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Fluid-absent melting of F-rich phlogopite + rutile + quartz
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ABSTRACT

Fluid-absent melting is believed to be an important process in the generation of melts
in the lower crust and upper mantle. Breakdown of phlogopite makes H,O available and
thus controls the conditions at which fluid-absent melting occurs. Both F and Ti in biotite
have been shown to affect strongly the thermal stability of biotite. To model better the
fluid-absent melting of assemblages containing phlogopite, the reaction F-phlogopite +
quartz + rutile = enstatite + melt has been studied experimentally. Experiments were
performed at 7, 10, and 15 kbar using a natural F-rich phlogopite with a starting com-
position of F/(F + OH) = 0.43 and Mg/(Mg + Fe) (in molar proportions) = 0.94. Results
indicate that the thermal stability of F-rich phlogopite + quartz + rutile is extended by
as much as 450 °C relative to the KMASH system and by 300 °C relative to the Ti-free
F-KMASH system. Approach to equilibrium in the experiments was assessed by conver-
gence of results of melting and crystallization experiments. Phlogopite compositions from
experimental products show that, although F-rich phlogopite incorporates relatively little
Ti (2-3 wt% TiO,), the combination of F and Ti increases the stability of phlogopite to
considerably higher temperatures (~300 °C) than that of either component alone. Melts
formed by the fluid-absent melting of F-rich phlogopite + quartz + rutile at temperatures
> 1000 °C are granitic and strongly peraluminous. The compositions of these melts suggest
that the formation of metaluminous to peralkaline A-type granites by fluid-absent melting

of halogen-enriched sources is unlikely.

INTRODUCTION

Volatile components present in micas (primarily H,O
and to a lesser extent halogens) facilitate the formation
of melts under fluid-absent conditions in both the con-
tinental crust and the metasomatically altered mantle (e.g.,
Wood 1976; Wendlandt and Eggler 1980; Thompson
1982; Bohlen et al. 1983). Breakdown of mica also exerts
important controls on processes occurring within sub-
ducted oceanic lithosphere (Modreski and Boettcher 1972,
1973; Aoki et al. 1981; Wyllie and Sekine 1982). Be-
cause the numerous compositional variations in mica
have strong effects on the P, 7, and f;, conditions at
which it breaks down, it is important to understand the
relationships between composition and stability. Both
Ti and F are important components in mica from high-
grade metamorphic rocks (e.g., Leelanandam 1969; Dy-
mek 1983; Guidotti 1984; Chacko et al. 1987). How-
ever, no systematic work has been done on how these
two components interact and, in combination, affect the
thermal stability of mica in quartz-saturated assemblages.
In particular, the melting relations of Ti- and F-rich
phlogopite + quartz are unknown.

Many experimental studies have been performed on
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the fluid-absent melting behavior of phlogopite in the
KMASH system (e.g., Bohlen et al. 1983; Peterson and
Newton 1989; Vielzeuf and Clemens 1992) with the as-
semblages quartz + phlogopite and quartz + phlogopite
+ sanidine to determine the P and T conditions at which
fluid-absent melting occurs. The range in P-T conditions
at which phlogopite breaks down to form melt has been
tightly constrained by this earlier work. The behavior of
phlogopite in the F-bearing system was studied by Peter-
son et al. (1991), who determined the fluid-absent melt-
ing relations of the assemblage F-rich phlogopite + quartz.
Fluid-absent melting of an F-rich natural metatonalite
containing biotite with Mg’ = 0.31 [Mg' = Mg/(Mg + Fe)
in molar proportions] was studied by Skjerlie and John-
ston (1993). The effect of increased F content on mica
stability was also studied experimentally by Munoz and
Ludington (1977), and the relationship between F content
and Al, Fe, and Mg contents in mica was studied by Mu-
noz and Ludington (1974), Petersen et al. (1982), and
Valley et al. (1982). Work on Ti substitution mechanisms
in phlogopite and biotite includes that of Robert (1976),
Monier and Robert (1986), Dymek (1983), and Abrecht
and Hewitt (1988), and modeling of the effect of Ti on
the thermal stability of phlogopite and biotite was con-
ducted by Trennes et al. (1985) and Patifio Douce (1993),
respectively. Largely as a result of these previous exper-
imental investigations, and through studies of natural as-
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semblages (e.g., Guidotti 1984), it is known that F and
Ti substitutions in phlogopite and in biotite indepen-
dently increase the thermal stabilities of these minerals.
We conducted fluid-absent melting and crystallization
experiments with the assemblage F-rich phlogopite +
quartz + rutile. These experiments elucidate how tem-
perature and pressure affect F and Ti contents in near
end-member phlogopite (Mg’ = 0.94) coexisting with
quartz and a Ti-saturating phase and, in turn, suggest how
these components affect the upper thermal stability of
phlogopite. We also determined the compositions of melts
formed during fluid-absent melting of Ti- and F-rich
phlogopite + quartz + rutile. This study constitutes an
approximation toward clarification of the combined ef-
fects of high Ti and F contents on the fluid-absent melting
relations of phlogopite and could serve as a model for the
behavior of biotite in F- and Ti-rich bulk compositions.

EXPERIMENTAL AND ANALYTICAL PROCEDURES

We conducted both melting and crystallization exper-
iments to assess the approach to equilibrium of the ex-
perimental results. The starting materials used to perform
each kind of experiment are discussed below.

