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Table 1 Comparison of vector finite element solution and analytical solution of uniform half space model

51 ?}'?J[B,Eﬁ%:i(ﬁ)w ,p),x)/(Q ©m) FL @/ (°)
7 Hz IR AT BRIC A iR BR2/% oA FRICA# SR /%
10000 99.4934 100 0.5066 44.9824 45 0.039111
8000 99.5168 100 0.4832 44.9800 45 0.044444
5000 99.5580 100 0.442 44,9782 45 0.048444
2000 99.6149 100 0.3851 44.9802 45 0.044
1000 99.6266 100 0.3734 44,9895 45 0.023333
500 99.7002 100 0.2998 44,9601 45 0.088667
200 99.8467 100 0.1533 45.0661 45 0.14689
100 99.4868 100 0.5132 45.1051 45 0.23356
50 99.2563 100 0.7437 45.0452 45 0.10044
10 99.4329 100 0.5671 44.9565 45 0.096667
5 99.5295 100 0.4705 44.9596 45 0.089778
99.6083 100 0.3917 44.9717 45 0.062889
1 99.6484 100 0.3516 44.9776 45 0.049778
0.5 99.6599 100 0.3401 44.9970 45 0.006667
0.1 99.7267 100 0.2733 44,9301 45 0.155333
0.05 99.9013 100 0.0987 44,9393 45 0.134889
0.01 100.0090 100 0.009 44.9873 45 0.028222
0.005 100.0070 100 0.007 44,9949 45 0.011333
0.001 100.0010 100 0.001 44.9995 45 0.001111
0.0005 100.0000 100 0 44,9998 45 0.000444
0.0001 100.0000 100 0 45.0000 45 0
103 (a) (b)
: 000 p, VFE-PARDISO S 0 0 0 @ VFE-PARDISO
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Fig.3 Comparison of 3D forward apparent resistivity (a) and phase (b) of homogeneous

half space model with analytical solution
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Table 3 Comparison of vector finite element solution and analytical solution of H-type layered model
B BB (p,) ,p,,) /(€ - m) HIBE o/ (°)
/Haz KA FRITR ik fige R/ % KA RIThR it e five PR/ %
10000 99.4944 100 0.505638 44.9825 45.00002 0.03894
8000 99.5156 99.99967 0.484074 44.9807 45.00007 0.00043
5000 99.564 100.0036 0.439562 44.9729 44.9985 0.000569
2000 99.1812 99.72298 0.543282 45.0089 45.02392 0.000334
1000 100.138 100.1248 0.01314 44.3103 44.43167 0.002732
500 108.223 107.9785 0.22646 44.9127 44.67756 0.00526
200 112.433 113.6883 1.104134 51.6513 51.46143 0.00369
100 94.4807 95.60484 1.175822 59.265 59.07526 0.00321
50 63.587 64.76429 1.817807 63.9834 63.85949 0.00194
10 28.0673 28.37355 1.079333 45.849 46.13936 0.006293
5 32.2082 32.33247 0.384363 32.3095 32.54673 0.007289
2 55.1794 55.21716 0.06839 21.4561 21.55953 0.004797
1 89.6415 89.67347 0.035652 18.7262 18.78408 0.003081
0.5 143.375 143.3732 0.00122 19.0537 19.09105 0.001956
0.1 348.002 347.851 0.04341 25.4995 25.50588 0.00025
0.05 457.716 457.5438 0.03763 29.036 29.03635 1.19E-05
0.01 692.088 691.9579 0.0188 36.1384 36.13554 7.9E-05
0.005 769.11 769.008 0.01327 38.3803 38.37769 6.8E-05
0.001 888.395 888.3428 0.00588 41.8079 41.80643 3.5E-05
0.0005 919.642 919.6043 0.0041 42.7015 42.70037 2.7E-05
0.0001 963.197 963.179 0.00187 43.9466 43.94614 1.1E-05
13 @ e =2 F | ® 000 @, VFE-PARDISO
i + + + @ VFE-PARDISO
] 1  smaas analytical solution
~ ] 60 mg
& -] C i ]
% 102 g aa® ® m 3 40_m B @ , =o ®
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i 7 B
] W8 O py: VFE-PARDISO 5 g
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104 10 10> 10' 10° 102 10 10 104 10° 102 10" 10° 10! 102 103 104
f/Hz f/Hz

