JOURNAL OF PETROLOGY

VOLUME 45 NUMBER 1 PAGES 183-202 2004 DOI: 10.1093/petrology/egg085

Calculated Phase Relations in High-Pressure
Metapelites in the System NKFMASH
(NaQO—KQO—FGO—MgO—AlQOg—SiOQ—HQO)

CHUN]JING WEI'* AND ROGER POWELL?

'SCHOOL OF EARTH AND SPACE SCIENCES, BEIJING UNIVERSITY, BEIJING 100871, P.R. CHINA
SCHOOL OF EARTH SCIENCES, THE UNIVERSITY OF MELBOURNE, VIC. 3010, AUSTRALIA

RECEIVED FEBRUARY 20, 2002; ACCEPTED MARCH 21, 2003

Using an internally consistent thermodynamic dataset and
updated models of activity—composition relation for solid solu-
tions, petrogenetic grids in the system NKFMASH (Na,O—
K50—-FeO—-MgO—-Al,05+~510~H50) and the subsystems
NEMASH and NKFASH have been calculated with the sofi-
ware THERMOCALC 3.1 in the P=T range 5—36 kbar and
400—810°C, involving garnet, chloritoid, biotite, carpholite,
tale, chlorite, kyanite/sillimanite, staurolite, phengite, parago-
nite, albite, glaucophane, jadeite, with quartz/coesite and H,0
in excess. These grids, together with calculated AFM compat-
tility diagrams and P=T pseudosections, are shown to be
powerful tools for delineating the phase equilibria and P—T
conditions of Na-bearing pelitic assemblages for a variety of
bulk compositions from high-P terranes around the world.
These calculated equilibria are in good agreement with petrolo-
gical studies. Moreover, contours of the calculated phengite Si
wsopleths in P="T pseudosections for different bulk compositions
confirm that phengite barometry is highly dependent on mineral
assemblage.

KEY WORDS: phase relations; HP metapelite; NEFMASH;
THERMOCGALC: phengite geobaromelry

INTRODUCTION

In the last decade, the use of internally consistent
thermodynamic databases (Holland & Powell, 1990,
1998) has led to the construction of quantitative pet-
rogenetic grids for the model system KFMASH system
(KoO-FeO-MgO—-AlyO3—Si09—HyO) that have
greatly extended the applicability of such model
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systems to natural rock assemblages for low- and
medium-P metamorphism (e.g. Powell & Holland,
1990; Xu et al., 1994) and also for model systems invol-
ving partial melting (White et al., 2001). Wei & Powell
(2003) have calculated such a petrogenetic grid for
high-P metapelites in the KFMASH system with the
mineral phases garnet, chloritoid, chlorite, biotite, car-
pholite, talc, staurolite, kyanite with phengite, quartz/
coesite and HyO in excess. With this grid, the high-P
phase relations in the KFMASH system, the typical
whiteschist parageneses kyanite—talc and talc—
phengite (Schreyer, 1973, 1977, 1988; Chopin, 1981)
in the KMASH subsystem and phengite geobarometry
relationships (Massonne & Schreyer, 1989; Massonne
& Szpurka, 1997) in KMASH and KFMASH have
been documented for a variety of bulk compositions
from several typical high-P terranes. However, Na-
bearing metapelites occur widely, as have been
reported from high-P terranes around the world, com-
monly containing one or more of the Na phases para-
gonite, glaucophane, jadeite and albite in addition to
the above KFMASH phases. Examples are the mineral
assemblages chloritoid + talc + chlorite + phengite +
quartz + glaucophane £ garnet described by Chopin
(1981) from the Gran Paradiso terrane, Western Alps;
garnet + phengite + kyanite + quartz + paragonite
reported by Meyre et al. (1999) in the Adula Nappe,
Central Alps; chloritoid 4 carpholite + chlorite +
phengite + quartz 4 paragonite described by Theye
et al. (1992) in the Peloponnese, Greece; garnet +
chlorite 4+ paragonite 4 glaucophane + phengite +
quartz and garnet + chlorite 4+ paragonite + chlori-
toid 4 phengite + quartz observed in New Caledonia
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by Yokoyama et al. (1986) and Ghent et al. (1987), in
Alaska by Brown & Forbes (1986), in Vendée by
Guiraud ef al., (1987), and in Sesia, Western Alps, by
Vuichard & Ballevre (1988); the coexistence of
chloritoid—glaucophane reported in Ile de Groix
(Kiénast & Triboulet, 1972), in and around the Gran
Paradiso massif, Western Alps (Chopin, 1981), in
Spitsbergen (Ohta et al., 1986), in Oman (El-Shazly
& Liou, 1991) and in Chinese Tianshan (L. F. Zhang,
personal communication, 2002); garnet + phengite +
quartz 4+ glaucophane + jadeite + paragonite
observed by Koons (1986) in the Sesia—Lanzo zone,
Western Alps; and the talc—phengite—albite assemblage
confirmed by Izadyar et al. (2000) in the Sanbagawa
belt, Japan; and so forth. Whether and how do these
Na phases affect the KFMASH phase relations?
What are the phase topologies in the NKFMASH
system? In addition, Wei & Powell (2003) have exten-
ded the experimentally calibrated phengite geo-
barometry (Massonne & Schreyer, 1989; Massonne &
Szpurka, 1997) to various KFMASH parageneses: is
this geobarometric method applicable to NKFMASH
assemblages?

In this paper, petrogenetic grids in the model system
NKFMASH and the subsystems NKMASH and
NKFASH are calculated in the P—7 range 5—36 kbar
and 400-810°C, involving combinations of garnet,
chloritoid, biotite, carpholite, talc, chlorite, staurolite,
phengite, paragonite, glaucophane, jadeite, albite,
kyanite/sillimanite with quartz/coesite and HyO in
excess. In constructing these grids, we adopted the inter-
nally consistent dataset of Holland & Powell (1998),
the software THERMOCALC 3.1 (Powell et al., 1998)
and updated models of activity—composition relation-
ships for solid solutions; ideal mixing models are used
for phengite, glaucophane, talc and carpholite, sym-
metric mixing models for garnet, chloritoid, staurolite
and symmetric mixing, and Darken’s quadratic formu-
lism (DQF) models (Powell, 1987) for ordered chlorite,
biotite and albite (for details see the Appendix).

PETROGENETIC GRIDS

The calculated P—T projections in the subsystems
NKMASH and NKFASH and the full system
NKFMASH are presented in Figs 1-3, and calculated

results for the invariant points are tabulated in
Tables 1-3.

NKMASH grid

In the subsystem NKMASH grid (Fig. 1), there are 17
invariant points stable in the P— 7 range of interest invol-
ving the phases biotite, chlorite, talc, Mg-carpholite,
kyanite, phengite, albite, glaucophane, paragonite,
jadeite (4 quartz/coesite + HyO). The invariant
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points involving one Na phase such as mil and mi2,
and the univariant lines emanating from them, are the
same as those in KMASH (Wei & Powell, 2003). These
KMASH univariants are shown as bold lines in Fig. 1.
The invariant points involving two Na-bearing phases
appear on these KMASH univariant lines and the
invariant points containing three or more Na-bearing
phases occur between these KMASH univariant lines.
This NKMASH grid defines the maximum stability
fields of some of the Mg- and/or Na-bearing end-
members. For example, in the presence of quartz, reac-
tions ml (chl = ta 4+ ky) and m3 (chl = ta + mcr)
define the maximum stability of Mg-chlorite, and reac-
tions m4 (mcr = chl 4+ ky) and m5 (mcr = ta 4 ky)
limit the stability of Mg-carpholite. The stability fields
of paragonite, albite and jadeite are defined by the
NASH reactions nl (pa = ab 4 ky), n2 and n3 (jd +
q = ab). Glaucophane can be stable over a wide range
in the higher-pressure part of Fig. 1 with its lower-P
limit defined by reactions m6 (gl 4 chl = ta + ab), m7
(gl + ph = bi 4 ta 4 ab), m8 (gl 4+ pa = ta 4 ab) and
m9 (gl + ky = ta + ab), which, in P—7 conditions, are
analogous to the classical NMASH reaction gl + q = ta
+ ab (Holland, 1988). The higher-P limit of glauco-
phane is restricted by reactions m15 (ky 4+ gl = ta + jd)
and m16 (mcr + gl = ta + jd), corresponding to the
classical NMASH reaction gl + q = ta + jd (Holland,
1988). These classical NMASH reactions do not
appear in our study because of the Tschermak substi-
tution in talc.

In the KMASH subsystem, the characteristic para-
genesis for whiteschist ta 4+ ky occupies a wide P—T
field bounded by reactions m1l, m5 and m10 (ta 4+ ph =
bi + ky) on the lower P—7 sides, and by reaction m11
(ta + ky = py + coe) on the higher P—T side. How-
ever, in the NKMASH subsystem and with paragonite
in excess, the paragenesis ta 4+ ky has a reduced field
and, with pressure increasing, gives way to gl—ky
through reaction m12 (ta + pa = gl + ky).

