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Abstract  In the past decade, the passive source detection
technology based on short period dense array has increasingly
become a domestic and international significant tool in the field of
deep structure exploration. Compared with the traditional broadband
seismic method, this technology has the advantages of high resolution,
time and money saving, and environment protection. Despite the
low-frequency signal is too weak to detect the deep structure of the
lithospheric mantle the dense station distribution makes it possible to
image the fine structure of the crust. Furthermore, take advantage of
the dense ray crossing coverage from different directions beneath the
array, the stable image of crust-mantle structure can be imaged by
inversion and stack migration. Therefore, the short period dense
array detection technology has been widely used in different fields,
such as imaging of deep velocity and interface structure, mineral
resources exploration, volcanic activity monitoring, microseismic
high-precision positioning, and geometry and kinematic characteristics
discussion of seismogenic faults. The paper systematically summarizes
the research progress of short period dense array in the field of
imaging study on crustal structure and microseismic location
monitoring. Looking into to the future and guided by scientific
questions, joint inversion and imaging could be carried out using a
variety of geophysical data such as natural earthquake, ambient
noise, gravity, InSAR, GPS and magnetotelluric measurements so
as to, acquire the multi-attribute characteristics of the interested
targets, and this method is increasingly developing to an effective
way to reduce the non uniqueness of solutions and reveal the real
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state of geological bodies. The rapid development of the detection
methods in this area is expected to greatly promote the research of
seismology and geodynamics, and has a broad application prospect
in the fields of deep structure imaging and mineral resources
exploration.

Keywords Short period dense array; Crustal fine structure; Fault
belt; Microseismic location monitoring

0 51 H

MR AR T B ER AR A S B BRI T 4544, JE
JEVRTR L K AN ] B Bk 1Y B AR T BE (Mooney, 1989 ; Christensen
and Mooney, 1995 ; 7t SC45,2004 ; sk B#E4E, 2019). NZE
VAR LR, 3 2 BRI 0y g 2 Bl N ) 00
BB (CRARIE) 2RI = Zh IR Jy 125 E 2R N AR
SRR S RIS, BA R UL B A A R I 2] 2
R g T AU A, R AR R A0 b B AF 5 ( AL
2ZBLABR2Z) FURA B G B 3 s I T BOY i
Xof T S R Y B R A, LA FRAS b 5T RS 41 45 44 ( Prodehl
and Mooney, 2012; Teng et al. , 2013; K EAEE, 2013) , 70
HAEA RS IR B )z (H 32 3hilr iE R R R i
BN XA RIS ABR. AR Z R, B sh P Jr
PAS B, R PR R AR IR AR iR IR B L, Al BRI 7208
SEF TR BE A, TR T 7 1 2 TR S R 45U g 1Y )2, R A
FHMWJrEZ — (Nolet, 2008; 3EIXLEE, 2013) . [W] 3% Jr
AUAATEATT Z ALY BRBE - [ 5 H5E B ol R 2 010 TR,
WRRFE R =10°) th TR BR AR LT , 5 U0 A= 1 w8 4
155 22 B AT IR AT J5T b A A478 10 2 8 R 0, 383K 5
IASCOR B PRI 20 PR A 8 4 sl D st R WA 2R ¢, T
REE & MR s M, — RS EEEAK (10 ~40 km) 73
T EO 5 2 X Z5 44 AR A4 73 R %  BRA T RE A8 F400 F)
S R ROBEFIDRG 2

ARk, B A X — R A SR R ALY 4 e A 58
e, T 10 5 13 A Sl PRI AR 8 Ay ) 3t 3OHE 24
ZER ) B 2T B (Lin et al. , 2013; Schmandt and Clayton,
2013; Nakata et al. , 2015; Chang et al. , 2016; Liu et al. ,
2017a, b; Bao et al. , 2018; Wang et al. , 2018; Wei et al. ,
2018 ; Mordret et al. , 2019) . Z4HE R A KR FEHZE S (5
REEHE DX R ) (BRI R A B CHAB AR A8 B R A B 1y
PR BRIR Sl ) S (5 8, ) T 42 8 A 150 100 6 ) 300 b R A
TF R AL MU B AR AN TF] , 6 18] B R A LK 2
JUA . i1 T B MR A TR G SEMUT MR 00 Jy 12 , ]
DAES AN e % 2] BRI IR 2 09 (G2 ) b = (B3 T4
JAA 1 ~2 J1) , R A0 A B A A A R A AR AR G A
T AR, AT AFE o R4 T3 4R 6 MR i = 2 Y
FBEAILH, L AT S s 7 % IR S5 H A, DT $2 g 4
etk )2 H br K 59 #8 0 K B2 ( Gao and Shen, 2012,
2014; Chen et al. , 2014 ) W] DAERI b FR W 2L 1 R TEAS |
B R T2 B TR BT A 1] SE 4548 15 B, (Lewis et al. , 2007 ; Zhao
et al. , 2010; Schmandt and Clayton, 2013; Allam et al. ,
2014 ; Ben-Zion et al. , 2015; Bao et al. , 2018; Share and

Ben-Zion, 2018).

