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ABSTRACT: Usu volcano, one of the most active volcanoes in Hokkaido, Japan, has repeatedly erupted at
intervals of decades since the 1663 eruption. Its activity has been considered to be characterized by the
occurrence of numerous felt earthquakes and remarkable crustal deformation immediately prior to eruption,
and by non-eruptive periods lasting for some decades without any volcanic unrest. Nevertheless, in March
2021, the volcanic unrest accompanied by an earthquake swarm at a depth of 1.9 — 3.5 km beneath the summit
occurred. After the 2000 eruption, two similar earthquake swarms also occurred in 2010 and 2015. In this
study, we report comparative analysis of differences between these non-eruptive earthquake swarms and the
precursory seismic swarms of the last two eruptions in 1977 and 2000 based on decades of seismic data. The
results show that i) earthquake swarms without eruption have repeatedly occurred in the deeper region beneath
the summit during non-eruptive periods; ii) the number of earthquakes in the deeper region has increased
slightly since two years before the 2000 eruption; iii) seismic wave energy release rates in the precursory
earthquake swarm of the 1977 and 2000 eruptions exceeded those of the non-eruptive earthquake swarms in
2010, 2015 and 2021; iv) the minimum magnitude of felt earthquakes at the foot of Usu volcano is M1.3-1.6.
We propose a schematic model for the eruptive activity of the 1977 summit eruption, the 2000 flank eruption
and the 2021 failed eruption earthquake swarm based on knowledge of the magma plumbing system, and

explain the volcanic alert level decision criteria for Usu volcano, which was revised based on the above results.
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Fig. 1 Seismic stations and observatory locations for Usu volcano. (a) USU, SAP and MUR indicate Usu volcano, Sapporo

Regional Headquarters of Japan Meteorological Agency (JMA) and Muroran Local Meteorological Office of IMA,

respectively. Red triangles denote active volcanoes in and around Hokkaido. (b) White, yellow and red dots indicate

A1l — A4 seismic stations (Table 1), permanent seismic intensity meters and temporary seismic intensity meter (SOB)

installed just before the 2000 eruption, respectively. The white circle marks the Lake Toya hot spring town.

DO EEFE LD, ABRILO~ 7~ 467 & kI EN Y
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Table 1 History of A1 — A4 seismic stations

FEME K E TIRMER 1 S0 X 2 BIHEH A E < #
Wi, ZOMBIICE T 2HEBMAOEEIZONT,
P L OFEC &2 AR - (2003) BB LCTERE
U Fig. 1(b)X X Table 1 {ZF & 5. Table 1 O fH|
FEEIT, 2000 M5 Kk 2 LI S mBLIIRH~ & AT L
FHRETHLZOEFEHIN TS, LV—F AT
X BRBIRPEIL 2002 4F 10 A BITHOA TR Y, BifF
X85 7' 1 7' F A hypomh (Hirata and Matsu’ura, 1987)
EHALTWS.

A BB >\ T 2000 AERE K LURE, ARG
& X GNSS (Global Navigation Satellite System) (2 X %
WRBLH 2T TS,

WAL - WAL DWW TR, 1966 4F 7 A ICHY 30 km
i - BT R A (Fig. 1(a)) 205 O MIREE % v
7~ BB ARG L=, 1996 48 12 H 7 b I3 ERHE
RE TR LB 2 7 2 0P L2 BLNC BT L
7o. 2000 A BR LML IE, FLIRE XX 4s (Fig.
1(a)) ICLDERBAA~LELIVEZOATVND.

RELASNCUE, 1956 4 7 A o BRFNET L ¢ o BB 4
DIRE, BIHELIRNIC X 2 R e, v SR B K OV M 3 i
BESAOBRLITOL WD, Tz, MFEmIRE D
FZ DWW TIEMLZEME 2 O 7o 8L & 48 1 [BIFR BE oD 4R
TiThbhTWns.

PARIZ7R U7z 1966 42 LLRE 0 BLIIIE H 125\ T, 2021
53 TOMBEBH LN OBFEREZ KRS 7 7
T Fig. 2 IZ/”F . R CIXMEIIEEIH 2, 1977 4EH K
X 1977 45 8 A5 1982 4F 3 A £ T, 2000 4FME ki
2000 4E 3 A M5 2001 4£ 10 A EToMM &35 (Fig
2(a)). FETEBHIC IS T 2 HIE O A BIETE R 50 (5120
T TR L TWA (Fig. 2(b). MEX « "E M K OVE B
RS S B, MEKORS A 18 1T R ) AR08 & I B B A

Seismic Operation Recording criteria Reason of relocation of the
station period seismic station
Al 1966/7/1~1976/7/26 To avoid noise of road

A2 1976/8/10~1977/8/7

A3 1978/1/12~1991/12/3
1991/12/3~1994/7/31

* S-Ptime <3.0s

* Any of the maximum amplitudes of the 3-
components > 0.05pm

construction
Failure of the station due to the
1977 eruption
Nearby highway construction

* Any of the maximum amplitudes of the 3-

Ad 1994/8/1~

* S-Ptime <2.0s

components > 0.3pum
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Fig. 2 Volcanic activity of Usu volcano since 1956. (a) 1977 — 1982 and 2000 — 2001 eruptive activity. (b) Monthly number

— A4). (c) Red dots indicate fumarole temperature at the

I-crater. Green triangles indicate 50-cm-depth ground temperature at Kame-iwa on the Showa-shinzan lava dome. Blue

dots and squares indicate ground surface temperature at the N-B crater as remotely observed from the south-western side

and north-eastern side of the crater, respectively. (d) Monthly maximum volcanic plume height at the summit crater.

AT LTV DR EIRTE 5 (Fig. 2(c-d)).
UboLisy, HERLOIEEHI I T 2 KILTEEIT
FHIIEFATH 5.

2002 4% 10 A LABE D BRI S3 A & Fig. 31279 . HuE
D E e FE AL, OWTEKNJREFORS 2~4.5km
ORI (LAT, ), @ILTEKHEE FOES 0.5
~15km®’ﬁﬁi& (LLF, &‘-ﬁﬁﬁafuﬁ) B X IE Fgh 111 &

HE 0~1km OFEE O 3 S5 F b 5. 20 £
Michzb, O~Q@LUADHEE TITHMENIT & A E5
AL TRV SIFRBEE .

23 FAHRLUOTIIHBERICETIHMNER

~ U WK A D R TR BR Lo K ILE B) o BRE &
WD DI, ~ 7~ DOFEHLET NI T S k(L
REZAFHICHAT L~ /v B R AR THZ
LMWEETHSDH. Aoyamaetal. (2009) 1T Z L E TOHF
JERRRICHESE, FHRILOM FEEICET LA A —Y
MARE L. KigTIEELORE I, #id L7z#l

BIRR KR O DM OEITIERRZIN A T~ 7~
WMRDAA—VKE L TEM L (Fig. 4). %ikT 5
2000 FEmEKLIBELZ 3 B4 L7 FES HEEMZ TV
%. AF T Fig 4 Z/HVWTAHBRILDO~ 7 <RI
DNTIERIP DR OIECTHBEICHWAT L. ok,
KIEBH BT D~/ ~OEHEROHMBEITH & OB
HIZOWTIL 6 ETHD TFELIEmT 5.

Tomiya and Takahashi (2005) }2 O} Tomiya et al.(2010)
VX O ) O KRR P R DR RICE S &
~ I~ DENFEERF L. ZOfRE, AERLo%E
M~ 7 ~BEYROEHR~ 7~ BEVITENENE
& 4~6km M OEES 8~10km (BT D EHEE L TV
5. EEEM A MG L LN T — 2 & VT2
FICLDE, B~ ~BEORTFIELESD EEXD
NAOWSICHRIEDSHEE SN TRY, EFNR~ T~
LB OFHREME IR S LTV B (R, 2007; 4k, 2021).

2000 4F PES O HIHIELHE (2000 4F 3 H 27~29 HF
AT %84 L 7 M 7R o0 BRI =S L TE K A JRUEL T O3
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Fig. 3 Distribution of hypocenters (October 2002 to June 2021). Red, blue and green dots indicate the 2021, 2015 and 2010

FESs, respectively. White dots indicate the earthquakes except for the FESs. (a) Epicentral distribution. Cross indicates

A4 station. (b) — (¢) N-S and E-W cross-sections of hypocenters. (d) Depth-time series of hypocenters.

& 2~4km (2454 L 7= (Onizawa et al., 2007) . Yamamoto
etal. (2002) 1% 2000 FFRE KRG (ZBLH & v 72 A 12 %
O 5 JE I 1L B B 0 3 AR TR O B A LK EL T O TR
S SkmIZHEE L, v 7~ BRICHEVIEAE Lz &R
LCTW2. 2o 0BEBFEOMBIZNT IS EIH Tl
NEERERICBBLEMISLTHEY, K~ 7~
FORHEE SN DHHO EEE 72X Z OHPENICY
7=5.

