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SUMMARY

I. Title:

Planning research for studying the presence and activity of faults

and slope failures offshore the SE Korean Peninsula

II. Necessity and Objectives of the Study

1. Necessity

- The Korean Peninsula, located across the East Sea behind the

Japan Arc, has been regarded seismically stable. However, record

high earthquakes in the catalogues of Korea have occurred in

and around the SE Korean Peninsula, causing serious concerns
among people.
- The estimation of the maximum possible earthquake magnitude
and the recurrence interval of large earthquakes requires the

accurate information of faults such as their slip rate. The

scarcity of Quaternary sediments and the weathered surficial

sediments on land precludes the investigation of the structure of
major faults and their Quaternary activity.
- The Quaternary sediments are well preserved in the sea, which
enable us to investigate the structure and Quaternary activity of
faults with the help of the equipment and the stratigraphy

established on a regional scale.



- The Yangsan fault, on which the 2016.9.12. Gyeongju Earthquake
occurred, is projected offshore. It thus is expected to enable us
to (1) identify faults that deformed the Quaternary sequences (2)
interpret their activity and (3) adress the offshore extension of
the Yangsan fault, which will be provide crucial information to

understand accurately the activity of the Yangsan fault.

2. Objectives
- Investigation of the sea-bed structures of faults and slope
failures that pose geohazards and their Quaternary activity.
 [dentification of the offshore extension of the Yangsan fault
beneath the continental shelf offshore from Geoje to Busan.
e Study on the presence, activity, and generation of slope failures

on the continental slope of the Korean Peninsula.

IlI. General Scope of the Study

1. Summary of researches underway at home and abroad
- Review of fault mapping in Japan, New Zealand, and US
experiencing disastrous earthquakes and the study on the

Quaternary fault activity in Korea

2. lIdentification of the offshore extension of the Yangsan fault and
its Quaternary activity
- Stratigraphic interpretation SE offshore the Korean Peninsula

- Analysis of the structure and activity of the offshore portion of



the Yangsan fault

- Analysis of Quaternary slip rate of the offshore portion of the

Yangsan fault

3. Study on the occurrences of Quaternary slope failures and their
activity
- Analysis of the occurrences of slope failures on the continental
slope
- Descriptions of depositional characteristics and age of mass flow

deposits on the continental slope

4. Suggestion of the methods for mapping offshore faults
- Structure of Quaternary faults and their activity using seismic
methods

- Drawing up of a RFP

IV. Results of the Study

1. Offshore extension of the Yangsan fault and its Quaternary
activity

In this study, we acquired and interpreted high-resolution seismic
profiles to investigate fault activity in the Quaternary offshore the SE
Korean Peninsula. Most importantly, we identified a strike-slip fault
system that records repeated activity in the Quaternary. The fault
system consists of a main strand and Reidel shears as subsidiary

faults. The stratigraphic reflectors have the sense of displacement



indicating dextral strike-slip of the main strand. The main strand
aligns well with the Yangsan fault on land. Therefore, the identified
fault system is interpreted as the offshore extension of the Yangsan
fault. The axis of principal stress inferred from the offshore fault
pattern is oriented ENE-WSW. The slip rate of the offshore portion

of the Yangsan fault is estimated to range from 0.7 to 0.9 mm/yr.

2. Occurrences of slope failures and their activity

The western and southwestern slopes of the Ulleung Basin show
contrasting patterns in occurrences of slope failures and MTDs,
which appears to reflect a difference in the size of slope failures
between the two slopes. On the western slope, a relatively smaller
volume of sediments was transpoted, resulting in limited occurrences
of MTDs on the slope base. In contrast, on the southwestern slope, a
larger volume of sediments was transported and reworked, leaving
much larger traces of failures. We interpret that changes in sea level
are the primary cause of the slope failures on the western and
southwestern slopes of the Ulleung Basin, tectonic activity,
dissociation of gas hydrates, and sediment inflow are secondary

causes.

V. Suggestions for Applications

The recent increase in frequency and magnitude of earthquakes

in the SE Korean Peninsula and its offshore is becoming social

_10_



disquiet. We, by linking the results of this study, proposed a
research in the next phase to investigate Quaternary fault activity in
the offshore area from Busan to Ulsan and were awarded a grant. A
governmental R&D program is under way and scheduled by year
2041 to investigate active faults on land. In line with this program, a
R&D program will be launched for mapping offshore active faults. We
plan to participate in the offshore program utilizing the results of

this study.
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Fig. 2-1. Research approach of IEVG to elucidate the physical and mechanical
properties of seismogenic zone and the generation processes of large

earthquakes.
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(Okamura, 2008) @AHLo] Aib= 7oAl MAISE Active Faults in Japan©]el=
ARnE A E s okEsts](Japanese Scociety for Active Fault Studies)ofjA] &3sh=
Active Fault Researchgl= stasA|z2 R EICHOkamura, 2008). ©o] dil= AV
meodos WAl K1Y Foln WHUE] Ft AR 2 A AloET HHE

o|&0] AR8 Zo]t{Okamura, 2008).
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ARHEOM= 28 SiollA AREAYE EASh

25715 FAst(Pondard and Barnes, 2010; Fig. 2-2)
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Fig. 2-2. (top) Uninterpreted and (bottom) interpreted boomer seismic reflection

profile across the Wairau Fault. (From Barnes and Pondard, 2010).
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Fig. 2-3. Active faults offshore California (Fisher et al., 2009).
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Aol sidHES A cmZbAl Eolal, @ Al7|9) BN EAlgst §4 5 A2A

25 =Esto SRAMEAES] A4l AENE dastl o

o=, &5 & jgwst AMAXZEL  COSTA(Continental Slope Stability),

MARGINS, EURO- STRATAFORM, 1I0DP S #2 A7] £3dAFL Z2I8S

ol o2 Ford) AFAtES AAAIAA SHRIAMEALE O] S o=t oREEAIE
AE st lth(Fig. 2-4).

SHARIAFHALERS] A A[7] 81 dQl2 Ao weba] ofe ohfstAl UEhtER,
AGE(Es d9E)2 AR A A7l 3 ARlS 9ste] ZF AH(H ) oA
AM47] sete] sigEd WetAE AYshe A FAHAL o U=, /Y 5

2 ol&stod o AHolN =HSH
Atz Algeh & odet 2ok AtrS dolgyo]Aststa 9l

=
ol2iet Ade Sl sHAALE ARFG(F7H, A EA o %, Aun] @A

ground-truth A}

[Uﬂi‘—l

2utgjet 22 siA7]Q1 ARl = £= X|Alo ofsf WAAHT FeA AT
B SHAATHALEZE 240] 5 DA 7| AY HY-SZA100] HWelA]aL ltk(Tappin,
2010; Fig. 2-5). E£3] =#|Z9] 2= 19989 Papua New Guinea, 20044
ALylAlot, 20119 d2oflA  2uo7p @At Aleo] o= dA7|dse IA
AN Y GAFE eedsto] RAIRSE SHAAFHALEO] ost Auto] HAY, WY,
22 5o g A5 st S5t cti(Tappin et al., 2014), 5 A&
, AlAleE & o8] o9 AAtEol W stelE
A Zud Apst m3En ol

r_l
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Fig. 2-4. Study sites of COSTA (Continental Slope Stability) project (Canals et

al., 2004). COSTA is a multi-national research project.

Fig. 2-5. Tsunami occurrences (red points) triggered by slope failures (10,000

bp ~ present). Tappin (2010)
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Table 2-1. List of studies conducted by KIOST that commenced before 2018
to study offshore faults around the Korean Peninsula.
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Fig. 2-6. (Left) Seismic profile and its interpretive line drawings showing an
offshore extension of the Ilgwang fault. (Right) Locations of Quaternary
faults offshore south of Busan. The faults constitute a duplex-like fault
zone occurring at the releasing bend of the Ilgwang fault. (From Kim et al.,

206).
2-2. SIRAHAE]

ol SHiAATEATEE S R(FHAMTEAL)Y 7P YE Aol S5
SIAIAE, HAEAS AlsE HiFCe=2 19909t F¥hRE ojg, A7 H(KIOST,
KIGAM) SolA FHAR1 FHOA 47](Quaternary) SHAAFAATE}S] Z}F 20
o A5 $88st¥ tHChough et al., 1997; Lee et al., 1999, 2002, 2004).

