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Abstract A spectacular hummocky topography was discov-
ered offshore of the south-eastern slope of the Nisyros island
volcano in the eastern sector of the Aegean volcanic arc in
2000–2001, using multibeam bathymetric mapping and seis-
mic profiling, and interpreted as part of a volcanic debris
avalanche originating onland. During E/V Nautilus cruise
NA011 in 2010, a detailed side-scan sonar and ROVexplora-
tion aimed at evaluating the surface morphology of this ava-
lanche field. Combining the new data with selected older
datasets reveals that the debris avalanche is characterized by
numerous (at least 78) variously sized and shaped hummocks.
Some of these are distinctly round, either scattered or aligned
in groups, whereas others are elongated in the form of ridges.
This is consistent with existing models accounting for varia-
tions in the longitudinal and lateral velocity ratio of landslides.
Maximum dimensions reach 60 m in height above the sea
bottom, 220 m in length and 230 m in width. The structures
outline a large tongue-shaped, submarine hummock field of
about 22.2 km2, approx. 4.8 km wide and 4.6 km long and
with an estimated volume of 0.277 km3. Due to its character-
istic shape, the collapsed volcanic flank is interpreted to
represent a singular failing event, involving a rapid and virtu-
ally instantaneous downslope movement of the slide mass into
the sea. Indeed, the H/L (height of 280 m vs. run-out of 7 km)
ratio for the Nisyros slide is 0.04; plotted against volume, this
falls within the theoretical bounds as well as measured values
typical of submarine landslides. The timing of the event is
probably related to the extrusion of Nikia lavas and their
subsequent failure and formation of a main scarp observed at

about 120 m depth on an 8-km-long seismic profile and a map
of slope angle distribution, at the depth where the palaeo-
coastline was located 40 ka ago. An inferred age of ca.
40 ka for the avalanche awaits confirmation based on dating
of core material.

Introduction

Large submarine volcanic debris avalanches associated either
with an edifice collapse or with large-scale destabilizations
and collapse of the flanks of volcanic edifices are among the
most catastrophic and hazardous events on earth. The volumes
of the resulting deposits can reach several cubic kilometres
and, because of their rapid downslope movement, can threaten
whole populations and infrastructures. Such avalanches can
travel up to 100 km away from the source, the process begin-
ning with a large-scale rock or sediment slide that rapidly
transforms into a fast-moving debris avalanche with increas-
ing travel distance (e.g. Voight et al. 1983; Glicken 1991).
Although not necessarily triggered by volcanic eruptions,
debris avalanches accompany the evolution of most volca-
noes, particularly stratovolcanoes such as the island of
Nisyros in the Aegean Sea, Greece, and thereby effectively
limit the vertical growth of volcanoes (Carey and Schneider
2011). Among all volcanic debris avalanches (VDAs) recog-
nized on earth, submarine VDAs are the most voluminous and
most mobile, the effective friction coefficients lying in the
range of 0.03<H/L<0.13 (Shaller 1991).

The deposits of flank collapses commonly form character-
istically horseshoe-shaped depressions (e.g. Voight et al.
1981). Modern oceanographic survey techniques involving
high-resolution swath bathymetry, side-scan sonar and ROV
(remotely operated vehicle) exploration greatly facilitate the
recognition of their typical hummocky topography. Remnant
scarps from collapse events can be found in both subaerial and
submarine environments (e.g. Lipman et al. 1988). Classical
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examples are known from the Lesser Antilles arc in the
Caribbean Sea, where more than 52 debris avalanche deposits
have been identified on the seabed (Deplus et al. 2001), the
Canary Islands, where giant landslides are associated with hum-
mocky topography forming horse-shoe shaped structures
(Krastel et al. 2001), and the Hawaiian Islands where the Alika
debris avalanche (volume of about 2,000 km3) is one of the
largest documented so far (Lipman et al. 1988). In the Aegean
Sea, submarine VDAs have been found more recently in the
vicinity of several volcanic islands, including Antimilos
(Alexandri et al. 2001; Nomikou et al. 2013), Santorini (Bell
et al. 2013) and Nisyros (Tibaldi et al. 2008; Nomikou et al.
2009). Indeed, the utility of nearshore geophysical exploration in
gauging the past, present and future evolution of volcanic islands
is currently experiencing an upsurge in interest worldwide—e.g.
the Azores (Mitchell et al. 2012), the West Indies (Cassidy et al.
2013) and the Canary Islands (Fontán Bouzas et al. 2013).

