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Large to great earthquakes and related tsunamis generated on the Aleutian megathrust produce major
hazards for both the area of rupture and heavily populated coastlines around much of the Pacific Ocean.
Here we use paleoseismic records preserved in coastal sediments to investigate whether segment
boundaries control the largest ruptures or whether in some seismic cycles segments combine to produce
earthquakes greater than any observed since instrumented records began. Virtually the entire mega-
thrust has ruptured since AD1900, with four different segments generating earthquakes >M8.0. The
largest was the M9.2 great Alaska earthquake of March 1964 that ruptured w800 km of the eastern
segment of the megathrust. The tsunami generated caused fatalities in Alaska and along the coast as far
south as California. East of the 1964 zone of deformation, the Yakutat microplate experienced two >M8.0
earthquakes, separated by a week, in September 1899. For the first time, we present evidence that
earthquakes w900 and w1500 years ago simultaneously ruptured adjacent segments of the Aleutian
megathrust and the Yakutat microplate, with a combined area w15% greater than 1964, giving an
earthquake of greater magnitude and increased tsunamigenic potential.

� 2008 Elsevier Ltd. All rights reserved.
1. Context and aims

The M9.2 great Alaska earthquake of 1964 (Plafker, 1969) is one
of the three largest earthquakes measured, along with Chile 1960,
M9.5 and Indonesia 2004, M9.2. The 1964 earthquake initiated
along the collisional contact between the Yakutat microplate and
North America and then propagated westward >800 km along the
eastern Aleutian megathrust, with a rupture area w200,000 km2.
Onshore, the eastern limit of rupturing and coseismic uplift (Fig. 1)
terminated where the sediment-filled Aleutian trench projects into
a significant structural boundary within the Yakutat microplate
near Cape Suckling (Bruhn et al., 2004). This boundary is >100 km
west of the active deformation front defined by the Pamplona –
Malaspina thrust front (Bruhn et al., 2004; Plafker, 1987), raising
the possibility of greater earthquake and tsunami potential should
rupturing like that in 1964 continue farther eastward within the
Yakutat microplate, into the Yakataga seismic gap (Savage et al.,
1986). We use the term segment for each part of the megathrust
that has ruptured in large to great historic earthquakes or is the gap
between rupture segments (Nishenko and Jacob, 1990); less
commonly, megathrust rupture segments may also be inferred
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from historic tsunamigenic events and/or paleoseismic data (Carver
and Plafker, 2008). Here we use paleoseismic records to investigate
whether segment boundaries control the largest ruptures (Taylor
et al., 2008) or whether in some seismic cycles earthquakes greater
than any observed since instrumented records began occur by
rupturing through such boundaries (Nanayama et al., 2003).
2. Regional setting

The 1964 rupture produced coseismic subsidence over an
elongate region including most of Cook Inlet, with uplift seaward of
the subsidence zone (Fig. 1). Paleoseismic investigations around
Cook Inlet record six other great earthquakes in the past 4000 years
but with some differences in the spatial pattern of deformation
(Shennan et al., 2008; Shennan and Hamilton, 2006). At Alaganik
Slough (Fig. 1), within the 1964 zone of coseismic uplift, sediment
sequences record multiple earthquakes cycles (Plafker et al., 1992),
demonstrating coseismic uplift and sufficient interseismic subsi-
dence to produce net long-term subsidence. Radiocarbon ages
correlate Alaganik Slough and Cook Inlet, with the last two earth-
quakes dated w900 and 1500 BP (abbreviations for the 95% age
ranges 910–780 cal BP and 1520–1350 cal BP) (Shennan et al.,
2008).

Slip on the Aleutian megathrust explains most of the deforma-
tion, although slip on subsidiary faults caused small areas of larger
vertical uplift. In one of these areas, Middleton Island (Fig. 1b),
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Fig. 1. (a) Tectonic setting of the eastern sector of the Aleutian megathrust and Yakutat microplate and the extent of coseismic surface deformation in the M9.2 1964 earthquake.
Epicentre locations estimated by Doser (2006). Sites studied numbered 1 through 7. (b) Sites along the Gulf of Alaska coast.
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lesser uplift in 1964 compared to previous great earthquakes may
indicate a smaller area of rupture in 1964 than in previous seismic
cycles, and surface faulting on Montague Island (Fig. 1) may have
partly inhibited rupturing farther to the east (Carver and McCalpin,
1996; Plafker et al., 1982). These interpretations pose the question –
does the megathrust ever rupture farther eastward than in 1964, to
the Pamplona–Malaspina thrust front?