Apparatus

Melting and crystallization experiments were per-
formed at 7, 10, and 15 kbar in a solid-medium piston-
cylinder apparatus with 0.5 in. cell assemblies over the
temperature interval 1050-1375 °C (Table 1). Pressures
were monitored with a Heise gauge yielding an accuracy
in nominal sample pressure of +50 bars. Friction loss
was determined to be no more than 0.5 kbar on the basis
of the end-member anorthite and albite breakdown re-
actions [see also Patifio Douce (1995) for additional
discussion]. Temperatures were measured using W, ,Re-
W,Re, thermocouples and controlled with a digital Eu-
rotherm 808 temperature controller. The reported tem-
peratures are believed to be within +£5 °C of the actual
sample temperature owing to the small sample size (see
below) and proximity of the thermocouple to the capsule
(=1 mm). Cell assemblies consisted of a CaF, inner plug
containing the encapsulated sample, surrounded by a
graphite furnace. The furnace was separated from the NaCl
outer bushing by a Pyrex glass sleeve. Initial pressure
applied to the assembly was approximately 1 kbar at 25
°C. At temperatures below 675 °C, the pressure was main-
tained below 7 kbar. Above this T, as the target temper-
ature was approached, pressure was gradually increased.
This procedure ensured that the glass sleeve did not shat-
ter before the target conditions were achieved. In most
cases, pressure increased during the experiments above
the target conditions and had to be monitored and low-
ered (hot-piston out) throughout the experiment.

Starting materials for melting experiments

Two starting mixtures were used in the melting experi-
ments, both consisting of F-rich phlogopite (Ward’s no.
46E6190, from Notre Dame-du-laus, Quebec, Canada),
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TasLE 1. Experimental conditions and phase assemblages of
experimental products
P T

Expt. (kbar) (°C) t(h) Assembiage
DD56 melting* 7 1038 48 Phi Qtz Rt (Pyx)
DD57 melting 7 1050 42 Phl Qtz Rt Pyx (melt)
DD19 melting** 7 1250 6 Phi Qtz Rt Pyx melt
DD39 crystall.t 7 1250 6 Phi Qtz Rt Pyx melt
DD29 melting 7 1275 4 Phl (Qtz) Rt Pyx melt
DD45 crystall. 7 1275 4 Phl Qtz Rt Pyx melt
DD50 crystall. 7 1290 3.75 (Qtz) Rt Pyx melt
DD27 melting 7 1300 3.5 (Qtz) Rt Pyx melt
DD33 melting 7 1375 0.5 (Rt) Pyx melt
DD40 melting 7 1375 0.5 Rt Pyx melt
DD11 melting** 10 1050 36 Phl Qtz Rt (Pyx)
APD612 melting 10 10756 172 Phl Qtz Rt Pyx (melt)
DD15 melting** 10 1075 52 Phl Qtz Rt Pyx (melt)
DD13 melting** 10 1150 25 Phl Qtz Rt Pyx melt
DD38 crystall. 10 1250 115 Phl Qtz Rt Pyx melt
DD14 melting** 10 1263 11 Phi Qtz (Rt) Pyx melt
APD616 melting 10 1275 9 Phl Qtz Rt Pyx melt
DD42 crystall. 10 1275 5 Phl Qtz Rt Pyx meit
DD44 crystall. 10 1290 4.5 Phi Qtz Rt Pyx melt
DD30 melting 10 1300 3.5 Phl (Qtz) Rt Pyx melt
DD34 crystall. 10 1300 3.5 Qtz Rt Pyx melt
DD35 melting 10 1325 3 Qtz Rt Pyx melt
DD31 melting 10 1350 2 (Qtz) (Rt) Pyx melt
DD20 melting** 15 1300 5 Phi Qtz Rt Pyx melt
DD52 melting 15 1300 5 Phl Qtz Rt Pyx melt
DD53 crystall. 15 1300 45 Phi Qtz Rt Pyx melt
DD54 crystall. 15 1313 45 Phi Qtz Rt Pyx melt
DD48 melting 15 1325 4.5 Qtz Rt Pyx melt
DD51 melting 15 1350 3 Qtz Rt Pyx melt
DDA46 crystall. 15 1363 2 Qtz Rt Pyx melt
DD32 melting 15 1400 1.5 Qtz Pyx melt

Note: Abbreviations from Kretz 1983 (Pyx = pyroxene); parentheses
indicate minor amount of phase present.

* Melting experiments as described in text.

** Experiments performed with mixture FTi-1 (see text).

1 Crystallization experiments as described in text.

quartz, and rutile. This sample of phlogopite was chosen
because it contains a substantial amount of F (3.77 wt%)
and a small amount of Fe (Mg’ = 0.94). Brazilian quartz
and rutile from Graves Mountain, Georgia, were used as
the SiO, and TiO, phases. Compositions of phlogopite,
quartz, and rutile in the starting materials and the modal
abundances and bulk compositions of the two starting
mixtures are given in Table 2. The chosen modal abun-
dances are similar to those of other experiments performed
with the assemblages phlogopite + quartz (Peterson and
Newton 1989; Vielzeuf and Clemens 1992) and F-rich
phlogopite + quartz (Peterson et al. 1991). Mixture FTi-1
was used to perform a series of preliminary experiments
at 10 kbar. However, at 10 kbar and 1263 °C, only a minor
amount of rutile was observed. Because the goal of this
study was to determine the behavior of F-rich phlogopite
under Ti-saturated conditions, a new mixture (FTi-2) was
prepared with additional rutile to ensure Ti saturation. This
mixture was used for most experiments (Table 1). Esti-
mated H,O content of the starting materials is ~1 wit%,
on the basis of the F-rich starting phlogopite analyses (H,O
determined by charge balance) and of the modal compo-
sition of the starting mixtures.
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TABLE 2. Starting mixtures
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Sio, Al,O, TiO, FeO MgO Na,0 K.,O F Total
Bulk compositions (wt%)
Mix FTi-1 68.0 6.6 23 1.6 12.9 0.2 5.3 1.9 98.8
Mix FTi-2 66.7 6.5 4.3 1.6 12.6 0.2 5.2 1.9 99.0
Starting compositions (wt%)
F-rich Phl 41.3(0.7) 13.0(0.3) 0.6(0.1) 3.1(0.5) 25.3(0.4) 0.4(0.1) 10.3 3.8(0.4) 97.8(1.6)
Qtz 100.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.8
Rt 0.0(0.0) 0.0(0.0) 99.4(0.8) 0.2(0.1) 0.0 — — —_ 99.6(0.8)

Note: Mix FTi-1 consists of 47.0 wt% quartz, 51.0 wt% F-rich phlogopite, and 2.0 wt% rutile. Mix FTi-2 consists of 46.1 wt% quartz, 49.9 wt% F-rich
phlogopite, and 4.0 wt% rutile. Numbers in parentheses represent relative uncertainties of the average values (two standard deviations) on the basis
of ten analyses of different F-rich phlogopite grains and five analyses of different rutile grains. Phlogopite composition gives a formula of
Ko.84N@y 05(MQ2 70F€0.15 Tio.03Alo 06)( Al 04 Siz.86)010(OH), 1sFass. This formula has a value of FAF + OH) = 0.43. Dashes indicate elements not analyzed.

