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Ansrnlcr
The complex crystal chemistry of beryl has been re-evaluatedon the basis of new chemical analysesand X-ray structural refinements on beryl samplesof different sourcesand
compositions.
The results show that main substitutions concern divalent and Li ions for Al in octahedral and Be in tetrahedral sites,respectively;both substitutions need the entry ofalkali
in the 2a position in the channels between the six-membered Si rings, whereas the 2b
position at the center of eachring is occupiedpreferentially by water molecules.The extent
of the substitutions for Al and Be is limited by the imbalance arising from the bondstrength deficiency on O(2). The effect of these substitutions on the lattice parameters
allows the definition of three beryl serieson the basis of the c/a ratio: the "octahedral"
beryls, i.e., beryls where Al = Me2+ representsthe main isomorphous replacement, are
characterizedby c/a values in the range 0.991-0.996; the "tetrahedral" beryls, where Be
+ Li is the main substitution, with c/a values in the range 0.999-1.003; the "normal"
beryls with c/a ratios between 0.997 and 0.998 include those where the two substitutions
occur together, though to a limited extent. A compositional gap exists between "octahedral" and "tetrahedral" beryls. The formation of beryls of a given serieshas been ascribed
to the chemical constraints of the environment, such as the bulk-rock chemistry and the
fluid-phase composition, and to the physical-chemicalconditions during mineral growth.

INrnooucrroN
Beryl, ideally AlrBerSiuO,r, is an accessory mineral
found in many pegmatites, in silicic rocks of various
geneses,as well as in mafic metamorphic rocks.
The structureof the mineral haslong beenknown (Bragg
and West, 1926; Gibbs et al., 1968). It consistsof sixmembered rings of Si tetrahedra lying in planes parallel
to (0001). These rings are linked together both laterally
and vertically by Be tetrahedraand Al octahedraforming
a three-dimensionalframework that, accordingto the silicateclassificationofZoltai (1960),is to be consideredas
a tectosilicate.The structure contains channelsparallel to
the c axis where minor constituents such as alkali ions
and water molecules can be located, as normally found
in natural beryls. The presenceof alkali ions is generally
ascribedto the need to balancethe deficiency ofpositive
chargesresulting from the replacement of octahedral Al
and tetrahedral Be by cations of lower valence, such as
Fe2+,Mn2+, Mg2+, Li+, etc. The mineral shows variations of physical properties becauseof a very complex
crystal-chemicalbehavior. In spite of the numerous and
* To whomcorrespondence
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accuratepaperson beryl crystal chemistry, some intriguing questions still persist: for example, it has not been
clear whether beryl forms a continuous isomorphous series or two serieswith substitutions in the octahedralsites
and tetrahedral sites, respectively (Schaller et al., 1962;
Bakakin et al., 1970). While there is general agreement
that divalent cations substitute for Al in octahedral sites
and Li for Be in tetrahedralones,Beus(1960)and Evans
and Mrose (1968) proposed Al-Li substitution in the octahedron. Different distributions of cations such as Fe2*
or Fe3* in tetrahedral or channel sites have been proposed to explain the electronic absorption, infrared, or
M6ssbauer spectra (Wood and Nassau, 1968; Goldman
et al., 1978;Price et al.,1976). A subjectofcontroversy
is also the location of alkali ions and water moleculesin
the open channels of the structure, where two positions
(2a and 2b) are available. The general interpretation of
the residual electronic density in thesesiteshas been that
HrO occupies the 0, 0, t/t (2a) position, as well as the
larger alkali ions (Cs*, Rb+, and K+); the smaller Na+
ions would lie at 0, 0, 0 (2b),i.e., at the centerof Si rings
(Hawthorne and Cernj', 1977). A similar interpretation
has been assumedalso to explain the difference-Fourier
maxima found in low cordierite, with similar structure
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(Cohenet aI. 1977i Wallaceand Wenk, 1980;Armbruster, 1985, 1986).The undoubtedlycomplexpicture of the
behavior of major and minor constituents in the beryl
structure is not fully substantiated by completely adequate structural information. Whereas several refinements on anhydrous or hydrous synthetic beryls have been
done (Gibbs et al., 1968; Morosin, 19721,Hazenet al.,
1986, for the high-pressurestructure), quite surprisingly
very few accuratesingle-crystalstructural determinations
have been published on natural beryls: only two Cs-rich
beryls have been described (Bakakin et al., 1970; Hawthorne and Cernj', 1977). Another refinement on a Csrich beryl was announced by Evans and Mrose (1968);
the structure of a natural beryl was reported by Solovyeva
and Bakakin (1966). Recently a hydrous alkali-rich beryl
was studied at different temperaturesby Brown and Mills
(1986).With the idea that a thorough study of the structures of natural beryls could offer the basis for the understandingof crystal-chemicalbehavior of this mineral
family, we started with chemical and structural determinations on some samplesfrom different sourcesand with
dissimilar chemical contents.
Slupr-r
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\ /ith Na and Mg contentsalso determined by wos. Spot sizewas
about 4 pm to minimize the volatilization of light elements.
Syntheticdiopside (Mg, Si, and Ca), corundum (Al), olivine (Fe),
rutile (Ti), jadeite (Na), orthoclase(K), pollucite (Cs), and pure
elements(Mn, Cr, and V) were used as standards.The data correction was obtained using the ZAF-4 ns programs supplied by
LrNKsysrEMs.At least 20 analysesfor each sample were run to
obtain a representativemean value over the whole crystal. Be,
Li, and Rb were analyzedby a Perkin Elmer 5000 spectrometer
equipped with graphite crucible. The procedures suggestedby
Bernas(1968)and De Almeida SampaioFilho et al. (1973)were
employed to dissolve the beryls and to determine the analytical
conditions. To avoid matrix interferences,standardsof similar
composition were used. The water content was determined by
weight loss on ignition (L.O.I.). The weightJoss determination
was carried out by thermal gravimetric analyses(roa), on about
5 mg of material for each specimen,with a rcs-z Perkin Elmer
thermogravimetric system. The temperature range was 25-900
.C; the thermal gradient was 10 "C min-' in static air. The results of the chemical analysisare given in Table 2, togetherwith
the structural formulae recalculatedon the basis of 18 oxygens.
The cation partitioning among different structural sites was made
taking into account our single-crystalevidence.The total Fe content from the microprobe results was subdivided into Fe2* and
Fe3+on the basis ofcharge balance.

