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ABSTRACT

Biotite solid-solutions are a significant H,O reservoir in the lithosphere, and the assem-
blage Bt+Opx+Kfs+Qtz is commonly used to estimate a,,, in high-grade metamorphic
and magmatic rocks. Here we report experimental constraints on subsolidus mineral equi-
libria involving biotite and orthopyroxene in the system KAIO,-MgO-FeO-SiO,-H,0-CO,.
Our experiments address the question of stability of biotite of a given X, in the assemblage
Bt-+Qtz+Sa, or the stability of the assemblage Opx+ Sa+Qtz. Clemens (1993) and Clem-
ens et al. (1997) concluded that CO, has no effect other than to lower a, , and thereby
raise the solidus T. Our data at Xf,, < 1 extend these conclusions to encompass Fe-bearing
systems more similar to natural rocks. From a comparison of experimental data and cal-
culated isopleths of biotite composition in the divariant assemblage Bt+Opx+Kfs+Qtz+fluid,
it appears that phlogopite-annite solid-solutions must be significantly non-ideal (at T <
800 °C) or that enstatite-ferrosilite solid-solutions must have negative values for their
Margules-type parameters. Ignoring these factors would result in any calculated a,, , values
being too low. Although various models alow us to estimate X, ., in H,0-CO, fluids, we
are still unable to use hiotite equilibriato estimate a,, , accurately during high-grade meta-
morphism and magma crystallization. We also consider qualitatively the effects Fe-Mg
biotite solid-solution on partial melting equilibria in fluid-poor (rock-dominated) systems

in which hydration-dehydration reactions control the fluid composition.

INTRODUCTION

Trioctahedral micas are common in magmatic and
metamorphic rocks, and are significant H,O reservoirsin
the Earth’s crust and upper mantle. In recent years, in-
vestigators have expended considerable energy on the de-
termination of phase relations and crystal chemistry of
these minerals. Reliable, internally consistent thermody-
namic data for micas are needed for modeling dehydra-
tion and partial melting equilibria. There have been de-
tailed studies of isomorphous substitutions in bictite
involving components such as Al, Ti, and F (e.g., Circone
and Navrotsky 1992; Peatifio Douce 1993). Phlogopite
[KMg,AISi;0,,(OH),]-annite [KFe,AlSi,O,,(OH),] solid-
solutions are commonly treated as ideal, an assumption
based mainly on the distribution of Fe and Mg between
biotite and other ferromagnesian silicates (e.g., Mueller
1972). The present work focuses on equilibriain the sys-
tem KAIO,-MgO-FeO-SiO,-H,0-CO,, as models for de-
hydration and partial melting reactions involving biotite
(e.g., Grant 1985). The following phases may participate
in these equilibria: quartz (Qtz); bioctite (Bt), phlogopite-
annite (Phl-Ann); high sanidine (Sa); orthopyroxene
(Opx), enstatite-ferrosilite (En-Fs); silicate melt (M); and
supercritica fluid (FI), H,O-CO..
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Our new data allow us to examine further the validity
of the hypothesis of a special role for CO, in partial melt-
ing reactions involving Fe-Mg biatites (e.g., Hansen et al.
1984; Grant 1985; Peterson and Newton 1989b, 1990).
This hypothesis is founded upon the experimental data of
Wendlandt (1981) and Peterson and Newton (1990). Ac-
cording to these authors, melting of the assemblage
Phl+Sa+Qtz in the presence of an H,0-CO, fluid with
Xu,0 = 0.5 (where X,, . is the mole fraction of H,O in the
fluid phase) may take place at a T lower than melting in
the presence of a pure H,O fluid. These unexpected re-
sults were not confirmed in the experiments of Clemens
(1993) and Clemens et al. (1997), who refuted the con-
clusions of Peterson and Newton (1989b, 1990). Our pre-
sent study examines whether the addition of Fe to the
system has any effect on the role of CO..

EXPERIMENTAL DETAILS
Starting materials

The starting charges consisted of mixtures of synthetic
minerals. The compositions of the charges are given in
Table 1. Biotites of the phlogopite-annite series, with X,
[Fe/(Fe + Mg)] = 0.3 and 0.5, and high sanidine were
synthesized hydrothermally from gels. Biotites with other
compositions and orthopyroxenes were synthesized from
K,CO,, Al(OH),, MgC,0,-2H,0, FeC,0,-2H,0, and X-
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TaBLE 1. Experimental results in the system KAIO,-MgO-FeO-SiO,-H,0-CO,
. . Starting material mass (mg) )
Experiment T P Duration Xee Final
no. (°C) (MPa) (days) Bt Qtz Sa Opx Bt or Opx Run products* X0
Initial X, = 0.5

1804 650 400 10 10 10 tr. - 0.74 = 0.03 Bt+Qtz+Sa+0Opx NA

1799 700 400 10 10 10 - - 0.53 + 0.03 Bt+Qtz+Sa+O0px NA

1800 700 450 10 20 5 - - 0.54 = 0.03 Bt+Qtz+Sa+0Opx NA
1610 700 500 7 10 7 3 - 0.68 = 0.04 Bt+Qtz+Sa+0Opx 0.546

1674 700 500 6 11 7 3 - 0.70 = 0.02 Bt+Qtz+Sa+0Opx NA
1809 700 500 10 - + + + 0.50 * 0.03 Bt+Qtz+Sa+0px 0.532

1801t 750 400 10 20 5 - - 0.30 = 0.02 Bt+Qtz+Sa+Opx NA
18051 750 400 10 - - 15 4.5 0.25 = 0.03 Bt+Qtz+Opx+Sa 0.510
1661 750 500 6 10 7 8 - 0.48 *= 0.02 Bt+Qtz+Sa+Opx (tr.) 0.504
1662 750 500 6 10 10 - - 0.44 = 0.03 Bt+Qtz+Sa+0Opx 0.502

1810 750 500 5 - + + + 0.30 = 0.03 Bt+Qtz+Sa+Opx NA

1794 770 1000 4 4.5 45 - - 0.50 * 0.02 Bt+Qtz NA
1693 800 450 5 10 10 - - 0.53 = 0.04 Bt(tr.) +Qtz+Sa+Opx 0.538
1777% 800 500 5 + + - + 0.84/0.83 Qtz+Sa+O0px 0.513

+0.02/+0.02
1795t 850 1000 4 4.3 4.3 - - 0.29 * 0.03 Bt+Qtz+Opx+M NA
Initial X, = “0.0”
1566 730 500 7 20 3 - - 0.47 = 0.07 Bt+Sa+Opx 0.099
1543 750 500 7 10 20 - - 0.47 = 0.07 Bt(tr.) + Qtz+Sa+Opx 0.116
1520 750 500 7 6 14 20 - 0.30 = 0.02 Qtz+Sa+0Opx 0.045
1608 750 500 7 10 27 3 - 0.48 * 0.02 Qtz+Sa+Opx 0.125
1578 800 400 7 10 10 15 - 0.47 = 0.07 Qtz+Sa+Opx 0.118
Notes: Xz, = Fel(Fe + Mg), X, = H,0/(H,O + CO,), * values = mean-square deviation, + = phase present, — = phase absent, tr. = trace, NA

= not analyzed, minerals in run products listed in the order of decreasing abundance.

