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Electromagnetic fields for different type sources with effect of the ionosphere

FU Chang-Min, DI Qing-Yun, XU Cheng, WANG Miao-Yue
Key Laboratory of Engineering Geomechanics, Institute of Geology and Geophysics ,
Chinese Academy o f Sciences, Beijing 100029 ,China

Abstract MT and CSAMT methods have been widely applied in many fields such as coal,
mineral, geothermal and engineering explorations, but they still have some problems. So an EM
method using a fixed large power source, such as long bipole current source, large radius circle
current source or two perpendicular “L” shape long bipole current source, is beginning to take
shape. The strength of the electromagnetic signal doesn’t totally depend on the transmitting
source. The effect of ionosphere on the electromagnetic (EM) field should be considered when
observation is carried out at a very far location away from the source. In order to find the
characteristics of EM fields induced by different type sources, we have made some modelings of
typical models, and found that the “L.” shape source is flexible and reliable, and is an optimal
source.
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Integral Equation Method

EL2WMB EFRAZMLIN SinoProbe 45 Hi 1 HL #E 7 (SEP) R LWl 7 (201011079) | A [ B} 2 e 1 Ml 5 7y 27 B o5 552 960 2 F Ji 3k 45 991
H( KLEG201105) FlE % B R BH 2 3 4 30 H (41004053) BE 4 ¥E ).
EEEN KR, 51982 4E 4 4, TRER , 32 52 DA 35 3 Bk 4 PR Al B 2% 15 038 8% % A 45 T 98 . E-mail: fem168@mail. iggeas. ac. cn



12 1 AT B A - v B 2 5 0 S (R 28 B R 8k 1) T R 3 R AIE 3959

1 5 &

TR L F, 1 00 R 3 (MUT) 5 ] 428 53 45 R
Mo 35 (CCSAMT) I 4R R A5 2 1T R R 82 B
(A& B A AF7E A SESEA RS MT 32 1 m] 3 58 A
AR BEHRAR O AH Hy TR R SR I A 5 5 L L
B 4 5y 3 B4R PU R RE MR BT LTI 6 25
8 Jan U KR, DT O8I B D AR RROR IR SR
MALUER CSAMT J5 kA5 5 i B AR EOR . (H
TE 52 B B A0 AR H IR A B2 LR, 24 T X P
ORI AT IS AR ME SR B A 3 1 R IR L 5 AT
5 R BRI G B AR 1~ 2 Tem s X LA A2 3R 350 I
YK,

TG T MT 5 CSAMT W% J5 i 194
S BIBR Sy WEM™ i Ok 2 < [8] 5 I FL i 8 $8 07
AR TR 3K — 5 Wk Y FE A JE B O A g BELIX
S TR — A [ R K T R AR 5 e IR TR R
JER IR B A L RE AR B T A IS LA A R L
R 5 il 1d 22 6 VI 35 A 28— 4 LN i T
B = AE WL B ) A ) % X T LR AR AR Y 2K
EE R €Y NI R S Sl L NI 2R R
BRI HLAE F L off SR DR L SE 2 10 km 3R 7 ik
A] LU T T 22 Fh Bl 4R U ] R 5 T 4t R B B
PR | A 45 A Al A 2

XF WEM J5 5§ » 208 UE R 2 = ] 5 7
A ) R TG A 5 e TR A A T AR TR L R O
RIS TR 1) 5 e — A T B A R T A (] 6 B U A
7 A Y R A 5 R AT SRR PR 00 A 4 2 1 K B TR
FRI A BT BL

fegeny CSAMT A nJ #5555 i - U A% 2l ¢
FEOS /0N o B AR ) WSOA B — A LA 2 BLLA N S A ik
A BRI {5 18 25 U SR M )2 RV aT . i x
WEM 753 » i 2R AR R R S R Wk i B vl
B ETA R TEAN I B R b R B RE 1 SR
52 B HLU B R IR0 HL R R R AR Y 3t K R Y
FRAE B A —SE AR SE SO K R 0 2 0He i o et &
SRR DL AR SORS LR R R b o S S IR A 2
T3 5 BE B R 7K 1R R BRI R A LR
MAEFARER VEENRBZN - ER
RELTRY {1 )22 B L O R T AT R Tl R R
e LB TR R R T B R 3 AL D AL X L
e 25 bl A IR LR B 40 Bk L Ve A R T WEM Uy
ey & IR NIEATITR

