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Alpine-type peridotites and associated pyroxenites are found as lenses
in the continental crust in many different orogens. The reconstruction
of the pressure—temperature (P—'T) evolution of these rocks s,
however, difficult or even impossible. With geothermobarometry,
usually one point on the overall P=T path can be obtained. 1o
use the different mineral assemblages observed in ullramafic rocks
as P-T indicators, quantitative P-'T" phase diagrams are required.
This study presents new calculated phase diagrams for peridotitic
and  pyroxenitic 1ocks in the model systems CaO-MgO—
AlL,0;-8:0,-H,0  (CMASH) — and ~ Na,0—CaO-MgO—
Al,04-850,-H,0 (NCMASH), which include the respective
solid solutions as continuous exchange vectors. These phase
diagrams represent applicable petrogenetic grids for peridotite and
pyroxenite. On the basis of these general petrogenetic grids, phase
diagrams for particular peridotite and pyroxenite bulk compositions
are constructed. In an example of pyroxenite from the Shackleton
Range, Antarctica, the different observed mineral assemblages are
reflected by the phase diagrams. For these rocks, a high-pressure
metamorphic stage around 18 kbar and an anticlockwise P—'T
evolution, not recognized previously, can be inferred.

KEY WORDS: Antarctic; high-pressure metamorphism; peridotite; phase
diagrams; pyroxenite

INTRODUCTION

Different lithologies may selectively record different stages
of the same metamorphic process, hence the study of as
many rock types as possible provides for a more explicit

*Telephone: +49-6151-163780. Fax: 4+49-6151-164021. e-mail:
esthersc@hrzpub.tu-darmstadt.de

understanding of the overall metamorphic evolution of
a tectonic unit. In numerous studies, metabasic eclogites
have greatly been appreciated as witnesses of early high-
pressure (HP) metamorphic stages, which are commonly
obliterated in associated pelitic and particularly in
quartzo-feldspathic rocks, especially at higher tem-
peratures. Many of the eclogite-bearing metamorphic
complexes also contain small lenses of mantle-derived
peridotite and associated pyroxenite, which have not
gained as much attention as pressure—temperature (P-7)
indicators for crustal metamorphism as eclogite. How-
ever, these mantle-derived ultramafic rocks emplaced in
the continental crust, although forming volumetrically
minor constituents of orogenic belts, provide substantial
information on the process of orogenesis and crust—
mantle interaction. Thus, the study of ultramafic rocks
may permit a more detailed reconstruction of the meta-
morphic evolution of a particular region and, in addition,
these rocks may give insight into mantle processes before
and/or during orogeny.

Given the existence of appropriate mineral as-
semblages, P-7 data may be obtained thermo-
barometrically utilizing the measured compositions of
mineral phases thought to be in equilibrium. In the case
of peridotite and pyroxenite, with their common high-
temperature imprint and their well-equilibrated high-
variance mineral assemblages, this method usually results
in a single P-7 datum (e.g. Schmédicke & Evans, 1997).
Depending on cooling rate, grain size, and initial tem-
perature this reflects either the thermal peak of meta-
morphism or a point on the subsequent cooling path, at
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which the corresponding thermometer ‘closed’ for further
diffusion.

To unravel geodynamic processes, we need to know
more about the P-T history of metamorphic rocks than
merely a single P-7 point. An alternative strategy to
obtain this information is based on the mineral as-
semblages and reaction textures observed in metamorphic
rocks, which allow, at least, a qualitative estimation of
the P-7 path provided the relative stabilities of the
mineral assemblages are known. To use this phase pet-
rologic information in a quantitative way, complex quan-
titative P-7 phase diagrams (i.e. petrogenetic grids) are
needed. For a compilation of petrogenetic grids the reader
1s referred to Will (1998). In the case of ultramafic rocks,
only very few phase diagrams are appropriate in this
context, especially for medium- and high-pressure con-
ditions. Accordingly, this study is aimed at the analysis
of phase relations and the construction of quantitative
P-T phase diagrams relevant to mantle-derived peri-
dotites and related pyroxenites encountered in the con-
tinental crust.

PREVIOUS WORK

Examples of Alpine-type peridotite and pyroxenite, tec-
tonically emplaced in the continental crust, are found in
a number of orogens such as the Norwegian Caledonides
(e.g. Carswell et al., 1983; Medaris, 1984), the Eastern
Alps (e.g. Morten & Obata, 1983; Obata & Morten,
1987) and Western Alps (e.g. Evans & Trommsdorff,
1978), the Dabie Mountains in China (Zhang et al., 1995)
or the Shackleton Range in the Antarctic (e.g. Schubert
& Will, 1994). Numerous examples are known also from
the European Variscides, for instance from the Schwarz-
wald and Vosges Mountains (Kalt et al., 1995; Altherr &
Kalt, 1996) and from the Bohemian Massif, where
mantle-derived ultramafics occur in different tectonic
units [for reviews, see Medaris & Carswell (1990) and
Schmidicke & Evans (1997)]. The dominant mineral
phases in these peridotites are olivine, orthopyroxene,
clinopyroxene, garnet and/or spinel, chlorite, and calcic
amphibole. In some cases, peridotite contains interlayers
or boudins of pyroxenite, mainly consisting of clino-
pyroxene and orthopyroxene, with or without garnet,
spinel, plagioclase, calcic amphibole, chlorite, olivine,
and quartz.

The common high-pressure assemblages in these rocks
are garnet-orthopyroxene—clinopyroxene—olivine (peri-
dotite) or garnet-orthopyroxene—clinopyroxene (py-
roxenite). These, generally well-equilibrated assemblages,
allow the application of the garnet-orthopyroxene (e.g.
Harley, 19844), garnet-clinopyroxene (e.g. Powell, 1985),
or garnet-olivine (e.g. Brey & Kohler, 1990) Mg _,Fe
exchange thermometers, as well as the two-pyroxene
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solvus thermometer (c.g. Brey & Kohler, 1990). Pressure
can be confined by the ‘Al-in-orthopyroxene’ (e.g. Harley,
1984a) or the ‘Cr-in-spinel’ (e.g. O’Neill, 1981) ba-
rometers. These thermobarometers combined yield
usually one P-7T datum. Additionally occurring chlorite
and calcic amphibole are often interpreted as ‘secondary
phases’ and not much attention is paid to them. Un-
deniably, the equilibration conditions of these phases are
almost impossible to assess, as no adequate thermo-
barometer is available and/or the phase relations and
equilibrium assemblages of retrograde metamorphic
stages are hard to define, mainly because equilibration
is incomplete.

Complex phase diagrams containing all the major and
minor phases important in peridotite and pyroxenite and
giving the stabilities of the different assemblages may
help to define the P-7 conditions and, in particular, the
P-T evolution more closely. However, there 1s only a
small number of phase diagrams available so far, which
apply to medium- and high-pressure ultramafic rocks.
Qualitative petrogenetic grids were constructed by Me-
daris & Carswell (1990) and Obata & Thompson (1981)
on the basis of mineral assemblages observed in peri-
dotites, combined with theoretical phase petrologic con-
siderations. These diagrams reveal that the aluminous
phases garnet, spinel, plagioclase, calcic amphibole, and
chlorite are the important ones indicative of P and 7.

