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Figure 1. Index maps. (a) Major seismotectonic features of the central and south-central Andean fore-

Figure 8. Profile of surface and crustal structure along the Arauco peninsula. Surface profile with
arc. Rupture segment of most recent, major (M > 8) subduction earthquake [Beck and Ruff, 1989; Comte

and Pardo, 1991; Lomnirz, 1970, and references therein]. Note that distinct promontories seem to occur
systematically at rupture segment boundaries. LOFZ, Liquifie-Ofqui fault zone. (b) Location of the
Arauco peninsula and study area. Major Quaternary faults compiled from references in text
Seismotectonic segments, rupture zones of historical subduction earthquakes, and main tectonic features
of the south-central Andean convergent margin. Earthquake ruptures were compiled from Campos et al.
[2002], Comze et al. [1986], Kelleher [1972], and Lomniz= [2004]. Dashed white line denotes edge of
>1.5 km thick sediment fill in the trench. Data on Nazca plate and trench from Bangs and Cande [1997]

and Tebbens and Cande [1997]. Segments of the Chile Rise subducted at 3 and 6 Ma from Cande and
Leslie [1986].

MARFURIZBIFETIN RN EREMEREBED XS
(Melnick et al.(2009))

maximum topography along swath shown by shaded rectangle in the center of the map. Fault dips are
only apparent because of vertical exaggeration. Seismicity and focal mechanisms of the 1SSA [Bokm,
2004; Bohm et al., 2002; Bruhn, 2003] and TIPTEQ [Haberland et al., 2006] local networks. Depth of
the Tubul and Cafiete formations from ENAP boreholes and exposed sections in the field (see Figure 6).
Contours in the blue region labeled Nazca plate represent the top of the slab projected from 10 km
spaced, parallel lines in the area of the map (2 km contours also shown in the map). Slab geometry from
Tassara et al. [2006]. Shallow structures from the northern sector integrated from seismic reflection
profiles described by Melnick et al. [2006a]; southern sector from profile ENAP 28 (Figure 7). Gray focal

mechanism from U.8. Geological Survey National Earthquake Information Center catalog (21 May 1990,
M, 6.3, 5 km depth).
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Figure 10. Seismotectonic model. Oblique plate conver-
gence and subduction of the Chile Rise leads to decoupling
of the Chiloe fore-arc sliver along the Liquifie-Ofqui fault
zone. Margin-parallel northward motion is partly accom-
modated internally along the sliver and by NNE-SSW
shortening in the Arauco region, resulting in doming of the
Nahuelbuta ranges and emergence of the Arauco peninsula.
As a result of this collision, the entire orogen bends
eastward at the Arauco Orocline, which also marks a
boundary between deformation styles in the intra-arc and
foreland regions. The coincidence between the extent of the
Valdivia 1960 rupture segment and the Chiloe fore-arc
sliver suggests that here the fore-arc structure controls the
extent of megathrust rupture segments.
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Figure 9. (Right) Seismotectonic setting of the Sumatra—Andaman subduction zone showing rupture areas (shaded) of significant earthquakes
(Left) Their spatial and temporal rupture estimates. Faults marked on the overriding plate are EMF. WAF. SFS and ASR (from Natawidjaja™). His-
torical earthquake ruptures are shaded in grey (from refs 18. 53 and 55): the 2004 and 2005 ruptures are in red and yellow respectively (from Chlich
eral *). EMF. Eastern Margin Fault: WAF. West Andaman Fault: ASR. Andaman Spreading Ridge: SFS. Sumatra Fault System
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B Figure 4. Cartoon illustrating the segmentation of the
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o Sunda plate. Other labels same as in Figures 2 and 3.
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Figure 3. Velocity cross-sections extracted from the velocity model inverted from the first-arrival travel-time tomography
(contoured at 4, 6, 7, and 8km/s). Relocated earthquake locations are plotted within +10km of Line 1-4 and 5 km of Line
5-6. Thick black lines: top of the backstop; Solid white lines: the TOC constrained by the MCS data; Dashed white lines:
unconstrained TOC; Dashed purple lines: possible oceanic Moho interface approximated by the 7.6 km/s velocity contours;
Thin red lines: intersection location of velocity cross-sections; ‘sim. is.” = Simeulue Island, SB =segment boundary. Other
symbols and labels same as in Figure 2.
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Fig. 2. Map of southern Alaska illustrating slab seismicity (>50 km depth; Alaska Earthquake Information Center catalog) and locations of transects shown in Fig. 3. Additional 0 200 . 400 600 800 1000
symbols are the same as in Fig. 1. Note the northeastward increase in the gap between slab seismicity and the trench as well as the paucity of seismicity deeper than 50 km along the Distance a|ong profﬂe (km)
northeastern edge of the slab.
FISRANEEIZEITBES0kmLUL LD RSTHEDEREm D Fig. 3. Cross-sections showing changes in seismicity {within ~50 km of each transect)
(Finzel et al.(2011) [Z—ER/NEE) between eastern, central, and western transects across southern Alaska (Alaska

Earthquake Information Center catalog). Locations of transects shown on Fig. 2. Note
that seismicity from all depths is shown and transects are aligned parallel with present-
day plate motions. DF—Denali fault; TR—Transition fault; see Fig. 1 for additional
abbreviations. Default depths of 10 km and 33 km are assigned for events with poorly
constrained depths in oceanic and continental areas, respectively.
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Figure 1. Tectonic setting in south-central Alaska (USA) with volcanoes
(red triangles), Wadati-Benioff zone seismicity >30 km depth (black
dots), A.D. 1964 rupture patch (Plafker et al., 1994a), subducted Yakutat
terrane (Eberhart-Phillips et al., 2006), Wrangell volcanic field (WVF),
and observed tectonic tremor activity (green circles). Dashed box
refers to map in Figure 2. Velocity vectors are taken from Elliott et al.
(2010). Previously proposed slab tear (Fuis et al., 2008) and Wrangell
slab (Stephens et al., 1984) are drawn as a light blue triangle and
dashed purple lines, respectively.
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Figure 4. Schematic along-strike cross section of potential configura-
tion of Pacific plate, Yakutat terrane, North America plate, and Wrangell
slab. Intraslab seismicity is limited to Pacific plate. Tremor occurs at the
Yakutat—North America interface. Wrangell slab is an obliquely subduct-
ing extension of the Yakutat microplate causing Wrangell volcanism.
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Figure 1. Map of the western Gulf of Alaska ocean basin and the Alaska convergent margin.
Dashed lines enclose aftershock areas of the 1938, 1946, and 1964 great earthquakes. The
Prince William and Kodiak ruptures are separated to emphasize the two main asperities of
the 1964 event. The width of the Kodiak margin from the trench to the volcanic arc narrows
southwest from the Kenai Peninsula to one-third this width at Sanak Island. The wider sub-
ducted plate is ~10 m.y. old beneath the northeastern volcanoes, whereas in the southwest
it is only ~3.5 m.y. old. Large arrow indicates convergence vector at 64 mm/yr. S prefix is
given to seismic lines and original cruise line numbers. Seismic data of lines 1237 and 1235
were acquired by RV Ewing; seismic data of lines 111, 71, and 63 were acquired by RV Lee.
Field data for both is archived at the US Geological Survey in Menlo Park, California, USA.
M Is—Middleton Island; K SMT—Kodiak Seamount; C Is—Chirikof Island; T Is—Trinity
Islands; SEM Is—Semidi Island; SHU Is—Shumagin Islands; S Is—Sanak Island; AMT—
Amatuli Trough; AB—Albatross Bank; PZ—general area of the Pamplona zone.
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(Von Huene et al.(2012))

