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Effects of P, /(O5) and Mg/Fe Ratio on

Dehydration Melting
Metagreywackes

We present results of dehydration melting experiments [3-15
kbar, 810-950°C, 1(0;) < QFM ( quartz—fayalite—magnetitz)
and 2= Ni-NiO] on two Fe-rich mixtures of biotite (37 %),
plagioclase Ansg (27% ), quartz (34%% ) and ilmenite (2% ),
which differ only in their biotite compositions (mg-number 23
and 0-4). Dehydration melting of metagreywackes of constant
modal composition generates a wide range of melt fractions,
melt compositions and residual assemblages, through the com-
bined effects of pressure, Fe/Mg ratio and f(0;). Crystal-
lization of garnet is the chief control on melting behavior, and is
limited by two reactions: (1) the breakdown of garnet + quariz
to orthopyroxene + plagioclase at low F, and (2) the oxidation
of garnet to magnetite + anorthite + quarty ('t enstatite),
which is sensitive to both £f(0,) and P. Because of these reac-
tions, melting of Mg-rich metagreywackes is rather insensitive
to f(Oz) but strongly sensitive to P; the converse is true for Fe-
rich metagreywackes. Garnet crystallization requires that pla-
gioclase break down incongruently, liberating albite. This
tncreases the NagO content of the melts and enhances melt pro-
duction. Thus, melting of metagreywacke in a reducing deep-
crustal environment (with garnet stable) would produce more,
and more sodic, melt than would garnet-absent melting of the
same source material in a relatively oxidizing, shallow-crustal
environment.
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INTRODUCTION

Experimental studies with natural starting materials
have shown that granitic melts can be produced by
dehydration melting of biotite-bearing quartzofelds-
pathic metamorphic rocks (Le Breton & Thompson,
1988; Rutter & Wyllie, 1988; Vielzeuf & Holloway,
1988; Patifio Douce & Johnston, 1991; Skjerlie &
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c-mail: alpatino@uga.cc.uga.edu

of Model

Johnston, 1993; Vielzeuf & Montel, 1994; Patifio
Douce & Beard, 1995; Gardien ¢t al., 1995; Dooley
& Patifio Douce, 1996). Many of these studies have
focused on determining the melting behavior of spe-
cific rocks, but some general conclusions about
crustal anatexis have nevertheless emerged. For
example, we now know that, given protoliths of
comparable Fe/Mg ratios and TiO,; and F contents,
the fluid-absent solidus of metapelites is lower than
that of less aluminous rocks by at least 100°C (e.g.
Vielzeuf & Montel, 1994). Metagreywackes,
however, produce greater volumes of granitic melts
than metapelites, owing to their higher Na;O con-
tents (Patifio Douce & Johnston, 1991; Thompson,
1996). We also have evidence suggesting that melt
production from the same protolith can remain
approximately constant, or even increase, with
increasing pressure, owing to the opposing effects of
P on plagioclase stability and HyO solubility (Patifio
Douce, 1995; Patifio Douce & Beard, 1995).

The effect of Fe/Mg ratio on fluid-absent melting
of biotite gneisses has received comparatively little
attention, even though it is clear that metamorphic
protoliths vary widely in their Fe/Mg ratios, and
that this variation can have important consequences
for the melting behavior of crustal rocks. Thus,
whether garnet or orthopyroxene crystallizes as the
dominant residual phase during melting of meta-
greywackes is strongly controlled by Fe/Mg ratio
and by pressure (e.g. Patifio Douce, 1992). This
mineralogical change can in turn affect the major
and trace element compositions of the coexisting
melt, and the melt fraction. The vapor-absent
solidus temperatures of crustal rocks, and the sensi-
tivity of mineral-melt equilibria to the prevailing
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oxygen fugacity in the crust, are also likely to be
affected by the Fe/Mg ratio. To address these issues
we have studied the effects of Fe/Mg ratio, pressure
and f{O3) on the fluid-absent melting relations of
biotite-bearing rocks. This study demonstrates how
interactions among these variables control melt
fractions and melt and restite compositions during
melting of metagreywackes, and leads to a more
comprehensive understanding of crustal anatexis.
We report results of dehydration melting experi-
ments with two simplified Fe-rich starting materials:
a synthetic magnesian-annite gneiss (SMAG) and a
synthetic F-annite gneiss (SFAG). Both consist of
mixtures of hand-picked biotite, plagioclase, quartz
and ilmenite. Their modal compositions are the
same as that of the more magnesian synthetic
biotite gneiss (SBG) studied by Patifio Douce &
Beard (1995). Plagioclase, quartz and ilmenite used
in the new starting materials are also the same
minerals as used in SBG. The only difference among
the starting materials is in the biotite composition,
which varies from mg-number 55 in SBG to mg-
number 23 in SMAG and mg-number 0-4 in SFAG
[mg-number = 100 X Mg/(Mg + Fe), molar propor-
tions]. Experiments were run at P=3, 5, 7, 10 and
15 kbar, and at T from 840 to 950°C, covering
most of the P-T range in which fluid-absent
melting is likely to occur in the continental crust.
The effect of f{Og) was evaluated by comparing
experimental results from internally heated pressure
vessel (IHPV), at f{Og) = Ni-NiO, with results

Table 1: Starting materials
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from piston-cylinder apparatus (PC), at f{Oj;) <
QFM (quartz—fayalite-magnetite). This experi-
mental design allowed us to isolate the effects of
Fe/Mg ratio, P, T and f{Oj) from those of other
compositional variables.

STARTING MATERIALS

The compositions of the synthetic starting materials
(Table 1) were chosen so that the hydrous minerals
were the phases that limited near-solidus melt pro-
duction, but also so that they produced close to the
maximum expected amount of granitoid melt by
dehydration melting (Clemens & Vielzeuf, 1987).
The procedure used to estimate these bulk composi-
tions has been explained by Patifio Douce & Beard
(1995). Enough ilmenite was added to saturate the
experimental products in either ilmenite or rutile (at
high P), so as to ensure that our results were not
affected by the influence of TiO; on the stability of
biotite (e.g. Ramberg, 1948; Robert, 1976; Dymek,
1983; Trennes et al., 1985; Patific Douce, 1993).
Two large (>3 cm) crystals of biotite (mg-
numbers 0-4 and 23) were obtained from the miner-
alogy collection at the University of Georgia. The
ncar end-member annite (mg-number 0-4) used in
SFAG contains 1-9 wt % F (but no detectable Cl).
This feature allowed us to investigate the effect of F
on the stability of Fe-rich biotite (e.g. Munoz, 1984),
and the controversial effect of F on the composition
of melts derived from fluid-absent melting of

Modes' Si0;  ALOs TIO, Fe0'2 MgO

MnO  CaO Na0 K0 F H,0*  mg-not

Mineral compositions (wt %)°

Biotite (SFAG) 372 333 135 10 367 0-1
Biotite (SMAG) 372 336 132 46 289 49
Plagioclase 265 687 262 — — -
Quartz 343 100-0 — — —_ —
limenite 20 00 00 627 464 06
Bulk compositions (wt %)°

SFAG 622 120 14 148 004
SMAG 623 119 28 117 1-84

10 03 0-2 83 19 26 0-4
04 0-1 0-2 91 01 37 230
- 7-9 71 0-1 — — —

13 00 — - —_ - 20
04 22 20 31 0-7 10 05
02 21 20 34 0-03 14 22-0

T Proportions by weight; both starting materials have the same mode.
2Total Fe as FeO.

3H,0 contents in micas estimated from stoichiometry, assuming (OH + F) =2 per formula unit (12 oxygens). Bulk H,O contents of
starting materials estimated from H,0 contents in micas and modal compositions.

“mg-no. = MgO/(MgO + FeO"), molar proportions.

EMineral compositions are averagas of eight spot analyses (micas and plagioclase) and five spot analyses (ilmenite). Analytical un-
certainties for all elements are always smaller than the corresponding uncertainties in minerals in the run products (see footnotss to Tables

5,8and 10).
8Calculated from mineral compositions and modal compositions.
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halogen-enriched sources (see Dooley & Patifio
Douce, 1996). Plagioclase (Angg) and quartz were
also obtained from large (> 10 cm) individual
crystals from the mineralogy collection at the Uni-
versity of Georgia, and ilmenite was obtained from a
large crystal at the Virginia Museum of Natural
History.

All minerals were ground to < 10 um and mixed
under acetone in an agate mortar. The powdered
starting materials were stored in an oven at 130°C,
and the loaded capsules were also kept in the oven
for at least 24 h before welding. The bulk composi-
tions of SFAG and SMAG were calculated from
mineral analyses and modal composition (Table 1).

EXPERIMENTAL AND
ANALYTICAL PROCEDURES

Experimental apparatus and sample
containment

Experimental conditions and phase assemblages of
experimental products are shown in Table 2. All
experiments at P> 7 kbar, and one experiment at
P=5 kbar, were done in solid-medium piston-
cylinder apparatus (PC) at the University of
Georgia, with 0-5 in. diameter NaCl-graphite cell
assemblies. Duration of most experiments was 2
weeks (Table 2). Temperatures were measured and
controlled with W;,—Regys/Wgs—Res thermocouples
relative to electronic ice points (0°C) feeding Euro-
therm 808 temperature controllers. Temperature
stability during all runs was *5°C. Use of small
capsules resulted in the entire sample volume being
within 2 mm of the thermocouple. This fact, and the
consistent changes in modes and mineral composi-
tions among experiments run at intervals of 25°C,
suggest that temperature accuracy is on the order of
10°C. Samples were pressurized at room 7 to ~2
kbar below target P, heated to target 7, and P
finally released to target (hot, piston out). The pres-
sures reported are Heise gauge oil pressures multi-
plied by ratio of ram-to-piston areas, and were
manually maintained within +0-2 kbar of target P.
Friction loss in the cells is < 0-5 kbar, calibrated
against the end-member breakdown reactions of
anorthite and albite, and confirmed by mineral
phase equilibria in run products at pressures of 5-15
kbar (Patifio Douce, 1995). On quenching, T
dropped below 600°C in <3 s. Samples in PC
experiments were contained in welded Au capsules,
10 mm inner diameter with 0-2 mm wall, containing
~3 mg of sample. Capsules were paired side by side
within the cells, so that each experiment contained
one capsule of each bulk composition.

