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Abstract Thermodynamic analysis of the system Na2O-
K2O-CaO-Al2O3-SiO2-H2O-F2O)1 provides phase equi-
libria and solidus compatibilities of rock-forming
silicates and fluorides in evolved granitic systems and
associated hydrothermal processes. The interaction of
fluorine with aluminosilicate melts and solids corre-
sponds to progressive fluorination of their constituent
oxides by the thermodynamic component F2O)1. The
chemical potential l(F2O)1) buffered by reaction of the
type: MOn/2 (s)+n/2 [F2O)1]=MFn (s, g) where M=K,
Na, Ca, Al, Si, explains the sequential formation of
fluorides: carobbiite, villiaumite, fluorite, AlF3, SiF4 as
well as the common coexistence of alkali- and alkali-
earth fluorides with rock-forming aluminosilicates.
Formation of fluorine-bearing minerals first starts in
peralkaline silica-undersaturated, proceeds in peralumi-
nous silica-oversaturated compositions and causes pro-
gressive destabilization of nepheline, albite and quartz,
in favour of villiaumite, cryolite, topaz, chiolite. Addi-
tionally, it implies the increase of buffered fluorine sol-
ubilities in silicate melts or aqueous fluids from
peralkaline silica-undersaturated to peraluminous silica-
oversaturated environments. Subsolidus equilibria re-
veal several incompatibilities: (i) topaz is unstable with
nepheline or villiaumite; (ii) chiolite is not compatible
with albite because it only occurs only at very high
F2O)1 levels. The stability of topaz, fluorite, cryolite and
villiaumite in natural felsic systems is related to their
peralkalinity (peraluminosity), calcia and silica activity,

and linked by corresponding chemical potentials to
rock-forming mineral buffers. Villiaumite is stable in
strongly peralkaline and Ca-poor compositions
(An<0.001). Similarly, cryolite stability requires coexis-
tence with nearly-pure albite (An<2). Granitic rocks
with Ca-bearing plagioclase (An>5) saturate with topaz
or fluorite. Crystallization of topaz is restricted to
peraluminous conditions, consistent with the presence of
Li-micas or anhydrous aluminosilicates (cordierite, gar-
net, andalusite). Fluorite is predicted to be stable in
peraluminous biotite granites, amphibole-, clinopyrox-
ene- or titanite-bearing calc-alkaline suites as well as in
peralkaline granitic and syenitic rocks. Fluorine con-
centrations in felsic melts buffered by the coexistence of
F-bearing minerals and feldspars increase from peral-
kaline through metaluminous to mildly peraluminous
compositions. At low-temperature conditions, the
hydrothermal evolution of peraluminous granitic and
greisen systems is controlled by white mica-feldspar-
fluoride equilibria. With decreasing temperature, topaz
gradually breaks down via: (i) (OH)F)1 substitution and
fluorine transfer to fluorite by decalcification of plagio-
clase below 600 �C, (ii) formation of muscovite and
additional fluorite at 475–315 �C, and (iii) formation of
paragonite and cryolite, consuming F-rich topaz and
albite below 315 �C. These equilibria explain the absence
of magmatic fluorite in Ca-bearing topaz granitic rocks;
its abundance in hydrothermal rocks is due to: (i) closed-
system defluorination of topaz, (ii) open-system decal-
cification of plagioclase or (iii) hydrolytic alteration.
These results provide a complete framework for the
investigation of fluorine-bearing mineral stabilities in
felsic igneous suites.

Introduction

Highly differentiated granitic systems often exhibit ele-
vated fluorine concentrations (Bailey 1977; London
1997), which have profound effects on the chemical and
physical properties of these evolved melts. Levels of
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fluorine enrichment increase in prolonged fractionation
sequences (Fig. 1) from biotite granites (average:
0.11±0.07 wt% F), through topaz rhyolites and gran-
ites (0.89±0.57 and 1.09±0.69 wt% F, respectively) to
quartz topazites (3.85±2.12 wt% F). Individual fluorine
concentrations in melt inclusions (e.g. Webster and
Duffield 1994; Webster et al. 1997; Thomas and Klemm
1997; Thomas et al. 2000) vary from 0.2 to �5 wt%
(�40 mol%) F. Furthermore, distinctly different con-
centrations of fluorine in solidified granites and rhyolites
(0.99±0.89 wt% F) and their melt inclusions
(3.10±1.12 wt% F) attest to significant partitioning of
fluorine into hydrothermal fluids and its incorporation
into greisens (2.58±1.79 wt% F).

Fluorine is incorporated in a variety of minerals:
fluorite, topaz, cryolite, villiaumite, chiolite, malladrite,
carobbiite etc. (Bailey 1980). These occurrences span
peraluminous and peralkaline igneous suites (Horbe
et al. 1991; Marshall et al. 1998; Pauly and Bailey 1999),
pegmatites (London 1987), greisen or skarn aureoles
(Pollard et al. 1987; Štemprok 1987; Burt 1972) and
orthometamorphics (Bohlen and Essene 1978).

Despite the widespread natural occurrence and the
vast body of physical-chemical studies on F-bearing
systems, the fundamental controls of crystallization of
F-bearing minerals in magmatic environments remain
unknown. In previous studies (Bohlen and Essene 1978;
Burt 1981; Burt and London 1982), the availability
of thermodynamic data was very limited and often

restricted to one-atmosphere pressure (Stormer and
Carmichael 1970). More recent thermodynamic assess-
ments (Barton 1982; Anovitz et al. 1987; Zhu and
Sverjensky 1991), combined with recent optimizations of
alkali aluminosilicate systems (Eriksson et al. 1993; Wu
et al. 1993) require critical evaluation for internal con-
sistency, but provide the starting point for assessing
stabilities and crystallization conditions of F-bearing
phases in diverse natural multicomponent systems.

In this paper, we critically evaluate and present a
complete thermodynamic dataset for solid and gaseous
species in the system Na2O-K2O-CaO-Al2O3-SiO2-H2O-
F2O)1 at elevated temperatures and pressures and cal-
culate compatibilities between major rock-forming
minerals and common F-bearing phases. The effect of
fluorine on silicate equilibria is developed in the simple
quaternary systems Na2O-Al2O3-SiO2-F2O)1, K2O-
Al2O3-SiO2-F2O)1 and CaO-Al2O3-SiO2-F2O)1. Rock-
forming mineral buffers provide chemical potentials of
system components (e.g. Na2O, CaO, Al2O3) which
dictate the stabilites of topaz, cryolite, fluorite and vil-
liaumite in natural multicomponent systems (see eText
1). These results provide a comprehensive treatment of
the stabilities of F-bearing phases in felsic magmas, as
well as their transformations during subsolidus condi-
tions.

The application of equilibrium thermodynamics
provides a starting point for evaluating the origin of
natural F-bearing assemblages as well as for recognizing

Fig. 1 Fluorine concentrations
in igneous rocks, matrix glasses,
melt inclusions and
hydrothermally altered rocks
(for data sources, see
eAppendix 1)
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potential disequilibrium relationships. Previous utiliza-
tion of phase-equilibria involving F-bearing phases (e.g.
Aksyuk 1995; Halter and Williams-Jones 1999; Sallet
2000) yielded consistent results with pressure-tempera-
ture estimates based on rock-forming phases (e.g. Sallet
2000; Anderson 1996) and provides further promise for
the applicability of the equilibrium concept to volatile-
bearing igneous systems.

