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Experimental examination for electrical resistivity measurement using the

alternative current impedance method

Kentaro Hatakeda!™, Weiren Lin2, Tadanori Goto®, Takehiro Hirose2, Wataru Tanikawa2, Yohei HamadaZ,

and Osamu Tadai!

Laboratory experiment of electrical resistivity measurement using an alternative current (AC) impedance method
is important to interpret the electrical survey and logging data, and to understand the electrical properties of rocks and
sediments. This study investigated the accuracy and applicability of the AC impedance method by measuring resistors
of known resistance (Experiment 1), electrolyte solutions of known resistivity (Experiment 2), and rocks and deep-sea
core samples (Experiment 3). We confirmed that the accuracy of the measurement system was the same as that provided
by manufacture in the Experiment 1. Two-electrode method was used for the Experiment 2, and the results showed that
resistivity and phase angle increased with lowering of frequency and decreasing of the sample resistivity. The resistivity
data was more accurate when the phase angle was close to zero. In the Experiment 3, we examined the way to prevent
overestimation and underestimation of resistivity by drying and wetting of the sample surface, respectively, and wrapping
a sample with parafilm was the most effective. In addition, we measured the samples of various porosity using two- and
four-electrode methods. Four-electrode method had an advantage that is applicable to wide range of frequency (10? to
10° Hz) because of its less influence of electrode polarization at low frequency, but reliable data ware also obtained using
two-electrode method by measuring highly resistive samples or measuring with high frequency. Our data showed both two-

and four-electrode methods were applicable to samples of various porosity (0.3 to 67%).
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1. It ®ic

AR OIS, ZoMBROIREE (B, f
MR L) 7 b ONCHBR O Fi RO BRI % S
K552 L0905 hoTwnah, ZOWRETFALEER
B - BRAEREE, W 2IZEET O RIS 5
ZTOWEBELHOSPIZT AR FERE LT, Mk
B, BORITE, AR, SHHE L SRRV TS
HEhTwa, BREA - BIERHROBRE L OE0 -
R OFERN 2 BLRWEE ZW O 22T 57200213,
il 2 7 5 2 W7 IR ENERS G TH D),
BRas & IRt O BtR, RO fafi=R & ko BER, M
BRI D LRI HAL O LRI G- 2. B3 % El2on»
T, ThFITELDOWZEDTHNTE 72 (Archie, 1942
Patnode and Wyllie, 1950 ; Boyce, 1968 : Bussian, 1983
T-3E - BEH, 1994 ; a3, 1996 ; BARRIZ2, 1996 ;
Roberts and Lin, 1997 ; ##:(27*, 2000, Kahraman and
Alber, 20067% &).

LA v =5y AL B A - HEREY O =N
HIETI, — M TRED D WVIFIUEESH W sNG,. =
fRid, FORL O M |2 U 7 AR AT BT 2 T L
BONDA Y E—F AL HIRIIE KO D HETH 5.
HWENSHEHETH D, SaPEEFD OWEICH
% Z &A%\ (Roberts and Lin, 1997 ; Henry et al., 2003 ;
Kahraman and Alber, 2006 : Expedition 322 Scientists, 2010
&), LarL, THREHIIERIC 1IkHz BT AR B 3k 55
IZBWT, BB e EROMIZA U % 55k o kT
BT 5 2 BRI N T A (Collet and Katsube,
1973 ; Klein and Santamarina, 1997 7%z &), VUfiiEiL, &
FBISIC BT 25 BOEE L CloIllE I Nz o
T, WILEM & B ES L 5 CEEHIUTIT 2 3T
5. AOOBEMONUFITHIIZ2EED 1, 12133 EO
M |2 %G S/ EBMEICERZ R L, BRI
WU 7B O 2% JET % 75 (Collet, 1959
AR, 1992 1 BAMRIZA, 19967 &), &9 1D13HHE M
IS EAEm T A S, EAEEZIRATZOIMINICE
TLEM A UTT 5 HETH S (T - REH, 1994 ; Borner
and Schon, 1995 ; #3132, 1996 ; BEF:13 2, 2000 ; #k&
(Z20, 20037 &).

