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ABSTRACT

Hydrous partial melting experiments performed between 650 and 750 °C at 200 MPa
(H20) on synthetic metapelite compositions (quartz + albite + muscovite + biotite min-
eral mixtures) doped with Ba, Sr, Rb, and Cs yielded alkali feldspar crystals with a wide
range of compositions in equilibrium at their rims with peraluminous melt. Measured
partition coefficients for normally trace lithophile elements between feldspar and melt
[D(M)FSP/gl,M = Ba, Sr, Rb, Cs] do not depend on either temperature or bulk composition

of melt for the compositions studied. Values of D(Sr)FSP/glare between 10 and 14 and
appear to be independent of the albite and orthoclase contents of the feldspar crystals. In
contrast, values of D(Ba)FSP/gland D(Rb)FsP/glare strongly dependent on the orthoclase
content of feldspar, relationships that can be expressed by the following linear equations:
D(Ba)FSP/gl= 0.07 + 0.25(orthoclase) and D(Rb)FsP/gl= 0.03 + 0.0 1(orthoclase), where
orthoclase is in mole percent. These equations reproduce the range of previously reported
values for D(Ba) and D(Rb) determined on natural and synthetic samples. A single par-
tition coefficient for Cs was also determined at D(CS)Fsp/gl= 0.13.

These data can be used in conjunction with recently published partition coefficients for
muscovite, biotite, and plagioclase feldspars (Blundy and Wood 1991; Icenhower and
London 1995) to model quantitatively the trace element signatures of peraluminous mag-
mas during anatexis and crystallization. Depending on bulk composition and pressure-
temperature trajectories during episodes of partial melting, Ba and Sr (and to a lesser
extent, Rb) are retained at the source while Cs and Li are enriched in the first melts. These
results explain why peraluminous granitic magmas with S-type (sedimentary) sources carry
a distinctive enrichment in Li and Cs.

INTRODUCTION

Partition coefficients for the large-ion lithophile ele-
ments (LILEs) Ba, Sr, Rb, and Cs between alkali feldspar
and intermediate to silicic melt have been investigated
by Arth (1976), Berlin and Henderson (1969), Carmi-
chael and McDonald (1961), Carron and Lagache (1980),
De Pieri and Quareni (1978), Ewart and Taylor (1969),
Guo and Green (1989), Higuchi and Nagasawa (1969),
Leeman and Phelps (1981), Long (1978), Mahood and
Hildreth (1983), Nagasawa and Schnetzler (1971), and
Nash and Crecraft (1985), to name a few. Despite the
volume of previous work little consensus has emerged
regarding the true values of these partition coefficients.
Differences in comparable studies may be as much as an
order of magnitude; therefore, selection of any particular
value for petrogenetic modeling becomes a difficult if not
arbitrary choice. It is not surprising therefore, that some
investigators have suggested that distribution coefficients
determined on one suite of rocks cannot be used to model
the evolution of another (cf. Mahood and Hildreth 1983).

Variation in melt composition, or melt structure, has
been advanced as one key component in governing dis-
tributions of trace elements between crystals and melt
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(Watson 1976, 1977; Ryerson and Hess 1978; Hart and
Davis 1978; Mysen and Virgo 1980; Carron and Lagache
1980). The experimental study by Watson (1976) laid the
groundwork for models of element distribution as a func-
tion of melt structure, measured as the ratio of inferred
network-modifying to network-forming (tetrahedrally co-
ordinated) species in melt. The two-liquid study by Wat-
son (1976) assessed the preference of a trace element to
partition into Si-rich or Si-poor melt. Generally, trace
elements partitioned increasingly into the less siliceous
melt as the cation field strength (Z/r2) increased. Among
the LILEs, the cations with the highest field strengths
(e.g., Ba) tended to favor Si-poor melt, whereas Cs was
the only LILE to partition in favor of the more siliceous
melt. The general trends identified by Watson (1976) are
consistent with variations in enthalpies of mixing along
M7/:AI02-Si02 joins, where M = alkali and alkaline earth
cations (Roy and Navrotsky 1984). Carron and Lagache
(1980) proposed that partitioning of Rb, Cs, Sr, and Ba
between alkali feldspar and melt is strongly influenced by
the Na/K ratio of melt; however, partition coefficients for
LILEs between alkali feldspar and melt were not directly
determined.

The composition and hence the structure of the crys-
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talline phase also strongly influence partition coefficients
(Matsui et al. 1977; Blundy and Wood 1991). In partic-
ular, the study by Blundy and Wood (1991) demonstrated
that partitioning of Sr and Ba between plagioclase and
melt depends on the anorthite content offeldspar; albitic
feldspars accept both Sr and Ba more readily than anor-
thitic. It is not clear, though, how the orthoclase content
in alkali (or ternary) feldspars affects partitioning of these
elements and Rb and Cs. The study of Smith and Brown
(1988) showed that, in general, partition coefficients for
Rb and Ba increase with orthoclase content of feldspar.
The scatter of data, however, prevents a quantitative as-
sessment of this effect on partitioning.

Other parameters that may influence partitioning be-
havior include temperature (Drake 1972; Sun et al. 1974;
Nielsen 1988; Guo and Green 1989) and pressure (Green
and Pearson 1983; Guo and Green 1989). Blundy and
Wood (1991) argued that a relationship between temper-
ature and partition coefficients for Sr and Ba in plagio-
clase-series feldspars is simply an artifact of feldspar
compositional changes (i.e., albitic plagioclase is stable at
lower temperatures than anorthitic plagioclase). Although
pressure appears to be an important factor governing trace
element partitioning, the experiments of Guo and Green
(1989) may not be relevant to peraluminous igneous sys-
tems. As discussed below, their experiments were per-
formed on peralkaline compositions at higher pressures
than the pressures at which feldspar and melt typically
coexist in peraluminous systems (Thompson and Tracy
1979).

The above studies serve as an important guide for in-
vestigating the partitioning behavior of the LILEs. In this
investigation we report experimentally determined par-
tition coefficients for Rb, Cs, Ba, and Sr between alkali
feldspars and peraluminous melt generated by water-sat-
urated partial melting and recrystallization of synthetic
metapelite compositions. We chose our bulk composi-
tions to replicate peraluminous two-mica granites and
rhyolites that are exposed as volumetrically important
constituents of the Himalayas, the Hercynian massifs, and
numerous igneous bodies in the American southwest (Le
Fort et al. 1987; Wickham 1987; Anderson 1983). The
relatively simple mineralogy of these leucogranites af-
fords the opportunity to model their LILE signatures us-
ing established trace element partitioning equations. These
elements are especially useful for determining conditions
of melting and crystallization because the LILEs are prin-
cipally harbored by major crystalline phases (feldspars,
biotite, muscovite) and do not reside in accessory min-
erals (e.g., zircon, monazite, apatite, xenotime) the solu-
bilities of which are highly variable in these melts (Hogan
and Sinha 1991; Monte11986; Watson and Harrison 1983;
Wolf and London 1994).

The experiments were conducted at low pressures (200
MPa) in part to replicate magma crystallization at higher
levels in the crust, and at H20 saturation to represent
possible end-member scenarios at the most hydrous stages

of melt evolution; i.e., at the inception of anatexis and at
the close of crystal fractionation. All experiments were
saturated in corundum, fixing the activity of Al203 in
melt at unity. Therefore, the KINa ratio of melt can vary
without changing the activities of most melt components.
The data presented here on alkali feldspars, along with
complementary studies of biotite, muscovite, cordierite,
and garnet (e.g., Icenhower and London 1993a, 1993b,
1995; Icenhower et al. 1994) are therefore intended to
constrain the chemical signatures of peraluminous melts
to assist others in identifying fractionation trends within
and source regions of S-type granites and related rocks.

