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Groundwater Flow beneath Volcanoes Inferred from

Electric Self-Potential and Magnetotellurics

Koki Arizawa™

1. FLC®IC

ZERDZWKILTE, RKEHTMICESICEEL,
TAREBDIANIZEZ SN 5. KILTRERH» S LA
L C&E TRy &, ERAIIKEEL SN B),
HFKEAILT I ENTE S, HITTKIE, BEKS A 7,
IR, A EE O FEEICBbD > TV B A[EEHEN B 5
(Kagiyama et al., 1999; Hurwitz et al., 2007). LIk
SHPWEDS 7o O T UAREIEEIC L, 1 FKEPBUKEE A
DRHNRELBIRT 2 T EMREBEN TV S (Lopez
and Williams, 1993; Reid, 2004).

FEF N F TEHEEEINNC X 2 KIS OB
ZiT-C& e, &, IhE TOWEAGMNL CIEE
CERE 21 FEEE BEAKIIE S FEERE) = ONA T
TAHREETEV .. AR CIRERCERSETD SHERl S
N5, KlEHo MEEHR] fEL, ThickhBES
NAHTKFEINC D WTIRN 5, 2 ECTTFiE, 3-5ETH
BOMN %, 6 ETRIFFEDOSHDOELRIT >\ THHIC
B, B, AETHWS (K] [HERAK] TE0K] [
AR THFEMERRSY | TR v - 2 AEED BN, M
I RER IRV <, T D&KELIIT8 2 &
Xt -, THER K] BEN S TEED, K DIRFER
boELTHWAS.

2. HTOKREMERE (CA LB BRESER

2-1 BABR

KHUZ BBRMZENEAEL TWS, TOHRT, ARTLH)
PR DTSR, M SAEIC & > CGHREES N S BAE
ZhrWIc b 0% RN HIRERL (SP: Self Potential &
L < 13 Spontaneous Potential D) &FESs, KTl

RS ANV MNEEOBMENIELTBY, ZIESATD
HRKFHICE > THELTVWEEEZEZONTV S, &
B, BEES, [LFRIG, v+ — FIRED HRBAFE
HEAH =X ABRIBSNTOAEY, KLIcBWT, 20
FEHPEML TV D &V FEBRIGELIZE S hTwig
W,

EAEREHN KOS 5 EEANERN S (FES)
BHP)., CNREBEEARTORF / A — bR T —
VDNRRIC & B, fEHEISEIHD 729, Si0-H,0 D%T,
KFNC & - TEFANCAE L 72 OHE» S 7 o kv o5
hEITky, S0 LAEIEETIEAEEFAS (L
J5ifth, 1995; Revilet al., 1999). T OH&, EAHIOE D
WERICEAETO HY, K'Y, Na' FOIEA 4 ¥ 35| & &4
5, AT IEOERNE  FELBRO/NS v X
AN B TR S N B (Fig. 1a). REiFHIELA TR
E-HAOEMEEFFID G- TBOhETHhE. T2 T,
AR DA 4 v [ZBGES)IC X D AEICER IS 3
EPTTEET S, LB -T, KOBENRAEL S &,
REMED A 4 Vi3 FicEINEREEL S, T0E
S HETE BB IR (convection current) & FE(F 4, EEA7ZEIC
E#EH5 9 21555 (conduction current) & X5 & 11
3. 158, RmEfhic/koE) & 9 EHT (slipping plane)
DELZ (€= %) BLLEFFC, ENFERICE D Z OfH
EHEET B T EMHRS. CEBALE, KR EHEFERO
ERIIEBIREE S 2R CH b, SLIETTER
, BROBWEICHIRFT 2YHETH 5.

koo k5, WEOEHIKORTHE, AimB)EH
LIck D IEOBRATHANGEZN S C A2V, B
MOTFHEEINE T ETH B0, HITN 5 EEIKER
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(a) Microscopic view of convection current generation by electrokinetic phenomenon

