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Received Abstract

8 August 2023 The direct current electrical resistivity survey or electrical resistivity tomography (ERT) is a geophysical

exploration technique employed in various fields, including mineral exploration, environmental
studies, and subsurface safety assessments. ERT, primarily conducted at the surface, can also be
conducted between adjacent boreholes to yield high-resolution subsurface images at greater depths.
Accepted Compared to surface exploration methods, cross-hole ERT employs distinct electrode configurations
26 October 2023 with varying sensitivities, making it crucial to consider these differences in electrode configuration or
measurement environment conditions. This study elucidates electrode configurations and subsequently
analyzes the characteristics of cross-hole ERT data for each electrode configuration. Following this,
we explore the peculiarities stemming from borehole ERT data. We also describe distortions in ERT
data caused by survey geometry and provide an examination of potential solutions to mitigate these
distortions. Additionally, we introduce several case studies involving borehole ERTs.
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7R AL BEEAL 37, X3 Qb Bol S o)A FaghBeE i o2 Shg ik =
2 X oA et al, 22 A5 ] v o] ek AT HHE 7] 93] AT 1 EE A
9} X153 Aol R TE 58 43317 = Bk, o] ef3k A5 A RhAPS A\ E Hhapal A
el 2 wlghE s} k] o2l =t o]t 278 B3] o] 2 Qlsh Ay EA
S-2 T1efof BhTk. B QoA 718 X153 oA A7) u| 4 ek Bhab o] chofat 21 el
ohalA] efstar o]of mE b EALS BABHIE E3E, A% A7) ul 4G EhA oA 2
SH o=k o] QJREE 7|7 4 ol S K BABHT Al A7 AR NS B e
3 QL AR 2Hsk A Bhe
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Z7]8] A 8K Direct current electrical resistivity, DC)
AL 52 A7|H|A e BRI u](electrical resistivity
tomography)= A3} |4 0] F5 W R, AJols0] B,
Astulael 338, A9 o) Lol vl uhgo) gret
At Guo e al., 2014). 7} HH A 0 2 AL-5]7 QJ= |
3 DC A= TheFeh wool 4] ol =3 =] aL QLA ek, &
AP E 2 Bal5o] sl 2 702 A o] A gAtslo] gt
AF o] THCho, 2020). o] 23t BAF A= FHAIE =5
317] Sl A8 97 DC BALE Sae 4 ol
(Daniels and Dyck, 1984; Shima, 1992; Greenhalgh et al.,
2000). =3 A= 5 dFFE2Eo] Ao AUs ts, Al
EDC AR JFTEE FUS B AR S S
ofl AT 153 A7 TAHE Sastel o] ok &
31 AU stA 2Feld 4= 9ltie.g. Goes and Meekes, 2004;
Kim et al., 2006; Tsokas et al., 2011).

A%E3} QlAske] Seske DC BAbe 2A) Tl
Al Z=& TAK(single-hole electrical resistivity survey), A
3E-A]3=F(surface-to-borehole) DC BHA}, A|S3- A%
(cross-hole) BAFZ} Q.o BhAL iAo £/ =B
AL, BX] EAof mhet 22 g B S A sl ghAkE 4=
sjstoof gt LaBrecque et al., 1996; Miiller et al., 2010,
Nimmer et al., 2007; LaBrecque and Ward, 1990). A|5=%-
DC gAb= A E 2 FAL o] 4tshetas 2] 5417 (carbon
capture and sequestration, CCS) 5-& 9|3t A1 5 gFalo]| &
5] %ltKe.g. Chambers et al., 2007; Schmidt-Hattenberger
et al., 2011; Schmidt-Hattenberger et al., 2013; Yang et
al., 2015; Schmidt-Hattenberger et al., 2016).

23 A58 Q7 ERTE: 2222 W ofABE ol 4
WAL A QPR 27 0.9 So ek phale] ot v
A F 417 SOl 2 o] S )1 9l A3te] A
33 DC S A1) A9 F Aekegl L Aske 45
ErAKBinley et al., 2002; Deiana et al., 2007; Oldenborger
et al., 2007; Yi et al., 2009), ERF 2 LR(HEZ =
2 5= %) HAKKim ef al., 2006; Coscia et al., 2011;
Almpanis et al., 2022), 3~ 5ol gt Z|wt P A}
(Kim et al., 2006; Park et al., 2014), 2 X] BAGoes and
Meekes, 2004; Bauer et al., 2006; Tsourlos et al., 2011,
Palacios et al., 2020)°] Z-8-5}3L Itk Q5 AL 2
oL} o|ikstEkAy, WAMY B o] A|5lrof AT Akg-5hm
S S 7| B R, A5t B2k 0 A1} Al7ke] ot
oto] I @3}t e.g. Bauer et al., 2006; Chambers ef al.,
2007; Palacios et al., 2020).

