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22 A gAR} FHu|AHZZ](surface microtextures of quartz grains, SMQ)2 E|Z & 7|8 JA2] LU & o]3e &= 3= A
9] fYst A= E AT SMQ A& 1960dH] 29 =YA7|HE AF7HA] dsHA A= glow, 2719 FH F49
A4 719 FFEHJ o, FaL AW 2 4AH, T4 £ AA HZddle A3 AT 719 AsERFHol A8EHL Q) ol
B3l B4 2§ oo, HEeAbtE, PR A s} T2 thFet HokR FE Gl oH, FAHALEN] A Q9] At A
71718 tFsHA Egshs A7 JP == A2 st Hnt Eeh B9, 51, iyl T4, B4 5 a9l A ElF e o419
SMQ A 235 B3l v)A Q] A= T3 317] -3 T Aol ZYA S8 Ut 2 =82 A A QA SMQ A9
AZEA o SFshe S e QTSRS 18 dto], SMQE] o] 24 v, E47|¥ e g 3y 81 Fl 9] dFAEIE FEE
© 2 AR ST £9], o] =H A= T EAHEE SMQ EX S THH O R =9do 2, AA-A ] gAIe} oF
O 29 B 75 A S ARt

FRO0|: MY, BHONZE, EX =, 2810y, B[Ny

ABSTRACT: Surface microtextures of quartz grains (SMQ) provide one of the few direct sources of information for reconstructing the transport
history of individual sediment grains. Since their introduction in the early 1960s, SMQ studies have been actively conducted, initially focusing
on qualitative, morphology-based descriptions, but later advancing through laboratory simulation experiments and statistical analyses, and
more recently applying artificial intelligence based automated classification methods. Through these developments, the application of SMQ
has expanded beyond sedimentological studies to diverse fields such as forensic science and planetary geology, accompanied by the increasing
use of high-resolution analytical instruments beyond scanning electron microscopy. Furthermore, research results from modern depositional
environments including soils, fluvial, coastal, acolian, and glacial settings have been widely applied to the paleoenvironmental interpretation
of unknown samples. Considering that systematic SMQ research in Korea is still at an early stage, this review aims to provide a comprehensive
overview of the theoretical background, methodological developments, and domestic and international case studies of SMQ. In particular,
this paper synthesizes SMQ characteristics across various depositional environments to highlight current limitations and suggest potential
directions for future development.
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A AR} HU| A= 2] (surface microtextures of quartz
grains, SMQ)& AFAhe] B2AIH o710 444 49
Aol Fei BE Balsiehy Rge) FaE SHol
QIE 9 ey 54 5 the HXs S450] 72 5
2 A9 =EHA o x| 9 7| YA s Alo] E-gE=
H(e.g., Mclaren and Bowles, 1985), SMQ+= E| & E9] &
WS olset 4= S ) U 71218 Ageche
Holxl 2P A A3d& Adrie.g., Higgs, 1979). E3E SMQ
£ EY49 342 B9 HY97 5 o2 Haeky o)
ANE HFY 5 e 713 E AlFgtth g2tA SMQE
AAE 0.2 Histo] 4Rt AR charet A AeH
49 4 & dohe, SMQi the Elshy By
Rz EAR o R B8 5 U2 EE, HAEY I4A-
SHREH A 7] S AUsHA EYst= d Yol S8
o 22 ke 5 gk

Ay Ak A FeE ZFeE FHRA| 22 o gt
&= FARARFEE] 7 (scanning electron microscopy, SEM)
= &85 A3 SMQ #AHo] AtE]7] o] MR E X
ol o, 27l = YA AAA FH, = dnt
£ 9 FYE0) 20| B2oFHTHBond, 1954). o] Al7]
o= o7 at vhAFER] A 22 v w A w3t 71717} A}
S|k o] 24 ]| ko] weh HAkaln] 7 electron
microscope)©| =& .o, ETAR}E v 7 (transmission
electron microscopy, TEM)& EHU|A|ZZ] Ao AR
BHe Al E=7F A E| Y THVos et al., 2014). FX]TE A2 A
A9 o2 it w2 wigol Hlg B2 ¥ sYHom
Q) SMQ B4 ET2AE Ue] AMgEA 23t o)
Biederman (1962)3} Krinsley and Takahashi (1962)¢]] 2]
3 AR R o] XS A-EE UL, 1965 A FAHA
FAAE welo] AEEEA SMQ 240 ¥l
2Tk AAE Fo) BEALE ool A EenlHE
Xo] chafah Aol W] 2] AT Baker, 1976;
Breton, 1999; Bongner et al., 2007).

1960 AtH5E 1970 th7HA] = thafst BHu| N2 RS
o] mE o, TAlol 2+ 22o] ojmgt 7|2 ola
FHEANEAS S 5 9l o8 Flolt AP 2
A7} BZ£35FHtHKrinsely and Donahue, 1968). 1980t
o} 1990 tholl= E|Ae S Alslste] 2 SMQ &
4 7\ 9 BRehL, 2 2 o B4 Y2 olefab]
AR AW 2Z A A7 3= IcKLindé and Mycielska-
Dowgiatto, 1980). o]2} 37, ulA| 22| 9] & RIEE ¥F
Yooz sekstol 37 ol BEIeL At of
A7) B2t o]F o FtHHiggs, 1979). 2000 thel 20104
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tjol] SolAHA, FAEEA, Q1EY, 8N S 2
2 TR B4 71 ASAIA &7 s AnES =
o]7] ¢Igt A7t A E e, AW BFPHFo] n=}
HHA SMQY B/ HAUZ gt olsi= = Ut
(Costa et al., 2013).

