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experimental studies on rocks of similar bulk composition. WeRocks of semi-pelitic composition are common in high-grade terranes.
attribute the difference to the higher Ti and F content of biotite inThe first appearance of orthopyroxene in these rocks marks the
our starting materials, which stabilizes it to higher temperatures.transition from amphibolite- to granulite-facies conditions, and is
The temperatures of fluid-absent orthopyroxene formation indicatedcommonly attributed to the process of fluid-absent partial melting.
by our experiments are also much higher than the 700–800°CWe have conducted fluid-absent melting experiments on two natural
temperatures reported for many orthopyroxene-bearing assemblagessemi-pelitic rocks (quartz, plagioclase, alkali feldspar, biotite and
in amphibolite–granulite transitional terranes. One explanation forgarnet) with the specific objective of determining the pressure–
this discrepancy is that the geothermometers used to calculatetemperature conditions necessary to produce orthopyroxene. In contrast
temperatures for these transitional terranes grossly underestimatedto previous experimental studies, our starting materials were obtained
peak metamorphic temperatures. Alternatively, granulite formationfrom a transitional amphibolite–granulite terrane. Importantly, the
in some of those terranes may not have been fluid absent, buthigh TiO2 (>5 wt %) and F (>1 wt %) contents of biotite in
involved the influx of low water activity fluids.our experiments are more representative of biotite found in rocks on

the verge of granulite-facies conditions than those used in earlier
studies. Experiments were conducted in a piston-cylinder apparatus
at 800–1050°C and 7–15 kbar. We reversed the first appearance KEY WORDS: biotite; fluid-absent melting; granulite; metasediments; ortho-
of orthopyroxene in two-stage experiments at 7 and 10 kbar. Fluid- pyroxene
absent melting of biotite began at >875°C with the production
of a garnet–alkali-feldspar-bearing assemblage, and progressed with
rising temperature to the generation of a garnet–orthopyroxene–alkali-
feldspar-bearing assemblage. The initiation of the orthopyroxene- INTRODUCTION
forming reaction, biotite+ plagioclase+ quartz= orthopyroxene Fluid-absent partial melting is widely held to be the
+ garnet+ K-feldspar+ melt, was bracketed between 925 and dominant process responsible for stabilizing granulite-
950°C at 7 kbar, and at 1025 and 1050°C at 10 kbar. At facies mineral assemblages in the deep continental crust
pressures >10 kbar, orthopyroxene appeared at temperatures below (Fyfe, 1973; Clemens, 1992; Clemens et al., 1997). This
1035°C, suggesting a steepening and possibly a back-bend in the process has been investigated in a number of experimental
slope of the reaction. Our results indicate that temperatures of at studies (e.g. Le Breton & Thompson, 1988; Vielzeuf &
least 875–1025°C are required to stabilize orthopyroxene under Holloway, 1988; Patiño Douce & Johnston, 1991; Skjerlie
fluid-absent conditions at mid- to lower-crustal depths (5–15 kbar). & Johnston, 1993; Skjerlie et al., 1993; Vielzeuf & Montel,

1994; Patiño Douce & Beard, 1995, 1996; Stevens et al.,This estimate is 40–120°C higher than reported in previous
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1997; Patiño Douce & Harris, 1998; Pickering & Johns- temperature equilibration with Ti-saturating phases such
as ilmenite or rutile (Patiño Douce, 1993), or enrichedton, 1998), the majority of which were aimed at de-

termining the fertility (melt productivity) of common in F through the progress of sub-granulite melting re-
actions (e.g. muscovite+ quartz breakdown). We suggestcrustal rock types or the composition of the melts gen-

erated from such rocks. Although these studies provided that an experimental study using rocks from transitional
terranes as starting material would more closely simulatethe general topology of the fluid-absent solidus for typical

crustal rocks, very few specifically investigated the pres- the fluid-absent melting process occurring in nature and
thereby provide a better understanding of phase relationssure–temperature conditions required for the formation
under high-grade conditions. In this paper, we presentof metamorphically significant anhydrous phases during
results of fluid-absent melting experiments on two high-the melting process. In particular, the appearance of
grade semi-pelitic rocks, focusing on the P–T conditionsorthopyroxene (opx) at the expense of hydrous minerals,
required for the first appearance of opx in these rocks.biotite and/or hornblende marks the transition from
We also consider the implications of our experimentalamphibolite- to granulite-facies conditions. Quan-
results for existing models of granulite genesis.tification of the P–T conditions at which opx first appears

would enhance our understanding of the granulite-form-
ing process and also provide a phase equilibrium con-
straint that is directly applicable in the field. The main

METHODSobjective of this study is to determine the P–T conditions
Starting materialsrequired for opx formation in semi-pelitic rocks by the

process of fluid-absent melting. In accord with the above arguments, the starting materials
The rationale for the present study stems from ob- for the present experiments were rocks known from field

servations made regarding the composition of hydrous relations to have been metamorphosed to near granulite-
minerals in rocks undergoing amphibolite- to granulite- facies conditions. The starting materials were obtained
facies transition. Being dependent on the release of water from two localities, Ponmudi (PON) and Kalanjur (KAL),
stored in hydrous phases, the fluid-absent melting process from the high-grade metasedimentary terrane of south
is essentially a measure of the stability of hydrous phase(s) India known as the Kerala Khondalite Belt (KKB). The
under fluid-absent conditions. Therefore, any com- KKB is dominated by garnet–biotite± opx± graphite
positional variable that affects the stability of these phases gneisses (semi-pelites), and garnet–biotite–sillimanite–K-
may affect the P–T position of fluid-absent melting re- feldspar ± cordierite gneisses (pelites), intercalated with
actions. Two elements known to stabilize biotite to higher minor amounts of mafic granulites, calc-silicates and
temperature are Ti and F (Forbes & Flower, 1974; quartzites (Chacko et al., 1987, 1992). These mineral
Trønnes et al., 1985; Peterson et al., 1991; Patiño Douce, assemblages indicate uppermost amphibolite- to gran-
1993; Dooley & Patiño Douce, 1996). Figure 1a compares ulite-facies metamorphic conditions throughout the
the Ti content and Mg-number [molar Mg/(Mg+ Fe)] KKB. PON and KAL are two of the many localities in
of biotites from several transitional amphibolite–granulite the KKB that record the nature of the granulite-forming
terranes with those used in previous experimental melting process. At these localities, granulite is developed as
studies on pelitic and semi-pelitic bulk compositions. The patches and veins that partially overprint the fabric of
figure illustrates the Ti-rich nature of transitional terrane the host garnet–biotite gneiss (Fig. 2) (Ravindra Kumar
biotites compared with those used in previous melting et al., 1985; Srikantappa et al., 1985; Ravindra Kumar &
experiments. Transitional terrane biotites are also gen- Chacko, 1986). The gneissic and granulitic portions of
erally higher in F than those used in previous ex- the outcrop are virtually identical in their major-element
perimental studies (Fig. 1b). Given these observations, it compositions but differ mineralogically in that the gran-
is possible that biotites from transitional terranes are ulite contains opx and significantly less biotite than the
stable to higher temperatures than indicated by earlier gneiss (Ravindra Kumar & Chacko, 1986). These min-
experiments. eralogical, geochemical and field relationships strongly

