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The Kenai section of the eastern Alaska-Aleutian subduction zone straddles two areas of high slip in the
1964 great Alaska earthquake and is the least studied of the three megathrust segments (Kodiak, Kenai,
Prince William Sound) that ruptured in 1964. Investigation of two coastal sites in the eastern part of the
Kenai segment, on the southeast coast of the Kenai Peninsula, identified evidence for two subduction
zone earthquakes that predate the 1964 earthquake. Both coastal sites provide paleoseismic data through
inferred coseismic subsidence of wetlands and associated subsidence-induced erosion of beach ridges. At
Verdant Cove, paleo-beach ridges record the paleoseismic history; whereas at Quicksand Cove, buried
soils in drowned coastal wetlands are the primary indicators of paleoearthquake occurrence and age. The
timing of submergence and death of trees mark the oldest earthquake at Verdant Cove that is consistent
with the age of a well documented ~900-year-ago subduction zone earthquake that ruptured the Prince
William Sound segment of the megathrust to the east and the Kodiak segment to the west. Soils buried
within the last 400e450 years mark the penultimate earthquake on the southeast coast of the Kenai
Peninsula. The penultimate earthquake probably occurred before AD 1840 from its absence in Russian
historical accounts. The penultimate subduction zone earthquake on the Kenai segment did not rupture
in conjunction with the Prince William Sound to the northeast. Therefore the Kenai segment, which is
presently creeping, can rupture independently of the adjacent Prince William Sound segment that is
presently locked.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Tectonic context of the investigation

In March 1964, an 800-km-long rupture of the eastern Alaska-
Aleutian megathrust (Plafker, 1969) (Fig. 1A) involved along-strike
variations in coseismic slip that define separate segments of the
megathrust (Christensen and Beck, 1994). Megathrust slip was
y).
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highest (up to 20 m) on the Prince William Sound (PWS) and
Kodiak segments, and less on the Kenai segment (Suito and
Freymueller, 2009). These segments also show contemporary
along-strike variability in interplate coupling derived from GPS
velocities in the region of the 1964 rupture (Freymueller et al.,
2008). GPS observations indicate that presently the PWS and
Kodiak segments of the megathrust are locked and the Kenai
segment is creeping (Fig. 1A).

The Kenai segment, between the Kodiak and PWS segments of
the Alaskan megathrust (Fig. 1A), has an unknown earthquake
history prior to 1964. Plafker (1969) identified coastal forests
drowned after the 1964 earthquake and measured vertical shifts of
eoseismic indicators of abrupt coastal subsidence during subduction
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Fig. 1. A. Tectonic setting of the eastern Alaska-Aleutian subduction zone megathrust. Bold line delineates the surface trace of the megathrust, barbs on upper (North American)
plate. Vertical deformation during the 1964 great Alaska earthquake depicted by two adjoining margin-parallel belts: a region of landward subsidence (blue) and a region of
seaward uplift (red) (Plafker, 1969). Areas of highest slip occurred below the Prince William Sound and Kodiak segments, which are currently locked currently; while the intervening
Kenai segment is creeping presently (Freymueller et al., 2008).B. Map of the Kenai Peninsula that shows contours of vertical deformation, in feet, caused by the 1964 Alaska
earthquake (Plafker, 1969). Black circles mark sites where subsidence in 1964 was reported by Plafker (1969). Black open squares, two field sites; note that Quicksand Cove site is in
the axis of maximum subsidence as a result of the 1964 subduction zone earthquake. C. Landsat image from 4 May 2014 showing the two paleoseismic sites within Kenai Fjords
National Park. The white dashed line to the west and northwest of Quicksand Cove is the outline of the basin that drains into the Quicksand Cove coastal wetland.
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the shoreline indicative of tectonic subsidence along the south-
eastern Kenai Peninsula (Fig. 1A and B), but reported no evidence of
older Holocene earthquakes. Mann and Crowell (1996) reported
ghost forests killed by the 1964 earthquake at several sites on the
southeast Kenai coast and evidence for an earlier earthquake about
900 years ago at Verdant Cove. Carver and Plafker (2008) sum-
marize evidence for nine prehistoric earthquakes in the Prince
William Sound region inferred from geological evidence for sudden
land-level change and, in some cases, tsunami deposits.
Radiocarbon-based earthquake chronologies suggest the most
recent predecessor to the 1964 earthquake in the Prince William
Sound area occurred about 900 years ago and time intervals be-
tween earthquakes ranged from around 390 to 900 years (Carver
and Plafker, 2008; Shennan et al., 2014a, 2014b). By contrast,
paleoseismic evidence to the west of the Kenai Peninsula, at Sit-
kinak and Kodiak Islands, imply a different earthquake history. Sites
on both islands suggest that in addition to a great earthquake about
900 years ago, a historic earthquake ruptured near Sitkinak and
Kodiak in AD 1788 (Briggs et al., 2014; Shennan et al., 2014c) and
another large or great earthquake occurred between AD 1430 to AD
1650 (Briggs et al., 2014; Shennan et al., 2014a, 2014c).
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1.2. Statement of the problem

Our investigations sought evidence for Aleutian megathrust
earthquakes and tsunamis, including the 1964 earthquake, in the
boundary region between the Kenai and PWS segments (Fig. 1). The
problem we address is that, although in 1964 the Aleutian mega-
thrust ruptured from PrinceWilliam Sound to the southwest end of
Kodiak segment (Plafker, 1969), rupturing through what is now the
central creeping Kenai segment, the history of earlier subduction
zone earthquakes in the Kenai segment is unknown. To address the
problem, we reconstructed a record of prehistoric earthquakes and
tsunamis along the Kenai segment to compare with paleoseismic
records from the PWS and Kodiak segments.

