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ABSTRACT

Analyzing and monitoring environmental contaminants based on geophysical exploration techniques have become
important and it is now widely applied to delineate spatial distribution geophysical characteristics in wide area. Among the
techniques, induced polarization (IP) method, which measures polarization effects on electrical potential distribution, has
drawn much attention as an effective tool for environmental monitoring since IP is sensitive to changes in biochemical
reactions. However, various reactions stemming from the presence of multiple contaminants have greatly enhanced
heterogeneity of polluted sites to result in highly variable electrical characteristics of the site. Those contaminants influence
chemical and physical state of soil and groundwater to alter electrical double layer, which in turn influences polarization of
the media. Since biochemical reactions between microbes and contaminants result in various IP effects, IP laboratory
experiments were conducted to investigate IP responses of the contaminated soil samples under various conditions. Field IP
surveys can delineate the spatial distribution of contamination, while providing additional information about electrical
properties of a target medium, together with DC resistivity. Reviewing IP effects of contaminants as well as IP surveys can
serve as a good starting point for the application of IP survey in site assessment for environmental remediation.
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A Hgxo] 2o B} FHEL

Hg Alle 71Esigt 28 ERel mel Uehte w

$0] Th27) g EelElE 288
= [e)

LAEHo)7] whitdl] 7= ol wAE A5l wke-
o] doju} Azl we} vhgo] gekA thh Higsh
HES- WAYEZ S Hole WHH(Schmutz et al, 2010;
Revil et al., 2011; Schmutz et al., 2012), &= 7
gk Aalrol] Hls)] AT oS ol EFskal 7]
ufFol] dubx oz ke 7| A3 (electrical resistivity;
ER)S Zr=t}(Addulahi et al., 2011; Maurya et al.,
2018). AM3FL T o] Ay dvFog vt &
B3hs w5 5492 8l AF(direct current; DC) &
718148 gAHEZRIASE EX 729 (electrical resistivity
tomography; ERT) 2}i1% $hi} 2 Z}(electromagnetic;
EM) B a3zjoln gapgEo] 23 Ae fEd
=(induced polarization; IP) BAIE= &3 4 gl
(Frangos, 1994; Draskovits, 1994).

FA7VAA; el 7125k ERAl W S 1P BARHS
7120l BE A oellA] ol A=t} Agnlet aiA
Heol wdo g 2000 A o]F Tkt Folol|lA 8=
I Qi) 53] 2@ ¥t vke-S Hole IP 542
2 Q) 3 Foklld B2 TS Al Q) e
LORRRE ofufg} A9k ol FoNE 71 wo| Z8Hal
= 781X & electrical resistivity) BARS X8} ujde]
714 54 2xE Bl = 5 7] w2l mla
2 gA siAo] 7Fssithe 7ol AR A7 RIAE); 2¢
grto g ey wjda 3579 JFo= gk vke-
< FER] oJfHue SHAE itk whE, 1P B T
4 2] e A= X B A 2] aga 25
Qhol| Exsl= F559 ol TR} T 5 thdst &
o =R Yehtr] wizel| s} wjde] &7, &5H4
1 F7H ARE z3slal vk Aol Uth(Maurya,
2017). 3HAIRE Q3] o]H3t £ W el [P

b

+ o= L¥9EAY o gk 1P W] AZ ulg
A AA &7] wFEoltt &

58 2 A5, 2P| Tl mhet vkgo] deby o
ZZ o= WS AT} oj# 9] B2 AFo| o]Fo
A 71%= Athe.g., Schmutz et al, 2010; Revil et al.,

2011; Schmutz et al., 2012).

TUXNE FHT HLA A9e] oHLE 54 A
A BUERS 317] 918l 1P RAPHe] E-8ef tigh A
T7F &= ok 1P BAPH 2 oA FE- Al
e A" vt UATHKIm et al., 2017), L9
o] ojwgt 5A40] 1P EHE YoTl=Ael tisixE e
= vl gi7] wiol] o] EROME oJeirkR 2gd)
gk A7) 545 E4s8kaL 1P §APE of9A A8

9l Ar Fo 1P EHE Fishs LEYEY AV1H &
Aol tiste] drgstarz} st} 53], 1P E9E o)
T8 QIR A7NH o)FFol HX= FIl M=
et BE @l gt A off7] #
o] T8 Yo R Fshe "y, 2M3g g,
5 55 FHHoR et s o9 TR
o] wEh 1P §RE-2 wi-g- ThFetAl YR theks

S 9] w7} o Qg uish A
A3 AlEIE ARttt v E 1P B dgel
Al o8 F-83H 22U 4= heAel sl 1Esl] ¢
3 oheket 7 gAF A& Alellell tisteir = AeetHrt.

