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Abstract Full-tensor magnetic gradient data have the advantages of high precision, high resolution, and
multiple parameters, permitting to better characterize geological bodies. The primary purpose of
data interpretation is to accurately determine the horizontal location of the geological body and its
depth by integrated use of magnetic tensor gradient data. The directional analytical signal of
magnetic tensor data can reduce interference of oblique magnetization, which is often used to
delineate the horizontal position of the source. But this signal attenuates rapidly with burial depth

of the geological body, making it difficult to identify the deep body. To solve this problem, we
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propose the balance edge detection, which uses ratio functions of analytical signals of different
directions to balance responses of geological bodies at varied depths. Meanwhile it can indicate
boundaries of geological bodies at different depths, thus enhancing the resolution of the survey.
We also propose a depth imaging method which determines the depth of a geological body based
on the correlation coefficient between measured and assumed tensor data. This method is a joint
inversion of multiple parameter data, which can enhance the accuracy of inversion. Besides, it
does not need complex calculation, and is effective in interpretation of great-amount tensor data.
Tests on synthetic models show that the balanced edge detection method can identify the
horizontal extent of the geological body clearly and accurately, and suffers little effect of oblique
magnetization. The depth imaging method of magnetic tensor data is able to obtain depth
information of the geological body, and has stronger anti-noise ability. We apply these methods
to interpretation of aeromagnetic tensor data from an iron mine, and delineate the horizontal

distribution and depth of iron ore, of which the depth is consistent with that from calculation
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using the Euler deconvolution method.

Keywords

0 55

i o e A B2 S W 3 O AR AN [R) O 1o 1) 5 0 E
HET Mo 3 3 5 TR AR 19 JL AT IR 25 (Jekeli, 19935 Bell et
al. » 1997; Schmidt and Clark. 2000),$2 85 T % BEIRIA Y
IKVo3 B Bl A T T T 5 8% (Superconducting
Quantum Interference Devices, SQUID) 1) &% &, 21
20 %y, 7 = 3B %0 7 $ R BF 58 B (Institute of
Photonic Technology, IPHT) & 5 52 31 T it ff 4 vk
U AT B IR B PR AR T — R i R T B
(&7 05 F0 B % 22,2006 ; Luo et al. ,2015). I [ i wk
Ak R FORWF TR A T T ARk P R
Bl e bR R B8 B A AROR 7 S i il R B AT B
TRV R R K R B AR G IR AE R O3 b
DT e 1 a5 AT A 7R Y.

BRI YA TR Y- 53 A R B A7 B S AT ke
JERRRER FZEH 1, A Bk R R R 22
W 5w BB R R & Bk (Gamey et
al. ,2004; Doll et al. , 2006). Mikhailov 2 (2007)
it kA RS R R R AT 4 ol o R RO Y e
AR AR 7 B 5 3 50 018 37 5 1 28 B () 3 48
#0. Schmidt 1 Clark (2006) 348 T fifi 5K 5 45 43 &
FR P 5T B R AIE 5 DA B 5K i AN AR it 5 ST AT R TR] 1
XJ RO R . Qrue (2010a) F) I #4 7 1 A A8 & 1Y d5c K
(BT 550 R 0 3t J5 A 18 T8 8 o AL 0 552 o 50 90 3 L T
J& 5 Qruc (2010b) H I 4 5K it K4 i it 7 15 = 47
{7 B b BT A 1 ST HLT 45 E 1 3 4R B0 Beiki 5§

446

Magnetic tensor; Directional analytic signal; Balanced edge detection; Depth imaging

(2011) ] FH 7 AIE 1] 5 v 52 B 1 A 1 ok AR 90 19 i
B AHAZ T e N P B E R R £ B E K S
(2012) #2 Hi 7 37 4 5 i B Ak % 1Y 7K It J) 7 D 4K
20 Tk B RO AN [ 2H 5 5 =R T RCR.

i ok A5 B 1 A AT 5 5 B AT R AR A g ) T 3R
B A (Roest et al. ,1992) , S YE # JBl 2 Hb 57 14K A9
0 L ELAA AT 155 i A R 2 1% 1 o T o (L R AR PR kg
Xof AR b AR 1 o P SOR AN B . AR SCHR s i B T
5 1) il AT A5 5 HO AL o 500000 G i S 5000 2 4 i R )
T3 o T A AU A5 AN T) T S5 A e 7 o DA T[] Fof 5
EE A [R]85 b B 4% ) 320 L 4 v T4 et BT 4 i) 1)
AE 7 X R R 9E 5 0 OF R 5 A B B R
S BT RS RETRR IR, 2B R TR oK R RO TR
JRAR A I TS5 I 5 e B dl 5 Al R S A A
KRB M AR AR BE X T EAN R AT R A
P as B, 2 R OB Y B R R A A k.l BEE
R IR 50 R0 S5 B B B E 1 P £ S v 1 o s P R
AP S I T T AU AT 28w ke i 0 i R L A
TR SR
IR
oK B BR B R R AR 0y 2 T S AL
LA VE AN AR

M, M, M.
M= M, M, M,|. (D

FEXS AR M g SRR — 47 Tl B B2 HCA0E 1 4 R O 1) it



44

T 4 < I A A TS O R 94 1 A T SR R R B AR B R

1541

Brfe o s AR sy o2 DTS 5 HR KN

A = /M) F M)+ MH7, (D
A, = /MO (M) + M7, (3
A= /(M "+ (M )"+ (M. (4D

DY T K R R T 1) AR AT A S A S T

I 0I5 8275 1 X 4R A ik R A0 30k T A AR A Y

T T IETERAN. B 1 Ak P67 B0 5] 2 (30 m, 30 m)

70 m, 70 m) A HEZR S 5] 15 m AT 20 m B 4

M, nT/m M, nT/m M.,. nT/m
(a) 10 (b) (©
‘ 10
PI I —— 20F . . 200 - 20
‘ 5
40 0 WF .- 401 - i 10
£ £ o o E 0
= 60f = 60 = 60f B
B (B 5 10
80f 80 F 80 20
-10
100 1 1 1 1 100 1 1 1 1 100 1 1 1 1
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
x/m
nT/m M,. nT/m
()
10 20 F . . 20
40
0
£ 0
~ 60 F
-10
80 P
-20 100 1 1 1 1
100 20 40 60 80 100
x/m
nT/m M, nT/m
30
25 20 D 20
20 40 0
£
15 X o .
10 0
) 80 :
, , 100 -10
60 80 100 20 40 60 80 100

x/m

Fig. 1

1

x/m

x/m

B MR R 5K S W b LD il AT A

Magnetic tensor anomalies and directional analytic signal of a prism

AR JIT 7 A ) ok o S W S HL T 1) AR A 15 3t AT
2R 60° LR #1 Sk 0 M SRR R AL T 1) 5 3 1 D 1)
—E B AR BRI 1a v ARAEL AR .

P 145 2R 3% WG 5K 300 RE B 3t i ik b T 1
{1 73 A1 RFAE & AELATS 2 52 B ABTRE A 52 ) T 2 R 2 TR
TINS5 AL Ay s Al S2ASURHRE AL 1 5 M 0N
FRIESHM L H A, A, 8RR A RE E 6 R0 R
b BT AR B A AR R AL X A b 5T UK 1) 43 Bk g
B2 1 SO A T SN BT M R A TR B A
1 100 505 S5 R o e s i 2 i R Uk L
7 1) f AT 45 5 A9 O AR pR B, AR 20

oA\ (oA,
BDA = arctan \/<a—z> + ( B

o1
oz
MG A 1 Hr i 7R J7 [l g BT 05 5 11 T8 REAE AT
T2 % AR AE X R, F o 4 1 B
Tt e e ) R B AR B A 2 AR S s i 5 i

)|

5

447

SE MRS B AR G PR AR BB B AR R AR B O T
THEE 55 B 1 B APy 7 5 B 0 T A1 (] 2.
AT T M SR 2 T DL i 2 A TR A TR
Wb AL 3 AR LA D A AE S 35 AT I AR
F4 51 5 5 S A 1 AR O AR B YRR B
B LS AR A A3 R — SO AR 5 AR BURAS fe R

<
<

B2 A A g

Fig. 2 Grid distribution of a geologic body



1542

Hi Bk ¥ P 2% g (Chinese J. Geophys. )

61 %

{EL o DA ) 2 37 5 A4 1) 4 A sk s BRHR A7 AR 9 A>3
L Hop B 5 Ao s o2 s 1y BRI ok 08 1Y
TREE AR I 23R R
cov[M.,.. \M,,. |
D[M,.. ID[ M., ]

cov[M,,, .M., ]
DI M., ID[M,,, ]

7

COVI:MI‘,I’Z 7Ms.r:]
D[Mlil': ]D[szz ]

cov[M,,, .M., ]
DM, IDIM.,, |

+

COVI:Mry: 4 Msy: :I
DIM.,,. ID[M.,,. ]

Horpr M, AR 52 I 5 e ML AR BUE B
B R AR KRR oM. ML =

H JT M
|

+ (6)

¥ (—dr,l — 3r,m + 3z,n) — 5r, (PP — Brf_l — 3r,rym + 3r,z,n)

N N
LSV ML) DM = LS ), T
N i=1 N i=1

N
DM...) = 37 (M. ), J 0 N 0/
i=1

5 KON B R 5 AR RO J0 R ARG kR RO TR B A
B K o A 1) T3 2R AR AT 5 A0 ¢ R By - 1
{EL 38 3 22 04 £ 5 R D AT A 200 A i B 4 2R B A
B 5 P ELIAN B8 Ty 30T A A e G B R R 2
ORI e AR B TR JEE . U A 2 3% 07 16 D0 BEA T AR i %
AR R T 2 2 H0K R Y R RO
Je R S Y — B A T B R TR Y 5K
R RIE AN

Mz:z‘ - po - , (7)
,

M, = p, r(—3r.l —4rym + 3zn) — 57’yr(7r'm —3r,"m — 3r,r,l + 3r,zon) i (8)

r (= 3r.d —3ryn +4zn) + 52 (Fu+ 3zrd + 3zorym — 3zin)

M= g ' : (9
-

M, = p.  2r, — 2r.m) 4 5r, (1 7— 3720 — 3r.rym + 3r,zon) , 10

r
M,. = po r* 2zom + 3ryn) — 5z (rzrrn7 — 370 — 3r.r,l + 3r,z0n) ’ b
M. — p, r* (220l + 3rm) — 5z, (r*1 — 370 — 3r,rym + 3r,zn) ’ (o)

/ﬁ\:qj 2V =X T Xy = YT Yo% j‘:’qj‘[)iiﬁevpo Al

FRBEAL R, r = /(x— 2+ (y— ) + 20
A E R R P BB B, L = coslcosD, m =
cosIsinD,n=sinl. I, D 43 5| wEAC 0 A 1w F .