(b) Schematic illustration of negative correlation between self potential and elevation. In
the porous rock, electric charge is conveyed by convection (convection current); however

no charge is conveyed outside the porous media.
occurs on the recharge and discharge zone.

to cancel this charge separation.

oA 4 VRERS VS, pH M EVEEIT, I
/N& {75 % (Ishido and Mizutani, 1981; Hase et al., 2003;
Aizawa et al., 2008b). RN E L 25 ICOEITN 55
I A 203, T ORGP S W (Morgan et al.,
1989; Toshaet al., 2003). Ch 5 OFERIE, Bokiz b~
KKE% S GUHNROTT I RKEDE R ZEND I &%
RLTW B, KRB ELDOYHIRR (CBAL, RiER, £
fR) ZHEU)-7cn, HihcmEEH Loy T 5854, &
EN2EMENPZL, WS NAEEICEL O RER
W — ANFEET A (Sill, 1983). HAREALIE C OFER
V= A& o TIERL « #iFFS 5. P ISILHTZ IC R »
T, I OBGAA LT TEDER Y — 205, 36 o
B LOTEDERY —AnchThEmksn, (1EE
BLITONTELN A AEHA & 725 (Fig. 1b). OGS
LB DAL KN IR S 9 ERBE T B i —fi
HBifls s,

Kb, BE EgERE OB A H A, LIl
KOPEE AL CIEOBEMEFESEHISh 5. FIAE
RI FICHIRGEE) S LA S WE LT & ILTEENE LA &
O EICEM A E L 8-> TV 3 (Fig. 2) (Aizawa,
2004). TN T, < OHKREMIHFLR, EOBEMSETZE
B NICBUK B DFELE S BRI & R L C & 7243 (Michel
and Zlotnicki, 1998 ; Aizawa et al., 2005; Revil et al., 2008),
FITICE 0 RKZEZ C GUHT KD MRS, i
EORRPBARECALITH S LB ON>DH B
(Ishido, 2004 ; Aizawa, 2008 ; Aizawa et al., 2009a).

Therefore, the charge accumulation

The conduction current (Ohmic current) flows

22 HRBUEE (MT &3

HARPURK OISR S YR TH 5. FHZERO
ZWEA TR E NS KILTE, REFIHREET L 72 [F
fi~ 7 <ZEoKICZ LOiEEE, HTTKTHlizShTo
BRI S, PHEEISHEPT v F 5 2 E LTS
5. L L#EAs, KibcLi@LIZEAlsns 1~10
(Q-m) OEHE ISR IIRPTAHIE DRI E S T i3,
ZA 7 Z A4 MTRESNZEBOREE Lk (&
A, 2000) %, AV |k (Gaillard and Marziano, 2005) & BH
TR A RS20 Th 5. KILEEIC R S h B8,
TEiE, = ORI & v RRERESRE <, FEk
WHEICIER S 1L 5 4 4 v BEE) S VWH4Y (Fig. la) I
Lo THHRMICER AT T ENTE B GERRIEE).
WA A7 54 GBI &IKBA S 1o ILRmED»#E L
CREL, BEEDEREN 2R (&8, 2000).
MRS 2 HEE 4 2 MT &R, v —2 & LRk
DT E 2 AROEBMIGAT E2FH T 5 120, Kih
D IR EROLENEL, KILTHEBIENE T 2 LThH
fchds. MTETE, HSEHLE Thick - CGFE
SN BB EEHIRTEIL, T ORIEEIEED S A
YN=V g vRFICK - THUED IS A HETE S S, MT
D & L OFFEHAENC S W T E_EIE (2009) 1 &
L E =004 0, MT ik TIRERSITED
O — A VIEAEERGEIC K D, WEEES IR
PRIETE W E WS RIS (Static shift) M FAET 5.
Static shift SEAISIC 5 v & 2N B5E, TORhE
A voN—=Y a3 v OHWBEICHAAS, 2 < OBl
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(a) Self-potential distribution around the summit of Mt. Fuji volcano. Contour
interval is 0.25V. Star shows the reference point (OV in the map). Thick lines
indicate the locations of the summit crater and the Hoei crater. (b) The

self-potential data for the long profile (site locations are shown in Aizawa, 2004).
Horizontal axis of the figure is the horizontal distance from the center of the

summit crater.