The disparity between experimental and natural biotite suggest that garnet–biotite gneiss was the lithological
compositions described above reflects the fact that the precursor to the granulite. Moreover, the intimate spatial
starting materials used in earlier experimental studies association of the two rock types requires that they were
were taken from (or have mineral compositions typical metamorphosed at very similar P–T conditions, and
of ) mid- to upper-amphibolite-facies terranes rather than specifically P–T conditions that verged on those necessary
transitional amphibolite–granulite terranes. Thus, the to produce granulite-facies mineral assemblages. The
compositions of these starting biotites do not represent opx-free gneiss at these localities would, therefore, serve
equilibrium biotite compositions at transitional am- as ideal starting material for investigating P–T conditions
phibolite–granulite P–T conditions. Specifically, the bio- of opx formation by fluid-absent melting of high-grade

rocks.tites have not become enriched in Ti through high-
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Fig. 1. Comparison of biotite compositions from amphibolite–granulite transitional terranes with those used in previous experimental studies.
(a) Ti (per formula unit) vs Mg/(Mg + FeT). (b) F vs Mg/(Mg + FeT). Transitional terrane data sources: South India, Janardhan et al. (1982)
and Hansen et al. (1987); Sri Lanka, Hansen et al. (1987) and Burton & O’Nions (1990); Antarctica, Santosh & Yoshida (1992); Uusimaa, Finland,
Schreurs (1985); Seiland Province, Norway, Elvevold et al. (1994); Ivrea Zone, Italy, Franz & Harlov (1998); Wayah, USA, Eckert et al. (1989);
Reading Prong, USA, Young (1995); Wyoming, USA, Grant & Frost (1990); Quetico subprovince, Canada, Pan et al. (1994); Slave Province,
Canada, T. Chacko (unpublished data, 1997). Experimental biotites: Le Breton & Thompson (1988), Patiño Douce & Johnston (1991), Vielzeuf
& Montel (1994), Patiño Douce & Beard (1995, 1996) and Stevens et al. (1997).

content than those of previous experimental studies. TheThe bulk-rock and mineralogical compositions of the
modal compositions of both starting materials are suchstarting materials are given in Table 1. Both starting
that biotite is the phase that limits melt production undermaterials contain the mineral assemblage biotite–
fluid-absent conditions.quartz–plagioclase–K-feldspar–garnet–ilmenite and have

whole-rock compositions broadly corresponding to those
of metagraywackes. The two rocks differ in that biotite
in KAL is more magnesian and slightly more Ti- and

Experimental proceduresF-rich than biotite in PON. Additionally, graphite has
been reported in the Ponmudi quarry (Ravindra Kumar All experiments were performed under fluid-absent con-
et al., 1985), and may be present in trace quantities in ditions in an end-loaded piston-cylinder apparatus using
the PON starting material, whereas it is absent from the a piston of 1·91 cm (3/4 inch) diameter. The sample
Kalanjur quarry (Ravindra Kumar & Chacko, 1986) and assembly, of 4·4 cm length, consisted of an outer NaCl
the KAL starting material. As shown in Fig. 1, the biotite sleeve and an inner Pyrex glass sleeve containing a

tapered graphite furnace (Kushiro, 1976) and crushableof the present starting materials has higher Ti and F
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Fig. 2. Close view of incipient granulite patch (dark) transecting garnet–biotite gneiss (light colored) at Ponmudi. The obliteration of the gneissic
foliation against the granulite patch should be noted. The foliation, however, is faintly preserved in some areas within the granulite. Starting
material for the present experiments was taken from the light-colored gneissic portion of the outcrop.

ceramic inner parts. The experimental capsules were In addition to the single-step experiments, phase re-
versal experiments involving a two-step procedure wereplaced in a ceramic inner sleeve near the center of the

graphite furnace. Any free space between the ceramic carried out. In the first step, the starting materials were
equilibrated at the P–T conditions where the appearancesleeve and the capsules was filled with Pyrex powder.

The NaCl outer sleeve was fired at 300–350°C for >1 h of the phase of interest (opx) was documented in a
previous single-step experiment. During the second step,before use in the experiments. The sample assembly was

jacketed with Pb foil to minimize friction between the the temperature of the experiment was lowered while
keeping the pressure constant. The criteria for successfulassembly and the pressure vessel.

Nominal hydraulic pressures were measured with a reversal include the disappearance of opx and the growth
of euhedral biotite crystals. The reversal biotites hadHeise bourdon tube gauge and converted to sample

pressure using a theoretically calculated pressure am- compositions similar to those found in lower-temperature
single-step experiments.plification factor. Correspondence between calculated

and true sample pressures was evaluated using the equi- The starting materials were ground in an agate mortar
with distilled water to an average grain size of <10 �m.librium Grossular + Quartz = Wollastonite + Anor-

thite, relative to the P–T position of this equilibrium The powdered material was then treated with dilute HCl
to leach away any retrograde chlorite that may havereported by Windom & Boettcher (1976) and Mattioli &

Bishop (1984). These calibration experiments indicated been present in the sample. The samples were rinsed
thoroughly with distilled water after the acid treatmentthat no pressure correction is required with this sample

assembly. The reported pressures are believed to be and stored in an oven at 120°C for several days before
loading the capsules.accurate to within 500 bar. Temperatures were measured

with W5Re–W26Re thermocouples, and controlled to Approximately 10–15 mg of starting material was
loaded into gold capsules of 2 mm o.d. Two capsuleswithin±5°C of the set point. The reported temperatures

are considered to be accurate within 10°C. were run in each experiment, one containing the PON
and the other the KAL starting material. ConsiderableFor each experiment, the samples were cold pressurized

to 2–3 kbar above the desired pressure, and the tem- care was taken to minimize H2O adsorption on the rock
powders during the loading process. This includes storingperature then manually raised to the desired experimental

temperature over a 10–15 min period. The final ex- the loaded and partially crimped capsules in a 120°C
oven for at least 15 h before final crimping inside theperimental conditions were always attained by release of

pressure (hot, piston-out technique). Experiments were oven and immediate arc welding. The capsules were
weighed before and after each experiment and thosequenched by cutting off power to the furnace, which

cooled samples to below 600°C in about 5 s. with any tear and/or weight loss >0·1 mg were discarded.
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Experiments were conducted at temperatures from and Ghiorso (1990) for opx and ilmenite, respectively,
whereas a second set of calculations used the QUIlF800°C to 1000°C at 7 kbar, 875°C to 1050°C at 10

kbar, and 950°C to 1050°C at 15 kbar. Run duration program (Anderson et al., 1993). Calculated oxygen fu-
gacities generally range from one-half to two log unitsvaried from 3 weeks at 800°C to 2 days at 1050°C.