2 AL

WA K SR T s s R AR E L
HAGEMEAERITE L. kEATELENR
EXH
[=M,M, +M,M._.+M,M._.—M, —M, —M..

(13)
R R IR S AL A R R 2N
HG = /M, + (M, —M,)” + M., +M,. (14
ROKOE T (5 B e 5
 [{eA\T | (oA, YV ]
TA*J@?)+%ZW (15)

ORGSR D vk Y
JSE 8RS AT 1 i 7 s A S5 gl O g 1 A 1

7

r

448

BRI AR D7 IR B R B A5 R I 3 R,

P 3a R 3b 73531 Sy i 5 KO0 5K R A AL R A
Or A AR D5 A A T LR kA
A oy A5 1 SR i BT U Y 3 S A2 B
ARG A 4 52 W) A7 A — o T B2 1 A8 T8 o LTl Tt
PR3 B RE 1 UK. TE] 3¢ S 5K KO A K SF- T 1) A A
RS WIS AR W] LUA %07 1 BEAR 4 3t 5¢ LX)
TR b BT AL AR HOUF A 32 1 Ak D7 18] /9 T
Yo AH I 3% 07 WX T B % o R 300 B 4 3 B R AT K
BAR. B 3d gk RO Y 4 i 1 BN 2R Henl
5 I 3t S0 75 A [ % 1t T AR 19 320 B o ELosi b T MBURE
REAL I T4 5 3 AR S B s B W) 45

T ¥ A i SR T 1 RS E T A 5K
SR RO R T R RO (R IR O 30 dBL 4%
JrER L R A R A 4 R,

MIE da MIE Ab 2550 A LUA ik i AN AR o
o f 2 5 1 BRI TR A B TR T 20 Bk
AL T2 LU R TR B 1B de Dy gk B
KKCFJ5 ) AT A5 5 A9 3T 5 4 2R % T ik A A T
YU AR TH E T W7 9 01 350 BT 1R 119 10 A (EUAS REAR



44

T 4 < I A A TS O R 94 1 A T SR R R B AR B R

1543

20
40
E £
= =
60
80
100
x/m
rad
20 20
0.5
40 40
E E 0.0
= =
60 60
-0.5
80 80
100 20 40 60 80 100 1007 20 40 60 80 100
x/m x/m

3 A Ak B S 10 RN 45 2R
(a) SREALEE: (b) G E; (o BRTEITESE: (O J7EaRHTE S 080 AU .
Fig. 3 Edge detection results of prism tensor anomalies
(a) Tensor invariant method; (b) Components combination method; (c¢) Total horizontal derivative of analytic signal method;
(d) Balanced edge detection method of directional analytic signal.
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Fig. 4 Edge detection results of noise-bearing prism tensor anomalies
(a) Tensor invariant method; (b) Components combination method; (c¢) Total horizontal derivative of analytic signal method;

(d) Balanced edge detection method of directional analytic signal.
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(a) Correlation imaging result of tensor data; (b) Magnetic anomaly of profile;
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(a) Noise-free magnetic tensor anomaly M.. in the z-direction; (b) Noise-corrupted magnetic tensor anomaly M.. in the z-direction; (c)

Depth imaging results of superimosed model
Analytic signal of noise-free magnetic tensor anomalies in the z-direction; (d) Analytic signal of noise-corrupted magnetic tensor anomalies

in the z-direction; (e) Depth correlation imaging result of noise-free magnetic tensor data; (f) Depth correlation imaging result of noise-

corrupted magnetic tensor data.
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New algorithm for inverse Laplace transform and its application in calculation of
time domain electromagnetic response
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W OE W R R e 56 BRI SR AR R R 2
Laplace & # /43 2. i Laplace % 3 69 3t F 45 B Fo it % 2 0 1]
Bl AR BT P ik ik e TR IGAR. B X5 M T LA IR
Laplace % % 64 J ik dLb] , 5F 45 it i Talbot JLik 3+ 7 K -F .18
B B R AR AL 64 B 8] 3R b, A e . i# Laplace K 3 R o9 kA
ik 5 Bk FL ik Ao Gaver-Stehfest k(MM GS Fik).
WREFEMHmHE S ANTRKARGHE , KFEELL*, A
HAR % & B IREEE £ R M AR, W G-S ik 2 it A
FRAEMATRGH R, ALE 64 123+ & Ptk
T G-S ik Euler 5 3% 4= Talbot ik 89 % & 23 F 45 B 09 %
w6, K I Talbot ik % S ¥ v, FAE G, ERMER
B K. %G AR 21 & Talbot Fikit B T A B ABR 4h 61848 %
HH 4 RIBAEA 12 6 37 69 sk 5 Fo o oo 12, 3 SEH A
o B R B R T GS ik i HE T K FRBRAEBRE
4 RIGAEA & H AL 64 M- 3kee B Fe b Boom B, AP e R
A0 20 3 T L& 0 T Abvh 5 R 8, 5 4h 6118442 &) &, 37 v 2
RN AN G A2 AR MR FERE K, IR B AR B K AR A
-3k o 2 W, 0 7 AR S 69 AL LR, K 48 0K 4h @ 1B AL 42
Qe GA AR IAKILR B ASALE B, K IR KT b N
BAREIZIRE S ~6 4375 T T AARA], £ haey, KN KT &48 R
FEABRE RN T A LAk 2] 5 248 % W9 4R A4 A 5t
FEERIEFT 21 & Talbot H2ki€ B K F b & AR R AL 57
K84 i 18] 3%, 8, mk e 3t ST

KR AT R BEvR B TR IR Bk B i Laplace % #;
G-S JLi%; Talbot H 3%

Abstract The forward calculation of electromagnetic response in
time domain is mainly derived by inverse Laplace transform from
frequency domain. The computational accuracy and efficiency of
inverse Laplace transform is an important index for the choice of
electromagnetic response calculation methods in time domain. In
this paper, the algorithm mechanism of several inverse Laplace
transform is analyzed, and the Talbot algorithm is selected to
calculate the electromagnetic response in the time domain of the
layered model excited by horizontal electric dipole source. The
commonly used inverse Laplace transform algorithms are polygonal
approximations method, digital filtering algorithm and Gaver—
Stehfest algorithm ( referred to as G-S algorithm) . In order to
improve the accuracy, the method of polygonal approximations needs
to determine the segmentation step precisely, the digital filtering
algorithm has many coefficients, and the adaptive frequency range is
limited by the computational problem. As well as, the G-S
algorithm is affected by the computer word length and the object of
the problem. In this paper, the G-S algorithm, Euler algorithm and
Talbot algorithm are compared, the influence of the number of nodes
on the precision is calculated and compared in the 64 bit computing
platform. It is found that the Talbot algorithm is less affected by the
node number and the calculation precision is high. Finally, a 21
points Talbot algorithm is used to calculate the step response and
impulse response of the axial dipole radial electric field of the
homogeneous earth model with the axial dipole array by horizontal
electric dipole source. The results are better than the G-S algorithm
in terms of computational accuracy and response time range. The
step response and impulse response of the equatorial dipole array
vertical magnetic field of uniform earth model excited by horizontal
electric dipole source are also calculated, and the peak value of the
impulse response is sensitive to the change of the resistivity,
however, the vertical magnetic field decreases rapidly with the
increase of the receiving and transmitting distance. The step
response of the layered model apparent resistivity late asymptotic
value in axial radial electric dipole array excited by horizontal
electric dipole source has the ability to discover the deep high or low
resistivity thin layer, and the receiving distance should be 5 ~ 6
times larger than the target depth can complete detection. Similarly,
the measurement of equatorial dipole-dipole vertical magnetic field
excited by the horizontal electrical dipole source can achieve same

K EE 20170647, fEEIHH 2018-0122. ML hitp: //www. progeophys. cn
EEWMB LRI Y B ER 5 i o T S0 S A 7 AR AR AL e B
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goal for exploration. The calculation results confirmed that the 21
point Talbot algorithm is suitable for the electromagnetic response
calculation of different geoelectric models and different observation
methods in time domain.

Keywords  time domain electromagnetic response; frequency
domain electromagnetic response; inverse Laplace transform; Gaver-
Stehfest algorithm; Talbot algorithm

0 3l

TERIFE FL R 0k S PR s i) dalome) g AR AT s, o7 FH 8 22 ) B0
B 2 S T AR 38 5 F R ) R, P32 ] Laplace J 28 4 vk
A5 3 5| st 6] 48 ( Kaufman et al. , 1983, 2014; Mk 5€, 1987,
1990; Zhdanov, 2009,2010) , P 75 B[] 355, i i 880 4 1F ~ =2 35
IR T 238 JL+F A1 Laplace A8 e B E B (Li J
H,et al. , 2016) . iX SRR N K BOA] 43 A i 28 — 26
JEFE T IE L AR IXAR A3 Laplace 2846 25 R T AR
TR S ST B A A R s DR S 3 PR R
THARG BE AR I S Bk AR U s B

TES% A 5% 78 e 22 SR FH AT 48 38 AT 0 R0 0 U B vk
( Anderson, 1983, 1989; Chave A D. 1983; Kaufman, 1983,
2014; #ME5% , 1987,1990; Guptasarma et al. ,1997; B ZF,
2000; ' i B, 2000; F 4L %, 2004; B K A, 20135 ZF KR
%5 .2014; Li et al. ,2016; 2548 F-%:,2016a, b) . J7£L @ L s
FE T B S AR R A3 A 2 B i B AR M Ry AR /N X ]
SOMSRAN, PR e v SORS BE A7 X (8] 43 BB S B R (2 KR
45,2014) , EFARYE R R B8l 22 00 ' v R I ) X JR] K
i B IR AR B T IR 9% AR K AR 5 5 D1 ZE UK R BT
FEIRFROM RS e 3 0 R, R TR A 308, 0 BT 2 DL 26 R BRI AL
R H S s SE TR DR AR B, 28 R AR Fi =X i
%4 ( Kaufman, 1983, 2014; Anderson, 1979; F 1£ 75 ,2004) . 4L
FEOREFT AT A S 0 A R B £ 15 801 A~( Kerry
Key,2012) .