METHODS

Compositions corresponding to synthetic metapelites
were made up of mixtures of natural muscovite, albite,
quartz, and biotite. Muscovite was separated from a re-
crystallized muscovite-tourmaline schist near a contact
with the Strickland-Cramer pegmatite body, Portland,
Connecticut (DL sample STK-I27); microprobe analyses
presented in Table 1 indicate that it is characterized by
relatively high concentrations of F (-1.3 wt%) and low
Ti02 (0.44%), MgO (0.76%), FeO (2.73%) (all iron as FeO),
and Na20 (0.39%). In addition, the muscovite contains
-2275 ppm Li (or -0.4 wt% Li20) as determined by
inductively coupled plasma (ICP) spectroscopy. Micro-
probe analyses of the starting plagioclase (Table 1) from
Minas Gerais, Brazil, reveal that it is near end-member
albite. The quartz used was high-purity electronic grade,
with < 50 ppm total impurities (kindly provided by Feld-
spar Corporation, Spruce Pine, North Carolina). Concen-
trations of SrO, BaO, Rb20, and Cs20 in all three min-
erals, as determined by microprobe analysis, are below
their respective detection limits. The starting biotite is a
Li-, Cs-, Rb-, and F-rich metasomatic mica from the am-
phibolitic wall rocks of the Tanco pegmatite, Manitoba
(Table 1; Morgan and London 1987). In addition, this
mica contains -2.15 wt% Li20. We used this mica as a
source of Li, Rb, Cs, and F. At the conditions of our
experiments, it reacts (dissolves) almost completely and
reprecipitates as a new mica in equilibrium with melt.
Thus, there is no problem in distinguishing relict mica
grains from those that have recrystallized and chemically
equilibrated with (precipitated from) the melt.

The minerals were mixed in such a way that biotite
made up 30 wt% of the total mix. The amounts of mus-
covite, albite, and quartz were varied to impart a range
of KINa ratios to the starting compositions. Starting
compositions, labeled "Synpel" for synthetic metapelite,
are tabulated in Table 2. Note that in all three of the
starting mineral mixes, quartz is the limiting component
of melting because we wanted muscovite to survive in
the presence of melt (see below).

The starting compositions were designed to have con-
centrations of normally trace elements that are measur-
able with high accuracy by electron microprobe analyses
(EMPA). Lithophile elements Sr and Ba were added to
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TABLE 1. Compositions of starting minerals

Albite Muscovite Biotite Andalusite Cordierite
n= 40 n= 37 n= 84 n=30 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
AI,03 19.95(0.19) 33.83(0.63) 17.56(0.38) 63.65(0.26) 33.72(0.13)
MgO 0.02 0.76(0.07) 7.25(0.24) 12.56(0.10)
CaO 0.03(0.03) 0.02 0.02 0.02
MnO 0.21(0.03) 0.23(0.03) 0.04 0.06(0.02)
Li,O" 0.46 2.17
FeO 0.02 2.73(0.14) 8.13(0.61) 0.31(0.02) 2.55(0.07)
Fe,O;" 2.26
NiO 0.04 0.04
SrO 0.07 0.09(0.09) 0.14(0.15)
BaO 0.13 0.13 0.13
Na,O 11.45(0.13) 0.39(0.04) 0.02 0.30(0.02)
K,O 0.21(0.03) 10.69(0.10) 6.78(0.33) 0.02
Rb,O 0.05 0.05 3.82(0.07) 0.05
Cs,O 0.11 0.11 3.83(0.59) 0.11
H,Ot 3.78(0.08) 1.42(0.13)
F 1.30(0.12) 4.58(0.29) 0.17
P,O. 0.03(0.02)

Total 100.29 100.91 99.69 100.15 97.97
O=F 100.36 97.76

Cations pfu
Normalization basis 8(0) 24 (0, F, OH) 24 (0, F, OH) 20(0) 18(0)
Si 2.98 6.16 6.16 3.91 4.90
['[AI 1.84 1.84
Ti 0.04 0.14 0.00
[6JAI 1.03 3.51 1.34 8.11 4.03
Mg 0.00 0.15 1.66 1.90
Mn 0.02 0.03 0.00 0.00
Li 0.25 1.34
Fe2+ 0.00 0.31 1.04 0.03 0.22
Fe3+ 0.26
Ni 0.00 0.00
Ca 0.01 0.00 0.00 0.00
Sr 0.00 0.01 0.01
Ba 0.00 0.00 0.00
Na 0.95 0.10 0.00 0.06
K 0.02 1.83 1.33 0.00
Rb 0.00 0.00 0.38 0.00
Cs 0.00 0.01 0.25 0.00

Total 4.98 14.23 15.78 12.05 11.10
Ab 0.97 Mg'= 0.32:1: Mg' = 0.61 Mg' = 0.90
Or 0.02
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,03 determined by titration.
t H20 estimated by stoichiometry.
:I:Mg' = molar Mg/(Mg + Fe + Mn).

Synpel5 Synpel6 Synpel7

Muscovite 34 27.5 44.3
Quartz 17 13.5 12
Albite 19 29 13.7
Biotite 30 30 30

Trace element (wt%)
BaO 2 2 2
SrO 2 2 2
Rb,O 1.15 1.15 1.15
Cs,O 1.15 1.15 1.15

the mineral mixes as glasses of celsian (BaA12Si20s) and
slawsonite (SrA12Si20s). The concentrations of LILEs in
the starting mineral mixes were 2 wt% each SrO and BaO
and 1.15 wt% each Rb10 and Cs20 (from starting biotite;
Table 2). The apparent high concentrations of these oxide
components were diluted by large volumes of melt gen-
erated at the peritectic minimum of the system. There-
fore, depending on the partitioning behavior of the ele-
ment, concentrations of the LILEs were brought above
but near the lower limits of detection by EMPA for all
mineral-melt pairs.

Mixed mineral powders were ground under ethanol in

TABLE2. Compositions of starting assemblages
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FIGURE 1. Partial P-T phase relations for metapelite-peral-

uminous granitic systems. Sources of reaction data are (\) mus-
covite + quartz + albite + H20 = L + aluminum silicate (Storre
and Karotke 1971), (2) muscovite + quartz = orthoclase + alu-
minum silicate + H20 (Althaus et al. 1970), (3) muscovite =
orthoclase + corundum + H20 (Yoder and Eugster 1955), and
quartz + albite + orthoclase + H20 = L (Merrill et al. 1970).
Invariant point It lies at the intersection of Reaction 2 with the
haplogranitic minimum. Reaction I is metastable below its in-
tersection with Reaction 2. Along the metastable extension of
Reaction 1 to 200 MPa (0.2 GPa), the experimental solidus of
the system studied here (between 600 and 650°C) lies slightly
below the star because of the addition of F and other compo-
nents. Above the solidus of Reaction I, biotite (Bt) reequilibrates
with melt and with increasing Treacts continuously to form melt
+ spinel (Spl) and cordierite (Crd) or garnet (Gt).

an agate mortar and then dried overnight in an oven at
150°C. Gold capsules measuring I cm x 3 mm x 0.2
mm were loaded with -20 mg rock powder and -2 mg
distilled water. The capsules were welded, checked for
weight loss, 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 stain-
less steel filler rods and run at 200 MPa. The pressure
medium was water plus trace amounts of a hydrocarbon-
based rust inhibitor that imposed an f02 slightly less than
the nickel + nickel oxide (NNO) buffer of the reaction
vessel. Pressure was monitored by a factory-calibrated
Heise Bourdon-tube gauge, and all experiments were con-
ducted in contact with the gauge and with a 2 L pressure
buffer; pressure uncertainty is < I MPa. Temperatures
were monitored by internal Chromel-Alumel thermocou-
ples; temperature uncertainty is :t2 0C. Experiments were
quenched isobarically in an air jet to < 300°C in 10-50
s. Capsules were weighed after experiments to check for
leaks; however, all capsules gained weight (-0.2 mg) be-

cause of diffusion of Ni from the reaction vessel into the
precious metal capsule. Experimental products were an-
alyzed by optical examination, scanning and back-scat-
tered electron (BSE) imaging, and energy- and wave-
length-dispersive X-ray spectroscopy. Quantitative
electron microprobe analyses of experimental products
were performed using wavelength-dispersive X-ray spec-
troscopy exclusively. The PAP correction procedure
(Pouchou and Pichoir 1984) was applied to the EMPA
data; analytical conditions, including beam conditions,
diffracting crystals used, counting times, and lower limits
of detection (LLDs), are tabulated in the Appendix of
Icenhower and London (1995).

