N

N

A Review of the Time-domain Electromagnetic Method:
Research Trends and Applications
In Seok Joung, Sung Oh Cho, Bitnarae Kim, Juyeon Jeong, Soocheol Jeong,

Hangilro Jang, Pierre-Alexandre Reninger, Myung Jin Nam

» To cite this version:

In Seok Joung, Sung Oh Cho, Bitnarae Kim, Juyeon Jeong, Soocheol Jeong, et al.. A Review of the Time-domain
Electromagnetic Method: Research Trends and Applications. Journal of the Korean Society of Mineral and
Energy Resources Engineers, 2022, 59 (4), pp-364-378. <10.32390/ksmer.2022.59.4.364). <hal-04372457)

HAL Id: hal-04372457
https://hal.science/hal-04372457v1

Submitted on 4 Jan 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-04372457v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

KSMER Journal of The Korean Society of Mineral and Energy Resources Engineers

Vol. 59, No. 4 (2022) pp. 364-378, https://doi.org/10.32390/ksmer.2022.59.4.364 ISSN 2288-0291(print)
ISSN 2288-2790(online)

JlsEn
ARIES BRI 97 ST Xg

HoIM! . =MQ? . eI P - HZ0H . KAAE . SHIZ® - Pierre-Alexandre Reninger” - 'HiXE*
AETEt . AR g st Auks g, SRS Y BEdsta A AT,

3BRGM, French Geological Survey, Geo-Resources Direction, Orléans, France, BIAFSSI¢,

el AR AN, SR AUGTY DMR AT AT, uRIZRY ST 1,
"BRGM, French Geological Survey, Geo-Resources Direction, Orléans, France, U7,

SAlE st A FARAAI AR g St war PAlE st oyt et was

A Review of the Time-domain Electromagnetic Method: Research Trends
and Applications

In Seok Joung’, Sung Oh Cho?, Bitnarae Kim®, Juyeon Jeong®, Soocheol Jeong®, Hangilro Jang®,

Pierre-Alexandre Reninger’ and Myung Jin Nam®“*

'Master's and PhD Integrated Course, Department of Energy and Mineral Resources Engineering, Sejong University, Seoul,
Korea

’Researcher, Archaeological Studies Division, National Research Institute of Cultural Heritage, Daejeon, Korea
3post-doctoral Fellow, BRGM, French Geological Survey, Geo-Resources Direction, Orléans, France

*Master's Degree, Department of Energy and Mineral Resources Engineering, Sejong University, Seoul, Korea
SSenior Researcher, Korea Institute of Geoscience and Mineral Resources, Seoul, Korea

Manager, Bomin Global Co., Anyang, Korea

7Principal Researcher, BRGM, French Geological Survey, Geo-Resources Direction, Orléans, France

8professor, Department of Energy Resources and Geosystems Engineering, Sejong University, Seoul, Korea
%Professor, Department of Energy & Mineral Resources Engineering, Sejong University, Seoul, Korea

*Corresponding Author. Myung Jin Nam, nmj1203@gmail.com, Department of Energy Resources and Geosystems Engineering,
Sejong University, Seoul, Korea

Received Abstract

5 July 2022 Time-domain/transient electromagnetic (TEM) survey measures changes in the electromagnetic

Final version Received (EM) field with respect to time, after an artificially generated electric or magnetic field is discontinued.

25 August 2022 Therefore, only secondary magnetic fields are measured that are free from the primary magnetic fields.
Theoretically, TEM measurements are frequency responses that provide information on the

Accepted conductivities of shallow to deep sub-surfaces. TEM data, normally stacked, are corrected during data

29 August 2022 processing. TEM measurement responses for synthetic models can be numerically computed using

the finite difference, finite element, and finite volume methods. In this review, initially we have
discussed the basic theory of the TEM method and TEM survey systems by classifying them into loop
and ground-wire transmitters. Subsequently, we discussed data processing, modelling, and inversion.
Finally, we discussed field survey cases from various application fields by classifying them into land,
marine, and airborne TEM systems.
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7+ o A REAP(time-domain/transient electromagnetic, TEM)-S 9184 0 & 9hHA7] A 7]
S22 A7 A RS w2 A7 1o AlRtel| wf2 WiEkE S5k AR otk TEM2 34
| 55 Apdet ol 3 stz 13 A7) 4o @3 glo] Alstuf A o] A 1ot Qs 228 e

75| "tk o] 24 S 2= TEM2 A8k A of) thgh s Zea= Whg, 5 Zd 5ol A 7714
O] A 2 50) 7R8Itk TEMALE = 47| (stacking) oF AL= 2 Ig-& AR A =v], 2] el
of tgH TEM Wh-g-2- b2 W, ke 4, b 2 0] 71HE o] 8-sto] =2 24 o 2 At
7Fs3ltt. o] 7] R Aol A= TEM Q] 7|2 | f grat A 2gle Y <S4l dat 7] 214l S4ld
O 2 Bl 2riskAT ol %71 Alm Al 2ot e, itel| chsl] 2AskaL S S, B
AZEY S AAFALR 273ho] TRkt stopoll Al o) Al Sl Tl A A7fskarA} gk

