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Modeling of piezomagnetic effect associated with hydrothermal pressurization.
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Abstract

Geomagnetic field variations observed at many volcanoes suggest temperature changes and /or stress changes
inside those volcanoes. Such volcanomagnetic effects are largely controlled by a behavior of volcanic fluids or
hydrothermal systems that transport heat and mass from the deep source. In this study, we have developed
postprocessors to calculate piezomagnetic effect caused by hydrothermal pressurization. By using a newly
developed postprocessor, we carried out numerical experiments on the effect of host-rock permeability and
the influence of caprock, as a factor to change the physical state within the volcanic edifice. From these
evaluations, it turns out that the both effects influence not only the amount of piezomagnetic changes but
also the duration of the anomalous piezomagnetic field.

1. IELsIC
KILTEENC P - TSR DR (LN S < OFEEBALTEAE O, 20X HERE LT, KIKERROBEZE
Ll &3 MBAMKHHR] RIHEICERT 2 TELVYBSEIR] HETFLNTWS. BEHALTE, HiER
BECEREMOHM R EN S, KUMERERICBUKNRRAFRE T 5 Z LAEESh, HIBEAIN S L, BREAHM
BOREICHI THREDOEEI R ENS X E, KLFEESICKLFRENEELRRZRZLTWA T ENHLLME
BoTETWVWAHLLEDIL, BEKHIRPELVETHNRORERICY, ALFkED 2 WEBKHHRMES LT
W3 EHRIThTWS (BIAIE, Sasaiet al., 1990; Tanaka, 1993; Sasaiet al., 2002; Del Negro et al., 2000; #
H, 2007) . /e—ific, ETVHKBREBETIDRLD ENINWLENTWEN, T IIBEAXE—RHIC
BEMNEC > 7ZE% (Reid, 2004) %, HITREIICF vy SO 7 & ERBKEEROEE CHEARIETT 518
# (Hayba and Ingebritsen,1997) {&, FIBUKENERICEE S8, ELVHSHRIC LK SHMEXTORIEEEL
BETERVWEERS. T TEMRETIE, Bukiigh I 2 L—% HYDROTHERM (Ingebristen and Hayba,
1994) TR NI K LENROMMTREDOENNTEZAWVWT, CLVHEIHRICX 2R TORBELZRD
BRAM SOy YRR LE. IhERAWVT, EENREUKEEH O —RNICHEMEC D, L LOEH
WRICR 5 (SRR S E T VBRERICDOWT, BEAT Yy FTLIcBEY I 2L—a VTR 1z

2. 3 RTAMENBOERL
BukFRBhicff S E T VRRIIRZEET B7eHIc, BUKREITT VA 5B 5 N2 MBREDE NS HZBE1
RICHEEETRENDS. BREINBR2ISIE L RO K S5 % BFHAH 2 (Iverson and Reid, 1992).

Ty = Tij + apli; (1)

T T z,y,2 &7 AV FEBER (Fig.2a DEDKH]), 6;5 (& Kronecker delta, p (ZIBRFEDOENZRT. o

&, a=1-Ky/K, TREN (K, : B FORBENERE, K, | SILEREOKFMERE), AL T

Iverson and Reid (1992) L [ERICLT a=1 & LTV5. XTI VHESHROGEICE, FOMEK, BEE

BRICB 2 ERBOISHEL TR ETHS. Z T T, Iverson and Reid (1992) IZ KB 2 JIT seepage-force

aggoaihh?fgék Rice and Cleary (1976) DEERICETWT, 3 RTEMSHTFEAERNILUTOX 3 ICHE
[ > .

o, ar, ar.

T Ty Tzz _ ze
5z Oy * 8z P9
ar,. o7, o ah
yz yy yz _ on
oz T By + 5, APuIy )
67‘;3: 37;11 8‘7‘;2 oh
dr =+ ay + 5z _(pt_ap‘u.')g"'apwg&‘

CTT, py RER—BETHESICET 5 SILEBEROEEEE, p, ZEBUKOAKRER, g SENIMEEDOK
&%, K& (hydraulic head) h {3 h = p/pwng + 2z TH S (Iverson and Reid, 1992). TD X 3ic, HADEKR
7k, BEN LEBRAOEKETFICBII 23 Lix5.

