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B Y  S E B A S T I A N  F . L .  W AT T, 

P E T E R  J .  TA L L I N G , 

A N D  J A M E S  E .  H U N T

ABSTR AC T. Volcanic islands form the highest topographic 
structures on Earth and are the sites of some of the planet’s 
largest landslides. These landslides can rapidly mobilize 
hundreds of cubic kilometers of rock and sediment, and 
potentially generate destructive tsunamis on ocean-basin 
scales. The main unknown for tsunami hazard assessment is 
the way in which these landslides are emplaced. Understanding 
of landslide dynamics relies on interpretation of deposits 
from past events: it is necessary to understand where material 
within the deposit originated and the temporal sequence of the 
deposit’s formation. The degree of fragmentation in a volcanic 
landslide is controlled by its relative proportions of dense 
lavas and weak pyroclastic rocks; fragmentation is generally 
reduced during subaqueous relative to subaerial transport. In 

the submarine environment, the seafloor-sediment substrate 
commonly fails during emplacement of a volcanic landslide. 
However, in many cases, this sediment failure remains almost 
in situ as a deformed package rather than disaggregating to 
form a debris flow. Because seafloor sediment makes up a large 
proportion of many landslide deposits around volcanic islands, 
the magnitude of the primary volcanic failure cannot be readily 
assessed without a clear understanding of deposit constituents. 
Both the dimensions of the volcanic failure and the way in 
which it fails are of key importance for tsunami generation. 
Turbidite deposits suggest that some volcanic landslides occur 
in multiple retrogressive stages. This significantly reduces 
potential tsunami magnitude relative to models that assume 
emplacement of the landslide in a single stage.
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dynamics of large volcanic island land-
slides remain poorly validated.

The tsunami hazard from volcanic 
island landslides is well illustrated 
by three historical examples from 
Japan (Nishimura, 2008). A landslide 
at Komagatake in 1640 deposited 
~ 1 km3 of material underwater, with 
the resultant tsunami claiming 700 lives. 
A similar landslide at Oshima-Oshima 
in 1741 generated a tsunami that killed 
2,000 people. Even more devastating, 
with 15,000 fatalities, was the 0.48 km3 
collapse at Mt. Unzen in 1792. All of 
these landslides were produced at sub-
aerial volcanoes, and only part of each 
landslide entered the water. Much larger 
(> 100 km3) events that incorporate 
material from both subaerial and sub-
merged volcanic flanks are documented 
around many volcanic islands. There are 
few historical cases of landslides that 
resulted in entirely submarine deposits, 
but a good example is that at Ritter 
Island, Papua New Guinea, in 1888, 
which removed 5 km3 of the volcanic 
edifice (Silver et al., 2009). 

Modeling suggests that the largest- 
volume (> 100 km3) volcanic-island 
landslides can generate tsunamis that 
travel across ocean basins (Løvholt 
et al., 2008). For instance, a worst-
case-scenario, single- stage landslide on 
the Canary Islands may form tsunami 
wave heights of 3–8 m, before runup, 
along the east coast of North America 
(Løvholt et al., 2008). Landslides gen-
erate tsunamis through water displace-
ment, both as they enter the ocean and 
as they move on the seafloor. Accurate 

modeling of tsunami generation requires 
a clear understanding of landslide failure 
and emplacement processes. Of par-
ticular importance to modeling are the 
total volume of the landslide, where this 
material originates (e.g., on the subaerial 
or submerged flanks), and whether 
this material is mobilized in single or 
multiple stages (Watt et al., 2012a). The 
magnitude of water displacement and 
the efficiency of wave generation depend 
on landslide volume, velocity, and water 
depth. There are very few observations 
that constrain landslide velocity, but a 
maximum estimate of 40–80 m s–1 for 
the Ritter Island landslide (Ward and 
Day, 2003) is similar to estimated veloc-
ities of subaerial volcanic debris ava-
lanches (Glicken, 1996). For submerged 
landslides, efficient tsunami generation 
occurs when the landslide velocity is 
close to that of the tsunami wave (Ward, 
2001), but subaerial slides entering the 
water may generate even larger waves 
if they move at higher velocities, piling 
water ahead of the landslide mass (Fritz 
et al., 2004). For landslides on volcanic 
island flanks, the early stages of move-
ment are most important for tsunami 
generation, before the material spreads 
and decelerates (see Watt et al., 2012a).

The historical landslides described 
above all occurred in subduction zone 
settings. The largest landslides in these 
settings have volumes of tens of cubic 
kilometers (e.g., Deplus et al., 2001; 
Montanaro and Beget, 2011). Larger 
volcanic islands form in intraplate 
settings, associated with mantle plumes 
(e.g., Hawaii, Canary Islands) and are 
the sources of the largest volcanic-island 
landslides, reaching volumes of several 
hundred cubic kilometers (Moore et al., 
1989; Masson et al., 2002). Landslide 
deposits across these different regions 

INTRODUC TION
Landslides derived from the flanks of 
volcanic islands are among the largest 
on Earth. They may transport hundreds 
or even thousands of cubic kilometers 
of material (Moore et al., 1989; Masson 
et al., 2002), dwarfing landslides from 
subaerial volcanoes, such as the 2.5 km3 
event that initiated the eruption of 
Mount St. Helens in 1980 (Glicken, 
1996). Volcanic islands provide the great-
est relief on our planet. For example, 
the peaks of the Canary Islands lie up 
to 7 km above the surrounding seafloor, 
with gradients of > 10° sustained for tens 
of kilometers on the island flanks.

