A Q /
o o ~
ge’\ o Os /
Qv [l gAdburn N
R : OSCEOLA MUDFLOW
. 7% ~ 5000 YEARS OLD
Tacoma :
Sumnel‘;‘  _' \
Puyallup @ ‘
Q
é
OQ
%)
ELECTRON MUDFLOW
~ 500 YEARS OLD
re & )
S’ :
Q
/ \\\\\Hfi»:.
< 3~
/ : . X
Mount Ranier /.=
e Q S
_ - — 0?9 v’ RN
S Seattle
O?* Area of map
(IJ Kilometers 2\0 WASHINGTON
|

Fig. 6. Map showing area covered by two large debris flows that extended from Mount Rainier, Washington
State, U.S.A., onto the Puget Lowland during the Holocene (after Crandell, 1971).

al., 1994). If this event were to recur today, it would bury the small cities of Auburn,
Enumclaw, and Sumner, Washington.

The world’s largest historic landslide is the 1980 Mount St. Helens rock slide—debris
avalanche in the Cascade Range of southwestern Washington State, U.S.A. (Fig. 7), which
was triggered by a catastrophic volcanic eruption (Voight et al., 1983). This 24-km-long, 2.8-
km’ landslide buried about 60 km” of the valley of the North Fork Toutle River under a cover
of hummocky-surfaced, poorly sorted debris, ranging in size from clay to blocks of volcanic
rocks with individual volumes as large as several thousand cubic meters (Schuster, 1989).

In high-mountain regions, large catastrophic landslides often occur due to failure of valley
walls that have been oversteepened by glaciers and debuttressed by deglaciation. In the Upper
Indus Basin of northern Pakistan such activity has had a major effect on the valley
morphology of the Karakoram Range. In a study of this region, Hewitt (2002) has identified
180 large rock-avalanche deposits that have formed cross-valley barriers (i.e., landslide dams)
on Upper Indus streams. More than one half of these individual Karakoram landslides
originally covered more than 10 km® of valley floor and were more than 50 million m’ in



Fig. 7. Debris avalanche in the upper valley of the North Fork Toutle River, southwestern Washington State,
U.S.A. View is to the east toward the devastated cone of Mount St. Helens. (May 1980 photo by Austin
Post, U.S. Geological Survey.)

volume. Two of the events covered more than 50 km* each and exceeded one billion (10°) m’
in volume. Debris thickness ranged from 5 m to more than 500 m (Hewitt, 1998). Roughly
one rock avalanche occurred in every 14 km of valley surveyed (Hewitt, 2002). Nearly all of
these rock-avalanche dams have been at least partially breached. “Lacustrine deposits were
found upstream of almost every example, although most lakes are now drained or filled with
sediment. However, though breached, at least 120 of the landslide dams are not completely
cut. They persist as local base level and steps in the river profiles.” (Hewitt, 2002, p. 67).



Although they are not commonly as large or catastrophic as the events noted above, landslides
caused by precipitation obviously also have major effects on the morphology of the Earth’s
surface. Nearly all of the nations of the World are subject to some degree of “gravitational
leveling” by precipitation-induced mass movements.

2.1.2. Rate of slope recession due to landslide activity

Landslides obviously are one of the main geomorphic processes that lead to slope retreat.
However, as has been noted by Ilida and Okunishi (1983, p. 68): “The geomorphic
significance of landslides (or the average rate of denudation) has not been evaluated because
they occur irregularly and discontinuously in time and space.” In spite of this, landslide
researchers can reasonably estimate the volumes of most individual large landslides, and they
know that landslides triggered by major earthquakes or volcanic activity can denude hundreds
or even thousands of square kilometers of the Earth’s surface. For example, Keefer (1994) has
modeled the long-term sediment production of earthquake-triggered landslides for 12
seismically active regions. His modeling indicated that rates of sediment production by
earthquake-induced landslides have been very high (>200 m’/km*/yr) in four of the studied
regions (Island of Hawaii, Irian Jaya, New Zealand, and the San Francisco Bay Region of
northern California) and moderately high (20 to 200 m’/km*/yr) in five others (Peru, Turkey,
southern California, all of onshore California, and central Japan).

