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Abstract: Induced polarization (IP) method is based on the measurement of a polarization effect known as overvoltage
of the ground. IP techniques have been usually used to find mineral deposits, however, nowadays widely applied to
hydrogeological investigations, surveys of groundwater pollution and foundation studies on construction sites. IP surveys
can be classified by its source type, i.e., time-domain IP estimating chargeability, frequency-domain IP measuring
frequency effect (FE), and complex resistivity (CR) and spectral IP (SIP) measuring complex resistivity. Recently,
electromagnetic-based IP has been studied to avoid the requirement for spike electrodes to be placed in the ground. In
order to understand IP methods in this study, we: 1) classify IP surveys by source type and measured data and illustrate
their basic theories, 2) describe historical development of each IP forward modeling and inversion algorithm, and finally

3) introduce various case studies of IP measurements.
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Fig. 1. (a) Electrode configuration for standard resistivity survey,
(b) coil configuration for standard electromagnetic (EM) survey and
(c) the classification of IP methods.
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Fig. 2. Theoretical transmitting currents of (a) time-domain IP
survey, (b) frequency-domain IP survey, and (c) complex resistivity
or SIP survey.
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Fig. 3. (a) Direct-current source injected from a source current
electrode A and B (Fig. 1(a)), and (b) corresponding voltage
measured between potential electrodes M and N.
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Fig. 4. Alternating currents injected from a source current electrode
at high (f) and low frequencies (f;), respectively, and
corresponding frequency IP responses at a potential electrode.

Fig. 5. The pulse can be electrically stored in the voltmeter-receiver
and replayed, eliminating the off time to produce the waveforms in
Fig. 4 (Sumner, 1976).
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Fig. 6. (a) The source of electrical current (/) in complex resistivity
is sinusoidal and it has same period with potential difference (V)
but different amplitude. The amplitude and the phase of the
conductivity can be recasted into a complex conductivity. (b) This
complex conductivity is characterized by an in phase component
(real part) and an out-of-phase or quadrature conductivity
component (imaginary part). [P effect occurs phase lag (¢) between
the source current and the measured potential (modified from
Revil, 2012).
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Fig. 7. A typical response of SIP phenomena (Pelton, 1978).

Yo, og Aol te B WA e Ba 17
MR AES BAske WHS SIP Ho TRae A
s},

SIP FhAjolAE 7 E5old E48 Aur] A7)uA gl
2719} $1ke @w@}oq wide] B A7NA g FEE A
). o)s} ko] AL AF4o] we vjAe) WA G
AEZe] 27(log) T % o Bl wje] BAL FbA0
AR7) B A7 A el

ol

2 A &, Ao e =
719} 91°g<] o€k d d(relaxation)S EAJ S}, XFgrol] upE
B4 7R ghe] FS Aiste B2 2do] AXERA
A|RH(Ward, 1990), == 5 @A7HA] 7P @ol A&H3L =

29L& Cole-Cole Edo]tHCole and Cole, 1942; Pelton et
al., 1978).

o 1

oy =l 1 -1 - ——]] )

1+(iw7)

AN o) & AEF 0ol BE Bi A7AG, a1
Ao A MAREL AL Bkl TR e
AR A OIRIE T, 1 IPHge] AP, o
A5 Aol

/\]ﬂoﬂ"ﬁ IP §A b= AIFd oA S78317] ool Bl
A7) e wbd d71H o 2= ol FH sl ol
SIPT‘:— 25T FYolx A7) wFoll SINHIZF A7k
pol Hls) ATjHoz FAN AEGTE e $AUS o]
S 79 27 Aol WS ojAA ek ofzlgel v,
zhzte] WESAN 28 Aus] A7 olest] v
48] 3 AT U AU 5, 0] $b BAY 3
L Cole-Cole =d9] &4
B4 A7 A e) Qo]
SHAIZE 18 el glot

