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During the 1964 Great Alaska earthquake (M, 9.2), several fjords, straits, and bays throughout southern
Alaska experienced significant tsunami runup of localized, but unexplained origin. Dangerous Passage is
a glacimarine fjord in western Prince William Sound, which experienced a tsunami that devastated the
village of Chenega where 23 of 75 inhabitants were lost — the highest relative loss of any community
during the earthquake. Previous studies suggested the source of the devastating tsunami was either from
a local submarine landslide of unknown origin or from coseismic tectonic displacement. Here we present

Keywords: new observations from high-resolution multibeam bathymetry and seismic reflection surveys conducted
glacimarine fjord in the waters adjacent to the village of Chenega. The seabed morphology and substrate architecture
megathrust reveal a large submarine landslide complex in water depths of 120-360 m. Analysis of bathymetric

mass transport
paleoseismology
debris flow
inverse travel time

change between 1957 and 2014 indicates the upper 20-50 m (~0.7 km3) of glacimarine sediment was
destabilized and evacuated from the steep face of a submerged moraine and an adjacent ~21 km?
perched sedimentary basin. Once mobilized, landslide debris poured over the steep, 130 m-high face
of a deeper moraine and then blanketed the terminal basin (~465 m water depth) in 11 £5 m of
sediment. These results, combined with inverse tsunami travel-time modeling, suggest that earthquake-
triggered submarine landslides generated the tsunami that struck the village of Chenega roughly 4 min
after shaking began. Unlike other tsunamigenic landslides observed in and around Prince William Sound
in 1964, the failures in Dangerous Passage are not linked to an active submarine delta. The requisite
environmental conditions needed to generate large submarine landslides in glacimarine fjords around
the world may be more common than previously thought.

Published by Elsevier B.V.

1. Introduction tica (Plafker, 1969; Plafker et al., 1969). The second type consisted
of trains of shorter period ocean waves generated locally within

Several sets of destructive tsunami waves were generated dur- enclosed fjords and straits of Prince William Sound (PWS) and the

ing and immediately after the M,, 9.2 Great Alaskan Earthquake
of 1964. The devastation experienced throughout southern Alaska
primarily resulted from two separate tsunami types. One was gen-
erated by the coseismic movement of the continental margin in
the Gulf of Alaska, which produced long-period ocean waves that
struck the Alaska coastline about 20 min after the earthquake be-
gan and propagated across the Pacific Ocean as far away as Antarc-
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Kenai Peninsula (Plafker et al.,, 1969; Von Huene and Cox, 1972).
In many places, the local waves were catastrophic to nearshore
communities and impacted the shorelines within minutes of the
start of shaking. For example, the towns of Valdez, Seward and
Whittier (Fig. 1; Table 1) are each located adjacent to shallow-
water submerged delta fronts that failed during the earthquake.
The resulting submarine landslides generated tsunami waves and
significant wave runup, which severely damaged coastal infrastruc-
ture and collectively caused 54 fatalities (Haeussler et al., 2014;
Parsons et al, 2014; Plafker et al., 1969; Reimnitz and Mar-
shall, 1965; Suleimani et al., 2011; Von Huene and Cox, 1972;
Wilson and Terum, 1972). Local tsunamis were also observed in
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Fig. 1. Shaded relief map of Prince William Sound and surrounding region. Triangles are documented locations of high wave runup during the 1964 Great Alaskan Earthquake
(red star marks the epicenter). Observed runup linked to a submarine landslide is filled red; runup of unexplained origin is filled white (following Fig. 2 of Nicolsky et al.,
2013); runup observations are from Plafker et al. (1969). Gray shaded regions are locations of large ice fields and active glaciation (e.g., Wiles et al., 1999). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Sites of documented landslide-induced tsunami runup.
Location Fatalities Max runup Landslide volume References
(m) (km?)
Whittier 13 32 0.04 Haeussler et al. (2014), Plafker et al. (1969)
Valdez 33 67 0.4-1.0 Lee et al. (2007), Parsons et al. (2014), Plafker et al. (1969)
Seward 13 12 0.2 Haeussler et al. (2007), Plafker et al. (1969), Wilson and Terum (1972)
Chenega 23 21 0.1-0.7 This study, Plafker et al. (1969)

