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High-temperature structure and crystal chemistry of hydrous alkali-rich beryl

from the Harding pegmatite, Taos County, New Mexico

GorbpON E. BROWN, JR., BRADFORD A. MILLS!
Department of Geology, Stanford University, Stanford, California 94305

ABSTRACT

The structure of hydrous Li-, Cs-, and Na-rich beryl from the Harding, New Mexico,
pegmatite has been refined to an R factor of 0.050 using single-crystal X-ray methods. Alkali
ions plus water molecules were located by difference Fourier methods in two sites within
the channels paralleling c¢. Orientation of water molecules was determined from polarized
IR spectra. The resulting structural formula is

[W(@o.00 W (11546 CS0.09K 60500 31 [Nag 5, Cag 02 Mo 02F€3 0110 74]
[AL o]V'[Be; soLig 35Al5 021" [Sis.02AlLy08] VOr55

where W(I) and W(II) represent Type I (H-H vector parallel to ¢) and Type II (H-H vector
perpendicular to ¢) water, respectively, and O represents vacancies. Li occupies the nonring
tetrahedral site; water molecules, Cs, and K occupy the 12-coordinated channel site between
six-membered silicate rings; and Na and Ca occupy the six-coordinated channel site within
the rings.

The structure was also refined at 500, 800, and 24°C, after heating, and cell parameters
were determined at 200, 300, 400, 500, 600, 700, and 800°C. The a and c cell parameters
were found to expand over this temperature range with the following coeflicients: e, = 1.2 x
10-6°C-'and ¢, = 3.1-1.5 x 10-6°C-!, The thermal expansion is consistent with changes
in Gruneisen parameters, v, and v, with increasing temperature and can be rationalized
in terms of (1) increases in volume of AlQ, octahedra and (Be,Li)O, tetrahedra, (2) changes
in T-O-Al and O-T-O angles (T = Si,Be,Li,Al), (3) rotation of (Be,Li)O, tetrahedra about
axes lying in (001), and (4) rotation of vertically adjacent six-membered rings in opposite
senses about [001]. Our results contrast with the thermal expansion of nonalkali hydrous
and anhydrous synthetic beryl, emerald, and low-alkali hydrous cordierite. Heat treatment
at 800°C for 72 h had little effect on the occupancies of channel sites; little dehydration

occurred because the large alkali ions effectively plug the channels.

INTRODUCTION

Beryl is a beryllium aluminum silicate mineral often
found in granitic pegmatites in which it can occur as free-
standing, euhedral crystals in “pockets” or as “frozen,”
anhedral to euhedral crystals associated in either case with
quartz, K-feldspar, albite, muscovite, and a variety of
accessory minerals. The beryl structure, illustrated sche-
matically in Figure 1, consists of six-membered rings of
silica tetrahedra cross-linked by Be-containing tetrahedra
and Al-containing octahedra to form a tetrahedral frame-
work with open channels that parallel the ¢ axis (Gibbs
etal., 1968). Pegmatitic beryls commonly contain varying
amounts of alkali-metal cations as well as alkaline earths,
Fe, and other cations. Studies of compositional variations
(see, e.g., Filho et al., 1973) and structural details (Evans
and Mrose, 1968; Gibbs et al., 1968; Bakakin et al., 1969;

! Present address: CR Exploration, 755 Gregg Street, Sparks,
Nevada 89431.
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Hawthorne and Cerny, 1977; Price et al., 1976; Goldman
et al., 1978; Aines and Rossman, 1984) have shown that
the open channels in the beryl structure can accommodate
these cations and water molecules similar to the channels
in cordierite (Hochella et al., 1979; Goldman et al., 1977,
Carson et al., 1982).

The present study is concerned with the structure and
crystal chemistry of a high-alkali beryl that occurred as a
euhedral crystal “frozen” or included within a smoky
quartz vein in the microcline-spodumene-lepidolite-al-
bite-muscovite-quartz core zone of the Harding pegmatite
in Taos County, New Mexico (Jahns and Ewing, 1976,
1977). Considering Hawthorne and Cerny’s (1977) struc-
tural study of a Li- and Cs-rich beryl from the Tanco
(Manitoba) pegmatite, our independent results on Li-Cs
substitution in beryl are discussed only briefly, and the
major emphasis is placed on (1) response of the beryl
structure to temperature, (2) the role of channel constit-
uents in the thermal expansion behavior of beryl, and (3)
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Fig. 1. Schematic illustration of the beryl structure showing

the hexagonal rings of Si tetrahedra, designated T1, linked by Be
and Li tetrahedra, designated T2. Possible positions for channel
constituents are also shown, although P6/mcc symmetry must
be obeyed, on the average.

comparison of the structure and thermal expansion of
beryl and cordierite.

