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Paleotsunami records from the central Kuril Island segment of the Japan-Kuril-Kamchatka subduction
zone indicate that the region has been frequently inundated by tsunamis. As many as 20e22 tsunami
deposits are recognized on Matua Island for the past 3300 yr with an average tsunami recurrence interval
of ~150 yr, and 34e36 tsunami deposits are evident on Simushir Island for the past 2350 yr with an
average recurrence of ~65 yr. These intervals are short, but comparable to other segments of the Japan-
Kuril-Kamchatka subduction zone. Results from all survey locations reveal shortening recurrence in-
tervals toward the present, especially for the last 600 yr, indicating a possible preservation bias. On
Simushir, tsunamis at least 11 m higher than the modern tsunamis in 2006 and 2007 occurred every
~300 yr on average. On Matua, tsunamis with slightly farther inundation than the 2006 and 2007 tsu-
namis occurred every ~215 yr while those with at least 100 m farther inland inundation occur every
~750 yr. Our paleotsunami record almost certainly includes tsunamis that are not from great subduction
zone earthquakes in the central Kuril segment: we expect the Matua record includes volcanic tsunamis
and the Simushir record includes tsunamis from the southern Kuril segment.

© 2016 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Japan-Kuril-Kamchatka (JKK) subduction zone, from
northern Japan to the central Kamchatka Peninsula (Fig. 1), is one of
the most active tectonic regions of the world, producing tsunami-
genic earthquakes virtually every decade in instrumental history
(NGDC/WDS, 2014). However, because recurrence intervals of great
earthquakes are often of longer duration than recorded history, the
length of seismic cycles for many segments of subduction zones
cannot be estimatedwith the historical record alone. A case in point
is the remote and sparsely populated central Kuril Islands, where
paleotsunami deposits are the only means for generating a robust
paleoseismic record.

Determining the frequency of tsunamis initiated by subduction
zone earthquakes is important to local communities and those
farther afield since they can have damaging trans-oceanic effects.
acInnes).
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Tsunamis originating along the JKK subduction zone propagate
toward the Americas, with historical examples including 1952
southern Kamchatka (Mw 9.0; Okal, 1992) and 2011 Tohoku (Mw
9.0; Ide et al., 2011). From the central Kurils, the 2006 (Mw 8.3)
earthquake produced a tsunami with highest trans-Pacific ampli-
tudes in northern California, Hawaii, and Chile, and resulted in $9.2
million in damage in Crescent City, California (Dengler et al., 2009).

Paleotsunami deposits are key to extending the record of seis-
micity beyond the scope of human history. For example, deposits
from Cascadia and northern Japan indicate average recurrence of
tsunamis of ~500 yr (Clague et al., 2000; Nanayama et al., 2003;
Witter et al., 2003; Kelsey et al., 2005). Shorter average intervals
are revealed by deposits in Chile (80e100 yr; Ely et al., 2014; Dura
et al., 2015) and the eastern Aleutians (180e270 yr; Nelson et al.,
2015). Deposits can also indicate periods of increased seismicity
or of quiescence (Pinegina et al., 2003; Kelsey et al., 2005;
Razzhigaeva et al., 2008). Furthermore, the extent (inland and
alongshore) of paleotsunami deposits can help determine the
magnitude of paleoearthquakes (Nanayama et al., 2003; Nelson
et al., 2006; Pinegina, 2014).
ved.
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Figure 1. (A) Tectonic setting of the Kuril Islands, modified from Mackey et al. (1997) and Apel et al. (2006). Labels are as follows: JKK ¼ Japan-Kuril-Kamchatka subduction zone,
Kam. ¼ Kamchatka segment, N.K. ¼ northern Kuril segment, C.K. ¼ central Kuril segment, S.K. ¼ southern Kuril segment, and Hokk. ¼ part of Hokkaido segment. The southernmost
(Tohoku) segment of the JKK is not shown. (B) Historical earthquakes that produced tsunamis with recorded heights of at least 0.5 m in the southern, central, and northern Kuril
segments of JKK (with the exception of 1915), after Fedotov et al. (1982) and the NGDC/WDS database. Earthquake locations prior to 1915 are too uncertain to map. The 2007
earthquake was an outer-rise event in the Pacific Plate. Labeled place names are referred to in the text.
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The history of paleotsunamis in the central Kuril Islands was
unknown prior to investigations during the Kuril Biocomplexity
Project's field campaigns of 2006e2008 (c.f. Fitzhugh, 2012;
Fitzhugh et al., 2016). Besides the challenge of their remoteness,
these rugged islands have few coastal plains capable of preserving
extensive paleotsunami records. The best Pacific-facing sites in the
central Kurils, Yuzhnaya Bay and Ainu Bay on Matua Island and
Dushnaya Bay on Simushir Island (Figs. 1 and 2), were used in our
study to determine the record and recurrence of tsunamis that
affected the region. Observations of runup, inundation, erosion, and
deposition by recent tsunamis help calibrate the paleotsunami
Figure 2. Environments and landforms of (A) Ainu and Yuzhnaya bays on (B) Matua Island an
(D). Locations of topographic profiles and excavations are noted. For names of excavations
Only volcanoes referred to in the text are named.

rg/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
record. Runup is defined as the tsunami elevation at maximum
tsunami inundation, which is the horizontal distance inland that a
tsunami reaches. Abundant tephra layers aid in correlation, dating,
and paleogeographic reconstruction.

Background

Setting

The central Kuril Island segment of the JKK subduction zone is
defined as between the Bussol and Kruzenshtern straits (Fig. 1), a
d (C) Dushnaya Bay on (D) Simushir Island. Outlines of (A) and (C) are noted on (B) and
along profiles, see excavation stratigraphy illustrated in Supplementary Figures 5e12.
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geographically complicated region with generally smaller islands
than elsewhere in the Kuril volcanic arc. Here, the Pacific plate,
dated to 100e120Ma, subducts under the Okhotsk plate at a rate of
~81 mm/yr (Bird, 2003).

Matua Island (~50 km2) lies at the northern end of the central
Kurils, slightly west of other central islands, while Simushir Island
(~340 km2) lies at the southern end (Fig. 1). The Japanese heavily
occupied Matua during World War II (WWII), but Simushir was
only sparsely occupied. Prior to WWII, Simushir had few historical
settlements, Matua apparently none. In the central Kurils, historical
records associated with explorers, fur traders and fishermen are
spotty, but extend to the 1700s (Golder, 1914; Ogryzko, 1953;
Krasheninnikov, 1972). Evidence of human occupation by mari-
time hunter-gatherers is present on both islands, dating back at
least 2200 yr (Fitzhugh, 2012; MacInnes et al., 2014). Three main
study areas were examined, which include:

Yuzhnaya Bay, Matua Island
This site is a prograding, vegetated beach-ridge plain at 5e9 m

elevation, backed by a steep slope leading to a tilted, 40e80-m-high
terrace (Fig. 2A). There are no streams in the bay. Prominent beach
ridges in Yuzhnaya Bay can be correlated along the length of the
embayment; smaller ridges appear and disappear. The modern
beach is sandy and open to the Pacific, with a few exposed basalt
outcrops offshore.

