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INTRODUCTION

The triple point involving the Al2SiO5 polymorphs—kyan-
ite, andalusite, and sillimanite—is arguably the most impor-
tant invariant point in metamorphic petrology. Despite some
remaining debate, most agree that it is located in P-T space
somewhere in the interval between 3.8 kbar, 500 °C (Holdaway
1971; Holdaway and Mukhopadhyay 1993) and 4.5 kbar, 550
°C (Pattison 1992; Pattison et al. 2002) (see also Kerrick 1990
and Bohlen et al. 1991). These conditions are conveniently in
a part of P-T space traversed by many crustal metamorphic
sequences, so that immediate inferences about P-T conditions
can be made based on the occurrence of one or more of the
polymorphs.

One of the most common rock types that develops Al2SiO5

minerals is pelite (metamorphosed mudstone, siltstone, or
wacke). There has been great interest in possible metapelitic
“triple-point assemblages,” those containing all three Al2SiO5

minerals in stable equilibrium, because they potentially rep-
resent valuable fixed P-T reference assemblages for calibra-
tion of thermobarometers (e.g., Hodges and Spear 1982), stable
isotope fractionations, and a range of other geochemical pa-
rameters.

This paper argues that except under exceptional circum-
stances, such triple-point assemblages cannot represent a stable
association in common metapelitic rocks. Common metapelitic
rocks are defined as those containing muscovite+biotite+quartz
and which have bulk compositions that plot below the garnet-
chlorite tie-line on the AFM projection from muscovite, quartz,
and water (Fig. 1). The arguments presented are purely phase-
equilibrium arguments that, if correct, make moot the related
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ABSTRACT

This paper uses constraints from experiments, thermodynamic modeling, and natural mineral
assemblages to argue that Al2SiO5 “triple-point” assemblages, in which all three Al2SiO5 minerals
are in stable equilibrium, are not possible in common muscovite(Ms)+biotite(Bt)+quartz(Qtz)-bear-
ing metapelitic rocks because the reactions that first introduce an Al2SiO5 mineral to these bulk
compositions occur at higher temperature than the triple point. Less-common, highly aluminous
bulk compositions may develop Al2SiO5 minerals at temperatures below the triple point such that
stable triple-point assemblages are theoretically possible. The “invisibility” of the triple-point to
common Ms+Bt+Qtz-bearing metapelites calls into question most metapelitic triple-point localities
reported in the literature, and carries implications for the topology of the metapelitic petrogenetic
grid, the bathozone/bathograd scheme of Carmichael (1978), and the possibility of prograde kyanite
→  andalusite →  sillimanite sequences. Re-examination of reported triple-point localities suggests
that in most if not all cases, the Al2SiO5 minerals grew at different times in the metamorphic history
of the rock.

debates about the “unlikelihood” of metapelites forming at
exactly the conditions of the triple point, or how different nucle-
ation and growth kinetics of the polymorphs make their simul-
taneous growth unlikely. Implications of the “invisibility” of
the triple point to common metapelitic compositions are dis-
cussed with respect to the metapelitic petrogenetic grid, the
bathograd scheme of Carmichael (1978), and the possibility of
prograde kyanite →  andalusite →  sillimanite sequences.

THEORETICAL CONSIDERATIONS

Whether Al2SiO5 triple-point assemblages are possible as a
stable association in Ms+Bt+Qtz-bearing metapelites
(abbrevations of Kretz 1983) boils down to a simple question:
do reactions that introduce an Al2SiO5 mineral to these bulk
compositions occur at higher or lower temperature than the
triple point (Fig. 2)? In the ensuing discussion of reactions,
interested readers may wish to refer to Figures 32–33 and 36–
39 of Pattison and Tracy (1991).

