Stratigraphic and Microfossil Evidence of Repeated Late Holocene Tsunami Inundation at
Sitkalidak Island, Alaska

Alexa Brianne Prater

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of

Master of Science
In
Geosciences

Cristina Dura
James Spotila
Brian Romans

September 10th, 2021
Blacksburg, Virginia

Keywords: (Alaska, paleoseismology, earthquakes, tsunamis, diatoms)



Stratigraphic and Microfossil Evidence of Repeated Late Holocene Tsunami Inundation at
Sitkalidak Island, Alaska

Alexa Brianne Prater

ABSTRACT

Seismic hazard models for Alaska require estimates of the size and frequency of prehistoric
megathrust earthquakes. However, observations that place limits on the size of subduction
paleoearthquakes along the Alaska-Aleutian subduction zone are scarce. To help place bounds on
the along-strike extent of prehistoric Alaska-Aleutian subduction ruptures, we present stratigraphic
and microfossil evidence of repeated tsunami inundation over the last ~400 years at Sitkalidak
Island, located 0.5 km off the coast of south-central Kodiak Island. Peat cores collected from an
estuary in southern Sitkalidak Island reveal three anomalous, laterally continuous sand beds with
sharp upper and lower contacts preserved within a coastal peat sequence. The microfossil and
lithostratigraphic characteristics of the sand beds, including the presence of anomalous marine
planktonic diatoms, high fragmentation of diatoms, and upward fining sand sequences, indicate
high-energy marine incursions consistent with tsunami inundation. Radiocarbon dating constrains
the deposition of the sand beds to AD 1964, AD 1788, and ~400 cal yr B.P. The peat core
stratigraphy and dates are consistent with tidal wetland stratigraphic records observed at sites ~90
km to the west at Sitkinak Island, and ~80 km to the east at Middle Bay, Kodiak Island. Diatom
results from Sitkalidak Island suggest decimeter-scale subsidence during the deposition of the AD
1964 and AD 1788 sand bed. Deformation concurrent with the 1964 and 1788 ruptures along with
the presence of a sand bed associated with the ~400 cal yr BP rupture at Sitkalidak help better
define the western and eastern rupture limits, and thus the permissible maximum magnitudes, of

past Alaska-Aleutian subduction zone ruptures.



Stratigraphic and Microfossil Evidence of Repeated Late Holocene Tsunami Inundation at
Sitkalidak Island, Alaska

Alexa Brianne Prater

GENERAL AUDIENCE ABSTRACT

The Alaska-Aleutian subduction zone experiences frequent great earthquakes over
magnitude 8 which often produce far-reaching tsunamis. Seismic hazard models that help coastal
communities predict and prepare for future hazards require estimates of the size and frequency of
prehistoric earthquakes. Data for prehistoric earthquake events in the western region of the
subduction zone is scarce. To help address the lack of prehistoric data and understand the rupture
path and magnitude of past Alaska-Aleutian earthquakes, we present stratigraphic and microfossil
evidence of repeated tsunami inundation over the last ~400 years at Sitkalidak Island, located 0.5
km off the coast of south-central Kodiak Island, Alaska. Sediment cores collected from a marsh in
southern Sitkalidak Island record three laterally continuous sand beds with sharp stratigraphic
contacts preserved within a coastal peat. Diatom microfossil and grain-size characteristics of the
sand beds indicate high-energy marine incursions consistent with chaotic tsunami inundation.
Radiocarbon dating places the age of sand bed deposition to AD 1964, AD 1788, and ~400 cal yr
B.P. The sediment core stratigraphy and dating correlates well with sites investigated ~90 km to
the west and ~80 km to the east. Diatom results from Sitkalidak Island point to small, decimeter
scale coseismic subsidence during the deposition of the AD 1964 and AD 1788 sand beds. Land-
level change concurrent with the 1964 and 1788 earthquakes along with the presence of a sand bed
associated with the ~ 400 cal yr B.P. earthquake found at Sitkalidak Island help better define the
earthquake rupture limits and maximum magnitudes of past Alaska-Aleutian subduction zone

earthquakes.
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1. INTRODUCTION

Coastal geologic studies that combine coastal geomorphology, paleoseismology,
micropaleontology, geophysics, and sea-level research methods have proven to be an effective
approach to reconstructing the earthquake and tsunami history of a subduction zone over millennial
timescales (Atwater, 1987; Sawai, 2004; Stein & Okal, 2007; Nelson et al., 2008). The importance
of coastal geologic records of past earthquakes and tsunamis was underscored by the devastating
effects of both the 2011 Tohoku and 2004 Indian Ocean tsunamis, which can be partially attributed
to an incomplete understanding of prehistoric earthquakes occurring on the Sunda and Japan
subduction zones, respectively (Sawai, 2004; Rhodes et al., 2006; Dura, Engelhart, et al., 2016).
Since those events, geologic studies on coastlines bordering the Sunda and Japan subduction zones
have uncovered >500-year-old tsunami deposits, indicating a history of previous large tsunami
inundation in these locations, and expanding the knowledge of great earthquake recurrence
intervals (Jankaew et al., 2008; Stein & Okal, 2007, 2011). Such geologic discoveries benefit the
improvement of seismic and tsunami hazard maps that help vulnerable coastlines prepare for future
disasters (Mueller et al., 2015).

In North America, an extraordinary series of great earthquakes (>MwS8) and associated
tsunamis characterize the Alaska-Aleutian subduction zone throughout the 20" century. However,
geologic observations that place limits on the size of prehistoric earthquakes are mainly focused
along the eastern portion of the subduction zone (Shennan et al., 1999; Shennan & Hamilton, 2006;
Shennan et al., 2009; Shennan, et al., 2014) and are scarce in the western Kodiak Island region
near the western extent of the AD 1964 Mw9.2 rupture (Briggs et al. 2014; Shennan et al. 2014;

Nelson et al. 2015). The lack of field data in this region leaves questions about the permissible



bounds of prehistoric earthquakes and how those bounds should be incorporated into seismic
hazard maps (Briggs et al., 2014; Shennan, Barlow, et al., 2014; Shennan et al., 2018). One
outstanding question in the region is whether the boundary between the AD 1964 and the AD 1938
Mw8.2 ruptures is a long-lived rupture barrier (Wesson et al., 2007). Coastal geologic and seismic
reflection studies (von Huene et al., 2016) completed in the last decade in the western Kodiak
Island region have begun to call into question the persistence of the boundary (Figure 1a), showing
that an earthquake in 1788 (Mw8-9) and two additional ruptures may have crossed the proposed
rupture barrier (Briggs et al., 2014). The potential for variation in rupture boundaries between
earthquakes illustrates the importance of geologic studies in a region that has the potential to
generate large tsunamis directed at far-field sites including Hawaii and the western coast of the
United States (Shennan et al., 2009; Ross et al., 2013; von Huene et al., 2016).

