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Phase Equilibria in the System
CaCO;-MgCO;-FeCO;5*

by L. M. ANOVITZ anp E. J. ESSENE

Department of Geological Sciences, The University of Michigan, Ann Arbor, Michigan 48109
(Received 11 July 1985; revised typescript accepted 14 November 1986)

Experimental data on phase relations in the CaCO,;-MgCO,-FeCO, ternary by Goldsmith et al.
(1962) are inconsistent with those of Rosenberg (1967). These inconsistencies cannot be reconciled by
the pressure or temperature differences between the two sets of experiments. Available reversed
experiments on the binary systems have been re-evaluated to yield consistent binary solvi. These data
have been combined with analyses of natural carbonates to yield approximate ternary phase diagrams
at 250, 400, 550, and 700 °C, and used to model ternary activity/composition relations for calcite- and
dolomite-structure carbonates. An empirical model for thermometry with calcite-ferroan dolomite was
derived from the ternary solvus by fitting an empirical equation to the calcite limb of the ternary solvus.
This model appears to extend reliably to higher iron contents than the models of Bickle & Powell (1977)
and Powell et al. (1984).

INTRODUCTION

Current interpretations of carbonate phase equilibria in the system CaCO;-MgCO ;-
FeCO, are based on several sets of experimental data (Harker & Tuttle, 1955; Graf &
Goldsmith, 1958; Rosenberg, 1960, 19634, b, 1967; Goldsmith & Heard, 1961; Goldsmith et
al., 1962, Goldsmith & Newton, 1969; ¢f. Goldsmith, 1983). Investigators have interpreted the
metamorphic conditions of their field areas in terms of these experiments (e.g., Pinsent &
Smith, 197S; Talantsev & Sazanov, 1979). Careful examination of the experimental data,
however, suggests that inconsistencies exist which limit their usefulness. We have therefore
undertaken to derive the phase relations for this system using natural assemblages and
reversed experimental data. Examination of carefully selected compositional data for natural
carbonates combined with experimental data allows construction of a self-consistent set of
phase relations.

REVIEW OF EXPERIMENTAL RESULTS

The results of Goldsmith et al. (1962) at 600 °C and 15 kb and Rosenberg (1967) at 500 °C
and 3 kb represent the closest experimental conditions attained between the two sets of
experiments on the ternary system (Fig. 1). The three-phase field for coexisting calcite-
siderite-ankerite inferred by Goldsmith ez al. (1962) is significantly wider than that suggested
by Rosenberg. Goldsmith et al. placed the ankerite corner of the triangle at X5°° = 0-208,
XEx00s = (0-515, XM5C0s = (-277 and Rosenberg (1967) placed it at Xmec0® = 0-115, X572 =
0-545, XE$0s = 0-340. While the general form of the two phase diagrams is similar, any
discrepancies should be carefully evaluated before using CaCO,-MgCO;-FeCO; phase
equilibria to interpret metamorphic carbonates.

It is possible that the differences between the experiments of Goldsmith et al. (1962) and
Rosenberg (1967) are due to differences in pressure or temperature. This was assumed by
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CCICO3

MgCOy x FeCOs4

Fi1G. 1. The three-phase (calcite-ankente-siderite) ficlds of by Rosenberg (1967) (narrow field) at 500 °C and 2 to 3kb

and Goldsmith et al. (1962) (wider ficld) at 600 °C and 15 kb, with selected natural ankerite and siderite analyses

(Haase, 1979; Klein & Gole, 1981; our data, Wawa, Ontario). Data are in mol per cent, and tie-lines connect
coexisting phases.

Talantsev & Sazonov (1979) who derived a pressure dependence for a carbonate thermo-
meter by assuming both sets of experimental data to be correct. This may be thermo-
dynamically tested by calculating which side of the reaction:

Ankerite (1) = Ankerite,(2)+ Calcite,, + Siderite,, (N

is stabilized by increased pressure or temperature. If we choose the composition of
Ankerite, (1) as the ankerite corner of the three-phase field defined by Rosenberg (1967), we
may calculate its stability relative to Calcite,,, Siderite,, and a slightly more magnesian
ankerite chosen for convenience [Ankerite,(2), Table 1] using the tie-lines defined by
Rosenberg (1967). Molar volumes for the ankerite solutions (Table 1) may be derived from
the equations given by Goldsmith et al. (1962) and those for the calcite and siderite solutions
by linear extrapolation into the ternary from data along the calcite-siderite and calcite-
magnesite joins (Goldsmith er al., 1962; Rosenberg, 1963; Robie et al., 1978; Bischoff et al.,
1983). These approximations are necessary, as no data exist on the partial molar volumes of
calcite-structure carbonates in the ternary system. Available binary data, however, show very
small deviations from ideality, which suggests that errors in this approximation will not
change the outcome of our calculations.
Using the carbonate compositions in Table 1, reaction (1) is balanced as:

Ankerite(1) = 0903 Ankerite,,(2)+0111 Calcite,, + 0083 Siderite,,, @

for which AV,4¢ = 0-08 cm® mol ~'. This volume change is small because of the similarity in
composition of the two ankerites, but its positive sign means that ankerite will react with
calcite and siderite to form a more iron-rich ankerite with increased pressure. As this result is
opposite to that suggested by combination of Goldsmith’s and Rosenberg’s experiments,
pressure differences cannot account for the differences in the observed results.
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TABLE 1

Compositions and thermodynamic data for carbonate compositions used to calculate the effects
of pressure and temperature on the position of the three-phase field

Composition

Vies Ses
Phase XC=cos XM#COs XFeCOs (cm® mol™}) (J mol~! K)
Calcite,, 0-885 0015 0-100 3597 95-8
Siderite,, 0090 0-140 0770 29-82 104-2
Ankerite (1) 0545 0115 0340 6580 1749
Ankerite(2) 0-545 0120 0-335 6578 175-3
CaFe(CO,), 0500 0000 0-500 6572 1682

In order to consider the effects of temperature on the three-phase field, the entropies for the
phases must be known. End-member ankerite [(CaFeCQ,),] has never been found nor
synthesized. Its entropy has been estimated (Fyfe & Verhoogen, 1958) as:

5598, Ak = 5298, Dol — S598, Ms + S398,5a+2-5AV T mol ™! K™ 3

Data are taken from Robie et al. (1978, 1984). No data exist on the partial molar entropies of
ternary carbonates, and the entropies of the solid-solutions were estimated using an ideal
mixing model (Table 1). At constant pressure, using the reaction at equilibrium as the
standard state:

RTInK ~ ASAT. 4

An ideal-ionic model was used to calculate the activities of the carbonate species; any
deficiencies of this model are partly overcome by a tendency for the activity coefficients to
cancel. For reaction (2), Kp = 0988 and AS = 2-1 J mol ! K. Equation (4) may therefore
be written:

RInK = —010J mol™* K™! ~ ASAT/T = 2-1AT/T (J mol™!), AT= —0-05T. (5)

Again, the smallness of RIn K is due to the similarity in compositions between the two
ankerites, but the AT is negative. Therefore, ankerite in equilibrium with calcite and siderite
should become more ferroan with increased temperature and pressure, and the P/T
differences between the Goldsmith and Rosenberg experiments do not explain the differences
in their data.

Powell et al. (1984) attempted to experimentally redetermine the positions of tie-lines in the
calcite-dolomite-ankerite solvus. Such a study should have provided an important check on
the results of Goldsmith et al. (1962) and Rosenberg (1967). Unfortunately, the run products
of Powell et al. contained fine grained intergrowths of calcite and ankerite yielding badly
scattered microprobe analyses. While the authors tried to recover equilibrium data by
statistical treatment of the results, such a procedure cannot distinguish disequilibrium
information such as zoning or unambiguously identify the equilibrium assemblage. In
addition, they used metastable mixtures of CaCO,, MgCO, and FeCO; as starting
materials. Goldsmith & Graf (1958) noted that it is difficult to use dolomite as a starting
material due to its refractory nature. For this reason, magnesite rather than dolomite was
used to supply the necessary magnesium for dolomite synthesis during their experiments.
However, Byrnes & Wyllie (1981) note that mixtures of dry CaCO, and MgCO, are
unsuitable starting materials for solvus measurements, despite their rapid reaction rates. Use
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of calcite and magnesite to limit the position of the calcite-dolomite solvus requires that the
rate of formation of ordered dolomite is faster than attainment of compositional equilibrium.
If not, the experimental results may represent a metastable calcite-‘disordered dolomite’ or
calcite-magnesite solvus. In experiments which begin with calcite, magnesite and siderite
the final results may reflect the metastable calcite-magnesite-siderite solvus. In any case,
experiments beginning with pure end-member phases are at best half-reversals which may
not have attained equilibrium. We have therefore disregarded the results of Powell et al.
(1984) in our evaluations.

The potential effects of the formation of metastable, partially ordered dolomite during
experiments have been studied by Schultz-Gittler (1986). His experiments showed that the
position of the solvus is strongly dependent on the ordering state of the dolomite, and that
runs of up to 4 days were not long enough for the dolomite to reach its equilibrium ordering
state even at 1000 °C. Unfortunately, Schultz-Giittler did not reverse the compositions of the
calcite in equilibrium with each metastably disordered dolomite, and his suggested positions
for the calcite limb of the solvus may be incorrect. In addition, periclase was present in most
of the run products, requiring that the dolomite was breaking down to periclase, calcite, and
CO,. This neoformed calcite may not have attained the same composition as the calcite in the
matrix. As calcite compositions were inferred from X-ray techniques, it is possible that the
results represent an average of two populations of calcite compositions. This possibility
should be checked by careful electron microprobe analyses of the run products.