E4 HERRER=HITFRWARIEZE(a)FNEA(b) BUERSBTEXTLL
Fig.4 Comparison of apparent resistivity (a) and phase (b) of 3D forward modeling of H-type

layered model with analytical solutions
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Table 4 Parameters of K-type layered model
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B IAIE A = g gy 40 11238) R 6 ok COMME-
MI 3D-2 BERURE 5 5ot —A> =2 K B s Wi,
B ZHFHA 10Q - m,JEHEF 10 km; 55 =2 1 K
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Table 5 Comparison between vector finite element solution and analytical solution of K-type layered model

9 M (p,, 0,/ (Q - m) AL o/ (°)

/Hz KA BRI ST it R/ % A BRIT AR i b fit R/ %
10000 99.4928 99.99995 0.507154 44.9823 44.99998 0.039291
8000 99.5179 100.0004 0.482464 44.9795 44.99994 0.04542
5000 99.5522 99.9958 0.443615 44,9822 45.00155 0.042987
2000 99.9938 100.3013 0.306591 44.9731 44.9962 0.05134
1000 98.5514 99.1159%4 0.569571 45.4799 45.46765 0.02695
500 94.8705 94.84442 0.0275 43.8641 44.11071 0.55908
200 111.446 109.5436 1.73666 42.1518 41.35312 1.93136
100 124.19 128.152 3.091671 47.226 45.89309 2.90438
50 115.34 122.0064 5.46397 54.8037 54.506 0.54618

10 55.4147 56.83843 2.504864 64.9559 65.42769 0.721085
5 38.6174 39.2693 1.660063 64.5842 64.96375 0.584241
2 25.6211 25.88921 1.03559 61.7858 62.03061 0.394665
1 20.052 20.20837 0.773778 58.9626 59.13016 0.28337
0.5 16.5801 16.68206 0.611172 56.1309 56.24364 0.200444
0.1 12.6035 12.65607 0.415342 50.8822 50.92886 0.091626
0.05 11.7748 11.82107 0.391403 49.346 49.36433 0.037132
0.01 10.7493 10.77999 0.284731 46.9822 47.06061 0.166611
0.005 10.5349 10.54576 0.102932 46.4109 46.47605 0.140175
0.001 10.2412 10.24057 0.00616 45.6579 45.67163 0.030065
0.0005 10.17 10.16953 0.00462 45.4711 45.47688 0.012716
0.0001 10.0755 10.07547 0.00035 45.2136 45.21445 0.001873
13 @ 1 ®
] O 0 0 Py VFE-PARDISO o 0 O O @ VFE-PARDISO
] 000 P VFE-PARDISO 000 @y \_’FE-PAR_DISO
4 + + + analytical solution - . + + + analytical solution
®
102 gom m@m B0 60 — “’ms
| = @
cZ: ; "a ] @ .
& ; = gom @ @ e me @
. B
:? - mmm S 40 — ﬁl
10" "8 gm @ =] |
1 -
100 T T T T T T T ] 0 T T T T T T T 1
104 103 102 10! 10° 10! 102 103 10* 104 103 102 10! 10° 10! 102 103 104
f/Hz JTHz

5 KERRKER=HFERNEBEEZE (a)FELL(b) BEMBRSBTHEITL
Fig.5 Comparison of 3D forward apparent resistivity (a) and phase (b) of K-type layered

model with analytical solution

B 6 COMMEMI3D-2 #ERE
Fig.6 Schematic diagram of COMMEMI3D-2

4
)
204
100Q-m
10Q-m - 100Q-m 10Q-m g 0
=
100Q:m e
-20
i . : .
-20 0 20 -20 0 20
x/km y/km
(a) xOz ) Ve H L BT 1 (b) xOyF1h Hi B 53 4



