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Reversed phase equilibrium constraints on the stability of Mg-Fe-Al biotite
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ABSTRACT

The stability of Mg-Fe-Al biotite has been investigated with reversed phase-equilibrium experiments
on four equilibria. Experimental brackets in pure H,O and H,0-CO, mixtures for the equilibrium:

phlogopite + 3 quartz = enstatite + sanidine + H,O (1)

are in good agreement with previous experiments in mixed-volatile fluids (Bohlen et al. 1983)
and H,O-KClI solutions (Aranovich and Newton 1998), while indicating a reduced stability field for
phlogopite compared to previous data in pure H,O (Wood 1976; Peterson and Newton 1989). Alu-
minum solubility in biotite has been determined in the Fe-, Mg-, and Fe-Mg systems from reversed
phase-equilibrium data for the equilibria:

3 eastonite + 6 quartz = 2 phlogopite + 3 sillimanite + sanidine + H,O 2)
3 siderophyllite + 6 quartz = 2 annite + 3 sillimanite + sanidine + H,O 3)

over the P-T range ~600—750 °C and 1.1-3.4 kbar. Over the investigated temperatures, the brackets
define nominal Al saturation levels of 1.60 + 0.04 in Mg-biotite, 2.08 + 0.05 in Fe-biotite, and 1.81
+ 0.03 in biotite with Fe/(Fe + Mg) = 0.43-0.44. The slight decrease in Al with increasing 7 and
decreasing P suggested by the data is less than experimental uncertainties.

Compared to biotite on the Phl-Ann join, Al-saturated biotites have a markedly larger stability
field, particularly in the Fe-system. This effect has been quantified in the Fe-system with one reversal
between 691-709 °C at 2.4 kbar for the equilibrium:

biotite + sillimanite + quartz = almandine + sanidine + H,O “4)

The combined experimental results place tight constraints on the thermodynamic properties of
phlogopite, annite, eastonite, and siderophyllite. The resulting nonzero (AH,ys = —9.4 kJ/mol, with AS
= AV =0) energetics for the internal equilibrium:

Eastonite + 2/3 Annite = 2/3 Phlogopite + Siderophyllite (&)

reflect strong Fe-Al affinity in biotite, which has a marked effect on thermobarometers involving bio-
tite.

Keywords: Biotite, phase equilibria, experimental petrology, mixing properties, annite, phlogopite,
siderophyllite, eastonite

INTRODUCTION thermobarometers and boundaries on petrogenetic grids. In spite of
its obvious importance, quantitative calculations involving biotite
continue to be relatively uncertain, as evidenced by major differ-
ences in computed petrogenetic grids for metapelites (e.g., Spear
and Cheney 1989; Powell and Holland 1990; Pattison and Tracy
1991; Xu et al. 1994) and thermobarometric formulations involv-
ing biotite (e.g., Ferry and Spear 1978; Perchuk and Lavrent’eva
* E-mail: RBerman@NRCan.gc.ca 1983; Aranovich et al. 1988; Holdaway et al. 1997).

Biotite is a particularly important mineral in metamorphic
rocks because of its occurrence not only in nature over a wide
range of bulk compositions and metamorphic grades, but also
computationally in numerous equilibria that represent useful
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Much of this uncertainty stems from incomplete knowledge
of the stability of the most important biotite end-members,
phlogopite and annite. In the Mg-system, phase-equilibrium
results on the stability field of phlogopite + quartz relative to en-
statite + K-feldspar in pure H,O (Wood 1976; Wones and Dodge
1977; Peterson and Newton 1989; Clemens 1995) are compatible
with one another. However, all are discordant with experimental
results that require a smaller stability field for phlogopite in
mixed H,O-CO, (Bohlen et al. 1983) and H,O-KCl (Aranovich and
Newton 1998) fluids. Calorimetric measurements of Circone
and Navrotsky (1992) yielded an even smaller stability field for
phlogopite. Annite (+quartz) stability has been studied by Dachs
(1994) and Cygan et al. (1996) using different modifications of
hydrogen sensor techniques and by Dachs and Benisek (1995)
with the conventional oxygen buffer quartz-fayalite-magnetite
(QFM). These experimental results yield thermodynamic proper-
ties for annite that differ by approximately 15 kJ/mol.

Even more severe uncertainties attend calculations in-
volving the aluminous biotite end-members, eastonite and
siderophyllite. Circone and Navrotsky (1992) determined the
enthalpy of formation of eastonite by solution calorimetry,
but associated uncertainties are large. Rutherford (1973) and
Robert (1976) performed phase-equilibrium experiments
involving siderophyllite and eastonite, respectively. Although
of limited use for quantitative modeling due to the unreversed
nature of these experiments, these data illustrate the important
effect that excess Al has in expanding the thermal stability
of biotite, an effect that explains some differences between
petrogenetic grids computed with excess Al in biotite (e.g.,
Powell and Holland 1990; Xu et al. 1994) and without excess
Al in biotite (Spear and Cheney 1989).

The present contribution is aimed at resolving some of the
deficiencies and discrepancies cited above. Phlogopite stability
is assessed with reversed phase-equilibrium data in both mixed
H,0-CO, and pure H,O fluids for the equilibrium (see Table 1
and Kretz 1983 for abbreviations):

Phl + 3 Qtz =3 En + Sa + H,0 (1)

The stabilities of eastonite, siderophyllite, and annite are
evaluated with reversals of the equilibria:

3 Eas + 6 Qtz = 2 Phl + 3 Sil + Sa + H,0 2)
3 Sdr + 6 Qtz =2 Ann + 3 Sil + Sa + H,0 3)
Sdrss + Sil + Qtz = Alm + Sa + H,O )

These experiments constrain thermodynamic data for the
above end-members, with attendant improvements in quantitative
calculations involving biotite. Preliminary results of this study
were presented by Berman et al. (1995a, 1995b).

EXPERIMENTAL METHODS
Hydrothermal apparatus

Experiments, performed at the Geological Survey of Canada
in Ottawa, were conducted in cold-seal hydrothermal apparati,
with pressure vessels made from Haynes Alloy no. 25 (stellite) or
René 41. The pressure medium was either H,O (for Mg-system
runs) or CH, (for Fe-system runs). Each pressure vessel was
monitored by a 60000 psi digital strain sensor (+0.2% linearity),
calibrated to a Heise burdon-tube gauge certified by the manu-
facturer as accurate to +0.1% of full scale (0-50000 psi). The
Heise gauge was maintained at 1 atm except when calibrating
the transducers. Reported pressures are believed to be accurate
to within +15 bars.

Temperatures were controlled and monitored continuously
by a digital data acquisition and control system made by Sci-
metric Inc., Ottawa, Ontario. Temperatures were measured using
chromel-alumel thermocouples sheathed in inconel, inserted into
a 2 cm well adjacent to the experimental charge. Each thermo-
couple was calibrated periodically against a lab standard to check
for thermocouple drift with extended use. The lab standard was
calibrated against the melting points of Zn (440.3 °C), Al (660.8
°C), and Ag (860 °C). Offsets of measuring thermocouples relative
to a “standard” thermocouple placed within the pressure vessels
were <5 °C at 1 atmosphere. Measurements at 1 atm indicate
that temperature gradients were between 1.5 and 3 °C over a
distance of 3.0 cm. Temperature uncertainties reported in Tables
24 represent the sum of uncertainties due to fluctuations over the
duration of the experiment, thermocouple calibration uncertain-
ties (1 °C), temperature gradients over the length of run capsules,
and the temperature gradient across the Scimetric control unit in
which the zero point emf correction is made (1 °C).

