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29: 2016 BFAZT} 2017 EFA o] F AAS o] ool hFHH FE o] 23 LATFo etk 2ARE 314
A A7 olofA a1 Qlek. MR Aol e AFHGES 2 s Al47] DG5S ZHURE o2 -T2 ARE T, A7l o)
FHE AEE AP T2 EF IA K] it FR AHE AT 5 Ao AN QAEHAF T2 AN o7t W
2 Q13 ]2 B A=t A E TS HE TR0 HES FERt A7 BAYA7 e g, A9 A2
o Age YAE TR A o2 AAE 4= itk ALY AP T2 ARG Hsf Fe FRME FHEHH FA olF
BE 770l Eot sfefolis A1 719 QLHAUFPFZE o837 th9] A7 AP H o, =9l B¢ B A7 7
E3HdgolTt. oWl Aol A Ax AR AHF T2 e 2 AT S vhefshar, A 24 HAF =
ARZE Q7Y E o) ATkl o] Absf ]| (Dead Sea Basin) ¥k 29| 919] 5 ET3(Concud Fault) o] AR E A48t} dhite 12|70 A
7ol 28 7hs/dS BT ol=% A7 i) SUl BAES Al ASHrd Eok FEet uA 7 Aok XA s H 7t
o E5s & A2 7|ddr

FR0{: X|TIRHH, DXIE, XY AREIHHALE(SSDS), A2+

ABSTRACT: Following the 2016 Gyeongju and 2017 Pohang earthquakes, the importance of preventing earthquake disasters became clear,
leading to widespread investigations of active faults and paleoearthquake studies throughout South Korea. Paleoseismic research utilizes
various geological structures, including surface ruptures, and one such structure is seismically-induced soft-sediment deformation structures
(SSDS). These structures are formed when unconsolidated sediments lose their shear strength and undergo deformation due to liquefaction,
rendering them susceptible to deformation even under minor stress. SSDS can indirectly indicate the timing, recurrence interval, magnitude,
and epicenter of the triggering earthquake. Compared to surface ruptures, SSDS can form under events of lower magnitude events and are
more likely to be preserved. However, studies on Quaternary seismic SSDS in Korea remain limited. To explore the potential application
of these methodologies to paleoseismic studies in the Korean Peninsula, this study analyzes case studies from the Dead Sea Basin in Israel
and the Concud Fault in Spain, where in-depth quantitative analysis and borehole investigations of seismic SSDS have been carried out. The
application of these research methods to domestic active fault investigations is expected to enable more precise paleoseismic studies and
enhance earthquake hazard assessments in South Korea.

Key words: earthquake hazard, paleoearhquake, seismically-induced soft-sediment deformation structures, case study

Copyright © The Geological Society of Korea 2025


https://crossmark.crossref.org/dialog/?doi=10.14770/jgsk.2025.010&domain=https://jgsk.or.kr/&uri_scheme=http:&cm_version=v1.5

190 YT & 2

1TLME

2016 AFA A3} 2017 ZAREL 7|H o7 xR 2 %
Ao et =914 T =7} okl FA o 2| A A 3)
el da/do] diFEH A ZEE thFe= 1A X (pa-
leoearthquake) A7} s] =3 =31 Uk 2HA 2|79
O3] WA X Ful < (surface rupture)?] 7|15 iAo 2
F2 dFEgen, T3l o3t G437 AFHI AN
Foll 8l FAE v|E FHHEY HFFE £ 1A
BEE AT & 5 JeBz ol BHEH A7 -9
thse] Aol ofaf 4= {cHGrant and Sieh, 1994;
Fumal et al., 2002; Tuttle et al., 2002; Galli et al., 2008;
McCalpin, 2009; Obermeier et al., 2009; Kim et al., 2017,
2020; Lee et al., 2018; Sawai, 2020).