* Assumed equilibrium phases in bold.

1 In run products: 1801 — X2+ = 0.43 = 0.02, 1805 — X& = 0.22 = 0.03, 1795 — X2+ = 0.27 = 0.02.

F Run 1777 starting material contained glass (quenched melt).

ray-amorphous SiO,. Synthesis conditions were 700 °C,
300 MPa, and 7 d. For synthesis of biotite and sanidine,
50 mg of oxalic acid dihydrate were added for each 100
mg of gel mixture, with no additional fluid. Pure quartz
was obtained by crushing a synthetic monocrystal.
Synthetic biotite formed pseudohexagonal scaly crys-
tals or rounded grains up to 10 wm across. Generally, no
other phases were present. However, in some cases a few
crystals of sanidine formed. Synthetic orthopyroxene
formed prisms up to 40 wm long. X-ray diffraction
(XRD) methods (Wones 1963; Fonarev and Konilov
1986) and €electron microprobe analyses were used to de-
termine the biotite and orthopyroxene starting composi-
tions. Values of X, in biotites synthesized from gels were
determined from the 26 values of 060 and 331 X-ray re-
flections. This method produced results identical to the
microprobe analyses. The variance (¢?) in X, for these
biotites was <0.02. Biotite and orthopyroxene crystals
synthesized from mixtures of chemical reagents were
rather more heterogeneous (o2 of X, = 0.02 to 0.07).

Apparatus

Experiments at pressures up to 500 MPa were carried
out in externally heated cold-seal vessels pressurized with
H.0O, in the Ingtitute of Experimental Mineralogy, Cher-
nogolovka. The split furnaces have hot spots with gra-
dients of 2—3 °C over 50 mm where the capsules were
placed. Temperatures were measured with chromel-alu-
mel (type-K) thermocouples, with overall accuracies of
+5 °C. Attainment of desired experimental conditions re-

quired 1.5 to 2 h. Each experiment was quenched by a
blast of cold compressed air. Over the 10-12 min of
guenching, the temperature decreased to between 150 and
200 °C. Pressures were measured by tube manometers
with accuracies of =10 MPa.

All these experiments were carried out with starting
materials in welded gold capsules, with wall thicknesses
of 0.1 or 0.2 mm. Given that the vessels generate an
intrinsic hydrogen fugacity close to Ni-NiO-H,O (NNO),
we abandoned the use of double capsules. Instead we
used additional nickel capsules (30 mm long) filled with
NNO buffer mixture, placed near the sample capsules in
the vessels. In experiments with X, , < 1, the f, was
lower than NNO, since f,, is proportional to fz,, and
therefore approximately to Xz .. Thus, for X, , = 0.5, log
fo, Was about 0.6 units below NNO, and for X,,, = 0.1,
log f,, was 2.0 units below NNO.

At higher pressures, experiments were carried out in a
non-end-loaded piston-cylinder apparatus at Manchester
University, using NaCl-MgO cells and with T measured
by Pt-Pt,,Rh,, (type-R) thermocouples. Detailed descrip-
tions of the apparatus and pressure cells are given in Viel-
zeuf and Clemens (1992) and Clemens (1995). Previous
calibrations with this type of cell suggest that f, was
very close to NNO for experiments with X, , = 1.

METHODS

The composition of the starting mixture was either on
the Bt-Qtz or Sa-Opx compositiona join, or in the Bt-
Sa-Qtz, Qtz-Sa-Opx, or Bt-Qtz-Opx field (see Fig. 1).
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Ficure 1. KAIO,-MgO-FeO-SiO, tetrahedron illustrating
phase compatibility relations among biotite, orthopyroxene, san-
idine, and quartz in the fluid-saturated system KAIO,-MgO-FeO-
Si0,-H,0-CO,, at fixed P, T, and X, o. The divariant, four-phase
assemblage is shown with its bounding three-phase assemblages
(with thin lines showing the compositional variation in biotite
and orthopyroxene). Qtz+Opx+Bt is the limiting assemblage
discussed with reference to Figures 2 and 3. See text for further
discussion.

Starting mixtures (15-30 mg) were ground under acetone
in an agate mortar for 15-30 min. The mixtures were then
air dried and loaded into the capsules. Initial X, , was
controlled by adding 30 mg of oxalic acid dihydrate
H.C.,0,-2H,0 (for X, , = 0.5) or 50 mg of silver oxalate
Ag,C,0O, (for X, = 0) to the capsules. The capsules were
then dried at 110 °C for 30 min and promptly welded
shut. Durations of experiments in cold-seal vessels were
limited by the period over which buffer mixtures would
alow control of f,. They varied between 4 and 10 d,
depending on the P and T of the experiment. Piston-cyl-
inder experiments were of 4 d duration.

Examination and interpretation of experimental
products

Products of the experiments were studied in optical
grain mounts and by XRD methods. Values for final
Xu,0 Were determined by measuring sequential capsule
mass losses on puncture (mass of CO,) and heating at
120 °C (mass of H,0). This method is considered valid
because, at the conditions of the experiments, the total
mole fraction of fluid species other than H,O and CO,
should be <0.006 (according to calculations carried out
using the program COHSgraph 3.3; Holloway 1987). For
experiments with initial X, = 0.5, final X, , was not
always determined, because al previous measurements
had yielded consistent results with final X, , between 0.50
and 0.55. For experiments with initial X,, , supposedly at
0, final X, , was always determined, and differed mark-
edly from the theoretical value in every case. Apart from
the presence of adsorbed H,O in Ag,C,0,, H,O isevolved

during subsolidus biotite breakdown. Thus, it is impos-
sible to obtain a pure CO, fluid in such experiments.

