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Abstract

Small-scale landslides affecting insular and coastal volcanoes are a relevant geohazard for the surrounding infrastructures
and communities, because they can directly impact them or generate local but devastating tsunamis, as demonstrated by
several historical accounts. Here, a review of such landslides and associated predisposing/triggering mechanisms is presented,
with particular reference to the submarine volcanic flanks. We take into account, as a case study, the instability phenomena
occurring on the Sciara del Fuoco (SdF, hereafter), a 2-km wide subaerial-submarine collapse scar filled by volcaniclastic
products, which form the NW flank of the Stromboli volcano. Because of its steepness (> 30°) and the high amount of loose
volcanic material funneled from the summit crater towards the sea, the submarine part of the SdF is prone to instability
phenomena recurring at different spatial and temporal scale. Particularly, landsides with a volume of some millions of cubic
meters, as the 2002 tsunamigenic landslide, can repeatedly affect the submarine slope. Based on the integration of 11 years
(2002-2013) of morpho-bathymetric monitoring of the SAF with geotechnical characterization of volcaniclastic and lava
flow materials, stability analyses of the subaerial and submarine slope and previous literature studies, we analyze the role of
different triggering mechanisms in controlling the occurrence and size of submarine slope failures at the SdF, such as dykes
intrusion as occurred in 2002 or the emplacement of a large delta as occurred in 2007.

Keywords Multibeam bathymetry - Slope stability - Tsunamigenic landslide - Lava delta - Time-lapse surveys - Stromboli -
Geotechnical modelling

Introduction

Volcanic eruptions, landslides and associated tsunamis are
recognized as one of the main geohazards on insular vol-
canoes, and a source of risk for surrounding areas. Several
natural disasters (with more than 40,000 casualties only
in the last few centuries) have been the direct or indirect
result of landslides affecting volcanic flanks, as observed
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at Oshima—Oshima in 1741 and Unzen Volcano in 1792
(Japan) (Satake and Kato 2001; Satake 2007; Brantley and
Scott 1993; Sassa et al. 2016), Krakatau in 1883 and Anak
Krakatau in 2018 (Indonesia) (Self and Rampino 1981; Wal-
ter et al. 2019), Ritter Island in 1888 and Sissano in 2002
(Papua New Guinea) (Tappin et al. 2001; Karstens et al.
2019), St. Augustine in 1883 (Alaska) (Beget and Kienle
1992) to name a few.

Because of their huge volume (up to thousands of km?)
and associated hazard, the geomorphological and geo-
technical characterization of large-scale sector collapses
and related debris avalanche deposits attracted most of the
attention of the scientific community (e.g., Apuani et al.
2005a; Moore et al. 1994; Urgeles et al. 1997; Deplus et al.
2001; Mitchell et al. 2002; Oehler et al. 2008; Del Potro and
Hiirlimann 2008; Romagnoli et al. 2009a, b; Coombs et al.
2007; Costa et al. 2014, 2015; Schaefer et al. 2015; Hilde-
brand et al. 2012, 2018). Conversely, the study of smaller
landslides (up to few hundreds millions of m®) was often
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overlooked, especially in marine settings, due to the difficul-
ties and time-consuming seafloor mapping of shallow-water
areas around volcanic islands (Mitchell et al. 2008; Babon-
neau et al. 2013; Bosman et al. 2014; 2015,2018; Quartau
et al. 2014; Sibrant et al. 2014; Casalbore et al. 2015). These
landslides, if occurring in shallow-water or coastal sectors,
can however generate local tsunamis, as recently observed
at Stromboli in 2002 (Tinti et al. 2005) or Anak Krakatau
in 2018 (Walter et al. 2019). Moreover, they can be more
hazardous than the previous large events, due to their higher
recurrence (e.g., Boudon et al. 2007; Di Roberto et al. 2010;
Casalbore et al. 2012). In addition, turbidity currents gener-
ated from such landslides can pose a major hazard to off-
shore infrastructures (mainly subsea cables) that are critical
for global communications and energy transmission (e.g.,
Carter et al. 2014; Talling 2014), especially in the case of
small islands in developing countries (Clare et al. 2018).
The aim of this paper is to make an overview of small-
scale landslides affecting the flanks of volcanic islands,
with particular reference to their submarine part (“Over-
view of small-scale slope instabilities on volcanic edifices,
with particular reference to their submarine flanks”). We
use Stromboli volcano as a case-study for this kind of
events, because several historical accounts of tsunami
waves have been reported over the last two centuries
(Maramai et al. 2005) and associated with speculated sub-
marine landslides with mobilized volume in the order of
millions of cubic meters. Most of them occurred within the
Sciara del Fuoco (hereafter SdF, Fig. 1), a very steep sub-
aerial-submarine collapse scar on the NW flank (Tibaldi
2001), which conveys towards the sea the volcaniclastic
material produced by the persistent Strombolian activity
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Fig. 1 a Shaded relief map of the Stromboli volcano (equidistance of
isobaths: 500 m), elongated in a SW-NE axis; the coordinates are in
WGS84-UTM33N; b 3-D view of the NW flank of Stromboli, fea-
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at the summit craters (Kokelaar and Romagnoli 1995;
Romagnoli et al. 2009a and reference therein). The accu-
mulation and successive mobilization of large volumes of
volcaniclastic deposits at SAF mainly occur during parox-
ysms or effusive eruptions which temporarily interrupt the
persistent Strombolian activity and may affect the overall
slope stability. This was, for instance, observed during the
2002 eruptive crisis, when two tsunamigenic landslides
mobilized a volume in the order of ten million of m* both
in the submarine and subaerial part of the SAF (Bonaccoro
et al. 2003; Baldi et al. 2008; Chiocci et al. 2008a; Marani
et al. 2008; 2009).

