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ABSTRACT

The crystal structure of a Cs-rich beryl, a
9.212(2), ¢ 9.236(3)A, has been refined in the
space group P6/mcc to an R index of 5.5% for 381
observed reflections. Mean tetrahedral and octa-
hedral distances indicate that Li occurs in the Be
site and not in the Al site. Difference Fourier maps
show that the alkali cations are confined to the 24
and 2b sites in the channel, with Cs occurring at
the 2a site. Stereochemical and bond-strength argu-
ments suggest that all Na is in 256 and all water is in
2a, and that Na is bonded to at least one and pos-
sibly two water molecules in the channel. In most
published analyses of beryl, the number of H,O
units exceeds twice that of Na atoms. Crystallo-
chemical arguments provide maximum limits on
the possible alkali-metal substitutions in beryl; ap-
proximately 100 published beryl analyses show that
these limits are approached, but not exceeded.

SOMMAIRE

La structure cristalline du béryl riche en césium,
a 9.212(2), ¢ 9.236(3)A, a été affinée dans le grou-
pe spatial P6/mcc jusqu’au résidu R—5.5% pour
les 381 réflexions observées. Les distances interato-
miques moyennes dans les tétraddres et les octa-
édres indiquent que le lithium remplace le béryllium
et non l'aluminium. Les séries différence de Fourier
placent les cations alcalins aux sites 2z et 2b, dans
le tunnel, et le césium en 2a. Par considérations sté-
réochimiques et analyse des valences de liaison, on
situe tout le sodium en 25 et toute l’eau en 2a, et
I'on.conclut que le sodium devrait étre lié & une ou
deux molécules d’eau dans le tunnel. La plupart des
analyses de béryl publiées indiquent un nombre de
molécules d’eau au moins deux fois plus grand que
celui des atomes de sodium. Par raisonnements cris-
tallochimiques, on établit des limites maximales aux
substitutions des métaux alcalins dans le béryl. Dans
une centaine d’analyses publiées, on vérifie que ces
limites sont frisées, mais non dépassées.

(Traduit par la Rédaction)

INTRODUCTION

In its ideal form, the chemical formula of
beryl may be written as BesAl.SisO1. The crystal
structure of beryl was determined by Bragg &
“West (1926), who showed that it consisted of
six-membered rings of Si tetrahedra perpendicu-

lar to the ¢ axis, linked laterally and vertically
to adjacent rings by Be tetrahedra, thus forming
four-membered Be-Si rings parallel to ¢ (Gibbs
et al. 1968); the Al occurs between the six-mem-
bered rings in a’ distorted octahedron, sharing
oxygens with both Si and Be. This structure was
confirmed by Belov & Matveeva (1951) and
Bergerhoff & Nowacki (1955), and accurate re-
finements have been reported by Gibbs et al.
(1968) and Morosin (1972). Beryl was origin-
ally classified as a ring silicate (Deer ef al. 1963;
Bragg & Claringbull 1965), but persuasive argu-
ments have been advanced that beryl should be
classified as a framework silicate (Zoltai 1960;
Gibbs et al. 1968). Chemical analyses of na-
tural beryls indicate the presence of significant
amounts of additional components, particularly
water and the alkali elements. These composi-
tional variations in beryl correlate strongly with
the geochemical and paragenetic characteristics
of the pegmatites in which they occur. Although
a comprehensive classification scheme for beryl
must include the physical and morphological
characteristics of the mineral (Feklitchev 1964),
the alkali variation in most beryls from uncon-
taminated granitic pegmatites is a fairly adequate
basis for classification. The following scheme is
after Beus (1960) as modified by Cerny (1975).

(1) alkali-free beryl: total alkalis <0.1 wt. %;
occurs in vugs of predominantly graphic pegma-
tites, and schlieren- and pocket-type bodies in
granites,

(2) alkali-poor potassic and sodic-potassic beryl:
K predominant, ranging between 0.5-1.0 wt. %
occurs in schlieren- and pocket-type pegmatites
in granites, and in quartz cores of simple blocky
pegmatites.