W JUAE, BN AN TR T R B 2% 4R & FE AT i X 5E 1
YE. 2011 4F Long Beach 2545 G4, 7 7 km x 10 km 5 [E N, 1
W 5200 M RAREE , B HEE 120 m A4 RIS &S
MR, TT R T b 15 3t 09 8 I AN E A7 (Tnbal et al.
2015, 20165 Li et al., 2018a) J¢ 4 % 45— #% /R {h 1%
( Newport-Inglewood ) Wy 2477 = K B 45 A4 12 %5 TAF (Lin et
al. , 2013; Schmandt and Clayton, 2013; Bowden et al. ,
2015; Nakata et al. , 2015; Chang et al. , 2016).2014 4F, 54
TNF AR JE I XA T 1108 A>T 4G I a4 19 %85 52 Nodal &
[, T J& T 265246 (San Jacinto ) B 2474745 4N 25 ¥ 7401 ( Ben-
Zion et al. , 2015; Hillers et al. , 2016; Roux et al. , 2016
Qiu et al. , 2017, 2018 ; Meng and Ben-Zion, 2018 ; Mordret et
al. , 2019) . LR (St. Helens) J L B3 A 15 ¥ By 905 4~
S e 2H A B AR 15 R I T J L DX R 4 ( Hansen
and Schmandt, 2015). [Fff, BN EIFE T KEMNEEEHK
AV TAE A48 TR 5 B (Li et al. , 2016b) \#5/R G 5
[ (Liu et al. , 2017b) JHILE M (Li et al. , 2018b) [ “H#i2# K
TR S8 G B (Wei e al. , 2018) \ =YL R A B (3K
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(Bennington et al. , 2013)
Fig.1 A cartoon demonstrating the FZHW (fault zone head
wave) and DWSAs( direct wave secondary arrivals)

propagation paths ( Bennington et al. , 2013)
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Fig.2 Schematic plots for the direct and Fault Zone (FZ)-
reflected P and S waves (a) and FZ-diffracted body
waves (b) (Yang, 2015)
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K3 FAEUAY P 4k 2] ( Nakata et al. , 2015)
Fig.3 The picked arrival times of P diving waves
(Nakata et al. , 2015)
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(Nakata et al. , 2015)
Fig.4 Vertical and horizontal slices of inverted P wave

velocity cube( Nakata et al. , 2015)
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Fig.5 Comparison of portable broadband seismic array (a)

and short-period seismic dense array (b)

(b) Gty . 227 Ylss i %
e N = )‘;
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2R E (b) (Liu et al. , 2017b)
Fig.6 The Receiver function image of crustal structure (a)

and cartoon of dynamics (b) (Liu et al. , 2017b)
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KT A R T 28805 B B DX SR P A 45 L 32
ST EZE T M & A VLFI IR (Lewis et al. , 2007 ; Zhao et
al. , 2010; Allam et al. , 2014; Share and Ben-Zion, 2018 ).
W2t 1 I BT SR ) AR IR PR A, 5 LIk PR A
S, 38 H W24 o DA BLA P I 00 A I 2% S IR B A JEE 1
72 3% 10 3 {5 & (Hough et al. , 1994; Zhao and Peng,
2008 ; Bulut et al. , 2012; Bennington et al. , 2013; Li and
Peng, 2016; Najdahmadi et al. , 2016; Share et al. , 2017,
20193 #R¥45,2014a,b,2015 ) . B T XHEOE I AWM 51, 8
AT LA A H% 53 B SRR 531 5 5 ( Allam ex al. , 2014) . IE#f#
PRFI ST W20 B I8, 7T LA A W 28ty 7 I A J5 4 1 )
ZE 57 SR 2N AL 45 A8 1) 73 B RE 1, T 3 S0 Ml 7R 14 2
A IR ZLH A IE.

QB IR BB

DT 2R 3 2 S R AT SRR AE L I B P A
S WAE I 22 5, 25 BT AL BRI S B PR S
A 2% 5% ( Yang et al. , 2014; Yang, 2015; & 2a) , 0] LIFIH
SR PRVEIB BR AR W 24l A A6 B ELAE 30 57 22 O Rt B e
YL BRI 2L IR X IR B RN T8 55 3 oh, G R A
MR B A B A I 5 64 T, ) FH AR e v e T LAAR B 3 2 o
Wi R (B 2b) .

Mg Tk

W 75 95 ¥ S — b AR 543 BT J5 v (Schuster, 2009) ,
H I S M P T e AT DO IR LA, ] LA 22 0 A AR e B
BT IR R ) R TN B R, T LA M A T 1k
SEURTAT A Sy B, TRBRAT B AR, 25 B A
B3 AT DASE v R 54 R 69 73 PE S (Nakata et al. |, 2015).

Nakata % (2015 ) 38 52 1155 P 422 5065 3l 76 990 3l 174 430 %8 19
— AL E AR CHARIRIMT) , ) FH M 5 9 1 S M T A8 Ay
T RENEE A b SRIBUAT , DLRUG L 4548 19 25 TE]
Y54, Nakata 55 (2015) 7EAH IG5 T T L TR AH G eR %K
B8 110 BB 22 TR AL (14 AR IR 25 1T P 41 i I8 2 , 7
B HEAN PRI SAAPGE F (P 3) SR J5 F I E 2 BT A% 7
ARG TS (E 4).