EXPERIMENTAL DETAILS

A specimen of beryl from the Harding pegmatite was kindly
provided for this study by the late R. H. Jahns of Stanford Uni-
versity. This particular specimen was selected for structural study
because an earlier wet chemical analysis (Table 1) showed it to
be enriched in alkalis relative to other available, chemically ho-
mogeneous, pegmatitic beryls. A polished section examined by
electron microprobe was found to be chemically homogeneous,

Table 1. Chemical analysis of Harding beryl HB-3!
7 Atomic
i . % Normalized i

Oxide We. % orma% ize PTOETEELOn No. Cations/18 Oxygens
$i0, 62.88 63.88 1.063 5.92
BeO 11.43 11.61 464 2.59
Al,05 18.92 19.22 .188 2.10
Fe203 0.12 0.12 .001 0.01
FeO ainia a ilaih o

MnO tr. 504 840 e

MgO 0.17 0.17 .004 0.02
Ti0, 0.03 0.03
Li,0 0.99 1.01 .034 0.38
Na,0 1.13 1.15 .018 0.21
K20 0.38 0.39 .004 0.05
Cs20 2.21 2.24 .008 0.09
a0 0.18 0.18 .003 0.02
Hy0 1.74 0.00 .098 0.55
Total  100.18  100.00

pnalysis by L. E. Peck and R. E. Stevens.

20zide weight percent normalized to 100% after emeluding H»0
(See Schaller, et al, [1962]).
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Table 2. Cell parameters of beryl HB-3 at eight temperatures

Temperature (°C) ad) c(R) V(&?)
24° 9.236(1)! 9.,246(1) 683.0(2)
200° 9.241(1) 9.252(1) 684.2(2)
300° 9.244(1) 9.253(1) 684.7(2)
400° 9.249(1) 9.257(1) 685.8(2)
500° 9.251(1) 9.260(1) 686.3(2)
500° 2 9.246(1) 9.254(1) 685.1(2)
600° 9.253(1) 9.259(1) 686.5(2)
700° 9.256(1) 9.262(1) 687.2(2)
800° 9.259(1) 9.264(1) 687.8(2)
500° 2 9.245(1) 9.252(1) 684.8(2)
Lo 9.233(1) 9.243(1) 682.4(2)

"Wumbers in paventheses represent the estimated standard error
(15) in the last decimal place.

2After 96 hours.
3After heating.

with the possible exception of Li and Be, which were not de-
tectable. Our microprobe analysis is consistent with the com-
position in Table 1. A clear fragment designated HB-3 and mea-
suring 0.12 x 0.12 x 0.20 mm was examined by precession
photography; precession photographs displayed Laue symmetry
D, and systematic absences of the type hhl, and A0/ [ odd,
which are consistent with space-group symmetry P6/mcc. The
crystal was remounted in high-temperature mullite cement and
sealed in an evacuated silica-glass capillary. The c axis was ori-
ented parallel to the rotation axis of the goniometer head, and
the crystal was transferred to a Picker rFacs-1 X-ray diffractometer
equipped with a furnace (Brown et al., 1973). The furnace was
calibrated to 1000°C by observing the beginning of melting of
200-um diameter crystals of five standard compounds placed in
evacuated silica-glass capillary tubes. Cell parameters (Table 2)
were obtained by least-squares refinement of the angular settings
of 28 automatically centered reflections in the 26 range 30°-50°.

Intensity data were gathered at 24°C using graphite-monochro-
matized Mo K, radiation (36 kV, 16 mA) and a take-off angle of
2.5°. Approximately 500 symmetry-independent reflections with-
in the 26 range 5°-65° were collected by using the §-26 scan
technique, a scan rate of 1° 28 per minute, and a scan range of
2.5° plus the &, — «, dispersion. Background radiation was re-
corded for 10 s at the high- and low-angle ends of each scan.
Two standard reflections (500, 006) were measured every 27
reflections to check crystal alignment and electronic fluctuations,
both of which proved to be negligible over the course of the
experiment.

Cell dimensions were measured at 24, 200, 300, 400, and 500°C
in the same manner as for the 24°C cell determination. During
automatic centering of reflections and intensity measurements at
temperature, crystal temperature was recorded continuously us-
ing a strip chart recorder and varied less than =10°C.

Intensity data were gathered at 500°C using the orientation
matrix determined from the auto-centering experiment at 500°C.
Experimental parameters during data collection at high temper-
ature were the same as those for the 24°C data set. Cell dimensions
were determined again at 500°C, after the 96 h required for in-
tensity data to be collected at that temperature, and were sub-
sequently determined at 600, 700, and 800°C. A third set of
intensity data was collected at 800°C after the crystal was equil-
ibrated at this temperature for 72 h. Subsequently, cell parameters
were determined at 500 and 24°C. A final set of intensity data
was collected at 24°C in order to determine the effects of pro-
longed heating.
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Table 3. Refinement parameters for beryl HB-3 at three

