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2 o dF KS31 FY NFFSA 3] Sut e t2E S S8A, 2002 ~2009 Aleld] 71EH R Mw
5.5 o)de] 29771 AT A oMIE AFZRE Fo A Ry BARAe] B3tedsl 9 Ha FHolA ] F
hHS A8 B4 Aifs o] =4 wHE 4] km o9 BeW HdF Zolrt 324 +£0.5 kmE A FESHA
o] ¢JeL XA} o] X X|7+e] i S¥ £EE= 3.69 km/so|3, PR} ST £EH]) Vi/Vs7F 1.72 +0.042 FER}
Al AR SRR ] 5 BRAth A8 1 sl YERd & 9172 KS31 #54 aHte] 4EXA7F 10~18 km 4
ool ST} AH&EFo] EA TS x| Algt)

F0]: ST &=, FAEF, H-« BAY, AEEF, B35

Abstract: To estimate the S-wave velocity structure beneath the KS31 broad-band station in Wonju, Korea, we used H-
k stacking and joint inversion of receiver functions and surface-wave dispersion curves derived from 297 teleseismic
events (Mw >5.5) recorded during the period between 2002 and 2009. We thereby determined that the average depth
to a nearly flat Moho is 32.4 + 0.5 km within tens of kilometer radius of the seismic station. For the crust at this location,
we estimate an average shear-wave velocity of 3.69 km/s and a ratio of P- to S-wave velocities, Vp/Vs, of 1.72 £ 0.04,
as is typical for continental crust. A negative phase in the receiver functions at 1 s indicates the presence of a shear-
wave low velocity layer in a depth interval of 10 to 18 km in the upper crust beneath the KS31 station.
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M = |EIL 3t o] T AAAIE o] fske WS HE
o] FQakA] oL, AZHETE op e} A dES ETTE o
ANEET2 FHE fste AFAXTE o] &3 =EY 7M1 Wi E FHE e Aol ddth
AL T8 2 2 AL, X277 F (magnetotellulic) BAF 2 E3] 219347 300 o)Akl AAYA R HAHL FHE=40)
AAA R IE o] &= WHEC] HHH, T2 HFHOE A Aol FHORE YAksA HER, A54 st A7 5l ok
TZ THE YalA d8 AFEE I ATt 1964 Transfer
201249 1€ 3% ;20124 1€ 30 45 2012 2€ 109 A9, Method (Phinney, 1964)2= HH o2 g A7lE FAS:
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A ¥ (receiver function method) Burdick and Langston

(1977), Vinnik and Kosarev (1981) 5ol ol&f <=x}#] w5
AL, 58] A7FFG oA AF QS FUlY =5 A&
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Fig. 1. Locations of the KS31 seismic station (star) within the
KSRS array (circle), other broad-band seismic stations (reversed
solid triangles), and crustal refraction profiles (dashed lines)
superimposed on a simplified tectonic map of the southern part of
the Korean Peninsula. The thin dashed lines indicate the geologic
boundaries between the Gyeonggi massif (GM), Okchon fold belt
(OB), Yeongnam massif (YM), and the Gyeongsang basin (GB).

A7) v QAE Owens ef al. (1984)0) o]3le] 871802 /A
% 2tH(Mohsen, 2004). ©]2{gF FAITHF EAHE S92 &
& =l A2 el ol 2 ol8so] Stk s,
olFTH2001)E FAl IS ARAFLE FE FeAY
S dTeisien, uhaAd o
(2003y= F=AEAAATA A AR, 29 T el F
o #S54(CHNAR) sH-9] A7} S22 el vt 9l
(Fig. 1).
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ATHAmmon et al., 1990). WEtA FAIGHFE o]gste] o
Aol A= vk A ztt2E o] flsiAle 2 Ao
5k A& 2 X228 F71 A H (apriori information)E
A o] &3t s Aalof &b, S ulg el WITkek FHIL A
H4E FVHER o] &ate Wyo] &3] ARSE A,
°]71342004)= 7Z7FEA O AR EJAAY AAE o7l FTiS
#=4~(GKP, TAG, DAG, HDB, BUS, PUS)YIA 7|29 215
of whEA AI7kge YHEFA LilE]F(Liggorria and