ZF80{: 2171999 TR 2209, A el, WAL

N OB

A7+ R time-domain/transient electromagnetic,
TEM)EARE S A1) RhALE: 918 48 Al o] 5.2
A5t gk A Bk 2. shet 5 Thyek ool
A} 0185 3L ItH(Cho, 2006). TEM R 2 12314 gl <=
FIORATRE 24T 4= Lo, $4417] Afole] W2
(off-set)7F 9= A] 7o} 3 T2 7} glo] 2Re F7.0] A] 2]
7fro] g-o]sltt= A o] Qlth(Nabighian and Macnae,
1991). Sk, 4716 A3 Tk 5 A7uAE ol
O] 25 HA5}7] o] & W], TEMR & o] 2]5t 2
ol A E7F5teRs o] SECho, 2006).

el 4] 198218 5.5=2] SIROTEMZHH] 9] =) 31} 7
22702 AE TEM B Aol iRl
O3t §-5kAE =X & F(Seo and Hyun, 1982), 2}-&2}
2~ H3lof 93t ¥ AR} AlAKKim and Seo, 1984), &
&8 Aol ht Fax5 % A9(Lim and Hyun, 1984), 34
FAol| 13 TEM ¥H-5-2] =/d 3o} 714] 5-d(Hwang et
al., 1989), 7| ZaU] AL AgHeR] A3(Lee and Kim,
1993), TEM 72| 5A1E ]88t 3= 4-5 2 (Hwang et
al.,2001) 0] I3c. 1215, 20004 o] 2 T41E 1
< ol ARARE & W 3 =24] 7] =2 TEM
2'lS o] &3t s A A 7S 'A ZFs Aol it A=
9 A H(Jang et al., 2013)2} In-loop A 2B o]-8-5 3)j %]
Z=3g4}o] Bk} 7Hs-AJ(Jang and Kim, 2015), SF2- 421
AFE o] g9h 2R A RHAL 7RsA(Yi e al., 2016) 0]
HER9lt Mol A EEAAS o 8T AT o
ZA}eAKgrounded electrical source airborne TEM,
GREATEM) A|2%19] Sy 581} 5] o] Tt 4] 12
d=J(Cho et al., 2015) W SAKCho et al., 2017), 321 A|
73 ARERAL B el (Jang et al., 2017), X F £A1L-S
o83 A7HE S FEHAAFAF 3R HAKYier al., 2018)

>

e

e,

o

£ ERHE ol 1750l AT, ARG AT

53] FA FAtell EetA AEE o 1 oo
Rai Bk e R BAL Alstel o) 7, 2
Al = ATk 0 2 &85 )

o] =l A= AIRFR S ARPEART o gk o3& 571
Sl Azl A7) whge) 7)ol 2T BAY AT 4
Wotar, A=A E](data processing) 2 E &= (modeling),
4K inversion) ]t S-418HE ol T4 AL,
A3 AL, Sl HE 5 choat Hofol Al A8 TEM
2-g-Atd|ol] s A A7fskarsf gt

e

AlZigiel FRIEMARES| 7|2 22| W Ol

TEMHY2 Q152 02 WA 12} A7) 7d-& A3l
2, o] 123} 27|72 At uh2 wSto]] ofsf 2]} uf
Qo YT 2 7| 2ol 91024 S AP
© 2 24, &, i Sol A 38 o= )UThFig. D). &,
2 T2 YA AA FEo SAIH AT RS S
oh7} el A7 H(Fig 2a), A5}k i ol A= 12} 27] 7 o]
TA8HA A4lste] 7| g o] = Hth(Fig. 2b). F-= 714
Hoj oJ3f] X5} A=A wj A A= - ZFeddy current)
7Sk o] = Aol A A E 223 A1 S5t
o 2tz 9 a4 iYL sl A|5he] A7 A=
L Ex 5 apold 4= glck

F AR 210l A SRR s o
AZFHE o] & ARt (early time) 2} R, o] 7= &2
W Z)(Ohm’s law) o]l whe} st e, 2 A 77F st
oo whg A7 e kA ] A ol thA] f
AF7H Ak olof 22 v o] MR EA f = A
7H AZA WE7EA] WA Sh=t] o] AIZITHE St AlXH
(intermediate time) 2} g}, =& A 7lf(late time)= &%=
AFo] gito] T L B ] A3t gl Akt o]

A59H A4z
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Fig. 1. Conceptual model of (a) ground, (b) airborne, and (c) marine time domain electromagnetic systems.
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W

Fig. 2. Basic principles of the TEM method. (a) The current in
the transmitter loop, (b) the induced electromotive force in the
ground, and (c) the secondary magnetic field measured in the
receiver coil. For the induced electromotive force and the
secondary magnetic field graphs, it was assumed that the
receiver coil is in the center of the transmitter loop (modified
from Christiansen et al., 2006).
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Bz opALe A | 0] A 7| A E ol Rks
71 RFI -2 7)5k8hA Qamof| whel bk
PEH& EAHRE o] 2 AR 9] HES-2 59
2 A7k o] Hke-o AlH.o] K 7| A L Lo
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Sl Hz, 1A 14 glol 22 A7 e 2
TR Aol itk ol Al0 i A7k elol A
AETF Aol A WAAHE o] SiFEERE A
A B L A5 AR o) A Aol w8,
AR A 4717 2] A | Bl Eo] 7R,