To investigate tectonic history of the Kenai segment of the
subduction zone, we focus field work on the southeast Kenai coast
where there was >1 m of coseismic subsidence during the 1964
earthquake (Fig. 1B); and where the coastal setting has a high po-
tential for preservation of a record of earlier instances of subsi-
dence. The southeast Kenai coast is a high-wave-energy coast that
receives sediment from basins that were extensively glaciated at
the Last Glacial Maximum and glaciated to a lesser extent during
eoseismic indicators of abrupt coastal subsidence during subduction
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the glacial re-advance of the Little Ice Age (Fig. 1C). The abundant
sediment supply from Kenai Mountains combined with the high-
wave-energy environment makes for coastal settings that chal-
lenge traditional coring methods employed in lower-wave-energy
coasts that drain unglaciated basins (e. g., Witter et al., 2003).
Therefore, the scientific problem is to ascertain, within a high-
wave-energy and high-sediment-discharging coastal environ-
ment, if evidence for subduction zone earthquakes is formed and
preserved in coastal sediments.

1.3. Research objectives

The research objectives of this paper are threefold. First, we
describe two sites on the southeast Kenai coast that provide a
paleoseismic record of subduction zone earthquakes (Verdant Cove
and Quicksand Cove, Fig.1C). Second, we discuss number and age of
paleoearthquakes inferred at the two sites, justify these inferences
and then explore any likely correlation of the earthquake history to
paleoseismic histories at locations on the subduction zone along
strike to the northeast and the southwest. Third, we address the
question: Under what condition can a sequence of beach ridges
record the effects of subduction zone earthquakes?

2. Research approach and methods

The two field sites on the southeast coast of the Kenai Peninsula
were selected using satellite and conventional aerial photographic
imagery. The selection process entailed evaluating over thirty
candidate wetlands on the southeast Kenai coast, subsequently
visiting six of these wetlands in the field, and selecting two sites
that directly address the research objectives. For each site, the field
goal was to collect data that would inform the late Holocene
geomorphic and sedimentation history. To this end, field data
included stratigraphy as observed in cutbank outcrops and cores,
locations determined with a hand-held Global Positioning System
(GPS) unit, elevation profile data collected with a real-time kine-
matic (RTK) GPS unit and sediment samples for chronostrati-
graphic, microfossil and grain size analyses. Determinations of
subsurface stratigraphy utilized gouge corers (2.5 cm diameter) and
both a Russian peat auger and a fat gouge corer for larger diameter
(5 cm) samples.

Radiocarbon samples came from detrital organic fragments
within the uppermost one to two cm of a buried soil or directly
above the buried soil. Sample material avoided charcoal fragments
and only seeds and small (<3 mm diameter) twigs with branching
nodes were considered suitable for analysis. Radiocarbon sample
material was extracted from a 1 mm sieve, picked clean of modern
roots and sediment, washed with distilled water, air dried and
submitted for analysis. Radiocarbon AMS ages were determined by
NOSAMS and then calibrated using Oxcal version 4.2.3. (Bronk
Ramsey, 2009) and the IntCal2013 dataset (Reimer et al., 2013).
All calibrated ages are reported as age ranges at two standard de-
viations in cal yr BP (BP, before present), where present is AD 1950.

210Pb, 226Ra, 137Cs, and 40K activities were determined by gamma
spectroscopy on low-background, high-efficiency, high-purity
Germanium detectors. The goal was to identify the 137Cs peak
(AD 1963) activity. 210Pb-based sediment accumulation rates were
not calculated because of abrupt sedimentological changes associ-
ated with a subduction zone setting where both soil submergence
and tsunami deposition are common. Samples were initially dried,
homogenized by grinding, packed into standardized vessels, and
sealed for at least 24 h before counting. Activities were corrected for
self-absorption using a direct transmission method (Cutshall et al.,
1983; Cable et al., 2001). Excess 210Pb activities were determined by
subtracting total 210Pb from that supported by 226Ra, determined
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indirectly by counting the gamma emissions of its granddaughters,
214Pb and 214Bi.

3. Previous work at verdant cove

In the course of archeological reconnaissance on the Verdant
Cove coastal plain (Fig. 1C), Mann and Crowell (1996) divided the
coastal plain into two surfaces, the lower elevation Elymus surface
and the higher elevation Tsuga surface. They constructed a level-
line topographic profile that depicts the two surfaces as well as a
tidal pond situated between the Tsuga surface and the base of the
upland.

At low tide, the tidal pond exposed in-growth-position buried
tree trunks (Mann and Crowell, 1996). Mann and Crowell (1996)
obtained radiocarbon ages for these stumps (Table 1), inferred
that the stumps were killed by coseismic subsidence and further
inferred that subsidence occurred during a ca 900 year ago earth-
quake on the Aleutian subduction zone.

4. Results

4.1. Overview of coastal sites

Multiple beach ridges are characteristic of both sites. Beach
ridges (including “storm berms”) are wave-swash-created features
that, if separated from the active beach by relative sea-level fall, or
by coastal progradation, can be sea level indicators (Wells, 1996;
Otvos, 2000; Goy et al., 2003; Hein et al., 2013). For the two
coastal sites (Fig. 1C), a combination of coastal plain stratigraphy
and observations on the generation and modification of beach
ridges provide data to address late Holocene relative sea level
changes and subduction zone paleoseismic history. The two sites
are within 10 km of each other, and therefore experienced the same
subduction zone earthquakes and approximately the same amount
of coseismic land level change during these earthquakes.

