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Abstract. The Aleutian Ridge, in the western part of the ated with hot spot volcanism, such as the Hawaiian Islands
Aleutian Arc, consists of a chain of volcanic islands perched(Moore et al, 1989 1994, Azores IslandsHolcomb and
atop the crest of a submarine ridge with most of the activeSearle 1991), Canary IslandsWatts et al. 1995 Masson et
Quaternary stratocones or caldera-like volcanoes being loal., 2002, Cape Verde Island4 é Bas et al.2007 Masson
cated on the northern margins of the Aleutian Islands. Inte-et al, 2008 and Society IslandJlouard et al.2007). Sim-
grated analysis of marine and terrestrial data resulted in thdar deposits have been found around volcanic islands and is-
identification and characterization of 17 extensive submarindand arcs above subduction zones, including volcanoes in the
debris avalanche deposits from 11 volcanoes. Two morphotesser Antilles Arc Boudon et al.2007), Japanese ArcSa-
logical types of deposits are recognizable, elongate and lotake and Katp2001), Tonga-Kermadec ArcWright et al,

bate, with primary controls on the size and distribution of 2006, Bismark Island $ilver et al, 2009, Aeolian Island

the volcanic debris being the volume and nature of materialTibaldi, 2001, Romagnoli et a].2009 and the Aleutian Is-
involved, proportion of fine grained material, depth of em- land Arc (Coombs et a).20078).

placement and the paleo-bathymetry. Volume calculations The recurrence of such events today could generate huge
show the amount of material deposited in debris avalanchessunamis that would cause damage and destruction at coastal
is as much as three times larger than the amount of matefacilities and loss of life in coastal communitieBgget

rial initially involved in the collapse, suggesting the incorpo- 2000 Ward and Day2003. The aim of this paper is to
ration of large amounts of submarine material during trans-enhance our knowledge concerning debris avalanches that
port. The orientation of the collapse events is influenced byhave occurred along the Aleutian Arc in westernmost Alaska
regional fault systems underling the volcanoes. The west{Fig. 1). We present here the results of a new integrated
ern Aleutian Arc has a significant tsunamigenic potential andstudy of both terrestrial and submarine imagery for the Aleu-
communities within the Aleutian Islands and surrounding ar-tian Ridge. We utilized multibeam and side-scan sonar data
eas of the North Pacific as well as shipping and fishing fleetdor a large region offshore from the western Aleutian Is-
that cross the North Pacific may be at risk during future erup-Jands and the major volcanoes of the Aleutian Ridge. The
tions in this area. swath bathymetry and side-scan data reveal a number of de-
bris avalanche (hereafter DA) deposits; we describe each of
these and discuss their volcanic and tectonic settings. As
in the Coombs et al(2007h) paper we merged the subma-
rine data with digital topography obtained from the Space

Island volcanoes sometimes undergo huge sector collapse%huutl,? I?ser altllmetry ?LO%L""S: in order to make g;}omplste
generating submarine volcanic landslides and giant depriguantitative analyses orbo € source areas and the subma-

avalanches that can travel for tens of kilometers across th&"® deposits of multiple Aleutian Island DAs. In some areas

sea floor. Prior studies have identified multiple giant subma-the only submarine data available is quite old (1930-1980s)

rine landslide deposits surrounding volcanic islands associf’md has low resolution or only mc_omplet_ely COvers thg study
area. In these areas we can still identify DA deposits, but

without new high resolution imagery we cannot determine

Correspondence taC. Montanaro whether more than one deposit is present.
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Fig. 1. Location of Aleutian Ridge with respect to the Aleutian arc. Fig. 2. 3-D view of the central Aleutian Ridge; it is clear how many
Most of the volcanoes in the list have erupted in the last 200 years.of the stratocone volcanoes are located along the steepest north
edge.

We report here on 7 submarine DAs originating from the
volcanoes of the Rat Islands (Kiska, Segula and Little Sitkin),come nearly parallel and subduction rates decline to about
10 submarine DAs from the Andreanof Islands (Gareloi, 2.5 cm/year Grow and Atwater197Q DeLong et al, 1978
Tanaga, Bobrof, Kanaga, Adak, Great Sitkin and SeguamjEngebretson et al1985.
group and a single subaerial collapse feature recognized at The Aleutian Ridge is a composite feature made up of a
Recheshnoi Island. chain of volcanic islands perched atop the crest of a huge
Two distinct types of DAs were differentiated on the basis SUbmarine ridge that has been fragmented into a series of
of their morphology and source areas: elongate deposits typidiscrete fault-bounded blocks, each block being tens to hun-
cally extended into deep water tens of kilometers downslopedreds of kilometers in lengtiGleist et al. 1988. The indi-
from the source area and were formed by voluminous col-vidual volcanic islands are constructed on the fault-bounded
lapses from volcanoes composed of lava flows and interbedblocks and formed as large tholeiitic volcanoes and smaller
ded pyroclastic material, while less extensive and dominantlyandesitic conesKay et al, 1982 constructed on mildly
lobate deposits were produced by smaller collapses into shametamorphosed to virtually unaltered late Tertiary volcanic
low water from edifices composed mainly of lava flows. units. Almost all of the most important Quaternary volcanic
Once the location and extent of the submarine DAs and-enters are located on the northern side of the arc.
their relationship to source volcanoes was determined, we Volcanic activity along the arc began during the middle
evaluated the regional tectonic setting of the volcanoes td=Ccene (about 46 Ma) and has continued intermittently up to
look for possible relationships between fault systems underih® present dayJicha et al.200§. At least 40 volcanoes
lying the volcanoes and the orientation and preferred failureh@ve erupted in the past 250 years and another 20 volcanoes
directions of the subaerial volcanic landslide scarps. have been active in the Holocergirfikin and Siebert1994
Finally we estimated the potential height of potential Miller etal., 1998 Schaefer and Nyg2002). . _
tsunami waves that might be generated by similar volcanic 11€ geologic history and modern geodynamic setting of
edifice collapses today to evaluate the risk such events migHf'€ Aleutian Ridge have produced a chain of volcanic is-
present for coastal communities within the Aleutian Islands,/2nds that is bordered on the north by a steep slope descend-

at sites around the margins of the North Pacific Ocean, andd 0 the Bering basin, the deepest part of which is about
to fishing fleets in the Aleutian Islands and ships travelling