B~ 7 ~<BEDOEMITITENDTIEEEER/N
S, pOEREEEmMNAIANZm NS TELS 2D LI
AT 2 TAEE N HEE STV 5 (Onizawa et al.,
2007). 2000 ££ PES IZ>WTiX, 3 H 29 HAF#Z UKD
BIRDAT O AR JF I ~DPER & T HETE & o BIfRE
NI S Twv A (Onizawa et al., 2007).

B GEIR O HEIX, 1977 A L D BEANEEKOH

HNPE D BUNREIC L v, KAFEANO UT %2 2 LZEE
GFHEBICRTRERAELTVDEEZDLNLTND

(Aoyama et al., 2009). 1992 4E2> & 2017 4EIZ )T T
@ InSAR FEHF OFER NS 1T, IBEOME KITHE > B A
KROBHANC X5 EMAILE L T OEEHEE DK TN
i TV 5 (Wang and Aoki, 2019) .

RENGEE THRET B FES

1 BT ~_72# Y, 2021 /£ 3 A 9~10 HIZ FES 23 %
A L7z, Fig.2(0)» 50035380, 2021 4 FES 13 FETH
BT BRI E L CIXEHLAEHETH -
7. LLF T, 2021 4F FES O EEZ BN T 5. £7=
REHIOFA L & > DIFITIT > 7o CEFA A THER
N7 BRERTEIRZ B 15 B 2000 4ELLRIT O FES D3 AR
WZOWNWTHHET 5.
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Fig. 4 Crustal activity under Usu volcano as a north-south cross section (based on Aoyama et al. 2009). The deeper and

shallower seismic zones are indicated by the black ellipse and the circle with diagonal lines, with locations at depths

of 2 — 4.5 km and 0.5 — 1.5 km beneath the summit, respectively. The hypocenters of the 2000 eruption precursory

earthquakes were located at a depth of 2 — 4 km beneath the summit and also along the subsurface basement layer

which become shallower toward the north (Onizawa et al., 2007). The star indicates the 12s tremor source of the 2000

eruption (Yamamoto et al., 2002). The pinkish parts indicate the locations of the shallower and deeper magma chambers

estimated at 4-6 km and 8-10 km deep, respectively (Tomiya et al., 2010). The semicircle at the bottom, at a depth of

around 10 km, indicates the inflation source during the non-active period (Mori, 2007; Murakami, 2021) and the

deflation source of the 2000 eruption (Churei and Kobayashi, 2000).

3.1 2021 £ FES

Fig. 512 2021 4F FES O BWORE S, K KIEEK O
R ORI AL Z T, B4 L HIEIT S THIER
7RPME S HERD, KILEEEH#EH 5\ X AR
WELIFEND WY A 7 THD. Fig. 5 ITITatE
# (Table 1) Wi/ L7zHEBEDAH % RT A, 3 A 8H
16 1§ BT & di KR 23 1 1 J& HE A Uil D M s 23 F6 A2 L

RO TV, BIIEEREDL EoOREIL 9 B 09 Kb 3
B LEBY, BIR 16 EEIC1EMHZY ORI 10 [H

AT EOK%IZTI0H 01 BEEETCIHMEHZY 20
IR CTHER L=, 9 H 20K 04 505 22 B 39 250

MICi, ZOFEFFTRRKERIMEBEO~Y I/ =F 22—
K (LLF, M) FR&r~7=F=2—F (LT, M)
T14OHEN3IERAELE., HEERIHIXZEDO%—H
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Fig. 5 Comparison of 3 FESs after the 2000 eruption by time series. Grey indicates the period in which earthquakes occurred

in the deeper seismic zone. (a) — (c) Depth of hypocenters of the 2021, 2015 and 2010 FESs, respectively. (d) — (f)

maximum seismic velocity amplitude of UD component observed by A4 station. (g) — (i) number of earthquakes.

Colored bars indicate the hourly number of earthquakes. Black lines indicate the cumulative number of earthquakes.

Earthquakes with no hypocenter estimation are excluded in (a) — (c).

KT L, 10 B 12 BFE S 20 H%EEE 22T THOHLE 23
ML 7228, RH 23 B 13 538 & 7z 58 % itk
WHBE L7, 9 B2 S 10 H A EiH £ <o #IR AT 5%
AL HIB TR S 2.0~3.5 km {2, 10 HZF1% LU 0 H]
MHBIITIHA L HRITERE 1.9~25 km IZERE R
A L7z (Fig.5(a)). AIEOHEIZOWTIE, 208
SHMOEWmPBEEEZ 1T HHZD 1 km OFE X THE
WIZBEBH L WD LIRS,

ZOEFPITLEICRE I N TEEHEOBARET
K 0.5 prad BE OEMEH NN sz (REIT,
2021). BL KB EANAFFERT (2021) 123 A 9~11 H®D
GNSS &wtﬁﬁ?rf%it%@ﬁ“—a@ﬁ%ﬂb:% A
RILE Tz, HRENRET VRETES 1.5
km, {Mﬁ%{tg 5.9x10°m’, & A 7 €T VAE T L
WE 1.7km, RFEZLE 9.9x10*m? OFE IR A HEE L
TW5.

ZOEFIKE®RD 3 H 11~16 B
BOEMICEN A Lz (Fig.S1). 1 HH =0 oK
IERKR TS 60T, JFESHMIC I T 5 RMEROES
LLTCEHbLTNCEETRETH-TZ. 13 H 11 B
43T FA LT RO M 1T M1.5 T, RS TR

(CITHERA B T b

LR KHE
9~10 H o R HEN5E B oD T FE #5873 %
EHBLIAREELZ 2 LN D,
BEIT > TR,

FLIRE KRR BT 2 OFFNEE L T BRI R
KO KRER L~ 2 ~OF| B3 ThRrotz.
2L, BERILE LTIE, 2009 F 12 HORBEBIEY
BN R DMK T - ERiEM %O T kR
DT BE T 2 MR R ) K OY Tk LS B A 3 Rk (R R )

(Mjl4) EbbTFhicKREhoTz.
1 Ak oD Hit R E )
A TIEFE LWV

ERE L. 2B ETIZ, YFEOLRERKIGEOR
R 2 Appendix 1-2 IZE & D 5.

3.2 2000 FLABE D FES

2000 FEE K LA D BIR7AT 226, 2021 4F FES & (A
FR7 R ARSI B 1 D FES I, 2010 4 11 H & 2015
F 402 FFRPERTED (Figd). Znd 3 ED
FES Z L9 % &, H (e KRIRE &K OB 13 2021
4 FES 28 b K& <, 2010 4F FES 23 &/ & W (Fig.
5). 2010 4F &Y 2015 4 FES Tl¥, 2021 4F FES TH
LIV & D REE T~ OB E ITHERE I LT
72V, 7e¥s, 3 [E O FES ORI ON & LR & i3 5
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3.3 2000 FLLRTD FES

2000 FEKCARTIIHIERRE 1| R KA B7Z 57272
B, BEICIEAAREREEZE SN TV R8T — &1
A Ipu . ARG CIRBLINE R K OVSCHR & 2 d THE AR RIS
R LR, L &b 3moMEREZ B L.
RIS L7 A4 BRSO Bl % Table 2 12777,
ZDOH 1 FHNIFEHEB THE AL FES THDH A
RRMEDNFEFICE N LR O MM ol DUTFIZFEM
EiRRD.

Table 2 Seismic activity on (a) 1995, (b) 1996 and (c) 1998,

respectively.
(a) 1995
Number of  Earthquake S-P time (s)
Date . .
earthquakes time at A4 station
6:37 -
1995-01-01 2
19:31 -
1995-01-03 1 6:37 -
1995-01-04 1 10:32 0.6
1995-01-09 1 4:26 0.5
3:43 0.9
1995-01-14 2
10:16 0.9
0:37 1.0
1995-01-15 2
4:2 0.9
1995-01-16 1 21:21 -
(b) 1996
Number of  Earthquake
Date ) S-P time (s)
earthquakes time
2:45 0.5
3:53 0.6
1996-05-03 5 11:43 0.4
21:15 0.5
21:16" 0.4
1:02 0.4
1996-05-04 2
3:15 0.4
1996-05-06 1 10:46 0.6
6:02 1.4
1996-05-07 4 16:47 1.3
19:35 0.4

21:24 -
1996-05-08 1 21:53 0.5
1996-05-09 1 17:44 0.3
1996-05-10 1 1:32 -
1996-05-12 1 22:14 0.6
(c) 1998

Number of Earthquake

Date earthquakes time S-Ptime (5)
1998-07-17 1 3:36 0.6
1998-07-21 1 6:28 0.6
1998-07-23 1 18:23* -
1998-07-24 1 0:20 0.5
1998-07-26 1 21:39 -
1998-07-27 1 20:41 0.6

2:12 0.5
1998-07-28 2 635 0.6

Dates on which no earthquakes occurred are omitted.
Dashes indicate no records, and asterisks indicate
earthquake that was felt at the foot of Usu volcano.

Underlining indicates earthquakes estimated to have
occurred at depths of 2 — 5 km beneath the summit

corresponding to an S-P time of 0.8 — 1.2 seconds.