CONDITIONS OF MELTING

Partial melting took place along the metastable exten-
sion of reaction

muscovite + quartz + albite + H20

= L (melt) + aluminum silicate (I)

(Storre and Karotke 1971) to 200 MPa, the conditions of
our experiments. The reaction is metastable at this pres-
sure because the stable reaction

muscovite + quartz

= orthoclase + aluminum silicate + H20 (2)

should proceed to the right. Instead, melting proceeded
fast enough that all quartz was consumed before ortho-
clase could nucleate. The result was that all phases (crys-
talline and liquid) were stable at these quartz-absent con-
ditions of P and T. The steep negative slope of Reaction
1 is important because it is nearly temperature-indepen-
dent, allowing us to extrapolate reasonably our observed
melting relations to the higher pressures that are more
likely for the production of granitic magmas (i.e., 400-
600 MPa: Thompson and Tracy 1979). Because our ex-
periments were quartz undersaturated and muscovite ov-
ersaturated above the solidus temperature, the next het-
erogeneous reaction with increasing temperature involved
the equilibrium

muscovite = orthoclase + corundum + H20 (3)

(Yoder and Eugster 1955) that was encountered near 715
°C at 200 MPa. The importance of this reaction is that
very micaceous rocks, such as the Synpel mixtures, con-
tain muscovite above the melting temperature, and both
muscovite and biotite contribute K to melt and to the
crystallization of alkali feldspar. These reactions also de-
scribe partial melting of muscovite-bearing assemblages
at pressures greater than the invariant point It of Figure
1. In summary, our experiments yielded alkali feldspars
over a temperature range of 100°C (650-750 0c) and
serve as reasonable analogs for partial melting reactions
that take place in the crust at higher pressures.

Note that Reactions 1-3 are continuous reactions over
a range of P and T because the reactants and products
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are solid solutions. The terminal reaction for muscovite
(Reaction 3) is quite sharply delineated in P- T space. Re-
actions involving biotite, however, are continuous from
the inception of melting, wherein biotite equilibrates with
melt, through continuous melting reactions with increas-
ing T that eventually yield spinel as a distinctive product
of biotite breakdown (e.g., Icenhower and London 1995).

ApPROACH TO EQUILIBRIUM

By monitoring the chemical and textural features of
experimental products, we established that durations of
four weeks were necessary for most experiments to attain
textural and chemical steady state. Albite was the sole
feldspar in the starting bulk compositions, so the multi-
component potassium sodium calcium feldspar solid so-
lutions we obtained clearly precipitated from melt and do
not include unreacted starting material. Feldspars are eu-
hedral in habit but nevertheless display chemical zoning
from core to rim (Fig. 2). The zoning indicates that cores
are not in equilibrium with final melt compositions, and
therefore we carefully limited our analyses only to feld-
spar rims, which were likely to represent a close approach
to equilibrium with melt. We analyzed only homoge-
neous feldspar rims that were > 5 !lm thick, and thus we
largely ignored the reservoir effects of the feldspar cores.
Other evidence that the experiments approached equilib-
rium (exclusive of feldspar cores) include euhedral and
homogeneous biotite and muscovite and uniform distri-
butions of Ba, Rb, Sr, and Cs in melt, as manifested by
small standard deviations in glass analyses, suggestive of
complete diffusion over the duration of the experiments.
Finally, the results of analyses offeldspar, glass, and mica
in experiments lasting up to six weeks were not signifi-
cantly different from the results of experiments lasting
four weeks.

We emphasize that experiments of this sort do not lend
themselves to true reversals. Reversals would entail
equilibration by diffusion of trace elements from melt
into crystalline phases and from crystalline phases into
melt. In reality, when the mineral-melt compositions are
far enough from equilibrium, as they are at the start of
melting, the reactions invariably entail the dissolution of
minerals and reprecipitation of crystalline phases with
compositions that are closer to equilibrium with melt.
Put another way, all major and trace elements are redis-
tributed by direct crystallization from melt, which might
be regarded as synthesis reactions in that the original
crystalline phases rarely constitute nucleation sites for
subsequent growth (they are dissolving). In these experi-
ments, we induced reactions from two directions of T:
one prograde in T, termed forward direction; and the
other retrograde in T, termed reverse direction, but not
to be confused with a reversal as described above. The
benefits of reverse-direction experiments, as detailed by
London (1992) include more complete and rapid homog-
enization of melt, clear indications of crystal growth, and

FIGURE 2. Back-scattered electron images of experimental
products. (A) Zoned feldspar, biotite, muscovite, and glass in a
650°C reverse-direction experiment. (B) Zoned alkali feldspar,
biotite, and glass in a 700°C forward-direction experiment.

coarse grain size that facilitates EMPA. Drawbacks in-
clude the liquidus undercoolings required to initiate crys-
tallization and the metastable persistence of crystal-melt
compositions (i.e., lack of approach to equilibrium) with
a large magnitude of under cooling. Forward-direction ex-
periments do not have the same sort of closure T, so our
estimation of approach to equilibrium is based on con-
vergence of mineral and melt compositions from for-
ward- and reverse-direction experiments to the same T.
In general, these were good in the experiments presented
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TABLE 3. Glass compositions

Expt. 5 + 15 5 + 14 5+8 5+7 5+5 5+9 6+6 6+5
T(DC) 650, R 650, R 650, R 700, R 700, F 700, F 650, R 700, R
No. analyses n= 20 n = 10 n~ 15 n~ 13 n = 18 n~ 10 n= 40 n= 22

SiO, 63.94(0.20) 64.27(0.25) 65.90(0.17) 63.52(0.24) 64.04(0.12) 63.49(0.19) 65.38(0.10) 63.10(0.07)
TiO, 00.09(0.01) 00.07(0.01 ) 00.06(0.01) 00.07(0.02) 00.05(0.00) 00.09(0.02) 00.04 00.05(0.01 )
AI,03 15.84(0.08) 15.67(0.14) 15.61(0.10) 16.93(0.06) 17.00(0.04) 16.58(0.07) 16.24(0.04) 17.27(0.03)
MgO 00.16(0.02) 00.11 (0.02) 00.12(0.02) 00.13(0.04) 00.07(0.00) 00.09(0.02) 00.05(0.01 ) 00.07(0.00)
CaO 00.83(0.01) 00.82(0.01) 00.80(0.02) 00.94(0.01) 01.01 (0.01) 00.89(0.02) 00.44(0.01) 00.61 (0.01)
MnO 00.07(0.00) 00.07(0.00) 00.08(0.01) 00.06(0.01) 00.07(0.01) 00.08(0.01) 00.05(0.00) 00.06(0.00)
FeO 00.74(0.06) 00.64(0.04) 00.61(0.05) 00.73(0.10) 00.61 (0.01) 00.67(0.04) 00.40(0.01 ) 00.54(0.01 )

NiO 00.04 00.04 00.04 00.04 00.04 00.04 00.04 00.04
SrO 00.45(0.04) 00.21 (0.03) 00.22(0.02) 00.43(0.06) 00.40(0.02) 00.41(0.03) 00.11(0.01) 00.32(0.03)
BaO 00.27(0.03) 00.21 (0.04) 00.22(0.02) 00.32(0.04) 00.27(0.01 ) 00.29(0.02) 00.11(0.01) 00.23(0.02)
Na,O 01.95(0.02) 01.54(0.07) 02.19(0.02) 02.03(0.10) 02.32(0.01 ) 01.97(0.07) 02.83(0.02) 02.87(0.03)
K,O 03.28(0.04) 03.13(0.05) 03.29(0.04) 03.77(0.04) 03.86(0.02) 03.46(0.04) 03.25(0.02) 03.45(0.01 )

Rb,O 00.59(0.01) 00.53(0.02) 00.60(0.01) 00.64(0.01) 00.68(0.01 ) 00.56(0.01 ) 00.67(0.01 ) 00.62(0.00)
Cs,O 01.04(0.02) 01.07(0.03) 01.09(0.03) 00.86(0.02) 00.96(0.01) 00.90(0.03) 01.14(0.01) 00.95(0.01)
F 01.74(0.04) 01.79(0.07) 01.70(0.06) 01.95(0.15) 01.67(0.04) 01.96(0.03) 02.01(0.04) 02.03(0.03)
P,O, 00.12(0.01) 00.12(0.01 ) 00.14(0.01 ) 00.12(0.01 ) 00.12(0.00) 00.13(0.01 ) 00.14(0.00) 00.13(0.00)

Total 91.15 90.29 92.67 92.54 93.17 91.61 92.90 92.34
O=F 90.42 89.54 91.95 91.72 92.47 90.78 92.05 91.46
ASI 01.65 01.86 01.61 01.62 01.53 01.69 01.64 01.61
Mg' 26.02 21.62 23.64 22.66 15.49 17.60 16.51 17.20

K' 41.66 45.08 40.49 44.10 42.13 42.93 37.26 37.62

CIPW norm
Q 46.82 52.63 45.94 42.40 39.21 45.19 40.34 36.73
Ab 25.24 20.27 27.19 25.92 29.02 25.43 33.98 35.33
Or 27.94 27.10 26.87 31.68 31.77 29.38 25.68 27.94
Cor 07.43 08.69 06.90 07.55 06.81 07.92 07.25 07.56

Note: F = forward-direction experiment, R ~reverse-directionexperiment, ASI = molar AI/Y. alkalis + 2Y.alkaline earths, Mg' = molar 100Mg/(Mg
+ Fe + Mn), K' = molar 100K/Y. alkalis + Y.alkaline earths. Numbers in italics represent detection limits.

here (examples provided below), though in some cases a
particular element failed to equilibrate (e.g., Sr in reverse-
direction experiments).