Well-ordered starting materials were inferred by Schulz-Giittler (1986) to have partially
disordered at 900 to 1000 °C on the basis of a decrease in the intensity of the 015 reflections.
This change is difficult to reconcile with other work on ordering in dolomite (Reeder &
Nakajima, 1982; Reeder, 1983) which suggested that at equilibrium dolomite is completely
ordered at these temperatures. It is possible that much of the disordering inferred by
Schultz-Giittler (1986) from his X-ray results is actually due to compositional changes in the
dolomite. Analysis of his published d-values for 006 and 110 reflections suggests a decrease
of approximately two percent in X802 in the composition of the run products relative to the
initial analyses. While 006 and 110 d-values and intensities should be independent of the
ordering state of the dolomite, the intensity of the 015 reflection used by Schultz-Giittler
(1986) to measure disorder is a function of both ordering state and composition. An increase
in X 55593 for dolomites with X§2$°2 > 0-5 will cause a decrease in the intensity of the ordering
reflections, as the presence of Ca on the Mg site will make the structure factors for this site
more like those for the Ca site. The size of this effect needs to be evaluated before
Schultz-Giittler’s results can be accepted.

Despite these criticisms, Schultz-Gittler’s results do suggest that the experiments of all
previous investigators may represent metastable solvi reflecting variable, metastable
ordering states in the dolomite. As the calcite limb of these metastable solvi would lie at
higher XM$C°s values than the stable solvus, all temperatures calculated from calcite-
dolomite thermometry may be systematically low.

RE-EVALUATION OF PHASE RELATIONS IN THE SYSTEM
CaC0,-MgCO,-FeCO,

Because one or both sets of experimental data on the ternary CaCQO,-MgCQO,-FeCO,
system must be inaccurate, we are left to create a diagram that will agree with available field
and reversed experimental data. Experimental data on the binary systems may be used to
constrain these ternary phase relations. Reversed experiments are available for solvi
involving calcite-dolomite (Graf & Goldsmith, 1955, 1958; Harker & Tuttle, 1955;
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Goldsmith & Heard, 1961; Goldsmith & Newton, 1969; Grummon, 1977; Byrnes & Wyllie,
1981; Fanelli & Wyllie, pers. comm.), calcite-siderite (Goldsmith et al., 1962; Rosenberg,
1963), and magnesite-dolomite (Goldsmith & Heard, 1961; Irving & Wyllie, 1975; Byrnes &
Wyllie, 1981). While it is strictly incorrect to use the term ‘solvus’ to refer to the immiscibility
between R3 and R3/c carbonates because of their different structures (cf. Reeder, 1983), for
brevity we shall refer to these miscibility gaps as ‘solvi’ in this paper.

CaC0,-CaMg(CO5),

The calcite-dolomite join has been experimentally investigated by a number of workers.
Because of the relatively rapid reaction rates during experiments, most investigators have
assumed that equilibrium was reached during the experiments, which may account for some
differences. A best fit for the solvus can be determined by combining reversals from all
available experiments. The different starting materials employed may be taken together to
provide a single, reversed data set, as Graf & Goldsmith (1958) used magnesian calcite
starting material while other workers began with pure calcite, thus constraining the calcite
limb of the solvus from both directions.

Powder X-ray diffraction was used for analysis of run-products by all investigators, but
different X-ray calibration curves were used. In order to compare the different experiments,
they must be referred to the same calibration curve. Bischoff et al. (1983) have fit the unit cell
parameters of calcites (X*5°* = 0-00-0-20) to a smooth curve by a least-squares analysis.
Using these data, d(104),; may be calculated for Mg-calcite solutions and extended to
X503 = (-5 using several points from Goldsmith et al. (1962) (Fig. 2). With this curve and
the pressure correction on the position of the solvus given by Goldsmith & Newton (1969),
the experimental data have been recalibrated and fit by hand to a single curve at 2 kb (Fig. 3).

302

300

298

dr1041,,
o
(22

294

292

290

1 L 1

CoCO5 1 2 3
*Mq

FIG. 2. Calculated values of d(104)y for magnesian calcites. The curve from 0-0 < X¥% < 02 is taken from
Bischoff et al.(1983). Points at higher values of X¥¥°* are values for disordered carbonates measured by Goldsmith
et al. (1962), and the curve from 0-2 £ X¥5°°s < 0-5 is an extension of the Bischoff et al. data fitted to these points.
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A caveat is necessary in regard to X-ray determinations of run-product compositions.
Because of the fine-grained nature of many run-products, it is often difficult or impossible to
obtain compositions using the electron microprobe (Powell et al., 1984). While X-ray
d-values are sensitive to compositional variations, erroneous results may be obtained if
coherent submicroscopic intergrowths have formed. The ideal experiment therefore requires
microprobe determination of reversed compositional shifts, as reported by Fanelli & Wyllie
(pers. comm.).