The duration of experiments was kept short at high below that of the quartz–fayalite–magnetite (QFM) buffer
(Table 2), which is typical for experiments using piston-temperatures (>900°C) to minimize any possible de-

siccation of the samples through diffusion of volatiles cylinder assemblies similar to that employed in the present
study (Patiño Douce & Beard, 1995, 1996). The similaritythrough the capsule walls (Patiño Douce & Beard, 1994).
in oxygen fugacities facilitates comparison between our
results and those of earlier studies.

Analytical procedures
The run products were mounted in epoxy and analyzed
using energy-dispersive (EDS) and wavelength-dispersive RESULTS
(WDS) modes with a JEOL 8900 electron microprobe Description of the run products
at the University of Alberta. The proportions of the phases

7 kbarwere estimated from backscattered electron images. WDS
Trace amounts of melt were observed in the run productsanalyses were performed at an accelerating voltage of 15
of PON and KAL at 800°C, the lowest temperaturekV, a beam current of 15 nA, and a beam diameter
investigated at this pressure (Table 2). The amount ofbetween 1 and 3 �m. Natural minerals were used as
biotite in the run products decreased from >10% atstandards for all the phases. X-ray counts were converted
800°C to <1% at 1000°C. This corresponds to anto concentrations by means of a ZAF correction routine.
increase in the proportion of garnet, alkali feldspar andThe melt pockets in the run products were often too
melt, and a decrease in the proportion of plagioclase andsmall (<2 �m wide) to obtain reliable analyses. However,
quartz for the same temperature range. Although meltinga few representative analyses of the glass were made
began at <800°C, opx did not appear as a stable phaseusing a beam diameter of 1 �m. At these conditions,
until >925°C, where its appearance was reversed in bothmigration of alkalis during glass analyses is known to be
KAL and PON. The ferromagnesian silicate phases stablea significant problem. To minimize this problem, Na
until the appearance of opx in both starting materialsand K were analyzed first and the counting time for Na
are biotite, garnet and melt. Ilmenite was the only oxidewas limited to 10 s. Although the small size of the melt
phase present.pockets precluded monitoring of count-rate decay of Na

and K with time, some alkali migration undoubtedly
10 kbartook place during the analyses. Therefore, all melt com-

positions reported here should be taken as ap- Melting occurred in all the runs conducted at 10 kbar
proximations. We note, however, that analytical totals in both KAL and PON. The abundance of biotite at
and alkali contents for the melts in our experiments are any temperature is higher than that in the corresponding
similar to those reported for melts in other experimental 7 kbar experiment. Plagioclase is less abundant and
studies on comparable bulk compositions. Problems were garnet more abundant than in the lower-pressure ex-
also encountered in analyzing opx because of the small periments. The presence of opx was reversed between
(1–3 �m) width of most opx crystals. Thus, even focused 1025 and 1050°C. In the single-step experiments, opx
beam analyses incorporated small amounts of sur- was observed only at 1050°C, where it occurs as needles
rounding ilmenite, and/or melt, as is evident in the and prisms pseudomorphing biotite. Disappearance of
elevated TiO2 and K2O content of the analyses. The opx in the reversal experiment corresponds to the growth
analyses were corrected assuming all K in opx represents of euhedral grains of biotite, as was observed in the
glass contamination. reversal experiment at 7 kbar. In addition to ilmenite,

rutile is present in some 10 kbar experiments.

12·5 kbarRedox conditions
A single experiment at 1035°C contained garnet as theNo external oxygen buffers were used in the experiments.

However, oxygen fugacity was calculated for all ex- dominant mafic product phase with subordinate amounts
of opx in both samples. Opx occurs as small prismaticperimental products that contained opx, ilmenite and

quartz with the equilibrium 2Fe2O3 + 4SiO2 = crystals in PON in contact with neoblastic euhedral
garnets. In KAL opx also forms large crystals pseudo-2Fe2Si2O6+O2. One set of calculations used the standard

state properties of Berman (1988) for end-member phases, morphing biotite. Biotite is absent in both samples. The
proportion of the melt is greater than that in the 1000°Cand the solution properties of Sack & Ghiorso (1989)
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Table 2: Experimental conditions and mineral assemblage

Run no. P T Duration f (O2) Mineral assemblage

(kbar) (°C) (h) �log QFM∗

Ponmudi

RJ-05 7 800 504 Bio, Grt, Plg, Kfs, Qtz, Ilm, Py, M

RJ-03 7 850 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-33 7 875 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-11 7 900 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-09 7 950 168 −1·61 Bio, Grt, Opx, Plg, Kfs, Qtz, Ilm, M

RJ-25 7 1000 48 −0·41 (Bio), Grt, Opx, Plg, Kfs, Qtz, Ilm, M

RJ-27 7 1000 48

→ 7 925 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-17 10 875 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, Py, M

RJ-15 10 900 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, Py, Ru, M

RJ-13 10 950 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, Ru, M

RJ-23 10 1000 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-31 10 1050 48 −1·58 Grt, Plg, Opx, Kfs, Qtz, Ilm, Ru, M

RJ-35 10 1050 48

→ 10 1025 48 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-39 12·5 1035 72 Grt, Kfs, Plg, Qtz, Opx, Ilm, M

RJ-19 15 950 240 Bio, Grt, Plg, Kfs, Qtz, Ilm, Ru, Py, M

RJ-21 15 1000 96 Bio, Grt, Plg, Opx, Kfs, Qtz, Ru, M

RJ-29 15 1050 48 Grt, Plg, Kfs, Qtz, Ru, M

RJ-37 15 1050 48

→ 15 975 72 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

Kalanjur

RJ-06 7 800 504 Bio, Grt, Plg, Kfs, Qtz, Ilm, Py, M

RJ-04 7 850 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, Py, M

RJ-34 7 875 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-12 7 900 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-10 7 950 168 −2·22 Bio, Grt, Opx, Plg, Kfs, Qtz, Ilm, M