By combining high-resolution morpho-bathymetric
monitoring of the SAF (“Small-scale slope instabilities at
Stromboli: insights from morpho-bathymetric monitoring of
Sciara del Fuoco”) with slope stability analyses and results
from previous studies (“Mechanisms controlling the devel-
opment of small-scale submarine slope failures at Stromboli:
a geotechnical perspective”), we attempt to better constrain
the main triggering mechanisms for the development of sub-
marine slope failures at Stromboli. Specifically, we analyze
both the role of dyke intrusions (using as case-study the
2002 landslide) and the emplacement of lava flows and asso-
ciated delta (using as case-study the 2007 eruption) on the
stability of the submarine slope. Another possible trigger
of small-scale landslides could be the entrance into the sea
of pyroclastic flows, as those recently occurred in July and
August 2019 at the Sciara del Fuoco. However, considering
the paucity of information and modeling available in litera-
ture for this kind of events (apart from the paper of Freundt
2003), related geotechnical analysis is beyond the scope of
this paper.

tured by the submarine-subaerial scar of the Sciara del Fuoco (SdF)
down to — 1000 m. Str Strombolicchio
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Overview of small-scale slope instabilities
on volcanic edifices, with particular
reference to their submarine flanks

Volcanic edifices are some of the most rapidly growing
geological structures on Earth. As a consequence, their
flanks may become unstable and be subjected to failure at
different temporal and spatial scale (Keating and McGuire
2000; McGuire 2003). The largest landslides (up to thou-
sands of km®) commonly affect oceanic shield volcanoes
(e.g., Hawaii and Canary Islands, Mitchell et al. 2002),
whereas smaller events (up to hundreds millions of m3,
typically in the order of millions of m? or less) are typi-
cally associated to steep stratovolcanoes or monogenetic
cones. Stratovolcanoes are very prone to the development
of shallow landslides, because of their structure made of
layers of volcanic products with very different geome-
chanical and hydraulic characteristics (Madonia et al.
2019). Slope instability is also occasionally fostered where
perched groundwater is sustained by horizons having low
permeability (Chigira 2002). Moreover, volcanic soils may
represent weak layers in the stratovolcano architecture,
which highly increase landslide susceptibility at all spatial
scales (Valaddo 2002; Hurlimann et al. 2001).

In spite of their small mobilized volume, such slope
instabilities can produce severe damages to the surround-
ing areas, both directly and indirectly. Direct risk occurs
when inhabited areas are located within the runout dis-
tance of the debris flow/avalanche generated by the land-
slide. This is for instance demonstrated by the earthquake-
triggered Las Colinas landslide, a 180,000 m>, fast-moving
flow-like landslides occurred in 2001 at El Salvador (Cen-
tral America), resulting in about 500 casualties (Crosta
et al. 2005; Devoli et al. 2009). In volcanic islands, it
should be considered that inhabited areas are often built
close to active volcanoes with noticeable landslide haz-
ard, as for instance observed at Vulcano Island in Italy
(Galderisi et al. 2013; Marsella et al. 2013). Moreover,
runout distances can be larger for volcanic landslides, as
they are typically characterized by a higher mobility than
those involving non-volcanic rocks; this mobility generally
increases with the volume of the landslide (Hayashi and
Self 1992; Legros 2002). Indirect risks are associated with
the generation of tsunami waves when volcanic landslides
enter into the sea or a lake. For instance, the tsunamis
waves generated by the 2018 Anak Krakatau slope failure
mobilizing a subaerial volume of 100—400 million of m?
(Walter et al. 2019; Williams et al. 2019), caused over 430
fatalities and 14,000 injured people along the Sunda Strait.

Since their volume is not extremely large (on average
around few millions of m?) and volcanic flank are often
steep, the recurrence time for “small-scale” volcanic

landslides is quite short (especially if compared to that of
large-scale sector collapses). This is witnessed by several
historical examples reported in literature, such as Montser-
rat in 2000 (Sparks et al. 2002), Stromboli in 2002 (Bonac-
corso et al. 2003; Chiocci et al. 2008a), Mount Meager in
2009 (Guthrie et al. 2012), Askja in 2014 (De Vries and
Davies 2015) and Anak Krakatau in 2018 (Walter et al.
2019). Historic accounts reveal that only in Southeast
Asia, 17 volcano-induced tsunamis have been recorded
during the twentieth century and (at least) 14 in the nine-
teenth century, thus defining a recurrence rate of one event
every 5-8 years (Paris et al. 2014).

Monitoring of 2018 Anak Krakatau slope failure
revealed that at the time of the collapse, none of the trig-
gering factors, including the thermal anomalies, flank
motion, anomalous degassing, seismicity, and infrasound
data, was sufficiently conclusive to shed light on the fail-
ure if considered individually (Walter et al. 2019). This
example demonstrates how, once stability conditions
have progressively worsened throughout years before the
event, specific (and sometimes minor) internal and exter-
nal perturbations can trigger a collapse. This is consist-
ent with the evidence that volcanic edifices are by their
nature “unstable” systems due to structural discontinui-
ties, hydrothermal alteration, magmatic intrusions and
high lava accumulation rates (de Vries and Davies 2015).
Specifically, different predisposing/triggering mechanisms
have been proposed for the development of small-scale,
subaerial landslides, such as:

a. heavy rainfall can be considered in humid areas as one of
the principal triggering events influencing the distribu-
tion, frequency and magnitude of landslides on volcanic
slopes, as for instance observed in the Azores islands
(Valadao et al. 2002);

b. Loading of an active dome over a weak, hydrothermally
altered slope in arc-volcanic settings, as for instance
occurred at Monserrat (e.g. Sparks et al. 2002);

c. Seismic action and surface faulting involving the vol-
cano edifice that may trigger failure, as at Iriga Volcano
in Philippines (e.g. Paguican et al. 2012);

d. Shallow hydrothermal fluids that can stagnate under sub-
horizontal surfaces, giving rise to the argillification of
volcanogenic minerals (Madonia et al. 2019; Olivares
and Tommasi 2008). Fumarolized areas are particularly
prone to gravitational instability, and critical conditions
can be reached after rainfall, as testified by the several
shallow landslides affecting La Fossa cone (Vulcano
Island) in the last three decades (Madonia et al. 2019);

e. Deep glacial incisions and glacial retreat can erode and
debuttress a volcanic edifice lying in alpine chains or at
high latitudes, producing steep slopes that are prone to
frequent landslides (especially if the edifice was already
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weakened by hydrothermal alteration) as observed at
Mount Meager in 2009 (Guthrie et al. 2012);

f.  Vertical movements associated with caldera resurgence,
as testified by the widespread mass-transport deposits
(often entering into the sea) sourced from the rapid
uplift of the Mt. Epomeo (Ischia island) in the past 30 ka
(Tibaldi and Vezzoli 2004; De Vita et al. 2006).

