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ABSTRACT: The last activity of faults can be dated by the ESR dating of fault gouge. ESR dating of fault gouge
is based on the measurements of the number of unpaired electrons (ESR center) in the quartz minerals. These ESR
centers are generated by natural ionizing radiation from U, Th, and K and have accumulated over time. ESR signals
of quartz are reset by frictional heating and lattice deformation during grain boundary frictional sliding at the time
of fault movement. ESR signals then build up as a result of the formation of the unpaired electrons by natural
radiation. Two parameters have to be determined; the equivalent dose (Dg) and the dose rate (d). The ESR age
is obtained by dividing equivalent dose by dose rate (ESR age = Dg/d). Complete resetting of ESR signals will
only occur when the fault plane has been subjected to normal stress over 3 MPa, and when there has been sufficient
displacement. Fault gouges that are buried and later uplifted go through a stress history that can be explored by
the effect of overburden, the maximum horizontal stress, and the angle between the strike of fault plane and the
orientation of maximum horizontal stress. The depth of fault gouges at the time of complete resetting of ESR signals
(over 3 MPa) can be estimated from the uplift rate and the ESR ages for sampling locations. Records of earthquake
faulting events show that some parts of the fault cores or subsidiary faults were reactivated at the same time. In
order to investigate the long-term pattern of fault activity, samples should be collected at each shear bands developed
within the fault cores and subsidiary faults. ESR ages from both the fault cores and subsidiary faults (The
Wangsukcheon fault zone, the Keumwang fault zone, the Yangsan fault zone, and the Ulsan fault zone) developed
in the Korean peninsula range from 890 to 100 ka. The fault movements tend to show 1) temporal clustering into
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active and dormant periods, 2) migrate along the strike of the faults and 3) roam between widespread fault zones
developed in the Korean peninsula similar to spatiotemporal occurrences of earthquakes in the interior of a tectonic

plate.

Key words: active fault, ESR dating of fault gouge, clustering, migration, roaming
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Fig. 1. Conceptual models for earthquakes on inter-plate and Intra-plate fault systems. a) Inter-plate earthquakes
are restricted to the plate boundary fault. Large earthquakes appear to migrate along the plate boundary fault. b)
Large intra-continental earthquakes tend to roam across widespread faults developed within the interior of a tectonic

plate (modified from Liu and Stein, 2016).
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Fig. 2. The principle of ESR dating. a) Paired electrons are spinning in opposite directions. Radioactive elements
like U, Th, K emit radioactive energy. b) Formation of the unpaired electrons due to the ionization by natural radiation.
¢) The unpaired electrons are trapped at lattice defects. The spin direction of the unpaired electrons is changed by
microwave absorption. d) The number of unpaired electrons is measured as the intensity of the ESR signal (after

Ikeya, 1993).
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Fig. 3. A history of ESR signals in quartz separated from fault gouges. Before the fault movement, most of the traps
filled due to the radiation dose over geological times. At the time of the fault movement, the ESR intensity is zeroed.
Subsequently, the traps refill with unpaired electrons, and then the ESR intensity increases in proportion in the time
since the fault movement (modified from Lee and Schwarcz, 1994b).
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Fig. 4. Molecular models of the ESR centers; E’, OHC, Al and Ti center (modified from Buhay, 1987; Rudra and

Fowler, 1987).
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Fig. 5. a) Complete resetting condition for E’ signals as determined by the shearing experiments, in which normal
stress and displacement were controlled. Displacement represents the shearing of 1 mm layers of material. These
experiments indicate that normal stress higher than 3 MPa needed for complete resetting of E’ signals when there
has been sufficient displacement (0.3 m) (after Lee and Schwarcz, 1994b). b) The schematic diagram shows the
dimensions of surface rupture observed in historical earthquakes of variable magnitudes (after McCalpin, 1996).
Values for length and maximum displacement of surface rupture are from Wells and Coppersmith (1994). The lower
magnitude limit of surface faulting earthquakes follows Bonilla (1988).

