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Abstract: Using natural electromagnetic (EM) fields at low frequencies, magnetotelluric (MT) surveys can investigate
conductivity structures of the deep subsurface and thus are used to explore geothermal energy resources and investigate
proper sites for not only geological CO, sequestration but also enhanced geothermal system (EGS). Moreover, marine
MT data can be used for better interpretation of marine controlled-source EM data. In the interpretation of MT data,
MT modeling schemes are important. This study improves a three dimensional (3D) MT modeling algorithm which uses
edge finite elements. The algorithm computes magnetic fields by solving an integral form of Faraday’s law of induction
based on a finite difference (FD) strategy. However, the FD strategy limits the algorithm in computing vertical magnetic
fields for a topographic model. The improved algorithm solves the differential form of Faraday’s law of induction by
making derivatives of electric fields, which are represented as a sum of basis functions multiplied by corresponding
weightings. In numerical tests, vertical magnetic fields for topographic models using the improved algorithm overcome
the limitation of the old algorithm. This study recomputes induction vectors and tippers for a 3D hill and valley model
which were used for computation of the responses using the old algorithm.
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M E

kA A4S 0)8-3k= A7 1A 3 - (magnetotelluric, MT)
A= ©sl4A ©AKBerdichevsky and Dmitriev, 2002), 4
5 Azt & ME 7% 79 (Unsworth er al,, 2005), XX #=
2 o Z(Honkura ef al., 1976), A LoNHUA A BAKGoldstein,
1988) 5ol da] o|-&=o] girh. vt oz}, Bl 2
HAE Qg s FARFEAL A5 9] A Ao, < MT &
AP ARE A e st B9t siAste] s FAAEAL A
Ao MIFAEE =Y 4 JtH(Constable and Weiss, 2006;
Hoversten et al., 2006; Mackie et al., 2007, Commer and
Newman, 2009).

ol e Kol x] &rKLee et al, 2010) 2 o]2ks}et
28] AFAFE fg FA AAClHFE 5, 2010) 5ol MT
HAE dE] o] &H A ) S, HT JAFAFS AGAE
el (enhanced geothermal system, EGS)ell 71z A|g o
gk Aol FHelA oA AFAFZ ALGAIZF ol
25t A9 AgS M= MT &A1 tish =e = 95
S7F Zloltt. o] & <ls], MT B|AF Ak82] Ho} A ghelA
T owE 2dE g JAk 7o) O Fa3) A5 T

HITE AL 58] ¥y wdog MT BAF Ak59] 33}
A 2o ik A77E &aks] Y=t 58], Wang and
Hohmann (1993), Mackie ef al. (1994), Druskin and Knizhnerman
(1994), Smith (1996), Sasaki (1999) 5 staggered 2 A
(Yee, 1966)2 |83t AAREHE ©]&at A& & )
A AN 4 A7) BaE 218 sk RUES
Y3t} Staggered AAFYol 7|23 FIREHAA = vl
Aeo] Al A7 ERe] Ht s o] 8RR W79
AAZAE VA Kahe A7 BAF o2 dAste], o]

£ A 7Felsl] faire e (FEM)S ©]&
sh= Zlo] frelsith. o yolrt AA| MT |ARIA A5 348t
FE Fd] PN E FHaaHE o8
ah= Zlo] felaitt.

3 Q 4G o]&3l] Reddy er al. (1977)°] RAHS 4
A7k AA|RE, Aol A oJE 7IA T ol8ste] A
A7) w2l 7IA 7 947k A
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o}, Wannamaker et al. (1986)2 23 #
1-83sted AQE sk 22k MT §AF 24"
A5 et feta gl 7129 3akd RdS
sh7] flsiMe AR mAEelA ZojEE TATE
e finite element method)S ©]-&3}

o £ 710 EAE 58S 7AYo 2

o

TH(Nedelec, 1980; =A< 5, 2002). Nam et al. (2007a)°] ¥
ke e 7|28l 3x MT BdE da2sS Nds
OS2 Hr} FEg o] A o] FRAWRE ofgl X|F A F e
HARE 7FssiR T o] FalE]EE ol&ste] B Xl 5 (2007)
S MT EAF A8 oA AP EAE £33 2™, Nam er al.
(2009)2 A|FEolA AEAYE FE gRls Q8] Fag MT
AL ARE At} AlFEe] A% H A APS ALY
gt RS FPatal AR vl AT 5 3