BT A FRITEGE T8 Laplace 51 235 100 Z 7,
b i 8 22 B J& Gaver-Stehfest 336 7 3% F7 By 83k, Euler 2
¥, LK Talbot 253 ( Li et al. , 2016) . Abate 1 Whitt( 2006)
HF IS AR S T T A B P e AR SRR S AR S —
R SR LR, IR S/ N A B b4 S T S A
BB T35 1. Foh Gaver-Stehfest S 5315 s K AL
FRBO R THL, Euler 3k Hl Talbot 8316 15347 55 MAL R B
YIRE R R = R AT BCR , Gaver-Stehfest 57k
0.4, Euler ¥4 0.6, Talbot Bk A 0. 6. 38 1 BB EUE L
BRI TR 2T, Euler 395 F1 Talbot 581 115084 2
KR B T Gaver-Stehfest 35.3%:( Abate J, et al. ,2006) .

T HL G PR TR AR e i S b, B TSR R DR
B TG BE XA R A s B, R R RE AL S
BT — BRVE S I m. ZEREBHFHE T4
AT AT 5% AR B PO R B X B A5 SR A I, A 5% AR e v
513 915 ] ) 3 BT AR5 SR TR PR R ), - B R AR R
[ R A T SA0K BE 3K B i e ( 2B KR 55,2014) . T 4R8I 1Y
U R AME AR ], TR R 25 520 I (2R 2K ,2012) . &
ERE(1995) 3T B AR A IFAT IR, LLE TG-S i frxUAR
e e P BT U T A TR AR O BORS BE L INA AR TRAR d fY

il

THER BE B 155 Guptasarma 5077 8 I 530 vk 38 FH A4 B5F 18] 35 ]
/NS BLESE(1996) X KA g AT T ot 48 T MR
FE; G-8 Wi pr=UAR e Jr W 1 S S B LA 18 L (B R R kb
AR R 3 AR R Wbk T EORE E  , XF T 2A8 R it
FRCRAEF b (B E R ,2008) . BT B AN S 7 (2000) BT
$7 [Q AR e ) FE 3R A8 3, G237 T — BT ARG Gaver-Stehfest Fif
BRBULREE) S =R7

HI AR R KW , Gaver-Stehfest B L 1A E 51T EF A
FARBE YA, TR BB & , PR32 Bk X o S AL A
P FER A BE SR AR 8 5 53 AN ot U B %o 5 ) A o s 55, Xof
TR A 1) R0, 75 B3 35 % S TR A4 5 A 58 1 A 4k e i B
BF, B AR AR i, 5 B R R 245 25 1 Al FH B
I VT H B 5 PR 5 R B 2 IE S A SR AR e, FH 0 i
R 7 B an s W AR vk 2SR Al .

ARSCAE AL iR % Laplace 48 35853k 09 JE Rl I, A 3%
Talbot 5.3 N7 FH = HHL i o7 B[R] s 850 (11 55 3 2k B 401
64 it B4 T Y Gaver-Stehfest &1 Euler &3 & Talbot
B AU MR BEREXT IO BE Y 2 . % 28 21 £ Talbot
BR85S K 2R M e AR R b R VR T R O
BRI R, A5 R F W, Talbot 3% Laplace F59% 3% I B 8] i [l
Pe, T EAE .

1 EHENE

Gaver-Stehfest 2.3 . Euler 8.3t & Talbot &3 1] 4 F [6]
— K R ( Abate et al. ,2006) . X T B BRI RE L B A5 R
N A BB () B 17, 7T PR B AR A , A 2R

fly = Z%JW - L_ ‘l"a)) e ™do , (1)
FHA BRI 20 S M v (1) By, AR
= - L . A
) ~f(9) == ;wkﬁ(T),t>0, (2)

H(2) P, HIHE A0, WARREL XA EE S S
Bon F M5 A5 F FIRTE] ¢ ook, 38 7 g0 B A
BRER/D RRIMIAART  HiE —HEHE o, 0, 1<k
<n) 15 £, (1) BT A1) .

JEF HURE R

1) =%J‘Tﬂx)6(x/t—l)dx,0<t<7", (3)
o 8 & x, ¢t IRV delta pREL, AR

fT 8(x/t-1)dx =¢, and &(x/t-1) =0 for x#

£

0<t<T, (4)
FHA BRITHE BOR B e PE AL A, 7 FHE T 5 ( 3) Hp A BUAE
delta PREL, 220K

Sart-1) =8,(x/t-1) = Y we™". (5)
k=0
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RICERRAHY dela BUYAS 20(3) TTEH
0 =0 = g8

= %f Of( x) ;wke_“""/'dx,

= %;}‘%J Oﬂ x) e

VO ERT > o F %Zwk‘r oﬂx)e'“"’”/’dx =
=0

%_iwkp(ﬂ), o o 0, WL

EF RN R AMATT BT SRR %E m, A
© %1 Laplace ZE ¥ Xt (£, F)) , 4578 my, AR & 5,-75f§7£ n
+ 1 MR o, MR o, 5 7) B iRZE R

N W]
wr( )] Y

mmz1 Z[f(t) -—

BRE, BT 2) i Laplace ﬁfﬁﬁ?ﬁ%ﬁfﬁﬁiﬁ( 7) Bk
F— 2 TSR ARG BT 5 R 4R PR 2 S P T A
#|. Gaver-Stehfest B3k Euler 2.3 & Talbot B3 Y3 T iX —
AR

1.1 Gaver-Stehfest &%

Gaver-Stehfest 59745 7E B ik Bf 30 i e 1+ 5 b B IR 22,
.5 F o2 LI AMEZE, 1987, 1990) . FE X ( 2) WL [Q A2
e, {X Gaver-Stehfest A8 i J2: 4l SEHGE B, ifif H A 75 x>
L G AR B VR TG (8 X B — SR AL B[R] 3 ] 8 ~ 16 AL IG
ARHAR ), o — P TE SRR A Bk (B AT B, 2000) . fH
Gaver-Stehfest 75 I+ 580K BE 52 THE ML 00 I 12, %3155
ot G2 A AR A AL AR, S 1 AN [ ) ) 80 DA R TSR AR A, T B
PR, BB T30 A AR B AR Ak, By s O 8 3T
= R/N W)

(man)

(D) ——2 (8)

b MR R BUELN IE 8, — (M = 6,8, 10,
12,14,16) . B4 4 s = (mln2) /¢, ARG B AR

min m. )

=S

= (mtly
k=15

x/t —1)dx, 0 <t < T,

—apx/t dx
s

(6)

K2 (26)!
(—Ig—k)!k!(k—l)!(m—k)!(Zk—m)!

& =(-17

(9)
1.2 Euler &%

Euler 3k H: 52 g /2 R A A8 B ok S 80 o AR 4, H
Euler il g S80S TR k. BT R0 2) IHE M A
KN

Ba
=) -

10?‘4 M
fi(p) = TZcf,Re(F( (10)
m=0
M—l“g—l—ol +imm ALEH E =( -1) g

A, T REB.

= /-1 EBHCANL & =0.5, £, =1 lsm<M,§, =
27 o = ¥27 MY /(m! (M -m)!) for 0<
m <M, 3 SH0M BUE 880 AR B o, AT ME B, I E
B, R AR s =B, /6, 1R 10) HCEEE A

for
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1.3 Talbot &%

Talbot 7% 4/ 3. 47 ( Abate and Whitt,2006) :

M-1
5
T g On :
50 2 e (%))
AR s =8,,/t, 17 sV M BUERE S E 6, HHREAKA
8, =2M/5,8, —Zm'n'/S(cot( M)+1) for O<m<M,

fr(0)

(11)

(12)
DEY QT - /N W
o= é e®,
[1 +1i —ME cot(%)] )—i(cot(m—ﬂr))]ea’",
(13)

K i= v - UEEEAAL 78 matlab H8F 5 F, A (11) 5
B4R A ( McClure, 2012) :

=1:(M-1); Yo THEAR B, 1 AR M BUE BB
21,
%o THE Y RUAH.
delta = zeros( 1, M) ;
delta( 1) =2* M/5;

delta( 2: end) =2* pi/5 * k. * (cot( pi/M* k) +1i);
% THERE.

gamma = zeros( 1, M) ;

=0.5% exp(delta(1));

tend) =(1+1i* pi/M* k. * (1 +cot( pi/M*

gamma( 1)

gamma( 2

k) ."2) —1i* cot( pi/M* k)).* exp(delta(2:end));
[delta_mesh,t_mesh] = meshgrid( delta, t); % &1k
T EBCRTH R 8]
gamma_mesh = meshgrid( gamma, ) ; % MF&AL
BT 18]

% FEMEHEY Laplace 75 ff:
ilt=0.4. /¢t * sum( real( gamma_mesh. * arrayfun( f_s,
delta_mesh. /t_mesh) ) ,2) ;
PR s O S B0 78 e ok B A8 T B b 7 PR
5E X

2 TREER

1 iR, 48 64 fif matlab i+ FEEH,RE T 741
Laplace 754 {4 3 25 e 50 ik 5 T o 00K W0 ik A7 LR 8%
TG TR T ST 31 25 fie /DT Y Gaver-Stehfest 53
: Euler B3 K Talbot 533517 s B K CF iR 2. B[R] AR 4 o
FHEEE R 1077 ~ 10° s. Xt T 36 o e 1) 45 #4080 A8 e, Gaver-—