Quantitative phase diagrams containing the phases
relevant for peridotite and pyroxenite are not available
so far, with the exception of the petrogenetic grid of
Jenkins (1981) for peridotite in the model system CaO—
MgO-Al,05;-S10,-H,O (CMASH). This diagram (Fig.
1) represents the most complex quantitative approach
to the phase relations of medium- and high-pressure
peridotitic rocks hitherto. It is based on the experimentally
determined positions of several important reactions.
Judging from the experimental data, additional reaction
curves in Fig. 1 are semi-quantitatively derived by phase
petrologic constraints. According to this diagram, chlorite
and calcic amphibole are stable in peridotites at tem-
peratures not exceeding 850°C. The stability of calcic
amphibole, with forsterite in excess, is confined to pres-
sures below about 14 kbar whereas chlorite can be stable
to much higher pressures. Garnet is not formed below
16 kbar and, therefore, according to this phase diagram
a coexistence of garnet and calcic amphibole is precluded
in peridotite.

This, however, is in contrast to the phase relations
observed in natural peridotite. Garnet and calcic am-
phibole are known to coexist in peridotites, for instance,
in those from the Erzgebirge Crystalline Complex
(Schmidicke & Evans, 1997) or those from the
Granulitgebirge in southeastern Germany (Fig. 2). Con-
sequently, the application of the petrogenetic grid of
Jenkins (1981) for the quantitative reconstruction of the

70

€T0Z ‘/ aung uo 1s9nb Aq /B1o'seulnolpioxo’ABojoned,/:dny woly pspeojumoq


http://petrology.oxfordjournals.org/

SCHMADICKE

900 1000

500 600 700 800

T(C)

experimentally determined curves

— — semi-quantitatively derived positions

Fig. 1. Petrogenetic grid for peridotitic rocks in the model system
CaO-MgO-ALO;-Si0,-H,0 after Jenkins (1981). atg, antigorite; oam,
orthoamphibole; ta, Mg-end-member talc; tle, Mg-talc with Ts-
chermak’s substitution; per, peridotite. Other abbreviations as given in
Table 1.

P-T evolution of peridotites is limited. New, quantitative
phase diagrams are needed to use the entire phase
information available from peridotite and pyroxenite in
a quantitative way.

PHASE DIAGRAM CALCULATIONS

The possibility to obtain information on mineral reactions
and stability relations of mineral assemblages is given by
thermodynamic calculations, using internally consistent
thermodynamic data. With this method, theoretical phase
diagrams can be constructed. Because, in nature, the
compositions of solid solution phases change with P and
7, it is important to account for these compositional
changes in the phase diagram. This is possible with the
computer program THERMOCALC (Powell & Holland,
1988), which is used here together with the thermo-
dynamic dataset (September 1993 version) of Holland &
Powell (1990). Solid solutions are treated as continuous
exchange vectors, and the calculated phase diagrams
should be a closer approximation to reality than the
commonly used diagrams with minerals at end-member
or fixed compositions.

In addition, with the capability to model changing
compositions, it also 1s possible to construct phase dia-
grams for particular bulk-rock chemistries, showing not
only the stabilities of univariant reactions but also of di-
or trivariant assemblages relevant to individual rocks.
These diagrams, also known as ‘pseudosections’ (Hensen,
1971; Wil et al., 1990) provide a very helpful tool for
extracting P-7 information or P-7 path information,

PHASE RELATIONS IN PERIDOTITIC AND PYROXENITIC ROCKS

simply from the assemblages or sequences of assemblages
observed in thin sections. Moreover, the modelled com-
positions of solid solutions in a particular assemblage,
compared with the compositions of minerals in natural
parageneses, give further clues to metamorphic P-T
conditions. Ultilizing this method, new phase diagrams
for ultramafic rocks can be calculated and constructed.
[For more details on the method, see Powell ¢t al. (1998).]

CMASH system

To study the phase relations of ultramafic rocks, the
model system CaO-MgO-ALO;-510,-H,0 (CMASH)
was chosen, with water in excess. This provides an
opportunity to compare the modelled equilibria with the
petrogenetic grid of Jenkins (1981). The considered phases
are listed in Table 1. There are only four end-member
phases, spinel, forsterite, anorthite and quartz. The last
was included to apply the phase diagrams, at least to
some extent, to metabasic rocks. In the CMASH model
system, two types of solid solutions occur: the Tschermak’s
substitution, Mg _;Si_;AlAl, in orthopyroxene, clino-
pyroxene, calcic amphibole and chlorite, and the Mg_,Ca
exchange in garnet. Ideal molecular solution models
were chosen to describe these substitutions, after various
models had been tested (see below).

The calculated phase diagram is depicted in Fig. 3, and
the corresponding invariant P-7—X data are compiled in
Table 2. As the diagram includes all stable reactions
possible among the involved phases, it is, inevitably,
rather complex. Naturally, not all these reactions occur
in a single rock. A particular rock will only ‘see’ parts of
the reactions in Fig. 3, depending upon its bulk-rock
composition. On the basis of the P-7 diagram in Fig. 3,
specific diagrams can be constructed for any given bulk-
rock chemistry. This is possible as THERMOCALC
computes the compositions of solid solution phases in
any assemblage for any P and 7. The advantage thereby
is that not only the univariant reactions relevant to a
particular rock can be identified but also the di- or
trivariant assemblages that are stable between the re-
actions (see below).

CMASH diagram for peridotite

A quantitative phase diagram calculated from Fig. 3 for
a specific peridotite composition is shown in Fig. 4. With
other peridotite compositions, there is little or no change
in the topology with respect to Fig. 4, only the modal
phase proportions change to some extent with bulk
compositional changes. This is visualized in the SiOy—
AL O;~MgO compatibility diagrams (Fig. 5). Thus, in
this case, the phase diagram topology is not very sensitive
to compositional changes, as long as the composition is
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Fig. 2. Photomicrograph of a garnet peridotite from the Granulitgebirge, Bohemian Massif (sample Rub95-1). In this partly serpentinized rock,
calcic amphibole coexists with the garnet-olivine-orthopyroxene—clinopyroxene assemblage. Garnet (g) is partially replaced by a rim of spinel-
bearing symplectite and shares straight grain boundaries with calcic amphibole (am). This intergrowth texture testifies that calcic amphibole was
formed in the garnet peridotite stability field, before partial transformation to spinel peridotite occurred. Plane-polarized light; horizontal field
of view 3:3 mm.

