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Cover Photograph

The summit of Nikko-Shirane Volcano

Nikko-Shirane Volcano is an active volcano on the border between Gunma and Tochigi prefectures. The largest
eruption on historic record occurred in 1649 AD. A lava dome forms the three peaks of the summit, and consists of
lavas erupted before the 6th century. In 1649 AD, explosions from the eruptive vent opened up a pit between the
center and right peaks on the southeastern side (not visible from this view). We conducted trench surveys at six
sites to clarify underlying pyroclastic fall deposits at less than 1 km from the summit, and revealed that
Nikko-Shirane Volcano erupted at least three times since the 6th century. A view of the peak from WNW. Photo
taken on October, 2015.

(Photograph and Caption by KUSANO Yuki)
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Kusano Yuki and Ishizuka Yoshihiro (2020) Eruptive history in the last 1400 years of Nikko-Shirane Volcano
based on trench surveys. Bulletin of the Geological Survey of Japan, vol. 71 (1), p. 1-18, 12 figs, 2 tables.

Abstract: The eruptive history of Nikko-Shirane Volcano in the last 1400 years is revealed by
observations from six trench survey sites and a drilling core sampled from Japan Meteorological Agency
(JMA)’s borehole type volcano monitoring station located at less than 0.4 to 1.7 kilometers from the
summit. We have detected three pyroclastic fall deposits derived from Nikko-Shirane Volcano in the last
1400 years based on the features of their stratigraphy, thickness, grain size, radiocarbon ages and modal
compositions; A, B and C pyroclastic fall deposits of Nikko-Shirane Volcano in order from youngest to
oldest. The A pyroclastic fall deposit can be correlated to the 1649 AD eruption. The B pyroclastic fall
deposit directly overlies a foreign tephra derived from Asama Volcano (Asama-B tephra) of early 12th
century age. The C pyroclastic fall deposit overlies thin soils and another foreign tephra derived from
Haruna Volcano (Haruna-Futatsudake-Ikaho tephra) of middle 6th century age. The stratigraphic relations
and four radiocarbon dates for soil layers show that the C pyroclastic fall deposit was derived from an
eruption during the middle 7th to early 8th century. Based on the thickness, and grain size of ash, lapilli
and volcanic blocks included in A, B and C pyroclastic fall deposits around the summit, the eruption
magnitude of the middle 7th to early 8th century was larger than the 1649 AD eruption, which is the
largest one of the historical eruption record of Nikko-Shirane Volcano.

Keywords: Nikko-Shirane Volcano, pyroclastic fall deposits, trench survey, radiocarbon age, eruptive
history, 1649 AD, 12th century, 7th century
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'R ERAR AT B RERA £ Y & — WS - KILEFZEERM (AIST, Geological Survey of Japan, Research Institute of Earthquake and Volcano Geology)
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Fig. 1  Geology of Nikko-Shirane Volcano and locality of trench survey sites. The distribution of lava flows is modified from Sasaki
et al. (1993) and Takahashi et al. (1995). Contour interval is 50 m. Lower-left inset shows enlarged map around summit of Mt.
Shirane. Locations are shown for trench sites (closed circles), Japan Meteorological Agency (JMA)’s drill site (open circle), and
the mountain summit (triangle). Broken lines show craters. Fluff-hatched areas at the northeast and southwest of summit of Mt.
Shirane are talus deposits. Chj: Chinoikejigoku Lava; Md: Midagaike Lava; Mrn: Marunuma Lava; Nrd: Nanairodaira Lava; Ohg:

Ohirogawara Lava; Osc: Okushirane-central Lava; OsN: Okushirane-northern Lava; OsS: Okushirane-southern Lava; San: Sancho

Lava; Sge: Shirane-Gongen Pyroclastic Cone; Sgn: Sugenuma Lava; Zzn: Zazen Lava.
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Fig.2  Stratigraphic sections of the trench sites and a drilling core at summit area of Nikko-Shirane Volcano. Each section aligns the top of

Hr-Fp. Distributions of foreign tephra are hatched gray. “Ash with lapilli & volcanic block” means ash containing with 5-25 vol%

lapillus and volcanic blocks. <5 vol% lapillus and volcanic blocks contained in ash are summarized in “ash”. Width of stratigraphic
sections is based on the median grain size of matrix because all pyroclastic fall deposits in this study are matrix-supported and the
maximum lapilli and volcanic block contents are less than 25 vol%. See Table 1 for '*C age.
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Table 1  Results of *C dating.
) . Conventional |Calibrated rangez) . Lab. ID
Local le No{M I i D15"c (9 lity (%
ocality Sample No.|Material|Stratigraphy "’ [8'°C (%o) G age (yr BP)|(20 cal AD) probability (%) IAAA-

. 1324-1345 18.0

17NK-TR3-2 TR3-2-2  |soil a -26.50 + 0.36 540 + 20 1393-1431 820 171391
. 909-912 0.6

17NK-TR3-2 TR3-2-5 |[soll b -25.87 + 0.49|1050 £ 20 969-1023 996 171392
. 657-712 83.6

17NK-TR3-2 TR3-2-7  |soil c -25.48 + 0.30(1320 £ 20 745-764 16.4 171393
. 673-730 60.4

17NK-TR4 TR4-7 soil c -26.55 + 0.49(1280 + 20 736-769 396 171394
1442-1500 90.1

17NK-TR5 TR5-3 soil a -26.19 £ 0.49| 400 + 20 1504-1511 1.7 171395
1601-1617 8.1

17NK-TR5 TR5-7 soil b -26.75 + 0.36[1030 + 20 984-1026 100.0 171396

17NK-TR5 TR5-10 soil c -24.18 £ 0.41]1390 + 20 617-665 100.0 171397
. 1474-1531 35.2

JMA-V119 C1 soil a -25.78 £ 0.33| 340+ 20 1538-1635 64.8 162592

JMA-V119 Cc2 soil c -25.70 + 0.51[1370 + 20 639-675 100.0 162593

All samples were preparated by acid-alkali-acid wash.

1) a = just below the A pyrocllastic fall deposit, b = just below Asama-B tephra, ¢ = just below the C pyroclastic fall deposit.
2) Based on the calibration program CALIB ver. 7.1 (Stuiver et al., 2018; http://calib.org/calib) with standard data from IntCal 13 (Reimer et al., 2013).
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(a) ARE T KREHEREY (17NK-TR5-1) RO FEVE L 723K @ H 5 2Bk

T. (b) BFE FARHEREY (17NK-TR3-2-3) T OORVI L 72856 H 5 BRI T, Nks-2 (17NK-TR5-1D 2 & N1 5 (c)
WA 5 VEAER KU BT 5 ZBER. AR N KPR (17NK-TR5-1) o (o) GESEH (G - i) &
) BILAEF. (2)—(d)id 500-1,000 pm ¥ 4 X, (e) & ()i 250-500 pm ¥ 4 X DHEB KL T-.

Sieved particles of the Nikko-Shirane pyroclastic fall deposit. Representative of (a) vesicular, pale-colored vitreous
particles (collected from A pyroclastic fall deposit: 17NK-TR5-1), (b) vesicular, dark-colored vitreous particles (collected
from B pyroclastic fall deposit: 17NK-TR3-2-3), (c) non-vesicular, pale-colored vitreous particles and (d) non-vesicular,
dark-colored vitreous particles (collected from Nks-2: 17NK-TR5-11). (¢) Whitish and dark-colored fresh lithic particles
and (f) oxidized lithic particles (collected from A pyroclastic fall deposit: 17NK-TR5-1) are also shown. (a)—(d): 500-1,000

um fraction; (e) and (f): 250-500 um fraction.

M S B L CAREAIRD 40i) 7=, BT, A& To
MR O RLEIE, 250-500 pm DK FOBIERFEFRIZ L 5.
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T 7 I EWMAETIE, T IRk A, Z0%T
LT 7Ry b EMT G, —HOBEAKIEY — FOH
Ty b ERTIEICES. UL, AR THAL
BT HERINE, Bl HEAE A Z, FROEL S
AT EY — FICHRT 2B TH D, 2T, AR
I BE 011) 1256, Hr-Fpk b EA OHEREMIZ D
WT, BRI S AR T KERHERY (WS FR: Nks-A), BEET
KWEHERE (Nks-B), CR& N KFEHERTY (Nks-C) & IFUNEE
B35, Hr-Fp®D FHRICHAE T 2 KRS, HEIZ
7 (1994) IZH¢ > TNks-2, Nks-3 & IE5.

4. 1 17NK-TR1
bt c HEEE 36° 48' 12.9" N, FRIE 139° 22' 403" E, 15
2,300 m

PHHIZRE 0 1.9 m

bl FALEI T 5 0.6 kmACALH O P40 & S
 BRbE r WIEE D L TH 2 (1K), FRFE » WIES 3,
FRR I LITAD LN AL S % SRR - thod I 13 3 & 4
Y BEETRTHS. L YyFRHEAETIE, kD H
eI IR D ARE T KREHERD, CRE T KRR,

s-3

54X 17NK-TRI1 OFFIAHIRIN & S G A,
CRE T RIHER & Nks2HIZ & h
5 KILEBE K UNks-3 DI K G I %
LT, Nks-313ZFRDRTH - 72
oy, NI 2K & H U,
Stratigraphic section and photograph at
the site 17NK-TR1. Volcanic block in
the C pyroclastic fall deposit and Nks-2,
and a close-up photo of Nks-3 are also
shown. Nks-3 is marked by green string.
Symbols are same as Fig. 2.

|

se up \;iew of Nks-3

Fig. 4

Sk KK DOHr-Fp, & 612 H Y AR A LA I ONks-2,
Nks-3 235388 67z ((E4X]). Nks-3DHETF, ML Y F0
I FEBII @ TR, 5 50, SR » MIEE T EE L %
Moz,
WE»SBET cmizELETH 5. ZOTFRIZEE20
cm DA T KWHER A RD 5 5. AR T KIHER
i, YL b A LUK A X Ok kLK &
FiRkET 5. I MEPBOREE4 cmlTREE2 cmd FORIE
KINEEZEPES . HERINIE RIS EIR 2 O, KIS A
BERT, BRI S, 250-500 pmiSRifE % fi
Z 7R (BUF, REEOR 7)1k, RIEL 7-ikE - 5@y 5
BRI, W@ - WG 7 AEER, RESE, BLE
Fr, ZEAR, ik (R% - fHRA -G - s mpia)
CHBHR PSR B (2K). REERIGITIC, ARG
HROFHE T TH B.
ZOTRATIZBIEL cmDEE L IEA A, BIFE 16
emDCRE T KWHERII A 788 6 5. Che T KWHER
i, HCR-HDRRS 5 4 X o ER @ KIIIKIVE /T, %
3-50 cmDRIIEKIIBE KA BRAEAE L, JEIkAEN.
INS OO TR KRF (B 43HDOEZEETFH LT
KD 7)) 1228 emTH 5. KIIEBRIE L m AR IR O F g
T, BUERCWAIEEIEED b (E4X). CRETF
KIEHERED O REROR 1%, RIa L 72ikE - @7 7 28
Kir, Wetas o A BSAR, BREER, BLSR, Z2EE
Fr, Sk (R%E - fHRA - M) EBESERTh 5 (52
). BEARICE, A HOROWAUE DIES, Hr-Fp
HOROEA &S @ANaRh & Eh 5.

Z DO TFhAZ, BE15-20 cmOBHEREMH» S5 %%, ZD
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17NK-TR2

50 cm

5K 17NK-TR2 OFEIAFARX & FROAEEL ARE M AKRERER) & CRE K IHE R
hicE F B KES R OBRE Ak HERI O IER G H 2GR, LI

22X EFE .
Fig. 5

2020 H/I1E W1T

Stratigraphic section and photograph at the site 17NK-TR2. Volcanic block in the
A and C pyroclastic fall deposits, and a close-up view of the B pyroclastic fall

deposit are also shown. Symbols are same as Fig. 2.

HERENE, EICERSEL, MR Y 4 2 O E e
FKIK R T, %5-10 cemDZIE T AEER S FIR
B LES < BRE L 72 Hr-FpHi Sk O ANRAE S 5 @A »
5, FHERE & Bl L 7.

ZFO P, BIE15 cmOHr-FpAiidd 6 b, HYE
FARAKILERETIE, Hr-Fpld, MRS 4 X Kif¥1 cm
DUF O Ak i & 3 i A PO e 2SR B 1258
ENBZEnE, WHTEZIZHINTE .

Hr-Fpo)FU 3B 10 cmD g L % A, Hifg

DR T KEEHERE Y A5
?ﬁﬂmf*ﬂﬁ@ﬁ A 2O PRI TR O B KL KB S+
T, £1-3 cmD KIHEERFE 20-30 cn DB TLILIAE D
KIPEBE CEYRARIEE : 24 cm) 2 & dr. AKRIZHEIK
AHEO, KIS BRI EHOR O A GE41X) & S kiR
DO R EENS. KUEHOBRIZES T, &
WARR W HIET IR0 b e, BRI, RWL 7=
BE 5 2Bk,
Wl ah, 2SR, Sk (R - fHRA - fih) L 2%
BERTH A, ZORT AU EHr-FplcfiEgh b
TEOFE X2 5, B FAMHERIE AR LTHO R 2.7
km TROEK & 172 Nks-2 (BLEFIZ A, 1994) 123 T& 3.

Nks-2 D NRLIZIZFEIFE40 cmD B @434 Pk, fEIE
6 cmDfE N AKWHERI R R® 6h 5. Z O KHEREY
i, HR-HDRES 4 X0, HdRAEIR O BV IK @kl
JKTH 5. MR, Bl -iEs s 28T, %
@I A B SR, BEER, BLER, Z2EER, Y
B (s - BHRA - A - Sl

2 OoND. JEHEIZ20cmTH 5.

W - WG] 7 2 BA R, ARER

AR LREAER TS 5.

KIEHEREI O BIE R & TIEDE X H 5, Nks-2 & [Flkk
12, ARILLTEO 5 2.7 km Ticlk & 117-Nks-3 (JLEHIF
A, 1994) IZ5F e X B ATREMEAS O

4. 2 17NK-TR2
HURT : RRPEE36° 47 483" N, AR 139° 23' 2.1" E, 13
2,280 m

PEHIZRE : 1.1 m

FL /%u%‘ imﬁ%mmﬁi 0 0.7 kmH m H O F-1H
DX MﬂEMEﬁm%—mi E*E@;&%E/J\)%mtﬁw
Th 5. BEARmEESEELTEO R A S HHlz
Hf%ﬁ?é%%ﬁ?@é.kvyfﬁﬁfu,iﬁ;
0 ABE T KREHERTY), BRE T AKIHEREH, CRE T KRFHERY
MBRH NS (GESX). 205 bCkE T AR O
TEEIPIC LD S KB L 222 &0 5, TRANIERE 1.1
mETE& L.

WP LBES comidEZ L TH 5. 2O FHIZEFE23
cm DARE T KIHER R0 5N 5. AR T KIEHERD
&, KINEERC D O YL b4 4 LR MR 4 20
IKEGKILKZ TR ET 5. & FEI2 PR R 20
emDRIIAE KA A MES . 2R mEKsE N, Kl
BUEERIRO AT, RuaERm ALY 6 han
(#H5X). A%Tkﬂfﬁ%%@%ﬁkﬁ? i3, RWL 2k
@7 BRI, HEER, BIGER, BESR, S
F(hde - g0 - M0) CBEAERTh 5 (2 K).

ZO TR E TIEE A, BIE 1L cmDBRE Tk
WHERE I A Sy FIRICERD SR 5 (BB5X). BRE A
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17NK-TR3-1

50 cm

O\yshirane south
Lava

17NK-TR3-2

6 17NK-TR3-1 KU 17NK-TR3-2 DFEIFEIRX & FORE . LN 2 X & [6 .
Fig. 6 Stratigraphic section and photograph at the site 17NK-TR3-1 and 17NK-TR3-2. Symbols are same as Fig. 2.

