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Abstract. Published phase diagrams for the siliceous car-
bonate system CaO —MgO —Si0, — CO, —H,0 are contra-
dictory because of different estimates of the relative stability
of magnesite. Experimental data on magnesite are too am-
biguous to determine the validity of these estimates. There-
fore, field evidence is used to select the correct phase dia-
gram topology for siliceous carbonate and carbonate ultra-
malfic rocks at pressures of about 2-5 kbar. The primary
selection criterion is provided by the existence of the stable
assemblage talc+ dolomite 4+ forsterite + tremolite +anti-
gorite, which occurs in the Bergell contact aureole and Swiss
Central Alps. Field evidence also is used to argue that the
reaction magnesite + quartz=enstatite must occur at lower
temperature than the reaction dolomite + quartz = diopside.
T-Xco, and Pco,-T phase diagrams consistent with these
observations are calculated from experimental and thermo-
dynamic data. For antigorite ophicarbonate rocks, remark-
able agreement is obtained between the spatial distribution
of low variance mineral assemblages and the calculated dia-
grams.

Introduction

Phase relations in the system CaO—MgO —SiO, —CO,—
H,O are essential for understanding the petrogenesis of sili-
ceous carbonate rocks. However, recent phase diagrams for
parts of this system (e.g., Chernosky et al. 1988 p. 312 or
Evans and Guggenheim 1988 p. 266), calculated using the
thermodynamic data base of Berman (1988), are in substan-
tial conflict with the earlier diagrams of Johannes and Metz
(1968), Skippen (1971, 1974), Skippen and Hutcheon
(1974), and Trommsdorff and Evans (1977a), among
others. This is illustrated in Fig. 1 which compares the T-
Xco, diagrams for ophicarbonate rocks from Trommsdorff
and Evans (1977a) and Chernosky et al. (1988). In the di-
gram of Trommsdorff and Evans (Fig. 1b), equilibria in-
volving magnesite are displaced in such a way as to result
in smaller stability fields for magnesite bearing assemblages
than are predicted with the diagram of Chernosky et al.
(Fig. 1a), As a consequence of this, a large stability field
for Tr+M (phase notation is summarized in Table 1) ap-
pears in Fig. 1a, but is absent in Fig. 1b. Similarly, the
assemblage Do+ Fo+Tc is stable in Fig. 1b, but is not
stable in Fig. 1a. These discrepancies have prompted the
reexamination of the ophicarbonate phase diagram under-
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taken here. It will be shown that these discrepancies are
primarily due to magnesite bearing equilibria. Conse-
quently, experimental constraints on the stability of magne-
site are addressed here first.

Stability of magnesite

The high temperature stability of magnesite is limited by the M =P
reaction. This reaction is critical for extracting the thermodynamic
properties of magnesite because the properties of both periclase
and CO, (at least at low pressures <8 kbar) are well known. The
location of the M = P equilibrium predicted using Berman’s (1988)
data base is shown by curve B in Fig. 2 (see also Berman 1988
p. 499). However, the phase diagrams of Chernosky et al. (1988)
and Evans and Guggenheim (1988) can only be reproduced if the
reference state (298.15 K, 1 bar) Gibbs free energy of formation
of magnesite (4G oo el Prr T,)) reported by Berman (1988, value
B in Table2) is decreased by 780J.% The decreased value
for 4G 1 aanesie(Pr» T7) (value Cin Table 2) shifts the M = P equilib-
rium to higher temperatures indicated by curve C in Fig. 2. It
is noteworthy, that Fig. 2 shows two sets of experiments which
were not used in Berman’s (1988) analysis, those of Johannes and
Metz (1968) and those of Philipp and Girsperger (1989) and Philipp
(1989). Neither of these calculated curves, B or C, is in good agree-
ment with these low pressure experimental determinations of the
M =P equilibrium as shown in Fig. 2. The experiments of Philipp
and Girsperger are of particular interest, because they used a volu-
metric method (see also Schramke et al. 1982) which permits moni-
toring of reaction progress at run conditions. Taking into account
calibration error, Philipp and Girsperger’s experiments locate a
region of feasible equilibrium conditions which is shown by the
stippled pattern in Fig. 2.