Less is known about rates of recession of natural slopes that are affected by many smaller
landslides acting over larger areas, particularly those caused by heavy rainfall. Modeling
methods for expected slope retreat have been offered by Mitchell and Bubenzer (1980) and
others, but these approaches apply mainly to relatively homogeneous soils and do not separate
slope retreat due to landslide activity from that due to erosion and other factors. However,
numerous field studies have attempted to predict rates of slope denudation resulting from
landslide activity based on extrapolation of observed rates of retreat. Most such studies have
been primarily for limited areas and relatively short periods of observation. Examples from
such studies of landslide-caused slope-recession are presented in Table 1 in terms of
millimeters per year. In using Table 1, it must be remembered that it is difficult to separate
slope recession caused by landslide activity from that caused by erosion, soil creep, and other
non-landslide processes. Thus, processes other than landslides may have caused some of the
recession noted.

The slope-recession values presented in Table 1 generally are 1 mm/yr or less, with the lowest
values being for forested slopes in temperate climates. Most of the areas noted in Table 1 are
for relatively steep slopes, and thus are landslide-prone. As noted by Young (1969), the loss
of material from mountainous areas and steep slopes is on the order of ten times faster than
from areas of low relief. Note that the highest value (3.9-10 mm/yr) in Table 1 represents a
special case of cliff retreat in London Clay, i.e., a very steep slope in relatively weak material.

2.1.3. Loss of Soil Resources

In major landslides, all of the soil/colluvium down to bedrock is carried downslope, taking all
of the trees and other vegetation with it. Because no soil is left for new plants to grow on, the
bare tracks of landslides can remain visible for hundreds of years. There have been a few
attempts to quantify losses of soil resources due to landslide activity. Noteworthy is the study
by Wright and Mella (1963) of the affects of the aforementioned 1960 earthquake-induced
landslides in south-central Chile on the soil resources of the area. They noted the complete
destruction of:

“steep land soils that plunged, in the form of landslides, debris avalanches, and

mudflows, directly into the depths of various lakes. The total area involved is

probably in the neighborhood of 20,000 hectares. Practically none of this land

was well adapted to agriculture, although about 10% (2,000 hectares) of the

lower slopes had been partly cleared by farmers living along the lake margin, in



an effort to provide additional grazing for the livestock on their small farms.”
(Wright and Mella, 1963, p. 1395).
Also noted was the “partial destruction” of some 15,000 ha of steep-land soils that were
“transported” from hillslopes to valley floors by mudflows and debris flows where they

formed a:

“rumpled heap of soil and forest debris of far lower agricultural value, for the
moment, than the original valley soils that they overwhelmed. In some places the
debris is spread out more evenly and in time may rapidly be developed into useful
farmland. Some of the area damaged by this type of transportation was of little
real agricultural value, but of the total area involved, some 10% (or 1,500

hectares) represents useful agricultural land now buried under debris.” (Wright
and Mella, 1963, p. 1397).

Table 1. Representative examples of slope recession from the geologic literature.

Recession,

Location Geology Climate | Relief Comments References
mm/yr
Rocky Mts., Igneous Temperate | Steep 0.011-0.072 Mainly from debris Swanston
NW USA, (granite) maritime avalanches on forested and Swan-
SW Canada slopes. son, 1976
Rocky Mts., Weather- Temperate | Steep 0.032 Landslides in forested Megahan et
Idaho, USA ed granite area due to rain and al., 1978
snowmelt.
Luquillo Mts., Tropical Steep 0.164 1.1% of forested terrain | Larsen and
eastern Puerto disturbed by landslides | Torrez
Rico every 100 yrs. Sanchez,
1992
Morogoro Meta- Tropical Steep 0.26-0.53 Low values in forested Temple and
River Basin, igneous savanna areas; high values in Rapp, 1972
Tanzania deforested areas.
North Island, | Weather- Temperate | Hilly 0.25-1.0 Grass cover and forest. Selby, 1976
New Zealand | ed sand- maritime Far fewer landslides on
stone and forested slopes than on
siltstone grass-covered.
Island of Tropical Steep 0.75 Area of 39 km” in Wentworth,
Oahu, which 200 thin soil 1943
Hawaii, USA avalanches occurred.
Adelbert Sediment- | Tropical Steep 0.8-1.0 Earthquake-triggered Pain and
Range, Mad- | ary rocks debris avalanches in Bowler,
ang Region, tropical rain forest. 1973
Papua New
Guinea
Tanzawa Miocene Subtrop- Steep 1.0 Airphotos used to study | Tanaka and
Mountains, volcanics ical, earthquake- and rain- Mori, 1976
central Japan humid triggered debris aval-
anches in forested area.
Hawke Bay, Loess and | Temperate | Hilly 3.8 Severe denudation due Eyles, 1971
North Island, volcanic maritime to: (1) deforestation, (2)
New Zealand | ash instability of loess and
volcanic ash
Cayaguas Highly Tropical Steep 3.8 Severe denudation be- Larsen and
River drain- weather- cause area is deforested | Santiago
age, SE ed grano- (subsistence cropping Romin,
Puerto Rico diorite and plantations) 2001
Hadleigh, London Temperate | Very 3.9-10 Recession of a steep Hutchinson
Essex, Clay maritime steep inland cliff in London and
England, Clay. Based on historic | Gostelow,
U.K. records. 1976




