American Mineralogist, Volume 78, pages 762-768, 1993

Structure refinements of beryl by single-crystal neutron and X-ray diffraction
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ABSTRACT

The crystal structure of beryl has been refined from single-crystal neutron and X-ray
data obtained on two samples with different alkali and H,O contents [morganite:
Al,Be, ¢sLig 3, Si4 0,5 - (Nag ,,Cs0050.54H,0); aquamarine: Al ,Fe,,6Be;Sig 0,5
(Na,,0.28H,0)] in order to elucidate the ambiguities affecting the assignment of atomic
species to the channel sites. Neutron data for morganite were obtained at 295 and 30 K;
neutron data for aquamarine and X-ray data for both samples were obtained at room
temperature. Final agreement factors for the three neutron and the two X-ray refinements
are in the order [R ,uueigniea] 0.034, 0.052,0.033, 0.023, 0.022. The expected Li substitutions
in the Be tetrahedral site and of Fe in the Al octahedral site were clearly confirmed by the
neutron data refinements. Accurate site occupancy refinements in the 2a and 2b channel
sites at 0,0,% and 0,0,0, obtained also through location of the H atoms, yielded two distinct
configurations with Cs and H,O at 0,0,% and Na at 0,0,0 in morganite, and Na and H,O
at 0,0, in aquamarine (with 2b empty). The H,O molecules attain two distinct orienta-
tions in the two samples with H-H vectors on the ab plane in morganite and parallel to
the ¢ axis in aquamarine. The H,O orientations are in agreement with type II H,O being
present in alkali-containing beryl, and type I H,O being present in alkali-free samples, as

found by spectroscopic investigations.

INTRODUCTION

The crystal structure of beryl (ideal formula
Al,Be,SiO,;, space group P6/mcc) consists of stacked six-
membered rings of Si tetrahedra parallel to (0001), cross-
linked by Be tetrahedra and Al octahedra to form a three-
dimensional framework around six-membered ring
channels which may host alkalis and H,O and CO, mol-
ecules.

The presence of guest cations in the channels of the
structure of beryl involves a complex substitutional pat-
tern mainly affecting the Be tetrahedral and Al octahedral
sites whereby the necessary charge balance takes place.
Fe?*, Mg, and Mn?* commonly replace Al, whereas Li*
is the most common substituent of Be. The most com-
mon alkalis entering the channels are Na and Cs, most
frequently in the presence of H,O molecules; K and Rb
may also be present in lesser amounts.

The crystal chemistry of hydrous alkali-rich beryl has
been the subject of several studies (Cerny, 1975; Haw-
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thorne and Cerny, 1977; Cerny and Simpson, 1977; Brown
and Mills, 1986; Aurisicchio et al., 1988). X-ray structure
refinements of such hydrous alkali-rich beryl show resid-
ual electron densities located at two crystallographically
distinct sites at 0,0,% (site 2a) and at 0,0,0 (site 2b) (Fig.
1). Refinements of populations of these two sites using
X-ray data yield two alternative interpretations, one of
which assigns H,O molecules, as well as the larger alkali
ions Cs, Rb, and K, to the 2a site with the smaller Na
ion in the 2b site at the center of the six-membered rings
(Vorma et al., 1965; Gibbs et al., 1968; Hawthorne and
Cerny, 1977; Brown and Mills, 1986). The second inter-
pretation calls for the alkalis to occupy the 2a site with
H,O molecules preferentially located at 2b (Aurisicchio
et al., 1988). Either model enjoys the same degree of con-
fidence based on the analysis of the residual electron den-
sity alone. A recent structural investigation by MAS NMR
spectroscopy (Sherriff et al., 1991) left the ambiguity un-
resolved. The X-ray structure refinement of a newly dis-
covered alkali-rich hydrous beryl sample from Ireland
(Zanazzi, in Sanders and Doff, 1991) suggests that Na is
located at site 2b and H,O at 2a.
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Fig. 1.

The structure of beryl viewed down the ¢ axis (tilted
approx. 15°). Sites 2a (at 0,0,%) and 2b (at 0,0,0) are indicated
by shaded and solid circles, respectively. Lightly shaded tetra-
hedra represent Be (Li) polyhedra, open circles Al (Fe) octahe-
dral sites. The hexagonal rings of Si tetrahedra (dark shade) oc-
curatz=0and z = Y.

