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Abstract Experiments from 640 to 680 °C, 200 MPa
H2O at fO2 � NNO, employing a natural F-rich vi-
trophyric rhyolite from Spor Mountain, Utah, assessed
the effect of variable Mg′ [100Mg/(Mg + Mn + Fe)] on
the partitioning of fluorine and chlorine between biotite
(Bt) and melt. Over this temperature interval, Bt
( ± fluorite, ± quartz) is the sole liquidus phase. Parti-
tion coefficients for fluorine between biotite and glass
(DF

Bt/melt) show a strong dependence on the Mg′ of
Bt. DF

Bt/melt varies from ~ 1.5 to 7.2 over the range of
Mg′ from 21 to 76. A strong linear correlation be-
tween DF

Bt/melt and Mg′ has a slope of 9.4 and extrap-
olates through the origin (i.e., DBt=melt

F � 0 at Mg0 � 0,
an annite-siderophyllite solid solution in these experi-
ments). DCl

Bt/melt values ( ~ 1 to 6) in the same experi-
ments vary inversely with Mg′. The Al-content of biotite
does not vary with the aluminum saturation index
(ASI � molar Al2O3= Ralkali and alkaline earth oxides)
of melt, but two exchange mechanisms involving Al
appear to operate in these micas: (1) Alvi

� Aliv ,
Siiv � Mgvi

; and Mgvi
� 2Aliv , 2Siiv � (vi. The effects

of other components such as Li or other intensive pa-
rameters including fO2 have yet to be evaluated system-
atically. At comparable Mg′ of Bt, however, the Spor
Mountain rhyolite yields higher DF

Bt/melt values than an
Li-rich, strongly peraluminous melt previously investi-
gated. The results indicate that the Mg′ of Bt exerts the
principal control on halogen partitioning, with ASI and
T as second-order variables. The experimental partition
coefficients compare well with other experimental results
but not with most volcanic rocks. Magmatic Bt from
most rhyolites records higher DF

Bt/melt due to reequi-

libration with degassed (H2O-depleted) magma and
perhaps with F2O)1 exchange that may accompany ox-
idation ([Fe3+O] [Fe2+OH])1). This behavior is evident
in magmatic biotite from a zoned peraluminous rhyolite
complex near Morococala, Bolivia: Bt is sharply zoned
with F-rich rims, but Bt(core)-melt inclusion pairs fall
on our experimental curve for DF

Bt/melt. These experi-
mental data can be used in part to assess the preserva-
tion of magmatic volatile contents in plutonic or vol-
canic silicic rocks. For plutonic rocks, the actual F-
content of melt, not a relative activity ratio involving
HF species, can be reasonably estimated if the mica has
not undergone subsolidus reequilibration. This infor-
mation is potentially useful for some shallow-level Ca-
poor magmas that are thought to be rich in F (e.g., A-
and S-type granites) but do not conserve F well as rocks.

Introduction

Silicic rocks rich in fluorine have been reported by nu-
merous investigators (e.g., Anfiligov et al. 1973; Burt et
al. 1982; Christiansen et al. 1980, 1984; London 1987;
Webster et al. 1987; Nash 1993). The prevailing model
for the generation of these rocks, most of which are
categorized as A-type (Whalen et al. 1987), entails
melting of a dehydrated (and perhaps previously melted)
protolith containing F-rich biotite. This model is based
on the recognition of F-rich biotite in high-grade
metamorphic terranes (e.g., Guidotti 1984), the obser-
vation that fluorine extends the stability of biotite to
higher temperatures (Muñoz 1984; Peterson et al. 1991),
and on the presumption that fluorine is strongly parti-
tioned into biotite during episodes of partial melting.
There are, however, reasons to suspect that fluorine does
not partition into biotite as strongly as expected. Some
granites (e.g., Cornwall, UK), pegmatites (e.g., San
Diego County, CA), and rhyolites (e.g., Macusani, Peru)
that are enriched in the volatile and incompatible ele-
ments Li, Cs, and B are also F-rich (London 1987). The
magmas from which these rocks originated are mostly
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characterized as S-type and are thought to be produced
at relatively low temperatures from previously unmelted
biotite-rich metasediments (e.g., Barbarin 1996). This
association implies that substantial F may be transferred
from mineral reservoirs to melt at the lower tempera-
tures of incipient anatexis. Second, experimental inves-
tigations by Icenhower and London (1993, 1995) show
that DF

Bt/melt is small for hydrous peraluminous melts
(see also Skjerlie and Johnston 1992), resulting in F-rich
melt produced at the earliest stages of partial melting.

The effects of F on melt properties and crystal-melt
equilibria are substantial. For the granite system, these
effects include lowering of liquidus and solidus temper-
atures, progressive shift in the normative silica content
of crystallizing melts, reduced viscosity, possibly in-
creased H2O content of melt and important interactions
with some high field-strength elements (e.g., Manning
1981; Dingwell 1985, 1987; Keppler 1993). Though there
is ample reason to want to know the actual F content of
magma, many granites, pegmatites, and rhyolites do not
conserve their fluorine concentrations (London 1987).
The experimental calibration of DF

Bt/vapor (Muñoz and
Ludington 1974) remains the most widely used method
to establish a qualitative measure of enrichment of F in
vapor that coexists with biotite, but it applies strictly to
crystal-vapor equilibria and should not be extended to
equilibria between biotite and melt (though it has by
others). Additionally, the parameter calculated is for this
exchange (Muñoz and Ludington 1974) is the compo-
nent HF, which is thought to represent a negligible
fraction of the total F in a hydrous alkali aluminosilicate
melt (e.g., Schaller et al. 1992). We provide an illustra-
tion of the disparity between the F content of melt cal-
culated by (the misuse of) the method of Muñoz and
Ludington (1974) and the actual measured F content of
melt.

As an extension of the preliminary investigations by
Icenhower and London (1993, 1995), this paper presents
new partitioning data determined by experiment on the
Spor Mountain rhyolite, a slightly peraluminous F-en-
riched vitrophyre from Utah (cf. Webster et al. 1987).
We determined values of DF

Bt/melt on experimentally
grown biotite over the temperature interval of 640 to
680 °C at 200 MPa H2O pressure. We have also deter-
mined values of DCl

Bt/melt in the same experiments,
though for reasons explained below not as fully as for F.

Spectroscopic and theoretical studies predict and find
Fe-F avoidance and Mg-F affinity in the octahedral
layers of biotite solid solutions (e.g., Kalinichenko et al.
1975; Sans and Stone 1983; Mason 1992); thus, DF

Bt/melt

should be governed by the Mg′ of biotite. The converse
behavior apparently is true for Cl (e.g., Mason 1992). In
these experiments, therefore, the principal variable was
Mg0 �� 100Mg=(Mg + Mn + Fe)� of biotite, which was
manipulated between 21 and 76 by small additions of
Fe- or Mg-rich components. Our experimental results
confirm a correlation between DF

Bt/melt DCl
Bt/melt with

Mg′ of biotite. Though Mg′ appears to be the most
important control on DF

Bt/melt, we are currently ex-

tending this work to assess the second-order effects of
aluminum saturation index (ASI � molar Al2O3=R
alkali and alkaline earth oxides) of melt and Fe3+/FeT of
biotite (indirectly f O2

of melt).