4.2. Verdant Cove

The Verdant Cove composite strand plain (a strand plain is a
broad plain of sand along a shoreline exhibiting parallel or semi-
parallel sand ridges separated by shallow swales (e. g., Goy et al.,
2003)) is composed of three beach ridge sets with each set
having an erosional escarpment on its seaward side. The three
beach ridge sets (‘oceanward’, ‘middle’ and ‘landward’, Fig. 2) are
progressively younger to the northwest. On the level-line topo-
graphic profile constructed across the Verdant Cove prograda-
tional plain by Mann and Crowell (1996), the topographic
expression of the three beach ridge sets is apparent (Fig. 3). The
topographic profile shows that the crest of seaward-most beach
ridge of each beach ridge set gets higher in a northwestward
(coastward) direction.

Mann and Crowell (1996) mapped two surfaces on the Verdant
Cove composite strand plain, and these surfaces are the same fea-
tures that we map as sets of beach ridges (Fig. 2). However, Mann
and Crowell's (1996) upper surface includes both the middle and
landward set of beach ridges (Fig. 2) because they did not recognize
the middle beach ridge set. The middle beach ridge set is clearly
defined by bounding paleo beach escarpments as well as by a
depression at its landward edge (Fig. 2).

The three beach ridge sets share similar morphology. Each beach
ridge set is fronted on its oceanward side by a 1-m to 3-m high
beach ridge that parallels the modern coastline. The frontal beach
ridge has a prominent escarpment on the seaward side. Behind
each of these frontal beach ridges (i.e. to the southeast) is a strand
plain (Fig. 3). Each strand plain represents gradual westward
eoseismic indicators of abrupt coastal subsidence during subduction
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Table 1
Radiocarbon age estimates for samples from Quicksand Cove and Verdant Cove, Aialik Bay, Alaska.

Sample ID (depth interval in cm) Laboratory numbera Material dated d13C (‰) Lab-reported age
(14C yr B.P.)

Calibrated ageb Modeled agec

(2s cal yr B.P.)
1s cal yr B.P. 2s cal yr B.P.

Quicksand Cove (this study)
KEN12-QS7 (47.5e48.3) OS-103767 ~8 herbaceous seeds �26.45 185 ± 25 284e0 295e0 nd
KEN12-QS7 (59.8e60.5) OS-103784 Two small twigs �26.94 160 ± 20 277e9 285e0 nd
KEN12-QS8 (30.7e31.7) OS-103768 Two seeds �24.74 240 ± 25 304e156 422e0 nd
Verdant Cove (Mann and Crowell, 1996)
Deep-out Beta-74353 Outer 2 cm of Picea stump �26.6 780 ± 60 758e668 900e567 899e659
B50 Beta-65022 Outer 2 cm of Picea stump �27.3 810 ± 50 763e683 900e666 899e671
West outer Beta-65024 Outer 2 cm of Picea stump �28.8 940 ± 80 930e781 981e690 957e704
Outer middle Beta-67121 Outer 2 cm of Picea stump �28.9 890 ± 70 906e735 927e691 922e697
West pit No. 2 Beta-67123 Tsuga, bark on root �28.6 920 ± 50 911e790 928e736 925e735
West pit No. 3 Beta-67124 Outer 2 cm of Tsuga stump �28.9 900 ± 50 906e761 926e727 924e726
On bench Beta-77858 Peat and wood fragments �27.4 690 ± 60 687e562 727e550 684e546
Under tree Beta-65023 Wood �27.2 600 ± 60 649e545 667e527 660e524

a Accelerator mass spectrometry radiocarbon analyses performed at: OS, National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) at Woods Hole
Oceanographic Institution, Woods Hole, Massachusets; and Beta, Beta Analytic, Inc., Miami, Florida.

b Radiocarbon ages were calibrated using the computer program Oxcal v4.2.3 (Bronk Ramsey, 2013) with the IntCal13 atmospheric calibration curve (Reimer et al., 2013).
c Modeled ages performed using Oxcal v4.2.3 (see text for details). Ages from Quicksand Cove not modeled (nd, not determined).
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progradation of sand by longshore transport. However, only in the
case of the youngest strand plain are closely spaced, north-
trending, subtle, low relief (<1 m high), progradational beach
ridges apparent on the imagery in Fig. 2. These low relief beach
ridges trend obliquely to the frontal 1- to 3-m-high beach ridge, and
reflect successive westward progradation of the coastal plain away
from the headland. The landward edge of each of the two younger
beach ridge sets backs against the escarpment of the next oldest
beach ridge set and the oldest beach ridge set backs against the
upland (Fig. 2). The two older beach ridge sets each have an un-
drained depression along part of their landward, southeast edge;
and in the case of the landward most beach ridge set, the backedge
is, in part, below modern sea level because a tidal pond occurs at
the strand plain-to-upland transition (Fig. 2).
Fig. 2. A. Image of Verdant Cove. Image courtesy of the U. S. National Park Service. Sour
Interpretive line drawing of geomorphic features at Verdant Cove. The Verdant Cove coas
southwestward around the headland.
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The modern beach and the oceanward most beach ridge at
Verdant Cove both show evidence of the coastal response to the
approximately 1.4 m of subsidence that occurred in the vicinity of
Verdant Cove as a consequence of the 1964 earthquake (Plafker,
1969) (Figs. 1B and 4). Because the coast subsided, the seaward-
most, pre-1964 beach ridge became more vulnerable to wave
attack and erosion.

