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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-crystalneutron and X-ray
data obtained on two samples with different alkali and HrO contents [morganite:
A l r B e r 6 5 L i . 3 2 S i 6 O r r ' ( N a o z r C s o o r 0 . 5 4 H raOq)u; a m a r i n e : A l ' n o F e o o u B e r S i u O , r '
(Naoor0.28HrO)lin order to elucidate the ambiguities affecting the assignmentof atomic
speciesto 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 agreementfactors for the three neutron and the two X-ray refinements
are in the order [R,",*.,"n,-)]
0.034,0.052,0.033,0.023,0.022.The expectedLi substitutions
in the Be tetrahedral site and of Fe in the Al octahedral site were clearly confirmed by the
neutron data refinements. Accurate site occupancyrefinements in the 2a and 2b channel
sitesat 0,0,t/+and 0,0,0, obtained also through location of the H atoms, yielded two distinct
configurations with Cs and HrO ar 0,0,Vqand Na at 0,0,0 in morganite, and Na and HrO
at 0,0,% in aquamarine (with 2b empty). The HrO molecules attain two distinct orientations in the two sampleswith H-H vectors on the ab plane in morganite and parallel to
the c axis in aquamarine. The HrO orientations are in agreementwith type II HrO being
present in alkali-containing beryl, and type I HrO being present in alkali-free samples,as
found by spectroscopicinvestigations.
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TABLE1. Chemicalcompositionsof the two beryl samples
Sampleno. 1

Sampleno 2

Oxide wto/o

sio,
Al,o3
FeO
Mgo
Naro
Csro
Li,O
BeO
HrO
Total
Si
AI
Fe
Mg
Na
Cs
Li
Be
HrO

Fig. 1. The structureof berylvieweddownthe c axis(tilted
approx.15').Sites2a (at 0,0,1/n)
and 2b (at 0,0,0)areindicated
by shadedand solid circles,respectively.
Lightly shadedtetrahedrarepresentBe (Li) polyhedra,opencirclesA1 (Fe)octahedral sites.The hexagonal
ringsofSi tetrahedra(darkshade)occwatz:0andz:t/2.
On the assumption that the negativeneutron scattering
length of H would help in locating the HrO molecules
and therefore in defining the distribution ofthe channel
chemical species,we undertook a single-crystalneutron
diffraction study of two natural beryl samples with different chemical compositions.
ExpnnrnrnNr.q.r,
Samples
The two beryl samples utilized in the present study
were selectedafter screeningseveral samples of various
provenanceon the basisof composition and homogeneity
on a fairly largescale(10-20 mm3).
Two squareprisms with 5.3-mm2basesand approximately 7 mm long were cut out of the selectedcrystals.
Each of these long prisms was then cut into two or three
smaller prisms, as closely as possible approximating the
shapeof a cube with an easily identifiable crystallographic
orientation (sampleno. l: 1.9 x 2.5 x 2.2rnm; sample
no. 2: 2.5 x 2.7 x 2.2 mm), to be used in the neutron
diffraction data measurements.The odd fragments resulting from the cutting were utilized for X-ray data measurements, electron probe microanalysis, thermogravimetric analysis, and infrared spectroscopy.
Sample no. I (pink beryl from Minas Gerais, Brazil)
with a channelcontent of 2.0 wto/oCsrO, 1.2 wt0/oNarO,
and 1.7 Mo/oHrO, pertains to the tetrahedral solid solution series(Aurisicchioet al., 1988),in which chargebalance is achieved mainly by Li* substitution for Be2* in
tetrahedral sites. On account of its Cs content, this beryl
sample may be classifiedas morganite.

OJ.JC

17.80
005
0.01
'| 15
204
0.85.
11.59.
170
98 53
Atomspfu (18 O atoms)
602
200
0212
0.083
0.324
265
0.s3

65.41
't7.94
o.77
0.09
13.620.90
98.73
5.99
1.94
0.06
0016
301
0.28

/VofejHigh-Zelementsfrom EPMA, H,O content from TG analysis,low-Z
elementsfrom neutronrefinementof site populations
' Back-calculatedfrom neutron refinementoccupancy data.