2 JrikJER

H AT L0 37 1 TE T 5 2 3 A U s AR
B By I TR I A A B T R BR 25 4 S O AR
B AL BT A P DX 2 O 2 AR K B
RN Ry NI (BN 2o Al A/ £ i mB O R B D 1)
R B i o FT LARe FEDREL IO A% 194 5 AEL R S A 0 X IAR
R B A DX F P 5 R AN S AR 38 5 I A R
rh I AT BR Ty R A B A PR 22 43 O R 2H 1 O R H
SRR R, DL & T AN RE 5 15 3 AR 1Y) %

B 20 tad 90 ALK, i T HAT (LA 70 5 3 X
FTE S W0 AL 3D LG B3 7 B RS 1 B 1Y)
Ji&. W B R N IE 5 5 S A AT s

E=E"+E =E"+G:.(AE).
H=H"+H = H" + Gy(AcE).
Hrp Ao 25 H SR, G: M1 Gy 2 HRE 1
G ks R RORFE AR R LS H B 8 AcE TR
1) =4ER 7.

TE = AE R4 7 B i v AR MR BRI B R B R — A
OGS LT BN B2 5 e o e 4 5 RN BE . AR SR
T2 AR A R 0 2 R kY AT I
KRIHEE W2 222 B Z A LT K
R =2 N ey TR U5 B g 1 Y NE R A Qi g M = SR
2 N FE S 305 O B A s R T 4 A B A 4 G
RS sy, D B 1 A A B Bk Ry )
AR W RO AT A S MR ST i R R AR
B F W M AR 0T ek R A e S e A
)25 (R A 25 21, OF T 45 R AR A B = 4E U0 T
v, g S S AT DAASE AL M- PR )2 AR AR Y 2R O I
AT e

LT UH BB 5] )2 AR KM 50 R & Fh =4
SH R BLRY ) A 3 R TR AR R, SRR AS
() 2J8 AR 50 1) VL ) BEAS R AR L AR SO FE B 45
by 159 59 4 BB B I (4 17 B0 » R b 4 A A5 31 45 A
NN 7 W = ok L N O L o R N S
(R AL TH 5 2 b R 03 1) R JE A R BEL 3R L X
Ry E LAY A S 5 A8 RORCBE W & B 1% 40 %
S SR A3 BRRE ) AT R R

3 AR B PTFTIA H L R S ALE

3.1 AEAIFEHEWIE
KT E TR AN R TR Y



3960

Bk 4 # 2 4R (Chinese J. Geophys. )

55 %

T4 R A5 BUA AT 58 0] P2 U0 L VA P 1 X L. IE
TR SR R 2 i B 2 & R IR )2 = R 54
OB R =y L I N I W T B N DA
JE R 2 J5 1 R A BE T 2 km, Z S HLIL 100 A,

KA 1 He.
E

/

Ionosphere

p=10°Qm

? Atmosphere

H,
g L’
! p,=10"0m ,
4
4
4
4

R hy=100km
[}
[}

Earth

\_/

py= 1000Qm

BT “Hb-H By R R
Fig.1 Earth-ionosphere model

20 y Wi E FER IR E. Y
H, srarh4e 1B 3 45 1 192 A 4% 2k (0,100000 m,0) [
22 W I AT 3 0 ) A0 e L 23 i L TR e R R S R
FeZE 1 2 F 2 CSAMT 3 i b7 24 =031 2 r 15
A5 SR SR R 26 o A 2% T B 2 L B
B2 02 M = A R O R IA TR T A 1 46
A LLE B AR X R NCR B BUR L B TR
Wi mf DL 220, = e R0 BRI v A b F )R
55 5 5 T Ha 2 2 1 2 R % T A Sk AR — B AT
LA A R BAE R 2 TR BE /N T 5 km A2 A B
M2 m A 220 . 233 i b iX 02 i T4 8t CSAMT
2 2R 0 S H A A T R A U R B A B S

10° T T T T
Half-space analytical
Half-space modeling
----------------- Earth-ionosphere modeling
102 B
&
e
=
Lu = ] 0—4
10
1 1 1 1
0 10 20 30 40 50
y/km

104 T T T
Half-space analytical
Half-space modeling
----------------- Earth-ionosphere modeling
g
G10° b
S8
10 1 1 1
107 10! 10° 10! 102
fHz

P 3 fas [a] RS 5 - W B J A R A0 H B R 5 R X L

Fig. 3 Comparison of apparent resistivity

PRI 23 77 A R 22 T = 48 J2 50 B AR 0 O B s ™
IR T I B S (i3 B8 4 2R R .

