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ABSTRACT 1 

 2 

Stromboli is a 3000-m-high, conical island-arc volcano rising to 900 m above sea level. It is the 3 

most active volcano of the Aeolian Archipelago in the Tyrrhenian Sea (Italy). In the last 13 Kr four 4 

large-volume (1 km3) flank collapses have played an important role in shaping the northwestern 5 

flank (Sciara del Fuoco- SdF) of the volcano. These flank collapses have the potential to cause 6 

hazardous tsunamis in the Aeolian islands and farther afield along the Italian coast. In addition, 7 

smaller volume, much more frequent partial collapses of the SdF have been shown to be tsunami-8 

generating, potentially hazardous events One such partial collapse occurred on 30/12/2002, on the 9 

north-western flank of the island. The resulting landslide generated a 10-m-high tsunami that 10 

impacted the island. Multibeam bathymetry, side-scan sonar and seabed visual observations reveal 11 

that 25-30 x 106 m3 of sediments were deposited on the offshore from the Sciara del Fuoco 12 

landslide. Sediment samples have led to the recognition of a proximal coarse-grained landslide 13 

deposit on the volcano slope and a distal, cogenetic, sandy turbidite 24 km from the Stromboli 14 

shoreline. The proximal landslide deposit consists of two contiguous facies: (1) a chaotic, coarse 15 

grained (meter- to centimetre-sized clasts) deposit and (2) a sand deposit containing a lower, cross-16 

bedded sand layer and an upper structureless, pebbly sand bed, capped by seafloor ripple bedforms. 17 

The ubiquitous sand facies develops laterally with and over the coarse-grained deposits. Distally, a 18 

capping 2-3 cm-thick sand layer, not present in a pre-landslide September 2002 core, is interpreted 19 

as the finer grained turbidite equivalent of the proximal deposits. Characteristics of the SdF 20 

landslide deposits suggest that they derive from cohesionless, sandy-matrix, density flows. Flow 21 

rheology resulted in segregation of the density flow into sand-rich and clast-rich regions. Our 22 

results show that a range of density flow transitions, based principally on particle concentration and 23 

grain-size partitioning of cohesionless parent flows, can be identified in the proximal and distal 24 

deposits of this relatively small-scale landslide event on Stromboli.  25 

26 



 3

 1 

INTRODUCTION 2 

 3 

Landslides play a major role in the evolution of island volcanoes. Many large-scale landslide 4 

deposits covering many hundreds of km2 of seafloor have been documented by detailed offshore 5 

studies, in some cases travelling several hundreds of kilometres from source (Moore et al., 1989, 6 

1994; Ollier et al., 1998; Masson et al., 2002; Wynn & Masson, 2003; Masson et al., 2006).  7 

In addition, much attention has been paid to island volcano landslides because of their tsunamigenic 8 

potential (e.g. Moore et al., 1989; Masson et al., 2006). The hazard posed by subaerial 9 

volcaniclastic landslides entering the ocean or submarine landslides that are the result of flank 10 

collapse vary not only with the size of the landslide, but also  with the specific process of transport 11 

of the collapsed material. Even relatively small landslides have the capacity to generate high run-12 

ups due to their proximity to the coastline (Masson et al., 2006). This was the case for the partial 13 

collapse of the northwest flank of Stromboli Island that took place on 30/12/2002. This relatively 14 

small (≈20-30 x 106 m3) landslide generated a tsunami of up to 10 m high on Stromboli and up to 2 15 

m high on the neighbouring islands of the Aeolian archipelago. 16 

Submarine mass movements span a wide spectrum of gravity density flow processes 17 

because of the large variation in their physical properties of the slide material together with the 18 

consequential diversity of flow rheologies (Mulder & Cochonat, 1996; Masson et al., 2006; 19 

Trofimovs et al., 2006). Moreover, transport processes of the material deriving from a single 20 

landslide may also evolve to form multiple density flows with distinctive properties (Kessler & 21 

Bédard, 2000; Sohn et al., 2002).   22 

 This paper first identifies and characterises the submarine deposits of the Stromboli 23 