RESULTS

Phase assemblages in Synpel 5, 6, and 7 contain biotite,
muscovite, alkali feldspar, corundum, aluminum silicate,
and melt (as glass) in 650°C reverse- and 700°C forward-
direction experiments, and biotite, alkali feldspar, corun-
dum, and glass::!: spinel::!: mullite in 750°C forward-
and 700°C reverse-direction experiments. Melt is present
in 650 °C forward-direction experiments but is absent at
600°C, indicating that the solidus of the system is at an
intermediate temperature. Melt makes up at least 50% of
the charge by volume at 700 °C with crystals well distrib-
uted within the glass. Melt is the dominant phase in for-
ward-direction experiments to 750°C.

Melt

The compositions of glasses, representing quenched
melts, are presented in Table 3. The normative bulk com-
position at the minimum is approximately Ab300rl5Ms2o
QtZ35, with corundum and orthoclase components com-
bined in equimolar proportions to create a normative
muscovite component. Because of the high F contents of
the starting micas, all melt compositions contain several
normative percent of a cryolite component.

Glasses are silicic (> 70 wt% Si02 on an anhydrous

basis) and extremely aluminous, as denoted by the AI-
saturation index, ASI [molar Alp/(Nap + K20 + Rb20
+ Cs20 + CaO + SrO + BaO)], over the temperature
range investigated. Note that the ASI values reported in
Table 3 (1.5-1.8) do not factor in Li (derived from melt-
ing of both muscovite and biotite in the starting assem-
blage). From ion microprobe measurements (Icenhower
and London 1995), the LilO content of glasses is -0.7
wt%, which when factored in to the expression for ASI
lowers the ASI values of glasses to 1.3-1.4. The excess
alumina in glass can be recast as a normative corundum
component (6.8-8.7 wt%) or as a muscovite component,
the anhydrous equimolar sum of normative orthoclase
and corundum (approximately 20 wt% muscovite). Con-
centrations of AI203 in melt increase with temperature
(15.6-16.4 wt% at 650°C, 18.3-18.5 wt% at 750°C).

Concentrations of the sum offemic components (Ti02,
MgO, MnO, and FeO) are nearly always < I wt%, and
values of Mg' [= 100Mg/(Mg + Fe + Mn)] are low and
vary between 15 and 26, so that the melts correspond to
typicalleucogranites. The femic sum rises with increasing
temperature principally because of a rise in FeO with
temperature.

Concentrations of CaO are low (0.4-1.2 wt%) in com-
parison with Na20, which varies between 1.5 and 2.9
wt%, depending on the starting composition. The CaO in
these experiments stems from small amounts of plagio-
clase in the starting biotite separates. K20 increases with
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TABLE3.-Continued

Expt. 6+7 6+4 7 + 10 7+6 7+5 7+7 7+4
T('C) 700, F 750, F 650, R 650, R 700, R 700, F 750, F
No. analyses n= 38 n = 45 n~ 20 n=20 n = 15 n~ 12 n= 20

SiO, 62.66(0.13) 61.49(0.11 ) 65.40(0.25) 64.20(0.12) 62.60(0.15) 61 .86(0.16) 60.66(0.14)
TiO, 00.06(0.00) 00.09(0.00) 00.07(0.01 ) 00.06(0.01) 00.07(0.01 ) 00.06(0.01 ) 00.09(0.01 )

AI,03 17.42(0.04) 18.34(0.04) 15.88(0.13) 16.37(0.12) 17.09(0.05) 17.28(0.04) 18.48(0.05)
MgO 00.07(0.00) 00.12(0.00) 00.08(0.02) 00.08(0.01) 00.11 (0.01) 00.08(0.01) 00.10(0.01 )
CaO 00.61 (0.01) 00.76(0.01) 00.87(0.01) 00.96(0.01) 01.15(0.01 ) 00.98(0.01) 01.02(0.01 )

MnO 00.06(0.00) 00.07(0.00) 00.06(0.00) 00.07(0.00) 00.08(0.01 ) 00.08(0.01 ) 00.09(0.00)
FeO 00.64(0.01 ) 00.85(0.01 ) 00.53(0.06) 00.53(0.03) 00.67(0.03) 00.67(0.02) 00.84(0.04)
NiO 00.04 00.04 00.04 00.04 00.04 00.04 00.04
SrO 00.19(0.01) 00.50(0.02) 00.07 00.20(0.02) 00.24(0.02) 00.39(0.03) 00.65(0.03)
BaO 00.25(0.01 ) 00.45(0.01) 00.13 00.15(0.03) 00.21 (0.01) 00.19(0.03) 00.28(0.02)
Na,O 02.59(0.09) 02.62(0.08) 01.87(0.09) 01.84(0.04) 02.08(0.02) 01.83(0.03) 01.72(0.07)
K,O 03.43(0.02) 03.61(0.02) 03.95(0.08) 03.50(0.06) 04.21(0.03) 03.79(0.02) 04.90(0.05)
Rb,O 00.62(0.00) 00.64(0.00) 00.55(0.01) 00.59(0.01 ) 00.62(0.01 ) 00.61(0.01) 00.68(0.01)
Cs,O 00.95(0.00) 00.86(0.01) 01.10(0.02) 01.24(0.02) 01.03(0.02) 01.09(0.02) 00.93(0.02)
F 02.18(0.07) 02.04(0.03) 01.86(0.08) 01.92(0.04) 02.17(0.04) 02.13(0.04) 02.39(0.03)
P,O, 00.13(0.00) 00.12(0.00) 00.09(0.01 ) 00.09(0.01 ) 00.13(0.01) 00.16(0.01 ) 00.14(0.00)

Total 91.90 92.60 92.55 91.84 92.50 91.24 93.01
O~F 90.98 91.74 91.77 91.03 91.59 90.34 92.00
ASI 01.72 01.66 01.65 0.170 01.53 01.71 01.60
Mg' 15.12 18.85 19.45 19.18 20.70 15.96 16.07

K' 39.55 39.22 48.36 44.02 45.92 45.65 52.10

CIPW Norm
Q 39.23 36.25 44.74 46.54 38.12 42.86 35.38
Ab 32.47 33.44 23.12 23.74 26.54 24.19 22.48
Or 28.30 30.31 32.14 29.72 35.34 32.96 42.14
Cor 08.44 08.39 07.28 07.91 06.84 08.39 07.96

temperature up to the terminal muscovite reaction (-715
°C; cf. Yoder and Eugster 195 5) because of the reactions
of muscovite and biotite with melt. Above this temper-
ature biotite alone continues to react with melt, liberating
K. Values of K' [=K/(K + Ca + Na + Ba + Sr + Rb +
Cs) x 100] vary between -37 and 52 in the experiments.

Concentrations of BaO and SrO (added as celsian and
slawsonite gels; see above) increase with increasing tem-
perature in the Synpel glasses. Both Cs and Rb were add-
ed to melt by reaction of the starting biotite with tem-
perature. Concentrations of Cs20 in melt decrease with
temperature as Cs is liberated with first melting and is
then progressively diluted. Concentrations of Rb20 in-
crease slightly with increasing temperature as the crystal-
line phases that harbor Rb melt. Concentrations of F in
all Synpel melts, contributed by reactions involving both
muscovite and biotite, vary from 1.6 to 2.2 wt%. Con-
centrations of P205 vary between 0.09 and 0.16 wt%.