DEHYDRATION MELTING OF METAGREYWACKES

All 3 kbar and most 5 kbar experiments were per-
formed at the Johnson Space Center in internally
heated pressure vessels (IHPV). Capsules (27 mm
inner diameter, 0:15 mm wall) and sample masses
(~10 mg) were larger than in PC experiments, but
other sample preparation techniques were similar.
Pressures (argon pressure medium) were monitored
by direct readings of calibrated Heise gauges.
Uncertainty is £0:1 kbar. Type-S (Pt:Pt10%Rh)
thermocouples calibrated against the melting tem-
perature of gold were used to measure 7. Estimated
T uncertainty is = 5°C. Run times were 7 days for
experiments at 950°C and 14 days for all others
(Table 2). Quench times to solidus T (850°C) were
10-30 s, and runs cooled to 600°C within 70 s.
Quench crystallization was not observed.

All experiments were performed at T < 950°C. At
these conditions, HoO loss from gold capsules is not
likely to be a severe problem (Patifio Douce &
Beard, 1994), and we have not detected changes in
phase relationships among experimental products
that would indicate significant H,O loss.

Oxygen fugacity

Oxygen fugacity was estimated for all experimental
products that contained orthopyroxene and ilmenite
from the equilibrium

1
2FeSiOs + 3 Oq == Feg O3 + 2510,

using standard state properties from Berman (1988)
and solution properties for orthopyroxene from Sack
& Ghiorso (1989) and for ilmenite from Ghiorso
(1990). In experiments that contained biotite and
ilmenite, f{O,) was also estimated from the equi-
librium

3
FeTi05 + %Oz = [TiFe-z]H, + §F¢203

using the empirical calibration of Patific Douce
(1993). Oxygen fugacities estimated with both equi-
libria (Table 2) are in good agreement over about
four orders of magnitude f{O,).

PC experiments lie between QFM and QFM — 2,
whereas IHPV experiments generally lie above Ni-
NiO, up to approximately QFM + 2. This shows that
each experimental device generates redox conditions
within a well-defined range, in complete agreement
with the results of Patifio Douce & Beard (1995).
External buffering of redox conditions is a con-
sequence of the permeability of Au to Hj and,
perhaps, to volatile species with larger molecules too
(Patifio Douce & Beard, 1994). The masses of the
graphite furnace in the PC, and of the steel pressure
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Table 2: Run conditions and phase assemblages

Runno. Duration P T log £(03) Assemblage®

(days) (kbar)  (*C) AQFM?
Synthetic F-annite gneiss (SFAG)
1093-3/IH 14 3 840 Qe Pl lim Mag Meht
1093-13/IH 14 3 876 (o173 Pl Iim Mag Meit
1093-18/1H 14 3 900 Quz Pl Im Mag Mekt
1093-8/IH 14 3 926 Qu Pl iIm Mag Mett
1093-36/1H 14 5 840 -0-68 Qu Pl Bt Im Mag Malt
APD-543/PC 14 6 850 Qu Pl Bt Grt Mag Melt
293-3/iH 14 5 875 otz Pi lim Mag Mokt
292-40/IH 14 5 900 Qu PI 1im Mag Melt
1093-27/IH 14 5 925 Qe Pl m Mag Malt
293-9/IH 7 5 950 Qu Pl Mag Melt
APD-593/PC 16 7 810 Qe Pl Bt Amp Gnt lm
APD-532/PC 16 7 850 -3-01 Qr PI Bt Grt lim Melt
APD-580/PC 14 7 875 -119 ot PI Bt Gnt Nm Malt
APD-530/PC 14 7 900 or Grt Iim Melt
APD-594/PC 15 10 810 Qu PI Bt Amp Grt Im
APD-517/PC 16 10 850 —1-86 oz PI Bt Grt 1im Mek
APD-512/PC 14 10 900 —113 Quz ] Kfs Bt Gt lim Melt
APD-581/PC 13 10 925 Qz Gnt llm Melt
APD-514/PC 15 10 950 -075 Qu Bt Grt lim Malt
APD-596/PC 14 15 860 Qu Pl Bt Grt IIm
APD-B37/PC 14 16 800 —-1-1 ar Kfs Bt Grt lim Melt
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Synthetic Mg-annite gneiss (SMAG)

1093-4/I1H
1093-14/1H
1093-19/IH
1093-9/1H
1093-36/IH
APD-543/PC
293-4/IH
292-45/IH
1093-28/IH
293-12/I4
APD-593/PC
APD-532/PC
APD-580/PC
APD-530/PC
APD-584/PC
APD-517/PC
APD-512/PC
APD-5681/PC
APD-514/PC
APD-595/PC
APD-537/PC
APD-579/PC

14
14
14
14
14
14
14
14
14

7
16
18
14
14
15
16
14
13
16
14
14

9

NN N o0 OO W W W W

~

10
10
10
10
10
16
15
16

840
876
900
926
840
850
875
900
925
950
810
850
875
900
810
850
900
925
950
860
900
950

1-62
1-44
1-69
1-67
110
—0-92
118
1-34
1:20

—1-66
-1-41
-1-83

-1-01
—-0-87
-1-22
-1-37

—0-26

Quz
Qu
Quz
Qu
Qu
au
Quz
Qtz
Quz
Qu
au
Quz
Quz
Qe
Quz
Qu
Qtz
Qt
auz
Qu
atz
Qtz

P
P
Pl
Pl
Pl
Pl
P
P
Pl
Pl
P
Pl
Pl
PI
Pl
Pl
Pl
Pi
Pl
Pl
Pl

Kfs

Kfs

Bt

Bt
Bt
Bt

Bt
Bt
Bt

Bt
Bt
Bt

Bt
Bt

Grt

Grt
Grt
Grt
Grt
Grt
Grt
Grt
Grt
Grt
Grt
Grt
Grt

Opx
Opx
Opx

Opx
Opx
Opx
Opx
Opx

Opx
Opx
Opx

Opx
Opx

Ilm
1im
Iim
lim
lim
Itm
1lm
m
1lm
Im
llm
IIm
llm
Hm
Hm
Ilm
Iim
llm
Ilm
lim

1Im

Rt

Meg
Mag
Mag
Mag
Meg

Meg
Mag
Mag
Mag

Spl
Spl

Spl

Moelt
Moelt
Melt
Moelt
Melt
Melt
Maelt
Melt
Matt
Melt

Molt
Melt
Moelt
Moelt
Melt
Moelt
Melt
Malt
Malt
Melt
Malt

'IH: internally heated pressure vessel experiment; PC: piston-cylinder experiment.

2.og £(0,) relative to the QFM buffer at the same pressure and temperature, calculated from mineral compositions in run products (see text).
3Mineral abbreviations in the tables and in the text are after Kretz (1983), except Amp: amphibole.
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vessel in the IHPV, are many orders of magnitude
greater than the sample mass and hence they impose
their redox conditions on the sample.

Analytical procedures

Electron probe micro-analyses were performed in the
JEOL JXA 8600 microprobe at the University of
Georgia, using an accelerating voltage of 15 kV and
sample current of 5 nA. To minimize alkali
migration, and also to ensure accurate targeting,
glass analyses were done in scanning mode at
50000 X magnification, with the beam rastered over
an area ~4 um on a side. All other phases were also
analyzed in scanning mode but with magnifications
typically > 100000 X. Na and K were counted first,
and Na was counted for 10 s. All other elements were
counted for 40 s. Variations of K and Na count-rates
with time at the analytical conditions for glass were
investigated in several synthetic hydrous alkali-alu-
minosilicate glasses with HoO contents comparable
to those of the experimental glasses (2-5 wt%).
Extrapolation of Na count-rate decay in the syn-
thetic glasses resulted in a correction factor of 20%
which was applied to the NayO values reported in
Table 3. No count-rate decay was observed for K.

Modal compositions (Table 4) were calculated by
simultancous mass balance of K50, TiO,, AlyOsg,
Si0,, MgO, CaO and FeO*. Relative modal abun-
dances of melt and total mafic phases, obtained from
back-scattered electron (BSE) images, were used as
additional constraints in the mass balance calcula-
tions [see also Patifio Douce & Johnston (1991)].
Uncertainties in the modal abundances of melt,
quartz, plagioclase and ferromagnesian silicates are
estimated to be less than 4 wt %. Uncertainties in
oxide modal abundances are estimated to be less
than +1 wt%. These estimates were obtained by
carrying out replicate mass balance calculations,
allowing phase compositions to vary within their
analytical uncertainty ranges.

Approach to equilibrium

Patifio Douce & Beard (1995) demonstrated with
crystallization experiments that dehydration melting
experiments at 7 ~ 900°C can achieve a reasonable
approach to equilibrium in runs of ~2 weeks
duration. Given that temperatures, melt fractions
and run durations in these new experiments are
similar to those of Patifio Douce & Beard (1995), our
previous results suggest that a good approach to
equilibrium was attained in this case too. Addi-
tionally, there are several consistent compositional
trends among crystalline phases that suggest a good
approach to equilibrium (see next section), and
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modal proportions of the experimental products also
vary regularly with temperature and pressure (Table
4, Fig. 1).

MINERAL COMPOSITIONS
AND STABILITY
RELATIONSHIPS

Plagioclase

Plagioclase is a restite phase in most experiments
(Table 5). It is absent only from high-temperature
experiments at 10 kbar (SFAG) and 15 kbar (SFAG
and SMAG). Plagioclase compositions in many
charges are variable, with relict compositions pre-
served in the cores of larger grains, especially at low
temperature. Plagioclase in experiments where there
has been extensive melting is largely neoblastic, but
zoning is evident even in some neoblasts. In general,
neoblastic rims are well developed at low pressure
(<7 kbar), whereas unzoned neoblastic crystals
predominate at higher pressures. Compositional
trends are best developed among plagioclase neo-
blasts and rims that have the highest orthoclase
content, suggesting plagioclase—melt equilibration
during melting. Plagioclase becomes increasingly
sodic as pressure increases owing to grossular-
forming reactions that consume anorthite. However,
plagioclase also tends to become more calcic as tem-
perature and melt fraction increase (Table 5).

Alkali feldspar

Neoblastic alkali feldspar (Orsg_70; An).g-3.4; Table 5)
occurs as a minor phase in a few melting experiments
at P > 10 kbar. It is easily distinguished from plagi-
oclase in BSE images, and it is unlikely that its pre-
sence in an experimental charge will go unnoticed.
There 13 no observable change in the Or content of
plagioclase related to whether or not alkali feldspar
is present in the charge.