RJ-26 7 1000 48 −0·28 (Bio), Grt, Opx, Plg, Kfs, Qtz, Ilm, M

RJ-28 7 1000 48

→ 7 925 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-18 10 875 336 Bio, Grt, Plg, Kfs, Qtz, Ru, M

RJ-16 10 900 336 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-14 10 950 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-24 10 1000 168 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-32 10 1050 48 −2·41 (Bio), Grt, Opx, Plg, Kfs, Qtz, Ilm, M

RJ-36 10 1050 48

→ 10 1025 48 Bio, Grt, Plg, Kfs, Qtz, Ilm, M

RJ-40 12·5 1035 72 Grt, Kfs, Plg, Qtz, Opx, Ilm, M

RJ-20 15 950 240 Bio, Grt, Plg, Kfs, Qtz, Ru, M

RJ-22 15 1000 96 Bio, Grt, Plg, Kfs, Qtz, Ru, M

RJ-30 15 1050 48 Grt, Plg, Kfs, Qtz, Ilm, M

RJ-38 15 1050 48

→ 15 975 72 Bio, Grt, Plg, Kfs, Qtz, Ru, M

∗Oxygen fugacity calculated using QUIlF program (Anderson et al., 1993).
→ indicates second step of the experiment. Bio, biotite; Grt, garnet; Plg, plagioclase; Kfs, alkali feldspar; Opx, orthopyroxene;
Ilm, ilmenite; Ru, rutile; Py, pyrrhotite; M, quenched melt. Parentheses indicate that only trace amount of the phase was
present.
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run at 7 kbar in both samples. Plagioclase abundance is biotite composition can be described by the following
equilibria:considerably less than that in the 7 kbar experiments.

Ilmenite was the only oxide phase present.
4KFe3A1Si3O10(OH)2 + 3[A12Fe−1Si−1]biotite +

12SiO2 = 4KA1Si3O8 + 3Fe3A12Si3O12 + 4[H2O]melt
15 kbar

2KFe3A1Si3O10(OH)2 + 6SiO2 = 2KA1Si3O8 +At 950°C, the more friable nature of the run product
3Fe2Si2O6 + 2[H2O]meltcompared with the corresponding 7 kbar experiment

suggests that the proportion of melt is considerably less [FeMg−1]biotite = [FeMg−1]garnet = [FeMg−1]opx.
at 15 kbar. The melt proportion, however, increases

Progress of the first two reactions, and partitioning of Fesubstantially from 950°C to 1050°C. Garnet is more
into garnet and opx relative to biotite results in a residualabundant than in any of the low-pressure experiments.
biotite with higher Mg and lower Al than the startingGarnet grains exhibit zoning in all of the high-pressure
biotite. This is evident from Fig. 4b, which shows thatruns, but the zoning is limited to the outer >1–1·5 �m
there is a general trend towards decreasing Al contentof the grains. In the 1050°C experiments the garnet
with increasing Mg-number. The same fluid-absent melt-crystals pseudomorph biotite. The proportion of plagio-
ing reactions also cause an increase in the Ti and F contentclase is considerably lower than in the low-pressure
of the biotite because of the preferential consumption ofexperiments. Opx is present in the 1000°C experiment
hydroxy-annite and siderophyllite components of biotitewith PON, but is absent from all the other experiments
in the reaction. The variations in the Ti and F contentwith PON, and from all experiments on KAL at 15 kbar.
of biotites in our experiments can be described by theBiotite was absent from both KAL and PON samples at
equilibria (Patiño Douce, 1993)1050°C. In a two-step experiment involving equilibration

at 1050°C for 2 days and subsequent equilibration at [A12Fe−3]biotite+ 2FeTiO3+ 3SiO2= 2[TiFe−2]biotite+975°C for 3 days, opx was not observed as a phase in Fe3A12Si3O12both KAL and PON. However, the run product showed
growth of biotite as euhedral grains. 2FeTiO3 + 6SiO2 = 2[TiFe−2]biotite + 3Fe2Si2O6

[FOH−1]biotite = [FOH−1]melt.

Phase compositions Garnet
The full dataset of phase compositions may be down- Garnet is both a relict and a neoblastic phase in all the
loaded from the Journal of Petrology web site at http:// experiments. Newly grown garnet mostly nucleated as
www.petrology.oupjournals.org. discrete grains, although growth also occurred on the

rims of pre-existing garnet grains. Garnet neoblasts can
be distinguished from relict grains by their euhedralBiotite
shape and the presence, in some cases, of melt inclusions.Biotite is a restite phase in experiments at 1000°C and
The neoblasts commonly formed in the vicinity of relictbelow but is absent from all higher-temperature
biotite crystals with textures suggestive of formation(>1000°C) experiments except for the run RJ-31 (1050°C,
through biotite breakdown. The abundance of garnet10 kbar), which contains a few residual grains of the
increases with pressure, with the largest increase betweenmineral. Biotite typically occurs as elongate (5–50 �m),
10 and 15 kbar.ribbon-like grains with resorbed margins (Fig. 3a). In

Garnet grains range in size from <1 to >15 �m. Themost run products, a thin film of quenched melt surrounds
composition of larger grains varies only slightly withbiotite grains. Small (<2 �m) grains of ilmenite and/or
changing pressure and temperature, suggesting that theserutile commonly nucleate on or near biotite.
grains did not equilibrate compositionally during theBiotite analyses with >39 wt % silica were discarded
experiments. Smaller euhedral grains, however, do show(because of possible silica contamination) and the rest
compositional variation with changing pressure and tem-were averaged for each run product. Biotite compositions
perature. The variation of garnet composition with tem-vary with pressure and temperature in experiments with
perature is shown in Fig. 6.both PON and KAL. The most notable variations are

overall increases in Mg-number, Ti and F with rising
Plagioclasetemperature (Figs 4 and 5). We attribute the increase in

the Mg-number at temperatures above 875°C (Fig. 4a) Plagioclase is a common restitic phase in all the run
to preferential breakdown of the annite and siderophyllite products and ranges from <1 �m to >15 �m in diameter.
(Fe–Al) components in biotite to produce garnet, and at It mostly occurs as anhedral grains and decreases in

abundance with rising temperature, suggesting that it ishigher temperature, garnet and opx. These trends in
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Fig. 3. Backscattered electron images of run products. (a) Typical morphology of biotite in single-step experiments in which melting occurred.
The highly resorbed margins indicative of biotite breakdown should be noted. Also observable are euhedral garnets that have grown during the
experiment. (b) Matted orthopyroxene crystals pseudomorphing biotite in the 7 kbar, 1000°C experiment on Ponmudi. (c) Prismatic crystals of
orthopyroxene that grew in the 7 kbar, 1000°C experiment on Kalanjur. The tiny needles of ilmenite should also be noted. (d) Euhedral biotite
crystals that grew in the reversal experiment at 7 kbar on Ponmudi. The euhedral biotite growth and the absence of orthopyroxene in these
runs were used as criteria for a successful reversal of opx-in reaction. Scale bar in each image represents 5 �m.

