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p.725-741, 7 figs., 5 tables.

Abstract: A numerical simulation method for magma-hydrothermal systems based on vertical
one-dimensional transient thermal conduction models, in which high ‘extended thermal conductiv-
ity’ was assumed for geothermal reservoirs, was proposed for better understanding the macroscopic
features of deep geothermal resources. This simplified method was applied to various hypothetical
conditions, changing (1) depth of magma chamber top, (2) depths of geothermal reservoirs’ bottom
and top, (3) thickness of magma chamber, and (4) the ‘extended thermal conductivity’ of geother-
mal reservoirs. Their effects on temporal changes of underground temperature distributions were
roughly calculated and evaluated.

Deep magma chambers (depth of chamber top at 6 km down from the surface) are obviously less
effective for heating the reservoirs distributed at 1 to 4 km depth levels than shallow magma
chambers (chamber top at 4 km depth). For the former case, however, developments of thick deeper
reservoir structures, especially with suitable cap rocks, enable formations of long-lasting high-
temperature deep hydrothermal systems. This type of deep reservoirs could be more suitable for
power generation exploitation in terms of reservoir temperature and size than the other type of deep

reservoirs developed around shallow magma chambers.
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Fig. 1 Conceptual cross section for diversities of geothermal environments.
Origins and transport of heat and fluids, reservoir distribution and others were conceptually modeled, especially for deep

geothermal environments in Japan (after Shigeno (1992)).

B - Bk L), QMBWMAROREIR (%7 <RI,
Bk - YRR T AR ) LBE - X EWND 5,
BB IERBUKR T, ZEHM - R K& <&k
BBE « EHBEU T, RiE—aaRO%EE - WK
IEREARER EE T B0, EEROEE S R -
R L L T B,

ITER B ERRE, HRANICHI TR (B
5 DYEREE2 . 5km PIGE) N L5 Tnb, BEEAOHH
WHNCISEOBRZ2ET 570, Ho5» COHERD
FEMBE LT 2 C L NERCERIC > T&, Z
DHIT, F2 O TEBOMBRE~GIHRART —
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FROBRERCER LB OBRE, v —17
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z1E, KB, 1992 ; AT, 1993 ; K&, 1994 ; Shigeno,
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BT B, &5, ZOFEERRNLEZ S {E
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QETEBOEL - HEROEE, Q=/vBOES, BX
VAEERE O [HRRAGER | 23, HTORESHOR
b5 2 2B zOWT, FEBNRHRITETS.
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et al., 1996 ; KRITIFH, 1998 ; Muraoka et al., 1998 ;
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Table 1 List of main points of modeling and numerical simulation for thermal transport processes in geothermal systems.

(1) Class of systems: Regional conduction, Hydrothermal, Magma + Hydrothermal, Magma, Hot Dry Rocks, etc.
(2) Objectives: Modeling analysis for general understanding, Concrete field data analysis, etc.

(3) Mode of analysis: Forward analysis, Inversion analysis.

(4) Space dimensions: 0-D (Lumped parameters), 1-D, 2-D, 3-D.
(5) Time dependence: Steady state, Transient; Static environment, Dynamic environment, etc.
(6) Mode of heat transport: Conduction, Convection, Radiation, Cond. + Conv., Cond. + Conv. + Rad., etc.
(7) Fluid phases: None, Hot water, Vapor, Hot water + Vapor, Hot water + Vapor + Super critical fluid, etc.
(8) Independent variables: Temperature (Enthalpy), Temp. + Pressure, Temp. + Pres. + Steam saturation, etc.
(9) Initial and boundary conditions: (for Parameters and Variables).
(10) Complicated problems to be considered or neglected (Interactions, Environment changes, etc.):
1) Effects of temperature, pressure and steam saturation on fluid properties.
2) Effects of temperature, pressure and steam saturation on reservoir (rock) properties.
3) Effects of fluids compositions (salt and gas concentrations) on fluid properties.
4) Effects of mineral dissolution and deposition due to temperature and other changes on reservoir properties.
5) Effects of rock fracturing due to temperature and pressure changes on reservoir properties.
6) Effects of regional tectonics and tectonic changes on reservoir properties.
7) Effects of magmatic activity changes on underground processes (heat and fluid sources and transport, etc.)
8) Effects of topography and climate changes on underground hydrology (fluid source and transport, etc.)
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12720, EEERIEIE, HpldREmE (W), Henldfz
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RICEEEY 3,
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Z30fEOE (75.0W/m-K, Nu=30, Ra=19,000f2%)
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Ingebritsen and Sanford (1998, p. 94) DOFFARZ W
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Fig. 2 Macroscopic vertical one-dimensional transient thermal conduction model for magma-hydrothermal systems.
‘Extended thermal conductivity’ was applied to geothermal reservoirs (see the text). @-basic parameters whose values were
changed through Sections 4.1 to 4.4; *-parameters whose values were changed in Section 4.4.
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KE (1.0kJ/kg-K), BE (2,700kg/m®) (FLIBE -
FES7 « B BB LB W) 2525, 777U, Y
B [RREREE | DA FWE (25.0W/m-K, H5w»
7.5, 75.0W/m-K) %52 % (EEQ)ZSH).

