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Abstract

The 2011 Tohoku earthquake (M 9.0) was much larger than typical interplate earthquakes (M <8) that
occur repeatedly along the Japan Trench. Recent paleoseismological studies indicate that a similar giant
earthquake occurred along the Kuril Trench off Hokkaido in the 17 century. Three volcanoes in
southwest Hokkaido also erupted in the 17-18" century: Komagatake in 1640 and 1694, Usu in 1663, and
Tarumai in 1667 and 1739. Geological evidence of the 17" century earthquake, such as sharp contact of
peat and mud layers indicating sudden coastal uplift or a sand layer indicating tsunami inundation, was
found beneath tephra layers from these volcanoes. Evidence of coastal uplift may solve a long-standing
enigma of coastal movement: long-term uplift inferred from marine terraces versus recent subsidence
recorded with tide gauges. Several fault models of the 17™ century earthquake were proposed and tested
with tsunami numerical simulations. They are: giant fault extending beneath coasts (85 km depth), multi-
segment interplate earthquakes, and tsunami earthquakes near the trench axis. Comparison of simulated
inundation areas with the distribution of tsunami deposits showed that the best model of the 17® century
earthquake was a multi-segment interplate earthquake with My, =38.5, but this was modified recently to
include a large slip near the trench axis, similar to the 2011 Tohoku earthquake, with My, =8.8. Older
tsunami deposits prior to the 17 century were also found along the Pacific coast of Hokkaido. While the
average recurrence interval is estimated to be roughly 500 years based on tephrochronology, recent
studies of continuous geological samples show that the recurrence interval varies from 100 to 800 years
based on radiocarbon ages. The three volcanoes in southwest Hokkaido belong to the Honshu arc rather
than the Kuril arc, hence the earthquake related to these eruptions may be the one along the Japan
Trench rather than the Kuril Trench. Along the Japan Trench in northern Tohoku region, the history of
past tsunamis has been documented since the Keicho tsunami of 1611, which caused devastating tsunami
damage, while no damage from ground shaking was recorded. If it was similar to the 1896 Sanriku tsunami
earthquake, with the fault motion limited near the trench axis, it is unlikely that such a shallow slip would
affect volcanic eruptions. The sources of the 17" century Hokkaido earthquake and the 1611 Keicho
tsunami seem to be different, because fault models along the Kuril Trench off Hokkaido would produce a
negligible tsunami on the Tohoku coast, and if the 1611 source extended along both the Japan and Kuril
Trenches, such a giant fault would produce damaging ground shaking in Tohoku. Annual varves of
lacustrine deposit in Harutori-ko (Kushiro) suggest that the 17" century earthquake occurred in 1636. For
the relation between giant earthquakes and volcanic eruptions, the facts that large-scale (VEI = 5)
eruptions occurred only in the 17" century, while giant earthquakes have recurred during the last several
thousand years, have to be considered.
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Fig. 1. Great earthquakes since the 20™ century along the Kuril and Japan Trenches, with their occurrence year and
magnitude. Red triangles are active volcanoes. White arrows indicate the relative motions of the Pacific and Okhotsk

plates based on the REVEL model (Sella et al., 2002).
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Fig. 2. (Right) Measured tsunami heights along the Pacific coast of eastern Hokkaido for earthquakes occurring in the