Thermodynamic dataset

Thermodynamic properties of solid and gaseous species
in the system Na2O-K2O-CaO-Al2O3-SiO2-H2O-F2O)1
were compiled from the following sources—Holland and
Powell (1998): rock-forming minerals, H2O; FACT
thermodynamic database (Bale et al. 2002): alkali sili-
cates (Wu et al. 1993), alkali aluminates (Eriksson et al.
1993), Na-Ca-K fluorides (Chartrand and Pelton 2001);
Chase (1998): aluminofluorides, and Barton et al. (1982):
topaz. The volumetric data were retrieved from crystal-
structure refinements (eTable 1).

The FACT database is based on thermochemical
compilations by Barin (1993) and Chase (1998) and is
optimized by evaluating experimental phase equilibria
for internal consistency. The corresponding mineral
dataset has been selected according to consistency with
calorimetric studies. Previous datasets by Helgeson et al.
(1978) and Berman (1988) require enthalpic adjustments
by )1,000 J/mol and )6,700 to )6,800 J/mol, respec-
tively, to fit experimental solubility equilibria and pre-
cisely known properties of aqueous ions (Sverjensky
et al. 1991). These adjustments, coincidentally, bring the
above datasets to a much closer agreement with recent
data of Holland and Powell (1998). The thermodynamic
data by Holland and Powell (1998) are preferred for
additional reasons: (i) consistency with feldspar calori-
metric data (Navrotsky et al. 1980; Kiseleva et al. 1990;
Robie and Hemingway 1995), and (ii) consistency with
aqueous and dissociation equilibria (Anderson et al.
1991; Sverjensky et al. 1991).

The thermodynamic data for topaz (Barton et al.
1982) have been adjusted (DfG and DfH increased by
6,400 J/mol) to provide internal consistency with hy-
droxytopaz (Holland and Powell 1998). Thermodynamic
data for fluoromuscovite (Zhu and Sverjensky 1991)
appear to significantly overestimate the stability of
muscovite solid solution and were not included in the
calculation. Cryolite was considered as a stoichiometric
Na3AlF6 phase, however it exhibits a minor solid solu-
tion towards AlF3 above 600 �C (Dewing 1997).
Behavior of H2O was described by the compensated
Redlich-Kwong equation (Holland and Powell 1991,
1998) and fluoride gaseous species (SiF4, NaAlF4) were
treated as ideal gases (fugacity=total pressure). The
thermodynamic properties of all species in the system
Na2O-K2O-CaO-Al2O3-SiO2-H2O-F2O)1, supplement-
ing the internally consistent database of Holland and
Powell (1998), are presented in eTables 1 and 2.

Several mineral phases form solid solutions and were
described by the following solution models: feld-
spars—ternary asymmetric model (Fuhrman and
Lindsley 1988; as corrected in Wen and Nekvasil 1994),
white mica—non-ideal asymmetric model (Chatterjee
and Froese 1975), topaz—ideal proton-avoidance model
(Barton 1982), and Ca-Mg-amphibole—symmetric bin-
ary solution (Dale et al. 2000).

Total errors involved in present thermodynamic
analysis reflect the quality of end-member data, inter-
database consistency and error propagation in reaction
calculations. Standard-state thermodynamic properties
of rock-forming silicates are accurate to ±3 kJ/mol
(Holland and Powell 1998), data of fluortopaz are
known to ±4.4 kJ/mol (Barton 1982), and properties of
silicate, aluminate and fluoride species are accurate to
±6 kJ/mol (Chase 1998). The Gibbs free energies cal-
culated from the FACT database (Bale et al. 2002) and
the JANAF thermochemical tables (Chase 1998) are
consistent to ±3 kJ, i.e. within error brackets. Error
propagation in reaction equilibria leads to uncertainties
of 7 kJ/mol in estimates of DrG and l(F2O)1).

Throughout the presentation, we use chemical
potentials rather than activities of mobile components.
The advantages are twofold: (i) the calculation of
activities requires the choice of appropriate standard
state, commonly a pure liquid or solid phase at P and T
of interest. For several species, such a standard state is
either hypothetical (e.g. F2O)1) or has no obvious rela-
tion to the presence or activities of major rock-forming
minerals (e.g. Na2O, CaO). The use of chemical poten-
tials, which are defined by the system itself, rather than
activities, avoids unnecessary standard-state conven-
tions. (ii) if DrGsolids changes negligibly over an arbitrary
temperature range (e.g. quartz-plagioclase equilibria),
the chemical potential of mobile component remains
approximately constant. On the contrary, the activity of
mobile species will change appreciably, since it assimi-
lates the inverse correlation with temperature: ln a �
)DrGsolids /RT. The utilization of chemical potentials
prevents artificial shifts of phase-diagram topology
related to the change of temperature.

Thermodynamic component F2O–1

The thermodynamic component F2O)1 represents
replacement of one oxygen anion by two fluorine anions
while maintaining charge balance and redox state (Burt
1972). This ‘‘anion exchange operator’’ (Burt 1974) de-
scribes progressive fluorination of oxides or silicates into
fluorides and topaz, e.g. andalusite-topaz equilibrium is
represented as Al2SiO5+[F2O)1]=Al2SiO4F2, whereas
the use of elemental components (i.e. F2) requires an
unnecessary consideration of redox reactions (Burt and
London 1982; cf. Anovitz et al. 1987). Due to its
hypothetical nature, F2O)1 does not have a standard
state and hence its activity (if necessary) must be related
to some reference equilibrium at arbitrary P and T, e.g.
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Al2O3+3 [F2O)1]=2 AlF3 (Anovitz et al. 1987) or
SiO2+2 [F2O)1]=SiF4 (this study).

Simple equilibria allow F2O)1 to be converted to
monitors of fluorine concentrations or activity. The
component F2O)1 is the hydrofluoric acid anhydride (cf.
Burt 1976a) and is related to HF through the equilib-
rium:

H2Oþ F2O�1½ � ¼ HF0 aqð Þ

HF0 is an important fluoride species in high-temper-
ature hydrothermal fluids associated with peraluminous
systems (Halter et al. 1998). The quasichemical ap-
proach incorporates a model for fluorine solubility in
silicate melts (Pelton 1999). Using the Na2O-CaO-SiO2

system as an example:

Na2O lð Þ þ F2O�1½ � ¼ 2 NaF lð Þ

CaO lð Þ þ F2O�1½ � ¼ CaF2 lð Þ

The thermodynamic properties of oxide, silicate
(Ghiorso and Sack 1995; Pelton 1997; Holland and
Powell 2001) and fluoride species (Chartrand and Pelton
2001) combined with the assumption of ideal-mixing of
O2), O) and F) on the anion sublattice of the silicate
melt structure (Pelton 1999) provide a satisfactory esti-
mate of proportions of liquid fluoride species and
therefore the total fluorine concentration in the silicate
melt.

For solid-solid equilibria the chemical potential of
F2O)1 provides consistency between independent esti-
mates of ‘‘fluorine concentration’’ from silicate-fluoride
buffers and OH-F solid solutions, for example (cf. Burt
1972, 1981):

F2O�1½ � þ CaSiO3 wollastoniteð Þ
¼ CaF2 fluoriteð Þ þ SiO2 quartzð Þ

F2O�1½ � þ CaMgSi2O6 clinopyroxeneð Þ
¼ CaF2 fluoriteð Þ þMgSiO3 orthopyroxeneð Þ
þ SiO2 quartzð Þ

F2O�1½ � þAl2SiO4 OHð Þ2 topaz; ssð Þ
¼ Al2SiO4F2 ðtopaz; ssÞ þH2O

F2O�1½ � þKMg3AlSi3O10 OHð Þ2 biotite; ssð Þ
¼ KMg3AlSi3O10F2 biotite; ssð Þ þH2O

This extensive set of equilibria provides essential
relationships for both (i) evaluating stabilities of
F-bearing minerals in multicomponent silicate systems,
and (ii) extracting information on system variables from
natural assemblages.

