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ABSTRACT

New structure refinements were performed in
Mo/C radiation on selected milarite crystals from
Kings Mt. and V&n4. The former, a 10.420(2),
c 13.810(9) A, gave R = 5.4% for all 825 re-
flections and R = 4.6% for 538 reflections with
F, > 30. These refinements confirm the restriction
of Al and Be to the linking T(2) tetrahedra, and
location of “excess” alkalis plus water at the B
sites. No deviation from hexagonal symmetry is
found; apparently positional disorder (of the B-
site species and Ca) parallel to z occurs in crystals
with high contents of alkali, Be and H,0O. Milarites
display an extensive range of the substitution
Be™® . Na? &2 AI™® L [, with Be/(Be + Al)
variable from 0.42 to 0.85. Other substitutions are
insignificant or doubtful. Molecular H,O does not
appear to be an essential constituent of milarite,
being nonstoichiometric relative to any cation and
located in a position excluding any possible bond-
ing role. The presence of water affects the cell
dimensions of natural milarites, a increasing slightly
and c decreasing sharply with increasing H,0.
Samples dehydrated at ~ thirty degrees below the
onset of incongruent melting [CaBeSiO, -+ tridy-
mite (4 quartz) 4+ melt] show cell dimensions
that correlate with the T(2) population, both ¢ and
¢ decreasing with increasing Be content. No signifi-
cant coirelation of density with composition is
apparent, although a crystal’s density should in-
crease with the B-site occupancy as do indices of
refraction and birefringence. Optical anomalies may
be caused by compositional differences among the
nonequivalent growth pyramids, mainly in terms of
B-site population and H,O in particular. The con-
sequent slight differences in cell dimensions gener-
ate strain, which is enhanced during differential
contraction upon cooling after crystallization. The
presence or absence of optical anomalies seems
to be regulated by nucleation and growth rates
rather than by the bulk composition.

Keywords: milarite, crystal-structure analysis, beryl-
lium, cell dimensions, optical anomalies, crystal
chemistry.,

SOMMAIRE

La structure de la milarite a été & nouveau affinée,
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en radiation Mo/C, sur cristaux de Kings Mt
et de V&nf, Celui de Kings Mt., a 10.420(2),
¢ 13.810(9) A, par exemple, donne un résidu R =
5.4% pour I’ensemble des 825 réflexions et 4.6%
pour les 538 réflexions & F, > 30. Ces affinements
confirment que Al et Be sont confinés aux tétraédres
T(2) et que l'excés d’alcalin, tout comme Il'eau,
occupe les sites B. On n’observe aucune déviation
de I'holoédrie hexagonale; on note, parallélement
4 z, un désordre (qui semble &tre de position) des
éléments des sites B et du calcium, dans les cristaux
3 haute teneur en alcalins, Be et H,O. La milarite
posséde un domaine étendu de substitution, Be™®
4 Na® & AI™® . I8, avec rapport Be/(Be - Al)
variable, allant de 0.42 A 0.85. Toute autre substi-
tution est négligeable ou douteuse, L’eau moléculaire,
non-stoechiométrique par rapport aux cations et
située dans une position qui lui interdit tout réle de
liaison, ne semble pas étre essentielle dans la com-
position de la milarite. L’eau affecte les dimensions
de la maille des cristaux naturels, y produisant un
léger accroissement de a et une diminution abrupte
de c. Pour les cristaux déshydratés a environ trente
degrés sous le point de fusion incongrue [CaBeSiO,
+ tridymite (4 quartz) 4+ bain de fusion], a et
¢ diminuent lorsqu’augmente la teneur en Be des
sites T(2). La densité ne semble pas en corrélation
avec la composition, tandis que les indices de ré-
fraction et 1a biréfringence s’accroissent en propor-
tion de la population des sites B. Les anomalies
optiques seraient dues 3 des différences de compo-
sition, entre pyramides de croissance non-équivalentes
quant 3 la population des sites B et & la teneur en
H,O. Les faibles différences de maille qui en résul-
tent provoquent des temsions internes, gqu’accentue
la contraction différentielle due au refroidissement
aprés cristallisation. L’apparition d’anomalies opti-
ques serait dictée, non par la composition globale,
mais plutdt par la vitesss de nucléation et de
croissance.

(Traduit par la Rédaction)

Mots-clés: milarite, structure cristalline, beryllium,
dimensions de la maille, anomalies optiques, chi-
mie cristalline.

INTRODUCTION

The study of milarite has been marked by
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several twists since its beginning. Kenngott
(1870) named the mineral after its alleged
type locality, Val Milar (Mild), Graubiinden,
in the Swiss Alps; the type material actually
came from the nearby Val Giuf (Giuv) (Kus-
chel 1877), and Val Milar yielded milarite only
much later (Parker 1954).

Originally described as a K,Ca-bearing zeolite,
milarite was considered to be identical with
levyne. The correct formula was established by
Palache (1931), who discovered the presence
of substantial Be. Sosedko & Telesheva (1962)
commented on the variable Al/Be ratio, appa-
rently not balanced by any other substitution.
Chistyakova et al. (1964) reported different
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alkali contents in nonequivalent growth sectors
of single crystals, and showed that heating pro-
duced significant changes in unit-cell dimensions.
Milarite provides a classic example of ano-
malous optical behavior: morphologically hexag-
onal crystals consist of biaxial sectors that either
change their orientation and shape or disappear
upon heating (Ludwig 1877, Des Cloizeaux
1878, Rinne 1885, 1927), The hexagonal sym-
metry was confirmed by X-ray diffraction (Goss-
ner & Mussgnug 1930). The crystal structure
was first described by Belov & Tarkhova (1949,
1951) and Ito er al. (1952), and commented
on by Pasheva & Tarkhova (1953). Bakakin &
Solovyeva (1966), Forbes et al. (1972) and

TABLE 1. DATA, SAMPLES, AND SOURCES
Data from literature
# Locality Reference
0 Val Giuf, Switzerland Gossner & Mussgnug (1930)
1 Val Giuf, Switzerland Palache (1931)
2 Val Giuf, Switzerland Belov & Tarkhova (1949)
3 Val Giuf, Switzerland Ito et al. (1952)
4 Piz Ault, Switzerland g: Quervain (Hugi 1956)
& Val Gluf, Switzerland rny (1960
6 V&#nd west, Czechoslovakia Cern9 {1960
7 Kola Peninsula, U.S.S.R. Sosedko (1960), S. & Telesheva (1962)
8 Tittling, Bavaria, Germany Tennyson (1960)
9 Rangiertunnel, s. of Gdschenen, Graeser & Hager (1961)
Switzerland
10 V&Znd east, with epididymite, Cerng (1963)
CzechosTovakia

11 Kent, Central Kazakhstan, U.S.S.R.

Chistyakova et al. (1964)