TTF— 925 T 2 L TEBENSTHILNTE
% (Ogawa and Uchida, 1996; Sasaki, 2004).

3. KIIERIOEHSHRGE M & TKRE

Aizawaet al. (2009a) (35 F1L, EALL, ARZEL, B
R, BARLO 575K LERRIC, S 1km BEEE T
O ARG & HAREA % [ — DR TR, ﬁ%®%
kA FH U 72 (Fig. 3 and Table 1). TBRESKANIC R
t,km%m%mﬁﬁwﬁ&AEﬁEﬁfﬁiﬁﬁﬁﬁ
DIED > TOWABRITH (747 A) &, AOBERITEF
TEL, % Oy MEED &1 IR W& HETE & 72 -
TWAHHHE (¥4 7 B) K4 d 6N, 47 A ORI
I U LI 1 035345 L T 5.

NS OB A NG % 720 Aizawa ef al. (2009a)
BEUKHEEN Y S L— v a v &, T DR A F O 7 R
HARBROFHREATY, KIS T KRE o &€ 7
NVAESR LT (Fig. 4). 1~10 (Q-m) OFEE 5K
WCEBUKEE L8 (R4 7 54 1) BRELH
BLTWwsEEZ, Biczo [ F] 3EENEA K
EH13 Sealing zone Th 5 & LTW5, KKETS &
9 % 5 72 O 7K (3 Sealing zone © b %, <7<
KOZFEGMNAKE D SN Hi F7KIZ Sealing zone O
EETNTNRHLTED, BRMBASME LT Sealing
DG 15 - TV A IGET CIHS A PR VIER S N B, ¥

(c) Topographic profile for the data shown in Fig. 2b.

47 AEYA7BORIAIDEV IZEKEEIC L 5 Seal-
ing zone AKFHANCTFIE L TV B2 EHIC & - THiH
SNtz £72, ZA 7 54 FHRE 200C LI ETHEAET
X7\ T &5 (Hyndman et al,, 1997; Lee et al., 2010),
(EHARPTRE O FiuAsIREE 200°C ORI AR LTV
EFERRL 7c.

HEEVBH 61T 5 W TR SR K 5 Sealing (3 Cap
rock &FHEN, (EHAEHL (1~10Q-m), (EZBELRTH B T
EDEHNIC K DIEPD ONTWD., T DESIZE 100 m
FEEELC, TO RO, PoEbiETs R (10~%
10Q-m) THEE 200°C YL EOBEUKFEEINEH L T\ 5 C
Emzw (NH - K E, 1989; Pellerin, 2002). LA L 7545
SIEKILOYE, A SRR (1~10Q-m) &C
7% Sealing zone & 4" % &, Fig. 31CH 541 5 HiZ o Hiizh
Hi & AP S OBk A T & 9, TEKILTIR KL
IO SBUKDFET 5 C EVRIES 5. Fig.
4 O XD ITEIENT O FBRA R 200°C & R4 % &,
WKILTIE 1km DIZETREWE 200°C I LW T &I
155, FEKILEE D 200°C LIF & HRMKR TH 5 2 &
i, InFEFToR—-Y v IiERE GFIEE I (Zablocki
et al., 1974; Fitterman et al., 1988; Sakuma et al.,, 2008;
2010), 7EHKILTIE 200°C 2#EZ 5 &5
ISR AT 512 LT & KA 0B W RIS IR
5N, T OMHIEE L TSR A2