Fluorination of oxides and silicates

Inorganic fluorides display a wide range of physical and
chemical properties, which affect their occurrence and

stability in natural environments. A pronounced in-
crease in volatility towards AlF3 and SiF4 associated
with small heats of fusion or vaporization is related to
change in their structural properties; the cation coordi-
nation changes from tetrahedral (Si) to octahedral (Al,
Na, K) or cubic (Ca). Similarly, the bond character
varies from normal covalent M-F (e.g. SiF4) to ex-
tremely ionic M+F) (e.g. NaF, KF) and increases the
stability of ionic alkali fluorides. The structure of solid
SiF4 corresponds to tetrahedral molecules (bond
strength=1) attracted by van der Waals interactions
(Pauling 1970), causing high volatility, whereas solid
fluorides: AlF3, villiaumite, carobbiite and fluorite form
a framework of edge-sharing octahedra (bond
strength=0.17) and cubes (bond strength=0.25),
respectively (Strunz and Nickel 2001). These properties
suggest the widespread stability of alkali and alkali-
aluminum fluorides, the rarity of fluoroaluminosilicates
and the volatility of silicon (oxy-)fluorides, and are
reflected in thermochemistry of fluorides. Chemical
potentials of F2O)1 buffered by oxide-fluoride pairs
according to MOn/2+n/2 [F2O)1]=MFn (M=K, Na,
Ca, Al, Si) systematically increase with the ionic poten-
tial (Z/r) of cation M (eFig. 1) and lead to sequential
formation of fluorides. At low l(F2O)1), from )779 to
)731 kJ, carobbiite will coexist with solid Na2O or Na-
silicates (see below). At moderate l(F2O)1), from )730
to)594 kJ, alkali fluorides—villiaumite and carobbiite
will coexist with Ca-aluminosilicate assemblages. At
high l(F2O)1), from )593 to )451 kJ, fluorite and alkali
fluorides become fluorine-saturating phases for alumi-
nosilicate assemblages. In an internally buffered system
at constant l(F2O)1), the activities of fluoride species
will decrease in the following order: KF >NaF >CaF2

>AlF3 >SiF4.
The differences in l(F2O)1) of alkali-oxide, Al2O3

and SiO2 fluorination reactions (eFig. 1) also imply
compatibilities of alkali, subaluminous and aluminum
silicates with fluorides and topaz (eFig. 2). Na-silicates
undergo fluorination into villiaumite at lowest levels of
l(F2O)1), whereas Al-silicates are converted into topaz
at high l(F2O)1). Consequently, villiaumite will coexist
with subaluminous or peraluminous silicate assemblages
over a wide range of a(F2O)1), i.e. fluorine concentra-
tions. On the contrary, AlF3 and SiF4 are unstable with
feldspars or feldspathoids (eFig. 2). The vaporization of
SiO2 in the form of SiF4 represents the maximum limit
of l(F2O)1).

Phase equilibria in the system Na2O-Al2O3-SiO2-F2O–1

(NASF)

The incorporation of fluorine in silicate systems can be
rationalized as progressive fluorination, i.e. addition of
F2O)1, to their chemical constituents. In order to
understand fluorine behavior in felsic magmas we need
to evaluate compatibilities between rock-forming sili-
cates and solid and gaseous F-bearing phases. The
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quaternary system Na2O-Al2O3-SiO2-F2O)1 (Fig. 2)
provides a good approximation for felsic magmatic
systems for several reasons: (i) it contains the petroge-
netically important rock-forming phases: quartz, albite
and nepheline, hence it covers a wide range of a(SiO2),

(ii) it extends over the full peralkaline to peraluminous
compositional space, (iii) it includes the major fluoride
phases, occurring in nature: villiaumite, cryolite, chio-
lite, malladrite, and topaz.

Fluorination reactions and mineral-gas compatibili-
ties in the Na2O-Al2O3-SiO2-F2O)1 system (cf. Anovitz
et al. 1987) are computed in the temperature range 400–
800 �C and at a pressure of 100 MPa to approximate
suprasolidus to subsolidus conditions of shallow-crustal
fluorine-bearing felsic systems. All equilibria are nearly
parallel in the temperature-chemical potential section
(Fig. 3), and therefore the sequence of fluorination
reactions and order of occurrence of F-bearing phases
are temperature independent. The relative arrangement

Fig. 2 Quaternary composition
space of the system Na2O-
Al2O3-SiO2-F2O)1 with
positions of rock-forming
minerals, topaz and fluoride
phases and petrochemical
subdivisions. Symbols: solid
symbols solid phases, open circle
SiF4 (g)

Fig. 3 Fluorination reactions in the system Na2O-Al2O3-SiO2-
F2O)1 at a temperature range of 400–800 �C and pressure
100 MPa: (a) l(F2O)1)=)800 to )350 kJ, (b) detail for
l(F2O)1)=)550 to )350 kJ. Locations of individual equilibria
are accurate to ±7 kJ. Gray curves indicate activities of aqueous
HF0 (Johnson et al. 1992), defined by the equilibrium:
H2O+[F2O)1]=2 HF0 (aq). Abbreviations: Table e1, q quartz,
ab albite, ne nepheline, and andalusite, cor corundum
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of major equilibria remains similar to that at one-
atmosphere pressure (Anovitz et al. 1987) suggesting no
pressure effects on the progress of fluorination.

The near-horizontal slope of equilibria implies that
internal (rock-, mineral-) buffering will retain the
chemical potential of F2O)1 nearly constant over a large
temperature range. On the contrary, isopleths of activi-
ties of HF0,aq (proportional to molalities in the aqueous
fluid phase) intersect solid-solid and solid-gas equilibria
at moderate angles and shift into high l(F2O)1) with
decreasing temperature. During cooling, external buf-
fering (e.g. by pervasive fluid circulation) will progres-
sively replace silicates by fluorides and topaz. For
example, an aqueous fluid phase exsolved at 700 �C and
100 MPa from a cryolite-bearing granite will have
a(HF0,aq) � 10)1 molal (Fig. 3) and will convert albite
and cryolite into a chiolite-topaz-quartz rock between
480 and 400 �C.

During progressive fluorination in the Na2O-Al2O3-
SiO2-F2O)1 system, villiaumite appears as the first
fluoride phase and is stable over a very wide range of
l(F2O)1) and a(HF0,aq) (Figs. 3 and 4). The coexistence
of villiaumite with alkali silicates (in order of increasing
Na/Si ratio: Na2Si2O5, Na2SiO3, Na4SiO4 etc.) buffers
l(F2O)1) at decreasing levels, hence fluoride solubility in
increasingly peralkaline silicate melts should decrease.
Cryolite becomes stable with advancing fluorination at
l(F2O)1)=)519.5 kJ, by reaction of villiaumite with
sodium aluminate:

26 NaF villiaumiteð Þ þNaAl9O14 b0�aluminað Þ
þ 14 F2O�1½ � ¼ 9 Na3AlF6 cryoliteð Þ

Villiaumite and/or cryolite remain characteristic low-
l(F2O)1) phases, compatible with nepheline, albite or
quartz. Topaz becomes stable at l(F2O)1)=)479.3 kJ,
at the expense of andalusite:

Al2SiO5 andalusiteð Þ þ F2O�1½ � ¼ Al2SiO4F2 topazð Þ

Villiaumite, cryolite and topaz are the only F-bearing
phases occurring in stability field of albite at l(F2O)1)
£ )459.4 kJ, i.e. they are compatible in feldspar-bearing
rocks. On the contrary, high-l(F2O)1) phases—chiolite,
malladrite, AlF3 are unstable with albite and coexist
with quartz only.