2| SMQE= EJAsH 2h8-3 dof, WAl 8H(forensic
science), 34 A A&k(planetary geology)a+ Z-2 thofst B
ofz 3L 7| A S (Bull and Morgan, 2006; Sullivan
and Kok, 2017), 202083 A|7HR|= Q15A]5( Artificial
Inteligence, Al)Z o]-83F FATN|ZZ] AFEFH A+
7} 843] 4311 QltkSikora ef al., 2024). o9} 2
AEe 23 717 SMQ #4]9] =02 AR AZEH &
ALY T Ak 2| adtekar, FHUA| 22 E279
I FFIE otk ok FZolls FARAAAR|
7 o] Qo = FZA g o)A FAFA ]| H(confocal laser scan-
ning microscope, CLSM), A& 1) 7 (atomic force micro-
scope, AFM) T} 22 IS4t £417]7]1& thfstA &
&8k A7t 2= L Q= FAlo]tHKonopinski et al.,
2012; Itamiya et al., 2022).

2 =FoA= AAA QA SMQ A+-9] AlRdA o 3l
Sk W o] A4S LEste] SMQ £419] o] 24 j
7, 4719 g 1Y, Sle] AFAREIE Az 2
stz shgict. 3], E43gE SMQ EX ¢ tisf A
AlsHA E2e 2 @A E4E SMQY AT 7|4 ¢
7|1& Aae] gt REEAHFY F28e AAIstat sk
ok Yozt SMQ #4119l =} 28-S g T @A)
ZIHE SMQO THEA A SES|9T At
A AsFarA} sH T

2. 3¢

SMQ &A1 19621 A8k 3] Scienceol F+ HY
Lo AYEEA B0 F2ub) ARSktkKrinsley
and Takahashi, 1962a, 1962b). 0]5-& TA] 4l 7]&0]%]
| FARLER] S E-8to] A FUAte] #H S AT
2Rt 5 FHUA|22E Bastglon, o]& Ff EAE
AL A5t A} Tt 8 32 AX|(wind circuit de-
vice)Q} & H(ball mill), R FH|o]E(shaking table), 2H|
Qlg|A AE At (stainless steel cylinder) 5 AU 28
A FAE olgsto] 242 F4, 3HA, siWl, WU 2
AR F, 7 23 SolA U tiEA <1 EHEv]A|
ZAE3Z AP sIh olet oA AA| 2o A IR o
Z73t Hlwste] 1 P4 A E sk BT #
HulM|2ARte 2= 3H7-S e8] wgd 4= glom, vt
TA| 2259 23S B3l HEEolof St A
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z3hHA SMQ 4] 0|27 715 vtk Krinsley
and Takahashi, 1962a, 1962b). o] &2 7|2 &] 0|1 A& F
1 i A= AlFshe gl 2A| 71o5t3leH, o]+ A AlA
Ao thpo] AAlEe] B & AFE AT 5 QL
= 7)1 E-2 vl stgE tH(Wilson, 1979; Bull, 1981).

SHAGE $4 A7 AEH o2 P A, Y7 A;
52 Krinsley A9 9] 4% vhabsl= A0 H1skgl
S 1(e.g., Schneider, 1970), SMQ 7|9 5234 (equi-
finality) 2415 X &3} tHSoutendam, 1967; Schneider,
1970; Bull, 1981). SAI/Jolst A2 o} 283} 3ol
ofshHetE AR ATE 2eka 4 SIrhs AF O R SMQ

A= A2 thE X AR FARE FHE|AZZ]
o] 35| BAE 4 U= Yrldtth o] EAl= oFZHA]
T SMQ 71'H 9] Al g Adfishe 7HE 22212 EA 0|
o, EZH 49 oF 7Fede ol FE a%oltt
(29 1; Chmielowska et al., 2021).

19733 Brown-2 Nature A|o|| AAst =22 53] ¥H
HlA| 22E o]- &3t 7 34 9] egAdol s o= Al
718 tHBrown, 1973). T+ 3P4 274 A8 41 e
ANEE e R, 7} JRloA £ HnN 2] 2y
o] AA| ¥k 241} YAsH=A1E AFsT) 1 21,
Wet A-gak= AE BRo] gl al YAfollA %, Krinsley

fresh. sh Possibility
microtexture re:or,nser:rp matte/shiny surface of
outcome
. misinterpretation
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Fig. 1. Change in roundness, sphericity, and microtexture of grains in an eolian environment is host-grain dependent, which can
cause interpretive problems (Modified from Chmielowska et al., 2021). Classes of grain roundness: 1) v-shape depressions and
sharp edges and corners; 2) slightly rounded edges and v-shaped depressions; 3) moderately rounded concave grain parts and
slightly smoothed depressions; 4) well-rounded edges and flattened depressions; 5) very well-rounded grains and very shallow

depressions.
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dAgtEo] Wt B RS Ao= T 23 50]
SAIEHA Yeht Ao] g1ttt o]F 53l Brown
7] Krinsley Q79 9] 74 A7 771 lom A=
TRt B Aol A T ERAEZ 0] F4E 4= 3
o= At B3 = HAE 24 7IH Y FH 71K
7h 22 w29 A FA T sfiAof A=Al ok
I FBHEA o] 7]l SMQ 7|Ro] FshA] Fgtthe
ol AE AN olet 22 EAIHL ol AF=olA
=y o 2 AylEgon], dTAER sldF SMQe] 5
A FAE A o2 SRISHES st THSetlow and
Karpovich, 1972; Brown, 1973; Krinsley and Doornkamp,
1973; Darmody, 1985).

