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Abstract. Peraluminous granitoid magmas are a charac-
teristic product of ultrametamorphism leading to anatex-
is of aluminous metasedimentary rocks in the continental
crust. The mechanisms and characteristic length-scales
over which these magmas can be mobilized depend
strongly on their melt fraction, because of their high
viscosities. Thus, it is of fundamental importance to un-
derstand the controls exerted by pressure, temperature
and bulk composition of the source material on melt
productivity. We have studied experimentally the va-
pour-absent melting behaviour of a natural metapelitic
rock and our results differ greatly from those of previous
experimental and theoretical investigations of melt pro-
ductivity from metamorphic rocks. Under H,O-under-
saturated conditions, bulk composition of the source ma-
terial is the overriding factor controlling melt fraction
at temperatures on the order of 850-900° C. Granitoid
melts formed in this temperature interval by the peritect-
ic dehydration-melting reaction:

Biotite + plagioclase + aluminosilicate + quartz
=melt +garnet

have a restricted compositional range. As a consequence,
melt fractions will be maximized from protoliths whose
modes coincide with the stoichiometry of the melting
reaction. This “optimum mode” (approximately 38%
biotite, 32% quartz, 22% plagioclase and 8% aluminosi-
licate) reflects the fact that generation of low-temperature
granitoid liquids requires both fusible quartzo-feldspath-
ic components and H,O (from hydrous minerals). Meta-
pelitic rocks rich in mica and aluminosilicate and poor
in plagioclase contain an excess of refractory material
(A1,04, FeO, MgO) with low solubility in low-tempera-
ture silicic melts, and will therefore be poor magma
sources. Melt fraction varies inversely with pressure in
the range 7-13 kbar, but the effect is not strong: the
decrease (at constant temperature) over this pressure
range is of at most 15 vol% (absolute).
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The liquids produced in our experiments are silica-
rich (68-73 wt% Si0,), strongly peraluminous (2-5 wt%
normative corundum) and very felsic (MgO + FeO*
+TiO, less than 3 wt%, even at temperatures above
1000° C). The last observation suggests that peralumi-
nous granitoids with more than 10% mafic minerals
(biotite, cordierite, garnet) contain some entrained res-
tite. Furthermore, because liquids are also remarkably
constant in composition, we believe that restite separa-
tion is more important than fractional crystallization in
controlling the variability within and among peralumi-
nous granitoids.

We present liquidus phase diagrams that allow us
to follow the phase relationships of melting of silica-
and alumina-saturated rocks at pressures corresponding
to the mid- to deep-continental crust. Garnet, aluminosi-
licate, quartz and ilmenite are the predominant restitic
phases at temperatures of about 900° C, but Ti-rich bio-
tite or calcic plagioclase can also be present, depending
on the bulk composition of the protolith. At tempera-
tures above 950-1050° C (depending on the pressure) the
restitic assemblage is: hercynitic spinel+ilmenite-
+ quartz + aluminosilicate. Our results therefore support
the concept that aluminous granulites (garnet —spinel
—plagioclase — aluminosilicate — quartz) can be the re-
fractory residuum of anatectic events.

Introduction

Anatexis of metamorphic rocks within the continental
crust is a process of major petrologic importance, whose
products range in scale from centimetre-sized migmatitic
segregations to granitoid intrusive complexes cropping
out over areas of up to several tens of thousands of
square kilometres. It is thus of fundamental importance
that we understand the melting behaviour of possible
crustal protoliths for granitoid magmas. Aluminous
schists and gneisses (primarily of sedimentary derivation)
are generally considered to be likely source rocks for



the strongly peraluminous ! magmas which are predomi-
nant in continental anatectic terranes. Although this link
between aluminium-rich, muscovite- and/or biotite-bear-
ing metamorphic rocks and peraluminous granitoids is
reasonably well established, we are still largely ignorant
of many of the details of the anatectic process. Foremost
among these is the behaviour of melt fraction during
progressive anatexis, and the way in which the melt frac-
tion depends on variables such as the composition of
the protolith, temperature, pressure, and availability and
composition of a fluid phase.

A few recent studies have partially addressed the
problem of melt production from metamorphic rocks.
Vielzeuf and Holloway (1988) carried out a series of va-
pour-absent melting cxperiments at 10 kbar on a natural
quartz- and plagioclase-rich metapelitic rock. They con-
cluded that the variation of melt fracting during anatexis
of dry rocks containing muscovite and biotite is a step-
wise function of temperature, largely defined by two al-
most-isothermal melting reactions: the muscovite and
biotite dehydration-melting reactions. A notable result
of these authors was the large melt fraction (about
60 wt%) observed at temperatures of 875-900° C. Le
Breton and Thompson (1988) studied the melting behav-
iour of biotite-plagioclase-aluminosilicate-quartz assem-
blages at 10 kbar and estimated melt fractions in the
range 6—-16 wt% at 860° C. Peterson and Newton (1989)
studied melting of non-peraluminous biotite-quartz-feld-
spar assemblages over a wide range of pressurcs and
water contents. They estimated that, at 10 kbar, vapour-
absent melting of biotite + quartz produces no more than
20-30 vol% melt at the solidus (about 850° C). Vapour-
absent melting in a somewhat different system (biotite-
hornblende tonalite) was studicd by Rutter and Wyllie
(1988), who also suggested the stepwise nature of melting
in systems containing multiple hydrous phases. Finally,
Clemens and Vielzeuf (1987) proposed a theoretical mod-
el for calculating melt fraction as a function of tempera-
ture and hydrous-mineral content of the protolith.

In this contribution we present the results of an ex-
perimental study designed to elucidate the variation of
melt fraction during progressive vapour-absent melting
(dehydration-melting) of aluminous metasediments. Our
results differ in several important respects from those
of some of the studics cited above. We have not observed
a stepwise increase in melt fraction but, rather, a smooth
increase in melt fraction with temperature. The biotite
dehydration-melting reaction takes place in our experi-
ments over a temperature interval of at least 150° C,
in contrast with the almost-isothermal reaction described
by Vielzeuf and Holloway (1988). Furthermore, even
though our starting material contains about 50% more
hydrous minerals than that studied by Vielzeuf and Hol-
loway, the melt fractions produced in our experiments
over the temperature range 850-1050° C are considera-

! We adopt here the terminology proposed by Miller (1985) consid-
ering a granitoid rock to be strongly peraluminous if its equilibrium
mineral assemblage contains one or more alumina-saturating
phases, such as muscovite, andalusite, sillimanite, cordierite or gar-
net
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bly lower (by up to 50% relative) than those reported
by these authors. An important corollary is that inferring
melt productivity of metasediments from their hydrous-
mineral content alone is in general not warranted and
that maximum melt production should be expected from
metagraywackes and not from mica-rich and plagio-
clase-poor metapelites.

Generalized phase relationships of melting
of metamorphic rocks

The relationships between dehydration-melting, vapour-
saturated melting and subsolidus dehydration of a rock
containing a hydrous-mineral phase are shown in a gen-
eralized fashion in Fig. 1, which is redrawn after Thomp-
son and Algor (1977), where the reader is referred for
a more detailed discussion. For this discussion, we label
any assemblage containing a hydrous mineral (mica or
amphibole) H, while A represents any assemblage com-
posed exclusively of anhydrous phases. Considered to-
gether, curves 1 and 3 are the water-saturated solidus
of the rock, along which an H,O-saturated melt, Mg
is formed. Curve 2 is the solidus of the rock under va-
pour-absent conditions, at pressures in excess of the in-
variant point, I. Along this curve, which corresponds
to the dehydration-melting reaction, the hydrous-miner-
al-bearing assemblage melts to a hydrous, but
H,0-undersaturated melt (M), plus an anhydrous-min-
eral assemblage, without a vapour phase ever being pres-
ent. Subsolidus dehydration takes place along curve 4,
where an assemblage containing a hydrous mineral
reacts to form an anhydrous assemblage plus H,O va-
pour. In the simplified system K,O-—Al,0,—SiO,
—H,0 (KASH), these curves are univariant and inter-
sect at an invariant point whose pressure is the minimum
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Fig. 1. Generalized pressure-temperature diagram showing the rela-
tionships between dehydration-melting (curve 2), vapour-saturated
melting (curves I, 3) and subsolidus dehydration (curve 4). Hydrous
minerals cannot coexist stably with melt at pressurcs lower thanR
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Table 1. Characterization of HQ-36 starting material