ResuLTs

Figure 1 illustrates the possible equilibrium phase
fields in the fluid-saturated tetrahedron KAIO,-MgO-FeO-
SiO,, at fixed P, T, and X, . The divariant four-phase
volume Bt-Opx-Sa-Qtz is shown with the bounding three-
phase assemblages Bt+Sa+Qtz, Bt+Opx+Qtz,
Bt-+Opx+Sa, and Opx+ Sa+ Qtz. Except in extremely Fe-
rich systems, Bt+Sa+Qtz will be stable at low X, and
Opx+Sa+Qtz at high X. In accordance with the results
of previous experimental and field studies of coexisting
Bt and Opx, we show the mica as containing slightly
more magnesium than coexisting orthopyroxene (e.g.,
Fonarev and Konilov 1986). Again, except in extremely
Fe-rich systems the models of Fonarev and Konilov
(1986) show that K, (= X&/X%>) increases at higher T.

Most products of experimentsat T < 770 °C, P = 400—
500 MPa, and initial X, , = 0.5 contain four-mineral as-
semblages (Table 1). However, since complete equilibri-
um is not achieved at these conditions, such results
represent disequilibrium, rather than divariant assemblag-
es. The sluggish kinetics of such reactions have been not-
ed previoudy (e.g., Vielzeuf and Clemens 1992; Clemens
1995) and are responsible for the metastable persistence
of Bt in 1610 and Opx in 1809, for example. In Table 1,
mineral phases belonging to the assumed stable assem-
blages are printed in bold type (see aso Fig. 1).

Products of experiments at T > 770 °C or at initia
X0 = 0 are three-mineral assemblages. The only excep-
tions are 1566, 1693, and 1543, which contain traces of
the starting biotite. In these higher-temperature experi-
ments, the sluggish kinetics are overcome; one of the
starting phases disappears completely and a new phase is
formed, which suggests a closer approach to equilibrium.
It is interesting that, in experiments with initial X, = 0,
a high degree of reaction is observed, even for T as low
as 750 °C.

With a starting assemblage of Sa+Opx=Qtz+Bt (ex-
periments 1809, 1805, and 1810) the composition of new-
ly formed biotite was determined only in the products of
experiment 1805 (Table 1). In the other cases, the very
small grain-size of the biotite made it impossible to obtain
guantitative electron probe analyses. In experiment 1794
(770 °C and 1000 MPa) the biotite+quartz starting assem-
blage remained stable. Because new phases aways
formed, even at lower T, it follows that this represents
the equilibrium assemblage. Thus, we cannot claim to
have produced a divariant assemblage in any of our ex-
periments. We have only addressed the question of the
stability of biotite with a given X in the assemblage
Bt+Qtz+Sa, or the stability of the assemblage
Opx+Sa*Qtz. In Figure 2, the results are shown in terms
of whether the divariant assemblage would contain biotite
with X, greater or less than that in the starting material,
at the particular P-T conditions of the experiment.

Glass (quenched melt) occurred only in the product of
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Ficure 2. Experimental data and calculated isopleths of bi-
otite composition in mole fractions of the annite component
(Xanw) in the divariant assemblage Bt+Opx+Sa+Qtz+Fl at X, o
= 0.5, assuming ideal mixing between Ann and Phl end-mem-
bers. Values in rectangles (present work) and ovals (Konilov and
Fonarev 1993) correspond to 100X,,, (mol% annite, = 2 mol%)
values from experimental data. The symbol < indicates that the
P-T conditions of the experiment correspond to an isopleth with
100X,,, lower than the value shown; the > symbol indicates the
opposite relationship. Where two vaues of 100X,,,, are shown in
a rectangle or oval these represent the range of biotite compo-
sitions found in the experiment. The double rectangle represents
experiment 1795 (Table 1) in which melting occurred. The small
dots indicate the actua experimental points. In cases without
dots, the experimental points are coincident with those in ad-
joining rectangles or ovals. Redundant experiments 1661 and
1674 (Table 1) are not plotted. The locus of Sa+Qtz+Fl = M
(Bohlen et al. 1983) is shown as a model for Bt+Sa+Qtz+F =
M (see text). The dashed line represents the position of the X,
= 0.3 isopleth as inferred from the experiments. Note that this
does not correspond to the calculated position for the assumption
of ideal Fe-Mg mixing in the biotite (see text).

experiment 1795 (850 °C, 1000 MPa, and initial X, , =
0.5). These conditions exceed those required for sanidine-
quartz melting under the same conditions (Fig. 2). In ex-
periment 1777, at conditions outside the melting range of
sanidine-quartz, at X,,, = 0.5, the starting glass was con-
sumed and only the crystalline subsolidus assemblage
was present. The products of al experiments made at ini-
tial X, = 0 (and find X, , = 0.1) contain subsolidus
assemblages. These data are entirely compatible with the
inference, drawn by Clemens (1993) and Clemens et al.
(1997), regarding the role of carbon dioxide in metamor-

phism and melting, that CO, has no effect other than to
lower a,,, and thereby to raise the solidus T.

Theoretical considerations

In the system under investigation, the partitioning of
Fe and Mg between biotite and orthopyroxene can be
described by the exchange equilibrium:

KFe,AlSi,0,,(OH), + 3MgSiO, = KMgAISi,O,(OH),
+ 3FeSiO, 1)

and subsolidus equilibria in orthopyroxene-bearing quart-
zofeldspathic rocks can be modeled by the reaction:

KMg,AlSi,0,,(0OH), + 3SI0,
= KAISI,O, + 3MgSIO, + H,0. 2
For Equilibrium 1, we can write:
AG, + 3RTIna. + RTIna,, — 3RT In ag,
~RTIlna,,=0 ©)
and for equilibrium 2:
AG,+RTInf,,+3RTIna, - RTInay,, =0 (4)
with:
fi0 = Prso o X0 Viso ©)
and

tzo = nHzO/(nHQO + nCOz) (6)

in which T, is the fugacity coefficient of pure H,0,
Yuo 1S the activity coefficient for H,O in the H,0-CO,
mixture, X, is the mole fraction of H,O in the fluid
phase, and n is the number of moles of the subscripted
speciesin the fluid. We used the modified Redlich-Kwong
equation of state for H,O-CO, mixtures given by Kerrick
and Jacobs (1981).