Hurwitz et al.,
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Table 1. Relationship between SP profile, resistivity structure and surface features.
Type of o Geothermal . Interpretation
SP profile Resistivity structure River .
flanks profi istivity zone v (Aizawa et al., 2009a)
Type A Flat Shallow extensive conductive zone Many Many Extensive sealing zone
Tyoe B Negative ~ Conductive zone exist on volcano Only around Few Sealing zone does not
M anomaly side of SP minimum summit crater extensively develop
(b)  sasw Iwaki NA5E
- ;' : :
e . . -
9 e, s ™ Beas
500 'h.. '.| % [
T
1000 T v
1500 b e ': 1978 jemporary fumargle
1000 ‘;' v - o
o {a E. '
-4 -2 [} 2 4
© woow Nasu  ssoe @ soun  Nantai  wow (€  wes  Nikko-Shirane East
S 1000 1000 500 — T
g w0 0 LY ._...--\-—J-l:b -
] A R 500 im £ (Ohm-m)
E o ;q,b' PAT R 21000 _..: :&.: 3
E 500 -1500 -
3 Lusoc 200 * 1000
2000 ¥, 2000 T
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v 1 5
gmm | LT 'Q :' . vy 2% b
§ . v 1000 | ., v 2 t. + 10
E 590 i’ | 500 1 [ L
n} - b o
: ' A dw K
] 2 4 2 1] 2 4
Distance (km)

Fig. 3. Resistivity models and corresponding SP profiles for the Iwate, Iwaki, Nasu, Nantai, and

Nikko-Shirane volcanoes, respectively (Aizawa et al., 2009a).
The horizontal axes are set as the projected distances along the MT survey
Surface geothermal activity is shown by blue arrows (solid: hot spring, dashed:
Pronounced SP minima on the flanks of Type B (Fig. 4) are marked by dashed

measurement sites.
lines.
fumarole).
vertical lines.

PLTWEDTHAHS. FFIC Sealing zone D3FEE L T
WIZWE A 7 B ORMHAITRILRZ S 2 TR R0 EE
hbHEEZONS.

4. BHSHAHERE S LA RE

Aizawa et al. (2009a) TlZ 74 7 AR A 7B L >
TN DAY E A F DI AR IEIC B > T W 5 AJRE:
IR L TWA. BIRINICIZ 7 4 7 B QR EHSEEE 1315
A, AR & - TR S N BEIE A V7 5 Ei
IS IER Y 2 3 ) 7 (GHEERL, SEER) i
WAL TG Th 5 LR L T3, FEKE, Fig. 3 ¢l

Inverted triangles indicate MT

T AOBMEENEN S hTw 25T LHLE R, &
R, @R REEsRE LB Y (F
ik e T3, 2005; A, 1979), & oicE LIl D
B OENIF L (Fig. 2) (3 2900 411 O L4 g E %
EfE I L Tws (S, 1988). —F, ¥4 7 AT
BEVKEE ST L TOWBH, 5 Ll Lk
o) 27 hBEE D (Lopez and Williams, 1993; Finn et
al, 2001), W9 NIFAEEE LBEIE A7 V7 5 2 %
b L, fRERER, L WIEHY)S LT 5 2
WOILTHE, 747 ADRES ¥4 7 BORIEICAER
L1585, pRE KL ARSI T2 0 R LEKE
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Fig. 4. Schematic model of a groundwater flow within a volcanic edifice.

Solid and dashed

arrows represent the flow directions of liquid and vapor, respectively. The top of the

hydrothermal system is sealed by a low permeability and electrically conductive clay-rich

layer, which is shown as thick gray line in the figure.

Conductive clay minerals (smectite)

exist in the gray zone, whose bottom corresponds to the 200°C isotherm. The hydrothermal
zone below 200°C within the volcanic edifice is largely constrained to the volcano side of the
SP minimum. The hydrothermal zone is extensive beneath the flat part of the SP profile.

The two-phase zone may occur around the active conduit, but is not needed to explain the

observations.

Note that the deep hydrothermal system, which may exist beneath the

volcanic basement, is not determined by Aizawa et al. 2009a.

LT @, BBz~ oz, .y 7
Yavy hEROLATVWEEEZOLNS.