Modal ‘ Si0, Al,O; TiO, FeO* MnO MgO Ca0O Na,0 K,0 F H,O  Total

proportion
Bulk rock® - 5736 2324 1.26 8.59 0.17 272 0.40 0.48 3.63 0.11 1.69 99.65
Quartz 31 - - - - - - - - - - - -
Biotite 30 3468 19.53 2.68 2084 0.11 8.13 000 029 8.92 031  4.51®  100.00
Aluminosilicate 19 - - - - - - - - - - - -
Muscovite 10 46.57  36.63 0.86 1.09  0.02 0.67 002 096 9.56 0.12 351  100.00
Plagioclase 4 65.52 2496 - 002 - - 555  8.31 0.08 - - 101.44
Garnet 5 3676 2097 001 3444 282 3.64 123 - - - - 99,94
Ilmenite 1 0.07 0.02 5220 4550 110 0.18 0.01 - - - - 99.08

All values in wt%. Probe analyses of minerals are averages of 8-12 different crystals. Modal proportions calculated by mass balance

? Analyzed by XRF except Na by instrumental ncutron-activation analysis and F and H,O calculated from modal proportion of micas

b Calculated by difference

pressure at which dehydration-melting can occur or,
equivalently, the minimum pressure at which the hy-
drous mineral considered can coexist stably with melt
(H,O-saturated or undersaturated). In rocks containing
several hydrous minerals, all of these minerals begin to
react out together and dehydration melting takes place
continuousty over a multivariant temperature-pressure
interval. Thus, we will show that in the rock that we
studied, which contains muscovite and biotite, the mus-
covite dehydration-melting reaction, which defines the
vapour-absent solidus of the rock, involves reaction of
biotite as well. Once muscovite is exhausted, the biotite
dehydration-melting reaction progresses in a continuous
fashion from the muscovite-out temperature to the bio-
tite-out temperature.

In order to use these phase relationships as a means
of increasing our understanding of crustal anatexis, it
is best to consider two end-member situations:
H,O-saturated melting along curve (1) and dehydration
melting of a vapour-free rock along curve (2). Water
saturated melting would constitute the most favourable
situation for melt generation. If a rock containing free
vapour begins to melt isobarically along curve 1, how-
ever, it will continue melting only as long as the vapour
available is sufficient to saturate the amount of melt pro-
duced. The large solubility of H,O in silicic melts under
pressure (about 10 wt% at 10 kbar, e.g. Burnham 1979)
casts serious doubts on whether this process is capable
of generating melt fractions in excess of 5 or 10%, be-
cause the amount of free H,O required is seldom present
in the mid- to deep-continental crust. Furthermore, the
negative dP/dT slope of the water-saturated solidus
would prevent such melts from ascending without freez-
ing. Melts formed under H,O-saturated conditions
would thus tend to form autochthonous (e.g. Didier
1973) granitic massifs and migmatites. Allochthonous
granitoids, intruded at crustal levels which are shallower
than those at which anatexis took place, must be generat-
ed under H,O-undersaturated conditions.

It is our view that the other end-member situation,
dehydration melting of a vapour-free rock along curve 2
(Fig. 1) is a better approximation to the conditions under
which crustal anatexis commonly takes place. Our exper-

iments therefore are designed to study dehydration-melt-
ing reactions of aluminous metamorphic rocks.

Characterization of the starting material
and experimental procedures

All of our experiments utilized the same starting matcrial, a natura]
metapelitic rock (HQ-36) from northern Idaho (USA), provided
by J.M. Rice. The bulk composition of HQ-36, together with its
mineral compositions and mode, are presented in Table 1. Sample
HQ-36 is representative of a pelitic sediment relatively poor in
quartzo-feldspathic clastic components, in contrast with the more
psammiitic rock studied by Viclzeuf and Holloway (1988). The dif-
ference between both rocks is especially conspicuous in their con-
tents of Ca0O and Na,O. The mineral assemblage of HQ-36 crystal-
lized under P— T conditions correspanding to the upper-amphibo-
lite facies of Barrovian metamorphism. Rice et al. {1988) have esti-
mated that the peak-metamorphic conditions that affected the area
of northern Idaho where HQ-36 crops out wcre approximately
700° C and 8 kbar.

Experiments were run at 7, 10 and 13 kbar, covering the tem-
perature intervals 825-1075° C at 7 and 10 kbar and 900-1000° C
at 13 kbar. Run durations varied from 14 days at the lowest temper-
atures { < 875° C) to 2 days at the highest temperatures (see Tablc 2
for run conditions and phase assemblages). All experiments were
done in a 0.5-inch piston-cylinder apparatus. Two different kinds
of solid-medium cell assemblies were used, an all-NaCl cell up to
about 20° C below the melting point of NaCl and, at higher temper-
atures, a cell with BaCO, inner parts and a glass sleeve between
the graphite furnace and the NaCl outer jacket. The pressures re-
ported are nominal (Heise gauge) pressurcs and are believed to
be accurate to within 0.5 kbar for both cell assemblies (Bohlen
1984). Experiments were pressurized at room temperature to 2 kbar
below the target pressure, then heated to the target temperature
and the pressure finally adjusted to its nominal value. Because
of thermal expansion, this final adjustment corresponded in every
case to a pressure release (hot, piston out).

Temperature was measured using W, 5 —Re, 5/Wy5—Res ther-
mocouples relative to an Omega electronic ice point (0° C) and
controlled by a digital Eurotherm 808 temperature controller. Tem-
perature stability throughout all runs was better than + 5° C. Utili-
zation of small samplc volumes (see below) resulted in the entire
sample capsule being within 2--3 mm of the thermocouple.

Samples were contained in welded gold capsules. Considerable
care was exercised to eliminate as much adsorbed humidity from
the starting material as possible. The capsules were filled with 10-
15 mg of sample ground to less than 10 pm and pre-dried. The
capsules were then stored open in an 130° C oven for at least 24 h



Table 2. Run conditions and phase assemblages
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Run no. Pressure Temperature Duration Cell Phase assemblage

{kbar) °C) (h)
APD-25 7 825 360 NacCl Qtz Als Bio Gar Iim Melt
APD-22 7 850 336 NaCl Qtz Als Bio Gar Ilm Melt
APD-33 7 875 265 NaCl Qtz Als Bio Gar Ilm Melt
APD-34 7 900 118 Na(l Qtz Als Bio Gar Ilm Melt
APD-43 7 950 77 NaCl Qtz Als Bio Gar Ilm Rut Melt
APD-36 7 975 75 BaCO, Qtz Als Ilm Spi Melt
APD-39 7 1000 72 BaCO, Qtz Als Ilm Rut Spi Melt
APD-32 7 1075 48 BaCO, Qtz Als Tlm Rut Spi Melt
APD-12 10 825 336 NaCl Qtz Als Bio Gar Ilm Melt
APD-11 10 850 336 NaCl Qtz Als Bio Gar Ilm Melt
APD-13 10 875 260 NaCl Qtz Als Bio Gar Tlm Melt
APD-4 10 900 120 NaCl Qtz Als Bio Gar Ilm Rut Melt
APD-16 10 925 120 NaCl Qtz Als Bio Gar Rut Melt
APD-9 10 950 75 NacCl Qtz Als Bio Gar Rut Melt
APD-19 10 975 75 NaCl Qtz Als Bio Gar Rut Melt
APD-55 10 975 52 BaCoO, Qtz Als Bio Gar Iim Rut Melt
APD-17 10 1000 72 BaCO, Qtz Als Gar Rut Melt
APD-24 10 1025 72 BaCO, Qtz Als Gar Iim Spi Mclt
APD-27 10 1075 48 BaCO, Qtz Als Gar Ilm Spi Melt
APD-46 13 900 120 NaCl Qtz Als Bio Gar Rut Melt
APD-44 13 950 74 NaCl Qtz Als Bio Gar Rut Melt

and then ctimped shut inside the oven and immediately scaled
by arc-welding. After every run the pressure medium was complete-
ly dissolved and the capsule carefully inspected for tears and
weighed. If tears or weight loss were detected the run was discarded
and repeated.