12 Mar¥ikov, Czechoslovakia Stan&k (1964)
13 Central Asia, U.S.S.R. Jovcheva et al. (1966)
14 Radkovice, columnar after beryllian ﬁerny (1967)
cordierite, Czechoslovakia
15 Radkovice, fibrous after beryl, 5ern9 (1967) 4
Czechoslovakia
16 V&¥nd east, with bavenite, Lerny (1968)
Czechoslovakia
17 East Siberia, U.S.S.R.; pink Novikova (1972)
18 East Siberia, U.S.S.R.; green Novikova (1972)
19 R¥ssing, S.W. Africa v. Knorring (1973)
New data
# Locality Source
20 Val Giuf, Switzerland Roy. Ont. Mus. Ferrier Coll., M4958
21 Val Giuf, Switzerland Nat. Mus. Nat. Hist. Washington, R11483
22 Val Giuf, Switzerland Dept. Mineralogy, Univ. J.E. Purkyn&
Brno, 2036
23 Val Giuf, Graublinden, Switzerland  Nat. Mus. Nat. Hist. Washington, 47014
24 Guliest, Goschenenalp, Switzerland research coll. Dr. Th. Hilgi, Bern, SA23
25 Guanajuato, Mexico Nat. Mus. Nat. Hist. Washington, 121230
and 120408
26 Guanajuato, Mexico Roy. Ont. Museum, 28150
27 V&ZInd west, Czechosiovakia Dept. Earth Sci., g. of Manitoba, M3520
28 V&%nd west, columnar, research coll. P. Cerny
Czechoslovakia ’
29 V&%nd west, radial fibrous, research coll. P. ferng
CzechosTovakia
30 Russing, Swakopmund, S.W. Africa Nat. Mus. Nat. Hist. Washington, C6562
31 Foote Mineral Co. spodumene mine, Nat. Mus. Nat. Hist. Washington, 121805
near Kings Mt., N. Carolina
32 Moat Mt., North Conway, Nat. Mus. Nat. Hist. Washington
N. Hampshire
33 Tittling, Bavaria, Germany research coll. Dr. Chr. Tennyson, Berlin
34 Nedre Lapplagret, Drag near coll. R. Kristiansen, Torp, Norway
Tysfjord, Norway
35 East Siberia, U.S.S.R.; pink research coll., P. Eerni




CRYSTAL CHEMISTRY OF MILARITE 43

Cerny (1960) described a variety of milarite
with uniaxial optics and significant deviations
from the generally quoted values of other

Bakakin et al. (1975) proposed site populations
that explained the dehydration-induced changes
in the structure.

TABLE 2. CHEMICAL CUMPOSITION AND PHYSICAL PROPERTIES OF MILARITE

# 13 7 17 4 25 . . 1
Locality Central Asia Kola East Sib.,pink Piz Ault Guanajuato1 Kings me.’ Val Giuf
Si0 63.83 71.12 71.23 70.81 71.35 71.25 71.66
A1263 13.04 7.70 7.02 4,34 5.68 4.72 4.68
58603 - - 12 1.53 - - -
E€g3 4.68 3.57 4.52 4.25 4.58 5.26 5.24
o - - - - - - -

¥n0 " a - tr. - .25 <.01 -

Ca0 11.12 11.55 9.32 11.42 11.40 11.57 11.70
Na,0 .86 .30 1.90 1.17 a7 .19 .46
K8 4.62 4.80 4.03 5.34 4.95 4.68 4.91
HZO' - 14 - - .1 .15 -
H20+ 1.38 1.25 1.65 1.20 1.20 1.66 1.07
Total 99.70b 100.43 99.81° 100.06 99.69 99.48 99.72
S T(])24 21.51 23.69 23.71 23.87 23.85 23.88 23.85
A13+ 5.19 3.02 2.75 1.72 2.24 1.86 1.83
Fe - - .03 .39 - - -
g T2 _ N : : : - -
Be 3.79 2.86 3.61 3.44 3.68 4.23 4.19
):Tézg 8.98? 5.88 6.39 5.55 5.92 6.09 6.02
£T(1) + T(2) 30.49 29.57 30.10 29.42 29.77 29.97 29.87
Be/(Be + A1} .42 .49 .56 .62 .62 .69 .70
Ca2+} 3.97° 4,00 3.32 4.00 4.00 4.00 4.00
Fe A4 - - - - - - -
Mn - - - - - - -

K }C 1.98 2.00 1.71 2.00 2.00 2.00 2.00
Na 2 .02 - .29 - - - -

Na .54 .19 .93 77 a 2 .30

K 8 - .04 - .29 Rl - .09
Ca 4 - .12 - .12 .08 .15 7
H20 1.55 1.39 1.84 1.35 1.33 1.85 1.18
tB-site valences .54+ 47+ .93+ 1.32+ .38+ A2+ .73+
£B~site occupancy 2.09 1.74 2.77 2.53 1.63 2.12 1.74

D meas. 2.56 d -4 2.51 2.551 2.547 2.560 2.5579
D calc. 2.605 2.597 2.57 - 2.560 2.565 2.547
n - 1.537 1.533 - - 1.537 -

n, - 1.538 1.536 - - 1.5385 -

n, meas. K 1.534d - - - 1.535 - 1.537
M calc. (m)l 1.538d - 1.530 1.541 1.530 1.541 1.538
n_ calc. (c) 1.547 1.547 1.542 - 1.539 1.542 1.536
oﬂtica] symmetry patchy sector- wavy ? wavy to sector- sector-

extinction zoning extinction moiré zoning zoning

a 10.392(3) 10.40 10.397(9) - 10.408(2) - 10.412(4) 10.412(2)g
c natural 13.758(5) 13.70 13.770(5) - 13.826(6) 13.785(9) 13.823(5)
c/a 1.354 1.337 1.334 - 1.327 1.324 1.329
v 1286.7 1283.2 1289.0 - 1297.1 1294.2 1294.5
a 10,395(3) - 10.379§9) - 10.373(2 10.370(2) 10.371%3)
c neated 13.829(5) - 13.820(5) - 13.874(6 13.851(4) 13.868(9)
c/a 1.331 - 1.381 - 1.337 1.336 1.337
v 1294.1 - 1289.2 - 1292.8 1289.9 1291.7

g - includes 0.21 Sr0

Pt includes 0.31 F and oxygen adjustment

d- includes 0.04 Sr

e - Our calculation

£ includes 0.02 Ti0

Iovcheva et al. (
from Chistyakova

3966) quote a 10.400(3), ¢ 13.743(5), ¢/a 1.321%, v 1287.2 for a sample obtained

'
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physical constants. Similar milarites have sincg 1966), but no compositional data have been
been described from other localities (Cerny published for this variety. The physical proper-
1963, 1967, 1968, Oftedal & Saebd 1965, Raade ties listed by Hiigi & Rowe (1970) suggest

FABEE 2, Continued

# 30 1 33 19 18 27 29
Locality R'rissing'I Kent T'ittl'lng1 Rossing East Sib.green  V&Znad véznad
S0 71.81 72.43 70.65 72.17 70.76 70.90 71.60
A1263 3.40 3.85 4.34 3.37 2.9 2.65 2.25
Fe 03 - .13 - - .09 - -
BB, .48 : - - : - -
BEO 5.07 5.85 6.71 5.87 5,93 6.00 6.30
FeQ - - - - .05 - -
MnO .15 47 <.01 .15 .07 - -
Ca0 11.60 11.15 10.80 11.20 11.34 11.35 11.20
Na,0 .49 17 .52 .51 .22 .35 .75
K23 4.52 4.65 4.97 5.19 5.58 6.30 5.45
Hzo- - .18 .15 .02 - - -
H50+ 1.68 1.43 1.29 1.38 2.40 2.00 2.00
Total 99.20 100.31 99.43 99.86 99.35 99.55 99,55
Si T(1)24 24.05 23.90 23.51 24,01 23.98 23.98 24,07
Al " 1.34 1.50 1.70 1.32 1.16 1.06 .89
Fe (2) - .03 - - .02 - -
B 6 .27 - - - - - -
Be 4.09 4.65 5.35 4.69 4.83 4.88 5.08
):Té?) 5.70 6.18 7.05 6.01 6.01 5.94 5.97
:T(1) + T(2) 29.75 30.08 30.56 30.02 29.99 29.92 30.04
Be/(Be + A1) .72 .75 .76 .78 .80 .82 .85
Ca2+ 3.96 3.87 3.85 3.96 3.97 4.00 4.00
Fe A - . - - - .01 - -
.04 .13 - .04 .02 - -
K }.c 1.94 1.96 2.00 2.00 2.00 2.00 2.00
Na 2 .06 .04 - - - - -
Na .25 .07 .35 .33 .14 .23 .49
K B - - 11 .20 Al .72 .33
Ca 4 .22 .08 - .03 .14 11 .03
H20 1.88 1.58 1.43 1.53 2.71 2.26 2.24
LB-site valences .69 .23 .46 .59 .83 1.18 .88
IB-site occupancy 2.35 1.73 1.89 2.09 3.40 3.32 3.09
D meas. 2.541 2.51 d 2.540 - 2.52 - -
D calc. 2.563 2.565; 2.554 2.550 - 2.606 2.599
n, - - 1.536 1.536 1.546 1.552
n. - - 1.537 1.541 1.549 1.555
n, meas. 1.541 1.542d - - - -
o calc. (m) 1.537 1.531d 1.538 1.536 - -
n_ calc. (c¢) 1.542 1.540 1.539 - 1.552 1.551
owtica] symmetry fine sector-zoning sector-zoning ? wavy uniaxial uniaxial
lameilar & moird & moiré extinction
a 10.409(3)" 10.395(1)F  10.396(2) - 10.422(3)  10.414(
c tural 13.791(7) 13.815&5) 13.806(5) - 13.706(7) 13.673(
c/a [hatura 1.327 1.329 1.328 - 1.315 1.313
v 1294.0 1292.8 1292.2 - 1289.2 1284.2
a 10.361(2)h - 10.359(3) - 10.334(2) 10.321(
c heated 13,844(6) - 13.856(7) - 13.824(6) 13,814(
c/a [heate 1.336 - 1.338 - 1.338 1.338
v 1287.0 - 1287.6 - 1278.51 1274.3
g physical properties and unit-cell dimensions as determined in this study on sample (20)
h -