There have been attempts to quantify losses of soil resources due to rainfall-triggered
landslide activity in hilly regions in Tanzania. Rapp et al. (1972) estimated that soil losses in
the Mogoro River valley averaged between 5000 and 10,000 m’/yr, while Temple and Rapp
(1972) noted that an approximately equal catchment in the Mgeta area of the western Uluguru
Mountains lost approximately 270,000 m’ in less than 3 hrs in February 1970.

It should be noted that some of the soil lost from hill slopes because of landslide activity with
the passage of time may be reconstituted as usable agricultural soil in the valleys below. This
is especially true in the case of debris-flow deposits in the form of debris fans or terraces,
which with time may provide excellent agricultural conditions, either for pastureland or for
crop production.

2.1.4. Coastal CIiff Retreat

With wave action serving as the primary trigger, landslide activity is the main process in the
retreat of coastal cliffs. The most common landslide types in the failure of coastal cliffs are
rock-and-soil fall, slides, and avalanches. However; topples and flows also occur
occasionally. Many examples of coastal cliff retreat have been documented in the literature.
Table 2 presents several of the best-documented examples in terms of quantitative
measurement of retreat, with values being given in meters per year of cliff recession. The
amount of cliff retreat is based primarily on the type of geologic material from which the cliff
is composed and the strength of wave action. The values in Table 2 range from approximately
zero to about 2 m/yr, with the low values generally being for cliffs composed of resistant
rock, and the higher values for cliffs formed of very soft rocks or soils (mostly glacial drift).
The higher values result in significant changes in coastal morphology over relatively short
spans of geologic time. Note that, locally, cliff-retreat values have been recorded that
considerably exceed the highest presented in Table 2. For example, the rate of erosion of the
clay coast of Primorsko-Akhtarsk on the Sea of Azov, Russia, has been reported by
Zenkovich (1967) to have been 12 m/yr. An even more extreme example was provided by the
southeast coast of the Island of Surtsey (Iceland) during the winter of 1967-68. During the
harsh winter, this coastline, which consists of 12-24-m high lava cliffs underlain by easily-
eroded tephra, retreated an average of 75 m, with a maximum of 140 m (Norrman, 1970). A
shoreline about one half kilometer long lost an estimated 2 million m® of volcanic material.
However, such extremes are considered to be local and of relatively short term.

2.2 Submarine Landslides

Submarine landslide is a general term to describe a downslope mass movement of geologic
material from shallower to deeper regions of the ocean floor. In doing so, the submarine-
landslide process affects major changes in offshore topography. The recent development of
well-integrated surveying techniques of the seafloor has enabled study of many previously
undiscovered submarine-landslide masses worldwide. These studies have found that the
compositions, mechanics, and morphologies of mass movements above and beneath the
surface of the sea have many similarities, as well as significant differences (Hampton et al.,
1996). Materials involved in submarine mass movements are as diverse as those on land, i.e.,
rock, soil, mud, and mixtures of all three (Locat and Lee, 2002). In addition, as shown in Fig.
8, classification of submarine landslides by types is similar to the common classifications of
subaerial landslides. Enormous size is one way that submarine landslides can differ from
those above sea level. The largest submarine landslide yet discovered, the prehistoric Agulhas
slump off the coast of South Africa, is 750 km long and 106 km wide (Dingle, 1977). It has
an estimated volume of 20,000 km’ — about 150 times as large as the aforementioned
subaerial Samar Island landslide and about 700 times as large as the Mount Shasta debris
avalanche. A seismic triggering mechanism has been proposed for this post-Pliocene slumped
mass.



Table 2. Representative examples of coastal cliff retreat from the geologic literature.

