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ABSTRACT : In-situ high-pressure and ex-situ high temperature-pressure experiments of natural beryl
(Be;AlLSicO1s, P6/mcc) from two different localities (beryl-A and beryl-B) were studied using pure
water as pressure transmitting medium. Compared to the previous study using a mixture of
methanol:ethanol medium in 4 : 1 by volume, pressure- and temperature-induced chemical and
structural changes under water medium are expected to be different. The derived bulk moduli are
111(7) GPa, Ky’ = 73(7); 110(9) GPa, Ky’ = 65(8) for beryl-A and beryl-B, respectively. We observe
densifications in volume compression, which appear to be attributed to the phase transitions of water to
ICE VI and ICE VII around 1.0 GPa and 2.5 GPa, respectively.

Key words : beryl, aquamarine, high pressure, diamond anvil cell, bulk modulus

M = A IES X3Y TOis (X = Cs, Na, Li; Y = Al

Sc, Fe, Mg; T = Si, Al 7|EFZ29] Beryl,

EZF4(Beryl, Be;AlSigO5)< FLUFEIC]E 33 Bazzite, Stoppanite, Indialite 522 TEEHH H|
A Sl REARERE FE DAEE dubdo dFBeryllium, 49 943E F shig dEA
2 249 rle F AlEmEolA 4 AERE Stk B3 WEEFS APHoE FHRTY AEE
A7]2 AHKSardi and Heimann, 2015). 55  &°]&t] F2 289 tKKlein and Dutrow, 2007).
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Fig. 1. The structure of beryl at ambient condition.
(a) (001) projection with polyhedrals. (b) a pillar
shape of beryl with c-axis.

SFAL Q1A HEEE Yo T2 nARE
2 ol &85 9tk Mo we} Aquamarine,
Emerald, Golden Beryl, Helioder, Goshenite,
Morganite, Red Beryl 2.2 EFHTh 5349
ARt U FHSHBA Polmee, Z = 2) L
2% Bragg and Westol] 2J5] 750 S H(Bragg
and West, 1926) 1988 49| ZAA3}s}ol| o
gk A2 sl 40] Aurisicchio et al. (1988)] ]3]
AAE AT AT 2= 2AA A AlF AFEA
Zte] Beol Li 9 27} o2&l o) x|g=of ot
2 B AR5t 425 o]F& Zlow AT
HAom 554 FEE0] THAE et Al A
JAl 9 euhed ATE Fa BRA 2 AR
Ztgfel] 271 & 37} o] &9 FEA A gl o3k A
2 ZRIEAKKlein and Dutrow, 2007; Wood
and Nassau, 1968).

B dAFddMe 5374 259 obFetde o
Foer ATE AP ofFolnid e 554
BE T 7P £3 FE F Sl FE A% A
A gl BALS 7Y, H3Ae ugdTE B8 E
(Yoon and Newnham, 1973), Z2%38}3K(Hazen et
al., 1986), ¥4 9 eI 2l(Fan et al., 2015;
Qin et al., 2008), FF42] 1t ARl HFAII
(O’Bannon III and Williams, 2016), ab initio 7l
Aol o3k 118t 3 dvtA H TRk Sl oigt
A7} Prencipe©l] &J3 A% ATH Prencipe, 2002;
Prencipe and Nestola, 2005; Prencipe and
Nestola, 2007; Prencipe et al., 2011). AlxFH
g ATE AlQletd 1P FATEA AT
2Rl A7t AT A2l 3 ATE =

ZF20) 3k A A E(K)ol e A7) 35t
Fom oF 180(2) GPa AlLH=EATHFan ef al., 2015).
O’Banno 1T and Williams®] }9HE3 At wh
2™ 11.2~15 GPa FgollA Crf, v¥'el B3
HEXZ3(FWHM) | 54¢ H3lE Holg S341
ol T3l B= T O’Bannon 11T and Williams,
2016).