Figures 2 and 3 show calculated compositional iso-
pleths for biotite in equilibrium with orthopyroxene, san-
idine, quartz, and fluid at X, , = 0.5 and 1.0, based on
the thermodynamic data listed in Table 2 and assuming
ideal mixing in the Phl-Ann system. At high tempera-
tures, isopleths are truncated by the univariant reaction:
Bt+Sa+Qtz+F = M. Due to the small amounts of FeO
and MgO soluble in the melts at moderate temperatures,
the position of this reaction must be very close to that of
the univariant reactions Phl+Sa+Qtz+Fl = M and
Sa+Qtz+F = M (Vielzeuf and Clemens 1992; Clemens
1995). Calculated isopleths shift considerably to lower
temperatures with decreasing X, , and increasing X, in
biotite. However, there is a major discrepancy between
the calculated and experimentally constrained shifts (see
later discussion).

Figure 4 shows the calculated locus of the Fe-free uni-
variant equilibrium Phl+Qtz = En+Sa+H,O (reaction 2)
as afunction of X, in an H,0O-CQO, fluid. Thermodynam-
ic data (except for the mixing parameters for solid-solu-
tions) were taken from Holland and Powell (1990). Cal-
culations using these data do not satisfactorily reproduce
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Ficure 3. Experimental data and calculated isopleths (thin
lines) of biotite composition (X,,,) in the divariant assemblage
Bt+Opx+Sa+Qtz+Fl at X, , = 1. The thick dashed line is the
approximate position of this same reaction (for X,,, = 0.5) based
on the experiments of Hoffer and Grant (1980). The evident dis-
crepancy between calculated and experimentally located iso-
pleths is discussed in the text. Numbers in rectangles correspond
to 100X,,, for experimental data (Konilov and Fonarev 1993).
The > symbols have the same meaning as in Figure 2. In rect-
angles without dots, the experimental points are coincident with
those in adjoining rectangles. The position of the reaction
Bt+Sa+Qtz+Fl = M is shown consistent with the results of
Shaw (1963), Wones and Dodge (1977), Peterson and Newton
(1989a), Vielzeuf and Clemens (1992), and Clemens (1995). The
point labeled | is the invariant point in the Fe-free system.

the experimental data for Equilibrium 2 at X, , = 1 (Figs.
3 and 4). This is apparent in Figure 3, where the calcu-
lated isopleth for X,,, in biotite = 0.5isat a T up to 150
°C higher than the location inferred from the experiments
of Hoffer and Grant (1980). For X,, = 0.5, Figure 2
shows the position of the X,,,,= 0.3 isopleth inferred from
the experiments (dashed line), which can be compared to
the calculated position. Again, the discrepancy is large
and apparent.

One source of uncertainty here may be in the value of
S, due to the possibility of order-disorder on tetrahedral
Si-Al sites (e.g., Clemens et al. 1987). The vaue for
SS9, probably lies between 315.9 and 335 Jmol-K (Cir-
cone and Navrotsky 1992). Vinograd (1995) estimated

the Al-Si configurational entropy of phlogopite as 11 =
1 Jmol-K, which yields Sg, = 326.9 = 1 Jmol-K, very
close to the value of 325 Jmol-K given by Holland and
Powell (1990). Another parameter that might be incorrect
is the standard enthalpy of formation of phlogopite. Re-
placement of the value AH? = —6211760 Jmol (Holland
and Powell 1990) by —6216780 Jmol would allow the
experimental data (for Equilibrium 2 at X, , = 1) to be
reproduced. This AH? value is within the error limitsim-
posed by the high-temperature solution calorimetry
(Clemens et a. 1987; Circone and Navrotsky 1992) and
was derived by assuming that al other thermodynamic
parameters for phases involved are correct and by simply
adjusting AH? until the position of the calculated equilib-
rium agreed with the experimental constraints.
Equilibrium 2 has been studied by many previous re-
searchers (e.g., Wood 1976; Wones and Dodge 1977,
Clemens 1995) and the P-T locus calculated with the ad-
justed AH? value for phlogopite agrees well with these
studies. The most recent work, by Berman et a. (1995),
appears to be discrepant with these previous studies. Ar-
anovich and Newton (1998) prefer the Berman et al. lo-
cation for the reaction, and suggest that the lack of filler
rods and the consequent occurrence of thermal convec-
tion may have caused errors of T measurement with ex-
ternal thermocouples in the previous experiments using
cold-seal vessels. This explanation is most unlikely
because the vessels (at Clermont-Ferrand) used by Clem-
ens (1995) are vertically mounted and ceramic filler rods
are dways employed (Vielzeuf and Clemens 1992). As
mentioned in Clemens (1995), the internal-external ther-
mal gradients were carefully measured for these vessels
and found to be negligible (<1 °C). We therefore prefer
the earlier experimental results. In the system KMFASH-
CO,, Equilibrium 2 occurs at P < 100 MPa. Below, in
the section on the silicate component of the fluid phase,
we discuss the influence of pressure on mineral solubility
and the position of this equilibrium in KMFASH-CO,.

A comment on mixing parameters

Due to the experimental uncertainties, we are unable
to use our data to extract reliable interaction parameters
for biotite solid-solutions. However, we can make some
qualitative comments and it seems worthwhile to discuss
briefly the problem of mixing parameters.

The end-members of orthopyroxene solid-solutions are
taken as MgSIO, (enstatite) and FeSiO, (ferrosilite).
There are contradictory literature values for the Margu-
les-type terms used to describe the non-ideal mixing of
enstatite and ferrosilite components (W, ). Hayob et al.
(1993) made a complete analysis of the available data on
En-Fs solid-solution and showed that W, .. must have a
small positive value of 3600 + 4900 Jmol, with W,, =
0 and Wy = 0. In a recent thermodynamic study, Carpen-
ter and Salje (1994) also obtained a positive value for the
excess energy of mixing along the enstatite-ferrosilite
join.

