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ABSTRACT

Despite the role of the Alaska-Aleutian megathrust as the source of some 
of the largest earthquakes and tsunamis, the history of its pre–twentieth 
century tsunamis is largely unknown west of the rupture zone of the great 
(magnitude, M 9.2) 1964 earthquake. Stratigraphy in core transects at two 
boggy lowland sites on Chirikof Island’s southwest coast preserves tsunami 
deposits dating from the postglacial to the twentieth century. In a 500-m-long 
basin 13–15 m above sea level and 400 m from the sea, 4 of 10 sandy to silty 
beds in a 3–5-m-thick sequence of freshwater peat were probably deposited 
by tsunamis. The freshwater peat sequence beneath a gently sloping alluvial 
fan 2 km to the east, 5–15 m above sea level and 550 m from the sea, con-
tains 20 sandy to silty beds deposited since 3.5 ka; at least 13 were probably 
deposited by tsunamis. Although most of the sandy beds have consistent 
thicknesses (over distances of 10–265 m), sharp lower contacts, good sorting, 
and/or upward fining typical of tsunami deposits, the beds contain abundant 
freshwater diatoms, very few brackish-water diatoms, and no marine diatoms. 
Apparently, tsunamis traveling inland over low dunes and boggy lowland en-
trained largely freshwater diatoms. Abundant fragmented diatoms, and lake 
species in some sandy beds not found in host peat, were probably trans-
ported by tsunamis to elevations of >10 m at the eastern site. Single-aliquot 
regeneration optically stimulated luminescence dating of the third youngest 
bed is consistent with its having been deposited by the tsunami recorded at 
Russian hunting outposts in 1788, and with the second youngest bed being 
deposited by a tsunami during an upper plate earthquake in 1880. We infer 
from stratigraphy, 14C-dated peat deposition rates, and unpublished analyses 
of the island’s history that the 1938 tsunami may locally have reached an 
elevation of >10 m. As this is the first record of Aleutian tsunamis extending 
throughout the Holocene, we cannot estimate source earthquake locations 
or magnitudes for most tsunami-deposited beds. We infer that no more than 
3 of the 23 possible tsunamis beds at both sites were deposited following 
 upper plate faulting or submarine landslides independent of megathrust 

earthquakes. If so, the Semidi segment of the Alaska-Aleutian megathrust 
near Chirikof Island probably sent high tsunamis southward every 180–270 yr 
for at least the past 3500 yr.

INTRODUCTION

As a result of twenty-first century earthquakes of unexpected magnitude 
(M; e.g., 2004 M 9.2 Sumatra-Andaman; 2011 M 9.0 Tohoku-Oki, Japan), ac-
companied by tsunamis of unanticipated height, much has been written 
about the need for assessments of tsunami hazards at subduction zones (e.g., 
Dominey-Howes et al., 2006; Dawson and Stewart, 2007; Satake and Atwater, 
2007; Shennan et al., 2009; Goto et al., 2011; Butler, 2012; Goff et al., 2012; 
Ryan et al., 2012a; Szczuciński et al., 2012; Satake, 2014). The most comprehen-
sive assessments are based on earthquake and tsunami histories that span 
multiple cycles of strain accumulation and release on the megathrust faults of 
subduction zones, that is, over many hundreds to thousands of years. Even in 
Japan, where extensive written records of earthquakes and tsunamis extend 
back more than a millennium, reconstructing the history of the greatest earth-
quakes and tsunamis requires thorough study of coastal stratigraphic archives 
(e.g., Minoura et al., 2001; Witter et al., 2003; Cisternas et al., 2005; Bourgeois 
et al., 2006; Shennan and Hamilton, 2006; Nanayama et al., 2007; Jankaew 
et al., 2008; Monecke et al., 2008; Sawai et al., 2012).

One of the shortest and most incomplete histories of megathrust earth-
quakes and tsunamis comes from one of the longest and most seismically 
active subduction zones, the Alaska-Aleutian arc, extending 1600 km from 
southeast Alaska westward to Kamchatka (Fig. 1A; Nishenko and Jacob, 1990; 
Vallier et al., 1994; Carver and Plafker, 2008; Ryan et al., 2012b; Ruppert et al., 
2013; Butler et al., 2014; Shennan et al., 2014b). That the Aleutian arc is capable 
of sending damaging tsunamis across the Pacific basin is illustrated by those 
produced by the series of mid-twentieth century M 8–9 ruptures in the central 
and eastern Aleutian arc, in 1946, 1957, 1964, and 1965 (Butler, 2012; Ross et al., 
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Figure 1. (A) Location of Chirikof Island within the plate 
tectonic setting of the Alaska-Aleutian subduction zone. 
Rupture areas for great twentieth century earthquakes 
on the megathrust are in pink. (B) Velocity field of the 
 Alaska Peninsula and the eastern Aleutian Islands ob-
served by global positioning system (GPS) (Fournier and 
Frey mueller, 2007). Colors show inferred rupture areas for 
earthquakes in 1788 (green) and 1938 (orange). Both A 
and B are modified from Witter et al. (2014). The section of 
the megathrust between Kodiak Island and the  Shumagin 
 Islands has been referred to as the Semidi segment (e.g., 
Shennan et al., 2014b). (C) Physiography of Chirikof 
 Island (Google Earth image, 2012) showing the location 
of our study area at Southwest Anchorage, a prominent 
moraine, a fault scarp (facing southeast) that probably 
records the 1880 earthquake, the New Ranch valley re-
connaissance core site, and UNAVCO GPS station AC13 
(http:// pbo .unavco .org /station /overview /AC13). In the 
eighteenth and nineteenth centuries, Chirikof Island was 
known to native Alutiiq and Russians as Ukamuk Island.
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2013). Based on historical records, a tsunami-source statistical analysis shows 
that the source contributing the most to the tsunami hazard for Los Angeles 
(peak wave height for a 475 yr return period), as well as much of the coast 
of California, is the eastern Aleutian arc (Thio et al., 2010; Ross et al., 2013). 
Prior to the twentieth century, sparse anecdotal accounts of strong shaking 
and tsunamis come from a few Russian hunting outposts beginning in the late 
eighteenth century (Davies et al., 1981; Lander, 1996; Black et al., unpublished 
manuscript described in the Supplemental File1). Comparisons with other sub-
duction zones suggest that an earthquake of M 9.0–9.3 with a tsunami com-
parable to those produced during the 1960 M 9.5 Chile and 1964 M 9.2 Alaska 
earthquakes is plausible for the eastern arc west of Kodiak Island (McCaffrey, 
2008; Butler, 2012; Ross et al., 2013).

Here we report stratigraphic, microfossil, 14C age, and historical data from 
the closest land to the megathrust along this part of the arc: Chirikof Island 
(Fig. 1), the site of the first of a trio of eastern Aleutian studies directed at 
estimating the recurrence of prehistoric high tsunamis through study of their 
deposits. Companion studies by Briggs et al. (2014a) and Witter et al. (2014) 
focused on the history of earthquake related land-level change on Sitkinak 
and Simeonof Islands, 125 and 250 km to the east and west, respectively, of 
Chirikof Island (Fig. 1B). These earthquake and tsunami histories—combined 
with studies of present-day upper plate deformation from global positioning 
system (GPS) data (Freymueller et al., 2008)—demonstrate the variability and 
complexity of megathrust ruptures in this part of the arc. Although an initial 
stratigraphic reconnaissance, our 14C-dated record from the southwest coast 
of Chirikof Island spans the Holocene. As ours is the first long record of pre-
historic Aleutian tsunamis, we cannot estimate source earthquake locations or 
magnitude for most of the tsunami-deposited beds that we identify, nor can 
we determine what proportions of beds were deposited by tsunamis caused 
by upper plate faulting or submarine landslides near Chirikof Island that re-
sulted in minimal inundation beyond the region. We argue that the proportion 
of non-megathrust-related tsunamis is probably small, and that this part of the 
arc sent high tsunamis southward every 180–270 yr for at least the past 3500 yr.

SETTING AND GEOMORPHOLOGY

Southwest Anchorage on Chirikof Island

The windswept, muskeg (boggy lowland) and grass-covered ridges and 
valleys of Chirikof Island (Fig. 1) are underlain by Pliocene sandstone and silt-
stone (Tugidak Formation), covered by thick Pleistocene glacial sediment in the 
island’s northern third, and by Oligocene continental and marine clastic rocks 
overlain by thin drift in its southern two-thirds, where resistant conglomerates 
form dramatic headlands (Moore in the Supplemental File [see footnote 1]; 
 Cohee et al., 1969; Nilsen and Moore, 1979). A 500-m-wide moraine traverses 
the island from west to east (Fig. 1C; Workman, 1969; Saltonstall and Steffian 
in the Supplemental File [see footnote 1]). Radiocarbon ages and core stra-

tigraphy reported here show that the southwest coast of the island has been 
glaciated, but was ice free by 13.4 ka. Strong earthquakes in the Chirikof  Island 
region, the ground motions and/or tsunamis of which reportedly affected the 
island, include those in 1788, 1826, 1833, 1847, 1848, 1880, 1938, and 1964 
( Davies et al., 1981; Soloviev, 1990; Lander, 1996; Moore in the Supplemental 
File [see footnote 1]; Black et al. in the Supplemental File [see footnote 1]). 
Archeological surveys in 1962, 1963, 2005, and 2013 commented on the rapid 
erosion of coastal archaeological sites by wind, waves, and artifact hunters, 
exacerbated through trampling by feral cattle introduced late in the nineteenth 
century (Keithahn, 1962; Workman, 1966; Chaffin et al., 1983; Saltonstall and 
Steffian in the Supplemental File [see footnote 1]; Clark in the Supplemental 
File [see footnote 1]; MacNeil et al., 2007).

Our study area at Southwest Anchorage on the southwest coast of the 
island consists of broad, southwest-facing valleys fronted by sandy, drift-
wood-rich beach berms and low dunes (Fig. 1C; Fig. S1 in the Supplemental 
File [see footnote 1]). Our study sites in these valleys (Figs. 2 and 3) were 400–
1300 m inland from the berms at present-day elevations above 7 m (survey 
methods described in Supplemental File [see footnote 1]) and underlain by 
meters of muskeg or bog peat in which the sandy deposits of tsunamis should 
be distinct. Planar wavecut bedrock platforms, 100–500 m wide and a few me-
ters below mean lower low water (MLLW), lie seaward of the northwestern part 
of the beach at Southwest Anchorage. The site of Ukamuk village, a nineteenth 
century Alutiiq-Russian hunting outpost was near the southeast shore of West 
Lake (Fig. 2; Black et al. in the Supplemental File [see footnote 1]; Clark in the 
Supplemental File [see footnote 1]; Clark, 2010). We informally call the basin 
in the valley 500 m to the east of West Lake, Drained Lake basin. A lake that 
partially filled the basin at least until 1893 (Keithahn, 1962) probably drained 
early in the twentieth century.

Land-Level Changes During Earthquake Cycles

From Chirikof Island’s proximity to the Alaska-Aleutian megathrust trench 
(100 km), we infer that it rose and fell during earthquake cycles on the subduc-
tion-zone megathrust, like similarly situated islands at this and other subduc-
tion zones (e.g., Briggs et al., 2006; Sauber et al., 2006; Melnick et al., 2012). The 
Plate Boundary Observatory (UNAVCO EarthScope project, pbo .unavco .org/) 
GPS instrument (station AC13, Fig. 1C) shows that Chirikof Island has been 
subsiding ~11 mm/yr since 2008 (http:// pbo .unavco .org /station /overview /AC13; 
Fig. S1 in the Supplemental File [see footnote 1]), as would be expected if the 
plate boundary beneath the island were accumulating strain to be released 
in a future earthquake. Geodetic coupling models imply that the megathrust 
beneath Chirikof Island is 90%–100% locked (Fournier and Freymueller, 2007).

A few anecdotal observations show that parts of Chirikof Island rose and fell 
during an earthquake in 1880. A report of a creek on the south side of the island 
that was wider, deeper, and saltier following the 1880 earthquake (Lander, 1996, 
p. 46) suggests a few decimeters of subsidence about the time of the earth-

1 

Supplemental File for:
Nelson et al. - Tsunami recurrence in the eastern Alaska-Aleutian arc: A 

Holocene stratigraphic record from Chirikof Island, Alaska

This supplemental data file contains tables, figures, and text that describe methods and 

supplemental data in greater detail than described in the text of the paper. Note that all data 

concerning the diatom analyses are grouped within a Diatom Appendix. Additional references 

cited in these supplemental tables, figures, and text are listed at the end of this pdf file (readable 

with Adobe Reader 8 and higher). Two extensive, separate data tables (Sda3 and S6) are in Excel 

format.  The files include: 

Table S1. List of common plant species near the sites of cores D8 and T11 

Table S2. Grain-size data for core and modern samples of sandy beds 

Table S3. More complete radiocarbon data for samples from cores D8, D9, T10, and T11 

Table S4. Trace and minor element concentrations of tephra deposits determined by  

      solution ICP-MS

Table S5. Code listing for OxCal models used to calculate probability distributions for  

      times of tsunamis 

Table S6. Geochemical data for samples from cores D8 and T11 (Excel format). 

Figure S1. (A) GPS observations from UNAVCO station AC13 

(http://geodesy.unr.edu/NGLStationPages/stations/AC13.sta) on Chirikof Island (Fig. 1C) showing 

65 mm of subsidence between 2008 and 2014 (data as of 19Jul2014) for a subsidence rate of 11 

mm/yr. (B) Photograph looking southeast of a cobble berm partially covered by the sandy modern 

stormberm ~200 m northwest of the mouth of Southwest River (Fig. 2). (C) Photograph of the 5-6 

m shorelines looking southeast towards the Drained Lake core transect above the shorelines on the 

east edge of Drained Lake basin (Fig. 3B). 

