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Phase transitions and volumetric properties of cryolite, Na;AlF,: Differential thermal

analysis to 100 MPa
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ABSTRACT

Cryolite, Na;AlF;, is the most abundant aluminofluoride mineral in highly evolved felsic suites
and their pegmatites, but its phase transitions and thermodynamic properties at elevated pressures are
unknown. We used a simple modification of the TZM pressure vessel to perform differential thermal
analysis of cryolite at high pressures. Temperatures of the -} transition are as follows: 559.30 £0.23
°C (1 atm), 562.10£0.28 °C (47 MPa), and 567.33 £0.23 °C (101 MPa). Cryolite melting temperatures
increase as follows: 1011.4 £0.2 °C (1 atm), 1019.2 £ 0.4 °C (50 MPa), and 1028.7 £ 0.4 °C (100
MPa). Both pressure-temperature relationships are linear: (d7/dp),.s = 78.4 & 8.4 °C/GPa and (d7/
dp).,, = 174 £ 12 °C/GPa. Application of the Clapeyron relationship leads to the following volumetric
changes: AV, =0.089 +£0.019 J/(mol-bar) and AV,, = 1.49 £0.12 J/(mol-bar). Despite the significant
self-dissociation in the cryolite liquid, melting sensu stricto (without dissociation) dominates the heat
and volumetric changes during melting in comparable amounts: 83.3 £6.7 % AH,, and 68 £ 15 % AV,,
and suggests that the degree of dissociation has no significant effect on the (d7/dp),,. Evaluation of
previous and current volumetric data for cryolite polymorphs leads to Vg 1254 = 8.49 £0.17 J/(mol-bar);
coefficients for the volumetric thermal expansion in the form of the third-order polynomial equation
are: Vag = 7.080 £ 0.012 J/(mol-bar), a; = (1.39 £ 0.20)-10* K™, @, = (-2.15 £ 0.51)- 107 K2, and a;
= (2.68 = 0.34)-10"'°K=. The total (d7/dp),, of cryolite is very similar to that of villiaumite (NaF),

whereas AV,,/Vj 1554 Of cryolite is smaller than for other alkali halides (NaF, NaCl).
Keywords: DTA, TGA, cryolite, phase transition, thermodynamics

INTRODUCTION

Cryolite, Na;AlF, (Abildgaard 1799), is the most abundant
aluminofluoride mineral in nature (Bailey 1980). Cryolite occurs
as two polymorphs: low-temperature monoclinic o-cryolite and
high-temperature orthorhombic (pseudocubic) B-cryolite (Strunz
and Nickel 2001; Yang et al. 1993), which are separated by a first-
order displacive phase transition at ~563 °C and 1 atm (Spearing
et al. 1994; Chase 1998). Na;AlF; is a neso-aluminofluoride
(Brosset 1937; Pabst 1950; Hawthorne 1984) containing cor-
ner-sharing octahedra [AlF] and [NaF;] with additional sodium
atoms in cubic and 12-fold coordination: oi-Na,®'Nal®[AIF,] and
B-Na,!"2Nal®[ AlF,] (Hawthorne and Ferguson 1975; Strunz and
Nickel 2001). Cryolite forms two solid solutions: Na;AlF-AlF;
with the AINa_; substitution (Dewing 1978, 1997) and Na,AlF,-
NaCaAlF, with the CaNa_, exchange (Craig and Brown 1980;
Lin et al. 1982). The melting point of B-cryolite is 1012 °C at
1 atm (Chase 1998) and cryolite melt is a highly conductive,
ionic liquid (Landon and Ubbelohde 1956) with about 30-40%
self-dissociation of octahedral AIFZ- ions into free F-, tetrahedral
AIF,, and pentahedral AIFZ ions (Feng and Kvande 1986; Xu
et al. 2001).