The absence of a vapour phase in the experiments prevented
buffering of the oxygen fugacity. It has been shown that cell assemb-
lies of very similar design to our all-NaCl cell impose an f,, about
1 log unit above the Ni—NiO buffer (Carroll and Wyllie 1990)
although Ncwton (written communication in review) has found
that fo, in this kind of cell is below QFM. The oxide-mineral assem-
blage in most of the runs employing this cell [ilmenite (Ilm) solid
solution (ss) with haematite (H{m), _, +rutile, Table 2 and Patifio
Douce and Johnston, in preparation] shows that the amount of
Fe®* in the charges is small, consistent with an oxygen fugacity
in the neighbourhood of the QFM buffer. Tt is noteworthy that
a characteristic of many strongly peraluminous granitoids is the
occurrence of ilmenite (£ rutile) and the absence of magnetite (e.g.
Miller 1983), as observed in the experimental-run products. To
compare the oxidation conditions imposed by the BaCO; cell to
those obtained with the NaCl cell, we duplicated a run (975° C,
10 kbar) with both cell assemblies (see Table 2). The composition
of the oxide phase in the run with the BaCO; cell (Ilm ss with
Hm,,) suggests an oxygen fugacity about 1.5 log units higher than
that imposed by the NaCl cell. Small differences are observed in
the compositions of biotite, garnet and melt between both runs
at the same pressure and temperature (Table 4). These differences,
however, are not large cnough to affect the modes significantly
(Table 5) nor the maximum thermal stability of biotite.

Because none of the experiments were reversed, the attainment
of equilibrium cannot be demonstrated rigorously. However, a
number of observations support an acceptable approach to equilib-
rium. Melt compositions and modes were found to change very
regularly and consistently throughout the full pressure-temperature
range investigated (Tables 4 and 5), and the same is true of biotite,
garnct and ilmenite compositions (Patifio Douce and Johnston,
in preparation). Also, with the exception of garnet, melt and mineral
compositions are notably constant throughout any given charge.

Garnet produced by the dehydration-melting reaction of bio-
tite nucleates around the garnet initially present in the chargces
but, because of slow cation-diffusion rates, the crystals are not ho-

Table 3. Point-count data of experimental-run products

Tempera- Qtz Als Gar® Bio Oxi® Spi Melt
ture (°C)
7 kbar
825 17 17 4 43 1 0 17
850 17 25 6 28 1 0 22
875 17 21 8 24 1 0 29
900 16 25 13 16 1 0 29
950 2 11 24 3 3 0 57
975 4 14 0 0 6 9 66
1000 4 8 0 0 4 18 65
1075 0 9 0 0 2 18 71
10 kbar
825 18 25 4 33 1 0 18
850 23 28 6 28 1 0 23
875 22 21 11 25 1 0 21
900 12 22 17 17 1 0 31
925 5 19 19 20 1 0 35
950 18 17 5 2 0 51
975 8 16 14 1 3 0 58
1000 1 18 17 0 3 0 60
1025 1 16 12 0 3 4 63
1075 2 14 5 0 1 12 66
13 kbar
900 13 20 16 23 3 0 24
950 4 19 21 11 2 4] 42

Point counting was carried out on backscattered-electron photo-
mosaics (see Fig. 2), by superimposing a transparent square grid
on the mosaics. Approximately 500 points were counted per mosaic

* Garnet cores and rims not distinguished by point counting
® Oxi includes all non-spinel oxide phases (ilmenite and rutile)



Fig. 2a-d. Backscattered-clectron photomosaics of sclected 10 kbar run products: a §25°C; b 900° C; ¢ 975° C; d 1075° C. Scale bar
applies to all mosaics

mogenized and garnet analyses fall into two distinct populations,
cores and rims. A similar situation may arise in nature, where
zoned garnets are the norm rather than the exception. This may
significantly affect the contents of Ca and Mn in natural anatectic
melts.

Analytical procedures and mode calculations

All successful run products were mounted in epoxy, sawed in half
and polished for electron-beam analysis. A high-resolution back-
scattered-clectron (BSE) photomosaic covering approximately
130 x 110 um was prepared for each sample, using a JEOL SM-35
scanning electron microscope equipped with a Robinson BSE de-
tector (Fig. 2). Every phase present in the run products was identi-
fied positively by means of energy-dispersive semiquantitative anal-
ysis, and each mosaic was point-counted in order to obtain relative-
area modal proportions (Table 3).

Potassium counts were corrected for element volatilization us-
ing data collected from a time series of analyses?. Unfortunately,
because of the poor-statistical characteristics displayed by Na
counts (particularly at short counting times) this method could
not be used to correct Na,O analyses. We thus decided to discard

2 Fyrther details of the correction procedure can be obtained from
the authors upon request

all Na,O glass analyses and to calculate the Na,O content of the
glasses by mass balance instead. Our calculated Na,O values are
on the order of double the measured values, underscoring the im-
portance of evaluating critically Na,O analyses of hydrous glasses.
Water content in the glasses was calculated in a similar fashion,
by mass balance. The good totals obtained for the glass analyses
(Table 4) lend confidence in the procedures that we adopted.
Acquisition of reliable modal data was a fundamental motiva-
tion of this study. Given the characteristics of our run products,
however, traditional approaches used to determine modal composi-
tions are not entirely satisfactory. Point counting is hampered by
the large inhomogeneities in grain size and shape of the run prod-
ucts (Fig. 2), whereas mass-balance calculations with a large
number of phases (cf. Table 2) are very sensitive to small inaccura-
cies in the chemical analyses of the various phases and of the bulk
composition. In order to circumvent these difficulties we combined
both approaches and calculated modes by optimizing the system:

where A is a matrix whose columns are the phase compositions,
b is the bulk composition of the starting material, C is a matrix
whose rows describe the ratios between the total masses of phases
with similar grain sizcs and shapes (obtained from point counting



Table 4. Glass compositions {wt%)

207

Temperature  Na,O K,0 Mg0 ALO; Si0, FeO* Ca0 MnO TiO, F P,O0; H,0 Total
0
7 kbar
825 318 522 0.31 13.56 6722 150 0.55 0.04 0.08 0.05 0.09 345 95.25
8§50 223 5.60 0.33 13.34 7006  1.55 030 0.07 0.10 0.00 0.00 5.48 99.06
875 1.77 5.61 0.35 14.85 69.72  1.65 0.35 0.00 0.13 0.01 0.05 4.09 98.58
900 1.32 5.31 0.35 13.72 7085 1.72 024 002 (.38 0.11 0.05 333 97.40
950 0.87 6.52 0.39 13.84 7141 178 0.15 0.03 0.28 0.16 0.06 3.06 98.56
975 0.85 638 0.87 13.14 70.7¢ 199 0.39 0.15 0.51 0.11 0.07 2.98 98.22
1000 0.89 6.72 0.66 13.25 7021 214 0.39 0.10 0.61 017 0.09 313 98.36
1075 0.82 6.23 0.88 12.90 7295 201 0.38 0.13 0.61 0.14 0.07 2.90 100.02
10 kbar
825 2.89 532 045 13.55 69.36  1.62 0.60 0.01 0.02 0.00 0.14 4.67 98.64
850 224 5.69 041 14.25 7086 170 0.39 0.05 0.13 0.10 0.05 4.33 100.19
875 1.65 6.20 0.37 13.65 7039 1.62 0.28 0.01 0.17 0.11 0.09 4.72 99.26
900 1.28 6.06 0.41 13.46 71.54 1.61 0.23 0.03 0.21 0.08 0.10 3.47 98.48
925 1.22 6.13 0.37 13.80 71.85 1.60 0.21 0.02 0.26 0.08 0.07 323 98.85
950 L.16 6.86 0.33 13.46 73.66  1.65 g.13 005 0.37 0.08 0.04 3.55 101.29
975 0.97 692 0.49 13.62 73.13 174 Q.13 0.03 0.37 0.15 (.10 349 101.14
975* 0.93 6.69 0.86 13.37 70.86 293 017 004 042 0.15 0.06 3.38 99.86
1000 0.85 6.40 0.70 13.48 72.63 207 020 0.04 0.35 0.12 0.08 3.00 99.93
1025 0.79 5.98 1.04 13.40 7062 326 026 011 0.65 010 0.11 2.79 99.12
1075 0.834 6.05 1.09 13.64 69.44  3.04 0.28 0.08 0.73 0.17 0.06 2.95 98.37
13 kbar
900 1.79 592 0.41 14.14 68.15 1.51 0.21 0.02 0.28 0.11 0.05 7.14 99.74
950 1.21 772 034 13.51 6846 140 010 004 0.26 0.12 0.0 5.33 98.57

All elements analyzed with 5 nA beam currents, except Na,0O and H,0O calculated by mass balance. K,0 values corrected as described

in text. All values are averages of 5-12 individual analyses
* BaCOj; cell assembly

and tabulated densities of the phases), 4 is 0 and x is the mode
in mass%.