Ainu Bay, Matua Island
A large section of the coastal plain is a Carex marsh surface at

11e12 m elevation backed by a slope leading to a 20-m terrace, and
fronted by a narrow, vegetated beach-ridge plain (Fig. 2A). The
marsh is fed by springs and drains through a small stream. The
stream fed a small lake that was breached by the most recent
tsunami (discussed below) and the seaward-most beach ridge
eroded away (MacInnes et al., 2009a,b). The modern beach is sandy
and open to the southwest, with bedrock outcrops offshore at the
north and south ends.

Dushnaya Bay, Simushir Island
This long embayment stretches from Prevo to Uratman vol-

canoes (Fig. 2D). The surveyed section of Dushnaya Bay consists of a
prograding, vegetated beach-ridge plain at 4e9 m elevation,
backed by a steep slope up to a 20e40-m-high Pleistocene terrace
(Fig. 2C). The modern beach is primarily sandy, with a few exposed
basalt outcrops offshore; the shoreline is rockier toward the north.

Historical tsunamis

The most recent great earthquakes in the central Kuril region
were the subduction-zone and outer-rise doublet of 15 November
2006 (Mw 8.3) and 13 January 2007 (Mw 8.1) (Fig. 1) (Ammon et al.,
2008); both produced tsunamis. Post-tsunami survey runup mea-
surements averaged 6.5 m in Yuzhnaya Bay and 17 m in Ainu Bay.
Tsunami runup was 15e20 m at the north and south ends of
Dushnaya Bay, respectively, but only 5e8 m on the central coastal
plain (MacInnes et al., 2009a) at our study site. All three localities
were covered with sandy tsunami deposits up to 90% of the water
inundation distance determined by floating debris (MacInnes et al.,
2009b). Which tsunami (2006 or 2007) was the primary generator
of the surveyed runup and deposits is unknown, though modeling
suggests that on Matua Island in particular, 2007 may have been
larger than 2006 (Rabinovich et al., 2008; MacInnes, 2010). The
combined event is referred to as “2006/2007” in this paper because
these two tsunamis' deposits cannot be confidently differentiated
in the surveyed area.
oi.org/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
Though many large tsunamigenic earthquakes have occurred
historically along the JKK subduction zone (Fig. 1), few, if any,
ruptured in the central Kuril segment. Prior to 2006, the central
Kurils were considered a seismic gap (Fedotov, 1965; Laverov et al.,
2006) or a segment of low seismic potential (Song and Simons,
2003). A large earthquake in 1780 produced a tsunami with re-
ports on Urup, Simushir and Ketoi islands (Lensen, 1959; Soloviev
and Ferchev, 1961). Laverov et al. (2006) assigned the earthquake
to the central Kuril segment, but it may have been located in the
southern Kurils because the tsunami was largest on Urup (Lensen,
1959); its northern extent is uncertain (Lay et al., 2009). An
earthquake rupture with its proposed epicenter in the northern
Kurils in 1915, estimated Mw 7.7e8.1, may have extended from the
north across the Kruzenshtern Strait into the central Kurils (Geller
and Kanamori, 1977; Pacheco and Sykes, 1992), although no reports
exist of an associated tsunami. Two 1918 earthquakes occurred just
south of the Bussol Strait and potentially were a subduction-zone/
outer-rise doublet like 2006 and 2007 earthquakes (Lay et al.,
2009); the first may have ruptured across the strait into the cen-
tral Kuril segment (Fedotov, 1965), but this is also uncertain (Beck
and Ruff, 1987). Beck and Ruff (1987) considered the northern
limit of the 1963 southern Kuril earthquake rupture to be the Bussol
Strait, although Hatori (1971) extended the limit farther north, into
the central Kurils.

In addition to earthquake-generated tsunamis, volcanogenic
tsunamis are known or postulated from locations throughout the
Kuril Islands. The most notable observed event was the large 1933
tsunami from the sector collapse of Kharimkotan volcano (Sev-
ergin), which had runup up to 20 m (Miyatake, 1934).

Earthquake frequencies and paleotsunamis along the JKK
subduction zone e prior work

Previous studies have estimated recurrence intervals of large
earthquakes and tsunamis along most of the JKK subduction zone.
The duration of the seismic cycle of earthquakes (Mw > 7.75) along
the entire zone was first estimated from historical data as
140 ± 60 yr (Fedotov, 1968). More recent studies have focused on
specific segments, as summarized below; the central Kurils are
omitted here and covered later in the paper.

The northern segments comprising Kamchatka and the north-
ern Kuril Islands are capable of producing Mw 9.0 earthquakes,
exemplified by the 1737 and 1952 Kamchatka earthquakes (Fig. 1).
Evidence for numerous tsunamis in the last 7000 yr is preserved
along the Kamchatka coastdan average recurrence (in southern
Kamchatka) of 70e100 yr, but maybe as short as 37 yr (Pinegina,
2014). In the northern Kurils, one tsunami deposit is preserved on
average every 90 yr for the last 2500 yr (Pinegina, 2014).

The most active section of the JKK subduction zone historically
is the southern Kuril Islands and Hokkaido sections (Fig. 1), with
nine Mw 7.5e8.5 earthquakes since 1918 (NGDC/WDS, 2014).
Paleotsunami studies on Shikotan Island, at the very southern end
of the Kuril Island chain, indicate that one tsunami per 250 yr is
commonwith aminimum recurrence interval of 75 yr (Razzhigaeva
et al., 2008). Larger earthquakes estimated as Mw 9.0 occur only
every ~500 yr on Iturup Island (Iliev et al., 2005; Ganzey et al.,
2011). Sawai et al. (2009) notes that on Hokkaido, “outsized tsu-
namis” average every 400 yr, but range between 100 and 800 over a
6000-yr record.

Volcanic activity

In our study, mappable tephra layers are key to establishing a
chronological framework. As with earthquakes and tsunamis, the
historical record of eruptions (Supplementary Table 1) is short and
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potentially spotty. The longer-term geologic record includes
distinct marker tephra (tephra found on more than one island)
fromwithin and outside the central Kurils (Nakagawa et al., 2008).

Sarychev Peak, the current volcanic edifice on Matua Island, is
one of the most active volcanoes in the Kurils, with 16 explosive or
effusive eruptions recorded since the mid-1700s (Supplementary
Table 1; NGDC/WDS, 2014). Ash columns are common, and pyro-
clastic flows reached the sea in 1930, 1946 and 2009.

On Simushir, three volcanoes lie within 20 km of Dushnaya
BaydPrevo Peak and Zavaritsky volcanoes to the south andUratman
to the north (Fig. 2D). The recent volcanic history for these volcanoes
is less well known than for Sarychev Peak. Historically, both Prevo
Peak and Zavaritsky have been active, but with only a few observed
eruptions (Supplementary Table 1; NGDC/WDS, 2014). Two addi-
tional active volcanoes lie at the southern end of Simushir.

