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Abstract

At least eight phreatic eruptions have occurred in the past 2200 years
at Garandake volcano, northeastern Kyushu, SW Japan. The eruptions
occurred much more frequently than previously known. The eruption
ages of tephra are: T-Ga2, ca. 7th century, T-Gal, ca. 9th century, and
Tephra 1-3, approximately during 15th to 16th centuries. These tephras
were mainly erupted from the sector collapse crater on the southern edifice
of Garandake around Tsukahara hot spring, but the T-Gal tephra was
erupted not only from the Tsukahara vent but also from the alignment of
small craters or fissure vents which extend to the northeastern slope of the
adjacent volcano. Associated with the T-Gal eruption, muddy lahar was
generated along the Tsukahara hot spring valley.

Phreatic eruptions do not always occur in the preexisting craters, but
may occur in newly opened vents on the slopes of the same volcano and
adjacent areas. Thus, it is important that field surveys are undertaken over
a wide area (i.e. the volcano and surrounding vicinity) to prevent missing
out of the eruptions. It is also essential to conduct dating of tephra to
establish the frequency and scale of the eruption with high accuracy.
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Fig. 1. Index maps. (A) Distribution of active volcanoes in and around Kyushu Island. (B) Location map of
Garandake volcano. Closed and open squares show outcrop locations in this report and in Fujisawa et al.
(2002), respectively. The topographic map “Beppu-seibu” in scale 1: 25,000 published from GSI (Geospatial

Information Authority of Japan) was used as base map.
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2. BTF77>DiHE

2.1.T-Ga0

0 T 2 B 0 o0 A 900 ~ 950 m D B W EEPH 1213,
T-Gal L OF T-Ga2 & _FA7iz, B TW~Hi 8 KUK
JE 5t d 5 (Figs. 2,3g,3h,4). 2DF771%, #*
OO L RRORMH» 5, T-Gal LT T-Ga2 Z1E U &
LMD T 7 7 ERGIHITE S, LIzdio TR
g, NEEE 0 KUK (T-Ga0) & M. T-Ga0
X7 O LKERIEKIZE DT 77 THY, 41
oVl cEE AT 2 (Fig. 4). 7, WKT K
FIIE—RITW~HitH 4 X TH 2 h, EEREICO
O TE NS HEAF ORI L, BRI L
%5, INLDTEDDL, T-Ga0 I3, MR TS 2HH
YTV D DD, MIEEF IR H 5 HIFE R L 0
MIETH D LHMTE D,

2.2.T-Gal

IEE R 1 KK (T-Gal) 1%, MEEHE I B W
TIODRABIETE 2B TT 77 TH 5, BIREH»
(2002) 1T& > THIRME L THRES TV B MES
DOl O FEIE (Loc. 4 in Fig. 1) 8 &, HERERR D
e~ ~EEPa ] & rhuin iz, 2 AER TS 5 (Fig.

4), 1L, #no oI iiEd 2 5EIERE L
Ti%, Ba - AE - NLWEHE IR > TWwb T2
&, 77 7 OREFENEL, SRIUIHFEIZTE v,
T-Gal I, WHEERLEXKILKET, BTz & o T
VA XOFEERER * &, 1B, T-Gal 3B TIX
OLopEE LTINS NG DS, FORUOMEER
& ALHflCi, B ERG 2 BIcKaTE 254
BH5., ZO2EIBBHIEEMLTHY, TGal ETF
DL LB TH 2 2 & LKL T, BB+t
BT WIEEDZ W, ZOOEERIE, HoEE
DIEHE DT S 2 B TR BN IR 5B AL 72 2 [ D
BRIZEDT 77 THhED, FHOENFHTIEMmHE
DB TELrolzdbD LWL, Lz TR
WETIE, RLod o MEEE 1a KK (T-Gala),
THED d D ZMEER 1b KUK (T-Galb) & WS, 7z
72U, Zo2E@ A TE 5B, FEUH Nos. 102
and 101 (Figs.2,3g,3h) Z1E U ® &3 2 —EBIZR S
oMK CTII O LoD T 7 7L LTHBlE D729,
TEBIRF I 70 2 D D D T-Gala L TF T-Galb Z—fE L
72 D%, {EREY T-Gal &IPSR,