SE oo Moo d

]

L £

2. IP EAF 294

IP BAPHS 55741 ATk Alejskd DC A7 ¥IAE)
el A Y FEHIE EAPL FaEY, A
& (chargeabilityys I}tz AIZH3Y 1P &AL, X554
F}(frequency effect) 2~ FEAIG (metal coefficient)S
Sk 25T3Y 1P §AL shue] af SAYS of
B3] vjEe] EAMTMIARS BAeke BANIA Y
Ab, 28]3 o] ] aR FALS ogsie] wiE
A A7MIARe] e 54E ek #uie 1P
(spectral IP; SIP) BAIE Wis & kRIS A
Kim et al(2017) 3X%). 299 s A9 1P,
EAF7MIAE, SIP BAPE 2 285 ar ot

m= =22 (1)

A7 Vs 1P E3} glo] AR ARTkeE Wshs
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2] ¢ (instantaneous voltage)o|il 1= Vel 1P &3}
2 1%k #xjkAne] BlEiA S4HE F Hjelth. At
3} 3 -&(normalized chargeability, m, ) &S 7]

HIA R (p)0& Lhe $ho s
m,=m/p 2)

AR 4= om A7PRIAYS SR8 ot I B
3+ e Yl ©]&35H7|= EThH(Lesmes and Frey,
2001; Slater and Lesmes, 2002; Cardarelli and Filippo,
2009).

- BAA7MIA S (complex resistivity) BAF 2 FTHY
F=E=H(SIP) BA

9 R ZEFE o8] wide] HATIRIAE}
XS ofshs BA A7MIAE @At Hls) SIP BAF
= oe] ey FAld sl EAH7HIA RS jet
ste] wjde] BATMIAES] el wmE 548 +
A}, A3}t wjde] EAH7HIA (complex resistivity,
p) B2 BAAZIHE % (complex conductivity, ¢; o =
1/p"y= A&S(frequency; )] <= tha3 2ol YE}
RS i=

7 (0)=0' () +ic" (w) €))

o'$} o' 7 BEAAVHES o9 A4 AR F5
ARolH w= 5 (angular frequency; o =27zf)°|th.
BrA7|AEEE dukdog F7)(o ()2t A3 (4 (w)
o=z Wkl XS Tt BATIAERES] A7)
oF 912 offiol 2ol Aitem wjde) S0 wet X
9 AR vERdT

o (@) = o '(0)+ o "(0) “)

Ho) = tan”" |:O-—(a)):|:|:0-_(w):|

o'(w) o'(w)

®)

olefgt BAM7|IHERe] s mE Wl o|¢d
“F(relaxation effect)o|2}al 3P o] AWsh= 7P dit
2191 BEle Cole-Cole R&lZ Theo} 2t}

o= 0'0(1 — ) 6)

1+(wD)°

7|1 gp> DC AZNAEE, me H1Em=1—-0y/ 0w,
ol g H2 AEFA AVHAER), & e &

Aol W2 ARV, o= olPdseldt. 4 (6)y2 71
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(e

A7 pe BA A7PMIAE, pe wiEe] DC F7]H]A]
aolh.

IPE HlwA B e doolx JE YA 3=
A Ato] AN 5 @FeR <8l vehke 94
I HRAE2] A7] &84 (capacitive) S0l F wkS3IT)
weba] QFAERAQl st 35 Al skekE wsht
AsEAAU(Slater and Lesmes, 2002), P& A7} E4)
oz sl HHAA 1P wkEo] YEPA HThAbdel
Aal et al, 2004, 2009; Ntarlagiannis et al., 2005b; Davis
et al., 20006).