In the NKMASH subsystem, jadeite could coexist
with MASH phases such as Mg-carpholite at pressures
over 20—25kbar (reaction m13, mcr + jd = gl + pa)
and temperatures below 550-580°C (reaction ml4,
mcr + jd = gl + ky), and with Mg-talc only at pres-
sures over 35—36 kbar (reactions m15 and ml6). At
lower pressures, jadeite could coexist with Na phases
such as glaucophane and paragonite, but could not
coexist with any other MASH members. From Fig. 1,
the paragenesis pa + bi is bounded by reactions m21,
m22, m23 and nl, being stable only at medium P—T7.

NKFASH grid

The calculated P—T projection for NKFASH is
displayed in Fig. 2. There are 20 stable invariant points
involving the phases biotite, chlorite, almandine,
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Fig. 1. P-T projection for the subsystem NKMASH in projection from quartz/coesite and HyO. Labels mil-mil7 refer to the invariant
points in NKMASH. Labels m1-m23, and nl—n3 (shaded circles) refer to the univariant reactions discussed in the text. Invariant points mil2
and mil3 are plotted on the same location because of the system degeneracy. Bold lines represent the univariant reactions that are the same as
those in the KMASH system. The reactions coe = q and ky = sill are shown as bold dashed lines. Black dots with letters A—R are P—T
locations of the AFM compatibility diagrams shown in Figs 4 and 5. ab, albite; bi, biotite; chl, chlorite; coe, coesite; gl, glaucophane; jd,
jadeite; ky, kyanite; mcr, Mg-carpholite; pa, paragonite; ph, phengite; py, pyrope; q, quartz; ta, talc; sill, sillimanite.

Fe-chloritoid, Fe-carpholite, talc, Fe-staurolite, phen-
gite, Fe-glaucophane, paragonite, kyanite/sillimanite,
albite and jadeite + (quartz/coesite + HyO). Like
those in NKMASH, the invariant points in NKFASH
involving one Na phase such as fil, fi2, i3 and fi20 and
the univariant lines emanating from them coincide
with those in KFASH (Wei & Powell, 2003). These
KFASH univariant lines are displayed as bold lines in
Fig. 2. The invariant points involving two Na phases
appear on these KFASH lines, and the invariant points
containing three or more Na phases occur between
them. The NKFASH grid defines the maximum
stabilities of some of the Fe- and/or Na-bearing end-
members. For example, reactions {1 (chl + fct = alm)

and 4 (chl + fer = alm) mark the low-7 limit of
almandine; reactions {15 (fct 4+ ky = f5t) and {16 (fst =
alm + ky/sill) limit the stability field of Fe-staurolite;
and reactions f3 (fct = alm + ky), f14 (fct = alm + fst)
and {5 (fer = fet) restrict the stability field of Fe-chlor-
itoid. If phengite is in excess, reactions {2 (ph + chl =
bi + alm) and 19 (ph + chl = bi + fct) give the high-T
limit of Fe-chlorite, and if phengite is absent, Fe-
chlorite will be stable up to reaction {6 (chl = alm +
ta). The stability fields of paragonite, albite and jadeite
are defined by the NASH reactions nl, n2 and n3. In
the presence of phengite, reactions {7 (fgl 4+ ph = bi +
chl 4 ab), {8 (fgl +ph = bi 4 ab + pa), 9 (fgl 4+ ph =
bi 4+ ab 4 alm) and {10 (fgl + ph = bi + alm + jd)
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Fig. 2. P—T projection for the subsystem NKFASH in projection from quartz/coesite and HyO. Labels fil—£i20 refer to the invariant points in

the NKFASH. Labels f1—123 and n1—n3 in the shaded circles refer to

the univariant reactions considered in the text. Invariant points fil2 and

fil3 are plotted at the same location because of the system degeneracy. Bold lines represent the univariant reactions that are the same as those
in the KFASH system. alm, almandine; fcr, Fe-carpholite; fct, Fe-chloritoid; fgl, Fe-glaucophane; fst, Fe-staurolite. Other abbreviations are as

in Fig. 1.

define the stability of Fe-glaucophane to be above
11-15kbar and below about 540-580°C. However,
when phengite is absent, Fe-glaucophane can be stable
at much lower pressures, defined by reactions f17 (chl
+ fgl =ta 4 ab) and {18 (alm + {gl = ta + ab). Unlike
in the NKMASH subsystem, jadeite can coexist with
many of the KFASH phases such as Fe-chlorite,
almandine, Fe-biotite and Fe-chloritoid.

NKFMASH grid

The full system NKFMASH grid is shown in Fig. 3 and
the calculated results for the stable invariant equilibria
are listed in Table 3. There are 31 invariant points
stable in the P—7 range of interest, denoted by filled
circles with labels 11—131. The full system univariant

curves terminate at the NKMASH and NKFASH sub-
system invariant points denoted, respectively, by
shaded and white circles.

Like those in the NKMASH and NKFASH subsys-
tems, the invariant equilibria in the full system invol-
ving one Na phase such as the points 1116, 130 and 131
and the univariant lines emanating from them are the
same as those in KFMASH (Wei & Powell, 2003); that
is, incorporation of Na does not change the basic frame-
work of the KFMASH grid. These KFMASH univari-
ant lines, displayed as bold lines in Fig. 3, constrain
stability fields of the KFMASH phases free of Na. For
example, the stability of chlorite is confined by reac-
tions 1 and 2 (chl = g + ta + ky/sill) to be at pressures
below invariant point i3, stable at higher temperatures
than chloritoid, but at pressures above 13, chlorite is
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Fig. 3. P—T projections for the full system NKFMASH in projection from quartz/coesite and H,O. Labels i1-i31 refer to the invariant points
in NKFMASH. Labels 1-38 and n1—n3 in the shaded circles refer to the univariant reactions discussed in the text. Invariant points 120 and i21
are plotted at the same location because of the system degeneracy. Bold lines represent the univariant reactions that are the same as those in the
KFMASH system. Full system reactions terminating at the KMASH and KFASH subsystem invariant points are shown by shaded and
unshaded circles, respectively, with the subsystem reactions omitted for clarity. Unfilled stars indicate the location of singularities, and the
phases that ‘swap’ sides of the reaction are shown in italics. cr, carpholite; ct, chloritoid; g, garnet; st, staurolite. Other abbreviations are as in

Figs 1 and 2.

limited by reactions 3 (chl = g 4 ta 4 ct) and 4 (chl =
g + ta + cr), stable at lower temperatures than chlor-
itoid. With the presence of quartz/coesite, chloritoid
breaks down via reactions 5 (ct = g + chl +st), 6 (ct =
g+chl+ky),7 (ct=g+ta+ky)and8 (ct=g+cr+
ky), which, at pressures below 14, are good temperature
indicators. The maximum stability of carpholite is con-
fined by reactions 9 (cr + ct = chl + ky), 10 (cr = ct +
ta +ky), 11 (cr =g+ ta+ ky) and 12 (cr =chl + ta +
ky), almost in the same position as in NKMASH.

The invariant points containing two Na phases
appear on the KFMASH univariant lines, and the
invariant points involving three or more Na phases

plot between these KFMASH lines. As in the

NKMASH and NKFASH subsystems, the NASH
reactions nl—n3 constrain the maximum stabilities of
paragonite, jadeite and albite.