On the assumption that the negative neutron scattering
length of H would help in locating the H,O molecules
and therefore in defining the distribution of the channel
chemical species, we undertook a single-crystal neutron
diffraction study of two natural beryl samples with dif-
ferent chemical compositions.

EXPERIMENTAL
Samples

The two beryl samples utilized in the present study
were selected after screening several samples of various
provenance on the basis of composition and homogeneity
on a fairly large scale (10-20 mm?).

Two square prisms with 5.3-mm? bases and approxi-
mately 7 mm long were cut out of the selected crystals.
Each of these long prisms was then cut into two or three
smaller prisms, as closely as possible approximating the
shape of a cube with an easily identifiable crystallographic
orientation (sample no. 1: 1.9 x 2.5 x 2.2 mm; sample
no. 2: 2.5 x 2.7 x 2.2 mm), to be used in the neutron
diffraction data measurements. The odd fragments re-
sulting from the cutting were utilized for X-ray data mea-
surements, electron probe microanalysis, thermogravi-
metric analysis, and infrared spectroscopy.

Sample no. 1 (pink beryl from Minas Gerais, Brazil)
with a channel content of 2.0 wt% Cs,0, 1.2 wt% Na,O,
and 1.7 wt% H,O, pertains to the tetrahedral solid solu-
tion series (Aurisicchio et al., 1988), in which charge bal-
ance is achieved mainly by Li* substitution for Be?* in
tetrahedral sites. On account of its Cs content, this beryl
sample may be classified as morganite.

TasLe 1. Chemical compositions of the two beryl samples
Sample no. 1 Sample no. 2
Oxide wt%
Sio, 63.34 65.41
AlLO, 17.80 17.94
FeO 0.05 0.77
MgO 0.01 —
Na,O 1.15 0.09
Cs,0 2.04 —
Li,O 0.85* —
BeO 11.59* 13.62*
H,0 1.70 0.90
Total 98.53 98.73
Atoms pfu (18 O atoms)
Si 6.02 5.99
Al 2.00 1.94
Fe — 0.06
Mg — —
Na 0.212 0.016
Cs 0.083 —
Li 0.324 —
Be 2.65 3.01
H,0 0.53 0.28

Note: High-Z elements from EPMA, H,O content from TG analysis, low-Z
elements from neutron refinement of site populations.
* Back-calculated from neutron refinement occupancy data.

Sample no. 2 (blue beryl, variety aquamarine from Go-
vernador Valadares, Brazil) with a very low Na,O content
(0.1 wt%) pertains to the octahedral series, in which the
dominant substitution is that of Fe for Al in the octahe-
dral sites.

Chemical compositions

Wavelength dispersive (WDS) electron probe micro-
analysis (EPMA) of the two beryl samples was carried
out with an ARL-SEMQ instrument operated at 15 kV,
with a beam current (on brass) of 18 nA and a beam
diameter of 6 um. Natural silicates (albite for NaKa, AlKa,
and SiK« lines; olivine for MgKa and FeKa lines; pol-
lucite for the CsLa line) were used as reference standards,
and element concentrations were obtained on-line by a
Bence-Albee data reduction procedure using Albee and
Ray’s (1970) correction factors. Qualitative and semi-
quantitative energy-dispersive analyses (EDS) carried out
with an EDAX 9900 system on a Philips 515 SEM did
not reveal the presence of other high-Z elements at a
statistically significant concentration level. WDS EPMA
was also carried out with a Cameca Camebax Micro in-
strument operated under the same conditions but with
the use of the PAP analysis routine, which makes use of
a ®(pz) depth distribution model according to Pouchou
and Pichoir (1988). The analytical results are within the
statistical errors of those obtained with the ARL probe
and were therefore averaged with them. The analyses,
carried out on a dozen analysis points several microme-
ters apart on fragments of the same crystals used in the
neutron diffraction experiments, gave no indication of
compositional zoning exceeding the statistical uncertain-
ty of the method. Table 1 reports the chemical compo-
sitions thus obtained for the high-Z elements together
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Fig. 2. Infrared spectrum (percent transmittance vs. wave-
number) of sample no. 2 showing the three peaks in the OH
stretching frequency region at 3699, 3661, and 3595 cm™' de-
noting the presence of H,O molecules.

