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ABSTRACT

Topaz has been synthesized in the quaternary system AlFs-ALOsSi0-H.0
between 350° and 950°C largely at 2000 bars using conventional hydrothermal
techniques. Compositional variations of two principal types have been recognized
on the basis of refractive index and d-spacing measurements, defining two series,
a “natural” series having variable F/OH ratios and an OH-free solid solution
series containing excess Al and F. :

In the natural series, stable in F-deficient assemblages, topaz hydrolyzes with
decreasing temperature according to the equation ALSiO.JFa + XHO =
AlSi0Fs.(OH). + XHF. Thus, topaz T/OH ratios are dependent on the fuga-
cities of HF and H.O which are buffered by assemblages of four phases including
vapor.

Tn the solid solution series stable in F-rich assemblages, Al** and F*~ substitute
for Si** and O respectively. Where Al** is not readily available anion substitu-
tions may be compensated for by tetrahedral vacancies.

Isobarically univariant curves have been determined for topaz in assemblages
with 1) quartz (or corundum), mullite (or pyrophyllite), vapor; 2) quartz, AlF,,
vapor; 3) corundum, AlF: (or ralstonite), vapor. Zunyite appears below 500° C
in silica-deficient assemblages.

Application to natural topaz-bearing assemblages is limited because natural
systems are usually open with respect to the vapor phase.

INTRODUCTION

Until recently few attempts had been made to study F/OH exchange
in the silicates experimentally. In the past several years a number of
studies involving micas have appeared (e.g., Noda and Ushio, 1964;
Munoz, 1968; Munoz and Eugster, 1969; Rieder, 1971) but micas
are structurally and compositionally complex and therefore, the
results of these studies have been difficult to interpret, and in some
cases conflicting. The mineral topaz, Al,SiO4(F, OH)z is relatively
simple both compositionally and structurally and is well suited to
serve as a model for F/OH exchange in the silicates.

Topaz is a diagnostic product of so-called “pneumatolytic” processes
which are believed to be due to crystallization from and reactions with
F-rich fluids derived from late-stage, residual magmas or from F-
bearing minerals by F/OH exchange during regional metamorphism
(Deer, Howie, and Zussman, 1962). Topaz occurs in greisens and
pegmatites associated with granitic rocks in assemblages with quartz
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and other minerals including micas, tourmaline, etc. A knowledge of
the stability relations of topaz would help to define the range of
physical conditions during the formation of these assemblages. Further-
more, since a wide range in F/OH ratios has been observed (Deer,
Howie, and Zussman, 1962; Ribbe and Rosenberg, 1971), the com-
position of topaz may be a sensitive indicator of environmental con-
ditlons during its formation.

In 1887 Freidel and Sarasin (in Morey and Ingerson, 1937) syn-
thesized topaz by reacting a fluorosilicic acid solution with a mixture
of silica and alumina at 500°C. Since this first synthesis topaz has
been prepared many times under a wide range of experimental con-
ditions using a variety of starting materials. To date these studies
have been concerned mainly with the synthesis of topaz (e.g., Michel-
Levy and Wyart, 1946; Schober and Thilo, 1940; Coess, 1955) or,
more recently, with other minerals, the synthesis of topaz being purely
incidental to the main purpose of the study (e.g., Yoder and Eugster,
1955; Althaus, 1966). Despite these experimental studies no attempt
has yet been made to determine the stability relations and composi-
tional variations of topaz under a range of conditions simulating those
in natural environments.

As a contribution to this problem topaz-bearing assemblages have
been synthesized in the quaternary system AlFs;—Al,05-Si0s—H,0 in
the presence of excess water between 350° and 950°C largely at total
pressures of 2000 bars. Topaz equilibria under these conditions are
believed to provide an adequate model for crystallization in some
natural environments.

This paper concerns variations in the chemical composition of syn-
thetic topaz and their significance. Detailed discussion of the thermal
stability of topaz-bearing assemblages in the above system will be
presented in a later paper now in preparation.

ExPERIMENTAL DETAILS

Procedure

Conventional hydrothermal equipment and techniques were used through-
out this study. Most of the experiments were carried out in sealed gold tubes
and cold-seal pressure vessels; gold-lined Morey vessels were used in a few
of the earlier experiments.

