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Included below in our response are:

1) Summary of changes made both in response tewevs and adding new historical
information

2) Authors’ response to reviewer #1 (Barbano) vismusly provided

3) Authors’ response to reviewer #2 (Witter) — pseusly provided

4) Marked up manuscript noting changes in textfaqmde captions. (Changes to tables and
figures were minor corrections according to reviesaand to our own review)

1) Summary of changes made both in response to rewers and adding new historical
information

As our responses to revieweraote (see below), we took into account most eiditor
suggestions, and we made some clarifications baisedviewers’ recommendations. These
include:

a) reorganizing the abstract, while its content emnkclusions remain the same

b) adding a paragraph to the introduction thaestaur questions/goals, as well as reorganizing
the following paragraph

¢) adding to and clarifying our methods, brieflgdancluding a brief reference to possible
tsunami runup via nearby rivers

d) clarifying our reasoning for favoring 1960 Chieer 1952 Kamchatka, and also our
reasoning for NOT favoring either Feb or April 1923

e) clarifying our reasoning and argument for a nmrgherly Kronotsky 1997 rupture, and
against other models for the earthquake ruptureti@®es 5.1 and 7.2)

f) clarifying our reasoning for not correlating phestoric deposits (it is difficult enough for
historic cases)

g) clarifying our reasoning for using only specif@ses for our statistics (e.g., above 5 m)
h) making minor corrections and changes in figynes included here), and clarifying figure
captions (included in marked-up text)

Our own changes irrespective of reviews (and/butkvbo not affect our conclusions) include:
i) changing “south” Kamchatsky Bay to “south to taif because our data extend about to the
middle of the bay; this is important in interpngtithe data

k) adding some information from two historical soes, particularly to the database for April
1923 tsunami — these notes extend knowledge ofgshatimi to most of Kamchatsky Bay; see
Section 2.3, also Tables 1 and S4

[note that we standardized spacing to 1 spacerrtithe 2 after periods and semi-colons; this
and some other formatting are shown by track ctenge decided not to try to ‘mess with’
these notes, sorry]



2) Authors’ responses to reviewer #1 (previously mvided)
Response to Professoressa Serafina Barbano:

We thank Dr. Barbano for her very careful, stamctive and timely review of our manuscript.
Her suggestions and corrections are easily incatpdrinto a revision. She did a very thorough
edit, for which we are grateful. We will rewritédafy our abstract accordingly and make
changes in the text, figures, tables and supplen@ntBarbano raises at least two significant
issues: distinguishing the historic deposits, lagdting the 1997 earthquake rupture. Here are
notes on those issues:

Notes about distinguishing the historic tsundeposits:
1) Numerical dating: We reason that neither OStradiocarbon would distinguish the two
1923 events, or 1960 from 1952. Our use of challgiand/or mineralogically finger-printed
tephra in such cases is more reliable. The saticeaurface must be 1997, and that reasoning
agrees with the Hawaiian tide-gage data.
2) We reason that the intermediate sand layer89 based on the observations that 1952 is
dying off to the north, but yes, that interpretatie also supported by the presence in a few
localities of the 1955 Bezymianniy tephra.
3) As to the two 1923 events, Dr. Barbano’s commestdrrections and questions will help us
clarify our reasoning. We cannot make a strong taslistinguish the two, to say with
confidence that the deposit is from one, not theiofor both). The primary reasoning for
reinterpreting the magnitude of the April event esnfrom the far-field tide=gage record.

A note about actual location of the 1997 ruptuwWe will clarify our own interpretation,
although we are hesitant to draw boundaries omupiire area. We think that with the recent
interpretations of others, we can be more cleautwbich ones are consistent with our data.
We will clarify that when we say “lower in the sblitve mean the Kronotsky Peninsula sites, as
well as Olga Bay to the south, not Chazhma vs.c2tor



3) Authors’ responses to reviewer #2
Response to review of Dr. Rob Witter
Response to general comments

... the introduction does not clearly articulate tieéevant scientific questions. One way to
improve the introduction would be to specifically but the central questions addressed by the
research, and how the study addresses them.

Response: we will write a short introductory paragraph BERDthe other paragraphs laying
out the basic questions: How do tsunamis inforrthgaake interpretations? The 1997 tsunami
requires a different earthquake source region femphysically interpreted: we address the
(previously unrecognized) significance of the 188¥ami to that interpretation. Do the
historic earthquakes in the northern part of th& KBaracterize it as rupturing in shorter
segments than southern part? How does the prabistoord inform the question? What are
the strengths and limitations of reconstructinghi®@ric tsunamis, even with strong age control
from well-dated and well-mapped tephra?

For the paper to meet international standards afqtice in tsunami science, the authors should
place greater emphasis on the methods used irtdldg.dn fact, the authors are leaders in this
field and pioneered many of the methods used tddiayever, the brief presentation of these
methods obscures important details and raises gurestbout some of the conclusions of the
study. For example, the authors describe tsunamosits generally as sand sheets that become
thinner and finer-grained in a landward directioling 245). But was this used in the study?
[Response—yes, in the cases of historic events and the gétrends in prehistoric deposits]

In detail, the deposits mapped in profile 110 dmekest in exposure 45, the farthest site from
the sea]Response—reviewer is wrong about this—for example, thedristdeposits do not

even occur in excavation 45; the deposits he kinglabout are older and cannot be correlated
from excavation to excavation; the fact that thpadéts are more numerous in excavation 45 is a
matter of preservation and identification, NOT Kmiess or grain size]

and no particle size data are included in the res(iResponse—only relevant for historical
deposits except for general trends—would the resrdike to have copies of all our field notes?
These are general trends—on one hand he wantsargeanore, but we feel he is looking for
contradictions where there are none.]