Chiolite forms by fluorination of corundum in the
presence of cryolite at l(F2O)1)=)466.5 kJ, according
to the equilibrium:

5 Na3AlF6 cryoliteð Þ þ 2 Al2O3 corundumð Þ
þ 6 F2O�1½ � ¼ 3 Na5Al3F14 chioliteð Þ

The formation of malladrite, according to the equi-
librium:

2 NaF villiaumiteð Þ þ SiO2 quartzð Þ þ 2 F2O�1½ �
¼ Na2SiF6 malladriteð Þ

represents the upper limit of compatibility of villiaumite
and quartz. The coexistence of villiaumite and quartz

(e.g. Anfilogov et al. 1979; Kotelnikova and Kotelnikov
2002) indicates the range of l(F2O)1) between )494.1
and )431.1 kJ, corresponding to a(HF0,aq)=10)1.46 to
10+0.43 at 600 �C and 100 MPa.

The fluorination sequence of silicates is terminated by
decomposition of quartz at l(F2O)1)=)408.9 kJ, i.e.
a(HF0,aq)=10+1.09:

SiO2 quartzð Þ þ 2 F2O�1½ � ¼ SiF4 gð Þ

Silicon tetrafluoride exhibits a triple point at
)86.7 �C and 2.24 atm and a critical point at )14.2 �C
and 37 atm (Devyatykh et al. 1999) and therefore forms
a non-polar supercritical fluid at elevated temperatures
and pressures.

At any level of l(F2O)1), the vapor pressure of
individual gaseous species is buffered by a multiphase
solid assemblage through chemical potentials of ther-
modynamic components. SiF4, NaAlF4, NaF and
(NaF)2 represent the most abundant gas constituents
(>99%). Within the limits of l(F2O)1) for F-bearing
nepheline syenites and quartz-albite assemblages
(Figs. 3 and 4), partial vapor pressures at 600 �C and
100 MPa for solids vary as follows: SiF4 6.27.10)11 to
9.03.10)4 bar, NaAlF4 2.10.10)11 to 1.18.10)6 bar,
NaF 3.39.10)9 to 8.69.10)11 bar and (NaF)2 2.11.10)9

to 1.16.10)11 bar. Consequently, fluoride loss by
vaporization is negligible and fluoride species form
only an accessory fraction of gas at anhydrous con-
ditions. In H2O-bearing systems, HF(g) is the domi-
nant fluoride species in low-density aqueous fluids (cf.
Symonds and Reed 1993); the total vapor pressure of
(HF)n ranges from 1.58.10)3 to 6.90.10)2 bar. Simi-
larly, HF0 and Si(OH)nF4)n

0 are major solute species
in high-density aqueous fluids (Halter et al. 1998;
Aksyuk and Zhukovskaya 1998; Haselton et al. 1988).
Magmatic devolatilization, triggered by H2O satura-
tion, will likely lead to partial removal of F and Si
from the melt.

Anhydrous, multiphase, fluoride-dominated assem-
blages at high levels of l(F2O)1) undergo partial melt-
ing. At 1-atm pressure, relevant melting points are:
sodium disilicate-villiaumite eutectic (798 �C, Willgallis
1969), malladrite-villiaumite eutectic (695 �C, Chiotti
1981), cryolite-chiolite peritectic (741 �C, Foster 1970),
chiolite-AlF3 eutectic (694 �C, Foster 1970). Due to the
low solubility of aluminosilicate constituents in fluoride
melts (Foster 1975; Faerøyvik et al. 1999), the solidus-
temperature depression of alkali fluoroaluminate and
fluorosilicate melts from corresponding fluoride systems
is very small (at 1-atm pressure): 16 �C for the cryolite-
chiolite peritectic with addition of Al2O3 (Foster 1975),
15 �C for the villiaumite-cryolite eutectic with addition
of nepheline (Rutlin 1998) and 13 �C for the villiaumite-
fluorite eutectic with addition of nepheline (Faerøyvik
et al. 1999). By using the dT/dP � 14 �C/kbar gradient
for fluoride melting (Clark 1959; Pistorius 1966), the
solidus boundaries are reliably located based on fluoride
compatibilities (Fig. 3).
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Compatibilities of rock-forming minerals with F-
bearing phases as well as the effects of bulk composition
are presented in a series of pseudoternary diagrams
(Na2O-Al2O3-SiO2), sectioned according to increasing
l(F2O)1). Progressive fluorination starts at the Na2O
apex and F-bearing phases appear in the following or-
der: villiaumite, cryolite, fluortopaz, chiolite, AlF3, ma-
lladrite and SiF4. Gray shadings (Fig. 4) indicate
coexistence of silicates with fluoride phases and confirm

the progress of fluorination from peralkaline towards
peraluminous, and from silica-undersaturated towards -
oversaturated bulk compositions. Consequently, peral-
kaline silica-undersaturated rocks will buffer fluorine
concentrations in the system at the lowest levels, whereas
peraluminous silica-saturated systems will attain the
highest fluorine abundances.

Individual phase diagrams reveal important compati-
bilities (Fig. 4). Peralkaline nepheline-albite assemblages

Fig. 4 Solid-gas compatibilities
in the system Na2O-Al2O3-
SiO2-F2O)1 at 600 �C and
100 MPa, with increasing
l(F2O)1) indicating fluoride/
topaz-silicate compatibilities
and progressive fluorination
from peralkaline silica-
undersaturated towards
peraluminous silica-
oversaturated compositions. In
the H2O-free multicomponent
systems, topaz is represented by
its fluorine-end member. Fill
patterns: dark gray coexistence
of one F-bearing phase with
silicate phases, light gray
coexistence of two F-bearing
phases with a silicate phases,
dotted areas coexistence of
topaz with silicate or fluoride
phases

768



(peralkaline nepheline syenites) are first saturated with
villiaumite at l(F2O)1) >)514.2 kJ or a(HF0,aq)
>10)2.06:

2 NaAlSiO4 nephelineð Þ þ 2 Na2Si2O5 þ 2 F2O�1½ � ¼
4 NaF villiaumiteð Þ þ 2 NaAlSi3O8 albiteð Þ

Villiaumite in peralkaline nepheline syenites is re-
placed by cryolite at l(F2O)1) >)501.1 kJ or a(HF0,aq)
>10)1.66, by the following equilibrium:

4NaF villiaumiteð Þþ3NaAlSiO4 nephelineð Þþ4 F2O�1½ �¼
2Na3AlF6 cryoliteð Þþ1NaAlSi3O8 albiteð Þ

Peraluminous nepheline syenites remain saturated
with corundum, at all levels of F2O)1. The upper sta-
bility limit for the fluorine-bearing nepheline syenites is
given by the breakdown of nepheline at
l(F2O)1)=)482.3 kJ or a(HF0,aq)=10)1.10:

9 NaAlSiO4 nephelineð Þ þ 6 F2O�1½ � ¼
3 NaAlSi3O8 albiteð Þ þ 2 Al2O3 corundumð Þ
þ2 Na3AlF6 cryoliteð Þ

This equilibrium also limits the maximum fluorine
solubility (expressed in terms of F2O)1) in silica-under-
saturated magmas.