o X HIZ, HIRBUE B § 2 FER MR R O fF
FUCBIT BWFZEI3 5L <AThN TV 2755, ZOHIERE
R BURHIIE 12 81T 2 BRAE DR 7 £l oW Thlkam &
NRZEEEH £ ) 2. RRFRTIE, A v E—%
Y A% 7z ERBUHE O RS EE B X O DA %= e
LI EEHME LT, WROIEPERIZ L 2 EEOWE
FERE (92BR1), HCIRGUAEER O FEMRE I 2 H V7258

A =5 AOBWEEREES L ORI 0B (E
BR2) 1I2oWTHET 2 EBRZITo 72, &5, WY
TEWE N a7t F 2 &5 ER 2T, sE%
O - IR IR G- 2 2 3B % 5l % &
EHI, FIRPE MBRE O BMR, TR R X B
WER RO 21T - 72 (FER3).

2. Kk

2.1 JHiNE v 2 7 A DB

RIFFETIE, Agilent##LCR X — % — (4263B) % fii
HLTEERTITo7-. REBEIZIZELEN (+) BIE,
(=) &IE, (+) Bit, (-) BRISFIET 54000 FH%
D, ZIIWBNCT —7VaEfL, moT =071 v
7R BARIIRA THES A E %> T % (Fig.).
ARETE S AT A TlE, EWEE100Hz~ 100kHz D HiFA 12 3
WTImQ~100MQOKHA Y = A% WETHZ &
MNTED.

A=A (Z) LKA BIT 5 ESIEPLT
HY, BEFH EONZ MLEE LTFig2?d L )12 T
CENTEL, F A YE—F U AR T B EB
ik, X (D~6) #FEHLTROLIENTES.

Z=R+jX = 12|20 (1)
R =|Z|cos@ 2
X = |Z|sin 6 3)
|Z| = VR? + X? )
6 = tan”' (X/R) (5)

mELcc®
T —— ._ EEE[‘
sEEmesLCcCw

N sesEsRRp-cca

Fig. 1. Resistivity measurement system (Agilent 4263B)
1. WAKHUME Y A 7 4 (Agilent 4263B)
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I, R VYRS YA (FEERG, BERPUICEEY),
X: VT8 A GBEEGY), j BEBEAL, |2 1 v E—
FOADORES, 0 Bii-BEOMMHZETH 5.
WERABOWMEIZBNTIE, LY RAF YA (R) Z3F
DL E AL, LCRA—=F =M SHllESINL A v E—
A (1Z) EfitizE (0) 5 (6) & ATkt
(o) #HT 5.

p=|Z|cosdxS/L (6)
22, S EKoMHERE, L: #F0oRSTHAS.

2.2 MBI O NE Y ZF 2 ORIERGE (925k1)
HE Y AT L OFFEMGEES 5 720, KPUELSEETH
AR (10Q, 51.1Q, 100Q, 200Q, 1kQ, 9kQ,
50kQ, IMQ) % Hvy, ZMEL - BROBRMEEZ T
(100Hz, 120Hz, 1kHz, 10kHz, 100kHz) ifll7E %47 - 72.

2.3 SRR A E RO 2= RERE OBGE (925%2)
2.3.1 FEHOBH

LA v =70 AFEIZ L HHMEREZ &5 ITHRGEET
H72%, WP OHE L LTHffbs ) 7 4 (KCD)
B L O LT M) v A (NaCl) SilxHEL 72, 2
i, WEREHCBWTIIRIZ LD E 2B/ E 2 5[
FRADSFIZHEAR D L < ATHEAGRIEDO K TR S5 005
THbH. KERTIE, INLOBERIIOVTA Y E=F
VAR X OAHZEO R (100Hz~100kHz) %
MRS B E &b, WEMDSEH L7 IR & B E
L DEFEIZOWTHRE L7z

2.3.2 @B

AREBCH L7-KCIET, NaClyA TR OIS & ikt
% Tablel l27R 9. BEWO IEITIE, KCIHETIZOWT
W HAT MK (JIS K0130:2008) %, NaCliEHiIZD W
Tl&Carmichael (1982) ==L 7-.

