(JJ‘A}J{AJLE.&) AV\"—AAVZWHT'\ﬂk&fo;h&ﬁ'/\g;:ﬂ.«éﬁ;w}&g}:ﬁ

DOI: 10.22059/jesphys.2022.334600.1007385

dolr b S B 0S92 (G peeblitey SN glaesls (gmgo (o (55w sSne

sS.g-‘,S L& sae 03 g l>s 43 L;F‘,Ma.o

Y . #) -
S5 s el s ) 6B x>

Ol g i olRiils  55,9/lio 5 yhro (pwkigro oSl o jlboli] )
Ol el (Ol ol oG B35 Ao ¢y G 58 09,5 q 65D diSgal iily Y

OFANNY i ol Gpds VF-[AUTA il o)

oS>

il sae Lyl Cow uilS b 0jg urbliiag iSUlgts slaosls 5 oalil b oy S8l bl ablio (gjlujly jskiion;
tgieliy, L 33 s LS5l c¥sken 3505y e B 33 5 ST usen csiboie pipsS Sy oSS
osd odlpg Wy (gdmgd ot gy (gl Jde SO bl p pils (il wsSae oSl ol sud o3l dawss MATLAB
dpolxo o o 5259 ol slacuild 5l g o o3laiwl (il ogud glaas (338 Jsoly I g iy diue opl o (gl &S sl
303 opl (6399 Dab o Sluwle sy il el a5 Wbl o )5 pled 3 o] 5l edlisl g alsye K g3 b S
spa b oddodld 59 Clayoys yieS 0aud | Bl b (gilwdingy (sl bl o gyl (S SIl SUloy jodlds o g5lo yweSas
sl ol 6l 5 LSipss il ) a8 Cunl 00 oolitl ¢ (m30jg @l Gy ) e Jlesl pizman g (sjloplite
Dedise Ay e 9 Jol> gy Jlas i ple jluie aiiy jl edlitul b (giloplate o)y adgl jlade (Bos ol ) 290
ol G w3l e W dmions g 8l axiopd sal)l lbly g 3k Clls 93 5 (il usSae 4 B sShe i yeS]
ol pod o g ol 1y bl il 63 5 Jlogil S ol gl Jie csegiams o 5 5l Juols (slmools 51 oolitsl L o poS0]
debise i) i iRl ) mus b S 4 bgye sbodl uizmen g wilie (slacusise g oll b gl Jr
059 oS sl wsSne gl ok by b (gjlodent EM38 g EM34 EM31 (cloelSitws Lylyd Gy b 51 lnosls

B uL.u) qua.a 4> )0 ‘)

bt U155 E¥olee oy silodie «SagS Sl sue lylpd cou LulS b oje ublites, Sl (g hdS slae3ls

shes (23059 & cololsi (63l ysSne

oS5 b Sl ol il gla Sl
Sl ,S g 5 e alob da LSlS 5 51 e e
3 s S5 gl Lledd 1 b TX-RX I Calises
Sl 4 Olg o gbelSaws cwx adyl sl
sskiea 3 S axl e (VAAY) s oS L g ol
(s spb (S bl it 6,5 o310
Sl e oyl s Cow Ll pbline s S glaolKans
LS 8" “Low-Induction-Number (LIN)” (¢S5 S
Sl I ol 4 Ko cpme il &K 6l S
LI A B RO R g R B R oy
Sl ol SBcos s plb (S S L

4&#‘ K] Sl b e ‘6“"“:‘&5’\5 cs_.JT Q‘j‘:.n alo>

Asdds L\
UL s SOASI gBly Sai (sla g
Slies J el Cy vy c;.uuu,»
dzws (GeOFEM) S 5 oj s mablines 2155
L o same andy Olgise o S e < IS
Olyen K3 oS g &8 5 (TH) sz b
ol 3,8 5 Oas s S (RY) o, S
(Coupling) S ascis Ol S ojldl (ol jogas
Libor (a5 GaepST (15 03 o) LEM Ol
o pshlen e Sila) 6 Olgsa Sulg 5o S
03 b a) o K5 (SO S bl (slaass
SO ol Gl Oda L dlb- Lgd e

bgbabisle 5 Sgline dos gl pwlis )5 (b )

hghari@yazd.ac.ir

Ly 0,\55°



\f'\ﬁka\'gb&)s?/\b;}bab&j}&,&j&{}} OOA

) ol Lo @Bl e dos 35050 5l ok 3
&G omed (Vidigls S5 65 93 ol 51 (S el
Y G165 4 ey (F L Sl (Sen ldes
b (S ol Lbsle S Cwl eus
SUlay 035 cpmen 5 3, g 5 BB (B O ot
o 25 LIN-GEOFEM (s 31 03 3mn 55 (gl s
g > Jroo ol 03 ik w0 sy e
@iledie 35 1 e b Glyls sbley slaas)le
2GS Gl sSae by gl S
ol 53 5 Llad S 15 s p 3550 Cakine Sladaes
cblses 3 LIN-GeoFEM  (sbaesls auts (sl
oo b gy cpl ool o1 8 slazel LB gl Yas
CTR NI S BN B PR P SIS W O
5 Sl Sosen edidde Gy (Gle o sSae
5 oSl 5850) csdngs 4d L ID-LCT ¢ e
Uik (GuarSy (S5l sSrn Slaay 5 (V00 0)80s
ad b AD-SCI ¢ &) 5 s ¢ blr Oy g0ty ok
sl L.t si oo (YWY 0S5 Cansl I (gbmans
Sl sSan Wil (B3lal (S gmter slagz) S
odd Ol Jows (laaiaS” (Y)Y lute) S
208 0l Glule Gbaayia 4 g L oall .l

Wl 0 3 gdoen a gy s
it i) L & el pa s (gla bl 47 (63,0 40
BB eSS ) o5 s ¥l mS s L
PRl s ol LA el 1y gledST S
o) 2bCusgdon b syl (S 55 Sl (S
Lo oees okomy Jie S5lil s A o 5 sss
S Gl fhu y3 0k a5 ClSe
aibte 53 m e (Bl DI ol slasle L
Lo glajlble ga ckias 0 OLES gy 5 00
) s Sy SIS Sl e (S ) (S
2 Snan SIS 5 ol 5 I besls ¢ s
bl ooman Led o alb ok 9l glis daL?u
T b e K e b B8 55 Dl