Several experiments on Equilibrium 1 were also performed
at the University of Chicago, in an internally heated argon-
pressure vessel. Details of the pressure and temperature control
in this apparatus are given in (Goldsmith and Jenkins 1985).
Uncertainties in the P-7 measurements are estimated 3 °C and
50 bars, respectively.

Experimental procedures

Experiments with H,O-CO, fluid used 3 mm O.D. (0.1 mm wall) Au or 3.5
mm O.D. (0.2 mm wall) Pt capsules, containing about 5 mg of either Ag,C,0, +

TaBLE 1. Unit-cell parameters and Fe3* contents of synthetic starting materials

Name Abbrev Formula a(A) b (A) c(A) B () V(A% Fel:, Fed:,
Annite* Ann K(Fes3)(AlSi3)044(0OH), 5.404(5) 9.359(5) 10.327(5) 100.051(37) 514.36(32) 6.57(17) 3.08(20)
Siderophylliteg, Sdrg, K(Fe,2Alyg) (Al Si;5)040(0OH), 5.374(6) 9.267(4) 10.260(3) 100.120(26) 503.03(40)

Siderophyllitess* Sdrss  K(Fes.asAloss) (Al 5s5i45)010(OH),  5.372(8) 9307(5)  10264(7)  100.050(72)  505.34(33)  bdl 526(35)
AnnsoPhlg* FMs, K(Fe;5sMg, 5)(AlSi;)O,0(OH), 5.360(6) 9.283(5) 10.317(7) 99.977(31) 505.52(37) 5.08(41) 2.23(49)
SdrgFMse* Sdrgoso K(Fe11Mg;1Alg) (Al 6Si5,)0:14(0OH),  5.322(7) 9.217(5) 10.275(6) 99.943(34) 496.43(40) bdl 4.85(24)
Almandine Alm Fe;ALSi;0,, 11.533(1) 1534.16(38) nd

Enstatite En MgSiO; 18.197(4) 8.803(2) 5.166(1) 827.48(24)

Phlogopite Phl K(Mg5)(AlSi;)O014(0H), 5.305(1) 9.202(2) 10.295(3) 99.867(18) 495.07(14)

Eastonites, Easss K(MGs45Aloss) (Al 55Sir5s)O10(OH),  5.297(1) 9165(2)  10.295(3) 09.91425)  492.32(18)

Sanidine Sa KAISi;Og 8.605(8) 13.021(4) 7.183(4) 116.01(27) 723.31(19)

Notes: Cell refinements were indexed 17-18 peaks except as noted below. bdl =

* Samples described by Mercier et al. (2005) were indexed on 33-35 peaks.

below detection level; nd = not determined.
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TABLE 2. Experiments on Equilibrium 1: Phl + 3 Qtz=3 En + Sa + H,0

TABLE 4. Experiments on Equilibrium 4

Run Time T P Xeo, Xeo Stable % Reaction No. Duration T P Stable % Reaction
no. (days) (°Q) (kbar) (initial) (ﬁnazl) Assemblage Observed (days) (°Q) (kbar) Assemblage Observed

2 25 780450 256+0.08 079 nd En+Sa 100 1 20 691+4.0 2.45+0.05 Bi + Sil + Qtz 70

3 18 782+6.0 2.49+0.05 067 065 En+Sa 100 3 24 709+4.0 2.34+0.09 Alm + Sa 30

5 23 772+40 253+0.06 0.35 0.38 Phl + Qtz 90 4 23 728+5.0 2.48+0.07 Alm + Sa 70

8 22 696+6.0 2.54+0.04 05 0.51 Phl + Qtz 100 2 21 748+4.0 2.43%0.07 Alm + Sa 90

10 22 756%5.0 247+0.03 0.5 0.47 Phl +Qtz 90

" 22 810+6.0 249008 05 0.47 ? 0 Chou and Cygan 1990). However, both unit-cell parameters and Fe** contents of the
:i ;f Z;i;g ?%fggg 82 5 82? in: I 85 128 synthetic annite and Fe-Al biotite of this study (see below) correspond to those of
15 18 782465 1744003 045 045 En+ Sa 70 the most reduced biotites repox"ted in the hteratufe (Hewm and Wone‘s 1975; Ifzfrtm
18 21 768440 1.74+0.02 045  0.49 En +Sa 40 1984; Rebbert et al. 1995; Benisek et al. 1996), indicating that reducing conditions
19 21 760+40 174002 045 049 Phl+Qtz 50 were maintained during the experiments.

20 23 769+5.0 0.46+0.025 O 0 En +Sa 60 The minerals used in the above mixes are described below. In all experiments,
22 23 75550 049+0.025 0 0 Phl + Qtz 70 capsules were placed within a cavity in the end of a steel filler rod. The opposite
PQ1 18 765+3.0 2.00+0.05 0.5 0.5 Phl + Qtz 70 (cold) end of the filler rod was tapped and threaded to facilitate its removal with
PQ2 14 770£3.0 2.00+0.05 0.5 049 No reaction the sample capsules at the conclusion of each experiment. Experiments were
PQ3 11 780+3.0 2.00+0.05 0.5 0.51 En+Sa 70

Note: All fluid compositions represent initial compositions based on weighed
amounts of Ag,C,0, + H,0, except for runs no. 14-19 and PQ, in which oxalic
acid was used, and no. 20-22, which used pure H,O; P-T uncertainties represent
the sum of both precision and accuracy.

TaBLE 3. Al saturation data for the assemblage biotite-Sil-Sa-Qtz-H,0

Run  Duration T P Xre  Initial Final  No. grains—
no. (Days) (°C) (kbar) Al Al avg*®
E23 24 700+4 1.24+0.07 0.0 1.0 1.38-1.63 20-3
E24 24 700+4 1.24+0.07 0.0 2.1 1.77-1.58 11-3
E25 24 647+4 1.12+0.03 0.0 1.0 1.24-1.59 21-2
E26 24 647+4 1.12+0.03 0.0 2.1 1.96-1.64 22-3
E30 17 755+4 1.12+£0.03 0.0 1.0 1.30-1.56 11-2
E29 17 755+4 1.12+0.03 0.0 2.1 1.74-1.61 10-3
E21 29 702+4 3.20+0.05 0.0 1.0 1.35-1.64 12-2
E22 29 702+4 3.20+0.05 0.0 2.1 1.82-1.64 17-3
S1 24 699+5 1.97+0.09 1.0 1.0 1.88-2.08 13-3
S2 24 699+5 1.97+0.09 1.0 26  231-2.03 12-2
S3 28 647+4 2.05+0.03 1.0 1.0 1.87-2.06 14-2
S4 28 647+4 2.05£0.03 1.0 26 2.51-2.08 16-3
S5t 20 7775 2.03+0.07 1.0 26

S6t 20 7775 2.03+0.07 1.0 1.0

S8 47 606+4 2.06+0.06 1.0 1.0 1.92-2.08 11-2
S7 47 606+4 2.06+006 1.0 26  241-2.13 13-2
S9 21 698+5 3.51+£0.13 1.0 1.0 142-213 13-3
S10 21 698+5 3.51+0.13 1.0 26 2.38-2.12 12-2
A32 36 709+8 2.06+0.06 043 1.0 1.43-1.78 13-3
A31 36 709+8 2.06+0.06 044 2.6  1.98-1.83 14-3

Notes: Al values = no. of Al cations based on 22 negative charge formula; X, =
final Fe/(Fe + Mg).