Imaginary
D e s ’
IZ| §
0 |
Real
R
Fig. 2. Principle of impedance
M2, A YE—=% v 2ADEH
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2.3.3 iRV & DR
BERIEZFOFETIHHETE 220, HEEOT 2
VIVOTNGIZT IV IREHE L, EROEAL L 2251
B 7RV R R L 72 (Fig3). IO, &
WARN VWL ) FEAOBLUPERAREE=— VT —7
TEEWE, 2L T, 7TIIRICEMREM, BEAEMT I
iy, A ClE % i L7z,

2.3.4 LD WERlIE

A O IRPTIIRE I X o TELT 5720, HEED
SROLIEAE O F THmME T2 L3 TE
v, ZF 2T, JISK0102 (2013) o (7)) %
AW THIEPIOMIE 217 - 72,

pr = px (1 —a/100 x (T - 1)) )

ZZIZ, pr TCIIBITAHIRI, o t°CIIBIT 5 HIK
i, o mERIERE (%/°C) Th L. MMEERIEREIC
DT, —RICESAREEFOREMIEICHEH I NS
i (2%/°C) % M7z,

2.4 HWEERORH & O - Bt e (295 3)
2.4.1 EHoBH

TR E AT C R S & 72 HUE R o LR BT E 12 B W
T, AR OEE: - REIREIREORER L 25 (T
- BB, 1994). 22T, AWFECIIRBERRIOTE: -
UBEIRREASHARPUIC G- 2 % 58 % FFili5 5 7200, (1) 3k
129y Tx%&L, 2) 89714 VvawEL, 3) KEE-

Table 1. Theoretical resistivity of each solution

1. FEBUMER L 72 o ik

NaCl Resistivity at 20°C
concentration (Q-m)
35¢g/L 0.209
17.5 g/L 0.390
35¢g/L 1.730

KC1 Resistivity at 25°C
concentration (Q- m)
1 mol/L 0.090
0.1 mol/L 0.778
0.01 mol/L 7.097

Fig. 3. Sample holder for solution
3. WEHE O BRSOV 87
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SRR AND, (4) BRI 2 AT bR I E
BEMIZBWT, 100 oBERZELERE L. T,

(1)~(4) OFHTTHE L 72O I b 175 7.

WIS, WEEDBENIOWTRET 5720, ke
Mgk TR HE LIS R OB R T 720 72, M

K WIRBLOBRD S A ¥ €= 5 > ALEOFRIEIC

DWCHRGET L 72,

2.4.2 30B

REBRTHER L7204 X, KFErE, MRz

Table2 | 27”7,
Sz,

AEHI ARSI L, 35 g/L NaCIiE# T
SRR DV, Ea A (Aji granite,

Belfast gabbro, Rajasthan sandstone, Berea sandstone) i
BLZEH T4 LI, MHFIRH] (IODP Exp. 343) 12 CHAL
ENT-EREHEREFEL (Wedge sediments, Gray mudstone)

HEANZ L) BB L TR ERE L, KIUTE
TR &R ST,

Table 2. Samples used in this study. Deep-sea cores recovered from
Hole CO019E, IODP Exp. 343 (Wedge sediments: 1R-1, 18-34 cm,
177 mbsf, and Gray mudstone: 5R-1, 102-117 cm, 697 mbsf) were
included (Lin et al., 2014)

2. FEBRICMHN L 723UF. TODP Exp. 343 Hole CO019E THREL S 7z
Wedge sediments (1R-1, 18-34 cm, 177 mbsf) 3 & U'Gray mudstone (5R-1,

102-117 cm, 697 mbsf) % & (Lin et al.,

2014)

2.4.3 Mg ik

REBRTIE, BMHE LTI0X Yy ¥ 2DBEFEEEH W
72, ZHREOHIETIE, ERBLUEERTZ 17&@%
MR EfE L CRURF O M (CHU VT, AR & SR ORI
35g/L NaCl VA CHRIAT L 728K % 1 AUk A 72 (Fig.4A>.
Pk oWETId, T-5 - REH (1994) 2 X 2 FEBOHL
fHF a2 #IR L 72 (FigdB). #EHE B, B X OEM
B L B EMOMZ1335 g/L NaClVAW CHIA L 72 84K
R AMRA . ETOWET, 3k EROEmME B <
T 57203kgDEY A7z,