5 GRS s)ls HIE oss 5 salids (SRS
YV oK

o S g pmblins SIS slaelKas
slsl 5l LIN-GeoFEM &l s (LIN Lol i
o5 gy 53 sl pablians S sladie
(0, mS/m) s pls S S obley 5,8 05lul sl
0 S oIul Fag opl S s o3liul oebaw
S S bl S Gl S0k
el a5 gl Do elim S
LIN- la,lpl Ol das b o5 laelews
EM38 5 EM34 (EM31 Jsls 1S LIS GeoFEM
GEM (s, «Geonics Ltd., Mississauga, ON)
s DualEM (¢ ,» «(Geophex Ltd., Raleigh, NC)
56 )ilf ) Lzwa (GF Instruments, s.r.0.) CMD g
Gy Sl ol 2,08 anls (YoV Ol
Bl ol Sso550e b bl 5 Caves
I R T SN VS P P S TSN W g S II
ST o i 03 gdous 5 gl Slalllas Juls bas 87
XN OLSKes 5 ey ) OF Gl 5 el
Sy (YN OLSa s
5 Sasg) S I8l 5 658 Olpe elaS
(8 oL 5 B @Il oy oK
5135 48 L s CaeSKL) AU s e cpun
5 k) VT Glaos g Lasis o(YYY O, Ken
5 (Y O 5 Saysl 984F OIS
i oo b ol 51 Slsl 3 slas IS

LIN-GeoFEM 33, ¢!, odiCamoy slags 8
25 m B 0258 & oS 5 il ke e
Sl Sn Sy 385 S il 4 o e
Sl Jde sbul Hsbea il glaesls
B o 53 e e 535 (S S UL
4 ey Gl sSan las Ko,y ol - o
Slp e ) 5 (oS s 3 3 Il (551 il S
5 oki 3 LIN-GEOFEM (glaosls 3l (s pn



o064 e 33 (S 3n dadir b GilS 3 0] 5 ) eabline SN slR0315 sum 93 a5 (5 jl w50

(52950 8) el o e UK Aol &7
5 s WJgpl LY (aglsy VAV
Born & I eslizul b 45 sls olis (Yo o)) of,Ken
s Gl B Jo dslee &K (YooY (o4ils3)
O 5 oyl T o Cows 4 LIN-GeoFEM
Ales S o o O o 1y ot altes (pl (Y00 Y)
5 Sile (Y19) OLSn 5 g jo S aslsl o
SO 0L 5 sk s (YY) 0L
LIN- (slaesls (gilu pmsSan Aulp 55 Jos o5l o
.A.;‘o:; oslaiel GeoFEM

Spot o NS Al Il clie ol s
o3lizul LIN-GEOFEM 5, 5 b aliws 5l (gdmgs
o 03 sl (g3de Jor Kb by ool o
o3 ) IE sy 08 skl )l Lo g5 ol oslinal
ol @Bl 35 S e Jmoly ((Yoo) O, Sa
Sl oz 08 Jomoly Sl e sSne i Jom (51 ¢
s $59 A 5 oluelile el Lol esls O
4 6 ek b o, Sl eds eslial
GLal)T Obiy 5 i Sl g5 5 (Gle w Sne
Lo sesT cu Al e er’e Wv.ajdfu?\ Wr-h
Gl Ay w5 paae sbdle g5, gode
255 A el e o5 o ol S5 403 30
Ll 05 il MATLAB Laome )3

LIN-GeoFEM (58 gt 3 Shos .Y

5 odiie gy Lz b G 5 GeOFEM (sla g
OV8A s K 691 () S o3lizul 05,8
33 Jol&) HCP (81 aomio o2 40157 51 Wagis opl 5
53 Jol) VCP (56 womio o2 (((VMD) (36 i 55
33 Jol) VCA 36, poeagn «(HMD) a1 ka5
Bl a3 ¢ Jels) PPER alaze 5 (2l o g
Sy b pass @y (BB ks S
hmew) (V SK2) 548 00 oslimal o) 5o S S
N

oslze la Ko 5 Opde slaoys (olol
Gl by 3 eslimal by L3 1) gl sdes
sy b s bl eSS (Gl e sSae
(s K515 5 oyl 3 g An) 3 ek (SACS iy
Shran Jooly ol ($3lepsSan 02, S S
(o)) Slole wbe (B8 o b oal 5 LS
a5yl el en 4y @V T Slaloes (glagy o
shos B Sl A 55 5558 e |l Ol XSSV b 4,

il Aal g (6 5eS Caenl
CeCusgloms (Fp p ale Gly S Jeoly oS
035 0L e 5 S pe S (slaen S
S Ll Sl 5 50 Ll (Shna slas S5
03,31 2 1) FebsS sl al Ol 5 (P &8s by oo
opsaslie duo 6 LSk 4 e gy ol A4S e
Flesgdome 5368 (b b4 oph o (el 5 gl
dsb 53 o33iuslie Ol o5 LIN-GeOFEM  pts
Sl oslital b ¢ Bl (Bt BB bl sl
ol Gdm s s 53wl @ade ool
Slp G o 5 33 GilegmsSae LTS ;v-“«,)}ij‘
Sgdoee (Dl 8 G clanl anw 5 Laosls s
5 Sble Yo ) ( SLul) (FE) 5ds OlJI 5 (FD)
SVslee gy (Y18 O 5 osl €0V O Ken
osd iledde 3 di b Lyl &S (B) JI K
Bl 6l 0554 0355 4 o g LIN-GeoFEM
ol (SO SUN bloy Sl b glas) me glols &
FD (gla s, b amslin 13 IE Sy, ol Coje lizes
ol gladde C"L‘ G35 9 & Silwand FE
Gl an) ey Seman b gdmgd 00 slaes s
Jbe S Cul G IE Gy, ol Cusgdos .ol
Gloslu Slle Ghols Wb die oy (SO S UL
b Lol S eb LT awbe b oasl
ladds 0255, 5wl (Y004 (O4ils))
S S dzs (63,lee ( SLST GyS ys we e

o ol s Lo 1S5 @l Saa slaaY



VEo N 5ol o o led (FA 093 (Ld g ey S 5ud b

(VMD) Tx

() HCP

Rx

f——s—f
Tx
Rx (HMD)
(3) PERP

(<) VCP

@ VCA
Rx Tx

o «LTVCP (0 (bl amivo o 41l HCP (il LIN-GEOFEM (slapionns Lau 55 oslital 3,50 st — o sl Sl 2 b Y JS3

- ss S LOIG 31 o)Ll b ST i ol 48 alaze 41,1 PERP (5 5 36 5 gmena 4,1 VCA (£ (o6 amio
(Y)Y LJZ:M) Las e olas Rx) Lao.)éﬁf B (Tx) [EYR VAo ST J...QELM s

(out-of-phase or quadrature-phase Q)) ()l
(g o4 S 5w 3 b 4Q 5T slis ol ol
R JC PR IR JUSPRIP- IV OE
ailate 5| Ges a3 (SO S Gbley w5 5l (AS
SIS Ly BN (Y tas e 4l b sy
Gl sSan dnlp syls ksl eks (Sl
A b S Ul Je G Lk
35 ok S okimn b alols &8 Sl0T sl F
g o 555 B L0 a T plas el
HMD LVMD &5 &yt |y o5, S 5 odinu b

