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Effects of Fe Substitution on Lithium Incorporation into Muscovite

i & 2(Jin-Ung Chae) - H 7| ='(Kideok D. Kwon)

A9distn Aastsivsh 2 Qs
(Department of Geology, Kangwon National University, Chuncheon 200-701, Korea)

ek FE-FF WeEe FEUA I &0l E(lepidolite)?} A 313t 3 ulElo]E S0l A
HAE e Qx4 gE3E 7 stvoltt MeR d3F2E 1884 LiT o] T3 K AEl(Iny)oll
AABAY AP ZHAZY A WA (Sub)ol AT 5 AL Aoz Meno gF
7128& st oEgel duk ol ATolAe YEHE S (density functional theory, DFT)E A&
ste] W R ARFE Yol Lie] FiEe X oo wE wA A 72 9 A HsLE A
At Li'o] Int B Subdll HAE A9, &2 AABET, ab W 7HA & F4719 7 3 AR &
43E ApolE BHoFoh 9 ofue), DFT oluA] AkE &4 MR FRAAE Lol K'E 4l
sted Intol] fIXsHE Ao] Subdll YIAet= ART B @2 dUXE BT T2y ZHA S
Fe™* X 3ho] dojt o=, Lite] Suboll YXehe= Ao 23] T vre oUAE BAFth oWl
DFT d747E 7|29 Ligt Ber st o 2 5E 4% Fe'9 Li'e A4S Al &
F oy, Mewe Lit FRr|&lA FHAZY ol XFY FaF TS A AT

FQ0i: Wew, AR, fF LEHYS, olwuA, FuuA, P2 A3

ABSTRACT : Li-bearing muscovite is commonly found along with trioctahedral lepidolite in granitic
pegmatites. Structurally, Li" ions can replace K ions in the interlayer (Int) of muscovite or incorporate
into vacancies of the dioctahedral sheet (Sub). However, detailed mechanism of the lithium
incorporation into muscovite is challenging to investigate using experimental techniques alone. In the
current study, density functional theory (DFT) has been applied to examine the crystal structure and
energy variation when Li" resides in the interlayer or the octahedral sheet. Depending on the position
of Li" (i.e., Int vs. Sub), DFT showed significant differences in the mica’s structures such as lattice
parameters, sheet thickness, interlayer separation, and OH angles with respect to the ab plane. DFT
further showed that, in pure muscovite, Li* has a lower energy when it is located in Int than Sub. By
contrast, in the case of Fe** substitution into the octahedral sheet, Li* has a lower energy in Sub than
in Int. These results imply that Li" incorporates into the Al octahedral sheets only when the octahedral
sheets possess structural charges, suggesting cation substitution in the octahedral sheets plays an
important role in the Li incorporation mechanism into muscovite. They can also explain the experimental
observation about the positive relationship between Fe’" and Li" amounts in Li-bearing muscovite.

Key words : Li-bearing muscovite, mechanism, lithium, density functional theory (DFT), dioctahedra,
trioctahedra, structural charges
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3t 2l F W& (Li-bearing muscovite)= 3
¥ IntEto] EollA nth#Hg-o] AxE £3] HuE
2}o] E(lepidolite)$} A A FTH(Foster, 1960;
Henderson and Martin, 1989; Marchal et al.,
2014). WS H[KAL(Sis,Al)0o(OHF),]E 271¢]
AP A F(tetrahedral sheet) ARololl dhube] o]
A F(dioctahedral sheet)o] MELA] = U= 2:1
layer T7%E 7}A|1, layer®} layer Afolole K
Folo] AMEAZY] AP AEoz A7 27
A 3K(structural layer charge)S RZAsta ot
(Thompson and Ukrainczyk, 2002). B3] EetolE
[K(Li,AD)3(Si,Al)40,(F,OH)] AA 2:1 SAEZRE
ZEA| gk, Wl mol= 9] HA|Zo] Li'd AV o=
o]Fo]x A& A (trioctahedra)S 7R WL
T2 URlEY: 7 3= AATEE 1HsHY,
o| ARl WE-Ho Lito] $HEH 1 THAZ
AABt A= AHEAA 25 7RI 7HAHE
4 AtH(Monier and Robert 1986a, b).

