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Phase equilibria in the system MgO-MgF,-SiO,-H,0
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Abstract

Unit-cell parameters as functions of mole fraction fluoro-endmember have been deter-
mined for clinohumite, chondrodite, norbergite, brucite, and sellaite. In addition, the 4 spac-
ing for the (060) peak of talc was determined as a function of mole fraction fluoro-talc. Unit-
cell parameters for the phase intermediate sellaite are

a = 10.123, b = 4.6861, ¢ = 3.0780A when coexisting with periclase and
a = 10.097, b = 4.6812, ¢ = 3.0738A when coexisting with sellaite.

From these X-ray data the compositions of coexisting phases have been determined in
forty hydrothermal experiments that yielded information on eighteen different chemical
equilibria. These data, combined with phase equilibrium and calorimetric data from the liter-
ature, have been treated by the method of least squares to produce a thermodynamic model
for the system. The derived endmember Gibbs energies of formation from the components
MgO, MgF,, SiO,, H,O at 1023 K and 1 bar are in cal mol~! AGS, = 15538, AGRy = 8466,
AGSs = 44092, AGZy = 5333, AGy = —15721, AGRen = —1203], AG2chn = —31161, AGY, =
—41347, AG2o, = —58853, AGRr. = —8509, AGRy. = —2086, AGE, = —14249, AGR, = —7566.
Computed equilibria based upon these Gibbs energies and related excess parameters com-
bined with entropies and heat capacities are in good agreement with data on natural assem-

blages.

Introduction

The system MgO-MgF,-Si0,-H,O is in many re-
spects an ideal system for experimental study. High-
purity starting materials are readily available. There
are no oxidation-reduction problems. Phase equilib-
rium and calorimetric data are abundant on impor-
tant subsystems. Synthesis experiments have been
carried out on the solid solution phases (Van Valken-
burg, 1955, 1961; Crane and Ehlers, 1969). A basis
for theoretical treatment of such systems has been
given by Thompson (1967) and Muan (1967).

This study combines new experimental data on
multiphase equilibria in the system with available
data to form an overdetermined system of equations
which describe experimentally-observed chemical
equilibria. The least-squares solution of these equa-
tions is presented as a model for chemical equilib-
rium in the system under a wide range of conditions.

Naturally-occurring equilibria that can be repre-
sented by the model have received little attention in
the literature. This is more probably due to the diffi-
culty of obtaining fluorine analyses than to the scar-
city of suitable bulk compositions. What information
does exist agrees well with the model.

Symbols and units

The symbols used in this paper follow as closely as
practicable the usage recommended by McGlashan
(1970). Additional symbols are those in common use
in the geologic literature. A list of symbols and corre-
sponding units is given in Table 1. Table 2 lists the
symbols and formula units used for the various
chemical compounds encountered.

Experimental methods

Apparatus
Experiments were conducted by enclosing reagent-

! present address: Los Alamos Scientific Laboratory, Los
Alamos, New Mexico 87545. grade chemicals in sealed noble-metal capsules and
0003-004X/79/1112-1156802.00 1156
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Table 1. Symbols and units
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Table 2. Compounds considered

Quantity Symbol Unit Equivalent SI Unit

Thermodynamic temperature =T K K

Pressure P bar 105 Pa

Molar volume of 3 3
substance B Y en G

Molar enthalpy of -1 -1
EaBstance b Hy cal mol 4.184 J mol

Molar entropy of -1 -1 -1,-1
substance B Sy cal mol g 4.184 J mol™"K

Molar Gibbs energy of -1 =1
Sibstaned B Gy cal mol 4.184 J mol

Molar heat capacity of 1
substance B at con- @ cal mol K™l 4.184 J mol”
stant pressure

1.-1

=

Number of moles of
substance B =B

Mole fraction of
substance B: X,

ag/Tyng

Chemical potential of -1 =10
substance B 4.184 J mol

10° Pa

Fugacity of substance B £ bar
Activity of substance B a
Activity coefficient of
substance B, mole Y,
. o B
fraction basis

Stoichiometric coeffi-
cient of substance B

Site population number a

Excess parameters (Gibbs
energy) of substance B

1

gHB’ Yy cal mol_1 4.184 J mol”

=B
Excess parameter (volume) W cm3 3
of substance B oz

Estimated standard error
of quantity C C

General equation for a
chemical reaction

Gas constant R cal mol_lK_1 4,184 T mol_ll(—1

Superscripts

® is used to denote a property of a pure substance at a temperature of
1023 X and a pressure of 1 bar.

* is used to denote a property of a pure substance at some temperature
and/or pressure other than 1023 K and 1 bar.

T,P
—’= denotes a Property at temperature T and pressure P.

Prefix

A, except when subscripted by R (see below), is used to denote a quanti-
ty of formation from the compounds MgO, MgF , Si0,, H,0, e.g., AG is
the Gibbs energy of formation from the abové compoundS.

Subscripts
ex specifies an excess quantity, i.e., the difference between an actual
quantity for a given solution phase and the value of that quantity in

a corresponding ideal solution.

R indicates that the A-guantity refers to the difference for a reaction,
i.e. AER=ZiViAgi

T The symbol Y has been used to represent the activity coefficient on a
mole fraction basis rather than the recommended symbol £ in order to
avoid confusion between activity coefficlent and fugacity.

Compound Symbo];E Formula Unit
Periclase P Mg0
Brucite B Mg(OH,F)2
Intermediate sellaite 1s Mg(OH,F)2
Sellaite S Mg(F,OH)2
Norbergite N Mg3Si04(OH,F)2
Chondrodite Ch MgSSiZOS(OH,F)2
Clinohumite Ccl Mg9314016(0H,F)2
Forsterite Fo MgZSiO4
Enstatite En MgSiO3
Talc Te MgBSi4OlO(OH’F)Z
Quartz Qtz SiO2
Water H20 HZO
Hydrogen fluoride HF HF

2 prefixes of H and F are used with the symbols
for the solid phases in order to denote the hydroxyl
and fluorine endmembers respectively, e.g. HS refers
to hydroxyl-sellaite and FCh to fluoro-chondrodite.

placing them in Stellite 25 or Rene 41 cold-seal pres-
sure vessels (Tuttle, 1949) and nichrome-wound cy-
lindrical furnaces. Temperature was controlled by a
fully proportional controller with a platinum resis-
tance sensing element. Temperatures were constantly
monitored on a Texas Instruments twenty-four point
Multiwriter recorder, and were measured at intervals
of one to three days on a Leeds and Northrup K-3
potentiometer. Stainless steel sheathed chromel-alu-
mel thermocouples were used for all temperature
measurements. A standard thermocouple was cali-
brated against the melting points of NaCl (1073.5 K)
and CsCl1 (919 K). Working thermocouples were cali-
brated against the standard with the pressure vessel
in a position of minimum gradient in the furnace.
Calibration is considered accurate to +2 K. Temper-
ature variation over the bottom three centimeters of
the pressure vessels was found to be less than 2 K.

Pressures were measured on Ashcroft Maxisafe
Bourdon Tube gauges calibrated against a Heise
Bourdon Tube gauge having a range of 0-7000 bar
and an error of less than 7 bar. Individual pressure
measurements are considered to be accurate to +20
bar.
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Starting materials

The primary starting materials were Mallinckrodt
Reagent MgF, lot MRC, Baker and Adamson Re-
agent MgO lot W196, and Fisher Certified Reagent
Silicic Acid lot 730944. Before mixing, the MgF, was
fired at 673 K for one hour. MgO was fired for 24
hours at 1300 K. Both the MgF, and MgO were al-
lowed to cool in a desiccator with anhydrous CaSO,
as the desiccant. The quantities of both materials re-
quired for the various mixes were then weighed out
immediately. The silicic acid was fired at 1500 K for
24 hours to produce cristobalite. This was then
crushed in an agate mortar and passed through a 100
mesh screen and stored in an oven at 423 K until
weighed. Bulk compositions made up from these
starting materials were ground in distilled water for
two hours in an agate mortar and dried under a heat
lamp before being loaded into run capsules.