In the eastern sector of the Aegean volcanic arc in the
Aegean Sea, Tibaldi et al. (2008) and Nomikou et al. (2009)
reported the discovery of a spectacular field of hummocky
topography offshore of the south-eastern slope of the Nisyros
island volcano. Combining onland data with nearshore
multibeam bathymetric mapping and seismic profiling, this
was interpreted as part of a debris avalanche that originated
onshore where it involved the Nikia lava flows. Along their
flanks, these lava fields are bounded by three distinct scarps,
two of which are located in the southwest and one in the
northeast. The offshore data revealed numerous round and
elongated hummocks (ridges) of heights reaching 60 m, cov-
ering a horseshoe-shaped area (in plan view) of about 16 km2

with an average thickness of 40–50 m at water depths of 250–
380 m.

In the present article, the surface morphology and subsurface
structure of this submarine hummock field are explored in greater
detail, by combining older bathymetric and seismic datasets with
newer information obtained by side-scan sonar and ROV sur-
veys. In an attempt at verifying the nature of the debris avalanche,
the findings are evaluated in terms of key criteria typifying
landslides, notably existing models of longitudinal and lateral
velocity ratios, and height/run-out/volume interrelations. Finally,
possible triggeringmechanisms and the age of the landslide event
are discussed.

Physical setting

The Hellenic volcanic arc has developed in the back-arc
region of the Hellenic subduction zone (Fig. 1), parallel to
and about 150 km north of the Peloponnese–Crete–Rhodos
island arc (McKenzie 1970; Le Pichon and Angelier 1979). It
is the result of at least 45 Ma of subduction of the East
Mediterranean oceanic lithosphere below the European conti-
nental plate (Papanikolaou 1993). The geodynamic structure

of the Aegean arc includes the Hellenic Trench, which is a
1,500-km-long arcuate series of troughs located south of Crete
extending from the Ionian Sea in western Greece to the Libyan
Sea, and terminating southeast of the island of Rhodos. It also
includes the island arc comprising the Peloponnese, Crete and
the Dodekanese Archipelago, and the back-arc mollassic ba-
sin of the Cretan Sea. The Hellenic volcanic arc has developed
parallel to and behind the island arc. Recent active volcanoes
occur on Soussaki, Methana, Aegina and Poros in the west, on
Milos and Santorini in the centre, and on Kos and Nisyros in
the east. Besides these onshore volcanoes, several submarine
volcanoes have been discovered over past decades in the
course of marine geophysical surveys (for overview, see
Nomikou et al. 2013).

The volcanic island of Nisyros is located between the
islands of Kos and Tilos in the south-eastern Aegean Sea
(Fig. 1). It has a spectacular relief characterized by a truncated
volcanic cone with a base diameter of 8 km and a caldera in
the middle of the island 4 km in diameter. It is composed of
mostly Quaternary volcanic rocks represented by alternating
lava flows, pyroclastic layers and viscous lava domes, ranging
in age from 200 to 25 ka (Papanikolaou et al. 1991). The only
historical reports of hydrothermal eruptions are from 1871–
1873 and 1887 AD, these having been accompanied by vio-
lent earthquakes, gas detonations, steam blasts and mudflows
(Marini et al. 1993).

Materials and methods

In 2000–2001, 2009 and 2010, geophysical exploration off-
shore of Nisyros involved deployment of (1) a swath bathy-
metric SEABEAM 2120 system for deep (>500 m) and a
SEABEAM 1180 system for shallow waters (<500 m), (2)
an EdgeTech 4200 MP 300/600 kHz side-scan sonar, (3)
Hercules and Argus ROVs, (4) a Datasonics sparker seismic
profiling system with a 2,000 J SIG 2mille sparker energy
source, allowing subbottom penetration depths of up to
1,000 m in water depths up to 1,500 m, and (5) a hydrophone
array, receiver and digital recording system of S.I.G. The
multibeam bathymetric survey was carried out from aboard
the R/V Aegaeo of the Hellenic Centre for Marine Research
(HCMR) during three successive cruises conducted in 2000 in
the region of the Nisyros–Kos islands, as part of the
GEOWARN scientific program.