many other places in and around PWS (white triangles in Fig. 1),
but the specific source mechanisms remain unknown (Plafker et
al., 1969; Von Huene and Cox, 1972; Nicolsky et al., 2013). The
importance of delineating the sources of these events is high-
lighted by the fact that a total of 82 lives were claimed in 1964
by local tsunamis, but also because many high-latitude commer-
cial ports and coastal communities are located along glacimarine
fjords. Most documented landslides in fjord settings occur in rel-
atively shallow water along submerged delta fronts, depositional
environments known to be prone to failure during earthquakes and
other transient sources of shear stress (e.g., Aarseth et al., 1989;
Hampton et al., 1996; L'Heureux et al., 2010; Lastras et al., 2013;
St-Onge et al., 2004; Syvitski and Schafer, 1996; Prior et al., 1982,
1986; Reimnitz and Marshall, 1965). Nevertheless, most fjords lack
the data needed to systematically evaluate the potential hazards.
One of the most devastating, but poorly understood local
tsunamis of 1964 struck the native village of Chenega in west-
ern PWS (Fig. 2). Waves virtually destroyed the village, and 23
of 75 inhabitants lost their lives (KPIX-TV, 1964; Plafker et al.,
1969). Surviving residents were temporarily relocated to other
townships until 1984 when ‘New’ Chenega was reestablished in
Sawmill Bay, ~20 km to the south of the original site (Nicolsky and
Koehler, 2014). Although eyewitnesses helped document the se-
quence of events at Chenega in 1964 (Plafker et al., 1969), the spe-
cific source of the destructive waves remains heretofore unknown.
We present new interpretations of the tsunami source based on

high-resolution marine geophysical data acquired in the waters
near Chenega. Our results help constrain tsunami hazards across
southern Alaska and provide new insights into submarine land-
slide occurrence and associated tsunami generation in glacimarine
fjords.

2. Background

Dangerous Passage is one of several glacially eroded fjords that
extends westward of Knight Island Passage and contains a series
of smaller elongate tributary fjords, including Icy Bay, Whale Bay,
Jackpot Bay and Nassau Fjord (Fig. 2a). Late Pleistocene glaciers re-
treated from PWS into the headland fjords around 10,000 yr B.P.
(Barclay et al., 2009). The most recent major ice advance in south-
ern Alaska occurred during the late Little Ice Age (LIA; Barclay et
al., 2009), in which many of the ice margins advanced to their
Holocene maxima (Calkin et al., 2001). Princeton Glacier, located to
the west of Nassau Bay, is thought to have merged with Chenega
and Tigertail glaciers during the LIA and advanced to the mouth
of Nassau Bay, before retreating back to the fjord head in the
late 1800s (Wiles et al., 1999). The heads of Nassau Bay and Icy
Bay still contain tidewater glaciers. Several rudimentary (by to-
day’s standards) bathymetric surveys of Dangerous Passage and
surrounding inlets were conducted since 1950, but there has been
no detailed marine geological study of this area.
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Fig. 2. (a) Southern Dangerous Passage and surrounding tributary fjords. Contours on land have 100 m intervals; offshore contours have 20 m intervals. Labels include
(1) Southern Dangerous Passage, (2) Northern Dangerous Passage, (3) Knight Island Passage, (4) Icy Bay, (5) Nassau Bay, (6) Jackpot Bay, (7) Whale Bay, (8) Bainbridge
Passage, and (9) Port Bainbridge. Shaded relief data are from multiple datasets: two from the National Geophysical Data Center, including multibeam bathymetry data from
NOAA survey H11388 (Sinson, 2004) and from a 8/3 arc-second (~100 m) resolution coastal relief model of Prince William Sound (Caldwell et al., 2011). Black square is
extent of (b-d). (b) High-resolution shaded relief multibeam bathymetry data (colored region is extent of 2014 data), including the 180 m (~100 fathom) depth contour.
The seabed can be geomorphically separated into a proximal basin (PB), intermediate basin (IB), and distal basin (DB). Black squares are enlarged sections in Figs. 3(a, b).
(c) Digitized soundings from NOAA 1957 hydrographic surveys (Natella, 1957a, 1957b). Soundings were used to estimate bathymetric change from 1957 to 2014 (see methods
section). (d) Results of elevation differencing between 1958 and 2014; changes in depth are color-coded and draped on the 2014 shaded relief bathymetry as semi-transparent
overlay. Positive/negative values show places where the 2014 water depth is shallower/deeper than 1958, respectively. Green lines represent seismic reflection profiles; black
lines are the locations of the seismic reflection profiles in Figs. 4 and 5, as well as the bathymetric profile shown in Fig. 6(a). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

The original village of Chenega, located on the southern shore
of Chenega Island (Fig. 2b), was the site of a devastating tsunami
that struck shortly after the earthquake began on March 27th,
1964 (Plafker et al., 1969; Von Huene and Cox, 1972). At the time,
the water level in Dangerous Passage was at ~0.3 m above the
mean lower low water datum (Wilson and Terum, 1972). The fol-
lowing section, taken directly from Plafker et al. (1969), describes
the sequence of events that occurred at Chenega.

