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Numerical modeling of hydrothermal systems
due to a magma intrusion
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Cooling of intruded magma, development and decay of hydrothermal systems are inves-
tigated by model calculations for various combination of parameters such as hydraulic perme-
ability of the intruded magma and its surroundings. Dependence of the pressure gradient on
the hydrothermal systems is also investigated to inspect the effect of the potential flow of the
groundwater along the topography. In the case that the horizontal pressure gradient is
smaller than buoyancy, the hydrothermal system develops just above the intruded magma,
while the greater pressure gradient as well as high permeability of surroundings carries the
hydrothermal system to downstream. We applied these examinations to the newly formed
Nishiyama geothermal field at the time of the 2000 Usu eruption. Numerical calculations
considering the real topography in and around the Nishiyama geothermal field well repro-
duce the observed temporal variations of geothermal field appeared on the ground surface,
assuming the in-situ hydraulic permeability of the intruded magma and the surroundings as
107"~10""m’ and 107°~10""m’, respectively.
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I. FLBIC

2000 FEH BRI K EZIC AL S 728 LK O HEEUSRE, 2 ORI D MR AT TR S N
FZ P IS > TOILEIMICILR T 2 —75, BALEZY I Y OE EIZHZD NB KD HL
LB OB T, Wi EMmBaREIFEEL 2> ZOFEREL TIE, @
NB kO34 AHE T, @MEOEKOEHMNREHEL THD, 51T 2000 F£EAD
BRDKILRDFES - 72 7o DR BIZIEFITHEKEOENWBNEHRL, TOHE NB kO KHE
NS BURRDEIRPICH SN, TORLICIENSah>7z2 &, (2) NB kOEZIIAHIE D
I, IR LRI ICAE L THB 0, MAOBERI N -BERHEE> TK
IROEFTN S OENFA T < JE = RN IS A L Bk D L/ 25T 7= 2 & (Saba et al.,
2007.) HENEZS5NS.

AT, TFIVEMEICE ST, HLNS OENRNY T Y EAZOHIBRIEREIC KT T E
OWTHANHREMET D, RYICHBRFEEORMBEET IVICHET 5 INE TOMEIZDON
THHEICE LD, RIZ, BARI Y -BKROETIVEIREZRT. EFIIVEIETIE, SWEHE
MBEFTTHEEICODNWTHN, KRIZZEOHREESEZITHEILOHIE 2 U 7z (L i 1 BE U T
TEHEKFFOTT I EHEERZRT. I 51T, MEARICEBKICHE THREIS N2 BGR O REZ2
MR & s 5.

I. WBRFEEEOHEETIVICETEINETOHE

T —BUKREREE LU ZEIETET)VIE, Cathles (1977), Norton and Knight (1977) 5
WERBIZEZIT> TN 5., TR, BE<OEMBETIEIENZINTEEN, Jary I 4
DEEMR EOF RN RS20, TS OFEEEBBEICKIKTE/RN > 2. Hayba and
Ingebritsen (1994) 13, 4k 2 #H, 0—1200°C, 0.05—1000MPa % TOHiAKDH D A3 ATHE
7232 2L —% HYDROTHERM % Bi% L 7z. Hayba and Ingebritsen (1997) Ti3Z HYDRO-
THERM #fAWTENLFIOETFIVEIE 2B L, SIEMEROZYEEZMFTL T, I51C
Hurwits et al. (2003) |X HYDROTHERM #2 B L, M F/KEZEERE Uiy, ARk 2
DIZBKRDETIVEIEEZAA TN S,

BRI S IHEHI T X B EHFH & DREAIZDWTIE, Sammel et al. (1988) < HifE (1983)
MbHd. LhL, INSIFITINKULEOETICH 5562 HEL THD, LN
BALEGGBIIEES N THRN,