The lowest temperature reaction that introduces coexisting
Al2SiO5+Bt to metapelites is the model K2O-FeO-MgO-Al2O3-
SiO2-H2O (KFMASH) univariant reaction:

Muscovite + Staurolite + Chlorite + Quartz =
Al2SiO5 + Biotite + H2O                (1)

(Thompson and Norton 1968; reaction 2 of Pattison and Tracy
1991). In rocks lacking staurolite, the relevant reaction is the
model KFMASH divariant reaction:

Muscovite + Chlorite + Quartz = Al2SiO5 + Biotite + H2O  (2)

(reaction 9 of Pattison and Tracy 1991) whereas in rocks lack-
ing chlorite, the relevant reaction is the model KFMASH
divariant reaction:
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Muscovite + Staurolite + Quartz = Al2SiO5 + Biotite + H2O  (3)

(reaction 14 of Pattison and Tracy 1991). At low pressure and/
or in magnesian compositions, the lowest-temperature reac-
tion that introduces coexisting Al2SiO5+Bt to metapelites is
the model KFMASH univariant reaction:

Muscovite + Chlorite + Quartz =
Al2SiO5 + Cordierite + Biotite + H2O                (4)

(reaction 1 of Pattison and Tracy 1991).
At a given pressure, reaction 1 of this paper occurs at a

lower temperature that any of reactions 2, 3, and 4 (e.g., Figs.
1 and 2 of Thompson 1976; Figs. 36–39 of Pattison and Tracy
1991), and at a lower temperature than the important stauro-
lite-consuming, Al2SiO5-forming KFMASH univariant reac-
tion:

Muscovite + Staurolite + Quartz =
Al2SiO5 + Biotite + Garnet + H2O                (5)

(Thompson and Norton 1968; reaction 4 of Pattison and Tracy
1991). Even though reaction 5 accounts for the first develop-
ment of Al2SiO5 minerals in many metapelites (Carmichael 1978),
reaction 1 is the key one to investigate by virtue of occuring at
the lowest temperature and is consequently the focus of much
of the paper.

Previous studies are split over whether reaction 1 occurs
up-temperature or down-temperature of the triple point. The
metapelitic petrogenetic grids of Hess (1969), Kepezhinskas
and Khlestov (1977), Carmichael (1978, 1990 in Davidson et
al. 1990), Harte and Hudson (1979), and Froese (1997) show
reaction 1 down-temperature of the triple point, whereas the
grids of Hoschek (1969), Thompson (1976), Korikovskii
(1979), Spear and Cheney (1989), Powell and Holland (1990),
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FIGURE 1. AFM diagram projected from muscovite, quartz, and
water showing schematically the plotting positions of common biotite-
bearing pelites (below the Grt-Chl tie line) and less-common aluminous
pelites and other related aluminous rock types (above the Grt-Chl tie
line). See also Figure 10-3 of Spear (1993). A = Al2O3-3K2O; F = FeO,
M = MgO.

FIGURE 2. Illustration of how the location of reaction 1 with respect
to the Al2SiO5 triple-point determines whether or not stable triple-point
assemblages are possible in common Ms+Bt+Qtz-bearing metapelites.
Reaction numbering is the same as in the text. (a) Reaction 1 occurs
down-temperature of the triple point, permitting a stable triple-point
assemblage in Ms+Bt+Qtz-bearing metapelites. The isobaric P-T path
shows how kyanite-andalusite-
sillimanite sequences would be
possible in these rocks. (b)
Reaction 1 occurs up-tem-
perature of the triple-point,
such that a stable triple-point
assemblage is not possible in
Ms+Bt+Qtz-bearing meta-
pelites. The looping P-T path
shows how all three Al2SiO5

minerals could develop in a
given rock even though no
point on the P-T path may have
been close to triple point P-T
conditions. The dashed part of
the P-T path represents contact
metamorphic effects due to
intrusions. H = triple point and
And = Sil curve of Holdaway
(1971). P = triple point and
And = Sil curve of Pattison
(1992).
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Pattison and Tracy (1991), and Xu et al. (1994) show reaction
1 up-temperature of the triple point (cf., Fig. 2a vs. 2b).

