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ABSTRACT: Depth phases, produced when seismic waves travel upward from the hypocenter and reflect off the free surface, have been
widely used to estimate the focal depth of teleseismic earthquakes. Among depth phases, sPg and sPmP are clearly observed even at local
distances of approximately 70-250 km. The travel-time differences between the depth phases and the reference phases Pg, which propagates
directly from the hypocenter, or PmP, which is reflected at the Moho, are proportional to focal depth. In this study, we determined the focal
depths of earthquakes with local magnitudes 3.5 or greater that occurred offshore near the Korean Peninsula between 2001 and 2024, using
the depth phases sPg or sPmP observed at local distances. Depth phases were identified in seismic waveforms using a characteristic function
based on particle motion analysis, and the focal depths of 35 earthquakes were determined through comparison with synthetic seismograms.
The reliability of focal depths determined using depth phases was validated using inland earthquakes with well-constrained focal depths.
Empirical relationships between the travel-time differences of the reference and depth phases and focal depth were derived. These relationships
are expected to suggest that emable rapid and robust focal depth estimation may be possible without direct comparison to synthetic waveforms.

Key words: focal depth, earthquake, offshore earthquake, depth phase, earthquake location
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24 GRjoln], Yik o ofzf AUBSLoIM BAH
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o WAl e Bl B BAlH,
=35 21¢ Zoke Al ula) geket o) o ojzie A
5 72 A It Gomberg et al., 1990).

R Zla} Al of 718k AF3E A RPAo] 1Y a4 F
AL HEo] A% 1y HARE o83 HHE HA G4t
= A9 Zlo] Ao &80 grkBarth er al., 2007,
Kim et al., 2010). S}A|9F RHE HA JARS 2 0.1 Hz
oJste] AFs T ARNTE AFgHL, 10 He O
R v A2 Aol B el ket Tl
2933 &&= o] @ FETH(Song ef al., 2022).

70| 9)/H(depth phase)> X oA H=H 2| Zlu} Fof
Al A& PRre 2 Autr|o] 2| ;H SHELo| A BEARE 94
o2 IAZ47HA] A AutE 7|E 91 (reference phase)
I =R 2ol E 7HAL) 7|& Ak Zo] Ak A
A E Zol= 2 Y ZANA Yehte g, o] F 9
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9] FA] Zpol= XY Zolef oEZ o]aL A ALt
SHAQ S4S 27] Ze] A ZolE Fsk= vl &
1A o] ti(Stein and Wiens, 1986; Ma, 2010; Craig, 2019).

A Q1 Zlo] 1<l pP E= sP 9 YA %19
9 zlo] A4 -5 B-EHof frHGoldstein and
Dodge, 1999; Letort et al., 2015, 2018; Craig, 2019; Fang
and van der Hilst, 2019). E5F T=7 dhof & BIAISE 2%
A2l 2 A GAZ A7l = Zlo] 12 XY 2lo] ZA
a0 7 g8 4= ¢l 9 (Langston, 1987; Bock, 1993;
Bock et al., 1996; Bent and Perry, 2002; Kim, W.Y. ef al.,
2006, 2022; Ma and Atkinson, 2006; Gamage et al., 2009;
Kim, Y.H. et al., 2017; He et al., 2019; Yuan et al., 2020),
S me A0 FaRe AThH o W vk Rloz Wt
A a, 2010).
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Fig. 1. (a) Epicenter distribution of offshore earthquakes with local magnitudes = 3.5 around the Korean Peninsula (2001-2024)
used in this study. (b) Histogram of earthquake magnitudes. (c) Distribution of minimum epicentral distances to the nearest seismic

station.
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2.1. 37 Y A Th=

2 dFoMe 71 AXEFOZRE 200194
202497k b= QI S A AR L 3.5 o)A
A7 FollA Zo] 918 sPg = sPmPE AET 5= I3ld
357 ARE A7 o= AASHHEHH 1). 2ol 9%
2= 21 THP, S)of Bl 1 ol whE =g ARk &fE
/gol w9 231, 24, AlehE TRt P S Y
2ol Zk= A GAONAM Ao Favleh 22 gt
FFAA ARE L2 o2 Ag3ke b A Ao w
2hA 2 ol A AGA=] 250 km oJufoll A 7154 gt
Fee SU2E HESI, F4 1) o4 A1 A=of|A
Zo] $Pdo] BEs] gl 3571 A x& Adstgict ofu
T 12770 A3 gl Zo] oV ATk A o
& AR T OF 63%= R 4.0 mRkelglom, 2014 34
31 Aol TR 715 5.1 A|7lo] | 7R 7t
H 4.0 o] s Ax2 71 ARGE L bidol
e v T8I ARIYOE, & AolA AES AR
T 4= A9 gojrtobd RuH] 2 B9E= Atk