AA] Gl A= SIP FALeL 55 G 1P FAMA T
sHAl Azt RREAES ARSSEAL U, XEg 1P EAPE

= *7H51°i° moll =, AHl B sy Fol wEskA] oot

_4_4

oo 18 T
'—1 %1'1 N

i
2

A AR S ol gattiEke SIP BAIA A E ARl gt gt
191 of#l&ol A A~ %H A 5

Atk o2 Qlal, e YA 1P FAIA = M =Z e A
Ztoky SRl Tk A9 A5 Afele] Hetke] 27-7]01]*1 271
HIA S s S Blasks s AR A A
] _/,:_1,:_ Qltt. Bl /\]_71—,4_63 _,—Jr_jF:'r 2210 i3t =3 A9
3 Wsk(phase shift) =2 A7+ H3k(time shift)7Hs =
S “94 IP YA A (Zonge et al., 1972)334T}. SIP
7} 2708 1980dT) & o] Fole AESAS 1pe} 914 1pe]
Ago] FAA =Rthe= A 52 713 ]_1;}.1::] Fulr go
P E]—/\]— 5o QA [P EFAR= SIP EAPE O] Al 27} EHE ')
R ¥ 5 UL oItk F, AEF 9 P @A, 9]

& 1P AR SIP HARE 1P BARY Welli = FUd3 U

NI



AR olelal & 4 STk o]E WelEItiE SIP Aol
WA AEE Fol, Bl 21550 g BAskE B A7)

=
HIA R EAPHe] A&e] de aEEr] AR A= {4A o]

i 4 e,

- A A7 gAL
SIP HAk= o] AEE oldsto] sdst= 54 & BA
Alzke] AojA)7) = Stal HALF AR sf4eh| = olHthE &
A7 AT} &, Cole-Cole Fdlol] 7123k wjde] & 7]H]
ol W ol S EAsl] Hoe sl
o] AF SRS o8-8l ST FRI] HA7)m
ejatsto] mide] Ha H7mIA e

B ol ol RE 5L websaa she AFel 47
som o} AMHOR Ba A7IAY PAbgolet k.

Z, SIPAA = o|g8dS el & R (@& &9, Cole-
Cole 29)S o] &3] wj&e] [P A7, 55 A5 5ol
3t 7132 S Al v, B4 27 A g ghAl
Me &4 ARE dalsle] 48 B4 /A dEs &

=
RE, SIPOllA =T & = Q= viE A7IHA
1RIAE JAbe] st

3 AR SEN WS
IS R

R e
W
N,
fo
f
0%
o
A
o
[0
Fﬁj
e
B>
B
N

e RES o oleld Jee PAY & )
of 1P AERRE AA7] 4G EAE AAS 9T B
sge 95 % ek Z, SIP @A B WA B

Me 87 342 1 mrad S97HA] A& AL 5 9l

= R Axp] = @3l oa) M ske dAE fed
TF(dJouo, 71 de EF2 727 0.038 T 22 735

1 mrad2t} 2o (Weller et al., 1996).

TXIEIAL SHEHO 715t TP EfAL-
M| R M0 o3t MR 58

IP HAR= deh4

ol $4 ARE

A5 ool o] Foix7] v

[¢]
= @%& AL W EM =

g
ol
ot g

a0
r

oz
tlo
ml
dlo
o

o
e
e
2
2

> ol
ﬁrﬂﬁ'
> N g
ol 2
ofl

o,
o

p

=N
2
r
n
oo
o
H
e
-
9‘1

rly k]
Y
1
o
off
e
2
Ju
lo
N
)

o o
1 o
Tt %
B ol
=
N
T F
— -
R
2 rlo
ot
e
o
9,
X
rr
o
T
>
N
)
2
i

m)
o

CH(Seigel, 1974; Seigel et al., 2007). 1213k
} Seigel (19742 A/ A=S T3l Wid=
2 A9)S A= Fo] ofd 23} A7|H
% H-=(magnetic induced polarization; MIP)
Qratglon o] e A9 A= AX| Algke] A9

