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ABSTRACT: The current and future climate change and human interventions would increase flood and erosion
risk in coastal areas, and thus more coastal erosion studies are needed. Here, we used cosmogenic nuclide
concentrations along the Dunduri and Dokdo shore platform in Korea combined with numerical modelling to
quantify cliff retreat rate and to reconstruct the timing of initial cliff retreat and the evolution of shore platform.
Theoretically, the hump in nuclide concentrations is resulting from the interplay between cliff retreat and water
shielding by rising sea level. If a portion of the platform inherited from last interglacial, a sharp increase in
cosmogenic nuclide concentrations at the past cliff position is expected, reflecting the nuclide accumulation on
exposed shelf during sea level lowstand in last glacial. Also, faster cliff retreat leads to lower nuclide concentrations.
The results of our numerical modelling show that a portion of Dunduri platform inherited from last interglacial
due to elevenfold increase in nuclide concentrations, and calculated cliff retreat rate is about 0.6-12 mm/yr. Dokdo
platform, however, no abrupt change in nuclide concentrations is observed, thus the platform was entirely formed
during the Holocene, and calculated cliff retreat rate is about 60*3° mm/yr.
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Z1 sk g S o] Sl A SR Al
Al Bt A &=}t w211 (Korea Hydrographic
and Oceanographic Agency, 2020), 3Htx=of| F3F
2 R & HF H= B3 5718k A tH(Korea
Meteorological Administration, 2020). ]2 213
af¢tel wigra I A fRET SV AR dAtE
o, olofl ZE &4 HAE wpolstar, 719 QP
= BAsE7] Q18 sie J A Atol g 2eAd
o] Fth=aL .

vt iR dAte 2 5 ik F
Ao 2 o2 oA KIHKim et al., 2010; Lee et al., 2013;
Choi et al., 2014; Yi et al., 2015; Yoon and Chun,
2019). E)7 sk Hajsfeto] ula) 1 MslkEs}
e} e 712k 5eke] S4o] 43, ofe] A7
ot Yol golaly] whgo], det FEE AV E
o 22 AplEke FH0R SAEt 1 Y
o2t P4 7]E2E 4817 LHKim and Song,
2012) HPF|RItHo| 2o 2 AXFSEALHSon, 1999;
Kang et al., 2014) FFAE T3 dltA W3S
TEsk= ' (Cho et al., 2001; Jung et al., 2004;
Kim, 2013; Kim and Lee, 2015)¢] &3] AR it
Hh, A sfeke) oF 75% 5 A siete] 2|8k
3(Emery and Kuhn, 1982), ®-&uzt E3F 5 A
et B HAsfete] 2 sl JlEoll = (Choi
and Seong, 2014), S-2jue} o4 sfgke] FEjE &
Zolut drd v o] thet At WA ghew(Hwang
and Park, 2007; Choi et al., 2013; Choi, 2015;
Hwang et al., 2019), 71 5 &4 3jj¢te] S HE-S A

At A1 wj$ 440tk (Woo and Jang, 2010;
Kim and Jang, 2011, 2013; Choi et al., 2012; Kim,
2017, 2018; Choi and Seong, 2020). ¢4 3lQt S5
£ ATE APIsele|Aet B 2 4714
A& o] 22 ATt fFRoA A7 EES 0]85HA
W(Kim and Jang, 2013), 7185715 &3t o]
2] BA(Kim, 2017, 2018) £ o]=oj Atk 4241
9 AR A7 FRAAE FEARIT A= HAo]
-85 AHLim ef al., 2009; Woo and Jang, 2010).
JEu 22 Ag9S e 2 syl et W)tk
oju} Hh o whet AP E SEE2 S| 2 2ol
7b UERITE 1), oS Bete] AAAES} 2
AH o2 th2 1 A7 Fet WA= HiFolu
7o) 7o) vl wre} sfalofe] alo] By
251A dojubr] wZolth(Kim, 2018). o] %, ¢
AR Al ofapo] FHe B3 |7k TEll
B¢t SE&o] Ao FHE= AT EASE 5 3
tH(Choi et al., 2013; Swirad et al., 2020). wh2hA] u]
o) S Aol e Bt FHTAL Bl
oo, ol TEES U ARE AT A7
tste] 9] ZA asfof gieh Azt 7|E &

&o| ntAEojof A9 7] ke Q17 7Hd o] 9
3 oot FE} MshE AA g Mokl 3
7¥e = ik 7 o] A Q1 7122 Iz T e
2RE AFEL, A7 B FEEO| Holof
g+ Aot} o & E°] Hurst et al. (2016)2 F=- A
58 Ao} shaol FEgo] A BRA| 5
ok 2-6 cm/yrel BHE, A 1501 F¢ke] IA = B
Ao 53 FEES 22-32 om/yrE YR &
5% FEg0] Z7HUTHS APALS Slskc) el

Table 1. Previously measured modern retreat rates of sea cliff in Dunduri on the west coast of Korea.