o] WA ExRo| thet 2 EIT 714 A
SR Hlste] HoiHOoR A7 A o]A|Rk
(Cerny and Burt, 1984; Volfinger and Robert,
1980), W59 7122 FA (1) S LA Li°
o] K'& A= A-(LiT?K )9t (2) Lito]
FHAZoZ Eof7ks A(LiSOAr, 00, =
= OPEIAPR EISE AR )2 GEA Q)
Brigatti et al. (2001)& A 2 ETH HEE
gk sl o 2 RE] Li'¥} Fe*™ & Abol9] o
o AodAE sy, o BARTE Li'd
Fe*'o] Ao AP Azl 37 Eoi7t
= AP O, PR ILit ] Lit #7120 A A
3tk Ebina er al. (1999)C 2:1 o]ZHA HE
FEQ EEE 20| E(montmorillonite) oAl &%
of M& Li'Y o]sAHEE AT, Stol EA
Sh= Litol oF 300 CollAM si AHHAS S48<
AU AP ZHAF WEE S0k 713 AlA
stk Lito] BHAR S/ HW 2REEY
OJEE I HaAE ¢ oA EEEE dA
atA WA =], olF Lite] WA 7]
2o Brdgi}o)E A% ARHTHGreen-Kelly,
1951).

ol =iollAe WMER

ARTFE WA Li'e)
Fa714, 53 BRAZe F
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713l A Y= .
O sfeHEA o2 RE A& ARy FHTA =
FE A= OH, ol gt =eetd deut
AR o3 Ad7 SA7F FSsit o
Aol M= H4H3=St T density functional theory
(DFT)E ©]&3ted, Li'e]l F3tell Ash= 745
(Int)2} ZHAZ Woll HA8h= 7-9(Sub) ==}
ARTze} 2RI AUAZE o9A Wstsh=A|
Hl sty 53], A Fe x|gho] Wlew A
BAUE Lit #2o vAe FEFS AUA Hus
3l EAste, seteAd e MR 2F o
717 Eojgit)

o

HEH
o=

r

e 023 0|88 12X H 3

U= E0] E(density functional theory, DFT)-
At A T iR HA; UES o] &ato]
vl sidete F=2 729 oluiA 9 o
&t ARE dojd 4 JTHKohn and Hohenberg
1964; Kohn and sham 1965). o]l DFT ARleAE
HH3l(plane wave)S 7| A2 AL&Sh= CASTEP
(Clark et al., 2005) DFT ZEZ o] &3}t}t. A4k
WHol gk ApAIEE 710l Chae and Kwon (2014)E
gt wdHste dukshE Sl A GGA-
generalized gradient approximation) % PBE functional
(Perdew et al., 1996)% Ar&3lRa, HHIE
ultrasoft pseudopotential (Vanderbilt, 1990)< ©]
ottt Ao tigk FHE2E= cutoff o
UA= 700 eV, k-point gride= 6 x 3 x 3& ARE
st TEAASE A fXd g od
fixation §1°, oIHAA7} 0.000005 eV, A=F2| §
(force)©] 0.03 eV/A, -3H(stress)©] 0.03 GPa, ¥
2l(displacement)7} 0.005 A ©]57} & wj7}A] AA]
s,

WER F2E UER7] 28l
glo] 28 2to] E(pyrophyllite) 1-Tc TZ(Lee and
Guggenheim, 1981)E AHS3ISIth dto| 2ol
Eo] o9 F(unit cell) TEE ]88t AFAAS
EE FUAZ ol FIATFCE FHEE
WAANZ)AL, K'E At 338HE Lif o &2 #st
TS g0} F2RES THEie., Lix(AlFey)
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Fig. 1. Geometry optimized structures of Li-mica models; (a) TS-Sub, (b) TS-Int, (c) OTS-Sub, (d) OTS-Int.,

(e) OS-Sub, (f) OS-Int. See text for details of notations.