Volcanic landslides themselves pose 
substantial hazards, and they may 
trigger explosive volcanic eruptions 
(Siebert, 1984; Glicken, 1996). In island 
or coastal settings, the largest landslides 
may generate destructive tsunamis on 
oceanic scales (Løvholt et al., 2008). 
Even relatively small (<1 km3) events 
can trigger locally destructive tsunamis 
(Nishimura, 2008). Landslides may also 
induce decompression of subsurface 
magma storage systems and thus alter 
future eruptive behavior (Manconi et al., 
2009; Pinel and Albino, 2013). A range of 
processes may trigger volcanic landslides 
(McGuire, 1996), including changes in 
sea level; thus, landslide frequency may 
be temporally variable (e.g., Boulesteix 
et al., 2012). The few direct observations 
of volcanic island landslide processes 
are limited to small, historical events 
(e.g., Stromboli; Tinti et al., 2006). 
Models of pre-failure conditions, 
triggering processes, and emplacement 

OPPOSITE | The volcanic island of Montserrat, in the Caribbean, is seen at the top left, with a prominent 
eroded shelf. Shallowly submerged and subaerial topography is shaded as brown colors, with purple 
colors marking the deepest surfaces. Offshore the southeast corner of Montserrat, fields of blocky debris 
mark the surface of large landslide deposits derived from the slopes of the Soufrière Hills volcano. These 
landslides traveled into the basin at the bottom right, which is flanked by small seamounts.



Oceanography |  Vol.  27, No. 248

have similar physical characteristics, 
which are also shared with entirely 
subaerial volcanic landslide deposits 
(Siebert, 1984), suggesting that common 
processes control volcano instability and 
landslide behavior across all settings. 
Nevertheless, the extreme scale of some 
volcanic island landslides, and the influ-
ence of water and marine sediment on 
their emplacement mechanics, sets them 
apart from their subaerial equivalents.

Our understanding of volcanic 
island landslides relies mainly on the 
interpretation of scars and deposits 
from past events. Collapse scars provide 

information on landslide material and 
volumes but may be obscured by later 
volcanism. The majority of the landslide 
material is usually deposited on the 
seafloor, and structures within these 
deposits provide detailed information 
on the dynamics of landslide failure 
and emplacement. Seafloor mapping 
(e.g., side-scan sonar, swath bathymetry, 
submersible observations), seismic 
reflection imaging, and direct sampling 
(e.g., via sediment cores) provide the 
data for understanding these deposits. 
The sometimes extreme dimensions 
of these landslide deposits, which may 

cover thousands of square kilometers in 
water depths of several kilometers, can 
hinder high-resolution or comprehensive 
observations. Seismic reflection imaging 
of landslide deposit basal surfaces or 
internal structures is challenging due to 
their heterogeneous and coarse-grained 
nature. Nevertheless, seafloor imaging 
shows that landslide deposits occur at all 
types of oceanic volcanoes (e.g., Deplus 
et al., 2001; Mitchell, 2003; Coombs 
et al., 2007). It is clear that submarine 
landslides play a major role in volcanic 
island evolution, and that they are volu-
metrically important for global sediment 
transport (cf. Talling et al., 2012).

Our objective in this paper is 
to bring together a range of recent 
morphological, structural, and sedi-
mentological observations that enhance 
our understanding of how landslide 
deposits around volcanic islands were 
emplaced. These observations show that 
depositional processes of volcanic island 
landslides are complex, often involving 
multiple stages and incorporating differ-
ent types of material.

The first part of the paper describes 
the morphology of landslide deposits 
around volcanic islands. We show that 
morphology reflects emplacement 
processes and discuss the controls on 
material fragmentation and landslide 
mobility. The second part outlines how 
the rapid emplacement of volcanic land-
slides can trigger failure of pre-existing 
seafloor sediment. Such secondary 
failures are widespread, and we discuss 
their origin and propagation. We then 
consider evidence for how the failed 
mass is mobilized and whether it moves 
in single or multiple stages. Finally, 
we summarize the implications of the 
preceding sections for tsunami hazards.