3.3.1 1995 % 1 A FES

Yokoyama and Seino (2000) {X Hm. Okada K76 @
MfELE LT,
occurred beneath the volcano and their hypocenters were
determined by the UVO at depths of 4~5 km with high
accuracy.” EFRIT L TCWD . F£7=, 568 kI AT
HEAE S O FG (KRIT, 1995) K OHEEE KF D
e DR (v E R B 220 (1995) 5 BAF, dE R E R
kD&, 19954 1 A 14~16 RIZHAER e 0 /h &
WHITRZY 40 B S, TR 6 0 D 5 2 TR
ITE & A RO AL PE R 2km O JRFR IR R4 (Fig. 1(b))
DT SHK) Skm (THEE S D LG LTS, A4 BLI
RACBIT D HE OFAEREL K Y S-P E%%F”ﬁza‘: Table 2(a)
[ZR7. S-P KERIAY 0.8~1.2 B T X TR TR
AL-HELHBICE 20 GEIXSETE~5%), 1
H 14~15 HIZ S-P K§[E] 2% 0.9~1.0 B DR 4 {15 %
AL TS, dERERHTIE 14 B 03 B 43 Sy 0 HIED
BOE @& CURIRA S TR Y, [F A FEFZ O S-
P KER (0.9 7)) OMRBEMEAE XL TV % (Table 2(a)) .

“In January 1995, an earthquake swarm
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INLDOTF—H IR DOHEOLDOLEEZLND.

LR EHT X IR AR MR R O R S K Skm ITHEE L
EEENMBH SN TWVD 2, 2002 FELIEORSTIC L
DV —F AL TR R IR R A R L o R
E1OobFAL TR (Fig.3). 22T, ZOER
HEERRIC O W T BICHRET 5.

A4 BLI L GRS AE Sk O A BILR K OY S-P RE [ oD FE
D, KRR 3.8 LHEES LD (A4 BLNA &
BRAESER & 0 B FEREAY 1.5km 2> OIE S 3km LT B &
BEVRBERE L 3.4km, S-P IFfHIT 0.9 B & RE) . TAFR T
RREOWES Skm ICEBE A WE LGS, KREFRK
3.8 VD & A4 BRI A CTEIND S-P IFEIE 1.7
Beid., ZIFBE Iz S-P R (0.9~1.0 )
ERECHERD., LEB-T, EBEOERMEIZIKR
R R IR IR R AR FOAME XLV b A4 BUALA
Wi ole bEZ LD, LKRER O BN E I X5
BHREDLN, BRAMECEE T — 2 BBFE LRV R
BEEIZNEE 2RI H B, Lo, dERERHICH D E
TR 3 A KT iME&%?%ELkﬂ%@%ﬁ%ﬁm
vy hENTEY, —EHOHENFHEIIBICHET THRAEL
T EEEEWRSZESITHD.

LEDZ Enb, 19954 1 A 14~15 BICHA LT
HUEETE By T fE A & BIR & L7z FES Th D wlhedk
NEWEEZLND.

332 1996 FE S ARV 1998 F£7 ADOHETEH
R[EGIT (1996) K OMEWFE K ZHEE (1996) 12 K&
D&, 1996 455 A 3~4 HICHUENSHIN L TH R E
HRAE L. AEHEOBFIZLTEETICHE ST
W5, S-P RN D b Y WIS TR IR TR AE L
7o EHEE T E A HURITEEV (Table2(b)). 7238, 5A 7
HIZ S-P HEEIA 1.4 RO 1.3 BOHENRTEHFEIN T
WD, ZAD TR TRAE LR E XD
NoH%n, FMIEAHTHS.

1998 4F 7 A 23 AIC b IERCH LR CRE 1 BE

DIENEEST-HENRE S TS (KET, 1999).

Z 0 M O EIRALE IS O W TR AL E K % K F B PR
S GE R HE LA FE LR v 2 — A R 1L L
A (1998) (Cixfdd &N CTuwigy., £z, S-P KR
AR Z L b REAEBROH W & TE 720 (Table
2(c)). L2rL, WHFNLOME R OFE TS HIE D HIE
Thol-Z &b, FES TR WATEEMENR E .

FRR2EHE BT =B RLFEMIRAHATSH D

B D WERTEB) O BEY

B, VRS CRAE L L HE T A MEBREENT
BOT, EHHELTO FES THARN -T2 EXD.

4 PES & FES O LbB
BHILTIEINETORRN G, HESRIIE KD
ATJRELG Ch 5 LRk S T & 72 (HERILkLBL St
oz, 2021). LAL, 3ETIRALEY, 2000 4FME kK
PIBE727 CTH FES < L 3EBAEL TS, 2
5O FES & PES OFEWIZ DWW THIEZMIC T
HZliX, AHOEATHFIEEE 2D LCIHFICE
EThbH. RETITIBED PES XU FES IZ2W\WT, #
B, MR T KL X — ik R OV KR R B 52
BESAICEE LB R 2 RS

41 HREBEESONZRIFHAIRVT—4

FERT R L L& 6 o5 ARS8 T 5 BLHHE
HlENR R D20, BT LLRUEECHRTS L
WTERW. 22T, UFCIEREEBIITSRE L
THBI R REDT —ZIZOWTHAT .

4.1.1 HhEMEHK
HEEI B O R IE, HEREAEE D 50 BIIE LR
Mo 72 2010 4= FES &R < 4 F41 (1977 4F PES, 2000
4F PES, 20154 FES, 2021 42 FES) #xt4% & L7z, 7z
721, 2000 4= PES LA D H 41 Tid A4 BLIAR, 1977 4F
PES TIX A2 Bl S ORIE T — 2222 T
EEIBRTEXRWILICHBETOILERS D.

412 HMERIRILF—HHEE

TN H3ICEINTWS 4 4] (2000 4 PES,
2010 4 FES, 2015 4F FES, 2021 4E FES) # %% & L
7o MR T R XN EORHIZIE M 2.
PLTFIZART M ISR & 72 0WBR Y, BT ERE %= H
W2 SHIBE (2004) O FIEIC K o THEE S vz Mj I HEHL
L7ebDThDH. /2, TEXLHRETLZLOHMEOM %
AT 5720, IRk R MEIC X5 — b AE T M
BDRD SN TNRVHEIC O TIE, A4 BHLEOE
Mg — LT L M &2 Bz GET 4.3.1 ).
2000 4 PES 1 0> MR 13 Y4 B D — SeAL L BE R 421
RORVEEHHEN NS, MyRHEE S NTZD1E 3 A
28 H 00 I 10 0 AREICHAE LB ICR SN, —
77, A4 B CIXIFEI R 00 BF 44 Sy o MUELLKIL, Hb
BISE OIG B ICE VIR TRIE IR D Gl 72 R EgIC
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oot LEoZ v, 3 4 28 H 00 K 44 43 LLRiT O
MR T A4 BRSO ETHERIENOHE LM %,
3 A28 H 0044 3RO HETIIMjZET N
WTHIR R = 2 L ¥ — i B Ak 7.

2010 4= FES IO FHBIZ OV TIX, M BHEE I
TWAHIEIZZNEI 2015 4 FES T 15 i, 2021 4
FES T 36 I3 £ 72\, — 5T, 2000 4F PES & |35
Y, D OEF IS Ad B O TEIRIE AR 0
UIVREIC 2 s HIEBIZ O E 2. BLEDZ &
B, INbH 3HEHIZHONTIEIET A4 BRSO ETH
FERE»OHEELEZ M 2HVNTZ R VX — &S
Kbz,

413 BXRENZBEHRES A

A4 BRI OERRMAE o 72 1991 45 12 A 3 AL
Z X402 PES, FES & OVFETGEh I o0 & B0 70 R TG 8)
DWW T 24T 5. HEBIE® O ki G-R HI
(Gutenberg and Richiter, 1944) % H 523, Z O Fik
WEHHEREMOT— 2 N0EE RS, LinL, x5
] H oD A Sk i 7R AL T A0 VLR A O R R Y — E T
RNz, M IEEIE Tl e v, E 72, A4 BLIHLRIE 1996
11 HETEMEROBROAR ThHoTZ b,
ETFHEEREEZH M OHEEDS TX R0,
BURLRIBE BE 23 A O A TIE, EEOBRLSICB T D
RKRIRIE O BEBESH D SE 605 A AR-flHO K
(FAR-fH,1939) B GRAITEFAHZTH DL Z Lo b,
M BHEETERWESICERET -2 HVEN 5.
Fe KB 3 SA R A0 A O 2 1% m il & PEIE AL, b
LI m=b+1 OREFENK Y 2> (Asadaetal., 1951).
Z 2T, AR TIREALIRIE A VTR KRR I 51 2 A
E A O LR E 5247 5 .