1Supplemental File. Descriptions of and quotes from 
four unpublished manuscripts about the history and 
archaeology of Chirikof Island, and an extensive 
 Diatom Appendix with three tables of data and nine 
additional figures. Please visit http:// dx .doi .org /10 
.1130 /GES01108 .S1 or the full-text article on www 
.gsapubs .org to view the Supplemental File.
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http://pbo.unavco.org/
http://pbo.unavco.org/station/overview/AC13
http://dx.doi.org/10.1130/GES01108.S1
http://dx.doi.org/10.1130/GES01108.S1


Research Paper

1175Nelson et al. | Holocene tsunami recurrence on Chirikof Island, AlaskaGEOSPHERE | Volume 11 | Number 4

quake. From a resident’s account of tides that no longer reached as high on 
the west coast of the island following the 1880 earthquake as before the earth-
quake—and down-to-the-southeast surface displacement on a northeast-trend-
ing fault of at least 2 m (Fig. 1C)—Moore in the Supplemental File (see foot-
note 1) inferred southeastward tilting of the island during the earthquake. The 
appearance of breakers along the southwest coast of the island where none 
had appeared before (Lander, 1996, p. 46) also suggests uplift during the 1880 
earthquake. Flat-topped ridges at 6–18 m and 40–200 m inland of the storm 
berm along the northwest coast are the remains of wind-eroded dunes rather 
than remnants of marine terraces uplifted during prehistoric earthquakes. Be-
cause there are no other reports of strong earthquake effects and a regional 
tsunami was not recorded, the 1880 earthquake probably occurred on an upper 
plate fault near Chirikof Island, possibly producing the prominent reverse-fault 
scarp reported in 1962 by Moore (in the Supplemental File [see footnote 1]; 
Davies et al., 1981; Lander, 1996; e.g., Liberty et al., 2013).

Observations at Southwest Anchorage are consistent with subsidence in 
the twentieth century, but rates of apparent subsidence prior to GPS observa-

tions that began in 1995 (Fournier and Freymueller, 2007) have not been accu-
rately measured. The strongest evidence of subsidence is the inland migration 
of the crest of the storm-beach berm at Southwest Anchorage, which we infer 
was caused by relative sea-level rise during gradual subsidence. The 2010 crest 
is tens of meters inland of the berm crest mapped on 1952 air photographs, 
and the 2010 crest partially covers an older, lower berm crest composed of 
rounded cobbles derived from bedrock exposed in sea cliffs to the southeast 
(Fig. 2; Fig. S1 and Saltonstall and Steffian in the Supplemental File [see foot-
note 1]). Comparison of photographs of Southwest Anchorage in 1963, 2010, 
and 2013 shows significant erosion of the area behind the storm berm since 
1963, but the distance that the berm has migrated inland is difficult to estimate 
from the photographs.

Comparison of 1952 air photos with recent imagery of the east coast of 
Chirikof Island shows tens of meters of cliff retreat and 30–60 m of westward 
migration of the storm berm that is consistent with island subsidence (Fig. S2 
in the Supplemental File [see footnote 1]). A smooth, sandy, 100-m-wide beach 
on the east coast, on which twin-engine aircraft landed from the late 1940s 
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into the 1970s (Keithahn, 1962; Long, 1975; Chaffin et al., 1983; Fields, 2000; 
Saltonstall and Steffian in the Supplemental File [see footnote 1]), is now less 
than a few tens of meters wide and is rocky and covered with debris. Perhaps 
an increased intensity of storms, higher wave heights, or changes in marine 
currents aided cliff retreat and landward migration of storm berms (e.g., Allan 
and Komar, 2006), but we doubt if only hydrographic factors can fully account 
for such shoreline changes.

Primary Study Sites

Our primary study sites are two small valleys at Southwest Anchorage 
(Figs. 2 and 3). Key selection criteria were that the sites be high enough (7–
15 m) and/or far enough inland (500–700 m) to exclude deposition of sand 

during storm surges, and low enough that they would be inundated by high 
tsunamis traveling inland from the beach. Although we have no storm-surge 
or wave-height measurements from Chirikof Island, we infer that both sites are 
too high and too far inland for storm waves to have deposited sand beds at the 
sites with sea level near its present position (discussed in the following). We 
also chose sites underlain by at least 4 m of freshwater peat in which sand beds 
deposited by tsunamis should be distinct.

Our Tsunami Ramp site is a 100 m by 500 m gently sloping basin covered 
with muskeg and bog vegetation (list of common plant species in Table S1 
in the Supplemental File [see footnote 1]). Low dunes front the south lip of 
the  basin at 13 m elevation ~180 m inland from the modern storm berm. No 
streams enter the basin, which has a drainage area of <0.4 km2. More than 
two-thirds of the Tsunami Ramp basin drains into adjacent West Lake through 
a small stream near the basin’s northeast corner.
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Our Drained Lake site is a 150-m-long alluvial fan covered with  muskeg 
vege ta tion that gently slopes from 5 to 15 m between the mouth of a 
<10-m-wide stream valley and the shorelines on the southeast edge of Drained 
Lake basin ~550 m inland from the ocean beach (list of common plant species 
in Table S1 in the Supplemental File [see footnote 1]). The drainage basin is 
small (<0.4 km2) and the steep sides (30°–40°) of the V-shaped stream valley are 
well stabilized by vegetation.

Reconnaissance Sites

We also briefly explored stratigraphy at two reconnaissance sites: (1) the 
Belliger ent Bull site ~1.5 km inland in the valley of Drained Lake basin (site B, 
Fig. 2), and (2) in a 600-m-long, southwest-facing valley, the site of the most 
recently occupied cattle ranch on the island called New Ranch (Fields, 2000; Fig. 
1B). The Belligerent Bull site consists of the distal parts of gently sloping fans 
(7–10 m elevation), covered with muskeg vegetation like that at the Drained Lake 
site, on either side of a small intermittent stream that flows into the Drained 
Lake basin. At New Ranch valley, ~2.3 km south of the Drained Lake site (Fig. 
1C), a stream meanders across the 250-m-wide valley floor of marshy meadows 
at ~6–10 m elevation. A sandy, cobbly storm berm, 2–4 m high with 2–3-m-high 
dunes behind it, protects the valley from all but the highest storm waves.

IDENTIFYING TSUNAMI DEPOSITS

Following many studies of Holocene tsunami deposits (e.g., Smith et al., 
1983; Minoura and Nakata, 1994; Nanayama et al., 2003; Witter et al., 2009; 
Chagué-Goff et al., 2012; Sawai et al., 2012), we explored the Tsunami Ramp 
(site T) and Drained Lake (site D) sites for potential tsunami deposits (potential 
deposits consist of probable and possible deposits, as discussed in the follow-
ing) with handheld gouge (25 mm diameter) and Russian (50 mm diameter) 
corers (methods reviewed by Nelson, 2015; Fig. 3). A few reconnaissance cores 
were described 1 km northeast (Belligerent Bull site) and 2.4 km south (New 
Ranch valley) of the Drained Lake site (Figs. 1B and 2). The small valleys that 
we cored lacked exposures and high water tables in valley sequences of fresh-
water peat precluded hand-dug pits. The wettest, windiest August weather in 
decades prevented more detailed sampling and investigation of more widely 
distributed sites.

General descriptions of cores were made in the field (Tables 1 and 2); de-
tailed lithologic descriptions of cores returned to the laboratory followed the 
system of Tröels-Smith (1955; e.g., Nelson, 2015). Macroscopic laboratory de-
scriptions were confirmed through examination of 74 smear slides, grain-size 
analysis of 58 samples of sandy beds (Table S2 in the Supplemental File [see 
footnote 1]), and CT (three-dimensional computer tomography) X-ray scans 
(methods of Rothwell and Rack, 2006; Davies et al., 2011) of selected segments 
of cores T11 and D8. We used these data to correlate sandy and silty lithofacies 

in transects of cores along the axes of the Tsunami Ramp and Drained Lake 
sites (Figs. 4 and 5) and dated many of the beds with 37 radiocarbon ages 
( Table 3; Table S3 in the Supplemental File [see footnote 1]).

The characteristics of modern and Holocene tsunami deposits have been 
extensively reviewed (e.g., Dawson et al., 1991; Minoura and Nakaya, 1991; 
Hemphill-Haley, 1996; Dawson and Shi, 2000; Dominey-Howes et al., 2006; 
Morton et al., 2007; Shiki et al., 2008; Bourgeois, 2009; Apotsos et al., 2011; 
Szczuciński et al., 2012). Although some characteristics are common to many 
tsunami deposits, most deposit characteristics are strongly dependent on site 
geomorphology and sediment sources. Distinguishing between sand beds de-
posited landward of the shore during the largest storms and by tsunamis can 
be problematic at some sites, although general discriminating criteria were 
proposed (Nanyama et al., 2000; Witter et al., 2001; Goff et al., 2004; Tuttle 
et al., 2004; Kortekaas and Dawson, 2007; Morton et al., 2007; Switzer and 
Jones, 2008). Multiple lithologic, stratigraphic, and site geomorphic criteria, 
commonly supported by paleontological, geochemical, anthropological, or his-
torical analog data, are required to show deposition by a tsunami (Peters and 
Jaffe, 2010; Goff et al., 2010; Szczuciński et al., 2012; Chagué-Goff et al., 2015).

We use the following field-based lithologic and stratigraphic characteris-
tics to infer a tsunami or non-tsunami genesis for potential tsunami deposits: 
lithology; degree of sorting; internal structures, such as fining-upward beds, 
multiple laminae, or clasts of mud or peat; sharpness of contacts; uniformity in 
bed thickness; and lateral and elevational extent of beds. Relying primarily on 
these field-based criteria, we describe the characteristics of each silty to sandy 
lithofacies (bed) at each site and then infer a (1) probable tsunami, (2) possible 
tsunami, or (3) non-tsunami genesis for each bed, as shown in Tables 1 and 2. 
All beds from both sites are labeled with consecutive letters in sequence from 
youngest to oldest (A to e′, Tables 1 and 2; Figs. 4 and 5). Uppercase letters 
indicate probable tsunami beds; lowercase letters indicate possible tsunami 
beds. Labels for beds that we do not interpret as possible tsunami deposits are 
in lowercase italics. We then compare our inferences about bed genesis based 
on stratigraphic and grain-size data with diatom assemblage and geochemical 
data for lithofacies from one core at each site to determine the extent to which 
the diatom and geochemical data confirm a marine source for potential (prob-
able and possible) tsunami deposits (Figs. 4–8; Table S2 in the Supplemental 
File [see footnote 1]). We defer discussion of possible alternative processes of 
deposition until after our summary of the evidence.

Lithofacies Description and Genesis

Tsunami Ramp Site

Lithofacies exposed in 10 cores along the axis of the Tsunami Ramp basin 
(site T) consist of thin beds of sandy or silty sediment within a sequence of 
3–5 m of freshwater peat (Figs. 3A and 4). Probable and possible correlations 
of these beds show that only five beds extend across much of the long axis 
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of the basin. Slight downcore differences in peat color and density, some of 
which are correlative among 2–5 cores, suggest periods of relative dryness, 
but no well-developed soil horizons were identified. CT X-ray scans (e.g., 
Fig. S3 in the Supplemental File [see footnote 1]) show that peat density 
increases gradually with depth, consistent with autocompaction of the peat 
(e.g., Brain et al., 2011).

We found only two field-identifiable tephra beds in the Holocene sequence 
at the Tsunami Ramp site, identified by their pale tan and orange colors and 

abundance of elongate, angular glass and mineral silt grains (tephra beds 1 
and 2; Figs. 4 and 6; Fig. S3 in the Supplemental File [see footnote 1]). We used 
the tephra beds only for stratigraphic correlation of Tsunami Ramp cores with 
cores at the Belligerent Bull site (Fig. 2; Fig. S3 in the Supplemental File [see 
footnote 1]); we did not use them for dating. Geochemical analyses of tephra 
silt fractions (Table S4; Fig. S4 in the Supplemental File [see footnote 1]) and 
possible correlations of tephra beds 1 and 2 with other Aleutian tephra are 
discussed in the Supplemental File (see footnote 1).

TABLE 1. CHARACTERISTICS OF CORRELATED SANDY OR SILTY BEDS IN CORES FROM THE TSUNAMI RAMP SITE (SITE T)

Bed 
label and 
genesis1

Correlative
depth in 
core T11

(cm)

Identified 
in core (T) 
numbers Range in lithology2

Mean 
grain-size 

distribution3

Thickness range 
(mean ± standard 

deviation)4

(mm)

Lateral
extent5

(m)

Elevation 
reached 

(m)

Distinctness 
of bed

(number of 
laminae)6 

Upward
grading

Sharpness
of contacts 

upper/lower7

(mm) Comments

j 75 11, 6 slightly sandy peat — 2–70 25 13.8 less distinct 5/5 Sandy peat lithology suggests that this bed does not 
correlate with a distinct gray silty bed at 12.9 m 
elevation in core T2.

v 118 5, 6, 11, 
1, 8

silty peat to sandy peat 
to sand

— 5–21 279 13.5 indistinct 2/3

W 123 10, 1, 8, 5, 
7, 11, 6

silty peat to silt over sand 4.21 3–20 (8 ± 5) 375 13.5 indistinct (2) normal 1/1* Two 1– 2-mm-thick laminae; correlation to core T10 
uncertain because bed v is not present in core T10.