a reactant phase in the melting reactions. Plagioclase are also present, but no compositional differences were
compositions are uniform on an intra-grain as well as on detected between neoblastic and relict grains.
intra-sample scale. Montel & Vielzeuf (1997) reported In contrast to the present experiments, alkali feldspar
excess silica and/or Al in their plagioclase grains, but no was not observed as a product of biotite fluid-absent
indication of this non-stoichiometry was noted in the melting in many previous studies (Vielzeuf & Holloway,
analyses of the present study. At constant pressure, the 1988; Patiño Douce & Johnston, 1991; Vielzeuf &
anorthite content increases with rising temperature (Fig. Montel, 1994; Patiño Douce & Beard, 1996). Patiño
7a). This reflects the preferential incorporation of the Douce & Beard (1995, 1996) attributed the absence of
albite component of plagioclase into the melt leaving alkali feldspar in their run products to nucleation diffi-
behind a more anorthitic plagioclase. There is also a culties arising from limited temperature range over which
consistent increase in the orthoclase content of plagioclase melt and alkali feldspar coexist. Carrington & Watt (1995)
with rising temperature (Fig. 7), which is a consequence proposed that the behavior of alkali feldspar during fluid-
of the shrinkage of the ternary feldspar solvus with rising absent melting depends upon the relative H2O:K2O ratio
temperature. The plagioclase compositions generally plot of melt and biotite, and that higher ratio in melt favors
within 50°C of the appropriate isotherm on the ternary production of alkali feldspar during melting. The absence
feldspar solvus (Elkins & Grove, 1990). The small decrease of alkali feldspar in some of the earlier studies could be
in the orthoclase content of plagioclase with increasing attributed to the fact that it was not present in the starting
pressure is consistent with expansion of the ternary feld- material of those experiments. Therefore, any alkali
spar solvus with pressure (Elkins & Grove, 1990). feldspar component produced by biotite breakdown was

incorporated as an orthoclase component in plagioclase
Alkali feldspar or melt (Vielzeuf & Montel, 1994). In contrast, the

presence of 10–15 modal % of alkali feldspar in theAlkali feldspar is a common neoblastic phase in all
starting materials of the present experiments saturatedexperiments that produced melt. It occurs as homo-
melt and plagioclase at experimental conditions, andgeneous crystals, up to 10 �m in diameter, and commonly

in contact with plagioclase grains. Some relict crystals allowed preservation of neoblastic alkali feldspar.
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Fig. 4. Biotite compositions. (a) Molar Mg/(Mg + FeT) vs temperature. (b) Annite–eastonite diagram illustrating the variation of Al content
with Fe/Mg ratio. Bars represent typical 1� standard deviation of data in a single experiment.

The orthoclase content of alkali feldspar decreases companied by rutile. The hematite component of ilmenite
with rising temperature whereas the anorthite and albite is low and varies from>3 to 7 mol % in both KAL and
content increases (Fig. 8). This can be attributed to the PON. Rutile grains were not analyzed quantitatively.
increased solubility of plagioclase component in alkali
feldspar with rising temperature. Melt

Glass (quenched melt) is present in all the run products,Orthopyroxene
and increases in abundance with rising temperature. ItOpx is present in the experiments at temperatures above
occurs mostly as thin films around biotite and garnet and925°C at 7 kbar, and at 1050 and 1035°C in both
also as isolated pockets. Although the melt pockets werestarting materials at 10 and 12·5 kbar, respectively. It is
too small to obtain reliable analyses in most cases, thealso present in the run product of 1000°C PON ex-
available data indicate that the melts are peraluminousperiment at 15 kbar. In these experimental run products,
and remain leucocratic to high temperatures.opx has a characteristic prismatic to acicular habit, and

clots of opx crystals commonly pseudomorph biotite (Fig.
3). The opx grains have high Al2O3 (6·8–7·9 wt % and
5·1–9·8 wt % in PON and KAL, respectively), consistent DISCUSSIONwith their high temperatures of formation. The Al2O3

Approach to equilibriumcontent of opx increases with rising temperature at con-
We suggest a close approach to equilibrium in ourstant pressure. Opx also has a lower Mg-number than
experiments on the basis of three lines of evidence. Thecoexisting biotite.
most rigorous evidence is provided by successful phase

Fe–Ti oxides reversals. The first appearance of opx was reversed at 7
and 10 kbar in both starting materials (see Fig. 3 andIlmenite is the dominant Fe–Ti oxide mineral in most

of the run products. At pressures [10 kbar, it is ac- Table 2). Second, most of the phases in the run products
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Fig. 5. Biotite compositions. (a) F (per formula unit). vs temperature. (b) Ti (per formula unit) vs temperature. Bars represent 1� standard
deviation.

were compositionally homogeneous, suggesting an ap- of garnet, all the phases present in the run products had
a different composition from that of the starting material.proach to equilibrium. Garnet was the only phase that

showed significant heterogeneity in composition within
a single run product. The larger garnet crystals were
compositionally similar to the starting garnet whereas
the smaller euhedral garnets were closer to being in

Melting reactionsequilibrium at experimental P–T conditions. Com-
Fluid-present meltingpositional equilibration in garnet was also found to be a

problem in many previous fluid-absent melting ex- Trace amounts of melt (<5%) were identified in ex-
periments (e.g. Le Breton & Thompson, 1988; Carrington periments at temperatures below 875–900°C. However,
& Harley, 1995). Nevertheless, changes in garnet com- at these lower temperatures no significant compositional
position in the higher temperature and/or pressure ex- variation was observed in biotite or other Fe–Mg-bearing
periments suggest that the phase was at least reactive phases, which suggests limited participation of these
during the experiments. Third, the abundance of phases phases in the melting process. We interpret the quenched
changed in a consistent manner with temperature and melt observed at these low temperatures to be the result
pressure. Most notable among these changes was the of fluid-present melting. Despite the extreme care taken
decrease in the abundance of biotite and plagioclase with to eliminate moisture during sample preparation and
rising temperature, the increase in abundance of garnet loading, the hygroscopic nature of the finely powdered
with rising temperature and pressure, and the appearance starting materials invariably results in the adsorption of
and increase in abundance of opx with rising temperature some H2O. At experimental temperatures, which in this
in the 7 kbar experiments. Phases generally also showed study exceeded the H2O-saturated solidus by 150°C or
consistent variation in composition with temperature and more, the presence of even small amounts of moisture
pressure, with the clearest compositional trends noted in (0·5 wt %) would result in non-negligible amounts of

vapor-saturated melting. The small amount of adsorbedplagioclase, alkali feldspar and biotite. With the exception
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Fig. 6. Garnet compositions. (a) Molar Mg/(Fe + Mg) vs temperature. (b) Xgrossular vs temperature. Bars represent 1� standard deviation.