Ammon, 1999y& AR&-ste] 3 AR Erate] Ax]E &

HE o]8-3 AT KS31 A HZA sH-9] Su} X7} Sz 9

= =
W A3 (p-0) TEH(McMechan and Yedlin, 1981)2.2
Tk FAT FARTAE Al GAksldt. L A3 HDB #
=4 39 A7 FAE 28 km AEo|H, 1 ¥He] )| RE
PEa0ME 33~ 34 kme] A|7F TS Hole o= 24
s tH(Fig. 1). B8k 27|R 4o o)&EeHA] b frat &arg]
S (genetic algorithm)S AR&-dto] -AIgHre} gl D] ut 9173
T2 B3 asko #2 INCN, SNU, TIN, GKP #=4 &1
o] R&Ho] z}z}F 29 km, 30 km, 36 km, 33 km ZoJel] 1o
o, SNU #=2 3 6~ 10 km Zo] F7+ol] AEE=Z(Low
Velocity Layer, LVL)e] EA|sts A7 237t watd v 9l
TH(Chang et al., 2004; Fig. 1). =8t Yoo et al. (2007)2 Shit
T ] 807 BS54l 715 S 10~ 150 s 571
o] #lda] &=} 0.5~20.0 & F715 zh= dlde]at 2
B3] % (group velocity)E S5t o2x 7 #=
4o BEHe Zlolg 2t § o]5S WAl(interpolation)a}
o] X7+ FHEHES 3RO R Fs) ST
RoHoRRE A= Py Mo} ohEuALah(PPso}
PpSg+ PgPo) S-S X7k 4t pulel Sube] L] (Vy/Vs 3
k) ¥ BoH Zo] 53 72 Fa HRES 7HA AL T
wrek A 7ke] it Vprt FoZIvhd, 7F gkaEe] A ATk
< o] &3slo] A|Zke] FAE =T F Uth FaHolA ¥
ghE Py} v RAbEREe] Y A A glol, g
WH (Zhu and Kanamori,
2000)2-2 FHIE T 2170 F Y AS2eA 7159 Az

Lo

O:

7} A|ATE BF 9TH(Chang and Baag, 2007).

A= A3 Al AR A HE A (Korea Seismic
Research Station; KSRS)= 19961 A| 502} UN &3]l &
AE xZH WA FHFAZ 7]+ (Comprehensive nuclear-Test
Ban Treaty Organization)’} A AA|HS 2 &g3l= 5071 5
8 #S54 T stolthFig. 1). ©] AFoA= KSRS A
A S, Fole BZ2KS3D)AAM 71EE AdAT 300
(1°~ 111.1 km) °]’d0 DA A FI A5 (teleseismic event)S

BAFe T B e AASETEE WA e,

LT

FAEEE B M (Receiver-function analysis)
FAFTFE ALee W e ALt g we) 3449
EX 9 (Clayton and Wiggins, 1976)3% A17+3 E2%

(Gurrola et al., 1990; Ammon, 1992; Ligorria and Ammon,
1999)0] Stk o] APeAE WA A7 TARFA 3
¥ (Kikuchi and Kanamori, 1982y& 4218k AlAtol] 283
HHEH A|7Ed S 18k AlrbES ARSI tH(Ligorria and
Ammon, 1999).
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o] HhH ol HjAHo]EL Owens ef al. (1984)3} Langston
(1979) 5ol eJal ojn] Wi H} glong of7|Me 7+efs
A7) gt 3E AFA0A 7EEE AXTE K12
A3} A4S AX HAAE(radial component), HAl
(tangential component), $~2]3 & (vertical component)>-Z.
gho] 7hsabm, 7} Aiollx] vehbs ¥ PRo] o] &3
A&EE AlHFG AN T 2ol vEeRd 4= Sl

Dy (2) = I(1)*S()*Ey (1)