3. i L 240 ofst MI|H 5N B}
M7|1X o|=Z&(EDL)M| O|X|= Ad&k

=717

i ] 3502 4o f=5A HH 249 A
o] 714 o= Qs WMy} HAEH = AN 0.4
A wid k] {71290 WHEt dojuh H71A vkl
L A77|% stoh 53], [713 o|F S (electrical
double layer; EDL)S IP W3l J&-S mxe 34l
¢ gaolEE Qo] oleigt H7H ol vA=
JIS Fasht. o] AoMe QAEAR QIFH wide] A
714 BAe] w3l £3] EDLY| v|R= gkl thal Uut
A2l HAUSS Lol F NAPL, AH32hilE, e
5 EA odEAE a3 tere Lolit).

3.1. OJYER 25t 54 MI|MEE #3| HIFLUF

EYZA dasEe vjARole =2 v}, +%
olit ¥ ABFE 5ol o BEAHEETH FA4E B3l
A FA YellA e@EdT ujd Alole] E2)F] 5430
DS VA= AES 2 tis) Tetd = ok
(Abdel Aal et al., 2006; Maier, 2009). B2 A5}
9ol wEt B2} 9 (vadose zone)@ X3} FF
(saturated zone)2- 2 U= 4= =] X3} Yo7 I
& f71EHo] 1As] wiiel gy oz Exsl oo
o o wAEo] FRs 1y firlEde] o e X
7HA] R 7 Q7] Wil o 22 AxeXE mAlE
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Fig. 1. Biofilms generation from microbial activity and organic molecule.

pore throat

microbe colony

(a)

Fig. 2. Microbial (biofilms) growth either on (a) the surface of grains or (b) within the pore.

ol BAE A% 9o F {7 2AEZ (organic
contaminant)©] A} (Abdel Aal et al., 2006). 7]
LAEAL vAEo o) & BelFEE HA vt
PR wAEe] A & Sle YRS At ¢
HiEo R QAEHE F A 7AH fAR 725 7R
4L vl B EliET] A v, 18R] o5&
L 238 wIEAY ofell el A] eF=Th(Kihlers
et al., 2009).

7] L9454 FHdle vAEe] 7lelarie=® 4%
a1 Mz SejRoma AR biofilm)yS B33k (Fig.
1) vid ERel 8%, 38H4 wiskE oA H7H &
A7kA] W3kA ZITH Abdel Aal et al, 2004; Atekwana
et al., 2006; Schwartz et al, 2014). "j&2] &2 &
A WalEs BE d7Yo|(grain) W] AET A4 2
FE 1AE ST wE I 5o At loH, shet
2 WslE e 38k Zalle] FAER o] 83, ol 1L

(b)

3 f7RE B mE FEe FIh walvh Aot
(Atekwana et al., 2006; Maier, 2009). 53] 3% 3
© 35 3E¥e] wske}t Askee] pH 5 7RI 318H
W3S op7|gith

O vjdox rdE o=z 3l B S84,
Sjek Wshe 0] ok uslsh chio] B0 W]
Axrel vide] H7d=EEe] A4 A (in-phase
conductivity, ¢")°ll T3k He}E opr|sit}. A4 HA7|H=
Z(o"Y= A% AlS(formation factor, F), F-A12] A7 A=
S(op, TEIT o3l HFS W Archied] HEH
(Archie’s law)o.2 Aolg 4= J=d|(Schwartz et al.,
2014), Archie®] W&ol we} BE9re] 44 3= 33T
= A 09 TS ZeEATHFig. 2), BEo] 83
FHHA HEH o]28 9] TV ZdtH(Atekwana et
al., 2006; Schwartz et al., 2014; Abdel Aal et al,
2004).
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N
Divalent

cation ‘

clay particle
(negative charged)

Bacterium
(negatively charged)

Attachment of bacterium
through cation bridging

Fig. 3 Attachment of negatively charged bacterium to the negatively charged clay particle through cation bridging.