The earthquake shaking, which began gently but became much
stronger within 1 minute, lasted an estimated 4 1/2 to 5
minutes. .. between 60 and 90 seconds after shaking began the
first wave rose quietly but rapidly about half way up the beach.
It receded rapidly almost at once, exposing the floor of the en-
tire cove to an estimated depth of 20 or more fathoms and
for a distance of about 300 yards offshore. A second and much

higher wave arrived within 4 minutes of the earthquake’s on-
set and before shaking had ceased. This wave, which was about
35 feet high, ran up to the schoolhouse foundation, a height
of 70 feet. All the buildings except one house and the school
were either smashed into the trees or swept out to sea with
the backwash... waves comparable in size to those at Chenega
struck elsewhere along the coast of the island, particularly in
the cove just east of Chenega. There, most of the muskeg and all
of the trees were stripped from the surface; blocks of bedrock
were even torn from a 20-foot seacliff.

Runup patterns in Chenega Cove and the three coves to the east
(Fig. 2b) suggested the wave came from the southwest (Plafker
et al., 1969). Although Plafker et al. (1969) noted the possibility
for the waves to have been caused by a sizable submarine land-
slide, fathometer profiles indicated that no significant changes in
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bathymetry occurred in water depths shallower than 180 m fol-
lowing the earthquake (see contour in Fig. 2b), an early observa-
tion used to argue against a major proximal submarine landslide
as the source of the tsunami. According to Plafker et al. (1969)
most of the shoreline around Dangerous Passage consists of ex-
posed bedrock and there are no significant masses of unconsoli-
dated sediment that may have failed during the earthquake. Co-
seismic uplift of Chenega Island was 1.5 m according to tide gauge
measurements and horizontal displacement was approximately
17 m to the southeast (Plafker, 1969). Regional tsunami models
focused on regional coseismic uplift and subsidence as tsunami
sources, but struggled to reproduce eyewitness observations and
severely underestimated the magnitude of wave runup in many
places around PWS (Johnson et al., 1996; Ichinose et al., 2007;
Suito and Freymueller, 2009). Furthermore, documented evidence
for coseismic surface faulting is more than 20 km to the south-
east of Chenega (e.g., Plafker, 1967; Haeussler et al., 2015). Subse-
quent models included the effects of both horizontal and vertical
coseismic deformation, which produced better alignment with eye-
witness reports, but still underestimated the runup in and around
Dangerous Passage (Nicolsky et al., 2013). For more than fifty years
the true source of the devastating tsunami remained unclear.

3. Data and methods

In May 2014, the U.S. Geological Survey (USGS) led a marine
geophysical survey offshore Chenega Village aboard the Alaska De-
partment of Fish and Game vessel R/V Solstice. A primary objective
was to acquire high-resolution bathymetric and subbottom im-
agery and conduct comparative analysis between the new data and
hydrographic surveys conducted prior to the 1964 earthquake. Ap-
proximately 65 km? of multibeam bathymetry data were acquired
with a Reson SeaBat 7111 (100 kHz; 301 beams). Tide values were
referenced to Mean Lower Low Water and soundings were edited
and processed using Reson PDS2000 software. A final raster grid
was created at 10-m cell spacing and loaded into ESRI ArcGIS and
QPS Fledermaus for interpretation (e.g., Fig. 2b) and comparison to
bathymetric data acquired in 1957 (Fig. 2c).

The US. Coast and Geodetic Survey conducted bathymetric
surveys in Dangerous Passage and surrounding waters in 1957
(Natella, 1957a, 1957b). Vessel positioning was obtained through
triangulation to control stations using U.S. Navy hydrographic sex-
tants and soundings were referenced to Mean Lower Low Wa-
ter based on measurements from a portable tide gage placed on
Chenega Island. The resulting smooth sheet bathymetric charts
were projected into NAD27 UTM Zone 6N. A total of 18,207 depth
soundings on the smooth sheets were digitized, interpolated and
gridded in ArcGIS, then reprojected into NAD83 Zone 6N (Fig. 2c).
Surface differencing between 1957 data and 2014 data (Fig. 2d)
was used to identify bathymetric change following the approach
applied to other fjords of the region (Haeussler et al., 2007, 2014;
Parsons et al., 2014). Note both bathymetric data sets were refer-
enced to Mean Lower Low Water datum and differencing estimates
account for ~1.4 m of coseismic uplift that occurred in 1964.
However, absolute uncertainties in the 1957 data are not available
largely due to the amount of bathymetric change that occurred
in the time period between 1957 and 2014. Errors are expected
to be low in areas that have a relatively flat seafloor and higher
in places having substantial variation and relief (e.g., Haeussler et
al., 2007). We assume that any bathymetric change of +5 m is
within the uncertainty envelope. The bathymetric differencing grid
was draped on the 2014 shaded relief bathymetry as color-coded
and semi-transparent values; this allowed direct comparison be-
tween changes in depth with morphological features observed in
the 2014 data (e.g., scarps, channels and debris aprons).