Table 4. Refined positional and thermal parameters for beryl

temperatures HB-3 at three temperatures
Parameter 24°C 500°C 800°C 24°¢! Atom  Parameter 24°C 500°C 800°C 24°¢!
No. least-squared variables 31 31 31 31 T2 X 0.50 0.50 0.50 0.50
vy 0.00 0.00 0.00 0.00
Total No. non-equivalent z 0.25 0.25 0.25 0.25
reflections B 0.0033(7)% 0.0018(10) 0.0064(14) 0.0021(6
508 447 427 473 > ( ®)
s ot bueeg o Sy
R 0.050  0.093  0.070  0.053 B1z B2, Y82, 4822 482,
R (weighted)" 0.049  0.077  0.058  0.050 Beq)® 0.88(10)  2.20(31)  2.01(16)  0.59(9)
S (uni i ; M x 0.6667 0.6667 0.6667 0.6667
0 (unit weight observation) 1.63 2.23 1.74 1.65 . Oma383 0nBEA 0.1333 9350
1 ; z 0.25 0.25 0.25 0.25
After heating. B11 0.0015(2) 0.0041(4) 0.0046(3) 0.0017(1)
ZInaZuded in final cycle of vefinement. Reflections with B2z B11 B11 B11 B11
F < 3G(F) or with |Fo-Fc| > 10 were rejected. There were no B33 0.0012(2)  0.0031(4) 0.0027(3) 0.0017(2)
more than 3 veflections satisfying the latter condition in Bi2 15B11 1By BB11 %811
each refinement. B(eq) 0.38(3) 1.05(7) 1.09(5) 0.48(3)
= Z(|Fo| - [P D) /2|Es] 11 x 0.3893(2)  0.3892(3) 0.3886(2)  0.3891(2)
“ _ _ 2 ppon2 1l y 0.1189(2)  0.1194(3)  0.1183(2)  0.1186(2)
R (wt.) = Iw(|Fo| - |F |)?/owFl] 3 0.00 0.00 0.00 0.00
B11 0.0011(1) 0.0019(3) 0.0032(2)  0.0013(1)
822 0.0014(2)  0.0025(3) 0.0038(3) 0.0012(2)
Bas 0.0013(1)  0.0025(2)  0.0027(2)  0.0014(1)
. L 8 0.0007(1) 0.0012(3) 0.0018(2)  0.0006(1)
Intensity data were corrected for Lorentz and polarization ef- e
] o . Beq)  0.36(2) 0.65(4) 0.91(3) 0.37(2)
fects, assuming a 50% ideally mosaic monochromator crystal.
. . . o1 x 0.3057(4)  0.3039(9)  0.3042(7)  0.3055(4)
Because of the relatively small crystal size and low linear ab- & 0.2350(4) 0.2340(8) 0.2336(6) 0.2351(4)
sorption coefficient (x = 11.26 cm~'), no absorption correction z 0.00 0.00 g -8879 . 8-3828(4)
was applied; differential absorption due to differences in trans- g;: g;ggiiﬁi; 3;383283; 0:004128; 0.0022 (4)
mission ranged from 0.80 to 0.87. Standard deviations were es- Bss 0.0047(4)  0.0102(10) 0.0090(7)  0.0051(4)
timated by using the formula suggested by Corfield et al. (1967) Biz OEOOZU), (CHOURSION, DEOORZLL),  OLOOIDIE
with a diffractometer factor of 0.04. Refinement of the 24, 500, B(eq)  1.02(5) 1.86(14)  1.92(10)  0.95(5)
800, and final 24°C structures was initiated in space group P6/  ©* 5 g'ﬁzgg; g:‘l‘zgggzg g:‘l’%ggg g:‘l’?jgg;
mcc by using the coordinates of Gibbs et al. (1968), neutral atomic z 0.1445(2) 0.1436(4) 0.1438(3)  0.1447(2)
scattering factors from Doyle and Turner (1968), and anomalous 21 : g' ggz‘{gg i gggggg; 8‘88§Z§§§ g:ggzgg;
dispersion corrections from MacGillavry and Rieck (1968). The 522 0.0025(2)  0.0043(4)  0.0048(3)  0.0026(2)
i i o B 0.0024(3) 0.0048(6) 010036(4)  0.0024(3)
program RFINE (Finger an.d Prince, 1975) was employed, a sec o Sl Sred S oonao
ondary extinction correction was refined, and weights based on 823 -.0012(2) -.0004(4) =-.0013(4) -.0014(2)
counting statistics were assumed. Reflections with F < 34(F) were B(eq)  0.86(3) 1.35(8) 1.72(6) 0.91(3)
conmdgred unobserved and were not used. Moreover, r_eﬂections cw . 0.00 0.00 0.00 0.00
for which calculated and observed structure factors differed by y 0-(2)0 g-gg g-gg g-‘;g
. : ; 0.25 g . ]
more than an arbitrary value of AF = 10.0 were not included in gu 0.0068(5)  0.0133(16) 0.0272(20) 0.0067(5)
the refinement, though no more than three of these were found B2z B11 B11 . B11 il g el
: : Bis 0.0043(6)  0.0080(15) O. 0106(1
mn aI:ly gven data ?et' B12 5B 35811 3811 %811
Difference Fourier maps, computed after refinement of the Bleq)  1.65(9) 3.18(27)  5.87(29)  1.73(9)
24°C data set by using A. Zalkin’s unpublished FORDAP program, — Y 0.00 0.00 = & Ty
indicated electron density at two positions within the channels, y 0.00 0.00 0.00 0.00
B 1 g g i - 0.00 0.00 0.00 0.00
C(l)'. ©, 0, ') anc.l C(2): (0, 0, O); the density at C(1) was ap é“ 0.0005(12) -.0083(42) 0.0002(20) 010059 (18)
proximately four times greater than that at C(2). Cs, K, and H,O 82, B11 " B1: 811
were assigned to the larger C(1) site, whereas Na and the small Bss 0.0096(29) 0.0034(39) 0.0293(80) 0.0029(19)
3 : B12 4811 5811 4811 81
amounts of Ca, Mg, and Fe?+ were assigned to the smaller C(2)
Beq)  1.17(32)  1.80(56)  3.38(50)  1.34(39)