TEM gAtof| A = Z 7| AK transient electric field)-2
7 Zlo]o A F gk Hol=t, o|& &4t Zol(diffusion
depth) 231 FHe}. TEMoA] 9] SHAE Z00] Al7ke] Al
of w5t Xy 737]7%3 Ak 4= (diffusion velocity)
2 7512 Asigich, bt kol 5 0 2wl
o] A% o] & AlxIth €] TrE 71 &Jgt 712 Al
2 LA oA A== AlZe] AU o] = 717
L2 77 Hkx| o] AX|HA] o} & o &2 SpALE ) o]} Zo]
HER]Fo] ARHEA 12 A7 )7go] AlstE A 7= A4S
2217 21 2(smoke ring)o |2} B}, G A7 oj} o] 8
At A Ha} 1 37171 7 L5\451I‘J(Nabig,hian and Macnae,
1991). T E 0] TEM B} BES-S 751814 @it 2] 3
5 7Ktopographic effect) Oﬂt Et Holok gy AR
of A=A Fath7E AT 9ol Aol 2s) 4438l
A7k @A} wE 4 oA How mgo) Wi
(Nabighian and Macnae, 1991).
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22 A70E TEM A& 1966 Hof] 7= of 3F3)sg

= elafo]] ARE-E MPPO-1(Wait, 1951)2haL &4 Qlch.
o] = X|5}e] A o4 PAE 25 W Sk U9iA
g ob R T P45 o] §3He 59| WS A3 Qo] A
of 7} ofefgick. |53t A]7] o] Hmlof A = TEM 19| 7|
o] AEI GO A Al 2 ARH AR 2
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o] of el $ick. 7, 1970 ] T4k FF0| A= MPPO-1¢]
A7} A=) 248 Bl B QRerhs HE A5 9
) SIROTEM (Buselli and O’Neill, 1977)©]2}= TEM %+
H| S 7i8sH3ich SIROTEM-S o] Al 28] thH] 2 A7
o] 58 418 4 919100, AD AHEIS Aeels 5
9] A o] 91t Henderson, 2014). o] 2]of| %= A ATEM
B EASHE 4= Q) == 3 UTEM(Lamontagne, 1975),
Crone PEM(Crone, 1977), Geonics EM37 50| 7lir&] ¢ich

=W TEM H|9] -8-2 1982 Fh=ixtdA49]
SIROTEM #ule] wejo] 2%z okej4] glom, o
LOTEM %7} = QJ=| 9 ot 27 814 Saloich
(Cho, 2006). ©] ol A= T TEM BAto| A iz 02
A 39/ $AIRE ol el 7S, HX) 7]

=
WA SAAL o1 §5H 90 SfEH TEM A2

of e ol <kks| Amska gk

o

/2OE SMHESZ 0|28t TEM AJAH
S oG5t AAPEAL G = s F H 1} Al
% oA 7P dE] AFSE = A AH 0 R, &
WE= FUY H= Slpof sl = YA 7]& 5=
| 9l H(Nabighian and Macnae, 1991), AP C 2 =
AEA E= 2 AYE o] 85t Yo R A &
= A7 AR ul RS S5 Jok tE:A 0 A
Al A 2EH O 2= PROTEM 573} Crone PEM A|AH] Z0]
.
B LECELL
S 4190 o) S HTh. 2T o] 83 FAlol A 541
£19] 27 91200} ufeh . £ (in-loop)3} ]34

O U, 3 Syolis 4 S0} e 279 4
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12 oft
fm oo M

o
H

N
O

o] ] 714 A uh o] o] o] §-14] ka1 Glck. $A419e]
271} Eelo] 348 AT TS H|7 aEE AL b AlE
% ZolA| = I QAR $4199] o] 5 2 -&-go] o]
TR who] Slek SAFTEMEHARS] 49 o 232 541
© Aah WYY 2 ALGITE T TEM BAte] 2
7)o A m A A RS AR o] 55}
o] gpAREITh AR W] Bafol A A4 AL 915 28
Sh31 9l A8 TEMBHAHS 887]0] 444 2307k s
o] A EHOA) 30 - 50 m AEO| Mo AHEE 3
ERbc). $41 BulES} ghAk o Ao o] A7]u|AE R
of whe} chA|g, Uuka 0.2 FhgAlE s He) 0F500 m 4
ot} T E 201 ARE- EhA} A| A8 0 ZVTEM, SkyTEM

5ol A

L AT B g 367

Power supplyl 5

Receiver
nsmitter Coil

Laser altimeters

: ¥, Inclinometer
Transmitter R, Receiver coil
Inclinometer b J/_J
GPS Y =

Fig. 3. Details of the SKYTEM system components (Auken et
al., 2015).