Figure 3. Summary of co-
seismic land motion, in-
ferred segment ruptures,
and selected features of
subducting lower-plate
relief that may influence
earthquake rupture on Ko-
diak Island, Alaska (von
Huene et al., 2012). A: A.D.
1964 (observations from
Plafker, 1969). B: A.D.
1788. C: A.D. 1440-1620.
Relative ground motions
are inferred from sedi-
ment stratigraphy and
microfossil analyses
where present (see Fig.
2B) and from Sitkinak Is-
land (Briggs et al., 2014).
Extent of Kodiak segment
(solid outline) is from
von Huene et al. (2012);
dashed line for the 1788
rupture indicates alterna-
tive interpretation (e.g.,
Briggs et al., 2014) of
historical documentary
evidence.
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Figure 1. Map of World Wide Standard Seismograph Network (WWSSN) and tide gauge stations used
in this analysis of the 1964 Prince William Sound, Alaska, carthquake.
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Figure 8a. The 1964 PWS Alaska earthquake slip distribution and moment rate function estimated from
the inversion of teleseismic, tsunami, and geodetic data. The slip vectors are in the direction of the
hanging wall motion relative to the footwall and are scaled to slip. The arrow points to the approximate
direction of the Pacific plate relative to the North American plate. Ksm, Kodiak Seamount; SMA, the
slope magnetic anomaly. See Figure 8b for schematic sketch of approximate asperity locations.
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Figure 8b. Schematic sketch of the asperity map for Figure 8a. We identify three asperities M1, M2,
and M3. The carthquake ruptured three subduction zone fault segments, the Prince William Sound
(PWS), Cook, and Katmai. Rupture did not extend into the Semidi segment. P wave arrivals identified by
Wyss and Brune [1967] are labeled (A, B, C, X, Y. and Z). The slip vectors are in the direction of the
hanging wall motion relative to the footwall and are scaled to slip. The arrow points to the approximate
direction of the Pacific plate relative to the North American plate. Ksm, Kodiak-Bowie Seamount chain;
SMA, the approximate location of the slope magnetic anomaly. The subducting slab is contoured at 50 km

intervals.
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Fig. 6. Bathymetry and nonsubduction carthquakes in
are given in Table 2. All published focal mechanisms for shallow nonthrust earthquakes are shown. Focal mechanisms with

solid quadrants are believed to have occurred within the upper plate. Focal mechanisms with graytone quadrants record
deformation with a less certain origin. Bathymetric contour intervals are 1000 m. All fault locations are taken from Le
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Figure 9. (Right) Seismotectonic setting of the Sumatra—Andaman subduction zone showing rupture areas (shaded) of significant earthquakes.
(Left) Their spatial and temporal rupture cstimates. Faults marked on the overriding plate are EMF. WAF, SFS and ASR (from Natawidjaja™). His-
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Figure 4. Cartoon illustrating the segmentation of the
2004-2005 megathrust rupture in the Sumatra subduction
zone around Simeulue Island. The accretionary complex
removed for simplicity. CRZ: coseismic rupture zone; SP:
Sunda plate, Other labels same as in Figures 2 and 3.
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Abbreviations

AB: Australian-Burma motion

AE: Australian-Eurasian motion

AS: Australian-Sumatran forearc motion

AT: Australian-Trench motion (component
of convergence across subduction zone)

BE: Burma-Eurasian motion

SE: Sumatran forearc-Eurasian motion

ARESTA4oOTL—rEEILTTAOOTL—FDEE A
(McCaffrey (2009))

A
I
I
I
1

|
|' I|I Mo = 6.5 x 1022 N-m
Andaman |I |' «  Andaman segment has
Segment | | |§ small (<2 m)rapid sip
| {7 from 350-600 s
Weak | | Rake ~ 130-150°, Dip ~ 18°
I Tsunami Ilnsn |
| Excitation ‘“—
Nicobar segment has
Nicobar % moderate slip averaging
Segment %, about 5 m from 230-350 s
.\ Rake ~120°, Dip ~ 15°
Main Initial 50 s radiation very
Tsunami weak. Sumatra segment has
Excitation large (5-20 m; avg. 7 m)

Rupture front fravels up the

fault to about 14°N. Short
period energy radiated shows
strong directivity, ~500 s duration
Vr~2.5km/is

—

1 FAST SLIP COMPONENT

Sumatra
Segment

rapid slip in next 180 s
Rake -~ 110°, Dip ~ 8-14°

SLOW SLIP COMPONENT
Mo = -3.0 x 1022 N-m

Andaman segment has
~5 m slow slip from
600-~3500+ 8

Nicobar segment has
~5 m slow slip from
230-~3500+ s

Sumatra segment is
not resolved to have
slow slip component

2004 FE AT RS ~T AT UMEDRIRIBE

(Lay et al.(2005))

