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resources greater than 500m. Therefore, it is of crucial importance to design an instrument
locally for deep seated targets. Electromagnetic (EM) method is an important means for mineral
exploration. With the development of airborne, surface and marine EM detection technology in
China, Wire-less Electromagnetic Method ( WEM ), Multi-channel Transient Electromagnetic
Method (MTEM), as well as Short-offset Transient Electromagnetic method (SOTEM) are
focused on in this paper. The WEM wave propagates through lithosphere, atmosphere and
ionosphere to probe 10 km-depth geo-electric structures underground; MTEM method is proven
as an effective means for burying the target body; SOTEM reaches a depth of 1. 5 km with
accurate detection. The combination of various electromagnetic technologies can achieve multi-scale
detection within a depth of 10 km and realize the effect of “telescope-magnifier-microscope”. It also

pointed that the future direction of electromagnetic method is in terms of equipment, data

processing and big data information.
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WG S0 T R X sy - A B L M 7 00 o Ak
25 S0 JE B Y & o A E AT AR Ak T8 A ] Pk AR
(Nyboe and Sorensen,2012) ;38 i % i &My &
AL A Bl T4 T & G0 0k i 01 A Bl AL IR S Y 0
R RE. R o 750 B AH SCRR A L XK S S
AT AE S A 3L, AT X S AU A A A G Mg R S A
R AR AT 5 23 B 3R 00 0K b Ik o i CRORR
2015 F WAESE, 2016). [A] 0}, FE T+ Oh B HL 2 55 % &
AR 75 % i 8 I Jal F, 1% 3k M P D ol SR s 5 R
PRI LTS HA T S

T KU A ) 25 2R K SR M A LAtk 1, 3 AR 4 Mg
7 5 FAAE 5 0005 9 B A AR B3 DG 2R S R
W P8 et T 0 o)

(1) 1745 R % M6 300 15 5 ELAT 2 9 /0 Rt AT )

SO TR & TH IR A 515 R L i AL B 5 YA A BT 1
AN A S AV U8 O L a DAY B/ oG =R
T8 BOE T AR 28 1L b LR 25 MR SRR P 2 6
S Ah R I/ AR ek SE A TR T 5 e AR
PR3 855 A B 38 2o %k 2 4 45 5 114 F1 AL AT A R0
) g A MR P, S I G T4 MR L Y A R T, /N R
e R B F AR Bl S R T VAR 2 B A ) i
EOEL S Rr

(2) 35 Bl M 75 — i TR AL 25 B 22 W PR o
WLk Bl T % 7 vh is 3 i T b % 37 R R B A P T
| B £ Bl P IS i 114 72 Ak TR ) SRR He, Bl
Rz Sl e e . e 25 2 i BE R b A — IR AR
R Y AT PR 12 2l e 75 (R B Ry — Tl 1 4
MRS, HOAR — R AE AR S8 R S M LA . B, XA
Wiz 2y W ) Ak B — R RTOA Dhy  —  e aE E  Ab
T RAEE (2013) $2 th 2 00 XU Gk K B iz 8
P 2R A (2013) 7 Hh 25 H % B0 Ak 3 AP R N
WA vk X R is Bl R s

(3) Ak 33U B8 A5 O 118 2 90 363 T 5 W 7 P A
FAE 5 R B B A7 N R R X e AR R M A, —
A Alpha-trim J5 327 DL 51 5 51 Bk (Bednar and
Watt, 1984). X7 A1 Fat B AL e 7 114 4k B — fi 2 1
AR BCE AR S AR AR R LR AR SR A AR
5y SEBLR A A MR RS R B (199 1) $2 i SR A
BT 87 S AH 0 i 0 A TR 5 A U7 i SR
Mg P 4 3 SE T S R A RO R T T B2 A R
FE B W) KR A 1) AT T L AH 2 R A2 A T AR B AL M S
3 ) B CAn 33 691 BBl K BUE 500 Hz~5 kHz [ = 45
B MEFE) A 5 1 I Ak B RE AT TC I 5T 4 T
3K S I AR A fifp ok ) R R R
3.2 HiRERE

i 5 58 % =4 E SO BUE R X g — AP R
15 R R AT R 7 1 8 1 P 3R B A B B S
B CCRHAS S, 2010) . (6 S = 4 oL i 377 1F 3 K40
IBFFE 4G T 20 tad 70 4EACH B, Hohmann (1975)
TR 22 e 045 O AR A Lt B UOR AR G R 1 1
T =Y K b H I VR B AL L 2 S R R 2
Ry 7 R A PR T A A B 22 0 iR X S h
TR K bR LR 2 A A G DL EAT TR E A
AN 2E A I 7 TR T B, Fayemi 1 Di (2016)
i A 45 A R o8 L TL L Z (UPML) 5 — B § #iy 2
SR 0 I A BR 2% 42 (FDTD) J7 #2528 7 MTEM
TE T 7 v e S DU AR AL, B Y S I WY %
B A RO IR % T UUE SO R B AS HRE T Y =
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2 E R W AR 5T (Zhou et al, 2018a).