DL EOWZEL, BEAE km OFESITH > T, BKMEEROREE AT 7 & 57 F OB 52 B
D> THO, HERHEDORERIEEDN S TF0 5 &V o = E OB G20 #-> 7= 4
3N, FABBEFI O OE D E LT Matsushima  (2003) 13, FHERI 1977 — 78 4EMEK D
B, HERAERERICE A L2 7 Y OMANC k- TS Nz 8v& %, EFI)VEIHICK > Tl
Tn5,
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HROBRKREZH D HEDVDEDIZ, BRBMBNND S, T, HFKIHEEER 21>
TIHRET 2BICEBRENFET D EEFMAL, MEROBMIGZRET 5 EITX D HF/KIES)
RELET2HETH S, 1990 FRD HREMBRFE TIE, BHRBARFITHED < BT
ROEEMEFTINORHNFILEAETH o7, TO%, BHARBMBEE ORIEDEEWHER % nhk
29522 —FYORFENED SN, HFEKIHEROEENHESNTRDDDHS. ZNH
IZHIEBIFE DB SN S, A7 (2002) Lo TEEHLENTWVS, AFTHEL TS 2000
FEABRIME KD PEILK OB FEEICOWT S, HBRBMOMNS, BUKRFEEZRT LA
e, PN S OENFROEENHEE S N/z (Saba et al., 2007).

I. EF/IEE

ZZTIE, BEFINEETEEMHL, #ERENBKRIEII KT THEIZ DN THNRZRTRIC
VTR RS,

<

D

1. A&

ZAEREFZRBT 28K, AR, BIUOK—FEZQ 2 HOKNE, NS ORNITED A
LD L EZ, HYDROTHERM (Hayba and Ingebritsen, 1997) Tal®& S 2 HiE&ELIF
IRT. RAEOEB AR, BKEAKDETNENOHM i 1T LT Darcy HIZ{KE L, HK
oEERAFAXE, FERES BRSO I F—REZUO 2 DOENES HELE, G X
G, BREMEOTT, B p ERMARSEZ0ORT > Z)LE— SITDOWTHES.

vi:~5i¥3<Vp+1nng>

i

o B
E(nslpl) JrV'inj) =0

P
B?BlanJu+n;Smﬂab{;pmwifv%KVT)+%:%

772U, vildH i @ Darcy i, k, k., \ZENEIELOBKGEKEA | OBENEKER, u,
P XTI | ORMEARIR E B, g \ZEBINEE, 2 IM/NEROEI 2RT. £z, 0, S
X FNTNZERB M ORFIE, h, h IZNTNEALHIOI > IVE—, KIIBMRERE,
TWREZRT. 0, \TEOOEE, ¢, BTFIVF—HEZRT. sHEERNOEE, SUKH, K
PR E DRIKOYITEL, EBRMITESN TWAHEARRICEINWT, EhETFILE—
N SHET S, Fiz, BEOBKGRE, 2ERE BMOEETIERELTERS. T -k
WHETIN T, BMRIREETEALZYY TR, BHEISNELL T ESITBHENERT S &
EALNTND, ZOHEZADFTIE, Y7 YOBEKBREIIHBA S TRES BRI EIF/ESI N
5. F£7m, RUPRETEEHEIR, Y YOERICYI YOS E, B EOREEEN
JrBEE, TIAELTDEEDOERATHS. EFINFHEIIBVWTSD, BROMHEEZEEL
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T, AR OBLANE & FHEME RS RSHE SN TWS (Matsushima, 2003). LA
LR S, AR, BEHRSHBROIGEICGEADHEBIIOVWTHRS Z L2 -HMIZLT
W5, XoT, EFTIEEHEOLYD, YT/ YOEKBRIIFHEEZEC T -EDMEELD, EHEADL)
REIEHTHEDET S, MAROEEE Y OBHOKENEEZRITIEEELT, KO 3
DEFERK LIz, XUTEAL, HERIL<OREREN 80°CLLLIZ/R % £ T O Z 2R B
FERE, MEARHIIEO%, HEMIORESEEN SOCLLFIZARSE L&D, I/ YEANDS O
PHIBRTLGRIEFM E Uiz, F/2, BAXITYOEEIREN 250°CLLRIChkhd &0, 7Y HE
ANS DR 2~ 7 < AR & Uz,

2. BRI RIZTTREICONT

FEHROZEEFNDENC, EHRDBVGEITHERNED LD ITHET 20 &M 5 LB
HD. ZOE®IT, Figl ITREINDEIBREMNET Y vy RTEFIIVEREZTo 2. WEERSH
MO XN 150mX300m, #JHIRE 800°COMHEBZEAYT < &Lz, BEMELMHT, TECH
B REAKER, B EEMTRE, EH—E@RRE Lk FIIEEOBEKEEE 10 'm’,
BANTROBEKGEZ 10" m®, BARY Y LEOES 2 500m OBEEZHEAETILEL, %
INT A—=H BIEATENS BHIER OFEIT KT T HEBEH (Fig.2, 3, 4).