Al2SiO5 MINERALS IN LESS-COMMON ALUMINOUS
BULK COMPOSITIONS

Less common but nevertheless widely reported aluminous
pelites, quartzites, and altered felsic volcanics have composi-
tions that plot above the garnet-chlorite tie-line in AFM pro-
jection (Fig. 1). Al2SiO5 minerals may be introduced to these
rocks by reactions other than those listed above, some of which
occur at temperatures below the triple point. In aluminous rocks
that contain pyrophyllite, the lowest-temperature occurrence
of an Al2SiO5 mineral is by the reaction:

Pyrophyllite = Al2SiO5 + Quartz + H2O                          (6)

This reaction occurs at about 400 °C (Chatterjee et al. 1984)
(Fig. 2), well below the triple point, potentially introducing
an Al2SiO5 mineral at greenschist-facies conditions and thus
allowing the possibility of stable triple-point assemblages at
higher grades.

Other possible reactions involve chloritoid (itself com-
monly a reaction product of pyrophyllite + chlorite, Spear
1993). The reaction:

Chloritoid + Quartz = Al2SiO5 + Chlorite + H2O            (7)

has been inferred from Cld+Chl+Ky and Cld+Chl+And assem-
blages in several field studies (e.g., Fox 1975; Mengel and
Rivers 1994), consistent with predictions from thermodynamic
modeling (e.g., Reche et al. 1998; Spear et al. 2001) that place
reaction 7 down-temperature of the triple point. Such assem-
blages in theory could evolve with rising temperature to de-
velop a stable triple-point assemblage. A key point with respect
to the bulk compositions that “see” reactions 7 and 8 is that
biotite is not part of the Al2SiO5-bearing mineral assemblages
and does not appear until reactions such as 1–5 are encoun-
tered at higher grade.

Two reactions involving chloritoid that have been proposed
to account for Al2SiO5+biotite-bearing assemblages are the
KFMASH univariant reaction:

Muscovite + Chloritoid + Chlorite + Quartz =
Al2SiO5 + Biotite + H2O                (8)

(Thompson and Norton 1968; Okuyama-Kusunose 1994) and
the KFMASH divariant reaction

Muscovite + Chloritoid + Quartz = Al2SiO5 + Biotite + H2O    (9)

(Thompson and Norton 1968). Field-based studes (Okuyama-
Kusunose 1994) and thermodynamic modelling (Spear et al.
2001) suggest that reactions 9 and 10 are restricted in P-T space
to the andalusite field up-temperature of reaction 1.

In rocks that contain sufficient Na to develop paragonite,
the reaction:

Paragonite + Quartz = Al2SiO5 + Albite + H2O            (10)

may develop an Al2SiO5 mineral (Guidotti 1968, 1984). Reac-
tion 6 occurs up-temperature of the triple point (Chatterjee
1972; Grambling 1984) (see Fig. 2a).

EXPERIMENTAL AND THERMODYNAMIC
CONSTRAINTS

There are no direct experiments on reaction 1. However,
Hoschek (1969) investigated reaction 3 as well as the follow-
ing reaction:

Muscovite + Chlorite = Staurolite + Biotite + Quartz + H2O  (11)

(see Fig. 3a), both of which are divariant in KFMASH. Reac-
tion 3 is the chlorite-absent divariant reaction that emanates
from univariant reaction 1, whereas reaction 11 is the Al2SiO5-
absent divariant reaction that emanates from reaction 1. From
Schreinemakers’ rules, the locus of intersections of isopleths
of Mg/(Mg + Fe) in divariant reactions 3 and 11 exactly de-
fines the location of univariant reaction 1. Reaction 1 must
therefore lie between the experimental constraints on reactions
3 and 11, as shown in Figure 3a.

Predicted positions of reaction 1 using the internally con-
sistent thermodynamic databases of Spear and Cheney (1989)
and Spear, Pattison and Cheney (2000 unpubl.; reported in
Pattison et al. 2002), themselves based on the databases of
Berman (1988), and Holland and Powell (1998) satisfy the ex-
perimental constraints (Fig. 3b). Because the above thermo-
dynamic databases did not use the experiments of Hoschek as
input to their data extraction routines, they represent an inde-
pendent line of evidence. The experimental and thermodynamic
constraints indicate that reaction 1 lies up-temperature of the
triple point, whichever location of the triple point is preferred.