Location Geology Elc/:treat, Comments References
yr
Caucasus Mts., Black Flysch 0.01-0.02 | *....coast is subject to occasional Zenkovich,
Sea Coast, landslips in beds of steeply dipping 1967, p. 164
Russia rocks....”
Odessa Coast, Black Limestone <0.03 “....outcrops of Pontic limestones at Zenkovich,
Sea, Ukraine the water’s edge....” 1967, p. 165
Gotland, Sweden Limestone, 0.04-0.06 | Cliffs 20-30 m high with 100-200 m Rudberg, 1967
marl (minimum | wide wave-cut platform. Failure
values) processes are rock falls and mud
flows. Measurements: 1955-1966.
Winthrop Head, Unconsoli- 0.23 Based on 48 yrs of record (1860- Johnson,
Boston Harbor, dated glacial 1908). 1925, p. 400
Massachusetts, USA debris
Illinois shore (bluffs), Mainly 0.25 Using historical airphotos and maps, Jibson, and
Lake Michigan, USA glacial till (average) | bluff-top retreat was measured along Staude, 1992
30 km of Lake Michigan shoreline
for the period 1872-1937.
Sussex Coast, southern | Chalk 0.42 “....an area of generally rapid cliff May, 1971
England, United (average) | retreat.”
Kingdom
Cape Breton, New Sedimentary 0.45 Weak Carboniferous sediments easily | Johnson,
Brunswick, Canada rocks eroded. 1925, p. 319
Joban Coast, eastern Sandstone, 0.3-0.7 Based on map and airphoto Horikawa and
Honshu Island, Japan siltstone, comparisons by coastal geographers. Sunamura,
mudstone 1967
Norfolk Cliffs, eastern | Till, sand/ 0.03-1.45 | Based on map comparisons and Cambers,
England, United gravel on (avg,: 0.9) | airphotos from 1880-1967. 1976
Kingdom chalk base
Walton-on-the-Naze, London 0-2 1872-1923 (wooden groins): 0.2-1.0 Flory et al.,
Essex, SE England, Clay and m/yr; 1823-1956: (rock groins): 0-0.8 | 2002
United Kingdom sands m/yr; 1970-1996 (no groins): 0.9-2.0
m/yr.
Fairlight Cove, East Clay, clay- ~1 Rate of retreat of cliffs in these soft Palmer (2002)
Sussex, SE England, stone, silt- sediments has been ~1 m/yr since
United Kingdom stone, and 1873.
sandstone
Baltic Sea Coast, Unconsoli- ~1 Wave conditions in the Baltic Sea are | Zenkovich,
Poland dated glacial moderate. 1967, p. 164
deposits
Holderness Cliffs, Till, sand/ 0.29-1.75 | Based on map comparisons from Valentin, 1954
Humberside, eastern gravel on (avg.: 1.2) | 1852-1952.
England, United chalk base
Kingdom
Holderness Cliffs, Till, sand/ ~2 “....the Holderness coast has Lee et al.,
Humberside, eastern gravel on retreated by around 2 km over the last | 2000
England, United chalk base 1000 years, including at least 26
Kingdom villages listed in the Domesday
survey of 1086,....”
Northern coast, Unconsoli- 2.2 Based on airphoto and map Horikawa and
Kunisaki Peninsula, dated comparisons by coastal geographers. Sunamura,
NE Kyushu Island, volcanic 1967
Japan breccia

The Storegga (‘Great Edge’) landslide, off the Norwegian coast, has a volume of about 5,700
km’ (Kenyon, 1987; Bugge, et al., 1988). This slide, which has a 290-km-long main scarp,
extends downslope for at least 400 km, and probably more than 800 km. Available data
suggest that the Storegga slide consisted of three separate main events. The first slide (some
30,000-50,000 yrs B.P.) involved approximately 4,000 km® of relatively soft, clayey Plio-
Quaternary sediments. The second and third events occurred some 6,000-8,000 yrs B.P. in
sediments that were more consolidated; the volume displaced was about 1,700 km’.
Earthquake loading and gas hydrates probably caused liquefaction of the sediments, thus
triggering the slides (Kenyon, 1987).
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Fig. 8. Classification of submarine mass movements (Locat and Lee, 2002).