3200

with estimated concentrations of the light elements (Li,
Be) derived from the population refinements from the
neutron data. The data thus combined provide very good
overall electrostatic balances with positive charge sums
of 36.01 and 36.00 (based on 18 O atoms) for crystal nos.
1 and 2, respectively.

H,O content for sample no. 1 was determined by ther-
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mogravimetric analysis with a DuPont instrument on ap-
proximately 10 mg of powdered sample. Weight loss vs.
time (20 °C/min) plotted as a gradual continuous curve
from 300 to 600 °C, followed by another very gently slop-
ing curve from 700 to 990 °C, for a total weight loss of
approximately 1.70%. Weight loss on sample no. 2 was
determined on a Cahn System 113 electrobalance. The
powdered sample (36.529 mg) was heated to 130 °C for
30 min and then cooled to room temperature (36.516
mg). It was then heated to 1000 °C at the rate of 10 ° per
minute and kept at 1000 °C for 30 min and then cooled
to room temperature (36.188 mg). The difference (0.328
mg) corresponds to 0.90% H,O, which is in good agree-
ment with the neutron data refinement, as detailed in the
discussion section. Powder from the same sample was
also analyzed by infrared spectrometry using a Perkin-
Elmer model 983 spectrometer in the wavenumber re-
gion between 1200 and 4000 cm-!. The spectrum re-
corded shows three peaks in the OH stretching frequency
region at 3699, 3661, and 3595 cm™' (Fig. 2) and three
more in the bending frequency region at 1631, 1599, and
1546 cm™'. The detailed assignments of these peaks are
discussed in Wickersheim and Buchanan (1959, 1965)
and Wood and Nassau (1967, 1968). The small discrep-
ancy in the H,O content of sample no. 1 as determined
from TG analysis and from neutron data structure re-
finement can be mainly attributed to the experimental
uncertainty associated with the former, possibly due to
an incomplete dehydration obtained during the TG mea-
surement of this particular sample.

X-ray refinement

Sample no. 1. X-ray diffraction data from a small crys-
tal fragment with dimensions 0.20 x 0.15 x 0.10 mm
were obtained at room temperature with graphite mono-
chromatized MoKa radiation (\ = 0.7107 A) on a Philips
PW1100 four-circle diffractometer. Lattice parameters [a
= 9.208(2), ¢ = 9.197(2) A] were obtained by the LAT
routine of the Philips software with a least-squares pro-
cedure applied to the 6 values of 35 reflections in the 12—
18° range. The c/a ratio, 0.999, indicates this beryl sam-
ple belongs to the tetrahedral series (Aurisicchio et al.,
1988). About 1300 reflections from the Akl and kh/
equivalent sectors of the reciprocal lattice were measured
in the range 2 < 0 < 35° by the w scan technique (scan
speed 0.06%s, scan width 2°). Three standard reflections
monitored at regular intervals throughout data measure-
ment showed no significant deviations. The intensity data
were corrected for Lorentz polarization factors. An ab-
sorption correction was applied according to the semiem-
pirical method of North et al. (1968). The values of the
corrected intensities were merged to obtain a unique set
of independent data (R, = 0.017); 393 reflections with /
= 30(I) were used in the least-squares refinement. The
computations were carried out with the full-matrix pro-
gram in the SHELX-76 crystallographic package (Shel-
drick, 1976), starting from the atomic coordinates of syn-
thetic beryl (Gibbs et al., 1968). Individual anisotropic
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thermal parameters were refined for each atom. A differ-
ence Fourier map showed two residual maxima in the
channel sites at 0,0,Y (site 2a) and 0,0,0 (site 2b) corre-
sponding to 5.28 and 1.25 e, respectively, in the two
sites. These were accounted for by 0.096 Cs atoms and
0.16 H,O molecules (per 18 O atoms).

The final R, yeignes) value was 0.023 for 32 parameters
and 393 observations {Rges = 0.024, weights w =
1/[¢*(F,,,) + 0.0003F2,]}. The atomic scattering curves
of neutral Si, O, Be, Al, Cs were taken from volume IV
of the International Tables for X-ray Crystallography
(Ibers and Hamilton, 1974).