Experimental methods

Starting material was a -200 mesh sample of vitrophyric rhyolite
from Spor Mountain, Utah (SM-1 of Webster et al. 1987, kindly
provided by Jim Webster). According to Webster et al. (1987), SM-
1 consists of 70 % glass and 30 % crystals. The Mg′ of SM-1 re-
ported by these investigators is zero (0.00 wt % MgO), so that
glasses of synthetic pyrope or phlogopite or natural crystalline
forsterite (Kilbourne Hole, New Mexico, Table 1) were added to
increase Mg′ of melt and resultant biotite (but note that the un-
adulterated sample of SM-1 used here yielded biotite with Mg′
of ~ 30). Approximately 20 mg rock powder and ~ 2 mg distilled
water were sealed into Au capsules measuring 1 cm × 3 mm, with
the rock/water mix confined to the central 5 mm of the capsule.
Following drying and checks for leaks, successfully sealed capsules
were run in René-41 cold-seal reaction vessels with Hastelloy-C
filler rods and run at 200 MPa. The pressure medium was water
plus trace amounts of a hydrocarbon-based rust inhibitor that
imposed an oxygen fugacity slightly less than the NNO buffer of the
reaction vessel (Huebner 1971). Experiments were of sufficient
duration and temperature to establish equilibration of fO2 by dif-
fusion of H2 between experiment and the pressure reservoir across
Au tubing of 0.18 mm thickness (Chou 1987). Pressure was mon-
itored by a factory-calibrated Heise Bourdon-tube gauge, and all
experiments were conducted open to the gauge and a 2-liter pres-
sure buffer; pressure uncertainty is < 1MPa. Temperatures were
monitored by internal Chromel-Alumel thermocouples; tempera-
ture uncertainty (gradient + thermocouple accuracy) is ± 4 °C.
Experiments were quenched isobarically in an air jet to < 300 °C in
10-50 seconds. Capsules were weighed after runs to check for leaks;
however, all capsules gained weight ( ≈ 0.2 mg) due to diffusion of
Ni from the reaction vessel into the capsule. Run products were
analyzed by optical examination, scanning (SEM) and backscat-
tered electron (BSE) imaging, and energy (EDS)- and wavelength
(WDS)-dispersive X-ray spectrometry. Quantitative analyses of run
products were exclusively performed using WDS techniques. An-
alytical conditions for electron microprobe analysis (EMPA), in-
cluding beam conditions and lower limits of detection (L.L.Ds), are
tabulated in the Appendix. Biotite crystals selected for analysis
were oriented such that the [100] zonal plane was parallel to the
electron beam so that analyses penetrated the direction of maxi-
mum thickness in the biotite, and any variations in X-ray counting
yields based on beam-crystal orientation were eliminated.

All capsules were taken to a temperature of 750 °C, which is
close to the liquidus of the water-saturated system at 200 MPa

Table 1 Summary of additives to Spor Mountain base composition

Compositions with pyrope gel
GA1: 0.5 wt % Mgo
GA2: 1.0 wt % MgO
GA3: 0.2 wt % MgO

Compositions with phlogopite gel
PH1: 0.5 wt % MgO
PH2: 1.0 wt % MgO

Compositions with 2 wt % RbCl solution
GA3-4: 8.6 wt % of solution
GA3-5: 20.6 wt % of solution

Compositions with seed crystals
SM-7: Fe filings
SM-12: Forsterite seeds
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(Webster et al. 1987), for three days and then cooled to the tem-
perature of interest. Control experiments quenched from 750 °C
contained essentially all glass. Experiments were first cooled to
680 °C for one day, where biotite is the liquidus phase (Webster et
al. 1987), followed by 20 °C cooling steps on subsequent days to
the final temperatures of 660, 640, 600 and 580 °C. Durations of
experiments were mostly 1 month at the final temperature; this
duration was sufficient to produce homogeneity of glass and biotite
and a textural steady-state of biotite grain size. We take the ho-
mogeneity of melt and biotite, the steady-state attainment of biotite
grain size and morphology, and lack of other reaction relationships
to represent a close approach to mineral-melt equilibrium. We have
noted in previous work (Icenhower and London 1995) that strict
reversals of partitioning, which are accomplished through exchange
by diffusion, do not work for micas – micas, even those close to the
equilibrium composition, react readily with melt by dissolution and
reprecipitation of the new phase. Thus, all such experiments
amount to synthesis reactions, but the tendency of micas to re-
crystallize readily, quickly, and completely implies that the crystals
are close to their compositions in equilibrium with melt.

Concentrations of Cl are low in SM-1 (0.15 wt %: Webster and
Holloway 1988), which is below the saturation limit of ~ 0.25
(Webster 1992). In order to enhance EMPA of Cl in both glass and
biotite, we added aqueous solutions containing either RbCl or KCl-
NaCl mixtures to selected starting compositions. Concentrations of
added Cl varied from relatively low ( ≈ 0.2 wt %) to high (2 wt %).
As we discuss below, only the experiments with relatively low
concentrations of Cl contained biotite.

Results

The charges contained glass ( � quenched melt) and
biotite laths with fluorite, quartz, and zircon noted in
several charges. Biotite crystallized as sharply hexagonal
prisms or laths (Fig. 1). Fluorite formed euhedral cubes
or dodecahedra that fluoresced brightly under the elec-
tron beam. By EDS, the fluorite contained high con-
centrations of yttrium. In some experiments, halite
crystals have precipitated along fractures that intersect
the surface of glass; the halite presumably originates
from aqueous fluids in vesicles that ruptured below the
surface after the charge was polished. Experiments
cooled to less than 640 °C (600 and 580 °C) contained

plagioclase, quartz, and sanidine in addition to biotite,
consistent with the phase relations reported by Webster
et al. (1987). Biotite in the lower-temperature runs,
however, was too fine-grained for accurate EMPA. Bulk
compositions containing > ~0.5 wt % added Cl did not
yield biotite at any T. Fluids released from punctured
capsules deposited a pink to red precipitate that we infer
to be iron chloride. An affinity of Cl for Fe (e.g., Barnes
1979) apparently leached the little Fe from melt into
vapor and so destabilized biotite.

Glass

Compositions of glasses are tabulated in Table 2. The
glasses were analyzed by a 15-lm fixed beam at two
different conditions: Na, K, Si, and Al by a 2 nA beam
current and 20 kV potential, and Ti, Mg, Ca, Mn, Fe,
Ni, Cs, Rb, and F with a 20 nA beam current, 20 kV
potential. A subset of experiments used a routine in
which Cl was determined instead of NiO. Details of the
analytical routine are given in the Appendix.

In general, the glasses are highly silicic and contain
corundum in the norm indicating peraluminous com-
positions. The excess Al content is assessed through the
aluminum saturation index (ASI � molar Al2O3=R al-
kali and alkaline earth oxides), which varies mostly be-
tween 1.12 and 1.20 for these experiments. The more
peraluminous compositions result in part from loss of
alkalis with chloride to vapor in some doped experi-
ments, and from the addition of synthetic pyrope gel in
other experiments.

