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Aede] ESR Ao o] &3t Ala7] EHS ANSA 74 A

2 FHolA BATZ(EE A47] ©F) A7 EEE] ol wet @3l o3 ArtEAU HeE Al47]
E|ZZo] tigt A8 e 2 A A 589 F8/4d0] 4= it getd oz 9] FHAtESH o=
A9 Ao 2 s Fo] 7| a4 A (Optically Stimulation Luminescence; OSL) A& Ho| F2 o|-&
E o] gt Al mutr} 2po)7} Q17] = shA|RE Rtd o 2 Ao OSL AtSA Y diSA 73k oF 15-20
T F=o)7] g, o] Bt o2 Hef FAH EFFo A-§ 7Hett o2 ASA o] A& o2 Ay
=L 9t} & TCD (Trapped Charge Dating) ¥ SHA|| A= F2 ©@5H]R]9 AdiSA o AHgE o] g4
419 ESR(Electron Spin Resonance) Al1Z2-& % 3-2] ] Ao &-gslel= AEE0] BauE i gt
4% ESR 413 = Foff oF 2uigt W7HA| 9] AiSAof| AM87Hee AL 2 Ul A 7] Wi, vt o] A5 5
B339 FHAd EHol A& 5= JIthd, 27] Eefo| 2EA| A17|9 BAATHS 52 olashe ol /83t
AEH o] & Ao|t}. o] =R A= G4 FEEH = ESR AL o] 83t HHANSA 7S 4
HEYTh S (terrestrial) E]ZEo| A E2] g 4 G UAE thdet A7t AAF(HFH T 1F3FHe =&
A7l A1}, =EA)7ko] Zoj-4E, E’ Al S (ESR signal from E’ center)= 715192 H Al ¥ Ti-Li AlS= 7+
She A At @4 AL =250 Sl= A HHES(FAAT, a3 A%, Al A&7} u|oFstA
H W, Ti A% A TEE R ottt ol= ™35t YA o] FAIZE 24 7HsAdol e
BH(FE 2 )0l A= Ti-Li AlE Q] ESR A&7} Bl &1y 52t o] =&=o| 27|34 7
g0l 12 ougiet. 3HAT, o AFE Sl AHE SAEHFTE BF FojddL A4 OSL, K-
A pIR-IRSL)*|| B|3f| Z|tf 100u}7-A] T 7HE A ESR EH AN E B et o]= 4% ESR A5 (Ti-Li 4
3)7} e o8f| o] A= A A= Bt E|FZo gt ESR S H-2 El& ol 23 4499
ESR X157} 253| 71 A|7Hs<t ddlo) &5 o] a3t F =9 27]|3Kcomplete or effective zeroing of ESR
signals)7} o] 0] A = §li= E A o ARt A o 2 A-G & ojof T& oJn|git}.

>.
O

BT\
2L ooX

FR04: ESR A&7, ESR 415 2713}, EH A, OSL iS4, &893

Hyo-Jeong Weon, Jeong-Heon Choi and Hee-Kwon Lee, 2020, Investigations on the applicability of quartz
ESR signals to dating Quaternary sediments. Journal of the Geological Society of Korea. v. 56, no. 2, p.
235-249

ABSTRACT: Recently, with the intensive investigations on active (or Quaternary) faults in Korean peninsular,
the importance of obtaining reliable age estimates on Quaternary sediments cut/deformed by age-unknown faults
is being re-emphasized. For dating unconsolidated Quaternary sediments, quartz OSL (Optically Stimulated
Luminescence) dating has long been the usual method of choice. Although it differs from sample to sample, the
datable age range of quartz OSL method is generally limited to ~ 150-200 ka. Thus, various efforts have been made
to extend the datable age ranges of luminescence dating methods beyond ~ 200 ka. Recently, there have been a
few reports that address the possibility of dating Quaternary sediments using quartz ESR (Electron Spin Resonance)
signals, which has been regarded as the usual signal for dating fault gouges, ancient human teeth and what not.
In terms of dating Quaternary sediments, one of the few advantages of quartz ESR signals over other luminescence
signals is that quartz ESR signals saturate at high ionizing radiation doses and can be used to date samples up to
~ 2 Ma. Thus, if applicable to dating sediments, quartz ESR signals would make a useful dating tool for understanding
active faults during the Early to Middle Pleistocene epoch, which is difficult using the established luminescence
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dating methods. In this regard, here we report our preliminary results on the possibility of applying quartz ESR
signals to dating Quaternary sediments cut by faults in the southeastern part of Korean peninsula. The behaviour
of ESR signals was examined with varying exposure time to natural (sun) and artificial lights; As the exposure
time is increased, E’ signal was observed to increase, whereas Al and Ti-Li signals were shown to decrease. In
case of modern analogue samples from aeolian and marine environments, we could not observe distinguishable
Ti-Li signal while there still exists a faint ESR signal from Al center. This observation suggests that, Ti-Li signals,
at least, may be completely or effectively bleached at deposition in such environments where quartz grains are
exposed to sunlight for prolonged period of time during sedimentation processes (e.g., acolian and marine
environments). The alluvial (or partly fluvial) deposits investigated in this study, however, showed considerably
overestimated ESR ages; When compared with luminescence ages (both quartz OSL and K-feldspar pIR-IRSL),
the ESR ages were ~ 100 times older at maximum, which is presumably due to the remaining ESR signals at
deposition in alluvial and fluvial environments. This implies that, even when ESR signals were to be used for dating
sediments, care should be taken when interpreting the age results because ESR ages are prone to considerably
overestimate the depositional ages unless the ESR signals are effectively bleached (zeroed or reset) by enough
sunlight exposure during sedimentation processes.