Three marker (regional) tephra with known geochemistry are
present in the late Holocene coastal stratigraphy of the central Kurils
(Tables1and2; SupplementalFigs.1 and2;Nakagawaetal., 2008); all
three are present on Matua, but only one (CKr) on Simushir. The
youngest (Us-Kr) was produced by a caldera-forming eruption of
Ushishir volcano, betweenMatuaandSimushir (Fig.1). BothSimushir
and Matua received tephra CKr from a larger caldera-forming erup-
tion of Medvezhya volcano on Iturup Island in the southern Kurils.
The third marker tephra (Sar-1) is from an eruption on Matua.
Tephra methods and results

Tephra stratigraphy and age control methods

Throughout the Kuril Islands (2006e2010 and prior), tephra
were identified in the field as layers of clean sediment within the
soil of an excavation, generally with a uniform mineralogy, and
typically well sorted. Stratigraphy is most clear in peat excavations,
where relatively fast accumulation rates separate and preserve
tephra as distinct layers. Tephra in the central Kurils are typically
either cinders (2- to 10-mm sized grains) or silt to very fine sand, or
both, commonly sublayered.

Tephra were correlated using physical characteristics (primarily
grain size, mineral composition, color, thickness, sublayering), strati-
graphic position in an excavation, and in select cases, geochemistry
(microprobeanalysis of glass components) (Supplementary Figs.1e4).
In cases where multiple tephra originated from eruptions closely
Table 1
Sample locations and analysis of radiocarbon dates used to estimate ages of tephra on M

Island Tephra abbreviation Excavation Rela

Matua C4 106 0e1
Matua SC8 AB-1 TP 3 0e5
Matua SC8 116 3e5
Matua S12 13107a 0e1
Matua UsKr 166 0e1
Rasshua UsKr 1B 0e2
Ushishir UsKr 07-US-18b 0e1
Matua CKr Fitzhugh et al., 2002 0e1
Matua CKr Fitzhugh et al., 2002 2e4
Matua Sar-1 07MT4b 1e2
Matua Sar-1 Fitzhugh et al., 2002b 0e2
Matua S17 07MT5b 0e3

Simushir P 1607a 8 cm
Simushir P 1607a dire
Simushir CC 1607a 2e3
Simushir CC Stream Outcrop 25 c
Simushir CKr Fitzhugh et al., 2002 0e1
Simushir CKr Fitzhugh et al., 2002 2e4

a Sample collected by N. Razzhigaeva.
b Sample collected by M. Nakagawa or Y. Ishizuka.

rg/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
spaced in time (suchas tephraC7andSC8 inTable1), individual tephra
could be identified in excavations into the beach ridge active at the
time of deposition. Accumulation of sand in the active ridge occurs
quickly and can separate similar-aged tephra that would otherwise
appear as one layer (e.g. Fig. 3).

We estimated the age of each tephra using a combination of
radiocarbon dating and peat accumulation rates between tephra.
Radiocarbon ages for tephra layers (Table 2) are primarily from sub-
sampledpeator fromcharcoal. Radiocarbonageswere calibratedand
combined (when more than one age existed per tephra) with OxCal
4.2 (Bronk Ramsey, 2009). Ages for tephra without associated
radiocarbon samples were estimated by calculating peat accumula-
tion rates between dated tephra (see Supplementary Tables 2e5).

Tephra stratigraphy and age control results

The central Kuril tephra provided easy divisions of the strati-
graphic record into time increments for study of tsunami recur-
rence. Ten tephra layers with dated radiocarbon samples of peat
and charcoal anchored tephrochronological age control of Matua
and Simushir stratigraphy (Tables 1 and 2). We used peat accu-
mulation rates to project ages for the C4, C7, S11, GT, and FC tephra
(Supplementary Tables 2e5). The oldest tephra layers dated include
1395e1195 BC in Ainu Bay (tephra S17), AD 410e590 in Yuzhnaya
Bay (tephra S11) and 386e311 BC in Dushnaya Bay (tephra CKr).

Dushnaya Bay stratigraphy contained five distinct tephra, of
which one was the marker tephra CKr; on Matua, eighteen tephra
layers, not counting the 2009 tephra, were identified in Yuzhnaya
and Ainu bay excavations (Table 2). In addition to the aforemen-
tionedmarker tephra, the 15 others are all interpreted to have come
from eruptions of Sarychev Peak or its predecessors on Matua
(Nakagawa et al., 2008), of which the most prominent are associ-
ated with caldera-forming eruptions (SC8 and Sar-1; Laverov et al.,
2005). Tephra type sections and more complete descriptions of all
tephra are presented in Supplementary Figures 1 and 2.

Tsunami deposits methods and results

Profile and excavation methodology

We measured a total of eight topographic profiles with accom-
panying excavations (Fig. 3, Supplementary Figs. 5e12) at the three
atua and northern Simushir islands.

tionship to tephra Material Lab ID Date (14C)

cm below Peat Beta-284679 170 ± 40
cm below Charcoal OS-58969 610 ± 25
cm below Charcoal Beta-284682 620 ± 40
cm above Peat LU-5929 1750 ± 50
cm above Charcoal OS-67626 1970 ± 40
cm above Charcoal OS-67131 1990 ± 30
cm below Charcoal IAAA-72953 1910 ± 40
cm above Charcoal AA-42209 2178 ± 42
cm below Charcoal AA-42205 2290 ± 43
cm below charcoal IAAA-72956 2420 ± 30
cm below Charcoal AA-40943 2345 ± 37
cm below Peat IAAA-72958 3030 ± 30

above in peat Peat LY-5905 80 ± 50
ctly below in peat Peat LY-5906 40 ± 90
cm above in peat Peat LY-5907 430 ± 50
m below in sand Charcoal OS-59191 515 ± 35
cm above Charcoal AA-42209 2178 ± 42
cm below Charcoal AA-42205 2290 ± 43

https://doi.org/10.1016/j.yqres.2016.03.005


Table 2
Tephra age estimates from radiocarbon dating (Table 1), peat growth rates, and the historical record onMatua and northern Simushir islands in stratigraphic order. 14C ages are
calibrated and combined (when multiple ages have been obtained) with OxCal 4.2.

Tephra abbreviation Age estimation from peat growtha Age estimation from historical record 14C calibrated age

Matua Island
2009 e AD 2009 e

C1a e AD 1960 or 1946b e

C1b e AD 1946 or 1930b e

C2 e e e

C3 e e e

C4 e e AD 1655e1707 (18%); AD 1718e1826 (46%); AD 1832e1886 (13%);
1912 AD-present (18%)

SC5 e e e

S6 e e e

C7 AD 1390e1480 e e

SC8 e e AD 1296e1400 (95%)
S9 AD 1240e1350 e e

SC10 AD 615e770 e e

S11 AD 410e590 e e

S12 e e AD 244e394 (95%)
UsKr e e 4 BCeAD 75 (93%)
CKr e e 386e311 BC (95%)
Sar-1 e e 490e400 BC (95%)
C16 780 to 690 BC e e

S17 e e 1395e1195 BC (95%)

n. Simushir Island
P e e AD 1681e1738 (26%); AD 1803e1937 (69%)
CC e e AD 1408e1448 (95%)
GT AD 1020e1100 e e

FC AD 390e550 e e

CKr e e 386e311 BC (95%)

a Age estimations of undated tephra based on assuming steady accumulation rates between bracketing 14C-dated tephra in peat excavations. For calculations see
Supplementary Tables 3e6.

b Large known historical eruptions; see Supplementary Table 1.
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field sites, with additional off-profile excavations in Dushnaya Bay
(Fig. 2C) during field seasons in 2006, 2007, 2008 and 2010. Topo-
graphic profiles were made with a tripod, level and rod, with in-
dividual measurement error of 0.3 cm vertically and 30 cm
horizontally; this uncertainty does not accumulate exceptwhen the
level is moved (generally 2e4 times per profile) so cumulative
vertical error is <30 cm and horizontal error not more than a few
meters. Sea level datum for each profile was recorded as the swash
zone at time of measurement. The tidal range is <2 m (1.7 m for
Matua; Shevchenko and Ivelskaya, 2015). We did not apply tide
corrections because local tide predictions for hundreds of kilome-
ters have not been calibrated recently. Tide tables suggest a
maximum of 50 cm difference between profiles from the time of
measurement, comparable to the expected uncertainty associated
with measuring swash.