919} 22 SMQ 714 Hgo] TRH JRELS AR
= 2029 o] tAll AR, olF 9] e AAL A
W B4 AN =YRORA o] BAZ Fue A
A1E A8l tHe.g., Bull, 1981). 2 AHS 531 A
Z H71 9 2414 S A =3WE Krinsley and Wellendorf
(1980) v|g] HAE £=9] HFOo = YRS o] FAIA
3/ ARFolA UEh= 24 i (upturned plates) 9] &
A3} F& Aol o] BA o sl HFgstaAt Fok AES F
ol S 2 H(plate) Ato] 2] ZHAM} F42] WA= I
AAE S 2= Aoz yehfiglen(ad 2), 2
At AR A Aol A AFE A FUAF H HY 7F

< HZPS o), S BSgko] GA5h= Ae= U
Epyit) o] A A= A YA #HE|A 2 F FEA

0

o i

(o]

o) 7o) Mo B4 AuE AYHo AT >

gt} AR}z o] o], AAY E&Eo] ofd
7] Agte] B4 gug BUskged, UY 24 3%
3l Ao tfdste], FAl F50] 29 m/soll S2F6HS
AL dolithKrinsley and Wellendorf, 1980). ¢]+=
RPAY AHE S AA EHSA ol A8 D AF
s}5t11, 77 BA7EA B W hEH] Al gt
11 Qltk. Mahaney (2002)+= Z4, 3Hd, W3}, EY Qo=
FIEH =Y T T thdRt A4S SMQ
278 3 Yesact. w3, ARt ohjzh, Roj2, 2t
A, A S 22 T FE YAl A 22
4 AE=stgtH(Mahaney, 2002). ol A9 F8 &
Zolgt =3EE SMQ AT9 3-84S =ole 23S
u, FAOA| 22 0] JAE AA|H ez A7) bz

2 a7azele) vv} oAk B71E Wl skt
(Hasson et al., 2024).

2000150l HOlSRA, MR} 7o) BE gt
Aol EAdtthe A 123 AE G ANREE A &
4o] 75s}ehe SMQ 7]%1] A Watat ok Al
A= 283 v} 9l Bull and Morgan (2006)2 £-2]219]
Al T oA AFH S EA 5T A4 T el HAEE
= W= SMQ #41& AL, A4l f7]00 AREE
AgE E8st= d 24 71998kth ol SMQ 7]Ho|
WE Aot S WASAL SH5Hs o
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Fig. 2. Comparison between changes in slope of experimental data and wind velocity for various types of sand grain movements
observed in deserts (Modified from Krinsley and Wellendorf, 1980).
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UoA AAAQ 52 =HE T sk Hlole AT
Uo, o s} 7IHET A ARSETE 9ol o
2 g3t f4= SA=A A2 4= ti(Bull and Morgan,
2006). Vos et al. (2014) & o4 ATFSo] Az HHAlS
Hlwste] 231 B4 S ARbstglon, ARpEE
Aolatd 7|1&9] FHu|A|2Z] LS 3470 = 7 At
(L™ 3). o]e} A 152 Higgs (1979)9] A+ o] % o
A=l o8l AAE AT ZF E X3 H FHu|N=Z]
O] A A AFESHIE=E St A Al A 7P AA
3te BREE AIsH

2020 ol So1Al, 7H3 FFoll= SMQ &7 2 of| A
M=l A= FHAE ATt BAlo] FE
= ARt AHhde 3A £017] 1% A7 ZFE AL ok
Hasson ef al. (2024)2 G&]d 7|4t ou]|x] 4 7|&S &
Ut SMQE AFe 22 #5738k SandAl LES s}
ATt o] AFAE BH-2 s, T4, WA, SNl 5 oheet
XY Y A YAYAE v o= shEEGleH, vl A
FollA AHFHE Ae] A gURte] Hgst] Hd HEZ
YTt

3.SMQQ| J|&X
SMQE 5] Agsly] e HGAR Ewie]
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2@ Hadhering particles)?} 7|8} f- 7714 o5& 24
AjAste] AAsoF ghet. sEARE, 0|23t EEE2 FH |
AZHE 712 R T2 2eeis SA0], 719}
St Bekel ARE ATT 4 Uk wehA SMQ &
Aol A= WEEA] AIA ARk} 3 H] Al A AA}F E3E
Palel 0] F23lth o] ATAEL FiKhydrochloric
acid), F3I5=4(tin chloride), Al (hydrogen peroxide),
Z<2(Calgon) 5 313+ A& AA AFYA FHY
71 &3} BZRIAE Al A S tHKrinsley and Doornkamp,
1973; Lewis and Armstrong, 1994; Helland ef al., 1997; Helland
and Holmes, 1997; Vos et al., 2014). 13y AX 2] 24
oA 4 o] F=7t YR =AW, AR S -
AR EHA AH o7t A Eh EAHo) B
= ATHHiggs, 1979). 5t ofuz), 73t A& 9ls)
Z-2-ubA| & 7] (ultrasonic vibration)E AN | = 511,
of 3t A 0|1l A 2L WAL 4 e
B2 BAR o g2 AlESHA| 9=} Porter, 1962; Bellanova
etal., 2016).