3. Wik

3.1 HHids 2 MO 2=WE Y A7 L ORIERGE (F2BR1)
FZAPEHZ OV THE L7285 58 GUERZE 1),
WH20HZ 1B WT, BUBE L DL 10 Q~50kQ T
0.1%AN, IMQT0.2%Td - 72 (Table3). AT A7 A
DFERIEED01%THHZ Eh D, /\IEI(EIELUR?M)
i (10Q~1MQ) 12BN\, +oRiEENESN Ty

Rubbe wpl ate

Sample Diameter Length Grain density Porosity pontial  Curlent
() ) (gem’) (%) et . Fr e sl il
Belfast gabbro 26.11 29.42 2.95 0.3 { .} J
Aji granite 24.92 30.23 2.66 0.9 Rubber plate —— I
Rajasthan sandstone ~ 26.02 29.78 2.65 11.9
Berea sandstone 24.63 29.31 2.68 20.3 Fig. 4. Sample assemblies for (A) two-electrode and (B) four-
Gray mudstone 39.41 38.98 2.63 452 electrode methods
Wedge sediments 3959 3846 260 67.3 4. (A) ZHEB O (B) WHEEOBE - BRO BT
Table 3. Result of the resistor measurement (n=1)
F£3. B0 A Y =5 AHERR (n=1)
10Q 51.1Q 100 Q 200 Q
Impedance Phase Impedance Phase Impedance Phase Impedance Phase
Frequency
(D) ©) () ) ®) @) Q) )
100 kHz 10.005 0.14 51.02 -0.70 99.81 -1.51 199.1 -3.15
10 kHz 9.996 0.01 51.06 -0.09 99.98 -0.17 199.9 -0.35
1kHz 9.996 0.00 51.07 —-0.01 99.99 -0.02 199.9 —-0.04
120 Hz 9.997 0.00 51.07 0.01 100.0 0.00 200.0 0.00
100 Hz 9.997 0.00 51.07 0.00 100.0 -0.01 200.1 —-0.02
1kQ 9kQ 50 kQ 1000 kQ
Impedance Phase Impedance Phase Impedance Phase Impedance Phase
Frequency
(kQ) ©) kQ) ) (kQ) @) (kQ) )
100kHz 0.949 —-15.44 3.232 —66.21 3.503 -83.24 3.524 —-87.03
10 kHz 0.995 -1.74 8.454 —-15.04 25.98 -53.01 32.24 -82.15
1 kHz 0.997 —-0.19 8.867 -1.66 45.70 —-8.63 2373 -51.19
120 Hz 0.999 0.00 9.007 0.00 50.20 0.00 998.0 —-0.04
100 Hz 1.000 —-0.07 9.109 —-0.69 53.39 —4.01 750.4 -102.77
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LT L ERERTE T,

3.2 BB A O 7= MRS OBl (9253 2)
3.21 £ V¥ =&V Ak & OMMZED R BUK T
KCIAHR B & ONaClEHE O &V T, Bz
BALEETA Y E=F U AB L ONAMHEERE L2 Gl
ERBFULIE) . ZORE, & TOBEBIZB W TR
Bz s v E—F U R, HZEEDICKELS D, F
TR OB R <, IO/ S WiETH I &0
FENRE L B LMEMADE 572 (Tabled).
EMEVAIC L S 2 B BRI L, AR & SR L @
BT CHRAET A0 mBRIER T2 b 0T, BEELA
F U HVEMIZELE L, BEREMIZEE L CEREZTENT %
ZETRMFOEIIOKE (%% (Emmert et al., 2011).
O RIE, WEOBPIO NS WITE, TR
WITEBEFIC R A2 EAVRENTEY (Schwan, 1966 ;

Table 4. Frequency dependence of impedance and phase angle for
KCI1 and NaCl solutions (n=1)

F#4. KCIBLUONaClBEHEDA v ¥ —F v AB L OO BRIk
% (n=1)