Coastal geologic datasets of earthquakes and tsunamis hinge upon the earthquake deformation
cycle. The earthquake deformation cycle is characterized by meter to decimeter-scale interseismic,
coseismic, and postseismic deformation that can be recorded within coastal sediments as a series
of relative sea-level (RSL) changes (Nelson et al., 1996; Dura et al., 2015; Garrett et al., 2015).
Sudden coseismic uplift or subsidence of the coast is represented by sharp lithologic contacts and
abrupt environmental change while gradual deformation during the postseismic and interseismic
periods is represented by gradual lithologic contacts and slow environmental change (Dura,
Engelhart, et al., 2016). In some locations, widespread sand beds deposited by tsunamis
accompanying great earthquakes can be linked with lithologic evidence of sudden RSL change
associated with coseismic deformation (Shennan et al., 1999; Sawai, 2004; Hamilton & Shennan,
2005a). Earthquakes and tsunami histories that extend through multiple earthquake cycles have

been developed using stratigraphic evidence from subduction zones around the world, including
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Chile (Garrett et al., 2015; Cisternas et al., 2017; Dura et al., 2017), Japan (Sawai, 2004; Sawai et
al., 2012), the Indian Ocean (Jankaew et al., 2008), the Pacific Northwest of the United
States(Witter et al., 2003; Nelson et al., 2020), and Alaska (Hamilton & Shennan, 2005b; Briggs
et al., 2014; Witter et al., 2014; Nelson et al., 2015).

Coastal geologic studies employ a variety of proxies to characterize environmental changes
associated with the earthquake deformation cycle. Such proxies include grain size, geochemistry,
and microfossils (e.g., foraminifera, pollen, and diatoms). Because of their sensitivity and quick
response to changes in environmental variables such as PH, tidal exposure, salinity, and substrate,
diatoms in particular have proven to be a valuable tool in discerning tectonically driven RSL
change and tsunami inundation (Figure 2). Diatoms have been utilized in coastal geologic
reconstructions of earthquakes and tsunamis at subduction zones worldwide (Hawkes et al., 2010;
Wang et al., 2013; Dura, Hemphill-Haley, et al., 2016; Horton et al., 2017), and have been
especially effective along the Alaska-Aleutian subduction zone (Zong et al., 2003; Watcham et al.,
2013; Hamilton et al., 2005).

Here, we reconstruct the history of coseismic deformation and tsunami inundation on
Sitkalidak Island (Figure 1b), located within the proposed overlap of the 1788 and 1964 ruptures.
We apply stratigraphic, sedimentological, and diatom methods to a sediment core taken from
Ocean Bay marsh (Figure Ic), Sitkalidak Island, and document evidence of tsunami inundation
and potential coseismic subsidence associated with earthquakes in AD 1964, AD 1788, and ~400
cal yr B.P. Our new earthquake and tsunami reconstruction from Sitkalidak Island helps better
define the trench-parallel rupture extent and trench-perpendicular zone of deformation during past

earthquakes in the western Kodiak Island region.



2. TECTONIC AND COASTAL SETTING
2.1 Seismic and Tsunami History in South-Central Alaska

The Alaska-Aleutian subduction zone marks the plate boundary between the subducting
Pacific Plate and the continental North American Plate, extending ~4000 km from the eastern edge
of the Gulf of Alaska to the Kamchatka Peninsula. The central region of the subduction zone,
encompassing the Kodiak and Semidi segments, converges orthogonally at 57-64 mm/yr at a
shallow dipping angle of <10° (Figure la; Carver & Plafker, 2013; von Huene et al., 2016).
Geodetic research indicates that the Kodiak and Semidi segments are >90% locked and
accumulating strain (Fournier & Freymueller, 2007). The Kodiak-Bowie seamount chain to the
east (56°N) and the Aja Fracture Zone and Patton Murray seamount chain to the west (55°N) create
plate boundary asperities that border the central Kodiak segment and may create barriers that limit
rupture length (Briggs et al., 2014; von Huene et al., 2016).

Historical and prehistoric earthquakes have defined the general pattern of deformation at
coastal sites bordering the Kodiak segment of the subduction zone (Plafker, 1965; Shennan,
Barlow, et al., 2014). At locations more than ~120 km from the subduction zone, the general
pattern of coastal deformation is gradual interseismic uplift lasting centuries to millennia followed
by sudden, instantaneous coseismic subsidence (Thatcher, 1984; Hamilton & Shennan, 2005b;
Wright, 2016). In coastal sedimentary sequences, coseismic subsidence is often represented by a
peat-silt couplet: an organic rich peat formed in an upland or high-marsh environment abruptly
overlain by minerogenic, fine-grained lower-intertidal sediment (Figure 2; Hemphill-Haley, 1996;
Garrett et al., 2015). At locations closer to the subduction zone (~120 to ~90 km), the earthquake
deformation cycle is characterized by gradual interseismic subsidence lasting centuries to

millennia followed by sudden, instantaneous coseismic uplift. In coastal sedimentary sequences,
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coseismic uplift is often represented by a silt-peat couplet: minerogenic, fine-grained lower-
intertidal sediment abruptly overlain by an organic-rich peat formed in an upland or high marsh
environment. The addition of an anomalous sand bed lying on the peat-silt or silt-peat contact is
commonly interpreted to be the result of tsunami inundation occurring at the same time or shortly
after coseismic deformation (Nelson et al., 1996; Dawson & Stewart, 2007; Sawai et al., 2012).

The earthquake deformation cycle in the western Kodiak Island region and west into the
Semidi segment has proven to be complex. Recent work documenting prehistoric earthquakes in
the western Kodiak Island region has shown that depending on the distribution of slip, the
proximity of coastal sites to the edges of ruptures, and upper plate faulting, both coseismic uplift
and/or subsidence can be recorded in the stratigraphy of one location (Briggs et al., 2014). Mixed
records of coseismic uplift and subsidence at one coastal site have also been described in Chile
(Dura et al., 2017), notably at locations where ruptures overlap or terminate.

The three most recent large earthquakes to affect the Kodiak and Semidi segments occurred in
AD 1964, AD 1788, and ~400 cal yr B.P (Figure 1a). The presence or absence of geologic evidence
of the three earthquakes in the coastal geologic record at sites in the eastern (e.g., Shuyak, Middle
Bay, Kalsin Bay, Anton Larson Bay; (Shennan et al., 2014, 2018) and western (e.g., Chirikof,
Sitkinak, Old Harbor) Kodiak Island regions illustrates the complexity of ruptures along the
Kodiak and Semidi segments (Figure 1a, 3; Briggs et al., 2014; Nelson et al., 2015; Janigian, 2018).
The multi-segment (i.e., Kodiak, Kenai, Prince William Sound segments) M9.2 Alaskan
earthquake of 1964 ruptured nearly ~950 kilometers of the subduction zone and caused far-field
tsunami inundation of up to ~9 m at Kodiak, Alaska (Kachadoorian & Plaftker, 1967; Eckel, 1970).
The earthquake caused widespread uplift and subsidence from Prince William Sound to Sitkinak

Island, but slip did not reach far enough west to affect Chirikof Island. In eastern Kodiak (i.e.,
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Shuyak, Middle Bay, Kalsin Bay, Anton Larson Bay), Shennan et al. (2014, 2018) document
geologic evidence of coastal subsidence and tsunami sand deposition for the 1964 earthquake,
consistent with observations of marsh submergence in eastern Kodiak (Plafker, 1969). At Sitkinak
Island, Briggs et al. (2014) describe geologic evidence for subsidence and tsunami inundation
along the southern coast, while a historical account reports <1 m of uplift on the northern coast in
1964. The variability in surface deformation across the island can be explained by the termination
of rupture at or near Sitkinak that produced a subsidence trough, which wrapped around the zone
of uplift (Briggs, 2006). At Old Harbor, Engelhart et al. (2018) and Janigian et al. (2018) document
a thick (17 cm) tsunami deposit but no land-level change evidence for the 1964 earthquake. This
geologic observation is in contrast with observations of up to ~0.9 m of subsidence near Old
Harbor (Plafker & Kachadoorian, 1966; Kachadoorian & Plafker, 1967).