Additionally, 160 line-km of high-resolution single-channel
seismic reflection profiles were acquired in 2014 using a 500 ]
SIG 2-Miile minisparker source (Fig. 2d). Acoustic frequencies were
concentrated between 140-350 Hz, providing ~3-5 m vertical res-
olution and penetration of up to 500 ms (300-400 m). Data were
processed using Sioseis and loaded into IHS Kingdom Suite soft-
ware for interpretation. Modern depositional models for glacima-
rine fjords provide examples of sedimentary processes active in
proximal environments, and illustrate how these processes control
the spatial distribution of sediment delivery and deposition (Cai et
al., 1997; Carlson, 1989; Cowan and Powell, 1990; Powell, 1984;
Syvitski and Shaw, 1995), as well as morphological features as-
sociated with submarine landslides (e.g., Aarseth et al., 1989;
Lee et al., 2006; Syvitski and Schafer, 1996; Syvitski and Shaw,
1995). As such, seismic facies interpretations are used to identify
evidence for erosion/deposition that may be linked to changes in
water depth during the timeframe of 1957-2014.

Finally, inverse travel-time modeling was performed for qual-
itative comparison to eyewitness observations at Chenega Vil-
lage. Calculations of tsunami travel-times are based on the linear
long-wave assumption for phase speed (Mei et al.,, 2005), using
the Geoware TTT software described by Wessel (2009). An 8/3
arc-sec bathymetric DEM (Caldwell et al., 2011) was used to gen-
erate travel-time estimates. Typically, inverse travel-time model-
ing uses the arrival time at multiple observation stations to con-
strain the location and dimension of the source (Hatori, 1966;
Hirata et al., 2003; Ishii et al, 2013). In our application, be-
cause we have only one observation station in the Chenega region,
an N-min travel-time contour marks all possible initiation points
of a hypothetical tsunami that takes N-min to reach the shore-
line at Chenega Village. Integrated analyses of seabed morphology,
substrate architecture, eyewitness reports and tsunami travel-time
curves are used to explore the true source(s) of the destructive
1964 tsunami.

4. Results
4.1. Seabed morphology and substrate architecture

Stepped sedimentary basins separated by bathymetric sills and
bounded by steep, rugged slopes characterize the first-order mor-
phology of lower Dangerous Passage (Figs. 2 and 3). The most
prominent (upper) sill is a narrow, arcuate ridge ~5 km-long and
between 50-70 m water depth (Figs. 2 and 3). The sill has ~100 m
of relief on its stoss-side flank (i.e., nearest the glacial source) and
up to 220 m of relief on its lee-side flank. The sill separates Icy
Bay, the proximal basin, from southern Dangerous Passage, the in-
termediate and distal basins. The deeper half of the lee-side flank
is covered by several short (>1 km), arcuate seabed scarps having
greater than 20 m of relief (Fig. 3a). Similar features are also ob-
served to the north of the sill along a series of small bathymetric
embayments. The largest scarps face east/southeast and display up
to 100 m of relief (labeled “major scarps” in Figs. 3a, b). Between
the upper and lower sills is an elongate, intermediate basin span-
ning water depths of 260-360 m and an area of ~21 km?. Despite
its gentle slope (~1.5°) the intermediate basin floor is rough, hum-
mocky, and covered by arcuate scarps of highly variable length and
height, broad scarp-bounded depressions, lobate features of posi-
tive relief, and subtle channels and pits (Fig. 3a). Intact blocks of
material (50-250 m across) are observed adjacent to and downs-
lope of scarps (Fig. 3b). Blocks and scarps are visible along the edge
of the multibeam data coverage in Whale Bay, suggesting such fea-
tures continue at least another kilometer into Whale Bay.

