Res. Rep. Kanagawa prefect. Mus. Nat. Hist. 2008, 13, 61-76.
)RR (820 2008, 13, 61-76.

HWIEAIVT S
—HIPE RS « BRI« BI{ED NILTEENC 350 % 158 —

Hakone Caldera: Structure, Mode of Formation,

and Role in Present-day Volcanism
e
Kazutaka MANNEN"

Abstract. Hakone volcano, located on the central part of Honshu Island, Japan, is an active
volcano with a large caldera of about 11 x 8 km in size. For a long time, the caldera as a whole
was thought to be a typical example of a Krakatau-type caldera, formed by the emptying of a
magma chamber due to the explosive eruption of large amounts of pumice. However, recent
investigations of borehole samples undertaken by the author revealed several caldera structures
buried beneath the current morphological caldera floor. These buried structures are recognised
as packages of sand and mud layers and massive lapilli tuff, with the sand and mud overlying
the tuff. Based on analyses of fossil pollen flora in the sand and mud and the existence in the
massive lapilli tuff of rocks derived from the Younger Edifice, the timing of caldera formation
is constrained to the younger caldera-forming stage (80-60 ka). Hakone volcano consists of a
complex of volcanic edifices; consequently, multiple, scattered eruption centres are recognised
rather than a single dominant vent. The buried caldera structures appear to represent examples
of such eruptive centres rather than the centre of the volcano itself. Judging from the dimensions,
facies, and occurrences of the buried calderas, they are likely to be funnel-shaped or Nigorikawa-
type calderas, apparently formed within a pull-apart structure that developed between the Tanna
and Hirayama faults. It would have been possible to create a Late Quaternary caldera within this
peculiar tectonic setting, even though calderas of this age are rare in most areas of Honshu Island.
One of the buried caldera structures, the Gora buried caldera structure, constitutes the principal
aquifer that supplies hot springs in Hakone caldera. The upwelling of NaCl-rich geothermal
water is recognised within an east-west zone that traverses the centre of the structure. Analyses
of crustal deformation reveal a crack (dyke) at the western extension of the zone that expanded
during the 2001 earthquake swarm. Although it is unlikely that magma intruded into the
dyke during the 2001 event, the available evidence suggests that the buried caldera structure
continues to function as the hub of hydrothermal and tectonic activities within Hakone Volcano.
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Fig. 1. Model of the morphological development of Hakone
volcano proposed by Kuno (1950; the figure is based on
the version of Kuno’s model outlined in Hakamata, 1985).
The key features of the model include two stages of caldera
formation and massive subsidence.
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Fig. 2. Bouguer anomaly in the north-western part of the morphological caldera of Hakone volcano and inferred outline of the Gora
buried caldera structure. Basement is detected on the western, northern, and eastern margins of the buried caldera, while facies S
(sand and mud; lacustrine and lahar deposits) and V (massive lapilli tuff) are found within the buried caldera. The yellow polygon
marked with « indicates an upwelling area with NaCl-rich high-temperature hot springs (after Machida et al., 2007). The orange
rectangle marked with f3 is the inferred crack that opened during the 2001 earthquake swarm within the volcano (Daita et al., 2007).
The centres of high and low Bouguer anomalies are shown as H and L respectively. Mountain peaks are: Kozukayama (Kz); Kamiyama
(Km); Komagatake (Kg); Myojin-ga-gake (Mj); Sengenyama (Sg); Takanosuyama(Ts). Figures by the well points are identification
numbers of the wells.
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Fig. 3. Schematic cross-section through the Gora buried caldera structure along the line A-B shown in Fig. 3. The location of the
caldera wall is approximate because of a lack of data. The occurrence of basement to the south of the caldera is unconfirmed, and the
buried caldera structure may be continuous with the inferred Ashinoyu buried caldera structure. Geologies are: Central Cones Lava (C),
Talus (1), lacustrine (S), caldera-fill lapilli tuff (V), collapsed block from Younger Edifice (Y), and basements (Z).