2 B

Db boeadsl blie Ol oz 3 JISC
L e 5 ot b e 3l 0dipd o g (S5 SN
bl Otas ol 355 0 ) 5 S S i
25 35 GLOb sl Eol Olug - 3 4l
L a sl bl Ols LOL 2 (pl 258 00 () o
gl 25 AN bl 55 4 oS S o g
w0 pwblie Olie (Y JSKE) s (Ko e
O oS nee dhusty otd (ol
(S Al S 5 3480 e a5l bl
S s 355 0 VI (coupling ratio (CR))

s (in-phase (I)) ad> i3 95 Juld Ll sue

s ol
ey

sdalin Ol 5 o |y adsl Ol & nsy Hls sl U'<‘°’AL' e Sl Jel wﬁbw@\ﬂ}GeoFEM M:ﬁw o g 31 Solas Cj]a "JS.:-

(YN rle 5 Emis) S Cllline oukd sloml i LB 3)ls Cillinn g 56 Ole el ol ol G253 Il 3 0T ks 5 5 5



133} e 33 (S 3n dadir b GilS 3 0] 5 ) eabline SN slR0315 sum 93 a5 (5 jl w50

.J;QLﬁngil:QJf.oé.gc(b aasly) (0) g s

_5_ ks ©®)
) (1+i)

Byh e ol () daly G b Sl sy Gas

S= |2 *)
[0)TNex

23 Loget OT G5 G 03 ol @b L

by
H,
5=
-2 [—((i +18)° (G+Ds)" (G 16)° . ]
((i+1)9)z 2 8 22
V)
B
H,
-2 [—((i +18)° (G+Ds)" (G ne)° ]
(G +1)6)* 2 8 24
)

Wl sue Wl c:\,.fb‘se c:)}TﬁLIN .1:{‘/.& ASGAKJA
53 ks<<l s Sleas wml Ko ST 3 55100 4,
T a5 @ Jgl akam 55 Lais (A) 5 (V) SV¥slee

H 2
—szz1+i% @)

H, H,

0

SLiCdr o (Sile Cnd l eslizal L Jl
Jéb LSJAU’ é}g‘ &Lu) C(Q) ‘dél&a)b Jﬁf

P s

O-az 4 ZIIII{E} (\.)
ous® | H,

ok LIN G p ol Sl jie aods O son
(Y GakS V0 51 a8 iS5 (0 Cal 5 0
oS s B) QW1 3o (i plif,l 55 by oew
oA T Ll blie A3 58 (F el )
B 5 313 8 Ll ) G S e
B O el okd plowil blia b el
Oljgrs &2 (V) Jgd 55 Sl OYslae oilms
LIN Bt b s (SO bl i

3 e ale (gl Glodomy o DY slae
Ker s &S sl GeoFEM Spis (1LQ)
SO bl 4 palie pl ST Wlods 0313 dnw
g el bl 5 (6,8 g (IS Lo
S B g bl 9900 oy s (e
Gk oS LSL“V-“M:-“‘ anw g boaals! s (V440
Ol codomy OVslre opl 5 i B Jles!
S eslizal b eSS S bl s s &S 0310
L o &l Lol o1k el OVl Cu &
T 4 & Cul ol o Gblusgime oo
Jo ) 558 o awlf (So S W saer Ll s
5 sl 9988 LK 5 55 Suze Y4A
WX OLKar 5 gus 8 Y O

XY O 5 5, Yo F (gl 5,550
2 VCP 5 HCP slaw!,T ol 1y Sdscis Cuu
Lo 38 B s by (K slabes &K )
Gl > o Sest L 5 (Quasi-static) Llad
O ysed Oy s «(Displacement current) g l>-al>-

(VM Cramsn 53,05 VA 5 eSe) Cbg )

H_Z = 175z (79 + (9 + 9iks — 4k?s? — ik3s%)e 7]
"
H 2 .
H_z = is [3 + k2s% — (3 + 3iks — k2s2)e~s]
)
-m
Hy = 4ms3 )
k =\-iou,c (f)

m 56 0=4nx107 Hm" @=27f &k byl 55 o
S s T e “A@f—”’ O el (S
U blie (g pdo3 58 (glay gl w8 clulas
ombline gy ,ski8 5 S S bl of3T
4T Lgye adsl Ol Hy fopas s oz b

Al o dio0n
s 5 3l eslizmal b 1y (F) B (V) SY¥sles Ol5 o Jl>



AR KA ﬁHsY’o;L«j&f/\g;)&Wgw}&kﬁ

Ll 330358 Gas ol pen & ol LIN-GEOFEM e S sges N g

oeyY

R PG ol o83 3ok e e .,
(20 (5,5 () o5, S
0/0 =Y/VO HCP / VCP 4/A Ay EM 31 Geonics
Yo -V/e HCP /VCP % K
Te-vo HCP / VCP A Y. EM 34 Geonics
T HCP / VCP i i
Vo —/NVo HCP / VCP A28 ) EM 38 Geonics
V/o—+/0 HCP / PERP 4 ) DUALEM -1/1S DualEM
A HCP / PERP 4 Y DUALEM -2/28 DualEM
-y HCP / PERP 4 ¢ DUALEM -4 DualEM
/YO /0 HCP / VCP oYY
/0 =\ HCP / VCP AR Al CMD-MiniExplorer GF Instruments
/A =V/A HCP /VCP \VAA

slacils p o oy wll gl oS 5 edw b Slaas .Y’JS»\:‘
(YooY Oas 5 oy 5i-5,) GeoFEM
s 400 B =00 5O B () Vsl s 5,815l
S sde ol (Kl pul Cgz) Y e sl
2 023,58 Do g3 b (Mo ) pon Wl e
IR Lg,;fdbi:’-\ (J=oly S w s gl s
)‘ oslaiwl L wﬁ) clé.a/ J‘.’.) Sl ol (Bu‘ L TE)
4 (Ghbatea L) (0 shaie b b (655000 slad ke
Gy s slizal j3 &S dz 51X slal b s nXXNZ 5l
A s Sl old (G luaianS (ilods otS ol o
et L (S S GBS,
b gy 5l gk o 5 gilearnd gl b o

Slp &S Sl ol qu o ¢ (midpoint rule) gl

LIN-GeoFEM lresly ¢jlwdde ¥

9t Siledde gy N

o 5 eslial b (YY) O 5 s
iledte 1y 1y o IS SYlas 6 p0h 0
B rjlé blie gla b g5 (gdman
o) Glee Lles S # ke |, LIN-GeoFEM i,
SO Ul polie ga aliee glaesls by,
e Je sla eyl L oas i e sl (s all
doles 3 b 5 ey i SO S Sbley ol
:VMD !, (\Y)

0,(ry,12) =
16ms

——— [, Gu, (r\12). Ey, (r, )0 () d°r

WMz

\Y)