(2) Hhy e St 1w A%

Ol R USSR

F W R B T AR OR IR AN 2R R A Y i i, ik
e[ 43 e KO- 43 SRR RS BR UL R 10 sk rh i R 80N, L 1%
TR PEARRONFLAS RO , TR 89t & 0 T J7 B A JB o
FLFZAE B A AL & 3l J7 3 52 [R] U 18 77 A= 19 % 4 U5
R 220, T DAL 2 ST 2 1 56 JBE B AR I 2 1
Al T ST BRI LG, JE RIS e 08 i 1 5 1A 45 4 1Y
FFB (Kind et al. , 2002; Tian et al. , 2005; 2 7 4 45
2006; Ai et al. , 2007 ; Chen and Ai, 2009; R 4,2016;
Duan et al. , 2017; Si et al. , 2017; Wu et al. , 2017, 2018).

T TERT & BN 7 vk, — A A PR 3 = A (2
JU6) W 1 ~2 4R a] 8 0 SRR A X b
U ) P2 ) R BT 2 A AT U, 6 T BE — i 10 ~
20 km (% 1). SR7A7, X AF 1Y 6 TA]BE 1 e i R BUk & b, &3
BN T SR PR A U R B R R 1) 3 B RO AEAE R T
10 km ([&] 5a) , % 52 e T 2548 20 BrAE 1A 2, 3k AR /R B

KM HST AR AE. 5 589015 M 7 SR LU , 1) 2 J] 30
FRAAERT I X IT R e A B (— B JLT £, 13 (] B g 2k 3
JLHZIUER) WA E] (1 ~2 ) RFRLERAEARAFIL+
ANAYEFZFAF (R 1) LA TS b 3 TO0ES P BIE 1
WA A UL A (18] 5b) B 1 0 BEARAR E 1 ~ 2 km, 0 eR
BB IR 25 R REE 7R M TSR AN 2574 (Liu et al. , 2017b; &
T4 ,2020; sREREE, 2020).

*x1 BRHRIEHESEREEESERNRT L
Table 1 Observation comparison between wide-band

mobile array and short period dense array

T 5 1 S R 5 1

& e 10 ~20 km JLt ~JLEX
L s ] 1 ~2 4 1~2 1
i A B JLt& INER=
WF5E T Hu5E/ 1 e

Liu 28 (2017b) F|FH 2015 47 H 20 H £ 2015 48 H 24
H 91T ZH 2L 520 14 29 160 km, S THIFEZY 500 m féy 5 Ji] 191 4%
B 5 ML ) TR KR , 36 5 e WA R 5 B AR s, SR T
T 9B S AR AL G 7K i A L 15 TG 28 0 22 1) B RS A L 5E 254
(K 6a) , FFERS T RIS A i I 9 e 6 T 849 3l g “# L)
(E 6b) I\ Ny FEZ 4 T RBGENTMIZ , A2 M7 A 1)
Tl 4s

Qi Lk BT RS

AT JUAR R T BRI R 75 0 53 10 IR 7 86 1 T AR
A RRCR AR, © &) 2 0 TS SRR U A
TR R IT IR % 5 R 2 b 5T 1 45 R BIF 5T T (Picozzi er
al. , 2009; FAHE%E,2009, 2011 ; Agostini et al. , 20155 Li,
et al. , 2016b; 7K % Jp %, 2016; Civico et al. , 2017; Bao et
al. , 2018 ). H/V A5 1 R 65 M P 4.0 S ) 7K - o AL
I B3 AT LU R PP 37 3t 1 s BRI R A (S
RUN) , BESRERITURR 2 0 L 16 =2 8] 5 2t 752 g BELAE 194 A3 4 i
IO 27 B AN BE S8 G 2 5 U103 3 45 4, 3 o A AR TR
et Gl £ RT X 3 8 7 U BHL T 1) TR R AT LR
( Nakamura, 2000; Arai and Tokimatsu, 2004; F ff 7 4§,
2009, 2011; Bao et al. , 2018).

ST RS I R 48, Bao 45 (2018) A H/V 3% 1L
RN B LT 1 55 DY 20 ORI — 2 A 3 AT T R (I
7). GERFIAFEL 100 m H1 300 ~ 800 m P FE 43 B @ow H
AW AR BRGS0 (P 7h) | W R IR J7 2R U 42 LR
FENCIR A PR S A (29 200 m) 55 I M 7 S S 351 T 44 72 19
Wi s [AVRFIERE) & (P Te) , SRR L W7 2417 B 45 pa 22 LA
R 52 B 5k Z 4 5 55 2l BB I A

ARG Ty g A RS = sy vk, B TR e FE
UL 1385 L 12 e BEL BT A i B B, B {68, — R A A
RRBA B 2 DURR TS ST 2T 5 7 1. B e g g i
AR IR P e i e 52 WA Y- 149 3B 4 S, LA 1) 20 B R
ZMRT G EE (Bao et al. , 2018).
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Fig.7 (a) The calculated HVSR curve profile; (b) The theoretical HVSR pseudo-depth profile; (¢, d) Comparing calculated
pseudo-depth profile with depth seismic reflection profiling and the distribution in Fig. 4¢ corresponds roughly to
the red dotted box in Fig. 4d(Bao et al. , 2018)