7ttt GEOTECHA A -8 <1 VTEM A|AEIQ]
789, Y F o] Heal Fefo o, ghALEA of glA| A
S8 4 = ookl 7FEAl o] AjAHo] gtk the
9 FEAY gARge R e dinka SkyTEMALRS]
SkyTEM A|AE| Q] 9., =] 237} 4] 232 Fujof| Q)
J(Fig. 3), $Al F3Z = RUlE o] el 9-8o] 7Hs3 5+
o BHlEo]tt,

HX| MM SLABE 0|25t TEM EAL AJAH

AR AAE SAYLE 0]-§8l= TEM HAt: F2F
FA Y o]-8-5h= HARY Hrh HA| Aol ok 12317
Zr4]7} 2 ©](Nabighian and Macnae, 1991) JuH# 0 2 4]
5ol FA ol matA ot ofuff 4] M A41] Hol7H
AT Eot oF 3u) o]4fo] = A= 45Ae] ol 9
3t A= v sfokt sttJang et al., 2013). T 221 &
AN 2H O 2 24 BRARE- LOTEM(Long offset TEM) 3}
SOTEM(Short offset TEM) A| 2Bl 312 ERA[8-0] GREATEM
K)2selo] gl QIubH wha]e] #EA) 41 o] 2ol 415
o 21 A1) Sistol T Ae] Mt 44190
A A5e) YL thdl sto] ARE FUsIE sh
(Davydycheva and Rykhlinski, 2011; Frenkel and Yakovlev,
2013), 43 27] HIAE mABIO] 9IS uhet U O
2 IR} HAY-S vl B3] = $HcHAntonov et al., 2019).

LOTEM A]2#l(Strack and Vozoff, 1996)-2 x| = A
& HA19102 A}, A5k ol ol GIEH RS
AR, $A71E T Hh A7) ol e R
WRJSFo], B ehAk Al Wk 2] M Aok 1A WA
o 88 415 BALE 7h5aA| ahalct.

Alumbaugh(2002)7} At Z-2> U A 2] TEMoJA]
AIZGE SOTEM Al AL, 27 X]3o] Al A of 7Y

A

A

mlm = JIN'
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FEol Qlon (5, A7 2o A7) AT A7
5 =431} SOTEM A| AL o] 831 ghAtof| A= g
A7} A2 ST e 77 AR XN 18} 5
Al (ZAE] Ao B &) FA17] o] o5k = A X]7] uf
2ol 29 A E AAsh= Aol T3 THXue et
al., 2015).

GREATEM ] 2E](Mogi ef al., 2009)2- LOTEM A| 2
Ho| 3}y vH o R B 4= 9lom, km Zo|of HAH A
A FAYU R ARGl 412 g7 o AQlE= 34
£ AGAE o] g3ttt A H S A wjxetH & 2
HEQ FAlo] 7had H ot et HE AR & =ZA & 4= Q)
o AL A ZojRTh A8 Al AElo A o] A8-r=
-4 YA A2l v]Sho] vl 1k o] GEFo] AL
O =2 1Eo Xk ZHo] 7Hagk o] 917] wiel %
gubetel 22 Aketx| g ol f-g] sttt TLejul, 4= km Zo]
o] A1 A AL AX|skaL efsfjof sh= ol o3t &
Al Ax)of what gAF G ool Az ths B3do] Sl

A= X2 ¥ sHA

TEMErALS] 2ba A 2] W2 ulj-§- Thofsim, =2 FAL
of AHgH &4 71714 uhet EEix] 7| = Sk TEM &%
7171 5S4 AFE E2 F Aol AU st
= 9}% A Q(transient voltage) S 24 3H= W& A8t
th TEM gAtol A= 41 A7-E o g A §iEste] a5
HA], -2 A4 Aol dialjA] 4= 24| o] o) A2 E HE
s}, o] & Halla= FA7E 33t AY7)E st
M A% o 72 H](signal-to-noise ration; SNR)7} 3= 2}

£ 9S4 Uk B3 TEM S4 32 $52417] Alo] 9
A7t F7¥ekol whet F4 A rasst=dl ZF S3olA |
Ao 2 ZHZEE o] 5= B (correction) 5-2] AF=
Ae] & AXA = g2 XA AE o] Ale)st
o] =2 0 & AAKsIc)

X2 X2

A% 7(staking)

TEMEAtOl A 573 A Az Az A 2] dAof wh
2H) 387 A A=, 2) FR71RE AR, 3) AR AR E
T B Am T2 Ui 4= Sl A4 = Al &
SHIE Fol7] St o2 Ao MEa Ak AlA
9} 3 71 F 235 AFE 2 2] W o] th Auken ef al., 2009).
olefgt A& HA7]= H] ol A AFso.= o] FojA|=
5= gk A7 A A S AT 22 e
= IH Y 522 A|ASH= ol AT e &
A A A A AmE FollA S 3 ZA Holu= A=

= A58 A
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ARBA

EAlA] o) mho] L,
SAF AL 9] Aol S
FFE W2 ARES HH3| B
gl gAF AR A =2 A
A= HA 2k7 S
AR A7 2] HF A AlS oA v H Al
Uefr| w2t
&5 TEMALR A 2|9] ¢, o] & A7k =2
Aol tigt Hit ARG o]-§3l= Wio] go] AME-
c}. olgfgt o] v T T S EE =
Faof| HlE) &2 4w S == o] 2 AT AR
Je2 A7) oY= Aot A ARES 2
H 2 de-spike E| o &85} Aubo| 38 S

olof g}

o2 W,
O o rlo

N
o

ool

N
=

O I
N

ko~ Kore
Lz

of

1

=

tlo >~ wlt rlo 1
24

N =

ofr M o>

A

= o]-g-5}e
iloh= Zlofet. 331 TEM =e) o] 7
2, A7 S G3ERE finite-difference time-domain; FDTD)
(e.g., Wang and Hohmann, 1993; Commer and Newman,
2004), A|7+dS 8314 (finite-volume time-domain,
FVTD) (e.g., Haber and Ascher, 2001; Oldenburg et al.,
2013), A|7F9S 8313 A(finite-element time-domain,
FETD) (e.g., Um et al., 2010; Fu et al., 2015) & o|-&3+ =
Ho| TEM ®ES AlikS 918l 2-8-= Aok