Previous reviews of volcanic- 
 island landslides generally focus on   

BOX 1. TERMINOLOGY

Landslide is a general term for slope failure and the resulting mass movement. Following 
earlier work (Moore et al., 1989; Masson et al., 2002), volcanic island landslides are sub-
divided into slumps and debris avalanches. Slumps potentially involve multiple discrete 
fault-bound movements over a prolonged period, with deep basal décollements (gliding 
planes between two rock masses), and are associated with gradual deformation of the 
volcanic structure (e.g., Delcamp et al., 2008). We do not consider slumps further in 
this paper. The landslide deposits described here originate as debris avalanches on the 
volcanic edifice. Debris avalanches are deposited in discrete landslide events that affect 
relatively elongate areas, and they transport cohesionless rock fragments between clearly 
defined source and depositional regions. Landslide processes affecting the sedimentary 
cover around volcanic islands may be described as slides or debris flows. Slides involve the 
movement of coherent sediment masses bound by distinct failure planes. Debris flows 
transport disaggregated sediment as cohesive flows of clasts in a fine-grained matrix 
(Iverson, 1997). Debris avalanches with a high proportion of fine-grained material may 
develop elements of cohesive flow and can be considered coarse-grained debris flows 
(Masson et al., 2002). There is thus a continuum between these end-member types, and 
because no strict division can be defined, we follow Masson et al. (2002) in collectively 
referring to blocky deposits derived from the volcanic edifice as debris-avalanche depos-
its. Here, we also distinguish between volcanic edifice material and associated failures of 
pre-existing seafloor sediment beyond or mantling the base of the volcanic island flanks. 
Turbidity currents are dilute and highly mobile submarine sediment flows generated by 
mixing between landslides and surrounding seawater (Talling et al., 2012).

Sebastian F.L. Watt (s.watt@bham.ac.uk) is NERC Research Fellow, School of Geography, 

Earth and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham, 

UK. Peter J. Talling is Leader, Geohazards and Sedimentology Research Group, National 

Oceanography Centre, Southampton, UK. James E. Hunt is Postdoctoral Researcher, 

National Oceanography Centre, Southampton, UK.

mailto:s.watt@bham.ac.uk


Oceanography  |  June 2014 49

well-  studied groups of islands 
(e.g., Moore et al., 1989; Deplus et al., 
2001; Masson et al., 2002; Silver et al., 
2009; Montanaro and Beget, 2012; Hunt 
et al., 2013a), often with an additional 
aim of documenting all known landslide 
deposits in those geographic regions. 
Here, we bring together a range of 
insights from these earlier studies 
and also summarize recent results 
from detailed geophysical (e.g., Watt 
et al., 2012b) and sedimentological 
(e.g., Hunt et al., 2011, 2013b) studies 
of volcanic island landslide deposits. It 
is timely to collate these results, given 
that advanced geophysical capabilities 
and new methods of direct sampling 
can now help to address key questions 
regarding submarine landslide processes. 
A clearer understanding of these 
processes will enable development of a 
new generation of accurate models for 
landslide- generated tsunamis.

EMPL ACEMENT OF MATERIAL 
FROM THE VOLCANIC EDIFICE 
Figure 1 shows the shapes of collapse 
scars and submarine debris-avalanche 
deposits for various volcanic island 
examples. Morphologically, these 
scars and deposits are broadly compa-
rable to their subaerial counterparts 
(e.g., Siebert, 1984). They have clearly 
defined headwalls, source-region scars, 
and chutes incised within volcanic 
topography, and they produce dispersed, 
blocky, and hetero geneous deposits 
beyond these flanks.

The very largest subaerial landslides, 
such as those at Socompa and Shasta 
volcanoes (Crandell, 1989; Wadge 
et al., 1995), mobilized up to 50 km3 of 
volcanic rock. These events encompassed 
the edifice summit and removed sectors 
spanning as much as one-third of the 
volcano circumference. They also cut 
deeply toward the basement rock and 

removed at least 15–20% of the entire 
volcanic structure. Although landslides 
around volcanic islands may be far 
larger, they may also be more superficial 
in terms of the modifications they cause 
to their parental volcanic structures. 
This is due to the extremely large scale 
of some volcanic ocean islands relative 
to most subaerial volcanoes (Figure 2). 
For example, the Icod landslide, 
from Tenerife (Figure 1), transported 
> 250 km3 of volcanic material (Hunt 
et al., 2011, 2013a), but its scar is a 
parallel- edged and relatively shallow fea-
ture (compared to the island basement), 
confined to one flank of Tenerife. The 
Icod event removed ~ 1% of the volume 
of Tenerife, which has a basal diameter 
of ~ 100 km. In contrast, the 5 km3 
Ritter Island landslide of 1888 removed 
~15% of the volcanic structure of a much 
smaller island arc volcano.

Landslides that account for a large 

Figure 1. Shaded topographic gradient maps of (a) the Deposit 1 debris-avalanche deposit offshore Montserrat (Caribbean), a typical fan-shaped deposit 
with scattered blocks, and (b) the Icod debris-avalanche deposit offshore Tenerife, Canary Islands (Masson et al., 2002), an elongate deposit with linear 
surface features indicative of cohesive flow. (c) Shapes of selected volcanic island debris-avalanche deposits, differentiating the source (island flanks) and 
depositional (surrounding seafloor) regions (Deplus et al., 2001; Masson et al., 2002, 2008; Watt et al., 2012b). Deposits are ordered by increasing downslope 
length-to-width ratios.
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proportion of the overall volcanic 
structure, regardless of their absolute 
volume, typically produce deep-seated 
and divergent scars that encompass the 
volcano summit (Figure 2). However, 
the broad profile of many intraplate 
volcanic islands may favor relatively 
shallow, parallel-sided source regions for 
debris avalanches. Instabilities that cut 
deeply into intraplate islands may form 
slumps (see Moore et al., 1989), but may 
not always develop into more mobile 
landslides, as they might on the steeper 
volcanic structures that predominate in 
subduction zone settings.