1.1.2 & @k il A% (Lin et al. 2013 ; Bowden et al. , 2015; Fang et al. ,

AT BT IR 2 1T P4 4 , 65 i 58 I 0 A8 ik 38 45 )
R T 7 I S PR TR AR B A
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Fig.8 Location of the dense seismic array in Wudalianchi Volcano Field (Li et al. , 2016b)
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Fig. 9 The shallow crustal velocity structure of the shear wave in Wudalianchi Volcano Field (Li et al. , 2016b)

SRR 28, I 2T 1 Ik B4 BT 98 ( Yao et al. , 2011 Lin et al.
2013 ; Bowden et al. , 2015; Chang et al. , 2016; Li et al. ,
2016b) . F LM AW, BIME G W27« Sl R AR
PO 5 A RS T AR S I B 445 ) S 1, RIMEGISE T 3Bl 0 b 3k
R AR A% , B WA BT A R R 1] 2 20 1Y, 15 B 4

AP G R AT AR AR 2R, AR5 i o 2 SR OO0
R HA £ ER S AR 2 A o/ N IR S I B /N E AR
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Fig. 10  The ray paths obtained by the fast marching method ( Fang et al. , 2015)

FH e 50 534 %25 5 65 1, T8 3k TR 75 B A O, AT LA
FEI(Rayleigh ) T3 5 J A 5238 DXt 58 RUBE A =48 S i
BEESEHY, A AL (AN T 0.5 Hz) BRI MRS L AH C (ANCC)
AL B ok BT R 43 PE R 0 b S 45 4 (Lin et al. 2013
Bowden et al. , 2015; Chang et al. , 2016; Li et al. , 2016b;
FIRIAS,2018) . [&] 8 & T K % b i 3 1) 2% 4R 5 [ LI , 3
T MRS A DG B S T A5 B 4 )2 = 4 3t e 1 2 A ([
9)(Lietal. ,2016b). 45 R B /R7E AR EM KL T 7 ~13 km
REEAMAFAE 35 10% (14 5 25 IR S, 3 45 DR W s 0
IS e R R A R — B X R T AR TR R
A 13 LI P T 9 BSAR T T2A AKE

(2) BT S4B BRI — R R

LG TR 5 L S Mt P R B P T B 55, A% 4 B AR 4
FET ORI AR IR 0 b 2 A% -4 1) T g, o 942 T 1 o gl 3 B 25
FAARAHURE, I B A% A AR BETE ¥R 2 B 2 A B P AN Il
Ob ALGGE S T7 1A B I R — AN SRR A S 2
A2, AR TR DX I 2= s 5 2 A T N, Xof T Ml 5 i 45 4
AR B DXCIERAT RE 2l R AR i 22 (2 AR 45,2019 5 Luo
et al. , 2019).

THT O B4 S 3 7 ¥ 2 T8 i S TR 5 B8 42 Rayleigh
SR IR RE A0 IR AR A = A5 43 B2 544 1) 7 75 (Fang et
al. , 2015; Li et al. , 2016a) . iZ )y i@ it 45 8 = 4EW) G S Ik

TR AR ) D3 HE 2k 72 ( Rawlinson and Sambridge , 2004 )
TR S B ST AR B AR (P 10) K B MRS 19 83T 07 B
—ZERCIRY M) TSR R A T 55 A I ) AT R 2k, O RS2 B
BRI I £ % L, 1) 1 T B i 2 SRR 7 15 (a
wavelet-based sparsity-constrained tomographic method ) B 4% J7.
B4 S PO BELTH (Fang et al. , 2015) , L EEET R 514450
WP IR o — B (& 11).

HA G TG GE S8 125 , ThT B¢ P4 BTy 1t 4 1 A L
V| A 1 S s ) e T A5 R, T R AR ey R A BR 22 40
FEIFTHR ST EAR , I ANk A S AU A ) S
IR LERAR 5 I8 T RIS B S i 0 2 1 2
Ay FZ , PRIHZ 5 1 BB I8 T FL S O, B3 T ANl R R
B IR AR AR 15 1) 952 )2 52 2 DX, 3 ) A o) 00 o G B I
T A LA T T B B ) B RT3 A, % 5 15 i TR 2
K.

(3) T I A% 8 1% ( Eikonal tomography )

Wt 6 ) B0 5 15 WA BORAS I AT, SE 5 B 1) B B4
Ay, SRR A5 5 T Ok S i 2 B IR R H e k. R
W P AR, AR DG TR — ol SR ) 5 o AR RO
FAn, X F N A G TSR N x (N =1) /2 S8 s i
ARG R, [RII S 1 g (5 M L, — s o X g i) i 2
IC SR I AR S R BT B0, R 0, A 15 G ) 19 A 5 R
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GRS WG S 5 B RETE 0.8 5, 2.0 s PR ES /XS LE (Fang et al. , 2015)

(a) fLGEMEFE G IHTE 0.8 s ITIEE AL ; (b) BIRIIETE 0.8 s WOEER; (o) (LGl iR S TE
2.0 s IFAYEEAL; (d) EHERETE 2.0 s IFAYEE R

Fig. 11

Comparison of phase velocity maps at 0.8 s and 2.0 s between the traditional ambient tomography

inversion and direct inversion methods( Fang et al. , 2015)

(a) 0.8 s of traditional ambient tomogrpahy inversion; (b) 0.8 s of direct inversion; (c) 2.0 s of traditional ambient

tomography inversion; (d) 2.0 s of direct inversion.