FDTD™-2 217173} 2717 o] Algte] whet wafshe
Zr(staggered) AAE 79O 2 ol =8hA] 0 2 XA
oo} u 1A Alsto] golahc}. BhAat FeFE(Courant)
oV 278 W] QA Aok 8] i) A7) 27]9)
A7 (time step)©ll tHEt THA7}F Qlek FVTDH-2 4
TAXR o] FofX {FIANA(FV)HL Al o] AFSKtime
discretization)E ¢J5t HeF @ A& (backward Euler)E
Az o]t Seha ol ek e sy et Akto]
w2 7] %= sl TE YA " A|7F o]AkSK(time discretization)
Hp o] 271o] th Bekg el AR o] H A Arks
SHlo] 9lck FETD: W(edge) $318.48 8 7)o 2 o
W 0N e ARSIt Seraslolshs 54 A
Ahg2e 2ak B o) Fhsaly] uhel vl 4 AHE of




ARYG S AAEARY:

88 A3} BY F2S A FHL 5
Aol 9let.

5 A= Asgg Aol A 92 ALREE 3, F2]¢
3h& o]-g-sto] A7k ool M HE-3- 0 & W Blst= 1 o]
th(Raiche et al., 2007; Sasaki et al., 2015). 3t & 2] X5
o= 95 Al4bsoF sERITE A7k S efju] g2 A7 4=
P 712 AR dare|59] &gl 7Fssh,
A4t 58730 k= o] Sloh

o}

32
fr
o

e

2

TEM A& sfj 4o 4] 743 ko] o]-8-8)= 2 1244
JAaboll 712 golt). 124 JAbHE ShEE4 A4t
(stochastic inversion) &-2 ZAA 2% oJAKdeterministic
inversion)& 0]-8-5kof A4 4= 9l o AAE A|7to] -
WHETHH= A o] I, 32 i 1X LR E 71
o2 Q5] WAlsh: 257l YAH O WA, ol
IR G4k A1 7RIS 1%t Tkt AEol
the 3 E =), 7 ) 32291 -2 Auken and Chris-
tensen(2004) ©] A|oFst 3 A A)| 5t & Al(laterally constrained
inversion, LCI)¥Ho] glct. ZF S E =R 12} G4kS 43
sto] 7y Z-0] A7|H|AE 2 FAE 27k A 2] 7
©2 121 G A et 234 TS A=)
29 it ke, LCI H-2 Al Ao A =320 A
g FRE 4= eE nd AghE 7hste] A AR
A2 g gS it o] 2 3310 2 e el B 7t

=1 O

tlo

[\

A3t G AK(spatially constrained inversion, SCI)-& E3f] 5
AF3D A7) A= 2EF(quasi-3D conductivity modeling)
& 7]4ko % 9 TEM S 212 s A1oll S8 A= 3)
tHe.g., Viezzoli et al., 2008). AA| 3x}¥e] A& L=
H3kalA 41517] el 379 B 9 oltto] W
sieh B3] gAl 27|dA o W2 A9 9] A7 8| A} 2
2 85al7] 916 S T TEM B} Bopoj A 3
A Gatol| e AE0] v =3 = Yirh(e.g., Cox ef
al.,2012; McMillan et al., 2015).

3291 A AR 2 -5 A ARe] T S Al A
£ s2s] Slste] W Aelol 7uer AHEE ol 8
=" o] QIt(Oldenburg et al., 2013). o] WH-2, WHE
SR thu] A3 E o) S0l =st7] wiiel owdt =
o] FojA|Eete HA o2 FAFE ALls| A9
Alsde) vl et me Aol BT AN E A
517 woll W2 vk g7t E Q. 8tk ©o] Jlrh

A A1 w2 2] gl BAIZ sl 9iRt Su
ol A, oA ¥Wh-2 SAl Tt A7) Hol A5 vzt
L7} golR|= o] 29 7|¥kste] 7 G4t 7| E= ot
4 A3ERIck 73] o7 Cox et al.(2012)2]

Lo

AT TFL A§ 369

“Moving footprint”E |83t &AL 7|, Yang ef al.(2014)
9] “local mesh/global mesh”S 283+ G4 7|1 So] Q)
o, BE 1Y JAof U AXE o] 8ok A RS
Al R By AZE e fie] BE vhe- e e
= g3k A4 ] go] ragitie o] Aok gk 2
g Azle} viE ARE thE A A Sk W (multiple
mesh formulation) ]| tJgt A5 = U+ 43 =] UK Zhang
etal.,2021). o] Y2 g Axl= 2WsHA L/4ds}o]
weElg)e Wo) HelstA st A, wgE AR} 27]= A
2o A JAgsto] AAAZE &%t

TEM 27 si49] o AlElEE 248 HH, 334
TEM A}z 2] &4to] pAof vl AdA o & 7Hss#] ]
3 74 TEM A]A#] Z}7(Yang and Oldenburg, 2014; Zhang
etal.,2021)4 &8 TEM Z}=(Qi et al., 2020) 3|40 -8
EE Al B0 S71ehaL . %, B HA A Hefe
Fo) ArE SA5HA HlBR, ALl A7t v 2] 9] §HA
2321 TEM 225 9 AL 7| o] gl o] mi-e- &
FX|THMacnae and Milkereit, 2007; Cox et al., 2012)
2010408} o] 52 AFE A 5] w3 7]
#lo] wHoR <la) 2 oha) 7] $s] oj2olAn
QltHe.g., Allah et al., 2014; Liu and Yin, 2016).