Sheen et al. (2026)2 A X v} =EA|7H-g 0]-83 AHHE
QA A 2NN HS5a B27F A ol A vA=
V= AFH 2= FristaL, 24 Zlo] A4S 5 km oy
Z E0)7] 9% BS54 X 20S =S5 ol 21
AT i Aol A8 wl, He A|Rlo] o] 2L F=
A71A] ZBtF e, ol 2Rt A|Fe = Q1s) o2 s A%
U ZolE AAshs ol A7E UMY A= dde

2 AolME 713 A=A AL =9

Surface
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Fig. 2. Ray paths of the reference phase and depth phase. The
difference in propagation paths between the reference phase
and depth phase is mostly due to differences in the path near
the hypocenter.
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NYOIN WEE AN o A2E A B2
2 AsEn 27 2 BRARS AFAc el A3
ASHE Pup} B9 5 Suph meeh] A Al AT
Y] chere 72 B Bl Sol A hAL 2, Avek
ThFRE SVHP coda)yEo] BT ARHRE AA 7154
t}. o] 7ol XA R|3 Wiko s St x| Xlu}
7} AW Rl A AR Zlo] Qo] EARTH Y 2).
= 100 km ot &} AzjolA & WEsh= Zo] el
sPg, sPmP, sPn 5| 2Jth(Ma and Atkinson, 2006). sPg+=
SSph A EH ShRolA PukE MakElo] Pute] Fejz A
SHE| SJAFO R OF 40-150 km A=) Bl TAeo)H
2 e, sPmP= RSHO|A g ¥ T HhAbE|o] Hut
H o2 2F 100 km A=A HE T A7t o
Ho R H sPg@} sPmP= A2 S E o] AHo] ofY L, of
200 km 72} 28] sPmp7h A3 EEIC Aol
Pnu}7} WA =2bsh= wabA 2] o] 5(2F 150 km)olli= pPn
o} sPn} 2 WEW MFure] AupARE 74 Zol
= TEE
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o] 1At Aol FHgelsic
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A A FH WgFo 2 AutEl Suprh X FH 51o)| A PutR
WgHE|o] LA SOl R, 7| 9AFel Pbe] 9%} &
=5 EAT} §ARSE 2298 7FRItHUmino et al., 1995; He
et al., 2019).

oleigt YAREES] SIS FFHOE ehr] Aol
B B (principal component analysis)2 2835} ch.

45 53l ¥ Lfdl(eigen value)S 7] ot
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Fig. 3. (a)~(c) Three-component seismograms (E, N, and Z).
The shaded area indicates the time window of the reference
P phase used to compute the characteristic function in this
study. Dashed vertical lines denote the arrivals of the Sg phase.
(d) Characteristic function derived from the three-component
data, in which peaks correspond to the reference PmP phase
and the depth phase sPmP.
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Fig. 4. (a) Crustal P-wave velocity model of Kim et a/. (2011) (thin line), and its smoothed version (thick line), obtained by subdivid-
ing the model into 100 layers to impose a gradual increase in velocity with depth. (b) Synthetic seismograms computed using
each velocity model, aligned on the Pg arrival. The left panel shows waveforms generated using the original three-layer model,
and the right panel shows waveforms generated using the smoothed gradational model.
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Table 1. Comparison of focal depths determined in this study using depth phases with those from previous studies.

This study

Previous studies

Event (km) (km) Reference
2007 M. 4.8 Odaesan 12.5 11.0 Kim et al. (2010)
14.02 Song et al. (2022)
2016 My 5.1 Gyeongju 15.0 15.0 Woo et al. (2019)
13.9 Son et al. (2018)
2020 My 3.1 Haenam 22.3 20.0 Sheen (2021)
2024 M, 4.8 Buan 11.5 9 Seo et al. (2025)
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Fig. 5. (a) Seismograms of the My 5.1 foreshock of the 2016 Gyeongju earthquake, aligned on the Pg arrival. The sPg phase is
observed at an approximately constant time offset after Pg. (b) Vertical-component waveforms and their characteristic functions
for four selected stations. (c) Comparison of observed and synthetic waveforms at four stations, illustrating the focal depth estima-
tion procedure. Thick and thin lines represent observed and synthetic waveforms, respectively.