values representative of the analysed material; the bulk of the sample used for heating experiments
and shown in Figure 9 under (30a) gave a = 10.401(3), ¢ = 13.780(8) in natural state.

analyst, E. Jarosewich 1971

analyst, A.G. Plant 1973; Be0 and H20 by P. Povondra 1967.

using measured density

using calculated density

= K
LI I A
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further broadening of the compositional range
of milarite, but no adequate extension of com-
positional variability was detected by electron-
microprobe analysis.

Here we present new compositional and X-ray
data, and review the chemistry and physical
properties of milarite,

EXPERIMENTAL

The study of milarite is complicated by the
rarity of its occurrence, compositional variability
on a very local scale, anomalous optical proper-
ties (possibly associated with chemical hetero-
geneity) and microscopic inclusions of other
species. Consequently, samples from the same
locality commonly have different chemical com-
positions and physical properties.

The samples examined during the present
study are listed in Table 1, along with refer-
ences to the data used from the literature.
Numerical symbols of the individual samples
and references are used for identification
throughout this paper.

New chemical analyses (samples 21, 22, 23,
27) were done using slightly modified micro-
chemical methods of Hillebrand ez al. (1953).
Silica was separated by double evaporation with
HCl and volatilized with HF. Aluminum was
separated from beryllium with 8-hydroxyquino-
line in solution buffered by ammonium -acetate.
Beryllium was then precipitated at pH 9 and
determined as oxide. Sodium and potassium
were determined by flame photometry and
water, by means of the O—H analyzer. Calcium
was precipitated as oxalate. A Material Analysis
Company model 400 electron microprobe, oper-
ated at 20 kV and 0.03 pA, was used to analyze
samples 27 and 29 (Table 2) and to check for
zoning in samples 20 and 30. Natural minerals
were used as standards, and the data were
reduced using the EMPADR VII program of
Rucklidge & Gasparrini (1969).

Unit-cell dimensions were refined from CaF.-
calibrated X-ray powder diffractograms (12 mm
per 1°20). Crystals of Kings Mt. (no. 31) and
Vé&nd (no. 29) milarites were examined by
single-crystal-precession photography using Zr-
filtered Mo Ko radiation. Single-crystal in-
tensity data for samples 31 and 29 were collected
on a Syntex P2, automatic four-circle diffracto-
meter according to the experimental procedure
of Hawthorne & Ferguson (1975). For sample
31, an irregular, equidimensional crystal of
mean radius 0.07 mm was used, and a spherical-
absorption correction was performed. For sam-
ple 29, two data sets were collected. A stubby,

TABLE 3. MISCELLANEOUS DATA PERTINENT TO

STRUCTURE REFINEMENTS
Kings Mt.(31) V&#nd(29)a V&Znd(29)b

a(f) 10.420(2) 10.428(6) 10.417(5)
c( % 13.810(9) 13.675(9) 13.688(7)
V(AY) 1298.6 1287.8 1286.4
Space group P6/mcc P6/mcc P6/mcc

z 2 2 2
Rad/Mon Mo/C Mo/C Mo/C
No. of |F 825 848 992
No. of |FJ|>30 538 380 405
Final R (observed) 4.6% 6.6% 9.7%
Final R (all data) 5.4% 10.5% 14.2%
Final R, (observed) 4.6% 7.2% 10.9%
Final Rw (all data) 5.0% 9.8% 13.4%

R = 2| |Fg|-IF[|/2F,]
R, = (zw‘i]Folf]rc]|z/sz02)’=, W=l
3 3

% h:h

Temperature factor form: exp(- I i jBij)
i=1 j=1

prismatic crystal ~ 0.13 mm long with ~ 0.05
mm radius yielded the first data set (29a),
whereas the second (29b) was collected on a
prismatic crystal ~ 0.50 mm long and with ~
0.02 mm radius; a cylindrical-absorption cor-
rection was performed on both. Standard data-
reduction procedures resulted in the numbers of
reflections indicated in Table 3, which also lists
miscellaneous data pertinent to data collection,
reduction and refinement. ’

In heating experiments, the samples were
treated in air in an electric furnace with an
estimated temperature fluctuation ~ = 10°C,
and they were water-dip quenched. Indices of
refraction were measured in immersion liquids
using a Na-light source. Density was determined
partly by floating in heavy liquids measured by
the Mohr-Westphal balance, partly by using the
Berman balance with toluene as the displace-
ment medium.

Internal consistency of the data on 12 of the
analyzed specimens listed in Table 2 was tested
by comparing the measured and calculated
densities. Samples 7, 13 and 17 show discrep-
ancies of 0.045 to 0.06 in densities and 0.008
to 0.013 in indices of refraction. These three
samples are plotted in the diagrams but are
not used to establish correlations, as the source
of the error is difficult to detect.

STRUCTURE REFINEMENTS

In precession photographs, the Kings Mt.
(sample 31) and V&Znd (29) milarites display
hexagonal symmetry and systematic absences
consistent with the space group P6/mcc as ob-
served by previous authors, Thus the deviation
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from hexagonal symmetry indicated by the opti-
cal data for sample 31 is not apparent in the
geometry of the reciprocal lattice. It was noted
that the “spot size” on the precession photo-
graphs of sample 31 is considerably larger than
that for sample 29, which shows uniaxial optics.
This may be due to incipient deviations from
hexagonal symmetry in sample 31; conversely,
31 may have a greater mosaic spread.
Scattering curves for neutral atoms were taken
from Cromer & Mann (1968), with anomalous
dispersion corrections from Cromer & Liber-
man (1970). R indices quoted are of the form
listed in Table 3 and expressed as percentages.
For each structure refinement, the atomic co-
ordinates of milarite (Bakakin ef al. 1975)
were used as input to the least-squares program
RFINE (Finger 1969) and the “excess” com-
ponents of the structure were not considered.