Cryolite occurs in peralkaline granites and pegmatites (Good-
enough et al. 2000) and NayAl, 333F is a component for quasicrys-
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talline models of F-bearing melts (Burnham 1997). Interactions
between cryolite and fully polymerized silicate melts reflect
incorporation mechanisms of fluorine in the silicate framework
and local avoidance principles (Dolej$ and Baker 2004b) and
lead to the occurrence of the fluoride-silicate liquid immiscibil-
ity (Kogarko 1967; Kogarko and Krigman 1975; Rutlin 1998).
The liquid-liquid immiscibility propagates into the quartz-al-
bite-cryolite-topaz quaternary system (Dolej$ and Baker 2001,
2002), and must be evaluated as a petrogenetic phenomenon in
the differentiation of F-bearing felsic magmas.

Due to its significance in electrolytic metallurgy (Grjotheim
et al. 1977), the thermodynamics of Na;AlF, is well known at
ambient pressure (Chase 1998; Chartrand and Pelton 2002).
However, the temperatures of the - transition and melting at
high pressures as well as the associated volumetric changes are
not available. In this study, we use differential thermal analysis in
the TZM pressure vessel to determine temperatures of the cryolite
phase transition and melting to 100 MPa. We report temperature
measurements and derive volumetric changes of the o-B phase
transition, melting, and partial dissociation of Na;AlF; to 100
MPa. These data provide basis for phase-equilibria studies and
thermodynamic models of cryolite-bearing granitic melts.

EXPERIMENTAL TECHNIQUE

Temperatures of the Na;AlF transition and melting were measured by dif-
ferential thermal analysis in the TZM pressure vessel. The starting material was
hand-picked crystalline cryolite (99.5%, Alfa Aesar). Microprobe analysis revealed
32.34 £0.15 wt% Na, 12.96 £ 0.35 wt% Al, 54.68 £ 0.49 wt% F, and <0.10 wt%
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K, Ca, and Si (average of 10 measurements, standard deviations 1 ), which cor-
responds to the formula Na, ¢34)Al, g3, Fs. The cryolite powder was stored perma-
nently at 120 °C to prevent absorption of moisture. Platinum tubing was cleaned
in concentrated hydrofluoric acid, repeatedly washed with distilled water, cleaned
in the ultrasonic bath, and annealed to orange heat. After loading with cryolite
powder, crimped capsules were stored at 300 °C for one hour to remove remaining
traces of moisture (less than 0.2 wt%) and were welded shut immediately afterward.
Two platinum capsules were used in the experiments: a flat-welded capsule with
66.92 mg cryolite for the 1 atm experiments and a re-entrant capsule with 55.34
mg cryolite for experiments at elevated pressures.

Preliminary 1 atm experiments were performed in a tube furnace (30.5 cm
long, 4.1 cm inner diameter), which contained two parallel chromel-alumel ther-
mocouples. The platinum capsule and one of the thermocouples were wrapped
together with copper foil. The distance between the sample and the reference
thermocouple was 8—10 mm in air.

Experiments at elevated pressures were carried out in a vertical TZM pressure
vessel with argon gas as the pressure medium (Fig. 1). An internal, sheathed thermo-
couple leads through the high-pressure T-junction into the sample chamber and its
tip is in the re-entrant capsule. An external sheathed thermocouple is inserted into
the well in the inconel sheath (Fig. 1). Temperatures were scanned simultaneously in
one or five second steps and converted via a PCI-DAS-TC hardware card (Computer
Boards, Inc.) into a spreadsheet format. Instrumental fluctuation in the temperature
log is £0.06 °C. During all measurements, both thermocouples were ground to a
common pole to eliminate false currents induced by the furnace winding.

Chromel-alumel thermocouples were calibrated against the melting points of
pure salts at 1 atm: NaCl = 800.7 °C (Dawson et al. 1963; Chase 1998), Na,SO, =
883.6 °C (Kleppa and Julsrud 1980), and NaF =992.5 °C (Kojima et al. 1968; Kleppa
and Julsrud 1980). The temperature calibration is accurate to 0.4 °C. Pressure was
monitored with the Bourdon-tube pressure gauges and is accurate to 5 MPa.