DEscRIprIoNS

The 30 beryl samplesstudiedin this work are described Lattice pararneters and refractive indices
The unit-cell parametersof the samplesnot subjectedto sinin Table l: 28 are natural beryls from different deposits
gle-crystal
analysis were obtained by the powder method. An
geneses;
grown
2
and
are synthetic beryls
in our laboratory by flux method in LirMorO, (Flamini et al., 1983). automatic Seifert nzrv diffractometer equipped with Ni-filtered
CuKa radiation was employed. Pure Si powder was used as inSeveral samplescome from sourcesdescribed in the litternal standard. The effectsofpreferred orientation were elimierature. For some of them, partial or complete chemical
nated by reducing the dimensions of the grains to l0 pm and
analyseswere available. Sample 6 was obtained from the rotating the samples.At least 25 univocally indexed diffraction
SmithsonianInstitution (no. 117199)as the "unusual" lines were used to refine the cell dimensions by the least-squares
beryl describedby Schalleret al. (1962), but our chemical method (Appleman and Evans, 1963). The results are given in
results don't agreewith the published analysis. Samples Table 3. Some samplesshowedweak diffraction lines that could
7 and 8 are fragments taken from the core and the rim
not be indexed on the basis ofthe beryl hexagonallattice. This
of the zoned red beryl from Utah. This beryl, found in a was ascribed to some inclusions in the crystals and not to an
rhyolite, as describedbyseveralauthors(Hillebrand, 1905; actuallowering of the crystal symmetry. This was confirmed also
Shigley and Foord, 1985), is peculiar in that it is the by rer'r studieson one "anomalous" specimen(M. Mellini, pers.
hexagonaldomains.
unique natural beryl so far discovered with no water, as comm.) showingonly a mosaic spreadingof
o and e refractive indices were measured with a Kruss
The
inferred by the infrared spectra(Nassauand Wood, 1968).
refractometerusing Na light, with an accuracyof +0.003. The
Sixty-five complete and reliable analyses,reported in the resulting values are listed in Table 3.
papersby Schalleretal. (1962),Ganguli (1968),Bakakin
et al. (1970),Hall and Walsh (1971),De Almeida Sam- Single-crystalX-ray measurementsand structure
paio Filho et al. (1973), Hawthorne and Cernj' (1977), refinements
Barabanov(1980), Brown and Mills (1986), Ghera and
Among the 30 specimensfrom different sourcesat our disLucchesi(1987),and Lucchesiand Mairani (1987),after posal, we chose 15 for single-crystalX-ray analysis: two synrecalculation according to our partition criteria, were used thetic beryls, some beryls with high contents of divalent cations
for statistical comparisonsand correlations and are plot(Fe and Mg), two lithian-sodic beryls, some Li-Cs-rich beryls,
and the anhydrous red beryl from Utah.
ted together with our data.
ExpnnrltnNTAl

DETAILS

Analytical procedures
Chemical analyseswere performed lrith the electron-mrcroprobe analyzerJEoLJxA-soAequippedwith two crystal spectrometers (wos) and with the lrr.lr sysrEMs aoo energy-dispersive
spectrometer(nos). Operating conditions were l5-kV accelerating voltage and 2-nA and 20-nA specimen current fer pos and
wos, respectively.The analyseswere carried out mainly by ros,

Single crystals for the X-ray work were mounted on the goniometric head of a Philips PWl100 automatic four-circle diffractometer equipped with graphite-monochromatized MoKa
radiation (I : 0.71069 A1. Since beryl crystals are often zoned,
particular care was taken in the choice of the fragments. To
obtain the best correlation betweenstructural and chemical data,
when possible the fragments were taken from the small chips
used for the microprobe analysis.In other cases,the same crystals used in the X-ray measurementswere analyzed after data
collection.
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for berylspecimens
TABLE
1. Description,
localities,assemblages,
and selectedreferences
Description

Occurrence

1

Dark blue

Calcaferromine, Pietrasanta,
Tuscany, ltaly

2

Light blue

3

Dark blue,zoned

4

Dark green, zoned

Calcaferromine,Pietrasanta,
Tuscany,ltaly
South side of Mount Cervandone, Val d'Ossola,Piedmont, ltaly
Mingora,Swat Valley,Pakistan

5

Light green

6

Blue

7-8

Zoned pink to red
from rim to core

9

Green

Pizzo Marcio,Val Vigezzo,
Piedmont,ltaly
MohaveCounty,Arizona,
, mithU . S . A .N o . 1 1 7 1 9 9 S
sonianInstitution
VioletClaims,Wah Wah Mountains, BeaverCounty,Utah,
U.S.A.
Carnaiba,Bahia,Brazil

10

Dark green

Muzo, Colombia

11
12
l2

Palegreen
Blue
Light blue

Jos, Nigeria
Karoi,Miamidistrict,Zimbabwe
Mursinka,Ural Mountains,

't4
15

Light blue
Very pale blue

16

Yellow

Nuristan,Afghanistan
Cava Grignaschi,Trontano,Val
d'Ossola,Piedmont,ltaly
Fort victoria field, zimbabwe

17

Very pale blue

18
19

21

Palepink
Lightblue (coreof
no. 20)
Palepink (rim of
no.19)
Colorless

22

Pink

23

Green

24
25

Green
Pale pink rosterite

26
27
28

Light green
Pink
Palepink

S1
S2

Colorless
Dark green

20

Geologicenvironmentand reference
Weakly metamorphicgreenschistfacies with
interlayeredbed or lensesof quartzites
and carbonate rocks "Unita di Fornovolasco-Panie" (this work)
Same as no. 1
Feldspaticvein crossing the "Monte Leone
gneiss" (Henni,1980)

Mineral association
Pyrite, barite

Dolomite,barite, quartz, magnetite, and hematite
Feldspar

Ouartz-calcite-talcoockets in dolomitic talc
schist intruded by serpentinizedultramafic
dikes (Gubelin,1982)
Desilicatedalbitic pegmatite and serpentinite
(Hanni,1980)
Graniticpegmatite(Schalleret al., 1962)

Quartz, schorl, talc, ankerite,
calcite

Kaolinizedrhyolite (Shigleyand Foord, 1985)

Feldspar,quartz, bixbyite

Biotiteschist(Sauer,1982)