Philipp and Girsperger’s (1989) and Johannes and Metz’s
(1968) data are marginally consistent with those of and Harker
and Tuttle (1955) and inconsistent with curves B and C in Fig. 2.
The origin of these inconsistencies is probably not due to Philipp
and Girsperger’s pressure-temperature calibration which is in excel-
lent agreement with that of Schramke et al. (1982) for the brucite
decomposition reaction. Instead, there is a strong possibility that
the experimental discrepancies reflect quenching difficulties in the
earlier experiments. For these reasons, value 4 in Table2 is
adopted here for 4G, . neaiie(Pr» T,) to calculate phase diagrams
for siliceous carbonate rocks. This value is the median of the feasi-

! Since the preparation of this paper, Chernosky and Berman
(1989) have revised the thermodynamic parameters of magnesite
consistent with the Berman (1988) data base. Their new preferred
value for G, oo (P, T7) is —1030.709 kJ/mol, derived using
the magnesite third law entropy of Hemingway et al. (1977) of
65.09 J/mol-K at 298.15K and 1 bar. This value is essentially
equivalent to value C in Table 2, and was apparently used to calcu-
late the phase diagrams of Chernosky et al. (1988) and Evans and
Guggenheim (1988).
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Fig. 1a—c. T-X¢o, diagrams at 2 kbar fluid pressure for antigorite-ophicarbonates (see Table 1 for phase notation). a Diagram of Chernosky
et al. (1988) obtained using value C (Table 2) for 4G, uenesite(Prs 1)), together with Berman’s (1988) data, and the HSMRK equation
of state (Kerrick and Jacobs 1981). b Diagram of Trommsdorff and Evans (1977a). ¢ Chemographic phase relationships in the numbered

fields of Fig. aand b

Table 1. Phase notation and compositions

Symbol Phase Chemical Composition
At Antigorite Mg, 5Si34055(0H)g,
Ap Anthophyllite Mg,Sig0,,(OH),

Ce Calcite CaCO;,

Di Diopside CaMgSi, 04

Do Dolomite CaMg(CO;),

E Enstatite MgSiO,

Fo Forsterite Mg,SiO,

M Magnesite MgCO,

P Periclase MgO

Q Quartz Sio,

Tc Talc Mg;Si,0,0,(0H),

Tr Tremolite Ca,Mg;Siz0,,(0OH),
Wo Wollastonite CaSiO;

ble values for 4G, .znesite(Pr> T), derived from Philipp and Girs-
perger’s experiments by linear programming, that are consistent
with Berman’s (1988) entropy and volumetric functions (Philipp
and Girsperger 1989). Curve 4, in Fig. 2, defines the M = P equilib-
rium conditions obtained for this value of 4G 1,00 ecite(Pes T)- This
value for 4G penesite(Pr» T3) is also consistent with earlier experi-
ments on high pressure magnesite bearing equilibria by several
different investigators (Connolly et al. 1989).

Calculated phase diagrams for the system CaO— MgO—
Si0,—CO,—H,0

The two extreme values for 4G, . ....(P,, T,) in Table 2
have been used together with the thermodynamic data base
of Berman (1988) to calculate isobaric 7-X¢o, phase dia-
grams for the fluid saturated system CaO—MgO—SiO, —
CO,—H,0 with the VERTEX computer program (Con-
nolly and Kerrick 1986; Connolly 1989). Properties of the

fluid phase have been calculated using the modified Red-
lich-Kwong-type equation of state developed by Kerrick
and Jacobs (1981). To simplify the diagrams only the miner-
als Cc, Do, M, At, T¢, Ap, E, Fo, Di, Tr, and Q are consid-
ered. The stability of other minerals, with the exception
of Wo (which forms from Cc+Q at low X¢o,), would only
alter the diagrams at extreme fluid compositions and tem-
peratures.