In order to test the influence of starting materials in experimental products,
bulk compositions (Fig. 1) were prepared in duplicate, as mechanical mixtures
of reagent grade Al:O; or recrystallized AI(OH)s. natural quartz (Minas Gerais,
Brazil) or Cab-O-Sil (amorphous silica) and AlF; which was used as the source
of ¥ in all mixtures. Several compositions were also prepared by mixing kaolinite
(API No. 9, Mesa Alta, Calif.) and AlF: with enough quartz or ALO,, where
necessary, to give the required bulk composition. A series of early experiments
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using quartz, Al:Os, and fluorosilicie acid were carried out with the same purpose.
The same final phase assemblage was obtained for bulk compositions in the silica~
rich portion of the system regardless of starting materials, Some inconsistencies
in run products (e.g., presence or absence or zunyite, AluSi;Ox(OH, F)i) were
observed in the AliQsrich portion of the system particularly below 500° C which,
unfortunately, have some effect on the composition of coexisting topaz.

Samples of these mixiures were sealed, along with excess water, into gold
capsules which proved to be inert to the corrosive experimental atmosphere.
Most experiments were at a total pressure of 2000 bars except those above 800°C,
1000 bars and above 900°C, 500 bars. The duration of the experiment was from 3
days to 3 months. In general, equilibrinm was assumed to have been attained
when an increase in the duration of a particular experiment by a factor of three
failed to produce a change either in the final phase assemblage or in the d-spac-
ings of topaz, within the precision of the measurements. This eriterion was useful
for experiments above about 500°C since most phase assemblages reach a steady
state within 30 days above this temperature. Below 500°C most experiments re-
ported have a duration of 2-3 months and are believed to represent a close ap-
proach to equilibrium as defined above. Although experiments of longer duration
were not attempted as a rule, several six month runs appear to confirm this con-

AlFy
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Al,O et > SiO
2=3 mullite pyrophyllite ~2

Tio. 1. Anhydrous bulk compositions (mole per cent) of starting materials.
Each composition represents two or more mixtures. Composition triangles show
phase compatibilities in the system with H.O above 600°C. Note that topaz is
represented only by end-member composition.
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clusion. As a further check on equilibrium the F/OH ratio of topaz produced by
direct synthesis was approached from two directions above 600°C using natural
topaz having high and low F/OH ratios as starting materials. These experiments
will be discussed in detail in a later section.

A series of experiments involving water-free, “dry” compositions resulted in
the encrustation of the samples against the walls of the gold capsules; the cap-
sules were etched and some gold was deposited within the samples. Although
this phenomenon was not investigated, it appears to be due to the formation of
a. corrosive fluid which adheres to gold and quenches to an imperfect glass-like
substance. These relations were never observed in the presence of water.

Phase Characterization

_ After quenching, products were identified by means of their X-ray powder
diffraction patterns using Ni-filtered, Cu-radiation and where possible, by their
optical properties. Topaz and AlFs were characterized by X-ray and optical
measurements and by infra-red speetrophotometry.

Topaz (021) and (211) X-ray reflections, two of the three invariably observed,
were measured against an internal standard, CdF, which has a conveniently
located reflection at 28.70° Cu Ka. Ralstonite (311)-spacings were also measured
against this peak. A2¢ values were obtained by averaging four or more measure-
ments (scan rate, 3°/min.) per reflection and are known within 0.005° 26. The
(220)-spacing of AlF: was measured (scan rate, °/min.) against a CdF, reflec-
tion at 56.7° Cu Xa; A2¢ values are based on averages of two or more measure-
ments and aré known to within 0.01° 29.

Since individual topaz crystals could not be resolved under the polarizing micro-
scope, mean refractive indicies of topaz aggregates were measured in Na-light. Mean
values are significant because of the rather low birefringence of topaz (and AIF;) and
the relative sensitivity of refractive index to variations in F/OH ratios. Mean values
were also obtained for AlF; refractive indicies, although in many cases it was possible
to resolve individual crystals optically. Measured values have a precision of =.002.
For purposes of comparison, with synthetic topaz mean refractive indicies were cal-
culated for a series of natural samples of known composition (Ribbe and Rosenberg,
1971) using the formula n = 3+/aBy (Van Valkenburg, 1961).

The relationship of Aw and of refractive index to the F-content in natural
topaz have been determined by Ribbe and Rosenberg (1971). Variations in Ass
and mean refractive index of AlFs as well as Asu of ralstonite with F/OH ratios
are implied from data given in this paper.

Infra-red spectrophotometry was used to study (OH)--stretching bands in
topaz and AlFs. Samples were prepared using conventional KBr pellet techniques

(Lyon, 1967) and run on a Beckman IR-8.infra-red spectrophotometer with a
blank KBr pellet in the reference beam.

ExrrriMENTAL RESULTS AND THER IMPLICATIONS

AlFs-Vapor Equilibria

AlF;-vapor equilibria can serve as a simplified model of topaz-vapor
equilibria in the system AlF3-Al,05-Si0.-H,0.