Peralkaline quartz-albite assemblages (peralkaline
granites) become saturated with villiaumite at l(F2O)1)
>)494.1 kJ, i.e. at higher levels than nepheline syenites.
Cryolite becomes stable in granitic assemblages at
l(F2O)1)=)486.0 kJ, by replacing villiaumite:

2NaF villiaumiteð Þþ1NaAlSi3O8 albiteð Þþ2 F2O�1½ � ¼
1Na3AlF6 cryoliteð Þþ3 SiO2 quartzð Þ:

Peraluminous granites in this system are saturated
with andalusite (in the absence of ferromagnesian com-
ponents), which is replaced by topaz at
l(F2O)1)=)479.3 kJ:

1 Al2SiO5 andalusiteð Þ þ 1 F2O�1½ �
¼ 1 Al2SiO4F2 topazð Þ

The occurrence of villiaumite in peralkaline silica-
oversaturated rocks corresponds to significantly lower
levels of F2O)1 (a(HF0,aq) <10)1.21) than the presence
of topaz in peraluminous varieties (a(HF0,aq) >10)1.01).
The upper stability limit for fluorine-bearing granitic
systems corresponds to the breakdown of albite at
l(F2O)1)=)459.4 kJ or a(HF0,aq)=10)0.42, according
to the equilibrium:

3NaAlSi3O8 albiteð Þþ4 F2O�1½ �¼
1Na3AlF6 cryoliteð Þþ1Al2SiO4F2 topazð Þ
þ8SiO2 quartzð Þ

This equilibrium converts granitic rocks (by miner-
alogical definition) into feldspar-free rocks. The alkali-
feldspar breakdown has additional implications:
(i) maximum fluorine enrichments are higher in the

silica-oversaturated than in silica-undersaturated sys-
tems, and the corresponding activities of HF0 (aq) are
10)1.10 and 10)0.42, respectively; (ii) feldspar is incom-
patible with ‘‘high-fluorination’’ phases, such as chiolite,
AlF3, malladrite or SiF4. These phases are not stable
in feldspathic rocks at near-solidus temperatures, but
can form during externally buffered cooling (Fig. 3).

Because stabilities of F-bearing minerals are directly
related to peralkalinity or peraluminosity of the system
(Fig. 4) it is desirable to portray the fluorination of
quartzofeldspathic assemblages as a function of chemi-
cal potential of Na2O (Fig. 5), which covers the entire
range of peraluminosity to peralkalinity in granitic sys-
tems. Its lower limit is given by andalusite saturation:

Na2O½ � þ Al2SiO5 andalusiteð Þ þ 5 SiO2 quartzð Þ
¼ 2 NaAlSi3O8 albiteð Þ

The upper limit of l(Na2O) is related to the decom-
position of quartz through the equilibrium:

Na2O½ � þ 2 SiO2 quartzð Þ ¼ Na2Si2O5

Mafic minerals (micas, amphiboles, pyroxenes, faya-
lite) define additional buffers, which subdivide the
quartz-albite stability field (Fig. 5). Progressive fluori-
nation is expressed as the chemical potential of F2O)1.
The composition space with Na2O and F2O)1 as mobile
components is limited by the saturation field of villiau-
mite, according to the equilibrium (DrG=)1,178.9 kJ,
at 600 �C and 100 MPa):

Na2O½ � þ F2O�1½ � ¼ 2 NaF villiaumiteð Þ

During magmatic differentiation crystallizing magmas
will evolve along isopleths of constant l(Na2O) due to
buffering effects of feldspars and mafic minerals, whereas
fluorine compatibility in the melt (London 1997) causes
l(F2O)1) to rise. At low levels of l(Na2O), peraluminous
granites will crystallize topaz. Moderately peralkaline
granites (as indicated by the presence of riebeckite) will
precipitate cryolite, and strongly peralkaline granites
(with aegirine) saturate with cryolite or villiaumite.

Major hydrothermal alteration styles—greiseniza-
tion, albitization and alkali metasomatism follow
orthogonal trends in terms of l(F2O)1) and l(Na2O).
Greisenization is characterized by concomitant hydro-
lysis and fluorination (Burt 1974; Štemprok 1987),
leading to progressive destabilization of feldspars (to-
paz-quartz greisens) and aluminosilicates (quartz grei-
sens). Hydrothermal albitization (e.g. Barton et al. 1991)
of topaz-bearing granites only requires an increase in
l(Na2O) at constant l(F2O)1) and will be followed by
cryolitization. Whereas mobility of F2O)1 and Na2O
produces distinct alteration products in peraluminous
systems and can provide additional information on fluid
characteristics, the addition either of F2O)1 or Na2O to
peralkaline systems will only lead to cryolitization.

These equilibria are topologically similar to those in
the l(HF)-l(NaF) coordinate space (Burt and London
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1982). Phases NaHF2 (s), ralstonite and rosenbergitee
are unstable at high-temperature hydrothermal and
near-solidus conditions; NaHF2 decomposes into HF
and villiaumite between 270–278 �C (von Wartenberg
and Bosse 1922; Froning et al. 1947), ralstonite dehy-
drates at 302 �C (Ryabenko et al. 1988) and rosenbergite
undergoes stepwise dehydration between 125 and 320 �C
(Grobelny 1977; Menz et al. 1988).

Addition of CaO to the system Na2O-Al2O3-SiO2-
F2O)1 will cause saturation with fluorite and severely
limit the fluorine enrichment, particularly in peralkaline
granites. In peralkaline and metaluminous environ-
ments, fluorite saturation is related to decalcification of
plagioclase:

CaAl2Si2O8 plagioclaseð Þþ4 SiO2 quartzð Þþ Na2O½ �
þ F2O�1½ � ¼CaF2 fluoriteð Þþ2NaAlSi3O8 plagioclaseð Þ

In peraluminous compositions, fluorite saturation
occurs by concomitant formation of topaz:

CaAl2Si2O8 plagioclaseð Þ þ 2 F2O�1½ �
¼ CaF2 fluoriteð Þ þAl2SiO4F2 topazð Þ
þ SiO2 quartzð Þ

These equilibria are divariant in the Na2O vs.
F2O)1 composition space due to continuous solid-
solution changes, i.e. decalcification (albitization) of
plagioclase. Since saturation with fluorite always oc-
curs at lower l(F2O)1) than the formation of cryolite
or villiaumite (Figs. 5 and 6), peralkaline granite
magmas with Ca-bearing plagioclase will crystallize

fluorite and do not reach saturation with cryolite or
villiaumite, unless plagioclase has been converted into
nearly pure albite.

Addition of K2O represents an extension towards
the complete haplogranite system and portrays alter-
ation equilibria in greisen environments (Burt 1981).
The important difference are: (i) the stability of quartz
is more restricted due to the presence of K2Si4O9;
consequently, carobbiite is not compatible with quartz
and is not stable in granitic suites. (ii) the K-feld-
spar—K3AlF6 equilibrium is shifted to higher levels of
l(F2O)1) than the albite—cryolite equilibrium. There-
fore, peralkaline granites will precipitate cryolite, and
K3AlF6 will not form until albitic feldspar has been
completely converted into cryolite. This sequence is in
agreement with the abundance of alkali aluminofluo-
rides in natural conditions: cryolite is the most com-
mon aluminofluoride (Pauly 1960; Korytov et al. 1984;
Horbe et al. 1991), elpasolite KNa2AlF6 is a minor
phase rarely found in F-rich granitic pegmatites (Bailey
1980), and K3AlF6 has not yet been identified as a
natural mineral.