Retreat rate

Measurement period (cm/yr) Method
Image analysis with multi-temporal
Woo and Jang (2010) A(blcggr;}go)z)e;)rs 26-36 aerial photograph data with field survey
for recent years
. About 3 years . o
Kim and Jang (2013) (2010-2013) 25-102 Field monitoring
. About 5 months Monitoring with Unmanned Aerial
Kim (2017) (2016-2017) 432 Vehicle (UAV)
. About 18 months Monitoring with Unmanned Aerial
Kim (2018) (2016-2018) 93 Vehicle (UAV)
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oA 71EE FEATIE AL S o PA, A
BR7)S 71 SR BYUAE 1718

Y 7] Wj&of(Jeong et al., 2018) o] & &gt}
9, A7 T e 2 RE A2, A7 B
FHES T 4 ok

RN FANLE BT A2t T
& APy d3= Choi et al. (2012)7} Regard et al.
(2012)0] AF Al=3t o] -2, B2 AFAREol o5
WA Elo] kth(Hurst et al., 2016, 2017; Choi and
Seong, 2020; Swirad et al., 2020; Dauget et al., 2021).
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= shajths SEelA e A2 <l

Elo] ol L, sj4wo] A5HaAl HistEo] o3

(a) Since 7 ka

Past cliff

position Past cliff Cosmic

- - position rays
R

retreat 1

retreat |

(c) During sea level lowstand of
glacial stage (~120-7ka)

$740] shale) o] mekois Zo] WelE 1)
ulgo] HEH e 2t 17 TbolAet 2ol TgE
wet Leh s 2994 S5 BRI rhed] Bl
E23 = = VehdtiRegard et al.,, 2012; Hurst
et al,, 2017). S, THAThe] A} Ak 7h7] 2
FE -4 (inheritance) = A Thd, -F4 & 54
U TR SUET, W71 BT S 2107 3]
of ol 2258 2(18 10), 17 1dofl A2} 2ol
9194 BE RE7} 37 9] of shao) 1310
A F53M= At FEfE B lth(Regard ef al., 2012).
SRS BYAhe) FEE BROIN 718 5T,
SAlo] miAS FsHHA ZHalsH] ol ol
7 QolA5 T SRS BULY] FEE ke
3tth(Lal, 1991; Seong and Yu, 2014). 3fj4]ef7} &
EE of AR FAI5H FEl&o] vt s3]
2)(downwearing)©] WYL 2 (Trenhaile, 1974),
AR FRYA e TEEO HEH W,
FEgo| 2 =4 yehdth

SRASY FHALE BT ) At A

T-= Choi et al. (2012)] A3feF E5F2] Z24], Choi

"°Be concentration (atoms/g)

Distance from the cliff (m)

Last interglacial
cliff position

(d)

“hump 1
slow retreat

19Be concentration (atoms/g)

Distance from the cliff (m)

Fig. 1. Sea cliff-shore platform evolution and the distribution of '’Be concentration along the shore platform (Regard
et al.,2012). (a) Rapid retreat of sea cliff during slow sea level rise since 7-6 ka BP. (b) The hump in "Be concentrations
resulting from the interplay between cliff retreat and water shielding by rising sea level. (c) Minimal cliff retreat
during sea level lowstand of glacial stage. (d) The sharp increase in '°Be concentrations reflecting the '*Be accumu-
lation on exposed shelf during sea level lowstand in last glacial. Thus, the step section in '’Be concentrations shows

a portion of the platform inherited from last interglacial.
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Table 2. Basic information about the input variables of Dunduri and Dokdo platform.

Dunduri platform (KJP1) Dokdo platform (P3)
Reference Choi et al. (2012) Choi and Seong (2020)
Platform width 153 m 69 m
Platform gradient 1.8° 3.6°
Exposure ages ~148 ka ~1.27 ka
Bedrock density 2.7 g/lem’ 2.8 g/em’
Water density 1. 024 g/em’
Attenuation factor 160 g/cm’
Py 4.009 atoms/g (Lifton et al., 2014)
Platform profile® x10° i 10000 [
Sl 18 KJP g .
T4 é % %
v . P e B

Distance from the cliff (m)

Distance from the cliff (m)

* Dashed line represents real platform profile and solid line represents the least-squares regression line of the real

platform profile.
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Table 3. Results of calculated '*Be concentration using erosion rate of Dokdo shore platform (Choi and Seong, 2020).