X 128 5, 7, 11, 1 clean sand over slightly 
silty sand to silty peat

3.91 8–22 (15 ± 5) 254 13.4 indistinct (2) inverse 2/2

Y 133 10, 3, 2, 
1, 9, 8, 5, 
7, 11, 6

clean sand 3.57–3.80 (2) 5–30 (14 ± 6) 375 13.4 distinct (2) normal 2/1* Several characteristics typical of tsunami deposits, such 
as silt rip-up clasts in clean sand, distinct laminae, 
and normal upward grading. 

z 170 9, 6, 11, 1 slightly silty peat to peaty 
silt

— 20–40 (30 ± 7) 235 12.7 indistinct 6/1 Light colored bed; 5YR color suggests silt may be 
reworked from tephra 1 or a similar tephra.

a′ 176 8, 9, 6, 
11, 1, 10

slightly silty peat to slightly 
peaty silt

— 3–20 (12 ± 6) 375 12.7 indistinct 2/2 Light colored bed; 5YR color suggests silt may be 
reworked from tephra 1 or a similar tephra.

b′ 192 1, 8, 9, 10 slightly silty peat to peaty 
sandy silt

— 3–41 (20 ± 12) 183 12.5 less distinct 2/1 Light colored bed with more distinct contacts than beds 
z and a′; 5YR color suggests silt may be reworked 
from tephra 1 or a similar tephra.

C′ 224 10, 3, 2, 
1, 9, 8, 5, 
7, 11, 6

sandy silt over sand 4.25–6.11 (38) 25–220 (106 ± 52) 375 12.5 distinct (2) normal 3/1* The thickest and most distinct tsunami deposit found; 
pronounced upward grading from fine sand to silt 
(Fig. 7). 

d′ 265 5, 7, 6, 
11, 8

silty peat to sand to silt — 2–40 (11 ± 14) 192 12.1 distinct 3/1* Light gray color and silty to sandy lithology suggest 
deposition in quiet water.

e′ 293 10, 1, 5, 6, 
7, 8, 11

silty sand to clayey silt 3–110 (33 ± 38) 200? distinct (2) 2/0.5* Early postglacial(?) pond deposits derived from silty 
diamicton; 2 mm clayey silt laminae present in some 
cores; 3–5-cm-thick peaty silt beds in others.

1Bed labels are consecutive letters from youngest to oldest at both the Tsunami Ramp and Drained Lake sites. Uppercase letters label beds having distributions and characteristics that strongly suggest deposition by a tsunami; 
lowercase letters show possible tsunami deposits. Labels for beds that we do not interpret as tsunami deposits are shown in lowercase italics. Beds identified in only one core (beds in T4, T2, and just above bed C′ in T10, Fig. 4) 
are not listed. We examined smear slides of all beds and diatom samples from all beds except bed v.

2Range in dominant lithology of bed in correlated cores. In most beds sand size is very fine sand, ranging to fine sand for beds W, X, and in the lower part of bed C′.
3Range in Folk and Ward (1957) mean grain-size (phi units) for analyzed samples (number of samples in parentheses). Dash indicates that no samples were analyzed from this bed.
4Mean thickness and one standard deviation for beds in three or more cores. Large standard deviations show large variability in thickness for most beds.
5Distance between most widely spaced cores in which bed is identified.
6Distinctness based on sharpness of contacts, contrast in lithology with underlying and overlying peat, and contrast in Munsell color hues and values. Number of internal laminae in bed (in parentheses) as observed in the field, 

in photographs, or in three-dimensional X-ray scans of core T11.
7Average of measurements on the most distinct beds (sharpest contacts), mostly from photographs (*indicates lower contact sharpness of 0.5 mm in at least one core).
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TABLE 2. CHARACTERISTICS OF CORRELATED SANDY OR SILTY BEDS IN CORES FROM THE DRAINED LAKE SITE (SITE D)

Bed  
label and  
genesis1

Depth in  
core D8

(cm)

Identified  
in core D  
numbers Range in lithology2

Mean  
grain-size 

distribution3

Thickness range 
(mean ± standard 

deviation)4

(mm)

Lateral
extent5

(m)

Elevation 
reached 

(m)

Distinctness  
of bed6

(number of  
laminae) 

Upward
grading

Sharpness
of contacts

upper/lower7

(mm) Comments

A 14 3, 2, 8, 1, 7 clean sand to slightly 
silty sand

2.23–2.36 (3) 4–44 (27 ± 11) 100 9.8 distinct 2/1 Mixed with upper and lower peat in core D1.

b 17 3, 2, 8, 1 slightly silty sand to sand — 5–16 (12 ± 5) 55 8.3 less distinct 2/2 Greater mixing of sand with upper and lower peat than in bed A.
C 28 3, 2, 8, 1, 7 clean sand to peaty sand — 8–18 (14 ± 4) 100 9.6 distinct 2/2 Mixed with upper and lower peat in cores D3 and D7.
D 43 3, 2, 8, 1, 

7, 6, 4, 5
clean sand to sandy silt 

over sand
— 8–33 (16 ± 8) 265 14.8 distinct normal 1/1 Thickness including overlying sandy silt in highest core D5 is 

65 mm.
E 52 2, 8, 1, 7 slightly silty sand to 

peaty sand
— 8–25 (16 ± 9) 70 9.4 indistinct 4/3 More distinct near base of section of peaty sand; may correlate 

with similar bed in similar stratigraphic position in core D5.
f 79 8, 2 sand to peaty sand to 

sandy peat
— 8–25 (18 ± 9) 21 7.5 distinct (2) 8/6 Distinct sand bed in cores D8 and D2; may correlate with 

similar bed in similar stratigraphic position in core D5.
g 120 2, 8, 7, 6 sand to peaty sand — 3–135 (43 ± 62) 106 9.9 distinct 2/1 Bed within thick section of peaty sand; less distinct in core D6; 

may correlate with similar bed in similar stratigraphic position 
in highest core D5.

H 175 3, 2, 8, 7, 
6, 4, 5

clean sand to silty sand 1.98–2.23 (3) 5–40 (22 ± 13) 265 13.7 distinct inverse,
normal

2/2 Distinct in all listed cores.

I 208 3, 2, 8, 1, 
7, 6, 4, 5

clean sand to peaty sand — 8–110 (34 ± 37) 265 13.2 distinct 2/2 Distinct in all listed cores.

K 220 8, 1, 7, 6 clean sand to peaty sand 
to silty peat

— 4–28 (11 ± 12) 85 8.5 distinct 2/1 Within section of silty peat in core D8.

l 273
(core 7)

6, 7 silty sand — 14–50 34 — distinct 3/2 Bed sharply overlies fibrous peat in both cores; silt and clasts in 
sand suggest fluvial origin.

m 260 3, 2, 8 sand and peaty sand — 5–20 51 5.6 less distinct (3) 2/1 5-mm-thick laminae of slightly deformed clean sand; 
deformation possibly due to melting of snow beneath bed of 
wind-blown sand deposited in winter.

N 290 3, 2, 8, 1, 
7, 6, 5?

clean sand to sandy 
silt to gravelly sandy 
diamicton

0.87 25–147 (67 ± 42) 265 12.8 distinct normal 2/1 Correlation of clean sand with peaty sandy silt or gravelly sandy 
diamicton in cores D7 and D6 suggests it is contemporaneous 
with a debris-flow deposit in higher cores.

O 296 3, 8, 1, 7 clean sand to peaty sand — 3–78 (25 ± 31) 100 6.4 distinct (2) 1/1 Two 5-mm-thick clean sand laminae in sandy peat section in 
core D8; may correlate with similar bed in similar stratigraphic 
position in highest core D5.

P 312 3, 2, 8, 1, 7 clean sand to peaty sand — 8–102 (34 ± 35) 100 6.0 distinct 2/2 One thick sand bed in one segment and two thinner sand beds 
in a second overlapping segment of core D8; may correlate 
with similar bed in similar stratigraphic position in core D5.

Q 322 3, 2, 8, 1, 7 clean sand to peaty sand — 7–69 (42 ± 25) 100 6.0 distinct (2) normal 3/1 Upper 10 mm of bed fines upward; peat clasts in sand in 
core D8.

R 351 3, 2, 8, 
1, 7, 6

clean sand 2.24–4.03 (6) 3–64 (40 ± 21) 136 6.6 distinct normal 2/1

S 356 8, 1, 7, 6 clean sand 1.55–2.22 (3) 18–55 (35 ± 19) 85 6.5 distinct normal 2/1 Similar to bed R.
t 370 2, 8 clean sand to peaty sand — 12–90 21 4.5 distinct 2/2 Similar to beds P and Q; not inferred to be probable tsunami 

deposit because it is found in only two cores.
u 381 8, 1, 6 clean sand to peaty sand — 8–65 (27 ± 24) 85 6.3 distinct 1/3 Similar to beds P and Q; not inferred to be probable tsunami 

deposit because it is found in only three cores.

1Bed labels are consecutive letters from youngest to oldest at both the Tsunami Ramp and Drained Lake sites. Uppercase letters label beds having distributions and characteristics that strongly suggest deposition by a tsunami; lower-
case letters show possible tsunami deposits. Label for bed l, which we do not interpret as a tsunami deposit, is shown in lowercase italics. Beds identified in only one core (at least 12 beds in core D5, and 1–3 beds in D6, D7, and D2) 
are not listed. We examined smear slides from listed beds and diatom samples from all beds except l and m.

2Range in lithology of beds in correlated cores. Sand size is fine to very fine sand, with more fine sand and minor medium sand in better sorted beds.
3Range in Folk and Ward (1957) mean grain-size (phi units) for analyzed samples (number of samples in parentheses). Dash indicates that no samples were analyzed from this bed.
4Mean thickness and one standard deviation for beds in three or more cores. Large standard deviations show large variability in thickness for most beds.
5Distance between most widely spaced cores in which bed is identified.
6Distinctness of bed based on sharpness of contacts, contrast in lithology with underlying and overlying peat, and contrast in Munsell color hues and values. Number of internal laminae in bed (in parentheses) as observed in the field, 

in photographs, or in three-dimensional X-ray scans of core D8.
7Average of measurements on the most distinct beds (sharpest contacts), mostly from photographs (*indicates lower contact sharpness of 0.5 mm in at least one core).
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Figure 4. Correlation of 10 axial cores at the Tsunami Ramp site. Core T4, off the axis of the basin on its southeast flank (Fig. 3A), reached till at a shallow depth. Russian cores (5 cm diameter; wide 
columns in figure) and gouge cores (2.5 cm diameter; narrow column at base of core T2) were described and photographed in the field. Cores T1, T11, and the lower part of core T10 were described 
and sampled in detail in the laboratory. Bed labels as in Table 1. Accelerator mass spectrometer 14C ages are the mode of the calibrated probability age distribution rounded to the nearest century 
(Table 3). MLLW—mean lower low water.
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TABLE 3. SUMMARY OF 14C DATA FOR SAMPLES FROM FRESHWATER PEAT IN CORES D8, D9, T1, T10, AND T11

Core and OxCal 
bed age1 Bed label2

Calibrated age3

(cal yr B.P.; 2σ)

Laboratory 
reported age4

(14C yr B.P.)
Provenance 

interpretation5
Depth in core6

(cm) Description of dated material7 

Core T1 
4360–4105 Y 4408–4153 3845 ± 35 minimum? 268–268.5 9 charcoal(?) spheres and 1 beetle carapace from peat above 

sand.
Y 4153–3930 3710 ± 35 minimum? 268–268.5 Abraded 2-mm-diameter woody root or twig from peat above 

sand.
Y 3983–3836 3605 ± 30 minimum 270–270.5 Black 3-mm-diameter herb rhizome at base of sand.
Y 4525–4244 3950 ± 50 maximum 270.5–272 15 charcoal(?) spheres and 1 beetle carapace from peat beneath 

sand.

10,518–10,284 C′ 10,586–10,277 9280 ± 50 minimum 454–456.5 12 identified herb seeds from peat above silty sand.
C′ 10,586–10,297 9290 ± 40 minimum 454–456.5 56 Potamogeton sp. seeds from peat above silty sand.
C′ 10,515–10,248 9220 ± 50 maximum 468 Fragment of deciduous leaf, horizontal at lower contact of silty 

sand.
C′ 10,581–10,292 9280 ± 45 maximum 467–469 ~150 Sphagnum sp. stems from peat beneath silty sand.

Core T10 
C′ 10,501–10,275 9230 ± 30 minimum 468.5–469 Herb rhizome from peat above silty sand.

(bed is 1 cm C′ 10,658–10,219 9220 ± 100 maximum 479–479.5 14 Sphagnum sp. stems from peat beneath tephra 2.
above tephra 2) C′ 10,505–10,279 9235 ± 30 maximum 479–479.5 4 woody twigs with leaf scars from peat beneath tephra 2.

e′ 12,044–11,630 10170 ± 45 minimum 525–527 ~80 fragments of Sphagnum sp. stems from peat above till.

Core T11 
2115–1906 j 2106–1898 2030 ± 30 minimum? 67–70 3 oval yellow seed halves from peat above sandy peat.

j 2315–2115 2180 ± 30 maximum 76–78 Abraded fragment of herb stem from peat beneath sandy peat.

W 510–317 385 ± 35 minimum 120–122 12 Sphagnum sp. stems (submodern) and 2 beetle backs from 
peat above thin sand.

4360–4105 Y 4415–4160 3870 ± 30 maximum? 133–135 2 fragments of decayed, woody root from peat beneath peaty 
sand.

5640–5000 z 5658–5471 4840 ± 45 maximum 165–167 3 insect parts, 3 fragments of woody roots from peat above silty 
peat.