=3 SUAAR A0y ZHAY BeO, AFAR
A7t FHAFOE F7)F FEHE o5 Sio,
AFEAZE AT R AFEA FH[(Sic0)' & 7F
AW ¢-Z0 7 1A FF5TZ(micro porous)®] @
< 7RI B ATE AR 1Al A
GEAZ 2 47 vee, deke E3-89 99
AN EWol| E(pure water) V|t o] &3t &0l
9t 9 3238t Al A =HFA ] Ade] oy
3 S FEA A3

o
Az

AL 534 F A=A 42 b E ofFolmt
d AE 2HEFH-A, 5F4-BE olE8ith
SFHAL AH U] wER A4 FE
(NMNH 83047)0]5] §¢H8 02 Enjd 4 717
th 5F4-BE ol 2gA AHEH ARER
oo g de sheAe HQlth ofFolniRle
ARFAQ] P WA~ AN S HolH Hee
75~8 AEolth. ARYL -5 Wt FEFHE
Ho{ErhFig. 1). 38HEAe XA FFEA
(micro X-ray fluorescence, p-XRF)S o83} T}
(M4 Tornado, Bruker). S22 Z3/delolA
Rhodium target= ©]-&3t 7549t 40 kV- 40
mA, §37] 25 pmollA W FE glo] HEA O
2 6033t 108 At BHgs ARSI
nlo] A2-XRFO| A2 A 59 AAE glo] 2%
22T el S ARE dell ZejHolE
(glass-capillary collimator)E ©]-83td =4 4
(25 um)°] SA7Fss) XA SAEEN 1k
3, 2 uqtago| o] F ARE nlx f(agate
mortar) S AHESIY ~F um A7|E ELE5}]
ARE-SFATH
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X—41 3E A

XA FHEHL nfo]a2 XA (focusing)©l
7Fsdt tls XA 3 EA 7] (powder, single
crystal) & ©]-8-39 T Seoung et al., 2012). X-A
Y& 31d A (rotating anode) Al 2ElS 71X
+ MicroMax-007HF (50 kV, 24 mA; 1.2 kW)2]
Mo-K, A\ = 0.7107 A)& ARE38IHTE VariMax-
Mo< °|&3l X- A& st oz o5
FEl(multilayer optics)®] T2 + 3% mol| 9
3~ umE FHET £ Mo-KghS AIAS
= TAEAX| (monochromator) &8-S 3ttt A9
z71e] w2bA 100 um =712] E2]vo]E(collimator)
E ARgSt XA Z7E 2HS o]~
pm? PIAF9Y S S5k TP ol HAHsE
H otk AE7]e We HHE I SAHT
T Ue olWA Z#°o]E(image plate, 3000 x
3000 pixels, pixel size = 100 um)E ARE3FSITE.
E AGA A R B EEE ARE Fde
31, Exsitu 2L2-1HAFoll AMEE AT 2D o]n]
Z1e] 1D ©|o]8 *li= IPAnalyzer (Seto et al.,
2010)% CMPR program (Toby, 2005)°]&-&F53t}.

g3 £42 Horiba iHR550 + Synapse
CCDE ©] &3t} Laser= DPSS 532 nm, 150
mW (Spectra-Physics, Excelsior 532, single mode)
& AHgste] EHEREA T thojolEcid S
o] &% st FhEFAY ol shssAl dolAR
7] > 20 pm HARIE mES o] g8t A%
9] ¥4 (cosmic spike peak)S HA|517] 3
A 2 A E(shutter) E=(open/close)oll A &35
th =4 218 1800 gratingo] =ZAIZF 20~30
sec, 3~53] WHE SN SAHL 554 @2
e o] LA B3 2HERS FRlEile
W 22 o2 whake] UG 2459 Hlo|E]
2= LabSpec 6 (Horiba, Ltd.)Z o]&3}ch
(Horiba, 2017).

nbIN
TR 72 W) AgslE BFF tholo}
S Ao JAzg Eoly] Ul £ FeI

TAG 4-pin hHEF tololE =M Ad(modified
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Fig. 2. Chemical composition of beryl-A and beryl-B
using x-ray fluorescence. Rh is x-ray source. The
elements of framework were composed of Si, Al, Be

and O. The micro pore by cyclosilicates was composed
of Fe and H,O.

symmetric diamond anvil cell, mSDAC)<S A}&-3}
Atk 7S AT F(screw)E AHESHE W]o]al
gololze e Type-lag, E3(culet) 167
O F7|= 700 pm ARG 72271 2H|<
# 227+ T301 (T0.25 mm)= ¢F 100 pm A= T
%(indentation) ¥ W] AHI*7 737 ](micro-electronic
discharge machine, EDM; Holozoic products)=
°F 9250 um 719 Alg AWME TR o
#e HHHERTE ol8std FHl BTN =
694.2 nm (R1))%] AN #tZ ©]& A4 P (GPa)
= 19.04/7.665((1+(ANAG)*%-1) AFE3le BHls)
S tHMao et al., 1986).