East of the limit of deformation in 1964, raised shoreline
features between Cape Yakataga and Yakutat Bay are located within
the Yakataga seismic gap which last ruptured in 1899 (Savage et al.,
1986) and provide evidence of episodic coseismic deformation
between w5000 BP and AD1899 (Fig. 1). Though partially buried by
debris fans, paleo-cliffs between Cape Yakataga and Icy Bay indicate
net uplift of w50 m in w5000 yr (Plafker et al., 1982). In 1899
a M8.1 earthquake near Icy Bay on September 4th produced w1 m
uplift at Cape Yakataga, but the pattern of uplift farther east is less
certain (Jacoby and Ulan, 1983), and a second earthquake,
September 10th M8.2, near Yakutat caused uplift w2–14 m around
Yakutat Bay (Doser, 2006; Plafker and Thatcher, 2008). Neither
earthquake produced a damaging tsunami (Tarr and Martin, 1914),
suggesting that rupturing was mostly confined landward of the
coast.

3. Evidence of vertical displacement/relative sea-level change

Here we present paleoseismological evidence from sites on
either side of the eastern limit of deformation in 1964 to determine
whether rupture zones of any earlier great earthquakes included
the area between the limit of the 1964 rupture and Icy Bay.
3.1. Coseismic vertical displacement in 1964

Anchorage and Girdwood record coseismic subsidence and
Alaganik Slough, Puffy Slough and Cape Suckling lie within the zone
of uplift (Fig. 1). Uplift died out along the coast east of Cape Suck-
ling, and did not affect the coast within the Yakataga seismic gap
between Cape Yakataga and Icy Bay (Savage et al., 1986).

3.2. Coseismic vertical displacement w900 BP

Sediment sequences beneath freshwater and tidal marshes
record coseismic subsidence w900 BP at Anchorage and Girdwood
(Hamilton and Shennan, 2005; Hamilton et al., 2005). Previous
investigations around Prince William Sound and Alaganik Slough
(Fig. 1) indicate simultaneous uplift within the 1964 uplift zone and
subsequent interseismic subsidence, leading to net subsidence
(Plafker et al., 1992; Plafker and Thatcher, 2008). We have new
cores at Alaganik Slough, Puffy Slough and immediately west of
Cape Suckling (Fig. 1 and Table 1). At each site we find an intertidal
silt-dominated horizon overlain by peat, with a sharp boundary
between. Diatom analyses confirm the intertidal origin of the silt in
each case and that each peat formed at or above the elevation of
highest tides. A sharp boundary at the base of an extensive peat
horizon and supporting diatom evidence indicate land uplift during
an earthquake, raising intertidal mudflat above the level of high
tides. In contrast a gradual transition suggests a slow change in
relative sea level, perhaps as a consequence of glacio-isostatic land
uplift. Fig. 2 shows the evidence for uplift and possible tsunami
sand at Cape Suckling marsh. The boundary between silt and peat



Table 1
Radiocarbon-dated samples. Calibrated ages given as 95% probability range rounded to nearest 10 yr in the text (Reimer et al., 2004); (Ramsey, 2001). Macrofossils dated are, in
all cases, in situ herbaceous stems or leaves.

Site and
laboratory code

Stratigraphic position of sample Radiocarbon dating
method

Material
dated

Radiocarbon
age�1s BP

Calibrated age, 95%
probability range
cal yr BP

Reference

Anchorage
Beta-184317 top of peat layer AMS macrofossils 940� 50 946–739 Hamilton et al., 2005
Beta-184315 top of peat layer AMS macrofossils 1070� 40 1056–929 Hamilton et al., 2005
Beta-184311 top of peat layer AMS macrofossils 1500� 40 1512–1308 Hamilton et al., 2005
Beta-184318 top of peat layer AMS macrofossils 1530� 40 1520–1333 Hamilton et al., 2005

Girdwood
Beta-45197 rooted wood at top of peat layer conventional macrofossils 860� 60 913–677 Hamilton and

Shennan, 2005
Beta-184321 top of peat layer AMS macrofossils 890� 40 920–714 Hamilton and

Shennan, 2005
Beta-45199 rooted wood at top of peat layer conventional macrofossils 940� 60 954–731 Hamilton and

Shennan, 2005
CAMS-93958 top of peat layer AMS macrofossils 955� 40 948–764 Hamilton and

Shennan, 2005
Beta-184326 top of peat layer AMS macrofossils 1540� 40 1523–1334 Hamilton and