Fig. 7. Plagioclase compositions. (a) Xanorthite vs temperature. (b) Xalbite vs temperature. (c) Xorthoclase vs temperature. Bars represent 1� standard
deviation.
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Fig. 8. Alkali feldspar compositions. (a) K (per formula unit) vs temperature. (b) Ca (per formula unit) vs temperature. (c) Na (per formula unit)
vs temperature. Bars represent 1� standard deviation.

water would rapidly dissolve in this melt, leading to the increase of opx and garnet with rising temperature, we
interpret the opx-forming reaction to beestablishment of fluid-absent conditions.

Biotite + Plagioclase + Quartz = Orthopyroxene +
Fluid-absent solidus Garnet + K-feldspar + Melt. (2)
Melt production accompanied by significant changes in

Progress of reactions (1) and (2) leaves a residual biotitethe modal abundance and composition of biotite was
higher in Ti, F and Mg and lower in Al (see discussiontaken as the criterion for the onset of fluid-absent melting.
on biotite composition above).Accordingly, 875°C is taken as the fluid-absent solidus for

Reaction (2) has a relatively shallow positive slopePON and KAL at 7 kbar. At 10 kbar, phase compositional
between 7 and 10 kbar but steepens above 10 kbar andvariations are generally more pronounced above 900°C,
may in fact bend back at higher pressure to a negativewhich is therefore inferred to be the position of fluid-
dP/dT slope. The back-bending of reaction (2) wasabsent solidus at this pressure.
documented in PON, in which opx was observed in theThe phase relations are consistent with a fluid-absent
run product at 1035 and 1000°C at 12·5 and 15 kbar,solidus reaction of the type
respectively. In KAL, however, opx was not observed at

Biotite+ Plagioclase+Quartz=Garnet+K-feldspar 15 kbar. Nevertheless, the occurrence of opx in the
+ Melt. (1) 1035°C, 12·5 kbar experiment confirms a steepening of

the reaction curve.This is interpreted from an increase in modal abundance
We attribute the steepening in the slope of the opx-inof garnet and alkali feldspar concomitant with a decrease

curve at high pressures to a significant change in the reactionin biotite and plagioclase proportions in experiments at
stoichiometry, such that the volume change of the reactiontemperatures exceeding the fluid-absent solidus.
changes from positive to negative. This is evident from
changes in the modal abundance of reactant and product

Orthopyroxene-in reaction minerals with increasing pressure without significant
changes in the proportion of melt produced. With increasingThe second reaction, which was the principal focus of

the present study, corresponds to the first appearance of pressure (at constant T ), changes include increase in the
modal abundance of biotite, garnet and alkali feldspar, andopx (Fig. 9). On the basis of the decrease of biotite

and plagioclase concomitant with the appearance and a decrease in the abundance of plagioclase and opx. The
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Fig. 9. P–T location of the orthopyroxene-in curve obtained in the present study.

residual plagioclase in the high-pressure experiments is of similar semi-pelitic bulk compositions (Table 3). In
also markedly more albite rich than in the low-pressure particular, the starting materials of all the experimental
experiments. These observations suggest increased pro- studies contained biotite, plagioclase and quartz, the
duction of garnet through the melting reaction at the necessary reactants for fluid-absent melting reactions
expense of plagioclase and opx. Biotite contributes pro- (1) and (2) to occur. There were, however, also some
portionately less (relative to plagioclase) to the melting differences in our experimental starting materials, such
reaction at high pressure (see Patiño Douce & Beard, 1995). as the presence of K-feldspar and a significantly lower

modal proportion of biotite. As discussed above, the most
important difference was the composition of biotite.

Comparison of melting reactions with
Fluid-absent solidusprevious studies
The fluid-absent solidus reaction (1) inferred in our studyThe results of this study provide interesting comparisons
is consistent with the observation of Vielzeuf & Montelwith the studies of Vielzeuf & Montel (1994), Patiño
(1994) that, at pressures >5 kbar, the beginning of meltingDouce & Beard (1995, 1996) and Stevens et al. (1997),

who also investigated the fluid-absent melting behavior does not coincide with the formation of opx but is
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Table 3: Bulk-rock and mineral composition of starting materials used in previous fluid-absent

melting studies compared with that of the present study

Study: V&M P&B P&B St et al. St et al. This This

(1994) (1995) (1996) (1997) (1997) study∗ study∗

Sample: CEVP SBG SMAG A NB Ponmudi Kalanjur

SiO2 69·99 63·60 62·30 66·37 66·33 68·80 68·00

TiO2 0·70 2·50 2·80 0·00 0·87 0·83 0·94

Al2O3 12·96 12·30 11·90 12·62 14·34 14·60 14·40

FeOT 4·87 7·60 11·70 8·81 6·53 5·99 6·22

MnO 0·06 0·10 0·20 0·01 0·01 0·08 0·11

MgO 2·36 4·60 1·84 4·75 3·45 1·05 1·56

CaO 1·67 2·10 2·10 1·26 0·91 2·13 2·45

Na2O 2·95 1·90 2·00 1·31 0·95 2·55 2·40

K2O 2·41 3·60 3·40 3·58 2·59 4·42 3·63

Whole-rock XMg 47 52 22 49 58 23 31

wt % Ti in biotite 2·8 3·9 4·6 0 2·3 5·0 5·4

wt % F in biotite n 0·3 0·1 n n 1·3 1·4

XMg in biotite 0·44 0·55 0·23 0·49 0·58 0·46 0·56

XAn in plagioclase 22 38 38 35 35 32 37

wt % Al2O3 in biotite 19·5 14·4 13·2 16·2 20·2 13·7 13·6

Modal % biotite 25 37·2 37·2 39 39 10 11

V&M (1994), Vielzeuf & Montel (1994); P&B (1995), Patiño Douce & Beard (1995); P&B (1996), Patiño Douce & Beard (1996);
St et al. (1997), Stevens et al. (1997). XMg, molar Mg/(Fe + Mg); n, not given; XAn, molar Ca/(Ca + Na + K).
∗Chacko (1987).

associated instead with a garnet-producing reaction. In F content of biotite in the starting materials used in the
present experiments. This interpretation is consistent withcontrast to the present results, however, Vielzeuf &