A3 DC FALR} | w32 u, Al =35 283 DC A

= A58 A

SRR

LR

L A A52KGuo ef al., 2014), A= vjH(Zhou and
Greenhalgh, 2000)0] t}21, x}7 2] AX|A = FLAG
(null coupling) G2 HFAJolL; tfA] & YK symmetrical
effect) 5-0] Uefit= 5 o 2] Zpo|7F Qlet ©AF dsgol
NAA =, Al 5= A ERT+= A5 Wofl §1A1g d=9
A% At XS getefjof gttt of#eol qlal
(Oldenborger et al., 2005), A|S3 Alo|A] &F o] A=+
AR Hi= A5 A5 Aloldoll Yt gaFo] Wy st
71 hl(Almpanis ef al., 2022), T o] o] 5k Eat
QAT Lee et al., 2016; Doetsch et al., 2010).

o] QTN HHT A|FF BAFE BAF B o] mhet
B O R T 5 QUL WA AT 2T HAIS} A
2315 E A Al A S BAS BAST ©
T AIFEDC BALS] A B2 BARHH, AR EDC B
AP BB S AR S Gl o] o) 7]
otk o] F A% DC BARE 23k A E-2 K415}
of @A 9] Q1T S AL 1, AlFE DC BAS) T <
T Bl Bt

= E

AlEZ 7 DC EAt

AGAF

DC BAR= 31 o] 1 & Z=Hcurrent electrode) ol A A
F2E 39| th2 g Ao] A 9] H=H(potential electrode) ]|
A A xS SA ) A 2] Al9(geometric factor, )& 53+
AR\ H TS FSeks BAL Wl [l 1
ol 273 HSIRE V)00l 712 A S F51H DC EhAL
A529) ¥Hg2l ARIMIAR(p,) & DL 4 Uk

oV,
Pu= ]MNK Q)]

A DC FAPIAE A EAA] $54 5
Zroll 712310 theat ol ALA:E HoATHGuo er
al., 2014).

>
ol
ol
fal
fu
rE
Bl
o

R

N N N T T T
AM BM AN BN

o714 M2 HUEF A=o]il N 7|18 A=
(reference potential electrod), A= 5 ¢ Z=Hcurrent
injecting electrode)©]™, B+= A& 2|¥l A=H(current
return electrode)©|t}. X% gALRM= ], Al DC &
AF) A e A% AR T HER g 2k St o]



NEF @A AIAT BA] W B4 9 A

S B aEstojof E|H &, 2] 4kof| 7He] X5 Alo]
lttal 71t A A5 AXRITHGuo et al., 2014).

1 1 1 1 1

K=dm | B Bl AN \
U ©
AN BN BN

o] W} x|4Fe] 7}Ake] AT A AT B 11 A BE 4]
FHof =251, A xke] A vk 2|4l Qlekat 7t
“g3teh(Fig. 1).

A|F&F 44 DC BAe 7% 4

A|F=3-3t AAsto] =383k= DC A= T Al
AL, A 3- Al 55 'AL AlS5- A5 FAPE QAT T
S5 AL A Al o] St Hhof] Gl W e =33
i, A5l shut gloj = E|o] HA|HolL, &
= A5} v S WA 7|z et Aok dido
L, Jaoll gk A =7} glo o)A o) A4e3t QIR & ¢
Qith=3HA|7} QI ch Tsourlos et al., 2003). HFH Z] F-A]
3 DC HARz &Y Al5=5 BhA] vl8f B ¥ F el
E2 UAEE Ko, 53] A& SAI A 53 A= ALo]
o] 4zt ol 77k Aol 7P =2 RITEE Hol
L oA 7F A 8= B Aol A = Ueh= i &t
7} YelY 7| = SFcK(Tsourlos ef al., 2011; Wang and Lin,
2018).

K3 QA R FOIH 7P o] BEEE A5
K35 DC HARES, 1338 o] §8HDC AR % 7}
A 718 A w71R] Al 7155t (Zhou and Greenhalgh,
2000). LU}, AlFE Abo] 9] AL} Al ol A o] &

24 4] Y o] )7k A g ]ukel Sl At 4

% oy
e, o

no.
o &

4 Jo © 0 > ot

il
e,

N

B’ (xp, Y5, —Zp} ¢

A (X Y0 —24) ; Al
! 4 ,;,, ir

Earth
M(xps, Yagr 201}

A Yar 24) AM

7
-

B(X-Br}’s-za)* > NGy, vy 2y)

Fig. 1. Virtual source for geometry factor calculation.
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Al

I TS A 5= 7] ol AlF% Abe] A7t
y 27 HH s =7 Dol 4= l=T(Tsourlos et al.,
2011), 7 Al 5= Abo] ©] Ao} A1 552 Z10|(A]3E AlF=
T AT BTG S S B AN, ART ) 44
A= A7 A=Y v]7+0.75(LaBrecque et al., 1996; Li et
al.,2021), 1(Chambers et al., 2007; Tsourlos et al., 2011)
22 157} .ol QhEThs thoke Fabo) Qlek. Ut
L2, NFF Zol7h AlF=F Abe] A 9] FhHY o]4to]
w) 2] oF= A -S40 oV AHIE ERlsh] ol H& 4= Al
(Ramirez et al., 1995), o] H]-&°| 2= A=V} ¢

.