NATURAL CONSTRAINTS

Given the uncertainties in thermodynamic modeling of
metapelitic phase equilibria, especially those at low pressure,
natural constraints are essential (Pattison and Tracy 1991;
Pattison et al. 1999, 2002). The critical difference between the
topologies in Figures 2a and 2b is that reaction 1 traverses the
andalusite, sillimanite, and kyanite fields if it lies up-tempera-
ture of the triple point, but only the andalusite and kyanite fields
if it lies down-temperature of the triple point.

A simple test is whether there are well-documented natural
localities where sillimanite is produced from reaction 1. Re-
action 1 is expected to be relatively uncommon in natural set-
tings, especially at higher pressure, because chlorite is a reactant
in the production of garnet and staurolite at lower grade than
reaction 1, so that there may be none left by the time the rocks
have reached the conditions of reaction 1. Nevertheless, there
are some well-studied localities where this reaction has been
inferred (e.g., Carmichael 1970; Lang and Rice 1985; Mengel
and Rivers 1994; Mezger et al. 2001), including two in which
sillimanite is the Al2SiO5 mineral produced.

The first example is in the classic metamorphic terrain of
West Central Maine, where Guidotti (1974) mapped in detail a
sillimanite isograd that he interpreted was due to reaction 1.
Figure 2b of Guidotti (1974) shows a decrease in modal chlo-
rite and a concomitant increase in modal sillimanite through a
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narrow transition zone between the Upper Staurolite Zone (sil-
limanite-absent) and Lower Sillimanite Zone (chlorite-absent).
Accompanying these changes is a weak modal increase of bi-
otite and weak modal decrease of garnet across the transition
zone. He interpreted the transition zone to be the reaction zone
for reaction 1, broadened by the influence of minor elements
and perhaps variations in water activity.

The second example is in the File Lake–Snow Lake belt of
Manitoba, described by Froese and Gasparrini (1975), Bailes
and McRitchie (1978), and Gordon et al. (1991). They used
field mapping, petrography, and mass-balance analysis to ar-
gue that the sillimanite-biotite isograd was due to reaction 1.
The appearance and increase in sillimanite coincides with a
decrease in modal chlorite, muscovite, and staurolite (Bailes
and McRitchie 1978; Gordon et al. 1991). The analysis of
Gordon et al. included the effect of non-KFMASH elements
Mn, Ca, and Ti, resulting in the additional possible involve-
ment of garnet as a reactant and plagioclase a product in reac-
tion 1, with the role of ilmenite uncertain.

The participation of garnet in both settings is potentially
problematic, as its involvement raises the question whether
reaction 5 equally well represents the sillimanite-forming re-
action (e.g., Carmichael 1978). In this scenario, the observed
chlorite in the rocks would represent a late alteration mineral.
In both studies, garnet was inferred either modally (Guidotti
1974) or chemically (Gordon et al. 1991) to be a reactant in
the sillimanite-producing reaction, whereas garnet is a prod-
uct in reaction 5. The modal and textural data in both locali-
ties indicates that as sillimanite increases upgrade, chlorite
decreases. On this basis, reaction 1 seems to account for the
observations better, although garnet clearly appears to have
participated to some degree in the natural multi-component

reaction.
In summary, the evidence from nature seems to support the

experimental and thermodynamic evidence that reaction 1 oc-
curs up-temperature of the triple point. If so, stable triple-point
assemblages should not be possible in common Ms+Bt+Qtz-
bearing metapelites. As noted earlier, these arguments may not
apply to the less common highly aluminous rock composi-
tions in which Al2SiO5-producing reactions are possible at
lower temperatures than the triple point.

EVALUATION OF REPORTED TRIPLE-POINT LOCALITIES

Despite the above considerations, there are several triple-point
localities that are well known in the literature. These include the
Boehls Butte area, Idaho (Hietanen 1956), Mt. Moosilauke area,
New Hampshire (Rumble 1973; Hodges and Spear 1982), and
several areas in north-central New Mexico (Holdaway 1978;
Grambling 1981; Grambling and Williams 1985).

