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A Study of Eruption Mechanisms Based on Modeling of Conduit Flow Dynamics

Tomofumi Kozono™**
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KK BTSN % G~ 7~ KENE -
AT HE, RIS - IEL, BEICE S, B
L7z 7@ CRONSIdT 52 812k -T, B
K7 W R Rt 2 U T 5 & ) 7RSSR NS %
(e.g., Wilson eral., 1980). L72>L—J7T, EHB\BREIZBW
TRIIPOOHFAO5HE (LT, BAALIESR) H5%)
Riciez 5 &, w7/ <dRe AR SN T, BRICE
LPIEM T L, WA F—AREART 26T &
9 R IEBENE KA E U D (e g, Eichelberger et al.,
1986). Ht-> T, KB BT B I - WEfr - By 2 & 4¢
VYT AR (KER) 1, SRS A TE b
LB TEELRTOLATH S (Fig. la). TDAH AL
EHOPICT LI EIE, Vol ABKD BB L7-H &K
JRIEHVE & 2 W REME LK OO T BEV: /R &) KD
WA FHT 29 2 THROTEETH 5.

FEHIIINT T, AT A TOSREO KA % R
LIl HIE LT, KERBIEE T IV OREEE L fF#HT 12
BT AWl MATE . A, FEHEOINETO
Wizea GFl L CTES (PR 25 4R H AAKIL 78 5E
FhE), = DN & RS- AT A ETHWZ. KT
i, TNFE TIEEDMBE L2 KETE TV OME L
L 2#3), ZOEFNVIESEXE LN KERD Y A
FIZ AT LEEE 3 OOFICHITTORYT (3, 4
5E). FFEIC S BIXEJGER OREIZE T 2 ROk
RTHHI D, TONEL L)FMICHHATS. —
FHC, 5 IEOMENT TS N2 B KB IO Bl GH R
Bh JMICHIREST 29 2T, 3, 4B L L B

{b & 72 KB FET TN RIS FASIEH (2 H 2
LDOTHHIELARMTITRLTWEZW, REIZIN
FCORRERE 2729 2C, KERMIEIZBIT 54
DRELHFEIZRRD (6 5).
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2. KERETIV
KERDETY) 72 BWTIE, 7~ EAhot
LB R EMEICET AL T A LA ER L 2. ¢
TIDVKENE LA LCEIEEZIT A L, WHY 7~
SISO A (G & LTHIIL, <7 <3k
THIE o THRENH OBELALZ ML) T Enn, Kl
DT A F I 7 AFEMERAE N F DN TET VAL
ENB. B, FREfto b & THRERAT, EEH)
A AL Ao AR L IR R & AR e
RELTEFMEETY, Zhb0oREF#ETLTHLS
WL o TREHNDO< 7 < DORERCHEEE, EH, S8
% EOWHEATRD 55 (e.g., Wilson et al., 1980). 72
BINEFTOELOKBFTREF VT, WERK—EDH
ENEHIZ BT, K S TOYILE % Wik 516 12
B 5tk LTAEREAPLTBY, FEEHO
METd 2o EHwTETIVEEIToTwb, £
72, BEHOINE CTOWRME TH D7) = — KRR
HH F— AKX 9 % d D RERRT 2T, X
B A BN RN GEFK) & L CGEUT 52 L5 T
&5, —HCHAOERMEEZ L1, KETROK:
FIZERAT 2 B 2 7201w s LTEF VLT
LUENDH L. 3, 4BETHUNT LW TIEEFET IV
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Fig. 1. (a) Schematic illustration of conduit flow during

explosive and effusive eruptions. The boundary condi-
tions at the bottom end of the conduit and at the vent,
and the flux balance at the magma chamber are also
shown in the figure, where L is the conduit length, p.p,
is the pressure at the magma chamber, p, is atmos-
pheric pressure, ¢ is the mass flow rate in the conduit,
and gj, is the magma supply rate to the chamber. (b)
Transition of flow style in a conduit during magma
ascent assumed in Kozono and Koyaguchi (2009a).