XY x3. 625,

B mitEn



1.1 BEHORSH- BTN R AR E X < RR R U B O S FUSBERRS (0106 |0

1. 1. 2 FREBRUTRYE(ZEET 185
1. 1. 2. 3 WIEEBICET A5 : 2000 FE RTINS ~TFUOATUoMBOREKRAREZEEZ-BE

BTEBERVDTIN IR ERMNODIRET
BABE TEEEDEIZGHIE, EXMBEOWIRD /N7 LM THREDTEREZTIBENREERT S

Fz, tHH-REAHOEFE (BEXHE(17HILE) ORERE) (X, FEAMMRAYN—DOEBHRORGE AEL, FTAIR)/N\—0EE 5 R DE
RIGIEBOEREETENEEZ LN,

- 49°N

& - ! A ‘
} s o 1997Kamchatka

’ 54
PTES h o 1923Kamchatka; F

52
I 50

I 48

- 46

 FEHIEIRY/N— s
[ ol 41°N < 1969Kuf i1 ¢; BEXHE (1714 E) 44

142°F 146°F 150°E 154°F 1952 & 2003, X (B s - 4R 22 5 0
FERIIMA)7N— (Demets(1992)[Z—ERHNEE) T°ka°h1 : 1973Nemuro - 42
- (\1969T0kach|><2 0
Rigid Overriding Plate | BE 140 142144 146 148 150 152 154 156 158 160 162 164

FEGERANTRAL-BREHEDERE
(X ERFL 4 (2008b) [c—ERHNZE)
X1 BTN E A RS (20172) TREN TSI THEDHE
DEREZRIZGEEH,
3% 2:1968Tokachi (=1968 &+ ihih E) DIRITEEZ NS,

—
4»_ —Y

:j't Forearc Sliver

FOLARAATICHITEHTL—MNEE (BIEX)
(Demets(1992)|Z—EBINE)

v

2004FE RIS ~F AT MBEDOBIRZX ARG E-TEBEOTIN—VRANEROLEN S, +HH-READQEFEHZE R (BIR) &F HREA,
BEHER @IRO/NY7) EECAIREME BN EEZ N D,




1. 1 RO EN- BTN REBEZ - HRER U ERE DT
1. 1. 2 RREBRUVTRYEICEET DR

1. 1. 2. 3 WIEEEBICET 55!

E1193EEFEXE (R5.10.6)

HH-1 p70 BIS 56

B 2004 FE AV ~TUFIUOMBORERRZTREAT-RE

WEXHMEOHEHRX DD EMLDREFD

. Koyama et al.(2012), /MUIEMN (2012) [, SATED TS, HRTMOVSADERMENREL TWSKBEOMEZTE (T A T—3Y),

ZRLER, BIRANS—Y, TORNZORMEREN D, UTICRTESYRERMBOWIERRES

[ EFE (ST A T—3a)]
(Dalong-dip double seqmentatlon(’5‘°7‘)l«t7‘)‘> D)
- Bzt AE
2T ?‘%)iﬂ’.)ﬁ:ﬁ@]’&??—o
- BEIBENMETENES EREZRYEAD LS
- 3NHE 1964FETSAN T )a— v E, 1952FhLFvyhithED

(@along-strike single segmentation (245 )LE5 AR)

. 7b—hi*ﬁ®5>‘%“ﬂb§§§<@%b, BB O THIENLENAMEETSHETT .
ERESAMNEELT Dseismic gap (MEZEHE) NEEEICIRENS,
, 2010 FEFYENZDEATIZ

. BRI DOIEAHS, EXRMENRET HRIIZE
. 2004¢7<7f~5~7>97>ﬂb;%;, 1960FF)HhE

1850-2010  depth <= 60 km 52805 ¢ >7.0> 5260
132°

Trench & Trough

=

A:1994 (Mw7.6) A':1994 (Mw7.7) Sei s t
Seismic Segmen

B:1989 (Mw7.4) B':1896 (M8%)
C:1978 (Mw7.5)

D:1938 (Mw7.7)

E:1938 (Mw7.8)

F:1854

G:1944 (Mw8.1)

H:1946 (Mw8.4)

Fig. 1. Seismic activity in Japan and its vicinity. a: Seismic segmentation used in the official earthquake forecasting® of the Evaluation of Major
Subduction Zone Earthquakes by the Headquarters for Earthquake Research Promotion. The historically largest earthquake in each segment is
indicated. b: Epicenters of earthquakes (yellow symbols classified by magnitude) from 1950 to 2010 with magnitudes given by Japan Meteorological
Agency equal to, or larger than, 6.0 and focal depths equal to, or shallower than, 60 km. Trenches and troughs near Japan are illustrated by red curves.
The 2011 Tohoku-oki megathrust earthquake ruptured the area circled by the solid ellipse, where along-dip double segmentation (ADDS) is obvious.
Along-strike single segmentation (ASSS) can be found in the Nankai Trough, where little recent seismic activity has been observed. Such regions are
often called seismic gaps. *http://www.j-shis.bosai.go jp/map/?lang=en (2010).
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located by Engdahl er al. (1998) are used from 1900 to 1972.
Shttp://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_global.php.
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Table 1. Variability of megathrust earthquakes in the world. (} b E 1960 %
Event Overriding Plate Segmentation Remarks : : Ug
l 2004 Sumatra*® Continental Margin Single Oblique I Fascade )
1957 Andreanof Continental Margin Single Oblique Continent H >
1960 Rat Island Continental Margin Single Oblique \1’ n:jl'
1060 Chile Continent Single Cordilleran Orogeny’ Transform g
2010 Chile Continent Single Cordilleran Orogeny Fault
1964 Alaska Continent Double Cordilleran Orogeny / h:2011
1952 Kamchatka Continental Margin Double Cordilleran Orogeny o ;
2011 Tohoku-oki Continental Margin Double Pacific-type Orogeny® f v 81964
*Boldface in(li?uteﬁ a typicull end-member c‘lmmctlcr.ized by the category of single/(lgublc segmentation, Oblique Orthogonal
orthogonal/oblique subduction and type of overriding plate/orogeny. 7: Uyeda (1982); 8: Maruyama Subduction

(1997).

Fig. 7. Variability of megathrust earthquakes in terms of seismic segmentation (along-strike single segmentation, ASSS or along-dip double
segmentation, ADDS), subduction zone geometry (orthogonal or oblique) and collision with continental plate or continental margin. Typical
end-members of great earthquakes are plotted by solid circles with their year of occurrences. Possible future large earthquakes in Hokkaido and
Nankai Trough (Fig. 1(b)) and the Cascade subduction zone are indicated by stars.