Dp(t) = 1()*S()*E (1) (M
Dy (1) = I(1)*S(1)*E (1)

ox

E R oHr 4

71X, Dot E= 27t AEARE7 15 A5A F20] &
S (structure impulse response) - FAIGS LEEhH | of
WAL g o= 2 S8, 1A, A AR, = SEFA A
Aol

YA 30° o] Aol g pute= A4S F
st Ao g o= QirtstH, Alstol] Lrexto|7t Bol v
ZAANA The] WMElo] Uofdti(Langston, 1979). WEbA] &
S| JAket Pul= Pub HE ofujE} W3 Sule) o] 5]
oA 2 (multiply reflected phase)s ZAIAIA A Z17]
Fof| ZFE]A "t #ASA oA FHOE YABhs 97
A9 79 pupel Sub= it A AR 22t
715 ¥ tH(Ammon, 1991). mehA] #AS54 SHE EA&HolA]
WS P-S WStul= FAIGHERS FEARS Ev(n ol 714 7]
SER] oz ofgfje} e AR o] Y3t

I(t)*S(f) = Dy (1) ()

Dy = Dy()*Eg(?) 3

o= ) & & ek
W AR e USR] FRYE B3 B
H A5 SR DB ARFAT

= =
=
o) 54 Dol Aol

%
2o

Error =|Ex()*D,(£)-Dy(1)| )
T} AL e SAGSE NEE G Fael Tehe
Mol oleld Wi H ge) Qe 71 71 F710

Hekst 29 EYS e 7F$-2~ B2~ (Gaussian pulse)<]
dog =7 el Z7EA|(side-lobe)7t 7HAxdted a4 o]
folaf| A oL, Fo F9 ALke] FA-E-Ql BQ1F (non-
causality)©] BAYSIA] ¢kom  whAXLS (white noise or water-
level) 0|} 714 Zk(damping value)?] HAWHGFE 2= 3}

Aol a7HA &= T Aol Jrk(Kosarian, 2006).
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TARE FAke £9f Zlo] Ate]o] A AhE-(trade-off)
2 1% SErde] HFYA B SErd It FAIgE Abo]e]
H AR QIS 271rd o]F4 A7} Tt o & Heket
{8t o] ATl = RHEA FH A5 (iterative least-

squares method)S 2]-8&3te] FAIGHFel FH Tt F4k4 9

r

ikt o] HAvL He e Fale 5EYAHjoint
inversion)H-& AR5} tH(Julia et al., 2000). ©] ¥WHE 75

gk gk B2 FRE itell X37)= A EaE]F(jumping
algorithm), ¥4 €% (smoothness), 2413 %4 (a priori model) 5=
ARESt] AE 2 AAlE 94k(linearized least-square inversion)
S it} YEE FASE A e

pDS rS st

qu m= vy + qu m() (5)
oA 0 oA

W 0 W

Al tigt i A, pot g(=1-py= 27 3 E4k=
A3 FAESe] 7EA, o= HEE A4 (smoothness
parameter, 0 < o< 1), e = AJRE 74 F8AFE 9
e},

o] A3 g2 7 A5 3 Arke o W o
2 Fyste] ol HA o] Mg A8l g ¢ At

H-x 241 (H-« stacking analysis method)

Azre] &7t Attt R R Y WAsE Py
Sote} i dwtE o A% 7hsd AIAE T
T HFH o YeRdTHFig. 2). Hx A9 E P2 EH W
Se Sube}t thERiAbbEe] FARto9}, AdFA o w AAE
A7ke] Bt Pt (V)5 o8-8kl BEwzEA 2] Zlo|(H)
st putel Suto] £ H|(Vp/Ve)dl k& AEdE el
(Zhu and Kanamori, 2000). ©] *H-2 oj2] oJHES] 415
TE o]&3dt] HERA vHEolXl Py HSHue} thgRiAbgt
E9] PR JES Hx FY90lM Td3h =

