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Abstract Synthesis piston cylinder experiments were
carried out in the range 2.0–4.5 GPa and 680–1,050 �C
to investigate phase relations in subducted continental
crust. A model composition (KCMASH) has been used
because all major ultrahigh-pressure (UHP) minerals of
the whole range of rock types typical for continental
crust can be reproduced within this system. The com-
bination of experimental results with phase petrologic
constraints permits construction of a UHP petrogenetic
grid. The phase relations demonstrate that the most
important UHP paragenesis consists of coesite, kyanite,
phengite, clinopyroxene, and garnet in subducted con-
tinental crust. Below 700 �C talc is stable instead of
garnet. As most of these minerals are also stable at
much lower pressure and temperature conditions it is
thus not easy to recognize UHP metamorphism in
subducted crust. A general feature, however, is the
absence of feldspars at H2O-saturated conditions. Pla-
gioclase is never stable at UHP conditions, but
K-feldspar can occur in H2O-undersaturated rocks.
Mineral compositions in the experiments are fully
buffered by coexisting phases. The Si content of
phengite and biotite increase with increasing pressure.
At 4.0 GPa, 780 �C, biotite contains 3.28 Si per for-
mula unit, which is most probably caused by solid
solution of biotite with talc. Above 800 �C, the
CaAl2SiO6 component in clinopyroxene buffered with
kyanite, coesite and a Mg-phase increases with in-
creasing temperature, providing a tool to distinguish
between ‘cold’ and ‘hot’ eclogites. Up to 10% Ca-esk-

olaite (Ca0.5[]0.5AlSi2O6) in clinopyroxene has been
found at the highest temperature and pressure investi-
gated (>900 �C, 4.5 GPa). Garnet buffered with coe-
site, kyanite and clinopyroxene displays an increase of
grossular component with increasing pressure for a
given temperature. Although the investigated system
represents a simplification with respect to natural
rocks, it helps to constrain general features of sub-
ducted continental crust. The observed phase relations
and phase compositions demonstrate that at pressures
>3.0 GPa and temperatures >800 �C continental crust
can retain significant amounts of H2O (>1 wt%),
whereas K-free mafic or ultramafic rocks are dry at
these conditions. UHP parageneses are only preserved
if the whole exhumation path is situated within the
stability field of phengite, i.e. if there is cooling during
exhumation or if the whole exhumation occurred at T
<700 �C. In contrast, break down of phengite and
concomitant partial melting in terranes that show iso-
thermal decompression may lead to a complete re-
crystallization of the subducted crust during
exhumation. The density of UHP rocks can be esti-
mated on the basis of the established phase relations.
Pelitic rocks are likely to have a density close to mantle
rocks (3.3 g/cm3) because of significant amounts of
dense garnet and kyanite whereas granitic rocks are less
dense (3.0 g/cm3). Hence, subducted average conti-
nental crust is most probably buoyant with respect to
mantle rocks and tends to get exhumed as soon as it is
detached from the down-going slab. Electronic sup-
plementary material to this paper can be obtained by
using the Springer LINK server located at http://
dx.doi.org/10.1007/s00410-001-0336-3.

Introduction

Exhumed high-pressure metamorphosed rocks permit
insights in the dynamics of subduction zones and are
crucial for the understanding of convergent plate
boundaries. It has been long known that mafic rocks can
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be metamorphosed into high-pressure eclogites (Eskola
1920). The transition from garnet–plagioclase granulites
to eclogites in mafic compositions has been experimen-
tally studied in detail already more than 30 years ago by
Green and Ringwood (1967), who recognized that
eclogite facies metamorphism occurs during subduction.
Experimental studies followed to investigate the phase
relations in subducted oceanic lithosphere, i.e. mafic
rocks (Poli and Schmidt 1995; Schmidt and Poli 1998)
ultramafic rocks (Yamamoto and Akimoto 1977; Ulmer
and Trommsdorff 1999) and, to a lesser extent, in pelites
(Nichols et al. 1994; Domanik and Holloway 1996; Ono
1998) and granites (Green and Lambert 1965; Huang
and Wyllie 1973).

In contrast, ultrahigh-pressure (UHP) coesite facies
metamorphism of continental crust was discovered less
than 20 years ago when coesite was found in the Dora
Maira Massif, Alps (Chopin 1984). This provides evi-
dence that continental crust was subducted to 100 km
depth and was later exhumed. Sobolev and Shatsky
(1990) reported diamonds from metamorphic gneisses.
This implies that the continental crust reached a depth of
at least 150 km. These findings drastically changed the
ideas of geologists concerning the limits of crustal
metamorphism. Besides the critical minerals, such as
diamond and coesite to prove UHP metamorphism, very
little is known about the phase relations that occur in
subducted continental crust in UHP conditions. There
exist experiments on the stability of mineral assem-
blages, mainly in the synthetic MgO–Al2O3–SiO2–H2O
(Schreyer 1988) and K2O–MgO–Al2O3–SiO2–H2O
(Massone and Schreyer 1987, 1989; Massone and
Szpurzka 1997) systems as well as some information of
natural crustal rocks at UHP conditions (Huang and
Wyllie 1973; Stern and Wyllie 1973; Ono 1998; Patiño
Douce and McCarthy 1998; Domanik and Holloway
2000), but there is still a great necessity to enlarge the
existing data set in order to recognize and quantify
eclogite facies metamorphism in continental crust
(Harley and Carswell 1995).

In this paper, the model system K2O–CaO–MgO–
Al2O3–SiO2–H2O (KCMASH) has been chosen to study
the behaviour of subducted continental crust and oceanic
sediments because it represents the simplest possible
system to produce the main mineral assemblages in UHP
mafic, pelitic and granitic rocks. With respect to natural
systems, the major difference is the absence of Na and Fe.
However, at UHP conditions Na is incorporated in
clinopyroxene and Fe is distributed among the Mg
phases and, hence, these elements do not produce addi-
tional phases. It is the purpose of this paper to provide
basic phase relations of subducted continental crust
based on experiments and phase petrology. The
established stability fields of UHP parageneses in the
investigated system permit recognition of subducted
continental crust. Special emphasis is placed on the sta-
bility of hydrous phases, which are able to transport H2O
to mantle depth. The changes in composition of fully
buffered UHP minerals with pressure (P) and tempera-

ture (T) are reported. These compositional changes help
to estimate metamorphic conditions in subducted crust.
The experimental phase relations are applied to analyses
of hydration and dehydration reactions and to questions
of preservation of high-pressure mineral assemblages
during exhumation of subducted continental crust.

Experimental and analytical techniques

Existing experiments between 3–6 GPa, 700–1,000 �C in natural
systems (Huang and Wyllie 1973; Nichols et al. 1994; Poli and
Schmidt 1995; Ono 1998; Patiño Douce and McCarthy 1998;
Domanik and Holloway 2000), as well as UHP parageneses in
mafic, pelitic and granitic rocks of the Dora Maira Massif (Com-
pagnoni et al. 1995), display a very limited range of major minerals
consisting of lawsonite, zoisite, coesite, phengite, biotite, K-feld-
spar, clinopyroxene, kyanite and garnet. The chosen bulk system
K2O–CaO–MgO–Al2O3–SiO2–H2O (KCMASH) for the experi-
ments represents the simplest chemical system to produce all these
minerals. The oxide proportions were selected in order to obtain
saturation of kyanite and quartz/coesite in all experiments, and
similar amounts of the high-pressure phases garnet, clinopyroxene
and phengite (Fig. 1a). Additionally the proportions ensure that
phengite composition is not limited by the chosen bulk composi-
tion. Consequently, the resulting bulk rock composition represents
a mixture between a mafic end member (in order to produce garnet
and clinopyroxene) and a pelitic end member (to produce kyanite,
coesite and a K-phase) and does not represent a natural composi-
tion.