RXS A R AR TR AR M = 4R Oy A AR
J X T s ) RUBE /) i A58 2R O W] & /. TR A B
HEAT AN [R) 28 7 [ 5 50 A DR AT A B M- o )= 7 A TR
FL G R TH IR A AT 3 5 R AR X FE RS 0L B 3 58 v
YPoR A 1 Bros BEAL, R S LU 1000 AL R S5 A
0.1 Hz.
3.2 KEEFRBIHRBIFE

ST HEAT B IR S 2K P 2 BOE R LT
FLERIRKE 100 km, BT o B b oo L TR
I T2 S 25 T R R TR Y 2 A )RR 2
TR B JZ 0 - H B R R I s A B L T
o BIRT y Al b A R T £y T AR B il 2
BEAREEBEANEY E, /r 8 M H, iy
RAE X B LN A &S iy £, oy MG H, o1
s E L. K 4 FE S R,

A LLE B A6 YR BE R 6 3800, BDAE o il B
T 300 km 1 y Fli /T 500 km BALE , F IEFIA

ifii T T T T
Half-space analytical
Half-space modeling
----------------- Earth-ionosphere modeling
102 1
E
<
=
IZ« ] O-‘ - -
]O-() L -
(b)
1 1 1 1
0 10 20 30 40 50
y/km

B2 2fas AR 55 - o 2 A R S (% HE

Fig. 2 Comparison of half-space model and Earth-ionosphere model



12 14

AT B A - v B 2 5 0 S (R 28 B R 8k 1) T R 3 R AIE

3961

75 P )2 R IR () A R A SR B AR A [ L e
ISP R 5 MR AT L 22 L S PR i & s R
TR JE R B M- R R R B 5 T R KT
FEL S N BRI 0 5 9 LB A A B A i i 22
)AL A A K T B R R ) AT 0 R A B R
FLBE 0 15 o o 7 500 1) S 084S 1 A9 B T WEM 7
¥ R A A S ARG XS B R AR Sk

1 5518 2 — By o1

3.3 IR B #E A RORUHHE

B T 1 H 8 5 S KT 13 BRI AR S I3 B6 A for
F I B R A 100000 m? k4 -5 i 1 2RI
Y R AR 2.l TAE o B BB SRR EL FIH,
oy BARE X TR v B EO8 E, O H ., 2 8RR AE
DX LAIE 6 25 92 « il B B, R H . 2 i X EE
2k, B 7 gy it v Bl b B R0 H, A9 5ER00 EE 2k

MR 6 &7 v R LAAE 2 245 BRI A A S

0 0
10 T T — 10 — T — T —
Half-space modeling Half-space modeling
10° ------------------ Earth-ionosphere modeling 4 102 f j—— Earth-ionosphere modeling <
\ \
3 b
~ 10"+ 10 10 A “ 1
£ ‘ E N
6 N < S
=T N 12T T |
S =~ T
— 10 E = o T E
ool T 4 10" | _
(a) (b)
1072 NPT | AL rnnn 10" M| il Fannn
10 10° 10° 107 10" 10° 10° 10’
x/m x/m
P4 KO IR - v 2 = AR A 5 2 s IR A L R 3 o Bl b e v 2%
Fig. 4 Earth-ionosphere and half-space modeling results in x-axis for line source
10° T AL T 10° U U UL
Half-space modeling Half-space modeling
102F 0 —— Earth-ionosphere modeling 102F 0 — Earth-ionosphere modeling -
T/\ 10-4 - . _'A 10.4 - T -
2 . G .
2 w0p T . R g
I e, a0 \"n,.
= - =
— 10%F T | = 10%F . i
ook T 4 10" -
(a) (b)
10" P iaal N il it 102 PP | P | -
10 10° 10° 107 10" 10° 10° 107
y/m y/m
B S KR G - v 2 J2 7B B L o 2 (R A Y e 0 v A U R
Fig. 5 Earth-ionosphere and half-space modeling results in y-axis for line source
10 T T 10 T T
Half-space modeling Half-space modeling
0*r — Earth-ionosphere modeling 7 10% 1= T Earth-ionosphere modeling
~ 10-]0 i -.\___\~\‘~ | R ]0-10 L T . . .
‘E 1012 F \\\\ . ._E 10" F \\\ .
= ) <
= -14 - N 1 = -14 |- \\ -
ry 10 X iy ~10
10 [ 1 1070 I 1
10" T 10 h
(a) (b)
10720 1 1 ]0_20 1 1
10 10° 10° 10’ 10 10° 10° 107
x/m x/m