ThHD 6 DORMDOBFIRHBTZRD B A1, HMBREEICEIT 25— EOBFHRNZE L. Rice and
Cleary (1976) DEGRICEINWT, BN —EOBEFHNZE L, UTOX3IGEROT v 7 OFRIOER L
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Ev
T:j = 2G6ij + Jij m&kk (3)
ZZT,
s--——l- %_Fgu_, . 6u+8v Sw
¥ 2\ 8z; " Bz =8z " By 0z

uv,w i z,y, 2z AICBITBIEAMES T, £ RYVIE, GREBANEEGRE v 3ET7 VU HTHS.
BEREGFL LT, ZBAICBIL TIX Fig2(b) IRLIZEBH TH D, FEIRUKICEIL T Fig.2(b) D EICH L
TUTFOXS BT 5.

(O ¥, 2) =0
%(:u,y, z) = 0
8z(x 0,2) =0 @
gi(xi yA)z) = 0
%(:B, Y, O) =0

h(z,y,zB) = zB
3. 3 R ARENBOBERERK

FERQICBVTERONERREEDOE LEN u,v,w 2R, BAIREZEEZHVTEDENTEHER
(2) ZHMRERNCERTS.

F(u,v,w) = ///bd’u—/// aa:jd (5)

oh &8h 06h
bi = apug| 5 t5, 1 5 +(pt — apuw)g

a'rt!j — Oy + o, ot,, + (a'r;y + aT;y) + (BT:;:z a”'n:z) + (3Tyz + &éz)

vy
5z; oz ' oy | Bz 3y | oz 3z T bz 5z T By

BERHELLT, 6F(u,v,w)=0 BB T AL IICEN u,v,w ZREL. TOELEERDZAIC, LLoRXZE
BUELTWL. Q% m, ICEEEL T, AR 6) ZXOERICBEXHZ 3.

F(u,v,w) = i we(u, v, w) (6)

e=1

u, v, W) bdv—/// ""d
e /.//een Q.e0 0T;

Qe ITERK e DIERETHS. TORIC 6F(u, v, w)=0 EBAT 5 LLIT%185.

Z/// b&u,du—%///z ,J%‘Z:‘dv=o (7

r
r
A

oh oh oh
bibu; = apyg (5 o + 5’0— + Jw—) + dw(p: — apw)g

pOu_, Bu |, 00y, Qv |, (u v @+66_w o (00, 00
¥ox;  *THr  Way ' 9z W\ dy or 2\ 9z = Oz vZ\ 9z = By

Global coordinate system (Fig.2a) T ('f) DB 2MS T LIZHEHTH S DT, Local coordinate system
(&m¢) (Fig2e: |él< 1, |ni<l, [Kl< 1) KT 3. COBERTE, EENOEEDA (60,0 BT s
{u}=[u(&,n,)w(&nO)w(Em,))T DELER ¢ BEROTHETOELR {u} HORHEIND. DFD,

{u} = ¢(¢,n,{) = H{u}. 8
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cc —( {u}e—[ul yU2," * +,UB,V1,V2," * *,Ug,W1,W2," * ‘1w8]T1 H(E’U’C)___{hl 1h2:' * '1h87h1’h2)' ‘ '7h8’h1 )h2,' ° 'ahB]T —GE
D, hi(€.m;lk) RBRO i BHOMRTORKBEBHATSHY, ROFHZHET 5.