19t to 21 centuries: the 2003 Tokachi-oki earthquake (Tanioka et al., 2004a), the 1952 Tokachi-oki earthquake (Central
Meteorological Agency, 1953; Kusunoki and Asada, 1954), the 1973 Nemuro-oki earthquake (Japan Meteorological
Agency, 1974), the 1894 earthquake (Hatori, 1974 a, b) and the 1843 earthquake (Hatori, 1984; Tsuji et al., 2014). Locations
of paleo-tsunami and paleo-earthquake studies are also shown. (Left) Source regions inferred from distribution of
tsunami heights, waveform modeling, and seismic intensity distribution.
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Fig. 3. Evidence of opposing land-level changes on geologi-
cal and geodetic time scales in eastern Hokkaido (Atwater
et al., 2004). (a) View at Onnetoh (see Figure 2 for location),
showing trees in the marsh killed by recent submergence
and Pleistocene terrace at the back indicating long-term
uplift. (b) Heights and uplift rates of Pleistocene (~125ka)
marine terrace, based on Okumura (1996). (c) Land levels
based on tide gauges at Hanasaki and Kushiro (Coastal
Movements Data Center, 1996 updated with Japan Meteo-
rological Agency data).
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Fig. 4. Geological evidence of 17" century coastal uplift
(Atwater et al., 2004). Sudden transition from mud to peat
layers at Hichirippu (see Figure 2 for location). Two
tephra layers are from Komagatake volcano in 1694 and
the Tarumai volcano 1739.
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Fig. 5. Model of 17" century uplift in eastern Hokkaido
(Sawai et al., 2004). (a) Uplift and subsidence computed
from fault models shown in (b). Green is for interplate
earthquake model (depth: 15-55km), red is for deeper
(55-85km) postseismic slip. (b) Locations of faults. (c)
Geological sample obtained at Mochirippu (see Figure 2 for
location). From bottom to top, mud, sand, mud, and peat
layers with three tephra layers. (d) Diatom analysis
(relative frequencies of freshwater, brackish, and marine
spices) and inferred land levels above mean sea level.
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FEREN, WE2 O km FCEHSN (M7, LillZ
7*, 2001; Nanayama et al., 2003). 17 o K ILIK D I
LS 2B OEPAPIE (1225 Tsl, Ts2 LIESR) 2358 H
ENTVEY, THHDOHMIRMERED AR SN T
W5, KK E ORBFEEEED S, Ts3 13 17 4, Ts4 &
BIZI3HEOEKICLDUMEWEEZOND. £
7z, Ts3 & Tsd Oifpfn o OFEHHE, HE ALz
BilZ, HREM T Tsd AR IICKE <, HHEATIE
Ts3 2SHIRF IR & v (B2, 2002).

51T, PIETHHERNKOMFERE 2SS, ®E 7500
AR 15 MR EE o B HER W 28 L S 72 (Nanayama
etal,2003). I HlE, HBEACHE - TR O
RWBTHRALINIZEEERDICHIE T2 L EZ L 2
5. FRMOaTIZOWTIE, 17 ok HERY &
1667 4 KINIK (Ta-b) ORIZ3I DT ISy AR

Fig. 7. Tsunami deposits found along the Pacific coast of
Hokkaido (Nanayama et al., 2003). (a) Location map. (b)
Stratigraphy. Red are tephra layers. Blue and yellow are
sand layers above and below the 17 century tephra
layers, indicating ordinary and extraordinary tsunamis,
respectively. () Maximum distance of the above sand
layers from the coast. Post 17% century tsunami deposits
are located only around the coastline, but those in 17
century and earlier can be traced a few kilometers from
the coast.
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Table 1. List of tsunamis that affected Sanriku coast in Edo-era (1603-1867)

Date Japanese Calendar Source and eq. magnitude m M
1611/12/2 ERE+ANEFH /A0 Sanriku tsunami earthquake, M 8.1 4 84
1616/09/09  JEfi_4EtA —+/M\HA Miyagi-oki, M7.0 1
1677/04/13  FEEHE-H+H Aomori-oki, M 7.9 2 17
1687/10/22 * W= DFEA LR Peru off Callao, M ~ 8 3
1700/01/27 * itk +_4F+_H/N\H Cascadia, M ~ 9.0 3~4
1717/05/13  Z{RZFMA=H Miyagi-oki, M7.5 1
1730/07/09 * Eff+HAFEHLHA Z+FHH  Chile, off Valparaiso, M~ 8.7 4
1751/05/26 * EI&ExAERH A Chile, Concepcion, M ~ 8.5 3
1763/0129  EE+_#+_A+7<H  Aomori-oki,M 7.4 2
1763/03/11  EF+=4F—A_+1LH  Off Hachinohe, M 7.3 179
1793/02/17  HEHAFE—HLH Miyagi-oki, M 8.2 2 76
1835/0720  REANFEAHZ+EHA Miyagi-oki, M7.0 1~2
1837/11/09 * RERNFE+A+H Chile, Concepcion, M ~ 8.0 3
1843/04/25  FRAMUE=ZA "+ARH  Kuri Trench, M~8.0 2 8
1856/08/23 B =HFEH _-+=H Aomori-oki, M7.5 276
1861/1021  SCASTEELA A Miyagi-oki, M 7.3 1