30/12/02 landslide event. Based on the deposit properties, it then endeavours to decipher the deep-24 

sea dynamics of sedimentary gravity flows offshore of the Stromboli volcano. The results provide a 25 

better understanding of the submarine transport and deposition mechanisms related to the Stromboli 26 
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landslide that will improve our comprehension of the processes of submarine landslide deposition 1 

on other volcanic islands. The study is also applicable to both recent deposits and those preserved in 2 

the geological record. In addition, the flow dynamics and modes of deposition of the landslide 3 

material define baseline constraints for research directed at the modelling and evaluation of 4 

tsunamigenic hazards associated with island slope failure. 5 

 6 

STROMBOLI ISLAND 7 

Stromboli, the northernmost volcanic island of the Aeolian archipelago is located in the 8 

southern Tyrrhenian sea (Fig.1). It is a large conical volcano rising to 900 m above sea level from a 9 

base that ranges between 2300 m b.s.l. to the north and 1300 m b.s.l. southwards. Volcanism has 10 

been continuous since between the third and seventh centuries AD. Activity is principally mild 11 

intermittent and explosive, and punctuated by rare lava emissions and more violent explosions (Rosi 12 

et al., 2001). The active vents are located at 750 m altitude in the upper part of the Sciara del Fuoco 13 

(SdF), a horseshoe-shaped depression that occupies the northwestern flank of the volcano (Figs 14 

1,2).  15 

The SdF is probably the result of at least four flank collapses that have occurred during the 16 

last 13 ka, with each collapse involving volumes of material ranging from 0.73±0.22 to 2.23±0.87 17 

km3 (Tibaldi, 2001). The most recent event, that took place at ~5 ky (Bertagnini and Landi, 1996), 18 

resulted in the present-day form of the SdF depression, interpreted as a flank failure that generated 19 

an estimated collapse volume in the order of 0.7 km3. Numerical modelling indicates that the failure 20 

of these volumes would generate catastrophic tsunami waves, able to severely impact the 21 

Tyrrhenian coasts of Sicily and Calabria (Tinti et al., 2003). Nevertheless, observations and reports 22 

of recent small-scale tsunami events (5 since 1906), all relate to an increase in volcanic activity 23 

suggesting that minor collapses, affecting only a part of the SdF, occur with a frequency certainly 24 

greater than the much larger failures (Maramai et al., 2005). 25 

 26 
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THE SUBAERIAL SCIARA DEL FUOCO AND THE 30/12/2002 PARTIAL COLLAPSE 1 

EVENT 2 

The SdF is currently an unstable temporary storage area for volcaniclastic sediments derived 3 

from primary eruptive activity and by the subsequent, mostly mechanical, modification of the 4 

eruptive products. Clast populations within the SdF are primarily (40% to 60 %) medium-coarse 5 

sand to granule size scoria clasts (Kokelaar & Romagnoli, 1995). The deposits filling the SdF prior 6 

to the December 2002 eruption consisted mainly of coherent slope-parallel (30o - 40o gradient ) lava 7 

ribbons and spatter deposits (agglutinates) over which sheets of clastic material, comprising scoria, 8 

breccias and loose sand, persistently moved downslope (Kokelaar & Romagnoli, 1995). Small slope 9 

failures are common because of the alternation of coherent and loose layers.  10 

The most recent partial collapse of the SdF took place at ~13:20 on 30 December 2002. The 11 

collapse followed a phase of lava effusion that began on 28 December 2002 along a fissure at the 12 

base of a crater at the altitude of the active vents (~ 750 m asl) (Bonaccorso et al., 2003). Seismic 13 

recordings (Pino et al., 2004), and the post-failure bathymetric survey (Tinti et al., 2006) identify 14 

the event as consisting of a submarine landslide followed by a subaerial failure from about 650 m 15 

elevation on the eastern side of the SdF. The submarine landslide affected the seafloor down to 16 

~450 m depth. The slides produced a tsunami lasting several minutes (Tinti el al., 2005). 17 

Eyewitness accounts (Tinti et al., 2005) and subsequent numerical simulations  (Tinti et al., 2006) 18 

suggest that the landslides generated two tsunamis. In about 90 seconds after the failures the 19 

tsunami reached the north-eastern coast of the island resulting in a maximum run-up of 10 m and a 20 

maximum inland flooding distance of 100 m. The result was severe damage to Stromboli village. 21 

The tsunami also affected other nearby islands of the Aeolian archipelago and the coasts of Calabria 22 

and Milazzo harbour, located on the northern coast of Sicily, 100 km south of Stromboli (Maramai 23 

et al., 2005). 24 

Volume estimates for the submarine landslide, that affected the seafloor down to ~450 m 25 

depth, are in the order of 20 x 106 m3 (Pino et al., 2004; Tinti et al., 2006). The volume of the 26 
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subaerial slide is more controversial, with estimates ranging from 13.5 x 106 m3 (Baldi et al., 2005), 1 