Stratigraphic evidence of a tsunamigenic earthquake occurring in AD 1788 has been reported
from sites in eastern (i.e., Shuyak, Middle Bay, Kalsin; Shennan et al., (2014, 2018) and western
Kodiak Island (Old Harbor, Sitkinak, Chirikof), corroborating sparse historical accounts by
Russian settlers reporting ground shaking and 3-10 m of tsunami inundation during the summer of
AD 1788 at Three Saints Bay, Kodiak Island (Soloviev, 1990; Briggs et al., 2014; Nelson et al.,
2015; Janigian, 2018). The coastal geologic evidence and historical accounts of tsunami inundation
and coastal deformation in 1788 suggest a rupture extent encompassing at least the Kodiak and
part of the Semidi segment (Figure 3). However, despite historical accounts suggesting a high
tsunami in 1788 event near the Shumagin Islands, no evidence of the event has been found on
Sanak, Simeonof, or Unga Islands, leaving questions about the western extent of the rupture

(Witter et al., 2014; Engelhart et al., 2018).



At sites in the eastern and western Kodiak Island regions, coastal geologic studies have
documented stratigraphic and microfossil evidence of a large earthquake and associated tsunami
in ~400 cal yr BP (Carver et al., 1992; Gilpin, 1995; Shennan, Barlow, et al., 2014). On Shuyak
Island, Shennan et al. (2018) describe stratigraphic and microfossil evidence for possible
subsidence without a tsunami, although more correlations are needed to confirm. On Sitkinak
Island, Briggs et al., (2014) describe stratigraphic and diatom evidence for uplift and tsunami
inundation occurring between 520-300 cal yr BP, inferred to be the same ~400 cal yr BP event
documented in eastern Kodiak Island (i.e., Shuyak). Further west, on Chirikof Island, one
documented tsunami deposit dated to 510-317 cal yr B.P was inferred to be a separate event,
suggesting Chirikof lies outside the rupture patch for the 400 cal yr B.P. earthquake (Nelson et al.,

2015).

2.2 Sitkalidak Island

In this study we target Sitkalidak Island, Alaska which lies along a transect of coastal geologic
sites spanning the eastern and western Kodiak regions (Figure 1a, b). The location of the island
allows us to address outstanding questions about both the trench-perpendicular (axis of
deformation) and trench-parallel (rupture limit) slip extent during past earthquakes. Sitkalidak
Island is separated from the southern shore of Kodiak Island by the Sitkalidak Strait and lies ~120
km northwest of the Alaska-Aleutian subduction zone. Tertiary age sedimentary and volcanic rock
underlies the uninhabited island, and its topography consists of low elevation freshwater and saline
marshes bordered by high-relief mountains.

The majority of Sitkalidak Island experienced coseismic subsidence of up to 2.5 m and tsunami
inundation during the AD 1964 earthquake (Carver & Plafker, 2013). An account by a local

resident just after the AD 1964 earthquake describes a zone of <1 m uplift of the extreme
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southeastern coast Sitkalidak Island (Platker, 1969). Current GPS station measurements at Sitkinak
Island (~80 km SW of Sitkalidak) and Old Harbor (~15 km N of Sitkalidak) show interseismic
subsidence of ~7 mm/yr and uplift of ~4 mm/yr, respectively. This places southern Sitkalidak
Island near the hinge line between interseismic uplift and subsidence, consistent with the
observations of Plafker, (1969) that placed southern Sitkalidak Island near the 0-m contour (i.e.,
hinge line) of the 1964 rupture. The location of Sitkalidak between the subsiding Sitkinak Island
and uplifting Old Harbor is a prime position to use coastal geologic methods to test the
observations of deformation made following the 1964 earthquake (Plafker & Kachadoorian, 1966;
Kachadoorian & Platker, 1967; Eckel, 1970), and apply the same methods to older events in the

stratigraphic record to reconstruct potential past deformation of the island.



3. APPROACH AND METHODOLOGY
3.1 Site Reconnaissance and Sampling

We targeted Ocean Bay marsh in southern Sitkalidak Island for our coastal geologic study.
Ocean Bay marsh borders south-facing Ocean Bay and lies between 1-2 m above mean tide level
(MTL). The marsh is intersected by tidal channels and is dominated by the salt marsh plants Carex
sp and Triglochin sp. To reconstruct the earthquake and tsunami history of Ocean Bay marsh, we
described ~74 exposures, soil pits, and sediment cores to a depth of 1-2 m. Soil pits and gouge
core samples were completed in coast perpendicular and coast parallel transects to discern the
lateral and landward extent of past environmental change and tsunami sediment deposition. In the
field, detailed descriptions of the stratigraphy including sharpness of upper and lower contacts,
grain size, depth, and estimates of the proportion of organics, clay, silt, and sand were completed
using the Troels-Smith method for the description of organic-rich sediment (Troels-Smith, 1955).
Cores representative of site stratigraphy were identified in the field and sampled with both Russian
and gouge corers for laboratory analyses. Coordinates and elevations of each sampling site were
recorded using a differential GPS and then extrapolated to a tidal datum measured using a tide
gauge to determine site elevations relative to local mean tide level (MTL).

This paper focuses on the detailed analysis of sediment core OBL.15.W14, which was
collected from the bank of an estuarine tidal channel (57.09083°, -153.20094°) ~570 m from the
surf line and inland of the beach berm lying parallel to Ocean Bay. The coring location is 0.5-1 m
lower in elevation than the surrounding marsh and was noted in the field as potentially containing
lithologic evidence of both land-level change and tsunami inundation. Overlapping 50-cm-long,
5-cm-diameter core lengths were collected at location OBL.15. W14 (hereafter referred to as W14)

down to ~1 m depth.



3.2 Sediment Preparation and Grain Size Analysis

In order to characterize the grain size distributions throughout core W14 and identify
anomalously course sediment potentially deposited by tsunamis, we conducted high-resolution
grain size analysis. We subsampled the core at 1-cm intervals near lithologic contacts of interest.
Each sample was treated with 30% concentrated hydrogen peroxide (H20:2) to dissolve organic
matter. Due to the high percentage of organic matter within core W14, the digestion processes
began with two weeks of slow digestion at room temperature to limit the likelihood of strong
chemical reactions. The final two weeks of sample digestion was aided by a hot water bath set to
50°C; each sample was stirred daily throughout the digestion process, with care taken to ensure
that there was no cross contamination between samples. After the H202 contained in the sample
tubes appeared clear in color (indicating most organic matter was dissolved), deionized water (DI)
was added to the 50 mL level to begin the rinsing process. The samples were centrifuged at 3500
RPM for 4 min, after which the supernatant liquid was decanted; this process was repeated three
times, with new DI water added after each centrifuge cycle to ensure thorough rinsing.

