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coexisting peraluminous silicic melt at 200 MPa (H,0)
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ABSTRACT

H,O-saturated experiments with synthetic metapelite compositions (muscovite-quartz-
albite and muscovite-quartz-albite-biotite = aluminum silicate + cordierite) performed
over the temperature interval of 600~750 °C at 200 MPa (H,O) reveal that partial fusion
commences at 625 °C along the metastable extension of the reaction muscovite + quartz
+ albite + H,0 = melt + aluminum silicate. Biotite is stable over the entire temperature
interval, although it reacts progressively to hercynite + melt at the high end of the tem-
perature range. Muscovite that survives initial melting breaks down to corundum + or-
thoclase between 700 and 725 °C. Minor corundum and aluminum silicate are present at
650 °C, whereas corundum with a large sapphire (Fe + Ti) component is present at and
above 700 °C. Finally, corundum and hercynite exist with orthoclase-rich feldspar and
remaining biotite at 750 °C. The normative composition of melt at the minimum is ap-
proximately Ab,,Or,sMs,,Qtz,, (in weight percent) without other minor components (€.g.,
cryolite). Both muscovite and its equivalent orthoclase + corundum assemblage contribute
substantial excess Al to melt, bringing the value of the Al saturation index (ASI) of melt
to 1.4. Li, Rb, Cs, and F are strongly enriched in melts because of the continuous reaction
and reequilibration of biotite and muscovite over the temperature interval. Concentrations
of the femic components (TiO, + FeO + MgO + MnO) are low (<1 wt%) but rise with
temperature primarily because of increasing solubilities of FeO in melt. Calculated parti-
tion coefficients, D(M)®“¢', between biotite (Bt) and glass (gl) for the element M show that
D(Li)*# (1.7-1.0), D(Ba)®# (~14-6), and D(F)>"# (2.5-1.5) all decrease with increasing
temperature, whereas partition coefficients for Sr (=0.04), Rb (=2.0), and Cs (=0.4) re-
main constant with temperature over a large range of concentrations. Partition coefficients
for muscovite (Ms) were also determined at 650 °C; D(M)"+¢ =~ 0.8 (Li), 3-6 (Ba), 1.6
(Rb), 0.05 (Sr), 0.3 (Cs), and 1.8 (F). These results, together with other data for feldspar,
suggest that Rb, Cs, and Ba become strongly fractionated from one another during anatexis
of aluminous metasediments and the ensuing crystallization of melts. Finally, the low
partition coefficients for F between micas (biotite or muscovite) and melt indicate that
F-rich melts can be generated by the incipient hydrous anatexis of aluminous metasedi-
ments; models that invoke remelting of a dehydrated protolith to generate such F-rich
melts may not be necessary.

INTRODUCTION

Partitition coefficients for major and trace elements
among biotite, muscovite, and coexisting silica-rich melts
have figured prominently in models for anatexis of alu-
minous metasediments and the evolution of peralumi-
nous granitic suites (e.g., de Albuquerque, 1975; Nabelek,
1986; Walker et al., 1986, 1989; Harris and Inger, 1992;
Jolliff et al., 1992; Hall et al., 1993). The behavior of
major elements and especially trace large-ion lithophile
elements (LILEs, including Li, Rb, Cs, Ba, and Sr) can
provide important petrogenetic information on probable
melting reactions and, hence, the lithology and propor-
tions of phases in the source rocks if the partition coef-
ficients for these elements between melt and crystalline
phases are known. Because other elements important in
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constraining such processes (e.g., REEs, Zr, Th, and U)
are typically harbored by accessory phases with highly
variable solubilities in felsic melts (e.g., Hogan and Sinha,
1991; Watson and Harrison, 1983; Watson and Capo-
bianco, 1981; Rapp and Watson, 1986), partition coeffi-
cient data for the LILEs become more important. As
summarized below, the values and variability of these
partition coefficients involving major phases and peral-
uminous melt are poorly constrained.

In this study, we have determined from experiments
the partition coefficients for major and minor elements
(Fe, Mg, Mn, Ti, and F), normally trace LILEs (Li, Rb,
Cs, Ba, and Sr), and other elements among biotite, white
mica, and peraluminous melt produced by hydrous par-
tial melting of the assemblage quartz + albite + mus-
covite + biotite = cordierite + aluminum silicate. In
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Fig. 1. Phase relations for peraluminous granitic systems in
terms of pressure and temperature, after Storre and Karotke
(1971). The dashed line is the metastable extension of the re-
action albite + muscovite + quartz + H,0 = melt + aluminum
silicate to 200 MPa (2 kbar) pressure, the conditions of our ex-
periments (star). The H,O-saturated haplogranite solidus (quartz
+ albite + orthoclase + H,O = melt) and the subsolidus second
sillimanite isograd (quartz + muscovite = orthoclase + alumi-
num silicate + H,0) were determined by Merrill et al. (1970)
and Althaus et al. (1970), respectively. The terminal muscovite
reaction, muscovite = orthoclase + corundum + H,O, was de-
lineated by Yoder and Eugster (1955). Abbreviations; Ab = al-
bite, Als = aluminum silicate, Ms = muscovite, Qtz = quartz,
Or = orthoclase, L = melt, Cor = corundum.

companion papers (Icenhower and London, in prepara-
tion), we present similar results for feldspar and for garnet
+ cordierite + biotite + andalusite assemblages. The
chosen starting assemblage represents a reasonable but
simple analog of aluminous gneisses and metapelites that
experience first melting at pressures above and tempera-
tures below the reaction muscovite + quartz = orthoclase
+ aluminum silicate; i.e., still in the field of stability for
muscovite + quartz (Fig. 1) and with initially orthoclase-
absent starting compositions. By control of bulk com-
position, we were able to explore the melting and crys-
tallization of the starting assemblage quartz + albite +
muscovite + biotite at low P (200 MPa), so that the par-
titioning results are applicable to crystallization of melts
that have migrated to shallow crustal levels. We elected
to conduct these experiments at saturation in H,O, know-
ing that the compositions of fluid phases in typical semi-
or metapelitic schist and gneiss sequences at conditions
of the upper amphibolite facies of metamorphism are not
pure H,O but are diluted by CO, and CH, as controlled
by T, fo,, and graphite in the source rocks. Saturation in
H,O0 helped to produce large quantities of melt, which
facilitated accurate analysis of crystalline and glass phases,
at low T. An additional rationale was 1o examine a lim-
iting case of typical hydrous melting at lowest tempera-
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tures toward an appraisal of the conditions of anatexis
that might produce melts corresponding both to mig-
matites and to chemically evolved (i.e., rare-alkali-rich)
pegmatites by low degrees of anatexis (e.g., Stewart, 1978).
The resulting partition coefficients represent a body of
data that may be applied, with caveats cited, to any gen-
eral or specific circumstance of melting or crystallization
involving micas and peraluminous melts. In this paper,
we utilize these results to discuss (1) the bulk composi-
tions of melts derived from the anatexis of aluminous
gneissic or pelitic protoliths, (2) the role and reaction of
biotite at the onset of low-temperature melting, and (3)
the trace-element signatures of melts derived from as-
semblages bearing muscovite -+ biotite.

PREVIOUS WORK AND RATIONALE FOR
THIS STUDY

Although numerous investigators have reported parti-
tion coefficient data for metaluminous and peralkaline
silicic systems (e.g., Philpotts and Schnetzler, 1970; Han-
son, 1978; Higuchi and Nagasawa, 1969; Arth, 1976; Ma-
hood and Hildreth, 1983), few data exist for peralumi-
nous magmas. Nash and Crecraft (1985) presented
partitioning data for Ba and Rb between plagioclase, potas-
sium feldspar, biotite, and garnet and coexisting high-silica
glass; only one of these compositions is peraluminous. Pi-
chavant et al. (1988) reported trace-element compositions
of biotite, muscovite, and glass from the peraluminous Ma-
cusani volcanic field, Peru. Biotite and muscovite anal-
yses were, however, conducted on mineral separates, not
in situ, and not necessarily involving crystal-glass phases
at equilibrium. Walker et al. (1986, 1989) estimated mus-
covite partition coefficients by dividing average biotite-
melt partition coefficients (determined predominantly on
natural metaluminous compositions) into biotite-mus-
covite element ratios determined by Shearer et al. (1986)
in several pegmatites from the Black Hills, South Dakota.

With these references as the principal or sole sources
of data, it is evident that crystal-melt partitioning data
for the important major and trace constituents of peral-
uminous systems are not well established, and this fact
curtails fruitful investigation of the origins of peralumi-
nous granites, pegmatites, and rhyolites. In addition, the
peraluminous compositions of melts produced from the
assemblage quartz + albite + muscovite (discussed be-
low) might increase the likelihood of Tschermak substi-
tutions, e.g., BaAIK Si_, in micas; thus, crystal-melt
partition coefficients in peraluminous systems might be
different from those in metaluminous or peralkaline com-
positions.

STARTING MATERIALS

Compositions corresponding to synthetic metapelites
were made from mixtures of muscovite, albite, and quartz.
Muscovite was separated from a recrystallized muscovite
+ tourmaline schist near a contact with the Strickland-
Cramer pegmatite body, Portland, Connecticut (DL sam-
ple STK-127). Electron microprobe analyses (EMPA)
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TaeLE 1. Compositions of starting minerals
Albite Muscovite Biotite Andalusite Cordierite
n=40 n=37 n=284 n=230 n=25
Weight percent

Sio, 68.22(0.25) 45.92(0.28) 40.12(0.84) 36.15(0.16) 48.39(0.25)
TiO, 0.44(0.15) 1.19(0.14) 0.04(0.01)
Al,O, 19.95(0.19) 33.83(0.63) 17.56(0.38) 63.65(0.26) 33.72(0.13)
MgO 0.02(0.00) 0.76(0.07) 7.25(0.24) 12.56(0.10)
Ca0 0.03(0.03) 0.02(0.00) 0.020.01) 0.02(0.01)
Li,O* 0.46 217
MnO 0.21(0.03) 0.23(0.03) 0.04(0.01) 0.06(0.02)
Fe,0,** 2.26
FeO 0.02(0.00) 2.73(0.14) 8.13(0.61) 0.31(0.02) 2.55(0.07)
NiO 0.04(0.01) 0.04(0.01)
SrO 0.07(0.03) 0.09(0.09) 0.14(0.15)
BaO 0.13(0.03) 0.13(0.06) 0.13(0.05)
Na,0 11.45(0.13) 0.39(0.04) 0.02(0.01) 0.30(0.02)
K,O 0.21(0.03) 10.69(0.10) 6.78(0.33) 0.02(0.01)
Rb,0 0.05(0.00) 0.05(0.03) 3.82(0.07) 0.05(0.00)
Cs,0 0.11(0.02) 0.11(0.03) 3.83(0.59) 0.11(0.02)
H,Ot 3.78(0.08) 1.42(0.13)
F 1.30(0.12) 4.58(0.29) 0.17(0.05)
P,0s 0.03(0.02)

Total 100.29 100.45 99.48 100.15 97.97
O=F 99.90 97.55

Cations p.f.u.

Normalization basis 8(0) 24(0,0H,F) 24(0,0H,F) 20(0) 18(0)
Si 2.98 6.27 6.69 391 4.90
BIAl 1.73 1.31
Ti 0.05 0.15 0.00
BIA| 1.03 3.71 2.14 8.11 4.03
Mg 0.00 0.15 1.80 1.90
Ca 0.01 0.00 0.00 0.00
Li 0.25 1.59
Mn 0.02 0.03 0.00 0.00
Fe3+ 0.26
Fe2* 0.00 0.31 1.04 0.03 0.22
Ni 0.00 0.00
Sr 0.00 0.01 0.00
Ba 0.00 0.00 0.00
Na 0.95 0.10 0.00 0.06
K 0.02 1.86 1.44 0.00
Rb 0.00 0.00 0.41 0.00
Cs 0.00 0.00 0.27 0.00
P 0.00

Total 4.98 14.20 15.67 12.05 11.10
Ab 0.97 Mg’ = Mg = Mg’ =
Or 0.02 0.31 0.55 0.90
An 0.01

Note: Numbers in parentheses represent standard errors. Numbers in italics represent detection limits. Blank = not determined.

* Li,O determined by ICP.
** Fe,0, determined by titration.
1 H,O estimated by stoichiometry.

presented in Table 1 indicate that it is characterized by
relatively high concentrations of F (~1.3 wt%) and low
TiO, (0.44%), MgO (0.76%), FeO (total Fe as FeO)
(2.73%), and Na,O (0.39%). In addition, the muscovite
contains ~2275 ppm Li (or ~0.4 wt% Li,0), as deter-
mined by inductively coupled plasma (ICP) techniques.
Microprobe analyses of the starting feldspar (Table 1) from
Minas Gerais, Brazil, reveal that it is near end-member
albite. The quartz is a high-purity electronic grade (kindly
provided by Feldspar Corporation, Spruce Pine, North
Carolina). Concentrations of SrO, BaO, Rb,0, and Cs,O
in all three minerals, as determined by electron micro-
probe, are below their respective detection limits.