Shennan, 2005

Alaganik Slough
Beta-223760 base of peat layer AMS macrofossils 710� 40 726–562 This paper
Beta-223761 base of peat layer AMS macrofossils 1610� 40 1601–1403 This paper
W-6123 basal 2.5–5.0 cm of peat layer conventional woody peat 850� 120 1047–558 Carver and Plafker,

2008
M-2874 basal 2 cm of peat layer conventional peat 865� 45 908–691 Carver and Plafker,

2008
M-2873 basal 2 cm of peat layer conventional peat 895� 50 925–700 Carver and Plafker,

2008
A-5937 outer part of 60 cm tree stump: add

w50–100 yr for tree age?
conventional wood 800� 50 896–663 Carver and Plafker,

2008
W-6102 basal 2.5–5.0 cm of peat layer conventional peat 830� 120 966–555 Carver and Plafker,

2008
W-6139 basal 2 cm of irregular peat layer conventional peat 630� 140 904–319 Carver and Plafker,

2008
W-6425 basal 2 cm of peat layer conventional peat 920� 70 953–695 Carver and Plafker,

2008
AA-4893 basal 4 cm of peat layer AMS peat 1446� 56 1512–1277 Carver and Plafker,

2008
W-6088 basal 2.5–5.0 cm of peat layer conventional peat 1500� 160 1805–1064 Carver and Plafker,

2008
W-6454 basal 3 cm of peat layer conventional peat 1480� 80 1541–1274 Carver and Plafker,

2008
W-6361 wood fragments near base of peat conventional peat 1540� 60 1540–1313 Carver and Plafker,

2008
AA-4911 basal 4 cm of peat layer AMS peat 1341� 48 1338–1175 Carver and Plafker,

2008

Puffy Slough
Beta-239239 base of peat layer AMS macrofossils 840� 40 900–680 This paper

Cape Suckling
Beta-212212 2 cm above base of peat layer AMS macrofossils 880� 40 915–699 This paper
Beta-212211 base of peat layer AMS macrofossils 970� 40 955–791 This paper
Beta-212213 plant fragment in 1 cm sand below peat layer AMS macrofossils 920� 40 923–743 This paper

Yakataga- 2
Beta-239243 base of peat layer AMS macrofossils 920� 40 930–740 This paper

Yakataga-5
Beta-239245 3 cm above base of peat layer AMS macrofossils 920� 40 923–743 This paper
Beta-242795 base of peat layer AMS macrofossils 970� 40 955–791 This paper
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at 25 cm (Fig. 2) marks uplift in 1964, without any indication of
a tsunami. Changes in diatom assemblages suggest more uplift in
w900 BP than in 1964. Samples from herbaceous roots within the
sand and Sphagnum macrofossils from the base of the peat give
similar radiocarbon ages, w950–700 cal BP. These, and radiocarbon
ages for the base of peat farther west at Puffy Slough (840� 40 BP,
900–680 cal BP) and Alaganik Slough (710� 40 BP, 730–560 cal BP)
correlate with the penultimate great earthquake recorded in Cook
Inlet, 910–780 cal BP (Shennan and Hamilton, 2006). We infer
a short hiatus between uplift and peat growth in the core from
Alaganik Slough to explain the younger age of peat at that locality.
Radiocarbon ages at other sites near Alganik Slough support this
correlation (Plafker and Thatcher, 2008).

Along >50 km of coast from Cape Yakataga to Icy Bay ongoing
erosion produces outcrops of intertidal, freshwater lagoon, alluvial,
aeolian and debris flow sediments. Two key outcrops, Yakataga-2
and -5, record uplift of cross-bedded beach sand and their burial by
lagoon sediments (Fig. 2). We interpret Yakataga-2 as uplift of
beach sand to above contemporaneous storm tide level, estimating
uplift of at least 2.0� 0.5 m, the minimum difference between the
present storm beach and the contact. The radiocarbon sample
dates the uplift 930–740 cal BP. Yakataga-5, w3 km east, shows
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blow liquefaction deposit. At YA-2 the upper contact of the sand is very sharp, <2 mm, and exposed for w100 m as an almost horizontal boundary. Diatoms from immediately above
the contact and up-section to above the mid-section peat layers indicate freshwater lagoon sedimentation, merging to alluvium and the modern forest soil. We interpret the
sequence as uplift of beach sand to above contemporaneous storm tide level, estimating uplift of at least 2.0� 0.5 m, the minimum difference between the present beach and the
contact. YA-5, w3 km east, shows synchronous uplift. The upper contact of the sand is again very sharp and laterally continuous over >100 m. Diatoms from immediately above the
contact indicate a brackish lagoon, merging up-section to a freshwater Sphagnum peat. This indicates at least 1.5� 0.5 m uplift.