Stehfest 83 Euler B 1% 7 B AR I8 11 55 %0 G R[] 8 4 45 5
#,1f Talbot BT s BUL T AZ IR G520, ¥4 21. TI'T—
it F = A oR B AR $6, Buler 525 R B 5, 1H 508G ¥
(ARSCAEHE—L10R) . TR T Euler ﬁ%ﬁﬂﬁﬁﬁ
%, Talbot .35 1 Gaver-Stehfest B3 FH R #H Y4 , (A5 BE L G-S
BEE LR (R 1) O T B =ML TR K&
KGR, BT 1 P4 2 A Laplace 54X #4738 b 4% 4351
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F1 EHRER/NIET ST R
Table 1 The minor mean error nodes compared with different algorithm
1R REL F(s) JEBRE A1) 1 >0 G-S Bk Euler 51 Talbot 511
1/s 1 2 1.54e47 17 8.37e42 21 1.80e-44
1/(Js + /s+1) (1-e"y / /ani® 14 9.30e7 16 1.69¢-0 21 7.54e42
/({5 +5) e’erfc(ﬁ) 14 1.92¢-8 17 3.92e42 21 1.55e44
2/s(s+2) Lime ™2 18 7.50e7 17 2.50e42 21 1.10e44
1/5 t 16 1.85e4 19 4.82¢9 21 1.53ed1
1/(0.2s+1) 5e 18 4.16e-6 17 1.39ed1 21 5.77e44
% = 2'5‘?8153 0. 431 (e~ UNlE g =2801) 18 3.53e7 17 1.52e-2 21 4.59¢45
F2 TREARVTEBEMNRE
Table 2 The node change influence on accuracy with different algorithm
y G-S RAZHH: Euler 72545 Talbot A5 4
o G12 Gl4 Gl16 E15 El16 E17 T20 T21 T22
1.00e-08 3.21e03 3.16e-04 4.67e-04 -3.30e06 -2.95¢06 -3.07e06 -3.04e06 -3.04e-06 -3.04e-06
1.00e-06 3.2le-04 2.94¢e-05 -6.43e05 -3.11e08 -1.30e08 -2.15¢09 -4.73e09 -4.50e09 -4.73e09
1.00e-04 3.21e05 3.00e-06 -1.43e06 -2.32e09 2.02e40 3.54e40 -2.23e-1 5.00e42 -3.09ed1
1.00e-02 3.20e-06 2.95e07 -2.05e07 -3.34e40 7.28e-1 5.02e41 -2.58e42 7.35e13 -3.91e4d2
1.00e +00 1.50e-07 1.97¢-08 4.32e-08 -2.2led1 1.46e42 3.52ed1 -2.86e43 6.26e-14 -2.41e43
1.00e +02 2.06e-07 -3.31e08 —-1.24e08 1.09e43 -9.83e3 1.56e-42 —-2.36e44 9.48e-16 -8.15ed5
1.00e +04 -1.85e1 5.40e42 -9.32e42 5.98e-48 7.20e4d5 -3.44e44 -2.08e46  -5.00e47 -1.07e46
1.00e + 06 1.68e-14 2.13e44 2.35e43 -6.55e47 1.45e46 -3.6led6 -1.47e48 -5.55¢49 —-1.02e48
1.00e +08 1.40e47 3.47e16 -3.34ed5 2.45e49 -1.64e48 -5.12¢48 -1.99¢20 -1.18e20 -1.20e20

FH G-S &3 Euler B 4 f1 Talbot By 5 B sa 5 1/( Vs +
s+ 1) AR BIR LA, OF SRHTR( 1 - e ™) / V/dmd BEAT L
B BRI 2. R T X — R, 14 55 G-S Bk 16 1
Euler 5351 21 55 Talbot B 315135 SO 3518 25 5/

ZFh G.E.T 4353 /R Gaver-Stehfest 2.3, Euler 3335
Talbot B4k, J& 1 EUF F/m 7 U8, I T21 KR 21 & Talbot
Wk B HIFM, 14 5 G-S AR AT 0. 003026 s, - Hy iR 2%
3.878e-5,16 4 Euler A5 JHIf 0.004313 s, FE-1iR 22 3. 292
7,1 21 #5 Talbot A5 3 I A 0. 003704 s, - HJ1R 2 3. 383e.
=R Euler B IR R 2 IR 22 8¢ /N, 21 4 Talbot 5
PHSAEE S Euler kR —& %, HIT S G- ZEHAH Y, {0
¥ B Lt Gaver-Stehfest 35y 5 JL MR 2.

3 MRERBMERmATTE

1E 64 i matlab TG ep R 21 55 Talbot S35
T I R A IR L AR TR 7K S b VR G ) £ AR B A 1)
FEL 37 91 IR R 7, 24750 R LR 0 7K S b, £ I T 1 b 2 e B
T 70 v R 7 R o 7 . 435 SR SR Talbot B3 38 J7 14 5[]
UL B TR B
3.1 EE{BiEMEB RS K Ex 4> 2 M B 52
K- L {H R ( HED) i 1) {8 4 — (4% 3% ¥ ( Inline Dipole—

Dipole Array) , I & B [# 5 7 1000 m, #5517 H1 BH 24 5] K
0. 1.1.6.30.100.700.1800 ) * m ¥37%] K Hbi 14 4% [i) ¥, 375 ik [i]
339 B8R e 7 R o 7. SR FH 21 a5 Talbot B33 44 451 3 3l g
o7 788 46 B ) ] J5. 35950 K Hb A ) r 3 001 25 3 e 107 2 SCBR DA s
= o 15 BB — B By R o) 17 25 46 R K

& 1+ (1+r /sug/b) e /*"
S 3
S

Ss= (14)

K r R o =4mx 1077, N A BB S R, b /Y
IR H LB AR,

K v 37 9 R LR 7 AR AT E 2 R o 7. e 8
WA L F 25 i R o 7 53k A8 A 3R X B2 & 1) . 1975 SR el fHL
SRR VR O U (Lo 220 A ek L AR BAER , o 7 0
DR A BRI 7 U (D IS [ 5 A b S R E R O 3l e
it QR SO 0 L P () 7T 350 45 2] b rit BHL AR AE ( Ziolkowski et
al. , 2007) . XANEER G B REAHAE TR P Y BRI — 2
LU i) 00 B2 K5 B2 56 5 48 5. R 21 44 Talbot B35 18
107" ~ 107 s B 1] 360 FE 1Y, 289 40 e B0 TSR E. TR W G-S
SRk B AN TR, 7 2 B0 B ) B9 5 B, ELE B I ]
Fl/

458



744

HERY) B2 e www. progeophys. cn

2018,33(2)

step response of homogencous half space
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The advantages of AS350B3 helicopter in aerogeophysical survey in the high mountain area

LI Jian, GUO Liang,XTAO Gang-Yi, LIU Zhi-Qiang,
XU Ming, JIN Jiu-Qiang, WANG Zhi-Bo, DENG Mao-Sheng, Ll Bing

( China Aero Geophysical Survey and Remote Sensing Center for Land and Resources , Beijing

100083, China)

Abstract: The airborne geophysical exploration flying vessel which performs operation in middle and high mountain areas needs plateau

adaptability. Through a comparative study of the characteristics of AS350B3 helicopter in such aspects as its taking off condition, maxi—

mum flying altitude , maximum endurance and plateau flexibility, the authors put forward the type-choosing principle and flying method of

the airborne geophysical exploration flying vessel for low altitude and large scale survey.The practical surveying flying in a certain sur—

veying area of Gansu Province has proved the feasibility of the principle and method put forward by the authors. Analysis shows that

AS350B3 helicopter can meet the requirement of airborne geophysical exploration in such areas.

Key words: airborne geophysical exploration; AS350B3 helicopter; middle and high mountain area; terrain altitude
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Study on characteristics of three axis airborne magnetic gradient anomaly

ZHOU De-Wen, MENG Qing-Kui, YANG Yi, JIANG Jiu-Ming, GAO Wei, WANG Chen-Yang

( China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijjing 100083, China)

Abstract: Because of the advantages of multi-parameter and the suppression of the shallow anomaly, the measurement of airborne mag-
netic gradient has become a new research hotspot in the field of airborne geophysical exploration in recent years. Based on AGS-863
three axis airborne magnetic gradiometer, it described the aeromagnetic gradient theory and the application research status. In order to
summarize the relationship between aeromagnetic anomaly and the underground geological bodies, it designed some typical geomagnetic
models, took a large number of forward simulation work, and drew the following conclusions; compared with the total field anomaly,
gradient anomaly had more advantageous in the delineation of the magnetic bodies; for single magnetic body, the vertical gradient peak
corresponded precisely to the center position of the magnetic body, and the longer of strike length of the magnetic body, the closer of
the zero point of the main section to the abnormal body boundary, and the main section longitudinal gradient’s maximum and minimum
values exactly corresponded to abnormal body’s left and right boundary and the main section’s perpendicular section transverse gradient’s
minimum and maximum values exactly corresponded to abnormal body’s up and down boundary; for the combined magnetic bodies, the
range of the magnetic body which was locked with the main section longitudinal gradient peak and the main section’s perpendicular sec-
tion transverse gradient was enlarged, and the vertical gradient peak was shifted to the direction of the nearby magnetic body. By com-
paring the measured gradient data with the theoretical gradient data, it found that the measured gradient data has obvious advantages,
and it can play a prominent role in the identification of human interference and high frequency geological information. These work could
provide reference for the field data acquisition workers to understand and identify anomaly and distinguish between true and false anom-
aly, and provide some help for the anomaly interpretation workers.

Key words: airborne magnetic gradient;forward modeling;analysis of examples;anomaly characteristics
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Spatial Information Intelligent Service Framework for Geological Environment
Evolution of Urban Agglomeration

ZHANG Dandan', LI Man',FU Zhengbo', LI Haochuan®
(1. China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China;
2. State Information Center, Beijing 100045, China)

Abstract: Based on the big data characteristics of geological environment evolution of urban agglomeration, as well as spatial
information service demand on the zone planning, construction and management of urban agglomeration, a spatio-temporal big data
driven spatial information intelligent service framework of geological environment evolution was proposed in this paper, which was also
multi-objective application aimed. The framework includes a large data collection and processing layer, data organization and
management layer, calculation and analysis of large data mining layer, service layer and application layer. The framework has good
practicability and expansibility which can form a new mode of spatial information application service of comprehensive geological
environment evolution.

Key words: urban agglomeration; geological environment; spatial information service; big data
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Geometric Accuracy Evaluation of UC-X Series
Aviation Digital Camera

LI Jing', CHEN Jie'?, LI Qi', LI Tianqi'
( 1.China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China;
2.Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing 100101, China)

Abstract: The quality of Aerial remote sensing image is mainly determined by the geometric precision of the sensor. And the traditional
methods require a complicated calibration field. In this paper we presents a method that combine the aerial triangulation and DEM
( Digital Elevation Model) to analysis the Accuracy of geometric precision of digital images. This method saves time in accurate camera

calibration and field work compared with the traditional ways. The results show that the relative direction error of UC-X Digital camera

is 2 w, and absolute direction errors is half pixel.