(SigyAl)O20(OH)s). AHEE FEEDL 1) AFHA
= Si*'E AP E A3lA(e., HISit — WAPY
& WER Fjgehs 725 TREACH(TS 2D),
2) TS 22E 7R3 ZiAFo] AP E Fe*'Z A
FNA SHETE AFAASE FAA A BT Y

e, WSi* — AP WAP" — BFe?") Fe-x|3H
e Fxo Fgshs RS THEJTHOTS =
). ppR RO 2 3) FHSHF AFEA A= dojut
2 g3 At oy F&((e., A —
W2 TS 2dy dizse 2ds 1Y
(0s =9). ztzke] mdlof tiaiA Lite] FZH(Int)
T olZHAeAN FAsl= ZHA| 1 FTHoctahedral
vacant)(Sub)oll 91X3tA SFTHFig. 1). WAl

Li'e] Exo we, Li-gf «oF Hes 2de
TS-Int®} TS-SubZ, Li-$Hr Fe-X|3h-ulew wdl
£ OTS-Int¢} OTS-SubZ, Li-$H+ Fe-X|k-3o] 2
HelolE 2ele OT-Inte} OS-Sub> AHR-3Th

HIHI U £

Li =20 M 287z Hal

DFT +%3 % 3K geometry optimization)S A A|
g Ul 7hx e mdol| tisiA AxMdrE Hlaekd
THTable 1). A@aa vud S47% FE of
Sk DFT9] &84S Chae and Kwon (2014)°] 2+
A=t} Sub Ede Int Zdol| HI3l q, bol
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Table 1. Lattice parameters of OS and TS models
OS-Sub OS-Int TS-Sub TS-Int
a (A 5.24 523 5.20 5.17
b (A) 9.08 8.99 9.04 8.96
c (A 10.85 9.83 9.92 9.67
a (°) 98.0 92.6 90.2 91.9
G ©) 92.6 78.2 99.0 100.1
v (©) 89.8 90.5 89.7 90.3
interlayer separation (A) 432 3.00 3.39 2.92
Table 2. Hydroxyl angles with respect to the ab plane for each model
OS-Sub OS-Int TS-Sub TS-Int
OHI (°) 88.1 6.9 75.0 9.2
OH2 (°) 86.9 4.7 90.3 27.8
OH3 (°) 84.9 4.6 90.3 26.8
OH4 (°) 88.1 6.8 75.0 8.2
g ol E AE & F Atk ol THEAT W A FEE BAth
of Li'o] #1A8k7] #43k Sw3 31to] dasio TS-Sub ER(APAAZA T2 87t 2A) 9]
t

[e)

el A32 B aEnk 9o (Stackhouse and
Coveney, 2002), °]8g F&E& & Qg3 =
Aot} a8} pF2] Hol¥ut o} 9| 4o
AA] teFatA Udeh=d, ole S (interlayer
separation)®} %2| F7| (t-o-t layer thickness)%}
T2 Hde] glom, ofefo] #pAls) dwRitt.

FE Wl 23E T FRE 2 AolE
HATHTable 2). %41, Int T Sub =EIA]o|
w2} 457t A gE2A UEETh Int 224
= A7t abHF FE 7S Ho|A|RE Sub B
doAe= FA17F abRF ALY FEl 7t
(Fig. 1). o]8& AT Aoz waly] J&
g A EREEUIEE o] &% Ak Sl B
¥ v} 9O H(Calvet and Prost, 1971), o|H <
TolA YeRd Al AR olE & wrgtith 7}
2d YolME qbrinith 42t 254 xpo|7t
=], o]& X[ o] JojubHA wolxl stk
oaff 7]1& H'# £ole HYo s zfo]& Kl
. 53], TS-Int 2dL A9 gpHF} o] F= 44+
719] Zto] OH13% OH49| 7% 10°0 7M7k9-h,
OH27} OH39| 7% AI'9}e] HEgo =g <late] 1

749 Li'Y z-FF = 0.43°F basal surfacee] 7}
7410, 0S-Sub BH(ZHEAZAA = a7t
W) o] 7ol Lite z-#3#7} 05002 S
o AZdol YA tHFig. 1b and d). °1& 7%
Zsle] 71l wek T3t o]29] AVt FIge
<o olsed 4 Atk IHY Voora et al.
(2011)2 &:FH(dispersion force)= 1123+ DFT-D2
Axrg B3 08 ZHe] 7A$oll% Lite] basal surface®ll
TEA 1AL Baskit). o] DFT Al
tEs aHsA g A=, Age Li'Y z-
i S a3 S ALte] EgEitt