X-ray, refractive index, and infra-red data indicate that AlF; hy-
drolyzes with decreasing temperature by partial replacement of F- by
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(OH)-. Direct evidence of hydrolysis is provided by the infra-red
absorption pattern of AlF, after equilibration with water at 600°C
and 2000 bars which clearly shows the presence of an (OH)~-stretching
band (Fig. 2). Hydrolysis in the system AlF3-Al;05-S102-Ho0 results
in progressive decrease in Asze with decreasing temperature (Fig. 3)
corresponding to a decrease in d-spacing which is probably due to H-
bonding. The extent of hydrolysis is greater when AlF; 1s in equilib-
rium with topaz, corundum, and vapor (Fig. 3, filled circles) than

«—— Absorbance

by 1072

Wavelength (L)

Fic. 2. Infra-red absorption pattern of hydrolyzed AlFs.
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Fre. 3. Variations in AlFs Am and ralstonite Asw X-ray measurements with
temperature. Open circles; topaz with AlFs; .(OH)., quartz, vapor (Fig. 1, B and
D). Filled circles; topaz with AlF, (OH),, alumina, vapor Fig. 1, E). Triangles;
ralstonite replaces AlFs ,(OH),.

when AlF; coexists with topaz, quartz, and vapor (Fig. 3, open circles).
The maximum hydrolysis of AlF; in the former assemblage occurs at
about 600°C; at lower temperatures (OH)--bearing AlF; inverts to
yalstonite, A1(OH, F); (pyrochlore structure), (Fig. 3, triangles) which
also hydrolyzes with decreasing temperature, as shown by As;; meas-
urements. The intervention of an additional phase, AIF,(OH) (P. H.
Ribbe, personal communication), over a short temperature interval
between 600° and 575°C inclusive is neglected here but will be dis-
cussed in a later paper.

Predictably, mean refractive indicies of (OH)—-bearing AlF; in-
crease progressively with decreasing Asqo values and temperatures,
ranging from 1.379 == .001 for end-member AlF; to 1.405 == .002 for
hydroxyl-rich AlF;.

The hydrolysis of AlF; may be expressed by the equation,

AlF; 4+ X H,0 = AlIF,_,(OH), 4+ X HF.
Topaz, an aluminum fluoride, may be expected to undergo a similar
hydrolysis given by the equation.
.A].gSiO.;Fz + X H2O = AleiO4F2—z(OH)Z + X HF

Thus, the F/OH ratios of AlF; and topaz depend on the fugacities of
HF and H,0. These fugacities are fixed at a given temperature and
pressure due to the buffering capacity of four-phase assemblages (in-
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cluding vapor) in the quaternary system. The greater extent of AlFs
hydrolysis in the presence of excess alumina (Fig. 3, filled symbols)
than in the presence of excess silica (Fig. 3, open symbols) suggests
that fmp is lower in alumina-rich assemblages. The reaction

8i0, + 4HF = SiF, + 2H,0
buffers the fugacity of SiFy in the system.

Compositional Variability of Topaz

The relationship between Ags; and the F-content of topaz (Ribbe
and Rosenberg, 1971) can be assumed to hold only for synthetic
samples approximating natural compositions. Early in this study, it
was observed that many synthetic topaz samples have mean reirac-
tive indicies lower than that of the F-rich end-member. Two distinct
series of topaz compositions can be distinguished by comparing mean
refractive indicies wth Age; values (Fig. 4). Synthetic topaz coexist-
ing with quartz, mullite, and vapor (Fig. 4, open circles) approaches
the line based on measurements of natural topaz (Fig. 4, small filled
circles). For these samples the linear relationship between Aoga and
F-content (Ribbe and Rosenberg, 1971) is believed to hold; they are
referred to here as the “natural” topaz series.

In samples synthesized “dry” from end-member composition,
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F1qg. 4, Variation of mean refractive indices with Aex X-ray measurements of
topaz. Small symbols: filled eircles, natural topaz; filled squares, topaz Sdry”
experiments (Fig. 1, fopaz eomp.). Large Symbols: Open cireles, topaz with quartz,
mullite and vapor (Fig. 1, A and F); filled circles, topaz with sunyite, alumina,
vapor (Fig. 1 H); filled triangles, topaz with alumina, vapor (Fig. 1 C); Open
squares, topaz with AlFs .(OH). #= quartz, vapor (Fig. 1, B, D, and G).
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AlSiO4Fs, (Fig. 4, small, filled squares) quartz coexists with topaz
which is characterized by slightly expanded lattice dimensions and
lower mean refractive indicies than that of the end-member. This
topaz is thought to represent a solid solution series resulting from
the coupled substitution of Al** and F'- for Si* and O* and having
the general formula

Al (Si;_.ALO,_.F.)F,.

An extrapolation of the line drawn through these data points (Fig. 4,
lower line) intersects the natural topaz series at fluorotopaz composi-
tion, Al,SiO4Fs being the end-member of both series.