Crystallization experiments on SBG (Patifio
Douce & Beard, 1995) suggest that alkali feldspar
stability extends to P < 10 kbar. Its absence in low-P
melting experiments may arise from nucleation diffi-
culties related to the limited temperature range of
stable coexistence of alkali feldspar plus melt at low
P (Vielzeuf & Clemens, 1992) combined with over-
stepping of the dehydration melting reaction
boundary. Increasing HyO solubility with pressure
lowers the K,O/H70 ratio of the melt and expands
the stability field of alkali feldspar plus melt (Car-
rington & Watt, 1995; Patifio Douce & Beard,
1995), making crystallization of alkali feldspar in
melting experiments more likely with increasing
pressure.
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Table 3: Glass compositions’ (normalized to 100 wt % anhydrous)

P T Si0, TiO, ALO;  Fe0'*  MnO Mgo Ce0 Na,0% K0 F Tota*  mg-no.®
(kbar) (*c)
Synthetic F-annits gneéss (SFAG)
3 840 712 016 16-1 1-63 0-28 0-10 1-06 2:04 576 263 986 96
3 876 728 0-12 14-2 211 0-268 0-09 0-88 2-01 606 1-46 1002 72
3 900 731 019 13-9 2-01 0-16 010 0-94 2-06 6-02 150 999 81
3 925 733 0-36 13-8 1-92 0-20 0-10 0-93 1-98 5-85 1-50 100-4 82
5 840 70-6 016 16-7 179 0-19 0-07 1-48 1-92 517 29 986 66
6 850 718 012 143 2-68 0-07 0-03 1-34 2-81 5-61 1-23 979 22
6 876 69-6 018 161 197 0-21 0-08 113 2-81 6-43 248 988 790
5 900 70-9 0-23 14-4 2-09 023 0-08 1-06 2-85 6-37 179 997 64
6 926 722 0-20 143 2-64 0-24 011 1-31 2-04 564 1-40 10041 73
B 960 719 0-30 147 2:92 0-28 0-11 1-48 2-69 571 n.d. 982 63
7 850 711 0-07 147 268 0-03 0-01 1-20 3-25 642 1-52 96-8 08
7 876 727 0-14 138 2-46 0-03 001 128 327 626 107 981 04
7 900 711 0-21 146 2-67 0-10 0-04 167 318 621 119 879 26
10 850 703 016 162 2-64 0-04 0-01 1-02 3-90 607 1-64 963 04
10 900 712 016 156-3 245 0-03 0-01 1-07 291 609 1-78 972 09
10 925 70-9 0-21 143 291 0-06 0-03 1-38 314 638 168 984 20
10 950 702 018 148 2-90 0-03 0-02 1-08 3-79 5-61 1-43 882 10
16 800 70-2 0-20 166 212 0-02 0-02 076 412 514 196 979 14
16 950 70-6 025 143 2-72 0-07 0-06 0-87 3-86 5-76 164 886 36

Synthetic Mg-annite gneiss (SMAG)

3 840 76-6 0-30 146 1-55 0-14 0-31 1-32 1-70 3N 014 98-7 26-3
3 876 76-6 0-33 13-4 1-87 0-14 0-45 0-92 163 4-42 0-24 98-0 30-0
3 900 75-4 0-36 138 1-66 010 0-44 1-04 1-90 517 0-27 97-6 324
3 926 76-1 0-39 136 1-66 013 0-56 0-73 1-94 4-84 017 97-7 386
b 840 767 0-41 14-4 1-50 0-11 0-566 0-83 1-38 4-09 0-04 96-b 398
5 850 74-8 0-22 139 212 0-05 0-21 109 2-40 6-09 013 97-0 15-0
6 875 76-3 0-28 139 1-64 0-07 0-39 0-90 1-85 4-56 0-20 98-5 30-9
6 900 74-8 0-37 143 1-89 0-11 0-564 112 2-08 472 0-20 97-6 33-8
3 926 76-1 0-39 14-0 2-26 0-08 0-56 1-06 1-67 4-73 019 97-4 308
3 950 73-8 0-47 143 2:34 0-12 0-64 1-36 2:41 4-56 n.d. 971 327
7 860 741 0-26 146 1-76 0-03 0-21 1-49 279 4-57 0-32 966 177
7 875 76-2 0-16 14-0 173 0-02 0-16 1-28 2-60 4N 019 96-2 13-8
7 900 733 0-45 139 2419 0-04 0-32 1-09 2-61 5-88 017 97-3 20-9
10 850 74-3 0-24 161 1-60 0-04 0-22 1-22 2:81 4-38 010 93-8 19-4
10 900 74-6 018 146 17 0-06 0-18 115 2:76 474 010 95-4 15-8
10 925 73-6 0-36 143 1-72 0-00 0-26 1-46 3-02 4-99 0-36 97-6 20-9
10 950 7341 0-28 14-6 1-79 0-02 0-26 1-20 3-06 5-65 012 96-6 19-9
16 860 757 0-18 148 0-92 0-06 0-14 0-99 2-82 4-49 0-02 94-4 21-4
16 900 73-4 0-31 147 1-40 0-03 0-19 0-86 374 5-29 0-06 96-8 193
15 950 73-8 0-32 143 1-63 0-04 021 0-88 3-83 4-98 0-18 98-2 18-6

'Values are averages of four (in some near-solidus runs) to ten (in most runs) analyses of different glass pools. Typical relative un-
certainties (2 S.D. of the mean values) are: Si0,, £1%; TiO2, £15%; Al;04, £ 3%; FeO*, + 8%; MnO, £ 80%; MgO, £ 15% (SMAG) % 50%
§SFAG); Ca0, £10%; Na,0, £15%; K;,0, +4%; F, £12%.

FeO*, total Fe given as FeO.
3Reported values include 20% correction factor for Na loss during probing (see text).
“Probe total (including 20% correction factor for Na,0), minus F equivalent.
Smg-no. =100 x MgO/(MgO + FeO*), molar proportions.
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Table 4: Modal compositions (wt % )’
P T App? Qu Pl Kfs Bt Gn Opx lim* Mag®  Meh
(kbar)  (°C)
Synthstic F-annits gneiss (SFAG)
3 840 IH 26 23 0 0 0 0 3 16 31
3 875 IH 26 23 0 0 0 0 2 17 31
3 900 IH 22 21 0 0 0 o 0 19 38
3 926 IH 22 20 0 0 0 0 2 16 39
6 840 IH 32 23 0 1 0 0 1 15 18
6 850 PC 21 14 0 8 15 0 0 8 35
6 876 IH 27 23 0 0 0 0 1 18 31
5 900 IH 26 21 0 0 0 0 1 18 3
5 925 IH 23 21 0 0 0 0 1 18 37
5 950 IH 25 19 0 0 0 0 0 18 37
7 850 PC 20 13 0 17 19 0 2 29
7 876 PC 17 4 0 15 23 0 2 0 40
7 900 PC 8 0 0 0 3N 0 3 0 69
10 850 PC 22 1 0 20 19 0 1 0 26
10 900 PC 14 5 0 18 21 0 1 0 a4
10 926 PC 9 0 0 0 33 0 2 o 56
10 9650 PC 8 0 0 4 27 0 0 60
16 900 PC 27 0 14 8 3 0 2 0 18
16 950 PC 12 0 0 1 32 0 2 0 53
Synthstic Mg-annits gneiss (SMAG)
3 876 IH 19 21 0 0 7 6 8 39
3 900 IH 18 19 0 0 6 8 7 41
3 925 IH 17 18 0 0 0 7 10 5 a2
6 850 PC 24 18 0 a4 1 12 6 0 26
5 875 IH 22 21 0 4 0 7 8 6 31
5 900 IH 22 19 0 0 0 7 7 7 37
5 925 IH 19 19 0 0 0 8 7 7 39
6 950 IH 22 19 0 0 (] 6 7 8 37
7 850 PC 30 14 0 8 21 3 4 0 19
7 876 PC 19 12 0 1 18 8 5 0 37
7 900 PC 13 17 0 ] 7 18 5 0 40
10 850 PC 3 10 0 11 24 0 4 0 20
10 900 PC 21 7 0 9 24 o a 0 36
10 926 PC 16 1 0 0 29 1 4 0 50
10 950 PC 14 1 3 0 26 2 5 0 50
16 860 PC 34 23 0 26 6 0 4 0 8
15 900 PC 27 3 27 20 0 1 0 18
15 950 PC 16 0 0 as o 2 0 24

"Modal compaositions calculated by simultaneous mass-balance of SiO5, Al,03, TiO,, MgO, FeO*, CaO and K;0,
constrained by point-counting of BSE images. Uncertainties in modal abundances are less than + 4 wt% for most
?hases, except + 1 wt % for oxides (see text).