- 1394 -

w5 K ®

44 %

10 km , K504 y Ty ), 500 « Jr1a]

PFZAEIIE oy 1z I W53 R 28%21x 19 (H
oz Jrm T LA L 8 R A SE) M SR K
AR TTIEX Tz R AT = 4 E B, R B A
FROTH 25 5 Wannamaker 55 198153 77 27 (in-
tegral equation,TE) = ZERLRILE IR HEFT LR, &7
WA £=0.001 Hz FBLHLESE RXT L, B S0
FR (0[5 P 2 AR S TG BB IE T PARDISO H
PR R A BRIGE: (VFE-PARDISO) 18 2551,
THERR D H L (IE) THA 45 R, v LA I =y
BTSSR IEEA L,
22 ERMEEGHTEBRWIE

X}ty i TR 4SS SR R 7 T A5 4, FE T A%
x,y Fz F7 ) AT R AT DR AN A0 | L an &l 8 i
) = ZE LW HIE 3 53, AR AR i (= R—

100 =
3 @
i | \
! ]
! |
10 3 0Oe P ; i
E ‘l 1 | o m}
- . ' : oy
g 1 : : e
B ' 1 |
e 13 : i »
~ 3 | : ¢
¢ ] : '
; o W
T U q 1
U
0.1 o %
= M
3 ]
Je-e-@ o, VFE-PARDISO g
1o oo p, B H
ozl — T T 1~ T T 1
-60 -40 20 0 20 40
x/km
90 —
()
80 — fﬁ.ﬁ. |
1
seceal °C-e 5
T o-Co@l
N 70 4
s
60 —
| @-@-@ ¢,: VFE-PARDISO
O O O@y: IE
>0 e I I
-40 -20 0 20 40

x/km

M T ) b0 DA 438 B B A3 R A RS A
b LR S BB A AL e O 4 5 B S (AR, &
BT —8,

J T BAIE E SRR X MT Hb % 5% i B A5 4D 3k
W% Wannamaker 2535 31 1 = 4 11 g 455 400570
RIS B BHE R 100 Q - m, IHIEHIE AN 9 FF
TNo W HE WY 0 AE 1] R o J7 1), LA [ Oy
y 1),z IR T, TSl xt y 77
=S L TE W« 7 1) SEfH 3.43 km, #&A
R [X B (34 300 mx34 300 mx91 993 m) ¥ x .y il z
D5 1) 53Ry 43x43x29 ( Herb 2 5 1) L g T i DA [ 7
BRESZE) M ETT, IEHIERH 9 S m
A% AT R A3, RS ] ER 50 m,

Xof IR ([ 9) AT =4 1E AR, 15 AR
R f=2 Hz I} TE HALBERT T™M # A= 40 i BHL

10

ENC! CGible - O
] o Ce B
] ° of
- ﬂdi@
CHE
s ]
~
¥
041—:
1 e@-e-@ p,: VFE-PARDISO
17 ooop. IE
M1 = 5§ v 1 * I " ]
-60 -40 20 0 20 40
x/km
90 —

()

80—_ D.;;q% Q%G.D
PP

@/ )

60
®-0-0 ¢, VFE-PARDISO
00 0@, E
N T——T 71 T T T " T "1
60 40 20 0 20 40 60
x/km

a7, B IE T LR s h— 7, R IE TR B s o— 2, B IE BB 3 d—2, st IE L AR

a—Z,, mode forward apparent resistivity;b—2Z mode forward apparent resistivity ;c—Z, mode forward impedance phase;

d—Z, mode forward impedance phase
B7 AXXEERTEREENITEERS IE FENITEERI

Fig.7 Comparison between the calculation results of vector finite element forward algorithm and IE method