A )& HE L2 (soft-sediment deformation structure;
SSDS)= Edut4 % Bt A%o) nnz Hago] W
| 722 ojulshel, WHS $U Ao 1AL 1 o|F
A7 A (seismically-induced) SSDSE} gt} X214 SSDS+=
dutd oz 2|75 ofs WSk MAtSh(liquefaction)
g ofof HbE A K fluidization)o]] &Js Y= w, 1]
14 EAEY ATt asto] HArH A S0
U B A A Y Ei= 55 Zpo)op 22 mi-9- 2h2 3]
of o= HEYFLZ7F FAJEHOwen et al., 2011).
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SSDS+= EA 27 A7)0l Fd= 2= X]%1/d SSDS
9] 73 S Fet ARG A 7o AT,
ASFAXE A o= AA1S 4= QUek E3, A 7214 SSDS
= Yl E Fdoht A B ES WAYA7)A] Y= R S o]
A AP EE AF3 & o o, A3 offol| A FA
S SA4 AEHAA TS BAREY GFoL
H AdFoz 52 BE 7FsAE EtHMcCalpin et
al., 2023). WabA], Z]X1/d SSDSe| thet A= E|&&A]
o) drg WA B E A2 5 F2 AT T
AE A zlo|gE olsfish= A2 B2 A4V E4ES H A
A3l 7o = f-&-5tet FHE A|47] S-S AL
Al A1%1/d SSDS A+7F H3E of oL oheket 127 A
HE JESH 5= 92 Aoz 7 EtHOwen et al., 2011;
Ghim and Ko, 2019).

AA7tA) T AR A4 SSDS(E 1) A7)

BB o A wops) o] AR ASH webr] 28R4
ool it ool vls) AY] A% AYHAHBLRE
AgtA o7 HE3E Agfolrh 2017 ZFA|X FA| A}
of 2oJ&f T3t ®al|$iKsand volcanoes)(Ghim ef al., 2018;
Lee et al., 2018)2} %3}7) o] wherah sfebeiol 4wt
2ot B3] (convoluted lamination) @} S} E3(water-
escaped structres)7} A-E vl 9Jom(Lee ef al., 2014; Ghim
et al., 2020), Y¥ EAX] ZA A X F2ET} §7) B3

Table 1. List of earthquake-induced soft-sediment deformation structures reported in Korea.

Geologic

age Location Formation SSDS References
. slump fold, syndepositional fault, envelope Ko et al., 2015,2017;
Gyokpori Fm. 1 cture Byun et al., 2019, 2021
B U - -
uan . ball-and-pillow, boud}n, clastic dyke, fault, Ko et al., 2015;
Beolgeumri Fm.  fold, load structure, rip-down structure,
Byun et al., 2021
water-escaped structure
Busan Dadaepo Fm. convolute fold, slump structure, dish-and-pillar Kang et al., 2010
structure, syndepositional fault
Cretaceous Geoje Seongpori Fm. load strugtgre, clastic dyke, pillar structure, Kang et al., 2010
syndepositional fault
. . Chough and Chun, 1988;
Haenam  Uhangri Fm. rip-down clasts Byun et al., 2021
earthquake-induced crack Ahn and Paik, 2004
Sacheon  Jinju Fm. ball-and-pillow structgre, syndepositional
fault, small-scale fold, isolated sand block, load Lee et al., 2010
structure
irregular laminations, compacted laminations
in the hinge zone, asymmetric folds of the Lee et al., 2014
foreset bed, water-escaped structure
Quaternary  Pohang

sand volcanoes (2017 Pohang Earthquake)

Ghim et al., 2018;
Leeetal., 2018

water-escaped structure

Ghim et al., 2020




7)1 = 3l the.g., Cheon ef al., 2020; Song et al., 2020;
Kim et al., 2022).