During E/V Nautilus cruise NA011 in October 2010, de-
tailed side-scan sonar and ROV surveys were carried out
within the framework of the New Frontiers in Ocean
Exploration 2010 collaborative project. Hercules and Argus
ROVs are state-of-the-art deep-sea robotic vehicle systems
capable of operating at depths up to 4,000 m. Both vehicles
are equipped with high-definition (HD) video cameras and
1,200 W lamps. Hercules also has two manipulator arms. For

420 Geo-Mar Lett (2013) 33:419–431



the purpose of the high-resolution side-scan survey, Argus
was fitted with an EdgeTech sonar system (see above).

Results

The detailed bathymetric data were compiled into a swath
bathymetric map of the study area at a scale of 1:40,000
(Fig. 2), the 11 different colours defining the onshore/
offshore relief at 100 m elevation/isobath intervals. The ba-
thymetry SE of Nisyros shows numerous round and elongated
hummocks extending from the southern to the south-eastern
slopes of the island. The heights of these features above the
surrounding seabed range from several metres to 60m in some
cases. The density distribution of hummocks changes with
distance from the shore. Some are in contact with each other,
while others form elongated ridges aligned in a NW–SE
direction. Together they define a tongue-shaped field with
most hummocks concentrated at the periphery at water depths
of 250 to 370 m. More than 50 hummocks were identified on

the bathymetric map, whereby areas of scattered hummocks
can be distinguished from areas of aligned hummocks (Fig. 3).

On the basis of the bathymetry, a slope angle map showing
five pooled slope intervals was generated (Fig. 4a): (1) sub-
horizontal areas with mean slopes of 0–3°, (2) low slope areas
of 3–6°, (3) moderate slope areas of 6–10°, (4) steep slope
areas of 10–20° and (5) very steep slope areas greater than
20°. Low slope areas (up to 3° slope angles) define flat areas
where the seafloor is relatively smooth without marked mor-
phological differentiation. Moderate slopes define circular
areas occupied by hummocks. Steep and very steep slope
areas, by contrast, are associated with tectonic fault zones,
linear volcanic zones or avalanche deposits. Of these, the
avalanche deposits are defined by slope areas ranging from
3–20°, whereas very steep slope values correspond to the
linear marginal fault zone of the Tilos Basin in the southern
part of the region and the SE coastal zone of Nisyros where
very steep slopes exceeding 20°, as well as intermediate linear
zones with slopes up to 20° are orientated NE–SW.

Two prominent linear features with steep slopes are of partic-
ular interest. They are located in the centre of the horseshoe-

Fig. 1 Simplified regional map showing the modern Hellenic volcanic arc north of the Hellenic Trench, the Peloponnese–Crete–Rhodos island arc and
the Cretan back-arc basin (extracted from Nomikou and Papanikolaou 2011)
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shaped hummock field, where they stand out from other steep
features. These linear structures occur at approx. 250 m water
depth. The slope vs. depth profile (Fig. 4b) shows that the central
internal area has a smooth surface, whereas the rough seafloor
over the hummock field has gradients up to 20°.

Focusing on the debris avalanche area, the azimuths of
seafloor fabric orientations (11,258 values) were determined
and plotted into a rose diagram incorporating all slope cate-
gories (Fig. 5a). From the rose diagram it is evident that the
main directions of the seafloor fabric are aligned S–SE, which
is also the main direction of the debris avalanche. This is also
obvious from the 3D digital terrain model of Fig. 5b, which
clearly highlights the tongue shape of the hummocky area
indicating the flow direction of the debris avalanche.

Using generic mapping tools, the area and volume of the
deposit were calculated from the bathymetric data (Fig. 6). The
deposit volume corresponds to the difference between ‘before’

and ‘after’ grids. The latter grid represents the present-day
topography extracted from the multibeam bathymetry (upper
left of Fig. 6), whereas the former grid (lower left of Fig. 6) was
generated by applying the polygon method to mask out the
deposit from the multibeam data (upper right of Fig. 6). It is
demonstrated that the offshore debris avalanche field on the SE
flank of Nisyros volcano covers ~22.2 km2 with a volume of
0.277 km3.

