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Abstract

Introduction: Electromagnetic methods are widely used for the study of subsurface
resistivity structures. These methods are based on the response of the subsurface
structures to electromagnetic fields. Figure 1 shows the basic principles of
electromagnetic techniques. A transmitter (coil) is used to produce an electromagnetic
field, which then induces electrical currents in electrically conductive material. These
currents then generate a secondary electromagnetic field that can be detected at the
ground surface using a receiver coil.
Electromagnetic exploration methods are divided into two categories:
1- Electromagnetic methods with controlled source which use local transmitters as a
source of electromagnetic waves
2- Electromagnetic methods with natural source which use earth electromagnetic fields as
a source.
Maxwell equations: Maxwell equations in frequency domain are:

VxH=J+iw (1)
VxE = —iwB )
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VD=p (3)
VB=0 (4)

Where E is electric field (V/m), B is magnetic induction (T), D is electric displacement
field (C/m?), H is magnetic field (A/m), J is electrical current density (A/m?), ® is angular
frequency (Hz) and p is charge density (C/m’). In order to use Maxwell equations, we
need to consider constituent equations which are as follows:

D=¢E (5)
B =i (6)
J=0oE (7)

Where ¢ is dielectric permittivity (As/Vm), p is magnetic permeability (Vs/Am) and ¢ is
electrical conductivity (S/m). Therefore, Maxwell equations can be written as

V xH— (0 +iew)E = 0 )
VXE+ipwH =0 9)
VE=p/e (10)
VH=0 (11)

After solving the equations and imposing quasi-static assumption, pew’ << pow , we have
diffusion equations (Ward and Hohmann, 1991):

V’E — ipowE = 0 (12)

V’H — ipowH = 0 (13)

Plane wave impedance in a homogenous medium: Cagniard (1953) noticed that the
complex impedance of the electromagnetic wave in a homogenous medium is
1/2

wp, B B

7 = =2 =——"=

kK H H

TN

o

V/m
A/m

ohm

(14)

As a result, apparent resistivity and phase are acquired by the following equations:

2

1 p 1 |E,
p=—pf =L |Ex (15)
Wi, Wi, Hy
7; 0logp.
= —(1—-— 16
o= alogT) (16)

Where T is the period of the signal.

Impedance Tensor and Tipper vector: Cantwell (1960) shows that horizontal electric
field components (E,E,;) and vertical magnetic component (H,) has the following
relations with horizontal magnetic field components (Hy,Hy)

E, H, 17
E,| " H, (a7

H, =T" i, (18)
zZ Hy
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Where Z = is called impedance tensor and T = (A,B)" is Tipper vector. A and

B are the complex components of the Tipper vector.

2D Transfer functions of the plain wave and mode decompositions: In a two
dimensional model, we consider TE and TM mode which are defined as follows:

TE (Transverse Electric) mode: In this mode, the electric field is parallel to the strike
and current flow through x direction. Because of the continuity of the transverse
component of the electric field, there is no charge accumulation in the interface.

TM (Transverse Magnetic) mode: In this mode, the magnetic field is parallel to the
strike. In the interface, electric charges pile up which causes to the discontinuity of the
electric field.

Anisotropy: Geological formations with distinct layers of sedimentary material can
exhibit electrical anisotropy which means electrical conductivity in one direction (e.g.
parallel to a layer) is different from that in another. In an anisotropic medium, the electric
field and conductivity have the following relation:

J X O—XX OXV O—XZ E X
Jv = O-vx O-VV O-VZ Ev (19)
J o o o ||E

z zX zy 77 z
In a 1D layered anisotropic medium, impedance tensor is obtained as:

0 Z

t

—Z 0

n

7= (20)

Y .. . . W
Where 7 = g impedance tensor perpendicular to the strike and Z, = k“o

n t
impedance tensor parallel to the strike.
3D plain wave transfer functions: To find the dimensionality of the medium, one
method is using Skew parameter (Reddy et al, 1977; Ting and Hohmann, 1981; Li and
Pedersen, 1991). Swift (1967) defined Skew parameter as

18

Zxx + Zyv
Z y - va

S = (21)

X;

Which is invariant. The other invariant parameter is the determinant of the impedance
tensor called effective impedance (Li and Pedersen, 1991):

1/2

Z.=2.7 -717

xxyy xy T yx

(22)

The advantage of using determinant data is that they provide a useful average for all
current directions. Besides, no mode identifications (TE mode: current parallel to strike or
TM mode: current perpendicular to strike) are required, statistic shift corrections are not
made and the dimensionality of the data is not considered (Oskooi, 2004).