It is apparent from Fig. 3 that not all of the experiments can have reached equilibrium. In
addition, the solvus is poorly constrained at temperatures < 500 °C. The reversal of Harker
& Tuttle (1955) at 600 °C cannot be reconciled with the remainder of the data and was
discarded. The reversal of Grummon (1977) at 400 °C requires the calcite limb of the solvus to
change slope around 600 °C and has been disregarded. The half-reversal by Goldsmith &
Graf (1955, 1958) at 400 °C constrains the solvus at a slightly less Mg-rich position than that

1000

900

800

700

600

T(°C)

500

400

300

200 F -

CGCO3 COMg(CO3)z
XMg C03

F1G. 3. The calcite-dolomite solvus fit to reversals (Harker & Tuttle, 1955; Graf & Goldsmith, 1958; Goldsmith &
Heard, 1961; Goldsmith & Newton, 1969; Grummon, 1977; Byrnes & Wyllic, 1981; Fanelli & Wyllie, pers. comm.).
The heads of the arrows show the final compositions, and the direction of the arrow gives the direction of the
compositional shift. Experimental pressures corrected to 2 kb using the correction of Goldsmith & Newton (1969).
The points near the dolomite limb represent natural dolomite coexisting with calcite analyzed by Sobol (1973},
Bowman (1978), Newbitt (1979), Valley (1980), and Treiman & Essene (1983). The two points at low temperatures on
the calcite limb are natural calcites whose equilibrium temperatures were estimated from fluid inclusion data by
Talantsev (1976).
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suggested by Grummon (1977) and agrees with data at 150-200 °C estimated from natural
compositions by Talantsev (1976). Likewise, the half-reversals of Harker & Tuttle (1955) at
800 and 900 °C would require a sharp change in the slope of the calcite limb at high
temperatures. These data have therefore also been disregarded.

To model the calcite-dolomite solvus thermodynamically it is necessary to estimate the
position of the dolomite limb. This has been investigated experimentally by Goldsmith &
Heard (1961) and Byrnes & Wyllie (1981). Unfortunately, these experimenters did not use
mixtures of calcite and dolomite as starting materials which is requisite for compositional
reversals, and these experiments have only limited utility. We have therefore based the
location of the dolomite limb of the solvus on the available half-reversals and on
compositions of natural dolomites in equilibrium with calcite. Data on dolomite composi-
tions were obtained from Sobol (1973), Bowman (1978), Nesbitt (1979), Bowman & Essene
(1982), and Treiman & Essene (1983). Equilibration temperatures were calculated from the
calcite limb of the solvus, and the dolomite compositions were used to locate the position of
the dolomite limb (Fig. 3). These analyses define a field of dolomite compositions. If each were
actually in equilibrium with its coexisting calcite at the temperature shown they should
instead fall on the field boundary. The observed scatter may be partially due to analytical
error, but the bias of the scatter to low-Ca compositions suggests that many of the dolomites
may have reset on cooling to lower temperatures than their coexisting calcites.

CaCO05-FeCO,

Experiments of Rosenberg (1963) and Goldsmith et al. (1963) constrain the position of the
calcite-siderite solvus. A solvus curve may be fit by hand to the data (Fig. 4). This curve is

8cu. . - T i
/ \ ]

7 i

: °f \ i

N Ny

602 —
g
’—
500}
400}
300} ——
Ce @z o004 06 08  sd

XF6C03
Fi1G. 4. The calcite-siderite solvus fit to reversals of Goldsmith et al. (1962, dots) and Rosenberg (19634, square
brackets). The head of the symbol shows the final composition obtained. The shaded field represents the estimated
error in extrapolation of the solvus to higher temperatures, suggesting a minimum temperature for the closure of the
solvus at ~ 1100 K as shown.
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FiG. 5. The magnesite-dolomite solvus fit to available experimental data (Goldsmith & Heard, 1961; Irving &
Wyllie, 1975; Byrnes & Wyllie, 1981). The high-temperature section of the solvus is metastable at low pressures
relative to incongruent melting reactions.

reasonably well constrained between 325 and 550 °C, but less well located at higher
temperatures (Fig. 2).

CaMyg(C0,),-MgCO,

Three sets of experiments on the magnesite-dolomite join (Goldsmith & Heard, 1961;
Irving & Wyllie, 1975; Byrnes & Wyllie, 1981) were used to constrain the location of the
solvus down to 1100 °C. At this temperature the dolomite limb is located at XM¥¢0: = (.53
and the magnesite limb at X§¥°°: = 0-91. There is little solid-solution along this join at lower
temperatures. The position of the solvus remains semi-quantitative because of the lack of
compositional reversals at T < 1100 °C (Fig. 5). Two analyzed dolomite-magnesite pairs
(Frost, 1982; Sanford, 1982) are also shown. While the dolomite compositions agree well with
the inferred solvus, the magnesite compositions are slightly subcalcic. This is typical of

analyses of carbonates along the magnesite-siderite join, and is discussed in more detail
below.