8741–7280 b′ 8856–8455 7830 ± 50 maximum 193–196 1 seed and 6 yellow seed halves from peat below silty peat.

12,405–11,469 tephra 1 12,525–12,068 10400 ± 55 maximum? 244.2–246 Decayed ring structures from herb rhizome from peat below 
tephra 1.

13,669–12,966 d′ 13,388–11,411 10,750 ± 360 maximum 267–270 One-half of yellow seed from peat below silty peat.

13,925–13,483 e′ 13,957–13,476 11,900 ± 90 minimum? 286–289 2 smooth woody stems from peat above silt.

(continued )
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TABLE 3. SUMMARY OF 14C DATA FOR SAMPLES FROM FRESHWATER PEAT IN CORES D8, D9, T1, T10, AND T11 (continued )

Core and OxCal 
bed age1 Bed label2

Calibrated age3

(cal yr B.P.; 2σ)

Laboratory 
reported age4

(14C yr B.P.)
Provenance 

interpretation5
Depth in core6

(cm) Description of dated material7 

Core D8
206–131 D 286–0 160 ± 30 minimum 43.5–45 2 herb stem bases connected to rhizome from peat below clean 

sand.
D 305–0 210 ± 30 maximum? 43.5–45 4-mm-diameter abraded woody root or twig from peat below 

clean sand.

1171–977 g 1173–981 1160 ± 30 minimum 116–118 Herb rhizome with stem bases attached from peat above peaty 
sand.

g 965–794 990 ± 40 max or min 121–123 Rhizome, beetle carapace, and seed case from peat below sandy 
peat.

2008–1833 I 1566–1353 1580 ± 50 minimum 209–211 6-mm-diameter ringed herb rhizome from peat below sandy peat.
I 1986–1825 1950 ± 30 minimum? 205–207 2-mm-diameter unabraded, smooth, root from peat above sandy 

peat.
I 2044–1743 1960 ± 50 minimum 205–207 5 Scirpus sp. seeds from peat above sandy peat.
I 2115–1949 2060 ± 25 maximum 209–211 2-mm-diameter smooth herb stem from peat below sandy peat.

2707–2385 O 2739–2492 2520 ± 25 maximum? 296–298 Fragments of coarse bark from twig or root from peat below 
sandy peat.

3176–2891 R 3355–3162 3040 ± 30 maximum 343–344 4-mm-diameter, unabraded, woody twig from peat above clean 
sand.

3243–2990 S 3320–3071 2985 ± 30 maximum? 356–358 3-mm-diameter woody twig or root from peat below clean sand.
S 3320–3075 2990 ± 30 maximum? 356–358 Casing of black herb rhizome from peat below clean sand.

3547–3372 u 3479–3367 3210 ± 30 minimum 378–380 Dark brown herb rhizome from peat above lowest sand.
u 3554–3079 3120 ± 80 max or min 378–380 1 Scirpus sp. seed, 2 seed casings, 1 beetle from peat above 

lowest sand.
Core D9

-- 3627–3448 3300 ± 35 maximum 93–95 11 oval seeds with large top pore from lowest peaty bed in core.
-- 3980–3730 3580 ± 35 maximum 92–95 1 Potamogeton sp. seed and 4 yellow oval seeds from lowest 

peaty bed.

1Core number and OxCal age intervals (cal yr B.P. at 2σ) only for beds whose age is modeled using ages in bold in column labeled Laboratory reported age. The OxCal age model (V-sequence 
analysis feature of OxCal, version 4.2; Bronk Ramsey, 2008, 2009; probability method; e.g., Kelsey et al., 2005; Goldfinger et al., 2012) uses minimum and maximum ages for sandy beds, as noted in 
column labeled Provenance interpretation, and assumes constant peat deposition rates (with 25% errors) between 14C-dated beds. Age intervals for non-14C -dated beds in Figure 11 were calculated 
using bed depths and the assumed rates of peat deposition.

2Bed labels for potential tsunamis deposits (see Tables 1 and 2). Dated bed near base of core D9 not labeled.
3Calibrated ages in solar years calculated using OxCal (version 4.2; Bronk Ramsey, 2009; probability method) with the INTCAL13 atmospheric dataset (Reimer et al., 2013). Ages show time 

intervals of >95% probability distribution at 2σ (cal yr B.P.).
4Ages reported by radiocarbon laboratory (laboratory numbers in Table S3 [see footnote 1]). Quoted errors for ages are the larger of counting error or target reproducibility error. Ages for each 

bed selected for the OxCal model (in bold) are the oldest minimum age and the youngest maximum age for samples whose stratigraphic context in column labeled Provenance interpretation is 
unambiguous.

5Interpretation of the provenance, or stratigraphic context, of the dated sample relative to the time that host peat was deposited. Maximum ages are on samples containing carbon judged to be older 
than a sandy bed; minimum ages are on samples judged younger than a sandy bed.

6Sample picked from peat at depth or depth interval in the core shown in this column.
7Description and stratigraphic context (relative to sandy bed) of submitted sample material picked from peat in Russian cores or gouge cores (Figs. 4, 5, and 9). Selection and preparation methods 

as described by Kemp et al. (2013). 
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Bed C′ is the most widespread and has the most distinct characteristics typi-
cal of tsunami deposits of any of the sandy to silty lithofacies studied (Table 1; 
Figs. 4 and 6; Fig. S3 in the Supplemental File [see footnote 1]). The bed rises 
landward from 9 m to 12.5 m, is thicker than other sandy and/or silty beds in 
the 10 axial cores, consistently fines upward from silty very fine sand to silt 
(Fig. 7; Table S2 in the Supplemental File [see footnote 1]), and has very sharp 

(0.5–1 mm thick), planar to irregular lower contacts in all cores, suggesting ero-
sion of underlying peat or tephra. The massive structure and consistent upward 
grading of this 55–220-mm-thick bed indicate suspension deposition from  water 
with high concentrations of coarse and medium silt. Smear slides from bed C′ 
show an abundance of silt-sized angular glass and mineral grains reworked 
from underlying tephra 2 (Fig. Sda9 in the Supplemental File [see footnote 1]). 

Core
T11

Group 1
Group 2
Group 3

Few to no diatoms

Few to no diatoms* no diatoms over 40 µ long

no diatoms over 40 µ long

Few to no diatoms

*
*

no diatoms over 40 µ long

Few to no diatoms* no diatoms over 40 µ long

DIATOM EXPLANATION

W
X

Y

v

a′
b′

z

C′

d′

e′

j

tephra 1
tephra 2

Bed
s

12.3 ka

2.2 ka

4.3 ka
5.6 ka

2.0 ka

8.7 ka

12.4 ka

13.7 ka

Ages

PERCENT
0 20 40 60 80 100 0 2 40 20 40 60 80 100

0
D

E
P

TH
 (c

m
)

100

300

200

50

250

150

PERCENT
0 20 40 0 20

×1000
mg/Kg

×100,000
no. valves/g

×1000
mg/Kg

×1000
mg/Kg 

×100
mg/Kg

PERCENT
40 0 20 0 10 30 50 0 1 3 5

To
tal

 O
rga

nic
 C

arb
on

Valv
e C

on
ce

ntr
ati

on

Diat
om

 G
rou

ps

Frac
tur

ed
 Valv

es

Sod
ium

 (N
a)

Mag
ne

siu
m (M

g)

Calc
ium

 (C
a)

Stro
nti

um
 (S

r)

Probable tsunami
Possible tsunami
Freshwater peatFreshwater peat

Sandy or silty peat
Silt
Silty sand
Clean sand
Tephra deposits

LITHOLOGY 
EXPLANATION

14C age3.5 ka

Figure 6. Core T11 at the Tsunami Ramp site showing lithology, key accelerator mass spectrometer 14C ages (Table 3), and selected diatom and geochemical data for samples from the core (complete 
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planktonic genus commonly found within freshwater peat diatom flora (Crawford et al., 2003). Group 3—small, tychoplanktonic alkaliphilous taxa commonly found in shallow freshwater environ-
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Grain-size analysis of bed C′ in four cores shows that mean grain size does not 
fine landward (Fig. 7). However, the increase in thickness of bed C′ in landward 
cores T7 and T11 suggests that the primary inundation of the Tsunami Ramp 
basin was by silt-laden water flowing northeast into the present-day West Lake 
basin, and then northwest from that basin into the Tsunami Ramp basin (Figs. 
2 and 3A). The lack of fine sand—like that on the modern beach and low dunes 
just behind it (Table S2 in the Supplemental File [see footnote 1])—in bed C′ is 
consistent with inundation across a landscape blanketed with silty tephra 2.

A second, 5–30-mm-thick bed (Y) of clean very fine to fine sand also has 
multiple characteristics typical of tsunami deposits. Bed Y maintains relatively 
uniform thickness as it rises landward from 10.2 to 13.4 m (Fig. 4) and grades 
gradually upward from very fine sand to silty sand in cores T1, T2, and T6, 
probably reflecting differential settling during suspension deposition (Table S2 
in the Supplemental File [see footnote 1]). Bed Y sharply overlies peat in all 
axial cores (Table 1). Rip-up clasts in bed Y in core T7 suggest erosion of pre-
viously deposited sediment.
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Two other thin beds, just above bed Y in most cores, are probably also 
tsunami deposits. Beds X and W are less distinct with more variable lithol-
ogies than bed Y, but contacts for both beds are sharp in two-thirds of the 
cores where the beds are found (Table 1). We correlate bed W along the entire 
core transect, whereas bed X was identified only in the seven landward cores 
(Fig. 4). Normal grading from sand to silt or silty sand in beds W and X proba-
bly records suspension deposition (e.g., Morton et al., 2007; Jaffe et al., 2012).

The two youngest sandy beds (v and j, Fig. 6) at the site may or may not 
have been deposited by tsunamis. Bed v is lithologically similar to bed W, but 
with more gradational contacts, probably due to root mixing. As shown on CT 
X-ray scans, the 15–20 mm of peat in cores T5, T8, and T11 that separates each 
of these four closely spaced beds (Y, X, W, and v) from each other shows that 
the beds record four separate events decades apart (at rates of peat deposition 
discussed in the following). Bed j was found in too few cores (T11, T6) to infer 
its genesis.

Three beds of silty peat to peaty very fine sandy silt found in three to four 
cores are probably not tsunami deposits. Bed S has sharp lower contacts 
in cores T8 and T9, but CT X-ray scans of core T11 show that beds z and a′ 
have more gradational contacts than most other beds (Table 1; Fig. 6). Smear 
slides from these three beds reveal an abundance of elongate, angular, silt-
sized grains, many of which are glass. Because these beds have the same or-
ange hues (Munsell 5YR) as tephra 2, they probably contain reworked tephra 
( Table 1), perhaps from now-buried outcrops of tephra 2 along the northeast 
edge of the Tsunami Ramp basin.

The oldest possible tsunami deposit, bed d′, was correlated among the five 
landward cores (Table 1; Figs. 4 and 6). Although of variable silty lithology, its 
light gray color, massive structure, and sharp lower contact in four cores sug-
gest suspension deposition.

Beds of clayey to sandy silt a few centimeters thick cap silty diamicton 
near the base of half the axial cores. Based on 14C ages from cores T10 and T11 
(Fig. 4; Table 3) the silty beds are pre-Holocene; we infer that they are proglacial 
or immediately postglacial pond or lake deposits rather than tsunami deposits.

Drained Lake Site

Lithofacies exposed in a transect of 8 cores along the axis of a gently slop-
ing (6–16 m elevation), 150-m-wide, peat-covered alluvial fan at the Drained 
Lake site (site D), on the east edge of Drained Lake basin, consist of thin sandy 
beds within a sequence of 3–4 m of freshwater peat (Figs. 2 and 3B). Radio-
carbon ages date the peat sequence to the past 3500 yr (Fig. 5; Table 3; Table 
S3 in the Supplemental File [see footnote 1]). In contrast to most beds at the 
Tsunami Ramp site, beds at the Drained Lake site largely consist of fine to 
very fine sand; the most well-sorted beds contain more fine than very fine 
sand and minor amounts of medium sand (Table 2). Grains are mostly equi-
dimensional quartz, feldspar, and rock fragments, with few of the elongate, 
silt-sized grains common in beds at the Tsunami Ramp site. The mean grain 

size of most Drained Lake sand beds is similar to sand from the modern beach 
and dunes 600–700 m to the southwest (Fig. 2), but core samples are less well 
sorted ( Table S2 in the Supplemental File [see footnote 1]). With a few excep-
tions where upper and lower parts of sand beds are mixed with peat, upper 
and lower contacts are sharp to very sharp (usually 1–3 mm; Table 2). Contacts 
of the few silty (usually peaty) beds are more gradual. No tephra beds were 
identified at the Drained Lake site.

Based on our correlations (Fig. 5), 28 sandy to silty beds, potentially de-
posited by tsunamis, were identified in transect cores at the Drained Lake site. 
Sandy beds that could not confidently be correlated to at least one other core 
were not considered further, leaving 20 beds (Table 2). Most of the uncorrelated 
beds were in the highest core (D5), collected where the canyon that feeds the 
fan widens (Fig. 3B). Although the well-sorted sand in some of the core D5 
beds suggests that they are potential tsunami deposits, the poor sorting and 
angular clasts in others point to transport from higher elevations and deposi-
tion by streams or debris flows. Based on the distribution and distinctness of 
characteristics typical of tsunami deposits (Table 2), we group the remaining 20 
beds into probable tsunami deposits (13), possible tsunami deposits (6), and 
non-tsunami deposits (1; Table 2; Figs. 5 and 8).