Sampleno. 2 (blue beryl, variety aquamarinefrom Governador Valadares,Brazil) with a very low NarO content
(0.1 wto/o)pertains to the octahedral series,in which the
dominant substitution is that of Fe for Al in the octahedral sites.
Chemical compositions
Wavelength dispersive (WDS) electron probe microanalysis (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 l8 nA and a beam
diameter of 6 pm. Natural silicates(albite for NaKa, AlKa,
and SiKa lines; olivine for MgKa and FeKa lines; pollucite for the Cs1-aline) wereusedas referencestandards,
and element concentrationswere obtained on-line by a
Bence-Albeedata reduction procedureusing Albee and
Ray's (1970) correction factors. Qualitative and semiquantitativeenergy-dispersive
analyses(EDS)carriedout
with an EDAX 9900 systemon a Philips 515 sEM did
not reveal the presenceof other high-Z elementsat a
statisticallysignificantconcentrationlevel. WDS EPMA
was also carried out with a CamecaCamebaxMicro instrument operatedunder the same conditions but with
the use of the PAP analysisroutine, which makesuse of
a A@z)depth distribution model accordingto Pouchou
and Pichoir (1988). The analyticalresultsare within the
statisticalerrors of those obtained with the ARL probe
and were therefore averagedwith them. The analyses,
carried out on a dozen analysispoints severalmicrometers apart on fragmentsof the same crystalsused in the
neutron diffraction experiments,gave no indication of
compositionalzoning exceedingthe statisticaluncertainty of the method. Table I reports the chemical compositions thus obtained for the high-Z elementstogether
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mogravimetric analysiswith a DuPont instrument on approximately 10 mg of powdered sample. Weight loss vs.
time (20 'Clmin) plotted as a gradual continuous curve
from 300 to 600 "C, followed by another very gently sloping curve from 700 to 990 'C, for a total weight loss of
Weight loss on sample no. 2 was
approximately 1.70o/o.
determined on a Cahn System ll3 electrobalance.The
powderedsample(36.529 mg) was heatedto 130 "C for
30 min and then cooled to room temperature(36.516
mg). It was then heatedto 1000'C at the rate of 10 o per
minute and kept at 1000 "C for 30 min and then cooled
to room temperature(36.188mg). The difference(0.328
mg) correspondsto 0.900/oHrO, which is in good agreement with the neutron data refinement, as detailed in the
discussion section. Powder from the same sample was
also analyzed by infrared spectrometry using a PerkinElmer model 983 spectrometer in the wavenumber region between 1200 and 4000 cm-'. The spectrum recorded showsthree peaksin the OH stretching frequency
region at 3699, 3661, and 3595 cm ' (Fig. 2) and three
more in the bendingfrequencyregionat 1631, 1599,and
1546 cm '. The detailed assignmentsof thesepeaksare
discussedin Wickersheim and Buchanan (1959, 1965)
and Wood and Nassau(1967, 1968).The small discrepancy in the HrO content of sample no. I as determined
from TG analysis and from neutron data structure refinement can be mainly attributed to the experimental
uncertainty associatedwith the former, possibly due to
an incomplete dehydration obtained during the TG measurement of this particular sample.
X-ray refinement

3800

3500

.' 3 2 0 0

crrf

vs. waveFig.2. Infraredspectrum(percenttransmittance
number)of sampleno. 2 showingthe threepeaksin the OH
stretching
frequency
regionat 3699,3661,and 3595cm-' denotingthe presence
of HrO molecules.
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 balanceswith positive charge sums
of 36.01and 36.00(basedon I 8 O atoms)for crystalnos.
I and 2, respectively.
HrO content for sample no. I was determined by ther-