(3) sodic beryl: Na predominant, ranges be-
tween 0.5-1.0 wt. % occurs in pegmatites with
albite-rich assemblages but very poor in rare
alkalis.

(4) sodic-lithian beryl: Na ranges between 0.0-
2.0 wt. %; Liup to 0.6 wt. %, Cs low; occurs in
Li-bearing pegmatites.

(5) lithian-cesian beryl: high Na and Li with Cs
>0.5 wt. % ; occurs in extremely differentiated

414



ALKALI - METAL POSITIONS IN BERYL

Li-rich pegmatites with metasomatic lepidolite
units, frequently pollucite-bearing; also as late
hydrothermal crystals in vugs in these pegma-
tites.

Recent work (Cern§ 1975) has indicated that
the alkali content of beryl may be used quanti-
tatively to further delineate the geochemical
characterization of pegmatites and to identify
petrogenetically related pegmatite groups. On a
smaller scale, this may also be used to indicate
differences within apparently homogeneous
groups of cogenetic pegmatites (Cern§ & Tur-
nock 1975).

Although the geochemical behavior of beryl
seems fairly well-characterized, the -crystallo-
graphic aspects of the alkali substitution in the
structure are not clear. Thus the degree to which
any crystal-chemical limitations impose con-
straints on the alkali variation is to a large extent
obscure. Two models have been proposed for
the alkali variation in beryls. Beus (1960) pro-
posed a coupled substitution of the form Li*=
Al**, AP*=Be*" with additional alkalis entering
the channel to maintain overall charge neutrality.
This was supported by Evans & Mrose (1966)
on the basis of preliminary refinements of pure
synthetic beryl and a Cs-rich beryl. Conversely,
Belov (1958) proposed the substitution Li*=Be**
and this was supported by the results of a partial
refinement of a Cs-Li beryl (Bakakin ez al. 1969).
Thus both mechanisms are supported by preli-
minary structure-refinement results and the
problem is still unresolved. The configuration
of the channel alkalis is also not well-character-
ized. Bakakin & Belov (1962), in an extensive
study of the crystal chemistry of beryl, proposed
that Na, Ca and excess Li occupy the 2aq site (in
the plane of the Si:Ois rings) and Cs, Rb and
sometimes K occur in the channels between the
2a¢ and 2b positions. Conversely, Feklitchev
(1963) proposed that the alkalis occupy the 2b
position with channel H:O in the 2a position.
On the basis of the ratio of the intensities of the
2131 and 1122 reflections for a series of alkali-
rich beryls, Vorma er al. (1965) proposed that
the channel alkalis and H,O occupy the 2 posi-
tion. The preliminary results of Evans & Mrose
(1966) indicated that Cs occupies the 2a posi-
tion, but no information was provided on the
site-occupancy of Na and H.O. The position of
the water molecules in synthetic non-alkaline
beryl has been established as 2a by Gibbs et al.
(1968) and Morosin (1972). However, the role
of water in the channel seems to vary, depending
on the presence or absence of channel alkalis.
In an exhaustive study on the polarized infrared
spectra of both natural and synthetic beryls
(Wood & Nassau 1968), it was shown that the
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TABLE 1. MISCELLANEOUS DATA