B Kith E D HEIRER I D 5348 (Koyama et al.(2012) [T—ERINE)

v
LLEMS, +HET - OEBEEZRS (BR) &I HMIECGHE) (X, ATrSZREAELTHET 2T AR RIEMNMEIBLI-2004FE AT S
~TURTUME kliﬁ&%’l‘%‘t?ﬁ‘i@ék%lbhéo (-\ D.Z5. bbb,

RICEAN




- F1193EBELA (R5.10.6)
1. 1 OB REBEZ - FiRE R U h EF &0 5T ZH1-1 p72 BB 58
1. 1. 2 FREBRUTRYEICEHT HiRE

1.1. 2. 3 WIEGIBEICBETHRET - FED

- OEiBEY AVNEOHEERICEY 51851, @2004FR TS ~TUAIUMBEOREZRRERFAREAIS, EHRERAARVEFRAILE, +
- REROBEBFHEER (BR) &I SR (R, BEMFHIRONIT)ZEE, BEYT S AV TERE T SR HEN ST 5.

(O BB O Th R E
FSATEIMARY N —IL R ik

L1
o@EEg O FEESE
(Seno(2014) 5 EI1Z/ERK)

BEEE /N . & &/
(M8YZRLLT) 214 (M8YSZLLT)
' TL—MERRBOBEBEEIL, EFEA
EHLYEREVNEEZILND,
BIRGBICRE I HREER

(M E BT HEE AL (2017a, 2019) [C—ERINE)

B mitEn



1. 1 ZEFOFFEN- BT REBEZ 1= RiRE R U th E & 0 5T
1. 1. 2 RREBRUVTRYEICEET SR

1.1. 2.4 F&&H

E1193EEFEXE (R5.10.6)
BE¥E1-1 p73 BEiB

59

- FREHRER (BER)ZLUTITRY,

— HBERF (WIERD/N)T)
— (BE) B EFDE

MBI T DiRE O mEm s<vEIcEToRE > WEEECET R
HEAED TIORZHORHY . E& = IRIRIGHE o
BEEOTL—FDTIZ, an o o
KT HTL— T2 T EBMAA A DLES — —
R, @ | FERMRYN—DR I &
Y, &R &R D BIAES)
. #LTL % (Demets(1992) fth) ,
RIEBH * 19634 M 1R £2006F D i i o
=8 EOERIC—B(XHMEEE
s BB (2012)), 2] —
piizdr FEFWRYA—H | @ S
BHEh TS, D f BT S ettt 2 E I OB I LIRS
N BB REOTECHREE [ Dhaex | R TR
*Eilq: éb(i?‘;uy iﬂ?*ﬁiﬁ@*ﬁ%ﬁ iﬁ!}%—?—ﬁ’*ﬁl'fﬂﬁ?—ﬂ"]'ﬂ'{lﬁfﬂ—?ﬁ‘] ﬂﬁ%(]7 E—%—&)é:&li—sgﬁl’\o
MEAT S, ChawBERT | K| RS UEEOREOT BRE) | . xopseipTRELTNSE
O 4§3& (Barrier) X BT % B =il DER | KpEOBBEHI OB
T — —— 0 | EEO1DEEZLNS \/ L,
;%gfﬁ;%;ﬁi}i (Kasahara et al.(1997) ), e ey N Eﬁi N _
EHRERA ﬁma)%”;i')“ " . . s (2311 B O EHE DT roe | BEITIEADEICIKRE
gRUST [HOTE CExEE TEBEGIRAN | b | <UBLLOLEND, 19684 hn | ABHY, BEHESYBLELIC
& 5h L 5B - BEEHEEO FERBORE HeBoTuRicRx | aaeo | mnrmoBszLETERL,
® ICHATHEREREIHIE ARAREEHIE. R
o DNYTIIZHRTREMED B D VAN 7L MERRHOE B E B
DR (Liu et al.(2013), XERIEH | 0 — . BT B > DI
Gl (20082)) . EHC.
BEEOTL—LDOTF 1 brErr
A% =, AFHETL—k @24UEL I L— LR RS0 B - Al BEEL | ERIIEHDRICIIRE
mE | EWEs | PEART. PTORSOAMBERCETHE | x| Riend a1REOTAYE || [RFXT | pHY, 31 1EIYEEDIC
DT ELEH) D HED /YT & (EB AR L ETfEi o AR | R NEBEHHEFTERL,
LTHERTSERELREIZ RS .
RERM~ FRIEEMEHYEH B (Shinohara et I
KR @ | @), B \
EROTL— D TFIZ, (%) OEMEFHE o s N
_ I1IEVBTL—A « EMBHEDTRYIZKYEH VBT V-t D LA,
iU BT 5 (Ye et al.(2012)). T ERD.

X MOVSANERMBEERLESELIEFHRINDEFDRESITHTIESL (KN,




1.1. 3 thERLEBERICEHT S5

60

—t ) )k d

—t ) ok

. 3.1 XHAE

. 3. 2 EFHEBEYRE

. 3.3 ARVIMEEMOBERICETHIER
. 3.4 F&H

N\

&

XY x3. 625,

RICEAN



E1193EEFEXE (R5.10.6)

1.1 BHOHEN-BMNMREBEA-RRERUhERIE DM BEI-1 p75 FHIB 61
1. 1. 3 HhERLEBEREICEET SR

1. 1. 3. 1 XEAE FihEF(BEREBEQL)

BERRDIL, BEOKRES, KENLDEREIEMRVZREEDOKREENL, TAEEICHEEZRIEFLEEZONSRRELT, BXREE
BOTRELEZUTO7O0EEAEHEINS,

O RS ChEEEE A %(1999)(CLE)

= LR / =
R <&f€f‘%&%§é§fs‘oﬁaéﬂ’ | — 1611 FEDER
=) ¢
167TEDER

: 1856 FF MD;EK

- 18964F BRA = fEith B2 iR IK
1933N =pEEEIK
1968F R B 52K
TR EITHES R

| 1856% R PR ATARINCY

}
b

Me611E R 11X & (2000)
12k BHEE KRS
869 5 £ | [XIEFT D
(2008) IZkBERET L

140" E 144" E

ﬁﬁlﬂ‘ijﬁ/*h\gg I*T%ELT.I%I&O)*EEI&IJ?Q
(B R ARER (2012) [ThNZE)