Through re-deposition of the eroded pre-1964 beach ridge
sediment, the post-1964-earthquake beach ridge has formed
landward of, and at a higher elevation than, the pre-1964-
earthquake beach ridge (Fig. 4). Evidence that the pre-1964-
earthquake beach ridge is now partially submerged and eroded is
that trees alive in 1964 are now stumps in surf zone and that
standing dead, partially buried, trees, alive in 1964, are now
ce: IKONOS imagery © GeoEye, all rights reserved. Date of image: August 8, 2005. B.
tal plain is composed of three sets of beach ridges deposited through longshore drift
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Fig. 3. Topographic profile XeX0 on the Verdant Cove coastal plain. See Fig. 2 for
location of profile. Level (topographic) data, tidal levels, and data on tree death in A. D.
1964 and 900 years ago reproduced from Mann and Crowell (1996); all other anno-
tations are interpretations added by the authors.
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sticking out both on the seaward edge of the modern active beach
ridge and also on the backside of the modern beach ridge (Fig. 4).
The post-1964 beach ridge is approximately 5 m high above mean
tide level, and the crest is actively aggrading because waves are
moving cobble and small boulders onto and over the crest of the
beach ridge burying standing dead Spruce trees and Spruce trunks
on the immediate backside of the beach ridge (Fig. 4). New trees are
colonizing the higher parts of the post-1964 beach ridge.

The post-1964 active beach ridge is a compound feature because
coseismic subsidence caused erosion of the pre-earthquake beach
ridge and subsequent construction of a new beach ridge at a higher
elevation and in part on top of the older pre-earthquake beach
ridge. The steep escarpment and associated new, higher beach
ridge effectively isolated the strand plain to landward and has set
the stage for future progradation of a new set of beach ridges to
seaward.
4.3. Quicksand Cove

Quicksand Cove is at the downstream end of a drowned
glacially-cut valley (Fig. 1C), and a 700-m-long, north-trending
beach separates the cove from the Quicksand lowland to the west
(Fig. 5). The catchment that drains to Quicksand Cove is underlain
by granitic rocks (Wilson and Hults, 2007), and the alluvium in the
cove's streams and on the beach is a salt-and-pepper granitic sand
with feldspar, quartz and mafic grains that are almost exclusively
biotite.

The modern beach at Quicksand Cove is east of two forested
relict beach ridges (Fig. 5); each beach ridge has a local relief of
1.6 m (Fig. 6). The youngest relict beach ridge is the highest, and the
next youngest (next further inland) is 1.4 m lower. An extensive
marsh occurs inland of the next-to-youngest relict beach ridge. The
marsh is not flat but has subdued relief (Figs. 5 and 6).

The stratigraphy at Quicksand Cove, depicted at 12 localities
through a combination of cores and cutbank exposures (Figs. 5 and
6), includes sand, peat, and silt with lesser components of muddy
peat and sandy silt. Most cores bottom out in sand or gravelly sand.
The two beach ridges are underlain by sand whereas the marsh
stratigraphy in the uppermeter below the ground surface is silt and
muddy silt with layers of 10e20 cm thick sand (Fig. 6). Stratigraphic
units within the upper meter can be correlated among cores and
exposures using buried peat or the base of sand units as the basis
for correlation (Fig. 6).
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The cores and bank exposures cumulatively show three in-
stances of soil burial by inorganic deposits, mainly sand. At the
three easternmost core sites, which are on the two emergent,
forested relict beach ridges, pits expose sand that buries peaty soils
(QS-1, -3 and -10, Fig. 6).

Three radiocarbon age determinations on detrital material
contained in the upper cm of the penultimate buried soil (Table 1,
Fig. 6B) all indicate that the soil was buried sometime within the
last 420 years because the sample ages fall within the pre-AD 1950
plateau of the radiocarbon calibration curve, which extends back to
400 years before AD 1950.

The minimum age of the penultimate buried soil can also be
obtained from 137Cs and 210Pb profiles and further limited by the
Russian history in the Kenai region. Peak concentration of 137Cs in
samples from cores QS-3 and QS-8 overlie the penultimate buried
soil and underlie a sand in both cores (Fig. 7); this sand must be
younger than 1963, which is the peak of 137Cs concentration in the
atmosphere. The absence of 137Cs activity in the penultimate buried
soil (Fig. 7) further limits its age to before AD 1950, that is, pre-
atomic bomb testing. Historical information, discussed below,
provides additional constraints on the minimum age of the
penultimate soil.
5. Discussion

5.1. Verdant Cove

The subsidence of the Verdant Cove coastal plain in 1964
instigated an episode of erosion of the seaward-most beach ridge
resulting in the formation of a steep, ocean-fronting escarpment
(Fig. 4). Such coseismic-subsidence-induced formation of a beach
ridge scarp is identical to the process illustrated by Meyers et al.
(1996) for beach ridge escarpments formed by coseismic subsi-
dence on the Cascadia subduction zone margin near Willapa Bay,
Washington. Using ground-penetrating radar, Meyers et al. (1996)
imaged a succession of coastal-parallel, ocean-fronting, buried
beach ridge scarps with each scarp subsequently abandoned as the
coast prograded seaward during interseismic intervals.