145,15 alal , HMD (gl 5 (1Y) dsles

0,(ry, 1) =
S ([ G, (1,15). By, (r,1)a(r)d®r - (\Y)

wHomy
a0 n 8 ESsbls wl s By 5 Gy sy ool 53 &S
bl o) (F Ko 5 ) G 4 LS
Sljlsy CSa T 5Ty d s e e S

sl o e ) de 5 0di S coin p OIS



o5y e 33 (S 3n dadir b GilS 3 0] 5 ) eabline SN slR0315 sum 93 a5 (5 jl w50

. 2 2
min — ||Wd (Am —al)”2 +a||Wm (m —ml.)"2
\#)
Wn s Wy LSJL“‘V-E" J::.A‘JL; o M:J)\ Jde my "y
A Jde b 2alyl g Wesls S3g e Sl O S
Sled L ile &S Wy oS Sl oyl 5 55 bm oyl o
J:-cb L e v\.?‘jksa (V%) dslxe J:- !
Y NY aSe) 598 13055 0dkd | pme il ja i 2eS
m =
m, + W tATY (AW, AT + a)71(d — Am,)  (\V)

5 by S Gl as 23055 G k8w i Wy
Sesls (gdman ngbwjiu sy (1447) df}.":"uﬁ‘

Cl ol B yme (VA) dslas &) gots bl

\A)

#2055 @b 0I5 By Jske S Dl Sla s Z

3 SHwds  rwions Wf
2> eolgiy ﬁmf\“ @t CEs )l Oleabl (gl
b s ol 6,8 ISl mb Gy GSledde
5 (1) SYsles 53 3 g0 o Jomoly I ol il
e Vbl b K Glases & s 2 (V)
4Tl ldde cpl 55 3 pd 00 dmglie oy e
5EM34 EM31 (lagz 4 Glaze VCP 5 HCP (sla
(F) K 3 ool 0 4 S 0, (Y Jsits) EM38

Db o odalin Jdae C‘“l’
Gledie o aulie T o B JSE 5167 5 sb0les

.MJ@ C)Liéb 6«:-}5‘);5 @bd@jb}&ﬁ

&3l $Sm0 f.;;"),,in <l =10

Jbs )l Jeol> LIN-GeoFEM  (laesls V-0
Jsl S sean

Il (oalgiin (S 5lo pw sSKne ;v—’iuij‘ bl s sha

anl o (YA O 5 il @ Ol 5 o 2oy S5
sl 53 (V) 5 (V) SY¥slee S 6,8 I Kl 5 8

5 ok 5 st bl 25 Jsep GB Y e

() Ol e
Oou(ry,ry) =
L7 ff{fmc (r,2). B )()d}dd
— r,75). r,1)0(r xdz
Wi, . Hy, 2)-Eq, 1 y
)
Oav(ry, 1) =
lé6ms

i { | 6,13 o) dy} dxdz
09

WHoMy,

5Y o dsb 5 sade IS iluesly b ol 4
Z 5 X sl s O0F) 5 OF) SV¥slee (olwarns
sl LT Sl pldS o Gl ) (o ile S¥oles

2
o,=A%c (\0)
Al (S S Gbley s, 0y SVl ol s oS
&y 5 Gan LHCP 41,7 ol 4 &8 ol s (5,8 o510
Y ggzs Jold 0 (sl 0ds yadein Gy L VCP 4,7
sy Slae b JS sl Ay Jao sl bl L

Sl

52 Sjldda gy Y-
|en Sl pn S Jomoly o b 31 (3l sSinn 13
gl oos ady Jue sk e (abu\ 1305y el
e bl (Ko Glases due 5 (Gl S
wks ¢, S oill gl S S la bl Law e
(Sess b 2l sl b
«hyls  LIN-GeoFEM  (slaesls L;)'wa;#
oshien (il L LE 5 LSSeus
@ladd (gl 31 mals b oS ol 51 6,8 sk
Sl bl i oo glo bl Jlo b5 8 o (3 ne
Eb 058 @S L) gl 5 Ay (S S
3 Ogsd) Lsd oo o (V7)) dslas )5 392 g0 Couta

(\*W CM‘)T



\“'\}3\1‘?0)&&5\"/\0)5:5@33@&}&% o8y

Ly, VCP 5 HCP laalT I Cand cpl o
5> oki S5 (EM38 5 EM34 (EM31 (glagz
Al ol b osls Cbls  (g5luand gl ) Jgd
0 e ys Sldaline gbaesls .l athy HS 4 e Ve

.A.;‘a-\.fb o)‘: QL&.’

B o) e YFO) Ll et oK Jels Jue
polie sldbes S e Y0 Ges 3 @ly (e
ki osliel (o o) e V1) Kes
93 53 sgiie ol (om0 5 QIO b SK8)

el ki b (Yex00) (56 5 (OrxY+) Bl I

1

1.1
=©~VCP-Ana
=©~VCP-Int
—#-HCP-Ana
~#% ~HCP-Int
1.05 4 H
~~
g
=
w2
£ ! k
~
<
8]
0.95 1
0.9 -+ T 1 1
0 5000 10000 15000

Frequency (Hz)

V) 5 (V) &Nsles 53 350 50 (ANA) ows el ;5 (IND) sy 55 (530 (5,870 e sy 5,080 (5T d e 51 ol =k .iJS.fv

mS/m
330

-200
-400 -300 -200 -100 0 100 200 300
Distance(m)
)
0 7 (mS‘m)
20
-10
18
Ea '
»
14
-30
12
-40 10
-400 -300 -200 -100 0 100 200 300 400
X(m)
(&)
0 "JHI!S m)o
20
-10
18
g 16
Eo
”
14
-30
12
40 10
-400 =300 =200 =100 0 100 200 300 400
X(m)

mS/m
330

170

130
90
& ™
-200 10
-400 -300 -200 -100 0 100 200 300 400
Distance(m)
()
0 o (mS‘m)
31
5
2%
10 25
-15 2
B0 1
»
25 16
30
13
-35
-40
-400 -300 =200 -100 0 100 200 300 400
X(m)
(&)
0 o (mS‘m)
~ 31
-5
2%
-10 25
-15 22
B0 10
»
25 ‘16
-30
13
-35
-40 \
-400 -300 -200 -100 0 100 200 300 400
X(m)
(&)

s 54 VCP A.Qbiélj?ljl Jol ol sUl, pslie (&5 (G ol Je (5 (Wl o seme J 51 ol laesls (g5l o Sae .OJS.Z

Cad 3 35230 Jdo S35 5 o 5o HCP qijé\ﬁlj Jol= ol LUl alie (C}(;u (o 5 (W Cand 53 5550 e S35 5