WA TDEN TRV, TOzé, kR0 ~
IC & BIRREGEDD 5 ITREN 2 R RICHET AT LI TE
e LU, ek ] Frdiisld @ B 2 5 LT
5T b FERO LmisE i L E O T REE D B B o
PRI T bt s ) B, FRe A T T ORI B
AUTERE EZ KL TOBAGEES H B H, FEL
HEDFHD S F BN W ZENZWD T, §
<5< & BBIEDH I F AT X Fa RS E O 4.
M D ORI TN > 72 EZ ZDNZYLTHA S,
DED&SRT D, AT, FARHHE O bR
M2 TRENTEDOX D REFEAcS 5T L
3N EE R Tz,

SREREHII D T ORI AEE X B 3km, B 2km FEFE
T, RIS MRHIE DS RN VT F IS5 HET
X%, FTT. AW TIET OMGESED T & iR
fEANVT IRE LR LICT %,

4.3.8@BEHIVT S DRZAE

SERAEIETE AV T DRI K > TIERCE N7z IRE,
UTFOEEDNSHINANVT IR EEZ 5N (8
FED, 2006), T FTEMRIHHO FNRTH B M, sk
TEAVT ZOHRITHIIIkD T 0y 7 EENE T L
M5, FIILARTE I (13-8 J7 4 ; #5HIEA , 2005)
KDEHVWCT LITE D, FIRIEMGIRMIED T E TS HE
Lz AoNs 5 S OHEREERICR S, BHS DS
HHEUAZ S AR & & 2 5N 5 & ODOHERE
REFERDEO |, fEWHEADVERRER 2 AL I3 T
EMS, KHTHo T L HEE SN D HHIATE AL,
BEDIKIA L UTIEHI AV T ST E R O 2[R ik
AT =V 4 BRUORKOKTH BEAFNAAT— 2
NETFENG, TOSHEELLICHIBEMNICDNTIE 2

DORIUD 5, BRFANART—2 A NDOX LT E 2]
BEMED BV —DId. BN EREIRTH B, LT TLEAE
HERMERTE R > Tehd, AT < IR
HEREYD (37-38ka; /MbA, 1999) ICEHN TV B DT,
ZNE DSOS S OHEREYIZ. BIIEFRON D
KHTHB T LickD, &9 —Dl&, EHT BN G
TH b, 1S O SIIBIEDOHARTIZ N L TR
VY FEMNEHLTWEN, THUIREOHAICIZH
EHTRIOKIHRZENH (21-18ka) ERTE THOMLT
Wz ENTW% (Minaki et al., 1988), TDT &hb,
EHE S OHEREMIE RAOKIN K O & s OHEREYI T dh % T HE
PED E,

B S CEREFRNA AT — 41 d 3 & RbN
LA R B IE R AR O DE FICRD 5 NZDT, A
FHV OHERIRFHE AL AR BICHALARS . B &
AETORIE NS T IR, FilAA VT SR,
T 7 T TR NERB ARG DG U 7 HriHes AR
(8 JHAERIMND 6 JTFERIE) DENEES T LicE b,
DE D, WEEEAILVT IS HINR AR ORI
RS U TR E Nz mTBEMED @,

5. HIVT FIBEDLE

SRERIETE AV T T3 KSR IS TV T 2 N D R
HINTWEH, TV XA TDHIVTTiE, RN
IR ENE5TLE—RNGEEDTIEAY (Lipman,
2000), T T Tld. WV TIDRKEEREEICDNTE &
HTHL,
BHTHERZEEBD, WVTI1dH < & THIENRE
ETHO., KKIEERA THS. KKOBLELSHIVT S
ENHTBEREL2DICHETE S, BAkRERY
SOBHICHEFRTZEDE, 25 THRVEDD2DTH



Hakone Caldera: Structure and role in present-day volcanism

%, BB . ThbEIIIOBICEAFRLEVED LI,
RERIAO KBS E T TE Mo 2 & &2V T
FEVOILEETH S, EHIETE/IVT T i &I
M A< L JE D ZRIHRA L &1 B R AR ORI L
DLHEEZRS>TVRHBETHENTVSDT, B
KIADRREIC & > TR E NIV T ZTlREV, &
FHIFARIC OV THRE L TWVWB DT, TDORATDHIV
TILDVTOREHIETIT, &5 —HD, XTIDHE
WCBRT 2 VT FIC DV T EAMIICHREZT %,

RUOBENCART 20V T T L LT, —RINICE
ZAHNTVARDIRMRICEDZEDTH S, MRICKDH
WTT, ThROBMEANIVT I LR TIEE D H2EIC
ol &, RTIEFE O ORI EMKNT 2 A8
LT, HRICKERN, THbBIIIVTINTES LV
IEDTH %, XTIIEEOELEICTZDIE, HAT
Ho>TEHEEWVWL, XITIIELEONLHRALGHOHEHTY
TINFHT 272D TH->TH KW BAZEEDRWA
WT IR EIEDLEZICS VHIRESZ 208N x
WHEKNIEH B, Tz& Z1E 2000 Fi =EEDOITHTE
££ 1.6km DMK IIDTERKRE, BEAIERE 28 DDZ
DEFICHT T~ DmIE, MEREK DEMTDTN S
Teo MO TRICH > Tz< I ~id, SijRzEmECT
HARKHFENH LT LE 27D THDS (72 Z21E. Geshi
et al, 2002), Fiz, 19124, 7SI RAAD/INT T &R
(Novarupta) DMK TIX, BAIE /NT TR TEE
EDODHIVT T/ INT T Z S 8km #inTzh v <A
(i (Mt. Katamai) TERKE iz (F7z& 213, Fierstein
and Wilson, 2005), T/ b A 1LHOE FTERE
N TIPS LIz0B /NS T2 T LTz
DTH %,

