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Physical Phenomena of Volcanic Eruptions and Magma Ascent: Towards Forecasting
Volcanic Eruption Sequence Based on Physical Models and Field Observations

Takehiro KOYAGUCHI

This paper discusses physical phenomena of volcanic eruptions and magma ascent on the basis of a model of
magma plumbing system where the conduit flow dynamics and the magma chamber processes including the conditions
of start and end of an eruption are taken into consideration. According to the conduit flow models, the relationship of
magma discharge rate, M, and the magma chamber pressure, peh, (“the M*pch relationship”) during explosive eruptions
is controlled by the pressure at which the conduit flow changes from a bubbly flow to a gas-pyroclast flow (“the
fragmentation pressure”). The fragmentation pressure, in turn, depends on the mechanisms of gas escape and magma
fragmentation. The M —peh relationship during non-explosive (effusive) eruptions depends on the density change due to
gas-escape process and the viscosity change due to crystallization during magma ascent in the conduit. The models of
magma chamber processes, on the other hand, suggest that the M*pch relationship strongly depends on the effective
compressibility of magma chamber and the volume of magma chamber. The effective compressibility of the magma
chamber drastically increases when the magma contains gas phase, and hence, it depends on water content of magma
and pressure. The diverse features of eruption sequence result from the coupled effects of the conduit flow dynamics and
the magma chamber processes. For example, the condition of start and end of an eruption depends on how the conduit
flow is driven by the magma chamber pressure, as well as the mechanical stability of magma chamber. Some key
parameters of the conduit flow dynamics are determined by the long-term physical processes of magma chamber (e.g.,
crystallization and differentiation of magma) during the repose period.

In order to establish a method to forecast eruption sequences, forward and inverse models of the magma plumbing
system are formulated. Because of the above coupled effects of conduit flow dynamics and magma chamber processes,
the forward model for the magma plumbing system shows complex behavior of eruption sequences (i.e., various
trajectories of the M —peh relationship). Such complex behavior, as well as the lack of knowledge of the mechanical
stability of magma chamber and the effects of deformation of conduit, makes it difficult to forecast eruption sequence on
the basis of the forward model. The difficulty also comes from the fact that the magma chamber volume and the magma
chamber pressure cannot be independently determined by the inverse model based on the geodetic and geological
observations. Although, because of these difficulties, the model of magma plumbing system is not immediately useful
for the volcanic disaster prevention, it certainly provides a frame-work to integrate different volcanological approaches
for understanding of the diversity of eruption sequence.

Key words: volcanic phenomena, magma ascent, magma plumbing system, conduit flow model, magma chamber
processes

1. 3L &I HZ ERRADL, KNEAKIZBWTIX, v 7~ Ustow
KT, [RILEABER 1ZoWC[v 7~ EHEfE] Homl, BukeHzoks <7 <~ofEEl, <7~k
EVIO B LEIL, KUFEOSBHO KRR BEST  F0RE) MR - B, BICE ) BRAR & Bie B

FT113-0032 FHUER SO KGR 1-1-1 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan.
HRUR S MR ZE T

Earthquake Research Institute, the University of Tokyo, e-mail : tak@eri.u-tokyo.ac.jp



38 AR

PIRET 205, 22Tl TRIUEAHSR] % [ 7<)
WRICERTLHE] W) ERTHWS, /2 <7
IWFEELTCHALHMERICEL EFTOY T~ EABEREIC
&, WY Y PV T A T E N E LT ERREE
FFIC B 2 BE, EINHRKEIC LD R E e
BRICEEN S 505 (TH60 FFFEXOMIEIZOVWTIE,
/NETT (2008) DFE 4 TEN S T A BH), JAUEAIZ
HEEMET 5 KER T A 7 % EAT AU R % [BE
T4, —J, 7B OYHERIZOWTY, KILE
KIS - < 7~ ESERRIC RS 2 BRI O W Cld i
DORBRIZINA 5. BARIICIE, RFCTIE, Fig 1128

L7z 7~y L RBHLNIETA 7 L)l Eh s
[~ 7~ - R 22 L, SORIIBITLE~Y T~
B oI e~ 7~ oiEHE (BALRER & 72 ) (23
LAY TYOERE) OMBREYEZT LI LEMEET, Kl
FOEHOWIREEE LT 5.

Fig. 1 O 7 < fths - BHSRE 7 VIS KL HE T oA
ILENZAETHY, DX BREFTNVEELET LT
TRINFEEEWHIST 5 2 L IIERA D 5 DT AW
o EVHBENHLENL LIk, UL, AL 2
O~ 7 - BERETIVICBWT, BHESETOO
Wil (RIEHARD) 2 ZROFRITMZ S ZLI2E-T,
Z AR I DNRIL W FEI & B CHERR AP A & FE M3
2bDEZZ TS, KINEAE W) ARBEIRIE, [K
] & EE SN B VT, BRMIZEET S
LV FE LW E SO A BB BT
&, B b BAE DKM A o — v ORI & BT AE S
SEEEL FORIEIM 2 L HIZHE Y KL DD, B4
PO TENTT—2oDOKIIDKEL, ZOiEENE
B IR 2 (eg, SR, 1983). RIEHIfZ &~ ~
DR OR SR % RS 2 2 &1L, 4 OO
LT COMBOAL ST, KIIEKOR KD
BRSNS, BAKOMRELBFS 25, S512,
NI F IS S N7~ 7~ D X OREOEH & A HFEIC
ET L0 L) ME (EA B~ 7~ ORI, RO
KAOHENERE, ~ 7~ OEAFENEE O RMIE L2
& RINERE O &R Gx HRS 2 2 L1815

<t BHERE IV, KILFEEFE 2B CE

ELTOEEREE A ET. BROGE»HREET
DR ETFHT L Lk, 59 FThA KUK ED
FLRRETH B, B OFEE L TRILEKOHERTF
WEATH) Yy, LITLIE, BARARV Y1) =2 n)#E
AHPEEEND., ARV YY) —=TlE, ZNENLD5
BV CHFOREMELY 5 2 2L TTFHEIT) 2
IS ORISR & T A KILOMEDOE KSR IZHKD
WRBRIIZS- 2 5Tl Y, BURTIE, 3L HH