* are trans-Pacific tsunamis for which the arrival dates on Japan are shown. m is tsunami magnitude
by lida-Hatori, and M is tsunami magnitude by Abe (1999), based on Watanabe (1998).

BN, TNPERTH D LT 5L, BRI 1636 4
WCHERE L 72, L) isEdd 2 (FIINEA, 2012).
SENNEA (2000,2005) 1%, FAZHREEE T LB T 0
PSR 2 R S D KILIKRE & #E g & L CAER
R LTB Y, 17 i oFEEERMICOWT, RO
BEDD, BRETOREHSPEESINTE, ZOH
B, 17 I oFEICOWT, FHBERETIE 10m Mk (%
KiZ20m) OFPFEDS, WETH 10m O R 23 E
ENTW5b, 727210, 3.1 THRR72X 912, A K F
PEEE M ZE 100 4ERIIC 1m *iFFYjZFrFLij 0, HAEDORE
e 17T R OEESOBRIIAYTH 5.
iEOHRIRTH,  dbiRE IR G & %2 o
THEHER YA G S, MR RE O/ 20km 12H
725 TNEE 1~2km T CHIEHERB S 54 L Tnwb
L, FNSHIEUsb 779 (HBRILEN, 1663 4F) OB
WZHY, 17 HRICHAELZERER T ENbro7
(FIEAKIZA, 2007). Z OFPAS, EHRIZBITS 17 ki
IR & CIRIRIC X B DA, 1640 4EB A H KIS AE S
Waoh, HHNEZOEELTH RVWEEZONIZD
WTIE, FZEHLRIC R o TR,

3.4 WICHTBHME - FHROEH

LB EECIE, 17 RO - FERICO VW TOER
RS LR, JEREREFEO [HER] 370w
AW D 1816~1861 412 &at 70 O A K E AT AL SR S

1717 1793 1835 1861
1677 1763 1856
N.JapanTr. C.JapanTr.

Trans PaC|ﬁc I I I1
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Fig. 8. Tsunamis recorded on Sanriku coast, based on Table
1. Bar length is proportional to tsunami magnitude scale m
except for trans-Pacific tsunamis.

NTVWLDATHS. —HT, R TIE, EOH»D
# HECISTL P IREAURT 0 © O M EEATHEAE Y I RlER S T

W5 (Satake, 2004). JOTCIE [JOFEHRE], [#AA
ARl TEIIE A2 25 1665~1869 4R 12, B T 5%
P MEE], [ALWTHE A FE) 25 1644~1796 4E 12T T AY
WCHBHEZ L TWS, T, BREBTh 22T
EEITHREBRAORER [HERHE] 2 2l
DFLERDTE > TV D