The lower sill separates the intermediate basin from a deeper,
distal basin. Total relief between the two basins is ~130 m. The sill
includes what may be a bedrock outcrop near its midpoint and its
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lee-side flank contains several irregular scarps (Fig. 3b). The scarps
display at least 20 m of relief, but relatively limited spatial ex-
tent. Two sections of the sill have negative relief with respect to
the adjacent basin floor and appear to be disrupted or breached by
erosional scour and incision associated with steep valleys that con-
nect the two basins (Fig. 3b). Finally, the seafloor of the distal basin
is virtually flat at a nearly uniform water depth of 460-480 m. The
basin floor is ~14 km? (estimated using new multibeam data and
data from the 8/3 arc-second Coastal Relief Model of Caldwell et
al,, 2011).

The intermediate and distal basins contain relatively thick se-
quences of sedimentary fill bounded by rugged, high-amplitude
acoustic basement (Fig. 4). The basement interface is inferred to be
the contact between bedrock or massively bedded glacial moraine
deposits and the overlying glacimarine sedimentary fill. The inter-
mediate basin contains at least six wedge-shaped sediment pack-
ages (Fig. 4), ranging from 20 to 40 m-thick. Each package ap-
pears to onlap the buried flanks of the sills and basin margins
(i.e., acoustic basement) and contains highly variable internal seis-
mic character. Near the lee-side of the upper sill, internal reflec-
tors show a mostly chaotic pattern. Moving basinward, the chaotic
character grades into an irregular reflector pattern and then into
sub-parallel reflector stratification. Some of the uppermost pack-
ages show a chaotic internal reflector pattern and are truncated
along highly irregular bounding surfaces and seabed scarps; in
some cases, basal surfaces exposed at the foot of the scarps are
an extension of continuous reflectors buried farther upslope (e.g.,
‘slip surface’ in Fig. 4b).

The sedimentary fill of the distal basin is greater than 250 m
thick (Fig. 4). With the exception of the reflector packages in the
uppermost 20 m, the continuity of reflectors and degree of strati-
fication is greater in the distal basin than the intermediate basin.
The uppermost package appears to contain at least two distinc-
tive sub-units. A buried, lenticular-shaped unit no more than 10 m
thick is observed along the northwestern reach of the distal basin
and proximal to the base of the lower sill, but pinches out to the
southeast (see “localized landslide deposit” in Figs. 4b and 5). The
overlying unit is characterized by weak and discontinuous internal
reflectors and is observed throughout the distal basin. Both units
rest upon an irregular, high-amplitude basal surface, which appears
to truncate underlying parallel reflectors (Fig. 4b inset; Fig. 5). This
basal surface was picked on all profiles and interpolated to gener-
ate a 3-D surface throughout the lower basin. Assuming a p-wave

velocity of 1500 m/s that is typical of water saturated marine sed-
iment, the average thickness of the sediment emplaced above the
basal surface is 13 £ 5 m. Horizons below the basal surface and
proximal to the lower sill are discontinuous, display variable am-
plitude, and contain some chaotic internal reflectors. Basinward of
the lower sill, the same packages grade into semi-continuous and
parallel reflectors of variable amplitude (Fig. 4b inset; Fig. 5).

Bathymetric differencing between 2014 and 1957 reveals dra-
matic differences in the seabottom (Figs. 1d, Ga, b): (1) the inter-
mediate basin is deeper in 2014 than in 1957 by an average of
21 4+ 12 m and 30-50 m deeper across broad patches of seafloor;
(2) the distal basin is shallower by an average of 11+ 5 m, slightly
less than the estimated thickness of the sediment above the basal
surface identified in the seismic profiles. The scarps along the lee
side of the upper sill are associated with significant deepening, as
are both valleys along the distal face of the lower sill. However, it
is difficult to constrain the absolute bathymetric change along the
sill flanks because errors in the differencing are presumably great-
est in places that are steep and rugged.

4.2. Tsunami travel-time estimates

Comparison between inverse tsunami travel-time estimates in
southern Dangerous Passage and the underlying seabed morphol-
ogy help link eyewitness observations to potential tsunami source
regions (Fig. 6¢). Most of the scarps, blocks, channels and valleys
of the intermediate basin, described above, are located within the
3-min travel-time contour. Some of the major scarps along the lee-
side face of the upper sill roughly align the 3-min contour; other
scarps near the northern extent of the multibeam data, as well
as potential scarps beyond the multibeam coverage in Whale Bay,
roughly align with the 4-min contour. The region between the 1-
and 2-min contours contains the 180 m depth contour (i.e., the
maximum depth of offshore surveys mentioned in Plafker et al.,
1969) as well as some of the scarps along the face the lower sill.
The seafloor within the 1-min contour (e.g., Chenega Cove) is out-
side the new multibeam data coverage.