Most excavationsweremade in topographic lows betweenbeach
ridges (Figs. 2 and 3; Supplementary Figs. 5e11). In each excavation,
the sediment and stratigraphy were described; where present,
charcoal and peat were sampled for radiocarbon dating, and some
tephra sampled for geochemical analysis. Most excavations used in
the paleotsunami-deposit counts are at elevations >5m above local
sea level (elevations in Supplementary Figs. 5e12).

Paleotsunami deposits and deposit counts

Paleotsunami deposits were identified as layers of clean sand of
mixed mineralogy within the soil of an excavation (as in Bourgeois
et al., 2006). Tsunami deposits are extensive and generally
continuous sand sheets, but deposits in sandier soil can be difficult
to distinguish. Sand layers that were not clearly distinct from sur-
rounding stratigraphy were identified as “possible tsunami” rather
than “tsunami” by field researchers (Fig. 3). We estimated the
minimum inundation (farthest inland extent of the tsunami) and
oi.org/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
runup (elevation of the inundation point) for past events assuming
sand layers end between the last excavation with the deposit pre-
sent and the first excavation without the deposit (as in MacInnes
et al., 2010).

We calculated the total number of tsunamis to inundate each lo-
cality by first counting the number of tsunami deposits between
stratigraphically adjacent tephra for each excavation, then finding the
maximumnumber of deposits between each tephra pair for the entire
site. We employed three methods for counting. The first method
simply entails counting the number of layers; we included two values,
including or excluding layers identified as “possible tsunami”. All
methods assume that if a tsunami deposit was present in any exca-
vation, the tsunami inundated at least that far inland, even if correla-
tive deposits were not identified closer to the shoreline, where
tsunami deposits aremoredifficult to distinguish inyoung, sandy soils
influenced by storm waves and wind. Even the 2006/2007 tsunami
deposit could not be distinguished on themost proximal beach ridges
in the summer 2007 field season because weak underlying soil
development did not delimit a lower boundary to the deposit.

The second method of counting, hereafter referred to as the
“stingy count”, is an attempt to make observations in peat and non-
peat excavations comparable by only counting a tsunami deposit in
peat where the thickness exceeded 0.5 cm. The 0.5-cm cut-off is a
product of field descriptions; deposits thinner than 0.3 cm were
generally not noted in non-peat excavations, and deposits thicker
than 0.3 cmwere usually rounded to the nearest 0.5 cm. In contrast,
in peat excavations sand layers only grains thick were identified.

The thirdmethod, referred to as the “profiles-only count”, included
onlyexcavations onmeasured topographicprofiles. Thismethodhelps
to make the records between Matua and Simushir more comparable
because Matua locations did not include off-profile excavations.

After making tsunami-deposit counts, we calculated paleo-
tsunami recurrence intervals by dividing the age difference of

https://doi.org/10.1016/j.yqres.2016.03.005
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bracketing tephra by the number of tsunami deposits. Error terms
in recurrence intervals include the minimum and maximum for
each tephra's age and the presence or absence of “possible”
tsunami deposits identified in the field.We also used every possible
combination of dated tephra pairs to observe changes in frequency
and to see if any particular time interval biased results (Fig. 4).
Paleotsunami frequency results

Paleotsunami deposits have similar characteristics to the 2006/
2007 deposit. Most paleotsunami deposits were defined by soil
horizons above and below the clean (“tsunami”) sand, although it
was not unusual for one side of the deposit to be a tephra rather
than a soil. In a few instances both sides were defined by tephra.
Deposits were typically 1e2 cm thick, rarely exceeding 4 cm, and
composed of coarse-very coarse sand (300e400 mm diameter). The
sands werewell sorted, as are themodern beach sediment samples.
Some deposits contained larger grains of rounded, low-density
pumice and scoria. No structures or grading were measurable
within the deposits, and while the paleotsunami deposits generally
thinned landward, average grain size remained constant. We
attribute the lack of structure or fining inland as due to a well-
rg/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
sorted sediment source rather than due to characteristics of the
tsunami flow.

We identified up to 20e22 tsunami deposits younger than
3300 yr (above tephra S17) in Ainu Bay (Fig. 4; Supplementary
Figs. 5e6 and 10 and 11 in the last 1500 yr (above tephra S11) in
Yuzhnaya Bay (Fig. 4; Supplementary Figs. 7e9), an average
recurrence interval of 160 ± 15 and 140 ± 20 yr, respectively
(Table 3). However, when the record is divided into discrete time
intervals, the frequency can be much higher or lower (Fig. 4A and
B). One time interval of 500 yr (UsKr to Sar-1, ~AD 50e~450 BC)
recorded no tsunami deposits. We find a recurrence interval aver-
aging one tsunami deposit every 55e75 yr since ~AD 1400 in both
Ainu and Yuzhnaya bays. The frequency of deposits is significantly
less in Ainu Bay before AD 1400, with one sand layer an average of
every 250 ± 35 yr (Table 3). The older record in Yuzhnaya Bay is
poorly preserved (Fig. 3; Supplementary Figs. 7e9).

Although only separated by a narrow headland, Ainu Bay's
tsunami deposits are distinctly more extensive than those in
Yuzhnaya Bay. Every tsunami deposit in Ainu Bay is present above
10 m elevation while in Yuzhnaya Bay only half of the deposits can
be found above 7.5 m elevation, suggesting tsunamis are predom-
inantly higher in Ainu Bay. Only three event beds extend beyond
300 m inland in Yuzhnaya Bay while as many of two thirds of them
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Figure 4. Histograms of tsunami recurrence calculations for Yuzhnaya (A), Ainu (B), and Dushnaya (C, D, and E) bays. (F) Illustrates how to read the histograms. Recurrence
calculations are based on the maximum number of tsunami deposits at a given site between every possible pair of volcanic tephra; the time interval between the tephra is divided
by the number of tsunami deposits. Horizontal black lines represent the recurrence intervals reported in Table 2. Dushnaya Bay graphs show all the excavations (C), only tsunami
deposits greater than 0.5 cm thick (D), and only excavations from topographic profiles (E).

Table 3
Overview of tsunami recurrence frequency (years between tsunami deposits) for sites on Matua and Simushir islands; range includes the minimum and maximum number of
tsunami deposits and the age range of dated tephra (see Table 2 for dates).