Phase equilibria in the system CaO-Al2O3-SiO2-F2O–1

(CASF)

Fluorite, CaF2, is one of the most common accessory
minerals in calc-alkaline and peralkaline silicic magmas
(Marshall et al. 1998; Price et al. 1999; Webster and
Rebbert 2001), associated skarns (Burt 1972), and high-
grade quartzofeldspathic gneisses (Bohlen and Essene

Fig. 5 l(Na2O) vs. l(F2O)1)
diagram of the system Na2O-
Al2O3-SiO2-F2O)1 at 600�C and
100 MPa. Light gray field
indicates the presence of quartz;
dark gray field corresponds to
quartz+albite assemblage.
Black dashed lines are contours
of fluorite saturation in the
Ca-bearing system as function
of plagioclase composition.
Bulk composition: SiO2 :
Al2O3=10:1 molar, mobile
components: Na2O, F2O)1.
Additional abbreviations: aeg
aegirine, crd cordierite, fay
fayalite, kf K-feldspar, phl
phlogopite, plg plagioclase, rieb
riebeckite, and QFM quartz-
fayalite-magnetite buffer
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1978). The fluorite stability in magmas is controlled by
the equilibrium:

CaO½ � þ F2O�1½ � ¼ CaF2

Hence, activities of CaO and F2O)1 exert reciprocal
effects on the fluorite saturation. The lower limit of
l(CaO) is determined by saturation with aluminosilicate

CaO½ � þAl2SiO5 andalusiteð Þ þ SiO2 quartzð Þ
¼ CaAl2Si2O8 plagioclaseð Þ

demonstrating the relationship between l(CaO), melt
peraluminosity and plagioclase composition. The upper
limit of l(CaO) is given by the stability of wollastonite:

CaO½ � þ SiO2 quartzð Þ ¼ CaSiO3 wollastoniteð Þ

Natural multicomponent systems provide many
additional buffers of l(CaO): enstatite—actinolite (Ca-
amphibole) - diopside, phlogopite—actinolite (amphi-
bole) / K-feldspar, rutile—titanite, and ilmenite—
titanite / magnetite. In Fig. 6, all amphibole-, clinopy-
roxene- or titanite-bearing magmas saturate with
fluorite. Fluorite buffers fluorine concentration in the
melt (or a fluid) at decreasing levels (l(F2O)1)
<)470 kJ) with increasing l(CaO). Low-Ca or peralu-
minous magmas saturate with topaz at higher fluorine
concentrations, l(F2O)1) >)480 kJ. Cryolite stability
is restricted to extremely Ca-poor compositions
(An<01). The maximum (buffered) solubility of fluorine

is determined by the low-variance equilibria, in Ca-rich
and Ca-poor granitic melts, respectively:

CaAl2Si2O8 plagioclaseð Þ þ 2 F2O�1½ �
¼ Al2SiO4F2 topazð Þ þ CaF2 fluoriteð Þ
þ SiO2 quartzð Þ

3NaAlSi3O8 plagioclaseð Þþ4 F2O�1½ �¼
Na3AlF6 cryoliteð ÞþAl2SiO4F2 topazð Þþ8SiO2 quartzð Þ

Effects of plagioclase composition, peralkalinity
and silica saturation

The major-element variation of natural felsic magmas
spans the Na2O-K2O-CaO-Al2O3-SiO2 system and can
be completely described by three independent variables:
silica saturation, peralkalinity, and feldspar composi-
tion. These factors were historically incorporated in the
alumina saturation index (Shand 1927), the alkali-lime
index (Peacock 1931), and the silica saturation concept
(Carmichael et al. 1970). Relationships between com-
positional and thermodynamic parameters have been
introduced by studies on silica activity in natural mag-
mas (Carmichael et al. 1970), followed by Barton et al.�s
(1991) and Barton�s (1996) descriptions of composition
space of felsic magmas by using a(SiO2), a(Al2O3) and
a(CaO). At arbitrary P and T compositional parameters

Fig. 6 l(CaO) vs. l(F2O)1)
projection of the system Na2O-
CaO-Al2O3-SiO2-F2O)1 at
600 �C, 100 MPa and quartz
saturation. Light gray field
indicates the presence of the
assemblage albite+quartz; dark
gray field corresponds to the
plagioclase (An10)+quartz
assemblage. Notice shrinking of
andalusite and topaz stability
fields with decreasing An-
content of plagioclase and
closing of cryolite stability
field at An>3. Additional
abbreviations: di diopside,
en enstatite, hbl hornblende,
ilm ilmenite, mtt magnetite,
ru rutile, spn titanite
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of any felsic rock: melt peralkalinity, peraluminosity and
chemical potentials of system constituents are directly
related to feldspar composition:

CaO½ � þ Al2SiO5½ � þ SiO2 quartzð Þ
¼ CaAl2Si2O8 plagioclaseð Þ

Na2O½ � þ Al2SiO5½ � þ 5 SiO2 quartzð Þ
¼ 2 NaAlSi3O8 plagioclaseð Þ

Therefore and in the common absence of K-bearing
fluoride phases, only two independent variables at con-
stant a(SiO2) provide a complete description of the
composition space of felsic rocks as well as compatibi-
lites of F-bearing phases in the system Na2O-CaO-
Al2O3-SiO2-F2O)1. In this discussion, l(Na2O) and
l(CaO) are used as independent variables at constant
a(SiO2), and plagioclase composition, melt peralumi-
nosity as well as the position of various solid-solid
buffers are plotted in this thermodynamic frame. F2O)1

Fig. 7 l(Na2O) vs. l(CaO) projection of the system Na2O-CaO-
Al2O3-SiO2-F2O)1 at 600 �C and 100 MPa illustrating compatibil-
ities between granitic or nepheline-syenitic rock types and F-bearing
minerals: a a(SiO2)=1, i.e. at quartz saturation. Chemical potentials
ofNa2OandCaOare related throughplagioclase equilibrium (dotted
lines): [CaO]+2 NaAlSi3O8 (ss)=[Na2O]+CaAl2Si2O8 (ss)+4
SiO2 (s) and that of F2O)1 by the coexistence of quartz, plagioclase
and the fluoride phase. Abbreviations for rock groups: PERAL
peraluminous granites, METAL metaluminous granodiorites to
tonalities, PERALK peralkaline granites. b a(SiO2)=1, isopleths of
l(F2O)1) in kJ at quartz, plagioclase and F-bearing phase equilib-
rium. c a(SiO2)=0.25, i.e. at nepheline-albite equilibrium. Abbrevi-
ation for rock group: ALK alkaline nepheline syenites. d
a(SiO2)=0.25, isopleths of l(F2O)1) in kJ at nepheline, plagioclase
and fluoride phase equilibrium
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is treated as a thermodynamically immobile component
buffered by the coexistence of plagioclase with a F-
bearing phase at constant a(SiO2), hence the calculation
of equilibria in this system does not require bulk com-
position constraints.