8
i=1

AWFETIX, 8 Him -+ 6 EAD 3 XIT Iso-Parametric B (Fig.2c) ZAWV DT, BEHRORBEEIILITT
H5.

h(€,m.¢) = %(1 +&)(1-n1-¢) h2(€,7,¢) = %(1 +861+9)(1-9)
ha(€,n.¢) = §(1 -1 +n)(1-¢) ha(€,7,¢) = §( (1 -m(1-¢)
hs(€,n,¢) = §(1 + &1 —-n)(1+() he(&,m,¢) = §(1 + &1 +n)(1+¢)
h7(€,1,¢) = 5(1 =1 +n)(1 +¢) hg(€,m,¢) = (1 =1 —-n)(1+¢)

BRADERDRICBNT, &R {b}=[b2(£,1,0).0y(€:m.0).0:(En,0)]T RERAM SRR ENS;
{b} = H[b:cl, bIZ) T bzs, byla by2a R by8) bzlv bz2, B sz]T (9)

cc —6' [ba:l, bz:2a e :b:cS:byls by2a e >by8': bzl, sz’ e ’sz]T ‘imﬁ?@wﬁﬁ@&b }‘lb?&é
AL T, BEERDER z,y,2 13, IR TOMEX,, Yo, Zo NEARFEINS:

(2,9, 2] = [HXe, HY o, HZ,), (10)

T T T Xe=[z1,%2,- -, 28]T, Ye=[y1,¥2," -+, 48T, Ze=[y1,¥2,"--,ys]T. MIZMIC, global coordinate system
DR (7) &, Local coordinate system ICERETh 3:

T T
0 0 0]"_j.[o0 0

dV = det J(£,n, ()d€dndc, (12)

T T TJI&, Global system 55 Local system ICZEH#19 378D Jacobian matrices TH 3.
= (8)-(12) 2K (7) iclAT B &, UT%ES.

S 5{u}T(K.{u}e - F.) =0, (13)

r
r
A

Ke=/_11/~]1 /lev(&n,C)dédndC Fe=/_llf_llf_llFu(s,n,Odedndc

K, =B"DB, (B=J""[88, 88 ST, matrix D 3AB (3) IKHI5T 3), F, = H {b}detJ.
H AR %2R L T, B matrices K, & F, RO K 31cBIT 5

Pe P Pg Ps Pn P¢

Ke=Y Y% wiwweKy (&, 5, ) Fe=) > > wwjweFy(&,m5, (k) (14)
i j k i k

T T T pe,pype W SBAERS O sampling point BTH D, &,n;, ( ISBERS D sampling point T D EIE,
w;, wj, wp YBHZRT. TTT, BROTAWKHBOBEEZRD S0, BRAMET MU 72X K, (&, 5, C)
D epe W (AR 3 22M) OHBEICE VT, MOFED Gauss OHELD L, 1 SV 7 EVESHE TEHERE
9%, Reduced Integration Procedure Z M L 7z.

ThrUYIARS ZAWVWT, BEOMRADME {u}. ZELEDHE T, Global nodal vector{u} ic§5 &, LLF
DEICEBEEREINS.

{u}e = Se{u} (15)
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CTTEHRB L, {u}=[ui,uz,  ,Un, 01,02, -, Uy, w1, W2, - -, w,]T B REETHB. K (15) #R
(13) ICBERX B LLTICES.

%(«Hu})TSZ (KeSefu} - Fe) =0, (16)
e=1

R (16) &, EHIROZEN 6{u} BIEEXODEARIBATERD LD, FOBLTEE-T.
‘ Ku=F ar)

CTT, K=" 8STK.S,, F=Y"" STF,.. COX3CHAMSHDFEM B, BEET P v I XK, DFtE
BIUOWEARN (17 2Bk, CTTHLMS, DI MY Y ARNHTHZOT, BT R Y v 2
Z BTDB &5#Rici b, HF Multi-Diagonal Matrix 2RV - E T AR EALEEFA L.