42 HMERBOKEHEE
ARETIEAFHNIC I T D S Ek o MR 5 R G
B9 5. Fig. 6 TIXHGIFE LORERIEENLE LT
Wk DT, BEEEIEN 50 FlE Ao R AR S L
T, EFOIOMAEREMHREZER TR L. 1977 K&
Y 2000 4 PES O EfR I, HELHIC L VIER
INSWVWHIE OFH BB A C TV /RN H 5 K
W 2 R TR 72 2 oo 31T o0 R R et R o 4501
BULIBAERKO FREZRL TS EEZLND.
FESEI 4 50 [\ DARE O RE[H] 58 1 & bhie 2 &, 1977 47
KUY 2000 4F PES Tl iR [E1 45 A3 sk iz 88 m L <

WAERT R CTEALD . FhiTxt LT 20154 & 12021
4 FES TIX, HB RIS FE RN+ 2 2 & 7 <
BT NKE LTV D. —J7, AR 50 [0
DI CIX, BAEMFEOME M) X 2000 4 PES
XV % 2021 4 FES 7 A K& . 4 CIEREHE R
By 50 [\l & Z DRI% TR O KN HiEd 5
fo&lpoTWNAD.

ZD RO, B DR LRI MR B 3 s A I
W 2 R 80E, 4.3 HiTlb méﬁﬁﬁiz»% m
HEORHBERE THRMKICED LN D. &FBRAIT
5ﬁ,ﬁ%ﬂ%ﬁ@%$%@&%@@soﬁuhwﬁ

MREBEIL, BAKOEGEZHAMT L7200 —>DHEE L
DA RN D D.
350 .
] #2000 PES
%1 1977 A
250 |
19 ]
2 ]
E 200 ]
=
[
2
B 150
> 4
E
3 100 ]
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50 ]
o]
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Fig. 6 Temporal development of the cumulative number of
earthquakes. The green, black, red and blue lines
indicate numbers for the 1977 and 2000 PESs and the
2021 and 2015 FESs, respectively. The dashed lines

show counting uncertainty due to the large number of

earthquakes in 1977 and 2000 PESs, respectively.

43 HMERIRILF—HRHEEOHBEE
AETIEEEGICBITI2HEO M ZH#EL, M »
LEHLEZMEN T X LVX —HHBEORMEEEICHE
HT 5.

431 MO#E
M [ ZL T oSt (2004) X TR BN D.

M; = LlogA + B,(AH) + C, 1

0.85
ZIT, A E A4 BRSO E ETFRE (1005 m), B
ILERBER A, A XEREERE (km), H IXZEFROBEX
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Fig. 7 Comparison of (a) Mj and Musv, and (b) Mj and M’usv. The black, red and blue dots indicate the 2000 PES, the 2021

and 2015 FESs, respectively. The yellow line denotes the results of a regression equation (2) obtained by using the

least squares method. The black lines in (a) and (b) denote relational expressions showing M; =

respectively.

(km), Cy (T8I A FE R
Ths.

ARG CIE, TRERMEIE TR AT I MBE O E RS L A4
BRI R O EREG S ERER A=1.5 km, BRO%E
S H=2.0~45km & L, fitli (2004) O Fig.6 7> H i
HE - CTWEHE B =05 &£ L7z, Fig. 7@z Mj & (1)
A HHEEIND M(LLT, Musy) @ Bf% % 7R 9. Musy
T M L TR RKREEY oHmNRONs. 2
T, MACERBEBREZRELTT 4 v T 4 T &2ITV,
LT oREX 2) 2157,

IS UM IEE (KF T 0)

Mysy = 1.14M; + 0.36 ()

2) KEHAWTHIE L Musy (LLTF, M’usy) & MjD
B4R % Fig. 7(b)IZ/R 3. Mj & Musv D BfR & b L C,
Mj & Musy DBIRO TR 1 % 1 OfRICE V< 72
STWVWDZ ERGmD. Lk, KTt M usy & #
T 5.

4 FH D MT K% Fig. 8 IZ/R"T. AIRO@EY, 2000
£ PES TUZ 28 H 00 B 44 Sy LIRTIZHAE L7 MR IZ X
FNLBEOHEBICIE Mj 2FZNENRMEH L
M’ usy & xt5 & L7z 3 [Bld FES

M’ usv,

(Fig. 8(d)) . Fig. 8(e)iZ

Musv and Mj = M’usv,

K TR 2000 4F PES @ BRI BB E 540 &2 Z h £ hoR
3. WT 4D G-RH| (Gutenberg and Richiter, 1944) (2
WD EARET D L, RAEBE S OPTALE A D DN E
ORREN IO TR M usv=20.1 LHEE SIS,
PREs, BUBCR SRR AE EE 4y A OO AR 4y O & ot i

(b 1) % 2000 4E PES & 3 [A> FES T3 5 & B
LINMTER STV DEN, ZHICOWTIRRE THELL
5. Fig. 8(d)T 2000 4E PES @ M; D T [ 73 ¢ [ %

HICREL RS- TNADIX, MIESBIZL /X
WHIEE S BRBIARGRIC R o7l B2 b D.

M OKRKIMEIZEHEE TS L, 3[ED FES DK M’ usv
Wy 20 L FTHDH. —7F, 2000 4 PES DK
Mji% 4.5 T, M2 BL R 760 EFEEL TWD. i
LD EMD, 3EO FES &l LT 2000 4 PES @
HEGEIIERAMIIE R s 2 B oD,

432 HMEEKIRILF—HMHEHEOLE
il 2 D HIFE O HE I — R L X — i & EQ)DOH#HEE IS

UL TF o (FHE, 2001) &= H L.

logE = 4.8 + 1.5M 3)

_11_



BRERIFHR S 88 &

2
1 1 5
T o.r 871
i (k] A
_1 - 1 ‘ [ - ‘ -
(b) 11/09 11/10 11/11 1112 11/13
2 I 1 1
04/18 04/19 04/20 04/21 04/22
) (c) 000¢
T 2 L L . %
=) L o
e 1 r 1o Thediain o [)
= 1 ' ‘ VI ] oo
) 03/08 03/09 03/10 03/11 03/12 i
=z °°
o
10 4 ®
] o
%
o
o
- I - 1+ O+
03/27 03/28 03/29 03/30 03/31 i 0 1 2
Date (mm/dd) Magnitude

Fig. 8 Time-series representation of magnitudes. (a) — (d) Magnitudes of the earthquakes in the 2010, 2015 and 2021 FESs

and 2000 PES, respectively. Orange and red dots indicate estimated M’usv and Mj, respectively. (e¢) Cumulative

number of earthquakes versus magnitude relation. Orange crosses indicate cumulative number of the earthquakes

(M’usv) for the 2000 PES. Orange circles indicate the sum of earthquakes in the 2021, 2015 and 2010 FESs.

G RCEVHEEL X LT~ HEORREE &
Fig. 9 2789, 2000 4= PES ® T /L ¥ — D & i
) 2.8x102JICET D, ZhICK LT3 [EO FES 1T
RKRKTHo7= 2021 £ FES TH R A F—0k &
1% 1.6x108J T&H 0, 2000 4E PES @ 17,500 73 @ 1 (Zifd
EXAAAN

T XX = EIZ O W THREMIZIE 2000 45 PES
Db REWD, [FEHBNGH 12 FEE%ZE E ToOH
T BRALIE, 2021 4 FES <° 2015 4F FES O F 3 K& W
(Fig. 9(a)). B D =12, JEBEIBHME S 24 BrfE %
FTOTRNF—HHEDOHERY| % Fig. 9(b)IT/RT .
2021 4= FES O == /b ¥ — et & 1305 B BH 46 o> BRg [
BB EOMETHEML, £ 10 BEE»SEE N
AR & KRB0, K 15 BEZICIIEE SR
W20, ZOFEFEKRBIZMMN-TWAD. —F, 2000 4
PES O F )L X — g BIZBMA DK 13 BEfH% S X
IR HENRKREL RV IAD, 16 FEfE (3 A 28
H 00 FEtE) DIBRIZMHE N S DIt K&EL< A0, ZORE
EHEFF L EERB LTS,

UEDZ Linh, HIMBRIZK T 5= F—ii
BOMBEZE T TRENICEKIZCELINE ) nE
W22 LT LNEEZHILD. 2000 4 PES T
VX R R AR R A 2 B D RV — U R A
FELIEEEEKICES>TWS. D —J7, 2021 4F FES
TE—E R MRBEE O IE = 3 X — R T
L, ZOB%TOEEKEL TS, LEB-T, #E
TE B BH 4 7~ & — 7 Ry FE R 0 2 0 = 1 L F — B =R
HHLIEZLGA TONIT, BRBREHHEBR T L LT
IEHTELAEERZHDEEZOND.

44 JBKAIRBEHRABHES MOLEK

431 THTaR~7=3 v, 2000 4= PES & O 3 [A]® FES
O HUS R B AL oA O E ARy O E (b fH) A b
B2 E, BIEEBEICHAT/HEY (Fig 8(e).
A4 BLURLR 0 S-P RER 20 B (R FIE ORI 5 3
TibR2) LIEEEROMEICONT, ETEMIE
g DORERFN RO 4 SO (O1991 4 12 A 3 H~
2000 4F 3 A 26 H, ©@2000 4 PES (I&ENBH 4R O T
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Fig. 9 Time-series of cumulative seismic wave energy. (a) Black, red, blue and green lines indicate log scale cumulative

energy of the 2000 PES, 2021, 2015 and the 2010 FESs, respectively. The horizontal axis shows the time since the

first earthquake of each event, and the black and red lines show daily boundaries and eruption start times for the 2000

eruption event, respectively. (b) Enlarged view of (a) with linear scale cumulative energy.