€10z ‘2 dunc uo 18nb Ag /Blo'seuinofpiojxo°ABojoed//:dny wouy papeojumoq

Fig. 10. Photomicrograph of garnet pyroxenite W216 from the Shackleton Range, Antarctica. Intergrowths of garnet and olivine (ol) are
ascribed to the reaction opx + cpx + sp — g + fo. Small ‘left-over’ grains of greenish brown spinel (sp), preferably included in garnet,
additionally point to this reaction. (a) Crossed polars, (b) plane-polarized light; vertical field of view 2:5 mm.
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Table 1: Phases and phase components considered in Fig. 3 (CMASH) and Fig. 8

(NCMASH)
Phases Phase components
CMASH
garnet (g) pyrope (py)

grossular (grs)
orthopyroxene (opx) enstatite (en)
Mg-Tschermak’s (mgts)
diopside (di)

Ca-Tschermak’s (cats)

clinopyroxene (cpx)
calcic amphibole (am) tremolite (tr)
tschermakite (ts)
chlorite (chl) clinochlore (clin)
amesite (ames)
spinel (sp)

forsterite (fo)

anorthite (an)

quartz (q)

NCMASH

garnet (g) see CMASH

orthopyroxene (opx) see CMASH

clinopyroxene (cpx) diopside (di)
Ca-Tschermak's (cats)
jadeite (jd)

calcic amphibole (am) tremolite (tr)

pargasite (prg)

chlorite (chl) see CMASH
spinel (sp) see CMASH
forsterite (fo) see CMASH
plagioclase (pl) anorthite (an)
albite (ab)

Mg;AL[Si;04,]
CazAl,[Si;04,]
MgMglSi;O6l
MgAI[AISiO]
CaMgISi,0q]

CaAl[AISiOg]
Ca,Mg3;Mg,[Si,Si,0,,]1(0H,)
Ca,Mg,Al,[Si,Al,Si,0,,]1(0OH,)
Mg.MgAI[Si,AISiO1,](OH),
Mg,Al,[Si,Al,00](OH)g
MgAl,0,

Mg,[SiO,]

Cal[Al,Si,04]

SiO,

CaMgISi,0¢]

CaAl[AISiOq]

NaAI[Si, O]
Ca,Mg;Mg;,[Si,Si,0,,1(0H,)
NaCa,Mg;MgAl[Si,Al,Si,0,,](0H,)

CalAl,Si,04]
NalAISi;0]

peridotitic, and the topology shown in Fig. 4 is rep-
resentative for the phase relations in peridotites in the
CMASH model system. The diagram in Fig. 4 is far less
complex than that in Fig. 3, and contains only four of
the 13 stable invariant points of Iig. 3. The assemblages
stable between the univariant reactions are all divariant.

The stabilities of the assemblages in the calculated
CMASH phase diagram (Fig. 4) closely match those in
Jenkins” (1981) diagram (Fig. 1). In addition, the cal-
culated reaction positions correspond very well to ex-
perimental data. The calculated garnet—spinel peridotite
transition reaction g + fo = opx + cpx + sp even
changes to a negative slope at low temperatures (this
metastable part is not shown in Figs 3 and 4), in co-
incidence with experimental results (e.g. Danckwerth
& Newton, 1978; Gasparik, 1987). Furthermore, the

computed Al content in orthopyroxene in the divariant
field g—opx—cpx—fo (Fig. 4) is in close agreement with
experimental data (e.g. Harley, 19844). These solid so-
lution compositions can be used as further P-7 constraints
in the relatively large divariant fields. In the divariant
assemblage g-opx—cpx—fo, the Al content of opx is
strongly P sensitive; in fact, this relation was calibrated
as a barometer by several workers (e.g. Harley, 1984q¢;
Brey et al., 1986). In contrast, in the divariant assemblages
chl-opx—cpx—fo, chl-opx—am—fo and sp—opx—cpx—fo, the
Al-content in opx is an indicator of temperature rather
than pressure.

Furthermore, the modelled compositions of solid so-
lutions (e.g. see Table 2 for invariant points) compare well
with those found in natural peridotites (e.g. Schmédicke &
Evans, 1997). For instance, garnet in peridotite is pyrope

73

€T0Z ‘/ aung uo 1s9nb Aq /B1o'seulnolpioxo’ABojoned,/:dny woly pspeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY | VOLUME 41 NUMBER | | JANUARY 2000
T T T T T T T T T T T T T T T T T T T T T T T T T T T
- chl gOpx CMASH | -
am \ CpX
é/% + H>0
(o]

P (kbar)

% singularities

T (°C)

Fig. 3. P-T phase diagram for ultramafic (and mafic) rocks in the model system CaO-MgO-Al,O;-SiO,~H,O (water in excess). The Tschermak’s
substitution, Mg_,Si_,AlAl, in orthopyroxene, clinopyroxene, calcic amphibole and chlorite, and the Mg_,Ca substitution in garnet are treated
as continuous exchange vectors and are described by ideal molecular solution models. Thus, the compositions of the solid solution phases change
along the univariant reactions and over di- and trivariant fields. For the mineral compositions at invariant points, the reader is referred to Table

2. The compatibility diagrams for fields A-E are shown in Fig. 5.

rich, with a grossular component around 5 mol %. The
only ‘garnet-bearing’ invariant point (32) in Fig. 4 involves
garnet with 5 mol % grossular. This composition does
not change much along the univariant curves and within
the divariant field (see isopleths in Fig. 4), again in
agreement with garnet compositions in natural peridotite.
In addition, the calculated amount of Tschermak’s com-
ponent in the pyroxenes agrees well with compositions
known from natural assemblages: clinopyroxene in-
variably contains more Tschermak’s component than
coexisting orthopyroxene (see Table 2, Fig. 4).

As the calculated equilibria are in good agreement
with available experimental results, and the calculated
solid solution compositions are similar to natural ones, the
applied molecular mixing models seem to be reasonable in

this context. In contrast, this is not the case with ionic
solution models, both ideal and non-ideal. For instance,
the garnet-spinel peridotite transition reaction shifts to
apressure of 8-9 kbar, being in indisputable disagreement
with experimental data and petrologic constraints. In
addition, with ionic mixing models, the modelled com-
positions of solid solutions do not correspond to natural
mineral compositions. Along the spinel-garnet peridotite
transition reaction, for instance, garnet contains around
30 mol % grossular, about six times as much as in nature
and with molecular models.