CaC05-MgCO,-FeCO,

Phase relations in the CaCO;-MgCO,-FeCO, system may be inferred from natural
carbonate assemblages. This approach has several drawbacks. The inevitable variability in
the quality of the analyses limits the precision which can be achieved. While obviously
inaccurate or poor analyses may be discarded, there is little control over the quality of most
of the data. In addition, analyzed pairs may not represent equilibrium assemblages. Unless
textural evidence is carefully considered, vein material or other disequilibrium materials may
be accidentally analyzed. Substitution of other cations, especially Mn (Essene, 1983) may
also occur in metamorphic carbonates. Only carbonates with less than 6 mol per cent
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other components have been used in this paper. Re-equilibration during retrograde
metamorphism may also be a serious problem.

Even if the analyzed materials represent an equilibrium assemblage, the conditions under
which they equilibrated are often poorly defined and much of the precision of an
experimental study is lost. Analyses have therefore been grouped into four approximate
grades of metamorphism. These are: (1) subgreenschist, T ~ 250 °C; (2) biotite grade,
T ~ 400 °C; (3) amphibolite grade, T ~ 550 °C; and (4) granulite grade, T ~ 700 °C. The
temperature estimates are considered to have a 4+ 50 °C error. As there are only a few
published analyses for the higher temperature facies and the problems of resetting are greatly
amplified, the uncertainty in the resulting diagrams is therefore greater.

Figure 1 shows several of the most iron-rich ankerites and siderite/ankerite pairs available
from rocks near the biotite isograd. Neither Goldsmith’s nor Rosenberg’s experiments
correctly predicts the maximum amount of CaFe(CO,), possible in natural ankerites.
Rosenberg’s compositional limit at 500 °C is closer to that suggested by the natural
compositions, while Goldsmith’s tie-lines more correctly predict the partitioning of Mg/Fe
between natural iron rich carbonates.

Figures 6-10 show the analyzed carbonates for each of the grades listed above. Our own
data for carbonates from the Michipicoten greenstone belt, Wawa, Ontario are plotted
separately for clarity. Two- and three-phase field boundaries have been tentatively located on
each diagram. At 400 and 550 °C (greenschist and amphibolite grade respectively) these
boundaries have been calculated from ternary activity/composition models (see below). The
boundaries in Figs. 6 and 10 have been placed to correspond in form with the theoretical
models and Goldsmith et al’s results, and to fit as closely as possible with the binary
experimental data and the natural materials.

CaCOs3

MgCO5

Fi1G. 6. Carbonates in the system CaCO,-MgCO,-FeCO, for subgreenschist (T = 250 °C) conditions. Field

boundaries fit graphically and by analogy with calculated 400 and 550 °C results. The three-phase field is stippled.

Carbonate analyses renormalized to Ca+ Mg+ Fe = 1. Data derived from Machamer (1968), Klein (1974, 1978),

Pearson (1974), Floran & Papike (1975), Klein & Fink (1976), Lesher (1978), Miyano (1978), Pakkala & Puustinen

(1978), Frost (1982), Klein & Gole (1981), and Béhlke (1986). Note apparent metastability of many of the analyzed
dolomites.
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Comparison of Figs. 6-10 with those of Goldsmith et al. (1962) and Rosenberg (1967)
shows several significant differences. The calcium content of natural siderites in equilibrium
with ankerite is much less than that predicted by the experiments (Klein & Gole, 1981). The
calcium content of natural siderites either represents the true equilibrium position of this
boundary or the effects of retrograde compositional resetting. Because carbonates are
reactive, they may reset on cooling more rapidly than silicates. Exsolution textures are
commonly reported in rhombohedral carbonates (Harker & Tuttle, 1955; Ackermand &
Morteani, 1972; Perkins et al., 1982; Wada & Suzuki, 1983), and such textures should be
sought in calcian siderites, though exsolution may be so rapid that lamellae are preserved
only under special circumstances.

MQCO‘_I,

Fig. 7. Carbonates in the system CaCO,-MgCO,-FeCO; for biotite grade (T =~ 400 °C) conditions Field
boundaries calculated from the solution model. Data derived from Pinsent & Smith (1975), Talantsev (1978),
Talantsev & Sazonov (1979), Haase (1979), Sanford (1982), and Dietrich (1983).

The subgreenschist and biotite grade diagrams show crossing tie-lines, which may be due
to temperature variations within each group, analytical inaccuracies, and/or analysis of
disequilibrium pairs. Where the tie-lines cross at large angles, analysis of disequilibrium pairs
is likely. This initially occurred with some of our own Wawa analyses when material from a
veinlet was plotted with matrix materials.

Assemblages analyzed by Pinsent & Smith (1975) suggest that the three-phase carbonate
field for the biotite zone is shifted to more Mg-rich conditions than suggested by other
workers, while the K, for their siderite-ankerite pairs agrees with other anlyses. The calcites
analyzed by Pinsent & Smith may not have equilibrated with the siderite and ankerite but
this cannot be determined without careful examination of the analyzed samples.