Analyais #% Unit cell content®

510, 62.00% si 11.91 2 9.212¢2)%
al,0,  17.71 AL 4,01 c 9.236(3)8
3
Fe,0, 0.018 Fe .003 v 678,258
Be0 11.32 Mg .005 Sp. Gr. P6/mee
3
Mg0 0.017 Mo 001 Dobs 2.781gfem
Ca0 0.030 Be 5.225 ale 2.785
Mn0 0.004 Li .873 € -
11,0 1.13 Ca .006 w 1.594
-1
Na,0 1.68 Na .626 ,L(cm ) 12.64
K,0 0.266 X .065 crystal .18 % .07
Rb,0 0.109 Rb 013 dimensions % .05 (mm)
chg 3.27 Cs .268 no. of 181
&
Hy0 2.06 H0 1.32 [P pgl 2 8o
uzo' 0.07 R(obs.) 5.5%
99.68 R(all data)  6.2%
Ry(obs.) 6.0%
- i dat 6.22
Rﬂz‘(lFobsl ]Fcalcl)/z [Fobsl Rw(all ata)
2 2.3
Ruu(ZH(IFobsl-IFcalcl)/EuFobs M, w1
3
Temperature factor form used: exp{(~ i);l =1 hihj ﬂij)

*Calculatad on the basis of 36 oxygens/unit ‘cell, excluding HZO'

#:
“Analysts: K. Ramlal and R.M. H11l, 1974.

H-H vector of the water molecules in alkali-free
beryl is parallel to the ¢ axis, whereas for alkali
beryls, some of the water molecules have their
H-H vector perpendicular to the ¢ axis. Wood &
Nassau suggested that this difference was due to
the presence of neighboring alkali cations, but
the exact nature of the interaction was not clear.
The crystal-structure refinement of a Cs-rich
beryl was undertaken in order to clarify the role
of the alkalis in the structure as they seem to
have important petrogenetic implications.

EXPERIMENTAL

The crystals used in this study were from the
Tanco deposit, Manitoba. The chemical analysis
(see Cern§ & Simpson in prep. for analytical
methods) is presented in Table 1, together with
the chemical formula calculated on the basis of
18 anions, excluding water. Single-crystal pre-
cession photographs exhibited hexagonal sym-
metry with systematic absences hhl, I=2n+1 and
h0l, 1=2n+1, consistent with the space group
P6/mcc as established by earlier studies (Bragg
& West 1926; Belov & Matveeva 1951; Gibbs et
al. 1968; Morosin 1972). Least-squares refine-
ment of 15 reflections aligned automatically on
a four-circle diffractometer gave the following
cell dimensions: @ 9.212(2), ¢ 9.236(3) A. These
values are statistically identical with those ob-
tained by refinement of the powder-diffraction
record: @ 9.211(1), ¢ 9.231(4)A.

A prismatic crystal of dimensions 0.18x0.07



416

X0.05 mm was used to collect the intensity
data; the experimental details are given in
Hawthorne & Ferguson (1975). A total of
2171 reflections was measured over 4 asymme-
tric units out to 65°20 (sin 6#/A=0.758, A=
0.71069A). The data were corrected for Lorentz,
polarization and background effects, and ther
averaged to produce an asymmetric set. No ab-
sorption corrections were performed as they
were negligible for this crystal (for a cylinder,
pr=0.04). A reflection was considered as ob-
served if its magnitude exceeded that of four
standard deviations based on counting statistics;
of the 436 unique reflections, 381 were classed
as observed.