Fig. 6. Variations of the vertical, minimum, and maximum horizontal stress with depth using the expression provided

by Synn et al. (2013).
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Fig. 7. The schematic diagram represents the stress state acting on the strike-slip fault. The depth of fault gouges
at the time of the complete resetting of ESR signals can be estimated from the strike of a fault plane and stress state.
a) map view. b) cross-section view.
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Fig. 8. The schematic diagram represents the stress state acting on the reverse fault. The depth of fault gouges at
the time of the complete resetting of ESR signals can be estimated from the direction of a fault plane and stress
state.
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Fig. 9. Photograph of outcrop at Wangsan fault showing locations in which ESR & OSL samples were collected
(modified from Cheong et al., 2003; Lee and Yang, 2003; Yang, 2006). The green circles represent the sampling
location for OSL dating of Quaternary deposits. The yellow circles represent the sampling locations for ESR dating

of fault gouges.
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gHESR AdiSAHE Sl vhAe 41719
EFA7] Btk 248 4 ok 2SR 2= &
SA17] BeE Dol AZ-F7E o] & 52 SHA| o3k
7] W&ol ESR iS58 %e S8l nhA|2 5417
A &EA7 DE ZAAFE 5 ot dHA 32 &
SA17] BeF Cofl AZ-FT o] F A5 SHA| o3k
7] W2l ESR diS78%e Fal nhA|et 5417
A CE 2AY 5= Ut webA] TSl &t 374
o] |2 o] tfgh ESR A& g S B3l &5
A171 C, D, EE obd == qlth.

A2 dlxol A EEA7] A9t BE 2HE 4 ¢l
%0, SE o|F= FSHIAWEY ESR A&
Jore &3 BE EFAVIE 49T = o
ok AE S0 95 FHo| SSHAR o] Foj7
Frgseol TEHo s 4-(TH™ 10a, 10b),

32

a3 19 @gdt 93| A|w= &5A17] B, C
2 Eof &535137] WiZoll ESR ddiSFHE &
o mpR| e ZFA1 7)1 EEA7] EE AT 4= Aok
a3 20 R SR w= &FA7] B o]
T AgE= sHA @7] diizell ESR iSRS
ol vk 5417191 BE 28 4= Atk 97]
A FET FL FpdSol dEdt g7 ES
o] Wt T H| A e} 22 FHEA 7| (BHE A7
B)E AT 4= 2, S3aoA 24T 5 igld
547l BE 2T &= ok o|¢f o] &3
of thet BFA71E FE5tLA} g ©E3 &9
e 2] TR w gk ofu gt ol g
g ReaSol o £4% Bastojof Fith(Lee
and Schwarcz, 1996; Bae and Lee, 2014).

2.5 CHEH|X|Q| ESR YILISN EHA}

GSHIA 9 ESR At HApo] gt HE2 Lee
(1999)°ll ZHAI8] A= ol Lo o] =ZlA= et
3] Agstes sl
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Fig. 10. a) The Schematic diagram show the fault core of main fault, subsidiary faults (modified from Ikeda et al.,
1996). b) The illustration shows temporal variations of ESR signals in quartz from fault gouge bands developed
in the fault core and subsidiary faults (modified from Lee and Schwarcz, 1996; Bae and Lee, 2016).
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2.5.2 AA 7 373

AF e FSHA| Al m2RE AgS EEstal ESR
ASE SAs17] gt AA g 3L o33k 2t

A WA= g B HIA] AR W SR
UE HAHY Y49 RS S5k ook &
SHA] A BE YFHT F 7 g wE A ol
oF 100 g A=E o|-&5t] sRTFS SsloF g
o I % AxE A RS oeE = AR £ Atk
THAE sto] @A AR F-Eo] Ql= U, Th
9 K9] s S5t dAIE AR A4t
sh=t o3ttt

F WA= A9 Eesh] «g otk &3
H|Z] A& Yol 2= Sl /718, Halds £
o ehA FE 183 HEFES AASH] S8l
F2 @A F2 A4k St S o] g3l AR
o} 4to] T o]} Whg-aHA] =t 4t A&l A|A
2 W74R] A 5, 54 A2 (wet-sieving) T}
4] AEA(dry-sieving)2 53l TFH|A| ARE
25~45 pm, 45~75 um, 75~100 pm, 100~150 p
m % 150~250 um&] JAR=7] W2 2531t} =}
HAE7E o] 83t ALe R = A AEXA] gh= A
FEG AT A FE £ F 239 A4
715 o] &ste] AF YAl Eolle vAdAES
A At