site, resulting in essentially featureless electron-density difference
maps at these sites. Li was assigned to the Be tetrahedral site
after the models of Bakakin et al. (1969) and Hawthorne and
Cerny (1977). Least-squares refinements of all data sets con-
verged rapidly to the R factors listed in Table 3, and final posi-
tional and thermal parameters are listed in Table 4. Selected
interatomic distances and angles calculated using L. W. Finger’s
unpublished program ERRrOR are listed in Table 5, and observed
and calculated structure factors for all four data sets are given in
Table 6.2

2 To receive a copy of Table 6, order Document AM-86-299
from the Business Office, Mineralogical Society of America, 1625
I Street, N.W., Suite 414, Washington, D.C. 20006. Please remit
$5.00 in advance for the microfiche.

!After heating.
zNumbers in parentheses represent the estimated stamdard error
(10) in the last decimal place.

Equlvalent isotropic temperature factors (B)were calculated
using the expression of Hamilton (1959).

RESULTS AND DISCUSSION
Structure and channel constituents

The room-temperature structure of Cs- and Li-rich ber-
yl from the Harding pegmatite (HB-3) is similar to the
structure of hydrous and anhydrous synthetic beryls stud-
ied by Gibbs et al. (1968) and Morosin (1972) and is
virtually identical to the structure of a Cs- and Li-rich
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Table 5. Selected bond distances and angles! for beryl HB-3 at three temperatures
& o o (24°C after
(24°¢) (500°C) (800°C) heating)
Interatomic distances in $i0, tetrahedron
Si-01 1.611(3)2 1.617(6) 1.615(5) 1.608(3)
Si-01 1.603(3) 1.607(6) 1.608(4) 1.608(3)
8i-02 (2 bonds) 1.614(2) 1.605(4) 1.611(3) 1.615(2)
01-01 2.559(4) 2.550(7) 2.553(5) 2.559(3)
01-02 (2 bonds) 2.615(3) 2.608(7) 2.622(5) 2.615(3)
02-02 2.671(4) 2.659(8) 2.665(6) 2.675(4)
Mean Si-O distance 1.610(3) 1.608(5) 1.611(4) 1.611(3)
0-8i-0 angles in Si0, tetrahedron
01-8i-02 108.33(10) 108.04(22) 108.74(16) 108.47(10)
02-8i-01 111.32(11) 111.78(20) 111.28(16) 111.18(10)
01-8i-01 105.58(25) 104.74(53) 104.93(40) 105.44(23)
02-8i-02 111.69(18) 112.04(36) 111.59(28) 111.83(18)
Interatomic distances in BeO, tetrahedron
Be-02 (4 bonds) 1.675(2) 1.681(4) 1.686(3) 1.675(2)
02-02 (2 bonds) 2.724(4) 2.724(8) 2,738(6) 2.728(4)
02-02 2.393(4) 2.422(8) 2.417(6) 2.391(4)
02~02 3.050(4) 3.053(9) 3.064(6) 3.049(4)
0-Be-0 angles in BeO, tetrahedron
02-Be-02 91.20(14) 91.90(31) 91.61(21) 91.09(14)
02-Be-02 108.75(14) 108.49(28) 108.55(21) 108.95(14)
02-Be-02 131.11(15) 130.51(33) 130.83(25) 131.01(15)
Interatomic distances in M;0g octahedron
M-02 (6 bonds) 1.913(2) 1.931(5) 1.925(3) 1.912(2)
02-02 (2 bonds) 2.393(4) 2.422(8) 2.417(6) 2.391(4)
02-02 (2 bonds) 2.717(4) 2.738(8) 2.729(6) 2.712(4)
02-02 (2 bonds) 2.851(4) 2.877(8) 2.866(6) 2.850(4)
Angles in M;0goctahedron
02-M-02 77.47(13) 77.50(24) 77.93(18) 77.46(46)
Ow-M-02 96.30(9) 96.41(17) 96.12(13) 96.37(9)
02-M-02 90.52(13) 90.24(26) 90.37(21) 90.38(13)
Interatomic distances in C(1)0,, site
C(1)-01 (12 bonds) 3.448(3) 3.444(5) 3.447(4) 3.448(2)
Angles in C(1)0;12 site
01-C(1)-01 43.58(3) 43.47(6) 43.48(4) 43.57(3)
01-C(1)-01 80.03(6) 79.80(12) 79.82(9) 80.00(5)
01-C(1)-01 95.88(8) 95.55(16) 95.60(12) 95.84(7)
Interatomic distances in C(2)0g site
c(2)ol (6 bonds) 2.559(4) 2.550(7) 2.553(5) 2.559(3)
C(2)-€(1) (2 bonds when Na in C(2) and
H20 in C[1]) 2.311(0) 2.315(0) 2.316(0) 2.311(0)
Angles in C(2)0y site
01-C(2)-01 60.00 60.00 60.00 00.00
01-C(2)~-01 120.00 120.00 120.00 120.00
01-C(2)-01 180.00 180.00 180.00 180.00
C(1)-C(2)-c(1) 180.00 180.00 180.00 180.00

AT . »
Distances are in angstroms and angles are in degrees.