The Boehls Butte area is the type locality for the “Idahoan”
facies series of Heitanen (1967). It was based on the widespread
occurrence of all three Al2SiO5 polymorphs in Ms+Bt+Qtz-bear-
ing pelitic schists, which Heitanen (1956) took to indicate P-T
conditions near the triple point (although she recognized that
andalusite was the latest to form of the three Al2SiO5 minerals).
More recent investigations (Carey et al. 1992; Grover et al.
1992) showed that the area experienced a long and complex
metamorphic history in which different Al2SiO5 minerals grew
at different times along a P-T path that at no time was near the
conditions of the triple point (Fig. 11 of Grover et al. 1992).
The occurrence of all three Al2SiO5 minerals in individual rocks
was interpreted to be due to metastable persistence of early
formed regional kyanite and sillimanite in rocks that later de-
veloped andalusite (see the schematic P-T path in Fig. 2b).
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 The Mt. Moosilauke area was used by Hodges and Spear
(1982) to calibrate geothermobarometers in Ms+Bt+Qtz-bear-
ing metapelites based on the assumption that the rocks experi-
enced P-T conditions at or slightly below those of the triple
point. It lies along the trace of the regional triple-point isobar
of Thompson and Norton (1968). Although all three Al2SiO5

minerals were not found in individual samples, andalusite and
sillimanite occur in Ms+Bt+Qtz-bearing pelitic schists in the
Mt. Moosilauke septum, whereas kyanite occurs in aluminous
quartzites 5 km to the west in the vicinity of Black Mountain
(Rumble 1973). More recent work (Florence et al. 1993; Spear
2000, personal communication) suggests that the Mt.
Moosilauke area is part of a nappe structure in which the lower-
pressure And-Sil rocks are separated from the intermediate-
pressure Ky rocks by a thrust fault, compromising the
assumption of triple-point conditions at Mt. Moosilauke.

Perhaps the best known triple-point region includes the Rio
Mora, Picuris, Tusas, and especially Truchas uplifts in north-
central New Mexico (Holdaway 1978; Grambling 1981;
Grambling and Williams 1985; Holdaway and Goodge 1990).
Mineral assemblages containing all three Al2SiO5 minerals are
found in each uplift. Many of the triple-point rocks are com-
mon Ms+Bt+Qtz-bearing pelitic schists containing combina-
tions of garnet, staurolite, cordierite, and chlorite, but there is
additionally a considerable volume of variably aluminous and
manganiferous quartzite and schist that commonly contain
combinations of the Al2SiO5 minerals.

The above authors mapped out the distribution of the
Al2SiO5 minerals and performed phase-equilibrium calcula-
tions assuming that the rocks experienced a single metamor-
phic event at or very near triple-point P-T conditions. More
recent work by Daniel et al. (1992) and Williams and Karlstrom
(1996) suggests that most if not all of the Al2SiO5-bearing rocks
were involved in looping clockwise (decompressional) P-T
paths traversing, in order, the kyanite, sillimanite, and andalusite
fields (Fig. 2 of Williams and Karlstrom 1996, similar to the P-
T path shown shown schematically in Fig. 2b of this paper).
Kyanite and subsequent sillimanite, commonly aligned with
the regional foliation and lineation, are overgrown by andalusite,
which overprints the foliation (Daniel et al. 1992). The em-
placement of abundant plutons during the decompressional
stage of the regional metamorphic episode may account for
much of the late andalusite. The central point is that the Al2SiO5

minerals in these rocks do not appear to have formed at the
same time and hence cannot be regarded as stable triple-point
parageneses, notwithstanding the possibility that parts of the
looping P-T paths may have passed near the triple point as sug-
gested by Williams and Karlstrom (1996). Whether the associ-
ated aluminous quartzites, in which Al2SiO5 minerals may have
formed at temperatures below the triple-point by pyrophyllite
breakdown, preserve stable triple-point assemblages remains
an open question, although Larson and Sharp (2000) have ar-
gued on isotopic grounds that the Al2SiO5 minerals in these
rocks were not in equilibrium.