The minerals were mixed in weight proportions
Ms,,Ab,,Qtz,,, which is roughly equivalent to the com-

position of the eutectic in the system quartz-albite-ortho-
clase-H,O at 200 MPa (H,O) (Tuttle and Bowen, 1958)
on the assumption that muscovite melts incongruently to
equimolar quantities of orthoclase melt and crystals of
aluminum silicate or corundum. The composition of this
simple, three-mineral starting powder is tabulated in Ta-
ble 2 as Synpel 4, for “synthetic metapelite.” A second
set of starting compositions (Synpel 5, 6, and 7) was pro-
duced by mixing ~30% by weight biotite to the quartz-
albite-muscovite mixture and by varying the proportions
of quartz, albite, and muscovite. These bulk composi-
tions were designed to have one or more phases coexist-
ing with melt: Synpel 5, biotite; Synpel 6, feldspar and
biotite; and, Synpel 7, biotite and muscovite. A final
composition, Synpel 8, contained the same proportions
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TABLE 2. Compositions of starting assemblages (wt%)

Synpel 4 Synpel 5+ Synpel 6+ Synpel 7+ Synpel 8

Muscovite 49 34 27.5 443 42
Quartz 24 17 13.5 12 20
Albite 27 19 29 13.7 23
Biotite 0 30 30 30 15
Trace element (wt%)

BaO 0 2 2 2 1
SrO 0 2 2 2 0.5
Rb,O 0 1.15 1.15 1.15 0.58
Cs,0 0 1.15 1.15 1.15 0.58

of muscovite, quartz, and albite as Synpel 4 but with half
the biotite of Synpel, S, 6, and 7 (see Table 2) and has a
correspondingly lower rare-alkali content, as described
below. The melts are quartz-undersaturated at tempera-
tures above the minimum because we are more interested
in element partitioning among coexisting micas and feld-
spars, and one crystalline phase (in this case, quartz) must
disappear upon entering a divariant field of crystals +
liquid.

The starting biotite is a Li-, Cs-, Rb- and F-rich met-
asomatic mica from the wall rocks of the Tanco pegma-
tite, Manitoba (Table 1; Morgan, 1986). In addition, this
mica contains ~2.15 wt% Li,O. We used this mica as a
source of Li, Rb, Cs, and F. It is highly unstable at the
conditions of our experiments; it reacts (dissolves) almost
completely and reprecipitates as a new mica in equilib-
rium with melt. Thus, there is no problem in distinguish-
ing, by back-scattered electron imaging, relict mica grains
from those that have recrystallized and chemically equil-
ibrated with (precipitated from) the melt. Lithophile el-
ements Sr and Ba were added to Synpel 5, 6, and 7 as
glasses of celsian (BaAl,Si,O;) and slawsonite (Sr-
AlLSi1,04). A plus sign denotes experiments that included
doping in Sr and Ba (e.g., SP5+1), otherwise a hyphen is
used (e.g., SP5-1). Doped Synpel 5, 6, and 7 experiments
all contain 2% by weight each BaO and SrO (glasses of
celsian and slawsonite) as well as 1.15% each of Rb,0
and Cs,O (starting biotite). In contrast, all Synpel 8 ex-
periments contain 1% by weight BaO (celsian glass), 0.5%
SrO (slawsonite glass), and 0.58% each Rb,O and Cs,0O
(starting biotite). Starting assemblages, as well as Rb,O,
Cs,0, BaO, and SrO concentrations, are summarized in
Table 2.

The bulk compositions were designed to have concen-
trations of normally trace elements that were measurable
with high accuracy by EMPA. Consequently, experiments
contained as much as ~2 wt% each of Rb, Cs, Ba, and
Sr as oxide components added through minerals (biotite
and muscovite) or glasses, as discussed above. The bulk
compositions, however, were adjusted to produce large
volumes of melt at low temperatures; i.e., to be near min-
imum. In this way, the high concentrations of LILEs were
diluted by the large volume of melt and, depending on
the partitioning behavior, the concentrations of LILEs
were brought above, but near, the lower limits of detec-
tion by EMPA for all mineral-melt pairs.

To assess the validity of the Synpel results at lower
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(trace) concentrations of elements, the partition coeffi-
cients for Li, Rb, Cs, Ba, and Sr were determined between
glass and biotite crystallized from an experiment con-
ducted on a vitrophyre from Spor Mountain, Utah (SM-1
of Webster et al., 1987), at 200 MPa (H,O). The SM-1
vitrophyre contained these same LILEs in the 100-300
ppm range. The biotite-glass pair from SM-1, together
with select Synpel products, were analyzed together by
secondary ion mass spectrometry (SIMS) microprobe. In
summary, the presence of nearly 1 wt% Li,O in biotite
and muscovite produced from Synpel compositions does
not appear to affect partition coefficients for the other
LILEs (compared with values obtained from SM-1 ex-
periments), and the partition coeflicients for the LILEs at
high concentrations in Synpel experiments are essentially in-
distinguishable from those in SM-1 products at the same 7.

Seed crystals of either cordierite (India) or andalusite
(Brazil) were added to select experiments to assess the
stability of these phases at the P-T-composition condi-
tions. Compositions of these seed crystals are given in
Table 1.

EXPERIMENTAL METHODS

Mixed mineral powders were ground under ethanol in
an agate mortar and then dried overnight in an oven at
150 °C. Gold capsules measuring 1 cm X 3 mm x 0.2
mm were loaded with ~20 mg of rock powder and ~2
mg of distilled water. The capsules were welded, checked
for weight loss, and then placed in an oven overnight at
150 °C to check for leaks. Successfully sealed capsules
were then loaded into cold-seal Rene-41 reaction vessels
with stainless-steel filler rods and pressurized at 200 MPa.
The pressure medium was water plus trace amounts of a
hydrocarbon-based rust inhibitor that imposed an f,,
slightly less than the NNO buffer of the reaction vessel.
Pressure was monitored by a factory-calibrated Heise
Bourdon-tube gauge, and all experiments were conducted
open to the gauge and a 2 L pressure buffer; pressure
uncertainty is <1 MPa. Temperatures were monitored
by internal Chromel-Alumel thermocouples; temperature
uncertainty is +2 °C. Experiments were quenched iso-
barically in an air jet to <300 °C in 10-50 s. Capsules
were weighed after experiments to check for leaks; how-
ever, all capsules gained weight (~0.2 mg) owing to dif-
fusion of Ni from the reaction vessel into the precious
metal capsule. Experimental products were analyzed by
optical examination, scanning and back-scattered elec-
tron (BSE) imaging, and energy- and wavelength-disper-
sive X-ray spectroscopy. Quantitative electron micro-
probe analyses of experimental products were exclusively
performed using wavelength-dispersive X-ray tech-
niques. Analytical conditions, including beam condi-
tions, diffracting crystals used, counting times, and lower
limits of detection (LLDs), are tabulated in the Appendix.
Details of the SIMS analyses are also included in the Ap-
pendix.

We used two different approaches to experimental con-
ditions. Preconditioned experiments were heated to 750
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°C for 3 d and then cooled isobarically to experimental
temperatures (reverse-direction expts.). Isobaric cooling
to 650 °C consisted of either stepwise cooling in 50 °C
intervals or cooling directly to the final experimental tem-
perature in a single step. The rest of the experiments were
heated directly to the temperature of interest (forward-
direction expts.). We should emphasize, however, that
the forward- and reverse-direction methods do not con-
stitute a reversal of element partitioning. In both cases,
the constituents present in starting materials dissolve into
and then reprecipitate from melt. Experiments, both for-
ward and reverse, were conducted on a 50 °C interval
from 650 to 750 °C. Experiments at 750 °C were per-
formed in the forward direction only.

CONDITIONS OF MELTING

To induce partial melting of the synthetic metapelite
rock powders, we used previously determined phase re-
lationships for simple granite systems (Fig. 1). The ex-
periments were designed to generate large quantities of
melt along the low-pressure (200 MPa) metastable exten-
sion of the reaction

quartz + albite + muscovite + H,O
= melt + aluminum silicate (1

(cf. Storre and Karotke, 1971). We had no difficulty work-
ing with the metastable extension of this reaction, which
lies at approximately 625 °C and 200 MPa (Fig. 1). That
is, Reaction 1 consumed all quartz before the subsolidus
reaction

quartz + muscovite = orthoclase

+ aluminum silicate

+ H,O )
could proceed. The steep negative slope of Reaction 1 is
important because it is nearly temperature-independent,
allowing us to make reasonable extrapolations concerning
anatexis of metapelites to higher pressures. Experiments
were quartz undersaturated and muscovite oversaturated
above the solidus; thus, the next heterogeneous reaction
with increasing temperature involved the equilibrium

1000

Fig. 2. Back-scattered electron (BSE) images of biotite, mus-
covite, feldspar, corundum, and glass. (A) Euhedral biotite (Bt),
alkali feldspar (Afs), and corundum (Cor) in melt (gl) from SP7+5
(700 °C, reversed). High BSE intensity of biotite is due to high
concentrations of Ba, Rb, and Cs; high BSE intensity of corun-
dum is due to high concentrations of Ti and Fe. (B) Euhedral
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muscovite = orthoclase + corundum + H,O0 (3)

which was encountered near 715 °C, as reported by Yoder
and Eugster (1955). This reaction is important because it
represents the first appearance of alkali feldspar (nomi-
nally orthoclase) in aluminous metapelites at pressures
above about 200 MPa (Fig. 1).

APPROACH TO EQUILIBRIUM

By monitoring the chemical and textural features of
experimental products, we established that durations of
4 weeks were necessary for most experiments to attain
textural and chemical steady state. Hexagonal crystal
shapes (¢ axis perpendicular to view) or sharply bounded
prismatic laths (¢ axis parallel to view) of biotite and
muscovite indicated that the original micas reacted with
melt to produce new micas (Fig. 2). Euhedral, unzoned
micas indicated a close approach to equilibrium with melt.
Remnant, unreacted biotite is rarely present as cores
(higher BSE intensity as a result of higher Cs and Rb
contents) overgrown by new biotite rims (lower BSE in-
tensity). White mica (muscovite) is present in forward-
direction 650-700 °C experiments as both recrystallized
and unreacted grains. Reverse-direction experiments to
650 °C contain recrystallized, euhedral white mica exclu-
sively. Unreacted white mica is manifested by an irreg-
ular embayed interface with melt and is thus easily dis-
tinguished from its recrystallized counterpart. Only
euhedral, prismatic laths of biotite and muscovite were
analyzed in this study.

From BSE signals, recrystallized biotite and muscovite
appear to be extremely homogeneous. This is fortunate
because the small grain size of crystal cross sections pre-
cluded very selective or multiple analyses of individual
grains. Micas selected for EMPA were oriented such that
their [100] zonal planes were nearly parallel to the inci-
dent beam. This orientation gave the greatest exposed
thickness of mica through which the beam did not pen-
etrate to glass. Generally, biotite and white mica from
duplicate experiments show close compositional similar-

biotite crystals overgrown by white mica (Ms) in SP5+15 (650
°C, reversed). (C) Close-up of a euhedral white mica crystal in
SP5+15. Inclusions are biotite and spinel. The variation in BSE
contrast in the white mica is the result of slight charging effects
caused by spalling of the mica during polishing, not composi-
tional zoning.
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TaBLE 3. Glass compositions