Regarding submarine volcanic flanks, a main problem
for the event reconstruction is the paucity of observation
or monitoring of landslides due to the technological and
logistical difficulties related to the water column. Until
now, seafloor imagery systems (i.e., multibeam and side
scan sonar systems) coupled with high-resolution seismic
profiles (even if these often do not work very well on the
steep and coarse-grained volcanic flanks) have been used
to map the extent and spatial distribution of the geomor-
phic features associated with past landslides. Particularly,
seafloor mapping around volcanic edifices has allowed the
identification of wide debris avalanche deposits associ-
ated with large-sector collapses in the subaerial/submarine
flanks of volcanic edifices (e.g., Mitchell et al. 2002; Boudon
et al. 2007; Coombs et al. 2007; Leat et al. 2010), but also
widespread landslide scars associated to small-scale events.
These landslide scars have typically widths of hundreds- or
thousands of meters and are commonly recognized at the
edge of the insular shelf surrounding volcanic islands at
water depths around 100-200 m, as observed in the Azores
(Quartau et al. 2010, 2012; Casalbore et al. 2015), Madeira
Archipelago (Quartau et al. 2018; Santos et al. 2019), Aeo-
lian Islands (Casalbore et al. 2011, 2016a; Romagnoli et al.
2013) and Ventotene Island (Casalbore et al. 2016b). The
insular shelf edge marks, in fact, the passage from a gently
sloping area carved by wave-erosion during sea-level fluc-
tuations to the steep volcanic flanks, where slope gradients
reach values higher than 30°. In the shelf area, there may be
also the temporary storage of loose volcaniclastic sediments
eroded from the coast and transported seaward during the
main storm-surges, which can be successively remobilized at
higher depths by slope failures (Meireles et al. 2013; Casal-
bore et al. 2017).

In the submarine volcanic flanks where the shelf is lack-
ing or retrogressive erosion at the head of canyons/channels/
gullies is very strong, landslide scars are found in very shal-
low water (5—-20 m water depth) and close to the coast (to a
distance of few tens of meters), thus suggesting the occur-
rence of a main geohazard for coastal communities. This is,
for instance, observed on the eastern side of Lipari (Casal-
bore et al. 2018), within the submarine part of La Fossa
Caldera at Vulcano (Romagnoli et al. 2012) or at Tanna Vul-
cano (Clare et al. 2018). In all the presented cases, landslide
deposits are difficult to recognize on multibeam bathym-
etry. This is likely due to the fact that landslide masses lost
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cohesion either during failure or during its runout, evolving
in a sedimentary gravity flow (i.e., turbidity currents).

The detection of recent landsliding events in marine set-
ting is possible through the comparison of repeated multi-
beam surveys or with acoustic monitoring system so far.
Repeated multibeam surveys performed at Monowai Vol-
cano in the Kermadec arc allowed the identification of two
small-scale landslides between 200 and 800 m water depth
(Chadwick Jr et al. 2008). Both slope failures have been
interpreted by these Authors as the result of loading of vol-
caniclastic material erupted in the last 30 years on the sum-
mit and on the steep upper slopes of the submarine volcano
(>20°). The thicknesses (48—70 m) and volumes (40-85
million of m?) of the landslides at Monowai are very similar
to those depicted at NW Rota-1 Volcano in the Mariana
volcanic arc (Chadwick et al. 2012), thus suggesting that
this size of the event may be typical of young, active sub-
marine arc volcanoes. This conclusion is also supported by
analogue experiments conducted to investigate the modes of
sector collapse on volcanoes, showing that shallow and nar-
row collapses are a common mode of failure at the summit
of steep-sided cones (Acocella 2005).

Acoustic monitoring records the signals released by land-
slides either through hydrophones or, if the signal couples
into the ground, seismometers. This monitoring system has
been largely applied to subaerial volcanoes (Allstadt et al.
2018 and reference therein). In the submarine environment,
the deployment of hydrophone on the summit of Loihi vol-
cano in 1998 allowed to recognize dozens of small landsides
occurring on the submarine flank of Kilauea (Caplan-Auer-
bach et al. 2001). Particularly, these events were recorded
only when lava was actively flowing into the ocean, suggest-
ing that landslides were triggered by loading of new material
at the top of a marginally stable flank (Caplan-Auerbach
et al. 2001). A similar approach was successfully applied
also at the NW Rota-1 (Chadwick et al. 2012) and West
Mata volcano in the Lau Basin (Caplan-Auerbach et al.
2014).