RESULTS

The thermal effects of the phase transition and melting were
evaluated by calculating the temperature difference between
the internal (sample) and external (reference) thermocouples

41.28 mm -
31.75 mm inconel
; N sheath
Fe-Cr-Al TZM
tube heater vessel
sample
capsule

reference sample
thermocouple thermocouple
25 mm
[ - .

FIGURE 1. The TZM pressure vessel for differential thermal analysis
with location of sample capsule and thermocouples.

and normalizing to the background defined by the internal
thermocouple outside of the thermal peaks. All transitions are
bracketed by the opposite displacements observed in the heating
and cooling curves, respectively. The terminology and geometry
of thermal effects are illustrated in Figure 2.

The o~ solid-state transition is characterized by a symmetri-
cal endothermic peak during heating and a symmetrical exother-
mic peak during cooling. In most experiments the onsets of the
thermal effect are identical or overlap within the error bracket
of the temperature measurements. In one case, the endothermic
effect was delayed by 3.9 °C, probably due to the high heating
rate in this experiment (7.8 °C/min). The measured tempera-
tures of the o-f transition at 1 atm, 50 MPa, and 100 MPa are
presented in Table 1. The increase in the transition temperature
with pressure is linear and the least-squares fit, for variables with
independent errors (Reed 1989, 1992), yields (dT/dP),.; = 78.4
+ 8.4 °C/GPa, i.e., 7.84 £ 0.84 °C/kbar (Fig. 3).

The melting and crystallization of cryolite show thermal
effects related to melting initiation and the melting reaction, as
well as crystallization delayed by undercooling. The initiation
of melting is a slow onset of the endothermic reaction several
degrees Celsius before the melting temperature is reached; this
phenomenon is a common feature during differential thermal
analysis (e.g., Wyllie and Raynor 1965; Koster van Groos 1979).
The effect of the endothermic onset is very small (<5 °C, Table
1) and insignificant for melt production before reaching the con-
gruent melting point. The onset of cryolite melting is manifested
by an inflection prior to the endothermic maximum (Fig. 2c).
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FIGURE 2. Geometry and terminology of thermal effects.



DOLEJS AND BAKER: CRYOLITE PHASE TRANSITIONS 99

TaBLE 1. Differential thermal analysis of the o~ cryolite phase transition

TaBLE 2. Differential thermal analysis of the Na;AlFs melting

Pressure (MPa) Thermal onset Heating/cooling rate

Pressure (MPa) Thermal events (°C) Heating/cooling

(49 (°C/min) rate (°C/min)

0.1 559.0 2.47 (h) 0.1 1009.2 (im) 1011.9 (m) 1014.1 (p) 0.36 (h)
563.2% 7.84 (h) 1009.9 (m) 1014.7 (p) 1.05 (h)

559.6 2.39(0) 1011.3 (m) 2.82(h)

559.3 4.01 (c) 1012.3 (x)* 1011.2 (p) 0.89 (c)

559.30+0.23 average 997.2 (X) 1002.0 (p) 0.53 (c)

47 562.2 2.69 (h) 992.2 (x) 997.6 (p) 9.54 (0
562.0 5.77 (0 1011.4+0.2 melting

562.10+0.28 average 51.5 1014.8 (im) 1019.2 (m) 1020.3 (p) 3.28 (h)

100.5 566.9 1.27 (h) 1008.0 (x) 1016.2 (p) 1.65 (c)
567.8 2.47 (h) 1019.2+0.4 melting

567.3 5.82(c) 97 1016.0 (im) 1028.7 (m) 1030.9 (p) 3.27 (h)

567.33+0.23 average 1025.5 (x) 1028.8 (p) 0.94 (¢

Notes: Individual temperature measurements are accurate to +0.4 °C. Abbrevia- 1028.7+0.4 melting

tions: h = heating path, ¢ = cooling path. Rates are measured immediately prior
to the onset of the thermal event.
*Value not included in the average.