A HA= 49 2% o, ESR At
A8l FubdE AR ook ZF A2 YA}
7] ¥2 100 mg¥ 1071¢] FEE FH|h wet
A g9 A& o F 5079 FEIL FH]Eojof g
o} o] % S A A HHAM At Asof| 9
gls}od, Zu]9 AlRo| “Co Zubile A (100 Gy,
200 Gy, 400 Gy, 800 Gy, 1200 Gy, 1600 Gy, 2000
Gy, 2400 Gy @ 3200 Gy) & ZAFHT}. ThA7F U 7F
Zkage b 2A] 93 Y B AlSTt
A9E 4= 9lom, olg AASH] &l 170C oA
158 52 7 A| A oF $tt}(Toyoda and Schwarcz,
1997; Yang, 2006). E' A3 & AeJgt OHC, Al &

Ti A3 FatAe) e Akl 2AMIE G3E W
oFol EobAFE Al 57} ABA E)A] 9F=TH(Yang, 2006).

253 ESR X159 =4

ESR AthES it AAe7 ksl A= X-band
(8.5~10.4 GHz) ESR E3AIE 0|83}t ZF A=
o3t ESR 413.9] A|7]E &78%th E Y OHC A&
A=A S8, Al 2 Ti A= 20 43} A
ZH(spin relaxation time)o] -2 Ao A= SA S
T AL AAERE o]t A2(77 K)ol At &
e 4= tk(Lee and Schwarcz, 2001). ESR £33
9] 714 A2 ch33} 2t} microwave frequency
= 943 GHz (A42), 9.17 GHz (#); microwave
power =100 uW (E’ signal), 2 mW (OHC, Al &
Ti signal); scan width = 5.0 mT (42), 15.0 mT
(A2); scan time = 1.5 min; modulation frequency
=100 KHz; modulation amplitude = 50; time constant
=0.03 sec.

2.5.4 ESR 4] AAt

3250 93 ESR A159] A|7]7} Zold o,
PAA717F 2 YA BAFNATE ESR A&7t
00] B vk, JRT7| 7 2L AEE BE B
o] A ESR 41%7} 0] Hck(Buhay et al., 1988; Lee
and Schwarcz, 1994a, 1994b). wahs 225 &
o Yt717k 2 QJASe] ESR Alse] AJ7]7h
B0 2 ZhAE T YA YA}(critical grain size)E
o 2e YREE $s] 00] Ho] ESR A o 4
B PA=7] L zo| A A HErS(ESR age pla-
teau)2 TH=CHBuhay et al., 1988; Lee and Schwarcz,
1994a, 1994b). Lee and Schwarcz (2001)+= ESR €1
o B v 7HA] 7 e AFET w2 &
A= AABHEE 1) F 7] o)) ESR Al flA
22 Fegs 2y o, o AlE He9 ESR Ay
(multiple plateau ESR age)z} HH3IHTtHIH 11a).
2) 5 7}A] o]A9] ESR AlZ oA, 3lte] Al & o)A
= Al BE9E Holal, thE AT oA o] A
Betgol e o of AlE ESR Ath(multiple ESR
age)zt HYSHITHH 11b). 3) Zoi= gt 7] €] ESR
AZoA Al FetdE B Y wofl= Here ESR A
(single Plateau ESR age)zt WH3IHTHIH 11c¢).
4) JA=Z7|7} ZobA = 12 A 02 ESR A7t &
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ol 2] FAY T 4l5et YR|eh= At Al
BeeS HolA| oS o, 7H 2R A=A
ESR AthE 275t o] o ESR Atli(maximum
ESR age) 2}t WrgsttH (1 11d). o] ¢ ©3H|A|
O] upx|e} ZHEA17]= ) ESR Athet ZAY F=
Ao = FHH