Montel (1994) did not find alkali feldspar in their ex- the observations made in synthetic systems that the
presence of these elements extends the stability of biotiteperimental products and interpreted the increase in the

orthoclase component of the plagioclase to indicate that to higher temperatures under fluid-absent conditions
(Forbes & Flower, 1974; Trønnes et al., 1985; Petersonalkali feldspar was a product phase. The phase relations

reported by Patiño Douce & Beard (1996) at pressures et al., 1991; Dooley & Patiño Douce, 1996). In contrast
to this interpretation, Stevens et al. (1997) argued that Ti>10 kbar are also consistent with solidus reaction (1),

although they too did not report alkali feldspar in their substitution in biotite does not affect the temperature of
the fluid-absent solidus, although it does extend therun products. In the more magnesian bulk compositions

studied by Patiño Douce & Beard (1995) and Stevens et temperature range over which biotite undergoes fluid-
absent melting. They based this conclusion on the sim-al. (1997), the fluid-absent solidus coincided with an opx-

forming reaction. These differences in phase relations ilarity of solidus temperatures obtained with their Ti-
bearing and Ti-free starting materials (Table 3). How-probably reflect the strong control of Fe–Mg ratio on

the stability of opx relative to garnet (see Patiño Douce ever, comparison of the solidus temperatures reported
by Stevens et al. (1997) (>800–835°C) with those of& Beard, 1996).

All of the studies noted above found a steep dP/dT Patiño Douce & Beard (1995) (850–875°C) and the
present study (875–900°C) suggests that increasing theslope for the solidus reaction. This is corroborated by

the present study, where fluid-absent melting was inferred Ti content of biotites with comparable Mg-number sig-
nificantly raises the solidus temperature. The apparentto begin at 875°C at 7 kbar and between 875 and 900°C

at 10 kbar. The major difference in the results of the absence of a stabilizing effect of Ti in the Stevens et al.
(1997) experiments may be due to the fact that theirpresent study is that the temperature of the fluid-absent

solidus is up to 90°C higher than reported in earlier high-Ti biotite (‘NB’) was also >20% higher in Al than
their Ti-free biotite (‘A’). As noted above, compositionalstudies. We attribute this difference to the higher Ti and
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Fig. 10. P–T diagram comparing the orthopyroxene-in curve obtained in this study with those from previous fluid-absent melting studies. ST97,
Stevens et al. (1997); PB96, Patiño Douce & Beard (1996); PB95, Patiño Douce & Beard (1995); VM94, Vielzeuf & Montel (1994).

trends in the biotites of the present experiments suggest earlier studies (Vielzeuf & Montel, 1994; Stevens et al.,
that Al-rich biotite breaks down at lower temperature 1997) did not report a Ti-saturating phase (e.g. ilmenite)
than Al-poor biotite. Thus, in the Stevens et al. ex- in their starting material, and none of the earlier ex-
periments, the stabilizing effect of Ti in biotite may have periments reported an F-saturating phase. In such cases,
been masked by the destabilizing effect of high Al. the only way to increase the Ti or F content of the biotite

under fluid-absent conditions is through progress of melt-
ing reactions (1) and (2). This in turn allows for garnetOrthopyroxene-in reaction
and/or opx formation at lower temperature than isFigure 10 compares the P–T location of the opx-in
possible in experiments with high-Ti and -F startingreaction (biotite + plagioclase + quartz = ortho-
biotites. Second, even in cases where a small amount ofpyroxene ± garnet ± K-feldspar + melt) determined
a Ti-saturating phase is present in the starting materialin the present study with those from four earlier ex-
(Patiño Douce & Beard, 1995, 1996), the establishmentperimental studies on semi-pelitic bulk compositions. Our
of Ti-exchange equilibrium between this phase and biotiteexperiments indicate that significantly higher tem-
is inhibited by the relatively low diffusivities of elementsperatures are required for opx formation by fluid-absent
in granitic melts (Baker, 1991). Thus, some biotite grainsmelting (>50°C higher at 7 kbar, and >100°C higher at
may undergo fluid-absent melting to form anhydrous10 kbar). We again attribute this result to the higher Ti
phases before Ti-exchange equilibrium with ilmenite isand F content of the starting biotites of our study relative
achieved. The simplest way to avoid these potentialto those of earlier studies. It could be argued that even
kinetic problems is to use a biotite starting material thatif biotites of the previous experimental studies had lower
closely approximates compositions found in rocks on theinitial Ti and F, the concentrations of these elements
verge of the granulite facies. We argue that our biotiteshould have increased during the experiments to reflect
starting materials more faithfully reflect such com-the equilibrium compositions at the new, higher-tem-
positions and, therefore, that the P–T position of theperature conditions. If this process occurs at the early
opx-in reaction obtained in our study is a more realisticstages of experiments, biotite compositions in all ex-
representation of fluid-absent opx formation in naturalperimental studies would be similar at the onset of fluid-
semi-pelites.absent melting, and should therefore yield comparable

The present study indicates a positive slope for thetemperatures for opx formation. We suggest two reasons
opx-in reaction between 7 and 10 kbar, consistent withwhy this early-stage adjustment of biotite compositions

did not occur in previous experiments. First, two of the previous studies. However, the reaction between 7 and
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10 kbar has a much shallower dP/dT slope (>33°C/ The net result of these two competing factors is a relatively
kbar) than found in other studies [>10°C/kbar, Vielzeuf small influence of Mg-number on the temperature re-
& Montel (1994); >8°C/kbar, Patiño Douce & Beard quired for the first appearance of opx (see Patiño Douce
(1995); >25°C/kbar, Patiño Douce & Beard (SMAG, & Beard, 1996; Stevens et al., 1997).
1996)]. This could also be attributed to the dependence
of the stoichiometry of reaction (2) on the bulk com-
position of the starting materials (e.g. a higher alumina

Granulite formation at Ponmudi andcontent of biotite may favor the reaction at slightly lower
Kalanjurtemperatures at higher pressures). None of the previous
The most direct application of the results of this study isstudies documented a reversal in the slope of the opx-in
in evaluating the petrogenesis of granulites at Ponmudireaction between 10 and 15 kbar.
and Kalanjur, the two localities from which the starting
materials were obtained. Many workers have interpretedBiotite fluid-absent melting interval
the field relationships at incipient granulite localities such

