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FOREWORD

With each passing year, the United States becomes increasingly dependent upon
resources from the oceans. Historically, the sea has provided food resources, recreational
resources, and a defensive barrier in times of war. During the last few decades, we have
turned to the sea to provide other resources such as oil, gas, and construction aggregate
which had been almost exclusively extracted from onshore areas. With an ever-growing
population demanding more resources to sustain a high quality of life, the United States
will have to turn more frequently to the oceans to meet its increasing requirements for
fresh water, energy minerals, industrial minerals, agricultural minerals, waste disposal,
recreational diversions, military exercises, and other activities. All this must be
accompanied and balanced with environmental concerns.

Recognizing the growing importance of the oceans to the future of the United
States, President Reagan in 1983 expanded the United States to include those parts of the
oceans extending 200 miles off our shores. This enormous new territory, the Exclusive
Economic Zone (EEZ), is over 3 million square nautical miles in size which is about 30
percent large than the land area of the United States. ‘

The United States Geological Survey (USGS) through its Offshore Geologic
Framework program was directed by the President and the Congress to explore the sea
floor of this new frontier. In partnership with colleagues from other Federal agencies, the
States, academia, industry, and scientists from the international community, the USGS
began a program in 1983 to map the EEZ. To date, these reconnaissance-scale studies
have mapped approximately 2 million square nautical miles of the EEZ and unveiled a
fascinating, but extremely complex, sea floor. These discoveries hold the promise of
potential resources that ultimately will help meet the needs of all Americans. This promise
will be realized, however, only through contmued research, technology advancement, and
informed decision making. '

Although our studies discovered significant potential resources, they also identified
geologic processes that not only threaten the availability of these potential resources but
also threaten human life directly. This volume is dedicated to increasing the understanding
of one such process—submarine landslides. The authors focus on documenting our new
understanding of the geologic processes involved in submarine landslides and the
consequences of these processes.

Submarine landslides fall within a general category marine geologists call geohaz-
ards. To evaluate fully the significance of any geohazard, it is necessary to develop an
understanding of the basic geological processes involved as well as the geographic
distribution, frequency of occurrence, scale, magnitude, and consequences of the
processes. All these topics and more are covered as the authors share their insights into
submarine landslides occurring in diverse geologic settings throughout the EEZ from New
England to Hawaii, from the arctic to the tropics, and from shallow water to deep ocean
basins.

Without question,. submarine landslides involve significant geologic processes
which must be understood and documented for policy makers to make informed decisions
as to when and how the marine resources within the United States EEZ are to be exploited.
This volume is a substantial and unique contribution to expanding the knowledge base of
submarine landslides.

Gary Hill

Foreword
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SUBMARINE LANDSLIDES: SELECTED.STUDIES IN THE U.S. EXCLUSIVE ECONOMIC ZONE

Edited by W.C. Schwab, H.]. Lee, and D.C. Twichell

Submarine Landslides: An Introduction

By H.). Lee, W.C. Schwab, and }.S. Booth

INTRODUCTION

Consider these events: In the late afternoon of March
27, 1964, one of the most violent earthquakes of all time
rocked southern Alaska. In the community of Valdez,
shortly after the shaking began, a cargo ship unloading at
the town dock began to toss violently, with vertical motion
in excess of 10 m (meters) and rolls of 50°. Next, the docks
vanished into turbulent water. The entire waterfront fol-
lowed, along with warehouses, a cannery, heavy equip-
ment, and 30 people. Ten-meter waves propagated back and
forth across the bay on which Valdez is situated, surging
over 500 m inland and flooding much of the town. For
months following these catastrophic events, the shore area
near Valdez continued to subside.

In August 1969, Hurricane Camille, one of the
century’s most intense hurricanes, struck the coast of
Louisiana. At an oceanographic station near the South Pass
portion of the Mississippi Delta, wave heights of 21 to 23 m
were recorded before the instruments used to measure wave
height failed. Three offshore drilling platforms were badly
damaged or destroyed. Later, one of the platforms was
found, half-buried in mud and displaced 30 m downslope.

On November 19, 1929, a major earthquake occurred
on the continental slope south of the Grand Banks, off the
eastern coast of the United States and Canada. During the
earthquake, many submarine communications cables failed
near the earthquake epicenter. For 13 hours following the
earthquake, cables continued to fail in a systematic
sequence: with the passage of time, cable breaks occurred
farther and farther to the south.

On the Hawaiian island of Lanai, limestone-bearing
gravel blankets the coastal slopes and extends to an altitude
of 326 m. The characteristics of the gravel show that it
originally formed at sea level. The island is sinking so
rapidly that the deposit could not have been deposited
during previous worldwide highstands of sea level. Most
probably, the deposit was placed by a giant wave.

These four examples share a common element: they
all show the devastation that can result from submarine
landslides, a general term used to refer to downslope
movement of sea-floor material en masse (also termed

Manuscript approved for publication July 12, 1991.

“mass movement”). At Valdez, a large portion of a subma-
rine delta-front failed during the Alaska earthquake and
slipped into the bay, carrying with it the town’s waterfront
and generating massive waves. During Hurricane Camille,
the large waves generated by the storm loaded the weak
sea-floor muds, causing them to fail and move downslope.
On the Grand Banks, the magnitude 7.2 earthquake caused
slope failures on the continental slope and rise. Some of
these slope failures transformed into high-velocity turbidity
currents that traveled over 720 km (kilometers) from the
source area, breaking communication cables along the way.
Off the coasts of the Hawaiian Islands, the remains of giant
slope failures have been found using a modern side-looking
sonar system. Some are more than 200 km long with
volumes up to 5,000 km>. The great displacement of the
landslide blocks from their original source suggests that
some of the failures were cataclysmic events, capable not
only of removing landmass from the islands’ coastlines but
also of generating tremendous sea waves. One of these giant
landslides may have been the cause of the wave that carried
gravel from sea level up to an elevation of 326 m on the
island of Lanai.

Most submarine landslides are not so spectacular. In
fact, most undersea slope failures probably occur without
any person being aware of them, but as man reaches farther
into the oceans to extract oil and gas and mineral resources,
searches for environmentally safe areas to dispose of waste,
and occupies more coastal areas, the potential impact of
undersea landslides on humanity increases. Major loss of
property and life has already occurred; more losses may
occur in the future. Even when particular landslides have no
direct impact on man’s development, they are still of basic
interest to geologists in understanding how sediment and
rock are transported to deeper water. Mass instability acts as
a fundamental process in the formation and modification of
continental and insular margins. The occurrence of such
features tells us about the environments in which they form
and allows us to use fundamental geologic knowledge to
exploit resources and increase our knowledge of the impor-
tance of environmental hazards such as earthquakes and
hurricanes.

The purpose of this report is to introduce the subject
of submarine landsliding through selected studies that have
been partly or fully supported by the U.S. Geological

Submarine Landslides: An Introduction 1
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Figure 1. High-resolution profiling technique. The ship is crossing a series of slump blocks (arrows showing the
direction of relative movement). The record in the upper right is a real profile showing what this idealized mass

movement looks like on a seismic-reflection profile.

Survey. The report is not meant to be comprehensive but
rather is an attempt to provide a cross section of the type of
research going on within the academic, government, and
ocean-engineering communities. The selected studies
clearly demonstrate that marine investigators are just begin-
ning to appreciate that submarine landslides are a common,
widespread feature of the U.S. Exclusive Economic Zone
(EEZ) and impose many constraints on the future of
sea-floor utilization. The title of each section reflects the
major point exemplified by the landslide being described.
The sections are mainly visual in format and are intended
for individuals with a general interest in the offshore areas
of the United States, either from a basic scientific or from a
seabed utilization point of view.

METHODS FOR FINDING SUBMARINE
LANDSLIDES

Submarine landslides are occasionally recognized
when they directly involve the shoreline. The catastrophic

failure at Valdez is one of the best examples of this type.
Other landslides disrupt or destroy offshore facilities, for
example, the offshore platform lost during Hurricane Cam-
ille or the submarine cables broken off the Grand Banks.
Some landslides are identified when major changes in water
depth or sea-floor relief are observed, perhaps by fishermen
or divers. The detection and recognition of most submarine
landslides, however, relies on remote observation of sea-
floor and subbottom morphology. That is, does the sea floor
have the appearance of slope failure? Are features observed
that look like landslides that have been seen on shore?
Development in offshore remote-sensing technology
over the last 3 to 4 decades (such as precision depth
recorders, high-resolution seismic-reflection systems, and
sidescan-sonar systems) has allowed marine investigators to
determine the appearance of the sea floor accurately and
map areas of landslides. The basic principle of seismic-
reflection techniques involves detection of sediment stratig-
raphy and structure as indicated by variations in acoustic-

2 Submarine Landslides: Selected Studies in the U.S. Exclusive Economic Zone



reflection characteristics (fig. 1). In general, the higher the
frequency of the signal sent out by the shipboard seismic
system, the higher the resolution and the smaller the depth
of penetration below the sea floor. For example, a seismic
system that uses an outgoing signal with a frequency of 12
kHz (kilohertz) is typically used as a precision depth
recorder (high resolution with little, if any, subbottom
penetration) while a 3.5-kHz system, although yielding
a slightly lower resolution, is capable of penetrating over
100 m of soft sediment and defining subbottom landslide
geometry. High-power, low-frequency systems (for exam-
ple, air guns and sparkers) can penetrate up to 15 km
beneath the sea floor and resolve reflecting surfaces 100 to
200 m apart. ,