Experimental apparatus (IH, internally heated pressure vessel; PC, piston-cylinder).
3Rutile in SMAG at 15 kbar and 950°C.
“Magnetite + Al-spinel.
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Fig. 1. Isobaric changes in modal compositions for synthetic F-annite gneiss (a) and for synthetic Mg-annite gneiss (b). Experiments at 5
kbar and 7 > 850°C were in internally heated pressure vessel; experiment at 850°C and 5 kbar and all experiments at higher pressure
were in piston-cylinder apparatus. Mineral abbreviations after Kretz (1983).
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Table 5: Feldspar compositions (wt % )’
P T Si0, ALLO;  FeO*?  CaO N2;0  Kz0 Total An® Ab Or
(kbar) (°c)
Plaglociase—synthetic F-annite gnelss (SFAG)
3 840 59-8 262 0-30 8-23 5-83 083 1010 41 52 7
3 875 69-2 26-2 0-56 8-49 578 1113 10113 41 49 11
3 900 581 26-0 076 8-61 5-33 126 10011 44 48 9
3 926 681 26-6 0-68 916 510 114 1008 46 48 7
6 840 59-0 26-4 0-60 8-43 5-66 109 1010 43 49 9
5 850 59-4 26-0 0-83 8-51 811 077 101:4 42 54 4
5 876 585 26-3 0-41 8-32 677 093 1012 38 563 9
5 300 58-2 266 0-52 8-67 837 106 1015 44 ag 8
5 925 68-7 26-0 0-45 866 6-49 131 1006 41 48 11
5 950 57-3 272 0-44 934 5-08 109 1006 45 48 7
7 850 69-8 26-2 0-69 7-84 619 0568 1013 40 57 3
7 876 59-2 267 0-41 8-01 6-45 061 1004 39 67 4
10 850 58-0 26-7 0-76 7-92 7-00 0-47 1008 37 80 3
10 900 58-3 26-8 0-63 7-98 7-00 033 1010 38 60 2
16 860 61-0 25-0 063 7-04 7-44 067 1016 33 64 3
Naoblastic atkali feldspar—synthatic F-annite gneits (SFAG)
10 900 651 198 071 07 4-08 1061 1008 3 36 61
16 900 656 191 0-51 0-33 4-08 1095 1005 2 35 63
Phagiociass—synthetic Mg-annite gnsiss (SMAG)
3 840 68-8 26-2 0-48 8-40 5-53 0-94 1004 43 50 6
3 875 58-8 26-4 0-43 8-85 6-63 103 10119 M 63 8
3 900 68-2 261 0-61 873 6-09 112 998 48 42 9
3 926 68-3 26-7 0-45 918 4-90 0-92 1004 46 a7 7
5 840 59-0 266 0-84 8-34 6-92 074 1012 42 62 6
B 850 685 262 0-54 8-81 5-45 061 1001 46 61 3
5 876 58-4 26-6 0-61 853 6-86 091 1019 39 58 6
5 900 67-6 264 0-58 8-95 6-30 108 1009 42 61 7
5 926 58-4 26-3 0-57 8-78 5-47 088 1005 45 49 8
5 950 558 272 062 9-567 4-97 0-79 989 43 52 6
7 850 68-2 285 0-45 817 6-36 0-42 1001 40 57 2
7 875 68-8 260 0-29 8-35 657 036 1004 40 68 2
7 900 58-4 26-8 0-45 8-43 5-80 111 1010 42 62 7
10 850 67-5 266 0-48 7-93 714 0-49 10011 37 60 3
10 900 69-1 26-7 0-41 7-97 7-01 0-45 1017 38 60 3
10 925 68-3 265 0-29 8-11 615 0-43 937 41 66 3
10 950 67-2 266 0-39 8-07 6-47 0-98 996 39 568 5
16 900 6856 267 0-44 7-90 6-29 029 1001 40 68 2
Neoblastic alkali feldspar—synithatic Mg-annite gnaiss (SMAG)
10 950 62:4 19-4 0-49 0-55 3-08 1172 97-7 3 28 70
15 900 64-6 196 0-6 0-69 a2 10-04 99-6 3 s 59

Wit % compositions are averages of four anatyses of plagioclase rims and/or of small neoblastic crystals, except two
analyses for alkali feldspar crystals Typical relative uncertainties (2 S.D. of the mean values) are: SiO,, + 2%; Al,03,
+3%; FeO", £ 15%; CaO, £ 5% (P1) or +15% (Kfs); Na 0, + 10%; K;0, + 15% (Pt) or 2% (Kfs).

2FeQ*, total Fe given as FeO.

3End-member compositions are for the most Or-rich spot analysis in each experimental charge.
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Orthopyroxene

Orthopyroxene is present in supersolidus experi-
ments with SMAG from 3 to 7 kbar at 7 > 850°C,
and at 7 > 925°C at 10 kbar. It is absent from
experiments with SMAG at 15 kbar, and from all
experiments with SFAG. The orthopyroxene is alu-
minous (in some cases extremely aluminous) hypers-
thene (Table 6). Al;O3 contents in opx formed in 3
and 5 kbar experiments on SMAG (both PC and
IHPV) range from 6-0 to 10-9 wt %. At 7-10 kbar,
Al,Og content is lower, ranging from 3-0 to 6-4 wt %.

The most magnesian opx (Ens¢ ;) occurs in the
IHPV experiments (Table 6). The low mg-number of
opx formed in the 5 kbar PC experiment (Table 6)
suggests that the high mg-number of IHPV opx is
caused by the elevated Fe** content in the more
oxidized IHPV experiments. In both IHPV and PC
experiments, opx generally becomes more magnesian
as temperature and melt fraction increase (Table 6).
Low-pressure opx is Ca poor in all 3-5 kbar PC and
IHPV experiments. The Ca content of opx generally

DEHYDRATION MELTING OF METAGREYWACKES

increases with pressure above 5 kbar (Table 6). In
general, opx that coexists with garnet is more calcic
than that which does not.

Amphibole

The only chain silicates found in experiments on the
Fe-rich starting composition SFAG are sodic—calcic
amphiboles (ferro-barroisite) that occur in the sub-
solidus (810°C) experiments at 7 and 10 kbar (Table
6). The presence of this unusual phase probably
reflects the overall instability of extremely Fe-rich
orthopyroxene (e.g. Bohlen et al., 1980) and the
reduced stabilities of hedenbergite and fayalite under
relatively high water activity. Aluminous gedrite (16
wt% Al;Os) is found in the 7 kbar subsolidus
(810°C) experiment on SMAG. It may have formed,
together with garnet, by a reaction among biotite,
plagioclase and ilmenite.

Garnet

The pressure stability of garnet is a function of

Table 6: Orthopyroxene and amphibole compoasitions (wt % )’

P T Si0, TiO, Al,0, FeO*? MnO MgO Ca0 Na,0 ;0 Total mg-no.?
(kbar) (*C)
Amphibole—synthetic F-annits gneiss (SFAG)

7 810 430 0-48 1287 304 1-63 018 6-98 2:00 0-90 986 1-0
10 810 441 0-38 16-87 291 1-60 0-15 651 303 0-89 1017 09
Orthopyroxene—synthetic Mg-annite gneiss (SMAG)

3 876 490 0-49 8-50 201 0-84 19-93 0-19 99-1 639

3 500 493 0-41 10-49 186 0-88 21-08 068 101-2 66-9

3 926 51-2 0-72 10-89 198 0-80 18-09 0-29 101-8 61-8

6 850 46-4 0-49 8-29 36-3 0-53 8:50 0-28 99-8 300

5 876 52:6 0-48 8-04 221 074 14-67 0-26 999 54-1

5 900 482 0-40 9-93 2141 0-80 18-73 0-23 99-4 61-2

5 926 601 0-64 6-02 20-7 078 20-29 0-39 98-8 63-4

5 950 45-4 067 1017 196 079 21-23 0-24 980 65-9

7 850 478 0-21 519 34-4 0-31 10-61 0-43 99-0 355

7 876 481 0-28 4-72 343 0-30 11-62 052 99-8 374

7 900 483 0-26 3-01 345 019 12-62 0-48 99-3 393
10 926 49-9 0-43 338 28-4 0-08 15-60 0-94 985 49-3
10 950 481 0-36 841 29-6 020 13-98 0-71 99-4 457
Amphibole—synthetic Myg-annits gneiss (SMAG)

7 810 41-8 078 16-07 316 0-68 5-74 0-86 1-45 0-01 989 245

Values are averages of 5-8 analyses of different crystals (Opx) or 3—4 analyses of different crystals (Amp). Typical relative uncertainties
(2 S.D. of the mean values) are: SiO3, 1 2%; TiO,, * 15%; Al,0,, £ 5%; FeO°®, 1 2%; MnO, £20%; MgO, +7%; CaO, + 15%; Na,0, + 10%;

K10, + 25%.
2Fe0", total Fe given as FeO.
3mg-no. =100 x MgO/(MgO + Fe0*), molar proportions.
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starting composition and oxygen fugacity. Garnet is
stable at pressures of 5 kbar and above in PC
experiments in both Fe-rich compositions SFAG and
SMAG, but is not stable at P < 12'5 kbar in SBG
(see Patifio Douce & Beard, 1995). Garnet is not
found in any IHPV experiment. Garnet composi-
tions are given in Table 7. The Mg/Fe ratios of all
garnets are primarily determined by the bulk com-
position (Table 7). For all bulk compositions, MnO
and FeO tend to decrease and MgO tends to
increase with increasing temperature and melt
fraction (Table 7). In both SFAG and SMAG,
garnet CaO contents in experiments containing pla-

Table 7- Garnet compositions (wt % )’

VOLUME 37

NUMBER 5 OCTOBER 1996

gioclase increase with pressure at a given melt
fraction.

Garnets in the most Fe-rich composition (SFAG)
are Fe—Ca—Mn garnets, with pyrope content aver-
aging < 1 mol %. In experiments on SMAG, garnet
coexists with opx at 5 and 7 kbar and at T > 925°C
at 10 kbar. Garnets that coexist with opx are less
calcic than the higher-P and/or lower-T garnets that
do not.

Biotite

Biotite is present at all pressures investigated, except

P T Si0, TiO, Al;04 Fe0O*? MnO Mgo Cs0 Total mg-no.?
(kbar) ("c)
Synthatic F-annits gnaiss (SFAG)
5 850 358 0-83 20-5 361 312 0-34 3-49 100-2 16
7 810 363 0-48 19-7 275 678 0-03 7-46 983 02
7 850 363 0-42 200 356 2-30 010 4-21 99-0 05
7 876 369 0-62 19-3 347 1-95 0-13 5-88 99-4 06
7 800 366 0-34 20-6 3741 0-28 0-46 4-90 100-2 2:2
10 810 369 0-40 20-0 28-9 4-85 0-08 819 99-3 0-4
10 850 36-0 0-38 20-0 344 1-48 o1 5-33 97-7 06
10 900 365 0-39 202 36-2 042 0-15 613 100-0 07
10 926 367 0-61 19-6 34-9 105 0-63 6-34 98-6 26
10 950 358 0-62 197 360 119 0-28 5-72 983 14
16 860 366 0-42 19-2 29-5 2-94 0-07 9-33 98-0 0-4
15 300 388 0-63 199 357 0-49 012 6-53 100-2 06
16 950 369 0-37 19-2 36-4 1-27 033 5-34 99-9 16
Synthatic Mg-annits gneiss (SMAG)
5 850 372 073 21-1 337 0-92 3-94 2:46 100-0 17-2
7 810 366 113 201 343 210 2:34 313 99-8 10-8
7 850 365 0-92 20-2 332 1-14 3.45 3-40 98-8 158
7 875 372 0-95 19-4 326 0-93 3-78 3-76 98-7 171
7 900 379 0-77 20-2 336 0-62 5-32 2-70 101-1 220
10 810 372 0-72 20-4 332 1-02 277 4-04 99-2 130
10 850 365 117 20-7 31-8 0-78 338 4-93 99-2 159
10 900 371 1-07 20-6 319 0-66 368 4-78 99-8 171
10 925 373 1-33 20-5 299 0-46 4-88 4-72 99-1 226
10 950 367 111 20-6 307 077 4-54 417 985 209
15 860 375 0-89 19-5 317 0-64 352 512 98-9 166
16 900 373 1-52 20-2 30-2 0-83 3-39 6:36 99-9 167
15 950 379 111 19-6 286 0-49 3-90 7-41 99-0 196

TValues are averages of 56 analyses of different crystals, except three analyses in 850°C, 7 kbar runs. Typical relative
uncertainties (2 S.D. of the mean values) are: Si0,, + 2%; TiO,, + 15%; Al;03, + 2%; FeO*, £ 2%; MnO, + 15%; MgO,

+7%; Ca0, £5%.
2FeQ*, total Fe given as FeO.
3mg-no.= 100 x MgO/(MgO + Fe0"), molar proportions.
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Fig. 2. Annite—castonite diagram for biotite. SBG data from
Patifio Douce & Beard (1995).

in SFAG at 3 kbar. The Mg/Fe ratio of biotite in the
run products reflects Mg/Fe ratio in the starting
materials, but within each bulk composition there is
a considerable range in Mg/Fe ratios in biotite
coexisting with melt (Fig. 2). As is the case for other
mafic silicates, the mg-number of biotite in the rela-
tively oxidized IHPV experiments is higher than
that in the more reducing PC experiments. This
contrast is especially strong in experiments with
SFAG (Table 8). In PC experiments, biotite
becomes more magnesian with increasing tem-
perature and melt fraction. Within each bulk com-
position biotite tends to become more aluminous
with decreasing Mg/Fe ratio (Fig. 2).