Due to the scarcity of data, the diagrams for the amphibolite and granulite facies are
largely schematic and their general form has been made to conform to that of Goldsmith et al.
(1962). On the granulite diagram a single calcite analysis, reported to coexist with an
unanalyzed siderite (Butler, 1969), falls well within the inferred one-phase field for calcite
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CaCOs3

MgCOs4 FeCOs

Fi1G. 8. Carbonates in the system CaCO,-MgCO,-FeCO, from the Michipicoten Iron-Range, Wawa, Ontario.
The fields shown are the same as in Fig. 7. Note apparent metastability of some of the analyzed dolomites.

(Fig. 10). The calcite may have originally equilibrated with siderite but later reset its
composition at lower temperatures, or it may not have equilibrated with siderite at the peak
of metamorphism and the siderite now present may have exsolved or recrystallized during
retrograde re-equilibration.

ACTIVITY-COMPOSITION RELATIONS IN THE SYSTEM
CaCO,-MgCO,-FeCO,

We may use these derived phase diagrams for the system CaCO;-MgCO;-FeCO; to
model approximate activity/composition relations for this system. Such relations for
calcite-structure carbonates on the join CaCO;-MgCO, have previously been derived by
Gordon & Greenwood (1970) and Skippen (1974). We have remodeled activity/composition
relations on this join using the newer experiments on the calcite-dolomite and magnesite-
dolomite solvi (Figs. 4 and 5). With the exception of calculations by Bickle & Powell (1977) in
which only the calcite half of the calcite-siderite solvus was modeled, mixing models for
other joins in this system are unavailable.

In any system, solution modeling requires solving one equation of the form:

pd i —pdt=Apd'y = RTIn(X}s/X)+RTIn y;—RTInyi, ©)

for each of the components considered, where the superscript refers to the ith component, the
subscript to the phase, X} and X} are the compositions of the two phases on the solvus, and
Apl-', is the difference in the standard state chemical potential between the two phases for
the ith component. Calcite, magnesite and siderite are assumed to represent the end-member
phases of a single type of solution, while dolomite-structure carbonates represent a second
solytion type. There are thus two sets of mixing parameters, one for calcite-structure
cafbonates and one for dolomite-structure carbonates.
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CaCOs

MgCO. FeCOs

F1G. 9. Carbonates in the system CaCO,;-MgCO,-FeCO, for amphibolite grade conditions (T & 550 °C). Field
boundaries calculated from the solution model. Data derived from Klein (1966, 1978), Floran & Papike (1978), Hall
(1980), and Sanford (1982).

CaCOs
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MgCOs FeCOs

F1G. 10. Carbonates in the system CaCO;-MgCO,-FeCO, for granulite grade conditions (T = 700 °C). Field

boundaries fit graphically and by analogy with the calculated 400 and 550 °C results and those of Goldsmith et al.

(1962). Data derived from Butler (1969), Shibuya & Harada (1976), and Klein (1978). Tie-line for a calcite-siderite
(siderite unanalyzed) pair (Butler, 1969) is shown.
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The ternary subregular two-phase model used here considers macroscopic thermo-
dynamic properties. Models by Navrotsky & Loucks (1977) and Burton & Kikuchi (1984)
have attempted to incorporate microstructural considerations. As has previously been noted
by Holland et al. (1980) with respect to the analogous enstatite-diopside system, a
macroscopic model is a reasonable choice when the object is to reproduce the phase diagram.
Indeed, the microscopic models presently available have so far failed in this regard in all but
the most qualitative sense. While it might be possible to incorporate cooperative disordering
(Navrotsky & Loucks, 1977), accurate data on ordering states for ternary carbonates are
required (Davidson, 1984), but few quantitative data exist (Goldsmith & Heard, 1961; Beran
& Zeeman, 1977; Reeder & Nakajima, 1982; Reeder, 1983; Reeder & Wenk, 1983). As the
position of the solvus must reflect the ordering state, such disordering as occurs in the
temperature range modeled must be implicit in the macroscopic model. An accurate explicit
model must await the availability of sufficient ordering data.

For ternary systems, a subregular two-phase mixing model requires knowledge of 17
mixing parameters; including six binary Margules coefficients (W) and a ternary coefficient
(C) for each of the two phases, and the difference in standard state chemical potential (Au®)
between the two phases at each of the three end-member compositions (Saxena, 1973). Values
for most of these parameters may be obtained by modeling the binary phase relations
presented above.