Topaz synthesized in the presence of excess AlF; and water (Fig
4, open squares and triangles) lies close to the lower line representing
hydroxyl-free topaz solid solutions and, therefore, belongs to this
series. Aoz values for these topaz samples are a measure of the extent
of substitution of Al** and F*- for Si** and O2- rather than (OH)- for
F-. :

The two series in Figure 4 represent extremes in the mean refractive
indicies of tepaz; numerous intermediates have been synthesized.
Where AlF; or its hydrolysis products (e.g., ralstonite) are absent,
topaz compositions in zunyite-bearing assemblages (Fig. 4, filled
circles) are believed to represent hydroxyl-bearing intermediate solid
solutions while in alumina-rich zunyite-free assemblages topaz com-
positions (Fig. 4, filled triangles) are hydrolyzed members of the solid
solution series (see Fig. 6). The extent of the latter series is much
greater than that of the end-members due to the combined effects of
coupled substitution and hydrolysis.

Infra-red absorption patterns of typical samples from each series
are shown in Figure 5. Sharp (OH)--stretching bands are observed
for synthetic samples approximating natural topaz compositions (Fig.
5, 1315) ; these bands are indistinguishable from those obtained for
natural topaz. Broadening is observed in the (OH)--stretching band
of hydroxyl-bearing topaz solid solutions (Fig. 5, 1321; Fig. 4, filled
triangles) suggesting an unresolved doublet which may reflect the
substitution of (OH)~ for F- in two dissimilar structural sites.

Although Figure 4 clearly defines the two compositional series, re-
fractive index measurements were not possible for a great many
samples particularly those synthesized at lower temperatures. The
two series can also be distinguished on the basis of Aoz and Agy; X-ray
measurements (Fig. 6), which, in general, confirm the reljationships
obgerved in Figure 4. Since these parameters were measurable for
virtually every topaz sample, the entire range of compositions synthe-
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sized in this study can be illustrated. Samples 1315 and 1321 are
located on this diagram.

The natural topaz series (Fig. 6) is defined by the solid line repre-
senting A values (correlation coefficient = —.963) calculated from
unit-cell dimensions of fourteen natural samples (Rosenberg, 1967)
and, assuming that the linear relationship is maintained for topaz with
lower F/OH ratios, by its dashed extension. A values obtained for

-
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Fic. 5. Infra-red absorption patterns of synthetic topaz. Sample 1315, topaz
with quartz, mullite, vapor (Fig. 1, A); sample 1321, topaz with corundum,
vapor (Fig. 1, C).
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Fie. 6. Variations in Aw and Aw X-ray measurements of topaz, Straight line
based on 14 natural samples, see text. Open circles; topaz with quartz, mullite
(or pyrophyllite), vapor (Fig. 1, A and F). Filled cireles; topaz with zunyite,
alumina, vapor (Fig. 1, H). Open triangles; topaz with alumina, AIFs.(OH). (or
ralstonite), vapor (Fig. 1, E) or topaz with alumina vapor (Fig. 1, C). Filled
triangles; topaz with zunyite, ralstonite (or alumina) vapor (Fig. 1, C and E).

synthetic topaz coexisting with quartz, mullite (or pyrophyllite), and
vapor (Fig. 6, open circles) closely approach this line. The gap in the
synthetic series is due to the relatively constant A values obtained
for topaz in pyrophyllite-bearing assemblages. Equilibria involving
pyrophyllite are not fully understood at present and are currently
under further investigation.

A values for topaz synthesized in the absence of water (Fig. 6, filled
squares) again define the topaz solid solution series; topaz synthesized
in the presence of excess AlF, and water (Fig. 6, open triangles)
closely approaches this series. However, A values of topaz synthesized
in the absence of excess AlFy or its hydrolysis products, in zunyite-
free, alumina-rich assemblages also plot (Fig. 6, open triangles) along
this trend and are assumed to belong to the topaz solid solution series.
Their higher refractive indicies (Fig. 4, filled triangles) suggests that
they are hydroxyl-bearing. In agreement with relationships shown in
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Figure 4, A values of topaz in quartz-free zunyite-bearing assemblages
(Fig. 6, filled circles and triangles) appear to represent hydroxyl-bear-
ing intermediate solid solutions.

The topaz solid solution series crosses the natural topaz series (Fig.
6) rather than meeting it at end-member topaz composition (AlsSiO4F2).
A values lying above those of the natural topaz series and represent-
ing decreased lattice dimensions are believed to be due to topaz solid
solutions in which the substitution of F= for O%*- is compensated by
vacancies in Si** lattice sites. These defect solid solutions have the
general formula

Al (Sii-2/404-.F,) Fa.