The starting material, P1 (Table 1), was prepared as a gel, which
was fused to a glass at 1,400 �C. A combination of key trace ele-
ments was added at a 100–350 ppm level (Hermann and Green
2001), which resulted in the presence of accessory allanite in most
of the experiments. These trace elements were used to study resi-
due-partial melt partitioning in the higher temperature range of the
investigated system (Hermann and Green 2001). P1b consists of a
sintered oxide mix with addition of natural Mg-phengite and Mg-
talc and has the same major element composition as P1. In this set
of experiments, the �10-lm phengite only partially reacted in the
200-h run and never changed its composition completely , indi-
cating that for the investigated P–T range and experimental time
the diffusion is too slow to change the already existing phase
compositions. Therefore, the best way of investigating the phase
relations at such low temperatures is by synthesis experiments. The
experiments were always saturated in H2O to enhance reaction
rates at the low experimental temperatures, but not so H2O-rich as
to risk losing the solid K-phases by solubility of components in the
liquid at significantly lower temperatures than their breakdown
reaction.

Internal consistency and attainment of equilibrium was tested in
several ways. (1) All experiments satisfy the phase rule indicating
that there are no metastable phases present (see below). (2)
Schreinemaker’s rule combined with the chemography provides
constraints on the possible distribution of phases. (3) Phase com-
positions are fully buffered in most experimental parageneses and
must change systematically with pressure and temperature. Addi-
tionally, some of the experiments were repeated at the same con-
ditions to check reproducibility. Apart from clinopyroxene, which
displays commonly significant zoning in Al contents, the synthe-
sized phases were of homogenous composition. All these observa-
tions indicate that the experiments most probably reached
equilibrium.

Synthesis experiments were run in end-loaded 1.27-cm piston-
cylinder apparatuses. Pressure was calculated from direct conver-
sion of load to pressure in the low friction experiments using salt
sleeves and Teflon foil and is accurate to ±0.1 GPa. Temperature
was controlled using type B thermocouples (Pt94Rh6/Pt70Rh30) and
is accurate to ±10 �C. Details about the experimental procedure
are given in Hermann and Green (2001).
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Phase relations were analyzed in polished mounts by back-
scattered electron images on a JEOL 6400 SEM (Electron Mi-
croscopy Unit, ANU). The phase compositions were determined
using an energy dispersive detector, and acceleration voltage of
15 kV and a beam current of 1 nA. The K2O content of micas did
not differ significantly by using area scans or spot analyses indi-
cating that the micas were stable under the low beam current and
that there was no significant K2O loss during analyses.

Experimental results

The synthesized phase assemblages and the experimental
conditions are presented in Table 2 and the results are
plotted in Fig. 2. Most of the experiments produced 5–

20-lm-sized minerals with nice crystal shapes (Fig. 3).
Grain boundaries between minerals are generally
straight and indicate that the minerals attained textural
equilibrium. Eleven solid major phases were found over
the whole investigated P–T range (Table 2, Fig. 2). A
SiO2 phase, coesite or quartz, and kyanite were pro-
duced in all experiments. Several hydrous phases are
stable in the investigated grid. Zoisite and amphibole
(Fig. 3a) have very similar, restricted stability fields at a
maximum of �800 �C and �3 GPa. Biotite (Fig. 3b) has
the highest thermal stability at pressures lower than
3.0 GPa and was found at up to 780 �C, 3.9 GPa. Talc
(Fig. 3c) is stable at temperatures below �730 �C and the
upper stability in pressure was not reached at 4.45 GPa.
Phengite (Fig. 3d, e) has the largest stability field at high
pressure and temperature. The transition from ortho-
pyroxene- to garnet-bearing parageneses is the least
precise in the whole grid as both phases occur together
in a transition interval of about 50 �C (Fig. 2). Experi-
ments at 3.5 GPa, 850 �C, 4.0 GPa, 750 �C and 4.2 GPa
contain orthopyroxene coexistent with kyanite (Fig. 3f),
but without garnet. The quite wide transition of ortho-
pyroxene to garnet could result from problems in nu-
cleation of garnet. To test this hypothesis, a mix of talc,
kyanite and phengite was blended with seeds of 98%
pure pyrope and run at 4.0 GPa, 780 �C. There was no
garnet growth observable, but high amounts of ortho-
pyroxene (�25%) coexisting with kyanite. The seeds
were mainly dissolved and the few grains still present
preserved 5% almandine and 5% grossular component,
which represent impurities of the starting garnet. These

Fig. 1a–d. Chemography at
higher grade (a, c) and lower
grade (b, d) conditions for the
investigated system. The range
of phase compositions is indi-
cated by grey bars, individual
phase composition of single
analyses is given in symbols.
The position of the bulk with
respect to the phases determines
which phases are completely
consumed during the univariant
reactions (Fig. 9). An ideal
phengite composition with
Si=3.5 was used for projections
in c and d. For abbreviations
see Table 2

Table 1. Oxide proportions of the starting materials. In P1, dif-
ferent amounts of H2O (Table 2) were added using a microlitre
syringe. Natural Mg-phengite and talc are blended with a sintered
CAS-oxide mix in P1b. Al(OH)3 is the H2O source in the oxide mix
P1c. The desired amount of H2O in various experiments labeled
with P1c¢ (Table 2) was obtained by blending P1c and P1 mixes in
different proportions. P3 consist of a mix of natural minerals with
50 wt% talc, 20% phengite, 25% kyanite and 5% pyrope. P1 has
traces of Na2O (�0.2 wt%), P1b and P3 contain traces of FeO and
TiO2 derived from the natural minerals

P1 P1b P1c P3

SiO2 61.5 60.5 55.8 53.9
Al2O3 21.0 20.5 18.9 21.6
MgO 8.0 7.8 7.2 18.3
CaO 6.0 5.9 5.4 0.1
K2O 3.0 2.9 2.7 2.3
H2O – 2.2 10 3.3
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observations indicate that the high-pressure orthopy-
roxene field cannot be explained by inhibition of garnet
nucleation. Moreover, this experiment strongly suggests
that at 4.0 GPa the reaction talc fi orthopyroxene +
coesite + liquid occurs.

All experiments were performed with a small amount
of excess H2O not bound in the hydrous phases. The
additional H2O produced a hydrous granitic melt, co-
existing with hydrous phases at relatively higher tem-
perature (Fig. 2). The H2O content of hydrous granitic
melts (for determination see Hermann and Green 2001)
gradually increases with decreasing temperature. The
highest estimated H2O content of �25% in a quenchable
melt was found at 730 �C, 2 GPa. At 3.5 GPa,
quenchable melt was found down to 850 �C with a H2O
content of �15%. At relatively lower temperature,
cavities were observed between phases (Fig. 3c), which
contained a Si and Al rich precipitate with minor K.

This indicates that an aqueous solute-rich fluid was
present in these experiments, which separated into small
precipitates (Fig. 3d) and water during quenching. The
analyses of experimental results indicate that the tran-
sition from melt to non-quenchable liquid (Fig. 2) ap-
pears at an estimated H2O content of about 20–30%. It
is important to note that this transition does not corre-
spond to the solidus in the investigated system; rather, it
reflects the quench behaviour of liquids at high pressure
as a function of the amounts of dissolved H2O.