The F content in biotite (and melt) reflects the F
content in the starting material, so that SFAG con-
tains the most F-rich biotites (Table 8). There also
appears to be a relationship between F content and
f(Oy), with the most F-rich biotites generally
occurring in IHPV experiments, which are more
oxidized than PC experiments (Table 8). The Ti
content of biotite increases with temperature and
melt fraction for all starting materials. Above the
solidus, biotite Ti content at a given temperature or
melt fraction tends to be highest at the highest pres-
sures (Table 8).

- Magnetite and spinel

Magnetite is a ubiquitous phase in IHPV experi-
ments but is absent in all PC experiments except for
the 5 kbar, 850°C experiment on SFAG. The mag-
netite in this experiment is the most TiOg rich of all
experiments [Usp/(Usp + Mag) =042; Table 9],
consistent with the reducing conditions in the PC.
Usp/(Usp + Mag) in IHPV experiments ranges from
0-08 to 0-31 and averages 0-18-0-23. The lowest
TiO, magnetites occur at 840°C. A range of values is

seen at other temperatures, but there is no clear
correlation between 7 and Usp concentration above
840°C (Table 9). Magnetites are generally alu-
minous, with (Spl+ Hc) component ranging from 11
to 19 mol % in SFAG, and from 22 to 28 mol % in
SMAG. Mg and Al both generally increase with
temperature (Table 9). Aluminous spinels coexist
with magnetite in several experiments on SMAG
(Table 9). These spinels occur both as separate
grains and as intergrowths with magnetite.

IImenite and rutile

Ilmenite occurs in all experiments except for high-T
experiments at 15 kbar, where it is replaced by
rutile. Ilmenite in IHPV experiments is enriched in
FeyOg and Al,Og with respect to the more reducing
PC experiments (Table 10). Mg is uniformly low in
experiments on SFAG but increases with tem-
perature in the more magnesian compositions.

PHASE RELATIONS AND

MELTING REACTIONS

The solidus of the more Fe-rich composition (SFAG)
has been bracketed at 7, 10, and 15 kbar (Fig. 3).
Within this P range it has positive dP/d T slope, from
T=810-850°C at 7 kbar to 7 =860-900°C at 15
kbar. The solidus of SMAG has only been bracketed
at 7 kbar (Fig. 3), but its position can be inferred
from curves of constant melt fraction (Fig. 4). The
inferred SMAG solidus has negative to vertical dP/
d7 slope at P < 10 kbar, and positive slope between
10 and 15 kbar. The change in slope can be inferred
on the basis of PC experiments only (P > 7 kbar), so
that it is unlikely to be an artifact of the different
oxidation conditions imposed by each experimental
setup. At P > 7 kbar the solidus of SFAG is located
at a higher T than that of SMAG (Fig. 3). This dif-
ference demonstrates that the strong stabilizing effect
of F in micas, which has been well documented for
phlogopite (e.g. Peterson ¢t al., 1991; Dooley &
Patifio Douce, 1996), is also important for Fe-rich
compositions. This conclusion is contrary to the sug-
gestion of Munoz (1984) that F substitution
decreases the thermal stability of annite.

It has often been inferred that dehydration
melting solidi should bend back (from positive to
negative dP{dT slope) with rising P, in response to
crystallization of restitic garnet (e.g. Lambert &
Wyllie, 1972; Burnham, 1979; Le Breton &
Thompson, 1988; Rushmer, 1991; Wyllie & Wolf,
1993). This inferred behavior is not borne out by the
melting relations of SFAG nor of SMAG, even
though garnet is produced by the initial dehydration
melting reactions of both Fe-rich compositions at
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Table 8 Biotite compositions (wt % )’

P T Si0; TiO, Al03 Fe0'?  MnO MgO Na;0 K20 F Total®  mg-no.*
(kbar) )
Synthetic F-annits gneiss (SFAG)

6 840 378 2:37 169 21-0 0-97 647 035 882 590 98-1 354

5 850 371 318 161 300 0-15 243 063 8-40 2-62 99-4 126

7 810 335 304 157 328 0-88 028 063 8-26 209 96-3 16

7 850 334 2-69 15-7 346 010 069 043 8-31 2:60 97-2 3-0

7 876 343 4-88 135 329 008 085  0-39 872 1-94 96-7 4-4
10 810 339 362 16-2 332 045 023 034 848 1-97 966 1-2
10 860 365 391 14-8 317 0-03 061 066 8-31 2-16 977 28
10 %00 34-1 616 146 317 0-03 127 052 8-68 2-41 974 67
10 950 34.9 5-76 133 313 009 162 060 8:62 206 97-1 80
16 860 376 262 16-3 319 018 030 0865 844 2:21 98-1 1-6
16 900 367 561 14-2 301 0-08 127 053 8-85 2:08 974 7-0
15 950 36-3 618 12:6 287 012 263 037 8-80 2-09 96-7 13-6
Synthetic Mg-annits gneiss (SMAG)

3 840 380 5-01 174 133 0-28 1396 063 853 0-46 970 652

5 840 382 468 170 14-9 0-27 1215 045 8-47 0-43 96-4 59-2

5 850 369 5-36 15-9 20-8 003 773 040 868 064 96-1 399

5 876 a1-9 444 163 138 025 1168 080 716 0-85 957 60-0

7 810 353 3-85 170 266 005 549 049 851 0-43 96-4 277

7 860 388 4.97 15-8 19-9 0-05 908 068 8-49 0-61 96-9 44-8

7 876 365 498 150 210 005 883 052 895 0-56 96-2 428
10 810 347 414 171 230 012 7110 0-49 8-60 0-61 956 366
10 860 356 556 15-8 209 001 874 061 8-85 0-47 96-3 428
10 900 371 6-05 157 193 0-05 954  0-60 8-85 0-47 976 468
15 860 390 552 16-0 204 0-00 660 068 868 053 970 366
16 900 377 6-89 153 179 0-03 1011 065 9-09 0-50 98-0 50-1

YValues are averages of 5-8 analyses of different crystals. Typical refative uncertainties (2 S.D. of the mean values) are: SiO,, £ 2%; TiO,,
+4%; Al,03, £3%; FeO*, £ 2%; MnO, £ 50%; MgO, £ 2%; Na,0, £ 20%; K;0, £5%; F, £ 10%.

2Fg0*, total Fe given as FeO.
3Probe total minus F equivalent.
“mg-no. =100 x MgO/(MgQ + Fe0*), molar proportions.

S1O3) £ QFM and P=5-15 kbar. We suggest that
the proportions in which garnet crystallizes during
the incongruent melting reactions are not sufficient
to offset the much greater molar volume of the melt
phase. Therefore, AV of the incongruent melting
reaction remains positive, and the solidus does not
bend back, at least at P < 15 kbar [see Patifio Douce
& Beard (1995) for discussion of analogous behavior
in more magnesian biotite-bearing protoliths].

The change in oxidation conditions, from f{O,) >
Ni~-NiO in ITHPV experiments to f{Og) < QFM in
PC experiments, causes changes in the dehydration
melting reactions of SFAG and SMAG. These
changes are strikingly demonstrated by the over-
lapping PC and IHPV experiments at 5 kbar (Fig. 3,

Tables 2 and 4). Silicate mafic phases (Opx > Grt in
SMAG, Grt only in SFAG) are the chief solid pro-
ducts of dehydration melting at 5 kbar and f{O) <
QFM (PC experiment). These phases are replaced
by oxide phases (Mag » Ilm in SFAG, Mag ~Ilm in
SMAG) in the incongruent melting reaction at 5
kbar and f{O,) 2 Ni-NiO (IHPV experiments).
Orthopyroxene crystallizes above the solidus (7 2
875°C) in IHPV experiments [f(Og) = Ni-NiO]
with SMAG, but not in equivalent experiments with
the more ferroan composition. Garnet is absent from
all IHPV experimental products._Predictably, these
results show that changes in f{Oj) have a stronger
effect on the residual assemblages produced from
these Fe-rich compositions than on the residual
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DEHYDRATION MELTING OF METAGREYWACKES

Table 9: Magnetite and spinel compositions (wt % )’

P T Si0, TiO, AlLO, FeO Fe,0s2  MnO Mg0 Total

(kbar) (°C)

Magnetits—synthatic F-annite gneiss (SFAG)

3 840 0-20 419 7-67 327 482 1-78 0-29 950
3 875 072 5-00 8-62 35-8 474 1-45 0-39 99-0
3 900 012 9-49 6-32 379 416 174 0-48 97-6
3 900 017 560 7N 343 456 132 0-40 95-0
3 925 031 470 7-42 339 48-7 163 0-45 97-1
6 840 063 617 8-45 3541 457 166 0-22 96-8
5 850 0-36 12:90 4.92 431 355 0-26 0-09 97-2
B 875 023 7-22 7-37 364 444 166 0-38 97-6
5 900 0-24 7-36 7-80 368 436 1-45 0-38 976
6 925 021 791 7-35 37-4 434 1-40 0-34 979
5 926 0-47 624 8:30 355 467 128 0-36 97-9
6 950 032 7-48 7-63 366 420 126 0-34 95-6
Magnetito—synthetic Mg-annits gneiss (SMAG)

3 840 0-31 3-26 10-32 306 49-9 105 269 98-0
3 876 0-26 639 10-78 34-9 439 052 226 99-0
3 800 0-24 533 12:04 327 448 067 3-08 987
3 926 068 2:88 13-64 27-7 469 0-91 4-83 97-4
6 840 0-68 4-08 11-85 330 446 0-96 190 96-9
6 876 0-46 476 1213 332 44-7 0-66 249 98-3
5 900 0-22 5-48 1328 333 427 065 279 98-4
5 925 0-33 632 12-71 343 411 0-61 2:70 98-0
B 950 0-57 611 12-49 329 39-7 0-42 3-20 95-4
Al spinel—synthetic Mg-annits gneiss (SMAG)

3 900 064 066 49-68 24-9 133 0-47 1012 99-7
3 926 1-47 0-41 62-32 199 11-4 0-54 1445 1005
6 925 0-32 0-43 63-25 261 98 0-36 954 99-8

'Values are averages of 3-4 analyses of different crystals. Typical relative uncertainties (2 S.D. of the
mean values) are: SiOg, + 20%; TiO,, £ 5%; Al;03, £ 5%; FeO, £1%; MnO, + 20%; MgO, £10%.