AT e 2 ey ugE

AZEDC BAL Al9] A e 02 25 ol 3
S Hjg, 45 v E R U= 4= 9l=tl(Loke, 2022), T A]
533 213415 DC HAJ] 39 A3 DC SHAje) 5
T LR E ARSI M A F- AR DC BRI,
= 433 Lhro] 1715k AFEE SO HOE ol
F-251cKZhou and Greenhalgh, 2000). <, & HA| A| =&
o S35t o] ol E ARAZL ASBoITL, hE
K730l 91713 H50] SlolA e 94 Mk Nel
), o A WL AB-MNo|2} 713t = 9lek

AR =] Wrehs, AdHbdol ol 22 AuE Kol
= A5 BES ALt A= = oA Bk £, A
FT-AFF B 25w o] A 2 4= Y= A=
PO A = A-M I M-A 2 F27HA] 74971 E] ]|
L AR ol Sl F BEg-2 Zotof st R shuto| e R
I35k 4= QIti(Table 1).
UAE(S, )= A7 H A FHEA AT A A7]8] 239
§ mdlg AR7|uAge] @ RdR e gho s, wgt

H

“F-'.:L:.:

c

>,

Table 1. Cross-hole measurement configurations for different
electrode arrays (Zhou and Greenhalgh, 2000)

Electrode  Total . No. of Independent
independent .
array . configurations
configurations
Pole-pole 2 1 A-M
AM-N, MA-N,
Pole-bipole 12 6 MN-A, N-AM,
N-MA, A-MN
AM-B, MA-B,
Bipole-pole 12 6 AB-M, B-AM,
B-MA, M-AB
. . AM-BN, AM-NB,
Bipole-bipole 24 3 AB-MN

A60H A5%
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A o] A7 v A o] A QA E=he] A71RA R gk
o] Hale uff itA] dE7|u] A7 gho] vt Hetsh=A]

= E]i Y B F2 A7 WA A REEALE AL A

5 HolFs gho R thaat ol Aojerk
= % 4
Y apy

W7 el A B a0l &0 ghe ZHerhs e
jHA ik E=ke) A7 uiA ko] S7IsHA HH it 2R
7] A7 A o] Zatehs 2 elujgie. A2 ¢
Al FhAFoll A= 50 WIZHE Fho| R 3 BhAtol] vl =LA|
wol UeRdt. 53], A123-A2 BAe] 49 BAL
of ol o] Wizke Qofo] EAfe S rkLoke,
2022).

QlHkA 0 & AM-BN, AB-MN S(Fig. 2) 4 v o] T}
E el vlal =2 s =Tt =ot4= v do] 73 g e
2-8-El= HOlX|RE A|F=F DC AL A] A= 5271 A gk
o wjolli= D=-A=AE v Fol U A=A vl S(Fig.
2)S A5 = 3t Mishra and Shalivahan, 2015).

S ELL!
22 A, M 10| § A|5gol) Sl 7-$in-hole)

o

N B4—C|:
I AV,

o} % A2 50) 217} 9= A-M AR U 4 Q= of
Ml 5] A9 5 A3 Aol &) W7Es} Hlo] ke
7} =] &ti(Loke, 2022; Fig. 3). A-M Bl g2 42| A o &2
= Aot ol Fefsh, thE v el Blsl EalE
o] T A3] o] tHCho et al., 2002). 204]7] E°], A-M
W28 o] g3k A7} T4 ool Aok Shima, 1992;

Spies and Ellis, 1995), 320U} 4= v & o] v] 3| S|4 =7}
SHAsHA W27] wizoll & 20)A] FaL QlrK(Sasaki, 1992;
Zhou and Greenhalgh, 2000). ©]&3+ A-M vlj &2 R] 3t &
Aol A 8] G=-t= s oA} o], A4 H=(remote
electrode) Q1 B&IN2 A, M 0|2 #2]2] 420 vlj o]A} &
+ 2ol AAsfjof 517] W iZol @A o E& 4= qick

-3 414

AM-N, MA-N, MN-A, N-AM, N-MA, A-MN | 3%
AM-N H#jgo], 35 Wi d Fol| A= 5 A3 Ato] <] 9
e o] 71 Wol, A5 Aol wlj Aol gk g = 5
0] 48 == QItiZhou and Greenhalgh, 1997). 18]
L A-MN ¥ A-M Afolo] 2 £:9] W17 o], AN A}
olof & o M= g Ho] 'IAYs| s e ol A A &
th= tHA = 9ItH(Loke, 2022; Fig. 4). T3 AM-N, AN-M
v ol vjal AT R0 7t Wot BAL ajdof of &0l
218 4= )tHZhou and Greenhalgh, 2000).

A @ M A @ Ol M
l l l N
A-M array(pole-pole} A-MN array(pole-dipole)

A B A M

M| O N B N

AM-BN array(bipele-bipole)

AB-MN array(dipoele-dipole)

Fig. 2. The types of cross-hole electrode arrays.



a) Borehole to same borehole
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b) Borehole to different borehole

@ current electrode
© potential electrode

Sensitivity values
(% 100)

2048.00

64.00

0.00

-64.00

-2048.00

Fig. 3. The possible arrangements of the electrodes for the pole-pole array in the cross borehole survey and the 2-D sensitivity
sections. The locations of the two boreholes are shown by the vertical black lines (Loke, 2022).

a) C1 and P1 in the same borehole, b) C1 in one borehole,
P1 and P2 in different borehole

P2 in different borehole

¢) C1, P1 and P2 in same borehole

250 0% 100 150

Sensitivity values { X 100)

@ C1 electrode [ ______CRER RRERC |

OP1 clectrode 'g !g g E §

0 P2 electrode .o'bo =4 3 g
E] g

Fig. 4. The 2-D sensitivity patterns for various arrangements with the pole-bipole array. The arrangement with (a) C1 and P1 in
the first borehole and P2 in the second borehole, (b) C1 in the first borehole and both P1 and P2 in the second borehole, and (c)

all three electrodes in the first borehole (Loke, 2022).