In summary, the compositions of the Synpel glasses
correspond to evolved, F-rich, peraluminous leucogran-
ites with the exception of the LILEs, the concentrations
of which were artificially high to facilitate analysis (al-
though the crystal-core reservoir effect noted above drops
Ba and Sr contents of the system substantially). The melt-
ing of muscovite is more congruent than might have been
expected (cf. Storre and Karotke 1971), and consequently
melts are strongly peraluminous with ASI values near
104. At 200 MPa, the melts contain approximately 8 wt%
H20 at saturation (by difference from EMPA and Li from
SIMS).

Feldspar

Compositions of feldspar rims are tabulated in Table
4. BSE imaging reveals that most feldspars, except for
those in 650°C reverse experiments, are compositionally
zoned from core to rim.

The feldspars are stoichiometric, as illustrated in Fig-
ure 3, in which the sum of the alkalis (K, Na, Rb, and
Cs) and silica are plotted against the sum of the alkaline
earths (Ca, Sr, and Ba) and Ai. The data define a straight
line with a slope of - 1, as expected. On a major element
basis, conjugate forward- and reverse-direction experi-
ments to 700°C (6 + 7 and 6 + 3, for example) display
nearly identical feldspar compositions: Ab5620r14.2An16.4
vs. Ab55.50r13.2An16.l> respectively.

Digital X-ray maps, such as Figure 4, illustrate the dis-
tribution of elements within zoned feldspar crystals. Fig-
ures 4A and 4G display a BSE micrograph of a typical
alkali feldspar with correlation between zoning and av-
erage atomic number. Figures 4D and 4J show that Ca is
concentrated along the rim of a typical alkali feldspar
from the Synpel experiments. Figures 4F, 4K, and 4L
illustrate that both Ba and Sr are concentrated in the core
(which is K-rich) and show no correlation with Ca. This
relationship, Ba and Sr following K in feldspars, is illus-
trated quantitatively in Figure 5A. When the charge-bal-
ancing cations Al and Si are considered, substitution of
Sr a~d Ba into feldspar rims appears to be governed by
the sImple exchange (Fig. 5B)

(Ba2+, Sr2+) + K + + AP+ = 2Na+ + Si4+ (4)

---
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TABLE4. Feldspar compositions

Expt. 5 + 15 5 + 14 5+8 5+7 5+5 5+9 6+6
T(°C) 650, R 650, R 650, R 700, R 700, F 700, F 650, R
No. analyses n~9 n ~13 n ~11 n=7 n = 12 n ~10 n~ 15

SiO, 57.29(0.40) 57.66(0.18) 58.83(0.26) 57.99(0.30) 56.69(0.20) 55.57(0.21) 59.70(0.46)
AI,O, 25.12(0.08) 24.58(0.21) 24.79(0.10) 22.39(0.36) 22.53(0.16) 26.09(0.09) 24.35(0.17)
MgO 00.09(0.07) 00.02(0.01) 00.02(0.02) 00.05(0.03) 00.02 00.02 00.02
CaO 04.11(0.18) 03.57(0.25) 04.42(0.11 ) 00.90(0.26) 00.66(0.09) 04.82(0.09) 03.83(0.10)
FeO 00.47(0.26) 00.21(0.03) 00.25(0.08) 00.28(0.08) 00.13(0.01 ) 00.18(0.02) 00.11 (0.01)
SrO 03.58(0.15) 03.86(0.14) 03.30(0.10) 04.52(0.24) 05.59(0.30) 05.50(0.14) 01.97(0.22)
BaO 00.34(0.06) 00.51(0.07) 00.26(0.03) 03.53(0.40) 03.40(0.19) 00.09(0.06) 00.50(0.08)
Na,O 06.16(0.10) 05.78(0.15) 06.30(0.03) 02.62(0.22) 02.61(0.11) 05.03(0.07) 07.44(0.17)
K,O 01.82(0.20) 02.77(0.40) 01.58(0.13) 06.98(0.47) 07.44(0.28) 01.54(0.08) 01.30(0.10)
Rb,O 00.05 00.05(0.02) 00.05 00.29(0.03) 00.26(0.02) 00.05 00.05
Cs,O 00.11 00.11 00.11 00.11 (0.03) 00.11 00.11 00.11
P,O, 00.07(0.01) 00.08(0.01) 00.09(0.01 ) 00.03(0.01 ) 00.03 00.07(0.01 ) 00.10(0.01 )

Total 99.21 99.20 100.00 99.69 99.47 99.07 99.48

Cations on 32 0 atoms
Si 10.58 10.69 10.72 11.05 10.93 10.36 10.85
AI 05.47 05.37 05.33 05.03 05.12 05.73 05.22
Mg 00.02 00.01 00.00 00.01 00.00 00.00 00.00
Ca 00.81 00.71 00.86 00.18 00.14 00.96 00.75
Fe 00.07 00.03 00.04 00.04 00.02 00.03 00.02
Sr 00.38 00.41 00.35 00.50 00.62 00.59 00.21
Ba 00.02 00.04 00.02 00.26 00.26 00.01 00.04
Na 02.21 02.08 02.23 00.97 00.98 01.82 02.62
K 00.43 00.66 00.37 01.70 01.83 00.37 00.30
Rb 00.00 00.01 00.00 00.04 00.03 00.00 00.00
Cs 00.00 00.00 00.00 00.01 00.00 00.00 00.00
P 00.01 00.01 00.01 00.00 00.00 00.01 00.02

Total 20.00 20.02 19.93 19.79 19.93 19.88 20.03

Mol%

Ab 57.21 53.27 58.22 26.48 25.30 48.51 67.01
Or 11.12 16.80 09.61 46.41 47.46 09.77 07.70
An 21.09 18.18 22.57 05.03 03.54 25.69 19.06
Slw 09.94 10.64 09.12 13.66 16.21 15.86 05.31
Cn 00.64 00.95 00.49 07.21 06.66 00.17 00.91
Rbf 00.00 00.15 00.00 00.97 00.84 00.00 00.00
Csf 00.00 00.00 00.00 00.24 00.00 00.00 00.00

Note: F = forward-direction experiment, R = reverse-direction experiment, Slw ~slawsonite(SrAI,Si,O.), Cn = celsian (BaAI,Si,O.), Rbf = rubidium
feldspar (RbAISi,O.), Csf = cesium "feldspar" (CsAISi,O., see text). Numbers in italics represent detection limits.
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11 Y = 19.73 + (-0.988)X
r2 = 0.995

10
5.0 5.5 6.0 6.5 7.0 7.5

M2+ + AI (cations)

8.0

FIGURE 3. Plot ofM+ (=K, Na, Rb, and Cs) + SiH YS.MH
(=Ca, Ba, and Sr) + AP+ (cations) in feldspar rims. The least-
squares-fitted line regressed through the data has a slope of near-
ly -1 and a correlation coefficient (y2) of 0.995.

which is a linear combination of the exchanges

(Ba2+, Sr2+) + AP+ = Na+ + Si4+ (5)

and

K+ = Na+. (6)

These data suggest that SrO and BaO partition more
strongly into orthoclase-rich feldspars than albite- and
anorthite-rich feldspars.

8.5

Feldspar-melt partition coefficients

We determined empirical partition coefficients by di-
viding the concentration of the element of interest in feld-
spar by its concentration in glass. Following the recom-
mendations of Beattie et a1. (1993), this concentration
ratio is denoted as

D(M)Fspjgl (7)

where D, M, Fsp, and gl represent the distribution coef-
ficient, the element of interest, feldspar, and glass, re-
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TABLE 4.-Continued

Expt. 6+5 6+7 6+4 7+6 7+5 7+7 7+4
T(°C) 700, R 700, R 750, F 650, R 700, R 700, F 750, F
No. analyses n~ 17 n~ 22 n ~18 n = 15 n= 11 n = 13 n = 15