The nine most extensive probable tsunami deposits (uppercase letter 
 labels in Table 2; Fig. 8) have characteristics similar to those of tsunami de-
posits described from peat or soil sequences landward of sandy beaches (e.g., 
Dawson and Smith, 2000; Gelfenbaum and Jaffe, 2003; Bourgeois et al., 2006; 
Jankaew et al., 2008; MacInnes et al., 2009; Sawai et al., 2012; Szczuciński et al., 
2012), where sheets of clean sand less than a few centimeters thick can be 
mapped for hundreds of meters inland. Beds D, H, I, and N rise 7–8 m along the 
265 m length of the core transect; even the deepest beds of this group, found 
only in a few cores, extend at least 100 m (Fig. 5). In most cores, these distinct 
beds consist of clean, well-sorted very fine to fine sand at least 10 mm thick 
with very sharp to sharp contacts. We noted normal fining-upward grading in 
six of nine beds (Table 2). In core D5, the fine sand of bed D grades upward 
into sandy silt, reaching a thickness of 65 mm at an elevation of 15 m. Based 
on its stratigraphic position, the clean sand of bed N in cores D2, D3, and D8 
correlates with gravelly silty sand in core D6 and a silty diamicton in core D7; 
the poor sorting and angular clasts in the correlative beds in these latter cores 
suggest that the beds are stream and debris-flow deposits contemporaneous 
with deposition of sand by a tsunami. Another 4 less extensive probable tsu-
nami deposits (beds E, K, O, and S; Table 2; Fig. 8) are sandy with generally 
sharp contacts, but they correlate among only 4 of the 8 cores and do not rise 
above 10 m. Relative to the more extensive beds of this group, these less ex-
tensive beds tend to be siltier and more are mixed with peat.

We label six other beds (b, f, g, m, t, and u) of sand to peaty sand as possi-
ble tsunami deposits because they contain a higher proportion of peat in some 
cores than the beds discussed above and/or are found in too few cores (only 
two to four) to fully evaluate. The silty texture, poor sorting, and angular clasts 
in bed l in cores D6 and D7 suggest that the bed was deposited by a stream 
rather than a tsunami.
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Figure 8. Core D8 at the Drained Lake site showing lithology and optically stimulated luminescence and key accelerator mass spectrometer 14C ages (see Tables 3 and 4), and selected diatom and 
geochemical data for samples from the core (complete data in Supplemental File [see footnote 1]). Bed labels as in Table 2. Diatom samples were analyzed from sand beds and adjacent peat. Dia-
toms are grouped according to their preferred habitat. Group 1—benthic diatoms commonly found in acidic, freshwater peat bogs (e.g., Rühland et al., 2000). Group 2—four species of Aulacoseira, a 
freshwater planktonic genus commonly found within freshwater peat diatom flora (Crawford et al., 2003). Group 3—small, tychoplanktonic alkaliphilous taxa commonly found in shallow freshwater 
environments (Brugam and Swain, 2000; Tingstad et al., 2011). Colors of bars in the Fractured valves column show the lithology of diatom sediment samples. Colors of bars showing geochemical 
analyses on the right indicate samples from probable and possible tsunami deposits (Table 2) and peat.
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Potential tsunami deposits were not identified in core D9 below the 
5–6-m-high shorelines, 130 m northwest of core D3 (Fig. 3B). After many at-
tempts to core through resistant sand, we recovered only 0.5 m of fine, well-
sorted sand overlying 0.5 m of interbedded peaty silt, silty peat, and fine sand 
(Fig. 9). The grain-size distribution of sand in the upper half of the core is very 
similar to a sample from low dunes 400–500 m to the southwest (Table S2 in 
the Supplemental File [see footnote 1]). Stratigraphy in several cores at the site 
of D9 is too inconsistent to correlate the sandy beds of core D9 with those of 
the core transect to the east. Based on the wide distribution of modern sand 
deposits in Drained Lake basin, at least the upper sand beds in core D9 are 
probably wind and stream deposits reworked by the shallow lakes and ponds 
that have occupied the basin.

Diatom assemblages of samples from core D9 are dominated by fresh water 
species typical of shallow lakes, peat bogs, and muskeg (Fig. 9). However, two 
sand samples and one of mud contain significant (15%–25%) numbers of spe-
cies of the genus Cocconeis and small numbers (<1% relative abundance) of 
the brackish-water species Tryblionella debilis and Surirella brebissonii (small 
Cocconeis species group in Fig. 9; Tables Sda1 and Sda2 and Fig. Sda3 in 
the Supplemental File [see footnote 1]). These salt-tolerant benthic species, 
common in tidal environments (e.g., Hemphill-Haley, 1995), have also been re-
ported from lakes. Their presence in core D9 with the absence of other species 
typically found in brackish estuaries or lagoons may reflect infrequent tidal 
inundation of the former lake in Drained Lake basin.

Reconnaissance Sites

Field descriptions and photographs of 3 gouge cores at the Belligerent Bull 
site, 1.5 km inland at an elevation of 7–10 m (site B, Fig. 2), show a 3-m-thick 
upper sequence of sandy and silty beds in freshwater peat, much like the se-
quence in cores D1 to D3 at Drained Lake, and a lower 1.3-m-thick sequence of 
beds that closely matches that in the lower meter of core T11 at Tsunami Ramp 
(composite section in Fig. 10). Sandy beds correlate well in the 3 cores to 
a depth of 2.4 m, where core B1 stops. The section from 2.4 to 3.1 m in core 
B2 is missing in core B3, suggesting an erosional unconformity. The thick fin-
ing-upward sandy silt described in core T11 (Fig. 7; Fig. S3 in the Supplemental 
File [see footnote 1]; bed C′ in Table 1) is 8 and 14 cm thick in cores B2 and 
B3, respectively, where it overlies tephra 2. Below tephra 2, core B3 contains 
a 20-mm-thick orange silty bed that is probably tephra 1 and a 130-mm-thick 
fining-upward silty sand at its base. Core B3 extends stratigraphically 0.6 m 
below core B2, but core B3 is 2–3 m higher and its section is compressed rela-
tive to the other cores.

At New Ranch valley (Fig. 1C), 4 gouge cores spaced along the axis of the 
valley at ~7–10 m showed 0.5–1 m of freshwater peat, overlying 0.1–0.3 m of 
peaty mud and/or mud, overlying clean medium to fine sand at 0.5 m to 1.5 m 
depths. The basal sand may be tidal or perhaps contemporaneous with the 
vegetated dunes on the margins of the valley. In a middle valley core, 2 sand 

beds are found within the peat: a 4-cm-thick, fining-upward silty sand at 15 cm 
depth, and a 2-cm-thick clean sand at 35 cm. Silty sand beds at 0.2–0.3 m in 2 
other cores may correlate with the younger of the 2 sand beds in the middle 
core. Because well-sorted sand lies beneath the valley floor, the sand beds 
may have been deposited in the channel of the small stream as well as by tsu-
namis spreading beach or dune sand across the valley floor. Despite the south-
west orientation of this small valley, the height of the valley floor and the berm 
and dunes at its mouth (which may have been higher and more continuous in 
the past) apparently prevented most tsunamis from depositing extensive sand 
beds in the valley.

Attempts to Confirm a Marine Source for Potential Tsunami Deposits

Diatom Analysis

The presence of diatoms typical of marine or brackish-water environments 
is usually an unambiguous indicator of marine inundation (Dawson et al., 
1996; Hemphill-Haley, 1996). When assemblages contain significant percent-
ages of marine or brackish-water diatoms mixed with species that prefer fresh-
water environments, particularly at sites beyond the reach of storm waves, 
deposition by tsunamis is the best explanation for assemblage composition 
(e.g., Hemphill-Haley, 1995; Hutchinson et al., 1997; Nelson et al., 2008; Sawai 
et al., 2009; Goff et al., 2012; Chagué-Goff et al., 2015). Studies of modern tsu-
nami deposits have shown, however, that marine diatoms may be so diluted 
by nonmarine diatoms that no marine taxa can be identified. Sources of the 
nonmarine diatoms include the freshwater to brackish-water environments of 
plains, lakes, and river channels that a tsunami traverses inland of the shore. 
For example, no marine and few brackish-marine diatoms were observed in 
sandy beds laid down on the Sendai plain by the Tohoku-Oki tsunami of 2011 
(Szczuciński et al., 2012). Grain-size analyses of the Tohoku beds showed that 
within 1 km of the coast, tsunami deposits were derived mainly from the beach 
and coastal dunes, and because coastal sediments contained few diatoms, the 
tsunami-deposit assemblages were composed of mostly brackish-water and 
freshwater species sourced from the coastal plain.

Our analysis of diatoms in selected samples from potential tsunami 
deposits and adjacent peat at the Tsunami Ramp (cores T11 and T1) and 
Drained Lake (cores D8 and D9) sites found abundant freshwater and fresh-
water–brackish water taxa, very few brackish-water taxa, and no marine taxa 
(Figs. 6, 8, and 9; tables and figures in the Diatom Appendix (da) part of the 
Supplemental File [see footnote 1]). We used standard diatom preparation 
methods (Charles et al., 2002; e.g., Atwater and Hemphill-Haley, 1997; Sawai 
et al., 2009; additional information on methods in the Diatom Appendix in the 
Supplemental File [see footnote 1]) on 21 samples from potential tsunami 
deposits and 11 from adjacent peaty sediment. We identified 120 species 
in counts of >200 diatom valves per sample at high magnification (1000×) 
with reference to Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b).  
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Figure 10. Composite stratigraphic section  constructed 
from field descriptions and photographs of 3 gouge cores 
at the Belligerent Bull site spaced 50–120 m apart (Fig. 2). 
No 14C ages or other analyses are available for this site. 
Labels next to some beds show probable correlations of 
distinctive beds in the youngest and oldest parts of the 
section with beds at the Tsunami Ramp and Drained Lake 
sites, assuming similar rates of peat deposition (Tables 1 
and 2). Although the elevation of this site (~7–10 m) and 
the lithology of beds in the central two-thirds of the sec-
tion suggest that many beds may correlate with beds at the 
Drained Lake site, we have too little information from this 
site to support additional correlations. (A photograph of a 
probable correlative of bed C′ in core B3 is shown in Figure 
S3 in the Supplemental File [see footnote 1].)
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Ecological classifications of diatoms were based on their salinity preference 
and life form following Krammer and Lange-Bertalot (1986, 1988, 1991a, 
1991b), Vos and de Wolf (1988, 1993), Denys (1991), Hartley et al. (1996), and 
Shennan et al. (2007, 2010). In addition, we scanned diatom slides at low mag-
nification (400×) to determine whether diatoms were fractured during turbu-
lent flow (e.g., Witter et al., 2009).

To facilitate paleoecological interpretation, we grouped diatoms based on 
their preferred habitat. Group 1 includes benthic diatoms commonly found in 
acidic, freshwater peat bogs (e.g., Rühland et al., 2000). Group 2 consists of 
four species of Aulacoseira, a freshwater planktonic genus commonly found 
within freshwater peat diatom flora (Crawford et al., 2003). Group 3 contains 
small, tycho planktonic alkaliphilous taxa that are commonly found in shallow 
freshwater environments (Brugam and Swain, 2000; Tingstad et al., 2011; Figs. 
6, 8, and 9).

With three possible exceptions, a comparison of the proportions of the three 
diatom groups (as well as individual species assemblages, Tables Sda1–Sda3 
and Figs. Sda1–Sda3 in the Supplemental File [see footnote 1]) among proba-
ble tsunami deposits, possible tsunami deposits, and adjacent freshwater peat 
shows no consistent differences between potential tsunami-deposited beds and 
other sediment (Figs. 6 and 8). The peat bog (Groups 1 and 2) and shallow water 
(Group 3) diatoms, which are abundant in peat samples from core D8, were 
probably living in small pools or ponds on peaty muskeg fringing the former 
lake in Drained Lake basin. This environment was likely the source of the similar 
diatom assemblages found within the sandy potential tsunami beds as tsunamis 
flooded the Drained Lake basin and entrained and deposited freshwater and 
freshwater–brackish-water peat bog and shallow-water diatoms.

The exceptions are the Cocconeis neodiminuta valves found in beds H (25% 
relative abundance) and S (8% abundance) in core D8 and the Tryblionella 
 debilis (6% relative abundance) and Surirella brebissonii (9% relative abun-
dance) valves found in bed C′ in core T1 (Figs. 6 and 8; Tables Sda1 and Sda2 and 
Figs. Sda1 and Sda2 in the Supplemental File [see footnote 1]). C. neodiminuta, 
an epipsammic (attached to sand grains) species found in the sediment of fresh-
water lakes (e.g., Clague et al., 2004), is also abundant in sandy to silty samples 
from core D9 from the Drained Lake basin (Fig. 9; Table Sda2 and Fig. Sda3 in the 
Supplemental File [see footnote 1]). We infer that in the past 3.5 k.y. the former 
lake in the basin never rose as high as the site of core D8 (8 m); a lake this high 
would require a >600-m-long dam of dunes 6 m higher than the dunes bounding 
the basin’s southwest edge today. Thus, the presence of C. neodiminuta in beds 
H and S in core D8 suggests that this species was transported to the core site 
from a lower, shallow lake in Drained Lake basin during tsunami inundation.

The relatively high abundance of the brackish coastal diatoms T. debilis 
(6%) and S. brebissonii (9%) in sand bed C’ in core T1 is unambiguous evi-
dence for a marine incursion into the Tsunami Ramp basin (Fig. Sda1 in the 
Supplemental File [see footnote 1]). T. debilis and S. brebissonii were also 
found in core D9 in the Drained Lake basin, but the low abundance (<1%) of 
the brackish taxa in core D9 suggests that they were not in situ and were trans-
ported from a higher salinity environment.