The side-scan sonar mosaic reveals an even more complex
physiography than does the bathymetry on its own. A total area
of approx. 26.5 km2, covering roughly 80 % of the hummocky
area, was surveyed with the 300 kHz side-scan sonar. The side-
scanmosaic (Fig. 7) reveals 78 hummocks in all.Moreover, there
is a high abundance of hummocks south of the central sector,
associatedwith disturbed sediment deposits. This emphasizes the
value of additional detailed mapping by side-scan sonar. In
general, the central part of the side-scanned area is very rough

Fig. 2 Bathymetric map from multibeam data with 20 m cell resolution, showing the boundaries of the tongue-shaped hummock field SE of Nisyros

422 Geo-Mar Lett (2013) 33:419–431



and also displays the largest hummocks, some attaining heights
of more than 25 m. The seafloor at the edges of the debris
avalanche (left and upper right of the centre in Fig. 7) is smoother
but still displays large hummocks. A closer look at these shows
them to be flat-topped with vertical sides, many occurring in
clusters concentrated mainly in the lower centre of the avalanche
area.

Descriptive statistics and analysis of the raw side-scan data
and the processed mosaic tend to provide more information
for the hummocky area. Several characteristics (length, width,
height and area) were measured and/or calculated for each of
the 78 individual hummocks, and selected datasets then plot-
ted against the run-out distance from the Nisyros shore. The
shoreline of Nisyros (water depth of 0 m) was used as the
vertical reference point. The results show that hummock
abundance is quite variable at distances between 2 and 7 km
from the shore, the maximum number being concentrated
within the 4–5.5 km range (Fig. 8). The lengths of the hum-
mocks range from 19–220 m (measured along-track), whereas
widths range from 16–236 m. Hummock areas and heights
also vary significantly, the former ranging from 366–
51,965 m2, the latter from 3.5–30.7 m. These measurements
correspond to volumes of 1,737–1,115,684 m3. Average hum-
mock heights centre around 12m (calculated from the shadow
lengths visible on the side-scan records).

Analyzing four seismic profiles crossing the debris ava-
lanche area, it was possible to identify four different seismic
units on the basis of their internal structure and stratigraphic
position (Fig. 9), the labels starting with A for the youngest
(top) package and ending with C for the oldest one. A seismic
profile showing most of the importand features is AK18-5D

(Fig. 10), which runs S–N starting at 310 m water depth north
of Tilos island and heads northwards towards Nisyros island.
Approximately 6 km long, this profile crosses the western part
of the debris avalanche deposits and ends on the Nisyros
island slope at 200 m water depth.

Starting in the south, two seismic units can initially be
identified. An uppermost one, labelled A1 on Fig. 10, repre-
sents late Pleistocene and Holocene sediments. This is under-
lain by a seismic sequence labelled unit C on Fig. 10, which is
occasionally dissected by collumnar seismic blanking structures
overlain by pull-up reflectors creating a chimney-like signature.
The profile then crosses the tectonic boundary fault zone of
Tilos, the vertical offset showing that the island has been
uplifted (Tilos horst). Moving northwards, seismic units A1,
A2, B and C are interrupted by a number of hummocks
displaying hyperbolic reflectors produced by the steep topog-
raphy. The largest hummock peaks at 15 m above the seabed
and is topped by a sediment cover. The slope ascending towards
Nisyros is characterized by a step-like morphology, including a
rotational slump; the steps are seperated by slide scarps,
documenting that a large section of the seafloor slid downslope
towards the south. North of the hummocky area, only late
Pleistocene sediments occur, being represented by units A1
and A2. These directly overlie the volcanic basement.

Seismic profile AK18A (Fig. 11) runs N–S, starting SE of
Nisyros volcano from where it crosses the central part of the
submarine debris avalanche and ends north of Tilos. It is
approx. 8 km long. The profile starts at a water depth of
290 m and progresses southwards into deeper water, reaching
a maximum depth of 350 m before ascending the steep slope
towards Tilos. Along the first section of the profile (left side of
Fig. 11), the acoustic stratigraphy reveals seismic unit A1,
which forms the uppermost sediment layer and reaches a
maximum thickness of 5.7 m. It is underlain by seismic unit
A2, which is occasionally only faintly visible. The parallel
reflectors of seismic unit A1 follow the undulating seafloor
morphology, the lowermost bed sometimes toplapping sub-
adjacent units. Below the bottom layer of unit A1, the resolu-
tion of the seismic profile is unfortunately too poor to enable
the detection of a listric plane that would indicate a glide plane
or any deformation before deposition of the A1 sediment
sequence. However, the morphology and overall attitude of
unit A1 suggests that the late Pleistocene marine sediments
were deposited on a wavy seafloor that was possibly deformed
by tectonic processes.