Early attempts to use reagent-grade acetone as a
grinding medium resulted in contamination of the
mixes with a waxy residue, which resulted in the gen-
eration of CO, during the experiments and in some
cases in the crystallization of magnesite or graphite.

Fluorine buffers

The fluorine buffers of Munoz and Eugster (1969)
were examined for possible application to this sys-
tem. It was found that buffers involving quartz could
be used to buffer talc, but that other minerals in the
system reacted with quartz in the buffers. The graph-
ite-bearing buffers were generally found unsatisfac-
tory because their use resulted in the crystallization

Table 3. Thermodynamic data for the fluorine buffer

3

5298

R = R
Agf, wlegents s C=a+b-10" T -107/ T v

Compound

(cal mol_l) (cal mol—ll(—l) (cal mol_lK—l) (cm3)
a b
caF, -293,000% 16.39% 14.30  7.28 0.47 2 24.558%
casio, -390, 7402 19.60% 26.66  3.992  -6.517% 39,93 <
510, -217,700% 9.91% 10.495 9.277 2,313  22.688%
f-510, 14.080 2.400 0.0 % 23.718%
H,0 -57,798% 45.106% 6.740  3.073  0.335"
wF -65,140% 41.508% 6.529 0.657  0.231%

2 Stull and Prophet (1971)

B Naylor (1945)

£ Robie, Bethke, and Beardsly (1967)
4 Robie and Waldbaum (1968)

£ Southard (1941)

£ Friedman and Haar (1954)
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of carbonates; or, as in the case of the humites, the
approach to equilibrium was extremely slow.

The (graphite-methane)-(wollastonite—fluorite—
quartz) buffer was successfully used to buffer the F/
OH ratio of talc. The fluid composition coexisting
with this buffer was calculated as outlined by Munoz
and Eugster (1969). Fugacity coefficients for H, were
taken from Shaw and Wones (1964), and for H,O
from Burnham et al. (1969). The remaining fugacity
coefficients were obtained by use of the Redlich—
Kwong equation as described by Edminster (1968).
Critical constants for methane were taken from
American Society for Testing and Materials com-
mittee D-2 on petroleum products and lubricants and
American Petroleum Institute research project 44 on
hydrocarbons and related compounds (1971). The re-
mainder of the critical constants were taken from
Mathews (1972).

The remaining thermodynamic data used in the
buffer calculations are listed, along with their
sources, in Table 3. This data base differs signifi-
cantly from that used by Munoz and Ludington
(1974) and Munoz and Eugster (1969) with respect to
the enthalpy of formation of fluorite from the ele-
ments. The value given by Stull and Prophet (1971)
was adopted here over that of Robie and Waldbaum
(1968) used by the above authors, because of its
larger data base and better agreement with the exper-
imental work of Bratland ef al. (1970). '

Solid phases

Synthesis and identification

Synthesis of the pure fluoro-humite endmembers
was achieved at approximately one atmosphere in
sealed platinum capsules. Attempts to synthesize
such materials hydrothermally resulted in hydroxyl-
bearing humites plus additional phases. All other
phases were crystallized hydrothermally in sealed
gold capsules.

Solid phases were identified primarily by means of
X-ray powder diffraction. Standard patterns pro-
duced from single-phase synthesis products were par-
ticularly useful in the analysis of products consisting
of mixtures of humites or of humites and forsterite,
since the patterns for these minerals are quite similar.

Oil immersion methods were used as a secondary
means of mineral identification, but positive optical
distinction between the various humite minerals is
extremely difficult in fine-grained run products. Opti-
cal techniques were used mainly to inspect for small
amounts of extraneous phases in the run products.
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Characterization and compositional variation of phases

Cell dimensions were determined for all phases
with variable fluorine-hydroxyl content except talc,
for which only d(060) was determined. The bulk
composition of the solid phase was taken to be equal
to that of the solid starting material plus H,O. This is
a good assumption, based upon the high degree of
partitioning of fluorine into the solid phase and the
fact that extrapolation of cell parameters from inter-
mediate compositions to the fluorine endmembers
gives good agreement .with cell parameters deter-
mined for the fluoro-endmembers of the humite
group when no fluid phase was present in the end-
member synthesis. X-ray patterns of the materials
used for the cell-dimension determinations showed
only peaks for the material in question. Optical ex-
amination in no case revealed more than 2% extra-
neous material. It should, however, be borne in mind
that a mixture of two humites could not reliably be
detected optically.

X-ray patterns were made at a scan speed of 1/4
degree minute™'. Silicon metal (@ = 5.4305A) was
used as the internal standard. Unit-cell parameters
were refined using the program of Appleman and
Evans (1973). Expressions for unit-cell parameters as
a function of composition were then derived on the
basis of a least-squares approximation. The coeffi-
cients for these equations are presented in Table 4,
and the data upon which they are based in Appendix
1. Table 4 also shows end-member unit-cell parame-
ters calculated from these relations and published
unit-cell parameters for comparison. Unit-cell pa-
rameters of talc were not determined, because of
overlap of the various peaks in the powder diffrac-
tion pattern.

Compositions of the phases in multiphase experi-
ments were determined from the dependence on
composition of interplanar spacing. These depend-
encies are based on measured d spacings in the case
of talc and on calculated d spacings based on unit-
cell refinements for the other phases. Coefficients for
these equations appear in Table 5.

Peak positions were determined by oscillation
against peaks of either silicon (a = 5.4305A) or spinel
(a = 9.0833A) internal standards. Four measure-
ments of A26 were made at a scan speed of 1/4 de-
gree per minute using Cu radiation and Ni filter.

For the phases of variable fluorine-hydroxyl con-
tent, excepting talc, molar volume-composition ex-
pressions have been computed by least squares. With
the exception of brucite, all the volume functions are
linear in composition. For sellaite and the humite
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Table 4. Unit-cell parameters (A)

Unit cell parameter = athx2

Phase Fluoro-endmember
Space group Param. & b Uparam}l Calculated Published
Sellaite 2, 5.6185 -0.9929 0.3:107% 4.626 4625
Sp. gr. ? B, 43774 0.2474 0.41073 4.625 4.623°
e,  3.0507 -0.0006 0.5-107% 3.050 3.0525
Norbergite a,  4.7168 -0.0098 0.2-107" 4.707 4.7092
Pbnm B, 10.3188 -0.0543 0.1-107°  10.265 10.271¢
e, 90440 -0.3200 0.8°107° 8.724 8.7272
Chondrodite a,  4.7359 -0.0104 0.1-1072 4.726 4.738%°2
P2 /b b, 10.2778 -0.0306 0.3:1072  10.247 10.278%°¢
g, 7.9526 -0.1615 0.4°1072 7.791 7.813%¢
@ 108.84 0.37  0.8°1072  109.21 109.30 €
Clinochumite  a_  4.7469 =-0.0066 0.2-1072 4.740 4.7519¢
P2, /b b, 10.2481 -0.0223 0.1'107%  10.226 10.236%€
g, 13.7163 -0.1342 0.1:107%  13.582 13.5879°€
o 100.59 0.35  0.5°107%  100.94 100.88 &2
Unit cell parameter = a+b'x+;:;jzé-x3 4.
a b c d cparam.ﬁ
Brucite 2, 3.1464 -0.1776 0.0920 0.5-207%
P3ml LA 4.7694 -0.3525 1.7138 -2.5291 0.2-1072
Descrip:on . b, S5
Calculated (x=0.00%)  3.147 4.770
Swanson et al. (1956) 3.147 4.769
Description a 5 b & c t
o o [+
Intermediate Coexis?ing with 10.123(1) 4.6861(6) 3.0780(8)
sellaite brucite
Pbmn or Pbn2 I C°§:ii:i:§ wilh 10.097(6)  4.6812(19) 3.0738(25)
Crane jand |Ehlers 10.122(2)  4.6845(13) 3.0801(4)

(1969)€

Sellaite Calculated (x=0.50%) 5.122 4.5011 3.0504

Note: ASTM Powder Diffraction File card 14-9 gives 13.68 as 2, for FC1.
This apparently should be modified to read 13.58. The Van
Valkenburg (1961) FCh may well be a mixture of phases (probably
two humites). The d-spacing of 3.897 listed by Van Valkenburg
(1961) does not correspond to any possible d-spacing for a
chondrodite with the space group and cell dimensions listed
above.