The low concentration and high fragmentation of diatom valves found in 
potential tsunami deposits in cores T11 and D8 is typical of diatom assemblages 
in sandy tsunami deposits described elsewhere (Figs. 6 and 8; Sawai, 2002; 
Dawson, 2007; Sawai et al., 2008; Kokociński et al., 2009; Witter et al., 2009; 
Szczuciński et al., 2012; Chagué-Goff et al., 2015). From the absence of diatoms 
in three modern beach and dune samples at Southwest Anchorage (Fig. 2;  Table 
S2 in the Supplemental File [see footnote 1]), we infer that deposits in core 
D8 were derived mainly from dune and beach sediment and that freshwater 
and freshwater–brackish-water diatoms were entrained as tsunamis flooded 
Drained Lake basin. We interpret the large proportions of fragmented diatoms 
in the sand beds at the Drained Lake and Tsunami Ramp sites as evidence for 
transport by turbulent flows during tsunami inundation and drawdown (e.g., 
Dawson, 2007; Kokociński et al., 2009; Witter et al., 2009; Szczuciński et al., 2012; 
Chagué-Goff et al., 2015). The most fragile >100 μm valves (Ulnaria sp., Pinnu
laria sp., Cymbella sp.) showed the highest degree of fragmentation (mean 
92%; range 77%–100%), consistent with transportation during turbulent flow 
(e.g., Dawson, 2007). Although chemical and mechanical processes (e.g., disso-
lution, compaction) can fracture diatoms in situ, as shown by the relatively high 
percentage of broken valves in peat samples from core D8 (mean 44%; range 
32%–58%), the percentage of fragmented valves was consistently higher in the 
sand beds (mean 77%; range 71%–93%; e.g., Cooper et al., 2010).

Samples from potential tsunami deposits at the Tsunami Ramp site con-
tained lower diatom concentrations than samples at Drained Lake (Figs. 6, 8, 
and 9; Table Sda3 in the Supplemental File [see footnote 1]). Samples from 
bed Y in core T11 contained no diatoms. Samples from the lower half of bed C′ 
contained few to no diatoms, whereas concentrations of freshwater diatoms 
in samples from the upper one-third of the deposit were similar to those in 
core D8. The upward fining and higher concentrations of valves may reflect 
decreasing flow velocity due to ponding in the Tsunami Ramp basin following 
tsunami return flow (e.g., Sawai et al., 2009; Szczuciński et al., 2012).

The four youngest samples from core D8 show much smaller proportions of 
the shallow freshwater group and Aulacoseira sp. groups than older samples, 
suggesting a major change in site conditions in the past century and a half (dat-
ing this section of the core is discussed in the following). The decrease in species 
abundance in these groups reflects an increase in species of Cymbella, partic-
ularly the epiphyte C. descripta (Table Sda2 and Fig. Sda2 in the Supplemental 
File [see footnote 1]). In shallow alkaline lakes of the high arctic such changes 
have been attributed to regional climate warming (e.g., Paul et al., 2010). At the 
site of core D8, however, this change more likely reflects drier site conditions due 
to the lowering of the groundwater table during the draining of the former lake.

Geochemical Analyses

Chemical indicators of a marine source for possible tsunami deposits have 
been sought for decades (e.g., Minoura and Nakaya, 1991; Chagué-Goff and 
Goff, 1999; Chagué-Goff, 2010; Chagué-Goff et al., 2011, 2015; Pilarczyk et al., 
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2012; Ramírez-Herrera et al., 2012). High concentrations of salts that are abun-
dant in seawater, such as Na, Mg, Ca, K, Sr, or Ba, have commonly been in-
ferred to indicate a marine source. However, depending on many site factors 
and the lithology of tsunami beds and host sediment, other elements such 
as the nonmetals S, Cl, B, Se, Br, and I, the metalloids B, As, and Sb, and the 
heavy metals Cd, Cu, Cr, Fe, Ni, Pb, and Zn have also been used as evidence 
for a marine source (Chagué-Goff, 2010; Chagué-Goff et al., 2012). Leaching 
due to high rainfall may remove more soluble compounds within a few years, 
but some elements may move into soil horizons or peat directly underlying 
tsunami deposits and form less soluble organic compounds (Szczuciński 
et al., 2007; Chagué-Goff et al., 2011). All authors agree that the concentrations 
of elements in tsunami deposits are highly interdependent on source water 
chemistry, site geology and geomorphology, climate, sediment lithology, tsu-
nami flow characteristics, and burial history.

As explained in Table S6 and Figure S5 in the Supplemental File [see foot-
note 1]), we analyzed 37 samples of potential tsunami deposits and their host 
sediment from cores D8 and T11 to determine if differences in 56 element con-
centrations might suggest a marine source for potential deposits (e.g., Figs. 6 
and 8). However, analysis (R statistics packages; Coghlan, 2013; Knell, 2013) 
of the geochemical data failed to identify differences in concentrations of el-
ements that clearly confirm a marine source for potential tsunami deposits. 
Tsunamis advancing inland across the wet or snow-covered landscapes at 
Southwest Anchorage would quickly be diluted by abundant freshwater from 
lakes, streams, and boggy muskeg. In addition, the island’s nearly continuous 
precipitation would probably flush seawater-derived soluble elements, such as 
Na, Mg, and Ca, from peat and sandy beds. Perhaps some of the higher con-
centrations of S, K, Cu, As, Se, and Cd in peat samples partly reflect a marine 
source for overlying beds. However, the small number of potential tsunami de-
posit samples from the two cores, the lack of more than one sample from any 
individual bed, and the tephra-rich lithology of samples from core T11 make 
such inferences speculative.

Dating

We estimated the age of prehistoric (all but the four youngest beds, which 
probably postdate the mid-eighteenth century, as discussed in the following) 
potential tsunami deposits at Southwest Anchorage with accelerator mass 
spectrometer 14C ages on plant macrofossils in peat (methods described in 
notes to Table 3; Table S3 in the Supplemental File [see footnote 1]; Fig. 11). We 
narrowed the precision of our estimates by assuming that rates of peat depo-
sition were uniform within the intervals between dated beds. Uniform rates 
are supported by thorough descriptions of dated cores in the laboratory, which 
showed no major downcore changes in peat lithology. For potential tsunami 
beds with maximum and minimum ages, we followed many studies (e.g., 
DuRoss et al., 2011; Berryman et al., 2012; Barnes et al., 2013; Shennan et al., 
2014a) in using the Bayesian software program OxCal (Bronk Ramsey, 2009; 

Lienkaemper and Bronk Ramsey, 2009) to calculate a probability distribution 
for the times between our youngest maximum ages and oldest minimum ages 
(ages in bold in Table 3). We constrained the times of deposition for beds with 
no immediately overlying or underlying 14C ages, or with only maximum ages, 
with the V-sequence stratigraphic analysis feature of OxCal (Bronk Ramsey, 
2008). Using bed ages determined with maximum and minimum ages, and 
other maximum ages inferred to closely predate bed deposition, we calculated 
peat deposition rates (with assumed errors of ±25%) for each interval between 
the ages. Amounts of differential autocompaction of peat within each 1–50-cm-
thick interval are insignificant. Rates varied from ~1.3 mm/yr in the upper parts 
of cores to 0.6 mm/yr in the middle and lower parts. We then used all ages and 
peat deposition rates in stratigraphic order to calculate probability distribu-
tions for the times of deposition of each bed in cores T11 and D8 (Table 3; Fig. 
11; e.g., Kelsey et al., 2005; Goldfinger et al., 2012). At the Drained Lake site, 
calibrated age intervals for four beds are narrowed by interpolating rates of 
peat deposition between dated beds, and rates are also used to estimate time 
intervals for eight undated beds (Fig. 11).

The ages of two of the four youngest beds in core D8, which are too young 
to usefully date with standard 14C methods (e.g., Kemp et al., 2013), were de-
termined using optically stimulated luminescence (OSL) methods. We used 
single aliquot regeneration protocols (Murray and Wintle, 2003; Wintle and 
Murray, 2006) to estimate the apparent equivalent dose of the 250–150 μm 
quartz fractions in many tens of separate aliquots (Table 4; e.g., Wright et al., 
2011; Brill et al., 2012; Prendergast et al., 2012). Very fine grains of sand from the 
upper 2 mm of sampled beds were selected for analysis because the upper-
most grains are most likely to have been exposed to light following deposi-
tion. We assume that quartz grains in core D8 were not uniformly solar reset 
because of the short distance of transport. We measured ~20–40 quartz grains 
on each aliquot to isolate the youngest, fully solar-reset grain population. Prob-
ably <20% of grains (4–8) on each aliquot emitted enough light for measure-
ment. Additional discussion of the OSL analyses is in the Supplemental File 
(see footnote 1).

Two OSL samples gave post–seventeenth century ages that agree closely 
with ages inferred from rates of peat deposition interpolated between 14C 
ages (Fig. 11), although the OSL ages have >10% analytical uncertainties. The 
ages are also consistent with time intervals that we infer for the four young-
est potential tsunami deposits through analysis of historical information about 
Chirikof Island (discussed in the following). A third OSL sample, from the 1.1 ka 
bed g in core D8, yielded insufficient light levels to calculate an age.

Alternative Processes

We considered four non-tsunami processes for probable and possible tsu-
nami deposits at the Tsunami Ramp and Drained Lake sites: deposition by 
(1) wind-generated waves, (2) wind, especially melt out of sandy beds that 
accumulated on snow in winter, (3) streams as channel deposits, and (4) debris 
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Figure 11. Age probability distributions 
for probable (bold uppercase letters) and 
possible (lowercase letters) tsunami de-
posits from cores D8 (red) and T11 (purple) 
calculated using the V-sequence feature 
of OxCal (Bronk Ramsey, 2008; program 
code in Table S4 in the Supplemental File 
[see footnote 1]). Distributions limited by 
maximum and minimum 14C ages (Table 3) 
are in orange, those with only a maximum 
or a minimum age are in blue, and distri-
butions calculated using only interpolated 
rates of peat deposition are in green. Two 
optically stimulated luminescence (OSL) 
age distributions are in gray. The relative 
position in the stratigraphic sequence of 
possible tsunami deposits without maxi-
mum or minimum ages from core D8 are 
marked by blue squares. Orange squares 
indicate three beds in core T11, separated 
by only a few centimeters of peat, sug-
gesting that they were deposited within 
decades of each other. Average recurrence 
of tsunamis inferred for the past 3500 from 
core D8 varies from ~180 yr (possible and 
probable deposits) to ~270 yr (only proba-
ble deposits; mean recurrence ± 1σ calcu-
lated with OxCal is 262 ± 238 yr.
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flows. Several of these depositional processes can be dismissed at each site 
on the basis of lithology and site geomorphology. A tephra origin, either by air 
fall or reworking of tephra by slopewash, was discussed for three beds at the 
Tsunami Ramp site (Table 1).

Deposition by wind-generated waves can be ruled out as a depositional 
process for sandy and silty beds at the Tsunami Ramp site unless the island 
was at least 4–5 m lower relative to sea level in the past than it is now. If 
the island had been lower with the sea extending many hundreds of  meters 
into Drained Lake basin in the past 3500 yr, we would expect marine or 
 brackish-water taxa to be abundant in core D9, but no marine diatoms and 
few (<1% relative abundance) brackish diatoms were found in the 3 of 7 sam-
ples in core D9 whose assemblages do not consist exclusively of freshwater 
taxa (Fig. 9). As long as the Southwest Anchorage shoreline was within a few 
meters of its present elevation, even an exceptionally high storm surge could 
not have risen high enough (>14 m) for wind-generated waves to deposit sand 
beds at the Tsunami Ramp site (Figs. 3 and 4).

Wind-generated waves are a possible process for sand beds at the lower 
end of the Drained Lake site (7–9 m elevation), either during a high storm 
surge that extended many hundreds of meters into Drained Lake basin or 
during periods when the basin was occupied by a lake reaching the 5–6 m 
shorelines (Fig. 2). The lack of marine diatoms in samples from the site makes 
waves during a storm surge less likely than lake waves. However, the height of 
wind-generated waves would be quite limited because steep hills protect the 
Drained Lake site from the prevailing southeasterly winds. Even if winds were 
from the west during severe storms, the fetch across Drained Lake basin to the 
core transect would have been <650 m. Sand beds deposited by storm waves 
on a slope like that along the Drained Lake core transect typically have hori-
zontal laminations or thin landward over distances of tens of meters (e.g., Goff 
et al., 2004; Morton et al., 2007), whereas most of the sand beds in transect 
cores lack laminations and climb the fan slope for 50–100 m with relatively uni-
form thicknesses (Figs. 3B and 5; Table 2). If more than a few of the sand beds 
had been deposited by wind waves, we would expect to find a greater number 
of beds in the westernmost cores than in the higher eastern cores. Because 

we can correlate all our probable and possible tsunami-deposited beds in the 
eastern cores 50–100 m inland (Table 2), we conclude that few of these beds 
were deposited by wind-generated waves.

Even though we lack ages for any of the sandy beds at the Belligerent Bull 
site (Fig. 2), the similarities in the stratigraphic sequence in the upper 3 m at 
this site with the Drained Lake core stratigraphy (Figs. 2B, 8, and 10) suggests 
that at least some of the Drained Lake beds extend an additional kilometer 
inland to this site. Because the Belligerent Bull cores are 200–350 m east of the 
5–6 m shorelines (Fig. 2), a wind-generated wave origin for their sandy beds 
is very unlikely.