OwitEn

\



F1193[EEBERE (R5.10.6)
1. 1 RO P -BMNRZHER-RIRER U ERIE O BE-1 p76 FHiB 62
1.1. 3 HERLEBERFICEHI SR

1. 1. 3. 1 XHAE GEF(BERBEQL)

(=) B3 B

- BHEERRS, HE097)(CLABIBELIaL—2av(T&5200mE R LORSDO LN S, BUhEADICRIEEEZRIFLI-EBEAONDERKT,
1856 F MK LTSNS

W 1856 5 (DK (F15(2000))
O1896F BAA = K (h RE R E(1933))
A1933F BN =R K (h R RE(1933))

@ 19682 R 1 <45 R (F2(1969)) }@3& ) /gffﬁw p

X 20034+ 0I5 (BIL A :(2004)) . > ¢ »‘y}

—3 RIS - R < 9“’& 95“’&, .
20

=)

>

381
(R H AT B S REES L—) g g i
@ 1960 F B EK(F) 2R A RBEEIL(1961) 183 .3
10
15 156 & E

IR

1

w s
.
.
—
e e |
o> b
. $e > —
> —A
oo b———i
'
-r-m _
; - n L]
L
.

=
3
J
- : i 1 L 1 1 1 I 1 1 1 A"l
o . .0 LA a 2 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
* ' T g ¢ £ o o= . ] * | & location No. on 200m depih contour
R, - _2e880% agq8,%38,- 1 s 0 P 1§
& oy = 1® aA.I a * . 4 . 1
EPRPEERUSGSERZEAATRPAAHEEAEARRE MNEERBEEFEEARKIBZ - - IITANREE =X E
- BEHEREESTEAFMEER BHEFBOERS B, 8F FEMA S N/ MMNMMHNAODNREF -82&8%
% el # Ma #-n4 4 E g EABARA: - kg N % I
S - * R =42 Ce -
3 E = o
| e ‘ = b n
2 e P a-&_q‘“
s - R g
L3 %00 9 =
. o - <]
.’_‘- D& "'“'-o--n.‘c\
= o
2 o
o '/—\j\_
L3
HONSHU a3
oX

BRAEEE D RE N ML
(¥ (1977)IZ/NZE)

FRBERERSLEDME

B mitEn



1.1 FOHPH-BNWNREEER RIRER U ERRR O T

1. 1. 3 HhERLEBEREICEET SR

1. 1. 3. 1 XEEAE:aitER(FEEELL)

F1193EEEEE
&EH1-1 p77 BIE

(R5.10.6)

63

FEBERVWTREAELEMBYSAL LOBRERKICKHEMEDD

1997Kamchatk
1923Kamehatka,” '

£4
o

1963Kuy jil €
1958Kur 1
1969Kur i1 ¢ HBEXHE (17HTE)
1952 & 200 4 (AR - AR 2 ) X7
Tokachi 1973Nemuro

/ mlgagTokacm 2

140 142 144 146 148 150 152 154 156 158 160 162 164

TERTN  FEEHLLTEELBEREDERS
(X ER RIS (2008b) [Z—ERHNZE)
X1 : XERPE (2012) TRENTWWSEBEXRME (1THEZE) D

MEOHMBETILEEICEE.
32 :1968Tokachi (=1968 4+ I ith i) DR EEZ LN D,

54

52

- 50

48

- 46

44

- 42

40

EEESEETAMLUTTH S,

:F-%Iﬁlgl \L\—C%ELT_EEG':/i/&O)/i/&Hé

BEEHER N
EFEES &

HEIST FREE | HERE
HEHEEHEAH (19684 [M7.9 SBONYETAL) :25m  |FIEZEIFH (2013)
+ B 19524  [M8.2 J\F:2m FEEIZH (2013)
RWEH 19738F [M74 ek (AR=EH) : 2.8m |FHEEIFH(2013)

MR R R[5 &5 (2005),
R ARE P (1712 [Mw8.6~88 |H@EA 4mLLT XERFIEE (2012)

EEES: PR (2005)
JLEEERAH |1969F  [M7.8 JAF :109¢cm FIEEIFH (2013)
FiE & 19588  [M8.1 ek (AR=EH) :81cm |FHEEIFH (2013)
REH 19634  |M8.1 J\F :130cm FIEEIFH (2013)
YLy TEH 19185  |M8.2 BRIfE : 50cm 50 (1998)
AR 3 =. HhERR AR SCERFR 24 (2008D)
SLUILEH |20068E  [M8.1 J\F:17cm SRES 2% (2007)

A O HERE : FIEEIFZH (2013)
BAF o 19525  |Mw9.0 BRBE:0.5~1.5m B T (1998)
+EREF LDINMIERE  40cm
20254  |Mw8.8 R 5 - 1400m K& T (2025)

v

Lt BRBEANVTRERATLERIMERLT, FTEBERVTRETHERNAREE

EFTDERESICEZHEE TS,

Y. X 3. 625,

H=EiEh



1.1 RFOMFH-EfMmMREEER ]
1. 1.3 HERLEBERICET SR

1.1. 3. 1 XHAE =ihiEK

IR R U R IR R O FT A

F1193[EEBERE (R5.10.6)
HE1-1 78 FiE 64

BEICHEHATRERELEMIVSADERMED S =R
BIFHRKESE, BREEEM) T, TP2mARHEIN TS (B

LLEKY, =it THRAEZZAONSH1960FFHE

Eoz LEISELDTIEH AL EEF SN S,

: Alaska-Aleutian
L My=92-9.4

i v,
‘;;i;:;-___-

“ Kamchatka
My=8.7 ~ 8.9

\  Cascadia ¥ 2
Mi~9 = 2

S. America |
My =89 ~9.1

1952

144° 146° 148°E

4 M8
M; ©

321 2
128°130° 132° 134°E
0 200 500 km
—

MOYUSAME R EHKAE
(#BEZ A (1998))

My: BEH (BFR), Ot KB (EFR), Na: I ZE (KHMER)
Mh: Z{R (F2ER), Ta: B0 (F1ERILE)