B BT RS A R VAL s PR 5 OE ey, e
T HEA LA R BT AR R &, i
SRR Y R (ZRIR45 2018 ) . PRI, 76 6 Jo) 0 2 4 1 O
Hh, FLHR AR £ 94 ThT 8 5 B #EA T R A G 5
R — PR . P, A5 8 FA) i 2 T e B BRI IR P
R I AT S0 A5 T 3 , Y4911 R T DB A [BH i A A 4, i 2
TR 5T AR B A2 25 il X B 2R 3 S R .

Lin 22009, 2013) 45 H 1 JE T2 p& J7 2 ) 1T 6 A% T
5 BINERET ARG WL R W AR5, i 7 ol 7 F ik
AT AT )y A3 B¢ , A T 38 A [ Jo 30 ) 2 TS E i 47
SO FH R B 5 RS4RI S0 E I ) s (B L, AR TR] 5 A
AT E 19 - P B AR AT IO J] 0 2 ) 1 2 1 ) 23 A 1)
I 3 3 P TS WS 32 28 A T AR 12 Wl S s T 04 5 T2 5 - T
ISR 1 D 15 . 1275 3% TG/ B I TR B A I, 25 16 T B 0 K [
AR 1) P 43 SO, T L e e 1 A A e 5 5 e A
AP — PR AN B P, IS A e R 0 A I R
W A Ak

2011 4F, &M Long Beach i1 [X A7 5% 1 55 % & 43 fii
M4 I #1 6 F (Lin et al. , 2013; Schmandt and Clayton
2013). 7£ 7 ~ 10 km {435 F N, A5 B T8 2 5200 4> = 4
(10 Hz) M= R 51, 45 [A] 5 24 120 m. 3 52 M 7 T 3 i o
B, AT ATE M5 0.5 ~ 4 Ha B9EERT Rayleigh [T, X0 )i
1 km PR LIRSS 45K (Lin et al. 2013) , R BLILVG-F AR
[ E {1 {19 Newport-Inglewood W7 & 2% 5% B v 5 45 1k
(K 12).

BHE R % Jin Fil Gaherty (2015) e T3 PR 7 75, BF
K —ERT AL G K A Sh 3RO E R FE P -ASWMS
(Automated Surface Wave Phase Velocity Measuring System ) ,
IO I AL R 5 R 9 T AT %, ARG T A G R
fili = 73 AR AR L S0 A5 R T IR Z TP IR RS H B
A B AEE T R SE R (R, TR B 5 TR TE R
A I TR BRI, BT LA XN A B R A AN RE R B, HL
FE 13 0l PR S0 B A 10 DX Bk mT AR A5 5 5 il ) B A 244 114 20 B
R (Lin et al., 2009, 2013; Lin and Ritzwoller, 2011;



2020,35(2)

SRR, 55 - A IR B R s IR AR R BRI ST e (www. progeophys. cn)

33.82°N
33.80°Ny

33.78°N

33.84°N

33.82°N

33.80°N

33.84°N

33.82°NF.

33.80°N

33.78°N

33.76°N § | 33.76°N 33.76°N
241.80°E 241.84°E 241.80°E 241.84°E 241.80°E 241.84°E
T | . T [ e T |
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0.45 0.55 0.60 0.65 0.70 0.75 0.85

Phase traveltime/s Phase traveltime/s

P12 TR RS R TR (Lin et al. , 2013)
(a) B4 1 Hz Rayleigh M EAIER ; (b) /NG LT H (a) FARLER ; (¢) FETH R (b) A5 21 i AH 8B 1.
Fig. 12 A demonstration of eikonal tomography (Lin et al. , 2013)

Phase traveltime/s

(a) The 1-Hz Rayleigh wave phase traveltime; (b) The phase traveltime map derived from (a) using the minimum

curvature fitting method; (c¢) The phase velocity map derived from (b) based on the eikonal equation.
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Fig. 13 Diagram of beamforming analysis tomography( Roux et al. , 2016)
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Pl 14 T PR SR AU AR AR R RRE /R 1ET ( Chen et al. , 2014)

Fig. 14 Green’s function waveform fitting by surface wave adjoint tomography ( Chen et al. , 2014)

Gouédard et al. , 2012 ; Zhou et al. , 2012).