1 X-A AP LS Z3E7|ATA 10C Y
=2 (Wiggler) HElRlIelA 20 KeV (A = 0.61992
A) 2700A F 7l AEE o] gstd XA WA
7€ 100 umZ F SAATE A3 AE7)=
Mar345 o]v]=] F#°]E(image plate, IP) 3450 X
3450 pixelsS o] &3t A7 3~30°20004
ZA3sh A4l e B3] ukgAs B 9
3 =5 32 FHRTE AdEHADAR o] 8319
t}. dlolH A= Fi2D (Hammersley, 2004)%}
CMPR (Toby, 2005) ZEI#HO=E 2D o] &
ID tlolg WSttt Az 94 gejAA A
AR LeBail WH(GSAS suite)S ©]&3te] A4ks}
SATHToby, 2001). AHEHE A4S EOSFIT 4
ZEo]E o] &3 ALt HA-mUgE 34}
2] o] 83t thAngel er al., 2014).
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Fig. 3. Raman spectrum of beryl-A and beryl-B. The OH stretch was observed at 3609.8 cm” and 3609.4
cm’, respectively. The raman spectrum was indexed by previous studies. (O’Bannon III and Williams, 2016;
Prencipe et al., 2006) The laser wavelength is 532.3 nm (green laser).

23 2 £9

5349 XRF A¥43 F AR EF Fe Y4
7} Z3kg ofFolntgl o g FlE ]t BF4-A9)
AEHE Fe 0.3%, Al 11.2%, Si 36.3%, O 51.7%
(atomic %); HT4-B AEHIE Fe 0.4%, Al
11.1%, Si 36.2%, O 51.6% (atomic %)= 2FA|3}
I Atk 71EF vFPAZ Cs, S, H,07} 0.1~0.2%
A=Y ol2] B9 el £3tKFig. 2). 554-A
o} ZFM.BE AR Afole AL BHoFA] o
o, 534.B9] 4% AAHME YERl= Fe ¥4
7F0.1% w2 #HE BAFY wEF A5
XRF AZ HAE "oy A=) HA = o
gA WEF2 gt 3154 AEH](Be;ALSicOrs)
2 vt 23’3 (ambient pressure)l A F
=34 AR AN BEEE XFARE
ston m3AL 7|8 F29 SUAA P6/mec
TZE 7Pth(Hazen et al., 1986). AATZ=
AlQs ZHAS} BeO, APEAVF FHATE §7F
715 FEE o|FH S27]% <l Si0s AFRAIZE
THATOZ AEA H[(Sig01)' 1S FABHL 9
o). AFHA] B(Cyclosilicates) F4F c-= W3k
2 A F-EFFZE(micro porous)E M= Ad
st gler o] AdS we} H0, Cs, K
L YAEL 0k, 0y, 0.25/z ATl X5 Fe,

m to [0

Na, Ca, Mg9} 22 vlFdAE°] 0/x, 0y, 0/z A+
2ol F-2 X (disorder)g FEIZ A= Fejo|th
(Wood and Nassau, 1968). Fig. 32 5F4-A, B
of thet SRk ~HEPS HAFET SF34A,
B =5 O’Bannon III and Williams (2016) ~L2]1L
Prencipe e al. (2006)2] A7-A¥e} JA|EHG T
e spol] AFEAl Foll o3k BgAo] =4
-A9lA 139.6, 325.3, 399.5 cmol A BEEH =
F4-BE 145.3, 3232, 396.8 cm'olA #EH
Si, Be bending 400-700 cm'ollA uERdTh
Si-02 2~2E#AH 2 02-Al/Be-02 H&-L 900-1100
cm'ollA UEhdth Z34.A4, B &5 H,09] OH
2EGA B3] 3609.8, 3609.4 cmollA ZHzt
HEEHUY. wgA 5344, B BT 479
H,0& X338kl e AlE(Be;AlSicOis - nH0)
o|THFig. 3). T AES AolHL HF4.AE &
breathing (399.5 cm™)©] distortion (325 cm™)}X.th
43 FE|(1.2579/0.9142)F Holi, =F4.BE
breathing (396.8 cm™)}X.t} distortion (323.2 cm™)
o] © A% EFE HoEoh oA e 02¢
o] 2EfA 9 WP 5F4-ART 55487}
73 FE)(1.5641/1.8322)5 HojZF}