The composition space of felsic rocks is limited by the
conversion of quartz, nepheline or plagioclase into alu-
minous (andalusite, corundum), alkaline (sodium sili-
cate) or Ca-rich phases (wollastonite, grossular). Further
subdivisions are provided by mafic-silicate and oxide
buffers (Fig. 7, cf. Figs. 5 and 6). In granitic rocks with
a(SiO2) near unity, saturation with topaz, fluorite,
cryolite or villaumite is controlled by the plagioclase
composition and system peralkalinity (peraluminosity)
(Fig. 7a). Villiaumite is stable in extremely peralkaline
conditions: l(Na2O) >)693 kJ, coexisting with pure
albite (An<0.001) only. Similarly, cryolite stability re-
quires the coexistence with pure albite (An<02) and oc-
curs in Ca-poor environments. Natural granitic rocks
with Ca-bearing plagioclase (An>05) saturate with topaz
or fluorite. The stability of topaz is restricted to pera-
luminous conditions at a(Al2SiO5) greater than approxi-
mately 10)1 (Fig. 7a), consistent with the presence of
Li-micas or anhydrous aluminosilicates (cordierite,
garnet, andalusite). Fluorite crystallization is limited to
high-Ca/Na environments and it becomes a saturating
fluoride in peraluminous biotite granites, amphibole,
clinopyroxene or titanite-bearing calc-alkaline suites as
well as in peralkaline granitic rocks (Fig. 7a).

Highly variable levels of fluorine enrichment ob-
served in natural magmas (0.2 to �8 wt%, Fig. 1) are
depicted by the shape of l(F2O)1) surface at the feld-
spar/F-bearing phase-saturating interface (Fig. 7b). The
lowest levels of fluorine concentration are attained at
Ca-rich or strongly peralkaline environments with
l(F2O)1) <)490 kJ. The chemical potential of l(F2O)1)
increases towards low-Ca and peraluminous conditions
and reaches its maximum at the cryolite, topaz, fluorite
invariant point at l(F2O)1)=)459 kJ. Consequently,
villiaumite-saturated magmas will strongly inhibit
fluorine enrichment, whereas low-Ca topaz- or cryolite-
bearing melts will achieve the highest fluorine concen-
trations. Similarly, the levels of maximum increase in
fluorine solubility increase from peralkaline through
metaluminous to peraluminous conditions. The varia-
tion range of �60 kJ l(F2O)1) corresponds to 1.5 log
units of a(HF0, aq). These results are also consistent
with natural observations on fluorine melt concentra-
tions increasing from evolved peralkaline rhyolites
(maximum 1.5 wt% F; Webster and Rebbert 2001)
towards peraluminous topaz-bearing ongonites (maxi-
mum 3.5 wt% F; Kovalenko and Kovalenko 1984;
Štemprok 1991).

The effect of silica activity provides an explanation
for the strong difference in fluorine melt-inclusion con-
tents in granites vs. nepheline syenites (Fig. 1). Fig. 7c
provides comparative phase diagrams at a(SiO2)=0.25,
as buffered by nepheline-albite equilibrium. The large

Fig. 8 Temperature–l(F2O)1)
pseudosection in the system
qz-kf-ab-an-Al2O3-F2O)1 at
100 MPa and quartz and H2O
saturation showing subsolidus
evolution of fluorogranitic
systems during internally and
externally buffered conditions.
Gray shading indicates stability
of one, two, three or four F-
bearing phases, respectively.
Bulk composition (at quartz
and H2O saturation):
Ab54Or36An10 (A/CNK=1.2).
Alkali feldspar and topaz are
solid solutions (Wen and
Nekvasil 1994; Barton 1982).
Additional abbreviations: fsp
feldspar, lmt laumontite, wrk
wairakite
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stability field of corundum severely restricts the potential
for high l(F2O)1) levels and eliminates the occurrence of
topaz in silica-undersaturated rocks. The cryolite sta-
bility field slightly expands with decreasing activity of
silica at the expense of villiaumite and fluorite, due to the
equilibria:

6 NaF villiaumiteð Þ þNaAlSi3O8 plagioclaseð Þ
¼ Na3AlF6 cryoliteð Þ þ 2 Na2O½ � þ 3 SiO2

3 CaF2 fluoriteð Þ þ 7 NaAlSi3O8 plagioclaseð Þ ¼
Na3AlF6 cryoliteð Þ þ 3 CaAl2Si2O8 plagioclaseð Þ
þ 2 Na2O½ �þ15 SiO2½ �

Corundum-bearing nepheline syenites have the high-
est potential for fluorine enrichment before they reach
cryolite saturation. Titanite-bearing nepheline-syenite
magmas achieve very low fluorine concentrations by
saturating with fluorite at l(F2O)1) <)505 kJ, which is
10 to 50 kJ lower than in granitic rocks. These results
favourably compare with lower fluorine concentrations
in melt inclusions from evolved nepheline syenites than
in those from evolved granitic rocks (e.g. Harms and
Schmincke 2000, Fig. 1).

Solidus and hydrothermal equilibria in F-bearing
granitic systems

Granitic melts achieve the highest fluorine enrichments
among all igneous suites (Figs. 1 and 7) and are often
associated with prominent alteration aureoles (Pollard
et al. 1987; Barton et al. 1991), e.g. greisenization
(Štemprok 1987), alkali feldspatization (Charoy and
Pollard 1989) or cryolitization (Horbe et al. 1991; Kov-
alenko et al. 1995). We investigate the effects of fluori-
nation and temperature on several representative bulk
compositions, covering metaluminous to peraluminous
and Ca-free to Ca-bearing granitic compositions.
A representative phase diagram for a peraluminous
Ca-bearing granite is presented in Fig. 8.

With increasing l(F2O)1), quartzofeldspathic assem-
blages are converted into topaz, cryolite, fluorite and
other fluoride phases. In Ca-free environments, subalu-
minous granitic rocks are buffered by topaz and cryolite,
over a wide temperature range of 700–250 �C:

3 NaAlSi3O8 albiteð Þ þ 4 F2O�1½ � ¼
1 Na3AlF6 cryoliteð Þ þ 1 Al2SiO4F2 topazð Þ
þ 8 SiO2 quartzð Þ
In peraluminous suites, the levels of fluorine enrich-

ment are buffered by the andalusite- or muscovite–topaz
equilibria (above or below 555 �C, respectively):

Al2SiO5 andalusiteð Þ þ F2O�1½ � ¼ Al2SiO4F2 topazð Þ

KAl3Si3O10ðOHÞ2 muscoviteð ÞþSiO2 quartzð Þþ F2O�1½ �¼
Al2SiO4F2 topazð ÞþKAlSi3O8 K�feldsparð ÞþH2O

The addition of CaO to the haplogranite system
implies the potential stability of fluorite as well as
involvement of Ca-bearing plagioclase in the solid-state
equilibria (Fig. 8). Metaluminous granitic suites become
co-saturated with fluorite and topaz above 475 �C, with
simultaneous decalcification of plagioclase:

CaAl 2Si2O8 plagioclaseð Þ þ 2 F2O�1½ �
¼ Al2SiO4F2 topazð Þ þ CaF2 fluoriteð Þ
þ SiO2 quartzð Þ

In peraluminous Ca-bearing granites saturation with
topaz precedes that of fluorite by andalusite or musco-
vite breakdown:

Al2SiO5 andalusiteð Þ þ F2O�1½ � ¼ Al2SiO4F2 topazð Þ

KAl3Si3O10 OHð Þ2 muscoviteð Þ þ SiO2 quartzð Þ
þ F2O�1½ � ¼ Al2SiO4F2 topazð ÞþKAlSi3O8

K� feldsparð ÞþH2O

Below 475�C, topaz becomes unstable in all
Ca-bearing suites and the formation of fluorite involves
K-feldspar and muscovite:

CaAl2Si2O8 plagioclaseð Þ þKAlSi3O8 K� feldsparð Þ
þ F2O�1½ �þH2O ¼

KAl3Si3O10 OHð Þ2 muscoviteð Þ þ CaF2 fluoriteð Þ
þ2 SiO2 quartzð Þ

The fluorine concentrations in the silicate melt or the
aqueous fluidwill be internally buffered by the presence of
feldspars at the stability limit of the first or the first two
simultaneous F-bearing phases. Progressive fluorination,
i.e. increasing l(F2O)1), leads to the decomposition of
feldspars and micas and produces the following sequence
of phases: chiolite, K3AlF6, AlF3, hieratite andmalladrite
(Fig. 8). The subparallel course of the stability boundaries
indicates that temperature does not have a significant ef-
fect on the mutual stabilities and compatibilities between
rock-forming silicates and these ‘‘high-fluorination’’
phases.