Key words: UC—X; relative orientation; absolute orientation; accuracy evaluation
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Tab.1 Comparison between the different flight
plans and result of aerial triangulation
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plan and block adjustment
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Fig.2 Digital terrain model (left) and real
Ortho—maps ( right)
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Fig.4 The model sketch and forward calculation results of observation point above the block
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(‘a) Schematic diagram of model 1 and model 2; ( b) Forward calculation results of model 1; ( ¢) Forward calculation results of model 2
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Table 2 The results of rock ( ore) magnetic susceptibility
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Fig.12 The AT contour plane graph of measured results and forward with the 3D geological initial model
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(a) The measured results of AT; (b) The 3D geological initial model forward results of AT
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Study of 3D Geological Modeling Based on Aeromagnetic Data’

Hou Zheng', Wang Tianyi', Yu Changchun®, Xiong Shengqing”,Di Long'
( 1.School of Exploration Technology and Engineering, Hebei GEO University, Shijiazhuang 050031, China;
2.China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China)

Abstract: With the increasing difficulty of finding the shallow surface deposit and the increasing depth of re—
sources exploration, three-dimensional modeling technology is more apparent in deep prospecting, and its accuracy
directly determines the cognitive degree of geological body and metallogenic condition. For this, we put forward a
set of the extraction technology of abnormal information combined with aeromagnetic data processing with three-di—
mensional geological modeling. Inversing the selected profile of the study area and obtaining each profile geological
model, we built three-dimensional geological model of geological units by the method of profile linked, using undu-
lating terrain three-dimensional block magnetic field forward techniques to model the three-dimensional geological
model of the whole area, and obtained the forward modeling results of the whole three-dimensional geological model
and the geological unit. After the comparative analysis with the test result, adding reasonable geological constraints
and revising model, through adjusting for many times, we made the model maximum close to the actual situation.
The model can well reflect the geological information and make minimum fitting error of observations and theoretical
field, with which geologists can use the most of their experience and get more regional geological understanding. U-
sing the thought of main block and secondary block to subdivision modeling of geological body, on the condition of
ensuring the accuracy of model, the number of the total model block decreased and the multi-window and multi-geo—
logical body parallel computing method were used to improve the modeling speed, effectively solve the limitation
problem of the model complexity in the process of the three-dimensional inversion modeling method, and easily form
complex and different sizes three-dimensional geological model. We applied this method to the Hubei Daye area,
constructed the three-dimensional geological model of Daye Iron Mine, and verified the feasibility and rationality of
this method.

Key words: Three-dimensional Geological Modeling; Aeromagnetic; Potential field simulation; Daye iron ore.
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K1 S X A2 TEM & CAT AL A
Fig. 1 Flight path of airborne TEM survey in Baoging area

P2 ST DRI 2k () oL REL 38 B2 A T P K% b) e e e e 1]
Fig.2 ( a) A resitivity-depth profile in Baoqing and ( b) geological interpretation along the profile

3 S0 DXHEAR O mo AL H BEL AT T 43 A 1] BIS  GEis XK — 50 m 400 H BH S 18 4345 £
Fig.3 Resistivity distribution at the depth of 0 m in Baoqing Fig.5 Resistivity distribution at the depth of —50 m in Baoqing
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B7 S DX A el F LI I h 2

Fig.7 Logging curves of a borehole in Baoqing area

B0 s X 3 e R R
Fig. 10  Surface elevation in Baoqing
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P8 A HURE S i DX = 4 4 o e A
(a) HPFRAREA TR (b) AT EERIR: (o) A RRELEKPIZ; (d) £3H=.
Fig.8 3D geological model of an airborne electromagnetic anomaly area
(‘a) Basement rock; ( b) Basement rock with overlying clay sand layer; ( ¢) Basement rock, clay sand

layer and water bearing medium sand layer; ( d) All layers.

PO ST DX IO 2R T ey - T 1]

Fig.9 Elevation of Quaternary bottom in Baoqing
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B S 4E, 20155 B K AR, 2016) , DL M SR T T Ik
2000; Xue et al., 2007) \EM Flow J5 &
, 1998) 55 TN 2% R R S AR ( 20K AR,
2010) JZIRAH S 3 5 ( Vallée et al. , 2009) WA 5 8 7
%( Brodie et al. , 2006) % —4k i ik, Jorh, U BHARIRE
R AG R — I ARSI i L R FHAE B TR TE i A 5 A I R
P P oy, JEC i iz S P LA s U 8B ROl R X —
P, TR BT B A PR R BEL 2. A F BEL 3R K AR
FE AN — 2 S ik, AR R AR A A 3 DL B P 32
4 L AGORG 2, PR BHL SRR B ARTEAT SR 112 2R .

AR A AeroTEM fiip 25 BTG ZR 40 H 4 1 Ab 21 R 44
Oasis Montaj F {4 F1E + BEUR M2 Y 80 A 1T R 1Y
GeoProbe 7S PIHREE 4b 3 A7 B 22 40 % SR 42 B3040 0647 il Ak
JH, P AR 8 MR 8 3 1 S A B R AT H PR R
PR A

3% B 37 I HOUR BE %27 2 ( Spies, 1989) :

2pt
O = =1 ’
Mo

(1
XEFAL RIS ¢, 30N RS A0 T 80y RBE L (1) U p
TR XML, py =47 x 107 h/m, HFIRG 3. %8
B B TS R REEF Al AT — 2 B AT 8 B 2 5 T
G 1 2 RO 2, ) FH B8 A4 I 3, ke MR A4 1 T 3 R ik =X
AR

am=‘ /gﬁ—h‘, (2)
Mo

S Ay iR B M e . e T TR Sy S IR ¢ B OC AR
T LA BELAR R 2 T , 552 3 B A R AR

3 MERRGRBRERR

3.1 BEEER-REIERBREAR

FRAE( 2) 20X DX PN B 4 I 28 1E 47 H B R i e 1105 f5
A 2l L B 23R % T P P 2 Dy T X T R i 48 TEM
D T HE S 2k 1 e, B 3R 8 ) T P R A B A R L. L
EL 248 % 2 51 T V€] 8 4060 Y5 BT ) 52 e 118 7 0 600 v W BEL 3R L 0
P Ko 1 3RABEL)Z v R R 3 BELZS . 456 b T ) PR A B 2R 7T
L A X R Z S o) R ISAEARBE R S i i B
L T v ) % B Sl B K2 AR R A FL AR AL A TR B A
AR B, — A BEERAE 90 ~ 150 Q « m JEFE K H I T 77
FEARCBEL I DX P Ay 2 /K AR, JFL 1 SR BEL R 40 e B b 8 L 11K
RELJZ Hh AR X 55 BELJZE R S K b 2 TG )2 b ST ok A /Y
U BEJZ R VR, PS8 i BELZ R O

7R DAL B 23 8 ) o L P T AT BT A RIS D R Y
KIS JIEFE IR /K2 Z 18] ) H 22 5, (LR 2 BN
GRS 20, >R FH A BH 238 R 32 DRt A9 12 i A R0 0 - B
R AR H)Z.
3.2 BEEXTESHFERSKESS

TFEIH DU DX RV = 2 32 ~ 170 m, ZEBRINA U5 5
P T RS N, SEBUE K 0 m AR - 50 m BN R B A
IKF-EII T 5 25 ) A BEL 37 18 43 A BT, R4 700 LU A e, T 75 7K
NI pa i NIR

B e B R 5 2 AT 54 kAR &R, F 3V 4 435

( Tartarasa et al. ,

( Macnae et al.
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SRR O m YR b 1 H B 3R T 43 A L B T TR el R
3R, X0 m R AL F BH SR A — A 10 ~60 Q © m, )
DX S % e 0 4 J 5 b DX IS 4 s BELAAS. 000 X 1 g
FEAEVE IR R [ (9 55 FE FRLER A0 A o, 280 18 R LR 40 A e
AT R R KRR &, B A — SR P AR IR B ) e M 2o A
) L BEL i o2 XS ] 4 T AR R R BH SR ARAE L X P 3R
0 m PREFAD T4 )2 A FE 2, U X H i A B RS 19 17 BE
WRAR RN KA. AR A FLIR I IR E R B R R &
AR B 2 A AR BEZ (4 J53 38 v LA, 30 H BH 28— g A
90 ~150 Q < m 38 [l P, [ 0k, 175 50 0 7 50 R BEL SR AE 90 ~
150 € = m 0[P A /DN T RR DX Sl g 5 K D)2

& 58 6 43l itk — 50 m R B b Y H BH 2857 1T 43 A
P A PEAREWT L. RS BT, KPS — 50 m i3 A Fi BH SR (B
— B4 80 ~120 Q + m, A LTV 0 m b, 2 IR HiL B R 4%
AARAE K, S AR 58 S 0 e EL AR 1) 43 A 1 RO P A
AR S R 404 AR B 28 50 A0 AR AT, 14K - 50 m
bE B RS =Y (L =i = (R 03| R U o T A7 N
WA KED S, R EZ AR T i i H— B 5 koo B .
XN EBER K2R ZE, B+ JeRD R DU R RS A
HREKE.

4 S35 HLXIEH 0 m PR A P A
Fig.4  Geological interpretation at the depth of 0 m in Baoqing
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S U RIS T2, B AR F 500 Q « m; 8] 8b 4R (7,
A DU R IRAD)E , Xt R HL BH RV R 150 ~ 500 Q + m;
[l 8c Wl &K b2 , X H BRI R R 90 ~ 150 Q  m;
[l 8d 21 (5 R 5 U R TR A 1 )28 LB /NTF 90 Q + m. 1% 57
B X BB S KRP IR A FARGHIE B A e 0 )2 B 2 2 0]
0 TG ERE AR AT, e Ah , = g R TR S e 2 S X
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El6  S3E X IR - 50 m PR BT AT
Fig.6  Geological interpretation at the depth of
—50 m in Baoqing
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3. FNREESE

R AR DX 3ol b J2 53 R , 2 IR P AR AT, A = 24 b o 7
B SERN T T35 DU 2R R R EE B X DX 9 W] REA7 72 1 56
VU 22 B 7K 2 BT R AT B AR TR0 . PR 3 s A R B
K AT LA SR D 2R b o JRE B of DXk 45 428 Tt R itk 7K
ATV, Aol ATl A iR S

TFEIH DU DX 5 DU RV T 3 4R 8 O - 125 m, i = 1
RY - 43 m, ARG IR 2 - 219 m. % LA DU 2 R T V4K 5
SAECEN9) S R B (B 10) , H SR a3 i3k
o R v b X5 U 2R T AR K A v JEL X S S A
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1D forward modeling and inversion algorithm for grounded galvanic source
TEM sounding with an arbitrary horizontal wire

BREC, HHE
LI Zhan-hui"*, HUANG Qing-hua’

Lo [ B iR e, dest 100083

2. JERUR AR S 2 [ Bl 22 e R B2 R, JEsT 100871

1. China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China
2. Department of Geophysics, School of Earth and Space Sciences, Peking University, Beijing 100871, China

W B OAIABRT—HENTHEEHBRKFELFX R Abstract We present a 1D forward and inversion method for

bk 0 — 2 Mok T v 15 24 3 47 & grounded galvanic source Transient Electromagnetic ( TEM )
Ko E g~ ERIRA &, TRAT KB AR, 31 sounding with an arbitrary horizontal grounded wire. In the forward