In summary, the purported triple-point localities in the lit-
erature appear to be the result of one or more of the following:
sequential growth of the Al2SiO5 minerals along P-T paths that
may or may not have been near triple-point conditions; tec-

tonic juxtaposition; or polymetamorphism. Consequently, these
occurrences do not contradict the experimental, thermodynamic,
and other natural evidence indicating that triple-point assem-
blages are not stable in common Ms+Bt+Qtz-bearing
metapelites.

CONDITIONS REQUIRED FOR STABLE METAPELITIC
TRIPLE-POINT ASSEMBLAGES

It is interesting to examine what conditions would be re-
quired for stable triple-point assemblages to be possible in
Ms+Bt+Qtz-bearing metapelites. Focusing again on reaction
1, the question is what would be required to either suppress
reaction 1 to temperatures below the triple point, or expand
the stability field of andalusite to exceed the temperature of
reaction 1.

Regarding suppression of reaction 1, there are few minor
element effects that expand the stability of Al2SiO5+Bt. Fe3+

and Ti, once thought to expand the stability field of Al2SiO5+Bt
significantly (Powell and Holland 1990), have been shown by
White et al. (2000) to have a negligible (<10 °C) effect on
reaction 1 unless in unusually high concentration. Indeed, the
most likely minor element effects involve staurolite (e.g., Zn,
Mn) and would tend to displace reaction 1 to higher rather
than lower temperatures.

This leaves reduced aH2O as the most likely way to suppress
reaction 1. Reaction 1 was displaced for reduced aH2O using
the Gibbs method (Spear 1988, 1990) until it coincided with
the triple point. The minimum temperature difference involves
the Holland and Powell (1998) reaction 1 curve and the Pattison
(1992) triple point (ca. 30 °C), whereas the maximum differ-
ence involves the Spear and Cheney (1989, 2000 in Pattison et
al. 2002) reaction 1 curve and the Holdaway (1971) triple point
(ca. 90 °C) (Fig. 3b). The resulting values of aH2O range be-
tween 0.78 and 0.43. These values are significantly lower than
aH2O in C-O-H fluids in equilibrium with graphite or in C-O-
H-S fluids in equilibrium with graphite, pyrrhotite, and pyrite
at triple-point conditions (ca. 0.96 and 0.90, respectively,
Connolly and Cesare 1993), i.e., lower than can be produced
internally in dehydrating metapelites. Reduction of aH2O of the
magnitude calculated above would require infiltration of low
aH2O fluids into the dehydrating metapelites and dilution of
the nearly pure water being produced in the pores of rock by
reaction 1, throughout the time of reaction. This scenario seems
unlikely in most reacting metapelitic rock volumes.

Regarding expansion of the stability field of andalusite,
Grambling and Williams (1985) argued that elevated Mn and
Fe contents of andalusite in some samples from north-central
New Mexico could displace the triple-point up-temperature
and up-pressure by up to 40 °C and 0.9 kbar, potentially rec-
onciling the occurrence of purported stable triple-point assem-
blages with geothermobarometry constraints presented in their
paper (and perhaps with the phase-equilibrium constraints pre-
sented in this paper). They displaced the Al2SiO5 phase bound-
aries by calculating the equilibrium constant between pairs of
coexisting Al2SiO5 minerals. Using the andalusite-sillimanite
equilibrium as an example, the equilibrium constant, KD =
XS

A
i
l
l
2SiO5/X

A
A
n

l2
d

SiO5, was calculated assuming XAl2SiO5 = (1 –
MAlSiO5), where M is the sum of all cations other than Al and
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Si assuming a 5 oxygen atom formula unit.
Using the same combinations of triple point and position

of reaction 1 as before, KD between andalusite and sillimanite
must range between 1.04–1.11 to expand the andalusite sta-
bility field to reach reaction 1, whereas the highest recorded
KD in Ms + Bt + Qtz-bearing metapelites is 1.023 (Kerrick and
Speer 1988; Pattison 1992). The highest of the KD values re-
ported in the study of Grambling and Williams (averaging
1.039) came from unusually manganiferous and aluminous
metasedimentary layers. In addition, their calculations were
based on the equilibrium co-existence of the Al2SiO5 miner-
als, a conclusion that may or may not be valid (see above dis-
cussion). In summary, it seems that only under exceptional
and to date unreported circumstances will a combination of
minor-element effects and reduced water activity permit stable
triple point assemblages in Ms + Bt + Qtz-bearing metapelites.