WERE

45 H1910) 9 F 2 AT DS ALg ST, AT
Mol 4% WMol AM-BN W ook (bipole-
bipole), AB-MN 8| &-2- #=-#dipole-dipole), AM-NB
v 9S4+ wal(dipole-dipole cross) & 371317 &
K Schmidt-Hattenberger, 2011). %=HA} v Qo=
A-BMN, ABM-N 912 5] €141 wjodof] tiat <1
= =305 v} 9) X9 Goes and Meekes, 2004; Leontarakis
and Apostolopoulos, 2012), #=+A} v o] ThE uj Gof| H]
3 s =7t 7P AL Aol = g A Q] Holti(Sasaki,
1992). AM-BN H&€-2 7H ¢Hg 21 ¢l Bbd Eafl 0] ol
Ath= w0 9l WHA(Cho ef al., 2002), AB-MN Hj &

& 415 A717E A A Gt ek el slek
(Zhou and Greenhalgh, 2000).

7P Qb 0 2 Abgake S H| ol AMABN
T} AB-MN B g2 B = A|5=3 Abo]of| A ¢F&] RIZF=7}
A 23Tk AB-MN g2 59 iige e A 4
gheh whgo] Qlol(Loke, 2022; Fig. 5), AT 412
o) 245 A= Afole] Azl A W8] WS Wast QIrkFig
5). AM-BN ¥ 22 5Lko] A13F hol] Gl 213 Ao
A2)7} Fokad4-= ope) iz jelo] 711 o] 9)
11(Zhou and Greenhalgh, 1997 and 2000), 4= 8] &2 3|
A7 20U} 32 of] 1] 5] S=THSasaki, 1992).

A60H A5%
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a) C1 and P1 in the same borehole,
C2 aud P2 in other borehole

A -

b) C1 and C2 m the same borehole,
P1 and P2 in other borehole

@ C1 cleetrode
® (2 electrode
O P1 electrode
O P2 clectrode

Sensitivity values
( > 100)

2048.00

64.00

0.00

-64.00

-2048.00

Fig. 5. The 2-D sensitivity patterns for various arrangements of the bipole-bipole array. (a) C1 and P1 are in the first borehole, and
C2 and P2 are in the second borehole. (b) C1 and C2 are in the first borehole, and P1 and P2 are in the second borehole. In both
cases, the distance between the electrodes in the same borehole is equal to the separation between the boreholes (Loke, 2022).

Receiver depth (meter)

2
Apparent Resistivity (ohm-m)

”o no e no ”o Q20 ae -2
Transmitter depth (meter)

(a

1000

yo} —] 4 —— S E

1S | £

§ 00 | { ! | 53 £

e

£ o £

§ >

=

$ 20 505 8

3 ]

& v - %

) 256 §

[-3

- <
200 10

W0 YW 120 o VO WO YO 40 a0 &

70
Transmitter depth (meter)

(b)

Fig. 6. Comparison of the cross-hole data set: Borehole deviations are ignored in the calculation of apparent resistivity data (a),
and cross-hole data when boreholes are vertical without deviation are also shown for comparison (b) (Yi et al., 2009).

AlFEZ 97 DC EA Xl EF

-AF 9% o8

NFBL S 0w Agatrizhe dusp) 222 87
sh7]Qll o2 5ol o, AlFE Wl A= fIRI7F 2] ol A Bl
U= 2 771 28 4= 9Jti(Oldenborger ef al., 2005).
53], 2790 BALE S uo] ol gk 2.7 Ao
S ulA SFETE A A Al 4= JTKYi er al.,
2009). A1 U} oJFE TeiaA] ok A5 Fvisk
(borehole deviation)E F-A|5HH(Fig. 6(a)) 3=rH3s}E 11
28l 3e W CKFig. 6(b)) BE7] 7|8 A &0l st
L AT HQITKYi et al., 2009).

- Ao FF

YA AR A A A0 Aol4S 54 gpofol

FE YT

BR[|k Slater et al., 1997; Osiensky et al., 2004; Wilkinson
etal.,2010; Tsokas et al., 2011) #A|o|AS j|oTt &}= &}
= 7%-9(Ogilvy et al., 2009; Karaoulis et al., 2011;
Tsourlos et al., 2011; Wagner et al., 2015), A}= 314 A] #|
o] 9] FFFE nesfjof gt Ao Y& FRPVCH 3%
Q] PVC A0]/d 8] Z-g-oll= Alo]d el ol =& 4
251 FARS =3ato]of gt PVC | 7[R A3 =
7] ol YA AT} A A A5} vl o] M 7]u] A g gk
o} 3270 Uehe 4= SlekAlmpanis ef al., 2022). 4 7]
A8 HAARO] OF 107 ~ 107 2 + m 2 A7 M7}
- 57| ol M 47| 7] 23 AT BALE 458
sh7190 2gtsta) gk AR Aol4l A Ao e
3}o] BrAlgE 2= 9l th(Newmark et al., 1999; Newmark et
al., 2001; Ramirez et al., 2003).
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8 50/ — Borehole diameter = 5 cm
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Resistivity contrast p./p,

b) 300 -
—— Borehole diameter =5 cm v
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-2 200 : g
o ’
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[=4 : .
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[+ ’
q o -” *
100 st T L) =

1 10 100 600
Resistivity contrast p./p,

Fig. 7. Apparent resistivity as a function of contrast (log scale)
for electrode configurations (a) AB-MN and (b) AM-BN:
Resistivity contrast p,./p '/ is defined as the contrast between

the saturated gravel and a water-filled borehole. Depths to the
upper and lower electrodes are kept constant at 1 m and 6 m.
The three curves shown in each diagram correspond to borehole
diameters of 5 cm, 10 cm, and 20 cm (Doetsch ef al., 2010).