Key words: Maxwell’s equations, Impedance tensor, Tipper vector, Anisotropy



VYAV ¥ o5l oFF 093 clab 5 e ) ¢ 5 dlaea e

Sgh oo Ll s (eddy current) _ioes OL

a8 S sl 4 5 Gle 55 L5 4 0L !

Ol u,u,:f Joee 5> ) 0 c]a,u 4 o) S

sl Ole b OT Al b 5 355 0 (5,8 o500

sty pebaw ) slle 4 ) SN Ol

23,87

] 35 55 & eebliag U Gl s,

s

5 SO gl 10T 53 oStk g o)
Slbsbe (nn Gl o) b (oblae
25 g oalinnl (oo

4 Jowe glaodizn g ol 45 &S N o -Y

b g o3lital cubline s SN sl 5 e Olgs

dadde
gm0 s osbe bl S Gl s,
S5 eslimal g by geslis (clajbsle
25 Sl el ol o s ol 8 e
szl pwbline g S GOl Lzl 4 S
Ol 1) pmblian s S Slidios NS ol VS
(primary field) aJsl Ol (K& Gollas .das o
5 oen ey STy o 0,8 4 ol b 5l Lasitene
sdalive G0l o Sl il Bl S S b 5
5 Bl dalgs sy el JFID L gl 3 0dd
P e AT P ] KW IRLIN & J] I VPR o7
dal g aalS (s el SV Ole 4y Cod) 5550 o0
R e ™S 55 ¢SS 51w

G o ) b litn g 2SI Oldin pubolinn 44 30

Primary Field e

Secondary Field — ~— -~— ——— —»

—>

Eddy

‘\\
Receiver
A

~ /
\
)

088 (S5 5 68) Lommibline s Sl Sl IS Jol WV SKS



o el S ST ola B 4,55 5 69,0

EVslre ol S o T 31,0 5 5 g line  a3eSS
S T Ol oo clilodeT sz (g 25 ol ol
fen (Vslae ol (b ol Ls ST O sl Bl
(macro scale) L4 Gy b lie s 2SI slaot oy
..L'Jﬁbdﬁ CJ..'Z: ‘)
BU JpeSle OVslee 5 oeslinal sl 4
Ly ol b 8 i 55 (SaS Lty (slas sazes
Jf\..x;.f@ u;ﬁﬁ)éu})@‘) L,ls 516 aw
cv.:f u.pj& (iSOtI'OpiC) :J,iw E) G]é} B) .)a._::u

Chs 5 Doge 4 bl S 5 (SaS Ly,

Py
D=c¢E )
B=pH (Vo)
J =0k ()

(dielectric permittivity K Slgs 23,8 €
magnetic )  wblas  olsl; p «(As/Vm)
S bl o 5 (Vs/Am,  permeability)
b eslael L .ol (S/m, electric conductivity

25 Sose 4 JeS e SV¥slee (V) B (0) Vsl

g g 2 g5
VxH—(0+iew)E =0 (aY)
VXE+ipwH =0 (\¥)
VE=p/e (%)
VH=0 (\0)

boogde o ub olsls 5 0,8 0T p5 o8
bos Ls S &, (V48Y) g 55505 & plin il
(impedivity coefficient) (5, 8L o b (S,
(admittivity coefficient) 2,4 s 2 3 7 = ipw
olw p5 Syt Q) 5 A) SV¥slee § =0 +iew

s

VxH-yE=0 )

25855 33 53 oblinag 1S sla gy imen
s s
Time Domain EM ) 0L 53 ;5 EM la i, -
.(TDEM) or Transient EM (TEM)
Frequency Domain ) delus & s> ;3 EM sla_55,-Y

.(EM (FDEM) or Plane Wave EM

JsSle V¥sles ¥
SVslan 3l (gublines sSI laosdy das &8 ol s

:(144) LN})J‘)) .«U}fh@ 4.‘;&‘,;