Eolian transport is a second possible process for the deposition of sand 
beds at the Tsunami Ramp and Drained Lake sites. Unconsolidated sand 
covers much of the western third of the island; low dunes and blowouts are 
widespread features along the southwest coast and in Drained Lake basin; and 
strong winds blow year round, probably exceeding velocities of 150 km/h in 
winter. At our muskeg sites, sand deposited by the wind in summer would 
be rapidly mixed with and infiltrated into peat without forming distinct beds. 
Laboratory descriptions and smear slides in cores at both sites show trace 
amounts (<<1%) of very fine to fine sand in much of the peat in the cores. In 
winter, however, sand might accumulate throughout the snow pack and then 
be deposited as distinct beds onto peat as the snow melted in the spring. If 
snow accumulated in drifts with irregular topography, we would expect such 
snowmelt eolian beds to extend for less than many tens of meters, have highly 
variable thicknesses, lack upward grading, and display deformation features 
formed during melting (e.g., Ballantyne and Whittington, 1987; Koster and 
 Dijkmans, 1988). Diatom valves would not be deposited in eolian beds, but 
may have infiltrated well-sorted beds from overlying peat. As none of the prob-
able tsunami-deposited sand beds at either site have such characteristics, we 
dismiss wind accumulation with snowmelt as the origin of probable beds. We 
cannot, however, rule out wind accumulation with snowmelt for some of the 
possible tsunami-deposited sandy peat and peaty sand beds at the Drained 
Lake site. However, because these beds correlate with clean sand beds in adja-
cent cores and extend for distances of 20–100 m, they are probably not eolian.

TABLE 4. OPTICALLY STIMULATED LUMINESCENCE (OSL) AGES ON QUARTZ GRAINS FROM THREE SAND BEDS IN CORE D8

Bed label Laboratory 
number

Aliquots Equivalent dose*
(Gy)

U
(ppm)

TH
(ppm)

K2O
(%)

H2O
(%)

Cosmic dose†

(mGy/yr)4
Dose rate 
(mGy/yr)

OSL age§

(yr)

C UIC3100 30/60 0.192 ± 0.014 1.2 ± 0.1 2.9 ± 0.1 1.04 ± 0.01 40 ± 5 0.20 ± 0.02 1.14 ± 0.06 165 ± 20
D UIC3101 16/60 0.227 ± 0.015 1.1 ± 0.1 3.4 ± 0.1 0.89 ± 0.01 40 ± 5 0.20 ± 0.02 1.06 ± 0.06 210 ± 20
I UIC3123 21/60 incalculable 1.4 ± 0.1 5.3 ± 0.1 0.95 ± 0.01 40 ± 5 0.16 ± 0.02 1.22 ± 0.06 incalculable

Note: Bed labels are from core D8 (as shown in Table 2). Beds consist of fine sand, 5–12 mm thick. U, Th and 20K contents analyzed by inductively coupled plasma–mass 
spectrometry (Activation Laboratory LTD, Ontario, Canada).

*150–250 µm quartz fraction with 100–300 grains/aliquot and analyzed under blue light excitation (470 ± 20 nm) by single aliquot regeneration protocols (Murray and Wintle, 
2003). Equivalent dose calculated using a residual corrected cluster analysis on the indicated aliquots (e.g., Pierson et al., 2010).

†From Prescott and Hutton (1994).
§All errors are at 1σ. Ages are from the reference year A.D. 2010, with errors that incorporate systematic and random components at 1σ. 
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Stream or debris-flow deposition is a viable process for the deposition of 
correlated beds only at the Drained Lake site. No streams drain into the Tsu-
nami Ramp basin, basin slopes are gentle, and the drainage basin is small 
(<0.4 km2; Fig. 3A). Although the steep sides (30°–40°) of the V-shaped stream 
valley at the apex of the Drained Lake fan are well stabilized by vegetation, oc-
casional slumping apparently contributes enough sediment to the <1-m-wide 
meandering stream to form small channel deposits or debris flows (with an-
gular clasts of local bedrock). The small size of the drainage basin (<0.4 km2) 
and the thin, <0.5-m-wide channel deposits in the present stream suggest that 
it rarely deposits debris-flow or channel sediment more than a few tens of 
 meters beyond the mouth of the valley. Most of the 23 sandy or silty beds in 
core D5 near the apex of the fan cannot be reliably correlated to beds in lower 
cores along the transect. For this reason, we group only the 4 clean sand beds 
in core D5 that we can correlate 265 m to lower cores on the transect with 
probable or possible tsunami deposits (Fig. 5; Table 2).

TSUNAMI HISTORY

Historical Tsunamis

In this section we use historical information from the Chirikof Island region 
(Semidi segment, Fig. 1B) with our OSL ages and peat deposition rates for the 
four youngest potential tsunami beds to suggest correlations of the beds with 
historically recorded earthquakes and tsunamis.

The first high tsunami in the Chirikof Island region for which we have ac-
curate written records accompanied the first of 2 large earthquakes in 1788 
that together ruptured at least 600 km of the eastern Aleutian arc (Davies 
et al., 1981; Soloviev, 1990; Briggs et al., 2014a, fig. 1 therein; Shennan et al., 
2014b; Witter et al., 2014, fig. 1b therein). Although it is unclear if reports of 
severe flooding in the western part of the ruptured zone occurred following the  
21 July earthquake or the later 6 August earthquake, 1 or 2 high tsunamis 
(reported run-up heights range from 3 to >30 m) caused much damage and 
many deaths from Kodiak Island to Sanak Island (Fig. 1; Lander, 1996; Ryan 
et al., 2012b;  Witter et al., 2014). The highest tsunami inundation at Southwest 
Anchorage was probably on 21 July, when the tsunami severely flooded Three 
Saints Harbor on Kodiak Island, 215 km to the northeast. Although Alutiiq 
 hunters may have experienced the 1788 tsunami on Chirikof Island during their 
seasonal harvest of ground squirrel pelts, no written accounts of the tsunami 
exist (a Russian hunting outpost was not established on the island until 1798; 
Black et al. in the Supplemental File [see footnote 1]).

Bed D at the Drained Lake site was probably deposited by the 1788 tsu-
nami. Two 14C ages suggest that the bed was deposited in the past 300 yr 
and an OSL age places it in the late eighteenth or earliest nineteenth century 
( Tables 3 and 4; Fig. 11). Bed correlations at the Drained Lake site show that 
bed D rises higher than the beds of other probable tsunami deposits, reaching 
almost 15 m (Table 2; Fig. 5). Inundation of Southwest Anchorage to >15 m is 

consistent with reported run-ups in 1788 and with the 1.3 km inland extent of a 
probable 1788 tsunami deposit dated with 137Cs and 210Pb methods on Sitkinak 
Island, 125 km to the northeast (Lander, 1996; Briggs et al., 2014a).

To correlate the three youngest potential tsunami deposits at the Drained 
Lake site with historically recorded earthquakes and tsunamis of the nineteenth 
and twentieth centuries, we used summaries of the island’s history (Keithahn, 
1962; Wright, 1964; Chaffin, 1967; Long, 1975; Chaffin et al., 1983; Fields, 2000; 
Black et al. in the Supplemental File [see footnote 1]; Clark et al. in the Supple-
mental File [see footnote 1]; Clark, 2010) with inferences about the length of 
time it took the peat separating the beds to form. In some years of the early 
nineteenth century, Russian-directed hunting of ground squirrels on Chirikof 
Island may have been seasonal, but in most years after 1798 a few to a few tens 
of people lived at Southwest Anchorage, and at least from 1825 to 1868 the pop-
ulation of Ukamuk village was 70–120 (Black et al. in the Supplemental File [see 
footnote 1]). As records of the number of parkas made from harvested pelts 
were kept throughout this period, tsunami inundation high enough to severely 
damage village storehouses and a chapel (built 1841–1844; we estimate that 
the village occupied a site <6 m in elevation) would have been recorded. Black 
et al. in the Supplemental File (see footnote 1) mentioned records of strong 
earthquakes felt at Southwest Anchorage on 18 August 1826, in June 1833, on 
4 April 1847, and an extraordinary earthquake on 17–18 June 1848 (Davies et al., 
1981). Although the 1847 earthquake may have ruptured a 500-km-long section 
of the megathrust west of Chirikof Island (Davies et al., 1981), Black et al. (in the 
Supplemental File [see footnote 1]) stated that they found, “No information on 
any damage by tidal waves or sea turbulence associated with earthquakes….”

If bed D at a depth of 43 cm in core D8 dates from 1788, as we infer, the 
15 cm thickness of peat between it and the next youngest probable tsunami 
deposit (bed C) represents ~60–100 yr. Thus, bed C, which was deposited as 
high as 9.6 m in core D7, must postdate the abandonment of Ukamuk village in 
1869–1870 (due to the end of Russian sovereignty in Alaska), and predate the 
arrival of fox and cattle ranchers after 1890.

Displacement on the fault that ruptured the southeast part of Chirikof Island 
during the strong earthquake of 29 September 1880 (Moore in the Supple-
mental File [see footnote 1]; Lander, 1996), the effects of which were described 
earlier, is the most likely source for the tsunami that deposited bed C. Follow-
ing the 1880 earthquake several tsunamis moved inland at least 60 m, but did 
not apparently inundate a cabin at Southwest Anchorage 500 m inland at an 
elevation that we estimate as ~11–12 m (Lander, 1996, p. 46). If our mapping 
of this bed at the Drained Lake site is correct, the tsunami may have almost 
reached the cabin. Because this tsunami was not reported elsewhere and the 
earthquake was felt no farther than 100 km from Chirikof Island, it must have 
occurred on a local fault in the upper plate above the Alaska-Aleutian mega-
thrust (Davies et al., 1981; Lander, 1996). An undocumented tsunami very early 
in the twentieth century is an unlikely but possible alternative for the tsunami 
that deposited bed C; for example, the tsunami that Black et al. (in the Supple-
mental File [see footnote 1]) suggested may coincide with the M ~7.7 earth-
quake of 10 October 1900 near central Kodiak Island.
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Sources for the two youngest (twentieth century) potential tsunami deposits 
in the Drained Lake cores are similarly uncertain. Possible tsunami bed b is thin 
and indistinct, rising only to 8.3 m, whereas probable bed A is distinct, twice as 
thick, and climbs twice as far inland to 9.8 m (Fig. 5) in core D7. Less than 2 cm 
of peat separates the 2 beds in the 4 cores where they are identified, suggesting 
that one followed the other by only a decade or two (Fig. 11). Assuming that bed 
C dates from 1880, we use the 10 cm thickness of peat between beds C and b to 
infer that beds b and A date from the first half of the twentieth century.

For most of the twentieth century the population of Chirikof Island was 
probably fewer than a dozen, commonly dispersed in several locations, and 
in most years only seasonal; thus, inundation by tsunamis is unlikely to have 
been reported. From the 1890s to ca. 1915 only a few families and later only 
managers and their assistants, all involved in trapping introduced blue fox, 
lived on the island. Fox trapping continued into the late 1940s, but few dates 
and lengths of visits are recorded (Chaffin et al., 1983; Fields, 2000; Black et al. 
in the Supplemental File [see footnote 1]). John W. (Jack) McCord, who inter-
mittently tried to establish cattle ranching on the island, first landed on the 
island in 1925, but his 8–9 visits in the 1930s and 1940s lasted only days to a few 
months (Long, 1975). By the late 1940s, the focus of cattle ranching had shifted 
from ships landing mainly at Southwest Anchorage to aircraft and ships land-
ing on beaches on the central east coast of the island, where a ranch had been 
built 10–12 m above the beach (Fig. S2 in the Supplemental File [see footnote 
1]; Keithahn, 1962; Wright, 1964; Long, 1975; Chaffin et al., 1983; Fields, 2000; 
Black et al. in the Supplemental File [see footnote 1]).

The largest earthquake in the Chirikof Island region since 1788 was the 
M 8.2 earthquake of 10 November 1938 (Davies et al., 1981; Estabrook et al., 
1994; Johnson and Satake, 1994). It is unlikely that anyone was living on 
Chirikof Island at the time; the only reports of the height of the 1938 tsunami 
are <0.3 m from distances of >650 km from the island (Lander and Lockridge, 
1989; Lander, 1996; Ryan et al., 2012b). The tsunami was measurable, how-
ever, as far away as Japan, and Johnson and Satake (1994) used the tsunami 
wave forms to estimate the earthquake magnitude as 8.2, its rupture length as 
300 km, and its depth as >20 km. The modeling of Johnson and Satake (1994) 
showed the greatest slip on the megathrust (3.3 m) during the earthquake 
in the eastern quarter of the rupture zone beneath Chirikof Island. As Lander 
(1996, p. 64) noted, “The very small size of this tsunami for a great earthquake 
is unexplained.”

We suggest that the 1938 tsunami in the eastern part of the rupture zone 
was much higher, inundating Southwest Anchorage to 10 m and depositing 
bed A. Shallow slip on the megathrust, even over a limited area, could produce 
a higher than expected tsunami, although the modeling of slip at >20 km depth 
by Johnson and Satake (1994) is incompatible with shallow slip. Perhaps a 
nearby submarine landslide increased the 1938 tsunami height, as happened 
following the M 8.6 April 1946 earthquake 560 km southwest of Chirikof Island 
(Okal et al., 2003; Fryer et al., 2004; López and Okal, 2006; Miller et al., 2014). 
Until more is known about the 1938 rupture, our hypothesis that its tsunami 
may have locally reached a height of 10 m is difficult to assess.