Similar coupled substitutions have been reported in the humites (Jones,
Ribbe, and Gibbs, 1969) which are structurally analogous to topaz.

Topaz synthesized in the presence of excess AlF; is apparently al-
ways a solid solution. Defect solid solutions are crystallized when in-
sufficient alumina is available (SiO.-rich compositions) to form
“normal” Al-rich topaz solid solutions. A values for stable defect solid
solutions plot close to the intersection of the natural and solid solu-
tion series in Figure 6. The extent of this solid solution may be metas-
tably enhanced by use of starting materials containing an unreactive
form of alumina, a-AlyOs, to give A values lying above those of the
natural topaz series (Fig. 6).

THE EFrFecT OF TEMPERATURE

Natural Topaz Series

For the natural topaz series, synthesized from compositions low in
AlF,, Aoy values are a measure of the hydrolysis of topaz which is
shown by the progressive change in these values with temperature
(Fig. 7). For assemblages of four phases including vapor the relation-
ship is isobarically univariant, all values lying close to a single curve.
Silica-rich compositions (Fig. 7, open ecircles) produce the assemblage
topaz, quartz, mullite, vapor above 500°C and topaz, quartz, pyro-
phyllite, vapor at and below 500°C. Alumina-rich compositions (Fig.
7, filled circles) yield the assemblage topaz, corundum, mullite, vapor
above 650°C; mullite is weak below 700°C and absent below 650°C.
corundum is replaced by AlOs-form KI* (Torkar, 1960) below 600°C
except where o-Al;O3 was used as a starting material. Zunyite appears
below 500°C in assemblages without quartz.

1Same as AS(H)-I (Aramaki and Roy, 1963).
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Ago; measurements for topaz synthesized from alumina-rich and
from silica-rich compositions are quite similar at any given tempera-
ture. Although there is no reason to expect the temperature depend-
ence of F/OH ratios to be the same in both cases, present data cannot
resolve a difference. Predictable changes in slope with the appear-
ance of pyrophyllite and zunyite are also unresolved. Topaz in several
pyrophyllite-bearing assemblages lies below the trend in Figure 7,
apparently due to disequilibrium between pyrophyllite and the vapor
phase. Due to the paucity of data, the curve for silica-rich composi-
tions is difficult to trace below 450°C. Topaz in zunyite-bearing as-
semblages is an intermediate solid solution (see Figs. 4 and 6).

The F/OH ratio of topaz proved to be highly refractory and at-
tempts to approach the curve (Fig. 7) from both directions met with
limited success. Significant changes in Ags; (and Agyy) were observed
using natural topaz mixed with a small amount of kaolinite and
reacted at 750°, 700°, and 625° (Fig. 7, arrows), to give the assembl-
age topaz, quartz, mullite, and vapor. Natural topaz from Topaz
Mountain, Utah (Agz = .765) which is nearly (OH)—-free (Penfield
and Minor, 1894; Ribbe and Rosenberg, 1971) and Chesterfield Co.,
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Frc. 7. Variation of Aex with temperature for the natural topaz series. Open
circles; topaz with quartz, mullite (or pyrophyllite), vapor (Fig. 1, A and F).
Filled circles; topaz with corundum, mullite (or zunyite) vapor (bulk composi-
tion; mole per cent; AIFs 6, AL:Os 53, SiOs 41). Arrows; reversal experiments, see
text.
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South Carolina (Agz; = .890), the most hydroxyl-rich topaz ever re-
ported (Pardee, Glass, and Stevens, 1937) were used as starting ma-
terials. Agz1 (and Agy) for these samples was found to change in the
direction of the values obtained by direct synthesis under the same
experimental conditions (Fig. 7, arrows) suggesting that a close ap-
proach to equilibrium has been attained at least at higher tempera-
tures. Similar attempts to reverse the hydrolysis of topaz at lower
temperatures were unsuccessful.

In view of these results, the hydrolysis of the natural topaz series,
as shown by the curve in Figure 7 is regarded as well-established
above 600°C and as an approximation below 500°C. The extent of
(OH)- substitution for F- in synthetic samples may be estimated by
extrapolating the linear relationship between Aqg; and F-content estab-
lished by Ribbe and Rosenberg (1971) for natural samples. The syn-
thetic series extends beyond the maximum substitution reported in
nature, (Asq = .890, 15.7 wt. percent F; Ribbe and Rosenberg, 1971)
to a Aggs value of 1.130 (7.5 wt. percent F) at 350°C with no indica-
tion that this represents the maximum substitution possible in the
topaz structure.