Sample no. 2. A fragment of aquamarine with dimen-
sions 0.15 x 0.12 x 0.10 mm was selected for the X-ray
work on the diffractometer. The lattice dimensions, mea-
sured as for sample no. 1, are a = 9.218(2) and ¢ = 9.197(2)
A; c/a is 0.998, showing a limited amount of octahedral
substitution. The intensity data were measured and treat-
ed with the same procedure described for sample no. 1:
at the end of the refinement a residual electron density
maximum was observed on the difference Fourier map
at site 2a, corresponding to 3.85 e~. By ascribing this
density to an O atom, this value would correspond to
0.48 H,O molecules pfu. The same density in 2a could
be ascribed to 0.35 Na atoms without significant change
in the agreement factor. On the basis of the X-ray refine-
ment, the actual situation is such that the Na atoms and
the H,O molecules detected by chemical analysis and IR
spectroscopy are in site 2a. The final R value is 0.022 for
29 parameters and 415 observed reflections {R,, = 0.022,
w = 1/[6*(F,) + 0.0015F2.]}.

Observed and calculated structure factors and temper-
ature factors for both samples are listed in Table 2.

Neutron refinement

Single-crystal neutron diffraction data were obtained at
the Neutron Research Laboratory, Studsvik, Sweden, us-
ing a four-circle Huber diffractometer. The wavelength,
1.207(1) A, was obtained with a Cu (220) double-crystal
monochromator and calibrated against the two sets of
beryl unit cell parameters determined by X-ray diffrac-
tion. Data for both crystals were obtained at 295 K and,
for sample no. 1, also at 30 K. The low temperature was
attained using a CTI Cryogenics two-step closed-cycle He
cooler. The unit-cell parameters at 30 K were refined from
30 well-determined 26 values. Measured absorption fac-
tors were found to be in close agreement with the values
computed from the chemical compositions. An analytical
absorption correction was made possible by the prepa-
ration of the two crystals as prisms with accurately mea-
sured dimensions that gave volumes of 11.5 and 12.4
mm?, respectively.

The structure refinements were carried out using the

! For a copy of Table 2, order Document AM-93-528 from
the Business Office, Mineralogical Society of America, 1130 Sev-
enteenth Street NW, Suite 330, Washington, DC 20036, U.S.A.
Please remit $5.00 in advance for the microfiche.
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TaBLE 3. Neutron data measurement, reduction, and refinement
parameters for beryl

No. 1, No. 1, No. 2,
morganite morganite  aquamarine
T (K) 295(1) 30(2) 295(1)
a(A) 9.208(2) 9.197(9) 9.218(2)
cA) 9.197(2) 9.202(8) 9.197(2)
p(em-) 0.42 0.42 0.04
Transm. factor range 0.917-0.931 0.917-0.931 0.991-0.993
Max. (sin 8)/x 0.662 0.662 0.660
No. of unique refl.
collected 300 304 299
No. refl. in final cycles 300 302 265
No. of parameters
refined 38 42 39
R(F) 0.031 0.051 0.027
R(F?) 0.041 0.057 0.032
R.(F?) 0.057 0.057 0.042
S 1.0435 1.0762 1.0682
c1* 0.040 0.020 0.025
c2* 0.020 0.800 0.010

*L.S. weights: w = [o2(F2) + (c1-F2 + ¢c2] .

crystallographic computing package UPALS (Lundgren,
1982), and in the final stages included anisotropic dis-
placement parameters for all framework atoms, isotropic
displacement parameters for extraframework cations, O
and H atoms of H,O, and freely refined occupancy pa-
rameters for channel species and scattering lengths for Al
octahedral and Be tetrahedral sites. Neutron scattering
lengths for all atoms are from Koester et al. (1981). An
extinction correction was applied using an isotropic mod-
el for a type I crystal; both a Gaussian and a Lorentzian
distribution of mosaic blocks were compared, and the
latter was found to provide a more satisfactory fit for the
high-intensity, low-angle reflections. Final agreement fac-
tors are as follows: sample no. 1 at 295 K, R ueighicay =
0.034, at 30 K, R uucigneay = 0.052; sample no. 2, at 295
K, Runveigney = 0.033. Refined parameters, temperature
factors, and observed and calculated structure factors for
all three neutron data structure refinements are given in
Table 2'. Details of data measurement and refinement
parameters are summarized in Table 3.