In our system, biotites can be satisfactorily described
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TABLE 2. Molar thermodynamic data
Phase End-member Composition

a-quartz (a-Qtz) Sio,

B-quartz (B-Qtz) Sio,

High sanidine (Sa) KAISi,Oq

H,O fliud H,O

Biotite (Bt) Phlogopite (Phl) KMg,AISi,0,,(0OH),

Annite (Ann) KFe,AlSi,O,,(OH),
Orthopyroxene (Opx) Enstatite (En) MgSiO,
Ferrosilite (Fs) FeSiO,
Phase/Component AH? (kJ) S0 (JIK) a b x 102 c X103 dx 103 Vo (J/bar)
a-Qtz —910.800 41.50 97.9 —0.3350 —636.20 —0.7740 2.269
B-Qtz —914.397 30.16 57.9 0.9330 1834.71 0.0000 2.372
Sa —3959.060 230.00 448.8 —1.0075 —1007.30 —3.9731 10.892
H,O —241.810 188.80 40.1 0.8656 487.50 —0.2512
Phl —6216.780 326.90 770.3 —3.6939 —2328.90 —6.5316 14.964
Ann —5149.320 414.00 815.7 —3.4861 19.80 —7.4667 15.432
En —1544.690 66.25 178.1 —0.1495 —298.45 —1.5927 3.131
—1194.095 94.70 178.7 —-0.1378 —355.55 —1.4963 3.296

Fs

Notes: With exceptions given below, all data from Holland and Powell (1990),

including mineral compressibilities and thermal expansivities not given

in the table; C, = a + bT + c/T? + d/T°S. Exceptions: most data for B-Qtz from Hemingway (1987) and thermal expansion coefficient from Nicholls
and Stout (1982); MRK equation of state for H,0-CO, mixtures from Kerrick and Jacobs (1981); AH.,, S, and S from this work. AH?,,, value is

subject to error introduced by dissolution of silicates into the fluid phase, affecting a,,o.

as solid-solutions of phlogopite [KMg,AlSi,O,,(OH),]
and annite [KFe,AlSi,0,,(OH),]. According to the data of
Patifio Douce et al. (1993), for idea biotite solid-solu-

tions in this series:

!
| 256
1500+ lI !’ Aoy = E(XMQ):S'XAI(XSi)B'XK(XOH)Z' (n
i
—_ ! i
© | ! In all calculations we assumed that all iron is Fe2+. Strict-
% | 1! KMASH - CO, ly speaking, this cannot be correct but the relatively low
< | / fo, values in the experiments would have resulted in low
Q. ! ! Fes+ concentrations. In our experiments, the biotites were
10004 | I aways K deficient, with apparent X-site occupancies
! [ (0.85-0.95) similar to those in natural biotites. It also
/ - seems likely that there will be analytical errors in the
/ / measured K concentrations (e.g., Van der Pluijm et al.
/ / 1988). Thus, we took the expedient of setting X, = 1.
/ ! Lack of data for X,,, and the fact that F and Cl compo-
/ o/ nents were not present, lead us to use X,, = 1. Taking
5001 ) oo Xs = Sil4 = 0.75 and X,, = Al/4 = 0.25, we obtain, for
/ ;o . . .
; Fa an ideal solid-solution:
/
S o gy Ao = X ®
0.1 4 . L.
02’ - W Bohlen et al. (1983) For non-ideal Fe-Mg mixing:
03" 77 Xy.0=035 _ s
057 _ -~ : B = (Ko Yen) 9
0 075 .| .
600 700 800 900 1000
T(OC) RT In Yen = X%\nn[WPhl-Ann
. . + 2XPhI(WAnn—PhI - WPhI—Ann)] (10)
Ficure 4. Experimental data and calculated position (dashed .
lines) of the univariant dehydration reaction Phl + 3Qtz = 3en  With
+ Sa + H,O (Equil. 2) at various X, values. Experimental Xon = Mg/(Fe + Mg) (11)
reversals, in T-X, , space (Clemens 1981; Clemens et al. 1997)
and P-T space (Bohlen et al. 1983) are shown for comparison. and
Xann = Fel(Fe + MQ) (12)

The dot labeled | is the invariant point in the KMASH system
(Clemens 1995). See Figure 5 for the complete phase relations

in this system.

Similarly, for the annite end-member:
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TaBLE 3. Composition (normalized to 100 wt% anhydrous) of quenched fluid in the system KAIO,-MgO-FeO-SiO,-H,0-CO, at P

= 500 MPa.
Experiment no. 1659 554 201 392
T(°C) 650 700 750 800
Duration (days) 10 8 14 6
Assemblage (Bt + Sa + Qtz) (Bt + Opx + Qtz) (Bt + Opx + M) (Bt + Opx + M)
Sio, 90.34 (1.26) 85.17 (2.51) 86.73 (2.49) 87.95 (2.76)
ALLO, 4.84 (0.06) 7.67 (1.62) 6.15 (1.50) 5.18 (1.33)
FeO — 0.57 (0.32) 1.87 (1.28) 1.55 (0.57)
MgO — 0.04 (0.09) 0.43 (0.46) 0.01 (0.02)
K,O 4.82(1.32) 6.55 (0.91) 4.82(0.88) 5.31(1.23)
Al/K 0.97 (0.27) 1.07 (0.15) 1.18 (0.24) 0.87 (0.05)
n 2 18 10 9
counting time (s) 10 10 10 70
Note: Values in parentheses = mean-square deviations; n = number of individual analyses. For description of the runs see Graphchikov and Konilov
(1996).
A = KannYan)® (13) Graphchikov and Konilov 1996, Table A2). ““Excess’ Al
and can replace Fe, Mg, and Si in Tschermak-type substitu-
tions. If ““excess Al replaces Si, then X,,is about 0.275
RT IN yann= XZ2u[ W annen (instead of 0.25) and Xy will be lowered simultaneously
to 0.725. According to Equation 7 the overall effect will
+ 2xAnn(WPhI-Ann - WAnn-PhI)] (14)

Given the absence of excess volumes of mixing along the
phlogopite-annite join (Wones 1963), the value of W,, can
reasonably be taken as 0.

In contrast to orthopyroxene solid-solutions, Phl-Ann
mixing is commonly modeled as ideal. The basis of this
assumption is the Fe-Mg distribution in natural biotites
(e.g., Mueller 1972) and experimental data on element
partitioning between coexisting biotite and garnet (Ferry
and Spear 1978; Perchuk and Lavrent’eva 1983). Rela-
tively few authors treat Phl-Ann mixing as non-ideal
(e.g., Sack and Ghiorso 1989; Bhattacharya et al. 1992).
Calculation of mineral equilibria with any of the pub-
lished models for Opx solid-solution shows that the as-
sumption of ideal Phl-Ann mixing does not allow us to
reproduce the experimental data satisfactorily.