HeRnix, il AL CRA®RARITE0.2 om) AH T
IZIRE 572, YL b A XRUF—HRiib 9 4 X0k D
WNEH @KLK E ERE TS, KL AR A
BT, BUAIEEED &k, BRE N AREHERY O R K
RFiE, BELZIRE - BGT T 28R, BEH T 2
Bah, REER, BCER, SR, SR (G-
A - A ERESR 2585,

ZO TR, FE3 cmOREE L A, FEIE 86
emDCRE T RIHERII A 780 6 h 5. CR T KIHER
D _E#B9 emid L N Y A4 TP TR Y 4 X DFEEE
KUK, RO X DEET 5. FiEid ki
4 mmY A 2O PR EKILIK B U2 KA Tk e
T 5. KUK E KIUEED & & 2 B H T, SERAh
%22 emDRILEKIEWSTAET 5. EFRICHKNE
W kIEEIE S EARIRO MEET, BoamRwm HIEiRIL
RO H NN EESIX). CBE T ARHERU O REBOR 113,
I L 22kEH 7 BRI, BT T A BS R, AES
b, BlbE R, ZEER, Sk (B% - fRA - G -
WRMANN) EESER 2555,

4. 3 17NK-TR3

17NK-TR3 Ti, 2z MElL 7=, 28 1 XICIE 17NK-
TR3-1 i % fRF & LTAR L 72, 17NK-TR3-213, 17NK-
TR3-1 D 80 mHMNI (I E T 5.

4.3.1 17NK-TR3-1
s WS 36° 47 277" N, RRIE139° 22' 29.6" E, FE
52,350 m

PEHIRE © 1.3 m

b Ly AN ERARILILTED 5 0.8 km F D&M E D
X BHARBEBEO ETHS. Ly FHREETE, EA
& D AR T AWHERY, As-B, Hr-Fp, WEAMRES D
R ENh(EF6IX).

g, SIEE6 cmlid £ L TH S, ZOTHIZ, EIFES
emDARE T KHERI AR 5N b, AR T KIHER
&, YU kA IR A XD, RSO
GAILE» B % 5.

ZFO PTG IIEA A, BET7 cmDAs-BA R
b5Nb. As-Bid, FR-HIKIE Y 4 X DR GEAE X
KT, WikA RV, KiskoAs-Bi, HYEEARALE
T, 1) BIEHRT-10 cm& —%E T, 2) i)l - 777F (2010)
DAL L 7ZAs-BORFIER XK D L& D00, BT - f{HIf
(1998) R fAiHHE 2 (2005) HY AL L 7z fF/E & FMTH 0,
3) R Y 4 X OEK O BROERGL R OHES R »
552 &, 4) BaOBIEMMHASDYE (REL - B
RO - RUTKEA) AN As-BO SR AL DY (MTH - Hijt,
2003) & =T BHZ M6, As-BEYIHTL 7=

As-BOD FHAIZIZEES emD G L L A, B
30 cmDHr-Fp2id® 5 5. Z DG OHr-Fpld, Kif%
0.8 mmD AT &R 1 mmD M8 M KA 23 B 1270
5, HUR—MRRRD S 4 ZOKILKH» 6 55, Ffi10
emi55 < Mk CEAHRAL) LTun 3.

Hr-Fp® FRLICITIEIE S emDfE G T3E A B A, JEIE67
embBl B0, WEARETH < FVE L 22 R KIS BiRE 2358
Wohb, KIEBIZE15-80 cmD MEEIR T, KilIEHl
[ % RV O KK R KILEED D Ty B . KB A
FIR VA S & AR D BEEL I AR bR E RO Z & 5,
WEAMEAESO LK 2 50EE 1605,

4.3.2 17NK-TR3-2
HiRd : S 36° 47 27.7" N, FF139° 22' 32.8" E,
552,340 m
PRHIZEE © 1.05m
Hr-Fp&k 0 & EALo B AL IR O KR %
BT 52 EAHME LTHAILZ. P Yy FHFEETE,
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17NK-TR4

571X 17NK-TR4 OFEFREIRX & FRIHG . Cle T AR P IC & & 2 KIS SR OCRE T A WeHE R D
R OBHTHE A H IR, UFNZFE 2K EH L.

Fig. 7  Stratigraphic section and photograph at the site 17NK-TR4. Close-up view of the base of C pyroclastic fall
deposit and volcanic block in the C pyroclastic fall deposit are shown on right. Symbols are same as Fig. 2.

B & D AR KEEHERY, BRET KEHERY), As-B, C
B T OKIHERS), Hr-FphisBod b5h 5 (5F6lX).

MER»SEEN cnid X L TH 5. ZOTFMICEE]
cmDARE T KIHEFEM 580 S B, AR KEEHERE D
i, YUY A XLUTF R A X DIKAG K ILK %
FHhRET S, FERARE0L cmD LRI KILEEE DT
MTED. EEICEIRE. KT 2 i iAIR O A g
T, BmmidEEn shkn. Zho ok 13, i
U 70kt - W5t 7 28R+, WEF 7 2 8ah, B8
ah, BUER, ZESER, SR (- R A - A -
W) L RESER S 55 (G2 K).

ZOTMIZEE2 cmDRBETEE A, EE3 cm
OB T KHEFREI 780 6 5. BREE T KEHER IS,
KINESRT D D, v b3 A ZPUTF-HR# Y 4 X D%
B KK TH 5. ik UThEkrniEin, k%
AR O I FA 8 CPYAR AR 0.4 cm) T, Suamid
e by, BRET KRHEREYI O REEORI 713, FEEL
7o - W 7 A BT, RESh, BitaR, 28
Bh, SR (% - BEA - EA) ERBERERTH 5.

BRET KWHEREYOE Ti2iE, HEE2BEPI &LL<
As-BAFEB® 65N 5. FEE9 ecmDAs-BIE, HORHURIRD
A ZOEARCREAER #FE KL 35, WLkORWERE
BAILIKTH B.

As-BO TOIZIZEIE3 emDIRE G A A, JEIF4
emDCRE T KIFHERE 258D 5 5. CRE T ARRHERTY)
2 b A ZLUN-RDR RS 4 XKk & Tk & L,
EEIREE, THEdEAaEs 295, Rif2 cmf2E 0

RIEKIBESBAE L, Wk EO, KU 2 mifkIk
DOFABET, BURIEEED bk, CRETAIHERI O
WERORE 712, RYU L 72ikG T 7 2Bk 1, W@ 5 VE
ah, AESR, Buah, Z2EER, Sk (L
BHEA - A - EEANA) L RESERTH 5.

CHe T AFEHERII O AL IEJE)E 3 emD 48 (4 138
EPeA, JEIES0 cemDHr-Fp2iddd 6 b, ZOHIED
Hr-FplZid, MRS A X2 mmBL T O &% 58 M5
LR AFEZFIZED NS,

ZOMTIE, AR N AKHER, As-B, CBE AR
HEROE T D ZNZhD L4EH 5 3550 “CHER Ml % 15
E1E). BEBERIEZZh TR, 1324-1431, 909—
1023, 657-764 cal ADT & - 7=. TR & 155 724K
IS AL, $XCeofEoFERERY. 77,
As-B FDOHIEOEMRIE, As-BOEHER (1108AD: HiFF,
1979) & D & ETHMELHF S 724, As-BOHER LA
ISR S T THEOERE L TEFPIEL .

4. 4 17NK-TR4
Hipd - I 36° 47 54.1" N, R 139° 21' 545" E, %
152,090 m
AGHIZRLE = 1.1 m BHOANDE
MUY FNEEARILTES & 1 kmP§ 5T, KIAMER
A LOTPHITH 5. KRIAMIFEE S SILTED W 4y
T REERTH D, A& AR T KIHEREY), CR%
TKWHERU, Hr-Fp, KIAWFEEDRD 6N 5 (7
%) .
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WE»SREESemlE, XL TH5. ZOTHMICHEEL
emD AR N KIHEREI 588 6 5. ARE T KWHERD
&, VL by A LR 4 X ORBE KK E
Ttk 32, FHRARE4 cmDILIE KK OV
WEBEORES R 2w EEA, WANEN., AT
WHERE DO REROR 113, F&7a L 723k @ - @7 5 2 BRT,
HEER, BIUSR, 2R R, Sih (B - BHRA -
WA & REAR 2555 (E2K).

ZOFRIIEEIE12 cmDIKAB YL N EE A,
JE45 cmDCRE AR A FRD 5 5. L A X
DUF MRS 5 4 2 ikt KUKV E X F T, Rk
KL K OV KL B CF¥ IR KR 29 cm) VETEL, 4
k& UTigiknn, KlEsid 2 mAiko fggc, &
MR HIET IR0 & . CRE N AWHE R RE O
10 el R0k TH 5. FIEH 4 cmiS HURi—FR
P4 T, WIKDRWKEGEKIIKE LTRO SIS (557
X). CR N KIHERMOREBR T3, Fra U 223k - K
B 7 Bk, WEH 7 ABEEE, RESN, B
Fr, ZESR, Sk CR% - RHRA - A - EmN
) ERERRTH B, CRE AR ESER D IK Gk
KL, FIEL 72IRE - B@E T 5 2 BRFOEHEA 50
vol%ll L& 8 5 (5E2%K).

Z D THUIEE 4 cm DB E 1A A, JEE4 cmd
Hr-Fp A KIAM RS # BEE S . 2 OSSR OHr-Fplil i3,
Kitf 12 mmOEA & A O R 2EHE ICRD 5 h 5.
PG UL RIAW A S QWA & % 2 6 h 5 HEH
BEDICMELTCED, bLYFR FEICHET LR
21 emPd EORIAEE, KAMEBEELEZEA TELLL
.

Z O OCKE FAHERYIE T LiE» 5, RIEE
R L LT 673-769 cal ADDME S N7z (B 15).

4. 5 17NK-TR5
oS FEE 36° 48' 20.5" N, R 139° 22' 0.5" E, fHiE
2,130 m
PEHIEE © 2.1 m o
LY R LTS 5 11 kmdEREO LA F
waEOL, terolgNEOdlthd b, EitkbA
R ™KW HERT, BEE T KREHEREY), As-B, CRE T AR
HEFEY, Hr-Fp, Nks-2 23388 5h 7z (E8[X).
WE,PLBES cmidEZ L TH 5. 2O TFICEFELT
cmDARE T KIHERII A 38D S 5. AR T KIHER
i, VL YA LMK 4 X Oufe kLK &
ThE¥+5. THRILOHERETEHEGEEL, %153
emDZIE KILENTAET 5. kL LTS TED.
KB ZE AR O AT, 2mRERoohin, A
e T K RHERE I OREROR 713, FEVA L 720K G - Bt 5
ZBRNT, T ZEER, BEAR, BILER, &
BER, Sk (B - RlRA - HiA) L RERR 2D

5 (FHE25K).

ZOTHIIREIE6 cmD 1A AT, JEIE10 cmDB
M T KWHERI 358 5 b, BRE FAWHERENIE, >
b b A XLUF—MRS A X o kILK % Tk &
5. FIZERRT, FHRARELS cmDRILIS X
A DRG0, ke UTEKAEN, Kl
LZHKIROMEET, SUABIZRYD &k, BRE N AR
HERE OREBOR 1%, 1AL kG - Wi 5 2Bk T
HEER, BUSR, ZEAR, S (R - BHRA -
WA L REERTH 5.

B T AMHERII O FI2I13 HIEA B E 3, As-BARR
HH5NB. As-BIZSEES emT, HOK-—KKIRDH 4 X D%
BEREER 6 5 5MIKOBOVEEEKIIIK TS 5.

As-BO FHLIZIZIEM G LIEE A, FEIE65 cmDCRE
TRWHERI SR SN B, CBE N ARHER O 310
emid, MRS HIK Y 4 X OHRBEKINIKD» 5 5 5.
T 55 emid MR DRIP4 2 OB E ALK
HEZRT, A KDEROCKIPESESEBEL, 2
& LTk A I, KILE RO PR KR£1326 em T,
B FOREIIH LT IR 65 h s EE8IX). K
A L RIR DO FAEET, ZunBem HIFEIGREY &
nsun, CRE R KRHERII O MEROR 713, FraL -k
WG 7 BRI, KRG - BT T 2 BER, HESH,
Fefteh, ZRah, Sk (B - BHRAG - A - %
WARH) L RBEER 2% 5.

CRE T AKEHER O FALIZIZREIE 2 e D (4 1 1 %
A, FEE45 cmOHr-Fphiidd 6 5.

Hr-Fp®D FRLICIXEE 7 ecm DG E 1 %2 A, EE
40 cmPd EONks-2 23388 5 5. Nks-21, ki
Kb 4 2 OFERGEKILIKILE X FET, ££5-10 cmf2 &
DL KL O KILE B A R0, Wik B, kil
EO iR KR EEI216 em T, F9< VT 5 (558X).
KILEBUE R R0 5 AT, R NEEIZED
SNV, Nks-2 ORERUORI 7121, Rl 2k - B
H o AERT, KRG - BEGT T AR, REER, B
AR, 2RSSR, Sl (R% - RHRA - A - %l
ARA) L BRBESFARAD NS (F25).

ZOMETIE, ARET KIEHEREY), As-B, CR&ET AR
HEREMI DL F D2 N Zho 80 5 3 550 “CHERE % 15
(1), BIEBERIZZNF R, 1442-1617, 984
1026, 617-665 cal AD T & - 7=, JEERIR & 15 5 N=4RA%
I FEIZ AL, TRToMLLEOFENERT. /-
As-BT O HEDOHEMRIE, As-BOREHIF (1108AD) & b
L ETHMEAE S N =h, As-BOHERLIATIZ K X 1
T HEOFERE L TEF/L L.

4. 6 17NK-TR6
Mopd : FEE 36° 48' 503" N, #FJE139° 22' 314" E, ¥

51,960 m
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17NK-TR5

50 cm

S8 17NK-TRS D F2 BALIRX & FBIHE E.  CRET Ak
HERPNIZ R 6 M5 4 S, CRe T KiHER) &
Nks2HUZ & Eh 2 kgl & AR, Uil

FoK LRI L.

Fig. 8  Stratigraphic section and photograph at the site 17NK-
TRS. Sag structure at the base of C pyroclastic fall
deposit, volcanic blocks in the C pyroclastic fall
deposit and Nks-2 are shown on the right. Symbols are

same as Fig. 2.

PEHIAEE © 1.1 m

MUYy FAEIEEARILITES 5 1.7 kmdb 5 O3 T,
FEREIA D 1 Th 5. PRAAS S HRAEAL oL o
JERELL A il & U T B I, BRI LTEIZ X
CZ&FD. Bk 0 AR T AKWHEREY, CRE T KHER,
Hr-Fp, PEMIAS 20D 5Nz (BE9X).

HFEH,SBIETcmizE L TH B, ZO FHIZREIET cm
DARE T KIEHERII 58D 5 5. AR T KIHERI I,
PO b YA ZLUFADRS 4 2 R @KLK & E R
35, FEIZERRIT, HEFRICIZEEN3 cmd kL
Ead. 2RE U TRk E. KU S RIR O
BT, BUARRIZERD . AR N KTREHEREH O RS
RfiE, BELZRE - BEH s 28R, KRG - @
7o AEER, BESR, BtER, EESER, ik

(A% - #HA - A - HEARn) L REER 2”555,

ZOTACIZREIE 4 cmD LA AT, JEIE32 cm®D
CRE T KR A e 5 b, CBE N AIHERI O L
B8 cmid 2L b A ZLUT MUK Y 4 X D kil
JK, TEBD24 cmiZ MR mmPl T OIRB-IK @KLK

>
~
-
-
-
-
el

FOCKILEE A Bk &4 5. ERICEK S BN, LR
IR AR 17 cmDRIE KIS RD 5 h
5. KA S mARO AT, BuaiZom I
R oLV EEIX). CRE T AIHE R O RO 112
\E, RV IRE - WA 5 ZBERT, KRG - BEE T T
AR, BRER, BIUSR, 288N, ik (R
BEA - A - EEaiih) E REER 2 ED.

CRE T KIHERE D T3 REIFE 2 e DB 64 1 8 %
PBA, FEIE45 cmOHr-FpAiidd 65 5.

Hr-Fp® M7 IZME#E (4 T3 % P A CRILE A ICE1E
L7z, HEHIE R D 50 m3 5 OB ILE IR IR AA 5 A 55
HLTWBZEns, L yFOREICEHLZRLE
BEIIBMIASEE L6 5.