5.6 x 106 m3 (Bonaccorso et al., 2003) to 2.5 x 106 m3 (Pino et al., 2004).  2 

Nonetheless, the combined volumes submarine and subaerial slide involved a considerable 3 

part, ~2 x 106 m3, of newly formed lava flows (Baldi et al., 2005; Calvari et al., 2005).  4 

 5 

DATA AND METHODS  6 

 7 

There have been a number of bathymetric and sidescan sonar surveys in the Stromboli area 8 

mainly acquired in March, 1999 and January, 2003. A comprehensive pre-landslide multibeam 9 

bathymetric coverage of the region is available (Fig. 1, 2). Additionally, a second swath bathymetric 10 

survey on the SdF flank took place a few days after the landslide event. The pre-landslide survey 11 

was carried out utilising an EM12dual multibeam system, post-landslide bathymetry was acquired 12 

with a deep-water (SeaBat 8160, max 3000 m) and a shallow-water (SeaBat 8125, max 120 m). The 13 

deep-water instruments have comparable, range dependant, depth resolutions of 8.6 cm with 14 

footprints varying with water depth, while the shallow-water system was high resolution with a 15 

near-field depth res. of <2.5cm.  16 

Further seafloor characterisation, involving high resolution deep-towed sidescan sonar (SSS) 17 

and echosounder surveys, offshore the SdF flank was undertaken in August, 2004. The latest survey 18 

utilised a MAK-II sidescan system that was towed about 100 m above the seafloor. The total swath 19 

width was2 km at 30 KhZ during the regional survey of the submerged slope of Stromboli, followed 20 

by a 700–m wide swath, 100 Khz higher resolution inspection of the most significant seafloor areas 21 

(Figs. 2B). Small-scale seabed features of the SdF flank were further investigated by 3 video-sled 22 

runs (across-slope at 1350 m, 1600 m and 1800 m depths). These data were used to identify seafloor 23 

sites for sampling using box cores and video-guided grabs (Fig. 3).  24 

In order to detect the most distal landslide deposits, box cores were recovered in August 2004 25 

(sample MS342) on an isolated, flat-topped, bathymetric high located on the right side of the 26 
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Stromboli valley, about 200 m above the canyon floor (Figs. 2A, 4). The same 2458-m-deep site, 1 

located opposite the SdF and along the path of the landslide, had previously been sampled with a 2 

gravity corer three months before the December 30 slide (sample VST02).  3 

 4 

OUTLINE MORPHOLOGY  5 

The Submarine SdF Valley  6 

 The submarine deep-water extension of the two NW trending scarps that delimit the 7 

subaerial SdF depression is discernible up to 900 m water depth (Figs. 1, 2A). The submerged 8 

scarps delimit the shallower portion of a broad (~2 km wide), flat-bottomed valley, hereafter 9 

referred to as the SdF valley. Beyond 900 m depth, the deep-water eastern margin of the SdF valley 10 

consists of an incision connected to the eastern submarine scarp of the Sdf that arches to a 11 

northward direction down to 1700 m, diminishing in relief with depth. To the west, the SdF valley 12 

is bounded by the subdued relief of the margin of a large fan (SdF fan), with apex at ~900 m water 13 

depth (Fig. 2A). The fan widens down-slope, extending to ~2300 m depth.  14 

 The 100 kHz sidescan lines show the seafloor features of this region. The two easternmost 15 

lines (133 and 132) are characterised by curving streak bands that trace the SdF valley, following a 16 

northwest trend in shallower portions, turning to a northward trend downslope (Fig. 3). A train of 17 

sediment waves develops between 1600 and 1800 m depths. The streak bands terminate at a NNW-18 

trending alignment of large, high backscatter, positive relief features that develop between 1600 m 19 

and 1850 m water depths (Fig. 3). A number of smaller positive relief features also develop upslope 20 

from the alignment. The NNW alignment is interpreted as the deeper limit of the landslide impacted 21 

seafloor region characterised by the seafloor elements shown in lines 133 and 132. This 22 

interpretation is also based on the comparison of the backscatter character of lines 134 and 135 that 23 

cover part of the SdF fan region. These lines show faint radial streaks over a mainly featureless 24 

seafloor, taken to represent the standard regime of sediment flows that characterises the fan region.  25 
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On average, the slope gradient of the SdF valley is on the order of 10o. In particular, 1 

however, the gradient progressively decreases downslope from values of 19o between 200 m and 2 