2Numbers in parentheses represent the estimated standard error [18] in the last decimal place.

beryl from the Tanco pegmatite (Manitoba) reported by
Hawthorne and Cerny (1977) (Table 7). Therefore, the
discussion below will focus on channel constituents.
Cs*, K*, Na*, and Ca2* ions and neutral water mole-
cules occupy channel positions in Harding beryl. Water
was placed in the C(1) site following the work of Gibbs

et al. (1968). Size constraints were used to assign the larger
Cs* and K* ions to the larger C(1) site and the smaller
Na+ and Ca?* to the smaller C(2) site. Featureless differ-
ence Fourier maps resulted from these site assignments,
which are similar to those made by Evans and Mrose
(1968) and Hawthorne and Cerny (1977).
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Table 7. Comparison of average bond lengths in anhydrous, hydrous, and alkali beryl

Reference <T1-0> <T2-0> <M-0> <C(1)-0> <C(2)-0>
This study (24°C) 1.610(3)1 1.675(2) 1.913(2) 3.448(3) 2.559(4)
(500°C) 1.609(5) 1.681(4) 1.931(5) 3.444(5) 2.555(7)
(800°C) 1.609(4) 1.686(3) 1.925(3) 3.447(4) 2.555(5)
(24°C AH)? 1.611(3) 1.675(2) 1.912(2) 3.448(2) 2.559(3)
Gibbs et al. (1968)
Hydrous beryl 1.611(4) 1.654(3) 1.903(3)
Anhydrous beryl 1.607(4) 1.660(3) 1.903(3)
Morosin (1972)
Hydrous beryl 1.607(1) 1.653(1) 1.904(3)
Hawthorne & Cerny
(1977) Alkali beryl 1.608(4) 1.677(3) 1.906(3) 3.439(3) 2.548(5)

'Bond lengths in angstroms. The numbers in paventheses after the bond lengths refer to the standard error (1c).

2After heating to 800°C.

Water within the structure of hydrous beryl has been
classified as two different types (Wood and Nassau, 1967)
depending on the orientation of the C, symmetry axis of
the water molecule relative to the ¢ axis of beryl. Type I
water has its C, axis perpendicular to the ¢ axis of beryl,
whereas Type II water has its symmetry axis parallel to
¢. In both cases, water is weakly bound to O(1) oxygens.
Figure 1 illustrates possible positions for hydrogen bond-
ing within the channels of the beryl structure. Wood and
Nassau proposed that Type I water occurs when there are
no alkali ions in the adjacent C(2) positions and that Type
11 water exists when there are, as shown schematically in
Figure 1. Polarized IR spectra of a sample of HB-3 (G.
Rossman, 1977, pers. comm.) showed the presence of
both types of water molecules with Type II strongly pre-
dominating. This result is consistent with the high alkali
content and with Wood and Nassau’s observation that a
positive correlation exists between Type II water and al-
kali content in beryls. The distance between the C(1) and
C(2) sites, 2.311 A, is apparently too short to permit Type
II water in C(1) sites adjacent to filled C(2) sites. However,
Type II water in an adjacent C(1) site aids in balancing
the charge of (Na,Ca) occurring in 23% of the C(2) sites
in the structure; bond-strength sums (after method of
Brown and Shannon, 1973) for (Na,Ca)O, and (Na,
Ca)O4H,0Oare 0.78 and 1.01, respectively. Although Haw-
thorne and Cerny (1977) recognized the charge-balance
problem resulting from bonding a second water molecule
to Na (2 bond strengths = 1.24), they hypothesized that
Na+ ions in the C(2) sites are bonded to two water mol-
ecules, based on a 2:1 H,0:Na* correlation that they
obtained from consideration of available hydrous alkali
beryl analyses. In light of this 2:1 ratio for beryl as well
as the 2:1 ratio of Type II water to ““C(2) type” cations in
hydrous alkali cordierites (Goldman et al., 1977), we sug-
gest that the 0.23 (Na,Ca) cations per C(2) site in HB-3
are bonded to 0.46 Type II water molecules; this inter-

pretation leaves 0.09 Type I water molecules in C(1) sites
with no adjacent C(2) cations. This speculation is consis-
tent with the high proportion of Type II water indicated
by Rossman’s polarized IR results. In spite of these sup-
porting data, the problem of charge balance at the C(2)
site with water molecules in both adjacent C(1) sites re-
mains unexplained.

