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An Issue from Dr. Nishida: Re-examination of electrokinetic interpretation of geomagnetic

field variations during the Matsushiro Earthquake Swarm

Hideki MURAKAMI
Department of Global Environment and Disaster Prevention, Faculty of

Science and Technology, Kochi University

We examined an issue, which was proposed by Dr. Nishida, of explaining the geomagnetic variations
during the Matsushiro earthquake swarm as an electrokinetic phenomena associated with deep
ground water appeared along a hidden fault zone. The electrokinetic effect combined with observed
spring-water outflow was proposed as a mechanism of explaining the geomagnetic variations, but
the specific condition for maximum electric current was not indicated. The electrokinetic model with
a vertical contact source, which was proposed as an alternative model to the previous study, could
not sufficiently explain the observed values. In this report, we re-examined this problem with
reference to chemical analysis of spring water and recent experimental results of streaming potential.
It was found that an electrokinetic model with a region where the deep water of high temperature
and high salinity is mixed with the shallow water of low temperature and low salinity could explain
the observed geomagnetic variations, and the heterogeneity in electrical conductivity of water is
especially important.
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FEE (2013) (3F0EHE TERELL L HFRIEEN] DFTRD LS IZIRRTW S,
I Mizutani and Ishido (1976) [3Fig.37 IZR% &S5 12, HTFKAHEZINLEHELE L<HHE
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EOMNeEt U7z, (B) ZITRINZERIFAAEERIHEEEERICE 25 TEE
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UM UMurakami (1989) 1%, EFEEDETFTIVIIEAKHZERIEORILE 5 X TWARTIERVWE L
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EFEMARHIS CIIBERMEN 1965 F 8 AN S 1970 £ 6 B TR U THREL, MRERMEL 4
L3Nz, TOBEMEORHMIE, MRIENSRIHICHAZ-27-28 72T TRL, KEDBEBANEL -
EThd, £/-, ZOBEBKDBHE UTUTOEDNH S (BIR - FE, 2001) 5 1) B1ERKS Nat, €1, €0,

(KIEIR) & XD & T DIFEMBFANUNY T e ERUMRIGELZEEZOND, 2) HEDE

IK DI ZE IS IRERIFAK L IRB DIRIREERK L DIREGESVDEVE UTHATSE, ZOREZEICHE
ERIFIKD Nat & Cl-DIEE % 310meq/L(=0.310mol/L) & 330meq/L LHEETX 3, 3) HRDFKTIXEE
ME CaHIFEREK TS L& L A7 S FEEBFKA LR T 28 CTERIYF D Nat & D1 7 > 3
IZEDE 6 INAEAREEND B,

F 7=, Rikitake et al.(1966)(% Fig. 1 ITRT L D ITRBIEMRITENT-4nT & TnT BED LM NEH %
HwE LTV D, Fig. | D LN SHEROLMNZEE), MROLENES), MEHRRIZE T HIEKELT,
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Fig.1. Observed temporal variations of local magnetic anomaly at Hoshina station
and Matsushiro station, water outflow at Kagai spring, and seismicity. The
magnetic data are five day means. Seismicity is represented by the number of felt

earthquakes per five days. (after Mizutani and Ishido, 1976)
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FHEEERLIL, WHE-EHED S OCIRE-ERER ) (L8O THERICENEEE 525 L,
EENAIZE > CREAEZZ2AEULY (RENEA, MEER), REICT > TEME25 X5 L FREMICHE
HEH) (BRIUKE), BRIEZE)WELED TIHEKOMHTH S, LLTFTIE, HE OK) —EHE (BR)
FREH COHEMNEEIC LV EUDIREBEMICOVTIRVIRD,



SHEERZ LA TEIABRABEEHRNZIIVRD 2 ATEHEX 505 (Ishido and

Mizutani, 1981 ; &F, 1981),

I= —LgegradV + L,,gradP D

J= L,egradV — L,,gradP 2)
X (1) OFETBE-HIA—LDEAIZ, X (2) DELE_HIZINVY—HEZRLTHY, R (1) OF
BE_HEKROR(Q2) DELE—EIVKDEE L EM L DG 2R TIEHEZRYT, 22T, [1EREEA/n?),
] I RARDRERE (/s), VEAMN), PRIAEP)TH B, /2, BAFTDKDFEE% capillary model
TEMTLERDEDIZEZS5ND,