Fig. 6

P 6 FRBRIR - H B R R 5 o s (R BE AN W 5 oo Bl T £

Earth-ionosphere and half-space modeling results in x-axis for circle-line source



3962 H Bk ¥ B % R (Chinese J. Geophys. )

55 %

R PFAH S5 I L7 A 14 37 8 A G /N T i ik 2 R R
5. BT 3L B PRI o B B w E, R H oy
A5 v B E A H, Y. FESCR BE /N T 400 km
IR T 228 P R ) S L 5 SR 2 B A R A L 2
iR N3 SN N =S A T R 77 R N
P JZ IS 0 1 D0+ R R Y A A R R R A 37 5
T 7 22 B AR PR AR IR Y 2 AR AR

PRI L 75 25 RS B TR R T R DR 1
K A BAE S R W X TR PR A 1 .
B2 B MR AR 8, T AR5 5 AR B T X3
VARG 5 TS T T R R UREOR 1 3 LR R

|H [(Am™")

M) e 45 3B KRV T 95 DT A 5 2R K s 9.
3.4 LEFBEHRBSFIE

¥ 3.2 K LR SHR R A IR I I — 4%
EATTF v BRI R IR 50 km, Ho0 AR AR A
(—50 km,25 km,0 km) , 5K FEAF R HAH G L
KGR

LA T L RRATE o Bl b 7= A 9 G 3 %5
e (e, B9 i n ot v FhOLE B R & O i
(B 2 BT R T LA R SR i B R AR S & Y
R NE o] LLE B, TP A bR gl - E,
FH |, 3 £ 2 i 7K F 5 10 9 43 R 77 A L 3 HL or 26

10

Half-space modeling

109 e ~ST Earth-ionosphere modeling

100 L T :
.

1072 N .

=101 .

107 “".‘_ -

10-13 - ) -

(b)
1020 PP | PP | P
10* 10° 10° 10"

y/m

B7 0 BRRUR S 3 - v g SRR 5 o 8 A BB B R 3y b R i R

Fig. 7 Earth-ionosphere and half-space modeling results in y-axis for circle-shape source

|H [(Am

10 - S — ———rr
Half-space modeling
-8
I Earth-ionosphere modeling
ol T -
g j0n ™S i
> ..
;X 10 \ s
- 10716 | '\\ ]
108 F 7
(a) :
1020 MR | MR | M
10* 10° 10° 10’
y/m
10° B SRR E
Half-space modeling
102 ------------------- Earth-ionosphere modeling
10t 1
g
Z 10°F -~ .
o
2ol S 1
e 4
10" @ L L
10* 10° 10° 107
10° x/m
T T
Half-space modeling
102F 0 m— Earth-ionosphere modeling
= 10*F 1
g | T~
< wf TS " .
= | T
ol P N ]
lo-lt) | n
102 (C) RPN aaial P
10 10° 10° 107

x/m

10° R LA LIRS I
Half-space modeling
102F 0 — Earth-ionosphere modeling -
= 10'F 1
g
Z 10°F -
Y
— 10—8 - e _
ool T _
10" (].3). 1 1l L
10* 10° 10° 107
x/m
10° T T
Half-space modeling
102 [ — Earth-ionosphere modeling -
\
10t ™ 1
10-{» L T -
T ]
lo-ll) | .
102 (d,)_ M| ) i
10 10° 10° 107

x/m

B8 L 7R - B JR R R o s [ R R 8 o il gt £

Fig. 8

Earth-ionosphere and half-space modeling results in x-axis for L-shape source



AT B A - v B 2 5 0 S (R 28 B R 8k 1) T R 3 R AIE

3963

12 )
10° SRR T —
Half-space modeling
TOZEE e Earth-ionosphere modeling
T/-\ 10 F .
Z 10°F N .
Ey_ -.\\.
— 10°}F -
10| R _
10" (é?) sl NPT | T
10* 10° 10° 107
/m
10° T -y-------u T
Half-space modeling
102F 0 m— Earth-ionosphere modeling -
'—I‘A ]04 - .
g | N
< o T -
=
e .
10" E
C
102 © 1 1
10 10° 10° 107
y/m