P(H, )= WpR(tp) + Wpp R(tpp )—Wps Rltps ) (©)

o=, of7IM HE A7t T, «& VelVs Bl, We 84
TEEAIEW=1), R 2t 91739 o me@AtelA o] =40
g R5S 747t ou|gitt. o] wf X Zo] At} B 3hol
2 P54 o] A7 TGk « 7t "t

o] Hx A& HoHoe] Husin, 7} & SWoR
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Fig. 2. (a) Ray paths beneath station, when V1 < V2. (b) Canonical
receiver function of this case.

dsitt= 7Hge 71z
and Mejia, 2004). WepA] EAZ
FRgo HAHOR Wk BEHol

SFtH(Zandt and Ammon, 1995; Julia
Hol A UAAY HE7F
9= FoM= 1

AT XN
43 Axs AA ). 28 BER o|yd s FE]
afiA w9zt wE 2o A8 2 B Re Aol Tt
webd $-2le 7 AR oHEES EAsle] £AISRE de
S 2 7Fe] FAIQl HY = AF=3)7] 918l Zhu and Kanamori
(2000)%] T3 HaE Fske darelES ARSIt
24 9z

5 o]*u 2,0707H %ﬂal XW Olﬂﬂ

29l KS319] 71250 e
F AEsIT o] T Als/ska]
7R e E g 2.5

w 5.
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7F =& 76770 oHIEd il

1.2 Hz o]3hE A-gstd 25,5 AAsIeH, 2 @)E
ARgsl] B2 RAAE (DS FAERe BEE SR
o] ZEFAAINE#Dy)SH vIwsidet 1000 WHEALkS 5=
3l Tofl 2] (4)2] 2217} 20% oWl FASHEE AlAtE A
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Fig. 3. Receiver functions along back-azimuth (BAZ). The Ps phase
at the Moho discontinuity occurs around 4 s after the direct P wave
at 0 s. This phase is indistinct for BAZ between 120 and 140°
(dotted box), which may indicate gradual changes in Vs near the
Moho in these directions.

40%21 3107°]t}.
191 7H(back-azimuth, BAZ)ol W} 2t 2241842 A3
AF}HFig. 3) REH oz RE BT pHguRE tiAlF L
Pu} =g o] % 4 s Ujejof] meeitl Fuk9]7E 1200~ 140° A}
oo AZo] Aoz 2 UeRP=t)], o] o] Watke)
BooA e & xjo|7t Aoz zhe H 7|elskes Al
2 sAE

¢

=
A LA7F 10% oWl 418k 310

AR AT
kel S} WRHAHR) 1)) S AR

l'J

N =, 3t
2977 71BL ARSI T EEFd ke AMESt TH T BT
AE oA FHI ERIHTE T3 7]EA ;L Az}
(Cho et al., 2007) Z<] 341 0.5~20.0 s9] F715 2H= &

B 3k(Love wave) B # ¥ 2] FH(Rayleigh wave)®] <% (group
velocity)& AME-3FSI T
Z71Rd 2 F9stE PREM 2dS 39 F77} 2 kmel
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Fig. 4. Independent results (gray) for all of the joint inversions of
radial receiver functions and surface-wave dispersions. The solid
and dashed lines indicate the derived average shear-wave velocity
for each layer and the initial velocity model, respectively.

50709 So= atete] ARESITE 2 (5)E o8k ZH7te]
TR T A AR ] BEAA A= Zolell
w2l Wk ST S5 HoFTH(Fig. 4). XX B39 7]
=9l Pa} £% 7.6 km/s (Lowrie, 1997)9] <F 1/./3 1 4.3 km/
s ode] Su £EE zhom vt {43 Mgk Holg B
S| YRR MGGt B e] Zlo]7) vl FElo]
B5E 19579 B3t Aae mawel Zolrk 4 30
km, ] 38 kmZ A H, A4 95%N A 32.4+0.1
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Fig. 5. Eight groups of teleseismic events used for the present
analysis. The concentric circles centered at seismic station KS31
(star) are at a 30-degree interval of angular distance.
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Fig. 6. Results of the joint inversion (solid line) of receiver functions and surface-wave dispersion curves for each group of events shown in
figure 4. The same initial model (dotted line) was used for each group. A low velocity layer (LVL) at depths of 6 to 12 km is evident in
the upper crust for all of the groups. The Moho at 32 km depth is easily determined for Groups 1-3, 6, and 7. For Groups 2 and 8, an
insufficient number of events yielded ambiguous results. Vs derived for Group 4 indicates a Moho at 34 km. For Group 5 the derived Vs