KClI 1 mol/L

0.1 mol/L 0.01 mol/L
Impedance Phase Impedance Phase Impedance Phase
Frequency o o o
Q) ) Q) ©) @ ©)
100 kHz 6.509 -12.0 51.81  -2.03 453.4 0.22
10 kHz 12.12  —46.1 56.25 -11.6 4592  -1.83
1 kHz 61.31 -68.3 101.8  —432 4935  -9.79
100 Hz 364.1 =704 4525 -64.2 7952 =369

NaCl 35¢g/L 17.5 g/L 35¢g/L
Impedance Phase Impedance Phase Impedance Phase
Frequency o o o
Q) ) Q) ©) @ ©)
100 kHz 1279 -9.22 24.09 —-4.69 1050 -1.40
10 kHz 2038  -38.7 29.99 -239 1113 -8.37
1kHz 86.78  -63.9 8822 -56.3 1652  -32.8

100 Hz 4913  -685 469.3  -67.0 5752 585

8
y=-0464x+0.174 X

_ R2=0.817
s X ..
26 A
2 .
E
=
S X
5 .
8 X e
24
E .
= AR ANEC
52 X X
g i X
5 ><>,<«><
E2] X 4
a x

X

0 —_ .
20 2 4 -6 -8 -0 -12 -14

Phase angle (°)

Fig. 5. Difference between the measured (100 kHz) and theoretical
resistivity compared with phase angle

B5. WI5EME (100kHz) 25K 7= HIBOB R EA S OffE (%) L
HZED L
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Collet and Katsube, 1973 ; Kalvgy et al., 2011 ; Emmert
etal, 20117% &), SREOKR LM TH S,

3.2.2 i A 5 R b 7= ek bi & BRI & o e

HEIORFERDS 505 L)1, MHEIVNSWIZE
GRROFENNSNEEZ OEND. ZO720,
£ % SRR (X — M\ LA ZE DS RN & 7 B B TAT D
% (Henry et al., 2003 ; Kahraman and Alber, 2006 %
&), RERRTIX, MHOKE S L RIKFIOBRIZOWT
SHICHET T 5720, KCIHAT, NaClER O KR EHI D
WC, HIEE D S K 72 KT & BEE (Tablel) & %
R L7z, IR RO W TRAMED RN & 22 5
Wk (&£ T100kHz) TATvy, HIER%IZE 1 mol/L KCI1AS
20\, ZNLSMIZ~6[ITH L. ZOER, WEMD»S
Ko7 kP & B E & OFRAE L, HikBiSE (=1
FZEAVNE W) JIELZ 1 mol/L KC125%96%, 35 g/L NaCl %%
2.2~4.5%, 17.5 g/L NaCl%%1.5~2.5%, 0.1 mol/L KCI»*
0.4~1.8%, 3.5 g/L NaCl%%0.5~1.5%, 0.01 mol/L KCIA®
02~12%& % 1), FAHZEIVN S VEEHT EHERED S O
MAELNSL DT eSS (Figs,6). 20, IE
MR AR T — & 2155 720121, TE BRY (LA
INEVEEBTIERFT) S EDPERETH L. RlEY
AT LTIE, MAHZED 1N D & SITHEED 1% &)
Loz

3.3 HUETROR & O 72 5800 Rk DA PR (9285 2)
3.3.1 ORHK M Dz - MR O 5% bk

il (Berea sandstone, Rajasthan sandstone) 3 & Uk
A (Aji granite) (DWW, 105 HOERZLE L U
BEROT— ¥ P OKROEER (%) 2RO WEE3
FEHE L, ZOFHHEE SAITRT. [k, K54l
7E L 72 HARPTO Hisis 2R % TableSB IR T, lElL, &3

10
y=0.996x +0.008 IO
R2=1.000 -
Bl A
g 1.0 @
o
E X
s
3
E 0.11 Q
=
O KCl solution
| A NaCl solution
0.01+ T

0.01 0.1 1 10
Theoretical resistivity (Q-m)