—7%, MEEL U T, EHHER O X
72 E AR A, MM DI OEFEE (] 2 1F,
1939 (I 14) 4E 12 A 5 HEEERE 7 &) KRG
HHIK (F— &84k KRR, VER: 7 ¥ 7l (BR)
IZBWT, H-F~HE - FElEEROMHe Y =7 X
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Fig. 2. Columnar sections of tephra layers from Garandake volcano. Tephra 1 to 3: Youngest tephras in
Garandake (around 15th to 16th centuries), T-Ga0 to T-Ga2: Garandake 0 ash to Garandake 2 ash, YA
Yufudake ash, K-Ah: Kikai-Akahoya ash. Outcrop numbers correspond to Figs. 1 and 3.
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Fig. 3. Photographs showing typical tephra layers for the past 2200 years. Outcrop numbers correspond to Figs. 1 and 2.
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HIEETRE) & M RTEE D 70 (FERAE XSS Hisg ok
IER - e > & —, 2019), ZhETELFEHS
NTZhrolz, L2PLLDLG, T-Gal 25, ZAa5D
KAFLMITEELREEIE L, &b D 5mRH
oKL, KOJEERER 50 m O B 2K OHIE 2
BELTWaIE2s, ZOF7 7OFETIRED O &
OTHDZEDHREL o, 1272 T-Gal &, il
BEEOMUTHEENEL, FFhHEER ORK
HEDRKEVWZ LH,6, BHMAIZENE KOG TH
DHBEMEDS D 5. F Tz, MIEEE ORI A & FEIRRE O
BANE, BEREL L LoTWB s, —RHIZEKIED ©
HERA IR BRI S nTwie (GBS - JBH, 1967).
DY, BEc BEEHBHIES > TWwE L L DI,
M IS b e A AR I IR © & 2o s, ILTEE o ffa
WIS UMK, 1984) & ST BMNEEEILITER
IR CE 2R —FEERD ) =7 A v M, #
R LR Eo X OLE B KO LEfEL T 5
Xoiehazs, LicioT, ZTALOMMRPY =7 2
¥ b OFEEIEI L 2 T K TIER S b D TH S
25, WHEIRRELD 2 WIZACHEM D D D B 1 kI B
HLCTWBHHEEME2 D 5. "CAERITOVTE, BE
IRIR BB LB W I D 2 T-Galb B T OJESHEL 5 5
1160 + 100 BP 235 5 T3 (BERIE 2, 2002).

2.3.T-Ga2

M 2 KK (T-Ga2) 1, T-Gal ® FALIZER®
L WE AN L E X UKIE T, ZOJEMHIEL T-Gal &
L T3 (Figs. 3d and 3i) 2%, T-Gal &%) JE
JE25E L, MMEEomM & EICEES 2 0AT, H
BHICHER TS v (Fig. 5). LA L42h, g
DRIz H % T-Ga2 (Loc. 4 in Fig. 1) &, PE{ll
1253455 % T-Ga2 (Loc .8 in Fig. 1) OE T DML
D CERMEDS, WD 1410 £ 100 BP (BRI A,
2002) TH2 I LML, FUEKIZEDT 7 7 LAl
AND. LB, FMARBEMAEIIRHTH L5, BE
2 (1999) 12k oT, TG It T 2577 IET
DJER LD “C ERIE S A, 1450 + 50 BP 255
NTVW3, T-Ga2 i, R TEZ2HFHLIDP L VD DOD,
MNEE IR 12 B 2 BRIFRIR LI 1 2 > CREJE % 3
L, BEn2HEAFONEORES L0, HR
RSB D Z OFGIRTE L HIMT S b,