* No. of grains analyzed—no. of grains averaged for most advanced composi-
tion (see text).

1 Bt replaced by AIm + Sil + Qtz + hercynite + melt.

H,O (carefully weighed to yield specific fluid compositions) or oxalic acid (for
fluid compositions of Xeo, = 0.49), together with about 5 mg of mineral mix A.
This mix contained about 10 wt% of the low-temperature assemblage of Equilib-
rium 1 (with molar proportions Phl:Qtz = 1:3) and 90% of the high-temperature
assemblage (with molar proportions En:Sa = 3:1), homogenized by light grinding
for about 10 minutes in an agate mortar. Experiments in the gas vessel were done
in double capsules: an inner Pt capsule containing 5 mg of the starting mineral
mix A and about 3 mg oxalic acid was welded shut and put in the outer Au capsule
containing about 40 mg Fe,O; and 5 mg H,O, to prevent any possible reduction
of the H,0-CO, fluid during the runs. Experiments on Equilibrium 1 in pure H,O
used 2 mm O.D. (0.1 mm wall) Au capsules containing about 5 mg H,O and 5
mg of mineral mix A.

To study Equilibria 2 and 3, two capsules were used in each experiment, one with
low-Al biotite (Phl or Ann) and the other with high-Al biotite (Easss or Sdrg,), both
mixed in subequal weight proportions with Sil, Sa, and Qtz. Each capsule contained
about 5 mg of mix and 5 mg of H,0. Experiments on Equilibrium 4 used about 5
mg of H,O together with 5 mg of subequal proportions of products and reactants
(the biotite used was Sdrss described below). For all Fe-biotite syntheses and for
Equilibria 3 and 4, hydrogen fugacity was controlled using the C-CH, buffer (Eugster
and Skippen 1967), but no attempt was made to ascertain the attained fugacity values,
which depend on the rate of H, diffusion out of the pressure vessels (Chou 1987;

held at elevated pressure and temperature for durations of 18-29 days, monitored
daily, and, for C-CH, experiments, the pressure was increased periodically to
compensate for H, leakage out of the pressure vessel (Chou 1987). Experiments
were quenched in a jet of compressed air to less than 100 °C within 3 minutes.
Samples were examined optically, by XRD, SEM, and electron microprobe. For
Equilibria 1 and 4, reversals were obtained by comparison of the intensities of
non-overlapping XRD peaks (001 for the biotites; 610 for En; 130 for Sa; 400 for
Alm) of the run product with the starting material. A half-bracket was considered
successful if more than 30% change in peak ratios was observed. Fluid composi-
tions determined after each experiment could not be used as reliable monitors of
reaction direction because the observed changes were of the same magnitude as
the analytical uncertainties (see below). For Equilibria 2 and 3, reversals were
obtained from electron-microprobe analysis of biotite compositions in run products.
Successful runs produced biotite with similar Al contents from starting mixes that
contained both low-Al and high-Al biotite.

Analytical methods

Powder X-ray diffraction patterns were collected over the 26 range 5 to 90°
with a Phillips X’Pert PW3710 automated powder diffractometer, using a step size
of 0.01° 26 and CuKo. radiation (45 kV/40 mA). Si metal (a = 5.43054 A) was
used as an internal standard in each run. Cell refinements were calculated with the
LSURI computer program (Appleman and Evans 1973).

Fluid compositions of the run products of experiments on Equilibrium 1 were
determined by the method of Johannes (1969). CO, was first determined by the
weight lost upon puncturing sample capsules. H,O was then determined by the
additional weight lost after drying of the capsule at 120 °C. To minimize the escape
of H,O along with CO,, capsules were either centrifuged prior to puncture (GSC
experiments) or punctured frozen in liquid nitrogen (University of Chicago experi-
ments). Blank experiments, performed to check for absorbed H,O or breakdown of
the silver oxalate through exposure to light, indicate reproducibility in determining
fluid compositions near XC(,Z =0.5 of about £2 mol%. Blank experiments with oxalic
acid buffered with hematite-magnetite (HM) reproduced the theoretical value of
XCO2 =0.49 £0.01, i.e., within the uncertainties of the semi-analytical balance.

For SEM and microprobe analysis, samples were disaggregated by very light
grinding in ethyl alcohol, finely dispersed by pipette on a polished graphite disc, and
carbon coated. Biotite analyses (MgO, FeO, Al,O;, SiO,, and K,0) were collected
on a CAMECA SX-50 electron microprobe operated at 15 keV and 10 nA sample
current (2-3 um spot size) in wavelength-dispersive mode. Standards used were
near end-member natural minerals. Although oxide analytical totals of thin biotite
flakes are commonly less than ideal (see results section), a strong advantage of
analysis of dispersed biotite flakes, as opposed to pressed aggregated grains, is that it
avoids mixed analytical results stemming from excitation of underlying or adjacent
phases. Structural formulae were calculated on a fixed charge (-22) basis.

Mossbauer data were collected at the Department of Physics, Ottawa Univer-
sity, employing the techniques described by Rancourt et al. (2001).

RESULTS

Synthesis and characterization of starting materials

Phl and Easss [K(Mg,45Als5)(Al; 55S1545) O19(OH),] were
synthesized from stoichiometric mixtures of MgO, y-ALO;,
K,CO;, and cristobalite. y-Al,O5 and cristobalite were prepared
by firing AI(OH); and silicic acid, respectively, at 1000 °C for 20
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hours. The MgO was also heated at 1000 °C for 20 hours to dry it
completely. Annite was synthesized from stoichiometric mixtures
of KSi;04 5 glass, prepared by the method of Schairer and Bowen
(1955), with iron oxalate (FeC,0,-2H,0), and y-Al,O;. Fe-Mg-
Al biotites were synthesized from iron oxalate, MgO, y-AlL,O;,
K,CO;, and cristobalite, mixed to give the compositions Sdrg,
[K(Fez,Alys)(Al 451,2)010(0H),], Sdrss [K(Fe,4sAlyss)(Al, ss
Si,45)010(OH),], SdrgFMs, [K(Mg, Fe; Algs)(Al;55i,,)040
(OH),], and FM;, [K(Mg, sFe, 5)(AlSi;)O,,(OH),]. Between 120
to 150 mg of each mixture was sealed in 4 mm O.D.-3.8 mm
I.D. Au capsules and held for 7-13 days at 2 kbar and either
750 °C (Phl), 700 °C (Ann, FMj), or 650 °C (Easss Sdrg,, Sdrss,
and SdrgFMjy)).

Powder XRD patterns, as well as optical and SEM examination
indicated close to complete reaction of the Mg-bearing starting
materials, with <1% corundum in the Easss synthesis. Microprobe
analysis was hindered by the extremely fine-grained nature of the
synthetic materials (1-5 um; Fig. 1a), but showed no significant
deviation from the expected stoichiometry. Analyses of the Easss
material ranged from 2.02-2.12 total Al pfu, compared to the
expected 2.10 Al pfu. Unit-cell parameters for phlogopite and
Easss (Table 1) are similar to those obtained in other studies of
phlogopite (Hewitt and Wones 1975; Bohlen et al. 1983; Peterson
and Newton 1989) and Mg-Al biotite (Fig. 2; Hewitt and Wones
1975; Circone et al. 1991).