What differentiates a sand layer on the coast ahklaatsky Bay from a flood deposit of the
Chazhma RiveffResponse—we can add a sentence that flood deposits hemnaaaey, and

most of our sites are above flood level] a sandy fan deposit produced by storm wave wash
over? In 2013 Typhoon Haiyan’s storm surge prodwsteekt-like overwash deposits up to 8 cm
thick that extended over 1000 m inland (Pilarczlylile 2016). [Response—(there is a 2017
paper on Haiyan deposit as well) we can repeat psor studies that tropical storms & their
surges do not occur at these latitudes, and ouvatdas are high enough to preclude regional
storms; we don’t see a reason to repeat whatpgsan papers, unless more than one reviewer
requests it. But if the editor asks, we will cognph the Supplement, not in the main text.]



In some of the figures, the predominant sedimesarigl --how do tsunami deposits stand out in
this sedimentary environment? Do aeolian procedsessit sheet-like sand layers along
Russian coastsPResponse—if the editor requests this, we can copy and pasteliscussions
from prior published papers, in the supplement.]

The authors should provide additional explanationtiee methods used to determine
paleo-elevation and shoreline positions used torege past inundation and runuResponse—
see Figure S5 as well as the paper that actuadly thés information in detail (Pinegina et al.,
2013). What more does the reviewer want? Whyaephat is published?

One example that needs clarification is applicatdfthe method to deduce long-term uplift and
subsidence. For example, the authors present cstittigatopographic profiles in southern
Kamtchatsky Bay that they interpret as evidenc®pqosite senses of tectonic deformation over
distances of what looks like less than about 50[R@sponse: The reviewer’s question does not
have to do with method but with cause (tectoniavsagation, not the point of this paper).
Reviewer appears to have read Pinegina et al.,, 201i8h discussed tectonics more than this
paper, for which it is not the point; further dission below]

Profile 001 in Figure 7 shows the low-lying BisteaRiver valley that flanks higher coastal
deposits, yet the authors do not present clearesnd for tectonic subsidenf@@esponseln
general, we rule out uplift here; see next respobses the evidence preclude coastal erosion
that removed tephra deposits seaward of the BiatRiyer that drape the lower valley
topographyResponse-yes, some tephra are eroded because the protierizelower
(subsided)-there are older tephra that are essentially at selevel, whereas tephra are not
preserved on the coast below the general storm (&€ our discussion and also Figure S5).

In Figure 8, the authors interpret Chazhma profilt0 as evidence for uplift based on
reconstructions using seaward termination of teptegosityno—based on elevation of oldest
preserved tephralf there is a marked change in tectonic deforpratietween the Bistraya and
Chazhma Rivers, what mechanism accommodates tlsitgmpenses of motiofResponse:

The reviewer does not dispute our observationsvants a tectonic explanation—see our
response above --reviewer appears to have readiRénet al., 2013, which discussed tectonics
more than this paper, for which it is not the poitMe do note in this paper that Kronotsky is
where the Emperor Seamount chain impinges on Katk&ha

A more complete explanation of methods, and pratientof the evidence will help substantiate
the authors’ interpretations herdResponse-we can expand our methods section in the
supplement if requested by the editor. Howevatigmeer does not dispute our data or our
interpretations, as far as we can tell.]

The figures are well designed, readable, and preiseportant observations. How-

ever, an additional figure might be added to dentrats how tephra stratigraphy is

applied to deduce tectonic subsidence at Bistrfigasponse—see Figure S5—Storozh and
Bistraya are along the same coastal plain, as rietedr introduction to the area.]



Additional improvements to Figure 1, suggestedoimiments in the reviewed manuscript copy,
could help the reader place the study sites intoaberall tectonic and geographic setting
Response-will do.

Finally, | want to see representative photographthe tsunami deposits to help show how they
are distinguished from sandy sails, fluvial depoaitd sand deposited by storm waves and
aeolian activity Response-this can be shown in text, but reviewer should kneeil that
photographs will not show it, and that is true ewdren we make meter-long excavations, not
cores, as most other workers do most of the tioregxample, in Japan, at lower elevations that
in Kamchatka.

The paper would be incomplete without the suppléangmaterial. More detailed explanation

of the methods, and tables showing the reconstmstdf paleotsunami deposit elevations based
on tephra stratigraphy help substantiate the aushorterpre-

tations. To help readers understand the paper withelying on the supplement, some of these
details should be included in the main paper.

Response-which? We differentiate our data and interpretagibased on those data — in the
main body of the text -- from additional information methods and other peoples’ observations,
e.g., of tide-gage records. If we expand our dismn of methods with regard to identifying
tsunami deposits, it would be in the supplementbse it is already published, as is our method
for reconstructing shorelines. Note that in thesdf location we have several historical deposits
to use as interpretive guides. Should we sayrttoaie specifically?