Phase composition

The phase compositions obtained in the experiments are
available as electronic tables (see Tables 1–5 in electronic
supplementary material). The compositions of all com-
ponents in the phases are buffered and, consequently,

Table 2. Experimental run conditions and products. Phases in bold
occur at 10–50%, others at 1–10%. Italics refer to accessory min-
erals (<1%). Phases in parenthesis are stabilized by traces of Ti
and Fe, which occur in the natural phengite and talc used in the
P1b starting material and are not considered as stable phases in the

KCMASH system. P Pressure; T temperature; h time in h; Cs
coesite; Qtz quartz; Phe phengite; Cpx clinopyroxene; Opx ortho-
pyroxene; Grt garnet; Ky kyanite; Bt biotite; Tc talc; Zo zoisite; Am
amphibole; All allanite; M melt; F fluid; L liquid

Run no. Mix P T Time H2O Phases
(GPa) (�C) (h) (wt%)

C-797 P1 3.5 720 640 10.3 Cpx, Cs, Phe, Tc, Ky, F, All
C-810a P1 3.5 900 187 2.6 Cpx, Cs, Phe, Grt, Ky, Melt, Opx, All
C-825a P1 3.5 950 304 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-879a P1 3.5 850 155 5.3 Cpx, Cs, Phe, Opx, Ky, Melt, All
C-896a P1 3.5 1,000 99 2.9 Cpx, Cs, Grt, Ky, Melt, All
C-905 P1 3.0 1,000 95 2.7 Cpx, Cs, Grt, Ky, Melt, Opx
C-914 P1 3.0 730 502 8.9 Cs, Phe, Ky, Zo, Am, F
C-929a P1b 2.0 900 140 2.2 Cpx, Qtz, Bt, Melt, Opx, Ky, (Grt)
C-930 P1b 3.0 800 192 2.2 Cpx, Cs, Phe, Bt, Ky, Zo-All, Melt
C-933 P1b 3.5 800 190 2.2 Cpx, Cs, Phe, Bt, Ky, F
C-934a P1b 2.5 1,000 189 2.2 Cpx, Qtz, Grt, Melt, (Bt)
C-936a P1 3.0 900 240 3.5 Cpx, Cs, Grt, Ky, Melt, Opx, Phe, Bt, All
C-940a P1b 2.0 1,000 163 2.2 Cpx, Qtz, Grt, Melt, Opx
C-941 P1c’ 3.2 760 192 4.5 Cpx, Cs, Phe, Bt, Ky, F, All
C-942a P1c’ 2.5 840 80 4.5 Cpx, Qtz, Ky, Bt, Melt, All
C-950 P1c’ 2.0 730 240 5.5 Qtz, Ky, Bt, Am, Zo, Melt
UHP 50a P1c’ 4.52 1,000 72 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-954 P1c’ 2.5 730 233 5.5 Qtz, Ky, Phe, Bt, Zo, Tc, Am, F
C-976 P1c’ 2.5 800 198 4.5 Cpx, Qtz, Ky, Phe, Bt, Zo, F
C-982a P1c’ 2.5 950 165 2.5 Cpx, Qtz, Ky, Opx, Grt, Melt, All
C-983a P1c’ 3.0 950 168 2.5 Cpx, Cs, Ky, Grt, Melt, Opx, All
UHP 56a P1c’ 4.05 1,000 72 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-988a P1c’ 2.0 850 266 2.5 Cpx, Qtz, Bt, Ky, Czo/All, Melt
C-989a P1c’ 3.0 850 264 2.5 Cpx, Cs, Phe, Bt, Ky, Melt?, All
C-995 P1c’ 2.25 760 239 4.0 Qtz, Ky, Bt, Zo, Am, Melt
C-996 P1c’ 2.0 800 239 4.0 Qtz, Ky, Bt, Zo, Am, Melt
C-1080a P1c’ 2.5 900 187 2.5 Cpx, Qtz, Bt, Ky, Melt?, All
C-1093 P1c’ 4.2 780 169 2.5 Cpx, Cs, Phe, Opx, Ky, F, All
C-1109 P1c’ 4.5 800 123 4.0 Cpx, Cs, Phe, Opx, Grt, Ky, F, All
C-1115a P1c’ 4.5 1,050 73 2.7 Cs, Grt, Ky, Melt, Cpx, All
C-1119 P1 2.5 680 230 3.8 Qtz, Ky, Phe, Zo, Tc, F
C-1121 P1c’ 4.5 900 123 2.5 Cpx, Cs, Phe, Grt, Ky, F, All
C-1125 P1c’ 4.0 900 190 2.5 Cpx, Cs, Phe, Grt, Ky, Melt, All
C-1202 P1c’ 4.0 750 170 6.0 Cpx, Cs, Phe, Opx, Ky, F, All
C-1203 P3 4.0 780 200 3.3 Cs, Bt, Opx, Ky, F
C-1220 P1c’ 4.45 850 162 5.0 Cpx, Cs, Phe, Grt, Ky, F, All
C-1223 P1c’ 4.45 700 100 6.0 Cpx, Cs, Phe, Ky, Tc, F

aMelt compositions of experiments are reported in Hermann and Green (2001)
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phases with solid solutions should change their compo-
sition as a function of temperature and pressure. It is
important to note that all observed trends are obtained
for samples buffered with kyanite and coesite/quartz.
The potential of phases to record UHP metamorphic
conditions is examined and the experimentally obtained
compositions are compared with other experimental
studies and minerals from high-pressure metamorphic
rocks.

Phengite

Phengite results from solid solution between musco-
vite [K[]Al3Si3O10(OH2)] and celadonite [K[]MgAl-
Si4O10(OH2)] and can be characterized by an inverse

tschermak exchange MgSiAl–2 starting from muscovite.
The amount of celadonite is thus easily visible in the Si
content of phengite, which strongly increases with in-
creasing pressure (Fig. 4a). The highest Si content of
3.63 was found at the low T, high P end of the investi-
gated grid. Si isopleths of phengite coexisting with gar-
net have a positive slope in the P–T space. The Si
isopleths are nearly horizontal when phengite coexists
with biotite, orthopyroxene or talc (Fig. 4b). The Mg
content of phengite is always higher than required by the
pure celadonite substitution indicating a higher octahe-
dral occupancy than normal white mica. This feature
can be interpreted as a biotite solid solution in phengite
(Fig. 4c). In phengite coexisting with biotite, the octa-
hedral occupancy in phengite increases with increasing
temperature and reaches nearly 20% biotite component
at 900 �C and 3.0 GPa. At higher pressure, where biotite
is not stable, the octahedral occupancy decreases and the
biotite component in phengite is less than 5% above
4.0 GPa.

The strong variation of phengite compositions as a
function of pressure confirms the importance of this
mineral for determination of UHP metamorphism
(Massone and Schreyer 1987, 1989; Massone and
Szpurzka 1997). The different slopes of Si isopleths in
different parageneses is in agreement with previous ex-
periments, which show that Si isopleths of phengite co-
existing with talc are temperature independent (Massone
and Schreyer 1989), but are sensitive to temperature
when phengite is in paragenesis with garnet (Green and
Hellman 1982; Massone and Szpurzka 1997). Thus, it is
crucial to establish the correct paragenesis for applica-
tion of any Si-isopleth barometry. A detailed application
of phengite barometry on white schists will be presented
elsewhere.

Biotite

Similarly to phengite, biotite displays a strong variation
in Si content with pressure (Fig. 5a). With increasing
temperature, the Si content decreases only slightly, in-
dicating a gentle positive slope of Si isopleths in P–T
space (Fig. 5b). Above 2.5 GPa, Si contents exceeds 3.0,
which is the upper limit of pure phlogopite, and reaches
a maximum of 3.28 at the upper pressure limit of the
biotite stability field at 4.0 GPa (Fig. 5b). The increase in
Si content is coupled with a systematic decrease in K
content indicating a []SiK–1Al–1 exchange. This suggests
that the observed Si increase in UHP biotite is caused by
solid solution with talc rather than with phengite
(Fig. 5c). This is supported by the Si–Al variation dia-
gram (Fig. 5d) showing that the whole range of mea-
sured biotites can be explained by the end members
eastonite, talc and minor muscovite.