weha] o Ato A= 1) SSDS9| oo} AHY, HE
Al 9 APIAS 2HFsHA A s, 2) AZ14d SSDS
O] mA|XIEHA ojuje} A ATE B8l L AT
A-HS AABHTE o] & F38l AR SSDSE ©]-8-3t
IAA @] oJojel ade 2HstaL, IolA9] 2

o

SSDS+&= A& ZA A EFIHY Folut E]F A5 u|a
2 JH 9] Bl & Eof sk HE 2o]thAllen, 1982).
o2 AFollA SSDSO| E77]E ool thet =217} o]
oA ko, SSDS= FEfe}t =7, A Qlofl wht vt 83
L zr=t) & A Q] SSDSZE = 315F-Z(load structures),
Ewl7] JLZ(water-escaped structures), W& (F)Z2(con-
voluted beddings/laminations), €& JLZ(slump struc-
tures) 5] ATHZH 1)(Allen, 1982; Maltman, 1984; Owen,

Convoluted beddings

I — e TSIV e

Ball-and-pillow
structures

Simple load structures|

A
[Pendulous load structures|

C s N

Dish-and-pillar
structures
Plastic intrusion

Flame structures|

Injected clastic dyke]

Autoclastic breccias

Fig. 1. Schematic diagram illustrating examples of earthqua-
keinduced soft-sediment deformation structures. (a) Slump
structures where convoluted lamination and recumbent folds
are developed. (b) Various load structures, including simple
and pendulous load structures, ball-and-pillow structures, and
diapirs. (c) Water-escaped structures like dish-and-pillar struc-
tures, flame stuctures, and autoclastic breccias. Sand volca-
noes, along with an injected clastic dyke and flame stuctrues.
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1987; Rodriguez-Pascua et al., 2000; Montenat et al.,
2007; Van Loon, 2009; Owen et al., 2011).

2.1. SSDSO| H& I it H Il

SSDS+= & Ul(trigger), & 7|2 deformation mech-
anism), H& 52 (driving force)o] &3l FAAHT HIFY
2 2|7, T4, 2um] e} o] B|A e We|RA o= vt
Aot A AshA A e 2 WE 7|2k frdiich |7 A
n)13 EAEY ARAE=E A= 713 e = A}
o FAIEL tiEAQ1 WF 7| Ztolt. HE 7] &t LAYt
BAE2 HAAAE Aot 2k Zo, shF Ao =
I 22 Wi A2 Fofl siM e HEg o] EE = 3l
om, o)e} Zro] P dov|= e HIFFHolar 3t
th &, 2|7 59 HE ddlo] Wt A 22 W)
ZhE FEA7IH, 0]ek F Ao ME5Eo] 283 SSDS7t
FHA =t Owen, 1987; Obermeier, 2009; Owen et al., 2011,
Ghim and Ko, 2019).

HEP LS =&k oA Y 2]l (endogenic
trigger) ¥} EJ2|2H7 0] B4 2-ga} F7E 2 Ql(exogenic
trigger) 2.2 LE3 4= QItHVan Loon, 2009; Owen ef al.,
2011). A& 50 T 24282 E 22 YollA EA
I Fol WAYsh= A FZHE o2 YA URle s BRS¢
Rom, Aoyt TASE 52 FYeE ERIATh
=y 2Um A Y EA 2 e ftof FAlo G 1A
£ A9E Eqgc Ea AYYe ¥ 29} Zon)
o] Slol ciaket MR Yelo] ZAJTTHSuter ef al., 2011;
Shanmugam, 2017).

2.2. XIZIE SsSbs
ne] Wyglelo] F2at AWakA A R AW
she} 1 E]7] Tho] SSDSE ol ato] MHULLS 773
313} SR B A7) ol 2oiA gtk Bal X1o] e
@95 SSDS, % X4 SSDSE AR o] BTyt
wAE A= 4 gEo] IA Aol &8 3
o B2 TS Tk
A X178 SSDS&} frAlRE o= 2|7 Y(seismite)o]Zh=
&7} ALE7 = SHHT. ARG AT sf HMF
H EHHFE oulsh= A4 gojolti(Seilacher, 1964).
ol% e elnl7} SgElo] A BaAH NATZE B
Aot= Fo| 2 AMEE7] %= 519 2 W Montenat et al., 2007)
AUl ofn] gHgof] whE E-8 HP A 29 284
Aol XA =7 = sFH T Wheeler, 2002; McCalpin, 2009).