REFINEMENT

Scattering curves for neutral atoms were taken
from Cromer & Mann (1968) and anomalous
dispersion corrections from Cromer & Liberman
(1970). The atomic coordinates and equivalent
isotropic temperature factors of synthetic aikali-
free beryl (Morosin 1972) were used as initial
input to the least-squares program RFINE (Fin-
ger 1969); initially the alkalis in the formula
were not considered in the refinement. Several
cycles of full-matrix least-squares refinement,
gradually increasing the number of variables,
resulted in convergence at an R index (see Ta-
ble 1) of 18.4% for isotropic temperature fac-
tors. At this stage, only the mean bond length
of the Be site was significantly different from
those reported by Gibbs et al. (1968) and Moro-
sin (1972), and thus the Li in the formula unit
was assigned to this site. In order to assign the
channel alkalis and water molecules to specific
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Fi1G. 1. Difference Fourier map in the (01.0) plane
in the vicinity of the ¢ axis; the contour interval is
arbitrary.
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positions, a difference Fourier map was calcu-
lated at this stage. Figure 1 shows a difference
map in the 01.0 plane in the vicinity of the ¢
axis. The only significant density observed in
the map lies at the special positions 2a(00%4)
and 26(000), indicating that the channel atoms
are confined to the special positions at z—=0 and
Ya. The problem of three cation species distri-
buted over two sites in a crystal structure does
not have a unique solution in the refinement of
singie-crystal X-ray data. Thus the channel alkali
distribution cannot be elucidated purely from
the X-ray data. However, limits can be put on
the possible variations of site-chemistry and
this, together with crystal-chemical arguments,
should bz sufficient to give the actual distribu-
tion. It is apparent from Figure 1 that there is
far greater scattering power at 2¢ than at 25; a
total electron count at each site gives the follow-
ing approximate values: 25=3.4 electrons, 2a=
15.5 electrons. This total of 18.9 electrons com-
pares favorably with the total of 18.45 electrons
available from the channel cations. Small
amounts of Rb, K and Li occur in the channel
sites (Table 1); for the purposes of the refine-
ment, Li was combined with Na and the other
alkalis were combined with Cs, with the amounts
of Cs and Na suitably modified for the differ-
ences in scattering factors. The numbers of elec-
trons available from each of the three species
considered are as follows: Cs 8.25, Na 3.60,
H:0 6.60. From the electron counts at the 2a
and 2b sites given above, the following observa-
tions may be made:

(i) as the total density observed at 25 is far
less than the amount of Cs in the channel,
most of the Cs must reside at 24. In addition,
if the observed density at 2b is considered as
due to Cs occupying that site, the number of
atoms occupying the 2a site exceeds 1.0. This
suggests that all Cs resides at 2a.

(ii) as the density observed at 24 is approx-
imately half that contributed by the H.O in
the channel, at least half of the water resides
at 2a.

It is notable that the electron count at 2b is
approximately equal to the amount of Na avaii-
able in the channel, As the scattering powers of
Na and H:0 are approximately the same, it is
not possible to identify the species at 25 from
the X-ray data. As the data do not define whether
or not Na or H.O occupies the 25 site, the choice
of either alternative does not affect the refine-
ment to any great extent. Thus Na was assigned
to the 24 site, and Cs and H,O to the 2a site.
The isotropic temperature factors at these sites
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were initially set at 1.5A% and least-squares re-
finement of all variables for an isotropic
thermal model resulted in convergence at an R
index of 6.4%. Temperature factors were con-
verted to anisotropic of the form given in Table
1, and full-matrix refinement of all variables re-
sulted in convergence at R and R, indices of
5.5 and 6.0% (observed reflections) and 6.2%
and 6.2% (all reflections) respectively. These
values are slightly higher than are generally

TABLE 2. ATOMIC POSITIONS AND EQUIVALENT ISOTROPIC

TEMPERATURE FACTORS

Site x y z Bewv(xz)
si 124 0.3892(2) 0.1189(2) 0 0.60(3)
Be 6f 1/2 0 174 0.77(12)
A1 4 2/3 1/3 174 0.64(4)
0(¢1) 12¢€  0.3048(5)  0.2352(e) 0 1.17¢7)
0(2) 24m  0.4983(4)  0.1473(4)  0.1445(3)  1.09(5)
Na 2b 0 0 0 2.3¢3)"
Ca 2a 0 0 174 250"
HO0 2a 0 0 1/4 2.5(1)°

s
Isotropic temperature factors refined only

TABLE 3, ANISOTROPIC TEMPERATURE COEFFICIENTS (}11 x 104)

sie 4, By Bss Ao Pu o fas

Si 25(2)  25(2)  14(1) 13(2) 0 0

Be 42(9) a1 167 L2, 0 0

a1 29(2) n M@ w2 0 0

0(1)  53(7) 43(6) 39(4)  32(6) 0 0

0(2)  48(4) 54(4) 24(2)  30(3) ~16(3)  ~13(3)

