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2. 5-D forward modeling of the time-domain airborne EM system

in areas with topographic relief

YIN Chang-Chun, ZHANG Bo”" , LIU Yun-He, CAI Jing

College of Geo-ex ploration Sciences and Technology s Jilin University, Changchun 130026, China

Abstract As an effective and efficient geophysical tool, airborne electromagnetic (AEM) has

been widely used in many fields such as geological mapping, hydrocarbon and mineral

exploration, and environmental and engineering surveys. AEM data interpretation commonly

uses a horizontally layered earth model. However, in rugged mountain areas, the topography

relief can pose serious effects on AEM survey data, resulting in the distortion of AEM inversion
results. The study of the topographic effect on AEM systems has attracted much attention
worldwide, but most work has focused on frequency-domain EM systems, little for time-domain
airborne EM systems. This paper presents an effort to address this issue.

The finite-element (FE) method based on an unstructured grid is used to simulate 2. 5-D

AEM responses for a topographic earth. We adopt this method, because it can calculate the AEM
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responses of complex models, while the unstructured grid can very well simulate the topography.
To avoid the singularity, we divide the electromagnetic field into a background field and a
secondary field. We apply the Fourier transform to Maxwell’s equations to transform a 2.5D
problem into a 2D problem and solve it in the wavenumber domain. On the outside boundaries,
we assume the field vanishes. We use the Galerkin method to discretize the Maxwell equations
and solve the final FE equations by the MUMPS solver.

To check the accuracy of our algorithm, we compare our results with both analytical results
and those from the literature. After that, we calculate the responses of model 1) with only
topography; 2) with both topography and one anomaly body; and 3) with both topography and
multiple anomaly bodies both in the frequency-domain and time-domain. Finally, we calculate the
relative AEM responses of abnormal bodies and topography for both the frequency and time
domains to investigate the influence of topography on AEM system responses.

Topography has serious effects on the responses of airborne EM systems, especially in the
high-frequency range or early time-channels. Numerical experiments show that close to the node
points of the topography, AEM responses are demonstrated by sharp changes. Special attention
need to be paid to the topographic effect when interpreting AEM survey data over rugged
topographic areas. Besides, the topographic effect mainly occurs at the high frequency end and
early time-channels, the EM responses of underground conductors mainly occur at low
frequencies and later time-channels. These features provide the theoretical basis to identify the

responses from the targets and the topography, so that the topographic effect on the AEM system

responses can be corrected.
Keywords

element method
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Fig. 1 Comparison of FE results from this paper with those from Sasaki and Nakazato (2003)

(a) A trapezoid hill model; (b) Comparison of the FE solution of this paper with those from Sasaki and Nakazato (2003); (¢) Relative errors.
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(a) Comparison of time-domain B.-field; (b) Relative errors for B.-field; (¢) Comparison of dB./dt; (b) Relative errors for dB./dz.
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(a) Time-domain B.-field for the hill model shown in Fig. 3a; (b) Time-domain B.-field for the valley model shown

in Fig. 3b; (¢) dB./dt for the hill model; and (d) dB./dz for the valley model
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with an abnormal body embedded; ({) EM responses of a VCA coil system for a flat half-space model with an abnormal body
embedded; (g) EM responses of a VCA coil system for a hill half-space with an abnormal body embedded; (h) EM responses of a

VCA coil system for a valley half-space with an abnormal body embedded
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Fig. 6

(a) Time-domain B.-field for a flat half space model with an abnormal body embedded; (b) B.-field for a hill half-

space with an abnormal body embedded; (c¢) B.-field for a valley half-space with an abnormal body embedded; (d) Time-

domain dB./dr for a flat half space model with an abnormal body embedded; (e) dB./dt for a hill half-space with an

abnormal body embedded; (f) dB./dt for a valley half-space with an abnormal body embedded
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Fig. 7 Frequency-domain AEM responses
(a) A hill model with two abnormal bodies embedded; (b) A valley model with two abnormal bodies embedded; (¢) EM responses of an
HCP coil system for a flat half-space model with two abnormal bodies embedded; (d) EM responses of an HCP coil system for a hill half-
space with two abnormal bodies embedded; (e) EM responses of an HCP coil system for a valley half-space with two abnormal bodies
embedded; (f) EM responses of a VCA coil system for a flat half-space model with two abnormal bodies embedded; (g) EM responses of
a VCA coil system for a hill half-space with two abnormal bodies embedded; (h) EM responses of a VCA coil system for a valley half-

space with two abnormal bodies embedded
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Fig. 8 Time-domain AEM responses

(a) B.-field for a flat half-space model with two abnormal bodies embedded; (b) B.-field for a hill half-space with two abnormal

bodies embedded; (c¢) B.-field for a valley half-space with two abnormal bodies embedded; (d) dB./dz for a flat half space model with

two abnormal bodies embedded; (e) dB./dt¢ for a hill half-space with two abnormal bodies embedded; (f) dB./d¢ for a valley half-

space with two abnormal bodies embedded
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(a)—(d) HCP coil responses for model 4—7; (e)—(h) VCA coil responses for model 4—7.