Tsunami recurrence interval
Matua Island Dushnaya Bay, Simushir Island

Yuzhnaya Bay Ainu Bay All excavations Stingy count Profile-only count

Present to oldest tephra 145 ± 15 160 ± 15 65 ± 5 105 ± 5 205 ± 30
Present to AD 1400e1450a 75 ± 10 55 ± 5 45 ± 5 70 ± 5 65 ± 5
AD 1400e1450a to oldest tephra 310 ± 45 250 ± 35 75 ± 5 120 ± 10 270 ± 60

Largest tsunamisb based on shoreline reconstruction 215 ± 10 and 750 ± 50 n/a 310 ± 15 e e

a Defined by C7 tephra on Matua and CC tephra on Simushir.
b See text for definition of “largest” in the section Comparison of central Kuril sites to other segments of the JKK subduction zone.
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exceed 300 m in Ainu Bay, suggesting tsunamis regularly penetrate
farther inland in Ainu Bay than Yuzhnaya Bay (Supplementary
Tables 6e7).

We identified up to 34e36 tsunami deposits younger than
~2350 yr (above the CKr tephra) in excavations in Dushnaya Bay in
Northern Simushir (Fig. 4C, Supplementary Figs. 10e12;
Supplementary Table 8). Excluding 2006/2007, 12e13 deposits are
younger than ~AD 1400 (above tephra CC), including a sand layer in
the middle of tephra P. When we exclude all sand layers thinner
oi.org/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
than 0.5 cm in peat excavations, the total number of deposits is
22e23 with 8e9 deposits above tephra CC. The profiles-only count
(removes 6 of 20 excavations, including most peat) records 10e13
deposits total, 9 above the CC tephra.

The maximum count of tsunami deposits indicates a frequency
of one tsunami every 65 ± 5 yr overall in Dushnaya Bay (Table 3). In
all counting methods, the shortest intervals of tsunamis are within
the most recent 600 yr (Fig. 4CeE). With all the data used, the
frequency between events roughly doubles above the CC tephra. As
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the counting methods become more exclusive, the older part of the
record is lost, making the difference between recurrence intervals
from before ~AD 1400 and those after ~AD 1400 more extreme
(Table 3).

Dushnaya Bay excavations were located on two primary sur-
faces, the lower of which is 4e10m high (average 6.6 m), extending
from the shoreline to a steep slope ~150 m inland. Excavations on
the surface above the slope were 17.5e21.5 m high and 200e335 m
inland. Four tsunamis reached the higher surface since ~AD 450 (FC
tephra), resulting in an average recurrence interval of the largest
events of ~310 ± 15 yr (Table 3).

Paleotsunami reconstructions methods and results

Methodology for reconstructing paleoshorelines

Ideally, a reconstruction of the prehistoric coast and hence of
paleotsunami size (runup and inundation as approximated by
deposit extent) will include an estimate of horizontal shifts of
shoreline location for paleo-inundation and an approximation of
change in relative sea level for paleo-runup. Previous methods of
paleoshoreline reconstructions of beach ridge plains for paleo-
tsunami analysis include direct radiocarbon dating of beach ridge
formation (c.f. Sugawara et al., 2010; Tanigawa et al., 2014), or
the use of tephra stratigraphy (c.f. Pinegina et al., 2013). All
methods make an assumption that no widespread erosion has
occurred. Dushnaya and Yuzhnaya profiles both indicate net
progradation during the time interval examined (Fig. 5,
Supplementary Figs. 13e14). Ainu Bay appears to have had pe-
riods of significant erosion in the last few thousand years based
on its sedimentology (Supplementary Fig. 15), and therefore it
Figure 5. (A) Illustration of the dv location on the beach profile that separates where tephra
illustration of the shoreline reconstruction described in the text. Note that (A) is plotted on
most excavation with the tephra and the landward-most excavation without the tephra. T
erosion that could artificially move paleo-dv points landward. For all reconstructions and nu
and Supplementary Tables 9e10.

rg/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
was not considered for paleoshoreline reconstruction. In general,
our paleo-inundation estimates are minima because even though
the beach-ridge plains are net progradational, short-lived pe-
riods of erosion can remove some of the accumulated coastal
width.

The tephra stratigraphy of the prograding beach-ridge plainwas
used for reconstructing horizontal changes in shoreline position
using the methods of Pinegina et al., 2013 (Fig. 5). A tephra deposit
is typically preserved in stratigraphy inland from the first dense
vegetation (point dv) next to the beach. Therefore, the seaward
extent of a tephra in the stratigraphy (dv1) indicates the dv position
at the time of eruption (Fig. 5). The dv1 position is identified as
being between the farthest landward excavation without the given
tephra and the farthest seaward excavation that includes the
tephra. Assuming today's beach width (bw) is representative of the
past, we estimate the shoreline position at time tephra X to be
between the seaward-most excavation with tephra X plus bw and
the landward-most excavation without tephra X plus bw (Fig. 5).

Many profiles show evidence of net positive change in elevation
relative to sea level; that is, the shoreward, older parts of profiles
are higher than the seaward parts, but reconstructing vertical
shoreline changes on volcanic-arc islands is particularly chal-
lenging. Such changes in surface elevation can be caused, for
example, by volcanic inflation and deflation, by seismic-cycle ver-
tical changes or net tectonic uplift or subsidence, by vertical accu-
mulation via volcanic flows and airfalls, and by changes in regional
(eustatic) sea level. The older surfaces in our study are higher than
the active beach ridges today, suggesting net uplift of the coast. In
this case, our paleo-runup estimates could be too high. Also, all sites
are within 5e7 km of active volcanic edifices, so episodes of vol-
canic inflation and/or deflation likely occurred.
can be preserved and where it is not. Modified from Pinegina et al. (2013). (B) Example
a different scale than (B). Tephra preservation ends (paleo-dv) between the seaward-
his method is a minimum estimate because it cannot account for possible periods of
merical values of the calculations used in this paper, see Supplementary Figures 13e15
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Paleotsunami size compared to 2006/2007

We conducted paleoshoreline analysis for all profiles in Yuzh-
naya and Dushnaya bays (Fig. 5, Supplementary Figs. 13e15) and
calculated or estimated paleotsunami inundation compared to the
2006/2007 deposit for all profiles (Fig. 6, Supplementary
Tables 9e10). The inundation of the 2006/2007 deposit appears
to be roughly typical for paleotsunami deposits in the central Kurils,
with both larger and smaller paleotsunamis.

Seven paleotsunamis were larger than the 2006/2007 deposit
evident on profiles YBP1 and YBP2 in Yuzhnaya Bay (recurrence
average ~215 ± 10 yr), whereas no event was larger in the center of
the bay (profile YBP216) (Supplementary Table 9). Two events
since ~AD 500 (tephra S11) are evident on profiles YBP1 and YBP2
and extend beyond the most landward excavations (recurrence
average ~750 ± 50 yr).