HE Al

A=A o 2 FEA-Y eFAN Aktarakgi ef al., 1997; Balch
etal.,2003; Qiuetal.,2018; Law et al., 2019) 5 £ 3} o]
Y E TEM BAPHL, 1142 & M AN Harris et
al., 2006), 4= 25 ZAKAl-Garni and El-Kaliouby, 2011),
ST A T A (Hu et al., 2016) 5 ThRE Fofof 4]
A5 9,

A RhAlSk B EATS) A, 4710k 41717 33
EHE B /A @710 d4st
2l Q18t= FEl= FAE =g et o]
SRS 3ok B, HER $A719} 471 E 5
ujt} o] 55k HAR|51A] oot K} ~UsHA HARE 458
gk glo, o= AU Y SHE EE8 T 5
Utk 0 & o|o|RIth SA4, -, Aol A vkt &
Ao 2 3% TEM AL BAE A+ A2 2708
1} g,

EFA}
[=]
BT Hopol A FHET 9 24 TEMEHAL

o
=
ufj
= A2 A7|AEE kA ST 4= Q) O w(Farag et
al.,2019), &5 9 F 93 22 tf=Fo] 2 7154 0]
=

=0 AW T2E PAR U SElo] HrkYu e al,

o 0z
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2018). E3E, 4 FAE F7150) ol LE o] =2
Ol 2 L& 7= Aol = W2 A7 H| A& et 7]
2ol TEM §ALE 54 42 A7 | e B g sl A5t
o] 2 912 9 FFFE 7ol 4= It Abdullahi ez al.,
2011). o] ool = T3 34, B4 B sfA, HE 914 o}
of, %1% Qg 7} 5} -2 chake ool A 485 <]
T A E0| thgs 5|9 tHe.g., Pedersen and Thomson,
1990; Ledo-Santos et al., 2015; Widodo and Rasyid, 2017).

S e ShAY ALl 2 AR Clofehulof B Azl 91
3} 315t o] ExK(Harrat Ithnayn) x| &Joj| A A3t tj22
2+7] )5 4~38%F TEMEAK Alshehri and Abdelrahman,
2022)5 B, 871 2] A of| 4] Zonge GDP32 AH[2}50 m
S719) SATIL, 10 m =27]9] SAREE o] §3to] A2
£ HEs}a, A% 250~300 m 7K 2] 2 A 121 &3] 4]
AIE-S F7F B7N(interpolation)5}od(Fig. 4) 2211 A7)

Distance (m)

ZsHZ 2 - Pierre-Alexandre Reninger - @42

i

ohm-m ©]4}8] IH| g -2 1 X9 9] FEQ 3t
PO sjAstglon, 49 F4l FoA] -
717100 mE H= A0 R S48t teE o2 4
B2 A7 A FgLo] 9F 40 ohm-m o] il Z3HE &2
TU A= el on, dR ufe 22 A7 8| A 3Gk
& Hol= 992 dio] A<l Ast=& wsisich
sfetzkell 1A% h3-9] A2, s JAFE A
3] TEMEALE 2851 A A &= QlcHe.g., Papado-
poulos et al., 2004; El-Kaliouby and Abdalla, 2015;
Kalisperi et al., 2018). 0|3 AFZF R £ A19-S AE-5}o]
Q1o 22 Ao} 1749 QALS S5 A7 (Kalisperi
et al,, 2018)0] A= 7] 4 ol weh 2L U 5
ZAF A 9] 2% A 2 9l DEM(digital elevation model)&
whedatol wAIBKFig. 5)5t0] BAjakaled), 71 A7]y]

H A TelE s ek s skele 2 ZAelA 100
]_

o

km

159

Fig. 4. Two-dimensional TDEM resistivity sub-surface section at EM-2 site of surveying profile (Alshehri and Abdelrhman, 2022).
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Fig. 5. The four extracted slices A, B, C, and D represent the heights obtained using DEM, showing the relief of the study area and
the physical mechanism of the seawater intrusion. Heights obtained using DEM (Kalisperi er al., 2018).