2 x = mole fraction fluoro-endmember

o

The estimated standard errors have rather large uncertainties due to
the small number of data points available (see appendix).

£ Swanson et al. (1955)
9 Van Valkenburg (1961)

£ Cell dimensions listed were calculated by means of the program of
Evans, Appleman, and Handwerker (1963) from published d-spacings.

& Numbers in parentheses are one estimated standard error in the digit
to their immediate left.

4 Zero and first level c-axis Weissenburg diffraction patterns are
consistent with an orthorhombic symmetry. The observed systematic
extinctions are h 0 1, h + 1=2n+ land 0 k 1, k= 2n + 1.
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Table 5. Variation of interplanar spacings with composition

Phase hki d-spacing (8) = a+b-§+c-52 2

a b-10 c-10 crd =
Brucite 110 1.57318 -0.8873 0.4573 0.3-107"
Sellaite 220 1.76085 -1.2555 0.5-107°
Norbergite 121 3.11379 -0.5922 0.5-107
Norbergite 141 2.00072 -0.5757 0,420
Chondrodite i1z 3.04133 -0.3810 0.8-107°
Clinohumite 511 2.36875 -0.1724 0.5-107°
Clinohumite 900 1.49801  ~-0.1628 0.9:.107%
Clinohumite 411 2.55580  -0.2176 0.1.167°
Talc 060 1.52731  -0.0615 0.7.10°"

2 x = mole fraction fluoro-endmember.

23 The estimated standard errors have rather large uncer-—
tainties due to the small number of data points available
(see appendix).

minerals the difference in volume between the hy-
droxyl and fluoro-endmembers is 2.95+0.19 cm’
mol™" of (OH),. The volume of hydroxyl-talc has
been taken from Robie et al. (1967) and that of
fluoro-talc has been estimated as this value minus
2.95. The volume data are presented in Table 6.

Intermediate sellaite, MgOHF

Crane and Ehlers (1969) synthesized a phase
which they regarded as stoichiometric with a compo-
sition of MgOHF. The existence of this phase has
been substantiated and its unit cell determined.
Peaks were indexed on an orthorhombic unit cell
from single-crystal Weissenberg radiographs. Final
cell refinements were done as described for the other
solid solution phases in the system. We suggest that
this compound has a structure similar to that of sell-
aite, with ordering of the fluorine and hydroxyl re-
sulting in a doubling of the a dimension of the unit
cell. It is therefore referred to here as intermediate
sellaite. Cell dimensions for intermediate sellaite co-
existing with sellaite and with periclase, and those
based on a refinement of the data of Crane and Eh-
lers (1969), are given in Table 4.

The inference that sellaite and intermediate sell-
aite are both members of a single structurally-contin-
uous solid solution series is based upon measurement
of cell parameters. Upon substitution of hydroxyl
into the sellaite structure, the symmetry changes
from tetragonal to a lower symmetry, suggesting or-
dering of fluorine and hydroxyl. Cell parameters for
sellaite (Xzs = 0.50) are given in Table 4 for com-
parison with those of intermediate sellaite.
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This evidence leads to description of sellaite and
intermediate sellaite by the same set of functions in
the thermodynamic modelling which follows. For
this reason special note should be made of the vol-
ume function for the sellaite. The function given in
Table 6 is based only on the data for sellaite. The
volume data for intermediate sellaite has not been in-
cluded, because the derivative of the volume with re-
spect to composition is not closely constrained by the
data at the intermediate sellaite composition. The
pressure effect upon equilibria involving intermedi-
ate sellaite is therefore somewhat uncertain.

Experimental phase equilibrium results

Results of the experiments involving two or more
phases for which the compositions have been deter-
mined are summarized in Table 7. With the ex-
ception of the data involving brucite, few of the equi-
libria depicted by these data are closely bracketed.
This fact, combined with the generally long run times
needed before apparent equilibrium was achieved,
creates some uncertainty as to the closeness of ap-
proach to equilibrium. Metastability may also be a
problem. In particular, experiment Ch100-C140-IR
produced clinohumite considerably more fluorine-
rich than is inferred to be truly stable. The experi-
mental evidence does not resolve whether or not
stable talc—clinohumite tie lines exist at 1023 K and
2000 bar. Experimental attempts to resolve this ques-
tion were unsuccessful.

Table 6. Variation of molar volumes with composition

o o
i VO VO A ex
Phase A VX Ve ™ Va2 Xua 2y a

o o a
Vea Y, LA 9y
Brucite 25.732 24.621  -5.1897 0.8 1072
Sellaite 19.649  22.789 0.1107%
Norbergite 63.466 66.293 0.4 1072
Chondrodite 107.32 110.32 0.4 107t
Clinohumite 194. 64 197.49 0.5 10+
Talc 133.30 136.25
Note: All numbers are expressed in cubic centi-

meters.

2 The estimated standard errors have rather large
uncertainties due to the small number of data points
available (see appendix).
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The réquirement that all the equilibrium data and
all the thermodynamic data be internally consistent
is a stringent one that can be tested in the form of a
number of simultaneous equations. In order to ana-
lyze the experimental data and to provide a basis for
calculating other equilibria in the system and to cal-
culate equilibria at conditions other than those of the
experiments, a thermodynamic model of the system
has been constructed based on such a system of
equations.

The thermodynamic model

Introduction

The experimentally-determined phase equilibria
represent a large number of constraints upon the
thermodynamic properties of the system. Appendix 2
and 3? describe the development of a model that is
consistent both with these data and with other phase
equilibria and calorimetric data. Some parameters
are not closely constrained by the phase equilibrium
data. These have been evaluated from existing ther-
mochemical data. The remaining parameters have
been determined by means of a least-squares solution
of a system of equations defined by the available
phase equilibrium and thermochemical data.

The model is referenced to the components MgO,
MgF,, SiO,, and H,0, at 1023 K and 1 bar. The tem-
perature of 1023 K has been chosen because much of
the experimental evidence has been collected near
this temperature. This choice simplifies the form of
some of the equations to be used.

The method described in Appendix 3 evaluates 33
unknown thermodynamic parameters involved in the
description and calculation of equilibria in this sys-
tem. At a minimum, 33 equations would be needed
to solve for these parameters. To the extent that an
experiment reaches equilibrium, it represents at least
one and usually several equations of constraint in-
volving P, T, compositions, and free energy. Taken
together, the models tested here involve an array of
more than 70 equations, so that there are many more
equations than unknowns. Since all involve mea-
sured quantities, none will be exact. The best approx-
imation to satisfy all of the equations simultaneously
has been sought by the method of least squares. This
approach assumes that all of the measurements are
normally distributed about the equilibrium values.

2To obtain a copy of Appendices 2 and 3, order Document
AM-79-110 from the Business Office, Mineralogical Society of
America, 2000 Florida Avenue, N.W., Washington, D. C. 20009.
Please remit $1.00 in advance for the microfiche.
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This assumption will only be true if all the assem-
blages measured have reached equilibrium, so that
the only errors are those of measurement. Errors
caused by failure of the experiments to reach equilib-
rium are difficult to treat, since their error distribu-
tions will be asymmetrical. The asymmetry arises be-
cause the experiments approach equilibrium from a
particular direction and cannot pass through the
equilibrium value. If only one equilibrium was stud-
ied and it was approached from only one direction,
treatment by the method of least squares would re-
sult in an undetected bias in the results.

The data treated in this problem represent a large
number of different equilibria which have been ap-
proached from different starting compositions. While
lack of equilibrium may create problems in weight-
ing the data, the fact that all the data can be de-
scribed by a single model is strong evidence that all
experiments considered have closely approached
equilibrium. Preliminary experiments of short dura-
tion cannot be represented by any internally consis-
tent model and have been omitted both from Table 7
and the thermodynamic analysis.