The sum of the femic components (TiO2, MgO,
MnO, NiO, and FeO) are below 1 wt % for all glasses,
with TiO2, MgO, and NiO typically below detection
limit. Average K′ [ � molar 100K2O/(Na2O + K2O)] is
46, with Rb2O slightly above the detection limit. Con-
centrations of SrO, BaO and Cs2O are all below their
respective detection limits. Fluorine concentrations are
relatively high with values ranging between 0.8 and 1.8
wt %. Experiments without added Cl contain approxi-
mately 0.05 wt % Cl in glass. Experiments with the RbCl
solution yield glasses that contain 0.07 (GA3-5) and 0.20
(GA3-4) wt % Cl (and ASI � 1:27).

Biotite

Compositions of biotite are shown in Table 3. All ana-
lyses are recalculated on the basis of 24 O, F and Cl.
Total iron is reported as FeO.

The number of Aliv cations is defined as the difference
between the number of tetrahedral cations (8) and the
measured number of silicon atoms per formula unit
(p.f.u.) and varies between ~1.6 and 2.2. By definition,
the number of Aliv atoms diminishes as the biotite be-
comes more siliceous. Biotite from undoped experiments
contains < 6.00 Si atoms p.f.u.. Experiments with added
phlogopite or pyrope gels, however, yielded biotite with

Fig. 1 Back-scattered electron micrograph of experimental SM-10
showing a typical crystal of biotite (size, orientation) that would have
been a target for EMPA
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Si contents between 5.83 to 6.36 atoms p.f.u. The Si
contents for these latter experiments are high but within
the range of values reported in both natural (Robert and
Maury 1979) and experimental (Puziewicz and Johannes
1990) biotite. The occupancy of the tetrahedral site has
no effect on F partitioning (e.g., Mason 1992).

The number of Alvi cations is taken as the difference
between the total number of Al atoms and Aliv atoms.
The total Al in biotite from these experiments (2.2 to 2.7
p.f.u.) shows no meaningful variation with increasing
ASI of melt. The total Al-content of the biotite also is
low but overlaps with biotite compositions in some
peraluminous granites (e.g., Villaseca and Barbero 1994)
and matches biotite compositions in nearly identical
experiments (e.g., Puziewicz and Johannes 1990;
fO2 � NNO, water saturated, 200 MPa pressure, mod-
erately peraluminous melt). The number of Fe atoms
p.f.u. varies between 1.2 to 4.1 and inversely with Mg
(1.1 to 4.0 atoms p.f.u.). A deficit of octahedral cations
(Table 2) probably stems from two sources. Silicon in
excess of 6 cations p.f.u. is accommodated by the ex-
change

Mgvi
� 2Aliv , 2Siiv �(vi(Seifert and Schreyer 1971); �1�

which is applicable to the more magnesian micas listed
in Table 2. Octahedral site occupancy will also be un-
derestimated by calculating all Fe as FeO. Because of the
probable operation of substitution 1 and uncertainties in
the distribution of Fe3+ between octahedral and tetra-
hedral sites (e.g., Dyar 1990) we have not estimated the
Fe3+/FeT from site occupancy deficits. We expect the
Fe3+/FeT ratio of the experimentally grown biotite to be
near 15 %, as explained in discussion section below.

Values of Mg′ [ � 100Mg/(Mg + Mn + Fe)] in bio-
tite were manipulated between 21 to 76 spanning com-
positions from annite to phlogopite; siderophyllite and
eastonite components are low in all experimental biotite
(Fig. 2A). Concentrations of silicon increase with in-
creasing values of Mg′, suggesting that the substitution
of Mg for Fe is coupled with aluminum-silica substitu-
tions on the tetrahedral and octahedral site (i.e., Tsch-
ermak substitution):
vi(Mg, Fe)2�

�

ivSi4� �

viAl3� �

ivAl3� �2�

As displayed in Fig. 2B, this substitution appears to
exert the dominant control over the biotite composi-
tions. Similar variations have been observed in peralu-
minous granite suites (e.g., Villaseca and Barbero 1994).

Partition coefficients

Fluorine

Mineral/melt partition coefficients, or DM
Bt/glass where

M is either F or Cl, are determined by dividing the
concentration of the halogen in biotite by its concen-
tration in glass. Halogen (F, Cl) partition coefficient
values for each experiment are tabulated in Table 4. The
striking feature in this table is the strong correlation
between DF

Bt/melt and Mg′ of biotite, which is revealed
in a plot of DF

Bt/melt and Mg′ of biotite with 2r error
bars (standard deviation about the mean) included (Fig.
3A). The line of least squares fit regressed through the
data indicates a slope of 9.4 and an intercept that passes
close to the origin.

Table 2 Glass compositionsa

Run
Temp
#Analyses

SM-11
640
n�20

Std
Error

SM-7
660
n�19

Std
Error

SM-10
660
n�20

Std
Error

SM-9
680
n�19

Std
Error

SM-13
680
n = 21

Std
Error

GA1-2
640
n�19

Std
Error

SM-12
660
n�20

Std
Error

SiO2 70.14 (0.10) 69.60 (0.17) 70.08 (0.05) 69.93 (0.11) 70.04 (0.15) 69.18 (0.12) 69.96 (0.13)
TiO2 0.04 (0.01) 0.04 0.04 0.04 0.04 0.04 0.04
Al2O3 13.74 (0.05) 13.78 (0.08) 13.69 (0.04) 13.44 (0.07) 13.45 (0.08) 13.29 (0.05) 13.72 (0.04)
MgO 0.02 0.02 0.02 0.02 0.02 0.02
CaO 0.40 (0.01) 0.38 (0.01) 0.39 (0.01) 0.43 (0.01) 0.45 (0.01) 0.42 (0.01) 0.46 (0.01)
MnO 0.04 (0.01) 0.04 (0.01) 0.05 (0.00) 0.05 (0.01) 0.04 (0.01) 0.03 (0.00) 0.03 (0.01)
FeOb 0.35 (0.01) 0.47 (0.01) 0.45 (0.01) 0.55 (0.01) 0.53 (0.01) 0.34 (0.04) 0.35 (0.02)

NiO 0.04 0.04
SrO 0.07 0.07 0.07 0.07 0.07 0.07 0.07
BaO 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Na2O 3.69 (0.04) 3.91 (0.03) 3.82 (0.03) 3.61 (0.03) 3.62 (0.04) 3.68 (0.05) 3.62 (0.04)
K2O 4.77 (0.02) 4.75 (0.02) 4.67 (0.02) 4.73 (0.03) 4.54 (0.02) 4.26 (0.03) 4.68 (0.02)
Rb2O 0.09 (0.01) 0.06 (0.01) 0.09 (0.01) 0.05 (0.01) 0.05 (0.01) 0.08 (0.01) 0.07 (0.01)
Cs2O 0.11 0.11 0.11 0.11 0.11 0.11 0.11
F 1.80 (0.13) 1.59 (0.09) 1.60 (0.07) 1.81 (0.11) 1.56 (0.10) 0.99 (0.04) 1.43 (0.08)
Cl 0.05 (0.01) 0.06 (0.01) 0.06 (0.01) 0.06 (0.01) 0.06 (0.01)