Sample no. 1. X-ray diffraction data from a small crystal fragment with dimensions0.20 x 0.15 x 0. l0 mm
were obtained at room temperature with graphite monochromatizedMoKa radiation (^ : 0.7107A; on a Philips
PW I 100 four-circle diffractom eter. Lattice parameters[a
: 9.208(2),c : 9.197(2)A1 were obtained by the LAT
routine of the Philips software with a least-squaresprocedure applied to the d values of 35 reflectionsin the 1218"range.The c/q ratio, 0.999, indicatesthis beryl sample belongs to the tetrahedral series (Aurisicchio et al.,
1988). About 1300 reflections from the hkl and khl
equivalent sectorsof the reciprocal lattice were measured
in the range2 < 0 - 35'by the @scantechnique(scan
speed0.06'/s, scan width 2"). Three standard reflections
monitored at regular intervals throughout data measurement showedno significant deviations. The intensity data
were corrected for Lorentz polaization factors. An absorption correction was applied accordingto the semiempirical method of North et al. (1968). The values of the
corrected intensities were merged to obtain a unique set
of independentdata (R"o: 0.017); 393 reflectionswith 1
= 3o(D were used in the least-squaresrefinement. The
computations were carried out with the full-matrix program in the SHELX-76 crystallographic package (Sheldrick, 1976),starting from the atomic coordinatesof synthetic beryl (Gibbs et al., 1968). Individual anisotropic
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thermal parameterswere refined for each atom. A difference Fourier map showed two residual maxima in the
channel sites at 0,0,Yr(site 2a) and 0,0,0 (site 2b) corresponding to 5.28 and 1.25 e, respectively,in the two
sites. These were accounted for by 0.096 Cs atoms and
0.16 HrO molecules(per l8 O atoms).
The final Rlun*eigrrrea;
value was 0.023 for 32 parameters
: 0.024, weights w :
and 393 observations {Rr*",,n,.or
l/[o'?(F"0")+ 0.0003,F3b.]].
The atomic scatteringcurves
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 dimensions0. I 5 x 0. 12 x 0. l0 mm was selectedfor the X-ray
work on the diffractometer. The lattice dimensions, measuredas for sampleno . l, area : 9.218(2\and c : 9.197(2)
h; c/a is 0.998, showinga limited amount of octahedral
substitution. The intensity data were measuredand treated with the same procedure described for sample no. l:
at the end of the refinement a residual electron density
maximum was observed on the difference Fourier map
at site 2a, correspondingto 3.85 e . By ascribing this
density to an O atom, this value would correspond to
0.48 HrO moleculespfu. The same density in 2a could
be ascribed to 0.35 Na atoms without significant change
in the agreementfactor. On the basis of the X-ray refinement, the actual situation is such that the Na atoms and
the HrO moleculesdetectedby chemical analysisand IR
spectroscopyare in site 2a. The final R value is 0.022 for
29 parametersand 415 observedreflections{R- : 0.022,
w : l / l o 2 ( F . o .+) 0 . 0 0 1 5 F 3 b " 1 ] .
Observed and calculated structure factors and temperature factorsfor both samplesare listed in Table 2.'

TleLe 3, Neutrondata measurement.reduction.and refinement
oarameters for bervl
No.1,
morganite
r(K)
a (A)
c (A)
p (cm ')
Transm. factor range
Max. (sin dy^
No. of uniquerefl.
collected
No. refl. in final cycles
No. of parameters
refined
R(F)
R(F'I
H*(F")
D

c1c2" L.S. weights: w:

No.1,
morganite

No.2,
aquamarine

295(1
30(2)
295(1
)
)
s.218(2)
e.208(2)
9.197(9)
9.197(2)
I 202(8)
9.197(21
o.42
0.04
0.42
0.917-0.9310.917-0.9310.991-0.993
0.660
0.662
0 662
300
300

304
302

299
265

38
0.031
0.041
0.057
1.0435
0.040
0 020

42
0.051
0.057
0.057
1.0762
0.020
0.800

39
0.o27
0.032
0.042
1.0682
0.025
0.010

+ czl 1
lo2(Fil + G1 FZ)'?