Testing of the alternative models

A test of any thermodynamic model is that it re-
produce the experimental data within their uncer-
tainties. Consequently it is necessary to calculate the’
conditions of various equilibria from the thermo-
chemical quantities which constitute the model. The
simplest of these calculations involves finding the
composition of one solution phase in equilibrium
with another solution phase of specified composition.
This may be done at any pressure and temperature
by appropriate manipulation of equation (46) or (47)
of Appendix 3 with addition of terms containing heat
capacities. Calculation of the equilibrium position of
a four-phase field is more complex. In general it is
necessary to solve a system of five equations simulta-
neously. Three independent equations, involving all
three solid phases and the fluid phase, of the form of
equation (46) or (47), with heat capacities, can be
written. A fourth equation of the form of equation
(48) can be written. Finally, since the fluid is present
as a phase the equation

P=2 fi/v M
where the i are the various species in the fluid phase,
may be written. Only three species, H,0, HF, and H,
are present in the fluid in appreciable amounts. H, is
not involved in any of the equilibria considered, and
therefore its only influence is as an inert component
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Table 7. Experimental results

Experiment T 2 2_5 Duration Starting oo Products erb, 2 ln(fHZO/EHF)

number (K) (bar) (hour) materials

TcO0-3R 1023(3) 2000(15) 1871 TcO Tc43.3(20) 14.93

Tc60-6R d 1020(4) 1990(30) 1438 Tc60 Tc44 . 8(22) 14.99

N60—B25-la' 1021(3) 2000(15) 954 N60+B25 N63.4(5)+B21.6(2)

N80~-B20-1— 1021(3) 2000(15) 954 N80+B20 N71.6(4)+B22.9(4)

N60-Chl100-1R 1023(3) 2000(15) 1462 N60+Ch100 N76.6(8)+Ch73.9(15)

N50-2 1024(3) 1990(15) 984 N50 mix N63.4(15)+Ch61.1(35)

N80-Tc40-1R 1022(3) 2000(15) 1315 N80+Tc40 N83.9(6)+Tc46.4(31)+Ch

N80-Tc20-1R 1022(3) 2000(15) 1315 N80+Tc20 N82.2(3)+Ch 79.7(37)+Tc43.3(56)

N80-Tc60-1R 1022(3) 2000(15) 1315 N80+Tc60 N83.4(18)+Tc48.2(68)

N100-Tc40-1R 1022(5) 2000(20) 1450 N100+Tc40 N89.1(15)+Tc50.4(34)

N100-Tc60-1R 1022(3) 2000(15) 1315 N100+Tcb0 N93.2(6)+Tc59.5(29)

Ch60-Tc40-1R 1022(5) 2000(20) 1450 Ch60+Tc40 Ch64.7(8)+Tc34.6(23)

N60-Tc60~-1R 1022(3) 2000(15) 1315 N60+Tc60 Ch77.9(26)+Tc47.3(33)+N

C160-B0O~-2 1023(3) 2000(15) 1665 Ch60+Fo Ch39.5(54)+C131.7(27)+P
+BO mix

Ch100-C140-1R 1023(3) 2000(15) 1665 Ch100+C140 Ch69.2(37)+C167.8(40)

C140-Tc40-1R 1022(3) 2000(15) 1315 Cl40+Tc40 C157.4(28)+Tc30.3(40)

C140-Tc20 1023(3) 2000(15) 1665 Cl40+Tc20 C154.3(18)+Tc22.1(49)

-1R+C160 +Ch60+Fo

Cll0-1 1024(3) 2000(20) 742 Cl10 mix C128.9(35)+Fo+P

Cl60-TcO-1R 1022(3) 2000(15) 1077 Ch60+TcO+Fo Tc35.3(23)+Fo+En

2B5-4 970(2) 2000(10) 1076 B17+P B12.7(2)+P

2B5-5 970(2) 2000(10) 1076 B5 B13.5(2)+P

2B15-5 1023(3) 2000(15) 1459 B24+4P B22.3(4)+P

1B15-18 1023(3) 2000(15) 1459 B15 B23.1(2)+P

2B15-7 1047(3) 1990(15) 1352 B15 B24.6(2)+P

2B15-8 1047(3) 1990(15) 1352 B25+P B24.3(3)+P

1B15-17 973(2) 1000(15) 1086 B15 B22.4(3)+P

2B15-4 973(2) 1000(15) 1086 B25+P B22.2(3)+P

1B30-2 802(2) 2005(10) 423 B30 mix B22.1(2)+IS

1B30-5 970(2) 2000(10) 1076 B22+IS B24.1(2)+1S

1B30-6 970(2) 2000(10) 1076 B25+IS B24.5(2)+IS

1B30-3A 1022(3) 2000(15) 1077 B25+1S B24.3(2)+IS

1B30-1 1043(2) 1985(10) 146 B30 mix B24.4(2)+1S

1B30-3 1047(3) 1990(15) 1352 B30 mix B25.6(2)+1IS

$75-1 827(2) 1990(10) 337 S$75 mix $89.1(4)+IS

5$75-5 970(2) 2000(10) 1076 S75 mix 585.2(4)+IS

S75-4 1022(3) 2000(15) 1077 S$75 mix S84.3(4)+IS

575-3 1047(3) 1990(15) 1352 S$75 mix $83.8(4)+IS

S70-4 1070(2) 1990(10) 124 S70 mix $83.3(2)+IS

S75-4A 1070(2) 1990(10) 124 S$75 mix $83.0(2)+IS

2 The numbers which follow the mineral symbols are the mole
include HZO' All products include a vapor phase.

Mix refers to a mixture of the primary starting materials

%

in equilibrium with brucite of composition 5FB=0.22.

These experiments are not felt to have attained equilibrium,

Numbers in parentheses are one estimated standard error in the digit to their immediate left.

percent fluoro-endmember. All starting materials

of the bulk composition indicated.

but they do bracket the composition of norbergite

in the fluid phase. Simultaneous solution of this non-
linear set of equations provided the composition of
all four coexisting phases. Note that such calculations
may produce either stable or metastable assemblages.
The method used to assess stability or metastability
has been to inspect for four-phase fields which have a
compositional volume in common, and to calculate
which assemblage has the lower Gibbs energy for a
given composition within that compositional volume.
The assemblages having the lowest Gibbs energies
when this procedure is carried out for all the calcu-

lated assemblages are assumed to be stable. The suc-
cess of this procedure depends upon the set of stable
four-phase assemblages being a subset of the set of
assemblages being tested. The possibility that this
condition may not be fulfilled exists because the
method used to solve the system of equations out-
lined above requires a good initial estimate to
achieve convergence. If a solution cannot be
achieved for a given four-phase assemblage, it is not
always obvious whether this is because a solution
does not exist or because an unsuitable initial esti-
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mate has been made. Nevertheless, the correspon-
dence between the calculated assemblages and those
observed both in the laboratory and in nature pro-
vides some confidence that the most stable assem-
blages have been found.

In order to evaluate the coefficients of equation
(48) for those equilibria involving H,O it has been as-
sumed that the fluid phase is an ideal mixture of
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H,0, HF, and H,, and that the dilution of H,0O by
HF has a trivial effect upon AG,, . The model is con-
sistent with these assumptions. Figure 1, which shows
the stable assemblages computed from the model at
2000 bar, shows that for all equilibria considered
here fy is less than 2 bar. f,, has been estimated as
14 bar, based on the buffering effects of the pressure
vessels. For a fluid so dominated by a single species