The phlogopite used in these experiments is similar in
F and Mg content [F/(F + OH) = 0.43 vs. 0.54 and Mg’
= 0.94 vs. 1.00, respectively] to the synthetic phlogopite
used by Peterson et al. (1991). No F-buffering phase is
present in our experiments, but the activity of TiQ, is
buffered if rutile is present.

Starting materials were mixed in an alumina mortar
under acetone for 30 min. Approximately 4-6 mg of
sample were loaded into Ag,;Pd,s capsules (3 mm o.d.,
0.3 mm wall, 5 mm long) and placed in a 120 °C drying
oven for ~24 h to remove any adsorbed water. The cap-
sules were crimped before removal from the oven and
immediately sealed by arc-welding. Ag,sPd,s capsules were
used because the temperatures at which these experi-

TasLE 3. Phlogopite compositions

ments were performed exceed the melting point of gold.
One possible consequence of using these capsules is Fe
loss from the sample. Fe contents were determined in
capsules from both low- and high-temperature experi-
ments performed at 10 kbar. At 1075 °C, 0.5 wt% FeO
(Fe calculated as FeO) was measured in the capsule after
172 h, and at ~1300 °C, 0.8 wt% FeO was measured in
the capsule after 28 h. Because the bulk composition is
close to the Mg end-member, this Fe loss is not expected
to affect the experimental results significantly.

Starting materials for crystallization experiments

Crystallization experiments were performed with the goal
of obtaining the same phase assemblages observed in melt-

Expt. DD56 DD57 DD19* DD3¢ DD29 DD45 DD11* DD15* APD612 DD13*
P (kbar) 7 7 7 7 7 7 10 10 10 10
T(C) 1038 1050 1250 1250 1275 1275 1050 1075 1075 1150
n* 4 6 8 3 5 5 8 4 3 7
wt% oxides
Sio, 44.09 43.41 42.56 46.46 43.68 45.13 42.59 42.38 43.26 42.62
Al,O, 13.12 13.57 12.68 12.24 11.93 11.32 14.20 13.89 13.70 13.67
TiO, 0.81 0.70 1.04 2.69 2.27 1.98 0.69 0.93 0.70 0.72
FeOt 2.18 2.06 1.20 0.03 0.01 0.00 1.99 1.67 1.67 0.95
MgO 25.10 25.41 25.31 24.30 27.40 26.20 24,77 23.95 26.02 26.18
Na,0 0.18 0.12 0.13 0.22 0.09 0.18 0.14 0.23 0.20 0.14
KO 9.98 10.43 10.60 9.33 10.19 9.96 10.43 10.49 10.40 10.53
F 5.46 6.44 8.40 7.57 8.16 8.25 5.93 5.78 7.62 7.75
Oxide total 100.92 102.14 101.92 102.85 103.72 103.00 100.74 99.32 103.57 102.56
-0=F 2.30 2.7 3.54 3.19 3.43 3.47 2.50 243 3.21 3.26
Total 98.62 99.43 98.38 99.66 100.29 99.53 98.24 96.89 100.36 99.30
Stoichiometries based on O = 11
Si 3.06 3.02 3.03 3.17 3.00 3.12 2.99 3.01 3.00 2.98
Al 0.94 0.98 0.97 0.83 0.97 0.88 1.01 0.99 1.00 1.02
Al 0.14 0.13 0.09 0.16 0.00 0.05 0.17 0.18 0.11 0.11
Mg 2.60 2.63 2.68 2.49 2.85 2.7 2.59 2.54 2.69 273
Ti 0.04 0.04 0.06 0.14 0.1 0.10 0.04 0.05 0.04 0.04
Fe 0.13 0.12 0.07 0.00 0.01 0.00 0.12 0.10 0.10 0.06
K 0.88 0.93 0.96 0.81 0.88 0.88 0.94 0.95 0.92 0.94
Na 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.03 0.01 0.02
F 1.20 1.42 1.89 1.64 1.76 1.81 1.32 1.30 1.67 1.72
OH 0.80 0.58 0.11 0.36 0.24 0.19 0.68 0.70 0.33 0.29
F/F + OH) 0.60 0.71 0.94 0.83 0.88 0.89 0.66 0.65 0.84 0.86

Note: Relative uncertainties of the average values (two standard deviations) are 3% for SiO,, 4% for MgO and K,0, 6% for F, 23% for TiO,, 49%

for Na,O, and 73% for FeQ.
* Experiments performed with mixture FTi-1.
** The number of grains analyzed per experiment.
+ Total Fe reported as FeO.
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ing experiments at the same P-T conditions. Starting ma-
terials for the crystallization experiments were prepared by
melting the starting crystalline mixture FTi-2 (Table 2) in
sealed Ag,sPd,s capsules for 30 min at 7 kbar and =1375
°C. Prior to their use in the crystallization experiments, the
products of these high-temperature melting experiments
were examined with the electron microprobe to determine
the degree of melting and identify the phases present.
Phlogopite and quartz were no longer present at these P-T
conditions, but both pyroxene and rutile remained. The
amount of melt was estimated to be between 75 and 90%.
Portions of the products of these high-7" experiments were
then used as starting material for crystallization experi-
ments at lower temperatures.