Lati;[ude Lon%itude Elevation fr(?nis;[l?:ztlaiff Erosion rate P{gziﬂ(j:iBorela S(?é?;ﬁﬁ%:;i%
©) ©) (m) (m) (cm/yr) (atoms/g) (atoms/g)
DOK101  37.239 131.864 0.79 0 0.26+0.46 4.079 832.8+1467.3
DOK102  37.239 131.864 0.36 4.4 0.55+0.05 4.059 394.24+39.4
DOK103  37.239 131.864 0.39 17.2 0.12+0.05 4.059 1812.0+£709.1
DOK104  37.239 131.864 0.57 30.9 0.04+0.04 4.069 5022.3+4231.4
DOK105  37.239 131.864 4.23 439 0.06+£0.04 4.07 3795.2+2688.3
DOK106  37.239 131.864 3.66 54.6 0.55+0.05 4.07 394.7+39.5
DOK107  37.239 131.864 3.95 68.2 0.55+0.05 4.06 393.8+39.4

* The total "Be production rate was calculated with CRONUS Web calculator v2.2 (Balco et al., 2008) using the

geographic information about sampling points.

® The '“Be concentrations were calculated using equation 1.

W (g/em’), 4= T2 AG(g/em’), a3 *Cl =
2RE ALHE A& AF A9 H4)E(Choi and
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= Qlojor E Aol
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Present
cliff

“Platform slope(a) has
remained constant over time”

Sea level at t1

Fig. 2. A conceptual model of the platform evolution
when cliff retreat rate (») is proportional to down-
wearing rate (w). Red filled circle indicates a sampling
point. The downwearing rate is vertically exaggerated.
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Table 4. '’Be concentrations used for modelling Dunduri shore platform (Choi ef al., 2012).

Distance from the

1'Be concentrations

Latitude (°)  Longitude (°) Elevation (m) Cliff (m) (atoms/g)
KJP1-1 36.473 126.330 0.663 12 49012.8+4411.2
KJP1-2 36.473 126.330 -0.397 35 61970.7£5577.4
KJP1-3 36.474 126.330 -0.939 55 74905.6+£6741.5
KJP1-4 36.474 126.330 -1.028 72 105138.5+9462.5
KJP1-5 36.474 126.330 -1.356 74 193770.0+£17439.3
KJP1-6 36.474 126.330 -2.057 97 564839.2+50835.5
KJP1-7 36.474 126.330 -2.378 119 15463.6+1391.7
KJPI-8 36.474 126.330 -2.844 141 105074.3+9456.7
KJP1-9 36.473 126.330 5.281 0 17279.2+1555.1
Ez:ﬂ;iﬂ— 2~ 0 .
4=tk N = Pyexp (—x tan i) é (exp (%) - 1) (5)
_ _ A
w=rtana 3) B= Grpayana) X 001 6)

A71A we A P AE(m/yr), r 84
o FEL(m/yn), at= T4Hhe] B FAKrad)ol
o} AR A2 H K- Zo]9l 2.2 TukA|gE o
23E SIS WL Zojo|m g, ThAT | HR
] RutA i 7kx] 9] £o]Ql z,RZIE AZHt)ol ot
2 sPRAE wtEs W A 23, gEbA zmzewt
ok g 4 QITHIE 2). AT BA] SE SR
o4 FAHEE SGAH Aol e 2] ol
© zo=wtE | 7SI ™ 2).

At e] FAA7|(~7 ka T ~125 ka)Hr}t 'Be
9] ¥k7171(1.36 Ma) 7+ @R 7] th&o|(Chmeleff et
al., 2010; Korschinek et al., 2010), BAH] B2 S &
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o] 715 3let.
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= P, exp (_Z—Z:) exp (Wt [Z—lr - i )
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Table 5. Result of numerical modelling. The grey shades represent best-fit results with the minimal RMSE.