Lo = Ppt™20 = (;bt‘z(af +m™a)  (3)

Loy = Lye = Ppt~2e60/n (4)
Ly, = k/ng (5)
ZZT,
¢; MEBREE (porosity), t; JEHHE (tortuosity),
m; BNk (hydraulic radius) [m], of; BEBRKDESIZERE [S/n],
og; REEEE [S], g; KDOFEZE [F/m],
np; KOMEMEZR [Pa - 5], G ¥—4&EM [V],

k; EHZE®EZE (intrinsic permeability) [m?]
KIRFEZ (permeability) F7zIXBEIEKBRE Kn/s] K =pgk/n
ERT, £z, HERWNEBOKDOFREN % & 2 555 121FR (1) KUK (2) 1281 BgradPld [gradP + pgZ)
(p;/KDEBE, g;ENIEE, Z,0E LR IBEMRT MVIZBXBZ Z20ENH D, /272U, p = const.
LEBIUTPEBEKENSDEMAS L THER (1) KT ) XZDFFDOHATHEATX S,
EEREERTIER (1) ZROIDIZEXIHZ L LMNTX S,
> _ &<
[ = —¢t ?ograd (V - U—an) (6)
X (6) DHFTerl/on, I dTMENERLLRELC, (streaming potential coupling coefficient) & IHEN B ¥ HEETH
%, WEEREHT, EEREDHAIZIZ =0

LTWd, 5RLKDEFIZZER_ERE
(electric double layer) & FEIEN 2 EfF D5 B
“Electric Double Layer BECTEY, SEAICEDER, KO
Fig.2 Schematic diagram of electric double layer and velocity ~ IEDBRIMWFEET D, KOBFIDIEDER D—
profile utilized in a capillary (after Mizutani and Ishido,1976)  #§13. /KDOiFEN & I ENT D, TobbE
TN D Z L) TN EERER (drag
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current) MR, —7, KOFEIAE (Fig. 2 D LMl ICIEOBERDRBENEL 5 DTESKIHMEZHFD
7=DIZZ DR ORI T 2450 ;5 Fig. 2 OTH]D) ITEDERMNE L S 72DKDFEN S HAIZE
RIZMEL, KIFEEMEZFO-OIZEERER (conductivity current) 2NN D, FARDEHZEALDEFHE
A=)V UT, BRENICERER S EEFRM|VITHELH SOREDNERI NS,

22 r OFBADKDFTENEN=TY « K7 XA 25 (Bifk) 32L& Fig. |OEETTT7 74T
HENE DT (MEDOMER) MO DFEMS IZHIFSMEIIRD LS5,

1 dP

—_ 2 _ (r— §)2]

v T, [r? —(r—6)%] 7
ré AP 6 <)

Z I T, APIFKDFENS F R DIEBLOMDENZ 2R T, IFEES ITH T 2 EfgN LEDEETEIXH
5L THEUSER (BHER) (&

I; =v X Q2nrxq)
L%, KORBIZAKOWNSG HEOEMLOMIZBRZAV A E U £ %, BIRAOKPEEM %
ROZOIZER (EEER) 2

I = o2 AV
¢ =—0XTr XT
ind, EERETIIZD2 O2DERMNFEHEITRAUAZIILREDT
I.+1; = X ZxAV nsAPx(Z xq)=0
c d = g nr I anL nr q) =
AV 6qAP_£f(AP_CAP _ 6q
L ongL onL CL g

LY, BAAER L EANRIITREIEL AR Z LAIRE L 75 LAk E 25,
72, HETEHERRBIZE TSR (6) O—MfRIk
V= ﬂP + const.
any
TEZOL6NBDT, HRITKDFTENARL, HMTEREBOAIIKDBENDDH 256, TRDLENDHN
HTFREICIRE SN TOSIEEIZIE, RETIRBEMIENPLEUAMEZ L, HTEERIZRS hit
RIZBREMEHE 2SRV L2ERT 5,

