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ALk ] 4 (KF)(Ko.84Ca3.90Si7.70020F0.72 + 8H0)0 thdk a1qb4d ":4,% P%Oﬂ
023 2ok ap = 8.954Q2) A, ¢ = 15.7952) A, V) =
1266.4(4) A°. ARES tIAE thojohz =i 7]7] 8l ZHEAl X4 3 S o] 8ate] Aol IH 77
GPaﬂ}Xl 1570¢] 3¢k XA AE o HE 8538ttt oIt (KF)9 AXSEHELS Ko< 4; 149G
S u) 59(4) GPaE AAHJTE FHFA 12| E AN e 2AE #EYR ggor 2%t
Aol gk A= sty B ANy BAASRERH Ag + gtk

o
ol, ATESte, Ateeday

0 1_

A Awgo}saq 2w el aw# ghe

F20] : AFM(KF), AHTHFE, 4H

ABSTRACT : Apophyllite (KF)(K¢s4Caz99Si770020F072 + 8H20), one of the sheet silicates, was compressed
up to 7.7 GPa at ambient temperature and 15 high pressure data were obtained. Lattice parameters of the
starting specimen were as follows: ap = 8.954(2) A, ¢o = 15.795(2) A, V; = 1266.4(4) A’. Symmetrical
diamond anvil cell was employed with synchrotron radiation in the mode of angular dispersive X-ray
diffraction. Bulk modulus was determined to be 59(4) GPa when Ky’ is 4. No clear first order phase
transition symptom was observed in the series of XRD pattern. However, second-order phase transition
cannot be ruled out from the correlation between normalized pressure and strain.

Key words : apophyllite (KF), bulk modulus, phase transition, normalized pressure, normalized strain
SO 2 FHE FAR BT FETE BT b
W7] Sl ol& obv-E2v 7IES B stk ol

weh ook FEPo] S3h BBE Thew

o]

%M (apophyllite, (K,Na)CasSisOu(F,0H) - SH,0)
2 TN BEoIH, AAAE AWAA, I3t
T2 P4mncoltHColville et al., 1971). o]Ael=
oMM TIF &3 FEY olFe SRFEE B
o, 197830l =AIF=H3|(IMA)NA T84

EASIAL Stk fluorapophyllite (KF), hydroxy-
apophyllite (KOH), natroapophyllite (NaF)(Dunn
et al., 1978; Matsueda et al., 1981) oM BE
o A= 2w, UEF, 4§, BA & 53
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Fig. 1. Crystal structure of appophyllite(KF) viewed down[010](right) and [001](left)(after Stahl, 1993). Silicate
sheets are composed of inter-connected four and eight member rings.

AAANEZE R AR FHTERE olF2 T
(Matsueda et al., 1981)(Fig. 1). 18v o2 4
T FETAE 2, oRMFETY] A
N E(sheet)= 47019 SiO,-APEAZ} S 1E]E
o]FH TXE oA thE 8719 AMHEAS} AR
A4 0] YrkColville et al., 1971). |2 2-& A
Ao wlE wEo] ot &3k FES A
Al AABANAY FARBHAAE o] F
TKFan et al, 2013). o1HAF B2 AF49] 7]
Folv AAE e sHIgelA A A 244
B2 =9 th(Fleming ef al., 1999).

OIRM(KF)ll thgt 1otetehgdTtel ofshd
N7} AN E 5 GPatAlE BATZE
FASHARE, BRI dE ol A= A “damorphous
phase) &2 dwolatn, AUYEHY W= 5 GPa
ool Al o] FrHgel wel oiREe W=
(band) IH(wavenumber)= AP o2 HSSIA| T
2182l Mex EA)sta K Goryainov et al.,
2012). ¥ AFAE oM(KF)E AU dElolA
FEE 7S u BT F e AR TR o
7Fed S dolin fFo] wE Rulo] WHaHgs
A3tk ol dste] 3T vlolEE 4
3, JEEA A o) 8d A AHEHES T2
Atk FE 9 B FEF stk
AZulolElY EA T AHGHES] 41
Brkste] dwlole] MAME Lolied F
Tk,

ol
-

}

tlo it £t ofy

s

o b OH

ot
NEER

A oS BT The AAHTIHE o
§31e] BeBol gt ok PolE 2ol - 4

g3tk Al59] SR DEAAAE AvfHe
2 A&t SAATF49 JXA-8530F (JEOL)E
o]-g-3te] MAHATEA(EPMA)S = 103] HAsH
Atk dArjEe BAFES s¥on B¥zxAe
15 kV/10 nA°l™ He] =A7]& 5 umolth