800 m, 12o between 800 m and 1600 m and 8o between 1600 m and the floor of the Stromboli 3 

Valley.  4 

 5 

The Stromboli Valley Margin (SVM) 6 

To the north and east, the the base of Stromboli volcano is bounded by the Stromboli Valley 7 

(Gamberi & Marani, 2007) that bends around the volcano changing from a S-N trend to an E-W 8 

course (Figs. 1, 2). The NNW-facing SdF flank of Stromboli extends seawards for 18 km, and 9 

progrades over the left flank of the E-W oriented Stromboli Valley at ~2600 m depth (Figs. 1, 2). 10 

Opposite to the SdF, the relatively planar-floored canyon is 7 km wide and is delimited by a sharp, 11 

175 m high right margin, termed the SVM. Part of the SVM is rimmed by a, flat, 2500 m deep, 0.4 12 

km2 terrace region (Fig. 1, 2A), isolated by the Lametini volcano cone to the east and several gullies 13 

that incise the margin to the west.    14 

 15 

BATHYMETRIC DIFFERENCE ANALYSIS OF THE SDF FLANK 16 

 Comparison of the two multibeam datasets, acquired on the SdF flank before and after the 17 

December landslide reveals the main areas of seafloor change (Fig. 4).  18 

Difference analysis was performed by creating identical grids with 50 m cell sizes of the two 19 

bathymetric datasets and subtracting one from the other to produce a new grid displaying the 20 

positive and negative anomalies. Comparison with a more time-consuming triangular grid, with grid 21 

intervals increasing in proportion to increasing depth did not yield a higher resolution. Gridding was 22 

performed in two software environments, GMT (Wessel and Smith, 1995) and Surfer® with no 23 

significant differences. Taking into account the possible errors in absolute values due to the 24 

different acquisition parameters of the t bathymetric datasets, residuals with values ±5 m were 25 

judged to be at the depth resolution limit and thus excluded from the volume assessment. Estimates 26 
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of the volume change offshore the SdF due to the landslide and associated processes indicate a total 1 

added volume to the SdF submarine slope in the order of 25-30 x 106 m3, a figure comparable to 2 

that calculated by other authors (Bonaccorso et al., 2003; Pino et al., 2004; Baldi et al., 2005; Tinti 3 

et al., 2006;).  4 

This is a minimum estimate that does not take into account the volume of finer sediment 5 

transported distally, beyond the SdF flank, by dilute gravity flows. Based on the discovery of a 6 

volcaniclastic layer associated with the landslide 24 km from the coastline of Stromboli Island (see 7 

below) and the probable dispersal path of the fines, the volume of this fine sediment is estimated to 8 

be 7 x 106 m3. The total volume of the landslide is thus estimated at 32-37 x 106 m3 9 

 10 

THE LANDSLIDE DEPOSITS 11 

Proximal Facies  12 

In the SdF flank region, positive-relief, high backscatter targets on the SSS lines (Figs. 6, 13 

7,), correspond to isolated high relief mounds consisting of  fresh, cobble-sized scoria, clinker and 14 

lava flow clasts (Fig. 7) with a coarse sand matrix. The mounds are isolated from one another and 15 

have lateral dimensions between 100 and 250 m. The more extensive mounds follow a NNW trend 16 

that marks the deeper limit of landslide impact on the SdF flank seafloor (Fig. 6). The greater part 17 

of the clasts sampled from the mounds are analogous to the eruptive products emitted by Stromboli 18 

shortly before the collapse-event, porphyritic lavas with phenocrysts of plagioclase, clinopyroxene 19 

and subordinate olivine. Crystals show no or very low alteration while the scoria and clinker 20 

fragments often contain abundant glassy matrix sometimes with iridescent surfaces, an indicating 21 

both fast quenching and the freshness of the sample.  22 

An extensive deposit of medium to coarse black sand, generally arranged in ripple bedforms 23 