VxH—(oc+iew)E =0 )
VXE+ipwH =0 Y)
VE=p/e¢ ()
VH=0 (F)

T o
VxH=J+iw ®)
VxE =—-iwB #)
VD =p )
VB=0 W)

B «(V/m) S Sl Oldee S E ST Elila 55 &S
glal= D (Wbm® L T)  wblie Wl
(A/M) wblie Olis Sus H (C/m?) & Sles
sl dobas w (AMD) S oL JEs I
Wslas a .l (C/MY) S S0 LL J&s p 5 (Hz)
(V) dslas Sl IS o0 056 &K1 ol
il 5 Sy oo (V) Wslre (sl T 056 51 isles
ales das o OLES 1) 03156 cudolie g 2SI Wl 0 516
33550 AU IS 056 51 A Sl s 06 ()

S das o Ol |y Cads ol (F) Al Culg o



VYAV ¥ o5l oFF 093 clab 5 e ) ¢ 5 dlaea \[4

e — egef[izei(wtfaz) — egefikzeiwt, (Y“)
h = hgeflizei(wtf(xﬁ — hOJrefikzeiwt (Yf)

S 93 bl 5 SSU Glaolds h g e &S
sdasolis by g e glaanls g9, + Codle . Ll0L
Tl 31 Z spme Sie Sz 5 pae S Sl
Bs oo (edis) oml zoo) AS o spe &S i
G 5 Dgen S WIGLSS ads oS

s

0=p= (%)% (X0)

:@‘x)Q)yQMC}AJ-\PJJfa|)J}

K= (—iwucr)% =al—1) (¥%)

oKar Slabys 65y e 30 68y ¥

sl EM glaols 1o Sal 4 03, g slp
SO By Caglis bl 4 =l Sk
Lol op! u:;fr.aﬂ b e Sl (S (il 095
Tl € A a2 (VA0F) 5,8 55 gy el b
Ceaglie 3,57 55 Ol ) b (oblines S
350 S Gkl g g ) sy (S S
AL L b e bl (5,8 sl 15 eslind
Sl Ssle (San sldbes S

. 1/2
:%:E:—EV = —lwu(]]
ko H H o )
V/m _
A/m

Glases oS5 b5y Caglis (e 035 e b

| P
Do 8 sSSP = Do 4 S e

EY I ESTINNS

VxE+zH=0 aY)

EM gl Slisl Cro g plol o JST Hslae 53 oyl
O JsmSTle SVslan (glackely o age 51 (SO s
To Vol 55 ablins S gladlte &7 ol
5 OF) SVl 31 Curl) 46 55 LS o B

1l pal s VE =0 55,305 (01)

ANAN
VE-yzE=VE+KE=0 \A)
AN
VH-yzH=V'H+kH=0 09)
L@T)}S
K = (pew® — iuow)% = 1(572)% (Y9

(complex wave number) Ll =40 sde L& 5>
SYslae 4 (V0) 5 (OVF) OVsles 543 0 oy yw
839dws L) ggis (Helmholtz equations) ;J seaka
S (oo lin g SN gla gy 53 o enlizul (gualuw
Lo bop)ls pie 5 (S5 Slikes
S das e ojlrl 5 S s G pew’ << pow
o sb Bley oL o b aslie 5o 1) (glral- OL
quasi-static ) Lol 4b o, & 4 el opl ‘.Jj.i
o ol dlesl Lol £330 (approximation
diffusion ) i3 SVslas 55 cwbline s 2SI a0l

S e Bk 5 o) e 4 (equations
V’E — ipowE = 0 (Yv)
V°H — ipowH = 0 (YY)
5 35 ele GUaeSy i esn 4 s L
slacd Loyl b o & sl pds, (188) aga
LSS s s 95 A5 iy SV¥slee L
Sl Q)L& l{.:T L;\j’ QL“‘) ZJ}>- BE LS"'JL“" Lgbu‘y

3]



v el S ST ola B 4,55 5 69,0

«=li  (magnetotelluric  transfer  functions)
R o N QTN CHC VRS SC VP JRN e
‘d‘}ASLﬂ Vsl cJJLL; S>3 QT BE) LS"LQ’-JS