Half-space modeling

102 e Earth-ionosphere modeling
= 10'F .
& §
Z o0k TN -
= | T~
N
— 10-x S O _
ool T 4
(b)
10" — oL L
10* 10° 10° 107
108 y/m
T T
Half-space modeling
102 e Earth-ionosphere modeling 4
= 10*F & .
< 10 S -
S
N NG
E 10% T 4
10" ]
(d)
102 A | AN aarmeees
10 10° 10° 107
y/m

PO L B - H B = R 2 (RT3 v b s el 4R

Fig. 9 Earth-ionosphere and half-space modeling results in y-axis for L.-shape source

PR EL TR S BT DL L TR 9 T i 0 3. 2
2k U6 225 AR 25 R . T T T T T R
925 LR EAE P A bR BT E, 5 H ., Ry
S it S % M L T LT B4 B (4 B B BEAT 5
KSR AR AT L 5 2 9 77 7 6 3 9 4% 43 Bt 500
2548, AR T WEM Jr i o i 5 .
3.5 BEABEHBESNERY

3 P T S i B 1 (AT TR E L A
{E — 2 R BRE Oy T S T LA 8055 4 b7 o
R0 09 K 25 8 L BROR VR R L U 0 o 0
i T T 3 50 44 H 3 = O £ B L 72 2 B
Wi E, E, H, Rl H, 5 055 E % . 10
% 12 R

AT 3 T KT KRR A 5 4«
B E A A E, FH SR 2 %
FAREAR BT 8 E, A H, R X 5 P
A5 RISE. A T IR E, A H, A 6T o il
MFRE, FH, ST y BB % 5 4 R %
B SR I 1 K R B A R 06 T 7
LI 317 301 P 1355, IS BT R L L A3 5
KT K B IRAPAEB R 2 7] B4R L B A LA
IS AR BE 28 0 4% B (40 B B 0 3 0 F K
LU 5.

3.6 L BUE = AR

T A LR SRR BT R MR = A 2
R (% L 1% 37 HEAS R AR 3 B 1 A8 K B 24 [ e 15 A U
R BEAR X 5 1 (A 0 43 BERE T R TR — A =
O by SRR R AT AL B LA R S 3. 4
PSSR R T P R O R — A =Y R
HARBIZARA TR A& 13 B, B R R M 4 o =
JZ N BT A5 08 1000 Qm, 500 Qm F
4000 Qm,{iH 2 BE & 1000 m Fl 500 m. = 4
SR RIS 2 1000 m, JEEE 100 m, | 54 iE B
3R 1200 m, AL F R HLEE — )2 . B W R d 0850
RN o F oy AAFRIY N 1000 km,

B 14 Sk 3% 5 R 3252 58 (e =1000 km,
y=1000 km) 2 Ui 2] (1 - J& WAL H BH 2 il k. =
SR AT =Y R H R R B D 500 Qm, 55 [ A AH
] B G TG 538 F7 A, AR 3R 57 IR s B R
100 Qm, Sy A% BH 5 5 1A . o 2 Bsf 5 5 A H BHL R R
2000 Qm, Ky = B8 1. T LLF B2 500 R 55 = 1
H T R R B AN o A0 R BEL R SR B T R M —
J2AE T B8 A 1 AR R JER TR 3
S HUR B AEAE T T F BEL 238 1 S0 S T Y R L R
TS AT o A0 P BEL 356 7 5 -t AR A T G v I BEL S A
F18 A0 P BEL 2% W 2 L v B S A 1) 45 SR T I ] &



3964

i BR ) PR 2% R (Chinese J. Geophys. )

55 &

AR T R A SR T A
b A [ o7 5 Y A0 H BEL S R AR T TR 25t LA S
AL 20 km YE I K HHH RS 0.1 Hz #1110 Hz
I by 25 42 Wi 3] ) AL FR BEL 38 20 A BT, B &1 15 A 16 B

x106 (a) 1glE |

1

4
05
¥
E o
~
8
05
-10

-0.5 0 0.5 1 9
%106 (o) 1glH | =10

1050 05 oo

& 10

7. ANIEL 15 Hral DU B = 2R BE 1A A g BEL A 75 3t
BRI T W A IR BE S e B B O S
PR b TE R A £ R - DL HL BE R 2 8 8 T 2R
Y AL BEL R