Probably the most significant recent development in
mapping sea-floor morphology is the evolution of sidescan-
sonar systems (fig. 2). The principle of sidescan sonar is
relatively simple. An instrument towed by a research vessel
sends out two sound beams which are directed to either side
of the towed vehicle. The sound beams are tuned to create
a beam that is very narrow in the fore and aft direction but
very broad in the across-track direction. The transmitted
sound beams image, or “insonify,” a narrow slice of sea
floor perpendicular to the ship’s track. The acoustic energy
returned from the sea floor (acoustic backscatter) is then
sensed, or “heard,” by the instrument and transmitted to a
shipboard recorder which displays the data in two-
dimensional form as an image. As the instrument is towed
along, it insonifies adjacent slices of the sea floor and, in
this way, builds an acoustic image. The level of acoustic
backscatter is a function of, among other things, the
sea-floor topography, roughness, and composition. Using
computer-processing techniques, it is now possible to pro-
duce true-scale mosaics of large areas of sea floor similar in
appearance to aerial photographs. A

Conventional sidescan-sonar systems can insonify
“swaths of sea floor typically less than 1 km wide. These
high-resolution systems are inappropriate for use as a
reconnaissance tool because of the huge amount of time
required to survey large areas. Two other systems, Sea-
MARC I (Sea Floor Mapping And Remote Characteriza-
tion) and GLORIA (Geological LOng-Range Inclined
Asdic) are able to obtain much broader swaths of the sea
floor (up to 5 km for SeaMARC and 45 km for GLORIA).
The GLORIA system is towed only 50 m below the sea
surface at relatively fast speeds (8 knots) and can cover an
area of as much as 27,700 km? per day. Thus, GLORIA can
obtain true large-scale reconnaissance views of the sea floor
which are needed in assessing the extent and style of mass
movement processes in the deep-water sections of the EEZ.
Many examples of the use of both seismic-reflection and
sidescan-sonar techniques in the investigation of submarine
slope instability are presented in the sections of this report.

HISTORY

Our awareness of the importance and extent of
submarine slope failure and mass movement has evolved
over a long period. It has become apparent to marine
geologists and ocean engineers that the largest landslides on
Earth have occurred on the bottom of the sea. As recently as
the 1960’s, however, submarine landslides were thought to
be rare in ocean basins except on steep slopes, on the soft
sediment of river deltas, or in seismically active areas. The
first evidence for large-scale submarine slope failure and
mass movement came primarily from studies of anomalous
sea-floor topography (for example, see Shepard, 1955;
Moore, 1961; Inderbitzen, 1965) or displaced material (for
example, see Heezen and Ewing, 1952, 1955) and from
studies of ancient strata from many locations (Jones, 1937,
Beets, 1946; Kuenen, 1949; van Straaten, 1949). Develop-
ment of seismic-reflection, sidescan-sonar, and sea-floor
sampling techniques since the 1950°s coupled with increas-
ing interest in the continental margins as a resource area has
resulted in the accumulation of a large amount of data
pertinent to the evaluation of submarine slope failure and
mass movement. Large volumes of sediment and rock are
involved in these slope failures, and they occur on seismi-
cally active and inactive submarine slopes of varied steep-
ness (Dill, 1964; Heezen and Drake, 1964; Menard, 1964;
Kelling and Stanley, 1970; Moore and others, 1970; Lewis,
1971; Booth and Dunlap, 1977; Carlson and Molnia, 1977
Embley and Jacobi, 1977, Hampton and Bouma, 1977,
Embley, 1980; Booth and others, 1984).

CAUSES OF SLOPE FAILURE AND ANALYSIS
TECHNIQUES

As recently as the mid 1970’s, the few actual obser-
vations of submarine slope failure in the literature were
mainly qualitative, because slope stability analysis requires
knowledge of the slope topographic profile, the shape of the
major slip surface (failure plane), and a variety of engineer-
ing properties of the material that composes the sea
floor—information that is seldom available in the case of
submarine landslides. Early investigators recognized from
qualitative studies that several mechanisms can induce or
“trigger” submarine slope failure. Heezen (1956) suggested
that “over-steepening” of the slope due to rapid deposition
of sediment was responsible for submarine slope failure
near the mouth of the Magdalena River in Colombia. Dill
(1964) suggested that the generation of gas associated with
the decomposition of organic matter could lead to slope
failure. Submarine slope failure triggered by earthquakes
first was recognized from qualitative observations (for
example, see Gutenberg, 1939; Heezen and Ewing, 1952,
1955; Ryan and Heezen, 1965). Henkel (1970) showed that
large storm waves could load the sea floor and cause slope

Submarine Landslides: An lntroductibn 3
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Figure 2. Principles of sidescan-sonar for mapping sea-floor landslide deposits. The top panel illustrates how sidescan

sonar operates, and the bottom panel sketches the resulting sidescan-sonar image.
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Figure 3. General landslide classification (modified from Varnes, 1958).

failure. This failure mechanism was observed clearly during
the passage of Hurricane Camille (Bea and others, 1983).

Quantitative analysis of the mechanics of submarine
slope failure requires making assessments of the strength of
sediment and the magnitude of stresses acting downslope.
An important quality of sediment is that the strength
decreases as the excess pore-water pressure (that is, in
excess of hydrostatic pressure) increases. Excess pore-water
pressures commonly exist in deposits that are accumulating
rapidly and can be evaluated using simplified sedimentation
models (Terzaghi, 1956; Gibson, 1958). Excess pore-water
pressures can also be caused by bubble-phase gas and by
repeated loading from earthquakes or storm waves.

Downslope stresses result from gravity, earthquakes,
or storm waves. Because, typically, so little is known about
the properties and geometry of submarine slopes, investi-
gators use analysis methods that are very simplified. The
slopes are generally approximated by a tilted plane that
extends for considerable distance in all directions (the
so-called “infinite slope™). Earthquakes are represented by a
constant lateral force that is proportional to the peak
horizontal acceleration resulting from the shaking (Morgen-
stern, 1967). Wave-induced stresses are related to wave
height, water depth, and other factors (Henkel, 1970; Seed
and Rahman, 1978).

By evaluating the magnitude of downslope stresses
relative to sediment strength, investigators have shown how
steep slopes, high deposition rates, earthquakes, and storm
waves can lead to slope failure (for example, Morgenstern,
1967; Almagor and Wiseman, 1977; Hampton and others,
1978; Schwab and Lee, 1983; Booth and others, 1984; and
Lee and Edwards, 1986). :

More sophisticated models for evaluating sediment
deformation on slopes have also been developed. The
quantitative accuracy of any deformation prediction is,
however, limited by the quality of the sediment or rock
stress-strain relation. Choosing the appropriate stress-strain
relation for a seabed material poses major problems. For
example, a significant change in the stress-strain behavior
occurs when a sediment is subjected to repeated loading
(Esrig, Ladd, and Bea, 1975; Anderson, 1976; Wright,
1976). Thus, the dominant influence of repeated loading
(stresses associated with earthquakes or storm waves),
along with other factors such as poor sample quality (Lee,
1985), severely limit the accuracy of these more advanced

methods for offshore slope stability analysis, as a common
practice. For site-specific studies, however, in which ade-
quate resources are available for field borings, laboratory
testing, and advanced computer modeling, accurate analy-
ses of sea-floor deformations can be made using the
finite-element approach (Armold, 1973; Wright, 1976).

TERMS USED TO DESCRIBE SUBMARINE
LANDSLIDES

Studies of sedimentary structures associated with
slope failure and mass movement have shown that during
and following slope failure, sediment can achieve a broad
range of styles of mobility, from rigid block motion to
turbulent flow. These styles of mobilization involving
various types of material can be referred to by different
terms. In this report, we follow the terminology recom-
mended by. Varnes (1958) with some modification (fig. 3).

Slope failure occurs when the downslope driving
forces acting on the material composing the sea floor are
greater than the forces acting to resist major deformations.
Following slope failure, the failed mass moves downslope
under the influence of gravity and possibly other forces.
Thus, mass movement (also known as mass wasting) is
defined as the movement of the failed material driven
directly by gravity or other body forces, rather than tractive
stresses associated with fluid motion. If the moving sedi-
ment takes a form that resembles a viscous fluid, the
process is termed mass flow. Such a failure has considerable
internal deformation with innumerable invisible or short-
lived internal slip surfaces. Slides are translational or
rotational movements of essentially rigid, internally unde-
formed masses along discrete slip planes. In the literature,
all forms of mass movement are occasionally referred to as
slumps. Correctly, slumps are a special kind of slide in
which blocks of failed material rotate along curved slip
surfaces (rotational movement). In each of these types,
movement can be fast or slow. Extremely slow movement is
called creep.