Quartz, phlogopite,apatite, biotite, molibdenite
Calcite,dolomite, ankerite, parisite, aragonite, pyrite, quartz,
apatite
Feldspar,quartz
Feldspar,quartz,lepidolite
Feldspar,quartz,schorl

Dolomite-calciteveins imbedded in black pyritiferous argillitesintercalatedwith limestone (Keller,1981)
Pegmatite(Lindet al., 1984)
Pegmatite(pers. comm. of dealer)
Pegmatite(Sinkankas,1981)

Albite, bertrandite,chlorite,
scheelite,pyroclore
Schorl, quartz, feldspar

UJDh

S. Pieroin Campo, lsola
d'Elba,Tuscany,ltaly
Mount Bity region,Madagascar
Minas Gerais,Salinasmine,
Brazil
Minas Gerais,Salinasmine,
Brazil
Minas Gerais,Salinasmine,
Brazil
Nuristan,Mawi mine,Afghanistan
Habachtal,Untersulzbachtal,
Salzburg,Austria
Morrua,Zambesia
S. Pieroin Campo, lsola
d'Elba,Tuscany,ltaly
Ural Mountains,USSR
Mujanemine,Zambesia
Pala,California,U.S.A.

Pegmatite(Bariandand Poullin,1978)
Pegmatite(this work)
Granitic albitized pegmatite (Tynsdale-Biscoe,1952)
Pegmatite(this work)

Quartz, schorl, feldspar
Quartz, feldspar, bavenite,tanteuxenite
Muscovite, lepidolite,cassiterite,
tourmaline
Feldspar,quartz

Pegmatite(Proctor, 1984)

Feldspar,quartz, elbaite
Feldspar,quartz,elbaite,albite,
lepidolite
Same as no. 19

Pegmatite(Proctor, 1984)

Sameas no. 19

Pegmatite(Bariandand Poullin,1978)

Feldspar,quartz,elbaite,spodumene
Biotite, actinolite,oellacherite,
quartz, schorl, bertrandite,
pyrite, dolomite, galena, phenakite, chrysoberyl
Biotite,quartz
Lepidolite,pollucite,petalite,
quanz
Biotite, actinolite
Feldspar,quartz, muscovite
Feldspar,quartz, elbaite, lepidolite

Pegmatite(Sinkankas,1981)
Pegmatite(Proctor, 1984)

Biotite, talc, and actinolite schists between
serpentinitesand metapelitesor metavolcanic rocks near the central gneiss (Franz
e t a l . ,1 9 8 6 )
Biotiteschist(Gubelin,1982)
Pegmatite(this work)
Biotite schists (Vlasov and Kutukova, 1960)
Pegmatite(Hutchinsonand Claus,1956)
Pegmatite(Jahnsand Wright,1951)
Flux-fusionsynthesis
FluxJusionsynthesis

The cell parameters were determined by the least-squares
method applied to the d values ofabout 30 reflectionsmeasured
with the routine u.r of the diffractometer. The lattice constarrts
and the cell volumes are reported in Table 3. For each crystal
about 1300-1800 reflections from equivalent sectors ofreciprocal spacewere measuredin the 2-35" 0 rangeby the o-20 scan
technique. The intensity data were corected for Lorentz and
polarization factors. An absorption correction was applied according to the semiempirical method of North et al. (1968); the
values of the corrected intensities were merged to obtain a
"unique" set ofindependent data. R* were in the range 0.01-

0.03, again showing that the symmetry of the beryl samplesis
actually hexagonal. For each sample a number of reflections
ranging between 400 and 550 with I > 3o(I) was employed in
the least-squaresrefinement.The computations were carried out
with the full-matrix program in the sxst-x-zr crystallographic
package(Sheldrick, 1976) starting from the atomic coordinates
of synthetic beryl, spacegrottpP6/mcc (as determined by Gibbs
et al., 1968). Individual anisotropic thermal parameters were
refined for each atom. After severalleast-squarescycles, difference-Fouriermaps were calculated.All natural samplesshowed
intrachannel residual maxima of electronic density in positions
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Fig. |. Linearcorrelationbetweenoctahedral
"octahedralsubstitutions,"i.e., the sum of Fe2+and Mg (plus Fig.2.
minorFe3+,Cr3*,V3*, tnt*, Tio*).Atomsper l8 O.
areexpected:
a distriwherealkali ions andlorwatermolecules
bution of the scatteringmaterialover thesesiteswasmadeon
the basisof the microprobeanalysis.The criteriaadoptedwill
be describedlater.For the atomsin tetrahedraland octahedral
curveswereemployedon the basisof the
sites,mixedscattering
chemicalanalysis,with the constraintthat the sitesbe totally
occupied.The scatteringcurvesofneutralatomsweretakenfrom
(1974).The
the InternationalTablesfor X-ray Crystallography
refinement
converged
to R valuesin therange0.02G{.054(mean
arelisted
value,0.03).Bondlengthsandpolyhedralparameters
in Table 4. Completelisting of fractionalatomiccoordinates,
thermalfactors,and observedand calculatedstructurefactors
aregivenin Tables5, 6, and 7, respectively.r
Crrslvlrsrnv oF BERYL
The SiO, content is rather constant, varying in the range
63-66 wto/o.An excessof Si atoms is often observablein
the unit formulae; this excesscould be ascribed to high
silica activity in the crystallization environment and can
be assignedto the Be tetrahedron.
AlrO, showsthe widest variation, rangingfrom I1.72
to 18.90 wto/0.The deficiency of octahedral Al is correlated to Fe2+and Mg (plus Fe3+,Cr3+,V3+, Mn2+, Tia+)
content (Fig. l), confirming the mutual substitution of
theseions in the octahedral sites ("octahedral" beryls).
The Be content shows an opposite trend with respect
to Al. It is close to the stoichiometric value in the "octahedral" beryls, where its tetrahedral site is completed
by small quantities of Si (max. 0.1 l5 atoms) or Al (max.
0.077 atoms). It becomeslower in the sampleswhere Li
content is higlrer. Figure 2 showsthe negativecorrelation
betweenBe and Li, indicating that Be is partially replaced
by Li in the tetrahedral sites ("tetrahedral" beryls).
Alkali ions (Rf) enter the beryl structure to satisfy
charge deficiencies,and their content is correlated with
the amount of substitutions in the octahedral and tetra' A copy of Tables 5, 6, and 7 may be ordered as Document
AM-88-371 from the BusinessOfrce, Mineralogical Society of
America, 1625 I Street,N.W., Suite 414, Washington,D.C.
20006, U.S.A. Pleaseremit $5.00 in advancefor the microfiche.