Total 95.42 94.96 95.24 95.00 94.68 92.72 94.72
O≡F, Cl 94.65 94.31 94.55 94.23 94.02 92.29 94.11
ASIc 1.15 1.12 1.13 1.13 1.15 1.16 1.16

aItalics = detection limit, blank = not determined.
bAll Fe as FeO.
cASI = molar Al/(Ca + Na + K + Rb).
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Figure 3B displays the values of DF
Bt/melt versus

temperature for constant values of Mg′. Experiments
grouped in this way appear to indicate a slight negative

correlation between DF
Bt/melt and T, albeit over a nar-

row range of T (cf., Icenhower and London 1995).
Fig. 4A shows that total Al in biotite does not increase
with ASI of melt; Fig. 4B illustrates that total Al in
biotite decreases with increasing DF

Bt/melt, as expected
from the exchange reaction 2. The operation of ex-
change reaction 2 should increase the ASI of coexisting
melt; this is seen in Fig. 4C, though the correlation of
data about a linear regression of the mean is not strong.
Among all of these variables, the Mg′ of biotite is clearly
the most important parameter in fluorine partitioning.

Chlorine

Figure 5 illustrates that values of DCl
Bt/melt plotted

against Mg′ show an inverse correlation. At low values
of Mg′ (30) DCl

Bt/melt varies between 3 and 6, but ap-
proaches unity at higher Mg′ values (70). Although not
as well correlated as DF

Bt/melt, these data corroborate
Mg-Cl avoidance (e.g., Mason 1992). The data also in-
dicate that Mg′ governs Cl partitioning between biotite
and melt.

Discussion

Octahedral site occupancy and DF
Bt/melt

The compositions of biotite synthesized here lie within
natural bounds, albeit with Mg-rich micas containing
elevated Si. As DF

Bt/melt is a function of octahedral site
occupancy (Mason 1992), it becomes critical to

GA1-1
680
n�20

Std
Error

GA2-2
640
n�19

Std
Error

GA2-1
680
n�20

Std
Error

PH1-1
640
n�20

Std
Error

PH2-1
680
n�19

Std
Error

GA3-4
680
n�34

Std
Error

GA3-5
680
n�25

Std
Error

69.85 (0.10) 70.10 (0.12) 69.70 (0.11) 69.48 (0.13) 69.91 (0.14) 66.70 (0.30) 68.89 (0.05)
0.04 0.04 0.04 0.04 0.04 0.04 0.04

13.18 (0.06) 13.42 (0.02) 12.94 (0.03) 13.08 (0.04) 13.15 (0.03) 13.52 (0.03) 13.39 (0.02)
0.03 (0.00) 0.05 (0.02) 0.11 (0.04) 0.04 (0.00) 0.03 (0.00) 0.02 0.02
0.41 (0.01) 0.42 (0.01) 0.42 (0.00) 0.42 (0.01) 0.42 (0.00) 0.47 (0.01) 0.43 (0.01)
0.04 (0.00) 0.04 (0.02) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00)
0.37 (0.01) 0.26 (0.02) 0.36 (0.03) 0.42 (0.01) 0.33 (0.00) 0.46 (0.00) 0.42 (0.00)

0.04 0.04 0.04
0.07 0.07 0.07 0.07 0.07 0.07 0.07
0.13 0.13 0.13 0.13 0.13 0.13 0.13
3.49 (0.04) 3.54 (0.04) 3.39 (0.05) 3.55 (0.04) 3.71 (0.04) 3.72 (0.04) 3.05 (0.26)
4.33 (0.02) 4.13 (0.03) 4.07 (0.02) 4.55 (0.02) 4.47 (0.03) 4.54 (0.02) 4.36 (0.05)
0.08 (0.01) 0.08 (0.01) 0.07 (0.00) 0.08 (0.01) 0.07 (0.01) 0.27 (0.01) 0.86 (0.03)
0.11 0.11 0.11 0.11 0.11 0.11 0.11
1.06 (0.03) 0.83 (0.01) 0.95 (0.03) 1.02 (0.02) 0.88 (0.02) 1.95 (0.01) 0.98 (0.01)

0.05 (0.01) 0.06 (0.01) 0.19 (0.01) 0.07 (0.01)

93.22 93.25 92.43 93.06 93.39 91.31 92.64
92.77 92.89 92.02 92.63 93.02 90.78 92.20
1.18 1.21 1.20 1.13 1.12 1.16 1.27

Fig. 2A Plot of biotite compositions from our experiments on the
biotite quadrilateral. This figure illustrates that the biotite composi-
tions are dominantely annite-phlogopite mixtures. B Plot of total
aluminum (cations) versus the sum of Si, Mg, and Fe (cations) in
biotite. A line of least squares fit regressed through the data indicates
that reaction 2 is the dominant exchange mechanism in the biotite (see
text)
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determine the composition of the octahedral layer in
order to understand the crystallographic controls on F-
Cl-OH substitution. The relations of F content to vari-
ations in Mg′ (e.g., Mason 1992) and even Alvi (e.g.,
Muñoz 1984) are reasonably well defined. The strengths
of correlations (R2) shown in Fig. 3A (Mg′) and 2B
(Alvi) demonstrate smooth and systematic variations of
biotite compositions with changes in the composition of
the system, and that these variables – Mg′ in particular –
control DF

Bt/melt.
The effects of octahedral vacancies such as those

generated by substitution 2 are unknown, but the frac-
tion of (vi, which is equivalent to half the molar Si
above 6 atoms p.f.u., is small for all biotite synthesized
here (Table 2). The Fe3+/FeT and the distribution of
Fe3+ between octahedral and tetrahedral sites in the
biotite probably represent more significant uncertainties.

Table 3 Biotite compositionsa

Temp 640 660 680 680 680 640 660
Run SM-11 Std SM-7 Std SM-10 Std SM-9 Std SM-13 Std GA1-2 Std SM-12 Std
#Analyses n�10 Error n�12 Error n�19 Error n�11 Error n�10 Error n�10 Error n�3 Error