AT fENT 2T > T D,

Kozono and Koyaguchi (2009a) T, Wi A @FE |2 &2
TR AR E & RT3 SR M O AR ) & F e L 7o KERE T
)V % Yoshida and Koyaguchi (1999) |2 CHESE L 72
COETFIVTIE, Fig. Ib I2RT L) 127 7 < isikE
B3, WAH~ 7 HICRIA S L T b [&iai] 5
LUBRE O 2 SN2 & o TR & AT E b 12T
Db X% NEER] OIRFEBICERL, ~ 7Bk
VT EARF TR R KB AR LT b [WFi] ~2&
b2 EEL TS, oo ZE /Ity &
B Afr X GEB LX) PI2BU 5 KEEED 5 OFk
PERBT) & R OB T ORISR D & 5 1I221L
TA. FTRPEREUNE, ~ 7 ~VERET OSaR & RS
i CIE % A Poiseuille it iLIZ 0 & Efb &, WEAH
DRI X > THE EN B 720 F DREPRKEVDIZxF
L, BB OEFER TIEEMORMEI Lo TR END
OBEHTELIZE/NS W, K RMOMEIENA
&, SR T~ 7~ ORI 3 % Stokes D

X, ®RE T Darcy Hll, BT CTlEAHHFP O XKW 12
B9 Al ko s ehehvErfbsn s, &
WZREE, WA~ 7~ & A AR H KT T
< THERTAOBT AL & ETFMMEL T 5D LY
5.

R ERARO X )M WEERE L ZET S,
LR DFEARA T E TOVAH 72 RO AR & R IS
%. Kozono and Koyaguchi (2010) TlE, &/KE 5 fhm
AR L TR I REDZALT % &) v 7~k o &
B RRE (e.g., Hess and Dingwell, 1996; Costa, 2005) % &
J& L 7z. Kozono and Koyaguchi (2012) Tl&, {ZEiIZE
VB S O A BB TRL AR S 2 HEST I AT A SN
Z, XU EFEHEERORETIEIC L o THRE) S TAE
BEFFIANZ AT AT T [ EANDBLA A ] (Jaupart
and Allegre, 1991; Woods and Koyaguchi, 1994) % & L C
Bir A E LD EICET ML, S5, %%
RiEZLIC R & B % 52 DRI EDO N A AT 4 7
AORRE, B ERE v TET VL Tw
4. %72 Kozono and Koyaguchi (2012) Tl H Kt
ETNVOMBHT OB, 7= E ) OIET) OWEHISE A
s, Wy LB E ) ~oO TR, v
YWENDROKENOY T IHRMEONT Y AIZL 5T
TR END L) ETMLEIToTWE. DEOETV
ORI H AR ORIZ OV T, Bz S L <
W7z7EE 2w,

3. [REEOHEES BRI TDEIFMEICEL D
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Kozono and Koyaguchi (2009a, b) Tl, Fig. 1b T/RL 72
—RICER IR E T IS & AR OAHER) A
WK A TDOEHMENG 2 5P % F 72, Figs. 2a, b
12, KEHET N SHLNT, <7< BifRI2 KT
T DI B (Bx) &, BERERTICK
WZET IR AKOM B 2RT. ZITlEYS
T EIAED R (0.8) ZABR 2L ZIX WS
L5 % T b (Sparks, 1978). ¥ 7~ LS ok
JE25 4k (Fig. 2a) & LA &, BETHE L ) RV AIERO
T, RO LASHBOERE~ 7 <12 &k o Tl
I SN2 720 KM oA R IR IZIT 0 L2 D),
< WS OETERER T, MR AR oK
Wk 7 ORSGR BT % 575, EOEIE~ 7~ L5
L RTINS W, — ) TR BT I Tl AR
HEPREL o THY, FRIZIHRFENEROME TIEIE
FWICKRE L, AR BHEFREATAPELTNDE I L %
RLTWS, ZORFIZ X > TEIEIE ORI A &

N, T FTIKOUNET BB F s EB LT
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Fig. 2. Representative results of variations of velocities of
the liquid (solid curves) and the gas (broken curves)
(a), and gas volume fraction (b), with heights for the
steady solutions corresponding to explosive (Ex) and
effusive (Ef) eruptions. Distributions of permeable
flow region are shown in (a). (c) Regime map showing
how the assemblage of the steady solutions changes in
the space of a normalized conduit length /A and a non-
dimensional parameter & normalized by its critical
value (&¢;). See text for the definitions of /\, &, and €.