3800 m below sea level, while the remnants of older volcanic
the North Pacific shipping routes between Asia and North&'€S and rela_lted Tertiary volcanicl_astic _dept_)sits occur to the
America. south of the islands. This results in a significant asymmetry
of the underwater slopes which average about 10td%he
north, and only 2—3to the south around the Aleutian Islands
(Fig. 2). An exception is the Kiska-Little Sitkin and Segula
sector where the Aleutian Ridge is characterized by two sub-

The Aleutian Arc is a 2500-km-long subduction-related is- marine steps; the first-one immediately offshore drops down

land arc, and consists of two geologically distinct segmentd© @ depth range of 300-1000m b.s.l., and the second one
that meet at Unimak Pass: the Aleutian Ridge on the wesfPout 30-50 kmto the north drops from about 1800 mb.s.I. to

and the Alaska Peninsula on the east (Fig. 1). The arc is belh® abyssal sea floor of the Bering Sea at about 3800m b.s.I.
ing underthrust at about 9@y the Pacific plate in the eastern (Fig. 2).

part at rates of about 7.5 cm/year, whereas in the far western

part the North American Plate and Pacific Plate motions be-

2 Regional setting
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3 Data and methods The DA deposits vary in shape from elongate to lobate,
contain blocks of various sizes, including some as much as
The subaerial geology of the Aleutian Islands has been studi000 m across and extend down-slope from the source volca-
ied by US Geological Survey (USGS) scientists in the 1960snoes and tend to become progressively wider with distance
(Coats1956h 1959¢ Coats et al.1961 Snyder 1957 1959 from the source. The elongate DA deposits are typically
Simons and Mathewsori955 Nelson 1959 and by sci- characterized by the presence of a large debris field in the
entists from the USGS and the Alaska Volcano Observajproximal-mid distance, ca. 10-45 km from the source vents,
tory (AVO) from the 1990s until now. Several important with elongate blocks and trains of blocks usually aligned
works on edifice collapse and submarine DAs at Gareloi,along the direction of the probable original flow, and by a
Tanaga, Kanaga and Great Sitkin have recently been pulslightly more distal zone characterized by fewer scattered
lished Waythomas et al.2002 2003ab,c; Coombs et al.  blocks and finer matrix material (as suggested by backscat-
2007gh, 2008. ter information). The lobate deposits mainly consist of large

As part of this study, adopting the same approach ofblocks randomly distributed through the entire submarine
Coombs et al(20078, we made the analyses of the subaerial area of the deposit.
morphology of the source volcanoes using remotely sensed A common feature is the presence of downslope channels
data collected during the Shuttle Radar Topography Missiorbounded by steep and linear ridges that are aligned with the
(SRTM) available from the USGS Seamless Data Distribu-outer limits of the horseshoe-shaped collapse scarps of the
tion System. We used the SRTM data set to construct DEMssubaerial edifice; we infer that these slide regions might have
of the entire western Aleutian arc study area with 1 arc sec-contributed in many cases to the DA material by incorpora-
ond (30 m) resolution. tion of submarine substrate during transport.

In addition, new analyses of seafloor bathymetry were In afew regions conical structures are present that are sig-
made using data from the National Geophysical Data Cen#ificantly larger than the largest blocks in nearby DA de-
ter (NGDC), including the Hydrographic Survey Data (NOS) posits, and appear to be older volcanic cones that predate the
supplemented by medium-high resolution (50—10 m) bathy-DA deposits described in this repoRgynolds et al.2004.
metric data generated from the NGDC Autochart Bathymet- The principal characteristics of the scarps produced by ed-
ric Map Production system. In addition the same dataseifice collapse and the associated submarine DA deposits are
of localized high resolution ship-based bathymetry used bysummarized below (Table 1).

Coombs et al(2007h for the Kiska and Gareloi volcanoes
was obtained and integrated into the bathymetric models. Irft-1  Kiska
many cases the bathymetric data did not have high enough

accuracy or resolution or did not extend deep into the Bering! '€ Holocene stratocone of Kiska, which most recently

Sea, so in order to define the boundaries and features of th%rqpted n ;990M|Iler et _aI., 1998, |s.the westernmost h'ST
deposits for the mapped landslide we integrated our neWdiggorlcall_y active volcano in the Aleutian arc. The subaerial
ital bathymetric with the GLORIA-data acquired in Bering volcanic cone morph(_)lpgy €Xposes multiple _fault pl_anes and
Sea and North Pacific seafloor around the west-central Aleu9°|lapse scarps providing evidence for multiple episodes of
tians during 1986 and 1987 survey&EZ Staff 1991). The edifice failure on the NNW, NNE and SE sides (Fig. 3).

Gloria dataset is only capable of resolving seafloor features Ne NNE-directed collapse scar is cut by a younger NNW-

larger than several hundred meters, limiting our ability to directed scar that in turn has been completely filled in by later

precisely determine the margins of the some of the most exdrowth of the volcano. A third collapse scar on the southeast
tensive submarine DAS side of the volcano is the most recent, as demonstrated by

the fresh morphology and by its incision of the second scar
(Fig. 3).