An aliquot of suspended sediment for each 1 cm sample was analyzed using a high-resolution
Malvern Mastersizer 3000 laser-particle size analyzer. We use the Wentworth Phi grain size scale
to characterize each sample and the statistical software package GRADISTAT to calculate grain
size attributes such as the mean grain size, D90 (grain diameter where 90% of the samples grain
volume is smaller) and D10 (grain diameter where 10% of the samples grain volume is smaller),

and degree of sorting, skewness, and kurtosis to differentiate lithologic units (Blott and Pye, 2001).

3.3 Diatom Analysis

Diatoms found in low-energy intertidal environments are sensitive to changes in salinity and

substrate and can therefore be used as proxies for identifying changes in land and/or sea level and
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tsunami inundation (Hemphill-Haley, 1996; Shennan et al., 1999; Horton & Sawai, 2010; Dura &
Hemphill-Haley, 2020). Diatoms have an important benefit over foraminifera in that diatoms are
found throughout the intertidal zone including areas of woody upland, high marsh, low marsh,
tidal flat, and subtidal habitats. The presence of a species of diatom is controlled by environmental
factors such as temperature, pH, vegetation, salinity, and substrate (Horton et al., 2013; Dura,
Hemphill-Haley, et al., 2016).

Because diatoms respond quickly to changes in salinity and substrate, they can record
environmental changes caused by coseismic coastal deformation and tsunami inundation in coastal
sedimentary sequences (Horton et al., 2017). An increase in marine and/or brackish species in
sediments above an inferred tsunami deposit may be interpreted as a positive increase in marine
water inundation related to coseismic subsidence. In contrast, a decrease in marine and/or brackish
species in sediments above an inferred tsunami deposit may represent coseismic uplift (Hamilton
& Shennan, 2005b; Horton et al., 2013). Within a tsunami deposit, the diatom assemblage is often
chaotic, containing a mixture of species washed in from a variety of freshwater, brackish, and
marine environments as a tsunami inundates the coast.

Following the sample preparation guidelines described by Dura and Hemphill-Haley (2020)
and Hemphill-Haley and Lewis (2003), ~1.0 g (~1 cm?) samples were taken from core W14 close
to lithologic contacts at 1 cm intervals and at 15 cm intervals within homogenous layers. Samples
were digested with 30% H20:2 to remove organic matter, rinsed with deionized water, and
centrifuged. A mechanical pipette was used to transfer a specified volume of digested sample
(25uL), onto prepared glass cover slips. After drying, the prepared cover slips were mounted

sediment-side-down onto labeled glass microscope slides using the mounting material Naphrax
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with toluene. A total of 44 microscope slides for core W14 were prepared for diatom microfossil
analysis.

Using a Leica light microscope, diatom analysis began with a preliminary scan at 400x to
discern diatom concentration and degree of valve fragmentation. Following criteria detailed by
(Witter et al., 2009), valves were categorized based on morphology and size classes. To guarantee
a representative analysis, a minimum of one completed transect and 300 diatom valves were
counted per slide. For each sample, the degree of valve fragmentation was quantified by measuring
the ratio of broken to intact valves. A qualitative analysis of diatom valve concentration was
measured for each sample.

Species level identification and counting was completed using oil immersion at 1000x
magnification. To guarantee a representative assemblage, a minimum of 300 diatoms were
identified per sample and represented as a percentage of abundance per sample. For samples
containing very high valve concentrations, the first 300 valves were identified at high
magnification (1000x) with additional traverses at low (400x) magnification to verify the presence
of very large (>100 um) or allochthonous taxa. Fragmented valves were only counted if more than
half of the valve was present and identifiable. Core W14 represents a diverse tidal habitat,
containing a total of 220 identifiable diatom species. To guarantee ecological provenance is
correctly reflected by the diatom assemblages, only species that exceeded 1.5% of total valves
counted were used for earthquake and tsunami interpretations. Diatom assemblages were
categorized by species salinity preference and preferred tidal habitat, as well as species life-form
(planktonic; benthic) based on species ecological preferences outlined in past Alaskan and global

studies (Shennan et al., 2009; Shennan, et al., 2014b; Dura, Hemphill-Haley, et al., 2016).
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We classify diatom species using the halobian classification scheme of Vos’ & de Wolf
(1993) which groups diatom species with respect to salinity preferences and the corresponding
tidal zone in which they thrive. The polyhalobous assemblage includes marine and marine-
brackish diatoms that thrive within the subtidal and tidal zones whose waters commonly exceeds
30 practical salinity units (psu). The mesohalobous assemblage (e.g., brackish-marine, brackish)
tolerates a broad spectrum of tidal influence, between 0.2 and 30 psu. The oligohalobous
assemblage contains freshwater species that are either tolerant (oligohalobous-indifferent) or
stimulated (oligohalobous-halophile) by temporary periods of low salinity (0-0.2 psu). The
halophobous assemblage includes freshwater species which thrive in inland waters containing <0.2
psu (Vos’ & de Wolf, 1993; Dura, Hemphill-Haley, et al., 2016; Dura & Hemphill-Haley, 2020).
The life form of diatom species can benefit depositional environment interpretations and are
classified as benthic (attached-living) or planktonic (free-floating). Within the benthic life-forms,
there are epiphytic diatom taxa that live attached to coastal plants; taxa that live attached to wet
sediments such as sand grains are classified as epipelic; while life-forms that live attached to wet
sediment but tolerate briefly dry habitats are aerophilic. Species that live primarily within the
benthos but can also be found living in the water column are tychoplanktonic, while planktonic

diatoms can be found living freely within the water column (Vos’ & de Wolf, 1993).

3.4 Dating Methods

Where possible, plant macrofossils were collected from organic sediment for radiocarbon
dating. Dating constrained either limiting minimum (in growth above contact) or maximum (below
contact) ages for each of the three sand beds within core W14 as well as adjacent cores W6 and
W10. Using methods detailed by Kemp et al. (2013), samples too delicate to withstand transport

and/or in situ growth rhizomes were selected for dating. These sampling methods reduce the
13



potential of dating older material carried inland during tsunami inundation. Using the constrained
radiocarbon ages, we calculated the probable age distributions for the three possible tsunami beds

represented in core W14.
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4. RESULTS
4.1 General Site Stratigraphy

We observed two main lithologic units (unit 1 and 2) and three distinct sand beds within
the lower elevation cores of Ocean Bay marsh (Figure 4). In core W14, which is representative of
the stratigraphy of the lower portions of Ocean Bay marsh, a dense grey basal sand that contains
little to no organic material underlies the marsh between 0.22 and 0.44 m MTL (unit 1). A dark
brown, organic rich silty peat overlies the basal sand between 0.44 and 1.27 m MTL. Three sand
beds ranging in thickness from 1 to 12 cm are interbedded within unit 2 and extend up to 200 m
inland and at least ~150 m laterally across the lower elevations of Ocean Bay marsh. Labeled from
oldest to youngest, sand beds C, B, and A were easily distinguished from surrounding sediments
due to their sharp (<1-3 mm) upper and lower contacts, uniform thickness, lateral extent, lack of

organic matter, and presence of abundant epipsammic marine microfossils.