T} Nam et al. (2007a)°] 7|t g5 735
of 7ol qlo] W2 XX FAlgk MT A9 a4l
Zo|tt,

Nam et al. (20072)2] 4252, Mackie er al. (1994),
Sasaki (1999), Siripunvaraporn et al. (2005) & XHEHol| 7]%
st thE garg]eel viEl f3taae] B A Al A7k
o AgAq 7P8 A8t 432 A F3hHan er al, 2009).
MT Wh3-2] AAHS 18 Nam e al. (20072 M3 AW
o] AR ARl A7 o83t A ALkl Slo,
Faraday®] AA71F= W29 AEPS o] ik(discrete)d] &2
FFt ATt 2, oA s diEo R
ARt G W delel HollA vEAite] 71s8k 22 Faraday
o] AA = HA L] rEHS MT -8 Al FollA] nlEs)
= Aol ¥ At 445 =& F It o, WAe A
oAM= AAAA 7IA g7 Edge)7] wiol] mlo] A
o|=A] et AN 7T BEdgolgke 542
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Lol gk o]k
ALFSEAY $2 Faraday®] AR |2 2] v]&
Z oz Akete] 2p7)1dS ALksiAl =¥

A2 A714E sl AN 7 gitks ©do] AT Nam
et al. (2007a)7} Nam et al. (2009) 5ol S
&3t MT §hg-2 AR kA7, HrE 2l 5(2007)014
= T4 AL o] &3t= ElH(tipper) B UG WE
(induction vector) 5= ALK o, xRt AR A ZAME S
2 AR HE ol&stior, $Ez1(2006)004 = LA
A o= Allet HE ol83kal Sltt.

o] =Fo|AE, Nam ef al. (2007a)2] L] ES LHAAA
HASe A O 2 AR 7o 2 Y A71d-S AL
Faraday®] AA7|fr= M2 o] 2Zol et o]4hs 53
ARFeIA] kA, FAIReA 71789 vt &, 71A
TE APAFES PIETOEN) ZHE Aoz 217
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oy Aket Asp ARAHo =
< 2 ANAL A3
AR = gl ; E'%ﬁt}. OE%EL Sz 52007)0] AA
m2go] o 1gA wE e} Elve] A3 o
S wjekel = Qo] o] =R 7|
g3l gnl2 AAE AR} gk

T
N

i

1o

m

E

o o
rlo

S

MT B A7 deZel 32 AR 7218 z]
T A ARG o@ AmolAe] 538 AINRHE,

P, H) 21 ] AV 12 e z;%
BOIRHERZL x, y, 27} 27t BE, B2 9]
o] 47} HEE e,

Elacess
Y-

E| (Tipper) & /=4 HE{(Induction vector)
E9(T)= 54 XMWHZ)?% T8 2AN(H,, H)E 7+
HAl 7123 W30 2 thaFt 2ol ERETH(Vozoff, 1991).

gl

H, = T.H, + T,H,, (1

A7 T, (= a + D)%} T, (= ¢ + idy= E]¥ 2] AEO|tHT =
(T, T,)). ©1¥ &4& -‘?’]‘SH El5 ] A7](|T)ek W gr)S 32k
HollA th-3} 72o] AJ2Jst}(Zonge and Hughes, 1991).

+|7,%) 2
by = (a’ + Htan ' (c/a) + (b2 +d*)tan ' (d/b) . 3)
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7= 1 = (1]

FHANGEL TR G Auts
(coherency)o] il WakS vehfH, B3] Wk Zte = x
S5 710 E A7 WEko] + olH, HH 9| A= 4 18T
Z}tH(Ting and Hohmann, 1981).

olu), B o] Wge

Elslel 7123 ok siAEoR QIEH WE = I, + i)
£ dYst EA4et= e 2 o]-& = H(Berdichevsky
and Dmitriev, 2002), Q194 #lE|o] A4 9 &5 T
3 7o) Aelgint

Re(l) = Re(Tye, + Re(T))e,, 4)

Im(@) = Im(7))e, + Im(T))e,, ®)