On the NNE side of Kiska, downslope from a collapse
scar, there is a hummocky area covering 165 kmat defines
an extensive submarine DA deposit (Fig. 3). In side-scan im-
A morphological analysis of volcanoes that had producedagery a high.-back.scatter signal characterizes the main part
DAs, made using our subaerial edifice DEM, allowed us of the deposit, which contains scattered blocks as much as

to define the spatial and temporal evolution of the collapse400m in diameter and is incised by several channels. Downs-

events by mapping the intersection, erosion and continuity®P€ from the high-backscatter area is a lower back-scatter
of amphitheatre structure (visible or inferred). For volca- r€9ion with a more subdued hummocky surface. These char-
noes where the landslide included a submarine componenfiCteristics suggest that this region is an older DA deposit
we used multibeam and side scan data to recognize large déhat_|s partly buried by post-emplacement deposits of marine
bris fields and morphological bulges with scattered blocks S€diments. Unfortunately, we do not have high-resolution

expressions of thick deposits that can be associated with thgmultibeam datain this area to better constrain.these observa-
on-land blocks and deposits of the DAs. tions. A broad erosive channel cuts the slope in front of

4 New mapping of subaerial edifice failures and subma-
rine debris-avalanche deposits
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The largest blocks visible in the imagery range from 250
200x 15 mto 750« 450x 90 m in size. A higher-backscatter
region with respect to the surrounding seafloor is visible at
the base of the second submarine step (see above) just beyond
the scattered block field and is interpreted as a distal facies of
the DA deposit that traveled to the deepest part of the basin.

These two DA deposits are located within a bathymet-
ric low, bordered by the 100-180 m deep submarine Segula
canyon on the east side and a 50-120 m high step in the slope
on its western side. In addition, a zone of contour-parallel
steps 4.5-7 km wide, separated by troughs 20 to 60 m deep,
is present in front of the oldest DA deposit at a distance of
15 to 28 km offshore (Fig. 3b)Coombs et al(2007h sug-
gest that these forms are coarse sediment waves formed by
turbidite events due to the similarity with the forms observed
offshore of Maui IslandEakins and Robinsqr2006. This
morphology is also similar to open linear/arcuate creep-like
fold crests and staircase successions indicating areas prone
> ; to, or that have experienced further destabilization and level-
N : O R— AT T ling following a large scale slope failure evedgnals et aJ.
> ) S KISKA e Subnatine 2009). In this case the contour parallel steps may be due to
et VOLCANO (ST ** * choree sudden loading of the unconsolidated basinal sediments by
(a) 177°22'30 ‘ 177°30'00"E 177°37'30"E 177°45'00"E the arrival Of the DA depOSit.

A third collapse generated a small DA, which covered an
area of 4km, directly on the shallow platform at the crest
of the Aleutian Ridge. In this case a region of hummocky
terrain that in its southern part overrides the remains of the
oldest cone can be recognized, but the low resolution of the
data does not allow any more detailed information to be ob-
tained (Fig. 3a).
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4.2 Segula

SIDE SCAN SONAR

JRACK On the NNE and SSW side of the subaerial stratocone of
Segula two collapse scars were recognized, with an older
(b) scar being cut by a younger one (Fig. 4). Field evidence has
been reported of a DA deposit on Segula Island formed by the
Fig. 3. (a)plan view: topography, bathymetry and Gloria side-scan most recent collapse eveMélson 1959 p. 264). Consistent
data of Kiska volcano and its northern submarine slogb}.3-D with Coombs et al(20070 we recognized a hummocky area
view: is reported also a detailed view of the subaerial volcanic conecoyering about 200 kAncorresponding to the continuation of
morphology exposing fault planes and collapse craters. For sidgnig pa on the seafloor north of Segula (Fig. 4). The deposit,
é%ir;:lit?n?;vzlﬁgkz'oscmv backscatter and white is high backscattege oy jn GLORIA images, has a lobate shape and reaches a
' distance of about 20 km from the volcano. A single high-
resolution swath that covers the middle part of the deposits
this deposit, and may record erosion by submarine Cur.C()nﬁrmS the presence of mUltlple hUge landslide blOCkS, with
rents diverted around the topographically high debris de-the largestone reaching 700 m in diameter and standing more
posits (Fig. 3). than 100 m higher than the surround matrix of the landslide
In the area NNW of Kiska downslope from the second deposit (Fig. 4).
collapse scar, a field of large blocks can be seen in both On the south within the Segula channel we identified a sec-
the bathymetry and the side-scan imagebpd@mbs et aJ.  ond presumed DA deposit facing the older collapse scar. This
2007H. This concentration of large blocks extends 13 km DA was probably re-directed by the margins of the channel
offshore, and together with a more distal scattered block fieldso it traveled dominantly in the down-slope direction; the
found up to more than 30 km from the island, indicates thisavailable data show some hummocky features that were pre-
DA deposit covered an area of 300&m viously attributed to a submarine cone 8gyyder(1957 and

www.nat-hazards-earth-syst-sci.net/11/715/2011/ Nat. Hazards Earth Syst. Sci., T3 2541
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the island confirm the presence of DA deposits inside the in-
ferred source area (J. Larsen, personal communication), and

178°22'30"E

- BEDY TV T support our interpretation of the submarine deposits as that
fJ;”mfﬁﬁfﬁﬁiﬁiﬁ;E/ N of a large DA.
Al B The NE-part of the island abuts the sea in a huge cliff

5km 10km 15km 20km 263km

standing over 500 m high; in the submarine area facing this
Fig. 4. Topography, bathymetry and Gloria side-scan data of Segulecliff, another field of large blocks can be seen in the side-
volcano and its northern submarine slopes. A transversal profile iscan imagery (Fig. 5). The blocks are found more than 8 km
reported showing the lenticular shape of the deposit and the presoffshore and cover an area of approximately 7Gkrfihus
ence of large blocks. The image displays the speckled pattern chaghe NE facing cliff is interpreted as the scarp left behind by
acteristic of large debris slide deposits on the north side. For Sidelhis large DA. Unfortunately, no high-resolution bathymetry
scan data the black is high backscatter and white is low backscattebf the seafloor is available in this area, but the steepness and
Contour interval is 200 m. . ' -

fresh appearance of the subaerial scarp suggests this event

may be relatively recent in age.

that we reinterpret as DA hummocks based on their shape& 4 Gareloi
and distribution. '

