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Abstract—Molten calcium halide and hydroxide salts may be used as flux and reactants in determining
apatite exchange equilibria and solid solution behavior. New experimental data and published phase
equilibria are used to determine a thermodynamic model of melts and solids along the binary joins of
the anhydrous apatite system Cas(PQ,),-CaCl,—CaF,—Ca(OH),. In this model, melt components are
expressed as Cags X, where X is hydroxide or a halogen, or as Ca, sPO.. The derived binary interaction
parameters (1’s) are sufficient to describe deviations from Raocultian behavior for the data. Standard
state data are derived for molten Ca(OH); and Ca;(PQO,), and for the intermediate compounds CaClF,
CaClOH, and Ca,PO,Cl.

Melts in the CaCl,-CaF, system show ideal mixing behavior, while the calcium hydroxide-bearing
molten salts form asymmetric regular solutions. The hydroxide-bearing melts show the small positive
enthalpies of mixing typical for mixed-anion salts. Similar behavior is measured in simpler molten salt
mixtures. The positive deviations from Raoultian behavior are not a mathematical artifact of the model.

Data are less extensive for the salt-phosphate systems but cover the essential portions of the systems
where salt to phosphate ratios are high. The mixtures of the molten salts and phosphates salts show large
negative enthalpy interaction parameters (Hy), as is expected in eutectic systems which mix a high-
melting-point crystal with a low-melting-point flux. Adequate reproduction of the data requires that some
entropy interaction parameters be negative, although small. This implies the presence of ordering in the
melt, which is manifested in more polymerized phosphate liquids and glasses as halogenated and hy-
droxylated orthophosphate and pyrophosphate species.

Results of the model indicate that the quaternary system is a good choice for determination of activity-
composition relations for the apatites. Comparison of common sources of standard state thermodynamic
data (ROBIE et al., 1979; JANAF, CHASE et al., 1985; CODATA, GARVIN et al., 1987) shows that the
data for the salts are very similar where they are not identical. At temperatures below 900°C in the
ternary systems, liquid compositions will be on or near the apatite-crystalline salt cotectics, and dissolve
less than 1 mol% Cas;(PQO,),. This makes CaCl,—CaF, mixtures excellent candidates for determination
of unambiguous apatite activity-compositional relations. Only the Ca(OH ), liquidus is strongly affected

by the addition of phosphate, but this effect is closely described by a regular solution model.

INTRODUCTION

THE MINERAL APATITE (Cas{ PO,4):(F, OH, CD)) (fluorapatite,
FAp: hydroxylapatite, HAp; and chlorapatite, ClAp) offers
a means to monitor fluid behavior in many geochemical re-
gimes. However, the activities of endmember components
in solid solutions remain largely unmeasured. In an earlier
paper (TACKER and STORMER, 1989), we examined data
available in the literature and determined standard state data
for chlorapatite from a subset of the data of KORZHINSKIY
(1981). These data are not without shortcomings. The tem-
perature range is restricted to 500-700°C; so use in magmatic
environments requires extrapolation. The entire range of solid
solution was not synthesized at all conditions for these ClAp-
HAp experiments, and the FAp-HAp experiments are even
more limited in composition as well as being poorly reversed.

Determination of these relationships presents an interesting
problem in experiment design. FAp-ClAp experiments must
be performed under anhydrous conditions to avoid intro-
duction of HAp. The experiments should also be performed
under conditions where nonstoichiometry of the products is
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limited or nonexistent, for stoichiometry problems have long
plagued the experimental studies of apatites { YOUNG, 1980
TACKER and STORMER, 1989).

The most common experimental tactic, use of Ag-AgCl
(or Ag-AgF) buffers in conjunction with external hydrogen
buffers, introduces its own particular problems. High and
low hydrogen fugacities may be difficult to maintain (CHOU,
1986; CYGAN and CHOU, 1991). Some buffers have very
small buffer capacities (e.g., magnetite-hematite; CHOU,
1987). All of these buffers are limited in applicability to the
temperatures where diffusion of hydrogen through capsule
material is possible. Even though KORZHINSKIY ( 1981) used
very low hydrogen fugacity buffers, the entire range of solid
solution was not synthesized. A further difficulty lies in pos-
sible interaction between the Ag-AgCl buffer and the phos-
phates, as phosphates and phosphate glasses have a large af-
finity for Ag (WONG and ANGELL, 1976). Simultaneous
buffering of HCI and HF is very cumbersome. These exper-
iments may not be carried out in anhydrous environments
due to their very nature.

Another problem presented is that apatite is inherently
resistent to reequilibration under hydrothermal conditions.
LATIL and MAURY (1977) showed clearly that FAp was quite
resistant to re-equilibration in Cl-bearing aqueous fluids. Hy-
droxyapatite would partially re-equilibrate with a fluorine-
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bearing aqueous fluid, but not with one containing chlorine.
FARVER and GILLETTI ( 1989 ) report that FAp does not react
to form HAp in aqueous experiments at temperatures up to
1200°C. TACKER and STORMER (1989) noted that in the
experiments of KORZHINSKIY (1981), FAp endmembers
barely reacted at all in “reversal” experiments on the FAp-
HAp join. The resistence to re-equilibration under hydro-
thermal conditions is a reflection of the low solubility of the
apatites in aqueous fluids. At pressures below 6 kbar, the
apatites exhibit retrograde solubility (VALYASHKO et al., 1968;
MENGEOT et al., 1973; ROUFOSSE et al., 1973; RUSZALA and
KOSTINER, 1975). In plainer terms, they are less soluble at
high temperatures than at low. Achieving equilibrium com-
positions from endmember starting materials will require that
diffusion or recrystallization occur.

The halogen compositions of the apatites are relatively im-
mune to diffusive reequilibration because the ¢-axis channel
that contains the anions does not allow enough room for the
atoms to make coordinated jumps past one another (ROYCE,
1974). Diffusion along a is possible but much slower. Rapid
diffusion is possible if a unidirectional flux of the halogens
along ¢ 1s accompanied by an opposing motion of vacancies,
although the anions will not change relative positions (ROYCE,
1974). This occurs in the electrical field imposed on the apa-
tite during electron microbeam analysis (STORMER et al.,
1991, 1993). It may also be possible within the field generated
by DC furnace elements during high temperature experi-
ments, in which case diffusion may be attributable to furnace
configuration rather than temperature.

Reaching equilibrium in the apatites will therefore require
recrystallization. The use of molten salts as both fluxes and
reactants offers a solution to the problems of buffering and
recrystallization. At high salt to mineral ratios, the compo-
sition of the salt is essentially unchanged, although the mineral
composition may shift significantly, The molten salt solution
may approximate a “buffer” as changes in the salt compo-
sition approach zero and thermodynamic invariance. A sim-
ilar technique was used by FERRY and SPEAR (1978) for
examining garnet-biotite equilibria at high ratios of garnet to
biotite. The molten salts are thermodynamically simple
(KLEPPA, 1977, 1987) and easily studied by standard
quenching experiments. Most important, it is only in molten
salts that stoichiometric monoclinic chlorapatites (CIAp) have
been synthesized (PRENER, 1967, 1971). Preliminary exper-
iments with molten salts vield euhedral apatites up to 0.1
mm by 0.04 mm, indicating substantial recrystallization of
the starting materials.

We chose the system Cas(PQ,),—CaCl,—CaF,-Ca(OH),
in which to study the mineral apatite for the reasons given
above. One of our goals is to determine the activity-com-
positional relationships of the F-, Cl-, OH-bearing apatites
at magmatic temperatures. Another is to extend and refine
standard state data for the chlorapatite endmember. Meeting
these goals requires a thermodynamic model of the solids
and the liquids in the system. with special attention paid to
possible nonideal mixing in these solutions.