(Fig. 8) surrounds the mounds. The sand facies is composed of three units (Fig. 8): a lower, 30 cm 24 

thick bed of cross-bedded coarse sands, marked by sand grain-size variations and pinch–outs, , 25 

overlain by an intermediate unit of pebbly coarse sand. The topmost sand unit is arranged in ripple 26 
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bed-forms as shown at the seafloor surface. The ripples are regionally dispersed within the 1 

landslide-impacted seafloor area. In the lower unit, some deformation of the upper beds is displayed 2 

in contrast to relatively undeformed lowermost beds (Fig. 8D). Although deformation due to the 3 

coring process cannot be ruled out, it could alternatively be indicative of the effects due to the 4 

subsequent loading or traction of the upper, pebbly sand layer. In terms of the sedimentary 5 

components, the matrix sand and the contiguous sand deposit are alike and analogous to the clasts 6 

contained in the mounds. The landslide deposits contrast with the surrounding seafloor in being 7 

completely devoid of an otherwise ubiquitous hemipelagic sediment drape.  8 

Distal facies 9 

On the SVM, a virtually identical sequence of mm- to cm-thick, black layers of fine to 10 

medium sand alternating with up to 15 cm-thick, light-brown, silty-mud hemipelagic beds was 11 

recovered in both the September 2002 gravity core and the August 2004 box core at a water depth 12 

of 2458 metres (Fig. 9). However, a topmost layer of medium/fine volcaniclastic sand that caps the 13 

2004 core is missing in the 2002 core (Fig 9C). The cores were collected from the same site, based 14 

on DGPS geographical coordinates and thus an error of about ±15 metres must be taken into 15 

account.  16 

In view of the different sampling methods, particular attention was given to the inspection of 17 

the gravity core top, which ruled out any significant remobilization of the sediment-water interface, 18 

acknowledging the fact that the two cores are equivalent and in every respect comparable. A further 19 

factor favouring the stratigraphic comparability of the two cores is the complete lack of an 20 

hemipelagic drape above the sand layer in the box-core, indicative of very recent deposition 21 

compatible with a post-2002 sedimentary event.  22 

The topmost volcanic layer overlies, with sharp, erosive contact, a 10 cm-thick, bioturbated, 23 

silty mud bed with centimetric silty lenses. The topmost layer is internally stratified and composed 24 

of a 2-3 cm-thick basal sand bed overlain by a 1-5 mm-thick, normally graded silty mud (Fig. 9C). 25 
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The contact between the two beds is gradual suggesting that they originated from the same 1 

depositional event.  2 

In order to assess the nature, grain size and composition of the top volcaniclastic layer 3 

present only in the 2004 core, 80 g of the sand were sieved at one-phi intervals and thin sections 4 

were prepared for component analysis. The basal layer is fine to medium-fine sand and consists 5 

almost entirely of volcaniclastic fragments represented, in decreasing order of abundance, by lava 6 

and clinker, plagioclase crystals, pyroclastic fragments, pyroxene and olivine crystals. Pyroclastic 7 

fragments consist of mainly fresh, poorly vesicular, honey-colored glass containing abundant 8 

microlites of plagioclase and subordinately, of highly vesicular, fresh, almost crystal free clear-glass 9 

clasts. Pyroclastic fragments have prominent angular shape with very delicate, sharp edges 10 

indicating the lack of any mechanical interaction due to reworking (Fig. 10)  11 

The upper, normally graded, silty-mud consists of volcaniclastic fragments similar to the underlying 12 

sand bed, however with a significantly higher content of plagioclase and pyroclastic fragments as 13 

compared to the other constituents. Texture and composition of the minerals present in both levels 14 

closely resemble those of the crystal-rich scoriae and lavas erupted by the present activity of 15 

Stromboli (Landi et al., 2004; Métrich et al., 2001). Glass composition was also analyzed on 16 

unaltered fragments of both honey-colored and clear glass. Plots of the glass composition in the 17 

K2O-SiO2 classification diagram (Fig. 10E) indicate the presence of two, well-defined, clusters. The 18 

honey colored glass has shoshonitic composition with (K2O 3.7-5.8wt%, SiO2 52.7-55wt %), the 19 

subordinate clear-glass fragments have shoshonitic-shoshonitic basalt composition with (K2O 2.3-20 

2.7wt%, SiO2 51.4-52.4wt %). These clusters perfectly match the composition of the glassy 21 

groundmasses of, respectively, the crystal-rich and crystal-poor products emitted by the present 22 

activity of Stromboli volcano (Métrich et al., 2001, Landi et al., 2004 and unpublished data 2006). 23 

The simultaneous presence of these two juvenile fractions typifies the present activity of 24 

Stromboli volcano at least since about the third and the seventh century A.D. and is not recognized 25 

in products predating this period (Rosi et al., 2000). Moreover, the Neostromboli eruptive cycle, 26 
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preceding the recent Stromboli cycle is unique due to its potassic composition (HK series), its 1 

identification thus resulting straightforward.  2 

As a whole, the layer has mineralogical and glass compositions fully consistent with the 3 

products of the present activity of Stromboli, matching the character of the material of the 2002 4 

landslide, equivalent to the components of the SdF flank proximal facies deposits. 5 