Biotite is so far unknown as indicator of UHP
metamorphism in SiO2-saturated rocks. This study
demonstrates that, at least in Fe-free compositions, the
Si content of biotite can be used to estimate metamor-

Fig. 2. Experimental results in the P–T space and the stability
fields of hydrous phases. Major phases are shown in black and
minor phases are given in grey as defined in Table 2. The transition
of non-quenchable liquid to melt occurs at an estimated H2O
content of about 25–30% in the liquid phase and does not represent
the solidus of the investigated system
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phic pressure. Biotite in ultramafic compositions (Kon-
zett and Ulmer 1999) and coexisting with orthopyroxene
(Sato et al. 1997) display a Si content >3.0 above
6.0 GPa at 1,100 and 1,300 �C, respectively. However,
biotite in these experiments is not buffered with coesite
and, hence, the responsible substitution is likely to be
different. Based on X-ray diffraction data from experi-
ments, Massone and Schreyer (1987) proposed that
biotite coexisting with K-feldspar, phengite and quartz is
eastonite at low pressures (0.5 GPa) and displays an
increase in Si content with increasing pressure, in

Fig. 3. Back-scatter electron and secondary electron (d) images of
run products. Scale bars represent 10 lm. a Three hydrous phases,
amphibole, zoisite and biotite, coexist at 760 �C and 2.25 GPa (C-
995). b Biotite is stable to higher temperatures than phengite
(850 �C, 2.0 GPa). At the reaction of zoisite to clinopyroxene,
zoisite incorporates trace elements to form allanite (C-988). c Talc
coexists with kyanite and phengite (not visible) at 700 �C, 4.45 GPa
(C-1223). d SEM image of run C-797 (720 �C, 3.5 GPa) displays
idiomorphic flakes of phengite and well-crystallized clinopyroxene.
The coexisting liquids separates into water and quench products
(Q) during quenching of the run. e The typical UHP paragenesis in
crustal rocks consist of garnet, phengite, coesite, clinopyroxene and
kyanite (not visible; C-1121, 900 �C, 4.5 GPa). f In the Fe-free
system, orthopyroxene is a high-pressure phase and coexists with
kyanite (C-1093, 780 �C, 4.2 GPa)
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agreement with the results reported here. Experiments in
a metagreywacke produced biotite with Si=3.04 buf-
fered with quartz, but without kyanite at 3.0 GPa,
1,000 �C (Patiño Douce and McCarthy 1998). Schertl
et al. (1991) reported low K phlogopites with Si >3
coexisting with kyanite from white schists of the Dora
Maira Massif as prograde inclusion in garnet. The ex-
periments suggest that this phlogopite formed at pres-
sure of about 3.0 GPa, which is in agreement with the
observation that the white schists were in the coesite

Fig. 4a–c. Composition of experimentally determined phengite.
Error bars refer to 1r errors of several analyses in the same
experiment. a Increase in Si per formula unit (normalized on 22
charges) content in phengite with increasing pressure at different
temperatures. The error on Si contents in phengite derived from
normalization because of possibly low K-contents is smaller than
the indicated error bar. b Si contents of phengite in single
experiments and Si contours in P–T space. The isotherms a and
isopleths b are eyeball fits to the experimental data. c The amount
of Mg in phengite exceeding the required amount by the celadonite
content (Si-3) increases with temperature in phengite coexisting
with biotite (filled squares)

Fig. 5a–d. Composition of ex-
perimentally determined biotite.
Error bars refer to 1r errors of
several analyses in the same
experiment. a Increase in Si
content per formula unit (nor-
malized on 22 charges) in bio-
tite with increasing pressure at
different temperatures. Note
that most of the biotites contain
more than 3 Si (pfu). b Si
contents of phengite in single
experiments and Si contours in
P–T space. The isotherms a and
isopleths b are eyeball fits to the
experimental data. c The de-
creasing K content with in-
creasing Si content in biotite
indicates that solid solution of
talc with biotite is most likely
responsible for the high Si con-
tent in biotite. d Variation in Si
and Al of biotite can be ex-
plained by solid solution of end
members eastonite, talc and
muscovite
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stability field. Biotite inclusions in garnet-hosting
metamorphic micro diamonds from gneisses of the
Kokchetav Massif, Kazakhstan, have been regarded to
form at UHP conditions (Shatsky et al. 1995; Zhang
et al. 1997). Such biotite has a Si content of 2.8–2.9,
which is very similar to biotite formed in the granulite
facies overprint. It is suggested that biotite with a Si
content of <3 is unlikely to be a UHP-phase in normal
pelitic compositions.

Clinopyroxene

The Si content of clinopyroxene decreases whereas the
Al content increases suggesting an increasing tschermak
exchange Al2Mg–1Si–1 with increasing temperature
(Fig. 6a). The Ca content decreases with increasing
temperature mainly because of solid solution with
orthopyroxene (up to 10% at 1,000 �C). The pressure
effect on clinopyroxene composition is much smaller.

The Si content increases and the Al content decreases
slightly at a fixed temperature with increasing pressure.
Most of the clinopyroxenes display cation deficiency.
The total cations decrease systematically with excess Al
on the octahedral site, which is defined by Al neither
bound in a Ca-tschermak (CaAlAlSiO6) nor in jadeite
(NaAlSi2O6) component. The good correlation of excess
Al to cation deficiency in the ratio 2:1 suggests the
presence of up to 10% Ca-eskolaite (Ca0.5[]0.5AlSi2O6) in
clinopyroxene (Fig. 6b). Because of the large error in
determination of excess Al, it is difficult to establish a
clear trend. However, it seems that the highest Ca-esk-
olaite contents occur in samples at high temperature and
high pressure (Fig. 6c). A >10% Ca-eskolaite compo-
nent results in a decrease of 0.05 Ca (pfu) in the clino-
pyroxene formula. The measured Ca values at 1,000 �C
display a cluster at 2.0–3.0 GPa with 10% orthopyrox-
ene component and no Ca-eskolaite contents, and a
cluster with 0.05 Ca (pfu) lower values for the higher
pressure range 3.5–4.5 GPa because of additional Ca-

Fig. 6a–c. Composition of ex-
perimentally determined clino-
pyroxene in equilibrium with
kyanite and coesite/quartz.
Error bars refer to 1r errors of
several analyses in the same
experiment. a Variation of ca-
tions (normalized on 12 charg-
es) with temperature. b With
decreasing total cations, the
amount of excess Al on the
octahedral site [Al 6 exc=
Al(tot)–Na–2·(2-Si)] increases
indicating the possible presence
of Ca-eskolaite
(Ca0.5–0.5AlSi2O6) in clinopy-
roxene. c Ca-eskolaite compo-
nent can only be postulated in
high temperature, high-pressure
experiments. Errors in b and c
refer to 1r errors on Al content
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eskolaite contents. In the whole investigated P–T space
there is no significant incorporation of K in clinopy-
roxene (<0.2 wt%). There is no systematic change of K
with pressure and temperature, indicating that, at least
in some samples, detected K is probably a result of small
amounts of mica or melt inclusions in clinopyroxene.