TABLE 4. SELECTED INTERATOMIC DISTANCES AND ANGLES

$1-0(1) 1.608(4)R Be-0(2) x4  1.677(3)R

51-0(1)a 1,601 (4)

$1-0(2) x 2 1.612(3) A1-0(2) x 4 1.906(3)

(51-0> 1.608 Cs-0(2) x 12 3.539(3)

Na-0(1) x 6 2.548(5)

Na-H,0 x 2 2.310(1) E,0-0(2) x 12 3.439(5)

0(1)-0(1)a 2.548(5) 0(1)~81-0(1)a 105.2(3)°

0(2)-0(1)a x 2 2.608(5) 0(2)-81-0(1)a = 2  108.6(2)

0(2)-0(1) =2 2.657(5) 0(2)-s4-0¢I) x 2 111.2(1)

0(2)-0(2)b 2.670(5) 0(2)~51-0(2)b 111.8(2)
{0-0> 2.625 {0-51-0> 109.4

0(2)-0(2)e x 2 2,730(6) 0(2)-Be~-0(2)c x 2  108.9(2)

0(2)-0(2)d x 2 2,393(5) 0(2)-Be~0(2)d = 2  91.0(2)

0(2)-0(2)e x 2  3.053(6) 0(2)-Be-0(2)e = 2 131.1(2)
{0-0> 2,725 {0-Be-0) 110.3

0(2)-0(2)g x 3  2.706(5) 0(2)-A1-0(2)g x 3 90.4(2)

0(2)-0(2)d =3  2,393(5) 0(2)-A1-0(2)a = 3  77.8(2)

0(2)-0(2)f = 6 2.838(5) 0(2)-A1-0(2)€ = 6 _96.2(1)
{o0-0) 2.694 {0-A1-0) 90,2

Equivalent positionss
d=lty-z, y, Y-z3

8=y, y-&y ~23 bex, y, -z}
f=lty-x, 1-x, z;

c=l-Ry -y, -z}

ey, -y, ka3 8%, x~¥, -3
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encountered in well-refined mineral structures.
This may be the result of slight positional dis-
order or anisotropic thermal vibrations of the
channel cations, as difference Fourier maps cal-
culated after the final cycle showed some evi-
dence of this. Final atomic coordinates and
equivalent isotropic temperature factors are
given in Table 2 and the anisotropic temperature
factor coefficients are given in Table 3. Inter-
atomic distances and angles and the magnitudes
and orientations of the principal axes of the
thermal ellipsoids were calculated with the pro-
gram ERRORS (L. W. Finger, pers. comm.)
and are given in Tables 4 and 5, respectively,
Structure factor tables are available, at a nomi-
nal charge, from the Depository of Unpublished
Data, CISTI, National Research Council of
Canada, Ottawa, Canada, K1A 0S2.

DiscussioN

Comparison of the mean polyhedral bond
lengths in non-alkali and alkali beryl (Table 6)
indicates that Li* substitutes directly for Be?*.

*
TABLE 5. MAGNLTUDE AND ORIENTATION OF THE PRINCIPAL AXES
OF THE THERMAL ELLIPSQIDS.

R.M.S. Angle to Angle to Angle to
Displacement  a-axis baxis c-axis
0,079¢5)R 90° 90° o°
st 0.091(3) 161(169) 41(169) 99
0.092(3) 70(171) 50(171) 90
0.081(23) 90 30 90
Be 0.083(19) 90 90 0
0.126(17) 0 120 90
0.077(7) 90 90 0
Al 0,096 (4) 90 150 90
0.096(4) 90 30 90
0.100(9) 126(11) 16(11) 90
0(1)  0.130(7) 90 0
0.133(8) 46(11) 74(11) 90
0.081(7) 63(7) 88(7) 34(5)
0(2)  0.117(6) 37(8) 151(8) 104(8)
0.145(5) 67(7) 61.(8) 120(4)

*
Large standard deviations on the axis orientations
indicate that the vibration directions are not well—defined.