Topaz Solid Solution Series

For the topaz solid solution series, synthesized in the presence of
excess AlF3, Ags; values are a measure of the extent of the coupled
substitution of Al®* for Si** and Fi- for O>-. The temperature depend-
ence of Agz; values observed in “dry” experiments and in experiments
with excess alumina, AlF;, and water are shown in Figure 8 (squares
and circles respectively). These measurements lie close to a single
curve which represents increasing solid solution with decreasing tem-
perature. Topaz solid solutions synthesized in the presence of excess
AlF,; and water are hydroxyl-free at temperatures at least as low as
500°C since Agz and refractive index measurements for these solid
solutions coincide with those of the “dry” series at and above this
temperature (Fig.4).

“Dry” experiments using end-member topaz composition (AlzSiO4F2)
yielded topaz and quartz; thus topaz composition lies in the triangle
AlSi0,Fo-Al,05-AlF; (Fig. 1). In the presence of excess water, bulk
compositions containing excess Al;O; and AlF; yield the assemblage
topaz solid solution, corundum, AlF;_,(OH), and vapor above 570°C,
the extent of solid solution in topaz and the degree of hydrolysis of
AlF; (Fig. 3) increasing with decreasing temperature. At lower tem-
peratures ralstonite appears in place of AlF; ,(OH), and hydrolyzes
with decreasing temperature (Fig. 3). The presence of zunyite below
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F1a. 8. Variation of Aem with temperature for the topaz solid solution series in
the presence of excess alumina. Filled squares; topaz “dry” experiments (Fig. 1,
topaz comp.). Open circles; topaz with alumnia AlFs.(OH),, vapor (Fig 1, E).
TFilled circles; topaz with alumina, ralstonite, vapor (Fig. 1, E). Z; zunyite pres-
ent. Arrows; reversal experiments, see text.

500°C is dependent on the nature of starting materials. Bulk com-
positions made with a-Al,0; gave the assemblage topaz solid solution,
ralstonite, corundum, and vapor (Fig. 8, filled circles) whereas topaz
solid solution, ralstonite, and zunyite were synthesized from the
same bulk compositions using AI(OH); (Fig. 8, filled circles with “Z").
The refractory nature of «-Als03 probably accounts for this discrep-
ancy which does affect the composition of coexisting topaz to some
degree (see Fig. 6). Diaspore replaced corundum in several experi-
ments at 400°C which are not shown in Figure 8.

Topaz solid solutions coexisting with corundum and vapor are
partially hydrolyzed; they appear as intermediates between the two
compositional series in Figure 4 (filled triangles) but lie close to the
hydroxyl-free topaz solid solution series in Figures 6 and 8. The curve
in Figure 8 was approached from two directions at 700°C by starting
with mixtures of natural topaz (Topaz Mountain, Utah; Ay = .765
and Chesterfield Co. 8. C.; Agey = .890) alumina, AlF;, and excess
water, (Fig. 8, arrows). Similar attempts at lower temperatures were
not successful.

The temperature dependence of topaz Age; values for the assem-
blages topaz solid solution, quartz, AlF;,(OH),, vapor and topaz
solid solution, AlF; ,(OH),, vapor is shown in Figure 9 (open circles
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and filled circles respectively). Topaz in these assemblages also lies
on the curve for anhydrous solid solutions (Fig. 4, open triangles)
and is, therefore, hydroxyl-free. Although a similar temperature de-
pendence exists, the extent of topaz solid solution and the degree of
hydrolysis of AlF; (Fig. 2) are both less than for the assemblage topaz
solid solution, corundum, AlF, ,(OH),, vapor (Fig. 8). Solid solution
is probably limited by the absence of free alumina; Al%* is not readily
available to replace Si**. This explanation is in accord with the ten-
dency to compensate for anion substitutions by creation of tetrahedral
vacancies suggested by As; measurements. Solid solution is slightly
more extensive when topaz coexists only with AlF; ,(OH), and vapor
(Fig. 9, filled circles); topaz in this assemblage is bydroxyl-free to
temperatures at least as low as 425°C. Due to the lesser degree of
AlF; hydrolysis, ralstonite is present only at 400°C.

Attempts were made to approach the curve for topaz solid solutions
coexisting with AlF; ,(OH), and vapor from two directions by start-
ing with natural topaz, AlF;, and excess water. Although this pro-
cedure was partially suceessful using topaz from Chesterfield Co., S. C.
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Fia. 9. Variation of Aem with temperature for the topaz solid solution series
with and without excess quartz. Open circles; topaz with quartz AlFs,(OH)e,
vapor (Fig. 1, B and D). Filled circles; topaz and AlF: ,(OH),, vapor (Fig. 1, G).
H; ralstonite replaces Als .(OH).. Arrows; reversal experiments, see text.
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(Fig. 9, right arrows) no changes in Age; of topaz from Topaz Moun-
tain, Utah, were observed. “Reversals” were obtained when concen-
trated HF was sealed quickly into gold tubes containing the latter ma-
terial; the assemblage topaz solid solution, AlF3; ,(OH),, vapor was
observed in every case (Fig. 9 left arrows).