In conclusion, with ideal molecular mixing models not
only the experimentally determined reaction positions
can be reproduced, but also the compositions of natural
solid solutions. However, in the petrogenetic grid for
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Table 2: P-T-X positions of stable invariant CMASH points as seen in Fig. 3 (HyO in excess)

Point P (kbar) T (°C) Xyrs(9) Xeas(CPX) Xingts(OPX) Xames(chl) Xlam)
1: [fo,q,an] 13-2 831 0.-05 018 0-14 0-18 0-27
13.6 725 0-07 0-13 0-10 0-17 0-23
4: [cpx,fo,ql 11.8 814 0-03 0-16 0-22 0-30
10-8 699 0-02 0-14 0-25 0-28
5: [cpx,fo,spl 119 773 0-01 0-15 0.22 0-29
10-9 678 0-01 0-13 0-25 0-28
7: [opx,fo,ql 13-6 808 0-09 0-24 0-26 0-32
14-0 685 0-20 0-25 0-32 0-33
8: [opx,fo,spl 17-9 692 0-56 0-29 0-34 0-35
29: [g,q,an] 8.7 818 0-12 0-09 0-14 0-22
95 720 0-09 0-07 0-13 0-18
30: [g,cpx,ql 5.4 780 0-08 0-14 0-21
3-6 666 0-06 0-15 0-17
31: [g,0px,ql 5.5 774 0-11 0-14 0-21
3-8 657 0-08 0-15 0-17
32: [am,q,an] 17-8 877 0.05 0-12 0-10 0-10
175 753 0-06 0-09 0-07 0-10
16: [am,cpx,fo] 8.9 776 0-00 0-22 0-34
89 681 0-00 0-18 0-33
19: [chl,fo,ql 12-4 854 0-05 0-20 0-16 0-30
11.9 771 0-06 0-18 0-14 0-28
20: [chl,fo,sp] 15-6 928 0.-05 017 0-13 0-27
14.5 826 0-05 0-15 0-12 0-25
41: [chl,g,q] 7-0 831 0-12 0-09 0-22
63 750 0-10 0-07 0-20

Data for a,,0 = 0-5 (italics) are given for comparison. Phases not present at the respective invariant point appear in square
brackets. Abbreviations of phases and phase components are given in Table 1. X (g) is mole fraction of grossular in garnet;

Xgsl@) + Xoy(g) = 1.

peridotites (Fig. 4) calculated in this study, there still is
the same problem as in Jenkins’ (1981) phase diagram:
garnet and calcic amphibole cannot coexist. This, how-
ever, contradicts the behaviour in nature (see above).
Having approved of the mixing models, the most probable
explanation for this discrepancy is that the CMASH
model system is obviously not the best choice to portray
the phase relations of peridotites, at least, as far as the
stability of calcic amphibole is concerned. One or more
further system component(s) must be crucial in this re-
spect. Indeed, the calcic amphibole found in peridotite
to coexist with garnet is a pargasite or pargasitic horn-
blende (e.g. Schmidicke & Evans, 1997). Sodium is,
therefore, an important component for the stabilization
of calcic amphibole in peridotite, as emphasized also by
Obata & Thompson (1981). Thus, to portray the phase
relations of peridotites, the phase diagram calculations
are expanded to the NCMASH model system (see below).

CMASH diagrams for pyroxenite

From Fig. 3, P-T phase diagrams for different pyroxenitic
bulk-rock compositions were calculated (Figs 6 and 7) in
the same way as was done for peridotite (Fig. 4). In
contrast to peridotitic bulk compositions, which may vary
to some extent without changing the topology of Iig. 4,
phase diagrams for pyroxenitic rocks are far more sens-
itive to bulk chemical variations. This becomes obvious
in the compatibility diagrams (Fig. 5) displaying the
assemblages stable in different P-7 fields as a function
of bulk-rock composition. In field A, for instance, only
one divariant assemblage is ‘seen’ in peridotites whereas
five divariant assemblages are possible in the com-
positional range of pyroxenites.

The pyroxenite in Fig. 6 (analysis of a sample from
the Granulitgebirge) will see only three out of the 13
invariant points in Fig. 3. The pyroxenite in Fig. 7
(analysis from an Erzgebirge sample) contains more
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Fig. 4. P-T phase diagram constructed from Fig. 3, displaying the univariant reactions and stabilities of divariant assemblages ‘seen’ by a
peridotite. The diagram was calculated for the composition (in wt %) CaO = 2:2, MgO (+FeO) = 399, ALO; = 3:0, SiO, = 38-8. With

other peridotite compositions, however, there is little or no change in the phase diagram topology (see also Fig. 5). The divariant fields are

contoured for X, in garnet and X,

MgO (+FeO) and less CaO than the rock in Fig. 6.
This composition yields a markedly different topology,
with eight stable invariant points. In the upper right
corners of the P-T pseudosections, at highest P and
T (field A), the pyroxenite from the Granulitgebirge is
composed of the trivariant assemblage g—opx—cpx,
whereas the pyroxenite from the Erzgebirge is char-
acterized by a divariant paragenesis of g—q-opx—cpx
(see also Fig. 5). This example highlights the importance
of constructing P-7T diagrams for specific bulk-rock
compositions, if the stability of a mineral assemblage
1s to be assessed. Having established the successive
sequences of mineral assemblages in a rock from
petrographic observations, these pseudosections are of
valuable help to ‘translate’ the petrographic data mnto
the P and 7 experienced by a rock through its
metamorphic history. This will be further demonstrated
with the example of pyroxenite from the Shackleton
Range, Antarctica (see below).

in orthopyroxene; a few isopleths for X, in clinopyroxene are given for comparison.

NCMASH system

The phase diagram in the model system Na,O—
CaO-MgO-Al,05-S510,-H,0 (NCMASH) is shown in
Fig. 8. As this diagram was particularly constructed for
peridotite, quartz is not considered here. The new system
component Na,O enters three phases: calcic amphibole,
plagioclase and clinopyroxene. The respective phase com-
ponents are listed in Table 1. Again, ideal molecular
mixing models were used. The NCMASH phase diagram
is less complex than the CMASH grid (Fig. 3), and has
only three stable invariant NCMASH points in the P-7T
window considered (Fig. 8, Table 3). In part, this is due
to the fact that quartz is omitted from the NCMASH
diagram. Therefore, only the nine invariant points and
emanating reactions in Fig. 3 without quartz can be
compared with Fig. 8. It is obvious that, according to
the phase rule, the invariant points in CMASH turn to
univariant reactions in NCMASH. To illustrate this
relationship, some of the CMASH invariant points are
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PHASE RELATIONS IN PERIDOTITIC AND PYROXENITIC ROCKS

333

A peridotite (Fig. 4)
+ pyroxenite, Granulitgebirge (Fig. 6)
X pyroxenite, Erzgebirge (Fig. 7)

O pyroxenite W242, Shackleton Range (Fig. 11)

[[TTT] pyroxenite compositions
eridotite compositions

& pyroxenite W216, Shackleton Range (Fig. 12)

Fig. 5. Compatibility diagrams, projected from water and clinopyroxene, for the P-7 fields indicated in Fig. 3. The compositional range of
clinopyroxene-bearing peridotitic and pyroxenitic rocks [analyses from Nixon (1987) and Wilson (1989)] is illustrated along with the bulk-rock
compositions used for the construction of specific -7 diagrams (Figs 4, 6, 7, 11 and 12). For instance, in field A, only the divariant assemblage
g—fo-opx—cpx is ‘seen’ in peridotites whereas five divariant assemblages are possible in pyroxenites: g—fo—opx—cpx, g—fo-sp—cpx, g-sp—an—cpx,
g-an—q-—cpx, and g-opx—q-—cpx. It should be noted that in nature in Al,O-rich rocks, anorthite may be metastable at high pressure (fields A
and B) with respect to kyanite-bearing assemblages. However, this applies only to pyroxenite compositions plotting on the left-hand side of the

line sp—g—q.

added to Fig. 8. Using exactly the same bulk-rock com-
position as in Fig. 4, with only a small additional amount
of Na,O, a specific P-7T diagram for a peridotite was
obtained (Fig. 9).