Fig. 1. The system MgO-MgF,-Si0,-H,0 projected from H,0 onto MgO-MgF,-SiO,. Numbers shown are fur for each three-phase
field. (A) T = 1023 K, P = 2000 bar. (B) T = 873 K, P = 2000 bar.
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Table 8. Comparison of experimental data with thermodynamic
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Table 8. (continued)

models
Experiment Solid Composition of the solid solution phases Phases in Pressure Temperature
number phases (mole fraction fluoro-endmember) equilibrium (bar) (9]
Experimental Modals Experimental Preferred Symmetric Ideal
Preferred Symmetric Ideal P,S,1S, fluid 1000 1038(15) 1042 978 957
Phase 56° (cal mol™h)
N80-Tc40-1R N 0.822(3) 0.819 0.822 0.857 . .
S ohwOn o ome o e R
N50-2 N 0.634(15) 0.638 0.543 0.556 i i —
ch 0.611(35) 0.593 0.441 0.482 HB 15550(226) 15538 15536 15231
i Fo -14213(338) -14249 -12553 -11954
C160-B0-2 Ch 0.395(54) 0.387 0.404 0.416
c1 0.317(27) 0.331 0.347 0.370 En ~7879(440) ~7566 -6834 -6598
P
Ch60-C150-1R ¢h 0.535(26) 0.536 0.431 0.518 | Note: Numbers in parentheses are one estimated standard error in the
c1 0.483(9) 0.490 0.373 0.469 digit to their immediate left.
Fo
C110-1 cl 0.289(35 0.272 0.338 0.345
& i the assumption of ideal mixing will be quite ade-
——— . O T} o254 s o  Quate for the most abundant species, but may be less
i satisfactory for the least abundant.
L B . T OFd B In order to find the simplest model that will de-
NE0ZP20CT L Q67,0640 0.662 0.650 04 scribe the data, additional equations were added to
ZE E 0.127.2) 5180 s 0.9 represent linear combinations among the parameters.
sess 5 N =B onze  ooss  These equations were given sufficient weight that
P their residuals in no case exceed 0.1 cal mol™'.
2BI57S g ) OS2t o R 2 Initial solutions of the full least-squares problem
= e . npT— o 214 vae oms Droduced excess parameters for the different humite
E phases which were equal within their uncertainties.
ZRLogT L 0262 0.249 o248 0287 This fact coupled with the structural similarity of the
i 5 e el U p— humites led to the addition of constraints that the ex-
E cess parameters are identical for norbergite, chondro-
B1S=1Y E 8-224®) g2z 0.1 o02%  dite, and clinohumite. It has also been found possible
hisd . 0.22203) o B et o255 to set the excess parameter ‘E> equal to zero for all
E phases except sellaite without detracting from the
1830-2 5 0-2212) 0.221 o221 022 quality of the model. Setting Es equal to zero pro-
- . BT 0239 was o5  Quces parameters that deny the stable existence of
is 0.490(20) 0.487 os6 087 jintermediate sellaite and predict that the hydroxyl-
1B30-34 B gy paats o200 0243 sellaite endmember is more stable than the hydroxyl-
s s o s i oam oo  DEUCHE endmember, in contradiction of experimental
1s 0.490(20) 0.487 0.486 0.2 evidence and natural occurrences. A non-zero Eg has
1830-1 B o) B8 n7g  ge therefore been rf:ta.ined. Such a model produces an
s . 0,256 o e el acceptable description of the data, but suggests that
18 0.490(20) 0.487 0.483 o.s8s Wy and Wi, might be set equal. Such a model, with
§75-1 e ggsL iy = L syxpmetric solution for bruc.:ite:, has been chosen as
-, ] R o sco s omu the simplest acceptable description of the system.
18 0.510(20) 0.523 0.489 0.482 Two simpler models have also been treated. In the
875-4 5 Sz R gesgs e first all solid‘ solutions other than sellaite are modeled
o . o 35 — o oy, aS symmetric. In the second they are modeled as
1s 0.510(20) 0.529 oot o4s  ideal. The three models will be referred to as the pre-
§70-¢ 3 LD 0,850 Okeed 0. fe'rred, symmetric, and ideal models. In Table 8 and
S . o.33002) osso e o.s2s Figures 2 and 3 the models are compared to the ex-
15 0.520(20) 0.531 0.504 0453 perimental data. The experimental data depicted in

Figure 2C and 2D (equilibria [16] and [17], Xur. = 1)
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are largely from Chernosky (1976). These data were
not available at the time the least-squares problem
was formulated. The data used in formulation of the
least-squares problem were from Chernosky (1974).

Many of the experimental data are nearly as well
reproduced by the symmetric and ideal models as by
the preferred. The major failures of the simpler mod-
els are in the prediction of the compositions of trip-
lets of coexisting solid phases and of the Gibbs
energies of forsterite and enstatite. In some of these
cases the calculated values based upon the simpler
models differ from the data by several estimated
standard errors of the data.

Table 9 lists the parameters that represent the solu-
tion vector for the least-squares problems based on

1L.O
o8L 4
0.6 J
xFCh
04 3y
02 Preferred — 4
Symmetric — —
Ideal ——
0.0 L L L
0.0 02 0.4 0.6 08 1.0
>(F Cl
] T
Preferred
Symmetric — —
20L Ideal —— I y
1.5 i
| =y
g
a
a4
Q Lot §
05L o N
Te En+Qtz
Chernosky (1976) © ¢
Skippen (1971) £ +
0.0 1 L
900 950 1000 1050
T/K
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the preferred model. The values for these parameters
have been given to the nearest units place in spite of
their rather large estimated standard errors. This has
been done due to the high correlations between these
parameters which are evident from examination of
the matrix of correlation coefficients given in Table 10.

It is extremely important to be aware of the role
played by the matrix of correlation coefficients. Pa-
rameters found by solution of the least-squares prob-
lem are not fully independent, being constrained to
follow one another through their respective correla-
tion coefficients. The important effect of this is that
one is not free to specify arbitrary values for each pa-
rameter within its uncertainty, because this will deny
the strong correlation that exists between the param-

10
08|
06l |
XFN
04 4
02t Preferred ——
Symmetric — ——
Ideal _—
o'o L 1 1 '
0.0 0.2 0.4 0.6 08 1.0
xFCh
1 T
4| Preferred ——— ‘Ei o 1
|- Symmetric —— — _f
Ideal —— . — u’
3L 6 i
+
B
=]
<2l |
N
L -
o A% Fo#HTc En
Chernosky (1976) [o] [
o Greenwood (1963) . & +
1
850 900 950 1000

T/K

Fig. 2. Comparison of the preferred, symmetric, and ideal models with experimental data. Rectangles in A and B represent points
within one o of the experimental data. Points in C and D represent the maximum uncertainty in the experimental bracket. Note: These
data are only a part of the total data. For a model to be acceptable it must conform to all the data.
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eters and will result in a much inferior set of com-
puted equilibrium conditions.

The parameters in Table 9 along with those listed
in Table 11 may be used, within limits, to calculate
phase equilibria in the system under a wide range of
physical conditions. The most important limiting
condition is probably the possible appearance of ad-
ditional phases. If additional phases are stable, some
of the calculated equilibria will be metastable. This
may be a problem even at 1023 K and 2000 bar, due
to the possible stability of anthophyllite. Discretion
should also be exercised in using calculated equi-
libria at conditions other than those of the experi-
ments. This is particularly true of other temperatures,
due to the estimated nature of AS° and C for many
of the endmember phases and because of the as-
sumption that AS., = 0 for all solution phases.

The position of the quartz—talc-sellaite-fluid and

1.0

0.8

0.6 ,
XFCI
04 4
024 fl / Preferred -
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ff' Ideal —_—
0.0 I L A L
0.0 0.2 0.4 0.6 oe 1.0
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1.0
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02|/ P
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0.0 I L i f
0.0 0.2 0.4 0.6 0.8 1.0
XFTe
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talc-norbergite—sellaite-fluid fields is in doubt. No
measurements of coexisting sellaite and talc composi-
tions were possible, due to the interference of sellaite
diffraction peaks with the (060) peak of talc. How-
ever, talc and norbergite more fluorine-rich (Xgr. =
0.64, Xy = 0.94) than predicted by the model (Xgr.
= (.50, X;n = 0.84) have been crystallized at 1023 K
and 2000 bar. Several explanations for this discrep-
ancy are possible. There is some textural evidence to
suggest that a melt phase may have been present in
these fluorine-rich experiments. The melt hypothesis
offers an explanation only if the observed norbergite
and talc are quench phases, since if they coexisted
with the melt at the conditions of the experiment
they should be more hydroxyl-rich than if no melt
had been present. The textures are inconclusive re-
garding this possiblity.