If possible bed b was deposited by a tsunami a decade or two prior to 
1938, the best candidates are a tsunami following a M 7.9 earthquake in the 
Shumagin Islands, 240 km to the west in 1917, or a tsunami following a local 
earthquake of M 7.1 near Chirikof Island in 1923. We are not aware of reports of 
a tsunami following either earthquake.

The tsunami accompanying the M 9.2 earthquake of March 1964 could not 
have deposited bed A. Applying rates of peat deposition discussed above, the 
8–15 cm thickness of peat overlying bed A suggests that it predates 1964 by 
at least several decades. Much of the momentum of the 1964 tsunami was 
directed to the south and southeast, perpendicular to the rupture zone whose 
southwest end was near Kodiak Island, and the tsunami did not overtop storm 
shorelines on Sitkinak Island, 110 km closer to the earthquake source area 
(Fig. 1; Plafker and Kachadoorian, 1966, p. D22).

The height of tsunami inundation on Chirikof Island in 1964 is uncertain. 
Black et al. (in the Supplemental File [see footnote 1]) stated “…the island was 
inundated by the tsunami…” and “The ranchers left.”, implying that damage to 
cattle operations on the east coast of the island caused by the tsunami led to 
the departure of the ranchers. Fields (2000, p. 206) related that the ranchers 
reported that the tsunami on the east side of the island revealed previously 
 never-exposed reefs. Little-decayed pieces of driftwood scattered around 
Drained Lake basin as high as 3–4 m may date from either 1938 or 1964.

Tsunami erosion at Southwest Anchorage in 1938, and possibly to a much 
lesser extent in 1964, could explain why archaeologists surveying the island in 
1963 and 2005 were puzzled by the scarcity of evidence for the Russian and Amer-
ican occupations of Ukamuk village. Saltonstall and Steffian (in the Supplemental 
File [see footnote 1]) described the extensive erosion of archaeological sites near 
the former Ukamuk village, which occurred in the middle and later twentieth cen-
tury, particularly after 1963. Of the fences, corrals, and cabin behind the beach 
visible in photographs from the early 1960s, only the cabin foundation remained 
in 2005 (Saltonstall and Steffian in the Supplemental File [see footnote 1], p. 43). 
An archaeologically rich meadow behind the south end of the beach, described 
in 1963 as 500 m by 75 m (Workman, 1969), measured only 20 by 25 m in 2005 
(surface 8 m above MLLW in 2010; Fig. 3B). Saltonstall and Steffian (in the Sup-
plemental File [see footnote 1]) attributed much of this erosion to the migration of 
dunes and blowouts accentuated by artifact hunters and trampling by cattle; they 
also inferred that sudden subsidence during the 1938 earthquake had caused 
waves to breach the dunes that dammed a lake in Drained Lake basin , draining 
the lake and exacerbating erosion of dunes and meadows between the former 
lake and the beach. The most recent report of a lake in Drained Lake basin, how-
ever, dates from 1893 and the size of the lake is uncertain. Subsidence during 
the twentieth century was more likely gradual—as GPS data show that it has 
been since 1995—and coseismic motions in 1938 were most likely uplift, if slip oc-
curred on the currently locked patch of the megathrust beneath the island. If our 
inference that the 1938 tsunami inundated Southwest Anchorage to an ele va tion 
above 10 m is correct, tsunami return flows could have eroded the present sandy 
area behind the beach, transported surface evidence of occupation, and removed 
vegetation to expose dune and beach sand to the wind.
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Prehistoric Tsunamis

Comparison of the stratigraphic sequences of potential tsunami beds at our 
two primary sites reveals a striking contrast in tsunami history (Fig. 11). Along 
the core transect at the Drained Lake site, we identified 13 probable and 6 pos-
sible tsunami deposits dating from the past 3500 yr (Table 2). However, at the 
Tsunami Ramp site only one possible tsunami deposit was deposited during the 
same period, and the lithology and limited extent of this bed are not convincing 
evidence of a tsunami (Table 1). The youngest bed (Y) with strong evidence for 
tsunami deposition at the Tsunami Ramp site predates by at least a few centu-
ries the oldest bed at the Drained Lake site (R). The lowest cores at Drained Lake 
have been 6–7 m lower than cores at Tsunami Ramp over the past 3500 yr.

The topography of West Lake basin suggests that tsunamis entering the 
basin would access the Tsunami Ramp basin through the tributary valley on 
the west shore of the lake rather than from the southwest end of the Tsunami 
Ramp basin (Fig. 2). Such an inundation route would lengthen the distance 
that tsunamis would need to travel to deposit sand in the basin by 500 m, and 
the <50 m width of the tributary valley would have restricted tsunami inflow. 
If relative sea level at Southwest Anchorage was >2 m lower than it is now 
during parts of Southwest Anchorage’s history, bedrock platforms on its west 
side not far below MLLW may have also slowed the progress of inland-directed 
tsunamis. In contrast, the low dunes backing the beach on the southeast side 
of Southwest Anchorage would provide minimal resistance to high incoming 
tsunamis directed into Drained Lake basin. At the Drained Lake site, once tsu-
namis reached the apex of the gently sloping fan in the southwest facing val-
ley, the steep, narrowing side slopes of the valley would have concentrated 
tsunami flows, allowing them to inundate farther up the valley.

The small number of pre–4 ka probable (4) and possible (4) tsunami depos-
its identified at the Tsunami Ramp site probably reflects the period 10–4 ka, 
when we infer relative sea level to have been considerably lower than present. 
The diamicton that we infer to be till at the base of Tsunami Ramp cores sug-
gests that Chirikof Island may have had a relative sea-level history similar to 
ice-marginal sites on the Atlantic coast of North America, such as Maine, where 
modeled relative sea-level curves have a nonmonotonic form (e.g., Kelley 
et al., 2010; Engelhart et al., 2011). Such a curve with relative sea level within a 
few meters of its present level ca. 10.5 ka and from 4 ka to present is consistent 
with the distinct characteristics of the thick tsunami deposit at this site (bed C′; 
Table 2; Figs. 6 and 7; Fig. S3 in the Supplemental File [see footnote 1]). Thus, 
pre–4 ka stratigraphy provides little information about the recurrence of high 
tsunamis at Southwest Anchorage.

TSUNAMI RECURRENCE

Our grouping of tsunami deposits into probable and possible categories 
allows only maximum and minimum estimates of the recurrence of high tsu-
namis on Chirikof Island’s southwest coast (Fig. 11). During the past 3500 yr 

at the Drained Lake site, tsunamis exceeding 5 m in height (above present 
MLLW) may have been as frequent as every 180 yr (both possible and probable 
in  Table 2). Considering only probable tsunami deposits for the same period 
gives a late Holocene average of ~270 yr (Fig. 11). The presence of deposits 
of only four probable and two possible tsunamis at the Tsunami Ramp site 
( Table 1), all predating the late Holocene, makes its record too incomplete to 
be useful in estimating recurrence.

Elsewhere in the eastern Alaska-Aleutian arc, information on the recurrence 
of high tsunamis or the great earthquakes likely to have accompanied them 
over the past 3500 yr is limited (Carver and Plafker, 2008; Shennan et al., 2014a, 
2014b; Kelsey et al., 2015). Carver and Plafker (2008) compiled radio carbon ages 
from studies of Kodiak Island coastal stratigraphy by Carver and Gilpin (1992), 
Gilpin et al. (1994), and Gilpin (1995) to infer the times of four mega thrust earth-
quakes prior to the 1964 earthquake, at least three of which were accompanied 
by tsunamis (Fig. 12). Shennan et al. (2014b) use diatom analysis of tidal stratig-
raphy to identify subsidence followed by a tsunami during the 1788 earthquake 
at four estuaries in northeastern Kodiak Island. Similar evidence at other sites 
led them to infer rupture of the Kodiak segment of the megathrust ca. A.D. 1440–
1620 and ca. A.D. 1020–1150, times that do not overlap age distributions for 
probable tsunamis on Chirikof Island (Fig. 12). From stratigraphic and landform 
evidence on the Kenai Peninsula, 500 km northeast of Chirikof Island, Kelsey 
et al. (2015) inferred that the ca. A.D. 1020–1150 earthquake probably ruptured 
the Kenai Peninsula part of the megathrust, as suggested by Shennan et al. 
(2014a), and that a younger Kenai megathrust earthquake may have coincided 
with either the A.D. 1440–1620 or 1788 earthquakes. On Sitkalidak Island on the 
southeast coast of Kodiak Island, Mahrt (2006) interpreted two broadly dated 
sand beds extending 400 m inland as probable tsunami deposits. Hutchinson 
and Crowell (2007) suggested that six episodes of village abandonment, in-
ferred from archaeological stratigraphy throughout the region, may have been 
caused by subsidence or tsunamis accompanying great earthquakes. Approx-
imately 250 km west of Chirikof Island, Witter et al. (2014) could not find clear 
evidence of any high tsunamis in the past 3000 yr, despite Russian accounts of 
severe flooding during the 1788 tsunami.

On the south coast of Sitkinak Island, only 125 km east of Chirikof Island, 
Briggs et al. (2014a) identified uplift and subsidence during 5 great earthquakes 
and 6 possible tsunami beds dating from the past 3000 yr. The youngest of 
the beds, probably deposited by the 1788 tsunami, can be traced continuously 
1.3 km inland. Five older sand beds with similar characteristics extend >0.8 km 
inland. Applying the methods that we used to construct the age distributions 
of Figure 11 to the ages reported by Briggs et al. (2014a), we calculate age dis-
tributions for the five older possible tsunami deposits on Sitkinak Island (Fig. 
12). Comparing these distributions with those from Chirikof Island suggests 
that the same tsunamis may have inundated both islands ca. 2.4 ka, 2.3 ka, 
2.0 ka, and 1.2 ka. No Chirikof Island correlative is available, however, for the 
0.9–0.6 ka tsunami deposit at Sitkinak Island, which may have been deposited 
by the tsunami accompanying the ca. A.D. 1020–1150 earthquake on Kodiak  
Island (Fig. 12). The almost continuous overlap in the Chirikof Island age 
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distributions between 3.5 ka and 1.5 ka permits a correlation with deposits of 
any age within this period.

What proportion of potential tsunami beds on Chirikof Island was depos-
ited by tsunamis generated during upper plate faulting or submarine land-
slides near Chirikof Island independent of megathrust ruptures? Strong shak-
ing may destabilize submarine slope deposits to produce a high tsunami (e.g., 
Okal et al., 2003; Fryer et al., 2004; Miller et al., 2014). Although Chirikof Island 
is more than 160 km from active volcanoes, submarine slides and volcanic 
debris avalanches have the potential to produce damaging transpacific tsu-

namis, which could reach 20 m on near-source Aleutian coasts (Waythomas 
et al., 2009). Waythomas et al. (2009) estimated a recurrence for >10-m-high 
tsunamis of this type as 2000 yr over the entire Aleutian arc, making it unlikely 
that any of the possible tsunami deposits in core D8 were deposited by a land-
slide-generated tsunami independent of a megathrust earthquake.

Historical accounts suggest that upper plate faulting during the 1880 earth-
quake produced a Chirikof Island tsunami, which we infer deposited bed C. 
Approximately 600 km to the northeast of Chirikof Island, Liberty et al. (2013) 
identified an area of mostly submarine upper plate faults with high rates of 
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slip that splay off the megathrust where it is most strongly coupled. Although 
each splay fault may rupture independently of the megathrust, following simi-
lar conclusions about analogous subduction zones (e.g., Melnick et al., 2006; 
Strasser et al., 2009) Liberty et al. (2013) argued that most splay faults slip 
during megathrust earthquakes and that the location of the area of high seis-
mic coupling has changed little during the Holocene. Less is known about the 
complex structure of upper plate faults in Miocene and older shelf rocks near 
Chirikof Island (e.g., Lewis et al., 1988; von Huene et al., 2012), the complex 
upper plate structure of which may have played a role in halting the 1964 
rupture (von Huene et al., 2012). Arc-vergent thrusts in these high-seismic- 
velocity continental rocks near Chirikof Island are probably capable of storing 
considerable strain and so are unlikely to slip independent of the megathrust 
(e.g., Cubas et al., 2013); the 1880 earthquake is an apparent exception. Nor-
mal faults reflecting extension near the slope, like those imaged in similar 
posi tions to the northeast and southwest (von Huene et al., 2012; Miller et al., 
2014), would be too short to generate large earthquakes. Thus, we infer that no 
more than 2–3 of the 19 potential tsunami deposits in core D8 were caused by 
 upper plate faulting or submarine landslides independent of great megathrust 
earthquakes.

Whether a tsunami inundates and deposits identifiable sediment at a 
particular site is dependent on many factors besides the dimensions of sea-
floor deformation during faulting. The variable source characteristics and tsu-
nami-generating potential of megathrust ruptures in the region (Ryan et al., 
2012b; Briggs et al., 2014a, 2014b; Shennan et al., 2014a, 2014b; Witter et al., 
2014) suggest that Southwest Anchorage has been exposed to a large range 
in inundation heights that may only loosely correlate with tsunami volume, 
rupture extent, and earthquake magnitude. For this reason, forecasting future 
great earthquakes in the eastern Aleutian arc accompanied by southward- 
directed high tsunamis will require carefully reconstructed histories of rupture 
lengths and inundation extents for the past 3–5 k.y. at many sites (Ryan et al., 
2012b). Until more complete tsunami chronologies are available, we recom-
mend that a high-tsunami recurrence of ~180–270 yr (Fig. 11; 13–19 deposits 
in 3500 yr) be used in assessing the hazard from the Semidi segment of the 
eastern Aleutian arc.
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