We believe that the modal compositions (both mass% and
vol%) obtained in this manner (Table 5) are a much better represen-
tation of the real modes than the raw point-count data shown
in Table 3. The uncertainties in the melt fractions are estimated
to be on the order of +4% (absolute), on the basis of the uncertain-
ties in the chemical analyses and in the point counting.

Variation of melt fraction during progressive anatexis of
silica- and alumina-saturated metamorphic rocks

Melt fractions generated in our experiments are plotted
in Fig. 3 as a function of temperature and pressure. We
divide the melting interval into three segments, corre-
sponding to three melting reactions which, in order of
increasing temperature, are:

incongruent melting
+ plagioclase
incongruent  melting  of
+quartz + plagioclase
incongruent melting of garnet + aluminosilicate

of muscovite + biotite +quartz

biotite + aluminosilicate

The third reaction presupposes that biotite is exhausted
before the other reactants in the preceding reaction, as
is the case in the composition that we studied.

It is clear from Fig. 3 and Table § that the melt pro-
ductivities of these reactions are quite different. The mus-
covite reaction is completed below 825° C, and produces
about 15 wt% melt. The biotite reaction is responsible
for a large increase in melt fraction, but this increase
takes place over a temperature interval of about 150° C.
Above the biotite-out temperature, melting of refractory
phases (garnet + aluminosilicate) is reflected in a very flat
section of the melt productivity curve.

Muscovite dehydration-melting reaction

At the lowest temperature that we investigated (825° C)
the experimental charge at 10 kbar contains about
15 wt% melt and both muscovite and plagioclase are
absent. The amount of quartz present at this temperature
is smaller than that contained in the starting material,
whereas the abundance of aluminosilicate is greater (see
Table 5). Because the biotite content in this run is virtual-
ly unchanged relative to that of the starting material
(Table 5), it would appear that the following incongruent
dehydration-melting reaction occurs below 825° C:

*Mus+ Plg + Qtz= Melt + Als (1)

3 See appendix for mineral symbols used in text
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Table 5. Modal compositions of experimental run products (calculated by mass balance, see text)

Temperature Qtz Als Gar(R)* Gar(C)* Bio Ilm Rut Spi Melt
°0)
a) Wt%
7 kbar
825 26 2 0 6 32 0.5 0.0 0 13
850 21 22 0 9 27 0.1 0.0 0 20
875 19 21 3 9 23 0.2 0.0 0 26
900 13 20 5 8 19 02 0.0 0 34
950 1 15 22 5 1 0.1 1.3 0 55
975 12 13 0 0 0 3.6 0.0 16 57
1000 16 9 0 0 0 0.9 0.6 21 54
1075 10 11 0 0 0 2.8 0.0 17 58
10 kbar
825 25 22 2 4 31 0.5 0.0 0 15
850 21 21 5 5 27 0.3 0.0 0 19
875 18 20 9 4 21 03 0.0 0 27
900 12 19 10 6 18 0.1 0.1 0 35
925 11 18 15 3 14 0.0 0.2 0 38
950 8 18 18 4 7 0.0 0.6 0 43
975 4 17 21 4 2 0.0 0.8 0 49
975°® 7 19 16 4 3 2.0 0.0 0 49
1000 ' 0 16 19 7 0 0.0 0.8 0 56
1025 2 15 14 4 0 23 0.0 2 60
1075 5 15 10 3 0 2.5 0.0 4 61
13 kbar
900 19 20 6 9 22 0.0 0.1 0 25
950 12 19 20 3 7 0.0 0.7 0 39
b) Vol%
7 kbar
825 29 19 0 4 31 0.3 0.0 0 16
850 24 18 0 6 27 0.1 0.0 0 24
875 20 17 2 6 23 0.1 0.0 0 31
900 14 16 4 6 18 0.1 0.0 0 41
950 1 13 16 4 1 0.1 0.8 0 66
975 12 10 0 0 0 2.1 0.0 10 65
1000 17 7 0 0 0 0.5 0.3 14 61
1075 11 9 0 0 0 1.7 0.0 11 68
10 kbar
825 28 19 2 3 30 0.3 0.0 0 18
850 24 18 4 4 27 02 0.0 0 24
875 20 17 7 3 21 02 0.0 0 33
900 13 15 7 4 17 Q.1 0.1 0 42
925 12 15 11 2 13 0.0 0.1 0 46
950 9 15 14 3 7 0.0 04 0 53
975 5 14 16 3 2 0.0 0.5 0 60
975°® 8 14 13 3 3 1.2 0.0 0 58
1000 0 13 13 5 0 0.0 0.5 0 68
1025 2 13 10 2 0 1.4 0.0 1 70
1075 6 12 6 2 0 1.5 0.0 3 71
13 kbar
900 21 17 4 6 22 0.0 0.0 0 31
950 13 16 15 2 6 0.0 04 0 47

* (R) and (C) refer to garnet rims and cores, respectively
® BaCO, cell assembly

The melt produced at 825° C, however, contains more  nary plane of the pseudoquaternary volume
H,0 than that which would be expected from muscovite K,O0-AlLO; — Na,0-AlLLO; — (MgO+FeO*) — H,0

by reaction (1). This can be seen in Fig. 4a, the (KNMH, Fig. 4b). The composition of HQ-36 projects
K,0-Al;0;—Na,0-Al,0,-H,0 (KNH) pseudoter- close to the mica-plagioclase join. If muscovite dehydra-
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Fig. 3. Vapor-absent melt productivities {vol%) of HQ-36 at 7, 10
and 13 kbar. Straight lines approximated by eye

tion-melting occurred by reaction (1), the liquid pro-
duced should also project on this join. The facts that
the liquid (L, in Fig. 4a) is considerably richer in H,O
than any point along this join and that alkali feldspar
(cf. Thompson and Algor 1977) is not produced in our
experiments by the muscovite dehydration-melting reac-
tion, indicate that biotite has also contributed H,O to
the melt in addition to that made available by the break-
down of muscovite. Changes in biotite composition
(Patifio Douce and Johnston, in preparation) suggest
that this mineral undergoes progressive dehydroxylation
with increasing temperature. Thus, our results show that
muscovite dehydration-melting in a metamorphic rock
containing both muscovite and biotite is more appro-
priately represented by the following reaction:

Mus + Bio, + Plg + Qtz=Bio, + Als + Melt (2)
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where Bio, stands for biotite which is less hydrous than
that in the initial composition, Bio,. This reaction is
completed at a temperature of at most 800-820° C at
10 kbar.

Although it would be desirable to study reaction (2),
which defines the solidus of a metapelitic rock under
vapour-absent conditions, direct experimental access to
it with our starting material is hampered by two factors,
These are the very sluggish kinetics at such relatively
low temperatures under H,O-undersaturated conditions
and the difficulty in analyzing the very small “pools”
of melt (less than 1 um across, cf. Fig. 2) formed in HQ-
36 at low melt fractions.

Biotite dehydration-melting reaction

In our experiments at 10 kbar biotite reacts out over
a temperature interval of at least 150° C (825-975° C,
see Table 2), with the melt fraction increasing smoothly
over this interval (Fig. 3). In Fig. 5 we show the variation
of the modes in this temperature range, calculated rela-
tive to the mode at 825° C. This variation is consistent
with the following continuous dehydration-melting reac-
tion occurring over this temperature interval:

Bio 4+ Als +Qtz £ Ilm = Melt + Gar + Rut (3)

The liquid compositions formed by this reaction are plot-
ted in Figs. 6 and 7. Figure 6 (circles) shows the projec-
tion of the peritectic path followed by these liquids on
the Na,O0-AlLO; — K,0-ALO; — (MgO +FeO¥)
(NKM) pseudoternary plane (the base of Fig. 4b). This
reaction path clearly shows one of the most important
characteristics of the incongruent dehydration-melting
reaction (3), namely, that the orthoclase component of
biotite enters the melt, whereas its ferromagnesian com-
ponents, together with those of iimenite, predominantly
combine with aluminosilicate and quartz to form garnet.

The liquids formed by reaction (3) are notably silicic
(3040 wt% normative quartz) and felsic (<3 wt%
FeO* 4+ MgO + TiO,). Of particular interest is the obser-
vation that the reaction relationship between melt and
garnet buffers the magnesium and iron contents of the
liquid to very low and essentially constant values over
a temperature range of about 150° C. This behaviour
agrees with the very limited solubility of ferromagnesian
phases in silicic melts (e.g. Naney 1983; Puziewicz and
Johannes 1988, 1990; Clemens and Wall 1981).