Gareloi Volcano appears to have been the source of multi-
4.3 Little Sitkin ple discrete collapse events. A small collapse scar is visible

on the modern cone, and three large submarine DAs occur
Little Sitkin is a volcanic island with an active stratovol- on the N, NW, and E sides of Gareloi Islan@dombs et
cano occurring within the eroded remnants of a nested doublal., 2007). The backscatter and multi-beam data shows a
caldera of probable late Pleistocene age (i.e. Caldera One arglibmarine source area for the NW deposit consisting of a
Caldera Two ofSnydey 1959. continuous 6.5 km wide headwall scarp ranging from 150 to

On the SE side of the island we identified a hummock field200 m in height, cut along the platform and located at a dis-

with a lobate shape that covers an area of about 190 kmtance of 0.5-2.5km NW (seaward) from the modern shore-
(Fig. 5). Side scan data reveal a distinctive partly speckledine (Fig. 6). This feature is one of the best developed sub-
pattern with low reflectivity suggesting a buried landslide marine scarps left by a completely subaqueous landside any-
deposit. The debris field extends approximately 17 km off-where in the Aleutian Islands, and clearly shows the impor-
shore, and originates at a horseshoe-shaped scar that cut thence of integrating subaerial and submarine data sets evalu-
Caldera One rim (Fig. 5). Part of this feature was attributedating histories of landslide collapse at volcanic islands.
by Snyder(1959 to the Caldera Two event, but the presence Moreover, our results show, at a distance of about 26 km
of this debris field suggests that this feature was probablyN-NW from Gareloi, the presence of arcuate crests and
formed when a collapse event occurred. Recent surveys ostaircase morphologies that suggest continued submarine
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Norphologicalemtors A wide scarp on Tanaga Island separates the Takawangha
. and Tanaga volcanic edifices and can be traced into sub-

marine scarps on both the north and south flanks of the is-

land (Fig. 7). This feature appears to have formed when

52°07'30"N

Debris avalanche deposits

e the northwest portion of Tanaga Island collapsed into the sea
R (Coombs et a).2007ab), and the scale and the arcuate shape
s ocs of the scarp suggests that it was the source of huge com-

52°00'00" N

pound slides. Some hummocky features are visible in the
proximal part of the deposit but the age of the largest Tanaga
collapse ¢&140ka;Coombs et a).20073b), as well has the
low reflectivity suggest this deposit is largely buried by ma-
rine sediments.

An intermediate age-collapse occurred from the west side
of Sajaka volcano where an earlier edifice, called Sajaka I,
was truncated and cut nearly in a half, before a new, younger
cone (Sajaka Il) formed in the sca&gombs et a).20073b).

Our mapping of the resulting DA deposit shows that it cov-
ered an area of 200 Khwith an elongate shape and a zone
with sparse blocks in the proximal area (Fig. 7). Also, sev-
eral small submarine volcanic cones are present in this area
(Reynolds et a).2004 with at least one of them partially

LD STAIRCASE MORPHOLOGIES buried by the DA (Flg 7)

Y NP b
o /f g 4.6 Bobrof
B :
y 3 \\ \.

Bobrof island, located east of Tanaga island, is a young-

\/’M A / appearing stratovolcano, but little is known about its eruption

z
k=3
oS
n
B
o

history or geology\Vood and Kienle1997).

The submarine base of the volcanic edifice is perched on a
symmetrical and elongated N-S trending ridge. The volcano
B S0t scn souar is located on the southern part of the ridge and is bordered on

e the north by a shallow-water platform, while to the south a
saddle connects Bobrof with the summit plateau of the main

Fig. 6. (a)Plan view: topography, bathymetry and Gloria side-scan . : .
data of Gareloi island. The image displays the three deposits surpart of the Aleutian Ridge (Fig. 8).

rounding the volcano. Also visible are arcuate crests and staircase A (:.olle}pse scar, mostly f'"_ed in by later volcanic prod-
morphologies on the NNW(b) 3-D view. For side scan data the UCtS, is situated on the east side of the cone. Just downslope

black is high backscatter and white is low backscatter. from this feature is a DA deposit with a horsetail shape. A
block field is present in the SW-NE portion of this deposit
while a smoother-appearing deposit with isolated blocks par-

instability conditions in this area. Some of these featurestially overlaps the Kanaga deposit in an SSE-NNW direction

seem to intersect and cut across part of the Northerly di{Fig. 8). The proximal part of the deposit is scoured by an ac-
rect DA, suggesting they have been active relatively recentlytive canyon that begins in shallow water about 1.5km from

(Fig. 6). the shoreline and continues down to 2200 m depth (Fig. 8).

4.5 Tanaga 4.7 Kanaga

Tanaga Island covers 529 Rrand at least three discrete Qua- Kanaga Volcano is a Holocene andesitic stratovolcano
ternary volcanic centers occur on its northern half. Frombounded on its southern margin by the Kanaton Ridge. This
west to east the volcanoes are named Sajaka, Tanaga, amthjor topographic feature was formed as the result of a
Takawangha (Fig. 7). The first two centers are steep-sidedhorthward-directed flank collapse that destroyed an ances-
cones of Holocene age whereas the latter is a Pleistocendral volcano named Mount Kanatowaythomas et a12002
Holocene volcano build on a 300-m-thick sequence of Pleis-20033c).

tocene and older volcanic and volcaniclastic rodRegmbs In agreement with previous workWMaythomas et a|.
et al, 2007ab). Two morphological features record collapse 2003ac; Coombs et a).20078 we recognized a DA de-
events that affected each of these volcanoes. posit on the north side of Kanaga volcano where the Kanaton
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Fig. 7. (a)Plan view: topography, bathymetry and Gloria side-scan data of northern Tanaga cluster i@u8iB view: is reported a
detailed view of the Sajaka Il DA deposits. For side scan data the black is low backscatter and white is high backscatter. Contour interval is
250 m.

horseshoe-shaped structure extends offshore associated withe first and larger one is best developed between 0 and
a 4.5 km wide, 50-200 m deep channel descending from se4300 m b.s.l. and is as much as 50-350 m deep (Fig. 9).
level to 1100 m b.s.l. (Fig. 8). .