When Cs*, K+, or Rb* occur in the C(1) site, it is unlikely
that Na* occurs in either of the adjacent C(2) sites because
of repulsions resulting from the short C(1)-C(2) bond. In
view of the 31% vacancy content of C(1) sites per formula
unit of HB-3, it is likely that the 0.23 (Na,Ca) occupy C(2)
sites with no adjacent C(1) cations or water molecules. If
we assume that the 0.23 (Na,Ca) are bonded to 0.46 Type
II water molecules, 0.09 Type I water plus 0.14 (Cs,K)
occupy C(1) sites that have no adjacent C(2) cations. In
order to maintain local charge balance within the struc-
ture, it is also possible that Li* occurs in T2 sites either
above or below filled C(2) sites and adjacent to C(1) sites
filled by (Ca,K) as shown in Figure 1. The coupled sub-
stitutions Li* + Na* = Be?* and Li* + (Cs*,K*) = Be?*

Table 8. Percent thermal expansion for Harding bery! (HB-3)

Temperature (°C) Z%ha Zhc v ?
24° 0.0 0.0 0.0
200° 0.054 0.065 0.176
300° 0.087 0.076 0.249
400° 0.141 0.119 0.410
500° 0.162 0.151 0.483
500° (after 96 hours) 0.108 0.087 0.307
600° 0.184 0.141 0.512
700° 0.217 0.173 0.614
800° 0.249 0.195 0.703
500° (after heating) 0.097 0.065 0.264
24° (after heating) -0.032 -0.032 -0.088

1100(a, - az4)/azu
2200(e, - ezu)/czy
100V, - Vau)/Vzu
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for the last two are from Morosin (1972).

Temperature

are consistent with the total channel alkali of 0.37 and
tetrahedral Li* of 0.38 per formula unit.
Structural formula
Based on the chemical, structural, and IR spectral data

and on the crystal chemical reasoning presented above,
the following structural formula for Harding beryl HB-3
is proposed:

| ) |

[W(I)o.00 W), 46Csy 09K 050 3, !

| C(2) |

[Nag 2, Cag 0, Mg o2 Fed 51 7]V

=] | T2 1
[AL " [Be, soLi 35Al0 001"

Tl
[Si; 52l sl O,

where W(I) and W(II) refer to Type I and Type II water,
respectively, and O refers to vacancies. The small amounts
of Mg?+ and Fe*+ indicated by Peck and Steven’s analysis
(Table 1) are assigned to C(2), and the 0.02 excess A3+
ions are assigned to T2 to compensate for the slight cation
deficiency there. The significance of the Mg and Fe as-
signments is uncertain because the amounts of these cat-
ions approach the detection limits of the wet chemical
analysis. The calculated density, 2.72 g/cm?, based on this
formula, agrees well with that measured, 2.71 g/cm3, by
Berman balance.

High-temperature crystal chemistry

Thermal expansion. The variation of ¢ and ¢ with in-
creasing temperature for HB-3 is listed in Table 8; com-
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Fig. 3. Percent thermal expansion versus temperature for
Harding beryl HB-3, synthetic hydrous beryl, and emerald. Data
for the last two are from Morosin (1972).

parisons of absolute and percentage changes in g and ¢
for synthetic beryl and emerald (Morosin, 1972) and HB-3
are shown in Figures 2 and 3. In each case, a increases in
a linear fashion; however, ¢ initially contracts then ex-
pands in synthetic beryl and emerald but expands over
the same temperature range for HB-3. The ¢ cell parameter
is smaller than g at all temperatures for the two synthetic
beryls but is larger than a for HB-3. The variation of cell
parameters with temperature for low-alkali cordierites
(Hochella et al., 1979; Evans et al., 1980) is similar to
that for low-alkali or alkali-free beryls with ¢ contracting
and a expanding. All available data for beryl and cor-
dierite indicate that cell volume increases uniformly with
temperature.

Thermal expansion coefficients, ¢, and e,, were calcu-
lated for HB-3 using linear and second-order polynomal
fits to a and ¢, respectively. These values for alkali-rich
beryl, synthetic beryl, and emerald over the range 24—
800°C are listed in Table 9. Figure 4 shows the variation
of ¢,, ¢, and 8 for HB-3, synthetic beryl, and indialite. In
each, ¢, is constant as a function of temperature and, for
beryl, decreases in magnitude as the composition becomes
more complex. The ¢, and 8 values for indialite vary non-
linearly with temperature, whereas these values for both
beryls show a linear dependence on temperature. The most
striking difference between the coefficients for HB-3 and
synthetic beryl and indialite is the uniformly negative slope
in ¢; and 8 with varying temperature for HB-3 versus the
positive slopes for the latter two.

The differences in thermal expansion behavior dis-
cussed above are related to composition and bond
strengths. Morosin (1972) discussed the effects of small
amounts of Cr*+ impurity on the thermal expansion be-
havior of beryl and noted a 200°C shift in the minimum
of the c-axis expansion. This observation was rationalized
by Schlenker et al. (1977) as being due to the strong in-