Ala7tA] aedd Aqte SHAAFHATERZE @A A]9o] obd  ShRAFH(lower
slope)t #X|"g(basin plain) A|Foj|A &=H 10 m oJWio] 42 o HAE
g-gsto] Aoz opx|er ®SH7|(LGM) o] &9] Fafl AFHANE HA Al7], Sl
=o] st A7 jFEEo|thFig. 2-7; Lee et al., 2010, 2013). =of AtHO
w25h= SHAAME] B ARk tidoz ushy AlE2] AlARN(O]l, deep-towed

side-scan ¥ SBP system)i} Atfxlo=z AR(eF 15 m Zo] o]49]) A= RiF
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Fig. 2-7. Age of slope failures at the southern margin of the Ulleung Basin

since the last glacial age. (Lee et al., 2010).
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Fig. 3-1. (a) Map showing the tectonic plates around the Korean Peninsula
(modified from Lee et al., 2011). The rectangle indicates the area in
Fig. 3-1b. The arrows indicate the direction of the maximum
compressive stress in the southeastern Korean Peninsula inferred from
the slip analysis of Quaternary faults (from Park et al., 2006). A-A’" and
B-B’ are two transects of P-wave tomography in Fig. 3-16. PA, PP, and
OP = Pacific, Philippine Sea, and Okhotsk plates, respectively. (b)
Geological map of the southeastern Korean Peninsula (modified from
Ree et al., 2003). The dashed-line rectangle indicates the study area in
Fig. 3-3. Inset shows the satellite image of the study area (from Google
Earth). Epicenters of the earthquakes are from the catalogue of the

Korea Meteorological Administration and are not relocated.
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2 ATE OA7IA 2 gbee] G Rol ENE-WSW Wil 452 sho 98g

1-2-2. ghits EOISR 54 TAYY3

e FEUiSes IWr=eh thokke Ato]o] thehsHy  sfoltH(Fig. 3-1).
tigtsid2 Fo] of 60 kmolt] Ao 230 m olFo=z Zlojxlth. tighs oA
gap7lutel 9lo] el EAESel drje feluAl SU|RE EEAMA ol
(Minami, 1979; Inoue, 1982; Yoo et al., 2006). 22]1A] &7]9} O}o]Q A %7]

=2 Uieeigols 7P A2 ol Zxstedl Aq7lM STt M
Zoo] wE] o AW PAS ALCHMinami, 1979). SejuAl 7|
ool Al A719 EAE ddle EA FEEE7E "oid WP x=7]o] AR
continental rifting®] HeHKim et al., 2015) & <AX|stct. I 2o T}o] QA
27014 37 EA5e 98 W BECh AW o 4SS FEZoR
SAHS 2e7HEA B tHInoue, 1982). E&siHe] WSS SHF-50A]
efolo-47] EHUEe osizoz M SAYNE MRS WolcHFig.
3-2). AAAHez ol THE2 S22 A IEd oy oidsige A

l‘_u
I

!

Qo0 2 complex sigmoidal-oblique progradational configuration® &A1&
IR ole SISl met 9 Wam g YyoR HNBo] HULS
utogsich 71 ofgfof] 9= Z2lolA @Y E: lowstand systems tractz2 A
AL ATHYoo et al., 2006). 11 o] Q= Z2tolAN @52 F=2 lowstand
deposits2A] transgressive-to-high stand % regressive-to-lowstand systems
tract A@soz mastch At Yobr] o] 3( < 18 ka) B2A| HHBS £ sHA)
Ldoz o|FojXq QHLee et al., 2005 Yoo et al., 2014). st 7HX]=
Ao 22 UdA] gF VRl Wdiseol Faxetch(Fig. 3-2). BEe
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FUAAEE0 E25t= 224 @Y= Wsh7] ol§ transgression &¢QF shoreface
erosion®] AR A QF2 transgressive EJA-Z0]tHYoo et al., 2014). YFE0j

o]
oS

deposit2A] FUFEQ] RN Jp 2 2A 5o 2RE QaHsichLee et

al., 2005).
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Fig. 3-2. Schematic model of the Plio-Quaternary stratigraphic architecture
on the southeastern continental shelf of the Korean Peninsula along
the yellow N-S line in Fig. 3-3 (modified from Yoo et al., 2006). U-1,
U-2a, U-2b, and U-3 are the Pliocene, early Pleistocene, late

Pleistocene, and Holocene units, respectively.
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ARESERE. AmpA oA 2000 jouleo] §5FO=2 2% bt S-S LA, LY
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Hz J7t92 bandpass filterstgth. ®An 4 7|8dog E-W ugkoz
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Fig. 3-3. Locations of seismic profiles for the investigation of the offshore

extension of the Yangsan fault. The seismic profiles referred to in the
text are plotted as thick red lines labeled with a figure number.
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Fig. 3-4. Flow chart of seismic data processing.
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Fig. 3-5. Comparison of (a) single- and (b) multi-channel seismic profiles of
Line B-08. Note significant enhancement of the signal-to-noise ratio
and suppression of the seafloor multiple on the multi-channel profile.

F1 is the main fault identified in the study area.
1-3-2. SRR F/RRI LA} AL2

"FEsY Al47] SIA7IQ ARARls) S4 A7 29 Aoz 2015ERE
20179717 @ute  @Esil di@t SAAB/AREGY 2L ARIANRS
geslont. AR ARsGTEI|EU0 ATHY erels, oojms, AL
252 Fgstel BN ALY AR Aol FFOR RS 2
AR Pl HACINEE HE SH7R sHte JEdjdlos of & A-RA

sidets sielar AR-AZ Atole] sl e AEAor FASIACHFig. 3-6).
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Fig. 3-6. Survey site and survey tracks from 2015 to 2017 with bathymetry

shown off the SE Korean Peninsula.
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Fig. 3-7. Workflow of post-processing for bathymetry data.
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Fig. 3-8. Flowchart for seafloor imagery.
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Two-way traveltime (s)

Two-way traveltime (s)

Fig. 3-10. (a) Seismic profile A-02 and (b) its interpretive line drawings. See
Fig. 3-3 for location. The inset is the enlarged portion of the profile
denoted by a rectangle to show fault structure. Vertical exaggeration is
~23, assuming 1500 m/s for p-wave velocity. Green dots denote the

points used to draw along-strike elevation profiles of R2 in Fig. 3-15.
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Two-way traveltime (s)

Two-way traveltime (s}

Fig. 3-11. (a) Seismic profile A-08 and (b) its interpretive line drawings. See
Fig. 3-3 for location. The inset is the enlarged portion of the profile
denoted by a rectangle to show fault structure. Vertical exaggeration is
~23, assuming 1500 m/s for p-wave velocity. Green dots denote the

points used to draw along-strike elevation profiles of R2 in Fig. 3-15.
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Fig. 3-12. (a) Seismic profile A-12 and (b) its interpretive line drawings. See

Fig. 3-3 for location. The left inset is the enlarged portion of the
profile denoted by a rectangle to show fault structure. The right inset
is the Chirp sonar profile that enables discrimination of the base of
the Holocene unit. Vertical exaggeration is ~23, assuming 1500 m/s for
p-wave velocity. Green dots denote the points used to draw

along-strike elevation profiles of RZ in Fig. 3-15.
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Two-way traveltime (s)

U-3 Chanmel w3 Channel

Two-way traveltime (s)

Fig. 3-13. (a) Seismic profile B-09 and (b) its interpretive line drawings. See
Fig. 3-3 for location. The inset is the enlarged portion of the profile
denoted by a rectangle to show fault structure. Vertical exaggeration is

~23, assuming 1500 m/s for p-wave velocity.
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d5ee S92 Adg 21 Aty 224 sied 459 x7] ¢ U-2bU9
incised channel2 A1 Q= EXEFO AFELT dA] fluvial deposits=
st wtHol, AAAze] &% sfieto] ke oA U-32 ATs] AR
dAxmeFoz yepdrt o] 22A AAEe AXo2 mudz FLAEEH of
slaqol Aol Hx|o] =gk o]F Al Zoz sfMEcHlLee et al., 2005);
FE5FoA U= ABA EAEo] A9t 55 £/l sl 2utEo] =9 T

o
XA

=3
sjorS @2} o] mud depositg FAAsHTHLee et al., 2005). U-31 U-2 AfolQ]

_59_



AAOl R3- Am7] mamdoA U-30] el ok o] =74 25 & UEIA|
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15 ms (tw.t)of] Zst=d o]zl ujizd EAZo] disf] S44me] £=F 1500
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Fig.