-3 9

S8 BIA 7o) 7]9keke) v A g Tk S wfof] Fuf
9] Fgo] HARAIR @A) YERH(Lee e al.,
2016), ofuff Ff4=9] FFF2 thFet AlF=3 2H, A= H
&, A= 714 5ol 28l Msteich Al5=32] 217 o] AZ4=
2 ZUY4=9] ¢3Fo] ] A =d|(Doetsch et al., 2010), |
2 E0] AM-BN#} AB-MN H}|& 2=0j| 4] 2170] 5 cm ¢1
AlF=EollA= L FgFe] nlu]skA|RE 217 0] 20 em 1 A5
ol FaFel ArkFig. 7). T3 AH=2 AFH=0]
A1 Z ol $1218 m) AM-BN s wf Fui4=2]
F2 o A A5 Wo] M1t o] AdeE gk 2t
o} X tKFig. 8).
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>

AFE D
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E ! - - - Electrode configuration AM-BN
9‘,_ 130 Y Borehole diameter = 10 cm
=z N Resistivity contrast p /s, = 30
- ~
2 1201 0
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£ 110 T
[ T
% 100+ 1
<  ——

90 L . .

Bipole size [m]

Fig. 8. Apparent resistivity versus bipole length (the same in
each borehole) for a 10 cm borehole diameter and =30:1. The
bipoles are centered at a depth of 5 m in each hole. Results are
given for the two recording configurations, AB-MN and
AM-BN (Doetsch et al., 2010).
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Fig. 9. Distributions of the primary potential difference: (a)
the pole-dipole and (b) dipole-dipole configurations in the
100 Q - m uniform half-space. The red contour lines indicate

the null coupling zones where the primary potential
differences are zero (Lee et al., 2016).

Qlth(Yi et al., 2009; Cho, 2020). 0]= AEH T o] £
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SRR

OF=tH(Cho et al., 1997; Nimmer et al., 2008; Lee et al.,
2016; Cho, 2020). 12|} 74 A 2] ARR-E] 11 Q1= A-MN
3} AB-MN v oA o] 2|5k &A| 71 A 87| wf &l AL =
A2 Alo] alid 2122 A7 B AT 7hE AA 3 QAR 4=
sYslo]of gtthLee ef al., 2016). A-MN H| EofA= AF
AT} FAFRE Zlolofl A WhAEs, A FATe] A 2|7}
Z7Feboll whet Zap AgF o5 StH(Fig. 9(a)). AB-MN Hj
HO| A% o]zt o] B gol At (Fig. 9(b)), ©]ol
e} P Al ZAo] 7hsgh F o] thE v g o] vlgl] F
oA A| Eck

20 k]

30 x|m)

-0.2 -008 -004 004 008 02
Normalized sensitivity

Fig. 10. Normalized sensitivity pattern of the seven possible
arrays (Wang and Lin, 2018).
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A F-AFF o E A= GAE A, B3t Aok S S0
JAHE gotH vjde] ARdglol A& o]w|X|(mirror
image) T= T A o}e| W E7} YElLA Elt Tsourlos et
al.,2011). o] A3t AL o|u] A= FY A5 Hol| AFA
S A0 Al AT A5 EARRE 2
2 271 o)) 9ol F=2 WAYHA =o(Tsourlos ez al.,
2011), A FE-A| 55 FAL A = WS = Qi o] 23k o)
A @A 5= LA T AlF=F Yol A=t ALd=
o] FAlol| EAfet= A -oll= Wzl gk H Rt Ao

30 x(m)
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1012 14 17 20 24 29 34 41 49 59 70 100
Resistivity(Qm)

Fig. 11. Inversion models of different configurations: A
dotted line draws the real position of the anomaly, and
artifacts appear on the opposite side caused by the symmetric
effect (Wang and Lin, 2018).



NEF QA AMIAG AL WS

wo] ol JA|7F A 8= RIS gets] ahetshA] X 4
Q17] wjEo|tKTsourlos et al., 2003). A F-A] 3 EHAFA|
Y sh= A Bks v o) W=7} AM-NB, A-BMN,
A-MNB, M-NA H|&(Fig. 10)3} o] A| 52 7|02
A off 2P 3CKFig. 11; Wang and Lin, 2018).

AFES ™IS X2 siA

- AT YA oF

2 2o hulo] e Q) AlFEo) Heke 7S
sfofsiz Aol golshzlol ukeh A4 14 9IS Hatet
A shetoto] 3218l AkS Saahis Ao] 7Rsatch. Lt
AB-MN W3} 720] 4, =41 14550] 7t A| 33l Q= 2
$7F AMBN W|21A1 7 4, 524) o] A2 ThE A%
of Qs APEr A 94 oRel o sk
(Oldenborger et al., 2005). ufetx] A= Qx| & HEFs] &
7] R ol 4, 41 o] M2 ThE A5 ol

WS AlEsh Hlo] uhgralsich

- Alo|d F3F

Ao A& Al AlF= k- vHe] 4] 5= 2l o1
F=TYRJAPVC Aol £X9 a7t soldas, &
=0} A5 FA1Y] EFo| EHs] o|Fol A Aol 4] Tk
o] Zro}xt(Fig. 12; Almpanis et al., 2018; Almpanis et
al., 2022). AB-MN, A-BMN, A-MN <& #-g35}o] &

>

EpY 385

=+ Atolo] &5 742 27l(no. 1), 4 7H(no. 2), 67l(no. 6) = 7
2} =8 7h A8 A S ST AYAF A= A-MN
(F=-2857b v gol Aol o] & wel §1& wfj o) 2jo]
7}5 % o|st= 714 ZHA| LR t(Fig. 12, Almpanis et al.,
2022).