SiO, 59.05(0.15) 56.94(0.12) 55.65(0.14) 57.32(0.23) 58.35(0.35) 53.69(0.12) 55.46(0.19)
AI,O, 24.92(0.08) 24.74(0.13) 25.30(0.13) 26.50(0.12) 21.20(0.14) 27.73(0.10) 23.15(0.14)
MgO 00.02 00.04(0.02) 00.04(0.02) 00.06(0.05) 00.06(0.02) 00.02 00.02
CaO 04.25(0.08) 03.11(0.20) 03.03(0.20) 06.32(0.13) 00.24(0.02) 06.84(0.12) 00.66(0.05)
FeO 00.15(0.01 ) 00.24(0.06) 00.26(0.06) 00.30(0.15) 00.35(0.11 ) 00.17(0.01 ) 00.15(0.02)
SrO 02.93(0.06) 04.38(0.13) 06.22(0.15) 02.19(0.10) 02.96(0.16) 04.93(0.13) 06.56(0.25)
BaO 00.60(0.03) 01.55(0.15) 02.44(0.19) 00.16(0.03) 03.86(0.19) 00.55(0.02) 03.62(0.13)
Na,O 06.63(0.03) 05.94(0.09) 04.81 (0.08) 05.75(0.07) 01.50(0.02) 04.48(0.03) 01.65(0.04)
K,O 01.28(0.05) 02.15(0.17) 02.47(0.13) 01.29(0.17) 10.38(0.20) 01.12(0.04) 08.23(0.15)
Rb,O 00.05 00.05 00.05 00.05 00.47(0.03) 00.05 00.21 (0.02)
Cs,O 00.11 00.11 00.11 00.11 00.11 00.11 00.11
P,O, 00.03 00.04(0.00) 00.03 00.10(0.01 ) 00.04(0.01) 00.11 (0.01) 00.03

Total 100.02 99.29 100.41 100.15 99.52 99.80 99.85

Cations on 32 0 atoms
SI 10.73 10.62 10.45 10.40 11.23 09.99 10.77
AI 05.34 05.44 05.60 05.67 04.81 06.08 05.30
Mg 00.00 00.01 00.01 00.02 00.02 00.00 00.00
Ca 00.83 00.62 00.61 01.23 00.05 01.36 00.14
Fe 00.02 00.04 00.04 00.05 00.06 00.03 00.02
Sr 00.31 00.47 00.68 00.23 00.33 00.53 00.74
Ba 00.04 00.11 00.18 00.01 00.29 00.04 00.28
Na 02.34 02.15 01.75 02.02 00.56 01.62 00.62
K 00.30 00.51 00.59 00.30 02.55 00.27 02.04
Rb 00.00 00.00 00.00 00.00 00.06 00.00 00.03
Cs 00.00 00.00 00.00 00.00 00.00 00.00 00.00p 00.00 00.01 00.00 00.02 00.01 00.02 00.00

Total 19.91 19.98 19.91 19.95 19.97 19.94 19.94

Mol %
Ab 61.28 55.53 45.97 53.35 14.59 42.33 16.19
Or 07.79 13.23 15.53 07.87 66.42 06.96 53.13
An 21.71 16.07 16.00 32.40 01.29 35.72 03.58
Slw 08.10 12.25 17.78 06.08 08.61 13.93 19.25
Cn 01.12 02.93 04.71 00.30 07.59 01.05 07.18
RbI 00.00 00.00 00.00 00.00 01.52 00.00 00.68
CsI 00.00 00.00 00.00 00.00 00.00 00.00 00.00

spectively. Partition coefficients determined in this study
are listed in Table 5.

Sr. Values of D(Sr)FSpjglvary between -9 and 23. The
spread of values could be due, in part, to analytical prob-
lems in determining Sr (note the background problem
discussed in the Appendix of Icenhower and London
1995). To assess this possibility, in Figure 6A we plotted
concentrations of SrO in glass vs. SrO in feldspar with
compositions grouped according to temperature history.
This figure illustrates that the data, as a whole, form a
linear array and that forward-direction experiments to
700-750 °C form a relatively tight cluster in comparison
with the reverse-direction experiments. We interpret these
data to indicate that reverse-direction experiments prob-
ably did not attain equilibrium in all cases.

Blundy and Wood (1991) suggested that the partition-
ing of Sr between plagioclase and melt is governed by the
mole fraction of the albite component in feldspar. Figure
6B is a plot of D(Sr)Fspjglvs. albite contents of feldspar
crystals for the Synpel experiments; the values of the par-
tition coefficients show no obvious trend with feldspar
composition. A plot of the sum of orthoclase and albite

against D(Sr)FsPjglshows that orthoclase content of feld-
spar has no discernible impact on the distribution of Sr
between feldspar and melt (Fig. 6C). We therefore con-
clude that D(Sr)Fspjgl is independent of alkali feldspar
composition.

Ba. Values of D(Ba)FSplglvary between - 1 and 19, closely

corresponding to the range of values reported in the lit-
erature (cf. Henderson 1982). The correlation of Ba with
K described above can also be seen in a plot of the ortho-
clase content of feldspar (in mole percent) with D(Ba)FSPjgl
(Fig. 7A). The linear fit over the range of orthoclase con-
tents, from -5 to 70 mol%, has a correlation coefficient
(r2, deviation about the means) of 0.984 with an intercept
of 0.07. This low intercept value is significant because
low orthoclase contents correspond to plagioclase com-
positions that have reported D(Ba)FSP/glvalues of < 1 (cf.
Henderson 1982). From these experiments, the equation

D(Ba)FSpjgl= 0.07 + (0.25)orthoclase (8)

describes the distribution ofBa between feldspar and melt.
The range of Ba partition coefficients reported in this pa-



728 ICENHOWER AND LONDON: LILEs IN FELDSPAR AND MELT



12
BaO + SrO A

10 (wtOfo) 0

0 0
8 0

0
6 OOd>

4 a9
0

2 0

0
0 10 20 30 40 50 60 70 80

Or (moIOfo)

17
B r2 = 0.96116

15

14

13
2Na + + Si4+

ICENHOWER AND LONDON: LILEs IN FELDSPAR AND MELT 729

per, ~ 1 to 20, spans the range of values reported in the
literature, from ~ 1 to 22 (e.g., Henderson 1982; Jolliff et

al. 1992). We therefore suggest that the range of partition-
coefficient values reported in the literature are real and
that they reflect variable orthoclase content of the alkali
feldspar crystals.

Rb and Cs. Our experimental results (Table 5) indicate
that D(Rb)F,p/gl values are all < 1 for the feldspar com-
positions studied. Rb partition coefficients also appear to
be related to the orthoclase content of feldspars. When
D(Rb)F,p/gl is plotted against orthoclase (Fig. 7B), a least-
squares fit for a line regressed through the data yields a
correlation coefficient of 0.927 and an intercept of 0.03.
The low intercept value, corresponding to albitic plagio-
clase compositions, is similar to the low D(Rb)F'P/glvalues
reported for plagioclases in intermediate to rhyolitic sys-
tems (e.g., Henderson 1982). The equation that describes
Rb partitioning is

D(Rb)F,p/gi= 0.03 + (O.OI)orthoclase. (9)

Note that near pure orthoclase, Equation 8 predicts that
D(Rb)F,p/gi should slightly exceed unity, which conforms
to the values reported by other investigators (0.3-1.3) for
potassium feldspar phenocrysts separated from volcanic
rocks (e.g., Henderson 1982; Jolliff et al. 1992). We pro-
pose that the range of values reported in the literature
also correlate with variable orthoclase content of the al-
kali feldspar phenocrysts, with only a few exceptions. [For
example, Nash and Crecraft (1985) determined values of
D(Rb)F,p/gl between 1 and 3.]

Because Cs20 concentrations are below detection level
in all but one feldspar rim, only one significant value of
D(Cs)F,p/glcan be reported. The low value (0.13) from a
relatively orthoclase-rich feldspar is in line with the low
values proposed by other investigators (e.g., 0.14: Jolliff
et al. 1992).

DISCUSSION

Partition coefficients

Our values of partition coefficients for Sr between feld-
spar and melt range from 8 to 23. We speculate that some
of the scatter of values is due to the failure of Sr distri-
butions to reach equilibrium in reversed experiments,
though the other elements (e.g., Ba) show no such scatter;
the other potential source of error, which we do not be-
lieve is applicable, is a variation in continuum radiation
on the high 28 side of the SrKa X-ray line, where we
selected our background counting position. We note that

12

11
5 678

(Ba,Sr) 2+ + K+ + A13+
9

FIGURE 5. (A) Plot of BaO + SrO vs. orthoclase in feldspar
rims. The general trend of the data is toward increasing Ba and
Sr with K. (B). Plot of 2Na+ + SiH vs. (Ba, Sr)2+ + K+ + AlH
(cations) in feldspar rims. The least-sQuares-fitted line regressed
through the data has a correlation coefficient (r2) of 0.961. The
data are consistent with Ba and Sr following K into feldspar.

in the experimental study by Long (1978), values of
D(Sr)FSP/glalso showed the widest scatter of all LILEs stud-

ied.
The values of D(Sr)F'P/gl in our forward-direction ex-

periments, 10-14, are similar to those obtained from nat-

f-
FIGURE 4. Digital back-scattered electron (BSE) and X-ray

images of two alkali feldspars in Synpel experiments. The BSE
images, A and G, illustrate complex zonation typical of all the
experimental products. The regions of A and G marked "EMPA"
are representative of the feldspar rims from which electron mi-
croprobe analyses were collected for this study. X-ray maps show

a clear inverse zonation of K, Na, and Ca, with more Na-Ca-
rich rims surrounding K-richer interiors of cores. Cores are rich
in Ba and Sr (major components) to the exclusion ofK, Na, and
Ca; as trace elements, however, Rb, Ba, and Sr correlate posi-
tively with K (e.g., compare B and E) and inversely with plagio-
clase components (e.g., compare I and J vs. K).