AR B dFAREel Y8l AREE A Sl AR S
Vos et al. (2014)2] W10 2, 71 A3} T} P}, HF
£ RS 94 AZAZ) F, 4AARE B9 Awsic
(¥ 4a). o] oA A 2719 2235 8, 49
AR A AP YRS EIsfjof gttt 3, ARt

Mechanical Chemical Mechanical and Chemical
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sizjelals|algls|@|s|3]12lg|5|5lal=]2]8a|m]e glz22(3|%|z(2|8(31]2 |2
Slelsl2|ale|?|B |zl |% (B |2 |8z le|&|alalE|®|C sS85 ]e T A ERE
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Fig. 3. Environmental interpretation of quartz grain microtextures (Redrawn from Vos et al., 2014). “Abundant” means that the
feature is present on 75% of the grains, “common” 50-75%, “sparse” 5-50%, and “rare” b5%. The table was compiled from our
own data and data of Krinsley and Donahue (1968), Krinsley and Doornkamp (1973), Margolis and Krinsley (1974), Le Ribault
(1977), Higgs (1979), Mahaney (2002), Mahaney et al. (2010) and Costa et al. (2013).
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I FE-2 SMQ 4o 5= FEE 4= 917] w2l
o|2|3t #E 9 75 AP Elsteiof gttt o=t A
QAo FRE 4 Aol AFshs Aol AR
& WATE, 724 148 FowA 4 BT 4+ s
TZ0]th(Mazzullo and Ritter, 1991). AA| 2, BIA}A S
§710h) shsl- At 718 Eeol A 57-74%¢) 419
off FLo] ZABHE R0l Hd v} os, ojzig 18]
F9 SMQ 4 TA 2 sh4T ofx7} e
R @SS BAo) ASE gAY 2712
WAIBHA] Spgten, olo] ot WEE 2] wat ojol7l
v} QIthBull, 1981; Mahaney, 2002; Smith et al., 2018).
SEAEE, 22 A2 o] AgdREol TUt oA 2
2 2= A, A7VVHAR HE A AR Aol =
& WA 715/d0] IthKrinsley and Doornkamp, 1973).
R s FLCRECER PR R
AR B gold 7ks/de] $ikKrinsley and Smith,
1981; Mahaney, 2002; Smith et al., 2018). wWax] FA o]
Aol Wl 21719 QA1E: Metshs Zlo] Bashol, 01-20
mm 991e] 4d YR ek 2 BT UrkVos
et al., 2014). ol oM} T % EL W UAHE 9]

@ original crystal plane

[ATE >

i
10
1
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Z2 BASH= A7 27151 9dth(Baek and Jo, 2023).
o|FA AEH AFUAel el HE BAFHT FAb
3= AAE A8l 15% F4AHHCL) -§Hof| 1027 7HE g
o 22 % o] Gdlo] 38| AT 4 YL FRFE I
A A At thro =2, 0|5 A YYUAE HHA] 50 g/L 1]
ZOIXN}EF f9¥(tetrasodium pyrophosphate)o 10& 7}
otel] U o] HES} RAYREES AAG F, vk
TR 2 SRR 33 o] AlARITE AlAT A FARES
60 CE AAE Ax7|A & ARAIZILh o] WS <
Aol A91H T A TSRS W 4 o] WAL
WA PR A Ad) ST Al A WHE S 11
oA aze] AR A7 SAHAY $2 QAt B
B2 o2 AALA o= 5 AV EEE o= Jes
2 AR Fo71 £ @ FHtH(Baek and Jo, 2023;
Lee et al., 2025). weba] Kok Al=abeker $7 42 9
AL 4t AX B Aol Fashu, S5,
A §Ao 5, 7HE A7t 24 129 5= 59 FF
AAD o Z A3 D7}tk e.g., Bellanova ef al., 2016).
o] B 4R F 2 307 o)kl IAE =
2F92 Adsle] 7HELH| 0| (carbon tape)o]] nhEE S 7,

angular outline

———y
x130  100[um]

[

silica g/ob[)?s»“ -

e
. * 0

Fig. 4. Low and high magnification scanning electron (SEM) images showing various SMQ of the ChunCheon Basin soil, Korea.
(a) Quartz grain with original crystal plane. (b) Angular grain with flat cleavages surface. (c) High magnification images showing
conchoidal fractures. (d) High magnification images showing silica globules.
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249 FAPEAAD)H B4 943t ol T ANT
 ZARAAED] BHS U183 Alze] Bol AREE
td Y Eut ofyet FE 9 olm|x] 55 A% gl &
Sm2 A7) 7784 Aol Be 597t Basi,
A5 EH 7 A7 24 ARt 717] 44 20S BFA
58 A olm|R 9] 23] 9 =9 Fo] Ashd o= Q1
ojm|z] A% F tHlE vF 2A A sHAY AR 27]
£ 58 2olA) 2o u} 2L o] TevAE
22 Ak Hl ol FAA Hok E=3h YA A
F 0 22 o] HREAS selalr] Sisl, FAHAE
u]7 2] o]x}A " K(secondary electron, SE) o|u]z] EAJ3} g+
7| EDS (energy dispersive spectroscopy) Q4 E4jo] I
Q3ltH(Whalley and Krinsley, 1974). £3], AU 2@ A3
o eJgt 4 UAte] A 9ol A3t AFE 99 B 7]
7] AR 204 AA| BHeE 9] diz RS A &
A3z Ao| AEthIngersoll, 1974). ¥ |34 2] A|&of
A AAEE 3070 o] ARt AR FES AT
A HE 37|2 kE317] kR gk(Islam, 2018), B4 27
of uet o e Edo| Wath 4 ot AR B4 K 2
E4 gdndzzo] H Aol AN FHEIE= AE
RSl ARERIE 2 YEhf L, o)of HEe] SMQ 23
A st FAQ A S Mgtk o] Ao
X Bt FR3 AL TwolHzAe) Yok AU
7} SMQ2| 34 UQlS BesHA wtotsh= Aot