Material Fragmentation
Regardless of differences in magnitude, 
the morphological features of volcanic 
debris-avalanche deposits are broadly 
similar across all volcanic settings. 
However, what differentiates all the 
examples in Figure 1 from subaerial vol-
canic debris avalanches (Siebert, 1984) is 
that they contain some material sourced 
from and transported in an aqueous 
environment. In the submarine envi-
ronment, the density contrast between 
the landslide material and the ambient 
fluid is much lower than for subaerial 
debris avalanches, and this difference 
may reduce both the degree of material 
fragmentation and the acceleration 

of the landslide.
There are clear morphological 

differences between the coarsest-grained 
components of subaerial and submarine 
debris-avalanche deposits. Blocks in 
submarine debris-avalanche deposits are 
formed via initial fragmentation near 
their source regions and may encounter 
only limited further interblock collision 
and fragmentation during transport. 
The most block-rich volcanic island 
landslides, such as El Golfo (Figure 2) 
or Nuuanu, Hawaii (Moore and Clague, 
2002), are dominated by kilometer-scale 
blocks with steep sides and angular 
forms, which are essentially intact 
fragments of volcanic edifices that have 
slid to their site of deposition. Although 
intact blocks are observed in subaerial 
settings, they tend to be limited to 
the failure region (Figure 2). Within 
the main debris-avalanche deposit, 
subaerial deposits are dominated by 
large hummocks that have rounded 
forms and are composed of multiple 
fragments (Siebert, 1984; Crandell, 
1989; Glicken, 1996). The dominance of 
angular, intact blocks in some submarine 
debris-avalanche deposits suggests a 
relative damping of fragmentation in the 
submarine environment (e.g., Mazzanti 
and De Blasio, 2013). Reduced fragmen-
tation results from the lower density 

contrast between the landslide material 
and water, relative to air, which reduces 
the energy of intergrain interactions. The 
typically lower roughness and strength 
of the seafloor substrate in submarine 
settings may also inhibit fragmentation. 
In general, lower levels of fragmentation 
produce a coarser total grain-size distri-
bution for landslide deposits. However, 
as we note below, the production of 
the fine grain sizes that are critical for 
cohesive landslide behavior is ultimately 
related to the strength of the failed 
volcanic material. 

Mobility
The elongation of blocky debris- 
avalanche deposits is indicative of 
landslide mobility. This mobility directly 
reflects the material properties of the 
landslide (Masson et al., 2002). The 
examples in Figure 1 all spread, without 
topographic confinement, at the bases of 
the volcanic island flanks, and they are 
ordered in terms of increasing mobility, 
formalized as the ratio of a deposit’s lat-
eral spread to its extent in the direction 
of failure (Figure 3a). Block-dominated 
debris avalanches (i.e., the idealized 
cohesionless endmember) form fan-
shaped deposits that result from radial 
spreading. For example, the El Golfo 
debris-avalanche deposit is composed of 

schematic profile, based on unfailed flanks

5 km

El Hierro

El Golfo 
failure region

Socompa Ritter Island
sea level

sea level
Large failed blocks, within
source region and distinct

from main debris avalanche
Large failed blocks

to scale
~ 50 km3 ~ 5 km3

~ 200 km3

Figure 2. Scale cross sections (without vertical exaggeration) through volcanoes affected by large landslides. Socompa (Chile/Argentina border) is one of the 
largest known subaerial volcanic landslides. Its notably deep-seated nature means that many large blocks remain within the landslide scar region (Wadge et al., 
1995). The smaller Ritter Island (~ 100 km northeast of New Guinea) collapse of 1888 (Ward and Day, 2003) was morphologically comparable. Both Socompa 
and Ritter are composite volcanoes formed in subduction zone settings. The much larger structure of El Hierro in the Canary Islands (Masson et al., 2002) is 
typical of an oceanic intraplate volcanic island. Its mean slope gradient is lower, but its large dimensions mean that even relatively surficial landslides have 
extremely large volumes. Parts of the cross sections (including pre-failure surfaces) are conjectural, due to later modifications of the volcanic edifice by volcanic 
eruptions and erosion.
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a structureless spray of scattered blocks. 
In between the blocks, it is unclear 
how much material is derived from the 
volcanic flank failure. In contrast, elon-
gated deposits such as Icod show clear 
evidence of downslope cohesive flow 
(Figure 1b). Although the Icod deposit 
displays numerous blocks on the sur-
face, its overall appearance is mounded 
and banked (Ablay and Hürlimann, 
2000), comparable to the similarly 
elongate deposits offshore the southern 
Lesser Antilles (Figure 4b). The size of 
individual blocks in the Icod deposit 
is far smaller than those at El Golfo, 
except for some marginal blocks rafted 
at the head of the landslide. These blocks 
indicate that the Icod landslide began as 
a block-dominated debris avalanche that 
acquired the characteristics of a cohesive 
debris flow during transport, via rapid 
and efficient material fragmentation 
(Masson et al., 2002).