TABLE 6. COMPARISON OF THE BOND LENGTHS IN REFINED BERYL STRUCTURES

Synthetic Hydrous Synthetic n Li-Cs 14-Ca
beryl beryl beryl beryl beryl beryl
S1-01 1.594(5)  1.597(5) 1.592(1) 1.598(12) 1.618(12) 1.608(4)
§1~01 1.595(5)  1,592(3) 1.594(1) 1.594(12) 1,599(12) 1.601(4)
81-02 = 2 1.620(3) 1.628(3) 1.620(1) 1.614(12) 1.617(12) 1.612(3)
{81-0} 1.607 1.611 1.607 1.605 1.613 1.608
Al~0 = 6 1.903(3) 1.903(3) 1.904(1) 1.917(8) 1,907(8)  1.906(3)
Be-0 x4 1.660(3) 1.654(3) 1.653(1) 1.656(12) 1.672(12) 1.677(3)
Reference 1 1 2 3 4 5

-
Referemces: 1 - Gibbs et al. (1968); 2 - Morosin (1972);

3 - Solov'yeva at al. (1966); 4 - Bakakin at al, (1969); 5 - this study



418

The mean bond lengths for the Si tetrahedron
and Al octahedron in Cs beryl are identical with
those observed in pure synthetic beryl, whereas
the mean bond length for the Be tetrahedron is
0.02A greater in the Cs beryl; this can only be
explained by direct substitution of Li (tetrahe-
dral ionic radius = 0.590A) for Be (r=0.27A).
Substitution of Li (octahedral ionic radius =
0.76A) for Al (r=0.535A) would increase the
size of the Al octahedron; this increase was not
observed. Thus the present study confirms the
model advanced by Bakakin et al. (1969) that
Li substitutes directly into the Be tetrahedron,
and does not occupy the Al octahedron as sug-
gested by Beus (1960) and Mrose & Evans
(1966).

Substitution of Li into the Be tetrahedron pro-
duces a bond-strength deficiency to the O{2)
anion. However, the O(2) anion is remote from
the channel in the structure and cannot bond
to the channel alkalis. The bond-strength sum
around O(2) can be increased by a shortening
of the Si-O(2) bond with a concomitant length-
ening of the Si-O(1) bonds; inspection of Table
6 shows this to be the case, This leaves a bond-
strength deficiency on the O(1) anion that may
be compensated by bonding directly to the chan-
nel alkalis. The 2b site lies in the plane of the
hexagonal SisO:s ring and is surrounded by six
oXygen atoms at a distance of 2.55A, arranged
in a planar hexagonal ring. The 2a site is half-
way between two SisOus rings and is surrounded
by twelve oxygen atoms arranged in a slightly
distorted hexagonal antiprism at a distance of
3.44A. Examination of inorganic structures con-
taining Na shows that 2.55% is a typical Na-O
bonding distance, whereas 3.44A is too large to
be considered as a bonding contact for Na-O.
Using the bond-strength curves of Brown &
Shannon (1973), an Na-O distance of 2.55A
wotuld have a bond strength of 0.132, whereas a
distance of 3.44A would have a bond strength
of 0.024, If Na occupies the 2a position, it must
be bonded to two channel waters to have a
reasonable bond-strength sum; in this case, the
sum would be (0.024x12) + 0.23%x2 = 0.71.
However, this requires that the amount of water
at the 2b position be twice the amount of Na at
the 2a position. This is incompatible with the
observed density at 2h and thus Na must occur
in the 25 site at (000). A similar argument may
be applied to the Cs occupancy of the 2a site. A
distance of 2.55A is much shorter than any Cs-O
bond normally encountered in inorganic crystal
structures, whereas 3.44A lies within the range
normally observed. Bond-strength parameters
are not currently available for Cs, and thus the
arguments used above for Na cannot be directly
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applied to Cs. However, examination of the bond
lengths and bond strengths in a series of alkali-
metal metavanadates (Hawthorne & Calvo, in
prep.) suggests a bond strength of 0,08 for a Cs-
O bond length of 3.44A. From the observed co-
ordination number of [12], this leads to a bond-
strength sum of 0.96 around the Cs, which is in
good agreement with the expected value of 1.0.
This reinforces our conclusion concerning the
distribution of the channel species. The bond-
strength sum around Cs approximates its ideal
value and hence Cs has no need to bond to the
channel water, in agreement with our contention
that the observed electron density at the 2b site
is due solely to Na.