-FA% 99

FAg Gl o3 G Eol7] A= ALIA7H0
of 717k gho] o] ¢h= uid<el AM-BN =¥, ¥13
A-MN H{E(B H55 F A3 Alo] A 3ke] Y1%]51A] oF
= i g; Kim ez al., 2006) 5 & ©]-8-5F= Z o] HF=2|5} )
FA4% 9o 2A Y= s g o83t "AF AR
732, AAR7H0o 7I7E A H A = Al4= Fhak A7) H]
A7 7ol AUAA AU Zolx]= Hefl 7] 28k A
Al T A7|RIAE G 712 o= A aE A AT o]
7| AA7Y AR 7)ol whet ohE 4= glem, AsE
DC B4} Al S35k AFR A 2} §Alste) o1& Sol, 7
AI4=7] 1000 o]AF2l ZH2 A3k e.g., Doetsch et al.,
2010; Lee et al., 2016) 73 21373000 o421 ZHE2 A
Asto] GAksE A= Qlthe.g., Demirel and Candansayar,
2017).

- o3 B3

A5 AT FA A BB ) B3 ) §)

Average apparent resistivity (Ohm.m)
S

w

casing no.1
casing no.1

Borehole-casing no.2
Borehole-casing no.3
No borehole-casing

Borehole
Borehole

Dipole-Dipole

Borehole-casing no.2

—#—Homogeneous background

m oo - ~ m o
2 @ 2 2 2 &
£ ® : c ™
o i B oo [ o
o a a o m =]
2 h ¢ & ¢ <
& 5 & & & 5
s 2 2 | 2 | = | 2
L o o @ a o
=3 z o o o =
Pole-Tripole Pole-Dipole

—8— Resistive target

Fig. 12. Plots of the average apparent resistivity for the different measurement environments for all examined arrays and the
different borehole-casings: The number of slots between two electrodes is 2 at borehole-casing no. 1, 4 at borehole-casing no.2,

and 6 at borehole-casing no.3 (Almpanis ef al., 2022).

A60H A5%



386 zold - A - 4
st o 2= (1) B AF=F HA AR AlA, (2) F4EA]

G A5 o] Bl &} X] - A| =5 H| o]l o] 242} thE 7}
FA AL, Q) AR HE AT G A A8 F A4k (4)
71 2d HA&7)(weighted model stacking technique;
WMOST, Wang and Lin, 2018), (5) ¥17H=7} )4 2] 0] 2]

oS WAL ARSI o] Slek WA, Bl AT EAL
A A7 Sk W A Gol ZshE, 41552 Zol

7F ZoAARE ST AstE ], A S Hol= vt
T2 g o] Ao 537} ¢S 4= ik FANE A
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b

Gl -k

35 A Asl| Y8l FAE A AR TSRS, O Al
AL A}R O] 749 Al o7t ol A4S o 27, A &
AP AtBE A EoA o £ 7S5AE 0L wi(Fig. 13
(d)) 71 Hghet s|9& =& 4= i Tsourlos et al.,
2011). =3 f-5 o] A= v d-& ARSI 4], B4
wob iy mat Abole] #¥E wEr] 8 10S(d
In-panel/Off-panel Sensitivity) 4of 7]4lsF 31 AL
& =)} Al|of| A Wang and Lin, 2018), vj Qo] A=
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Fig. 13. (a) The model used to produce the borehole-to-surface dipole-dipole synthetic datasets; (b) results using standard
inversion; (c) inversion results using standard inversion but with the in-hole measurements excluded; (d) results of the inversion
(with in-hole measurements included) using the modified scheme (Tsourlos et al., 2011).
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22 7422 2= AMNB M| D& 2k Ao] ekt
& BT o] AT AT HZo] ol A7} A1
3 w(p,,) 0 A1 352] 930 o AAI7} 91212 wl(p, ;)]
2RuARe B UA make 245 s
B2 98] A0S Zhe T 2

Q(pm _p()ff)

10S=
‘ Pin + poff

2 A Ao] Hiekalshu,
WMOSToll 4 74532 21t 9l 21ub< 0.2 A-MNB bl
%] o] | 2Tt AB-MN Hja o] glojelo] & -2 7154

£ Fojo gtk

AFES H7HIXE M AR 2M

- g5 2YEHT

Ax3 Ao &5 FYsH B4 ol 55 U E T
Aol A, A1z Tt U € 33t AaK(Deiana et al., 2007)
£ 53l 5 A5 AdRolA FAg A7 A Fart
el o] % Tt AA| A o 2 shibem o B2 o 7|
s} F7ro] Au|A g Kok A= 82> AM-BN Hj g
= AHgBklew, A= 7142 0.8 m, A|5=F Afo] 2] Az
S 7mE ASEE £53] 7o OS2t =& HA
£ =5t} shlek AES Ol thet gk Aloll= DC g
AHES 8= 25 9] YR E motatr] of F7] wiEell
S =E(induced polarization, IP) BAI = 7| =845 4=
AT HEZ ZAE I3 Al 5=3-A|5=5 DC-IP FAL Al
of| A= gF-2 MBS0l thal] A 7]u]A32] w32 g Eo}A]
oLt PO 94 o gtz & 3ho = kst A yEkyt
th(Kemna et al., 2004). o] FAtol| A= Al =3 718 Agl=
15 mE G2 Holtf, A|F=F HEE40 m=E Fo] Z-E3H 3
s gtk A= v E3H0.8 mE A Fof ZFFA]
Trof tigh TS Bt AAleh] flsf m2skiTt