4. AEEFERRIC L SMABFFREMEROUIGZEEIDARR

Mizutani and Ishido (1976)i&, Fig. 1 DOMREEFRMERFDODMRBANDFEKEDEE) L 2N DEE & IZHH
EnAond U, MTKRENIMES REEBEHREZ L U THSEHNHHATE L Lk,

R (1) DADE 1EHIZB T SgradVE2 10 &9 % (JEX : ifthe electric potential is uniform in the field)
L TRAEMREABOEDIZILNTXZL LT, ERELITHMAL TS,

I =LygradP = (¢pt=2e:{/n;)gradP  (gradV = 0)
72, X (2) OGEHB1ENE 2IEHLY E/NIWVFEITIE,
J~ —LyygradP = —k/nygradP



I~ — (pt=2e;¢/k)]
b, £, BEHELt = 10BRLABEBREIZDOWT Table. 1 D/XF A—& & | =10""[m/s] =EH
UCEREEZ|I| =8x107°[A/m?] (7 x 107°0NEY]) L ABEE > TW\W5b, Z I TIIREEEIIEH X
NTVBHRADTHERE LAKEHRDZ IR U LREL TV 5,

Table 1. Physical constants used in Mizutani and Ishido(1976)

4

n 107 [Pas]

o 10" [mho/m=S/m]
€ 80/(4nx9x10%)  [F/m]
¢ 01 M

K 10714 [m2]

¢ 10°

/N B

RIZ, BIRDADOWEIE 0.5 x 108[m?](= 5km X 10km) & U TEIRDEE % |L0rq | = 4 X 102[A]E R
BEY, ZOEEZRAVTEL - YN—IVOERINSREG AR TR L T\ 5, Fig. 3 OBERICARTRY
NTWD 220 (FODEY 3.5km, H4Z2.5kn) TREIZENEFOREY 5 kn &9 5HFROER
NRE—=UIZE DX 2% M s (Matsushiro) T+4 nT, H s (Hoshina) T-3 nT ORHEE(LE KD
7-(Table 2),

-
// -~
! ~

/ Y
A J
\o y

S~ —~_

T - JULY 1968
=10 Km T“— AUG,— DEC,, 1966

Fig.3. Schematic diagram of water flow associated with the Matsushiro earthquake swarm.
Two circles drawn by thick lines indicate the current pattern to be used for magnetic effect

on the surface. (after Mizutani and Ishido,1976)

Table 2. Estimated geomagnetic variations in Mizutani and Ishido(1976)

Matsushiro [nT] Hoshina [nT]
Hx 5 -4
Hy -6 5
Hz 0 0
AF 4 3




5. SBRIEETIVIC K DEHM

Fitterman(1979,198 )13 EN BRI D B 72 DB NShE LM TH L, WiEHE LOKERIBS A FEE)
FEREL R HEITHRTEHEAINOGHEH 2 KDz, TNODKREZEIZ, Murakami(1989)IZMERIETE £
F (Fig. 4) HHIERITEDREG 2 R /-, BESEFHETIE, Fltterman(ws1)753‘1%%0)%@%%?@% L7
Edwards(1974)DHiFR DEFR X 1 R— IV HWE B 1435 DR & [FEWERIETE T T IVAME S IR IZB 1T 515
DFRNTHR % KD =,

Fig.4. Geometry of the inclined model. Inside the rectangular region the source function is
S, and outside of this region the source function is zero. The depth of the source is a, the
width is w (=(b-a)/sin V), and the length is L. The dip angle of the source is W. (after
Murakami, 1989)

Murakami(1989)i%, Mizutani and Ishido(1976) Tl gradV = 0 & 72 % BRI ZRIEREAS I N TV
X UC, ShEWEDO—H% REEIEIR L &%E L/ BEDOMROBIGE L& KD 7z, MREEFME
TIIHRDIEERK L IZR L D FHD 2R DKM TR NS LR U TWSDT, LT CHREIEMARE
DEZZKELZEBEREEHRTET DI LNEZS5NSEHY, Fitterman(1978)%°> Murakami(1989)DfEM & 7KF
ZAEEERIIMRICEG R ES RV ADICBRELRERA 2 RAEHERL TL2ETINVEEL /-,
Fitterman(1979,1981)*> Murakami(1989) T, Wi/ %R U ZMEEMBEOEIIWEBIII NS ES %
NI=EDEEFRESE LTERMELL T W3,

e [) ()
$=(Ci-C)P [(anf ) |7

Murakami(1989) Tl Table 2 DfE % {#\ > Matsushiro (25T 0. 4nT, Hoshina {ZHWT-0nT & L /=