TaeE EFFECT OF PRESSURE

Since the substitution of (OH)- for F- in the natural topaz series
and the coupled substitution of Al* for Si** and F'~ for O* in the
topaz solid solution series are both accompanied by an increase in
volume, the extent of these substitutions should be somewhat greater
at lower pressures than at higher pressures. The tendency to compen-
sate for anion substitutions by the creation of tetrahedral vacancies
in the topaz solid solution series may be enhanced at higher pressures
due to the smaller volumes of these solid solutions.

Although no attempt was made to study the effect of pressure on
compositional variations in topaz, the assemblage topaz, quartz, mul-
lite, vapor was synthesized at 1000 bars in a few experiments between
800°C and 600°C. Within the precision of the measurements, topaz
Ag2; values were the same at 1000 bars as at 2000 bars.

ReLATION TO NATURAL ASSEMBLAGES

Compositional variations of topaz discussed in this paper apply
strictly only to alkali-free assemblages whereas most natural topaz-
bearing assemblages contain significant amounts of alkalis; mica, for
example, is an important constituent of greisens. However, preliminary
studies (Rosenberg, 1969, and unpublished data) suggest that small
amounts of K (~5 wt. percent K20O) have little effect on topaz-vapor
equilibria. Since topaz compositions in synthetic and natural assem-
blages are comparable, the univariant curve for the natural topaz
series would appear to have applications to geothermometry.

The ecomposition of topaz is determined by the fugacities of HF and
H,0, pressure, and temperature. Experimental gas fugacities were
internally buffered by stoichiometric solid phases (quartz, mullite,
etc.) ; these fugacities are fixed at a given temperature and pressure
for assemblages of four phases including vapor. Preliminary data
suggest that a change in pressure by a factor of two has little effect
on topaz-vapor equilibria. However, natural topaz-bearing assem-
blages typically lack internal buffer assemblages as indicated by the
predominance of solid phases with variable F/OH ratios in greisen
(e.g., topaz, mica, tourmaline, apatite, etc.) (Rieder, 1971). Thus, na-
tural greisen assemblages (e.g., quartz, muscovite, topaz) usually
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crystallize in a system that is open with respect to the vapor phase,
the fugacity of HF being imposed by an external source. Under these
conditions no simple relationship between topaz composition and tem-
perature is to be expected and the experimentally determined uni-
variant curve for the natural topaz series is not applicable.

Despite this serious limitation temperature estimates may be pos-
sible in some cases. F-buffered assemblages with bulk compositions
approaching the quaternary system (topaz; quartz; andalusite, silli-
manite, or kyanite) have been found in nature; for example, topaz,
quartz, sillimanite assemblages have been reported from Tanzania
(Kempe, 1967) and Evergreen, Colorado (Sheridan et al., 1968).
Neglecting the probable effects of pressure, topaz F/OIH ratios in these
assemblages suggest temperatures of 850°C (Age = .789) and 750°C
(Ags1 = .826) respectively. These temperatures must be regarded as
approximations because pressures during the crystalhzatlon of topaz
may have greatly exceeded 2000 bars. While ‘most natural systems ap-
pear to have been open with respect to the vapor phase during fluorine
metasomatism and greisenization, topaz in some assemblages may have
crystallized under closed system conditions.

It would be of considerable interest to know the experimental gas
fugacities in order to reconstruct the composition of the natural vapor
phase in equlhbrlum with F-buffered assemblages. Unfortunately, this
information ecannot be obtained from the experimental data reported
here. The buffer method (Munoz and Eugster, 1969) offers the best
potential approach, although the range of HF fugacities 'established
by buffers that have been calibrated to date is probably too low to be
of value in studying topaz—vapor equilibria.

Topaz solid solitions have not been reported in nature but they
may exist whére bulk compositions are unusually high in fluorine and
low in alkalis. For example, topaz coexisting with ralstonite should be
a member of the solid solution series. This association has never been
reported in nature to the author’s knowledge but both minerals have
been found in the vicinicity of St. Peter’s Dome in Colorado (Cross
and Hillebrand, 1885). It is possible that natural intermediates be-
tween the two series have been described but not recognized in the
literature because, typically, insufficient data are provided for their
characterization. :

ACKNOWLEDGMENTS
Financial support was provided by National Science Foundation Grants GA-
1161 and GA-4483. The technijcal assistance of Mrs. Albina Mellott was a valuable
contribution to this study. D. R. C. Kempe of the British Museum of Natural
History kindly provided a sample of topaz from Tanzania.