Generally, incorporation of Na phases leads to a
reduction in the stability fields of the KFMASH phases
free of Na. For example, if paragonite is in excess,
chlorite will be consumed at lower pressures of about
18—20 kbar, through a series of reactions with flat
slopes, 1.e. reactions 13 (chl 4+ pa = ct + cr + jd), 14
(chl + pa =ct 4 gl +jd), 15 (chl 4 pa = ct + cr + gl),
16 (chl + pa=-ct+ta+gl), 17 (chl + pa =ct 4 gl +
ky) or 18 (chl 4+ pa =g+ gl + ky), and the reactions 1,
3 and 4 confining the maximum stability of chlorite
will not occur. At pressures between invariant points 19
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Table 1: Calculated results for stable invariant equilibria in the subsystem NKMASH

Number Phases (+ q/coe + H,0) P (kbar) T (°C) y(ph)* y(bi) y(chl) N(chl) y(ta) Q(ab)
mil ph, bi, chl, ta, ky, pa 9:43 635-1 0-861 0-347 0-545 0-455 0-092

mi2 ph, chl, ta, mcr, ky, pa 18-68 544-4 0-730 0-519 0-481 0-041

mi3 ph, bi, ta, ab, gl, pa 14-80 689-1 0-727 0-174 0-067 0-450
mid ph, bi, ta, ky, gl, pa 16:96 752:4 0-725 0-201 0-080

mi5 ph, chl, ta, mcr, gl, pa 18-47 513-3 0-678 0-511 0-489 0-030

mi6 ph, ta, mcr, ky, gdl, pa 21-27 5531 0-677 0-036

mi7 ph, bi, chl, ta, ab, pa 9-50 578-4 0-793 0-184 0-517 0-483 0-056 0-697
mi8 ph, chl, ta, ab, gl, pa 10-49 540-4 0-725 0-509 0-491 0-037 0-756
mi9 ph, bi, chl, ta, ab, gl 974 513-0 0-681 0-068 0-505 0-495 0-028 0-788
mi10 ph, bi, ab, ky, gl, pa 16-99 754-2 0-725 0-201 0-149
mil1 ph, chl, ab, mcr, ky, jd 14-47 512:2 0-841 0-530 0-470 0-800
mi12 ph, ta, ab, ky, pa, jd 21-67 802-2 0-647 0-072 0-102
mi13 ph, ab, ky, gl, pa, jd 21-67 802-2 0-694 0-102
mil4 ph, ta, mer, ky, g, jd 36-20 586-9 0-404 0-017

mi15 ph, mcr, ky, dl, pa, jd 25-93 540-7 0-633

mi16 bi, chl, ta, ab, ky, pa 7-56 639-7 0-393 0-552 0-448 0-102 0-559
mil7 bi, ta, ab, ky, gl, pa 16-94 7537 0-201 0-080 0-150

#y(ph) = x}P, y(bi) = XX, y(chl) = x}], N(chl) = (x}* — x}")/2, y(ta) = X}, Q(ab) = x}|° — x}I™T2.

Table 2: Calculated results of the invariant equilibria in the subsystem NKFASH

Number Phases (+ q/coe + H,0) P (kbar) 7T (°C) y(ph)* y(bi) yl(chl) N(chl) y(ta) Q(ab)
fi1 ph, bi, chl, alm, fct, pa 7-65 5227 0-874 0-487 0-545 0-455

fi2 ph, chl, alm, fct, fcr, jd 26-88 402-8 0-284 0-501 0-499

fi3 ph, bi, alm, fct, fst, pa 5.27 546-0 0-939 0-685

fi4 ph, chl, alm, fgl, pa, jd 16-64 491-3 0-547 0-505 0-495

fi5 ph, bi, chl, ab, fgl, pa 13-16 481-3 0-570 0-068 0-504 0-496 0-829
fi6 ph, bi, ab, alm, fgl, pa 14-56 527-6 0-570 0-086 0-783
fi7 ph, bi, chl, alm, fgl, pa 14-50 508-7 0-570 0-080 0-506 0-494

fi8 ph, ab, alm, fgl, pa, jd 14.91 532.2 0-566 0-778
fi9 ph, bi, ab, alm, fgl, jd 15-056 538-4 0-547 0-078 0-771
fi10 ph, chl, ab, fgl, pa, jd 12:09 399-1 0-542 0-502 0-498 0-894
i1 ph, bi, ab, alm, fst, pa 5-02 578-2 0-942 0-703 0-681
fi12 ph, bi, ab, ky, pa, jd 21-67 802-2 0-627 0-258 0-102
fi13 ph, ab, alm, ky, pa, jd 21-67 802-2 0-796 0-102
fi14 ph, chl, alm, fct, pa, jd 18-84 468-5 0-554 0-505 0-495

fi15 ph, alm, fct, ky, pa, jd 25-84 545.9 0-723

fi16 bi, chl, ab, alm, fgl, pa 13-65 515-1 0-084 0-506 0-494 0-795
fi17 bi, chl, ta, ab, alm, fgl 7-58 636-1 0-001 0-445 0-445 0-005 0-569
fi18 ph, fet, fer, ky, pa, jd 2844 4059 0-831

fi19 ph, ab, alm, ky, pa, fst 9-19 662-4 0-919 0-501
fi20 ph, pa, alm, fct, ky, fst 15-82 575-5 0-861

*Composition variables are as in Table 1.
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Table 3: Calculated results for stable invariant equilibria for the system NKFMASH

Number

i2f

9t
i10
i11
i12
i13
i14
i15
i16
7t
i18
i19f
201
214
i22
23
241
i25¢
1261
27+
i28
29
30
i31

Phases (+ g/coe + Hy0) P (kbar) T (°C)  x(g)* x(ct) x(ph)  ylph)  x(chl)  y(chl)  N(chl)  x(bi) y(bi) Q(bi) x(st) x(cr) x(ta) y(ta) x(gl) Q(ab)
g, ct, chl, bi, pa, st, ph 6-85 565-1 0-935 0-860 0-665  0-907 0-677 0-606 0-394 0-759 0-521 0-123  0-937

g, ct, chl, cr, ta, gl, ph 2547 517-2 0-834 0622 0332 0427 0-384 0505 0-495 0232 0-101 0016  0-204

g, ct, chl, ta, gl, ky, ph 19:32 618:3 0638 0417 0225 0679 0-224 0524  0-476 0-070  0:050 0-134

g, ct, cr, ta, gl, ky, ph 3515 5954 0523 0-277 0132  0-426 0-083 0:032 0:020 0-065

g, chl, bi, ta, pa, ky, ph 15-83 653-7 0-588 0-216  0-738  0-203 0-533 0-467 0-240 0-162  0-382 0-071 0-068

ct, chl, cr, ta, pa, ky, ph 19-67 549-3 0-133  0:055 0-703 0-059 0-519 0-481 0-033 0-014  0-039

g, ct, chl, gl, pa, ky, ph 19:01 617-8 0-647 0427 0232 0686 0-231 0525 0-475 0-139

g, chl, bi, ta, gl, pa, ph 16-61 640-5 0-633 0239 0701 0229 0525  0:475 0-265 0-122  0:430 0079  0-058  0-145

g, chl, ta, gl, pa, ky, ph 18-66 625-7 0-628 0223 0-690 0220 0526  0-474 0-070  0-054  0-133

g, bi, ta, gl, pa, ky, ph 17-37 696-8 0-483 0-173 0-708 0-187 0-159  0-306 0-055  0-069 0-099

g, bi, ab, gl, pa, ky, ph 17-92 764-1 0-388 0-148  0-708 0-150 0-185  0-233 0-082 0-135
ct, chl, cr, ta, gl, pa, ph 20-23 545-0 0-205  0-087 0-675  0-094 0-516 0-484 0-053  0-023 0-036  0-049

ct, chl, ta, gl, pa, ky, ph 19:33 603-4 0-366 0-187 0685 0-189 05623  0-477 0-056  0-048  0-109

ct, cr, ta, gl, pa, ky, ph 20-97 554-0 0-160 0-068 0-675 0-041 0-017 0-037 0-037

chl, bi, ta, ab, gl, pa, ph 10-80 555-3 0-037 0-725  0-036 0-510 0-490 0-055 0-108  0-117 0-011 0-040 0-022 0-737
g, ct, chl, cr, gl, jd, ph 25-72 430-6 0-983 0944 0778 0-332 0-852 0-502 0-498 0-694 0-651

g, ct, chl, gl, pa, jd, ph 19-32 477-8 0986 0959 0-852 0-549 0-839 0-508 0-492 0-763

g, ct, cr, gl, jd, ky, ph 35:02 589:1 0579 0322 0:155  0-435 0-099 0-078

g, ct, gl, pa, jd, ky, ph 2522 581-3 0-808 0611  0:357 0-617 0-220

g, bi, ab, pa, jd, ky, ph 21-67 802-2 0-140 0-048  0-637 0-046 0-141 0-078 0-102
g, ab, gl, pa, jd, ky, ph 21.67 802:2  0-459 0197 0-678 0109  0-102
ct, chl, cr, ab, jd, ky, ph 14-36 507-3 0-236  0-094 0-847 0-104 0535  0-465 0-058 0-805
ct, chl, cr, gl, pa, jd, ph 19-76 415-0 0915  0-683 0-540 0-773 0-505 0-495 0-581 0-553

ct, cr, g, pa, jd, ky, ph 25-90 542-4 0-479  0-236 0-615 0-156 0-136

g, bi, ta, ab, gl, pa, ky 16-47 748-7 0-358 0-134  0-189  0-215 0-041 0-081 0-072  0-159
g, chl, bi, ta, ab, gl, pa 13-16 658-6 0-653 0-250 0-524 0-476 0-293 0-130  0-440 0-095 0-064 0-170  0-542
g, chl, bi, ta, ab, pa, ky 11-00 685-9 0-543 0-186 0-547 0-453 0-230 0252  0-323 0-073 0-094 0-425
g, ph, bi, ab, st, pa, ky 9-13 661-6  0-804 0-448  0-874 0-477 0-393 0294 0-817 0-503
g, chl, bi, ab, st, pa, ky 8:88 658-3 0-675 0-270 0561  0-439 0-320 0-306 0-358 0-712 0-513
g, ct, ph, chl, st, pa, ky 13-85 608-4 0-777  0-595 0-359 0-800 0-356 0-546 0-454 0-787

g, ph, chl, bi, st, pa, ky 11-96 631-1 0-736 0-332  0-821 0-318 0-552 0-448 0-356  0-240 0-416  0-756