(5) KM LT, HIREES 0°C, #HTFEE20km
DEEH600°CTRL —ELT 5,

(6) WIEASME LT, HITHRES—E (30°C/km)
EL, ?TEESOH—EDER (900°C) T35,

(7)) =7~EEOBHICZOWTIR, EET2 (BEER
FE900°Ciz B> T300k]/kg)., Lov L, TRETREE D F A2k,

BROER « FEORIGEZ ERERLZY (BB, K
STRREDFERIC DWW T, EE6)DOH TIHEIERICHA
AENRTWB),

tROEREFVICEDE, UTOROGE - REFEL
BEICOVTOESRE~D) (v <EROBEDIE I
DWTIRER) 2HlE LEBREROHE 0 ST 4%
YERR L, IEMATRICEEY S 2 v—ya vy 2ERLT-.

Ani=— Ko*Kao) "?* (T — Toor) /AX*AL*S 8
Bn,t:Hn,t*/Jn*AX*S (9)
Cot = (Kar*Kn) V2* (Tosr,e = Td) /AX*AL*S 10
Hn,t+1 = (An,t+ Bn,t+cn,t)/ (/Jn*AX*S) (1])
Tn,t+1 =Hn,t+1/Cn (12

72720, EERIER, BFnI2EMETFES >
SEEBABEN, BFELIIRHAT v 7BE (77 ~EBE
B 5 RFEABEI ¢, Ax BZEERTFREE (m), At
AT v 7THkE (s) Th b, ZEBETFOERERAT
v 7ROV T, AR EANOEGHRE K], BIXEIOR
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2R 1IRTHEFEREETTNKEI RN </~ —HKROHEMEY 2 2 v —y a V(1) | v 7 HEROEEORR %
WT 272007 A7 —AEHE—ER E2HBLU0E4. 18H).

Table 2 Numerical simulations for hypothetical magma-hydrothermal systems based on the one-dimensional transient
thermal conduction models (1): Conditions of the test cases for analyzing the effects of the depth of magma chamber tops

(See Fig. 2, and Section 4.1 in the text).

Case No. SO S1 S2 DO D1 D2
Reservoir —1  Top depth (km) - 10 1.0 - 1.0 1.0
Bottom depth (km) - 20 20 - 20 20

(T. cond. W/m-K) $ - 250 250 - 250 250 )
Reservoir —2  Top depth (km) - - 25 - - 25
Bottom depth (km) - - 35 - - 35

(T. cond. W/m-K) $ - - 250 - - 250 )
Magma Top depth (km) 40 40 40 60 60 6.0
chamber Bottom depth (km) 80 80 80 10.0 100 100

( Thickness (km) 40 40 40 40 40 40)

$ 'Extended thermal conductivity.’

kg), TIXRE (C), KiZHEGD [TREEEER] (W/
m-K), c 35A0RAE (kJ/kgK), p IERDEE
(kg/m?), S IZEAIER (m?) Thb, kB, EENIC
AX I DWTIX100m, At IZDWTIKI0E & U7zas, B
BORELREHFOHE I At 2 1FL LT,