As noted above, there are serious discrepancies be-
tween experimentally located isopleths and those calcu-
lated by treating both biotite and orthopyroxene as ideal
solid-solutions (see Figs. 2 and 3). Since the experimen-
tally produced biotites have lower X,,, than expected for
ideal mixing, we can infer positive values of W, .. It is
probable that cation ordering results in significant nega-
tive deviations from ideality in orthopyroxene solid-so-
lutions (Aranovich and Kosyakova 1986; Carpenter and
Salje 1994). A negative value of W (e.g., Aranovich and
Podlesskii 1989) would not permit satisfactory reproduc-
tion of the experimental data. The consensus seems to be
that small degrees of nonideality are likely in biotite sol-
id-solutions.

Analyses of biotite compositions in experimenta prod-
ucts shows that biotite in assemblages with Opx and Sa
undergoes changes in X, generaly incorporates some
“excess’ Al, and is deficient in K. According to Equation
7 use of X, < 1 reduces a,,. This results in much larger
values for Wy, 4., and W, »,. The number of Al cations
(based on 11 O atoms per formula unit) is about 1.1 (e.g.,

be a small reduction in a,,, but it is also necessary to
take into account non-ideal Al-Fe and Al-Mg interactions
(see Circone and Navrotsky 1992; Patifio Douce et al.
1993).

Silicate solubility in the fluid phase

An additional source of uncertainty in any thermody-
namic calculations arises from the assumption that the
experimental fluid phases are either pure H,O or H,O-
CO,. Products of experiments performed in KMFASH at
P > 200 MPa (this work; Graphchikov and Konilov
1996) contain optically isotropic particles with a refrac-
tive index <1.48. In the products of experiments at P <
200 MPg, there are no such isotropic particles. This ma-
terial appears to be a silicate gel precipitated from the
fluid phase during the quench. It usually forms spheroids,
though ribbon-like masses are aso present, overgrowing
or adhering to crystals. The presence of similar gel-like
material has been noted by many investigators (e.g., Shaw
1963; Yoder and Kushiro 1969; Wendlandt and Eggler
1980; Peterson and Newton 1989a; Clemens 1995). Such
gels could be the equivalents of what Wilkinson et al.
(1996) described as **silicothermal’ fluids, which are rel-
atively low-T, highly siliceous substances identified in
fluid inclusions, and which are apparently immiscible
with coexisting aqueous fluids.

Compositions of these gel particles were determined
by electron microprobe analysis and are given in the Ta-
ble 3. The concentrations of FeO and MgO are very low
and values of Al/K are close to those in the starting mix-
ture (i.e,, =1). Thus, the gels seem to be neither peral-
kaline nor peraluminous. In our experimental products,
the equilibria can be described in the six-component sys-
tem K,O-Al,0,-MgO-FeO-SiO,-H,0. However, the low
degrees of Tschermak substitution in Bt and Opx suggest
that the divariance introduced by this factor is unlikely to
be significant (see above). To form these silica-rich gels,
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excess quartz needs to be present in the starting material,
but gel composition is independent of the precise amount
of excess quartz. From the occurrence of electron beam
damage in the gel spheres, we conclude that H,O is aso
a significant component of the particles.

In experiments with H,O-CO, fluids, gel formation is
strongly inhibited at lower X, .. However, gel is present
even in the products of the experiments performed at
Xu0 = 0.1-0.2. Unfortunately, the very small quantity
and size of the gel particles in these particular experi-
mental products prevented determination of their
composition.

The quantity of dissolved silicate component in the flu-
id can be estimated from experiments with various quan-
tities of quartz in the starting mixtures. Some experimen-
ta products contain no quartz. Knowing the initia
quantity of quartz and the composition of the gel parti-
cles, we can estimate the quantity of dissolved silicate.
With T = 750 °C, P = 500 MPa, X, = 1, and a fluid
to solid mass ratio of 1:1, we estimate that about 7 wt%
of the origina solid charge was dissolved in the fluid
phase. The degree of dissolution increases with temper-
ature, pressure, and increasing Fe content of the charge.
In experiments at 500 MPa, gel formation still occurs at
T as low as 650 °C. Our data agree with the conclusion
of Wendlandt and Eggler (1980) that formation of de-
tectable quantities of gel requires a fluid to solid ratio of
least 0.1 to 0.15.

From these data we infer that, with the increasing T,
P, X0, and X, in the system KMFASH-CO,, the silicate
content of the fluid phase will increase. A decrease in
Xu,0 (@and a, o), and some shift in the positions of equi-
libria and mineral composition isopleths toward lower T
are inevitable consequences of this. However, it is pres-
ently impossible to apply a suitable correction factor to
the activities of fluid components.

DiscussioN AND GEOLOGICAL APPLICATIONS
Estimation of H,0 activity

The assemblage Bt+Opx+Kfs+Qtz is commonly used
to estimate a,, ., in granulite-facies metamorphic rocks. In
such calculations, biotite solid-solution has always been
taken as ideal. Clemens (1995) noted that lack of knowl-
edge of the mixing properties of phases involved proba-
bly represents the greatest single impediment to the use
of the calculated equilibria. Experimental data indicate
that the P-T positions of biotite dehydration reactions
strongly depend on X, of the participating minerals.
However, using current models for biotite and orthopy-
roxene solid-solutions, we cannot even approximately
model mineral equilibria in the system KMFASH-CO.,.
Figure 3 shows that the assumption of ideality will result
in the calculated position of reaction 2 being at too high
a temperature for any given biotite composition. Thus,
for agiven rock P and T (from geothermometry and geo-
barometry) this kind of calculation would result in a con-
siderable underestimation of a, ., athough we cannot be
precise about the magnitude of this error.

For fluid-present systems, with H,O and CO,, silicate
solubility in the fluid results in lowered a, .. However, if
lack of correspondence between the experimental data
and calculations (taking biotite and orthopyroxene solid-
solutions as ideal) were due to the effect of a silicate
component in the fluid, the a, , would have to be about

0.7 (at X, = 0.5). With a silicate component of only 7
to 10 wt% in the fluid, this seems an unreasonably large
effect. Thus, it appears that phlogopite-annite solid-solu-
tion must be significantly non-ideal and/or enstatite-fer-
rosilite solid-solution must have significantly negative
mixing parameters. Ignoring this in any calculations re-
sults in any calculated a,, being too low.