125"40'E 129°E 129°20'E

34°40'N

3-

profiles shown in this study are plotted as thick red lines labeled with

a

the Yangsan fault. Faults F2, F3, and F4 are interpreted as Riedel
shears. Epicenters of earthquakes in Fig. 3-1 are superimposed. The
inset (lower right) shows the estimated axis of principal stress

estimated from the pattern of the main fault (F1) and Riedel shears.
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14. Locations of the Quaternary faults in the study area. The seismic

figsure number. Fault F1 is interpreted as an offshore extension of

YF=Yangsan fault; R=Riedel shears.
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Fig. 3-15. Along-strike elevation profiles of unconformity R2 on the

upthrown eastern (red) and downthrown western (blue) blocks of fault
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Fault F1& 34°40° NojA ulafo] NNE-SSW2RE| NE-SW2 ulrhFig.
3-14). 423 ©F AAHOA, oA FFo] FHX|= Z12 extensional
duplexo] sigst= 2ds HERE & Qlth. sHARh, 4o zeodse A2 dgd
9]2 WASH= negative flower structuresE HojZx] of=th CjAl, fault F1&
FARLA7E A FastHA ABEHE Zloz Wl

dSsolA 2ld &5 AA"E2 F5 di5ed ot XAl #AstE=
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AcHFig. 3-14). o FgolA,

o]
A
FAES di5s RS deR: F3T 4 fdon ko dE fiEse

AFR|Ho A Riedel shears®] HeF2 fault Flo] dfsh AlARFe=z 12°0]t}
(Fig. 3-14). m2tA] antithetic Riedel shearse fault Flof tfsff 78°®3d-&
718 4~ Qlth. Riedel shears®t 1 antithetic shearsQ] Bjx|oA] zjLd=SH 2
= 7} shears’t gt oz o] 585t= HIgFOo 2 dRAsITHe.g., Woodcock and
Schubert, 1994). AKX AoA FILEFSHL  ENE-WSW=2A]  SHEE 9]
dEYoA 47] @29 slip analysis2 5E L5t ¥bsku} (Park et al., 2006) A&3]
U R|stH(Fig. 3-14), AXAtE 282 L3t vgFut & (Rhie and Kim, 2010) ¥X|3tt.
GPS #tmo] FA4Zd A oht= oA ENE-WSWO 4HFs AAlLM
(Hamdy, et al., 2005). ©2tA] ENE-WSW u}sFo] oF=29ado] 47] =OF SHlL 9}
I FHOA AISHRTAL & 4 ATt IE-ofr|ote] FE2RE fEEH= A
EtLt=g|(Park et al., 2006) ENE-WSW

W] SHPL ol AT UASIDZ WES} FMO| S2ARL Aw-ofroe] FE
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WEO] p-uf £Erh We e §§B™ol WL AAsty o A AchFit
790D 2 4 ckFig. 3-16). Tt FRolAole] P MECRFRRE
S

gEEE WO Aol TIAA sMsts Ae SHolAole]  geogynamic

>
-y |

Fig. 3-16. P-wave tomographic cross section AA’ and BB  from east China
to SE Japan (see Fig. 3-1 for location) (from Kim et a., 2003). The
subducted Pacific plate is depicted by a high Vp anomaly that extends

to east China. The velocity perturbation is in percentages (+2%).
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1-5-3. UGS G AF+F 47] slip rate

47](~2.6 Ma) o]2 JAHZY FFolF slip ratexs 4719 sHEGA O sHFst=
AR R29) 945 WYE AM¥oRH FHT 4 Ytk Fig 3-150] 1aAe
Flo] 9%y o2= Z=ox Qe R0 ko] Zzmel I 2 mol:
Z3Fo] 5T359] offset piercing point2 = 4 lc}.

Az B=2o|x BERWE F2, F3, Jal1 F47F UJeh: 17toA] BA3H R27T
AAMPoR WH e & & Aok webd 4% ZEoA R29) Eolt T
ofsff HAH A9 FAS UEtH= vPE%E S5 Ul SAsAH. F 7hY =0
z2ods P 2872s 1,660 m oA 3,150 m2A Fagt2 2,368 m ot}
(Fig. 3-10). ol FHAWFANA =olute IR+ BFIoezgE AP 32=
AFESHA] oXorct. ™A 2,368 mES 26 Maz WUHRWH 47] =9t fault F19] slip
rate= 0.9 mm/yro|t}. EPdn} T 2atdE A-070A A-197HX] oA EA5H o2 &
559 =o| U2 AFAolL Dx2FA HdAaIthFig. 3-15). ol Z2oASOA
57t £7% Ade ui$ A2 "HAES 7Rl o] #ojA et et £F0lE slip
rate= 0.7 mm/yr2A oA st 0.9 mm/yrEact &},

2 o] oJsf Eawlo] QIX|TF R29] 9J9t offjoA LA o2

YA FHEY A% L2} 02X BE I Fyo] 2AYFOR FHY Eol9
7

|

A% 25 =
Afolo Aol &719 mabrt FAID Aeds oulsttt. Fault Fl1of ©3wHOl
Ao 7t %o = Awo] drag foldingo] ZEAIEHA] U= AL ESH
oblique-slipo] ZA] ¢I52 <ulgtty. wetx] ALK FoA FAAd Aol
87171 EASHA] ko fault F19] £3ol5 strike-slipof] 9t 7oz Mg
AL}, Strike-slip rateE F7dst= dlol R29] AAlS 2stA] guth. wrefF o
ol YRt @EH £50] ols F ol Jo VX ZFEHY ¢ FYAZ ol
ATtH  slip rates At ARG ¢ 2 Zlolgh. ®4n mZaoe

TSR0l R2et 1 ofgfo] A|FES UEUE SRRl E S0l T3l ool AeA

AARE AAA FARL SG0M 5435] ¥5HA] g2 Bof £ WRACoR, 2719

o >

nE
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A7t Qith 9FeF Ree et al. (2003)0] AJAISH 40~20 Ma 59t AA| 25~35 km9]
HOo] 90%7F HAYstFTHH o] A]7]=9Qt strike-slip ratex= 1.1~1.6 mm/yrz
ArED o] 8, tiSSA A" FAES AT 47] strike-slip rate= &
o1EA1719] Bhurt OB Ertn B 4 9k,
1-5-4. Rpixt2o] s)4at el

SRR 440 oF 40 mol4 ©F 110 mo] Zolg mou
sietd g wel BEARIA Fefoz ZA4s Zlofjflth. 24 oF 80 m7HR]= AP 9
7150l At Holy ¢ 72 pAlomEs UGl ol UERdTh AA
gefoe SE-gAYTYd &4 of 80 mo SFAF AR UERdh
ZAb 0] GAES FRE-AEGA GFES 7 QFERFe] EXfste ez

e QUTH(Fig. 3-17).

g5l shAAIE2
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Fig. 3-17. Bathymetry map of the study area offshore from Geoje to Busan.
Black solid lines are the predicted locations of Quaternary faults

inferred from seismic profiles.
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o4l o 40 ~ 80 m Atolo] A|@e] 7|uo] ErjEIC}. TduixtR R e

5 9ol vlag A3}, SMES PR 2 ATol U e

r 1R

npotel siA

SE-GAWRel 3 AbloldEA ARIMTA Uehdth o ARiMTak
siAlste shd 71vre GAY] dFYe o=z woHt. BEF AP7|oldoA=
7101 g0l UERE  FeAl AEAdERet ' ooE AR A2 ot
LolgHE  tRAlRE SE-gAMYTY AR UEda o o=
siA7 ¥t E g AR ©F 59 IFY 7hedol UH ofgyH
A2 @AoM= AR = AP7jold=ola UEus AR YR At
Azs0] Fxdoz siAsHE o 7IHket A dFol 2 UEy Q&0
sholg] 9itH(Figs. 3-18 and 3-19).