Earlier studies in the system Ca;(PO,),~CaCl,—CaF,—
Ca(OH}. have been conducted by PLATO (1906) and
NACKEN (1912). Much data already exists on the binary
subsystems that bound this quaternary (BIGGAR, 1966, 1967;

WENTZ et al., 1969; REUTOVA and LUKASHENKO, 1971;
BeErRAK and Tomczak-HubDyma, 1972; EPPERLEIN and
LEHMANN, 1973, 1975). There were no data on the join
Ca(OH),-CaCl,. The Ca(OH); liquidus for the join
Ca(OH ),-CaF,; (Fig. la; GITTINS and TUTTLE, 1964; also
used by BIGGAR, 1967) was not in agreement with other
determinations of the melting point of Ca(OH), (WYLLIE
and TUTTLE, 1939, 1960), although both studies agree well
on the fluorite liquidus and the eutectic position. Here we
present new data on the Ca(OH); liquidus of the CaF,-
Ca(OH) join and on the subsystem CaCl,-Ca(OH), (Fig.
1b). The data are then integrated into an internally consistent
thermodynamic model.

METHODS
Experimental

Most experiments were conducted at NASA Johnson Space Center.
Containers were 2.5 mm outer diameter Pt capsules, sealed by arc-
welding. Stellite 25 cold-seal pressure vessels were used throughout.
Pressures were measured via an in-line Heise gauge and set at | kbar
with Ar. Temperatures were measured continuously by internal cro-
mel-alumel thermocouples, calibrated against the melting point of
Au. Chlorine analysis was performed as end-point tiration on a digital
chloridometer. A few experiments were also performed at the Cali-
fornia Institute of Technology 1o check the results of earlier experi-
ments, but used identical methods.

Sample preparation and handling were difficult due to the deli-
quescent nature of the materials. All powders were stored in a vac-
cuum oven above 100°C. Weighing, mixing, and loading of the pow-
ders was conducted in a glove bag under dry nitrogen atmosphere.
In each weighing session, a “warning’” sample was prepared by sprin-
kling CaCl, powder on a paper towel inside the glove bag. A large
wet spot formed immediately on the paper towel if any water was
present in the atmosphere. If this occurred or if the powders were
observed 1o be gaining weight on the scales, the session was imme-
diately aborted and the powders redried overnight. Atmospheric water
could be eliminated by repeatedly purging the glove bag, introducing
the sample containers into the bag at temperatures above 100°C,
purging the bag yet again and maintaining it at a pressure slightly
greater than atmospheric. Capsules were loaded, crimped, and clipped
inside the glove bag, providing a mechanical seal prior to arc-welding.
Capsules that opened during welding were discarded, as were capsules
that gained weight during a boiling test, or lost weight during the
experiment. No moisture was observed in run products, and no ev-
idence of a free aqueous “‘vapor” phase { meniscus or bubbles) was
found.

Run products were examined as grain mounts under index oils on
a standard petrographic microscope. X-ray diffraction was used to
identify unknown crystalline phases. Stable crystalline phases were
euhedral, and quench phases clearly identifiable by their skeletal or
dendritic habit. Portlandite (Ca{OH ),) was recognizable by its trigonal
crystal habit and uniaxial negative interference figure. No isotropic
CaO was abserved, except in capsules that failed at temperature.
Hydrophyllite (CaCl,) formed large, optically continuous crystals
that occasionally stretched the length of the capsule, quite distinct
from the small needles precipitated during quench. An intermediate
compound was identified as CaCIOH through XRD and optical
methods (OswaLD and FEITKNECHT, 1961; MARKOvA, 1973;
WESTMAN et al., 1981). Crystals of CaCIOH tended to be elongated
parallel to the ¢-axis, with striations also parallel to ¢. These crystal
were optically positive.

Thermodynamic Methods

Choice of standard state data

The standard state for all components is that of the pure substance
at 298.15 K and 1 bar, except for molten Ca(OH )., for which it is
298.15 K and 1000 bars. Standard state data for the crystalline solids



Thermodynamics of mixing molten salts 4665

{a)

950 =
900 +
Ca(OH)> + liquid
850
A
?t_) 800 =+
CaF2 + liquid
750 +
700 +
t portlandite + fluorite
650 + ; : } : |
0.1 0.2 0.3 0.4 0.5 0.6
Ca(OH}> mole fraction CaFp

(b} B50
BO0O ==
750 =+
&)
L 700 £ s
CaCIOH + liquid
Ca(OH),? + liquid
650 =+ .
H N + liquid
00 T CaCIOH + Ca(OH)p -« CaCIOH +CaCl>
550 } } f } $ } { }
o0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ca(OH)»p mole fraction CaClp

© 1500 T

1400 +

1300 4

i
T

1200

1100 T+

CaClz + CaCIF +
liquid

T°C

1000 +

900
i CaFp + liquid
700
I CaFs + CaCIF
90 CaCly + CaCIF =
500 + } t t
0 0.2 0.4 0.8 0.8 1
CaCl3 mole fraction CaFp

FIG. 1. Experimental data for the molten calcium salts. In all diagrams, the solid line is the calculated liquidus. (a)
the system Ca(OH ),—CaF,. Diamonds are the data from this study. Squares are the data of GITTINS and TUTTLE
(1964), triangles of BIGGAR (1967). Arrows show the direction of the reversal. (b) The join CaCl,-Ca(OH),. Dots
are melt absent, diamonds crystal and melt, squares melt only. Portlandite systems are at one kilobar pressure. (c¢) The
join CaCl,—CaF, at | bar pressure. Triangles are data of REUTOVA and LUKASHENKO (1971), diamonds are data of
WENTZ et al. (1969). Errors in the temperatures are generally £5°C.
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of interest are taken from RoOBIE et al. (1979), and heat capacitics
for the molten salts from JANAF (CHASE et al.,, 1985) (Table 1).
The molten salts tabulated in JANAF show constant heat capacities,
but the Gibbs free energies of the liquids are calculated from the
melting point to the standard state using the crystalline heat capacity
function. The standard state data for liquid CaCl, and CaF, were
recalculated from the JANAF data by projecting the enthalpy and
entropy to the standard state at the measured constant heat capacity.
These recalculated standard state data were used for the purposes of
comparison.

The heat capacity functions used herein were not extrapolated
bevond the limits of their measurement, except in the case of crys-
talline Ca(OH),. Comparison of the heat capacity function of crys-
talline Ca(OH ), with other sources of data showed no unexpected
excursions. Therefore, we did not recalculate the data to the forms
used by BERMAN and BROWN (1985). which would allow more re-
liable extrapolation should it be required.

Molar volumes for the apatites are based on the unit cell data of
SUDARSANAN and YOUNG (1978). Other unit cell measurements
used were GOLDBLATT et al. (1967) for Ca;,PO,Cl, WESTMAN et al.
(1981) for CaCIOH, and LIEBICH and NICOLLIN ( 1977) for CaCIF.
Molar volumes of liquid components CaCl, and CaF; were calculated
from the dependence of the fusion temperature on pressure (JACKSON,
1977). The melting of Ca(OH), does not occur at low pressures;
hence, the molar volume of the liquid could not be determined. This
resulted in the choice of standard state for molten Ca(OH ), given
above.

Thermodynamic data for the apatites is that adopted by TACKER
and STORMER (1989). In the original review of the standard state
data sources for hydroxylapatite ( TACKER and STORMER, 1989), it
was concluded that ROBIE et al. (1979 ) has selected a source (EGAN
et al., 1950, 1951) that had used a monaclinic hydroxylapatite. En-
thalpy of formation was later measured on these same samples ( ROBIE
et al., 1979, cite KRAMER, 1964). Later research (YOUNG, 1980}
has shown that the method of synthesis used by EGAN et al. (1950,
1951), i.e., precipitation at 25°C followed by treatment at $50°C in
water-rich atmosphere, reliably converts hexagonal HAp to its
monoclinic form by filling all available sites with hydroxides. There-
fore, the data of EGAN et al. {1950, 1951) should be used as the
benchmark HAp standard state data.

TACKER and STORMER (1989) derived standard state data for
chlorapatite from the experiments of KORZHINSKIY (1981), excluding

Table 1. Standard state data derived for liquids and intermediate compounds
using model parameters given in Table 4. One sigma error is given beneath
each value.