*x(phases) = Fe/(Mg + Fe) where phases represent g, ct, ph, chl, bi, st, cr, ta and gl. The other composition variables are as in Table 1.
1The invariant points correspond to those in the petrogenetic grid of Guiraud et a/. (1990).
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and 127, chlorite reacts out with glaucophane and
albite through reactions 25 (chl + gl = g + ta + pa)
and 30 (chl 4+ ab = g + ta 4 pa) at lower temperatures
than reaction 1. However, at pressures lower than
invariant point 127, the maximum stability of chlorite
1s given by reactions 1 and 2 and has nothing to do with
Na phases. Similarly, at pressures below invariant
point 17, the stability of chloritoid is not affected by
Na phases. At pressures above 17, the Na phases such as
paragonite and jadeite would lead to the disappear-
ance of chloritoid through reactions 23 (ct + pa =g +
gl + ky) and 29 (ct 4+ jd = g + ¢l + ky) at lower
temperatures than reactions 7 and 6. The stability of
carpholite will be reduced by the presence of Na phases
glaucophane, paragonite and jadeite through reactions
31-34 at pressures higher than invariant point i6, but
will not be affected by Na phases at lower pressures.

COMPATIBILITY DIAGRAMS

To illustrate the changes in mineral assemblage and
the compositions of coexisting minerals with respect to
P—T and bulk composition, a series of calculated AFM
compatibility diagrams with phengite, paragonite,
quartz and HsO 1in excess were drawn for a traverse
from locations A to J, approximately along an 8°C/km
geotherm (Fig. 4).

In Fig. 4a, the ct—cr tie-line is stable. Appropriate
bulk compositions that projected between the ct—cr tie-
line and chlorite solid solution give the mineral assem-
blages ct + cr + chl, ct + chl and cr + chl. If the bulk
composition is more aluminous, kyanite will coexist
with chloritoid and/or carpholite. The NKFASH sub-
system reaction fll1 (chl + jd = fgl 4+ pa) gives a
divariant triangle chl—gl—jd in Fe- and Na-rich com-
positions. At this stage, chlorite 1s a complete solid
solution between Fe and Mg end-members. When
paragonite 1Is in excess, biotite, limited by reactions
such as £20, 21, £22, 23 in NKFASH, m21, m22 in
NKMASH, and 24 in NKFMASH, is not stable under
the P—7 condition of interest. In Fig. 4b, the
NKFASH reaction fl (chl + fct = alm) leads to
the appearance of almandine-rich garnet, giving the
g—ct—chl divariant triangle in Fe- and Al-rich compo-
sitions, and in Fe- and Na-rich compositions, the
NKFASH reaction f12 (chl 4+ pa = alm + jd) leads
to formation of another divariant triangle g—chl—jd
from the breakdown of Fe-chlorite, which, in tempera-
ture, is lower than the conjugate reaction {2 (chl 4+ ph =
alm + bi) in Fe- and K-rich rocks. As P—T increases to
meet the NKFMASH reaction 19 (chl 4 jd =g + gl +
pa), the chl—jd tie-line gives way to g—gl in Fig. 4c in
Fe- and Na-rich compositions. With P—T increase to
location D, the full system reaction 20 (g 4 chl 4 pa =
ct 4+ gl) results in the coexistence ct + gl, and in
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Mg-rich compositions, the NKMASH reactions m18
(chl + gl = ta + pa) and m3 (chl +q = mcr + ta)
produce the divariant triangles chl—ta—gl and chl—ta—
cr, and also result in the decomposition of Mg-chlorite.
From location A to D, the ct—cr tie-line is stable and
both minerals become richer in Mg as P—T increases.
This tie-line is broken by reaction 9 (ct 4+ cr = chl +
ky), giving rise to the chl—ky tie-line in Fig. 4e, and
the NKMASH reaction m5 (cr = ta + ky) and
NKFMASH reaction 12 (cr = chl 4 ta + ky) result
in the decomposition of carpholite and the appearance
of the typical whiteschist assemblage ta—ky in Mg-rich
compositions (Fig. 4e). Across the full system reaction
21 (chl + ky = ct + ta), the chl-ky tie-line gives way to
ct—ta in Fig. 4f, which, as indicated by its flat slope in
Fig. 3, is a good pressure indicator (Chopin &
Schreyer, 1983). From location F to G, the subsystem
reaction f3 (fct = alm +ky) leads to the breakdown of
Fe-chloritoid and the appearance of the divariant tri-
angle g—ct—ky in Fig. 4g, and the full system reaction
16 (chl + pa = ct + ta 4 gl) results in the disappear-
ance of chlorite. In this case, the full system reactions
27 (chl + bi =g + ta + ph) and 3 (chl = g + ct + ta)
not involving Na-bearing phases will not take place.
Across reaction 22 (ct + ta + pa = gl + ky), the ct—ta
tie-line is replaced by gl-ky in Fig. 4h, and the
NKMASH reaction m12 (ta + pa = gl + ky) leads to
the disappearance of Mg-talc. With P—7 increase
across reaction 23 (ct + pa = g + gl + ky), chloritoid
breaks down and g + ky 4 gl can coexist in Fig. 4i.
With further P—T increase across reaction n2 (pa =
ky + jd), paragonite breaks down and jadeite coexists
with kyanite; the phase topology shown in Fig. 4j has
jadeite in excess.

For a traverse from location K to R, approximately
along a 10°C/km geotherm, the changes in phase
topology are shown in Fig. 5. In Fig. 5k, the chl-ky
tie-line is present and carpholite is not present by virtue
of the full system reaction 9 (cr + ct = chl 4 ky) and
the subsystem reaction m4 (mcr = chl 4 ky) in Al- and
Mg-rich compositions. The NKFASH reaction 1 (chl 4
fct = alm) leads to the divariant triangle g—ct—chl in
Fe- and Al-rich compositions. In K-rich compositions,
Mg-rich biotite is not stable by virtue of the NKMASH
reactions such as m21 and m22, but Fe-rich biotite is
stable. The subsystem reaction £2 (ph + chl = bi +
alm) leads to the decomposition of Fe-chlorite, produ-
cing the divariant triangle g—bi—chl, reaction f8 (fgl +
ph = bi 4+ ab + pa) leads to the decomposition of Fe-
glaucophane, producing the assemblage bi + gl + ab,
and reaction 37 (chl + ab + ph = b1 4 gl 4 pa) results
in the replacement of the chl—ab tie-line by bi—gl in
Fe-, Na- and K-rich compositions. With P—7 increase
to location L, the chl-bi tie-line is replaced by g—gl
through reaction 24 (chl + bi + pa = g + gl + ph, to
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Fig. 4. AFM compatibility diagrams, in projection from phengite, quartz, HyO and paragonite or jadeite when paragonite is out, calculated

for the locations A—]J labelled in Figs 1—3 and their P—7 conditions. In (

a)—(1), glaucophane is plotted at A = —1/3 for clarity, rather than at

A = —3. Jadeite plots at A = —oo. Shaded circle, shaded triangle, open circle and open triangle represent respectively the projections of bulk
composition of samples CHM1, 7-172, P80/82 and AKO7 discussed in the later sections.

the left of the singularity), and Fe-biotite is broken
down through reaction 23 (bi + pa = alm + ab +
ph), producing the divariant assemblage g—bi—ab. In
Fig. 5m, the reaction 38 (bi 4+ pa = g 4 ab 4 gl 4 ph,
to the left of the singularity) leads to breakdown of

the surviving biotite, and reaction ml18 (chl + gl =
ta + pa) produces the divariant triangle chl—gl—ta in
Mg- and Na-rich compositions. With P—T increase to
location N, the NKFASH reaction {3 (fct = alm +
ky) first results in the breakdown of Fe-chloritoid
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Fig. 5. AFM compatibility diagrams in projection from phengite, quartz, HyO and paragonite or jadeite when paragonite is out, calculated
for the locations K—R labelled in Figs 1-3 and their P—7 conditions. (For other definitions, see Fig. 4.)

and coexistence of garnet with kyanite in Fe- and Al-
rich rocks, followed by albite transformation into
jadeite in Na-rich compositions; then, the NKMASH
reaction ml (chl = ta 4 ky) results in the disappear-
ance of Mg-chlorite and formation of the whiteschist
paragenesis ta—ky in Mg-rich compositions; finally, the
NKFMASH reaction 6 (ct =g + chl + ky) leads to the

breakdown of chloritoid and the paragenesis of

g—chl—ky in Al-rich compositions (see Fig. 5n). From
location N to O, the chl—gl tie-line gives way to g—ta
through reaction 25 (chl + gl = g + ta + pa).