957 st mol s wAblolgTil Ui glon mAAY dme
Hrjmos Aozt LtEhgTh AAbx|el Bxo] st nAbr|olAlt) Atol2 AR|w
doxlgoz wmet  AMAplolYTit  Bmstw  Qlck gHE JhEmol AR
doted g SAM-GessUder £ e AR Aol Ui7E o]ofA]iL

glon] = A Apjojar] Hmi slutel Al oJafdl Moz mECk(Figs.

5

s stpolAE  Re® = il moly) Aol ol
AA7lolTlge]  BEgth £ j9 AbloldTl B WAE 9l
SQAQ Afo] 2 okt AAb|olTjSo] LERt i

OANE UERFE  gEuare] maplolgtise AR

S5s-dEM BTy Aot Axplolddis Exet dAHe de=
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PA

Aplol TSl MRS 02T 9t HoE HolA T AP o) At
ol GERLH: £ o) AAb7lolgTiS e ol siATET Rl SARsH st
Aoz WOt obdeld AERLL GA% Yo F3 ofdad sl

BAE ARGl o siRESH7E HAlsts ez Atz oHFig. 3-19).
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Fig. 3-18. Magnetic anomaly map of the study area. Black solid lines are

the locations of Quaternary faults inferred from seismic profiles.

_71_



0.542
0427
0.369
0.326
0.297
0274
0.254
0.236
0222
0.210
0.198
0.188
0.178
0170
0.182
0.185
0.148
0141
0.135
0.130
0.124
0.119
0114
0.110
0105
0.101

5

0092
0.087

%

0.077
0.o72

11

1284 1286 1288 1280 1282

0.049

|||IHIHII|II|I||I||I|I|_I_|]

BE

-
=
3

dogroas
WGS 8

Fig. 3-19. Analytic signal map of the study area. Black solid lines are the

locations of Quaternary faults inferred from seismic profiles.

nendse ASsto] shAstct o AT JPY FAd e 47)0] wEsos

rdols ©F AAES WHESoA Tt ol o] ©E A|ARE

1 5 ©5Y 925 o5 AAsk: sense of

2
displacements Helth. 5 ©F9] YAl Jardsol oetee] d& Hiss2
AgE s AT mEtd tiSEolA gelh TF AlARe S
HEse Aoz siNgn. 959 feoaiy X5t 259 £ ENE-WSW
YFor FEoleAl ol fEpAob el & AFo] FEoz FAQ Aue
o2 Yot
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2. AMRAIER] REot HEEH
2-1. A&

SHAATHALEN = SiAZIEE AlEES mhAZ]al 2Auo]E BAAA 2 29 AE
AR S 2o 7ItkFig. 3-20; Camerlenghi et al., 2007 Tappin., 2010). s§AATH
A= Tie] tiEANY, SiA =, 45 AR, s A & ohedet BRI ollA
YFASICHPiper et al., 1985: Hampton et al., 1996: Locat and Lee, 2002). siAIAIH
Ml EAE, BHAE &R, diaW Wl AR 5 oA QQlofl o5 AlojE]”] wiwol
0j-2 cjofFst okako 2 UepdtHMulder and Cochonat, 1996; Locat and Lee, 2002;
Canals et al, 2004). SHAARA AREHS] B2 shR AfHe=z Aol SR
E]AA|(mass-transport deposits; MTDs)?] 2., o|= 2], e & E|A EAMo| =
d3FS ZrtHMulder and Cochonat, 1996; Piper et al., 1999; Lastras et al., 2004:
Lee et al., 2004: Tripsanas et al., 2008).

Fig. 3-20. Schematic diagram showing natural disasters induced by submarine

slope failures (Camerlenghi et al., 2007).
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Sl =AY AREdle Al 471 Fb EA¥Rh SiAARE  AlE(submarine

landslides)?} ZHI5HA x5t QtHFig. 3-21: Chough et al. 1997: Lee et al.

1999, 2004, 2013). OIS SFANA AfEfe] Wy Ao} W E|RAle] 54 molshe Ze
SIAIAIR AlEle] Wy @9l W) 71A 9 SR Alflo2 Holsl S5 HHge) Wy

ArS olsfist=d] e % Q3tcHHampton et al., 1996; Mulder and Cochonat,
1996; Locat and Lee, 2002: Canals et al., 2004; Lee et al., 2010). =5l &55X]
Al 471 ShAAME A B2 &52X19 AMA M olsistl o|Esk=d 7|x
BHR FAlO] SHAARA AtEReE HAH A|AAMARNSH(geohazards)E olsish=t] &-Q8F
7|8k Al

ol 52A0lE R Wohrlol Fd" ot 572 SHAANH AFERQF MTDs7t
Al FHIRES T2f pAlo] Felt FR2E BolXRHFig. 3-21), AR ARt FAE
AFHO TRAQ] oFto 2 vt Qltt 71& Atget A ZA1KLee et al., 1999, 2004,
2010, 2013, 2014; &F=2sfculslz|49, 2015; Cukur et al., 2016)9} Al Afg BA
AE Aelsto] 524l AR ARt AR Ao 22 Rk SHAARE AMERO]
2, W R, JE 52 AAsHAl mrelstal, ol &Sl & AFHO] SHAANH  AfE]
Atolof et tHRAR] 2 ¥l Ao Qlss ATE AL oit}y. E9F S57A]
My oAb 9 g abglo] Rmsks A 47] $7] shHAb Al) 2 FE €Al
ST AT PYERE A AV )2 B2 SFAE AlEje W A
Sol Wakg RFetuAt dck

12
[

N
>
N
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Uljin

a Fan

Fig. 42 ULLEUNG BASIN

ITN—

East Sea
(Sea of Japan)

[ Slides/slumps

[ ] Debrites

[ Turbidites
,

12 a0 L 107

Fig. 3-21. Physiography of the Ulleung Basin and adjacent areas in the East Sea.
Nearly contour-parallel distribution of slides/slumps, debrites and
turbidities identified from chirp (2—7 kHz) profiles (Lee et al. 1999, 2004).
Water depth in meters. HB = Hupo Bank, HT = Hupo Trough, Smt. =

seamount, UIG = Ulleung Interplain Gap.