IS DEBRLEICE ST EREM T 8o 7 2
B 5L, £ TI6MusSN TS (J5:8,1998). #*
1BIUPKSIZINLZRT. ZD9H B, 1687 4F, 1700
4E, 1730 4F, 1751 4F, 1837 40 5 MIOFEW LR K - ALK
OB L Z2EBERETH L. FKY LLAEOI B, 1677
4, 1763 41 H, 1856 £ 3 M FAREA b IC X
AL o, 1717 4F, 1793 4F, 1835 4E K 1N 1861 4E? 4 [0
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HRIERMMECLDLDOTHS. T2, 1611 EER
A B A m=4 LK D L DTH 57,
WRENC & 2 EI RIS SN TEB 5T, 1896 4EHHA =k
WL R ERBEICIZ2bDEEZLNTVS (B
H) -, 1995; k35132, 2013). 1616 4E 1334 (1998)
WEIZEmE SRTwD, 1843 3 T B0
BILLD2b0THL. 17634 3 HOBPEIZOWT, #
F) - B (1995) 13 1763 4 1 H o F B o 4
BEABLTWS. ZOXHIZ, ZETRHESINTND
16 MO LT X TEZORFE L2 ->THBY, 1843 4F
ZHRVWT, TEBHECTHEALZBRICLSDDIE RV,
L7223> T, TEEE T4 Lz 17 ok, =k
MRICITEREOWEL LS SR VWRETH 722
bNs.

1611 FEDBER MR X 2 MERHRIC OV T, %<
DRELFLERD TR > T2 (HBH] - [, 1995; 32, 1998;
FEFEIT D, 2013, #14, 2014). ZNHIC kb e, BERT
ANETHZHAH (611412 A 2 H) ORIz =k
PRSI THRRIOMEIK L Sz IS
I ABEIIERFEN TRV, EkIE =R R
SAIEFE - MERICKRE LHEL -6 L, hEl
SERHPICHEIRIC X 250813 1783 A, mE¥E - HiR ¢ A B4E
3000 4%, BT HIEH 700 A & & X, 2011 £
o RSP R IC X A L MRE O R E kT
HolLH)ThHE. ZOBEEHEIIOWTIE, MHEHIC
I BWEN RN NS, 1896 4= FEHIEME & B4
HEEHETH D L ENTE LD hERADIFEHEARE,
2011), 2011 4 HCALH )7 ARSFEEph Hu5E & OB D B>
k) ThHb.

4. 17 HIBOEXHESK

3EITHAI X 9T, WHIEF A RICEDO 17 o
FoRMEE - S oiug, UTokiicEenons.
(1) ME~+PH0HK 200km DiFET, 20 Hidoiiz X
DLW O R EV (B km) EEIFEALL, (2) B
FE~PIK DK 100km TR R REOER (0.5~1m) 2%
FEA L7z, (3) TR $ B H B I3 ab 5 Tl
AMoNTwiw, (4) FEZRBIZUE, #9500 4FFFECH
DELFELTEZ. REiTid, ZhsofifilFEic
D7 WALHER OWIEE T VIOV TR S,

4.1 KEETIV

17 i o EOW G E 7V & LT, Nanayama ef al.
(2003) B X U Satake etal. (2007) 1%, (1) KRHETIE
Wiz, (2) ks 2y b TL— MEME, (3) diit
B O3IODEFNIZOWVWTHE L. X512, Ioki

and Tanioka (2016) i, 2011 4F b )5 AP 72
DOFAEEZIFT, (4) L — FEHE L d R o [k
BHEETNVEEZ I LT, INOOETFTVMIIOWTH
5.

(1) KRB Hh 52

31 TN/ XH IS, WEER - WA 2 7 —
VTOMEREO L TAEE) % FHPT 572012, BH (1996)
iR OBREEEIWBET VERE L. ChitsE
LT, W (RS 0km) 225 dbiENBEDGE S 85 km
F TS KBUERTE (I 250 km) %% 272, KFEEAH
DHFFAE T, RARAZT L= LHOERSIZB X
% 70km T& Y (Suzuki and Kasahara, 1996), [E 13
HEEIZ X 5 GPS OBl 7 — 7 26 b, hAATL K
FEHET LU= FEBEMT L EDOA Yy T Y TIEBEE
CORSEFTHATVEL EHEE SN TS (Tto ef al,
2000; Mazzotti et al., 2000; Suwa et al., 2006). Wifg R =
% 300km, $XDEESMETHE, TOETVDE—
AV IR =ZFa—FIIMw=87 t7%5%.