2.2.1. XIXl1 SSDSO| -
A7 SSDSE BABHE SHEH WP |Zell



192 YT & 2

ZIKAl .
S

OIS A

[} | OcT

Table 2. List of representative triggers responsible for the formation of soft sediment deformation structures.

Trigger References
Sims, 1975; Audemard and De Santis, 1991; Obermeier, 1996; Alfaro et al., 1999; Moretti et al., 1999;
Earthquakes Rossetti, 1999; Jones and Omoto, 2000; Moretti, 2000; Tuttle ef al., 2002; Wheeler, 2002; Moretti and
Sabato, 2007; Owen and Moretti, 2011; Ezquerro et al., 2016; Lu et al., 2020; Molenaar et al., 2022
Flogd and r.apld Lowe, 1975; Postma, 1983; Li et al., 1996; Moretti and Sabato, 2007; Owen and Moretti, 2008
sedimentation

Glacial activities Gruszka et al., 2016

Karstic process Moretti et al., 2011
Meteorite impact
Storm wave
Tidal activities Greb and Archer, 2007
Tsunami

Volcanic activities

Groundwater

. Massari et al., 2001
upwelling

Cheel and Rust, 1986; Lee and Phillips, 2008; Denis et al., 2009; Van Loon and Pisarska-Jamrozy, 2014;

Warme and Sandberg, 1996; Simms, 2007; Velasco-Villareal et al., 2011
Dalrymple, 1979; Eyles and Clark, 1986; Molina et al., 1998; Alfaro et al., 2002; Chen and Lee, 2013

Alfaro et al., 2002; Matsumoto et al., 2008; Meshram et al., 2011, Sarkar et al., 2011
Douillet et al., 2015; McLean et al., 2016

stet fAIS7E et WS vl E5Eo] HAAH
A&t @Aolch A|zlo] WAt 2|52 wet AT
o] Mute|11, =&5HA v gEo] W v d EAEY ¢
Azo] 2LsHA AuigEct ol 3= Fuj7} Fast
1, 71 32 §8 59 FAY ZAY AA EH
=5 FAI71A "ok 2 23 AR} Aol FFof sl fA
Hd A= A wet vk AAAE AFSHA
&1, o] & WAFSlet gt AL A EjRES WY
of] Fokzt ezt Hlof Zh2 3o WE 27t IRttt
FrAIZH Ag3tol| ol WS T dlastr] sk
I=7H | EAE @A o] Fdts AL R 7|EY
B 7z} 228 HEPA]ZITH Ambraseys and Sarma, 1969;
Lowe, 1975; Obermeier, 2009; Owen and Moretti, 2011; Ghim
and Ko, 2019).

et fAIske EHEY S8 o B IF
= W=th 4=7F 2HE AEA ANFE Bl 27 Aol
oA Z dojum, sl AESH 22 55530 1L
3 uf FF5Uo] AA A3t 7hsAdol wobxlt) ERE
EHEY 244 A, 3%, YA BY TE I 7A =
Ao Z d#HA QtHMcCalpin et al., 2023). o] 2= X
Zol =ETE, A5kt 22F, o|dd A=
YA oS A AT E dojuh= AR o
Z It Owen and Moretti, 2011; Ghim and Ko, 2019).

2.2.2. XIX14 SSDSO| =

okJof| A 44 914 753t i E & ¢l X214 SSDS+= 1
g 13 2} g5 59 S84 A2 AR M= 9 e}
2| eke] At A Q1 Ao whel HEP 7| %t HE 5 9] zjo]