4.7 KRETARUBHER—-U > T a7 (IMA-V119)
S R 36° 47' 449" N, FRJE139° 22' 22.7" E, 1
52,413 m

PEMIERE © 1523 m e Lsn
A=) Y HEIZINTEY 504 kmF T, B
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EEET
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HOX  17NK-TR6 DFBIAMIKK & BIHEH. ClE M AMHERY b O KA A GIOR . F U 2K & [ C.
Fig.9  Stratigraphic section and photograph at the site 17NK-TR6. Volcanic block in the C pyroclastic fall deposit is

shown on the right. Symbols are same as Fig. 2.

PRHEHO L Ch 5. Lk D AR FARHERMY, CF
TAWEHER, WP IOE SR 5 (E2X). 2
DO FIZARILORAIZALE T 5 72, CEE T AR HERE
%wTﬁ'ﬁ%Téﬁ%%%¢M%wm%®ﬁEﬁ§
HICR® 6Nz T OFHERY O SRS % Hr-Fp & [AlIE
R & ABE Ut EEARIRIX (B 2 X)) &R L 7z, DAl
TLIED (2017) O—KGECHE A PR L, EHORE 7O FeHl & il
FLORT.
WEIPSEE4ecmiZEZ L TH B, 2O FMICHEES
emD AR KR 5880 6 5. ARE T KWHERD
iE, VL b A LU AR A4 T o E @k E
FhE 35, FHERAREE0.6 cmD LIS KA Z <
SEET. AERICEAS N, KT ST AR O R
T, REFZRD SN AR T AKWEHER O KRR
TiX, REU -G - BT 7 28R, KE - BEa
7 AEE R, AR, BAUS T, 2B, S (R
BHEA - A - E
ARE T KIEHERE I O T A2, BEE3 em® B 1%
NRET L. BETIEOTAIE, BE2S cmDAEE
AR, BE69 cmDCRE T KIRHERI A G0 5 h
5. CEENAKMHER O 5 cmiz v 44 LU F-

FORIS B A X OEGENKILIKD 5 5%, THED 64 cmid,

AR D4 mmPA T Ok R OKILEEE k& L, £
1-3 emDRUEAEKILEER O 7 emPl L (3 71E537 cm) O
R KIAERSEIET 5. ke U TlkrnEn, ok
(AT AR T, Sunzewm A ESiEIT
CRE T KB HERE DR EOR 113, FEVE L 721k 6 - W5
7 ZBRT, W@ - WS 7 28BS R, HaSR, Bt
Hh, BEAR, Sl (s - BHREA - A - A
a) L2BEERTH B (BE2K).

CR T KIHERII O T LI IEEIE 6 cmD Fig (a1 %
A, BT cmDHHERE SO 5 5. Y

fph) L REAER > 655 (2 %K),

B 6N,

JEE, 12 mmOERRER L, Tho oA, I
@SB RO 4 X ORIER 255 BG4 55555
Hkb, BAEH-FpHREEZEZ SN 5.

FHHEREIRE O FAT IS I REIE 7 e 4548 (4 L3 4 P A,
JEIE 199 em® L KILEE R OV B & Ttk e § 5
ErED5NhD. RENZI L b A TRk A
ZOKIUKAHD TN S, Zh s ORISR,
TR DA R ILTER O KR & MR 5 KE B e R U
ThHZEN6, BHRPLATRICKIHHREMEEZ S
h5.

LA KR OKILES B & 7 5 FHERIIRE O F A7
1213, BIE9 emD A HIEE A, EE 1523 mET
BRI A 2 e U C i 5.

ZOMEITIE, AR T AWEHERT, CBE T KRHERY
HFOENZhO18» 5 "CRRIEEEZ F1%). &
EEHERIEZNZ N, 1474-1635, 639-675 cal ADTH >
7o, EIFBEGREBF LN ERIEICFIETEL, TXT6
AL OER AR

5. BAFEREEAEX

ARG TR L 2 RE, R, O CHERIERS
%&U}\Mfﬁﬁwwﬁﬁiﬁ?%ﬂﬁkl_%ﬁb YT, ke
RO KA LA RIZOW TS ER T 5.

5.1 BXBERAL6HZFEOEA
5.1.1. AT XEHERRY

HYE AR LEHED AR T AWHERNE, AR ILILTE
75 04-1.7 kmBEHANO LTS T, £LED411 em F
12788 5 N B R LB E O KHERI C & B (552 [X).
ARET REAHERENE, T8 & R &% O b ¢ 5 R AEAR
25, WP (1993), HEHE A (1994) REAIZ A (1994) 12
K DEFRENI=Nks-1 RO, fFFFIEA (2005) BEFK L 72
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) Nks-1UIZxf e %,
(a) Nks-A A e SHOBAEI LD, \WTEHBOAR FARHERDIZ, ¥

' ' SN e e o, WS S\ R AR E L L,
R KR OIS E G 2 &5
MEB STz, RFEOEINYIREIE LRt %, FRILONE
PAFY 7 km D WE I PIIEIE (B5KIE 22, 1994) & A b THRES
T2 &, INTEEGHE S YIREIE,A R &0 a2 5 (5510
Ma). F7z, AIROFEREIRICINL, Rl KL
FOKIEEREGE R, IWEEHZEHENTS. Z0Z
Eid, ARET KEEHERED OB IR ILTEERIC S 5 722 &
EARLT0S. B o kARG, ARLILTEDO R
77075 km Tl & K& <, “FHERAREZ20 c mTH - 7=
GEsKX). 512, SHOFERERE, ARLOEPHRY
7 km# PN OFER BAARIES, 1994 ; BE - F1F, 2017)
EAHDYETART AR O n s Mat T2 &, T
KIEHEREH O oA 0 Fdilgk, EARINLTER 2 kD& L
THANLE B RS (E10Kla). &, K-
Y7 AT RRHI A S N B AR T KHER I OJF/F 4 cmid,
FE T KEHEREY O S EAR X A &, ERI O 72 D FEIK %
KR O KE B BE LELS Ko MREE RS
ha.

AR R REHER I F o 1O B IEFFRIL, 1324
1431 cal AD (17NK-TR3-2), 1442-1617 cal AD (17NK-
TR5), 1474-1635cal AD (K—1) 272 7) Th -7 (51
&), ZOEMRAEIE, FEHIES (2005) 23Hr-Fpk &2 — A D
JE & 20 5 HEE U 72 Nks-1U DM A (19 500 4F-510) R0, o
LRl HOGILE ] O ROk (FHfE 16494, B 24 5 $iRIZF
A, 1994) EXIF L. LEh- T, AR T KR
i, HYXCEARKILO EIE 1649 F0E K12 & B HERE & &
AZ6h 3 (EEX).

VHIE 1649 FF-MEKIZDWTIE, dECg HokiiE NS, &
89200 m (ZH]) O KORF 72T S h, AEH»KO
NFETF LI TS EARIES,, 1994). Lz

T ,

Akm & ‘ T, AR T KR ORI, BUEOLTEL O
KO ARG L 2 5 (55 1).
105 HIETAILFE FATRHERIO K. (2) ARETA AV TARHERIIN1E, £—Y v a7 A&t

WEHERIN O 51 & SRR (b) B T ACHEHE Ry OO RN T TAL 55 BT A
DM, (o) CHETAREHERNGD S & SHa . ROMEHOMBET 1=, F1d 7 X BRLF 21388

HEKBED b LY FRHROH - vy 218 (B3N B1ala), L7 T ARKFOE
s, AL EAIE A (1994) ONKs-1 e R HI 5 477 HRIFRAK30vol % TH -7z (525). 17NK-TR5 Hiri D
¥ B SR ORIT, TN O B i O MR OEENICEH T2 L, PUTHELES T X
PIRARIREE T PO TG A D 25 < (TRS-2), LI E £ (TRS-1).
Fig. 10 Distribution maps of pyroclastic fall deposits of EYF - B (2017) TUE, 1649 £F-WE K 0D Sa W HY & % D

the Nikko-Shirane Volcano. (a) Distribution of A <
< &87.7 X 10°b v (VEL =3) L AfEE > 724, &
pyroclastic fall deposit and the isopach, (b) distribution Sed ( ) ERBE S . i

of B pyroclastic fall deposit and (c) distribution of C 8 & AL 72 \ITARHE RO BE DR T KA HER R L %

pyroclastic fall deposit and the isopach. Filled circles are FATCHBEITT20ERH 5. F 72, KHEREYIHIZE
trench and drill sites used in this report and open circles FNAREL7-H T ZABER ORIz OO CEEICBET
are Nks-1 outcrops in Suzuki et al. (1994). Thickness of F2ZLI2XD, 1649 ERE kOB T OHR, <

pyroclastic fall deposits are shown with trench and drill

> )5, - N )
sites. Maximum mean average of pyroclastic fall deposit IIYUAOH GOV THEF L DB THTH S, &
is shown in brackets. B, 1625 I2H -7z B, 1979 5 K27,
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Fig. 11 Comparison of “C age. Median age is a weighted

1000
average of the ranges of calendar age (cal AD) and the 2c

800 '03151'88 2D probability. Vertical line shows the ranges of cal AD and
( ) - -I- 'I' thick horizontal bar shows median age. Convergent age
- . . .
600 Nks-C ranges which has tied median ages are hatched gray. See
400 Table 1 for “C age.
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(a) ARETKIHEREY), (b) Bl T ARHEREY, (o) CRE T KIHERMI O E — Pk, REER %
BRONT 100 %IRE L 72 8 0 &R, MAEINEE—HEIC kT 5 EMELERT. £— PR
2% % 2H4. Pl plagioclase; Qz: quartz; Px: pyroxene; Hbl: hornblende; Opq: opaque mineral.
Modal compositions of (a) A, (b) B and (¢) C pyroclastic fall deposits. Bar chart shows recalculated
composition excluding accidental particles. Vertical profile at the same locality put in square brackets.
See Table 2 for modal compositions. Pl: plagioclase; Qz: quartz; Px: pyroxene; Hbl: hornblende; Opq:
opaque mineral.
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2005) 123t M 2 EHEPNI T hOMHIE T HHER S N
Kotz

5.1.2. BEETF XWHEREY

H Y AR OBEE T K EHERIYIIZ, 17NK-TR2,
3, SOE3IMLTHERE L 7=, BE P AMHERMIZ, EFE
EERD 6, fEFHIE A (2005) 235 U 72 Nks-1MIZ X kb
Eha.

BT KEEHERIMNIZ, As-BA HIEA DI L A< HEH
T3 (17NK-TR3 K UTRS Hif) . J5 & BemD JE i +
BEOREITIE, ARHug & 05950 kmpg 16 O K LR
T, 20504 R 2B L 2L AR 6 T35 (Fal - kA,
2011). AMIIIHEALEA X D & SEEE T REDR
EP L BmnEEZONZ 00, BRE T AMHERY &
As-BORIZ LMD S s\ Z &id, As-BOE AR5
B4R 2#RFTHRARusEAkL =22 L E2RELT
W5, As-BidvE ML 1108 ADME KO HYIT & » (HiH,
1979), ARFEHIE 2 58 6 h 72 LEOREFFERD
909-1023 cal AD (17NK-TR3-2), 984-1026 cal AD (17NK-
TR5)1E, HTHDIZH TS DD, KRR L R
FHTH B CE1R). L7 -T, BEE N KRHERD
i, HAREARKILO R2FEE TS 72 5 S h =Y
EEZoNS, FHIEA, (2005) 1, T —LHDFE & Nks-
IMMPAs-BEHEIEE S T &5 5, Nks-1M % 8004 i (D1
WL &z 7. AWIED“CHERSE It T 5.

BE& N AWEHERE O JB)E131-10 ecm™C, HEARIKEE
ORHE-WE KK EFERE TS, 17NK-TRS HiS T
EIEL (I 10 cm), PR ARE 1.8 cm® KL R
U5, KILEEEIBRE T KHERY THICRD 5, ki
NIBALT 5. BRETARRMER Y AR ILILTE & O T
RREND, BB A DR L, BB CEAY O 5
HPHPIE R, KOMEE R 5 Z L I3WEETH 5 (5B
10[XIb) .

BRE T KW HERT O REHOR 11213, 23T L
7245 BRI AR N (F2k). ThoDEaER
XK TI10 vol% Td 5. 17NK-TRS M 51 O W D §i
BEZICEHTSE, FMUTRELEN I ZERTOE
FEH %< (G 12Kb; TRS-5), LAiiE E 4% (TRS-4).
F 7z, ARUCEE T KIHER & L RT, # 7 2 BER
DERRIZD V.

BR& T KR ORAE A TALA & BRI EA 5 T/
Xy, WK FELTRELET I ZBRT 25
R, ARET KERHERU R 1208 DO CRE T KW HERE ) &
FMT 5 (B2, 12K). —J, WWEEIZE b5k
MHERIIE L L CBlgt I h s bz b, ARUCK
TREHERE & 0 & RIS A<, WY S A LR
TH5EE0DL). Y EoZ s, HXARAL 12 H
FOREAKIE, VEIE 1649 A & D & R R BURAVNE 5 72
EHEE IS, L2ALAERS, f@HiE» (2005 TiF, (h

THRHEIE &K ILBER KA SR B B4 % & i L T
B0, WHTOMEL b THRATT 2 L8 5 3.

5.1.3. CEETREHEY

CRE T AWEHEREIZ, 6HRIZ I\ CTHr-Fp& As-BOH]
IR bz, CREN AR, 2 OREF L > 5,
A 1Z 22 (2005) A3 H AR ILTH A TEFE L 72 Nks-1LIC
wlEhas,

CRE N KIHERE YIS, FB)E4-86 cm™T, HHG-HEE
DR BB XKILIK % TR E U, KIDBEER KIS B
EED. AFEATHRAL ZHEARKLOEHOD 7% 5
TRYEL, ARINITERETIEBIE50 cm% 82 5 (58
10[Xlc). 17NK-TR2, TR4, TR5, TR6Hu 5 TiE, TFAHi»
5 BRI D > THEBMIORENNE < & 2R &R T
(GB2[X). KRS & £ h 5 KR UKL B
DR ARRIE2-28 em ¢, IHTEX O & JLHITRIZEA
KEW, KILESRZ, ZHERRORLEMETSH S (ES
;s SB7-9IX).

CIE T AKIHEREHIE T O LIEOBIEEERIL, 657-764
cal AD (17NK-TR3-2), 673-769 cal AD (17NK-TR4),
617-665 cal AD (17NK-TR5), 639-675 cal AD (K —1) v
A7) Th-72EF 1K), D EO4GFRO“CHERIEIE,
#9640-720 cal ADDFIPHIZHEH T 5720 CGE11IK), ZD
RS KA b - 72 Z & /8T, Hr-Fp (6 A HHEDE
Wi 285 HmE e FHE LBV, Lh > CCRET AR
HerEYE, 7R E- S HACHIBEDIE K TS 725 S h -
e WA S, FEEA (2005) 13, PHET S E— 20
J& & H 5Nks-1L%& 1200 £ OWE I & & A 7208, AW
P HCHEMRUZHE DI, BAHERITH 1300-1400 4-7i T,
100 E VeI 2 5. F72, CB T KIRHER
DREFRT121E, BEA R & U T OH-FpHIsk D%
FAMRUBZENHB. ZDZ &3, ofidhiEic X
[ % TA < B - 7z He-Fp (RFREHIPH T3 EER 40 em) %
WK E UL L T 7RI AR RAE L 722 & #RIET 5.

bk K5z, CERETAMAEMBOREIER, BHXH
RINUTEIC A 2 > TEL B2 HA1RED Sl F7-,
IWTERE A 2 BR &, ILTEA 559 1 kmE B N O 17NK-TR1,
TR2, TR4, TR5 CTHERR X M7= KILIABRO R £EAI 20-30 cm
EREWZD EE 10X, WHEFEAEHEE T3 L%
AbNB. LALars, BRI KOMEIIRE L
TS 2T,

CRE N RMEHERE I 1E, oS OREBR 7 IZ3E L
727 ZABRT AR 5N (2£). 17NK-TRS H S
KO R =0 v a7 OCk T KIHERY O RR Y O R
NFOHHEEICEH T &, PICERELET S
ZBERFMFIEE T (B 12Kc : TRS-9, IMA-VI19
0.62-0.7), MK LR TIZEA E 2 Bvol %2 B
35 Z &hbA 5 (TRS-8, Drilling core 0.36-0.41). —J7,
17NK-TR4 3 p5 TIFRLEER IS, R L 724 5 2 BE R+



HYEEARKIL 1400 FRIOMAERE (FE - HIK)

% 50 vol%ld L& &Ik KILIKIE2 & 5 (5523 5 TR4-6).
ZDIKEKIPKIZIAA R <, CRE T KIEHERY) L%
st DO CRE N AWEHER &\ ZPEIR D B % 728, WK
HEFBIZ & 2 RBERCIALAR O & IR L T 2 T BEME A &
3.