SRR

YFRICRVEEERIILI-E
(1998)),

SITHESFRICE T DB~ D

Kamchatka

0
0

1964

Alaska
My9.2
My 9.1

B2 488

e

EihiE (L, 1960FEF)thE

SITHESEETHY, BhfED

(X, BRERRKDEHE R THDH1856FDEFEDER

1960
Chile

My 9.5
M 9.4

1700 Cascadia(Mw?9.0)
T T T T 1

Kuwagasaki

Tsugaruishi

Otsuchi

Tokyo (then called Edo)

l.........g Miho

Shinjo

Tanabe

1 1 L | I

0 1 2 3 4 5
1700 tsunami height (m)
|| | Estimated (Medium) height |
Computed for Long-Narrow model
Average slip: 19 m in full-slip zone
14 m including partial-slip zone
Mo 4.6 x 102 Nm_ (Myy 9.0)
Error factor 1.33, correlation coefficient 0.98

Satake et al.(2003) [C—&RINEE
BT (FEH (1998)
EEERIFILIMOVSRADERMEIZHESIZES D LLE
Y. Z3.6»5,

B Eitsn



E1193EEFEXE (R5.10.6)
1. 1 XFOHER-FERE RE2BEA - RRE R U EREO T BEH-1 p79 HiB 65
1. 1. 3 HhERLEBEREICEET SR

1.1.3. 1 XEAE: LD

BARBEL THBELVTRELLRERR, EhERICETIXMAZOHKR, BBADITHOZELRIFELERE, BEREBERN
DERTHY, BEDICRLEZEERIILIEKZ1856F DK EFTEL =,

AR E=XDP=93:4
16TTEDER

- 1856 F MEK

1896 B A = BEHh i K
1933 BN = pEH B iE K
1968 i B IS 2K
SBITHEBITHESER

M6118E & 1(E3 & (2000)
12k BHEE KR
869 5 & | IFIEFTIZED
(2008) IZkBKRET L

140° E 144" E

EHERAIIOSERPTRELERDHE FIRE
(M EFEATHEAERE (2012) [Z—ERINE)
IV Z25.6:5,

D RILEAN

D



1.1 BHOHEN-BMNMREBEA-RRERUhERIE DM
1. 1. 3 HhERLEBEREICEET SR

1. 1. 3. 2 ERHEBEVWRE  &ET A&

F1193AIFES S (R5.10.6)
EH1-1 p80 I8 66

RRERYH L, BEDZRORECKRE, IYE), RERY, REMRFOBRRESTH/ENTE, BRBELLTIEISIFOHE, FEBELQL
TIHEBERME (1THER) FAEEIN TS,

EREFRIYLIBEICMIVSIADE XMIE

2ICE RN THRBRIAMATFRFICERLI-AIREMEZIRTT 51

KT dLEbIc, XBPFERREBFALZREBRYREEZEBMERL=,

C2BHEBEYHLFONDIER]

EIRHEEY Y (U
BEAEOLELY RiRE (ErEmE) DRISDHETE
B A RO, BE | TRYE ZROBHOHETE
B+ T FRERROHEE
[/il&ﬁ*ﬁ%b‘b*ﬁf&énf’ﬁﬁlﬁlg :F-%/ﬁl%/ \L\-C%EEL/T’EjCiﬂ! ]
A | mseotEm R
MOFENFESH
T-15Rr
O: LR HREY
MEEINGE M o1
BT

&, FREBEVRAECETIXHAETE

RUS11HELS6IFEDMED KB E D LLE (B R (2014))

46°
BHOEEEEMAE
e
44°
JL—bEREmicT |
25micE R AEARY
Mw8.5 > Mw8.8 | 40

oA . wr
140° 142° 144° 146 148“

BHOEREBYRABISELHCSNITHIZDOMEDKHEET L

(XEFFE A= 5 F & (2013b))



F1193EEERE (R5.10.6)
1.1 RFOHFFEM -SRI R Z B E A 1= RIRE R Ut EREO S EH1-1 p81 FEiB 67
1. 1. 3 WEREBEREICEHT S5
1. 1. 3. 2 FERHBEWRE: GEHRE
EMOVSANEXRIMEDFKEMREMEEIEHTIMED
Minoura et al.(2013), Tanigawa et al.(2014) (X, REM ELD T:EEHEEYRAELZERL, BHON-ERHEBYOHBER, 125, AENODIEEEN DS,

1611TEDER, BEXHE

FHERERAMNTERINEKHEBEMFAESE (Minoura et al.(2013)I2—

141720 141725 141°30E

o

Defense and
Bl reclear-related
facilities

141°35¢E A ——
M”ES‘NI—Hilo 05 1.0

Site of
Geological

41°05'N

%\ Pacific

Ocean|

41°00N

%a 40°55'N/

Soil
(I covenng

E=] Dune IV

| E= Dune i

B Dune ll

A7THELE), LLITNFTHERSNTOEVEXRME DR AEFE

ERANEE) ]

W EEFIRS 7% (Minoura et al.(2013))

Geological cross section along the box in B

Geological profile

in Fig. 3)

EtZEEL TS,
Sowev | (FRAEHEROBE]
""""" ﬂ?aleowi v aﬁb‘ﬁﬁ')‘ﬁ(ﬁ?ﬂiﬁﬁﬂ 14-1 7&%6)0)?[:'
(D Taome oure! . peosol HEECADN, HEREESHIL, FIRHEE
Il Dune

------------------ Paleosol
[=] Terrace deposits

3 Present
20 >
Basement k-Prssser\l R T 8 shoreline
10 (pre-Tertiary) riverbed e
0= r T Eian . T
km 20 1.5 1.0 0.5 ] N
W Distance from the coast <E

B EEH/NAEFR (Tanigawa et al.(2014))

Il Dune |

D

T
141"/24' E

/éf

k

y
5
f

Foredune { g

Pacific ocean
=4 n -~ [o>]
Elevation (m T.P.)