29133317



Aol e H(Lelo] kil Ao & P E3iE SO
2 S5}, A|sfsl 24 Ao}t s|Agt Aol of
o] 0] 2% 7K Aol 14 e 02 sl

2| 7] Aol A HAEh @ dEo /1A 5 whotstr] ¢
3 TEM BFA{Baawain et al., 2018) A}&5.2] AL A3}, |
33 71710101141 80 ohm-m o]a1] Au| A o] LiefLi
FAE WA H71E A2 FE o= %t 2 ¢ o] 5o R
S ABHTk TEM A9k 133 2412 @ wlo] 2ul
(piezometer)©] 5418 ko1, Aju| 43 9 2.9 5217}
T Dol vl S wn o4 A2 A ik o
2 o8] W A 712 o] ol A L. o] Au| A
A #H7l= Az Qs et e JEde vYetli= A
o AFg 2Ajeh Bas|A Salst] TS ¥
% 919k

ARE AT 5= s 2 dS 2AE] Q6 )l
Y| AJofoll A TEM47 441719} Protem 42417| AR&-3}o]
TEM BtAFE(Widodo and Rasvid, 2017) 483+ S15L0]| 4]
1250 m x 50mO] 441 F32- 44 UL AL Sl
& O 7 25 Hz, 62.5 Hz, 237.5 Hz(square pulse 215 Al &
B8 A1) A2 E BSIT). 2153k AR Occam
Ak Marqurdt G4F = 71HE& 7122 8= 1D G4k =
Walol 248wz} ID oAl Z7E FAE FA 0
8F=tl, Occam 4Fe] 7-2-0f = H &3} A| gl (smoothness
constraints)&] FEFo = JNH 0] FA| 7} wpotER] ok
g ol Marquardt 94F Aol M= FA1E BeotA A
a5 Qlelov], ZaH o2 17]u| A ol met mel, S
Bk 3% ROk B30l 24 4T 5 sk

dluk=Lo]] 213k Stendal Mark 2] <ol A 2p2 B4 Z-3}
HEL Af=o] o] FoR| 1L Qlo], = 7hs w2 &<l
3} TEMEAE 438 & wj(Maurya et al., 2020), 52}
ARe] YRS I 7] 93] 212 mHlE(low moment)
& 2 E(high moment) 8] A F AAE FAlsHo] &
A1E e}, ojul, o] vk 214 2160 Hzo}
660 Hz o2 A A4519 1, W Ael =9 me 3+ 5] 2m x4 m
(1 turn) A1 329} 670 kHz =A1Z (56 cm x 56 cm
multi turns) & 0| 1Tk ZA) oA B5T ATkE
ATEoke o) BEE ehel A7 BB B A |uIA
& el delol $1xshe Ao salsigon, W
= A7 A G ghe. 25 E H E S (clay layer) o] FI = G
At shsick

MR 71 Aelg obd AES e 2l ofoltts
A% (Idaho National Engineering and Environmental
Laboratory, INEEL)o]14] |51 o} ] £& Z10)(0~5 m)
o A=/ BEE Ad3lsl7] sl o] & AXH(Very Early
Time) TEM(VETEM)-2 =345t A4 USDOE Office of

L AT B 4 371

Environmental Management, 2000)o| A= o] 2] A=A &
A(Telz, 54 E-F 57 25 Sl FA A iR
A=A BA|9] Q2He Zlo] U 91X S 2k shck
VETEM EHA} 2448 2m 744 0 2 AA311 3091 o
o 8 AL S ABALE 2SI B ATk A
4 g TS S BRIEk0 B, 175 me4.25 m Aol
of A=A ZAIE 2elskalch

ol

1S EAL
5 TEM ®AR= 52 BFAL A o] -2 3] Aol &
L-=ti(Serense and Auken, 2004). x| Z5+4 o0 2 B2151
B9 7 E 3 50 B, Q1410 4 5 414 7R
= }(e.g., Sridhar et al., 2017; Guogiang et al., 2018) 3}= 7
ot FE Ak HARE o= o] 2853 ltk(Zhdanov
etal., 2018).

2=t A2 A(Jiangsu Province) o] €| 3t o] AK Yeshan)
oA A5} FE(H D)= BRI Y8l U571 E °l &
333754 TEM SIS 430513 o] & Bakalo 2 o)
A5t AH|7F QehXue et al., 2018). BAF 492350 m x
300 m, 4 7H4-2 10 m=2 AA8}9l 1L, -3 TEMEAL=
3670 S wheh A FERE F50 m L= A5 m/s o] K
B2 A RE HSG S TEMEAR: 167 S48 whet
T oM F419-2 2F 100 m 2] 71 FA] A4S ARE-SEAL,
et AR nE AR S 25517 918 215 0.5 me] 2
AT} 1.2 mo| Y-S A7 2 ARSSEH T BAL ATt &
TEM % 2% TEM 25 21o] 150 m Zlo] o) /4gef 4] 24 7]H]
A% o] ARA o7 Frgth= AS IRskTt. 24 &
A shakoll A - =2 2 H|AE gho] Yehbe 992
AHEIE ] g3l Ao BAg=t) Bd AR $x]<t
7 A7 A g dH-S UER Y, Bd 2 =53 U AT
B} el Afolof AHBAT} U5 & 4= Utk o]
3t EAL Az -5 TEM gAte] tigh X& g=at A,
gfjalo] Aol Hegom, x5} 35 HAl| T
TEM ©ALY] A8 7H5/8-& AJAFSEL Qick