Additional responses to Reviewer 2, Dr. Witter

General comment about distinguishing tsunami depots. We can add a few lines/sentences
but do not feel the need to repeat material inrgidlications. We would put it in the
supplement. Note that tropical cyclones like Haiga not occur at these latitudes.

General comment about sea level historyWe will add a sentence about late Holocene sea
level stability in this region; our analysis goesk only about 2000 years and thus does not
require a repeat of material discussed in detail mior publication (Pinegina et al., 2013) that
covers more time and where the amounts of relataelevel change are more relevant.

General comment about tectonics They are not the focus of this paper. We de tioat the
profiles indicating uplift are close to Kronotskgriinsula, which is going up. It is not the
purpose of this paper to discuss tectonics, asisvin prior paper. We do not have a long
enough record here to do the same kind of analyés. has this region been examined for
active faults, as had the Pinegina et al. 2013 mp@mel companion Pedoja et al.).

General comment about limitations to methods We believe we are very clear that our
methods have limitations. Reviewer tends to pthiase out, also, but we cannot find examples
where we haven't pointed the same out ourselveh, aview minor examples noted below. For
example, p. 2 line 4-5 of supplement, our senteactslly describe specific cases where
inundation will be underestimated or overestimatedwo sentences. We feel as if the reviewer
did not read the sentences with their qualificagiofihere is no general rule, and we are also



clear throughout that our estimates are minimayiwithe constraints of the methods. Same on
that page with lines 15-16. However, we will donsorewriting of that sentence to make it
clearer.

Dr. Witter makes some other important but completey addressable points in the pdf
review of the manuscript, which we address below:

Line 7 (abstract) — We will change this word to ffi@n” and used “segment” when speaking
specifically of segmentation, which is the morehtdcal term.

Lines 35ff. We think this is an appropriate sengefor an introduction, which is setting up our
study.

Figure 1. We will add scale. The addition of bexeéll obscure information. Olga Bay and
Kozlov Cape are in tables. Cape Africa was intétide but has been removed, thus we can
remove that, but there is no real reason to renrmeemation, this is a locator map.

Line 74-75. Reviewer’s questions are already agige in the existing manuscript. This is an
introduction.

Line 79. Reviewer’'s questions are already addcessthe existing manuscript. This is an
introduction. We wish the reviewer should haveayback and re-read his comments/questions
after reading the paper.

Figure 2. Will address small corrections. Poatisve hypocenters can be mapped.

Figure 3. We will expand the caption. Howeveeatly the reviewer did not read the caption
carefully because it states that the photos wétalk#n on the same day. Figure S3, previously
published and hence not in the main body of the &ows a sketch. We can label sand and sea
foam.

Line 201. We do not use the word predecessorausedaimplies the other events were similar
to 1997, and they were not.

Line 206-207. Why crossed out?

Table 1. Questions will be addressed, table veilebsily clarified.
Line 213. Will clarify — it's the bolded column dhe table.

Lines 211-222. Will correct labels and shortert.tex

Lines 224-225. We disagree with deletion. Iniportant to note that catalogues existence does
not mean that all events are recorded.

Figure 4 left. Will remove asl and note that thevér right corner of each profile is 0.



Lines 251-255. Reviewer is wrong; this has nothndo with 3-D tsunami behavior. We are
here defining NOT tsunami elevations, but rathgrodé elevations and distances. Even IF the
tsunami did not overtop some point but came froensilde, its sediment (minimum, as we note)
runup and inundation on THAT PROFILE would whasit If the tsunami got there and left a
deposit, that distance and elevation had to hage beached.

Figure 5 caption. We will add a note about thimge simple 2-D profile. HOWEVER, if the
tsunami came from the side rather than over thetbgdge, it had to carry the sand even farther,
so its elevation would almost certainly be gre#ttan as shown, and its inundation at least as
much. The sketch is based on data from thisIpydfut also on our knowledge of the regional
topography — beach ridges do not just appear orpebiles. See Figure 4.

Line 266. We wish the reviewer would read on drehtcorrect his question. There are three
most consistently present and one that is not Ensive, as stated in the next sentence.

Table 2. We are sorry there is more than one dasian for these tephra, such information
needs to remain in the table. We will use AD datdahe text.

Line 279 — insert “and” between “past” and “must”

Line 282 — we can elaborate a bit, but here wealaading only with the last 2000 years or so, we
don’t need to review the last glaciation. Inseetdtive to sea level” after changes in elevation.
[reviewer later notes, as we have, that some pofiave gone up and others down, not expected
if from eustasy]

Line 287. The name Chazhma is just our shorth&etails of the rivers is not necessary. The
table lists latitudes and longitudes. We cannovidle topographic maps as they are proprietary.
Google Earth is available to reader.

Line 309. If the tide was low at the time of theney, we would get a maximum, whereas we
want a minimum, so we correct to high tide. Weldadd this note to methods.

Line 316-317. Reword: We also report the maxinhaight the tsunami had to exceed IF it
traveled ACROSS the profile. Reviewers conceiss addressed in the next sentence.

Line 319: Add: note that for most profiles, thdge crossed continues laterally (e.g., see Figure
4 profiles)

Line 330 — this concern is already addressed immthods text on sediment inundation and
runup.