@Jwﬂ‘)‘bjjd;hjwu 6‘} b ﬁ‘) JL’?}-L«I

:M)GA
7|9 * (¥F)
=z 0
T 0 (¥o)
0

Aoy o g ek 93 O g0 JUS il B
=S A S Sl Usane EM glrosls (glude o
4 ass Jde &G L Olge 1y o) 2Ule) @55
R I R S ST T
blay Sl OT 53 a8 505 30 5 Slatbes o&Kaws
Gl el 035 5 e b e oS Jb
23 358 o s x5 (strike) sluzal (gl r,<,,, Bye
%5 5 o 4 TM 3 TE Lo g5 (dnss Je
st

transverse electric mode or E-) TE & >
slazel gliwly s u_i,j..i}\ Ol 4d) 5o «(polarization
S e ol X gty 53 0L 5 (Y JK8) 5405 3
Os (oboe allpe (S o & el ) 0
53 3 ol (Sl s 53 5,0 53 S
Les 53 &S pia Jods )3 a5 gba (SO S Ol
53 0L Bl 53 bl 2l s 4. aS e s
JB b mblin Ol 5 35d 585 0T
s gl gumblin Olde 53 o US s X g5
Ao 355e opl 53 35l e LT (G350 Al 45 1,
555 bley S e 51685 Sl s b sladols ol s
Sob g3 4 O (@Aﬁ Sl oo Blay 8750 53

93 e Gmemen b il OT Glae Sldie Gl

2

1 2 1 |E
P :—|z| = —|= (YA)
W, Wi, Hy
B
B'jm_v J.vE ‘@‘)J\JA.H': z 45
Y7 Km o T Y M,

5 08V 5,8 0AVY) Sl ol 0T s
g lagmie sly & amtle s, 055
sl B SO L o 8 - e, &

dlo
T 1 gp,

— ) (Y4)
4 dlogT

ol EM I 35 6,55 T 5 6,5 L 56 & o5

25 568k 55l

o5 03 &S Sl ok 0303 DL g0 G| Lo
Ol gloadlge comaj 5> (IS Ule) wjis <
3308 (mblie Ol 4l 3e 5 (ELE)) 8 S S
Bl (pmblae Ol saadlse & 55 &) 50 4 (Hy)
148+ (518 dizs a3 o (HH,)

ol )
E |~ 7H,

T Hx
H, =T o 1)

S Hpuil (Sops & Sl VXY le & Z
Z_ 7

XX Xy

Tz oz

yX Yy

QJ}JQ‘)QT}@‘oMﬁuﬁ)‘JﬁQm

(*v)

Byt A g
T =(A,B)" (¥v)

ijtgl:.w\)):ﬁ.;j:jhl:mdhs\ﬁ}eB)Aa\f

Sk aSe b5 wls (S 3 T 5 Z dzes



VYAV ¥ o5l oFF 093 clab 5 e ) ¢ 5 dlaea YA

Bl S aph e Bme 53 e 3 (SO L
53 o S S35 5 SN Ol gl o
jé.»j»_,;j) syls ooy Sglie Glley b Lases
YooY Cp s
oslasl b 959l oo (g p o 53 2 sl G o
Sl sl 31 JelS Sl e g3 (glaesls
sTE 6\-‘°~\-J~3r5\>- Lty (V) dodr T oo Cawsay

o o O bl o8 (5,58 4 L1, T™

Dl p slialy &8 Sy a5 WL Ll i Uley S e
LS r il Bl ol b 4 &S Sl e 4 s
(Y0 o s 5 (S 23 )
transverse magnetic mode Or B-) TM & s
Ol g sluzal gliwly 5> publine $lis (polarization
o opl n (F K8 il szl e (S S
Sip bl s Sl z 5y Gluly 5o 0L Sl
Sl 4 i (SO Ole 3508 g 55

¥

TE mode
E,

TN (2 ) TE e bl 5 (S S0l Ols (sloadl fo 50830l Jlarl = b Y IS

E

TM mode

/H%

1y

(5,05 :}?}L@};jf);)lf@qdéfﬁl Ol Jlo 3 &d) 50 A;:MKUJEGQ)TMJ.«WH;A&}J{U;Q\ Ol slaadlze Jloxl lea Y JS.Z

LYoo (i)



4 el S ST ola B 4,55 5 69,0

e s Sl s el 4 g Slade (Sl ebline s S Ol slaadl g oy LU g

TM Mode TE Mode

OH OH_ OE OE.