ETer—ZA&MEL, FIFETITHELT, BAYI T, TohhsmHAlENTHS, 2
I, BARITRORTENEGRLBAKD LRI, BOOWmZWKESSIED 7 <iEtE T
HMIRBAEL, BART O TFUTIE, <7 P&ERERS TODMIEM 7 WKRNEIRILAD 72
DTH2. @7 2—L0 B UMEREFICEL 2RO RERL, FIEEE <7< 0FEK
REMNEDHIT 10" m® OEHERE, 2TUA 2T T ARICGELTIENZHEZL TWS I ED
RTEND., H72, FEUBEOBKREDNS WEHETIE, MEATTIIEWRE 2 O E

10°C/atmospheric Pressure

« Om
[}
o)
2 ©
[}
S 300m ©
— - } -
+ L Initial temperature:10°C o
o o
° £
5 =
~
< 2
o Intruded magma e -600m w©
> initial temperature =
— 800 °C @

> . . L — g0 0m

1000m 500m 200m Oom

Insulate/impermeable

Fig. 1. Initial and boundary conditions for model calculations.
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C2EadH 5. KiZ, XTIOBEKFRE (Fig.2), FUBEOEKEER (Fig.d), X7 YDR
& (Figd) ZEARBEOZNTNOMRIIONWTHIKT S

(1) T3 OBEKRE

R DB KGEEZE 107 ~10""m* DEFEFITDNTHNZ [Fig2). X7 X DBFEKGEEN
107"m* ® & &, HIBRMBRME 7 mARMIZEBIZ 0.1 FROFRN. ZOBE, II<
EEHOEREIET A 27T ZBIER 5T, BART RS ORKS LI LRI S, —HOB]
KOS, 2000 FEKOGFE LD EHENTRTES. Y7 Y OFEKLEED 10 *m* O
L&, MBERHBREZ 0.2 F, Y7 WA 0.3 FL720, £k, T YOBEKEEAN
10 "m* OEARETIOHE, MERHBREREIZ 0.5 4, 7 <mHRI 2.2 F£&725. PHIL
KOEIEIE, FEEICHIRICHE U 2R KB HR Tho Il &ns, ZoBaoxy
DFEKFEIE 10 *~10 "m?® L TH A5,

. 00. 0 vyrs

1012 2
o 0.3

Cooling

Declining

Fig. 2. Temporal change of temperature prifiles. The hydraulic permeability of the medium is assumed
to be 107" m*. Depth of magma head is fixed as 500m. Upper section: permeability of intruded
magma of 10 "m®, lower section that of 10™"m”.

(2) DS DFK R

FEEE OB KRR 10 °~10 "m® ORI THRETL 2 (Fig.3). 10 "m® DAL, HER
HIBIRERIIE 0.3 4F, ~ 7 Y mHIFEENT 2.1 48, MR TR’ 2.9 £&720, AIEICTRLE
BEAET IV OHE IR THER DB S FRICES £ TORRMAEWN, AT, &iRERD
BES2EMICIES, SEEdkn. 2, FBEEOBEKEERNIKRENWI &ickD, #Fhzefk
FZERT ) a—ANECNC ER LT, RERTA DT I ARMOEREEEDICES RN
DTHD. I, FUEEOBEKGEEZ 10 "m? & LGA, MR EBRMI 1.4 4,
RTRGBHIERIL 2.5 FEEAETINEVELKRS. GRTY 2—-L0EHABEL, SEMIX
Ty TEADKECENT A 7 T ARNTIR0, KO—TIIHELILT S, Zhs0kELD, Il
KOMBIEOLE, FUEE OB KFREE 10 °~10 "m” EEZEADONEETHAD.