4 & O

OF
- TO

4. EIMEAE MoIoITt EOYIEEI0| SA
4

—

=3

Fol FAEEEL 7|6 ol 9o = 2E
A, 715, AR, A Z2 & 2= S e
Ao g 2 deA Stk A g ol B 2N FE
S QH AT et T A S v e, S H EY
B A7 AAFER ANE ] gth(Douglas and Platt,
1977; Powers et al., 1979; Wilson, 2020; Shin and Jo, 2024).
dubd o2 EQkE 7|Hketoll A 7] €Et H, 8 -+A 4 ¥
7k o]F o] A9 dojuA] gh= o] EFo|tt. 0|9 o]
T 5 &5A Y3t B B o5 FA= EG U A
AN A o] =22 22| (mechanical; 19 3) WS A]
sfgttt. mebd B AR A9 AR f-o 24
EAo] Oz BEH ARI(ZH 4a)7F TEE = o Hhe,
7% SMQ 25 49] Eel2 vl 2259 thepyo] th
Al g sl sk 542 Holw, oleiet ol 42 A1) &
F W NG BRI T 2 A= ot
37] ofgths AR EAfatch B YolA 71 SAlsh
A e 4 s 224 2Hont WU t He

u

TH1¥ 4b, 4c; Eswaran and Stoops, 1979; Higgs, 1979).
oleie 222 MY} BeroZRE WolA e wA
FAEE Aoz A% =T(Bull, 1981), B 2H3
S o]Foll o7t 71291 BAE mkErE dojubA] ¢k
| 2ol & BREEo] 22 ¥ E Yeif= ACE dd
A,

sjeral 2olo] o3 EATAZE S EFRAA )
Aog A BAAE=H, tHFY frlEe] A9 dA
o o) HETOo =N P == 9P F4H(oriented etch
pits), £-3}|4(solution pits), B-3=r(solution crevasses)i}
2o 3] 270] 25-75%2] A% WES Holt: Hoz
HuE v} Qlti(Higgs, 1979; Vos et al., 2014). GHHA S
2 Xg9] §3l= pH 8~99] e 204 EAYSHA|
THManickam and Barbaroux, 1987), $-7|&2 1} ¥-&-5}
H A ge] &ales HIAIA pH 4~59] EdroAe &
7 AT 4= e Aoz HaH v Qlok(Higgs, 1979;
Reuss and Johnson, 1985). o]|ZA| F==of g3jH Az
7} QE-2 o] A FUA o =L FHIZ JHE 5
9.0 (Martin-Garcia et al., 2015), T4+ Ag]7KGilica glob-
ules; 13 4d), SPAF A 2]7HKGsilica flowers), SA4F A 2|7}
(silica pellicle) 18] 31 A& (crystalline over-growths) 2]
EouE o BRE oS 24 FHo) A7t 3
A 22 B4 oF 50~75% o] Ao ARSI =E U
EPdth(Higgs, 1979; Vos et al., 2014).

FY EHEA EY A9S R +3E dtelA
L Aol FRG Stjxge] BoAolH Lehit
SMQ &3S E=315HA HoJ&tH(Shin and Jo, 2024). 413§
AFtdTol M= 4% S (angular outline), SjZHF 74
3, ZA%/2 A8 A(arcuate/straight steps) &3} 2+
22l 220] 75% ole] £& ABEL W) o7
g3l 7]& SMQ EFAIA o= 3= A o), 34| A
Aol|A =2 X 1% H} Q1= breakage blocks Z microsteps
20| AR PAE] ZHEA Eoo] SA-§o(freeze-
thaw) 2H8-2 W2 102 SHHBHLHLY S5 Woronko
and Pisarska-Jamrozy, 2016; Liu et al., 2023). 0|9} -2
2 A H] A+ Adel= g, g 7159 EdelA
= spab Fo280) ofa) 348 89 % WA v)H2Y
o] AHA WEsh=tl, o= AAolA 7]¥gt f714k
o) gkt Aulz A4ejA It Eswaran and Stoops, 1979,
Nesbitt et al., 1997). o|A Y EF T4 2] njq 22L& 7%

ool mEkA T RlE=of 2ete] thEA yERd 4= Sl 2

N
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2402, EPFA SMQE A7 (92 7|F A% 42
a1 B4 5 79 AR T2 o] F Holn], 2 X<}
8 29 AAZQ AT} o] ok Bk A=A 9)
L onRol A A8E 4 Qe AR 7|tjEckShin
and Jo, 2024).