Characterization of experimental products and analytical
procedures

The capsules were weighed before and after the exper-
iments. No weight loss was detected in any experimental
product. The capsules were also examined optically to
ensure that there were no ruptures, which would have
allowed CaF, contamination from the pressure medium,
and were cleaned in hydrofluoric acid before the contents
were removed. Small amounts of CaF, remaining on the
exterior of the capsules, even after cleaning, may have
been incorporated into the starting material used in the
crystallization experiments during extraction and grind-
ing of this glassy material. Therefore, Ca contents were

TaBLE 3.— Continued
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measured in all experiments to check for possible CaF,
contamination. Minor amounts of CaO (=0.3 wt%) were
measured in melts from some of the crystallization ex-
periments. This probably represents contamination from
residual CaF, present on the exterior of the capsule used
to prepare the high-T glass-rich starting materials.
Experimental products were removed from the cap-
sule, mounted in epoxy resin, and polished. Electron mi-
croprobe analyses of the phases present were obtained
using a JEOL JXA-8600 superprobe with a sample cur-
rent of 5 nA and an accelerating potential of 15 kV. F
was analyzed with a JEOL LDE1 multilayer crystal, using
both synthetic F-rich phlogopite and natural topaz stan-
dards. Results obtained from both standards were within
the uncertainties of counting statistics. Other elements
were analyzed using either synthetic or natural minerals
as standards (Si: natural quartz, Al and Ca: synthetic an-
orthite, K: synthetic orthoclase, Mg: synthetic spinel, Ti:
synthetic rutile, Fe: natural fayalite, and Na: natural al-
bite). X-ray intensities were reduced by means of a PRZ
correction routine. Analyses were performed with the
beam in rastering mode at magnifications between 60000
and 90000. This method was used to limit migration of
light elements during the analyses and to insure accurate
targeting. No decay of K count rates occurs at these an-
alytical conditions (Patifio Douce and Beard 1995). In
some cases, grain size was too small to obtain uncontam-
inated analyses, which is demonstrated by high SiO, con-

Expt. DD38 DD14* DD42 APD616 DD44 DD30 DD20* DD52 DD53 DD54
P (kbar) 10 10 10 10 10 10 15 15 15 15
T(°C) 1250 1263 1275 1275 1290 1300 1300 1300 1300 1313
n** 6 6 6 3 4 3 9 6 7 3
wt% oxides
Sio, 46.35 43.04 44.24 41.99 44.37 44.52 42.55 4410 43.95 43.79
Al,O, 12.42 12.40 12.46 13.29 11.92 11.88 12.40 11.93 13.03 13.15
TiO, 3.05 2.28 2.39 0.79 213 217 2.10 2.41 2.94 3.09
FeOt 0.10 0.27 0.04 0.82 0.05 0.39 0.62 0.14 0.16 0.15
MgO 23.93 25.79 26.11 26.68 25.97 26.31 25.47 24,98 25.89 26.12
Na,O 0.17 0.13 0.18 0.12 0.12 0.09 0.14 0.08 0.19 0.07
KO 9.59 10.50 10.08 10.66 10.26 10.05 10.73 10.60 10.56 10.64
F 6.57 8.68 7.68 8.14 8.35 7.73 7.96 7.31 7.57 8.40
Oxide total 102.18 103.09 103.16 102.51 103.17 103.14 101.97 101.55 104.28 105.41
-O0=F 2.77 3.65 3.23 3.43 3.52 3.25 3.35 3.08 3.19 3.54
Total 99.41 99.44 99.93 99.08 99.65 99.89 98.62 98.47 101.08 101.87
Stoichiometries based on O = 11
Si 3.16 3.02 3.07 3.00 3.08 3.07 3.01 3.09 3.00 2.99
Al 0.84 0.98 0.93 1.00 0.92 0.93 0.99 0.91 1.00 1.01
BIA]| 0.16 0.04 0.04 0.04 0.06 0.04 0.04 0.07 0.05 0.04
Mg 243 2.70 2.7 2.80 2.69 2.7 2.68 2.61 2.64 2.65
Ti 0.16 0.12 0.12 0.06 0.11 0.11 0.11 0.13 0.15 0.16
Fe 0.01 0.02 0.01 0.05 0.00 0.02 0.04 0.01 0.01 0.01
K 0.83 0.94 0.86 0.96 0.91 0.89 0.97 0.95 0.92 0.93
Na 0.02 0.02 0.04 0.01 0.02 0.01 0.02 0.01 0.03 0.01
F 1.42 1.92 1.66 1.81 1.83 1.69 1.78 1.62 1.64 1.81
OH 0.58 0.08 0.34 0.19 0.17 0.31 0.22 0.38 0.36 0.19
F/AF + OH) 0.71 0.96 0.83 0.91 0.92 0.84 0.89 0.81 0.82 0.91
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TABLE 4. Melt compositions
Expt. pD19*  DD39 DD29 DD45 DD50 DD27 DD33 DD40 APD612 DD13* DD38 DD14* DD42
P (kbar) 7 7 7 7 7 7 7 7 10 10 10 10 10
T({C) 1250 1250 1275 1275 1290 1300 1375 1375 1075 1150 1250 1263 1275
n 7 5 12 5 7 6 6 7 1 7 4 14 6
wt% oxides
Sio, 76.03 71.41 73.52 72.69 71.73 72.26 67.13 7008 7128 72.74 71.39 73.73 70.30
A.IQO3 9.31 11.74 10.73 10.70 10.57 10.86 9.19 962 1054 1234 12.95 11.75 13.41
TiO, 2.04 2.84 3.32 3.19 3.75 3.45 5.18 4.81 0.63 0.86 2.54 2.57 2.58
FeO¥f 0.73 0.02 0.06 0.06 0.04 0.13 1.07 1.16 0.08 0.4 0.02 0.29 0.04
MgO 3.38 4.68 3.88 4.41 5.76 5.67 10.25 6.28 2.31 3.35 4.21 3.40 4.49
Ca0O 0.04 0.31 0.10 0.30 0.23 0.18 0.07 0.06 0.05 0.05 0.25 0.05 0.24
Na,O 0.31 0.35 0.29 0.33 0.31 0.18 0.19 0.20 047 0.43 0.47 0.22 0.68
K,O 711 6.23 7.10 6.60 6.48 6.88 5.48 6.15 7.07 7.7 7.45 6.91 6.95
F 1.27 2.09 2.27 242 2.55 2.37 2.49 2.69 0.71 0.98 1.10 2.11 1.95
Oxide total 100.22 99.65 101.25 100.69 10142 10198 101.03 101.03 93.14 9886 100.38 101.02 100.65
-O0=F 0.53 0.88 0.95 1.02 1.07 1.00 1.05 1.13 0.30 0.41 0.46 0.89 0.82
Total 99.69 98.77 100.30 99.68 100.35 100.98 99.98 99.90 92.84 9845 99.92 100.14 99.83
AlL,O;/Ca0 + Na,0 + K,O (molar)
A/CNK 112 1.49 1.29 1.30 1.40 1.40 1.47 1.38 1.25 1.35 1.39 1.48 1.48