Minor amounts of fayalite and magnetite were discernible
in XRD scans of Ann, which had a grain size between 2 and
20 wm. Similar impurities were reported in annite syntheses of
Hewitt and Wones (1975), Partin (1984), Rebbert et al. (1995),
and Dachs (1994). Syntheses of Fe-Mg-Al biotites, Sdrg, Sdrss,
and Sdrg,FMs, produced 1-10 um biotite grains (e.g., Fig. 1b)
with several corundum grains as the only detectable (by SEM)
impurities. Microprobe analyses of the Sdrg, and Sdrss synthesis
products range between 2.44-2.56 and 2.04-2.12 total Al pfu
(—22 charge basis), respectively. Mossbauer analysis of the syn-
thetic starting materials shows marked reduction in tetrahedral
Fe** in the aluminous biotites (below detection levels) vs. annite
(6.6%). Aluminous biotites contain ~5% octahedral Fe**. These
data are similar to wet-chemical and Mossbauer data of other
synthetic annites and Fe-Al biotites (Partin 1984; Rebbert et al.
1995; Benisek et al. 1996).

Unit-cell parameters of most Fe-biotites used in this study
(Table 1) were reported by Mercier et al. (2005) on the basis of
33-35 reflections. Previous experimental work (Rutherford 1973;
Hewitt and Wones 1975; Partin 1984; Rebbert et al. 1995; Benisek
et al. 1996) has shown that the molar volume decreases with
both increasing Al and increasing Fe* in biotite (Fig. 3). Our re-
sults are in excellent agreement with volumes determined from
the most reduced biotites studied previously (Fig. 3), consistent
with the Mossbauer measurements described above.

Enstatite was synthesized from stoichiometric mixtures of
MgO and cristobalite, prepared as described above. Complete
reaction of starting mixtures was obtained in experiments at 2
kbar and 800 °C for 3 days. Almandine was crystallized at 900
°C and 13 kbar from glass (see details of the synthesis procedure
in Aranovich and Berman 1997). Comparison with Mossbauer
and cell-edge data of Woodland and Wood (1989) suggests ~4%
Fe* in the synthetic almandine. Sanidine was synthesized from

FIGURE 1. Secondary electron images showing the range of crystal
size and morphology of synthetic biotite in starting materials: (a)
eastonitess; (b) siderophilliteg,.
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FIGURE 3. Variation of molar volumes with n,, (= VAl-1 = VIAl) in
Fe-biotite. Paired arrows show range of volumes measured at different
hydrogen pressures (see text) by Partin (1984; P84) and Rebbert et al.
(1995; R95).

a stoichiometric mixture of K,CO;, AI(OH)s, and cristobalite,
reacted hydrothermally at 775 °C and 1 kbar for 3 days. Measure-
ment of the (060)-(113) peak-position difference (Hovis 1989)
indicated that the synthesis product was approximately 12%
ordered. Natural quartz (Lisbon) and sillimanite (Brandywine)
were used in all experiments.

Experimental data for Equilibrium 1

Experimentally determined half-brackets are listed in Table
2, and plotted in Figures 4 and 5. Complete reaction of Phl +
Qtz to En + Sa was observed in four experiments interpreted to
be quite far from the equilibrium position. All other experiments
except two (11 and PQ2 in Table 2) produced strong (>30%)
changes in relative peak intensities, making interpretation of
run direction unambiguous. The new experimental data bracket
the equilibrium in pure H,O between 755 and 769 °C at about
0.5 kbar, and in mixed volatiles at ~2.5, 2, and ~1.75 kbar, and
are particularly constraining at the two latter pressures (runs 18
and 19; PQ1 and PQ3, respectively).
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FIGURE 4. P-T diagram showing experimental data for Equilibrium 1
in pure H,O along with its position calculated with thermodynamic data
of Berman (1988; thick curve). Symbols show experimental data after
adjustment for experimental uncertainties, and the ends of connected
lines show nominal experimental conditions. Solid and open symbols
show growth of low-7"and high-7" assemblages, respectively.

Experimental data for Equilibria 2 and 3

Experimental half-brackets for Equilibria 2 and 3 are listed
in Table 3. All run products contained fine-grained (2—15 pum)
biotite along with Sil, Sa, Qtz, and H,O with no additional
phases (e.g., Fig. 6), except for experiments S5 and S6 in which
biotite reacted to form cordierite + hercynite + melt. As in many
other studies involving solid solutions (e.g., Perkins et al. 1981;
Aranovich and Berman 1997; Benisek et al. 1996), the major dif-
ficulties in interpreting the results of these experiments stemmed
from characterizing and interpreting the chemical heterogeneity
of run products.

Analyses of 10-22 biotite grains were collected for each
run sample, with oxide totals ranging between 49 and 96 wt%.
Replicate analyses of the same biotite grains in synthesis and
run products suggest that Al contents of individual grains are
reproducible to £0.04 Al pfu. Analyses utilized to define Al
contents had K between 0.85-1.02 pfu (22 negative charge
formula), and oxide totals between 68-91 and 83-96 wt% for
Mg- and Fe-biotite, respectively. No correlation was discerned
between calculated Al contents and analytical oxide sums. For
example, of the 22 grains analyzed for experiment E26 (Table
3), 14 analyses with oxide totals greater than 85 wt% yielded
total Al between 1.64—1.96, whereas 8 analyses with oxide totals
less than 81 wt% gave total Al between 1.65-1.92. Thus, the low
totals resulting from analysis of thin biotite flakes do not appear to
have compromised results, whereas analysis of dispersed single
grains ensured that results do not represent mixed analyses from
more than one phase.
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Although total Al contents could be determined with confidence,
imprecision in Si analyses due to fine grain size and surface irregu-
larities made it impossible to determine octahedral vs. tetrahedral Al
contents unambiguously. The analytical data in both the Fe- and Mg-
systems suggest some decoupling of octahedral and tetrahedral Al
that can be expressed in terms of a Tschermak exchange [V'Mg(Fe)
VSi = VIAI'VAI], relating Phl (Ann) and Eas (Sdr) components, and
a dioctahedral-trioctohedral exchange [3Y'Mg(Fe) = 2V'Al + V']
relating Phl (Ann) and Ms components. Compositional trends in
other experimental studies (Robert 1976; Patino Douce et al. 1993)
and natural biotites (Guidotti 1984; Guidotti and Dyar 1991) can be
interpreted similarly. Synthesis experiments suggest a maximum of
about 8-10% Ms component in biotite at 600 °C (Rutherford 1973;
Robert 1976), a value compatible with the present results.

All experimental runs produced biotite compositions that
were significantly shifted from the starting compositions (Fig.
7). Core to rim zonation in biotite Al content was not discern-
ible. The compositional variation between different grains in
a single sample (Fig. 7) was generally in the range 0.2-0.4 Al
pfu. These compositional shifts can be interpreted as differing
degrees of approach toward equilibrium, with the most advanced
Al content (the most different from that of the starting biotite)
representing the closest appproach to the equilibrium value. A
complicating factor, however, is the possible overstepping of
equilibrium Al contents, as has been observed in experiments
on Al solubility in orthopyroxene (e.g., Perkins et al. 1981).
Two of the nine brackets that were obtained in our study show
overlapping brackets that are larger than analytical uncertainties,
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suggesting that the dominant mechanism of equilibration was
dissolution and recrystallization, not diffusive reequilibration
(e.g., Pattison 1994).