increase gradually at the Moho.
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Table 1. Results of inversions and H-k stacking analyses for Groups 1 through 8. The means of the back-azimuths (BAZ) and great circle
distances (GCD) are in degrees. Moho depths (kilometers) are for the joint-inversion and H-k methods. Vp/Vs ratios were determined by H-

k stacking.
Group Name Gl G2 G3 G4 G5 G6 G7 G8
Average of BAZ 49 44 130 152 185 223 286 306
Average of GCD 40 71 76 47 41 46 40 77
Moho Joint inversion 32 ? 32 34 32-34 32 32 32-34?
depth H-x 332 32.8 31.5 325 32.6 319 324 322
K H-x 1.68 1.69 1.79 1.75 1.72 1.73 1.7 1.67
ok 25 5994t AAFig 6y 2 255014 32 km kmeh A7k B KS310] AlelE Fhe] A5h AR
Zlolo| REMo] EAsht, 25 4914E olHT} 2 km A TS Hx G9M S35 7189 B3W Zlo] HHE
34 km Zole] Ve, 28 54E 32 kmolA] 34 km= (Chang and Baag, 2007)9141= KS31 #54 $IX|olx 9] 23
Se7F XA o2 Wskete S Btk 3 S 3 ol 31 kmet 32 km TAA Atolel Folw, ATl 1
el R FHsHA e IF 29F 2F 82 TEd At T A0 Beteisto g 3 3xkl A 7x A (Yoo
on=2 R aR Ealola] A7) H YA ajAA AL et al., 2007)°14E 32 kme} 34 km A4 Alololl EojA 7]
AT} < AAETE & A3
s &7 2 RFA 6~ 12 km Zo] Fe] A&EZ 0] ool Hx 4 oz 9k KS31 #54 5] k&
SATE BAEh ol g A W ALEE EAle 1.72 +£0.042 AP AR 7Fe] 54S BRIt o]= KS31
KCRT-2002¢} KCRT-2004 283} A @27 E o] &3 py} F o] YAl A= 73715 (Fig. 17t FEFHHT @ 171 ~
A EBERTHT ATAIH(Kim et al., 200614 = YERH, & 1.76 Alo]9] k 3k Hole 71$9] H- ¥4 A3H(Chang and
3] 2EFA 94k Fale] 3 KCRT-2008 S412] Pol 4 Baag, 2007)2F= 2 F3ksi) Ha « @l 1.728 o835t A
Z] 0]

T7E SHEZG 9, 2010089 KS31 #E4 HUA
o (S2)8 TEH(S3) %ﬂﬂﬂﬁﬂ 4~10 km Zo] F7be] A<
T2 dinlEc), g, ER T Zé_#— o] AollA =4
do] AUrhE 32 km Zole] i EASH AolA A%

HPD‘]:__E &7} x%x]x%_i k= 3;_'5_}51% Ho ]‘___:-]], o]‘_:_
KS31 #FAZHE o] A3 o] WEHT 912t 199)2 =gk
wekel a5 5@ T 7 185)04 REwo] 32 kme} 34
km Afo]ollA] ° 2 Jehthe A3k fARITHEFIg. 6).

=

¢

SRk

Hx & =|A-I ol del_l.