Key words: ESR dating, ESR signal reset, depositional age, OSL dating, active fault

(Hyo-Jeong Weon and Jeong-Heon Choi, Research Center for Geochronology and Isotope Analysis, Korea
Basic Science Institute, Cheongju 28119, Republic of Korea; Hyo-Jeong Weon and Hee-Kwon Lee, Department

of Geology, Kangwon National University, Chuncheon 24341, Republic of Korea)
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2| Aojo] AT AFX] X (2016 ) 1} 2312|171
(2017'd)-2 a7t 2kd A X1 EAR 17}l of
gt =91 JAS TRAIF o, iR Z]Xlo]
AetE o ARG EE o |8 5 Y= BT A
ol thgt B R3S thAl 3 ¥ Adske A7 7t =
Ak BAES Aol o] AR 24 F sk
£ @39 &5 Al7IE st 2493 Ald A
Ti71%E2 AYshe Aotk &350 &5 A7l
S50l aliA W)/ detE EHFolv s
o2 FAE AEA| (A SFHIA|, BARE o )
of gt A& ot AL 4= et T3l
gt AiSEols AP Y 2 9719 SRYLE
o|- g3t vhHo] QR AREE| o] FA|THCheong
et al., 2000), ZZoll= ElZZolu T3] X(fault gouge)
ol 3l 2] Ba Al5E o} g3}z OBL (Optically
Stimulated Luminescence) AiESAHY}ESR (Electron
Spin Resonance) A& Ho| =2 AT Qltke.g,
Lee and Schwarcz, 1994, 1996; Cheong et al., 2003;
Lee and Yang, 2003; Choi, J.H. et al., 2009; Choi, S.J.
et al, 2014). £5|, HABU| 4 KA =
AL AT E o] g5t B35 = HMAEHAY
Adte 439 AdiE S48 OSL AHSHH
2 2000t =RHRE 2AZF oz 2P o|&4-

[e)
ity

71&3 ol ASH ALY A= E=T}t 2A
EoFRtHe.g., Murray and Wintle, 2000; Kook et
al., 2015; Wintle and Adamiec, 2017). 234, 4
@ OSL iSRS Al muttt &9 atol= gle
U eubg o= AthE 7RsAkRto] of 15-208kd
Zo]7] yj&of(Wallinga and Cunningham, 2015),
o|Hr}t eH @359 A7IE sk tlole
oj2fFo] Utk A g OSL Ath&4H 9] vl a] w2
ASA 7H3E ZAE SE5SH7] S5t AdE
KA+ pIR-IRSL (post InfraRed-InfraRed Stimulated
Luminescence) A|2741e] edtja Aehe o)
o2 oF 507 oo 2 A4 A JX|THBuylaert
et al,, 2009), Ho] ¥FSako] S M2 A5

£ £ (bleaching rate)7} 4] OSL 4150 v|3}
HA 3| g|th= @™ o] itk (Hong et al., 2013 and
references therein). wahx], FUjollA] BATEo]
F2 #ZEE FF(alluvial) B2 5HA(fluvial)
3} o] FHE o] Kol B2y et 3y
of =ZEE AlZto] HlwA B2 soA FAHH
F252 78-F K24 pIR-IRSL At A7} A =
AAHE HoiB7HE 7HsA= viAE &}l E
A7t L g5, K744 pIR-IRSL 412 0] E<+
A8t 27]3(incomplete bleaching) = 218+ At
7t R A H O R FolEnt,

ESR Adi&4s2 oF 299t |7 9] &2 At
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274 74T Z= A= dEA lem(Tissoux
et al., 2007), TR = T2 S22 FA4E
TSH|R|2] Aol 2-8=jo] Yrk(Lee and Schwarcz,
1994, 1996; Lee and Yang, 2003; Weon and Lee,
2018; Han and Lee, 2019) 49 2] ESR A& &= T&
Hoj| 283l $224]-8-3 (normal stress)©] 3 Mpa
o144 v 27]31)7) uhgo], ESR Arjnhs o
AU} H9jo] 3 MPa ol4fe] 42 491& e
% A3t A7HE ojujgtct. ¥, Yokoyama ef al.
(1985)2 2] o3 ESR A E5(Al A&, Ti A&,
E 4% 5) 5 ¢57t o =2 5o o= A&
(optical bleaching of ESR signals) Ett= TS v}
o2 ESR ATS S ol8e Hage) A
73S Al718 vl et Toyoda et al. (2000)2
copat A7HESk HejelkE 213 solar simu-
lator)of] l=&A|7] ¥, ESR A5 9] H3}oRAS Al
Holth o2 AYS AFFde =EA7|| F
AT ) AI7|17} 22t F7Fete] oF 170417 & 27] 4l
3.9] oF 160-230% 714 =gdt= A& ST
ES Al AlE = Hof| =EF o] wEA] 429 A7)
7} ZAstAEL, oF 24 AJto] S0l = 415 9] Hag
(decay rate)o] =& #] 336A]7H14¥)o] Zz}stel et
T 27] A1%59] 30% J=7F AAS] AAEA] gL
ot A5 Bt olehs 29, Ti-Li 4%
£ 4B AF8Y =E3 A F 72A7HB Q) ol A
168A17H7)0] ATSHE A2| sk AA=Y
o, Ti-H&} Ti-Na A& = o|H} ¢ wWE 2447
(1)) B2 A7 Bl AL Belak 4ge] ESR
A% F, Ti AZE o] &3 BHFY ASA 7Hs
4& A718td) o] ¥, 49 ESR A5 (53], Alat
Ti A%)E o|-&3 5239 ANS7 7/l gt
2 L5 0] A|=F o] gIt}(Voinchet et al., 2003,
2015, 2019; Rink et al., 2007; Tissoux et al., 2012).
Jgol= E5tskar, Hejl tfgh ESR 4159] =7 vt
84 (slow bleaching rate), ESR 413 9] E2+4%}
AAZ A3t B A A g7t o2 AdSAZ 2
o] 2YA| 52 EAIEE Ql@l, ESR A5E Al47]
E A3 ddiSol A8 5= ok wstr| o
= 3 Zasoret @ aEo] HA3] wol Hot k.