At a given temperature, the calcite-siderite solvus may be represented by the equations:

CO

ApG5% =0 = RT1n< >+(XF°C°3) (WaFe+
Cc
2X§;CO3(W£¢ WCuFe)) (XFeC03)2(WCaFe+2 CO;(W W(C::Fe)) (7)

FeCOs
AP =0 = RTln(—,_:—X >+(XC'C°’) (WES +
Ce

2XGECOWET — WED) — (XEPWES +2XEOWET—-WE™), ()

where Apd:' s is equal to Au2.' — Aud; ' for the ith component. These equations may be solved
simultaneously for the two unknown Margules coefficients. Because end-member ankerite is
unstable, calculations on the CaCO,;-FeCO, binary cannot be used to obtain WS and
WEeS. Resultant values for calcite-structure carbonates obtained from the solvus shown in
Fig. 4 between 573 and 1073 K have been fit to curvilinear equations:

WSFe = 27313-2— 579651 x 108/T — 1-43147 x 10 3T (£ 503 T, K), ©)

WEee = —707514+91-8848 T + 279244 x 107/T— 359552 x 107*T? (£ 21 J T, K).
(10)

Curvilinear functions for the variations in Margules parameters with temperature are more
complex than the linear functions commonly presented (Saxena, 1973; Lindsley et al., 1981).
However, a linear model would introduce unnecessary errors, as the data show a distinct
curvature. Unfortunately, equations of this type extrapolate poorly, and use of this model
outside of the fitted range is questionable.

Two solvi exist on the join CaCO,-MgCO;: calcite-dolomite and magnesite-dolomite.
Lindsley et al. (1981) noted that use of Margules equations to independently model either
section of a compound binary leaves the intermediate phase metastable when the whole join
is considered. In the case of the calcite-dolomite-magnesite join such a model leaves
dolomite metastable relative to four potential assemblages: calcian dolomite-magnesite,
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F1G. 11. Schematic Gibbs’ energy composition relations for the system CaCO,;-MgCO;,. (A) The Gibbs’ energy

curves that result from independent modeling of the dolomite-calcite and dolomite-magnesite joins. Solvi between

(a) mineral pairs calcian dolomite-magnesite, (b) magnesian dolomite-calcite, (c) calcian dolomite-magnesian

dolomite, and (d) magnesian calcite-calcian magnesite are all more stable than dolomite of composition

CaMg(CO,;),. (B) The Gibbs’ energy curves as modeled. Dolomite of composition CaMg(CO,), remains stable, (a)
calcite-dolomite solvus, and (b) magnesite-dolomite solvus.

magnesian dolomite-calcite, magnesian dolomite-calcian dolomite, or magnesian calcite-
calcian magnesite (Fig. 11A). This may be avoided by treating the entire join as a unit,
assuming that R and R3/c carbonates are treated as separate solutions (Fig. 1 1B). The form
of the G/X curves generated by this approach is similar to that suggested by Carpenter &
Putnis (1985).

At a given temperature, the equations:

MgCOjy
Xpai

2XTEOWEMS — WEES) — (XETO) (WS + 2X BT (WhaYs — WHS®™), (1)

0, MgCo xeeees C0O3)2( 1f/MgCa
App > = RT In| s |+ (XECP)H(WEE™ +

CC:CO;
Apd 80 = RTln< cho> + (X MICO)2(pyCaMs 4
Dol

2XGOOWEES — WEM) — (XBEP(WEE +2X SO (WHE™ - WEar)  (12)
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must be simultaneously satisfied for both the calcite-dolomite and magnesite-dolomite solvi.
An additional constraint may be placed on the result by requiring that calcite and magnesite
remain stable for the compositions CaCO; and MgCQO,. The standard state chemical
potential (Au°) terms as written must therefore remain positive.

Margules coefficients were allowed to vary with temperature as:

Wy = Wy— TW,, (13)

and the Gibbs’ energy of the reaction Dolomite = Calcite + Magnesite was forced to fit the
known values (Robie et al., 1978) as a function of temperature. The Gibbs’ energy of dolomite
is calculated as:

AGEMIO0s = (8, C2C0s 4 4,0 MiCO3) ) 4 RT X In X'+ RTEX  Iny', (14)

where the chemical potentials are those for end-member compositions taken as the standard
state. This value can be the Gibbs’ energy of formation from the elements or the oxides
depending on the values chosen for the u° terms.

The resulting system of five equations was solved by linear regression using the MIDAS
statistical package available at the University of Michigan. During the course of the
refinement the solution was found to be relatively insensitive to the magnitude of the Au®
terms, which were therefore arbitrarily fixed at 20-92 kJ (5-0 kcal) (Table 2).

No attempt was made to adjust the model by minimizing the residuals to the data points
(cf. Lindsley et al., 1981), because there is an equal probability that any point within a reversal
lies on the reaction in question and any reasonable curve within the reversal brackets is

TABLE 2

Mixing parameters for carbonates in the system CaCO,-MgCQO,-FeCO,. All values in
J mol™!