A8 J7 T A Mg 24 55 (201 1) | ] Occam Jz i 52
B CSAMT il 47 2. 5 4k /i i 45 SR R fa e
WS e B A 5 R T A R AR — 3L RS
(2012.,2015) §iE B 1 5% JH A BR 9 A7 48 28 35005 125 %
CSAMT % 4f HE A7 = 4 SO, 7 i 1 5 8 AR =
Y b, THG AT A5 R R RG H ER RO Y R . SR A S
(2016) 42 5 1 F¢ S 18 i HI7E CSAMT i #fg 4k 3
B, IR AR S Occam AR X H L UE B 1 3% 07 %
FR ] FE R SRR 5R (2013) K 1E WL 5 ik 51 A
Ik 75 H B R 1 4L 5 A R L S BB AR L W 3 1Y
= A T SEE A AR

4 s REE

P B A8l 4 1 FH ) T LA A R T R
TR o R 32 R E AR,

WE B E0FE M R G K R I, SR
A8 3 AR R A T T AR AT S I A A L 00 I AR
BRI, SR SN 3 R 280 A5 B 4 v o T AR A 2
WEM.MTEM #FI SOTEM (¥ %% #} R 4. B % K
R 3E 20 FVRIE e ) #0740 A0 R I A S A 1Y) 22 B
W Sk 4k N T 45 4 WEM L. MTEM il SOTEM
5 HL R R — 0 AR 0 T B B S S R E
A b 5T BA BT B RE R B2 11 7 22

H H . 0 T #07 B A IE 19 B AT 5K 1 43 i 7k
25 () R AT 2 I 5T 1) A R AR 2 & G 3 R L i
frofak, LB SRR SO S50 B B SO R
TE VR F R B i B R A S B i 3 H e D TR
R 50 B A TE TP A B R BOH R 5 MR LG T L R T AR B
(3 2% He R 5Kk i BT 43 7 . Robust Al 11 4h 887
KRB B IE 38 UF . Hilbert-Huang 7% # 25 37 $7
Atk 3 WEM, MTEM, SOTEM % %} il 4b
BN R A R b AR S0 BRI A R 25 4y FIRR 4 T
FEVL S5 IE S BE L U 75, © 0 A 3] WEM, MTEM,
SOTEM 5 % 37 B¢ B 1 8 A5 400 b 2k O ik AN
2D, 3D Lk 3% AR Jr Wk A5 v Ty vk A R] 2 A )
WEM ,MTEM,SOTEM 5 % 37 %k} i i .

Bl & R A B BRI R AR R e &
5 NBIXTBRAR A R 4 @ T 7 LA RO K 4 B
W% 5 F A, 3 F WEM.MTEM.,SOTEM ¥ fiff
8 N K S8 A S B 10 km TR B
G BRI AR A A AR, WEM 1 & 59 5 =&
— DRI BRI SR B 2R E R

TRFRT 7 R AR I i IR B L 25t . O TR
MK WEM B & BB — 0 10 km 3 5
FEL PN R % T8 A R S AR B R A T B R
— LT TR A WEM & 55 & 26 211
T — 2, W DL S — A R T 8 A 4 A [
E V.
5 it

WEM J7 3 J2: HUER 4 B 2% 1 G 28 W ) B 2 A 45
AW WEM BRE s 2 N TR GHE 5 KL Bt
THEReJy i 5 T AR iR 22 /0 A R R
3 HL DX, AT C LA E R LK T AR ZH I (WEM [#)
SEH R B 2 OB A S EE LI SR AN A MT
NS = 55 L PR ORS B2 AR i BR , m) B S5 IR T
CSAMT B4 2 8 RN B 7 (1~2 km) Jo 8 36
HEN NS I

2 TH Wk 75 VR 1% S — P I () S P R O i L R A
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AR R A AN S B N 1 R G oY R %7
P RS-k B R R AL A B AL B S
fifp R v 5 | A ADUH RR  HUOHE A R T B B T B R
RS B TSI 4 ke % B Y0 1L 9 4 J 0 4 0.