Figure 3 shows a phase diagram calculated using value
C (Table 1) for 4G yuenesice(Pr» T,) which yields curve C
in Fig. 2. This diagram duplicates and extends the diagram
published by Chernosky et al. (1988 p. 312, also Fig. 1b
here). Figure 3 also reproduces the diagram of Evans and
Guggenheim (1988 p. 266), but with the addition that diop-
side and calcite stability, which causes some of the equilibria
in the Evans and Guggenheim diagram to be metastable,
are taken into to account. Figure 4 is a phase diagram gen-
erated with a value for 4G, . neaite(Prs T,) consistent with
Philipp and Girsperger’s (1989) experiments (value 4 in
Table 2 and curve 4 in Fig. 2). The topology of Fig. 4 is
identical to that of Trommsdorff and Evans (1977a) for
ophicarbonate rocks which was calculated using experimen-
tally derived equilibrium constant expressions from Skippen
(1974) and from Evans et al. (1976). The major contradic-
tions between the topologies of Figs. 3 and 4 are: (i) In
Fig. 3, a large stability field for Tr+ M (dotted region in
Fig. 3) extends across almost the entire range of fluid com-
positions; whereas, in Fig. 4, Tr+M assemblages are re-
stricted to a miniscule field compatible only with CO,-rich
fluids. As a consequence of this difference, the equilibrium
Do+ Te=Fo+ Tr, which is stable over a wide range of
fluid compositions in Fig. 4, is precluded from Fig. 3 by
the equilibrium Do + Tc=Tr+ M. Thus, a stability field for
the assemblage Do+ Tc+ Fo occurs in Fig. 4 (shaded re-
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gion), and is absent in Fig. 3. (ii) The relative order of
the reactions M+Q=E and Do+ Q=Di is reversed in
Figs. 3 and 4, resulting in Di+ M stability only in Fig. 3
and E + Do stability only in Fig. 4.

There is an intermediate ophicarbonate phase diagram
topology between the topologies of Figs. 3 and 4 (and
Fig. 1a and b). This intermediate topology is obtained with
the value for AG; .enesite(Prs T;) originally proposed by
Berman (1988, value B in Table 2 here). In this topology,
all the invariant point assemblages in Fig. 1a are stable,
with the addition of a fifth invariant point representing
the stability of the assemblage At+Tr+Do+Tc+M. The
intermediate topology is obtained for wvalues of
AG agnesite(Pr, T,) Tanging over about 1 kJ. Because this
intermediate topology results in the same general features
as Figs. 3 and 14, it is not considered further here.

On the basis of Philipp and Girsperger’s experiments
(1989) alone, there is already some reason to favor the ophi-
carbonate phase diagrams shown in Fig. 4. However, field
evidence, discussed in the following section, supports this
choice.

Field constraints on the antigorite-ophicarbonate
phase diagram

Uncertainty and inconsistency among the thermodynamic
and experimental data for the CaO —MgO —SiO, —H,0—
CO, system make an unequivocal choice between the topo-
logies of Figs. 3 and 4 impossible without consideration
of field evidence. Both topologies are consistent with the
existence of the most common natural ophicarbonate as-
semblages in the Bergell aureole (Trommsdorff and Evans
1977a) At+Fo+Tr+Cec, At+Tr+Cc+Do, and At+
Di+Tr+Cc, as noted by Chernosky et al. (1988}. However,
more thorough review of the literature reveals that the as-
semblage Tc+Do+Fo 1s not uncommon in the Bergell
(Trommsdorff and Evans 1977b), and it has also been
found in the Swiss Central Alps (Bosco-Gurin area). The
stable occurrence of this assemblage, which is impossible
given the topology of Fig. 3, is strong supporting evidence
for selecting the topology of Fig. 4. The alternative assem-
blage Tr+ M, which is stable in the phase diagram topology
of Chernosky et al. (1988), has not been found at Bergell.
To determine if pressure or mineral solutions could be re-
sponsible for stabilizing Tc+ Do+ Fo, or destabilizing Tr+
M, at Bergell, these factors are considered below.