2 )0 W,=0.7, W,=02, W;=0.19] 755 z}z}
23132, A W (grid search method) .2 2o ™| 7
o] H9} k& 31 tH(Agostinetti and Amato, 2009; Chang
and Baag, 2007; Zhu and Kanomori, 2000). ©] =] X]z}2] ¥
7+ P} Chang and Baag (2007)2} ©]713H2010)7} Al
Al 6.3 km/sE 285130}

Bl ale] o] H el S=A8k=o] 2EW Hoy B4 A
(Table 1y= R&H] Zlo] W 2I7} 31.5~33.2 kmZ 7|0l 1
54 AEE o]&st] AAIE ZeolQl 30.5~35 km(H4
ol5F, 2004)H T R e HAE Helt) o] P ,\Fl
gk A K oM ES] #7F HE UHF AJLL, Vst B (p)e] &
A5 B 7Pgste] ARgsil7] W= A7t Hx
A A 79 ZEHe] dols 95% Al TRbelA 324£05
kmZ Hgejato® 73 25 et BEHe] go] 32+ 1

A= 1
—iTL:—L_

2Fsk 5 o] (dynamic Poisson's ratioye F 0.24%, AWkH]
o1 x|zte] FoliH](Lowrie, 1997)} vl 2 2 Ax|3h},

P>

l-n
i)

“0’} | #18to, St
9 & (forward modeling
32 kmE AL, P
T5 A|7ke] Ht Su &
3.61 km/sZ 21]“ sl w3 nee At wslkely
stod, FAH 2 km 79 T2 Rl EFHATIA]
CH(Table 2)

i

[e]
=

rlo ) m ﬁ
i& do o> mx 2

=1

) 97 :;_L’(trough)ﬂr 2soﬂ (+) 171 mh(peak)7} VFE}
U, o= A&EZ0] AN B st AAlA dAEE Py ¥
shulo] E4S A A ECHChmielowski ef al., 1999). wWatA] &
FAFHAL oF 1 soll S(-) 9133 250l F(+)
g A7}, 10~ 18 km Ziolo)] A&=
Algkret 2 A 2] ghvh(Fig.
Akl 73 AR o 74
o %—54%—% FIIATNA] oL A7l A
719 71018 Ao =2 AztE

gy

= 2~ =]~
=5 FAgE
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Table 2. Parameters used for the simplified model with a low
velocity layer at a depth interval of 10~ 18 km and the Moho at a
32 km depth.

Layer Vp Vg Density Thickness
No. (km/s) (km/s) (g/em®) (km)
1 6.41 3.7 2.81 10
2 6.06 3.5 2.73 8
3 6.30 3.64 2.79 14
4 7.79 45 3.22 68
1.0 9 B
. 49 b
5 06 -20
g £
[
"3 04 : D i’ -30
] a
g l 3
0_0___J\,JL,Q hobac o
T -50
-02 A
8 -4 0 4 8 12 16 20 24 28 -60
2 3 4 5
Time (s)
Vs (kmi/s)
(a) (b)

Fig. 7. (a) The observed receiver function (black line) for Group 4
and the forward-modeled receiver function (red line) for a
simplified one-dimensional Vs model (red line in b) with a low
velocity layer (LVL) at a depth interval of 10 to 18 km in the crust
(see Table 2). The indicated phases are: (A) Pg converted at the top
of the LVL, (B) Ps converted at the bottom of the LVL, (C) Ps
converted at the Moho, (D) PpPs converted at the Moho, and (E)
PsPs+ PpSg converted at the Moho. (b) Vs profiles for the
simplified model (red) and the model derived by joint inversion of
receiver functions and surface-wave dispersion curves (black).

o 55 AARHNA O] S Zfo|7} S5 PRI K1Fo]
#AA]+=d|(Ligorria and Ammon, 1999), A< =
7} 3.5 km/sQl BEe] 9o HEHE 213

Zo| H|wA FAlsHA FaliFlTh.

R WAShs PsTh= OF 450l FEIg Fo] e
2 e (Fig. 7(a)2] C), PpPs¥H(Fig. 7(a)] D)t PgPs+
PpSsHFig. 7(a)2] Ey= 22F oF 13 s} 16 soll Wk 22 9
Ao 74zt vepdth. ARk Bdl A7k 35 A7)
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