In Fig. 9, the transition reactions from plagioclase to
spinel to garnet peridotite take place at basically the same
P-T conditions as in the CMASH system. This is because
either little Na enters the respective solid solution phases
or the reaction coeflicients of the Na-bearing phases are
small. In contrast to Fig. 4, calcic amphibole is now
stable to much higher pressures, and can coexist with
garnet in a divariant field from about 18 to 26 kbar
pressure. At higher pressures, a peridotite will contain
the well-known four-phase garnet peridotite assemblage
g-opx—cpx—fo, which is trivariant in NCMASH. The

breakdown of amphibole with increasing pressure takes
place via a ‘divariant reaction’. This means that the
modal proportion of amphibole steadily decreases with
increasing pressure until it approaches zero and am-
phibole disappears (see contours of amphibole content
in Fig. 9). The pressure at which amphibole reacts out
depends on the bulk Na content of the rock; thus, in
peridotites with a composition different from that in Fig.
9 amphibole will disappear at somewhat lower or higher
pressure. It should be noted that the calculated pressure
stability of calcic amphibole in this system corresponds
well to that of amphibole in natural metabasite, as
experimentally constrained by Pawley & Holloway (1993).

Comparing the calculated compositions of the Na-
bearing phases (Table 3, and isopleths in Fig. 9) with
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Fig. 6. P-T diagram for a pyroxenitic rock with the bulk composition
(in wt %) CaO = 14-1, MgO (+FeO) = 23-5, ALO; = 13-2, SiO, =
45-3 (analysis of a rock from the Granulitgebirge, Bohemian Massif),
constructed from the complex phase diagram in Fig. 3.

natural minerals, there is a good coincidence between
the two. For instance, in peridotitic rocks, the amphibole
which coexists with garnet is invariably Na rich, whereas
amphibole in low-pressure assemblages with chlorite is
more tremolitic (e.g. Schmidicke & Evans, 1997).

APPLICATION OF THE CMASH
SYSTEM TO PYROXENITE FROM
THE SHACKLETON RANGE,
ANTARCTICA

Geological setting and investigated samples
The Shackleton Range is part of the Cambro-Ordovician
Ross orogen in the Antarctic, extending from northern
Victoria Land through the Transantarctic and Pensacola
Mountains to the Shackleton Range. In contrast to the
general N-S trend in the main part of the Ross orogen,
in the Shackleton Range, the structural trend changes
to E-W (e.g. Kleinschmidt & Buggisch, 1994). The
Shackleton Range Metamorphic Complex consisting of
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Fig. 7. Petrogenetic grid for a pyroxenitic rock with the bulk-rock
composition (in wt %) CaO = 9:0, MgO (+FeO) = 26-4, ALO; =
14-3, Si0, = 46-6 (analysis of a rock from the Erzgebirge, Bohemian
Massif ) constructed from Fig. 3. It should be noted that this rock differs
from the pyroxenite in Fig. 6 in the CaO and the MgO (+FeO)
content, causing a different phase diagram topology.

medium- to high-grade metamorphic rocks can be di-
vided into (1) the ‘Read Mountains Basement Complex’
in the south and (2) the ‘Northern Shackleton Range
Basement Complex’ (e.g. Buggisch et al., 1990; Klein-
schmidt & Buggisch, 1994). These crystalline complexes
differ in both their metamorphic record and plate tectonic
position. The Read Mountains Basement Complex rep-
resents Precambrian basement of the East Antarctic
Craton, whereas the Northern Shackleton Range Base-
ment Complex was strongly affected by deformation and
metamorphism during the Ross orogeny (480-500 Ma;
e.g. Kleinschmidt & Buggisch, 1994). That orogeny was
also responsible for southward thrusting of the Northern
Crystalline Complex and back-arc basin sediments over
the Read Mountains Complex (Buggisch ez al., 1990). As
the transition between the East Antarctic Craton and the
Ross orogen 1s exposed in the Shackleton Range, this area
is of special importance for geotectonic reconstructions.

Ultramafic rocks, predominantly pyroxenites, were
found around Mount Provender within the Haskard
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Fig. 8. Calculated phase diagram for ultramafic rocks in the model
system Na,O-CaO-MgO-AlL,O;-Si0,~H,O (water in excess). All solid
solutions (see Table 1) are described by ideal molecular models. The
P-T-X data for the invariant points are given in Table 3.

Highlands, situated in the northwestern part of the North-
ern Shackleton Range Basement Complex (Grew &
Halpern, 1979; Schubert & Will, 1994; Marx, 1996).
Apart from ultramafic rocks, the Mount Provender area
includes migmatitic hornblende-bearing gneiss, marble,
calc-silicate rocks, kyanite schist, quartzite, granulite,
amphibolite, and garnetiferous gneiss (Grew & Halpern,
1979). Mineral assemblages testify to metamorphic con-
ditions in the upper amphibolite and granulite facies.
Ultramafic rocks occur as lenses with a size ranging from
a few metres up to about 100 m (W. Schubert, personal
communication, 1998).

Samples from two different lenses of pyroxenite, W216
and W242, about 1 km apart, are considered here. The
host rocks are: garnet-kyanite gneiss, clinopyroxene-
bearing gneiss and calc-silicate rocks (W216) and garnet
amphibolite and garnet quartzite (W242) (Schubert &
Will, 1994; Marx, 1996). The pyroxenite samples may
show a weak foliation, mainly defined by calcic am-
phibole, orthopyroxene and/or olivine and, in some
cases, even by garnet. Pyroxenite W242 is characterized
by different equilibrium domains. The prominent mineral
assemblage garnet-green spinel-orthopyroxene—clino-
pyroxene is ascribed to a second equilibration stage (II).

An carlier garnet-free assemblage (I) can be inferred
texturally. Later, retrograde assemblages are dominated
by calcic amphibole, whereas in some domains garnet
can be observed to coexist with calcic amphibole and
chlorite (II), and in other domains garnet is absent and
anorthite (IV) occurs. Spinel is not present in either of
these later assemblages. In sample W216 two succeeding
parageneses are texturally indicated: olivine—brownish
green spinel-orthopyroxene—clinopyroxene (I), and
olivine—garnet—orthopyroxene—clinopyroxene (II) (Fig.
10). Furthermore, calcic amphibole can be observed,
which probably belongs to a later assemblage.

Phase diagrams and P-T path
reconstruction

On the basis of bulk-rock analyses of small samples,
representing the thin-section scale (see figure captions),
specific phase diagrams were calculated for each sample
(Figs 11 and 12). For sample W242 (Fig. 11), a relatively
small divariant field confines the stability of assemblage
IT at a pressure between 16 and 18 kbar. Assemblages III
and IV correspond to the partial retrograde equilibration
stages indicated in the respective fields in Fig. 11.