The 1964 coseismic subsidence at Verdant Cove caused a beach
escarpment to form because higher relative sea level eroded the
pre-earthquake beach and built up, through wave swash, a beach
ridge crest at higher elevation (Fig. 4). Coseismic subsidence also
caused saline water to intrude the youngest emergent strand plain,
weakening and eventually killing the Sitka spruce trees that had
colonized the plain (Fig. 2). We anticipate that in the ongoing
interseismic interval after the 1964 earthquake, the steep post-
1964 escarpment will be preserved by westward progradation of
a new strand plain, similar to the penultimate beach ridge
escarpment that was preserved by progradation of the oceanward
strand set of beach ridges (Fig. 8). This process also is similar to
what repeatedly happens on the Long Beach Peninsula near Will-
apa Bay, Washington, following repeated Cascadia subduction zone
earthquakes (Meyers et al. (1996).

We infer that the origin of the two older, paleo beacheridge
escarpments, which are at the seaward edge of the ‘middle’ and
‘landward’ beach ridge sets respectively (Figs. 2 and 3), is the
product of a similar process of coseismic subsidence followed by
formation of an erosional escarpment and build-up of a new, higher
beach ridge crest by wave-swash-induced sediment transport and
deposition. And the strand plains landward of these escarpments
are the result of progradation of beach ridges in the centuries prior
to the subsidence that caused the formation of the escarpments.
Thus the steep coast-facing escarpment of the highest ridge of a
beach ridge set is the signature of a subduction zone earthquake,
eoseismic indicators of abrupt coastal subsidence during subduction
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Fig. 4. A. Schematic of pre-1964 beach configuration, Verdant Cove. B. Schematic depiction of beach erosional response at Verdant Cove to co-seismic subsidence during the 1964
subduction zone earthquake. As a consequence of co-seismically lowering of the coast, the beach escarpment erosionally retreated landward and the new beach ridge aggraded in
the succeeding years and decades. The modern beach escarpment is approximately 1.5 m high and is caused by landward retreat of the eastern edge of the coastal plain in the 48
years since the earthquake. C. View to southeast down axis of modern beach ridge showing dead Sitka spruce trees killed in response to relative sea level rise and landward retreat
of active beach ridge following coseismic subsidence in 1964. The in-place rooted stumps mark the position of the beach ridge prior to the earthquake. D. View to northwest
showing new beach escarpment created as a result of coseismic subsidence followed by landward retreat in the years after the 1964 earthquake. Note rooted stump in surf zone
marking the pre-1964 earthquake position of the surface of the beach ridge.

Fig. 5. A. Image of Quicksand Cove. Image courtesy of the U. S. National Park Service. Source: IKONOS imagery © GeoEye, all rights reserved. Date of image: August 8, 2005. B.
Interpretive line drawing of geomorphic features at Quicksand Cove. Black dots mark locations of stratigraphic descriptions and samples. For core QS-14, silt at the 6e7 cm depth
interval is devoid of foraminifera.
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Fig. 6. A. Stratigraphy for 12 cores from Quicksand Cove, divided into three groups of cores based on localized area within the Quicksand Cove lowland. See Fig. 5 for core locations
on coastal lowland. “1964”means the 1964 subduction zone earthquake. “Penultimate”means the next-to-youngest subduction zone earthquake. B. Topographic profile YeY0 across
the Quicksand Cove progradational plain surveyed with a real-time kinematic (RTK) global positioning system unit showing selected core stratigraphy that is also depicted above.
Location of profile YeY0 delineated on Fig. 5. The profile shows that the youngest and next-to-youngest forested beach ridge each has a local relief of 1.6 m, with the landward beach
ridge 1.4 m lower than the seaward beach ridge.
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and the strand plain landward of the escarpment formed in the
centuries leading up to that earthquake.

The process of formation of the two older beach ridge escarp-
ments is identical to the process, chronicled above in Section 4.2,
for the formation of the modern beach ridge escarpment as a
consequence of coseismic subsidence in December 1964. Evidence
for sudden submergence associated with formation of the older
beach ridge escarpments is dead trees now below sea level on
former strand plains fronted by the paleo escarpments. For
instance, the trees fringing the tidal pond at the landward edge of
the oldest beach ridge set (Figs. 2 and 3) were buried and killed in
growth position suggesting submergence was sudden (Mann and
Crowell, 1996). Because the Verdant Cove coastal plain has three
beach ridge escarpments at the seaward edge of an associated
strand plain, we infer the Verdant Cove composite strand plain
records relative sea-level changes associated with three subduction
zone earthquakes, the AD 1964 earthquake and two, pre-AD 1964,
subduction zone earthquakes (‘Penultimate’ and ‘Third oldest’, in
Fig. 8). And at Verdant Cove, the observation that the beach ridge
and associated ocean-facing escarpment gets higher in a coastward
direction (Fig. 3) is consistent with gradual relative sea-level rise
over multiple subduction zone earthquake cycles.
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5.2. Quicksand Cove

In the marsh landward of the two relict forested beach ridges,
three submergence events are recorded in both cores and cutbank
exposures (Fig. 6). The youngest submergence event is recorded by
standing dead forests on the marsh surface (Fig. 5) and by buried,
in-place dead roots or buried soils at multiple core sites (Fig. 6). The
buried roots of standing dead trees are a proxy for the uppermost
buried soil. Based on peak concentrations of 137Cs in two cores in
the uppermost buried soil (Fig. 7), the youngest submergence event
is most likely the subsidence chronicled along the outer Kenai coast
as a consequence of the 1964 earthquake (Plafker, 1969). Therefore,
we infer that the 3-to-15-cm-thick sand overlying the youngest
buried soil on the seaward-most beach ridge (Fig. 6) is likely a
deposit from the 1964 tsunami or deposition as a consequence of
post-earthquake-subsidence reorganization of the beach.