ICENHOWER AND LONDON: CRYSTAL-MELT PARTITIONING IN MICAS

4-2 4-6 4-3 4-8 6+6 6+5 6+3 6+7 6+4
650 F 650 R 700 F 750 F 650 R 700 R 700 R 700 F 750 F
n=72 n=12 n=42 n=10 n=40 n=22 n=20 n=238 n=45
Sio, 67.51(0.12)  66.90(0.18)  67.75(0.08)  66.83(0.16)  63.73(0.13)  62.44(0.16) 61.36(0.11)  59.60(0.34)  59.94(0.13)
TiO, 0.04 0.04 0.04 0.04 0.05(0.01) 0.06(0.00) 0.06(0.00) 0.09(0.00)
ALO, 14.50(0.06) 15.07(0.18)  14.65(0.04)  15.19(0.13)  15.79(0.06) 17.07(0.05) 17.47(0.05) 16.58(0.06)  17.63(0.05)
MgO 0.15(0.00) 0.06(0.00) 0.08(0.00) 0.05(0.01) 0.07(0.00) 0.08(0.00) 0.07(0.00) 0.12(0.00)
CaO 0.11(0.02) 0.11(0.00) 0.11(0.00) 0.10(0.01) 0.47(0.01) 0.62(0.01) 0.67(0.01) 0.63(0.01) 0.76(0.01)
MnO 0.07(0.00) 0.09(0.00) 0.08(0.00) 0.05(0.00) 0.06(0.00) 0.06(0.00) 0.06(0.00) 0.07(0.00)
FeO 0.62(0.01) 0.42(0.12) 0.48(0.00) 0.40(0.01) 0.54(0.01) 0.64(0.04) 0.64(0.01) 0.85(0.01)
NiO 0.04 0.04 0.04 0.04 0.04 0.04
Sro 0.07 0.07 0.07 0.11(0.01) 0.32(0.03) 0.24(0.04) 0.19(0.01) 0.50(0.02)
BaO 0.13 0.13 0.13 0.11(0.01) 0.23(0.02) 0.22(0.01) 0.25(0.01) 0.45(0.01)
Na,O 3.69(0.09) 2.94(0.03) 3.31(0.03) 3.41(0.05) 3.08(0.03) 3.44(0.04) 3.48(0.03) 3.18(0.04) 3.31(0.03)
K,O 3.29(0.06) 4.53(0.03) 4.46(0.03) 4.88(0.07) 3.05(0.03) 3.36(0.03) 3.43(0.03) 3.10(0.04) 3.48(0.02)
Rb,O 0.05 0.05 0.05 0.67(0.01) 0.62(0.00) 0.71(0.01) 0.62(0.00) 0.64(0.00)
Cs,0 0.11 0.11 0.11 1.14(0.01) 0.95(0.01) 0.93(0.02) 0.95(0.00) 0.86(0.01)
F 0.69(0.02) 0.61(0.01) 0.73(0.03) 2.01(0.04) 2.03(0.03) 1.68(0.03) 2.18(0.07) 2.04(0.03)
Li,O* 0.22
P,O, 0.05(0.00) 0.03 0.05(0.00) 0.14(0.00) 0.13(0.00) 0.13(0.01) 0.13(0.00) 0.12(0.00)
Total 91.12 91.38 92.14 90.88 91.97 91.16 88.28 90.90
O=F 90.83 91.12 91.83 90.03 91.12 90.45 87.36 90.04
ASI 1.49 1.43 1.41 1.38 1.64 1.58 1.60 1.66 1.61
Femic 0.81 0.61 0.54 0.54 0.72 0.84 0.83 1.13
Mg’ 0.28 0.20 0.20 0.17 0.17 0.17 0.15 0.19
CIPW norm
Q 38 36 35 31 38 32 30 33 29
Ab 35 28 31 32 33 37 37 35 37
Ms 21 23 18 18 28 27 29 30 29
Or 6 13 16 18 2 4 4 1 5
C 0 0 0 0 0 0 0 0 0

Note: Italics = detection level; blank = not determined; R = reverse experiment; F = forward experiment; Mg’ = Mg/(Mg + Fe + Mn); ASI = molar
Al/Z alkalis + Ca, Ba, and Sr; femic = TiO, + MgO + FeO + MnO; standard deviation shown in parentheses (see Appendix).

* Li,O by SIMS probe.

ities that suggest to us that our experiments are repro-
ducible.

RESULTS

Partial melting of Synpel 4 from 625 to 750 °C pro-
duced melt (quenched to glass) and muscovite + corun-
dum =* mullite or other aluminum silicate + spinel =+
feldspar + biotite. Phase assemblages in Synpel 5, 6, 7,
and 8 are more complicated, with biotite, muscovite,
feldspar, and melt present in lower temperature (650-700
°C), forward-direction experiments, and biotite, feldspar,
corundum, and glass *+ spinel present in 750 and 700 °C
reverse-direction experiments. Melt is present in 625 and
650 °C forward-direction experiments but is absent at
600 °C, thus bracketing the solidus of the system between
600 and 625 °C. At 700 °C, melt makes up at least 50%
of the charge by volume, with crystals well distributed
within the glass. Melt is the dominant phase in 750 °C
forward-direction experiments.

Above the minimum melting temperature, where one
(quartz) or more phases disappear by melting, the next
heterogeneous reaction that is observed with increasing
T is the terminal reaction for muscovite (muscovite =
orthoclase + corundum + H,O), where orthoclase be-
comes a component of alkali feldspar. Muscovite disap-
pears from forward experiments at 725 °C but crystallizes
in reversed experiments at 700 and 650 °C and 200 MPa
(H,0). Though not discussed here, feldspars tend to be

zoned, especially in experiments in which Ba and Sr were
added (Fig. 2). Corundum forms thin euhedral hexagonal
plates, and as the gradual melting of biotite proceeds, the
corundum gains a substantial component of sapphire (Fe
+ Ti), which appears brighter in BSE intensity than the
pure alumina phase (e.g., Fig. 2).

Melt

Compositions of glasses (representing quenched melts),
determined by EMPA, are presented in Table 3. Experi-
ments SP4-6, SP5-11, SP7+ 10, and SM-7 were analyzed
by SIMS methods in addition to EMPA, and the analyses
are given in Table 4. Above the minimum melting tem-
perature of the system, variations in melt composition
follow trajectories determined by the melting of remnant
phases (muscovite, biotite, or albite present in excess
above the proportions at the minimum). In terms of the
major phases added, the normative composition (weight
percent) of the minimum melt is near Ab,,Or ;Ms,,Qtz;;
or Ab,,Or,,Cor,Qtz,, (Table 3). In general, glasses are
highly silicic (>70 wt% SiO, on an anhydrous basts), with
SiO, decreasing with increasing temperature (Fig. 3A). Al
is strongly concentrated in these melts (14.5-17.9 wt%
AlLQ,) and increases with temperature (Fig. 3B) despite
the presence of at least one peraluminous phase (corun-
dum, aluminum silicate, mullite, spinel, biotite, or mus-
covite) at all temperatures in every experiment. However,
apparent Al saturation indices [(ASI) molar Al,O,/Z Na,O,
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5+ 15 5+ 14 5+8 547 5+5 54+ 11 5+9 5+6 5-11
650, R 650, R 650, R 700, R 700, F 700, R 700, F 750, F 750, F
n=20 n=10 n=15 n=13 n=18 n=25 n=10 n=12 n=12
Sio, 63.94(0.20) 64.27(0.25) 65.90(0.17) 63.52(0.24) 64.04(0.12) 62.58(0.27) 63.49(0.19)  61.07(0.10)  62.14(0.14)
TiO, 0.09(0.01) 0.07(0.01) 0.06(0.01) 0.07(0.02) 0.05(0.00) 0.08(0.02) 0.09(0.02) 0.08(0.01) 0.11(0.01)
AlL,O, 15.84(0.08)  15.67(0.14)  15.61(0.10) 16.93(0.06)  17.00(0.04)  16.51(0.11)  16.58(0.07)  17.59(0.05)  17.28(0.05)
MgO 0.16(0.02) 0.11(0.02) 0.12(0.02) 0.13(0.04) 0.07(0.00) 0.20(0.07) 0.09(0.02) 0.10(0.00) 0.12(0.00)
Ca0 0.83(0.01) 0.82(0.01) 0.80(0.02) 0.94(0.01) 1.01(0.01) 0.87(0.01) 0.89(0.02) 0.91(0.01) 1.07(0.02)
MnO 0.07(0.00) 0.07(0.00) 0.08(0.01) 0.06(0.01) 0.07(0.01) 0.07(0.00) 0.08(0.01) 0.08(0.01) 0.10(0.01)
FeO 0.74(0.06) 0.64(0.04) 0.61(0.05) 0.73(0.10) 0.61(0.01) 0.62(0.04) 0.67(0.04) 0.90(0.01) 0.90(0.01)
NiO 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Sro 0.45(0.04) 0.21(0.03) 0.22(0.02) 0.43(0.06) 0.40(0.02) 0.46(0.03) 0.41(0.03) 0.32(0.02) 0.07
BaO 0.27(0.03) 0.21(0.04) 0.22(0.02) 0.32(0.04) 0.27(0.01) 0.32(0.04) 0.29(0.02) 0.40(0.03) 0.13
Na,0 1.95(0.02) 1.54(0.07) 2.19(0.02) 2.03(0.10) 2.32(0.01) 1.83(0.07) 1.97(0.07) 2.16(0.02) 2.45(0.04)
KO 3.28(0.04) 3.13(0.05) 3.29(0.04) 3.77(0.04) 3.86(0.02) 3.53(0.03) 3.46(0.04) 4.20(0.01) 4.42(0.05)
Rb,0 0.59(0.01) 0.53(0.02) 0.60(0.01) 0.64(0.01) 0.68(0.01) 0.57(0.01) 0.56(0.01) 0.65(0.02) 0.60(0.01)
Cs,0 1.04(0.02) 1.07(0.03) 1.09(0.03) 0.86(0.02) 0.96(0.01) 0.87(0.02) 0.90(0.03) 0.88(0.06) 0.85(0.02)
F g 1.74(0.04) 1.79(0.07) 1.70(0.06) 1.95(0.15) 1.67(0.04) 1.61(0.03) 1.96(0.03) 2.06(0.01) 1.54(0.05)
Li,O* 0.75
P,0s 0.12(0.01) 0.12(0.01) 0.14(0.01) 0.12(0.01) 0.12(0.00) 0.12(0.01) 0.13(0.01) 0.11(0.01) 0.12(0.01)
Total 91.15 90.29 92.67 92.54 93.17 90.28 91.61 91.55 92.65
O=F 90.42 89.54 91.95 91.72 92.47 89.60 90.78 90.68 92.00
AS! 1.65 1.86 1.61 1.62 1.53 1.70 1.69 1.60 1.32
Femic 1.06 0.89 0.87 0.99 0.80 0.97 0.93 1.16 1.23
Mg’ 0.26 0.22 0.24 0.23 0.15 0.34 0.18 0.15 0.19
CIPW norm
Q 46 49 44 36 38 40 40 36 a3
Ab 25 17 26 28 27 26 27 26 26
Ms 27 33 28 26 27 31 32 31 29
Or 3 0 2 9 8 3 2 8 1
Cc 0 1 0 0 0 0 0 0 0

K,O, Rb,0, Cs,0, Ca0, BaO, and SrO] vary only be-
tween 1.5 and 1.8 because the K,O content of melt also
increases with temperature (Fig. 3C). The concentration
of Li in glass from select Synpel experiments, determined
by SIMS, is ~3500 ppmw (or 0.75 wt% Li,0) for both
high- (750 °C; SP5-11) and low-temperature (650 °C;
SP7+10) experiments. The source of Li in these melts is
both starting muscovite and biotite. Concentrations of Li
in an experiment (SP4-6) without the starting biotite is
~1000 ppmw; the source of Li in this case is the starting
muscovite. When Li is accounted for (e.g., SP7+10, SP5-
11) the ASI of the melts drops to values of 1.3-1.4.

One consequence of the high concentration of AlLO,
with respect to alkalis is that the glasses typically contain
>20 wt% of normative muscovite (the sum of normative
orthoclase and corundum, Table 3). The glasses do, how-
ever, contain > 10 wt% of normative orthoclase compo-
nents, which indicates that muscovite melts incongruent-
ly, as reported by Storre and Karotke (1971). The lowest
temperature melts (650 °C) project to Ab,,Or,,Qtz,, on
the metaluminous ternary (i.e., with excess Al removed;
Fig. 4). On the quartz-albite-orthoclase (weight percent)
diagram, the glasses show a progressive increase in or-
thoclase with increasing temperature, reflecting the pro-
gressive melting of muscovite or of alkali feldspars and
biotite at high temperature.

Concentrations of the sum of the femic components
(TiO,, MgO, MnO, and FeO) are nearly always <1 wt%

as oxides, so that the melts correspond to typical leuco-
granites. The femic sum in melt tends to increase with
rising temperature primarily because of rising concentra-
tions of FeO (Fig. 5A). FeO concentrations in melt and
values of Mg’ [=Mg/(Mg + Mn + Fe)] in biotite both
increase with temperature (Fig. 5B).

Concentrations of alkalis and alkaline earths vary in
proportion to the melting reactions involving phases that
survive above the minimum. For example, melts of Syn-
pel 6, which contain more albite, become increasingly
sodic with increasing T as albite continues to melt. A
general increase in the K content of melt, however, cor-
responds to the progressive reaction of biotite to melt
components plus spinel or the Fe-Ti (sapphire) compo-
nent of corundum and derives an additional component
from the melting of alkali feldspar (which is produced in
abundance with the breakdown of excess muscovite above
725 °C). Ca was unintentionally added to the bulk com-
positions by impurities in the biotite separates (as plagio-
clase); concentrations of CaO vary between 0.4 and 1.2
wt% in Synpel 5, 6, 7, and 8 glasses. Synpel 4, which does
not have biotite in the starting assemblage, contains ~0.1
wit% CaO.