6 1 BT SC 45 « 7T Ox B A BRI A R P e PRl = 4 TE R T 5

- 1395 -

a—=HEHIE /R 55 b—HOIR RS 0 43R0 MT I 64315 75 2
a—sketch of 3D topography; b—topography meshing and distribution of MT measurement sites
B8 =#%EREMEISTE
Fig.8 3D topography and grid

450 m

z

B9 —#HLERRE
Fig.9 Sketch of 2D ridge

(a)

102

CRE
<) d
~
< 4
10" o
i eee-- 2Dpqg: FE
i O © O 3Dp,,: VFE-PARDISO
T 2Dpqy: FE
7 0 00 3Dp,: VFE-PARDISO
100 T I T I T I T
-2000 -1000 0 1000 2000

KA, B 10 rf 20 i 48 RS0 48 4 Il 2 —
A FRIC(2D FE) ¥ TE [ TM M At X a0 i 8 4%
5 e A7 AE = AR SO R A BR T s (VFE-
PARDISO) (1 xy £ yx B B4 5, IEH
AL Y ARG (VFE-PARDISO) 5 — 44 R
JCI LB AL AT E SR — 3, 3R T4
SCRIFFE 8 = 24 T B3 ) RS AR b Tt Pl A f 315
SERAERA TR,

(b)

----- 2D@rg: FE
20 — 000 3D(pxy: VFE-PARDISO
2Dy FE
7 ooag 3D(pyx: VFE-PARDISO
0 L i I e
2000 -1000 0 1000 2000

y/km

a—IEHMLHLBHR ;. b— IES B AR AL
a—forward apparent resistivity ; b—forward impedance phase
E10 =#%%X2HMRTEE(PARDISO)ITEMN —#itFamE —#E5RTLE R
Fig.10 Comparision between modeling results of 3DVFEM ( PARDISO) and 2DFEM for 2D ridge

3 JCi AR ARG IE B BRI S U A IE
AN TR L

T X TE S BURE A IE 9 PARDISO B I5
( VFE-PARDISO without divergence correction ) 177

PR IE B BICG %0 % ( VFE-BICG with diver-
gence correction ) Y THERE BE A5 R] 43391 5%
X PR AT R A5 26 A0 P O T /I 8 24 11 068 el R A A5
PEAT = HE I AL, X HU AL 2 SR WA R A
TR =2 IE AU 7R G G W560-G20 TAE 4G 158
B, TR SRR P i A B AN - CPU 2K Intel E5-2643



- 1396 -

w5 K ® 44 %

(3.4G) , W47 N 64GB, #ME R GL N Windows 7 (64
1) 3 HiF ¥R 35 A Microsoft Visual Studio 2012 ( &2 4
1% Intel Parallel Studio XE 2013) , BRI [X Ik v
x .y Mz 7 )53 43x43%29 (M z Jy [ 1 16 T3
LA E 7 2 S)2) AR EIT,
PARREE A T35 45 2R (WL IUA3 28 2 Hz) X L
W 11 s B 11 b R R AN S 2 o3 i) e 4k
ABRITIHR TE A1 TM BT 45 ) (L
RELASFIARAL ) , (630 B 05 AT & AR SC Y JE e IR G TE
BLHR AR B9 % B A FRICH: (VFE-PARDISO) 3155 #)
xy B (UL LB RHAL ) F1 yx A (A HL BEL A AR
) MR, 2298 F0 = £ I8 o2 4 HIORE A e 2k AROR i
(1% 1A BRI (VFE-BICG ) TR XY B (WL
FHA AHAL) A1 YX AR (L HL B AR AR ) 2R

13

lO'—E

o/ Q- -m)