Another, deeper buried soil is correlative in cores throughout the
marsh (Fig. 6). This next oldest buried soil (“Penultimate”, Fig. 6) is
recordedon both relict forested beach ridges (coresQS-3 andQS-10)
and is alsowell recorded in rivercutbankexposures atQS-16, -17and
-18, where the exposures all contained a buried soil at about a half
meter depth. The cutbank buried soil is older than the 1964 soil
eoseismic indicators of abrupt coastal subsidence during subduction
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Fig. 7. Downcore 210Pb, 137Cs, and 40K activities for core QS-3 and core QS-8 in comparison to core stratigraphy. For core 8, a significant decrease in 40K activities between 7 and
17 cm is due to the coarser sediments. This same decrease in activity was observed in the excess 210Pb, making an age model calculation difficult. Also for core 8, a distinct peak in
137Cs activity is evident at 18 cm, indicative of 1963 and is followed by a rapid decease in activity to values at detection limits at ~21 cm. For core 3, a distinct peak in 137Cs activity at
7 cm aids in confirming that the uppermost clean sand is post-1963 and could be a tsunami sand associated with the AD 1964 earthquake.
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because trees killed by saline intrusion as a consequence of the 1964
coseismic subsidence were rooted about 35 cm higher than the
buried soil exposed in the cutbank (QS-18, Fig. 6).

Because the rupture during the 1964 earthquake caused
coseismic subsidence that killed coastal Sitka spruce and hemlock
on the Kenai Peninsula (Plafker,1969), we infer that the next deeper
buried soil ('Penultimate', Fig. 6) is also a record of coseismic sub-
sidence and a record of a penultimate earthquake. This penultimate
earthquake presumably would have generated a tsunami, and we
Fig. 8. A. Simplified geomorphic map of Verdant Cove coastal plain B. Interpretation of b
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infer that clean sand deposited above the second deepest buried
soil in a few instances (QS-3, QS-4, QS-10; Fig. 6) is tsunamigenic in
origin. But in most cases the second deepest buried soil is not
covered by a clean sand deposit because the marsh is protected
from direct tsunami incursion by the forested beach ridges to the
east. The penultimate buried soil shares three attributes associated
with co-seismically buried soils; these attributes include abrupt
submergence, a laterally extensive occurrence across the coastal
lowland and association with a tsunami (Nelson et al., 1996).
each ridge escarpments as chronicles of the last three subduction zone earthquakes.
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In Quicksandmarsh, there is a third, deeper buried soil observed
in three cores in the southern core area (Figs. 5 and 6). We infer a
third oldest submergence event based on these observations. The
submergence event is not documented throughout the Quicksand
marsh and we were unable to identify suitable material to date the
time of submergence. The submergence event may have been
caused by a subduction zone earthquake about 900 years ago (see
discussion below) or may have been caused by a long-lasting
closure of a former ocean-fronting, active beach ridge.

5.3. Inferred paleoseismic history on southeast Kenai Coast

Collectively the two sites provide geomorphic and stratigraphic
data from which we infer two subduction zone earthquakes older
than the 1964 earthquake. In this section, we present constraints on
the timing of these two earthquakes and discuss the inferred ex-
tents of megathrust rupture.

5.3.1. The third oldest earthquake
Evidence for abrupt submergence at Verdant Cove ca 900 years

ago records a third oldest earthquake. This earthquake drowned
and killed the trees exposed at the tidal pond (Mann and Crowell,
1966) and caused the formation of the oldest beach ridge escarp-
ment at Verdant Cove.

We used an Oxcal model (Bronk Ramsey, 2009; Lienkaemper
and Bronk Ramsey, 2009) to estimate age probability distribu-
tions (Fig. 9) for the third oldest earthquake (Earthquake V3 in
Fig. 9). Using Mann and Crowell's (1996) maximum and minimum
limiting ages yields an estimated range of 590e740 cal yr BP (AD
1360e1210) for earthquake V3 (Fig. 9B). However, the minimum
limiting ages used in the Oxcal model provide a poor constraint for
the time of earthquake subsidence. Mann and Crowell's (1996)
Fig. 9. A. Oxcal model approach to model age of inferred earthquake V3. B. Data used in th
determinations in Mann and Crowell (1996). Dark gray pdfs: trimmed ages using Oxcal's Bay
and the peat and decayed wood ages are younger than the earthquake. Purple pdf: statisti
limiting ages. C. Age model V3 compared to age model E1 of Shennan et al. (2014a) compa
hypothesis that the Verdant Cove tidal pond trees were killed by the same Prince William
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minimum limiting ages are from detritus in the peat that accu-
mulated in multiple tens to hundreds of years after the trees died,
whereas maximum limiting ages, which are on bark or from the
outer 2 cm of earthquake-killed trees (Mann and Crowell, 1996),
reflect the timing of subsidence to within a decade or less. There-
fore, the estimate for the age of the V3 earthquake (Fig. 9C) is too
young because the maximum limiting age derived from drowned
trees is much closer to the true age than minimum age constraints
derived from the overlying peat.

As an alternative, we use earthquake age modeling to test the
hypothesis that the Verdant Cove trees were killed by the same
~900 cal yr BP earthquake (i.e., earthquake E1, Fig. 9) that is
documented by Shennan et al. (2014a) at the Copper River delta,
Katalla and Puffy Slough (locations on Fig. 10). If minimum limiting
ages for earthquake E1 are older than the maximum limiting ages
used to define Verdant Cove earthquake V3, then the Verdant Cove
trees died after the second-to-youngest earthquake that affected
Copper River delta, Katalla and Puffy Slough. But if ages for earth-
quake E1 are not older, thenwe have not invalidated the hypothesis
that the Verdant Cove trees were killed by the same earthquake E1
documented by Shennan et al. (2014a).