2 (Fig. 2b).

Kozono and Koyaguchi (2009a) T, {Z:&iHEEIZ BT
B SR O HREE, D F D HETBAT A DEED, &
W O EAEH IR 3 % KEEED & ORI O K)
KoL LCTERZRS NS MRcH

_ 8nk
E= et ®
X THBENLZEZHLIZL, T2 Thld~

TRRE, K ASHES RO AT AR ESE, %uﬁxm%ﬁ
F X KB AR, ¢l ~ V<O AL TH Y,

£ B IEKAE IR % BF7E 15

DR E VT EPRA AL S ND. S, KK
P REW (eREV) 1ZEWH~ 7~ A2
ENDL—HT, HRALZIFIPREIKT T EnH Y
AN = AN EFRLTWD

ARFZETIEE 512, Figs. 2a, b ISR L2 L) R ShEnR
MK 5 A TVHFIR T 5 KOETL O E % AR 5
Z LT & L AT % Koyaguchi (2005) 12T
S L7z, KEROEFERE, KEO T CTEIN~ T
~BEFOENERY, FmTIIENPIRGDEICR D, B
WIEEHNDEHICELFa—F V&b v B
L4t (Fig. 1a) 272 3 LEN D 5. :@;5&%%
% T 5~ 7B EE FE IS L T opvk
D — R 22 T 5 75, ﬁ@*ﬁ‘ﬂgiﬂ‘tfli, SIETE,
W DA O R S & BER S ED S
HOBBLE L TEICEIE L, ToR30&FKE

R,

DESE-FLL SITERBPERL, BMHFIRD
BNDEV) FHEE LD, INK-TC, BEOER

[EDH % A GEDETHET 2HETD, TNH %%
BICRE LTI RCKRDDL I EDPREE 2o 7.

DibEofER T e DEAEBITOFHEICEDE,
Kozono and Koyaguchi (2009a) Tl&Z k2K & £ 712
WIS BEWHOMAE DL, <7<k - WE LM
DR ERRIICET LY — A~y TEHL 2 LI
L 7z (Fig. 2c). Fig.2c OfEEIE (v 7~ E W EN)) /(i
TS X EIJINRRE) CHB LS - ER S,
JRIEE K DIFDAAET D Dm0 FHET D BT e
THIKEILE N e TH D, EB L0~ 7 <
BEMOHEETRZDOTH Y, ZR5OMITKTL
TV Y THOEZL Y — A TRENEKOM (Bx) & IR
FERE K DR (BH D LD HflAGbE THETE
LD ERLTND, I/“/°~L\’\7‘77°’J:Z><‘: e ey
LN NE W (elee: < 1) BFAIIE Ex DFFDIRIL < FFFE L
H@%#@%ﬂtﬁlf@&fﬁ?é~ﬁf eleg>1

DO IIL Ef OfFDPIRIA S FHELTWA, 72, Ex+
Ex, Ex+Ef Ex+Ex+Ef O, &5~ 7 ~Wk-
BEMob L CELEEFMPHFAET LI LEEREL TV
5.

Kozono and Koyaguchi (2009b) Tl&, EBEOHEE F— 24
WRBEHN B L~ 7~ - ﬂ“%#wﬁMT 5 h
SeDEERMEELL. FORRE, HER WX A L
%E%ﬁ%ﬁLtSMMmykmw%%6$%A Merapi
KL 1986-95 4F WK, FE AL B AL 1991-95 4 W X
SWM&MMBKMW%@9$EA@$WTi,7Mb®
fliAsH & Z 8X107°—1.5Pas OFPHICHEE S, fiE-T
(nﬁ;b<%:mﬂms¢Fmsttf>uipqwf
6X10°HEEE L 22 ), #5150 D% b D e & W HEIZ
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4. BARN—LBRIIETZ2READT I THEEE
1EICBEd 28R

MBI THRE LSS A T D% T
EBEFE A AH Y 3 B B — ATl S8 & A7
ADBAN L o TRENOFBE SR E CEB L, 2h
HIEFEEANDERE 7 EOYGEREX 70 A% b 72
53, Kozono and Koyaguchi (2010) Tl Fig. 1b O KBt
ETNVICHEDE, A N ABAPIZBIT A KENO~
T FAEZALIC BT AT ALA S, =B, 2O
T CIIBA ADEEGEET e ZbEEINL~ T HIE
(1) Xz) PHEERSRREHREICKFL 7~k
AT 2R ERST 52 LT, BiAA#fz &
VRl Eovad