714 e, e, x, y W] @] WEfo|t}

I = A (Impedance) ¥ I|HA ==X (Impedance polar
diagram)
A # A= A ZolA L] MT ol 9]gt % H717HE,

E) 79 A7VHH,, H)2 BAES
dA 7= olEe] IAE wESY

() -7 7)) ©
E/V Z}’x Z/V}’ Hy

AVH 2 B JEE M)A WO R o T AT 28
ZollA wd@skd olefob 2t

Bolshe, AX Ao

ZA@) = Zy cos*a + Z,, sic'a + (Z, + Z,) sina cosa,

Z(@) = Zy cos’a — Z, sinfa — (Zo — Z,) sina cosa,
Z(@) = Z coS’a — Zy, sina — (Zy —

Z(Q) = Z,, cos’a + Zysinfa — (Z,, +

Z,) sina cosa, (7)

Z,,) sina cosa.

a7t 091X 2274 Wske o |Z ()¢} |Z()f] 0] 18]
' IAS d9dX (FL 1E) S} §thBerdichevsky
and Dmitriev, 2002). YHT2A F=3F 9 oA At EjF 9]

WY P 2 W wAse] B4 S gk

ZE7| H| Mg 2 ofat
AgelM el AR AR (ot AHHS PFEL BN
(6)2)2] AE(Z)=FH o3 7o) A2 etk(Vozoff, 1991).

1 2
=7
Py = ol
¢, = tan” {Im(Z;)/Re(Z;)} . ®)

A we 2FAE, wE AT FALID 7, 7,
£ o183 9 AW A VS A7 0y ). (5
# )8t F7181H, o5 Zxy, Zyx BECIA S HE7] HA g L
Pgolet gt

0”\1 Aolgt MT BF-E2 Alkts7] flslA= WA B9 &
%35k Bl 9 37] Hl—s]:’ oy
A e, Ul SEE, ZR7MHAG B 9dS Al
Ao} BT o ARLS Sl e 7 e A= FF s
ESE YA FH kel tigk 718 9 A1 Alltelof &
tH(Zonge and Hughes, 1991). 32 7ol = 23 390
Ao} 2ol AL A7) =5 Rkt wid o] Ao wet
TS T 7 Lo BRE YA HHue] Aol x WEke
ZEFE uE B, A7) y e g BEIE uE gy
Eolet gtk 7F EFelM e A1 9 A7 o8-8k,
7} oA 9] gy B Rlgd WEHE AN = doH, (6)
Aol AAE P E "X thad o] AN 2
(Zonge and Hughes, 1991). &, o}&f I} 12 xy B3
yx =S om|gitt
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Zxx — Zx1ffy2 — y1 ,
[—leHyZ _HVZHyl
7 ElexZ _E)CZH
w HleyZ HxZH
€))
7 EylHy2 _Ey2Hy1
7 Hley HXZHyI ’
Elfl]—[x2 _E22Hx1
" HleyZ _HXZHyI '
=3 B Thest 2o] AN 4 Ak
T = HleyZ_HZZHZI
! HleyszXZHyl (]0)
T = HZIHZ'Z_HZZHYI
g HleyZ _H)CZHyl

Zt 230IM2] M7 | & 2 X7 | =l ALt

o] Ao e 72 EFelA e M7 RdES T ALt
stal ARt A714E ol&ste] A1ES ALtsitt. WA 7t
EFolA 9] 7S ALtel] flslA Mfeta i o838t
o xy £ yx BTN A714E AXFSE Nam
(2007a)°] EarE]ES ol&atnt. o] sl E A%
o] B4 54S WSk VAT & 7P s EiQl,
Abg o] 2AE ol Feojd A3 WE/|ATH(D)ES
o] g3ted A ol o] A7IHE)E oF 23 2ol Fd
gk 51, MT 717 Zaj W 2lel] tiQlste] FEM R4S +
st 713 AtsAl "okdE A &, 2007).