CRe N KWVEHERENZ, BRI DA K UBRE N AWEHER &
T, ARILTES & 1 kN ORI AL, R
FHIRENWZ LS EEI0K), HIEAMR AL 6L
FeDWE KO Tl & BUEASK & 2 o 72 TR B W, 2
D72, CHTFAMHREM A & 725 L 7z 7t ddhbE-g fit
FCHBEDOIEKIZDNT, LD KHERY AR, Al
TKEHERE Y X OBRE T AFEHER IR ORI L 72 T 2
BRI L ORE& E, FEllZ BT B AR A
LAERH B,

5.2 BHXaRALl6HDLFIO=EA

6 RS DI O B T A RRHERE, ERILTEE D &
Jeflo> 2 Hit S (17NK-TR1 & O'TRS) CHEGE L 7. HYECAMR
KINTHER E N T2 i HORE T KIEHERY (Nks-4 5
HYEE A, 1994) 13, RAETIIMERTE Lh -7
Nks-2 1% 17NK-TR1 K O'TRS # /5 T HE 58 & 1, Hr-Fp
TIZTIEER 10 cmPkA TRED 5N B, JEIEIL2040 cm
5, HR—MREY A4 X0 KILKEE ST, kit
5-30 cmD LA KIS AEIET 5. KESIZRR
AR AEEN L <, B RELZEDERD 6N 5 (4
X ; 8X). &5 5 D & Nks-2 1 T id HIEDIEEA
W MCEREIRE S Ty, BRERA L 6
PIRE D mE H & RIAR IS, Nks-212 & MK D REBOR, T~ &
LT, RUEL KRG - B H 5 VB R UOTRE - @
77 AEER GBIl AEEhd (B2K). LaL, R
L7223k 6T 7 ZBRTFOREERGHRA L, SHO
MABEROAITIC & D, BHXCAKL 6 i DI D
Hi & 3B DRSS S T B ATREMED B 5.
AR IO T PALICHLE T D Nks-3 1%, 17NK-TR1
M TOAMERL 72 (BF4X) . FEIE6 cmDIEIAD B
KN 4 ZOIKEKIKTH 5. BERTFE LT, B
LW 5 28R TRREaH 7 ABE &5 (52
7). Nks-30D FRZ LBEORENE L, “"CFMRMEILE
5TV, Nks-2 &Nks-313, BIFIZ A (1994) R AR
E2 (199 IZ & D 2 7 v IEKIZ X 2 KIFHEREYI Cdh - 72
ZERERESNTED, HRARKILEEROER S %
S5 72912, HAABRKALE THERE b kit
HER O JF R & B OGS, KO AR K b HE
HYIOFREN SHRDORETH 5.

6. £&O

6D b L v F W KO 2016 4 O R KILIEH
HA—Y vrarickne, BXAakboEkiz ks
BT SR D T KIEHERE Y B OF 2 D A4k KK (7R FEB

77 7 (As-B), BBEH YV EHREFRT 7 7 (Hr-Fp)) % fiff
AL ZhooREFEstttizk b, ettforhELIRIZIZ,

AXERALOEAS S EL EE30H 5722 & 2[R
INLTERE THID THERR L 72, A% T3 O
# Efin5A, B, CRE TN AIMHER & At 72, Thb
DR, KIEHERE YN T O 1D “CAERE 12 5
DWW, A 16494, 12148, 7 -8 HidpITHE
Zibohb.

ARE T KEHER (SFE © Nks-A) (2, K HBE-#E kil
K% ERE L, KLUBEROKILERE G, HXEARKA
IWEAOZFELE FIZIRRICEED 6 h, FHIC o Mm%
o, IE» S INTHIZA T TREENPHEL, IHTEX D 0.75
km B T P H PR ORI R 20 emD KL BE A
ate. B, R, 1R OB IEEER L O L
DECR 2 5, ARET KIFHER VR 1649 I KIZ K 5
M N AKMHERII S Z 2 5 b, AR OREER - & L T,
R L7z H 7 ZBRTHERK30 vol%aasd 5 5.

BR& T K EHEREY (8FK © Nks-B) %, As-B (1108 AD) %
EHES 205, 12060 & 3 BT KR
EEZo6N%. ARILLTEERE T, BE1-10 cm?DB
M TR D A 5 h 5. M E- R ALK % E
k&L, KilEEDSEED. ARUCHE T AFHERIY &
W Uik CRE i<, MRS eBRohs. L
MoT, BRETFAKIRHEREM A & 725 L7z 12 AL O AR
B, P 1649 F- DA KD & R0/ & 2 2 B
NdBb.

CRE T R EHERE Y (BSFR © Nks-C) 13, As-B & Hr-Fp® ]
IZRB 55, K BE-wEKLKEFERE L, HED
USRI R O KILE B BE S 5. AR LTERE T
JEIE50 ecmZ#8 A, (LTHO AL THE P O RIE 23K &
Bnd 5. AL, FEHROHE T O LEORIEFFER
5, HXCAEMALO 7 E-s AL TEDOE A IZ X %
Fe N KMHERE & % 2 5B, CRe T KIHEREIZ, 6
HACLABE D 3 D KIEHERE O 75 > TILTEGE 5 T O J )2
PR BIEL, BHEMOREL KW, L -T, 71t
FerhE-g CHIBEDE A, HYEERAIL D 6 THC LI
DO TR EEAHEBKEN 722 EL BN 5.

ER  AMIB O TH B LEFEOIERRZ, HOCERD
FHLTWA[BEWAZE0NS [ITH—L7-.

B AARRUR A2, BREEE - BT - B
el - AT OERIZIE, ARIFRICTRCTER L 2
A7 bLryFHEETE, HXHLIEEEO 2
wl o7z EEXERAR AR OAE B, RIS
K, IWTFARICIE, KA £ &9 572912 T,
7272\ 72, Christopher Conway R IZ I3 ¥ % A L T
el BAERRROEGIC L D ARFITSE S .
F7z, WmEHLYOLHE FRICLBMERCE -7/ L
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RREORXAT7E7 > 3> (RA4KAED7) & 3 EBFOBKE
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Nakazawa Tsutomu, Naya Tomonori, Sakata Kentaro, Hongo Misao, Suzuki Takehiko and Nakayama Toshio
(2020) Re-examination of the stratigraphy of the Tokyo Formation at the type core section in the Yoyogi Park,
Tokyo, central Japan. Bulletin of the Geological Survey of Japan, vol. 71 (1), p. 19-32, 9 figs, 1 table.

Abstract: The stratigraphy of the Tokyo Formation at the type core section in the Yoyogi park, Tokyo,
central Japan is reexamined based on the sedimentary facies and tephro- and palyno-stratigraphy.
Sedimentological study of the type core section and geotechnical borehole data analysis reveal that the
Tokyo Formation can be divided into the lower incised-valley fills and the upper flattened, widespread
marine sand bed. These constitute a depositional cycle formed during a series of transgression and
regression. The Tokyo Formation is covered with the Shimosueyoshi Loam intercalating a KIP tephra
layer (late MIS 5e). Pollen assemblages in the lower part of the Tokyo Formation are comparable with
those of early to middle MIS 5e in the off Kashima seafloor core. Therefore, the Tokyo Formation at
the type core section is considered to have been mainly deposited during MIS 5e and can be correlated
with the Kioroshi Formation in the northern Chiba area and the succession of the Setagaya and Tokyo
formations in the Setagaya area. However, further stratigraphic examination of the Tokyo Formation is
required because it is not necessary equivalent to the strata previously called the Tokyo Formation in other
areas of Tokyo.

Keywords: Tokyo Formation, type section, last interglacial period, Pleistocene, Tokyo metropolitan area
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Fig. 1  Index map showing the study area.

Base map modified from the Seamless Digital Geological Map of Japan, 1:200,000 (Geological Survey of Japan, AIST, 2018).
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Early

Higashikurume Formation

Kazusa Group

Kitatama Formation
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Fig.3  Stratigraphic summary in the upland area of central
Tokyo. Based on Civil Engineering Laboratory of the
Tokyo Metropolitan Government (1996).
Yoyogi Park core lacks the Toneri and Edogawa formations.
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7. WHRE T- LEBEER DA T ¥ v 2 v M (BRS2 5 RH)) L SUROREL PR C Dbk, HE 11.30 ~ 11.70 m.

8. PIEBHEREMI T & 5 EWMIBALE 2 -1k, sk L. % 10.60 ~ 11.00 m.

Fig. 5 Core photographs of the type section of the Tokyo Formation, Yoyogi Park, Tokyo.

1. Tokyo Gravel Bed comprising fluvial sandy gravels above the basal erosion surface (arrow) of the Tokyo Formation. Underlying
mud bed corresponds to the Higashikurume Formation, Kazusa Group. Depth 26.05-26.45 m.

2. Sand bed intercalated in marsh mud above the Tokyo Gravel Bed. Note that the lowermost part of the sand bed exhibits upward
coarsening property (arrow) indicating river flooding deposits. Lower part of the Tokyo Formation. Depth 21.10-21.50 m.

3. Massive mud of marsh deposits overlying the Tokyo Gravel Bed. Lower part of the Tokyo Formation. Depth 20.50-20.90 m.

4. Bay ravinement surface (BRS1; arrow) with basal gravelly sand of inner bay deposits. Slightly bioturbated, thinly alternating beds of sand
and mud below the bay ravinement surface interpreted as salt marsh deposits. Lower part of the Tokyo Formation. Depth 18.30-18.70 m.

5. Bioturbated muddy sand formed in an inner bay environment. Ichnofossil Rosselia isp. observed in the upper half of the core.
Lower part of the Tokyo Formation. Depth 15.10-15.50 m.

6. Bioturbated sandy mud formed in an inner bay environment. Yellowish brown stained. Lower part of the Tokyo Formation. Depth
12.55-12.95 m.

7. Bay ravinement surface (BRS2; arrow) at the boundary between the lower and upper parts of the Tokyo Formation with basal
cross-stratified gravelly sand of inner bay deposits. Depth 11.30-11.70 m.

8. Bioturbated sand of inner bay deposits. Upper part of the Tokyo Formation. Depth 10.60—11.00 m.
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—75, O - Sr)ila — A8 FiH e — 2 5) &
JEIEf 4 mT, HEa~EEas 23 5 WEOALKE -
B bk s, THEBIIPOMTE S MNMEANSA D S, B
TEBAEICE, FREET 7 Sioxttb X 3 @IER2s
emDBEHET 7 7 (BT 5Y0-5207 7 7) BRAET S
(#4X).

SHERE : BHEIZ KD DD DENH 5, &I
&<, 120 ~ 180 m/sDFFIZH % (554K ; H A
25T, 1996).

7. BAEO—-LEBICEBEETZ T IS

RARAET 7 OBIFE T — AR I2I3HE 8.85 mL U
Es520milT 7 I AR ENT. AFETIEIIhEDT
75 FENZFNY0-8.85T 7 T KUY0-5207T 7 5 LR,
PFiZZhenT 750tk w4475,

Yo-8.85577 5

SOEL BB LA 6 e B TRTE B — AR OSESAHE (B
fE8.85 m) IZHAET 5, FEEM10 cemDEAHE~IKHEGBD
BAET 77 (F4, TX). F1~3 mmDORE AL 35
AT 55, EEPTESIEG FHUORG), Bl
Wi, WEhE &, MAEODEITE(y) 131708 ~
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See Fig. 4 for the legend of the columnar section.
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|

HBIK RAKAFEIT 7I2A 5N 5Y0-8.85 (KIP)TF 7 5.
R 8.70-8.90 m.

Fig. 7 Yo-8.85 (KIP) tephra layer in the Yoyogi Park core.
Depth 8.70-8.90 m.

1.712 (1.709 ~ 1.710 ; §HIMAIEE — M2, LUTFE
U)&RT (EE14).

X FRA RS 4 & AR S ISR & 5 ki
d, k25— AROR PRI @7 4 2A8A & IRE
haRaE» Mo hns Bz, ZEIZ», 1972). =
W7 4 2R IEKEREOKIPT 7 5 FED 5 5 DKIPTR
KIPI3 A EAFRELEZT I IN6EBEEFELZLNATY
% (T, 1971). KEEEOKIPT 7 5BHX FRE 0 —
LRBIZHHAE S 2 FICEGRIOBRARE, 55D, EHHKE
A DRI RIIMEA1.705 ~ 1.712 72 283 (BT - HidF
2003) . HREMHEHA X OFERE (FAREmHEY) Tidu —

Bk 77 7 OREE AR

LD T 5 MR QBRI RS XN, B
AOBITZE RO T 2 DB - (L2240 A & A
FEBEOHK-KIP7 I b & 7z (higiE A, 2019). R4 K
AT T DYo-8857 7 7%, MMAROEALETHD,
EHHA DI EIL1.708 ~ 1712 %R FZ &4 5, KIP
FISEHOWThIADTFT 7 FICxdtba 3. L LR
5, Kili#H 5 2DJA 23 L AL HIROBRE2T % &
W28, KIPT 7 DS 5D EDT 7 7 DOFREIL

L,

BRI IZ B W CIZKIPT 7 5 BEOBRIK I T RS i
HEDOHOURHRII L X5 (TH, 1971 ; 4, 1974). %
72 IRHNE A (2018) iZAERHMEARHED L2 5KIPT 7 5
FEDJBAL A MIS 5efflfi L L 7=

Yo-52077 5

HE  wEKIIK L, S & 2 RSB T — 2O T (%
JE520 m) IZHAET B, FEERN25 cemDEAE~IKAGD
BOET 7 7 (5B4X). HR~BHURI 3 4 X R+
LR AFEL» S &5, EIEYITE MG, YA
O, e et EMOEAOEITE(y) 31,702~ 1.712
(1.704 ~ 1.705) TH % (3 1£).

b - BURE A BURE O — A0 FERICIE, kA
SEREH T — 2BO NIRRT 7 F (Hk-TP ; K
FH, 1943 5 #iE, 1972 BTH - #iHE, 2003) B3 ES %
ZEMHOND (MNIEH, 19845 E). FRERT 7 5
i, MREROBREE T 7 5T, BERADORITRIET
11703 ~ 1L73DENVL YV ARTEDD, BfkE L
TLyy - 2= Mk iz Efoar=y MEEKOEL
VI MR ZEERMEL, REBMNITIEE - FER
L7051 &R 4 & &hd (Fif, 1972). 7= THEEOD
PP e &R R@ A T 1705 I E— FERT2
=y MHEEREERBZZENHS NS (B - L, 2011).
Yo-5207 7 7 & A DRITED £ — Nt 1.704 ~
1705 TH D, PAET RN L EFRIERT 7 712k
ehsineELoN5. BBEFBRERT 7 7 OREIK
ERBBEF MBI T 7 TORLEEA A SMIS 41§
¥ 66kak ZZ BN TS (HFARIEA, 2008).

Table 1 Petrographic properties of tephra layers in the Yoyogi Park core.
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2019) TZ2ABH] %

Geotechnical borehole data along the E-W cross-section including the borehole of the Yoyogi Park.

Borehole logs within 100 m on either of both sides of Line A-A’ in Fig. 2 projected to the cross section. Borehole logs taken from the
database of the Tokyo Metropolitan Government partially described in the web site (Civil Engineering Support and Training Center of
Tokyo Metropolitan Government, 2019). Graphs beside the columnar sections show N-values of standard penetration tests.
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T ZTiE— il & LT & A2 o it il by 4 58 % 5T
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WER—=) VI F—2DIED, FRHH 5 HEIE M A 52
A=y TF -2 E/HL .

ANRD & S ICHE I TE L EEichFohs. 20
55, Wik TR &b & 5 ICE3 kmFEE OB
BAOMELE L L THmT 5. RO &% 7= LRt

WEMEA 40 ~ S0 EA RTINS 5 WV IZTeEWE» 5
B30I L, BHDHEREY T b 5 FRlhE T EIZ SIS

O %< L MANE30 L ROk - ihE» 5 % 572
W, MHTIAHBICX A X N5, 2R E Tk
JEEB DS X AT A D FEFHIZD A DR T 5 Z & AWrmX
25 RTHENS.