The oblique intersections of isopleths of a(HF0, aq)
with phase boundaries implies that a rock-buffered fluid
phase will have progressively lower fluorine concentra-
tions with decreasing temperature. On the other hand, the
externally buffered alteration path (e.g. percolation of
high-temperature magmatic fluids) will lead to progres-
sive fluorination with decreasing temperature, i.e. break-
down of feldspars, topaz and coexistence of chiolite,
K3AlF6, AlF3, hieratite and malladrite with quartz
(Fig. 8).

The first saturating F-bearing phase appears related
to mica-feldspar low-temperature equilibria. Since the
fluorine concentrations in a silicate melt or a hydro-
thermal fluid are buffered by the first F-bearing phase
(stable with feldspar and mica), it is necessary to inves-
tigate these equilibria in more detail.
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The instability of feldspars and occurrence of
hydrothermal fluorite in greisen deposits (e.g. Burt 1981;
Štemprok 1987) prompts evaluation of feldspar-mica-
quartz-fluorite equilibria in peraluminous environments
with decreasing temperature. Barton (1982) and Haa-
pala (1997) proposed an origin of fluorite by subsolidus
decalcification of magmatic plagioclase and/or K-feld-
spar breakdown:

CaAl2Si2O8 plagioclaseð Þþ4HF aqð Þ¼Al2SiO4F2 topazð Þ
þCaF2 fluoriteð ÞþSiO2 quartzð Þþ2H2O

CaAl2Si2O8 plagioclaseð Þ þKAlSi3O8 K� feldsparð Þ
þ 2 HF aqð Þ ¼ KAl3Si3O10 OHð Þ2 muscoviteð Þ
þ CaF2 fluoriteð Þ þ 2 SiO2 quartzð Þ

CaAl2Si2O8 plagioclaseð Þþ2KAlSi3O8 K�feldsparð Þ
þAl2SiO4F2 topazð Þþ2H2O¼
2KAl3Si3O10 OHð Þ2 muscoviteð ÞþCaF2 fluoriteð Þ
þ3SiO2 quartzð Þ

These equilibria require open-system fluorination,
i.e. subsolidus interaction of HF-bearing aqueous fluid
phase with solid granites. However, we demonstrate
that topaz, fluorite and cryolite undergo mutual
transformations in the closed system and their presence

provides valuable information on equilibrium temper-
atures. Fig. 9 illustrates a temperature-composition
pseudosection for the system Ca-bearing gran-
ite—topaz (at H2O saturation) to depict subsolidus
closed-system equilibria of topaz-bearing granites (iso-
plethic path) and effects of hydrolytic alteration, i.e.
alkali leaching during greisenization (non-isoplethic
path). At near-solidus conditions (above 600 �C),
quartz, K-feldspar, plagioclase and topaz are the stable
mineral assemblage, representing Ca-bearing topaz
granites. With decreasing temperature, the F-topaz
end-member becomes unstable (cf. Barton 1982),
causing enrichment of topaz solid solution in hydroxyl
end-member; the released fluorine is incorporated in
fluorite by decalcification of plagioclase:

CaAl2Si2O8 plagioclaseð ÞþAl2SiO4F2 topazð Þþ2H2O¼
CaF2 fluoriteð Þþ2Al2SiO4 OHð Þ2 topazð ÞþSiO2 quartzð Þ

Depending on the initial topaz F/(F+OH) ratio
fluorite forms by this subsolidus reaction below
approximately 600 �C in topaz-bearing granites. With
decreasing temperature, the formation of white mica
requires destabilization of feldspar and an aluminosili-
cate phase (i.e. topaz). This divariant transformation is
bracketed by the following equilibria:

Fig. 9 Temperature–
composition pseudosection for
the haplogranodiorite-topaz
system at 100 MPa and H2O
saturation illustrating the
fluoride-topaz-feldspar-mica
equilibria during isochemical
subsolidus cooling (vertical
trend) and hydrolytic alteration
(oblique trend). Gray shading
indicates stability of one, two
or three F-bearing phases,
respectively. Alkali feldspar,
white mica and topaz are solid
solutions (Wen and Nekvasil
1994; Chatterjee and Froese
1975; Barton 1982). Additional
abbreviations: pg paragonite
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Al2SiO4 OHð Þ2 topazð Þ þKAlSi3O8 feldsparð Þ
¼ KAl3Si3O10 OHð Þ2 muscoviteð Þ þ SiO2 quartzð Þ

CaAl2Si2O8 plagioclaseð Þ þKAlSi3O8 K� feldsparð Þ
þAl2SiO4F2 topazð Þ þ 2 H2O ¼

2 KAl3Si3O10 OHð Þ2 muscoviteð Þ þ CaF2 fluoriteð Þ
þ3 SiO2 quartzð Þ

These reactions lead to further consumption of topaz
and converge to an invariant point at 0 wt% topaz and
T=475 �C. The assemblage of quartz, plagioclase, K-
feldspar, topaz, secondary muscovite and secondary
fluorite between 475 and 315 �C corresponds to mus-
covitized topaz-albite granites (e.g. Ryabchikov et al.
1996; Dolejš and Štemprok 2001). In initially low-topaz
(<4 wt%) protoliths the above equilibria will lead to
complete replacement of topaz by muscovite and fluo-
rite. The appearance of cryolite at low temperatures
(<315 �C) is associated with conversion of albite into
paragonite:

7NaAlSi3O8 plagioclaseð Þþ3Al2SiO4F2 topazð Þ
þ4H2O¼1Na3AlF6 cryoliteð Þþ4NaAl3Si3O10 OHð Þ2
Na�micað Þþ12SiO2 quartzð Þ

This reaction proceeds until complete consumption of
topaz (for initial contents 4–10 wt% topaz) or plagio-
clase (initially more than 10 wt% topaz). The low-tem-
perature stable assemblages contain up to three F-
bearing phases—fluorite, cryolite and topaz, in addition
to Na-mica, K-mica and quartz (Fig. 9). The relatively
high temperatures of greisen formation (350–450 �C,
Witt 1988; Halter et al. 1996), however, explain the
relative paucity of these alteration assemblages in nat-
ure. In summary, these results suggest the absence of
magmatic fluorite in Ca-bearing topaz granitic rocks.
During subsolidus conditions, several modes of fluorite
formation: (i) closed-system defluorination of topaz, (ii)
open-system decalcification of plagioclase or (iii)
hydrolytic alteration explain its abundance in granitic
plutons and their hydrothermal aureoles.
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Štemprok M (1987) Greisenization (a review). Geol Rundsch
76:169–175
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