AHO 50 molar vol. AHfusion
kJ/mol J/molK Jfbar kJ/mol
Solids -
CaCIOH -799.589 130.348 3.8562 34.644
+0.004 +0.158
CaCIF -1020.465 83.14 3.113 29.402
+0.293 +2.76
CarP0yCl1 -233.416 420.836 7.0333 26.303
+1.284 +6.016
Liguids
CaCla7 -756.183 101.557 5.124
*1.3 4.0
CaClo¥ -770.152 83.018 5.124
+0218 +1.128
CaClp* -757.308 100.271 5.124
+0.218 +1.128
CaFpt -1170.937 66.245 2.734
+6.3 +0.33
CaFoi -1196.547 52.195 2.734
0482 +0.381
CaFp* -1178.292 63.065 2,734
+0.482 +0.381
Ca(OH)p* -995.737 28.470 25416
+0.190 +0.839
Ca3(PO4) 3431223 862.92 39.999
0.0 0.0
Notes:

+ Data from JANAF (CHASE et al., 1985).
1 Data determined with a CaX, (X=Cl, F, OH) molten salt model.

* Data determined with a Capy sX (X=Cl, F, OH) molten salt model.

data from the 4 kbar experiments and the CuO-Cu,O buffered ex-
periments. Thermodynamic analysis of the data shows that the results
are somewhat scattered (see Fig. 3 of TACKER and STORMER, 1989).
The aims of the current study are to test for nonideal mixing in
apatite solid solutions and to derive better standard state data for
ClAp. We use the original results from TACKER and STORMER ( 1989)
to examine the extent of nonideal mixing in the system whitlockite—
hydrophyllite—portlandite—fluorite with the intention of further re-
fining the data when experiments in the ternary systems are finished.
Although the temperatures are somewhat out of the original calibra-
tion range they compare well with the other apatite data (see below ).

The apatite thermodynamic data of TACKER and STORMER (1989)
data has been criticized as “not internally consistent” (ZHU and
SVERZHINSKY, 1991}, although their assertion was not substantiated
and i1s completely in error. TACKER and STORMER ( 1989) derived
standard state data for ClAp from the data of ROBIE et al. (1979) by
the reaction HAp + HCl,, = CIAp + H>Oy,). The three known
quantities in the equation were the values of ROBIE et al. (1979); it
1s mathematically impossible for the derived ClAp data to be internally
inconsistent. Fugacity data for water measured by BURNHAM et al.
(1969) were used in the calculations of equilibrium constants in
TACKER and STORMER ( 1989). This does not introduce inconsistency
as BURNHAM et al. (1969 ) derived absolute fugacities from measured
volumes, not from any one standard state. This point is discussed
thoroughly in WoOD and FRASER (1978).

Any discussion of “internal consistency” of our examination of
the HAp-FAp experiments is very nearly irrelevant, for three reasons.
First, in the examination of experimental results of KORZHINSKIY
(1981) for HAp-FAp exchange, it was readily apparent that equilib-
rium was not approached (see Fig. 5 of TACKER and STORMER, 1989).
Analytical error is given as =4 mol% (KORZHINSKIY, 1981). At the
1 o level, only one of the six experimental pairs in the 500 and 600°C
experiments can be said to be reversed (see Table 2 of KORZHINSKIY,
1981}. In the others, compositional gaps are present up to 21 mol%.
Second. there are severe problems with electron microprobe analysis
of F in apatite (STORMER et al., 1991, 1993). Hydroxylapatite cal-
culated by the difference method is of uncertain value, if not useless.
The compositional gaps did not deter ZHU and SVERZHINSKY (1991)
from using these experiments to calculate standard state data for
HAp and comparing it to that derived from the experiment of BIGGAR
(1967). The agreement of data derived from these two sets of ex-
periments is not impressive given the fact that the latter were com-
positionally unreversed. Third, TACKER and STORMER ( 1989) dis-
played the F-OH exchange equilibria on a plot of AGre
+ RTIn(X FAp/XHAp) vs. X fiap — X £ap. The spread of data points
on the AGyp + RTIn(XFAp/ X HAp) axis is unaffected by the choice
of Al'y p, because this was a constant for the isothermal experiments.

Although the internal consistency of the thermodynamic data is
not germaine to the discussion of the KORZHINSKIY (1981) data, the
thermodynamic data used in TACKER and STORMER ( 1989) were
internally consistent. The enthalpy of formation for FAp used was
that of WESTRICH and NAVROTSKY (1981), which was originally
calculated using the ROBIE et al. ( 1978) thermodynamic tabulations
(H. Westrich, pers. commun.), although it was not cited correctly in
the bibliography. Even though large differences should not have been
introduced in the subsequent tabulations, these data were recalculated
using the data of ROBIE et al. (1979) and the identical calculation
methods of WESTRICH and NAVROTSKY ( 1981). The updated data
were used in TACKER and STORMER ( 1989), and also are used here.

The ClAp data TACKER and STORMER ( 1989 ) were used for phil-
osophical reasons as well, The KORZHINSKIY (1981) experiments
represent the best available data base for ClAp, and arguments for
complete rejection of the experiments (ZHU and SVERZHINSKY, 1991)
are unconvincing. There is no evidence for total disequilibrium 1n
the buffers used. Although hydrogen exchange equilibrium may not
have been present, it is likely that steady state conditions were
achieved. We feel the use of these data is preferable to extrapolating
single data points and assumed entropies based on structurally dis-
similar minerals.

Questions regarding the internal consistency of data and model-
dependence of results lead to the comparison of data from ROBIE et
al. (1979), JANAF (CHASE et al., 1985), and CODATA (GARVIN
et al., 1987). Heat capacities (Cp), enthalpies and entropies of the
elements, crystalline solids, and liquids in the buffer system CaCly-
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CaF,-Ca(0OH); are identical in most cases. In the cases where the
data are not identical, they are so similar as to be indistinguishable
on our graphics software, unless plotted as differences on an expanded-
scale chart. These differences are less than 1 o reported errors, and
far less than 2 ¢ errors. This is to be expected of simple compounds
and ideal gas formulations. It also results from the fact that each
group is using very similar literature. This indicates that the data
garnered using molten calcium salts will be reasonably independent
of the choice of data set. Deviations from ideal behavior will be similar
for each data set as nonideal behavior is referenced to R7In X terms
(X = mole fraction, R = gas constant, 7 = temperature kelvin).
Data for the phosphates are not available for comparison.

Data sources

Two methods are used for determination of the liquidus positions
used in this paper. The first is the quench method, outlined above,
and the second is differential thermal analysis (DTA). In the DTA
studies, reversals are conducted during repeated heating and cooling
cycles. This method is commonly used in the calibration of ther-
mocouples vs. a known melting point, such as that of sodium chloride.

WENTZ et al. (1969) and REUTOVA and LUKASHENKO (1971)
presented liquidus temperatures derived from differential thermal
analysis (DTA) studies for the join CaF,-CaCl,. Good agreement
was found for the CaCl, and CaCIF liquidus surfaces, but some dis-
agreement was apparent in the CaF; liquidus surface (Fig. 1). There
are also slight differences in the position of the peritectic, but careful
reading of the WENTZ et al. (1969) data shows that their data are
consistent with the peritectic position of REUTOVA and LUKASHENKO
(1971). Both fluorite liquidi were treated equally as “‘reversals”™ of
the CaF; liquidus, because neither study was clearly in error.

The apatite-salt joins are formally a portion of the whitlockite
(Caz(POy);)-salt systems. The whitlockite-apatite joins are generally
out of the reach of most experimental equipment, due to the high
melting points of whitlockite (1810°C, BERAK, 1961; BERAK and
ToMczaK-HUDYMA, 1972) and apatites ( BERAK, 1972; BERAK and
ToMczak-HUDYMA, 1972). The lower temperature portions of these
binary subsystems have been studied by MORTON (1961) and Ep-
PERLEIN and LEHMANN (1973, 1975; Ca;(PQ,),-CaCl,), BIGGAR
(1966; Cas(PO4);—-Ca(OH),), and BERAK (1961) and BERAK and
Tomczak-HuDyMa (1972: Cas (PO, ).-CaF,).