5. BESKAHEEBE S NUES

Fig. 4 .l 7 4 71cBb 597, MR KICERR~
7= o bR U CEEREEORANR SN S8
b 5. @il (Fig. 2), &FIL (Fig. 3a) Tld, A&
RS BUH 315 W I C & He/ *He [ 7R LS H 23 BRAI
SN, EE~ 7~ EEREHTKDMESEVEYNE O @i TR
FNTVWAZEARMBEATOS CFnHEf, 2006; #
A, 2010). < 7 = b OEFEYERHENZE T 1
W HARPIZ R S N 2 AJREHD d 5. Aizawa et al.
(2010) FRE KL B W T LEMITH 72 0 MT 388
AT, BTSRRI E O L ER A, <7
<O A U AREFEYIE DS, #100~1000 (m/day)
OHETHEL, EHHITKICEA L /o) KA
DEU 7 SRR L 72, € S M- BENEE 3l 0RB
RHECHAT 20 N, BBV TIE
Fracture S HRMHAVE QMK TH 5 EHEAIL 72,

kTS S LRIA ORI 2l S icd 5 |
THEIDIES2H LNV, Aizawaet al. (2009b) (3,
SFLTIhETHEONLEMT F—y 2331 L1,
RS 4km F TOFH 2 ROTHARTUE 25k, kil
AT KICZ LWISAEE - feliko~v 7 < BA
ARG T ERLTVWS T Ea2RE L (Fig. 5). [HEE
DETFNVFERBIILTOHEESIN TV S (Aizawa et al,
2008a). 1998~99 i mF LT EF L T & fokKILtEmA
(7= 0EUKP BT LEHS LI > T &
ML F TREEY T AR S0 - 708, (KHIETUA
& D Sealing zone 23 KILHFRAD ERZ S WE B
OISO E LIS,

6. SHROERE

Aizawaet al. (2009a) (&, 7HKIES GE~FESH 1
km) 1ZB VTR X 5 Sealing zone DSERK S 115
Z L AR LI, —J, Fournier (1999) (& 80 fF-AHHH
M oD—HD ¥ Y A OIKITH T B IEMREFEBR OGS T Ic R
S&, v/ <EHAEO LT, L 400°C {4 D Brittle-
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Bl

141° 00° 141° 02

Resistivity structure of Iwate volcano combined with seismicity and geodetic model
Black circles and white stars represent volcano-tectonic and

low-frequency earthquakes, respectively. Open rectangles show the temporal evolution of

the location of dike-shaped pressures source (Sato and Hamaguchi, 2006).

The numbers

(O~®) shown at the center of each rectangle (dike) represent the order of the estimated

periods.

Ductile transition zone Cld, KDL H 2D 5 v ) H D3Hr
Hi U Sealing zone MfZAK & 115 &5 % 7 (Fig. 6). Rtk
YT & % Sealing 13 200°C LA, ¥ ) # Sealing (& 400°C
fhEEMEOREIZERL 27120, RSN FES BTN
ZTNERLL. Ld-7T, KL, & e 205
T 2 DD Sealing zone DIFAENRIES N 5.

Fournier (1999) (< 7' < B AR T NIHES O3 Ak
Binmd 5 &, —HHNIT Y ) B v —VITBRBAD, KN
WicEZ o TOkeH 2B EF L, KERERES]
ZHITEERE L. ZOBZ KL OREF MM
BIAEPBUKERDOZEAZHAT 25N REHO—D>TH
% (Ohbaet al., 2008). T T, & ViEiICH BHE+5W
Sealing |3, KO H 2D FRAZHAZTNEERET 5L
YEfT 572, AN TRITIKOENIRS SITEE S
CEMTRSNS, Reid (2004) © Hurwitz et al. (2007)
FEERBREEORED N T RILERA FRRr D
TAKHEZERZHE L, ILARFRZEO RIErEL I Tk EF
HHIFAE AT Sl SalfelE 2 Ue. 41, B
B © & 0 BIFEH) IS RS & KRS € 7 v
ZREEEL, ThicES O TIARO LT ORFEZ L% ~
Jalb—va v URETd 5 2 & kLGB ORISR
THIENHRBEAS.

