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Static Effect in Magnetotelluric Responses: An Implication from the EM Integral Equation
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ABSTRACT

This tutorial explains that the static effect in the magnetotelluric (MT) survey is a physical phenomenon caused by charges accumulated on the
boundaries of subsurface inhomogeneities. To facilitate understanding of the physical phenomenon, differences between static induction and charge
accumulation on the boundary are explained and analyzed with help of schematic illustrations. Subsequently, from the electromagnetic (EM)
integral equation formulation, it is clearly shown that the secondary electric field due to charges accumulated on the interface in the presence of the
primary field appears as the static effect. Therefore, except in the cases of the layered earth or a two-dimensional earth with transverse magnetic
(TM) mode excitation, the static effect always exists in MT responses and further, it is not ‘static’ but rather frequency dependent.

Despite the fact that the static effect is a secondary electric field due to inhomogeneity, inevitable under-sampling in the frequency and spatial
domains prevent the effect from being handled properly in numerical inversion. Therefore, considering the practical aspects of the MT survey, which
cannot be a continuous measurement covering the entire survey area over a wide frequency band, a three-dimensional (3-D) inversion incorporating
the static shift as a constraint with the Gaussian distribution is introduced. To enhance understanding of the integral equation EM modeling, the
formulation of the 3-D integral equation and mathematical analyses of the Green tensor and scattering current are described in detail in the Appendix.
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Fig. 1. Schematic illustration showing static induction in a conductor in free space (modified from Fig. 11.2 of Kaufman, 1992). Ey is an applied
electric field and Es is the secondary field by static induction, which has equal magnitude but opposite direction to Eo, resulting that
the total field vanishes in the conductor. Arrows in the right box indicate the direction of the electric fields due to Coulomb forces by
positive and negative charges.
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Fig. 2. Schematic illustration showing charge accumulation at the interface between an inhomogeneity and surrounding conductive medium,
and resultant distribution of the electric field for (a) conductive and (b) resistive bodies (modified from Fig. l1l.14 of Kaufman, 1992).
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Fig. 3. Schematic illustration showing the static effect in TM mode response for a two-dimensional earth (left) and its effect on measured
electric fields (Expoe) Using a dipole at different locations relative to the superficial conductor (from (a) to (d) at right). Left panel
explains the behavior of the total electric field on the surface (E), which is larger than the incident field (Eo) outside of the conductor
but smaller than Eo over the conductor due to charge accumulation at the interface.

o|e} Zro] A\ vz ofef T A Fof| Ext A7 EAS 7390 MT FAR] A7 574 W] 0 2= A5t 520f| w4 a o] 9
3ff A|5} A Fof gt Hk-go] = A4S T = gtk ol PRt YE AHE 0 & AASHIAL A HHo| 24 XY W7o = 7]
&S AT AEEA S8 S st 2 0 & ojR] ST 0 2 o] Fo]X YA A T of| Fruparof| wh} Lol 7 e
= 37+ AF 53} WE(spatial low-pass filter)E Z}-86= EMAP (electromagnetic array profiling) BtAPH | tH(Torres-Verdin and
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Bostick, 1992). o] {2 TM H.E 22+ MT FAA] B AA 0 & Uefuh= 4 girtof| et ZHRE &8 2] 2410 7] 2513 Q7] Wi
of, 2H5HA A AHE A ASHA] = Fste e, AA @A §-83 2HE A5 4= Lo fEutol A e 54 0 2 A-gH vt
ATHKwon et al., 2006).

T, 5722 3 YIS AT I AN BAH 0 2 1A BARI oA o] B2 A4 BALE SRR Hol B
7kl 7Pt Lo X5} A 50] o] A= 11 AVt ofy 2k F4E-5] Eof Xl oA = MT ¥Hg-of] k& 1A A
AT T ARTE O TM H.2)8 28614 h95H: MT BARe] 542 Tefebch 2o] 1.0 2 1712 24514 eefe
= A5} AJ50] SJE -2 a2 Slelob Sk mebA 334 st BAfE ol A 4 ShHEACIA AR BEAA At AHE