5. Geological interpretations
The sedimentary processes operating during and after the most

recent major ice advance typically control sediment accumulation
in fjords (Syvitski and Shaw, 1995) and include a combination
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slide initiation process. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

of (a) proximal glacimarine sediments characterized by interbed-
ded sediment flow and hemipelagic deposits, and (b) fine-grained
distal glacimarine sediments. Fjords located in and around Prince
William Sound contain steep slopes and receive abundant sed-
iment of highly variable grain size, making them ideal envi-
ronments to generate submarine landslides and sediment flows
(Hampton et al.,, 1996; Lee et al., 2006). Because fine-grained and
under-consolidated glacimarine sediment is characteristically sus-
ceptible to strength loss during earthquakes (e.g., Schwab and Lee,
1983; Schwab et al., 1987; Syvitski and Schafer, 1996), triggered
slides may accelerate quickly depending on slope angle and gen-
erate tsunamis. In general, most tsunamigenic mass movements
involve predominantly fine-grained sediment, therefore the vis-
coplastic fluid model for muddy debris flows is a central model
for tsunami generation (e.g., Locat et al., 2009). A clay content of
only 10% or more is needed for debris flows to be adequately mod-
eled by viscoplastic rheology (Coussot, 1997; Coussot and Meunier,
1996).

At present, the heads of Icy Bay and Nassau Fjord (Fig. 2a)
contain tidewater glaciers and continue to deliver a significant vol-
ume of proximal glacimarine sediment to Icy Bay (Wiles et al.,
1999). It is possible that mid- to late-Holocene ice advances ex-
tended the length of Icy bay, likely as far seaward as the upper
sill, which appears to be the terminal moraine enclosing Icy Bay
(Fig. 3a). We expect a significant volume of fine-grained, distal
glacimarine sediment to be transported from Icy Bay into Danger-
ous Passage and surrounding inlets via tidal currents. Given the
high-frequency nature of the sparker seismic source, the depth of
acoustic penetration in both basins (>250 m) is impressive and
implies sedimentary fill is predominantly fine-grained (i.e., low
impedance and signal attenuation). The irregular and internally
discordant sedimentary packages stacked in the intermediate basin
are inferred to be mass transport deposits sourced from repeated
failures of glacimarine sediment originally deposited along the lee-
side flank of the upper bathymetric sill. Hence the dominant mode
of sediment emplacement in the intermediate basin since glaciers
receded out of Dangerous Passage appears to be from submarine
landslides. Based on the number of distinctive packages imaged
in the intermediate basin, there appear to have been at least six
episodes of failure and deposition. The curvature and slope of the
seabed in 1957 (e.g., Figs. 4b and 6a) suggest that the shallow-
most package(s) emplaced in the intermediate basin exceeded the
basin capacity and began to prograde toward the rim of the lower
sill. Thus a broad, ~20-50 m thick lens of unstable sediment be-
came perched ~120 m above the floor of the distal basin. High
rates of Holocene glacimarine sedimentation throughout Danger-
ous Passage (particularly during the Little Ice Age), emplacement
of fine-grained deposits along the steep slopes of the fjord mar-
gins, and apparent progradation of the intermediate basin are a
few of the requisite preconditioning factors for submarine land-
slide generation.

The seabed morphology observed throughout the intermedi-
ate basin is characteristic of a major submarine landslide complex
(Mulder and Cochonat, 1996) and has several features in common
with failures observed in other fjords (Haeussler et al., 2007, 2014;
L'Heureux et al., 2010; Lee et al., 2006; Prior et al., 1982, 1986).
Successive headwall scarps, sidewall scarps, transported blocks and
complex patterns of channelization suggest that a set of coalescing
failures evacuated significant portions of the shallowest 50 m of
the basin. Four distinctive patches of seafloor show 20-55 m of
deepening from 1957-2014 (Fig. 7). Two of the patches are along
the lee-side of the upper moraine; the other two are bounded by
headwall and sidewall scarps and appear to have failed along a
stratigraphic surface that most likely represented a plane of weak-
ness (e.g., Fig. 4).
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Fig. 7. 3-D perspective view of shaded relief bathymetry offshore Chenega village. Shaded patches of seafloor depict areas that experienced dramatic changes in water depth
between 1957 and 2014. Patches within the intermediate basin are sites of sediment evacuation and deepening (~21 m); the floor of the distal basin is a site of sediment
deposition and shoaling (~11 m). Black arrows are interpreted sediment flow pathways. Flows sourced from the failure along upper sill and intermediate basin eroded valleys
into the steep face of the lower sill; the resulting deposits blanketed the distal basin and were emplaced on top of a localized landslide deposit (imaged in Figs. 4 and 5)
that was probably sourced from nearby failures along the face of the lower sill. White arrows indicate the inferred 1964 tsunami travel direction and yellow lines mark areas
surrounding Chenega Village that experienced significant tsunami runup (from Plafker et al., 1969). Profiles A-A” and B-B’ are shown in Figs. 4 and 5. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