2Fg,05 calculated by stoichiometry.

assemblages produced from more magnesian biotite-
bearing sources [compare Patifio Douce & Beard
(1995); see also Vielzeuf & Montel (1994)].

At flOy) < QFM and P>=5 kbar (PC experi-
ments) the melting reaction for SFAG and SMAG is
of the form Bt+Pl+Qtz— Melt+Grt+Opx+
Oxides (Fig. 1, Table 4). This reaction is analogous
to the pressure-sensitive melting reaction observed
by Vielzeuf & Montel (1994, their reaction D)
during fluid-absent melting of an aluminous meta-
greywacke. Alkali feldspar is also produced by the
melting reaction of SFAG at P=15 kbar, and minor
amounts of alkali feldspar are also present in SMAG
at 10 and 15 kbar (see discussion in previous

section). Within the P and f{Oy) conditions of PC
experiments, consumption of plagioclase and pro-
duction of garnet by the incongruent melting
reaction increase with increasing pressure and with
decreasing mg-number [Table 4, Fig. 1; see also
Vielzeuf & Montel (1994) for pressure effect]. The
effect of Fe/Mg ratio on the melting reaction causes
the plagioclase stability field in SFAG at P > 5 kbar
to be notably narrower than that in SMAG (Figs |
and 3).

In each bulk composition the melt fraction pro-
duced at the biotite-out temperature (i.e. when all
H70 has been made available) changes slightly from
7 to 15 kbar (Figs 1 and 5, Table 4), owing to the
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Table 10: Ilmenite compositions (wt % )’
P T Si0, TiO, Al,03 FeO Fe;,0s>  MnO MgO Total
(kbar) C)
Synthetic F-annits gneiss (SFAG)
3 840 013 272 1-00 233 42.93 085 0-22 95-8
3 875 011 411 0-64 339 1845 228 0-66 97-0
3 900 0-06 389 070 326 2423 168 0-48 98-6
3 926 012 25-4 1-36 217 48-41 076 029 98-0
6 840 010 333 079 285 3213 129 017 96-3
5 875 010 390 0-66 326 22443 181 0-40 97-0
5 900 0-07 403 0-58 334 2093 188 0-54 97-7
5 925 0-05 382 0-64 318 2469 178 0-49 97-6
7 810 0-09 499 0-04 426 164 247 000 965
7 850 016 46-8 0-18 421 8-31 013 0-02 95-7
7 875 018 470 0-14 421 €13 030 0-04 95-9
7 300 0-34 469 0-24 4141 766  1-10 019 97-4
10 810 011 495 0-04 43-3 308 128 0-02 97-2
10 850 010 467 017 419 600 014 0-05 95-1
10 900 010 46-6 016 417 786 017 010 96-7
10 926 012 4786 019 42-0 560 062 018 96-1
10 950 018 456 0-22 40-7 9656 030 0-10 96-7
16 900 0-10 485 018 43-3 598 024 011 98-4
16 950 013 478 017 424 680 035 0-22 96-8
Synthstic Mg-annite gneiss (SMAG)
3 840 018 2241 163 174 62-:24 033 1:30 95-2
3 875 015 366 0-94 280 3172 040 210 98-7
3 900 014 294 133 23-0 4260 O 182 986
3 926 016 229 1-86 168 61-74 024 211 95-8
5 840 0-26 276 1-31 224 4360 053 117 96-6
6 850 018 473 0-23 40-3 767 014 1-30 971
5 875 012 286 1-38 231 4299 019 1:37 97-6
5 900 017 301 1-45 24-2 40-31 0-25 1-60 98-1
6 925 0-24 309 1-37 24-9 3847 025 1-65 97-8
7 810 013 497 0-15 435 351 0-36 0-56 98-0
7 850 0-04 497 0-22 4241 312 015 1-40 967
7 875 0-24 490 0-21 417 37N 0-25 1-31 96-4
7 900 013 §0-2 0-25 413 250 061 1-87 96-8
10 810 0-24 481 017 42-0 671 010 0-80 97-1
10 850 0-14 496 0-18 4241 322 012 1-42 967
10 900 0-16 49-8 0-18 416 446 011 179 981
10 925 0-12 497 0-25 40-2 347 018 2:51 966
10 950 016 49-9 0-26 40-9 361 0-21 225 97:3
16 900 0-33 61-3 0-32 42:5 420 012 218 101-0

Values are averages of 3-4 analyses of different crystals. Typical refative uncertainties (2 S.D. of the
mean values) are: Si0O4, £ 100%; TiO4,  1%; Al;04, 1 40%; FeO, £ 1%; MnO, £ 10%; MgO, + 10%.
2Fe, 05 calculated by stoichiometry.
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P (kbar)

T{*C)

Fig. 3. Phase relations in the synthetic F-annite gneiss (SFAG,
top) and in the synthetic Mg-annite gneiss (SMAG, bottom).
Quartz and a Ti-oxide phase are always present. Other phases
are as follows: B, biotite; P, plagioclase; K, alkali feldspar; O,
orthopyroxene; G, garnet; M, magnetite * Al-spinel; L, glass
(quenched melt). The solidus of SFAG is approximated by a
straight line within the T resolution of the experiments. Triangles
show ITHPV experiments and circles show PC experiments. The
change in oxidation conditions corresponds to the change in
experimental apparatus.

increased participation of plagioclase in the melting
reaction with increasing P, which offsets the decrease
in HyO activity (at constant H,O content) with
increasing P. This effect is clearly demonstrated by
Fig. 5, which shows that melt fraction at the biotite-
out temperature increases with pressure as long as
plagioclase is still present, and then decreases with
increasing pressure beyond the plagioclase stability
field. Thus, combination of the opposing effects of P
on plagioclase stability and H,O solubility dampens
the influence of pressure on melt fraction [see also
Patifio Douce & Beard (1995)].

Production of opx by the incongruent melting
reaction is also a strong function of pressure and mg-
number (see Table 4, Fig. 1). Opx is never stable in
the more ferroan composition. It only crystallizes in
SMAG on the low-P side of a phase boundary with

P (kbar)

P (kbar}

DEHYDRATION MELTING OF METAGREYWACKES

Fig. 4. Contours of constant melt fraction for SFAG (top) and for
SMAG (bottom). (See also caption to Fig. 3.)

100
%0 f{0,) 2 Ni-NiO: f(0,) s QFM SFAG (mg-no. =0.4)
Melt
“r Pl :
= 40 :
g Qz | —
< 2 onid Grt
~ xides
5 100 . = —
3 SMAG (mg-no. = 23)
2 0F Melt
z Pl >——§“‘"‘
§ 40 "———___—: tz
e
- 20 ‘ pX
S Oxides Grt
2 100 . 4 . — ‘
= | SBG (mg-no. = 55)
80 } ]
E Melt
60 s
40 ¢ i Pb
Z : — ]
20fF B o;\uu Opx Cpx =
. ~ z e S—
L 3 3 10 12 14

Pressure (kbar)

Fig. 5. Modal compositions at the biotite-out temperature as a
function of pressure and oxygen fugacity (SBG data as in Fig. 2).
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flat dP/dT slope (Fig. 3), and its modal abundance
decreases strongly with increasing P (Fig. 1).

The melting reaction in the more oxidized IHPV
experiments [ f{O3) 2 Ni-NiO, P < 5 kbar] is of the
form Bt+Pl+Qtz - Melt+Mag+Ilm (Table 4),
with crystallization of opx (in the SMAG composi-
tion only) beginning a few tens of degrees above the
solidus (Fig. 3). Suppression of garnet by high f{Og)
causes a decrease in the proportion of plagioclase
consumed by the dehydration melting reaction,
relative to the more reduced PC experiments (see
Fig. 5; compare also overlapping PC and IHPV
experiments at 5 kbar in Table 4). This contributes
to the notable widening of the plagioclase stability
field in SFAG at P < 5 kbar, compared with higher-
pressure experiments (Figs 1 and 3). In both SFAG
and SMAG, the melt fraction at the biotite-out
temperature is lower at 5 kbar and f{Og) 2 Ni-NiO
than at 7 kbar and f{O;) < QFM, and the difference
in melt fraction is largely compensated by greater

VOLUME 37

NUMBER 5 OCTOBER 1996

modal abundances of plagioclase and quartz in the
lower-pressure and more oxidized experiments (Figs
1 and 5). The change in melting behavior is clearly
linked to garnet stability and demonstrates the
importance of incongruent garnet-producing reac-
tions in augmenting melt fraction from plagioclase-
rich protoliths.

Effect of Fe/Mg ratio on melting relations
of metagreywackes

A comparison of the melting relations of SFAG and
SMAG with those of the more magnesian SBG com-
position (Patifio Douce & Beard, 1995) further elu-
cidates the effects of Fe/Mg ratio on the melting
behavior of metagreywackes, because the differences
among them arise only from their biotite composi-
tions.