W F ORW R AR ERZEF A 1A ALK modeling, the Hankel and SIN/COS integrals are calculated using
HEERRE A FRRBYERTILEN. LR FEF GO filter methods, with the adaptive approach applied to choose an
. . , . . appropriate abscissa range of the filters, and the lagged approach to
S R VAL EAC NI EAC R ¢ Ak DS reduce the calculation of Hankel or SIN/COS transforms with a same
RN P0G 4B A% 3% iR R BUK - &, 39 o B B BERR B 39 04 KR kernel. The relative errors are less than 1% in most cases. A
s e P : comparison of a straight and an arc-shaped grounded source shows

LSRRI AR ik, BB S W S A ik A obvious influence of the source shape on the electromagnetic field at
R, % EHGAF) 64 Eat, R4 FHE 30 45 R RN E the receivers on the perpendicular direction, while little influence is
] 4% Gauss-Newton # 4%, i 52 JL. B35 45 B & 0 . 6 4 4% 7 it A detected at the receivers on the axial direction. A modified Matrix
) ) oo L - Propagation ( MP ) algorithm is developed to calculate the
i 3y B 18] - B AT B A 8 0 R L BT, WK sensitivities of the horizontal electric field and vertical induced

BEM RN, BR R EAER ARG BTN KIEL Bisd magnetic field. Compared to the perturbation method, with more
B HHR £ IEH K ) — BN 5 AT R R A R layeres, the advantage of the modified MP algorithm is more

apparent. For a 64 layered model, the time cost of perturbation is
A, m B S A E A AT ER REN, & FFF 35.'4 s, while it takes only. 1.3 s using the modified MP algorithm,
5K B i B 1 R B BT 49 AR I AR S 35 TR B 9 8 which improves nearly 30 times.

The Gauss-Newton iteration method combined with the

TR S 5 JR A B o S0 LA ST, SR 5 R F o e AR A Tikhonov regularization is adopted for inversion. The inversion

BATEOR A, B 5 R 8 5 3 ) BLIR Ak 45 A2 4T o AR L 3 result using only the derivative of the vertical induced magntic field
over time shows a good reconstruction of the conductive layer, but
W3 A by a8 TACHLAE. an unsatisfactory recovery of the resistive layers, especially the
KR B R B AL BT RR ;4% 4546 0% ; Gauss-Newton AL resistive layer shielded by the upper conductive layer. The inversion
. b A result is also not ideal when using the electric data of only one
5 BRI IR receiving station. When the electric data of multi-stations are taking
into inversion, the conductive layer and resistive layers are all
presented well in the reconstructed model. Meanwile, the predicted
electric data and magnetic data fit the raw data very well, even
though the magnetic data are not brought into inversion. As to the
model with magnetic permeable layers, the joint inversion of electric
data and induced magnetic data presents a good recovery of the
hESEE P63l variation trend of both the conductivity and the permeability.
TEERIRES A Keywords Transient Electromagnetic (TEM ) ; grounded galvanic

source; matrix propagation; Gauss-Newton inversion; magnetic

doi;10. 6038/pg2018 BB0226 permeable medium
WiHHE 201709-25; {E&[EHEHE 2018-07-17. WML hitp://www. progeophys. cn

ELWMB [EEARPEESIUH (41504060 ) FllE 2 5 i i 4 11 B (2017 YFCO601801 ) K5 ¥ .
E—EHEEN PRI, 51986 4E2L, o [H E 1 BRI S YRR b0 TR, 2014 ARBRAL R A 2% 00,2016 ALt KA L5
uli , EEAP SR AR EE AR B L fE 5 IE . (E-mail : zhanhuipku04 @ 163. com)
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0 51 &

Bedh 5 2% VR W% 77 B #% 7% ( Transient Electromagnetic,
TEM ) J 53 P4~ et i A% 1) b T o AL I, SRS 0 s L i o6
W 3R A 55 R A OO HL G . A TR T [l £GP TEM
AE S5 e N, 37 ELASONT v e AR Ay R, e 3t 2R U TEM
— A0 R L3 SN 3, ANANOR g e S R UK T LT
I i R U (R TUE SR, 2016) , HAHX T [EIZL IR TEM
RE™ A SR A0 A B E T, BOA D BAT SRR BRI TR JEE 5 B 4
AR et PR TEM S 570 T T <%, 12 41
WP BRI R R A DRI (BR T8 SR E R, 2013 425k
4%, 2015) i JFi R4 P2 ( Commer et al. , 2005, 2006) 55 7
AT 12 M. AR R A% BE 09 A W] 43 8 K 4% BE. TEM
(Long-offset TEM, LOTEM ) 1% fii #% fE TEM ( Short-offset
TEM,SOTEM ) il i ( % [ 38 55, 20135 BRILE S, 2016). H
 LOTEM {6 vhr, by 730 0 00 A% B — O R T et S 4¢
PR B, LU AT LA B0 A i A8 4 . T 7E SOTEM il it
w0 LB RS S 2 IR L AR, VR AN BE T I B A HE (R AR
5, ML FEIRTE AR 4 5

VAR AR R R T — Lk = 4k S i e 7 % (Newman and
Commer, 2005 ; Oldenburg et al. , 2013) ,{H 2 A BIKRE
KOAEAEGE M. A LR BUR (225055, 2015) AH L 4>
PO =2 S AR T B ] /N H% O 1 ) T4
S AR A T LR P e R IR R 25 . — 4 S IR AR
S M H T S B AR R SOTEM %52 G T (R T2
HAE, 2016) HAE S i 2 7% 08 2 He b 3 LR R
AR L s o5 % AS H 1% ( Multi-transient electromagnetic ,
MTEM ) 5 75 3if S0 i o A 4% 7 8 A ] (Wrright et al.
2002 ; Ziolkowski et al. , 2007, 2010) , 1 Ff i & 5 =X 54 &
KN IR AR BRSO AR AR 1 T S S i BK. B
SERRIE rh, S R T HOE R S ek L R R R —E N E
2, L NYIE R TT RE 7 A2 — 5 5 W ( Streich and Becken,
2011; BRTESE, 2015) 76 S rh i 2% B 3 S LB AR Y
SN DRI R i — T RE 8 3 W AT T AR, L3 B2 T B PR —
Y TF S8 7 A B AN A

FERIE Y, AR H E 0 — A AP TR SR IO A 1 R A
W 2 R v di R A S8 DA 2l i B o £l 1, AR T 24
JERC W A SE R i 1. D B T RALER , Farquharson
i1 Oldenburg (1993 ) >k FiI £ Bl 5 #1158 T M Z IR TEM 4%
P B SURRRE AR, EZ 7 YR A T Il 2R U5, H R RESK Bdl
Xof L S R IR SURRRE , AN BB SR 3 38 A B ko J2 D ) U
M5 Farquharson 55 (2003 ) Sl A 1 B 44 4 125 7E 0] 48 I
TEM %816 52 38 o U BETHEE I B, £ 45745 (2014) 450 T
S R et N ar S v G 5 W R P S D 7S
BIANRE % 0 A T4t 5 4 U5 TEM 550408 S8 .

FET UL EIUIR A SCE SRR T — Rk b Tk 1 28
AR LR, HLRE IR I 25 s 22350 K T e 37 A2 B
G —4E T8 5 125, S8 5 A RO (0 AR PR AR 4 R 1 A B
PEXTHL S 2 % T 2R DA KM )2 R Y BORR B, e e R A
Gauss-Newton 375 ¥ HEAT IE I Ak S 388, HL7% 1& S 75 43 & i
PR IR AR R Sl B i Bk B Y B R G S R R A
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SCIRG TR S 5 S R R
1 kP 408 TEM IE R SRR

TR T R R P L 3 7T KT R AR i
A BRSO BRI et KT FRAC B H B AR 7
TRA Y Y. X T S L TR R RGN S, AR b
FAWOKT BRI B , TRMAS SO 97K T 3 2
B IE .

L1 KEBRFHEBEE

R R /R A BRI A 00, 0, 0) Ak » Jrm) BN
i R A A 0 T2 IR A T, I AR 0Ty e, AR 4
TESCRIR AL TR C(x, y, 0) AbEWR 7K P AL T %
75N (Ward and Hohmann, 1988) .

Ry
NE
Ry
, (2)

Ry

E?C

(1)

IQ(R)
—I[P(R)dl+ o

E, =
POR) M5

P(R) = 271 r) 20 (AR A
QR MiEA S

O(R) =—4wa[(1 — i) § = (1) i—”]JO(AR)dA ,

_0R)
ay

(3)

(4)
oo 1 R i PR L R = /o + 7 I SR
ZIRIPACFEERS R, =V (x +d/2)” + 5" 4R S T
EAZ M AP, R, = /(2 —d1/2) +y* Iy FEle s 518
WL Z KT BB 2, = iau, . Fo = iws,, 1 7 HE U
B0 HABE g NPT, 80 HEEPAREE,
A 2 Hankel BUJ3 B 728 4, 5 B ECH A A R 09 & 49, 0, =
AT = eopow” T G, (Transverse Electric, TE) i
PRI oy WEERERR S (Transverse Magnetic, TM) N #h58
FEE S

rop A oy W43 RS
Yo - I?1
Bl Bkt 5
T Y, +7, (5)
Zo _21
B B 6
™71 2, ©

o Yy =uy/2) HEZS RGN, Z, = up/5y HEZ BT Y,
Syl T A EAEH 0 5S4, 2, o R A A M 2 1 %
BB

I?l wlaE (7)) #3545 3| ( Ward and Hohmann, 1988)

Py f’\z + Y tanh(u, h,)
by, + l?ztanh(u]h])

¢ _y Yoo +Votanh(u,h,) (7)
" "Y, +Y, tanh(u,h,)
Yo=Y,
Hrr
u, =~ /A +iwo,u, , (8)
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Y,,l=3’"=.”"’ . (9)
Zn 10U,
. y Clxy)
Z, ml 5@ 3t 2 (10) 36 19 15 3 ( Ward and Hohmann,
1988) , A H
3 -z Lt Zianh(uh)
Z, + Zytanh(u,h,)
ZAm 7 ZA,Ml -i—thanh(umhm) , (10)
2, +Z, tanh(u,h,)
ZAN =Zy
S B(x,y,)
Z,=5"=—2" (11) o X
Yn lwe, +0,

XEFARAI LT (R R, 25 R B BRI /N 7 $R0E T
Euy = A, (4) PR — BT VR Rz e, 2250

(1 —r,M)'f” = uz 4 %4 7, (12)
Fo T
A (4) ATE— e
Q(R) ~—41;f[ 27, - (1 +ry) ]Jo(/\R)d/\
(13)
E M E, 2501 5 (2) a5 N
E=-I[P(R)dl+ V Q(R) [}?] (14)

HH E=
AW

(E.E, Yhodl=(dl,0)", V., b — 4 Hamilton 8.1,

(15)

XEFAL KI5 1) b 9 A7 PR E FLAR 1 dl = (dU,,
d,) " AR S RS BEE, AT B 5 AR AR X R dl
R.R, Ry (RAX IR RATE AL B MK G, Wik 2
JR B A PR R TR LT A, y), AR
T B(xy, v,) HTIT 1A A—B, ARATERNR C(x, y) A

R=/[x—(x, +x5,)72]" +[y - (3, +3,)/2]* , (16)
R, = (x_x1)2+(y_y1)2 (17)
R, = (x_xz)z'*'(y_yz)z s (18)
dl:(xz_xlyyz_yl)rr- (19)

B (16)—(19) 1y dI R R, R, fFR AKX (14) HrfH 7]
ISR T AB A4 C b7 A 7K FL 3.
1.2 KEBBRFHEEVT

Li 46 (2016) %5 T /K2R B T B A BAT O )
7K FELABAR T 77 A= A ELRG 3. % e bt S 2 VR ik 728 P
RME , FEAE WO B, 6 T B 2 B i i e (R AR
FHHMOR ARG Li 55 (2016) 25 H 1 2 iy (AR 578

WL A TR E RS, A
H = ’dllj (rep + DAJ, (AR)dA | (20)

Sy R, C BB T IR W 2 T,
C i FABLEME ¥ JIE, T4 € (L FABA ML 5/ .