WIESE Y Ul s 3 H 28 H 00 B 44 53 £ COHIR),
32001 F£~2021 43 A 8 H, @2021 4 FES) O ElE
BB FESE B A AR & Fig. 10 1R, BREEE 546 O
E D EBRIC A 2 IREFIFA (0.4~1pm) ICEHT D &,
QORMEME N AOMEE (mfE) XTO@@DZEN L I
L THLNT/AE N, @QIZOWVWTITHIES RO
TIRMEO/N S WHIER O MR AE L, Rod L
MINEL RO TWDHREENHSD. LavL, Yok
B CEAS - 1 (2003) @ 3.2.1 ™) 2RI 5 L,
g e LR IEZENIEEZR LT 5T, EEo
INERHMEEREL TV S AREERIREVWEEZ LR
5. L7eh->7T, PES ORBHESMOME (m E)
OEWVIENMT EOLOTIRENEEZONRD.

BLHS AR 25 O EHEOLREIZTERVD, 1977
£ PES @ m fESFERIRRE & /&L ol L O
HERBHD (KE - fin, 1980). ZhbDZ LxEEXD
L, mfE (b ) ZEHI Ak THENCRBRAIE LT
EHTX 5 AREMERD 5.

FIAATREZR BT — 2 MR SN TWDH T, KT
EZNLL EDFELWRFHI T > T, 5%, 7—
ZEREED, RN L &0 ERNRELEEIT
LB, mMEOEVWEIET LA =ALIZET D
BEREITINENDD.

5 REMGHEZTHLEAESHEDOERK

RETIEEKOE»H~BEM»OMHE DR
ARBRIZ OV THRF T 5. o kL Tix~ 7~k
DEMMEIEHES L LT, BVEEO & E 0 /N
KRELZERDFETDHARD D (B A, + 15
Foe i, 1987, H K&, 1998; %1 If :Nakada et al.,
2013). AERILTIE Fig. 2(c-d) 2> B3 % X 912, 1977
MR KON 2000 EMEKIC AT T HBNEBI O E 0 1%
R I TR (B, 1993;E A - fill, 2003). F
72, OO L LIE O KIZDWW T b E B ETIEE
RBEBZONIBEHOE T ITWE SN TR,

2000 40K DLAIIZ 1 HLZ 28 @) o0 @ e LI A3 4T i
TV o T, M0 iR UHBREBENIC L5 EW Mk
~ v ERBoFMERIIERHIh T b o0 (5,
2007 ; A 1, 2021), HERAE B O R RTIKER S O F
RFDFHMZOVWTIIRHTH S.

DLEZEE X T, R CIIHEEHICER L-EY
MIATIRR R OEIRZ 1T 5. Yokoyama (1985) 1%, 1977
MK OBERT O HRTEB MG FEAL L T 72 T RE
P %5 LT\ 5. Oshima and Ui (2003) % 2000 £
Wk O RBIARTIKES & LT, MEBIEB 0GR
A Tk D ARl b B S 7o H T KA 0 24
(Shibata and Akita, 2001) ZH Y LiFTwad. #H
(2016) 1XHFEIR M & LT, Mk o Yy BB I 13T
BRIl Z b & U 72 IR 5k o0 B i B e S0 1L 3R 0D %6 A= |1 4K
DOEMAYFEFIN D LB TW5DH. —JF, Aoyamaetal.
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Fig. 10 Maximum displacement amplitude of the vertical
component of earthquakes occurred in the deeper
seismic zone beneath the summit over three decades.
(a) Amplitude-frequency relation. (b) Amplitude
time series. The colors and symbols in (a)

correspond to those in (b). The green triangles,

orange circles, blue squares and red crosses indicate
earthquakes from 12/3 1991 — 3/26 2000, 2000 PES

(3/27 8:24 — 3/28 0:44), 2001 — 3/8 2021 and 2021

FES, respectively.

(2009) X 2000 M5 KRR O M O FE LB L & FLik
L, BAKEHZD 1995 FELETOKEE TR TR
W E DD, WEKHTO MRS B O TR R IT R BAY ATk
RHELITEZIIKWVWELTWAS., L, ERRoOEM
B 72 MR IS B B3 D FR o B 5203, HuUE o Z AR IR
WCOWTEBL TN EICHEENXLETHS.
Z 2T, A TR ER R ORI BT %
LN O MR R A E O R 2z o T
HEITo Tz,

51 BEHNI0EMOMEREEHOHETE FE

2002 4F 10 A LABE DR 20 FMIC D72 2 K[ ET DV
—F VR TIRGE S AV BIR AN & HT, A4 B
EH B LB DK 30 FOMICHEAE LI IR D S-P

BT —Z 0B 2N oMEo3RAmER % e+
5.

Fig. 11(a)iZ 2002 4 10 H ~2021 4£ 5 A O E
J D BEIRAE I L OV TR A L I B OB IR O
L AdBRRIZB TS S-PEREEOBRERT. 2
D5 A4 B AT S-P EERE] 2% 0.3~0.8 % (0.8~1.2
B) ThiiE, RS (REEE) THAE LR
ThHHIERNDND. ZOMBREHAWT A4 BLHIAD
S-PIRE[H] 2> & B U 7= 56 A= SE I8 1) o0 i L (] 4 oD IR ] %
&% Fig. 11(b-d)IZ 3. xF G HIMIx A4 8L AE M B
ELIRE 1991 4F 12 A 3 H~2023 4 5 A 31 H O HAH
Thb.

ERO TR THEORAEK E #E T D DI
MRASUTER AR 2 L HNETI2LERD .
L7 o T, BRASILTE A O JFASE LA O B4 1T A
FEEFBEHATE /. L L, 2000 R K% OK 20
A [ O BB IR 3 AT 0> O 1R TE B fE I o0 [ B I RERE 2 (kT
HEEFITRBO bRV (Fig. 3). LERn->T, KFiE
THAEBEBAHE LK RIAEDTHLEEZON
5.

7235, 1994 45 8 H ORI F#EZS B (Table 1) (T fEV,
A4 BRI S OB T F AT & L TIRTF LT
HILICEERLETHD. LrL, S hzmE
O % AR B VR 0 0 A3 A RS ) A o T ik HE S T AT
DERLLARNZ ENDREREEITWNEE X
D, E7z, 2000 FREKEICITBRAA R S LT
WBN, RBEEIEFE SN TELT, o0&k
FEWEEZLND.

2000 4EME K LABTIZ DV T, 3.3 Hi T L7z 1995 4F
1 HOFEFILMC H FES 2334 L T 7z alGEME T 49
LHbEETE AW, 72, R 1994 4 8 H ORIk
YEZS T LRI AR 50 ) AS ARSI i 720D, K0 /A
7R FES AREAL TWIEAREMEN®H D . 72721, KT
ZZh6OHIMIZE T S FES OFAEIZ D0 TIHFRIZ
EELLEWVWLDOLETD.

52 FREPRBOMEEH

Z 2T ET, BIEI TR L PIEIC X D BT
Rigik S ?”WB’*ET@W)E%‘HE’Jﬁﬂﬁ%@%&é%ﬁrﬁmﬂﬂt
WDV TR . RIT, 2000 4FME K RO BRI F B & o
%@&U%mﬁﬁk&mﬁ%Tuowfﬁﬁﬁb

521 REBEORHEZEIL
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Fig. 11 Seismicity of Usu volcano for 1991 — 2021. (a) Comparison with S-P time at A4 station and depth of hypocenter.

Red, blue and green dots indicate 2021, 2015 and 2010 FESs, respectively. (b) Time series of S-P time at A4 station.

Yellow and red backgrounds indicate the 2000 eruption period and earthquakes in the deeper seismic zone, respectively.

(¢) Cumulative number of earthquakes for 1991 — 2021. The black line and orange dashed line show the cumulative

number of earthquakes in the deeper and shallower seismic zones, respectively. The black dashed and dotted lines

indicate the date of beginning of observation at A4 station and changes in recording criteria, respectively. Yellow

indicates the 2000 eruptive period. (d) Cumulative number of earthquakes for 1991 — 2000. The lines in (d) correspond

to those in (c).

2000 ARk AR D VR AR IRk o0 MIER FE AR A 1T 3 [
@ FES % BT IEF 5.0 [B]/4E T, 5B oM A2 IER
oLV (Fig 11(c)) . —F, W LIRTO 3 A I
11.9 [I/4E T, MEAHE & T 2.4 6%, 2o fRRE &
I ERTLIEAPBRDOOND.