03

uc

uc

Linear correlation betweenBe and Li. Atoms per 18 O.

hedral sites. Taking into account the substitutions with
ions carrying charge unlike that of the main cations, the
following equation can be written:
Rf : [A(T',)] + [Fe'z+]+ [Mg] + [Mn]

- tril - 2[S(r')] - tA(r')l + [Lil, (l)

where T' and T" are the tetrahedral sites of Be and Si,
respectively(bracketswithout a site symbol refer to octahedral sites).
Figure 3 showsthe correlation betweenCs, Rb, K, and
Na and the sum of cations of the right side of Equation
l. Of thesealkali elements,Na is alwayspresent,whereas
Cs is present especiallyin the Li-rich beryl, as observed
by Bakakin and Belov (1962). Rb and K are near to the
detection limits, with the exception of the red beryl from
Utah (samples 7 and 8), which is K-rich, probably because of its genesis (Aurisicchio et al., 1986). Minor
amounts of CrrOr, MnO, TiOr, and VrOr were sometimes observed as traces. They are expectedto play an
important role in beryl coloring.
RnrrNBlmNT RESULTS
Synthetic beryls
The two synthetic samples give very similar results.
The geometry for Si, Al, and Be polyhedra is in perfect
agreementwith the resultsreported by Gibbs et al. (1968)
and Morosin (1972) for the analogouscompounds.
In particular the Si tetrahedron shares two vertices
through O(l) with neighboring tetrahedrato form a hexagonalring, and two vertices [O(2)] with two different Be
tetrahedraand Al octahedra.As observedby Gibbs et al',
despite the differencesin bond lengths tsi-O(l) and SiO(2) average1.594 and 1.622 A',respectivelyl,the tetrahedral angles are close to the ideal value: the bondangle variance,o2 (Robinson et al., l97l), is 1.6 deg'z.
The bond-valencesumsfor O(l) and O(2), computed with
the method of Brown and Wu (1976), ate 2.07 and 1.96,
respectively.
In contrast,the 4-fold coordination polyhedron around
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Tnele 2. Chemicalanalysesof the berylsdescribedin Table 1
23

sio,
Alr03
FeO
MnO
Mgo
Cr.O.
VrO.
Tio,
Naro
KrO

csro
RbrO
LirO
BeO
L O.r.
Total
Si
AI

64.42 64.63 64.93
11.72 1410 13.63
4.62 3.83 2.22
2.31

1.27

2 44

64.77
13.63
1.22

64.24
14.95
2.97

2.60
0.98

o.82

24

65.16 63.60 64.69
14.25 14.54 16.05
0.76 0 38
0.81
3.08

2.27
0.35

1.86

I Q

66.15
15.99
2.25
0.64
o.17

65.18
16.57
0.50

65.59
18.25
1. 1 6

66.45
18.02
1.06
0.17

115
026

l1

65.34
16.51
0.31

65.66
1 7. 9 0
1.26

u-d I

o.37
u.04

2 2't

2.35

2.46

1.90

0.31

1 73

2.25

1.72

1.35

0.99

0.07 0 07
0.05
0.03
0.26
0.'t2 0.04 0.04
1255 13.02 1318
1 2 . 9 6 12.77 12.94 13.01 13.00
1.70 n.d.
n d.
2.2O
1.50
2.00 2.60 2.00
99.91 99.27 98.91 100.29 100.23 100.56 9851 99.80
T" site
u.oo u.ooo 6 000 ujoo 6.000 6.000 6.000 6.000

u.cc
030
1 . 1 5 0.26
0.35
0.49
0.22
0.33
0.38
0.10
0.06
0.03
0.10
o.02
0.04
13.40 13.27 13.46 13.66 13.37 13.61
2.30
2 . 4 0 1. 1 0
0.00
0.70
0.00
100.1
3 100.48 99.42 100.19 100.30 99.55
6.000

6 000

6 oac

6.000

6.000 5 991
0.009

1.784 1 . 9 1 1 1.907
0.002 0.003
0.038 0.085 0 077
0.013
0.159
0.019

1.782 1.904
0.096
0 024

0.004
1.307 1 525 1.489
0.074
0 011
0 292 0.299 0.162

AI
Fe3*
Fe2'
Mn
Mg
Cr

10

0 327

0.177 0.338

1.470
0.095
0.362
0.072

1.652
0.040
0 193
0.115

Octahedral
site
1 516 1.623 1.680
0.012
0.047 0.030 0.063
0.425 0.320 0.257
0 026

Ti

1.718
0.030
0.142
0.049
0.023

0 . 11 9
0.027
0.047

0.038
2.859
0.027
0.111
0.003

Be
LI

Si
AI
Rr
Na
K

2.916
0.026
0.029
0 025

2.942
0.019
0.036
0.004

2,907
0.011
0.050
0.030

2.876
0.098
0 025

0.418 0.425 0.443
0.406 0 425 0.443

0.344
0.344

0 35s
0.315

0012

T, site
2 879 2.960 2.899
0 045 0.01s 0.015
0.037 0.025 0.008
0 040
0.077
2a site
0.404 0.316 0.243
0 404 0.316 0 243

0.040

Rb

2.940
0.011
0.045
0.004

2.937 2.953
0.037
0.008
0 . 0 1 6 0.047

2.965
0.014
0.007
0.012

2.960 2.982
0.007
0.025
0.012 0.012

0.095
0.053
0 026
0.013
0.003

0.206 0.046
0.206 0.046

0.078
0.061

0.088
0.088

0.015
0.002

Nofe: Atomic proportions are computed on the basis of 18 oxygens. The natural samples are listed in order of increasingcla rclio. L.O.l. : loss on
ignition;n.d : not determined;dash : below detection;Fe3*by chargebalance.