IMPLICATIONS FOR THE INTERPRETATION OF
METAPELITIC MINERAL ASSEMBLAGES

Metapelitic petrogenetic grid

The conclusion that reaction 1 occurs at higher tempera-
ture than the triple point carries obvious implications for the
topology of the metapelitic petrogenetic grid. The results of
the present study are consistent with petrogenetic grids calcu-
lated with the thermodynamic data sets of Spear and Cheney
(1989), Spear et al. (2000; reported in Pattison et al. 2002),
and Holland and Powell (1998) (Fig. 3b), but contrast with
some other well-known grids that place reaction 1 below the
triple point (see earlier discussion). The absolute location of
the triple point in P-T space is still debated. Arguments for
and against the Holdaway (1971) and Pattison (1992) place-
ments are discussed in Pattison (1992), Holdaway and
Mukhopadhyay (1993), and Pattison et al. (2002).

The bathozone/bathograd scheme of Carmicheal (1978)
and the “triple-point isobar”

Carmichael (1978) devised a series of six metamorphic
bathozones (depth zones) separated by pressure-dependent,
temperature-independent bathograds based on common min-
eral assemblages in amphibolite-facies metapelites. The
bathograds of Carmichael correspond to intersections of
univariant reactions in the model pelitic system NaKFMASH,
as shown in Figure 4a (the prefix “C” in front of the numbered
bathozones stands for Carmichael). In addition to the phase
boundaries among kyanite, andalusite, and sillimanite, the key
univariant dehydration reactions in the scheme of Carmicheal
are reaction 5 (Ms + St + Qtz = Al2SiO5 + Grt + Bt + H2O) and:

Ms + Qtz + Pl = Al2SiO5 + Kfs + (H2O or liquid)           (12)

The occurence of reaction 1 up-temperature of the triple
point leads to a proposed modified scheme shown in Figure 4b
(the prefix “P” in front of the numbered bathozones stands for
Pattison). The bathozone numbering in Figure 4b is designed
to retain as much as possible of the original Carmichael sys-
tem as well as to accommodate the low-pressure facies series
of Pattison and Tracy (1991) (see further discussion below).

The absolute position of the reactions constraining the
bathozones in Figure 4b is less important than the overall to-
pology of the diagram. Some well-known metamorphic se-
quences from the literature have been placed in Figure 4b.

In the Carmichael scheme in Figure 4a, bathograd C3/C4
corresponds to the triple-point isobar. However, because the
first occurrence of Al2SiO5 minerals in biotite-bearing
metapelites (reaction 1) occurs up-temperature of the triple-
point, the triple-point bathograd is “invisible” to these com-
positions. In the scheme proposed in this paper (Fig. 4b), with
its emphasis on common Ms+Bt+Qtz-bearing metapelites, the
triple-point isobar is dashed. Only if metapelitic rock pack-
ages contain especially aluminous rocks, in which Al2SiO5

minerals may develop at temperatures below the triple point,
could bathozone P3 in Figure 4b be split into lower-pressure
(a) and higher-pressure (b) sub-zones based on the triple-point
bathograd.

These considerations do not invalidate the utility of the
triple point for first-order evaluation of the P-T conditions of
Ms+Bt+Qtz-bearing metapelites, nor do they call into ques-
tion the regional significance the “triple-point isobar” mapped
by Thompson and Norton (1968) in new England, and by
Carmichael (1978) in the Scottish Highlands and the Bergell
Alps. However, they do loosen the restrictions implied in the
Carmichael scheme in Figure 4a. In Figure 4b, the presence of
kyanite in Ms+Bt+Qtz-bearing metapelites indicates pressures
above bathograd P3/P4 (intersection of reaction 1 with Ky =
Sil, ca. 6 kbar), whereas the presence of andalusite in
Ms+Bt+Qtz-bearing metapelites indicates pressures below
bathograd P2b/P3 (intersection of reaction 1 with And = Sil,
ca. 4 kbar), with the triple-point isobar residing in between
within bathozone P3. Thus the triple-point isobar can never
be more than approximately located in the field based on as-
semblages in Ms+Bt+Qtz-bearing metapelites. Tightly defined
triple-point isobar localities deserve careful scrutiny (see ear-
lier section).