The mapped DA deposit covers about 36Gkand is elon- 4.9 Great Sitkin
gate in the SSE-NNW direction. There is a block field con- . . .
centrated in the mid-slope part of the deposit. The east Sidésreat Sitkin Volcano is a Quaternary andesitic stratocone

of the DA deposit is scoured by an active canyon that goe hose edifice is composed of a series of lava flows and
down to 2100 m b.s.l. and probably channels volcaniclastic 22 domes that form an arcuate-shaped structure open to the

deposits and sediment gravity flows fed by eruptive activity nortt:west:d;l' he ?rggate; T[Eatprle trc:mczt_es a sel)r:jes cc)jfLavadﬂows
at Kanaga Volcanic. on the northeast side of the island and is a subdued headscarp

that was formed during edifice collapsé/gythomas et al.
20039.
The southern part of Great Sitkin consists of two groups of

ancient volcanic rocks, the Finger Bay greenstones (Eocene

Mount Adagdak is a volcano whose basal part consists of g, age) and the undeformed Sand Bay unit (late Tertiary),
broad shield composed mainly of basaltic lava which is over-p .o underlings the modern edificSifons and Mathew-

lain by the products of two younger composite corésdts son 1955. This latter unit is the remnant of a now-vanished
19560 ) shield volcano whose summit was located near that of the
We recognize two separate collapse scars at Mr. Adaggdern conegimons and Mathewso@955.
dak, an older one that cuts into the older cone and a second North of Great Sitkin an area with large hummocks (some
younger one on the younger cone that is clearly associatedyceeding 1 km in length) is recognizable on side-scan data;
with a fresh-appearing DA deposit that can be mapped OVe{yaythomas et a(20039 andCoombs et al(20075 have in-
an area of about 300 Kn The DA deposit has an elongate terpreted this as a DA deposit produced by a single enormous
shape and numerous blocks found are clearly visible in theepisode of edifice collapse. However, our mapping shows
multibeam data at the base of the slope below the volcanogat this deposit was created by at least two separate collapse
The medium-distal parts of this deposit exhibit few scatteredgyents. Our new interpretation is based on the presence of
blocks a_“d some yvaveform features (_F'Q- 9)-' ~ two differently aligned sets of blocks which allow the differ-
The side-scan imagery of the debris field is characterizecentiation of two distinct units (Fig. 10). The youngest deposit
by a low reflectivity that suggests it has been buried by sedcovers about 650 kfnand shows a pronounced SSE-NNW
iment transport down the numerous channels that are visibl@lignment of the blocks. This deposit forms a fan-shaped de-
on the slope descending from the volcano. bris field that can be traced back to the subdued headscarp
Two erosive channels, 2.5 and 0.6km in width respec-that is the result of the edifice collapse event at Great Sitkin
tively, were observed in front of each of the two scars; Volcano described byWaythomas et al(20039. An older

4.8 Adagdak
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Fig. 9. Topography, bathymetry and Gloria side-scan data of Adag-
dak volcano and its northern submarine portion. For side scan data
the black is high backscatter and white is low backscatter. Contour
interval is 200 m.

slightly south of the modern edifice (Fig. 10). The field evi-

dence of this older episode of edifice collapse may have been

destroyed by glacial erosion or buried by recent volcanic ac-
tivity on the subaerial parts of Great Sitkin Island.

A — Several large channels (800-1000m wide and 4.5km

long) are cut into the seafloor from the shallow platform

(0) down to the slope, suggesting high transportation rates of

Fig. 8. (a)Plan view: topography, bathymetry and Gloria side-scan volcaniclastic se@ment from the island to the proximal part
data of northern slope of Bobrof and Kanaga islands. The image®f the DA deposits, where the hummocks appear subdued
displays the DA from both the islands; the two active canyons affectand partially buried.

the deposits are also showed. Black is high backscatter, white is low

backscatter and contour interval is 250 (b) 3-D view. Blackis ~ 4.10 Seguam (Pyre Pk)

low backscatter and white is high backscatter.

Seguam Island consists of the remnants of two late Quater-
nary calderas, both with Holocene volcanic cones growing

) . ) . inside of them. A third Holocene cone lies at the east end of
DA deposit, covering about 1000 Kmis characterized by the island Singer et al.1992 Fig. 11).

blocks oriented in a NNE-direction, and has been partially Unfortunately,

- little high resolution data is available from
buried by the younger event.

the subsurface around Sequam Island, but the submarine
We propose that this earlier event may have the product oflank to the NW, extending from the eastern caldera breach

a collapse episode from the “Sandy Bay shield volcano” orseaward, is characterized by an irregular, rough-appearing re-

perhaps an earlier cycle of the Great Sitkin volcano. Basedyion on GLORIA imagery (Fig. 11).

on the distribution of the older submarine DA deposits, we This area, covering about 250 Rrappears to be a large

infer the edifice failure may have occurred from an areablock field very similar in size and character to those
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Fig. 11. Topography, bathymetry and Gloria side-scan data of
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a large submarine cone is also visible. For side scan data the black
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about 30 km for this collapse event based a reconstruction

Fig. 10. Topography, bathymetry and Gloria side-scan data of Greaipf the size of the original volcano from the space shuttle al-
Sitkin Volcano and its north submarine flank. The image displaystimetry data (Table 1).

the two inferred deposits characterized by the alignment of the
largest blocks of the DA (as reported in the text). For side scan data

the black is low backscatter and white is high backscatter. Contour . .
interval is 250 m. 5 Discussion