#1858 Sealing % > V) 77 Sealing (3, K|l HIZGR
2 Tiad, AREMEOFREIC bEEDEEZRILT
WA A[EEH AN 5. Becken et al. (2008) 1% San-Andreas

Wrlg R —1 v 79 A bPITlE MT & 2170, Wi
L (~5km) 1T 1~10 (Q-m) OEAE 7 KHAEGTAE R
L7, &6icR—1) v 7 HiNTEllE i *He/ *He It
SRIE A & HARohE 2 Hee U, Wi A rh 2 o
AR EFLTWA T &, FRGEHARGUA [ A <K
BRI E MBI IcBEId 5 2 & 2Rk L.
Aizawa et al. (2009a) & [ARRICARTRFEZR D AN RS 155
Yicd s LML TV 5.

Fournier (1999) (T & » TR S N7 400°C, Brittle-
Ductile transition zone {3T®D ¥ 1) /7 Sealing (3, PNFEH
EREHROERITHEAEL TS b LB, ThET
Bz lifrbhT&ic MT #&Ick b, NREERER O
Hh= NESHIE 1, R ADS R K o MRICEEL, £
O THIENT T 3 E VWS4 x —IDER S oo
¥ % (Ogawa et al., 2001; Wannamaker et al., 2009). (K
HARFUADI A v b Th 5 &0 5 RIS IELEHRE S 1
THo7, ZEALEDOESE, RHIETUR RS, S LA
LT&fk [k ofgh &fipfRansg. 2T, KIFH
EDEE NI, AV DX IELEHEEDSD HWVIC
Ko TERET 3T EMTEM (Btheridge et al, 1983;
Jones, 1987). & L A # v MROEHIEUAS 7K Ol
FDAERLTOVEESIE, ¥ # Sealing 1T & » TR
TeHIAZF N TV A AFED D 5. NPEHIEERAR 1T 137K DS
RELEHDbD->TOVE T EDREEINTE D (Sibson,
1992; S5J5tfth, 2003), WEESHIEFRAERTH ¥ —vic—Mk
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Fig. 6.

Schematic model of groundwater flow (Fournier, 1999).

Self sealing by

silica precipitation occur at about 370 to 400°C, which correspond to the

brittle-ductile transition zone.

Note that the sealing zone by clay minerals

(Aizawa et al., 2009) occur at shallower level.

FNCEBEASE UL, KOS EF LHIEA RS E 5 &%
Zohb, FEEEASR WHKL, NEMERAETE S 2
DD Sealing zone & Z NITHIE &N 2 F/KiiE) %2 & —
Ty MTEHREZITO) CENEREEZ S, OB, AR
EALIZEOE NI RBEE NG v ) 4 v — VEIO
HIR /KRBT E DS IR & A SV EEZ SN, HicH
IR AL D1 A DTS S flA S DbE B T
ENEERZ . KLTRABEER R I, B
FHESHE IS C D, WSS HEBME M N
W3 EWS, HEICHEREEE N> TV b, 5, K
LLHITF/KRFZE D> 515 5 e KR A BRI A H IS IR
LTWw ZEMTE A LN,

it B

ARG 21 - A KIS E 02 B %
HICHEOHAEZTHW . bDTH D 9. Ak L
TV IS, A shinwidEs olcopstEiics
D& L. T ORI KETEAHR, /INIFEEEdZ
ISEHERIZ D 3 /513, FHICHHBEOE 25 AT
TO, SSICHHEEZm IR LCTHESF L, i
LTV LET. BERoEREER, hgRELcH
AMLCHESE L., $£/, 2%0mERE (U T#
+, BAREE D rooax v iR, KEOLEICE
B E L, ZERARIFLORITICE W TR EIE e
B4 (ERIFEESEE) oMz lEE % L. TLT
RV L E g

2% X#
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