crystallographic computing packageUPALS (Lundgren,
1982), and in the final stagesincluded anisotropic displacementparametersfor all framework atoms, isotropic
displacement parameters for extraframework cations, O
and H atoms of HrO, and freely refined occupancy parametersfor channel speciesand scatteringlengths for Al
octahedral and Be tetrahedral sites. Neutron scattering
lengthsfor all atoms are from Koester et al. (1981). An
extinction correction was applied using an isotropic model 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 satisfactoryfit for the
high-intensity, low-angle reflections.Final agreementfac:
tors are as follows: sample no. I at 295 K, R1.n*e,gntca1
Neutron refinement
:
0.034, at 30 K, R(""*"i,h,"a,0.052; sample no. 2, at 295
: 0.033. Refined parameters,temperature
Single-crystalneutron diffraction data were obtained at K, Rru,*.irn,.or
the Neutron ResearchLaboratory, Studsvik, Sweden,us- factors, and observedand calculated structure factors for
ing a four-circle Huber diffractometer. The wavelength, all three neutron data structure refinementsare given in
L201(l) A, was obtained with a Cu (220) double-crysral Table 2'. Details of data measurement and refinement
monochromator and calibrated against the two sets of parametersare summarized in Table 3.
beryl unit cell parameters determined by X-ray diffracThe resultsare in good generalagreementwith the X-ray
tion. Data for both crystalswere obtained at 295 K and, single-crystal refinements and with the results of the
for sample no. l, also at 30 K. The low temperature was chemical analyses.Some discrepanciesin atomic coorattained using a CTI Cryogenicstwo-step closed-cycleHe dinates, markedly for sample no. l, may be ascribed to
cooler. The unit-cell parametersat 30 K were refined from physical differencesin techniquesand crystalsutilized in
30 well-determined 2d values. Measured absorption fac- the refinements. Furthermore, an overcompensation of
tors were found to be in close agreementwith the values the negativedensity regionsin the channelsresulting from
computed from the chemical compositions. An analytical the inability of the model to take full account of the disabsorption correction was made possible by the prepa- ordered H atoms would have the effect of shifting the
ration of the two crystals as prisms with accuratelymea- refined Ol position closer to the channel center,which in
sured dimensions that gave volumes of ll.5 and 12.4 turn would affect Si and 02 positions of the neutron data
mm3, respectively.
refinements. Owing to neutron scattering length ditrerThe structure refinements were carried out usins the ences,population refinements were successfullycarried
out for Li substitution for tarBein crystal no. I and for Fe
substitution for t6rAlin crystal no. 2. A cation distribution
' For a copy of Table 2, order Document AM-93-528 from
model
that assumesthe Cs content from EPMA to be
the BusinessOfrce, Mineralogical Societyof America, I 130 Sevlocated
in site 2a gave the best results in terms of its
enteenthStreetNW, Suite 330, Washington,DC 20036,U.S.A.
Pleaseremit $5.00 in advance for the microfiche.
atomic displacement parameter and allowed refinement
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TreLe4, Finalatomiccoordinates,atomicdisplacementparameters (A'?),and occupancyfactors for beryl samples1
and 2

Sample no. 1
0.1182(4) 0
0 1182(1) 0
0 . 11 6 5 ( 1 ) 0

0.34(7)1.0
0.29(4)1.0
0.32(2)1.0
0.33(7) 0.993(14).'
0.46(3) 1.000(6)..
0.60(4)1.0
1/s
V4
0.26(9)1.0
0.33(5) 1.0
0.35(2) 1.0
0.65(6) 1 0
0.23s7(3) 0
0.85(3)1.0
0.23s1(1) 0
0.87(5)1.0
0.2364(21 0
0.1468(2) 0.1449(2) 0.62(4)1.0
0.14681(9) 0.14499(9) 0.71(3)1.0
0 . 1 4 5 9 ( 1 ) 0 . 1 4 5 4 ( 1 ) 0.62(3)1.0
0
Vq
2.0(21 0.72(4)
Vq
0
3.6(2) 0.61(3)
1/a
0
2.0\2) 0 0831
th
0
3.6(2) 0.0831
y4
(c) 0
7.8(5) 0 096(3)
0
N a (A) 0
1.5(6) 0.24(3)
0
0
(B) 0
0
2.1(6) o.24(3)
Ow (c) 0
0
0
4.e(6) 0.16(1)
H
(A) 0.092(7) 0.062(7)
0.316(4)
5.0
o.'t23(71
(B) 0.072(5) 0.090(4)
4.O
0.318(3)
0 105(5)

(A) 0 . 3 8 9 s ( 4 )
(B) 0.3889(2)
(c) 0 . 3 8 8 0 ( 1 )
(A) V 2 0 V a
(B) V 2 O V a
(c) V z O l q
(A) 2h
(B) % 1 h V 4
(c) % V s V 4
(A) 0.306s(3)
(B) 0.3062(1)
(c) 0.3092(2)
(A) 0.4988(2)
(B) 0.49842(8)
(c) 0 . 4 9 8 e ( 1 )
Ow (A) 0
(B) 0
Cs (A) 0
(B) 0

Sample no. 2
Si
Be
AI

o1
02
Na
Ow
H

(B)
(c)
(Bl
(c\
(B)
(c)
(B)
(c)
(B)
(c)
(B)
(B)
(c)
(B)

0.3872(1) 0 . 1 1 5 7 ( 1 ) 0
0.23(4) 1 0
0.38735(4)0 1 1 5 6 3 ( 4 ) 0
0 24(21 1 0
v2
0V4
0.4s(3) 1.0
v2
0V4
0.45(2)1.0
+5
%V4
0.27(7\ 1.007(21)+
,h
Vs
V4
0.21(2)1.0
0.30e8(1) 0 2363(1) 0
0.69(4) 1.0
0.30es(1) 0 . 2 3 6 5 ( 1 ) 0
0.80(3) 1.0
0.49866(8)0 . 1 4 5 4 1 ( 8 ) 0 1 4 5 1 7 ( 8 ) 0.46(3)1.0
0.4e86(1) 0 . 1 4 s 4 ( 1 ) 0 . 1 4 5 2 ( 1 ) 0 47(2) 1.0
0
0V4
s 0(9) 0 0161
0
0V4
s.o(e) 0.24(21
0
01h
I 5(6) 0 48(4)
0
0
0 1 6 5 ( 1 0 ) 4.0
0.13(4)