T 4 A fSollA = -5 A i Al
Al5=5 DC FAPZF =3 = Gl o) u, A]5=5-9] F=rHste]
o5t A7|8| A G S e ste] mdE] 9 Ak %13
sholch FIHIE LEokA] ok wjel AR 7|8 A%}
ALt Aol S 1 FS o 2|l G4tk 53 A
o e FHILE AL T Al 71| AR o] AR 4
T2 v TEHITKYi et al., 2009). SAF A} S-S AE 32
~90 m 7HA] ek o, A1 Abo] 7A£ oF 13 m o]
v} 3530l wet 2o) s m o) Ko7k glo] FAUBE
Srefeba] ekom AuI AR WA A ek wE
Aol A apAfh = QIZE Au| AP E el 4= slon

FHUSE A2 sk 9 9o
a7k A S B9} Qlow] 217
MO Ve ANE Witk WA s
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T18) 2 Thessaloniki A5} Alof|A= A-MN H| g,
AM-BN Hj ¥, A-BMN v &S ARG-3lf R 3#-A| 5= AR}
A|FF-Al5=F BARE =3l5}7] 918l PVC Tho] o] &5
Tharoll e GRS HF A FH AE v clay-silt)
=3} EZ0] ¥ 2 ok}l 3} THFig. 14, Almpanis
etal.,2022). £3| A|F=3 P2= A= 14T 2-3 7|9 &%
o] 9= PVC Fo| 27} HA| o] §lo] HRHA 2 J1u|A|
g2 M, ARSI AdTo] B fX]sk= v
(AM-BN, A-BMN) 2] %-¢-PVC 7|o]A] 9] JqkS wo] 1t
Utk AlF=F Abo]&] 7H4 o] eF25 mQl H7tof| A= A= 1k
AL 1 mE Fo] A|FF-AlFF HARE 353l o Al 5=
FAto]2] 7HA 0] 50 mE Y2 - A| - Al FF FARRE A
HHARE egste] T Ak a5 aiTh A3 4L A
ToARE SRS TS QLS W} RE AR S Bt
o4t 2] FAHER}] HIHET) 714 cjite] B E TN
71 8l 7]ofgre Slslick

ARAER Qg Ajeh gl ek BALE Sal] A
ol 2j3et AT 92 27] 915 A-M, AB-MN, A-MN,
AB-M 9|19 $13] ALE 35 el 53 2AL R |
et =2 ARHE =35 ks AT E(Park et al., 201
4), AB]A| 5} o] A of| gk mells] Al A-MN #jgo] A
H| A o[ A E 7 & BoF= A& 4 4= Ut dyrE
© & AB-MN H|E-2 A-MN s G =T} i 7} =29k, Al
FFoA AR AT A7t Fot g A=
ST B Rol Akm g5 AR s @RolAl=
A-M v g3} A-MN v & ARE-SFITE E7 Hlo]E At
2w A3ioh 35 % 7180l 3 720 | 2
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A ER 3l At 515 ] Y {A& B
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DC FALE §HA| $=3)5to] 1 AutE vl skt A|5=3-
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o, A= & 1 m, A5 Alo]9] A= T mE Fo
AR 35T 2Rl AdH 2 vl R st Ao v]a az
WIA]% B2 Wbzt A\ DC BA Az 4] 4
£ hanslel 4TS wolol, Hee Ul A8
R R P AE T AR P R

g

Hjﬂ r

ot |o ¢

‘_‘

A60H A5%



388 X

ofy

Ak AT} 53] A9 0] ekt A= S sfetshelc,
R LN EENPAE EXSE E AL RE PN
QLEKKim ef al., 2006). 3] 2] 2ol = i3 9] ofskE sk
AE o] o] 25% role] ofuhE g Seli AlFZol A B
AFE St om, B A oF 100 m AlEolth A=
7} 87150 J3l) TH| A, 7]ukeke] Au|Aa Fel 1t
Ehu A7) H1 A oAk who] 25 we e ShlshA) Ut
Eftnl, o ofabe] Sx]a1 42 Sl 4sto] e 37)
7 A5}t QLgollE B Eo] QA E AL SRISHATY.