For metapelitic rocks in which chlorite is consumed before
reaction 1 is reached, bathozones P2b to P4 will be indistin-
guishable because reaction 1, on which the P2b/P3 and P3/P4
bathograds are based, involves chlorite as a reactant. Consump-
tion of chlorite prior to the onset of reaction 1 is expected to
be more common at high pressure than low pressure because
it is involved in garnet formation and garnet is increasingly
stabilized as pressure rises. Indeed, Carmichael’s emphasis on
reaction 5 as a key dehydration reaction in his bathozone/
bathograd scheme was based on his observation that most stau-
rolite-bearing metapelitic rocks do not contain chlorite.

With respect to the low-pressure metapelitic facies series
scheme of Pattison and Tracy (1991), their facies series 1, 3,
and 4 correspond to bathozones P1, P3, and P4 of Figure 4b.
However, their facies series 2a and 2b do not coincide with
bathozones P2a and P2b. The Pattison-Tracy facies series are
based on generally higher-pressure staurolite-bearing (2b) vs.
generally lower pressure cordierite-bearing (2a) assemblages
in Ms+Bt+Qtz-bearing metapelites in the andalusite field (see
also Table 1 of Pattison et al. 1999). The P2a/P2b bathograd
(same as the C2/C3 bathograd of Carmichael: intersection of
reaction 5 with And = Sil) lies within facies series 2b of Pattison
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and Tracy. Complications in the use of this bathograd are are
discussed in Pattison and Tracy (1991, p. 141–142 and 157–
159). Although reactions involving cordierite are not formally
part of the bathograd scheme of Carmichael (1978) or indeed
the one in Figure 4b, reaction 4 (Ms + Chl + Qtz = Crd + Al2SiO5

+ Bt + H2O) has been added to Figure 4b to account for the
observation that cordierite±andalusite-t Ms + Bt + Qtz-bear-
ing assemblages become dominant in bathozones P1 and P2a
at low pressure (Pattison and Tracy 1991).

Kyanite-andalusite-sillimanite prograde sequences and
the problem of kyanite in thermal aureoles

The presence of kyanite in Ms+Bt+Qtz-bearing metapelites
in low-pressure, andalusite-sillimanite type aureoles and re-
gional settings has been a source of considerable controversy
(Loomis 1972; Atherton et al. 1975; Pattison and Tracy 1991,
p. 147, 160). An isobaric or gently sloping metamorphic field
gradient at a pressure below the triple point traverses the sta-
bility fields of all three Al2SiO5 minerals, in theory allowing a
prograde sequence involving sequential growth of kyanite, an-
dalusite and sillimanite (Fig. 2a). In a discussion of kyanite-
bearing andalusite-sillimanite type aureoles worldwide, with
special emphasis on the Donegal aureoles (Naggar and Atherton
1970; Pitcher and Berger 1972), Atherton et al. (1975) inferred
such a P-T path and Al2SiO5 mineral growth history. Grambling
(1981, p. 709) inferred a similar prograde path to explain some
kyanite-andalusite rocks from the Truchas uplift, New Mexico.

This interpretation is not viable for Ms+Bt+Qtz-bearing
metapelites because kyanite does not form at pressures below
the triple point in these compositions (Fig. 2b). An alternative
explanation for such rocks is that the kyanite-bearing rocks
formed during an earlier higher-pressure metamorphism and
were variably overprinted at lower pressure by andalusite and
perhaps sillimanite. On the other hand, prograde kyanite-an-
dalusite-sillimanite sequences reflecting a single metamorphic
event may be possible in aluminous bulk compositions that
develop Al2SiO5 minerals down-temperature of the triple point.
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