Magma discharge

(eruption)
f M = 7rr2q
P N

1D model for
conduit flow or L
dyke flow An eruption

starts at Pch = Dstart

ends at Pch = Pend

Magma chamber
surrounded by
elastic rocks

Dch = Plith + Ap

Piith = psgL < pgL

Ven

Magma supply

Fig. 1.
system. In this paper the magma plumbing system is
defined as a simple system that is composed of a
magma chamber surrounded by elastic rocks and con-

Schematic illustration of the magma plumbing

nected to the surface by a conduit (or dyke). In this
model the conditions of start and end of an eruption is
taken into account by critical chamber pressures, psart
and pend, respectively. It is also assumed that the
magma chamber is located at a neutral buoyancy level
so that the density of the liquid magma (o)) is greater
than the density of the surrounded rocks (os) between
the magma chamber and the surface.
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(a) Periodic case (b) Time-predictable case
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(c) Mass-predictable case (d) Irregular case
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Fig. 2. Schematic illustration of the diagrams showing the
mass of erupted magma and the magma chamber
pressure as functions of time in the course of long-
term evolution of a volcano. We set a reference model
where 3, 0ch and Ve, are constant and G=0 in Eq. (1).
In the reference model, the features of the diagram are
classified into four types: (a) the periodic case with
fixed psart and pend, (b) the time-predictable case with
fixed pstart, (¢) the mass-predictable case with fixed
Pends and (d) the irregular case.
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INTA—=FE, << ERROESIE LCED &R
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X (13) IZBWT, O 1 H, H2HIZ, 2hth
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KEF TR, v~ bEREEBIZ, << BYDOES
N, XTYOBWIEI T, KOO E TIET
%, HEEGE T O OET] pe BSREUL po (ZHEE S
AO\Zx LT, HHli IO DEILmEI B L pe
=g/nRT & 5. KEFHIE, KBV TR
Pl Fric I & o CRRENHRZFH, BERICBV T
FUIWEIZLDENAEE D, 7B OETINS
< TRETE TCOENEB L O~ I~ wEiE 25
HOFENECTOREDEZEABTES LS, SR &
BMORSEFIVEHEL, TNFhoRS % KELE
FELTH-7200, X 13) OEBOEHOERTH
5.

Z ORI B e b mE R I, KETE TV
BT ALY 7 E ) OMHRT 3 DOLRIT
A—=FEFOZLTHL. Tbhb, X 13) 1% Th%
GUROWTIEL Z X128 - T, WAME 2T,

4= Ben; 7, Lse, o) (19)

EVIHARICEERZ LI EDNTEL., ZOROMBIC
a2g* R O, A AN KBTI T B R
(3) DEARMWEBIC > TWD, M 20 DIEMHHE
GRTERTZEDPTERWA, 2 (13) & po, 12DV THE
W7z fOIBBEIZOWTIE

| avifi-Eem ()} i g2
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DEHIHEAEZ LTWwE. V77 LY AEFVOR
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ST, FADPHHICHEIK L F o T DX, ~ 7 <D
DIENZEAL S 7 & 2 oEB=ROZ L, 2% 1)K (19)
OB fOTL|NTH L. fOUWEBLOZDINT
A — ZIKGEE R RS 5 ECiE, S TH DR (20
WS 5 2 L2z, Koyaguchi (2005) 12 & A KIZ4(1
RITAE R TH D, 2 2 Tld, Koyaguchi (2005) (22 B
AMZT, HHNC g &y, Hefc (13) OEBDOE 2
H (L) BLOE 1T (Ly) 282 T2 LM% (Fig. 3).
FZ b7z X 12, L, OMIFIIEE RO & %R
L, L, DH#IAEREROEEG 2R (ZEh [
%%YHLHH}?U, [&ait iR R8T BEEAYT R

’&ott’émqwﬁﬁ R HIEPFETH S, Fig.
3 LT, IR 3ZODNRTA=FTDIE {IZ2O0D
MFR DA 2 ML ERE RS, Thbb 72V S Wl
EEOIF RGN AGMIZY 7 VT A F 2
L“tm%ﬂ#Abﬁfomﬂi%ﬁﬁEﬁﬁmé%
Y. vV BYOEN EBEHEROMBRIZ, b5
ZON7ZZMBOMBEREBRO R T, SIBTIHEDES
PaZ AL &Rz & & 12, MO 1 &% b gOfiiE
@gs¢@%@tﬁ®uﬁ)#t@;o_%@¢é#
B kv,

ZD XD BHFEMELE BIORK 20) D15, B
MIEKIZBIF A~ 7<) OFET L EIFEOMIRIL
7 Leeln pr &) 20085 A —F 12 ARAET B 2
tﬁﬁ%#n% FTh Lo In DA 1 ZHBR B DEH

2EoT, VB O] EEINEOBROER IR
§<&b%(ﬁg%w)mem21®%a,ﬁ&ﬁw~0
ELGATYH, B oNL. bbb, 205k
iz~ 7(;" V) VR R N @ = 1O L= DN N S YT
FBIDPIFAE LBET B, ZAUIH LT Lo In p<1 D5
2, Don 3% HEMLLT 127 B L W IHERD AR L, BR5ERY
RN B, BB, TNHLDINT A= DEFRNS,
meﬁ@ﬁui 777@5Ait777(0®m§

LIRFY, GKEVPHER % OBEOY I L
T, 7BV OESHESHPH 10km DL X2, 0D
A1 &% B, —F7, 71E, D DZEALIZKI T B g DZAL

RIZERT A, FOMEAVNIVIZE, paDZEALIZHT LT
G DSBIEIZZALT A (Koyaguchi, 2005).