Dunduri
Retreat rate (mm/yr) 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
N RMSE 255182 101504 50970 26958 15426 13278 16176 19910 23306 26210
“* Retreatrate (mm/yr) 1.1 12 13 14 15 16 17 18 19 2
RMSE 28673 30769 32569 34127 35487 36684 37745 38692 39542 40308
Retreatrate (mm/yr) 0.1 02 03 04 05 06 07 08 09 1
RMSE 250435 96894 46678 23563 14665 15889 20213 24421 28008 31004
Noncs Retreat rate (mm/yr) 1.1 12 13 14 15 16 17 18 19 2
RMSE 33517 35645 37464 39036 40406 41611 42677 43628 44481 45251
Retreat rate (mm/yr) 0.1 02 03 04 05 06 07 08 09 1
RMSE 259938 106144 55375 30781 17610 12222 12805 15674 18739 21493
Noeaslow "y ctreat rate (mm/yr) 1.1 12 13 14 15 16 17 18 19 2
RMSE 23876 25926 27696 29235 30581 31768 32822 33763 34608 35371
Dokdo
Retreat rate (mm/yr) 10 20 30 40 50 60 70 80 90 100
RMSE 7771 3517 2384 2022 1921 1913 1936 1970 2005 2038
Nowss R etreat rate (mm/yr) 110 120 130 140 150 160 170 180 190 200
RMSE 2069 2096 2121 2144 2164 2182 2198 2213 2227 2239
Retreat rate (mm/yr) 10 20 30 40 50 60 70 80 90 100
RMSE 7114 3784 3398 3451 3561 3665 3753 3826 3886 3936
N0 ctreat rate (mm/yr) 110 120 130 140 150 160 170 180 190 200
RMSE 3979 4016 4047 4075 4099 4121 4140 4157 4173 4187
Retreat rate (mm/yr) 10 20 30 40 50 60 70 80 90 100
RMSE 8838 4284 2785 2051 1624 1350 1164 1033 938 869
Nonea v " ctreat rate (mm/yr) 110 120 130 140 150 160 170 180 190 200
RMSE 816 777 747 724 707 694 683 675 670 665

Note: Nineas up represents the Upper error bounds of measured '*Be concentrations, and Nimeas low Fepresents the lower

error bounds of measured '°Be concentrations.

A oj 7} 2 (=L
Y3). &, A HM OlZd_oﬂ ﬁé*éﬂ‘iiﬂd Bl 4]0 $1%]
L72:97 m A Fo]H, 72-153 m= A 7H 7] B
I o]Hof| FAH o fAE FRo|th A §
48 ZHA e @A sdlofe] 7| AZEE 72 m %
A 7 & 5= ok E2A] 59t P4 FE]
2l 2 == 0-72 m 7o) £33 EE=0m, 12 m,
35 m, 55 m A Ao =45 "Be Lo} 2 my
nol A} Mg 24 TELL 0.61, mm/yrE Ut
ERgTH 1™ 3; ® 5).

1_

32 Sofigt S miACHO| HMA|7|It slot FEIE

55 st E5e el B "Be =
3% ko] UehbA erom (a3 4), wBe FE= A
17} 7] TR o) 14004 W& o=
Hof A 7|25 E FAEA &L, ii"ﬂ 5
St BAEE Aoz FAEN B Zo]7t 69 m=
7| o 2o(E 2), O3 Ay} “Bert Zvlsitt
7%3}& 3 Fej7} ol g Z71eke BEu et
oz Eolt}(:l_%] 4). A shAH7F Z=A)
FHHER 2E A7 £49 "Be
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TES PARY BOANE WSS W, HF =  E olE 7SR P& o, 69 m E= THAT ¢
A TELL 60155 mm/yr2 UERGTH I8 4 £5). AW =EAYHE ARIsHE, 1.15253F ka= Choi and
Seong (2020)0] ¥ 113} *°Cl =& A2l 1.27 + 1.07

+ &9 kao} & QA T, B whAlte) 2 37
FEE 067, mm/yrE Agste] 1A sHAofe]
41 TS 29245 BH A2 2HTE 72 mel FHAZIE ARSI 120

S= o o] FF 34 FELS 605" mm/yr ka0 EYSHEE(IY Sa), HeEE TS HoE

55 interglacial ciff position

®Be concentrations {atoms/g)

°Be concentrations (atoms/g)

50 100 150
&4 . - B ey Distance from the cliff (m})
Distance from the cliff (m)

Retreat rate [0.1: 0.1: 2.0 mm/yr]

01mm/yr||||||||||||| 2.0 mm/yr,

Fig. 3. The distribution of measured and modelled "Be concentrations across Dunduri shore platform. Note for
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