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ABSTRACT : The generation of staurolite from the mixed-phase muscovite and the metamorphic
environment of shales in the Baekunsa formation, Hongsan, Buyeo, were studied using electron probe
micro analysis (EPMA). The average chemical composition of mica-type mineral is (K;.11Nag26Cao.o4)
(Al3 93Fe021Mgo.07)(Si6.08Al1.92)020(OH)4, and shows a characteristics of the so-called illite with a low
content of interlayer cations and Fe, Mg in octahedral sites. The mica-type mineral shows a typical
chemical composition of the mixed-phase among muscovite, pyrophyllite, and chlorite (mixed-phase

muscovite, MuzosPy235Chso). The staurolite,

in general,

occurs with the mixed-phase muscovites,

pyrophyllites, and aluminosilicates in the rock. We consider that staurolite can be formed by a reaction
involving pyrophyllite such as pyrophyllite+chloritoid. The chloritoid is formed by a reaction between
pyrophyllite and chlorite and is supposed to be used up in the process of staurolite formation. As a
result, the mixed-phase muscovite, formed during the transition of illite to muscovite, plays an
important role for the generation of the staurolite. Considering that the reaction occurs at the
temperature higher than 300C and pyrophyllites transform into aluminosilicates at 350C, the shale in
the Baekunsa formation can be considered to have been experienced a metamorphic temperature

between 300~350C.
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ALe F FAHZE F st €eolEE Grim
et al. (1937)°] 98 L=} FA3 HE F7] ¢
7] FEE AS EEzl FEZA, dAde <A
0101]’\1 4 um oJ3tE ArEEH LR S AHS
ZE zh= 3E’E A 2lF0)(Srodon and Eberl, 1984)
SRS 9 deiEAgd] o8 AHEe W
p=s LA ]—6‘]— HEFEo mWHoz ALH1 9}
(Kang, 2012; Song, 2012). F3}AA-& 0| 4(TEM;
Transmission Electron Microscopy)< ©]-&3 Uz}
o|Ed| tJgt 7]E2] Aol A(Lee and Peacor, 1983;
Lee et al., 1984; Lee et al., 1985), YE}o|Ex= 2
HEfo|ES] SAAG 02 RE YA E] 2HE o]
E/QetolE EFHHSMHE A, 257 S
StHA defolE/sUA EFAWC) B WER/E
UA EJ4MO)ye AA #4279 FE2 5 e
o2 4HA SUthLee ef al., 1985; Ahn and Peacor,
1986). ¥t o] Yol Eo thdt TEM 7o
Al 71EC @Rl detolE/sUA EFHIC) R
e 5/ EFFM/C) o9l 93 A door
< Ze go|RIYo|ETL UolEY EFEE
FAsteE Ao] g F ot (Jiang ef al., 1990; Lee,
1993; Choi, 2009; Choi et al., 2011), 53] 10 A
(doo1) Wem ol vfo]2gefo|EY AxFo] ©Y
FolX 53 T3 (Interlayer mixing)Z Ul
@J(Intralayer mixing)® EFo] LA E UK Choi
t al., 2011). ©]#3 TEM AT ZA#}E(Lee and
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Peacor, 1983; Lee et al., 1984; Lee et al., 1985;
Ahn and Peacor, 1986; Jiang et al., 1990; Lee,
1993; Choi, 2009; Choi ef al., 2011)3} &¢ ¥
olEd} & Wew/go|2F}o|E/sUA &3
FMPICYE 7 &9 Betror e HZ9
A(Choi et al., 2012b; Lee et al., 2012)5 18
g ul, YejolEE WY F2o| opd MR A
oFo ke AN UEhs £ Mew, &
u ¢ w/sto| 20 etol EU 4 EFHMPIC)O.E
rF3ted ok & Ao |th(Choi et al., 2012b).