B Alge st A" 7Eke] SIEMENS
D5005 (Bruker-AXS) %35 X-A(Cu K.) 32
471718 o] 83t 5~90°26, 40 kV/40 mA,
0.02 °/s 28] 270 274 HolHE F3g o
< EVA V 7.0 (Bruker-AXS)< o] &3l HAE
A3t

"AFE(Synchrotron Radiation, SR)S ©]-8-3 4
A de EPYAREA T &(Pohang  Light
Source, PLS-11)2] ¥ 2}?](Beam Line, BL) 10Cell
A A=tk BL-10Co AFHE X-A9 3
2 0.61992 A (20 KeV)olH, A 82 UABH= X-
A8 H7go] 50 um?l HE(pinhole)S S35}
Aot 4R = A E tololze i 7]
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7](symmetrical type diamond anvil cell, SDAC)
olH, Type-I12] Tho]oHz= cirle] Fal(culet) 2
7L 375 umo]th.

MRS AE] figt 71719 wiA] REe 7t
4k X4 3] (angular dispersive X-ray diffraction
method, ADXRD)°|H, H|o|HE 38t $3) o]
Sk ZZ&7](detector)= Mar345 (marXperts) ©]7]A] &
o] E(image plate, 3450 x 3450 pixels)°]th A|SE
A& 7] 917 AbB AEek AE7] Alole] A
T EFEARI LaBg (SRM 660a)E o83 5743t
ATHKim et al., 2009).

N 2EY AHUG ] tololzt Al Atojo £
A3h= /22 (gasket)o] AL 2327 2~¥(spring
steel)o]™, o] 7N2=Z o] Tl 270] 250 um?d
Z(hole)= HF3te AZHo=E o|galqrt. £
ANEE Y F s QR 4SS A
(hydrostatic condition)Z FAIAAT7] S8 7
T(pure water)S FTUSIATE 4 FHL Al
°F 20 um AEQ FEYFY FHIES o] &3
o], #olA(475 nm)E FHE ZAKirradiation) 3}
S u BAYSH= FFuko] R1 (694.3 nm) ¥ =9
A& E37(Acton spectrapro 300i with CCD
detector) = ZA3ste] FeEghS AR FHIY
FH(ruby fluorescence method)S ¥&Ho| “ds3}
H FHO| FPupgo] & FHOE o]Fsh=T]
ojw o]&3 3] Apol(J 1)E olL3td YE=
A4KE 4 QItkBell et al., 1986; Mao et al.,
1986; Chijoike et al., 2005). ¥ 23ol|A A3
FEe o9l AkHE o] &3t P(GPa) =
1904/7.665[(1+( 4 A/ A¢))"*®-1](Mao et al., 1986).

Je A A(equation of state, EOS)S 4EH(P),
FI(V), 2ET)¢ FaaAelth. aAAT=Ho
s dnbHo R AMREE AJEPEAAS Birch-
Murnaghan}(BM EOS)¥} Murnaghan2]o] )0
o] 9]o| = Tait4], natural strain?], Vinet2]o] ¢}
(Angel et al., 2014).

i

- BM EOS,
P = 1.5 Ko(x7-x”)[1-0.75(4-Ko")(x > 1)],
Aq71A, x = (V/Vo)'?, Ko* = (dK/dP);
- Murnaghan EOS,

P =

7ku'
[(0/ (-T _1) s
4714, x = (VIVy)"?, Ky’ = (dK/dP);