Isobaric phase relations at P=10 kbar and
f(Oq) € QFM are shown in Fig. 6a. Orthopyroxene

60 - ';'m:m PBO , PBOM PBOM POM POM  POM
L [fon O O Q-—s86
sof Gy ;
2 r TN &g/
sor ¢ BNEsREe &
s 2
gar
g o ~4—— SMAG
G200 ,
E | e
10+
L a
PBEM (a)

0 O ~<—SFAG
800 850 900 950 1000
T(*°C)

m r
L /o7 4— sBG
w -
@ B
b=
S 40r
L
c i
gor
E | ~<——SMAG
c
s20r
g }
10}
(b)
o 1 1 1 1 < SFAG

Fig. 6. (a) Isobaric phase relations [P=10 kbar, f{O;) € QFM] as a function of mg-number and temperature. (b) Isothermal phase

relations (77=925°C) as a function of mg-number, pressure and f{O,). SBG data (mg-number 55) as in Fig. 2.
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PATINO DOUCE AND BEARD

crystallizes on the high-7 and high-mg-number side
of its isobaric phase boundary, whereas plagioclase
disappears on the high-T and low-mg-number side of
the isobaric plagioclase-out boundary. At constant P,
both the solidus and the biotite-out boundary have
positive d(mg-number)/dT slopes between mg-
numbers 23 and 55. At lower mg-number the slopes
of both of these phase boundaries become negative.
This inflection i3 almost certainly a consequence of
the high F content of the more ferroan composition
used in this study, and it is not likely to persist in F-
free annitic compositions.

Isothermal phase relations at 7=925°C are shown
in Fig. 6b. Orthopyroxene and plagioclase are stable
on the low-P, high-mg-number side of their iso-
thermal phase boundaries, whereas the opposite
relations are true for garnet. The effect of the high F
content of SFAG is again evident in the inflection of
the biotite~out boundary, from negative d{mg-
number)/dP slope at mg-number > 23, to positive at
mg-number < 23.

In the experiments of Vielzeuf & Montel (1994)
with an aluminous metagreywacke of mg-number 44,
the garnet-in phase boundary at 925°C is located at
P=17-8 kbar. This pressure is ~ 2 kbar lower than

5 kbar - 900°C
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8
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DEHYDRATION MELTING OF METAGREYWACKES

that predicted from our experimental results for a
protolith of the same mg-number (see Fig. 6b).
Patifio Douce (1992) showed that the stability of
garnet is also strongly affected by the activities of
Al;Og in the melt and of anorthite in plagioclase.
For the ranges of pressure (~ 7-10 kbar) and mg-
number (= 25-50) encompassing the differences
between our results and those of Vielzeuf & Montel
(1994), garnet stability is a strong function of AlyO4
activity and a weak function of anorthite activity
(Patifio Douce, 1992, figs 5 and 6). It is thus likely
that garnet crystallization in the experiments of
Vielzeuf & Montel (1994) at a slightly lower P than
we would predict from our experiments is caused by
the more aluminous composition of their starting
material compared with SFAG, SMAG and SBG.
The two sets of experiments are therefore not incon-
sistent.

The effects of mg-number on modal compositions
are shown in Fig. 7, at 900°C (generally within the
stability field of biotite), and 950°C (generally above
the stability field of biotite). At high f{O;) (IHPV
experiments at P=5 kbar) silicate mafic phases
(Opx £ Bt) are rapidly replaced by oxide phases
(Mag £ Ilm) with decreasing mg-number. In con-

10 kbar - 900 °C

100
e
39 Melt
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§ 60
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o
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3 80|
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g 60 I‘
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Fig. 7. Isobaric and isothermal modal compositions as a function of mg-number. SBG data (mg-number 55) as in Fig. 2.
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trast, plagioclase abundance (especially once biotite
stability has been exceeded) remains nearly constant
with respect to mg-number, reflecting the fact that
garnet is never stable at these P and f{O,) condi-
tions. At more reducing conditions (PC experiments
at P=10 kbar) the modal proportion of oxide phases
(1lmenite) is not very sensitive to mg-number and is
always low (<4 wt%). Decreasing mg-number at
these conditions favors garmet crystallization. The
assemblage Pl+ Opx  Bio is progressively replaced
by the assemblage Grt+ melt with decreasing mg-
number (the increase in the modal abundance of
biotite in SFAG at mg-number < 23 reflects the sta-
bilizing effect of F). Comparison of the experiments
at 5 kbar with those at 10 kbar (Fig. 7) demonstrates
that garnet crystallization during dehydration
melting enhances melt production with increasing
pressure. A possible interpretation of this behavior
(see Vielzeuf & Montel, 1994) is that garnet+ melt
are on the high-P side of the reaction Bt+ Pl + Qtz —
Grt+Melt. We Dbelieve, however, that this
description is not complete, and that the important
effect of Na in depressing the melting point of felsic
melts (e.g. Tuttle & Bowen, 1958; Thompson &
Algor, 1977) is to a large extent responsible for the
observed increase in melt fraction (Fig. 7). Incon-
gruent breakdown of plagioclase to grossular com-
ponent in garnet increases the activity of albite,
making more of this limiting component available
for melting [see also discussion of melt compositions,
below, and Patifio Douce & Johnston (1991)].

Melt compositions

Melts generated from both Fe-rich starting materials
are silica rich, but melts generated from SMAG are
always richer in SiOy, generally in the range 73-77
wt % SiOy, compared with melts generated from
SFAG, which generally contain 70-73 wt% SiOq
(Table 3). All the melts are granitic on the basis of
the normative Ab-Or—An classification of Barker
(1979), and peraluminous. Estimated HyO contents
are commonly less than 5 wt %, so that all the melts
are strongly H,O undersaturated.

Comparison of the melts derived from the two Fe-
rich starting materials with those derived from the
more magnesian SBG composition (Patifio Douce &
Beard, 1995) demonstrates how different residual
assemblages affect the major element compositions of
granitic melts. In PC experiments [P >5 kbar,
S1O3) < QFM] garnet is the predominant mafic
residual phase in SFAG and SMAG, but it is only
present in SBG at P > 125 kbar and in proportions
subordinate to Opx+ Cpx (see Patifio Douce &
Beard, 1995). Melts formed in equilibrium with
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Fig. 8. Effects of presure and f{Oy) on K;O/NazO ratios and
FeO* + MgO + TiO; contents of melts, interpolated at a constant
melt fraction of 40%. SBG data as in Fig. 2.

garnet-rich residues, from the more ferroan starting
materials, are more sodic and less calcic than melts
formed at similar P-T—f{Og3) conditions from the
more magnesian SBG protolith, in the presence of
little or no residual garnet (Fig. 8a). Melts derived
from SBG show uniform drops in K;Of/Nay,O ratio
and total FeO+MgO+TiO, contents with
increasing pressure from 7 to 15 kbar (Fig. 8), as
garnet (+ Cpx at P=15 kbar) progressively joins the
residual assemblage. Among SMAG melts, the K,0O/
NayO ratio and FeO+MgO +TiO4 content drop
sharply from 5 to 10 kbar, as garnet replaces ortho-
pyroxene (compare Figs 1 and 8). Among SFAG
melts, where orthopyroxene iz never stable and
garnet is the only residual silicate mafic phase, both
the KoO/NasO ratio and the FeO+ MgO + TiOq
content remain nearly constant from 7 to 15 kbar
(Fig. 8).

Removal of Ca from melts at P > 5 kbar (Table
3) is caused by garnet crystallization, which con-
sumes the anorthite component of plagioclase to
form grossular. As anorthite is consumed by this
garnet-forming reaction the activity of albite
increases, causing the melts to become more sodic
(Fig. 8a). Garnet crystallization, however, also con-
sumes Al;Oj3 in excess of that combined with gros-
sular, to form almandine, pyrope and spessartine
components. As a consequence, melts formed in
equilibrium with garnet-rich residues in SFAG and
SMAG are less peraluminous than SBG melts, equi-
librated with residual assemblages dominated by
pyroxene + plagioclase. This is shown by a com-
parison of their alumina saturation indices [ASI=
molar Al;O3/(Ca0 + Na,O + K,0), Fig. 9].

In contrast to PC experiments, at the conditions of
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Fig. 9. ASI values [molar Al;O4/(CaO + Na,O + K;0)] as a func-
tion of temperature, for PC experiments (left), and IHPV experi-
ments (right). SBG data as in Fig. 2.

IHPV experiments (P <35 kbar, f{O,) > Ni-NiO)
garnet is not stable in any of the three bulk compo-
sitions. In this case there is greater overlap in the
Ab—An-Or contents of melts derived from SFAG,
SMAG and SBG than among PC experiments,
although SBG melts are always the most potassic
(Fig. 8a). In the absence of residual garnet there also
is greater overlap in the ASI values (Fig. 9) of melts
derived from the three starting materials.

The total content of FeO +MgO + TiO, at con-
stant melt fraction (Fig. 8b) tends to be lower in
SBG melts than in the more Fe-rich SMAG and
SFAG melts in both PC and IHPV experiments (the
same relationship is observed if melt compositions
are plotted in molar concentrations). The differences
among the three bulk compositions are not uniform
nor consistent, because the saturating ferro-
magnesian assemblages vary. However, the fact that
SBG melts tend to be the most felsic among the three
bulk compositions is consistent with MgO having a
lower solubility than FeO in felsic melts.

DISCUSSION AND
GEOLOGICAL APPLICATIONS

Melt compositions and melt fractions

Fluid-absent melting of Fe-rich metagreywackes
yields peraluminous granitic melts that are similar in
many respects to those that were obtained from more
magnesian (and in some cases more aluminous)
biotite-rich source materials by Le Breton &
Thompson (1988), Vielzeuf & Holloway (1988),
Patiio Douce & Johnston (1991), Skjerlie &
Johnston (1993) and Patifio Douce & Beard (1995).

DEHYDRATION MELTING OF METAGREYWACKES

However, our new results demonstrate that garnet-
forming reactions have important effects on the Na/
K ratio, Ca content and alumina saturation of
crustal melts. These effects are particularly
important during melting of non-peraluminous (or
weakly peraluminous) source materials. In alumino-
silicate-bearing metapelitic rocks, an aluminous fer-
romagnesian phase (garnet, cordierite, spinel) is
invariably formed by incongruent dehydration
melting reactions (e.g. Thompson, 1982; Vielzeuf &
Holloway, 1988; Patifio Douce & Johnston, 1991).
In contrast, crystallization of garnet during dehy-
dration melting of less aluminous metagreywackes
and tonalitic gneisses (orthogneisses) requires incon-
gruent breakdown of anorthite to supply the
necessary Al. This reaction liberates albite, causing
increases in the melt fraction and in the Na,O/K,0
ratio of the melts, compared with fluid-absent
melting of biotite + plagioclase + quartz outside of
the stability field of garnet. Crystallization of
residual garnet during fluid-absent melting of sub-
aluminous gneisses also drives the melts towards
compositions that are less calcic and less per-
aluminous than those of melts formed from the same
protoliths at conditions at which garnet is not stable.
Our results also show that, at constant P, T, f{H,0)
and f{Oj), granitic melts tend to become more
leucocratic as the Mg/Fe ratio of the source material
increases.