B2 oA B2 A HAHtD T 4 e, AH AN e ofe] A7-E EA% ATHE B¥(ang er al., 2024) B 9]
B correction) & 53] 415:0] ¥hg T FE5H= H AL Aeakar olek. et ol 240 2 Al i vle} o] A AR Aot

A 9] A | Z A == Aot oJgtEE] %] §hE-0 2 Fukel A7 M .9 Fh=o] 7] wj o] & oHA A A AU HAY ok A2
E7hsg Aot

o|& th2A| EETHH, MT BHAF A& o]l e = A 5317 Vozoff (1991, p. 666)7+ Y& o] Au}gt v} o] “Fruja= 9l 7+ o
Aol 4 2] 14 HMEF (under-sampling)©]] 7]Q176F7] WiZR1H], o] & 2Rt sATA oA FH ETHE Fwo] SHHA B2 51

2 Z1FEoto] A 2ohs RS AZolE = Utk Ao AT RE-E S75k= MT BALS] 42, o7t 571 5 s = E0l5

—’F‘%‘ﬂ | gl R FOARALE AEH 0 & 27 4= glom, ARE Jﬂr—rEO& Fratsol7] wiZo]l GAatol| A “FE5] S = A] 2 A A8
=3 2R S sl 188t 4 ¢y uliolth M anE EYusg 7125k ou|9ls AIE A sito] vl 0 2 Sasaki
(2004)7} AMRE A BIE AA] Fho] 091 A2 E 2= A2 MR 7Hgsto] G4ke] A 2K constraint) 2749 71932 M
AR AL 4ol Qi) o] M S o]-&51H o] & A= Rt ofy 2t @7 Ak of sl A = vl QP A o] 11 ofm| =33 o 7é‘14—~
AL 2= Q) o, L UEto| A 435t 33 MT EAF RJ=9] A= A& o 2 285 H]— WLee etal., 2005, 2009, 2019). =
o] Z-foll = A ai}e| Fu Q&Y 7HA] ZISIA| = Fokal oL, ofwgh Bl Fn SPGB MEG ZAE
=23 = Yok 2 ARISHA Sasaki (2004)7} A|AIgE Fabio] HAH 0 2 AfeHgh 4 Ql—t— %% ot & 4= ik

m{n

H

g

MT%A}X}&— ol gfo] 2|5 A1 T2 AT ), HH I A2 S0 ©FE U 4= i 2ol ko] B3] 34 X5

GAgalolA] L ofaro] A2t Q2 7|7k A ko] Al A 91k 77k A lo] g o 7kA] Al s ]

L}sawx] OF. o] =Rl HA LI} ] S0 AAE 4 ghs BHYS HAAL AR Aol A3 LI

WA QRS D07 Bl @A TIet o|shE $15) ARt A AN Ak 222 Kol chef BAIEE o] §5] A
Sl Bt el AR A B o) sl Qs AN 134 27)0] 7F A . 2218 A R] S8} A A9
3 2210} ©J3) TS Lohsiet. o] F A5 HA L A/ go] A AW HAZ ol P4yt olo] ofat 2% 1] ge]
A 2k hehdeh, webA] MT BA1O)A] 10 24 720 270 TM BE0] 798 A|9jta A ke 4 45t 1 gole)
HIE T2 o] o Tk ol A2 HEYYNE B 93] sk

A BH7E A5t Et Aol 2Rt 23 U = MT AR Hitol M =412 0 = s =] QFar A 2.9 sfiAjof Zofl g9l = 2
g PL o= @R FAPIA I & Qs Tk W 57 YHoA Y A MET o] HES 4ol SR EAEE o] 83iA &1l
S Uk wEbA o o A HAF i 2o A 9] s S7g o] obd AR MT Aol A o] 2ot B & QA= Q18 G 1tof A
a7 ges] Al E|A] bt ofof tigt s {ete] shuta A avtE A 'L Yol A B EE A R 7PgskaL
o1& Jrte] AloF 27102 2goh= Ao tisA] Lot kAL, of et {2 A o] Sk oS Aes|
Al FARER 2] Aol A 2] Q)= BIE A5k she] Hijkolth ke = B g2 A7} o] ol A & o A3t s ’bel U
7€ 71t
o] ==olM Maet F A axt ZAof gt 4ol F LRt 2 obd Aol =t /Mg F2 Eol ofd 4= 9
A2 G794 AA7E A8 oV Aefl 2sf dofube AV B, 5 22P8E A9} Green ©IA Hi2]9] 2E.0 "?ﬂ‘é}lﬁ:‘ﬁ%% 75.
Aol digt 244 ofglE F=tl Fel g Aotk mEbA MT HARET ofU 2t #ot $AIYS 0|87 AAFAF RS2 o] 3ol =
< ol ‘1:1%:‘1} EQF FEOA AA|3] Alett A4 o e W A 7H Q] ¥ etk Bo] AARAL A 9] SRk °1°H°ﬂ
=3