4.2 Detailed Analysis of Core OBL.15.W14
4.2.1 Sand bed C and under- and over-lying units

Between 0.52 and 0.605 m MTL, a dark brown, very poorly sorted, organic-rich silty peat
(unit 2; mean = 5.4 ®; D10 = 8.2 ®) underlies sand bed C (Figure 5). Fresh-brackish benthic
diatom species Pinnularia lagerstedtii (17%), Stauroforma exiguiformis (11%), and Cosmioneis
pusilla (7%), and the benthic brackish species Navicula peregrina (10%) are most common in the
silty peat underlying sand bed C (Figure 6).

At 0.605 m MTL, a sharp contact separates unit 2 from sand bed C, a 1-cm thick, grey,
poorly sorted fine quartz sand (mean = 2.8 ®; D10 = 5.6 ®). An increase in mean grain size and a
decreased fine fraction—shown by a decrease in D10 value—distinguishes sand bed C from the

under- and overlying silty peat of unit 2. The diatom assemblage within sand bed C is dominated
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by marine (75%) and fresh (22%) species, with a near total absence of brackish diatoms (<1%).
Compared to the underlying unit 2, sand bed C contains abundant epipsammic marine-brackish
species (e.g., Opephora sp (44%) and Planothidium delicatulum (10%)). The concentration of
diatom valves within sand bed C is significantly lower than both the under- and overlying
sediments, with multiple traverses completed to reach the representative 300-valve minimum. The
degree of fragmentation of diatom valves is subtly higher within sand bed C than the surrounding
sediments (Figure 7). Calibrated radiocarbon dating of a dark rhizome sampled from the sediment
underlying sand bed C constrains the age of deposition to 494-329 cal yr B.P. (A.D. 1526-1691).
A sharp upper contact at 0.615 m MTL separates sand bed C from the overlying silty peat
of unit 2 (mean = 5.03 ®; D10 = ~8.1 ®). The diatom assemblage overlying sand bed C is
characterized by a mixed assemblage of fresh-brackish and marine-brackish species. Fresh-
brackish species Pinnularia lagerstedtii (12%) and Stauroforma exiguiformis (12%) dominate,
alongside the epipsammic marine diatom Opephora sp (6%). Compared to the silty peat underlying
sand bed C, there is a 5% decrease in the fresh-brackish diatoms Pinnularia lagerstedti and
Cosmioneis pusilla, as well as a small (<3%) increase in the abundance of marine taxa such as

Thalassionema nitzschioides, Thalassiosira eccentrica, and Odontella aurita..
4.2.2 Sand bed B and under- and over-lying units

Between 0.615 and 0.70 m MTL, unit 2 (mean = 5.03 ®; D10 = 8.1 @) underlies sand bed
B (Figure 5). The diatom assemblage underlying sand bed B is dominated by fresh-brackish
species (totaling 54%) including Pinnularia lagerstedtii (11%), Cosmioneis pusilla (7%), and
Stauroforma exiguiformis (9%). The remaining diatom assemblage within the silty peat below
sand bed B includes low abundances of marine-brackish (total 15%) and brackish (total 9%)

species.
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At 0.70 m MTL, a sharp lithologic contact separates unit 2 from sand bed B. Sand bed B is 12
cm thick and composed of grey, moderately-poorly sorted, fine quartz sand (mean = 2.45 ®; D10
=4.36 ®@). An increase in mean grain size and a decreased fine fraction—shown by a decrease in
D10 value—distinguishes sand bed B from the under- and overlying silty peat of unit 2. Twelve
grain-size samples taken at 1 cm vertical intervals indicate subtle inverse grading throughout sand
bed B, illustrated by a decrease in fine-fraction (from 2.73 @ to 2.28 @) with reduced depth. The
diatom assemblage within sand bed B is characterized by abundant marine epipelic (Diploneis
interrupta; 32%), marine epipsammic (Opephora sp; 10%), and fresh-brackish species (e.g.,
Stauroforma exiguiformis; 6%) (Figure 6). In comparison with the surrounding silty peat, the
concentration of diatom valves within sand bed B is significantly lower, and the degree of valve
fragmentation is subtly higher (Figure 7). Calibrated radiocarbon dating of a woody steam
entrapped within the sediment directly below sand bed B constrains the age of deposition to 290-
0 cal yr B.P. (AD 1730-0).

A sharp upper contact at 0.82 m MTL separates sand bed B from the overlying silty peat of
unit 2 (mean = 4.51 ®; D10 = 7.85 ®). Within the silty peat overlying sand bed B, there is an
increase in brackish (e.g., Navicula peregrina up 11%; Diploneis pseudovalis up 8%) and marine
(e.g., Diploneis smithii up 4%; Opephora sp up 3%) taxa compared to the fresh-brackish
dominated assemblage in sediments underlying sand bed B. The increases in brackish and marine
taxa are accompanied by decreases in fresh-brackish species (e.g., Pinnularia lagerstedtii down
7%; Cosmioneis pusilla down 6%), supporting an increase in marine and brackish influence above

sand bed B.
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4.2.3 Sand bed A and under- and over-lying units

Between 0.82 and 1.08 m MTL, unit 2 (mean = 2.94 ®; D10 = 5.48 @) underlies sand bed
A (Figure 5). The diatom assemblage underlying sand bed A is dominated by fresh-brackish
diatom species (totaling 52 %) including Pinnularia lagerstedtii (15%), Stauroforma exiguiformis
(6%), and Caloneis bacillum (5%). The remaining assemblage within the silty peat below sand
bed A includes similar taxa to those underlying sand bed B (i.e., P. lagerstedtii 15%, S.
exiguiformis 6%) (Figure 6).

At 1.08 m MTL, a sharp lithologic contact separates unit 2 from sand bed A. Sand bed A is

6.5 cm thick and composed of grey, poorly sorted, fine quartz sand (mean = 2.94 ®@; D10 = 5.48
®). An increase in mean grain size and a decreased fine fraction—shown by a decrease in D10
value—distinguishes the grain size of sand bed A from the under- and overlying silty peat of unit
2. Six grain-size samples taken at 1 cm intervals display an increased fine fraction toward the top
of the bed, indicating upward fining. The diatom assemblage within sand bed A is characterized
by a mixed assemblage of marine epipsammic (e.g., Opephora sp; 9%), brackish epipelic (e.g.,
Navicula peregrina; 11%) and epiphytic (e.g., Ctenophora pulchella; 10%), and fresh-brackish
(e.g., Mastogloia elliptica; 7%) species. Similar to sand beds C and B, sand bed A displays a subtle
increase in diatom valve fragmentation, but contains a significantly higher concentration of valves
than sands C and B. Based on widespread historical observations of tsunami inundation of Kodiak
Island following the 1964 earthquake, we infer sand bed A was deposited by that event.