4.2. 014 23

PR A|(river system)+= 1 FE|L} 27} 53] Thgsto
EAE 5t S04 2 ZpolE fEEtth sk ol
A2 Wl ARt ol = Gl Aee ARteka,
dutd o= o3 A7t AojFd4E V-3 F5E(V-shaped
percussion cracks; 13 6d)1} 9% SZ4l(rounded outline)
o) AEHI T} STV A 25 SMQYETE &
3| 2 &2 ARHo|t( 18 7b; Sweet and Brannan, 2016;
Baek and Jo, 2025).

oc
10
3
[l

a4 92 SMQe] B4 Ak dlo] Qo] et
A 451 291 % shfolh. Higes (1979)% 314213
= oA A|7]ol met Ao R)/Fo | A/ | A]/F5
3 ] 7HX 2 Bt A~y A o= 4
Ao g 35t AFZAE SAIsHA 345k Hl wtal,
5% A= TR 2719 2 AR 4 &
Xo| 43 = Ao 2 B E T Qltie.g., Higgs, 1979). 9]
A" F5 Wstol ot ks v Y S 5 &
24 318k 229 A& WI=E WSHAZ|ARKLI et al.,
2021), o] A= HIAFAY o= ok A& 9, T~
YA oAM= V-3 SESI 9F 249 FAd0] 7}
7 ghdkshA|gt, 11 o]4te] AU A|E 7= F5 el
= 238 Fashs Aol HuHy vk &, o w2 9
YA AolA= o e gAb 7t SEo] WA wfizt
A Aoy Bet WAl 59 284 24 o] LAIsHA B4

direction of ice
expansion during
freezing

-«

.......... in-grain weakness

I thin premelting water film

Fig. 5. Schematic of the development of F-type frost weathering of quartz grains (Modified from Woronko and Pisarska-Jamrozy,
2016). (a) Frozen sandy-sized deposit; (b) Fragment of quartz grain with in-grain weaknesses and thin unfrozen water (premelting
film) adjacent to the surface of the grain within frozen sand sediment; (¢) The growth of the crystal ice causes the increase of
the pressure on the unfrozen water film and disintegration of the quartz grain along the in-grain weaknesses. It occurs when thickness
of the unfrozen water film becomes less than irregularities on the surface of particles. At the beginning small conchoidal fractures
are formed; (d) Multiple cycles of the freeze-thaw cause the overlapping of conchoidal features and forming breakage blocks

microstructures.
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sk A% A9, 712 Aol A 2o BAEUE V-E AA S Hskes B 4 QT2 6a; Mahany,
583 9% 94 ol Toux] 24 stold AEA  2002; Back and Jo, 2025).
P W2 A, B ), 29 9T Bol o8 ol Seluehet o] Ae] uket seshy U

‘ \d
Upturned plates ’T"

AN B
;/\
5 b

AR

"’L_ R

Y.
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Fig. 6. Low and high magnification SEM images showing various SMQ of Hantan River (Modified from Baek and Jo, 2025).
(a) Angular grain. (b) Sub-angular grain. (c) Intersecting straight steps. (d) V-shaped percussion cracks.
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Mainstream of Hantan River 3 v &2 — Mainstream
Tributary of Hantan River 2 62 — Tribuatries
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4 Sin stream,,. e 2 o' g 2-1]_

Fig. 7. (a) Satellite image showing the mainstream and tributary sampling sites. (b) Dendrogram showing complete separation
between mainstream and tributary sampling sites based on SMQ frequencies. Blue and green labels on the vertical axis indicate
mainstream and tributary sampling sites, respectively. Horizontal axis indicates linkage distances (Modified from Baek and Jo,
2025).
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¥is7} o 2 54 @do] dhel AlAsHe o vl Ak
o] sl B2 SMQ T B4 9 7] e ¢
of| A =3 =] It 1™ 7a; Baek and Jo, 2023, 2025). Baek
and Jo (2025)= &} 27t A7 HAE 7 SMQ 4=
W Axto] tjs AlS2 3 E4(hierarchical clustering
analysis) & AN|EH AT, R} 2|5 HABo| Eatal
FEELE AL FHolstg (18 7b; Baek and Jo, 2025).
ol5& Aol 5E AlFE 2 2719 A7t FES=
NN F2 A5 5% YR AT T %‘501 Ay
s FEA *'ﬁ‘“d(l%l 6b) 9 B H{AE T} L2 =
213 249 2 WA HI=(2F 60)7F YE= 7;'4\—‘1
S8ty oj9F 22 SMQ A= FARE AF Al
2Hlof G AH Z2 ofEdl A G o] H“C‘*?’P 3
T AT 20E Bole 11‘3"111\15 HI1E 3 QLo v{(Smith
et al., 2018; Chen et al., 2019; Baek and Jo, 2025), o|&]
g+ 5 SMQY| A4 ¥El= SoMrlot dFEwel o3t A
T2 745 @0l SMQO apF o R 7|8E S
At}
SEAIRE, QA ATt viel o] g e 71+, A¥
AP EE 5 Gl wet 53] gt EA4S Hol7l o
ol A7HA 2 SMQ A7+ At 2= 7 S AlA

V-shaped
percussion cracks

Large conchoidal
fractures

i
10
3]
11278

ge S8t ke Aol o™ (e.g., Mahaney,
2002; Li et al., 2021), o] & ¢J3t EHZF T 7]|0] O]H]
e Aot} watA ;V‘* SMQE T HHEE wEe
EF Al S 5 oe S0 72 B T 5 A
28] WollA o] FA 4 -‘:JOHLVl Ao (EF/AIF F2 4
/o 28 TSk o £ 5 o e 5t
A Aade S48k dlole o7 B2 AIE Hol