o] g7 /sto] 2F o] B/ A EHM/P/C)
< A ¥MAAZFE r/}7il](anchizone)°ﬂ/\1 PAyALe)
FEM e, solzPefo|E B =)z $e5
+Hl(Lee et al., 1985; Ahn and Peacor, 1986), ©|
e gojEdeo]ESE HuMo] b Y
O8 #&E S22 AZ 98 45, e JEE
Hol7} doldtt. Ho|2Heto]EE K, Ca &
= ool MR EE nprlto] EQF 242 white
micaZ # 0|5 H(Montoya and Hemley, 1975; Frey,
1978), =YX & Wernolo] 307 S E g
33 tHDeer et al., 1992) 5t mlo|EF o] E}
ZUHo] ¢F 280T =04 3T A4 2
ﬂEOI‘:E A A 3l=Hl(Zen, 1960; Paradls et al.,
1983), A& EAA BHF oo Exsl=
AZ AYol|A] o] Hig o7 YAE R Eo|t9
AZo] Bl H I tH(Choi er al., 2012a). T3+ e
Ay g AdelMz FReE=9 A7}
BuE e (Park and Sun, 2001), ©] A T}o]

o > &
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Fig. 1. Geological map of the study area (Modified from Shimamura, 1931).
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o]x¥y Yglo]E-M e Ho|g G M FAHE
W2 5/ato] 2F gto] B/ A EFHM/P/IC)S A
5 EAYY] HASE AET dde] e AR
FAEHY, 53] nplgtolE9 FEYECTAH
Al-rich HAZE Ao 88 9T 3= AL
2 HQIth E3 go]2dEolE E =M of 93
A EE white mica ¥ FZ2]Eo| =9 AA3A
(Zen, 1960; Paradis et al., 1983; Livi et al., 2008)
S Mol A MARAE S FHsi=d oA
o f&3 Zlog FAoHE

AT FoF F4bE Ul WA YA
AR o] WL-1y/sto]| ZF glo| E/mYA M/
P/IC)9] 38t & Hols SEF FE3 A A
Z5 = 7ol FAFATHChoi ef al., 2012¢; Choi,
2013). Ale] F5-3 o]dgte] T4k W% 8o 9
3 AAEEE AR tEHQ Alrich HAFE

% S EZM(Deer e al., 1992), F2 FZFE0)
ol & F=o] wh3stHA A B THGhent er
al., 1989; Deer et al., 1992; Spear, 1993). &4
Yol W-e-5/ato]| 2 go] E/xY A E3HFH(M/P/C)
o] EAste A FEYECIEAHT Alrich WA
FEY AAA ] FESE HE AU o, BAA
o kR MY FREo=e] AT 7o)
(Choi et al., 2012a) AAHA A= WL R /3}o]
IO E/5UAY EFFM/P/C)ol AdaE] 9l
< 202 FAHAG. Yo|E-WMLE oA
A Yehde B m/ato]| 2 g0l E/mUA S
(M/P/CYZ A2 A Fe] AAE B3] ¢a)
3% ol A= BSE (Back Scattered Elec-
tron) image ¥Z % EPMA A HFEA 02 9F4 9
TRAZEY A2 9 sgxds et Yt
O|E-Ml -1 HolFH o] HAA AP} o
ol JEA A AT T A A
BB E vy o s WMaAT Ado] Add WA



Fig. 2. BSE image of shale of the Baekunsa formation from the Buyeo area (M: Muscovite, P: Pyrophyllite, Q:
Quartz, St: Staurolite, W: White mica, K: Kaolinite, A: Aluminosilicate).
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Fig. 3. Muscovite and pyrophyllite are observed as mixed-phases within single particles (a). Mixed-phase of
muscovite and pyrophyllite also occur in other rocks of the Baekunsa formation (b). (M: Muscovite, P:

Pyrophyllite, Q: Quartz, St: Staurolite).
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W-e-ALZ A Y] BSE image #Eo|A FZ A
g, MR, go]l2PetolE 9 o] #FEY
THE 2). Fo]2F ol EE A4 YjFo 7)o
AT EFOE AEH7E SH(IE 2a, 2b, 2d),
Wemol Ty YAt oA Wer/mto] 2P elo|E
EFFMP)E o] F1 e EEE FAFHATH
& 2¢). o] Wer/mo|2deto|E EFFM/P) ¢
A 4] oy oA &3] BEHM(IH 3a),
WAS T2 G AR & 4 th(IE 3b).
TAAY RS AL AF(Choi er al., 2012a)
oA, FZEEo|E Yo EA5t= Fo]ZFe}olE
7b defol E-l e Holago A AAEE W5/
o] 2H ol E EHM/P)A EelElo] 28
BEolu A g He 7td u), Az A
4 A= sto|ZZe}o|EVL FAsHE A0R
Btk gk IF 2bollA AAA §Z] Hole
Wens B YA Yo 39S 2eEste FE0
Hol=d], AFEA Ay S ol Ao K&
T} Na¢} CaZb $-A13F white mica®]th. ©]E white
micat AAA] #HZ] AY FHAAE F1HH
(AD FAA AYET F7 o] F& F7), Nag}
Ca AHEo] F53 2HEllERREH A" A
(Chatterjee, 1973; Frey, 1978)C.2 F3Ht} 19
2doM = 7Hed S EFPE TAHE FE(ALSIOs)
o] AAHY, &FuF FAE FELS YA YA