7HIAE 4= glom, T Au F Yt XX YA = ok
3t £39] SSDS7} P A EthMolenaar ef al., 2024). ©]&
o 104 SSDSE AAMETRY AT TRE T2
Fth(Montenat et al., 2007; Berra and Felletti, 2011).
AgHF 2= DA(D)TE, €HE £, 3T,
A7) (plastic intrusion) S-0] &3FCH Y 1a, 1b). T
(DFEETH la= A8 w9 F7F EdstA 53R
I FofXl P =, Al gt Aehe, AU = ufj(reverse
density gradient) 5 ThRH HEEY U o] 59| EHAQl &
ol sl FETE 9= F2(TH la)ys BAPHA T
AT HAE) A2 2] SRFEI ALt W]
Z Ajolo] W Ao, The APAYFE} A v
7] &= $FcH Alsop and Marco, 2011; Owen et al., 2011).
ST Z2(H 1b)= AR A AR Uk 2jo]
Aol B, AT o) 2ETRe) YR Wl
Sl Zpolof| ojsl F/JEth HE Ao wht ot FE

(simple load casts, pendulous load casts, attached pseudo-

L =
- O

nudules, detached pseudonodules, ball-and-pillow structure)
Z YEPATtHOwen, 2003). 2A4BA(3H lo)2 FAISHl
= A7 won, Fejof wat Ewkd -, AL}
715-Z(dish-and-pillar structures), S2rZ(flame struc-
tures) $-0.2 BRIk Ea 44 Blo] 49 A5 S
HA oyt ] FEj= EEstAY, A&7 =26t
o] R3S FAJ5)7] = SHoH(Berra and Felletti, 2011).
FARARG Tzl = 244 Al(clastic dyke)TH A7Hf A
A Z+2 h(autoclastic breccias)5o| ATHIH 1c). 2444
gue oz} §AISE Lol HaBo] ot whE
& wet 422 o F o] AT, 2] mestS I




X317 %= Sl (Lowe, 1975; Sieh, 1978; Nichols ef al., 1994;
Obermeier, 2009). AF7FAA] 2= 9L 2|2 of 93] w4y
w3 7 Tk Alolo] olael Wl fAskE B4 o)
2 ¢ A & AdE ch(Berra and Felletti, 2011).

2.2.3. HYRIQI0| 2H

SSDS 9] HEP Al 242 Tgt FH| 2 EATto] ofy
o S5 AR 52 A A 3 5
FHoz ne) AT W14 WPELE SSDS
st B33 olF HA3e A, ot 130
2 54 Zpol 2 BT 4 glovt W UAS YA B
o] Brhs it Ea SSDSY Hes WA U
71ate) g A WRYgle] e WYy bﬁ_fﬂ
7)Zo] Zrow =A% SSDS7F FAE 4= Itk Suter et
2011).

Qo Hapy 544%
£ 24T the MFTEY
1018 Bty 716}@1 7
=5 uhal o2 HRAUlS 2
2011; Moretti et al., 2016).

A A Q] HEYlo] X7l A
7121 152o] mhelsio} ick A%

l

ol)l‘

(e

e

oh

§ =1z 259l o
Mg B3 A W
Po:*é"l & HEAdS
(19 2)(Owen et al.,

Oﬂl
\IHE

nﬁ

e

o

3% o123 2
de AdE gio2 ge
L ] o

o] e A S 2 e, 2) 4 ﬂawoﬂ
A AP WS AR, 3) AW BFORTE 2
Al vz, 4) MRTE FA FAIS) AHFEE(Sims, 1975;
Wheeler, 2002; Hilbert-Wolf et al., 2009; Obermeier, 2009;

STAGE

OUTCOME

Facies
assessment

Distinguish endogenic
or exogenic trigger

Endogenic tr |g;_,u
m,wd«',' sition, stornt wav

Trigger
assessment

groundwater se

Exogenic triggers:

earthquake, tsinami, impact

Valldlty of criteria:

Criteria
assessment

- new criteria

Fig. 2. Methodology for determining the trigger for the soft-
sediment deformation structures (modified from Owen et al.,
2011).
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Owen et al., 2011; Ghim and Ko, 2019). o] gro| = W F7
29 AT 4 47, HHBY Y= 24, FAue] 27
o= 7SR A7|= 5t EZAgA o g dEe| 7|&
o] AotE 7| = 3} tH(Lunina and Gladkov, 2016). 121}
o|2]gt 7|EEele ol &) A7 EA5L7] whizel A S
of B $79 2E AWsk AR g FYse WA
S A7 | oF SFh(Moretti et al., 2014).