Be is strongly distorted; the four equivalent Be-O(2) bond
lengths are 1.656 A, with a tetrahedral bond-angle varianceof33l deg'?.
Also the 6-fold polyhedron around Al is distorted, with
six equivalentAl-O(2) distancesof 1.906,4..Each coordination polyhedron around Al sharesthree edgeswith
three different Be tetrahedra.Theseedgesare shorterthan
the other edgesofthe polyhedron(2.359A versus2.848
and 2.712 A;. fne resulting geometry for the Al polyhedron is that ofan octahedronflattenedalong [001]. The
quantification ofthe distortion in the octahedron can be
achievedthrough the bond-anglevariance, which is 74.5
deg'.
A l i ' * t t t l g z ' - 1 i - 2 5 i r ' - A l i * L i ( a . t .u . )
0

01

02

03

04

05

Fig. 3. Correlation between alkali content of the channels
(Ri : Cs* + Rb+ + K+ + Na+) and the sum of divalent cations,
Li*, and the other ions listed in the right side ofEquation 1.
Atoms per l8 O.

Natural beryls
First of all let us consider the results from the refinement of the Utah red beryl. As the crystals are zoned,
two fragments-one from the core and one from the rim
of the crystal-were chosen for the X-ray single-crystal
study (samples 7 and 8). After several cycles of least-
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Teate 2-Continued
tz

65.73
1 77 4
1 20

0.38

14

26

15

16

65.92 65 14 65.75 66.17
1 7 . 8 5 17.72 17.75 18.52
o.32
082
024
0 57

o.32

o.44

0.42

0.57

0.51

0 51

28

17

66.72 63.99
18.54 18.19
0.50
0.37

18

6.000

1.908 1 894
0 004
0.092 0.059
0.043

2.937
0.029
0.025
0.008

2.956
0.018
0 002
0.021

22

10

65.67 65.22 64.16 63.20
18.82 18.35 18.06 17.95

20

S1

6354 63.29 63.10 66.32
17.92 17.76 17.93 18.76
0.53

0.15

0.26

0.s5

0.77

1.01

0.30

2.27

0.76

0.57

1.57

1.30

1.44

3.97
2.10 3.24
0 06
0.02 0.05
1.33
1.19 1.03
11.12 11.38 10.74
1. 0 0
1.30 1.20
99.52 99.35 100.00

1.23

1.41

0.27

2.952
0 033
0.005
0 011

2.986
0.007
0.002
0.004

0.067 0.101 0.091 0.090 0.026
0.067 0.101 0.091 0 090 0.026

T' site
2.804 2.708
0.169 0.268
0.029
0.020

0.14

3.79 3.68
0.05 0.04
1 . 3 0 | -zz
10.79 10.90 13.88 13.78
0.00
1. 1 0 1.40 0.00
99.31 99.68 99 76 100.04

0.56
0.46 0.72
12.19 12.79 12.20
0.90
0.90 0.30
99.02 100.10 98.37
T" site
6.000 6.000 6.000 6.000 6 000 s.996 6.000 6.000 6.000 6.000 6.000 6.000 5.971
0.029
0.004
Octahedral
site
1.921 1.900 1 . 9 7 6 1 . 9 6 2 1 . 9 7 1 2.000 2.000 2.000 2.000 2.000 1.998 2.000 1.960
0.017
0 023
0.023
0.018 0.020 0.024 0.038
0.029
0.060 0.057

2.978
0.018
0.001
0.003

66.48
18.90

0.74

0.26
0 08
0.05 0.05 0.09 0 02
1334 13.52 13.46 13.46 13.71 13.18
1.00 1.10
1 . 1 0 0 9 0 2 30
0.80
99.s7 99.9s 99.86 99.55 99.99 100.56
6 000

21

s.969
0.031
1.947

0.053

2.596
0.393
0 004
0.009

2.450 2.474 2.497 3.001
0.508 0.499 0.468
0.036 0.043 0.020
0.016 0.001
0.006

2.971

0.058 0.191
0.046 0.100

2a site
0.166 0.203 0.371 0.372
0 . 1 3 6 0 . 1 8 1 0.286 0.239

0.428 0.384 0.412 0.047
0.265 0.228 0.261 0.047

0.024
0.024

0.012 0.091

0.030 0.022 0.084 0 131
0.001 0.002

0 . 1 6 1 0 1 5 4 0.150
0.002 0.002 0.001

2.861
0.094
0 031
0.013

2746
0.211
0.003
0.040

squaresr€finement, a difference-Fourier synthesisfor both
samplesshowedtwo peaksof residual electronic density,
at the position ofthe octahedral site and in the 2c position, i.e., at 0, 0, 7+in the channel between the Si rings.
No maxima were detectedinthe 2b position,i.e., at 0, 0,
0 at the ring center.The refinement was thereforecontinued by including the contribution of K and Na at the site
2a and of Fe (and Mg and Mn) in the octahedral site, in
the amounts determined by the microprobe analysis.The
final agreementbetween observed and calculated structure factors was very satisfactory (R : 0.020 for both
crystals).Since the Utah beryl is the unique natural beryl
with no water content, a tentative hypothesiswas that the
alkali ions (the so calledRf ions : Cs*, Rb+, K+, Na+),
when present in beryls, occupy exclusively the 2a site,
whereasthe water molecules always present in the other
natural beryls preferentially lie in 2b sites. This conclusion contrastswith that reported by Hawthorne and Cerny (1977) and later used by Brown and Mills (1986) to
interpret the residual electron density in the Harding ber-

2.512
0.450
0.037
0.002

0.021

yl. The crystal-chemical validity of this hypothesis, already arguedby Bakakin and Belov (1962), is supported
also by the geometry featuresof the 2b sites,which have
an atomic environment similar to the centersof the hexagonal oxygen rings in layer silicates or in amphiboles:
water molecules would complete the closest packing of
oxygen layers and could act as "support" for small cations like Na or Ca possibly present in 2a sites. The distancebetweenthe centerof the ring and the oxygenatoms
(about 2.55 A; corresponds to a short hydrogen-bond,
and this fact, together with the presenceof alkali ions
"plugging" the channels,could explain the unusually high
temperature necessaryto releasethis "zeolitic" water in
beryl (e.g.,Aines and Rossman,1984;Brown and Mills,
1986).Both hypotheseson the H'O location are probably
valid, and actually water molecules may well occupy 2a
as well as 2b positions in the channels.This could explain
the presencein the infrared spectra of two HrO types
(Wood and Nassau,1967;Polupanovaet al., 1985)that
have been explained as being due to two different orien-
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TneLe3.

