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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].
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(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 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
‘s‘yulnll:zl‘:;\;“l:g;ilz?;\Iieilll}:‘i{?,I.Nolethe|\u|lhea>lwardmcleasem the gap between slab seismicity and the trench as well as the paucity of seismicity deeper than 50 km along the Dlstance a|ong prof“e (km)
FISRANEEIZEITBES0kmUL LD RSTHEDEREm D Fig. 3. Cross-sections showing changes in seismicity {within ~50 km of each transect)
(Finzel et al.(2011) [ZT—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.

KEFHTL—F, Yakutat terrane, LXK TL—FEDERXR
(Wech(2016))
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(2016))
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« Von Huene et al.(2012) (&, 1964 7S RA Dt EDIIESEH O HERE, Patton-Murray ridge, Aja Fracture Zone D LA IRAHEN—ET B EMD, Thd
TU—MEREOEEABED/NNYTELTERTHAIEEENHHELTINS,

- 133, Patton-Murray ridge, Aja Fracture Zone D ;L #HAAERIE, BE{E#hE (A.D.1440-1620, A.D.1788%) MimEREH—EL TL VS (Shennan et al.(2014)),
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K
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K
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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.

TIRANDTI= RN E = LB FHE OB IR M O BE %
(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.

1964FE T S ANMME DT RYEHN 1 EEREME RIS (Ichinose et al.(2007))
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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

Pichon et al. [1984] and Kimura [1986].
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Fig. 1. Bathymetric map showing the locations of ocean bottom seismographs (OBSs)
used in this study and total slip distribution larger than 10 m of the 2011 Tohoku-
Oki earthquake (Yagi and Fukahata, 2011). The star is the initial rupture location
of the Tohoku-Oki earthquake {Chu et al., 2011). The open diamonds and the open
squares are the location of short-period OBS (SPOBS) and broad-band OBS (BBOES),
respectively, used in this work. The BBOBS with uncorrected clock is indicared by
the solid square. The red dashed rectangle indicates the grid-search area for the Distance [km]
hypocenter locations. The red solid line is the survey line for the crustal structure

(Ito et al., 2005; Kodaira et al, 2012) and the differential topography (Fujiwara et

al., 2011). The dotted line indicates the axis of the Japan Trench. Fig. 2. Hypocenters and error ellipsoids of the earthquakes. Earthquakes within the
red dotted rectangle on the map were projected onto the P-wave velocity model
== L used for locating earthquakes (1to et al., 2005). The top of the oceanic crust is indi-
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prior to 2004. Slip patches are labeled by year of carthquake occurrence. Regions of fault that may have been locked prior to 2004 are
compiled from Prawirodirdjo et al. (1997) and McCaffrey (2002). Landward (downdip) locking extent estimates (thick blue lines) are
from Zachariasen et al. (1999) and Natawidjaja et al. (2007) for the Mentawai Islands region and from Natawidjaja et al. (2004) for the
Batu Islands region. Earthquake slip sources: 1847, 1881, and 1947 Andaman from Bilham et al. (2005); 1861, 1906, 1907, and 1914
Sumatran forearc from Newcomb & McCann (1987); 1797 and 1833 from Natawidjaja et al. (2006); 2004 slip from Subarya et al.
(2006); 2005 slip from Briggs ct al. (2006); 2007 slip from USGS seismological slip models at http://earthquake.usgs.gov/
regional/world/historical.php. Historic slip patches on the Sumatran fault are from Sorensen (2008).
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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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AB: Australian-Burma motion
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Fig. 1. Seismic activity in Japan and its vicinity. a: Seismic segmentation used in the official earthquake forecasting® of the Evaluation of Major - i .
Subduction Zone Earthquakes by the Headquarters for Earthquake Research Promotion. The historically largest earthquake in each segment is 1960

2070

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 sin, ‘mentation (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).

H A DD i E & E) (Koyama et al.(2012))

Fig. 2. Seismic activity along the Chilean subduction zone.

located by Engdahl er al. (1998) are used from 1900 to 1972.
Shitp://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_global php.

F) DR AHTIZE 1T B EES) (Koyama et al.(2012))

(seismic gap) and a narrow seismically active area along the subduction zone. These are typical characteristics of ASSS.
From 1973 to July 2011, the USGS NEIC database® has been analyzed.

RAME

We notice sparse seismicity prior to the 1960 and 2010 great earthquakes

Epicenters re-



F1027EEFELE (R4.1.28)
1. 1 ZEFOFFEN- BT REBEZ 1= RiRE R U th E & 0 5T BEH-1 p59 T 71
1. 1. 2 KRERUTRYEZIZHT H#EE

1. 1. 2. 3 WIEEBICREAT IR 2004 F AT S~T7UoATUMEDREXRKXEZREZ-RET

BEXRMEOWERXDDEINSDIRETOD
v Koyama et al.(2012)Id, ERANDEXK#MEE, OTL—FD;LHIAH D FEE (Subduction), QREEITL —kD 451 (Collision), Q= ;EED
(Segmentation) D3 DNIEIZEEXALNVTHFEL TS,

(DSubduction: #}& EZ A IE EEEH
@Collision: E#ETL—rMNKEMNSIN - KEEDZFEMN
@Segmentation: 2 ILET AV E TILEST AU (EMIZHIESER)

v 3DDIEEND, HEDEXRMEZE (1)1960FFE, (2)1964FT7SANE!, (3)2004FRATLSE!, (4)2011FFRILHEIZHFELTILVS,
v BRENBIINTLSTFEEELVDOMEX (A RHokkaido), 2004F AT SR EFULZBEA TS EI (Margin) (T L THRIO LA AR
(Oblique) THAHELVOEFHZEE T 5N, BIBRBERICKELFZESF RITTHEFE (Segmentation) (FELEHELTINVD,

Margin
OQ a:2004 d:Nankai

HATHAELIZEXMHED LLE (Koyama et al.(2012)[Z— & INE ) & A
Table 1. Variability of megathrust earthquakes in the world. (} b E 1960 %
Event Overriding Plate Segmentation Remarks : : Ug
I 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.
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showing bottom surface erosion by flows that deposited the laminated sand. A panoramic view of the outcrop is shown on the right. The longitudinal direction of an embedded
fallen fossil tree trunk is N15°~20°W, which is mostly perpendicular to the general trend of the slope (Fig.
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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 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, 144.13 S22 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

FREBRE RO KR : , _ 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).

AD1453-2003[ZF FHFE K E X AR HETHRAEL-EREHMEDER (Tanigawa et al.(2014))
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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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Figure 2. Estimated epicentres of historical and recent earthquakes.

The numbered stars correspond to the numbers of the earthquakes
) ERE N listed in Table 1. The solid and open stars represent historical and
BEE /N t (MISEOEE;M_F) recent earthquakes, respectively. The triangle (shown in red in the
(M85 RLLTF) TN _ N . online graphic) represents Komaga-take volcano (its eruption in AD
\ 24 {E viBIL—+k TL—rERFBOEZFEL, EFRAF 1640 caused a tsunami).
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