(4) BAR #7114 ( Beamforming Analysis Tomography )

TG T 5 M 7 AR B3 A 4 JBCIE B 11 6 R e
o SR P YR ) 7 620 R T BB 2] (Snieder, 2004 ) , T B 52
Hh R R AR ELAT BT O e, SR SR IR A b
PREOI 2 A7 T Ml 2. 5 A3 A7 ( Beamforming ) i 3o ] 4 75 4
WA IR 65 2l 1 i B T T R 6 A DG, RTATEA 5 5 e 4y
B R R L AR ALE B SR RT3 1T T R
MEEGESNETATEE JHMEE T EENNE
A B UC SR T T B I BARGRLE N, A48 B 2 (] 48 2= I
TSR AR AL, SRR AR B (AR R EX o7 3 B2 BV Ry A4S
WA 5 R T B A

Mo MRS BT AT LA AR L b R R
AT Rayleigh {5 B, ARG A0 4 15 G038 S0 38 Tt 5e i
B 2 WETE . RGBS T S0 75 (i SRS A ] LR AS 65 B
5 M TE RUBE B A 45 4. Roux %5 (2016 ) K4i% J5 i F T LA
1108 A~ T b A5 I #5% 4y v 0 19 155 %% B Nodal 51 B S
HELLPOCEAE T, R 25 A IR 1 T b A % AR R
TR A Sl % 22 [B) 1) FL AR G, DAty AR SRS oo 2 T
FIABGHAT 5385 181 13 /& 2 ~4 Hz RYRERBE SO 25 21, #R R
TR XIS T T 2807 AT B o 30 5 4 A P ) TR R A
K& 171254k ( Roux et al. , 2016).

SHEGENT AR I A LG, SR AR AN 5 2 {2
PEAZ A 528 (Roux et al. , 2016) , ML $R IR 32 £ B JLARI 254
PRI MEVE /N | S IR AR S E AR XS 7T & 5 AFLX T 88 e AR, 5 21

MG AR E . (%I R SR G vl A, Hoh T LB
T e DR e BEAR TR TR 2 18 1) 0 R, 0 R BT Y
THI B 1R 22 R

(5) WP S

TG T PR A T A B B, B R IR R (5
S ARUHER FH 2 7 T 954 B0 T 3 £ JEL ( Yomogida and Aki,
1987 ) 1M A5 5 e 43 PR Y =2k SR BE 25 4. S JL 4, THT I8
TR J7 WA B Tz T, I WO T B A N R
(Zielhuis and Nolet, 1994 ; H/NpK%E,2001; Du, 2002; Zeng
et al. , 2011; Tran and McVay, 2012; Gao and Shen, 2012,
2014 ; Chen et al. , 2014 ; Borisov et al. , 2017 ; Groos et al. ,
2017; Liu et al. , 2017a). b 52 B PR 4208 SUE A
[Fi) , L J) 33 2 AR 15 W T T i 77 i B 1 AL A S
P EA G FLIBGE I 22, F HIAE BEIR 2515 61T L4 ( Chen
et al. , 2014; Gao and Shen, 2012, 2014).

AN TR BE RAR , PR G 1A P 1E 8 7 %
(AT ) R AU E TP R R IBAY TR I35 M 75 T 5 28 30 A% b i
B (EGFs) (Chen et al. , 2014; Liu et al. , 2017a). F| K IE
ARG B 22 K AU IC SR RN S B i S 19 254 O < 1 B
U7 A, B R AR R 5 R bRy R D U AR T s
(Eikonal tomography ) N[, 1Bl A% J7 1 HHAU A 2 B0 A% bk
PREC BT (18] 14) , BRI HIFE R S POd BES5 ), T
T S IDCTAT AR 5, TR IS TR S 32 L2 R A i 38 P 5
S WO FEAHYSE — R BT, BE RS v R 51 S i A v
AR M — PR AN S 1, BB R IR I 3 .
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BI15 M= Bl 28 XM T 1069 AN # 4T (R E5 % (32 ( Ben-Zion et al. , 2015)
(a) SRR G (A GIETTE) MIBZP0E (A ELA) M ; (b) MEP 4550 =Z4EIET ;5 (o) F(d) 7B 2R 1 L e T B R
RO S GRS FR U B E (S ) IR B AT
Fig. 15 Example of locating the small event using data recorded by 1069 sensors of the Nodal array(Ben-Zion et al. , 2015)

(a) Map view with the Nodal array stations used ( white square) and fault traces (white lines) ; (b) A 3-D view of the MFP results;

(c) and (d) Depth cross-sections along the east (c¢) and north (d) directions. The black and white stars indicate, respectively,

the original location and best location estimate using the technique.

1.2 BEAEMEEMSEN

R AL S BRI D 7R R0 LR L, AR B I
DA REA S o B 2 B A0S M L, I 38 R R PR I {1,
SRS IR S R 0 R 5 A B 4L 0 SR BEORL. [ B, %
ARV DX IR PR 255, A, 0 A 78 22 b 1o T B2 A3 v o o 1) flRE
{7 ( Ben-Zion et al. , 2015 ; Inbal et al. , 2015) fHZE A4
(Hansen and Schmandt, 2015 ; Inbal et al. , 2015, 2016; Li et
al. , 2018a; Meng and Ben-Zion, 2018) K 3} & ki 72 A it 46l
(Riahi and Gerstoft, 2015) %%.

(1) R ENL

HFRRE AR A P R 2 L R AR [ R — , kg
) Hl R R 5 R R R TR R R M T 45 ) B AR AT
FAE R R EIL. HE G M E AR AT LU T is= H R
K, a8 0] DA T 302 1 52 7 ( Ben-Zion et al. , 2015; Inbal

et al. , 2015).

Ben-Zion % (2015 ) F| F VG [ 37 4b 3 (48 5 S MFP,
Kuperman and Turek, 1997 ; Cros et al. , 2011) SEBL T &5
FE(San Jacinto ) Wi 2447 X 52 540 19 2 07, IF R vk
Bartlett %744 MFP A0 (7 18R 552 5 3D W% b (& 15).