SiO2 38.12 (0.46) 38.53 (0.25) 37.51 (0.28) 37.69 (0.35) 37.42 (0.33) 42.31 (0.12) 42.73 (0.55)
TiO2 0.65 (0.08) 0.99 (0.13) 0.70 (0.06) 0.78 (0.17) 0.77 (0.07) 0.37 (0.03) 0.43 (0.02)
Al2O3 14.06 (0.20) 13.50 (0.22) 13.63 (0.14) 13.85 (0.30) 14.05 (0.16) 13.32 (0.04) 14.03 (0.01)
MgO 6.09 (0.28) 4.58 (0.19) 6.56 (0.36) 6.26 (0.53) 5.47 (0.25) 15.78 (0.09) 12.77 (0.07)
CaO 0.03 0.02 0.02 0.03 (0.01) 0.02 0.02 0.04 (0.01)
MnO 0.78 (0.01) 0.51 (0.02) 0.65 (0.01) 0.62 (0.02) 0.62 (0.01) 0.33 (0.00) 0.48 (0.02)
FeOb 26.59 (0.22) 30.86 (0.28) 27.62 (0.43) 27.48 (0.74) 28.51 (0.38) 13.75 (0.11) 16.50 (0.39)
NiO 0.07 (0.01) 0.04 0.04 0.12 (0.04) 0.04 0.04 0.06 (0.01)
SrO 0.07 0.07 0.07 0.07 0.07 0.07 0.07
BaO 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Na2O 0.48 (0.05) 0.40 (0.03) 0.38 (0.02) 0.40 (0.02) 0.38 (0.02) 0.64 (0.01) 0.55 (0.03)
K2O 8.62 (0.06) 8.52 (0.03) 8.76 (0.05) 8.67 (0.05) 8.53 (0.06) 8.94 (0.02) 8.79 (0.09)
Rb2O 0.17 (0.03) 0.13 (0.01) 0.12 (0.01) 0.10 (0.02) 0.16 (0.01) 0.17 (0.00) 0.19 (0.01)
Cs2O 0.11 0.11 0.11 0.11 0.11 0.11 0.11
H2O 2.23 (0.06) 2.45 (0.04) 2.01 (0.04) 2.14 (0.07) 2.47 (0.04) 1.19 (0.02) 1.74 (0.04)
F 3.08 (0.09) 2.51 (0.07) 3.49 (0.10) 3.27 (0.18) 2.57 (0.07) 5.62 (0.04) 4.56 (0.12)
Cl 0.15 (0.07) 0.17 (0.10) 0.38 (0.02) 0.09 (0.01) 0.07 (0.02)
Total 100.97 101.00 101.43 101.41 100.95 102.42 102.87
O≡F, Cl 99.64 99.94 99.92 99.95 99.87 100.03 100.93

Cations (abridged) on the basis of 24 O, F, Cl
Si 6.00 5.86 5.93 5.94 5.93 6.22 6.27
ivAl 2.00 2.14 2.07 2.06 2.07 1.78 1.73
viAl 0.61 0.42 0.47 0.51 0.55 0.53 0.70
Ti 0.08 0.12 0.08 0.09 0.09 0.04 0.05
Mg 1.43 1.10 1.55 1.47 1.29 3.46 2.79
Mn 0.10 0.07 0.09 0.08 0.08 0.04 0.06
Fe 3.50 4.14 3.65 3.62 3.78 1.69 2.03
Na 0.15 0.12 0.12 0.12 0.12 0.18 0.16
K 1.73 1.74 1.77 1.74 1.72 1.68 1.65
Rb 0.02 0.01 0.01 0.01 0.02 0.02 0.02
OH 2.34 2.62 2.12 2.25 2.61 1.17 1.70
F 1.53 1.27 1.74 1.63 1.29 2.61 2.12
Cl 0.04 0.05 0.10 0.02 0.02
Cation
Total 15.62 15.72 15.74 15.64 15.65 15.64 15.46
Mg′d 28 (4) 21 (3) 29 (7) 28 (4) 25 (4) 67 (1) 57 (2)

aItalics � detection limit, blank � not determined.
bAll Fe as FeO.
cH2O on the basis of stoichiometry.
dMg′

� 100 × Mg/(Mg + Mn + Fe).

Table 4 Summary of partition coefficients and biotite and melt
compositions (numbers in parentheses are the standard errors)

Experiment DF
Bt/melt DCl

Bt/melt Mg′ ASI

SM-11 1.71(0.58) 2.97(1.54) 28(4) 1.15
SM-7 1.59(0.42) 21(3) 1.12
SM-10 2.18(0.51) 2.86(1.76) 29(7) 1.13
SM-9 1.81(0.51) 6.25(1.10) 28(4) 1.13
SM-13 1.65(0.52) 25(4) 1.15
GA1–2 5.68(0.18) 1.53(0.36) 67(1) 1.16
SM-12 3.19(0.14) 1.22(0.34) 57(2) 1.16
GA1–1 5.10(0.22) 66(2) 1.21
GA2–2 7.19(0.50) 76(5) 1.21
GA2–1 6.27(0.20) 1.40(0.46) 76(2) 1.20
PH1–1 5.43(0.76) 65(6) 1.13
PH2–1 6.58(0.67) 73(2) 1.12
GA3–5 3.93(0.33) 3.43(0.61) 51(6) 1.27
GA3–4 3.50(0.11) 2.06(0.27) 43(2) 1.16
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The ratio Fe3+/FeT in rhyolite melt at ≤ 700 °C,
200 MPa H2O, and fO2 � NNO is ≤ 0.1 (Baker and
Rutherford 1996). Melts produced here are nearly
identical in composition and imposed conditions and
hence should have a similarly low Fe3+/FeT. Biotite
spanning a range of Mg′ synthesized at NNO in more
alkaline melt contains ~ 15 % Fe3+/FeT (Righter and
Carmichael 1996). Annite synthesized at reducing
( ≤ FMQ) and more oxidizing ( ≥ NNO) conditions
contains 5 and 15 % Fe3+, respectively (Redhammer et
al. 1993; Dachs 1994; Dachs and Benisek 1995). We
conclude that the biotite synthesized in our experiments
will contain between 10 and 15 % Fe3+/FeT, and a sub-
stantial portion of the Fe3+ may occupy tetrahedral sites
(e.g., Dyar 1990). Consequently, the Fe3+/FeT should be
low, close to the annite-eastonite join, and whatever
the effect of viFe3+ on DF

Bt/melt, it should be negli-
gible in these experimental results.

Deviations from perfect Fe-F avoidance, manifested
as F in excess of that predicted by Muñoz and Lu-
dington (1974) for a given component of biotite, have

been attributed to nonideal mixing of components on
the (OH, F, Cl) site (e.g., Finch et al. 1995) and to short-
range order by clustering of octahedral Fe2+ and Mg
(e.g., Sanz and Stone 1983; Zhu and Sverjensky 1992;
Mason 1992). Our experimental data fit a simple linear
mixing relation of Fe-F avoidance that would be con-
sistent with ideal mixing on both the octahedral (Fe,
Mg) site and the (OH, F, Cl) site at low Cl contents (see
Zhu and Sverjensky 1992). We suggest that one problem
with any interpretive analysis of the existing data (nat-
ural or synthetic mica) is the general lack of analysis of
Fe3+/FeT in the biotite, i.e., that the ‘‘annite’’ component
may be incorrectly estimated from structural analyses
based on EMPA.