—7, HERELEImwREE ke L, BSOS 1Mh
W<k, MAXTIALS GMT5Z Lhabh b (58
SKXI). ZoPMOMIE TIZIEICEERESALNS. Z
ZCHER B E Uk ix & o2y, g
(2019) 23 L 7= B HUsk O Rt Is#i< & DL A S
ha. hiEIEA (2019) 12 KAUSHEAA RO ki -
FRRETE % IR P A R % 7 U TV, BRI
MRLBELTED, $8XIOWm X PE MmO HAIRXNIZ R
INZZRHETFIEL v, —HOWmREmEBIE, BEAF
A=) V7T =2 T EOH PR G LEBIZH YT 5
DA A EHE L2, SIS md&k O FAIENES 30 P
DORBRWE, S 55720, ZOREICHERE FEHICH
Y 5 SO HERIIESE L AW &b r b
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9. REEDHIERR

Z Z T 8IS H D & FUTRE OHERERBE IS DWW T
BT 5.

HRD & S IZH B T E R OMER & LTh
W22 ens (GEIX), AT 2T 4 (Zaitlin ef al.,
1994) TR E N7z HEZ 65, FalE FEo NP
i3, WEERE A SRREICE S LR LE» 685, 20
PRI ISR A EEh b, R EEERTIZAEE
GliFEAEAS AW, KoT, FEIIEKRTH S L
HEMI X, WhEERE A 5 RS % ¢ k(b4 3 —H o it
%u,MM%¥$»#BMﬁ§'£5ﬂm>x%Ar
Ko TR ENzEEL NS, RRBIZHET 2
FEE SR BRI b= b &ES A, 2l

DWEFIZ A S N 2 WAHERY 2 "R $ 2R ToH 5.

F 7R S RNE L7k 12y ¥ - ariola L
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ISUEIR A RE L T2 I h T, Zhe
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—7, WEE O LI EmERLOE Ly
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& O LSO NBE O HFG LI B RE 2 & WEJeREN & L
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ENHEME N B,

HFoatkd I AEMELL AR T 2 E S 5, B
HOHERI T H % T b & i3 BRI lui 2 A < 43
g 5. FESHEIE, TROBEIER IR U TR Z& kA
BREESTONBZENnE, Ok & HRE L 225
BB CWREAHERT 5 T 3L — L LD FHN
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BH B IREE O AL EIS AL % 521 7= MR g A
S50, WRAEBHOHBMHOREIIALSN LD
ZOREMENBERRETIER ENZRL SEY AV M
ThdLELIO6NS. FAXOHKRKTIZZIONS, T
YAV MAIEBRS2E LTRIURL 72, Zh & THRIMIAN
IZDANBEBRBESER X T W28, T ORHHIZHEIC
KON BLISND & 2 A & THIEWIER 5726 D EH X

DFRET (hiEiE )

55, HlE EEEICHY T 5O, T XY

I I (BRS2) 13 Z DEFIZER S h - IC kK 2 R & T
b5, XA FEY XY MAD LA OWEIIREE3 miEE
T, WREOR EHICEHEIEIESRALSN, E5ITIETR
W - ARICHY T 2 BKERLICEDLDh S Z L2 b,
BRI TAD - 72 551213 Hl R e 2 12 R I HR U
THALICE S =2 el N 5.

Pho X5z, FnfEimmpisEceds THE 2
&I BRI JR IS A 349 % Bl 6 5 B
ﬁ,:h%iﬁﬁ@ﬂm%ﬁ# , MARHED FRIPES

ISHHEPMRA LPRBERBICE D, PRBROILK, £

bf%@%@%m_ %, —BoigE - R TR S h

-—HOHERES A 7L THhEEEZLNS.

10. REBOFEBEN & IR OERHE & DIFLE

RAKRANFHAI 7 OREE» 51X T 7 7 I3ER I LA
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KELPBEOKIPT 7 7S b E b 7 7 708D 61
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2018). D D —HE DM - IRV A s L TH E4AK
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PR EFER O R &1 R O BERG IIMIS Sel2 Sasr D A
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MIS 5eD & DORFHHICMHY T2 G TH 2 » 2RI B 72012,
RO L OTHEIZ DWW TERT 3,

Hatlg o EEREWE A 6 5 % 72D ek i JhiE L
TV, TEOIEHRIZ DO\ TIAER 5 &
FEhaL, FEMT SR LATIEIZED & T4 5 Yo-I
~ NI X A L2 (BB 6X). 2D 5 % Yo-Il R Yo-11T4
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HBHZELERBMETS. 1Yo IIF CIHER LS &
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LRSI EEMEE 2 7 5 5 W& X h=MIS Serf
DOIERM LA TELE (Igarashi and Oba, 2006 5 H+J&, 2009 ;
BN I TELPLS. FkOEBLARERR, MIS
Sefi i~ IHOHERMI TH D, FROBZHDHEFEY T
H 5 THERILHRLEER, FKWILFEBOARTIE T (h
FEIE A, 2006 ; Nakazawa et al., 2017 ; JHIZ A, 2018),
HRUER AR O AR (FEIE 4, 2019) 25 &40
bhd. WEETHORBEHMMOR FEICHY T %
Yo-Iii {2 Tougah 8 24 C, Pinus, Picea) (fSciadopitys &
2\ —}, HemipteleaX® Quercus (Lepidobalanus)i3 Yo-1147
RYo-NIHFIZHRTEETH 5. ZDIZ & 5 Yol i
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Fig. 9 Correlation of the Tokyo Formation in the Yoyogi Park core with the Pleistocene strata in other areas of
the Kanto Plain and the off Kashima seafloor core.
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LA-ICP-MS zircon U-Pb ages of felsic tuffaceous beds in the Takikubo and
Horita formations, Izumi Group, Ikeda district, eastern Shikoku, southwestern Japan

NODA Atsushi"”’, DANHARA Tohru’, INANO Hideki* and HIRATA Takafumi’

Noda Atsushi, Danhara Tohru, Iwano Hideki and Hirata Takafumi (2020) LA-ICP-MS U-Pb ages of felsic
tuffaceous beds in the Takikubo and Horita formations, Izumi Group, Ikeda district, eastern Shikoku,
southwestern Japan. Bulletin of the Geological Survey of Japan, vol. 71 (1), p. 3348, 7 figs, 5 tables.

Abstract: Laser ablation—inductively coupled plasma—mass spectrometry zircon U-Pb ages were acquired
for three felsic tuffaceous beds, one from the upper Takikubo Formation (sample IT01) and two from the
lower Horita Formation (IT02 and I1T03), to determine depositional ages of the Izumi Group in the Ikeda
district, eastern Shikoku, southwestern Japan. The weighted mean **Pb/**U ages and 20 errors are 78.3
=+ 1.3 Ma (IT01), 80.8 = 1.2 Ma (IT02), and 79.3 £ 1.1 Ma (IT03). Two of the three ages (78.3 £ 1.3
Ma and 79.3 £ 1.1 Ma) passed the X’ (reduced) statistical test, but the other (80.8 %+ 1.2 Ma) failed.
These U-Pb ages indicate that the maximum depositional age of the Izumi Group in this district is middle
Campanian (magnetostratigraphic chron C33n). These ages are similar to those reported from the lower
Takikubo Formation in the Kan-onji district (80.8-78.3 Ma). Although an apparent stratigraphic thickness
from the lower Takikubo Formation to the lower Horita Formation reaches 12 km, there is no younging
trend of the zircon U-Pb ages through these formations. This suggests that either the sedimentation rate of
the Izumi Group was high or there was a lack of volcanic activity that could produce new zircon crystals
in the hinterland during deposition of the succession.

Keywords: Campanian, Cretaceous, Felsic tuff, Izumi Group, Shikoku, Takikubo Formation, Horita

Formation, U-Pb age, Zircon

1. Introduction

The Izumi Group (Matsumoto, 1954) consists of shallow-
to deep-marine deposits that are distributed in a 10-20-km-
wide and 300-km-long zone along the northern side of the
Median Tectonic Line, from western Shikoku to the Kii
Peninsula, southwestern Japan (Fig. 1). Paleontological
evidence, including macro-fossils (ammonoids and
inoceramids) and micro-fossils (radiolarian assemblages),
indicates that the depositional age of the Izumi Group
is Campanian—Maastrichtian (Late Cretaceous) and
that it youngs toward the east (Suyari, 1973; Bando and
Hashimoto, 1984; Yamasaki, 1987; Hashimoto et al.,
2015). Although a few studies have reported occurrences
of macrofossils from the Izumi Group in the Ikeda district,
eastern Shikoku, their age resolution is inadequate to
discuss details of the depositional ages of the Izumi
Group. In addition, radiometric age data from the Izumi
Group in eastern Shikoku are sparse; until now, only two
ages have been reported from eastern Shikoku (Noda

et al., 2017b). Therefore, further radiometric age data
were required to constrain detailed depositional ages and
the sedimentation rate of the strata. This paper reports
new laser ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS) U-Pb ages of detrital zircons
in felsic tuff beds, including one sample from the Takikubo
Formation and two samples from the Horita Formation of
the Izumi Group, in the Ikeda district, eastern Shikoku.

2. Geological background

The Izumi Group in eastern Shikoku is composed of a
main facies and a northern marginal facies (Matsuura et
al., 2002). The main facies comprises alternating beds of
sandstone and mudstone and is divided into four formations:
the Takikubo, Horita, Higaidani, and Bandodani formations,
from the lowermost (west) to uppermost (east) (Yamasaki,
1986). The northern marginal facies consists of two
formations: the Shiroyama Formation (conglomerate and
sandstone) and the Hiketa Formation (massive mudstone).
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Fig. 1 (a) Overview map showing the locations of previously reported U-Pb and fission-track (FT) ages (20). FT ages include
data obtained using the external-detector method using internal surfaces (ED1) and external surfaces (ED2). The geological
map is reproduced from the Seamless Digital Geological Map of Japan (Geological Survey of Japan, AIST, 2015). The
inclined square shows the Ikeda district. MTL = Median Tectonic Line. References: [1] Noda and Sato (2018), [2] Noda et
al. (2017b), [3] Miyata (2004), [4] Seike et al. (2013), [5] Sato et al. (2016b), [6] Sato et al. (2016a), [7] Sato (2016), and
[8] Sato (2015). Asterisks (*) denote FT ages recalculated from the original data using a decay constant of D = 1.55125 x

10 °yr ! instead of 1.480 x 107 yr !. Daggers () indi

cate U-Pb ages from this study. Modified from Noda and Sato (2018).

(b) Locations of felsic tuff samples collected for U-Pb age determinations. The geological map is from the Geological
Survey of Japan, AIST (2015). The shaded topography is based on GSI Maps (http://maps.gsi.go.jp/). Abbreviations of
fossil localities: M., Metaplacenticeras subtilistriatum; B., Baculites sp.; 1., Inoceramus balticus.

A series of studies in the 1960s and 1970s identified the
following features of the Izumi Group: (1) the strata young
from west to east; (2) the paleocurrent directions in the
main facies are largely from east to west, opposite to the
younging direction; and (3) the northern marginal facies
interfingers the main facies (Suyari, 1966; Suyari ef al.,
1968; Suyari, 1973).

The Ikeda district contains the lower two formations

of the main facies, the Takikubo and Horita formations,
and the northern marginal facies, the Shiroyama and
Hiketa formations (Fig. 1). Both the Takikubo and the
Horita formations are dominated by alternating beds of
sandstone and mudstone, but the proportion of sandstone
to mudstone changes within the formation. The lower part
of the Takikubo Formation in the Kan-onji district, which
is situated at the west of the Ikeda district, is subdivided
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Table 1 A list of analyzed samples. Longitude and latitude are given in the WGS84 datum.

Sampleno. ID Longitude Latitude Date Loc no. Lithology GSJ reg. no.
ITO1 2469 133°5026.9"E 34°4'58.8"N  2016-11-11 01 Felsic tuffaceous sandstone ~ R109880
1TO2 6326 133°56'56 4"E  34°5'46.3"N 2017-12-09 02 Felsic tuff R109881
1TO3 2368 133°5921.8"E 34°4'54.1"N 2016-11-10 03 Felsic tuffaceous sandstone ~ R109882

into the Minoura Sandstone and Mudstone Member,
Tanono Sandstone Member, Ebisukui Mudstone Member,
and Umpenji Sandstone Member as the stratigraphic order
based on the dominant lithology (Noda et al., 2017a).
However, upper part of the Takikubo and the Horita
formations have not yet been subdivided into members.

The depositional environments for the Izumi Group are
thought to have been a line-sourced slope or fan delta in
the marginal facies and a point-sourced submarine fan
in the main facies (Nishiura et al., 1993; Tanaka, 1993;
Tanaka and Maejima, 1995; Noda and Toshimitsu, 2009).
Sandstone in the Izumi Group is mostly lithic, although
some is quartzo-feldspathic (Nishimura, 1976). The
chemical compositions of heavy minerals (garnet and
spinel) in the sandstone indicate that their source was the
granitic and metamorphic rocks exposed in the Ryoke and
Sanyo belts (Yokoyama and Goto, 2000).

Yamasaki (1987) and Hashimoto et al. (2015) identified
several radiolarian fossil zones in the Izumi Group,
and the upper Takikubo Formation together with the
Horita Formation correspond to the Archaeodictyomitra
lamellicostata Zone. Several macro-fossils have been
reported in this district (Fig. 1), and ammonite fossils
characterized by Metaplacenticeras subtilistriatum have
been found in the adjacent Hiketa Formation (Bando and
Hashimoto, 1984). A few occurrences of Baculites sp.
have been recognized in the upper Takikubo Formation
(Ishida et al., 1993) and the lower Horita Formation
(Hashimoto et al., 2003). Some occurrences of Inoceramus
balticus are also reported in the Hiketa Formation and
the upper Takikubo Formation (Nakano, 1953; Bando
and Hashimoto, 1984). These fossils indicate that the
Izumi Group in this district is the lower part of the upper
Campanian.

3. Samples and methods

3.1 Samples

One sample (IT01) from the upper Takikubo Formation
and two samples (IT02 and IT03) from the lower Horita
Formation were collected from the Ikeda district, in the
central Sanuki Mountains, eastern Shikoku (Fig. 1 and
Table 1).

The sampling locality of ITOI is situated within the
sandstone-dominated sequence of the Umpenji Sandstone
Member (Noda ef al., 2017a) of the Takikubo Formation
(Fig. 2a). ITO1 was collected from a medium-bedded
fine- to medium-grained light-gray felsic tuffaceous
sandstone (Fig. 3a). The tuffaceous sandstone constitutes

a 3-m-thick tuffaceous unit. The sandstone shows weak
parallel laminations, and flattened pumice clasts (<6 mm
in length) and plagioclase crystals (<1 mm in length) are
common. Under the microscope, it is classified as a vitric—
crystal tuff containing flattened glass shards (pumice) and
quartz and plagioclase crystals (Fig. 3b). The matrix has
a felsitic texture.

ITO2 was collected from a felsic tuff bed in the basal
sandstone-dominated succession of the Horita Formation
(Fig. 2b). The total thickness of the felsic tuff bed is <20
m, and it is composed of medium- to thickly bedded felsic
tuff (Fig. 3c). The sample is a light-gray fine-grained
medium-bedded vitric tuff with parallel laminations.
Bubble-wall glass shards dominate, with a few crystals
and lithic fragments being observed under the microscope
(Fig. 3d).

ITO3 was collected from a fine-grained, thick-bedded
tuffaceous sandstone which was intercalated within the
mudstone-dominated facies of the Horita Formation
(Fig. 2c). The tuffaceous sandstones constitute more than
30-m-thick tuffaceous unit with thinly to medium-bedded
dark-gray mudstone (Fig. 3e). The sample is a vitric—
crystal-lithic tuff containing embayed quartz and felsic
volcanic rock fragments with bubble-wall glass shards
(Fig. 31).