Moving southwards towards the middle section of the
profile, a complex hummocky topography bounded by hyper-
bolic reflectors is encountered. The hummocks are clearly
seen to be topped by parallel-bedded sediment, any reflectors
that may be present beneath the structures being (as in the case
of Fig. 10) masked by the hyperbolic signatures. The hum-
mocky topography represents the Nisyros debris avalanche
deposit. Towards Tilos the seabed becomes smoother and the

Fig. 3 Zoomed area of the bathymetric map of Fig. 2, showing examples
of aligned and scattered hummocks
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acoustic stratigraphy more clearly visible, showing the pres-
ence of four vertically stacked seismic units. The uppermost
sediment sequence can again be subdivided into the two
seismic units A1 and A2 (Fig. 9). In this part of the profile,
unit A1 is thicker than north of the hummocky area, reaching a
maximum thickness of 12 m. Unit A2 following below unit
A1 has a maximum thickness of 5 m. Whereas both upper
units are parallel-bedded, the unit underlying A2 (seismic unit
B) is characterized by chaotic internal reflectors with a

maximum thickness of 16.5 m. Another parallel-bedded sed-
imentary sequence (unit C), located between seismic unit B
and the acoustic basement, reaches a maximum thickness of
16 m along this profile.

Southwards, the latter parallel-bedded sequence is truncat-
ed by the Tilos tectonic boundary fault zone, which separates
the Tilos tectonic horst from the Nisryos volcanic field to the
north (Nomikou and Papanikolaou 2011). It has a vertical
throw of more than 1.4 km, thereby exposing the alpine

Fig. 4 a Slope distribution map
of the study area. b Depth and
slope profiles crossing the
avalanche deposit along the NW–
SE transect (c–d) shown in a
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basement and post-Alpine sediments at the southern end of
profile AK18A. Seismic units B and C have a S–N orienta-
tion, thinning towards Tilos and tending to thicken north-
wards. The two units were probably part of the Tilos basin
deposits before being disrupted by the eruption of the Nisyros
volcano.

The ROV exploration in 2010, with the deployment of an
Argus-mounted HD camera from aboard E/V Nautilus, lasted
3 h and served for a closer visual inspection of the hummocks
outcropping at the avalanche site. Of the 78 hummocks iden-
tified on the side-scan mosaic, six were targeted in the eastern
sector (cf. Fig. 7). All were found to be covered with biolog-
ical encrustations, rendering the visual identification of the
outcrop material difficult, if not impossible. In some cases,
black-coloured patches on round hummocks (22 m high,
Fig. 12a) suggest the presence of volcanic rock possibly
originating from shallow water near the coastline. Another
target (23 m high, Fig. 12b) oriented at 108° has a gentle

northern slope and a steeper southern one, the asymmetrical
shape having perhaps been produced by compression that
resulted in the formation of a NE-SW-oriented ridge.

Discussion and conclusions

Morphology and dimensions of submarine hummock field

Tibaldi et al. (2008) suggested that the hummock field covers
an area of approx. 16 km2 at water depths of 250–380 m. The
new data show that the field actually extends over approx.
22.2 km2—which exceeds the former estimate by 26 %—at a
somewhat wider range of water depths from 230–380 m. It
comprises at least 78 hummocks of less than a metre to nearly
230 m in length and width, covering an area approx. 4.8 km
wide by 4.6 km long. The tongue shape of the hummock field
suggests a south-easterly (150° azimuth) flow direction of the

Fig. 5 a Azimuth orientations of
seafloor fabric in the debris
avalanche area. b Three-
dimensional terrain model of the
larger study area (cf. Fig. 2)
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avalanche. The main concentration of hummocks occurs in
the peripheral area of the field, the structures having vertical
sides and occasionally flat tops, and ranging in height from 8–
18 m. The offshore volume of this debris deposit is here
estimated to be about 0.277 km3, the total volume of the
collapse from the summit of Nisyros volcano having been
estimated at 1 km3 by Tibaldi et al. (2008).