3
1
2
4
6
s
23
24
7
I
13
8
10
11
12
14
26
15
16
17
25
28
18
21
19
27
22
20
sl
s2

Lattice parameters(A), c/arclio, cell volumes(A3),and
refractive indices of the bervls listed in Table 1

9.2736(11)9.1910(25)
9.2666(s) 9.1874(4)
9.2676(6) I 1945(3)
9.263(1) 9.199(1
)
9.2531(7) 9.1918(5)
9.2s7(1) 9 2 0 1 ( 1 )
9.249(1) 9.200(1
)
9.2367(1) 9.1903(2)
9.2364(8) e.1933(4)
9.226(1) 9.192(1)
92179(14) 9.1863(9)
92242(31 9.1934(2)
9.21
8(1)
e 18s(1)
9.21
9(1)
9.192(1
)
9.2202(10) 9.1960(6)
9.220(1) 9.197(1
)
9.2176(5) s.1968(3)
9.217(1)
9.196(1
)
9.2097(12) 9.1943(7)
I 2 1 s ( 1 ) 9.200(1
)
I 2 1 6 ( 1 ) 9.207(1
)
9 . 2 1 3 ( 1 ) 9.212(4)
9 . 2 1 5 ( 1 ) 9.218(3)
I 2 1 8 ( 1 ) 9.230(1
)
9 2155(8) I 2291(5)
9 . 2 1 7 ( 1 ) s.233(1)
9.2148(3) 9.2318(3)
9.2097(4) 9.2337(4\
9.2077(6) 9.1953(s)
9.2051(5) 9.1953(4)

0.9911
0.9915
0.9921
0.9931
0.9934
0.9940
0.9947
0.9950
0.9953
0.9963
0.9966
0.9967
0.9969
0.9971
0.9974
0.9975
0.9977
0.9977
0.9983
0.9984
0.9990
0 9999
1.0003
1. 0 0 1 3
1. 0 0 1 5
1. 0 0 1 7
1. 0 0 1 8
1.0026
0.9987
0.9989

684.5
683.2
683 9
683.6
681 6
682.8
681.6
679.0
675.2
677.6
676.0
677.4
676.2
676.6
677.0
677 1
676.7
676.6
675.4
676.6
677.2
677.1
677.9
679.2
678.8
679.3
678I
678.3
675.1
674.8

1.603
n.d.
n.d.
1.599
n.d.
1. 5 9 1
1.591
1.589
1.580
1.587
1.576
1.571
1.580
1.578
1.588
1. 5 8 5
1.582
1.586
1. 5 8 0
1.589
1.590
1 586
1.s89
1.594
1.590
1.598
1.s97
1.595
n.d.
n.d.

1. 5 9 5
n.d.
n.d.
1.590
n.d.
1.585
1.584
1.582
1.575
1.580
1.570
1.568
1 576
1. 5 7 0
1.581
1.580
1.576
1.580
1.577
1.585
1.583
1.580
1.580
1.589
1. 5 8 3
1.590
1.589
1.587
n.dn.d.

used as a criterion to distribute the alkali cations (Na, K,
Rb, and Cs) and the water moleculesin the channel sites
during the refinement of the other natural beryls. All these
crystals present residual electron-densitymaxima in the
2a and 2Dpositions, which can be accountedfor with the
amounts of alkali ions from microprobe analysis (in 2a)
and with 0.64.7 HrO moleculesper formula unit (in 2r).
Cnvsr,ql cHEMrsrRY
The results of the single-crystal X-ray study on our
synthetic and natural beryls, as well as those taken from
the accuratedeterminations reported in the literature, were
subjectedto statistical analysis.Some of the most significant correlation coefficientsamong chemical and structural parametersare listed in Table 8.
It is confirmed that two kinds of cationic substitutions
take place in natural beryls: those in the distorted octahedron and those in the BeOotetrahedron.

Substitutions in distorted octahedron
The Al3+ in the distorted octahedral site can be substituted for by ions of comparable size; among these ions
the most important ones are Mg'* and Fe2*, with minor
Mn2+, Cr3+,Fe3+,Tia+, and other lessabundantatomic
species.The substitution for Al by Mg and/or Fe has two
main effectson the structure: the volume of the polyheivote. Estimated standard deviations in parentheses refer to the last
dron must increase to receive ions with greater radii,
digit;n.d. : not determined.The cellconstantsreportedwith four decimal
therefore an elongation of Me-O distanceswould be explaces were determinedby the single-crystalmethod.
pected as well as an increasein the distortion ofthe polyhedron, since the length of the edgesshared with BeOo
adjacent groups is constrained by the dimensions ofthe
tations of the H-H vector. It is also possible that water Be tetrahedron.Furthermore, the Al + Me2+substitution
occupiesthe 2a sitesas the complex HrO+ ion, balancing would have the effect of reducing the distortion in the
the positive charge deficiency due to either trivalent-di- BeOogroup. Theseeffectsare actually observed;from the
valent substitution in the octahedron or Li* entry in the statistical analysis of our results, there are positive corBe tetrahedron. However, the hypothesis that HrO mol- relations among the content of divalent ions, the cationeculesoccupy preferentially the 2b siteswas satisfactorily oxygen distance,the volume ofthe site, and the octaheTreLe4. Bond distances(A),site volumes,bond-anglevarianceo, (degr),agreementfactors,and numberof reflectionsused in the
least-squaresrefinements
S1

S2

tz

16

62

T" site
1.603(2) 1.601(2) 1.598(1) 1.596(1) 1.595(1) 1.595(2)
1.602(2) 1.603(2) 1.594(1) 1.595(1) 1 . 6 0 1 ( 1 ) 1 . 5 9 5 ( 1 )
1 . 6 61 ( 2 ) 1 . 6 1 5 ( 1 ) 1. 6 2 1 ( 1 ) 1. 6 2 1 ( 1 ) 1.617(1) 1.621(1)
1.608
1 608
1.609
1.608
1.609
1.608
2.132
2.133
2129
2.132
2.134
2.136
1.58
1.64
2.58
1.44
3.61
3.26
T' site
1.6s6(1)
1.655(1)
1.654(1)
1.653(1)
1.650(2) 1.655(1) 1.655(1) 1.656(1) 1.659(1) 1.655(1)
2.053
2.031
2.050
2.042
2.031
2.035
2.065
2.073
2.060
2.070
332
323
322
289
276
275
290
313
333
328

Al-o(2) x 6
v(A1
d
R
No. obs.