Submarine slides can become mass flows as the
sliding mass progressively disintegrates and continued
downslope movement occurs (Morgenstern, 1967, Hamp-
ton, 1972). End-member products of disintegrating slides
have been given special names. Debris flows are flows of

Submarine Landslides: An Introduction 5



sediment in which the sediment is heterogeneous and may
include larger clasts supported by a matrix of fine sediment.
Mudflows involve predominantly muddy sediment, Turbid-
ity currents involve the downslope transport of a relatively
dilute suspension of sediment grains that are supported by
an upward component of fluid turbulence. Turbidity cur-
rents are often generated by the disintegration and dilution
of slides or debris flows, although they may be generated
independently from other mass-movement events. Lique-
faction occurs when a loosely packed sediment collapses
under an environmental load. Here, the grains temporarily
lose most contact with one another, and the particle weight
is temporarily transferred to the pore fluid. Excess pore-
water pressures are induced by this behavior. They eventu-
ally dissipate, although sometimes very slowly, and the
material may flow downslope under the influence of gravity
or spread laterally under the influence of stresses induced by
earthquakes or perhaps storm waves.

Recent surveys using modern remote-sensing equip-
ment have revealed truly giant submarine landslides that
involve the failure of thousands of cubic-kilometers of rock
and sediment (for example, see Moore and others, 1990).
When these landslides have disintegrated into relatively
smaller pieces (which may still be quite large) and have
clearly moved rapidly, they are referred to as debris
avalanches. Debris avalanches may occur on a smaller
scale, too. In particular, when some sandy sedimentary
deposits fail, most commonly as a result of slope oversteep-
ening, they avalanche downslope as a thin grain flow.

ENVIRONMENTS

Submarine landslides are not distributed uniformly
over the U.S. EEZ. Instead, they tend to occur most often
where there are thick bodies of soft sediment, where the
slopes are steep, and where the environmental loads are
high. These conditions are met in fjords, deltas, and
submarine canyons and on the continental slope.

Fjords

Of all the environments of U.S. EEZ, Alaskan fjords
(and areas within Puget Sound, Washington) with high
sedimentation rates are likely the most susceptible to slope
failure, both in terms of the proportional areal extent of
deposits that can become involved in mass movement and
also in terms of the recurrence interval of slope failures at
the same location. Fjords are glacially eroded valleys that
have been inundated by the sea. They are typically fed by
sediment-laden rivers and streams that drain glaciers. These
factors lead to environmental conditions that are highly
conducive to slope failure. The submerged sides of glacial
valleys are commonly very steep and may extend to great
depths, perhaps 1,000 m or more. There is typically a delta
at the head of the fjord formed by streams that may drain the
glacier that initially eroded the valley. These fjord-head

deltas have beds that dip at 5° to 30° between 10 and 50 m
water depth. In greater water depths, the submerged part of
the delta dips at angles of 0.1° to 5° to the flat basin floor,
typically at depths between 100 and 1,000 m (Syvitski and
others, 1987). The glacial streams feeding these deltas carry
rock flour and coarse sediment whose deposits easily lose
strength when shaken by an earthquake. The sediment may
also be deposited so rapidly that pore-water pressures
cannot dissipate completely as sedimentation continues.
The resulting underconsolidated state of the sediment
causes abnormally low strength. Organic matter brought
down with the glacial debris may be abundant, and it can
decay and produce bubble-phase gas that also may lead to
elevated pore-water pressure and low strength. Some fjord-
delta deposits are so near instability that they fail during
particularly low tides, during which the supporting forces of
seawater are temporarily removed from the sediment. Some
of these steep slopes with weak sediment fail seasonally or
semicontinuously yielding numerous small-scale slope fail-
ures. Slope failures of a seasonal or semicontinuous nature
have been reported in many fjords in Canada; for example,
Bute Inlet (Syvitski and Farrow, 1983; Prior and others,
1986), Knight Inlet (Syvitski and Farrow, 1983), and North
Bentinck Arm ‘(Kostaschuk and McCann, 1983) and are
probably common in Alaska, as well. Fjord-head delta
slope failures occasionally produce catastrophic effects,
such as occurred in Valdez (Coulter and Migliaccio, 1966;
Hampton and others, this report), Seward (Lemke, 1967;
Hampton and others, this report) and Whittier (Kacha-
doorian, 1965) in the 1964 Alaska earthquake or in Kitimat
Arm, Canada (Prior, Bornhold, and others, 1982; Prior,
Coleman, and others, 1982).

The sidewalls of fjords can also be unstable. Depo-
sition of suspended sediment on the steep (10° to greater
than 90° overhangs) submerged valley sides can frequently
lead to small slope failures (Farrow, Syvitski, and Tunnic-
liff, 1983). Even more important are slope failures on
side-entry deltas that build out rapidly onto the sidewall
slopes. Failures in Howe Sound, Canada (Terzaghi, 1956;
Prior and others, 1981), are of this type.

Finally, the deep fjord basins, which tend to have
slopes of less than 0.1, commonly receive failed sediment
masses and flows from the side walls and fjord-head deltas.
If these landslides incorporate enough water during their
movement, they can progress through mass flows into
turbidity currents. These mass flows and turbidity currents
can be fed into and across the basins by channels (Syvitski
and others, 1987).

Slope failures in fjords can generate large waves
which cause major damage to coastal communities. During
the 1964 Alask’;a earthquake, much of the damage and many
of the fatalities in Valdez (Coulter and Migliaccio, 1966;
Hampton and others, this report), Seward (Lemke, 1967,
Hampton and others, this report) and perhaps Chenaga
(Plafker and others, 1969) resulted from giant waves
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generated by submarine landslides in fjords. Waves 8.2 m
in height were generated during the major sea-floor failure
at Kitimat Arm, Canada, in 1975 (Murty, 1979).

Because fjords are found in rugged, mountainous
terrain, the fjord-head deltas and side-entry deltas are
frequently the only flat land available for development.
These marginally stable to unstable locations become the
sites of coastal developments. Not only do these develop-
ments become vulnerable to natural slope failure, which
might occur frequently even if the developments were not
present, but man’s activities can also lead to additional
slope failures. For example, a river channel stabilization
program at Howe Sound (Terzaghi, 1956) caused rapid
delta growth to be localized and probably contributed
ultimately to slope failure.

Active River Deltas on the Continental Shelf

Active river deltas are the next most likely sites for
slope instability in the U.S. EEZ. Many rivers contribute
large quantities of sediment to relatively localized areas on
the continental margins. Depending on a variety of envi-
ronmental factors, including wave and current activity and
the configuration of the continental shelf and coastline,
thick deltaic deposits can accumulate fairly rapidly. These
sediment wedges and blankets can become the locations of
sediment instability and landsliding partly because of their
thickness. To create large, deep-seated landslides, a thick
deposit of comparatively low-strength sediment is needed.
Because most of the continental shelves were subaerially
exposed during the last glacial cycle, most sediment on the
shelves from that time or before has been eroded or
desiccated. Accordingly, the strengths of these older depos-
its are commonly high enough to resist downslope gravita-
tional stresses on the gentle shelves, and all but the very
greatest storm- and earthquake-induced stresses as well.
Only in areas of continued modern deposition where sig-
nificant thicknesses (tens of meters) of younger sediment
have been deposited above the strong, old sediment do
landslides occur. These younger deposits tend to have
relatively low strength because of rapid deposition rates. In
addition, decaying organic matter can produce bubble-
phase gas that can further reduce strength. These locations
may fail under gravitational loading (due to the slope
steepness alone) or during storms or earthquakes.

The locations of the major sedimentary depocenters
provide some information on where undersea landslides
might be expected on the continental shelf. For example,
the Yukon River is a major source of sediment (60 million
tons per year) in the northern Bering Sea. Although the
prodelta is nearly flat, there are indications of localized
liquefaction of sandy silt (Clukey and others, 1980) during
large storms.

The occurrence of slope failures on active deltas of
the continental shelf off southern Alaska is not surprising.

Glacially fed rivers debouching into the Guif of Alaska or
adjacent sounds and inlets contribute 450 million tons of
sediment per year (Milliman and Meade, 1983). Slope
failures have been identified in modern sediment all along
the Alaskan margin (Reimnitz, 1972; Molnia and others,
1977, Carlson, 1978; Schwab and Lee, 1983, 1988, this
report; Schwab and others, 1987; Lee and Edwards, 1986).
The landslides are likely induced by either storm waves or
earthquakes (Schwab and Lee, 1988, this report); the high
incidence of landsliding arises because of the intensity of
earthquake and storm-wave loading, the thickness of mod-
ern sediment, and the tendency of the glaciomarine sedi-
ment to lose strength when cyclically loaded.

The west coast of the United States has relatively
short, steep rivers with small drainage basins. The sediment
yield of these rivers can be high but is extremely variable
(Milliman and Meade, 1983). There are indications of slope
instability on some of the deltas, for example, that of the
Klamath River (Field and others, 1982; Field, this report).

The Mississippi River contributes the most sediment
to the EEZ of any single river within the United States (2 to
7x10® tons of sediment per year; Coleman and others,
1980; Milliman and Meade, 1983). Most of this sediment is
deposited on the shelf fronting the modern bird-foot delta, a
delta-lobe that has been in existence for only 600 to 800
years (Fisk and others, 1954). The distributary mouths of
the modern delta build seaward at rates varying from 50 to
100 m per year. Offshore of these distributaries, the
sediment accumulation rates are very high, ranging to 1 m
per year or more (Coleman and others, 1980). The sediment
deposited consists mostly of clay-sized particles and is also
rich in organic matter that is rapidly degraded to gas (mainly
methane and carbon dioxide). Rapid sedimentation and gas
charging lead to high excess pore-water pressures and a
state of extreme underconsolidation. Although the slopes of
the delta-front are very low, less than 1.5° evidence of
slope failure is widespread. Submarine gullies were first
described by Shepard (1955). More recently, sidescan sonar
mosaics have shown extensive fields of sediment instabili-
ties all along the delta-front (Coleman and others, 1980;
Coleman and others, this report).