£
U
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AL 2

o] 2 QA IAAATU 71 EA] AX|5 R B8-S 1 X|5HIF S4H7} 714 Ak THA(GP020-010) 5] 0.
2 AYHITt 180 Aol F B ofstel] 4 thEold 4 AE GolF 293 A AASIUA BAE L,
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AEE e B S, Fake G oA ARSAIEol et Maxwell ®7g 412 of2fiel o] A=t

VxE(r)+iouH(r)=0 (A-1)
VxH(r)—{o(r) +iwe(r){E(r) = J,(r) (A-2)
V-B(r)=0 (A-3)
V-D(r) = p(r) (A-4)

1714 r 2] HE (D) m), B 2718 Vim), Bis A7 139 A/m), B A7 R () Wh/m? = Tesla), D= H9IHF
(T O, e FARMTE EFRE AR AL A TG ZZ oA 9] g o =47 x 107 H/mI} 2okl 7HY), o= A7 1A= (T
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Sim), eSS Fim), 0= 2 FI4(9): Hz), pl= ASFLEOITHERS): C/md). s ARSAIL 024, rofl Al waF i, 2
HE Jdl (A5 x Do)y Zh= IS Ao offiel Zo] #HE 4 9lom, oj7]4 S(r- r)L Dirac deltaH=0]c}.
J () =ildI5(r-r,) (A-5)

EF A7 RE, 1L ARLET, D9 Am?) AR ot o w0l oo 42 24714 ol A7)t A d e, AR EEe 7]
o] TA = Ohme] HZ o]t}

B=uH (A-6)
J=0cE (A-7)
D=¢E (A-8)

A7) 4192 /5P Faraday ©] A7) 9 2] o3 6] RS 4] (A-1) E SANL EHSHe 208 HAY 5 YA, 2
1AL AEA /15419 A8 AL o) e S YO BE F7|SAANS M AAAHEAS Feie 5 ek
A (A0 A7Vl 4] (A-1y2 skl ofefet 2 3719 Theg A A s,

VxVxE(r)— k*(r)E(r) = -£J_(r) (A-9)
o} 7] A A 1Al4(propagation constant) k+= impedivity (2 = iou)2} admittivity ( = o +ioe)7} A3HE Fe|2A4] ofge} 2t}

K (r) = =2p(r)
=—iou{o(r)+ive(r))

MT AR JE9FSE S 50] AREhAL BAIoI A0k o] ARG 47} 10° He o5 Mg Re) Gake FAIg 4 e 244 24
QA oNA] admiteivity = H7|H1E 2 2 Th8hElo] HIAI0) A ESE K (1) = —iapo(r) 2 LRI 4] (A-0)0] HEE A 0 288,
210] 912] rollA10] H71ge Heshs HEAPGAS 97] SIat 3 HA) BARA ofeho] A1 WEIHE Green WA S £

VxVxG(r,r') -k G(r,r') =15(r -r') (A-11)

Eﬂ%ﬂ}fﬁl«] F4J0]) 455U Green 2] HOolA19} 20, Green WH2] 824 G, =10 A5H1j P Fok, mHE
7} -5 QR VIA 419000 JZhiol A i W R71GE LheRIch. k, = RSk Green BALE o] HI5H= 71o] o}

2 A ZHEE B0l 37198), B 37k B AR Y B4 22 e 4= QA Hrt. 1= dlA](identity tensor) 241 &
-’1\_1,-,351' =/ Tk 19] 2 2801 U A] 8 A= 00t} 3HH, Green A=t ®llA| 0] 1 AF5Hd 9] & (reciprocity principle) S TH55}
B2 £A1% 0 2= oo} o] EET 4= QIti(Tai, 1994, Section 4-4, 4-5).