20| YAIS 0123t SHIHE SHTIZIO] KRl 20| ZH 311
Table 2. Catalog of earthquakes with focal depths determined in this study.
Event ID Origin time La‘Eitude Longitude Magnitude Depth (km)
(UTC) (N) (E) (M) This study ~ Songeral (2022) KMA

EV01 2001-06-29 02:21:08 35.80 126.60 3.6 14.0 (0.0)* - -
EV02 2001-11-24 07:10:32 36.70 129.90 4.1 15.0 - -
EV03 2005-06-14 22:07:02 33.15 126.14 3.7 8.5 13.05 -
EV04 2005-06-29 14:18:05 34.50 129.05 4.0 10.5 (0.5) 9.74 -
EVO05 2005-08-23 20:06:26 34.06 126.95 3.5 9.5(0.0) - -
EV06 2006-04-29 02:01:12 37.09 129.92 3.5 11.5 (0.0) 3.54 -
EV07 2008-01-16 10:58:00 35.65 125.37 3.9 5.5(0.0) 6.61 -
EV08 2008-05-31 12:59:30 33.50 125.69 4.2 12.5 (0.0) 13.89 -
EV09 2008-12-19 08:53:39 36.49 129.68 3.5 10.5 (0.5) - -
EVI10 2011-06-15 05:21:49 33.71 127.81 3.7 11.0 (0.5) - 7
EVI11 2011-06-17 07:38:31 37.91 124.50 4.1 13.0 (0.5) 8.52 12
EVI2 2013-05-17 18:00:58 37.68 124.60 3.5 12.3 (0.3) 6.48 12
EV13 2013-05-17 22:02:24 37.68 124.63 4.9 11.5 (0.5) 7.05 11
EV14 2013-05-18 02:45:15 37.67 124.61 3.9 10.5 (0.0) 6.32 11
EV15 2013-05-21 07:17:53 37.66 124.71 3.7 10.5 (1.0) - 6
EVI16 2013-07-12 17:02:44 36.20 126.18 3.5 21.3(1.3) - 24
EV17 2013-09-11 04:00:31 33.56 125.39 4.0 8.5(0.0) 9.7 14
EVI18 2014-03-31 19:48:35 36.95 124.50 5.1 8.5(0.5) 11.34 8
EVI19 2014-07-03 12:57:11 35.66 129.76 3.5 11.0 (0.5) - 16
EV20 2014-09-24 17:26:42 35.07 129.94 3.8 10.5 (1.0) 2.6 14
EV21 2015-01-08 11:15:18 37.51 125.63 3.5 5.5(0.0) - 16
EV22 2015-08-03 01:11:24 33.26 127.06 3.7 11.3 (1.0) - 20
EV23 2016-07-05 11:33:03 35.51 129.99 5.0 16.5 (1.5) 11.98 19
EV24 2016-11-05 21:26:22 33.76 125.07 3.5 6.0 (0.5) - 12
EV25 2019-01-08 18:10:23 37.37 124.23 3.7 8.5(0.0) - 18
EV26 2019-02-10 03:53:38 36.16 129.90 4.1 11.5(1.5) 8.57 21
EV27 2019-04-19 02:16:43 37.88 129.54 4.3 15.5(1.0) 18.55 32
EV28 2019-04-21 20:45:19 36.86 129.80 3.8 14.5 (2.0) 14.55 21
EV29 2021-04-19 05:20:27 35.07 125.08 3.7 7.5 (0.0) - 15
EV30 2021-08-21 00:40:40 35.70 124.70 4.0 5.3(0.8) 1.98 7
EV31 2021-12-14 08:19:14 33.09 126.16 4.9 12.5(0.3) 11.36 17
EV32 2023-01-08 16:28:15 37.74 126.20 3.7 24.5(1.0) - 19
EV33 2023-04-25 06:55:55 37.86 129.49 3.5 15.5(0.0) - 33
EV34 2023-05-14 21:27:37 37.87 129.52 4.5 21.0(0.5) - 31
EV35 2024-01-31 08:36:23 32.59 125.53 3.8 7.0 (0.5) - 15

* Numbers in parentheses indicate the median absolute deviation.
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Fig. 6. Seismograms of four events (EV06, EV13, EV20, and EV34), arranged by epicentral distance and aligned on the Pg or

PmP arrival.
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