2000 £EME K DIRTIC W T & 0 SN b4 % (Fig.
11(d)) . HUERF RSB O HE B R 1% 1995 4FEHICHE Y,
Oshima and Ui (2003) 23487 % X 912, 1998 4 LAKE
IZESICHBEICZ2 > TWD. 1998 4F 1 H 1 A R D3
AEBE A T 5 &, 1998 AELLETA 8.7 [/ TH D D

IR LT 1998 4ELIKEIT 18.8 BIA4E & 2.2 1272 > T\
% . MEKERTO 200041 A 13 H~3 A 13 HD 2 A
ik, £ LT TRIOMENIEA L GERKHRE
T42 ENZFEY). LavL, TD%kIL3 H 27 H 8 HF24
5y ® PES BRI 2 F T 1 HIBFAL TR,

522 HMEBAKELOLBRUEAEOBRE
Shibata and Akita (2001) /KN AL — FEILE O B

K OES 4~11km O EARE IR 2 E L7256, 1999

12 A 31 H~2000 4 1 A 3 HO—RA 22l T KAz
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BRERIFHR S 88 &

EFIT 1x104~2x10°m3 DRFEI TR TE 2 L L
TN 5. 2000 4F 1 A B O — R 722 #t T KAL 25 (b & 7R3
B OMEREP L TRELEZHH SRR —K

LT 2 RUEFEE I BLBRZE V.

TR E I O HUBIE B) & i~ 7~ W E 0 1T L
ALEBRICH D (Fig. 4). AIE TA L72 2000 R0k
HIOBE~ENA A — L TOMEES O & E VI,
B~ 7 ~WEY OEESLKILERED LFIZED
SlEEZSNTEFREREZLND. BH~ v IBE
D OIEB IR~ 7 < E D OB (Fl 2 X307
RO~ 7~ L0k REOMES) OREEZT
TWEAREL B2 N E N, ThErEMFTH LI 7%
BT — 2 MG T2, W X, ERREE D
MBS &R~ 7~ E Y OIRENT T B2 %R
WY, WREERICET 2 AR OMEEBORmEY
HEMMRIKESR CTho mAREAFG N EEZ LN
D, JATHRE THEAE S T T W K Bl o0 R 38 AR AR
O LR, ARIOREIC L&D TERMICHRT D
IENRTERELEEXD.

F5 I B I 0 VR BR AR S 8 ) B MR R AR A B LT,
2000 MK ETO X 5 7e ERBEIANEER D b vz (Fig.
11). 2023 FEFEATIE, 2000 FEHKRTO L 5 72 RHW
T MEBIEEIE RALIZAA E > TRV O d Liv7e .
WIS E X, R TR LGSR IC B T B MR
o RHAE TR 2D ECEERER
ELTHEHTOIRERDD L EXD.

53 ZEMEBHOMEEH

Ik OB R AEEIC L REMELERE D b
D THET DL L BIT, BT L EICKREZE/LO
AR AN T 2BEEIT.

531 HRAHEORKEZL

T U fE 5k o> MR R AR BE 1L 2000 4EME KR TEN
FH77.0 BI/AE, 216.4 [Bl/4C, MK LURE 0 56 A B8 B A
2.8 FI2 %> T3 (Fig. 11(c)). FE7=, 2000 £EME ki
BOZNZENOHBERNICE W THRFREZ{ERED
D, MEKDLAETIX 1999 4F 8 AELRAEMEN LA
THMEMNRD 5D (Fig. 11(d)). 1999 4F 8 H Rtk
THET 5 &, TLLAETD 68.2 BI/4E, Z L LAREDS 180.2
FEAECTHY, BETRIED 2.6HETHD.

— 75T, 2000 4EME K LA CIIAEE MR Bl ok
ZLTEY, RS L HCRAEHEEMEITLTWS

(Fig. 11(c)). #1z1F, 2000 EME KEH% O 5 ERM & &
IS EMORBAREL LT 5 &L, TE 2713 1
MEB XN 1443 B/ L 72 0, BB ITRIE O RREI
o TW5.

532 BEZEEEERRV 2000 FEXEDOERK

23 HiTH AT Y, EESGEEL O MR IEENX 1977 4R
R OBANEKROBIMFEICER T EEZONTE
D, ~7~BELOEDEOBRBREIRAHTHL. £
NICH B 5T, HEIAEMEN a) 1999 FE D L
H.L, b)2000 M k&5 & L CHEIZ EH L, ¢)2007 4
ENHIEW-< VIERTLTWD Z & BEBRE .

a) IZ2W i, Aoyamaetal. (2009) 2% 1977 4= K
NODOBBAERD L HICELZLTWD. 1977 FEWE KT
o~ 7~ B ADBRE T B SR O E KRR
REICdH 0, IR CIXW R IEE) T K 295 % e HUE T
AL LND. LovL, ZO®BITRHRE L ITHA
SR D O JE P~ BIE S X 0 BEE W E o R E A
DD, ZORKE, WHEESSHEET <Y M5k
WEET ) ~LEB L, MEFHENETLZ.
2000 “EME KBTS £ - - HUBTEBN E o ER/IX, 2 oW
D7ut R REETEEMBERT Y ~OFER) %
KMLEbDEEZDLZENTED.

L TE 2k F L 0D i 265 1) 3oR B 03 IR ) 6l & R IR
LTW5Z & (Wand and Aoki, 2019) HEsE x5 &,
B 0 RS B o & B8 2 IR ) 28 40 1 BE A I
O FE D Re [ ZE AL Je OVBRI A L P D <8 3 B oD BRg ] 28
D2 OOERNEHRT L EEZLND. LN - T,
Al LB b D 5 B, a) 122 W TR, o) 122
WTIHBEN X TH o FRERSD 5.

b) ICHOWTIFEERTO®RICK 2HEMET DY
DOEBIZEAFRREENREZONDLN, T2 TEoHE
FIZ DWW TELET D, 2000 EM A TEB X, IWTE K
AFRATHEY 7 HAILE THEELLEEZDLN
LB HBEBABRI LT D Bl E, & F
J£, 2000) . ZAUIT KD EEEIKIC 3T D BEAE KT E E
DG TG\ EL & 5 2 TR, 1R AR Ik o> M BB E 8
LA IEEAREREZLND.

WIS KR AR B D RIS B o RE[H 22
fbix, Hix RBRBFERICEKT2EE2DND. 4
%BbHZRZHABN A ML 2 2 L THIRIEE) DR
MEROFNE2D &R TERAZERET LN
HETHD.
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South North

4) Summit eruption

2) The PES induced by
' magma intrusion

1) Magma ascending from
the shallower magma chamber

Higher-density

The hypocenters
of the PES

North

3) End of magma a

Medium-density
2) The FES induced by

3 [MHigher-denst magma intrusion
The hypocenters
4 H of the FES
1) Magma ascending from
5 the shallower magma chamber
6 p=—

Fig.

— -

-

:[:

12 Schematic image for magmatic activity at Usu volcano with a north-south cross section. The numbers in each figure

South North

4) Flank eruption

3) Hypocentral region expanded by

2 MMedium-densit

2) The PES induced by

3 [THigher-densr magma intrusion
The hypocenters
4 H  ofthe PES
1) Magma ascending from

= the shallower magma chamber
6 p—
8 — —
9 ~~T>. Deflation source

{’\I / ) (Churei and Kobayashi, 2000)

10 S

indicate order of occurrence. (a) 1977 eruption, (b) 2000 eruption, (c) 2021 FES. Red arrows represent magma

movement. Grey shows hypocentral regions of earthquakes induced by magma intrusion. Other lines and symbols

correspond to those in Fig. 4.

6 KILZFHHEBFADC-OOBWEETILORE

<~ 7w RICET DA A — VK (Figd) &K
TRIUFENEREZH T2 2B 5 KUEB 2 RBIRT 5
XX, EBHERORME O T AT ) ETEREND
A THDH. RETITFEDHEEN 2R RDL3S>OHE
% (1977 £ PES, 2000 £ PES, 2021 4 FES) B9

LB RS KO RER R BT L. 2o LT, &
HHNZH T OMEET LV EZRETD.

BANS 3 FEHPTRLZSOERNEZEINLTND
2000 Mg k&2 H Y L5, Aoyamaetal. (2009) (Xi%
FHBALLUTOBEY ELHOTWDS. v 7 <iFIlEA.D
JRE PR S 4~6km O~ 7 <@ £ ORLE B,
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2002 ; Yamamoto et al., 2002) 7>5 E&H L, #& X 2km (T
FCELE (HE -, 2001 ; Onizawa et al., 2007).
D%, 7 <IEROIEERA LB EEEICh > TB
&) L (Onizawa et al., 2007), ALV (L & E AN HEAE
U7z, il - /bR (2000) 1308 KR AR O iR E)
BRIOREREP O, B~ 7 ~BE D OB X (Tomiya and
Takahashi 2005 ; Tomiya et al., 2010) (Zxfit~3 2 HI T 12
km OVE S IR 2 #EE Lz, RE~ 7~ E 0 »
bEA LR ER~ I vBED~EASH, 'H
K& MY T—LEFAREENRE X 6N, TN LB
BN BE T — 2 1T mE ShTnau.,

WA 1977 4EWEKIZHOWVWTRY EiF 5. W kBth %
T OVEEHER (T BE 9 2 BF 28 R 0B SR 3 A A
72, 2000 FERE K & DB X W IEB A BT 5. &
A+l (1980) 1% 1977 4F PES (8 H 6 H 23 kf~7 H
05 M) OEBFESAZMHE L. THICED &, ks
IR < HUE DS 4345 L 7= 2000 45 PES L1370, 1L
THAKHJRE FOB®S Skm LLE ORI O AT 554 L
72. Yokoyama (1985) i%, A2 Bl s CHIH < 7= PES
@ S-P FERE AR & L B EAN R o
EFRMLTWS. LLEDZ 25, 2000 4EME ok & H e
0, 1977 FEMEKITEES ~ 7~ E 0D EHEZBAL
few 7~ BAKEFM~BEHT LI L L 2KET
TIWWEADFICEIEL, WEEKIZE-ST B2 0N
2.