Octahedralsite
1.906(1)
1.913(1)
1.913(1)
1.920(1)
1 905(1)
1 906(1)
1.938(1)
1.943(1)
1.947(2)
1.933(1)
8.945
9.036
9.043
9.297
9.127
1929
1943
9.322
9.427
9.478
73.9
74.7
76.1
78.2
74.6
74.4
84.7
85.0
87.2
81.5
0.054
0.020
0.032
0.024
0.020
0 027
0.021
0.029
0.031
0.048
450
475
453
478
486
469
466
489
419
502

si-o(1)
-o(1)
-O(2) x 2
Mean

v(4")
02

Be-O(2) x 4

v(A")

1.594(1)
1.594(1)
1.622(1)
1 608
2.133
1.58

1.593(1)
1.593(1)
1.621(1)
1 607
2.129
1.62

1.605(2)
1.604(2)
1.617(1)
1.611
2.142
4.46

1.606(1)
1.605(1)
1.614(1)
1.610
2.135
5.44

Nofe; Estimatedstandard deviations(in parentheses)refer to the last digit.
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dral bond-anglevariance. In Figure 4 the octahedralMeO distanceis plotted againstthe content ofdivalent cations; the correlation coefficientis 0.98. To attain the electric neutrality, the substitution of trivalent cations with
divalent ones is compensatedby some alkali ions in the
channels.Theseions lie in the 2a position and are weakly
linked to O(l). They induce a distortion in the Si tetrahedra,as seenby the increaseofbond-angle variancewith
total alkali content in the channels(correlation coefrcient
: 0.86). Sincethe 2a position has twofold multiplicity in
the hexagonalcell of the beryl, there is an upper limit of
one alkali ion per 6 Si atoms, i.e., an upper limit of one
divalent ion in the two octahedral sites of the formula.
Alkali ions do not contribute to the total valencesum on
the O(2) atoms, which will be to some extent unbalanced.
A partial compensationis achieved by the shortening of
Si-O(2) bond length, but an extended diadochy is hampered. In the beryl from Cervandone (sample 3), which
is the richest in divalent cations in our series,the valence
sum of O(2) is 1.87. For this reason,we think that the
Al3* + Li+ substitution is highly unfavored and, therefore, is highly unlikely.
Substitutions in BeOotetrahedron
In the BeOotetrahedron,the high correlation coefrcient
between the cation-oxygen distance and Li content, as
well as the correlation shown in Figure 2, indicates that
Li enters the framework of beryl in substitution for Be.
This confirms the model of Bakakin et al. (1969), the
negativecorrelation betweenLi and Be concentrationobserved by De Almeida Sampaio et al. (1973), and the
structural results of Hawthorne and Cern!' (1977). As in
the caseof Al + Me2* octahedral substitution, the entry
of Li* into the Be tetrahedron causesa bond-strength
deficiencyto O(2). In the Li-rich beryl from Afghanistan
(sample22),the valencesum of O(2) is 1.86.Also in this
case, the electric neutrality is attained by the entry of
alkali ions of suitable radii into the channels,and theref ABLE-Continued
19

20

22

24

26

T" site
1.603(2)
1.603(2) 1.602(1) 1.600(1) 1 . 5 9 3 ( 2 )
1.609(1
1.605(2) 1.610(1)
1.601(1) 1 . 6 0 5 ( 2 )
)
1.612(2\
1.612(1
1.614(1)
1.616(1) 1. 6 1 6 ( )1
)
1.609
1.608
1.610
1.608
1.608
2.130
2.127
2.134
2.131
2.129
7.02
7.09
2.89
6.23
3.19
T'site
1.674(1)
1.67s(1) 1.676(1) 1.6s6(1) 1.657(1)
2.113
2.118
2.117
2.061
2.045
322
322
326
302
322
1 907(1)
9.003
64.3
0.045
463

Octahedralsite
1.906(1) 1 . 9 0 3 ( 1 )
1.923(1)
1.914(1)
8.986
8 951
9.172
9.052
74
1
63.1
63.4
79.0
0.033
0.028
0 039
0.036
467
478
533
450

Me" la f u\

Fig.4. a"t"ar.t

0",*..1",n. .;;""-;"

otro*. ,t

(A) and the sum of divalentcations.Atomsper
the octahedron
1 80 .
fore there is an upper limit in the Be + Li substitution;
only one-third of the tetrahedral positions can be occupied by Li*. The substitution of Li for Be-increasing the
cation-oxygen distancesand the volume of the Be tetrahedron-partially releasesthe strain on the adjacent octahedron; the O(2)-O(2) short edge increasesin length
from 2.359 A in syntheticberyl to 2.387 A in sample22,
which has 0.51 atom of Li per formula unit. Consequently, the octahedralbond-angle variance decreasesto 63.4
degt.
Si tetrahedron
For the Si tetrahedron, all the refined beryls have the
same mean Si-O bond length (1.609 + 0.002 A;. fnis
fact indicates uniform Si occupation at these ring positions.
Channel sites
With regardto the channel sites,the 2a site is occupied
by alkali ions (Na+, Cs+, K+, Rb+, and perhapsby HrO*
and HrO). As pointed out by Cernf (1975),the kind of
alkali entering the channels,in absenceof specificcrystalchemical constraints, depends on the bulk chemistry of
TreLe8. The most relevantcorrelationcoefficientsbetween
from single-cryschemicalandstructuralparameters
tal refinement
16rMe_

o(2)

T'-2

o(2)