(o 5 (A



858 v 33 (Fyn dadizr b LilS 305 g ) el g SN slaosls um 93 s (63l 5Kaa

e S I S SRS - S S
2y sk @l Llg e Olls (il S
ST ] P LG | P

3053 @b U5 e ol Gl San g )
ol HlMas L g sd 50 (pl 5 ol ol SBIY )
Coldal (gl epslwslie glaesls (3lu wsSas s
L Ol Jue 013 5 il o sl s les s
SV o Kl 55 ol & A2 Jole 1SS Sl )
ol 53 eSS ol men Lol Sl 2, S
Sas bl s Gl S 0r S
Wl T Y 5 aphe ambee LS 5k
S5 Al SIS e s Sl S
D g duwloes

mS/m
300

140
100
N
60
20
-400 -300 -200 -100 0 100 200 300 400
Distance(m)
()
mS/m
0 300
140
' 100
é -100
N
60
-150
-200 20
-400 -300 -200 -100 0 100 200 300 400
Distance(m)
(&)
mS/m
0 300
140
100
£.100
N
60
-150
-200 20
-400 -300 -200 -100 0 100 200 300 400
Distance(m)

Sysots VCP 5 HCP 4T L Lo e laesls
5 Llodd (ilw wsSan ulp syl Ollg 5 3,
sdalis Olgi e () JS& 55 1) T & bype oblis
Bl O ogs e M S Hbola S
Sl 55 a3 skt e oS 5 (sola s
5 oSl s b3l GlerSae we p 3 b
& o b dm Boedd e3) i (Sl
Gldae ol s bl tcwl K5 ol Jde Sl
s HCP (glaosls L;jl.wwj.iau Aoy o B4 osae
D8 e 1y Bl s B i o3 VCP
ol T Sl rsby 4 padsn ol S o
bl o o3linel 3550 hee (23055 mB 35 5 02
bl Sl (aiS Guan & GbaT 1wl

mS/m
300

Q I )

100
60
I 20

400 300 200 -100 0 100 200 300 400
Distance(m)
()
mS/m

300
140

1100
I 60
20
mS/m

300

O l 140

* 100
I(.n
20

Z(m)

-400 -300 =200 -100 0 100 200 300 400
Distance(m)

()

Z(m)

-400 -300 -200 -100 0 100 200 300 400
Distance(m)

(&)

G 2 oin VOP el sl 51 ol oas bl (S0l bl alaie (05 (Gl gl o sme Jae 51 Jols slaasls (53lom sSian A JSK3
HCP )7 sl bg e slsesls (g3le o sSre 51 Jool ot b5k (S50 L, e (& 5 (G (o 5 o) IS5 s spmsm Jke
by slaesls Ol (53lamsKae 51 ol ot sl (S SU By shae (7 5 (& (0 5 C0) S5 s 3550 Je (55 2 o i

(o s Cl0) JSa 5 53 3 3n e 555 2 o 50 HCP 5 VCP il (sl 1 &



AFe }3\15?0)@5\"/\0)3)5\.\&33@5}&%

nsaslie Gy O (Soibss il sl i)
B S a5 bl 5 S
A Gl el moly Sl ol bl ol s
EM34 EM31 5 Slhes ulul » VCP 3 HCP &|,T 55
(@ Vs (V) b JSKe 55 () Jsi>) EM38

odalin o5 )}ladl.o.ﬁ NG PRV aA:.if SRR
slesls Jols HCP &),T | Juol> dajuu Ssh
SHilay ) e Sl FeSa 8 6 al Suasl,

s

ass

Juws 3l Jel> LIN-GeoFEM laesls .Y-0

9> &y
Gl b Sl S S il
Sn labes & 3 bl ki Sl Jels
Sy XYY oL
Jbe ol (Y ) 5,8 e S sl
Col Sglane (golmia o A Jola &Sl s

I3 dee oI5 ,)

S g s s Sdomy S5 ojlul 4 g

Sl s b cwle Gl psSan slapn S

mS/m
50

40
30
B
N 20
5 10
-150 -100 -50 0 50 100 150
Distance(m)
()
(mS/m)
0 ”.l m ll'g
13
10 12
1
E-20 10
w
9
30
8
-40 ;
-150 -100 50 0 50 100 150
Distance(m)
()

o (mS/m)

-30

-40

-150 -100 -50

0
Distance(m)

()

13

9

Sl bl émw (& (ol Jde (A £33 Fyeas Sl G55 LIN-GeoFEM SLapts @l 5l Jool slaosls (5luans .VJQ&

3o dde 55 » VCP wl)T ol 2 5l ol (S0 L hioact (o Ll Cand 53 54250 dko g5, » HCP bl gl ) Jol-

(A s



a8y

ol L)) oy B 4 o 5 Lilodd (LSl (2554
rsose (o) OLEar 5 oy ) Je ol (gl
ol g

b Las e laosls &7 oin 35 0 5l S bolen
Sl sSae Ll )1y Ol Sy pon 4T 55 2
23wl 4 8 Sy g gslia o obL cdileds
> Slos 0 iSOl 7505 4 0kd b3L alaie oyl Al
el (3l (5l 5Se 025 SN 5l
2N gl e an ja gl 5lepkaie byl olia
25 Sl 035 los 5 4 a5 by Sl ol 8 8 L
@8 55 Y 4l T 6lp (#3055 g Oly (orlas
ISP L an o 3 GlegmsSae dul b s

RGN PR B (alz.s‘

B
N
-150 -100 -50 0
Distance(m)
()
B
N

-150 -100 -50

0
Distance(m)

()

v 33 (Fyn dadizr b LilS 305 g ) el g SN slaosls um 93 s (63l 5Kaa

ERCEL ;v%uiﬂ S eslizal b (g3l sSae
Soges VCP 5 HCP wl)T L Ly e laesls ),
Q) 5 (A) 5 (A sla Ko 55 Olel s 5 5 i
Slaesls 1 eds (g3lajly alaie 53 el adalie LG
RO SRS R SPRISTEINYe SR
U3l L sk Ll Wleds 3L o b
=S EaheSKSE ) s oling s Sl el
G OT has als 5 331 O &5 L p Sl Lls, 5
alie )3 Cald ol Je 4 Jud 6 i 2
5 o in g edh GLOL phie L O an
) Gl San 02, S (5 o(Fe0)) O
s sSan e )3 S o by Wl ol s ol

Sobea g Ller o HCP 4l,T slaosls I ol

mS/m
oy

9

50 100 150

mS/m

50 100

150

6jbwjin 3l J..al> ol sbsk u.(;d:ﬂl bl Ca,u () (D) Jb/w: 03 3 pd Fgeas Je J..al> slresls é}bw)&u ./\JS.Z
Sl S Sl ol s sl (SGSIE Ul C]a.ﬂ.a (o (DY) IS 55 53 5550 s 55, 2 VCP wl)l Sl by e glaesls
(.Jl—V)J&i): 23 35 50 e L;))J.;HCP mﬂlj Sl o by e slaesls



\“'\}3\1‘?0)&&5\"/\0)5:5@33@&}&% OSA

-150 -100 -50

Distance(m)