For the Kings Mt. milarite (sample 31),
several cycles of full-matrix least-squares re-
finement, with a gradually increasing number
of variables, resulted in convergence at an R
index of 7.1%. A series of difference-Fourier
maps calculated at this stage showed significant
density only at the B sites; however, the density
observed at this position was significantly less
than that expected from the total excess com-
ponents indicated by the chemical analysis.
Insertion of all excess components in the B
position, together with full-matrix refinement
of all variables (except the B-site temperature
factor, which was fixed at 1.5 A?), resulted
In convergence at an R index of 8.2%. Removal
of the B-site cations from the refinement re-
duced the R index to 7.0%. Refinement of the
occupancy of the B sites (by HO, represented
by oxygen) further reduced the R index to
6.1% and resulted in an occupancy factor of
0.158(17). The total reduction in the weighted
R index over this sequence of operations was
from 8.3 to 6.0%, a highly significant reduction
at the 0.005 confidence level (Hamilton 1965).
Temperature factors were converted to an
anisotropic form as given in Table 3, and
full-matrix least-squares refinement of all vari-
ables resulted in convergence at an R index
of 4.7%. With the H:O occupancy of the B
position fixed, the temperature factor of the
B-site scattering species was changed to aniso-
tropic; the following refinement indicated a
significant (but not exaggerated) anisotropy. As
the anisotropic behavior of the B-site species
appeared similar to that of Ca at the A site,
the anisotropic temperature-factors of the B-site
species were constrained to be equal to those
of the 4-site Ca in order that the occupancy

MINERALOGIST

of the B sites could be examined without gross
correlations between temperature factor and oc-
cupancy parameters at that position, This had
an added advantage: the anisotropic behavior
of the B-site species was accounted for, albeit
crudely, by this method. Full-matrix least-
squares refinement of all variables resulted in
convergence at an R index of 4.6%. It was
noted at this stage that the total scattering-
power at the B site [0.158(17) oxygen] was
approximately equal to that available from the
excess cations indicated by the cell content
derived from the chemical analysis. Accordingly,
the H,O at the B sites was replaced by the
available Na and Ca, with the H.O occupancy
of the B sites considered variable, Subsequent
refinement of all variables converged to an
R index of 4.6%, and the H:O occupancy of the
B position was 0.034(18). Examination of dif-
ference-Fourier maps calculated after the final
cycle of refinement showed no significant con-
centrations of density anywhere in the structure.

For the V&4 milarite (sample 29a), full-
matrix least-squares refinement of an isotropic
thermal model with no- “excess” components re-
sulted in convergence at an R index of 18%.
Again, difference-Fourier maps showed that the
only significant density occurred at the B posi-
tion; for this crystal, the observed density
corresponded with that expected from the total
excess components indicated by the chemical
analysis. Inclusion of all excess components at
the B position reduced the R index to 11.3%;
refinement of the H:O occupancy of this posi-
tion produced no significant change in either
occupancy or R index. Temperature factors
were converted to an anisotropic form, and
full-matrix least-squares refinement of all varia-
bles resulted in convergence at an R index of
6.7%. The anisotropic thermal refinement was
not satisfactory in two respects. The Ca oc-
cupying the A4 sites showed a very anisotropic
vibration, with the ellipsoid greatly elongated
along the c¢ axis. In addition, the diagonal
temperature-factor coefficients of the Be/Al
atoms occupying the T(2) site were all within
30 of zero, and the ellipsoid was nonpositive
and ‘definite. Ca and B-site atomis were then
considered disordered along the 6 axis, Ca was
allowed to vibrate anisotropically, the isotropic
temperature-factor of the B-site cation(s) was
fixed at 1.5 A? and the site population of the
B-site H:O was allowed to vary. Full-matrix
refinement of all variables resulted in. con-
vergence at an R index of 6.6%.

At this stage, we were suspicious that the
positional disordering of the Ca and B-site
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atoms might be the result of systematic error
in the data, perhaps resulting from a poor
absorption-correction. Data from another crystal
of V&4 milarite, designated sample 29b, were
collected. Full-matrix least-squares refinement
of all variables for an isotropic thermal model
converged to an R index of 16%. The temper-
ature factor for the B-site atoms was unreal-
istically large, suggesting that there was too
much scattering power at the B site. The iso-
tropic temperature-factor of the B-site cation
was fixed at 1.5 A%, and the site occupancy
of H.O at the B position was refined, con-
verging to a value of 0.30(4), as compared
with the value-of 0.46 indicated by the chem-
jcal analysis. Temperature factors (except the

TABLE 4. ATOMIC PARAMETERS FOR MILARITE
STRUCTURE REFINEMENTS

Equi-
Site point X y z Bequiv.
Kings Mt. (31) Milarite
A w173 2/3 /4 1.90(4)A%
B 4d 1/3 2/3 0 1.91(23
C 2a [ 0 1/4 1.48(5
T(1) 24m 0.0819(1)  0.3359(1) 0.11244(7) 0.66(2)
T(2) 6f 0 1/2 174 0.35(6)
0(1) 121 0.0951(5) 0.3828(5) 0 1.4627)
0(2) 24m 0.1953(3) 0.2758(4) 0.1345(23 1.37(5)
0(3) 24m 0.1153(3) 0.4722(3) 0.1808(2 0.90(4)
Véing (29)a Milarite
A 8h 1/3 2/3 0.2646(9) 1.3(2)
B 8h 1/3 2/3 0.0225(13) 1.3
[+ 2a 0 0 1/4 1.6(1)
T(1} 24m 0.0792(3)  0.3349(3) 0.1141(1) 0.93(4)
T(2) 6f 0 1/2 1/4 ].8(3;
o{1) 121 0.0908(12} 0.3810(11) [ 1.8(2
0(2) 24m 0.1928(7) 0.2752(8) 0.1347(4) 1.6(1)
0(3) 24m 0.1131(7) 0.4730(7) 0.1807(4) 1.2{1)
V&%nd {29)b Milarite
A 8h 173 2/3 0.2644(12) 1.3(3)
B 8h 1/3 2/3 0.0206(22) 1.3
C 2a 0 1] 1/4 1.9(2;
T(1) 24m 0.0794(4) 0.3351(5) 0.1144(2) 1.0(5
T$2) 6f 0 1/2 1/4 : 2.556)
o{1) 121 0.0936(22) 0.3832(19) 0 2.6(3)
0£2 24m  0.1908(11) 0.2729(13) 0.1338%5) ].822)
0(3) 24m 0.1136(11) 0.4741(11) 0.1797 5)  1.3(1)

TABLE 6. SITE-POPULATIONS FROM MILARITE REFINEMENTS

Kings Mt. (31) Milarite

B 0.030 K + 0.038 Na + 0.034(18) HZO
T(2) 0.705 Be + 0.295 Al

VéZnd (29)a Milarite

B 0.046 K + 0.060 Na + 0.23(2) H20
T(2) 0.85 Be + 0.15 Al

v&%na (29)b Milarite

B 0.046 K + 0.060 Na + 0.17(3) HZO
T(2) 0.85 Be + 0.15 Al

TABLE 6. SELECTED INTERATOMIC DISTANCES (R) AND

ANGLES (°) IN FOOTE MINe AND VEZNA MILARITES
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Kings Mt. (31) v&Znd (29)a

véZna (29)b

A-0(3)

<A-0>

0&3)—0(3)
0 3;-0(3)
0(3)-0{3)

<0-0>

0(3;-A-0(3)
0(3)-A-0(3)
0(3)-A-0(3)
0(3)-A-0(3)

<0-A-0>

0(1)-0(2)
0(1)-0(2)
0(1)-0(3)
0(2)-0(2)
0(2)-0(3)
0(2)-0(3)
<0-0>

0(1)-T(1)-0
(-0
0(1)-T{1)-0
(13-0

1)-0

0(2)-T¢
0{2)-7(1)-0

<0-T(1)-0>

T(2)-0(3)

0(3)-0(3)
0(3%-0(3)
0{3)-0(3)

<0-0>
0(3)-T{2)-0(3)

0&3)-T(2)-0(3)
0(3)-T(2)-0(3)

<0-T(2)-0>

A-T(2)

2.297(7) x3 2.293(11) x3
2.456(8) x3 2.452{11} x3

2.373

3.743(17)
2.582(16)
3.212(17)

3.320
99.5(5)
109.4(4)

65.9(4)
85.1(4)