The morphological and stratigraphic character of the distal
basin is dramatically different than that of the intermediate basin.
The scarps along the lee-side face of the lower sill (also a moraine
separating the intermediate and distal basins) suggest a proximal
source for some landslide deposits in the distal basin. The buried,
lenticular-shaped deposit above the basal surface (Figs. 4 and 5)
and adjacent to the base of the lower sill is probably an exam-
ple of a deposit sourced from nearby failures along the steep face
of the lower sill (Fig. 7). The irregular morphology along the basal
horizon and associated evidence for truncated reflectors (Figs. 4b
inset and 5) suggest these locally sourced landslides deformed and
eroded the floor of distal basin, including the 1957 surface. We
propose that the collapse of under-consolidated sediment in the
intermediate basin and along the lee-side flank of the upper sill
led to coalescing debris flows that spilled over the steep relief of
the lower sill and into the distal basin. We interpret the over-
lying, poorly stratified unit to be the terminal landslide deposit
sourced primarily from material evacuated from the intermediate
basin (Fig. 4 inset; Fig. 5), although there may be inter-bedded de-
posits of local origin that are not resolved in the available data.
Failed sections of the intermediate basin were transported up to
5.5 km before reaching the rim of the lower sill.

After failure, landslides traversing steep slopes often develop
into a succession of sediment flows that erode channels into the
underlying surfaces (e.g., Syvitski et al., 1987). The lower sill is in-
cised by two bathymetric valleys (Figs. 3b and 7), which suggests
the landslides evacuated from the intermediate basin accelerated
and became highly erosive sediment flows as they traversed the
steep, lee-side flank of the lower moraine (see bypass zone in
Fig. 4). The virtual absence of discernable seabed morphology and
the poorly developed internal structure associated with the post-
1957 deposits in the distal basin also suggests that sediment flows
reaching the basin floor were of relatively low density and viscos-
ity, and thus spread out along the basin floor up to 6 km away
from the lower sill, filling it to a nearly constant depth. Plafker
et al. (1969) noted significant numbers of red snapper, typically
found near the seabed of deeper waters, were found dead at the
surface near Chenega immediately after the 1964 earthquake. It is

likely that earthquake-triggered submarine landslides and associ-
ated sediment flows killed the fish.

Finally, the character of the landslide deposits in the upper
20 m of the distal basin is dramatically different than the un-
derlying units, which appear to be dominated by glacimarine
sedimentation typical of deep-water fjords (e.g., Powell, 1984,
Syvitski et al., 1987). There is definitive evidence for only one
small and localized failure deposit in the deeper, pre-1964 sedi-
mentary section (Fig. 5). However, most of the layers below the
basal unconformity have an apparent basinward progression from
discontinuous and chaotic reflector character near the base of the
lower sill to subparallel/parallel stratification farther basin-ward
(Figs. 4 and 5). This suggests some of the background sediment
accumulation in the distal basin is linked to small landslides that
experienced flow transformation over a relatively short distance
(1-2 km) from their sources. The total volume of the landslide de-
posits above the basal unconformity is between 0.09-0.24 km?;
however, landslide deposits appear to have also been emplaced in
the intermediate basin, making this a minimum volume estimate
for sediment mobilized since 1957. The deepening of the interme-
diate basin (=21 + 12 m) implies that up to 0.7 km? of sediment
was evacuated since 1957.

The widespread evidence for changes in seafloor depth due to
slope failure, landslide generation and mass transport deposition
between 1957 and 2014, and inverse travel time modeling make
an earthquake triggered submarine landslide a compelling source
for the tsunami that destroyed Chenega Village. Nearly all of the
morphological evidence for slope failure occurs deeper than the
180 m depth contour (Fig. 2b), the depth limit of bathymetric sur-
veys conducted after 1964 tsunami (see description in Plafker et
al.,, 1969). Despite our limited constraints on the exact timing of
slope failure, the total volume of sediment transferred between the
basins and the character of the resulting slide deposit suggest that
most of the mass transport occurred during a punctuated event
that was easily capable of generating a large tsunami wave. Assum-
ing the 1964 earthquake triggered all of the geomorphic change
between 1957 and 2014, then the volume of material mobilized by
the earthquake is comparable to that for tsunamigenic landslides