3. XIZIE SSDSE

TR A8Hpaleoseismology)S FAM|Y &2 A&
o] o) WAt A AKX A (prehistoric earthquake)of T3t A
T2 XA FASS T8 2AZ 9] 2 914, AA
TYA7] d ALF7), F2E F7RRI. o= S AAY
A9} At 7] 9 2 ek WA BEo] glon
Z A47] BGT A9 7|2A4=m o A A Bl &
42+ 3ok

VA Ao F2 ANEEHE ARTEL A48
ARAL H E-A] AL 55 F3f 52 7150t MY, &5
A7), AR R 5 o JEE et 72 59 A RofA
T A gupgo] UEd 4= UA|NL dNbH o= 5 6 vk
o] ARoM = otd =27} 2L EAEH 02 et 4
o] - o] HTh(Bonilla, 1988). T3 X of| 4 2] F|2] Bl
Azl o3l flE 7Hs/d o] =THMcCalpin, 2009).
Hk 2]34d SSDS= /Aol B8 FHa My >5)7F
v A 91, = kmoll 24 FAHEHER © 22 29 3L
AR E 7|28 4= UK Galli, 2000; Tuttle et al., 2002). E
T R A& ol AT} oFet njad EF S 3
AEBg BE 7PsAdo] £ TtH(Ghim ef al., 2018).

|Eo|' X|&l A1

- T

3.1, OXEN 2 AD] 2 THEERD|

SSDS 4] Folut vl Aeo] BAHE 24
719} SSDSe] EA A)7]1= A2 SAFSE AL Bl
wlebA] 2 R4 SSDSE AT x| Rl 2] 2R A7) =L
Akl A7) HAEe AchEA WD SUT FHS
o] g3ttt = WAMI'rA: AthEA 3 OSL AthS4 (op-
tically stimulated luminescence dating)©] AREEH, @AY E]
A2 A9 HHEL ol 3te] HAA7)E FE|E o
TH(Sims, 1975; Avsar et al., 2014; Ezquerro et al., 2015).

DY 718 73 PSR A2t A3 AR
SSDS 4] S THeiolA 9 7HAE F whEsie vt
I gt} oAl Aol 7 eaze] WAl
o} g XA 0] QLA B AL S P 5 9l
U A2 9 kA X2e) Be)E B4, Aalue) 94 5
of whet A7) A7k Aol 7 EA1 4= ik

Heke ALF71E Fo17] 918 A2 WA S ot
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re-

=
um

£ 2 7] ol & 0] ok WA 7 20S
fjof gttt ol 0] 1719 717} vhEH = A
o] B¢ 719 ¥ AsleHo R FEF0] F-E3]
B 7] & 79 A|Xlo] WAYstE 2kar SSDS7} A 5HA] 2
=tk E3 3§19 X|Xlo] of] FF FAlo| AL 5
Qlth= A= nEjsjjof st Gibert ef al., 2011). & &
TrAIEER Qlsf) = 7l o]t Fo] FAlo MEE B, ol &
T o xzlez Qs A WA S5 Bt 4
Utk qhek AFRof AHo] B A foll= MEFE7
FAE o]F AR FA7I7F AU AR, F4
A F 9y Sla=E A5k b -85t Moretti and Ronchi,
2011; Belzyt et al., 2021).

o] A XX/ SSDSE 7|vte & dojzl A7) = A
A WAE(actual incidence)T} 2}o]|7} Q& 4= QOB 2 0]
£ AR7] A7 (apparent recurrence period)2} K Allen,
1986; Ezquerro et al., 2015). AA| Y&} ZE 7] At
F719] ol & Eol7] A= ok RANEC 2 3HA|17} 9]
oug EJX AR} A|F AL P E oo gt EF
A FANE @52 919} 7|5, D-goll &gt AR Ay
AI715 BHIg 4= QlaL, Al5= A= A3 o o] A4 &
2SS 53l A717e A2 78S BA S ol f-&3it)
o|H gt Wi Eo| T A= LXK AA| L7 E
o AE3H &8 4= Ut Ghim and Ko, 2019).

ox K

5

8

3.2. OXIX0| 75QF X

A2 2| S o] dAFzALe AlEY ol Ao m=w
(Atkinson ef al., 1984; Allen, 1986; Ambraseys, 1988; Audemard
and De Santis, 1991; Marco and Agnon, 1995; Galli, 2000,

ZIKAl .