1 x10°

(®) IglE

-4
0.5
-6
£ o
=
-8
-0.5
-10
1
405 0 05 1
Lo () lg|H| S

s 0 05 1os

IR ZR R - HL R B M o (T A

Fig. 10 Radiation patterns of Earth-ionosphere model for line source

. x10° (@) IglE |

-1 -0.5 0 0.5 1
6 c)lglH | x109
1 %10 ( ) %
-8
-10
-12
-14
-16
-1 -0.5 0 0.5 1
x/km %108

K11
Fig. 11

Lo (d) IglE)|

y/km

0 0.5 1
@ IglH] *10°

6
15 %
0.5 &
I -10
g o
~
-12
0.5
-14
al -16

-1 -0.5 0.5

0
x/km

PR R - v )2 A A M 2 37 {4 A 1

Radiation patterns of Earth-ionosphere model for circle-shape source



12 44 PR RS < B V2 A T AN [ 286 R U8 A ) R o R A 3965

%108 (@) 1glE | x108 (b) 1glE |
1 1

y/km

e

-1 -0.5

0 0.5 1 .
1 (d) IglH x10
-4
0.5
-6
E o
3
-8
-0.5
-10
- -1
-1 -0.5 0 0.5 1 - -0. 0 0.5
x/km %108 x/km

P12 L ORUJE - r R AT M o 5 (A A

Fig. 12 Radiation patterns of Earth-ionosphere model for L.-shape source

(a) Section view (b) Plan view
0 4 - - 1002
0' 5 [ I ] 00 1
1 5 5 o
£ | e £ 1000
Y15 ~
o T S e os I 999
25 T T : LY e —
998 999 1000 1001 1002 998 999 1000 1001 1002
x/km x/km
(¢) 3D view

Pk 998 998 Ckm

P13 AN [ A0 A 1 = 4k K b A L
Fig. 13 3D model for forward modeling

& 16 J& % S50 20 10 Hz B 55 00 , 1L B g F
PRM B R R TER BN EEE. 4 TSGR
B AR 1A A BH R A /N TR 15 HR g AR L (EAT T LA
BTSSR AR R A L B PR 41 XK R ZR IR PR A LR = A A
B 2R I 35 % HL A 6 35 v 1 43 HERE ) [ & SR R )2 B = A By Oy Rk AT T M-



3966

i BR ) PR 2% R (Chinese J. Geophys. )

55 &

4000 . :
3500 3D body p=500Qm i
................... 3D bodypZIOOQm
3000 3D body £=2000Qm _
g2500 - |
S
2000 |- i
1500 | |
1000 i
500 ; L ; 10 )
10 10 10 10
Slkm
P 14 R ) e BEL 25 5 R AT 3 s L e, L 26l 2

Fig. 14 Apparent resistivity for different

anomalous bodies

P S R TR ) VR S BB AL XS R AT T o
Ayl B = A AR G 2 R RS H T =

(a)
1010 . am
3600
1005 -
3550
g
= oud .l‘ 3500
995 3450
3400
990 _ _ _
990 995 1000 1005 1010
x/km
& 15

=<
=

Mo ST 22 L ) P 7 (A O

4.2 =P R R PE AL RCF FROIR IR G 2 AT
L e S A AR (PR 2 - P R A I A
4 L R S 5 5 O AR IS BE B SOR BE IS B0 R S il
FL S BB R 3 2 RO, AN LT B
V00 L ) PR B B AR AL T K R RIS L Y S S O
7 R A S IR XA R 22 03 EAE G X 3 1 2
TR 2 A7 AE T el A e AT W R AR R B A
T USRERS BIAGR A L RE AR T . Hoh LOBLIR A 7 (A
7R b T KRR 5.

4.3 A L AUR S IR OL T R A7 A A = 4 5 IR
AR EAT T RLALL B0 20 o A R W AR W R O B T
B ORIy E E LR JE 0 i B S AR AR B B
BAF 9 o2 BERE 1. 2R 0 . L B URUR B Y S
WA M TAE WEM J7 3k b BEAT 52 BRI .