AT ORGSR, KENO~ 7 <5 % STl 5 %
WIS 5720 OHEMR T2 &N 2 2 & 12
B3 L 72 (Kozono and Koyaguchi (2010) ®(10) ). 2@
fEMTIc L 2 &, HDENTBIT L KENO~ 7 <IN
I, BIEO1) TR EN e L RS OWHNERE (K
WHE O ENER NS 2 M OMEO ) % b
L, KETETVOLREIL L > THETEE SN2 MmR
T (= e(1—¢g) &, TURBOMHENERIIZHT %
YT OMEOMEOIL TR SN L MWRTCE

_ kotg(1—¢)
o= 74P @
CEoTHREINLZEZHLENILEZ T2 Told

WA, g EEDIEE, ¢ FHAERY ) o~ 7~
B (BATIE kgm 2s™ Y, @I~ 7 IAETH 5.
Fig. 3a X, ZOMMIA» /LN~ 7 I (p) &
&, ODBRERLTEBY, € H DIk o oENHhny
BT EWLA A DAL S NETAEE DA T DI R A S 1
5. 0 OBILICET WA A=V, FlRIE~Y T~
MEHEENE L 2D OAVNEL D 02 ABH) 3R
W OMENERIINREL R, FADPKFIIL %D
V)RS ZALNTHRTHZENTE S,

Z ORI D &, KENICB VTR~ 7 <5
VESRE L LWEA T = AL B PIIT 5 &N
TE& 5. BlziE, Fig.3b TREN TS KOE TR
HILZ T SR EERIATE U 5 & 9 2 380 A 1L, ThBem
EEEFEOLAIZIZH T ToMNE W () X)) %
RIS X o THIBESINT 52—/ T, WERMETIE ANV
MO EREDRA &Gt~ R B T
L7201 e ML (Fig. 3¢ (1) NBH), Zo%, 72
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Fig. 3.
meters € and € and magma porosity (¢) for a given
pressure (10 MPa) on the basis of an analytical formula
for calculating porosity in a conduit (Eq. (10) of Kozono
and Koyaguchi (2010)). See text for the definitions of
€ and 0. (a, b) Representative results of variations of
porosity (a) and the parameters & and 6 (a) as a
function of pressure during magma ascent from the
magma chamber to the vent. In (a), solid and dotted
curves show the numerical result and the result based
on the analytical formula, respectively. The result for
no gas escape is also shown (dashed-dotted curve).

(a) Relationships among non-dimensional para-

& ZMEERDE T H A ADEAE S I CTEIE D IER
KL AR E > TEL S, T2, T Z W,
KEHNO< 7<5@AEx &, QIZEENL~ T <WHER
MBS 7% EOBIMNTTEEZR /YT X — 7 ORE L L CHiifE
RO DLZENTED, FaEZLE LG AETYH,
Z ORI FEIAF S N R e eI lHIHTE 5
Z L A¥b Ao 7z (Fig. 3b).
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5. BHRERBIEDBE N — Lh S BRENBERAD
BRERICEZ MR

Kozono and Koyaguchi (2012) T, FiEEOMMT TRl 4
EL72WE B = AR D S, BIEIAANER LT <
WIS B KGETEE TV OB IZH) #LA S, B,
BEF—LABAKDOT A F I 7 ANCEEREE R TH
7 A LR ERALDS T OB BRI G 2 B A TR
720 TR A LAERALDRE T &0 R IR 5 72
O, KEFHETF VOMEIZBLTRNTEE TOET I
EPR L TR E T RANOBRATAZ &5 5 4 EE
L, FMRBEOTA AT 4 7 ADRRE 72 1M A
AATZ DUT O & CRNT O % B3 5.