%12 2021 45 FES I D HiF 5. 3EM 72 %1% 3.1
i CHl <7238 Y, HEHE MNP IS 2km A% (IR
O HR AR BYIR AN HEE S AL (B3 B FA BT ZE 5T, 2021),
EIRA RS & g < R 2BmA R 5 (Fig
5()). TNHDOZ D, B~ ~EE D NBHE
I 2o T/RBIE 2~ 7~ B A4 © T 7z AT REE
NEZHND.

Ubko 3 EmEHoMSETVE Fig. 12 17T, Zh
SOWERET WVITEHICHEIEE & 2 nIc KV HEE S
N5~ 7~0LAROCBIHICESEZYTTHVZD
DTHD. THTHBBNT — 22 3 FH %28 L TR

BEICEINTEY, R RKHES THDH =
Thd. LicidoT, S%H 2B E60m 23 5
BNEHACRBETTLVOT v 7T — FBRSLET
»5.

7T BREMUANILVHEREREDERSA
AERIL OV L~V O EHEE (LUF, HE A&

#E) 122020 4 3 HICHEE - AFKSh, 20234411 7 6
Blo—#&EnfTbnz (KT, 20200 ; KT,
2023b). A TIEEE E, 2020 FICHEE - ARSI
HERERE (KEIT, 2020a) % THHEEERE), 2023 4
WCHE S LT HIEREE (RA)T, 2023a) & [HTHIE
] &95.

() 7 e 30 25 D MK R LB S A 7o Rk B S
WCHSEREINTZLOTH IR, HEEHDIZE A
ENEMREBICE EEo TV, £ 2 THHIERLSE
DWEIZHTe» TIE, AITEE TOMFRRIZESNT
HIEEE OFE RAL K OCEBBIEOL AN TTbh .

ARETIE, ETHBELOHEEEDZT AT 5/
R OV E R HEA L 2 Tz BRI AR R IE I o W
Tk~ %. 20 LT, 26 EMET HDITHHE
HEHEICRY ANONIZEEN - RBOEZELEROE
ZFIEDWTHHAT S,

71 FHRLUOHERLZORHEELHBE

AETIE, ETRETHRERTLIHERLEIZONT
flEICE DD, Z LT, [HHERLAEEAROREL
ZTWERELZDORENEOMELIBRD.

711 HIERE

KGR KINGEEO —JF OB EZ X 5 HAT, 2007
FILHESNTER/RBEFEICE ST AERKETT
HOFERZBRAE L7z, TR L~ ) ik LBG 5¢ i
Hwa L OIAMFICESE, KINEHORIUTIE T T
MRS LR & TE D NEPETIS] & 5 B
FEICIK Gy LTcHREE ThH 0, Moo B IR K 0 #uskBh 55t
IR EIWZED DT KL THRKERICHN L TEMN S
D (B, [WH - fl, 2013).
KRBTSR L~ V2 ENT 5 2E 49 Ko
FIEREREA 2022 4F 3 HETITHE - /K L. Th
(3 2014 AEAENSER 1L RE O S A B & 7 L K T e E
FER O ORRE CKILE T B S 2 K L o 42 ik
BT 2 MFte, 2015) KRS T Thhz, HERE
e A R R AP PSS G Ao (Wt
AICIFZTOMERBEST &L L LTS (KET, https:
/lwww.data.jma.go.jp/vois/data/tokyo/keikailevelkijunn.ht
ml).

HIEREET THERER ) ROZORAL 2055 X
D7 SRR L7 THERLEDMRGH ] NRRT A —
LX— (https://www.data.jma.go.jp/vois/data/tokyo/ke
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#9 30 AER OB PRI EES < FERILIC

ikailevelkijunn.html) TRAER I TV 2D

712 BRHEEELZTORE
BHEFEREIEE - ARSI NI, AERILKIL
Bhsk g ic K 2 AKEmH LNV EKROLE bITH
Nie. ZOL_LBREDRA > M, #5722 5100
DEDITKITEBNEELEMTOL~ L3 0EH%
BEIE U722 &, e OWE K Hb A o ST T3 A3 R 3 72 72 D
Ek%’ T P A e KRS < RRE L, MBIk
WIS CCIERAE/ NS D 2 & LEERTHD (Hlx
i,m%r,mmw._naw%xﬁiﬁﬂmgﬁf
LEOEEZ TR TN D
HHEEEAECITIEE A EOEB N EREMEILICE
EEDEEMEIIRITSE, EunoifE @R Doz, filz
1E, L 28| RIFEKEICH D THIER R 0 IS E R
By, veor 4 Bl EIFRRED TRIZE U 2 HIE 0%
Ay RO TIERMERB A O] OfHEIZITEE
BRI TV, -0 FERHRHTH 2 HE
B OWTH, HBERAEFEESCHENHESNTE
59, MR L L TRBERSAZIATNS. N
LOHEHOBEDEEMNLDEBHRARIICE Ko
TWAHEB L LT, BEOHEKIGE Z i KBRS
§5§@E®ﬁﬂﬁf%xk%%#ﬂ<,ﬁ5ﬂkﬁ
BT — & 3> CTIREM Ty RarfEEN T& A
MoleZl EREZ NS, F7, @BE O KHTIRIEE)
W B KN RFEMEA LT L o Tz, #
WiEREZOE FHWHEL L THRAEI 2525k
MolzfzHEEZbhD.

713 FHEEEICETIRENS

AT TR 7= ED 5 bE R - FBULIC X 2 Rk
MEREZR FIAIZ DWW T, 2023 4F 11 AICHIERAED KL
ERTIT. HE B AER O E e L OV E LD
FEBCHT 2B S L7 H % Appendix 3 ITFE & ®
5. VB 72~75 #HiTlX, TALH0HEN5 a) &5
EFTNVOEAN, b) R T X LF—HEROEM, o
M% R\ B BB R OB A K TN d) MR %
DOBEDO LI, O 4280 EF5. LLTTIE, %
DIERDEZFROFHEERE~DBIMANEIZ
WTHT 5.

72 BEETILOEA

TA2ETHRAIZ@ Y, (B EFRER ERFICITEED

B D WERTEB) O BEY

MET K R IR TE B IS 3 D K Y e BRAR K OV 2R
T BERALT L b+ Tl otz., £ TH
HEREOKEIZH > T, HEET L (Fig. 12) 1T
B HHoOIEEHER T2 RISV THIEH
HEHE L. 4%, HEEXEOERLERILEOE
BB OB A 21D 5 ECTlx, #a&TT VoL
D ESLICRIERE L CRBRICIERT 5 L
BhHoHEEXD.

73 HERIRILX—HMEEDEH

HE EIE LI AR D F — 2T S < E R YE o E Bk
DHEZFIZHONWTEHAT 2. #HEGRIHRILEZ E&MIZ
P S LT, HBORERKE RS~ I~ HAL
HRTEB OBRMEAET 2 L NEETH S.

JA - M (2019) 1%, BEOBEDKINEHREDO <
7w BNHE L KRB - ke ot s,
I BAREIC L DBRBROFEG SR IRE L7z,
TNk d L, v~ VB ARERRKRE VT EHBEOK
TRMERIEHNREESTHE LTS, 2L, BRI
IRE N 720 Tl Ze < MEREIE R A2 B E T D 4 B
HfEE L TV 5. White and McCausland (2016) 1%, i
Eiqﬂ0>J<LUﬁ§£bo>%ﬂwu3€ﬁﬂ%3§§ (2, W KT 0D MR T B

CXUEHENTMET— A OB L kA B
ﬁ@~i@%z6ﬂk777§ﬂgﬁwmﬁ%%h
WLTW3.