186 PHILIP E. ROSENBERG

REFERENCES

AvtraUus, Econ (1966) Stability range of pyrophyllite under the effect of acids.
I. Experimental study. Contreb. Mineral. Petrology 13, 31-50.

AramMax1, S, anp R. Roy (1963) A new polymorph of ALSiOs and further studies
in the system ALOs—SiO-H:0. Amer. Mineral. 48, 1322-1347.

Corss, L. Jr. (1955) High Pressure minerals. J. Amer. Ceram. Soc. 38, 298.

Cross, W., aNnp W. F. HiLesranp (1885) Contributions to the mineralogy of the
Rocky Mountains. U. 8. Geol. Surv. Bull. 20, 40-74.

Deer, W. A, R. A. Howig, axp J. ZussMaN (1962) Rock-forming Minerals, Vol. I.
Wiley, New York, 145-150.

Jones, N. W., P. H. Riseg, anp G. V. Gies (1969) Crystal chemistry of the
humite minerals. Amer. Mineral. 54, 3901-411.

Kemeg, D. R. C. (1967) Some topasz-, sillimanite-, and kyanite-bearing rocks from
Tanzania. Mineral. Mag. 36, 515-521.

Lyon, R. J. P. (1967) Infrared absorption spectroscopy. J. Zuusman, ed. Physical
Methods in Determinative Mineralogy, 371-403. Acamedic Press, New York.

MicHEL-LEvy, A., AND J. WyarRT (1946) Reproduction synthetique de la topaze, de
la cryolite et du corindon. Bull. Soc. France Mtneral. 69, 156-161.

Mogey, G. W., anp EarL INceErsoN (1937) The pneumatolytic and hydrothermal
alteration and synthesis of silicates. Econ. Geol. 32, 607-760.

Munoz, J. L. (1968) Physical properties of synthetic lepidolites. Amer. Mineral.
53, 1490-1512,

anp H. P. Evaster (1979) Control of fugacities in fluorine-bearing hydro-
thermal systems. Amer. Mineral. 54, 943-959.

Nopa, T., anp M. Usuio (1964) Hydrothermal synthesis of fluorine-hydroxyl-
phlogopite; Part II. Relationship between the fluorine content, lattice con-
stants and the conditions of synthesis of fluorine-hydroxyl-phlogopite. J.
Chem. Soc. Japan, Ind. Chem. Sec. 67, 292-297 (Transl.: Geochem. Internat.
1, 96-104 (1964)).

Parper, D. T, J. J. Guass, anp R. E. Stevens (1937) Massive low fluorine topaz
from the Brewer Mine, S. Carolina. Amer. Mineral. 22, 1058-1064.

Penriewp, S. L., anp J. C. MiNor, Jr., (1894) On the chemical composition and
related physical properties of topaz. Amer. J. Sci., Ser. 3. 47, 387-396.

Rieee, P. H.,, anp P. E. RosexBerc (1971) Optical and X-ray determinative
methods for fluorine in topaz. Amer. Mineral. 56, 1812-1821.

Remer, Mirax (1971) Stability and physical properties of synthetic lithium-iron
micas. Amer. Mineral. 56, 256-230.

RosEnsrrg, P. E. (1967) Variations in the unit-cell dimensions of topaz and their
significance. Amer. Mineral. 52, 1890-1895.

(1969) Topaz-vapor equilibria in the presence of excess silica and water.
Geol. Soc. Amer. Ann. Meet., Prog. Abstr., 192-193.

ScHoBER, R., aNp E. THiLo (1940) Chemische Untersuchungen von Silicaten, X
Mitteil, Uber den topaz, ALSiO:(F,0H,0): und seine synthese iiber ein
neues fluorhaliges Aluminum Oxyd. Ber. Deutsch. Chem. Gesell. 37B, 1219-
1240.

SuermaN, D. M., R. B. TavLor, anp S. P. MarsH (1968) Rutile and topaz in
Precambrian gneiss Jefferson and Clear Creek Counties, Colorado, U. S. Geol.
Surv. Cire. 567.




VARIATIONS IN TOPAZ 187

Toxer, K. (1960) Untersuchungen uber Aluminumhyroxyde und Oxyde 4. Mitt.
Monatsh. Chem. 91, 658-668.

VAN VALKENBURG, A. (1961) Synthesis of the humites, nMg2S1O. - Mg(F,0H)..
J. Res. Nat. Bur. Stand. Phys. Chem. 65A, 415-428.

Yooer, H. 8., anp H. P. Evcster (1955) Synthetic and natural muscovites. Geo-
chem. Cosmochim. Acta 8, 225-280.

Manuseript received June 1, 1971; accepted for publication, July 30, 1971.