Stabilization of residual garnet at the expense of
plagioclase also has important effects on the trace
element compositions of the coexisting melts. Melts
formed in equilibrium with garnet-rich and plagio-
clase-free residues will be depleted in heavy rare-
earth elements (HREE) but will not show negative
Eu anomalies. These melts will also be enriched in Sr
compared with melts formed in the presence of
residual plagioclase. Such trace element signatures
are found in many granitoid intrusions associated
with regional metamorphic belts (e.g. Barbey e al.,
1990; Percival, 1991; Li et al., 1991; Skjerlie, 1992;
Barbero & Villaseca, 1992; Norman et al., 1992).
Garnet-rich and plagioclase-free residues can be
generated over a wide range of crustal pressures,
during melting of relatively Fe-rich, but not neces-
sarily Al-rich, metasediments (compare Figs 1 and
5). In those cases in which the trace element com-
positions of relatively unfractionated silicic magmas
suggest a garnet-rich and plagioclase-poor residue
(HREE depletion, no Eu anomaly, high Sr content),
it is possible to combine major and trace element
compositions to better constrain the depth of
melting. The mg-number of the garnet-rich residue
can be estimated on the basis of Fe/Mg partitioning
between garnet and melt (Ellis, 1986; Patifio Douce,
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1996). This information, in turn, provides a lower
(shallower) bound for the pressure of melting, as
discussed in the following section.

Fluid-absent melting of SFAG also provides infor-
mation about the effects of F-rich sources on the
compositions of crustal melts. These results agree
with those of Dooley & Patifio Douce (1996), who
studied fluid-absent melting of the assemblage F-rich
phlogopite + quartz + rutile. Both the Fe and the Mg
end-members generate peraluminous, F-rich and
felsic melts. We therefore argue that melting of
halogen-enriched quartzofeldspathic gneisses is not a
likely mechanism for the generation of metaluminous
to peralkaline ‘A-type’ granites (e.g. Collins et al.,
1982; Whalen ¢ al., 1987). Rather, the peraluminous
and F-rich melts (1-5-3 wt% F) formed by vapor-
absent melting of SFAG [as well as the magnesian
granitic melts obtained by Dooley & Patifio Douce
(1996)] are similar to topaz rhyolites from the
western USA (Christiansen ef a/., 1983) and from
Mongolia (ongonites; Kovalenko et al., 1971). We
suggest that these unusual volcanic rocks, and
perhaps the strongly peraluminous macusanites (e.g.
Pichavant & Montel, 1988) as well, are the most
plausible candidates for natural melts of halogen-
enriched crustal sources.
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Garnet stability as a function of P, f(O,)
and bulk composition

Our experiments constrain the effects of pressure,
M1O;) and Fe/Mg ratio on garnet stability, for pro-
toliths containing plagioclase of constant composi-
tion [Angg; see also Patifio Douce (1992)]. Given the
important implications of residual garnet, it is
desirable to construct a generalized description of
how the interplay among these variables determines
garnet stability. Such description is presented in Fig.
10, which shows isothermal phase relations projected
onto the f{O,)—pressure plane, at T=900°C. The
diagrams show the position of the garnet oxidation
reaction

2Fe3 Al3 Si3 019 + Cas Al Si3019 + 0,
= 2Fe304 + 3Cadly 81304 + 38510,

for the three bulk compositions, SFAG, SMAG and
SBG (see also Patifio Douce & Beard, 1995). This
reaction produces magnetite, plagioclase and quartz,
which is a common phase assemblage in IHPV
experiments. The garnet oxidation reactions in Fig.
10 were calculated using garnet and plagioclase
compositions observed in the experimental products

-| Hem
6 M-‘g-
| T=900"C
| SMAG(mg-no.23)
-8 & o>
SFAG (mg-no.0.4)
—
a
&.-10
o2
[=14] £
"'o"' NiQ :
- 1: Ni
Mg - : =
o L P8,
-14 =
Wisg
Was
-16

0 2 4 6 8 10 12 14 16
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Fig. 10. Isothermal garnet stability fields (shaded) as a function of pressure, oxygen fugacity and mg-number of the starting material.
SBG data as in Fig. 2. (See text for details on calculated phase boundaries.)
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at each pressure studied and at temperatures of, or
close to, 900°C. The solution models of Berman
(1990) and Fuhrman & Lindsley (1988) were used
for garnet and plagioclase, respectively, magnetite
was assumed to be end-member Fe3sO4, and all
standard state thermodynamic properties were taken
from Berman (1988). The calculated reactions are
independent of f{Og) values estimated in the experi-
mental products, because oxygen fugacity was the
dependent variable in the calculations. The calcu-
lated reactions, however, correctly predict the phase
relations observed in the experimental products. For
example, at 5 kbar the diagrams indicate that garnet
should be stable in PC experiments [f{O5) < QFM)]
with both SFAG and SMAG, and that it should not
be stable in IHPV experiments [f{O;) 2 Ni-NiO] at
the same pressure (compare Table 2).

In addition to the garnet oxidation reaction, for
the more magnesian composition SBG the diagram
in Fig. 10 shows: (1) the approximate position of the
oxygen-independent breakdown of garnet + quartz to
orthopyroxene + plagioclase [as inferred from the
phase relations determined by Patifio Douce &
Beard (1995)], and (2) the approximate position of
the orthopyroxene—magnetite—quartz  oxidation
reaction, constrained by phase assemblages in IHPV
experiments (see Patifio Douce & Beard, 1995) and
by the intersection between the two garnet
breakdown reactions.

The shaded regions in Fig. 10 indicate the ranges
of P—f{Oy) conditions within which garnet is stable.
Incongruent breakdown of plagioclase within these
regions leads to increased melting and to changes in
melt composition, such as higher NajO and Sr con-
tents. Crustal anatexis is likely to take place in the
mid to lower continental crust, and it is certainly not
possible to make a general statement about the oxi-
dation conditions prevalent in that segment of the
lithosphere. A review of the literature suggests that a
large proportion of high-grade metamorphic ter-
ranes, both graphite bearing and graphite free,
equilibrated under fairly reduced conditions, com-
monly between the QFM and magnetite-wistite
buffers (e.g. Tracy, 1978; Grew, 1981; Lamb &
Valley, 1984; Powers & Bohlen, 1985; Srikantappa et
al., 1985; Battacharya & Sen, 1986; Valley ¢t al.,
1990). Under such conditions, oxygen fugacity is not
the variable that limits garnet stability, even in Fe-
rich bulk compositions (Fig. 10). Crystallization of
garnet at the expense of plagioclase is controlled in
this case by the pressure-sensitive and f{O3)-inde-
pendent reaction orthopyroxene + plagioclase —
garnct + quartz (see Fig. 10). The depth at which
this reaction takes place is controlled by the Fe/Mg
ratio and plagioclase composition of the source

DEHYDRATION MELTING OF METAGREYWACKES

material. In a protolith with mg-number =23
(SMAG) garnet crystallization would take place
even during fairly shallow melting (P <5 kbar).
Thus, melting of Fe-rich metasediments in reducing
environments (e.g. melting of sulfide-rich schists) can
generate large melt fractions over a wide range of
crustal pressures. In contrast, in a protolith with mg-
number =57 (SBG) garnet would only crystallize if
melting took place deep within thick continental
crust (P> 10 kbar). The garnet-quartz—orthopyr-
oxenc—plagioclase reaction shifts to higher pressure
with decreasing anorthite content in plagioclase, but
the magnitude of this displacement is not constant
with respect to pressure or Fe/Mg ratio, as shown by
the phase diagrams of Patifio Douce (1992, figs 4-7).
The effect of plagioclase composition is negligible in
Fe-rich bulk compositions and at low pressure (=5
kbar), so that termination of garnet stability in favor
of orthopyroxene during shallow crustal melting
would be unlikely in protoliths analogous to SFAG
or SMAG but with more sodic plagioclase. In con-
trast, in a protolith such as SBG the presence of more
sodic plagioclase could shift the garnet-in boundary
to pressures in excess of 15 kbar.

Some high-grade terranes, however, record f{O5)
conditions that are more oxidized than QFM, in the
neighborhood of the Ni-NiO buffer (e.g. Riciputi ¢
al., 1990; Sengupta et al., 1991). In this case low-P
fluid-absent melting of Fe-rich protoliths could be
notably curtailed by the stabilization of the assem-
blage plagioclase + magnetite (Fig. 10), but there
would be no change in the melting behavior of Mg-
rich protoliths, compared with more reducing con-
ditions. In fact, for a protolith such as SBG, oxi-
dation of garnet would not limit melt production
unless the prevailing oxygen fugacity was 6—7 orders
of magnitude higher than the QFM buffer. Such
highly oxidized conditions are probably rare in the
deep crust.

Implications for crustal magmatism

Because both NagO and HyO are essential compo-
nents of low-temperature felsic melts (e.g. Tuttle &
Bowen, 1958; Thompson & Algor, 1977; Patifio
Douce & Johnston, 1991), crystallization of garnet
during dehydration melting of subaluminous meta-
morphic rocks plays a crucial role in preserving (or
even increasing) melt productivity with increasing
pressure (e.g. Figs 5 and 10). This may help to
explain why orogenic thickening of the continental
crust leads to conditions that are particularly
favorable for the generation of felsic magmas. On the
one hand, tectonic crustal thickening favors
attainment of melting temperatures, as a con-
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sequence of thermal blanketing (e.g. England &
Thompson, 1986; Patifio Douce ¢ al., 1990), or
density entrapment of basaltic melts (e.g. Bergantz
& Dawes, 1994), or thermal erosion of the sub-
crustal lithosphere (e.g. Houseman ¢ al., 1981;
Loosveld & Etheridge, 1990; Sacks & Secor, 1990),
or a combination of all of these processes. On the
other hand, quartzofeldspathic metamorphic rocks
will remain fertile sources for felsic magmas at high
pressures (~ 10-15 kbar), owing to incongruent
breakdown of plagioclase within the stability field of
garnet. This is true whether or not infiltration of
externally derived aqueous fluids takes place. The
large granitoid batholiths that are often formed at
the cores of orogenic belts, and that often show
strongly fractionated (HREE-depleted) REE pat-
terns, may thus be the products of the convergence,
in thickened continental crust, of favorable thermal
and phase equilibrium conditions for crustal ana-
texis.
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