A sharp upper contact at 1.145 m MTL separates sand bed A from the overlying silty peat
of unit 2 (mean = 4.33 @; D10 = 7.39 ®). Within the silty peat overlying sand bed A, there is an
increase in marine (e.g., Surirella brebissonii and O. marina up 4%) and brackish (Navicula

peregrina up 8%; Pinnunavis elegans up 6%) taxa compared to the fresh-brackish dominated
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assemblage in sediments underlying sand bed A. Additionally, there are subtle (<3%) increases in
marine planktonic (e.g., Actinoptychus senarius; Thalassiosira pacifica) and tychoplanktonic (e.g.,
Cyclotella meneghiniana) taxa above sand bed A. The increases in marine and brackish taxa are
accompanied by decreases in fresh-brackish (down 25%) diatoms (Figure 8), supporting an

increase in marine and brackish influence above sand bed A.
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S. DISSCUSSION

Based on stratigraphy, lithology, diatom, and radiocarbon analyses, we reconstruct the
environmental changes preserved in the lower elevation cores of Ocean Bay marsh over the last
~400 years. Diatom assemblages in core W14 indicate that over the last ~400 years, the
environmental conditions at Ocean Bay marsh were similar to those of today. However, within
this overall pattern of stability, diatoms fluctuate between freshwater and/or fresh-brackish
dominated assemblages and marine and/or brackish dominated assemblages punctuated by
widespread, anomalous sand beds. Below, we interpret the sand beds to have been deposited by
tsunamis and infer that the sudden and lasting environmental changes associated with two of the

sand beds signal sudden RSL rise during times of decimeter-scale coseismic subsidence.

5.1 Evidence for tsunami deposition

We infer a tsunami origin for sand beds C, B, and A preserved within the lower elevation
stratigraphy of Ocean Bay marsh. Our interpretations are based on shared characteristics within all
three sand beds, including widespread lateral extent, sharp upper and lower contacts, anomalously
coarse grain size, and mixed diatom assemblages that include abundant marine epipsammic
species. Similar characteristics have been documented in modern tsunami deposits worldwide,
including in Chile (e.g., Cisternas et al., 2017; Dura et al., 2017), Japan (e.g., Sawai et al., 2012),
Thailand (e.g., Jankaew et al., 2008), and Cascadia (e.g., Witter et al., 2003; Nelson et al., 2020).

Sand beds C, B, and A can be correlated over distances of ~20-200 m within Ocean Bay marsh
and drape over the existing paleo-topography. Sand bed A displays upward fining and an increased
fine fraction near the top of the bed, a feature indicating sediment settling out of suspension after
tsunami flow deceleration (Dawson & Shi, 2000; Morton et al., 2007). In sand bed B, subtle inverse

grading, represented by a decreased fine fraction near the top of the bed, may be explained through
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variation in tsunami wave velocity and/or topography during deposition (Dawson & Stewart, 2007,
Shanmugam, 2012; Garrett et al., 2015). The lateral continuity and lithologic characteristics of the
sand beds helps rule out localized processes like tidal channel migration or liquefaction during
earthquakes as the responsible mechanism for sand bed deposition (Atwater, 1987; Morton et al.,
2007).

We interpret the mixed diatom assemblages within sand beds C, B, and A to be indicative of
tsunami inundation across the subtidal, intertidal, and supratidal environments of Ocean Bay marsh
(Hemphill-Haley, 1996; Horton et al., 2013; Dura & Hemphill-Haley, 2020). The presence of
abundant epipsammic marine diatoms (i.e., P. delicatulum, O. marina) within the sand beds
suggests that the tidal flats and/or subtidal channels bordering the marsh were the primary sources
of coarse sediment (Hemphill-Haley, 1996). Higher rates of diatom valve fragmentation in all three
sand beds, and low valve concentration in two of the beds (bed A excluded), corroborate high-

energy deposition (Witter et al., 2009; Dura & Hemphill-Haley, 2020).

5.2 Evidence for abrupt, regional, and persistent subsidence

The diatom analysis for core W14 indicates abrupt, lasting RSL rise associated with
deposition of sand beds B and A, which we infer was caused by coseismic subsidence. Our
interpretations are consistent with similar coastal geologic studies that also used diatoms as a proxy
to infer coseismic subsidence (Hemphill-Haley, 1996; Zong et al., 2003; Witter et al., 2009; Dura
et al., 2017). However, in contrast to many previous studies, the Ocean Bay marsh stratigraphy
does not display significant lithologic changes coincident with diatom evidence of subsidence. The
silty peat under- and overlying sand beds B and A is mostly homogenous, with minimal variation
in grain size and organic content below and above the sand beds. This observation is consistent

with modern research of clastic-dominated marshes that show little change in lithology between
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high and low marsh settings and suggests that although coseismic subsidence within a high to low
intertidal marsh environment may not be lithologically apparent, diatoms can still display a
response to increased tidal inundation (Horton et al., 1999; Hawkes et al., 2010; Dura et al., 2015).

We observed increases in marine and/or brackish diatoms within the silty peat units overlying
two of the three sand beds (B and A) consistent with coseismic subsidence (Figure 8). The subtle
increases in marine diatoms observed above sand bed C are not significant enough to infer
coseismic subsidence coincident with sand bed deposition. The silty peat underlying sand beds B
and A is generally dominated by a diverse assemblage of high-marsh fresh-brackish epipelic
diatoms (i.e., P. lagerstedtii, S. exiguiformis, C. pusilla). Within the silty peat overlying sand beds
B and A, there is an increase in epipsammic marine species (i.e., O. marina) and brackish epipelic
species (i.e., N. peregrina) paired with decreases in fresh-brackish species (i.e., C. pusilla, P.
lagerstedtii), suggesting increased tidal inundation of the marsh resulting from coseismic
subsidence (Hemphill-Haley, 1996; Dura, Hemphill-Haley, et al., 2016).

The diatom assemblages within the silty peat units overlying sand beds B and A display a
lasting shift in ecology that persists for several centimeters, ruling out temporary sea-level
fluctuations (Horton & Sawai, 2010; Horton et al., 2017). The increased abundance of marine
and/or brackish species overlying the sand beds is then followed by the slow return of fresh-
brackish species and a decrease in marine species that suggests RSL fall, consistent with gradual
interseismic uplift.

The evidence for coseismic subsidence coincident with sand beds B and A strengthens our
interpretation of sand bed deposition by tsunamis produced by large, regional subduction zone
earthquakes rather than storms. Although we acknowledge that storm overwash events can deposit

widespread sand beds (e.g., Soria et al., 2017), evidence for coseismic subsidence and the
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correlation of tsunami and land-level change evidence over hundreds of kilometers (outlined in
more detail below) helps rule out more localized storm overwash processes (Nelson et al., 1996;

Dawson & Stewart, 2007).