Elsewhere along the coast of the Gulf of Mexico and
Atlantic Ocean, the rate of sediment accumulation on the
continental shelf is low and landslide features are rare. Most
modern deposition occurs in bays that formed when valleys
were drowned by rising sea level after the most recent
glacial cycle (ice age).

Deltas of some of the major rivers that deposit large
amounts of sediment along the margins of the United States
do not display geomorphic evidence of submarine landslid-
ing. Such lack of evidence does not automatically preclude
previous slope failure in these deposits because waves and
burial can erase the failure effects. The lack of slope failure
features likely indicates, however, that the occurrence of
slope failure is less frequent or less extensive in these
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deltas. Most notable is the delta of the Columbia River
(Nittrouer and Sternberg, 1981) whose surface appears to be
devoid of failures. Evidently, a combination of circum-
stances is needed for slope failure to occur on the continen-
tal shelf. High sedimentation rates are needed so that a
sufficiently thick bed of modern sediment can develop.
Relatively low permeability (fine-grained sediment) can
allow high pore-water pressures to be retained and produce
low sediment strength. Also needed, however, are environ-
mental factors, such as storms or earthquakes, that can
generate stresses in the sediment that exceed the strength.
These can be augmented by strength degradation during
cyclic loading, such as seems to be particularly common
with glacially derived sediment. Finally, the configuration
of the continental shelf, including its slope, can influence
the stability of deltas. The interaction of all of these factors,
rather than one factor alone, ultimately determines whether
mass movement will occur.

Submarine Canyon and Deep-Sea Fan Systems

Submarine canyon systems serve as conduits for
passing large amounts of sediment from near the continental
shelf to deep-sea fans. Although more active at times of
lowered sea level during periods of extensive continental
glaciation, the presence of extensive, thick sediment depos-
its on the continental rise surrounding the United States
testifies to the importance of mass movement mechanisms
associated with these systems. Mass movement mecha-
nisms are capable of bringing sand-sized and even coarser
particles to locations hundreds of kilometers from shore.
Landsliding appears to be one system element that allows
massive deposition on submarine fans to occur. According
to one model (Hampton, 1972), sediment accumulations in
canyon heads begin to move as coherent landslide blocks
following some triggering event, such as an earthquake or
storm. As the blocks move downslope, the resulting jostling
and agitation cause disintegration and subsequent incorpo-
ration of ambient water. The debris flow produced displays
increasingly fluidlike behavior. As the debris flow contin-
ues on its path, further dilution by surrounding water
occurs, particularly as sediment is eroded from the front of
the flow. Ultimately, a dilute turbulent cloud of sediment,
or turbidity current, is created. The turbidity current has a
density slightly greater than the surrounding seawater and
can flow for long distances (up to hundreds of kilometers) at
moderate to high velocities (1 to 8 m/s, Shepard, 1963;
Bowen and others, 1984; Reynolds, 1987). When the
turbidity current enters a depositional phase, it leaves
deposits that have distinctive textural characteristics;
namely sandy sediments at the base that decrease in grain
size to silt and clays at the top of the deposit (Bouma, 1962;
Middleton and Hampton, 1976).

Landsliding, particularly within submarine canyons
(Carlson and others, this report), appears to be an impor-
tant, if not essential, part of the process of building deep-sea
fans, which are among the most extensive sedimentary
features of the Earth’s surface. The circumstances surround-
ing these slope failures and their subsequent conversion into
turbidity currents are poorly understood, however. Storms
cause sediment movement in canyons, perhaps by inducing
slumping near the canyon heads (Marshall, 1978) or per-
haps by introducing or resuspending enough sediment to
form a density current directly (Shepard and Marshall,
1973; Reynolds, 1987). Earthquakes also cause landslides
in canyon heads and subsequent turbidity current flow
(Malouta and others, 1981; Adams, 1984), but details of
this process are lacking. Major earthquakes and other
shocks do not always cause canyon-head landslides (Shep-
ard, 1951; Dill, 1969). Landsliding in canyon heads and
turbidity current mobilization were likely more common
during glacial cycles (Nelson, 1976; Barmard, 1978)
because of lowered sea level, increased sediment supply
and possibly, increased storm wave loading. Thus, many of
these submarine canyons and deep-sea fans, unlike fjords
and river deltas, are not active areas of slope failure today.

The Open Continental Slope

A final common environment for undersea landslid-
ing in the U.S. EEZ is the area between submarine canyons
on the continental slope. Landslides have been reported all
around the U.S. margin along slopes removed from subma-
rine canyon systems. Included are slopes off southern
California (Buffington and Moore, 1962; Haner and
Gorsline, 1978; Field and Clarke, 1979; Nardin, Edwards,
and others, 1979; Nardin, Hein, and others, 1979; Ploessel
and others, 1979; Field and Edwards, 1980; Field and
Richmond, 1980; Hein and Gorsline, 1981; Thornton,
1986; Edwards, Lee, and Field, this report; Field and
Edwards, this report), central and northern California (Field
and others, 1980; Richmond and Burdick, 1981; Field and
Barber, this report; Gutmacher and Normark, this report),
off Alaska (Marlow and others, 1970; Hampton and
Bouma, 1977; Carlson and others, 1980; Hampton, this
report; Kayen and Lee, this report), in the Gulf of Mexico
(Lehner, 1969; Woodbury, 1977; Booth, 1979; Booth and
Garrison, 1978; Twichell, Valentine, and Parson, this
report; and McGregor and others, this report), and along the
Atlantic coast (Embley and Jacobi, 1977; McGregor, 1977,
Knebel and Carson, 1979; McGregor and others, 1979;
Malahoff and others, 1980; Booth and others, 1984, 1988;
Cashman and Popenoe, 1985; O’Leary, 1986; Booth and
others, this report; O’Leary, this report; Popenoe,
Schmuck, and Dillon, this report; Dillon and others, this
report). The failures are found near river mouths and far
removed from them, as well as in both arid and humid
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Figure 4. Locations of landslide studies described in this report. Numbers refer to sections listed in table 1. The shaded

area is the U.S. EEZ.

climates. Ages of the slope failures are seldom known, so
we cannot determine whether they occurred under glacial or
interglacial conditions, nor can the recurrence interval be
estimated with any degree of accuracy. Many were proba-
bly seismically induced because typical continental slopes
have gradients of 5° or less which would be expected to be
statically stable. Storm-wave loading is seldom a major
factor much below the shelf break (Lee and Edwards,
1986). Occurrence of slope failures seems to correlate with
sedimentation rate, slope declivity, seismicity, and pres-
ence of bubble-phase gas and gas hydrate, but the relation-
ship is complex (Field, 1981).

SECTIONS IN THIS REPORT

This report contains 20 sections that discuss land-
slides within the U.S. EEZ (fig. 4, table 1). The locations
of these landslides are distributed fairly uniformly around
the United States. This compilation is not exhaustive,
however. Rather, the goal is to show the variety of
landslides that have been found, the associations of the
landslides with other features, methods that have been used
to understand the causes and mechanisms of the landslides,
and the potential that some of these features have as a
hazard to coastal and offshore development. One of the
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Table 1. Sections included in this report

No. Authors Study area Major theme of section
2 Booth and others - Continental slope, Atlantic-margin Variety and distribution of Landslides on Atlantic margin
3 O’Leary ’ Continental slope, southeast New England Large-scale landsliding is a principal formative process of
the New England continental margin
4 Popenoe, Schmuck, Cape Fear landslide, continental slope, Slope failure induced by salt tectonics and decomposition of
and Dillon North Carolina gas hydrate during low sea level
5 Dillon and others Lion’s Paw landslide, Blake Escarpment, Erosional processes cause carbonate escarpments to fail
o Florida
6 Schwab, Danforth, Insular slope, Puerto Rico Debris avalanche controlled by structure and regional tec-
" and Scanlon tonic setting
7 Twichell, Valentine, Continental shelf and and West Florida Erosional processes cause carbonate slopes to fail
and Parson Escarpment, Florida
8 Coleman and others Mississippi River Delta, continental Slope failures are common on active deltas and can affect
‘ shelf, Louisiana offshore development
9 . McGregor and others Continental slope, western Gulf of Salt diapirism related to the style of slope failures
’ Mexico, Texas
10 Kayen and Lee Continental slope, Beaufort Sea, Alaska Slope failures induced by decomposition of gas hydrate
during low sea level
11 Carlson and others  Beringian margin, submarine canyon Mass movement is the principal process dominating the
: Bering Sea Alaska submarine canyon environment
12 Hanipton Kodiak continental margin, Alaska Slope failures controlled by structure and regional tectonic
setting
13 Hampton, Lemke, Fjords, Valdez and Seward, Alaska Effects of earthquake-induced slope failures on communities
and Coulter along fjords
14 Schwab and Lee Continental shelf, Gulf of Alaska Different slope failure morphologies result from different
failure mechanisms
15 Field Continental shelf, northern California Earthquake-induced liquefaction
16 Field and Barber Continental slope, northern California Slope failures associated with gas-charged sediment
17 Gutmacher and Sur submarine landslide, continental Large slope failure on a margin with a low sedimentation
Normark slope, central California rate
18 Edwards, Lee, Gaviota mud flow, basin slope, Processes controlling earthquake-induced mud flow
and Field southern California