Two more probable possibilities are that the model

1.0

08|

0.6
Xen
04| -
0.2 1""' Preferred —— —
: Symmetric — —
/ Ideal ——
0.0 L L L f
0.0 0.2 (o X ) 0.6 08 1.0
xFTc

5L Preferred
Symmetric — —
Ideal
o i L i i
0.0 0.2 0.4 0.6

XF Te

Fig. 3. Comparison of the preferred, symmetric, and ideal models with experimental data. Rectangles represent points within one o of
the experimental data. Note: These data are only a part of the total data. For a model to be acceptable it must conform to all the data.
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does not adequately describe this portion of the sys-
tem or that the high-fluorine norbergites and talcs are
metastable. Inadequacy of the model in this region
may arise from the treatment of the fluid phase as an
ideal mixture of H,O and HF. The model predicts
that at 1023 K and 2000 bar f, in a fluid coexisting
with norbergite with Xy = 0.94 will be approxi-
mately 10 bar. For a talc with Xgy. = 0.64 f,,; is pre-
dicted to be about 70 bar. H,O at these conditions
has a specific volume of about 2 cm® gram™' (Burn-
ham et al., 1969). At this density there is a possibility
of polymerization in the HF-H,O fluid which would
lead to non-ideal mixing. With the increase in f;,;,
SiF, may also become an important species in the
fluid, especially if it coexists with quartz.

Applications

The thermodynamic model presented here is
general enough to be of use in the analysis of a
variety of mineralogic problems. There follows a
small variety of applications to relatively simple
problems.

Figure 4A is a T-X section at 2000 bar of the
system MgO-MgF.-H,O projected from H,0. Such a
projection is not strictly legal (Greenwood, 1975),
since H,O is not present as a pure phase in this
system. However, HF is the only other fluid species
of importance; and, as may be seen from
examination of Figure 4B, it makes up a very minor
proportion of the fluid, except at very fluorine-rich
bulk compositions. For this reason projections from
H,0 on MgO-MgF,-SiO, constitute adequate
representations of the system MgO-MgF,-SiO,~
H,0.

The effect of fluorine on the upper stability of
brucite is illustrated in Figure 4A. Similar
information is presented in an alternative form in
Figure 5. Displacement of equilibria involving talc
and clinohumite are also presented in Figure 5. The
error limits shown in this figure represent 20 of the
error derived from the error estimates of the least-
squares parameters, accounting for covariance. These
should provide reasonably accurate estimates of
uncertainty within the range of the experimental
conditions, but may tend to underestimate errors
outside this range. If the model parameters are
chosen within their own limits, but without regard
for covariance, the errors in estimated positions are
generally many times larger.

The importance of these figures in the inter-
pretation of natural assemblages lies in the profound
effect of fluorine substitution on the stability of
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Table 9. Thermodynamic properties determined by least squares
(preferred model)

Parameter 2 Numerical Value Estimated standard error

A_G_;B 15538 21
Ag;B 8466 1332
AE;B -31.7 1.6
Wy 2 -8396 541
Ag;s 44092 23719
A_S_;S 0.9 1.1
[ ~30341 32215
oo -145974 123278
Eg 141881 113066
Agfm 5333 1017
8oy -15721 1423
A_G_ECh -12031 775
86 -31161 1662
Ag;Cl -41347 1124
A62 -58853 1881

b

W E 2250
ey en et LatLes
iy U

w = 2 -5154 3669
FN FCh FCl
© - 401
8Gar 8509
(o}
-2086 2813
AEFTc 29
! 9276
Fare 56989
Hpre -10239 2104
860 -14249 252
—Fo
a6° -7566 129

= A-quantities are quantities of formation from MgO, Mng,

SiO2 and H20.

2 Excess parameters have been constrained to be equal.

hydroxyl-bearing minerals. It is vital to know to what
extent the hydroxyl sites are occupied by fluorine.
With such knowledge, the assemblage can be as
informative as the equivalent assemblage involving
the hydroxyl endmember.

Fluorine not only shifts the stabilities of hydroxyl
minerals, but is also distributed between all the
available hydroxy! sites in an assemblage of phases.
Figure 4B illustrates the composition of the fluid that
coexists with solid solutions of definite compositions.
Since two solid solution phases in equilibrium with
the same fluid must also be in equilibrium, at least
metastably, with each other, this figure also provides
information on the equilibrium compositions of
coexisting solid solutions. The figure has been
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Table 10. Matrix of correlation coefficients for properties in Table 9
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Table 10. (continued)

Paraneter MG, AGGy  ASp By © 86 BSj Pys g EN

3, 1.000 0.212  0.009 -0,878 -0.010 0.068 0.009 0.010 -0.009
8y 0.212  1.000 0.094 -0.246 -0.959 -0.001 0.915 0.951 -0.900
452y 0.009 ©0.09 1.000 -0.009 -0.095 0,002 0.084 0.090 -0.082
s ~0.878 -0.246 -0.009 1,000 0.015 -0.077 -0.014 -0.015 0,013
665 ~0.010 -0.959 -0.095 0,015 1.000 -0.0l1 -0,980 =-0,999 =-0.970
e 0.068 -0,001 0.002 -0,077 -0.011 1.000 0.011 0,011 -0.010
W 0.009 0.915 0.084 -0,014 -0.980 0,011 1.000 0.989 -0.999
[ 0,010 0,951 0.090 -0.015 -0,999 0.011 0.989 1.000 -0.982
Bt 20,009 ~0.900 -0,082 0.013 0,970 -0.010 -0.999 -0.982  1.000
863, 0.000 -0.092 -0.009 0.001 0.095 0.002 =-0.093 -0.095 0.092
262y ~0.002  0.515 0.050 -0.002 -0.524 =-0.0l1 0.500 0.519 =-0.492
g, 0.000 -0.042 -0.004 0,000 0,044 0.00L =-0.043 -0.044 0.043
8650 20001 0.438  0.043 -0.002 -0.446 -0,009 0,426 0,442 =-0.419
8650, 0.000 -0.005 -0.001 0.000 0.006 0,000 -0.007 -0.006 0.007
oo Z0.001  0.372 0.036 -0.002 -0.378 -0.008 0.361 0.375 =-0.355
B 0,000 0.126 0,012 -0.001 -0.130 -0.002 0.125 0,129 -0.123
ggFNE 0.000 0,090 0.009 -0.001 -0.093 -0,001 0.090 0.092 -0,089
86l 0.000 0,020 0,002 0.000 -0.020 0,000 0.019 0.020 -0.018
8. 0.000 0.128 0.012 -0.001 -0.130 -0.002 0.124 0.129 =0.122
Byt 0.000 0.087 ©0.009 0.000 —-0.089 -0.002 0,084 0.088 -0.083
Here 0.000  ©0.090 0.009 0,000 -0.091 -0.002 0.087 0,090 =-0,085
ad 0,000 0,022 0.002 0.000 -0.023 0,000 0.021 0,022 -0,021
o 0,000 0,021 0.002 0.000 -0.021 0.000 0.020 0.021 =-0.020

Table 10. (continued)

rarameter  AGh  Gpy Mg ASRor M 865 Mgy T Ty T M,
867, 0.000 -0.002 ©0.000 -0.001 ©.000 -0,001 0.000 0,000 0.000
863, ~0.092  0.515 -0,042 0,438 -0,005 0.372 0.126 0.090 0,020
859, -0.009  0.050 -0,004 0.043 -0,001 0,036 0,012 0.009 0,002
By 0,001 -0,002 0,000 ~-0,002 0.000 -0,002 -0.001 =-0.001  0.000
860 0.095 -0.524  0.044 -0.446 0.006 -0.378 -0.130 -0,093 -0.020
855 0.002 -0.011 0.001 -0.009 0,000 -0.008 -0.002 -0,001 0,000
B ~0.093  0.500 -0.043 0.426 -0.007 0,361 0.125 0.090 0,019
W 20,095 0.519 -0,044 0.442 -0.006 0.375 0,129 0,092 0.020
£ 0.092 -0,492 0,043 -0.419 0.007 -0.355 =-0.123 -0.089 =-0.018
gy 1.000 -0.243 0.842 -0.362 0,562 -0,171 -0.786 -0,959 0.213
6% Z0.243  1.000 -0.061 0,902 0,091 0.804 0,310 0,301 0.191
el 0.842 -0,061 1.000 -0,076 0.906 0.168 -0.397 =-0.717 0.618
a6 20,362 0.902 -0.076 1,000 0.157 0.911 0.459  0.449 =-0,307
8650, 0.562  0.091 0.906 0.157 1,000 0,410 -0.092 =-0.370  0.849
€0, -0.171 0,804 0.168 0.911 0.410 1.000 0.355 0.308 0.517
T T ~0.786  0.310 -0,397 0.459 -0,092 0,355 1.000 0.774 0.131
Wy & ~0.959  0.301 -0.717 0.449 -0,370 0.308 0,774 1.000 0,001
a5 0.213  0.191 0.618 0.307 0.849 0.517 0,131 0.001 1,000
863 0.330 0,211 0.181 0,026 0,087 -0.002 -0.448 =-0.287  0.052
e -0.326  0.202 -0.107 0,383 0,032 0,414 0.500 0.315  0.097
B -0.332  0.206 -0,111 0.388 0,029 0,422 0.499 0.320 0.112
o 0,227 0.206 0.665 0.331 0.913 0.554 0.155 0.000 0.932
Ay, 0.220 0.199 0.642 0,320 0.882 0.537 0,141 0,001  0.991