2-2. X2N&

=ouhle €2 €= 9o Jdd AHY 23 FHY $E= FX]o]tHYoon and
Chough 1995). &&5+Al9] A= gt OISRHE, St=TR], Q7] W3 9 de
Frof osf FHIH. S52Al AR U F2(2F 25 km oY) Fo] tiFau Uf&
oeH4~10") AMHZF ot QIokFig. 3-21). AR digSols d~5 WU wrt

oo 2 BT BT YAFEYIE wRstn Yk FEWIE Lot of 84 km

T

oo, ¥ SR oF 100 m ol rhFig. 3-21). AV Solore wetd 72}
Ao shiSo] o2 SUHL Q] o] GhERos FIHL B2 o] U Ao

HoltKChough et al., 2000). &5=X9 E7e 8= Fo] F2(9F 30~150 km)



&5t AP ehoksker 27 ojgho] AtHut skl QIoKFig. 3-21). 524 BYS
Bemoga 2AAlo] 71ojxX|1 &2 Interplain Gap g Eof] Y& EX|Q} AR}
ZowAl FHES HHoA= xRt Wshrlo] PEdE oiget MTDs7t FA4R

ERZGERAHOA 30 m Zlo] oju))o] x5t QtiChough et al., 1997; Lee et al.,

2004). ol2fgt MTDs+= 4ol 3t +28 Ho|u Ql}. SiAAMA AfEls AH~F5F
A, MEF  ElAE(debris-flow deposits)2 FHE~5HE AMH, 2]lu AEYE
BrgYo] Bxsty QItKFig. 3-21; Chough et al. 1997). MTDs9] olg|st B

W2 BAl FHES w2t SHRAME AL FHYfsAl WASI T AlElE A
stRregroz  MAdFet AEFR HolEeS  AAIgHHChough et al.  1997).
S5 SIAMAIA AR ORR|9E Aol Al7o)] A|Xlat ZtAaLshE sfie] Soll o)
oA WAE IS o2 sfAE] 1w 9tk Lee et al., 2004, 2010).

S5 A4 28e A7lo] ojel Aa wEe] Yo, o2 AT AE4 AhbE

-

Hoprt dofidthGamo, 1999 Kim et al., 1999). opx]af 17| 5t Fdlo] A5
Ata =0 gAeh Haprh itk Fo] ENEFY Astsl R uE SH= siewol
JAECE 120-130 m W2 OpX|9f ®lsh7lo] fata ASa E3YS RIAIITHOba et
al., 1999; Yokoyama et al., 2007). o]&{st A&4 FAMA ZHFL UlE SQlo] 9t
BSofl HEO] AR Qlsf 7¥st £3=3Hwater-column stratification)?t A% 917]
2o |tHGorbarenko and Southon, 2000: Yokoyama et al., 2007). 16~17 cal. kyr
BP RE et A5 ooz Qs AS54of Aas=rt F71s] ARSI Lee,
2007 Yokoyama et al., 2007). o|&{st AZ4 AtAxE0] ¥St= vIdoRd E|AF9]
Elj(bioturbated vs. non-bioturbated)o]] J3FS U|AF OO0, ¥FHAAA E|AE9] FHEj=
opA|eb &g ®YsHlast glacial maximum) o]0 574 EJAMAIZ] 7H] AJAJALR
ke )y 9t Tada et al., 1999: Bahk et al., 2000; Yokoyama et al., 2007).

2-3. At2 @ why
AR 47] SHAAM AERQF MTDsO] i, =2, Y&/F S5 ol izt
A 588 mels] YAl 71 ofg] Apr|olA =53t siARIY /MM ATR,

W AKside-scan sonar) &% At&, ®AT AtRe; V|E A=3o] ARt AME

olgstirt. AAY U AR Alei FHRS|UTE &Y G DAL ALYo]
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Jn

SF Hali&(13 kHz) t5d STFA7IEMIZS)E ol&sto =et Zlojn], ZHFA

FAbEE Ojsf@o] MR-1 AlABN(11~12 kHz)g o|&ste] 59 AtaolthLee et
al., 2013). 5[4 SIS ES Al LAY RANY /SHEs oty | &
JSHER| AR A L o] SRR SEALZ](2~7 kHz, sub -bottom profiler)S ©0]83}o]
slSgt Zlolch. MTDse] APMigH EReb BAIE 718 =29 A7 (Lee et
al., 2010, 2013, 2014; St=oliFpstr|=H, 2015; Cukur et al., 2016)5 o|&stct.
718 = AYolA MTDsS EHAAPIE S37 HAY Ao Sl SR
AN 2F3E 755 (Globigerina bulloides)2 "BE33t0] ZA381L 35t
A B4 BR R AMS MC 24 g Lee et al. (2010, 2013)0fA] AtopE 4
olct.

d

Ol'

Q_
=]

2-4. 47] SHAAIHALEfQ} MTDs E|& £7d-1]7]
2-4-1. LSRR AR Fun

S5 Al A5 FHEOA SHAATH At SHAT FARE=ZE SSiA]7] AlAfSHE
of 700 m Yt} 712 oA AL QI Rt AR Wiy o] AR EAS Bolu
QJtHFigs. 3-22 and 3-23). AtEj
Hop At 48 A 282 GAF SR C R AR Almer AYEUA SHAANH
71X ¥ (base-of-slope)7tA] UER}7| = SHHFigs. 3-22a and 3-23a). &ira ©9]
AR &Aolejole 7t e A2 Al(gully)o]l 44 1,200 mETh 712 X|SofA
w257| = QFcHFig. 3-23a). AFERZE FojubA] 9k AR Ho| ENEFOM F=2

JFdQkA UA EJAE(clay: >60~70%, sand: <1%)2 LAEo] 9ItHChough and Lee,
1987; Lee et al., 2004).

A2 =o|7} 50 m UPto] WAL 15~20 km?

ot

ol

re
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129" 5TE 130 0 130 0 130° 06' 1307 05" 1

Fig. 3-22. (a) Scoop-shaped slope-failure scars on the western slope of the
Ulleung Basin. Water depth in meters. For location of images(a), see Fig.
3-21. (b) A chirp (2—7 kHz) subbottom profile showing sedimentary
features of the scoop-shaped scars in cross section. Modified from Lee et

al. (2014).

ATHALERO A el MTDs EJ8AlE= AME Z71AROA o At 29 i8Rl
lobe ez Yehta QJtHFigs. 3-22 and 3-23). B¢ 37% ZX oA AZ7|(fan)
2eFe] A dsl AGAI(ULin deep-sea fan)’t SiA|AI=2] shFolA Fasiil
AthFig. 3-23a). o] AYA= s SHAAIS AtmolM H2 =5t JEHE Ae
FHet 2542 HEAcHFig. 3-23b). o] AAlE stEEdez Zol7b °F 5 km
Aol ALY Moz ghopich. 241 Alsl AMAE AlQstil UmA] gifge
MTDsE AFHZ|ABoA] Zol7b oF 2 km oJUi2 wfe 3julsh] @dwo] QchFig.
3-23a). o] MTDs+ Chirp AR5 AtmollA A AR5 of2{zd o= 2 FA7}

OR9 gfrhe Ze RSt
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aTooq) |

36°55'

129°

3 km

Uljin
Deep-sea Fan

Fig. 3-23. (a) Line drawings of scoop-shaped scars, gullies, and downslope
associated mass-transport deposits (MTDs) on sonar images in the western
slope of the Ulleung Basin. For location of images(a), see Fig. 3-21. (b) A
chirp (2—7 KkHz) subbottom profile showing a distinct fan-shaped
mass-flow deposits (Uljin deep-sea fan) at the base-of-slope. Modified from

Lee et al. (2014).

=11 Asl AR AR Ao FEsts AtE SR G0N HS5H
OEA=ZY AT EHAAZIE 24T B FHa of 6 d AREH AXIHA|
HAEZE Ayt B4 o] EhtA] 9i=THCukur et al. 2016). & AHollA =53
SR Aol HgRolA 5" FolgAEe MC AY BA Aart Yol FAIY
HAYTS 225 125ty opx|er yshr] ojsof EAH MTDs7} #ashs Zlo=z
siAgchFig. 3-24). ol2fgh SAS2 A SHAHOIAM TEEE AtTAE] 24
SAu st GARAI G0 Exst= MTDsE AR A7l A2 2 f/7F 2482

2 9188 X|A|stHLee et al., submitted).
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Fig. 3-24. Sedimentary facies of core sediments in gully axis and Uljin deep-sea

fan (Lee et al., submitted).