Fig. 4 121&, KiEfE, &KE, ¥ 7 < OMEIZOWTI
BEEL, Mt~ 7<) DESEEZ RO~ 7~
N DES EEHEROMBRIZOWT, X ©) 225 (11) £T
OISR, (BERRGFIEICOWTIZE L L2b o) %
HOCTEEMIRO 7R, BLY, dInd 550105
TP (R 0) OREERLL. ZOBENLS
T OIS T, BRI L
TR ET AL, < 7<) DL LT LML
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Fig. 3. Schematic diagram showing the graphical method

to understand the steady M/-p, relationship during
explosive eruptions. The vertical axis represents the
normalized lengths of the gas-pyroclast flow region L g
and the bubbly flow region Z,b. The horizontal axis
represents the logarithm of the normalized flow rate g.
The approximate solution of g is given by the position
of the vertical bar with length of 1 (a). The decreasing
rate of ¢ with decreasing pen drastically changes,
depending on whether Lsc In /<1 (b) or Lsc In p¢>1
(c). The graphical method is based on Koyaguchi
(2005).
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Fig. 4. Representative steady M’pch relationships based
on the one-dimensional steady conduit flow model in
which the liquid and gas phases have no relative
motion (i.e., the model without “gas-escape”). Solid
curves: numerical results. Dashed curves: approxi-
mate solutions. In these calculations it is assumed that
T=1,273K, 0,=2,500 kg/m3, berir=0.8, n=0.0354,
r=25m, (A) L=15,000m and 7=10° Pas (isc In p¢
=0.69 and 7 =15), (B) L=15,000m and 7»=10° Pas
(Zsc In p¢=0.69 and 7 =0.15), (C) L=5,000m and 7
=10® Pas (Zsc In pr=2.1 and 7 =15), and (D) L=
5,000 m and 7=10° Pas (Zsc In pr=2.1 and 77 =0.15).

T5H LV ERIE, WEMICIE, <R BERCEA
I KEANT TR H > TIRERE - RO S HE T2
LoTii7zsh, 7 <BYOETIHNTH > THiNLo
R deb vt W) HEICL > THM SRS,
KEFDENDATIZDOWT S, T[5BT BV TITH
PEIRIL Fric (12 & > CRGIENABR AR D, BMEFRIZBW»
TRECWEICLZENAEEZ D] LWV ) HE,D
ZOBEPRIRL BV EHEET L LD HETH 5 (Fig. 5).
LA AT Wy DIE T 545 O KB #IE, ~ 7~ D
WA OBRES, T7abb, WERENORS LL, Tk
L. YT OWREICBIT AHEETEE, FEOSEn0%
J og EEIIEEZ % VT pgLL, TEST T EATE S
(REFEIGHEER T 2). fE> T, <7< OBRmIZHB VT
W&, KENIC oggL L, —pe BEEE OB IREEDE L 5.
COZ LR, pe G HENTWEEE, B AR (E
ERENNDETIEIRKEL DL ZERL TN,
=7, KOZBWTEHERIGEL TWAE, BHEDIE
2.g (22T g=1) THY, KEHATK AL CHEE %

(a) Explosive eruptions

0kr Pl surface
¥,
v Lithostatic pressure
O\
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() SO _LL
S ‘ﬁgfpﬂ] g
| *
1
!
i
L | >
Pressure |
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(b) Effusive eruptions
0 --}%L--I -------- surface
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Pressure Deh

Fig. 5. Schematic illustration showing the pressure distri-
bution in the conduit. (a) A typical pressure distri-
bution of the conduit flow during explosive eruptions.
The main effect of gas-escape during explosive erup-
tions is shown by a dashed curve. (b) The effects of
viscosity and density change on pressure distribution
during effusive eruptions. The main effect of density
increase due to efficient lateral gas-escape is shown by
a dashed curve.
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1x, KA OEAR = O M E (e.g., Wilson et al., 1980;
Proussevitch ef al., 1993 ; Koyaguchi, 2005), & J8HNFRD5,
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12, SAHORREGRICEO S EERRAT 2 &, SMHE
WA DMK EB) 3 2 I E, ~ 7~ ORI~ 7~
OWE (FKkELIRE) LEDOBMBE L TRTI LD
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1, Fig 128 L C Frie BT 2 & (e OMELHIINT 2 &)
Wi ADSHERT L, BEREE I AMET 3 250 % 7~ ¥ (Fig. 6a
BV TR T A5 804) . 2 & H ORI, it
BgOMPE &2, IR T 2 ENORBEHEB L
T (5gle B LV 7g DEATEA L), WA ADHEST L,
WREET MR T3 250 F %R L T (Fig. 6al2BWVT
IR EBDMEAT T A3 5 W) .

WIS, BT ABRRIZL > T pe WA THZ LD, ¥ 7
WY OET) RO KIZTREICIOVWTE R
5. ZOMBEIZOWTH, BICHV 22T
Lo CEMNEMSTEETDH 5. pe DAL 72591k
LEE R HEY, WHERERIEL 52 L THDH (Fig.
6b). AGAHM A EE L F F, EEREEE L o
7o, SRR iR & EERMROHRED 1 LD g0
fiE1x983 % (Fig. 6b H A 205 B O%AL). 72, WEHE

TS ORKE S Lo In pf@1[j)vj\éi< 2Bl v
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Fig. 6. The effects of vertical gas-escape on conduit flow
dynamics during explosive eruptions. (a) Normalized
pressure at the fragmentation surface (1) as a function
of normalized mass flow rate (¢) for various values of
€ ranging from 1072 to 10 Note that p¢ must be
greater than the exit pressure during the explosive
eruptions (i.e., the part of solid curves). The value of
s for the case without gas-escape is also shown by a
dashed line. (b) Schematic illustration showing how
the mass flow rate decreases as pr decreases owing to
the gas-escape (A to B) and as pcn decreases (B to C).
(c) Schematic illustration showing how the M—pch
relationship changes when the effect of gas escape
becomes significant.
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B BHEFTA A DB - 72BN TH 505, 15
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2010). BARmI2IE, X (29) FEE, Fig 10K LT Fric 255
BT AP ERITNNTA=F e Lifimoml L &b
EANOES OB RS BRI R TS /8F A= /(57)
W

1

_omRT(—¢) ¢

Q—mpd 1 =0 (31)

EV)BENESN LT, ZOMERDS KO K
TG DBET p OBBE LTRF D, KIWHOEE
(o~(—¢) o) ZHET L EDTRIZ RS, K 31) 28
KT A2 Lid, HEAREWVIREETIE, P23 LT
Fric PWHEMT 2720, JGERE & ORGP CHlR D L5
M SN, ZFORER, ve—o DI L CTHH A D35S
TAHIL, —H, EAVNSVIRPLC IR GERE O ALK
MOFBII/N S DS, U EAER TR U TR~ D
B OFEDEMT L SH T v,—o D3I L CTHEA A A
HEITTHENH) 2L TH D,

X (30) DHMERF B 2 EANTE ORI, <7
Y OWUZEALTH 5. EAHE SR G Lo~ 7~ D
KitElx, 2V b o, R RIS, 5612
IS O OBATFIFERE KA L CEILT % (Marsh,
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ORI % B L) FFER, TOHEET Fg 2k L
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W7z d 720120, 7B BT aRBEIEE L O
HoHVIE, ERIBWTEMHE GO~ I~ B0 A
IV R TV LUEDND 5.