SEOTO [4. =7~ - BEEBOBRE - it
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— S EOBREEZIRY ANl L D E#LET VOFEH
ZERATVWDE (BNREET ),

SEOWE T, Apple D/ X—YV F LIV 2—7%,
Power Macintosh 8500/1807% ¥ @ _EC, Language Sys-
tems #® Fortran 2 >34 5 — %W 705 L %{E
B, BfEy s 2v—yarf8ETo%k, FERMEZ

17 —=2k2nT, ¥550MTho7. SHEBROKIL
121%, MathWorks #d MATLAB Z2F]FH L 7-.
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DEIE « BEDPARETH Y, ZHREOREY S 2 v —v
a YOEMEBLC, FRNLHBRELES R L
BiFond, 28, IVEET T VLT, V—X-
Uy 7 AO—MOBESLETH D, EERIIDL
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Fig. 3 Simulation results for hypothetical magma-hydrothermal systems based on the one-dimensional transient thermal
conduction models (1). :

Top three figures (S0-S2) are for shallow magma chamber top (4.0 km) models, and bottom three figures (D0-D2) are for
deep magma chamber top (6.0 km) models. Two figures at the left, middle and right are for zero, one (shallow) and two
(shallow and deep) reservoir models, respectively. Temperature contour lines (50°C intervals) were drawn on time-depth
planes. See Fig. 2, Table 2 and Section 4.1 in the text.
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Table 3 Numerical simulations for hypothetical magma-hydrothermal systems based on the one-dimensional transient
thermal conduction models (2): Conditions of the test cases for analyzing the effects of the depths of reservoir bottoms and

tops - (See Fig. 2, and Section 4.2 in the text).

Case No.

RB1 RB2 RB3 RT1 RT2 RT3

Reservoir =1 Top depth (km)
Bottom depth (km)

(T. cond. W/m-K) $

Reservoir =2  Top depth (km)
Bottom depth (km)

(T. cond. W/'m—K) $

1.0 10 1.0 0.0 0.0 -

/ / / / 20 -

- - - - 50 - )
/ / / / 25 25

45 55 6.0 55 565 55

250 25.0 250 250 250 250 )

Top depth (km)
Bottom depth (km)
( Thickness (km)

Magma
chamber

60 60 6.0 60 60 60

10.0 100 100 10.0 100 100

40 40 40 40 40 40 )

$ 'Extended thermal conductivity.’
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Fig. 4 Simulation results for hypothetical magma-hydrothermal systems based on the one-dimensional transient thermal
conduction models (2).

Six figures, all for deep magma chamber top (6.0 km) models, show time-space temperature distributions that vary
according to the distributions of reservoirs and non-reservoirs. Top three figures (RB1 to RB3) show the effects of depth
of reservoir bottoms (distance from magma chamber tops). Bottom three figures (RT1 to RT3) show the effects of depth
of reservoir tops (cap rock bottoms). Temperature contour lines (50°C intervals) were drawn on time-depth planes. See Fig.
2, Table 3 and Section 4.2 in the text.
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Table 4 Numerical simulations for hypothetical magma-hydrothermal systems based on the one-dimensional transient
thermal conduction models (3): Conditions of the test cases for analyzing the effects of the magma chamber thickness (See

Fig. 2, and Section 4.3 in the text).

Case No. S2- S2- RT3- RT3- RT3~
MT4* mT8"  MT2* MT4* MmTS
Reservoir —1  Top depth (km) 1.0 1.0 1.0 - - -
Bottom depth (km) 2.0 2.0 - - -
(T. cond. W/m-K) § 250 250 - - - )
Reservoir =2  Top depth (km) 2.5 2.5 25 25 25
Bottom depth (km) 3.5 35 55 55 55

(T. cond. W/m—K) $

250 250 250 250 250 )

Magma Top depth (km)
chamber Bottom depth (km)
Thickness (km)

20

40 40 60 6.0 6.0
80 120 80 100 140
4.0 8.0 20 40 80

$ 'Extended thermal conductivity.’