----- 2Dprg: FE

100~ 2DpTM: FE
© © © 3Dp,,: VFE-BICG With Div-Cor

. i A a4 3Dp, : VFE-BICG With Div-Cor

' I L I L [ . 1
-2000 -1000 0 1000 2000
ykm

O O O 3Dp,,: VFE-PARDISO Without Div-Vor

0 0O 3Dp,,: VFE-PARDISO Without Div-Vor

ME 11 Ha] LUE A SCHY 8 ( VEE-PARDISO )
LK #3312 (VFE-BICG) T3 Ry 45 R ¥ 5 — 4k
FARRTTH TR 25 R — 3, (B A b 55 1l g 355 55 AL,
PARDISO B #RAEM) TM 455 1t BICG 183K M 11
SERE G T A BROCIT B4R, 2B Ay
T, JC T HORE A% IF B SR A 1Y % A PR JTIE (VFE-
PARDISO) iFE i — K _F iR BERUFERS 24 s, T HUE
WEAE 2% AR 3K fif 19 25 12 A BR JC % ( VFE-BICG ) #E T
407 s; 7 SCHY B 4% A% 5 ( VFE-PARDISO ) 5 3% X f#
2 (VFE-BICG) W TR uik 17 £%, T WA SCHY
T HOBE AR IE B R v 55 OB A A Y 3 AR fi
A EL, ZE TR BE AT ) v A A
SEAETTAL A (] 5 T 2R B B B 34, 38 A R
S AR Y = Y I A,

()

80— @ emmEs 2D(p1-E: FE

0 0 O 3D@,,: VFE-PARDISO Without Div-Vor
2D@py: FE

0O 00 3Dg,,: VFE-PARDISO Without Div-Vor
© © © 3D@,,: VFE-BICG With Div-Cor

60—
A & A 3Dg, : VFE-BICG With Div-Cor
< 4
& 7
40—
20 T T T T T T T ]
-2000 -1000 0 1000 2000

a—IEFEAH LR ;. b—IEiE FHATAR
a—forward apparent resistivity ; b—forward impedance phase
11 EERERENEERESHTHERENERBEETESRIIL Lk

Fig.11 Comparison of calculation results of VFE-PARDISO without divergence correction

and VFE-BICG with divergence correction

4 25

K EE T IAT B B K f# 4% PARDISO H. G
T WUBEAR IE W IETE 5 58, IE R C++1F 55 Gt il 1E 3
TR, LB MT =4E P B, b TR 5 AR SC
PR R T 38k R T SRR R ) JE A M A e B
SR AT G LA AR SO S5 5 5 B PR A AR s
RIS A 2 R He 45 SR R R AR AR
IRV T S AR HTE 458 T Y5006 K2 = 4 1R
R, FEPAERBOT R T  lad A SCh TG
o R R I B R 1 5 OB AR IE A AR A
XFH AR SCH) TOT O AL IE B4R v e T B
AR ) 7 TR 3 38, 4R ) S B T3 B 1) 1

RIS, AR 5k AUk i T3
FUIA 17 48 ASSCSE BAY PR = 2 1 8 55 0 Tk
HEMT =4S 3 BN RS2 P BA BLSE T

5 2% ik ( References) :

[1] Wannmaker P E. Advances in three-dimensional magnetotelluric
modeling using integral equations [ J]. Geophysics, 1991, 56
1716 - 1728.

(2] WREVE, ZEAR, S0, 55 R TR A3 05 Bk (9 Rt e = 28 1E.
T[] PG R 24,2006 (2) < 104 - 107.
Xu K J, Li T L, Zhang H, et al. Three-dimensional magnetotellu-
ric forward modeling using integral equation [ J]. Northwestern
Seismological Journal, 2006(2) ;104 — 107.

(3] ARBUHA WRELE, FIFH & —F0H0 0 = 4k Kb g R 4y Oy B2
L] BRI 2:4] ,2017,60( 1) ;4506 — 4515.



6

BSOS A5+ 2 T O AT RO A R 3t P R PR = 48 IE T

- 1397 -

[10]

[12]

[13]

[15]

Ren Z Y, Chen CJ, Tang J T, et al. A new integral equation ap-
proach for 3D magnetotelluric modeling [ J]. Chinese Journal of
Geophysics, 2017,60(11) ;4506 —4515.