2.4. ZFRBREEORTT 7>
WER R G RERE 150 m O Z L FWHiPH Iz B
WT, T-Ga0, T-Gal XU T-Ga2 & JELLR DA 7z,

BRBOMTT 7 7 2R LT (Fig.2). WihdikHE
kB KILKIE T, EAHSEWIZEEML WS, F
7z, T-Gal XU T-Ga2 & d EMHEEBIL T2 (Figs.
3e,3f). ZOMWEI, AR L7zLDICES - EE - A
TWEHIE IR 2S5 TWb729, 77 7 DRGFHEL,
B O 7 7 7 OXIERR LT HMEIZ ST 2 038 L W,
RTE2BHIHBETTHHEOALY, £ DF
7 7 DWER T & 2 H No.095 (Fig. 3f) Tl, 5~ 10
cmBEOESOBFMEENLCAEIEAL Y, &E
JEix 210 em BLEIZE L TW 3, [ARkIZ, FFH No.105
(Fig. 3e) Tl 4 J& TAEE 138 cm, ZIH No.390 (Fig. 2)
TEH3ETEEE43cm THL, TALDT 7 730
Ty, LIELIEB~Bt om OBE* % &4, Kl
o, Eurbr7 71, 7772RFTFT773 L
S, Zho ofglii, BE - RESGE2L, wIih
b RG5O W REME 25 .

3. IN—HREYDOETH

BRI O VAL ORI WITIE, T-Gal & [FJE
D 7 N— VHEREM DEFEE L, R TE L, HiEm
T CRIITH Lo Tl LTWD Z LRSS
TWwiz (BERIE2y, 2002). 2O T-Gal & [AJEHED F
N— VHEREWZ, WIEIRR IR o3 (BUT,
[BEIRRIR] L) & om0 oL, it
WO 700 m A & D FHANZ W TIb~JuEE 23R
TLTWS, D% &S 600 m L X THERTS
% (Fig. 6) 25, Zn Xk vEAF (WM <1, HER
FRIRDO THDHEA T WS 7280, 4345 ORERIL R & 7«
5. T-Gal FEOREOR LEKLUKEZHEEE L, It
BIHBEEOESWVEZEZATWS, SEnsBIZLIE
LIF30cm L, ATERENY ImDdDHIHERS
N5, PHEZ=y MIIFEAERRTS THIRT,
RABEIZ4mUETH L, 7N —VHEREWIZ T-Gal
DO EFEM S 2720, BEMEWGESLCHY A X0
BREPEETWEAITIE, T-Gal & OB AR 70 85
ENDHD., LIrLLEEL, IF/N— VHREYIL T-Gal ©
SO HIERTE 2 DD 5, T-Gal 1Tl
30cm A LEOMEEZLIHED H 25V IHEEIED L
N3ZE0H5 Wz, &I No.027 in Fig. 3b), &
Wo IZRBITCR O TE 255 08H 5. T, IN—N
HeFEW & T-Gal 12, —EECOMPBEL > TWBL, 7
N— VHEREH) O E T E LI 7L T-Gal 2 HERT 2
ZEIEFTELY, SEHAEL ZHITIZE W T, T-Gal
DOEEIZ 10 m BBEUATEHE N L2 0HHT 2 &,
Bo < TGal HEFEBRIZIN—NVDBFREL, ZOIN
— VT k5T T-Gal MFE SN, T-Gal DFERTE L
{Gol:DTHHI., B, IF,N— VHEEWZ, N
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Fig. 4. Thickness of the Garandake 0 ash at each location. Values are in centimeter (cm). The
topographic map “Beppu-seibu” in scale 1: 25,000 published from GSI was used as base map.
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Fig. 5. Isopach map of the Garandake 1 ash. Values are in cm. The Red Relief Image Map is created by Asia Air Survey
Co. Ltd. (courtesy of Oita Prefectural Government).
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Fig. 6. Thickness of the Garandake 2 ash at each location. Values are in cm. The topographic map
“Beppu-seibu” in scale 1: 25,000 published from GSI was used as base map.