508

K2 KPR T s
Forb ACe Ly ) AR AL B (v, Ly, ) WS4 5,
HL T 8] R A—B, R AHEENCN C BB T O KPR,
¥ AR B L RABI T ELE 8.
Fig.2 Horizontal electric dipole diagram
Delineation of the distance R between a horizontal electric
dipole AB and a receiver C, and the vertical

distancey’ from the receiver C to the line AB.

1.3 REEHRZMSRBEEM RO KEERFNER

W35

KL I A 1 L G S s B i BT B, RS2 PR Y
BUET P 7 BRI LU 70 A FRAS L IR C A T R
BT 4nlEl 3 o BB A R B O — 3% T ZR A P A e
Uik, R IT 10  A—B. RGP P, Py o Py 0N A
A BRI B T A7 SRR F5 A T B 3 51C A Py F Py,
A P AB FEHMCR, C(x, y) R BT A1 HL Lo
ﬂ%’f&?éﬁﬂﬁ{ﬂ;ﬂf@] AN

E~—IZ[P(R)dl + VR [ T

A (20) A A 5 AR A b 3 '5L$HE¢EE(¢J A itk
A (21) FJm IR A

(21)

E z—][ ZP(Ri)dll + V,0(R) \Qj] , (22)
o, _

dllz(xi_xifl’yl’_ykl)vr, (23)

R, = \/[x— (xpi +xpi,1)/2]2 +[y- (yPi +ypi,1)/2:|2 ,

(24)

Ry =/ (x=x,)" + (y=y2)" (25)

R, =R, R, =R, , (26)

A(22) HA 385 — T v 0, DAy 5 v R R T A G
i3 473050 Z WO I, S He AR B I P A A L
A P Fe g m AL T A BRSO C R

e LRGSR AT AR 2K (20) Xt BT A 3SR Rz )

GEINFAE S
I~ Yi(®
H~Ls Y R,)dAAL 27
=g R L (DAL QROMAL, D)

Hor AL DS i AR, A5
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AL = [dL |- (28)

B3 i AU AB B0 B (FRIRTT R A—B)
Fig.3 Delineation of the subdivision of a grounded

wire AB(with the current direction A—B)

1.4 Hankel T 557-0 T EEIR K ST

R SR BB S 3 B G 3, A B A — s W R A
BRE LR B B (A1, 48 SCR T IE 52 A8 e sl 35 4% 9% AR 46 o
S ( Newman et al. , 1986) , /AR N

e (1) =-lf° mlE(@)] (ot do . (29)
T Jo w
Qﬁggl =-2—fm1m[zg<w>]snman>dw , (30)

,H-LP Im Sy X AS OB, A ] BRIk . 5 I8 5 IE
PR AKX R KL Bessel BBLZ A C RN

sin(wt) = Trwt.]l/z(wt) (31)

T (e (32)

AR 2 1E 5% AF R Ay 5% A8 3 ] L 45— & Hankel 2530, BR b 2
Hh K k50 (22) AL E A O B Bessel pR%L T, 1 1
By Bessel BR%L J, ) Hankel 284t , e #4338 (27) %
A 1 B Bessel pR%L J, 11 Hankel 25 .

H1T Bessel BELHIIRGVERT, BT R IX SR 115 B
FIRE LR HLA5 SRR 22 W AT B HUEOKR. B4 Y 7 ik 2 f
FHEAENRIE (1 )5 12k SE Ik B FHA). AT R R IR R
15 2 ( Anderson, 1982; Christensen,
Singh, 1997; Kong, 2007; Key, 2012), H  Christensen
(1990) I il fige 17 J7 v 3+ S 0 e AR 80, AT LA s 0o T
I J o M IO B e F B, T HL SR FE SCUE I AR B R
R, LA R [FIAE BEZEK , PR AR SCR AT Christensen (1990 )
$RALRY IR LA EREE b R T G IR I R EGE ] B &
%mﬁ{ﬁu&ﬂ{%f 43 5 5 (Anderson, 1979, 1982; Li et

, 2016) BE— B4R T HRRCE.

1.5 Gauss-Newton RiESHBEEKITE

A Tikhonov IENIALZYHE, S H AR s EnT /m

e=W,[d-G(m)]|; +allL(m-m™) |}, (33)
Ho d i & R , G (m) 4 EE I 50, W, 8RR
BRI, m BRI SH, m™ Ry SRR SR, L A2
FEME o N IENESEL. FIH] Gauss-Newton (GN) S i kA5
% (Aster et al. , 2005) %30 (33) o 19 H bR eR BT e /M,

cos(wt) =

1990; Guptasarma and

AIAREICTE b+ 1 BRI S HUE & Am 1) 5/ 3 7 72
HoN
Wd-l(mk) Wd(d—G(mk))
[ ]Am = ) (34)
JaL —JaL(m" —m"")

Hopr J(m") = 0G(m") 7om" 55 k A5 E B A58 24
UK AR . IS ASE |k + 1 SRR BETFR A m' ! =m'
+ Am.

SO AT AR P B O B — R SR LA O 17 Rk
BEARFE J. S B O R sk, Ak

Jd G(o,+Ao;) -G(o,)
9 G~ ,
do; Ao,

TEAUG G A3 B A0 T AR — A N AR i) U B
FE RGN YA MO IE . X FERE A 28 D 1 L R n]
VAHESZ BRI YA R R B0R BV 2 B, i 7 B2 A9 A A4
AR AR, S el R B TR 0 B SR B, AR SCAE R
[ 4% (Farquharson et al. , 2003) {354 _F#E1T— E 11E
BORSR R AKOF B3 5 I R0 T A S 3R
NI S 2R R 2 P A K L (22) AR B RESS
FRXALEE AT SR S RULRZERGENE
AU HO RSB Z, A RGN Y, 45Kk
R R R A RS OR (0 ekE TR Z, Y,
ST A R S BRI 02, /a0, .02,/ du, 92,/ dh, aY,/
do. .Y, /o, oY,/ oh..
HHE(7) F=C(10) X FF—4 N 24

(35)

A

LA Z, J Y,

TANFRRA
Z B 36
e (36)
s
y, = 37
0 (37)
(PP FICP P T Z I R RN
i 1 /+l
[P;]:[ 1 Ztanh(ukh)][ k 1]
P Z,tanh(u,h,) 1 P,
. PII:+]
:MJPTJ, (38)
Q1,00 AT, 08T Z IR R FER N
[Q]] _I: 1 ;—ktanh(ukhk)][(}f”]
0 Y, tanh(u,h,) 1 0"
s
S H B (39)
(]

MFPRG BB P =1, Py =Z,, 0 =1, Q) =Y,
IS Fony e e ARG ET

HERILIAE
MR IR
F(40) FxL(41) Xﬁi&?ﬁiﬁ%ﬁﬂ@ﬁ?ﬁﬁﬂﬁ%ﬂq
ﬁM;’a—MfM M;’[l ],k <N
a0 1P jol 90 =i
giﬂk . (42)
H [BZ /da'\] =N
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Fig.1 A sketch figure of an N layered model 2L
The upper boundary of the first layer is the ground, the N layer B4 BHFL(Wire 1) 5B EH T4
is an semi-infinite layer. h,,, o, , W, are the thickness, (Wire 2) JE DL M 2 i i for
conductivity, permeability of the m™ layer, respectively. o A B 3 S TR W AL PL ~ POy
9 AN, RIS IE KT F 3 G 3).
k-1 S 9 Mf ﬁ N{J[l ] P Fig.4 The position of the straight grounded wire (Wire 1),
PR = om = Lz, ’ 3 arc-shaped grounded wire ( Wire 2) and the
Oy [ pl] N N-1 0 ’ (43) receivers on the ground
2 P
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p! (S /S ) o o
i[ ! ] - HM{’ k M{’[ ] k<N (44) field and the vertical induced magnetic field are recorded.
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Fig.5 The comparison of e, and db_/d¢ got by this filter algorithm with the
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P M]? N-1

1 k-1
gl T G I |
— = M M Jk < N.
oh, 0; ,11 ! ohy ,'1:!1 ‘ly,

X (42)—(47) il T 2w L IR 23 0 Z, .Y, L
tanh () XA BTSHO i S 880, AT D 55005 SR AT L 3
3 = A i S RO R AN AL 5453 2. PR HLA 20 X
BEAZO I 3 X

(47)

0z, Nty (48)
o, 2u,00
7 _iw. (49)
oy, 2wy’
BYA, 1
ol (50)
W N (51)
Iy, 2uy By

Lioow. h. e -2
itanh(u,h.) =% , (52)
o, (3 2u,(1+e 2ukhk)2

Lo e~ 2l
aitanh(u,\,hk) =21(2);‘k—k?2“m)2 s (53)
L u, +e

~2uphy

9 4u,e
%taﬂh(ukhk) :W . (54)

FELA L JERE_ R IR (55) F1(56) /T35 Z, F1 Y, %t
V2 R AR, Tl S 2 P 1) S T AR
k. K (55) H(56)