Mackie R L, Madden T R, Wannamaker P. 3-D magnetotelluric
modeling using difference equations-theory and comparisons to in-
tegral equation solutions[ J].Geophysics, 1993,58.215 —226.
Mackie R L, Smith T J, Madden T R. 3-D electromagnetic model-
ing using difference equations; The Magnetotelluric Example[ J].
Radio Sci., 1994, 29.923 - 935.

Newman G A, Alumbaugh D L. Three-dimensional induction log-
ging problems.Part I. An integral equation solution and model com-
parisons[ J].Geophysics,2002, 67484 —491.

IR KA, John Booker , 55 i H 7k = 4k 28 45 9 4% A7 PR
225N IETH )] HUERYI A4, 2003,46(5) 1705 - 711.

Tan HD, Yu Q F, Booker J, et al. Magnetotelluric three-dimen-
sion modeling using the staggered-grid finite difference method[ J].
Chinese Journal of Geophysics,2003,46(5) :705 - 711.

NG BOCHE, R A R T IR 22 2 R 94 B = 4R
MR R SO [ T ] R B, 2014,57(3) 1939 - 952.
Dong H, Wei W B, Ye G F, et al. Study of three-dimensional
magnetotelluric inversion including surface topography based on Fi-
nite-difference method [ J]. Chinese Journal of Geophysics, 2014,
57(3): 939 —-952.

Mitsuhata Y, Uchida T. 3D magnetotelluric modeling using the T-
Q finite-element method [ J]. Geophysics, 2004,69 (1) 108 —
119.

B SRR, 2 Bl S L I SR T s U R Tk A PR
TE—TEBRITTES & BUE AL [ 1], g R 22 . A ARBEE R,
2014,45(4) 1251 - 1260.

Tang J T, Zhang L. C, Gong J Z, et al. 3D frequency domain con-
trolled source electromagnetic numericalmodeling with coupled fi-
nite-infinite element method|[ J ].Journal of Central South Universi-
ty : Science and Technology,2014,45(4) ;1251 - 1260.

Shi X, Utada H, Wang J, et al. Three-dimensional magnetotelluric
forward modelling using vector finite element method combined
with divergence corrections ( VFE ++) [ R ]//2004, 17th IAGA
WG1.2 Workshop on electromagnetic Induction in the Earth. Hy-
derabad.

Nam N J, Kim H J, Song Y, et al. 3D magnetotelluric modelling
inluding surface topography [ J]. Geophysical Prospecting, 2007,
55(2):277 -287.

Ren Z Y, Kaischeuer T, Greenhalgh S, et al. A goal-oriented a-
daptive finite-element approach for plane wave 3D electromagnetic
modeling[ J]. Geophys. J. Int., 2013,194; 700 - 718.

JESOUL SC, 5 SCHRS , A k. K b L 3 = 2 MRS S i 1) 2 A PR
TOEAEREU [T ] 75 PRS2 4l MU BRB 2L, 2014,44(5)
1678 - 1686.

Gu G W, Wu W L, Li T L. Modeling for the effect of magnetotel-
luric 3D topography based on the vector finite-element method
[J]. Journal of Jilin University; Earth Science Edition, 2014, 44
(5): 1678 - 1686.

AR, IR, X =8, 45T 1) AR F 3 0 = 2k K b R IE T
B[ I ] MR ER A4, 2017, 60(1) :327 - 336.

[16]

[17]

[18]

[19]

[21]

[22]

[26]

[27]

Yin C C, Zhang B, Liu Y H, et al. A goal-oriented adaptive algo-
rithm for 3D magnetotelluric forward modeling [ J]. Chinese Jour-
nal of Geophysics, 2017,60(1) . 327 —336.

FN BRSCHE, 4, S5 R S0 3 2R B ) v M 45 A R i B
FE[ 1] HFRYI4R ,2017,60(8) - 2993 —3003.

Wang G, Wei W B, Jin S, et al. A study on the electrical struc-
ture of eastern Gangdese metallogenic belt [ J]. Chinese Journal of
Geophysics, 2017,60(8) : 2993 —3003.