90.0

2.768(19)
3.068 223
3.491(24

3.109

X6
x3
x3

x3
x3
x3
2

x3
x3
x3

2.985(11)x12

3.120(10)x12

.628(5)

1

1.
1.621{9)
1.583(9)
1.611

2.620(14)
2.656(15)
2.606(9)

2.526(12)
2.669(13)
2.691(14)

2.628

108.0(7)
109.6(8)
108.5(7)
102.828)
113.4(5)
114.2(5)

109.4

1.649(8)

2.582(15)
2.678(18)
2.811(17)

2.690
103.1(7)

108.6(5)
117.0(7)

109.6

2.364(3) x6
2.364 2.377
3.744(5) x6 3.761(10) x6
2.615(5) x3 2.675{9) x3
3.164(5) x3 3.196(11) x3
3.317 3.323
104.7(1) x6 100.0{3) x3
109.9(3) x3
67.2(1) x3 65.5(3) «x3
84.0(1) x3 84.5(3) x3
90.1 90.0
B polyhedron
2.754%5) x3 2.799&11; x3
3.304(3) x6 3.065(13) x3
3.542(15) x3
3.121 3.135
C polyhedron
3.019(3)x12  2.999(7) x12
D polyhedron
3.166(3)x12 3.146(7) x12
T(1) tetrahedron
1.615(2) 1.620(3)
1.621%3) 1.615(7)
1.622(3) 1.617(6)
1.593(3) 1.587(6)
1.613 1.610
2.638(4) 2.630(9)
2.657(4) 2.638(10)
2.639(3) 2.619(6)
2.563§3) 2.551(7)
2.647(4) 2.658(8)
2.651(4) 2.670(9)
2.633 2.628
109.3(2) 108.8(4)
110.3(2) 109.2(5)
110.7(2) 109.5(4)
104.452) 104.2(5)
110.9(2) 112.1(4)
111.0(2) 112.9(4)
109.4 109.5
T(2) tetrahedron
1.672(3) x4 1.643(6) x4
2.615{5) x2 2.575(10) x2
2.742(5) x2 2.685(12) x2
2.829(5) x2 2.786(11) x2
2.729 2.682
102.9(2) x2 103.2(4) x2
110.2(2) x2 109.6(4; x2
115.6(2) x2 116.0(4) x2
109.6 109.6
Miscellaneous
3.31(2)
3.53(2)
3.456(2)
2.91(2)
3.93(2)
3.011(1) 3.017(3)

x4

x2
x2
x2

x2
x2
x2




48 THE CANADIAN
factor of the B-site atoms) were changed to
an anisotropic form, and full-matrix least-
squares refinement of all variables resulted in
convergence at an R index of 9.9%. The aniso-
tropic temperature-factors of the A-site Ca
again indicated an ellipsoid of vibration ex-
tremely elongated in the z direction. With the 4-
and B-site cations disordered along the 6 axis
and the H.O occupancy of the B sites con-
sidered variable, full-matrix refinement of all

TABLE 7
'ANISOTROPIC TEMPERATURE FACTOR COEFFICIENTS FOR MILARITES
11 822 833 B12 B13 B23
Kings Mt. (31) Milarite
A 45(1 45 36(1 23 0 0
c 4452§ 4 2152} 22 0 0
(1) 2101 25(1 7(4 12(1)  -101)  -1(1)
T(2) 13(5 4(7 5(2 22 0 0
o(1) 71(s 47(5 8(1 33(5) 0 0
0(2 39§3§ 62(4 1351; 38(3; -4(2)  -7(2)
0(3) 30(3 28(3 11(1 15(2 -1{2)  -a(2)
V&2né (29)a Milarite
A 27(3) 27 30(9 13 0 0
Cc 51(6) 51 2253 26 0 0
T(1) 33(3) 37(2) 8(1)  19(3) o1y -2(2)
T{2 27{12; 131 423 19(7) 66 0 0
o(1) 100(15) 65(12 4(3)  50(12) 0 0
0(2 57(8; 67(9) 17(3)  44(8) -9(4)  -8(5)
o(3) 42{7 38(7)  14(2)  17(6) 0(3) -4(4)
V&2nd (29)b Milarite
A 28(12) 28 26(12) 14 0 0
[ 72 9; 72 14(4)° 36 0 0
Tg]) a4(a 48(4) 0{1)  25(4) 0(2) -4(3)
T{2) 55(20) 167(78) 18(10) 83 0 0°
oﬁ] 160(29) 104(23) -4(4) 75522) 0 0
0(2) 71(13) 108 17; 5(3; 66(13) -5(6)  -9(6)
0{3) 50011} 53(11 8(3 29(9)  -1{5)  -7(6)

MINERALOGIST

variables converged to an R index of 9.7%.
Both T'(1) and O(1) had Bss = O within one
standard deviation, and their vibration ellipsoids
were nonpositive. and definite; thus, neither re-
finement of V&Znd milarite can be considered
completely satisfactory. However, attempts to
refine both VéZni sets of data (samples 29a
and b) in space group P6cc did not result in
significant improvements in the refinement; the
unsatisfactory aspects of the refinements are
considered due to the large number of weak
reflections in the data sets of the V&%n4 crystals.

Final atomic parameters are given in Tables
4 and 5; structure-factor tables are available,
at a nominal charge, from the- Depository of
Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ontario K1A 0S2.
Interatomic distances and angles were calculated
with the program ERRORS (L.W. Finger, pers.
comm.) and are given in Table 6; the aniso-
tropic temperature-factors are given in Table 7.

STRUCTURE AND CHEMISTRY

General

The structure of milarite is illustrated in
Figure 1. Hexagonal Si1:0s double rings of
silicate tetrahedra are linked by tetrahedrally
coordinated T(2) cations and octahedrally co-
ordinated A4 cations into a three-dimensional
tetrahedral framework. Sandwiched between
adjacent 4 octahedra are the B sites, each sur-
rounded by nine oxygens; alternating along the
tunnels formed by the stacking of the double
hexagonal silicate rings are the C and D sites,

F16. 1. Crystal structure of milarite viewed parallel to [101] and [001]. Octahedral 4 sites located at
_the level of the T(2) octahedra are omitted in the horizontal projection for clarity.
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TABLE 8. CATION AND WATER POSITIONS IN MILARITE
Equi- Site
SymboT  point C.N. Symmetry Population
T(1) 24(m) 4 1 Si(Al1?)
T(2) 6(f) 4 222 Be,Al(B, Mg,T'i In,Sc)
A 4(c) 6 32 Ca{Mn,Fe,Sr)
B 4(d) 9 3 Na,K,H,0{Ca,H 0?)
c 2a) 12 62 K(Na,B4,Y,Yb)°
D 2(b) 18 6/m (Hz ??)

Modified after Forbes et al. (1972),Table 1.
Elements in parentheses - minor but >0.01 wt.%

each surrounded by twelve and eighteen oxygens,
respectively. The general formula for minerals
of this structure type may be written (Forbes
et al. 1972) A.° 2°C12D18T(2)34T(1)124030 with
the site populations in milarite given in Table 8,
based on the chemical analyses of Table 2 and on
the emission-spectrograph analyses of Cerny
(1960, 1967, 1968), Sosedko & Telesheva (1962),
Chistyakova et al. (1964), Stanek (1964),
Tovcheva et al. (1966) and Novikova (1972).
These data conform to the idealized average
formula of milarite itself, (K,Na)Cas[(Be.Al)
Si1s]0500.75H:0, as suggested by Palache
(1931).