4 B S 2.5 il Ak b 3R 45 11 B AT S8 AT 2 #L 1 YA 4L 1423
50 @ 30 ® 80 © /\ 100 @
S i} / \ 20} PAAAN " k \ ) /P\
f’ 30 60
SN | 4 1 NG | )
"o :ZSNME‘ \ 207 \__,,g =1 20 ;yif\*\&g
/4 o | ST

0 0 e 0 0
9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200

40 120 120

60

40

(©

(63)] (g) (h)
ol A A

AFXS I B2/ %)

0 = gL
9800 9900 10000 10100 10200 9800 9900

AN

10000
frE/m £ B /m fr B /m fr & /m

o— o0 1.6X10°s m—a—u 63%10°s —a—a 2.5%10%s =9 63%10"s —e—<2.51x107 s +—a—= 5.01x10%s

3.98x1073 s +——— 1.0x10?s

BLLL S (R RUAS & S (AR B 0D 3 25 R 0 O %o L
CH 1 F0 57 5 A 1 0 1o, 53 f3 b D A S5 6 A i 7 ) 22 15 2 L TG A ol S 0 ol 97 749 L D
(a)— (BT Y T L 4 55 44 B Wi f LU AE 5 Ced— Ch) 888 U 38 4 1) 53 6 4 dB. /e i 1y LE £
Fig. 11 Time-domain AEM responses of abnormal bodies embedded

= 32x10%s =+ 1.3x10%s *——x 4.0x10*s = 1.26x107s

in a topographic half-space compared to background topographic signal
(a)—(d) B. for model 4—7; (e)—(h) dB./dt for model 4—7.

W

20 25 25 30
(@) o () © N )

16 20 1 3 20 -
o ™~
X 20
< A ZS I\
g 12 // \\ 15 15
Té 8 7/\ et \¥ 10 & 10 0
=

L AEUN | I~/ 5

= S | 2N E

0 0 0 0

9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200

25 25 30 40

© ® © (h)
1 T
K | 20 " .
S = 20
g 15 15 .
5; 10 A A\. 10 A
= u 10 A\ §
10— g B RN

é
—

2 a

N2t b

0 0 W > 0 oL
9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200 9800 9900 10000 10100 10200

fLE/m P /m fLE/m fLE/m

— o 1.6Xx10°s —a—u 6351075 s+—a—a 2.5%10%s v+ 6.3%10%s «——=<2.51%107s —a— 5.01x10° s

= 3.2x10% s +———+ 1.3x10%s *——x 4.0x10*s = 1.26x10% s = 3.98x103 s +—— 1.0x102s

12 3B IR FAS 5 3 TR B (] dul 0 25 H 104 i 1 XoF L
CHy i B 0 57 5 1A 04 W) 075 S ol 3t T2 e S R o 7 194 2 55 A T e S 6 4 i) R 19 LB AED
() — (D BRI PU £ F B B. W L A 5 (o) — (RO BRI P 2 - (i # TE dB./de i i HAH.
Fig. 12 Time-domain AEM responses of topographic half-space compared to background signal
(a)—(d) Ratio of B. responses to background signal for model 4—7; (e)—(h) Ratio

of dB./dt responses to background signal for model 4—7.



1424 H Bk ¥ B % R (Chinese J. Geophys. ) 58 ¥

10. 6038/¢jg20140324.

Di Q Y, Unsworth M, Wang M Y. 2004, 2.5-D CSAMT modeling
with the finite element method over 2-D complex earth media.
Chinese Journal of Geophysics (in Chinese), 47(4) . 723-730.

Fan C. 2013. Research on complex resistivity forward and inversion
with finite element method and its application [Ph. D. thesis]
(in Chinese). Jilin: College of Geo-exploration Sciences and
Technology of Jilin University.

Fan C, Li T L, Wang D Y, et al. 2014. Research on 2.5D SIP
inversion with topography. Acta Geologica Sinica (in Chinese), 88
(4): 755-762.