Notej Cell contents (Z:2):
G number of equipoints (A) refers to
neutron refinementat 30 K. (B) refers to neutron refinementat 295 K. (C)
refers to X-ray refinement.
- B is
4q for framework atoms and q". for cations and HrO molecules
in the channel.
-. Refinedas 0.894 Be + 0 106 Li.
t Fixedat EPMA values.
t Refinedas 0.985 Al + 0.015 Fe.

of the Na occupancy in site 2b very close to the value
obtained by EPMA for crystal no. l.
The equivalent displacement parameters at 30 K are
generallysmaller (10-300/0)than those at 295 K, as expectedfor silicate minerals, exceptfor the Si atom, owing
to a high correlation of its displacement parameter with
the extinction coemcient during the refinement.
Difference Fourier maps obtained from the low-temperature data set obtained from the same crystal allowed
allocation of HrO moleculesto site 2a basedon the presence of H atoms adjacent to this position above and below the mirror plane, in a statistical arrangementaround
the sixfold axis and at a distanceof 0.98(3) A from the
O at 0,0,Yr.In crystal no. 2 the scattering power in site

TABLE
5. Relevantbond distances(A) and angles(")from X-ray
and neutronrefinements
Neutron
refinement
(30 K)

si-o1
si-o1
Si-O2 x 2
Mean
Be-O2 x 4
Al-O2 x 6
O w _ Hx 1 2
H-Ow-H

si-o1
si-o1
Si-O2 x 2
Mean
Be-O2 x 4
Al-O2 x 6
Ow-H x 2

Neutron
refinement
(295 K)

Sample no. 1
1.600(2)
1. 6 0 1 ( 4 )
1.604(2)
1.604(4)
1. 6 1 0 ( 2 )
1. 6 1 2 ( 1 )
1.607
1.606
1.666(2)
1.6673(8)
1.9031(8)
1. 9 0 1 ( 2 )
0 s8(3)
0.97(5)
100.7(3.5)
101 8(s 3)
108.7(4.7)
11 0 . 1 ( 6 . 4 )
119.6(4.0)
11 6 . 9 ( 6 . 6 )
Sample no. 2
1.593(2)
1.597(2)
1.622(11
1.609
1.6562(7)
1.9094(7)
0.78(10)

X-ray
refinement

1.s96(1)
1.598(1)
1.620(2)
1.609
1.657(1)
1.905(1)

1.596(1)
1.596(1)
1 622(1)
1 609
1.65s(1)
1. 9 0 9 ( 1 )

2a, refined as Na, gave an occupancy in great excessof
the EPMA results. The final refinement was carried out
with the Na amount at 0,0,1/qfixed at the EPMA value
(0.016 atoms pfu), and the residual site scatteringwas
refinedas an O atom in HrO. The assignmentof HrO to
site 2a is confirmed by negative regionsabove and below
the mirror plane, located on the sixfold axis, which are
interpreted as positions occupiedby the H atoms of HrO.
For all H atoms, becauseof the high correlation between
occupancyand atomic displacementparameters,the latter were fixed in the last cyclesat averagevalues obtained
by alternate refinements of the two variables.
Atomic positional and displacement parameters and
relevant bond distances are compared with those from
X-ray refinementsin Tables 4 and 5, respectively.
Rnsur-rs AND DrscussloN
Sampleno. I
The neutron data structure refinements at room and
low temperature lead to the following interpretation of
the occupancypattem within the channels.
Na occupiesthe smaller 2b site at 0,0,0; Cs occupies
the larger 2a site at0,0,% and, when this occurs,the nearest 2b site is empty. The 2a site is also occupied by H,O
molecules with their H atoms distributed on 12 equipoints in a disordered fashion and directed away from
the Na atoms. Figure 3 clearly shows the H sites in the
differenceFourier map obtained from the 30-K data set.
The O atoms in HrO are at 23 A from Na. The HrO
environmental constraintsin this alkali-rich sample are
compatible with two possiblearrangementsof the HrO
molecules;one having both H atoms on the sameab 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 becauseof geometric
constraints.The in-plane interpretation is consistentwith
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the spectroscopicstudies showing the H-H vector of the
HrO monomer to be perpendicular to the c axis in the
presenceof Na atoms in the channels(type II HrO: Wood
and Nassau,1967, 1968;Aines and Rossman,1984).
As regards the tetrahedral substitution, the negative
scatteringlength contributed by Li in the Be site yielded
a population reflnement corresponding to 2.68 Be and
0.32Li atomspfu.
The X-ray refinement has clearly left some uncertainties as to the distribution of Na and HrO molecules in
the channel sites and could not shed any light on the
tetrahedralBe-Li substitution.