2-4-2. @SEX AR Fuy

228X ¥ FHE Aol A1 oF 250~1,000 m A|HoA AMFERZE THQIGHA
e Qlon], AR ~SHEAHOA st FEje] S|A1¥{submarine canyon)a}
22(channel)?t 9] UERA] &k QtKFig. 3-21). m2rA A1 9F 250~500 m
Ato]Ql E|AME Aol Z5F ZAANH(QF 4.0~10.3)S Holx t)}2o] AT woko] AlE)
X0l £ YEal tiFig. 3-25). Al 29 AlE £452 ZlolPt &4 70~80
m OJAlo]n], Zo] 2 km ©o]A}og WU} UflS = Holcl FSt o] BARECS At

stEoz SARIHA ARV AXPZIE sttt Al mge] Al &4 Yol FE7T
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e EpAld 2= wofl e EMAYF Uehile sithFig. 3-25). 441 of
350~400 m T} 70 ARolA] A7t Uofix] ke Aol e AE daFo] 70%
olfel WrUoky E|RE2 1AElo] 9i(Lee et al., 2004). ¥IEo] 34 oF 350~400

S
m Brp @S AWM AlEP} LoluAl ge Ade F2 PR EuR

Fig. 3-25. Shaded relief image (a) and a single-channel air-gun seismic profile
(b) showing gullied slope-failure scars on the upper slope of the southern

Ulleung Basin. For location of images(a), see Fig. 3-21. Modifed from Lee et

al. (2014).
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Fig. 3-26. Chirp (2—7 kHz) subbottom profiles showing hummocky-surfaced

mass-flow deposits on the southern middle slope (a) and sedimentary
features of mass-flow lobes on the southern lower slope of the Ulleung
Basin (b). For location of each profile, see Fig. 3-21. Modified from Lee et

al. (2014).
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Fig. 3-27. Sedimentary facies and '*C ages (arrow with number) of core
sediments in the southern slope and wester basin plain of the Ulleung

Basin. Modified from Lee et al. (2004, 2013).
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Fig. 3-30. Schematic diagram for slope-failure causes during sea-level lowering

Table 3-1. Relative importance of triggering causes for slope failures in the

study area

Primary Secondary
Earthquakes, Gas-hydrate dissociation, Sediment input (or

Sea-level change

sedimentation rate)
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Seismic reflection imaging of Quaternary faulting offshore the southeastern
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ABSTRACT: The Yangsan Fault System (YFS) is a dominating
tectonic structure in the southeastern part of the Korean Penin-
sula. The YFS consists of NNE-striking dextral strike-slip faults
that are traced to the southeastern coast of the Korean Peninsula.
We acquired high-resolution seismic profiles offshore the south-
eastern Korean Peninsula to investigate how the YFS extends offshore
and constrain the age of fault activity using stratigraphic inter-
pretation. The seismic profiles image near-vertical faults trending
NE to NNE that constitute a fault zone similar to a duplex structure
at a releasing bend of a right-lateral strike-slip fault. The faults are
interpreted as an offshore extension of the ligwang fault that is a
member of the YFS, Stratigraphic interpretation of seismic profiles
indicates that the offshore faults were activated repeatedly in the
Pliocene and Quaternary. The right-lateral activity of the llgwang
fault is consistent with the current stress regime in and around the

theastern Korean Py la that dictates the P-axis direction in
the E-W or ENE-WSW since the Pliocene.

Key words: seismic profiling. Hgwang fault, Quaternary deformation,
offshore fault zone

1. INTRODUCTION

The Korean Peninsula is part of the Amurian Plate and lies
across a back-arc sea behind the Japan Arc (Fig. 1). Instru-
mentally recorded earthquakes in the Korean Peninsula since
the beginning of the 20" century have rarely exceeded 5.0
in magnitude. Therefore, the Korean Peninsula has traditionally
been regarded as seismically stable. However, historical and
instrumental records suggest that the southeastern part of the
Korean Peninsula has been the region of frequent occurrences
of earthquakes (Kyung, 2010). A dominating structure in the
southeastern Korean Peninsula is the Yangsan Fault System
(YFS) consisting of NNE-striking Miryang, Moryang, Yang-
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san, Dongrae, and Ilgwang faults (Fig. 2a). These subparallel
faults, known as right-lateral strike-slip faults, were created
in the Paleocene (Ree et al., 2003). Of the faults of the system,
the Yangsan, Dongrae, and llgwang faults extend for more
than 100 km to the southeastern coast of the Korean Pen-
insula (Fig. 2a). The major right-lateral displacement on the
Yangsan fault occurred before the middle Miocene (Chang
etal., 1990; Chang and Choo, 1999), yet a group of researchers
has reported activity of the YFS in the Quaternary (Lee, 1985).
Lee and Yang (2005), based on age dating of the fault rocks,
suggested reactivation of the llgwang fault from 1,300 to
500 ka. It thus is important to identify the nature and structure
of Quaternary faults in the southeastern Korean Peninsula
related to the activity of the YFS, Understanding how faults
propagate, grow, and interact in a fault system is also import-
ant because they are primarily responsible for distributing
strain in the upper crust (Lamarche et al., 2000). Seismic
reflection profiling can provide subsurface images pertinent
to these purposes. Fault structure in the southwestern part of
the Korea Peninsula was investigated by land seismic profil-
ing (e.g., Kim et al., 2003; Kim et al., 2008). However, seismic
profiling has not been performed along two-dimensional
grid survey lines on land to address Quaternary activity of the
YFS clearly because the significant portion of the YFS runs
through either highly populated and industrialized areas or
inaccessible terrain, making it difficult to deploy data acqui-
sition equipment as desired. In addition, owing to the near-sur-
face weathered zone and seismic pulses with the frequency
content less than 100 Hz generated by land seismic sources,
high-resolution profiles of shallow structure immediately
below the surface are hardly obtained in land areas.

In this study, we collected high-resolution seismic profiles
offshore the southeastern Koran Peninsula where the YFS
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The NNE-trending dextral Yangsan fault is a = 190-km-long structure in the Korean Peninsula traced to the south-
eastern coast. The scarcity of Quaternary deposits onland precludes any detailed investigation of the Quaternary
activity and structure of the Yangsan fault using seismic reflection profiling. We acquired offshore high-resolu-
tion seismic profiles to investigate the extension of the Yangsan fault and constrain its Quaternary activity
using stratigraphic markers, The seismic profiles reveal a NNE-trending fault system consisting of a main fault
and an array of subsidiary faults that displaced Quaternary sequences. Stratigraphic analysis of seismic profiles

Ki rds:
53,“:11 profiling indicates that the offshore faults were activated repeatedly in the Quaternary. The up-to-the-east sense of
Yangsan fault throw on the main fault and plan-view pattern of the fault system are explained by dextral strike-slip faulting.

Quaternary deformation
Offshore fault structure

The main fault, when projected toward the Korean Peninsula along its strike, aligns well with the Yangsan
fault. We suggest that the offshore fault system is a continuation of the Yangsan fault and has spatial correlation

with weak but ongoing seismicity.

© 2016 Elsevier BV, All rights reserved.

1. Introduction

The historical and modern instrumental records of earthquakes in
Korea highlight frequent seismic activities in its southeastern part
(Choi et al., 2014), although instr Ily recorded earthq rarely
exceed 5.0 in magnitude, The southeastern part of the Korean Peninsula
is dominated by the Yangsan Fault System (YFS) comprised of the
Miryang, Moryang, Yangsan, Dongrae, and llgwang faults all with a
NNE-SSW strike (Fig. 1). Recent dating of fault gouges and trench sur-
veys showed evidence for late Quaternary activity of the YFS (Lee and
Schwarcz, 2001; Kyung, 2003). Consequently, the wealk but relatively
high seismicity in this region of the peninsula is inferred to be related
to the activity of the YFS (e.g, Lee, 1985; Ree et al,, 2003).