Central to the concept of phase equilibria is the assumption that
there is a melting point for the pure substance. For the apatites the
concept of melting point becomes obscure, because the apatites in
an open environment do not melt, but disproportionate. At high
temperatures in open systems, the apatites lose halogens and water
(MORTON, 1961; PRENER, 1967, 1971; PRENER et al., 1969; BERAK
and TOMCZAK-HUDYMA, 1972; SKINNER et al., 1975; ARENDS et
al., 1987). The open system products are oxvapatites (MORTON,
1961: TROMBE and MONTEL, 1978) or admixtures of the apatite and
whitlockite {(SKINNER et al., 1975). At temperatures above 1050°C
oxyapatite breaks down to mixtures of whitlockite and tetracalcium
phosphates (TROMBE and MONTEL, 1978). Melting points have been
measured for the endmember apatites (BHATNAGAR, 1969), but it
is likely that these temperatures do not reflect melting of the pure
substance. It is significant that the melting point measured for FAp
by BHATNAGAR ( 1969) is the same as the eutectic temperature be-
tween whitlockite and fluorapatite given by BERAK (1961 )and BERAK
and TOMCZAK-HUDYMA (1972), suggesting that CaF, was lost during
heating, This is a mechanism identical to the high-temperature loss
of CaCl, from ClAp in vacuum identified by PRENER (1971).

For these reasons, the data of MORTON (1961} on the join CIAp—
CaCl, were not used in this study. MORTON ( 1961) used open con-
tainers, which resulted in a loss of material during the experiments
at temperatures above 1200°C, as was noted by the author. Good
agreement is found for the position of the Ca,PQ,Cl-CaCl, eutectic
in the studies of MORTON (1961) and EPPERLEIN and LEHMANN
(1973, 1675). Inconcruent melting of Ca,PO,CI to ClAp and CaCl,
was found to be at 945°C + 5° by MORTON (1961) and 1030°C by
EPPERLEIN and LEHMANN (1973, 1975; Fig. 2a). In our own synthesis
of ClAp in sealed capsules, chlorspodiosite is the stable phase at
1000°C.

BErRAK and ToMCzAK-HUDYMA (1972) presented DTA data for
the entire system Ca;(PQ,),—CaF; up to the melting point of FAp

and whitlockite (Fig. 2b). A new phase was identified as Ca; (PO, ) Fo.
dubbed Apatite B to distinguish it from the more familiar apatite
they called Apatite A. Later results showed that the new Apatite B
did not occur (J. BERAK, pers. commun., 1991). The data of BERAK
and ToMczak-HUDYMA (1972) were used with some corrections.
The FAp melting point is accepted with the assumption that the
experiments took place rapidly enough to preclude significant dis-
proportionation of the apatite. The eutectic positions and tempera-
tures were accepted as correct, because these are points that are re-
peatedly measured during DTA experiments. The fluorite liquidus
was correct, but use of these data points in the absence of FAp liquidus
points significantly biased the statistical model. An initial condition
in these experiments is that they take place at high ratios of salt to
phosphate. This means that bulk compositions between the ternary
eutectic and the binary will be in the fluorite + liquid field. Knowledge
of the effects of fluorite on the FAp liquidus is therefore superfluous
to the present study, but were they determined for future use in the
ternary systems and for comparison to other phosphate-salt systems.

BIGGAR { 1966) presented a small amount of data on the join HAp-
Ca{OH )., limited by the thermal stability of cold-seal pressure vessels
(Fig. 2¢). This pseudobinary is rather remarkable in that the melting
point of Ca(QH), drops 70°C with the addition of only 1 mol%
Cas(POy),. to the eutectic at 765°C and 99 mol% Ca(OH),. The
possibility of some error existed, but our own experiments on the
anhydrous melting of Ca({OH); confirm the results of WYLLIE and
TUTTLE (1959). The position of the eutectic has been confirmed
(Roy, 1971; EyseL and Roy, 1973; Roy et al.,, 1978). Hence, the
extreme drop in the portlandite liquidus is real and not an artifact
of experimental procedure.

Thermodynamic models

The mathematical methods followed here have been discussed in
detail by THOMPSON (1967), BERMAN and BROWN (1987), NaA-
VROTSKY (1987), TACKER and STORMER (1989), and in TACKER
(1992). Binary interaction coeflicients, W;'s, are calculated for pairs
of components from phase equilibrium data, where Wy, = Wy
— TWs. W is the binary free energy interaction coefficient, W;; and
W binary enthalpy and entropy interaction coefficients, and 7 tem-
perature kelvin.

Calculation methods are discussed more thoroughly in TACKER
(1992). Briefly, binary interaction coefficients were found by least-
squares regression methods, using the experimental brackets of the
liquidus. For example, a solution model is determined for the reaction
CaClL™ = 2 Cag:C1™". At equilibrium, AGrpywmeion + 2 R7In
(dcayemelt) = O, where AG(rp) is the Gibbs Free Energy of the
reaction at the temperature and pressure of interest, R is the gas
constant, 7" is temperature kelvin, and « is activity. Noting that
cagscmelt = (Xey, ,omelt)(yeq, cmelt), where X is mole fraction
and v is the activity coefficient, the nonideal contribution to activity.

A heirarchy of models is available to describe the deviation from
ideal mixing for a liquid. For example, in asymmetric solutions, the
deviations from ideal mixing are a function of composition and
RTIn(v{") = (Wedue(Xi=(1 — 2X4)) + (Weden(2XEXn).
(W )ur is the binary Gibbs Free Energy interaction coefficient for
hydrophyllite in a fluorite-bearing melt. ( Melt components will here-
after be abbreviated as subscripts P, I, H, and W for portlandite,
fluorite, hydrophyllite, and whitlockite, respectively.} In the simplest
case of a regular solution where Wy; is independent of temperature,
(Weae = (We)en = (Wy)uy where Wy is the binary enthalpy in-
teraction parameter, If Wy is a function of both composition and
temperature, W = Wy, TWs, and W is the entropy interaction
parameter, In an asymmetric regular solution, (Wehr # (We)En.
Again, W, may be a function of temperature. The heirarchy of models
of increasing complexity is then regular solution, symmetric solution
with W terms, asymmetric solution without M terms, and asym-
metric solution with W5 terms. The approach adopted here is that
the simplest model required to reproduce the original data was the
best.

Configurational entropy of the melt was expressed as molten CaCl,,
and as single-anion component such as Cag sCl. The second expression
is essentially the Temkin hypothesis ( TEMKIN, 1945; KLEPPA, 1977,
1987). Both expressions were tested in modeling the system CaCl,—
CaF,, for which standard state data were available for the molten
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FIG. 2. Experimental data for the calcium salt-whitlockite joins. In all diagrams, the solid line is the calculated
liquidus. (a) Cas(PO,),—CaCl, (EPPERLEIN and LEHMANN, 1973, 1975) at | bar. (b) The system Caz(PO,).-CaF,
(BERAK and TOMCZAK-HUDYMA, 1972) at | bar. (c) The system Ca(OH),-HAp at | kbar pressure, from the data
of BIGGAR (1967).

state. Standard state enthalpy and entropy were derived for the molten data for the molten salts ( Table 1). These derived data were used in
salts using constant heat capacities (JANAF, CHASE et al., 1985) and the remainder of the modeling.
compared with JANAF data, which was recalculated as noted above. No such simple expression comes readily to hand for the phosphate

The Cags X model compared very well to the recalculated JANAF systems. Phosphate is a network former akin to silicate and may
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form extensive polymers. The systems under examination here are
not glass-forming, as they have high concentrations of network-mod-
ifying agents. A stoichiometric model (BERMAN and BrROWN, 1987)
was selected in which the phosphate system component was expressed
as Ca, sPO;.