GG, )] (A-12)

2] (A-9) 2 ] SRl G(r.r') & WAstaL, 4] (A-11) ZF F2] 2ol E(r) & W2e 5] oS wiF=

olefel et

Mo
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VxVxE(r) 'g(r,r’)-kz (NE() - G(r,r)=-2J (r) - G(r,r") (A-13)
E(r)-VxVx g(r,r’)-ksz(r) ‘G(r,r)=E(r)-16(r - r’) (A-14)

VxVxE(r)-G(r,r')-E(r)-VxV x g(r,r')-Ak2 (r)E(r)-G(r,r)

. (A-15)
=-2J (r)-G(r,r')-E(r)-16(r -r’)

oA71A AR (r) =k (r) — k; = —2A7(r) o]tk 4] (A-15)5 A 32 voll thef] ARl At WA, 939 3 A 2 ofefiet Zo] oA
7F EAISHA] g2 W2, = i miEo] ot 1xPge s A e Er.

jV ~23,(r)-G(r,r)dr =2 IV G(r',r)-J,(r)dr
= jV G(r',r) i JdI5 (x . )dr

(A-16)
=—2IdIG(r',,) i,
=E,(r)
202, 4] (A-15)2] S8 5 HA| T HA] Dirac deltadh2] A 2|2 HE] oo} o] §J4] rojlAl 2] A7) 3 o] He.
jV ~E(r)-16(r - 1')dr = -E(r") (A-17)

oA 4] (A-15)2] o] T3t MBS A7kl A}, 3 WA} 5 A 32 ¥E]-Tolobel B4 V-(axb) = (Vxa)-b—a-(Vxb)o]

7153 el tholotd] Green ]S F3) ofele} o] E@HL

1=

jV {(VxVxE(r) G(r,r') - E(r)-VxV x G(r,r')}dr

V- {VE(r)xG(r, r')}+W}
_I +VAE(r)xV xG(r,r')} - V xE(r)- (A-18)
I E(r)xVxG(r r)+V><E(r)><G(r r)}

C.[) E(r)xVxG(r r')+VxE(r)xG(r,r){d.

A7 AA 3710l A F-3F5HAL Green HlA = -5t B A0l A 00] = E= A3} 0 & 4] (A-18)-200] Hrt. WA, 4] (A-16), (A-17)
51 (A-18) TXIH 4] (A-15)9) A7) B2k Vol that 282 o} o] s,

E(x')= Eb(r')+J.VAkz(r)E(r)~g(r,r’)dr (A-19)

o]7] A ¥t 1" Al 2 HHEAL AJHg 9] A2l E o]-8sto] Aol r eV F ol A offiet -2 A2 Fredholm A&7 A& 4A et
S-19] A A7 a7 v o] 3k 1370 3L T A o] ZHEeto] o A7 EAE wollvt ik Zh= 2AP ol B & A7 A 1A
224730 gho & FHECE

E(r)=E,(r)— [ G(r,r)-Ap(r)E(r)dr’ (A-20)
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0] A Egol e 2 o] YRR ARk 0 2 o]9] 3414 Sf= EASHA| =t
1] 24| Yol A= A717e] drgsithe 7HdS EAshA 22 5Fe= 7AW+, Green §l
A 0 2 5 L5l= A o] YHF&o|thHohmann, 1987). $HH, 4] (A-20)2 Ohm2] HZ]
of E}E} ﬁ?_’f;ﬂ%—(scattering current) J (r') = Aj(r)E(r) Q] 7iF-& o] 85} o}efje} Zrolw mETF 4= gl

—'_4

E(r)= Eb(r)—i.[Vg(r,r')-Js(r')dr' (A-21)

SX)2 02 AR hE TR S Anhick oS So] 39 Fe)o] 3312 ol AHAS 1L Vol A9) 714 Ak
S/ AN HlaA 2 BTk AFREA 0] 49 milA) nlaA oA o] ARPARE A (A21)0)A