This point corresponds to the equilibrium liquidus temperature
in other salt systems (Fig. 2a, cf. Koster van Groos 1979), and
is interpreted as the melting temperature.

During cooling, many experiments display metastable under-
cooling due to the delayed nucleation of cryolite (cf. Yamada et
al. 1993). We distinguish the onset of crystallization and the peak
temperature (Fig. 2d); the peak temperature is higher than the
onset of crystallization (by 3-8 °C, Table 2) due to the release
of the latent heat of crystallization. Experiments with identical
crystallization onset and temperature show overlap with the
melting temperature on the heating curve, thus are indicative of
the equilibrium liquidus temperature (Fig. 2a).

All these effects were observed due to the high resolution
and recording frequency of our experimental procedure. The
cryolite melting interval remains delimited by the endothermic
and exothermic maxima during heating and cooling, respectively,
and these bracket the melting points in all experiments (Table 1).
All experimental measurements at ambient and elevated pres-
sures are reported in Table 2. The melting temperature of cryolite
increases linearly with pressure within the error brackets, and
this allows us to calculate the pressure-temperature dependence:
(dT/dP),, = 174 £ 12 °C/GPa, i.e., 17.4 + 1.2 °C/kbar (Fig. 3).

VOLUME CHANGES DURING PHASE TRANSITIONS

The linear pressure-temperature dependence of the o-3
conversion and melting temperature for cryolite is utilized to
calculate the volume changes of phase transitions. The differ-
ential of the Gibbs-Duhem relationship leads to the Clapeyron
relationship (Prigogine and Defay 1954; Denbigh 1981; Stglen
and Grande 2004):

dp _ _AH,

T T,-AV, M
with T, AH,,, and AV, are the temperature, enthalpy, and volume
of the transition, respectively.

The enthalpy of the o.- transition has been estimated between
9.0 and 10.0 kJ/mol (O’Brien and Kelley 1957; Majumdar and
Roy 1965) and we adopt a value of 9.5 £ 1.7 kJ/mol in accordance
with Chase (1998). By using Equation 1 with 7,3 =832.45+0.23
K at 1 atm (Table 1), we obtain AV, 3 =0.089 £0.019 J/(mol-bar).
The enthalpy of cryolite melting varies between 107 and 116 kJ
(Malinovsky 1984; Sterten and Maland 1985); the value from
Chase (1998), AH,, = 110.0 £5.0 kJ/mol, is representative of this

Notes: Individual temperature measurements are accurate to £0.4 °C. Abbrevia-
tions: im = initiation of melting, m = melting, p = thermal peak, x = onset of
crystallization; h = heating, ¢ = cooling.

* Experiment reversed before melting was complete to preserve cryolite
nuclei.
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FIGURE 3. Pressure-temperature diagram for the o~ transition and
melting of cryolite. Gray intervals are uncertainty limits of the fit at 1c.

range and maintains consistency with thermochemical compila-
tion by Dolejs and Baker (2004a). The corresponding volume
change during melting at 7,, = 1284.55 £ 0.20 K (Table 2) is AV,
=1.49 £0.12 J/(mol-bar).

THERMAL EXPANSION OF CRYOLITE

The present experimental results provide the molar volume of
B-cryolite at its melting point from the melt density (Edwards et
al. 1953; Fernandez and @stvold 1989) and the volume change
of melting, AV,,. This datum complements previous X-ray dif-
fraction measurements of the thermal expansion of cryolite to
900 K (Stewart and Rooksby 1953; Yang et al. 1993) and yields
the thermal expansion parameters from room conditions to the
melting temperature.

The molar volume of the cryolite melt at its melting point,
1011 °C, i8 Vg 1284 = 9.98 £ 0.12 J/bar (Fernandez and @stvold
1989), which is equal to previous density measurements (Ed-
wards et al. 1953). Subtraction of the volume change during
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melting yields a molar volume for B-cryolite at 1011 °C, Vj 154
=8.49 £0.17 J/bar. This value lies on the extension of the non-
linear thermal-expansion trend of cryolite (Fig. 4).