o (o] (0]
Parameter  AGpn. Hyr.  Uppe Mg, 9
MGy 0.000 0.000 0.000 0.000 0.000
8oy 0.128 0.087 0.090 0.022 0.021
250, 0.012 0.009 0.009 0.002 0.002
a
g -0.001 0.000 0.000 0.000 0.000
86 ~0.130 -0.089 ~0.091 -0.023 =-0.021
asgs -0.002 -0.002 -0.002 0.000 0.000
. . . : .020
B 0.124 0.084& 0.087 0.021 0.0
oo 0.129 0.088 0.090 0.022 0.021
B -0.122 -0.083 -0.085 -0.021 -0.020
Qo
] -0. -0. 2 .220
AGoy 0.330 -0.328 -0.332 0.227 0
AGo 0.211  0.202 0.206 0.206 0.199
o
. -0. -0. ! .642
AGhen 0.181 -0.107 -0.111 0.665 0
(o]
. . : . .320
AGpen 0.026 0.383 0.388 0.331 0.3
o
. .032  0.029 0.913  0.882
860 0.087 0.032 0.029 913
)
B6mer -0.002 0.414 0.422  0.554  0.537
a
2 -0. . . ) 141
[ 0.448 0.500 0.499 0.155 0O
[ ~0.287 0.315 0.320 0.000 0.001
262 0.052  0.097 0.112 0.932  0.991
—HTc
262 1.000 -0.882 -0.851 0.016  0.044
—FTc
[ -0.882 1.000 0.974 0.124 0.105
W ~0.851 0.974 1.000 0.123 0.120
—FTc
863 0.016 0.124 0.123 1.000 0.967
86y 0.044 0.105 0.120 0.967 1.000

a = =i
Hop™eps v hen Phe1’ Few Zrch rc1” 9%¢

Table 13,

calculated for the specific conditions of 1023 K and
2000 bar. Numbers given for the fluid change
markedly with temperature, but only slightly with
pressure. In contrast, the compositions of coexisting
solid solutions are rather insensitive to changes in
temperature and pressure, rendering them
unsatisfactory as geothermometers or barometers,
but valuable as a test of equilibration between
natural mineral pairs.

Bourne (1974) has analyzed coexisting pairs of
phlogopite and clinohumite or chondrodite from
natural assemblages. Error estimates of 0.05 in mole
fraction fluoro-endmember have been applied to
these data, which are compared in Figure 6 to the
calculated equilibrium distributions utilizing the
models presented here and an assumed ideal solution
model for phlogopite based on the data of Munoz
and Ludington (1974). The two curves presented for
each mineral pair reflect the different enthalpies of
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Fig. 4. (A) T- X section at 2000 bar of the system MgO-MgF,-H,0 projected from H,0 onto MgO-MgF,. (B) Plot of f H,0 t0 fur ratio
vs. the compositions of the solid solution phases in the system at 1023 K and 2000 bar.

formation of fluorite discussed earlier and their effect
on the fluorine buffer calculation.

The good correspondence between observed and
calculated distributions indicates a close approach to
equilibrium in the natural assemblages, but, because
of the insensitivity of the distribution coefficients to
pressure and temperature, it provides no information
on geothermometry or barometry.

Bourne (1974) found no humite in any of the
natural assemblages collected from a variety of
locations. This finding is in agreement with the
experimental results of this study. The compositions
of the one pair of coexisting norbergite and
chondrodite (X = 0.74, Xpc, = 0.72) agree well
with the model.

Stable assemblages in the system MgO-MgF,-
Si0,-H,0 at 1023 and 873 K and 2000 bar are
presented in Figure 1. These provide insight into the
limited compositional ranges of naturally-occurring
minerals of the humite group. The combined data of
Bourne (1974) and Jones et al. (1969) provide
analyses for 5 norbergites, 38 chondrodites, and 12
titanium-poor clinohumites. From these data the
most fluorine-rich norbergite reported is 98 mole
percent fluoro-norbergite. According to the model, at
temperatures less than 1300 K such a norbergite
would not be stable at a pressure of H,O greater than
100 bar. It should be born in mind, however, that this
prediction rests on the potentially unreliable portion
of the model. The most fluorine-rich natural chon-

drodite (Xpc, = 0.82) corresponds closely to the
model prediction at 1100 K and 100 bar H,O
pressure. The insensitivity of maximum Xiq, to
temperature at constant pressure (2-10™* K™')
suggests that chondrodites with Xgc, > 0.82 could
crystallize only with P, , < 1000 bar from very
fluorine-rich bulk compositions. The non-occurrence
of such chondrodites is probably due to the
combined rarity of these conditions and bulk
compositions. Such chondrodites could not coexist
with quartz, due to the stability of talc, nor with
magnesite or dolomite, due to the stability of
norbergite. The most fluorine-rich natural clino-
humite (Xegc, = 0.61) corresponds well to the
predicted upper limit of X, for the assemblage
forsterite—chondrodite-clinohumite.

The lower limits of X for the humite minerals
predicted by the model are generally lower than
those of the observed natural minerals. For
norbergite and chondrodite the lower limit of
fluorine content is specified by the brucite-
norbergite—chondrodite and brucite-chondrodite—
clinohumite equilibria respectively. These do not
involve the fluid phase and are therefore relatively
insensitive to pressure and temperature variation.
They explain reasonably well the lower observed
limits of Xgy and Xgc,. The model predicts the stable
existence of hydroxyl-clinohumite, but this phase has
not been found in natural assemblages, nor has it
been crystallized experimentally. This discrepancy is
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Fig. 5. Displacement of equilibria by variation in fluorine content of solid solution phases. (A) HB = P + H,0. (B) HC1 = 4Fo + P +
H,0. (C) HT¢ = 3En + Qtz + H,0. (D) HT¢ + Fo = 5En + H,0. Error bars represent 20 in the temperature position of the equilibrium
curves based upon the error estimates provided by the preferred model. Note: The Gibbs energy function for H,O given by Holloway er

al. (1971) was used in calculating these equilibria.

probably a consequence of uncertainties in the least-
squares parameters. Within the error limits of the
model, it is possible that the dehydration temperature
of hydroxyl-clinohumite is lower than that of
hydroxyl-brucite. If this is the case, the lower limit of
Xrc: would be constrained by the brucite-
clinohumite—forsterite equilibrium and pure
hydroxyl-clinohumite would be unstable.