Natural biotites practically never have compositions
that can be represented adequately as micas on the phlog-
opite-annite join. Excess Al, Ti, F, Cl, and other elements
are always present and will shift the positions of the equi-
libria (e.g., Peterson et al. 1991; Patifio Douce 1993;
Dooley and Patifio Douce 1996). The solubility of silicate
components in the fluid should a so be taken into account.
Until the uncertainties surrounding the activity-composi-
tion relations in biotite and orthopyroxene solid-solutions
are removed, estimation of a, , and X, , will remain prob-
lematical. Moreover, results of attempts to calculate X, ,

or to model equilibria with minerals having compositions
outside the experimentaly investigated field will be
unreliable.

CO, and crustal melting

One clear implication of the present results is that the
presence of CO, in the fluid phase coexisting with an
assemblage of Bt+Qtz=Kfs will not have any fluxing ef-
fect on partial melting. For practical purposes, at these P-
T conditions, CO, is an inert fluid component. Asin stud-
ies on the KMASH system (Clemens 1993; Clemens et
al. 1997), CO, merely acts to reduce a,, alowing the
dehydration reaction to occur at lower T but shifting all
melting equilibria toward higher T. Under no circum-
stances will CO, influx cause a lowering of the solidusin
crustal, biotite-bearing rocks.

The present work sheds no light on the nature of the
low-silica, potassic, highly magnesian, “‘glassy’” phase
reported in the products of the Peterson and Newton
(1989b, 1990) experiments. It has been suggested that this
material might be some form of amorphous, fluid-phase
quench product. We certainly identified fluid-phase
quench material in the products of our experiments. How-
ever, the composition of this material (very high SiO, and
very low MgO+ FeO and K,0) is completely unlike the
‘“‘glasses” described by Peterson and Newton (Table 3).
The origin of the Peterson and Newton *‘glassy’’ material
remains obscure. Its composition suggests that it may
have been a mixture of fluid-phase quench and crystals.
Whatever this material was, it was not a quenched melt
phase.
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Ficure 5. (@) P-T and (b) isobaric T-a, sections through

the quartz-saturated portion of the system KAIO,-MgO-FeO-

SiO,-H,0, for X, = 0, based on the work of Vielzeuf and Clem-

ens (1992), Clemens (1995), and Clemens et a. (1997), showing

the univariant equilibria surrounding the invariant point (1), in-

volving the phases Bt, Opx, Sa, Qtz, M, and Fl. The equilibria
(labeled according to the absent phase) are:

Bt + Qtz=Opx + Sa+ F

Bt +Qtz+ Sa+ Fl =M (Opx)

Bt + Qtz+ Fl = Opx + M (S

Bt + Qtz=0Opx + Sa+ M (FL)

(M)

and

Opx + Qtz + Sa+ Fl = M. (Bt)

These reaction labels are also used in figures 2, 3, 6, and 7. The
P-T section a can be used to appreciate the locations of equilibria
shown in Figures 3, 4, 6b, and 7 and the T-X,, , section b for the
equilibria shown in Figure 6a.

—

Partial melting in fluid-deficient (rock-dominated)
systems

Equilibriainvolving micas are considered critical in the
formation and crystallization of migmatites and granitic
magmas (see Clemens 1995). It is worth considering the
effect of variable biotite composition on the positions of
partial melting reactions when the fluid-rock ratio is low
and hydration-dehydration reactions control the fluid
composition.

In the Fe-free model system KMASH-CO,, equilibria
involve phlogopite, enstatite, sanidine, quartz, melt, and
H,O-CO, fluid (Greenwood 1975; Thompson 1990;
Clemens 1990, 1993; Vielzeuf and Clemens 1992; Zhar-
ikov 1994). Figure 5 shows the equilibria in the Fe- and
CO,-free system, and should be referred to for orientation
in the discussion of subsequent figures. Figure 6 shows
the locations of some important quartz-present equilibria
in the system with CO, present as a component. In the
polybaric T-X, , diagram of Figure 6a, the curve U traces
the location of the isobaric invariant point, which shifts
toward higher T and lower X, , as P increases. Note that
this isobaric invariant point corresponds to the only uni-
variant equilibrium in the system (Phl+Qtz+Fl =
En+Sa+M, designated reaction U by Clemens et a.
1997).

Now consider a rock containing biotite+quartz+akali
feldspar, and an H,O-CO, fluid phase. Starting with X, ,
< 1, as the temperature and pressure increase along path
A the reaction Phl+Qtz = En+Sa+H,O (M) will be ini-
tiated at point a (Fig. 6a and 6b). With a tiny amount of
intergranular fluid present, dehydration of a very small
quantity of biotite would cause an increase in X, .. If
there were no fluid loss from the system, the increase in
X0 and pore pressure would halt the dehydration reac-
tion. Since the P-T path during metamorphism is exter-
nally imposed (by tectonics), reaction could not continue
to follow the univariant curve toward I’. The assemblage
Sa+En-+F would not be developed.

As X, increased, conditions appropriate to fluid-pre-
sent melting might be reached, because the fluid-present
melting reaction (M) would shift to a lower temperature.
At point b, the univariant melting reaction would be en-
countered. Here, all H,O released by hiotite breakdown
would be dissolved in the melt phase, and would not af-
fect the composition of any equilibrium fluid. The melt
proportion formed would be controlled by the bulk com-
position of the system and the solubility of H,O in the
melt (increasing with P). Melting would continue until
either mica or quartz was consumed.