NS S5 BE Y FAol B e 4
He A714 o]FF(EDL)F 4ol wF & (cation
exchange capacity; CEC)Yll W35 of7]sld], A7 |He=
9] 34 AJ¥E(quadrature conductivity, ¢")ol] FIES- F|XI
THAtekwana et al, 2006; Schwartz et al, 2014); %
ol wol# Ca, Mg, Na & Ko} £& FE&E XA
T8 goled f7RF e EAlske HE 5 Al
w3 o7 QA3 HHIEHE Ao|th(e.g., Atekwana et
al., 2006; Schwartz et al., 2014). A=49re] Ao Hi=
Al TP BEE B2 o' gs TA W= 31 oA
oz FEo] FUAES FT7MITIAL o2 QlF o=
A F7FelAl Eiok. R, mE EEe] FARER AUk
AR ol wile] oA et o] Y F B=E
FEHNA ol (cation)yS F5731A| HaL 3 Hskde] 7+
sl o9 7S ZSTKSchwartz et al., 2014).

Asle] HE FX T3 vAE &5 o WSl 93
S wHch GukHo g HE FHHe SR tiREe] Q)
o] 1 3EH| golo] F3 =] EDLe] FAE =],
AE A o] 02 tixEo] ql7] wiEe] 29 A
JolA= Folo] HE FHY vAE Atold] 7t
(bridging) &S &}A] HTHFig. 3; Atekwana et al,
2006). ©] ® PAE©C] Yol&S Aleld Fil HE FWH
o B= FeI7} =7] wlEo] EDL| O SRIAA I

o= & "9 2T T

3.2. 290 e YN S ¥ 1p S s}

- 24 AA(Non-aqueous phase liquid; NAPL)

2474 dAl S NAPLol=h B9l 54| ¢ka 53 &3
R=

Qe adz ur HEe] de A A

= X

PN
= T
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B3| (Light NAPL; LNAPL), EX} H|Fo] & A&
274 HA|(Dense NAPL; DNAPL)oJ2taL gttt dyk
o= A3l Fopllis AR e 7EREA
i Fo= Qe XElrE LEME fUIeEERS
7FJZIth. NAPLS A& AVdihle ededae &
g F71EE o]FoR fU|edE-eY V|EHo 7 AHF
7h 322 gt I AHAHZE 1P &3 glok ey
Ao EAolu wAE 8] o 5 oY 71A] $E4
¢l @g1o= Qs = &3 e 1 wIFUSZevt
EAF7IAES Wg); o] ok Bt NAPLE @
dE wide] WA B s = FE 8RleEe
nfAe] 28 (wettability)2} A3l (bio-degradation) 2F&-
o] ok 23l wet wid YAt o] fiRE IRE
A E2 APEA] AREH old we} H71F ddo] &
22|A Hr}.

NAPLo] f71&0]7] wjito] o]& Hio=E 4= v
] AslelA whgo] Wllsle] X714 54 wspt
At gslrd @ @A) FUHE o R sk HdE
o g FEo] EFE Fe(ll)elA Fe(I)EY A
(reduction) ¥-g-0] SJ=d| o]ol| we} A (magnetite)©]
Ao Ba 7MHIAE 24 A ks PIxA ot
(Mewafy et al., 2013). T3t &sl4a sl 289
FAER f714Horganic acid)e] AYSH=H] o]#dt 771
2ol H71A WEE do7)7|% Shh(Abdel Aal et al.,
2004; Schwartz et al., 2014). =, f7|2ko] AA=H
pH7} ZHadHAl E=d| pH 4 Z7lddle A9 8 &
o] Alo]¢] o] wg FPo g Q) Al AVHEE
(op7F S71817] Wizl o3} o'9] Fho] 2710l S7HRI
gy pH7E AEF R GolAA] HE Ao R <ls)

£ ofN

-
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BE AP doual o] FErt YBGE PR F
7¥eHA =W 2388 o'7F gt §H, o'e BE A
Sl2 Ik o]k F7Ie} CECY ¥EFs vt FE
of] AglRkgo] doju FE EHo| BS AZoAA|
a1 ol FEY FHAS TTRITIHA o] 57]'5]"4' a
Ayt BE EAG o] TF wgk AN FIkE F
(H;0'Y} S7H =A o'e Adshes 302 J&XELQM‘;]'.