Southern California borderland

19 Field and Edwards

20 Normark, Moore,
and Torresan

. Hawaiian Ridge, Hawaii

Insular slope, Oahu, Hawaii

Regional distribution of landslides in a well-studied area

Giant slope failures are a primary process in the formation of
many volcanic islands

Storm-wave-induced slope failure of carbonate sediment

21 Normark and others

sections in this report- (Hampton, Lemke, and Coulter)
considers sediment failures in fjords, three sections consider
failures in rapidly deposited sediment on the continental
shelf (Coleman and others; Field; Schwab and Lee), one
section (Carlson and others) considers mass instability in
submarine canyons, and the remaining fifteen sections are
concerned with failures of varying size on continental,
insular, or basin slopes. The slope environment is empha-
sized because the largest and most spectacular landslides
occur here and more nearly complete coverage with
sidescan-sonar mapping has been obtained during the U.S.
Geological Survey EEZ-SCAN Project (Gardner, 1986).
More landslide deposits are preserved in the slope environ-
ment through glacial stages when the continental shelves are
subaerially exposed and coastal fjords are filled with gla-

ciers. That is, more landslide deposits are preserved on
continental and insular slopes even though the frequency of
landslide recurrence may be much greater in deltaic deposits
on the continental shelf and in fjords.

The sections in this report provide insights into the
presence of mass movement features and processes that
control submarine mass movement. Although marine
researchers and engineers are attempting to resolve the
problems associated with slope instability through the use of
more quantitative methodologies, the results of recent
sea-floor mapping surveys provide a constant reminder that
there is much yet to be known. The marine researcher will
be tasked with the responsibility to solve these unknowns in
the 1990’s and beyond as the economic significance of the
sea floor increases. As many of the sections in this report
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suggest, however, marine research will not only provide
solutions but will continue to reveal new mysteries.
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U.S. Atlantic Continental Slope Landslides: Their
Distribution, General Attributes, and Implications

By J.S. Booth, D.W. O’Leary, Peter Popenoe, and W.W. Danforth

INTRODUCTION

Because of its relatively gentle slopes and tranquil
environment, the sea floor off the Atlantic coast was not
considered a likely place for landsliding. In fact, many
researchers associated with the offshore geologic studies
that preceded the oil- and gas-lease sales of the 1980’s
believed that the continental slope would be shown to be
basically inert—a quiescent environment which was grad-
ually, over long periods or perhaps at rare intervals,
undergoing some erosion but, in general, becoming increas-
ingly more stable. Recent systematic surveys, culminating
with a Geological LOng-Range Inclined Asdic (GLORIA)
sidescan-sonar survey (EEZ-SCAN 87, 1991), and studies
of geologic processes have revealed, to the contrary, that
not only have there probably been hundreds of landslides on
the U.S. Atlantic continental slope but that most of the
mappable landslides have occurred in relatively recent
geologic time.

Here, we focus on 179 individually mapped land-
slides on the U.S. Atlantic outer continental margin. Our
purpose is to provide a qualitative overview and a statistical
summary of the distribution and characteristics of these
landslides and a brief analysis of observed tendencies,
associations, trends, and correlations that may give insight
into the causes and processes of marine landsliding. A
complete listing of the data used in this chapter may be
found in Booth and others (1988). The largest landslides
and areas of extensive mass movement are shown on the
GLORIA imagery (pl. 1, envelope inside the back cover).

GEOLOGIC SETTING

The continental slope off the Eastern United States is
a relatively steep and narrow rampart between the Atlantic
Ocean basin and the North American continent. In terms of
water depth, it extends from the edge of the continental
shelf (75 to 200 meters (m) water depth) to approximately
2,000 m, where it is bounded by the continental rise. From
Georges Bank south to Cape Hatteras, the physiography of
the continental slope is dominated by the presence of
numerous canyons and canyon systems. South of Cape
Hatteras, the slope’s typical ramplike appearance is inter-
rupted by the broad Blake Plateau, which separates the
inner Florida-Hatteras slope from the Blake Escarpment
(outer slope), thus giving the margin a stairstep appearance
in this region.

This complex morphology is a reflection of a conti-
nental margin that has been extensively modified through
time (see, for example, Schlee and others, 1979). Regional
slope angles may be as low as 1° or 2°, but they commonly
approach 10° (Keller and others, 1979) and may be greater
than 15°, as on the Blake Escarpment (Emery and Uchupi,
1972). Locally, declivities frequently exceed 20° and some
canyon walls are practically vertical (see, for example,
O’Leary and Twichell, 1981). In the Tertiary and Quater-
nary Periods (that is, the Cenozoic Era, or approximately
the last 66 million years of Earth history), the slope
experienced a series of transgressive-regressive cycles
(gradual submergence then re-emergence of land areas in
response to the relative rise and fall of sea level), during
which it was subjected to progradation (building seaward)
as well as large-scale net erosion.

Near the top of the continental slope, the Quaternary
sedimentary section (which represents about the last 2
million years of Earth’s history) typically is 200 to 300 m
thick (Poag and Sevon, 1989). It is composed chiefly of
muds (silts and clays) which were derived primarily from
erosion of the adjacent land mass. Calcareous sediment
(commonly composed or derived from shells and shell
fragments) is locally dominant off parts of the Southern
United States, whereas sands and gravels derived from
melting glaciers or related processes are locally dominant
off New England. The Quaternary sediment section, in
general, thins and becomes more uniformly layered to
seaward; in places on the lower slope, particularly in
canyons, it is absent. Thus, viewed in cross section, the
Quaternary sediment, which is frequently involved in slope
failure and mass movement, is a tilted, wedge-shaped mass
lying atop the Tertiary sediment beneath it.

The Tertiary sediment section is more varied in
composition and stratification. Schlee and others (1979),
Robb and others (1981), and Poag and Sevon (1989) have
shown that the lower part of this approximately 3-km-thick
section comprises mainly indurated chalk or limey clay.
The sediment at this stratigraphic level also has a high silica
content; in places it resembles porcelain. Higher in the
Tertiary section, the sediment is more typically muddy, but
sands containing a distinctive green mineral (glauconite) are
present as well. Tertiary sediments are also involved in
landslides.

MAPPING METHODS AND LIMITATIONS

A variety of data sources was used to identify and
enumerate the landslides and related features. Primarily,
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high-resolution, seismic-reflection profiles and sidescan-
sonar images served as the basis for our compilation (for a
description of these techniques see Lee, Schwab, and
Booth, this report). The many investigations (dating from
1952) used to compile the landslides data base encompass a
considerable range in technology, navigational accuracy,
acoustic resolution, and data-processing sophistication.
Consequently, there are various degrees of data quality and
confidence associated with the identification and interpre-
tation of the previous studies. Furthermore, because much
of the systematic survey work was conducted in areas of
pending oil- and gas-lease sales, the coverage is regionally
biased; that is, coverage of 'the continental slope is not
uniform. The plotted distribution of landslides is, thus, not
necessarily representative of the true distribution and areal
extent of the largest landslides. .

The spacing of the seismic-reflection profiles is
another limitation. As examples, landslides that have
dimensions considerably less than the grid spacing used in
the surveys have a relatively low probability of detection,
and the actual size (length and width) of the slope failure
features are bracketed by the grid spacing rather than known
precisely.

Although most data sources were used in the general
compilation, the data base used for statistical description
and analyses was limited to those values or interpretations
that were judged to be of relatively high quality. Still, the
accuracy or utility of the preponderance of the data used for
the statistical work cannot be verified. Nonetheless, we
assume that data used in our analyses is of acceptable
quality and is the best data set available in any case (the
reader is referred to Booth and others (1988) for more
details on the methods, limitations, and data base).

OVERVIEW OF LANDSLIDES

Distribution

Evidence of landsliding exists across the entire
breadth of the U.S. Atlantic continental slope (fig. 1). The
data suggest that each of these landslides occurred within
the last 2 million years and that almost all occurred within
the last 200,000 years (Booth and others, 1988). Despite the
inference created by the presence of landslide complexes,
which to some extent reflect biased survey coverage, slope
failures are apparently not limited to specific areas nor are
‘they uniformly distributed. Also evident in figure 1 is the
great extent of the largest landslides. Most of these major
landslides comprise debris flow or other types of flow
deposits, which extend 100 km or more out onto the
continental rise. The larger landslides and landslide-related
features have been outlined on the Atlantic U.S. Exclusive
Economic Zone (EEZ) GLORIA sidescan-sonar imagery
(pl. 1, in envelope). A more complete map of landslides and

related features is presented in Booth and others (1988).
Other maps showing the distribution of landslides have been
published by Embley and Jacobi (1986) and Tucholke
(1987).