Olol_:]A

=
o= o T

Wheeler, 2002), 2#-AE F7] YA2 LAEH EZFZ9
A STEM, >5) o4 ARIo|A X]%17] SSDS7H
FAEHE Aoz dHA Q. o|¢} vtz 9E EA &9
7857 ol O X XlofA sl Ao R HuEint
(Obermeier, 1996). F2 5 u]9te] X| A& X A% X &A1 7
I Hekelo] ARSI} dojd Tk FESHA] Xt #9
n|et WS Po7)A] E3t) shR|T B2 =9 Q= 0]9
o= ZIAY =} ZHY, G A, A¥t B4 &
A4 E= 5F Aol 9Jsf) SSDS FAdo Bagt 24
2= 315 4= QJt(Molenaar ef al., 2024).

SSDSE o] g8 WA|Ae] Fue} WEE 2] SAa
oheFet o] Al=Eglor O F A HIHE o
o} e

3.2.1. XIX1'd SSDS9| &

21714 SSDSE] el A7 T ofiz} W gLl
EHEY 44 5 theFet 8219 g3 7| 2o FH
o 2 217 [ RBE 5= A2 E7Fs3ttHRodriguez-
Pascua et al., 2000; Moretti and Sabato, 2007). 5Lt &
4 d A oA ZARNY AHA F2E B
T 5= QAT B EQ 23tk ot u AR o whet FEt
22 4= 9t Obermeier, 1996; Berra and Felletti, 2011).

3.2.2. |0} &9 Hel

A 219 et WS A Hel= A2 Bl o=
A|1717d SSDS 9| F7H Eax 9ot X719 FHIt A= T
#Ho] 98- AJAKSIT} Kuribayashi and Tatsuoka (1975)
= YEolA WAYE WY b 449 9 XX 5 74

Earthquake magnitude(M)

Mean line

\ log R=087M-4.5

4 I |

\

Lower bound \
log, R =0.77TM-3.6 (M>6)

10

L
1 2 5 10 20

L L 1 Il
50 100 200 500 1000

The Maximum epicentral distance of liquefied sites R (km)

Fig. 3. Relationship between the maximum epicentral distance of liquefied sites R and magnitude M (modified from Kuribayashi
and Tatsuoka, 1975). Each gray dot with a number represents a specific earthquake event form the original dataset, which encom-

passes Japanesse earthquakes from 1872 to 1968.



sfo] meBAL 25 % st} ol 2|

o2 ANt A Fm

b

A7 i gke] BAS A4
oF 2t st A2 Alo] BAES Lrehi St 2 3).

log,,R=0.87 M—4.5 (1)

Al(DollA RE ZTh W3t Agoln, M 2| Z19] 12
ojct. o]F o7 AtollA thFst A H 9 HlolEl S F7ts)
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Fig. 4. (a) Scheme of liquefaction structures developed in gravel and silt, along with their spatial distribution. The areas of greatest
deformation intensity are identified, with the highest intensity corresponding to liquefied gravels and the epicentral area. (b)
Distribution map of the spatial gradient for the deformation intensity (paleoseismic isoclines) associated with the paleoearthquake
in the Tierras Blancas Basin (modified from Rodriguez-Pascua et al., 2010).



196 oz 2 2

& 2o =S 314517 = i Uner et al., 2019). E35E
Y=ol w2t SSDS HA4sl7h A5}z 917t A 2E< Al7]
hriEne wyTas O Wa ERst) g uee £
A3t v o] AotE]7] & 31t 18 4)(Rodriguez-Pascua
et al., 2010). o] &Joj = 2| 7of ofsf FHH FAF HE4
Ao Wk A Euhd FFHE] AV S o] &7 1Y
AR FA 9] 7154 0] A71%7]1 = WK Lunina and Gladkov,
2016).