go|Zg ol Et A &3] FEstAL QAN o
& AY Ze HYs Ho HA AEEAE g
. o]gg A= 2571 FUletEA 729
o] Zo]ZFFolER HolH o]F T 2 &9
HATGA A o] 2F ol ET} T34 Fof <4F
vg A BFEZ HolsE+= FA(Evans and
Guggenheim, 1988; Ghent et al., 1989)2.2 Azt
ot

AR 248 H(E 19 d 39
212 (Ki.11Nap26Ca0.04)(Als 03F€0.21Mg0.07)(Sis.08Al1.02)
Ox(OH;E F3F Yol Aele] K §io] wton,
A Aol <kre] Fe, MgE &3 detolE
(Deer er al., 1992), & YL E/vo|2He}o|E/x
YA S3HM/P/IC)S] 318E2A(Choi ef al., 2012b)
S KOt E3 K 0|9 Naol Ca’l &% A
= o2 Hol Wew 0|99 white mica (I
gaUo|E, nprlglo| E)E EAjets AoE Ad
Ht}y 2= B4F 9ens 9ew/go|Zdeo]
E/sUY E3F(M/P/C)F white mica AFo]o] &
o] Ay, white mica 1849} lo]ZH}olE
2 =UAe] T3P0l o7 FAHHTE Choi e dl
(2012b)9] &34 HEWHoz, #AE weno
Bt st o2 e EdE FAsE 4 FEY
SFS AAstA, WER(Tetavo|E, nhrlEtol
E7} Z3H) 70.5%, Shol 2PetolE 23.5% 3
YA 6%c]th. Ito] 28 eto] Ex (Ko eoNaowCaoos)
Alyoo(Siz50Al0.41)020(OH)s 2] 38t24 & HolH(:E
1), K &ol= Na$} CaS K& HIS8HA &8l
AoA WETE H|FEI ThE white micaT I}O]
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Table 1. Average EPMA data of the muscovite, pyrophyllite, staurolite, white mica, and kaolinite in shale
from the Baekunsa formation. Calculations of muscovite, pyrophyllite, and white mica are based on 22 oxy-
gens, staurolite and kaolinite are calculated based on 24, 14 oxygens, respectively

Muscovite Pyrophyllite Staurolite White mica Kaolinite
SiO, 46.889 61.394 27.279 46.153 43.791
AlLO; 38.105 30.330 55.872 38.216 38.843
FeO 1.512 0.381 11.678 0.436 0.232
MgO 0.273 0.043 1.041 0.054 0.018
CaO 0.460 0.341 0.005 2.235 0.030
Na,O 1.241 0.384 0.032 2.700 0.032
K,O 6.300 0.527 0.005 1.625 0.154
TiO, 0.157 0.020 0.547 0.029 0.010
MnO 0.011 0.010 0.148 0.005 0.008
Total 94.947 93.429 96.608 91.454 83.117

Mineral name

Chemical formula

Muscovite (Ki1.11Nag.26Cao.04)(Als 93F€0.21Mg0.07)(Sis.08Al1.92)O20(OH)4
Pyrophyllite (Ko.00Na0.05Ca00)ALs 02(Si7 s9Al0.41)020(OH)s
Staurolite (Fe™ 1 57Mgo22)(AlosoFe’ 004 Tio.06)(Siz.06A10.05)Oas
White mica (Nag.70Cao.32Ko0.27)(Als.osFeo.0sMgo.01)(Sis.10Al1.90)O20(OH)4
Kaolinite Als00(Si3.91Al0,09)010(OH)s
2B FHH(11.5%) Je ALZ A7t HH white mica GA Fo|2Heo]E F =4