SOTEM 2 R A 42 b 5 28 U & 559 F [ 43080 A%
PR B BR P A V8 R G 5 5 O R BRI R AR A B S
RAFFVELY 0.7~ 2 A5 B TR BE 1 0 Ml 5 B8 51 1R 1N R
Nt 7 R HL 3 LA S B 3R A AR B8 0 ) — Fof i AR
L e . SOTEM 4 % 4t [m] £k U5 1% 728 W #2125 1 4%
DR JE N 500 m 47 2 1.5 km, I H th F % F % I
Iy 3 I8 T AF 7 20, SOTEM v ik 1 1% 48 K A #5
S X I 10115 5 15 T LU A R B AI00; ™ T it T AN i
G AEAB R E AT T, B EF R e R
Tia] A 1] 43 % 25 R T A5

WEM £ 77 2 R K BER T i 2 L3k
JEFC B A3 A 0 [ R S B o HEAT R K L = 22
O SO A K b 55 1 A5 SR ol 1 LRI T R B L Sy
BRIMTEBE R T 4 km (9 TR FK 4 @ 0 13l 9% U8 42 4t
T AR B H T R R K S TR A A o AN %
B FECA km DUR S BN 2. I, 45 4 B )3
MTEM J kAl SOTEM 5 2. b A5 ik i R4 & .
AIRASEEE 10 ke T 30 BB IS 42 0@ 0 7 AR AU R
5 AT R



6 4] T 2 55 « 7R [ R b 9 50 o 0 0B 50 A BT 5 ke 2135

References

Bahr K, Simpson F. 2005. Practical Magnetotellurics. Cambridge:
Cambridge University Press.

Bednar J, Watt T. 1984. Alpha-trimmed means and their relationship to
median filters. IEEE Transactions on Acoustics. Speech, and
Signal Processing s 32(1): 145-153.

CHAI Lun-wei, LI Tong-lin, SU Xiao-bo, et al . 2016. Sharp
boundary inversion used in Linjiang Liudaogou controlled source
audio magnetotelluric sounding data processing. Progress in
Geophysics (in Chinese), 31 (3): 943-948 , doi: 10. 6038/
pg20160302.

Chen B, Lu C D, Liu G D. 2014. A denoising method based on
kernel principal component analysis for airborne time domain
electromagnetic data. Chinese Journal of Geophysics (in Chinese) ,
57(1): 295-302, doi: 10. 6038/cjg20140125.

Chen W Y. Li H, Xue G Q. et al. 2017. 1D OCCAM inversion of
SOTEM data and its application to 3D models. Chinese Journal
of Geophysics (in Chinese), 60(9): 3667-3676, doi: 10. 6038/
j820170930.

Chen W Y, Xue G Q, Cui ] W, et al. 2016. Study on the response
and optimal observation area for SOTEM. Chinese Journal of
Geophysics (in Chinese), 59 (2): 739-748, doi: 10. 6038/
¢j820160231.

Di QY. Lei D, Wang Z X, et al. 2016. An integrated test of the
multi-channel transient electromagnetic system. Chinese Jowrnal of
Geophysics (in Chinese), 59(12): 4399-4407, doi: 10. 6038/
¢jg20161201.

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

DiQ Y, Xu C, Fu C M, et al. 2015. Surface electromagnetic
prospecting system (SEP) contrast test in Caosiyao molybdenum
mine, Inner Mongolia. Chinese Journal of Geophysics (in Chinese) ,
58(8): 2654-2663, doi: 10. 6038/ ¢jg20150805.

Fang T, Zhang J J, Fu C Q. et al. 2015. Using ground-airborne
transient electromagnetic system on unmanned aerial vehicle
detecting Yeshan underground tunnels. Progress in Geophysics
(in Chinese), 30(5): 2366-2372, doi: 10. 6038/pg20150552.

Fayemi O, Di Q Y. 2016. 2D multitransient electromagnetic
response modeling of south China shale gas earth model using
an approximation of finite difference time domain with uniaxial
perfectly matched layer. Discrete Dynamics in Nature and
Society, 2016 6863810,

FuCM,DiQY., Wang M Y. 2010. Calculate electromagnetic fields
in stratified medium with layer-matrix method. Chinese Journal of
Geophysics (in Chinese), 53(1): 177-188, doi: 10. 3969/j. issn.
0001-5733. 2010. 01. 020.

Guo Z W, Dong H F, Kristensen A, 2017. Image-guided regularization
of marine electromagnetic inversion. Geophysics, 82 (4). E221-

E232.