Fig. 6. Relation between the measured (100 kHz) and theoretical
resistivity

6. HEMA S RO/ ILIEPT (100 kHz) & BGFHMH & ORIfR
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FHI DWW TR ZE /N & 7 2 B9 5 (1% 1 100kHz,
B 1kHz) CTAiTo 7z, KB, BT 1ol
SERGR, AERS B EIEDTRRIE S D 720, 3E
EDOFIMEE Tz, F7o, 8B 2Tb e vwiMT
DO IRFUNE L, fEDYEE L 7O HERIRER & 10
ban SR DL N

ZORER, WEICOWTUITEE I 2 T b % o 7235
FERE, WTNOFMATLKOEREIZIRINTSH -
72, —h, TEEEICOVWTIET v FEEVE EDIRD
HHmIL L, TEBIERE LTET vy 705 DA
Thotz. LaL, WEiokiERz2 15 L, aER
BCIIEMHIC L BKOBEREITE DR Do 7212 220
boF, Ty TeBnil XOIEIISEE NS R
5. ELIEMETIE, Ty TRV E XKD
INT T ANV A, BHRREHEOGREE TR T 5.
3% - BEH (1994) 13, SUEREIEEOYNESHAET
D LW A E L CREER ST AR, 5E L7z kit
MEBEL) SRR LMREELIEHL VNS, 7y 7%

R L7206, 7 v 7 LB OBICHIET 2 @i % %
P ERATTALZAER, IRV S CRAED S/
boLEZONDL, —H, 1T T74NV0Ab Ty T LR
WZEREHIEBWTHIET 2785, WPV &S < % @
RoNLdrolz, 21U, /855 74 VaDsE &1
T L, ARERMEIAE LB OBE LTI IR
RETHLZENTHEND.

REBROMER NS, WO X R EELO L
P00 lEE LT, ST T4V A ERFHIB T
WETLOVAEMTHLESEZ 5. DEOERTIE, £
THEHIRT T 4 VA B BNTHE Lk R 2R 1 5.

3.3.2 ZFRik & PURRIL O Mo

TR & DU CHlE L 22 IRIT B X AR E O
WEAMRAFTE L DV TGS L 7285 B % Fig7 12§ GllsE
HEiE 1), MEREOB (> 10%) a3 % (Berea
sandstone, Rajasthan sandstone) 3 & U HEFE 1) 20k
(Gray mudstone, Wedge sediments) Tl, ZiiEDOHA,

1.6 - 10 2.0 10 4.0
(A) Wedge sediments (B) Gray mudstone (C) Berea sandstone i
E 0 = =38@ e (SEREEEREE Q-
£ PO~ E s E7F O ’ s
<) 5 @ 5 S . K}
z g 2z 2 236 s &
> s 5 < > . <
Z sz g 7 bod 2
I~ 20 2 = 234 . oA
i-}O 12 -30 32 F-15
'»’ = &
0.6 + T T -40 -40 3.0 -20
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+02 1.0E+03 1.0E+04 1.0E+05
Frequency (Hz) Frequency (Hz) Frequency (Hz)
10.2 4 200 15 250 15

(D) Rajasthan sandstone

(E) Aji granite

(F) Belfast gabbro
o

100 > _ 240
E ®-N\---0- g Fo e E o € >
<5 ST 3 G 3 G >
2o EE e E
= © = . S~ c
% 9.6 £ % £ B0 £
~ ~ o
9.4 160 <9 """"""" Orereriie € Mo 210
92 -12 150 5 200 + v v 5
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+02 1.0E+03 1.0E+04 1.0E+05
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Fig. 7. Comparison of frequency dependence of resistivity and phase angle between two electrode and four electrode methods
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Table 5. Comparison of (A) water loss and (B) resistivity in the different sample surface conditions
#S5. KEMHIBTS (A) 105MOKOEFERB LV (B) HIKHLO I
(A) Water loss (%) (B) Resistivity (€ - m)
Closed Closed None None
‘Wrap Parafilm . None ‘Wrap Parafilm i i .
container container (0 min) (10 min)
Berea Sandstone 0.38 0.45 0.51 2.93 2.934 3.013 3.036 2.994 3.363
Rajasthan sandstone 0.46 0.59 0.79 3.00 7.040 7.620 7.788 7.769 8.556
Aji granite 0.66 3.14 6.55 17.65 109.1 218.7 228.7 190.2 689.1
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