Landslides have originated in all but the greatest
water depths. Figure 2 shows their distribution with respect
to bathymetry; it also shows that the mid-slope region (800
to 1,000 m water depth) is favored as an origination depth.
Landslides have even originated at the base of the slope and
at the top of the rise (2,000 to 2,200 m water depth); in fact,
the Depth-of-Origin histogram (fig. 2) implies that there is
a mode (increased tendency for landslides to originate) in
these water depths. This is somewhat of a paradox. Intu-
itively, we would expect that landslides would terminate,
rather than originate, at those depths because there is a
pronounced reduction in slope angle at the top of the
continental rise (from an average of 5° to 6° on the
continental slope to less than 0.1° farther out on the rise);
that is, we would expect that landslides would tend to slow
down and stop on the flatter surface of the rise. In fact,
despite the slight tendency for landslides to originate at the
slope-rise boundary, the data (fig. 2) show that a large mode
in termination depth (depth of the toe of the landslide
deposit) is, in fact, present at 2,000 to 2,200 m. As is the
case for origin depth, however, landslide termini have been
mapped over the entire range of depths investigated, and as
shown in figure 2, another, broader mode is centered at
about 1,100 m. '

Dimensions and Declivities

There is a considerable range in the dimensions of the
areas affected by landslides. Measured lengths vary from
0.3 to 380 km (most common length: 2 to 4 km); widths
vary from 0.2 to 50 km (most common width: 1 to 2 km).
The thickness of the sedimentary section involved in the
landslides (at or near its origin) varies from 10 to 650 m.
Given the stated limitations concerning survey line spacings
and resolution of the acoustic data, there are probably many
landslides areas even smaller or thinner than those meas-
ured. As shown in figure 3, landslide areas range from less
than 0.1 km® up to approximately 19,000 km?, which is
roughly the size of New Jersey. Nearly two-thirds of all
landslides, however, have an area of 10 km? or less.

Numerically, most landslides have occurred at decliv-
ities of 4° or less, there is a dramatic drop in landslide
frequency at angles greater than 4°, and landslides on slopes
greater than 10° to 12° are rare (fig. 4). Moreover, although
landslides took place at slope angles of up to 30° it is
apparent that steep slopes are not necessarily associated
with the slope failures despite the presence of the numerous
submarine canyons, which tend to have steep sidewalls (the
slight rise in landslide frequency at slope angles of 13° and
14° is, however, attributed to submarine canyons).

U.S. Atlantic Continental Slope Landslidés: Their Distribution, General Attributes, and Implications 15
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Figure 1. Distribution and style of landslides and related features (modified from Booth and others, 1988).

Style

The frequency distribution of the landslide types is
shown in the histograms (fig. 5). The prevalence of the
types of mass movements that involve a breakup or frag-
mentation of a sediment section indicates that once a slope
failure has taken place, the failed section of slope tends to
disintegrate into a structureless mass. To achieve this
condition, the sediment must be in a “steady state.” The
concept of steady state and its relevance to disintegrative
failures are presented in Schwab and Lee, this report.
Despite the prevalence of disintegrative mass movements,
slides and other varieties of landslides also are common
(fig. 5), which suggests that slope failures are not restricted
to or associated with a unique set of initial sediment

16

conditions. In fact, the variety of styles shown probably
suggests that landsliding has occurred in a variety of
sediment types as well as under a variety of conditions. The
modest dominance of translational (straight slip plane) over
rotational (curved slip plane) failures (fig. 5) is not consid-
ered meaningful because of the uncertainties in data quality.

Morphologic Setting

Slope failures have occurred on gentle, smooth
slopes; on steep walls of submarine canyons; on ridge
crests; and on a variety of other topographic features,
including mounds, alcoves, small gullies, slopes with rough
terrains, and deeply embayed regions (fig. 6). Because each
of the three major morphologic settings shown in figure 6

Submarine Landslides: Selected Studies in the U.S. Exclusive Economic Zone



Figure 2. Origin and termination of landslides.
Slope failures have occurred at all but the greatest
depths shown but most commonly at about 900
meters. Note also the mode in origin below 2,000
meters. Termination depths of landslides (depth at

has experienced numerous landslides, we suggest that
landsliding is not just ubiquitous but has happened with
significant frequency in each setting. Canyons, because of
their relatively steep sides, would intuitively seem to be the
most likely site for landslides, but, as also indicated in
figure 6, at least on a numeric basis there have been more
landslides on smooth, gentle slopes (hereafter called open
slopes).

Summary

The occurrence of landslides on the U.S. Atlantic
continental slope is widespread: landslides have taken place
in all geographic areas, all water depths, and at all slope
angles. They may be found associated with all types of
topographic features, and they occur in a variety of styles or
landslide types and range in size from virtually impercep-
tible to nearly 20,000 km?. Although the attributes of these
landslides vary widely, some generalizations can be made.
Table 1 is a tabulation of characteristics of a “typical”
landslide.

ASSOCIATION AND TRENDS

Analysis of the data base shows that several variables
either change systematically in association with other vari-

sase) JO "ON

toe of landslides) have two primary modes: at
mid-slope water depths (approximately 1,100
meters) and at the base of the continental slope
(approximately 2,100 meters, where the slope
angle is reduced).

ables or are somewhat constrained by the presence or
absence of certain conditions. These relationships can
reveal fundamental mechanisms that control landsliding
(Lee, Schwab, and Booth, this report) and may provide
insight into how and why landslides occur. Although a
complete treatment of all the various tendencies is beyond
the scope of this paper, we believe that two in particular are
worthy of discussion: the relationship between slope angle,
morphologic setting, and the size of the landslide; and the
tendency for landslides to be disintegrative (that is, for the
displaced mass of sediment to continue to lose its internal
structure or change its shape).

Table 1. Characteristics of a “typical” landslide

Length 2 to 4 km
Width 1 to 2 km
Thickness 50 m
Origin water depth 900 m

Termination water depth 1,100 and 2,100 m

Slope angle (at origin) 4°

Morphologic setting Open slope

Style (type of landslide) Mass flow generated from a
translational failure plane

U.S. Atlantic Continental Slope Landslides: Their Distribution, General Attributes, and Implications 17
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folded or “wrinkled”; Debris slide—displaced mass con-
sists of large rock fragments or rubble (similar to the

Associations of Angle, Setting, and Size

Comparison of landslides found on open slopes with
those found in canyons shows that the average-sized open-
slope landslide (=100 km?®) tends to occur at lower slope
angles and is much larger (by an order of magnitude) than
the average canyon landslide ~6 km?). Furthermore,
regardless of morphologic setting or other characteristic,
large-scale landslides (area greater than 100 km?) tend to be
associated with gentle slopes (approximately 3° to 4°).
Similarly, small-scale landslides (average area less than 5
km?) tend to be associated with steep slopes (greater than or
equal to 10°). The basic associations between area and slope
angle for both open-slope landslides and canyon landslides
are shown in figure 7. Note that in contrast to the trend
showing a decrease in area of open-slope landslides with
increasing declivity, the area of canyon landslides remains
fairly constant until the slope angle exceeds about 15°.

That the sizes of canyon landslides would be less than
their open- slope counterparts is somewhat intuitive: can-
yons are relatively confined areas themselves. Moreover,
the total area of the continental slope occupied by steep

Carpet Slide

Debris Slide Debris Flow

Flow Bowl

debris avalanche defined in Lee, Schwab, and Booth, this
report); Flow bow/—a depression associated with a sedi-
ment mass that has collapsed or liquefied at depth, or
possibly throughout its entire thickness; Debris flow—a
completely deformed, displaced mass that has moved as a
viscous fluid. The insert shows the percentages of land-
slides that originated on straight (translational) and curved
(rotational) failure planes. Values rounded to nearest
whole percent.

slopes is likewise relatively small and mostly associated
with canyons. On the other hand, if we focus on the
open-slope data, it is evident from figure 7 that in addition
to the apparent general correlation between slope angle and
landslide area, there is also a pronounced difference in area
between the landslides that occurred on slopes greater than
or equal to 9°, which have areas ~100 to 1,000 km?, to
those that took place on slopes of greater declivity (=~1
km?). In summary, the landslides that took place on open
slopes not only were much more frequent in regions of low
declivity but also tended to be greater than or equal to two
orders of magnitude larger than in regions of high declivity.

The Tendency Toward Disintegrative Landslides

A second aspect of the landslides is that most land-
slide products are disintegrative in nature. After initial slope
failure, whether it be translational or rotational, most
landslide bodies tend to develop large strains, lose their
internal structure, and consequently, flow, collapse, or
generally break up into debris or rubble. As indicated on
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tegrative landslides (that is, the displaced mass of sedi-
ment continues to lose its internal structure or change its
shape at stresses less than those that caused the initial

figure 8, nearly two-thirds of the landslides have suffered
this fate. This implies that the sediments tend to weaken
considerably once they experience stresses greater than their
natural strength can withstand. Such weakening can hap-
pen, in some cases, even if that excess stress is only
momentary (that is, from an earthquake).