In the course of this study at least 17 flank collapse events
observed offshore from the Garove caldera in the Bismarckhave been documented or inferred along the Aleutian Ridge
arc Silver et al, 2009; we tentatively consider this high- (Table 1).
reflectivity region to be a DA deposit representing one Two substantially different morphologies are observed in
or more collapse that may have been connected with thehe submarine DA deposits created by flank collapse events
caldera-forming event but further work is necessary to con-along the Aleutian Ridge. The first variety, which we call a

firm this. “Type I” DA deposit, include large volume DA that are char-
) acteristically longer than they are wide, and that typically
4.11 Recheschnoi contain abundant landslide blocks that become less abundant

and smaller with distance from the volcano. The second

%as?_?l_ (()jn 0;]" space mﬁttlet laser tOpOri)a';?'C modetl, }N?/ariety tends to be smaller in volume, and typically have a
identined a huge amphithealér scar, probably accentua egebris field with a lobate shape that is wider then it is long.

by. glacial erosion, on the W?St side Of. Recheshnoi VOlcanoThese “Type II” DA deposits contain many large blocks that
(Fig. 12). We suggest that this feature is a scarp produced b}Sccur over the entire surface of the deposit (Table 1).

a lateral collapse that involved an ancestral Recheshnoi vol- The morphology of the Type | DA deposits indicate an el-

cano, but wh|le some proximal submarlne_ features appea_regvated degree of fragmentation of the blocks that would be
to be landslide hummocks and blocks, side-scan sonar im-

i . . ._accompanied by the generation of abundant fine-grained ma-
agery and available multibeam data did not allow the delln-triX material that in turn can promote a hvdroplaning effect
eation of the full size or extent of the submarine DA deposit b ydrop 9

X . Mohrig et al, 1998 1999 and result in long run-outs seen
farther downslope where it entered a large submarine canyo . :
system in this type of flow (Table 1). Moreover the hydroplaning ef-

fect may be triggered by the higher speeds that characterize
larger volume DA events/fard and Day2003.
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noi. Ridge studied cases and from Bismark Arc (Silver et al., 2009).
The different trends for the two types of deposits are clearly recog-
nizable.

The Type Il DA deposits are typically smaller in volume
and are characterized by a low degree of fragmentation and
appear to contain a higher proportion of large blocks andinterbedded with pyroclastic product§vVgythomas et al.

a lower proportion of fine-grained matrix material then the 2003¢ Coombs et a).20071, whereas for Little Sitkin and
Type | DA deposits. All these factors would tend to reduce Seguam Volcanoes lobate Type Il DA deposits were gener-
the tendency to “hydroplane” in Type Il deposits, and may ated from collapse of a volcanic systems which seems to have
account for the fact that these landslide masses generallgroduced dominantly lava flowStyder 1959 Singer et al.
stopped soon after the slope break. 1992.

These two types of submarine DA deposits have been de- In addition to the primary lithology of the material in-
scribed at other island volcanoes, such as the Icod (eloneorporated in these volcanic landslides, other factors can
gate) and El Golfo (lobate) landslide deposits described fronplay important roles in determining the characteristics of the
the Canary islandsMasson et a).2002. The fundamen- resultant DA deposits. For instance, at Kiska, Segula and
tal control on the relative proportion of huge lithic blocks Gareloi volcanoes, the depth of emplacement of the DA and
and fine-grained matrix material in these DA deposits is in-the volume of material involved in the landslide event played
ferred to be the original nature of the volcanic edifice thatsignificant roles in determining the nature of the resultant DA
failed was transformed into landslide debris. The volumedeposit. At these sites lobate Type Il deposits are found in
and characteristic of the landslide debris then strongly influ-shallower water £2000 m b.s.l. versus the2500 m depth
ence the flow processes that act upon the landslide debris tmost Type | deposits are found in) and the deposits covered
produce downslope movement and the eventual DA deposita smaller area (Table 1 and Fig. 13). Similar shallow wa-
Perhaps the most important factor in controlling flow mobil- ter condition are present in the Bismark Arc and lead to the
ity is the proportion of fine grained materidWasson et al.  formation there of DA deposits that almost all show a lo-
2002 which in turn is related to the nature of the failed vol- bate shape similar to the Type Il DA deposits we describe
canic edifice. In the Canary Islands some volcanoes considtere from the Aleutian Islands. The lobate deposits in the
largely of basalt flows and similar indurate rocks, such asBismark Islands are relatively smaller, typically covering an
those on El Hierro Island which gave rise to the El Golfo de- area ranging between 15 and 145amd were emplaced at
posit, while other volcanoes include a much greater propor-depths between 300-500 ®ilver et al, 2009 Fig. 13). The
tion of pyroclastic material, such as those on Tenerife Islandrelatively small volumes and small vertical elevation losses
that gave rise to the Icod DA. probably minimize the degree of fragmentation in these DAs