- Tait EOS,
L VIV +a—1

P = E([ o J7Ve—1)

oJ7]14, Vp = Vi(1-a(1-(14bP)*))
1+K’0 1
= K] e
1+K + KK, abe
Ko ](,0 c+1
b7707 1+, K= ac
1+ K+ KK, b
= K'y=—(1—-a)(c+1
T K, - KK, 0 =g imallety)

a

- natural strain EOS,

Yoy (43 : »
P = 3K, (Tf)f\[ + %(A"“ —2)fy+ %(1&;,1\“',, F14 (K —2)+ (K —2))f3)

DA, fy=Lin(~0)

- Vinet EOS,

3f
P = Ko(l_ifVV)Qerp(nfv)
WA, =130 n= 5 (=)

A1 2 E°

AE

ofehd SHAIF Uik 23t X-34 dlo]
He o3 2tk 5~90°2 094 (101), (110),
(103), (004), (212), (114), (220), (105), (214),
(215), (116), (315), (420), (317), (0010), (328) 5
o] 3@ Ao] FAEIKTable 1). F2EH 34X
Z 7P 73k AL (105)%1], (105) -419] )
BEE 100%E A83 the U A| 31149
Al I HAAEE WAt XA 31 HolHE
FE AR d-3 QEASE o83t AAT
oRbA Q] AR e Tt 2tk a = 8.954(2) A,
¢ = 15.795Q2) A, V = 1266.4(4) A> ICDD PDF
(#01-071-1778)2] AAMI<Ha = 8.9560 A, ¢ =
15.7810 A, V = 1265.79 A3)9]- Marriner et al.,
(1990)2] HlolEl(a = 8.963(2) A, ¢ = 15.804(2)
A,V = 1269.64) AHSt A= A3 A& ¢
4 Stk

A%k ool gt kAR &4 A7} Table
20 YeRht 9tk Sio, ko] AA2 51.19 wtns
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Table 1. XRD data of apophyllite (KF) at ambient

conditions
I/lp* das (A) dear (A) (ki
25 7.7621 7.7895 a1ormn
5 6.3266 6.3316 (110
35 4.5345 4.5385 (103)
40 4.4727 44771 200
60 3.9417 3.9487 211
35 3.5691 3.5715 212
15 3.3412 3.3505 114
20 3.1677 3.1658 220
100 2.9746 2.9790 (105)
10 2.8093 2.8117 214
60 2.4785 2.4802 (320
15 2.4313 2.4307 402
20 2.1082 2.1085 (324
10 2.0038 2.0022 420
20 1.7637 1.7646 B17
35 1.5796 1.5795 (0 0 10)
10 1.5463 1.5455 (3239

* Relative intensities were determined visually. Lattice pa-
rameters were calculated on the basis of the present ex-

perimental data; a = 8.954(2) A, ¢ = 15.795(2) A, V =
1266.4(4) A°

Z}AE CaO 24.75 wt%, KoO 4.39 wt%, F 1.52
Wt%o]]:]'. TiOZ, A1203, Crzoz, FGO, MIIO, MgO,
NaO 52 Faio| ZgEo] glom, o|zgh nl#
Hae sshals AAsks FHodA A28kt o]
ZHE 53 S84 KosaCas 008i770020F07
SH,O°lt}. o]ZA AAE oA (KF)Y 3}8ha]2
27709 NEE EAste] RS Tkdk ofehA
(KF)9] slehiA gt =8940 35 o] A
2 YAFES & 4 o m(Table 2, Marriner et
al., 1990), £ A7olA mFdLrt b HEH
AL 1ot 25" 7)71E ARgE Aot

Al &

&
2
og

’$34(0.0001 GPa)lAFE 7.7 GPaZ7}A] 159 9]
7 AX XA Id9ES T892, 6

Jo

5] - 3 - A

Table 2. Chemistry of the apophyllite (KF)

elements (Wt%)
SiO, 51.187
TiO, 0.007
ALO; 0.523
Cr,05 0.009
FeO 0.004
MnO 0.004
MgO 0.003
CaO 24.749
Na,O 0.172
KO 4.386

F 1.518

Total 82.573

Intensity(arb.)

26

Fig. 2. A series of apophyllite (KF) high pressure
XRD patterns.