4. AHfH

4.1. AoHEXI(Dead Sea Basin)

AP EA = Al47] T AL 2|21/ SSDSE o83t 1
A7 A7t A o= 3 tEZ 1 A Holtt. A|47]
o] /4% SSDS7} FH QleHA| skl A THA A F
3 wEEAJ o] Uehdth Axgt 71§ 2 A7|7H~220 ka)
9] 1127 718o] HEE|o] qlrt. £3] o] A g2 A4
SSDS 9| g2l £4& Sl LXK et A7)
F4 A7 s o]Fojxl Xo|BE A AFE Sl
TAE Q] ATHHE A E 1R} g

APBIEAIE H/d%t= i 4 km 579 2]4k(Lisan
Formation)-Z 9-7]¢]| §-4E SX 2] A4 E & EF A&
A U= FA4H olgtalo| EZo] st gFEE o]
Eo #hkeole gAY SH = 27 s,

Breccia

ZIKAl .
=15

Coherent
vortices

Asymmetric
billows

ar

Ol&{A
Al ol

TGS T ST HPFH =S 7102 linear waves,
asymmetric billows, coherent vortices, breccia® F-FFTh
(19 5a, 5b, 5¢). Heifetz et al. (2005)2 o5 TGS
7} Au-#A25 = 2o (Kelvin-Helmholtz instability)o]]
ola YA kL skt ARl-AFE= EQFg ol
T A4 Atololl &= 2tol 7t Qls w, 1 AA A ek 77t
AsHs @Afolrh A Xluto| A st Adteo] A-gg
o, k5ol &l stz A48 Wxrt Sk v F
AEY B A sHESol 22 WA A2 T E &
T2 A o)A Hr} o] = 3j ARl-AEZ= EHgol ¥
PR Zgsto] HPAL2E FAY 5 Uk o=
A2 A mdgs Fol ASENeH, B3 WY
TE2E AFH R Fristo] HYPLRE FAT A9 A
WIS EE 4T 5= a2 AT So).

Wetzler et al. (2010)2 30071 o]Ae] HE LA &
% |FZ] FA et o], At of o3t A&, §
250 drot HAE, ol ot 2] gEE esto
A& Q] 42| o)A (direct numerical simulation)& 4=
Patsict. 1 A7 wARe] A IS ES 2eke
o, 19pe] 9x|sk A ETE Teisto] ol AKe] =
= e 4 YL Akalat

o1% Ale] HAFEAAGIA Pe A% T|(ICDP Core
5017-1, 200] ©F 457 m, Z/of AT 220 ka)S o} &) ¢ 7]
Az W9le] TA7 ATE 2PY5Hch ol S B & 413

x10

o

Acceleration (g)
Ioquinu Spjoukay

’ Water column !

= | Water-saturated mud

QA2

. 15—
Ng/deﬁirmatlgm,///“& s

e
0=

0

+ Depth
+ Density -

0.4 0.6
Thickness (m)

40 cm
Onshore outcrops

6 cm
Core 5017-1

Numerical
simulations

Fig. 5. Numerical simulation on in situ folded layer and intraclast breccia structures in the Dead Sea sedimentary sequences. (a)
Representative structures observed in Core 5017-1 from the Dead Sea depocenter and their corresponding numerical simulation
results. (b) Representative structures observed in onshore outcrops of the Dead Sea Basin. (¢) Schematic diagrams derived from
simulation snapshots illustrating the formation mechanisms of the four structural types. (d) Quantitative estimation of the minimum
accelerations required to initiate each of the four structures at varying thickness. The color scale represent the effective Reynolds
number (Re), highlighing zones where inertial forces dominate over viscosity. As Re increases, turbulent Kelvin-Helmholtz de-
formation becomes more pronounced, progressing from linear waves to breccia. Such deformations typically occurs when
Richardson number is < 0.125 (modified from Lu et al., 2020).
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