[aik DI 2 —NiF N DO B M, FHAMICIE M
WUHSUROWIE CHENZTay ZH RT3 L0
EDT, MakdT B 70y IMN—hkbixo>TA MV EED
2247 (EXAMHD, Makd 270y 7515
K-> THBZED (E—AI—)UR) L, XEE
GICENHREEN TS (K4), 7oy 7oKRE
TIFEEH km DSt km ERZV, HOAILT S HE
EEGREBMNER MELHENSITIER I IEE O TH-
FAbR A 72 EORMARE THBEH L TV 205
D, THLEAVTICOWTREENFEL IR ENT
Wb, iz, EFREREBVEATHEVWEVWAILTITE
FIE 7R U IR O W= flk (L O ELE D 5 Biais 7 e
U OFEDMEEEN TV, HATEGEE ORI
B SN O KLU T KB R [ai VT F h D
Mo T3,

—7i. HARTIIMAERZHNE LTEEENIA
VT T OHHIN S, CTOFOMRANT T eI’
BHRATDHNIVTIMREEINT VS, TOXATS
. Az RS E N A BRIRO A LS & F e
WM Oy M, BIXUTZDYy Do Ailic
BOENAENRDOENDG LWV I 82— & UTHE#E
NTW5, FHle LT, ®IIAVTS (L, 1986;
BB 1, 2003) RWFIEAINVT S (OkiE, 1993;
Mizugaki, 2003). A H 7 )L 75 (Kamata, 1989).

a) plate (piston) caldera fill deposit

/ (AIVT S FTIEHERED)

7 1

basement
(BB

magma chamber

(RILEY)
b) piecemeal

c) downsag

d) funnel

4. Bad A1)V 7 Z Kiid (Lipman, 2000 Z44). a) 7'L— k(€
AL) B VTS NEOERIEZDEFOR T/ IEE
DICKERT %. b) ¥—AI—)VBL J)L T S INEBD A
ENTIIIREDICHIET 3. o B UH IR LTI 0
WERS S RIS, NTHMELZETTHS. d) Uk
ST, R UREEDICMRT 2D TR, MBI X DR
WCREZIHL.

Fig. 4. Schematics of conceptual caldera structures (after
Lipman, 2000). Piston, piecemeal, and downsag calderas are
of subsidence origin, while funnel calderas are of explosion
origin.
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Fig. 5. Model of the formation of a maar-diatreme system (after Lorenz, 1986). Diatreme is assumed to form in a water-rich
environment. The ‘Toot zone’, where water comes into contact with rising magma, is initially filled with collapsed material (a). When
the explosion occurs, material within the root zone is expelled, and the root zone itself is enlarged due to the shock of the explosion
(b). After the explosion, wall rocks of the vent collapse into the root zone, filling it (a). Repeated cycles of collapse and explosion lead
to the downward migration of the root zone and widening of the vent. The final product is a broad crater maar and diatreme crater-fill
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Fig. 6. Locations of buried calderas and eruptive centres within the current morphological caldera. Buried calderas are: Gora buried
caldera (Go); Kojiri buried caldera (Ko); Sengokubara inferred buried caldera (Se); Ashinoyu inferred buried caldera (As). The eruptive
centres show a NW-SE alignment, along which the buried calderas also appear to lie. The embayment in the morphological caldera
wall near Mt. Kintoki and the ridge between Mt. Myojin and Mt. Myojyo are located close to buried caldera structures. Embayments in
the western scarps of Mt. Sengen and Mt. Takanosu are also located close to buried calderas.
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Fig. 7. Schematics of pull-apart structures.