Data and methods

The review of submarine slope instabilities along the Sciara
del Fuoco at Stromboli is largely based on time-lapse mor-
pho-bathymetric data collected in the area since 2002. They
were used both to reconstruct the morphological evolution
of the slope and, coupled to geotechnical properties of vol-
caniclastic materials and strength/stiffness estimates of the
lava flow rock mass, to investigate triggering mechanisms
in the volcaniclastic slope and in the slope area overlaid
by the 2007 lava delta, respectively. Several bathymetric
surveys were collected since 2002 with multibeam systems
operating at different frequencies (50-455 kHz) on board
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of RVs Thetis, Urania and Minerva Uno (CNR) and of
small launches for coastal surveys. Bathymetric data were
positioned through differential GPS systems and processed
with Caris Hips and Sips hydrographic software with the
application of tidal correction, sound velocity profiles, patch
test, statistical/geometrical filters and manual editing (for
details on data acquisition and processing, a reader can refer
to Baldi et al. 2008; Bosman et al. 2014, 2015). Once pro-
cessed, raw data were gridded and used to generate Digi-
tal Elevation Models (DEMs) of the seafloor with cell size
variable from 0.5 to 3 m according to sounding density in
the different depth range. Seafloor changes were computed
as the difference between two successive DEMs generated
from repeated multibeam surveys. The resulting “difference
maps” quantify the change in seabed depth, where positive
and negative values are associated with seafloor accretion
and erosion, respectively. The volumes associated with
surface changes are obtained by integrating the difference
in depth over the area of interest through Global Mapper
16 dedicated to the calculation of volumes. The reliability
of computed volumes depends on the accuracy of the DEMs,
which, in turn, is related to uncertainties in seafloor depth
estimation. Several source of errors can affect the accuracy
of the soundings data, such as the system used in surveys
(frequency and beam width), measurements of acoustic
wave velocity in the water, offset of the vessel configura-
tion, calibration procedures, accuracy of positioning (PPK,
RTK, HP, EGNOSS, etc.), tidal correction and so on. Small
depth changes below the likely errors in the DEMs, are not
taken into account in volume computations. As threshold
it was assumed + 1 m, defined by comparing the difference
in depth of stable benchmarks between pairs of successive
bathymetric sets.

The influence of dyke intrusion and deposition of the
2007 lava delta have been analyzed through stress—strain
finite difference analyses (FLAC and FLAC3D codes). Phys-
ical and mechanical properties of the volcaniclastic materials
used in the model are based on the results of comprehen-
sive laboratory tests reported in previous studies (Verrucci
et al. 2019; Rotonda et al. 2010; Boldini et al. 2009; Tom-
masi et al. 2005). The estimate of the strength and stiffness
assumed for the rock mass forming the lava delta is based
on laboratory tests conducted on the subaerial lava flows
by Rotonda et al. (2010) and data on rock mass structure
collected during scuba surveys of the submarine scarps of
the lava flow.

Geological setting

Stromboli is one of the seven islands forming the emerged
part of the 200 km-wide Aeolian volcanic arc in the South-
ern Tyrrhenian Sea. Particularly, Stromboli Island is the

tip (around the 2%; Bosman et al. 2009) of a large and
mostly basaltic stratovolcano that rises over 3000 m from
the surrounding seafloor (Fig. 1). The stratovolcano is
actually made up by two volcanic edifices: (1) the older
edifice (Str in Fig. 1), largely eroded and completely sub-
merged apart from the central neck of Strombolicchio,
which is dated around 200 ka (Gillot and Keller 1993),
and (2) the younger Stromboli edifice forming the present-
day island, dated around 85 ka on the base of the oldest
outcropping rocks (Francalanci et al. 2013).

The Stromboli edifice is characterized by a bilateral
symmetry with respect to a SW-NE axis, with the SE and
NW flanks repeatedly affected by large lateral collapses
(Romagnoli et al. 2009a, b; Tibaldi et al. 2009). In detail,
the NW flank was affected by multiple sector collapses
in the last 13 ka (Tibaldi 2001), the last of them likely
occurred during medieval times, leading to the devel-
opment of the Sciara del Fuoco scar (Francalanci et al.
2013). Geoarchaeological evidence of Middle-Age tsu-
namis at Stromboli have been recently reported by Rosi
et al. (2019).

The volcanic activity of Stromboli is mostly character-
ized by the so-called “normal Strombolian activity” (or
persistent ordinary activity), consisting of low- to mid-
energy Strombolian explosions and the continuous emis-
sion of volcanic gases (Barberi et al. 1993; Bertagnini
et al. 2003). A second type of explosions, named Strombo-
lian paroxysms (Mercalli 1907), consists of short-live vio-
lent explosions involving more than one vent. These can
further be subdivided into small-scale paroxysms (Barberi
et al. 1993; Métrich et al. 2005), and large-scale parox-
ysms, often called “Paroxysms” for simplicity (Bertag-
nini et al. 2011), as recently occurred in July and August
2019. Finally there are rare lava flow emissions within
the SdF, as recently occurred in 2002, 2007 and 2014
(Calvari et al. 2005, 2010; Di Traglia et al. 2018a). Most
part of the erupted volcanic material is funneled within
the SdF scar into the sea, where a large volcaniclastic
fan, formed by debris avalanche deposits and an overly-
ing turbidite system, is recognizable from about — 700 m
down to — 3000 m (Romagnoli et al. 2009a; Fig. 1). The
volcaniclastic fan extends over an area of 170 km? for a
total estimated volume of 12+ 2.5 km®. Grabs and box-
corers, performed off the SAF submarine scar, recovered
Stromboli-derived turbidites with very coarse sand and
small basalt pebbles at water depths greater than 2000 m,
indicating a considerable bypassing of finer sediments by
long-lived and strong surging currents towards the SE Tyr-
rhenian bathyal plain (Kokelaar and Romagnoli 1995; Luc-
chi and Kidd 1998; Marani et al. 2008, 2009; Romagnoli
et al. 2009a; Di Roberto et al. 2010).
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Small-scale slope instabilities at Stromboli:
insights from morpho-bathymetric
monitoring of Sciara del Fuoco

The 2002 tsunamigenic landslide

On December 30th, 2002 a submarine-subaerial sequence
of landslides affected the NE-most portion of the Sciara
del Fuoco, generating two tsunami waves with a run-up of
2—10 m on the Stromboli coasts (Bonaccorso et al. 2003;
Tinti et al. 2005, 2006). The geometry of the submarine
landslide scar was reconstructed using the difference map
(Fig. 2) obtained through the comparison of bathym-
etries collected before (February 2002) and after (Janu-
ary 2003) the 2002 event (landslide T in Fig. 2a; Chiocci
et al. 2008a). The landslide scar developed from the coast
down to — 350 m, with a length of 650 m, width of 470 m
and a maximum thickness of 45 m. The landslide mobi-
lized an estimated volume of approximately 11 x 10° m? of
volcaniclastic materials and lava (Baldi et al. 2008). The
submarine landslide scar t caused 7 min later two subaerial
landslides (f plus y landslides in Fig. 2a; Tommasi et al.