The P-T evolution of granulitic host rocks, re-
constructed by Schubert & Will (1994), is depicted in
Fig. 11. Two succeeding equilibration stages of 660°C
and 135 kbar, and 740°C and 9 kbar define a clockwise
P-T trend. Assuming that the P-T trajectories of py-
roxenite and granulite converge at some stage and con-
sidering the stability fields of the retrograde equilibration
stages in the phase diagram, a -7 path for the pyroxenite
as shown in Fig. 11 can be derived. So far, it is not clear
whether the P-T segment from II to IV is part of a
clockwise or an anticlockwise P-7 evolution. Stage 1
may be attributed to similar or lower pressures than II,
allowing both possibilities.

The transition from stage I to II in sample W216 (Fig.
12) is essentially induced by an increase in pressure.
Inclusions of spinel in garnet and the intergrowth of
garnet with olivine, in places resembling coarse sym-
plectites (IFig. 10), are ascribed to the nearly isobaric
reaction opx + cpx + sp — g + fo (transition from
field I to field II in Fig. 10). From pyroxenite W216
alone, the evolution of temperature during this com-
pressional stage is difficult to assess.

The P-T information for the two samples, W242 and
W216, combined, points to an overall P-7 evolution
involving early compression and cooling before de-
compression and further cooling, and suggests an anti-
clockwise P-7 trajectory rather than a clockwise
evolution. The peak pressure conditions experienced
by the pyroxenite are close to the CMASH univariant
reaction opx + cpx + sp = g + fo (~18 kbar), which,

79

€T0Z ‘/ aung uo 1s9nb Aq /B1o'seulnolpioxo’ABojoned,/:dny woly pspeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY

VOLUME 41

NUMBER 1 JANUARY 2000

29 "~ chlam
T~ opx cpx fo

P (kbar)

T~
~—~-__ 092~
0.9 — —~2,
~ gam \ a
| opx cpx fo 5

sp am
opxcpxfo| \

\ Q .
opx cpx sp am h
fopl -
pl sp am ]
cpx fo 7

L 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1

750 800 850 900 950
T (°C)
[ divariant trivariant  — — — Xpg(@am) ——-=am (mol %)

Fig. 9. P-T phase diagram as in Fig. 8, displaying the univariant reactions and stabilities of di- and trivariant assemblages ‘seen’ by a peridotite
[composition (in wt %) Na,O = 0-13, CaO = 2-2, MgO (4 FeO) = 39-9, AL,O; = 3-0, SiO, = 38-8]. It should be noted that the composition,

with the exception of additional Na,O, is the same as in Fig. 4.

Table 3: P—T—-X positions of stable mvariant NCMASH points as seen i Fig. 8 (H,0 in excess)

Point P (kbar) T (°C) Xorsl@) Xeas(CPX) Xingts(OPX) Xames(chl) Xialcpx) Xorglam) Xan(pl)
a: [fo,ql 12:2 818 0-054 0-19 0:15 0-21 0-003 0-44 0-01
b: [pl,q] 17-8 873 0-051 0-12 0.-09 0-11 0-005 0-82

c: [g,al 6-7 796 0-11 0.08 0-14 0-000 0-23 0-003

Labelling is as in Table 2; abbreviations are explained in Table 1.

in case of sample W216, was overstepped whereas the
phase relations in sample W242 point to a pressure
closely below this reaction. Using mineral compositional
data (Marx, 1996), the maximum pressure of sample
W216 can independently be constrained: the ‘Al-in-opx-
barometer’ (Harley, 19844; Brey et al, 1986) and the
‘Cr-in-sp-barometer’ (O’Neill, 1981) yield a pressure of
17-18 kbar and 18-19kbar at 7 = 800°C and about

half a kilobar more at 7 = 900°C, respectively, indicating
that the peak pressure conditions of the two studied
samples are indeed very similar, as expected because
they belong to the same tectonic unit. The same pressure
can be estimated utilizing the isopleths for the Mg-
Tschermak’s component in orthopyroxene in Fig. 4.
Temperature estimates on garnet-olivine pairs in sample
W216 range between 870 and 910°C applying the ap-
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Fig. 11. P-T diagram for pyroxenite W242 from the Shackleton Range, Antarctica [composition (in wt %) CaO = 8-5, MgO (+FcO) =
290, ALO; = 151, SiO, = 38-1], constructed from Fig. 3. The re-equilibration stages I-IV deduced from thin-section observations help to
constrain the P-7 path for the pyroxenite (black). The P-T path reconstructed by Schubert & Will (1994) for the granulitic host rock (grey) is
given for comparison. Two equilibration stages were distinguished: 660°C and 13-5 kbar (not shown here), and 740°C and 9 kbar (grey circle).

proach of O’Neill & Wood (1979) and O’Neill (1980),
and between 890 and 930°C with the calibration by Brey
& Kahler (1990).

Implications

This example shows (1) that different assemblages, even
in the same type of rock, need not reflect contrasting
P-T conditions but may stem from bulk-chemical differ-
ences, and (2) that the study of chemically different
varieties of a rock provides for a more detailed re-
construction of the P-T evolution of a tectonic unit. In
our example, the phase diagrams proved a valuable
instrument to constrain the absolute -7 conditions of
different re-equilibration stages and, in particular, the
overall evolutionary P-7 trend. In comparison, with

conventional thermobarometry alone one P-7 point
around 750-800°C and 7-11kbar (Marx, 1996) was
determined, and no prediction about either the type or
shape of the P-T path was possible.

The geologic implications of our example are the
following. Pyroxenites from the Mount Provender area
in the northern part of the Shackleton Range followed
an early P-7T evolution with a high-pressure stage and
most probably an anticlockwise P-7 path not recorded
by their host rock granulites and gneisses, for which
Schubert & Will (1994) derived a clockwise P-7 trend and
a maximum pressure of 13-5 kbar. These data exclude a
shared evolution of both rock types before the host rocks
reached their peak metamorphic conditions, which are
attributed to the Ross orogeny (Schubert & Will; 1994).
Therefore, the emplacement of pyroxenites in their
crustal host rocks must have been directly linked with
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Fig. 12. P-T diagram for pyroxenite W216 from the Shackleton Range, Antarctica [composition (in wt %) CaO = 9-6, MgO (+FeO) =
30-8, ALLO; = 6-5, Si0, = 47-3], constructed from Fig. 3. The equilibration stages I and II of this pyroxenite point to overstepping the reaction
opx + cpx + sp = g + fo as a result of pressure increase. (See also Iig. 10.)

this metamorphic-orogenic event, and occurred most
probably during the culmination of crustal thickening or
at some stage shortly afterwards.