L=

4.3. ofig! &3

afxl ?47—‘:1“’2 e Aol ulsl 224 ds=rt
¢ Fom, SMQ 54 T3 i £ Aol Kol
o=z ?—__1'347?] QIth(Ko and Jo, 2024). 3|41 3770 A T
glo] &= vz g3k F2 mef 2719 fARE ¢
=2 A3hE 24 A& 34 F 71 X 4F 0|1 St
T YA 7 YA AT AES Sk "ok ol 2 R
SR o2RE T AU 2A 2 nf s Shstst
of A Ee YuteE ®WEA S7HA] 7] (Hunt, 1887),
Bt @02 7E 3ful SMQ 23 U W= o] PGS F
A ThETh 98 2T V-3 2552 58l SMQOJA]
wEEH= ﬂm&l ZZ 02 A, 52 A0 A2 x|&H

Fig. 8. Low and high magnification SEM images showing various SMQ of East coast (Modified from Ko and Jo, 2024). (a) Sub-ana-
ular grain from Hwajinpo Beach. (b) V-shaped percussion cracks. (c) Solution pits (d) Adhering particles and diatom.
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TAE 7] YA} 2 SE} rREARE-S A AIRITH L 8a, 8b;
Krinsley and Funnell, 1965; Krinsley and Donahue, 1968;
Higgs 1979; Vos et al., 2014; Ttamiya et al., 2019). o]
3} e BAUNRLE E A 7 FE oA 87
A= =2 HI=E o|F7] o, vl 72 0|59
4 22000 7 Ratehe 84 AESHL olek Folk (1978)
L 2% A9 49 BEoIgls Sl o3 e 34
S HE RBEgk=th= ukd i water-film effect)E <
Folola, o] Bk AH 420 25 AR G4 7)o
Sk Ao 2 Bl

sl Mde] I ThE e BHL slele] wkgol ofg
sfaka) 27o|c). s)4-0] B phi o 7.8-830.2, 4]
9] 3 =7} S7Fsh= pH 9.0 Hrf o F2 2| A|uh =
Zrefel 1%t sl g oA et o] HFUATE a4 W
718 &olu 1H8 4 S8 A5 =SHohd 9.08 &
© pHE 7} 4 9l o2 oA Qlre g, Krauskopf,
1959; Oppenheimer and Master, 1965). o3t 7|Zo2
WA4TE A sl 2HonE Solh, S3), ¥
o S, 74 ek ok A7t Sl Rusglnka
2 8¢; Vos et al., 2014).

T oJ7 ZAJHAIRL, s 270l Aleke 7 diatom)
£ RaRglajel 3 HRE of¥ SMQe| ERnHMEYH 5
Ao g2 AFE7| %= St 1F 8d; Madhavaraju ef al., 2022).
olEe AU Eelol B0 Qi x| F ERE
55 27 aiae] s Tkt o £ A7l S 2
Y5P | = 3T Armstrong-Altrin ef al., 2023). ©|23F SMQ
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2A9) Fat AN o= S B ok 2 oo
3 37 o A = HEAE 7] = 3FR]THManickam and Barbaroux,
1987; Baek and Jo, 2025), 351 7oA 713 A3
e S4oleka & 4 gl

Itamiya et al. (2019)> L&2] o1& Rl A Z|F Tt A
FUAeE B A2 S A=RE E45H] Blwsi=H,
HF &S 7= sfiRl A9 22 shd SMQOA
£ A oR PREA B 24 eopo] $AISH 1
BT o213t Adke BAPE J% shd & olA AlEel
we S e Sshy ouxst WS wEolekn
Ao, ol aful 4} ahA Hde) BAe uhm
HEE Hlae A9 ATST Rgeis A s
(Helland and Holmes, 1997; Pyokéri, 1997).

= ook ARl oo A d2" AP
oiRo.s 21 S AT E sl sl ool SMQ

e A HojF Ko and Jo, 2024). o] At
ofshd, shd FHolA= 29 Al wt V-3 FEE,
o}k S24lo] 10% ofstell Al Hrh 60% ol4ko] vz}
A 71t vhd, 2hy A2 ARt o] AE Bt
% 9). 3% SMQOIA = 24t 72lof w2 Ae4o] vt
UARE o714 5 He sidl &4 SMQ st
127} 31§l vla) o 3~8u) Tk ARAoIT). ol 8
¥ 2] V- 3587} 99 S Ao Qrpt A
AL ATY 4 YA BHOR BolFi AFolct.

Costa et al. (2012) AFEHE, Z2EZE QT Y|A]
ofell 4] AFIet sl A=} o] 8 mARE A BHUHL
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~
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~
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Fig. 9. The regression line showing the frequency changes in SMQ depending on the transport distance from Cheonjin stream
(0-6800 m) to Cheonggan beach (6800-7200 m) (Modified from Ko and Jo, 2024).
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oLix] A7) ket Febis SMQ B4 BASHL, ol 2
sl A RolA ] Afet mlwate A o]
AT F3, 15 AL SMQE| FFE AHS
£ BH2Y SrolA, ALNES 2YSHE AL FE
S50 3E A% Algtolehn Yt 2, B8 5
=7 Row QR 7 35 A A7 B SR B
I 4 9] o] YA Eelo] th] A W A

o 4 iekn stk

oX,
o ot =
o 2

9 7 MR FEo] o8 nhm Sueky By
Yk, SN E e 5= 3l 530, 3
o SMQ =g AbERl=E AR 27] ) S53 2ASsH
B Z, F4 BANE Yur} 27 Fho| BEs
5 52| oo 2 SMQ F/do] ¥ d&sA]= ol
bR o|t(1Y 10a, 10b; Mahaney, 2002). 3}A|9F &<
o] A F ol TUIE A, FEA WY, WA A,
TAY 5-R(meandering ridges), 22} 5 A3t FE
= ABkE B84 2450] AL LAl H (Krinsley and
Trusty, 1985), o]2igt 542 AW 2P UPIA= tasd