E- i E®,
71N N ArtGqe] e BAE e, Ee WA BA
glol geold AY HEr|Aete @0 Aot

(11)

SHMef 7| =] ALt

Zb =M AR 71782 o8t dake FA (r)ellA

(#,k-1)

E,
EVH r
Earth™" > IV By
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\égj
ot
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iy

o] A717& Axksl7] f18te] Nam et al. (200724 = 5%

24

Fulel mAZedel 4714 Hasted AsIgon), W
FaiyoE ARFE AFATOR A/1g0] £
Z’:

Frg o2 o] Yk oA e A7HS Ak

(o))
2R

E(r,) = i E,®@(r,)

i=1

(12)

HollMe| Xp7 | =e] Al

Aatgede] @ael 7 wAg A Aak® A7F o g
B BEA 27 |AL Axelr] Y= ol + Al 7
W AgubA o] HRY Fo wBFS o] Rae] AN 5

o =1

[iouH - ds = ~E ~dl. (13)

S

H=-——VxE. (14)
la),uo

Nam ef al. (2007ay2 AR7HA S 2 91749 A
23 [, HE AN g8 (132 Ao 74]*&0}21
O (F-5 =), Sasaki (1999)= (14)4S AHEA o2 74]@6}
ATHEEZ 5(2007) F=2). Hol AL GA] ZFo)
SRR (134 2 (1442 840] ZAe] geojd
S o] gste] aHEA O E AL 4 AUk A=, (13)44
Ho = Astete] HE ALt f‘aﬁh 78k, shte] 11”4
84 9] Ul mAje]el Feojd A7 (Fig. layE o183t H.

£ 7T 5 Uk JEM Aol e A5, Al = A

71789k o] 8 A9 RAE|7} o] U%ﬂ FA g 2717
(H,)ol At 2 (Flg 1b) H.7F AREA = et vl 5, &
A IR Al Bwe] AV H,, H,, H, & ﬁl*&% T Ak
IS EE o] Al A1 AR HasA] gong (Y
Hol ohE®), of Al 27|73l 71 0}04 HE A =
gleh. =, mAglol] gele A71guhs o) &aia x4 L

(@j,k-1)

\

eiver

G k)

Fig. 1. Computing H, using electric fields on edges of flat (a) and topographic (b) earth surfaces.
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HZ AXFa 23] e B3oAe HE A 8l
A et

FEAER S ol THE A S At o=wt x94T
Joenz AN H.E Al 75 AR frkas
W o83 Agole BAME 7Y ¢ JeER A% A
Fol de= A7l 2A AF7E upe} 7ol H.o] Akl 9lef
olF&ol ot 23U kel e ol8she A, (14l
Ao} Zo] A Fge] W71 B AR HE ZIARR@)

=00 7RAEyT R, 7IASTEe] Y e ReR &
7] Wi2oll, QAES A AT 5 ek =, (14)4
(INAS tidste] fshks f1AI00A oleliek 2ol H,, H, ¥ o}
et 1, =3 g7 AT S A "

N
_ . . C 1 D,
H(r,) = H(5)i, + H,(6)i, + HA(r)i. = —— #Z EVx®, (15)

7143} o] 2HE AtEle BERARl A7, 283l o
7HA MT ¥+3-5, Nam et al. (2007a)2] &2g]53 o] o] 4
TollA gk Z1A R 712 x
YES ol gsie] 247k AALSITL HEA G} =o)o] Hel
o] Aol AN LalElEe AT digE R
Nam er al. (2007a)%] 2|52 “ZHEH darg]E7olet Wi
shA} §}. o5& 9 ol A visl o] 247t 7145
S ARG lste] W AL, BA eI e] A714L o]
g3l ARHow HRAS Artsle A
ZIAZE darelEd 2Ry darg]Eolx el MT §h&-2] At
g Pohuy] S8, MT Wh39) Mg i) AAHo= /b3
gz o]8-%+= COMMEMI 3D-2 (3D-2 model for Compari-
son Of Modeling Methods for ElectroMagnetic Induction;
Zhdanov et al., 1997) 2&ol T3k MT W3 2 2717345 )
W B, o] 2l A3 TS VIES o8
sfefolut 1 4714 I AT & UeL HAs
21814 Nam er al. (2007a)°] ©]&3+ 331 Alce] &
ek A7 ARtk vl eo2, 98 F
(007)& AHEH AXNN A O AN $HA71(H)
2 olglel 334l AL} F wdo] T <)

9 g Juds SERE 2kl AASIIEH, o] =Rl
71AgE darglEs olgst ALk H.E o]&dt 33
Az 2 welo] tg N4 vEe} Be 9 eus 3
ol sl Euke A= AXZIH o] =RelMe] e