Chlorite breaks down to produce the assemblage
g + ta + ky through reaction 1 with the phase
topology shown in Fig. 5p. From location P to Q,
reaction 26 (g + ta + pa = gl + ky) leads to replace-
ment of the g—ta tie-line by gl-ky (Fig. 5q). With
further P—T increase, the NKMASH reaction m12
(ta + pa = gl + ky) first results in the decomposi-
tion of Mg-talc, and finally, reaction n2 leads to
the breakdown of paragonite, with the phase topo-
logy shown in Fig. 5r with jadeite assumed to be in
excess.
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Fig. 6. P—T pseudosectionin the NKFMASH system, with quartz and HyO in excess, for a high-P metapelite (sample CHM1) from the Central
Alps (Meyre et al., 1999) with Al,O3:MgO:FeO:Ky0:NayO = 75-65:6-53:7-85:7-89:2-08 on a mole basis, showing the invariant points (@),
univariant reactions (bold continuous lines) with the labels the same as in Fig. 3, divariant fields (unshaded) and trivariant fields (light grey)
encountered by the bulk composition. Isopleths of the Si content in phengite are shown as the dashed lines with numbers (Si =) 3-05-3-50 p.f.u.

Compared with the phase topologies along the geo-
therm of 8°C/km, there is no coexistence of chloritoid—
glaucophane and chloritoid—talc, and chloritoid
breaks down before chlorite for the 10°C/km geotherm.

For reference, four bulk compositions, which will be
discussed in the next section, are projected on each
ATFM diagram in Figs 4 and 5.

APPLICATIONS

Four types of pelitic assemblages from different high
P|T metamorphic terranes are selected to apply the
NKFMASH grid in Fig. 3.

High-P metapelites from the Central Alps

Meyre et al. (1999) described some Tertiary high-P
metapelites from the Adula Nappe, Central Alps,

Switzerland, which are generally composed of garnet,
phengite, kyanite, quartz with or without paragonite.
A representative sample (CHM]I1) contains phengite
(40%) + garnet (10%) 4 paragonite (10%) 4 kyanite
(20%) + quartz (20 vol. %). Using these mineral
modal proportions, together with the microprobe ana-
lyses listed by Meyre et al. (1999), an effective bulk
composition (Vance & Holland, 1993) can be gener-
ated with the software THERMOCALC, giving
AlyO5:MgO:FeO:K,0:NayO = 75-65:6-53:7-85:7-89:
2-08 on a mole basis. Using this bulk composition, a
P—T pseudosection calculated for sample CHMI is
presented in Fig. 6. It is characterized by the preva-
lence of di- and trivariant fields with four invariant
points seen. This pseudosection also shows the Si iso-
pleths in phengite, which are negatively sloped at tem-
peratures below about 600°C and positively sloped at
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higher temperatures. The observed assemblage g +
ky + pa 4+ ph + q for sample CHMI is trivariant in
NKFMASH and stable over a P—T range with pres-
sures about 13—24 kbar and temperatures between 600
and 800°C. The measured phengite Si content in the
sample 1s 3-38, which would place it in the jadeite field
in Fig. 6. However, the microprobe analysis for this
phengite presented by Meyre et al. (1999) has total
divalent cations (Fe?™ + Mg) in the M2A site of only
0-33, which should indicate the maximum celadonite
content. With this, the isopleth with Si = 3-33 provides
a P—T range of 21-23kbar and 610-710°C in the
trivariant field g—ph—pa—ky of Fig. 6, which is similar
to the P— T conditions of 23-5—26 kbar and 620—700°C
estimated for sample CHM39 in the KFMASH system
(Wei & Powell, 2003), and also similar to the peak
pressure condition of 25 kbar provided by Meyre et al.
(1999) from the associated sodic whiteschist samples in
the Adula Nappe.

Talc—phengite high-grade pelitic blueschists
of the Western Alps

Chopin (1981) reported that the assemblage talc—
phengite is widespread in the high-grade pelitic
blueschist-facies rocks in and around the Gran Paradiso
Massif of the western Alps. The rocks are composed
essentially of talc, phengite, chloritoid and quartz
(£ chlorite, £ garnet, & glaucophane). For example, one
representative sample (7-172) contains g 4+ ct + ta +
chl + ph + gl 4 q, with a bulk composition, presented
by Chopin (1981), of Si0y 51-06, Al,O3 1551, FeO
12-18, MgO 10-38, KoO 0-46 and NayO 1-31 (wt %),
giving AlbO3:MgO:FeO:KyO:Na,O = 25-13:42-56:
28-01:0-81:3-49 on a mole basis. Using this bulk com-
position, a calculated P—T pseudosection is presented
in Fig. 7, which is dominated by di- and trivariant
fields with two quadrivariant fields and 10 invariant
points that can be seen by this bulk composition. Con-
touring of the phengite Si isopleths for the phengite-
bearing fields indicates that the Si contents rise linearly
with pressure, which, however, is evidently dependent
on mineral assemblage. For example, the phengite Si
contents vary smoothly in most tri- and divariant
fields, but trivially in the trivariant field ph—chl—
gl—pa, and actually are constant in the quadrivariant
field g—ph—gl. For this bulk composition, phengite is
not in excess for the fields in the high-7/P part of Fig. 7
where biotite appears as a major phase, and paragonite
is consumed via reactions 15, 18 and 20, etc. as a result
of chlorite being in excess. Hence, the KFMASH reac-
tions 1, 3, 4 and 7 take place to lead to the final
decomposition of chlorite and chloritoid. The mineral
assemblage observed in sample 7-172 is univariant in

the NKFMASH system, corresponding to reaction 3

VOLUME 45 NUMBER 1 JANUARY 2004

(chl + q = g + ta + ct) with glaucophane and phengite
also present. The phengite in this mineral assemblage
has Si = 3-45, and this isopleth crosses reaction 3 at
22-5kbar and 565°C, giving a P—T condition for the
rock in very good agreement with the P—7 conditions
of 21-7-23 kbar and 542-557°C estimated by Vidal
et al. (2001) for the same sample (7-172cl) using their
four-thermodynamic-component model for chlorite. In
sample 7-172, the coexistence of gl + ct also indicates a
metamorphic pressure over about 18—19kbar from
reaction 20 (see also Figs 3 and 4d—h). Therefore, like
the ct—ta coexistence that indicates metamorphic
pressures over 19kbar (Chopin & Schreyer, 1983;
Chopin & Monié, 1984; Wei & Powell, 2003), the
ct—gl coexistence, stable at pressures over 18—19 kbar,
is another metamorphic pressure indicator (Guiraud

et al., 1990).

Carpholite-bearing metapelites from the
Peloponnese, Greece

Theye et al. (1992) described carpholite-bearing high-P
metapelites from Western Crete and the Peloponnese,
Greece, a representative sample (P80/82) of which
contains ct + cr + chl + pa + ph + q and has a bulk
composition of Si0y 66-3, Al,O5 15-5, FeO 1-89, MgO
3-27, KoO 1-70 and NayO 0-32 (wt %), giving
Al,O3:MgO:FeO:K,0:NayO = 53-78:28-71:9-31:6-38:
1-83 on a mole basis. A P—T pseudosection is calcu-
lated using this bulk composition and is presented in
Fig. 8. It is dominated by di- and trivariant fields with
two quadrivariant fields and 11 invariant points that
can be seen by this bulk composition. Contouring of the
phengite Si isopleths for the phengite-bearing fields
indicates that the Si contents rise linearly with pressure
in most tri- and divariant fields, descend with pressure
in the trivariant field ph—cr—pa—jd, and are constant
in the two quadrivariant fields ph—cr—jd (Si = 3-20)
and ph—cr—pa (Si = 3-35). The mineral assemblage
observed in sample P80/82 is divariant in the
NKFMASH system, forming a long narrow field with
temperatures below 540°C and pressures less than
20 kbar. The Si contents of phengite in the carpholite
schist are measured as 3-20, which yield a P—7 condi-
tion of 14—16kbar and 450—510°C, in the range of
P—T values estimated by Theye & Seidel (1991) of
450 &£ 30°C and 17 % 4 kbar for the Peloponnese.