Note: Relative uncertainties of the average values (two standard deviations) are 2% for SiO,, 5% for Al,O,, 6% for K,O, 11% for TiO,, 17% for F,

24% for MgO, 31% for Na,0, and 42% for CaO.
* Experiments performed with mixture FTi-1.
** The number of meit pools analyzed per experiment.
+ Total Fe reported as FeO.

tents reported for some grains of the phlogopite analyzed
(Table 3).

Most analytical totals for hydrous phases, phlogopite,
and melt are close to 100 wt% and, in a few cases, exceed
100 wt% even after the O equivalent of the F atoms is
subtracted (see Tables 3 and 4). Therefore, it is impos-
sible to estimate H,O contents of these phases by differ-
ence. Calculated phlogopite stoichiometries (Table 3)
suggest that phlogopite at 7> 1200 °C may be essentially
anhydrous, and so most of the H,O would be dissolved
in the melt. However, estimation of H,O of the glasses
by mass balance is not warranted given the potentially
high permeability of silver palladium alloy to H, (Hol-
loway and Wood 1988, p. 174) and perhaps even to H,O
(cf. Patifio Douce and Beard 1994). H,O contents in the
experimental products, therefore, remain unknown. This
uncertainty does not invalidate the phase-equilibrium re-
sults, which describe the behavior of F- and Ti-rich
phlogopite + quartz under strongly H,O-undersaturated
conditions (bulk H,O = 1 wt%). In particular, conclu-
sions about (1) F-Ti interactions in phlogopite, (2) the
effects of these components on phlogopite stability, and
(3) melt compositions produced in F-rich systems are un-
affected. No conclusions can be drawn from our results,
however, about the efficacy of Ti- and F-rich phlogopite
as an H,O reservoir at high temperatures.

Approach to equilibrium

Experimental durations were brief to minimize desic-
cation of the experimental samples with time as a result
of either H, (Holloway and Wood 1988) or H,O diffusion
(Patifio Douce and Beard 1994) through the capsule ma-
terial. Crystallization of phlogopite and quartz from the
glassy starting material, at the same P and T at which

these phases were present in melting experiments, sug-
gests that a good approach to equilibrium was attained
in the melting experiments, even if their durations were
short (Table 1). The stability of the phase assemblages
observed in the short-duration experiments was also ver-
ified by performing two longer duration experiments near
the melt-in and Phlogopite-out phase boundaries at 10
kbar. The assemblage and modal proportions of the phases
present in these longer duration experiments were the
same as those observed in the shorter duration experi-
ments (see Table 1). Phlogopite present in the longer du-
ration experiments is similar in composition to that con-
tained in the shorter duration experiments at the same P
and T, with the exception of F content, which is higher
in the longer duration experiments (Table 3). This obser-
vation suggests that H, (or H,O) loss does indeed occur
during the experiments. As a result of increased H, loss,
H,O loss, or both, the thermal stability of phlogopite could
be artificially extended. Therefore, short experimental
durations (with convergence of results from melting and
crystallization experiments) minimize the possibility of
overestimating phlogopite stability.

EXPERIMENTAL RESULTS
Description of phases

Phlogopite. In the melting experiments phlogopite oc-
curs as euhedral crystals forming thin plates (3 um thick,
10-60 um across) at 7 < 1075 °C. As temperature in-
creases, the crystal width increases to ~8 um. Phlogopite
present in the crystallization experiments is also euhedral
but is finer grained. The high silica contents reported for
phlogopite in some crystallization experiments may re-
flect contamination by glass surrounding smaller grains.

Pyroxene. It is not known whether the Mg-rich, Ca-
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Expt. APD616 DD44 DD30 DD34 DD35 DD31 DD20* DD52 DD53 DD54 DD48 DD51 DD46  DD32
P (kbar) 10 10 10 10 10 10 15 15 15 15 15 15 15 15
T(C) 1275 1290 1300 1300 1325 1350 1300 1300 1300 1313 1325 1350 1363 1400
n" 3 7 10 8 6 3 8 8 3 7 8 7 4 3
wt% oxides
Sio, 7230 7194 7345 6969 70.88 6992 7297 7174 69.14 6964 6768 69.18 6880 67.69
Al,O, 1199 1203 11.04 1205 10.29 968 11.14 12.01 1309 1458 1196 11.06 1154 1063
TiO, 2.54 2.44 2.72 343 4.28 5.01 2.39 2.56 232 1.94 430 3.68 345 5.7
FeOt 0.40 0.05 0.25 0.01 0.03 0.03 0.48 0.20 0.03 0.04 0.00 0.05 0.08 0.04
MgO 3.45 446 4.03 5.81 5.95 7.42 2.94 3.61 4.68 3.06 640 4.82 5.51 8.19
CaO 0.10 0.30 0.10 0.17 0.09 0.05 0.03 0.09 0.50 0.52 0.07 0.08 0.24 0.05
Na,O 0.31 0.47 0.29 0.18 0.13 0.24 0.46 0.27 0.57 0.44 023 022 0.35 0.23
KO 7.70 7.38 6.99 7.16 6.97 6.66 8.97 8.03 8.18 8.64 782 7.84 7.72 7.29
F 2.23 2.03 2,03 2.30 222 2.69 1.90 2.00 1.65 1.62 295 293 2.69 2.89
Oxide total 101.02 101.05 100.90 100.81 100.83 101.69 101.27 10051 100.15 100.48 101.42 99.87 100.37 102.72
-0 = 0.94 0.85 0.86 0.97 0.93 1.13 0.80 0.84 0.69 0.68 124 123 1.13 1.22
Total 100.08 100.20 100.05 99.84 99.90 10056 10047 99.67 9945 99.80 100.17 98.64 99.23 101.51
AlLO,/Ca0 + Na,0 + K,0 (molar)
A/CNK 1.36 1.29 1.34 1.44 1.33 1.26 1.06 1.31 1.50 1.60 149 137 1.43 1.41