120 D.S. Brothers et al. / Earth and Planetary Science Letters 438 (2016) 112-121

observed in fjords offshore Seward, Valdez and Whittier (Fig. 1; Ta-
ble 1), except that the failures occurred in significantly greater wa-
ter depths and have no connection to shallow water deltas (Fig. 7).
The 1964 deposits appears to be the only volumetrically signifi-
cant mass transport deposit emplaced in the distal basin (Figs. 4
and 5), which suggests its source region, the intermediate basin,
was uniquely primed for failure when the earthquake struck (rel-
ative to its configuration during previous large earthquakes in the
region). As noted previously, increased sediment delivery during
and immediately after the Little Ice Age likely set the stage for
slope failure in Dangerous Passage, as well as several other fjords
of southern Alaska.

6. Revisiting the 1964 Chenega tsunami

The inverse tsunami travel-time estimates (Fig. 6¢) and new
geomorphic observations necessitate that the sequence of events
witnessed by village residents be revisited. The possible source
region for the initial smaller (1-2 m) wave that struck Chenega
1-1.5 min after shaking began is only partially covered by the
new high-resolution bathymetric data. The seafloor between the
1- and 2-min contours contains scarps and evidence for failure
along the lower sill (Figs. 3b, 6¢ and 7), which may have gener-
ated the small wave. Alternatively, this initial wave may have been
generated by purely coseismic vertical and horizontal ground dis-
placement as described by Nicolsky et al. (2013). The larger catas-
trophic wave that struck Chenega ~4 min after shaking began can
be qualitatively matched with a number of potential submarine
landslide source areas, most notable are the large headwall scarps
along the steep flank of the upper moraine (Figs. 3a, 6¢ and 7).
A large, fast moving slump or rotational landslide may have gener-
ated a southeast-directed catastrophic wave sometime during the
first minute of shaking, as observed near Seward, Valdez and Whit-
tier in the 1964 earthquake. The mass failure may have resulted
in subsequent destabilization of other sections of the intermedi-
ate basin. However, because the flanks of the upper moraine and
sediment deposited in the intermediate basin appear to have been
preconditioned for failure and contain complexes of coalescing fail-
ure scarps, it is difficult to isolate a specific tsunami source.

Tsunami wave speed equals \/E in the long-wavelength limit,
where g is gravitational acceleration and d is water depth. There-
fore, because of the water depths offshore Chenega, the large
southeast-directed water wave would probably outrun similarly
directed debris flows, particularly across the intermediate basin
because of the low slope angle. As debris flows traversed the in-
termediate basin and spilled over the edge of the lower sill, they
would have accelerated rapidly down the 20° slope, and thus gen-
erate additional sources of waves. Finally, in any landslide scenario,
retrogressive failure and continued destabilization of seafloor may
have continued several hours or days after the initial event, creat-
ing additional surges and waves.

7. Conclusions

The 1964 Great Alaska Earthquake triggered submarine land-
slides and locally sourced tsunamis in several fjords of Prince
William Sound, but several places experienced significant runup
of uncertain origin including Chenega Island (Fig. 7; Plafker et
al., 1969; Nicolsky et al., 2013; Von Huene and Cox, 1972). High-
resolution marine geophysical data provide the basic starting point
needed to identify and characterize the processes capable of gen-
erating local tsunamis. Our results suggest that rapid sediment
accumulation in the intermediate basin led to the development
of a perched sedimentary basin less than 2 km offshore Chenega
Village. Between 20-50 m of unstable sediment was evacuated
by a complex of submarine landslides during the earthquake.

There was also significant mass wasting of the lee-side face of
the upper moraine, which was the probable source of the de-
structive tsunami that impacted the village of Chenega roughly
4 min after shaking began. These results imply that submarine
landslides are a likely source for unexplained runup throughout
southern Alaska (e.g., Von Huene and Cox, 1972), and may be an
overlooked hazard for fjords globally (e.g., Aarseth et al., 1989;
Lastras et al, 2013; Prior et al, 1982; St-Onge et al., 2004,
Syvitski and Schafer, 1996). Lastly, future studies involving targeted
sediment coring would help constrain the lithology, geotechnical
properties and age of mass transport deposits in Dangerous Pas-
sage. Such data could provide information needed to develop mor-
phodynamic models of submarine landslide complexes originating
in glacimarine fjords and assess their associated tsunami genera-
tion mechanisms.
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