Table 3. Will write out m.a.s.l. The depth hese 28 century deposits is insignificant. For
prehistoric deposits, it is recalculated.

Line 370. Add “and other historical deposits”.



Line 388 resolves to most slip
Line 410. Disagree with deletion.

Figure 7. Reviewers question is answered in tneré text.
Figure 7 caption — older tephra are preserved bskEadevel, thus subsidence —clarify in caption.

Figure 8. We will add to the caption — “sand” Ufetientiated means that the section was too
sandy to identify individual deposits.

Line 456. First, we do not use cores, we use extaans. Still, correlating individual beds is
fraught with potential errors. We would argue watiyone who says otherwise, based on
historical examples (closely paired events, e.gd) extensive field work.

Figure 9. Profile 140. Yes, this section has oidaterial, which we report here but do not use
in our analysis. The older tephra identificatians tentative, but done in consultation with Vera
Ponomareva who has mapped them regionally. Baifiles — when deposits of tephra or sand
are more patchy, they are shown as not extendirmgsithe section; we will add that

information here and note in the Key in Figure 4.

Line 464 (figure caption) will add that there st river nearby.
Line 470. Soil between sand layers was not disénough. Will add to text.

Line 475-476. Yes, in this case runup could béedint, but not for the other excavations on
this profile. We are being honest about cases ewvater might have come a different way,
though we think it unlikely. Such uncertainty dows affect the overall analysis.

Line 480. Deposits cannot be correlated. We newant more than the maximum number of
deposits. However, the deposit with the greatedinsent inundation may be on a low profile,
whereas the deposit with the highest sediment rumaypbe on a steeper, shorter profile. We are
likely undercounting.

Line 489-490. Reviewers comment is exactly whyl#iok of higher paleo-runups is an artefact
of the sites used. Yes, the higher profiles weveel in the past, so we cannot “get” a record of
high runups.

Lines 505-507. Add to caption. One would expecaler events to be more frequent, which in
general is the case (clustering in the lower fromt)ereas larger events are more scattered.
However, the 1923 deposit is about as large asanyit's within a short time interval. If we
removed that axis, information would be lost. Betwant to point out there is some time bias.

Line 523 and Figure 11. The red line is runup doés not go below 5 m. We are considering
only the largest tsunamis, and by staying about &swlearly stated.



Lines 552-553. We are pointing out that even modervey data have limitations. In our case
of studying deposits where there are no survey, dadastill for the historical record pair runup
and inundation. However, for the prehistoric relcibis simply not possible. Reviewer does not
seem to contest that. We are thus recording tiypcarrences of sediment runups and
inundations over the last 2000 years, while beargftl not to overinterpret.

Line 556. Please keep reading the paragraphplais why in this case, with our data.

Line 561-562. Add: While we cannot determinetitle level for “1923" because it is one of
two events, the 1997 earthquake occurred just lftet high tide, so tide cannot explain the
higher record from 1923.

Line 568. change wording from “asperity” to “locker continuously slipping zone” because it
could be locked (an asperity) or continuously stigp(as interpreted by some of the gravity

people)

Line 584-585. The issue is illustrated by Hayesrewesterly location, which cannot explain
the tsunami, even though his rupture focus is moréherly than others’ interpretations. We are
not sure what the reviewers point/question is.

Line 588. Seismic gap is a well-defined and ofteliterm. It completely describes the 1997
location in our interpretation (and earlier Rusgiamblications)

Line 590. An asperity is defined by IRIS and othas a locked zone with POTENTIALLY high
slip. We are not sure where “elsewhere” the regiemeans.

Line 605-606. (as shown in our this paper, ourpspand papers on Japan—need we repeated
here?) A large part of the paper relies on tepbragconstructions. As have been used in Japan,
as well. Is reviewer disputing this statement?
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2 Background
2.1 The 1997 Kronotsky earthquake

On 5 December 1997 at 23:26:51 local time (11:2&13C), a large earthquake (Mw 7.7-7.9; we use 7.8)
shook the region of the Kronotsky Peninsula, KarticheRussia (Fig. 1, Fig. 2; Gordeev et al., 1998¢ -

al., 1998; Balakina, 2000; Zobin and Levina, 20Rdzin et al. 2007; Slavina et al., 20QK)ost studies of the -

rupture (e.g., Zobin and Levina, 20QGusev and Shumilina (2004), in reassessing manycKatka earthquakes, -

assign Mw 7.9 to Kronotsky 199Ih addition to the mainshock, and using GPS measem¢s, Gordeev et al. -

(2001) calculate Mw 7.7 for deformation in thee-seismidhalf month, and approximately Mw 7.9 foost-seismic
deformation; Blirgmann et al. (2001) calculate MW &f. (post-seismicaseismic energy release in the 2 months
following the mainshock, also based on GPS data.