KB IBOREVEIRITIZ X > TREHNEFBOFE I HKESL
DET LY EL o 2ts, T OETZIZHRE) S 70Tk
FEDBEA AHHELTT 5 W REMEADH B (Jaupart and Allegle,
1991; Woods and Koyaguchi, 1994). /510D 7 A & #it
HIOET A%, AN D DR 5 721 Tldke <,
SHOTRNEZEEB)TH A D AL B LDT, #)
RE A ADHET S B AR B, BEATMOBLA A
DERENI NI KENI & KENDOFETIZETHBHDT, ZD
FEAVNEVHIEOBILEE TIE, BHMOBY 2 D% FEA
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<R ARt 281X, X G 2B T e Dff
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OFAEE (FHBERE) 2BV TR RS Z 5L
TW5, —7, BHMOBH Z@E, KEEER TR
BLETT2IE00, KEEEOY IO - [1£7]
G (Fig. sb #i#8) 44 F I 7 AR BEE5 2%
(Kozono and Koyaguchi, 2012). ## /5 [A] DL 77 212D\ T
1, KA DRBR L & OAGEE 2 BRI 5 72
&, NG DL BRKANDZERLESRLHEE LT S
MEAPRH SN TORV, 7272 LKER O EDVN S
e b b, &Ro FRFE I 5 B0 A ojt st
BIZEEANT B &) SI2 DT, HER OB T A & [FH

B % b O,

BRI BIF B~ 7<) OES &g
e B 2 7200218, MLEosiiblc X 2 Ri2E1L,
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W, BT 213 SRR HICE bR R Y
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HIEDT 4 — FNv 72 { (Fig. 7a; Barmin et al. 2002;
Melnik and Sparks, 2005 ; Nakanishi and Koyaguchi, 2008).
AR, MEHEEDSHINT 2 LA ADORENTHY, £
DFER, KENOTES WA L, S5 IS DN
HEWVHIEDT 4 — RNy 75 { (Fig. 7b; Kozono and
Koyaguchi, 2012). —f%i2, 2D X ) RIEDT 4 — KNy
7 5 { BRI ORI AL ETH ), TOR%E
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72O, LD A 2T 4 7 A% EREICAN T KET
EFNVEHNINT X =7 A8 T4 % 1T o 7z (Fig. 8).
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B BT AHHE SN G WS F (Fig. 8 kM
EGE), MtH M DOBLA A D &b 5 F&E (Fig. 8 H#k#
NLGE) 220V T, IEBFEWEIGER O MR L~ 7
<Y ENOBRERS L2 BT, HEH I & MOF O
HAWS LY a2, CORBRBED L) IZEAT LD,
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R 7e~ 7 < QRO FP TIE, BELELICL D714 —
RNy 7 HSHEIC % 0 (Fig. 8a HEERR), S 512, HE)y
EBL AT A 72T D4MTIE, 2O 74— KNy 707z
s SR FEI D A HEPH 12 o 72 o TR R o 2 L AR
sz (Fig. 8a HBEME NLGE). —77, b &b L fE
% CIEEITHED =, BB VI, HUT RO
DA AV DRI Z > T DA 121, KIE
R~ 7~ ) ORI & & bR SRS
I B REFIRATE S (Fig. 8b H#E EGE), Ry
W PR BRI TR AL D B W IFBIEZLD 7 4 — RNy
JIZEAAWEIE L O EAIREN. T ki,
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Fig. 7.
tive differential resistance in the conduit flows during

Two positive feedback mechanisms causing nega-

effusive eruptions. (a) Feedback of viscosity change
due to delay of crystallization. (b) Feedback of density
change due to gas-escape.
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Fig. 8. Schematic illustration of the steady M—pch re-
lationship for effusive eruptions. Typical features of
M’pch relationship for magmas with low phenocryst
content (less than 40 vol.%) (a) and high phenocryst
content (about 60 vol.%) (b). Dashed curves show the
relationships for some extreme cases. EGE: the case of
“efficient gas-escape”. NLGE: the case of “no lateral
gas-escape”. NGE: the case of “no gas-escape”. Solid
curves show typical relationships where both the
vertical and lateral gas-escapes are taken into account.
These curves are rough sketches based on the
numerical results in Kozono and Koyaguchi (2012).
Stars on the vertical axes in (a) and (b) indicate the
static pressure of liquid magma (i.e., 0;gL).
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(Fig. 5). KBOWNIREAMBIZETI DD b 856, RO
EADEAL & o TIEOWTHFEAZEI S 2 WTHEMHED B
5. HABOEROEROEEE, 470X ) IKEW
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b, ZOX)BKERTAF I 7 AL KEOERLOME
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NOMEHIIKRELEELEG 25 EPMOLNTVD
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B2 52 EDNEHMREND. —FH, F471255<
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ALY TYDLEHIZOWTIE, ThET, ~
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JE03 7 ST & 72 (eg., Lister and Kerr, 1991; Gonnermann
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EVH) RIS - C, vyl SR aRIc &
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TA MO T~O PR ESEIZBWEETLVTIEH S
A%, WHOYBASROMIZIIRER@ ) b b, [HH
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DI - FEEEPE G LT T ROE TV B WL
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\ZBATT A EITA S % (e.g., Bruce and Huppert, 1990). £
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AR D B, & 512, O E7ZOHEIROKEDTE
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REE A D D7z, FIRR 2 KB ISV E % 5 5 0 HE
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7o, AETIE, 1 RITEENKERETIVICHESNT, <
TR OS] E I ERO— R BEIRICOWTEE L
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WHELTCANVT IRBRICELWRENH L. ZNHD
BRI OWTIE TN E T4 B2 5%  OFFZEA
HBHD, KFELTIX, N6 % 3 DOOMEIZFTCER
T 5. H—OMEE, KIEKIZBT L~ 7 ~voEtE
LY TR OIENEACOMBROMETH L. ZOME
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OWHNE FIIOWTELET L. HE_OMETIE, ~7
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F—, B_OREIZG 2 LI OWTHERT S,