| e SN E 28 7hssivke 2A

o
Y
g
%

}_

to o g T

ol r—¥-z
St
r; il
X N
o

¢

2 opE N > o rle ot ol I R el
x
O om

&Ig nllO o2
4R K
=
N
)
b‘l
q
N

o
s

g‘L
)
=
=<

IP H= o313
of A7mA&e] E2 A= FAE

3]
1o} Hohmann er al. (1970y AA7|f% $49

ofy

A AF S-S 8ol HA AIA

°of 37

&
o

0

N
o
;O

(Bhattacharyya, 1964; Dias, 1968; 1972; Morrison et al.,
1969). Marchant et al. (20132 541 A7 AFE ol HA)
lof k= MIP Mol HlE&4S slldstr] el ¥ JA =t
e FAEE Fo FHES SHse Al
(inductive source IP; ISIP)E A3l 2H o]of Tt 4k &
I E7HA] A AT

AFEFddolre o8 U&7 EM v
BIE god F e WhHo| Ak oAM=
e glo] FAledl 1P &3
Spies (1980)= &, A&
shale A Jollx S A17FF S HAHAK(transient electro-
magnetic; TEM) ZtE 0l 434 A= 7] Al e 735 o
A A4S Basilon, o]Ze Fof T34 wjdel gk Ip
Hhgo] ol o]E% o2 HAHE itk A7 BilEd
TH(Weidelt, 1982; Guptasarma, 1984). ©]% Smith and West
(1988)= TEM A=A 9] 7] A7k dojube & A7
A4S = EZ(inductive mode)?} = EZ(polarization
mode)Z °|EX 02 W5 A5t o] F =25 2
=2 5] TEM W&ol Yehde= 1P &3] a3t A7F 22
3] FY=EA =AUk 271= EM ¥Rl YER= 1P 83
& AASI=E Aol 53 whdl #H& o o] IP &35 &
Ao 7 &8s+ =7 o] dojgit}. Hoheisel et al. (2004)
2 T4 v gk 9AZ] TEM ¥k&-9] 1P &fol gt
ATE THAT) o] =X = Cole-Cole HTE2] WS}
©Jgk TEM ®Hg-¢] 1P &35 A3l glon o] 7|ite
14 dgA5e] IP HEES oS53t Hodges and

=

R

2

>

=

il



106 ke - R - g

Chen (2014)3} Smith (2016)= ¥ TEM RES-9] IP S35
A&tk Kwan ef al. (2015) VTEM A89] [P G342
AL o] EHE AAT F USS AIAEETH HAF
itt. o]Qjo = AwrAQl Cole-Cole Rdo] o} v} = g3}
o] TEM #Age] vYehte FFFl tigh A Alell= St
(Hallbauer-Zadorozhnaya et al., 2016). ZAAEAL el 712
gk 1pell #3F A17= EM WSl Uehks 1P SRR 5
o] o}z AFEA ] glovt, A Tkt HA 3 &7 1P &
AFE A8k = AE7F F7FSEAL Qo] ofel] thek Ak =
TE3] F7FskAL 3l

x

rir
a
B
)

H3 0|8 FF ). B[ K& EAL HERO] 7] &3 1P EHAL
45 49 ol
~ A7 1P

Seigel (1959) 9] A=A =
FHE(elEte MEo= A7
YERI 2T (1)2]), o1& 23t Al 1P 2Y
DC A7 A g RdgS 7vte s 73 At}

& oA 1P B o] A $] F H7IRIA
2do] g Bdgs

A ok ARHF A Atelol A9 é
FE FYsHE wid ol At 7
= Aololl ] AF(Vye =4 Ak A B
2 AFE AN o, el gk v A Eold

St
144 ez thewt o] YehiAl B,
V-(aV@,)=—-16(r—r,) + 16(r—ry) ©6)

17

o w ] FERT AYS Yoyl v

7A%-0] A9 (py= WA e ANAEE Tzl o5 A
($o)%h= Zkel7t Stk (6)219] v A7 IAEE (o)l T3
(el <3k 1P F3p7}h dojd ANAEE (ol - n)E HYS
W F Z37t dofd F9] 119](g,) AIAEE BAS o
&3} 2ol uEpd & 9tk