Two types of areas were identified, one displaying
scattered hummocks, the other aligned hummocks
(Fig. 3). Considering the morphology of the seafloor
when the avalanche came to rest, and following the
model proposed by Dufresne and Davies (2009), the
mode of deposition reveals the lateral velocity structure
as a function of distance from the centre of the flow.
The avalanche material moves fastest along the central,
longitudinal flow path, the speed progressively decreas-
ing laterally away from the centre. Along the fast track,
longitudinal ridge and flowband formation is favoured.
Laterally, where the flow speed is slightly less, hum-
mocks and ridges tend to break up into clusters
(Dufresne and Davies 2009) to form aligned hummocks.
This is especially the case in the decelerating distal
parts of many rock and debris avalanches where the
flow spreads out laterally.

Analyzing the slope distribution of the study area, the low-
angle areas defined by yellow (0–3°) and green (3–6°) colours
in Fig. 4a are located mainly in the basin and in the

semicircular zone upslope of the hummocky area. Steep
slopes (blue and red colours) exceeding 10° are observed
close to Nisyros island, where they form scarps occupying
specific depth intervals probably created by subaerial erosion
during Pleistocene sea-level lowstands, and near the island of
Tilos where they define an E-W-oriented major fault zone.
Besides these two obvious regions, steep slopes are also
observed around many hummocks, especially to the SE of
Nisyros where they trace the tongue-shaped hummock field
formed by the debris-flow deposit.

Seismic stratigraphy

Analysis of the sparker seismic reflection profiles reveals that the
Nisyros debris avalanche deposit forms the youngest
seismostratigraphic unit southeast of the island, its chaotic and
occasionally hyperbolic nature being in agreement with this kind
of deposit. The hyperbolic reflectors mostly mask seismic return
signals from beneath. However, localized evidence for the pres-
ence of horizontal reflectors below these structures preclude
them to be basement protrusions (Fig. 10), and therefore imply
these to be associated with the debris avalanche deposit. The
columnar acoustic blankings topped by pull-up structure reflec-
tors observed in the stratified sediment layers of unit C (Fig. 10)
may have resulted from the disruption of sediment strata by the
upward migration of gases and/or pore fluid, a signature docu-
mented in numerous settings worldwide (Løseth et al. 2009).

Fig. 6 Volume and area
calculations of the avalanche
deposit. Upper left Present-day
topography, lower left pre-
landslide topography. upper right
landslide area polygon, lower
right total deposit volume
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These blanking zones are observed on the southern tectonic
block immediately adjacent to the Tilos marginal fault, with
which they may be associated.

Scars and slip plane geometries

Identification of slide scars and glide planes enables a com-
parison of the failed slope segment with nearby non-failed
areas. The information gained from this can be useful in
uncovering the reasons for failure (Canals et al. 2004). In the
present case, two linear features were identified (Fig. 4a) in the

middle sector of the back-arc of the avalanche deposit, char-
acterized by steep slopes. These linear features are confidently
interpreted as slide scarps because of their shape, their position
relative to the deposit and their location along seismic profile
AK18-5D (Fig. 10). The occurrence of two secondary scarps
with back tilting at 250 m depth does not exclude the possi-
bility of other slide scarps existing higher on the flank. The
well-defined bathymetric zone around 100 m water depth,
characterized by slopes of 10–45°, forms the main scarp of
the landslide (Fig. 4a).

Run-out distance

Run-out is the horizontal distance from the upper edge
to the farthest point of the slide mass. Based on the
available data for the Nisyros hummock field, the run-
out of most avalanche sections was less than 5 km from
the assumed source, some reaching 7 km. Comparing
the total change in height with the total run-out (H/L)
gives an indication of the overall mobility of a slide,
although it would not account for transitions between
different stages of a mass movement event, as in the
case of a slump that transforms into a debris avalanche.

Fig. 8 Hummock abundance vs. run-out distance from shore. Dashed
line Approximate start position of the landslide

Fig. 7 Side scan mosaic of the Nisyros debris avalanche. Upper left map shows sidescan sonar transects combined with the swath bathymetry. The red
line indicates the boundaries of the tongue-shaped hummock field SE of Nisyros
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Typical values for underwater landslides range from
10−3 to 100, smaller values indicating higher mobility
(Siebert 1984; Canals et al. 2004). The H/L for the
Nisyros slide is 0.04 (using a run-out of 7 km); when
plotted against volume, this falls not only within the
theoretical bounds but also within the range of values
typical of submarine landslides (Fig. 13).