Glaucophane—phengite schist from the
southern Tianshan high-P belt, NW China
The eclogites and blueschists in the southern Tianshan
high-P belt, NW China, have been the subject of sev-
eral studies recently (Gao et al., 1995, 1999; Zhang
et al., 2002a, 2002b; Wet et al., 2003). However, the
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Fig. 7. P—T pseudosection in the NKFMASH system, with quartz and H5O in excess, for a high-grade blueschist (sample 7-172) from the
Western Alps (Chopin, 1981) with Al,O3:MgO:FeO:KyO:NayO = 25-13:42-56:28-01:0-81:3-49 on a mole basis, showing the invariant points
(@), univariant reactions (bold continuous lines) with labels the same as in Fig. 3, divariant fields (unshaded), trivariant fields (light grey) and
quadrivariant fields (dark grey). Isopleths of the Si content in phengite are shown as the dashed lines with numbers (Si=) 3-15-3-90 p.f.u.

glaucophane—phengite schist, one of the most extensive
rock-types in the belt, has not been well delineated,
especially for its P—7 conditions, nor for its relations
with the eclogites and blueschists, because of the lack of
appropriate geothermobarometers. This schist is com-
posed mainly of garnet, phengite, glaucophane, albite,
rutile, ilmenite and sphene, and probably was once a
greywacke. As an example, we selected a representa-
tive sample (AKO7), which contains garnet (18) +
phengite (20) + glaucophane (12) + albite (35) +
quartz (10 vol. %) and small amount of rutile and
ilmenite. The microprobe analyses for the main miner-
als are garnet: S10y 37-83, Al,O3 21-01, FeO 31-97,
MgO 3:00, CaO 4-91 (wt %); phengite: SiOg 51-29,
AlyO4 27-23, FeO 1:-84, MgO 3:56, KoO 10-48 (wt %);
glaucophane: SiO, 58:45, Al,O5 12:08, FeO 9-46,
MgO 9-82, Na,O 7-61 (wt %); albite: SiOy 70-03,

AlyO3 19-52, NayO 11-36 (wt %). If the small amount
of CaO in the garnet is neglected, an effective bulk
composition for sample AKO7 can be generated in the
NKFMASH system using THERMOCALC from the
above mineral modal proportions and compositions,
giving Al,O3:MgO:FeO:K,0O:NayO = 42-83:8-63:
16-91:5-13:26-50 on a mole basis. Using this bulk com-
position, a P—T pseudosection was calculated for sam-
ple AKO7 and is presented in Fig. 9. This pseudosection
includes di-, tri- and quadrivariant fields with only one
invariant point i23 that can be seen by this bulk com-
position. When compared with the previous rocks,
AKO7 is characterized by being Na-rich, so a promi-
nent feature of its P—7 pseudosection is that albite is
present in every di-, tri- and quadrivariant fields below
reaction n3 (jd + q = ab), as is jadeite above this
reaction.

195

9T0Z ‘S Yo N Uo AIseAIUN 31eIS BlURA|ASUURH e /Bi0°sfeulnopioxo ABojosed//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 45 NUMBER 1 JANUARY 2004

35

30

25

20

15

@ ctphchlglpa
ctphchltapa
© ct phta gl pa

~© pherpajdky
e

7 ® pherpaky

® ctphchlgiky

3.33
gphchlglky
i

gbiabpaky

g chl bi\&Q
paky 27 g biab ky/sill

10 gchlbiabky/ -s—i-]l—-_“______\gf‘i\,\,__
. gbl ta ab sill/ky
TC
5 1 | | I | | | I I S | l
400 450 500 550 600 650 700 750 800

Fig. 8. P—T pscudosection in the NKFMASH system, with quartz and HyO in excess, for a carpholite-bearing high-P metapelite (sample
P80/82) from the Peloponnese, Greece, AlyO5:MgO:FeO:Ky0:Nay,O = 53-78:28:71:9-31:6-38:1-83 on a mole basis, showing the invariant
points (@), univariant reactions (bold continuous lines) with the labels the same as in Fig. 3, divariant fields (unshaded), trivariant fields (light
grey) and quadrivariant fields (dark grey). Isopleths of the Si content in phengite are shown as the dashed lines with numbers (Si=)

3-:05-3-55 p.fou.

The phengite Si isopleths are shown in this pseudo-
section where the Si contents rise linearly with pressure
in most tri- and divariant fields, but being effectively
constant in the quadrivariant field g 4+ ph + jd (Si =
3:554), and varying irregularly in the fields in the
central-left part of Fig. 9. For example, the Si isopleths
are steeply and negatively sloped in the divariant field
g—ph—gl—pa—jd, descending trivially with tempera-
ture, and in the trivariant field g—ph—gl—ab, the Si
isopleths are moderately and positively sloped, rising
clearly with temperature. The observed mineral assem-
blage for sample AKO7 is trivariant in the NKFMASH
system and takes up a small irregular triangle just
adjacent to reaction n3. The measured Si content in
phengite is 3-40, giving a P—T condition of about

17—19kbar and 670-690°C in Fig. 9, where the pres-
sure is in good agreement with that of a hornblende
eclogite in the belt estimated at 17—18 kbar, with tem-
perature being slightly higher than that estimated
there, 610—630° (Wei et al., 2003). With reference to
the temperature estimates for the eclogites from the
southern Tianshan of 480-580°C (Gao et al., 1999)
and 500-600°C (Zhang et al., 2002a) based on the
garnet—clinopyroxene geothermometer, the tempera-
ture 670—690°C for the glaucophane—phengite schist is
probably a small overestimate. One of the probable
reasons for this is that the CaO in garnet affected the
temperature estimation. As a result, the hornblende
eclogites are coherent with their surrounding rocks at
least in metamorphic conditions.
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Fig. 9. P—T pseudosection in the NKFMASH system, with quartz and HoO in excess, for a glaucophane—phengite schist (sample AKO07)

from the Southern Tianshan, NW China with AlyO5:MgO:FeO:K;0:Na,O = 42-83:8:-63:16-91:5-13:26-50 on a mole basis, showing the

invariant points (@), univariant reactions (bold continuous lines) with the labels the same as in Fig. 3, divariant fields (unshaded), trivariant
fields (light grey) and quadrivariant fields (dark grey). Isopleths of the Si content in phengite are shown as the dashed lines with numbers

(Si=) 3-10-3-85 p.fu.

DISCUSSION AND CONCLUSION
Comparison with published petrogenetic
grids

Guiraud et al. (1990) calculated an NFMASH grid for
the greenschist—blueschist—eclogite facies in the range
5=50kbar and 300—850°C. Of the 18 invariant points
presented in their grid, there are 13 corresponding to
the invariant points with an asterisk in Table 3 but
with distinctively different P—7 conditions because of
differences in the internally consistent dataset and the
different models of activity—composition relationships
for the solid solutions used, which, in turn, leads to
considerable differences in the phase topologies
between the two grids. Of these differences, a few are
notable, as follows.

(1) For pressures above invariant i3, the chlorite-out
reaction 3 in Fig. 3 shows a moderately negative slope,
which, to some extent, can be used as a pressure indi-
cator; whereas in the grid of Guiraud et al. (1990), the
corresponding reaction is steeply sloped, being a good
temperature indicator.

(2) According to the grid of Guiraud et al. (1990),
garnet and carpholite occur together under extremely
high pressures (P > 44 kbar, 7 < 600°C). In contrast,
the present study suggests that the garnet—carpholite
paragenesis can occur if pressures are greater than only
25kbar and temperatures lower than 550—600°C,
which would be attainable in nature.

(3) The involvement of KyO and relevant phases
phengite and biotite in our study provides more con-
straints on the relatively high 7/P part of the grid, for
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instance, the invariant points i1, 15, 18, 110 and il1, as
well as the reactions emanating from them (see Fig. 3).
In particular, the involvement of phengite, one of the
most ubiquitous phases in high-P metapelites, provides
a possibility to contour relevant P—7 pseudosections
for its Si content, which can be used as a good geo-
barometer for various high-P assemblages.

High-P assemblages in Na-bearing
metapelites

For decades, the unusual assemblages kyanite—talc and
phengite—talc have been emphasized as high-P indica-
tors for pelitic compositions (e.g. Abraham &
Schreyer, 1976; Schreyer, 1977, 1988; Chopin, 1981;
Massonne & Schreyer, 1989; Izadyar et al., 2000).
These assemblages are restricted to unusual pelitic
compositions rich in Mg that can be modelled in the
MASH and KMASH systems. Wei & Powell (2003)
suggested that incorporation of Fe into the KMASH
system would stabilize chloritoid and garnet, which
could coexist with talc, phengite, kyanite, chlorite,
carpholite and biotite, and lead to various mineral
assemblages for different bulk compositions and P—T
conditions. As has been demonstrated above, the incor-
poration of Na into the KFMASH system, with the
Na phases albite, paragonite, glaucophane and
jadeite considered, leads to much more complicated
phase relations and diverse mineral assemblages in
the NKFMASH system. It should be noted, however,
that the KFMASH phase topology provides a ‘back-
bone’ for the NKFMASH phase relations. If the Na—K
substitution in phengite is taken into account using
Coggon & Holland (2002), the invariant equilibria
containing both phengite and biotite are affected by
1-3°Cin 7 and less than 0-5 kbar in P.

