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Abstract Lg wave propagation characteristics are investigated in Northeast China and the Korean
Peninsula based on seismograms from 113 crustal earthquakes that were recorded at 602 regional
stations distributed throughout eastern China, South Korea, and southern Japan. Based on 22,551 vertical-
component waveforms, we calculate the amplitude spectra of the Lg waves, extract the single-
station, two-station, and two-event data, and construct a broadband Lg attenuation model
between 0. 05 and 10.0 Hz in Northeast China and the Korean Peninsula by using a joint
tomographic method to simultaneously obtain Q, source function, and site response. Results
show that the sedimentary basin areas are characterized by relatively strong Lg attenuation,

whereas the volcanic mountains such as Da Hinggan Ling and Changbai mountains attenuate the
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LLg waves weakly. The strongest L.g attenuation regions are areas covered by sea water including

Bohai Sea, Yellow Sea and Japan Sea. A thinner crust within a typical oceanic lithosphere for the Japan

Sea blocks the LLg wave propagation, resulting in no signals can be observed across oceanic path

from small earthquakes. We collect observations from large earthquakes with magnitude around

m,, 6.0 to obtain strong Lg attenuation within the crust of Japan Sea.
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Fig.1 A tomographic map of Northeast China and the

Korean Peninsula, showing the locations of the earthquakes
(red crosses) and the seismological stations (squares)

used in this study
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Fig.2 (a) An example seismogram observed from the earthquake occurred on March 31,2014, and recorded at WDL

station, (b) its normalized waveform energy, and (c¢) the stacked energy distribution for all of the regional seismograms

used in this study

The typical group velocities are labelled in (a) and (b) by red lines with their values.

The Lg phase has a group velocity of 3.5 km « s~
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Fig.3 Data pre-processing procedure for Lg waves

(a) Original seismogram, (b) velocity record after deconvolving with the instrument response, (c.d) windowed Lg phase and pre-P

noise. (e) Lg-wave and noise spectra, ({) signal-to-noise ratio. and (g) Lg-wave spectrum. Note that the data points have been dropped

where the signal-to-noise ratio is below the threshold of 2. 0.
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Fig. 4

Schematics showing (a) event-station geometry for single-station method, (b) an ideal

geometry for two-station method where the stations and the source are perfectly aligned, and (c) a

more practical geometry where the source and stations are roughly aligned, (d) and (e) similar to (b)

and (c¢), respectively, but for two-event method

To make the approximation valid, we require the distances between locations ¢ and

[, h and ¢ smaller than one-tenth of an inversion grid.
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M4 4G 2 B8, S B R MR Y Le 3 Q fH
W% )5 2 (Zhao et al. , 20105 X%, 2004). X}
T3 C2) 5 g 8 AR 0 80 ARG T B A v () =10 T
ZuE Lg WAL R ny BE VLA » AT 15

In[ACf,2A)] = 1In[S(HT+ In[GA)] —%f

ds
| J Q(a,y,p TLPHI AD

%
1 . 1 0Q(x,y, ) ., (D
Qlx,y, Qo(l‘v}Uf) [Qo(l'vy’f>]2
In[S(H] =[S (H]+6In[S(H ], (13)
In[P(H] = In[P(H]+s[P(H], (14D

N

—

H
T

N
h= >la +6nQJ+e+dUnS) +u -+ 5UnP),
i=1

(15)
Hr
h = 1[ACf,0)] = In[S (H] — In[G)]
ﬂp' $f 0
Ty Jy Q (v ) In[P" (/)] (16)

JERLIN A L PR 06 75 5 45 RO i sk 2=, b B
bR O 7R W A A R m A S A P R s AU B
o A 52 U5 PR KL Q R BRE  B 5 BE R L & RO Bk
2% 5 N J2 AR XS B WO R @ O R A e A
w g 9 2 5 TR pR R 5 i W N A R B B IOE
LT AR (L) IR BORR L 2 B 2 FHIFN

H=A-0Q+E-6S+U - oP. an
[ 3, th 7 F2 (8) AN (9) , AT 5
HZsm - AZx(a M 6Q +E2sm . 65’ (18)

Hoh AR 2sta R XUE B, th 7 2 (10 A D,
GEE

H;.. = Asere * 0Q + Uz + 0P, 19
HAp TR 2eve F27m XU P20 X RE . AT 57 2%
THA G T E R Le 37 Q B 72 I ek 4L
15 5 M) 7 B R 3 S T AR