Guo Z W, Dong H F, Liu J X. 2016. Comparison of marine
controlled-source electromagnetic data acquisition systems by a
reservoir sensitivity index: analyzing the effect of water depths.
Acta Oceanologica Sinica, 35(11): 113-119.

He J S. 2010. Closed addition in a three-element set and 2" sequence
pseudo-random signal coding. Jowrnal of Central South University
(Science and Technology ) (in Chinese), 41(2): 632-637.

He M X, Hu X Y, Ye Y X, et al. 2011. 2.5 D controlled source
audio-frequency magnetotellurics OCCAM inversion. Progress
in Geophysics (in Chinese), 26(6): 2163-2170, doi: 10. 3969/
j. issn. 1004-2903. 2011. 06. 033.

He Z X, Liu X J, Qiu W T, et al. 2005. Mapping reservoir
boundary by borehole-surface TFEM: Two case studies. The
Leading Edge, 24(9): 896-900.

Hohmann G W. 1975. Three-dimensional induced polarization and
electromagnetic modeling. Geophysics, 40(2) . 309-324.
Huang H P. 1991. Electromagnetic data processing using the
singular value decomposition. Acta Geophysica Sinica (in Chinese) ,

34(5) : 644-650.

JiY]J, Wang Y, XuJ, et al. 2013. Development and application of
the grounded long wire source airborne electromagnetic
exploration system based on an unmanned airship. Chinese
Journal of Geophysics (in Chinese), 56(11): 3640-3650, doi:
10. 6038/cjg20131105.

Jiang Q Y. 2010. Study on the key technology of wide field
electromagnetic sounding instrument [ Ph. D. thesis] (in Chinese).
Changsha: Central South University.

LiDQ,. DiQY, Wang M Y. 2010. Study of large scale large power
control source electromagnetic with “earth-ionosphere” mode.
Chinese Journal of Geophysics (in Chinese), 53(2): 411-420,
doi: 10.3969/j. issn. 0001-5733. 2010. 02. 019.

LiDQ, Di QY, Wang M Y. 2011. One-dimensional electromagnetic
fields forward modeling for " earth-ionosphere” mode. Chinese

Journal of Geophysics (in Chinese) » 54(9); 2375-2388. doi: 10.
3969/j. issn. 0001-5733. 2011. 09. 021.
i H, Xue G Q, Zhong H S, et al. 2016. Joint inversion of CMP

—

gathers of multi-channel transient electromagnetic data.
Chinese Journal of Geophysics (in Chinese), 59(12) . 4439-
4447, doi: 10. 6038/cjg20161206.

Li R X, Wang H, Xi Z Z, et al. 2016. The 3D transient
electromagnetic forward modeling of volcanogenic massive
sulfide ore deposits. Chinese Jowrnal of Geophysics (in
Chinese) » 59(12): 4505-4512, doi: 10. 6038/cjg20161213.

Li S Y., Lin J, Yang G H, et al. 2013. Ground-Airborne
electromagnetic signals de-noising using a combined wavelet
transform algorithm. Chinese Jowrnal of Geophysics (in
Chinese) ,» 56(9): 3145-3152, doi: 10. 6038/¢jg20130927.

Li X, Xue G Q. 2013. Syudy on Pseudo-Seismic Migration of
Transient Electromagnetic Method (in Chinese). Beijing:
Science Press.

Li X, Zhang Y Y., Lu X S, et al. 2015. Inverse synthetic aperture

imaging of ground-airborne transient electromagnetic method



2136 H Bk ¥ B % R (Chinese J. Geophys. ) 62 ¥

with a galvanic source. Chinese Journal of Geophysics (in
Chinese) , 58(1): 277-288, doi: 10.6038/¢jg20150125.

Liang S. 2004. The problem of eliminating noise in developing TEM
instrument. Coal Geology & Exploration (in Chinese), 32
(1): 51-54.

Liu G D. 2013. Developing earth exploration technology in three
dimension, improving the performance of instruments for
geosciences. Chinese Journal of Geophysics (in Chinese), 56
(11): 3607-3609, doi: 10.6038/cjg20131101.

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/cjg20131230.

Macnae J C, Lamontagne Y, West G F. 1984. Noise processing
techniques for time-domain EM systems. Geophysics, 49(7):
934-948.

McCracken K G, Oristaglio M L, Hohmann G W. 1986. Minimization
of noise in electromagnetic exploration systems. Geophysics, 51
(3): 819-832.