Cs and Rb behave quite differently in the Synpel sys-
tem, as shown in Figure 6A and 6B. Concentrations of
Rb,O in melt increase or remain constant, whereas Cs,O
decreases with increasing temperature. BaO concentra-
tions increase with increasing temperature (Fig. 6C). The
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7+10 7+6 7+5 7+7 7+4 8+5 8+7 8+2 SM-7
650, R 650, R 700, R 700, F 750, F 700, F 750, F 750, F 660, R
n=20 n=20 n=15 n=12 n=20 n=7 n=36 n=40 n=19
Sio, 65.40(0.25) 64.20(0.12) 62.60(0.15) 61.86(0.16)  60.66(0.14)  62.05(0.97) 63.60(0.45) 64.37(0.14)  69.60(0.17)
TiO, 0.07(0.01) 0.06(0.01) 0.07(0.01) 0.06(0.01) 0.09(0.01) 0.05(0.06) 0.08(0.03) 0.11(0.01) 0.04
Al,O, 15.88(0.13) 16.37(0.12) 17.09(0.05)  17.28(0.04) 18.48(0.05)  16.19(0.23)  16.57(0.27) 16.44(0.05)  13.78(0.08)
MgO 0.08(0.02) 0.08(0.01) 0.11(0.01) 0.08(0.01) 0.10(0.01) 0.17(0.13) 0.10(0.02) 0.14(0.01) 0.02
CaO 0.87(0.01) 0.96(0.01) 1.15(0.01) 0.98(0.01) 1.02(0.01) 0.56(0.04) 0.50(0.04) 0.48(0.01) 0.38(0.01)
MnO 0.06(0.00) 0.07(0.00) 0.08(0.01) 0.08(0.01) 0.09(0.00) 0.09(0.03) 0.08(0.02) 0.08(0.00) 0.04(0.01)
FeO 0.53(0.06) 0.53(0.03) 0.67(0.03) 0.67(0.02) 0.84(0.04) 0.88(0.44) 0.66(0.06) 0.61(0.04) 0.47(0.01)
NiO 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04
Sro 0.07 0.20(0.02) 0.24(0.02) 0.39(0.03) 0.65(0.03) 0.38(0.10) 0.26(0.10) 0.16(0.03) 0.07
BaO 0.13 0.15(0.03) 0.21(0.01) 0.19(0.03) 0.28(0.02) 0.27(0.09) 0.38(0.06) 0.40(0.02) 0.13
Na,0 1.87(0.09) 1.84(0.04) 2.08(0.02) 1.83(0.03) 1.72(0.07) 2.40(0.13) 2.80(0.12) 2.61(0.07) 3.91(0.03)
K.Q 3.95(0.08) 3.50(0.06) 4.21(0.03) 3.79(0.02) 4.90(0.05) 3.34(0.15) 4.44(0.08) 4.82(0.05) 4.75(0.02)
Rb,O 0.55(0.01) 0.59(0.01) 0.62(0.01) 0.61(0.01) 0.68(0.01) 0.35(0.03) 0.33(0.03) 0.36(0.01) 0.06(0.01)
Cs,0 1.10(0.02) 1.24(0.02) 1.03(0.02) 1.09(0.02) 0.93(0.02) 0.45(0.06) 0.40(0.06) 0.38(0.02) 0.11
F 1.86(0.08) 1.92(0.04) 2.17(0.04) 2.13(0.04) 2.39(0.03) 0.75(0.04) 1.02(0.07) 1.08(0.03) 1.59(0.09)
Li,O+ 0.77
P,Os 0.09(0.01) 0.09(0.01) 0.13(0.01) 0.16(0.01) 0.14(0.00) 0.09(0.02) 0.07(0.02) 0.08(0.00)
Total 93.32 91.84 92.50 91.24 93.01 88.06 91.32 92.16 94.99
O=F 92.54 91.03 91.59 90.34 92.00 87.74 90.89 91.71 94.32
AS! 1.65 1.70 1.53 1.71 1.60 1.89 1.60 1.62 1.12
Femic 0.74 0.74 0.93 0.89 1.12 1.19 0.92 0.94 0.51
Mg’ 0.19 0.19 0.21 0.16 0.16 0.24 0.20 0.26 1.00
CIPW norm
Q 40 44 37 39 32 39 33 31 31
Ab 25 23 25 23 24 30 31 30 37
Ms 27 31 33 34 32 27 24 24 7
Or 8 2 6 4 13 4 12 14 26
C 0 4] 0 0 0 0 0 0 0

relatively high concentrations of these oxides, especially
Cs,0 (0.8-1.3 wt%) and Rb,O (0.6-0.7 wt%), stem only
from their high initial contents in the starting biotite from
the Tanco pegmatite. The crystal-melt partition coeffi-
cients (discussed below) are more meaningful than the
absolute concentrations of these elements.

Concentrations of LILEs at trace levels (Li, Rb, Cs, Sr,
and Ba) in one Synpel 4 experiment (SP4-6) and one Spor
Mountain experiment (SM-7), determined by SIMS, are
tabulated in Table 4. Concentrations of these elements
are very low (1500-5 ppmw), corresponding to dilute
components.

F concentrations are very high in all Synpel melts. In
Synpel 4, the concentration of F in a 650 °C forward-
direction experiment is ~0.7 wt% and is due solely to the
breakdown of muscovite. In Synpel experiments 5-7,
wherein both muscovite and biotite contribute F to melt,
concentrations of F vary between 1.6 and 2.2 wt%. Con-
centrations of F in these melts are also temperature de-
pendent, as shown by Figure 7A, with the F content of
melt increasing with 7. This is an interesting observation

TaBLE 4. SIMS probe analyses of glass

Experiment 4-6 5-11 SM-7 7+10
Li 1013 3500 98 3594
Rb 781 6857 1501 6068
Sr 101 184 72 147
Cs 70 9224 115 11632
Ba 102 125 5 78

Note: Values are parts per million by weight.

because F remains constant or decreases with tempera-
ture in biotite (Fig. 7B), as required by mass balance.
Other compositional characteristics of biotite are dis-
cussed below.

Biotite

Biotite is present as euhedral hexagons and laths (Fig.
2) that are interpreted to represent starting biotite that
reacted with melt to produce new biotite. Biotite crystals
appear homogeneous by BSE imaging. In a few cases,
remnants of the starting biotite, rimmed by new biotite,
are present and are easily distinguished from new biotite
by the bright BSE images of the former owing to their
higher concentrations of Cs and Rb. Compositions of eu-
hedral laths of biotite that have clearly crystallized from
melt are presented in Table 5. SIMS analyses of four sam-
ples are given in Table 6. The composition of biotite
grown from melt (i.e., at equilibrium with melt) differs
from that of the starting Tanco biotite (Table 1). The
most significant changes are higher concentrations of TiO,,
ALQ;, FeO, BaO, and K,O and lower SiO,, Rb,0, Cs,0,
and F in the recrystallized biotite. Cation site assignments
for the recrystallized biotite are presented below.

Tetrahedral cations. Biotite analyses were recalculated
on the basis of 24 (O, OH, and F). Experimentally grown
biotite contains between ~5.3 and 5.7 atoms of Si per
formula unit (p.f.u.). Tetrahedral Al, or “Al, defined as
the difference between 8.0 and the number of Si atoms,
is between ~2.3 and 2.7 atoms p.f.u. The number of Si
atoms per formula unit in biotite decreases while total Al
increases slightly with rising temperature.
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Fig. 3. Compositions of analyzed glasses (quenched melt) in
the experimental charges. Symbols are as follows: diamonds =
Synpel 5, squares = Synpel 6, circles = Synpel 7. Error bars
represent 1o errors, as described in the Appendix. (A) SiO, vs.
temperature. Silica is highest at low temperature where quartz
is lost from the starting assemblage. (B) AL,O, vs. temperature.
Melting of white mica and continuous reaction of biotite with
melt both contribute Al to melt. (C) K,O vs. temperature. The
rise in Al with temperature, as seen in B, is offset by a concom-
itant rise in K that keeps the ASI < 1.4,
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Fig. 4. Synpel melt compositions projected onto the metal-
uminous ternary quartz-albite-orthoclase. The 200 MPa H,O-
saturated minimum, approximately Qtz,;Ab,,0Or;; (open circle),
and the quartz-alkali feldspar cotectic (solid line) were deter-
mined by Tuttle and Bowen (1958). Symbols are as follows: solid
triangles = Synpel 4, diamonds = Synpel 5, squares = Synpel 6,
solid circles = Synpel 7. Note that the projected melt composi-
tions move progressively toward the orthoclase apex with in-
creasing temperature (dashed lines = temperature contours), re-
flecting increasing muscovite and biotite melting.

Octahedral cations. Octahedral Al, defined as the dif-
ference between Al,, and Al (see above), is between
~1.2 and 1.8 atoms p.f.u. Figure 7C, a plot of SIA] vs.
Mg’, shows that biotite contains a significant siderophyl-
lite component. There is, however, no systematic varia-
tion of ¥1Al with the ASI of the melt. Li,O concentrations
in biotite vary with respect to temperature. Biotite from
SP7+10 (650 °C, reversed) contains ~5900 ppmw Li (1.27
wt%), whereas biotite in SP5-11 (750 °C, forward) con-
tains ~3500 ppmw Li (0.76 wt%). These Li concentra-
tions correspond to up to 0.75 atoms p.f.u., which ex-
plains, in part, the low cation totals in biotite for which
Li was not determined. TiO, concentrations are high
(~1.4-2.1 wt% for up to 0.25 atoms p.f.u.) and increase
with temperature (Fig. 8A). The majority of the octahe-
dral sites, however, are filled by Fe (~1.8-2.1 atoms p.f.u.;
all Fe is treated as FeO) and Mg (~1.3-1.9 atoms p.f.u.).
Concentrations of MnO are typically low (<0.4 wt%), as
are NiO concentrations (<0.04 wt%), but in a few cases
the latter may reach concentrations as high as 0.5 wt%.

Interlayer cations. Concentrations of the alkaline earths
CaO and SrO are all near or below their respective lower
limits of detection. In contrast, Cs,O, Rb,O, BaO, Na,O,
and K,O are all well above detection level. Concentra-
tions of Cs,0 and Rb,O show some variability, but no
clear trend of increase or decrease emerges when plotted
against temperature. BaO appears to increase in concen-
tration with increasing temperature and correlates posi-
tively with TiO, (Fig. 8B).



1238

29

[ TIO, +FeO +Mg0 +MnO A
20 F ° 3
1.5 F g
: - ]
1.0 F ? 3
R T ;
0.5 F u <
0.0 1 g 3 5 s b o3 2 3 o 0 a4 3 g 1 3 3 4 3 :
600 650 700 750 800
0.55 T
r B
0.50 F -
, "
Mg, | S
0.45 | o E
5 0 e
s . . .
[ ° 1
0.40 [~ [ ] .:
0_35 :. a2 2 b a2 2 a2 o F & 4 2 o 1 . =
600 650 700 750 800
Temperature (°C)
Fig. 5. (A) Femic components (FeO,, + TiO, + MgO +

MnO) vs. temperature in analyzed Synpel glasses. (B) Mg’ [MgO/
(Fe + MgO + MnO)] vs. temperature for experimentally grown
Synpel biotites. Symbols as in Fig. 3A.

Links between Ba and Ti substitution in biotite have
been the subject of several papers. Mansker et al. (1979)
proposed the substitution scheme

K + 3(Mg,Fe) + 3Si = Ba + 2Ti + 3Al + €0 (4)

to account for unusually high concentrations of BaO (up
to 20 wt%) in micas from nephelinites. In contrast, Guo
and Green (1990) suggested the substitution

2K + 4(Mg,Fe) + 4Si = Ba + 3Ti + 4Al + ©120]
(5)

to account for high concentrations of BaO and TiO, in
experimentally produced biotite in a lamproititic com-
position.

Compositions of Synpel biotite (Table 5) indicate that
neither of the above substitution schemes is appropriate
(Ba:Ti = 1:1) for these compositions. Rather, a simple
exchange,

0IK + @Sj = 12Ba + WA] (6)

appears to be the dominant substitution mechanism for
both biotite and white mica, as observed for 1 M trioc-
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Fig. 6. Concentrations of the rare alkalis Rb, Cs, and Ba in
Synpel experiments. Note that the presence of both Rb and Cs
in melt is due to the reaction of biotite, the sole reservoir of rare
alkalis in the starting assemblage, with melt. (A) Rb,O vs. tem-
perature. (B) Cs,O vs. temperature. (C) BaO vs. temperature for
Synpel glasses. Error bars represent lo errors. Symbols as in Fig.
3A.

tahedral polytypes (Brigatti and Poppi, 1993). When oth-
er interlayer cations (Na, Rb, and Cs) are considered, the
correlation between interlayer and tetrahedral layer site
occupancies is improved (Fig. 9A). The simultaneous rise
in Ti and Ba with temperature may be an artifact of two
concomitant, although unrelated, exchange reactions. The
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proposed mechanism for Ba involves Ba-K exchange in
the interlayer site coupled with Si-Al exchange in the tet-
rahedral site, as discussed above. Ti may enter biotite
octahedral sites by the Ti-Tschermak exchange mecha-
nism, as previously suggested by Dymek (1983):

6T+ + 16(Mg,Fe,Mn)+ = 261A13+, )

This exchange is illustrated for both Synpel biotite and
white mica in Figure 9B. A reference line with a slope of
—1 passes through both sets of data in accord with this
mechanism.

Concentrations of Na,O exceed 0.5 wt% in many of the
analyzed biotite crystals, but K,O, up to and exceeding
1.5 atoms p.fu., is clearly the dominant cation in the
interlayer site.