H A E U
Hy. |= |Asa |*0Q+ | O [«688+ |Usu |+ 6P.
H,... Aseye E;.. 0

20)

il 1 fc /) — 3 QR 43 fift 5 (LSQR) 3K fif 7
(20 H v 4 455 B4 L A% AL  BH @ A1 18 29 o (s
Paige and Saunders, 1982; Phillips et al. , 2000).
) 46 iy AAE AL 2 ) R 5 12 oR BB DX AT 2 1 Q
ERERY , & A SR 02 e /M LI ) L 3 9%
55 s 2 ) 5k 25 19 L1 i 8 (Zhao et al. ,
2010, 2013b; WIEHZ, 2004).

3 Mi5e Lg P isifi Al

R b L AR b ARl SRR 2 0 H AR R X
113 A X IR F R 7E 602 A~ G uhic R H 19 22,551 4%
e T L A R WY, AT TR E AR
Jb R 2 5 M X 5 L P 5 AT Y, A AR 4 4%
0.05 2 10. 0 Hz B4 il 58 4~ Lg I Q {43 1ii .
e HR 2R G R e B M XL R [ R Y Q A
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3 i 2 B HE R ) 1) 5 1 A% AR KR AE. ] 4, B A b
AR | 306 45 22 BUAIE Q {8, K% K Fy Ll ]
i fs B R M 1 QAL Bl Sa—5c¢ 430l 0.5.1. 0 F
2.0 Hz () Q {HIEMR. £ 1> Q A EG M HIAS [H) 1 £4
P Q L Wi 431 5% 110 1y o 22 98 K 11 e k. A DX 3 ) o
¥ Qo fH N 507. Q fH 19 A% £k 35 Bl 4 K. M 308 &
808. TEXBURARAN Q (A% 5 4 Q H % N 25 ). Zhao
(20100 345 b [ AL X 1 Q. fH 2 469.
Ranasinghe 4§ (2015) 1| F o [# 75 Jb #th X 5 %5 B2 &5
W58k} SR A 75 I & 0 3 25 X Le U Qo
(B, ARG T A R %2 B B A L A b A

K 0 Q, i 950. Xie 55 (2006) A T KK
WK B Lg Pt 45 th Qo (E MR, A1 5- 7
B ZR b b X Q¥ K 24 2 500, g 3 [ 1 #8300 X
WO E HTN RS RS AT B A RAR . R
1T s FATHE B 5 b i FH B 22 19 5 3 9 RE 365 2500 K
Wi B 10 s AN AR AT 25 8] I i A B Y LR 5 R L
LA 5 b A AR R R AR Q L 22 IR] 1 Bl 4k AL
Al Q (H45 KT o UER. [ 5d 2 A I ML 5K J5 vk
X 1.0 Hz (1 Lg 3 Q fH R EAT 73 W o3 b 1
B 15" X157 QEHE s it EAR. v LLE
AR AL 2 5 b DX AR o FE AR 1L 50 7R A
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Fig. 5

(a)—(c) Selected images at 0.5 Hz, 1.0 Hz and 2.0 Hz, respectively, and (d) Q perturbation recovery

at 1.5°X 1, 5° for checkerboard resolution analysis at 1.0 Hz
The typical geo-blocks, Songliao basin (SB), Bohai bay basin (BB), Changbai mountains (CM), and Japan Sea (JS),

are labelled. Note that different scales for Q, maps at individual frequencies.
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203 A B 1 DX G v A L R R e
BUAG S 18] 4 BE AR GA 3 1. 0°LL |