A large-volume submarine slope failure known as a ‘megaturbidite” has recently been
discovered in the Balearic Basin of the western Mediterranean Sea. This large landslide
(volume: ~500 km®) occurred about 22,000 yrs B.P., at a time when sea level stood at its
lowest level during the Last Glacial Maximum (Rothwell et al., 1998). Today’s deposit covers
an area of some 60,000 km® of the basin with 8-10 m of sedlment forming the Balearic
Abyssal Plain. The source of the megaturbidite most probably was the continental slope
seaward of the mouth of a large river (such as the Rhone or Ebro) draining glaciated Europe.

Volcanic islands can be the sources of huge submarine landslides. Major rock and debris
avalanches are reported around many volcanic islands (e.g., Elsworth and Voight, 1995;
Voight and Ellsworth, 1997). An excellent example is provided by El Hierro, a small island in
the volcanic Canary Island group, which served as the source of two major Pleistocene
submarine landslides: the El Golfo debris avalanche and the Canary debris flow (Urgeles et
al., 1997). The El Golfo debris avalanche orlglnated subaerially on the western flank of the
island of El Hierro and has an associated 150-km® rock-debris deposit with an area of 2,600
km’ in the sea at the base of the volcanic slope (Fig. 9). The Canary debris flow, which
dislocated some 400 km’ of volcanic material, resulted from a separate failure that originated
at a depth between 3200 and 3700 m on the submarine slope of El Hierro island.
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Fig. 9. El Golfo subaerial and submarine debris avalanche from El Hierro Island, Canary Islands, Spain.
(From Locat and Lee (2002) after Urgeles et al. (1997).)



In the State of Hawaii, U.S.A., huge prehistoric submarine landslides are exposed over about
100,000 km* of the submarine ridge and adjacent seafloor between the islands of Kauai and
Hawaii, covering an area more than five times the land area of the islands (Moore et al.,
1989). Some individual debris avalanches are more than 200 km long and about 5,000 km’ in
volume. The slope failures that produced these huge landslides began early in the history of
individual Hawaiian volcanoes when they were small submarine seamounts, culminated near
the end of subaerial shield building, and apparently continued long after volcanic dormancy.
The landslides are of two general types: slumps and debris avalanches. The slumps were
slow-moving, wide (up to 110 km), and thick (about 10 km), with transverse blocky ridges
and steep toes (Moore et al., 1989). The debris avalanches were fast-moving, long (up to 230
km) compared to their widths, and much thinner (0.05-2 km).

The size and displacements of individual submarine landslide blocks also are impressive. For
example, the Tuscaloosa Seamount, which is a detached block from the Nuuanu debris
avalanche, off the Hawaiian island of Oahu, is 30 km long, 17 km wide, and 1.8 km thick; it
rests 90 km from its source (Normark et al., 1993).

Although not as large as the above prehistoric examples, a few historic submarine landslides
have been documented (Hampton et al., 1996). For example, the 1964 Alaska earthquake
resulted in catastrophic failure of the steep submerged shore of the town of Valdez, Alaska
(Coulter and Migliaccio, 1966). The submarine landslide then retrogressed beyond the
shoreline, submerging areas of coastal land and harbor facilities. Almost 75 million m’ of the
shoreline of Valdez Harbor disappeared into the sea (Fig. 10). Accompanying these and
similar submarine landslides are the dangerous tsunamis, or giant ocean waves, that spread
outward from the landslide area and travel at high speeds for great distances. These waves
strike coastal areas with disastrous results to mankind, flora, and fauna, alike. A submarine
landslide in 1888 in the harbor of Trondheim, Norway (Andresen and Bjerrum, 1967), and a
1975 landslide in Kitimat Arm, British Columbia, Canada (Prior et al., 1982), exhibited
similar sequences of offshore initiation, retrogression inland, and tsunami generation.

Submarine canyons incise many of the world’s continental slopes, and the presence of large
submarine fans at their mouths attests to their importance as conduits of sediment transport
(Hampton et al., 1996), much of which occurs as landslides, particularly flows and
avalanches. Slope failure may be the dominant process that enlarges and sculpts certain
submarine canyons. As an example, Carlson and Karl (1988) have speculated that large
submarine canyons along the Beringian margin west of Alaska originated from submarine
landsliding during the period of low sea level caused by the existence of Pleistocene glaciers.

2.3 Valley Morphology

Both subaerial and submarine landslides have major long-term effects on valleys (and
canyons) in which they occur. While gravitational mass movements tend to lower the surface
of the Earth, landslide deposits in mountain valleys often have the opposite effect on the
valley bottoms, particularly when the streams are dammed by the landslides.