BROWN AND MILLS: HYDROUS ALKALI-RICH BERYL 553
Table 9. Thermal expansion coefficients (°C!) for Harding beryl, synthetic beryl,' and emerald
Temperature 24° 100° 200° 300° 400 500° 600° 700° 800°
€; HB-3 1.2 12! T2 1.2 1.2 2 1.2 1.2 1.2
Synthetic beryl 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6
Emerald 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69
€3 HB-3 3.1 2.8 2.5 2.8 2l 1.9 1.7 1.5
Synthetic beryl 3.1 -2.2 -1.4 -0.5 0.4 1.2 2.1 3.0 3.9
Emerald -0.4 -0.1 0.4 0.7 1 1.4 1.8 2 32 a5
g HB-3 8.3 8.0 Tl 7.5 7.3 7.1 6.9 6.7
Synthetic beryl 2.1 3.0 3.8 4.7 6 6.4 7.3 8.2 o]
Emerald 3.0 3.4 3.7 4.1 4.4 4.8 5.2 5.5 5.8
'From Schlemker et al. (1977). ALl Values of €., €3, and B are X 107°%. €1, €3, and B were calculated using

+ 202T
———
&5 + clT + CJT

the following equations: ¢
g1 = l/aT (2.9711 & 10-9); e5 =

B=2€1+83

, where e, = 9.2461, ¢, = 2.9524 x 10'5, and ¢, =

1.0 2 107¢

fluence exerted by Cr3+ on the strain dependence of the
frequencies of the normal modes of beryl. They further
demonstrated that positive expansion along a and ¢ in
beryl can occur only when the ratio of the Gruneisen
parameters, v, and s, satisfies the following inequality:

Sn +S12 13>2|S13|

. 1
| S5 Y1 Sis M)

where the S, values are elastic compliance coefficients for
beryl and v, and v, are measures of the thermodynamic

10.0
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Fig. 4. Variation of thermal expansion coefficients ¢, (along
a), ¢; (along c), and B (volume) with temperature for Harding
beryl HB-3, synthetic beryl (Morosin, 1972), and indialite (Evans
et al., 1980).

driving force of thermal expansion. When +,/vy, drops
below the lower limit, ¢ should contract, whereas a should
contract when the upper limit is exceeded. Experimental
values for the ratios (S,, + S,;)/1S;;] and 2|S,5}/S,;; of
2.39 and 0.54, respectively, were determined by Yoon
and Newnham (1973) for beryl and are not sensitive to
small compositional changes.

Values of v,/v, for HB-3, synthetic beryl, and emerald
are listed in Table 10 and plotted in Figure 5. In contrast
with the v,/v, ratios for synthetic beryl and emerald—
which drop below the lower limit of the above inequality
at 388 and 130°C, respectively, and which correlate pos-
itively with increasing temperature—the curve of v,/v,
versus temperature for HB-3 has a negative slope and
satisfies the inequality over the temperature range 24—
800°C. The experimental ¢, values of Harding beryl are
thus consistent with the thermodynamic requirements for
positive expansion along ¢ and a. Finally, the curves for

Table 10. Ratio of Gruneisen parameters, v,/7,, for synthetic
beryl, emerald, and Harding beryl at different
temperatures

Temperature (°C) y3/y, (HB-3) Y3/Ys(Syn.Beryl) " y3/Y; (Emerald) "

24° 1.30 ~-0.33 0.40
100° - -0.05 0.55
200° 1.25 0.25 0.65
300° 1.21 0.45 0.75
400° 1.17 0.60 0.85
500° 1.13 0.75 0.90
600° 1.09 0.85 0.95
700° 1.05 0.95 1.00
800° 1.01 1.05 1.05

ey + 2.39 €3
3.7037 €y + €3

1
From Schlenker et al. (1977). v3lvy =
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values for the last two are from Schlenker et al. (1977).

all three beryls converge to a common value of v,/v, at
high temperatures.

Polyhedral distances and volume changes. Mean T1-
0O, C(1)-0, and C(2)-O distances are constant from 24 to
800°C, whereas mean T2-O and M-O distances increase
slightly (Table 5). In spite of the constancy of T1-0O, C(1)-
O and C(2)-O distances, the volume of the C(1) hexagonal
antiprism decreases with increasing temperature (Table
11); the T1 tetrahedral volume is constant, but the T2
and M polyhedra increase in volume. Examination of
individual distances and T1-O-T1 and O(1)-T1-0O(1) an-
gles (Table 5) indicates that the hexagonal silicate rings
remain rigid with increasing temperature. However, the
constancy of C(1)-O(1) distances with increasing temper-
ature does not constrain the C(1)O,, polyhedral volume
to constancy or prevent vertically adjacent silicate rings
from moving relative to one another. In fact, the C(1)O,,
polyhedron decreases in volume from 24 to 500°C and
remains essentially constant in volume from 500 to 800°C.
This behavior can be rationalized by noting that the O(1)-
C(1)-0(1) angle decreases from 24 to 500°C and remains
essentially constant from 500 to 800°C. M-O bonds ex-
hibit the largest absolute expansion as do MO; octahedral
volumes over the temperature range 24-500°C. However,
it should be noted that M-O bond lengths (Table 5) and
MOy, bond volume (Table 11) decrease slightly from 500
to 800°C.