M) 3d ~HERS Adeste] | sHoR 1}
ERASITKFig. 2). dEe] F7kedAl (101), (110),
(200), (211), (212), (220), (105), (320), (420) ==L
o] B ogte] zfolg HolANt fod vhek ¥
ol o, Eg M2 3|du T FHE
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Table 3. Lattice parameters, volume and its ratio at each high pressure

P (GPa) a (&) ¢ A) V(A% YV,

0.0 8.948(3) 15.781(9) 1263.4(10) 1.000

0.4 8.933(2) 15.766(7) 1258.1(7) 0.9958

0.7 8.925(3) 15.700(7) 1250.6(8) 0.9898

0.9 8.915(3) 15.627(7) 1241.9(8) 0.9830

13 8.898(4) 15.595(1) 1234.6(1) 0.9772

1.5 8.884(5) 15.561(1) 1228.1(1) 0.9720

1.7 8.853(9) 15.545(2) 1218.3(3) 0.9643

2.0 8.844(9) 15.537(2) 1215.4(3) 0.9620

24 8.836(9) 15.516(2) 1211.5(3) 0.9589

29 8.827(8) 15.484(2) 1206.3(2) 0.9548

3.7 8.811(8) 15.465(2) 1200.5(2) 0.9502

44 8.770(7) 15.408(2) 1185.002) 0.9379

48 8.745(7) 15.409(2) 1178.3(2) 0.9326

53 8.726(8) 15.391(2) 1172.02) 0.9276

7.7 8.649(1) 15.242(3) 1140.3(3) 0.9023
AN aZoll HIsh col w9~ whaA d=5H L 9l
ol 4, o i o AR 20 o]l YEEe) Aol v
g % b L £8 olFE kel Y /12T Ao B
| N ok cFE mEAE Si0s AFEAE 874 Ao
= k=8s o AT 5 Ateldl Ca ¥ K, 1182 F ¥ H,07F 9]
8 “a, o© A3k glol Agoz qhgo] AR 7AW a
T oss| L oa o o) HI3] c& WO Z ol o3k Fiko] ¢ =
2 ‘e o} cZo2 ghzo] FAR YejelA e o 7}
3 oot 87 =™ 1.5 GPaollA 1.7 GPa TtolA a%e]
2 o] ¥ AsHAl Uetu=d, ol =9 4=l
o 1 2 3 4 5 & 7 s ol A& HE Al olE te F7IE 7R
Pressure, GPa o] cFRTE aFo] G AL Aow
Fig. 3. Axial compression of apophyllite (KF) with 28 < It} T sh}e] F2& A|gH| FYstk
pressure. FRTY YFeIth L 2 GPa A=A Ao &

& Ak

I stellA S Ao XA - HolHE
HH d-3-2 AN oS, 4 939 geAsE
o] g3te] AN oRM(KF)S] AR <} F3 %k
8l 2387} Table 391 Ueht At o] S7t
Sholl whe} a=2 8.948(3) AdllA 8.649(1) AR ¢
22 15.781(9) AolA 15.242(3) ASE 7443}
Hele] STt WE ARG a9t ¢ ¢S HHo
Fig. 39 Yeht} Qlth 0.4 GPaolA] 1.3 GPa 73t

g2

o] skt e AlES whEo ofd FEks
A = gltk hgo] 71l we} FWHM7F
Yol S Kol eH(Fig. 2), ol &
‘& oRF(KF)7F o] 71t wet 2g+=
7} BFgSHAl Hof FEE v =olA HH v
sle] 7FsAE o dEnh ol ThsAdEs aiAlg
AEe v o 2 AASE a3} ¢ AFUSAIS
= 4, =433 x 10° GPa', 4, = 444 x 10°
GPa'olth &, a3 c£9] Wshs -9 YSFE|
a-=o°l Bl8] o] =THFig. 3).
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Table 4. Bulk moduli of several zeolite minerals related to apophyllite. Estimated standard deviations are given

in parentheses

Sample Formula Ky (GPa) Ky Reference
heulandite Na; 7Cay 7Al9 38126707, * 27TH,0 27.5(2) 4.0 Comodi et al., (2001)
zeolite Na-A Nay»AlSin0ss + 27H,0 22.3(3) 4.0 Hriljac (2006)
zeolite levyne (Cag5,Na,K)6(AleSi12036) * 18H,0 48(1) 4.0 Gatta et al., (2005)
scolecite Cay9(Al;s57S124.30s0) * 24H,0 54.6(7) 4.0 Comodi et al., (2002)
apophyllite (KOH) Ko.95Ca3.97Si50200Hg 04 *+ 8H,0O 86(3) 4.0 Fan et al., (2013)
apophyllite (KF) Ko.84Ca3.99Si7.70020F0.72 * 8H,0 59(4) 4.0 this study