o] =wollAl= Arinlde] o2 dAdEAY
HHE u]A SA(terrestrial) H&SS AR
HRAZE D 3FH)oll &3t A g ESR 459

[>

NS ES Al T, HA S dig 2yl
die} BSR TS uli-BAelgc) Ea, EHe
o mHE ESR AthEA Y A8kl M E 2
st

2. TN 2

2.1 A2

o] AtolA= thakdt El& Aol A A3 E 874
9 B F A&7t AR E T A/Z #E 1803BYG-04,
06, 10, 1803CHG-18, 1810NSR-07, HYAMS, SDR-01,
02; 1% 1). A|& 1803BYG-04, 06, 10 AFA] ¢
Tejoll A Adiulde] @3l oJs) A Al47] g
AS(SE7199] A BAF) oA SAH = A
F=E o (T 1), A= 1803CHG-18%} 1810NSR-07
2 4% BFA s Yol deo s Ao
H v|ard S ERFoA AFHEJTHLE 14, Te). ©]
AREL 5T A AR E & Z(alluvial fan de-
posits) 2 24 oF2lo] A Bgo] ul¢ Saat Ao
Btk HGYA ESR 157 2159 54
QA 2ol ALEE7] $114 g Fastn B4
Q) 2AL, AT 5% HGYA) BSR 4157}
Hof oJafA] hHsHA &2 aNH 02 A A=A
olth. o] & ERIsH| flste, S Eigt AR oA
AT FA SHAHSDR-01) 2 EA SIS A
S(SDR-02)2K 1 1f, 1g) T 3¢ ARSAYA=(New
South Wales)o]| $]%|&+ Hyams 3'He] A (modern)
a1 A 27} AFEEI I HYAMS; 18] Th). 3%
Al &1, Aes, ded o SRS AEsS
2RI A-28 A9 A BAFE wo]ZE o]-&
sto] ZF = )it} Hyams s} A2 X499 &
MRS A AL &5 Q= HHS 4
oA AHERLH, HFHE ARES FA Ho] &
3R] k= A2 v d R 2Ste] AR SRbE|
Atk

22 AZHAZ

ofQlof A FHE AEEZ TR YA
THo AXH GAR EtE o] Aol TRJH AR
o] FHlof| AR E AT &, ThE Y] T2 F5t, E
HAEZHE ESR AS54S 93 AddxE &
shich EjFEol 23k A gAte] £e= 712y
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o2 OSL Adi&dE g 49 Alg=H] 2zt (~ 3A1ZE), 10% HF(~ IAZHE A 2sto] it

E9)5}}H(Choi et al., 2004; Sinclair ef al., 2016). AAE, 97) 8 9 A go] o] FEEL 12}7]
1) B2YAE ol8ate] FAAER 90-250 pm o2 AA

Apolo] AE-L Ha] 3) H]%-2 262 g/cm’ 0.2 B BN (SPT; Sodium

2) E2l9 dAE=E10% HCl(~ 34171, 10% H20: PolyTungstate) © 2 1), 2)7+4S AR A=

), (@)—= /(e)
> Z_(c)

Modern eolian dune
SDR-01

Modern beach -

Modern beach

Fig. 1. (a, b) Locations of the samples investigated in this study. Terrestrial sediments were collected from (c)
Dangu-Ri, (d) Cheongun-dong and (e) Naengsu-ri. Modern analogue samples were also taken from (£, g) Shindu-ri,
Taean, Chungnam and (h) Hyams beach, New South Wales, Australia.
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<= Aste] g3 AAE 22 (o] W, vlsH
o Et QRS L 2 FAjolw, FHighs o
B8 72 499).

4) 3)¢] Aol Al BlFAf E YAHEL conc. HF
2458004 147 A= Aeiste] et 49
P 2

5) conc. HCIZ 1A]7F A= A2l HEA 2] 7}
BEL AEENE 70l e = RAE
(fluoride precipitates)2 A| A

6) U2t SN 4.2 2 A HEE A1

3. T 3oz}

3.1 2oj| Q& MY ESR AlE %7|&8KOptical bleach-
ing of quartz ESR signals)

K ESR A57} H4%0] B, B4
7)) &R0 A2 A AEE) delut HHTg
EA MG AR} Hol leZEo] ESR Al % (latent ESR
signals)7} H¥sHA| &2 AIEH O = A|AH ook
ght} vk, A9 ESR 4157} Yo o]3)) A| A== ¢
A, AAEE 2 E Bhg =7} ul¢ =8 A
9] %tof ESR 4125 Ad = E]HHrhH ESR A
A= AA AN E FFs] LB 7L 5HA =
o], 1 A8AE FET 4= glt}. o] & &elstr] flst
of o] AFoA= AHE SAHEHFT A7 T €
5 A3} Q15g-dol ohFet AlZHEet A
# A% ESR A13.9] HBIH-S At Hlth AHdd
< (o]}, HjE) S Ynlst, QlFdHoeRE
7| 2R g ATde] X" Hohnle SOL2
(solar simulator) & AN} T

Sho 1Bl O3 ESR ALS WSR-S Abul
7] 9J3ted A& 1803BYG-040|4 Eaj® AFYA=S
5150 mg & 217]9] F-A|E(sub-sample) 2 L4311,
ol5= HFol 22t 0ATE, 1AIZE, SAIZE, 12417,
24A|7E, 48AIZY, 72417t FE =EAIFTHZ =EA
Zrobe} 37)9] RAIRE AN 18 2a). B =3
AHE S5 BT 3500 fAT e=7| 238}
A LAY LAAE AE 259 ofelF7tol| A AA|
stk AFUAES A5 gl 7P g o
ZAZro] 71 71 74 Sl A 8 T 7|7t Fet
e gFgo] et @A 10X 0|4 L5 44] Abolof| =&
ek ot BjE 2 A HS A ofe 7]

HEME vI7E 2 AU B9 ) oll= AlRE FA
BB Q353 =& Ag o= A& 1803CHG-18
oA ZRE A G U7 ARG E LT, AT Y
L3Nt T ARE AR 2 S HEE =
AL FLSHHE, U3FL o= A=
E2 87.5 AR &A1) (3™ 2b).