The model results indicate that the minimum limiting age for
Shennan et al.'s (2014a) earthquake E1 are not older than the
maximum limiting ages for earthquake V3 at Verdant Cove.
Thereforewe can define a hybrid agemodel V3* (Fig. 9C) for the age
of an earthquake in which the older end is constrained by the
Verdant Cove stump ages and the younger end is constrained by the
younger limiting ages for earthquake E1 in the Copper River delta,
Katalla and Puffy Slough coastal areas. The age of the V3* earth-
quake (Fig. 9C) has a median of 867 cal yr BP (AD 1083) and a 2-
sigma range of 840e890 cal yr BP (AD 1110e1060). These ages
permit, but do not require, that the Verdant Cove trees were killed
e model. Light gray pdfs: calibrated ages for each of the Verdant Cove radiocarbon age
esian approach given the knowledge that the stump ages are older than earthquake V3
cal probability of the earthquake V3 age, expressed as a pdf, given older and younger
red to hybrid age model V1*. The results of the hybrid age model provide a test of the
Sound earthquake that has a model age of E1. See text for further explanation.
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Fig. 10. Three alternatives for the tectonic context of the penultimate AD1530e1840
Kenai earthquake in comparison to the AD 1964 earthquake and the third oldest
earthquake. A. Coseismic uplift extent of the AD1964 earthquake on which is super-
posed the inferred coseismic uplift extent of the AD1788 rupture, if this historic
earthquake involved rupture of the Kenai segment (alternative A). The colors show
geodetic coupling ratio units as a fraction of the contemporary PacificeNorth American
plate rate, taken from Zweck et al., 2002. B. Alternative B (yellow) is the inferred uplift
extent of the AD 1430e1650 subduction zone earthquake if this earthquake involved
rupture of the Kenai segment. Alternative C (red) is the inferred uplift extent of the
penultimate Kenai earthquake if earthquake rupture involved the Kenai segment
alone. C. Inferred uplift extent for the ~900 cal yr BP earthquake, which is recorded in
Prince William Sound, on the Kenai Peninsula (this study) as well as on Kodiak and
Sitkinak Islands. Data sources: Briggs et al., 2014; Shennan et al., 2014a; 2014b; 2014c;
Shennan, 2009; Shennan et al., 2009; Freymueller et al., 2008; Zweck et al., 2002;
Mann and Crowell, 1996; Plafker, 1969.
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by the same ~900 cal yr BP earthquake that is documented at the
Copper River delta, Katalla and Puffy Slough (earthquake E1,
Shennan et al., 2014a) (Fig. 10).

5.3.2. The penultimate Kenai earthquake
The penultimate Kenai earthquake is estimated to have occurred

in the age range AD 1530e1840. Based on radiocarbon age de-
terminations (Table 1) and 137Cs analyses (Fig. 7), an abrupt sub-
sidence event at Quicksand Cove, caused by the penultimate
earthquake, is pre-1950 and younger than about 420 years before
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AD 1950 (i.e., AD 1530). The penultimate earthquake occurs in the
age range where the radiocarbon calibration curve is flat and thus
calibrated age ranges span four centuries before AD 1950. In
southern Alaska, Russian settlement of the Kenai region makes the
occurrence of the penultimate earthquake unlikely after about AD
1840. Although not continuous, archival records of the Rus-
sianeAmerican Company and the Russian Orthodox Church in
Alaska are sufficiently detailed that very strong ground shaking or
the occurrence of a damaging tsunami from a great subduction
zone earthquake that affected the entire Kenai Peninsula region
would probably have been recorded after AD 1840. From AD 1840
onward, there is no mention of shaking, tsunami or coastal eleva-
tion change in studied Russian historical accounts from the Kenai
Peninsula (Lander, 1996; Black, 2004). Therefore the penultimate
earthquake, which produced an erosional beach ridge escarpment
at Verdant Cove and occasioned the abrupt burial of soil and trees at
Quicksand Cove, is prehistoric (pre-AD 1840) but younger than the
older end of the calibration age range (AD 1530).

The AD 1530e1840 Kenai penultimate earthquake overlaps in
age with two documented subduction zone earthquakes to the
west on Kodiak Island. The age range of the Kenai penultimate
earthquake overlaps the age range of a subduction zone earthquake
on and near Kodiak Island in AD 1430e1650 as documented by
Briggs et al. (2014) on Sitkinak Island and by Shennan et al. (2014c)
in numerous sites on Kodiak Island. The Kenai penultimate earth-
quake also overlaps in age with the AD 1788 subduction zone
earthquake documented in Russian accounts. The earthquake of 21
July AD 1788 caused a 3e10 m tsunami that forced relocation of the
first Russian settlement at Three Saints Bay on southwestern
Kodiak Island (Soloviev, 1990; Lander, 1996; Briggs et al., 2014).
Shennan et al. (2014c) describe stratigraphic evidence for land level
change on Kodiak Island that they infer to have occurred during the
AD 1788 earthquake. Rupture of the Kodiak segment of the mega-
thrust has been inferred to explain both earthquakes (Briggs et al.,
2014; Shennan et al., 2014c).