A A B w2 Elsy] 3l 55
H-AE 52 GPa, 554-BE 5.7 GPaZtA] AAIs}
Atk A dEle] B2 A4 2F 1.0 GPa, ¢F
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Fig. 4. X-ray patterns of beryl-A and beryl-B under
high-pressure with Miller indexes. It used water as
pressure transmitting medium.

2.5 GPa%llA] ICE VI, ICE VIISE 1A Z A
S (Kamb, 1965; Kamb and Davis, 1964). A4
& B HEAGRA R ARER B2 554-A0
41 ICE VI; 1.8 GPa, ICE VII; 2.6 GPaollA &%
=w, %34.BE 14, 2.6 GPaolA Z4H2 ad
(Fig. 4). ICE VI, VII 4E°] ¢&#% =€) 2rh
=A YEl= A2 dendritic crystal 7ol <3
Ho 2 AFHETHLee ef al., 2007). YHEHQI

IARE 5% 7 Al 1.0 GPadlA &7te] 4
7¥sted Qb WalE f=8) ICE viel A&3 4
o]& #1& 4 9tk 1 GPaolA ICE VIS 34
2 Lee et al. (2007) =5 HEAS YA &<l
7Fs 3t (www.pnas.org/cgi/content/full/0609390
104/DC1). ICE V19| “do] &3] 1 GPaolA &
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Fig. 5. The variations of unit-cell parameters of
beryl-A and beryl-B. Dotted lines are the boundary
of ICE VI and ICE VII from hydrostatic to
non-hydrostatic.
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Table 1. The Variations of Unit Cell Parameters of Beryl-A and Beryl-B