In determination of molten salt standard state data, experimental
data were weighted to better reproduce melting points. Linear least
squares regression is dependent on the arithmetic means of x and y
(EDWARDS, 1979), so that weighting of an end point shifts the mean
closer to the melting point. The net result is that the melting point
is met more closely. For these derivations, the melting point of fluorite
was weighted ten times, and that of portlandite five times. While it
might be considered that a higher order heat capacity function would
be preferable to the tactic of weighting the data, higher order heat
capacities tended to result in unacceptable signs for enthalpies or
entropies of formation.

Several essential pieces of information are missing for the quater-
nary system: AHpgo, for Ca(OH),, Ca,POLCl, CaCIF, CaCIOH,
Ca3(POy);, and for all the apatite endmembers: AGY for molten
Ca(OH),, molten Ca3(PO,), (or Ca,sPO,) and for crystalline
Ca,PO,CI, CaClF, and CaCIOH: and AV (V = molar volume) for
fusion reactions of the for the phosphates and for Ca(OH),. The
molar volume of fusion for Ca(OH ), liquid is incorporated into its
standard state enthalpy. Hence, these molten Ca(OH), data are best
suited for use only at 1 kbar.

Derivation of expressions for CaysOH™" and Ca, ; PO,

Strategies for determination of standard state data for the unknown
liquids incorporate the increasing complexity of the hierarchy of
models discussed above. An ideal solution model allows calculation
of the liquid properties directly from the liquidus data. A regular
solution model, and a symmetric solution model may all be imposed
upon a data set, if the standard state data for the other liquidus of
the binary system are known. For these determinations, liquid heat
capacities were assumed to be constant (CHASE et al., 1985). Higher
order heat capacity equations were attempted, but rapidly lead to
unacceptable sign for standard state entropy or enthalpy. Success was
measured not by statistical measures but by the ability of the model
to reproduce the original data.

Initial attempts to produce standard state data for the liquid
Ca(OH ),, using the protocol given above, were unsuccessful. During
initial attempts to model the two Ca(OH ),- bearing systems, it became

clear that symmetric models were not sufficient to reproduce the
data, but that an asymmetric regular solution model worked well on
both. Therefore, both thermodynamic models and standard state data
were iteratively optimised. The starting expression for molten
Ca(OH), was taken from the Ca(OH ),-CaCl, system, with the melt-
ing point weighted five times. Asymmetric regular solution models
were calculated for both systems with this expression and the intercepts
reduced as much as possible by moving the liquidus point within the
brackets. Then new standard state for molten Ca(OQH), were cal-
culated. Heat capacity converged after two iterations and was not
further refined as it compared well with that estimated in CODATA
(GARVIN et al., 1987) by other methods. Two further iterations were
required before converging upon the final model.

Initial attempts to determine AG® for Ca, sPQ, with an ideal model
were promising (Fig. 3). An estimate was made from the apatite
liquidus data of EPPERLEIN and LEHMANN (1973, 1975), BIGGAR
(1966), and BERAK and ToMCzZAK-HUDYMA (1972), for example,
by the reaction Cas(PO,);C1#* = 3 Ca, ;PO 4+ Cay sC1™. This
is shown in Fig. 3 as AGyp vs. temperature kelvin. For this repre-
sentation, slope is equal to the negative of S° and intercept equal to
H°. The close agreement of the calculated data indicates that the
basic thermodynamic data for the apatites are quite good. Note that
the slopes are roughly equivalent. Although the differences in slope
are small, they are significant. Regression of the data calculated from
all four liquidi gives an expression that intersects each line at a small
angle, which results in both positive and negative deviations from
ideal mixing within each separate system, when applied to the original
data. These three lines do not overlap due to possible nonideal terms
and differences in pressure of the experiments. To a first approxi-
mation, pressure terms are assumed to be small in comparison to
other terms.

When imposition of the regular solution and symmetric solution
models failed to produce an acceptable answer, an expression for the
standard state of molten Ca, sPO, was derived from the whitlockite
liquidus (BERAK and TOMCZAK-HUDYMA, 1972). Enthalpy of fusion
(AHy,,) estimated from the two points on the whitlockite liquidus
using the relation

Rlna
(1/T = 1/ Trugion)

(SABOUNGI and CERISIER, 1974). These data are limited in temper-
ature range, but the limited compositional range means that the non-
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FIG. 3. AG at temperature and pressure for molten Ca, sPO,, calculated from the apatite and whitlockite liquidus
surfaces using an ideal model. Source, slopes, and intercepts for the lines are HAp (BIGGAR, 1967): —0.335 and
—1868.657 k] mol™'; CIAp (EPPERLEIN and LEHMANN, 1973, 1975): —0.382 and —1825.233; FAp (BERAK and
TOMCZAK-HUDYMA, 1972): —0.402 and —1788.0068; whitlockite: —0.432 and —1733.735. Slope equals negative S°,
intercept equals AH". Initial agreement among the three data sources at these temperatures indicates that the apatite
standard state data and the experimental data are quite good. However, the differences in slope suggest significant

deviations from ideal mixing within each system.



4670 R. C. Tacker and J. C. Stormer

ideal terms are negligible. The expression for AG® for molten Ca, sPO,
was iterated with the thermodynamic model for Ca;(POy),—CaF;.
This allowed the calculation of Aff, for FAp. This enthalpy of fusion
for the other apatites was assumed to equal that of fluorapatite.

RESULTS
Experimental Results

Experimental results are given in Tables 2 and 3, and shown
in Fig, la and b. Our experiments on the melting of pure
portlandite under water-free conditions confirm the results
of WYLLIE and TUTTLE ( 1959), who place the melting point
at 835°C. The liquidus determined in the system CaF>-
Ca(OH ), is somewhat higher than that of GITTINS and TuT-
TLE {1964). The differences can be attributed to the differ-
ences in run duration. The experiments of GITTINS and TUT-
TLE ( 1964) lasted only fifteen minutes, while the experiments
presented here lasted far longer, and grew larger crystals of
portlandite. The differences in size of the crystals probably
made identification of crystal-present conditions easier.

The system CaCl,-Ca(OH), is not as simple as CalF,—
Ca(OH),, as it has an intermediate compound CaClIOH. This
compound melts congruently at about 744°C and 1 kbar
pressure. There are two eutectics in the system, unlike the
other molten salt joins, which contain only one eutectic, or
one eutectic and a peritectic.

Results of Thermodynamic Modeling

Results of the model are given in Tables 1, 2, and 3 and
shown in Fig. 1 and 2. Model parameters are given in Table
4. The calculated liquidus temperatures are shown in Fig. 1
and 2,

Table 2. Definitive experiments in the system CaCly-Ca(OH)y at one
kilobar pressure.

Composition 4 ) Time Phase

Weight fraction (days) assemblage
CaCly Ca(OH)2

0.09 0.91 812 6 Ca(OH)7 + melt
0.09 091 816 3 Ca(OH)7 + melt
0.22 0.78 777 3 Ca(OH)2 + melt
0.22 0.78 794 3 Melt

0.30 0.70 742 4 Ca(OH)» + melt
0.30 0.70 744 6 Melt

0.40 0.60 635 5 CaOHCI+Ca(OH)2
0.40 0.60 640 11 CaOHCI+Ca(OH)z
0.49 0.51 657 4 Ca(OH)7 + melt
0.49 0.51 665 4 Melt

0.57 0.43 613 3 CaCIOH+CaClp
0.57 0.43 621 6 CaCIOH +melt
0.57 0.43 639 2 CaCIOH +melt
0.57 0.43 646 3 Melt

0.59 0.41 626 4 CaCIOH + Ca(OH),
0.59 0.41 641 2 CaCIOH + melt
0.59 0.41 646 3 Melt

0.65 035 632 3 CaCIOH +melt
0.65 0.35 639 3 Melt

0.7¢ 0.30 621 3 CaClOH +melt
0.70 0.30 627 3 Melt

0.80 0.20 640 3 CaCly + melt
0.80 0.20 649 3 Melt

0.91 0.09 615 3 CaCla + CaCIOH
0.91 0.09 683 3 CaClsy + melt
0.91 0.09 693 3 CaCly + melt
0.91 0.09 715 6 Melt

0.56 (.44 640-646 Eutectic

0.74 0.26 615-617 Eutecue

Table 3. Definitive experimental results on the Ca(OH), liquidus in the
system Ca(OH)y-CaFs.