730 ICENHOWER AND LONDON: LILEs IN FELDSPAR AND MELT

TABLE 5. Apparent partition coefficients

Expt. 5 + 15 5 + 14 5+8 5+7 5+5 5+9 6+6 6+5
T(°C) 650, R 650, R 650, R 700, R 700, F 700, F 650, R 700, R

SiO, 00.90(0.01 ) 00.90(0.00) 00.89(0.00) 00.91(0.01) 00.89(0.00) 00.88(0.00) 00.91 (0.01) 00.94(0.00)
AI,03 01.59(0.01 ) 01.57(0.02) 01.59(0.01 ) 01.32(0.02) 01.33(0.01 ) 01.57(0.01 ) 01.50(0.01 ) 01.44(0.01 )
MgO 00.56(0.44) 00.18(0.10) 00.20(0.15) 00.38(0.23) <00.34 <00.27 <00.40 <00.34
CaO 04.95(0.22) 04.35(0.31) 05.53(0.19) 00.96(0.28) 00.65(0.09) 05.42(0.14) 08.70(0.28) 06.97(0.18)
FeO 00.64(0.35) 00.33(0.05) 00.41(0.13) 00.38(0.12) 00.21(0.01) 00.27(0.04) 00.28(0.03) 00.28(0.03)
SrO 07.96(0.72) 18.38(2.71 ) 15.00(1.32) 10.51 (1.59) 13.98(0.95) 13.41(1.19) 17.91(2.80) 09.16(0.82)
BaO 01.26(0.27) 02.43(0.57) 01.18(0.17) 11 .03(1 .76) 12.59(0.97) 02.93(0.27) 04.55(0.86) 02.61(0.24)
Na,O 03.16(0.06) 03.75(0.20) 02.88(0.03) 01.29(0.13) 01.13(0.05) 02.55(0.09) 02.63(0.06) 02.31(0.02)
K,O 00.55(0.06) 00.88(0.13) 00.48(0.04) 01.85(0.13) 01.93(0.07) 00.45(0.02) 00.40(0.03) 00.37(0.01 )
Rb,O <00.08 00.09(0.04) <00.08 00.45(0.05) 00.38(0.03) <00.09 <00.07 <00.08
Cs,O <00.11 <00.10 <00.10 00.13(0.04) <00.11 <00.12 <00.10 <00.11
P,O, 00.58(0.03) 00.67(0.10) 00.63(0.09) 00.23(0.08) <00.26 00.52(0.06) 00.73(0.08) <00.27
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ural albite-rich plagioclase (Blundy and Wood 1991).
These investigators attributed the preferential distribu-
tion of Sr into albite-rich over anorthite-rich plagioclase
to a more open or "elastic" crystalline structure of the
former. Because orthoclase and albite have similar den-
sities and are both less dense than anorthite (Deer et al.
1966) we expect that Sr also partitions in favor of ortho-
clase-rich over anorthite-;ich anorthoclase. It is clear,
however, that variations in albite and orthoclase contents
in alkali feldspar crystals do not affect partitioning be-
havior of Sr.

Incorporation ofBa into alkali feldspar is a linear func-
tion of the orthoclase content. Though the operative ex-
change is BaAIM:':,SLI> Ba is incompatible in the denser
structure of calcic plagioclase (Deer et al. 1966; see also
Blundy and Wood 1991), but compatible in potassium
feldspar. In these experiments, however, the thermal sta-
bility of the celsian (Cn) component is similar to that of
calcic plagioclase. Therefore, Cn-rich alkali feldspar is the
first feldspar to form at highest temperatures, and its crys-
tallization removes K from melt (i.e., K acts as a trace
rather than major element). Upon cooling, the feldspars
become more sodic and hence display reverse zonation,
with Ba (K, Rb, Sr)-rich cores and Na (Ca)-richer rims
(from which EMPA were obtained). In a sense, the result

is a Rapakivi feldspar (e.g., Fig. 4), formed by the high
thermal stability of the Cn component, which pulls K
from melt as the alkali feldspar crystallizes.

+--
FIGURE 6. (A) Concentration of SrO in feldspar vs. SrO in

glass. The data are grouped according to temperature history and
illustrate a general positive trend. Note that the forward-direc-
tion experiments are tightly grouped. (B) Plot of D(Sr)F'P/g!vs.
albite in feldspar. Error bars represent 10"uncertainty on the
basis of multiple experiments and counting statistics (see Ap-
pendix of Icenhower and London 1995). (C) Plot of D(Sr)F,p/g!

vs. orthoclase + albite in feldspar. The data indicate no corre-
lation between the two parameters (see text).
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TABLE 5.-Continued

Expt. 6+3 6+7 6+4 7+6 7+5 7+7 7+4
T(OC) 700, R 700, R 750, F 650, R 700, R 700, F 750, F

Si02 00.92(0.00) 00.91(0.00) 00.91(0.00) 00.89(0.00) 00.93(0.01) 00.87(0.00) 00.91(0.00)
AI203 01.37(0.01 ) 01.42(0.01 ) 01.38(0.01 ) 01 .62(0.01) 01.24(0.01 ) 01.60(0.01 ) 01.25(0.01 )
MgO <00.20 00.57(0.29) 00.33(0.18) 00.75(0.66) 00.55(0.23) <00.30 <00.24
CaO 04.57(0.30) 05.10(0.33) 03.99(0.27) 06.58(0.15) 00.21(0.02) 06.98(0.14) 00.65(0.05)
FeO 00.27(0.04) 00.38(0.09) 00.31(0.07) 00.57(0.29) 00.52(0.16) 00.25(0.01 ) 00.18(0.02)
SrO 17.00(2.73) 23.05(1.29) 12.44(0.59) 10.95(1.10) 12.33(1.04) 12.64(1.08) 10.09(0.60)
BaO 04.18(0.56) 06.20(0.66) 05.42(0.45) 01.07(0.27) 18.38(1.45) 02.89(0.41 ) 12.93(0.95)
Na20 02.09(0.07) 02.29(0.09) 01.84(0.07) 03.13(0.08) 00.72(0.01) 02.45(0.04) 00.96(0.05)
K20 00.64(0.06) 00.63(0.05) 00.68(0.04) 00.37(0.05) 02.47(0.05) 00.30(0.01 ) 01.68(0.04)
Rb20 <00.07 <00.08 <00.08 <00.08 00.76(0.05) <00.08 00.31(0.03)
Cs20 <00.11 <00.12 <00.12 <00.09 <00.10 <00.10 <00.11
P20, <00.24 00.31(0.08) <00.29 01.16(0.12) 00.31 (0.06) 00.69(0.06) <00.22

Carron and Lagache (1980) argued that partitioning of
LILEs is controlled by melt composition, as indexed by
KI(K + Na). Figure 8 illustrates that partitioning of Sr
and Ba is not controlled by K' of melt [100K20/(~ alkali
oxides + ~ alkaline earth oxides)].

Though a large cation, Rb is yet small enough to be
compatible in the structure of orthoclase-rich alkali feld-
spar. The larger size of Cs is clearly incompatible with
alkali feldspar structures. Although micas may accom-
modate appreciable Cs in the interlayer site (e.g., the Tan-
co biotite used as starting material here), Rb and Cs are
generally incompatible in all rock-forming minerals. Cs
does approach compatible behavior in structural chan-
nels, as in cordierite [D(CS)Od/gl= 0.8, Icenhower et al.
1994] and possibly beryl (Deer et al. 1966).