ERC. ) : Difference map (2/2002-1/2003)
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Fig.2 a Difference map obtained by comparing multibeam bathym-
etries acquired pre- (February 2002) and post-slide (January 2003)
showing the geometry of the 30th December 2002 submarine scar
down to—350 m; at greater depths two flow trails, associated to the
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2005), having a total volume of approximately 13.5x 10°
m?® (Baldi et al. 2008).

The submarine and subaerial tsunamigenic landslides
were caused by larger, deep-seated gravitational slope
deformations (landslide o of Tommasi et al. 2005, 2008)
triggered by the emplacement of a SW-NE dyke during the
2002-2003 eruption (Bonaccorso et al. 2003; Calvari et al.
2005), as discussed in more detail in the next sections. The
morphological setting of the submarine slope strongly con-
trolled the development of the landslide scar as it mainly
affected the shallower and steeper part (gradients > 30°, up
to 40°, Fig. 2b; Casalbore et al. 2011), where a volcaniclas-
tic apron develops down to 300 m of depth, made up by the
coalescence of several fan-shaped bodies, in morphological
continuity with similar features observed on the lower suba-
erial slope of the SdF (Fig. 1b; Chiocci et al. 2008a).

Grabs in this area recovered coarse sand, centimetric to
decametric scoriae and vesicular lava pebbles, whereas finer
fractions were very low or totally absent (Casalbore et al.
2010). This suggests that volcaniclastic fine sand mainly by-
passed this sector and/or was removed from the submarine
SdF, likely by frequent small submarine slope failures and
by severe storms that struck the NW flank of Stromboli dur-
ing winter months, and related northward-directed littoral

Slope gradients map (DEM 2002)
HN e

516500

erosion exerted on the seafloor by the sliding mass, are also recogniz-
able; b Slope map (in degrees) computed on the pre- (February 2002)
slide DEM, indicating a steeper part of the submarine slope (volcani-
clastic apron) in the first 300 m of depth
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drift as suggested by Romagnoli et al. (2006). This inference
is also suggested by the sedimentological studies performed
on the 2002 landslide deposits, found at depths ranging
between 1000 and 1800 m, through the integration of multi-
beam bathymetry, side-scan sonar and seafloor visual obser-
vations (Marani et al. 2008, 2009). Characteristics of the
deposits suggest that they were derived from cohesionless
density flows with sandy matrix. Flow rheology and dynam-
ics led to the segregation of the density flow into sand-rich
and clast-rich regions. Proximal coarser landslide deposit
were found on the volcano slope, while a distal, cogenetic,
sandy turbidite was observed 24 km far from the Stromboli
shoreline (Marani et al. 2008, 2009), indicating a prevalent
by-pass of the sedimentary gravity flows.

Emplacement of the 2007 lava delta and its
successive morpho-bathymetric evolution

The post-slide evolution of the 2002 submarine landslide
scar was monitored through repeated bathymetric surveys,
evidencing its rapid infilling (approximately 40%) over a
period of only 4 years after the event (Chiocci et al. 2008b).
At the beginning of 2007 a new effusive eruption emplaced

between 3.2 10 and 11 x 10 million of m? of lava on the
NE sector of the SdF (Calvari et al. 2010), most of which
on the submarine slope (approximately 70% according to
Bosman et al. 2014). The difference map obtained between
multibeam surveys collected before and after the 2007 erup-
tion allows us to constrain the geometry and volume of the
submarine portion of the lava delta (Fig. 3a).

This extended down to —600 m, with a maximum thick-
ness of 65 m (on average 50 m) and covered an area of
420x 10°> m?, most of which within the 2002 landslide scar,
which was already almost filled by volcaniclastic material
funneled into the SdF (Fig. 3). It is noteworthy that very
small-scale landslides occurred also during the emplacement
of the lava delta, as testified by the slope failure recognized
in the 17-h delay (5-6 of March 2007) difference map. They
mobilized a volume of about 30 thousands of m® (Bosman
et al. 2014).

Repeated bathymetric surveys were performed after the
emplacement of the 2007 lava delta to monitor the evolution
of the submarine slope, showing a relatively slow and grad-
ual dismantling of the upper part of the lava delta (mainly
in the first 100 m of depth) through small and shallow fail-
ures. The cumulative seafloor erosion associated with these
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2007) and post- lava delta emplacement (April 2007) multibeam
bathymetries, evidencing the associated seafloor accretion; b Differ-
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in January 2003 and April 2007, showing the almost complete filling
of the 30th December 2002 scar
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shallow slope failures during the period 2007-2013 is shown
in the difference map of Fig. 4. Seafloor erosion mainly
occurs down to — 150 m and is mostly confined within the
part of the lava delta emplaced within the 2002 landslide
scar. The thickness of the mobilized material from the lava
delta varies between 4 and 14 m, yielding a total estimated
volume of approximately 500 thousands of m>. This value is
underestimated because it is limited to a water depth>20 m
(limit of the bathymetric survey) and can partially include
material coming from the frequent avalanches that occurred
on the subaerial slope. Deposits (positive bathymetric resid-
uals) associated to submarine erosion and slope failures are
found between 200 and 400 m water depth, accounting for
more than 1 million of m®.

Mechanisms controlling the development
of small-scale submarine slope failures
at Stromboli: a geotechnical perspective

The recent history of the SAF has indicated that small-
scale instability phenomena in the submarine slope (i.e.
the 2002 tsunamigenic landslides, “The 2002 tsunamigenic
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Fig.4 Difference map obtained by comparing the multibeam bathy-
metries collected in April 2007 and March 2013, showing that ero-
sive processes mainly affected the shallower part (down to about
— 100/— 150 m) of the submarine lava delta, while deposits are rec-
ognizable downslope
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landslide™) involve only the volcaniclastic material that
infills the scar and are triggered by both internal and exter-
nal loads, i.e. magma pressure and accumulation of eruptive
products, respectively.