5-1 EEXNERICEIZITITEEYENEYTY

g H RO R

KEGRD YA F 3 7 ADMEKOBESBILIG 2 5 78
i, EHKERIIBILY7IBEVET (pa) £ 7
VI () OBIR (g 71— 7)) 12 & o TRIEAIZH
N2 Z ENTE D (Fig 4; e.g, Woods and Koyaguchi,
1994; Melnik and Sparks, 1999; Slezin, 2003). Z D py-q
B — 7 OIEEDIE (dpen /dg>0) DA, EHFILEEID
b, —TH—TOMWEEDH (dpa /dg<0) DHE, E
TWINIALIEN % o TR ER O B A 2 LR IRB B 5 73
LU % (e.g, Melnik and Sparks, 2005; Nakanishi and
Koyaguchi, 2008). Z L, Ki&Eiss [EMEIL] 24
CEICHNS TS BIAE B EDICBTLEN
P DZEF DRI & D~ 7 AT (gin) & KEND T
FIWE (DF ), g) DT AL 5> THEEINT
WETREEYKEBEY AT A% Z D (Fig. la). 2
ZC g dpen /dg>0 OFIHIZH B 6, T OMREL
A LR (e, g=qin) TRERKBIAFEIT 2 (Fig.
4M8Sy). L7»L, Fig. 4 DX pa-g 71— 7 D HER
O T dpey /[dg<0 £ 72 1) SFHNZ > TV 5 Y
A, qin?’ dpen /dg >0 7> 5 dpen /dg <O DFEILAE 4 123
MLTw &, KEFUIALIE > TR 5 5
MR O FIIANZWICERE T S (Fig. 4 D S, S3). K
2 Z DA BRI~ WD U DE, Z0iE
BRI LI RGN — LMK S BN D ER
EARLTIENRTEL., FITARMETIE, KEBRET
WA TS A & R AEDS paneg 5 — T OIS B 1
B2 B0BERNRL LT, HAKOEBBAN Z A LEE
B I A N VA

Fig. 5 |2, KWL KR E 7 b O SN2 5 155
NIz pen-g 71— 7 %R . T TTIE, MR EHETTHO
Wi A, #EERALOMEE T TERL, BH LA A D
RERE PR SR ERO N —TTRL
T, AMEEIHEE (e, dpa /dg<0) 2SE L, Fig. 4
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Fig. 4. Relationship between the pressure at the magma
chamber (pcn) and the mass flow rate (g) for steady
conduit flow (steady pch-¢ relationship). When the rate
of supply to the magma chamber (giy) is in the range of
positive differential resistance of the steady pch-¢
relationship (dpcn/dg > 0), a stable eruption with a flow
rate equal to the supply rate results (S;). As ¢in
gradually increases from the range of positive differ-
ential resistance to that of negative differential resis-
tance (dpcn/dg <0), a jump from low-g solution (S>) to
high-g solution (S3) occurs. The value of ¢ at which
dpen/dg changes from positive to negative (i.e., local
maximum point) is represented as “gc;”.

OO L2 H —TH S TN o TV EGED
b, B, MOHEEOH— 7L, FERALOWMEITEE

L7-F ETH B, BB AME L TR B AT A D
#H# % (NLGE; No Lateral Gas Escape), ## /7 [0 & #ft /7 [0
O AP EL L S L (NGE; No Gas Escape), ¥ 727
T E T OB AN E S S b 45128 K19 (EGE;
Efficient Gas Escape) DH & Ot &Z /R LT o, FEifD
71— 7%, NLGE & EGE ® 7 — 7 DRI ORI A4 L
FENEON—TITHHET 2 &) FEDH 5.

Fig. 5 1%, pen-q /1 — 703 7 < ORI (BLLE)
VIR L, BEAE 0SSR BRI L TRELLEIT S
ZEERRLTCWVD, KM EOYE (Fig 5b; BEihE 0.4)
12t BHEEOSA (Fig. 5a; HE=E 0.6) ([CH~NEM
IO HIAS BNIE L D), Z ORGSR, R
A7 L (NLGE) R T 7 A B RN E, 258
BUE F— AWEKISHIE T A IR 2B 2 dpen /dg
>0 OWFIEATELL, H—THSFRTERL RS, L
TTIE, IS OB pa-g 71— T DIRZFENDEL
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Fig. 5. Steady pcn-q relationship with varying permeabili-
ty for lateral gas escape (kwo). Results for (a) Sp,=0.6
and (b) Spn=0.4, where Sy, is the phenocryst content
of magma. The dotted, short-dashed, and long-dashed
curves indicate efficient gas escape (EGE), no gas
escape (NGE), and no lateral gas escape (NLGE),
respectively. The negative differential resistance in the
range of ¢ labeled as “F1”is caused by viscosity change
due to crystallization (feedback 1), whereas that in the
range labeled as “F2” is caused by density change due
to gas escape (feedback 2).