71



72

K. Mannen

(B /By RE, 585, =IEP) &, FRGARZ L E
THHIKICESNTNB T &, TNETIIFETDh -
TWa (Fz& 23R, 1975; #hiA) 1 IRIR R HIARISEHT
1983), FMRGANRIRIEI SN DB T IR T, 4
VT ZOMNCH DT, SRlEiEamz#Z L, T
DIRFIT DN TR,

SREERL O IR RIISEREEE 2V T O FHAHEREY O 75
AP & —T B KSR A %, NIV T T LEinT-
A THIRRAEH 20, BENE L RV, BKrEHD
ROV EERAIVT SN EIZEVDH D GHINED , HE
figH)

TRFR T A N T e D FESEHEREY) T TE TV 5,
Sl & I RN iR & OHEREYI T, REREHL
IR ET B, FER. BIED X D ICREPA L LT
Belis E N AL, B IERZ R ODBUET 2HEAMT,
MmO E AN Ia I L TVSESIcDN e Ehn
%o TOESEHERIIZEBRICE A TE D, HiTOHEIZE
FHE X, Fr ORI ORH . Z4AICEB L a Y FH
SETT228H5 0D, EBHMEEYIINRDEL
T DZERAH R BEAIR I KRN T W5 720, RO
FETHT LU 72 OOK, 1975), BIEDIRRIE T D HEHE
Y GEHET) O TOMHEREY GRS ZioikE.
ZOFOXLESE S (G V) ICERELTWa, A
SIEAREKE (FryvTmawvy) ELTHELTED,
FEEHEHEREI P IC K BICE ENZ BT WVHE R FIct T <
D% HEWT LA V ORISR OIRER AR AN TV 5,
A VG, BB X0 2EENE NS, TR T
BOBEERZIVEZEZZTENTERERONS,

FARO Rz L & 3 S AR R LB E
BRGEICEENTVSEREE, SHVIEKEELT
THRA R L. ZOERICH R EAT 2 C & & EH
SHBHNTWBTzbEHRENS,

Tk, WEIEERTWVIRETIZ ARV, MR, S
FATF T ORI E B A — RIVEL EOHEI TR D
BHICKIIL TV, COHBEHITFICEES EEHEY
DEy FHRHLN, IRIEEHES O FusSIEH LT
W5, HHS EEMVIZODIERRDO AN L LT
AELTWVWREHRZ T ENTES,

7.2.RIREALRELR

R E LT D LD DIRREZ R T S T2HIC
IR LTI, RO SIRRDITE R DL Ky
EfioBUKN ER LT 22 e B TH 5D, oA
VT I OES, DS DEUKNERIC LR LTETHY
HLEZBND,

— AL O MR IR I R A B SR O NaCl B E UK
MERU, SO L THA 2 A4 TOlRICHEL
TV EEZLNTWVABD, ik Tld T D NaCl BEUK
IV EEZ 5NSEIRO NaCl BRRD 5 H LT3
(Oki and Hirano, 1970; KARIEZA, 1968), sk
NaCl BRI, HENZR LFH T2 enH 0, HiLD
HIEETEEh & OBEED DN Tz CRARIED, 1968;
Oki and Hirano, 1970), 2001 FEOFEREEREHIE DRI
I HGRZH OB OHER & & &1 T DBIGAFEL < Bl

TE= ((RHIEA, 2003; 2007; #EfEH) .

2001 ‘EFEARBERHIE O H B EE R, NaCl B R
DRI, ERET—2OHEBZX 81 LT, 2001 4
FRBEFEHIEIX. —HOMERERTHS & 2001 40
6 HHIBICHAE D . 7 HIZ UHITHEREIZ I Z 7214, Rk
IKIET % LW IR T2 & o To WY, shighiic 50
% NaCl BRI OIREE EFAMEE - 7 0id 2001 45 A
28 HEET, BEFHEORBHEI D 1 » AU EMTH %,
NaCl BRI OIRE R 6 HIC AR EICIERD> T
T, ZTORITEEDENIKAED £ FHEFFE Nz, NaCl
RRSROMRE EADRE S Uaio 5 H 23 HE, By
EABEOR NERRICE T Z 7 5y 7 OIEKE RN 51
EAEE D B EERS ORI OIS Z LA N
Uz (RENZA, 2003; fXHIEA, 2007), EIHO
PUERSEICEN R NUL, CORIEY I<DEDT
BEVEA A5, ELIRDEDTHDETNE. KD
W& T AN S HIFEPHRES OB AEHN 51X 372
5TH %, Fir NS0 s Iy 7HKE,. BF5<
M FEEROBUKDIE ) (BRI AEINL 7z TH
%9, [ARFIC NaCl R ROWE LHENRD 5N 5 DI,
MR OBUKDE DM L z/zdic, Kb e
AICH B X0 EROBENHFOHICEAL TED
TH55,