BRI 12D 5 2 OfthORTE Tl RS v
Z L5, T-Gal 23HUERIYJE < HERE L 79I 4 T
HELTbD EHEES NS, MEEREILERTEICH 2%
1%, WO b HWRIRAKIIHER TS v, BE
REIULZ O L CHBIaE 5% b JA <, T-Gal OJE
JFizhnz, BKBOMKERIZ L 2IRESKS S HELT:
AREME DD 2, MCAERIZOWTIL, FIFRIE S ML
BT 2 7 N — VHEEME T OB 25, 1010
+ 100 BP (EJRIZ 2>, 2002) 2 ¥ 1210 £ 50 BP (&
E132, 1999) BMELNTWVWED,

4. JREDHTER

BEIRI1Z A (2002) 1, T-Galb & OF T-Ga2 @ I Hi4E
RizowT, Fil L7z "CEROFER I CE DGR
OIFEREINZ, ZNENHEE 867 LR T 711 4 & LTz,
Z® T-Galb K Uf T-Ga2 ® “C 4ER% IntCal 13 (Reimer
etal, 2013) & OF Oxcal 43 (Bronk Ramsey, 2009) %
AWTHD TEFIKIEYT 2 &, T-Galb [E FOJEHtT
cal AD 861, T-Ga2 [E N DJE 1T cal AD 622 K TF cal
AD 603 ® RRAE DS 5% (Table 1). %72, T-Gal
EFEHED 7 N — VHERIE T O JERE L (BEIE 2,
1999 5 JEIRIF 22, 2002) 1%, cal AD 1026 & OF cal AD
813 DHREAGLND, ZHoDFERD L, KRk
T, HXEOMBIRIERME TH 2 2%, T-Galb LT

T-Ga2 DEHERE, ZhFh otHic k7L %
Z5.

LA, HFER A O FEIH No.390 1ITH 1) 2 3 D
%77 7O FMLICEMT 2 RILARF O “C FER 2 HE
L7, 777 1HFT340+50BP, 777 2HFT
370 =30 BP, 77 7 3 TR U3 cm T T495 £ 45
BP 2 F430 £ 60 BP TH 5. F Tz, 5 NT4ENRME
ZHOR U7 PR CBERIEST 2 &, ZohRiEIE, 2
NEN, 777 1EHTdcal AD 1555, 77 7 2HT
Hcal AD 1515, 77 7 3 OEH FXR T3 cm T 25 cal AD
1424 X U cal AD 1478 L %0 5. R Tlx, ZhboD
3BOERE, =L TI5~ 16 HiLDEAkEEZ 5.

INLOZ EHs, BWEIRRIEED I RV T
DAHERTE D577 1~30D3FOREE KK,
BB 7 B BRI A 7225, T-Galb K U T-Ga2 X
DHFL WD 3FIOKEEKIZ X 2HEREMTDH
2 EHIrcE 5, 7220, ERMEEFEH L 7 EIH
(No.390) @3 it (F58H No.95 JL Uf No.105) T,
IKFELEKIZE 2T 7 7 BB LG 2 A T4 )8
BELTWS, 7, TGa0 &I T-Gala 25 T-Galb &
OCTGa2 D EMICEBOENEH, ThLDETRT7 5
L O BRIZRBTH 5.
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Table 1 Radiocarbon dates for tephra layers of Garandake volcano.
e 14 Calibrated date Median
Locality Stratigraphic position Material Labo. ID ( C) (C a§e (cal AD) Probability Remarks
PDB BP (probabilityin20)  (cal AD)
390 Just below Tephra 1 Charcoal JAT-8271 -20.7 340 £ 50 1453 - 1645 (95.4%) 1555 This study
1447 - 1528 (55.0%) .
- -14. +
390 Just below Tephra 2 Charcoal  JAT-8301 14.4 370 +30 1553 - 1634 (40.4%) 1515 This study
1316 - 1355 (11.4%) .
390 Just below Tephra 3 Charcoal  JAT-8272 -22.0 495 £ 45 1388 - 1471 (84.0%) 1424 This study
1406 - 1531 (68.5%) .
390 3cm below Tephra 3 Charcoal JAT-8273 -28.6 430 £ 60 1539 - 1635 (26.9%) 1478 This study
4 (099) Just below T-Galb Humic soil NUTA-6906 -12.2 1160 +100 661 - 1031 (95.4%) 861 Fujisawa et al.  (2002)
8 Just below T-Gal (Lahar) Humic soil NUTA-6909 -20.8 1010100 776 - 1220 (95.4%) 1026 Fujisawa et al. (2002)
L 679 - 901 (90.4%) -
Just below T-Gal(Lahar) Humic soil - - 1210 £ 50 921- 952 ( 5.0%) 813 Hoshizumi ez al. (1999)
413- 778 (92.3%)
4 (099) Just below T-Ga2 Humic soil NUTA-6771 -155 1410100 791- 827 ( 1.8%) 622 Fujisawa e al. (2002)
840 - 863 ( 1.2%)
413- 778 (92.3%)
8 Just below T-Ga2 Humic soil NUTA-6772  -20.7 1410+ 100 791 - 827 ( 1.8%) 622 Fujisawa et al. (2002)
840 - 863 ( 1.2%)
435- 451 ( 1.6%)
- Just below T-Ga2 Humic soil - 1450 = 50 471 - 487 ( 1.8%) 603 Hoshizumi ef al. (1999)