Composition T°C  Time Phases present
Weight fraction (days)
Ca(OH)p CaFp

0.95 0.05 760 6 Ca(OH); + melt
0.95 0.05 800 6 Ca(OH); + melt
0.95 0.05 812 6 Melt
0.85 Q.15 160 6 Ca(OH)4 + melt
0.85 0.15 763 7 Ca(OH)y + melt
0.85 0.15 167 3 Ca(OH)y + melt
0.85 0.15 711 3 Melt
0.75 0.25 760 6 Melt
0.75 0.25 711 5 Ca(OH); + melt
0.75 0.25 715 6 Melt

The results for the CaCl,—CaF, system reflect ideal mixing
between the two melt components. It might be expected that
OH ™ would display similar behavior given its size and charge.
When Ca({OH ), is mixed with either of the other two salts,
large positive deviations from ideal behavior are observed.
This implies the presence of a miscibility gap in the system,
which is not observed, although textures of one or two runs
in the CaCl,—Ca(OH ). compositions suggest supercooling
into the immiscible region.

The phosphate systems are not as complete as the salts,
but they are sufficient to permit some insight into the mixing
behavior of the salts and phosphates. Enthalpies of mixing
parameters are negative. Entropies of mixing for the CaCly
and Ca(OH )3 apatite melts, are also negative. This seems
quite the reverse of what might be predicted, and will be
discussed further in the next section.

Standard state thermodynamic data does not exist for sev-
eral crystalline phases present in these systems: CaClF,
CaClOH, and Ca,PO,Cl. The models developed allow these
to be calculated. Enthalpies of melting were estimated from
the differences in solid-solid and solid-liquid reactions at in-
variant points. Heat capacities were estimated for CaClF and
CaClOH from combination of the endmember salts. No heat
capacity was estimated for Ca,PO,Cl, as data for structurally
analogous minerals are not available. These A//” and 5° data
are given in Table [.

DISCUSSION

Binary interaction parameters can be interpreted as re-
flections of the physical interactions in the systems of interest.
In the simplest case, negative enthalpy interaction terms in-
dicate miscibility across the entire range of compositions,
while positive terms result from the presence of immiscibility.
Entropy interaction terms are generally positive. In a system
with a miscibility gap, higher temperatures lead to increasing
entropy that eventually outweighs the positive enthalpy con-
tribution, resulting in closure of the miscibility gap (Na-
VROTSKY, 1987). However, there are exceptions to these
general expectations, as will be discussed below.

Discussion of Molten Salt Results

In the case of Ca(OH), mixing with the other halogen
salts, the positive enthalpy parameters are typical of mixed-
anion systems and are not an artifact of the modeling pro-
cedure. KLEPPA (1977, 1987) has shown with calorimetric
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Table 4. Thermodynamic parameters derived with the melt model discussed in the text.

System Why 2 Why | Wsy 2 Wso 1
1 2 kJ/mol kJ/mol J/mol-K J/mol-K
CaCly  CaFy 0 0 0 0
CaCly  Ca(OH); 7.253 8.836 0
0
+H).653 +).741
CaFy Ca(OH), 3.952 4728 0 0
+0.836 +0.269
CaCl  Caz(POgh 104751 -160.887 9324 -103.242
+18.866 +0.8221 +11.688 +0.404
CaF Ca3(POg)2 -2.093 -23.3670 0
+3.142 +1.43
Ca(OH); Ca3(POgn’ -116.8 -78.226
+7.52 +6.881
Ca(OH)y Ca3(POsn?  .8484063 3.943
+15899.520 +15.39
Ca(OH)z Ca3(PO4)2¥%.12557.772
; +817.095
Ca(OH); Ca3(POgn*  -116.8 -78.06
18.707 +8.014
Notes:

+ Symmetric solution data derived in binary system only. Intercept equals -1.576

kJ/mol.

t Symmetric solution data derived using only portlandite liquidus in binary and ternary
systems of BIGGAR (1967). Intercept equals zero.

+# Regular solution data derived using only portlandite liquidus in binary and ternary
systems of BIGGAR (1967). Intercept equals zero.

* Symmetric solution data derived from HAp liquidus in binary system. Intercept equals

ZEro.

measurements that single cation-mixed anion solutions (e.g.,
NaF-Nal, NaF-NaBr) tend to form asymmetric solutions
showing positive deviations from ideal mixing. Such devia-
tions occur in mixtures of CaCl, and CaBr., where Wy
= 1.142 kJ /mol and Geyeess = 285 Jmol ! at 50 mol% ( OST-
VOLD, 1971).

KLEPPA (1977, 1987) attributes these deviations to differ-
ences in size and polarizability of the salts being mixed. As
the polarizability increases, second-nearest-neighbor inter-
actions have a larger contribution to enthalpies of mixing,
attributed to London-van der Waals dispersion. While cou-
lombic interactions have negative contributions to the en-
thalpy of mixing, the London-van der Waals interactions
have positive contributions.

Anion size difference alone is insufficient to account for
the differences in free energy of mixing measured here. The
data of SHANNON (1976) show that the differences in anion
size are Br-Cl, 0.15 A; OH-F, 0.04 A; CI-OH, 0.44 A; and
CI-F, 0.48 A. It is clear from our results that the introduction
of a hydroxide dipole into the polarizable mixture leads to
small asymmetric positive mixing terms, and the comparative
magnitudes of excess free energy are consistent with differ-
ences in anion size for our results. These trends are not con-
sistent with data obtained at 1 bar and it appears that differ-
ences in pressure preclude direct comparisons.

In general, comparison of the derived thermodynamic data
for the intermediate compounds Ca,PO,Cl, CaClF, and
CaClOH with other sources is not possible. HISHAM and
BENSON ( 1987) showed that estimation of enthalpies of for-
mation by simple additive relationships tends to give answers
that were less negative than the measured enthalpies. In the
case of CaClF, the enthalpy determined from the endmembers
is —1012.53 kJ/mol while our value, —1020.465 kJ/mol, is
more negative. The model enthalpy for CaCIOH is —852.714
kJ/mol, less negative than the additive value of —890.943.

On the other hand, the derived enthalpy of melting for
Ca(OH),, ~25 kJ/bar at | kbar pressure, agrees very well
with that estimated in the CODATA tables, 29 kJ /bar at one
bar. This is also true of the calculated heat capacity for molten
Ca(OH),, 175.876 J/mol as compared to 153 J/mol in
CODATA.

Discussion of Phosphate-Salt Mixing Results

Model parameters for phosphate-salt binaries are given in
Table 4. They illustrate a basic problem in the use of buffers:
some interaction between buffers and reactants may occur.
In this case, the deviations from ideality are significant and
demonstrate that the assumption of ideal mixing behavior
can introduce error into the thermodynamic analysis of the
experiments. Another problem lies in that complete data may
not be available for the refractory mineral-salt binary.

The results for the HAp-Ca(OH ), join are complicated by
the extreme drop in the Ca(OH), liquidus. There are essen-
tially five points in this system: three for the HAp liquidus,
the eutectic, and the melting point of portlandite. On the
Ca(OH ),-HAp join, the liquidus temperatures for portlandite
from 99-100 mol% are not closely met, although the HAp
liquidus is reproduced well.

The reasons for this are most easily explained using a reg-
ular solution example. More complex models will have more
parameters, but similar topologies. Let AG,s (excess AG of
mixing for the liquid, calculated from the fusion reaction)

equal R7'Invy terms. For the portlandite liquidus
Xy
(Wedwe = ——-
WP AGxs

The eutectic lies at 99 mol% Ca(OH),, so the X 3 term
becomes very small for the portlandite liquidus (0.0002 at
the eutectic and decreasing as the endmember is approached),
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and W becomes proportionally larger. For the intermediate
compound HAp, the equilibrium constant for the fusion re-
action is a combination of the endmember terms and

X4 +3X3%

W, = =
(Wa)we A

In AG,, vs. X2 space, these points are widely separated, as
AG, for HAp fusion is on the order of —100 kJ mol ' at the
eutectic. Any fit of the data is biased in favor of the points
far from the origin, in this case, AG,, for HAp. The regression
for this line must pass through the origin, which 18 AGycess
for the melting of the pure substances. This will not happen
because the precipitous drop in portlandite liquidus temper-
ature at 99 mol% Ca(OH), gives a point at yY(AGecess)
= —2.46 kJ mol-1 and x = 0.0002. Additional data points
on the HAp liquidus would improve the situation somewhat
by giving points closer to the origin, but these points will not
improve the fit of any model to the data near the origin.