gk AR FFE 534S (Fe'| 5Mgoan)(Alsso
Fe* 004 Ti006)(Siz06Al0.04)0nE  ©]733}32 o H] 3}
FE Al S Boltl(E 1), AR # ofe}
G U & FES9 B4 AFdAE Al FF
o] A AU oleld AAE H|Fo| E uf,
Aol A FA Al o] o] FHIINE A=
Bty ST ol Ao KET Na%} CaZt
Mg white mica®] ¥ 3H8F2A [(Nag70Can32Ko27)
(Also6Fe00sMgo.o1)(Sis 10Al1 90)020(OH)s ]S HH(E
1), 37t %o &(K+Na+Ca)d] TS 1.292 o] 43}
o] H) vros, Mewsl EAAeL vas)
Az WA Al o) 27} Fol o] BT
°f Itk White mica®] &4 AIHE 1)9} 7]E9|
n}7lgkol Eof thek TEM $-7(Rhee and Ahn, 2003)
AN sl Est U A S s T

S F4RIL UE Zo] BAR B PAH, ¥

=

B EEIE ol RL UL FeHol v B Ao
2 A4, 7149 HiE 33 Alyo(Sison
Alyo)O1o(OH)E Al Zrigo] oFgt EA|9k o]3}
Stajol] ZASHA EAHACHGEGE 1), ¢ Wl

Fog EAskE 5UA L B 3542 (Fesso
Mg 37Aly 55)(Sis.12Al; 88)O020(OH)16°] T}

Hn
lo

o] }1“4‘31] Na, Ca% ?’L'ﬂ‘ﬂoi °]‘:}(j 1) O]

%‘%Jﬂroli%ﬂ"l‘f/ibl EM/P/IC)ll 2
Z} Na$} Ca end-memberS! ¥etaiifolESl nlrt
gho| BV} FHEAS 7HeAS AAEHT B[S o
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E°] white mica 7t T3/l dto]2F o] E9}
SUAE SO FE AEIIA 52 white
mica ALEA| 9} Fo]EFe}o]lE I M| 5
AA = B8t & 4 1A% white mica {1+
T EAl B HZo| STEM AT (Livi e
al., 2008)5 7t wj, ojHel] FRlg WL w7}
T/ white mica®} Fo]|Z2Z}o]E Y HUA 7}
of R FAHAUE THsAol & Ao
HEt 3 o AT FIE o]0
Na (FtzyolEy7l A3 white micad] EA|=
HRALHAEH(E 1), ol 52 Na AEo] F53 A
EFEZRE TS Z(Chatterjee, 1973; Frey,
1978)C.2 #HHTh o] #AH S FFEH, Navt
SHE FEHY e EZRE deto|ETL AA
i, ol K o] &3 wtEo] §eEojok & Na
7} BF §99A %1 ART AU defo|E}
A= o] Na JEo] T5HS white mica TZ4 =
2 Na-K I&A(Jiang and Peacor, 1993)Z 3}
g AR dAgdY. o] T Fol F2 o
gepstA ETE oA (1.29) ZTHA A A%
9] Fe, MgE &3lal 91oJA white mica W%
go]2Peto] EQ} UM o] EjtE o] 9le AoE
AZEY. do = o5 tg TEM AAY A+
74 AGETH, 7)Ed dHAA SUE NEE F
o] £ HHd & ds AR sgHEn
3 go|2FgolEY £ AINE 1) E Na
ShaFo]l KoF 2& oz U A 09) 7
S92 ¢ 02 R vtae|Evt YA E
A& Tto|ZZ ol EVL P4 E o] et
gto] 2ol E E3(PaP)S FEE 7}
Aoz AgHE

ol AT AFE nlgo g FAHI WMIAF A
o] Az AL A F 7V Ao ™
A ol AT Ao e FEEHA FUAR, A
A AR ojFel| EAAE AR FAEE 2
gEojTe} A Yo EAlsts ¢FvE Ak
FEo| whgste] AHE 7 9-o|th(Spear, 1993).
o] §H§-& 350~500C Atolell A dojupAl He=d],
o] #AHL HH, 350C o|stollA Wgx/vo]=g
gho| B/ EM/P/C)NAM EejE 242
FEH ZEYELIL FESE AHAA TolE
ol Ex 350TlA FFA 0= Hol7h AZ
HoJ(Hemley et al., 1980; Kerrick and Jacobs,
1981; Berman, 1988; Evans and Guggenheim,
1988; Ghent et al., 1989), 400ColA 9] BExg
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2=