Nyboe N S, Serensen K. 2012. Noise reduction in TEM: Presenting
a bandwidth- and sensitivity-optimized parallel recording setup
and methods for adaptive synchronous detection. Geophysics,
77(3): E203-E212.

Skokan C K, Andersen H T. 1991. Deep long-offset transient
electromagnetic surveys for crustal studies in the U. S. A.
Physics of the Earth and Planetary Interiors, 66(1-2) ; 39-50.

Strack K M. 1992. Exploration with Deep Transient Electromagnetic
Method. New York: Elsevier.

Teng J W. 2006. Strengthening geophysical exploration and
exploitation of metallic minerals in the second deep space of the
crustal interior. Geological Bulletin o f China (in Chinese), 25
(7). 767-771.

Wang M, Deng M, Luo X H, et al. 2018. Research on control
technology of hardware parallelism for marine controlled source
electromagnetic transmitter. Jowrnal of Geophysics and Engineering
15(1): 62-70.

Wang Q, Lin J, Yu S B, et al. 2013. Study on influence and
correction of coil attitude and bird swing for the fixed-wing
time-domain electromagnetic system. Chinese Jowrnal of
Geophysics (in Chinese), 56 (11): 3741-3750, doi: 10. 6038/
cjg20131115.

Wang R, Wang MY, DiQ Y, etal. 2016. Signal synthesis of time-
domain electromagnetic response excited by a pseudo random
binary sequence source. Chinese Journal of Geophysics (in
Chinese) , 59(12): 4414-4423, doi: 10. 6038/cjg20161203.

Wang X X, DiQ Y, Wang M Y, et al. 2016. A study on the noise
immunity of electromagnetic methods based on m pseudo-
random sequence. Chinese Journal of Geophysics (in Chinese) , 59
(5): 1861-1874, doi: 10. 6038/cjg20160529.

Weng A H, Li D J, Li Y B, et al. 2015. Selection of parameter
types in controlled source electromagnetic method. Chinese
Journal of Geophysics (in Chinese), 58 (2). 697-708, doi:
10. 6038/ ¢jg20150230.

Weng A H, Liu Y H, Jia D Y, et al. 2012. Three-dimensional
controlled source electromagnetic inversion using non-linear
conjugate gradients. Chinese Journal of Geophysics (in
Chinese), 55 (10): 3506-3515, doi: 10. 6038/j. issn. 0001-
5733.2012.10. 034.

Wright D A. 2003. Detection of hydrocarbons and their movement
in a reservoir using time-lapse multi-transient electromagnetic
(MTEM) data [Ph. D. thesis]. Edinburgh: University of
Edinburgh.

Wright D A, Ziolkowski A, Hobbs B A. 2001. Hydrocarbon
detection with a multi-channel transient electromagnetic survey. //
71st Ann. Internat Mtg. , Soc. Expi. Geophys.. Expanded
Abstracts, 1435-1438.

Wright D A, Ziolkowski A, Hobbs B A. 2002. Hydrocarbon
detection and monitoring with a multicomponent transient
electromagnetic (MTEM) survey. The Leading Edge, 21(9) .
852-864.

Wright D A, Ziolkowski A M, Hobbs B A. 2005-07-05. Detection
of subsurface resistivity contrasts with application to location of
fluids: U. S. Patent 20040232917.

Wu G J, Hu X Y, Liu H. 2010. Progress in CSAMT three-
dimensional forward numerical simulation. Progress in Geophysics
(in Chinese) , 25(5): 1795-1801, doi: 10. 3969/j. issn. 1004-2903.
2010. 05. 037.

Wu X, Xue G Q, Di Q Y, et al. 2015. Accurate identification for
the electromagnetic impulse response of the earth with pseudo
random coded waveforms. Chinese Journal of Geophysics (in
Chinese) , 58(8): 2792-2802, doi: 10. 6038/cjg20150814.

Xi Zhenzhu, Li Ruixue, Song Gang, et al. 2016. Zhou Sheng
Electrical Structure of Sea-Floor Hydrothermal Sulfide Deposits.
Earth Science (in Chinese), 41(8): 1395-1401.

Xue G Q, Chen W Y, Zhou N N, et al. 2013. Short-offset TEM
technique with a grounded wire source for deep sounding.
Chinese Journal of Geophysics (in Chinese), 56(1) . 255-261,
doi: 10.6038/cjg20130126.

Xue G Q, Gelius L J, Sakyi P A, et al. 2014. Discovery of a hidden
BIF deposit in Anhui province, China by integrated geological
and geophysical investigations. Ore Geology Reviews , 63: 470-477.