LA N = AL EFHT 5.
uaﬂf[ﬁkﬂﬂ,ﬁ AWEEE NI KETROYEE, pen-g 71—
BULAMEREZ L5 FTUTD 220D 7 1 —
Fﬂv7ﬂﬁ*XAﬁﬁETé:
AR v SR L (T 4 — BNy 7 1)
*fﬂx I T ORI RLORIRIC & o THFRFET
NS 2725, 7 ~Oms Ny s, ERREon

e

AT 47 ADONETRHEBEOBNPAEL S Z & TKE
EROFNN < 7R ED DT 5. & ORG R
PAVNEL BB LT, L)< <dimne 3L R it
EAE ST 4.

2. WA AN I BEEAL (74— FNw 7 2):
RTIOFWESEINT S L, WA ANIERFENIC LD S
ETY T IREEDEINL, BEXEAT S ZoRH
1, B Z XA TR L2 m g i e o ko 0 o
AN K o TTHRET TIBE A A 546 & U C TR EE SR 3 %
AHZ AL (Fig. 3a) I L > CTHOHMIND . Z DM,
T YOMEIZL DIEPIAVNE LAY, HESS S8
ms 5.

IS T E ) It L) Ik 7 1 —

MNY 7 AHZ AL, pen-q 71— TICEAMEIRBLE b 72
5.

AKifgecix, BMEE L7263 74— Ny 70
A, BESEICIRE L T2 kT 22 L 2L 0 L7
Fig. 5 1I2BWTC, #EiLIEERE SN T L 0BT AN E
BENTWARWNGE OF — 7 TH L Tw b A
E, 74 =FMN\v 7 11I2L55DTHDE. 2Fh), O
EPHRHT O HERGEE (F1 TR L725888) 12 59250
=T ORAMKIUE 7 1 — KXy 7 1I2&->THEL, £
DAL E I ERE, (F2 OFEIN) 12 2 BMEPIE 7 1 —
KNy 27 20 ;ofiLt§®t&&¢’tﬁf§5
ZOZENL, ERAED AW T 4 — K
Av7l®&&iofibﬁgd@,*ﬁfﬁ%m%@
AT 4= FNv 7 127 4— KNy 27 2 OHAE
DEIZL o TEL TS Z ENbA 5 (Fig. 5b). O
BRI L CT7 4 — KNy 7 OIS 5 K
I, i CIOR SN R e (BHDwide ) Itk
THFT L2 ENTE D, BRAEEOEE, klﬁﬁiﬁioi
BWCY 7 HUREL R0 e Db K& R
(1) RBI), BT ADMEME S N CHAFE DR IREE
R7zh b, ZofER, BaEEIZk-oThnshd
T4 = KNy 7 2 OEDPAE LIS LY, BEEPIAT
TA—=FNy 7 1 ORIE > THEEINLZ &Ik 5.

FEBEOESE F— ZKEBN B 2 5 HSFBI T —
FIZEDE, T4 —FNy 7 2PEEL %D Fig. 5b D
B EOLERLI) — KN THELZ LD 5. ik
BTEMoRENRES F— A KEFHTH 5 St
Helens ‘X 1Ll 1980-86 4F- MK (Cashman, 1988), Merapi ‘X
111 1986-95 WK (Hammer et al., 2000), Pinatubo X I1I
1991 £ K (Bernard et al., 1996) ZATE B 1991-95 4F
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Fig. 6. Numerical results of conduit flow during the transition from low-g to high-¢ solutions which occurs in a sigmoidal
steady pcn-¢ relationship. Results for (a) S,,=0.6 and Ky =10 7" m?, and (b) Bpn=0.4and kywo=10" 14 m2, where k wo
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high-g solutions to occur (g.) as a function of
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crystal growth rate (I'). Results for (a) S, =0.6 and
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Critical mass flow rate for transition from low-g to

eruption continues in the range below the curve,
whereas transition to an explosive eruption can occur
in the range above the curve.
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