Tabulated Al values (Table 3) show the range of composi-
tions analyzed in each run, with the most advanced side of this
range representing the average of either 2 or 3 grains in each run
product that were within analytical uncertainty (0.04 Al). Pairs of
complementary experiments produced convergent compositional
brackets (within 0.05 Al pfu), with the exception of two pairs of
half-brackets that overlap by 0.05 (E23, E24 and S1, S2) Al pfu
(Table 3, Fig. 7). Experimental data for the Phl-Eas join (Equilib-
rium 2) indicate that the assemblage Bt-Sil-Sa-Qtz-H,O buffers

FIGURE 6. Secondary electron image of run product of experiment 8
for Equilibrium 3. Abbreviations: B = biotite; K = sanidine; Q = quartz;
Si = sillimanite.

the Al content of Mg-biotite to an approximately constant value,
nominally 1.60 = 0.04 Al pfu, over the P-T range 1.1-3.2 kbar
and 647-755 °C (Table 3, runs E21-E30; Fig. 7a). Experimental
data between 606-698 °C at ~2-3.5 kbar for the Ann—Sdr join
(Equilibrium 3; Fig. 7c) demonstrate that the same assemblage
buffers the Al content of Fe-biotite to a significantly greater value
(nominally 2.08 £ 0.05 Al pfu) than in the Mg-system (Table 3,
runs S1-S10, Fig. 7). The nominal data suggest a slight decrease
in Al with increasing temperature (Fe—Al system; Fig. 7c) and
decreasing pressure (Mg—Al and Fe—Al system). One experiment
performed in the Fe—Mg system used starting materials with
Fe/(Fe + Mg) = 0.50 and either 1.0 Al pfu (FMy) or 2.6 Al pfu
(Sdrggss0). The compositions of run products converged within
0.05 Al pfu (Fig. 7b), but shifted to Fe/(Fe + Mg) =0.43-0.44 £
0.02 (Table 3) due to the crystallization of magnetite.

Experimental data for Equilibrium 4

Starting materials for these experiments used Sdrss, the equi-
librium biotite composition determined above (Equilibrium 3).
Experimental data bracketing Equilibrium 4 were obtained at
~2.4 kbar (Table 4 and Fig. 8). All run products contained the as-
semblage Bt-Alm-Sil-Sa-Qtz-H,O, with no additional phases iden-
tified by XRD, SEM, or optically. XRD patterns of run products
showing strong biotite growth exhibit stronger peaks at 43.25° 26
than the Sdrss used in the starting materials. These peaks are close
to the positions of (010) and (131) Ms peaks, but no muscovite
was found in detailed SEM imaging, and all experiments were
run at temperatures exceeding Ms + Qz stability. Consequently,
we interpret this change to indicate an increase in the amount of
Ms component in the product biotite.
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FIGURE 7. Al content buffered by Equilibria 2 and/or 3 of (a) Mg-Al, (b) Mg-Fe-Al, and (c¢) Fe-Al biotites determined in this study (Table
3). Paired symbols show the range of total Al observed in different biotite grains of the same run product. Open and closed symbols represent the
results of experiments starting with low-Al biotite and high-Al biotite, respectively. Squares and circles represent lower and higher pressure data,

respectively. Dotted curves show calculated Al contents at 2 kbar.
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THERMODYNAMIC ANALYSIS

Methods

The experimental data presented in this paper provide fairly
stringent constraints on the thermodynamic properties of biotite
end-members (Phl, Ann, Eas, Sdr) since the properties of other
phases (En, Alm, Qtz, Sa, Sil, H,0, and H,0-CO, mixtures)
that participate in the studied equilibria are well known. The
derived properties for Eas and Sdr are somewhat less certain
because the amount of muscovite component (distribution of
Al between octahedral and tetrahedral sites) could not be deter-
mined quantitatively in our experiments. However, as described
below, the properties of Eas and Sdr are relatively insensitive to
the exact partitioning of Al between tetrahedral and octahedral
sites. Although lack of explicit incorporation of a muscovite
component does compromise a complete thermodynamic de-
scription of Fe-Mg-Al biotite, the thermodynamic properties
derived here for the above four end-members represent major
improvements that are important for both forward and inverse
petrologic modeling.

Thermodynamic analysis of experimental data for Equilibria
1-4 utilized the equations of state of Haar et al. (1984) for H,O
and Kerrick and Jacobs (1981) for H,0-CO,, along with ther-
modynamic properties of Berman (1988) for sanidine, quartz,
and sillimanite. Thermodynamic properties of almandine and
orthoenstatite, which participate in Equilibria 4 and 1, as well
as olivine and garnet (see below), were taken from Berman and
Aranovich (1996), who used the above thermodynamic data
in their analysis of experimental data involving selected solid
solutions (Grt, Opx, Ol, Crd, IIm).

The technique of linear programming was used to derive
thermodynamic data (Gordon 1973). With this technique, the
thermodynamic equation for equilibrium can be expressed as
an inequality:

AGpr+ RTInKy + RTInK, < or >0

where Ky and K, are the products of mole fraction terms (ideal
activities, a'¥) and activity coefficients, respectively, raised to the
power of their reaction coefficients. AG,;is the standard state
(unit activity of pure minerals at P and 7T) Gibbs free energy
change of reaction at P and 7, expressed by:

AG, =AH , —TAS

P.T 1,298 1,298

T r AC P
+ ], Ac,dr-1] T"dT+j1 AV dP.
Standard state properties (Table 5) for phlogopite, eastonite,
annite, and siderophyllite, and biotite mixing properties (Table
6) were derived by analysis of experimental data for Equilibria
1-4 presented in this study, using an objective function that
minimized the extent of nonideal mixing in biotite. In addition
to constraints on heat capacities (Table 5), molar volumes (this
study; Circone et al. 1991; Benisek et al. 1996), and entropies (see
below), annite properties were anchored further by consideration
of reversed Fe-Mg partitioning data between olivine and biotite
(Zhou 1994). Using the same C-CH, buffer as employed in our
study, Zhou defined K}, between 650-900 °C, with Fe** =10+ 2%
in biotite of starting materials and run products. Annite proper-
ties also were evaluated relative to phase-equilibrium constraints

on annite stability using hydrogen sensors to monitor hydrogen
fugacity (Cygan et al. 1996).

Experimental constraints on the site occupancy of Al in
biotite differ between the Fe- and Mg-systems. Structural
refinements for Fe-Al biotite demonstrate that Al occupies
the two M2 sites (Redhammer et al. 2000; Redhammer and
Roth 2002). In contrast, infrared and Raman spectra of Mg-Al-
biotite indicate that Y'Al orders onto the M1 site (Circone and
Navrotsky 1992). In the present analysis of a fairly restricted
experimental data set, we adopt the model in which Y'Al
orders onto the M1 site so that our results can be compared
directly to the results of other experimental studies that were
analyzed with this same model (e.g., Circone and Navrotsky
1992; Benisek et al. 1996).