L
AP

m

N
JI=E/+> L -J (A-22)
n=l1

9} o] 2AFR 5 9h& o1 o714 T, 2 w20l that Green HIA19] 2.0 2 ofefoh o), o] w3k Qb4 0 2 7] X2 53]
s

r =-: jV G(r,.r")dr’ (A-23)

4] (A-22) o2} go] A=

N ]

Z{A_ 5mn£—£m}'-]: =E} (A-24)

n=l m
o714 4, %= Kronecker deltaiA] m =n Wgt 19] gh& 2H31 o Z--efi= 00|k, whzha 24 NS mlaAlof A= o}am de g
408 elelo] Aata o v Aragale] £ shg Fohe AL o] BPAL Fe BAVHET 33 Folnw YrH A FE 2
3N x 3N9] ZzF Y H(full matrix)°] E Tt

Z-J,=E, (A-25)

B. Green ElA]

Groen S 84 BUG7IBOI, BFU L £ BRag U
22 RA EAJ0] =R 7 vl o] BHEE B7Iolt B4 TR 595 A
£ o} g AR W1 2 A1 @A ggo] gl 1a} AAZAL A8 2H T Hek. FATEES A4 1,
Green ElA %= ofgfje} Zo] AX| 27 AR 2A7E% AAEo gho 2 vyehd 4= 9ch

R

0]

SIES Bofat 4 PelHE A), o174 2
245 B}, HE Green €A 9] Zt R AETM YU TE R &

ox M

G(r,r)=G"(r,r)+G'(r,x) (B-1)

A 21 Green B4 G'(r,') = EH2S 0] 831 9171 h.0] T4 5] 4170 T8 4= ATHTai, 1994, Section 4-2). 2] (A-11)
of| ¥k Hdivergence)2 Z5HA =H
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V-G(r,r)= —%V Io(r-r")
’ (B-2)

1
=——VS(r-r
e (r—r’

JHET, 4] (A1) ofel o] FolA] & 5 glons
-V2G(r,r)+VV-G(r,r') -k, G(r,r") = I5(r —1') (B-3)

4] (B-2)E (B-3)°l| t4s5ld o2l 4= A= Ht

~(V*+ kz)g(r, r)- %VV&‘(r -r')=15(r-r")

h

L

(V2 +k%)G(r,r') = ~(1+— VV)5(r 1) (B-4)

o] A JA B L AT B Ao AU, ] B2 Green WA G'(r.r')o] o}hoh S Fefeka st

g‘)(r,r'):(y%vvm(r—r') E5)

h

o1& 4 (B-4)°f Hidshd

1 +k1—ZW){(v2 +h)g(r—1)+8(r-r)t=0 (B-6)
o] ==d], o] Alo] 4F dHst7| YeliA= F A BE Fo] 00] E|ojoF st R, g(r—r')Z ol 4] (B-7)& THEfloF 51, o] 4]9] sfl=
4] (B-8)7} o] 2 el A F71oI4 ] 2202k Green Fo]ct.

(V+k)g(r—r)==5(r-r) (B-7)
, 1 e—ikh\r—r'\
g(r—r)—E“_r,| (B-8)
%ﬂﬁLZOﬂ tH3t Green &4 3t 4] (B-4)F THE0H0F SFEE Green HIA =3 4] (B-5)2F o] FHIA Q| o g #ES L
4= =t A #iAlE AR QR 8-S et Pl L, T WAl A A Aot &2of] ofeh ¥k-E-2 ofn|gtet
g(r,r’) =§+kl—2V(I) (B-9)

h
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2] (B-9)°lA A3t 54 ol 2o1U= p 2173 v Q] A7 | =7 A U Fataer ) wopof whet gho] AR|A B, 24

2ol 53802 BefI0BA 53 Bo] 2 Ak QAR .