JEH - ft (2019) OREAXFHRLICHA S ETE 2
THD. R 3 EIOMKIZRIVE, EAERITWT R
BRI ET 4x10°~9x10"m? LIRS H D
B, BE L7 ~&ITVnTnd 1x108m? & FREO
HELCcH s (FH -, 2001). v~/ ~vEAENRELT
HECRER (B E) NEZ2LHEBLELT, v

DEANFHEDENHEBL TWHWDIAEENS DD
LiL7z .
6 TR L/Z® Y, 2021 4E FES IZfE VN 22 =

FvBEABELTWEEAREREZEZ NS, 43 HiT
7= X H T, 2000 4E PES & 2021 4E FES OHUERN =
TV X — B = O e [ R TR B R IS B W TR
FDOFREN-TeH, 16 R BREREZIXHE O H RN
K& <& L7 (Fig. 9). White and McCausland (2016)
DEZFIHKASE, ~ v HAEBPMBRE = R X —
B BRI & BT 5 LIHETH L, =X LT —H]
HBREI~II~~BAREL R T ZLICRD. LEDEZ
FITHST 2021 4E FES ZMEIR¢ X, W1 EEpE I
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BiFs~ 7 ~B AHEEIL 2000 EEAkOFNE LED
BRETH- 70, MkMAECBEAEERREL R

DM T DM AITIEE Lo oA RRENE 2
bh5.
KIWEROBG I~ 7~ BEANREEZ W8T

BFEEZEAT DT, BEOHBREET —Z ORGE
EOMBREST — & %‘f)ﬂ Wl 7<~BAREDY T
N A DHETEEAT O ERRRI N LETH D, Lo LAl
FIZOW T, AR Tl % oo ng KA Ik Be b o Hi7
BT —2 Nz L, EIHELY. BHEICONTH
i S L R O HE R K ONIR B O RRGE & B E &
TIENRET VOB Y AT ABRBERMLETH
v, EBUIES TR,
UEoEAEE 2L, v~ B NHE & kA
BT — 205 EENICER T 25 2 8 E LI
DANDZ LN EBRX LN, Z2O—HT, 4.3

HiTk 7k 5 %@%@%M’I*»%%mm$
ERREBRAIE L CIEHT A Z L+ DICREETH B &
=z 5.

EFRROBZFGICESE, FrlELEICT R LT —
M ERIZER LCHEEB 28 ML, 4%ITFEHO
& & REELS iéf‘?ﬁ%@*ﬁﬁ&mfﬁ%ﬁﬁﬁ 1E0,
FRMIC i3~ 7 ~ B ABE 2z EHRNICER T 5 Tk
@Faﬁ%‘é%&ﬁ?aﬁ‘%%ﬂ%é.

7.4 MZRVW-EMFRHHEEOEA
WEOBKRBRICESE, AEMENREAE LGS
CIEMERFAEICER DA REREWEDBE X T BE
HLoM T TR ANLNTEY, FAE#EO -1
BMARORMREANEER I TWD (FERILKIL
Bisitmaas, 2021). 29 LR b, IRHIEELEC
VA R R R AR O A I e OV 0D B8 AR (B DS ) 1T 4 A
LLTRESNTWE., Z0—J, ARMEZO LD
DRI ES L 2 LR, RIS OBEWNIC S A
SND T LD AR R B RIS ~ D E T B 5
HINZHEE LW, 27z, [0 B UE T I3 i ) e
DT O BAR R B IIH R I T e o 7.
2021 4 FES OFRITIE, Appendix 1-2 (2R L7z L 9
BHAEOBRNH o7, HERLTIXILENS 4.5~
8km OFIPHIZ 4 HOBEFHDHREINLTWDH (Fig.
1(b)), WTFNOEEBR A THEE 1 M R8BS
TR o To. JERAEHLDY IR AN B LR L R R R A Bl i
SNTVWRNWED, BRAXOEBIIAHTHS. Bl

A OB EILIRE XK R ENIERE L-0E, Y%
MR DFEAENHK 11 FEH#% Tdh 5 (Appendix 2). 1977
KT, B OBHA KRR LN DK 30 FRefH
FREECHARFAELTEHY (EE - i, 2007), Hihf
B L 70 DR O A & BB H W C & D FIEIE SN
RAIRTH%D. KT, 2000 4E PES @ M; & L4l 1L
FEICRRIE S N REFT O BMRN D, BIHA RIS &
HZHBEO R /N MIZOW TR Z21T- 72,

2000 4= PES @ M; & FMIEEORBBRIZSOWTIEE
Foe fh (2003) BRRFEEEIT->TWD. LaL, Mk
BUETIE My ORI FER RS> TEBY, HOORE
EZOFEFEIEMNTDHLIEITE RN, 22T, ®HHT
fitlks (2004) O FIEIT L DBALED M; EFHIERE & Db
BEITo7. BIMAKOEE LS LT, SOB (Fig.1(b)
THB S B ET — 22 A L. 2L
SOB OEMBAAIL 3 A 28 A 19 KD 7=, TN LLAETD
T A PNEN LICEBENLETH D,

Fig. 1312 Mj & SOB D FHHIEE O R{R % < 7. 2000
42 PES OEIRATIL 3 A 29 B 18 W LAKE (1L L
K& <PLR L7 (Oshimaand Ui, 2003), # DRtk
TUYYARNEEZTWD. My & EHE I L F B R 2
RO HIDHD, BIRSA LTA K A JRE TICRE S 4
T 72 3 A 29 H 18 RELLRIT O 5 23 K 0 B 72 L 451 B4R
ZaRLTWD. 29 H I8 RpRARMITERE 1 LA R4 8L L
TEHIEBOR/EBEIT Mj13 &2 5. 72, RAIOBLH
BREOMH T 28 B 01 BF 31 5y (F4 - fth, 2003) T,

5
mn 4 - X
[o]
() x
p X
@
> x ¥
2
) 3 1 x
c x x X x
9 XeooxX x
c x
= xxg
Q XX x
E 2 FEsee
7] soxe
g x % Xg? x
< x 3yisd
= 1 xEX8%S
3 ik

X x
x
0+

1 1.5 2 25 3 3.5 4 4.5 5
Magnitude

Fig. 13 Relationship in the 2000 PES data between M; and
JMA seismic intensity at SOB. Red crosses and grey
dots indicate earthquakes before and after 3/29 6

p.m., respectively.
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#9 30 R OBLHIECRIZ S < AR LIS

:@ﬂ%@hﬂiMﬁ6?%é.mﬂﬁﬂTS?i%ﬁ
M;l.4 2% 3 BB E TV 523, Bl 0 B A R
DEAAITH LTI,

PLEDZ &G, RSB THA LHEIZ SN T
I, AR CERMARK E 20 2R/ M) O
13~1.6 ThDHLEBEZ2OLND. ZhIZESE, HHE
FAETIE MjL5 LL 2 A RRHEA Y LMW 57200
BRI RBEIEEL LTHWA Z & & Lz, Mj D&
W&o T, IR R b~ TRk 20 i B 72 E
NEBETIZLEEZLND.

7.5 BAREOBREOLEMN

3ETIRAMY, FERILTHEME AR LW
FES 78 A4 Bl R O EM Z B L7 1991 LA TA 72
CEBAREEAEL T ERHLNER ST, kI
B S bh g (T K 2 A BR LK Lk EER R T (7 2R Lk LB
Kpae, 2021) ROIHHGELRE (KL, 2020a) T
1%, FES DR AT E S TR, ZHEA KL,
BN LH LB NTEARREETD (VY5 D
MR E L TRMREN TS (BRI LB S 1
A, 2021) TENERICHDIEEZLND. ZOE
Z 7 DIRJEITIIME KEFT O LW HEE B 23 A < B
mIshTndz &&ﬂ%%u,ﬁ%MTﬁéﬁéFm
NKRILBRBEGEHE CSZIFLAERBEIN TV 20
722 R, FETEENMIC I 1T D MRS B A JE AR
THERBESNRTIRPoR I ENBEHRL TS L H#ES
Ehs.

2021 4 FES <TlE, Hiffi Cik~_7= X 5 I(CHBMEMN
FAELEZARERELD 7=, S%ITAFHRILTHAEME

DEAEZMED FESBERIVFEDHLEZDRETHY,
Wb D TR B ] 2 MR L~ L OAE IS
DRENDHDLEBEZD. FHEREEOMBTIE, TO
£ 9728 2 HITHS T 2021 4 FES I2BE3 itk %
BIIL. %1%, #uafEROMTBBE~DE K -
BHROGEBETHDLEZEZDOND.

8 F&OH

BERILT 2021 4 3 AIC% A4 L7- FES 2 2EkiC, @
FEHK 30 [ O MIEBLR T — # % H T FES O R AR
DL OV PES & DBRF 21T o 72 fF bR & &
FHOTEBHER K CFFIRE Lo NE, LFOZ &
N RSY I e ol el
i AERILTIX FES OHFAERHEV BTV RN

B D WERTEB) O BEY

72 A%, 2000 4EE K LA TUd 2021 4 FES % &% 3 [A]
DOEIMERICB TS FES BEAL TV, Zhb
DHEFIOFEAREIZZNENRZ Y, BECE K
X 2021 4 FES 23K, 2010 4 FES 23/ CTh -
72, 2000 EMEKLIRT CIERBAERBEIZRAHTH DN
Dh7p< &b 1[EO FES (1995 4E 1 H) DS EEERHEI
THRAL T Al REMEAE V.

i BIEOES & A4BLINLAICBT D S-P R 0 BfR %
TEH U CHREMEI O MR 2 i HY L, TRIEAEIRIC B
\F % 2000 4F M K AT 0> HiER TE B B O IR 284k &
7o TORER, 2000 FRE KO 2 FERFT B TE B
NEHR LTI ERHALICR- 72, 2, 8
KOEHMOEIRHERTH > 2/ HEMER S 5.

iii PES & FES TUiE, FEAEIE&L OCHIE K ~ % /L ¥ —
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Fig. S1 Hypocenter depths and amplitudes from 2021 FES data. Red cross and triangle indicate the Mj = 1.5 and lower-frequency

earthquakes, respectively. Other symbols correspond to those in Fig. 5.
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