OH site. Concentrations of F in biotite appear to re-
main constant or decrease slightly with increasing tem-
perature (Fig. 7B). These data disagree with previous work
that shows F increasing strongly with increasing temper-
ature (Patifio Douce and Johnston, 1991). Reconnais-
sance electron microprobe analyses to determine Cl con-
centrations found that they are below detection limits.

White mica

White mica is present in forward-direction experi-
ments to 650 and 700 °C and in 650 °C reverse-direction
experiments. White micas in the latter experiments are
manifested as euhedral laths or hexagonal plates that show
no visible compositional zoning as determined by BSE
imaging (Fig. 2). In contrast, white micas observed in the
forward-direction experiments are anhedral to subhedral
in habit with irregular, embayed boundaries with melt.
We interpret white micas from the reverse-direction ex-
periments as crystals precipitated from melt, whereas
those from forward-direction experiments represent rem-
nant, incompletely reacted material.

Tetrahedral cations. Experimentally grown white mica
contains between ~6.2 and 6.6 atoms of Si p.f.u. Tetra-
hedral Al, defined as the difference between 8.0 and the
number of Si atoms, is between ~1.4 and 1.8 atoms p.fu.

Octahedral cations. Octahedral Al, defined as the dif-
ference between Al,, and WAl (see above), is between
~3.3 and 3.6 atoms p.f.u., indicating that the octahedral
site is filled predominately with Al. Concentrations of
MgO and FeO show little variation (1.2-1.8 and 2.0-3.7
wi%, respectively) and collectively translate to approxi-
mately two-thirds of an atom. Small amounts of Mn and
Ti (=0.06 atoms p.f.u.) are also present. Mg’ for white
mica varies from 0.44 to 0.50, which is greater than Mg’
in coexisting biotite.

Laths of white mica were generally too narrow for ac-
curate SIMS analyses. A single point on one mica in SP4-6
gave 830 ppmw Li, whereas coexisting biotite contains
813 ppmw. Partition coefficients for Li and Rb between
biotite and glass are anomalously low in comparison with
other experiments (see below). Because of difficulties lo-
cating the SIMS ion beam on small targets and intimate
nature of muscovite-biotite intergrowths and over-
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Concentration of F in Synpel biotites. (C) Compositions of ex-
perimentally recrystallized biotites in terms of the end-members
annite-siderophyllite-phlogopite-eastonite. Symbols as in Fig. 3A.

growths in these experiments (Fig. 2), Li values for both
muscovite and biotite in SP4-6 cannot be confirmed.

Interlayer cations. The interlayer site in white mica is
filled predominately by K (1.4-1.7 atoms) and lesser
amounts of Na (0.1-0.2 atoms p.f.u.). In experiments in
which gels of celsian (BaAl,Si,O;) and slawsonite (Sr-
AlSi,0;) compositions were added, white micas contain
measurable concentrations of BaO (~1 wt%) and SrO (up
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TaBLE 5. Compositions of biotite and white mica

ICENHOWER AND LONDON: CRYSTAL-MELT PARTITIONING IN MICAS

6+6 6+7 6+5 6+4 54+ 15 5+ 14 5+8
wit% 650 R 700 F 700 R 750 F 650 R 650 R 650 R
oxides n=5 n=4 n=10 n=10 n=10 n=11 n=14
Biotite
Sio, 36.78(0.27) 37.77(0.40) 34.65(0.38) 33.81(0.30) 36.46(0.17) 36.97(0.29) 37.17(0.45)
TiO, 1.93(0.09) 1.65(0.08) 2.00(0.03) 2.06(0.15) 1.72(0.07) 1.56(0.03) 1.64(0.06)
AlL,O, 22.80(0.16) 22.80(0.09) 22.18(0.08) 21.07(0.09) 22.52(0.11) 22.36(0.08) 21.53(0.20)
MgO 6.65(0.11) 6.00(0.02) 5.90(0.16) 8.08(0.06) 6.02(0.06) 6.00(0.08) 6.05(0.16)
Ca0 0.02(0.01) 0.05(0.01) 0.02(0.01) 0.02(0.01) 0.04(0.00) 0.04(0.01) 0.05(0.02)
MnO 0.38(0.01) 0.27(0.01) 0.33(0.02) 0.26(0.01) 0.38(0.01) 0.34(0.01) 0.34(0.01)
FeO 15.31(0.19) 14.20(0.08) 15.10(0.26) 15.66(0.15) 14.94(0.10) 14.95(0.11) 14.45(0.19)
NiO 0.04 0.57(0.05) 2.25(0.13) 0.16(0.01) 0.04 0.04 0.30(0.04)
Sro 0.07 0.07 0.07 0.07 0.07 0.08(0.04) 0.07
BaO 3.15(0.12) 2.28(0.25) 2.60(0.13) 3.61(0.14) 3.42(0.11) 3.29(0.12) 2.76(0.24)
Na,O 0.47(0.01) 0.55(0.01) 0.45(0.01) 0.41(0.01) 0.35(0.01) 0.36(0.01) 0.35(0.05)
KO 7.34(0.04) 7.52(0.08) 7.45(0.01) 7.15(0.05) 7.41(0.03) 7.40(0.05) 7.43(0.12)
Rb,O 1.27(0.05) 1.27(0.07) 1.22(0.01) 1.17(0.03) 1.03(0.04) 1.03(0.04) 1.10(0.09)
Cs,0 0.32(0.03) 0.33(0.06) 0.36(0.04) 0.31(0.03) 0.29(0.03) 0.30(0.04) 0.53(0.18)
H,0 1.94(0.02) 2.03(0.09) 2.19(0.04) 1.91(0.04) 1.82(0.03) 1.77(0.03) 1.85
F 3.98(0.06) 3.81(0.20) 3.24(0.07) 3.71(0.06) 4.06(0.06) 4.18(0.05) 3.97(0.05)
Li,O
Total 102.45 101.13 99.96 99,57 100.50 100.69 99.62
O=F 100.77 99.52 98.59 98.01 98.80 98.96 97.95
Cations
Si 5.53 5.69 5.40 5.32 5.59 5.66 5.73
Al 2.47 2.31 2.60 2.68 241 2.34 2,27
EIAI 1.58 1.73 1.47 1.23 1.67 1.69 1.65
Li
Ti 0.22 0.19 0.23 0.24 0.20 0.18 0.19
Mg 1.49 1.35 1.37 1.89 1.38 1.37 1.39
Mn 0.04 0.03 0.04 0.03 0.04 0.04 0.04
Fe 1.93 1.79 1.97 2.06 1.92 1.91 1.86
Ni 0.01 0.07 0.28 0.02 0.00 0.00 0.04
Ca 0.00 0.01 0.00 0.00 0.01 0.01 0.01
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.19 0.13 0.16 0.22 0.21 0.20 0.17
Na 0.14 0.16 0.14 0.13 0.10 0.11 0.10
K 1.41 1.44 1.48 1.44 1.45 1.44 1.46
Rb 0.12 0.12 0.12 0.12 0.10 0.10 0.11
Cs 0.02 0.02 0.02 0.02 0.02 0.02 0.03
OH 1.95 2.04 2.27 2.00 1.86 1.81 1.90
F 1.89 1.81 1.60 1.85 1.97 2.02 1.94
Total 15.16 15.04 15.29 15.40 15.10 15.07 15.05
Mg’ 0.43 0.43 0.41 0.47 0.41 0.41 0.42

Note: H,O estimated by site occupancy; F = forward-direction experiment; R = reverse-direction experiment; cations on the basis of 24 (OH,F);
Li,O by SIMS analyses; Mg’ = Mg/(Mg + Mn + Fe?*); italics = detection limit; blank = not determined.

to 0.2 wt%). All analyzed white micas also contain mod-
erate amounts of Rb,O (~1 wt%) and Cs,O (~0.2 wt%).

OH site. Concentrations of F in white mica are >3 wt%
(except for experiment 8 +6; Table 5). These concentra-
tions correspond to approximately one-half of the total
OH site. Reconnaissance electron microprobe analyses to
determine Cl concentrations found that they are below
detection limits.

The above discussion makes clear that white micas are
predominately muscovite [i.e., KAl (AlSi,O,,)(OH,F),]
with minor amounts of paragonite (Na,O < 0.7 wt%) and
titanium celadonite or phengite (Ti0, < 0.6, MgO < 1.8,
FeO < 3.7 wt%) components (Table 5).

PARTITION COEFFICIENTS AMONG
BIOTITE, MUSCOVITE, AND MELT

Empirical partition coefficients are expressed as the
weight concentration of the element of interest in biotite

or muscovite divided by its concentration in glass. Fol-
lowing the recommendations of Beattie et al. (1993), these
concentration ratios are denoted as D(M)®# and D(M)M+#
where D, Bt, Ms, gl, and M represent the partition coef-
ficient, biotite, white mica, glass, and the trace element
of interest, respectively. Partition coefficients determined
in this study are listed in Table 7.

Ti, Mg, Mn, Fe, and Ni

The transition metals and Mg all partition strongly into
biotite over melt. Average partition coefficients for TiO,,
MgO, and FeO are ~20, 50, and 20, respectively. Be-
cause NiO concentrations in glass are below detection,
the concentration of NiO in biotite is divided by the cal-
culated lower level of detection (see the Appendix) to
yield minimum partition coefficient values. Partitioning
of Mn between biotite and melt has a range of values
between 3.2 and 5.5 but with most ratios between 3 and 4.
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TABLE 5.— Continued
5+9 5+7 5+6 5-11 7+10 7+6 7+7
wit% 700 F 700 R 750 F 750 F 650 R 650 R 700 F
oxides n=10 n=13 n=12 n=3 n=10 n=10 n=15
Biotite
SiO, 36.36(0.29) 35.90(0.21) 35.52(0.24) 36.86 37.69(0.32) 35.90(0.33) 35.60(0.18)
TiO, 1.59(0.04) 1.44(0.08) 1.90(0.07) 1.82 1.53(0.07) 1.47(0.05) 1.60(0.05)
Al,O, 22.61(0.08) 21.49(0.05) 21.81(0.08) 21.94 22.72(0.30) 22.76(0.14) 23.06(0.07)
MgO 6.19(0.06) 6.39(0.06) 7.60(0.07) 7.70 5.89(0.10) 6.10(0.12) 5.92(0.05)
Ca0o 0.02 0.02 0.03(0.01) 0.04 0.02(0.01) 0.03(0.01) 0.02
MnO 0.26(0.01) 0.31(0.01) 0.28(0.01) 0.27 0.41(0.02) 0.39(0.01) 0.30(0.01)
FeO 13.73(0.10) 14.42(0.13) 15.12(0.10) 15.37 15.08(0.21) 14.78(0.23) 13.90(0.12)
NiO 0.47(0.11) 1.90(0.13) 0.42(0.06) 0.15 0.04 0.08(0.03) 0.04
Sro 0.07 0.07 0.07 0.07 0.07 0.07 0.07
BaO 2.79(0.04) 2.55(0.21) 3.37(0.07) 0.13 0.15(0.03) 2.15(0.13) 2.27(0.06)
Na,O 0.33(0.01) 0.31(0.02) 0.33(0.01) 0.27 0.25(0.01) 0.20(0.01) 0.23(0.01)
KO 7.71(0.02) 7.67(0.10) 7.55(0.04) 8.68 8.83(0.08) 8.11(0.07) 7.97(0.04)
Rb,O 1.18(0.03) 1.25(0.04) 1.07(0.03) 1.41 1.12(0.08) 1.04(0.06) 1.30(0.03)
Cs,0 0.24(0.02) 0.33(0.03) 0.29(0.01) 0.41 0.34(0.07) 0.38(0.06) 0.35(0.04)
H,0 1.77 2.13 1.96(0.03) 2.28 1.78 1.80 1.69
F 4.12(0.04) 3.37(0.06) 3.80(0.06) 3.31 4.25(0.06) 4.05(0.03) 4.20(0.06)
Li,O 0.76 1.27
Total 99.41 99.51 101.15 101.47 101.42 99.29 98.44
O=F 97.59 98.19 99.55 100.08 99.63 97.61 96.65
Cations
Si 5.61 5.58 5.45 5.51 5.70 5.55 5.55
MA| 2.39 2.42 2.55 2.49 2.30 245 2.45
BIA] 1.72 1.52 1.39 1.37 1.76 1.71 1.78
Li 0.46 0.76
Ti 0.18 0.17 0.22 0.20 0.17 0.17 0.19
Mg 1.42 1.48 1.74 1.71 1.33 1.41 1.37
Mn 0.03 0.03 0.03 0.03 0.04 0.04 0.03
Fe 1.77 1.87 1.94 1.92 1.91 1.91 1.81
Ni 0.06 0.24 0.05 0.02 0.00 0.01 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.17 0.16 0.20 0.00 0.01 0.13 0.14
Na 0.10 0.09 0.10 0.08 0.07 0.06 0.07
K 1.52 1.52 1.48 1.65 1.70 1.60 1.58
Rb 0.12 0.12 0.1 0.14 0.11 0.10 0.13
Cs 0.02 0.02 0.02 0.03 0.02 0.03 0.02
OH 1.82 2.21 2.01 2.27 1.80 1.86 1.76
F 2.01 1.66 1.84 1.56 2.03 1.98 2.07
Total 15.11 15.22 15.28 15.61 15.88 15.17 15.12
Mg’ 0.44 0.44 0.47 0.47 0.41 0.42 0.43

Table 8 shows that TiO,, MgO, and FeO are prefer-
entially harbored by biotite over white mica. Partition
coefficients for Mn between white mica and melt are ~1,
and thus Mn is equally distributed between these two
phases.