41 YITVRBYDEHNZEELEOBFROZEEZR

YUY OEELE N EOMGRE S 2 5ET IV
ELTE, 7~ OBREABIEZ R 5 & EAD
G ) EEEDFEA SN D EERAET D & v ) IRE
Db ENZ—RIOBEKDO~ 7O EEHEES 5 ET IV
(Blake, 1981, 1984 ; Tait et al., 1989 ; Bower and Woods, 1997),
BIUY, ~I7~#E) OBEEHSBIELEZ 5 & KRG
FVENDVHETELTOH 2MEEY T2 & VT T 08
BEFTDHEVHREDD LIZH VT IREICEL I TO
~ 7~ O E % HEE T A E TV (Druitt and Sparks, 1984
Marti et al, 2000; Roche and Druitt, 2001) A2 S 41T\
b, INHLOMETHEHASIATWEZLE, X @) o
FONEAH S ORI TH L. 22Tk, ZOREICHE
MAEMTE.

FERNEMEE B, T LX) IE RSNG4, BE
och DX T IIDEEE Ve O 7D 52 S 6FE v it L
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M=0aVe=06(0ch Ver) =00 Ven+ Vendoen (37)

Eh, RADOH 1L, ~7~ORE A £
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52 B~ I S EIH F OEHMNEC & o THIRIHE T
BRI ERL TS, v 7<) OEBELEI OV, 1T,
WREBOT— 5 55 JAED S REE bR Ve L5
BTHIENTE, EHBEOE—AY ME Vabp &
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MR TH Y, BAOHEMIEE &~ 7<) ORI
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(39)
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i)

M= (I{m + /fs) Och Ven 81) (40)
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V) AN T & 5 (e.g., Druitt and Sparks, 1984).
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DODREHVICED L) BE 5250w LN TE
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WY OBEIZED L) RIBERDFET Dh L) RE
1, K- 54 7 ORMORME L L HEICHET S (eg.,
Gudmundsson, 2007, 2012).

RO SN H BT 5 LTk, < 7<) ol
LR NKE - 54 7 OFRMORMEIZZ, HETH
HLTKERY AT I AOMEREET 2 LERH
b, #EEMIIOWTIE, B, ~ 7~ ) olfE
PR ENTITRDOEN R - 728 2 A THRDIKET 5
L) b B 5D (eg., Blake, 1981; Tait et al, 1989),
— T, KEREFVICBWTC EAHRESYOII% 545
B (BDvIE, EOMEO LAEEE b OREMAIA L
Bl b5 AEAKOBREBLALTIRLH L. HiH
DAL, v 7~ OB L T HRESEEIEIC L o THE
Fan, 2512, xIXBY2LORND~YTYEY) D
BRITIZE > THREI S NS L W) IREICHEI LD TH
L. LLAars, /7B roMET TCORMOS
AN EED R~ 7 DFE L DN S WA, whE
BN A MRS AT UL, <7<l OFETDEE
FEUETH-Th~ 7 ~0 FAETIIERE S v (4
-1 EiBIR) . 2, <~ 7~ OMEBEDHEAE S 7 REET A
BNOTIH~ 7Y OFEP TIP3 UL, v 7~
0 DIETIHEEEAN AR TRIEIC TS o 72IRETH ~ 7
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~ O L AEEIRE SN D,

EC, BROBBEMCHETAIEE LT, oh
T, WIVTFIORBEEMICONT O /<Y D
MLEEEOBEPSmEONTE . ZOHE, BAIZ
L)@ EREIREIC R Y, FRAEB OSSN
DYWL 2B HE IV T T 2
THEVI) O, EBARNRFZEZF L% S (Druitt and
Sparks, 1984 ; Marti et al., 2000). 71 )V 7 F DTEREAMED
WK OBIIASE & B, ~ 7~ 0 oMk, HFEw
OO SIHKIET B, VT I RS IZOnT
X, 7<) OUHHEICAE D BRIR O 8 O TR 4 1
(e.g., Kusumoto and Gudmundsson, 2009) D& 7% 53, i)z
HHFE LR ICE DAL BT LB D L.
FIZOWTIE, T u IR A 7 E RO ESE S s
SMTH Y (Roche and Druitt, 2001 ; Geyer et al., 2006), 71
VT T ORFEBRS WO T AT Wb (w7~
D OHET A 5 OFEE/~ 7 <80 ORFEFHEDILEHY)
DIEANE VTRV T IR L T D &) R
ML TWD.

CCTCTEERILIE, /YR EBEREICR S
LIS THNT IDRRENDL LI EZFHIE, ~
T OBREATEN SN TILOENIR 728 25
THEKAHEET B &) [HMZRBEKORESM] L1
MENLNWEW)I T ETHL. S L 51F, B
DERENT) %~ 7 W Y) OMFE 7205123k 2 Hisl 2 i 1%
X, AT I E G LSRR AR OB T & B
T2 ENTERY., INVFIEEDOEEIZONT
&, %7 ~BY OJFENREREISINZ T, HIVT T
FMET L ECRELMFFT AL, TO&MTY T
SO LEET B 2 &, D3 ODEMRRE T B LTS
HEHD, BOPHLBEY, INEO5EMETRTEELL
WFFEBE 22\,