Fig. 3. LIDAR image of the Yakataga coast, sample location YA-5 at Umbrella Reef
(upper Miocene facies exposed in the present intertidal zone). The image reveals the
inner paleo-cliff for w50 km from Cape Yakataga to Icy Bay (Fig. 1) and the more
seaward paleo-cliff for at least 12 km in the region of YA-2 and YA-5. Lack of exposed
sections and thick vegetation cover make further correlation less certain but the LIDAR
image suggests we can trace it for a total of 20 km before it is lost to coastal erosion
w2 km east of YA-5. Debris fans and associated alluvial and lagoonal deposits overlie
the shorelines associated with each paleo-cliff. Correlations with sediment stratig-
raphy and radiocarbon ages shown in Fig. 4.
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synchronous uplift, 960–790 cal BP. The upper contact of the sand is
again very sharp and laterally continuous for more than 100 m.
Diatoms from immediately above the contact indicate a brackish
lagoon, merging up-section to a freshwater Sphagnum peat. This
implies at least 1.5� 0.5 m uplift, the minimum difference between
the elevations of the contact and present high tides.

LIDAR data for the whole Yakataga coast enable us to correlate
exposures along the beach with the sequence of paleo-cliffs (Fig. 3)
and radiocarbon ages for sediments that overlie associated raised
shoreline deposits (Plafker et al., 1982). The paleo-cliffs indicate
a region of permanent uplift rather net subsidence as occurs farther
west. We infer that this reflects thrusting up a gently west-dipping
fault ramp leading to the Pamplona–Malaspina thrust front (Bruhn
et al., 2004).

3.3. Coseismic vertical displacement w1500 BP

Sediment sequences at Girdwood, Anchorage and other sites
around Cook Inlet record cosesimic subsidence with a 95% age
range of 1520–1350 cal BP (Shennan and Hamilton, 2006). A second
peat at Alaganik Slough, w4 m below present ground surface
records uplift. Herbaceous stems and leaves directly above a sharp
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boundary to underlying laminated silt with intertidal diatoms, gave
a radiocarbon age 1610� 40 BP, 1600–1400 cal BP, in agreement
with other investigations from the area (Carver and Plafker, 2008;
Plafker et al., 1992; Plafker and Thatcher, 2008).
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Along the Yakataga coast we can trace an uplifted paleo-cliff for
>50 km. It must be older than dated samples from within sediments
that overlie the associated shoreline (Fig. 4) (Plafker et al.,1982). We
are cautious about the precision of the ages for bulk peat samples
from Yakataga because of concerns about using radiocarbon ages on
bulk peat samples around Cook Inlet, where contamination by old
carbon may occur (Hamilton et al., 2005). In addition to the pub-
lished ages (Fig. 4) we have multiple radiocarbon ages from four
other sections along the Yakataga coast. Minimum ages for uplift
range from 1510� 40 BP,1520–1310 cal BP, on bulk peat to 1300� 40
BP, 1170–1300 cal BP, on wood. Notwithstanding our caution, all of
these are consistent with uplift along the Yakataga coast at the same
time as uplift at Alaganik Slough and subsidence around Cook Inlet.
Estimates for coseismic uplift of the paleo-cliff and associated
shoreline range from w6 m to 20 m above present (Plafker et al.,
1982). With a minimum of 2.0� 0.5 m uplift w900 BP this implies
that the w1500 BP uplift was w4–18 m, approximately the same to
an order of magnitude greater.
4. Discussion

We use the data from all of the sites between Cook Inlet and Icy
Bay to contrast different patterns of coseismic and net deformation
for three seismic cycles that generated great earthquakes (Fig. 5).
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Error terms for dating deposits (Table 1) mean that radiocarbon
dates alone cannot provide unequivocal evidence of simultaneous
rupture of segments compared to single-segment ruptures within
a few decades.

This requires considering two scenarios given the structural
setting and historical earthquake history of the region: 1) simul-
taneous rupturing of the megathrust from Cook Inlet in the west to
the Pamplona – Malaspina thrust front in the east in which the
Yakataga seismic gap ruptures in conjunction with the Aleutian
megathrust, and 2) a rupture scenario like that of the 1899 Yakataga
and 1964 earthquakes, where the Yakataga seismic gap and Aleu-
tian megathrust ruptured independently. Two lines of evidence
support the simultaneous rupture scenario for both the w900 BP
and w1500 BP great earthquakes (Fig. 5). First, greater coseismic
deformation at Cape Suckling in w900 BP than in 1964 suggests
that the area of surface deformation extended farther east. Second,
the more widespread evidence for uplift east of Cape Yakataga in
both w900 BP and w1500 BP than in 1899.