3.2 Methods

Zircon grains were separated from the samples by
crushing, sieving, panning, magnetic, and heavy liquid
(sodium polytungstate) techniques, and then mounted on
a PFA Teflon sheet. U-Pb dating was performed using
the LA-ICP-MS system installed in the Geochemical
Research Center, Graduate School of Science, The
University of Tokyo, Japan. The LA-ICP-MS system
consisted of an ICP-MS instrument G(CAP Qc, Thermo
Fisher Scientific, Waltham, MA, USA) and a femtosecond
LA instrument (IFRIT Type-C, Cyber Laser Inc., Tokyo,
Japan). The operating conditions for the LA and [CP-MS
instruments are summarized in Table 2. The laser had a
wavelength of 260 nm, an energy of 2-3 J/cm?, a spot
size of 15 um (ITO1 and IT03) or 10 pm (IT02), and a
repetition rate of 15 Hz (ITO1 and IT03) or 10 Hz (IT02).
Helium was used as the carrier gas inside the ablation cell
and was mixed with argon before entering the ICP-MS.
Signal intensities for 22Hg, 2*(Pb + Hg), 2°Pb, 2’Pb, 2%Pb,
22Th, and **U were obtained from 30 zircon crystals in
each sample.

The contribution of common Pb was monitored using
the 2%Pb signal with 2*“Hg as an isobaric interference. The
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Fig. 2 Locations of sampling points of (a) ITO1, (b) IT02, and (c) IT03. The topographic maps are based on

GSI Maps (http://maps.gsi.go.jp/).

abundance of ***Hg was calculated from blank-corrected
22Hg on the basis of the natural 2?Hg/***Hg ratio, which
in turn was subtracted from the total 204 signal to yield
204Pb. We applied one-shot cleaning on the sample surfaces
before the analysis to reduce the risk of common-Pb
contamination. Instrumental bias in the 2°Pb*/?*U ratio
(asterisk denotes radiogenic) was corrected using 91500
zircon (Wiedenbeck et al., 1995) as a primary standard,
and OD-3 (Iwano et al., 2012, 2013), GJ-1(Jackson et
al., 2004), and PleSovice (Slama et al., 2008) zircons as
secondary standards (Tables 3-5).

The resultant U-Pb isotopic ratios and errors were
used to plot concordia diagrams and histograms using
UPbplot.py version 0.0.9 (Noda, 2017). The latest version
of this software can be downloaded from the website
(https://github.com/anoda/UPbplot.py). Discordance was
calculated using the following equation:

206Pb* /238U age

- | X 100
207Pb*/235U age

Discordance = |1

We excluded data whose discordance exceeded
20 % from the age calculations. We then applied the
generalized ESD (extreme Studentized deviate) test to

exclude outliers (Rosner, 1983). Details of this test are
described in the Appendix. We also calculated reduced
chi-squared statistics (32.4; Spencer et al., 2016). If 2.,
for the uncertainties and weighted mean of the observed
data do not fall inside of the range of 1 £ 2\/2_/f , where
fis the degrees of freedom (n — 1), the hypothesis that
the weighted mean represents the depositional age of
the observed data set is rejected with a probability of
>95 %. %’.q Is equivalent to the mean square weighted
deviation (MSWD; Wendt and Carl, 1991). For the case
of y%ea> 1+ 2@ the assumed analytical errors of
the measurement are too small, or the data are not sampled
from a single statistical population, that is, there is a mixing
of multiple populations. In contrast, 3% < 1—2+[2/f
indicates that the grains could be derived from a
single population but the analytical uncertainties are
overestimated.

4. Results

We analyzed 30 zircon grains in each sample. The
206pp/238U, 207Pb/>*3U, and 2’Pb/**Pb ages of zircons were
calculated using the measured isotopic ratios and decay
constants.
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Fig. 3 (a) Photograph of an outcrop of the felsic tuff bed from which sample ITO1 was obtained, showing a
3-m-thick tuff bed containing repetitions of thin- to medium-bedded tuff. The hammer is 33 cm in length.
Munegi, Higashiyama, Higashimiyoshi Town, Miyoshi County, Tokushima Prefecture. (b) Photomicrograph
of ITO1 (plane-polarized light). (¢) Photograph of the outcrop from which sample IT02 was obtained. The
hammer head is 18 cm long. Shimobuke, Katsuura, Manno Town, Nakatado County, Kagawa Prefecture.
(d) Photomicrograph of IT02 (plane-polarized light). Fragments of glass shards dominate. (¢) Photograph
of the outcrop from which sample IT03 was obtained. A circle indicates location of a hammer as a scale,
whose length is 33 cm. Hachimine, Katsuura, Manno Town, Nakatado County, Kagawa Prefecture. (f)
Photomicrograph of ITO3 (plane-polarized light). Abbreviations: gs, glass shards; qtz, quartz; pl, plagioclase;
fv, felsic volcanic rock fragments.
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Table 2 ICP-MS and laser operating conditions and data
acquisition parameters.

Parameters Value/Description

Laser ablation

Model IFRIT (Cyber Laser Inc., Tokyo,
Japan)

Laser type Type-C Ti:S femtosecond laser

Laser wave length
Laser energy

Pulse width
Ablation crater size

Repetition rate
Carrier gas (flow rate)

ICP-MS
Model

ICP-MS type

Forward power

Carrier gas (flow rate)
Scanning mode

Data acquisition protocol

Analysis mode

260 nm (THG)

2-3 Jjem’

230 fs

10 ym (IT02)

15 ym (ITO1 & ITO3)
10 Hz (IT02)

20 Hz (ITO1 & IT03)
He (0.60-0.83 L/min)

iCAP-Qc (Thermo Fisher
Scientific, Waltham, MA, USA)

Quadrupole

1400 W

Ar (0.90-1.10 L/min)

Standard mode

50 s (15 s gas blank, 35 s ablation)

Time-resolved analysis

Monitor isotopes 202Hg, 204(Hg +Pb), 206Pb,
207py, W8py B2y 238y
0.2 s for 206:207.208p

0.1 s for others

Dwell time

Standard materials

91500 Wiedenbeck et al. (1995)

Iwano et al. (2012), Iwano et al.
(2013), Lukécs et al. (2015)
GJ-1 Jackson et al. (2004)

Slama et al. (2008)

OD-3

Pl¢sovice

4.1 Sample IT01

This sample contained abundant fine- to medium-sized
euhedral zircon grains. Approximately 1,000 grains
were extracted from 300 g of the sample. A total of 26
concordant analyses form a nearly unimodal distribution
clustered between 82 and 73 Ma (Fig. 4; Table 3), with three
older ages around 96-90 Ma. The generalized ESD test
eliminated these older ages as outliers, and 23 grains were
therefore accepted for age calculation. The conventional
concordia (?Pb/5U-2Pb/?**U), Tera—Wasserburg
concordia (2*$U/2%Pb-2"Pb/?*Pb), and weighted mean
205Ph/28U ages and 20 errors are 78.3 £ 1.3 Ma, 78.5 &
1.3 Ma, and 78.3 £ 1.3 Ma, respectively (Fig. 4). The
weighted mean 2°Pb/?%U age and uncertainties passed
the reduced chi-squared test (2., = 0.5). High Th/U ratios
(0.35-1.00) indicate that the zircon grains are igneous in
origin (e.g., Hoskin and Schaltegger, 2003).

4.2 Sample IT02

Zircon grains in this sample are mostly fine grained and
euhedral to subhedral. About 200 zircons were separated
from 300 g of this sample, fewer than from the other
samples. Owing to the relatively large analytical errors, 10
of the 30 analyses were discordant (Fig. 5; Table 4). The
single-grain ages from IT02 are widely spread, ranging
from 73 to 90 Ma. The generalized ESD test did not
exclude any of the 20 concordant analyses. The accepted
data (n = 20) yield a conventional concordia age of 80.6
=+ 1.1 Ma (20), a Tera-Wasserburg concordia age of 81.2
=+ 1.1 Ma, and a weighted mean 2°Pb/>8U age of 80.8 =
1.2 Ma (Fig. 5¢). The 72, test for the weighted mean of
206pb/238UJ ages failed (32 >1 % 2\/2_/f ). The Th/U ratios
(0.37-0.85) are similar to those of ITO1 and similarly
indicate an igneous origin.

4.3 Sample IT03

ITO3 contains abundant zircons, and about 10,000
grains were obtained from 300 g of the sample. The
zircon crystals are mainly fine to medium grained and
show euhedral prismatic shapes. A total of 28 concordant
analyses form a single peak around 78 Ma, with several
older analyses from 240 to 80 Ma (Fig. 6; Table 5). We
removed six data points from the age calculations based
on the generalized ESD test, leaving 22 analyses. The
resultant conventional concordia, Tera—Wasserburg
concordia, and weighted mean 2°Pb/?*¥U ages are 79.3 =
1.0 Ma, 79.6 £ 1.0 Ma, and 79.3 == 1.1 Ma, respectively.
The weighted mean 2°Pb/>8U age passed the x?.q test
(3= 1.3; n="22). The range of Th/U ratios (0.42-0.90)
is similar to those of the other samples.

5. Discussion

Samples ITO1 and ITO3 show unimodal age distributions
and pass the %2, test, indicating that their 2*Pb/>*%U ages
form single statistical populations. These ages (78.3 %
1.3 Ma for ITO1 and 79.3 & 1.1 Ma for IT03) can be
considered to be the maximum depositional ages of the
tuff beds from which the samples were taken, and they
correspond to the middle Campanian and polarity chron
C33n (Ogg et al., 2012). However, the U-Pb ages of
sample IT02 are widely spread on a histogram and fail
the y%.q test. This suggests that the IT02 data could be
a mixture of multiple populations or that the analytical
uncertainties were underestimated.

One reason that IT02 contains more discordant data (n
=10) is likely to be the relatively low analytical precision,
especially that of 2’Pb, possibly because of the smaller
size of the zircon crystals and the ablation crator size
compared with the other samples (Table 2). Lead loss
caused by post-depositional regional metamorphism is
considered unlikely, as the concordia plots do not indicate
stoichiometric loss of 2’Pb/?%Pb, and only sample IT02
contains a substantial number of discordant analyses.
However, zircon grains might have lost Pb during pre-
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Fig.4 U-Pb dating results for ITO1. (a) 2’Pb*/**U-**Pb*/>¥U concordia diagram (Wetherill, 1956). Asterisks (*) of °Pb* and
27Pb* denote radiogenic. Solid black, solid gray, and dashed gray ellipses represent 20 errors of accepted, excluded, and
discordant data points, respectively. The blue ellipse is the 95 % confidence region of the two-dimensional weighted mean.
N and n are numbers of total and accepted grains, respectively. Data exclusion was based on the generalized ESD test
(Rosner, 1983) for the weighted mean 2°Pb/**U age and 20 uncertainties. (b) Tera—Wasserburg concordia diagram (Tera
and Wasserburg, 1972). The description is the same as for (a). (¢) One-dimensional weighted mean 2°°Pb/>#U age (blue line)
and its 20 error (gray band). Solid black, solid gray, and dashed gray lines represent accepted, excluded, and discordant
data (20), respectively. (d) Th/U ratios (right-hand axis with horizontal black and gray lines) and stacked 2*Pb/**U age
histograms (left-hand vertical axis), with accepted (blue bars), excluded (white bars), and discordant (gray bars) data. Solid
red and dashed red lines represent (kernel density estimation) for accepted (n = 23) and all (n = 30) data.

depositional metasomatism in the source area. Local fluid
alteration in glassy tuff beds is also a possible cause of Pb
loss, although there is no evidence of intrusive rocks or
hydrothermal alteration around the sampling site.

The ages obtained during this study are similar to
previously reported ages from the lower Takikubo
Formation (78.3 & 0.5 Ma for KT01 and 80.8 = 0.7 Ma
for KT02, Noda et al., 2017b). The age of KT02 may not
be reliable, as the data show multiple peaks on a histogram,
and the 2, statistic (3.9; n = 7) shows that the data are
widely dispersed. Therefore, the maximum depositional
ages of the Takikubo and Horita formations range between
79.3 £ 1.1 and 78.3 = 1.3 Ma, based on three accepted
samples (KTO01, ITO1, and IT03; Fig. 7). The U-Pb ages
obtained from the Takikubo and the Horita formations
show no younging trend according to the stratigraphic
position (Fig. 7).

There are three possible interpretations can be regarded
for the similar zircon U-Pb ages obtained from the
different stratigraphic positions, which include (1) a
repetition of the same stratigraphic unit by faults, (2)
a rapid sedimentation, and (3) an intermittent volcanic
activity. As for the first interpretation, an interfingering
relationship between the northern marginal facies and
the main facies (Fig. 1) indicates that stratigraphically
upper sequences progressively deposited eastward, and
no large-scale faults can be recognized to stack the same
stratigraphic units repeatedly (Matsuura et al., 2002;
Noda et al., 2017a). In addition, there is a difference in
occurrences of tuff beds in each formation; for example,
the upper part of the Takikubo Formation (the Umpenji
Sandstone Member) contains fewer tuff beds than the
lower part of the Horita Formation (Matsuura et al., 2002;
Noda et al., 2017a). This suggests that both formations