Despite the limited knowledge on the geology of the studyand tend to result in a Type Il landslide deposit of limited
area and on the islands proportion of lava flows comparednobility.
to pyroclastic and other deposits, we attempt to explain the The general relationships linking landslide volume and
distribution of Type | and Type Il DA deposits by using the long landslide travel distances do not always hold in ev-
Icod and El Golfo models. Type | DA deposits were gen- ery case. For instance the Bobrof DA deposit is an excep-
erated from Sajaka, Kanaga, Adagdak and Great Sitkin voltion to the pattern as it has a small surface area but a long
canoes, all of which probably consist mostly of lava flows run-out; for this event some unusual submarine topography
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apparently was important in controlling mobility. The Bo-  Another key factor influencing the orientation of large col-
brof submarine landslide was channeled into a narrow northlapse events in the Aleutian arc seems to be the large-scale
trending valley where it encountered the older Kanaga DAvolcano-tectonic structure of the Aleutian Arc. We found
deposit (Fig. 8). The width of the Bobrof landslide was lim- a clear relationship between the orientation of fault systems
ited by the margins of the channel, increasing the depth ofunderlying the Aleutian volcanoes and the opening direction
the flow and possibly promoting hydroplaning by ingesting of the amphitheatre scarps left by DAsagmay and Val-
and trapping highly pressurized fluids within the channelizeddivia, 2006 supporting the idea of a tectonic control on the
flow resulting in increased mobilityMohrig et al, 1998. A genesis of these deep-seated failure. Most of the Aleutian
similar small but highly mobile DA is found in the Bismark Volcanoes described here have landslide scarp openings per-
Arc where the Ritter Island DA extends to about 35 km from pendicular to the strike of regional normal fault systems
Ritter Island where it is largely confined between the edifices(Francis and SelfLl987 Acocellg 2009 or an angular rela-
of Umboi and Sakar volcanoeSi{ver et al, 2009. tionship between the direction of collapse scarp opening and
Almost all of the 17 Aleutian Island giant landslide events the underlying strike-slip faull.agmay and Valdivia2006).
described in this paper occurred from active volcanic edi- Some important differences also exist in the type of land-
fices. Of these, at least six collapses probably occurred irslides produced at Aleutian volcanoes. A thin-skinned failure
the last 100ka. All of these volcanic DAs appear to haveinvolving only a small volume of material produced a narrow
originated principally from the subaerial parts of the volcanic collapse scar at the Gareloi volcar@opmbs et a).20075)
edifices except for one landslide at Gareloi volcano that in-but the much larger volume of material in the northward-
volved removal of substantial sections of the submarine partlirected DA must be due to a deep-seated failure that incor-
of the volcanic edifice. In some cases eroded submarine dgaorates much of the interior of the volcano. The large Type |
pressions and channels were observed downslope from thBA deposits from Kiska and Bobrof volcanoes also almost
subaerial scar; these could represent a secondary submarigertainly record deep-seated failures.
slide region that might have been triggered by the same erup- While little is known about the types of eruptions that
tion that generated the subaerial landslide, or perhaps an argaight have triggered these volcanic landslides, at least one
that was eroded and incorporated into the moving submarin@ezymianny-type collapse, where the landslide event is ac-
landslide and so contributed large amounts of sediment to theompanied by an explosive magmatic eruption and lateral
debris field of the DA deposit. The hypothesis that significantpyroclastic surge or blast, is known to have occurred on the
amounts of submarine material is being incorporated into theSajaka | edificeCoombs et a).20070).
DA deposits is supported by the difference between the vol-
ume estimates for the amount of material released from Aleu5.1  Estimates of tsunami hazard from Aleutian
tian volcanoes by subaerial failure and the far larger amounts ~ volcanoes
of material making up the concomitant submarine landslide
deposit (Table 1). This “bulking up” of the submarine DA Estimates of the volume of submarine DA deposits can
deposits with incorporated sediment is especially significantbe used to model the size of tsunamis generated by the
for the Type | DA deposits, which were as much as threeavalanche. We have estimated the volume of some of the bet-
times larger than the original volcanic landslide mass. Stillter constrained DA deposits produced by Aleutian volcanoes
other factors probably played a key a role in triggering the 17by integrating estimated thicknesses across the mapped ex-
giant volcanic landslides present along the Aleutian Arc andtent of the deposits as obtained using the multibeam data.
in controlling their size and orientation. The deep-seated fail-The average thickness estimates were derived by assuming a
ure events that affected the Kiska, Great Sitkin, Kanaga, andransversely lenticular shape for the deposits. We then used
Tanaga volcanoes originated when a large part of the edificéhe morphology of the adjacent parts of the sea floor that
collapsed into the sea on the unbuttressed north side of thevere not buried by DA to infer the geometry of the deposit
volcanic massif. These landslides may have been triggerebbase, and reconstructed a hypothetical transversal profile of
when crustal loading during the growth of these volcanicthe DA for multiple cross sections. Using this data we then
cones helped produce locally significant slopes to the northdetermined an average thickness for different parts of the de-
Because most of the active Aleutian arc volcanoes occur onposit and estimated a total volume by multiplying this latter
the northern side of Aleutian Islands, the volcanoes tend tovalue by the area of the deposit (Table 1). Sources of error
be oversteepened to the north and virtually all of the DA de-in these estimates derive mainly from the difficulty in accu-
posits are found in the Bering Sea to the no@lbgmbs eta).  rately determining the morphology of the part of the sea floor
2007h. A similar situation occurs in the southern part of the buried by the DA deposits and in not considering a possible
Antilles arc Deplus et al.2001; Boudon et al.2007) where  inclusion of material ripped from the existing sea-floor.
collapse events tend to mainly affect the western flanks of Estimates were also made of the volumes of the initial
the volcanoes. We suggest that similar failures affect Segulaandslide debris produce by failures of the subaerial volcanic
Little Sitkin, Adagdak and Recheschnoi Islands. edifices. These estimates were made by assuming a sim-
ple conical morphology existed before the collapse and then
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Table 2. Estimated amplitude of tsunami wave at fixed distance from source for 9 of the studied debris avalanches.

Volcano DA Average thickness Ho Area A (m)at A (m) at A (m) at A (m) at
T (m) (m) (knm?) R=1km R=10km R=100km R=1000km
Great Sitkin DAI 47* 3600 1000 44.3 29.2 6.2 0.6
Gareloi DAI 20* 3200 458 18.4 10.5 1.8 0.2
Kanaga DA 70* 3300 364 63.7 34.7 5.8 0.5
Kiska DA Il 85 1980 300 76.6 40 6.4 0.6
Adagdak DA 35 3340 299 315 16.5 2.6 0.2
Kiska DA | 45 1580 165 39.2 17.8 25 0.2
Bobrof DA 60 2900 148 51.9 22.9 3.2 0.3
Sajaka | DA 20* 2600 142 17.2 7.5 1 0.1
Gareloi DAIII 80 1950 113 67.8 28 3.7 0.3

* average thickness obtained dividing the subaerial failure volume by the submarine deposit area

using DEM data to calculate the difference between the mod T e o
eled pre-collapse volcano and the observed modern volcan
and collapse scarp (Table 1). 100,000

For some of the better delineated DA deposits (Fig. 14; Ta-
ble 2) we estimated the potential amplitude A(R) of atsunami
wave at fixed distance R from the source volcanic landslide
using formulas derived from numerical models of landslide £
tsunamis byward and Day2003: o
A(R)=T x (1+2R/D)~? (1)
where —_
ov‘
&

W Amplitude (m) at 100km ® Amplitude (m) at 1000 km

=3

Amplitud:

1) 0.5+0.57e(70'0175D/H0) N o‘” Oov F Q" ov o @Q R zo‘” S

T Thickness of the unit Gzﬁ‘@ ,\2,@(;&&«,& & < & vb',% %%o'o P @)\» f\& @&\o & %60" & @@o\

R Distance of measurement point from the source

D (4-Areafr)Y? Fig. 14. Histogram showing the estimated amplitude of tsunami

Ho water depth of the slide event wave at fixed distance from the source, for 9 of DAs reported in
Table 2.