534- 666 (92.0%)

Figs. 1 and 2 show the locality and abbreviation of tephras, respectively.

5. $LHESHBDOEE

M <, BRIE2 (2002) 12X o> THRIEN
2200 4ERTIZ B W T 2 FIOKERE KB FE L2 &
PEIL T W, 2B IZSEERITIE 3 M o KFER
BRIZED2HDTHL, 7, ThED3[EDKHE
KRB, D7 LD 5 EOEABFEEL TW
3. WINHHFEIRELE LA TH 2 LHEE S R,
INETHS T WL EDSEE TKkZFEKE K 35
ELTWBZENPELLEL -T2, FERITOVTIE,
T-Gala® T-Ga0 D X I IZAHL DD H 2D, Ixd
W T-Ga2 (7 HEACEE) K O T-Galb (9 HEACHE) 126 =
9&<&@1&vmﬁﬁ@»3ﬁwﬁktr771~w
BEAELTWDS, 72 TGal 1%, /ERBESNLTWT:
BIFMIR 720 Th <, vl BEsE 3 2 86 R iRt

LM e K AR E R B KOS S, [k
TR DHEL B 2 TS T, MRT, 0K

T, BT T 7 7 IRNESCHERR L7 L B bh
ZHFEURIRIN & Z ORI ORI TIE 7 N— v sFE L
7z,

—7%, NEEEL TR, RFEHROME ym Fig.
5 DI T B 2 IS OPER) 2.7 km 12 B 2 PR
D Loc. 10 (FEIRIZ 22, 2002) 12 3B W\ TRFEKE
KOHEFE HSFEFE S N, T-Gal L < 1% T-Ga2 1Tk
I B AREME DR S vz (BEIRIE 26, 2002). L

DLLAML, FEMIZRICES SO0, WENRRTIIEY
THKEXEKIHEIBET T 7 7 BB TS, W

Thd ZoEM, BEERCEESER OKE» L, i
O T S BRI R L T 2B R .
7z, MESOIMATE TR —VEERND ) =7 X~
F S ERER S N, B2 E Fig. 5 IR ITHRDILFED D
DXL OEWTER T, IIEOHRE 2% £ D
HE 10 mBESMIETVS, ZnbLOLBIHIE
BRICBEE L 72D D2 &9 2, HEFETIIRHTH
5., WINhd, SHRFMEHRTSBETH S S, KE
TIEKIE, <= 7 <MK L R U KB VNS {, —
BOCHERE & L CTIRES RIT W, 2070, HEA
HRIL 2018 MK D X D 1z, fERTOTEEI» L ES 1L
T2 D & BEANLTZ T TIEA DA T TV A
1, FAESERSNTIC, BAERZODONREL
ENTLESTVWRHEFIOH 27255, FHRE - g
FIZOWTH, 5B LITHRET 2O 2 TETH 2 25,
KR KIZE 277 71%, BHEIEWIZETHWS Z
L% WD, XD RS AE D 5 &
EbiT, HEREZEE T 2 2 L 3TE ZHIER O
m¢ SERMEEEMEST 2 2 L 2%, BAkORRL Z

L, WABESZ OB L SREE CHEEST 2 hom
%ﬁ%ﬁ&%za
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