free pyroxene crystals observed in the experimental prod-
ucts are monoclinic or orthorhombic; therefore, they are
referred to simply as pyroxene. In all experiments pyrox-
ene occurs as thin needles to blade-like crystals, <5 um
wide and ~10-15 um long. The grain size of pyroxene
increases with temperature to 10 um wide and 30 um
long. The pyroxene crystals contain substantial amounts
of Al, thus they are not end-member enstatite. Al con-
centrations in pyroxene vary from ~0.6 wt% at 7 kbar
and 1375 °C to 8.1 wt% Al,O, at 10 kbar and 1150 °C
(Table S5). Pyroxene grains are not compositionally zoned,
the apparent zoning shown in Figure 1 results from the

TaBLE 5. Representative pyroxene compositions

positive relief of pyroxene relative to the surrounding
material caused by polishing.

Rutile. Rutile occurs as subhedral to anhedral grains
ranging in size from 1 to 10 pm.

Quartz. Quartz occurs as globular, anhedral grains, 5-
30 um in diameter.

Melt. Melt is abundant in all experiments at 7 > 1200
°C. It forms a continuous matrix in which mineral phases
are dispersed (Fig. 1). In near-solidus experiments at 7
and 10 kbar melt is present in minor amounts, but no
well-developed melt pools are present. Therefore, melt is
difficult to identify and to analyze.

Expt. DD19* DD50 DD33 DD11* DD13* DD35 DD52 DD48 DD46
P (kbar) 7 7 7 10 10 10 15 15 15
T(C) 1250 1290 1375 1050 1150 1325 1300 1325 1363
n" 4 4 4 4 4 5 5 6 2
wt% oxides
Sio, 59.62 58.40 59.27 54.47 57.89 58.80 58.61 58.30 59.05
AlLO; 2.15 1.19 0.63 7.22 8.21 0.98 1.38 1.63 1.48
TiO, 0.80 0.89 0.62 0.45 0.65 0.84 0.58 0.78 0.66
FeOt 3.68 2.27 1.92 5.91 3.82 1.58 2.34 1.24 0.93
MgO 32.60 37.83 38.22 31.05 29.83 37.80 37.07 37.10 38.24
Total 98.86 100.58 100.65 99.11 100.41 100.00 99.98 99.05 100.37
Stoichiometries based on O = 6
Si 2.03 1.96 1.98 1.88 1.94 1.98 1.98 1.98 1.97
Al 0.00 0.04 0.02 0.12 0.06 0.02 0.02 0.02 0.03
1A} 0.09 0.01 0.01 0.18 0.27 0.02 0.03 0.04 0.03
Ti 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02
Fe 0.10 0.06 0.05 0.17 0.1 0.04 0.07 0.04 0.03
Mg 1.66 1.90 1.91 1.60 1.49 1.90 1.87 1.87 1.91
Total 3.90 3.99 3.99 3.96 3.88 3.98 3.98 3.97 3.98

Note: Relative uncertainties of the average values (two standard deviations) are 2% for SiO,, 4% for MgO, 20% for FeO, 24% for TiO,, and 28% for

AlLO,.
* Experiments performed with mixture FTi-1.
** The number of grains analyzed per experiment.
1 Total Fe reported as FeO.




FiGure 1.
lization experiment at 7 kbar, 1250 °C; (c) crystallization experiment at 10 kbar, 1290 °C; and (d) melting experiment at 15 kbar,
1300 °C. Note the smaller grain size of phlogopite from crystallization experiments.

Phase relations

Phase relations determined in this study are summa-
rized in Figure 2. The solidus of the assemblage F-rich
phlogopite + quartz + rutile was approached at 7 and
10 kbar (Table 1). At 7 kbar, 1038 °C and 10 kbar, 1050
°C, trace amounts of pyroxene were observed but no melt
was positively identified. Pyroxene may form below the
solidus by melt- and fluid-absent reactions involving Ti-
Fe or Ti-Mg exchange components in mica such as

TiO, + 2Si0, = (TiMg_,)em + 2MgSiO,

(Patifioc Douce 1993; Patifio Douce and Beard 1995).
However, phlogopite in these experiments is enriched
in F relative to that in the starting mixture, suggesting
that some phlogopite may have reacted, yielding a hy-
drous melt that we were unable to detect. Melt was pos-
itively identified at 7 kbar, 1050 °C and 10 kbar, 1075
°C (at the latter conditions, after both 52 and 172 h).
The degree of melting observed in both the short- and

Backscattered electron images. (a) Melting experiment with minor amounts of melt at 10 kbar, 1150 °C; (b) crystal-

long-duration experiments at 10 kbar and 1075 °C is
very low (see Table 1).

The upper thermal stability of Ti- and F-rich phlogo-
pite in the assemblage F-rich phlogopite + quartz + ru-
tile was bracketed by means of melting and crystallization
experiments (Fig. 2). The phlogopite-out boundary at 7
kbar is bracketed between 1275 and 1290 °C. At 7 kbar
quartz disappears at a temperature between 1300 and 1375
°C, and rutile is near its upper stability limit at 1375 °C,
as determined from the results of the two melting exper-
iments performed at these conditions, one of which con-
tained only minor amounts of rutile (Table 1). At 10 kbar,
the assemblage F-rich phlogopite + melt + pyroxene +
quartz + rutile is present over the temperature interval
1075-1295 °C. At temperatures above 1295 °C at 10 kbar
phlogopite is no longer present. The solidus temperature
was not determined at 15 kbar, but the phlogopite-out
boundary lies between 1313 and 1325 °C.