Computer modeling of *Si NMR spectra for Mg-Al biotite led
Circone et al. (1991) to formulate a model of short-range ordering
of Al and Si over four tetrahedral sites (dominated by Al avoid-
ance). As their data indicate an entropy of mixing much closer to
that of Al-Si mixing on two T sites than that of random mixing
over four equivalent tetrahedral sites, we base our calculations
on the two T, site model. This model implies a configurational
entropy, Scomse = —2R(XsInXg; + Xy InX,), of 11.5 J/(mol-K) for
phlogopite (annite), and zero for eastonite (siderophyllite). The
random distribution of Al-Si over four tetrahedral sites yields
Secontie = “4R(XsInXg; + XplnX,) = 18.7 and 23.05 J/(mol-K) for
phlogopite and eastonite, respectively. These configurational
contributions to third law entropies are discussed in relation to
the results of thermodynamic modeling below.

With the above assumptions, ideal activities of biotite end-
members are:

afly = 16X, COR P(XRY(XE)?
it = 16XUOCEP(XRP(X)?
ai = XOCR V(XN
ally = XYCORP(XRY

Nonideal mixing was accounted with on-site terms:

RTInYpy = RTInyY, + 2RTIny4,
RTInYa,, = RTInyM! + 2RTIny*2
RTInyg,, = RTIny*A) + 2RTIny\,
RTlInysy, = RTIny) + 2RTIn

using symmetric Margules parameters for Mg-Al and Fe-Al
interactions on the M1 site and Fe-Mg interactions on the M1
and M2 sites (e.g., Berman 1990):

RTIH'YMN]lg = MlvllgAl(XWl - Meal (XXM +
Wlkere(X e — XWX

RTInyME = WMo (XM — XMUXM) — WMN}gAl(XN/[\IIXMN]Ig) +
Whilere (XM — XWX e

RTInyi = Wiia(X W, — XWX M) + WX — XAXR:
- Wl\f\[/}gFe(th/}g Fi

2RTInyN, =

2RTInyM2 =

M1 yMI
X Mg) -

N%ch(XI\gg - XNl{/%g l\étz:)
N%gFe(XNIi/%g - N%gXNI% .

Ferric iron in biotite and almandine was incorporated explic-
itly based on the values discussed above (see Table 1). Structural
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TABLE 5. Standard state (1 bar, 298.15 K) thermodynamic properties of biotite end-members

AH S V ko K, k, x 10¢ ks x 108 [
J/mol J/(mol-K) J/bar
Phlogopite -6215.86 327.26 14.97 610.38 -2083.78 -21.533 28410 1
Annite -5146.10 416.50 15.46 666.90 -3354.51 -17.319 25.197 2
Eastonite -6324.95 318.59 14.74 619.79 -2272.34 -22.291 30.047 2
Siderophyllite -5621.14 378.09 15.06 657.49 -3119.92 -19.481 27.904 2
Notes: For all end-members (Berman 1988): Vp/V; 05 =1~ 1.697 X 10 (P - 1) + 34.447 x 10° (T - 298.15). For Equilibrium 5, AH = -9.4 kJ/mol; AS = AV =0.

*Co=ko + K T5 + kT2 + ks T3 [J/(mol-K)]. 1 = Berman (1988). 2 = Estimated with C, model of Berman and Brown (1985) for equations: Ann = Phl - 3MgO + 3FeO;

Eas = Phl - MgO - SiO, + Al,Os; Sid = Eas + 2/3 Ann - 2/3 Phl.

TABLE 6. Biotite mixing properties

Parameter Wy
(kJ/mol)
Wilgee 1.0
Whikgre 2.0
Witly -8.2
ng 0

formulae for experimentally equilibrated biotite were calculated
assuming that total Al contents stem from a Tschermak (sidero-
phyllite, eastonite) substitution without a muscovite component
(see above). Importantly, derived thermodynamic properties
are insensitive to this assumption because of the compensating
effect on calculated ideal activities of transferring Al between
octahedral and tetrahedral sites. For example, the ~2.08 total
Al pfu determined for Fe-biotite at 2 kbar and 647 °C (Table
3) can be represented as X, = 0.54, which leads to X}! = 0.54
and X1i! = 1.54/2 = 0.77, and a contribution to R7lnal, of
RTIn[(0.54)(0.77)*] = —8523 J/mol at 900 K. Representing the
2.08 total Al pfu with 10% Ms and 90% Sdr components, leads
to XM' = 0.64, Xt7 = 0.1/2 = 0.05, X§ = 1.44/2 = 0.72, and a
contribution to R7Ina¥, of RTIn[(0.64)(0.72)*] = —8256 J/mol
at 900 K, an energy difference of only 267 J/mol.

Phlogopite stability

Our high-T half-bracket for Equilibrium 1 in pure H,O (experi-
ment no. 20 in Table 2; Fig. 4) contradicts the results of Wood
(1976) and Wones and Dodge (1977), whereas our data with a
H,0-CO, fluid (Fig. 5) are consistent with the 5 kbar bracket of
Bohlen et al. (1983). Particularly constraining is our half-bracket
at 1.74 kb and 768 °C (experiment no. 18, Table 2), which when
analyzed with experiment no. 22 in pure H,O, limits S{%oto be
less than 327.7 J/(mol-K). The bracket of Bohlen et al. (1983)
further limits S%ogto 327.5 J/(mol-K), whereas data of Aranovich
and Newton (1998) using H,O-KCl fluids are narrowly more
constraining, leading to St%es=327.3 J/(mol-K). Compared to the
calorimetrically derived third law entropy, 315.9 J/(mol-K), the re-
trieved value is congruent with Al-Si disorder over two tetrahedral
sites [11.5 J/(mol-K) contribution]. These results are dependent,
however, on Berman’s (1988) entropy of sanidine, which incorpo-
rates less than the maximum configurational entropy of disorder
on tetrahedral sites [15.0 vs. 18.7 J/(mol-K)]. The combined data
for Equilibrium 1 define the standard enthalpy of formation of
phlogopite at —6215.86 kJ/mol, in excellent agreement with the
solution-calorimetric value (—6215 % 3.5 kJ/mol) measured by
Circone and Navrotsky (1992).

Our new experimental data on Equilibrium 1 indicate a sig-
nificantly reduced thermal stability of phlogopite + quartz over
the older data of Wood (1976) and Wones and Dodge (1977),

as concluded in the analysis of Berman (1988). Graphchikov
et al. (1999) have argued that the Wood’s (1976) position of the
Equilibrium 1 in pure H,O is supported by the experiments of
Clemens (1995). Indeed, a single datum on Equilibrium 1 reported
by Clemens (between 0.51 and 0.62 kbar at 800 + 5 °C) appears
to support the early results of Wood (1976). However, the datum
of Clemens is not a true reversal, as only traces of phlogopite and
no quartz were observed in the phlogopite + quartz producing
half-bracket (Clemens 1995, Table 2, run K-37).