Hj7g L & (double prescision) 3Foll A G383}t

ok

COMMEMI 3D-2 28lo| MT gHS H|
3% 2MTEE Fo] I COMMEMI 3D-2 4 (Fig. 2)&

o,

JRo AR 7w Ee] 2zt 10, 100, 0.1 ohm-m3] 3%
FAFZIH F7052 FAE 20 km, HAE-E2 FAE= 10
kmo|t}. HJHSol= A717F 5Lg 1 ohm-me] A4 A E o]
Z3A2 100 ohm-me] H|AE} o] FA 7t A= ] Ut o]
o] ol Aol Z7)= x WO R 20 km, y WEFOE 40 kmo]
w FAE 35S FA T4 10 kmolth, HA| ALk
39L& 120 km x 120 km x 151 kmo]™, 28 x 20 x 217§¢] &
A= olakglsled 0.001 HzolM =Euk-3-S AAtslsitt.

Zxy B=9] 1 ohm-m ©JJA| flollx AR7|H| A3} 217
H|ol| A 22 zpo] 7} Bolx| gk, AAH oz AH2 daElE
I A S A A 2elE HolA] Yt
(Fig. 3). 7 €2l5<] MT ¥g A& 28] vlastr] 9
al xy BT yx wFolA ALK e 27142 Figs. 4
o} 5ol 74z} AT 72 BTl 8 A HES
ztol7b Q471 sAIRE WSt ®eF ghe] =7)|7F vlszsithar
S Utk AEA R ] ATES ANE e F5) A
BE] e uiel o], 3] T E AFe] AR o831
AFel7] wjitell 71AETE olgste] AlLket x4 4k
= zpol7t AU = Hholl fIAITE, ©] Zpel= Fig. 394 & &
£ vie} o] MT Wkl IA J&S AR Yt
S & 4 Atk Fig. 5(b)2] 0m FHAA 3] yx EFolA
2] SR kel st EoPg et AL, yx wFollA g
L wRel 2 Ao A EQEY s wiite|th(=ite] dolg i1y
slo] EAIBIAIE 9k, o= 31gk Agke] o7t A
7] wiiol], Agkell Hlal slrgko]l XA R EQbeh 4 v
of §I7] wiZoln ol ARE Y& EahA sthd sdE
Zloltt. A2 e] sk AFihe o83t Altele 9
Zgol Argke] srgtell FIS Wol v7] wiizell, 91744l A2
7R Azpe] g3 o wol v A

T A7) oAl 2 2713 FE Fig. 60l R4
o2 33 A7 7IAFFE o8-S A4S BT
FAAZGL] A ALk AEE ] A71FE o83
wjol], XA Q] A7) Wshrt A4 2 739-= 7IAs

¢

T 3o

t

B 1ohm-m [J 100 ohm-m -60
x (km) 104
-

-20

ne

 (km)

0

20

60
60 —60 60

Fig. 2. 3D-2 model for comparison of modeling methods for EM
induction (COMMEMI 3D-2; Zhdanov et al. 1997); (a) cross-
section and (b) plan view.
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Fig. 3. Apparent resistivities (upper) and phases (lower) at 0.001 Hz in (a) Zxy and (b) Zyx modes along y = 0 for the 3D-2 COMMEMI
model shown in Fig. 2. The MT responses are computed using auxiliary fields which were computed using derivative of basis (shape) functions
(<) and FD-based derivative ([>).
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Fig. 4. Real (upper) and imaginary (lower) components of H, (a) and H, (b) at 0.001 Hz in xy-polarization along y = 0 for the 3D-2
COMMEMI model shown in Fig. 2. The fields are computed using auxiliary fields which were computed using derivative of basis (shape)
functions (<) and FD-based derivative ().
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Fig. 5. Real (upper) and imaginary (lower) components of H, (a) and H, (b) at 0.001 Hz in yx-polarization along y = 0 for the 3D-2
COMMEMI model shown in Fig. 2. The fields are computed using auxiliary fields which were computed using derivative of basis (shape)

functions (<) and FD-based derivative ().
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the 3D-2 COMMEMI model shown in Fig. 2. The fields are computed using auxiliary fields which were computed using derivative of basis

(shape) functions (<I) and FD-based derivative (I>).
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