The locations of the mainshock and of any slipcemtration for this earthquake have not been well

resolved, and with one early exception (Sohn, 1988ators have not used tsunami ¢8ased on seismic data, the -

locations of foreshocks and the mainshock/epice(ftigr 2) are in the northern part of the interpdetupture area. -
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Russian Far East (Table S3; Fig. S#e tsunami was recorded on at least 12 tide gagtsthe highest amplitude _ -
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excavation locale in that time (tephra) intervaf(FS5)(see Figures 7,8,9 and their captions for moraiden our
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. : , , 33~ { Deleted: deposi
attempt to correlate sand layers from excavaticext@vation (or profile to profile), though there gases where it \{[ cetec: cepost
. | Deleted: this

)

)

is possiblethe problem with distinguishing Feb 1923 from h\AB23 deposits illustrates potential for {Deleted: %
miscorrelation The reasons that not all deposits are preseait @xcavations range from preservatiop to ,59@@,\ - { Deleted: ]
— for example, excavations near the coast will cemiincontain amalgamated sand layers (e.g., Boisggal., \{Ddeted, to J
2006). For each profilgve count the maximum number of tsunami depositeéen tephra, which is our indication _ - [ Deleted: Rather, ]
of how many tsunami events have occytfred - { Deleted: . ]
In order to summarize paleotsunami sizes, we détersediment runup--or the highest point seaward,* =~ ~ { Formatted: Indent: First line: 0.5"

whichever is higher--and sediment inundation fantsmi deposits on each profile. For each tepheavat along
each profile, there will be deposits at maximunatises and maximum elevations; the two measurdseated
separately because tsunami deposits are not deddla fact, high runup is associated with shogereper profiles

and long inundation with low-relief profiles). Fexample, for the historical deposits, two poines alotted (Fig.

10) — their point of maximum inundation and thesirg of maximum runup, which gre usually on sepambfiles, -~ { Deleted: or )
A few of the paleo-events are comparable to CHOL(Fig. 10), but most are likely from locally o { Deleted: J
generated tsunamis because Chile 1960 was anenitsientand its deposit is not well represented on théilpsy -~ { Deleted: s )
The 1997 tsunami has dimensions similar to the ritgjof paleotsunamis as represented by sedimentpwf on - [ Deleted: ]
the order of 57 m (Fig. 10he “1923" deposit, for which we do not know fad to February or Apri or both, -~ | eleted: )
is a “typical largest” event (Fig. 1(Recall that n these field sites there are few eatians at elevations of 10 m or - - | Deleted: )
more (Fig. S6), and that these higher elevatioesaruplifted profiles, sim this situationwe cagnot have a record _ -~ { Deleted: do )
of older paleotsunamis reaching such elevationsplsias an artefact of theofile history(Fig. S5).This issueis -~ { Deeted: datcand analys )
present also for paleo- inundation on progradiruiles, but is not such a strong artefacbin datasefOverall, the 7 % z::::::f o %
number of deposits tends to decrease away froradhst and at higher elevations (density of point&ig. 10), N { Deleted: J
although there is a lot of scatter in the dataljildue to preservation and identification diffeves (e.g., Fig. 9).
6.2 Recurrence
To determine tsunami recurrence according to siee;onsider all tsunami deposits above K&D.
~300)at elevations greater than 5(Fig. 11),We only use excavations now at or reconstructdmktmore than 5 m _ -~ { Deleted: ]

above sea level or landward of a beach ridge (stoacted to be) higher than 5 m to be more confidenare

analyzing tsunami deposits, not those of stornf®ods, and to eliminate most non-local tsunamig. #¢l not uge -~ { Deleted: There ar

- { Deleted:

but

- { Deleted: relatively

L L JLU

- { Deleted:
L . . . . . . A ~ | Deleted: For this exercise, we only us
deposits, including the historical cases. For ea@nt, we determine a maximum sediment runup,ishitthere excavations now at or reconstmcte{, to
more than 5 m above sea level or

landward of a beach ridge (reconstructed
to be) higher than 5 m.

be
are four deposits between two marker tephra onvengirofile, we determine the four highest poihtsse deposits

— DD




20

reach; e.g., two may reach 8.3 m and the othewoiyp 7.2 m (all four reaching 7.2 m). We use retarged

All 18 depositsrepresent large tsunamis, reaching minigelevations of 5 m (smaller not considered) and

yr. Tsunamis with inundation of 600 m or more ocomraverage every ~570.yr. -

7 Discussion and conclusions
7.1 Historical tsunamis

This work adds to the tsunami catalogue for 1993hiitsky and 1960 Chile, but not February or April
1923 Kamchatka events because we cannot diffeteritie (two) 1923 deposjfShe nearfield nature of the 1997 _ -

Kronotsky tsunami is significantly revised bwr report herejof coastal profiles north of the Kronotsky Peniasu _ -

adding substantial data to its catalogliee 1997 tsunami reached runup heights of more@hanaveraging6 m -

over about 60 km of coastlipds would be expected, tsunami heights (as indichyedeposits) and inundation -

distances are influenced,by coastal topography, igher runups on steep profiles dodgeyinundation on lower- _ -

understanding a tsunami apdtentiallyits generating source.
Based on deposits from 15 profiles and more thanhumdred excavations, we conclude thatouthern to

central Kamchatsky Bathe 1923 tsunami (February or April indeterminatey larger than the December 1997