Hd 23U AT B AT AVle AR 5
7¥ste] 72A13ko] AAshE 7] A12.9] 190%7HA]
S7FHHTHE 3a). Al Ti-Li 4159 A|7]= H
Fgol e&H 27] 5AIZHTI-Li AlE) YA] 124]7F
(AL AZ)7HA| = of7ke] S715A1E HolA|H, o] %
LeE A7kl Zojyof whet A fashe AR B
A} SHAIL, o] T AT BRI 72A]7to] st =
27] AZd8] ¢F 75% 2 1157} o733 Hol 35l
TEEAHTH 3a, 30). Y33l =2 A7 49
ESR A1 %.9] Hal&== B gg Ao vl &3]
W2 FEE HATHI™ 3b). &, E A A7)
AYUAE A3Foll 87541 =EA7]= %
27|1A1%9 H 570%7HA] F71a, Al Als=
30%7kA] ZASFHTH ™ 3b, 3c). §HH, Ti-Li A&

! Aspratot by (& LIS, 5 e Sa ]
Fig. 2. Experimental setting for the observation of ESR
signal responses to optical exposure. The optical ex-
posure of ESR signals was performed using (a) natural
sunlight and (b) artificial light source (SOL2).
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249 55 5 7P w2 geelsl, =84
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Fig. 3. Variations of quartz ESR signals with increasing
optical exposure time. (a) When exposed to natural sun-
light, E’ signal is observed to gradually increase during
the whole optical exposure time, whereas Al and Ti-Li
signals steadily decrease, both down to ca. 75 % of their
initial intensities. (b) E’ signal has increased up to 180
% of its initial intensity after the artificial light exposure
of 72 h. By exposure to artificial light source, Al signal
decreased down to 30% of its initial intensity. It is no-
ticeable that Ti-Li signal was completely bleached(ze-
roed) by the artificial light exposure for 87.5 h. (c)
Normalized ESR signal variations with exposure time
(normalized to each initial signal intensity).

(713 3b, 30).

32 MY ESR AMSE 0|28 E|H ALEH

3.21 57F41¥H(Equivalent dose)

A Y UAAFS] ESR 4l %= Zredista 35S
o]l AX¥ JEOLAR] JES-TE 200 ESR spectrometer
£ o83t S U E AT A2 (room tem-
perature)o| A, Al ¥ Ti-Li A3+ ¢F 77 K] A2
2Hgolx SA= T A= Bl 54 7Fs3H OHC
4 Ge AT o Aol A AMGE BE A=A
TR ottt S7HARH(De)2 A= F7HA
FH(MAAD; Multiple Aliquot Additive Dose pro-
tocol)S ARgSH AJA=4(dose response growth curve)
< o] g8}0] 24 E|QITHGriin (1989) ] Fig. 5 &),
ESR A1 % 474312 150 mg 9] A FUA}=E o] Fof
979 BA = Z+2ZF 0 Gy (natural dose), 100 Gy,
200 Gy, 400 Gy, 800 Gy, 1600 Gy, 3200 Gy, 6400
Gy, 12800 Gy<] H7}4=F(additive dose)& RAF
(irradiation) gt &, o]&°] tj3t ESR A1 && &3]3}
o] Z4EgITh e 2 AFAAAAT
A(B3) BAH A AXE &9 kA
ZAH"'Co) AAE ol g3t o], o] 2AE
2 0.11-0.33 mGy/so|%t}. ZF Al7o] 7ML
ESR A159] AAkaAo] x&(F7MdeE; Added Dose)
I vt Aol A A = ATHAH).

A ERS] 71l W ESR 4129 A7 URtA]
52 T FZ3ER|4=54(single saturating exponential
function) 2 FHEX|TL, o] Ao ARSEH EE A
o A= ESR A7} 9F 1600-3200 Gy 7kl A 41
SFEspeol] Y ACHE. 18 49 D) o
$7bepo] 27kt wheh ESR A&7} thA] Z7beh
£ 2] THE UK, 19 49] ©); o] =RoAe
o] FAFS “0]F3ESHdouble saturation)dA}” o]t
FHo}). ol SR ALE7} 5 7ol el EaAgs
o gte g2 #dE 4 e vttt shA|uh A
o] & ESR 4% 5714 7 7N (&2 L ol Y
A z3x|4=5k4=0] oz BH@Ely| 93t Est
2 ZA7} oA A E o] QA grem = o]of tig]
He 25wt apHe A7t B asi,

o] Aollx= 2 Almutt, B F7HARH0-12800
Gy) ofl et ESR A58 wefat A2 (0] 2
A= ©o]& “full range curve (©]3}, FRC)” 2} 3tk
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Table 1. Activities of radionuclides and dose rates of the samples”.
Sample Type U “Ra ““Th K llo)e?; ge?nrt};la Cosmic C\gltall:;rlt doTs(::t?;te
(Bakg) (Bakg) (Bake) (Bake) (Gyia)y (Gyka) V%@ ") (Gy/ka)
1803BYG-06 Alluvial 26.4+8.2 29.140.8 39.2+2.2 765+17 2.40+0.10 1.30+£0.03 0.16+0.02 12 3.37+0.09
1803BYG-10 Alluvial 46.1£12.1 30.0+£0.7 42.5+2.1 772417 2.49+0.10 1.35+0.03 0.13+0.01 20  3.21+0.09
1803CHG-18 Alluvial 45.0+4.1 48.240.9 51.142.3 644+15 2.38+0.09 1.48+0.05 0.10+0.01 23  3.11+0.08
1810NSR-07 Alluvial 43.0+4.1 32.4+0.7 41.5£1.9 475+11 1.78+0.07 1.12+0.03 0.19£0.02 19  2.55+0.06
" Data from Kim et al. (in preparation).
a9 4,59 BMTM)T} R WA Lajo] Bdshe 1500
A12K0-1600 Gy Z-& 0-3200 Gy)7}#|2] ESR A& 18°3CHGTi;_1§
ThE HIREO 2 3 (0] =0l ©E “early .
range curve (©]3}, ERC)” 2}t sith; 13 4, 59] AA =
)& 2 F, 42 SRS B £ e
v o
3.2.2 A7HA3F(Dose rate) .E:’
ESR AdjZdxt AikE 913 A7HA=HDR) &, & ;% 500 -
A HHE o] 4yt FHorg g O
%t o] 23PFALA =¥ (Ionizing radiation dose)
A7) zaEA QAT el A Aze) i oL flweere
T AntAgERnEE AMESte] S E T At 4000 0 4000 8000 12000 16000