SOME POSSIBLE CAUSES OF LANDSLIDES

Both the relationship between angle, setting, and
landslide size and the tendency for landslides to be disinte-
grative bear on landslide genesis. We consider the associ-
ations of low slope angles, large landslides, and open slopes
to be significant. The occurrence of large-scale landslides
on gentle slopes implies that regional, rather than local,
factors have been dominant. Furthermore, slope angle,
which is commonly an important factor controlling the
initiation of a landslide, does not appear to be important for
these landslides. In fact, the angles involved are well below
those normally required to initiate landslides. Specifically,
static forces alone at angles less than 10° would not be
enough to cause slope failures except in the most anoma-
lously weak sediments; angles exceeding 15° to 20° would

Disintegrative

slope failure) and non-disintegrative landslides (that is,
the displaced mass of sediment retains its original shape
and internal structure after the initial failure).

be more typical. The fact that the landslides tend to be
disintegrative is compatible with the assertion that regional
mechanisms may be involved and may also suggest that a
relatively rapid stress increase or strength reduction took
place within the sediment column.

We have seen that (1) landslides are pervasive and
that there are no apparent exclusionary factors based on
location, slope angle, depth, or morphologic setting, (2)
slope angles associated with the landslides are generally
much less than those normally required to influence slope
stability under static conditions, (3) the lower-angle land-
slides tend to be larger in area, and (4) the landslides tend
to be disintegrative. Although it is evident that there has
been a variety of causes for the landslides, transient forces
(especially those that could affect large areas) likely played
a significant role in producing many of the slope failures
documented here. Earthquake loading is the most common
transient force affecting these slopes.

The east coast continental margin, although not prone
to as frequent or intense earthquakes as the Californian or
Alaskan margins, is not aseismic. Large earthquakes that
have occurred at Cape Ann, Mass. (1638, 1755), Charles-
ton, S.C. (1886), and more recently, in the Grand Banks
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region off the Canadian Maritimes (1929) testify to this.
Apparently, they would have approached or exceeded a
magnitude of 7 on the Richter scale. The Cape Ann and
Charleston earthquakes caused extensive damage locally.
The Grand Banks earthquake caused a slope failure which
was directly responsible for a series of breaks in trans-
Atlantic cables on the sea floor. Moreover, since their
relatively recent emplacement (around 1970), seismic sta-
tions have recorded many small tremors off the coast of the
northeastern United States (for example, Yang and
Aggrawal, 1981). These tremors may contribute, through
ground shaking and a reduction in the strength of the
sediment, to the development of an unstable condition on
some sections of the continental slope or rise. Earthquakes
can easily produce the levels of loading necessary to fail
these lower-angle slopes (Morgenstern, 1967).

Accordingly, we hypothesize that earthquakes are a
major cause of landslides on the continental slope. Earth-
quakes fit the implied criteria derived from the landslides
data base. They can induce slope instabilities over broad,
morphologically varied areas of low slope inclination; they
promote disintegrative landslides; and they are sufficiently
frequent on this “passive” continental margin to be a factor
in numerous observed slope failures.

Gas may be abundant in frozen form (gas hydrates)
beneath the southern part of the U.S. Atlantic outer conti-
nental margin (Popenoe, Schmuck, and Dillon, this report).
If frozen gas were converted to free gas by a change in
pressure, such as by a lowering of sea level during an ice
age, it could trigger landslides by lowering sediment
strength (Kayen and Lee, this report). We suggest, there-
fore, that gas hydrates also may have played a role in some
of the observed slope failures.
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Submarine Mass Movement, a Formative Process of
Passive Continental Margins: The Munson-Nygren
Landslide Complex and the Southeast New England

Landslide Complex:

By D.W. O'Leary

INTRODUCTION

Evidence of extensive submarine mass movement
along continental slopes rimming the Atlantic Ocean began
to appear in the 1970’s (Embley, 1976; Jacobi, 1976;
Embley and Jacobi, 1977). High-resolution seismic-
reflection or echo-sounder profile data from that time shows
irregular, disrupted stretches of sea floor and chaotic
deposits upon, or not deeply buried beneath, the sea floor.
This geophysical evidence has been confirmed by cores and
photographs which show sediments at the sea floor with
embedded fragments of rock far removed from their original
sites of deposition.

During the time this evidence began to accumulate,
the notion of a “passive continental margin” was developed
(Burk and Drake, 1974). Continental slopes around the
Atlantic (with the exception of the Caribbean region) were
considered to be passive, which meant simply that geolog-
ical processes conducive to sea-floor instability, such as
subduction of oceanic crust, active faulting, and slope
steepening, do not occur. Rather, passive margins are sites
of more or less gradual subsidence in response to sediment
deposition and crustal aging. To explain extensive mass
movement on passive margins, geologists appealed to
processes such as failure of unstable masses of deltaic
sediment deposited on the upper part of the continental
slope during times of low sea level (during ice ages), to
oversteepening of the lower part of the slope by deep
current erosion, to infrequent but major earthquakes, to gas
generation, and even to bioerosion (Saxov and Nieuwen-
huis, 1982; Lee, Schwab, and Booth, this report).

By the middle 1980’s, marine survey data included
sidescan-sonar images which showed that submarine land-
slides along the Atlantic margin are more common than
previously thought and that some are of enormous extent
(Kidd and others, 1985; Bugge and others, 1988; Booth and
others, this report). The new data implied that mass
movement might be an integral phenomenon in the evolu-
tion of passive continental margins.

The geological problem that large submarine slides
represent in the passive margin setting is examined in this
section with reference to two centers of mass movement
located on the continental slope off New England: the
southeast New England landslide complex and the Munson-

Nygren landslide complex (fig. 1). The descriptions of
these submarine landslide complexes and their geological
setting are based mainly on data obtained during a Geolog-
ical LOng-Range Inclined Asdic (GLORIA) sidescan-sonar
survey conducted in 1987 (O’Leary, 1988a); however, the
search for an understanding of causes and processes
depends on additional and more varied data, only some of
which can be cited here and much of which still remains to
be gathered.

SUBMARINE LANDSLIDE COMPLEXES OFF
NEW ENGLAND

The southeast New England landslide complex and
the Munson-Nygren landslide complex appear, on the basis
of the GLORIA sidescan-sonar data, to be the only large
(>6,000 square kilometers (km?) areas of mass movement
along the continental slope off New England. Evidence of
mass movement within the area of the southeast New
England landslide complex was first recognized by Uchupi
(1967); subsequent seismic-reflection surveys revealed that
a wide area of the continental rise in this region is covered
by mass-movement debris (Macllvaine and Ross, 1979;
Embley, 1982; Vassallo and others, 1984). Evidence of the
Munson-Nygren landslide complex was first reported by
O’Leary (1986).

It was clear from the earlier work that large masses of
strata had been subject to slope failure within these two
areas, but the spatial relationships of individual failures and
mass-movement deposits that characterize each area were
unknown until data were acquired by a GLORIA sidescan-
sonar survey (O’Leary, 1988a). Sidescan-sonar images and
seismic-reflection profiles show that small individual land-
slides as well as exceptionally large ones contribute to each
landslide complex and that mass movement has recurred
both within and adjacent to previous slope failures. Because
of the apparent chronological and spatial complexity, the
term landslide complex is applied to the two broad areas of
mass movement.

SOUTHEAST NEW ENGLAND LANDSLIDE
COMPLEX

The southeast New England landslide complex
extends along the New England continental slope from
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Figure 1. Areas of the New England continental slope and rise occupied by mass movement complexes: (A)
Southeast New England landslide complex; (B) Munson-Nygren landslide complex.

Hudson Canyon east to 69°30"W. (fig. 2), a distance of 200
kilometers (km). The complex comprises four major land-
slides and numerous lesser areas of mass movement, as well
as masses of sediment that have issued from canyons and
that coalesce with the larger mass-movement deposits. The
four major landslides (or centers of mass movement) within
the southeast New England landslide complex, the Block
Canyon landslide, the Atlantis Canyon landslide, the Nan-
tucket Canyon landslide, and the Veatch Canyon landslide,
are named for the largest canyons that seem to have been
involved in or modified by each slope failure (fig. 2). Each
landslide complex is represented along the upper rise by
broad depressions bounded by scarps as much as 150 meters
(m) in relief (fig. 3).

Slope failure generally originated on the continental
slope in water depths greater than 750 m. Evidence includes
irregular scarps and cliffs that range in relief from 10 to 200

m (fig 4). Most strata of Pleistocene age (10,000 to 2
million years old) have been removed, along with an
unknown amount of older strata. Chalky sediment of
Eocene age (38 to 54 million years old) has been sampled
from the sea floor below the landslide scarps (Gibson,
1965), and blocks of chalk have been sampled from debris
on the rise, indicating that hard, deeply buried strata have
been exposed by mass movement and, at least locally,
involved in the transport.

Despite the gentle slope inclination (4° to 8°), mass
movement has been remarkably complete. The lower slope
is nearly bare of rubble except for tongues of debris that
have formed below some of the larger scarps, probably as a
result of rockfalls or partial collapse of sections of scarp.
There is no clear evidence of any large slabs that have
survived transport across the slope nor any slabs that have
been arrested close to the scarps, whereas the rise is
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Figure 2. Generalized map of the southeast New England landslide complex. Numbered heavy line

locations of seismic-reflection profiles shown in corresponding figures.

blanketed by sheets of debris as much as 50 m thick and 50
km wide (figs. 2, and 5). Some mass-movement deposits
are separated vertically from others by intervals of well-
layered strata, suggesting geologically significant periods of
quiescence and normal deposition between mass move-
ments (fig. 5).