— ——==0E_ —t—— = —dwp H_
dy 0z * dy 0z *
OE_ oH

= = —wp H =~ =obE_

0z ! 0z '
OE OH_

— =iwp H —= = —ok
ady Oy

& . - . - /. . .
Sshis a5 Sose 4 63 SNleal e

:(Y444 0;)l{jOj-‘M:"|j)

X\ = (YA)

_t
()-Il
BE) ‘5”'\;\#1) o, 9 sldal Lgl:‘..w‘) BE) LS{L’L'") o, "y
e bl o 3, Klenl b (Ken (slabes

‘g}“)“\i’-)g;) J‘}Qdﬂ AL'J}JJ.’{)JQ‘U)@|)}.M§U

(144
o, 0 O
o=|0 o O (¥q)
0 0 o

63, Slenl b (tnSS o0 &5 gl 6,5 L gl

7= 04 (F+)
T 0
QT BE 45
= wp'o
kn (?\)
7 =
k

t

jb\.&a‘ Lgl.al;‘.wb)b.]a.%uc}a Sde g_,.:JJS' “{knjkt}

A 3ldzel y 5 gee

€3 Silarl §

o 4 Cd g 5 3 (S5 ool oS
OT 4 & WT o i b sl asls Sl s
3 G333 3 T Lon > bt € 53 Sl
25 B Jlsl (S0 O S Lois (ol
ol Sdma S s S

J o o _||E
X XX X}/ X7 X

J |=|o o ||E ¥%)
y yx yy yz y

J o o o ||E
A X Zy 77 A

w5 Jlel LE=E Ol e gl S
WKT(E =E =0)

JX = O-XXEX
J, =0 E (*v)
JZ = O.ZXEX

OF 51 86 (S8 olte plple 5) 0L 1
Ol Sl ccsls dal gz 5y X sltzal )3 o laad 3o
A 53 Sl X sy L Jlsl (ST
w55y Cuglio o @l LY 0553 5 63, Kluasl
G 3l (Ko (Sl Sl i) (6,5 03100 e
S o KSs L Gtratified model) (oY Ju
booss Cuslie (ol gow 63, Sleesl [ SiLLS

WY a5 A8 e B slane slalgx 5y sl



VYAV ¥ o5l oFF 093 clab 5 e ) ¢ 5 dlaea i

1/2

Z, =272 -7z

xxyy Xy yx

(F¥)

AL sps Caslie i 5,8 S eslid L
&le & (determinant apparent resistivity) Olue js
Gasd 5 eSS leisls sbal ;6355
Sl O Olin 53 5305 1 osliul o jo o555 oo domlous
0L slacgr dan 5l 6, 5L Sl 2l e &S
(L TM 5 TE) o jaseis 4 odloa LS oo ol b
bl glralr moead 4 5L promes Ll 5L
S OS e S0 6,5 3 eslizul b s (static shift)
32D Glajltle ks Gl sumeSy slapz ) S
Shna 5 Sass slap, S sl Sty o 3D
58 eslizal (Ll 1

O g8 )l mal Lalien Sls &5 5 o7 LT
e sbadge 38 L s L aS Cale g, (VAAD)
Ly Pl VS s s R s o
SysT Cawdas B sy e Slaesls Gl Iy pwy
ko A 5 D) g O3Sl eyl

— A A

P = Re(Ax+ By) (Fv)

—

A A
Q = Im(A x+ By) (FF)
A A
YJXjJ.;:S)‘)ji.lal&ALgLAAﬁ}AB)A.Jﬁ)KQ
2t Cawd . Led Y 9 X gl 5o doly glayls
J)‘J a)u'a‘ LL&) Z.‘::-Ln C)l:- WMQ%JH J‘-’j

V88N (s 9 )

6\.;»

Bastani, M., 2001, A new controlled source radio
magnetotelluric system. PhD thesis, Uppsala
University: ISBN: 91-554-5051-2.