Seaward
saward,

Detail in Fig. 3A N Artificial dung--------

bl . Erosi trol

< N4 N3 Ng rosion-control
mr ﬂ Developed land forest

9 Elevation point
Peat and clay | @ Gouge olezn ooy point
= Geoslice, gouge core and elevation point

Landwart VIO O Core and elevalwon pomt
T T T

1000 800 600

Dlsta‘r‘]gg from the presggt shoreline (m)0

MEEZLNB2HDE

UERHEBRYMDOME]
v BERARE) MDD IEEE: #91.4km
v 1Z5:#920m
v WEE
BRIRFL B : 60cm~110cm
FETEEE 40cm~90cm
v HEFEEILAD1269—1460

P EE R

(FRERROBE]

v ,i—')/ﬁ‘zﬁﬁl J:L)s*ko) E&ﬁmuo
ZTON, BERILAD T, HEBERUR
BEADERMEFIOERERYEEZDL

NEIMDIEETESE,

CERHEEY (& LA OBE]
BER(RE) oD IEEE: $91km
v 15 :#95~6m

v BRAWEE: $10cm

v MHEFEFIL:AD1480—1770

AN

Y. Z5.6:5,

B Eitsn



E1193EEFEXE (R5.10.6)

1.1 BHOHEN-BMNMREBEA-RRERUhERIE DM BE1-1 p82 i 68
1. 1. 3 HhERLEBEREICEET SR

1.1. 3. 2 ERHEBEYRAE . XEAE

EMOVSAMDEXRMEDFELERREMZIEHTHHMRQ
+ Minoura et al.(2013) [&, REHIRY F CHASNEREBRYORE-N D, LT OREOAIEEMEZHERHL TS,
v FEBEBELVTRAELTVWSEEXE(THEILE) D55, 12~ 13 [CRELIRROATREELNHS.

v BF-TA QN IX 161TEDERIITEBELVTERAELTWV-AIREELAHAETMLTNDEERFEZSHEMWSI), 161TEDERICKHHIEY
DEREHEEH S,

v NEE1L4km, ES20mDLEICTFETHIEEHFEANIE, LEEDOMERIEEZ EREISHE (~Mw.0) MELNELY,
. Tanigawa et al.(2014) (X, REM/NAFFR THERINEREBYDFEH S, Minoura et al.(2013) ERIFRICETHEREZEFE D AIREMFEHEL TS,

140°E 142°E 144°E 146°E 148°E _
I FA HEAME (17HICE) R O F 4 B (NRE R T R[5 5% (2006) )
S
of major :.5.' + Bt 2R REhig 02 R
tsunami-genic gy 40°N REHY  BEER FEE
3 (cal.B.P.) (%) (cal.BP.) .
e el 'j F S = = = = =====rTanigawa et al.(2014) A
@ AD 2011 . . POEEN 1TE#CHDEE ER HELTNDEE
Taans . i A0 S500 ]
% AD 1993 il 0.. PORE2 12~13fE — EH2! Minoura et al.(2013) A
AD 1983 * - = Py
(study area) . s ofig =3 HELTWDER
@ AD 1933 38°N 500
AE4 1630-(4id#E 7 ) 1430+ EK4
() AD 1896 ‘. (3004) ?  EE5
Estimated Northem e #ES  AD/BC? 1930+ 26
S Tohoku . (500+) - M7, 8
Sor _SpOUBTISC @. s EHE6 2500 2440+ RO
of major histrical o 38 o 300+ e
tsunami-genic earthquakes \ N BT 2870~2020 10
LR ! s
6: AD 1611 Keicho earthquake f s, (36N ‘ 400+ 2
7 : AD 868 Jogan earthquake 3 #BIE8  3220~3460 p 3340+ K12
Southern ¢ " 00 S
® -8 Flooding by the AD 1611 Tohoku #HE9  3690~3720 3830+ K13
0-9 i 500+
Keicho earthquake tsunami 10 —— 45005 HERUL
300~350
Fig. 1 Distribution of hypocenters of major tsunami-genic historical earthquakes in the forearc—backarc =540} 4580 4700+ K15
regions of northern Tohoku and Hokkaido. Estimated hypocenters of the AD 869 Jogan earthquake (7) and s 300 e
the AD 1611 Keichou earthquake (6) are referred from Watanabe (1998), Minoura et al. (2001), and AR12 ABG0: 100 4930+ IR16
Okamura and Namegaya (2011). 7 2011 Tohoku-Oki cunllqua‘lkc. 2 1993 Smrlthwcsl—nff ”lzlokkuﬁdc) 13 5000- 4980+ BE1(7
carthquake, 3 1983 Japan Sea earthquake, 4 1933 Showa-Sanriku earthquake, 5 1896 Meiji-Sanriku >600
earthquake. § Keicho earthquake tsunami deposits (Minoura and Nakaya 1991: Okamura and Namegaya RIE14 5640+ % HiE18
2011), 9 historical records of the Keicho earthquake tsunami (Okamura and Namegaya 2011) — po_— 600
BAEBE-FTEBBEOVTRALELEIEEIE (Minoura et al.(2013))
X 161TEDERDIKIRBICDULVT, Minoura et al.(2013) 1, M+ -17& (2011) 5 AL T BiE#EAL Y. 2S5 Bd5,
IZEXELTLVSAHY, Tanigawa et al.(2014) [ B RBEAWVITHEL TS, (;\ %jt 7]
= =)



1.1 BREOHEN-BMNMRAZHRFEA - RRERUERIEDE F1193EEEL S (R5.106)

1.1. 3 HWEREBERICET %5 AEI1-1 p83 BB 69
1.1. 3. 2 ERHETEVRE: XBRRE

W 3@ IR 45 7R : Minoura et al.(2013) D
< Minoura et al.(2013)I%, HEF IR FDONFE1 AmIZCIBE T AR 14~1THIZOWED TIZ, EEIEESTL, BWEOHEEEEN S FHEY
EEZOND2HDIEERERLIZELTIVS,

- B, REBEYMOLENG S MEE BT SR Ek T

(ZEEBVORHR)]
v BFRR(RE) Mo DIERE: $91.4km

14120

TATZSE _ WMT30E  T38E ——
5 [A|[B]

41"

[ Delense and
] rucloar-related:
l faciliies

ol v 1E&:$920m
Bl ¢ * v HEREHE{R:AD1269—1460
§ v GRIRHEBRYOMEZMEE
- - Planar-lamineted sand (LA T, I EATIEBRIE £V, ) SEIRICERL TSN -H#EY (D)
- Massive sand (LA, MR 1S, ) SERDBIE RIS, WERARHELLLICHEHEEL:
- L)
Ground surface  NV1OW «— — S10°E >
108 S Wll&d‘.m‘,m‘(am Mzma‘ g _
. o | ] s e
5 o i S i —

U Lakes

(AD 930-944) =t Parallel unconformity |
Unconsolidated grayish-brown clayey silt with plant leaves and

humic layers (roots of standing fossil trees)