Table 2. Values for the reference state (298.15 K, 1 bar) Gibbs free
energy of formation for magnesite from the -elements
(4G magnesite Prs T,]) discussed in the text. These values are derived
assuming a third law entropy of 65.21 J/mol-K for magnesite at
reference state conditions. Value A4 is the value preferred here and
was obtained from the experiments of Philipp and Girsperger
(1989). Value B is the value reported in Berman (1988). Value
C was estimated here to reproduce the phase diagrams of Cher-
nosky et al. (1988) and Evans and Guggenheim (1988)

Value AGf,magnesite(Pra Tr) (kj/moD

A —1027.436
B —1029.875
C —1030.655

1 1 1 1 1

20004 x HARKER & TUTTLE 1955
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Fig. 2. Experimental constraints and calculated equilibrium condi-
tions for the reaction M= P+ CO,. Bracker symbols are located
taking into account the maximum experimental error estimated
by the experimentalists. The stippled region locates the region of
possible equilibrium conditions determined by Philipp and Girs-
perger’s (1989) statistical analysis of their experiments. Three calcu-
lated equilibrium curves, 4, B and C, are shown and correspond
to the three values for 4G, . ocuc(Prr T,) given in Table 2. Curve
A is preferred here
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Fig. 3. T-Xo, diagram at 2 kbar fluid pressure for the system
Ca0—MgO-Si0,—H,0—-CO, calculated using value C (Ta-
ble 2) for AG . onesite( Py, T,), together with Berman’s (1988) data,
and the HSMRK equation of state (Kerrick and Jacobs 1981).
This diagram duplicates and extends those of Chernosky et al.
(1988) and Evans and Guggenheim (1988). The stippled area defines
the stability field of Tr+M assemblages. The square marks the
conditions shown in Fig. 1a

Pressure estimates for the relevant part of the Bergell
aureole range around 2.9-4.4 kbar on the basis of tectonic
overburden (8-12 km, Cornelius 1925) and mineralogy
(Carmichael 1978). Because these estimates are as much
as 1.5 kbar higher than the pressure used to calculate
Figs. 1, 3, and 4, the ophicarbonate phase diagrams in
Figs. 3 and 4 were recalculated at 3.5 kbar. These higher
pressure phase diagrams, though not shown here, are topo-
logically equivalent to the 2 kbar diagrams of Figs. 3 and
4, but the stability field of Tr+M (in Fig. 3) is expanded
and that of Tc+ Do+ Fo (in Fig. 4) is diminished. Pressure
uncertainty at the Bergell, therefore, cannot be used as an
argument to explain the stability of the phase diagram to-
pology shown in Fig. 3.

To determine if the Bergell assemblage Tc+ Do+ Fo
has been stabilized by solution effects, mineral composi-
tions in a Bergell sample containing this assemblage have
been determined by electron microprobe analysis. The only
major impurity in the Bergell silicates is Fe? ™", so the silicate
compositions may be expressed by Xy, for which the follow-
ing values were obtained: Xy, oiivine = 0-904, Xy 0. =0.982,
and Xy, ,ntigorite = 0-953. The composition of the dolomite
coexisting  with  these  silicates 1s Cago7-Mg-
0.995F€0 024M11g 004(CO3),. The Fe—Mg partitioning
among these minerals is in excellent agreement with that
of other metamorphic ultramafic assemblages both at Ber-
gell and Val Malenco (Trommsdorff and Evans 1972). This
agreement suggests that the observed assemblage was in
exchange equilibrium. Because both tremolite and magne-
site (Evans and Trommsdorff 1974) partition Fe?* more
strongly than either Do or T¢, the effect of iron solution
is to stabilize Tr+ M. As Tr+ M is not observed at Bergell,
mineral solution effects, like pressure, are not the source
of the discrepancy between the topology of Fig. 3 and the
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Fig. 4. Preferred 7-X¢o, diagram at 2 kbar fluid pressure for the
system CaO—MgO —=S10,—H,0— CO, calculated using value 4
(Table 2) for 4G agnesice(Prs T,), together with Berman’s (1988)
data, and the HSMRK equation of state (Kerrick and Jacobs
1981). The shaded area indicates the stability field of Fo+ Do + Tc.
The squares delineate the region in which the ophicarbonate dia-
gram topology of Figs. 1b and 5 is reproduced, and the high-Xco,
region shown in detail in Fig. 7