Thermodynamic properties of Mg-Al biotite

The experimental data for Equilibrium 2 constrain Al solubil-
ity in Mg-biotite, and provide constraints on the thermodynamic
properties of eastonite. Assuming ideal Mg-Al mixing, and with
phlogopite properties constrained as discussed above, the phase-
equilibrium data allow St%to vary between 306 J/(mol-K) (the
value estimated by the method of Holland 1989) and 329.05
J/(mol-K), the value associated with full disorder of Al and Sion 4
tetrahedral sites. The minimum standard enthalpy of formation of
eastonite (—6337.4 kJ/mol) is approximately 15 kJ/mol more pos-
itive than the maximum value (—6352 to —6363 kJ/mol) obtained
by solution calorimetry (Circone and Navrotsky 1992). Circone
and Navrotsky (1992) measured a strong positive deviation from
ideality (22.8 kJ/mol for a symmetric regular solution parameter,
Witgar) from their drop-calorimetry results on Mg-Al-biotite with
up to 0.92 octahedral Al. With the constraints imposed by the
standard-state entropy and volume of Equilibrium 2, the reversed
compositional brackets for Equilibrium 2 impose an upper limit
of 12.8 kJ/mol for Wiz, on this join. It is interesting to note that,
within uncertainties, the heat of solution measurements are linear
with composition up to Phl,oEasg,, with only the most aluminous
(PhlggEasy,) sample deviating strongly from this trend. If this
sample, which also deviates most strongly from the accepted
linear relationship between volume and composition (Circone
et al. 1991), is omitted, the Circone and Navrotsky (1992) data
are compatible with ideal mixing on this join as well as with
the standard enthalpy of formation of eastonite based on phase
equilibrium data for Equilibrium 2.

Thermodynamic properties of Fe-Al biotite

Experimental data defining Al solubility in Fe-biotite via
Equilibrium 3 provide constraints on the thermodynamic proper-
ties of siderophyllite relative to annite. With these constraints, ex-
perimental data defining Fe-biotite + sillimanite + quartz stability
relative to almandine + sanidine + H,O via Equilibrium 4 allow
annite properties and the extent of nonideality on the Ann—Sdr
join to be evaluated, but not independently. For example, the
data for these two equilibria limit Wi, to the range —15.2 to
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—2.3 kJ/mol. If annite properties are constrained independently
by Fe-Mg partitioning data between olivine and biotite (Zhou
1994), which are well reproduced with Wil,e. = 10.4 — 0.004T
kJ/mol (Berman and Aranovich 1996) and Wi}, = WAER/2 =
1.0 kJ/mol, WML, is constrained between —11.5 to —6.1 kJ/mol.
This result is significantly greater than the —29.4 kJ/mol value
derived by Benisek et al. (1996) on the basis of experimental
displacement of the equilibrium:

Ann = Sa + Mt + H,. (6)

The more negative value obtained by Benisek et al. (1996)
is related to their acceptance of Dachs’ (1994) position of the
end-member Equilibrium 6, which yields a much smaller stabil-
ity field for annite than determined in other experimental studies
(Eugster and Wones 1962; Hewitt and Wones 1984; Cygan et
al. 1996) and in our thermodynamic analysis. One reason for an
experimental discrepancy may be the very short run duration of
Dachs’ experiments (see Table 1 of Dachs 1994), insufficient to
equilibrate the sluggishly reacting Ann+Sa+Mt+H,0O assemblage.
That this was the case is suggested by the highly time-dependent
values of the final f;;, obtained by Dachs in the three runs of
variable duration at 750°C (see also the discussion of Dachs’
experiments by Cygan et al. 1996 and Chou 1997).

Additional support for the annite properties derived here
comes from comparison with the reversed phase-equilibrium
data of Cygan et al. (1996) for the equilibrium:

annite = sanidine + magnetite + H,.

The data derived here successfully reproduce their equilib-
rium curve at temperatures above 750 °C, which are associated
with the most reducing conditions and the least Fe** in annite (6
to 15 £ 5% of total Fe; Cygan et al. 1996). These calculations
are relatively insensitive to various assumptions regarding the
energetics of, or the precise amount of this small amount of oxy-
annite component, the substitution mechanisms of which have
been studied in detail by Rancourt et al. (2001).

With annite properties constrained by the Ol-Bt exhange data
(Zhou 1994), as discussed above, the combination of experimental
data for Equilibria 3 and 4 place constraints on the third law entropy
of siderophyllite, S$%os. The maximum value is 387 J/(mol-K),
which, in comparison to the estimated third law entropy of sid-
erophyllite [365 + 3 J/(mol-K); Holland 1989], corresponds to full
disorder over four tetrahedral sites. The minimum value is 371.6
J/(molK), with values greater than 377 J/(mol-K) most compatible
with the nominal experimental data. Thus, the experimental data
are inconsistent with Al-Si mixing on two T; sites (Sonse = O for
siderophyllite), but are consistent with the short-range ordering
of Al-Si over four tetrahedral sites (Circone et al. 1991; Circone
and Navrotsky 1992).

DISCUSSION

Comparison with natural data

Although detailed investigation has revealed differences in
octahedral cation ordering between synthetic and natural Fe-bear-
ing biotite (Mercier et al. 2005), we expect that the magnitude

of these differences does not significantly affect application of
our experimental data to naturally occurring biotite. To compare
the Al contents determined in this study with natural data, as-
sumptions must be made regarding minor element octahedral
and tetrahedral site substitutions in natural biotites, particularly
Ti and Fe™. Fe-rich biotites coexisting with sillimanite generally
contain about 1.75 Al pfu (Cheney and Guidotti 1975; Guidotti
1984), with Fe™* ~0.15 (assuming Fe™* = 12% of total Fe, Guidotti
and Dyar 1991), and Ti ~ 0.1-0.2. The sum of these components
(~2.05) is almost identical to the Al values (~2.08) determined
in the Fe-system (Table 3). Crystal-chemical arguments (Bailey
1984) indicate that Ti and some Fe** are octahedrally coordi-
nated in biotite, and the above comparison suggests that these
components may compete directly with Al for occupancy on the
octahedral sites. Natural Mg-rich biotites coexisting with Sil or
staurolite contain 1.65-1.70 Al (Cheney and Guidotti 1975),
slightly greater than the value (1.60 Al) determined experimen-
tally in the Mg-system (Table 3). The small difference can again
be attributed to the amount of octahedral Ti and Fe™ in natural
Mg-rich biotites (each about 0.05 cations/12 anions, Cheney and
Guidotti 1975). Biotite with intermediate Fe/(Fe + Mg) ratios
from Al-saturated pelitic assemblages (Guidotti and Dyar 1991;
Holdaway et al. 1997) range between 1.6-1.8 Al pfu, in accord
with our experimental results if Fe** and Ti are accounted for in
the natural biotite.

Analyses of natural biotite coexisting with sillimanite show
that total Al does not vary with temperature, but the amount of
muscovite component increases with increasing temperature
(Guidotti and Dyar 1991). This correlation requires that sid-
erophyllite and eastonite components are negatively correlated
with temperature. Due to compositional uncertainties and the
small temperature range of our experiments, we were not able
to discern a temperature dependence for Al solubility. However,
the nominal data suggest, and our derived thermodynamic prop-
erties predict, the inverse temperature correlation inferred from
the natural analyses. The calculated temperature dependence is
small, however, with total Al pfu decreasing by 0.04 and 0.01 in
the Fe- and Mg-systems, respectively, over a temperature interval
of approximately 100 °C.