The P–T span over which biotite fluid-absent melting as these to reflect a fluid-present dehydration process,
occurs in the present study is represented by the com- in which the breakdown of biotite or hornblende was
bination of multivariant fields of the solidus reaction (1) triggered by the local influx of low water activity fluids
and the opx-in reaction (2). The position of the biotite- (e.g. Janardhan et al., 1979; Ravindra Kumar et al., 1985;
out curve in Fig. 10 is an estimated minimum, as it was Ravindra Kumar & Chacko, 1986). Others, however,
not tightly bracketed in the experiments. Fluid-absent have argued that these or broadly similar features were
melting involving biotite is completed over a temperature the result of fluid-absent partial melting (Waters, 1988;
interval of 125–200°C during which the melt fraction Burton & O’Nions, 1990). The P–T position of the opx-
increases gradually. This range is broadly consistent with in curve determined in the present study provides insight
the melting interval observed in other studies, except at on the nature of the granulite-forming process at these
10 kbar where biotite persists in the run products for localities.
temperatures 50–75°C above those of previous studies Metamorphic P–T conditions determined for the gran-
(see Vielzeuf & Montel, 1994; Patiño Douce & Beard, ulites at Ponmudi and Kalanjur are 780°C, 5·2 kbar and
1995, 1996; Stevens et al., 1997). The temperature interval 760°C, 5·9 kbar, respectively (Chacko et al., 1996). By
over which biotite, garnet and melt coexist without opx comparison, extrapolation of the present experimental
increases with pressure up to 10 kbar and then decreases; results to 5–6 kbar indicates that a temperature of at
because of the slope reversal of the opx-in reaction least 875°C is required to stabilize opx by fluid-absent
between 10 and 15 kbar, the width of this multivariant melting. Thus, temperature estimates for the Ponmudi
field decreases. The interval over which biotite, opx, and Kalanjur rocks are too low to be consistent with
garnet and melt coexist is about 25–75°C, which is granulite formation by a fluid-absent melting process.
conformable with the intervals reported by Vielzeuf & One might argue that peak metamorphic temperature
Montel (1994) and Patiño Douce & Beard (1995, 1996). at these localities was in fact much higher than>780°C,

but that the mineral equilibria used in calculating tem-
Effect of Mg-number on opx formation perature significantly re-equilibrated during slow cooling

of the rocks. However, the temperature estimates for theThe biotite in the two starting materials of the present
two localities are based on aluminum solubility in opxexperiments differed in Mg-number by about 10 units
(the refractory garnet–Al-in-opx thermobarometer), and(0·46 for PON; 0·56 for KAL). Within the temperature
are therefore likely to be a faithful representation of peakresolution of the experiments, there was no marked
metamorphic temperature. Qualitatively, this can bedifference in the melting behavior, which suggests that
corroborated by comparing the relatively low Al2O3moderate differences in the Mg-number of biotite do not
content (3·2–3·5 wt %) of opx from the Ponmudi andgreatly affect phase relations during fluid-absent melting.
Kalanjur granulites (Srikantappa et al., 1985; Chacko etNevertheless, the partitioning of Mg into biotite relative
al., 1987) with that of the opx formed at high temperatureto coexisting opx or garnet suggests that, in general, the
in the present experiments (5–9·8 wt % Al2O3).initial temperature of opx formation should rise with

Another way of representing the discrepancy betweenincreasing Mg-number of the starting biotite. This effect
our fluid-absent experimental results and the granulite-is mitigated somewhat by the influence of bulk-rock
forming process at Ponmudi and Kalanjur is to compareMg-number on the stability fields of garnet and opx.
water activities associated with the first appearance ofDecreasing bulk-rock Mg-number favors the formation
opx. For rocks or experimental charges containing biotite,of garnet as the primary ferromagnesian phase associated
quartz, opx and alkali feldspar, a(H2O) can be calculatedwith fluid-absent melting of biotite-bearing, peraluminous

rocks, and restricts opx stability to higher temperatures. with the equilibrium 2KMg3AlSi3O10(OH)2 + 6SiO2 =

2137



JOURNAL OF PETROLOGY VOLUME 43 NUMBER 11 NOVEMBER 2002

Fig. 11. Comparison of reported peak metamorphic P–T conditions of transitional amphibolite–granulite terranes with the P–T conditions
required for orthopyroxene formation under fluid-absent conditions. Transitional terrane data: SI (South India and Sri Lanka), Janardhan et al.
(1982) and Hansen et al. (1987), respectively; Iv (Ivrea Zone), Henk et al. (1997); Pk (Pikwitonei), Paktunc & Baer (1986); A (Adirondacks), Bohlen
et al. (1985); Kp (Kapuskasing), Percival (1983); K (Kurenegala, Sri Lanka), Burton & O’Nions (1990); WU (West Ussimaa), Schreurs (1985); Ba
(Bamble), Lamb et al. (1986); Wi (Willyama Complex), Phillips & Wall (1981).

influx of CO2-rich ( Janardhan et al., 1979) or hypersaline2KAlSi3O8+ 3Mg2Si2O6+ 2H2O. We used the thermo-
(Newton et al., 1998) fluids. As has been demonstrateddynamic data of Holland & Powell (1998) in our cal-
experimentally in the Mg-end-member systemculations and assumed ideal on-site mixing in biotite,
(MgO–KAlO2–SiO2–H2O ± CO2 ± KCl), such fluidsopx and alkali feldspar. a(H2O) values for the 950°C, 7
can destabilize phlogopite and induce opx growth atkbar PON and KAL experiments are 0·88 and 0·61,
significantly lower temperatures than is possible underrespectively. These a(H2O) values, which reflect internal
fluid-absent conditions (Peterson & Newton, 1989; Cle-buffering in the experimental charges by fluid-absent
mens et al., 1997; Aranovich & Newton, 1998). Formelting reactions, are much higher than values calculated example, an NaCl–KCl brine (XH2O = 0·4) lowers

for incipient granulites from the Ponmudi (0·27) and
a(H2O) below 0·3 at 5–6 kbar and 760°C (Newton et al.,

Kalanjur (0·31) localities at the inferred metamorphic 1998), which is low enough to induce opx growth in
P–T conditions. This indicates that water activities must these rocks at T <800°C. This fluid-present mechanism
be considerably lower than those to which the ex- of granulite formation can be evaluated further by ex-
periments were internally buffered before opx will be perimentally determining the temperatures required for
stabilized in these rocks at T <800°C. One way to opx formation with the PON and KAL starting materials
generate the requisite low water activities is through the in the presence of carbonic or saline fluids.
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temperatures in transitional amphibolite–granulite terra-Implications for the orthopyroxene isograd
nes were significantly higher than reported or the gran-and deep crustal processes
ulite-forming process was not fluid absent.If, as argued in this paper, the starting materials of our

experiments are representative of rocks found near the
amphibolite- to granulite-facies transition, then the present
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