DF
Bt/melt in Li-rich peraluminous melt

At comparable Mg′, DF
Bt/melt appears to be lower (than

results here) in Li-rich and strongly peraluminous melt
(ASI � 1:3 to 1.4) generated by the hydrous anatexis of

660 640 680 640 680 680 680
GA1-1 Std GA2-2 Std GA2-1 Std PH1-1 Std PH2-1 Std GA3-5 Std GA3-4 Std
n�10 Error n�12 Error n�8 Error n�7 Error n�4 Error n�13 Error n�9 Error

43.38 (0.10) 43.10 (0.38) 43.16 (0.26) 41.02 (0.51) 42.25 (0.63) 38.39 (0.41) 37.01 (0.81)
0.35 (0.01) 0.26 (0.05) 0.25 (0.02) 0.52 (0.11) 0.55 (0.06) 1.06 (0.26) 1.03 (0.02)

13.24 (0.03) 13.71 (0.15) 13.48 (0.05) 12.90 (0.16) 12.65 (0.21) 13.34 (0.12) 14.29 (0.25)
14.96 (0.12) 18.76 (0.27) 18.42 (0.25) 15.93 (0.48) 18.47 (0.19) 11.59 (0.47) 9.66 (0.02)
0.03 0.03 0.03 0.03 0.03 0.09 (0.07) 0.04 (0.04)
0.36 (0.01) 0.24 (0.01) 0.24 (0.00) 0.43 (0.02) 0.33 (0.03) 0.48 (0.02) 0.50 (0.06)

13.32 (0.09) 10.26 (0.36) 9.91 (0.13) 15.16 (0.37) 11.69 (0.38) 19.37 (0.75) 22.37 (0.81)
0.04 0.04 0.04 0.04 0.04
0.07 0.07 0.07 0.07 0.07 0.07 0.07
0.13 0.13 0.13 0.13 0.13 0.13 0.13
0.65 (0.01) 0.63 (0.02) 0.61 (0.01) 0.53 (0.03) 0.53 (0.05) 0.41 (0.03) 0.69 (0.19)
8.59 (0.03) 9.08 (0.08) 9.05 (0.04) 9.19 (0.06) 9.26 (0.07) 7.92 (0.04) 8.53 (0.01)
0.17 (0.00) 0.18 (0.01) 0.16 (0.01) 0.16 (0.00) 0.15 (0.01) 1.59 (0.09) 0.35 (0.06)
0.11 0.11 0.11 0.11 0.11 0.11 0.11
1.31 (0.03) 1.11 (0.06) 1.09 (0.04) 1.00 (0.17) 1.15 (0.06) 1.84 (0.04) 1.79 (0.10)
5.41 (0.06) 5.97 (0.12) 5.96 (0.06) 5.54 (0.21) 5.79 (0.12) 3.85 (0.06) 3.67 (0.21)

0.08 (0.02) 0.22 (0.02) 0.39 (0.08)
101.74 103.30 102.33 102.38 102.82 100.13 100.30

99.46 100.79 99.82 100.05 100.38 98.51 98.75
6.36 6.19 6.24 6.12 6.15 5.98 5.83
1.64 1.81 1.76 1.88 1.85 2.02 2.17
0.65 0.51 0.54 0.38 0.33 0.43 0.48
0.40 0.03 0.03 0.06 0.06 0.12 0.12
3.27 4.01 3.97 3.54 4.01 2.69 2.27
0.04 0.03 0.03 0.05 0.04 0.06 0.07
1.63 1.23 1.20 1.89 1.42 2.52 2.95
0.18 0.18 0.17 0.15 0.15 0.12 0.21
1.61 1.66 1.67 1.75 1.72 1.57 1.71
0.02 0.02 0.03 0.04 0.01 0.16 0.04
1.28 1.06 1.05 0.99 1.12 1.91 1.88
2.51 2.71 2.73 2.61 2.67 1.90 1.83

0.02 0.06 0.10

15.80 15.67 15.62 15.84 15.74 15.67 15.85
66 (2) 76 (5) 76 (2) 65 (6) 73 (2) 51 (6) 43 (2)
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the assemblage Ab-Ms-Bt-Qtz ± Crd, Gt, Spl (Synpel:
Icenhower and London 1993, 1995). The experiments
contained melt and biotite with 1-2 w % Li2O, and
D[Li]Bt/melt varied from 1.0 to 1.7 (Icenhower and Lon-
don 1995). From the high Li content of the biotite we
might have expected the DF

Bt/melt to be higher in the
Synpel system (e.g., Muñoz 1984) rather than lower. The
only significant difference between experiments with
Synpel and Spor Mountain at Mg0 � 40ÿ50 is that the
Li content and ASI values of melt are much higher in the
Synpel system. Though the precise reason is not clear, we
hypothesize that the combination of Li and especially
high ASI decrease the activity coefficient of F (aBt

F � amelt
F )

in the Synpel melts (e.g., Manning et al. 1980) thus
lowering DF

Bt/melt. This does not contradict, nor even
compare with the trends shown in Fig. 4C, wherein
DF

Bt/melt increases with ASI. The data plotted in Fig. 4C
do not include Mg′ of biotite, which increases with ASI
of melt by exchange reaction 2 and which appears to be
one of the most important controls on DF

Bt/melt.

Comparison of DF
Bt/melt with other experimental data

Values of DF
Bt/melt determined from experiments (Pat-

iño-Douce and Johnston 1991; LaTourrette et al. 1995;
Righter and Carmichael 1996) overlap with or lie below

our results (Fig. 6). Experiments by Righter and Car-
michael (1996) utilized lamprophyre, and those by Pat-
iño-Douce and Johnston (1991) were at H2O contents of
melt far below saturation. All of these experiments were
conducted at higher pressures and temperatures than
ours. Considering these differences, the correspondence
of all the experimental values for DF

Bt/melt is surprisingly
good.

Comparison of DF
Bt/melt with natural volcanics

Figure 6 also illustrates the apparent DF
Bt/melt values

obtained on natural compositions from Twin Peaks,

Fig. 3A Plot of DF
Bt/glass versus Mg′ in biotite for the Spor Mountain

experiments. A least squares fit line regressed through the data passes
close to the origin. One data point (SM-12) lies off of the correlation
because the experiment failed to reach equilibrium, as indicated by
unstable but relic forsterite seed crystals. B Plot of DF

Bt/glass versus
temperature for ASI values of 1.08 to 1.18. The data are grouped
according to Mg′ of biotite. The data show little to no variation of
DF

Bt/glass over this narrow temperature interval

Fig. 4A Plot of total aluminum in biotite versus ASI of melt. No
correlation exists between the two parameters. B Plot of DF

Bt/glass

versus total aluminum in biotite. The negative correlation is probably
controlled by the substitution of Mg into biotite, not by melt
composition. C Plot of DF

Bt/glass versus ASI of melt. The positive
correlation of these variables stems from reaction 2 (see text), which
proceeds with increasing Mg′ of the system (melt + mica)
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Utah (Crecraft et al. 1981), Taylor Creek, New Mexico
(Webster and Duffield 1991), the Bishop Tuff, California
(Mahood and Hildreth 1983), Macusani volcanics, Peru
(Pichavant et al. 1987), and the Honeycomb Hills, Utah
(Congdon and Nash 1991). Clearly, most values from
natural volcanic samples plot well above the experi-
mental result from Fig. 3A, and hence a detailed ex-
amination of this discrepancy is warranted.