3) XU~ LEOBES

R EEHOES % 300m, 400m, 500m & L7ZBAICOWTHEZIT> 2 (Figd). X7
RN TRBITHE o THIEGR HBIER, ~ 27 < I AR, HhECRESRIERTANE < 72 B @[
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5.0 10.0 yrs

Cooling

}% Declining
Fllll;::lll*ll[::%::lllFlllll!llllll*llllll!lllll‘ oC
0 200 400 600 800

Fig. 3. Temporal change of temperature profiles. The permeability of the intruded magma is assumed to
be 10 *m®*. Depth of magma head is fixed as 500m. Upper section: permeability of the medium of
10™""m’, middle section: that of 107"'m’ lower section: that of 10™*m”.

Fig. 4. Temporal change of temperature profiles. The permeabilities of the medium and the intruded
magma are assumed to be 10" "'m” and 10 "m”’, respectively. Upper section: depth of magma head of
500m, middle section: that of 400m, lower section: that of 300m.

HDOD, TA 2T T ARDERROMIBNEDDE T, TNTNHEICKRESBREIASNIN S

o, XU LEEOES Z 300m BURIC L 25E TlE, MR TRIUBNERE NS0, &t

HORFRI A NIEF NS T2 DRIBEIERMZZT 5720 TRS, BAEBIT2HE5HH0

DY VAN E A AR gRA /R

(4) KT DET) AL
HIRICK D ECZKESMDEN AR D EZR D0, Figh ITRENDEDBET
WREKVERZTo /2. BBRCESHAOES Z 300m X 300m, IR 800°C Dk
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BEANITRELRE BERELEMIE, FETHRE, RB/KER, ARSI B THEE, EhER
E L7 EEOEKREZE 10" m?, BART ROEKEREZ 10 "m?, BAYT I O
WX % 500m OFEEHAETINEL, EHAEEEASE (Fig.e), EHAEN 0.01Pa T

10°C/pressuregradient
10°C/atmospheric pressure

« Om
o o
E E
L. L -300
b Initial temperature:10°C "y
2 2
el e
> >
< <
J I J
o -600m O
e Intruded magma i, | | ©
initial temperaturel
800 °C Wil
o
> IR AR TR0 AR ~900m
1000m 500m Om

Fig. 5. Initial and boundary conditions for model calculations to estimate effects of the horizontal
pressure gradient.

‘4] X:Pressure gradient
1

Cooling Declining

0.00

0.005

0.01

0.03

0.05

Fig. 6. Temporal change of temperature profiles. The permeabilities of the medium and the intruded
magma are assumed to be 10""m* and 10 m’, respectively. Depth of magma head is fixed as 500m.
Upper section: horizontal pressure gradient of 0.00Pa, second section: that of 0.005Pa, third section:
that of 0.01Pa, forth section: that of 0.03Pa, lower section: 0.05Pa.



Fig. 7. Temporal change of temperature profiles. The horizontal pressure gradient and the permeability
of the intruded magma are assumed to be 0.01Pa and 10 “m®. Depth of magma head is fixed as
500m. Upper section: the permeability of the medium=10" lower section: 10 "'m”.

DI DFE KR AR EZ S (Fig.?) DWW THNE.

EE50EEGHIT I ERANSHBATNSD, BKOFNTH U TENAEINNS W E ST
EREIEY 7O RICTESD, FHICHL TEAAENRKEVWES, SEEE~ 7 <vo Bific
TETY, MNOTRMANCTES ZEARINZ. F/2, FIBEOBKGENREVESIZ, E
N DFBENRKEL, SHRBIZLD FTRANCTES Z BRI N ZNSITEERITIZE R
MICHRIND), TERMITRINEZI LIRS,

V. BELAOMBREST IV

2000 FEATRIIME KB HBCR T U 2 1ILK D O O 20 U 72 &5 )Lk Icw U T,
BARIT I —BKREFIIVEEZTo /. FELKDOOFERIC BEBIIHEICHLHEILED D
ﬁmt@,E%E@#BEMKDﬁKﬁhTéiﬁm@%gﬂmém&%i%hé.%DT,%
TN LR 2 S OE IR DO A EEET 572012, =S EBEAIOMBIZ I Uz, Hifk
B DT — & PRI Tl N /2 AR IR ETIVIC ﬂ?éﬁ%ﬁ%%ﬁ%rbf T D IR
£TF 250m, X7 X OFEKEEIE 10 " m®, WAL 800°CE L, £k, HUEEOEKREKE
w*m?tbt.%?»%%i‘vﬁvgxﬁ%#eloﬁﬁifﬁat.ng—lﬂngs—