The content of normative corundum in the liquids
formed by reaction (3) increases with temperature. Be-
cause all of our experimental runs are saturated with
aluminosilicate, this increase reflects the temperature de-
pendence of the solubility of excess alumina in granitic
melts. Our results confirm (cf. Thompson and Algor
1977; Dimitriadis 1978) that the solubility of excess alu-
mina in H,O-undersaturated granitic melts is low,
amounting to only about 2 wt% Al,O, at 825° C and
at most 4-5 wt% Al,O; at 950-1000° C.

An expected consequence of the limited solubilities
of Al,05, MgO, FeO and TiO, in silicic melts is that
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Fig. 4. a NKH pseudoternary projection showing the bulk compo-
sition of HQ-36, the compositions of micas in HQ-36 (bio, mus)
and the compositions of stoichiometric micas (“bio ”, “mus”). L,
is the liquid produced in our 10 kbar, 825° C experiment. VH-875
is the liquid reported by Viclzeuf and Holloway (1988) at 10 kbar
and 875° C. NB is a hypothetical liquid composition at 10 kbar
and 725° C, estimated from Nekvasil and Burnham (1987, Figs. §,
9} and Clemens and Vielzeuf (1987, Fig. 2; ay,¢ in this melt ~0.7).
The spread between these three liquid compositions suggests that
the H,0/K,0/Na,O ratios of low-temperature, H,O-under-
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the compositions of anatectic liquids coexisting with mi-
cas should largely be independent of which mica contrib-
uted more to their formation. Of the components of mi-
cas, orthoclase and H,O are essential constituents of
anatectic silicic melts, whereas excess alumina (in musco-

Projected from SiQ, + ALO, + TiO,

Gar Spi llm

N PW
Na,0.ALO,

Molar proportions
AflS K

K,0-AL,O,

b

saturated granitic liquids are not uniquely determined by pressure
and temperature. These melts thus appear to have considerable
freedom to accommodate different amounts of K,0 and prevent
alkali-feldspar saturation during dehydration-meclting (see text). b
KNMH pseudoquaternary space. Amphibolite-facies metapelitic
rocks commonly project on or close to the shaded plane. The projec-
tion is “legal” because all our runs contain silica-, alumina- and
titanium-saturating phases. CaO content is low enough so as not
to affect significantly the phase relationships

MgO + FeO"
M

Gar Spi

HQ-36
10 kbar - no added H,0

Mus\ K
K,0.ALO,

Molar proportions

Fig. 6. NKM projection of 10 kbar experimental glass composi-
tions. Circles represent glasses that coexist with biotite; iriangles
represent glasses produced above the biotite-out temperature.
Numbers next to symbols are temperatures in °C

vite) and mafic oxides (in biotite) have very limited solu-
bilities in these melts. Hence, the composition of the mica
will determine the composition of the restitic phases but
should have only a minor effect on the composition of
the coexisting melt phase.
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Effect of bulk composition on the vapour-absent melting
of biotite-bearing assemblages

The observation that liquids formed by dehydration-
melting reactions of micas have a narrow compositional
range has important consequences for the melting behav-
iour of metapelitic rocks. The NKM pseudoternary pro-
jection in Fig. 8 includes both our melt compositions
and those reported by Vielzeuf and Holloway (1988).
The proximity between the points representing our
825° C, 10 kbar liquid (L) and the lowest-temperature
liquid composition reported by Vielzeuf and Holloway
(875° C, 10 kbar) suggests that the liquid trend that we
observed and that observed by Vielzeuf and Holloway
emanate from the same general area, labelled (M) in
Fig. 8. This area comprises the compositions of liquids
formed largely by muscovite dehydration-melting [with
some H,O contributed by biotite, reaction (2)] but in
equilibrium with biotite 4 plagioclase before there is any
appreciable advance in the biotite dehydration-melting
reaction.

Once melt of composition (M) has been generated,
subsequent melting is strongly controlled by the bulk
composition (and hence the mode) of the protolith. Sili-
ca- and alumina-saturated metasedimentary composi-
tions will in general project on, or close to, the biotite-
plagioclase join in Fig. 8. The bulk composition studied
by Vielzeuf and Holloway lies close to the intersection
of this join with that between region (M) and the (MgO-
+FeO*vertex (O in Fig. 8). This geometrical relation-
ship implies that the bulk composition chosen by Viel-
zeuf and Holloway for their experiments is able to gener-
ate a large amount of melt of composition similar to
that of (M) by the reaction:

Bio + Plg+ Als + Qtz = Melt + Gar (4)

The results of Vielzeuf and Holloway (1988) suggest that
reaction (4) is nearly isothermal, generating more than
50 wt% melt over a temperature interval of only 10-
20° C. Although it is possible that this sudden increase
in melt fraction may in part be a consequence of over-
stepping reaction (4) in temperature, we argue that the
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Fig. 8. 10 kbar NKM projection showing our liquid path (squares,
same as in Figs. 6, 7) and that of Vielzeuf and Holloway 1988
(circles labelled VH). Anatectic liquids at temperatures approaching
the onset of peritectic dehydration-melting reactions of biotite (3
or 4, see text) have compositions within stippled area M. Becausc
these reactions produce garnet, and because metapelitic rocks com-
monly project close to the biotite-plagioclase tie-line, melt produc-
tion by biotite dehyration-melting will be largest from bulk compo-
sitions projecting onto the intersection of this tie-line with the join
(dashed) between area M and the (MgO +FeO*) vertex (wavy pat-
tern labelled 0). The two liquid compositions used to calculate
the stoichiometry of the biotite dehydration-melting reaction are
L; (this study) and VH 875 (Vielzeuf and Holloway 1988). The dia-
monds labelled VH and HQ-36 represent the bulk composition stud-
ied by Vielzcuf and Holloway (1988) and that used in this study,
respectively

Molar proportions

compositional relationships shown in Fig. 8 favor the
¢xistence of a quasi-isothermal melting step for bulk
compositions projecting in the neighbourhood of (O),
supporting the results of Vielzeuf and Holloway.

Bulk compositions projecting on the biotite side of
(O) (e.g. HQ-36) will, in generating melts of composition
(M), exhaust plagioclase before micas and, if temperature
can increase significantly in the anatectic region (100° C
or more), the liquid composition will subsequently move
along reaction path R, until biotite is exhausted. The
increase in melt fraction takes place in this case over
a wide temperature interval (Fig. 3). The actual tempera-
ture increase required to consume the excess biotite pres-
ent in the protolith will depend both on the composition
and the amount of biotite in the source material. In our
experiments we observe a strong enrichment of TiO,,
F and Mg/Fe in biotite with temperature (Fig. 9 and
Patifio Douce and Johnston, in preparation). This obser-
vation suggests that the TiO, and F contents of the pro-
tolith, together with its Mg/Fe ratio, are important fac-
tors in determining the maximum temperature-stability
of biotite during anatexis.

Bulk compositions plotting on the albite side of (O)
(probably more characteristic of metapsammites than of
metapelites) will exhaust biotite before plagioclase. The
liquid would then presumably follow a cotectic path with
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a general orientation such as C; (see also Fig, 11), dis-
solving plagioclase and garnet.

Behaviour of alkali feldspar during crustal anatexis

Alkali feldspar is an essential component of granitoid
rocks, but it is seldom present in amphibolite-grade me-
tapelitic rocks. Its formation by subsolidus dehydration
of muscovite-bearing assemblages at the second siliman-
ite isograd roughly corresponds to the amphibolite to
granulite transition at pressures lower than that of the
intersection of this reaction with the wet solidus (point
Iin Fig. 1). It has heretofore been suggested (e.g. Thomp-
son and Algor 1977; Thompson 1982; Vielzeuf and Hol-
loway 1988) that dehydration-melting reactions at pres-
sures higher than that of this intersection, involving mus-
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by the melting reaction, biotitc must undergo progressive dehyd-
roxylation during dehydration-melting reaction (3)
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covite or biotite, should also produce alkali feldspar in
equilibrium with a granitic liqud. However, alkali feld-
spar has not been observed as a reaction product in
our experiments nor in most other experimental studies
of dehydration-melting involving micas and excess
quartz (e.g. Sengit and Kennedy 1961; Vielzeuf and Hol-
loway 1988; Peterson and Newton 1989). The experi-
ments of Puziewicz and Johannes (1988) furthermore
show that adding a large excess of biotite to a “mini-
mum-temperature” H,O-saturated haplogranitic liquid
increases the K,O content of the melt and saturates it
with mafic phases (cordierite, hercynite, biotite) but not
with alkali feldspar. Alkali feldspar was reported as a
product of dehydration-melting reactions of biotite by
Bohlen et al. (1983) and by Le Breton and Thompson
(1988), although in neither case was the identification
method stated.