< FRYE|EAm UM +ETF A+ 2 Ko Th(Spear,
1993). WA 2=7} 450~500Cel o] 2A HW, F
ZPE0| =9 T4 Mg o7 AR o] YA
o, ojm) SRYEC|EE BF LEH| FF4+x
YA+ 8o Fexds HolA o
(Spear, 1993). + HAZ AT 5 9= AR <
AR AL, Ao HAREAA R /Tto] 2
Fefo|E/xUA ERFMP/O)C2RE  EEd
spo| 2@ eo| Eg} HU 4ol of 280 Tl S22
Eo|=E AT Thi{Zen, 1960; Paradis ef al., 1983),
oM YHE FERE|=9} FRYEES YA
&al go mlo]2delo] Ev} oF 300°ColA The-9
oz S F4Y AR BdETHGhent er
al., 1989).

8 Chloritoid + 10 Pyrophyllite =
2 Staurolite + 33 Quartz + 14 H,O

oA A A MA AN Y A A,
FRYBo|Ee AANE FASHA floAA &
TH(Spear, 1993). ©] #% ¥ BSE image #Z(1¥
2)olA FZYE| Ty} BAEHA G HS 7
o o, WMeAE HAoA A& AANL
450~500TC A A MA FAd ofs) YAE AL
2 338 4 ok AT 350~400CoANA T

Mo RF HolEojof & mto]ZFeto]ET} o
A3 248t Q7] wWEel, A WA AAFET o
v &5 F HA FH(Ghent ef al., 1989)%] 4
Aol AFEHAUE el ¥ w2 AR #
dHEn =8 FEYECIEVF BEHA ot F
A WEoR Aol AAEHIJTT BA}IE
oJ AT, Thef A& WAREA EEH7] oA
o] W myvto]zdlo|E/5UA EFAH(M/P/C)

el =U4e spolzBeiolEe] s 2Fos
EAsL FRFoEREY solzYtolES ¥
29 o]F, stol2Betol E+ U4 W3] 93 2
2eEolrt 23 AHTEl LS BT
ARHI EUNRT F5E sol2BetoEE o
4 ) A% ol geolth, olm A4E &
Bo FEeEoltil AN AHAYAN BE
ARHATHE, F WA BSOEE F83 AR
of YAHo] WA} Be FREFL uY 5 9L
Aoz PeE,

sol 2@ eto| E+ZRel ol 2o 93] 4174o]
WAEE B G e Y, shol 2Pl



ﬂ%ﬂﬂ 73%, F 280TColA y}o]gua}o]g
H o] 5 1(Frey, 1978; Brattli, 1997) olwl A4
sto|2heho| B o 350°Col A &FrF F4k
FEE Ao|H YA Ghent ef al., 1989), 300
~350CoA 7}&8o] o]z delo|ES} 4EmF
T BB HolHUE M E AHGhent ef
al., 1989). |5 AAAMF EFuF F4E EY
HARBAS Aodst, WMeaE MY 300~350
°C9] uq/ﬂxlug_g 5 f:;l_ 7.] o= JJr‘ﬂ-‘Q_E]-

ol AT ARES F3etd, BeAE A YA
AEHe AR 91 300ColA Fo]2heto|E
o} 22| Eojue vk o3 AR AoE
ST} Ghent er al. (1989)°] A A4 A
H}QOHL go|2dglo|E9} FZPEoEE FQ

2 e, dol2dolEx Yojo|E-NERr A
olFgo A FAHE WMem/sio]2Yelo] E/s
A EZFEAMPIC)IA FHlE Ao AztEH,
Z2YRo|EL o EFHA £YH do|zBe
oJES} U] whgoE AAH Aow ®Qlth
A% deolEMen dojRge FEeRols,

uteA L o [ TR

A2 I 2 Alrich HAZE Ao 293 o
5E Fodte 4% 98 e HoR B &
A}, oM 7 Alrich 8 WAZE A 593
Ad&¢s st ‘QE]'O]E-E”%E’_ Ao, 53] o]
o P EE WeR/go]2detol E/sUA T
M/P/C)3} o] A4 TAH white mica (S

& 37 ol ge M Nark TAR B
TEM 443 977 A% 02 $98rhy, det
e MeEE AolHt AL F o W
WY 5 9e % ohel, A dEAA 2o
NEE FEe ERHE WAt HolE sl
Aoz BerEt, £ FxelEels @ 449
WA detolEMen Moy Aole]
ox dyd,
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