]_

il

rounded outline

crescentic percussion marks

sub-angular outline

"} )th(Nieter and Krinsley, 1976; Costa et al., 2013).

T8 BHL 7 EH o2 AR 7|F 2 o|FAL Y
o, B ool it o] o] £ 4= ol ARt Aol
ofazrel o) B4t SUSA pl} 3713 MR
ol Gojet 4RI} 22 oY 2L Bl
3K (Soutendam, 1967; Costa et al., 2013). T3}, Apta}
22 Aode] 2 YTAR g A0 F8} YH 4
AN ERe) DAL PO UET HRE FE
H(Al-Saleh and Khalaf, 1982). 3l|oF ARol| A 2] -9l
ol 93 24 93e) 4RE F Aol 0 4 7] o)
2ol I S EAE HolA Hed, 2 55 g9
(bulbous edges)} &3} Z=E(abrasion fatigues) 2.2 Tff
®E= 34 BEY EAN V-F SEEOE tiEE 5
1l 273 9] E4o] FAlo - gtT) EFE, siet Aol A=

2 Ajat 2] €] Aol ) SF3HE 2ol I3 SMQ7}
g =2 v 2 JeEpdti= EXo] QIth(Al-Saleh and Khalaf,
1982).

Tl A= 7R T4 B2 SMQo]| thgt AA A1
Q77} 55 Az SIAR, Hlet A1%e) Ale] 4193g)
2} FHME= 2459 =5 (crescentic percussion marks)
V-3 TE23} Zo] T/ T Nl HEE tESh=

rounded outline

solution. pits =
N

>

sub-angular outline

Fig. 10. Various types of quartz grain in the aeolian environments. (a, b) SMQ of Page Glen Dam, USA. Grains rewarked by wind

after deposition. (c, d) SMQ of Shinduri coastal dune, Korea.
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4.5 4y =H
44 B3-S SMQ AT 9lo] Bkt Fate] vls) Bl
[eX o]

Z Zg2 e MF o2 18T 4 9= o]t Mahaney
and Schwartz, 2016). £3], W3} &5 9] A4S 2jo|& A
3= o) 851 (Hernandez-Hinojosa ef al., 2018), o|+=
atol o3t HRte] Luke SAREI A Aol
$HE]7] wjEo]th(Krinsley and Takahashi, 1962). o]t
wot B AeEe 249 UM, W2 s, U
A& A, H3Y Z A (parallel striatinstriation), S H &2 &
(imbricated grinding features)i -2 225 WA=
Ao] EXo|thad 11b, 11¢; Margolis, 1968; Woronko and
Pisarska-Jamrozy, 2016; Kim et al., 2023). 3}X|9, o]&
W4 84 B4 A= SMQE 5 457 Wsh Yol ¢+
Aol A= BE 9 2ulE o] Alg JHAH =2
T QJTH2¥ 11a; Mahaney, 2002).

Strand et al. (2003)2 3f%FA|EZ 2 1 (ODP; ocean
drilling program) SITE 116694 =3 Zo] & & A=
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of7} 1 W A(ice sheet) 13t2] F=8 A|7|5 FSHATH
ol 52 93 |+ Bole AL oAl F71~F7]
A5 A= Hol= A of H]3l, EOT (Eocene-Oligocene
Transition) A]7] o] % Z+q -S4, w2 nke, A%/
4% AT 5 A WA B9 SMQ7F LA 5
Qe wasiich eb o5l ATE W4 e A
S BAES A7 DIINE 28 2B V-5 FEE
S} 2§ 2] ofa) P4 24o] B 4 9]
o= YAIRITHE 11d).

Krinsley and Takahashi (1962)+= E&}2l A gulof x| B
23t A FUAE B S| 2HJIF A AR Y
-15CE WzhA71 A2 500 baro] 2 713l ®a} 2+
&= ZARSITE o|FA A2 E AFUAE AA Wt g
79| A YAt v de o, sz ahaf(cH)(large con-
choidal fractures; >100 um)3} E57213F a3l 24 5 dH
SAMd o] EelE7| = 314t} Gorska and Woronko (2022)
o, A4 20N A|Re) 5A-§aE BEHoR A
Attt 152 27| dAA = s () 7S
ARoY, 8-88 ZENLE AESAESF 24 5
2| (£)(small conchoidal fractures; <10 um)2] AFEWI=
7} Z7V8lal 2& dA o)l A= breakage blockso] $-A| 3] A

conchoidal
fractures

.~ Vv-shape -
percussion ™

rounded outline

Fig. 11. Low-magnification SEM images showing various SMQ of quartz grains from Antarctic sediments. (a) Quartz grain with

original crystal plane. (b, ¢) Angular grains. (d) Rounded grain.
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