The results are in good general agreement with the X-ray
single-crystal refinements and with the results of the
chemical analyses. Some discrepancies in atomic coor-
dinates, markedly for sample no. 1, may be ascribed to
physical differences in techniques and crystals utilized in
the refinements. Furthermore, an overcompensation of
the negative density regions in the channels resulting from
the inability of the model to take full account of the dis-
ordered H atoms would have the effect of shifting the
refined O1 position closer to the channel center, which in
turn would affect Si and O2 positions of the neutron data
refinements. Owing to neutron scattering length differ-
ences, population refinements were successfully carried
out for Li substitution for “Be in crystal no. 1 and for Fe
substitution for Al in crystal no. 2. A cation distribution
model that assumes the Cs content from EPMA to be
located in site 2a gave the best results in terms of its
atomic displacement parameter and allowed refinement
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TasLE 4. Final atomic coordinates, atomic displacement param-
eters (A2), and occupancy factors for beryl samples 1
and 2
X y z B* G
Sample no. 1
Si (A) 0.3895(4) 0.1182(4) 0 0.34(7) 1.0
(B) 0.3889(2) 0.1182(1) 0 0.29(4) 1.0
(C) 0.3880(1) 0.1165(1) O 0.32(2) 1.0
Be (A) % 0 Ya 0.33(7) 0.993(14)**
B) % 0 Ya 0.46(3) 1.000(6)**
C) % 0 Ya 0.60(4) 1.0
Al (A) % Y Va 0.26(9) 1.0
B) % Va Ya 0.33(5) 1.0
(C) % Y Va 0.35(2) 1.0
O1 (A) 0.3065(3) 0.2357(3) O 0.65(6) 1.0
(B) 0.3062(1) 0.2351(1) 0 0.85(3) 1.0
(C) 0.3092(2) 0.2364(2) O 0.87(5) 1.0
02 (A) 0.4988(2) 0.1468(2) 0.1449(2) 0.62(4) 1.0
(B) 0.49842(8) 0.14681(9) 0.14499(9) 0.71(3) 1.0
(C) 0.4988(1) 0.1459(1) 0.1454(1) 0.62(3) 1.
Ow (A) 0 0 Va 2.02) 0.72(4)
B 0 0 Va 3.6(2) 0.61(3)
Cs (A O 0 Ya 2.02) 0.083t
B) 0 0 Va 3.6(2) 0.083}
©c o 0 Va 7.8(5) 0.096(3)
Na (A) 0 0 0 1.5(6) 0.24(3)
® 0 0 0 2.1(6) 0.24(3)
Ow (C) 0 0 0 4.9(6) 0.16(1)
H (A) 0.092(7) 0.062(7) 0.316(4) 5.0 0.123(7)
(B) 0.072(5) 0.090(4) 0.318(3) 4.0 0.105(5)
Sample no. 2
Si  (B) 0.3872(1) 0.1157(1) O 0.23(4) 1.0
(C) 0.38735(4) 0.11563(4) 0 0.24(2) 1.0
Be (B) % 0 Ya 0.45@3) 1.0
© " 0 Ya 0.45(2) 1.0
Al (B) % Va3 Ya 0.27(7) 1.007(21)t
© % 13 Va 0.21(2) 1.0
O1 (B) 0.3098(1) 0.2363(1) O 0.69(4) 1.0
(C) 0.3099(1) 0.2365(1) 0 0.80(3) 1.0
02 (B) 0.49866(8) 0.14541(8) 0.14517(8) 0.46(3) 1.0
(C) 0.4986(1) 0.1454(1) 0.1452(1) 0.47(2) 1.0
Na (B) O 0 Ya 5.09) 0.016%
Ow (B) 0 0 Va 5.009) 0.24(2)
€ o 0 Ya 8.5(6) 0.48(4)
H (B) 0 0 0.165(10) 4.0 0.13(4)

Note: Cell contents (Z = 2) = G-number of equipoints. (A) refers to
neutron refinement at 30 K. (B) refers to neutron refinement at 295 K. (C)
refers to X-ray refinement.