Comparison with natural rocks

Partition-coefficient data determined on volcanic rocks
collectively show some intriguing similarities to our re-
sults. The data show a positive correlation among
D(Rb)F'P/meh,D(Ba)F'P/meh,and orthoclase content of feld-
spar (Fig. 9). We find it significant that most of the data
overlap despite differences in melt composition and tem-
perature. Both Figures 9A and 9B show that several data
sets are consistent with our results. For example, values
of D(Ba)F'P/meltdetermined by Nash and Crecraft (1985)
and a set of data tabulated by Smith and Brown (1988)
are reasonably similar to our results; values reported by
Leeman and Phelps (1981) and Piccirillo et al. (1975)
display scattering and are, on the whole, not consistent
with the rest of the data. Values of D(Rb)FsP/meltreported
by Drexler et al. (1983), Worner et al. (1983), Hildreth
(1980), Mahood and Hildreth (1983), Kovalenko et al.
(1981), and Leeman and Phelps (1981) are all in rea-
sonable accord with our data. However, the values of
D(Rb)F'P/meltreported by Nash and Crecraft (1985) are not
consistent with these data. We conclude from this that
melt composition and temperature are likely second-or-
der effects on Ba and Rb partition coefficients. Our data
are consistent with the bulk of values determined by oth-
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FIGURE 7. (A) Plot of D(Ba)FsP/glvs. orthoclase feldspar. The
least-squares-fitted line regressed through the data has a slope of
0.25, an intercept of 0.07, and a correlation coefficient (r2) of
0.984. (B) Plot of D(Rb)F,plgi vs. orthoclase feldspar. The least-
squares-fitted line regressed through the data has a slope of 0.01,
an intercept of 0.03, and a correlation coefficient (r2) of 0.927.
D.L. stands for the detection limit; glass contains detectable Rb
but is below detection for feldspar (0.05 wt%). Therefore, values
of D(Rb)F'P/giare <0.09. Note that the error bars for some data
are smaller than the symbol.



I I

A D 0 650
. 700R

o. 0 0 700F. 750
0

CD
Q. ~..

0

I I I

2.5 . NC B
2.0 <> w

. D .
1.5 X H,MH .

D(Rb)'splgl I!>. K <> .
1.0 0 LP <>

732 ICENHOWER AND LONDON: LILEs IN FELDSPAR AND MELT

25

20

D(Sr)'Splgl

15

10

5
30

er investigators and have the advantage of quantifying
the relationship between feldspar composition and par-
tition coefficients; previous individual data sets have not
been able to make this quantification.

LILE signatures of S-type melts

At anatexis. Aluminous metasediments at conditions
of the amphibolite facies contain assemblages that in-
clude muscovite + biotite + quartz + aluminum silicate
and sodic plagioclase or ternary feldspar, with the micas
constituting the primary sources of Li, Rb, Cs, and Ba.
Because ternary feldspar compositions are sodic, values
of D(Ba)FSP/meltwould be small at the inception of melting.
However, the bulk distribution coefficient for Ba
[D(Ba)bulk] remains high because of the compatibility of

Ba in biotite (Icenhower and London 1995) and increases
as orthoclase-rich alkali feldspar is generated by Reaction
2 or 3. The maximum amount ofBa that an S-type melt
can obtain during medium-pressure (400-600 MPa) an-
atexis, therefore, may be highest at the inception of melt-
ing but decreases as orthoclase-rich alkali feldspar is pro-
duced from mica breakdown. Given the relatively low
partition coefficients for Rb between micas and melt
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FIGURE 9. (A) Plot of D(Ba)F,plgI vs. orthoclase for potassium

feldspar-matrix pairs in natural volcanic rocks. Our data are
represented by the straight line (see Fig. 7). Sources include: NC

= Nash and Crecraft (1985), LP = Leeman and Phelps (1981),
SB = Smith and Brown (1988), and P = Piccirillo et al. (1975).
(B) Plot of D(RbY'PlgI vs. orthoclase for potassium feldspar-ma-

trix pairs in natural volcanic rocks. Our data are represented by
the straight line (see Fig. 7). Sources include: NC = Nash and
Crecraft (1985), W = Worner et al. (1983), D = Drexler et al.
(1983), Hand MH = Hildreth (1980) and Mahood and Hildreth
(1983), K = Kovalenko et al. (1981), and LP = Leeman and
Phelps (1981).

[D(Rb)BVmelt= 2, D(Rb)M'lme't= 1.6: Icenhower and Lon-
don 1995] and the generally incompatible behavior ofRb
in alkali feldspar, the solid assemblage above the peritec-
tic would have to be made up of > 50 wt% micas for
D(Rb)bulk to become> 1. It seems likely, therefore, that

Rb behaves as an incompatible element (cf. Harris and
Inger 1992). Both Li [D(Li)Bt/melt= 1.7-1.0, D(Li)Mslmelt=
0.8] and Cs [D(Cs)Bt/melt= 0.4, D(Cs)Ms/melt= 0.3] are par-
titioned into melt over likely residual phases (Icenhower
and London 1995). Cordierite, if present, is a source or
sink for Cs (Icenhower et al. 1994) depending on its par-
ticipation in melting reactions (Icenhower 1995; Icen-
hower and London, in preparation). Albite or the albite
component of plagioclase also melts in large proportion
at the peritectic minimum and constitutes a source ofSr.

At pressures above the invariant point I, in Figure 1,
muscovite survives above the melting peritectic if it con-



ICENHOWER AND LONDON: LILEs IN FELDSPAR AND MELT 733

stitutes > 20 wt% of the rock, which is the normative
muscovite component of the minimum melt composi-
tion. For less micaceous rocks, melt compositions evolve
with increasing T toward less aluminous, more sodic
compositions as residual sodic feldspar (a component of
plagioclase or alkali feldspar) dominates the melting re-
action. With this trend, orthoclase-rich alkali feldspar is
not produced in abundance at temperatures above the
liquidus, and consequently the LILE signature of melt is
determined primarily by (1) the muscovite component
added to melt at the minimum, (2) the reactions of biotite
only with increasing T (see Icenhower and London 1995),
and (3) for Sr, the continuous reaction of plagioclase to-
ward anorthite-rich compositions (e.g., Blundy and Wood
1991). In contrast, very muscovite-rich schists can gen-
erate only a small fraction of melt because albite is a
limiting component (Patino Douce and Johnston 1991).
In such a case, the higher T reaction of muscovite (Re-
action 2 or 3) contributes a very large fraction of LILEs,
especially Li and Cs, to a small fraction of melt, and Ba
(and to a lesser extent Rb) is sequestered by orthoclase-
rich alkali feldspar. Such a process, in which small de-
grees of partial melting are obtained from very micaceous
rocks and muscovite breaks down to orthoclase-rich al-
kali feldspar by Reaction 2 or 3 above the solidus of the
system, may explain how S-type magmas derive their
LILE signature, which Cerny (1991) has termed the LCT
family of rocks for their distinctively high concentrations
of Li, Cs, and Ta.

Upon crystallization. With the data presented here on
alkali feldspar, plus the data of similar partitioning ex-
periments for biotite and muscovite (Icenhower and Lon-
don 1995) and for plagioclase (e.g., Blundy and Wood
1991), it is now possible to model in detail the LILE
fractionation in melt as a function of changing alkali feld-
spar, plagioclase, and mica compositions in addition to
variations in temperature. Crystallization of feldspars
typically has a dramatic impact on the concentrations of
LILEs in residual melt, especially for peraluminous leu-
cogranites, the simple chemistries of which dictate that
copious feldspar must crystallize. As this study indicates,
both Ba and Sr become severely depleted while Cs and
Li increase dramatically, perhaps in melts that are al-
ready relatively enriched in these elements (see above).
Concentrations of Rb also increase unless biotite or mus-
covite is a major component (> 50 wt%) of the fraction-
ating assemblage. Note that crystallization of micas has
very little impact on the concentrations of Cs and Li in
residual melt.

For the purposes of modeling either the source regions
or the crystallization of granitic rocks, it is not adequate
to select a particular partition coefficient for a LILE with-
out consideration of the mineral composition. Among the
LILEs, however, Cs is clearly the least compatible in the
rock-forming minerals of micas and feldspars, followed
by Li, Rb, and Ba. Conversely, the enthalpies of mixing
among M7/~AI02-Si02 (M = Li, Na, K, Rb, Cs, Mg, Ca,
Sr, Ba, Pb) components in melts become less negative in

approximately this same sequence (Roy and Navrotsky
1984), which reflects the extent to which LILEs like Cs
stabilize melt structures, whereas cations with higher field
strengths such as Ba do not.
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