Y02 NAPL 2 @He] Fakol gk A= =8t
7= Zshd wjdo)] tishA o] FolRAN ExskE v
o tiEiF= A7t o] Foid ul k. 3} FHol= v
o= NAPL 2¢90] °i3"4 Aoz ke A
7IHIAEE 7 AlrE =2 A7HIAES 71X NAPL
o thASHAl HARE ExskE vjdelM= F7] 9] &
A7RIARS 71A7] whiEel] ¥he- dl5o] o 01\3'4%?‘]
.

- J&EF

2:d|7] iG] FEse e sy 3 3@}
P f7E 2l BFelA AT - =2 03
7E Al L9/ 7IAl "ot &Sl =A 13 H)
718 (municipal solid waste; MSW)= X3gHE|o] JA|qk
(Abu-Zeid et al., 2004) Fi+ H7[E M (Power et al,
2018y Ze TEEE & Xl S 5 AUtk o]
of o] e IR Fast 22 0111*4

F3kelar glar o] &l vk MMk w2 tixt
-8 Wrl(Abu-Zeid et al., 2004). duHEog HAEF @
AR 71 Eo] ARgshe BAPHS A7 AR gA}
ojuf &t rRPIAZ 7 MIARte] v HETF B
< AAoA o5 IS 3l IP BARE BRI Al

= vk
a- 15

ﬂl

- AP435 H4=(acid mine drainage; AMD)

Frbo] 22 Ha i & 4 UiF 34 H71E O
Hlof| x| Ei‘/k‘?-E AVdE e s AV
st #g $ FAF Uil AR E Xl SSgES
z3}sl y;ﬂ/u =il 445 AA 719} vhEale] AAJS =1 o]
Eﬂﬂ HiE7E 9 X35 9 AekrE AWVISAIA 74
S QAATIA Hoh. 53] EAL AsE T BAA
7}747} U FEo| of7] il tiFE e sRE
7 3 AEE $ B Uil EAY H7)Ed) ot
FHMo] ki B =2HW HEgolet 2 rdE
7 A8t 9hg-5 Bl ARSlE AL Akl ghle] A
o] 3HQYS do7A HrHPlacencia-Gomez et al.,

2015). A5} 7] DAlOlA 4188k 2Rgo 7 Fste] o]
so] ARl FAe B BallEal I Ae] =0
A "t} 2ole FUHF Ao olFe w53 35
A 2re] E2A o slehA wislE SHEF B0l o
S FAL 1P WS AT 418} 2180l 74] z13y
X gale AelEe] =9} pHe| WIlE 2 S-OH
7F HHA BEe] 3o *Lﬁ}m& @ gslar }\]'ﬁlfu]— el
T Fe'¢t 22 IskEe] JAEET ol RIS
=8 7] olsFol © =A ﬁ”ﬁﬂ] gt T A
o] FRg 0|22 05 STMITIAL, H7IH olFso] F
7FlEA 1P ¥k F7HAIRICH

o, el 43191 wgel ofsd ol eel 3
Eo] FAHI|= k=t ol A FE FA FE(bio-

mineralization) ©]2}al g} A, O]'?i*]' A ok
22 mAEo] Foluf ol 2 FE} WhSSIHA AYA
FE ¥4 Zgo] WASHA Frh(Ntralagiannis et al.,
2005). AA BE A 2R W 299 27
TARNA WS, 2 M ve|glols AYA| FE(bio-
mineral)°]2}al 3h= F4502 FEETHFig. 3.5a). A
o] YL FE-A A HEY SR J3l oY
2 WS} o] w2 TR} A TAPE ok 1y
Alzro] Aol we), A FE-2 Y5O (Fig. 3.5b), 3
E-7A 7A WZo] ZA4sPaA o= A 7Aasi)

4. AL A & IP HIES FF Al

=], F-& A7) 8l QITAoE @
ads 230}7% A A A RS &
ok A Eo] toksiAl 3= the.g., Vanhala et al.,
1992; Borner et al, 1993; Atekwana et al., 2000; Abdel
Aal et al., 2006; Cassiani et al., 2009; Schmutz et al.,
2012; Schwartz et al., 2014). AA] L FX|ol|A [P Wk
< wid3 e QAU el wet gebd = U7 uiE
A AT AEERE Fe AAE o83 AKX At
52 Al 'R Aol vlasiErE it 53] 17
LHAA NAPLE] 7§ ofei7bA] Wil w2} 714 &
‘go] EsA ®iskelr] whizel oldl tigk #4S 91l
ANAE A7 Ed] o] Folx|al Qo