(b)
1010 .
pPIOm
3600
1005 1
3550
1000 A '
3500
995 4 3450
990 . . . 3400
990 995 1000 1005 1010
x/km

WA g 0.1 Ha I 53 U7 M 2 1) 90 v BHL R A5 (2R 1K

() SR RHEBAAR A 100 Qm; (b) 53 A B % 2000 Qm.
Fig. 15 3D model’s apparent resistivity for 0. 1 Hz

(a) Resistivity of 3D anomalous body is 100 Qm; (b) Resistivity of 3D anomalous body is 2000 Qm.
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3D model’s apparent resistivity for 10 Hz

(a) Resistivity of 3D anomalous body is 100Qm; (b) Resistivity of 3D anomalous body is 2000 Qm.



12 14

PR RS < B V2 A T AN [ 286 R U8 A ) R o R A

3967

2 % Lk (References)

(1]

2]

[3]

[4]

[5]

L6]

(71

(8]

(1o0]

Kaufman A, Keller G. The
Method. New York: Elsevier Science Ltd, 1981.

Magnetotelluric Sounding
Cagniard L. Basic Theory of the magnetotelluric method of
geophysical prospecting. Geophysics, 1953, 18: 605-635.
JEH =, B4 %, CSAMT $udi iF S & oy i 1. dent: B
22 AR . 2008,

Di Q Y. Wang R, et al. CSAMT Forward Modeling and
Inversion and Its Application (in Chinese). Beijing: Science
Press, 2008.

I Tk . AT PR K H s B R v .
Kb e Tl K% i kst . 2005.

Tang J T,
Method and Its Applications

He J S. Controlled Source Electromagnetic
(in Chinese). Changsha:
Chinese Industry University Press, 2005.

AR R, TR AROR Ml g R e S . e BleE
At . 1999.

Shi K F. The Theory and Applications of Control Source
Audio Frequency Magnetotellurics Method (in Chinese).
Beijing: Science Press, 1999.

RE =, EUH. A RES. @SaH Ve REAED 1L TR
KB B N T ST, MR W B E 4R, 2002, 45(5) . 744-
748.

DiQY, Wang MY, Shi K F, et al. CSAMT research survey
for preventing water flooding in mining. Chinese J. Geophys.
(in Chinese), 2002, 45 (5): 744-748.

KHE . FIeA, ZREES%. WK 0 TG T ok R A B R
HA T Bk P ) R M Bk A, 2006, 49(6) - 1836-
1842.

DiQY, Wang G J, An Z G, et al. Geophysical exploration
over long deep shield tunnel for the West Route Project.
Chinese J. Geophys. (in Chinese), 2006, 49(6):1836-1842.
KH = LR TORARSE. ek H L8 A B 35 AR 76 7 K
LA VLR TR I BRI B 4 h RO RE . A a2 5 R
4, 2005, 24(20): 3631-3638.

DiQY, WuF Q, Wang G J, et al. Geophysical exploration
over long deep tunnel for the first line project of diverging
water from Yangtze River to Yellow River. Chinese Journal
of Rock Mechanics and Engineering (in Chinese), 2005, 24
(20) . 3631-3638.

AR PE VAT . XBTIMESE. A T U5 AR T L 0% O AR R T g
JH T 15 0 ) b 72 T 1 0 RS MBI S 2003, 10(89)
248-257.

Zhao G Z, Tang J, Deng Q H, et al. Artificial SLF method
and the experimental study for earthquake monitoring in
Beijing Area. Earth Science Frontiers (in Chinese) , 2003, 10
(S1). 248-257.

oL N AT L % 3 9 9 43 A B 1 F 9T LA iR
SC. dbmts o E R R 3 B SR T . 2005,

Zhuo X J. The research of the distribution and measurement

of artificial SLF field [ Master' s Thesis | (in Chinese).

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

Beijing: Institute of Geology, China  Earthquake
Administration, 2005.

UG R, — R BRI DR A AR At 2R
YIBEIE, 2004, 39(H) : 114-117.

Zhuo X J, Zhao G Z. A new electromagnetic method with
artificial source in resources exploration. il Geophysical
Prospecting (in Chinese), 2004, 39(14) . 114-117.

B, BEE. K 5%, JCLH R (WEMD 18 3 5k 4 21
BRI W0 . b BR A B AR R, 2007, 22(6) . 1921
1924,

Zhuo X J, Zhao G Z, Di Q Y. et al. Preliminary application
of WEM in geophysical exploration. Progress in Geophysics
(in Chinese) , 2007, 22(6) . 1921-1924.