Reconstructions of Dushnaya Bay give similar recurrence results
as the unreconstructed analysis, but with more detail. Four paleo-
tsunamis since the FC tephra on profile DBP2 are currently at least
11 m higher than the 2006/2007 runup on a surface above the
modern coastal plain, indicating these events occur every
310 ± 15 yr on average. One of these events, between the P and CC
tephra, inundated at least 245e285 m inland compared to 225 m
for the 2006/2007 event (Supplementary Table 10). Three events on
profiles DBP12 and DBP4 had greater inundation than the 2006/
2007 deposit, but only by a few 10s of meters (Fig. 6;
Supplementary Table 10). On profile DBP2 the deposits from these
tsunamis stop 30e100 m farther seaward than 2006/2007.

Discussion

Bathymetric and tsunami-source effects

Tsunamis in Ainu Bay were clearly larger than in neighboring
Yuzhnaya Bay, an observation also made by the post-2006/2007
tsunami survey team (MacInnes et al., 2009a). Ainu Bay experi-
enced severe erosion, runup of 13e20 m and inundation up to
~500m,while Yuzhnaya Bay experienced superficial erosion, runup
of 5e8 m, and inundation of only 250 m (MacInnes et al., 2009a,b).
Figure 6. Number of tsunami deposits that are larger, smaller, or similar to the 2006/
2007 tsunami deposit extent for two sites, Dushnaya Bay and Yuzhnaya Bay. Estimates
could not be made for Ainu Bay both because 2006/2007 deposit extended past all
excavations and because the shoreline is not a simple prograding beach ridge sequence
and therefore cannot be reconstructed using our method.

oi.org/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
Our interpretation of this recurring pattern is that the geometry of
Ainu Bay naturally amplifies long wavelength waves; therefore all
tsunamis will be larger in Ainu Bay compared to Yuzhnaya Bay.
However, evenwith the amplification, the records between the two
bays are similar, thus tsunamis too small to have left a record in
Yuzhnaya Bay did not amplify enough in Ainu Bay to leave a sedi-
mentary/geomorphic record. Presumably this is because the back
beach height of Yuzhnaya Bay rises to just over 4 m, while the back
beach (before the 2006/2007 tsunami) of Ainu Bay was around 7m.
Therefore, the topography ultimately filters what tsunamis leave a
record to be similar between the two sites.

Our reconstructions of inundation show there is an anti-
correlation between the inundation pattern of the 2006/2007 de-
posits and paleotsunami deposits: no paleotsunamis were larger
than the 2006/2007 deposit on the central Yuzhnaya profile, and
paleotsunamis that were slightly larger those of 2006/2007 stopped
short on the central profile in Dushnaya Bay. We suspect this differ-
ence reflects aspects of tsunamiwave dynamics, where, for example,
variations in wave approach angle or variations in shoaling, may
explaindifferences between those tsunamis and the tsunami that left
the 2006/2007 deposit. The 2007 aftershock of the 2006megathrust
earthquake produced a tsunami that is thought to be higher than
2006 inYuzhnayaBay, andmayhavebeen larger inparts ofDushnaya
Bayaswell (MacInnes, 2010). Bynormalizingall paleotsunamis to the
combined 2006/2007 deposit, we may unintentionally be using an
irregular deposit runup pattern reflective of an outer-rise-style event
rather than a typical subduction-zone event.

Biases that affect site fidelity and interpretation

We do not expect that we counted every tsunami that hit the
central Kuril Islands because of both preservational and observa-
tional biases. These biases include location, composition and
number of excavations, deposit preservation, and non-tsunami
agents of sand deposition. There are differences in these potential
biases amongst our study localities.

The position relative to the shoreline and the composition of
excavations with good tsunami records are different for Simushir
and Matua (Fig. 2). There are more excavations in peat (9 of 21 vs. 2
of 37 on Matua) in Dushnaya Bay, and those excavations are closer
to the shoreline on average (~100m vs. ~200 m onMatua). Tsunami
sands in peat are better preserved, whereas deposits in sandy soil
are not easily distinguished from background material; thus the
Dushnaya Bay record is more complete (it records more tsunamis),
and this difference makes comparison with the Matua record a
challenge. Our “stingy count” in peats still gave higher tsunami
recurrences in Dushnaya Bay (Fig. 4D). Analysis excluding proximal
coastal peats away from profiles (the profile-only count) in Dush-
naya Bay yields an average tsunami recurrence (~200 yr) longer
than onMatua (~145e160 yr; Fig. 4E, Table 3). However, in the most
recent ~600 yr, the recurrence intervals are somewhat similar:
~45 yr on Simushir compared to ~55e75 yr on Matua (Table 3).

Preservation bias results in a tendency for younger stratigraphy
to be better preserved and over-represented compared to older
stratigraphy. Fewer records remain from older time periods than
from more recent ones because destructive processes, such as
weathering, bioturbation and erosion remove older stratigraphy or
disrupt stratigraphic coherence (e.g. Wiberg, 2000). Thus the fre-
quency of events preserved in the geological record is typically a
curvilinear function when plotted against time (Sadler, 1981;
Schumer et al., 2011). For events based on stratigraphy, such as
tsunami deposits, preservational bias may explain higher apparent
rates for younger sediments (e.g., Pinegina et al., 2003).

The stratigraphic record will also be biased toward larger events
(e.g. Wiberg, 2000), such as tsunamis that leave thicker, more
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continuous, more extensive deposits. Therefore, our estimates of
paleotsunami frequency potentially only reflect these larger events.
Thin paleotsunami deposits from smaller events can be poorly
preserved due to erosion, bioturbation, or other types of distur-
bances including subsequent tsunamis.

Finally, variations in climatic conditions during deposit creation
and before burial, and preservation can also bias the record. In
particular for the Kurils, tsunamis can transport sediment farther
inland when the ground is covered in winter snow than summer
grasses because the friction is lower (Minoura et al., 1996) and
entrained sea ice can cause greater erosion of sediment (Razjigaeva
et al., 2012). On the other hand, conditions cold enough to freeze
the beach reduce the amount of sand available for transport and
thus reduce the sediment inundation extent (Romundset and
Bondevik, 2011). After deposition occurs, strong winds or rains
can alter the deposit (e.g. Goto et al., 2011; Szczucinksi, 2012),
including making the deposit more or less extensive.

We found more frequent deposits in recent time intervals
(Fig. 4) on bothMatua and Simushir, suggesting preservational bias.
Tsunami recurrence intervals calculated between present and ~AD
1400 are on the order of 45e75 yr, while those calculated
between ~AD 1400 and the oldest tephra are around 75e310 yr.
Because of the biases discussed above, we can conclude that the
increase in the number of tsunami deposits present in younger
deposits is at least partly a reflection of preservation bias. The
implication, i.e., the poorer preservation of older records, implies
that the more recent intervals are more representative of realistic
tsunami hazards.

Another possible bias on the tsunami deposit record is the
presence of sand deposits from non-tsunami sources. Beach sand
can be transported inland from storm surge, stormwaves or strong
winds. Such sands in our study, if identified as tsunami deposits,
would result in shorter estimated tsunami recurrence intervals
than reality. However, storm and aeolian sand deposits can be
identified as more irregular in thickness than tsunami deposits, and
the zones that they affect produce overall sandy accumulations,
which we avoid (Morton et al., 2007; Pinegina et al., 2013).