Kronotsky tsunami, but the summary and tabulated (&g. 6, Table 3) are tricky to interpret, withdiment
inundation (L) being more indicative of tsunamiesthan runup (h) or highest point seaward of rufiiple.g., see
Fig. 5 illustration) On the basis of the total number of profiles bifrig a deposit, “1923” is more extensive, but its
average sediment runup (h) value is lower becéweséatthest point it reached on a number of prefigeactually
lower than thesloser-to-shor@oints for 1997. Moreover, even though “1923” extmemore of the high beach
ridges seaward of the (sediment) runup point (k,average of those is almost the same as for ([@Mle 3),

average for “1923” almost twice that fora2997. -
The 1952 tsunami deposit in southern Kamchatka {fa@diorthern Kuril Islands) (Maclnnes et al., 2010

reaches greater heights and inundation distanoeg itk earthquake rupture zone than any of thterical tsunami

deposits along the northern part of the Kamchatkalsction zone (this studgisoPinegina, 2014)While this -

observation is not surprising given that 1952 was 810 and the historical events to the north ngdathan about

e { Deleted:

- { Deleted:

- { Deleted:

> { Deleted:

reached

e { Deleted:

L L L U

> { Deleted:

- { Deleted:

e { Deleted

: this study

- { Deleted:

- { Deleted:

- { Deleted:

the

o [ Deleted

: highel

T { Deleted:

o JC JCL JL L U

- { Deleted:

- { Formatted: Font: Italic

- { Deleted:

- { Deleted:

- { Deleted: c

- [ Deleted: d




21

- { Formatted: Font: 10 pt

o [ Deleted: n asperit

N ‘[ Formatted: Font: 10 pt

o
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The northern part of the Kamchatka subduction zaptured in two largésunamigeni@vents in February

1923 and April 1923 (Fig. 1), and our studgicajes that a substantial portion of the energy retbagehe 1997 -~ { Deteted: requi

Kronotsky earthquake was generated in a seismibgapeen those earthquakesd a large 24 Feb 1923

aftershockfig. 1), as originally recognized by Fedotov ef(2298) and predicted by his group’s earlier wdite -~ { Deteted:
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7.3Paleotsunami results — implications for tectonic stdies and hazard analyses __{ peleted:
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Kamchatka, the region where Mw 9-scale events oedun 1952 and 1737, the northern subduction hase
generated smaller and less extensive tsunamigyr@ement with analyses of Birgmann et al. (2006)hfe modern
and Pinegina (2014) for the prehistoric record.

A robust, 1700-year-long record may be suffictengenerate a probabilistic hazard analysis thatea
used for both local and far-field hazard studies] aot only for tsunami recurrence statistics,ddso for recurrence
by, accurate reconstructions of past shorelindtioes and past (relative) sea ley@aastlines with well- _

established marker tephtanenable such reconstructigres shown by this stugy _

11 March 2011 Tohoku earthquake and tsup&haracterizing subduction-zone behavior and quangjfits -

hazards are goals which we will only ever accorhglisperfectly.
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Primary sources: Zayakin and Luchinina, 1987; NCBEbhisal tsunami database [
L
~Kamchatka Mw's from Gusev and Shumilina, 2004; GR&for 13Apr23 is based on tsunami; see text digmuss C‘
*The 20-m and 11-m numbers are from higher-relief shorefiesthe other measurements \‘[ Inserted: | [ﬁi
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Table 2. Marker tephra layers <2000 years oldhoraline profile sections, southern Kamchatsky Bay*
Code Code Modeled age* Assigned age*
Source g g g Field description Field thickness
Field/Classic® New* Volcano (years B.P.)  (calendar years)
KSht*  KShy Ksudach  Historical ~ A.D. 1907 -9Mtt© mediumgray,fineto, o, .
very fine sand
. White (faint gray, yellow 0.5-1 cm; distinct
SH, SH#6  Shiveluch 817 +59/-57  A.D. 1134white), fs-vfs, has pumice  toward north
Pale yellow, yellow grayi 1-2.5 cm:
SHiss0 SH#12 Shiveluch 1356 +52/-45 A.D. 596 gray, vfs-ms, salt & pepper !
. typically 1-2 cm
—qgrainy
KS, KS, Ksudach 1651+54-61  A.D. 298 - Prown beige, ‘coffee  1-3cm;
cream"; thin gray cap; si-vfs usually not >2 cm

*Ponomareva et al., 2017

"Braitseva et al., 1997; in our text, we supplaShk with KS;go;

Comment: | change Shubertovo villag
| to 3ed River - that would not confuse the

I reader
1

1
| { Formatted: Font: 10 pt
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Table 3. Sediment runup and sediment inundatiohifgorical tsunamis above Ks3, southern €entralt

Region Profile # Latitude Longitude 1997 1960
h L H h L H h
Bistraya River 001 55.6226 161.7799 34 200 5.3 3.326 5.3 2.0
001 via river 0
Bistraya River 002 55.59735 161.7680 4.4
002 via river 2.2
Bistraya River 003 55.5781 161.7600 4.8
Adrianovka R. 180 55.5275 161.7484 4.8 118 5.6 3.5
Storozh River 150 55.4851 161.7414 2
Storozh River 160 55.4582 161.7394 6.6 159 75 6.2 107 7.5 6.1
Storozh River 140 55.4387 161.7393 5.8330 5.8 5.8
Storozh River 170 55.3860 161.7340 3.6
Little Chazhma R. 100 55.1407 161.8281 74 125 74 45 1072 6 7.4
Little Chazhma R. 130 55.1235 161.8379 44 109 6.3 44 781 5. 1.8
Chazhma 110 55.1181 161.8408 6.6 200 8.3 8.1
Chazhma 120 55.1019 161.8514 9.5 200 9.5 12
Big Chazhma R. 220 55.0794 161.8679 7.7
Big Chazhma R. 210 55.0710 161.8760 6.0 305 8.0 6
Big Chazhma R. 200 55.0629 161.8879 6.6
200 via river 5
AVERAGES 6.1 194 7.1 4.6 105 6.0 4.9