Y

-0 150

Z= 0.317
Sarnpleno. 2
The neutron data structure refinement shows that the
small amounts of Na and HrO are actually located at site
2a. All attempts at refining the O atoms of HrO at 0,0,0
were unsuccessful.As to the geometry of the H atoms,
their arrangementseemsto follow a completely different
pattern with respect to that found in sample no. l. 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
HrO molecule. One possible interpretation of the HrO
molecule orientation calls for one of the protons to be
essentiallyordered in this position on the symmetry axis,
whereasthe other proton and the O atom of HrO would
be disorderedon severaloff-axis positions around site2a.
This model assumesa normal geometry of the HrO molecule,having the H-H vector inclined at about 38" to the
c axis, and would explain the otherwiseunreasonablyshort
O-H distance. In this interpretation, the two H atoms
would belong to different HrO molecules with statistical
occupancy of the two mirror-related positions. Another
possibleinterpretation may however be inferred, with the
two H atoms above and below site 2a belonging to the
same HrO molecule, with its H-H vector parallel to the
c axis and having the O atom disordered on the mirror
plane. The latter geometry is consistent with a normal
H-H distanceof 1.56 A in a nonbondedH,O molecule,
with a type I HrO orientation as found by IR spectroscopy in alkali-poor beryl (Wickersheim and Buchanan,
1959, 1965;Wood and Nassau,1967, 1968),and with a
free rotation of type I HrO around the sixfold axis (Rehm,
r914).
Scattering lengths refinement for Al and Fe in the octahedralsite yielded 1.97Al and 0.03 Fe atoms pfu comparedwith 1.94Al and 0.06 Fe, respectively,from EPMA
data (seeTable l). Given the small amount of Na present
in the structure, virtually all Fe must be in the trivalent
state.
CoNcr-usroNs
The substitutional pattern within the beryl framework
is confirmed(Aurisicchioet al., 1988)by both X-ray and
neutron refinements.As to the distribution of H.O molecules and alkalis in the channels, the structure refinements based on both neutron and X-ray scattering data
confirm that Cs is invariably located at 0,0,t/+(the larger

-0'150 -0o7o

oolo

0'0s0
X

Fouriermzpat z: 0.317from 30-KneuFig.3. Difference
tron dataon sampleno. 1, showingthe stronglynegativeregions
of H atomsaroundthe 2a positionatO,O,YI.
dueto the presence
Contoursat arbitraryintervals.
2a site). Neutron data also clearly indicate that Na is
located at 0,0,0 (the smaller 2b site) when HrO molecules
are present in site 2a (sample no. 1), whereasin slightly
hydrated beryl (sampleno. 2), they give an indication that
Na ions and HrO moleculesoccupy site 2a. Theseresults
favor the hypothesisthat HrO molecules,anchored by H
bonds to the 2a site, would act as upper and lower support of the Na atoms located at the center of the sixmembered rings of Si tetrahedra at 0,0,0 (site 2b). The
implication is that the HrO molecules form Na(HrO),
solvated specieswith the Na ions in the beryl channels,
in agreementwith crystal-chemical studies on alkali-rich
hydrous beryl showing HrO to Na ratios in excessof 2: I
(Hawthorne and Cernf, 1977; Sandersand Dofl l99l).
When little or no HrO is present, the Na cations and the
few HrO moleculesprefer the larger 2a sites betweenthe
six-membered rings of Si tetrahedra.
Neutron diffraction site population analysisconfirmed
the generalsubstitutional pattern, if one assumesframework charge compensation in beryl by means of ionic
speciesin the structural channelsand involving alkali atoms hydration. There is either a weak or no H bonding
interaction betweenthe statistically distributed H'O molecules and the framework O atoms, and the observed
geometry of the HrO monomers is consistentwith the
orientations of the molecular dipoles as observedby polarized lR spectroscopy.
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