V-(a(1-mV§,) = —15(r—ry) + 16(r—rp) (M
b AR FAE(n,) ARE S oA T4 A, §
T A7WAE RS sl vt o] 42 5
Hct

nzfdcdlfn)—fdu[a] ( Vo Vo _ Vs)
‘ Falo(l=-m)] Vo

A7 F,w= DC A7IHIA3} ARy Ak (forward
operator)E 2JW]3h F o] o Flo(1-n)] = am 4 A
7 Fo] AmAY mdy ARRZ (6), (721 FRAHCR

R TCR FRE

),
AN

ARFetel A& A9 wxolA aHstal e F A A=,
N; Fig. 1(a)) Atole] A9 2} S AY(V = fu — s AHA=
Sh},
AlZkE e 1P FAREES] 1I2H QAP =] 271A] WS
Z AZF=E A tH(Orellana and Mooney, 1966; Inman, 1975). A
A H-E H]"’Xq AL 7 AF5 7HstaL 7+ F9] 271
H A gzt 218 HEE sl 34 3$tH(Orellana and Mooney,
1966; Inman, 1975) A e Y AFE oY 7]
Sk Fo8 B3 vy 7} S A7MARE —F Joh= W
2lojt}, o] WL HESAS S E’—%‘Xﬂ‘%k X707 Fo
FEgA Wstele QAHEAE FAHste 54 Ao
(Oldenburg, 1978; Constable et al., 1987; Zohdy, 1975). 314
T A WP AR 250 A7|R|A o] Zlolel| ujet -
Tl WskA] 7] wiwo] 23] A WA el o Aget
The B3RS Wk} 234 S4kelAl= Labrecque (1991)7F #
Z2 IPE AFH o2 Jitkst= WHE AAF S Oldenburg
and Li (1994)-4 A 9ar daglEd ¥AE, exact
formalism 94t 41252 AASIL 24+ G4 A3E vlws)
oﬂ‘:]' AE ik FEET el AP A olgk= 78 stell
o ghH o ALe R A4F 3hE 8] Wil ALk A7) wh
S w=2m 0.15 o|3ke] 22 1P 7t o)l disiME 7
71BH o7 ALgg —/F Q= WHelt). 8, Oldenburg and

)

Li (2000)h Ay A o2 3a4 1P 4t G
FHEE o] &3loiA= wiE 9

7] el ohggk sIp
5 Al gk A

A Cole-Cole =dol &
£3l= A|=% o]FoIH T} Yuval and Oldenburg (1996)=

[e)
FHEo] AZF ejEAolghs A sl 2xHd AR AlEs)
A2, Honig and Tezkan (2007)= 744 gFo] A|7F o]&
Zolghz A st 12Md 2 221 94t S 5L st
Aok

W FAY olE-

- XETYES 1P

&9 Y IPE transmission surface method (Swift, 1971),
-3F2 AW (finite element method; Coggon, 1971) 5°] 23
wds AEHg 29 (integral equation method; Hohmann,
1975) 50l 32k RS 93l 7iE=E AT slFF 0l fl=
T AFTIY Ipe thE 4 Wl vls) vz Hol
2ro]x] Fok=d] 12k A 71H|1A 3 9 4H(Inman, 1975; Rijo er

al., 1977; Petrick et al., 1977)& 7]HFS.Z Pelton (1978)°]
FEM transmission-surface & 2] 502 /fgdate] S4 e
)7 Bl 22k =S oAV ) e wsed =

o A7MIAE 4 s 99 1PARE AAtete ol 43St

Aot
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- B4 A7|8]A&/SIp

B2 A7AY wdPe DC A7HAY wdPol o] 48
Zokd AN (6NN AR ES) 9] B BafR
sjo Ao 2R A7 FAT S kel AR 2R £
Al 14 ke 0, 5 94 ool Pk FUAE 125