Li

The partition coefficient for Li between biotite and melt
is 1.64 for SP7+10 (650 °C, reverse). This value is no-
tably similar to the value obtained in SM-7 (1.67; 660
°C, reverse) despite the significant differences in melt and
biotite compositions between the Synpel and Spor Moun-
tain experiments. D(Li)Bv# for SP5-11 (750 °C, forward)
is 1.01, implying that D(Li)®v¢ decreases with increasing
temperature. As noted above, results for SP4-6 (650 °C,
reverse) do not follow these systematics; the value of
D(Li)®v# obtained on a single biotite analysis is 0.80. The
estimated partition coefficient for Li between biotite and
melt, therefore, lies between 1 and 2, with good evidence
for temperature dependence awaiting further analyses.

The one SIMS analysis of Li in white mica (SP4-6; 650
°C) does not permit us to confirm the behavior of Li.
Pending more definitive analyses, the partition coefficient
for Li between Ms and melt = 0.8, and that between Bt
and Ms =~ 1.

Ca, Sr, and Ba

Ca is partitioned into melt over biotite with values of
D(Ca)®e < (.08, but it shows a slightly greater affinity
for white mica [D(Ca)™+¢ = (.14, 0.13, and 0.03]. Similar
systematics are evident for the partitioning of Sr between
micas and melt. Concentrations of Sr in biotite, deter-
mined by EMPA, are typically low and yield low (<0.4)
partition coefficient values. Partition coefficients ob-
tained by SIMS indicate consistently low (0.03-0.06) val-
ues of D(Sr)®*e. Sr concentrations in white micas, deter-
mined by EMPA, are higher than in biotite with partition
coefficient [D(Sr)*#] values ~0.5. Partitioning of Ba
between biotite and melt appears to be temperature de-
pendent, as shown in Figure 10A. Values of D(Ba)®¢
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TABLE 5.— Continued
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7+5 7+4 8+6 8+7 5+ 15 5+ 14 7+ 10 8+6
wt% 700 R 750 F 700 F 750 F 650 R 650 R 650 R 700 F
oxides n=12 n=10 n==6 n=2 n=10 n=>5 n=13 n=2
Biotite White mica
Sio, 36.24(0.32) 35.64(0.19) 35.90(0.45) 34.85 47.45(0.51) 46.73(0.37) 45.16(0.39) 49.11
TiO, 1.38(0.04) 1.71(0.03) 1.81(0.09) 1.83 0.40(0.04) 0.51(0.04) 0.58(0.02) 0.30
Al,O, 22.46(0.10) 22.35(0.27) 22.46(0.26) 20.86 29.96(0.22) 30.90(0.95) 32.64(0.40) 31.43
MgO 6.04(0.08) 7.24(0.07) 6.84(0.14) 7.44 1.72(0.04) 1.76(0.07) 1.66(0.06) 1.18
ca0o 0.06(0.01) 0.02(0.01) 0.02 0.02 0.12(0.01) 0.10(0.03) 0.03(0.01) 0.05
MnO 0.37(0.01) 0.34(0.01) 0.33(0.02) 0.25 0.07(0.01) 0.07(0.01) 0.09(0.01) 0.09
FeO 14.09(0.14) 14.98(0.13) 15.71(0.29) 14.75 3.17(0.08) 3.31(0.07) 3.66(0.11) 2.03
NiO 0.35(0.08) 0.29(0.08) 0.41(0.10) 3.69 0.04 0.04 0.04 0.04
SrO 0.07 0.07 0.08(0.03) 0.07 0.22(0.04) 0.11(0.02) 0.07 0.1
BaO 2.39(0.12) 2.09(0.06) 2.66(0.18) 2.46 0.92(0.04) 1.18(0.07) 0.13 1.05
Na,O 0.25(0.01) 0.22(0.01) 0.37(0.02) 0.40 0.69(0.02) 0.61(0.03) 0.44(0.02) 0.70
KO 7.94(0.03) 8.19(0.05) 7.88(0.11) 8.01 8.45(0.06) 7.95(0.35) 9.73(0.10) 8.42
Rb,0O 1.03(0.03) 1.12(0.03) 0.60(0.06) 0.50 1.03(0.02) 0.80(0.05) 0.86(0.02) 0.42
Cs,0 0.37(0.05) 0.30(0.02) 0.20(0.08) 0.09 0.25(0.02) 0.25(0.03) 0.18(0.02) 0.10
H,O 1.79 1.93(0.04) 2.54(0.02) 2.65 2.75 2.61(0.13) 2.79(0.04) 3.55
F 4.05(0.06) 3.86(0.09) 2.71(0.02) 2.39 31.5(0.09) 3.44(0.24) 3.12(0.06) 1.75
Li,O
Total 98.83 100.38 100.51 100.20 100.39 100.37 101.18 100.33
O=F 97.31 98.75 99.37 99.20 99.06 98.92 99.87 99.59
Cations
Si 5.62 5.47 5.46 5.39 6.51 6.41 6.16 6.58
AL 2.38 2.53 2.54 2.61 1.49 1.59 1.84 1.42
S1A] 1.73 1.51 1.50 1.19 3.35 3.40 3.42 3.54
Li
Ti 0.16 0.20 0.21 0.21 0.04 0.05 0.06 0.03
Mg 1.40 1.66 1.55 1.71 0.35 0.36 0.34 0.24
Mn 0.04 0.03 0.04 0.03 0.01 0.01 0.01 0.01
Fe 1.83 1.92 2.00 1.91 0.36 0.38 0.42 0.23
Ni 0.04 0.04 0.05 0.46 0.00 0.00 0.00 0.00
Ca 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.01
Sr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Ba 0.15 0.13 0.16 0.15 0.05 0.06 0.00 0.06
Na 0.08 0.07 0.11 0.12 0.18 0.16 0.12 0.18
K 1.57 1.60 1.53 1.58 1.48 1.39 1.69 1.44
Rb 0.10 0.1 0.06 0.05 0.09 0.07 0.08 0.04
Cs 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
OH 1.85 1.98 2.58 2.73 2.52 2.39 2.54 3.17
F 1.99 1.87 1.30 1.17 1.37 1.49 1.35 0.74
Total 15.13 15.29 15.23 15.42 13.94 13.90 14.15 13.80
Mg’ 0.43 0.46 0.43 0.47 0.49 0.48 0.44 0.50

decrease from ~16 to 3 over the temperature range of
650-750 °C. The Mg’ varies only slightly in biotite from
these experiments; therefore, we can unequivocally say
that the large range of D(Ba)?"¢ recognized here does not
correlate with changes in Mg’ (cf. Guo and Green, 1990).
White mica also preferentially harbors Ba over melt with

TaBLE 6. SIMS probe analyses of biotite and white mica

Experiment 4-6 5-11 SM-7 7+10
Biotite
Li 813 3525 164 5890
Rb 870 10375 2600 10662
Sr 5 6 5 5
Cs 29 4745 65 8166
Ba 1170 704 65 555
White mica

Li 830
Rb 753
Sr 6
Cs 25
Ba 828

Note: Values are parts per million by weight.

a range of values between ~3.5 and 5.5, but Table 8
demonstrates that Ba is preferentially partitioned into bi-
otite over white mica.

Na, K, Rb, and Cs

The partition coeficient for Rb between biotite and
glass is ~2 and remains essentially constant over the tem-
perature interval investigated (Fig. 10B). Rb also parti-
tions into white mica over glass with values < 2; thus,
Rb partitioning between coexisting biotite-white mica
pairs is slightly greater than unity at 650 °C (Table 8). Cs
is the only element studied in this system that is prefer-
entially partitioned into melt over any mineral (including
alkali feldspars). Values of D(Cs)®# vary from 0.27 to
0.49 (£0.03), whereas values of D(Cs)*# range from 0.16
to 0.24 (+0.02), so that partitioning of Cs between co-
existing biotite and muscovite is also near unity at 650
°C. Cs partitioning into biotite does not appear to be tem-
perature dependent (Fig. 11A), at least over the temper-
ature interval investigated. Results obtained by SIMS
analyses are generally in agreement with the values re-
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ported above. Values of D(Rb)*#® in experiments SP5-
11, SP7+10, and SM-7 vary from 1.51 to 1.76; D(Cs)Bve
values range between 0.51 and 0.70. Partition coefficients
for experiment SP4-6, which lacked the Rb- and Cs-rich
biotite, are slightly lower for both Rb [D(Rb)®ve = 1.11;
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1S4+ + 02(K + Na + Cs + Rb)'* (in cations). (B) Proposed
substitution mechanism for Ti in octahedral sites into Synpel
biotite and white mica: ©Ti‘* + ©(Mg + Mn + Fey*+ = 20A1>+
(in cations).

D(Rb)M+e = (0.96] and Cs [D(Cs)ve = 0.41; D(Cs)Mse =
0.36]. Note, however, that these values are similar to or
overlap with partition coefficient values obtained by
EMPA (Table 7).

TaBLE 7. Partition coefficients among biotite, muscovite, and melt

6+6 6+7 6+5 6+4 7+10 7+6

Devgl Dsvgl Devgl Devgl Devgl Deval
Si 0.56(0.00) 0.60(0.01) 0.55(0.01) 0.55(0.00) 0.58(0.01) 0.56(0.01)
Ti >48.25 27.50(1.92) 40.00(5.15) 22.89(2.07) 21.86(3.63) 24.50(3.29)
Al 1.40(0.01) 1.31(0.01) 1.28(0.01) 1.15(0.01) 1.43(0.02) 1.39(0.01)
Mg 133.00(13.48) 85.71(2.47) 84.29(5.62) 67.33(2.71) 73.63(18.56) 76.25(12.39)
Ca 0.05(0.02) 0.08(0.02) <0.03 0.03(0.01) 0.02(0.01) 0.03(0.01)
Mn 7.60(0.50) 4.50(0.28) 5.50(0.51) 3.71(0.19) 6.83(0.63) 5.57(0.27)
Fe 32.28(1.07) 22.19(0.30) 27.96(0.58) 18.42(0.32) 28.45(3.03) 27.89(1.69)
Ni >11.25 >14.25 >64.29 >4.57 >2.29
Sr 0.64(0.19) <0.37 0.22(0.07) <0.14 <0.36
Ba 28.66(3.07) 9.12(1.08) 11.30(1.01) 8.02(0.39) <1.19 14.33(2.85)
Na 0.17(0.00) 0.21(0.01) 0.16(0.00) 0.16(0.01) 0.13(0.01) 0.11(0.01)
K 2.26(0.02) 2.19(0.03) 2.16(0.01) 1.98(0.02) 2.24(0.05) 2.32(0.04)
Rb 1.90(0.08) 2.05(0.11) 1.97(0.02) 1.83(0.06) 2.04(0.15) 1.76(0.11)
Cs 0.28(0.03) 0.35(0.06) 0.38(0.04) 0.36(0.03) 0.31(0.06) 0.31(0.05)
F 1.98(0.05) 1.75(0.11) 1.60(0.04) 1.82(0.04) 2.28(0.11) 2.11(0.05)
Li 1.64




ICENHOWER AND LONDON: CRYSTAL-MELT PARTITIONING IN MICAS

1244
20 T TSy
[ A ]
15 3
D(Ba)""¢' )
10 F p
5 [ a1 o 2 2 2 1 2 PR | i
600 650 700 750 800
2.5 ' D p——
[ B ]
20 F g N
D(Rb Bt/gl % L 1
(Rb) : 5 5 ;
1.5 |- =
3 L
1-0 [ a2 1 2 2 2 2 1 2 2 2 2 1 3 3 2 2 :
600 650 700 750 800
Temperature (°C)

Fig. 10. Temperature dependence of distribution coeffi-
cients: (A) D(Ba)®v# shows a strong decrease with increasing tem-
perature. (B) D(Rb)®# shows no correlation with temperature.
Error bars represent 1¢ errors. Symbols as in Fig. 3A.

F

The partition coefficients for F between biotite and glass
(ranging from ~ 1.8 to 2.5) are unexpectedly low, as dis-
cussed below. Low values were also determined in other
Li-poor metaluminous to peraluminous experiments and
in several natural analogs (Patifio Douce and Johnston,
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Fig. 11. Temperature dependence of distribution coeffi-

cients: (A) D(Cs)P# shows no correlation with temperature. (B)
D(F)sv¢ shows a decrease with increasing temperature. Error bars
represent 1o errors. Symbols as in Fig. 3A.