If the bulk compositions are rich in Al and poor in
Mg with lesser Na, as in sample CHMI (see its projec-
tion on the AFM diagrams of Figs 4 and 5), kyanite
will be ubiquitous and coexist with carpholite, chlor-
itoid and garnet, respectively, with increasing P—7T
along geotherms of 8—10°Ci/km. Talc would be absent,
and paragonite will be stable to its maximum stability
limits, giving way to jd + ky via reaction n2, and ab +
ky via reaction nl, respectively. In most fields only one
Na phase is present. For example, the mineral assem-
blage g + ct 4+ ky + ph + pa + q reported by Vuichard
& Ballevre (1988) in an eclogitic mica-schist from the
Sesia zone, Western Alps, may represent a rock with a
similar composition to CHM1, but which was meta-
morphosed at a lower temperature, 570—600°C, lim-
ited by the subsystem reaction f3 (see Figs 2 and
4h), and the full system reaction 6, concordant with
the temperature of 550—600°C estimated by Vuichard
& Ballevre (1988) using the garnet—phengite pair.
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For bulk compositions rich in Mg and poor in Al
with lesser Na, such as sample 7-172, the AFM phases
such as chlorite and chloritoid will be stable to their
maximum stability limits (see Fig. 7), talc is stable in
considerably wider P—7 ranges, and carpholite con-
fined only to high P/T fields. There would be a wide
P—T range for glaucophane stability, but no field for
the stability of jadeite. Rocks with this composition
tend to develop ct + gl (see Figs 4d—h and 7) when
metamorphic pressures are above 18—19kbar (reac-
tions 15 and 20 in Fig. 3). This ct—gl pair would coexist
with other AFM phases such as carpholite, chlorite,
garnet, talc and kyanite with changes of temperature
(see Figs 3 and 7) or of Fe/Mg ratio (see Fig. 4d—h), or
coexist with other Na phases paragonite and jadeite if
there is sufficient NayO in the bulk composition. This
ct—gl pair has been reported in a number of regions, for
example, in Ile de Groix (Kiénast & Triboulet, 1972),
in Gran Paradiso, Western Alps (Chopin, 1981), in
Spitsbergen (Ohta et al., 1986), in Oman (El-Shazly
& Liou, 1991) and in Chinese Tianshan (L. F. Zhang,
personal communication, 2002). According to the
thermodynamic calculations carried out in this paper
and also in that of Guiraud e al. (1990), the ct—gl pair
is a high-pressure indicator that is stable in the stability
field of jadeite 4+ quartz, although its stability field, as
has been demonstrated by Guiraud et al. (1990), will
expand with rising Xpes+ for both glaucophane and
chloritoid. The mineral assemblages g + chl 4+ pa +
gl + ph + q and g + chl + pa + ct 4 ph + q observed
in New Caledonia by Yokoyama et al. (1986) and
Ghent et al. (1987), in Alaska by Brown & Forbes
(1986), in the Vendée by Guiraud et al. (1987), and
in Sesia, Western Alps, by Vuichard & Ballevre (1988)
may represent rocks with a similar bulk composition to
sample 7-172 but metamorphic pressures lower than
reaction 20 (see Figs 3 and 5k,1). Their metamorphic
temperatures should be above the NKFASH reaction
f1 in Fig. 2 from the presence of garnet in these assem-
blages, but lower than reaction 25 in Fig. 3 from the
chlorite—glaucophane coexistence in the former, and
lower than reactions 5 and 6 from the presence of
chloritoid in the latter. These P—7 ranges are in agree-
ment with the estimates from petrological studies.

For bulk compositions rich in Mg, with moderate
amounts of Al and lower Na, similar to sample P80/
82 (see its projection on each AFM diagram in Figs 4
and 5), carpholite will be ubiquitous at low 7 (below
reactions 9 and 10 in Figs 3 and 8), and chlorite, talc
and kyanite take its place at higher 7 or higher P. It is
interesting that the four Na phases paragonite, albite,
glaucophane and jadeite are stable, respectively, at low
P-T, low P|/T, hich P/T and high P—T7 fields in
Fig. 8, with limited fields where they coexist. The
mineral assemblage ky 4 ct 4+ chl + pa + ph + q in
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kyanite—chloritoid mica schist described by Chen
(1995) and WIill et al. (1998) from eastern Samos,
Greece, indicates a rock with similar composition to
sample P80/82 but metamorphic temperature above
reaction 9. The phengite in the mica schist contains
Si = 3-12, yielding a metamorphic pressure of about
12-5kbar in Fig. 8 for a temperature of 500°C esti-
mated by Will et al. (1998), which is similar to that
estimated by Chen (1995) and Will et al. (1998).

For bulk compositions rich in Na and Fe, poor in Mg
and Al with moderate K, analogues to sample AKO07,
there will be a wide P—T range for the stability of
garnet and biotite but the other AFM phases such as
chlorite, chloritoid and carpholite will be stable only at
high P/T. There are much wider P—7 ranges for the
Na phases albite, jadeite and glaucophane as well as
paragonite. These Na-rich rocks would be extensive in
high-P terranes around the world, but most of them,
like sample AKO07 in Chinese Tianshan, occur in the
albite stability field. Koons (1986) reported a mineral
assemblage g + gl + jd + pa + ph + q in quartzofelds-
pathic rocks from the Sesia Zone, Western Alps; it
probably represents a rock rich in Na but metamorphic
pressures are above reaction n3. This assemblage is
constrained by reactions 28, 19, n2 and n3 in Fig. 3
and would be the most common assemblage for Na-
and Fe-rich compositions in high-P metamorphism
with geotherms along 8—10°C/km (e.g. Figs 4d—i
and 5l—o0). There is also a stability field for this assem-
blage in the central part of Fig. 9. Koons (1986) esti-
mated a P—T condition of 600-620°C and 17-5—
18-5kbar for this quartzofeldspathic rock and mea-
sured the phengite Si content at about 3-40. This is in
good agreement with the calculations in Fig. 9, with in
fact Si = 3-40. Moreover, the particularly sodic meta-
pelite from NW Turkey described by Okay (2002),
with the mineral assemblage jd + ct + gl + chl +
ph + g + lawsonite (samples 4892B and 4893B), is also
an Fe- and Na-rich rock but represents lower 7/P
conditions. Excluding the only Ca-bearing phase law-
sonite, the other six NKFMASH phases constitute a
divariant assemblage whose P—7 conditions are lim-
ited by reactions 14, 35 and 36 in Fig. 3, giving a range
of 20—25 kbar and 420—480°C, similar to the pressures
of 24 £ 3kbar and temperatures of 430 £ 30°C
estimated by Okay (2002).

In addition, Izadyar et al. (2000) reported a mineral
assemblage ta + ph + ab 4 chl + q £ gl (crossite) in
the piemontite—quartz schists from the Sanbagawa
belt, Japan, which is derived from an extreme bulk
composition with Mg/(Mg + Fe?™) about 1-0. Using
the thermodynamic database of Holland & Powell
(1998), Izadyar et al. (2000) calculated a possible
petrogenetic grid in the NKMASH system, in which
the talc—phengite stability field was limited around

580—600°C and 11-6—12-0kbar. As discussed by those
workers, the pressure is concordant with the inferred
pressures of the higher-grade part of Sanbagawa belt
(Banno & Sakai, 1989), but the temperature range is
unrealistically narrow to explain the occurrence of the
talc—phengite assemblage from the higher garnet and
biotite zones in the Sanbagawa belt, which cover the
temperature range from ~500 to 630°C. The possible
reason for this is that the activity—composition models
for the solid solutions involved in their calculation are
not reliable. According to our calculated NKMASH
grid presented in Fig. 1, which is also based on the
database of Holland & Powell (1998), but using
updated and more reliable activity—composition mod-
els for solid solutions (for details see the Appendix), the
talc—phengite stability field is limited by reactions m17
and ml0 on the low-P side, covering a much wider
P—T range, but the observed assemblage ta + ph +
ab + chl + q % gl takes up a small P—7 range with P =
9-5—10-5kbar and 7 = 490-580°C, limited by reac-
tions m17 (chl 4+ bi = ta + ph), m19 (chl + ab = gl +
pa) and m20 (chl + ab = ta + pa) on the consideration
that albite coexists with chlorite and there is no para-
gonite present in this mineral assemblage. The inferred
P—T condition is in good agreement with the petrolo-
gical studies of Banno & Sakai (1989).