o 1.0
o nR
.I_z
g =2
, 1o
9_13
%
[-'E

1]0

4.1. NAPL &8
EF’—H tjdo] NAPLE 3% 7%, NAPLE <l3)
o)A ol wslo] AAEHA QHH A5 ME
JJr $7&ell wizkst Wb Av= A3E Olhoeft
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(198577} ArsEA, Beff 52 Rt HE7L 4191 v
%3 AlEell NAPLe] QA¥LS wie] SIp whgol thsh
oreFst A7 XY= dthe.g, Bomer et al, 1993;
Vanhala, 1997; Schmutz et al, 2010, 2012; Revil et
al., 2011). 3FX|F NAPL®] 7% A5 4 4, 2
o] A (wettability), 355 Soll Wk 1p vk 2
7} wle- golsHAl L] wiiel] BES- S YA
o= Aspr] A vt wEpA o] =olAe of A
Y 2 wE SIP WS NEHoR Aesiara} it

- 339 (Wettability)

o] Aol wet v o] Y Selee 2
A i (wetting oil)2} HIZS4 R (non-wetting oil)=
L= ol2gh Al whet A wide] 2713 A
O ks VA "ok 254 wiA 35 SellA £
3} A9 el 9, e et kAo AdAel
748+ J3FS v)x]7] wEoll(Anderson, 1986) 72 2
gell wE Wkl theh B2 A7t olFoiHth Rt
HIZEAEA A5 v dAlells 2ol A4 #9 1) 2Al-
£ Afe] BAE 2) =-RF Ale] BAMOE ve
om zkzte] ZAHe] EDLo] WAEHA Hotk. Hi=
Fr7E 2549 A5 Wi gAle fR7E 23 =9
A=l A El=dl EDL s Sl AAES
ol & Afeldl ARt EAg. el e S48
(polar component)©] 733t EDLS THET} Schmutz et
al.(2010)> 2143 §-75 Essh A7l o]Foxl »
g Algol 7 X3k, TS AR, 2ee 2
el mE wheS EAsier RIEEA frRol tig
SIP ¥hE- o]&& AYsidrh. ¥z ffie 157 =3t
Tt STVEE AR 9ol SrKsIAT W,
A e i Eshert sokdas ARt 9

l

¢

L

T

X T =
o) sk,

- AR o

HBES 5720 BAE R AFeA] viddd
E23 32 3PSl 3RS a1 ole 7|1 546l
Hels Yo7)|7] wiFe] AR DAl U= e A4
Sk el 33 ThE W8-S HQITHAbdel Aal et al.,
2004, 2006; Mewafy et al., 2013). W|8E<] AEs|7}
frirell vRle P3RS osiA vehded mlAlEe]
7ol eARERE EAUAL 32 84 S AXEA
T LAEHY F4o] Foj5al sshEe] wgkeEn

(Cozzarelli et al., 1994; Cassidy et al., 2002). A3}
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o

© -4 - R
e AR g@slrd 29 olA AFHE HEA
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)X ¥th(Cardarelli and Filippo, 2009). 73} =24
(/U (2))_‘ o] g3lq <A uig}(;gg 0‘:’)9,]_ A2 W3}
@2 o3 WshE TE Fsan olF @4 A=
20l g3 ARt ATEA0He.g., Reynolds,
1997; Slater and Lesmes, 2002; Abdel Aal et al.,
2004; Davis et al.,, 2006; Ntarlagiannis and Ferguson,
2008).

5.1. NAPL Al
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o] Sp oFAI7} ‘JrE‘r‘/]* o] 2 dAJste] UEhtem
ol gl o3t FEFe F Wdst ZoE e
(Fig. 6).
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(Cardarelli and Filippo, 2009). & ¥Al= A AE
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Fig. 6 Inversion results of DC-IP data along line A-A' to detect
NAPL leakage from the gas plant at Portadown, Northern Ireland
(Doherty et al., 2010); (a) Map view of chargeability normalized
by resistivity, while (b) normalized chargeability, (c) chargeability,
and (d) resistivity are the section view of A-A’. Black mesh is a
modeled contaminant plume.
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