1.00 |

096 |-

VI,

0.94 -

0.92 -

090 |

0 1 2 3 4 5 6 7 8
Pressure (GPa)

Fig. 4. Compression of the unit cell volume of
apophyllite (KF) with pressure.
HEESHYE

FI)(V)= 1263.4(10) A’olA 1140.3(3) A’E 4
skaL glom, olzfgh W3} tlo|E|e} FEHo] Table 3
¥} Fig. 49 22+ el Sltk 0|23t tlo]HE BM
EOS<S ©]-8314 oeH(KF)2] AXeHIEK)S Al
ABIATE P = 15K (x7-x7) [1-0.75(4-Ko)(x*-1)].
Aq71A, x = (VIVo)'"?, Ko’ = (dK/dP)oIth. Ky = 4
2 7P w o]RF(KF)2] AXHEAHELS 59(4)
GPaZ ZAAH AL o] 7hg 71F ATl o] Hx
H ojkT B EXTe| &3l FE] A¥EAE
¥} H]walTHTable 4). EX(zeolite)?} HInE 3
olfr= BA oJjbo] AdE of v WAZE
o] SRzl AL - AHStolH FrPEolge
AP w|Eo|thFleming et al., 1999). L&t} E-4
2 ofekayt e 44k (phyllosilicate)©] o}
Yzt 2 EF4H (tectosilicate) 2] ¢} (subclass)©] ™
B T-Z(network)E 2t F=0|HColville et al.,

Table 5. Bulk moduli of apophyllite (KF) by various
equation of state fittings

EOS* K, (GPa) Ky
Birch-Murnaghan 59.1(4.0) 4.0
Murnaghan 58.9(4.0) 4.0
Tait 59.2(4.0) 4.0
natural strain 59.3(4.0) 4.0
Vinet 59.2(4.0) 4.0

*All EOS were referred from Angel et al., (2014)

1971). EAFET] &3hs UEET] E(zeolite
Na-A)9} 3]E4(heulandite) 2 2 -E4(scolecite) 2]
ARG ELS 242t 223, 27.5 GPa L 54.6 GPaE
QAR @& ghs RHola ok ol AATE Y
o EAlete EEALe] @kl o3 o R AT
o, 72+ F=] AAA, & APAEAR YEEe}e]
E, SAPAY &3h= 384 9 dE4 5 24
TZ9| Apo|ZHE FFS e £ 9tk A%
E Z9 shRl gukl(zeolite levyne)] X EHA
F2 48 GPaE UEEgo|Eo| vla)| & 2 57}
7ol weh b g AFg=rt F74E U
Bl FaL ok oJ9H(KOH)= 86 GPaZ o]¢h4
(KF)2] 59 GPa°ll 3l =2 AHHFES Hol
ATk ©JQH(NaF), S natroapophyllite®] |2 &
A&l thgk IEH dolEr) glo] HluE shA| X
stgom, 35 old digh 19tAF7E a3t
B AFoA & A= olHE EoSFit7 T=1
#(Angel et al., 2014)= AHE3ste] 471g 559
e o] e A A ES A4S TH Table
5). Ko=42 7P43tdS o, Ast A9 g 25
58.9 GPadll4] 59.3 GPa® 2xke] &4 WollA A
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120 |

20

F./GPa

30

0.00 0.01 0.02 0.03 0.04

fE
Fig. 5. The relationship between the normalized strain
(fs) and the normalized stress (Fg) for apophyllite

(KF) up to 7.7 GPa.