Different temporal patterns of rupturing may reflect complex
stress interactions between the adjacent plate boundary faults; the
Yakataga section of the megathrust links to the Chugach-Saint Elias
thrust to the north which last ruptured in 1979 (M7.3), and the
Fairweather transform fault and associated blind thrusts to the
southeast which last ruptured in 1958 (M7.9) (Savage et al., 1986)
and 1988 respectively. The earthquake history of these adjacent
faults must impact loading of the Aleutian megathrust within the
Yakataga seismic gap (Elliott et al., 2007; Plafker and Thatcher,
2008), apparently restricting rupturing within the landward area as
in 1899, but sometimes allowing strain to accumulate and mega-
thrust ruptures to propagate from west to east both on and offshore
as we propose at w900 and w1500 BP. This is partly analogous to the
temporal variations in rupturing proposed between the Cascadia
megathrust and northern San Andreas fault (Goldfinger et al., 2008).

4.1. Implications of multi-segment earthquakes

Our new evidence for widespread rupturing within the Yakutat
microplate has significant implications for the tsunami potential
and seismic hazards of the Gulf of Alaska. For the w900 and w1500
BP earthquakes we calculate an additional 23,000 km2 rupture area
and w15% increase in seismic moment compared to the 1964 M9.2
earthquake. But the increase in tsunami potential may be more
significant than increased earthquake magnitude in our opinion.
Rupturing as far east as the Pamplona–Malaspina thrust front
involves a large area of shallow continental shelf that averages only
w0.25 km water depth, greatly increasing the likelihood of tsunami
generation by coseismic uplift of the shallow sea-floor. Modelling of
tsunami generation and coastline inundation for single-segment
and multi-segment earthquakes at other subduction zones suggest
that an increased area of sea-floor uplift during a multi-segment
earthquake produces a tsunami with greater wavelength that
penetrates farther inland, even though the height of the wave at the
coast may be similar (Nanayama et al., 2003). In addition,
the submarine escarpment of the Transition Fault (Fig. 1) forms the
southern edge of the Yakutat microplate (Gulick et al., 2007;
Plafker, 1987). The escarpment is over 500 km long, averages 1 km
in height, and has thick Pliocene and Quaternary deposits along its
top (Pavlis et al., 2004). Seismic shaking during megathrust earth-
quakes like those proposed w900 BP and w1500 BP could trigger
huge submarine landslides (McAdoo and Watts, 2004) and create
sea waves that propagate eastward onto the adjacent coast and
southward towards more populated areas of the Pacific margin.
This enhanced tsunami potential results from two fundamental
geodynamic processes: 1) The submarine escarpment created by
juxtaposing thicker and more buoyant lithosphere of the Yakutat
microplate against less buoyant Pacific plate (Gulick et al., 2007),
and 2) vigorous erosion and accumulation of glacio-marine sedi-
ments on the continental shelf caused by rapid uplift and
temperate glaciation in the Saint Elias collisional mountain belt
(Gulick et al., 2004). The role of the buoyant Yakutat lithosphere is
of particular interest in great earthquake and tsunami generation.
Where thrust beneath southern Alaska the microplate forms a giant
asperity that dominated seismic moment release and seismic slip
magnitude in 1964. Farther east, the Yakutat lithosphere creates
a broad and shallow continental shelf that drops off to abyssal
depths where in contact with the Pacific Plate; an ideal environ-
ment for tsunami generation by landsliding if rupturing proceeds
east of the 1964 earthquake limit.

5. Conclusions

Paleoseismic evidence from upper Cook Inlet and the coast of
the Gulf of Alaska demonstrate coseismic deformation during great
earthquakes w900 and w1500 years ago. The greater extent and
amounts of deformation compared to those observed in AD1899
and 1964 support the hypothesis of simultaneous rupture of adja-
cent segments of the Aleutian megathrust and the Yakutat micro-
plate. The alternative hypothesis is that the segments ruptured
separately, during a time interval within the radiocarbon age error
terms, a few decades or less. But this hypothesis less easily explains
the patterns of uplift w900 and w1500 BP.

A multi-segment earthquake, comprising simultaneous rupture
of adjacent segments of the Aleutian megathrust and the Yakutat
microplate, has a combined area w15% greater than 1964, giving an
earthquake of greater magnitude and increased tsunamigenic
potential.
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