Conclusions

A model has been constructed for the system
MgO-MgF,-Si0,-H,0 which is in good agreement
with available experimental and field data, except
perhaps at the very fluorine-rich bulk compositions.
The correspondence between theoretical and natural
phase assemblages encourages confidence in the
model. The model, besides being of specific value to
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Table 11. Thermodynamic data evaluated prior to solution of the

least-squares problem
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Table 12. Equilibria that simultaneously constrain the ther-
modynamic model

28,1 2a
B r2a

Compoun?calimofl Y (%:Tz;{ﬁ/i-l) (c%:’)
a b-10° 1070

P 6.44 2 11.358  1.154  -2.585 11,248 €
HB 15.09 £ 26.117  1.501  -7.550 & 24.261 £
B 16.511  2.931  -1.781 & 25.732 £
HS 26.117  1.501  -7.550 & 22.789 £
Fs 13.68 16.511  2.931  -1.781 % 19.649 £
AN 36.52 £ 64.182  6.410 -19.519 2 66.239 <
N 36.39 & 54.576  7.840 -13.750 63.466 <
Hen 59.36 £ 102,247 11.319 -31.488 * 110.32 2
FCh 59.13 £ 92.641 12,749 -25.719 2 107.32 £
HC1 106052 % 178.377  21.137 -55.426 © 197.49 2
FC1 104.38 £ 168.771  22.567 -49.657 2 196.64 2
HTc 62.33 & 110.229  14.213 -39.916 2 136.25 &
FTc 61.99 2 100.623  15.643 ~34.147 2 133.30 2
Fo 22.7 % 38.065  4.909 -11.969 & 43.786 <
En 16.2 2 24.245  5.020  -5.633 £ 31,46 4
a-Qtz 9,01 £ 10.495  9.277  -2.313 B 22.688 ¢
g-Qrz 14.080  2.400 0.000 £ 23.718 ¢
1,0 45.106 7 6.740  3.073 0.335 2

HF 41.508 B 6.529  0.657 0.231 £

AG® (cal mol_l)

(2]  HB+FN=FB+HN {111 2HCh-P+HC1+,0

[3]  HN+FCh=FNHICh [12]  ZHN=P+HCh+,0

[4] HN+FTc=FN4HTC [13] 14HNHHTc=9HCh+6H,0
[5] HCh+FTc=FCh+HTc [14]  HB=P+,0

[6] HCh+FCl=FCh+HC1 (15]  HIS=P+,0

[7]  HC1+FTc=FClHiTc [16]  HTc-3En+Qrz+H,0

[8]  HTCH2HF=FTc+2H,0 [17]  HTc+Fo=5En+H,0

{9]  2Fo+HCh=HC1 {18]  HB+FIS=FB+HIS

[10] HC1=P+4Fo+H,0 [19]  HS+FIS=FS+HIS

2

Table 13. Constraining phase equilibrium data from other sources

Phases in equilibrium T (K) 2 P (bar) & Reference
18, S, P, Hy0 1038(15) 1000(15) Crame and Ehlers (1969)
HTe¢, Fo, En, HZO 890(5) 500 Chernosky (1974)

911(5) 1000
935(5) 2000
952(5) 3000
969(5) 4000

HTc, En, Qtz, H,0 Chernosky (1974)

) 933(5) 500

970(5) 1000
1011(5) 2000

2 Numbers in parentheses are one estimated standard error in the
digit to their immediate left.

Table 14. Equations constraining single model parameters

HF 10753 2-&2,d-p/ 22

i-Where the experimental data was available in the literature,
a, b, and ¢ were derived from that data by the method of least squares.

b
— Barron, Berg, and Morrison (1959)

o

Victor and Douglas (1963)

o

Robie, Bethke, and Beardsley (1967)

L]

Giaugque and Archibald (1937)

& King, Ferrante, and Pankratz (1975)
2-This paper
2 Estimated as the appropriate summation of ¢_ , C._, C. .,
=Fo’ —HB' -FS
and C
IS
EL

Todd (1949)

[

Naylor (1945)

| =

Estimated as the appropriate summation of §£§§ §é§? and ggge

with a volume correction as described by Fyfe, Turner, and Verhoogen
(1958)

= Robie and Stout (1963)

B}

2Ed 26_s 28, B8 _ 3
stimated as Sur~Sup Srs T Upre Ype g Vrs) (0-6)

n
= Kelley (1943), §§ﬁa estimated as equal to 5§28 for clino-
enstatite. i =

2 orr (1953)

£ Stull and Prophet (1971), C
clinoenstatite.

En estimated as equal to that for

9 Friedman and Haar (1954)

r
~'Agé5511 of formation from the elements equals -144,000 cal

mol *, personal communication B. S. Hemingway (U.S. Geological Survey,
Reston, Virginia).

Equation 2 References
(48] 8GR = 15550(226) cal e 1, 2, 3, 4, 5, 6
[49] 6y = -14213(338) cal nol”! 4, 5,7, 8,9, 10
(50] Gy = ~7B79(440) cal = 4, 5, 7, 8, 10

a s :
— Numbers in parentheses are one estimated standard error in the
diglt to their immediate left.

1. Taylor and Wells (1938)

2. Giauque and Archibald (1937)

3. King, Ferrante, and Pankratz (1975)
4. Victor and Douglas (1963)

5. Barron, Berg, and Morrisonm (1959)
6. Friedman and Haar (1954)

7. Charlu, Newton, and Kleppa (1975)
8. Kelley (1943)

9. Orr (1953)

10. Stull and Prophet (1971)°

understanding the system under study, should
provide an outline of a general approach suitable for
dealing with dehydration and exchange equilibria in
a variety of experimental and natural systems.
Several equilibria present themselves as being
fruitful areas for further study. In particular the
equilibria involving talc, norbergite, sellaite, and
quartz beg further study to clarify the nature of the
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Fig. 6. Partitioning of fluorine and hydroxyl between phlogopite and chondrodite and between phlogopite and clinchumite. Squares
represent points within 0.05 of the data for natural assemblages. The dashed lines are the relationships calculated using the data of Robie
and Waldbaum (1968) for the enthalpy of ftuorite in the buffer calculation to characterize the phlogopite solid solution. The solid lines
have been calculated using the enthalpy of fluorite from Stull and Prophet (1971).

fluorine-rich portion of the system. This information
may not be of great immediate geologic interest, but
it may contribute indirectly to the improvement of
the model as a whole. The talc-enstatite—quartz—
fluid and talc-enstatite—forsterite-fluid equilibria
may contribute to refinement of the talc solid
solution model. Substantial improvements might be
made in the description of clinohumite through study

of the brucite—clinohumite—forsterite and periclase-
clinohumite—forsterite—fluid equilibria.
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Appendix 1. Measured cell parameters of solid-solution phases

° 3
Phase X = 2, &) 20 [¢:8) =N (A) a (°) V (em™)
Sellaite 1.00 4.6249(4) 4.6249(4) 3.0502(3) 19.646(3)
Sp. gr. ? 0.90 4.7270(7) 4.5997(6) 3.0502(4) 19.971(4)
0.85 4.7731(9) 4.5879(6) 3.0503(3) 20.115(4)
Brucite 0.00 3.1464(2) 4.7695(7) 24.627(4)
P3ml 0.05 3.1377(3) 4.7556(6) 24.419(4)
0.15 3.1218(2) 4.7466(5) 24.126(3)
0.15 3.1218(3) 4.7469(6) 24.129(4)
0.20 3.1146(3) 4.7469(9) 24.018(5)
0.25 3.1077(2) 4.7490(5) 23.921(4)
Norbergite 1.00 4.7072(5) 10.2650(9) 8.7240(10) 63.469(8)
Pbnm 0.90 4.7085(10) 10.2691(21) 8.7562(22) 63.746(18)
0.70 4.7108(10) 10.2808(15) 8.8200(19) 64.315(15)
Chondrodite 1.00 4.7247(9) 10.2490(9) 7.7880(18) 109.2(2) 107.232(23)
PZl/b 1.00 4.7264(8) 10.2477(8) 7.7907(13) 109.2(2) 107.297(17)
0.80 4.7263(7) 10.2512(9) 7.8279(13) 109.1(2) 107.896(18)
0.80 4.7285(14) 10.2542(16) 7.8220(27) 109.1(3) 107.900(37)
0.70 4.7287(13) 10.2519(15) 7.8398(22) 109.1(3) 108.148(30)
0.60 4.7293(4) 10.2727(4) 7.8573(15) 109.1(2) 108.620(18)
Clinohumite 1.00 4,7396(12) 10.2259(33) 13.5819(31) 100.9(5) 194.630(74)
P21/b 0.50 4.7450(19) 10.2356(121) 13.6497(50) 100.8(8) 196.099(210)
0.40 4.7428(17) 10.2396(50) 13.6619(34) 100.7(5) 196.316(92)
Note: Numbers in parentheses are one estimated standard error in the digit to their immediate left.

a N
= x = mole fraction fluoro-endmember.
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