50 100 150

JSKe 55 55 5e Je 55, » HCP 5 VCP Tl Gl 4 by e slaesls ;)Lsif’ 03 S p T W PN R vy P gt | jbb)dab.ﬂ‘}g.&"

el odd lrals Kl S e 4 S 5740 m
b e Sl o 4 @SSl cad Yol ol ol
wlin L) bl dzea e HCP 4f)T LQL“'C“‘L-'.
e o) 3 5yl Wesls Jl= 403 VCP 4T 6‘*'@“‘&.
OF) UKo 55 0dd 5bib Jibe s oo (S5l o Sne
et S5l G Sl Jte ol el o o3l O
9 Sl ol ij;r c,a.—:)‘ 45\:4»‘4‘ gfl’.’-"-'- &L‘Lﬂ)b
(opl pogde s yls slazel (6 ze VAL BAY I 88l sba
o3 el i Jde G e i Sl
oaiia Besls b gad Sl G S Dok fadse

il o

LN\

Drakensberg
Mudstone Volcanics
siltstone [ stormberg Group

claystone »€{ | Beaufort Group
Sandstone [] EccaGroup

shale - Dwyka Group

l

(V)

39 LIN-GeoFEM (slaosls .¥-0
4 by Caud pl 5 LIN-GeoFEM  (slassls
(it SUIs & (555 1 4 ol EMS34 oK
b s sl 3T o i shash 4l )3 0 set Gl
Cals padkale Cumd ge Llods Cils 5 20 0 Ll alols
Llodd onls Lisled VoSS 3 wld e 4iE
O st 5 S anle iz aibte cacKin skes
olinas (Y017 a5 5 b5 le) (1 JSK8) il o
lodd s W IS 3 g pl UL, ol
VCP &l,T 5 ol S obley polis J5li>

sy 4:7-;\ ad e F SSls Cond g0 é:j BR)

Johannesburge

26° S

Southern extent
of dolerite
intrusions




854 e 3 (F s dair b il 8 0 g (han ) uibliin 5,801 Sla0315 Sulm 93 a5t 5l o $San

6,805,000
6,800,000
6,795,000

6,790,000

Northing (m)

6,785,000

6,780,000

420,000 430,000 440,000 450,000 460,000 470,000
Easting (m)
)

Sloolsale sal gy L s slaesls Coils py adhaie Coadge (O (VYT O 5 SIS6s) uils y adete iy 4l () .\'Jﬂ.ﬁ

A (mS/m)
62

0 50 100 150 200 250 300
Distance(m)

()

0 50 100 150 200 250 300
Distance(m)
(o)
() s Sy o Gl AT 5 o 4l 53 45 s ol o 535 EM-34 o8es 4 Ly JLIN-GeOFEM  slaasts 1Y JS3

HCP w5 511 5l Jol (S S0 bl saoad (< VCP wlT gl 5 ol (Sl by whadeacs
Sl gl (YY) (6 5 Y baw g (oalgitin i (ilepiie el i (Gl sSas Al b gl
Sl e mbline glaesls  (le e sSe s ,vcv%;@u,lﬁaw,@@aoj,dm\j



VEo N 5ol o o led (FA 093 (Ld g ey S 5ud oY

B

0 50 100 150 200 250 300
Distance(m)

P L;Lilj.éi)a orsha sk 4L 55 HCP ,VCP Ai])TA{Lff Slresls QLABJ 3| TR O ) W P - g vy P g | &Ub)dab.\"‘)ﬁ

) @36 5 (B ) site 5 1SS Sl 4> L HCP
QLls Gl sSan 4 51 wiS o bl e
21y 85k s Ll 5o HCP 5 VCP laosls
LSRR £33 &5 Jde .S LL5L IS Il
GLabos &S5 55 bloy it slgr Jold 5 ol ooy
3 el et il plaie > S sl (Ken
s,i 5 VCP al,T glaesls 3 a0 (g5l S
250 03 bosgas (o fland o5 54 HOP (slaesls
Wl pl b tilaedls [y mls oSS 8 5 (o6 (sla) e
@t HCP 5 VCP (laosls Obl s (3l m s
sl s A e el 1y ok
SRS s (23055 B 015 S e (65l Sine
Gl msSas 53 (oolgiin lie L oS Col el
yls Cdilas (gles 5 Coldal (5l s 03 sCwnglie (slassls
2 S ol EM-34 oSaws 4 by e als slaesls
S AT 53 sha gl 4l )3 o &Kl & (5
015 S5 (Gl sSan il p Llonk CBl st
4 o ol S Gl ol b e
5355 Fa S e gl J S e 5L b
ab Ol Asbie e WA B 0T b 028
Loy oolgiiy Hlie b & Libe ¥ des (23055
Gl msSas 53 ESKls @l (YY) b 5 S

sl Sl i bl (glaesls

&St 5
Sosls (suasss o (6 5le p sSKae CJL adlae ol )3
F s dader b S 0 fan) ueblie s iS5
bl o 0315 anw g5 &S S el sde 03 gdmen >
Slobl BB (stass Sble omy S ol 51 osliz
gl oy sea¥ (S bl oy Sl
Sglite (alde) Ll b bdeos plsl 53 o)
N R S PNCT AP PN [RRPE N 1
Ll ol oslg W e gk oledde &S
S50y 5t e 51 dm g3 55 o JI Kl dslas
Joely 3l eslizul b 5 ous 4 § L5 4 LIN-GeoFEM
3 sSae dls o (S ¢ s Sl 0l o (5308
4 o (§ilupkite ol 03ls 05y Dlas oy aST Jomol
5 S e p ke jsliten es 83055 A ol e
o3kl (Cudly o 4 o) Ker 5 Ol S)IULL
T T VI T YGRS ROV S
dib oa SIS US55 0T leslizul 5 sl JSS 5 S
ol 02 S5 58 o0 Slilone S 3 s Eoly o
5 Bl emiopr GlalT Oblg 5 3,de S 55 5o
S Jyl psees Jde syls SIS BB i
2 @ls @565 (Bl - 3 Bl y ) sin &5 Jols
Siledds ol 53 il Kan pslie slides oS
VCP (slrosls (g5l wsSKan a5y oo i & o siuze



avy e 33 (S 3n dadir b GilS 3 0] 5 ) eabline SN slR0315 sum 93 a5 (5 jl w50

Aster, R. C., Borchers, B. and Thurber, C. H.,
2018, Parameter estimation and inverse
problems, Elsevier.

Brosten, T. R., Day-Lewis, F. D., Schultz, G. M.,
Curtis, G. P. and Lane Jr, J. W., 2011,
Inversion of multi-frequency electromagnetic
induction data for 3D characterization of
hydraulic conductivity., J. Appl. Geophys., 73,
323-335.