Lg P o Ul 5 b 5T 44 3 B A B 19 A DG 1. i
L FE AT E R P ) Q A & . A
A A LA 3 L7 b DX L 5e Q ELBAIR (i Mitchell
et al. , 1997, 2008; Zhao and Xie, 2016; Zhao et al. ,
2010, 2013a, 2013b). XJ F A [m] 4 Hl ot B 44, i I 42
T Qo RE 5 £ 2 b 2 35 H 3 W45 1 (Zhao
and Xie, 2016; Zhao et al. , 2010; 2013a, 2013b).
6 58 T AN [R] A 4 3t DX 380 5 A0l Qe I 401 258 11 7
fb. Horb [l 6a F1 6b 43 1] 2 i VS 4 (BB) R
FH il (CMD 1 Qo fBL, X T 488 DA% 25 S o 42 B 1)
Qi MH GRIK 8+ 22) $E A7 g 11 SR I (B F T 2
(L1 = o B B iR 228 B R bRt T 481t
(RS2 QB AR 22 5 [l (Zhao et al. , 2010, 2013a,
2015). &l 6¢ Y0 T Hb BT HAAR B 7 X Qo Bl A3 2R 1) AR
b, Hrp R B X 7R T 0. 2~2. 0 Hz #UH I 1)
Qu fH - B RE S B 1 X 23 AN [] Hi JoT B 4% 1) 2 Dl R A
SR« FEIZHHT LA S A AR /8 0 QB T 5 W] k.
Hh ] AR b R £ 2 S b X A ST Qo R 393,
AR Bl S 287 ~ 539, K L2 1l ik M X1 52 ik 4
55, Q, HHK iy (K268 575 K 1l : 5165 5 fif f

£y :516) , TR 7 Hby 2 AR X 08 . Qo (E A A i I
(PN IZ M = 507 5 B IEF 1 4 3 - 3605 £ : 490)
T 7K 7 i DX e s e iR AL IR Qo (E AR 2 3 (H
A 311 8 384 H AR HF:314).

TE0.2~2.0 Hz Z A FEAH Q. (H A1 A &K
by Fe TR AN ] b J5 B A 1) S U e L an 8] 6 BT . PR
TS T ) Qu A B Qi (0. 2~
2.0 Hz), JoATTH& I TE 90417 4 7€ 28 0ol 1) Jas . BT
FATH Qe (0.2~2.0 HOWMMME R W AR T L H
L B 7 7 D b X b e N R R X 4R
T R R M DX AT RE Y M S W i U Bl ) B X
(Zhao and Xie, 2016; Zhao et al. , 2013a). & 7a i
7~ 1 AR U R 2 B M DX FE A Que (0. 2~
2.0 Ho) B4, 5 LLHET 8 BF 52 45 3R (18 7b) (Zhao et
al., 2010, 2013b) A bE - B AH ) 114 3 58 2 D P AE
SR S AW 92 45 B4 1L 25 A9 Q 1B/ T LA A9 iF
JEAE R X AT RE SR T 2 09 & ol v] LIRS E 2 1
JRi FRFRALE.

I FH 6 T P RE A% 3] A AR 1Y) M 5C R DRSS A
X 3 15 22 (8] 1 4K 38 96 & (Zhao and Xie, 2016;
Zhao et al. , 2013a, 2013b). K 8 &= 4 P4 E W) Q..
FEINTETH < I < N N i T N =l N s S

104:IIIIII IIIIIIII| IIIIIIIII: IOJ:IIIIII IIIIIIII| IIIIIIII|: IIIIII| IIIIIIIII T T T TTTIIT
E(a) ] E (b) 3 [ © i
L 0/=404 (270~605) - L 0=681 (576~806) ] L i
I ﬁ [ @H‘ I 1
. } i L i i
ﬁ #
10 R B 3 i ERRRL S -
o [ } %{ﬁ 1 o ﬁiﬁﬁ 1 o f ]
20 ﬁ } 18 T g 1§ [ y
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CI ﬁ 13 r W i 1 & [ I
10 = — 102 - L °SB| |
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(o) J2 7 [ i o e A4 BT 1Y) Qu 15 M 3R 19 56 A 46

() A1 () HOIR 057 22 2 LBk ) Q D » 4060 = A0 AN R 5 150 B A 2 AT 9 2 2 PR R P 3, Qo L AIAR ME 22 4% T I R (o DM R
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Fig. 6

respectively. (¢) Q. versus frequency for different geo-blocks

(a),(b) Frequency-dependent Lg-wave Q for the Bohai bay basin (BB) and Changbai mountains (CM) ,

In (a) and (b), gray crosses are directly measured Q, symbols with error bars are average values, and Q, values and their standard

deviations values are labeled. In (¢), DM, Da Hinggan Ling mountains; KP, Korean Peninsula; ESA, Entire studied area; SB., Songliao

basin; HB, Hailar basin; EB, Erlian basin; JS, Japan Sea; SJ. Southern Japan.
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Fig. 7 Maps showing different observations for comparison