* Bis B,, for framework atoms and B, for cations and H,O molecules
in the channel.

** Refined as 0.894 Be + 0.106 Li.

+ Fixed at EPMA values.
I Refined as 0.985 Al + 0.015 Fe.

of the Na occupancy in site 2b very close to the value
obtained by EPMA for crystal no. 1.

The equivalent displacement parameters at 30 K are
generally smaller (10-30%) than those at 295 K, as ex-
pected for silicate minerals, except for the Si atom, owing
to a high correlation of its displacement parameter with
the extinction coefficient during the refinement.

Difference Fourier maps obtained from the low-tem-
perature data set obtained from the same crystal allowed
allocation of H,O molecules to site 2a based on the pres-
ence of H atoms adjacent to this position above and be-
low the mirror plane, in a statistical arrangement around
the sixfold axis and at a distance of 0.98(3) A from the
O at 0,0,%. In crystal no. 2 the scattering power in site
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TasLE 5. Relevant bond distances (A) and angles (°) from X-ray
and neutron refinements

Neutron Neutron
refinement refinement X-ray
(30 K) (295 K) refinement
Sample no. 1

Si-O1 1.601(4) 1.600(2) 1.596(1)
Si-O1 1.604(4) 1.604(2) 1.598(1)
Si-02 x 2 1.610(2) 1.612(1) 1.620(2)
Mean 1.606 1.607 1.609
Be-02 x 4 1.666(2) 1.6673(8) 1.657(1)
Al-O2 x 6 1.901(2) 1.9031(8) 1.905(1)
Ow-H x 12 0.97(5) 0.98(3) —
H-Ow-H 101.8(5.3) 100.7(3.5)

110.1(6.4) 108.7(4.7)

116.9(6.6) 119.6(4.0)

Sample no. 2

Si-01 1.593(2) 1.596(1)
Si-O1 1.597(2) 1.596(1)
Si-02 x 2 1.622(1) 1.622(1)
Mean 1.609 1.609
Be-02 x 4 1.6562(7) 1.655(1)
Al-O2 x 6 1.9094(7) 1.909(1)
Ow-H x 2 0.78(10) —

2a, refined as Na, gave an occupancy in great excess of
the EPMA results. The final refinement was carried out
with the Na amount at 0,0,% fixed at the EPMA value
(0.016 atoms pfu), and the residual site scattering was
refined as an O atom in H,O. The assignment of H,O to
site 2a is confirmed by negative regions above and below
the mirror plane, located on the sixfold axis, which are
interpreted as positions occupied by the H atoms of H,O.
For all H atoms, because of the high correlation between
occupancy and atomic displacement parameters, the lat-
ter were fixed in the last cycles at average values obtained
by alternate refinements of the two variables.

Atomic positional and displacement parameters and
relevant bond distances are compared with those from
X-ray refinements in Tables 4 and 5, respectively.

RESULTS AND DISCUSSION
Sample no. 1

The neutron data structure refinements at room and
low temperature lead to the following interpretation of
the occupancy pattern within the channels.

Na occupies the smaller 2b site at 0,0,0; Cs occupies
the larger 2a site at 0,0,% and, when this occurs, the near-
est 2b site is empty. The 2a site is also occupied by H,O
molecules with their H atoms distributed on 12 equi-
points in a disordered fashion and directed away from
the Na atoms. Figure 3 clearly shows the H sites in the
difference Fourier map obtained from the 30-K data set.
The O atoms in H,O are at 2.3 A from Na. The H,O
environmental constraints in this alkali-rich sample are
compatible with two possible arrangements of the H,O
molecules; one having both H atoms on the same ab plane,
the other with one H atom above and one below the O
atom in site 2a, although two mirror-related H atoms
cannot be present simultaneously because of geometric
constraints. The in-plane interpretation is consistent with
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the spectroscopic studies showing the H-H vector of the
H,O monomer to be perpendicular to the ¢ axis in the
presence of Na atoms in the channels (type II H,O: Wood
and Nassau, 1967, 1968; Aines and Rossman, 1984).