Beamish, D., 2011, Low induction number,
ground conductivity meters: A correction

procedure in the absence of magnetic effects, J.

Appl. Geophys., 75, 244-253.

Callegary, J. B., Ferré, T. P. and Groom, R. W.,
2007, Vertical spatial sensitivity and
exploration depth of low-induction-number
electromagnetic-induction instruments,
Vadose Zone J., 6, 158-167.

Cavalcante Fraga, L. H., Schamper, C., Noel, C.,
Guerin, R. and Rejiba, F., 2019, Geometrical
characterization of urban fill by integrating the
multi-receiver  electromagnetic  induction
method and electrical resistivity tomography:
A case study in Poitiers, France, Eur. J. Soil
Sci., 70, 1012-1024.

Cella, F. and Fedi, M., 2012, Inversion of
potential field data using the structural index
as weighting function rate decay, Geophys.
Prospect., 60, 313-336.

Dentith, M. and Mudge, S. T., 2014, Geophysics
for the mineral exploration geoscientist,
Cambridge University Press.

Deidda, G. P., Himi, M., Barone, 1., Cassiani, G.
and Casas Ponsati, A., 2022, Frequency-
Domain Electromagnetic Mapping of an
Abandoned Waste Disposal Site: A Case in
Sardinia (Italy), Remote Sensing, 14, 878.

De Kock, M. O., Beukes, N. J., Go6tz, A. E., Cole,
D., Robey, K., Birch, A., Withers, A. and Van
Niekerk, H.S., 2016, Open file progress report
on exploration of the Southern Karoo Basin
through CIMERAKARIN borehole KZF-1 in
the Tankwa Karoo, Witzenberg (Ceres)
district. DST-NRF Centre of Excellence for
Integrated Mineral and Energy Resources
Analysis (CIMERA), University  of
Johannesburg, South Africa.

Elwaseif, M., Robinson, J., Day-Lewis, F. D.,
Ntarlagiannis, D., Slater, L. D., Lane, J. W.,
Minsley, B. J. and Schultz, G., 2017, A
matlab-based frequency-domain
electromagnetic inversion code (FEMIC) with
graphical user interface, Comput. and Geosci.,
99.61-71.

Gomez-Trevifio, E., Esparza, F. J. and Méndez-
Delgado, S., 2002, New theoretical and
practical aspects of electromagnetic soundings

&

at low induction numbers, Geophysics, 67,
1441-1451.

Gomez-Trevifio, E., 1987, Nonlinear integral
equations for electromagnetic  inverse
problems, Geophysics, 52, 1297-1302.

Gomez-Puentes, F. J., Pérez-Flores, M. A.,
Reyes-Lopez, J. A., Lopez, D. L., Herrera-
Barrientos, F., Garcia-Cueto, R. O., Romero-
Hernandez, S., Solis-Dominguez, F. A. and
Martin-Loeches Garrido, M, 2016,
Geochemical modeling and low-frequency
geoelectrical methods to evaluate the impact
of an open dump in arid and deltaic
environments, Environ. Earth Sci., 75, 1-14.

Li, Y. and Oldenburg, D. W., 1996, 3-D inversion
of magnetic data, Geophysics, 61, 394-408.

Makhokha, D. and Fourie, F., 2016, A systematic
approach to the interpretation of conductivity
anomalies across intrusive dolerite dykes and
sills in the Karoo Supergroup, MSc thesis,
University of the Free State, Bloemfontein.

Matias, M. S., Da Silva, M. M., Ferreira, P. and
Ramalho, E., 1994, A geophysical and
hydrogeological study of aquifers
contamination by a landfill, J. Appl. Geophys.,
32, 155-162.

McNeill, J. D., 1980, Electromagnetic Terrain
Conductivity Measurement at Low Induction
Numbers, Geonics Ltd., Technical Note TN-6.

M'endez-Delgado, S., G" omez-Trevi "no, E. and
P’erez-Flores, M. A., 1999, Forward
modelling of direct current and low-frequency
electromagnetic fields using integral equations,
Geophys. J. Int., 137, 336-352.

Menke, W., 2012, Geophysical data analysis:
discrete inverse theory. MATLAB edition,
Academic press.

Minsley, B. J.,, 2011, A trans-dimensional
Bayesian Markov chain Monte Carlo
algorithm for model assessment using
frequency-domain  electromagnetic  data,
Geophys. J. Int., 187, 252-272.

Santos, F. A. M., 2004, 1-D laterally constrained
inversion of EM34 profiling data, J. Appl.
Geophys., 56, 123-134.

Monteiro Santos, F.A., Triantafilis, J., Taylor,
R.S., Holladay, S. and Bruzgulis, K.E., 2010,
Inversion of conductivity profiles from EM
using full solution and a 1-D laterally
constrained algorithm, J. Environ. Eng.
Geophys., 15, 163-174.

Nyquist, J. E. and Blair, M.S., 1991, A
geophysical tracking and data logging system:
Description and case history, Geophysics, 56,
1114-1121.

Oh, S., Noh, K., Seol, S.J., Byun, J. and Yi, M.J.,
2016, Interpretation of controlled-source



\f'\ﬁka\'gb&)s?/\b;}b&b&j}&,&j&{}} ovy

electromagnetic data from iron ores under
rough topography. J. Appl. Geophys., 124,
106-116.

Orozco, A. F., Ciampi, P., Katona, T., Censini,
M., Papini, M.P., Deidda, G.P. and Cassiani,
G., 2021, Delineation of hydrocarbon
contaminants with multi-frequency complex
conductivity imaging, Sci. Total Environ., 768,
144997.

Pérez-Flores, M. A., Méndez-Delgado, S. and
Gomez-Trevifio, E., 2001, Imaging low-
frequency and dc electromagnetic fields using
a simple linear approximation, Geophysic, 66,
1067-1081.

Pérez-Flores, M. A., Antonio-Carpio, R.G.,
Gomez-Trevifio, E., Ferguson, I. and Méndez-
Delgado, S., 2012, Imaging of 3D
electromagnetic  data at  low-induction
numbers, Geophysic, 77, WB47-WB57.

Perez-Flores, M. A., Ochoa-Tinajero, L. E. and
Villela y Mendoza, A., 2019, Three-
dimensional inverse modeling of EM-LIN
data for the exploration of coastal sinkholes in
Quintana Roo, Mexico, Nat. Hazards Earth
Syst. Sci., 19, 1779-1787.

Parnow, S., Oskooi, B. and Florio, G., 2021,
Improved linear inversion of low induction
number electromagnetic data, Geophys. J. Int.,
224, 1505-1522.

Sasaki, Y., 2001, Full 3-D inversion of
electromagnetic data on PC, J. Appl. Geophys.,
46, 45-54.

Sasaki, Y., Kim, J.H. and Cho, S.J., 2010,
Multidimensional inversion of loop-loop
frequency-domain EM data for resistivity and

magnetic  susceptibility, Geophysics, 75,
F213-F223.