4. BACREIETIV
Fig. 3 TREN3 L3I, 2 KorDENFREBEEZRAV:. Y2 aL— 3 Vi, 500m OXR%EE D 900 ‘COEELR
EERDRE 3km FTHAL, TBEICERKEBIC ko721, BHILUIZEREDE A 54R 40m O T HAES
500m FTHALBEGZERS. KIUEORHEE X UM BRI Hayba and Ingebritsen (1997) &
ARTH5. ERAOFEICENT, BERLARBREBKREERL DD, MR, BE, BEERKILTOY
2al—=YavicBWT—E& Uiz (Table.l) . BBERDBEKFIHICEAL TIE, 500 CEBXRKERT, <7
SEFE LI 10722 m?2 T, 500°C-400°C i@ T 31 DNT, loglinear IZ 10710 m2 (= 4<) & 10717
m? (B 1ICI8inL, 360°C ZEEX1-BFET, 1071810715 m2 (BE) L1078 m2 (v¥<) LRELE
(cf. Manning and Ingebritsen, 1999). #H L /- ERAUE K, BEWEER (10718 m?) & D. ERAEKE
ke LTOF vy oy ik, 1078 m? (7<) LRELE. BAEBOBEHKELICELTIE, 90°C »5
750°C % TOMIE 2000 J/(kgK) , 750 CLARTId 1000 J/(kgK) & Uiz, Fiz, EROBEFEMGEL LT, #T
FEEO OB ET A RMER, RFENTI 80 mW/m? , FERAENTIX 120 mW/m? & LT=.

5. KR 7Oy HORER
EWFETIE, 2 ZTHNHOBUKREIE TV EFA LR, CLVBSHRDOFEICZ, ZOUER, BEITEE
RICBITI B LEMOENECSHEHALETHS. £ T, Figl(b) D> LFETHEREITITHE. £F, 2X
TLHINFROBKFREIE T IV B S N A MIEDOE % 3 XKoo hilcHidL, BkaEziET 3. B
ENRRDI%, HEREOHKETICBIZZNOMRLHLT, KOO HERDSZ. Ric, 3RTE
RIGSIEEAERE Fig.2(b) DHERAKMADOT, ROEFEHONHL L ICABERE (3 EE22R) ZHWT
BAL - BSOS HEFET 5. CCTHELZFEM 7055 ACHBE I N3 BEAOREEIZ, Gravitational
stress @ Savage et al.,(1985) & Liu and Zoback (1992) i X 2R L LT 2 T L TREEL 7=, B 1E
i3, BARGBEATVNREL LS8, BokFE#ETVONKHEEFHEL T—REBOBZDFHERZT> TV 3.
Bikic, REECTVRKAE (Sasai, 1980) H 52T ORI T HWLE(LDODHZ RS, Sasai & Ishikawa
(19'28) OFFEZAVT, METORIBEERD:. &, RAZ0° £90°, RARELTE LLTHELTY
% (Table 3) .

6. VXIal=vavik&BT—AAET1
TIRBAANY Mo & DBUKENBEZZIT IR, CIVBSHRICGERT 2% COMBKEL® B iEmn
KFHE L7z, 2T T, BEOBRERBIUF vy Oy JOEHICOWT, Table 2R Eh3L5%6 DD
EFMHLUTEIEZ L.

Fig. 4 1C Model B(Table 2) DBUKGRE/NZ — 2 LENDHZRT. Fig. 53, FOTHICHIGT 8 ETD
YILVHBEENMTHS. BEAHEE /TONMITOFHE Z—VREBAICK > THHRREEDLZVD, K
HRESEAR IO LR TENS. FHOBWEERRIT Y/ ORRICBONEH, SREHARBLITCET
VBEER (A, AT) REZNFANR I LBEOM TR OIS (Fig. 4a,4d,4g). > T, Fig.5a(I=0°)
& 5d(I=90°) &, BALERIIDEAC XTI ERIINIBIBEESHERL TS, BARIRZET
&, MO ERRBT IONUDENSTELS. SHEFEBLE/YONMIBEITTANLEN > TITE, 2
HBEEBEZECTVS. EAPHBLUCYLVHBRELBEAERICIRTHEL, AELERIICE-LTVS
(Fig.4b,de,4h). RSB E D/ Z—VRBRIDATy TLEEALYEDLVH, Z{LBEBEAL L TWA (Figsb
L 5e). BA®RSIZETR, Y/YOENBLIUCIVRIILELREREO, HEZ—C L EHREBICES
(Fig.dcAf,4i). BSKEXLIZIFHEL TW3S (Fig.5c & 5).