  6 

DISCUSSION  7 

 The data acquired on the SdF flank provide a comprehensive assessment of the deep-sea 8 

proximal deposit facies of the 30/12/2002 landslide. Moreover, the nature of these deposits together 9 

with the characteristics of the distal dispersion of the finer fraction recovered from the the SVM 10 

provide the opportunity to evaluate the subaqueous gravity flow processes that brought about such a 11 

style of deposition. 12 

The series of observations concerning the SdF proximal deep-sea deposits of the Stromboli 13 

landslide material point to a transport process involving the development and evolution of a 14 

cohesionless, sand-matrix, density flow (Mulder & Alexander, 2001 Kessler & Bèdard, 2000; Sohn, 15 

2000). 16 

The impulsive entry of landslide material into the submarine environment can cause 17 

subaqueous gravity flows inform which deposits, with similar characteristics to the deep-water 18 

Stromboli landslide deposits, are laid down (Mcleod et al., 1999; Schneider et al., 2004).  19 

 In the case of the 2002 Stromboli landslide, partitioning of the density flow into clast-rich 20 

mounds and sand-rich sectors was probably induced by evolving flow rheology resulting in the 21 

concentration of larger clasts into discrete flow regions. The high frictional energy loss due to 22 

focusing caused the larger clasts to become less mobile than the more dilute trailing flow regions. 23 

When the applied shear dropped below yield strength at the flow fronts, the coarser clasts 24 

interlocked and froze, resulting in rapid deposition of the coarse-clast mounds (Kessler & Bedard, 25 

2000; Sohn 2000). In this regard, both the mounds and the sand deposits of the proximal SdF flank 26 
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facies resulted from density flow mobilisation and segregation. Seafloor morphology controlled 1 

deposition and mound location on the SdF flank. Overall, the steadily declining gradient of the SdF 2 

slope must, at some level, attain the threshold point below which the yield strengths of the flows 3 

overcomes the applied shear. This implies an interplay of gradient change and density flow types, 4 

determining variations of strength thresholds and ultimately leading to a diversity of depths for flow 5 

arrest and deposition. 6 

 The coarse to very coarse cross-bedded sands have characteristics similar to concentrated 7 

density flows (Mulder & Alexander, 2001) that are partly turbulent and have the capacity of 8 

producing a variety of tractional features and bedforms. Correspondingly, the intermediate deposit 9 

of the pebbly sand facies, lacking recognizable sedimentary structures, is texturally more akin to a 10 

gravelly, sand matrix density flow, or hyperconcentrated density flow (Mulder & Alexander, 2001).  11 

 In cases of increased velocity or lasting events, both flow-types are liable to ingest seawater 12 

and to transform to low- density turbidity flows. Laboratory and field studies have also 13 

demonstrated that subaqueous, cohesionless density flows are capable of producing turbidity 14 

currents (Mohrig & Marr, 2003; Ilstad et al., 2004; Elverhøi et al., 2005) whereby the flow head 15 

transforms into a turbulent suspension of sediment, bringing about the transport of fine-grained 16 

material more distally and supporting the frontal deposition of the coarser clasts. Indeed, the 17 

ubiquitous ripple bedforms that cover much of the sandy seafloor of the proximal SdF flank region 18 

reflect deposition and reworking by turbulent low-density flows cogenetic to the parent coarser-19 

grained flows.  20 

The presence of the volcaniclastic layer in the SVM proves that these low density flows  21 

retain the capacity to transport and disperse through turbidity currents, a significant volume of 22 

material a long way from the landslide source area.   23 

 24 

CONCLUSIONS 25 

 26 
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The integrated dataset of seafloor images and sampling offshore Stromboli demonstrate that 1 

a range of density flows can be readily identified in landslide deposits derived from island 2 

volcanoes. In the case of Stromboli, landslide sediments were distributed on the submerged volcano 3 

flank by largely unconfined, cohesionless granular density flows. 4 

Partitioning of the cohesionless, sand-matrix density flow into sand-rich and clast-rich 5 

regions resulted in the formation of two principal deposit styles: coarse grained (meter- to 6 

centimetre-sized clasts), 15 to 30 m thick mounds with a coarse-grained sand matrix , and a 7 

medium- to coarse-grained sand deposit containing a lower cross-bedded sand unit, an intermediate 8 

structureless pebbly sand bed and an upper cap of seafloor ripples.  9 

The mounds result from rapid deposition due to the migration, segregation and 10 

concentration of larger clasts to discrete regions of the density flow. Loss of fines and a drop in 11 

applied shear triggered grain interlocking and the arrest of the coarser grained flow regions.  12 