We focus our attention on the fluorosiderophyllite
micas studied by Nash (1993) from the Honeycomb Hills
rhyolite, Utah (USA). From our data, DF

Bt/melt ap-
proaches zero as Mg′ goes to zero, which is compatible
with previous studies that demonstrated (using a natural
sample base) or predicted Fe-F avoidance in biotite (e.g.,
Kalinichenko et al. 1975; Sanz and Stone 1983; Mason
1992). For the Honeycomb Hills samples, however,

DF
Bt/melt ranges from 5 to 16 at Mg′ ≈ 0. Nash (1993)

reported only one analysis of Fe3+/FeT, in biotite sample
#32, for which 23 % of total Fe is ferric. This ratio plots
2 log units above NNO in the experiments of Righter
and Carmichael (1996), which is entirely consistent with
Nash’s (1993; also Congdon and Nash 1991) estimate of
an fO2 of ~ 2 log units above NNO. Nash (1993) at-
tributed F-rich domal biotite (DBt=melt

F � 16), with no-
tably F-rich rims and F-poorer cores, to degassing of
magma prior to eruption. Because of the comparative
nonvolatility of F in melt (e.g., Manning 1981, Dingwell
et al. 1985; Webster 1990), degassing of H2O would in-
deed promote growth or exchange of biotite to F-richer
rims. Biotite from earlier-erupted tuffs is thought to
preserve pre-eruptive volatile contents (Nash 1993), but
it still plots well above our data with DBt=melt

F � 5. We
speculate, therefore, that oxidation of Fe in the oct-
ahedral layer of biotite might promote increased incor-
poration of F, as for example by:

Fe2�OHÿ

bt � F2O
ÿ1 � Fe3�Fÿ

2 bt � 1=2H2melt or vapor; �3a�

which is a combination of the oxidation-deprotonation
reaction

�Fe3�O��Fe2�OH�

ÿ1 �3b�

and fluorine-oxygen exchange

F2O
ÿ1: �3c�

Whether this hypothetical exchange occurs or not, it is
important to note that the biotite compositions reported
by Nash (1993) apparently lie far from the annite-side-
rophyllite join with very high Fe3+. Oxidation to Fe3+ at
high f O2

(perhaps late-magmatic or even post-eruptive,
and not reflected by less reactive oxides) may be endemic
to biotite from other volcanic centers, including those
plotted on Fig. 6, although the precise values of
Fe3+/FeT in biotite are not reported or known with
certainty.

Analyses of biotite and coexisting glass from the
peraluminous Macusani rhyolite, Peru (Pichavant et al.
1987) yield a value of DF

Bt/melt that plots on the linearly
regressed fit of our experimental data (Fig. 6). Partition
coefficients for Li, Rb, Cs and Ba reported by Pichavant
et al. (1987) are also similar to our results (Icenhower
and London 1995). In a more extensive study (Morgan
et al. 1995, and work in prep), biotite from a zoned
rhyolite sequence in the Morococala volcanic field, Bo-
livia, also contains biotite with sharply zoned F-rich
rims. When compared to the compositions of melt in-
clusions in coexisting quartz phenocrysts, the cores of
this biotite yield values of DF

Bt/melt that lie on our ex-
perimental curve over a range of Mg′ from 20 to 50.
Obviously, with no change in Mg′, values of DF

Bt/melt,
similarly determined for the F-rich rims, trend above
and away from our experimental values, as do the bulk
of the data for other volcanic rocks. The Macusani and
Morococala volcanics possess an S-type magmatic sig-
nature (Pichavant et al. 1987; Morgan et al. 1995), are
ilmenite-dominant, and hence characteristically reduced.

Fig. 5 Plot of DCl
Bt/glass versus Mg′ of biotite; 1r error bars on the

parameters are included

Fig. 6 Plot of DF
Bt/glass versus Mg′ in biotite from natural (filled

symbols) and experimental (open symbols) biotite/glass pairs. Open
triangles biotite-melt experiments (Patiño-Douce and Johnston 1991),
open circles phlogopite-melt experiments (Righter and Carmichael
1996), open diamond phlogopite-melt experiments (LaTourrette et al.
1995), filled diamond Macusani, Peru (Pichavant et al. 1987), filled
circle Honeycomb Hills, Utah (Congdon and Nash 1991), filled
triangle Taylor Creek, New Mexico (Webster and Duffield 1991),
filled squares Twin Peaks, Utah (Crecraft et al. 1981), squares with
crosses Bishop Tuff, California (Mahood and Hildreth 1983).
Rectangles show the range of DF

Bt/glass values from biotite core/melt
inclusion data from three distinct rhyolite units from Morococala,
Bolivia (Morgan et al. 1995). The data from Macusani, Morococala
and the experiments are remarkably consistent with our calibration
(solid line) despite differences in T, P, fO2 , and XH2O (see text)
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In summary, we suggest that the DF
Bt/melt values

determined on natural volcanic samples are too high due
to either oxidation reactions or reequilibration of biotite
with a progressively declining fH2O=fHF ratio. Values of
DF

Bt/melt determined on experimentally grown biotite on
natural peralkaline compositions are similar to our re-
sults (LaTourrette et al. 1995; Righter and Carmichael
1996), but are lower, perhaps due to melt composition
(Fig. 6). Our results generally overlap with DF

Bt/melt

values determined on experimentally grown biotite on a
natural peraluminous gneiss (Patino-Douce and John-
ston 1991); discrepancies at a higher Mg′ values may be
due to differences in XH2O between the experiments. Our
results are strictly applicable only to silicic igneous
magmas that are generated or crystallized at high water
content (not just high aH2O), low to moderate T, and fO2

of ~ FMQ to NNO.

Chlorine

Values of DCl
Bt/melt vary between 1.2 and 6.2 (Ta-

ble 4). Two of the eight experiments for which DCl
Bt/melt

were determined were doped with additional Cl (GA3-4,
-5). The total Cl added is equivalent to ~2,000 – 3,000 ppm
Cl, though the water/melt ratios of these experiments
were high enough to remove some Cl from melt and
consequently to leave the melts undersaturated in Cl (see
Webster 1992). Loss of Fe to Cl-rich vapor precluded
measurement of DCl

Bt/melt values at higher total Cl
content. The values of DCl

Bt/melt derived from these ex-
periments, however, demonstrate what might be seen as
a surprisingly high compatibility of Cl for biotite.

Mason (1992, and references therein) suggested that
there is a structural Mg-Cl avoidance that is comple-
mentary to Fe-F avoidance in biotite, and hence that
DCl

Bt/melt values should decrease with increasing Mg′.
Our preliminary results are consistent with this trend:
DCl

Bt/melt decreases from 3 – 6 at Mg0 � 30 to 1.4 at
Mg0 � 70.

Fluorine versus chlorine

We find a cross-over in the distribution of Cl and F
between biotite and melt, DCl=DF � 1, near Mg0 � 50
(Fig. 7). At lower Mg0 comparable to biotite from most
silicic igneousrocks,DCl/DF > 1orDCl

Bt/melt > DF
Bt/melt.

The converse is evident (DCl/DF < 1) for more magne-
sian biotite, but such compositions (Mg′ > 60) would be
unusual for silicic igneous rocks.

As the experimental melts produced here are under-
saturated in Cl, we suggest that the reported values for
both DF

Bt/melt and DCl
Bt/melt are valid partition coeffi-

cients for what represent dilute solutions of these two
components in biotite and melt.

Calculations of fluorine concentrations in silicic magmas

Though the Fluorine Intercept Value of Muñoz (1984)
remains useful for distinguishing a relative and qualita-
tive measure of F in igneous systems, it is desirable for
reasons presented in the introduction to know or ap-
proximate the actual F-content of magma. The methods
described by Muñoz and Ludington (1974) have been
used – we would say misused because of assumptions
involved – to estimate the actual F content of melt.
Below we work through a model calculation to illustrate
that, assumptions notwithstanding, the calculated values
are for an HF species, which is a negligible fraction of
the total F content of melt.