However, stress/strain increments require that specific
conditions are established in the submarine slope to trigger
instability phenomena. In fact, the shear strength of all vol-
caniclastic materials forming the most part of the SdF infill-
ing is relatively high to ensure stability of the submarine
slope in drained conditions, i.e. when the stress/strain rate is
not large enough to induce excess pore pressures in the satu-
rated material forming the submarine slope (Rotonda et al.
2009; Verrucci et al. 2019). Conversely, if stress/strain rates
are as high as to induce significant excess pore pressures
(i.e. to establish undrained conditions) a static liquefaction
mechanism can develop and the allowable shear strength is
greatly reduced. The “threshold” of the stress/strain rate that
marks the limit between drained and undrained behavior is
very high because the hydraulic conductivity of the volcani-
clastic material is high, thus allowing rapid dissipation of
excess pore pressures. In this respect, triaxial tests conducted
on both the coarser and more abundant (gravel) and the finer
(sand) component of the volcaniclastic material indicated
that only the latter is susceptible to reach static liquefaction
(Tommasi et al. 2016).

As mentioned in the introduction, different phenomena
can modify the state of stress/strain in the submarine slope
(Fig. 5): (I) dyke intrusions; (II) emplacement of lava flows
into the sea and associated lava delta, (IIT) pyroclastic flows
(not discussed in this paper). At Stromboli, dyke intru-
sions, lava flows and pyroclastic flows are associated with
paroxysmal or effusive eruptions that temporally interrupt
the “normal” Strombolian activity. In addition, Di Traglia
et al. (2018b) indicate that seismic shaking can trigger slope
instability both at shallower and deeper levels, as previously
suggested by Voight and Elsworth (1997).

Despite dyke intrusion commonly occurs in the proxim-
ity of the alimentation conduit (i.e. mainly in the uppermost
one third of the emerged portion of the SdF), 3D finite-
difference stress—strain numerical analyses (Casagli et al.
2009; Verrucci et al. 2019) indicate that this process can
induce significant shear strains down to the near-shore zone
of the submarine slope (Fig. 6), under conditions that have
already occurred in the past (December 2002). Lava flows
have often extended down to the submarine slope of SdF
(Marsella et al. 2012) and may apply significant vertical
loads over wide areas, e.g. as it occurred during the 2007
eruption, when a lava delta extended over 4.2 x 10> m? with
a maximum thickness of 65 m (“Emplacement of the 2007
lava delta and its successive morpho-bathymetric evolution”
and Fig. 3a). Pyroclastic flows entering the sea can load the
seafloor according to different mechanisms, also depending
on the density and temperature of the flowing/avalanching
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Fig.5 Sketch of the main
mechanisms that can potentially
trigger submarine slope failures
on the SdF slope (for more
details see the main text)
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Fig.6 Distribution of g/p" values within the modelled subaerial and
submarine part of the SdF slope

mass (3a and b in Fig. 5; see Voight et al. 2012; Freundt
2003; Hart et al. 2004; Trofimovs et al. 2006, 2012). The
most recent events were observed immediately after the July
3rd and August 28th, 2019 paroxysms (https://lgs.geo.unifi
.it/index.php/reports/stromboli-daily), but these phenom-
ena are quite frequently reported at Stromboli (Calvari et al.
2006; Rosi et al. 20006; Pistolesi et al. 2008, 2011; Bertag-
nini et al. 2011; Andronico et al. 2013; Di Roberto et al.
2014; Salvatici et al. 2016). In the following section, the
mechanisms that can occur in the first two loading condi-
tions (diking and lava overloading) are discussed based on

data acquired during more than 10 years and the results of
numerical models of the submarine slope.

Dyke intrusion (scenario like the 2002 submarine
landslide)

The rate of stress/strain induced by dyke intrusion (la in
Fig. 5) is relatively low in comparison to that required to
establish undrained conditions. Nevertheless, observations
preceding the 2002 failures (Tommasi et al. 2008) clearly
showed that deformations can localize along shear surfaces
extending down to the submarine slope (1b in Fig. 5). Under
these conditions, deformations occur at higher rate and can
experience sudden accelerations. In the submarine slope, if
strain acceleration is sufficiently high, the induced excess
pore pressures are not readily dissipated, i.e. undrained con-
ditions are established. For a contractive soil, excess pore
pressures are increased (Boldini et al. 2009) and, in turn,
induce further plastic strain through a self-sustaining process
driving towards a runaway extensive failure, i.e. liquefaction.
Local strain accelerations can be induced, for instance, by
stress accumulation and subsequent sudden failure of more
resistant parts (even small) that are inevitably included
within such an inhomogeneous deposit (1b in Fig. 5).
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Numerical analyses performed since 2003 demonstrated
that the three-dimensional nature of the SAF slope signifi-
cantly influences the amount of internal forces (as, for exam-
ple, the magma thrust) needed to reach a certain strain level
(Apuani et al. 2005b; Apuani and Corazzato 2009; Casagli
et al. 2009; Marsella et al. 2009; Verrucci et al. 2019). Nev-
ertheless, the main aspects of the loading and deformation
patterns can be observed also in less time-costing, two-
dimensional analyses.