HE 242 Q1 Wo] gskk HlolE 9] A=
o §lo] ESR ddiSAHE AT 229 7Fs4dol
EAReE F7HARS AR5 't frrRAR o
A ARG Zubie] AYS QN0 oF 10%
ojyj 9] 7S WA A]ZIth(Noller et al., 2000). &
WA o 2 F7HAR] @2k oF 5~20% = U A 3l
o} o9 AF AR Y] ot B 8 aE(HT
o O 23 A 94 v HEREH £
A 22H(9F 5~10%) 7+ TS 4= qiok 2™ 1144
SAE FeHY o] ESR AlEl 59 Adl= 7B+
2 g2 AtEY, 7HEEw X 9] @3 bs gitA o g oF
5~20% o] th(Lee, 1999). u}2}A ESR A& o] st ¢
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olEl9] 23 =] §lo} ESR Azt 4174 A5k ¢
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Bidart fan, Van Matre Ranch, Wrightwood %
Indio I 4oH B AT-S UAISk] 2tzke] A
71 o[HIE 9] A|7]& AIZFsIATHLH 12b; Sieh, 1986;
Jacoby, 1987; Jacoby et al., 1988; WGCEP, 1988;
Salyards et al., 1992; Fumal et al., 1993; Grant and
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Fig. 11. Critical grain size is presumed to have been completely zeroed by the last fault movement. Fine grains are
more completely reset during faulting, and a plot of ESR age vs. grain size shows a plateau age. a) multiple plateau
ESR age. b) multiple ESR age. c) single Plateau ESR age. d) maximum ESR age (modified from Lee and Schwarcz,

2001).
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o] A A A7 E 95% L3P H S e
o, Z¥7}o] oA sfiAE A2 o|HEL] A]7]
£ A2 diH]ste] ZAIRE H AL FA7]of &5t
@39 2| gutg ZdolE 9u|giti(Grant and Sieh,
1994; Grant, 1996; Sieh, 1996; Yeats et al., 1997).
& 9], Parkfieldo| 4] Wrightwood 2] ‘&5Z&7}t
2] o]o)Z AL 1857 A0 HHIFE = 7.99]
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2% v Z12ke) 2171 oIS THE 4 glo] vl
g dAdi7lE] 1S vE0] 7B eE &5UIE
AAstAH 14, 15, 16, 17).
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e 2 Fre BaeEe gat Rolzy Ay
813l 9tk (Grant and Sieh, 1994). 2717 &2
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™, 0] 7390l 18 km Zo] 9] A Futd k3] P4
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Coppersmith, 1994). webx A A E2H| TS5
FollA IR FFH|A| AEe 2 6.5 o] A
Zofl ot 2| Eutd TF-2-500 ol B/ E T3]

X
&5 4
& A
2
San Andreas Fault
San Diego
Pacific Ocean 0
(a) e

100 km

O

&
g ; o Gee‘& o°6
2 3‘(&' G P )
Qz“a\&a QoW o o o
[ 1 | [ 1 |
2000 1,966/1,934/1,922/1,901/1,881 EQ
1=« 1,857 EQ 2@ m
N [Fiohm Sim 1,812 EQ >2.1(6)
e : <1680 1>2
4 : 4
- i & 136) i >3
Q_ 1500 i € 1,480 T %
< n i £1350 = +
g | o7 [0 ¢ 1,250
8 i 1,100 -3
. €1,100 -
1000 | E ::ggg e 0:1 3 . 3
T No data »2 +4,
_ 800 3
<750 2 3 K
7 c700 =%
TNW ¢ SE
500 [rrrr[rrrr [ rrr [ [ T[T
0 100 200 300 400 500

Distance along the Southen San Andreas Fault

Fig. 12. a) Map of the southern San Andreas fault in California. b) This history of large ruptures along the southern
San Andreas fault is based upon data from several paleoseismic sites (data from Sieh, 1978, 1984, 1986; Jacoby,
1987; Jacoby et al., 1988; WGCEP, 1988; Sich et al., 1989; Salyards et al., 1992; Fumal et al., 1993; Grant and Sieh,
1993, 1994; Grant, 1996). Thick horizontal lines represent rupture lengths, based upon proposed correlations be-
tween sites. Dextral offsets are indicated (in meters) where available. Although incomplete, the available data demon-
strates the clustering of earthquakes along the fault strand, and the rupture pattern is also complicated (modified
from Grant and Sieh, 1994; Grant, 1996; Yeats et al., 1997).
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Fig. 13. Spatial distribution of studied fault zone in the Korean peninsula (modified from KIGAM, 2001).
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o 22¢ A ). A A oM Y B2 A=
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Weon and Lee, 2018; Choi, 2019; Min, 2020). ©]
Z 72719] @3FH|A] A&+ ESR 41%7} Z3}E o
%Uo] ESR A& 24 4= glslen, ol @53
9] o] ESR di&A S Hojues 23
Aol FAE o AL He= AR
THETUHE 24 A, &= AF L AA A F
O 2 hpo] SiMS shlTh 24 Aol et &
IS FFH 6 A3 Bt 2 Ao &
2ot S5H| X9 ESR AHiE thu|et A3, oF 544t