5.3 Regional correlation of Ocean Bay marsh seismic events and implications for trench-
parallel and trench-perpendicular slip distributions

The vertical deformation experienced on coastlines during the coseismic period is controlled
by the geometry, amount, and spatial distribution of slip along the megathrust fault plane. The
distribution of coseismic slip often varies in each earthquake, allowing the pattern and amount of
deformation to vary at one coastal location (Platker, 1965; Wang et al., 2013; Briggs et al., 2014).
A coast-perpendicular coseismic slip model for the Kodiak region indicates that shallower (0-20
km), seaward, slip will result in coseismic subsidence at Ocean Bay marsh, while deeper (20-40
km), more landward slip will result in uplift (Suleimani et al., 2017; Shennan et al., 2018). Slip
occurring at an intermediate depth (10-30 km) will result in a hinge line for uplift and subsidence
(zero-contour) falling just seaward of Ocean Bay marsh (Suleimani et al., 2017). In the sections
below, we use this general slip model and our radiocarbon analyses to put the timing of tsunami
deposition and coseismic subsidence into a chronological and regional tectonic framework.

5.3.1 Prehistoric earthquake and tsunami: 400 cal yr B.P. (sand bed C)

Maximum ages from below sand bed C in core W14 (494-329 cal yr B.P), W10 (308-0 cal yr
B.P.), and W6 (456-311 cal yr B.P.) overlap with the regional ~400 cal yr B.P. earthquake, thus
we attribute sand bed C to that event. Stratigraphic and diatom evidence support tsunami
inundation of Ocean Bay marsh associated with the ~400 cal yr B.P. earthquake. We found little

to no evidence for coseismic subsidence coincident with sand bed deposition; the diatom
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assemblage above sand bed C does not significantly differ from the underlying silty peat, nor is
there an apparent change in lithology.

The lack of evidence for coseismic deformation at Ocean Bay marsh correlates with
observations at other along-strike sites in eastern Kodiak Island that do not record deformation
(e.g., Middle Bay, Anton Larson Bay, and Kalsin Bay) associated with the ~400 cal yr B.P.
earthquake (Shennan et al., 2014a). Evidence of coseismic subsidence further eastward and
landward at Shuyak (Shennan et al., 2014a; Shennan et al., 2018), and evidence of coseismic uplift
and tsunami inundation westward and trenchward of Sitkalidak at Sitkinak Island (Briggs et al.,
2014) suggests our study area at Ocean Bay marsh lies at or near the zero-contour (i.e., hingeline)
of coseismic deformation (Figure 3), and that the event produced intermediate depth slip at
Sitkalidak Island (Figure 3d).

Based on our results and regional geologic evidence, the 400 cal yr B.P. earthquake
encompassed at least the Kodiak segment of the subduction zone. However, constraining the
rupture to only the Kodiak segment is complicated by the potential overlap of similarly dated
events recorded further eastward on the Kenai segment (422-0 cal yr B.P.; Kelsey et al., 2015), in
northwestern Kodiak (500-300 cal yr B.P.; Gilpin, 1995), and westward on the Semidi segment
(510-317 cal yr B.P.; Nelson et al., 2015). Geologic evidence for the 400 cal yr B.P. event in the
Kodiak segment is not suggestive of a large, multi-segment rupture (i.e., 1964 Mw 9.2) that would
account for evidence in all three segments; evidence for coseismic subsidence and tsunami
inundation is scarce, subtle, and not well constrained. It is likely that multiple earthquakes occurred
in the 500-400 cal yr B.P. timeframe, underscoring the need for more geologic investigations and
better age control on earthquake and tsunami events documented in the western Kodiak and Semidi

segments (Gilpin, 1995; Carver & Plafker, 2008; Shennan et al., 2018).
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5.3.2 Historic earthquake and tsunami: AD 1788 (sand bed B)

Maximum ages from below sand bed B in core W14 (290-0 cal yr B.P.) and W10 (308-0
cal yr B.P.) overlap with the regional AD 1788 earthquake and tsunami, thus we attribute sand bed
B to that event. Our stratigraphic and diatom evidence supports tsunami inundation of Ocean Bay
marsh associated with the 1788 earthquake. Although there is no change in lithology above sand
bed B, an increase in brackish diatom species and simultaneous decreases in freshwater species
above the sand bed indicate coseismic subsidence occurred coincident with sand bed deposition.

Our evidence for tsunami inundation and coseismic subsidence at Ocean Bay marsh
correlates with observations at other along-strike sites in the eastern Kodiak region that record
subsidence with or without tsunami inundation (e.g., Shuyak, Middle Bay, Kalsin Bay, Settlement
Point) associated with the 1788 earthquake (Shennan et al., 2014a; Shennan et al., 2018). This
correlative evidence paired with Briggs et al. (2014) observations of coseismic uplift further
trenchward at Sitkinak suggests the hingeline for the 1788 earthquake was located offshore of
Sitkalidak Island, and that the event produced intermediate to shallow slip at Sitkalidak (Figure
3¢).

The presence of tsunami and earthquake evidence at Ocean Bay marsh, Sitkinak Island, and
Chirikof Island supports the Briggs et al., (2014) conclusion that the 1788 rupture propagated
through the proposed rupture boundary between the 1938 and 1964 ruptures (Wesson et al., 2007).
Based on our results and regional geologic evidence, the 1788 earthquake encompassed the Kodiak
and at least the eastern end of the Semidi segment (Briggs et al., 2014; Shennan et al., 2014a).
However, constraining the far western extent of the 1788 rupture is complicated by incomplete
and potentially false historical records (Engelhart et al., 2018) and difficulty dating the event due

to the radiocarbon age plateau (Garrett et al., 2015). Historical accounts of the 1788 earthquake
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and tsunami suggest the most severe inundation occurred much further (>400 km) westward in the
Shumagin and Sanak islands, yet no evidence of tsunami inundation nor coseismic deformation
has been found there for this event (Witter et al., 2014), underscoring the necessity for more

investigation of the western megathrust segments.
5.3.3 Historic earthquake and tsunami: AD 1964 (sand bed A)

Ample evidence exists for widespread tsunami inundation coincident with coseismic
subsidence of northern Sitkalidak and uplift of the extreme southeast and southwest coasts during
the 1964 earthquake (Carver et al., 1992; Plafker, 1965; Kachadoorian & Plafker, 1967). Based on
regional correlations and dating of the lower two sand beds, we infer sand bed A to be associated
with the 1964 earthquake. Although lacking any apparent change in lithology, an abrupt increase
in marine and brackish diatoms and simultaneous decrease in freshwater species above sand bed
A indicates coseismic subsidence coincident with sand bed deposition.