Our excavations were all higher than storm surge and farther
inland than storm-wave washover can be reasonably expected to
reach. Using the Matua tide gauge record of 1960e1982,
Shevchenko and Ivelskaya (2015) analyzed the central Kurils storm
record and calculated that in a 200-yr period, the likely maximum
storm surge, with natural variations in tide heights, was 2.2 m,
whereas our lowest excavations were at 4 m. Large storm waves
added to extreme storm surges can achieve the elevation of some of
our excavations, but the wavelength of stormwaves does not allow
significant inland penetration on high relief beach ridge plains
(Morton et al., 2007). We do not use excavations in these locations
because the seaward-most beach ridge has very poor soil devel-
opment, thus event sands of any kind are difficult to distinguish. For
similar reasons, we excavate in low areas between beach ridges,
where the stratigraphy per time interval is thicker.

With regard to aeolian transport, our best estimates of the zone
of possible aeolian transport, based on the density of vegetation and
surficial sandiness of the soil, is ~150 m inland for Ainu Bay, and ~
100 m inland for Yuzhnaya and Dushnaya bays. In the Kurils,
maximum wind speeds and wind direction occur during and are
controlled by cyclone storm tracks (Shevchenko and Saveliev, 1999).
Wind directions would only be favorable for moving sand onto the
coastal plain in cases where the southwestern quadrant of the storm
passes over Dushnaya or Yuzhnaya bays and the northwest quadrant
for Ainu Bay.While almost all of the excavationswith good tsunami-
deposit preservation used in this study are farther inland than
100e150 m, (Supplementary Figs. 5e12), a few peat excavations in
Dushnaya Bay (e.g., excavations 106 and 110) (Fig. 2) lie between 60
rg/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
and 100 m inland. Therefore, it is possible that aeolian deposits
could affect calculated recurrence intervals for the Dushnaya-all and
Dushnaya-stingy analyses; those peat excavations are not present in
the Dushnaya-profile only analysis (Table 3).

Possible tsunami sources

Not all tsunami deposits are necessarily from directly adjacent
(near-field) subduction-zone earthquakes. In the Kurils and other
volcanic arcs, tsunamis can have local sources such as pyroclastic
flows and volcanic sector collapses, other submarine landslides, or
they can be from far-field earthquakes, either trans-oceanic or from
adjacent segments of the subduction zone.

Based on the historical and geologic record of volcanoes from
both sites, volcanogenic tsunamis would be more likely on Matua
than Simushir. Tsunamis generated by volcanic collapses, landslides
and pyroclastic flows initiate as point sources (rather than fault-line
sources) and therefore dissipate over shorter distances than
earthquake-generated tsunamis (Okal and Synolakis, 2004), so
tsunami deposits from such events are likely only preserved on
proximal islands.

The Matua record likely contains volcanogenic tsunamis, espe-
cially during Sarychev Peak's period of recent activity. For example,
a 1946 eruption of Sarychev Peak on Matua (Supplementary
Table 1) is documented as producing a tsunami (Soloviev and
Ferchev, 1961), albeit of unknown size. Debris avalanches and py-
roclastic flows have been common throughout the most recent
phase of volcanism of Sarychev Peak on Matua (Gorshkov, 1958,
1967), and because Matua is small, pyroclastic flows can easily
reach the sea and generate local tsunamis. Two deposits in the 20th
century on Matua, between the C1a and C1b tephra (Table 2), may
be from volcanic tsunamis because the correlative time period has
no historical earthquakes generated in the central Kurils. Trans-
Pacific tsunamis, such as from 1960 Chile, are unlikely but cannot
be completely ruled out as possible sources for those deposits (see
next section). Two tsunami deposits are closely associated with a
cluster of cindery tephra around AD 1700e1800 (Supplementary
Figs. 5e9) and were tentatively described/interpreted in the field
as from volcanogenic tsunamis. Other proximal volcanoes are
possible contributors to the tsunami record; for example, the
nearest volcano toMatua, the tiny island of Raikoke, experienced an
eruption in 1924 that was recorded to “change the outline of the
island” (Gorshkov, 1967).

We expect the record in Dushnaya Bay on Simushir to contain
fewer volcanogenic tsunami deposits than on Matua. While the
history of volcanism near Dushnaya Bay is not as well studied as on
Matua, and there are more proximal volcanoes (Fig. 2), the stra-
tigraphy of Dushnaya Bay indicates few large eruptions, with only
four local tephra in the last 2350 yr compared to 16 in the last
3300 yr for Matua (Table 2). From our analysis of Dushnaya Bay
excavations, only the sand layer in the middle of the P tephra
(Supplementary Figs. 10e12) is interpreted as possibly from a vol-
canogenic tsunami.

Other local sources of tsunami include aftershocks of mega-
thrust earthquakes and tsunamigenic landslides. Large aftershocks
of subduction zone earthquakes are known to generate local tsu-
namis with high runup, but these events typically closely follow
subduction zone earthquakes and in such cases are unlikely to be
differentiable from the main shock in the stratigraphic record. The
large aftershocks in 1918, 1963, and 2007 provide good examples.
Aftershocks can also trigger submarine landslides or splay faults
and even generate larger tsunami runup than the preceding event,
such as occurred in 1963 in the southern Kuril Islands. Razzhigaeva
et al. (2008) noted that of the numerous historical tsunamis in the
southern Kurilsd7 in the last 50 yrdthey could only distinguish
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deposits from tsunamis separated by an interval of at least 20 yr.
Therefore, deposits from paleotsunamis closely spaced in time
would appear as one event in the geologic record. Mapping such an
amalgamated deposit might result in an overestimate of the size of
a tsunami from the megathrust alone, but the record would still
show that a subduction zone earthquake occurred.

Not all earthquake-generated tsunamis are local; they can
include tsunamis from adjacent trench segments and also trans-
oceanic tsunamis. In the case of adjacent tsunamis, the southern
Kurils historically have been more active than the northern Kurils,
including some suggested ruptures that extended north of the
Bussol Strait (see Background section). Being near the southern
boundary of the central Kuril segment, Dushnaya Bay may record
more tsunamis from the southern Kuril segment than Matua does
from the north.

Based on the historical record, trans-Pacific tsunamis are un-
likely to leave a record in our excavations. The largest trans-Pacific
tsunami in the Kurils, the Mw 9.5 1960 Chile event, is recorded as
having 2.5 m runup on Matua Island and 3 m in Simushir Island,
although the positions of these measurements are unknown
(Sakhalin tsunami database http://www.sakhgu.ru/expert/
Tsunami/Tsunami.html). A wave of only 2.5e3 m would not have
left a deposit on the 4e12 m high coastal plains of Matua and
Simushir. Although the historical record is short, the directionality
of the 1960 Chile wave propagation suggests it is a near-maximum
case for the northwest Pacific.

Comparison of central Kuril sites to other segments of the JKK
subduction zone

To support the hypothesis that the JKK subduction zone is
divided into southern, central, and northern segments, we might
expect Matua and Simushir to exhibit paleotsunami frequencies
similar to each other. If the record we produced were unexamined
for biases, this hypothesis would be rejected as recurrence intervals
for the two different islands are quite different, with nearly twice as
many deposits in the record on Simushir than on Matua. This in-
cludes recurrence intervals of 145 ± 15 yr in Yuzhnaya Bay and
160 ± 15 yr in Ainu Bay onMatua, but 65 ± 5 yr for all Dushnaya Bay
excavations on Simushir (Table 3; Fig. 4). However, by accounting
for bias associated with excavation substrate (the stingy count
method) or excavation location (the profile-only method), we
calculate recurrence intervals that are more similar to Matua,
105 ± 5 yr or 205 ± 30 yr on Simushir (Table 3), and could support
the segment hypothesis.