Selepeng, A. T., Sakanaka, S. Y. and Nishitani, T.,
2017, 3D numerical modelling of negative
apparent conductivity anomalies in loop-loop
electromagnetic measurements: a case study at
a dacite intrusion in Sugisawa, Akita
Prefecture, Japan, Explor. Geophys., 48, 177-
191.

Spies, B. R. and Frischknecht, F.C., 1991,
Electromagnetic sounding. Electromagnetic
methods in applied geophysics, 2(Part A),
285-426.

Sudduth, K. A., Drummond, S.T. and Kitchen,
N.R,, 2001, Accuracy issues in
electromagnetic induction sensing of soil
electrical conductivity for  precision
agriculture, Comput. Electron. Agric., 31,
239-264.

Tikhonov, A. N. and Arsenin, V. Y., 1977,
Solutions of ill-posed problems, New York 1,
487.

Wait, J.R., 1955, Mutual electromagnetic
coupling of loops over a homogenous ground,
Geophysics, 20, 630-637.

Ward, S.H. and Hohmann, G.W., 1988,
Electromagnetic theory for geophysical
applications. Electromagnetic Methods in
Applied Geophysics Society of Exploration
Geophysicists, Tulsa, Oklahoma. 131-311.

Zhdanov, M. S., 2002, Geophysical inverse and
regularization problems. Isted.: Elsevier
Science B. V.

Zhdanov, M.S,, 2009, Geophysical
electromagnetic theory and methods. Elsevier.



ave e 3 (S gn daiz by WS 0] g n) eabline g U1 laosls ik 93 o5 (sl 5K

ol o 1)1 F B Y gladdslas 55 pbline o 5 eSKsbls L S laoli

. ] M)

3 J
|r r2| |r r2|

1
GHZ(rarz)_4_|:

2 2
G (= Lzt 2y 2Er )
,0 |7’ ”2| P ,02|r r2|
Z+h y y2 ] (Y)
,02|}" rz

[(x x,) y )6){ 2(z+h) (Z+h)ﬂj
pl plr=n| =

_ opym, {_(y—yl) : (x_xl) } )

3l+ 3]
r=nl" =

Ey (r,r2)=% Lz— ZZ+h _2(y—4y1)2 +2(Z+f‘)(y_y1)2
y an || o7 pllr—n P prlr=n
1 1 1 1 1
2
REEDESY ]l. .
P |r—r1|

+[(x—x1)(y—yl){i_ 2(z+h) _(Z+h3)ﬂj}

2 2
PP |V_”i| |I”—}’l|



Journal of the Earth and Space Physics, Vol. 48, No. 3, Autumn 2022, P. 4

2D Linear inversion of ground-based controlled-source electromagnetic data under a
low induction number condition

Ghari, H."" and Varfinezhad, R.?

1. Assistant Professor, Faculty of Mining and Metallurgical Engineering, Yazd University, Yazd, Iran
2. Ph.D. Graduated, Department of Earth Physics, Institute of Geophysics, University of Tehran, Tehran, Iran

(Received: 19 Dec 2021, Accepted: 4 Oct 2022)

Summary

Low-induction-number frequency-domain geoelectromagnetic (LIN-GeoFEM) instruments are ground
conductivity meters that use a small coil transmitter (Tx) and one coil receiver (Rx). This coil—coil
system is designed to propagate alternating electromagnetic fields through the earth at small Tx—Rx
separations and low frequency and receive the EM field coupling in the shallow subsurface to provide
direct measures of the apparent electrical conductivity. This measured property is a complicated average
of spatially distributed localized electrical conductivities in the subsurface. Instruments capable of
operating as LIN FEM instruments include the EM38, EM31, and EM34 (Geonics Ltd., Mississauga,
ON), the DUALEM instruments series (DUALEM, Inc., Milton, ON), the GEM instrument series
(Geophex Ltd., Raleigh, NC) and CMD series (GF Instruments, s.r.0.). The Tx and Rx coils can be
oriented relative to each other and the earth's surface. Orientations considered in this study are
horizontal coplanar (HCP) (both coils lie flat on the ground) and vertical coplanar (VCP) (coils are
upright and coplanar). The range of LIN FEM instruments applications for environmental and
hydrologic characterization and monitoring is large and increasing.

The LIN-GeoFEM applications are industrially feasible as long as there is a reasonably fast algorithm
that is accurate enough to invert the survey data. Furthermore, forward modeling plays a key role in the
inversion procedure. The linear integral equation (IE) method is a powerful tool in EM forward
modeling for geophysical applications, especially for simple background conductivity structures. The
main advantage of the IE method in comparison with the finite difference (FD) and finite element (FE)
methods is its fast and accurate simulation of the response for models with compact 2-D or 3-D bodies
in a layered background. The main limitation of the IE method is that the background conductivity
model must have a simple structure to allow for an efficient Green’s function calculation. Fortunately,
the most widely used background models in LIN-GeoFEM explorations are those formed by
horizontally homogeneous layers. A main issue is that the EM field integral equation is nonlinear.
However, an approximate linear equation is obtained for the electromagnetic induction at low induction
numbers using the Born approximation. A 2D forward modeling code for LIN-GeoFEM is developed
based on the integral equation (IE) method. Here, a linear relation between model parameters and
apparent conductivity values is proposed. The 2D problem is obtained from 3D using numerical
integration along the y-axis (strike direction) from minus infinity to infinity. So, the linear
approximation is applied to the 2D inversion of LIN measurements. We use a damped minimum length
solution using depth weighting to solve this problem iteratively. Thus, we obtain a better estimate of
conductivity in a few iterations. Using this 2D linear inversion or imaging technique, we can produce
reasonably good results of inverting jointly and individually VCP and HCP for low and moderate
conductivity contrasts.

To validate the algorithm, we consider two 2D synthetic scenarios and field data acquired on a thick
conductive dyke in the Bloemfontein Nature Reserve region in South Africa. The first synthetic
scenario consists of one 3 Q.m conductive horizontal or vertical prism immersed in a 100 Q.m resistive
host. In this example, the recovered models from the inversion of the HCP (VMD) and VCP (HMD)
data show good results for the vertical and horizontal prism, respectively. The second scenario simulates
four 20 Q.m conductive vertical and horizontal prisms in a 100 Q.m resistive background. The
recovered conductivity from the inversion of the VCP data has the weakest results, especially in the
case of vertical prisms. In the conductivity section from the inversion of HCP data, the existence of the
four anomalous bodies is evident. However, the image obtained from the joint inversion of HCP and
VCP data has generated useful information about the true model in all recovered models. The result of
jointly inverting VCP and HCP field data confirms the presence of the dyke as a zone of low
conductivities.

Keywords: Low-induction-number frequency-domain geoelectromagnetic, forward modeling, linear
integral equations, joint inversion, depth weighting.
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