(FIg.5), SOAX X%, Mizutani and Ishido(1976)D/NT A —& &, #MEIZ L B HETORAKRFEP =
10bar(10°Pa), Z LU CHB A TOEY R BEMDEIIH TV ARV EEZ (. 01V L{RE U T
U7,



Table 2. Physical constants used in Murakami (1989)

S 1V]
oy = 0y 0.005 [S/m]
P 90°
a 0.5 [km]
b 5 [km]
L 7 [km]
S BF (nT_ )

=10.0

-10.0 I 6.0 ' 10.0
Fig. 5. Magnetic total intensity anomaly for the model with parameters a=0.5 km, b=5 km, L=7 km,

S=1V, 61=62=0.005 S/m, the strike of source, N55°W, and the inclination of geomagnetic field,
50°.The contour interval is 0.2 nT. (after Murakami, 1989)

6. /NS X—5 DB

Z ZTCl&, Murakami(1989)DfER U ZzWrBRRIZBEET 2N I A =R IXEEL T, MDONIF A —&IZD

WCHIHMEZ U, BENRELRIAREMEZE->THS,
6-1. aANEXGEE

E9, WEHREIISIWBRAZLOEADESEZEEZ 0.005[S/n]E UTHEZ LTWSA, Zhz

AOBSEEEIEZ BHEIOVTELS, BRESEEEI BT SRBOKXS X 3RAI &

% 515 (Fitterman,1979),

010y 01+ 0y

B(oy,0;) = B(oy,0,)

o +0, 0,0y

HADBEREBEREAGEEIIDVTROTAS L
B(0.01,0.01) = 2 x B(0.005,0.005)
B(0.05,0.05) = 10 x B(0.005,0.005)

y5

LY, EADESMEEEZ 0.05 [S/n](=20Qm) &3 10 512485, UL, ZOEIIFEENZE
A Kegl) DESEEEL L TIMNRVEWVELE 2 ShAREIMEY., SADESIEEEEKE
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/)ILEJEE.{_L'{S?‘;&

/kc;, MENEALRECAZDWT, IEFEDEBRCMRERMEBEKDOANHERICEDSIHTM 2T,

Jouniaux and Ishido 2012)IFFREN BRI HRE HE L RIFT /NI A — X FREDEXREZEETH S
L UT, MERBHINT SIREDESZE o, [S/m] & FRENENREC[V/Pa] & DEARRE LT

Cs=—-12x10"8x g7 [V/Pa]
%52 T\W5, 7z, Esmaeili etal. 2016)IFREARHIXT U TES C[M = mol/L] L RENERLERELC,[V/Pa]
LOEBELT
Cs =—1.077 x 107° x 1% [V/Pa]
Z2RODTWS (Fig.6), Fig. 6 IZR SIS &5 T Esmaeili et al.(2016) & Jouniaux and Ishido(2012)IZFE{L U
B ZRL TWEA, (KIES4EI T Esmaeili et al.(2016)D A D—HENE, 728, KIFD Jouniaux
and Ishido(2012)DER#E, KRR LV EREEE e 2BHCIIEHL TV 5,
logCr = —1.03024 + 1.06627logoy + 2.41239 x 1072 x (logay)” + 3.68102 x 1073 x (logay)’
+1.46369 x 1074 x (logo;)"  [EAHE 0.0001 - 0.1 M]

1a-1
Esmaeili et al
s ] Jouniaux and lehido
______ Jnafar et al

N *&-__1% crmenrnerenseens  Winogradov el al
@ o ‘% — —_ Fléwd &t al
s _.\Q& — — — —  Pride and Morgan
F E g 3
B et N . i
2 - ]
E Te-5 o
o)
"]
El 16
B
=
% Te-7 4
2
2 le-f 4
=
E Te-8 o
W

Tiz- 104

1811 - v L ) '