The calibrations of Muñoz and Ludington (1974)
provide a means to calculate the activity ratio aH2O=aHF
of aqueous vapor in equilibrium with biotite as functions
of T and biotite composition:

log K � 2100=T � 1:523XMg � 0:416XAnn � 0:200XSid; and �4a�

log K � log�X bt
F =X bt

OH� � log�f fl
H2O=f fl

HF�; where �4b�

XSid � ��3 ÿ Si=Al�=1:75� � �1 ÿ XMg�; and �4c�

XAnn � 1 ÿ �XMg � XSid� �4d�

in which XSid and XAnn are the mole fraction of the
siderophyllite and annite components of biotite, re-
spectively. A model calculation, presented below for
biotite compositions from SM-9 (Table 2), indicates that
the amount of HF in melt estimated by this method is, as
expected, very small (cf., Schaller et al. 1992).

The assumptions that previous investigators have
employed include:

abt
HF � afl

HF � amelt
HF ; and �5a�

abt
H2O � afl

H2O � amelt
H2O �5b�

where a, bt and fl stand for activity, biotite and fluid,
respectively, for an H2O-saturated magma in which
equilibrium exists between biotite, fluid, and melt. If the
ratio of the standard state fugacities of components in
fluid is set equal to unity (for lack of a better value for
f �

HF at elevated P):Fig. 7 Plot of (DCl/DF)Bt/glass versus Mg′ of biotite
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f �

HF=f �

H2O
fl
� 1; then: �6�

aH2O=afl
HF � �fH2O=f �

H2O�=�fHF=f �

HF�
fl
� fH2O=f fl

HF �7a�

where f and f � stand for the fugacity and the standard-
state fugacity (in this case, pure component at P and T),
respectively. The fugacity ratio for H2O and HF in fluid
can be estimated by Eqs. 4a, b. By Eqs. 5a,b and if the
activity coefficients for H2O and HF are equal (i.e.,
cH2O � cHF; again, an unwarranted assumption for lack
of relevant data for cHF) then Eq. 7a becomes:

�aH2O=aHF�
melt

� �XH2O=XHF�
melt

�7b�

The mole fraction of HF in melt (XHF
melt ) can be solved

for if the mole fraction of H2O in melt is known. This
latter quantity can be estimated by first calculating the
gram formula weight (gfw) of melt by the method of
Burnham (1979). We have used the method outlined
above and a gfw � 260:48 for SM-9 glass to calculate
the F content of melt in experiment SM-9 as HF. For
this purpose, we took the concentration of H2O dis-
solved in SM-9 glass as the difference between 100 and
the EMPA wt % total (or ~6 wt %), a methodology that
has proven reliable with the proper EMPA conditions
(Morgan and London 1996). The estimated amount of
HF is ~0.02 wt %, nearly 2 orders of magnitude less than
the measured value of 1.8 wt %. In this calculation, the
melt was known to be saturated with H2O at a known
pressure. In the more general case, the value of XH2O in
melt is nearly as enigmatic as XHF unless the pressure of
crystallization is established and the melt is assumed to
be saturated in H2O or aH2O can be established through
mineral-melt equilibria.

Applications of this work

The results presented here may serve several purposes.
One is to use these partition coefficients when modeling
or estimating the volatile content of hydrous magmas
that have not been extensively oxidized. The significance
of Mg′ and F in biotite is now well established, and
should dramatically affect the F content of melts. It is
evident that the equilibration of biotite with melt, e.g., at
anatexis, will liberate more fluorine to melt than might
have been expected. The available data on DF

Bt/melt ,
most of which are derived from relatively dry (degassed)
and oxidized volcanic magmas (or at least the biotite
appears to be oxidized, even if other mineral indicators
reflect lower fO2 ), are mostly not applicable. The dis-
parity between the values of DF

Bt/melt derived from ex-
periments (ours and others cited) and volcanic rocks
(Fig. 6) reveals that the volatile history, at least recorded
by biotite, in volcanics is nothing like that for hydrous
plutonic igneous magmas. Whereas some minerals from
volcanics undoubtedly preserve a record of conditions
and growth in deeper magma chambers, most volcanic
biotite apparently does not. The measured DF

Bt/melt

values, where melt � matrix or included glass, for il-

menite-bearing S-type volcanic rocks from Peru and
Bolivia (Fig. 6) show a good correspondence to our
experimental values using Spor Mountain rhyolite.

We recognize that subsolidus reequilibration of micas
in plutonic rocks is not only common but often incom-
plete and at scales too fine for detection by EMPA (e.g.,
see Goodman and London 1985; Ferrow et al. 1990).
For biotite, one test of reequilibration might be mineral-
mineral trace element partitioning, e.g., among coexis-
ting biotite and muscovite (see Icenhower and London
1995). Nevertheless, the method of using Mg′ to estimate
F content of melt is still preferable to misuse of the
biotite-vapor equilibria of Muñoz and Ludington
(1974), if no other reliable means is available.

The most likely application of these partition coeffi-
cients is for plutonic rocks emplaced in shallow magma
chambers, such that crystallization will occur before ex-
tensive exchange reactions between biotite and melt or
vapor. Under the best of circumstances, the magma will
be close to H2O saturation but will not exsolve or circu-
late a fluid phase that will cause extensive hydrothermal
alteration. As an example, A-type granites and rhyolites
are commonly characterized as F-rich (e.g., Whalen et
al. 1987) despite the fact that they do not fully conserve
F. Using the results presented here (Fig. 3A), Hogan and
Gilbert (1993) estimated that the F content of melt from
which biotite crystallized in the Mt. Scott granite sill (a
typical A-type granite sheet) in Oklahoma (USA) con-
tained ~0.8 wt % F. Some portions of the Mt. Scott are
characterized by the assemblage amphibole + titanite,
whereas others contain biotite + fluorite (Hogan and
Gilbert 1993). Experiments using the Mt. Scott granite as
starting material and replicating the best estimate of P,
T, and volatile contents bracketed the reaction:

Ttn � 2F � Flu � Qtz � TiO2 �8�

and the amphibole-biotite equilibria at ~1 wt % F in
melt (Price et al. 1995), which agrees reasonably well
with the F content of melt estimated from the compo-
sition of biotite. The fact that many A-type granites have
epizonal features (e.g., Anderson and Bender 1989)
suggests that this method may be useful in determining
F contents in numerous plutons.

Appendix

Electron microprobe analyses of glasses utilized two
separate beam conditions in each analysis to determine
major and minor element oxide concentrations. The first
condition consists of a 15 lm spot size, a current of 2 nA
measured at the Faraday cup, and an accelerating po-
tential of 20 kV. These conditions minimized K and Na
migration (Morgan and London 1996). The second
condition consists of a 15 lm spot size, a current of
20 nA, and an accelerating potential of 20 kV. Two-
sigma lower limits of detection (L.L.D.s), diffracting
crystals, and counting times on peak positions are tab-
ulated below:
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