Two separate but interrelated flow types are the cause of the sand facies, and correspond to 13 

the more dilute, trailing regions of the parent flow. The topmost layer of ripple bedforms is the 14 

result of turbidity currents derived from the further dilution of the sand facies.   15 

Flow development of the dilute density flows are shown to have had a role in removing a 16 

significant volume of finer landslide-derived material into more distal regions, as indicated by the 17 

thin sand-rich turbidite bed found in the SVM, more than 24 km north of the SdF shoreline. In this 18 

respect, the concept of identifying and coring turbidite depositional environments offshore from 19 

active volcanoes is shown to be a powerful tool in acquiring information on the occurrence of 20 

failure events while providing baseline data for the future. 21 

The present study demonstrates that some general inferences can be made about density 22 

flow properties, based on the resulting deposits. Grain-size partitioning and particle concentration 23 

seem to represent the dominant internal controls on flow rheology. General slope morphology, 24 

gradient and pre-existing topography are the basic external factors that constrainflow paths and 25 

maximum run-out.  26 
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Recognition of several gravity flow types, resulting from a comprehensive cohesionless 1 

density-flow process, may have broader applications in providing key inputs to models of tsunami-2 

generation and run-up scenarios in the context of island volcanoes. Furthermore, the prospective 3 

identification of a similar depositional assemblage to the 30/12/2002 event in older sequences 4 

offshore the SdF may improve the likelihood of estimating landslide scale and recurrence cycles, 5 

augmenting correlation with island sequences and additionally improving the appraisal of potential 6 

tsunami hazards. 7 

 8 
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 1 

FIGURE CAPTIONS 2 

 3 

Fig. 1.  Topography of Stromboli Island (25 m contour interval) and pre-landslide regional 4 

bathymetry of its offshore setting (25 m contour interval). Inset shows location of Stromboli Island 5 

within the southern Tyrrhenian Sea, bounded by box. The Sciara del Fuoco (SdF) on the north-6 

western flank of Stromboli Island is a horseshoe depression flanked by headwall scarps generated 7 

by repeated sector collapses. The 30/12/2002 partial collapse took place on the eastern portion of 8 

the SdF. The SdF scarps continue offshore delimiting the SdF valley to the east and the margin of 9 

the SdF fan (dashed lines) to the west. In its deeper reaches, the volcano flank progrades into the 10 

Stromboli Valley floor masking the left margin of the valley. The Stromboli Valley right margin 11 

(SVM), in contrast, stands about 200 m above the valley floor. The plateau area where distal 12 

landslide-derived turbidite deposits were sampled (black circle) is outlined.   13 

 14 

Fig. 2. (A) Pre-landslide shaded relief bathymetry (sun at 280o) of the Stromboli region. 15 

Illumination highlights the scarps delimiting the SdF and their continuation offshore. Also shown is 16 

the course of the Stromboli valley and one of its main tributaries, that traces the eastern and 17 

northern perimeter of Stromboli volcano. SVM is the site of recovery of distal landslide deposits. 18 

Outline of black lines indicate the position of the 100 kHz sidescan sonar (SSS) mosaic. Other 19 

features as in Fig. 1.  20 

 21 

Fig. 3.  100 kHz SSS mosaic overlain by bathymetry at 200 m contour interval. High 22 

backscatter=dark tones. SSS track lines, sampling sites (white dots) and video sled runs (black 23 

lines) undertaken on the volcano flank offshore the SdF are shown. The majority of samples were 24 

collected by video-guided grab, providing additional video coverage and control of sample sites. 25 

High backscatter features with shadows (white) are the elevated mounds. The largest ones, aligned 26 
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NNW from 1600 m to 1900 m, form the principal limit of the landslide-impacted seafloor area. 1 