Jin ] M. 1998. Electromagnetic Finite-Element Method (in Chinese).
Xi'an: Xidian University Press.

Liu G M, Becker A. 1992. Evaluation of terrain effects in AEM
surveys using the boundary element method. Geophysics, 57
(2): 272-278.

Liu Y H, Yin C C. 2013. 3D inversion for frequency-domain HEM
data. Chinese Journal of Geophysics (in Chinese), 56 (12):
4278-4287, doi: 10.6038/¢jg20131230.

Mitsuhata Y. 2000. 2-D electromagnetic modeling by finite-element
method with a dipole source and topography. Geophysics, 65
(2): 465-475.

Nam M J, Kim H J, Song Y. et al. 2007. 3D magnetotelluric
modelling including surface topography. Geophysical Prospecting »
55(2) . 277-287.

Newman G A, Alumbaugh D L. 1995. Frequency-domain modelling
of airborne electromagnetic responses using staggered finite
differences. Geophysical Prospecting , 43(8): 1021-1042.

Sasaki Y, Nakazato H. 2003. Topographic effects in frequency-
domain helicopter-borne electromagnetics. Exploration Geophysics »
34(2) . 24-28.

Siemon B, Auken E, Christiansen A V. 2009. Laterally constrained
inversion of helicopter-borne frequency-domain electromagnetic
data. Journal of Applied Geophysics, 67(3): 259-268.

Vallee M A, Smith R S. 2009. Inversion of airborne time-domain
electromagnetic data to a 1D structure using lateral constraints.
Near Sur face Geophysics, T 63-71.

Xu S Z. 1988. Selection of wave number K in Fourier inverse
transformation for point source and 2-D electric field problem.

Computing Techniques for Geophysical and Geochemical

Exploration (in Chinese), 10(3): 235-239.

Xu S Z. 1994. The Finite-element Method in Geophysics (in
Chinese). Beijing: Science Press.

Yin C C, Hodges G. 2007. Simulated annealing for airborne EM
inversion. Geophysics, 72(4) . F189-F195.

Yin C, Smith R S, Hodges G, et al. 2008. Modeling results of on-
and off-time B and dB/d¢ for time-domain airborne EM
systems. Extended Abstract, 70th Annual EAGE Conference
and Exhibition. Rome, 1-4.

Yin C C, Huang W, Ben F. 2013. The full-time electromagnetic
modeling for time-domain electromagnetic systems. Chinese
Journal of Geophysics (in Chinese), 56(9): 3153-3162, doi:
10. 6038/¢jg20130928.

Zhang ] F, Zhi Q Q. Li X, et al. 2013. 2.5D finite element
numerical simulation for electric dipole source on ridge terrain.
The Chinese Journal of Nonferrous Metals (in Chinese) ., 23
(9): 2540-2550.

Bt i 32 5 % STk

SR A ST EAR . BARER. 2014, MIUR I A A AR 1Y In AR T 24 3R
S, HERPIFAEH , 57(3) : 953-960, doi: 10. 6038/¢jg20140324.

JEH = Unsworth M, £ H. 2004, BN A BRICHE: 2.5 4k n]
PR 0K b H R R A AU M Bk B A, 47 (4) . 723
730.
JLFRAS. 2013, BT BRI vk (¥ & o BH % 0F S8 5% K v L1+
W KAF: FHARRF BRI AL 5 HOR B, 69-99.
TLAMS, ZEMIAK. FRB S, 2014, EARHE T 2 R 2.5 4
REDESE. M BT AR . 88(4): 755-762.

SR, 1998, A RIC . P FELHR T RHE R AL

Xy, B, 2013, = 4SRRI 2 B 0 S WA Tt Bk B
23R, 56(12); 4278-4287, doi: 10. 6038/cjg20131230.

AR, 1988, a A Y5 2 v 47y i) JBL vl AR R S 7 H 11 IEK k THE R
WHAHITRHAR, 10(3): 235-239.

IREHT. 1994, HERYyH bAoA BRIICHE. duat: Bl At

B AR, R, TEI. 2013, B A) S8R0 4 HE R AR G5 I R 4 I R E
TR, HOERYIHIAR . 56(9): 3153-3162, doi: 10. 6038/ jg20130928.

TRakEE, B4, 24k, 2013, AR HOE BB R 2.5 i R OCHK
fERLL. P EA A4 R ¥R . 23(9): 2540-2550.

CORICHiE T