5 FBOE FCHAEMAE O IRROIREN B> T
N5, BERMENERIL LD, ZOHD 6 A 12 H
) SR AED TV E T AL, IRIRD 75y
2 CTRHIOL TV 722 EDMERIEHR GPS D F—
ANHRBENTVS ((REIED, 2003; [KHED,
2007), TOEMBDITw &, ITIDBALLED
TRAERNVEEZENS, RBRDWEN 5 AKRIC -
TEFFEAEEEEZ L TWERNT &0, BEFEIEDE
TRIASRNE TADSHENE T AL > TVBE XK IC
HA% (M, 2008, AHEE) CEMNZOMHHATH S,
L LR IIPEALEDOREETUE, IRROEEIEE -
EEMBTHAS L. BEREMEBOEBRIE~ 7/~ D LRIC
HHOLET, L TANHERNETANERF L TITL
THA5, TLZH, EBC /ISR T
FRUTERETNE., COMHEDFERICIEZDOREE
THHIL TV RIRREEHZDENE, &> LEHE RN
WTHHANTEBMLL,

7.3. 71V IN— M iE&EEI SV Y

SREEHIE D NaCl BUHR RO IE ek, FELfhnz
ERHELT3AMIHI FLTWA LT EEZ FHdHoi
M (T2 ZIERAKIE D, 1968), i F/KOH) & 3HIEIC
HEENTWBDT, HITFKTEDKEEHA THERNT
W T EIRTERY, KRICKZH FOETIVTIZIK
A Z BN D HEAD B, T T, ITHIED
(2007) (& PEALPE —BREHT A0S NaCl BUERR D [ &
WU BB, ZThoMBIC->THTIT 3L E%
7zo TO NaCl BRRO D EH UNEREEAEINV T 5
DIFIFHIGH MM T 2 XIS L THEET S (X2),
JEIC 2001 FEDOREFHEOBICHER LD E X I Y
vy ZEINED A 12T & DR H DT — X I BHEE



Temperature (°C)

Daily number of earthquake

S or Wup ->

<-Nor E up

Hakone Caldera: Structure and role in present-day volcanism

May23 Junl2

100 e — ! ; i * 1
a. : | ‘ o © Mi'95 ‘
05 N NS SO SR Nt NS S
: P ® 6o o o oo avo® ommomo! @ ‘
e 50 OGIXDO% OO0 O O@@m@ O(mD ‘
: 'm()) Omxmnﬁmmmmoo fo o oio
90 e DO G ‘ | : T
©COO® O i i
85 [T PR o | §
- i N ° o ° i o
oa» ' ' [ X J o |
LK : : oem o ®
- a» o ;
80 4 B .
75 I | T i i 1 i i
1000 : :
wb |
10 . K
1w
0.1 [y Sy | S
0.01 : f
| | KZY E-W
1B —
: : /f/\mww
PGS SN I KOM N-S I 1 uradian
Apr May Jun Jul Aug Sep Oct Nov Dec

8. 2001 fEHIRAFFEHENTRIC BT %, a) IROMMEZ(L (Y Mi]95 5B KT 74 53, b) —HH 7 b HERE itk 5 H
MOBEREM), o ERETOZL. &S5 < ZEMHENIOEBERGCH 7 mBIEA 5 H 23 A, ZE L TORED ST
DICHZL %, ZDOBIROWIEND 5 AARD 1 ETLRA LR LoD, MR RERMT 5. BB OBy, EREr
DZEALE KE 520, ROIREICIEFENIES, Mi95 3 10 AR EMOMICR > TVWA X SIcRAS. SR 74 55
XU 95 SOAIEIFK 3ITRLTH 5.

Fig. 8. Changes in hot-spring temperatures (a), 10-day moving averages of the daily number of earthquakes (b), and ground tilting
(c) over 9 months of 2001. The period of activity was first observed as a subtle change in tilt trend at Komagatake station (KOM)
on May 23, followed by an increase in water temperature at the hot springs for 1 week. The seismic activity intensified after the
increase in water temperature. As seismicity increased, the rate of ground tilt also accelerated, although the hot-spring temperatures
remained constant or decreased.
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Fig. 9. Schematic model of geothermal water and ground deformation at Hakone volcano. 1) A reservoir of magma or geothermal
water exists at about 8 km depth near Mt. Komagatake. Fluid conduits connect the reservoir and the upwelling zone in the Gora
buried caldera. 2) The periodic supply of magma or geothermal water to the reservoir causes gentle ground tilting. 3) The supply
of magma or geothermal water leads to an increase in pore fluid pressure and water temperature at the hot spring. 4) The increase
in pore fluid pressure leads to the opening of shallow cracks and a weakening of fault strength, thereby generating an earthquake
swarm. The swarm and crustal movement continue until the pore fluid pressure decreases.
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