S (interlayer separation)@} t-0-t52
(thickness) A= Lie] Ix|ol] wig} & W37} 9l
Aok FXE HEL to-tTH to-tT A1 ARE
UehH, o33 Zo] Yepdt:

to-t T (A) =
[(basal 02 W@ = Z}E) - (apical 02 B z ZHF)]
sin (180 —3) X ¢-& Zio|
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Table 3. Rotation angle(7,,,) of tetrahedral sheets

OS-Sub OS-Int TS-Sub TS-Int
Tror (°) 6.5 0.7 15.9 16.0
e . 38 - TS oTS 0s

bl
w n -
L L
*

interlayer separation{A)
I
tn

8]

0.0 2.‘0 4.‘0 6.‘0 B.ID 10‘.0 12‘.0 14‘.0
| 90-beta (°)|

Fig. 2. Interlayer separation vs. (3 angle difference

(90-3) of calculated Li-bearing mica models.

interlayer separation (A) =
[(AFZ t-0-t 2| lower basal 02| 2 ZE) - (S1F t-0-t

0| ME upper 02| z Z}E)]sin (180 —3) X c-=

71E Al sk gzto] 90°cllA "o

F2boll vt Q1 basal A7) A2lE WA
goEA F Ahx gtol] ZAS Helo] Pgash

Hol AAH o g F3t AHL Foie BYgs B
At Voora et al., 2011). o] A4 = TS-Int
o] OS-Int =gl H|3] 90-[o|A] Hol= Fhol
H 2 e Hddx E7stal F3F HEo] ¢
A vdes ARE 43 stelo, AARAQ] A
e BH 7|E d7ETe} dX|3thFig. 2).
S golo] EAL A basal AHAet FIH
Fol23ke] YAl o3 FIHE L EojEe

+ %713t HMinisini and Tsobnang, 2005; Voora
et al,, 2011). o[} AFAT} HA|, Int ZE(FZhol
oFol&o] EAsH= 7)ol Sub EHoj HlE| F3H
AL T BAW, o152 FAE ° 2A v
Ehs Ade BG olgd At Yehu= &
A& THetslr] 8l apical AHA(Oyica) 2t Sit" 7S]
A8 18] basal AH2(Opeea) S} Sit" 71 Aol S
H Wt th AXFAT Int BRL Si*-Opea 2017}
Sub =do] Hla] °F 02 A ¢ ZAN W=
Si*"-Oypica 201 Sub ZHol|A 2F 0.3 A o] o
7 FFE BHoles RS I 4 ATk wEhA

-

oIl

-0.3 A

-0.6 A

AF
0.9 4

-1.2 4

-1.5 1 —

-1.8 -

Fig. 3. Energy difference( AE) between Int and Sub
of Li species for TS, OTS, and OS models. TS =
muscovite model; OTS = muscovite model with Fe
substitution. A negative value indicates a greater
stability of Li in the octahedral sheet (Sub), whereas
a positive values does a greater stability of Li in the
interlayer (Int).

Si*"-Onad =7V} TFx¥3le] Yelo g Azs
4 3tk

AP 2R A0 I o] Fe*' 2 X|$ho]
QoA Wl FZHl M1 site?} 9ko]-&o] 9|3}
= M2 site k9] F7]9] Aol7t EAEA Ha, I
Azt ZAAFH AFEAS] SR8 misfite]
zko] QA EAE 4 Atk WA ol FxH
St AMAAS Y ZHA o] A w) AFEA S
S5 9] M-S THAAIZITHBrigatti et al., 2001).
o]Z #lsly] Y&l DFT Aol thste] thS-3}
2ol AFEA SR (T, )5 Alrtste] Blastk:

Toldeg)= %[1200-(0]3-@,-0b angle)]

ol AToIANE GAl 08 E(FHA | Fe*
A|gho] TS Z(AFHA Al X]3hel nls] Al
Ao FHAETE A A2 RS IS AT
(Table 3). U7l AZAAZES o] ZHA|FE
H3)] AMHEAIS 31d BE7F Z2v(McCauley and
Newnham, 1971; Chae and Kwon, 2014), DFT
ARl M= T2 Hste] x| whet 11 3HA
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T7F ES BYFATh AMEAIS FEAET
HAYGE 79 71 ATk YASHRAN, ZHAZ
TZA7F Y A folE Sub E(HEEA)
o] Int EZ(c]ZHA ol ) Rty 23]y ¢ &
I AAHEE HHATHTable 3).