AN R, W, 55 R AR IR T K R L-BFGS =4k
WO )] MR B, 2019,62(8) 13175 - 3188,

Yu H, Deng J Z, Chen H, et al. Three-dimensional magnetotellu-
ric inversion under topographic relief based on the limited-memory
quasi-Newton algorithm ( L-BFGS) [ J ]. Chinese Journal of Geo-
physics,2019,62(8) :3175 - 3188.

R Wi/, e A5 22 o L b R DX R R M 2 L
AR EEAEL )] MR B, 2020,63(1) « 256 —269.

Cui TF, Chen X B, Zhan Y, et al. Characteristics of deep electri-
cal structure and seismogenic structure beneath Anhui Huoshan
earthquake area [ J]. Chinese Journal of Geophysics, 2020, 63
(1):256-269.

WSCR G, TR 55 55 e U A R = A PSSR [ ]
BRI 2R, 2020,63(3) : 817 - 827.

Yang W C, Jin S, Zhang L L, et al. The three-dimensional resis-
tivity structures of the lithosphere beneath the Qinghai-Tibet Plat-
eau [J]. Chinese Journal of Geophysics, 2020,63(3): 817 —
827.

Vit ATBCT A A Fi. b R B o i1 o 37 1E B8 R
(1] HERY IR 2007, 22(4) ;1181 - 1194,

Tang J T, Ren Z Y, Hua X R.The forward modeling and inversion
ingeophysical electromagnetic field [ J ]. Progress in Geophysics,
2007, 22(4) ;1181 - 1194.

Smith J T.Conservative modeling of 3D electromagnetic fields, Part
I, Properties and error analysis[ J ].Geophysics, 1996, 611308 —
1318.

Farquharson C G, Miensopust M P. Three-dimensional finite-ele-
ment modeling of magnetotelluric data with a divergence correction
[J]. Journal of Applied Geophysics,2011,75(4) :699 —710.
Schenk O, Gértner K. Solving unsymmetric sparse systems of linear
equations with PARDISO [ J]. Future Generation Computer Sys-
tems, 2004,20.475 —487.

AmestoyP R, Duff I S, L’Excellent J Y, et al.A fully asynchronous
multifrontal solver using distributed dynamic scheduling[ J].SIAM
J. Matrix Anal. Appl., 2002,23(1). 15-41.

Amestoy P R, Guermouche A, L’Excellent J Y, et al. Hybrid
schedulingfor the parallel solution of linear systems[ J]. Parallel
Computing, 2006,32(2) ;136 — 156.

Streich R. 3D finite-difference frequency-domain modeling of con-
trolled-source electromagnetic data: Direct solution and optimiza-
tion for high accuracy[ J]. Geophysics,2009,74(5) :F95 - F105.
Puzyrev V, Koldan J, De La Puente J, et al. A parallel finite-ele-
ment method for three-dimensional controlled-source electromag-
netic forward modeling [ J ]. Geophysical Journal International,
2013,193(2) : 678 —693.

Kordy M, Wannamaker K, Maris V, et al. 3D magnetotelluric in-
version including topography using deformed hexahedral edge finite
elements and direct solvers parallelized on SMP computers—Part

I forward problem and parameter Jacobians[ J]. Geophys. J. Int.,



- 1398 - L7/

(e

7 4%

[29]

[30]

[31]

[33]

[34]

2016,204:74 - 93.

VI ARBUR | R AR e i B PR T TR SRR [T ] MR
PrEIAE,2015,58(8) 12681 - 2705.

Tang J T, Ren Z 'Y, Zhou C, et al. Frequency-domain electromag-
netic methods for exploration of the shallow subsurface: A review
[J]. Chinese Journal of Geophysics,2015,58(8) :2681 —2705.
Siripunvaraporn W, Egbert G, Lenbury Y. Numerical accuracy of
magnetotelluric modeling: A comparison of finite difference ap-
proximations[ J].Earth Planets Space, 2002,54. 721 —725.
TR, MR Y B A RO [ M. deat: B A,
1994.