al
Al HEZ (6)219] 9] [ 32 A= s ol ETFL
2 ARIS 2199 A7)7F "),

B4 7R 9 SIP §AF 7ol de] E8-]7] A&
90ty o] Fof thekst B A mdE w ik 7y
Eo] NI 274l vl 7hdsiA B4 W78
< 83 XET 99 31X 2] sy o] 8t
(Kemna and Binley, 1996; Shi ef al., 1998; Kemna, 2000;
Blaschek et al., 2008). ©]&|gt G4t A =52 k¥ oZ =2
55 FAUS AT o AT 5 e 2] A &
= ] ot v 21547100 Hz ©lshe] BAF A5,
A7 A% a7t AAE FAF AFme] ket a3t 34
AHE AgTd Atk IS AL T FHZolE 9]

3

Ao ZAE Tl dstaat e A7 FAEAT
(Commer et al, 2011). B2 27184 g JAibol|A] oAl S o
et A7t H2ol A=EI 9lom, o] o]g3te X3 Ul
5 ooldA|e] BEFY 58 AAlst sidslaal shs At
T E A TH(Winchen et al, 2009).

s A ske] B4 A7MA S ARt AR
Cole-Cole 2d& o] §3le] ThE HFRE AAHS Fastas}
st A77F v J = 9 vk(Yuval and Oldenburg, 1997;
Routh ef al., 1998; Loke ef al., 2006). ©]&3+ HEE JARS
T =W, tre] Fokrel] ek B4 A7mA e g
2R/ A7MAE, F4E, A, AET A 19

i

AgYslojof RE HE Ao dnbtdom Hgspld= o
AL 7L Utk ATl g AP RE FalA] theket
FAl ARG tigt 7S BElA dibEsE Fola
2} st 9= F3E v}tk (Nordsiek and Weller, 2008;
Zisser et al., 2010). Son et al. (2007) TR &R0l o)
St B4 A7RAE 2Ak5e] SAGARS st Al 9at
Atz gt A9} o]F ¢85t Cole-Cole TS F
AslaAl shs AFE & bl ok

AP | f= 7| = T Ll TR | f EfALSER 7|5 1P EIAL

A7) f% $AA(Fig. 1(b)ell &5 44 mjdol e
EM ukS REge 7|E daege] A A7HATgS i
T2 A5 o 7189 SAF=e g TEM 24 =
238 JNFFS TEM-IP 298 Z235o0] 20009t =
W7hA] o] W Elon, H2oll= 32 TEM-IP 29 ¥

Z23P% T F = ATHSmith ef al., 1988; El-Kaliouby and
Poulton, 2001; Kozhevnikov and Artyomenko, 2004; Marchant
et al., 2014),

EMALRO| Uehte IPEHE A5208 Sislele Ale
7t F7¥ekel wet 4k daElE TR IaHEE /dE AT
Kozhevnikov and Anotonov (2008; 2009; 2010)2 4 HHE-
gk ¥t 2% PR tiaiA theFgk Cole-Cole W53k
TEM-IP At5.2] AkS AEallon F¢Fret 5dF2
o] TEM-IP A}5.2] B54ko 2 Cole-Cole HF2] HAke]
o] Al P = IS THSA. Jang er al. 2016)2> F
Mz B 84 299 TEM uhgellA] IPERE &4
Sl B2 AREARE 7RI 7] RdS 3 mdo] =)
A 748 79 Cole-Cole 2] H4to] 2] 4H3HA o] F
oAd F USE HAFIUTH

201639 7HUt} British Columbia thetollA #5493
I AE o] TEM-IP &4t 2T 5o] 7pgElet 11
Y ollX Marchant et al. 2013y F 7l12] ZFFolA19]
714 ARE AT F T AN ZolE o] &3 FHE9
A3 ATE R 2™, Kang and Oldenburg (2016)=
olggt x| = A A IP o] A5 T dFRE B
3 URkE o R JFow HFEwE TEM BA o] & A7k A}
S8 A7RAEE Jaket

i o

2L ot 18

Sl8) T Gatsh ko] H71H%
4 B2 votsl b HeHUA P

(Seigel, 1974; Allaud and Martin, 1977; Oehler and Sternberg,
1984). &3l A{FSolA] 1P d2do] B sl= o= B

3] WA BUA T AFFOA FFFoE dslravt
F(seepage)dtAA &, H A& 5ol FelslHA FH A5
7} FE3SHmineralize)= o] $-&0] WA 5 h(Flekkoy
et al., 2013).