The pyroxenites give the first evidence of high-pressure
metamorphism in the Shackleton Range, deduced from
coexisting garnet and olivine. The observed garnet—
olivine intergrowths testify to a metamorphic reaction.
The preservation of this reaction texture and the failure
of textural equilibration in spite of favourable temperature
conditions 1s indication of only a short high-pressure
stage within the garnet peridotite field, presumably as a
result of rapid tectonic processes. The high-pressure
imprint of about 18 kbar can be explained by continent—
continent collision, probably in the course of the Ross
orogeny, which is thought to be responsible for the
emplacement of the ultramafic rocks in their present
position. As the surrounding gneiss and granulite record

a contrasting P-7 loop and pressures presumably not
exceeding 13-5 kbar (Schubert & Will, 1994), the ultra-
mafic rocks apparently mark a suture zone and imply
different tectonic units within the northern Shackleton
Range crystalline belt.

In addition, ultramafic rocks are valuable tracers of
palaco-subduction zones. In this context, a recently
discovered ophiolite association about 50 km east of the
Mount Provender area (Talarico et al., 2000) is par-
ticularly interesting. Although the ophiolitic rocks record
temperature and pressure conditions (550°C and
7-8 kbar, and 650°C and 5-6 kbar; Talarico et al., 2000)
distinctly lower than those of the Mount Provender
ultramafics, the ophiolite complex may represent an
eastward continuation of the suggested Mount Provender
suture zone. However, this must remain speculative until
further geological evidence is available and the ophiolitic
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character of the Mount Provender ultramafic rocks and
their associated amphibolites has been proven.

It is likewise conceivable that the Mount Provender
ultramafic rocks represent fragments from the upper
mantle that were tectonically ‘eroded” during subduction,
emplaced in the downgoing lithosphere and involved in
the subduction zone, thereby undergoing high-pressure
metamorphism. In this case, the Mount Provender rocks
may trace a different suture zone than the ophiolites
50 km east. This possibility is supported by the fact that
the Mount Provender ultramafic rocks suggest a counter-
clockwise P-T trend. The early P-T evolution of py-
roxenite with pressure increase can be explained by
convergence and lithosphere thickening in the course of
the Ross orogeny causing compression, whereas con-
temporaneous cooling may be the effect of subduction
or underplating of relatively cold crustal material. Jux-
taposition of hot mantle and cold crustal rocks will lead
to further cooling of the former and heating of the
latter and, consequently, to convergence of the two
P-T trajectories. A similar emplacement scenario was
suggested for the Erzgebirge, where mantle and crustal
rocks reveal similar converging P-7 paths, only, in this
case, both experienced high-pressure metamorphism
(Schmédicke & Evans, 1997).

Pyroxenites with basically the same mineral as-
semblages as in the Mount Provender rocks were reported
from the Lanterman Range in North-Victoria Land
(Kleinschmidt et al,, 1987). As the Lanterman Range
pyroxenites also contain the critical assemblage garnet—
olivine, a pressure in excess of 18 kbar can be inferred
for these rocks. Although speculative, it is possible that
the Lanterman Range and the Shackleton Range ultra-
mafics are part of the same subduction system.

There is little doubt that the ultramafic rocks from
Mount Provender trace a suture zone, but the re-
construction of palaco-subduction zones in the Shackle-
ton Range requires more information. Judging from
back-arc basin sediments, an early to middle Cambrian
south-dipping subduction zone in the northern Shackle-
ton Range was deduced by Kleinschmidt & Buggisch
(1994). On the other hand, final collision and southward
thrusting of the northern Shackleton Range crystalline
belt and a nappe with back-arc sediments over the
Read Mountains basement imply a later north-directed
subduction zone.

DISCUSSION

Further system components

Ifa P-T path is to be established from the phase diagrams
presented here, one has to be aware that these diagrams
are constructed for model systems. Natural rocks con-
stitute far more complex chemical systems. Naturally,
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system components not included in the phase diagrams
may influence the phase relations. First, the reaction
positions in nature may deviate from those in our model
systems and, second, the stability of a phase may be
expanded considerably with a further component. The
latter happens when a component is strongly fractionated
into a particular phase such as, for example, Na in
amphibole, whereas plagioclase and clinopyroxene take
up only little of this component (Table 3). Of course,
any additional component increases the variance of all
equilibria.

Chlromium

A component behaving in a similar way to Na is Cr. In
peridotites, Cr will strongly fractionate into spinel, leading
to a further stabilization of spinel in the garnet peridotite
stability field. Naturally, the first appearance of garnet
with increasing pressure is unaffected by Cr, and, in
CMASH, is defined by the univariant reaction opx +
cpx + sp = g + fo. In peridotitic bulk compositions,
spinel does not occur on the high-pressure side of this
reaction, but the CMASH divariant assemblage g-
opx—cpx—fo 1s formed. Theoretically, of course, two
different spinel-bearing assemblages are possible on the
high-pressure side: g—fo—opx—sp (‘seen’ by Ca-poor rocks,
such as harzburgite) and g—fo—cpx—sp (as in pyroxenite
W242), but these are not relevant to an ‘average’ peri-
dotite (compare Figs 4 and 5).

In the system CMASH-Cr, the above univariant re-
action becomes divariant, with all five phases coexisting
over a more or less expanded P-7 field. Thus, as long
as there is Cr in the system, spinel does not disappear
in peridotites by crossing the above reaction from low to
high pressure. With pressure increase, spinel becomes
progressively Cr rich, and the pressure at which spinel
finally reacts out depends on the Cr content of the system.
In an average peridotite, spinel coexists with garnet up
to about 25-35kbar. In refractory, harzburgitic com-
positions spinel can be stable to much higher pressure.
The incorporation of Cr as an additional component in
the phase diagram calculations requires the knowledge
of the thermodynamic data of at least one further Cr end-
member phase, such as knorringite or Cr-Tschermak’s
pyroxene. As data are rare or not available, it is not
possible at present to perform the calculations for a
CMASH-Cr model system.

Ferrous tron

Another component to be discussed is ferrous iron. In
nature, Fe?* enters any Mg phase to some extent. Because
in mantle-derived peridotite, Mg strongly dominates over
ferrous iron, and the latter is not much fractionated into
a particular Mg—Fe phase, in contrast to Na or Cr, the
influence on the phase relations is not severe. Of course,
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the variance changes, and all reactions will become
divariant assemblages. However, there is no point in
including as many system components as possible. In
fact, dealing with multicomponent systems other prob-
lems arise. For instance, in NCMFASH, the garnet
peridotite assemblage g—opx—cpx—fo 1s quadrivariant and
a four-dimensional phase diagram is needed to delineate
the phase relations. Of course, with Fe** added, the
reaction positions may deviate to some extent from those
in the pure Mg system, but because in nature the effects
of Fe and Cr are likely to counterbalance (Evans &
Trommsdorft, 1978), CMASH and NCMASH are
reasonable model systems to portray the phase relations
of Fe-poor, peridotitic rocks.