Fig.6 TRENZBFEIE, ~TEABELAICET3, BR3BERBLUF vy Oy 70MRICHTS
X VHSHREE LD TS, ModelA,B,Cl3F vy 7y I BEELEVIES, ModelD,E,F 3FHET 3
BAETHD. TTTODEFIVDFRERIX, ModelB(E) IKH LT, ModelA(D) iZ 1HTKEL, ModelC(F) i1
K& { %o TV % (Table 2). Fig. 6(a) I¥{Rf 0° DIFH, Fig. 6(b) id 90° DIFEERY. Fig.6 DRERICKL
T, F8EdNR%. BA%15F5FETICRRELEFA SNV, BEORBERENRE/NIV ModelC(F)
EEABEBTT CICRKELEHERLTWS. £l 15 ERBAE, ModelC(F) 3B ES %2 L, 348
iKid, ZOEEI 10T HLICETRETS. BLT, 5ERRBALBRILTOEFVIINLT, BINEES
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ZT52&d7L, BEHREBIIRLITGEDTWVWTW. LAMLFHICHB L, sEXEAE, Fry 7oy oM
BFEIZBELLEWVFEATIR, ZTOEHRIGEVSRLNS. —KBMNICF vy oy INEETZEE, £t
BIIXEL, MBUKENEE--TWB T ERZREL TV 3. Figt DFERIZ, BEOBBROMREXUF vy
7Oy DR, CLVBIEERESEIIENELOFHEBLUELRIC, HMEEEEATVWAEER
BLTW5. .

7. &

I TTBABOBIKFRENODS I 2 L—2 a3 VETY, BKROBEICKX > THRTOCIVBBNRED X SICE
LT 22 2BENNCTME L7z, > al—2arTHRLNBMEBKED D S KLUENESRORIEEL %z R
it h, HETOCLVHBRELEZHETSZRA N uty U Z2HEL, BEREIULRBKERTHEF vy
7oy INETVHKIIEIC EOBREHREE A DD ET—AAZT 4T BT L TRNZ. TORR, &EF
AVNEWAD, HIBESRE(EAKE L, MBKELTMRUE NIRRT, ElFry 7oy INEETS
%gggﬁﬁb&wﬁﬁtﬁNT—WWEﬁﬁﬁﬁkgﬂk%<&%C&#b#ok.

ERRTIE, RAPLEHKMOEHF L BLUEERMREMAFOAFRELRLICIIAREHBIE 2R
EEL/. CTTIKBEBMOBERLET.
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fluid-flow vectors at sefected times. Solid arrows represent flow vectors for liquid and supercritical water. Shaded armows show steam velocities and thus

indicate boiling. Distributions of AJ, of magnetization changes within the N-S cross section in the case of [0+ and D=0- at selected times: (a) 2° yr, (b)
2% yr and (c) 2°yr. Distributions of Al, of magnetization changes within the N-S cross section in the case of 1=90¢ and D=0~ at sclected times: (d) 2° yr,
(€) 2° yr and (f) 2°yr. The figures (d, ¢ and f) also represent AJ, within the N-S cross section in the case of [<0- and D=0- and AJ, within the E-W cross

Fig 4 Simulation results for ModelB showing stress-induced magnetization (solid contours), thermal pore-fluid pressurization (broken lines) and



section in the case of I=0- and D=90¢. Distributions of AJ, of magnetization changes within the N-S cross section in the case of =0 and D=0- at selected
times: (g) 2° yr, (h) 2° yr and (i) 2°yr. Unit is 10”emu/cc.
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Fig. 5 Simulation results for Model B showing horizontal contour maps of calculated change in total intensity at selected times: (a) 2° yr, (b) 2° yr and (c)
2°yr in the case of =0+ and D=0 and (d) 2° yr, (€) 2° yr and (f) 2°yr in the case of 1=90° and D=0°. Area extends over -0.75 to +0.75 km E and -0.75 to
+0.75 km N. Contour intervals show 0.05 nT.
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Fig 6 Piezomagnetic histories at a surface point immediately above the magma intrusion (a) in the case of I=0> and D=0- and (b) =90 ~and D=0~
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