(EASFE R 2, 1R R L P AT P Y T T P s A
AL PRI, 40 SR RS 280 DX 3 RS B 11 = 4 i 3 0, il
P AR EE

(2) TR AR

i R W AR AN T % Joe , | R 4 6 T T St 72
KA 32 21 ) Yz B T O R 2 45 7 3 3 )23 1 22
F-B (Hansen and Schmandt, 2015; Inbal et al. , 2015). {£4¢
) b S R 7 % A 3 ek A T DA b R U8 T 4 30 55 R A A
HE, TAER%EE, B2 N FEZE P mECR. Fitl, HiE =
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K16 JRydfAH R BEAR DEEC AN STA/LTA J5 i ARSI L RE A9 255 i (Li et al. , 2018a)
(a) B AT A ; (b) AREE T 1 I 4000 53 A1 LUAEAR 5 (o) JRaBARE ARV BCA STA/LTA f B E MR- SRR LAY R 2.
Fig. 16  Synthetic test of detection performance of local similarity, template matching, and STA/LTA (Li et al. , 2018a)

(a) Flowchart of the synthetic test; (b) Histogram of SNR for 4000 stations when the scaling factor is 1;(c) Significance level

versus SNR from local similarity, template matching and STA/LTA.

B shia BURHER B s B AR B 48 s, FEAR W & . LB
FH ) 45 K B B 2 22 H (Short Term Average to Long
Term Average, & 5 i STA/LTA) J5 1% ( Meng and Ben-Zion,
2018) A VT L /7 5 (Peng and Zhao, 2009; Ross et al. ,
2017 ; Meng and Ben-Zion, 2018) . Ja) SR AH L PE 7 ¥ (Li et
al. , 2018a) 4.

STA/LTA JiiE75 18 @A & i I8, i & — M E 3
I TRIET , PRI T NI — AN R T, A 3 S
B H RE RHE S R BT N A5 55 1P 2 BE (2 ok A6
A BRI F A fih % (Meng and Ben-Zion, 2018). %77
IR IR R, (ERSE TR R L AR A 5 5 A
AN 7 AR B 1 AR H SR it S b RZ SRR R
BAR , 5 3 S TE AT BAR G, R S BAR R BA
BOR ARLBE A b RR S 207 TR (R R LA A 9 50 B
A A B K E /N Z S (Peng and Zhao, 2009 ; Meng et
al. , 2013 ; Meng and Ben-Zion, 2018) . JR#F AH{LL 5 S 45 18 1
0 AR SR B ol 5 A AR R X S35 5 IR 7S, DL e
DUAR TR AP R Fe 4 (Li et al. , 2018a) . %05 ¥k Rt

B RAI B & 3l A BRI AR, AR EEA SR
BOEARRINE. Li 25 (2018a) FI A< M [ 371 10 5% 1) B £ 478
i SCSN H 53 v iy = A~ X3 55 14, 43 53 7 Jm 30 A0 8L Pk
STA/LTA R ICEL /7 ok Wos =3k (& 16) , 2538 8
TN SR B AEHRLAE T 32 A L A 7 A o ) T

(3) A ¥ MLRR IR A T

X T AR RS (I AR ) 1 BT 58 X R0 4t 4544
HA BB X TR E R A RS E S, AR
WP JE A B R (>S5 Ha) I HATREZR # 7E AN
BN BE S AL O R . (B2, B IRRAS ik Sy 3 5E AL
TR R TR IR B, ) P 8 B 15 P ORI B AR A A 5 WL A U
RO £ 5] 2 52 1 ( Wang et al. , 2014; Riahi and Gerstoft,
2015).

Riahi Fl Gerstoft( 2015 ) F| F 4ii 5 7E 35 [ in #1148 Jé W<
T R 5200 A% A 20 1R 2% 4 6 e, X0 b 283 7 AR 1
RERB R IEAT TAGINOESE. ZERTFE b, AR 4R 7 Sl ol JBE 1 I 25 &5
Hay T LI S b R A7) G ) N 220 2 O T B AR L
BN, AR A TE R A 1 ORI 2. (R, X
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Trax PR R R IR B A A A3 A, ATk — 2 T S A
Wi
2 S

JL A B B B PR S T A% G R 2 B T R AR TR
WFFE i A BRG] , S8 1 5 0 88 B A DL J 300, AT AR
JEFEAT R o AR, X 4 R R R L B N A T SRS B ) s
AL G, X T 12 7 I8 3 55 T8 A8 FRAE I AR, X TR 2 2
fi )2 18 877 30 JE AR RHIE , 70 M R & AR ML AT o T
HIVERS. (25— BRI X T 45 R 9 RE T A B, 2R
FEMBERR ST A S, A K & T B (38 J0 2045 L InSAS %
#i \GPS Hdlit ) HEAT Z B L, v] AU SE 45 R R 1 A
WE— P, SR TR FT A A 00 ) S, 2B ST I Al 4R R
o 32 b DX I A B AR AR SONT 52 5 I 25 R T R A B 42T
WARIBFE BA HE R L.