The controls on alkali-feldspar saturation can be ad-
dressed with the aid of the K,0-AlLO;-—(MgO
+FeO*)—H,0 (KMH) projection, Fig. 10. Initial lig-
uids formed by dehydration-melting reactions are richer
in H,O than the protoliths from which they are derived
(L, in Fig. 10). Specifically, the H,O/K,O ratio of these
liquids is higher than the H,0O/K,O ratio in micas. With
increasing temperature the liquid becomes more anhyd-
ros (along peritectic path R,) and eventually attains the
H,0/K,0 ratio of micas in the protolith. Because all
the H,O is provided by micas during dehydration-melt-
ing, H,O enrichment in the lower-temperature melis re-
quires that a complementary, H,O-poor phase be gener-
ated. The only possibilities are either that mica under-
goes progressive dehydroxylation or/and that alkali feld-
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spar is produced by the dehydration-melting reaction.
Because the latter is not observed inn our experiments,
we conclude that biotite becomes more anhydrous. The
magnitude of this effect can be appreciated by noting
that L, requires that about 20 wt% (relative) of the H,O
initially present in biotite be lost at 825° C, and that
the liquid at 950° C requires 45% dehydration of biotite.
The strong increase in the F content of biotite with tem-
perature (Fig. 9) provides a direct mechanism by which
at least part of the proposed dehydroxylation can take
place. Titanium enrichment in biotite by an oxy-titanium
substitution, thought to be important in granulite-grade
metapelitic rocks (e.g. Guidotti 1984; Dymek 1983;
Patifio Douce and Johnston, in preparation) can also
contribute to biotite dehydroxylation.

Alkali-feldspar saturation will be attained if the max-
imum stability of mica occurs at a temperature at which
the coexisting melt cannot accomodate the orthoclase
component of mica. The sum of experimental results cit-
ed above, in which alkali-feldspar saturation was not
attained at-the temperatures at which liquids within the
compositional range (M) (Fig. 8) were formed, suggests
that the variance of the metapelitic system during dehy-
dration-melting is high enough to allow certain “flexibili-
ty” in the H,0O/K ,0/Na,O ratios of these low-tempera-
ture melts (see Fig. 4a). As a consequence, the orthoclase
component of micas is able to enter the melt as norma-
tive orthoclase and liquids in this temperature range
rarely become saturated with alkali feldspar during melt-
ing reactions.

Incongruent melting of garnet + aluminosilicate

If the temperature during crustal anatexis exceeds that
at which biotite is exhausted, further melting of silica-
and alumina-saturated metamorphic rocks involves re-
fractory phases that were either originally present or pro-
duced by the mica dehyration-melting reactions: garnet,
aluminosilicate, quartz, iron-titanium oxides and, for
some bulk compositions, Ca-rich plagioclase. The rate
of increase of melt fraction as a function of temperature
slows drastically, as shown by the breaks in slope in
our melt-productivity curves (Fig. 3), which coincide
with the biotite-out temperatures. In general, melting
above the biotite-out temperature will not contribute sig-
nificantly to the volume of anatectic magmas.

The variation in modes above the biotite-out temper-
ature (Table 5) is consistent with the following incon-
gruent-melting reaction:

Gar + Als=Melt + Spi+ Qtz (5

The onset of reaction (5) corresponds to the “elbow”
in the liquid path shown in Figs. 6, 8 and 10 (note that
the garnet+ aluminosilicate melting reaction appears to
be cotectic in the NKM and KMH projections, but this
is a distortion caused by the coincidence of garnet and
spinel in these projections). The main effect of reaction
(5) is to enrich the liquid in mafic components. In con-
trast to the biotite dehydration-melting reaction, the re-
action relationship of spinel + quartz with melt does not
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appear to have a strong buffering effect on the mafic
components of the melt. However, because the increase
of melt fraction with temperaturc caused by the incon-
gruent melting of garnet + aluminosilicate is so small,
the liquids remain notably felsic (less than 5 wt%
FeO*+MgO+TiO,) and silica-rich (normative quartz
about 40 wt%) up to temperatures of at least 1100° C,
at 10 kbar. Temperatures of this order are seldom, if
ever, attained during crustal anatexis, whether or not
intrusion of basaltic liquids is involved in the process
(e.g. England and Thompson 1986; Bergantz 1989; Pa-
tifio Douce et al. 1990). Hence, we conclude that anatect-
ic liquids derived from biotite-rich metapelitic sources
are always leucogranitic.

Mass balance relations of mica dehydration-melting
reactions

The amount of melt of “minimum temperature™ compo-
sition (M in Fig. 8) produced by dehydration-melting re-
actions of micas is a function of how close the modal
composition of the protolith is to the stoichiometric pro-
portions of reactants required by the melting reaction,
and not just of the hydrous-mineral content of the proto-
lith, as often assumed. Most natural aluminous meta-
morphic rocks contain both muscovite and biotite. If
a protolith contains a small amount of muscovite, a small
fraction of liquid of composition within region M (Fig. 8)
will be generated by muscovite dehydration-melting with
some H,O contribution from dehydroxylating biotite.
Assuming that enough H,O is made available in this
fashion, the composition of liquid L, (taken as represen-
tative of region M) can be generated by balancing reac-
tion (2) as follows:

1 g Mus+0.50 Plg+0.59 g Qtz+0.04 g H,0 (from Bio)
=1.77 g Melt +0.36 g Als (6)

where the actual composition of muscovite in HQ-36
in used (Table 1), and albite and anorthite are combined
in the same proportion as they are present in plagioclase
in HQ-36.

If we now imagine this dehydration-melting reaction
taking place in a pure muscovite-quartz-plagioclase
schist, the extra H,O required to form liquid of composi-
tion M must come from dehydration of muscovite. Con-
sidering the amount of muscovite required to provide
this extra H,O and the additional silica required to com-
bine with Al,O; in this muscovite as Al,SiOs, the stoi-
chiometry is modified as follows:

1 g Mus+0.22 g Plg+0.33 g Qtz
=0.75 g Melt+0.15 g Als +[0.20 g Als +0.45 g Afs]  (7)

The aluminosilicate and alkali feldspar components in
square brackets represent the dehydrated muscovite
(plus the required amount of silica). All of this aluminosi-
licate will appear as crystalline aluminosilicate, because
liquids in region M are saturated in this phase. Presum-
ably, some of the orthoclase component will enter the
melt and some will appear as crystalline alkali feldspar.
Even assuming that none of this orthoclase enters the

melt, however, this stoichiometry suggests that a pelitic
schist devoid of mafic phases, and in which the ratio
of muscovite to plagioclase to quartz is that required
by reaction 7, should produce about 50 wt% of
H,0O-undersaturated melt by vapour-absent melting at
a temperature not larger than 800° C. This optimum
composition, however, (65 wt% muscovite, 21 wt%
quartz and 14 wt% plagioclase) will seldom occur in nat-
ural pelitic schists, and the melt productivity of musco-
vite dehydration-melting reactions will therefore general-
ly be much lower.