Our evidence for tsunami inundation and coseismic subsidence at Ocean Bay marsh is
consistent with observations at other along-strike sites in the eastern (e.g., Shuyak, Middle Bay,
Kalsin Bay, Settlement Point) Kodiak region that record subsidence and tsunami inundation
(Shennan et al., 2014a; Shennan et al., 2018). This correlative evidence suggests that the hingeline
for the 1964 earthquake was offshore of Sitkalidak, like the 1788 event, and that the event produced
intermediate to shallow slip at Sitkalidak. However, subsidence observed at Sitkinak associated
with the 1964 earthquake, where we would expect uplift, suggests more complex rupture processes
at play. Briggs et al. (2014) interpretated the subsidence observed on the south side of Sitkinak as
the result of a subsidence trough wrapping around the primary zones of uplift. This observation

places Sitkinak at the western termination of the 1964 rupture.
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Our evidence of coseismic subsidence and tsunami inundation contrasts with previous
observations that place Ocean Bay marsh along the axis of zero deformation for the 1964
earthquake (Platker, 1969). Inconsistencies in quality and scale of graphic representations of the
zones of uplift and subsidence for the 1964 earthquake complicate our interpretations for the
location of the axis of deformation (Plafker, 1965, 1969; Eckel, 1970). Based on stratigraphic and
microfossil results from Ocean Bay marsh, we propose that the axis of deformation (e.g.hingline)
for the AD 1964 earthquake lies offshore (3-4 km) from Ocean Bay marsh and may pass through
the very southeastern and western tips of Sitkalidak Island (Figure 3b). The relatively small
distance (10-20 km) between subsidence at Ocean Bay marsh (this paper) and uplift of the far
southeastern and southwestern coasts of Sitkalidak (Platker, 1965), helps verify the placement of

trench-perpendicular deformation zones for the 1964 earthquake.
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6. CONCLUSION

Using lithology, stratigraphy, radiocarbon dating, and diatom micropaleontology, we
identified three instances of tsunami inundation over the last ~400 years, two of which were
coincident with coseismic subsidence. Three widespread anomalously coarse-grained sand beds
display both lithologic and diatom characteristics indicative of high-energy, marine-sourced
tsunami deposition dated to ~400 cal yr B.P., AD 1788, and AD 1964. Diatom analysis suggests
coseismic subsidence coincident with tsunami inundation for the 1964 and 1788 earthquakes,
consistent with detailed historic observations and previous coastal studies.

Our investigation at Ocean Bay marsh helps better define the trench-parallel rupture extent and
trench-perpendicular zone of deformation for three earthquakes and tsunamis occurring in ~400
cal yr B.P., 1788, and 1964. The close spacing of these three events helps define the spatial
distribution and depth of slip on the Kodiak and Semidi segments of the Alaska-Aleutian
subduction zone, as well as providing better constraints for rupture and tsunami modeling
important to natural hazard analysis. Understanding the mechanisms driving these events have
important implications for assessing earthquake hazards associated with the Alaska-Aleutian

subduction zone throughout prehistoric time-scales.
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Figure 1. (a) regional map of Alaska and the Kodiak Island region showing locations of correlated
sites and proposed rupture extents for historic and prehistoric earthquakes. Focus box B marks
Sitkalidak Island (b) Sitkalidak Island and southwestern Kodiak Island. Focus box C marks Ocean
Bay marsh. (c) Ocean Bay marsh site map showing sediment core locations. Core W14 chosen for
detailed analysis. (Sh=Shuyak Island; Sp=Settlement Point; An=Anton Larson Bay; Mi=Middle Bay;
Ka=Kalsin Bay; St=Sitkalidak Island; Oh=0Ild Harbor; Tb=Three Saints Bay; Si=Sitkinak Island;
Ch=Chirikof Island)
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Figure 2. Simplified depiction of stratigraphic and diatom signals for an earthquake which produced
coseismic subsidence and tsunami inundation at a coastal freshwater marsh. (a) a coastal freshwater
marsh experiencing normal sedimentation; diatoms reflect environmental conditions. (b) coseismic
subsidence during the earthquake lowers the land-level and tsunami overwash entrains and deposits
sediment and diatoms. (c) tsunami deposits anomalously coarse sediment and allochthonous marine
diatoms; diatoms respond quickly to newly subsided environment. (d) sedimentation continues, burying
the tsunami deposit; increased marine/brackish diatoms above tsunami deposit reflect changing
environment. Modified from Dura et al. (2020).
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Figure 3. Summary of regional coseismic deformation inferred from stratigraphy and
microfossil studies and proposed axis of deformation (e.g., hingeline) for the AD 1964,
AD 1788, and 400 cal yr B.P. earthquakes. Modified from Shennan et al. (2014, 2018).

31



Elevation Relative to MTL (m)

Distance from Coast (m)

1701 ~1.70
w7 3
1.60 W8 W6 1.60
150 150
3 * OBL.15,W14 chosen E
] W9 for detailed analysis. :
1.404 =1.40
W10 3
1.30 3 W12 -1.30
1.20 3 1,20
110 [A] 140
13 = 1
0.90- 0.90
0.80 - 0.80
: 3
0.70 .70
0.60 £0.60
0.50 ] 050
0.40 ] B sity Peat 040
; [ Peaty silt
030 £0.30
E |:| No Recovery 3
0.20 [ sand 0.20
0.10 3 - 0.10
0.0 - 0.0
E # F
E Coast ]
-0l10 1 'l 'l '] I 'l Il I L Il '] I ] ] -0l10
700 650 600 550 500

Figure 4. Simplified stratigraphic cross section showing sediment cores from the lower elevation
surface of Ocean Bay marsh. Elevation adjusted to mean tide level (MTL). Core OBL.15.W14 selected
for detailed analysis. From 1.27 — 0.52 MTL, core W14 records tsunami sands associated with the AD
1964, AD 1788, and ~400 cal yr B.P. earthquakes, labeled A, B, and C, respectively.
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Figure 5. Grain-size summary for core OBL.15.W14. From left to right: CT scan of W14
showing anomalously coarse sediment in reds and oranges and finer grained silt and clay grains
in blues and purples; simple stratigraphic column showing lithology and sampling locations;
grain-size plots.
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Figure 8. Diatom and grain-size summery. Diatom data presented as percent abundance per sample for fresh, brackish, and marine
assemblages categorized by individual species environmental preferences. Diatom statistics reflect species constituting 5% or
more of a at least one sample.
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Table 1. Summary of AD 1964, AD 1788, and ¢.400 BP earthquake and tsunami evidence. 1- Prater
etal (2021); 2- Shennan et al (2014); 3- Shennan et al (2018); 4- Plafker (1965), Janigan et al (2018);
5- Briggs et al (2014); 6- Soloviev (1990); 7- Nelson et al (2015)

Eastern Kodiak Region Western Kodiak Region
Calibrated | Shuyak’ Settlement” Anton’  Middl€  Kalsin | Sitkalidak- Old'  Sitkinak Three Saints Chirikof
age Island Point  LarsonBay Bay Bay Ocean Bay Harbor  Island Harbor Island

AD1964 | T&S T&S T&S T&S T&S T&S T&S T&S T&S  noevidence
AD 1788 S T&S S S T&S T&S T T&U T&S T
c400BP | *T&S S no evidence no evidence no evidence T no evidence T&U N/A T

T - tsunami *T - possible tsunami

S - subsidence S - possible subsidence

U - uplift N/A - not investigated

{(A) Fresh-brackish Species

Cosmioneis pi

&
L

Frustufia vulgaris

, =

L

cifriformis
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- e
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Cyclotelta
meneghiniana

Navicula
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_
10 pm
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10 um

(C) Marine-brackish Species
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i
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; 3’3 i:—

: |
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Figure 9. Common diatom species identified in sediment core OBL.15.W14 from Ocean Bay marsh,
Sitkalidak Island, AK. Diatoms grouped by salinity preference and preferred tidal habitat.
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