The shape and texture of debris- 
avalanche deposits reflect the physical 
properties of the landslide constituents. 
High proportions of fine-grained 
material allow the landslide to develop 
internal pore pressures that enhance 
mobility (Iverson, 1997; Masson et al., 
2002). Fine-grained material may also 
limit landslide permeability and facilitate 
hydroplaning (Mazzanti and De Blasio, 
2013). Fine grain sizes may be acquired 
via volcanic rock fragmentation or 
by seafloor sediment incorporation. 
However, we suggest that the presence 
of easily fragmented, weak volcanic rock 
in the source region is fundamental to 
forming deposits with cohesive flow 
behavior, as revealed by comparing the 
Icod and El Golfo deposits. The El Golfo 
debris avalanche was emplaced on 
poorly consolidated, fine-grained sea-
floor sediment, and triggered the failure 
of this sediment to generate the Canary 

debris flow (Roberts and Cramp, 1996; 
Masson et al., 1998). Clearly, abundant 
fine-grained material was present on 
the seafloor, but it was not efficiently 
incorporated within the debris avalanche 
itself. The morphology of the El Golfo 
deposit does not show any evidence for 
cohesive flow (although we note that 
some fine-grained material must have 
been produced during the landslide to 
form the associated turbidite deposit 
[Hunt et al., 2013b], but perhaps in 
insufficient proportions to act as a matrix 
that could transport larger blocks). The 
block-rich nature of the El Golfo deposit 
is consistent with the volcanic geology 
of El Hierro, the source of the avalanche, 
which is dominated by dense lavas.

In contrast to El Golfo, the Icod 
source region includes substantial 
proportions of much weaker pyroclastic 
deposits interbedded with lavas. This 
pyroclastic rock may rapidly fragment 
during transport to produce sand- and 
mud-grade material that forms a 
cohesive matrix and potentially enhances 
further incorporation of erodible 

seafloor sediment. It is thus the nature 
of the volcanic landslide material, rather 
than simply the degree of fragmentation, 
that is a key influence on mobility 
(Masson et al., 2002).

As discussed above, fragmentation 
may be higher overall for subaerial 
volcanic debris avalanches than in their 
submarine equivalents. However, if 
dense lavas dominate the initial geology, 
fragmentation is still unlikely to gen-
erate large proportions of fine-grained 
sediment. Thus, a subaerial analogue for 
El Hierro may be the debris-avalanche 
deposit at Jocotitlán, Mexico (Siebe et al., 
1992), where conical hummocks of dense 
lava cobbles replace the scattered blocks. 
The dominant grain size at Jocotitlán is 
on a decimeter scale, and there is very 
little fine material. Similarly, the presence 
of an erodible substrate is not required 
to produce an elongate, mobile deposit; 
more important is the presence of weak 
and friable volcanic rock, such as in 
the pumice-dominated but entirely dry 
flank-collapse deposit at Lastarria, Chile 
(Naranjo and Francis, 1987).

Figure 3. (a) Debris-avalanche deposit area against downslope extent for the deposits numbered in 
Figure 1. Continuous lines show the area-extent relationship defined for different ratios of lateral to 
downslope deposit spreading (see inset). Fan-shaped deposits (y = x) correspond to debris avalanches 
dominated by large blocks, while elongate deposits show evidence of a significant fine-grained 
component. (b) Runout distances for debris-avalanche deposits and the failures of seafloor sediment 
triggered by their emplacement (see inset). In most cases, the extent of seafloor sediment failure is 
relatively limited in comparison to the mobility expected for a debris flow (note the Canary debris 
flow point). This is consistent with the confined nature of these sediment failures.
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SECONDARY FAILURE OF 
SEAFLOOR SEDIMENT
As a volcanic debris-avalanche is 
transported through the submarine 
environment, fine-grained material 
mixes with seawater to form turbidity 
currents that transport sediment into 
surrounding ocean basins (e.g. Hunt 
et al., 2011). The deposits of these 
flows (turbidites) provide important 
information on landslide emplacement. 
Landslide emplacement on the seafloor 
will also load the underlying substrate of 
water-saturated sediment, and this mate-
rial may become incorporated within the 
final landslide deposit.

There is good evidence that seafloor 
sediment can be disrupted to depths 

of > 100 m by debris avalanche 
emplacement (Figure 4), both by basal 
erosion and by the induced failure of 
loaded sediment (Watt et al., 2012a,b). 
We first consider surface morphological 
features that indicate such processes, 
and then interpret them in the light 
of internal structures.