2HEZUE 2 SHE 7 T &FE(activity;
9] Bq/kg)+= Liritzis et al. (2013)9] $HAFA]S A}
ot ArAFe R HEE Y on, L34 (comic
ray)o] &8t J&2 Prescott and Hutton (1994)]
A AT ez AR Atel Wrgstit)
= NRY AEH LAY e ARSRTT
(present water content)S HIH O 2 =& F QITHIE
1); @A A|2E<] HYAMS, SDR-01, SDR-02% !
of ofat ESR A1 A7) oj3e] Shlat SrhAIe &
ollRt ARg-E o] AT S EA F3UT

323 $4%8%9) ESR B89 @ Solyas
Adiele] vla

o] Aol AR A= 55 785A] TE|(180BBYG04,
06, 10), H-5(1803CHG-18), F=2](1810NSR-07)
oA AHHE SAEHHF ANEES HHE 7= 59
2o Ath2Ao] ojn] o]Rol3om (Kim ef
al., in preparation), ©] A4 =&% ESR Adj
Asote] |- BAE 98] AL E T,

A% Sp)olA A5 1803BYG-062] 72, FRC

Added dose (Gy)

Fig. 4. A representative dose response growth curve of
the ESR signal of the sample 1803CHG-18. It seems
that the ESR signal growth is best expressed as a sum
of two single saturating exponential functions, the first
dose saturation of the ESR signals being reached at a
dose of 1600 Gy (ESR signals induced by additive doses
of 0-1600 Gy were fitted to red solid line D). Then, the
ESR signal continues to grow up to higher additive
doses (ESR signals induced by additive doses of
0-12800 Gy were fitted to blue solid line ). D., FRC
and D, ERC represent equivalent doses obtained by
FRC (Full Range Curve) and ERC (Early Range
Curve), respectively.

Evlgro g 13k Al A15.9) ESR At 313 + 115
kao]¢1, Ti-Li A& 9] ESR AthE 347 + 90 ka2
o] F 4159] ESR AtjZA= 229 YollA
M2 AXFHE 2). 3A|9E 3.2 + 02 ka2 EZ

£ AA|sk= A% OSL A zto] vsf F 10084
o) A H7HE A= & 5= SITH(LH 6a, 6b; 3 2).
o] A|&9] ESR &4l % 0-1600 Gy +7+2] ERC
2 73t Al X159} Ti-Li9] ESR gujj= 7z} 88 + 34



242 He¥ - 3Fs - 0l3lA

ka®} 79 £ 25 ka2, 9A] A OSL Hdtfo) v]&j 25 (characteristic dose)& HI&o 2 3t A E|F A=
vl o|AF I F7HE A ZIE BTt IH 6a, 6b; 86 + 6 ka; Kim ef al., in preparation), K-344-2 o]
¥ 2). 1803BYG-10 A|&= A OSL A&7} AgF &3 pIRIRys (post InfraRed InfraRed measured
23} Ao Ao (A OSL A&l EAXFEF  at 225C; Hong et al. (2013) and references there-
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2000~ D, =11764304 Gy . D, =299+116 Gy
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Fig. 5. The “double saturating” dose response curves of quartz ESR signals of the terrestrial samples. Blue lines
represent full range curves (FRCs; 0-12800 Gy) and red ones early range curves (ERCs; 0-1600 or 3200 Gy). D¢ a1
and D.i.Li denote the equivalent doses derived using Al and Ti-Li signals, respectively.
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Table 2. ESR ages of the samples and comparison with luminescence ages.

ESR equivalent dose (Gy)* ESR age (ka) Luminescence
Sample Al centre Ti-Li centre Al centre Ti-Li centre agel) ELY
FRC? ERC? FRC? ERC? FRC? ERCY FRC? ERCY  (ka)
1803BYG-06 1058+389 299+116 1176+304 268+86 313+115 88+34 347+90 79+25  3.2+02 2548
1803BYG-10 2252+589 686+145 7244402 1494288 700+183 21345 224+125 46£89 1656  0.3+0.5
1803CHG-18 - - 1258154 378+17 - - 404£50 12146 111 11+1
1810NSR-07 15804344 618+19 15384260 8334142 619+135 24249 6024102 326455  19+1 1743
HYAMS NA. 94360  NA. NA.  NA. 31#200 NA  NA. -
SDR-01 NA. 187435 NA. NA.  NA 62127 NA  NA -
SDR-02 NA. 523388 NA. NA.  NA 17429° NA  NA -

" The measurement of Al signal in the sample 1803CHG-18 was not successful in this study, thus D, values and ESR ages
are not provided here. For modern analogues samples, HYAMS, SDR-01, SDR-02, that do not show distinguishable
 Ji-Li signals, D estimation and ESR dating were not carried out (N.A. = not analysed).
Dose rates were assumed to be 3 Gy/ka (Heo et al., 2015).

" Data from Kim et al. (in preparation). The ages of the samples 1803BYG-06, 1803CHG-18, 1810NSR-07 are those
using quartz OSL signals and that of the sample 1803BYG-10 was obtained by K feldspar pIRIR 5 dating method.
For both OSL and pIRIR ;5 dating, the SAR (Single-Aliquot Regenerative-Dose) procedure was applied (Murray and
Wintle, 2000; Buylaert et al., 2009).