Davydycheva ef al. (2006)2 2135219 ZHAeAK controlled-

1o
source EM) AIEE ©|-&3t IP ¥H5- S4HS AHS317] S8 Al
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Fig. 8. The images of (a) the resistivity in logarithmic scale, in ohm-m, (b) the IP parameter, and (c) the time-decay constant in tenths of a
second. The brown-red color (up to 300 ohm-m in the picture) corresponds to the permafrost zones under the coasts. The dark blue color (a

few ohm-m) corresponds to the oil-water trap (Davydycheva er al., 2006).

H2]o} AFol] $1X]3 Ob Estuary 2 7k f7lolM BAME
AN B THFig. 8). BAF A x = 25 km A Hol|A] FaYek A5
ZAF A3 o] 1150 m H:Loﬂ 40 m $A12 A2 Y= 7
270], Z1o] 1900 m F=°l 20 m ©]3}e] A2 Qe A

o] Z}z} 9JA|%F Al o] HFsixﬂq- AX A3 AL A7 A5
R e Z—ZH 55 F3lo] & 4 AUrhFig. 8(b),
(©). A7IMA G G2 Fr oI AT J% A g3t
T oA E Zé 6}11

ZRAT st o} 7S
st et JPFES

100

150

250
350

AB=3000m

(a)

Fig. 9. The sections of (a) apparent resistivity and (b) chargeability in Jeddah geothermal area in Tibet (Hui et al., 2015).
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Fig. 10. (a) Resistivity (black curves) and IP (grey curves) data obtained with log drilling. (b) Results from a 1D laterally constrained inversion
with superimposed boreholes. Top: resistivity section. Bottom: chargeability section (My) (Gazoty et al., 2012).

2 fraste] v S7go]
A Ho] i Aol dojd 4= ATk Wright et al,
1985; Thanassoulas., 1991). RO 2 2|F olidt= 42
A3t W A7HIAYY, 22 &S Btk AE AFS
oA 1P Friks dlreS A4 0E HojFm H|lwA
Yol FFE A erhe Aol IARE gA} 2ot v
£ @] AtHHui er al., 2015).

Hui e al. (2015)2 =+ ElWlo] 91

Jeddah, Luoma, Gulu Z8]3. Yuzhaiolx A718]%8 gAalet
A 1P EALE el AE AR BEE EAET 2
%, Jeddah Aol M= ¢ L5271 & XHo] ZAH7] 7]
HIA G i oA e A7MASS Yeple 79 d
A eFAtH(Fig. 9(a)). A, A ar7F A= Aol = 2R
Zgo] #A Yehdths 28 ERISHATHFig. 9(b)).

=t 20k
2 IP PAE S EokllM eHded S S B2

£ defsh= vl AREEAL 9ItH(Vanhala, 1997; Kemna er dl.,
2004; Sogade et al., 2006; Orozco et al., 2012). 53] A|7+3
o 1P 27| uigR|elA] 2d)7] S5} FHEst] YeRt
= THEE ol8sto] AR A3 th(Johansson et
al., 2007; Leroux et al., 2010; Gazoty et al., 2012). Gazoty et
al. (2012y2 Aml=L Aarhusol] $]X]§+ Eskelund 22#]7] €A

o] BAE dohl7] Sl W7MIAE EAkel A7k 1P &
1= 7 AAEIITHFig. 10). & 1371 240l ek A%
Al g9l AZ AE(Fig 10@)S 139 948l Cole-
Cole B2d9] 47F4] HEE F3th A% AEE 12 H4F
gk Az} 287] @A 7F 91X F<2 4 m ~ 8 m Pl

>

Fig. 11. Temperature and chargeability as a function of depth and
time (Fortier and Allard, 1998).
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