]
B
e =
E%‘ and marshes £ b @ | Megaripple-laminated grayish-white felsic medium sand
h = 4 . £
. Sol ] o
N covering 1
3
Ao = Dune IV c Trough crosslaminated grayish-white felsic medium sand with
%‘. 3 230+ rhysmic intercalation of well-develped magnetite laminae
E3 Dune E
E
& % Il Dune Il 3 Megaripple-laminated grayish-white felsic medium sand
2 2. . B Dune | & 220 partly intercalating magnetite laminae
40°50 2
® Massive grayish-white medium sand including unconsolidated
Geological cross section along the box in B =3 Dune IV 2 2 grayish-brown clayey silt patches (mud flakes) and fossil trees |
- 3 .} @ s aleosol 3 8 (longitudinal direction of a fallen fossil trunk: N15°~20°W)
70 E=3 Dune Il g0 _= = Undulate unconformity
AV e sol k-] E \4 Planar-laminated grayish-brown felsic medium sand (inversely
60 - B-Tmtephra [l Dune II 3 =2 graded lamina sets, magnetite to the base and less dense and
B w E® large feldspathic grains upward)
]
3

20.0

Geological profile
in Fig. 3

“© EI Terrace deposits —— o : m -@P- /| Unconsolidated dark bluish-gray clayey silt with plant leaves
30 2 L8 . o 5. 2000 (roots of standing fossil trees)
wpd & rﬂ“‘?"’ g ; . . Cholfe % |, =L> B-Tm tepha (AD 930-045, Ishizuka et al. 2003)
20 . L Eresent m g 1.0 20 3.0 40 5.0 6.0 7.0 go™
Basement Fresem shoreine
10 (pre-Tertiary) riverbed . [::] Well-sorted Trough cross @ Mud flak E' Ranio liée
2 medium sand lamination R Nanas "
0 T T Massive Megaripple Twigs, boughs
W km 20 15 a 1.0 05 medium sand E Ia;gmanon andgbark 9 E Paleosol
> istance from the coast
Well-rounded gravels Planar Plant leaves
and pebbles n lamination and humic fragments D Terrace deposit Ciase:up.of mud fldkes 1 ha massvesand

Fig. 2 a Location map of the study area. The coastal areas of Shimokita are widely occupied by defense AD 1289-1390 <<]P-3: AD 1380-1460

and nuclear-related facilities. b Geological map of the Holocene in the study area exhibiting the distribution 0':::7?5:3‘;:35

of Dune I (6-4 ka), Dune II (2-I ka), Dune III (fourteenth-seventeenth century), and Dune IV (after (this study)
nineteenth century) deposits. Dune I and II deposits are mostly found in the northern part of the study area,

whereas Dune 111 ranges throughout. The distribution of the dune units is referred to Chigama et al. (1998 - s : P . n . . . :
andL Ok\zlmotxt Bl EZL(;()())_ ¢ B SHGRELVIEW ;f the dunes along the square in (b(). Thé Fig. 3 Vertical sequence of paleosols, laminated and massive sand layers, and sand dunes (Dune III) at the study site (Fig. 2b. c). The massive sand overlies the laminated
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Table 1. Historical and recent tsunamis along the Pacific coast of Aomori between AD 1454 and 2003.

Hokkaido

Tsunami height (m)

Epicentre* along the Pacific Tsunami-affected
Ref. no. in Fig. 2 Date* Name Magnitude* (N, °E) coast of Aomori* area in historical document*
Historical earthquakes (recorded in historical documents)
N/A 12 December 1454 Kyotoku N.D. N.D. N.D. Somewhere in Aomori, lwate,
Miyagi, Fukushima
1 2 December 1611 Keicho 8.1 39, 144 N.D. Hokkaido, Aomori, Iwate, Miyagi,
Fukushima
2 13 April 1677 Empo 7.9 41,143 N.D. Aomori, lwate, Miyagi, Fukushima
3 29 January 1763 Horeki 7.7 41, 1425 N.D. Aomori, lwate
4 23 August 1856 Ansei 7.7 41,1423 N.D. Hokaido, Aomori, Iwate, Miyagi
Recent earthquakes (recorded by modern seismic observation)
5 15 June 1896 Meiji-Sanriku 8.2 39.5, 144 S:3 N/A
6 3 March 1933 Showa-Sanriku 8.1 39.23, 144.52  N:1-3,S: 3-5 N/A
7 4 March 1952 Tokachi-oki 8.2 41.8, 14413 Si2 N/A
N/A 26 May 1960 Chile 95 -38.17,-72.57 N:1-2,S:1-5 N/A
8 16 May 1968 Tokachi-oki 79 40.73, 14358 N:1-3, S: 1-5 N/A
9 4 October 1994 Shikotan-oki 8.2 43.37,147.68 N:1,S:1-2 N/A
10 26 September 2003 Tokachi-oki 8.0 41.78, 144.08 N:1-2.5 N/A

*Based on Utsu (2004). "Tsunami heights (run-up or inundation heights) are based on the committee for field investigation of the Chilean tsunami
of 1960 (1961), the 1968 Tokachi-oki earthquake investigation committee (1969), Watanabe (1998) and Tanioka et al. (2004). *Based on Tsuji and
Ueda (1995), Watanabe (1998) and Namegaya and Yata (2014). We list five historical tsunamis for which damages in Aomori was documented,
and seven recent tsunamis for which run-up heights of >1 m were recorded. Abbreviations: N, northern Pacific coast of Aomori; S, southern
Pacific coast of Aomori; N.D., no data; N/A, not applicable.

Pacific Ocean
: Pacific Ocean

FREE RO RKIRE : , _ o
Figure 2. Estimated epicentres of historical and recent earthquakes.

(Tanlgawa et al. (201 4)) The numbered stars correspond to the numbers of the earthquakes
listed in Table 1. The solid and open stars represent historical and
recent earthquakes, respectiverA The triangle (shown in red in the
online graphic) represents Komaga-take volcano (its eruption in AD
1640 caused a tsunami).
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Fig. 1. (a) Plan view and (b) section view of the experimental model. The inset in (b)
shows a magnified portion of the section view. The x-axis is defined in the landward
direction from the entrance of the channels and the z-axis is defined in the vertical di-
rection from the water surface. The sand bed is set in the dotted area.

Fig. 11. Source of (a) onshore deposits and (b) offshore deposits. The offshore and
nearshore regions were defined as x = 0-38.0 and 38.0-41.0 m, respectively, to avoid the
area affected by the water leakage.
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Yakutat-North America interface. Wrangell slab is an obliquely subduct-
ing extension of the Yakutat microplate causing Wrangell volcanism.
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