Now consider path B (Figs. 6a and 6b) in which the
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Ficure 6. Schematic polybaric T-X,, (a) and P-T (b) dia-
grams showing the positions of some important reactions in the
system KMASH-CO, with fluid compositions buffered by min-
era reactions. Reactions are labeled according to the absent
phase (cf., Fig. 2 in Clemens et a. 1997). The curve labeled (U)
is the univariant melting reaction, amost coincident with the
fluid-absent reaction in the CO,-free system (Clemens et a.
1997). In the P-T section, note that the invariant point shifts to
higher P and T as X,,, decreases, and toward lower P and T as
X0 iNCreases, terminating at | when X, , = 1. See the text for
discussion of the evolution of the system (paths A and B, in
circles) and the meanings of points a, b, ¢, and d. I’ is the in-
variant point in the initia state.

starting X, and P are appropriate to cause congruent
melting on reaction (Opx) at point c. Formation of the
first drop of melt would result in decreased X, ., since
CO, is far less soluble in the melt than in the fluid, and
the quantity of phlogopite dissolved in the melt is min-
iscule (Clemens and Wall 1981; Vielzeuf and Clemens
1992; Puziewicz and Johannes 1990; Clemens 1995).
The P-T-X, o of path B will eventually intersect the
incongruent melting reaction (Sa). Here, biotite would

KMFASH - CO,
i >]

S,>S,

Ficure 7. Schematic P-T diagram showing the positions of
univariant, fluid-present solidus reactions (thick lines) and iso-
pleths of biotite composition (thin lines) in the system KMFASH-
CO,, where fluid composition is buffered by mineral reactions (a
rock-dominated, rather than a fluid-dominated system). Solid
lines are for equilibria at X, = i, and dashed lines are for
Xu,0 = J. The broad arrow shows the direction in which the
univariant reaction (or the fluid-absent reaction) shifts with in-
creased X... See the text for detailed discussion.

start to break down in larger quantities, with the forma-
tion of orthopyroxene. The amount of H,O released by
biotite breakdown would be insufficient to compensate
for dissolution of H,O in the melt. The stoichiometry of
the melting reaction is such that the melt can always dis-
solve more H,O than is contained in the subsolidus
Phl+Qtz assemblage. The only exception is possibly at P
< 100 MPa (Vielzeuf and Clemens 1992). In any case,
the dissolution of H,O in the melt would result in the
fluid becoming enriched in CO,. As temperature and pres-
sure rose, X, would decrease and the initial mineral as-
semblage (Bt-+Qtz) would be preserved, provided that the
system remained at equilibrium. At lower X, ., the melt-
ing reaction would shift to higher T and P. On attaining
point d (analogous to point b on path A), the univariant
melting reaction (U) would be encountered, and the sub-
sequent evolution would be similar to that described for
path A.

Next consider the system with Fe in addition to Mg,
with a starting biotite of X,,, = S, (Fig. 7). Before any
melting, and with dehydration of biotite, the evolution of
the system would be similar to that described above. An
invariant point (point e in Fig. 7) would exist for a fixed
biotite composition. However, isopleths of biotite com-
position in the subsolidus divariant assemblage shift to-
ward lower T with increased X, (Figs. 2 and 3). Hence,
melting would take place at lower T with Fe added to the
system.

In Figure 7, point e corresponds to initial melting at



GRAPHCHIKOV ET AL.: BIOTITE DEHYDRATION AND MELTING 25

X0 = 1 and X,,,= S,. In nature, orthopyroxene would
be more Fe-rich than coexisting biotite. However, we
have assumed that the bulk starting composition lies on
the biotite-quartz join or in the biotite-quartz-sanidine
plane (see Fig. 1). Thus, X,,, remains fixed and equal to
X Of the bulk system. Considering a P-T path such as B
in Figure 6, as a consequence of this choice, orthopyrox-
ene could not be formed at point e. Thus, in contrast to
the Fe-free system, no melt would be formed here for the
biotite composition in question. At a higher starting X,, ,
or with a more Fe-rich biotite, melting would occur at e.

Melting reactions involving biotite and orthopyroxene
here are continuous in P-T-X, -Xg. space. Thus, an in-
crease in T and P, in the direction e-f (Fig. 7), would
cause fluid-present melting and a shift in biotite compo-
sition toward lower X.. Along path e-f, orthopyroxene
with X, greater than S, and biotite with X, less than S,
would form, while biotite would be progressively con-
sumed. If the amount of fluid in the system were limited
(i.e.,, in a rock-dominated system), processes similar to
those occurring along path B (in the Fe-free system; Fig.
6) would occur. If quartz were completely consumed by
the melting reaction, or X, were to reach the value of S,
(i.e., biotite completely consumed), the stable assemblage
would be Opx+Kfs+Qtz+melt, and X, , would decrease
to the value of j.

All of the above discussion assumes that the rates of
biotite breakdown reactions are sufficiently fast that near-
equilibrium conditions are maintained as P and/or T
change with time during metamorphism. Under condi-
tions of disequilibrium there can be some rather interest-
ing effects. For example, Clemens et a. (1997) consid-
ered disequilibrium conditions in such a rock-dominated
system. They concluded that subsolidus dehydration on
(M) could precede local metastable melting on (Sa), and
that such behavior could explain some apparent field ex-
amples of melting associated with the flow of CO,-rich
fluid along fractures. In the present context it is worth
noting that if metamorphic P rises faster than biotite de-
hydration and fluid-absent or univariant fluid-present
melting can occur, those reactions will either cease or not
occur at al. This limitation on melting occurs because
such reactions have positive dP/dT slopes for any given
X Little is currently known about the rates of these re-
actions. Although reactions in KMASH are indeed slug-
gish, the kinetics appear to improve at higher P (Vielzeuf
and Clemens 1992; Clemens 1995). The persistence of
disequilibrium four-phase mineral assemblages in the
products of the present experiments demonstrates that the
kinetics remain sluggish when Fe is added to the system.
Nevertheless, we suggest that the generally very slow
rates of tectonic burial would tend to favor the mainte-
nance of equilibrium in natural rocks. There is clearly a
need for detailed kinetic studies of biotite dehydration
and partial melting reactions.

Considering the experimental data of Vielzeuf and
Montel (1994), on melting of metagraywackes under flu-
id-absent conditions, there must be a divariant tempera-

ture interval over which orthopyroxene appears and bio-
tite disappears. The width of this interval ranges from 50
to 90 °C, depending on the pressure. Using the partition-
ing relationships between biotite and orthopyroxene de-
termined by Fonarev and Konilov (1986), we would ex-
pect a divariant interval (in which biotite would coexist
with orthopyroxene and melt) of no more than 30 °C.
Thus, it seems probable that the formation of phases such
as ilmenite and magnetite, as products of melting reac-
tions (see Vielzeuf and Montel 1994, Table 2), would
decrease X, of biotite, expanding its thermal stability and
broadening the divariant interval (see also Stevens et al.
1997).
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