RETORAIZ, Y 7<) OIIFNEEE LS50
BURICOWTIRIE L T <. v/ ~@b &l viiE~
7 ERBOER TSI IS A R 5 O
T, WA 220 TI2Mb 5 2 Lilk > T~ 7~
B MBI ERRET L. 77 v =y 2 RIE)
Wia BB L2WEATYH, B L o THE I
BREARZEMAIZIZTT. PO 7<) O LTI
5 SR D IEIAME &, AREA TSRS < (L
B, 1986; Grosfils, 2007). 2O X 9 RIS LM EE R
BE BT AENE, VTP LA BEYTTEY
DISIVREEIZK D . £ ORIRIZBWT, v 7 ~#YIE
JE B O S A AR BN 5 X 9 B RV % 22F T
B ENTEVIHIEDD &, <7< ELOIEHH
EHWPOTEIEICEL TV AIREZ ) 77 L v AIRGE

& LTHE%E L T % (Gudmundsson, 2012). Z D4, ~
T OIFNAEE R Z R TIN5
K& LT, WYOADENOFHELENS DTN % ER
THIENESLEND. —J, RELRETT 2 b
= I RIS LA, 23U X A AN
BISTISERD < 7Y OIIFR L EER K OB -
MEOEMIEEL25 25, ZOMEIZOWTIE, $2
T Fig. 2 CHRAT LB LRS54 7 7T 4 - BEE S A
T 7T IO N T, RIIGOEIE s T YD
DIVFENEEER K OB - #BEM (Psar X Pend)
MHEDIHIZEL, 512, FRAEKORMIEE X
OHBEOMWEIZED & D e B% G2 50 Hm L 5N T
W2 (R, 19865 7l - FHH, 1994).

4-3 FEROKILEREICE T 3 9EERE

852 BT X9, RO MRIEHIFIZ BT,
X ()BT 2O L Lok X0 VA RIE
Wb, 8283 77 Ly AEFVTIE, RIESIH®
< 7YEBYOETIOWMOERE LT, WTEHR»HD
< 7 OWHE (Min) DA% EE LA, EIRImCEH
5 ZDOMOFNR (G) DRBLEMATE 2w, ¥/~ H
D OWHNIED < 7~ DG LIS & o THRIR I H SRS
AR LEAAWI L7286, 720 CRAOMIGS
Haiiz3~ 7<) OBEE & AL T RSN D 5
(Tait et al., 1989).

Ik E o, X (1) OEMEHEL L7
<) OB Vg 2l LC, B O~ 7<) OF
NEALE Y 7Y OB EOMRICEEL G2 5. —ik
12, w7<@Y b0, R Atk o
AR b ) Oz~ 7~ Ot i
£ 2 G ALTERIC X o T AL ML O B 1 1 % 1R
5. XTI OMEFERS OERE LTI OB S S
WCHIKIET 20T, FlZalb 7L RE S SAT O H
WA, @i~ 7 < ORSEHON 2 RS HE L H
L. TNHOpEER, KRS, SAHRHEEEC O bR
A, TN OFERLME (B) BREL, TN
KIZBU AR L <7~ E8 Y OLETEILOBRO LR
BWNERBLZEIZDOWTIE, §TICRZEBY)TH S
(Blake, 1984 ; Tait et al., 1989 ; Bower and Woods, 1997).

< 7<) OFRLHAL, RIEIIR 0 E VB 2
T VTEAT L. oo, X)) IcEERD
Van ZB LT, d5W0IE, RTFENLWIREEL T,
<Y DIENEALE < 7~ O RO BRI KD
Bl - MBI EE 525, Ve85 A 7 OBEAR#R
TR EN 2 7 <EIL, RSk E L
TWABD, TOEMERTIRIETIFER, IR ZE R D
T, B & & DI S 22 TR T 4 (Gudmundsson,
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2012). LEZRICIRICHEALT 2 ETOLEDOEREIZH 2 »
W& oT, YWY DIEDZEAUIK T IS Hrh %
DY, WKORBREPED S, —T, 7<) Ok
T Ven (&, =7 <filia - IR RIIMWBING. (7~
O OB L BYREIZ X 5 HHONT Y ) 128
TP F % (Bl 21X, Tsukui er al., 1986; Koyaguchi and
Kaneko, 2000). ¥ 7 < ) O RHHHELE T VI X
e, ¥~ LTLD Fig 1IIRLAELD %
[ D s D P EERTE O~ 7 < S EHER £ - 72
REE] 12H B LATBRS S, JERRER LI vARE £ 72134
& AV RANRAE L 727 ¥ 2 RIS © T 2 ] A
=\ (Koyaguchi and Kaneko, 2000 ; Bachmann and Bergantz,
2004). FEKBAIEIC D S A BAEDERET 5720121,
FPER ORI A U7 BB AR A LR T iud
LW OT, Y7 R L > THELL
EOHIEE L OV I TIl Lo TR EN TV A
X, BKOBMGSEMEICE L O 7% 2 W REED D 5
(Rubin, 1995; Jellinek and DePaolo, 2003 ; Takeuchi, 2011).
E72, XTVRY ORGSR o TW R
&, 7y ¥ RN & L CHREE S W ae A
& % (Bonafede et al., 1986 ; Dragoni and Magnanensi, 1989 ;
Newman et al., 2001). ~ v ¥ 2 IREFHRO~ v 7 A7 =
WV OFEREE- AT FCHE, 2 (1) @ BocyVen 122
T, ~ v ¥ 2 IR & OIS0 A HEANE S
NBZEIIRD. TOYE, WRESDILEIEE 2B~
T ) OFE L BRI BT 2 Uk~ 7~ ORI &
LTOXY T OB —HL 2 WY H 5.
PRIEIIE D IRER] 2 o — VAR T & D @ 2R v o
T, ¥y v REABMOAMIZEDL S, <7~ h
A O E M SR I 2% e b e ORGP B 5
b, 7Y OMPFEIZ L o THFEANLIBA R PE
By 5L, TOBFLITHEMT L. —EOMRGRTY
THPMEE SN DY 7B OB\FITEIE, I KBTS
BBy H & KT EN S X 2 EIRERI ORIRDINT A
LAzl ZATRKIER DO LR D, ZORAEE,
BB rL
N 2erust Min
3VenOcn
THAES Z &EHTE D (Jellinek and DePaolo, 2003). 3\
(44) 1, 5D X F = X L THEKDBIIGEN: 72
BT~ E, DL TREOY YA
FEWT DL, 7~ ORKBRIED/NE )X
DA SN, SHICKEOY IYPERT DL LW
LD T 4 = Ny Z 3@ MR 2 R LCwb, &
72, KO 7Y ERENIZIREET, LEIn G 0%
67 EOBH T pyan V5P L7200, B0, — R
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Fig. 9. Schematic illustration showing the effect of viscous
deformation of the crust around the magma chamber on
the mass of erupted magma and the magma chamber
pressure as a function of time. Because of the effect of
relaxation due to viscous deformation of the surround-
ing crust, the chamber over-pressure has a maximum
value (Apmax); Apmax decreases as the volume of the
chamber increases (Jellineck and DePaolo, 2003). On
the other hand, the critical pressure for the initiation of
eruption (pstare) varies with time depending on regional
stress field. It is suggested that, if the volume of magma
chamber somehow exceeds a critical value, the chamber
pressure (piitn T Apmax) becomes unlikely to exceed ptare
for a long time; as a result, a large magma chamber
causing a caldera forming eruption may develop.