Apg-tjotetajolol A RS HARE 5ke] 3%t
8,000 km® ] & of| A 5 g5 TEMEARAFR O] o4t
= Y5k, FYEAL A AL A ket AA s g A
(Zhdanov et al., 2018) = )t} &AL G842 ¢ 1A
o] BF7)E ol&st o, $4l Fx= g7l =st
11 30 HzQ] AFZFiK(square wave) S $AITH O 2 AFE
FAHGTE A7 $A1YE 7S 08 424 31 60 m,
o 2 120 m Aol /1A A1 F o 34 E TEMEAL =L
2E FSSHUTE BAF AR AR ALk a4 $lst
o] ‘Moving sensitivity’ 7]\g-& ©]-83F 32} A HIH-S-
ARg-ehaL, mdlE] 9 g Y AL ZEsrd o

ok

oA
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A7) At sApl
AR AFSH P 0l
S AEAL 1l ofat 2 A7 AL Kol o]
of Lpehiet. AmA 9 &

2%l Arabian Shieldo]H & B 452] A X2t 2§
H 4= qlek o] a4 o) e & R 717 flste], S
Sk Al ket QA4S stk 8 TEM
A4 Aakel 2peghat 4l AN Fig. 6) 8 SAloll EAIS)
W, FE G E 2 == o)t o] o] 4= W u]E 7}
Al o|2= A o= A% 4= Qi

E3 g TEMEHALY] o] 2 AJZith 2] 2k A 2]of| Tt
Y =] 9t Schamper et al., 2014). TEMEFALO] A]
ZFek 3 (turn-off ramp; Fig. 2a) 2~3 pus A= 2] ]
JZFh= 0~20 m Zlo] o] X3 3] 2| F 29
= 7 ARE e dl Fasit 218u %
o 2| A| 34 ek el <8 A E 21
o] E2Ab b 12pgo] vl o] 2 A|7HO] kS A&
S HIA71A At HFE AAR= AATAY Bk
shu] 4] Aol 71908 = e o= vh-S 2 WS-

(coil response)© |2} Tteh. Tt S AR AL A 2

>
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1S o] S Aty flsl, dat
= 2:2|(Sore) A| ol 4] =345k SkyTEM ZALS] Axke}
718 A 3 GAL S v alsk ek A7) e A gAF gt
SAE w4719 F o2 oA Qlth 50 ohm-m o] 4
O] Z718] A%} 74 7F41 5~7 m 2] A WA -2+ 100 ohm-m
o)} 7|8 A3} Gh= U= 10~15 m 310 9) = HA
3> 100 ohm-m ©0]/2] 7 7]u] A%} g2 Uebli = ©F40 m
Zo) o] Al §iAf 5, uhA| 2O 2 30 ohm-m w|THe] 7] H]| A
3} Ak Ve S E]lsksih &3 AAAE AR o
AP AT} 9 us o] K9] o] E AIZF AR E o] 8517 ¢k A}
= A7 A FRAF AR Y] HAF Ao} AFds] FARHA
o} 9 ps o] 4719 o] & AIXHE ALY WS G §lo] A
L G4t Ail= o] & AR AR E AMESHA] gF2 Ao
Hlal A5 F 59 A7) A ge] =7}t A4 F8lsiet ut
Aeto &2 F& B} o]% Q Ql(shift factor)S HAto]| 11
et 7, TH-2 A7 AR EA 2R A2 wh T v

Fig. 6. A perspective view of anomalous structure discovered by the Glass Earth survey (a) shows a conductivity with a cut-off
of 5 mS/m, and a cross-section of conductivity (b) shows the same conductive body from the same perspective, but the cross

sections are magnetic vector magnitude (Zhdanov et al., 2018).
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2} 78] fASIERE S Helstolrk. Askeae] 171
Aol A )8 MRS S 0, 3 Al e S

WRSGY] 2717 A o) 2 NES-S EESHE Aol B %
f3trHs A0 AT 5 AROH, o] 2 AIHE ALE
SHe 7390 519 ukg W Ao] BAo]ck

ol

A BN}

ol 412 TEM "A= 2 A 70 20K Chave et
al., 1991)0f| 4] To] ARg-E|o] grom 3] F4f F7tof 2]
2%]7] %= 5}t Haroon et al., 2018).

W0 2] SheI7ke] 24 30100 m A 4] A5 o)
Aee V) el Ak Qg 441 A HARALE
a0k A2 (Chave e al., 1991)7} 91k §A1S $1a) 2ol
2m, A5 1 mel PF Wfiol 42410039 US4
A7) 2 ARG AL S A7) 5442 5 ms vt} v
o] Al S MR BAF A S E TrEol Wit A7 = 34
ghauiofl A fEA Yol FAF S 50 m Fof 9
A7) 2L ARk W& A sk eh F 3709 S-S o)
219708 XA A7 E B 55tk ZF S o= 290
Z7} 2 E|Qloh gAF A3 413 XE-230~160 mV o],
A Ao A a7 a2 oF 1 mVE eIt s A= 4
A oE7EA] thekgh A0 MEF o g2 Hel 7|Hire g o]
FolA Qlof Bl A& Ao whE vEg-S 21T 4= U
o} Axp7)e] Ak e A5 mjd o] M7 e ko w)
g EEABE, H7|HEETE B2 SR = A7 A=}
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Fig. 7. Inversion models of the measured EM data. (a) 2D inversion of the DASI-Vulcan data. Transmitter positions are illustrated
with circles, and receivers with triangles. (b) Stitched 1D inversion models for data obtained using the MARTEMIS system.
Triangular markers represent the position of the coincident-loop antenna (Haroon ef al., 2018).
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