We do not know whether this single earthquake at Kenai in the
age range AD 1530e1840 was the AD 1788 historic earthquake, the
AD 1430e1640 earthquake of Briggs et al. (2014) and Shennan et al.
(2014c), or a different earthquake that occurred at the same general
time but was localized to the Kenai segment. In either of the first
two scenarios, the extent of ruptures involving the Kodiak segment
would be extended to the northeast based on evidence at Quick-
sand and Verdant coves (Alternatives A and B, Fig. 10). In the third
scenario, rupture limited to the Kenai segment alone (Alternative C,
Fig. 10) would account for the penultimate Kenai earthquake evi-
dence, and both the AD 1430e1650 earthquake and the AD 1788
earthquakes would reflect rupture of the Kodiak segment and
possibly areas further west (Briggs et al., 2014; Shennan et al.,
2014c) and not rupture of the Kenai segment.

5.4. Conditions under which beach ridges can be paleoseismic
indicators, southeast coast of Kenai Peninsula

Beach ridges previously have been recognized as indicators of
coseismic land-level change. Two classic examples of a set of beach
ridges documenting coseismic uplift include Cape Turakirae, New
Zealand (Aston, 1912;Wellman, 1969; McSaveney et al., 2006; Little
et al., 2009) and Isla Mocha offshore of mainland Chile (Nelson and
Manley, 1992). For rapid post seismic emergence, the Kiritappu
coastal lowland, Hokkaido (Kelsey et al., 2006; Sawai et al., 2009)
hosts beach ridges that are inferred to correlate with post-seismic
rapid emergence events. And at the Cascadia subduction zones,
Meyers et al. (1996) document, as discussed previously, how beach
ridge escarpments on theWillapa barrier spit can form as a result of
coseismic subsidence. The above sites differ in the type of rapid, or
eoseismic indicators of abrupt coastal subsidence during subduction
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coseismic, relative sea-level change; but these sites have in com-
mon a high wave energy coast and, at the location of beach ridges,
no fluvial sediment input to the coast. Monecke et al. (2014) show
that coseismic subsidence from the 2004 AndamaneAceh earth-
quake triggered erosion of the active beach ridge on the south Aceh
coast and rebuilding of a new beach ridge in the following few
years. But the south Aceh coast is a sediment-supply-rich system,
and other mechanisms besides coseismic subsidence may form,
and preserve, beach ridges.

On the southeast coast of the Kenai Peninsula, beach ridges can
be excellent indicators of coseismic subsidence in settings where a
prograding strand plain attaches to the leeward side of a headland
unindented by a coastal drainage. At Verdant Cove, where beach
ridges prograde in front of a steep coast with no indenting drainage
mouth, abrupt coseismic subsidence triggers erosion of the beach
ridge and therefore formation of beach ridge erosional escarpments
that may correlate one-to-one with coseismic land level changes
(Fig. 8B).

In contrast, embayments at the mouths of streams, such as
Quicksand Cove, can form aggrading coastal lowlands amenable to
coring investigations and thus can chronicle coseismic subsidence.
But embayments are a setting where beach ridge formation is less
easily isolated to a single cause. In embayments, two additional
processes that may contribute to beach ridge formation or burial
are barrier bar closures and sediment mobilization within embay-
ments during times of floods from upstream basins. Despite these
complicating factors, Quicksand Cove has two forested beach ridges
with ocean-fronting erosional escarpments. We infer that these
escarpments document coseismic subsidence during subduction
zone earthquakes. However, without the observations at Verdant
Cove, these candidate coseismic erosion scarps may not have been
identified.

6. Implications for megathrust rupture and seismic hazard

Similar to the AD 1964 great Alaska earthquake, an earthquake
in the interval AD 1060e1110 may have ruptured the Kodiak, Kenai
and Prince William Sound segments of the subduction zone
(Fig. 10) based on inferred coseimically buried soils or buried trees
in all three regions that have overlapping age ranges (e.g., Mann
and Crowell, 1996; Shennan, 2009; Shennan et al., 2009).

But the AD 1530e1840 Kenai penultimate earthquake on the
southeast Kenai coast did not rupture northeastward to Prince
William Sound. As discussed above, there are three alternatives for
the timing and extent of the Kenai penultimate earthquake (Fig.10).
Each of the three alternatives lead to the same two major conclu-
sions. First, ruptures have extended across or occurred within parts
of the Alaska-Aleutian megathrust that currently show variable
locking/creeping behavior (e.g., Fig. 1). Second, the Kenai segment
can rupture independently of the Prince William Sound segment.
Similar variable behavior has been noted at the southern end of
Kodiak Island, where paleoearthquakes have both stopped and
ruptured through the southwestern end of the 1964 rupture (Briggs
et al., 2014). Thus eastern Alaska-Aleutian subduction zone earth-
quakes can both propagate through multiple segments with vary-
ing degrees of coupling, as is the case with both the AD 1964 and
the 900-year-ago subduction zone earthquakes, but also stop near
the edges of apparently more highly-coupled patches, as appears to
be the case for the penultimate Kenai earthquake that did not
rupture the Prince William Sound segment.

The seismic hazard implication of the above observation for
Alaska is that partially locked subduction zone segments that are
presently creeping have ruptured in conjunction with neighboring
locked segments in the past and have ruptured while neighboring
segments remain locked. And, in Alaska, historically observed slip
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patches correspond with areas that appear to be locked presently
based on geodetic observations. But we show that these presently
locked areas do not necessarily rupture in all past earthquakes. This
result suggests caution be used when employing historically
observed slip patches (Ichinose et al., 2007; Freymueller et al.,
2008) and geodetic locking models (Zweck et al., 2002) to infer
future hazard.
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