The increasing amount of Ca-tschermak component
in clinopyroxene buffered with kyanite and coesite with
increasing temperature is a useful tool to distinguish
between high temperature and intermediate to low
temperature eclogites. Omphacite from the Dabie
Mountains formed at 600–800 �C, and does not display
any Ca-tschermak component (Carswell et al. 1997).
This is in agreement with absence of Ca-tschermak
component in omphacites from the UHP unit of the
Dora Maira Massif (Kienast et al. 1991), where peak
metamorphism reached temperatures around 750 �C. On
the other hand, UHP omphacite inclusions in zircon
from the Kokchetav Massif formed at temperatures
�950 �C and contain �5–10% of Ca-tschermak com-
ponent (Shatsky et al. 1995; Hermann et al. 2001), which
is in agreement with the experimentally determined
amount in the Na-free system.

Clinopyroxene from coesite–kyanite eclogites from
the Roberts Victor kimberlite display about 0.25–0.30
more Al (pfu) than needed for the jadeite component
(Schulze et al. 2000). Normalization of the reported
analyses reveals that these pyroxenes contain about 15–
20% Ca-eskolaite and about 5% Ca-tschermaks com-
ponents. The conditions of formation of the xenoliths
are estimated to be about 1,100 �C and 5.0 GPa (Car-
swell et al. 1981). These data confirm the trend observed
in the experiments that the Ca-eskolaite component is
increasingly important at high temperature and pres-
sure. Quartz exsolution lamellae in omphacites from
UHP eclogites provide evidence for the Ca-eskolaite
component in subducted continental crust. For example,
omphacites from the Erzgebirge experienced metamor-
phic conditions of 850 �C and P>3.3 GPa, and displays
about 8% of the Ca-eskolaite component (Schmädicke

and Müller 2000). Even higher amounts of the Ca-esk-
olaite component (�12%) are reported from omphacite
included in zircons from the diamond facies eclogites
(P=4.5 GPa, T �950 �C) of the Kokchetav Massif in
Kazaksthan (Katayama et al. 2000a). These data agree
with the experimental results, suggesting that at 4.5 GPa
and 900–1,000 �C there is up to 10% of the Ca-eskolaite
component in clinopyroxene coexisting with coesite.
There is no Ca-eskolaite component in omphacites from
kyanite eclogites (Kienast et al. 1991) from the Dora
Maira Massif (P �4.0 GPa, 750 �C). This is in line with
the general trend of the experiments showing that both
elevated pressure and temperature are needed to pro-
duce the Ca-eskolaite component in clinopyroxene.

The observed trends in Ca-tschermak and Ca-esk-
olaite components in the Na-free experiments agree well
with the trends observed in natural clinopyroxenes that
contain significant jadeite components. This indicates
that first order CMAS relations in clinopyroxene are not
strongly affected by Na. Additional experiments are
needed to clarify in detail the influence of Na on the
incorporation of Ca-tschermak and Ca-eskolaite com-
ponents in clinopyroxene.

Garnet and orthopyroxene

Garnet displays a systematic increase in grossular con-
tent with increasing pressure at a fixed temperature
(Fig. 7a). At a given pressure, the grossular content in-
creases with increasing temperature. No significant ex-
cess of Si per formula unit has been found in garnets
indicating that there is no evidence for majorite com-
ponent in the investigated P–T range.

Orthopyroxene displays a systematic increase of Ca
and Al content with increasing temperature (Fig. 7b). As
the orthopyroxene field is very small it is not possible to
decipher a clear pressure effect. Orthopyroxene is so far
not known to be a typical high-pressure phase in crustal
rocks. However, orthopyroxene coexisting with kyanite

Fig. 7a. The grossular content
of garnet [X (Gro) = Ca/
(Mg+Ca)] increases with in-
creasing pressure. b Both Al
and Ca increase with increasing
temperature in orthopyroxene
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has been described to form in cracks in pyrope mega-
blasts in white schist of the Dora Maira Massif (Simon
and Chopin 2001), which formed well within the coesite
stability field (Schertl et al. 1991). The natural ortho-
pyroxene in equilibrium with kyanite contains typically
about 3 wt% Al2O3, which is in the range of the ex-
perimentally grown orthopyroxenes between 750 �C
(�2.6%) and 800 �C (�3.2%). These temperatures
compare very well with temperatures during initial de-
compression of the Dora Maira Massif (Schertl et al.
1991) and suggest orthopyroxene and kyanite can be an
ultrahigh-pressure assemblage in very Mg-rich rock
types.

Theoretical phase relations

Theoretical phase relations based on chemography
(Fig. 1) and Schreinemaker’s rule can be compared
with the experimental results (Fig. 2). The combination
of the two methods permits the construction of a pet-
rogenetic grid in the investigated P–T space. Eleven
solid phases + a liquid phase were found in the six-
component (KCMASH) system. Such a system pro-
duces 495 possible invariant points, among which most
are irrelevant for the actual grid. The system can be
drastically simplified by subdivision into smaller sys-
tems and by projection from phases that are in excess.
All experiments are saturated in kyanite, liquid and
coesite/quartz and, therefore, it is possible to project
from these phases. The resulting system contains three
components (KCM), eight phases and produces 56
possible invariant points. The phase relations can be
further simplified by regarding the subsystem between
3.5 and 4.5 GPa and 700–900 �C. The phases coesite,

kyanite, phengite, clinopyroxene and liquid occur over
this P–T region whereas biotite, orthopyroxene, talc
and garnet have restricted stability fields. By projecting
additionally from phengite and clinopyroxene the
multisystem simplifies to one component (Mg) and four
phases, and the resulting grid with four invariant points
is easy to construct (Fig. 8a). A more complicated
subsystem exists between 2.0 and 3.5 GPa and 700–
800 �C. In this subsystem it is possible to project only
from the phases kyanite, quartz/coesite and liquid.
Additional phases are talc, biotite, phengite, amphi-
bole, zoisite and clinopyroxene, and this subsystem can
be described by six phases and three components. The
geometrical analyses of such systems has been provided
by Day (1972). The chemography and the phase com-
position given in Fig. 1b, represent the geometry of
chemography T49 of Day (1972), which can be trans-
lated to a grid with four stable and two metastable
invariant points as shown in Fig. 8b. In the chosen
bulk composition, 11 out of the 14 possible univariant
reaction should appear in the petrogenetic grid. The
subsystem involving the melting reactions of biotite and

Fig. 8a,b. Geometrical analysis of phase relations in subsystems. a
Multisystem showing the possible relations of the Mg phases after
projection from phengite, clinopyroxene, kyanite, coesite and
liquid. Stable (solid) and metastable (dashed) univariant lines are
shown and absent phases at an invariant point are labeled with
squared brackets. b Multisystem with three components and six
phases after projection from kyanite, quartz/coesite and liquid.
Stable invariant points (black dots) and metastable invariant points
(grey dots) are labeled with the absent phase. Black solid lines refer
to stable univariant lines that lead to a change in paragenesis
whereas dashed lines are stable univariant lines that do not occur in
the chosen bulk composition. The stable paragenesis for each field
is indicated
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phengite has been described in detail by Hermann and
Green (2001) and is not reproduced here. In the next
step, the subsystems must be oriented in P–T space,
linked together and fitted to the experimental data. It
was actually possible to construct a fully consistent grid
that satisfies the experimental results as well as theo-
retical constraints (Fig. 9). Experiments that are situ-
ated in a divariant field contain five solid phases plus
liquid as predicted by the phase rule for a six-compo-
nent system with no degeneration. Six solid phases
were observed in experiments close to univariant lines
and two experiments close to invariant points con-
tained seven solid phases. In the region above the

phengite and biotite stability fields, degeneration leads
to paragenesis with one phase less than in the rest of
the grid (Hermann and Green 2001).

Discussion

Comparison of the KCMASH petrogenetic grid
with other studies

Hoschek (1990) reported experiments up to 2.0 GPa in
the KCMASH system, which can be linked to this study.