Xue G Q, Li X, Di Q Y. 2007. The progress of TEM in theory and
application. Progress in Geophysics (in Chinese), 22 (4).
1195-1200.

Yin C C, Huang W, Ben F. 2013. The full-time electromagnetic
modeling for time-domain airborne electromagnetic systems.
Chinese Journal of Geophysics (in Chinese), 56 (9): 3153-
3162, doi: 10.6038/c¢jg20130928.

Yin C C, Zhang B, Liu Y H, et al. 2015. Review on airborne EM
technology and developments. Chinese Journal of Geophysics
(in Chinese), 58(8): 2637-2653, doi: 10. 6038/cjg20150804.

Yin D W, LinJ, Zhu K G, et al, 2013. Simulation Research on coil
motion noise removal for time domain airborne electromagnetic
data. Journal of Jilin University (Earth Science Edition) (in
Chinese) , 43(5): 1639-1645.



6 4] TR 2 45 - TR [ Rl 9 U0 4R

I B AR B 5T 2137

Zhang B M, Jiang Q Y. Wang X H, et al. 2014. Development of
data visualization preprocessing software for wide field electromagnetic
method prospecting data. Progress in Geophysics (in Chinese) , 29
(4); 1873-1881, doi: 10. 6038/ pg20140453.

Zhang C H, Liu X J, He L F, et al. 2013. A study of exploration
organic rich shales using time-frequency electromagnetic method
(TFEM). Chinese Journal of Geophysics (in Chinese), 56 (9):
3173-3183, doi: 10.6038/cjg20130930.

Zhang Y Y, Li X, Yao W H, et al. 2015. Multi-component full
field apparent resistivity definition of multi-source ground-
airborne transient electromagnetic method with galvanic sources.
Chinese Journal of Geophysics (in Chinese), 58(8): 2745-2758,
doi: 10. 6038/¢jg20150811.

Zhen Q H, Di Q Y. 2017. High-frequency high-power CSAMT
transmitting technology research. Chinese Jowrnal of Geophysics
(in Chinese), 60(11): 4160-4164, doi: 10. 6038/¢jg20171103.

Zhen Q H, Di Q Y, Liu H B. 2013. Key technology study on
CSAMT transmitter with excitation control. Chinese Journal
of Geophysics (in Chinese), 56 (11): 3751-3760, doi: 10.
6038/cjg20131116.

Zhong H S, Xue G Q, Li X, et al. 2016. Pseudo wavefield
extraction in the multi-channel transient electromagnetic
(MTEM) method. Chinese Journal of Geophysics (in
Chinese) ,» 59(12); 4424-4431, doi: 10.6038/cjg20161204.

Zhou J M, Liu W T, Li X, et al. 2018a. 3D transient electromagnetic
modeling using a shift-and-invert Krylov subspace method. Journal
of Geophysics and Engineering » 15(4) ; 1341-1349.

Zhou N N, Xue G Q, Chen W Y, et al. 2015. Large-depth
Hydrogeological Detection in the North China-type Coalfield
through short-offset grounded-wire TEM. Environmental Earth
Sciences s 74(3) : 2393-2404.

Zhou N N, Xue G Q, HouD Y, etal. 2017. Short-offset grounded-
wire TEM method for efficient detection of mined-out areas in
vegetation-covered mountainous coalfields. Exploration Geophysics ,
48(4) . 374-382.

Zhou N N, Xue G Q, Hou D Y, et al. 2018b. An investigation of
the effect of source geometry on grounded-wire TEM surveying with
horizontal electric field. Jowrnal of Environmental and Engineering
Geophysics s 23(1): 143-151.

Zhou N N, Xue G Q, Li H, et al. 2016. A comparison of different-
mode fields generated from grounded-wire source based on the
1D model. Pure and Applied Geophysics, 173(2): 591-606.

Zhu W H, DiQY, Liu L' S, etal. 2013. Development of search coil
magnetometer based on magnetic flux negative feedback
structure, Chinese Journal of Geophysics (in Chinese), 56
(11): 3683-3689, doi: 10.6038/cjg20131109.

Ziolkowski A, Hobbs B A, Wright D. 2007. Multitransient

electromagnetic demonstration survey in France. Geophysics.,

72(4) . F197-F209.