Li @20 O& &40E o8y

gy Eeto|EolME Lito] ZHAZ ol X
slA|R We-Bo| A= F7K(interlayer) E= ZHA]
Z(octahedral sheet) T+ Atg]ol] 5 YA 4 3
t}. Ebina et al.(1999)°l oJstd, F7tol YIX|3 Li
o] L 2LoA ARAISS AU BHAIZ WFE
2 o5 & Atk Yo} FHAS| Fe*r %
o]& X|ghe A oA Li'e] Hxol| J&e
£ 4 UtK(Brigatti et al., 2001; Hrobéarikova et
al., 2001). o AFAE F27 Hste] 7]
meie., AFHAIS(TS), THAZF(0S) EE EF
(OTS)], Li*o] Z7toll AT 7-9(Int) ot LHAZ
Woll 9x18 Z4-$(Sub) L AANIAE vl wat .

AA, MR 725 2 TS ZIA(AAAIS
AP A2 3t Li-WE&m)9] % interlayer
Li+(Int-Li)©] octeahedral sheet Li'(Sub-Li) X.T}
021 eV H ¥& S HYKFig. 3). °l& Li'o]
oA ) 2o S Yo o st AL
AANZT 28y e FEAFel Fe't X|gko]
dojtd A(AHAASe} BHAF BF F23 A
7} dojdt OTS &9, &= e AHoh= 4
W2, Sub-Lio] Int-Li 2T} 0.44 eV T @& o
YA & BthFig. 3). ZAA] A7 Fz3
Ast7b Lite A HAS Fubdith ole
T NeE AAFRAME Lito] SHYH &
A= As oujste], =g MR A Li'o]
A UlollA EAsteH, ZHAel Fe* 3 22
Fol x|gho] Fasith= RS AAGTE Yoyt
AFAAFOl AP X3 §lo] ZHAF AR Fe*
2)gko] dojuh= 2d(08)9] 7-¢olle, Sub-Li
Int-Li 20} 3 149 eV ¥ @& oux] 3t& 1B
Aok webA FAEAZ el Lit e TS <
OTS < OS 2 & =% 4 Utk Brigatti ez al.
(2001)} Hrobérikova e al. (2001)& Li-3H+
S50 Fe*' o} Lit &3 Atolo] AaAAAE s}
A, o/ DFT A747+= Fe 0] 5855
Lio] ZdAle] X3t AL AASHH, WL
A HulEeto|E AY7)1ZS ofsfishs o 83
o|E24 ZAE ATt

T~ T

#4719

o] DFT AAto 2 il i 8h47)2+S g ok
s, Mene) Li I71%e 1 72 A
A A FFE Terhe Aolth &3 W
HoAE o]l&wd AgoF o] K thal =1t
s AR, A Sl Fe*r X8} 2 Fx2A
Asph A7 Li'e S3F oAl EhAS WiE
Azgiva AAE 4 ok

a4 £

DFTE ol-gate] M 2% oA Li" I
714-& AT DFT 723 Ass dgte
2E e 4 gl LT ARl e e ARk
ARTE AolS BAFIUh Li'o]l A diel
Sol7ke AHERAl P28 olF9, £2 hydroxyl

angle BES} e 7, e HolFgon], Lito]
270 Solle olmRA Wew TrE we

hydroxyl angle ®X9} & T, #< BEAFAUTh
Li'o] Xkl $IX& 74 basal oxygen¥}2] Q¥
BAZE t-o-t layer®] FAE FAYAE W, S3b
HA L Zojt= oS BTk Lite Ao wE
DFT ollUA] Ak Sl 4s2 453 Fe* 9}
Li'9 AABAE THE F AT & Hw
o= Li'e] K" thAl Sxtol|l fIX|skA|RE, ZaA)
o Yol o m FxA Myt FHAZ
Yojyd Li'2 SEG ZHAS YRE Hdogh
e &5 W F2A43F Xd & Lit 3+
715E AAE 4 JAk olF Li+ 715 A+
A= Lito] F=E A He AE8HA wk-gwnt
ope} FAelA Lite

|24 g ATE F & Fo=E JYggth

A A

o] =& AR (gAY Ador AT
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