Upslope, smaller mounds and large bedforms are also present. The seafloor presents streak bands 2 

that are oriented NW upslope, the same trend of the submarine scarps of the SdF and curve 3 

northwards following the eastern margin of the SdF valley (dashed line). In contrast, the SdF fan 4 

surface, presents weaker striations with a radially-trending pattern. White boxes correspond to 5 

relative enlargements of figures 5 and 6. For location see Fig. 2. 6 

 7 

Fig. 4.  Foremost seafloor variations in the landslide-impacted seafloor of the SdF volcano flank 8 

shown by topographic difference map overlain on 25 m contour post-slide bathymetry. Residual 9 

values are indicated in legend. A more extensive, background, positive anomaly (5-10 m added 10 

thickness) surrounds the regions of major positive residuals mapped in the figure. The sum of these 11 

characteristics, a proximal area of seafloor scouring upslope from the corresponding landslide 12 

material deposited at greater depths, corresponds to the principal seafloor modifications of the SdF 13 

submarine slope due to the 30/12/02 landslide. The submarine SdF scarps are shown by black lines, 14 

northern extension of the SdF valley eastern margin in dashed line. 15 

 16 

Fig. 5. Sea bed photographs of the mounded deposits of the landslide-impacted seafloor on the SdF 17 

flank with the associated side scan sonar imagery. Photo images are views of roughly 1.5 m by 2 m, 18 

high backscatter=dark tones. (I) SSS portion showing shallowest mounds (1600 m depth) located in 19 

vicinity of the eastern scarp margin of the SdF valley (see location in Fig. 3) (A) Margin of a mound 20 

displaying variety of clast sizes and distribution of large boulders on mound top. Evidence of void-21 

filling but not draping sand may represent matrix remnants. (B) Zone of decimetre-sized, well-22 

sorted clasts devoid of sand positioned in main body of a 30 m thick deposit. Representative 23 

samples of the mound deposits are shown in:  (C) Black/reddish, vesicular, lava flow clinkers. (D) 24 

Black, highly vesiculated , crystallized scoria fragments. (E) Black, dense, crystallized lava flow 25 
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fragments. These clast types, along with less abundant red-coloured, altered lava fragments are 1 

characteristic of all the coarse mound deposits that were sampled. 2 

 3 

Fig. 6. Sea bed photographs and a core of the sand deposits of the landslide-impacted seafloor on 4 

the SdF flank with the associated with side scan sonar imagery. Photo images are views of roughly 5 

1.5 m by 2 m, high backscatter=dark tones. (I) SSS portion of the deeper mound deposits (1900 m 6 

depth); black circle is the site of the core in figure. (A) Seafloor ripples developed in coarse black 7 

volcaniclastic sand downslope of the mound, underlined by finer-grained sediments in ripple 8 

troughs. Similar seafloor bedforms are common at the perimeter of the other larger coarse mounds. 9 

(B) Seafloor ripples developing laterally from sand-smothered margin of coarse deposit; the ripple 10 

pattern is indicative of flow interaction with mound topography. (C) Core and corresponding 11 

radiograph representative of the sand facies. The X-ray image provides evidence of the three-unit 12 

structure of the sand facies: a lower unit of cross-bedded coarse sand, an intermediate unit of 13 

structureless pebbly sand recovered in the core. Top of coarse sand is arranged in ripple bedforms 14 

as observed at the seafloor surface. The cross-bedding of the lower unit displays some deformation 15 

of the upper beds but relatively undeformed lowermost beds. Although deformation due to the 16 

coring process cannot be ruled out, the observed structures could also be indicative of loading or 17 

traction exerted by the upper, pebbly sand layer.  18 

 19 

Fig. 7. Stratigraphy of cores collected in the same site on SVM. (a) core sampled 3 months before 20 

the Dec. 30, 2002 Stromboli landslide; (b) core sampled about 2 years after the landslide. (c) Detail 21 

of the 2-4 cm-thick topmost layer of fine-medium uncompacted sand and silt interpreted as the distal 22 

turdidity current deposit cogenetic to the Dec. 30, 2002 Stromboli landslide. See text for discussion. 23 

 24 

Fig 8. Scanning electron microscope images of volcanic clasts from the top sand bed:  25 

(a) Clinopyroxenes crystals in microlite-rich groundmass holocrystalline lava fragment, 26 
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(b) zoned plagioclase set in a poorly vesicular microlite bearing glass, (c) highly vesicular 1 

microlite free glass. (d), Olivine crystal set in poorly vesicular glassy groundmass. (e) Classification 2 

of the glassy matrix of poorly vesicular and highly vesicular pyroclastic fragments (black dots) in 3 

the  SiO_2 -K_2 O diagram [after Peccerillo and Taylor, 1976]; dark grey field: glassy matrix of the 4 

crystal-rich products of the present activity; light grey field: glassy matrix of the crystal-poor 5 

products of the present activity. Analyses and images were obtained with a Philips XL 30 scanning 6 

electron microscope equipped with EDAX X-4I at the Earth Science Department of Pisa University. 7 
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