] 1e-5 Te-4 1e-3 1e-2 Te-1 Te+d et Tes2

Equilibrium brine salinity ()
Fig.6 Comparison between empirical correlations of coupling coefficient prediction equations, with experimental

coupling coefficients from (1)Fontainebleau and NaCl brine(Vinogradovetal.,2010), (2)sandstone with NaCl
(Reviletal., 2003), (3)Experimental data with NaCl (Esmaeili et al.,2016). (after Esmaeili et al.,2016)



Fig.6 IXIMEEMBBDENKEFMEERL TV D, MBAEAMAEEER T E2E/NT A —&I3IES 72
ITRBEICEEREL TET S, Esmaeili et al. 2016) Tld, FMEREN, & HFER, 2 IBE LES
DL UTRIERA L UTTRERALTWS,

17 (T[°C], C;) = 4.95166 X 1075 + 6.034658 x 10~*exp(—0.06653081 x T)
+9.703832 X 10~ %exp(—0.1447269 x C;)
+1.025107 x 10~ 3exp(—0.02062455 x T — 0.1301095 x C;)

& (t[K],C;) = 295.68 — 1.2283 X t + 2.094 X 1073 x t? — 1.41 X 1076 x ¢3 — 13 X Cf + 1.065 x C?
—0.03006 x C?
7, BRIEEE2ES LIREOEHRE UTRTEBRRNEAMSNTVS (Sen and Goode, 1992) ,
236 +0.099T .
To+ 0214,
INSDREE, ENT X=X DREREMZ Fig.7 75 Fig9 (IR, MEREBCOHEEERIIIE S~
DIEFEIIRE < BR0D, EXEEEIMED TN T IEEENRE N L1005,

o = (5.6 + 0.27T — 1.5 x 107*T2)C; —
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Fig.7 Temperature dependence of electrolyte viscosity

for different molalities.
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Fig.8 Temperature dependence of relative permittivity of
electrolyte for different molalities.
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Fig.9 Temperature dependence of electrolyte
conductivity for different molalities.

=R BALUIIOWTEENPERENDEFEEZRT T —ANHEINTVS (Bl 21F, Esmaeili et
al.,2016; Ishido and Mizutani,1981), Fig.10 XU Fig.11 DE¥H 5DEBRT—EAn6E, EANPKEXL LD
¥ — X BN OMIHEINX K R>T W3, F/z, Figll TIHEDLITTRBENAREILI LI LE—
R EADMETHENK X K RBMERL > TWD, £z, BEFD APA 4V DEIZE > TIBENE D
S VBREREEEDS 2V RELTWS, E—REMDEBRE/NT A — A ANDREFEEIZOWTIEE A+
BRI N TS LIXE 24\ (Reppert and Morgan,2003) ,

o

g

Zeta-potential, mV
g8

Zeta potential(mV)

0.001 mol

[

120 4 3 300 }
o
g ] Esmaelli et
Ho + — — — —  "Vinogradov of al.-6q(13)
== = == Jouniaux and Ishide m 1 A i i i L J
-160 T T T T T T 0 50 100 - 150 200
1e-5 1e-4 1e-3 1e-2 1e-1 1e+0 1e+1 20 00
salinity(M) Temperature, “C

. . Fig.11 Zeta potential of quart calculated as afunction
Fig.10 Interpreted zeta potential from measured  of temperature for three concentrations of NaCl at

streaming potential coupling coefficients as 10MPa pressure. (after Ishido and Mizutani, 1981)
function of salinity (modified Esmaeili et
al.,2016)
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MARBAMBOBRDBEKDAFRER? S, BR - FE (2001) X&EIE - SRS OEBIEK KR - &
B DEREMERAKLESPRETVE L LTS, 2 INTVHIEKRDEEERIL 6CH S 49.67C,
BRZEEDOHFI 0. 025/m 25 1.4S/m, pH OHEEIX 6.52 7225 7.95 TH B, Na'f &V DIREZITT
BEAE, 0.0003MG=Emol/L) 6 0.15M £ > TWwWd, Th6DTF—X%E25EIZLT, 3 DD&EE
[(T = 25°C,C; = 0.0001M), (T = 50°C,C; = 0.001M), (T = 100°C,C; = 0.1M)|IZ &5 1} B IRV ELL R = 1
Y B HEEER, MR, EXEEE, €U TREEMFEE REE S L Table3 DL 512745,