Bulletin of the Geological Survey of Japan, vol. 71 (1), 2020

SL Ve 9T 60¢ JUepIOOUCS 1¥L00°0 Ly¥€00 0¥0000 18%00°0 SITT00 861500 6¢'1 9Ive9e 9¢9¢ PYOIvse SIT  98IC ¥-¢ €dO
89 00¢ L'c v'ce JUepIOOUOd L9000 666200 1¥000°0 S0S00°0 296000 LOEY0'0 'l YSIvLe VILT 8LOBLE €0l €9¢€C €-¢ €do
08 cee 8T ¢gee JUepIOOUOS 96L000 97ee00 ¥¥0000 815000 0OI1100 0S9%0'0 'l LYT88C 160C 8L8S9C 88  OL8I ¢ €do
¢cl §6C Le ¢€ve JUepIOOUOS LETIO0 056200 LS000°0 €€500°0 89100 010¥0°0 0’1 LTeEc6  0L9  61CTLY s¢ 919 I-€ €dO
€8S I'Lee 6'0C ¢'LEE JUepIOOUOd L06S0°0 YLE6E 0 SYCe000 1LES0°0 18000 1€50°0 600 09¥C0c 61T €910C evIl 1SC0C €-¢ ASd
096 ¢ece 00 9cCCe JuepIOdUod 699500 SOLLEO 01€000 ce1s00 18000 €€50'0 600 0SS60¢  SYCT 6£10C CCIT 10861 ¢ ASd
979  T9sE L'0T 6'cee JUBpIOOUOD 96€90°0 120¢y'0 ¥12€000 00€S0°0 88000 LS00 cro €I0ILT 9961 €££0€T €601 S06L1 I-€ ASd
I'91T 8'68S '8¢ 1°€09 JuBpIOOUOD ITICI0 0SL8L°0 €6500°0 808600 88000 8500 S00 960L91 TITI 8LY9 €9¢1 8T¥0C e 1D
VIIL ¥ELS 8'6E 9'89¢ JUBpIOOUOD €6S11°0 868SL°0 SLSS000 600 06000 96500 S00 6€16LT  66C1 9989 SOEl 16S0C [-¢ 11D
Splepuels
08l 1'68 S9 86L JUEpIOSUOd 6L10°0 ¥L80°0 9001000 SYC100 10100 60500 88°0 06CELT  LSTI L8T90T  6€1 00LT 0¢
o6l €8L L9 Te6L JUBpIOSUOd 16100 0800 6€0100°0 €C10°0 60100 1L¥0°0 00’1 CYLLTT  9T6 09968 Y6 €L61 6C
I'81 659 L9 ¢€LL JUepIOSUOd 08100 1L90°0 8€0100°0 LOTIO0 90100 €0v0'0 €8°0 L99CTT  ¥28 99199 oL  LILT 8¢
'Lt 919 §9 TSL 1'ce- 69100 62900 L001000 €LITO0 €010°0 98¢0'0 0L'0 8LY8IT 658  T96LS 89  O¥LI Lz
T 8T8 §9 T¢eL JuepIOodUOd 12200 6¥80°0 ¥10100°0 0r110°0 LETOO 0¥s0'0 L0 87L86  9IL  £Sl6y LL  60¥1 9C
96l  9IL 69 6'8L JuepIOdUOd S610°0 1€L0°0 L90100°0 [€C10°0 Crioo 0€y0'0 SL'O 868S0I 89L  T9SSS IL  1¢€91 4
§sc  T'L6 L TI8 JUepIOOUOd 6200 ¥001°0 ¥C1100°0 892100 17100 LS00 €L'0 PPy06 959  8€I9Y €8  Sevl C
80C L'I8 L9 SLL JuepIOOUOd L0200 LE8O0 701000 60C10'0 12100 ¢0s0'0 18°0 SYLTIT 818  T09¢9 L8  LOLI €
S91  ¢T8 79 ¢LL JUepIOOUOd 9100 L¥80°0 0960000 LOCTI00 96000 60500 0 9%990C 661 9£SE9 91 I¢Cl¢ (44
0ec  T'eL 69 ¢SSL JuepIOOUOd 0€200 01800 €L0100°0 8LITO0 8¢10°0 86700 0L0 9cv8 119 iy €9 evcl Ic
8§vC v'88 L TeL JUepIOOUOd LY200 01600 LITT000 SECI00 17100 €500 0L0 orpe8  S09  PE60Y 0L 06T 0c
I'rc  1'e8 0L 808 JuepIOOUOd 01200 £680°0 0801000 9¢100 LITO0 06100 96'0 800CIT ¢TI8  98¢CL 88  69LI 61
YLe TLL '8 T8 JUBPIOOUOD ¥L200 06L0°0 86C1000 €8¢10°0 IS10°0 900 650 8YISS 00V  $T6TT oy 688 81
Lyl  T8L €9 018 JUBPIOSUOD 9100 00800 7860000 §9¢100 8000 86¥0°0 €90 9LYSST €681 PL8CTIT 881 SYO¥ L1
88l &¢e8 L9 808 JUBPIOSUOD 98100 LS800 S€01000 192100 ¥010°0 €6¥0°0 €80 6LLOST ¥601 81CL8 611 08¢€C 91
Loc  SEL 6S 8SL JUBpIOSUOD 90200 0SL00 0260000 €8110°0 92100 65700 0L0 TISSOT  S9L  6T6CS 9L  9SG1 Sl
66l CTTL 09 L8L JUpIOSUOd 86100 LELOO $£6000°0 8¢CI0°0 LTITO0 SEV00 0L'0 LETETT 1C8  6CC9S 08  I€LI 4!
ove  L98 9 908 JuepIOdUOd Y00 16800 2001000 86CI0°0 0r10°0 €100 0L0 SIc68 L9 S9Sv 9L  66¢€1 €l
L6l L8L 96 6SL JuepIOdUOd 96100 90800 ¥L8000°0 S8110°0 0C100 €600 980 CO0LET 166  CTE6E8 901  ¥20T !
€LT  Te8 €S 6LL JUEpIOOUod C¢LI00 580°0 ¥28000°0 912100 Y0100 60500 S6'0 8CITET ¥891 996961 061 8ISE It
06l 79 9 L9L €T 68100 €900 r6000'0 L6110°0 Y1100 8¢00 890 Sv686  8IL  9VI8Y 09  9Lv1 401
€CC  £08 09 99L JUEpIOOUOO o0 800 L£6000°0 961100 €100 86100 99°0 068001 TEL  TT8LY 08  ¥0SIT 6
€0C ¢€8L LS vSL JUEpIOOUOO <0200 0800 $88000°0 9L1100 SCI00 6¥0°0 SLO 90evCl  T06  €0L99 96  TT8l 8
681 098 99 €96 JUEpIOOUOO 88100 8800 0201000 05100 16000 9¢r0'0 90 656981 9SEl T€898 65T 90S¢ PL
0ec SS9 69 L08 £eT 67200 99900 9L0100°0 092100 €100 £€8¢0°0 90 S9¢L9 88y SSIIE €y LSOl L9
L'0C 865 L9 8e6L yee- §0¢00 L0900 €€0100°0 92100 61100 £5€0°0 ¥9°0 S609L  TSS  TESHE vy C8II S
reec 9LL 'L 906 JuEpIoouod 0€200 $6L0°0 SOIT000 9I¥100 LITO0 LOY0'0 80 09698 1€9 66905 99  secl iy
80C VIL 79 ¥8L JuEpIoouos L0200 8CLO0 8560000 YZcioo (44100 1ev00 990 CL166  6IL  L689Y 69 €ISl €
6vc  S'T6 9 VI8 JuepIoouos 8¥C0°0 5600 0660000 [L2100 17100 Y7500 L9°0 8¥SL6  LOL  8189% 68  9¥Sl 4
CIT  88L 89 806 JUBPIOOUOD 11200 L0800 £50100°0 617100 L0100 100 Se0 88CIIIT 808 LTT8T 98  0L6I i1
0T N/ Adye 9T Nyl gy (%] oc Nger/,9d, o oc Nger/ 9oy oc Sdgge/,9d 5 4L Ogeg  Ngg Wlgee  Adyge dgye #UBID
[eIN] 98y osIq onex o1dojosy Junood [eJo], 1011 21dung

"O1Ua30IPEI S10UAP ,qd 4 PUE .Ad o JO () SSLIASY

‘K[oA100dsa1 ‘saSe ueaw payySrom pue eIPIOSUOD JO UONEB[NI[ED A} WO} PAPN[OXS BIep Pue BIep JuepIodsip ajouap (1) s1088ep ojqnop pue (1) s1o83e *[0L] Wolj ejep qd-N € 2[qel



U-Pb ages of felsic tuffaceous beds in the Takikubo and Horita formations, Izumi Group (Noda et al.)
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Fig.5 Results of U-Pb dating of IT02. The description is the same as for Fig. 4.

are not identical each other. Therefore, we consider that
the tuff beds we analyzed in this study had been obtained
from the different sedimentary unit.

Regarding the second interpretation, the Izumi Group
in the Ikeda district (the upper Takikubo Formation and
the lower Horita Formation) belongs to a single fossil
zone, namely, the Metaplacenticeras subtilistriatum
Ammonite Zone (Bando and Hashimoto, 1984) or the
Archaeodictyomitra lamellicostata Radiolarian Zone
(Hashimoto et al., 2015). The fossil and U-Pb data
therefore imply that the period of deposition was so short
that the fossil assemblage did not change and the deposition
rapidly occurred within the range of uncertainties of
the U-Pb ages. An apparent total sediment thickness of
12 km from the lower Takikubo Formation to the lower
Horita Formation yields a deposition rate of 3.5 m kyr™!,
if this succession had been deposited between 79.3 + 1.1
and 78.3 — 1.3 Ma (Fig. 7). This rate is higher than the
depositional rate in the Kazusa Group (2.0-3.0 m kyr™!;
Kazaoka et al., 2015) and three times higher than that in
the Kumano Basin (1.0-1.3 m kyr™'; Moore et al., 2015).
However, this would be possible if intensive igneous flare-
up events around ca. 80 Ma (Sato et al., 2016b) provided
huge amounts of detritus to the basin of the Izumi Group
in a short time period.

The third interpretation is that volcanoes in the hinterland
that could have produced new zircon crystals were

quiescent during the deposition of this succession. Zircon
grains in the tuff beds were sourced from the volcanic
rocks that were generated before the deposition of the
Takikubo Formation. Most of the reported U-Pb ages from
volcanic rocks in the Sanyo Belt in the Chugoku district
are older than 80 Ma (Fig. 1); the youngest is 78.9 Ma,
from the Ikuno Formation (Sato, 2015). There are no ages
younger than 78.9 Ma reported from volcanic rocks except
for the Koto Group in the Kinki district (73.5-74.0 Ma;
Sato et al., 2016b). Because there is no known volcanic
activity between 78 and 74 Ma, it is possible that volcanic
activity was intermittent and therefore that supply of new
zircon crystals was restricted after 78 Ma. If so, it would
be difficult to determine precise depositional ages and
sedimentation rates during this period.

6. Conclusions

Zircon U-Pb ages were measured in felsic tuffaceous
samples of ITO1 (upper Takikubo Formation) and 1T02
and IT03 (lower Horita Formation) from the Izumi Group
in the Tkeda district, eastern Shikoku. The **Pb/>*%U ages
are 78.3 = 1.3 Ma (IT01), 80.8 & 1.2 Ma (IT02), and
79.3 = 1.1 Ma (IT03). The ages of IT01 and ITO3 pass
the 2,4 Statistical test and therefore indicate the maximum
depositional ages of the tuff beds. The ages of ITO1 and
ITO3 overlap the age previously reported from the lower
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Fig. 6 Results of U-Pb dating of IT03. The description is the same as for Fig. 4. One data point (240.6 Ma) is outside of

the plotted region.

Takikubo Formation in the Kan-onji district (KTO1:
78.3 = 0.5 Ma). This suggests that either the deposition
occurred over a short period or volcanic activity that
produced new zircon crystals in the hinterland (Sanyo
Belt) was minimal after 78 Ma.
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Appendix

The generalized ESD (extreme Studentized deviate)
test is a common procedure for detecting outliers in data
that follow an approximately normal distribution (Rosner,
1983). This test is essentially an iterative application of
the Grubbs rejection test (Grubbs, 1950, 1969; Grubbs and
Beck, 1972) for eliminating the maximum or minimum
outlier. The test statistic for the ith data point is defined as

_ max;|x; — X

R; (A1)

(o
where ¥ is the sample mean and o is the standard
deviation. If the maximum R, of the ith element is greater
than the critical value at a significance level a, then the
element is considered to be an outlier. The critical value
corresponding to the ith test can be calculated by

(n—1itp,

- Jo—i+ Don—i=1+13,)

by i=12,...,r

where ¢, is the 100p percentage point from the Student’s
t distribution with v degrees of freedom (n —i— 1) and p =
1 —a/2(m—i+ 1). The test repeats by increasing i while
R, > J,, and then the number of outliers, r, is determined
by finding the largest i from this procedure.

To consider the 20 uncertainties and the weighted mean,
we modify Eq. (A1) to get

20 —
w maximum value, when (x; — 207) > u
B= 1 o+ 20—
et Ml minimum value, when (x; + 207) < u
20,

where 4 and o, are the weighted sample mean and
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U-Pb ages of felsic tuffaceous beds in the Takikubo and Horita formations, Izumi Group (Noda et al.)
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Fig. 7 A generalized stratigraphic column of the main facies from the Kan-onji to Ikeda districts, with the stratigraphic
positions of the samples with U-Pb ages. The lithological data are based on Noda et al. (2017a) and Matsuura et al.
(2002). U-Pb ages of KT01 and KT02 come from Noda et al. (2017b). Ages with asterisks (*) are rejected data by
the %% statistical test (Spencer et al., 2016). Horizontal bars depict 2¢ age uncertainties, with black bars and gray
bars representing data accepted and rejected by the %2.q statistical test, respectively.
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the standard error, respectively. We used 0.05 for the
significance level, a.
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MERSOMEMIRICH (T EMREFHEARE CEHED
HERERIRAD LA-ICP-MS YJLa> U-Pb £

FH K-EF #-5F% XH- - FH BE
® B

DY [ FEE 0 v sk 2 23 AT 3 B AR RS O T A LR RE & Ve RS O HERE A B3 % 72012, PIET 2 HERE AR
HIZEENB YL A YV RIFDLA-ICP-MS U-PbEMR AHIE Uz, HIEIZH 720, FAREO L, 51506 (To1) , H#H
JED R A 62808 IT02 £1T03) ZFRELL 72, HIEIC & - TR 5 N 7z20pb/BULER & 7 DFRZE (20) 1E, ITO14378.3 +
1.3 Ma, IT024%80.8 &= 1.2Ma, IT032379.3 = 1.1MaTdH - 724, ZD S5 BD2iNK (IT01 &£ 1T03) 32 JREIZERE L 7=,
BOEIZAHE L 72280 2R T U-PHAEAUIE, BRENL 72 88IKS OHEREENR O FIRABIL, Zhudhiiiy vos=7 v (dikb
SRR IX 53 Dchron C33n) 124 5. 26 OFEMEIL, VEBEOBIE Tl & W ST 2 RAIRE Mo
AEIRAE (80.8-78.3 Ma) IZITRILTH 1, AR i » SIRHE FEHIZ2 1 TO R T ORIEA 12 kmiZ RRIZE 2 H
HO6F, VLY OU-PHEMRIEIZEREI T2 5 EMIZH T TFL o T @z RETunisn, ZoMmE LT,
HUREREO M OHERGRE HBIER ISR ED 5722 &, FFHW YL T VAR - 63 5 ARG EI 2 % v
THFMICATERE B> T2 enELENS.
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Koge Hiroaki and Noda Atsushi (2020) Critical taper model - Introduction from soil mechanics. Bulletin
of the Geological Survey of Japan, vol. 71 (1), p. 49-61, 13 figs.

Abstract: Critical taper model was based on soil mechanics and devised to explain the relationship among
the prism form of the fold-and-thrust belt or the accretionary wedge and the friction of the décollement.
With this mechanical model, regarding the friction of the décollement, we can discuss (1) the comparison
of each subduction zones, (2) the spatial distribution within a single subduction zone, or (3) the time
change of single cross-section. However, this critical taper model has few users in the geological research
in Japan. This might be because that critical taper is needed to learn soil mechanics, which is mainly used
in the field of civil engineering in Japan, or there is almost no detailed review written in Japanese. In
this paper, in order to help for the understanding of critical taper model, first, we introduce critical taper
model from the basics of Mohr-Coulomb failure criteria in soil mechanics and show how it was used and

calculated in three cases.

Keywords: Subduction zone, critical taper model, soil mechanics, structural geology

® F

IVF 4 ANTFAIS—FEF LT L — FPOREIZIA
o THH B BEE % 78§ fold-and-thrust belt2 {5 TR D
IR & W50 OBIR 2 B+ 5 720 DEFILE LT
FE N HBICER I N ZOMHRETFILENS
ZET, W8T A — 255 (1) kA AL Rl Lo g
(2) H—tE A BB N TOZRMB A DL,  (3) H—ikAa
AAFNTORMBZNDOIBE A REL k5. 72720, K
MERITHARIZK T 2WESB CEAHER DN, Th
WBHAGBIZXAMHBIZEAE LN L, EN¥EI
LTI LICkdEFZELONS. AEFTIE, 27074
ANTFAIS—FETFNAZOWNTDHEDOHEOIT L % 3
ZLERHMELT, ETHENFECBIIZE-—L - 7 —
0 Y DUEEILUED & — R 2 VT 4 AT A IS—FF
LEBAL, EHIIRFDOWMXLTEDLIIZIEHEINT
Wah, ZTOREHEETEMNTS.

1. FUBHIC

2 1) F 4 J1)LT A 78— F F )L (Critical taper model, Critical
taper theory PR RIZEGR 2 & LS B 28, T ZTldmw
M A AERY, »OHAEOLOEMHHALTLE
WO XS IZERRT %) 1E, 7L — MPCRIRICIaD, - TR
WA (LT, vy Y EER) %R d fold-and-thrust

belt (FEHl - & _LWrfE ) 2D o Wr ki Ik & e ok
EOBRERRTA7-0DEFLE LT HBEN¥ M
ey 2 % FR I F R X N7z (Chapple, 1978 5 Davis et al.,
1983 ; Dahlen et al., 1984). 27 ) T 4 AL T A IS—FEF)L
&, Z O ki (R O WRERERI RN A ) OfR o &
Z DI (72U < 1) DR BT ERIZRE - A RE
DOERE L BHERMEE RS, BH—ONEEHET (FIZT
vk y VNEOBEBREE) TRy 2 v VAER
REE (¢ AWHEDR) OIER AR > TRET S Z & %
HIERFE LT05. 2F0, vy VBR2EII%N
BNS VARSI LN TESL D, ZOETFIL%E
HWwaZ e, (1)hAAAFERTOLE, (2) LA
AALARNTOZER RO, (3) H—ItARAFFNT
DRFRIZALD LA TTRE L 76 5.
ZDEITIVT A HNLTAN—FETLEHNSZ L
Ty VIR S EEMEHMAT 2 2 B8 TE B2,
FEREIE A (2009) /N1 (2010) % BT HAGEIZ & 5 i
MELAELWZLEH D, EINOWESE TIIAMHEE
NN, KIFFHE, 2V T4 AT A= TFILDE
APSIHETEFHLIMANTSIELT, 20T 4 H0
TAN—FTNIZIDNTORE DO 552 &
FHHELTWS, 22Tk, £FE-L-27—0rvD
BHERMIIZ T & % B S1FOFEGR 5 R8T L 72112,
IVTFAANTAIS—ETFNEEATS. &5, E—
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Fig.1 Schematic diagram of initial conditions. The vertical
stress o and the shear stress 7 received on the 6 inclined
surface can be described with the maximum and
minimum principal forces o, and o;.
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Fig.4 Schematic diagram of internal friction. W: Weight, H:
Force pressed horizontally, N: Normal stress, f: Friction
force, ¢: Internal friction angle.