observed mineral assemblages in the Bergell. Thus, the pre-
ponderance of evidence suggests that the topology of
Figs. 1a and 3 are incorrect and that the topology of
Figs. 1b and 4 are correct, at least for water-rich conditions.

The ophicarbonate phase diagrams of Trommsdorff and
Evans (1977a, b), though topologically consistent with the
observed phase assemblages at Bergell, fail to completely
explain the spatial distribution of the assemblages (see
Trommsdorff and Evans 1977b p. 309). This failing arises
because in the phase diagrams of Trommsdorff and Evans
(19774, reproduced here as Fig. 1b, and 1977b) invariant
point III occurs at higher temperature than invariant
point V. However, in the Bergell aureole, the invariant
point V assemblage occurs nearer the contact, and therefore
presumably formed at higher temperature, than the assem-
blage corresponding to invariant point III. This difficulty
disappears if the phase diagram in Fig. 4 is adopted 1n place
of those used by Trommsdorff and Evans (1977a, b). In
fact, the agreement between the spatial distribution of min-
eral assemblages at Bergell and the phase diagram consis-
tent with Philipp and Girsperger’s experiments (1989) is
remarkably good, when activity corrections are applied, as
shown by Fig. 5. This excellent agreeement suggests that
if the value for 4G, .pnesice(Pr» T)) is increased (to value
A in Table 1), Berman’s (1988) thermodynamic data base
can be applied with some confidence for ophicarbonate
minerals.

Field constraints on the carbonate ultramafic phase diagram

Unlike ophicarbonates, which are in equilibrium only with
water-rich fluids, carbonate ultramafic rocks (e.g., sagvan-
dites, see Schreyer et al. 1972) form in equilibrium with
fluids of highly variable composition. Unfortunately, min-
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Fig. 5. Activity corrected T-Xco, diagram at 3.5 kbar fluid pressure for the system Ca0O—MgO—Si0, ~H,0—CO, calculated using
value 4 (Table 2) for 4G, .onesuie(Prr T1), together with Bermans® (1988) data, and the HSMRK equation of state (Kerrick and Jacobs
1981). Activity corrections were made assuming ideal solution models and the following Mg site fractions derived from the Fe—Mg
distribution coefficients (Trommsdorff and Evans 1974): Xy, comopyiiice = 0-88, Xy antigorite = 0-95, Xug, giopsice = 0-965, Xy cnstariee =0.90,
Xt magnesite = 0-89, Xorg ativine = -89, Xntp tate =0.97, a0d Xy tremoiine =0-96. Activity corrections were not made for Do or Cc because
the corrections are small and introduce complexities which are beyond the scope of this paper. Invariant point labeling corresponds
to that of Trommsdorff and Evans (1977a), the invariant assemblages are: II) Tr+Cc+ At+Fo+ Di, III) Tr+Cc+Do+Fo + At, 1V)
Tr+Fo+Do+Tc+At, and V) Tr+ Fo+Do+Tc+ At. On the right hand side of the diagram, the distribution of isobarically univariant
and invariant assemblages in the Bergell aureole are shown as a function of their normal distance from the intrusive contact. Dashed
lines and solid lines indicate, respectively, rare and common assemblages (see Trommsdorff and Evans 1977b)
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Fig. 6. a P-T diagram for the CO, saturated system CaO—MgO—S8iO, calculated using value C (Table 2) for 4G, . ccanelPr 1)),
together with Berman’s (1988) data, and the HSMRK equation of state (Kerrick and Jacobs 1981). b As a but CaO—MgQO—SiO,
calculated using value A4 (Table 2) for 4G, .enesite(Pr» Tr). Diagram b is preferred here, note that in a the equilibrium of Do+Q=Di
occurs at lower temperature than does M +Q =E resulting in a large stability field for Di+M assemblages