To describe the non-linear thermal behavior, we use the third-
order polynomial expansion of molar volume in temperature:

Vy = Viy {10, (T —298.15) 4 a, (T~ 298.15)" +a,-(T —298.15)'}

(@)

where V., ;5 and V- are molar volumes at reference state (298.15
K) and temperature of interest, respectively, and T'is temperature
(K). The thermal expansion coefficient (expansivity) for solids,
a, has the following form:

1 (0V
Ty [8T] )
Values of regression coefficients, a;, were obtained by linear

least-square fitting of the molar volumes from the crystal-struc-

ture refinements (Stewart and Rooksby 1953; Hawthorne and

Ferguson 1975; Yang et al. 1993) and Vj 1254 (see above) with

a correction for the volume change of the o-f transition. The

resulting parameters for Equations 2 and 3 are: V, = 7.080

+0.012 J/(mol-bar), a; = (1.39 £ 0.20)-10* K, @, = (-2.15 £

0.51)-107 K2, and a; = (2.68 £ 0.34)-10-'°K->. This formulation

describes the thermal behavior of a.- and B-cryolite from ambient

to melting temperature at 1 atm; the calculated Vg 55, = 8.486

J/(mol-bar) reproduces the experimental results (8.49 = 0.17);

see Figure 4. The thermal expansion coefficients at room and

transition temperatures vary as follows: O = 1.39-107, 03, =

1.33-10*, and o554 = 4.21-10~* K-'. This increase in the high-

temperature region is characteristic for alkali halides (Enck and

Dommel 1965; Pathak et al. 1973).
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FIGURE 4. Volumetric properties of cryolite and Na;AlF liquid at
1 atm. Symbols: inverted triangle = cryolite (Hawthorne and Ferguson
1975), upright triangle = cryolite (Stewart and Rooksby 1953), solid
diamonds = cryolite (Yang et al. 1993), open diamond = cryolite (this
study), circles = liquid (Fernandez and @stvold 1989), dashed curves =
volumetric expansion fit (Eq. 2).

DISCUSSION

This section is concerned with three topics: (1) self-dis-
sociation in the cryolite liquid and its effects on enthalpic and
volumetric characteristics of melting, (2) similarities in thermal-
expansion and melting mechanisms between cryolite and other
alkali halides, and (3) significance of solid-solution effects in
the “premelting” behavior of cryolite.

The octahedral Al-F coordination in solid cryolite is desta-
bilized during melting and the Na;AlF, liquid exhibits partial
self-dissociation into polyhedral aluminofluoride anions [AIF, >
(n = 3-6) and free fluoride anions, F-, sharing sodium cations,
Na* (Grjotheim et al. 1959; Frank and Foster 1960; Feng and
Kvande 1986; Zhang et al. 2002). The stepwise dissociation is
described in species notation as follows:

Na;[AlFg] = Na,[AlF;s] + NaF, “4)

Na,[AlFs] = Na[AlF,] + NaF, (5)
and

Na[AlF,] = AlF; + NaF, (6)

with the following abundances in the cryolite liquid: Nas[ AlF]
> NaF > Na[AlF,] > Na,[AlFs] >> AlF; (e.g., Feng and Kvande
1986; Xu et al. 2001). These speciation mechanisms were inde-
pendently confirmed by phase equilibria and activity-composi-
tion relationships in the NaF-AlF; system (Grjotheim 1956; Frank
and Foster 1960; Rolin 1961; Sterten and Ma&land 1985; Xu et
al. 2001) and in situ Raman and nuclear magnetic resonance
studies (Solomons et al. 1968; Gilbert et al. 1975; Stebbins et
al. 1992; Akdeniz et al. 1998). Enthalpies of these dissociation
equilibria are included in the overall enthalpy of melting and are
responsible for its higher value, 110 kJ/mol, relative to the end-
members: NaF, 33.3 kJ/mol, AlF;, 112 kJ/mol (Saboungi et al.
1980; Chase 1998). Our aim is to evaluate heat and volumetric
portions of melting sensu stricto (i.e., without dissociation) and
compare their effects on the (d7/dp),, slope (Eq. 1).