(1) HEIJrk

o TR A R, HBE X N IR A 2 & A Ak
SN, S B L S /N (Wu et al. , 1975; Aki and Lee,
1976) . ThiAii ks T g e 5 2 b e PN A [a) 2 J3 o 1 T 32 BRIy
3 O 25 U (L S OO L AT 2 A A% S —
g, PR UG R VLS e b S5 18 T2 285 53 A1 D T 24 3 1Y) A
M5 (&S ,2015) HR UL , 375008 X W 24ty
PR b SR T2 15 S JC AT T, DR DAt R 288 1 1 R A S At
T2 R LA BR. SR, PR SR 7 0080 205 2R 1) AN o M A
AR AAR B 73 8, AU Y B 500 %o A0 2 b JB A 36
TR B0 L R R AT AR LA PR i LA, ZE TR 2 AIF S
rhfe P R R 7T LASR S T A AR A

(2) InSAR %4

G AL AR IR T 8 I & £ R (InSAR, Interferometry
Synthetic Aperture Radar) J&— 4 Xif [F]— X 38, PN W9 ¥k B8 22 YR WL
DU SAR K280 #EAT AR T A0 35 DL 4R R H bk 1) . BB 42
5 EBIHAR (Gabriel et al. , 1989) , A] B3I — 7E XA
1R 22 T A8 S 2 S AR PR LR AR IO TR 72 47 2 T
BATMERRIPE . InSAR FOARFI AT InSAR 48 75 H Y 52 ] 1z
T3] AR 3 0t R B b BT 365 15 S L PR R S
b T T A2t 7T 3R I BT 28007 A 322 17 6. SR T, T InSAR %%
T ASTADL T R TR PIAL) 38 5 2 25 SRS o A R B 34 S 80
FATE P, 117 H. InSRA SRIRYTE A8 A& 3t R S TE S, £F
TEMZ ] (LOS, Line of Sight) A 119 7] &1, gy InSAR WLl {E
HAROME 7325t b F KO- A 17 1] BT 78 4. 445 REKE InSAR
Bt 5 A R b I 5 R AR R 25 S, X T AR R Y
IR ASRHIE K AR AL BIF 7S A 2 A 2 3 (Gudmundsson et
al. , 2002).

(3) GPS %l

GPS LI BA I L | e b 4 R A 1 2 25 WL ) ) 5
FOAHECECT InSAR $idfs , GPS BT gk I & — &R 41 5 BOuL i
i AR = HE DT 0] (3 S A8 k. FI T GPS B4 - &5 5 sk
23 [ S A Y AT LAAS 2 VB 85 1 o 25 440 (9 = Mg 2= 41
2017) , T & 45 GPS AT LAc s 5 [A) o7 g A W) FR B A8 o 3t 7
il GPS BB AHAS G, 7T LAWRAh GPS fE2s M) 73 A0 B A&
SR8 A, S TR R 3 PR AR B A BT e 10 S A2 R

3.8 #®

(1) GERHE Hb 72 2 TR A Pl 3t e AS ] R RUBE 9
T B EAZ BRT 5 3 18] B DR LA R A e A w5 , 1% 07 1 d
DASEBUX S A3 DX (NI 217 ) 1) 3 20 B e 4R . 3+
AR, B 495 5 A Al 2 3 M e ALY & Je R e 3, e )
5 B B B O RN TN A2 #) 1 T 5 vk A L TR ST
V4 DA RN, S ) R 1 A ORI 2 A i S B e 4 AL
AR (5 8] P O LK LA L) | $R s
WSS, BA R B MRSAS UL R I % (0 3R PR S D A
i SelCENRNCV VR T v A % SRS E F N 3Py
TR TG RS HA S BN AT RE, RT3 o f 3 L B i AR
FBORIURE I LT S5 A4 R ARARFAE. RS2 BR300 e A,
JEI 6 W B T e R B, XA B B L RUBE
RESIAAL.

(2) 0 o 0 2 A 15 o O 00 ) 0 8l D50t 5 8300 AN AL
SR FENE AR T BRAEE AR S, T JR AR A 10 1 A T 35
JRAET LA S b iR % M 5E 2 FAR S PR AR DI T2, 3R A%
Ho F WA ERTIE A | B IR T 2R A TR AE 1) S5 A4S AL, S Wy 2R
WU KR B TLAT 2 2 Bl 24 o Ak F 5 2 32 (R 224K
B BEAh B 65 B L 50 AR Bk B 22 3t 94 17 T T IR A
SE AL Bl O ) R A LR A G I 45, I 55 T
BMEIER KL e R 45 221> S

(3) By Bl 1) AU 5 HAT 3 50 2 A . PR — 1)
SFREXTEE R LA B A I, 1 R AR M 7 B S g 7
WL EE 0 | InSAR K4l L GPS ] it 45 22 Fif i BR ) LR
Yo, PR G PO RIS, IS HUUE 52 % R 1 22 J e i vl
AA 5 it (8 A E— 1 , R MM ™ 245 ] ) 5
FPIRAS. R 3 5 AR DN BOR ) 5 A B Al ik M 5o I
W BR BN T 2 WEFE , TR DRSS Fa) UG B R B £ 45
B i L it

B OB BRHRAXATEEMREHERIBIOEFAH
B, B FARE R EZREERL!
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