h - elevation of excavation meters above sea leighl tide (m a.s.l.); equals "sediment runup" (main bold)
L - distance from the shoreline, m; equals "sedinmamdation” (maxima in bold)
H - highest elevation (m a.s.l.), between shoreding excavation; likely exceeded where there ena sleposit
*If the tsunami reached a low inland point via therriindeterminate), H from the profile is not redet

[ Formatted: Font: 10 pt
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[Bourgeois & Pinegin&|GURE CAPTIONS

DS ) ‘[ Deleted:

of 20" century tsunamigenic (excep®23.11.24 earthquakes along the Kamchatka portion of thel#@mchatka N

R ‘[ Deleted:

subduction zone (modified from Gusev , 2004, Fify. 8artin et al., 200§)The rupture area of the 1997 earthquake*

——————————————————————— \ \\{ Deleted:

shown here is from Gusev (2004) and outlines thieeeaftershock zone (Fig. ZJide-gage locationBK = RURN {Ddeted:

Petropavlovsk-Kamchatsky; UK = Ust-Kamchatsk; BBering Islang.

. \\ {Deleted:

N N { Deleted:

<~ | Comment: Clarified MKZ

include only cases where P and S arrivals coulethé from MKZ recordd.ocations of epicenters are from various ~ -

7777777777777777777777777 s ‘[ Deleted:

analyses, both local and farfield as reported ftoeninternational Seismological Center (Table S&vina et al.

N . ‘[ Deleted:

(2007) interpret the southwestern aftershock agtiai be on a separate, transverse fault; Kuzal.€2007) also \{ Deleted

: and hypocente

o G 0 U U U U

interpret the SW portion of the (extended) aftechegion to be a separate stress zone

Figure 3,Photos taken by T. Pinegina on 9 Dec 1997 near dtsity Cape (location on Fig. Jjor additional -~ { Deleted:
photo and sketch for context, see Fig. Sove, (helicopter for scalgthe tsunami deposited sang on the snow up go; { Deleted:
about the line of grassy vegetation at the badck@beachsee detail, lower right photoj)hite zone in foreground \:j\\ { z:::::::
is sea foargl ower left: Ice and snow broken up by the tsunami (excerptad frhoto in Fig. S3)Lower right - \ { Deleted: above
(compass for scalggetail of tsunami-deposited sand above snow thatred the beactscraped by hand away \ \\f { Deleted:
from a crack in the snow/ice which is interpretedhive been made during an aftershock { Deleted:
\ { Deleted:

Figure 4, Left, Topographic profiles measured in southern KamclnaBay (locations on Fig. 1, arranged from _ _ -~ { peleted:
south (bottom) to north (top), except 001 and @82rsed to reveal topography. Distances and etstire B [ Deleted:
measured from 0 at the water lifiewer right corner of each profileorrected tdigh tide,Right: Chazhma -~ { Deleted: low
Profile 100 used as a key to collected profile datd interpretationénterpretation in italics) background deposits 77 [ Deleted:
are soil or sandy soil, unlessnatgd e . {[ De:ete:: -

\~ 7| Deleted:
Figure 5. Terminology for sediment runup and sediment intiodaand interpretation of deposits from 1997 and \\\{ ::SI::::;_
1923, using example of an actual profile (Storo@d; Vertical exaggeration ~10), Near the shorelinehis profile LI H
both tsunamis had to exceed a point (H) higher thadiment runup” (h) and that, although the minimsediment o [ Deleted: ote that n

e { Deleted: hed to have bee

o e U A 0 U JU U JU L

also be related to tsunami wave lendibte that a 2-D interpretation of (orthogonal) tom flow over this and

most study profiles is justified by the lateral tionity of ridges. In a few cases (discussed i)teke tsunami may

have reached a runup/inundation point via a lowere circuitous routeDistances and elevations are from

surveying.
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Figure 6, Watertunup(Zayakin and Pinegina, 1998) and sediment runtp fsiper, Table 3) for the 1997 - | Deleted:
Kronotsky tsunami on and north of the KronotskyiRsunla, southern Kamchatsky Bay (locations on Fdlilso

see Fig. SpWater runup was not measured with instrumentsimsiestimated; tsunami did not exceed the -~ | Peleted:
unvegetated beach (e.g., Fig. 3); it could have lseenewhat higher than reported, shawarthis figureby dashed

blue line, Sediment runup is alsa llustrated for the tsundefiosit closely above K, which we interpret as from -~ Deleted:
1923 February or April (see text discussigg@diment inundation is given in Table 3, as welbtifudesand -~ { Deleted:
longitudes for the 15 profileSigures 4 and 5 illustrate methods and terminology. T { Deteted:
Figure 7,Northernmost profile, southern Kamchatsky Bay (Bidpcation; more extensive key in Fig) 4; tepimd a - | Deleted:

tsunami deposits that are shown as narrower bargls 1997 in excavation 268, indicate thin, patégosits). -~ { Comment: Added to clarity

L J U JU

This profile shows evidence of subsidence throirgle t- the landward part of the profile is low&his lower 7 {[ ::::::f
profile has been subjected to river erosion --‘thixed zone” is mostly fluvial sediment containinasts of older

material Excavations having this mixed zone (273 to 270paain a tephra older than KShdicating that older -~ |_Deleted:
strata are preserved below the reworked matdnidhis profile 001, there is an ash layer from 1985 eruption of _ -~ { Deleted:
Bezymianny, a year before ts major erup{iafith this tephra present, we can assign the tsudapusit above (in -~ | Deleted:
excavation 267) to Chile 1960 rather than to Kartichd952.