The average Qi between 0. 2 and 2. 0 Hz obtained in this study (a) and by Zhao et al. (2010, 2013b) (b), (c¢) sediment thickness
based on CRUST1. 0 model (Laske et al. , 2013), (d) estimated heat flow density at a depth of 100 km (Artemieva and Mooney,
2001), (e) crustal thickness (Laske et al. , 2013) and (f) uppermost mantle Pn attenuation obtained by Zhao et al. (2015), along with
volcanic mechanisms and major geological provinces: Songliao basin (SB), Bohai bay basin (BB), Changbai mountains (CM) ,

and Japan Sea (JS).
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Fig. 8 Selected cross-sections of the broadband Q;, values for 4 latitudes

(a) 48°N, (b) 44°N, (c) 40°N and (d) 36°N. From top to bottom, the panels compare the volcanic mechanisms, surface topography.
seismicity, Moho depth (Laske et al. . 2013). and Qi and Qp,(Zhao et al. , 2015) versus frequency.

I3 R HIE 52 M ok B CRUSTIL 0(Laske
et al. , 2013) By Moho M EE . Qi Tl Q. i 45 5 1)
AL FEH Q2 AR A B A% % 1 UL B R AR A 1
(Zhao et al. , 2015). FH N () 25 B AR T & . 22
L3 5T B A 95 SC 4 5 A L A0 8a BT R L b
2 487 H T 2232 T A B AL 1y il DX 8L BT ZR 1 CAES)
AR M (WDLO). Il 5 b i i T &S 1 5 21 5

/u\

TR X I L 58 Lg 3¢ Q {EL IR B4 BB 57

fr(2016>5FIJH§%%E“ﬁé%ﬁﬂ%ﬁ%ﬂﬁﬁﬂﬁkIJJT
7 B X 4 2 576 A e SR L R 1) R 2
710 k. AL 2> BER 20 1709 L 37 Q fE A%
B WE D BHEUNI TSN E . & 8b D db s 44°
FITH 5 2835 R 2422 06 (DMD (B3 1L 45 3b (SB) A 11 1L
(CMD K DX ek i 2 95 AT 2L 38 9 21 1
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b (F 150 30 Ul PSR VA R S BB R 1Y S I
PAEAE. B 8c Shdb & 407 H1E , 43 K %k
(DM K (1 1L (CMD 1Ly X, o ] 2 7% 2 & (1)
Ji Ly b DX 3 — b DX b AR TR PR R R SR B AT BB AR R
T B W R AEAE. B A B b 50 J5 R A L BB
Lg WL ALY Q fH (Zhang and Lay, 1995).
8d Ayt g 367 i . 4 1 v 75 (BB) L #
(HS) s 5 (KP) I H A S /(S WK %
VR A UURRZ S T R 2 0 V6 V5 40 1 R 2 VA 2 b
IR 57 58 T D SR AR 5 T A 1 0 B TG B M
G SV ZL, M 7S L PR b b g P I 5 AR AR
S E.

4 Pig

HhRE Lg i 3 v 5 b 7 45 4 I BRI A AH A
Ji ) A5 (AN, Birgmann and Dresen, 2008; Campillo
et al. , 1985,1993; Shapiro et al. , 1996; Solomon,
19725 Zhang and Lay, 1995). 7& 9 [E Zx b A1 5] fef 2
8 3 DX, L 5E P R 5 2 X T K A i R IR T
FUHIXH I (Zhao et al. » 2010, 2013b). [/ 7 4 T
AN T) B WL 235 28 P Ta T Th S 4 A [) 5040 A 3
9 0.2~2.0 Hz M 5EMIAH Qi fH. &l 7c & Hh7e i
JZ B R (Laske et al. » 2013) 8 E U2 &%
M X Lg P ZU ) 2R AL B 7d 2 b BRER BB
100 km &b 1 #4725 B ( Artemieva and Mooney,
2001) . iy FAAE 5 i M X F 3 g Sn PR KB X
6] 7 B 4F (Rapine and Ni, 2003). & 7e &Hi% R
i (Laske et al. , 2013). R &, H A ifg Hb 56 )5 i 458
WL PHEY L Pefe k. 2 B Lg s U . Zhao 55
(2015 1 1T 5 i A2 e 11 WL 00 5 A6k A5 1) - e e T 8
Pn P 072810, H58 L i A L i Po i B 5 05
FEAKE N U8 B 5 T b 0 25 4 2 e f 1. o [ AR L
Hby X1 0 R K e L R 20 900~1350 C, #URZS
FH S TR T B b e B O R 45, 1987). 5
S L i DR FE S Ak T 5 BROIR S RT RE b AR L A
s i 2 B My X A P A 36 3 Bl A A 5 0R AR
AR 3 8 O ol 2R 45 ) 365 AH W