B AFoA AAT oRM(KF)S AXEEES
BM EOS< ©]&3td ALtE Sl o] tigh

55 Hrteiditt. olgA k= olfre ¢E
7t W F3]9) Qf=o] Kl HIAAAR] A
oIt} Fig. 40, &8-S 373 &, 1.5 GPa~1.7
GPa, 1.7 GPa~3.7 GPa ¥ 44 GPa~7.7 GPaZ
st 7o) gt olEE Ao E FASS
ok Zb e AACAE R At e A
o] gsAIRE oln] AAJNE cF& uwet wjd
stal Qe AAREC o7 BIAAA R dSolA 7]
g Zow & gyt Qlvh divketd 7P 24
Al SAJ XRD #HEoA A g Fho|A Al

& ARTRAA 711 Aow B £ Sl 34
739 Edo] 7] wWiEoltth olHg A% 12
Hol&= WASHA] gFgkon, 2xd ol & 1EEl &
T Aok 2230l o] 47 W) glo
o, AAT27F NEE o= WHolgk Zo] of
e}, o780 A-838h7] faf =S e A4
o] d&%, 4FE ¥ AT 7Y Wt v
El}7] wlEo|thLiu and Bassett, 1986).

2 AT A AkE oAMA(KF)l ek A4 gk
AE d AF=E Hrkeh] A8l fa-eEd
&5 H(finite strain analysis)& 2|83} 43}
FATHJeanloz R., 1981). ¥4 Tha 2T} Fre
Atslst o ghnormalized pressure)e]™, THE3

O
2o\ 1

Bl
9
5

F sl olb(KR)el AT AT

o] FHHTE Fy = P/B3f(1+26:)>°). SEHEFL f;
2 ®AEH, thed 2tk £ = 0.5[V/Ve) 2 -1].
Fe-fp CIOJHE F3-82Ry Wil A== A
A3 F8 23 2tk Fe = a + bfy + cf® + .
A7|A 44 a, b, cv T 2o] FEHAT; o
= [(#-1)/2] @Kl 14+ <(1- @)], b = @"Keo[1425 (1-
@), ¢ = 2¢ PRy, A7NA, @ = VolV)'®, € =
0.75(4-K’0)°1t}. Kt K= B a, b D & 4
718+ WbdAol 1E(fitting)ate] AR & thJeanloz
and Hazen 1991; Ming et al., 1995).

Table 39 Q= &7 Fa]o] Wel vlo|EE A
Treket A E(Fr)H Arsle SEHE ()=
&3k FE o] Fig. 50 TAIEA Qo) g F
e HRAZ Yo ApdeE FAIRINLE 1.5
GPa7HA] 7|€7]+ 29| Wdko|H, o]|% 3.7 GPaZ}
Ae & W3, a8la 7.7 GPaZkA] FEsA &
S WS Ho|a 9t} o] A9 59 WIS Ky
o] Zol 408 22 A& YeRH, Hidle] 3¢
= 4050 & 3 2h3 oS st A F]
dojeje}l o] 371#] WS JelsE 2L 15
GPa®} 3.7 GPa ZAIoA ool W& 2]
HT27F a5 oF Y] o] &, oS THA
I ¥gdty AdEAT ZIAdg fAYES S F
A8t7]= oHth Goryainov et al., (2012)2 ]t
AKFE)el tis] A de Aldske] 133,
3.43 GPa % 4.8 GPaollA 7}z 37)9] 118f ~9
EHS AL ol2A AgE 4ol Wl
A Z8E Ao HolHoA #EE @Y &, o
Hiol wi=9] T4y wavenumber)’} AFOZ o]
S(shift)FA|F, = 3558, 668, 269 E 227 cm’
oA FEE Mo HAy EAdo] B Agea
A= 23F Adol9l e E8F B4 WHol9
Fo] =A= FF grle] a3t

r Rl

Ab A

B dATe 201595 Aot A7dA A+
wg AFA Rl o) FaE A AR
o E&% F FIAATAE BN AFdolA AL
3t} ZEPPAREATAPLS-I)olA ] APe w&
H}57)=HMEST) S Z3-Etsa(POSTECH) 9]
A& o} A EJTH2014-15-10C-017). =8 %
ol sl AR x2S 3 Qo] AARAA o}
S F3h
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