The only problem remaining concerns the
role of water in the channel. Examination of
the cell contents (Table 1) indicates that there
are 0.164 vacancies at the 24 site and 0.362
small alkali cations at the 25 site; these values
provide certain restrictions on the possible local
arrangements of channel species. In addition,
each of the species substituting into the channel
sites has an effect on the neighboring channel
sites because of the short distance between the
2a and 2b sites. Thus the occurrence of Cs at 2a
must be accompanied by vacancies at the two
neighboring 24 sites; the occurrence of Na at
one of these positions would lead to an incom-
patible cation-cation distance of 2.31A as com-
pared with their ionic radii sum of 3.06A. With
a local configuration {0.~Na—O.~Na—O.—Na),
there can be a maximum of 0.164 Na per for-
mula unit not bonded to H:O; hence there is a
minimum of 0.198 Na per formula unit that must
be bonded to H:O. Wood & Nassau (1968)
showed that there are two types of water spectra
observed in beryl, and suggested that the re-
orientation of the water molecule was due to the
presence of a neighboring alkali-metal cation, It
is clear from the present study that the reorienta-
tion of the water molecule is due specifically to
a bonding interaction between the small alkali~
metal cations (Na and Li) and H:O.

The H-H vector of non-bonded water is
oriented parallel to the ¢ axis. In order to avoid
a Na-H contact, non-bonded water at 2a must
be accompanied by vacancies at the two neigh-
boring 2b sites. If it is assumed that 0.164 Na
per formula unit is not bonded to any water,
then simple stoichiometric arguments, combined
with the occurrence of vacancies surrounding
both Cs and non-bonded H.O, indicate that all.
remaining Na (0.198 atoms per formula unit)
must be bonded to two H.O molecules. Alterna-
tively, if it is assumed that Na is always bonded
to HyO, then 0.328 Na per formula unit may be
bonded only to one H-O molecule, with the re-
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maining 0.034 atoms bonded to two H.O mole-
cules; as this remaining amount of Na (small
alkali cations) is approximately equal to the
amount of Li occurring in the channel (0.049
atoms per formula unit), it is tempting to draw
the conclusion that channel Na bonds to one
H.0 molecule whereas channel Li bonds to two
water molecules. However, there is no direct
evidence of this.

A consideration of the bond strengths around
the channel cations should give some further in-
dication as to the local configuration around
the small alkali cations in the channels. As in-
dicated above, the observed 24-O(1) distance of
2.548A gives a bond-strength sum of 0.79 v.u.
around the Na position; this is considerably
lower than the ideal value of 1.0 v.u. How-
ever, the observed 24-2b distance of 2.3 1A
indicates a bond strength of 0.23 v.u. for a Na-
H:O bond, bringing the bond-strength sum
around the Na close to its ideal value. This sug-
gests that Na will always bond to one H.O mole-
cule in order to satisfy its bond-strength require-
ments. If the 25 site is occupied by Li, the bond-
strength sum around the Li is 0.082X6 + 0.122
X2 = 0,738 v.u., assuming that Li is bonded to
two H:0 molecules. Although this is signifi-
cantly less than the ideal value of 1.0 v.u., it is
possible that the bond strength is satisfied by a
contraction of the 2b-0O(1) distance when 2b is
occupied by Li (a factor that will not be apparent
in the refinement due to the low occupancy of
2b by Li and the averaging effect of X-rays)
and/or a slight positional disorder of H.O at
the 2a position.