FUBTAE, Rh . AR M TR A BT R AR DU AN b 7R T
LS L MUARELE AR L 2010, 32(6) , 37,

Zhuo X J, Lu J X. Application and prospect of WEM to
resource exploration and earthquake predication. Ship Science
and Technology (in Chinese), 2010, 32(6): 3-7.

S, SRR AR R B R R 7 b S 0 B A Y T
FOL HL T TR . 2009, 29(8): 192-195.

Zhuo X J, Zhang ] W. A calculating method of the effective
resistivity for the extremely low frequency (ELF) transmitting
antenna site. Ship Electronic Engineering (in Chinese), 2009,
29(8): 192-195.

=, B, B K AR S 5 aT 45 U E g I8 e
FRAEFSE. Musk4 B 2437, 2008, 51(6): 1917-1928.

Di QY, Wang M Y, Wang R, et al. Study of the long bipole
and large power electromagnetic field. Chinese J. Geophys.
(in Chinese), 2008, 51(6): 1917-1928.

KT = E0eA, B S KM ORI Rn] T H
R BT 2 B0 U A . M Bk P B 2 R, 2009, 52(1)
275-280.

DiQY., Wang G J, Wang M Y, et al. Frequency response
characteristics of target electric property with long bipole
large power control source. Chinese J. Geophys. (in Chinese) ,
2009, 52(1) . 275-280.

Fiit, Wi s, EWA%. BEE-S12 RN TEa T
RRUBE R Ty 28 n] 42 5 v 430 L R E F 5. b R A 32 4R
2010, 53(2):411-420.

LiDQ, DiQY, Wang M Y. Study of large scale large power

3

electromagnetic with “ Earth-ionosphere ”

(in Chinese), 2010, 53(2):

control source
mode. Chinese J.
411-420.

RS RS = B A R B e 83 10 2 56
. HERYEESEAR, 2010, 53(1): 177-188.

FuC M, Di Q Y, Wang M Y. Calculate electromagnetic

Geophys.

fields in stratified medium with layer-matrix method. Chinese
J. Geophys. (in Chinese), 2010, 53(1) . 177-188.

Raiche A P. An integral equation approach to three-
dimensional modelling. Geophysical Journal of the Royal
Astronomical Society, 1974, 36(2) . 363-376.

Dmitriev V I, Nesmeyanova N 1. Integral equation method in



3968

H Bk ¥ B % R (Chinese J. Geophys. )

55 &

[21]

[22]

23]

[24]

[25]

[26]

three-dimensional problems of low-frequency electrodynamics.
Computational Mathematics and Modeling, 1992, 3(3). 313-
317.

Wannamaker P. Advances in three-dimensional magnetotelluric
modeling using integral equations. Geophysics, 1991, 56 (11):
1716-1728.

Xie G, Li J, Majer E, et al. 3-D electromagnetic modeling
and nonlinear inversion. Geophysics, 2000, 65(3): 804-822.
Zhdanov M S. Geophysical Inverse Theory and Regularization
Problems. New York: Elsevier Science Ltd, 2002.

Zhdanov M S. Geophysical Electromagnetic Theory and
Methods. New York: Elsevier Science, 2009.

Habashy T M, Groom R W, Spies B R. Beyond the born and
rytov approximations: a nonlinear approach to electromagnetic
scattering. J. Geophys. Res. s 1993, 98(B2). 1759-1775.

Tseng H, Lee K, Becker A. 3D interpretation of

[27]

(28]

29]

[30]

electromagnetic data wusing a modified extended born
approximation. Geophysics, 2003, 68(1). 127-137.
Zhdanov M S, Fang S. Quasi-linear approximation in 3-D
electromagnetic modeling. Geophysics, 1996, 61 (3): 646-
665.

Zhdanov M S, Fang S. Quasi-linear series in three-

dimensional electromagnetic modeling. Radio Science, 1997,
32(6): 2167-2188.

Zhdanov M S, Dmitriev V I, Fang S, et al. Quasi-analytical
modeling.

electromagnetic

Geophysics, 2000, 65(6): 1746-1757.

approximations and series in
Zhdanov M S, Tartaras E. Three-dimensional inversion of
multitransmitter electromagnetic data based on the localized
quasi-linear approximation. Geophysical Jowrnal International ,

2002, 148(3): 506-519.
CR3CHR X))