*MT2 and MT8 are different only for thickness and bottom depth of the magma chamber
from MT4 being simply case no. S2 in Table 2 and Fig. 3.

* MT2 and MT8 are different only for thickness and bottom depth of the magma chamber
from MT4 being simply case no. RT3 in Table 3 and Fig. 4.
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Fig. 5 Simulation results for hypothetical magma-hydrothermal systems based on the one-dimensional transient thermal
conduction models (3-1).

Effects of thickness of magma chamber are shown (figure depth is down to 8km,; refer to Fig. 6). Top three figures (S2-MT2,
-MT4, -MT8) and bottom three figures (RT3-MT2, -MT4, -MT8) are based on the standard models for distributions and
characteristics of reservoirs and magma chamber, S2 in Fig. 3 and RT3 in Fig. 4, respectively. Two figures at the left, middle
and right are for the models with magma chamber thickness of 2.0 km, 4.0 km and 8.0 km, respectively. Temperature contour
lines (50°C intervals) were drawn on time-depth planes. See Fig. 2, Table 4 and Section 4.3 in the text.
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Fig. 6 Simulation results for hypothetical magma-hydrothermal systems based on the one-dimensional transient thermal
conduction models (3-2).

Effects of thickness of magma chamber are shown (figure depth is down to 20km; refer to Fig. 5). Top three figures (S2-
MT2, -MT4, -MT8) and bottom three figures (RT3-MT2, -MT4, -MT8) are based on the standard models for distributions
and characteristics of reservoirs and magma chamber, S2 in Fig. 3 and RT3 in Fig. 4, respectively. Two figures at the left,
middle and right are for the models with magma chamber thickness of 2.0 km, 4.0 km and 8.0 km, respectively. Temperature
contour lines (50°C intervals) were drawn on time-depth planes. See Fig. 2, Table 4 and Section 4.3 in the text.
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Table 5 Numerical simulations for hypothetical magma-hydrothermal systems based on the one-dimensional transient
thermal conduction models (4): Conditions of the test cases for analyzing the effects of the ‘extended thermal conductivity’

of reservoirs (See Fig. 2, and Section 4.4 in the text).

Case No. S2- S2—~ S2~ RT3- RT3~ RT3-
RCL* RcM* RcH*  Rrcl* RrcM* RcH
Reservoir =1 Top depth (km) 1.0 1.0 1.0 - - -
Bottom depth (km) 2.0 2.0 20 - - -
T. cond. (W/m-K) $ 15 25.0 75.0 - - -
Reservoir —2  Top depth (km) 2.5 2.5 25 25 2.5 25
Bottom depth (km) 35 35 35 55 55 55
T. cond. W/m-K) $ 1.5 25.0 75.0 15 25.0 75.0
Magma Top depth (km) 4.0 4.0 4.0 6.0 6.0 6.0
chamber Bottom depth (km) 8.0 8.0 8.0 100 10.0 10.0
( Thickness (km) 4.0 4.0 4.0 4.0 4.0 40 )

$ 'Extended thermal conductivity.’

* RCL and RCH are different only for 'extended thermal conductivity' of the reservoirs from RCM

being simply case no. S2 in Table 2 and Fig. 3.

* RCL and RCH are different only for 'extended thermal conductivity’ of the reservoir from RCM
being simply case no. RT3 in Table 3 and Fig. 4.
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Fig. 7 Simulation results for hypothetical magma-hydrothermal systems based on the one-dimensional transient thermal

conduction models (4).

Effects of ‘extended thermal conductivity’ of reservoirs are shown. Top three figures (S2-RCL, -RCM, -RCH) and bottom
three figures (RT3-RCL, -RCM, -RCH) are based on the standard models for distributions and characteristics of reservoirs
and magma chamber, S2 in Fig. 3 and RT3 in Fig. 4, respectively. Two figures at the left, middle and right are for the models
with reservoir ‘extended thermal conductivity’ of 7.5 W/m-K, 25.0 W/m-K, 75.0 W/m-K, respectively. Temperature contour
lines (50°C intervals) were drawn on time-depth planes. See Fig. 2, Table 5 and Section 4.4 in the text.
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