It is important to identify the nature and structure of the faults that
deformed Quaternary sediments in addressing their activity in the zone
of the YFS because Quaternary faults have potential to be the sources of
earthquakes (e.g., Bianca et al., 1999). Understanding how those faults
propagate, grow, and interact in a fault system is also important because
they are primarily responsible for distributing strain in the upper crust
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(Lamarche et al., 2000). However, the study of YFS activity on land by
means of seismic reflection profiling is difficult because (1) Quaternary
deposits occur scarcely in the Korean Peninsula, largely restricted to
small streams and valleys (Kyung, 2003}, (2) a significant portion of
the YFS is traced in either highly populated and industrialized areas or
the rugged terrain, (3) near-surface erosion and weathering make it dif-
ficult to image Quaternary shallow structure immediately below the
surface, and (4) land seismic sources for shallow structure such as a
hammer, weight drop, and a shotgun do not generate high-frequency
seismic pulses that enable high-resolution profiling.

In contrast, marine seismic reflection profiling is well suited for im-
aging fault structure in shallow sedimentary layers because (1) surficial
sediments deposited in the sea are normally fully saturated with water;
thus they do not generate a near-surface weathered zone as on land and
(2) high-resolution seismic profiles can be obtained using seismic
sources such as a boomer and a sparker that can generate seismic pulses
with frequencies much higher than 100 Hz. Therefore, high-resolution
marine seismic profiling of Quaternary sequences has been widely
used to map in detail fault structure (e.g., Barnes and Audru, 1999), eval-
uate fault displacement rates (e.g., Lamarche et al,, 2006), identify the
offshore continuity of onshore faults (e.g., d'Arcemont et al., 2014),
and derive direct palecearthquake records (e.g., Pondard and Barnes,
2010).
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Abstract - Hacundae Beach represents Korean pocket beaches
that are currently erosional and dominated by summertime typhoons.
The decadal wave characteristics 9 km offshore of Haeundae
Beach were analyzed using the WAM model that was validated
through the 2007 wave observations. The wave statistics modelled
for 19792007 indicates that the seasonal mean significant wave
height (H,) is highest (0.6-0.7 m) in summer due to typhoons, in
contrast to the lowest (around 0.5 m) autumn analog. The wave
direction is also pronouncedly seasonal with the principal bearings
of SSW and NE in the summer and winter seasons, respectively.
The WAM results additionally show that the H, has gradually
increased over the region of Haeundae Beach since 1993. Beach
profiling during June—November 2014 shows the opposite processes
of the typhoon and fair-weather on beach sands. During a typhoon,
foreshore sands were eroded and then accumulated as sand bars on
the surf zone. In the subsequent fair-weather, the sand bars moved
back to the beach resulting in the surf-zone erosion and foreshore
accretion. A total of 5 cycles of these beach-wide sand movements
yielded a net retreat (up to 20 m) of the shoreline associated with
large foreshore erosion. However, the surf zone only slightly
accumulated as a result of the sand cycles. This was attributed to the
sand escape offshore from the westernmost tip of the beach, The
present study may provide an important clue to understanding the
erosional processes in Haeundae Beach.

Key words - beach process, wave, typhoon, bathymetric profiling,
WAM modelling, Haeundae

1. Introduction

Beach erosion occurs preferentially on a developed shoreline
with artificial structures. These structures inevitably induce

*Corresponding author. E-mail: heeleei@ kiost.ac.kr

sand redistribution such as harbor siltation as well as beach
erosion. Furthermore, river-runoff diminished by developments
may reduce sediment discharge into the sea and thus the
total volume of beach sand. Even though various measures
of mitigation and restoration against beach erosion have
been proposed, their low performance can be attributed to
incomplete knowledge about beach processes (Komar 1998;
Davis and FitzGerald 2004; Sorensen 2010). For instance, it
is virtually difficult to observe morphodynamical interactions
between the beach and nearshore that take place via sand-
bar formation and longshore drift. Therefore, the simulation
of these interactions still remains a daunting challenge to the
field of numerical modelling (Holman and Sallenger 1993;
Plant et al. 2001; Ribas 2003). In addition, sea-level rise
associated with global warming may play a considerable
role in beach processes as the result of a probable increase in
the intensity and frequency of storms and typhoons (IPCC
2013). Despite these difficulties and complexities in beach
studies, geological observations on morphology and sediments
may provide a generalized, qualitative assessment for beach
processes. In this context, the cause-and-effect relationships
between coastal developments and beach erosion could be
practically addressed with combined hydrodynamic and
geological examinations.

Most Korean beaches have also suffered from erosiontoa
varying extent in the last decades (MLTM 2010). A number
of construction projects involving harbors and seaside roads
have been regarded as a major cause in the erosion of particularly
large, straight beaches in the eastern coast of Korea. Local
and central governments have attempted to resolve this nation-

) Springer
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Abstract. Full waveform inversion (FWI) is a method that is used to reconstruct velocity models of the subsurface.
However, this approach suffers from the local minimum problem during optimisation procedures. The local minimum
problem is caused by several issues (e.g. lack of low-frequency information and an inaccurate starting model), which can
create obstacles to the practical application of FW1 with real field data. We applied a 4-phase FWI in a sequential manner to
obtain the correct velocity model when a dataset lacks low-frequency information and the starting velocity model is
inaccurate. The first phase is Laplace-domain FWI, which inverts the large-scale velocity model. The second phase is Laplace-
Fourier-domain FWI, which generates a large- to mid-scale velocity model. The third phase is a frequency-domain FW1 that
uses a logarithmic wavefield; the inverted velocity becomes more accurate during this step. The fourth phase is a conventional
frequency-domain FWT, which generates an improved velocity model with correct values. The detailed methods of applying
each FWI phase are explained, and the p d method is validated via numerical tests with a SEG/EAGE salt synthetic
dataset and Gulf of Mexico field dataset. The numerical tests show that the 4-phase FWT inverts the velocity correctly despite

the lack of low-frequency information and an inaccurate starting velocity model both in synthetic data and field data.

Key words: 2D, acoustic, frequency, full waveform inversion, Laplace.
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Introduction

Full waveform inversion (FWI) is widely used to accurately
determine the properties of subsurface materials. This approach
impl an optimisation method that minimises the residuals
between the observed data and modelled data. After Lailly (1983)
and Tarantola (1984) suggested the back-propagation method,
many studies continued this area of research for the practical
application of FW1 in the time domain (Gauthier et al., 1986;
Mora, 1987; Crase et al., 1990; Bunks et al., 1995) and frequency
domain (Pratt et al., 1998; Sirgue and Pratt, 2004; Shin and Min,
2006; Brossier et al., 2009). However, several problems exist in
the application of FW1 to field seismic data, specifically, the lack
of low-frequency information, the existence of unwanted noises,
and the absence of an accurate starting model. These problems
increase the nonlinearity of the inverse problem and worsen the
local minimum issue.

Several frequency selection methods have been suggested
to mitigate the local minimum problem. Bunks et al. (1995)
suggested a multi-scale strategy for time-domain FWI that

juentially uses freq ies from low to high to mitigate the
nonlinearity problem. B I Juency components are
less prone to cycle skipping than high-frequency components,
this method can the nonlinearity of the inverse
problem to a certain degree. Sirgue and Pratt (2004), Brossier
et al. (2009) and Kim et al. (2011) also applied the multi-scale
strategy of Bunks et al. (1995) to frequency-domain FWI
but could not effectively solve the problem of local minimum.
However, Sirgue and Pratt (2004) suggested an effective frequency

Journal compilation © ASEG 2017

selection method that is based on t for freq y-
domain FWT and used the selected frequencies sequentially from
the lowest frequency to the highest frequency to avoid the local
minimum problem. They designed the selection method to
avoid the wavenumber redundancy, thus only a small number
of frequencies are selected for the FWI. This method cannot
properly invert velocities for complex geometry or if the starting
velocity model is far from the real velocity model because it does
not use sufficient frequency information. Brossier et al. (2009)
performed frequency-domain FWI in elastic media using a
frequency grouping method. These authors selected frequencies
using a frequency selection method that was suggested by Sirgue
and Pratt (2004) and divided the selected frequencies into several
groups. Thus, these researchers simultaneously used frequencies
in the same group to perform frequency-domain FWI. This
method has the advantage of inverting the velocity if the
geometry is complex and unwanted noises exist. Kim et al.
{2011) compared the discretisation (Sirgue and Pratt, 2004),
overlap grouping (Bunks et al., 1995) and individual grouping
(Pratt, 1999) frequency selection methods and showed that
the individual grouping method yielded the best result. The
individual grouping method is similar to the frequency grouping
method that was suggested by Brossier et al. (2009) but modifies
selected frequencies to use additional frequency information to
obtain a better result.