Surface and Internal 
Characteristics
In several instances, submarine volcanic 
debris-avalanche deposits are sur-
rounded by smoother-surfaced regions 
of seafloor (Figure 4) that are marked by 
small scattered blocks or marginal banks, 
indicating that they form part of a land-
slide deposit (e.g., Deplus et al., 2001; 

Silver et al., 2009; Montanaro and Beget, 
2011). These smooth-surfaced deposits 
could be interpreted as partially buried, 
older landslide deposits, smoothed by a 
younger sedimentary cover (Deplus et al., 
2001). However, there is no difference in 
the thickness of post-emplacement sed-
imentary cover between the blocky and 
smooth-surfaced regions at these sites, 
suggesting that the two were formed 
contemporaneously (Watt et al., 2012a). 
An alternative explanation is that the 
smooth-surfaced areas represent finer- 
grained debris-flow deposits triggered 
by emplacement of the volcanic debris 
avalanche (Silver et al., 2009). This inter-
pretation is also problematic because of 
the limited extent of the smooth-surfaced 
regions. Debris flows are slurries of dis-
aggregated, highly mobile clasts exhibit-
ing a cohesive behavior. The extent of the 
smooth-surfaced regions around many 
submarine volcanic debris avalanches is 
of the same order as that of the blocky 
region (Figure 3b) and is, therefore, 
inconsistent with a debris-flow origin. 
The runout of debris flows is far greater, 
as shown by the example of the Canary 
debris flow, which was triggered by the 
El Golfo debris avalanche (Figure 3b). 
A debris-flow origin is also countered 
by the fact that these smooth-surfaced 
regions are not clearly associated with 
a headwall (marking a region where 
sediment was removed). Rather, they 
have a geometry that radiates out from 
the internal, blocky deposit.

Seismic reflection profiles reveal 
the true origin of the smooth-surfaced 
regions observed around many sub- 
marine debris-avalanche deposits, show-
ing that they mark zones of disruption 
within pre-existing seafloor stratigraphy. 
The outer margins of these disrupted 
stratigraphic packages are confined 
and truncate against undisturbed 

Figure 4. Volcanic island landslide deposits where debris-avalanche deposition is associated with 
seafloor sediment failure. Shaded bathymetry of the (a) El Golfo debris avalanche, associated with 
triggering the Canary debris flow (Masson et al., 1998), and (b) debris avalanches in the southern 
Lesser Antilles (Deplus et al., 2001; Le Friant et al., 2003), where blocky deposits are associated with 
smoother-surfaced seafloor sediment failures. Side-scan sonar images of (c) a similar deposit at Kiska 
Island, Aleutian arc (Coombs et al., 2007), and the (d) edge of the El Golfo deposit, showing scattered 
blocks and extensional fault ridges in the source region of the Canary debris flow (Masson et al., 1998). 
(e) Detail of fault scarps in (d).
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beds of seafloor sediment. Internal 
structures, described below, show that 
these disrupted bodies of sediment are 
not formed by material disaggregation 
or downslope transport (i.e., between 
source and depositional regions), but 
rather form via in situ deformation. The 
terminology of flow, or even of slide, is 
therefore inappropriate for these por-
tions of submarine volcanic island land-
slides. Here, we refer to them as confined 
seafloor sediment failures, following the 
frontally confined landslide terminology 
used by Frey-Martínez et al. (2006) to 
describe similar units. The term confined 
emphasizes that the deforming seafloor 
sediment did not form a mobile flow.

The seismic reflection profile in 
Figure 5A shows a landslide deposit 
offshore Montserrat (Watt et al., 2012b). 
It provides good evidence that blocky 
debris avalanches can incise deeply into 
poorly consolidated seafloor sediment. 
In the case shown, large blocks are 
imaged within a deposit that cuts 
approximately 100 m down into the 

underlying beds of seafloor sediment. 
Truncated sediment beds show that 
this material has been removed and 
incorporated into the landslide deposit. 
The seismic characteristics of this 
proximal volcanic landslide deposit are 
typical, with an irregular top surface and 
a structureless interior.

In Figure 5B, a seismic reflection 
profile through the landslide margin 
shows very different structures. This is 
a region of confined seafloor sediment 
failure, associated with upslope 
debris-avalanche emplacement (Watt 
et al., 2012b). Here, volcanic blocks are 
absent. The deposit base follows single 
stratigraphic horizons for long distances, 
with occasional steps, and has a relatively 
smooth upper surface. Internally, there is 
patchy preservation of bedding. In some 
cases, bedding appears fully intact and 
is indistinguishable from the sediment 
beds above and below. Elsewhere, the 
bedding is lightly folded, and there are 
internal thrusts at the confined toe of the 
landslide. There is no clear deposition 

above the paleo-topographic surface 
except for a relatively thin overriding 
deposit. Rather, the landslide stops 
against the equivalent, undisturbed sed-
iment beds, illustrating its confinement. 
Seismic reflection profiles at the margins 
of other Lesser Antilles landslides 
(Figure 4b) show the same features (Watt 
et al., 2012a) of a landslide base follow-
ing a sediment stratigraphic horizon, 
with hints of internal bed structures, 
and of a margin that truncates against 
undeformed sediment.