Estimates of the enthalpy of melting sensu stricto of cryolite
to the hypothetical undissociated liquid vary between 73.0 and
97.5 kJ/mol (Grjotheim 1956; Frank 1961; Feng and Kvande
1986; Paucirova et al. 1972; Xu et al. 2001). The lower values
come from conductivity measurements and solution modeling
(Frank 1961; Xu et al. 2001), whereas the higher values are
consistent with phase equilibria and speciation mechanisms in
the NaF-AlF; system (Grjotheim 1956; Paucirova et al. 1972;
Feng and Kvande 1986). The latter were chosen for their mutual
consistency and their average was adopted for the hypothetical
enthalpy of melting (to undissociated liquid), AH,,, =91.6 £ 6.1
kJ/mol. This implies that melting without dissociation accounts
for 83.3 £ 6.7% of the total melting enthalpy. The molar volume
of the undissociated Na;AlFs component is 9.509 + 0.057 J/bar
(Frank and Foster 1961; Paucirova et al. 1970; Feng and Kvande
1986) and it contributes 68 + 15% to the total volume change
during melting, as measured in this study. This broad similarity
(83.3+6.7 vs. 68 £ 15%) indicates that AH,,/AV,,. ~ AH /AV,,,
hence the degree of melt dissociation does not have a significant
effect on the dp/dT slope of the cryolite melting curve.
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Cryolite is one of the intermediate aluminofluoride phases
in the NaF-AlF; binary system and comparison of its thermal
and melting behavior to that of villiaumite, NaF, and to other
halides reveals interesting similarities and identifies several “cor-
responding states”. The d7/dp slope of cryolite melting (17.4
+ 1.2 °C/kbar) is identical to that of villiaumite (15.1-18.0
°C/kbar; Clark 1959, Pistorius 1966). The reduced quantities
allow additional comparisons with chlorides; the relative volu-
metric thermal expansion from room conditions to the melting
temperature varies as follows: NaCl 13.8% (Deng and Yan 2002),
NaF 13.0% (Yagi 1978) vs. Na;AlF; 19.6% (this study; including
1.3% due to the o-B transition). The volume change of melt-
ing normalized to the volume of the solid phase at the melting
temperature, AV,/V 1, is: NaCl 0.246 (Schinke and Sauerweld
1956), NaF 0.246 (Landon and Ubbelohde 1956) vs. Na;AlF,
0.176 £ 0.015 (this study). These observations on the thermal
and melting behavior of halides suggest that the F-F and CI-Cl
thermal stretching is proportional in sodium halides, but smaller
than in aluminofluorides.

The significance of “premelting” vs. solid-solution effects
in cryolite melting has remained controversial. Generally, pre-
melting is an endothermic effect occurring as low as 100-200
°C below the equilibrium melting temperature and accounts for
10-20% of the enthalpy of melting (e.g., Ubbelohde 1978). It
has been observed in numerous salts and silicates (Ubbelohde
1978; Richet and Fiquet 1991; Richet et al. 1994; George et al.
1998). For cryolite, Landon and Ubbelohde (1957) described
an endothermic effect (~0.8 kJ) at 880 °C associated with a
rapid increase in the electrical conductivity and attributed it to
“premelting” and randomization of the cryolite crystal structure.
This phenomenon has not been observed in our experiments
but we note that its temperature corresponds to that of the
cryolite-villiaumite eutectic (882—885 °C; Phillips et al. 1955;
Bukhalova and Mal’tsev 1965). Cryolite forms a minor solid
solution within the NaF-AlF; system and its range expands
with increasing temperature from Na; g90_2.003A11 000_1.002Fs at 560
°C through Na,ggs2.020Al; 005-1.024F at 880 °C to a maximum
on the liquidus curve at Nay p,Al; 025Fs (Dewing 1978, 1997).
The cryolite solid solution boundary systematically shifts
toward higher Al/Na ratios in favor of the two-phase cryolite
+ villiaumite field with increasing temperature, thus Na-rich
cryolite solid-solutions undergo a small amount of villiaumite
exsolution below ~882 °C and minor partial melting above
~885 °C. The “premelting” effect seen in some previous stud-
ies (Landon and Ubbelohde 1957) is most probably related to
incipient eutectic melting of villiaumite exsolutions (or impuri-
ties). The composition of our starting material, Na, g34Al; go3,Fs,
is in excellent agreement with the solid-solution range at high
temperature and explains the absence of “premelting” or vil-
liaumite melting in our study.