Fig. 9. Petrogenetic grid for
subducted continental crust in
the model system KCMASH
based on the experimental re-
sults (Fig. 2), and the geomet-
rical analyses of phase relations
(Figs. 1 and 8). The phases in
bold are exhausted along the
univariant reactions as a result
of the chosen bulk composition
(Fig. 1). The paragenesis of
each field is indicated by the
chemography. The coesite–
quartz transition is taken from
Bohlen and Boetcher (1982).
Probable changes of slopes of
reactions caused by the coesite–
quartz transition are beyond
resolution of the data and are
not shown in the diagram
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He estimated the position of the invariant point
involving the phases talc, biotite, phengite, zoisite, am-
phibole, kyanite, quartz and liquid at about 720 �C,
2.0 GPa. The temperature is identical, whereas this study
suggests a slightly higher pressure of 2.4 GPa for this
invariant point. At 2.0 GPa, Hoschek (1990) did not find
clinopyroxene up to the highest experimental tempera-
ture of 760 �C, which is in agreement with the results
presented here constraining the first appearance of
clinopyroxene at �800 �C at 2.0 GPa.

Data on the subsystems MASH, CMASH and
KMASH can also be compared with the obtained
experimental data. In the MSH system, the reaction

Tc $ Opx þ Cs þ L

has been reported in several studies and can be com-
pared with the present study. This reaction has been
located in the MSH system between 800 and 850 �C at
2.0–3.0 GPa (Kitahara et al. 1966; Thompson and Ellis
1994) and at 770 �C at 4.0 GPa (Pawley and Wood
1995). This is about 40–60 �C higher than the disap-
pearance of talc in this study, which is proposed to be
between 710 and 730 �C at 4 GPa (Fig. 9). A possible
explanation is the difference of the bulk system used.
Because Al is incorporated less in the reactant talc
(0.5 wt% at 700 �C, 4.45 GPa) than in the product
orthopyroxene (2.6 wt% at 750 �C, 4.0 GPa), the talc
break-down reaction is probably shifted to slightly lower
temperatures. Additional components, especially K and
Al, will influence the liquid composition. In the
KCMASH, there are much more solutes in the liquid
than in the MSH system and, consequently, the H2O
activity in the liquid is expected to be lower in the
KCMASH system resulting in break down of talc at a
lower temperature.

The KMASH univariant reaction

Tc þ Phe $ Bt þ Ky þ Qtz þ L

has been experimentally investigated by Massone and
Schreyer (1989) to be at 610 �C, 1.0 GPa to 770 �C,
2.5 GPa. Based on the set of experiments presented here,
the transition is suggested to be 50 �C lower at 2.5 GPa.
Because there are no compositional data available from
the study of Massone and Schreyer (1989), it is difficult
to compare the results directly. For example, at slightly
higher temperatures (840�, 2.5 GPa) a hydrous melt in
the KCMASH system contains 4.2 wt% of CaO (Her-
mann and Green 2001). This could lead to lower H2O
activity in the studied KCMASH compared with the
KMASH system, resulting in a shift of the talc +
phengite stability to lower temperatures.

Phengite and biotite are absent at one invariant point
of the KCMASH subsystem (Fig. 8b) permitting a
comparison with results in the CMASH system
(Thompson and Ellis 1994). The topology of the uni-
variant reactions around the invariant point proposed
here is identical to the one given by Thompson and Ellis
(1994). Interestingly, although the slopes of the reactions

are only constrained by the phase relations and experi-
ments (Fig. 9), they compare very well with the slopes
calculated by Thompson and Ellis (1994), suggesting
that the presented phase relations are in line with other
studies. According to the presented data this invariant
point is at �720 �C, 3–3.2 GPa, whereas Thompson and
Ellis proposed it at lower pressures of �2.5 GPa. Am-
phibole is the only phase in this subsystem that can
incorporate K. Therefore, it is expected that the as-
semblage Am + Cs has a stability at higher pressures in
the KCMASH system than in the CMASH system,
which is in agreement with the experimental results.
Experiments by Hoschek (1995) in the CMASH system
constrained the reaction

Zo þ Tc $ Tr þ Ky þ Qtz þ L

between 700 and 750 �C at 2.0 GPa, which is in perfect
agreement with the results shown in Fig. 9.

The high-pressure stability field of orthopyroxene
found in this study cannot be explained by the problem
of garnet nucleation, as demonstrated by experiments
seeded with garnet. The transition of orthopyroxene to
garnet was found to be sluggish and occurred over a
temperature range of about 50 �C. This is in agreement
with KMASH synthesis experiments of Massone and
Szpurzka (1997), where orthopyroxene occurs as a mi-
nor phase together with garnet at similar P–T condi-
tions. On the basis of experiments in the MAS system,
Hensen and Essene (1970) suggested that the reaction of
kyanite + orthopyroxene to pyrope + quartz occurs at
1.8 GPa, 1,000 �C, which is very close to the proposed
lower pressure end of the garnet + quartz stability in the
investigated system (Fig. 9).

Thompson and Ellis (1994) report garnet at much
lower P–T conditions than the present study. This is
most likely a function of the chosen bulk composition.
Although their bulk is originally quartz saturated, the
addition of 15–25% of H2O led to high amounts of
dissolved Si and complete dissolution of quartz. The
stable paragenesis of garnet + coesite in similar bulk
rock compositions is present at similar conditions in the
P–T space. Additionally, garnet and clinopyroxene in
experiments buffered by kyanite and garnet display very
similar phase compositions to the ones reported here.

In summary: the reported KCMASH petrogenetic
grid (Fig. 9) is generally in agreement with reactions
and parageneses reported in studies of related subsys-
tems. It has to be tested to what extent discrepancies of
about 50 �C in the position of dehydration reactions
are related to different activities in H2O caused by
different amounts of solutes in the fluid. Although the
petrogenetic grid was constructed for rocks containing
kyanite and quartz/coesite, it bears important infor-
mation for other bulk rock systems. At every invariant
point shown in Fig. 9 there are also reactions relevant
for kyanite- and quartz–coesite-free rocks. The slopes
of these reactions are constrained by the position of the
experimentally determined reactions and Schreine-
maker’s rule.
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High-pressure parageneses in subducted crust

The investigated system permits establishment of sys-
tematic phase relations in a model crustal composition.
However, natural rocks contain significant amounts of
Na and Fe, which complicate the phase relations. In this
section, the experimental results are first applied to
special rocks with very close chemical composition to
the investigated system. Then, the effect of Na and Fe on
the phase relations are discussed on the basis of existing
experiments in natural systems and eclogite facies
metapelites and metagranitoids.

Whiteschists from the Dora Maira Massif have a
bulk rock composition that is very close to the KMASH
system and permits a direct comparison with those ex-
periments. The whiteschists contain coesite and docu-
ment the reaction Ky + Tc ->Grt + Cs + F (Schertl
et al. 1991). According to the experiments, this reaction
occurs at �750 �C and well within the coesite stability
field (Fig. 9). The temperature estimate is in very good
agreement with garnet–clinopyroxene thermometry
from eclogites of the same unit (Kienast et al. 1991).
Most of natural white-schists display different amounts
of Fe and contain divariant paragenesis garnet, kyanite,
phengite, talc and coesite as, for example, in the Kok-
chetav Massif in Kazakhstan (Zhang et al. 1997; Par-
kinson 2000). Because garnet preferentially incorporates
Fe compared with talc (Zhang et al. 1997), talc disap-
pears at lower temperatures than 750 �C, dependent on
the Fe/Mg ratio of the bulk rock. The presence of talc in
the Kokchetav whiteschists provides evidence that peak
metamorphic temperatures were below 750 �C. Hence,
these rocks experienced much lower temperatures than
neighbouring diamondiferous rocks, which were meta-
morphosed at about 950 �C (Shatsky et al. 1995; Zhang
et al. 1997; Hermann and Green 2001).