Tetrahedral population and charge balance

Table 2 shows that the Be/(Be + Al) ratio
varies between 0.42 and 0.85, the (Be,Al) con-
tent (normalized to the ideal total of 6.0)
varying correspondingly from Be.ssAls to
Bes.0Aloso, as shown in Figure 2. Examination
of the T7(2)—O bond lengths in the milarite- and
tuhualite-group minerals (Fig. 3) shows that
the data of the present study are consistent

24 60

C:&ZN ,)Si

4t $518)
13
3
x17
o (K, Na) Ca (Be4AIZ)S|24 50
5 2t 4°2
&
*
<
— l -
(N°'K)Z(K'N°)2C,°4(B°S)Sizpeo
] | | {

2 3 4 5 6
Be
Fic. 2. Plot of Be versus other T'(2) cations (Al +
Fe®* 4 B). Most data follow closely the Bes-
(Al 4- Fe®* 4 B), line.

® Milarite group minerals
2.00[ o Tuhudlite group minerais F

1
030

0.40,
FrpptA)

.FIG. 3. Plott of the <T(2)-O> distances versus

<rre> for the minerals of the milarite
and tuhuvalite groups: A milarite, B armenite,
C sogdianite (Bakakin er al. 1975), D osumilite
(Brown & Gibbs 1969), E merrihueite (Khan
et al. 1971), F tubualite (Merlino 1969), G
zektzerite (Ghose & Wan 1978), H Zn-milarite
(Pushcharovskii ez al. 1972).

with direct substitution of Be for Al at the
T(2) sites. This substitution was noted by
Sosedko & Telesheva (1962), but-they could
not identify the charge-balancing substitution.
The obvious way in which electroneutrality

Loor (K,NolCaBeg)SinOss
Releld 29
027
80r B o8
{K,Na),Cay(Beg Al)SipdOe0 %' 30
—_ 3l &
=.70F ® O
f +
4
8 .60 =5 ©
-
@ .50 X7
x13
40 Cag(Be, AL)SinO%0
30 1 1 | 1
[o] I 2 3 4

{Na+K+ Ca) charge inexcess of 8.00

FiG. 4. The Be/(Be 4 Al) ratio versus the (Na +
K 4 Ca) charge in excess of 8.00, representative
of the C- and B-site populations. Solid line in-
dicates the ideal Be 4 Na a2 Al substitution.
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could be maintained on substitution of Be for
Al at T(2) is by substitution of alkali metal
cations at the B position, which is unoccupied
in the ideal formula. This results in the charge-
balanced substitution Be™® -+ Na® & Al"® 4
[®. There seems to be no reason why X could
not also participate. in this substittution (cf.,
merrihueite, Khan et al. 1971). Similarly, many
analyses show a slight excess of Ca that could
also occupy the B site. This substitution is ex-
amined in Figure 4; the analyses scatter about
the ideal relationship, but the correlation is
hardly impressive. There is a slight improve-
ment if Ca is not included in the B-site cations,
but it is not clear whether this is significant.
Although this apparently is the primary substi-
tution, several additional substitutions are
possible. However, except for the possible sub-
stitution of Ca for K at the C site, they all
produce a charge deficiency and cannot help to
balance the charge deficiency produced by the
Be @2 Al substitution. As the K content of the
unit cell generally exceeds 2.0 (Table 2), the
substitution of “excess” cations into the B
position is the only scheme that can balance
the charge deficiency produced by the Be &
Al substitution, and hence the coupled substi-
tution indicated above must hold.

Since the substitution of large cations at the
B site is the only charge-excess-producing sub-
stitution, the data points of Figure 4 should
lie along or below the line representing the
above substitution, provided there is no error in
the chemical analyses. The data tend to scatter
more or less randomly about the line (except
for certain samples that do lie well below the
line); this suggests that in fact additional sub-
stitutions are not important and that the scatter
about the line represents analytical error. In
minerals of this sort, which contain large
amounts of high-valence cations and small
amounts of low-valence cations, small percentage
errors in the analysis of high-valence cations
(Si**) produce a tremendous effect on the
assignment of low-valence c¢ations (Na*,K*) to
particular positions in the structure where the
alkali metal sites are of low multiplicity. In the
case of the milarites, the principal coupled-sub-
stitution scheme is all but obscured by this effect.

Inspection of analysis 13 (Table 1) shows
Si to be significantly less than the ideal value
of 24.0, whereas the sum of Al 4 Be is signifi-
cantly in excess of 6.0. This suggests the sub-
stitution of some Al for Si in T(1); however,
electroneutrality is maintained by the sum of
T(1) 4+ T(2) cations significantly exceeding
30.0. Thus it is not clear whether this osumilite-

MINERALOGIST

TABLE 9. SCHEMATIC REPRESENTATION OF THE
MILARITE SUBSTITUTION SERIES

By C, Ay T(2)6 T(l)24 Sample #
HZO" Ca4 Bez'A14 Si 24
H20 (K>Na)-I Ca4 Be3A13 51'24 —10
H20 (K>Na)2 Ca4 Be4A]2 5124 —-15, 21, 22
(Na,K)l,Hzo (K>Na)2 Ca, Be5A1 Si24 —20
(Na,K)z,HZO (K>Na)2 Ca4 Be6 5124

like population of the tetrahedral double rings
is real. Other samples (particularly 7 and 4)
that deviate considerably from the ideal sub-
stitution line shown on Figure 4 are character-
ized by T(2) cation sums significantly less than
the ideal value of 6.0; whether this reflects
analytical error or the presence of additional
elements is not clear,

The extent of the main substitution is shown
schematically in Table 9. The existence of the
Al-free beryllium end-member appears feasible,
since the B and C sites can accommodate the
necessary alkali metals. However, in nature
this species is unlikely, because milarite para-
geneses are always rich in Al. At the other end
of the series, the alkali-free compositions are
most unlikely natural minerals, although the
{(Be:Aly) composition may occur as a synthetic
phase.

Water

Bakakin et al. (1975) showed that water oc-
cupies the B positions in the general formula
given above, although they proposed that it
does not occupy the centre of the surrounding
anion polyhedron (the 4b position), being
slightly ~disordered in the fgz position.
Our structural results for the VéZnd milarite
(sample 29) support this ‘result. Forbes et dal.
(1972) suggested that milarite may contain
hydronium ions (HsO*) rather than water mole-
cules, and further suggested that if this were
the case, then the oxygen atom of the hydro-
nium ion would occupy the 8% rather than the
4b position, as was found by Bakakin et al.
(1975) and in this study. However, polarized-
infrared-absorption spectra of Kings Mt. (sam-
ple 31) and V&n4 milarites show the presence
of nonbonded molecular water only, apparently
in the same chemical and structural environ-
ment (G.R. Rossman, pers. comm.). This is
in accord with the present study, in which
water occurring at the B position is beyond the
bonding limit of any of the adjacent cations.
In the V&ng milarite (sample 29), positional
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disorder of both Ca and H.O at the 4 and
B positions, respectively, could promote slight
bonding between Ca and H.O if the correct
configuration occurred. However, the infrared-
absorption data on these crystals appear to
negate this possibility. One interesting result
of the present study is that the total electron-
density found at the B sites in Kings Mt.
(sample 31) and V&ng (29b) milarites was
not in accord with that indicated by the cell
contents calculated from the chemical analyses.
With regard to the V&n3 results (sample 29),
the mean bond-lengths suggest the same site-
chemistry at the T(1), T(2), A and C sites
in the structure for both samples 29a and
29b. Thus, the excess alkali cations occupying
the B sites should be the same in both crystals
to ensure overall electrostatic neutrality. Con-
sequently, any change in occupancy of the B
sites should involve molecular H:0, as there
seem to be no stoichiometric constraints af-
fecting this species. Although the VE&Zn4 crystals
(29a and b) were taken from the same cluster
of crystals, the physical appearance of each
differs considerably. The cluster of crystals con-
sisted of a radiating spray of acicular crystals
up to 7 mm long. Where attached to the cavity
edge, the crystals were fairly thick (~ 0.06
mm), and sample 29a was taken from this
region. A small distance from the base, the
crystals thinned rapidly and were ~ .02 mm
thick along most of their length; sample 29b
was taken from this region. Thus, the differ-
ence in H,O contents could reflect a change
in ambient conditions of formation or growth
rates. Our results for Kings Mt, milarite (sam-
ple 31) reveal much less HsO than the amount
indicated by the chemical analysis. However, it
should be noted that the amount of H.O indi-
cated by the structure refinement is highly de-
pendent on the alkali content of the B position
and hence is strongly influenced by small errors
in the chemical analysis or by compositional
variability in hand specimen. Infrared-absorp-
tion results (G.R. Rossman, pers, comm.)
show that some Kings Mt, milarites contain
substantial amounts of water. These considera-
tions suggest that the H,O contents of milarites
are highly variable, both in hand specimen and
possibly even in individual crystals. Water does
not seem to be an essential constituent of
milarite, by analogy with osumilite (Olsen &
Bunch 1970, Goldman & Rossman 1978),
which has been shown to be an anhydrous min-
eral. The fact that milarites generally contain
water whereas osumilites do not presumably
reflects the different parageneses of these two