ZZT, i RAWISS, o |EST, ¢ NEPEEA,
tang : WERERE (b 8 HL), C:HiFZITHS. T-
BOZZOEBEEZ 2 JTRETIINNES 5. NFE
BRI TRIOBEEEET IS A —2720, 4O &
I RIS B A REIS N EEBIO AL
WPLTEZABIENTES.

RO 26bhd I &id, BWEIIHT S LoEAMIE
JIENBEBEEE NIk > TRldahs e nwsy 2 &,
NEREEE IS IR S IBIS 5 2 &, RS I3 D
LTI E WS 22 Th B, —RIICEREE
WEAENRETIHEA, 0 DF —F - KEW-DRE
HCEMMF 2 ZENTES. WKL X5 RNEREE
B MIZIT0 L WY WHE AR S HAITIE, ¢ ldCDAIC
WETHELTELZ TR

2.3 T —O>OEEH

ZZ%FTT, E-LH@ E7—ua RO D2OoDOR
EHALTCEZ, E=ILMid(o, o)W IBNI%EZIT 7%
RETOEROMmMIZE T BI0IKEERLTBD, 7 —
o R, FARTT R BFRET B & XD TIREER
LTW3., 556 g illiae, el s §TloHi—
LTWBT AN MERERTEREN TS0, T0D2
20RiE, FCF FICKRT2ZEhnTE S (FSK).
20X TR ENZEBREHIZRIIZ X T, KR
208D, HEAERD, RAZ1D3FEN, L0
3ODBWANINGFELETS. 7 —a VAN EODHEL
YT 3HBRATHY, T—AMIZEDORZTTOBIE
HERLTWS, 2%, ZOMNPEMELAEEE S 5
TWAEAIE, ZOIIREBIIIHESRMS 272 LT\
EWVWSZ LT b, W, MAEREAREZS > TV
BOWEAE, BB PHESRG 2R LT 5T, Wi
BHEZ 6 BV (REIRRE)., EREHDO» S/EHT 5
BTAWIGH 2 S 2EMMTEH Z 6Nz, BIEIIEE 5K
NOIBTIFME ZOEMP BT HE I AIIKD. Ko
T, H» 6230, o)h SHHENIEE DTN
DA BB HERDATETZENTE B (HIAIT,



WEFHAMZHE 2020 F BT71& HlE

GF
FsX E—IL -y —u Y O
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Fig. 6 Effect of pore fluid pressure on the failure criterion. If
the pore fluid pressure (blue arrow) is large, the effective
stresses o, and o, will be small (¢, and o), and the Mohr’s
circle will be in contact with the straight Coulomb line.
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Cross-sectional sketch of the submarine non-cohesive Critical Taper theory. a : Slope angle, [ : Décollement dip, y:

the angle between principal stress direction and the X-axis at any point in the wedge, w,: the angle between principal

stress direction and slope, ,: the angle between principal stress direction and basement, y,: Water depth, o,: Maximum
principal stress, o;: Minimum principal stress, p:Bulk density of the material constituting the wedge, p,: Water density.
o, stress in the X-axis direction, o..: stress in the Z-axis direction, 7,.: shear force in the X-axis direction.
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TR PLVZEC B Z &5 ZABEMS 2812k 5.
HOWIR - B - NEEB A, S WEFRRD 6N 5D T
AN IZPa’ o NB T &IZk Db, ZD3DODHDD
DA WIZE L CidDahlen (1990) 123513 53X (10) 7 & Cfih
NoNTND., ZOPa%PEEL TROMEOTEAIIKFL T
B - EATRSICOEET S, 20200 ONY M LA
WD TRBEIS ST L BB E RS % (BRI &, N
SRR O EFR & RIMRICAEONEB AR T /87 X —4&
ELUTHRIRT X 5.
ZDHEIXA%E ETIZOR L7227 X b DX % g
LTW=72L &, BRE=TMHE LT TE 5. &)
ThAAE Z & T BB S W T 5 & v &%
ErZBdL, THEHEGERRICER(e+pEEE@EN
TREEE () & TRICIER T 2 BEE ) (2 AW 0 A
BohsZlicksd, BWTBI, 2)VTF 4 HLTAI8—
EFNRIEFICHM A3 DO OO DE0Wr5H/6NM 5
2%, ZOLEHEGRE OB CHEL T2 5 L

5.
4. HAREH

PUTTRINEFTARINTOAWMIXTHY ST
% BRI Bt SR T 5.

4. 1 HREHI RPAKTOLILE

WAABAERIZ B 5 Y = v ¥ O IR IZDahlen
(1984) TEfTbh Tz », ZZTELDHLL
Lallemand ez al. (1994) (2 %5 F % Pk AIA A ] D Fod 12
DTN RGI 2T T 5. hARARIZIIT S
vy Pid, FEOWRBMIARZEL THE2EFIZH
L, LWnwH Z L AHUTHEUEIZ, Y (Accretionary
wedge) & 12 (Non-accretionary wedge) &, Z DHIEIC
& 7= % H 2 (Intermediate accretionary wedge) D 3 2147
Hahs, HAROWHSTHINICTHEL LD & 7zh
R, BAETIIHADONP5 L Lo CREER EER 2
HLTWa ZEBHHL, hAARARG TR
TREHMERBEZZX MM EBRTH % Latiksh
HI28 5 T3 (il Z21F, Kukowski and Oncken, 2006) .
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Fig.9 The Sketch of earth pressure theory (at the passive condition).

-30 -10

-10

110

%5 10X  Critical Envelope. Lallemand ef al. (1994) #1231 E L, 1EK (0 = 2,300 kg/m’, p, = 1,030 kg/m’, u=
052, 1,=024, A=2,=088). ZVTF 4 ANTFAN—FEFLEHVTH a L DI T T THD, T
BHFICHDE T 2 o VBIRDRE - FREPEMEBITHL T 5. BEIR & 2 5 BERREBIC A
P RO 2T A H D, ThENEL K@ THRE G L.

Fig. 10

Critical Envelope calculated with following parameters; p = 2,300 kg/m3, p,. = 1,030 kg/ms, wn=0.52, u,=0.24,

A =2,=0.88 (in Lallemand ef al. 1994). This graph is focused on « and £ for Critical taper model, and it is
suitable for discussing whether the wedge shape is a stable or unstable condition. There are two types of critical
states, compressibility (purple line) and extensibility (light blue).

Lallemand et al. (1994) Ti&Y = v P ORH AP A 5 7=
DIZRAA AR T = v VO FhafER Hal 7L — b
BEAR R ER A B) AP L, TR 1 = 0.52, K
A NEERE 1) = 0.24, MIBKHELL 4 = 0.88 D&M
5 Critical envelopeZ ft 5 U 7z. A #iTid[E Ui 5 &0
EHCTER L7227 7 73 (510, 11[X). Critical
envelopekiE, Z7 V) T4 ANTAIS—FETNIZEWTI
BIARTD T x v VIGRB SN RE - RN REIREIC
BEPEIPEGLEIERICHONE XA T 7 4LT
b5, FIOXTE, vy PORKERD S a & B3
STABLE& /R E TV 2 NHIDFEIRIZ 72 v b Eh T

WL, 20O 2y VIINFENICRETH D LA D.
—7, U xv POBRISMAUDOIRIZ T 2y b B EE
i, PENICARRELIRE, 2F0EMIhTETND
IREE (X s ClidCompression) F 7z I E L3 EF TV 51k
fE (X7 T3 Extension) #4659, AL - HpiE sy - (2
D3O AAAG; %, ThEhy = v VKR (a, B)
ICHEDE Ty b5, FUKOLSIZHHEINS.
BARM 3L LTI TO®ED & & 5. ywdhi
WU, Ly, D2DDI8T 4 — & =tb, ywldE
M MET2HED 2720, ply,OMAADLED4E
DIk B, REBIE LTy, &TERESRNE D Yoo, CotlH S
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5. FFu p, A WHWESATHEETBE, KX (46)»
Sy i385 X — a6 —RNIB{ohb.

1 . [sing, 1,
Wp1 =5 sin 1(sind)b) L (52)

ZZTWIZp R B DX I a DK TH B Z &h
5, a%®—90° 72590 F TN, Zhiln
C 7 Yo 515,

b (Bt
KicX(44) 2 LT 5 &,
ﬂ = lllm - ¢000mp - a (54)

LD, BRIZa? by, Ve MfFoN T30, Z
NETA—aNEXGED)EHNTRERDE I ENT
25, DErSToy 8 §ERZa L pOEENEIH
72D, HI0XNIZI 1T DEMESRIC I 2 LY 1 D
F7=Z 82k B. p oW RAMICEE T3 Z T2
D H O, BICREF w220 T FRRIZ2
DOy, TEE L, Aatd D OuIFIZH & h 7z RE s %
BEZENTES(EEI10K).

F11 10X @ 3Lk X (Lallemand et al.,
1994 % JEIZARIK) . B UL HIA BATF D
RN RENPE S, REETH S
7 B F AR ME (B8 53 ) ARk (K
@) DEL S EFTRTNS.

Fig. 11  Enlarged view of Fig. 10 (created based
on Lallemand et al., 1994). This figure
shows whether the wedge shape of each
subduction zone is stable or not. There are
two types of critical states, compressibility
(purple line) and extensibility (light blue).

4.2 HMREH2: B—DikAABTNICHITETL—
MMEFRETE O®E B2

ZH 5 TIIH—DUBARG O H T O M % 8853
5. Fagereng (2011)1Z=2—Y -5V NIEEMHOR s 5
vV EIRBIALREIZ BT B 3 DD KA BB A W I T
SNy x v VIBEROIE ATV, Bk 5 7L —
MERWEOMEDENER L. 5V ETE, K
GHEREBFEWNEG A 5 TLARARTO Y = v VK% ik
FTREFAIIN) T = 3 BB LR NTHD,
Fagereng (2011) CIZHE#IN IR - 7z ALl - FEMIZ O s
THONZ3IDOOWIEIZZ ) T 4 ILTAIS—FETFT L%
BWHLU, vy POMELE 7L — bEBREEO®RE ST
BT, 277 v XWBABGFOEMTIET —/5—F
AN, REEESFHNZ LRk Eh3. —FTl
MTiEY = v VKL, MK D WERE RN &3
X7z,

Koge et al. (2014) 1 H AW % 5 G H— Tk AGA A
N ORI OZZM A& #im LT s, BEICHS
N7z HARUWGHEO RAHE B ELAW N 2 FWT, Ak
TU— FTHILR R 7T =Rk EORIIER &M
MAERE AT ) 7, WEHED T L —  BERTE O
FEBAEINZ &, X 5122011 F-D R O T O
D AT EEICBIMEA S B Z L AR E Nz (B 121X) .
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(Koge et al., 2014) .

Fig. 12 (A) Location map of the Japan Trench and the index of 12 profiles from seismic surveys across the trench axis before the 2011
Tohoku-Oki earthquake. The star represents the epicenter of the earthquake. The yellow ellipses represent the slip areas of
past major earthquakes and the estimated ages are given. A simple contour represents the slip area of the 2011 Tohoku-Oki
earthquake. (B) North-south variation of the effective coefficient of basal friction (Koge ef al., 2014).

4. 3 MHREHI: BNLEHEREVERKENDEA
Wang and Hu (2006) & U*'Wang et al. (2010) T3 2 )
T4 AT AN—FEF %A WEEHOMEINE, B:
ERIRRE, C WEENOEMIKGE, D: MERAEIRE
LEEA T T, TRARARD T L —  BiFEWE O
JEZE L & kam U 72, FHICER BTk E LT, Wang and

Hu (2006) i3 7'V — R R O @IgE 2 H 4 5 72912,

Ao wEsBAZTAy VB ET, T — FERWNE
DEROFRM 2175 FIREIREL, TOZtei#inL T
W3 EE1IBX). 272L, ZoRETIEMERESKE
BLEDERMEELT, T — b BIRWREOBEBRE w2
U x oy VADAREBRRREF LD ERET 5.

up = u(l—2) (55)

s REE, A RRICEOEET L — FOKR % T
WL — bAHIDELS Z & AR, RERMIC, RO
Tk & WO BEMANOBE % & 72 63, LirifE» 5
FU, AAZY G, ~b—, HRWEETEOFENHEE
ENTWBE. ZOKDS BEREIE, TROMEN LR
DOMEEDERENE XICTHETS.

AFHROMWMAEFHEFIEALBRTS. 5120206

LFTELEE, BBOAD Sa =y, =y, =y, VD
NEFRCHRUPEL, A, p ZElIlczoxTay b F2E, &
BROES> R 708 856035, T Z TldKimura et al.
(2012) LRIL/ST A —2TH B¢ =35, p = 1,600 kg/m’
£,=1,000 kg/m’ &l & UCEHHRIL 7.

HgRZE M Ok @) BMRIRETH v, difG 1 (55 23
R AT, ARIERER & O R S M (B R
JEOME &Y =y Y OMEMNECIZ& 5 50) u=r(
—DERL, ZORUZRD - 728553 A5 % i 7
R 5. BlZE, SRThiud, KA shELER
B =0.03-0073HEFREL D RITH 5D THIZIRETH
D, MBRAKLEL 2 =0.87-0.95Th 5. ke D%
FTAHRPAPRNFEE, FHERAESEIDIZKWRELT
W3y VYT S,

5. &9V

AFFHTEIHATE L= =D LI VT4 AT
A= FNOYEHIEL, LENE, SBHETY,
AR BIF E NR E LT B2 T oMb & FEEED
AP EEAR L, MICAERICEL TR Lo 72
& D e TEICAZIE 2R L 72,

AIFHAZ Y 72 o TIER U 72481 T o RFHE R I
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131X Wang et al. Q010)IZFED W /=515 FH & KD
NIV F L ANTFAIS—FETALSELNBER
REEZRFTHMTH O, KT (52) 25R-7. 2
)T 4 BT A 28— T FOUIGENEE (B5E45y) & i
BEPE OKEESY) D 2 oD RIREEICG L,
BOWIBBNREIREE RS, 2V T 4 HLT A8~
ETILOHERA AR & 259 % il CRFD) 22 6 %)
FERE L [EIRKIELL AR KD B Z &N TE S,

Fig. 13 The mechanically critical value of the wedge shape in
the purple and light-blue diagrams based on Wang et al.
(2010). All extensionally critical states form the light-
blue limb of the curve, and all compressively critical
states form the purple limb. Stable field coincides with
the critical-state curve. The intersects to the critical-state
curve ideal the assumed pore fluid pressure ratio.

Microsoftth D EFIE Y 7 b Excel TEIE - 25 7 DEX %
1o, WMoY 7 TR IMILAEDTH S, iz,
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TN LR T Y RIO SRR Z & AR L
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DR 6 NENBRE - AREEZFRTHIENTE
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RGO DFEEIZE DB T LI L THIEL 7=,
AFHRICHET 25 %0EE LT, FIEICHHL T
DI ST A — 2T 2RSS BV ETH D EH L

bNnb. KENEMBEHEE T — & & H 72 5 WAL ic
BT, T — MERWREOTRE»EEETIITKE S
WETIens, W7 X —4 OIS EL5 A
5. ZD7HEKkmDF — & — T & ITPSDM (Pre-stack
depth migration, HAFEE YA /L -2 3 V) DEH &
WRIE SN OB SR AT b 7z GHE MR A T
X, 7K 0IAHMANRE T 25838 EE A
Bt 7z I 20 S RS % 15 72 R C iR et
UL, WERFEGI, 2& I eV S RIS L TEHM
HERELS BEH->TLES. ThETOI S L TIREE
FHENCRTHRE R AR I T a7 £,
Wiriii D & DSy & W TR 2 A2 G L T2 5
EVWIREEFM P TIRIFEAE R INTEAEW, %
D1=HFEHASVBEARD A THEREDO—DL LT,
Wi 87 X — 2 a, [ O % IEHEL D OB THUS
257200 THEOELELNDE ZLEFEA TN,

B AT AE L HIINZD, KN FRITEEER
PRATEIZ, HA—HHR PR DO KIICIEZ < D
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EREDOHER AT A Y MZXD, ARIEKIEICSEE X
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