eral assemblages reported from field studies on carbonate ficient evidence exists to determine the sequence of decar-
ultramafic rocks are inadequate to uniquely determine the bonation reactions for the anhydrous subsystem as a func-
correct phase relations over the entire range of X¢o, for tion of pressure and temperature. The phase diagrams cal-
the CaO —~MgO —SiO, —H,0— CO, system. However, suf- culated for this subsystem wusing the values of
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Fig. 7. Detail of the CO,-rich portion of the T-X¢o, diagram
(Fig. 4) preferred here for the system CaO —-MgO—SiO, -H,0—
CO, at 2kbar fluid pressure. Note the small stability field for
Tr+M assemblages at high Xco,

AG  agnesine(Prs T,) consistent with Chernosky et al. (1989)
and Philipp and Girsperger (1989), respectively, are shown
in Fig. 6a and b. As previously mentioned, the most impor-
tant difference between the two topologies in Fig. 6 is the
relative order of the M+Q=E and Do+ Q =Di equilibria,
as governed by the fluid-absent equilibrium Di+M=E +
Do. This inversion produces a stability field for M +Di
assemblages over a substantial temperature interval in the
diagram shown in Fig. 6a. Additionally, it is apparent that
the stable reactions, and their sequence, in the diagram con-
sistent with Chernosky et al. (1988, Fig. 6a) are pressure
dependent. As a result of this pressure dependence, the as-
semblage Do+ E would be metastable at pressures below
3 kbar. In the phase diagram topology calculated from Phi-
lipp and Girsperger’s (1989) experiments (Fig. 6b), Do+E
is stable at all pressures and M+ Di is always metastable.
The assemblage Do+E is not an uncommon natural
assemblage (Schreyer et al. 1972), and has been shown to
be stable at 2 kbar by the experiments of Skippen (1971).
Do +E is only stabilized at pressures above 3 kbar in the
phase diagram Fig. 6a consistent with Chernosky et al.
(1988). Although this is inconsistent with the experiments
of Skippen (1971), it does not, in itself, preclude the topolo-
gy of Fig. 6a. However, the absence of Di+M in all meta-
morphic sequences of ultramafic-carbonate assemblages so
far observed (Schreyer et al. 1972 ; Trommsdorff and Evans
1974, 1977b; Ohnmacht 1974 ; Pfeifer 1979; Bucher-Nur-
minen 1988) is a strong, though negative, argument against
the topology of Fig. 6a. By far the most compelling evi-
dence for rejecting the topology of Fig. 6a in favor of the
topology of Fig. 6b, is the order of appearance of E4+M
and Di+ Do with increasing grade in the Central Alps
(Figs. 8 and 9 in Trommsdorff and Evans 1974, and Fig. 1
in Trommsdorff 1972). This order can only be reconciled
with the topology of Fig. 6b. Thus, field observations pro-
vide almost unequivocal evidence supporting the validity

of the phase diagram topology (Fig. 6b) calculated using
the 4G, aenesie(Pr» 1) derived from Philipp and Girs-
perger’s experiments (1989).