372, PioPy/da, - PP/ da,

do, (P)? . (55)
av, _Q19QY a0, - Q30Q1/dar,

do, (Q)? (56)
B fE (E AT OR H

T S (57)
o, (Y, +Y,)" oo,

T AT 28 2 (22) R B R 2 5k (27) iYL Z,
A rp B E AT AT E R IB AR A (55) = (57) fHn]
KUK E faE E RSy H, %2 i S 22 00 BUR R, H
o) 2 R 2 R R ) R R A 7 b 2 3k Hh k. B g T A
FA 55 1E O [ 09 3 0 22 200K SRR v BB 7% 19 Hankel 25 46
TIEA ke I 46 3 B [ 3 .
2 EBEESIES B

HL PRI H 35 (22) IRl &5 J, #0 J, Hankel A8 46, 22
SRl Hankel 2546 (1 3% 3 22 %5275 A IR 04 4 A A% 5 B 380K
FHZIITE (29) & H J_ 1, Hankel 4530, B30 36 B 37 1
B B 31558 (30) & J,,, Hankel A8 6, 75 223X 0 fb
Hankel 2540 19 38 i R 50CEAAH R AR AR bR, DA — kPR 1153
H Xk 23 f . A SCR ] Christensen (1990) FrifiR )77k, #l
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I 275 A R (R R

3 BURESIEYIE

BTSRRI 6 FTn , et T 4 U AR IS5 43 1R
FHIE 4 iy B4R (Wire 1) Al P1L ~ P9. 60 A [A] RAF: 53
EXEAT T 0.01 ms ~ 1 s Z [A]. K FEALHREIL TR 45 0 5 =
BTt P s 25 S E AT X HE. B2 IRIE e, XL S FAY K
JEGJE. P2 (400, 500) , P4 (400, 2000), P7 (0, 1000) = &5 4b
e, WIHE 2 J7 B 4 JEHRINE 6 2 i R BURR X LS SR 43 )
W 8a—c . MFFAERR L SRS RILTFES. ME
Bk e, X4 AR EURREE. P2 (400, 500) P4 (400, 2000) .
P7 (0, 1000) = fidh e, XI55 2 )2 56 4 JZHRIEH 6 J2 0 T %1
OB XS 25 43 AN ] 8d—f JiT7R. [RJAE BN 5 2k B A 45
RIUT—35, BT WA SO R P A 0 MR A% 4 0 i LE A

Pl R P S UR R O YRR B L (Op =& e o
FERCR. AR SOR L T AN RIS bR R R M 3R 1 S 4 sk i
. PR ARETZ 800 58 2.4 .8.16 .32 .64, Sk A& 4
FR P E LR (Wire 1) RIS 2R 77 50 B A5 46 18 0
RGN R 7D R Y s R AN A R 0 95 DR LS N
RO, 60 NI ] 2 X E53 1 T 0. 01 ~ 100 ms Z [, | T4
5 P6 ~ PO AbtE %, R BLAG TS B2 IS PL ~ P5 bk
L IR LR R B 1T RIS R IR 1 PR, 2
R 2 B, A0 R A B0k IR R A% 7 0 5T [B) AH 2, #RAE 50 ms
ZoAa s B RO B I AR B AL RR L L 2 i AR B L o 5 2
JZHGEINE] 64 JZ8], Pk T RIS INE 35. 4 s, T A
MEABRRILAU 1.3 s, 138 T E RP4ETT.

#&1 JEPEfE1EL (Matrix propagation) 5 3hi%
(Perturbation) +5 & B 45 FERI R T L.
VHE B 8] A 7k T B 35 70 2 B R R 37 B 1
SHMNBEX MEEUREEN
By Rk RO R E) 2 AN
Table 1 Comparison of the runtime between the
matrix propagation algorithm and the perturbation
algorithm in calculating the sensitivity of e,
and db_/dt to the conductivity,

permeability, and thickness

JZHL 2 4 8 16 32 64

gt BEEiE 0.053 0.17 0.63 2.3 10.4 35.4
() gipefbqfik 0.047 0.085 0.16 0.30 0.69 1.3

4 R

7 (33) I BRA T AR B Bl (Li et al. | 2016) ;
1 1
max(|d, |,]6, )s,” max(|d, |,]G, [)s,”

W, = diag {

: b (60)

max ( ‘dwd| , |GW(1‘ ) sy,

Hrrs, BE  ANBHE 4, BIBRIEE, G, N5 | IR
B, N, HEERECE. 15 R A% 22 (root-mean-square residual ,
rmsr) B R (Liet al. , 2016) :

msr =/ |W,(d-G(m)) [E/N, . (61)

AR 4 22 5 E W ( discrepancy discipline ) , 78 U4 5 i 22
CABEMFAET , 2 rmsr 353 1 B GEEAF AU EAR 4
SRR 2. RN LY SRR B R T — B 25 00 B E— 4R S
F1 BB JEE A9 RR ( Farquharson and Oldenburg, 1993). 1F
NI o R HIEEH) (Tterative cooling ) 2 ( Oldenburg et
al. . 2013; Li et al. , 2016) JE{7 0 5.
4.1 dEmEMEAN AR

FAT A BB HOE BB H g R 25K G ] 6a JITOR , 1
ARV E N LA W3R o I RPN 4 h O H T2
(Wire 1) , R FHFLA ) P1 ~ P4 POASF2ICS I BE HE4 T S .
50 A KSH I 8 B 18] 52 X K0 AT 0. 1 ~ 100 ms 22 [a). Kicdfa
WA MATRZE . S G R 1Y 2 Ry

D =p, (171 ’ 62
=N ) - (62)

Hr Ny IR0 Z RO, D, R —ZRE. )2
N O m, fJa—JRRE R Dy, ARUE R, )RR 2
BN, 79 200 JZ B —J2 R BE th X8 e — R TRIE )2
JEAS 5 R W R HL 38 0 0. 1 S/m. SR L B
B MMAR2E BAE S, o ZEAT 0 2045 s i L5 A
HEZE (B sy, sy, oo ) AR UR BT AP s B30 A FUL 3 A E 22
5%. H R PL ~ PA 40T H R IV 5 1 i 1] 3 B tE AT S
{8, rmsr WS 1 A2 IAS SR INIE 9 R, o )2 A R 4T,
EREE “AMIRS)Z LF BOA 4 B R B (8] 9a) . M
TR TEN ) db./de {55 ik Bodhe v & (9 AR 5 4F (1 9b)
(ELI Fy S E AR TS0 1) e, (205 J 02 508l A 5 R 114
ZEH R P A A 5 TE B3, Wi [R5 47 TE A T
A, DR AR DA ph S 3 T A T8 PR G A2 D R T L 1
PEAT I B SR P2 A Kl #EAT B R S B, SRR R A P
~ P4 QL A B BEAT S, P A S rmse PPUCBCEN 1 245, )%
TR REILANIA] 10a 7. 0] WLAE 5% 0L iR 22 7K A
R A A B AT BRI A S — MR R
WRE 2B, H - MRTIR LT EA FRR B (HE R
Pl ~ P4 Ab i A ELHEAT SO A 45 SR 8] 1T B R4E T, 5 — 1
R EGE) T R, 58 /MK 2 W8 T — e R
AOPRBL, FURTEDR BEVE B A BOR A 3k 332 BR T i 9
T BRI R I, X 3L JZ 1) 3 B 2 B TR L T2 R AT
X AR ARAT L B3 PO 8. SR PL ~ P4 AR {2 38 BT A A5 7
TN e S {2 3 1&] 10b FIIET 10 Fr7R , {8-45 5tk Keds v
AR U, BRI R DA B i A K , (R U A 2 1Y
3 AR AR 5 D R A B s 2 — Bk AT LR T A K
P T SRS B2 07 T HAT W R 3, (F
FAA MR R 1 SO MR B 22 | T B I R R
S A] SR AR T S o AR
4.2 ®EMEST AR
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PR S R T SRR 7 [R) B v S R A R R 5 R 2
). TSR AR AN ] 6 BT, SR L 4 rh i) B 2R TR (Wire
1) SRR PL ~ PA PUASF W Y 7K P Hit 37 R T SR
T EA I 1) S50 SO A K50 00 i 1] o 55 05 oA 1 0.1 ~
100 ms 2 [&]. K BeA A AR . FOE ) IR B Z RN,
N 200 JZ, BRIt 3 E , e —JZRE Dy, =1500 m,
JRIREARZ 5 RO, MG B R T A 2 R 0.1 S/m,
BT AR S - EIR NP 10 ] LU H B fil
FHFL Y B L REAS 21 -5 D ik i W) 45 IR e ) 1 R 373 I )
SR ABURAESEBRIN : Hh r 7 B R RE 52 B A AN T T
PEAE IR (AR R, 2015) N IFEAR U 3 RS e, 1 db./
de FRAF o iy A AT S AN 29 5, Fie 2% vt WSS 1
BFIT. SIS RANIET 11 Fr7s. NP ] DU v S R
ARG B] TR L S B A R 2 5
JER KL AR 4

5 4

5.1 IEHHETERM], A SCHRE T AR BB ROK P 3 3 LR
TEM —4ETE 38 5 JE 00 W I 00 T IR 22 7E 1% LLA. 3IUE
AT HF LR LTS H % W 7 e b v AR (] #9155 B0
&, ERUARIE TS bR A 5 52 BRI A5 BRI AR
AT R FIT 52 R WA, 78 552 P I JC AR 0 fi 7% B0 e ) 5
T AT 00 S LR ) HL 37 T 32 TN A R R A
PRI OUT , T A2 i ELE 25 T 7 A i R

5.2 ARSCTERE VAL RETR AR T 25 T F 3 R 3 %F
RS EI U BT 5 Tk, SRR SIAE S 3 By
AR, TR RCR b S BZEOR T 2 I, AR SOr ki
P R PR T Eh ik, U YA BUZEGR F 64 JZ I,
TG Bk 22 35. 4 s, WA AR SO VR 58 AT Ui
JIrsta RS 1.3 s, TR 5 I 30 £%.

5.3 BRI - (0 P b 5 2 YR Y I G SRR 7 1 (1]
FROIEAT SN R AR BB KR HE R R
PN ERAE, T AR T )2 9 B 5 )2 RO (RS2 LT
BEATFEIABL. 0K v 300 B, >4 (LA B A el
R FL 3 SN S R R R AN BRAEL, i 1 FH 2214
W B LS (ELREA T B I, ST 0OR REAT 21 00 25 B, L
e BRI BEAS B A R B X T G A o
JZ A3 S LR S A R AR, Heit 2 U TEM il
R REA ORGSR B ok
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