In the general case of a protolith with muscovite and
biotite we argue that, because the compositions of liquids
in equilibrium with biotite 4 garnet are so restricted, any
liquid in the neighbourhood of region (M) (Fig. 8) can
be used to estimate the stoichiometry of the biotite + pla-
gioclase dehydration-melting reaction (reaction (4)). For
this purpose we have used two different liguid composi-
tions, representative of different portions of region M
(Fig. 8): our 825° C, 10 kbar liquid (L,) and Vielzeuf and
Holloway’s 875° C, 10 kbar liquid (VH 875). We have
assumed also that the biotite composition in HQ-36 is
characteristic of biotite from aluminosilicate-bearing
metamorphic rocks in the amphibolite facies of meta-
morphism, and that the plagioclase composition in HQ-
36 (An,s) is also typical of these rocks. The balanced
reactions resulting from these assumptions are the fol-
lowing: For liquid L, :

1 gBio+0.55 gPlg+0.14 g Als+0.76 g Qtz
=172 g Melt+0.73 g Gar (8)

For Vielzeuf and Holloway’s 875° C liquid:

1 gBio+0.59 g Plg+0.26 g Als+0.96 g Qtz
=2.19 g Melt +0.62 g Gar )]

Both reactions predict similar melt productivities:
70 wt% melt in the first case and 78 wt% melt in the
second case. The optimum bulk compositions required
by both reactions are also similar:

—41% bio, 23% plg, 31% qtz, 6% Als,for L,
—36% bio, 21% plg, 34% qtz, 9% Als, for VH 875

The optimum protolith would resemble a metamor-
phosed “dirty sandstone” (metagreywacke) rather than
a pelitic schist, because of its large plagioclase and quartz
contents and relative scarcity of aluminosilicate. A true
metapelite, richer in biotite and aluminosilicate than the
hypothetical “optimum” described above, but very poor
in plagioclase (e.g. HQ-36), will produce far less than
70% melt at temperatures on the order of 870-900° C,
showing that rocks of strictly metapelitic composition
(i.e. mica schists) are not good source rocks for granitoid
magmas (see also Miller 1985; Taylor 1988). Because
Na,O is an essential component of low-temperature silic-
ic liquids, the generation of granitoid magmas with melt
fractions exceeding the critical melt fraction (melt frac-
tion at which the magma starts behaving like a fluid,
about 50 vol%, Miller et al. 1988) at temperatures not
higher than 900° C requires metapsammitic protoliths
rich in plagioclase as well as in biotite.



Effect of pressure on melt production from aluminous
metasediments

Our experimental results show that there is an observ-
able effect of pressure on melt productivity from alumi-
nous metasediments (Fig. 3) but that this effect is not
strong. In general, the melt fraction at a given tempera-
ture does not change by more than 15 vol% between
7 and 13 kbar. Melt fractions above the biotite-out tem-
perature, where the melt-productivity curves flatten out,
appear to be largely insensitive to pressure.

The melt fractions at 7 and 10 kbar, in the tempera-
ture interval 825-900° C, are indistinguishable within the
experimental errors (Fig. 3, Table 5), suggesting that bio-
tite dehydration-melting begins at an almost constant
temperature within this pressure interval. This observa-
tion is consistent with the very steep dP/dT slope of
the biotite dehydration-melting reaction at pressures
greater than about 6 kbar (e.g. Le Breton and Thompson
1988).

The decrease in melt fraction with increasing pressure
at constant temperature that takes place above 900° C
is qualitatively consistent with the direct effect of pres-
sure on the solubility of H,O in silicate melts. The melt-
productivity model presented by Clemens and Vielzeuf
(1987) is predicated upon this principle and upon the
assumption that complex natural systems behave like
the haplogranitic system. In particular, they assume that
water activity (ay,o) in a dehydration-melting reaction
is uniquely determined by the pressure and temperature
of melting. These assumptions predict a strong effect of
pressure on melt fraction which is not borne out by our
experiments. Liquids produced at 7 and 10 kbar have
very similar compositions (Table 4), showing that the
stoichiometry of the dehydration-melting reaction is
largely unaffected by pressure. Because of this we argue
that ay,, is not the overriding parameter controlling
melt fraction during dehydration-melting. Rather, ag,q
will be determined by the stoichiometry of the melting
reaction, the activities of the other essential components
of granitic melts (quartz, orthoclase and albite) and pres-
sure. This reflects the obvious fact that the variance of
natural metapelitic systems is larger than that of the
haplogranitic system.

At pressures lower than the range we investigated,
the biotite dehydration-melting reaction intersects the
garnet-cordierite boundary, and the melting reaction in
silica- and alumina-saturated metamorphic rocks be-
comes (e.g. Grant 1985a; Vielzeuf and Holloway 1988):

Bio+Plg+ Als+ Qtz=Melt + Crd (10)

Puziewicz and Johannes (1988) and Green (1976) studied
experimentally the equilibrium between peraluminous
granitic liquids and cordierite, under H,O-saturated and
undersaturated conditions, respectively. The glass com-
positions reported in these two studies suggest that the
maximum melt fraction generated by reaction (10) lies
between 60 and 70 wt%. These values are obviously
rough approximations, but they suggest by comparison
with the melt productivities reported in this study that
a significant increase in melt fraction during decompres-
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sion is not to be expected. The rcason for this is that
the solubility of mafic oxides and excess alumina in sili-
ca-rich liquids appears to be largely inscnsitive to pres-
surc and H,O saturation (compare Table 4 with Puziew-
icz and Johannes 1988, Table 6 and Puziewicz and Jo-
hannes 1990, Table 5). Thus, decompression should not
result in significant restite dissolution, even if the liquids
become H,O-saturated.

Discussion and conclusions

Liguidus phase relationships of silica- and alumina-
saturated magmas at mid- to deep-crustal pressures

A working model for the vapour-absent, pseudoternary
Na,0-ALO; —-K,0-Al,0; —(MgO +FeO*)  liquidus
phase relationships of silica- and alumina-saturated
metamorphic rocks at pressures of 7 to 10 kbar is pre-
sented in Fig. 11a. The activity of H,O is obviously not
constant across this phase diagram, which can be
thought of as the projection of a curved plane inside
the KNMH volume (cf. Fig. 4b). Thus, the relative sizes
and shapes of the different liquidus fields are likely dis-
torted, but we believe that the diagram is nevertheless
topologically correct. The estimated isotherms are in
part constrained by our results and those of Vielzeuf
and Holloway (1988) and Le Breton and Thompson
(1988).

The two pseudoinvariant points (I, and I,) corre-
spond to the nearly isothermal muscovite and biotite
dehydration-melting reactions (2 and 4, respectively). In
a pelitic protolith (such as HQ-36) plagioclase is ex-
hausted first at I,, and with increasing temperature the
liquid moves along cotectic C,, dissolving muscovite and
biotite. If muscovite is exhausted next, the liquid dis-
solves biotite, traversing the biotite field until it en-
counters reaction path R, (corresponding to reaction
3), whence biotite-garnet peritectic melting takes over
until biotite is exhausted and the liquid enters the garnet-
liquidus field. In the case of a psammitic protolith, mus-
covite is exhaused at [; and then the liquid moves along
the short cotectic path C, until garnet precipitation be-
gins at reaction point I, (reaction 4). A large fraction
of low-temperature H,O-undersaturated peraluminous
granitic melt can be generated in the neighbourhood
of this pseudoinvariant point (M in Fig. 8) from proto-
liths of optimum composition,

The phase relationships shown in Fig. 11 assume that
the TiO, and F contents of the rock are large enough
to stabilize biotite along the biotite-garnet peritectic (R )
to temperatures of about 950° C (e.g. HQ-36). If the bulk
composition of a rock is such that the biotite-out temper-
ature is considerably lower, alkali feldspar could be
formed during dehydration melting and reaction path
R, would be truncated by a garnet-biotite-alkali feldspar
reaction point leading to an alkali-feldspar liquidus field.

The effect of excess H,O during anatexis and the
different evolutionary paths of anatectic liquids during
melting and crystallization can be appreciated in the
KMH projection (Fig. 11b). The trace of the plane of
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Fig. 11. a (Top) Proposed NKM pseudoternary liquidus phase rela-
tions for silica-, alumina- and titania-saturated metamorphic rocks
at 10 kbar. This diagram is the projection of a curved plane within
the KNMH volume, whose traces on the NKH and KMH planes
are shown in the two small triangles. Isotherms are inferred from
our results and those of Vielzeuf and Holloway {1988) and Le Bre-
ton and Thompson (1988). b (Bottom) Schematic KMH pseudotern-
ary liquidus phase relations for silica-, alumina- and titania-satu-
rated metamorphic rocks at 10 kbar. Stippled pattern corresponds
to our 10 kbar liquid path (see Fig. 10). The existence of a thermal
divide on the biotite-garnct reaction depends on the maximum
thermal stability of biotite. For bulk compositions poor in TiO,
and/or F, the biotite field could shrink sufficiently to move reaction
point I to more H,O-rich compositions, eventually eliminating
the thermal divide

Fig. 11a projected onto the KMH face of the KNMH
volume (mapped by our 10-kbar-liquid compositions) is
shown in Fig. 11b with a stippled pattern. These compo-
sitions map a protion of the biotite-garnet reaction on
the KMH pseudoternary phase diagram and suggest the
approximate location of the garnet-to-spinel reaction.
The rest of this phase diagram is schematic. Note that

the phase relationships shown in Fig. 11b do not include
plagioclase, or, in other words, that they are not pro-
jected from inside the KNMH volume but represent the
Na,O-free phase relationships on the KMH bounding
plane. This does not affect the general principles in-
volved, but simplifies considerably the geometric repre-
sentation.