minerals. Also pertinent to the highly variable
water content, milarite may contain fluid in-
clusions that contribute nonstructural H,O to
the chemical analysis.

X-RAY POWDER-DIFFRACTION STUDY
Natural specimens

X-ray powder-diffraction data for milarite
obtained in this study correspond in general with
published values, but they reveal distinct differ-
ences in their dependence on chemical com-
position. Figure 5 and Table 10 present the
data for samples 25 and 29, which have widely
different Be/(Be + Al) ratios' and H:O con-
tents. The conspicuous - difference between the
illustrated patterns is principally due to the
remarkable increase in the intensities of the 200
and 300 reflections with increasing occupancy
of the B position.

Figure 6 shows the unit-cell dimensions of
natural milarites. As the data obtained by

(25)GUANAJUATO

¥

L 1 ?00 1 ?00 1 1
40 30 20 10
(29)VEZNA
200
1 1 1 . 1 I ] N I
40 30 20 10
°286 CuK.,l

Fig. 5. X-ray powder-diffra/ction patterns of two
milarites representative of the Be- and water-
poor (sample 31) and Be- and water-rich (29)
varieties. Note the remarkable difference in in-
tensities, attributable mainly to the different H,O
contents.
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TABLE 10. X-RAY POWDER DIFFRACTION DATA
MILARITE (25) GUANAJUATO MILARITE (28) VEZNK

1.20 wt.% H,0 (1.33 per cell) 2.00 wt.% H,0 (2.24 per cell
B-site occuéanc,y 1.63 B-site occuﬁancy 3.09
Be/(Be + Al) = .62 Be/(Be + A1) = .85
as= 10.408€2) 2 a=10.414(1) &
c = 13.826(6) R €= 13.673(3) R
Imeas d(x)meas d(R)caIc hia Imeas d(ﬂ)meas d(x)cah: hki
16 6.93 6.913 002 6 6.85 6.837 002
7 5.48 5,487 102 - - 5.448 102
36 5.22 5.209 110 21  5.20 5.207 110
19 4.51 4.511 200 39 4.5 4.509 200
47 4.16 4,160 112 29 4.14 4.142 112
24 3,777 3.778 202 15  3.763  3.764 202
23 3.456 3.457 Q04 16  3.418  3.418 004
100 3.316 3.211 %111‘ 100 3.310  3.307 211
3.228 10 - 3.206 203
16 3.221 354 03 16 3200 Figc o4
27 3.009 3.007 300 60 3.007 3.006 300
71 2.882 2.822 ;12 65 2.858 2.858 114
2.7 0 2.730 213
46 2785 9774 213 28 2729 55 o0
9 2.603 gg?g 230 13 2.603 2.603 220
. 303 2.509 303
8 2511 55 arp 10 2508 oy 3y
10 2.462 2.42; g;; 13 2.460  2.460 311
2.4 2.433 222
9 2831 57 214 4 24200 5Th 1a
1 2,265 2.269 304 3 2.255 2.257 304
6 2.198 2.199 313 7 293  2.193 313
1 2.149 2,148 215 1 2,132 2.133 215
3 2,107  2.107 116 3 2.090 2.088 116
3 2.045 2.047 321 5 2,084 2.086 321
11 2.026  2.027 314 9  2.019 2.018 314
7 1.967 1.969 410 13 1.967 1.968 410
3 1.950  1.949 411 3 1.945 1,948 411
1.894 412 1.891 412
12 1.890  1.889 404 8 1.88  1.884 323
1.888 323 1.882 404
14 1.855 1.855 315 12 1.846  1.846 315

Philips-Norelco diffractometer, scanning %°2e¢/min.

Cu K ; radiation, CaF, internal standard (a = 5.4620 g).

different authors on samples from a single local-
ity commonly show considerable scatter, only
the new sets of unit-cell dimensions are con-
sidered here. Our data, shown in Figure 6 and
compared with the compositions listed in Table
2, suggest a distinct trend of a increasing
slightly and ¢ decreasing sharply with the gen-
eral increase in Be/(Be + Al), B-site alkalis
and H.O. The best correlation is with H.O
(Fig. 7); data in the Be/(Be -+ Al) diagram
show considerable scatter (Fig. 8), and the
B-site alkalis show little or no correlation,
[Note added in proof: A new set of unit-cell
dimensions was obtained by the present authors
for the Rdssing milarite analyzed chemically by
von Knorring (1973: sample 19): e 10.398(4),
¢ 13.812(9) A. Except in the ¢ versus Be/ (Be+
Al) plot (Fig. 8), these values follow the
established trends between cell dimensions and
chemistry.]

Heating experiments
Differential thermal analysis of milarite,
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Fi1G. 6. Unit-cell dimensions of milarite; new data
marked by solid dots, data from literature by
empty circles and xs. Triangles denote new data
obtained by single-crystal methods, Solid lines
connect values collected by different techniques,
on different samples, of the Val Giuf milarite.
Crosses indicate the maximum and minimum
single standard errors for the new data.

together with other controlled heating exper-
iments, indicate that significant dehydration
starts only above 600°C, and long periods of
heating are necessary to expel all the H:O
present. Forbes et al. (1972) suggested that
the loss of H:O from the B sites is responsible
for the heat-induced changes in the unit-cell
dimensions. If true, unit-cell dimensions could
be used as a measure of dehydration in heating
experiments, and heating to temperatures close
to the melting point should lead to (almost)
total dehydration, counteracting the influence
of H.O on the unit-cell dimensions,
Temperature—time plots (Fig. 9) show the
behavior of milarite (sample 30a) under dif-
ferent heating conditions, The character of the
changes in unit-cell dimensions, increasing in
magnitude with increasing temperature and
leveling off only after prolonged heating, is
in accord with the location of H:O in the B
sites. Long runs at high temperatures are
evidently necessary to expel the H:O molecules,
which are effectively caged in the [9]-0Xygen
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dimensions after heating at 1050°C for 16 h
in air indicated by arrowheads.

coordination polyhedron surrounding the B sites.

Milarite (sample 30a) shows broadening of
its X-ray powder-diffraction peaks after short
runs at 1070 and 1080°C. Charges treated at
1070°C/72 h show incipient breakdown with
formation of CaBeSiO, but no indication of
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F1G. 9. Changes in unit-cell dimensions of milarite
from Réssing (sample 30) with time of heating in
air at 600 and 1000°C, after water-dip quench-
ing. Vertical bars indicate a single standard
error in the unit-cell dimension.

melting; runs at 1080°C/21 h lead to incon-
gruent melting with formation of CaBeSiO,,
tridymite and possibly some quartz. Complete
melting occurs at 1100°C/1 h. Consequently,
1050°C was selected for standard dehydration
runs, and a period of 16 hours was considered
sufficient, as the interval was well inside the
horizontal segment of the temperature—time
curves of Figure 9, even at lower temperatures.