1991; Skjerlie and Johnston, 1992; Icenhower and Lon-
don, 1993); thus, Li is not uniquely responsible for this
partitioning behavior. Distributions of F between biotite
and melt also have a slight negative correlation with tem-
perature, as illustrated in Figure 1 1B. Although we expect
that a range of Mg’ values in biotite should affect D(F)®,

TasLE 7.— Continued

7+7 7+5 7+4 5+ 14 5+ 15 5+8
Dovg Doug Deval Deval Dbval Dove
Si 0.58(0.00) 0.58(0.01) 0.59(0.00) 0.58(0.01) 0.57(0.00) 0.56(0.01)
Ti 26.67(3.94) 19.71(2.25) 19.00(1.47) 22.29(3.21) 19.11(2.05) 27.33(4.82)
Al 1.33(0.01) 1.31(0.01) 1.21(0.01) 1.43(0.01) 1.42(0.01) 1.38(0.02)
Mg 74.00(5.37) 54.91(6.49) 72.40(8.13) 54.55(9.94) 37.63(4.75) 50.42(8.77)
Ca <0.02 0.05(0.01) 0.02(0.22) 0.05(0.01) 0.05(0.00) 0.06{0.02)
Mn 3.75(0.42) 4.63(0.32) 3.78(0.87) 4.86(0.17) 5.43(0.38) 4.25(0.31)
Fe 20.75(0.56) 21.03(0.99) 17.83 23.38(1.47) 20.19(1.65) 23.69(2.13)
Ni >10.00 >8.29 >1.00 >8.57
sr <0.18 <0.03 <0.11 0.38(0.21) <0.16 <0.32
Ba 11.95(1.66) 11.38(0.92) 7.46(0.52) 15.67(3.04) 12.67(1.52) 12.55(1.62)
Na 0.13(0.00) 0.12(0.01) 0.13(0.01) 0.23(0.01) 0.18(0.01) 0.16(0.02)
K 2.10(0.01) 1.89(0.01) 1.67(0.02) 2.36(0.04) 2.26(0.03) 2.26(0.05)
Rb 2.13(0.05) 1.66(0.06) 1.65(0.05) 1.84(0.10) 1.75(0.07) 1.83(0.16)
Cs 0.32(0.04) 0.36(0.05) 0.32(0.02) 0.28(0.04) 0.28(0.03) 0.49(0.16)
F 1.97(0.05) 1.87(0.05) 1.62(0.04) 2.34(0.10) 2.33(0.06) 2.34(0.08)
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the small range of values of Mg’ in these experiments
precluded a test of this assumption (although see Icen-
hower and London, 1993). F partitions in favor of white
mica over melt with values ~1.8. Thus, at 650 °C, D(F)BMs
is near unity (Table 8).

DiscussioN
Melting reactions and the stability of muscovite

The upper stability limit of muscovite in granitic mag-
mas has been the topic of numerous investigations, in-
cluding Yoder and Eugster (1955), Storre (1972), Storre
and Karotke (1971, 1972), Chatterjee and Johannes
(1974), Chatterjee and Flux (1986), Miller et al. (1981),
Anderson and Rowley (1981), and Zen (1988). The re-
action of the second sillimanite isograd, muscovite +
quartz = orthoclase + aluminum silicate + H,O, crosses
the H,O-saturated haplogranite solidus, elucidated by
Tuttle and Bowen (1958) and Merrill et al. (1970), at
~300 MPa and 660 °C (cf. Althaus et al., 1970). The
stable portion of the melting reaction that we observed,
albite + quartz + muscovite + H,O = melt + aluminum
silicate, lies on the high-pressure side of the invariant
point formed by the two reactions above (e.g., Storre and
Karotke, 1971); hence, melting in our experiments oc-
curred along the metastable extension of this reaction to
200 MPa. The solidus of the Synpel systems at 625 °C
(with and without biotite) lies close to but below the
metastable extension of the reaction albite + quartz +
muscovite + H,0 = melt + aluminum silicate, as re-
ported by Storre and Karotke (1971). Similar bulk com-
positions, with starting muscovite from Spruce Pine,
North Carolina, that is lower in Li and F than STK-127,
melt between 650 and 700 °C at 200 MPa (Michael B.
Wolf, unpublished data, 1994). We attribute the lower
apparent solidus of our Synpel system to the presence of
F that creates an identifiable fraction of melt at lower
temperatures. As noted previously, the bulk composi-
tions of Synpel were chosen so as to eliminate quartz at
the eutectic; hence, both aluminum silicate and Fe-Ti-

TABLE 7.— Continued
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TaBLE8. Partitioning of elements among biotite, muscovite, and

meit
Synpel Others
&S0 700 °C** 1 2 3
Btigl Ms/gi BtMs BtYMs BtMs ByMs BtMs

Ti 22.0 6.7 33 5.9 12.0 5.6
Mg 55.4 15.8 3.5 5.8 525 9.5
Fe 245 55 4.5 7.8 19.7 17.0
Mn 6.0 1.2 5.0 3.6 2.8

Ba 14.4 45 3.2 2.5 29 1.1
Rb 19 1.6 1.2 1.5 1.1 25 15
Cs 0.3 0.2 1.3 2.1 6.0 2.7
F 23 18 1.3 1.6 2.0 1.7
Li 1.7 0.8 2.1 2.0 35

Note: 1 = Pichavant et al., 1988; 2 = Shearer et al., 1986; 3 = Neiva
et al., 1987.

* Data for 650 °C are from experiments SP5, SP6, and SP7.

** Data for 700 °C are from experiment SP8.

enriched corundum are present just above the solidus in
these experiments.

In the quartz-absent system the next reaction encoun-
tered is the one terminal to muscovite: muscovite = or-
thoclase + corundum + H,O. Unlike the melting reac-
tion above, this is a stable reaction at the pressure and
temperatures of our experiments. Our results are similar
to (though better bracketed than) those reported by Yoder
and Eugster (1955) and about 30-50 °C higher than the
results of Evans (1965), Velde (1966), and Huang et al.
(1973). The persistence of Ms to higher temperature in
our system might be attributed to solid solutions (toward
biotite) involving Fe and Ti that have been proposed to
extend the stability of white mica to higher temperatures
(e.g., Anderson and Rowley, 1981; Centanni, 1983, 1985;
see Zen, 1988). Substitution toward paragonite, however,
apparently decreases the thermal stability of muscovite
(e.g., Chatterjee and Flux, 1986). From Table 3, the white
micas grown in our reversed experiments have compo-
sitions very close to those of natural igneous white micas
(Miller et al., 1981; Ferrow et al., 1990), and hence the
reaction boundary at about 715 °C and 200 MPa (H,0)

5+9 5+7 5+6 46 511 SM7 46 5+ 14 5+ 15 7+10  Macusani
DoBug Doug Dovg Devgl DpBugt Doyl DMsigl Dmsigl DMt Dwmsig Dol

Si 0.57(0.00) 0.57(0.00) 0.58(0.00) 073(0.01)  0.74(0.01)  0.69(0.01)
Ti 17.67(3.75) 19.57(4.80) 23.75(3.09) 720(1.19)  4.44(0.59) 8.29(1.36)  80.75
Al 1.36(0.01) 1.27(0.01) 1.24{0.01) 197(0.06)  1.89(0.02)  2.06(0.03)
Mg 68.78(12.10)  49.54(14.80) 76.00(0.66) 16.00(2.98) 10.75(1.38) 20.75(5.27) 210
Ca 0.02(0.01)  >0.02 0.03(0.01) 0.12(0.04)  0.14(0.02)  0.03(0.01)
Mn 3.25(0.28) 5.00(0.48) 3.50(0.45) 1.00(0.14)  1.00(0.12)  1.50(0.15) 2.67
Fe 20.49(1.36) 19.60(2.69) 16.80(0.22) 5.17(0.34)  4.28(0.37)  6.91(0.76)  39.91
Ni  >1343 >58.00 >10.50
Sr <0.17 <0.17 <0.23 0.04 003 0068 006 052012  0.49(0.09)
Ba 9.62(0.65) 7.59(1.08) 843(046) 1150 563 1226 814 562(1.12)  3.41(0.42)
Na 0.17(0.01) 0.15(0.01) 0.15(0.01) 0.40(0.03)  0.350.01)  0.24(0.01)
K 2.23(0.03) 2.05(0.03) 1.80(0.01) 254(0.12)  2.58(0.04)  2.46(0.05)
Rb 2.11(0.07) 1.98(0.07) 165005 1.1 151 173 086  151(0.11)  1.750.04)  1.56(0.05) 1.54
Cs 0.27(0.02) 0.37(0.03) 0.33(0.02) 041 051 057 036 023003 024002 0.16(0.02)
F 2.10(0.04) 1.76(0.14) 1.84(0.06) 192(0.15)  1.81(0.07)  1.68(0.08) 1.57
Li 0.80 1.01 1.67 0.82
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represents a practical, if not end-member, stability limit
for white mica.

Melt compositions

Melt compositions in the Synpel 4 system (biotite ab-
sent) are notably peraluminous with ASI values of mus-
covite-saturated near-minimum melts (650 °C) ranging
from 1.3 to 1.4 (Table 3). At higher temperatures, these
same ASI values pertain to corundum-saturated melts. In
an unrelated study, London et al. (1993) similarly found
that melts in the hydrous peraluminous haplogranite sys-
tem were buffered by corundum saturation at the ASI
value of 1.35. These results show more congruency in the
melting of muscovite and a more strongly peraluminous
composition than previously assumed for melting a typ-
ical metapelite (e.g., White and Chappell, 1983). The very
peraluminous compositions could be augmented by the
presence of F in these low-temperature melts (glasses con-
tain about 2 wt% normative cryolite component). The
percentage of melting to be anticipated from a particular
rock type is, of course, determined also by how far the
bulk composition of the rock lies from the minimum melt
composition (cf. Vielzeuf and Holloway, 1988; Patifio
Douce and Johnston, 1991).

Low concentrations of femic components in H,O-un-
dersaturated experimental peraluminous melts have been
used by other investigators to argue for the presence of
entrained restite in natural whole-rock samples that con-
tain relatively high concentrations (>3 wt%) of femic
components (e.g., Patifio Douce and Johnston, 1991). Qur
H,O-saturated experiments yield the same low total sol-
ubilities for femic components as the H,O-undersaturat-
ed results.

Biotite reactions

The composition of biotite grown from melt changes
with temperature from the minimum (involving melting
of albite-quartz-muscovite) to 750 °C. This behavior indi-
cates that biotite reacts continuously with melt over the
temperature interval of the experiments and does not rep-
resent an inert component, reacting only by way of melting,
as implied by Vielzeuf and Holloway (1988) and others.
These results have an important bearing on the trace-ele-
ment signatures of low-temperature S-type melts, which,
though they may derive negligible biotite (components) by
melting, may nevertheless achieve an equilibrium (by re-
crystallization of biotite) with regard to major- and trace-
element distributions between biotite and that melt.

Our results demonstrate that biotite becomes more
magnesian and serves as source of Fe, Mn, Rb, Cs, and
F to the melt. Patifio Douce and Johnston (1991) also
noted that biotite compositions change systematically with
temperature but found that F concentrations increased
strongly in residual biotite.

Element partitioning

Results obtained by SIMS analyses provide useful
comparisons to results obtained by EMPA. Partition co-
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efficients for Rb, Cs, Sr, and Ba in SM-7 (Spor Mountain
rhyolite) between biotite and melt are nearly identical to
those obtained on Synpel compositions, despite the sig-
nificant differences in LILE concentrations and the ASI
values of these melts (Table 7). One conclusion is that
Rb, Cs, Sr, and Ba behave as dilute components up to
several weight percent in both biotite and melt, and hence
the partitioning values determined for Synpel have rele-
vance to the normally trace levels of LILEs in natural
systems. The partitioning of these LILEs between biotite
and melt also appears to be independent of Li content
(98 ppmw in Spor Mountain, >3000 ppmw in Synpel),
and of ASI (SM-7 has an ASI of 1.1). At least for this
suite of trace elements, therefore, partition coefficients
determined from metaluminous silicic systems may also
be pertinent to peraluminous compositions.

Partitioning of rare alkalis. We have yet to resolve fully
the behavior of Li in peraluminous melts. The existing
data suggest, however, that D(Li)8“# is temperature de-
pendent; values vary from ~1.65 at 650 °C (SP7+10) to
~1 at 750 °C (SP5-11). We tentatively conclude that the
partition coefficient for Li between white mica and melt
is similar to that for biotite, at a value near unity. Al-
though biotite harbors a large fraction of Li to tempera-
tures (when the bulk of biotite melts) well above the min-
imum, the Li content of muscovite is contributed when
melting commences around 650 °C and when muscovite
alone breaks down to orthoclase + corundum. Therefore,
melting or even reequilibration of biotite with melt is not
required as a source for Li. White mica alone can con-
tribute a large quantity of Li at low temperatures. The
contribution from muscovite is especially significant for
typical metapelites that contain a very large modal frac-
tion of muscovite. These rocks generate only a small frac-
tion of low-temperature melt (they lack the necessary al-
bite component), but the breakdown of muscovite to
orthoclase component of alkali feldspar plus aluminum
silicate or corundum at =715 °C could contribute large
quantities of Li into a small fraction of melt. In this way,
Li-rich granitic pegmatites could be generated by a small
fraction of melting from initially mica-rich protoliths (e.g.,
Stewart, 1978).