Use of a higher order thermodynamic model will not solve
the problem, because the model will again be biased in favor
of the points derived from the hydroxylapatite liquidus and
the requirement to include the origin. The choices at this
point are to fit the liquidi separately, or accept the fact that
intercepts for the entire data set will not equal zero. If inter-
cepts are used, then the melting curve near the melting point
is not reproduced well. Both of these solutions are given in
Table 4. For the portlandite liquidus, we included the ternary
eutectic of BIGGAR (1967). Comparison of the different re-
sults in Table 4 shows the degree to which the model is biased
in favor of the HAp data, as well as the degree of nonideality
for the melting of portlandite in the presence of a phosphate.

The data for the FAp-CaF, portion of this system, melting
points and eutectic, are described well with an asymmetric
regular solution model. The fluorite liquid component be-
haves nearly ideally when mixed with the phosphate, as Wy w
is equal to zero within error, The only portion of the system
not approximated by this model is the melting point of FAp,
which is underestimated by about fifteen degrees. However,
this is a minor problem. The FAp-CaF, eutectic and the sol-
idus in this system are the two points that are measured most
often during DTA. This is the essential portion of the system,
as the initial premise in this study is the use of molten salts
at low phosphate concentrations.

The data for the ClIAp-CaCl, join are the most complete
of any of the apatite-salt joins. Reproduction of this data set
requires a full four-parameter mixing model. The original
data and the curvature of the ClAp liquidus cannot be re-
produced without negative entropy of mixing terms. The ap-
pearance of the sign reversals in the entropy terms alone in-
dicates a possible complexities arising from the configura-
tional entropy model chosen.

The Structure of Phosphate Melts

The model results for the phosphate systems may be better
understood through examination of data available for the
phosphate glasses. The modeled systems do not quench to
glass because too many flux-like network-modifying com-
ponents are present. However, spectroscopic and chromato-
graphic investigations of phosphate glasses can yield some

insight into the nature of phosphate-water and phosphate-
halogen species that may be present in these less polymerized
compositions.

The basic unit of phosphate glasses is a -PO, tetrahedron
(WESTMAN, 1977; MATSUBURU et al., 1988; MATZ et al.,
1988). Similarities exist between phosphate glasses and sili-
cate glasses, particularly in the nature of polymerization, but
the key difference between the two lies in the 5+ charge on
the phosphate. Another is the ease with which phosphate
glasses can be dissolved, making them easily analysed by
chromatography (WESTMAN, 1977; MASSON, 1990). In pure
phosphate polymers, one of the oxygens is double-bonded to
the phosphate, although “the double bond character may be
smeared over all four bonds to a considerable extent”
(WESTMAN, 1977). Addition of F to the glass results in the
formation of POsF groups (SAMMET and BRUCKNER, 1985,
1987;: KOULDEK A et al., 1986; VIDEAU et al., 1982; MURTHY
and MUELLER, 1963; MURTHY, 1963). Fluorine causes a
delocalization of the double bond such that only bridging
and nonbridging oxygens remain in the polyhedra (SAMMET
and BRUCKNER, 1987). Water, present as hydroxide groups,
plays much the same role (DAY and STEVELS, 1974; ABE,
1983). Differences occur in that fluorine is initially a network-
forming component (SAMMET and BRUCKNER, 1985, 1987),
water has the only opposite effect (DAY and STEVELS, 1974,
ABE, 1983).

If Ca is added to a pure phosphate glass, it behaves as a
network modifier (BOBOVICH, 1962; SAMMET and BRUCK-
NER, 1987; ABE, 1983; MATSUBARA et al., 1988; MATZ et
al., 1988). Research summarized by ABE (1983 ) shows that
the addition of Ca shortens the length of the average phos-
phate chain. In glasses of 3:1 CaO:P,05s composition equiv-
alent to whitlockite stoichiometry, glasses are almost entirely
orthophosphate (Ca, sPO, or Ca;(PQO,),) and pyrophosphate
(Ca,P,07) groups (ABE, 1983).

With these results in mind, the combination of whitlockite
with a hydroxide- or a halogen-bearing calcium salt is qual-
itatively predictable. The phosphate network will be increas-
ingly modified and shortened by reaction between the phos-
phate groups and the salt. This explains the negative entropy
of mixing terms found for the CIAp-CaCl, and HAp-Ca(OH),
systems: The choice of melt components implicitly assumes
random mixing of CagsX (X = F, Cl, OH) and Ca, sPO,.
The actual reactions that take place in the melt are less ran-
dom than this, and probably result in halogenated or hy-
droxylated orthophosphate and/or pyrophosphate groups.
While our choice of system components and statement of
configurational entropy are satisfactory for thermodynamic
description of these systems, it is less adequate for physical
description of the melt species. Therefore, the negative en-
tropy interaction parameters are an artifact of our selection
of phosphate melt components, and an indication of ordering
in the melt. The presence of negative entropy interaction
parameters does not diminish the ability of the model to
describe the melt-crystal relationships.

The spectroscopic data also explain the precipitous drop
in the portlandite liquidus. Phosphate glasses, and phosphates
in general, are extremely hygroscopic (DAY and STEVELS,
1974; ABE, 1983). The presence of phosphate does not
strongly affect the liquidus of CaCl, or CaF,, because the
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salts do not dissolve much phosphate. Portlandite, however,
must react with the phosphate. Although the portlandite melt
soon reaches saturation with an apatite ( BIGGAR, 1967), the
nature of the phosphate dissolved in the portlandite melt
must be different than that in the CaCl; and CaF, systems,
where in liquidus temperatures do not drop as steeply in
response to phosphate.

Alternative choices of melt components might eliminate
the negative entropy interaction parameters. A specific melt
speciation model may be imposed upon the data and resulting
thermodynamic parameters derived. Alternatively, several
melt species may be defined and the equilibria among them
examined. In both cases, increasing complexity of the melt
model proliferates the number of variables to the point where
they are no longer fully constrained. At this point options
are very limited. Assumptions of ideality must be introduced
to the model, which we find to be unsatisfactory. Independent
data on melt structure may be used, but unambiguous data
do not exist for compositions in this system. In the final anal-
ysis, we choose to keep the stoichiometric melt model which
gives us results that can be explained and understood in gen-
eral physical terms, rather than impose an arbitrary melt spe-
ciation model upon the data in the absence of clear con-
straints.

To better understand the implications of the model for
the ternary systems, it is helpful to examine the ternary system
of BIGGAR (1967). In the Ca;(PO,),—Ca(OH ),—CaF; system
it is quite clear that a molten salt dissolves very little phosphate
(BIGGAR (1967)). In the ternary system, the CaF,-apatite
eutectic projects to lower phosphate concentrations, to the
ternary eutectic at 76 mol% Ca(OH),, 24 mol% CaF,, and
1 mol% Ca3(PO,),. Isocompositional sections show that at
temperatures below 800°C, liquids are very close to the com-
positions limited by the coexistence of an apatite and a crys-
talline salt (BIGGAR, 1967). Only along the CaF;-apatite co-
tectic is appreciable phosphate dissolved in the melt, and
only at temperatures greater than 900-1000°C. Analagous
results may be expected in the ternary systems containing
CaCl,, because the CaCl,-CIAp eutectic lies at very low phos-
phate concentrations (1 mol% Ca;(PQ,),). The ternary dia-
gram will be more complex because of the presence of inter-
mediate compounds CaClF and Ca2PO,Cl, but preliminary
calculations shows that the stability of these phases in the
ternary system is limited. The presence of these phases does
not enhance the solubility of phosphate in the molten salts.
The model allows calculation of the equilibrium constant for
a mixed apatite at any composition in the ternary, given the
assumption that ternary effects do not exist. It is clear from
these that the solubility of the apatite in the molten salt is
minimal. It is clear that phosphate melts containing molten
salts are extremely nonideal. However, it is also clear that
the presence of molten phosphate does not strorgly affect
the activities of the molten salts except in the case of
Ca(OH),. Although this effect is large, it is perfectly linear
with respect to the square of Xy .