There are reasons the Simushir intervals could be shorter than
Matua, including the fact that Dushnaya Bay's key sections are
closer to the ocean. Additionally, the southern Kurils had nine
earthquakes >Mw 7.5 in the last century and are historically more
seismically active than the northern Kurils, which only experienced
two earthquakes of this magnitude. Even if many southern Kuril
earthquakes produced small or negligible tsunamis, only a few
need leave a record on Simushir and not Matua for the recurrence
interval to be shorter on Simushir.

Comparison of the central Kuril record to neighboring segments
of the subduction zone show similar recurrences, but not similar
patterns through time. On Matua the recurrence of deposits in the
most recent 600 yr is similar to southern Kamchatka and the
northern Kurils, 70e100 and ~90 yr, respectively (Pinegina, 2014).
The average Simushir recurrence interval for all Dushnaya excava-
tions is close to the 75 yr calculated for Shikotan in the southern
Kurils during the time of increased seismicity there 1500 to
500 yr ago (Razzhigaeva et al., 2008). The stingy and profile-only
averages are also well within the range of recurrences found in
the southern Kurils record of 75e250 yr between events
oi.org/10.1016/j.yqres.2016.03.005 Published online by Cambridge University Press
(Razzhigaeva et al., 2008). Records from southern Kamchatka and
the southern Kurils show an increase in seismicity from 1000 to
700 yr ago and 1500 to 500 yr ago, respectively, but a similar in-
crease in the central Kurils at either of those times is not apparent.

The post ~AD 1400 recurrence interval of deposits on both
Matua and Simushir suggests a greater frequency (potentially
greater tsunami hazard) than the geologic record on most other
subduction zones. Only southern Kamchatka, with recurrences as
short as ~40 yr from AD 1000 to 1300 is comparable (Pinegina,
2014). On Simushir, recurrence intervals in the last 600 yr are
45 ± 5 (all), 70 ± 5 (stingy) and 65 ± 10 (profile-only), while on
Matua, the same time period had recurrence intervals of 75 ± 10 yr
(Yuzhnaya Bay) and 55 ± 5 yr (Ainu Bay). While the last 600 yr
might show a frequency above longer-term averages, we do not
have ameans of separating preservation bias from a real increase in
frequency during this period. As discussed earlier, an increase in
volcanic activity on Matua could account for shorter intervals on
Matua, but cannot explain the record on Simushir, making seis-
micity a more likely cause if the increase is real.

The recurrence of the largest tsunamis in the central Kurils
generally agrees with other segments of the JKK subduction zone,
however, we note that what defines the “largest” tsunamis be-
tween sites is strongly affected by local geomorphology and such
comparisons should be taken cautiously. The southern Kurils and
Hokkaido indicate every 350e500 yr for the largest tsunamis,
defined as >5e7 m elevation and >2.5 km inland on Kunashir and
Iturup (Iliev et al., 2005 and; Ganzey et al., 2011), and at least
1.5e2.0 km inland on Hokkaido (Sawai et al., 2009). These values
are roughly similar to Simushir, where we calculated recurrence
intervals of 310 ± 15 yr for the largest tsunamis (defined above)
using shoreline reconstructions (Table 3). In Yuzhnaya Bay on
Matua, calculations show tsunamis with slightly farther inundation
than 2006/2007 deposit occurred every 215 ± 15 yr and largest
tsunamis (defined above) every 750 ± 50 yr. In general, these
numbers fit in well with large and very large tsunamis in the
northern Kurils and southern Kamchatka, defined as deposits
comparable to 1952 Kamchatka, with runup >10 m (locally >20 m)
and often coseismic land-level change, every 215e1100 yr and
~470 yr on average (Pinegina, 2014).

Conclusion

Paleotsunami records from the sites with the best preservation
in the central Kuril IslandsdYuzhnaya Bay and Ainu Bay on Matua
Island and Dushnaya Bay on Simushir Islanddyield evidence of
repeated tsunami inundation. The recurrence rates of these events,
unfiltered for biases affecting record fidelity, are 140 ± 15 yr at
Yuzhnaya Bay, 160 ± 15 yr at Ainu Bay, and 65 ± 5 yr at Dushnaya
Bay. These recurrence intervals are high, but are comparable to
other segments of the Japan-Kuril-Kamchatka (JKK) subduction
zone. Results from all three study areas reveal increasing number of
tsunamis toward the present, which is likely due at least in part to
preservation bias.

Weexpect that the recurrence intervalswepresent inFigure4and
Table 3 are shorter than the interval of tsunamis produced by near-
field subduction-zone earthquakes on the central Kuril segment
because of other tsunami sources. Almost certainly, theMatua record
includes volcanogenic tsunamis and the Simushir record includes
tsunamis from the southern Kuril segment. We predict that the
seismic cycle of large megathrust earthquakes in the central Kurils is
longer thanyounger (post ~AD 1400) records ofMatua and Simushir,
but because of preservation bias, shorter than pre ~AD 1400 records.

Some paleotsunamis in the central Kurils were clearly larger
than 2006/2007 tsunamis. Tsunamis at least 11 m higher than
2006/2007 deposit occurred on the order of every 300 yr on
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Simushir. On Matua tsunamis that penetrated farther inland in
some part of Yuzhnaya Bay occurred roughly every ~215 yr, and
ones that extended at least 100 m farther inland in most of the bay
occurred every ~750 yr. Although paleotsunami size is difficult to
reconstruct in Ainu Bay, the record of paleotsunami frequency is
comparable to Yuzhnaya Bay, and the differences in tsunami size
from the 2006/2007 tsunami deposit repeats in the paleotsunami
records for Yuzhnaya Bay (smaller) and Ainu Bay (larger).

Understanding the recurrence intervals of large megathrust
earthquakeson the JKKsubductionzone is imperative for calculating
probabilistic tsunami hazard for major population and economic
centers around the Pacific Rim. The relatively small 2006 and 2007
earthquakes (Mw 8.3 and 8.1) demonstrated the trans-Pacific
directionality of central Kuril tsunami energy towards Hawaii, Cal-
ifornia and Chile, illustrating the need to elucidate the hazard pro-
duced by this understudied region. The recurrence interval of large
earthquakes on the JKK subduction zone that produce damaging,
potentially trans-Pacific tsunamis is on the order of ~100 yrorhigher
over the last 3000 yr. Relative tomany other subduction zones, such
as Cascadia, Japan, and Alaska-Aleutians, this recurrence interval is
shorter and therefore of importance to communities around the
Pacific. In combination with the archaeological evidence for fluctu-
ations in human settlement intensity of the Kurils (Fitzhugh, 2012;
Fitzhugh et al., 2016), the results reported here provide a founda-
tion for better human vulnerability and resilience to tsunami haz-
ards at century to millennial time scales.
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