Bt fp 32 5 % STk

SeAR I RS, SRR, %, 2016, JRBLIL A R AR IR VLTI N H

AT TR AR 3 VL T T R BT v 0 L Lt Bk A B 2
J#, 31(3): 943-948, doi:10. 6038/pg20160302.

ok, BN, X064, 2014, BT A% 32 R 45 40 BT At I ) 5 25 v
WG LMy, HUER Y FRAE R, 57 (1) 295-302, doi: 10. 6038/
¢jg20140125.

IR T, 280, BRI 4. 2017, SOTEM %4 — 48 OCCAM J% J&
JOM T =B i ROR . bR LR, 60(9) ¢ 3667-3676,
doi: 10. 6038/¢jg20170930.

BRTE , BEER, HVLAESE. 2016, SOTEM M h R 4 43 5 4 00
X IHBFTE. HERY PR, 59(2): 739-748, doi: 10. 6038/
¢jg20160231.

JEH =, Hik, FHAE. 2016, £ 3 K T 3 ik B AR
. b ER 4 P 2% R, 59 (12): 4399-4407, doi: 10. 6038/
¢jg20161201.

R, Tk, B8 H %, 2009, KMk ko Rl £ B % T H
PR ELE S B AR M . BRI A AR, 52(1) ¢ 275-280.
Tz Y. AT K RS, 2015, M HE G 45 I (SEP) £ 48 4 ik
B NS W RS, HERYH 2R, 58(8): 2654-2663, doi:

10. 6038/¢jg20150805.

i T, RAESE. 2015, B AWLHLAS BEAS B R GE e
b T S T R P . M BR Y B2 . 30(5) : 2366-2372,
doi: 10. 6038/pg20150552.

KR, K&z, F8H. 2010, 7152 0R 4 5 A f g 3 19 )2 40 14
P L ER P 4R, 53 (1) 177-188, doi: 10. 3969/j. issn.
0001-5733.2010. 01. 020.

frdk. 2010. =JCRAEATE A EMINES 20 R hEEHLE S i
iy, g R CH AR » 41(2) : 632-637.

24, IR =, mhgifE . B 3047, 20100 2.5 4EVT 4R AR K Hl
fh 7% Occam 3 PG W . Bk B2 0 J, 26(6): 2163~
2170, doi; 10.3969/j. issn. 1004-2903. 2011. 06. 033.

G, 1991, AR BOHE A0 3R A A 5 (R A R k. MR AR IR
34(5): 644-650.

Faa®y, T, MRyC%. 2013, J0 N KAE K 5 42 U5 o 4o b 25 /R 0 480
WRG I, sk Y3 E 4, 56(11) : 3640-3650, doi: 10

6038/¢jg20131105.
WAz, 2010, JUBRALRE D WA BRI S (1 ik 3] KU
SN S

i, K. FUA. 2010, BB RS2 A REE T K
RUBE Ty 38 m] 47 U5 VL % I8 D 07 RR AE BIF 5. Mt BR W AR R, 53
(2): 411-420, doi: 10.3969/j. issn. 0001-5733. 2010. 02. 019.

ik, IKEw. T H. 2011, “H-r B )28 0F IR i b — 4
TETE. MO ERYPEAR . 54(9): 2375-2388, doi: 10.3969/j. issn.
0001-5733. 2011, 09. 021.

22, PEEGR, PPARRRZE. 2016, £2 38 RS M Wk Ak Ao N I R
A R . MR 4 2R, 59(12) . 4439-4447, doi: 10.
6038/cjg20161206.

BET, EE, RS, 2016, PR HRALLY 6K 3D EAL B G
TEE. M ER 4 4R, 59 (12): 4505-4512. doi: 10. 6038/
¢jg20161213.

250 S0, AR, BHPTLLSE. 2013, F VR A 8 A R G RO D 25
77 BB SE. HUER I . 56(9) : 3145-3152, doi: 10. 6038/
¢jg20130927.



2138 Bk 4 # 2 4R (Chinese J. Geophys. ) 62 %

Ak, BEESR. 2013, MRS L RE VA LM R AR RS AR BT, b, Bl
B AL

Ak, kAR, S INSE. 2015, P TR DR AR VL S b A 50 A L AR AR
1%, HERPBI2EAR . 58(1)  277-288. doi: 10. 6038/¢jg20150125,

BRI, 2004, 1R AR L G AN T AR e iy MR 7 A o) IR AL M T
WiEg, 32(1): 51-54.

XGA. 2013, R EMIBRSIARZRIM B AR . $2 5 s 2= AL v e & K7, o
BRI BEEAR . 56(11): 3607-3609, doi: 10.6038/cjg20131101.
X, B AR, 2013, =445 SR A 23 HL R S T O M ER A B0

24, 56(12) ; 4278-4287, doi: 10. 6038/cjg20131230.