Berdichevsky, M. N., and Dmitriev, V. L., 2001,
Magnetotelluric in the content of the Theory
of ill-posed problems: ISBN: 0-931830-46-X.

Gt C% 90 ok bV
blgr den o Sl San o) SO UL
b 2D 51D s B Sgysba A8
056 gt Gbman (o) Jltlo &G (6l AL Cands
S (g ,m T Jods @\}3 &S 5,0 sy B
R e A P R TR
o0 D 3 D) 03 3l den s Lo 5,8y il
Sl gz cpl gl S o 1 Ll dmio
sl i 51 g Sy bl sl sysm o
Gloyy Cuanl 31 cuilL (dimensionality) 4l
S plis (skew) oSl el .Sl s,
DAV O, 5 (65) Sl 035 (Gelmdn | (Glida
Cs g (VY sy 5 J VAN a5 oSS
SN il o gae 1481 oSl bl (V45Y)
23 Syt ul dalos BB laosls d s 5l

S e

Z‘(‘( + ZVV

§=r > (FY)

7. -7
Y yx

X;

«(rotation invariant) Couls sl Jis a4 Cund 5l
L Ko S Slambe oKiws 4 gm
S S i el iy S i S K
SSan ool slajlle (sl Gho 4 &3 5)
O3 S b meSS laslstle Sy & ol
a5 (structures 2D and 1D undistorted) ey
Sogen kg Glle D) pe pl 2 ) (Aish
distorted ) stimeuly (gdrgs SaneSs gl b L
cl,tzle &ygpa Loy (structures 2D and 1D
25t s Slaglansl Sl Lsd g S a Sk
i Sl 0T el Oleass Sy
3 &) sss e ekl 5 (effective impedance)

(V48N Cpyy



*\

el S ST ola B 4,55 5 69,0

Cagniard, L., 1953, Basic theory of the
magnetotelluric method in  geophysical
prospecting. Geophysics, 8, 605-635.

Cantwell, T., 1960, Detection and analysis of low
frequency manetotelloric signal. Ph.D. thesis.
Geology and Geophysics, Massachusetts
Institute of technology.

Keary, P., and Brooks, M., 1991, An introduction
to geophysical exploration, ISBN: 0-632-
02921-8.

Kunetz, G., 1972, Processing and interpretation of
magnetotelluric soundings: Geophysics, 37,
1005-1021.

Li, X., and Pedersen, L. B., 1991, the
electromagnetic response of an azimuthally
anisotropic half space: Geophysics, 56, 1462-
1473.

Oskooi, B., 2004, A broad view on the
interpretation of electromagnetic data (VLF,
RMT, MT, CSTMT), PhD Thesis: Uppsala
University, Sweden.

Parkinson, W. D., 1985, An introduction to
geomagnetic, Elsevier, Amsterdam.

Persson, Lena, 2001, Plane wave electromagnetic
measurement for imaging fracture zones, PhD
thesis, Uppsala University: ISBN: 91-554-
5028-8.

Reddy, I. K., Rankin, D., and Phillips, R. J., 1977,
three-dimensional modeling in
magnetotelluric and magnetic variational
sounding: Geophys. J. Roy. Astron. Soc., 51,
313-325.

Swift, C. M., 1967, A magnetotelluric
investigation of electrical conductivity
anomaly in the southwestern United States,
PhD Thesis Massachusetts Institute of
Technology, Cambridge, MA.

Ting, S. C., and Hohmann, G. W., 1981, integral
equation modelling of three-dimensional
magnetotelluric response:  Geophysics, 46,
183-197.

Ward, S. H., and Hohmann, G. W., 1991,
Electromagnetic Theory for Geophysical
Applications: Electromagnetic methods in
applied geophysics, Vol. 2, No. 3, Nabighian,
M. N., Ed., SEG Investigations in geophysics,
131-311.

Watson, A., and Barker, D., 1999, Dofferentiating
anisotropy and lateral effects using azimuthal
resistivity  offset ~ Wenner  soundings:
Geophysics, 64, 739-745.

Weidelt, P., 1972, the inverse problem of
geomagnetic induction: Z. Geophysik., 38,
257-289.