The confined seafloor sediment 
failures described here involve wide-
spread deformation of a package of 
seafloor sediment. This deformation 
is compressional, as indicated by the 
internal folding, but the overall amount 
of downslope transport is small; the 
material does not disaggregate, and there 
is no clear sense of a source or deposi-
tional region. These failures also have 
limited surface topographic expression 
and lie mostly beneath the pre-landslide 
seafloor surface.

Figure 5. (a) Proximal seismic 
reflection profile across the 
Deposit 4 landslide deposit off-
shore Montserrat, highlighting the 
incision into well-bedded seafloor 
sediment by a blocky, hetero-
geneous volcanic debris avalanche. 
(b) Distal seismic reflection profile 
along the associated Deposit 8, 
interpreted as the seafloor 
sediment failure triggered by 
Deposit 4 (Watt et al., 2012b). This 
deposit contains no large volcanic 
blocks and has a base that follows 
stratigraphic horizons. No evacu-
ation occurs at the landslide toe; 
sediment failure is characterized by 
distributed deformation within a 
confined body.
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Mechanisms of Seafloor 
Sediment Failure
The seafloor sediment failures described 
here propagate downslope, triggered 
by initial loading by the volcanic debris 
avalanche. This contrasts with most large 
landslides on nonvolcanic continental 
margins, which are thought to often 
propagate retrogressively, by failing suc-
cessive portions in an upslope direction. 
There are well-developed models of ret-
rogressive landslide formation (Masson 
et al., 2010), but the physical mechanism 
driving downslope failure propagation is 
less clear, especially as such deformation 
can extend for tens of kilometers on 
very low (< 2°) gradients (Watt et al., 
2012a; Figure 4). Although this style of 
landsliding is not well studied, it may 
be widespread in a range of settings 
(e.g., Trincardi and Normark, 1989). 
Because these types of failure remain 
confined (Frey-Martínez et al., 2006), 
they do not form prominent source scars 
or depositional morphologies, and thus 
may go unrecognized without the use of 
seismic reflection data.

Figure 6 presents a conceptual model 
for volcanic landslide emplacement that 
may drive downslope seafloor sediment 
failures (see Watt et al., 2012b). In the 
Montserrat example (Figure 5), there 
is a surficial deposit whose extent 
broadly matches that of the underlying 

deformation. We therefore envisage a 
coupled behavior, where translation of a 
relatively thin, overriding flow, perhaps 
triggered from the marginal portion 
of the debris avalanche, increases the 
pore-fluid pressure of the underlying 
sediment by preventing its drainage, and 
thus promotes continued downslope 
deformation. Such a process may be 
augmented (or entirely driven) by the 
propagation of a fracture along a basal 
surface (e.g., Viesca and Rice, 2010), 
which is consistent with the fact that 
the observed examples follow discrete 
basal stratigraphic horizons. Whether 
these horizons necessarily mark a layer 
with weak mechanical properties, which 
is countered by the fact that the basal 
surface steps up stratigraphy in places, 
or whether it is related to the depth 
of incision or erosion by the up slope 
debris avalanche (e.g., Figure 5A), 
remains unclear.

Formation of Debris Flows from 
Seafloor Sediment Failure
Offshore El Golfo, debris avalanche 
emplacement triggered the Canary debris 
flow, which had a runout of 600 km. This 
clearly distinguishes the Canary debris 
flow from the confined seafloor sediment 
failures discussed above (Figure 3b). 
However, the formation mechanisms 
may be comparable if the Canary debris 

flow represents a case where the seafloor 
sediment became disaggregated and 
escaped its source region rather than 
remaining confined within the region 
of initial disruption. The likelihood of 
evacuation and debris flow formation 
may relate to the depth of basal sediment 
failure surface, with deeper basal surfaces 
making it energetically more difficult 
to mobilize the sediment, and favoring 
the preservation of a confined landslide 
(see Frey-Martínez et al., 2006). Small 
differences in the gradient or extent of 
the seafloor slope may also affect the 
likelihood of transition to a debris flow, 
but this requires further investigation.

The Canary debris flow lacks a clear 
headwall, and certain features of the 
deposit are difficult to interpret. Masson 
et al. (1998) concluded that extensional 
fault scarps within the proximal part of 
the Canary debris flow, which extend 
into the region of debris-avalanche 
deposition (Figure 4), indicate that the 
debris flow formed while the debris 
avalanche (or components of it) was 
still moving. Continued motion of the 
avalanche may have enabled the initial 
seafloor sediment failure to disintegrate 
(Roberts and Cramp, 1996), while also 
obscuring the sources of failure in the 
proximal region. The areas affected by 
extensional faulting indicate that parts 
of the seafloor were deformed, but not 

Figure 6. Schematic illustration of the potential mechanisms by which volcanic island landslides may form associated seafloor sediment failures.
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mobilized, and this is also indicated by 
preserved relict slabs, which apparently 
lie in their original positions (Masson 
et al., 1998). The fault scarps themselves 
show increasing downslope erosion 
(Figure 4), perhaps caused by a turbidity 
current associated with the volcanic 
landslide. This set of observations 
suggests a complex co-evolution of 
the debris avalanche and debris flow 
deposits, potentially involving multiple 
phases of debris avalanche emplacement. 
As noted below, such multistage collapse 
behavior may be common.