VG R 3 A R 8 R v 15 b Rt A4 0 s 7T B 2
TE B L AR 1 R B (N, 2% =35, 2014). A
AR b A P A B8 i 3 i A s it o) T A5 Y
J5 BT M XF AR A K ZE F UU (Seber et al.
1996) B it el F ¥ i A A0 Bl B 5K T T 1 2L 4 4 .
PR S b 8 0 3 A7 A A 1 A e A LR AR R TR A

o B 2 T 80RO B T, AT RE TR T B L H
(Ziegler and Cloetingh, 2004). & 7 [& 5 %% 7 BBl f1
Hb e 5 M 1 2 A B L AR R R
T X T IR ) S i IX 3 PR Ay JEG 308 o R A A s
W SR, 2 T BOM D BIR Y Lg B 5 0. Hh AR
b5 e 5 X F 8 Po AT Sn I3 BN IR
N8 T (Rapine and Ni, 2003; Zhao et al. , 2015).
X EIR A M A b e 2 VR AR AL E IR B
F18) DX 338 200 R S b bt DX ) R b e b b TH0ER 1 )
Jo AT BEAL T2 AR AL AE T AR b R R 2 5
DX ) R AL 15 5 hy B A R0 O T ST L R R e Y A
I T SE A AT AR A b 5 B R 1 AR
2 TEH R I i Kb AR AR R K

ETHE OB E MBI EE N Le 3 Q AL
Q7 W T R VR I AR RO AL B o b A Y B
BLIR 25 . 7T RE FR ) RIS 20 PR 3. DR, Q (B AR X ok
L3 T8 AR AL S A LB B AN TR R
J3E 1 3t B AR HEAT e A b R B Q 1 S AR A K
FRAE TE S VO TR PR AS P o R i £ v Ok AR (HE
H AR BN . 4 0. 05~1. 5 Hz, 0.5~2.0 Hz,
1. 6~8.0 Hz, Q i 5 55 Z 475 4K 38 Bl %P B0 iy e
KA. P EZR AR & 5 X A 58 Le I Q {E
RETRY A B 4 v A T A 0 6 AR G 2 RN A 4
M (K5 B (Zhao et al. , 2008, 2012, 2014,
2016, 2017; X % B 55, 2017; i /) 35 F1 B 3% B
2018).

5 #Eie

HEAE 113 A X I8 52 =5 1 7 602 A JE AT 1 7%
3 0l 1) 3 B0 R BEORE, AT R T b [ AR L A
TG 2 5 Ml IX R 2 PR R A L B Q (H A AL,
AFFE X B3 Qo B 429, i ES A 2 3G K 1
PR Q A 5 TR A b AH X R L B = Q L
BUAE RG22 A Ll 55 K 1 Bk DX, 15 3l 44
AR I BUTE Q AR B R 7 . KA e AR
I8 L 25 B A i ¥ 00 8¢ IR 1) TR )22 66 4% % A i Al
BARK Q A $2 41k & 2 19 Hh BT % B (Feng et al.,
2010; Shapiro et al. , 1996). k1, Lg I 0450 7 3
Ul 5 R T8 4 3 3 Bl M % U0 AR 5C (Fan and Lay, 2002,
2003a, 2003b; Zhao and Xie, 2016; Zhao et al., 2013a),
XN BT F AR T A R LA L
BUSE I B kR 2% S A A S R ) B R
TAE 60 Ji 4. Hu i P8 BT B b [ #h 52 & R Pt
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(CENC) , v [ Hly 7% J7) i 35k 9 B 50 B I 58 880 T
i 6 W A O bl ORS 55 25 55, 2009) 5 3 5 52
A 2808 4 B efon (IRIS DMO) i 4. 181 12 4 il
FH GMT # 4 (www. soest. hawaii. edu/gmt)
(Wessel and Smith, 1998).
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