Submarine Mass Movement, a Formative Process of Passive Continental Margins

segments indicate

Debris from the landslides has spread across the
upper rise to form broad, flared deposits which have sharply
defined, irregular borders (figs. 2 and 6). The GLORIA
images show the debris as light gray areas (areas of high
acoustic backscatter intensity) and the undisturbed sea floor
as dark gray (areas of low acoustic backscatter). The
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boundaries of the mass-movement deposits mapped from
the GLORIA images show that transport of debris was
halted or diverted by subtle rises of the ocean floor more
than 100 km from the landslide heads (figs. 2 and 6). The
debris typically pinches out at the contacts with little relief.

A number of submarine canyons feed into the south-
east New England landslide complex. The larger canyons
appear to predate mass movement, because some are
evidently partly filled with debris, and sediment that drapes
their upper walls has been partly removed by mass move-
ment (fig. 7). Other canyons, however, clearly postdate the
major mass-movement events, because they slice through
some of the failure scarps on the slope (fig. 8). GLORIA
images of the continental rise show that mass-movement
debris partially dammed canyons. Veatch Canyon was
actually overridden by debris of the Veatch Canyon land-
slide (fig. 9), whereas Hudson Canyon was partly filled by
debris of the Block Canyon landslide that entered through
alcoves along the east bank (fig. 10). Carstens Valley,
which originates on the continental rise itself, was partly

choked by the Block Canyon landslide debris; its head and
upper region are nearly obscured by debris (fig. 11).

MUNSON-NYGREN LANDSLIDE COMPLEX

The Munson-Nygren landslide complex occupies the
lower slope off Georges Bank between Munson and Nygren
Canyons and just west of Munson Canyon (figs. 1 and 12).
A sequence of at least three separate landslides has occurred
between Munson and Nygren Canyons at a water depth of
about 1,900 m. Little is known about the oldest landslide;
evidence of its existence consists of a rubble deposit shown
in a seismic-reflection profile (fig. 13). This deposit is
truncated by a 325-m-high scarp that represents a younger
(and the major) landslide. The scarp that is associated with
the second phase of mass movement forms a narrow alcove
6 to 10 km wide that extends 45 km downslope to where it
opens on the continental rise and loses topographic defini-
tion (fig. 12). Displaced slabs as much as 250 m thick, and
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Figure 6. GLORIA sidescan-sonar imagery shows a broad distribution of debris within the southeast New England
landslide complex (area A, fig. 1); debris shows as relatively light gray tones in the images. Wispy light and dark tones
oriented north-south in eastern half of the image are debris flow lines. See figure 2 for further interpretation.

locally back-tilted blocks represent a third phase of land-
sliding toward the central Munson-Nygren landslide trough;
the zone of these displaced slabs extends laterally for
distances as much as 5 to 10 km back from the scarp (fig.
14) and apparently led to breaching of the east wall of
Munson Canyon and to partial filling of the canyon with

debris (figs. 15 and 16). The GLORIA images show that
mass movement along the west flank of Munson Canyon
constitutes a distinct landslide comparable in size to the
Munson-Nygren landslide. It is called the Retriever land-
slide, because it spreads its debris directly downslope
toward Retriever Seamount (fig. 12).
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Figure 7. SeaMARC | sidescan-sonar image shows embayed, collapsed west wall of Atlantis Canyon. This image has been
enhanced to emphasize the arcuate scarps forming the canyon rim as well as steep outcrops and cliffs along the wall.
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Debris from the Retriever landslide seems to be older
than sediment issued from Munson Canyon; whereas sedi-
ment from Munson Canyon merges rather completely with
debris of the Munson-Nygren landslide, indicating coeval
activity (fig. 17). Debris from the Munson-Nygren land-
slide complex extends across the rise for a distance of at
least 200 km and over a width of sea floor as great as 80 km
(fig. 12). The total combined debris sheet, not much thicker
than about 35 m, has flowed around Retriever seamount,
partly burying it.

COMPARATIVE FEATURES OF THE LANDSLIDE
COMPLEXES

The southeast New England landslide complex and
the Munson-Nygren landslide complex share important
similarities in structure and form, but there are significant
differences in their physiographic settings and in the char-

Submarine Mass Movement, a Formative Process of Passive Continental Margins

acter of the respective debris deposits. The similarities and
the differences present interesting implications about origin
and process.

In both areas, landsliding originated on the middle to
lower part of the continental slope (the headwall scarps are
at 750-m to 1,900-m water depths) and involved thick
sections (less than or equal to 300 m) of consolidated,
well-bedded strata. Both areas of mass movement also show
evidence of deformed layers deep in the sedimentary section
(intrastratal deformation; figs. 3 and 14). Mass movement
has been complex in both areas, involving multiple and
sequential displacements that have cut into or occurred
within older mass movement deposits.

In both areas, landsliding has been geologically
recent; the youngest strata resolvable by echo-sounding,
strata of late Pleistocene age (about 20,000 years old), have
been cut. Landsliding in both areas also postdates the
episode of major canyon cutting along the slope, although it
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Figure 8. SeaMARC | sidescan-sonar image shows small canyon cut through a mid-slope head-wall scarp of the
southeast New England landslide complex. The scarp faces downslope and is in acoustic shadow (white tone).
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Figure 9. Echo-sounder profile shows Veatch Canyon nearly filled by debris of the Veatch Canyon landslide. The debris
crossed the canyon from the north, partly filling it, and extended for some uncertain distance to the south.

is clear that in the southeast New England landslide com-
plex, at least, some canyons have formed along with or
following some of the mass movement, and Munson Can-
yon has been active following some deposition in the
Munson-Nygren landslide complex (fig. 17).

In both areas, mass-movement debris is almost totally
disintegrated; only small blocks of hardened sediment have
survived transport. The strata subject to mass movement
must have been unable to withstand the stress of movement
and must have fragmented in the manner of subaerial
landslides. The disintegrated debris was remarkably
mobile. In both areas, it spread out, away from the landslide
head across a sea floor inclined at less than a degree.

The two landslide complexes occupy distinctly dif-
ferent physiographic settings. The southeast New England
continental slope is an area of mainly parallel stratification
in which the lower slope steepens with depth and forms an
abrupt contact with a more gently sloping continental rise
surface (fig. 18). The Munson-Nygren landslide complex
and the Retriever landslide occur along a segment of slope
which is steepest above the headwall scarp (fig. 13) and

which otherwise curves gradually into the continental rise.
It is easy to see how slope steepness in the former setting
controls the extent of mass movement and the location of
the slope failure scarps of the southeast New England
landslide complex. Given the more or less uniform physical
properties and sediment type, however, it is difficult to
understand how slope failure could occur in the latter
setting, because failure has taken place on the more gently
inclined and presumably more stable lower part of the
slope. Most of the slope along Georges Bank (fig. 1), a
distance of 350 km, features physiographic characteristics
typical of the Munson-Nygren area; near Munson and
Nygren Canyons, there do not appear to be any distinctive
environmental factors which could have localized recurrent
mass movement. Most of the Georges Bank slope is deeply
cut by canyon erosion, and although landsliding has
occurred at many places along the Georges Bank slope,
nowhere does it reach the proportions of the Munson-
Nygren landslide complex.

There are interesting differences as well in the gross
aspect of the debris deposits. Compared to debris of the
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Figure 10. GLORIA sidescan-sonar image shows debris partly filling Hudson Canyon on the upper rise at a water depth of
about 260 meters. Toward the south end of image the canyon has about 200 meters relief.

southeast New England landslide complex, debris of the
Munson-Nygren landslide complex, as seen in the GLORIA
images, does not have well-defined margins; debris of the
Munson-Nygren landslide complex has a more flared distal
aspect and a generally more homogeneous internal acoustic
character. The less well-defined margins of the Munson-
Nygren debris deposit and the apparently deeper cuts into
the sea floor suggest higher velocity transport with erosive
powers. The more clearly defined and intricate borders of
debris deposits of the southeast New England landslide

complex, the existence of flow lines and patches of undis-
turbed strata beneath thin debris in this area implies a less
destructive emplacement, perhaps involving lower veloci-
ties or less viscosity.

SUMMARY OF INTERPRETATIONS AND
CONTROVERSIES ON ORIGIN

An explanation for the origin of one landslide com-
plex must in some way account for the origin of the other,
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Figure 11. Echo-sounder profile shows mass-movement debris filling the head of Carstens Valley at water depths of

about 2,600 meters.

since we wish to explain both the common features and the
differences. Additionally, an acceptable explanation must
conform to what we know about the geological histories of
the two complexes. The accumulated geophysical data from
the New England continental margin place strong con-
straints on any such explanation.

The concept of erosional undercutting of the lower
continental slope by bottom currents is given no support by
the GLORIA data off New England. The data show no
evidence for any significant erosional or depositional fea-
tures aligned along the New England slope, but they do
show a nearly ubiquitous alignment of erosional and depo-
sitional features extending downslope and across the upper
rise. The geological history of the New England continental
slope, for the last 120,000 years at least, is dominated by
sediment transport (mass movement) and erosion trending
across the slope and rise rather than parallel to it (O’Leary,
1988b; Danforth and Schwab, 1990).

The concept of slope instability due to gas accumu-
lation or to rapid sediment deposition on the upper slope is
negated in the New England region by the fact that mass
movement has occurred at water depths from 750 m to
2,000 m, in stacks of strata tens to hundreds of me<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>