As regards the tetrahedral substitution, the negative
scattering length contributed by Li in the Be site yielded
a population refinement corresponding to 2.68 Be and
0.32 Li atoms pfu.

The X-ray refinement has clearly left some uncertain-
ties as to the distribution of Na and H,O molecules in
the channel sites and could not shed any light on the
tetrahedral Be-Li substitution.

Sample no. 2

The neutron data structure refinement shows that the
small amounts of Na and H,O are actually located at site
2a. All attempts at refining the O atoms of H,O at 0,0,0
were unsuccessful. As to the geometry of the H atoms,
their arrangement seems to follow a completely different
pattern with respect to that found in sample no. 1. The
negative peak located on the sixfold axis at 0.78 A from
the 0,0,% site is interpreted as a proton position of the
H,O molecule. One possible interpretation of the H,O
molecule orientation calls for one of the protons to be
essentially ordered in this position on the symmetry axis,
whereas the other proton and the O atom of H,O would
be disordered on several off-axis positions around site 2a.
This model assumes a normal geometry of the H,O mol-
ecule, having the H-H vector inclined at about 38° to the
¢ axis, and would explain the otherwise unreasonably short
O-H distance. In this interpretation, the two H atoms
would belong to different H,O molecules with statistical
occupancy of the two mirror-related positions. Another
possible interpretation may however be inferred, with the
two H atoms above and below site 2a belonging to the
same H,O molecule, with its H-H vector parallel to the
¢ axis and having the O atom disordered on the mirror
plane. The latter geometry is consistent with a normal
H-H distance of 1.56 A in a nonbonded H,O molecule,
with a type I H,O orientation as found by IR spectros-
copy in alkali-poor beryl (Wickersheim and Buchanan,
1959, 1965; Wood and Nassau, 1967, 1968), and with a
free rotation of type I H,O around the sixfold axis (Rehm,
1974).

Scattering lengths refinement for Al and Fe in the oc-
tahedral site yielded 1.97 Al and 0.03 Fe atoms pfu com-
pared with 1.94 Al and 0.06 Fe, respectively, from EPMA
data (see Table 1). Given the small amount of Na present
in the structure, virtually all Fe must be in the trivalent
state.

CONCLUSIONS

The substitutional pattern within the beryl framework
is confirmed (Aurisicchio et al., 1988) by both X-ray and
neutron refinements. As to the distribution of H,O mol-
ecules and alkalis in the channels, the structure refine-
ments based on both neutron and X-ray scattering data
confirm that Cs is invariably located at 0,0,% (the larger
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Fig. 3. Difference Fourier map at z = 0.317 from 30-K neu-
tron data on sample no. 1, showing the strongly negative regions
due to the presence of H atoms around the 2a position at 0,0,%.
Contours at arbitrary intervals.

2a site). Neutron data also clearly indicate that Na is
located at 0,0,0 (the smaller 2b site) when H,O molecules
are present in site 2a (sample no. 1), whereas in slightly
hydrated beryl (sample no. 2), they give an indication that
Na ions and H,O molecules occupy site 2a. These results
favor the hypothesis that H,O molecules, anchored by H
bonds to the 2a site, would act as upper and lower sup-
port of the Na atoms located at the center of the six-
membered rings of Si tetrahedra at 0,0,0 (site 2b). The
implication is that the H,O molecules form Na(H,0),
solvated species with the Na ions in the beryl channels,
in agreement with crystal-chemical studies on alkali-rich
hydrous beryl showing H,O to Na ratios in excess of 2:1
(Hawthorne and Cerny, 1977; Sanders and Doft, 1991).
When little or no H,O is present, the Na cations and the
few H,O molecules prefer the larger 2a sites between the
six-membered rings of Si tetrahedra.

Neutron diffraction site population analysis confirmed
the general substitutional pattern, if one assumes frame-
work charge compensation in beryl by means of ionic
species in the structural channels and involving alkali at-
oms hydration. There is either a weak or no H bonding
interaction between the statistically distributed H,O mol-
ecules and the framework O atoms, and the observed
geometry of the H,O monomers is consistent with the
orientations of the molecular dipoles as observed by po-
larized IR spectroscopy.
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