? FRC: Full Range Curve

Y ERC: Early Range Curve

Y B/L indicate the ratio of ESR ages (ERC-based, using Ti-Li centre) to luminescence ages.

in) AN EHHL 165 + 6 kao] EHAHES 2| A|3tch el P —
(3 2). 1803BYG-10 Al&2] Al A% ESR |t)+=FRC 1000 - _8 o
9} ERC 2% K44 pIRIR»sA 55 0] g3t o] _ w0
Mz Ak BBt S ). ks, S ) } }
ERCE %43 Ti-Li 415 ESR Athi= 46 + 89 ka2 ol
oA} oS fon, odle] mopas Qg 8 | ¢, .
OF70% W& AIE BT 2). AFA Aas 0_/3’///,,/
W=g] ol A 233t 1803CHG-187} 1810NSR-07 A] ' | | | |
BE A 49 OSL Avjrrt 10-308 o4 &L " Tto) Ticti signal T
ESR A 235 HYHIH 6a, 6b; 3 2). 10007 ——— 1:line
800

3.24 dAY(modern) Al&2] ESR X159} 574 ;’ 600 }

743t vhe} Zho), 49 ESR 4157} |5 =0 & £ o] KA
&gl AREE7] HsiA= EHIEFL ESR Al 20 R S
B7h A (&2 BIHAoR) AAH oo gk NN %

T AGAAE E2E f, A Fuie] ESR Al S (latent
ESR Signals)7}' Q&]j”]’%‘ %?l' ‘;‘loﬂ l':-%E] o']E A Luminescence age (ka)

& AAHA gAY, A =FS ESR 4127 E Fig, 6. Comparison of ESR and luminescence ages (For
o} Q= A= EHH}H ESR AT E 0|83 5Z more details, refer to the main text).

QB L Bl o] Blsh] 9lste] 57

Hyams #1334 et A=) Mol @A) 5] SDRAOL, SDR02)S iotod, 21 ESR AL (remaining
2 go] WYL Q= WA AIRS(AR HYAMS,  ESR signals)oh 57H%& S4akict.
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Fig. 7. ESR spectra (under the nitrogen condition) for
three modern samples from (a) Hyams beach (marine),
(b) Shindu-ri aeolian dune and (c) Shindu-ri beach
(marine). All the ESR spectra showed faint Al signals
with no distinguishable Ti-Li signals. Blue and red ar-
rows indicate the positions of Al and Ti-Li signals,
repectively.

7). ol dfRlo|y T8 ol EHE0]
5] L3 AJZF Hof ke2d 4= Q= EH
4ol Ti-Li AL57} SetalA] A7 7Hs4o] 9l
99 ojujaith. AT, Al AIBE 0|83 o|S A
X 20| S7pAEES 712} 94 + 60 Gy (HYAMS), 187
+ 35 Gy (SDR-01) 712] 1 523 + 88 Gy (SDR-02)2
(T¥ 8), ATHAHE 3 Gy/kaZ 713t (Heo et

K
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Fig. 8. The dose response curves of the ESR signals of
quartz from (a) Hyams beach (marine), (b) Shindu-ri
acolian dune and (c) Shindu-ri beach (marine). The
maximum added dose was 3200 Gy for all three samples.
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al., 2015) o] E2] A= ¢F 30 ka (HYAMS), 60 ka
(SDR-01), 170 ka (SDR-02)7} Ht}. o] sfjulo|ut
SASEAE AU H AT 5 ol 23 A
Tt ES =EE o e HEEAAE Al A Ee
A AAEA] gFom, whd oH A5k A
Zto] & H o] Al&of thEt Al A& ESR A=
32 AR, ddisA 4= | HAAZE
2} ¢k 30 ka, 60 ka, 170 ka T+ B 7814 €

] gtct

5
o

N

tlo
Lo &

EOl

=
H

At viol 2ol, 4do] ESR A5E ol gsiol
Ha20) HHANE 25T 5 7] et H
M} Fob ESR Al59] Sheak(E-2 FabAl) A
A(complete or effective resetting of quartz ESR
signals by exposure to sunlight at deposition)” 7}
7P¢ Sa3 ARz oItk

ol A7olA) Wol =B H 4R1] ESR 415
<+ HAIZ 71E 2] Had A fARE RS &
Ag B TH4. Toyoda et al., 2000). &, E' A3=
Bt Q3] WHgAkE Algte] 2ol A4S 3
7FIRE. Al A= Yol kEH = A7l S71e
o Wt 124171747) wjeksA| Z7kskcit, o] % %)
S50 Fashe AE BYoL, 72A7H3L)0]
A= o A3] Aget ESR A&7t A|AEA] ¢kl
o} ISIcHEIRR T 1BHY w3 A] 22t 27
A 5.2] oF 75% 2} 30% 7} ZHESFE2) (1™ 3). o=
EHIY F A Y E A2t Al A5 7} Hlof ofs)
£8H 02 AARA S dlstel, ol HEE
1§ A9 UA| HHAThS 4TS TehBolsH
ESR Adi2¥E 4A 2 Ade Suleity. @A

=(HYAMS, SDR-01, SDR-02)¢] Al Al &E o] &
sfe] 73 S7h41ae] 0 Gy7} obd 90500 Gyol 3}
= Al ASE o3t HHANSA 237t A
HHANE AT 222 B 7S
A AL 8).