(a) Bipole-Bipole
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Ae - 98y

-2 AR B4 Y o A3 HYEY

=5 Thriplow T 2] of| A ] 3E-A]5=5 DC BAF AR o]
A A3 A1 DC BAR) TH2) oY ot M S sl
3171 918l 73] QmelES melsto] SiARe Sayshaict
(Tsourlos et al., 2011). @7 A|F=5-2] pve Ao A £]5-0
A3 Axste] Aol o] YR Hassiar shait
EPAR= 1999 124526 20004 119712 ug =333}
=, GAlol= Ad-asd A v do] A% o FE4]of| o]
Zo] qlekarl Fetsto] Hu-edH A A5uide ARgst

(b) Pole-Tripole

P2
low slot density

Fig. 14. 2D cross-hole ERT inversion results for a) A-MN, b) A-BMN, and ¢) A-MN arrays that were obtained in location A. The

P2 borehole log is also depicted (Almpanis et al., 2022).
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HIZES 741 31 glo] thA obe HES shash|ol A
a4] gk vl o] 7] u ol 71 kel EE A SIS
o = S 5k31 95| T A obe =S Sl dsHA L 2ok
o BN S whE A5 9 AR sl ), o
A2 F 11~ 16m Zlololl 4 th ol HES Kol &
A7 arAst e, B A5 A2 AT W ol
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geroll gt FAE ealshs B At gre e o
S22 A7AR g 7HA17] die]l Ho gkt vhete
AsiMe 24 5 v FARek e s Ae = 3EALE Al
7+ A3 U e (Palacios ef al., 2020) 1|3 F7HAQ1
B2 ulolsh= Z(Bauer et al., 2006)0] BFZ2]5c). v)
2A2Y A9 s E RUEHE S o4 7 A=
g ARRs RUEEHES 4383 d-4(Palacios et al.,
2020)]41= AM-BN, AB-MN, AMN-B, A-BMN, AMNB
Hj o]l 7] 23}ed 2015 7YHE 20179 94714 27| A
O A FHEIGTh AlFE-A158 DCEARR} A3
DC BARS T ARE-Sh= 212 3 A 718 A3 ghA-S
A8 Zlof mle 7] Rl s wd o= 9l A
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Fig. 15. Cross-hole tomography results for resistivity (left) and time-domain charge-ability (right) in comparison with the
respective concentrations from the MIP sounding for LU1-LU2 (top) and LU6-LU7 (bottom; Nivorlis et al., 2019).
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S FARERE RISk A7 Al 2F-Al 5 DC ¥
AR B8 A7) H ©7] A71- e HEkE ERIsH =T,
71491 itz sl o] Ao Ad o et ¥
Fohs AT ZUEY 717 F A A9 7HEL ' Qlgh
SHE 52 7] EE3E et 4= Q%L '] =y
B ol A= 220 mm 9] & 735l 23t A7) e A5}
of ah O §2] Q)& F7HAIZI Z-Fo 93] Bl 2| <] A
7R E e 7t STk As Ele = Ak

79 75 A H2 P2 25k, & 2 A2
7} dojubr] Hell= A71H| A& =25k Alzko] At i
Si7k lojum A7l Agde] WolA| 1 IP Ak of /|3t
O, olATE R Wol Mol o] AR 7, Z ] 4G
A4 M A|(non-aqueous phase liquid, NAPL) 2% <)
EFA}F AHE(Goes and Meekes, 2004) o] 4= BFAF 2 DC &
A} £22]A13S 23] NAPLY| tisk AM- BN, AM-NB,
ABMN H] 9] 2§42 Brhshich 21 48 Za At
ABM-N Hj3to] Th2 wjoio] v]3) it -8 1 ofae] 2t
2 e vl gl 478 A gk wol L, AFE
Kpolo] 2ul A o] g % 2.2 52 NAPLO] Z4fah
o A & s =] ik AA W] ool 71 A4
3 A= R Ko, o)A 27|71 242 722} PCE
9l 2 &&710.1 % ©letE HEH 4= DC FAL
2e 0¥ 99 ST o8& 5= QU

AE] 0] 30 R EFY SASE flg FAtoll A=
Nivorlis et al. (2019)0] A|5& Alo]2] Agl=3 m= FA
ol s =% - HARE 3351 3Ith(Fig. 15). AB-MN
HiEE& ARg-Eo] Hi} STt =2 GHARE astast

24 hrs|

AU ABkE) I 2AA L 28] Ao B
ol o] of3) AHA 0.2 Hu| A5} B4L Kol iu(Perri
et al., 2020), A7} A2 9. A%} 0.2 7 QU=
ol vk W] ] )& 4=85}7] = Gk, Perri ef al. (2020)
AM-BN 9 AB-MN &1 o] §-3ho] 32 4| 2] m]
Eee St on], e o] Fof 712 Bl ula) &
& 7] A5 ghe 2ol Bt Tt

shar glow, =2 A 7u AR gk AR Eks A7 A
Zhol Wsto] digh MU E P& a4 3ti(Fig. 16, Yang et
al., 2015). ) Ketzin CCS EA|of A o] ket 4 9]
T oF 2 1A 0 2 HAE il = 12 DC HAF 3
Ao} vlarste] 7|8 A oke] W akekS whotsf o] ihahet
40] 3PAL W o] A B & ulolsl 14} 5F¢ thKiessling ef
al., 2010). A 7)1 9] Aol A BARE 5335131, o] o)
A= g2 AB-MNI} AM-BNZ ARE-8FG om Al 53
AYo] ZFA-L- 7} 50 m, 100 mo|ch. BhAL =3 & #4F A}
S =8 e IR R e i R R S R M B i e
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Fig. 16. 3D Time-lapse electrical conductivity (EC) changes from combined horizontal cross-hole and vertical cross-hole data. The
bulk EC changes within 3%—-5% were turned transparent (Yang ef al., 2015).
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£ vpolsiale ), ojikeletart =H g2 A71m|A]
ol & 150 % 7ok Z1& 2HR1e 4= Qlek ARolAl=
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- gl 9 X811 A] A (underground research

laboratory, URL)
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AL AHIH 7| & A& 8719 2715 efste] 1.4
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