As pyroxenites commonly are not as Ie poor as mantle
peridotites, the reaction positions in natural pyroxenites
may deviate somewhat from those in the Fe-free CMASH
model system. Hence, a P-T path constructed for a
pyroxenite from a CMASH phase diagram does not
necessarily give the absolute P-7 values. In many cases,
however, the relative P-7 trajectories are equally con-
clusive as absolute values if tectonic processes are to be
inferred from the paths. In the example of pyroxenite
from the Shackleton Range shown here (see above), the
P-T conditions predicted by the CMASH phase diagram
are in close agreement with conventional thermo-
barometry on the ol-g—opx—cpx assemblage.

Size of equilibrium domains

The phase diagrams constructed for specific rocks (Figs
4,6,7,9, 11 and 12) were calculated on the assumption
that the bulk-rock composition does not change during
metamorphism. Apart from compositional changes as a
result of the loss or gain of fluid phases, the system
chemistry can be modified by changes in the size of the
equilibration volume. As equilibration requires diffusion
and diffusion is supported by high temperature, the size
of the equilibration volumes should become smaller with
decreasing temperature. Hence, with the decreasing size
of equilibration domains, the actual bulk composition
‘participating’ in successive mineral reactions in a rock
may also change. This is reflected, for example, by
porphyroblasts with different core and rim compositions
or abundant relic inclusions. In such cases, considerable
parts of the original chemical system may be ‘sealed up’
in large porphyroblasts, thereby being eliminated from
the reacting part of the rock volume. These changes in
effective bulk composition must be considered if low-
temperature rocks or retrograde low-temperature as-
semblages are concerned and, of course, in case of zoned
minerals or porphyroblasts with armoured mineral relics.
As this study is focused on peridotite and pyroxenite,
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dominated by high-temperature assemblages, the equi-
libration volume can be regarded, in a first ap-
proximation, as constant.

Excess water

All the phase diagrams presented are projected from
water. This presumption of excess water provides for
better comparison of the petrogenetic grids constructed
with, for example, the phase diagram of Jenkins (1981)
and other experimental results. With an H,O activity of
<1, the positions of dehydration reactions and of involved
invariant points are displaced to lower temperature;
the pressure position of invariant points remains almost
unchanged. The P-7-X data for invariant points in
CMASH at ay,0 = 0-5 are given in Table 2 for com-
parison.

The assumption of excess water may be more reason-
able, in many cases, as it may appear at first. Excess
water will cause the rock to stabilize the maximum
hydrated assemblage. With the applied calculation
method, the modal proportions of phases in assemblages
with excess water can be predicted. For example, with
the peridotite composition in Fig. 9, the high-pressure
assemblage g—am-—opx—cpx—fo will contain only about
0-4% calcic amphibole (g: 5-8%, opx: 15-18%, cpx:
6-7%, fo: 67%) at the maximum hydrated state (see
isolines of amphibole content in Fig. 9). This, in fact, is
an amount not unusual for natural peridotites, for ex-
ample, for those from the Erzgebirge (Schmidicke &
Evans, 1997) or those from Alpe Arami (Schmaidicke,
unpublished data, 1998). Obviously, only small total
quantities of water are required to make a high-pressure
peridotite maximum hydrated. Such small amounts of
water were apparently present in many Alpine garnet
peridotites during metamorphism, and the formation of
calcic amphibole during decompression can be explained
by ‘entering’ its stability field rather than by fluid in-
filtration (Schmédicke & Evans, 1997).

SUMMARY AND CONCLUSIONS

The reliability of calculated equilibria depends on both
the quality of thermodynamic data and the choice of
appropriate mixing models. The phase diagram cal-
culations for peridotitic and pyroxenitic rocks have shown
that ideal molecular mixing models reproduce extremely
well both experimentally determined positions of mineral
reactions and the compositions of solid solutions suggested
from natural rocks. On the other hand, ionic models,
which were tested for comparison, proved to be in
contrast to nature and experiment. Thus, for the phases
and phase components considered (in CMASH and
NCMASH), and in the P-7 range of interest, ideal
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molecular mixing models scem to be a very good ap-
proach to reality.

In the case of pyroxenite, the bulk-rock composition
has a considerable impact on the phase diagram topology,
as the CMASH diagrams for different pyroxenite com-
positions (Figs 6, 7, 11 and 12) and the S10,-AlL,O3;-MgO
compatibility diagrams (Fig. 5) reveal. The CMASH
grids can only be used for P-T estimates if the bulk
composition of the pyroxenite in question is close to
one of the examples given. There are a few reactions,
emanating from invariant point 19 in Fig. 3, that are
not strongly susceptible to bulk compositional variations
and should, therefore, be seen by many pyroxenites,
namely ¢ + cpx = opx + sp + an (i.c. transition from
the medium- to the high-pressure granulite facies) and
am + sp = opx + cpx + an, or am + sp = opx +
cpx + g (e.g. in Figs 6 and 7). However, these reactions
are not relevant to Si0y- and/or Al,Os-poor pyroxenites,
such as the two examples from the Antarctic (Figs 11
and 12), which are in some instances similar to peridotite.

Some bulk-rock compositions may provide a more
complete record of the P-7 evolution than others. For
mstance, the pyroxenite from the Erzgebirge (Fig. 7) and
sample W242 from the Antarctic (Fig. 11) have a greater
potential to ‘respond’ with changes in the mineral as-
semblage on a metamorphic P-7 loop and, thus, provide
afiner P-7 grid than pyroxenite from the Granulitgebirge
(Fig. 6) and sample W216 (Fig. 12) from the Antarctic.
These contrasting phase diagrams for different py-
roxenites exemplify that more than one rock type and
more than one sample of each rock type has to be
included if a P-T7 path is to be established, as a more
detailed picture of the metamorphic evolution can be
obtained this way.

The application of the CMASH system to pyroxenite
from the Shackleton Range, Antarctica, revealed a high-
pressure metamorphic stage around 18 kbar, probably
related to continent—continent collision during the Ross
orogeny. Furthermore, the sequence of mineral as-
semblages reconstructed from thin-section observations,
combined with the calculated petrogenetic grids, suggests
an anticlockwise P-7 path for the pyroxenite, which is
in contrast to the -7 evolution in the host rocks. This
finding implies a suture zone and, consequently, different
tectonic units in the Northern Shackleton Range, and
the pyroxenites may trace a palaco-subduction zone.

The P-7 diagram in the CMASH model system (Fig.
4) 1s a reasonably close approximation to the phase
relations in peridotites, at least, as long as the stability
of calcic amphibole is not concerned. Otherwise, the
NCMASH phase diagram in Fig. 9 is the more soph-
isticated approach, as Na is the component that accounts
for the stabilization of calcic amphibole in the garnet
peridotite stability field. As stated above, the phase dia-
gram topologies of Figs 4 and 9 will not change with
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other peridotite compositions, or will change only in-
significantly. Within the array of peridotite bulk com-
positions, the topology of these phase diagrams is not
very sensitive to compositional changes. Therefore, the
petrogenetic grids presented in this study apply to peri-
dotites in general, and are the first complex quantitative
P-T diagrams for medium- and high-pressure peridotites,
apart from the previous diagram of Jenkins (1981).
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