These observations are helpful in designing experiments
in the ternary systems, The problems with the introduction
of phosphate into the molten salts may be minimized by
conducting experiments at low phosphate concentrations.
This presents no difficulty, as it was the original premise of

this method. Another way is to conduct experiments at tem-
peratures below the point at which significant apatite is dis-
solved in the melt, which coincides with the thermal limits
of cold-seal pressure vessels. Data in the ternary system will
also provide a means to check the model derived from the
binary systems, once compositional analysis of the apatites
eliminates a degree of freedom.

There are many situations where molten salts may be used
in examination of anionic or cationic exchange in minerals
of geologic interest. While solution properties are well un-
derstood for the salt mixture, the remaining salt-mineral joins
(e.g. KCI-KAISi;04) may not be as well constrained. The
results of this study should caution against the assumption
that this information is irrelevent. Recall that the effect of
only 1 mol% Ca;(PO,); is to lower the melting point of por-
tlandite 70°C. It is interesting to note that albite-NaCl (Kos-
TER VAN GROOS and WYLLIE, 1969) and nepheline-NaF
(KOGARKO and KRIGMAN, 1970) mixtures display immi-
cibility.

Large deviations from ideal behavior may be a general
feature of systems in which a high-melting-point mineral is
mixed with a low-melting-point salt. Simple geometry re-
quires that the eutectic position be below the melting point
of the salt. In a simple system with only a eutectic, the greater
the difference in melting points of the endmembers, the
greater is the depression of the higher one’s liquidus, and the
closer the eutectic moves to the opposite endmember. Ac-
companying this depression is a greater deviation from ide-
ality. In the join Ca;(PO,4),-Ca(OH), and Ca3(PO,),—CaCl,,
the cutectics lie at about 99 mol% of the salt; for Cai (PO, ),—
CaF; the eutectic lies at 87 mol%. Of the three, CaF, has the
highest melting point, and the smallest deviations from ideal
behavior.

Phosphate-rich melts form some of the stranger liquids
observed in nature. Apatite 1s an essential constituent of car-
bonatites (HOGARTH, 1989), and is also common in mag-
netite-rich bodies associated with anorthosites (e.g. GEIST et
al., 1990). TREIMAN (1989) proposed that mixing of phos-
phates with carbonates was probably nearly ideal. Data were
not available to rigorously test this, and the conclusion was
reached based on the evidence of other common cation-mixed
anion systems. While this is a reasonable proposition, the
work conducted here suggests that mixture with the phos-
phates will show large negative deviations from ideal behavior,
and that phosphate polymerization may need to be accounted
for in future models. The phosphates may present more
problems than the silicates, given the presence of an extra
bond available for polymerization and speciation. In the case
of the magnetite-apatite liquids, it is interesting to note that
phosphate glasses have a high solubility for iron: VAUGHN
and KISLER (1975) synthesized glasses up to 75 mol% (FeO
+ Fe,03) in P,Os. Apatite also enhances the solubility of
iron oxides in silicate melts ( EPLER et al., 1986).

CONCLUSIONS

The deviations from ideal behavior in the binary subsys-
tems of the quateray system Cas(PQy),—-CaCl,-CaF;—
Ca(OH); can be readily modeled using binary interaction
parameters. Use of a Cags X melt component works quite
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well for molten salts of formula CaX;. However, a Ca, sPO,
melt component is not entirely adequate to describe the range
of polymerization and speciation in halogenated phosphate
melts. Unexpected results include positive deviations from
ideal behavior for the Ca(OH ),-CaCl, and Ca(OH ),-CaF,
joins, and positive entropy interaction parameters for the
Cas(P0O,),-CaCl, and Caz(PO,):~Ca(OH), joins. The pos-
itive enthalpy interaction parameters for the molten salt
mixtures result from polarization and London-van der Waals
dispersions. In the calcium orthophosphate-salt systems, the
negative entropy interaction parameters are an artifact of the
choice of melt components, and reflect ordering in the melt
phase. This may present an challenge in future thermody-
namic modeling of phosphate-bearing liquids.
Generalized conclusions of this study are as follows.

1) The use of molten salts as reactants offers a thermody-
namically simple means to explore anionic or cationic
exchange in mineral solid solutions. Most practical prob-
lems can be overcome with careful handling.

Positive deviations from Raoultian behavior may occur
in the molten salt mixtures. These will generally be small,
but may be thermodynamically significant.

Mixing of a high-melting point mineral with a low-melt-
ing-point salt is likely to result in large negative deviations
from ideal behavior in the molten salt. This should not
be ignored in thermodynamic models for salt-mineral
mixtures, but the problems can be avoided through careful
experiment design. This data has greatest utility in deter-
mining temperature-compositional regions where disso-
lution of the mineral in the salt is minimal.
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Errata

Erratum to A. B. Cormie, H. P. Schwarcz, and J. Gray (1994) “Relation between hydrogen isotopic ratios of bone collagen and rain.” Geochimica
et Cosmochimica Acta 58, 377-391. Two typing errors appear in Eq. 14 on p. 386, most importantly, in the C/g coefficient. The correct equation
is

sDwy” = =71.01 + 1.455-6Db + 0.6164-RH — 0.1168-6Dv — 0.1960-6'°N? + 0.3174-C/g: n = 67, ¢ = 7.6, R = 0981.  (14)

Also four equations were incorrectly numbered in the text of paragraph 3 on p. 384:
Line 1 should read:

“Although the §Dw slope in Eqns. 7 and 9 is 1.0 in ac- . . .
while line 6 should read:

e

i

»

. . relation coefficients of Eqns. 6 and 7, we can determine that . . .”.

A. B. Cormie
Department of Geology
MecMaster University
Hamilton, Ontario L8S 4M1, Canada

0016-7037(94)00071-9
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Corrections to Table 1 on page 4666:

TABLE 1

AH® S° AHysion

kJ/mol J/mol kJ/mol
Solids
CaClOH —876.237 no change no change
Ca,PO,CI —2261.663 449 828 22.753
Liquids
Ca(OH), —970.321 no change no change

The errors in Ca(OH), and CaCIOH arise from a mistake in correcting for enthalpy of fusion for portlandite. The errors in data for chlorspodiosite
simply were not caught in final examination of the page proofs, which reflect both a typographical error and inclusion of results of an earlier
model. The conclusions are unchanged.

R. Chris Tacker
College of Engineering and Applied Science
Department of Geoscience
The University of Tulsa
Tulsa, OK 74104-3189, USA

0016-7037(94)00072-7

Erratum to J. D. Kubicki, Y. Xiao, and A. C. Lasaga (1993) “Theoretical reaction pathways for the formation of [Si(OH)s]'- and the deprotonation
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INTRODUCTION (HEHRE et al., 1972). The energies of the molecular configurations
were calculated at the 6-31G* optimized geometries using an MP2/
In our original paper, we calculated the reaction pathways of the 6-31G* basis set (i.e., MP2/6-31G*//6-31G*). Unfortunately, the
reactions energies reported were the Hartree-Fock energies at the 6-31G* level
with the MP2 corrections (M@LLER and PLESSET, 1934; FRISCH et
Si(OH), + (OH)™ — [Si(OH)s]'~ — [(OH);Si0]'"—H,0 al., 1992). We present the intended results here for those who may
try to reproduce our calculations. The differences between the original
with ab initio molecular orbital calculations using a 6-31G* basis set 6-31G* and the MP2/6-31G¥* results are minor, however.
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