12 Min 28 L5 LT Dp AP EFF UL, KB A A S
T5Z LIk B (Fig 9). 7~ - BHRETIVIC
BOTHRORICL L 71— KNy 7 2 EZBIZAND
ZlE, BIRIKBES VTS 2T 5 KLk
AT A L CTEELRERDD 5.



KINEKBIR &~ 7~ BAGEEE: B & WELE 7)1 I AR 1AL C 57

4-4 TTTBYOYWEBEETIOEED
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72, =, BROBGEEER VT T ORMEEIZ BV
T, 7<) OBWEERLERLILE) ~ 7B O
TIFREEDPREN 2 EHE RS v~ 7~V oh
FMEEMR, MR E O E R REO A 5
7Y QIR 7<) B O~ v 2 2 R
DFFEIRFEIC QAT 5. S 512, W SRR E§ 2
LWL ST, ) OMREE SRS B W BN
RENTZ

B, Ven, K, ¥ v ¥ 2 RO EBEOIREZ &, X
iMoo~ 7~ oYiEfRIcEEd /87 2 — 413,
RIEFIIC BT 5~ 7~ ) o AL L EH O FE s
THhEA, INHOTLIE, YT~ OHBRLIEKAS
I HEAL 3 2 T, K OBEEERLEIAN o
XYW O LR OBRIENT B 2 LR ERK
LTw5.

Db KRB L O~ 7~ 1280 5 eI
THEFNVEEBL 722, ZZETOHRT, v/~ H
D OFEWHELEAEDS (KOG - #EBLTEER LI~
7 ftih - R ETOV] 2T 2 EBROMEY B
BB Rl LT B I ENHSE IR TE. Thb
L, v I~ - BEHRICBWL T, TR WERR R 7 —
W OLRk BRPHEAFRICHE L T, R hos b
BELTCWD, ZOFTY7 @Y OWEEEL [~
IR OIETEALE KETAFI 7 ADH Yy T ) v
71 BEO [ oy & RIEETE oY
DHY TV VT & 20o0h v T VT OB 5
TW5,

5. BUAIFAE & DFE IS K ZEAMBFADTTAEM
B3 H4ETIE, )77 LY AETFLVTERE SN
72K~ WY OWEERN E EE LT, — Y
L= 7 EHRORL PR B 2. ZohT,
< U - RSBV TR, KEOERR~ I~
D OEMIENLR &, BETH L EREHIIODY
TS HEA TV R WEEPEEN TN Z LW
Lplzansz, UFTIE, AELZAmETIVERON
B — & BT O O K OHER T & o T
WL FEERES, 2Tk, BRESTVEBNT— 4 %
MBI F M AAT) R CEML 2 2E 2L
LT [F—%EMb] oZ2H2HML LD

F— s L0 2I7IE, BROTHML &, B
SCHROWBT ML L CIAER X 2B R 22T
B, COELFIZBOCIE, T, [HKD L8| OFL
BT A o %, EFINIS5 A —% 11 & 3R
ETNIZEDONT,

= fi (-Z‘r—l, Uty ID. (45)

DI, ZOBEOEHH —1 1B LN HRD D,
ZIT, f IR HESSE oML A BT B,
WIEETWVICEENAL VAT LI ARTHE. —J, #
Wiy 13, BE R (LUF, TBRIET V] LIRS 12X -
T [HH 25| o EUTONXTHEBMFITEN TS

ye=h (2, we ; 1) (46)

CCw B A A THD. B, [HKDLE] B
Wi, ETNNT A—=F 1, BEENENEEH LD T,
Zi, Y, ERTZ MVEWCR S, 7= RMLIZB W T,
FL 7cx & 1T OFEMERZ Bl =y 5 5 A Xz
WCHEDOWTEEL, BRWICTHORBELZ N ESETw
<.

CITHACT = MbDE 2 2 BROFE TR L7z
DIF, HERTMEST L2012, RNFA—F2ELET
INZFED N THERIFS IR % 2R 2 B RE & 1 A & Sk &
LR ETIINT A =8 2T L HEEOW S %
RIS nwEw) e 2RI L0 THLH. H
LOWHETIZB T, FEMISEE TV [ ORI
BAEABELHROWERZELLFHT 22012, D
WEBIHE S Cy PO ETNVINT A =5 T 2 HEET D
Z R, f OB HE o TR A4 AASEIEIEL,
FNHED L HIZHPIERET IV /8T X — & OHEEIZH
BERITTHH, VISR IGET 2 EE R WRE 2 5.
K45 BLY 46) 2B BIO EZNEDMH
BoME e LT, SE S NHREIIARE IR 2% 5
FoOlmMEE b6, 2o#R, Tl - ko
PEL R L. 22T, NHWEL SHEOHLAG D%
Solib L, B FHOBEZ N LSE5 LT =50
LDOBERIE & 72 % .