Accordingly, the calculated P—7 grids presented in
Figs 1-3 are powerful in delineating the phase rela-
tions for Na-bearing metapelites from high-P terranes
around the world. If combined with the calculated
P—T pseudosection for the bulk composition of a
mineral assemblage of interest, contoured for isopleths
of mineral compositions, e.g. the Si content of phengite,
more accurate information on the P—7 conditions and
evolution can be derived.

Phengite geobarometry in the NKFMASH
system

According to the experimental calibrations of the
phengite Si contents in limited KMASH assemblages
(Massonne & Schreyer, 1987, 1989; Massonne &
Szpurka, 1997), phengite shows a high potential for
geobarometry. This has been supported by the calcu-
lated results in the KMASH and KFMASH systems
in a previous paper (Wei & Powell, 2003). In the
NKFMASH system, the phengite geobarometry, as
shown in Figs 69, varies with mineral assemblage, or
more precisely, with how many Na phases are involved
in the mineral assemblage. If there is only one Na
phase present in the mineral assemblage, the
NKFMASH phengite at fixed P—7 conditions has a
lower Si content and identical slope of the Si isopleths
when compared with the similar mineral assemblage in

the KFMASH system. For example, at P = 20kbar
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and 7 = 671°C, the NKFMASH phengite in a trivar-
iant assemblage coexisting with garnet, paragonite,
kyanite and quartz has Si = 3-30 from Fig. 6, and the
KFMASH phengite in a similar trivariant assemblage
free of paragonite has Si = 3-32 from fig. 8 of Wei &
Powell (2003), with the KFMASH phengite decreas-
ing its Si content at fixed P and T as paragonite is
incorporated. Similarly, at P = 20kbar and T =
471°C, the NKMASH phengite in a trivariant assem-
blage with chlorite, carpholite, glaucophane and
quartz has Si = 3-42 in Fig. 7, and the KFMASH
phengite in a similar trivariant assemblage without
glaucophane has Si= 3-45 from fig. 6 of Wei & Powell
(2003). However, when there are two or more Na-
bearing phases present in the mineral assemblage, the
phengite Si isopleths show much more complicated
relationships with P—7 conditions. As shown in Fig. 9,
the phengite Si isopleths are gently and positively
sloped and smoothly rise with pressure in the trivariant
assemblage ph—bi—ab—pa and divariant assemblage
g—ph—bi—ab—pa, whereas in the divariant assemblage
g—ph—gl—pa—jd, the phengite Si isopleths are steeply
and negatively sloped, gently decreasing with tempera-
ture. In this case, phengite can not be used as a geo-
barometer. Therefore care must be exercised in using
phengite Si as a geobarometer.
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APPENDIX: MIXING MODELS, AND
MINERAL AND END-MEMBER
FORMULAE

Garnet (g): [Mg,Fe]3AlpSisOq9

A symmetric solution model is used for Mg—Fe mixing
in binary garnet with the interaction parameter I/ (py,
alm) = 2-5k]J/mol following Dale et al. (2000). End-

members:

pyrope (py), MgsAlySizOy;
almandine (alm), FesAl,S150 5.

Chloritoird (ct): [Fe,Mg]AlySiO5(OH)q

A symmetric solution model is used for Mg—Fe mixing
in binary chloritoid with the interaction parameter
W (mct, fct) = 1-0 kJ/mol following Holland & Powell
(1998). End-members:

Mg-chloritoid (mct): MgAl,SiO5(OH)o;
Fe-chloritoid (fct): FeAlySiO5(OH)s.
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Carpholite (cr): [Fe,Mg]AlSioO4(OH)4
Mg—Fe mixing in carpholite is assumed to be ideal.
End-members:

Mg-carpholite (mcr): MgAlySinOg(OH)4;
Fe-carpholite (fer): FeAlySioOg(OH)4.

Chlorite (chl): [Fe,Mg,]+"* [ Mg,Fe,Al]}1*
[Si,A1J3Si20,4(OH)

According to Holland et al. (1998), the thermo-
dynamics of ordered chlorite are modelled using a
quaternary symmetric mixing model. End-members:

Al-free chlorite (afchl): [Mg]}23[Mg]M! [Mg]M*
[Si]2 '[Si]3O19(OH)g;

clinochlore  (clin):  [Mg]}3[Mg]M [AIMH AT
[Si]"'[Si]37O010(OH)g;

daphnite  (daph): [Fe|MZ3[Fe M A AT
[Si]T![Si]4200(OH)g;
amesite (ames): [Mg] 23 [AIM AL M AL

[Si]37O10(OH)s.

Interaction parameters: W(afchl, clin) = 18 kJ/mol,
W (afchl, daph) = 14-5k]J/mol, WW/(afchl, ames) =
20kJ/mol, W(clin, daph) = 2-5k]J/mol, W/(clin,
ames) = 18 k]J/mol and W(daph, ames) = 13-5 k] /mol.

Phengite (ph): KOM! [Fe,Mg, AIM?A[AIM2B [Si Al]4!
Si3?010(OH),

Following Holland & Powell (1998), an ideal mixing
model is used for phengite where mixing between Al,
Mg and Fe is assumed only to occur in the M2A site
and mixing of tetrahedral Al and Si is restricted to the
two T1 sites. End-members:

muscovite  (mu):  KOMUAIMPA[ALPMZBAITIST!
Si32019(OH)s;

celadonite  (cel):
O10(OH)y;

Fe-celadonite (fcel): KM [Fe]M2A[AIM2BS;iT1Sid?
O10(OH)».

K O M1 [Mg] M2A [Al] M2B Slg‘l SJZ

Biotite (bi): K[Fe,Mg]}?[Fe,Mg, AlJM![Si,Al]J!
$i120,0(OH),

Following Powell & Holland (1999), ordered biotite is
modelled with symmetric mixing and DQF models
where Fe is assumed to favour the MI site. End-
members:

phlogopite (phl): K[Mg]3?[Mg]M'AITISiT! Sif20,,
(OH)s;

annite  (ann):
(OH)»; |

eastonite (east): K[Mg]d2[AIIMAII!Sid? O,o(OH)y;

K[Fe]d2[Fe]MAITISIT! - Sif20,

VOLUME 45 NUMBER 1 JANUARY 2004

ordered-biotite (obi):
$i32015(OH).

K[Mg]%m [Fe]MlAlTl SiTl

Interaction parameters: W(phl, ann) = 9 kJ/mol,
W(phl, east) = 10 kJ/mol, W(phl, obi) = 3 k]J/mol,
W (ann, east) = —1 kJ/mol, W (ann, obi) = 6 kJ/mol,
W(east, obi) = 10 kJ/mol, and a DQF parameter,
Iobi: —10-73 kj/mol

Tale (ta): [Fe,Mg]3![Fe,Mg,Al|M?

[Si,ALl2" [Si]2%010(OH),

Following Holland & Powell (1998), an ideal mixing
model is used for the ternary talc in which the Al is
assumed to order onto the M3 site and to enter only the
two T1 sites. End-members:

tale (ta): [Mg]}" [Mg]M[Si]1 [Si]320,4(OH).:

Fe-talc (fta): [Fe]d! [Fe]M3[Si]d![Si]4% O,0(OH)y;

Tschermak-tale  (tats): [Mg]3![ALM3[AL T [Si] !
[Si]120,0(OH).

Staurolite (st): [Fe,Mg]4Al;1517.5044(OH)4

A symmetric solution model is used for Mg—Fe mixing
in binary staurolite with the interaction parameter
W(mst, fst) = —8-0kJ/mol following White et al.
(2001). End-members:

Mg-staurolite (mst): MgyAl gS17.5044(OH)y;
Fe-staurolite (fst): FesAljgSi7.5044(OH)y.

Glaucophane (gl): Nag[Mg,Fe]3AloSigOq0(OH)g
Fe—Mg mixing in glaucophane is assumed to be ideal.
End-members:

glaucophane (gl): NagMg3sAlySigOg9(OH)o;
Fe-glaucophane (fgl): NasFesAly SigOg9(OH)s.

Albite (ab): NaAlSizOg

According to Holland & Powell (1996), ordered albite
is modelled with a simplified model between two end-
members, low albite (abl) and high albite (abh), in
which Al is assumed to order onto just one of the four
tetrahedral sites. The mixing is assumed to be sym-
metric with W(ab) = 13-45 4 0-036 P and a DQF
parameter [, = —14 4+ 0-01877 — 0-036 P.

Single end-member minerals with unit activities are:

Paragonite (pa): NaAly(AlSi3)O1o(OH),
Jadeite (jd): NaAlSioOg

Kyanite (ky) and sillimanite (sill): AloSiOs
Quartz (q) and coesite (coe): S10q.
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