Rb partitions in favor of both biotite and white mica
over melt with values within the range reported in the
literature (see Jolliff et al., 1992, for a review). Partition-
ing of Cs between white mica and melt is also within the
range of values reported in the literature, but our results
for biotite disagree with previous studies. Other investi-
gators have consistently determined partition coefficients
for Cs in biotite greater than unity (cf. Mahood and Hil-
dreth, 1983; Walker et al., 1989; Nash and Crecraft, 1985),
whereas we obtained values substantially below one. Al-
though the determination of partition coefficients by sep-
aration of phenocrysts and coexisting glass has been crit-
icized by several workers, including Michael (1988) and
Sisson (1991), we cannot imagine an accessory phase in-
cluded in normal igneous biotite that is significantly richer
in Cs than the biotite itself. Our results are reproducible
and are not subject to the uncertainties associated with
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phenocryst-glass groundmass separation and analysis.
Moreover, we can state unequivocally that the biotite
produced in these experiments crystallized from melt, and
hence that the partition coefficient for Cs is valid. We
speculate only that the partitioning of Cs may be different
under different conditions of crystallization, with differ-
ent biotite compositions, or that the previously deter-
mined values do not represent equilibrium mineral-melt
pairs (i.e., the biotite is residual, xenocrystic, or hydro-
thermally recrystallized).

The continuous reaction of biotite with melt fraction-
ates Rb from Cs, with Rb retained to higher temperatures
in biotite. As in the case of Li, extensive melting of mus-
covite at the inception of anatexis does not fractionate
Rb from Cs; the Rb-Cs signature of melt is the same as
that of the original white mica. White mica that persists
through initial melting breaks down to orthoclase + alu-
minum silicate or corundum at only slightly higher tem-
peratures. Rb is far more compatible in biotite and alkali
feldspar (Icenhower and London, in preparation) than is
Cs, so that the terminal reaction of muscovite liberates
Cs to melt, with a large fraction of Rb retained in newly
formed alkali feldspar. In this way, peraluminous melts
may acquire the LCT (Li-Cs-Ta) signature recognized by
Cerny (1992).

Partitioning of Ba. Partitioning of Ba between biotite
and melt appears to be strongly influenced by tempera-
ture, as discussed above (see Fig. 10A). Our biotite data
suggest that although concentrations of TiO, and BaO
appear to correlate, there is no evidence that Ti concen-
trations affect Ba partitioning in any significant way, as
discussed above.

Our data demonstrate that Ba is partitioned preferen-
tially into biotite compared with coexisting white mica
(Table 8). Our SIMS probe data from undoped (with re-
spect to Ba) experiments indicate generally high D(Ba)®*¢
values (~6-13) compared with reported muscovite-melt
partition coefficients. Data determined on natural igne-
ous systems appear to support Ba distribution in favor of
biotite. For example, Ba partitions in favor of biotite over
white mica in three out of four applicable samples from
the Serra da Estrela granite, Portugal (Neiva et al., 1987).
A single coexisting biotite-white mica pair from the Ma-
cusani volcanics, Peru, indicates that Ba partitions in fa-
vor of biotite [C(Ba)®/C(Ba)s = 2.9, where C is concen-
tration in parts per million by weight] (Pichavant et al.,
1988). Finally, Ba concentrations determined on coexist-
ing biotite-white mica pairs in the altered Abas granite,
Portugal, indicate that Ba is preferentially incorporated
by biotite (Konings et al., 1988).

Other investigations do not, however, confirm the above
results. Ba partitions in favor of white mica (=muscovite)
over biotite in metamorphic assemblages (e.g., Dahl et
al., 1993; Harlow, 1991; Hervig and Peacock, 1989;
Shearer et al., 1986) and predominately, although not ex-
clusively, in granitic systems (Lee et al., 1981; Neiva and
Gomes, 1991; Silva and Neiva, 1990; Kretz et al., 1989;
de Albuquerque, 1975; Bea et al., 1994).

It is not known whether crystal-chemical controls on
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Ba partitioning or the mobility of Ba during postcrystal-
lization processes can explain this range of data. Haack
et al. (1984) suggested that Ba is strongly mobilized from
metapelites during episodes of regional metamorphism
whereas Rb is not. This may explain the observation that
Ba values in muscovite are highly variable with respect
to other elements, such as Rb (Jolliff et al., 1992; cf. their
Fig. 5). Although the partition coefficients from this study
agree well with values measured from the Macusani vol-
canics, partition coefficients for Ba between white and
dark micas are not yet meaningful or reliable for meta-
morphic or plutonic igneous rocks.

Partitioning of F. Silicic rocks rich in F have been re-
ported by numerous investigators (e.g., Burt et al., 1982;
Christiansen et al., 1980, 1984). The prevailing model for
the generation of these rocks is the remelting of a dehy-
drated protolith containing F-enriched biotite. This mod-
el is based on the recognition of F-rich biotite in high-
grade metamorphic terranes (e.g., Guidotti, 1984), the
observation that F extends the stability of biotite to high-
er temperatures (Munoz, 1984; Peterson et al., 1991), and
the presumption that F is strongly partitioned into biotite
during episodes of partial melting. A surprising result of
our study is that F partitions into biotite and white mica
over melt but not as strongly as expected. This result is
consistent with the work of Patifio Douce and Johnston
(1991) and Skjerlie and Johnston (1992) on peraluminous
melts generated by experimental partial fusion of natural
biotite- and amphibole-bearing tonalitic gneisses. Al-
though the values of D(F)®¢ that they reported (4-10)
are higher than ours, this can be accounted for by the
significantly higher temperatures (>800 °C) of their ex-
periments. The higher temperatures of their experiments
probably also explain their observation that concentra-
tions of F in biotite increase with temperature, especially
above 925 °C. We thus conclude that values of D(F)®#
at the inception of hydrous partial melting are small (~2
biotite, ~ 1.8 white mica).

Despite the high Li content of the Synpel melt and
recrystallized biotite, the values of D(F)®# are lower at
the same Mg' than those of biotite-glass pairs from the
Li-poor Spor Mountain rhyolite (Icenhower and London,
1993). Tentatively, the best explanation for low partition
coefficients, even for this Li-rich composition, is that the
Synpel melts are strongly peraluminous, and that excess
Al substantially and selectively increases the solubility of
F in melt. In any case, the quantity of F liberated to low-
temperature anatectic melts is determined by bulk melt-
ing of white mica and recrystallization (or the lack of it)
in biotite. If biotite (and white mica that survives melt-
ing) recrystallizes in the presence of melt, then the small
partition coefficients explain how S-type magmas with
the chemical signatures of low-temperature melts (e.g.,
elevated B, Be, and Cs, as in Hercynian granites of west-
ern Europe) can acquire their high F content. The hy-
pothesis that F-rich granitic melts originate only at high
temperatures from rocks that have previously undergone
anatexis is not unique.



1248

Comparison of the experimental results with
natural systems

Finding a reliable analog to the melt compositions gen-
erated here is difficult. Most comparable rocks are plu-
tonic (pegmatites or granites) and have undergone exten-
sive hydrothermal reequilibration. Partially vitric rhyolite
from the Macusani volcanic province, Peru, provides the
best possible comparison with the Li- and F-rich and
peraluminous compositions generated by melting of Syn-
pel (London et al., 1988, 1989; Pichavant et al., 1987,
1988). That comparison, detailed in Table 7, shows what
we consider to be a remarkable consistency between ex-
perimental and natural mineral-glass partition coeffi-
cients. Note that the partitioning of Rb and F (among
others) follows the trends established in this experimental
study, not those previously determined on mineral sep-
arates or by other methods that are potentially problem-
atic. We reiterate, however, that the results obtained from
the study of Synpel appear to be applicable to melt com-
positions that are metaluminous and much lower in Li
(i.e., Spor Mountain), and hence that the results extend
to a wider range of igneous rocks than just the Macusani
volcanics.

Trace-element equilibration between restite and melt

A potentially important extension of this experimental
work pertains to our observation that once melt forms,
residual biotite and muscovite (the abundances of which
in the system are greater than the concentrations needed
for saturation of melt) recrystallize to attain a continuous
equilibrium with melt as temperature changes. The effect
on melt composition is that its trace-element signature is
derived from reaction with the entire volume of residual
mica (biotite only above 700 °C), not just the small frac-
tion of mica that actually melts.

Additionally, one might test this observation by com-
parison of empirical partition coefficients between micas
and glass (or reconstituted glass from matrix analysis).
Disparities in apparent partition coefficients could reflect
a lack of reequilibration and, hence, an absence of re-
crystallization of the residual phase. Conversely, if resid-
ual phases attain an equilibrium partitioning of trace el-
ements with melt, then this equilibration makes it more
difficult to recognize residual phases in igneous rocks.
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APPENDIX

Electron microprobe analyses of glasses used two beam
conditions to determine major- and minor-element oxide
concentrations. The first condition consisted of a 15 um
spot size, a current of 2 nA, and an accelerating potential
of 20 keV. Under these conditions we minimized K and
Na migration; we noted alkali loss with beam currents as
low as 5 nA. The second condition consists of 15 um spot
size, a current of 20 nA, and an accelerating potential of
20 keV. Two-sigma lower limits of detection (LLDs), dif-
fracting crystals, and counting times on peak positions
are tabulated in Appendix Table 1.

X-ray interferences were determined by scanning the
wavelength-dispersive spectrometers across X-ray peaks
on both standard materials and experimental charges. In
all cases we were able to adequately separate X-ray peaks
by judicious use of diffracting crystals. Background offsets
were chosen at least 500 steps away from the peak cen-
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ters. Because the SiKa,3 peak is broad and close to the
peak positions for Rb and Sr, a single background posi-
tion for each element was chosen. The second back-
ground was defined by the slope of a line from the first
background. The slope of the background counts for Sr
was determined on samples not containing silica. Because
all our Rb standards contain silica the slope was adjusted
until the correct number of RbLa counts was determined.
Background-level X-ray counts for Sr and Rb on quartz
confirmed that the peak positions were correctly placed.
In all cases, minerals with simple chemical compositions
were used as standards.

Trace-element analyses of Li, Rb, Ba, Sr, and Cs were
performed by secondary ion mass spectrometry (SIMS)
using the Cameca IMS 4f instrument operated by the
University of New Mexico/Sandia National Laboratories
Ton Microprobe Facility.

Analysis involved bombardment of the sample with
primary O~ ions accelerated through a potential of 10
kV. A primary ion current of 1 nA was focused on the
sample over a spot diameter of 10-15 um. Sputtered sec-
ondary ions were energy filtered using a sample offset
voltage of —75 V and an energy window of 20 V to elim-
inate effectively isobaric interferences. Each analysis in-
volved repeated cycles of peak counting on "Li*, 2?Na*,
Mg+, 3°Si+, ¥Rb*, 8Sr+, 3Cs*, and *Ba*, as well as
counting on a background position to monitor detection
noise. The Na and Mg peaks were measured to provide
Na and Mg concentrations as a check for glass contami-
nation in mica and vice versa. Counting times were var-
ied to achieve an analytical precision of a least 3% (typ-
ically 1-2%) on each element. Absolute concentrations of
each element were calculated using empirical relation-
ships of ratios of measured peak to °Si* (normalized to
known SiO, content) to element concentrations, as de-
rived from measurements of documented standards. Mica
analyses were referenced to CRPG standards MICA-Fe
and MICA-Mg. Glass analyses were referenced to in-house
rhyolite standards (DMO and UTR-2).

The uncertainty in our microprobe measurements is
quantified by the standard deviation about the mean,
which is defined as the standard deviation divided by the
square root of the number of analyses. The uncertainty
in our reported distribution coefficients is taken from the
equation (Ragland, 1989) s = D¥[u/M)? + (u/M)2)” where
s is the uncertainty in the distribution coefficient, u is the
standard deviation about the mean for the oxide in the
crystal (xl) or melt (m), M is the oxide in weight percent,
and D is the distribution coefficient.
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Analytical conditions
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Condition 1 Condition 2
Element LLD (wt%) Crystal t(s) Element LLD (wt%) Crystal t(s)
Si 0.1 TAP 90 Fe 0.02 LiF 20
Al 0.07 TAP 80 Ti 0.04 LiF 20
Na 0.07 TAP 10 Ni 0.04 LiF 20
K 0.06 PET 15 Rb 0.05 TAP 20
Mn 0.04 LiF 10
Ba 0.13 LiF 10
Cs 0.11 LiF 20
P 0.03 TAP 10
Mg 0.02 TAP 10
F 0.17 TAP 40
Sr 0.07 PET 30
Ca 0.07 PET 10

Note: LLD = lower limit of detection.