A novel numerical model has been set up to analyze stress
and strain distribution in the submarine slope. Plane-strain
(2D) numerical analyses have been performed along a pro-
file centered on the SAF (Fig. 6) again through an explicit
finite difference code (FLAC; Itasca 2011). Analyses have
also provided an accurate computation of the stress ratio ¢/
p'between the deviator stress and the mean effective stress,
which characterizes the local mobilization of the shear
strength in mean pressure-sensitive materials as the coarse-
grained soils forming the submarine slope. The model has
a vertical extension of 1240 m (between elevations —610 m
and + 630 m) and a horizontal extension of 2800 m, 1600 of
which over the offshore part of the volcano flank. The model
was discretized into isometric quadrangular elements with
a side length of 10 m. The finite difference analysis mod-
els only the volcaniclastic infilling of the SdF. A boundary
condition with fixed grid points is imposed at the model bot-
tom, along the contact with the stiffer and stronger rock sub-
stratum (as deduced from Kokelaar and Romagnoli 1995).
A hydrostatic distribution is applied as both a mechanical
pressure onto the seafloor and a pore-water pressure in the
material located at elevations lower than the sea level (dry
conditions are assumed above the sea level). The volcani-
clastic infilling of the SdF was schematized as a continuum
but it was assigned the ubiquitous joint model (UIM) to
account for the presence of thin and continuous sandy hori-
zons (parallel to the slope) within the coarser (gravel and
cobbles) volcaniclastic deposit. The UIM (Itasca 2011) is an
elastic-perfectly plastic constitutive model with two distinct
yield criteria. One for the material “matrix” and one for a
weak ubiquitous plane at a given inclination to the horizon-
tal plane. The matrix (i.e. the coarse volcaniclastic mate-
rial) is assigned a Mohr—Coulomb bi-linear criterion (with
parameters ¢’, ¢’ and c¢’,, ¢, acting at low and high nor-
mal stress, respectively), which accounts for the non-linear

confinement-dependent strength of coarser volcaniclastic
material. The four parameters were determined through
large-size direct shear tests. A linear criterion was assumed
along the orientation of the weak horizons with strength
parameters ¢’j, ¢’;, determined through Bishop ring shear
tests. Mechanical properties are summarized in Table 1.
The stress distribution was calculated simulating a grad-
ual “deposition” of layers parallel to the sub-aerial slope.
Differently from the previous analyses, the layer thickness
was reduced to about 100 m (the height of ten rows of ele-
ments) in order to increase the continuity of the stress path.
In addition, the bulk density, p4, and the elastic constants
(Young E modulus and shear modulus G) were gradually
increased with the mean stress (i.e., with depth) during the
deposition, according to the results of a large-size oedometer
compression test reported by Tommasi et al. (2005). This
procedure yields a more accurate distribution of the internal
stresses of the deposit, which is fundamental for assessing
the original “distance” of the current state of stress from
failure conditions and the effect of successive stress changes.
At the end of the “deposition” stage of the analyses, large
part of the submarine slope, down to -200 m (up to 750 m
offshore) reaches values of g/p"higher than 1.15 (Fig. 6), i.e.
the threshold for the occurrence of flow liquefaction in the
finer volcaniclastic material, identified in K-consolidated
undrained triaxial tests (Verrucci et al. 2019). Dimensions
of the potential landslide depend on the extent and continuity
of sandy horizons. In fact, finer materials are the sole, within
the volcaniclastic apron forming the submarine Sciara del
Fuoco down to — 300 m, that can experience liquefaction
(Verrucci et al. 2019). Sandy layers have not necessarily to
form the whole or most of the failure surface, but the dra-
matic drop of shear strength at liquefaction has to involve
one or more layers that should extend enough to propagate
failure also within the surrounding coarser materials form-
ing most of the volcaniclastic apron. The possible activation
of the liquefaction phenomenon is strictly subordinated to
the fact that a relevant stress increment occurs in undrained
conditions and the void ratio is sufficiently high to let the
material contract in response to stress changes. There is a
poor likelihood that all required conditions verify within the
whole SdF slope with high stress ratios. Nevertheless, this ¢/
p' distribution gives some clues about the most conservative
scenario of a failure controlled by a liquefaction mechanism.

Table 1 Geotechnical properties of the volcaniclastic materials utilized in the numerical model. For mean-stress-sensitive properties, extreme

values over the p' range are shown

' ' ' '

P E G ¢’ @' ¢ ) €j 7]
Mg/m? GPa GPa kPa ° kPa ° kPa °

Min p' (0.8 MPa) 1.55 0.65 0.25 5 44 335 26 0 36

Max p' (6 MPa) 2.05 4.03 1.55 44 335 26 0 36
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The analyses performed by Verrucci et al. (2019) show
that the stress ratio distribution in the submarine slope is not
altered by a lateral dyke introduced in the 2D section at an
elevation of about 620 m, as observed in the field by Aco-
cella et al. (2006), Casagli et al. (2009), and Di Traglia et al.
(2018c, 2018d) for the 2002-2003, 2007 and 2014 flank
eruptions, respectively. A dyke-induced thrust exceeding
10 kPa/m produces within the subaerial slope a shear band
at the toe, which crops out about at the shoreline; i.e. the
magma thrust is dissipated through a sliding plastic mecha-
nism before further stress adjustments propagate down to the
submarine slope. Actually, a dyke intrusion can directly acti-
vate significant movements in the submarine portion only if
branches down to low elevation (1c in Fig. 5) as evidences
from recent eruptions suggest. This result supports the con-
sideration that volcanic activity can trigger major submarine
failures only through a more complex indirect process as that
previously discussed.

Lava flows entering the sea and associated delta

The effect of a lava delta on the stability of the submarine
slope was modelled on the lava delta built by the 2007 erup-
tion and reconstructed through high-resolution bathymetries
and observations from scuba dives (Bosman et al. 2014). The
lava body in the 2D section is representative of the geometry
of the lava-delta in its central area. It is strip-shaped with a
maximum thickness of about 65 m and extends horizontally
200 m uphill from the shoreline and 500 m off the shore-
line over the submerged slope (Fig. 7, inset). Geotechnical
properties adopted for the lava delta are reported in Table 2.