This minor compositional variation in cryolite is difficult to
detect by microbeam or wet-chemical techniques; if measurable
it can provide information on temperature of cryolite crystalliza-
tion in natural conditions. The Na;Al, exchange differs from the
more extensive Na,Ca_; substitution (Craig and Brown 1980;
Chartrand and Pelton 2002), which can easily be verified by
calcium analysis.

GEOLOGICAL IMPLICATIONS

We have measured the pressure dependence of the o-f
transition and melting temperatures of cryolite up to 100 MPa
and derived the associated volumetric and thermal-expansion
properties. Cryolite is the most common aluminofluoride min-
eral (Bailey 1980) and it becomes a fluorine-buffering phase
in peralkaline silicic magmas and their metasomatic products
(Kovalenko et al. 1995; Pauly and Bailey 1999; Goodenough et
al. 2000; Dolej$ and Baker 2004a). Due to the strong short-range
ordering in fluorine-bearing aluminosilicate melts and the forma-
tion of aluminofluoride complexes (Manning et al. 1980; Schaller
et al. 1992; Zeng and Stebbins 2000), cryolite is a preferred
component for thermodynamic models of peralkaline granitic
and rhyolitic systems (cf. Burnham 1997). The present results
complement thermochemical data by Chase (1998) and Dolejs
and Baker (2004a) and allow for thermodynamic modeling using
Na;AlFs (s,]) at elevated temperatures and pressures.

During magmatic differentiation, cryolite has low solubil-
ity and saturates early in peralkaline fluorine-bearing melts
(Dolejs and Baker 2001). Its crystallization moderates fluorine
enrichment in the residual melt, but in the presence of other
alkali halides, immiscible salt melts or brines may form due to
the strong solidus depressions in the chloride-fluoride systems.
Cryolite is compatible with NaF and NaCl, whereas elpasolite,
Na,KAIF; (Frondel 1948) is, in addition, compatible with potas-
sium halides KF and KCI (Sorrell and Groetsch 1986), with the
following eutectic temperatures (at 1 atm): cryolite-elpasolite at
913 °C, cryolite-villiaumite at 882—885 °C, villiaumite-halite at
678-680 °C, cryolite-villiaumite-halite at 674 °C, and villau-
mite-halite-sylvite at 590-606 °C (Fedotieff and Iljinsky 1913;
Sauerwald and Dombois 1954; Phillips et al. 1955; Kuvakin and
Kusakin 1959; Bukhalova and Mal’tsev 1965). In the presence
of H,O, these halide melts (brines) will evolve toward aqueous
fluids either continuously or by boiling (Bodnar et al. 1985;
Hovey et al. 1990; Urusova and Ravich 1966; Kotelnikova and
Kotelnikov 2002; cf. Macdonald et al. 1973). Our finding that the
pressure dependence of the cryolite melting temperature is very
similar to that of other halide end-members (NaF, KF, NaCl, and
KCI; Clark 1959; Pistorius 1966) suggests consistent changes
in phase-diagram topologies with increasing pressure and lends
support to their application to understanding the behavior of
multicomponent fluoride-chloride brines in the hydrothermal
aureoles of peralkaline intrusions.
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