Structure type

Coefficient Calcite Dolomite
W GaMe 232400 —96850-0
L 00 —36:23
4ol 243000 —55480-0
1 MrCa 7-743 22-850
W Hsre 0 0

W feMs 0 0

W GFe * — 10400
WGFe * 2124
WSk 0 ~02027
Whe * — 867400
WEwC . —7118
wie 0 009184
Cy — 1854500
Cs, see equation 18 369-2
Cs; —0-1418

A 0, CxCO3 _ #g.dC-CO;_#gLC-CO, = 209200
AUSIE = uENecOr — uE e — 209200
A/-‘&:IF—CCC?’ = #&ﬂFcCO)_”(O:.cFoCO: = 209200

* See equations (9) and (10).
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equally likely to represent the true position of the reaction. Minimizing the residuals to the
experimental results in such a case implies the possibly erroneous assumption that the
experimental results represent equilibrium values rather than limits on the position of
the actual equilibrium. In situations where graphically drawn boundaries which may be in
agreement with data at one pressure or temperature disagree with results extrapolated from
other P/T conditions a more complex model may be necessary to obtain a result in
reasonable agreement with the bulk of the data (Lindsley et al., 1981).

The formulation used here for dolomite solid solutions treats dolomites as falling on a
hypothetical ordered CaCO;-ordered MgCO, join. Unfortunately, the equations thus do
not directly generate activities for end-member dolomite. These can be derived by writing
equation (14) for the entire join and for either the calcite-dolomite or dolomite-magnesite
subjoin. As the total Gibbs energy must be the same the two equations can be set equal and
solved for RT In y§3M9C0s This yields:

RT I yIGM0°01 = (1/X {5590 [ XYSFO: - uMoc0s - XIGMIC0s. i, (nMarcos
K01 U700+ RT(An(XBEEO - yHECO) — In(X ISy MO00 Sy Mooy
X oo In(X5of % - y5ef @) —2X5ef - In 2)]  (15)
for the calcite-dolomite join, and:
RT I yfGM0001 = (1/X {5 M0C0) XS0 52001 — XIS MI0s. 1, (cx Mo _
XS0 U100 + RT(n(XEAEO  507) — In(XIGM0o0s {53 MIos)

X2 In(XHECO yHEP%) —2X B In 2] (16)
for the dolomite-magnesite join. The values of the u° may be calculated from data in Robie et
al. (1978) for calcite and magnesite and the Au° terms in Table 3. An alternative approach
to this problem has been taken by Davidson (1984). By analogy with her derivation for

diopside, the chemical potential of dolomite may be taken as the average of the chemical
potentials of ordered CaCO; and ordered MgCO,.

TABLE 3

Coefficients and statistical data for equations (23) and (31). R? and standard error values given
separately for the MgCO; and FeCO, sections of the equation. Significance factor () shows
the probability that the value of the coefficient is zero

Coefficient Value S.E. a
A —23600 968-0 0024
B —001345 0-00225 0-000
C 26200 14040 0077
D 26080 4120 0-000
E 3340 470 0-000
R? = 0-99893

S.E. of the estimate for binary CaCO,-MgCO, compositions = 7-1254
a 17180 1870 0-000
b ~ 106100 5320 0-000
¢ 2249 197 0-000
d —26260-0 29400 0-000
e 1-333 0079 0-000
S/ 0-32837x 107 0-18406 x 10® 0-000
R? = 0-99884

S.E. of the estimate for ternary compositions = 7-9311
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In order to extend this analysis to the ternary, the following coefficients must be obtained:
Apd FeS0s, Wiate, WEeCs WEMs py¥ste WwEcMs WHsFe and the ternary coefficients C, and
Cpo- No solvus is known on the join MgCO;-FeCO, down to 250 °C. Assuming a regular

solution model, a maximum value for W (= WEME) may be calculated as (Saxena, 1973):

2RTc =W, am

where R is the gas constant and T is the temperature at the crest of the solvus. This analysis
yields a maximum value of 8-8 kJ for W5 ¢, For the purposes of this paper, W¥sF¢ = WEeMs
and Whsfe = WEMs are both assumed to equal zero.

Following Ganguly & Saxena (1984) the ternary coefficients may be estimated using the
method of Wohl (1953)

C = ((W21—W12)+(W13—W31)+(W32—W23))/2. (18)

This equation yields the magnitude but not the sign of the ternary coefficients; the sign will
change with an arbitrary renumbering of the components. Our calculations showed that a
negative sign was appropriate for calcite-structure solutions. The value of Aupi%d was
arbitrarily set to 20-92 kJ (50 kcal) by analogy with the CaCO;-MgCO, join.

Because of the poorly constrained nature of our knowledge of ternary tie-lines, regression
techniques could not be used to determine the values of the remaining parameters. Instead,
reasonable choices were made for the position of the siderite corner of the three phase field
consistent with the calcite-siderite-magnesite solvus and the ankerite-siderite K, (see Fig.
15). The ankerite-siderite tie line was then used to directly calculate values for WStte, WEeC,
and Cp,; at 250, 400, and 500 °C. T