A similar approach was used ISilver et al.(2009 to es-
timate the magnitude of tsunamis expected from future col-
lapse events in the Bismark Arc. phology so that the actual tsunami run-up elevation is typi-
The numerical models showed that the amplitude ofcally two or three times greater than the initial wave height.
tsunamis produced by landslides into in the sea is very sensi-
tive to water depthK o) and directly proportional to deposit
thicknessT. 6 Conclusions
Because we base our calculations on estimates of the av-
erage thickness of the submarine DA deposits rather than ahhe combination of marine bathymetry and terrestrial space
estimate of maximum thickness at the time of DA emplace-shuttle altimetry data sets has allowed us to identify and
ment, our calculations of potential tsunami heights are prob-characterize 17 DA deposits from 11 volcanoes in the cen-
ably underestimations of the actual maximum potential oftral Aleutian arc.
Aleutian volcanic DAs to generate enormous tsunamis. De- The area covered by these deposits ranges from 4 to
spite this conservative approach, the models predict the forl000 knf. While the ages of the DA deposits cannot be pre-
mation of huge waves that can be initially as much as 100 ntisely determined, at least six of the collapse events appeared
high (Table 2). Such huge tsunami waves would progres+o have occurred in the last 100 ka based on the absence of
sively decrease in height as the wave propagated away frorgignificant sediment cover.
the source landslide, but could still be as much as several me- If a collapse event similar to those that generated the
ters high at distances of several hundred kilometers from thdargest of the prehistoric Aleutian DA deposits described here
source. When the waves encounter shore the waves can lweere to occur now, it would generate a significant tsunami
focused by interactions with the seafloor and coastal geomorthat that might be initially as much as 100 m high. Such an
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event would almost certainly destroy nearby coastal commu- p., 2 plates, scale 1:25,000, availabléntip:/pubs.usgs.gov/pp/
nities and infrastructure in the Aleutian Islands, and might 1762/ 2009.

affect some sites at considerable distances from the sourdgeget, J., Gardner, C., and Davis, K.: Volcanic tsunamis and pre-
volcano. historical cultural transitions in Cook Inlet, Alaska, J. Volcanol.

Landslide tsunamis often propagate most efficiently in the  Geotherm. Res., 176, 377-386, 2008.
same direction as the original landslide, so there might bg®°udon: G., Le Friant, A, Komorowski, J. C., Deplus, C., and
tremendous variation is the far field effects of such tsunamis semet, M. P Volcano flank instabilities in the Lesser An-

. . ' tilles arc: diversity of scales, processes and temporal recurrence,
with some areas hundreds or even thousands of kilometers ; Geqphys. Res., 112, B08205, doi:10.1029/2006JB0004674,
away still being at risk of inundation. Because of the north- 5497
faCing aSpect Of the Aleutian Volcanoes, the far'ﬁeld tSUnamiCanaJS, M., Lastras, G-: Urge|es’ R., Casamor, J. L., Mienert, J.,
hazard is probably greater for communities around the mar- Cattaneo, A., De Batist, M., Haflidason, H., Imbo, Y., Laberg,
gins of the Bering then for communities lying south of the J. S., Locat, J., Long, D., Longva, O., Masson, D. G., Sultan,
Aleutian Arc. N., Trincardi, F., and Bryn, P.: Slope failure dynamics and im-

While catastrophic collapse events that produce tsunamis Pacts from seafloor and shallow sub-seafloor geophysical data:
at island volcanoes occur much less frequently then tsunami Ccase studies from the COSTA project, Mar. Geol., 213(1-4), 9-
generation due to seismic events, their destructive impacts 7,2004. _ _ _ _
may be larger. For that reason, we urge that additional StudQlouard, V., Bonneville, A., and Gillot, P. Y.: A giant landslide on

. . . the southern flank of Tahiti Island, French Polynesia, Geophys.
ies be made of the geology and geophysics of the Aleutian Res. Lett., 28, 22532256, 2001.

Islands and their volcanoes, and that further marine geoDhySCoats, R. R.: Geology of northern Adak Island, Alaska, in: Inves-
ical surveys be done around the volcanoes to collect multi- tigations of Alaskan volcanoes, US Geol. Surv. Bull., B 1028-C,

beam and seismic data, and that direct sampling and detailed 45 g7, 1956a.

mapping be carried out on these recently recognized DA de€oats, R. R.: Geology of northern Kanaga Island, Alaska, US Geol.
posits to obtain additional information necessary to better un- Surv. Bull. 1028-D, 69-81, 1956b.

derstand their volcanology, geomorphology, edifice collapseCoats, R. R.: Geologic reconnaissance of Gareloi Island, Aleutian
processes, tsunami generation and propagation processes andslands, Alaska, US Geol. Surv. Bull. 1028-J, 249-256, 1959c.
other factors that can help evaluate the magnitude of the haZ=0ats, R. R., Powers, H. A., Nelson, W. H., and Lewis, R. G.: Ge-

ard from the Aleutian Islands and guide tsunami modelling. ologic reconnaissance of Kiska Island, Aleutian Islands, Alaska,
US Geol. Surv. Bull. 1028-B, 563-581, 1961.
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