0.98
Li
Atk
>Me2*

0.90
0.96

0.91
u.60

0.98

0.98

-n oR

0.81

Note:a, c: latticeparameters;>Me'?*,Li, and Alk : sum of divalent
cations(Fe2*+ Mg + Mn), Li, and alkalimetals(Na + K + Rb + Cs) in
the 2a site, respectively; t"tMe-O(2) : octahedral cation-oxygen bond
distance;f'-O(2): cation-oxygendistancein Be tetrahedron;o'?: bondangle variancein T' (Be), T" (Si) tetrahedra, and in the Al octahedron.
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Fig. 5. The total substitutions
in the Betetrahedralsiteplotted againstthe total substitutions
in the Al octahedralsite.The
two differentseriesareevident.
the parent rock. The 2b site is more or less filled by HrO
molecules. Owing to the multiplicity of the 2b position
in the hexagonal cell, the number of HrO molecules in
2b can be at most equal to I per 6 Si atoms. When the
number of HrO molecules is higher than l, water must
occupy the 2a position. So the upper theoretical limit of
water content in beryl is 2 minus the alkali content of 2a
(per 6 Si). Among our samples,sample 23, which has the
largestweight loss on ignition (2.600/o),
contains 0.79 HrO
molecules and 0.32 Na+ ions, having the channel 560/o
filled. Generally, pegmatitic beryl samples have a water
contentof 0.3-0.6 moleculesper 6 Si (Vorma et al., 1965;
Cernj, and Simpson, 1977; present work); higher H,O
contents can be found in beryls from schists and veins.
Among the 65 analysesfrom the literature taken into account in the present work, the most HrO-rich beryl is
from the Altai Mountains (number 24 in Bakakin et al.,
1970),containing0.9 H.O moleculesper 6 Si atoms.
Compositional gap
In Figure 5 the total substitutions in the Al octahedral
site are plotted against the substitutions in the Be tetrahedral site. Two beryl seriesare indicated by the impossibility of finding beryls in which divalent ions substitute
for trivalent ions in octahedralsitesand monovalent ions
simultaneouslysubstitute for divalent ions in tetrahedral
sites to an extent near the upper limit imposed by the
maximum possible content in the channelsof one alkali
ion per formula unit. Figure 6, a ternary diagram having
as end members AlrBerSiuO,r.zHrO("normal" berylf
R r A l M e z * B e r S i u O , ,. z H r O ( " o c t a h e d r a l " b e r y l ) RrAlrBerLiSi.O,,.zHrO ("tetrahedral" beryl), shows the
analysesof a number of beryls. The compositional gap is
evident.
Errocrs

oF suBsTrrurroNs oN

LATTICE

PARAMETERS

As was shown by the statistical tests of De Almeida
Sampaio Filho et al. (1973), there are direct correlations

AlrBerSiuO,r'
Fig.6. Ternarydiagrambasedon endmembers
zHrO ("normal"beryl,I), RiAltBerliSiuO,r'zHrO("tetrahezHrO ("octahedral"
dral" beryl, II) and RfAlMe'?*Be.SiuO,*
from
beryl,III). Blackcircles:presentwork; opencircles:analyses
an interpretative
boundary
literature.Thedashedline represents
that limits the compositionalgap between"octahedral"and
"tetrahedral"beryls.

betweenthe a unit-cell edgeand the divalent-ion content
and between the c unit-cell edge and the Li content in
beryls. Our results confifin that observation, which can
be explained by recognizing that divalent ions increase
the cation-oxygen bond length in the octahedron; this
octahedron, constrained by the short edgesshared with
Be tetrahedra,is flattenedin the c direction, and therefore
the increasein length influencesdirectly the value ofthe
d parameter. In contrast, an increasein tetrahedral cation-oxygen distancedue to Li + Be substitution is manifestedas an increaseofthe length ofthe caxis. In Figures
7 and 8, the values of a and c unit-cell edgesare plotted
against the c/a ratio. The break in slope clearly distinguishes"octahedral" from "tetrahedral" beryls. From the
examination of these diagrams, it appearsthat there are
two populations of beryls: those with substitutions predominantly in the octahedralsite and those with Li + Be
substitution in the tetrahedral site. For c/a values in the
range0.991-{.996,the Al contentis sensiblylower than
2 atoms per formula unit (a.f.u.),varying from 1.305 to
1.784.In thesesamples,Be contentis constantlynear the
theoretical value of 3 a.f.u. (generallymore than 2.9). For
c/avalues in the range0.997-0.999,Al content rises to
1.9 a.f.u. or more, and Be content is near the stoichiometric values. Theseberyls are "normal" beryls. For c/a
values from 1.000 to 1.003,Al content becomesstoichiometric, whereasBe content decreasesto 2.43 a.f.u.
The different behavior of the lattice parametersfor the
Al + Mez+ and Be + Li substitutionsreflectsthe opposite
distortion arising in the beryl structure with special regard to the octahedron and T' tetrahedron. These oppo-
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Fig. 7. The lattice parameter a (A) vs. the c/a ratro. The different trends correspondto "octahedral" and "tetrahedral" beryls.
l : p r e s e n t w o r k ; 2 : B a k a k i n e t a l . ( 1 9 7 0 ) ; 3 : d e A l m e i d a S a m p a i o F i l h o e t a l . ( 1 9 7 3 ) ; 4 : H a l l a n d W a l s h ( 1 9 751: B
) ;a r a b a n o v
(1980);6 : Brown and Mills (1986);7 : Hawthorneand Cerni 0977);8: Vorma et al. (1965);9 : Ghera and Lucchesi(1987)
and Lucchesiand Mairani (1981.

between 0 and 2 - x - y. These limits are imposed by
the crystal structure of beryl, i.e., by the maximum possible content of alkali ions in the channels.Another limiting factor is the imbalance of O(2); "octahedral" and
"tetrahedral" substitutions produce a bond-strength deficiency in bonds to O(2), and this situation lowers the
allowed upper limit of x + / below l, in order to avoid
a too-low valence sum on O(2). Actually the values of x
* y taken from our analysesand those from several accurate analysesin the literature are less than 0.5; z is
normally less than 0.8 with typical values of 0.3-0.6 in

site efects could explain why "octahedral" and "tetrahedral" substitutions form two distinct series.
CoNcr,usroNs
A natural beryl can be considered as a solid solution
in the ternary system between the end members (l)
AlrBerSiuO,,. zHrO, (2) RrAlMe,+BerSiuO,,. zHrO, and
(3) RrAlrBerl-iSiuO,r.zHrO,where Rr representsCs, Rb,
K, and Na. Indeed a representativeformula for a beryl
couldbe(Rr),*uAlr-,Me]+Be3ul-iusi6orr.zHrO,wherethe
sum x + j/ is theoretically between 0 and l, and z is

c
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o

o^o
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oo'
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^ aio^
^el
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f

cl

^.r{\"
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a
o
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0 991

0 993

0 995

0 997

0.999

1.001

1.003

Fig. 8. The lattice parameterc (A) plotted againstthe c/ a ratio. The different trends correspondto "octahedral" and "tetrahedral"
beryls. Symbols as in Fig. 7.
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pegmatitic beryls and greatervalues in some beryls from tions, but the use of beryl as geobarometeror geothermometer in pegmatitic or metamorphic processesseems
veins and schists.
Indeed from a statistical study ofthe chemical analyses possible.
of the present work and those reported in the literature,
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