P (GPa) a (A) ¢ (A) v (A% alag cley Vive remark
Beryl-A

0.00 9.2032(3) 9.1875(3) 673.92(4) 1.0000 1.0000 1.0000

0.00 9.2014(6) 9.1867(7) 673.59(10) 0.9998 0.9999 0.9995 wet

041 9.1961(2) 9.1788(3) 672.24(4) 0.9992 0.9990 0.9975

0.68 9.1898(2) 9.1722(3) 670.83(3) 0.9985 0.9983 0.9954

0.96 9.1850(3) 9.1659(3) 669.68(4) 0.9980 0.9976 0.9937

1.36 9.1759(5) 9.1557(5) 667.60(8) 0.9970 0.9965 0.9906

2.05 9.1637(7) 9.1399(6) 664.69(10) 0.9957 0.9948 0.9863

2.60 9.1638(2) 9.1371(3) 664.49(3) 0.9957 0.9945 0.9860

3.08 9.15702) 9.1321(3) 663.15(3) 0.9950 0.9940 0.9840

412 9.1486(3) 9.1197(4) 661.03(5) 0.9941 0.9926 0.9809

467 9.1451(2) 9.1171(3) 660.34(4) 0.9937 0.9923 0.9799

572 9.1392(3) 9.1098(3) 658.96(4) 0.9931 0.9915 0.9778

0.00 9.2045(2) 9.1888(3) 674.21(4) 1.0001 1.0001 1.0004 released
Beryl-B

0.00 9.2086(3) 9.2023(4) 675.79(4) 1.0000 1.0000 1.0000

0.00 9.2066(4) 9.2017(6) 675.45(7) 0.9998 0.9999 0.9995 wet

0.34 9.1983(2) 9.1927(2) 673.58(3) 0.9989 0.9990 0.9967

0.68 9.1953(3) 9.1882(2) 672.81(4) 0.9986 0.9985 0.9956

1.09 9.1871(2) 9.1774(2) 670.83(3) 0.9977 0.9973 0.9927

1.36 9.1825(3) 9.1727(3) 669.80(4) 0.9972 0.9968 0.9911

1.78 9.1782(4) 9.1671(5) 668.77(7) 0.9967 0.9962 0.9896

2.30 9.1726(4) 9.1622(5) 667.60(6) 0.9961 0.9956 0.9879

2.56 9.1696(3) 9.1566(4) 666.75(5) 0.9958 0.9950 0.9866

3.01 9.1625(2) 9.1483(3) 665.12(4) 0.9950 0.9941 0.9842

3.82 9.1578(3) 9.1425(3) 664.02(4) 0.9945 0.9935 0.9826

522 9.1508(2) 9.1347(3) 662.44(4) 0.9937 0.9927 0.9802

0.00 9.2085(2) 9.2037(2) 675.88(4) 1.0000 1.0001 1.0001 released

The wet was measured to see reaction with pure water as pressure transmitting medium.

t}. Fig. 6= A&¥ste] mE A2GdE2 Hs}
& #7|819th A A3 ES] WSl Fan er al
(2015)©] Methanol, Ethanol 4 : 1 E%H& 4
ALEHZ 0] 8319S w 180(2) GPa, Ky = 4.1(4)
= B3l ¥ B dAFoxE &5 4EdE viAl
2 UE W 5574-A, B 42 111(7) GPa, Ky’
= 73(7); 110(9) GPa, Ky = 65(8)% HSITHFan
et al., 2015). °|A & Ag9 AA o4 <
71202 39S W B YEIAR 9 7
% 712 Fan et al. (2015) Q7RG O A4

AHAHHES Bk a8y A9t A
2.6 GPaE AAZE AARAES HFHES
2A FHFAE A9 oF 2.6 GPa ol A= 7|E
o] AR} B 166(7) GPa (Ko = 4), o|dollA
+ 537(13) GPa (Ky' = 4)9] #< EITh 537(13)
GPat Tho|olEE HOp H2 Zlo= @AHHo=
A FA= otk weba she] AFAo
2 Z+F38kal A A €A -E(Birch-Murnaghan EOS)S
AAFSIATHBirch, 1947). &2 JEAZEZDE A}
235195 AH111(7) GPa, 110(9) GPa) Fan et
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Fig. 6. The volume variations of beryl-A and beryl-B
samples. Dotted line is the boundary from hydrostatic
to non-hydrostatic for ICE VI and ICE VII phases.
Beryl-A and beryl-B show anomaly trends compared
with previous study (Fan et al., 2015).

al. (2015)9] AFZAIAR wEkE ogkE T3
(180(2) GPa)¥ THE AFFES HAFTE A&

ATE T3t FERIEHAHFig. 6). FA7HA2

TAI 534-A, B9 Ky 22 73(7), 65(8)
HojEnh 0|72 YukARl FEolA Kol Ky
4 A% e Z Aols HAFET: wEhA oF
2.6 GPaollA| FAe] Aol 93t =2 AXeA
E 3 Hol: A XAl HEAH o7 Hriy
A e =2 242 Wy AU ICE VI,
vilel| o3t X|dstol| 9§ JleAo R AoET
Fig. 7a, bE 554 A8 A, Boll tigh (100) 4
Ao M| E Wslol H=4AE 9F ~1 GPaZlA]
FolE & & HStE Ho|X| gtirl 3 GPa Tt
Al R WX ZFHFWHM)o] Eolu= A E B
oln EFA-BE 0.3 GPaZtA] W3S HolA ¥t
7} ©]% 3.0 GPaZ7}A| Wi Zo] 7hAdts A
HATHFig. 7a, b). X-A 3|HEN 9 g4
I =2 574 72 UYE ¢ §48 AAe Ko
2 geth =20 574 Y2 FAEATE (100)
31849 79697 A Bt ¥ %2 d-spacing k=
THAAY A2 725 Atk sl o
A= Kol gty =3 FrtE B 93k
s Az Ao X-A - E e
FAEe] HslE BHooksh Sl wE ok
ARl AT & v 4 HEHA &
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