The introduction of Na and Fe does not produce
additional UHP phases. Univariant reactions in the
KCMASH system will diverge in trivariant fields and,
hence, the appearance and disappearance of phases is
not only caused by discontinuous reactions, but is also
bulk rock dependent. Na substitutes mainly for Ca and,
therefore, this influences the stability fields of the Ca
phases found in the petrogenetic grid. Experiments in
granitic (Green and Lambert 1965) and pelitic (Patiño
Douce and McCarthy 1998) compositions demonstrate
that plagioclase could be stable at the high temperature/
low pressure end of the investigated grid. However, at
temperatures below 1,000 �C, plagioclase was not found
to be stable above 2.3 GPa. Na probably decreases the
stability field of talc + zoisite with respect to omphacite
+ coesite + kyanite because zoisite is Na-free. It is
more difficult to establish the effect of Na and Fe on the
transition from amphibole to omphacite. Experiments in
basaltic to andesitic compositions indicate that amphi-
bole is not stable above �2.5 GPa (Poli and Schmidt
1995) and, hence, the introduction of Fe and Na stabi-
lizes the higher pressure assemblage omphacite + garnet
rather than amphibole. Consequently, it is expected that

clinopyroxene is the main Na phase in UHP conditions.
The introduction of Fe affects all Mg-bearing phases
and increases the stability field of garnet, which prefer-
entially incorporates Fe. The small orthopyroxene field,
present in the pure Mg system (Fig. 9), will disappear
and biotite is consumed along the continuous reaction bt
+ ky + cs M grt + phe. The position of complete
biotite consumption in the presence of kyanite and
coesite/quartz is thus a function of bulk rock composi-
tion, especially of the Mg# (Mg/Mg+Fe). Based on
experiments in a natural Ca-poor system, Vielzeuf and
Holloway (1988) suggested that this reaction occurs at
�1.8 GPa for a bulk Mg# of 0.5 (see Fig. 10). Green and
Hellman (1982) found the paragenesis grt + phe + ky
± qtz/cs from 2.0–3.5 GPa in hydrous experiments of
phengite (Mg#=0.67) + quartz. Therefore, the para-

Fig. 10. Phase relations in the KCMASH system (solid lines; this
study) and in a natural system with Mg# =0.5 (dashed lines;
Vielzeuf and Holloway 1988). Note the enlargement of the stability
field garnet + phengite to lower pressures by the introduction of
Fe. The position of fluid-absent melting of mica-bearing rocks is
fundamental for the retrograde overprint of subducted continental
crust. 1 Cooling during exhumation is documented in the Dora
Maira Massif (Schertl et al. 1991) and occurs most probably in thin
sheets of UHP rocks (<1 km thickness). 2 Thicker sheets of UHP
rocks are probably not able to lose the internal heat during fast
exhumation and follow an near isothermal decompression curve as
the Sulu UHP rocks (Nakamura and Hirajima 2000). 3 Most of the
exhumation path of the diamondiferous rocks from the Kokchetav
Massif is situated within the partial melting field. Therefore, only
refractory phases such as garnet, kyanite and zircon may survive
retrogression due to partial melting (Hermann et al. 2001)
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genesis grt + phe + qtz/coe + ky ± cpx can be stable
from the amphibolite–eclogite facies transition up to
very high conditions of at least 4.5 GPa and 1,000 �C in
pelitic compositions. In fact, Ono (1998) found this as-
semblage (without kyanite) up to conditions of 1,200 �C
and 6.0 GPa. The influence of Na and Fe on the
phengite-melting reaction is discussed by Hermann and
Green (2001).

A grt + phe + qtz/coe + ky ± cpx paragenesis for
pelitic rocks has been reported from several localities in
the Alps, where interlayered mafic rocks are proof of
eclogite facies conditions: Dora Maira Massif (3.5 GPa,
750 �C; Chopin 1984; Compagnoni et al. 1995), Adula
nappe (2.0–2.5 GPa, 650 �C; Meyre et al. 1999), Cima
Lunga unit (2.5–3.0 GPa, 800 �C; Heinrich 1986). The
presence of this same paragenesis over a wide range of
metamorphic conditions is in agreement with the ex-
perimental results. Recently, Carswell et al. (2000) pro-
posed that the gneisses and schists of the Dabie–Shan in
China experienced UHP metamorphism, together with
intercalated mafic and ultramafic rocks. From textural
evidence they conclude that the eclogite facies paragen-
esis consists of garnet, phengite, quartz (no coesite found
yet) and minor kyanite. They suggest that allanite was
stable at peak metamorphic conditions and was later
rimed by clinozoisite. According to the presented ex-
perimental data, this feature would be consistent with an
UHP origin of the schists beyond the stability of zoisite
(Fig. 9). In the experiments, traces of allanite have been
found well above the stability of zoisite (Table 2, Fig. 3b)
because the added trace elements La and Ce stabilize
allanite.

The experiments of this study were conducted in
H2O-saturated conditions, which is a prerequisite to
attain equilibrium at the low experimental temperatures
(e.g. Poli and Schmidt 1995). In H2O-saturated condi-
tions, phengite, and to a lesser extent biotite, are the
stable K-phases (Fig. 9). This is in agreement with H2O-
saturated experiments in K-MORB composition where
phengite is the stable K phase up to �9 GPa, 1,000 �C
(Schmidt 1996). Experiments in a natural muscovite
schist in slightly H2O-undersaturated conditions (Patiño
Douce and McCarthy 1998) produced K-feldspar that
coexists with phengite at UHP conditions. Austrheim
(1998) compiled data from several eclogite facies terrains
in which metastable anhydrous low pressure assem-
blages occur. These assemblages are explained by a lack
of fluid at high-pressure conditions. It is suggested that
equilibrium parageneses in natural eclogite facies rocks
are generally restricted to zones formed under H2O-
saturated conditions and hence H2O-saturated experi-
ments are suitable to constrain UHP metamorphism of
subducted crust.

In summary, the experiments demonstrate that rocks
such as phengite talc schists, phengite garnet schists and,
to a lesser extent biotite phengite schists, are stable in
pelitic to granitic compositions at UHP conditions. Such
parageneses do not significantly differ from the ones
formed in amphibolite facies conditions. Thus, it is

much more difficult to recognize eclogite facies felsic
rocks than mafic rocks where eclogite facies conditions
are documented by the characteristic paragenesis of
omphacite and garnet. One common feature for mafic
and felsic rocks is the absence of feldspars in H2O-sat-
urated systems. Although K-feldspar occurs in H2O-
undersaturated conditions, plagioclase is never stable in
UHP conditions

Hydration and dehydration of subducted crust

The experiments revealed that for a wide range of
pressures at temperatures below 800 �C, there are two or
more coexisting hydrous phases. The experiments fur-
ther indicate that the capacity of quartz + kyanite-
bearing rocks to store H2O is strongly dependant on
Mg# and K content. In Mg-rich rocks this capacity is
constrained by the stability of talc. K-rich rocks are
most suitable to transport H2O at great depth because of
the stability of phengite, whereas Ca-rich hydrous min-
erals such as zoisite and amphibole break down to
clinopyroxene at much lower pressure (Fig. 9). Rocks
with MORB composition contain less than 0.5 wt%
H2O at T>650 �C and P>3.0 GPa (Schmidt and Poli
1998). At the same conditions, metapelites are likely to
contain 1–2 wt% of H2O, depending on the amount of
talc and mica with respect to anhydrous phases. At
temperatures below 600–650 �C, ultramafic rocks are the
most important H2O carrier (Ulmer and Trommsdorff
1995). However, beyond the serpentine and chlorite
stability fields, i.e. at conditions T>800 �C and P>
3.0 GPa, ultramafic rocks are dry (Schmidt and Poli
1998) and H2O is only stored in crustal rock composi-
tions. As Schmidt and Poli (1998) pointed out, the
amount of H2O in subducted sediments is not significant
because of the low volume percentage of sediments in
the down-going slab. However, in zones of continental
subduction. such as the Dora Maira Massif or the
Kokchetav Massif, significant amounts of H2O can be
carried to mantle depth by crustal rocks.