AR o] 713 BEolA 4214 BPH(ES By S IR WIS S, ARMIRS Bol 4 02 BAslRAL ot HR
WAS o} 8a 4] welee) Qb4 Pt ciRo] AR S 22140 2 BHGRE 2 AP AN 24 ge] A5 S B T
Zolsffe = 7| whizolth. A2 7g Aol A AR 0] 1412 o8-8l 114 QP g S ol WAL G AL A = A (thin sheet)©f
S Weidelt (1981)7F A&} 0|22 Song ef al. (2002)0] £ MHz9] 115wk tjd7tx] Bhef 283t vt Qlet.

715 g2 Al Fof|, = W E = wARo] 091 (divergence-free) 3} 3] A(curl)©] 021 (curl-free) 32] 310 2 HH FH = Helmholtz
Helg 28ake 2ol

J, =Vxy+kVep (C-1)

of 7141 Vxy 1= hAto] 091 BEo] AT (vortex current)S LHERLL, V£ S140] Al A543 current channeling) & 2t
o 2302 PE0] AR F A “ﬂ”ﬂﬁfﬂm+ﬂ#~%ﬁﬁﬁ@vd'ﬂEﬁloﬂ%%ﬁﬂ F7be go] 52ES
W74 AR SES WBhAY | P AR of 7|0 Anbio] A[ES Boli o] efgstc. o Sol A/ L EH00l $71%
o AEA7H EARCL 7P SREA. ©] B9, k, =00] FEE 4] (C-1)] AlPATE 74 i Auko] 15 552 glo] 23] BEo| A
Futo g HHE 3715 AEAA 0 A7) S AAS A

(€12 A (B9 A (A-21)2] 2715 Fol st

[ Gr.r)-d,@dr' = [ (8 +%vq>) (V' g +k2V' §)dr’

' (©2)

= H(g%vm).vxw +(kb2§+V(I))~V’¢}dr’
b

o] lmg £ro] ;0] BolA 534 0 2 BobgAS of7|ok= FS 1) gko] T wAjut A Hick. o] T A Fof ofefe} 22 el
AEE F835)1,

V-(ab)=(V-a)b—-a-Vb
V' AV xy)®@} = {V'- (V' xy)} ® - (V'xy)-V'D

=—(V'xy)-V'®

Ch2 0] Gauss 2| E o181, WE°] ARe oldAle] AAHE S36IA] 2B = 1 272 00] "ok
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jVch (V' xy)dr' = jV (V'xy)-V'®dr’
= —JVV’-{(V'X\V)CI)}dr'

(C-3)
:—Lﬁ~(V'><\|1)(I)dS'
=0
whEba], 2242 of e} Zo] =9 0 2 by H Fej = HAE|A FHH,
J.Vg(r,r’)Js(r’)dr’ = jV{g-V'xw+(k,f§+ V®)-V'p}dr’ (C-4)
A3 02 4] (A-21)9] HEHH AL ofefje} o] e HTh
E(r)=E,(r)— [ {S-V'xy+(kS+V®)-V'g}dr (C-5)

BA AH AR E7) 915 o AS X4 0% B B ulo] 2 ARPE(E Aol v e e v o
38 27deh R 6 T 471018 WS, ol Al ghe: 13- A7 14 B, ] 34 5o] S5k 2 42 (under-determined) EA|o]
SlaA] Qb 0 2 a2 78 4 gieke Hlof Slek. o] thin sheet EAIOIAE W] AR AEA ol ARt R3] o]
25k W SR ko] R0 = HAT A 9L of7]o] 2w S B 2] BIXISE T, 92 W4l 1A T A
A2 o] % U] 27 e S /A B8 51E 8 A Hick. 0} 2 F ol Weidelt (1981)7} ¥4 30] 3.2 v v o] chsiAliz o
2 2] 5 942 U Song vl 200201 o1 S 001 K] 100 M7} e o] 2 2102 %

BHPYAI0] £~7] ol E 8 4 o Wolr}.
ses
19851 MSCHsT BRITHEE K2B5H Bl
19874 MSTHSITL CHSHY X RIBBHT BokAiAr
199214 Mastu H%L?I:_] Xt mstp ZatiAL

1992A~3ixY| St=XH

it SR
ZHOI01 19

E-mail: song@kigam.re kr

oz r_i_%
O -
>l
Ar e
oY
re
o

=
m

rir

Geophysics and Geophysical Exploration Vol. 27, No. 3, 2024 * 195