Predicted phase relations

The thermodynamic properties of siderophyllite, derived from
experimental data on Equilibrium 3, can be used to compute the
equilibrium Al content of Fe-biotite as a function of P and 7,
evaluate the effect of Al solubility on Fe-biotite stability, and
compare to available experimental data. Figure 8 shows the
results for the upper temperature stability of the assemblage
Fe-biotite + sillimanite + quartz, calculated with the program
THERIAK (de Capitani and Brown 1987; http://titan.minpet.
unibas.ch/minpet/theriak/theruser.html). At low P, the breakdown
curve corresponds to the univariant reaction:

2 Ann,Sdr;;_, + (6—4x) Sil+ (9 +x) Qz=(3—x) fCd+2 Sa+ 2 H,0. (7)

At pressures exceeding hydrous fCd stability (about 2.4
kbar), the breakdown reaction corresponds to:

3 Ann,Sdr, , + (3—4x) Sil + (6+40) Qz=(3—x)Alm+3 Sa+ 3 H,0. (@)
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FIGURE 8. P-T diagram showing equilibria and mineral compositions
computed with thermodynamic data derived from reported experimental
data (Table 5). Numbers beside calculated curves are number of
octahedral Al pfu. Symbols show experimental brackets for Bt + Sil +
Qtz breakdown to Alm + Sa + H,O (squares; this study) and to Crd + Sa
+H,0 (triangles; Holdaway and Lee 1977). Dashed curve shows position
of the equilibrium: Ann + Sil + Qtz = Alm + Sa + H,0O.

Octahedral Al in biotite (expressed as x, mole fraction of the
Sdr end-member, in the above equilibria) changes slowly as P
and T'increase along the breakdown curves (Fig. 8). Compared to
the computed position for Equilibrium 4 with pure annite (x =0,
dashed curve in Fig. 8), excess Al solubility in biotite stabilizes
the biotite assemblage by approximately 200 °C!

Our computed curve for Equilibrium 7 is in accord with
Holdaway and Lee’s (1977) bracket at 710 °C (Fig. 8), but outside
their 650 °C bracket. The agreement at high temperature suggests
that their biotite, which was synthesized with a non-equilibrium
Al content, likely crystallized with the equilibrium composition
during their high-7 experimental runs. The hercynite impurities
present in their starting materials may have significantly affected
their interpretation of run direction at 650 °C.

A somewhat surprising result of calculations in the Mg-system is
that the mineral assemblage Bt-Sil-Sa-Qtz used to study Equilibrium
2 is metastable with respect to the Crd-Sa assemblage over the P-T
range of our experiments. The lack of cordierite detected by XRD
or SEM analysis of the experimental products suggests that kinetic
factors inhibited cordierite growth.

The thermodynamic properties derived for biotite end-mem-
bers and mixing permit the equilibrium Al content, and hence
stability of Mg-Fe-Al biotite to be predicted as a function of P,
T, and bulk composition (using cross-site corrections discussed
below). These calculations are particularly important to incor-
porate into forward petrologic modeling that is increasingly
being utilized to elucidate the quantitative P-7-f evolution of
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metamorphic rocks (e.g., Wei and Powell 2003; Berman et al.
2005). A major challenge for future work is the acquisition of
reversed experimental data involving Mg-Fe-Al biotite that can
be used to assess the accuracy of such predictions and to constrain
further modeling.

Implications for geothermobarometry

The combined set of experimental data (Equilibria 1-4)
constraining the thermodynamic properties of the four biotite
end-members provide a tight bracket on the Gibbs free energy
of the internal equilibrium:

2/3 Ann + Eas = 2/3 Phl + Sdr. (5)

For example, AH, 55(5) is bracketed between —9.3 and —11.0
(optimal value = -9.4 kJ/mol; Table 5), assuming AS = AV =0,
and ideal Mg-Al mixing. The stability of the Phl + Sdr assem-
blage reflects the strong affinity of Al for Fe in biotite, as previ-
ously deduced for biotite and other minerals (e.g., Aranovich
1991; Mader et al. 1994; Berman and Aranovich 1996). This
Fe-Al affinity has major implications for geothermobarometry,
as illustrated below with the example of the garnet-biotite Fe-Mg
exchange thermometer:

Ann + Py = Alm + Phl. )

The energetics of Mg, Fe, and Al mixing has typically been
modeled with nonideal on-site interactions (e.g., Indares and
Martingole 1985; Patino Douce et al. 1993). An alternative ap-
proach is calculation of activity coefficient corrections on the
basis of cross-site terms applied to the energetics of internal
equilibria among end-members of a solid solution (e.g., Wood
and Nicholls 1978; Aranovich et al. 1988; Aranovich 1991).
Although recent analyses of structural refinement data for single
crystals of biotite indicate size differences between M1 and M2
that likely reflect cation ordering (Mercier et al. 2005), available
data for Fe-Mg biotite demonstrate very limited octahedral site
partitioning (Redhammer and Roth 2002). Assuming equal Fe-
Mg partitioning on the Ann-Phl binary (no octahedral Al), the
cross-site corrections are given by:

RTIny,py = —-AGsXRX")

RTIny, ann = AGSXNI\I/%g M
RTInY, g = AGsX(1 — X'
RTInY, 54 = “AGsXNi,(1 — XM

The garnet-biotite exchange thermometer 8 can be calibrated
by combining the thermodynamic properties of biotite extracted
here (Table 5) with those of garnet derived by Berman and
Aranovich (1996). This calibration successfully reproduces the
Fe-Mg exchange data of Ferry and Spear (1978) if approximately
6% Fe* is assumed in the experimental biotite. The potential
magnitude of the activity coefficient correction can be appreci-
ated with reference to aluminous biotite that occurs with garnet,
andalusite, and sillimanite in metapelitic rocks studied by Ferry
(1980). For sample 666, with X,, = 0.52 (assuming one octahe-
dral site), the calculated temperature with Equilibrium 8 is 65
°C lower using the activity coefficient correction. These results
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discriminate between proposed Margules models, corroborating
those that produce similar temperature effects with W < Wygai
(e.g., Indares and Martingole 1985, and many others since), and
contradicting those with Wyes1 < Weea (€.g., Hoisch 1990; Patino
Douce et al. 1993).

An additional implication of the experimental data presented
here is that they provide improved calibration of barometers in-
volving siderophyllite or eastonite. For example, Hoisch (1990)
first suggested use of the equilibrium:

3 Ann + 6 An =3 Sdr + 6 Qz + Grs + Alm )

to compute equilibration pressures of aluminosilicate- and
muscovite-absent metasedimentary rocks containing the rela-
tively common assemblage garnet-biotite-plagioclase-quartz.
The calibrations of Equilibrium 9 provided by Hoisch (1990),
and recently Wu et al. (2004), are strictly empirical, based on
regression analysis of natural mineral compositions against
P-T values estimated with other available thermobarometers.
The siderophyllite properties derived in this study permit direct
calibration of the standard-state properties of Equilibrium 9,
and thus provide more reliable application of this barometer. As
with any biotite-bearing equilibria, successful applications over
a range of metamorphic grade require calibration of the effects
of, not only Al (discussed above), but also Ti, which varies from
close to zero at greenschist facies to Xr; = 0.5 at granulite facies
(e.g., Guidotti and Dyar 1991). Description of the calibration
of the energetics of Ti mixing in biotite is, however, beyond
the scope of this paper. Such documentation, as well as the
thermodynamic properties of biotite calibrated via consideration
of constraints from natural assemblages in addition to a more
extensive experimental data set than considered in this paper can
be accessed with version 2.30 of the TWQ software (http://gsc.
nrcan.gc.ca/sw/twq_e.php).
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