Xu S Z. Finite element method in Geophysics[ M ].Beijing: Sci-
ence Press,1994.

SRR G A BRITTT [ MDY 2 . P22 RO 2 TR
#t,1998:176 - 189.

Jin J M. The Finite element method in electromagnecic fields [ M].
Xi’an: Xidian University Press, 1998.176 — 189.

Gould NI M, Scott ] A, HY F.A numerical evaluation of sparse
direct solvers for the solution of large sparse symmetric linear sys-
tems of equations [ J ]. ACM Transactions on Mathematical Soft-
ware,2007,33(2) ;300 — 325.

Newman G A, Alumbaugh D L. Three-dimensional magnetotelluric

inversion using non-linear conjugate gradients [ J ]. Geophys. J.

[35]

[36]

[37]

Int., 2000,140; 410 —424.

WEPRAR B SCHIE XS B S R Ml v ok o 1 BEL B P 3 A 50
(1] Al ER Y B, 2004,39(1) : 113 - 116.

Tan H D, Wei W B, Deng M, et al. General use formula in MT
tensor impedance[ J]. Oil Geophysical Prospecting, 2004,39(1) .
113 - 116.

Zhdanov M S, Varentov I M, Weaver J T, et al. Methods for mod-
eling electromagnetic fields: Results from COMMEMI——The in-
ternational project on the comparison of modeling methods for elec-
tromagnetic induction[ J]. Journal of Applied Geophysics, 1997,
37. 133 -271.

Wannamaker P E, Stodt J A, Rijo L. Two-dimensional topographic
responses in magnetotelluric model using finite elements[ J]. Geo-
physics, 1986,51(11) . 2121 —2144.

W, BHA T T R R IFT =4 LR IE [
WS J] MR LA AR,2017,60(6) :2456 — 2468.

Qin C, Wang X B, Zhao N. Parallel three-dimensional forward
modeling and inversion of magnetotelluric based on a secondary
field approach [ J].Chinese Journal of Geophysics,2017,60(6) :
2456 - 2468.

Chen P F, Hou Z H, Fan G H. Three-dimension topographic re-
sponses in MT using finite difference method[ J]. Acta Seismologi-

ca Sinica,1998,11(5) :631 —635.

Research on fast three-dimensional forward algorithm of magnetotelluric sounding
based on vector finite element

GU Guan-Wen'?, WU Ye'?, SHI Yan-Bin'"
(1. School of Earth Sciences, Institute of Disaster Prevention, Langfang 065201, China; 2. Hebei Key Laboratory of Earthquake Dynamics, Langfang
065201, China)

Abstract: The finite element method has the characteristics of strong adaptability in simulating the electromagnetic response of rugged
topography and complex geological bodies. In recent years, it has been widely used in the three-dimensional (3D) forward modeling of
magnetotelluric (MT) sounding. However, the finite element method also has some shortcomings in terms of computational efficiency.
The large amount of calculation and long running time of the method are the main factors that lead to the lag of the practical process of
the 3D MT inversion technology based on the finite element method compared with the 3D MT inversion technology based on the finite
difference method. In order to improve the 3D forward speed of MT, the authors adopt the forward modeling scheme which uses the di-
rect solver PARDISO and does not need divergence correction to solve the large-scale linear equations corresponding to the vector finite
element method, and obtain the MT response of the geoelectric model under such different terrain conditions as flat and rugged topogra-
phy. Under the conditions of medium-scale calculation, through the comparison between the direct solution method without divergence
correction and the iterative solution method with divergence correction, the authors have detected that the direct solution method without
divergence correction has advantages in calculation accuracy and calculation time, especially in the calculation. In terms of time, the
ratio of the calculation speed of the direct solution and the iterative solution is raised by more than ten times.

Key words: magnetotelluric; vector finite element method; 3D forward; PARDISO

(AR ST H A RS