The terminal reaction for Ti- and F-rich phlogopite in
the bulk compositions that we studied has a slope of ~220
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Ficure 2. P-T phase relations as determined by this exper-
imental study. The assemblage Phl + Qtz + melt + Rt + Pyx
is stable over a temperature interval of more than 200 °C. The
Phl-out boundary is approximately 300 °C higher at 10 kbar for
Ti-saturated experiments (this study) in comparison with the
same Ti-free assemblage (Peterson et al. 1991).

bars/°C, although the slope apparently steepens between
10 and 15 kbar. At 10 kbar our Ti- and F-rich phlogopite-
out boundary is approximately 450 °C higher than that
reported for the KMASH system (Bohlen et al. 1983;
Peterson and Newton 1989; Vielzeuf and Clemens 1992)
and 300 °C higher than that for the F-KMASH system
(Peterson et al. 1991, Fig. 2). Note that the phlogopite-
out boundary was tightly bracketed at 7, 10, and 15 kbar
by the overlap of melting and crystallization experiments

(Table 1, Fig. 2).

Phlogopite compositions
Although Ti contents increased in the experimental
products relative to the starting phlogopite composition
(Table 3), there are no systematic variations of Ti content
with either pressure or temperature. However, Ti contents
in phlogopite are low in comparison with those found in
other experimental studies with more Fe-rich and F-poor
biotite (e.g., Patifio Douce and Johnston 1991; Patifio
Douce et al. 1993; Patifio Douce and Beard 1995) and also
in comparison with biotite from granulite-facies rocks (e.g.,
Guidotti 1984). For example, phlogopite in our experi-
ments contains 8.0 wt% F near the phlogopite-out bound-
ary at 7, 10, and 15 kbar, but TiO, contents are ~2-3 wt%
(cf. Table 3). There may be several reasons for the low Ti
concentrations in these phlogopite compositions.
Possible mechanisms of Ti substitution in phlogopite
and biotite are the Ti-vacancy (TiOOR2%), Ti-Tschermak’s
(TiALR2%Si_,), and Ti-oxy [TiO3~R24(OH)-,], where R
represents Fe?+ or Mg?* {(e.g., Abrecht and Hewitt 1988).
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Ficure 3. Ti pfu vs. “A]I pfu, suggesting that the Ti-Tscher-
mak’s substitutional mechanism (Ti*'Al,Mg_,Si_,) does not oc-
cur in the phlogopite from these experiments. Data points not
labeled with a temperature are for experiments performed at T
= 1250 °C,

These proposed substitutional mechanisms suggest that
the concentrations of Fe?*, Mg, Al, Si, and OH- may
significantly affect Ti concentration in phlogopite. End-
member phlogopite described in the experimental studies
performed by Trennes et al. (1985), Robert (1976), and
Abrecht and Hewitt (1988) contains substantially more
Ti than the phlogopite in this study. Results of these ear-
lier experimental studies, therefore, rule out low Fe con-
centrations as a limiting factor on Ti concentration. The
amount of Ti that enters phlogopite may also be partially
controlled by Al content through the incorporation of the
Ti-Tschermak’s exchange. The phlogopite crystals pres-
ent in our experiments do not contain substantial amounts
of excess Al. However, for Al-poor phlogopite, it appears
unnecessary to incorporate a Ti-Tschermak’s component
in phlogopite to achieve Ti concentrations greater than
those observed here (Abrecht and Hewitt 1988). In
addition, there is no clear correlation between Al and Ti
concentration in the phlogopite crystals from these ex-
periments (Fig. 3), as would be expected from the Ti-
Tschermak’s exchange.

F content may have a strong influence on Ti substitu-
tion in phlogopite, as is the case with both Al and Fe
(Munoz and Ludington 1974). Compositions of phlogo-
pite in our high-temperature experiments (>1250 °C)
suggest an inverse correlation between F and Ti contents
(Fig. 4). Bohlen et al. (1980) concluded that it is necessary
to include the Ti-oxy exchange component [TiO3-R2%-
(OH)Z,], in addition to other Ti components, to describe
fully the Ti substitutions that occur in biotite. The syn-
thesis experiments of Abrecht and Hewitt (1988) confirm
this conclusion for Mg-rich biotite and phlogopite. Charge
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Ficure 4. Ti pfu vs. F pfu, showing a rough correlation be-
tween F and Ti contents. The decrease of Ti content with in-
creasing F content indicates that either the lack of available OH-
groups or a Ti-F avoidance mechanism inhibits the amount of
Ti that can enter phlogopite. Data points not labeled with a
temperature are for experiments performed at 7 = 1250 °C.

balance in the mica structure is maintained by increasing
the negative charge from OH- to O?- when a highly
charged cation such as Ti** is incorporated. Therefore,
operation of the Ti-oxy substitution requires available
OH- groups to exchange with O2-. Because F substitutes
into the phlogopite structure by exchanging F- with OH-
(e.g., Munoz 1984), a possible interpretation of our ex-
perimental observations (Fig. 4) is that the Ti-oxy sub-
stitution is hampered as the availability of OH- groups
decreases with increasing F content. Lower temperature
(T = 1150 °C) phlogopite that does not fall on the main
trend (Fig. 4) contains much less TiO, than would be
expected, in comparison with the high-temperature
phlogopite, and coexists with only minor amounts of melt
(or none at all). This lower temperature phlogopite may
not represent equilibrium compositions.

Despite the fact that the solubility of Ti in F-rich phlog-
opite is limited, our results show that these relatively low
Ti concentrations are sufficient to cause a dramatic in-
crease in the thermal stability of the assemblage F-rich
phlogopite + quartz. This is demonstrated by comparing
the results of our study with those of Peterson et al. (1991).
Figure 2 shows that the phlogopite-out boundary of the
rutile-bearing assemblage is located at a temperature 300
°C higher than that of the equivalent Ti-free assemblage.