Although the arguments given above suggest
that Na need bond only to one H.O molecule,
the stoichiometry of some alkali-rich beryls
(e.g. Feklitchev 1964, 6¢ and 7; Deer et al. 1962,
13; Beus 1960, 38; Bakakin et al. 1970, 25) in-
dicate that some Na must be bonded to two
H:0 molecules. Although this would tend to pro-
duce a bond-strength excess around the Na, this
could be compensated by a slight positional dis-
order of the H.O molecules off the 2a position
and away from the Na atom. As Na is bonded to
channel water molecules, the Na content of a
beryl should impose a lower limt on possible
water content, and may give some indication
of whether Na is generally bonded to one or
two H:O molecules. Figure 2 shows the varia-
tion of H:O with that of Na in a number of
analyzed beryls taken from the literature. Ap-
proximately 85% of the analyses fall to the
water-rich side of a line Na=2H.0, indicating
that there is more than sufficient water to sa-
tisfy the bonding requirements of Na in the
channel. Of the remaining 15% of the analyses,
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F1G. 2. The variation of Na and water in published
beryl analyses. The full circles indicate analyses
with vacancies at the octahedral and/or tetra-
hedral sites in the structure.

most have a considerable number of vacancies
at the tetrahedral and/or octahedral sites. It is
unlikely that the framework structure of beryl
can accomimodate vacancies in the amounts sug-
gested by these analyses. Conversely, it is unlike-
Iy on the basis of ionic size that Na would substi-
tute into these sites. Although many of the anal-
yses were not performed for minor components
such as Mg, Fe?*, Fe**, Cr or N, the total wt. %
of the oxides is generally ~100%, apparently
precluding the possibility of these minor com-
ponents being present in amounts sufficient to
fill the vacancies at the tetrahedral and/or octa-
hedral sites. Partly in order to resolve this point,
a statistical study of chemical variations in beryls
is being undertaken. In spite of the conflicting
analyses, Figure 2 does suggest that the Na con-
tent of alkali beryls may control the minimum
possible amount of water present in the struc-
ture.

As indicated previously, each of the cation
species substituting into the channel sites has an
affect on the neighboring channel sites. Thus,
limits will be imposed on the amount of each
substitution that may occur in the beryl structure.
From the arguments presented above, Na is
bonded to one or two H.O molecules at adja-

cent 2a sites; because these H:O molecules are
“oriented so that the hydrogen atoms project up

the channel, away from the Na atom, the sur-
rounding 2b site(s) must be vacant in-order to
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Fic. 3. The effect of channel species on adjacent
channel sites in the beryl structure.

avoid a Na-H contact. All of the channel con-
figurations are identified in Figure 3 and the
maximum possible substitution of each is given
in Table 7. Examination of approximately 100
published beryl analyses shows that these limits
are not exceeded, although they are approached
by extreme compositions.

TABLE 7. MAXIMUM LIMITS OF ALKALI SUBSTITUTION IN BERYL
Wyckoff symbol a b c f 1
Equipoint rank 2 2 4 6 12

1. cs, - AL, Be, L1, i,
*
2. 1,0, Na, A1, BegLi; i,
13
3. 01,33 Nap a3 Al Bey oGldy) gy 1,
4, (H20)2 - AL, Beg st
_
L+ e+ 20 = e +O .+ 2D
2 b a

LL + 2+

L+ N 0=t 40, +0O,
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