<Cheorwon-gun area>

Active
period (ka)
Dormant
interval (ka)

160+20 I 260+30

100

<Pocheon-si area>

’g > Migration direction of fault movements
< 80 NE
:; e Fault core & Subsidiary Fault
c i A
o 5
N 2
= ]
S 60 — 2
&%
<
° -
% No data
- =
S 40
n
2
g - . e

2 Fai

] §
_qc’ 20 — % [N -
+ o
{e)] e/' '
g - o e e ]
©
P sw
go IllllIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIII
8 0 100 200 300 400 500 600 700 800
17}
=) ESR age (ka)

Active
period (ka)

220+30 ‘ 28010 | 380+40 ‘ 41010 ‘ 520+30 ‘ 620+40

Dormant
interval (ka)

60

100

100

30 ‘ 110

Fig. 14. Quaternary activity pattern of the Wangsukcheon fault zone (data from Choi et al., 2012; Bae, 2016; Han,
2019). Horizontal lines are displayed errors for ESR dates of fault gouges collected fault core or subsidiary fault
of the Wangsukcheon fault. Vertical bars are hypothesized rupture extents of past fault movements. The
Wangsukcheon fault divided into two groups; the Pocheon-si area and the Cherwon-gun area. Results from ESR
dating of fault gouges show temporal clustering and the long-term cycles. The fault movements migrate from SW

to NE at the Wangsukcheon fault.
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Fig. 15. Quaternary activity pattern of the Keumwang fault zone (data from Lee, 2010; Choi et al., 2012; Hong and
Lee, 2012; Hong, 2013; Bae and Lee, 2014; Kim and Lee, 2017; Kim, 2018; Weon and Lee, 2018; Choi, 2019;
Min, 2020). Horizontal lines are displayed errors for ESR dates of fault gouges collected fault core or subsidiary
fault of the Keumwang fault. Vertical bars are hypothesized rupture extents of past fault movements. The Keumwang
fault divided into three groups; the Eumseong-gun area, the Wonju-si area, and the inje-gun area. Results from ESR
dating of fault gouges show temporal clustering and the long-term cycles. The fault movements migrate from SW

to NE at the Keumwang fault.
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Fig. 16. Quaternary activity pattern of the Yangsan fault zone (data from Yang, 2006; This study). Horizontal lines
are displayed errors for ESR dates of fault gouges collected fault core or subsidiary fault of the Yangsan fault zone.
Vertical bars are hypothesized rupture extents of past fault movements. The Yangsan fault zone divided into three
groups; the Yangsan-si area, the Gyeongju-si area, and the Yeongdeok-gun area. Results from ESR dating of fault
gouges show temporal clustering and the long-term cycles. The fault movements migration from NE to SW at the

Yangsan fault zone.
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Fig. 17. Quaternary activity pattern of the Ulsan fault zone (data from Lee and Schwarcz, 2001; Lee and Yang, 2003;
Yang, 2006). Horizontal lines are displayed errors for ESR dates of fault gouges collected sites developed along
with the Ulsan fault zone. Vertical bars are hypothesized rupture extents of past fault movements. The Ulsan fault
zone divided into two groups; the Ulsan-si area and the Pohang-si area. Results from ESR dating of fault gouges
show temporal clustering and the long-term cycles. The fault movements migrate from N to S at the Ulsan fault

zone.
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Fig. 18. On individual fault zones developed in the Korean peninsula. Spatially, these large fault movements tend
to roam between wide-spread fault systems. a) ESR ages of each region of the studied fault zones. b) The spatial
pattern of fault activity of the studied fault zone. In period A (540~890 ka), fault activities were dominated in the
southern part of the Korean peninsula. In period B (170~540 ka), fault activities occurred in the whole Korean
peninsula. In period C (110~170 ka), fault activities were dominated in the northern part of the Korean peninsula.

Red thick lines represent fault activity length.
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