Figure 7 shows the details of the CO,-rich portion of
the T-X¢o, phase diagram preferred here (Fig. 4) for the
Ca0—MgO—Si0, —H,0-CO, system at low pressures.
A point of interest in this diagram is the small stability
field of Tr+M at CO,-rich conditions. This field expands
with pressure, explaining the occurrence of Tr+M assem-
blages in high pressure terrains (Schreyer etal. 1972;
Pfeiffer 1979; Evans and Trommsdorff 1983 ; Bucher-Nur-
minen 1988). Although the topology of Fig. 7 is supported
by field evidence in the limits of H,O-rich and CO,-rich
fluid compositions, it should be regarded as tentative until
verified by direct field evidence.

Conclusion

Uncertainties in experiments and data analysis are generally
too large to permit direct, uncritical, thermodynamic calcu-
lation of geologic phase diagrams. For example, variation
in the Gibbs free energy of magnesite, over a range of less
than 1 kJ/mole, results in three different 7-Xco, phase dia-
gram topologies for ophicarbonates, and even more topolo-
gies if less water-rich conditions are considered. The ambi-
guity resulting from this is apparent from differences in
calculated phase diagrams for the CaO—MgO—SiO, —
H,0-—CO, system (e.g., Trommsdorff and Evans 1977a;
Chernosky et al. 1988; Evans and Guggenheim 1988). For
this system, the ambiguity has been resolved here on the
basis the of evidence from ophicarbonate and carbonate
ultramafic mineral assemblages. The occurrence of the
ophicarbonate assemblages, in particular Do +Tc+Fo, can
only be explained with the phase diagram topology original-
ly obtained by Trommsdorff and Evans (1977a, Figs. 1b,
4, and 5, here). Moreover, in the alternative topologies,
the large stability field for Tr+M does not appear to be
realized in natural low-pressure water-rich environments.
At more CO,-rich conditions, relevant for carbonate ultra-
mafics, field evidence suggests that the phase diagram of
Evans and Guggenheim (1988), which extends the diagram
of Chernosky et al. (1988), is incorrect. In this diagram
the M+ Q=E equilibrium occurs at higher temperature
than does the Do+ Q=Di equilibrium, with the conse-
quence that a large stability field for Di+ M assemblages
is created. An alternative phase diagram has been presented
here (Figs. 4 and 6) which is in agreement with both field
and experimental evidence.

The analysis presented here demonstrates the impor-
tance of using field evidence in conjunction with thermody-
namic data to derive geologically meaningful phase dia-
grams. In the present case, field evidence has been used
to argue that the Gibbs free energy of magnesite must be
increased relative to other phases in the thermodynamic
data base of Berman (1988). This increase is supported by
recent experiments in which the reaction P= M was moni-
tored at run conditions (Philipp and Girsperger 1989), and
by the earlier phase equlibrium experiments of Johannes
and Metz (1968). The phase diagram calibration obtained
with the increased magnesite Gibbs free energy, together
with Berman’s data (1988), shows remarkable agreement
with the spatial distribution of mineral assemblages in the
Bergell aureole (Fig. 5). Although this calibration appears
satisfactory, other thermodynamic data bases (e.g., Helge-



son et al. 1978) produce, without modification, phase dia-
grams which are topologically consistent with field observa-
tions. Fluid composition (Xco,) is by far the most uncertain
parameter of this calibration. The present calibration was
obtained using fluid equation of state of Kerrick and Jacobs
(1981). Alternative equations of state, such as the MRK
equation popularized by Holloway (1977), which may be
more reliable for mixed volatile fluids at low temperature,
shift phase fields to more extreme values of Xco,. Thus,
caution should be applied in attempts to quantify the com-
position of the fluids in equilibrium with siliceous carbon-
ates. In addition, dilute salt components may introduce
complications in the phase relations of metamorphosed car-
bonate rocks (Skippen and Trommsdorff 1986). In the case
of the Malenco ophiolites, salt concentrations appear to
have been extremely low (Peretti 1989) which may explain
the excellent agreement between the distribution of ophicar-
bonate assemblages from the Bergell aureole and the calcu-
lated phase diagram of Fig. 6.
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