Melt compositions

Melt compositions are strongly peraluminous and sil-
ica rich, with SiO, contents between 67 and 76 wt% and
molar ALLO,/(K,O + Na,O + CaO) ratios in the range
1.1-1.6 (Table 4). The differences in melt compositions
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observed in melting and crystallization experiments con-
taining the same phase assemblage and performed at the
same P and T are relatively minor (Table 4). These melt
compositions are very different from those of the lam-
proitic melts reported by Peterson et al. (1991) for de-
hydration melting in the F-KMASH system. The melt
compositions observed in our experiments are granitic,
such as those reported by Vielzeuf and Clemens (1992)
for fluid-absent melting in the KMASH system. The melt
compositions observed in this study are also similar in
SiO, contents and molar AL,O,/(K,0O + Na,O + CaO)
ratios to melts generated by fluid-absent melting of an
F-rich tonalitic gneiss reported by Skjerlie and Johnston
(1993). Mg contents observed in our experiments are el-
evated relative to typical peraluminous granites. This was
expected given the high temperatures of our experiments.
The strongly peraluminous character of the melts may be
attributed, at least in part, to their high F contents, which
increase Al solubility in silicate melts (Manning et al.
1980). These authors have shown that increased F drives
melts in the quartz-albite-orthoclase system toward more
peraluminous compositions, and our results are in agree-
ment with this conclusion.

The difference between melt compositions reported by
Peterson et al. (1991) for melting of F-rich phlogopite +
quartz and melt compositions determined in this study
is striking and requires an explanation. Peterson et al.
(1991) did not mention whether the glass analyses were
obtained from polished sections, but the analyses of glass
from a single experimental product show large composi-
tional variations, suggesting that they may represent con-
taminated glass analyses (i.e., other phases may have been
included in the analyses). In contrast, melt compositions
were determined in this study from numerous replicate
analyses (Table 4) of polished sections. The melt com-
positions observed in our experiments are restricted to a
narrow compositional range (Table 4), even if melt com-
positions were not strictly reversed in paired melting and
crystallization experiments performed at the same P and
T and with the same starting mixture (FTi-2). This dif-
ference in analytical techniques may explain the discrep-
ancy between the melt compositions reported by Peterson
et al. (1991) and those found in our experiments because
the only other difference between our experiments and
those of Peterson et al. (1991) is the presence of rutile. Ti
saturation should not have a strong effect on melt com-
positions, given the relatively low solubility of Ti in si-
licic melts (cf. Table 4). Our results thus show that fluid-
absent melting of phlogopite in F-rich, quartz-saturated
assemblages generates melts of granitic composition,
rather than lamproites as suggested by Peterson et al.
(1991).

DISCUSSION AND GEOLOGIC IMPLICATIONS
Phlogopite stability

The strong effects of both F and Ti on the thermal
stability of micas have been previously documented (e.g.,
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Valley et al. 1982; Munoz 1984; Trennes et al. 1985;
Patifio Douce 1993). This study indicates that the two
components in combination increase the thermal stabil-
ity of phlogopite to a much greater extent than either
component independently. F- and Ti-rich phlogopite
could thus be an important reservoir for K and large-ion
lithophile elements at great depths in the crust and upper
mantle. Whether F- and Ti-rich phlogopite can be an
important H,O reservoir in the deep lithosphere, how-
ever, remains unknown.

The behavior of phlogopite in these experiments sug-
gests that in Mg-rich micas the Ti substitution mecha-
nism at high 7 may be controlled, to a large extent, by
the availability of OH~ groups. The Ti-oxy substitution
mechanism has been shown to be important for Mg-rich
biotite (Abrecht and Hewitt 1988), and F~ enters the
phlogopite structure by replacing OH-. Low Ti solubility
in F-rich phlogopite is consistent with operation of both
the F-OH -, and Ti-oxy substitution mechanisms.

Implications for the origin of A-type granites

Our experiments demonstrate that fluid-absent melting
of the assemblage Ti- and F-rich phlogopite + quartz at
very high temperatures yields granitic peraluminous melts.
A-type granites have often been characterized as high-T
melts containing substantial amounts of alkalis and F and
relatively little H,O (White and Chappell 1983; Whalen
et al. 1987). A-type granites commonly vary in compo-
sition from peralkaline to metaluminous and are rarely
peraluminous (Collins et al. 1982; Eby 1990). One hy-
pothesis for the origin of metaluminous A-type granites
is that they formed by high-7, fluid-absent melting of a
previously melt-depleted lower crustal source containing
halogen-enriched micas and amphiboles (Collins et al.
1982; Clemens et al. 1986). Our results, in agreement
with the earlier work of Manning et al. (1980), show that
melts derived from fluid-absent melting of protoliths
containing halogen-enriched micas are strongly peralu-
minous and are not likely to resemble the majority of
A-type granites.

CONCLUSIONS

The thermal stability of the assemblage Ti- and F-rich
phlogopite + quartz + rutile, with F-rich phlogopite con-
taining 0.2 Ti atoms pfu, is approximately 300 °C higher
than that of the equivalent Ti-free assemblage at the same
pressure. This shows the large combined effect of Ti and
F in extending the thermal stability of phlogopite. Peterson
et al. (1991) demonstrated that high F content alone in-
creases the thermal stability of phlogopite + quartz. So-
lution of even a relatively small amount of TiO, (=2 wt%)
enhances the thermal stability of F-rich phlogopite dra-
matically. To discriminate completely the individual ef-
fects of Ti and F on phlogopite stability, however, it would
be necessary to conduct similar experiments with the F-free
assemblage Ti-rich phlogopite + quartz + rutile.

Our results also show that granitic melts derived from
fluid-absent melting of crustal protoliths containing halo-
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gen-enriched micas are likely to be strongly peralumi-
nous. This suggests that peralkaline and metaluminous
A-type granites are not likely to be primary melts of halo-
gen-enriched crustal protoliths. In contrast, strongly per-
aluminous and F-rich topaz rhyolites (Burt et al. 1982)
and ongonites (Kovalenko et al. 1977) could represent
such near primary melts.
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