(2) BT AV OT L — RHHE

WHOTL— MEHEORARIL, H#E 10~40km £
ETHY, ZHITRE - ENDRAIC L > THBI SN2
(Tichelaar and Ruff, 1993; Hyndman et «al., 1997: Satake
and Tanioka, 1999). C® X ) IO 7 L — | [HHE
T, 17 B X OZN R ORE 2 HE e HHTE 4
W, ZIT, LAY MIEREDSD TV — MR
2EZ 7z 1952 4E o HhEE & 1973 4R MR R B il =
OEFHE GbE7, BE300km OEBEREFEE T
LOTHA. WiMEAZ7L— Ml LOES 17km 7225
51km FTIELSL E35E, WiEEIZI10kn &2 5.
TR ERENOTRY)EDS L DII5Mm ETEETN
(TSNS BT W) &, HEWEHBI O 5 L GbEs LI,
FTRY)EDSTHEWT 1I0m, WEHTS5m & LZET N
(TION5 ET V) &IZDOWTEz7:. TRNHDETLVD
E—RA VMY F2—FldEdbITMw=85¢t7%5%.

(3) H:EHbEE

WEFANSIVENICRKRE ke e ToMEE L
T, 1896 SEWG=FEMED & 9 Rt EI M S hTw
5. 1611 FBEREME D ZENo#EEMETH -2 L&
AN TWS (MFZiRAnr e AEAER, 2011). BiG =k
MW, IR O S, 1H50km, 37X 5.7m @
Wifg EEh 2 X % (Tanioka and Satake, 1996) & Si7-.
INSESZIZLT, BIBOEX 300km, MHEMNT (5
S 0km) 225 S 17km ¥ TET AIE50km OWiE -
T, 5bmOITRY)ZWET DL, TOETLVDE—R Y
7 =Fa2a—FNiEMw=83t7%5%.
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Fig. 9. Fault models and crustal deformation due to faulting (Satake et al., 2008; Ioki and Tanioka, 2016). (a) Interplate
fault model with uniform 5m slip (TN5), (b) tsunami earthquake model, (c) giant fault, (d) multi-segment interplate fault
with 10 m off Tokachi and 5 m off Nemuro, (e) Ioki and Tanioka model (10 m off Tokachi, 5m off Nemuro, and 25m near
the trench axis). Contours indicate uplift (solid lines) and subsidence (dashed lines). (f) vertical movements along cross

section A-A’ shown in (a)-(d).
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Fig. 10. Tsunami inundation areas at Kiritappu marsh computed from each fault model (Satake et al., 2008). Red circles
indicate locations of tsunami deposits. (a) Interplate earthquake model T10Nb5. (b) Interplate model TNb. (c) Giant fault,

(d) tsunami earthquake model.
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Computed tsunami inundation areas at Oikamanai from (a) interplate earthquake model (T10N5), (b) interplate

earthquake with large near-trench slip (T10N5S25). (c) The observed and computed coastal tsunami heights. Modified

from Ioki and Tanioka (2016).
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Fig. 12. Tsunami heights along the Pacific coast of Hokkaido (Satake et al., 2008; Ioki and Tanioka, 2016) from combined
model of interplate and tsunami earthquakes (brown), giant fault (green), interplate earthquakes (red for T10N5, light blue
for TN5) and tsunami earthquake model (dark blue). Coastal tsunami heights by Hirakawa et al. (2000) are also shown.
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Fig. 13. Tsunami heights along the Sanriku coast of Tohoku (Satake et al., 2008; Ioki and Tanioka, 2016) from combined
model of interplate and tsunami earthquakes (brown), giant fault (green), interplate earthquakes (red for T10N5, light
blue for TN5), and tsunami earthquake model (dark blue). Tsunami heights from historical earthquakes (1611 and 1677
earthquakes) based on Hatori (1975) are also shown. The detection threshold in historical documents (estimated as 3 m)

is also shown by dashed line.
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Fig. 14. (Left) Estimated ages of 16 tsunami deposits at Kiritappu marsh (Sawai et al., 2009).
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