ol qiold TakE AT vk R, AR}
S W ARk o Bl leBAAE Al AlS= D]
AA=A] &L oF 20-60% 2] ZFE41S (non-bleach-
able ESR signal component)7} H=th= 2o 2
75 Baw]o] ghtiYokoyama et al., 1985; Toyoda

et al., 2000; Tissoux et al., 2007; Liu and Griin,
2011; Voinchet et al., 2015). o]& Hlgo =2 Hlo =z
A A=A ¢h= JHE ESR A13.2] 41715 A AlojA
ST 5, o]5 AA| A RE2HFE S4E ESR 450
A 4bs 2 0 2 A| At B2 Sl thgt ESR At
AANE =25k e Aq7F AR vzt Qlck(Tissoux
et al., 2012). 3Rk, A& ESR Al 8.9] 220], &4
£ BSR 4150 u]3] vl 27] (] Soi, =
& ESR 415.9] 7|7} 1000]2H4H, o] F 20-60->
WEALE), ofo] kel oA 2P B4, A
A oA BN 4 9 AR AXA Hef. &
Tk ofu 2}, Tissoux et al. (2012)o| A 222 QA
AAE ZF HgYgAre] & ESR A5 52 49
U7} 71 4% 719k o) SRk DA AT 37
2ol 57 ESR 415 oA & ESR A5 &5 &
<5 Wi AR ETE =S5k A2 FE7F A
t}. o|Ht} B& Fa3 AME, ofA = ZHEAIS Y
EA 9L A7]of gt A B2y sf4o] gik
& ol it 24T O] E(A17])0] A G U7t
S5t o] 231 ALA 2 (ionizing radiation dose) o]
0]&221%|(dose dependent), oFH A|&njth &
ot A dAIglo] A 3k 2= AR
of| thet A7t m] gt Aotk B2 S oA 500
ThE9] o] 23 HIALAS S48 A G2 A& B0l
AL A Ao A BEgE o] A g7 ZE ESR Al
5.9] A|7]7} 2000]2HH, 34 300, 400, 700, 1000 2+
29| o] 23} WS 4t P YA ZEA S
T 200%14] ofUH F4=gt Ake] vlFste] DA
= Alof| thgt A7} o] EdsiA XY= A %
t}; o= o] 23} HhAA o o] A ol Ad A+
FAR7} ZH2 A1 3 (non-bleachable ESR signals) 2}
THH AxEge] oJd 7|ZH(mechanism) o2 Z
trap) El=7ket A2 TR IS A= Az
ot 53], 57HI% S48 913 ESR A5 9] A=
A2 d ] B o] thgt ESR 4155 545}
TS0 X|&= d)(“3.2.1 5741 (Equivalent dose)”
W), oju} ztzte] 27Lxdzro] tha) 274 ESR 41
s YAhslo] Gl W& ESR A5 o] 28 2l
e 5 Q7] Holl, o] E v e R =2H UM
2 AA = 4= 4= A Hot

Ti-Li A15.9] Z-¢, gl =EEo] 27| 54
2 A= 4B AI717F F718k7t, o]% 4159
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A717h sk A% BAR 72412k0] ATt
o= 27] A9 oF 75% 7t A3 ol Jlas &
S AATHR 3). ¥HE, Q1 EALo] 2 EAI7 4
AR Ti-Li AlZe 27|7E X&H o2 vjus
w27 7aslol, 87.5407h0] AT RE 4157}
A AADE RISt 1d 3). £ A=
M= TiLi A58 BT 5 YATHAH 7). A=
o} 3919] A7} o8 77190(2F 60 cm) el A
7](photon flux)7} Y8k 733t AF=gdel v,
E S EE MRS R e
et al., 2009) H1o] 7|7} 0| @A oFsiri ML 1
St k= (o) WO =S4 ESR 413.9] #3t
7 AN A o BT w27 e o] 42
AAZY), o] Aot= AFURTE e AlTset
Wol 133 4 ot HARHN YA H42
(BAHAT 3L %) 419 Ti-Li 4137} 23}
At s A7 sl ESR A3 489
7Fs/d0] 22 ougitt. o] oz, o] AtolA
2 Ti-Li Az 8at oy}, Ti-H 9 Ti-Na A&
& Hof leZEof WE AIZHEF| 4 301) ol AlA =
Zo| B11E vl7} Qlok(Toyoda et al., 2000; Tissoux
et al., 2007; Liu and Griin, 2011; Duval et al., 2017).
ohah, Ti-H A1 59} Ti-NaAl 8= =& A G YA el A
LAE A= Geths o] ik

o]t Aol A ARGE A TE] (1803BYG-04,
06, 10), H5(1803CHG-18), ¥4=2](1810NSR-07)
of| A AHE SAEHEES] ESR Adis, &30l A
83 ESR A1E|9] $59HESR ALS 445419] 24
HPH(FRC 3-8 ERC)o] we 217} 9171 shAle,
Fujd|A2 Aol vlsl 2|t 1008] o4} =2 Al
= UehiithE 2, 713 6). 4] ESR 55 0]
3t E A 59 ASAA| AA EHAE 2 E 7t
A B 252 o7 7HA7F )ik 4, ESR &
t2g0] AH8E AR 270 oI5 Gl 9)
&% 9tk o2 Sol, 3] A8 H AU 2
717 AYAA ABE(5 um)o] it Eof 9j3f EH
H= Aoll= ol5°] AN YRR 22| o]7] Bt
= A2 SAA olFst7] wzoll, EHayEet o
£ QA7) W] 1228 s Ao] AAARE 0|5
£ 2g4e] 499t gopus AYd 49
= ©|83%F ESR A5 A= AA HHAHE
T F71e 7sAdo] =th(Voinchet et al., 2015).