FEIEMERZ 056 FBEIV 1 FENS 9FHETZ 2HEBITIRLEZBDTHD, ThThD
BT, EMaldiESEHBKOMEREE T Iy 7 X, FHRbIIHEROSKE EKELDDHE
BETIv I AERLTND, FHHEERICKDE, XVTEAL, 0.2FETHEHETY 2 —L0H
RICHELUMBRIHET 2. UL, FHEHN (2002) 72 E TRIN TV SHIER O HIBIR
HERTE BT 3. 72, HECBWTEHRROILRT MM E, HARBMORSHHZRT T
B3O BUK EFBATHRANCEET 2HEMIRIN, IN513 Im FHIE E BREBMOGRL
HIEDHER (Saba et al., 2007) 1R U728 R 2 K <FHBAL TWa. —7, MR TEK
JEh i ® ST 2RI 0.3—0.5 F12IC/2 D, HKPIOE DR UER (Saba et al. 2007) &
0DHEDENZATHHNREIC/ DML D HEERER N, 2L, BHHOThESEZ
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file and water flux, (b) water-vapor ratio.

>

Fig. 8. Numerical model of the geothermal field of Nishiyama craters. (1) 0.5 years
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5N5D, EFIIEIHEIZBWTIY I IOBKFEHZEDL/NSL<TDHh, LT ITOWANC
PEDBKBEBEOLZEZEEBT DI EICLD, RS X0 FMNRERENGE S NSNS
5.

V. 8hVIC

AHE TR, BART YOBANCHED HiBROFHE - TRBEEETFIVEIHEICK > TRE L2

9. BAYTREDICHET ZHARITOVWTEKGEE, Y7 YORIEOHEEHRN-.
TR DOFEKGEEEHBRDFEEL TW2WEELOEE OFE KRR EME L 2R, I ~<iE
KEREL 107 °~10 "m?, JEUE OFEKBEIE 10 °~10 "m* THIUL, 2000 FA LRI K
DOHBAREROBAFEREZBBORHHATED ZENRIN, ZOHRIL, MEOETIVIIZE®
LK EBOFER & DM TS 5.

RICHEITIRIC K OKELANTEN A D 556 OMBRDFEEIC DN THN. KOS
128U TIEAABENNI WE XD, SRBIEY YO RICTE S, FHICH L TEHLENK
TNEA, SEEIIT YO EBICTET, MAOFHRMICTE 5. £z, FNEEOE KR
MRENGEE, ENAROZENKELS, SRBIIED FRAICTE S Z LAHHI N

PEILK RO 258 L 72 BT )V D, HBRFEREOETIIVEHEEIT> /2. TORHER
MR O BRI 3 K OMIBUS O MR OILREM 2R 2 7 VMG s . YT 0EK
BRENL, AMATIEEE LA, TOREEKEEEZEE T2 LT, Lo IBHEFEREITEN
EFINDMELNDEZEALSNDDT, 5HBIDORERFTL TNV FETH 5.

WM S T4, Bax OB/ EN, FEILHERICEL THAEBRIANESNTNWS, £
SEMALTETNERBLLTAZEBUEETHD, £/, RUMOMBROHEEZRNTSZ
EHTEDTHAD. ARMTEAUBEOREBML T\ 2 R HHOETIVEFEICE EDT7,
HWHORKITIRNPLTNEZAZIRNDNS, HNOD 3 RITMHISEE TSR, EREIRHER
DI, SHRITEBENCE D W22/ 3 KonOH FEKIRBIOETIIVEIEBNETH A 5.

B AT, FEHO0LD (k) OMLHRIXO-MTHS. AREETHICEL, diEE
REFFERF B IR R > & — KEBILAEIR, B KA HIER BV AR S s X LI ge & >
& —FHBEZRICE, Z<OMBRZBOELRZ. ZIEATEMNZLET.

F7z, BMEEIRICHRL T, JLiEE R AP AR SR R R B S SO R K L LIS 2 D AR S
2L DTHREVZFE NI EITOK DEHVWZLET.
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