CZETOEZHIE, KILIEKOHERFMIZES T,
BU & SR A R S A e T VIO W THER T
WEHDL L TO—RNBEZ T THAH, —F, ME[H
Hd b, BE EFVSTRA—F LEZ OO0,
WHETAMBIKET S, LIFTIE, ~ 7~ itig - iE
HARETVICBIT IERE, SMEOmExEH L, Z
NENOWTHELZEET LI %0 5T, K@Lo
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5-1 YUVHE - BHERETIVOIEREETIVEL
TOME EHRETIOHIKEEE)

REGL T, 7 ~BYOEN &~ 7 <OEHEDR
fra it 2R EEE TV (w74 - mRET
V) xEhE L CHENIEROTFHIZ 1T L) FEF Tk
FRLTC&7., Z2FTHERTELLIIC, O
BEETFIVOHIEMER, [~ ~BY OENELE K
WEYAFIZADH Y ) 7] BLO XM
AT LRI OWELBR O S v T) v 7] Ewv)
200y T YT Lo THEAHTT SN A, K
DOIEFEET IV (K @5 D f) 13, <7 <Y ORR3E
B () EKEDOTAF I 7 2CHET LR () 2T
By TN r7) 8b0bkd. 20 4HI1F, KERE
FNVDETFTNING A—5 (7, pr, Lee, e &) WTMA, <
FIWOIEDEETNIST A =5 (Va, B) B Er, [H
b HE] THHEHEMET7EY OEN pa (F
7213 Ap) 12T, WIS (0, psiar) 70D DIFHFERE %
R RIEE LT b s n s, —J, R o IR E
EFME, RO BT =0 LBz Hw
T, MnR® GRETFVINTA—F L LT, BWAEHEO~
TN DILET) pena TWHIMEEL LT, ~7~WH DIET)
pen DEFMZERZHEET A ETVE LTERILENS
V77 LY AETNVTIE, po ORERIFER & IRIGT %
SR OBIIESNE (BARRICI paar) ZHEET D &
U EzEEE LWz UL, B4EO#ER2LS, H
KEAB D IST A — 5 TH BT ~EY O Vg BLO
FEHEE BB KILHE o~ 7<) oA
FoTHhFLZEDIRENT. Thbb, VaBIE,
ISR ONEREE FVIZ BN T [HEEH 28] &0 5.
PRI & ORI o Yy EE R, BRI oINS
Psiar) BEPET NG A =5 (Vg R B) EAKIEEA D
JEMEE TV THRET D E VI ERT, Ay )7L
TWw5,

E)FTLRL, IRSOEMETFVIEEEE LT
RERTH Y, JEOEELKIEB O~ 7<) O
WHEEAL R & BEDSPERICRRE L7 [HERET VO
Wif] ZINELCTWwa. FTIE, BEFCIEONT
VB ETEETHEN S B ~ < RS - R OVEE & R
ThHELELI, SHROMPTNEREL 22 [HmET
VO OFE % BT 5.

3T LN, B~ 7~ ks -
SO BB, KBRS A FI 7 A Q) IiimF
NrEMIEILE ~ 7<) oELZEE KX Q) oy 7
VU7l oTh 725815 (eg., Slezin, 2003). 2 D%
DORFRISSIRE, B mEE, #ic~ 7 <Y oEh
e o2 (LUF, Mpa MEER) EO dpa/dt=0 5 &

U dMidi=0 ¥ 7 BB (LT, X Vv2 54 2 IR ©
ERFRICED W CEIR - T2 E0TESL. 4,
D720, K1) IZBWTGE=0ET5E, dpaldi=0
DIV TAIE, ZORLET M=My &\ ERIZ %
5. —J7, dMIdt=0 DXV 7 T4 1%, "D XD Rtk
EIADOIBIRE e 5. BEEIZIE, XNVT T4 VIEE3
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e - SR E TV OBFTEOBEEIC OV T, RN
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D Ea B SNz,

F TN, M-pen M LI BT 2K OBIGEN
B (0, pswar) 1B ZHIFIEMFIZOVWTERZ LS. K
LW, BROMBRNE LR T2 ERE LT, &
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KRB el % Folo§ Lk N7z, B OERIZOWT
X, H4FT, YTV ONFENLELROBIE,S,
WK BIAGRE O~ 7<) O FHERIE & v ) B TEE S
N7z, —F, BEIZOVTIE, 3 BOHERICHEDONT
DTFOEIICEETHIEMNTES. Fig 1 DL I2H
FEFCTIETELRSTWLY /B OFE L, W=
HY DM T~ 7 ~EIZ %5, $72, @2 L
AW LY LR L TERBERKOROH O~ 7 ~iZ,
IR B A A% LTS ITREEA B . £ 08
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bl RRROBRMHOBY A Lz~ 7 ~hHiFE T
T AN ST 72 SN D50 (0F ) KEWE
OO CkoTkESLEEZBLNS. Fig 10
T, Tho0ZexWEL, 7~ PHEE pin
DibofEx b o CHREZRBT 22 L xmilts LT, £
DEHD M-pa A L OBED TP T NS

WIS, M-pen A 2B 5 IBIEHIR K OHERZ IO
THFLL X9 (Fig. 10a, b). M-pen HE (0, poare) 75 B
BL7ZBKO~ 7<) OFF L BRI TO L) 12
B FEIE S 5. (0, psan) V&, dpendt=0 DAV 27 5 A ~
L DR R, dM/dt=0 D XV 54 ¥ X0 S
(ZCTIEMEE 2 RIR] EIP8) ISMES 5. KGR,
dpen/dt=0 D XV 7 T 4 > X ) K H M o FHIE T3,
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10. The trajectories of the M—pch relationships based on the model for magma-plumbing system. (a) Representative
M-=p.ptrajectories for effusive eruptions in the case where the two nullclines intersect in the region of positive differential

resistance. S: a stable fixed point. (b) Representative M—pch trajectories for effusive eruptions in the case where the two
nullclines intersect in the region of negative differential resistance. LC: a limit cycle. (c) A representative J/—p,y,trajectory
showing the transition from effusive to explosive eruption. (d) Representative J/-p., trajectories for explosive eruptions.

For explanations see text.
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. Kirishima 2011 eruptions
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Fig. 11.  The M*Sp relationship observed during the 2011
Kirishima Shinmoedake eruptions. The data presented
here is based on Kozono et al. (2013) and (2014).
The values of dp were calculated on the assumption
that Ven/u=1 m’/Pa.
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