Figure 8,Profile 110, Chazhma area (Fig. 1 location; motteresive key in Fig. 4)This profile has been uplifted -~ { Deleted:
through time — the landward part of the profiléigher, Exc. 45 contains many tsunami sand layers currently 7 {[ ::::::f

- { Comment: Added for clarification

L L J U U

20" century deposits, as well as a tsunami deposjtalese below K$or The 1923 tsunami(s) reached the highest - { Deleted:

point shown on this profile, whereas 1997 and “beliS, 407’ were smallepThe deposit we tentatively assigned to. - ~ { Deleted:

Chile 1960 on this profile is not included in TaBldecause the deposit was not well preserves higher than any

other excavation containing a deposit we attribat€hile 19¢. P { Deleted:

Figure 9,Example of two profiles that illustrate paleotsunaeposits used in analysddso see Figs. 4,7,8; -~ {[ Deleted:
~ | Deleted:

- { Comment: Added to clarify

- [ Deleted: 1

KS1g07and SH; note that the deposits thin landward, in genémaiost excavations there are six tsunami deposit§ N \{
””””””””””””””””””” S Deleted:

*********************************** o ) ‘[ Deleted:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o ‘[ Deleted:

ridgeat the time of depositiolhazhma Profile 200 (bottom).As in Profile 110 (Fig. 8) this profile has und o { Deleted:

~<

uplift through timg.For sub-SH deposits, the profile was reconstructed to 4 metoand 150 m narrower. Sites { Deleted: |

229-233 are young; the profile from 228 landwardlder than K$ (A.D. ~300),Site 223 is not far from the N N {Deleted=

modern Chazhma River and in the past some tsurmamyshave flooded this site via the river, whenghefile was { Deleted:

{ Deleted:
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peat excavation (223) contains six deposits tdwleein 225 and 226, for two possible reasons;,fjgstt is a better

preserver/displayer of thin layers, and second,i@®3wver than 225 and 226 and at this time alleaedoser to shote. -

For the latter reason, 223 may have received tsisnamad their deposits directly from the river rattrean over the

beach ridge(s).

Kamchatsky Bay, above K$ephra (A.D. ~300, up through A.D. 2000) (fromalptotted in Figs. S7 and S8). The
three historical tsunami deposits are highlightétth their two points of maximum runuand corresponding

inundation at that poingnd maximum inundatiofand corresponding runup at that pgimthich do not coincidg. -~

For prehistoric events, we calculated (sedimentypuand inundation per tephra interval, with adpnesits for

changes through time in shoreline location and eatan elevation (see text and Fig. §5).

e e T Tl

runup, integers of m are shown; for inundation, tiplés of 100 m,JFor example, tsunamis with runup of 8-9 m gr\ :\\ { Deleted: of

more occur on average every 283 years. Tsunameedikgy inundation of 500 m occur on average evéfyygars. - {Dewte‘i:

~
~

Recall that runup and inundation are not paired {egt).

- { Deleted: J
{ Deleted: ]

- { Deleted: }
{ Deleted: }

- { Deleted: }
{ Deleted: }

e { Deleted: }

| Deleted: The axis “average time
between deposits” is biased by deposit
counts and short time intervals but is
shown here for general pattern.
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N { Deleted:
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Date Source region Mw Kron  Kron. Chazhma - 3ed River 1st River Tsutsumi y-K tide  Der

) ~45km ~30km ~20km .

(local) Bay Cape Adr-Bistr R. s.of U-K s.of U-K s.of UK 9age Spit,
5-Dec-97 Kronotsky Peninsula 7.8/7.9" 0.5-1 1,5 this pap gage broken
15-Dec-71 Commander Is. 7.8" 0,47
23-Nov-69 Bering Sea 7,7 0,2
24 maii.60 Chile 9,5 4 3 0,8 3-

r
05H0a.52 s. Kamchatka 9 10-13 0.5-1 0,1
13.anp.23 Kamchatsky Bay 7.3/8.2" 20" >5 11
~3 km up
N - -~

03.¢en.23 Kronotsky Bay 8.5 6-8 Chazhma 3

*Bold: tsunamis most likely to leave a sedimentarsecord in south Kamchatsky Bay see Table S1 for a more complete list of tsunami$ Table S4 f
Primary sources: Zayakin and Luchinina, 1987; Nii&torical tsunami database

~Kamchatka Mw's from Gusev and Shumilina, 2004; @for 13Apr23 is based on tsunami; see textudis®n

*The 20-m and 11-m numbers are from higher-reliefrslnes than the other measurements