The rock mass was assigned a Mohr—Coulomb strength
criterion whose parameters c, and ¢, were obtained by
linearizing the Hoek—Brown strength criterion (HB),
through the procedure proposed by Hoek et al. (2002). The
HB parameters of the rock mass were calculated from the
strength parameters (m; and o) of subaerial lava specimens
determined by Rotonda et al. (2010), and from the GSI index
(Marinos et al. 2005) estimated from data collected dur-
ing scuba surveys. GSI values may range from 35 to 50,
depending on the lava flow structure; the lower GSI value
was chosen in our case to model a more conservative sce-
nario. The choice of the HB criterion for the rock mass is
supported by the irregular and intense fracturing observed
on the scarps of the lava delta. The deformability of the rock
mass was estimated, based on the GSI value, according to
Hoek et al. (2002).

The delta accretion was simulated through the addition
of 10-m-wide vertical slices in downslope direction. The
results show that the effect of the increasing load applied
by the lava delta is not sufficient to cause instability, but it
induces a field of displacements, localized within the delta
itself and in few tens of meters of the underlying volcani-
clastic deposit (Fig. 7). The maximum displacements occur
on top of the lava delta after completion of the accretion pro-
cess (over 1.4 and 2.2 m in the vertical and horizontal com-
ponent, respectively). Waving values of the displacements
along the lava delta are related to the numerical procedure
of accretion simulation, that is unavoidably discontinuous.

These results agree with the slow and progressive disman-
tling observed for the 2007 lava delta until the 2013 (Fig. 4),
where small slope failures affected the upper (< — 150 m)
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isplacements (m i
p1.40 (m) sea level v 0 dlspzlazc(c)aments (m) sea level v 0
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. @ 1.40 _'
lava delta 2100 @ 1,00 lava delta 100 &
= 0.60 £
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/ 250m
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Fig. 7 Displacements produced by the lava delta emplacement: horizontal (a) and vertical (b) component
Table 2 Geotechnical properties Me/m3 °
m E (GPa V(= o, (kPa m; (- GSI (- ¢y, (kPa
of the lava delta utilized in the pa (Me/m) (GPa) X/ s (KP) O o b (<P2) %0
numerical model 2.12 1.47 0.25 34 15.4 35 120 40.8
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and steeper part of the lava delta emplaced within the 2002
landslide scar. These slope failures are likely triggered by
severe storm-waves that struck the NW flank of Stromboli
during winter months, leading to the progressive dismantling
of lava delta, similarly to what happened for similar volcanic
structures during the recent evolution of the SdF (Marsella
et al. 2012). Moreover, the computed displacements are
quite comparable with the values of subsidence measured
for the subaerial part of the lava delta in the central sec-
tor of the SAF (facing the 2002 submarine landslide scar)
through Space-borne SAR data over the period 2010-2016
(Di Traglia et al. 2018b).

Final remarks

The present study evidences how frequent and dangerous can
be small-scale landslides affecting volcanic flanks, because
they can directly impact coastal or offshore infrastructures
(cable break) or create local but devastating tsunamis. So far,
most of the studies relies on the detection and monitoring
of subaerial slope failures, but repeated multibeam surveys
and acoustic monitoring have demonstrated how frequent
small-scale landslides can be also in submarine setting. In
this respect, the submarine part of the Sciara del Fuoco at
Stromboli volcano can be considered as a natural labora-
tory for their study. The remarkable slope dip and its thick
volcaniclastic infilling, unceasingly fed by the products of
volcanic activity funnelled into the sea, are predisposing fac-
tors for development of slope failures varying in extent and
in recurrence time. The morpho-bathymetric monitoring of
the Sciara del Fuoco in the period 2002-2013 has evidenced
a marked and rapid morphological evolution of this part of
the volcano flank, especially during volcanic crisis (effusive
eruptions and paroxysms) that interrupt the “normal” Strom-
bolian activity. Over the monitoring period, the submarine
part of the SAF has been repeatedly affected by slope fail-
ures with different size, such as the tsunamigenic landslide
occurred on 30th December 2002 or the smaller slope fail-
ures that are progressively dismantling the 2007 lava delta.
This study is mainly focused on the instability phenomena
involving some millions of cubic meters that mostly occur
when undrained conditions establish in the submarine slope
(i.e. if sudden strain/stress increments occur) thus promot-
ing static liquefaction. Differently, the likelihood of large
failures under drained condition is low, according to slope
stability analyses and the shear strength behaviour of the
volcaniclastic material.

Based on the experience gained during the 2002 and 2007
eruptions, this study supports the following evidence:

— Magma thrust associated with dyke intrusions in the
upper part of the slope, comparable with that observed
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at the onset of the 2002 and 2007 flank eruptions, is not
able to generate shear stress increments in the submarine
slope sufficient to generate large failures (la in Fig. 5),
but it can trigger a complex chain of eruption-driven
instability processes that can eventually destabilize the
submarine slope, as observed during the 2002 event (1b
in Fig. 5). This does not exclude that intrusions with
overpressures higher that those observed in the moni-
tored eruptions can lead to the destabilization of the
entire flank of the volcano;

— The load applied to the submarine volcaniclastic deposit
by the emplacement of a lava delta (as the one formed in
2007) mainly induces displacements at a relatively low
rate localized within the delta itself and a couple of tens
of meters of the underlying volcaniclastic deposit (2a in
Fig. 5). This setting leads to progressive settlements of
the delta and its dismantling through small- and medium-
scale slope failures. However, if higher effusion rates
maintain for a long period or larger deltas are built, their
effect could unavoidably be different (2b in Fig. 5).

Further sedimentological and geotechnical data and anal-
yses are required to better understand the stability of the
submarine portion of the SdF, especially in relation to the
occurrence, distribution and geotechnical characteristics of
the sandy volcaniclastic levels within the submarine slope
deposit. These horizons could act as weak layers for initia-
tion of instability processes. However, this study provides
a first assessment of the main triggering mechanisms for
small-scale submarine slope failures at Stromboli, a very
important issue in consideration of the very active volcanic
setting and the widespread exploitation of its coastlines for
touristic purposes during the summer season. More gener-
ally, this review can be useful for all the researchers and
planners working on small-scale landslides in volcanic
settings.
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