Unit-cell dimensions of the heated milarites
display extremely poor correlation with the
B-site alkalis, but the alignment of data against
the Be/(Be + Al) ratio- is good and much
improved over the same correlation for natural
hydrous milarites (Fig. 8). This is not alto-
gether unexpected in view of the chemical
substitutions discussed above. The substitution
of Be for Al in T'(2) is accompanied by a
contraction of the a and ¢ dimensions, owing
to the difference in their ionic radii. The effect
of the accompanying introduction of Na into
the vacant B sites is hard to estimate, as it
depends on the relative sizes of the polyhedral
cavity either empty or occupied by Na, the
values of which are not known. However, it
obviously does not cause a substantial expan-
sion of the structure.

The considerable change in unit-cell dimen-
sions upon dehydration, commensurate in mag-
nitude with the original H:O content, supports
the suggestion of Forbes er al. (1972) that
H:O does significantly affect the cell dimen-
sions. Since it is present as molecular H.O,
repulsion between H.O and the surrounding
anions presumably prevents the structure from
collapsing in the (001) plane when the tem-
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perature decreases subsequent to crystallization;
thus, dehydration is accompanied by a decrease
in @ and an increase in ¢, as is observed (Figs.
7, 8).

PHaYSICAL PROPERTIES

The range of measured densities of milarites
is very narrow ( ~ 0.15 g/cm?® excluding one
exceptional specimen quoted by Hiigi & Roéwe
1970), and it is even more restricted for the
analyzed specimens listed in Table 2 ( ~ 0.10
g/cm®). No significant correlation with com-
position is apparent, except a general tendency
to increase with increasing B-site occupancy,
as exemplified by the low-density samples 25,
37 and 1, and high-density samples 27 and 29
(Table 2). Increasing H,O content would com-
pound this effect by reducing the unit-cell
volume.

The extremely low birefringence of most
milarites makes attempts to measure ne and new
(or nee and ny) impractical; consegently, 7
was either measured directly or calculated. As
expected, n. increases with both B-site oc-
cupancy and Be/(Be + Al) ratio, but it shows
much better correlation with the former (Fig.
10). The considerable scatter of both measured
and calculated n.. is understandable in terms of
analytical errors combined with the optical
inhomogeneity of sector-zoned crystals. For
example, it appears that the low indices of
refraction quoted for milarite samples 7 and 13
were measured on fragments totally nonrep-
resentative of the material used for chemical
analysis.
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The birefringence of milarite tends to in-
crease with n. and the B-site occupancy but
the trend is poorly developed. The optics of
biaxial sectors influence the relation of com-
position to birefringence much more than to
n.. In general, it can be concluded that the
concomitant increase in n. and birefringence
with increasing alkalis and H.O is analogous to
that displayed by beryl (e.g., Beus 1960, Feklit-
chev 1964, Cerny & Hawthorne 1976).

The extremely low indices of refraction of
several Swiss milarites given by Hiigi & Rowe
(1970), 1.512 to 1.524, invite comment be-
cause they lie below the range of indices meas-
ured for the chemically analyzed specimens
(Table 2). An extension of the substitutional
series shown in Table 9 towards alkali-free Al-
enriched members, which would decrease nn,
seems improbable, as was discussed above.
Very low water-contents in these specimens
may be responsible, since additive molecular
H,O has a very pronounced effect on indices
g refraction (cf., Schreyer & Yoder 1964,
ernf & Hawthorne 1976).

OPTICAL ANOMALIES

The most frequent form of optical anomaly
in milarite is sector zoning, described by many
authors during the last hundred years (cf.,
Introduction). It consists of growth pyramids
underlying each crystal face, with a common
apex in the central parts of the crystal. The
basal sectors are uniaxial or finely cross-hatched,
and the pyramidal and prismatic sectors are
biaxial. Other types of anomalies, such as

20
l'lnlnnnllllxnljlli
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Fic. 10. Index of refraction n, of milarite: measured values (A and C) and calculated using dea
(B and D) plotted against the Be/(Be + Al) ratio (A and B) and against the B-site occupancy

(C and D). Symbols as in Figure 6.
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patches of undulatory extinction or microper-
thite-like moiré patterns with ill-defined sector
boundaries, are also known but are much less
common.

The optical sectors . undergo considerable
change upon heating, commonly disappearing
completely, Most of the dehydrated “metamila-
rites” of Rinne (1927) and other authors are
optically homogeneous and uniaxial, in agree-
ment with the morphological and structural
symmetry. This suggests that the optical ano-
malies are low-temperature phenomena, caused
by ordering or strain during cooling, despite
the pyramidal growth-surfaces controlling the
sector boundaries.

Three observations argue against ordering as
the cause of the optical anomalies, Tetrahedral
ordering schemes that would necessarily de-
crease the symmetry can be developed only for
the stoichiometric members of the series; the
nonstoichiometric compositions of most natural
milarites would prevent long-range order. This
is supported by the existing structure refine-
ments from this study and the previous work
of Bakakin & Solovyeva (1966) and Bakakin
et al. (1974), which have not detected any
significant deviation from hexagonal symmetry.
Also, infrared-absorption spectra obtained for
the uniaxial V&nd milarites during this study
do not differ in thte range of the tetrahedral-
cation-oxygen vibrations from those published
in the literature for the optically anomalous
samples.

Foord & Mills (1978) have reviewed the
factors that can cause strain in crystals, Of
these, deformation can be ruled out, as most
milarites grow freely into open cavities. Tem-
perature or pressure quenches can hardly be
responsible, considering the wide variety of low-
temperature  hydrothermal environments in
which milarite originates and the lack of quench
effects in the associated minerals. Growth de-
fects have not been studied in milarite, but
even if present they could hardly be so wide-
spread and uniform in their effects on the optics
as would be required by the abundant occur-
rence of the anomalies. Sectorial chemical
substitutions, however, are well established in
milarite. Rinne (1927) noticed that the milky
discoloration of water-clear milarite induced by
heating and dehydration is initially confined to
some optical sectors, Partial analyses of differ-
ently colored prismatic and basal growth sectors
from the Central Kazakhstan milarite have
shown substantial differences in the alkali con-
tents, suggesting different Be/(Be + Al) ratios
and water contents (Chistyakova et al. 1964).

Compositional sector-zoning with respect to
H:O' is particularly interesting, as the water
content of the B sites exerts a significant in-
fluence on the unit-cell dimensions, counteract-
ing the effect of the Be & Al substitution.
Dimensional misfit may be expected along
boundaries of sectors with different H.O con-
tents, resulting in strain and optical anomalies
that are enhanced during cooling and differ-
ential thermal contraction. Thus, the explanation
of the optical anomalies proposed by Cerny
(1960) still holds, in principle, although it
was originally based on false premises deduced
in part from the structure model of Ito et al.
(1952) with misplaced water molecules.

Natural milarites with uniaxial optics seem to
be confined to the compositions with high
alkali, Be and H,O contents. With continued
investigation of milarite from new localities,
this may prove to be accidental. At present,
it seems that the uniaxial optics are confined
not only to a particular compositional range
but also to radiating and felty masses of fibrous
crystals, suggesting fast nucleation and growth
rates. Under these conditions, the growth of
compositionally different sectors is unlikely.

CONCLUSIONS

The principal results of the present study,
condensed in the abstract, represent a substan-
tial advance in the understanding of milarite.
They answer most of the questions raised by
apparently inconsistent, erratic variations in
composition, and they establish some of the
relationships between chemistry and physical
properties. Nevertheless, some of the interpre-
tations have had to be made on rather meagre,
poor-quality evidence, restricted mainly by
scarcity and heterogeneity of material and by
the ensuing chemical analytical problems.
Further study of milarite from new localities,
using advanced analytical techniques on isolated
optical-sector units of crystals, is highly desir-
able.
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