Finally, it is instructive to consider 
a case where there is no evidence of 
debris-avalanche deposition triggering 
seafloor sediment failure, such as that of 
Montserrat’s Deposit 1 (Figure 1). Here, 
the substrate was a fan of mixed volcanic 
debris accumulated from small mass 
flows (e.g., 0.1 km3 or less), overlying a 
deeper debris-avalanche deposit. This 
coarse-grained and heterogeneous 
substrate was potentially more resistant 
to incision, more permeable, and thus 
less prone to the type of loading-induced 
sediment failure discussed above (Watt 
et al., 2012b). To generate failure of 
the substrate, a volcanic landslide may 
therefore need to be large enough 
to travel beyond the coarse volcanic 
sediment at the base of the island flanks 
into regions dominated by finer-grained, 
well-bedded sediment.

VOLCANIC L ANDSLIDE 
FAILURE DYNAMICS AND 
TSUNAMI GENER ATION
A key question for tsunami generation 
is whether volcanic island landslides 
occur in a single stage or multiple stages. 
If time gaps of even a few minutes 
separate discrete stages of failure, then 
the tsunami magnitude is reduced greatly 
(Løvholt et al., 2008). A simple model 

may assume a single failure event of one 
large block that undergoes fragmentation 
during transport. However, a range of 
observations argues against such a model. 
As noted above for the El Golfo landslide, 
it appears that debris-avalanche motion 
was contemporaneous with debris flow 
generation. The complex relationships 
between features of the El Golfo deposit 
and the Canary debris flow may partly 
arise from multiple stages of debris 
avalanche emplacement. The geometry 
of collapse chutes for a landslide such as 
Icod (Figure 1; Ablay and Hürlimann, 
2000; Hunt et al., 2011) is also suggestive 
of multistage failure. A single intact block 
seems unlikely to fail on such an elongate 
failure plane; failure in multiple stages 
may be more likely, perhaps removing 
landslide portions retrogressively toward 
the final preserved headwall.

Evidence of Multistage  
Failure from Landslide-  
Triggered Turbidites 
Grading patterns within landslide- 
generated turbidites provide strong 
evidence for multistage failures in the 
Canary Islands (Hunt et al., 2011, 2013b) 
and elsewhere (Garcia, 1996; Di Roberto 
et al., 2010; Watt et al., 2012b). For 
instance, turbidites associated with the 
Icod landslide comprise up to seven 
fining-up subunits, each deposited from 
a separate turbidity current (Figure 7). 
Pyroclastic grains within each subunit 
have distinct chemical compositions but 
have comparable size distributions, which 
precludes subunit deposition by complex 
flow patterns or sorting processes within 
a single turbidity current (Hunt et al., 
2011). This interpretation is supported 
by the morphology of the main Icod 
landslide deposit, whose banked surface 
defines several overlapping lobes (Ablay 
and Hürlimann, 2000). The initial three 

Icod turbidite subunits have abundant 
calcareous grains and altered volcanic 
grains, suggesting that the initial stages 
of failure involved the submerged island 
flanks. These initial stages also dominate 
(> 65%) the total landslide volume. It 
thus appears that failure was retrogressive 
and that successive stages decreased in 
volume. Hunt et al. (2013b) use a sim-
ilar approach to show that seven other 
landslides in the Canary Islands occurred 
in multiple stages (Figure 7). Multistage 
landslide emplacement should now be 
considered in models of tsunami genera-
tion from volcanic island landslides.

CONCLUSIONS
The characteristics of volcanic-island 
landslide deposits, which include the 
presence of extensive volumes of seafloor 
sediment and emplacement dynamics 
that occur in multiple stages, have 
implications for hazard generation from 
such events. A full understanding of this 
hazard requires information about the 
magnitude and frequency of past land-
slides and the way in which they were 
formed. Seismic reflection profiles are 
required to understand the true nature 
of landslide deposits around volcanic 
islands because an interpretation based 
on surface morphology alone may mis-
identify both the number and magnitude 
of past events. It is also particularly 
important to distinguish between failed 
material from the volcanic edifice and 
from the surrounding seafloor. Seafloor 
sediment failures of the type discussed 
here are likely to have a low capacity 
for tsunami generation. The volume of 
the volcanic failure is a more significant 
factor for the generation of damaging 
tsunamis (see Watt et al., 2012a). The 
occurrence of volcanic failure in multiple 
stages substantially reduces the potential 
for ocean-wide impacts. The magnitude, 
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dynamics, and impacts of volcanic island 
landslides are not readily assessed from 
the final landslide deposit without a 
good understanding of the components 
that make up the deposit.
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