Triggering mechanisms and dating

At a sedimentation rate of 21.8 cm/1,000 years (cf. below for
independent data sources), the thickness of the sediments (al-
most 9 m) overlying the landslide indicates an age of about
40 ka, which places it close to the extrusion period of the Nikia
lavas (Tomlinson et al. 2012). The Nikia rhyolites expose

Fig. 10 Seismic profile AK18-5D crosses the western part of the volcanic debris avalanche on the SE submarine slope of Nisyros volcano

Fig. 9 Characteristics of seismic
units identified in two N–S
seismic profiles across the study
area (see Figs. 10 and 11)
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impressive flow forms with folding and shearing along the SE
coastline (Fig. 14, upper left). However, there is no major break
in the onshore Nikia lava outcrops. On the contrary, at about
80–120 m water depth there is a well-defined 10–40 m high
submarine scarp with a slope of 10–45° that runs sub-parallel to
the coastline (Fig. 4b). This bathymetric zone corresponds to
the palaeo-coast 40 ka ago (Lykousis 2009). Two secondary

minor scarps of 10–20m height occur at 250 m depth (Fig. 4b).
These exhibit a back-tilting geometry of the landslide material
just above the basal slip surface (Fig. 14). The geometry of the
SE area of Nisyros, both onshore and offshore, shows the
contact zone of the Nikia lava with the underlying strato-
volcanic structure, which probably represents the sliding sur-
face, to be only a few metres thick.

Fig. 12 ROV video observations (dive NA011) of selected hummocks identified in the side-scan sonar mosaic (for locations, see Fig. 7). a Target 23 and
b target 24, both showing evidence of round black hummocks

Fig. 11 Seismic profile AK18A crosses the central part of the volcanic debris avalanche on the SE submarine slope of Nisyros volcano

Geo-Mar Lett (2013) 33:419–431 429



The most plausible scenario suggests the occurrence of a
submarine landslide during or immediately after the Nikia
lava flow, the 40 ka palaeo-coast at about 120 m depth
probably playing a dominant role. The submarine landslide
thus involved Nikia rhyolitic material and late Pleistocene

sediments flowing towards the SE across a smooth palaeo-
surface dipping about 3° in the same direction.

There are no cores available from the debris avalanche area
on which to perform dating. The ROV photos as well as the
side-scan sonar and seismic profiles suggest that the greatest
part of the debris avalanche deposit is covered by a thick layer
of young Holocene sediments, implying an older age for the
deformed sediments of the avalanche deposit. As a rough
approximation, a sedimentation rate of 21.8 cm/1,000 years,
calculated for the late glacial–Holocene in the western Kos
Basin based on plankton/pollen data fromTriantaphyllou et al.
(2009a, 2009b) as well as geochemical data from Katsouras
et al. (2010), is assumed. In combination with the observed
depth of the erosional truncation of unit A2 (almost 9 m in the
seismic profiles) plausibly induced by the avalanche, the
timing of the event can be estimated at ~40 ka BP. This is
consistent with the findings of Tibaldi et al. (2008), who
suggested that the younger age limit of the collapse is 35 ka
on the basis of Nikia lava datings.

In conclusion, the independent evidence presented
above confirms the interpretation of Tibaldi et al.
(2008) that an ancient massive SE flank collapse of
the Nisyros volcano generated a debris avalanche that
deposited material persisting up to the present day in an
extensive hummock field close to the island. The in-
ferred age of ca. 40 ka for the avalanche awaits confir-
mation by dating of core material.

Fig. 14 Conceptual topographic section oriented NW–SE showing the well-defined main submarine scarp running sub-parallel to the coastline, the two
minor scarps above the basal slip surface, and the sea level at ca. 40 ka BP (the latter based on Lykousis 2009)

Fig. 13 Mobility of submarine and subaerial landslides compiled by
Canals et al. (2004, their Fig. 14), expanded by addition of the Nisyros
(red circle, present study) and Santorini submarine landslides (Bell et al.
2013). For additional data sources, the reader is referred to Canals et al.
(2004)
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