There is a fundamental difference between the beha-
viour of subducted oceanic and continental crust in
terms of dehydration during subduction. Basalts are
likely to be hydrated during hydrothermal alteration at
the ocean floor and the covering oceanic sediments
contain water-saturated assemblages, which then pro-
gressively lose H2O during burial (Schmidt and Poli
1998). Apart from completely hydrated sediments, the
continental crust also consists of granite and basement
rocks, which often contain less H2O at the beginning of
subduction than during peak metamorphic conditions.
The main reason for this behaviour is the K-phase in
crustal rocks. K-feldspar is absent in subducted oceanic
crust, but is a common mineral in continental crust and
occurs in granites, greywackes and amphibolite facies
gneisses. At high pressure, phengite is the stable K phase
in the presence of a fluid and, consequently, the above
mentioned rocks hydrate rather than dehydrate at
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eclogite facies conditions. Often the amount of H2O
available is not enough to completely hydrate granitic
bodies at depth and, therefore, K-feldspar can be part of
eclogite facies continental crust in H2O-undersaturated
conditions. K-feldspar in UHP rocks has been described
from a coronitic granitic body in the Dora Maira
Massif, which is replaced by phengite in the more hy-
drated parts (Biino and Compagnoni 1992). The possi-
bility of hydration at UHP conditions is important for
the correct interpretation of fluid inclusions of sub-
ducted crustal materials. Although dehydration reac-
tions should produce low saline fluids/melts (but with
significant amounts of dissolved K, Al and Si), fluids
trapped from hydration reactions can be highly saline
because the hydrous phases preferentially incorporate
OH with respect to Cl (Volfinger et al. 1985). Conse-
quently, the continuous reaction of a H2O-rich fluid with
K-feldspar to produce phengite will lead to a passive
enrichment of Cl and a highly saline brine at a final stage
of hydration.

Preservation of UHP metamorphism
in the subducted crust

Figure 10 summarizes the region where micas are stable
from this study in the synthetic KCMASH system and in
a natural system for pelites with Mg# of 0.5, by Vielzeuf
and Holloway (1988). The fluid-absent melting of
phengite displays a positive slope and is fundamental for
the question of whether or not UHP parageneses in
crustal rocks survive during exhumation. UHP rocks
from the Dora Maira Massif reached peak temperatures
of 750 �C at 3.5–4.0 GPa and were cooled during ex-
humation to 600 �C at 1.0 GPa (Schertl et al. 1991).
Therefore, the whole retrograde P–T path was situated
well within the stability fields of micas, and UHP par-
ageneses are still preserved in low strain regions. In
contrast, UHP rocks from the Sulu region in China
display a granulite facies overprint indicating near iso-
thermal decompression at �800 �C (Nakamura and
Hirajima 2000). Such isothermal decompression should
produce partial melting during phengite break down
and, consequently, leads to a complete recrystallization
of the felsic rocks. Even higher temperatures are docu-
mented in the Kokchetav Massif with 950 �C,
P>4.3 GPa and slight cooling during decompression to
800 �C and 1.0 GPa (Zhang et al. 1997; Hermann et al.
2001). Most of the decompression path is situated within
the partial melting field and relics of UHP minerals are
mainly found as inclusions within zircon (Katayama
et al. 2000b; Hermann et al. 2001) or garnet (Shatsky
et al. 1995). Hence, the two parameters, which are of
first-order importance for the preservation of UHP
parageneses in subducted crust, are low peak tempera-
ture and cooling during exhumation. Mafic rocks, which
are often intercalated with pelites and orthogneisses in
crustal rocks, display a different behaviour during ex-
humation. Their peak mineralogy is stable as long as

there is no fluid available during decompression. On the
basis of field relations in the central Alps, Heinrich
(1982) proposed that the different behaviour of felsic
and mafic rocks during exhumation could explain why
eclogite facies mafic lenses are embedded in upper am-
phibolite facies felsic gneisses. The experimental work
presented here supports this hypothesis.

Density and the exhumation of subducted
continental crust

The experiments revealed that the most important rock
types of subducted continental crust consist of garnet
(q=4.0 g/cm3), kyanite (q=3.59 g/cm3), phengite (q=
2.81 g/cm3), coesite (q=2.92 g/cm3), clinopyroxene
(q=3.31 g/cm3) and, at low temperature, talc (q=2.78
g/cm3). For an average granitic composition there is
25% phengite, 25% clinopyroxene, 50% of coesite and
traces of garnet and kyanite resulting in a density of
about 3.0 g/cm3 at room conditions. An average pelite
composition results in 30% phengite, 10% jadeite, 20%
garnet, 5% kyanite and 35% coesite with a density of
about 3.3 g/cm3. Therefore, it is likely that the average
density of the subducted continental crust is around
3.15 g/cm3, which is significantly lower than average
density of the mantle rocks at the same depth. Sub-
ducted continental crust, thus, is buoyant at mantle
depths and might lead to termination of subduction
(Cloos 1993) and might provide a driving force for
exhumation of UHP rocks (Platt 1993; Ernst 1999).
Buoyancy could be one of the major reasons for fast
exhumation of UHP continental crust, which can act at
a speed of several centimetres per year (Rubatto and
Hermann 2001).

Metamorphic, orogenic garnet peridotites and UHP
eclogites are always associated with gneisses that are
generally of continental origin (Coleman and Wang
1995). It suggests that buoyant subducted continental
crust could be an important carrier for garnet peridotites
and eclogites, which have a density higher than mantle
rocks.

Conclusions

There are probably two main reasons for the scarcity of
reported UHP occurrences in continental crust. (1)
Synthesis experiments demonstrated that paragenesis
phengite, coesite, kyanite, clinopyroxene, garnet is stable
at UHP conditions. Apart from omphacite (and coesite,
which transforms to quartz), all the other minerals are
also stable at amphibolite facies conditions making the
recognition of UHP rocks difficult. (2) In order to pre-
serve the UHP paragenesis, rocks must stay within the
white mica stability during exhumation. Near isothermal
decompression at 700–800 �C leads to phengite melting
and consequently to a complete recrystallization of the
rocks. This problem is probably related to the size of the
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exhumed body of continental crust. Small bodies (less
than 1 km thickness) are able to cool during fast exhu-
mation on top of the slab, hence preserving the UHP
mineralogy, while large bodies follow an adiabatic path
with only little cooling. The phase relations and the
compositional trends of fully buffered minerals reported
in this study contribute to the recognition of UHP
metamorphism in continental crust and provide con-
straints on prograde and retrograde evolutions docu-
mented in zoned minerals.

Subducted continental crust is buoyant to a much
greater depth than subducted oceanic crust with respect
to mantle rocks. Thus, UHP continental crust is likely to
get exhumed once it is detached from the slab and this
permits insight into processes that occur at a critical
depth for subduction zone magmatism, i.e. at depths of
100–150 km. Continental crust is able to retain a greater
amount of H2O at UHP conditions above 800 �C than
oceanic crust or mantle rocks.
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