HhH, Liu et al. (2015)2 100-300 um Ato] 2] 2 g Q]
A2 £E ESR Ak A d vtk
A7ATHE B U7} glol, o] Aol AHSH A
259 %2 ESR Aojdn} 2R A9R1A
7104 71 AFekar B7] ot o] ATof|lA] AL
S A Ake] =71 90-250 ym o] eH“2.2 A]
2AA W2).

o]9Joll &, ESR 415 A4 0] EA R o &
S7HAT 2S5, A2 0F MR 4%
& = Qlth o] AFollA= 0-12800 Gy7h#| 2] H
shdao] ofet ESR MBS 2R Eakeh AARA
(FRC)Z}H 0 Gy #H A WA Agxst o2 oot
E= 1600 Gy 3-& 3200 Gy7H4] 9] ESR Al5ake
Eakeh JATAEROS ol g3lo] T8 S7H
I ANE IS H|wste] HYATHIH 5, 6). o] A
ol B AT TS ESR AT 4RAe) o]
Z3td4H(73.2.1 7Hd%F(Equivalent dose)” Z=)
< ojn] APAEelA g Hpzh Aok ESR Al
3.9 o] 2340l thafiA= obF] et E2st
2 o] o|2oiXIx] SRokAIT, & Amrel WAl
A ZAbol o3t ARLAT Y] A Fo] L HjleR
A 71 = QA ck(Berger, 1990; Grin, 1990; Huntley ef
al., 1993). oA=& HrhA=H S uet 35 ESR
AT 50| o|FEIALE HYo® EF3}L, o
= =2 AFHA7IA A shte] Tl Z}x]
4% (single saturating exponential function)2
SARAT 7, o] Bo) THEOIN AWTAL 9]
Al(extrapolation)dlo] =&3t S7AFLS 2RIl
Ao] u|¢- =th(Hong et al., 2001 and references
therein); Griin (1991)2 ESR A&7} A HAZ E
Shel 415 o] %.9] ESR A5 24352 AZEr)
27] w2l S ol AMESHA] g Ae AlQtst
Atk T3 Griin and Brumby (1994), Ree-Jones
(1995), Hong et al. (2001) S-& ThEA| 8 Bopde
¥lo2 245 ESR 9 OSL Alsof dhat A4
TE B9l otte dY SRR IAHREN &
% 9l ESR & OSL A15.9] 2/} 27Hiare, A
FE2HE A== F7HI%H(expected De values of
the samples of interest) 2] 5-108] & g X] grojof 3t
oh 2 ekl

o] QoA ERCE o] §3 $4 542 AR50l
ESR ¢t Al Ti-Li A& 25 FRCE 0|83 4



MP9| ESR = E ol8et Md7| EME AUEY Jisd A+ 247

tiof] vjal Frjd AL Adie} vl w A g3 AE
HAHZE 6; 3% 2). FA|TE ERCE ©]-83HESR A
= FujddL Adidato] vl o oF 25u[ut
=71 "2ol(& 2), ESR A% 49 B84
Aoz o] F Atfrte] Kol AT =
sich

wahA, Fudlds Aol Hs] H=sHA &
ESR Atfd =, 499 Y= ESR A& A4
o] By oxlelr|Hks, Al X159} Ti-Li A5 71 3
2 RG] B Aol A FE5] AAEA] F3k7] o
T2 45t Ao] BT Aoltt. 53], T4t
T 2 SIS0l A A FPA = A TRE R
ot Bl A A S A87ksAdol e Aoz &
thE| = Ti-Li A3 % 1803BYG-10 A| 22 #9514,
RE 2ouldA AdidzbEct 10u]of 4] 258 o] 4;
EZ ESR Adj27E B2 ol2f3t sjAs it
FslErh ¥, ERCE ©]-83F 1803BYG-10A| &9
Ti-Li Ao+ Fujdlda AdjAdte] vls) <F 70%
A=, ol o] A& Ti-Li 4137} 300 Gyo|st
O] W2 Aol A wm=A AFazshideof =gl
wje} 7] B74HAEE0-1600 Gy)ol| tigh ESR 4139
S 27t 317 7o 2 YZETH1E 5d).
5.8 8

ol Ao AREE 90-250 um F7]2] 84371
AFUAEL 13399 Yo 87.5 A|7Hg<t vk
ato] LesHA AAE Ti-Li ASE At BF
3 ol H(HSFT FF)oll =EHE 27]
ESR 412.9] 30-75% 7} oJ73] A A=A Zska &
oF QIGIth E' A2 = Yo & & 235]8 1 A7
7} F7ke A2 WEAE] g2, o] AEE
o] &3t Bl AN S EVMes Ao witE

SAERE] g A9 ESR Atjda= Al 4l
39} Ti-Li 4% B5F Fojdds Adjd o] Bs)
Z|t 1008 o] 4} w3tow, ol EHFA A G U=}
9] ESR 4127} &-&3] 27]3=A] 23t 232 o
AE} a8y, 59 Hyams sz}t 29 =iet
AE oA Qe YA B A= Ti-Li A&7t T
ZHe| 2] Qo FAJAREL} sl F-a} o] A g YAt
B A1 52t Z23] Lol =E2E 4= Yle S A
£ Ti-Li A1%E& o]-&3t EHEY] AvZHo| 71

o4 S E gtk AEFeE,
AA = FREEA BATZ0] T2 HEEE= X
AEHE gt ESR Ath&SH-2 Bof Wadsh d+
7} Ay E|ojof shm, gt Adjn]ite] EdwZol
F/A RIS AT/ H R AZ| AL QT o]
of tfgk ESR A& Al =afE vkt 7Fx] 7} 9l
= 2o g weEh AL o] A fo2te EX S
of gt ESR A A= Fo|ulAd A AtfETE 1
25t o2 S92l ddfdaete] A4S v g Bl
Al do] HF = ofof gt E3L ESR At 2=
A5 FEA AARA G A EER I3,
3o] A9 HAAYE Ae sEo2 oy
7¥ak o2 GAE). o]o} o], ESR AL A%
Hatol] itslo] Qojap 57 ATFETHE ESR
Az o] 73 o] thet 198 5 97| e
of(model dependent) o5 S&3}7] 93 A+=
2339 47t ot

aAe A

24
=

ol

ZAe 2

o] A= FAMF e FSFRA =
AL B7E7)EE AH(2017-MOIS31-006)”, &
7123 A AT L “AAA ] A 5271 747
& SRE 75(C050100)" 3} 717378 “717& A3
See-At 7|&7]AATL(KMI2018-02010)" &] ALH] ]
oz P PHFYT
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