Table 3. Physical constants used in this study

T=25°C T=50°C T=100°C Mizutani and Ishido(1976)
e [F/m] 8.84E-12 8.84E-12 8.84E-12 8.84E-12
& 7.83E+01 6.99E+01 5 44E+01 8.00E+01
1y [Pa-s] 8.73E-04 5.34E-04 2.75E-04 1.00E-04
ar [S/m] 1.22E-03 1.85E-02 2.74E+00 1.00E-01
Y AE01 (D AE01 (@ 2E02 -1.E-01
Salinity [M] 1.E-04 1E-03 1E-01
¢, [V/Pa) -6.49E-05 -6.26E-06 -1.28E-08 -7.07E-06

(1) Esmaeili et al.(2016). (2) Ishido and Mizutani(1981)

HEEER, FMABUIED TR T 2EREEIVNY L, BEICHT2EKFEEE JIFEREXR2VDT, &
SAZEE DE S REENREIEAARE SR L THY, B Fig. 6 DERII—RTIERE Lo/,

SR - 82 (T = 100°C,C; = 0.1M) LIREMERK LIBA LT, KR - {&IES (T = 50°C,C; = 0.001M)
LR THRMNEEITND L LT, TOEFREHMEL/NNY FTREL, @WETOESZ 10°Pa &g
IS| = |Csy — CspIP~6[V] TH Y, {KIR - AKRIE S HH (T = 25°C,C = 0.0001M) TH NI S| = |Csy —
Csp|P~65[V] & 7%, Murakami(1989) TIRE U /=S = 1[V]|DEUE N ST EDO KX IMEAFI NS,

SEEEIRE ETOES 10Pa FHEKEL UTOETHY LV/NSSREHETE, EADEREE
EDfE L DFEE+E T Murakami(1989)DFHT L 728850 10 fF12E, $72b0bH 4nT BE DS EE) % 35iHA
952 EIEAREMNE LIV,

6-3. BEREINTLRV\ERIR

Fitterman(1979,1981) % U} Murakami(1989) T3 & #t] 5 K DFRAUIZEE L TWR\W, Mizutani and
Ishido(1976)IZEWTEMM T TORAU 2 UMNEE L TRV, UA L, MAREEREME TIREIIEAK A
HEITBELTWS, B2, AF (198]) ofiRzE#E (REXTHA) 35 &5 2KDOFENRH D
BEDHMBOBMHFDHEL2 R L9015 L D12, HBEADHEEROFHEAITIMEBETICEHG2ED 5%
RERVEEEREL 8D, 7272, EAARL UTAKIQMEIIRFTEI RV ZOBEREIINI WV EHE
TX 570, BEKHUIEIZ T OERE S (Matsushiro) TIXHENE Z 6515,

1. F&H

AERETIE, FHH2013) TRE X W= REEFEEIIR F ORBE R E) & R T OB KOTREN M
S RHEHEBERZ L UTHMAT S ETOFREIIDNT, BEDRENEAIZ DOV TDERBECIEKDILE
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DT % BEIZEMRET U /-, Murakami(1989)Tld, Mizutani and Ishido(1976) Tl BRI N - /-
RESEREYERERL UTOBEBO—EL UTHREL, HFINIHEEHNEE I N TV IEE)NI
EEARMFTINIWE Uz, LD, BBD & S 2WEERTIIRL, BiE - SESDFESFEKN ER UK
“Bmﬂﬁf%kt{rm UIKIR - (RIE0 L 72 28R ERIIERRIICELT 5Y) 2 RAEHBBRLFET D
VBRI EEEE 2 RATRELR T —ANH DI e ghoiz, YD, BE - BESTO

7J<0>ﬁ’%{x%ﬁ?<‘:1£wm BESDKOBLZLEEEDK X X DEVWNREBLABBOEEAZ LTV,
Ishido(1999)DFBIEIFKDESIZEEDFEIEEZ ANZY I 2 —Ya vV THo2nE LR,
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