% SC. 2006, SR AL I A PN BB AS IR A ) 42 7 R U B
YR B RAIT & HSE AR, 25(7) . 767-771.

TR, B, FAEES. 2013, BEERMNS BT RENWEE LS R
MRS 5 m AT 5% 5 IE. M Bk B 2£ 3R, 56 (11) . 3741-
3750, doi: 10. 6038/cjg20131115.

T, TWH. IKRE =%, 2016, Fh BE PGS U5 #& T Y B 38 e R
FE4 . HWERY B4, 59(12): 4414-4423, doi: 10. 6038/
¢jg20161203.

TR, JKEZ, TWALZ%. 2016, 3T m hFEHLIT 5 14 i 1G5 T
W BE J3 3 HT. HLERBBAE AR L 59(5) : 1861-1874, doi: 10. 6038/
¢jg20160529.

HEE, ZBRMAE. WML, 2015, KISR0 = 4 o im o] #2505 i
WEANARFOR 52 . MR B2 42 . 58(2): 697-708, doi: 10.
6038/¢jg20150230.

HEE, XN, TWEFE, 2012, HE ]SRN E = R4
PR LR BE S . MR 244, 55(10) : 3506-3515, doi: 10.
6038/j. issn. 0001-5733. 2012. 10. 034.

RHEAE, B, X E. 2010, CSAMT = 4 1F 6 45 f 4 00 B 5% ifF
JE. HUERYPLA R, 25(5) : 1795-1801, doi: 10. 3969/]. issn.
1004-2903. 2010. 05. 037.

RIK, BEESR . IRH 5. 2015, P RfHL 4w T U5 PR A 0 L 9 RS 4 L.
HoER P 2R, 58(8): 2792-2802, doi: 10. 6038/¢jg20150814.

JERAR . S, KRS, 2016, WG4RGB TS5 .
HERAF%, 41(8): 1395-1401.

B EE A L R 0 AR A 4R, 2013, 32 b R W A AR WG A R B TR R I

W AL M ER 4 B E R, 56 (1) 255-261, doi: 10. 6038/
¢jg20130126.

R, Bk, KE =, 2007, BRAEUREAHAE 5 N O O R, M
BRI AR, 22(4): 1195-1200.

B, B, DU 2013, B ]80T 45 H R R 45 DR AR 42 15 0 N IE
AL, MR M. 56 (9) . 3153-3162, doi: 10. 6038/
¢jg20130928.

BKAR, IR, XIS B4 2015, fiAS s REIA R & R BUIR KR B,
BRI TR, 58(8): 2637-2653, doi: 10. 6038/ cjg20150804.
FrRAG . AE RBESE. 2013, A fa] AT 25 W R IR 4k i Bl g
FERBR T B G, HAROR A G ER B2 D . 43(5) -

1639-1645.

KL, HE S, FAL%. 2014, 0 R4 B 4R BOHE BT Ak AL
BREROEIT . M BR W) B2 i R, 29 (4) ¢ 1873-1881, doi: 10.
6038/pg20140453.

AR, XIE T, faf 22954, 2013, T o5 o RE 5 1 B A HLJTE T
HE R RBESE. Bk P24, 56(9): 3173-3183, doi: 10.
6038/¢jg20130930.

kN, XA, mR AR, 2013-10-09. K3y H e 5 1 [l 3% 2 W] i
PO RIK P R S PL AR S8 . P, 201310289869,

dkfeak, 24k, WhRAESE. 2015, L5 5T 3 U M 2SR LR vk £ 4
AR R . HERYHL AR, 58(8) : 2745-2758, doi:
10. 6038/¢jg20150811.

BLIEHE, JRE . 2017, @RI R CSAMT & HH AR B 5. Mk
WIS, 60(11): 4160-4164, doi: 10. 6038/¢jg20171103.
HFHE, RE =, XL, 20130 G il 19 CSAMT % % HL#5 F
TR, WERY B4R, 56(11) . 3751-3760, doi: 10. 6038/

¢jg20131116.

AR, BEIESR . ZESKAE. 2016, 5 IE DR LR H: (MTEMD 108 %
PR, HERY B2, 59(12): 4424-4431, doi: 10. 6038/
¢jg20161204.

R, JRE T, XEZ. 2013, F T R 070 1525 4 10 w5 = 6
R R 1R g R . MER W B R, 56 (11): 3683-
3689, doi: 10. 6038/c¢jg20131109.

(R 4ikE RIEE)