2.3.1. Effects of Landslide Damming

Large landslides often completely block river valleys, impounding lakes. Most landslide
“dams” fail by overtopping and breaching due to erosion. However, if they don’t fail, the
geologic “short-term” effect on morphology is the impoundment of a lake. Landslide dams
can affect valley morphology in the following ways:

e Deposition of lacustrine and deltaic sediments in the lake impounded by the dam,
resulting in changes of stream gradient, surface morphology, and surficial geology
upstream from the dam.

e Formation of avulsively-shifting channels downstream from the dam by the
introduction of high sediment loads from erosion of the landslide deposits.



Fig. 10. Destruction of shoreline and port facilities at Valdez, Alaska, by a submarine landslide triggered by the
March 1964 Alaska earthquake (Coulter and Migliaccio, 1966). Dashed lines indicate dock area destroyed
by the slide. (Drawing by David Laneville, U.S. Geological Survey.)

e Secondary landsliding along the shore of the impounded lake due to reservoir filling
or to rapid drawdown if the natural dam fails (Schuster, 1995).

Most landslide dams fail within relatively short periods of time (Schuster and Costa, 1986;
Costa and Schuster, 1988). However, many of today’s large landslide dams and their
impounded lakes have existed for hundreds or even thousands of years. Especially noteworthy



are the following: (1) 2,200-yr-old Waikaremoana landslide dam and lake, New Zealand, (2)
Simareh (Seimarreh, Saidmarreh) landslide dam in southwest Iran, which about 10,000 yrs ago
impounded a huge lake that later filled with sediment to become a lacustrine plain, and (3)
20" century Usoi landslide dam and Lake Sarez, southeastern Tajikistan.

An outstanding example of a landslide-dammed lake that exists as a long-term geologic
feature is Lake Waikaremoana on the North Island of New Zealand (Fig. 11). This 250-m-
deep lake with an area of 56 km’ is a remarkable natural feature that owes its survival to the
erosion-resistant nature of the Tertiary sandstones and siltstones in the landslide dam (Read et
al., 1992; Riley and Read, 1992). The lake has reduced the upstream gradient of the
Waikaretaheke River to zero for about 15 km. Because the incoming river carries little
sediment, Lake Waikaremoana has not been noticeably reduced in size or volume by
sediment deposition.

Fig. 11. Oblique aerial view of landslide-dammed, 56-km? Lake Waikaremoana, New Zealand. The outlet of the
lake is at the center of the photo. (Photo by Lloyd Homer, Institute of Geological and Nuclear Sciences,
Ltd., New Zealand.)

Probably the world’s outstanding example of a long-term landslide dam that still exists,
although there is no longer a lake behind it, is the previously mentioned Simareh landslide in
southwest Iran (Harrison and Falcon, 1938; Watson and Wright, 1969). This limestone mass
dammed the Simareh and Kashkan Rivers, forming a blockage as much as 400 m thick. Two
major lakes, now filled with sediment, were impounded by the landslide (Watson and Wright,
1969). “Lake Simareh” extended 40 km up the Simareh River to cover an area of 200 km® (Fig.



2). The lake eventually filled with as much as 125 m of sediment (Harrison and Falcon,
1937). Smaller “Jaidar Lake” (Fig. 2) covered an area of 90 km® north of the landslide debris
at the mouth of the Kashkan River. Its lake deposits consist of thinly bedded, marly, clayey
silt (Watson and Wright, 1969). Today these lakes exist as long-term dissected lacustrine
plains.

The world’s largest and highest historic landslide dam was formed by the earthquake-
triggered Usoi rock slide-rock avalanche, which dammed the Murgab River in the Pamir
Mountains of southeastern Tajikistan in 1911 (Gaziev, 1984; Alford and Schuster, 2000;
Hanisch, 2002; Schuster, 2002). The resulting 600-m-high dam impounds 53-km-long, 550-m
deep Lake Sarez (Fig. 12). This natural dam is twice as high as Nurek Dam (also in
Tajikistan), the world’s highest man-made dam. The dam has not been overtopped; inflow
from the Murgab River and outflow (seepage) through the dam, in the form of several large
outlet springs, appear to be in equilibrium. Thus, this landslide dam will continue to have a
major effect on the long-term gradient of the Murgab