Structural interpretation of thermal expansion. The
structural manifestations of linear thermal expansion along
the a and c¢ axes of beryl-cordierite-type framework sili-
cates are (1) an increase in the size of the MO, octahedron
and, in beryl, the T20, tetrahedron; (2) changes in the T-
O-M and O-T-O angles; (3) a rotation of nonring T2
tetrahedra about axes lying in (001); and (4) rotation of
vertically adjacent six-membered rings in opposite senses
about [001]. In White Well cordierite, thermal expansion
behavior can be adequately explained by expansion of M
octahedra coupled with changes in O-T-O and T-O-M
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Table 11. Polyhedral volumes (A3) for beryl HB-3: T1, T2,
M, and C(1) sites

Temperature (°C) T1 T2 M c(l)

24° 2.14 2.11 9.07 122.06
500° 2.13 2.16 9.35 108.25
800° 2.14 2.16 9.26 108.56
24° (after heating) 2.14 2.11 9.09 134.94

bond angles (Hochella et al., 1979). The T1 and T2 te-
trahedra, occupied by Si*+ and Al*+, have essentially con-
stant volumes and constant T-O bond distances with in-
creasing temperature. Expansion of M octahedra under
these circumstances is accompanied by changes in O-T-
O and T-O-M angles. Because the M octahedron con-
tributes largely to expansion in the a and b directions,
those O-T-O angles allowing expansion of the framework
in these directions must increase with a corresponding
decrease in O-T-O angles contributing to the ¢ cell di-
mension. The result is a net decrease in ¢ with increasing
temperature.

Beryl has T2 tetrahedra occupied by Be>+ and Li* when
present. T2-O bonds expand significantly (@, = 8.4 X
10-¢°C-! for HB-3) and at a rate predicted to increase as
Li* increasingly substitutes for Be?**. Another difference
between beryl and cordierite involves the expansion of M
octahedra. For the Mg octahedron in cordierite, dyo =
12.6 x 10-¢°C-' (Hochella et al., 1979), whereas for the
Al octahedron in HB-3, &y o = 9.1 x 10-6°C-! over the
range 24-800°C. This latter value is similar to the average
Al-O bond expansion observed in oxides (@ = 8.8 x 10~¢
°C-!; Hazen and Prewitt, 1977). On the average, both T2
and M polyhedra expand with increasing temperature in
HB-3. Even though O-T-O and T-O-M angles behave
similarly to those in cordierite, expansion occurs along
both a and c¢ in this beryl. The differences in thermal
expansion behavior among Harding beryl, White Well
cordierite, and other beryl-cordierite structure types are
thus due to differences in T2 and M polyhedral expansion.
For example, the differences in expansivity along ¢ be-
tween alkali-free beryl (Morosin, 1972) and the alkali-rich
Harding beryl correlates with the Li content of the T2
tetrahedron and the presence of channel cations in the
latter.

Concomitant with changes in the dimensions of the
T20, and MO, polyhedra and in O-T-O and T-O-M
bond angles in HB-3, the vertically adjacent six-mem-
bered rings rotate slightly in opposite senses about c. This
phenomenon was also observed in White Well cordierite;
the rings move such that T1 tetrahedra in vertically ad-
jacent rings, which are linked to the same T2 tetrahedron,
rotate in opposite directions around ¢ (0.2° from 24 to
775°C; Hochella et al., 1979). In this case, the rotation
was attributed to expansion of the M octahedron. In HB-
3, two different modes of rotation about ¢ by the six-
membered rings were observed, although the magnitudes
are comparable to the calculated standard errors of bond
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angles. The first, occurring from 24 to 500°C, was rotation
in the opposite sense to that observed in cordierite (0.2°
from 24 to 500°C), whereas from 500 to 800°C, the rings
rotated (0.4°) in the same sense as observed in cordierite.
The expansion along ¢ from 24 to 500°C is dominated by
T2 tetrahedral expansion, which causes the rings to rotate
in the opposite sense to that observed in cordierite. From
500 to 800°C, M-octahedral-volume change dominates.

Effects of heat treatment. Only slight differences be-
tween the beryl structures before and after heating to 800°C
were observed. The conventional R factors from the two
24°C refinements are identical (0.050), although standard
errors are slightly better for the 24°C structure after heat-
ing. In the higher-temperature refinements, electron den-
sity in the channel sites becomes more diffuse, consistent
with high thermal motion (Table 4) and in a manner pro-
portional to the ratio of electron densities of the C(1) and
C(2) sites in the 24°C structure. However, when the tem-
perature was reduced to 24°C after heating at 800°C for
72 h, the electron densities at the C(1) and C(2) sites
returned to their values prior to the initial heating; sug-
gesting that little net change occurred in channel constit-
uents during the high-temperature experiments. Our sug-
gestion is consistent with the results of TGA measurements
on a sample of Harding beryl (B. Chakuomakos, 1985,
pers. comm.) that indicate only 0.15 wt% loss at 800°C.
These results differ somewhat from the findings of Aines
and Rossman (1984), who reported some dehydration of
their beryl after heat treatment at 700°C for 2 h. Because
they did not report alkali contents, it is not possible to
reconcile these findings. Positional parameters and bond
lengths and angles were also essentially unchanged before
and after heating. In this regard, the difference in C(1)
polyhedral volumes before and after heating (Table 11) is
anomalous. Our result differs from the observed loss of
channe! water after several days at 775°C in White Well
cordierite. This difference is due to the presence of sig-
nificant amounts of Na*, Cs*, and K* in HB-3, which
apparently “plug” the channels, and to their absence in
White Well cordierite.
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