Those studies used extremely low frequencies or a starting
model that was close to the true model. However, most field data
donot contain frequency inft ion below 4-5 Hz. Low-frequency
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ABSTRACT

Jun, H., Jin, H. and Shin, C.5., 2017. Application of efficient frequency-domain full waveform
inversion using time-domain encoded simul Journal of Seismic Exploration, 26:
141-169.

Full waveform inversion (FWI1) is used to determine accurate subsurface velocities through
recursive calculation, FWI needs ive computation; therefore, reducing the computational cost
while inverting for an acceptable result is important for the practical application of FWI.
Frequency-domain FW1 has the advantages of selection of certain frequency components and reduced
computational time because of the use of a matrix solver, which solves many sources simultancously
through one matrix factorization. However, the size of the matrix increases exponentially with the
size of the computational domain and the number of parameters. The efficiency of frequency-domain
FWI decreases in 3D FWI because of limited computational memory. To enhance the efficiency of
frequency-domain FWI, time-domain modeling with a simultaneous source was exploited in this
study. Although the time-domain modeling scheme is one of the most efficient methods for
performing 3D frequency-domain FWI, it still requires time-marching for every source. However,
the efficiency can be greatly improved by using the simultaneous source method. Moreover, this
method is not limited by the amount of memory required because the time-domain modeling scheme
is a matrix-free method. To suppress the crosstalk noise in the simultaneous source method, we use
random phase (RP) encoding, random time delay (RTD), and the partial-source assembling method.
The nonlinear conjugate gradient method (NLCG) is also used to accelerate the convergence speed.
To validate the efficiency of the proposed algorithm, a numerical test is conducted using the 2D
SEG/EAGE overthrust model and shows that determining the appropriate balance between the
computational cost and the quality of the result can improve the efficiency of the encoded
simultaneous source FWI(ESSFWI). The 3D numerical test also verified that the proposed algorithm
enhances the computational efficiency and guarantees the quality of the inverted result,

KEY WORDS: time domain, frequency domain, full waveform inversion,
encoded simultaneous source.
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The Ulleung Basin, East (Japan) Sea, is well-known for the occurrence of submarine slope failures along
its entire margins and associated mass-transport deposits (MTDs). Previous studies postulated that gas
hydrates which broadly exist in the basin could be related with the failure process, In this study, we
identified various features of slope failures on the margins, such as landslide scars, slide/slump bodies,
glide planes and MTDs, from a regional multi-channel seismic dataset. Seismic indicators of gas hydrates
and associated gasffluid flow, such as the bottom-simulating reflector (BSR), seismic chimneys, pock-
marks, and reflection anomalies, were re-compiled, The gas hydrate occurrence zone (GHOZ) within the
slope sediments was defined from the BSR distribution. The BSR is more pronounced along the south-
western slope. Its minimal depth is about 100 m below seafloor (mbsf) at about 300 m below sea-level
[mbsl). Gasffluid flow and seepage structures were present on the seismic data as columnar acoustic-
blanking zones varying in width and height from tens to hundreds of meters. They were classified
into: {a) buried seismic chimneys (BSC), (b) chimneys with a mound {SCM), and (c) chimneys with a
depression/pockmark (SCD) on the seafloor. Reflection anomalies, i.e., enhanced reflections below the
BSR and hyperbolic reflections which could indicate the presence of gas, together with pockmarks which
are not associated with seismic chimneys, and SCDs are predominant in the western-southwestern
margin, while the BSR, BSCs and SCMs are widely distributed in the southern and southwestern mar-
gins, Calculation of the present-day gas-hydrate stability zone (GHSZ) shows that the base of the GHSZ
(BGHSZ) pinches out at water depths ranging between 180 and 260 mbsl. The occurrence of the up-
permost landslide scars which is below about 190 mbsl is close to the range of the GHSZ pinch-out. The
depths of the BSR are typically greater than the depths of the BGHSZ on the basin margins which may
imply that the GHOZ is not stable. Close correlation between the spatial distribution of landslides,
seismic features of free gas, gas/fluid flow and expulsion and the GHSZ may suggest that excess pore-
pressure caused by gas hydrate dissociation could have had a role in slope failures.

© 2016 Elsevier Ltd. All rights reserved.

* Cor ling author. 124 G

1. Introduction

Submarine landslides and sediment gravity flows play an
important role in shaping the morphology of modern continental

g-gu, Korea Institute of Geo- margins. Individual landslides comprising hundreds of cubic kilo-
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meters of material have been reported both in active and passive
margins worldwide (Gee et al., 1999; McAdoo et al,, 2000; Vanneste
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ARTICLE INFO ABSTRACT

Keywoards: Three successive Fliocene MTD units (M2 M3, and M4 in ascending order) in the Ulleung Basin are char-
Submarine landslides acterized by i strong-ampli gative basal reflections with transparent to chaotic internal seismic
Mass-transport deposits facies. Mapping of these MTD units in a dense 2-D grid of seismic reflection data reveals that each MTD unit
Mass-transport processes generally thickens upslope to a maximum of 113 m and wedges out d lope against a str 1y uplifted
Ulleung Basin pre-existing surface. Although the source failure scars cannot be traced on the slope, the minimum runout
distances of the MTD units from the base of the upper slope near the 1000 m isobath are estimated to be =
120 km.

Each MTD unit is characterized in the logging-while-drilling (LWD) data by a gradual increase in bulk density,
P-wave velocity, and resistivity values at the basal part and an abrupt decrease at the lower boundary. Nine
sedimentary facies are identified in the MTD units, which indicate a variety of mass-transport processes such as
sliding with brittle to plastic deformations and high-to low-viscosity debris flows. Vertical distribution of sedi-
mentary facies shows a repeated generalized pattern in all MTD units. The pattern is interpreted to represent
initial deep failures involving sand.p lidated sedi near the shelf break and successive shallow
failures involving soft h 2 that were deposited in a deeper downslope area. The
presence of sand-p dep accounts for the hasal densification and strong-amplitude ne-
gative basal reflections, Absence of such sand-prone basal parts in MTDs at other locales implies unpredictability
of lithologic characteristics in MTDs with similar seismic reflection signatures.

muddy

1. Introduction (Masson et al., 2006; Locat and Lee, 2009; Papadopoulos et al., 2014).

In order to estimate tsunamigenic potential of MTDs, it is eritical to

I ine landslid

are rec d as one of the primary sedi-
mentary processes which shape the seafloor topography and strat-
graphic architectures of both passive and active continental margins
(Locat and Lee, 2002; Hiithnerbach et al., 2004; Lee et al., 2007; Urgeles
and Camerlenghi, 2013). They result in a variety of styles of mass

understand post-failure processes to constrain initial acceleration and
failure mechanism (e.g., single- or multi-stage failure), in addition to
their volume and initial water depth (Harbitz et al., 2006; Masson et al.,
2006). Understanding the mass-transport processes and physical prop-
erties of MTDs is also important for proper modelling of deep-water

transport deposits (MTDs) which may invol | up to th d
of km® and runout distance of many hundreds of km. These deposits are

generally much larger than subaerial P ine
also have the potential to induce hazardous tsunamis in coastal regions

=G ing author at: of O

reservoirs. MTDs often form top seals or conversely can form
l:onduus for focused fluid migration through internal fractures or faults
(Yang et al.,, 2013; Alves, 2015).

Mass-transport processes of submarine landslides have long been
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