If melting of silica- and alumina-saturated metamor-
phic rocks takes place in the presence of a free
H,O-vapour phase, reaction points I, and I, (Fig. 11a)
are replaced by reaction points I3 and I, in Fig. 11b
(+plagioclase). In this case the first liquid will be gener-
ated, at approximately 630° C (at 10 kbar, e.g. Johannes
1984), at reaction point I, but the melt will remain there
only as long as there is enough H,O to saturate it at
the pressure of melting. Once H,O is exhausted, the tem-
perature must increase in order for the melt to move
along the muscovite-biotite cotectic [or muscovite-bio-
tite-plagioclase inside the KNMH volume, reaction (2)].
If muscovite is exhausted next along this cotectic, the
liquid will traverse the biotite field dissolving biotite until
the biotite-garnet reaction (3) or the plagioclase-biotite-
garnet reaction (4) is encountered.

The contrasting behaviours of alkali feldspar during
anatexis and crystallization can also be understood with
the aid of Fig. 11b. During anatexis of aluminous meta-
morphic rocks liquids remain on the biotite-garnet peri-
tectic up to the biotite-out temperature. If garnet is frac-
tionated from the anatectic magma, falling temperature
during crystallization will cause the liquid to abandon
the biotite-garnet peritectic and the relatively small
amount of ferromagnesian components in the melt will
crystallize biotite, moving the liquid composition in the
general direction A in Fig. 11b [in other words, reaction
(3) is prevented from going from right to left]. In so
doing, liquids also abandon the plane of Fig. 11a, which
hence cannot be used to follow their crystallization.
Eventually, and depending on the relative positions of
pseudoinvariant point I5 and of the liquid composition
where garnet is fractionated, the cooling melt will reach
either the biotite-muscovite or the biotite-alkali feldspar
cotectic. In the first case crystallization will proceed to-
wards the vapour-saturated invariant point I;. In the
second case alkali-feldspar saturation is attained first,
but cotectic precipitation of alkali feldspar and biotite
can give way to subsequent dissolution of alkali feldspar
and precipitation of biotite + muscovite once the liquid
reaches I5.

Although the actual position of 15 is not known, it
must move towards more H,O-rich compositions with
decreasing pressure, eventually causing the disappear-
ance of the muscovite field at the pressure (about 3 kbar,
e.g. Thompson 1982) at which the muscovite dehydra-
tion-melting reaction intersects the H,O-saturated soli-
dus (muscovite and melt cannot coexist in equilibrium
below this pressure, cf. Fig. 1).

The expansion of the alkali-feldspar field at the ex-
pense of the muscovite field with falling pressure can
have notable effects on the crystallization history of ana-
tectic magmas, depending on the relative rates of cooling
and ascent (decompression). For example, if initial cool-



ing takes place at a depth at which the muscovite + bioti-
te + plagioclase cotectic is encountered first, and that is
followed by a rapid decompression (e.g. during a tectonic
unroofing event), the early-formed muscovite will be re-
sorbed, together with some biotite, at reaction point I,
precipitating alkali feldspar. On the other hand, cooling
and ascent can proceed simultaneously at rates such that
the liquid spends most of its evolution along the alkali
feldspar + biotite (- plagioclase) cotectic. We propose
that alkali-feldspar megacrystic peraluminous granitoids
may originate in this manner.

Comparison of Fig. 11a with b also shows that the
crystallizing mineral assemblage is both more felsic and
more anhydrous than the melting mineral assemblage.
As a consequence water tends to be concentrated in the
latest liquids during crystallization, to be combined in
hydrous minerals in pegmatites or, ultimately, to be lost
to the country rocks, e.g. in the form of injection of
hydrothermal veins.

Restite separation vs fractional crystallization
in peraluminous granitoids

The compositional characteristics of anatectic melts have
two important consequences bearing on the interpreta-
tion of natural granitoid rocks. First, because the liquids
are so felsic, it appears that most strongly peraluminous
granitoids contain some amount of entrained restite (e.g.
White and Chappell 1977; Chappel et al. 1987). Second,
because liquid variability is restricted, restite separation
must be an important factor in controlling the variability
within and among strongly peraluminous granitoids.

The phase relationships of melting of silica- and alu-
mina-saturated metamorphic rocks (Fig. 11a) show that
plagioclase, garnet and biotite, in addition to quartz and
aluminosilicate, can be important restitic phases during
progressive anatexis of metasedimentary rocks. How-
ever, because garnet is produced by biotite dehydration
melting, whereas all the other phases are consumed by
this reaction, garnet will likely be the predominant restit-
ic phase during mid- to deep-crustal anatexis of alumina-
saturated rocks.

Several lines of argument are consistent with the last
conclusion, and suggest that a substantial amount of
garnet-rich restite must be fractionated from peralumi-
nous anatectic magmas. Fractionation of restitic garnet
appears to be necessary for anatectic liquids to follow
the crystallization sequences commonly observed in
granitoids, because this fractionation prevents much of
the orthoclase component in the melt from recombining
as biotite during cooling, and leads to alkali-feldspar
saturation. Also, the steep, heavy-rare-earth-element
(HREE)-depleted RE patterns of strongly peraluminous
granitoids (e.g. Shuster and Bickford 1985; Ortega and
Gil Ibarguchi 1990) are best explained by garnet frac-
tionation. More generally, the observation that peralu-
minous granitoids are richer in silica and alkalies and
poorer in alumina and mafic components than their pu-
tative metasedimentary protoliths requires that fraction-
ation between felsic liquids and mafic aluminous phases
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(e.g. garnet) take place during crustal anatexis. Direct
evidence for the existence of garnet-rich restite is pro-
vided by lower-crustal granulite xenoliths from areas
where anatexis is known to have occurred (e.g. Hanchar
and Miller 1990; Wooden et al. 1990) which match very
closely the restite composition generated in our experi-
ments. Of course, some degree of liquid evolution by
fractional crystallization and/or progressive melting (e.g.
Grant 1985b) will always be superimposed on restite
separation, but we argue that fractionation of restite is
the overriding factor in granite evolution.

The actual physical mechanism by which separation
of liquid from restite takes place remains elusive, but
this does not detract from the fact that the petrologic
and compositional relationships of melting of crustal
rocks require that such separation operate in nature.
Rather, we believe that results such as those discussed
here must spur the search for a better physical under-
standing of the restite separation process.

Fertility of crustal rocks as magma sources

The essential components of low-temperature (less than
900° C) granitoid melts are quartz, albitic plagioclase,
alkali feldspar and H,O. Because the compositional
range of such melts is restricted, any of these four compo-
nents can be the parameter limiting production of low-
temperature melts. The genertion of large fractions (more
than 50%) of anatectic liquids by vapour-absent melting
requires assemblages with rather specific proportions of
hydrous minerals, quartz and feldspar. Metapelites, al-
though rich in hydrous minerals, also contain, relative
to the composition of low-temperature melts, an excess
of refractory material (Al,05, MgO, FeO*, TiO,) with
very limited solubility in such melts. As a result, pelitic
schists are rather infertile as magma sources during crus-
tal anatexis. Rocks of psammitic derivation (clay-rich
feldspathic sandstones or greywackes) appear to be much
better protoliths for granitoid magmas than pelitic litho-
logies.

The possibility of obtaining large fractions of granit-
oid melts by vapour-absent anatexis of pre-existing gran-
itoid rocks can also be addressed with our results. Pera-
luminous granites and granodiorites rarely contain more
than 15% biotite + muscovite. By comparison, the
“ideal” mode which maximizes melt production requires
about 30-40% biotite. Granites and granodiorites are
therefore too anhydrous to be fertile protoliths for gran-
itoid magmas. Peraluminous mafic tonalites (e.g. Patifio
and Patifio Douce 1987), in contrast, can contain up
to about 30% biotite +muscovite, and quariz and pla-
gioclase concentrations comparable to those of the
“ideal” composition, suggesting that they can readily
re-melt to yield mobile granitoid magmas.
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Appendix
Symbols used in the text

Qtz =quartz

Als =aluminosilicate
Plg =plagioclase
Als =alkali feldspar
Bio =biotite

Mus =muscovite

Gar =garnet

Spi =hercynitic spinel

Ilm =ilmenite solid solution
Rut =rutile

Crd =cordierite

Hm =haematite
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