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Abstract Magnesian metamorphic rocks with metapelitic
mineral assemblage and composition are of great inter-
est in metamorphic petrology for their ability to con-
strain P-T conditions in terranes where metamorphism
is not easily visible. Phase—assemblage diagrams for
natural and model magnesian metapelites in the system
KFMASH are presented to document how phase rela-
tionships respond to water activity, bulk composition,
pressure and temperature. The phase assemblages dis-
played on these phase diagrams are consistent with
natural mineral assemblages occurring in magnesian
metapelites. It is shown that the equilibrium assemblages
at high pressure conditions are very sensitive to a(H,O).
Specifically, the appearance of the characteristic HP
assemblage chloritoid—talc—phengite—quartz (with excess
H,0) in the magnesian metapelites of the Monte Rosa
nappe (Western Alps) is due to the reduction of a(H,0).
Furthermore, the mineral assemblages are determined
by the whole-rock FeO/(FeO +MgO) ratio and effective
Al content X5 as well as P and T. The predicted mineral
associations for the low- and high-X, model bulk
compositions of magnesian metapelites at high pressure
are not dependent on the X variations as they show a
similar sequence of mineral assemblages. Above
20 kbar, the prograde sequence of assemblages associ-
ated with phengite (with excess SiO, and H,O) for
low- and high-X, bulk compositions of magnesian
metapelitesis: carpholite—chlorite — chlorite—chloritoid
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— chloritoid-talc — chloritoid—talc—kyanite — talc—
garnet-kyanite — garnet—kyanite £ biotite. At low to
medium P-T conditions, a low-X, stabilises the
phengite-bearing assemblages associated with chlorite,
chlorite + K-feldspar and chlorite + biotite while a
high-X4 results in the chlorite—phengite bearing assem-
blages associated with pyrophyllite, andalusite, kyanite
and carpholite. A high-X, magnesian metapelite with
nearly iron-free content stabilises the talc—kyanite—
phengite assemblage at moderate to high P-T condi-
tions. Taking into account the effective bulk composi-
tion and a(H,O) involved in the metamorphic history,
the phase—assemblage diagrams presented here may be
applied to all magnesian metapelites that have compo-
sitions within the system KFMASH and therefore may
contribute to gaining insights into the metamorphic
evolution of terranes. As an example, the magnesian
metapelites of the Monte Rosa nappe have been inves-
tigated, and an exhumation path with P-T conditions
for the western roof of the Monte Rosa nappe has been
derived for the first time. The exhumation shows first a
near-isothermal decompression from the Alpine eclogite
peak conditions around 24 kbar and 505°C down to
approximately 8 kbar and 475°C followed by a second
decompression with concomitant cooling.

Introduction

One of the aims of metamorphic petrology is to deter-
mine the pressure—temperature history of natural rocks,
and thus to aid understanding of orogenic processes. In
mountain belts consisting mostly of granitoid basement,
it is very difficult to carry out metamorphic studies
because the absence of fluid and deformation usually
leads to sluggish reactions. In such terranes with-
out other metamorphic rocks, the presence of very
unusual and rather rare highly magnesian and Fe-poor
rocks of metapelitic composition gives us a chance to
understand their metamorphic history. Because of their
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well-preserved high grade metapelitic mineral associa-
tions and their reactions (e.g. Chopin and Schreyer
1983), the magnesian metamorphic rocks of metapelitic
composition have great potential for constraining
equilibration conditions, reaction history and P-T evo-
lution.

The principal goal of this study is to improve our
understanding of the phase relationships in magnesian
metamorphic rocks with metapelitic bulk compositions
mostly comprised by the system K,O-FeO-MgO-
Al,0O3-Si0,-H,0 (KFMASH) as a function of pressure,
temperature, water activity and bulk-rock composition,
and thus to constrain and interpret large-scale geody-
namic evolution. This paper presents phase—assemblage
diagrams for magnesian metapelites in the system
KFMASH based on currently available thermodynamic
data and experimental calibrations. They serve as
qualitative and quantitative tools for the interpretation
of natural magnesian metapelites.

Calculated phase—assemblage diagrams for specific
bulk compositions, based on the minimisation of the
Gibbs free energy, provide a more complete and realistic
view than conventional petrogenetic grids or P-T
stability fields for single minerals even if they were a great
help in the last decades (e.g. Schreyer and Seifert 1969;
Schreyer 1988; Massonne and Schreyer 1989; Spear and
Cheney 1989; El Shazly and Liou 1991; Vidal et al. 1992).

The aims of this paper are: (1) to provide an intro-
duction to the petrology and mineral chemistry of
magnesian metapelites using examples from the Monte
Rosa nappe (Western Alps); (2) to describe the model-
ling methodology used in this study; (3) to present
petrologic particularities of magnesian metapelites
highlighted by phase—assemblage diagrams with
a(H,0) = 1; (4) to investigate the effect of water activity
on the stability of mineral assemblages in magnesian
metapelites by calculating phase—assemblage diagrams;
(5) to present and discuss P-T phase—assemblage dia-
grams with a(H,O) = 0.6 for model compositions of
magnesian metapelites; (6) to investigate the changes in
mineral assemblages caused by varying pressure, tem-
perature, FeO/(FeO + MgO) ratio and effective Al con-
tent; and (7) to compare the sequences of calculated
mineral assemblages with those in well-studied natural
magnesian metapelites occurring in the Western Alps
(Gran Paradiso, Dora Maira and Monte Rosa nappes).
These sequences are then used to derive P—T histories for
the Monte Rosa nappe to gain insight into its subduc-
tion and exhumation history within the framework of
general alpine geodynamic evolution.

Petrology and mineral chemistry of magnesian
metapelites: examples from the Monte Rosa nappe

Magnesian metapelites are unusual and rather rare
rocks. For bulk compositions mostly comprised by the
system KFMASH, these metapelites have MgO- and
Al,O3-rich bulk compositions, various effective Al con-

tents XA (XA = (AI2O3-3K20)/(A1203-3K20+F€O+
Mg0O)), a FeO/(FeO + MgO) ratio < 0.5 that can nearly
reach 0.0 (Table 1). Common mineral assemblages
such as Mg-chlorite + muscovite + quartz, talc +
phengite + quartz, talc + chloritoid + quartz and
pyrope + kyanite + coesite are recognised in magne-
sian metapelites from low and high metamorphic grade
terranes (Chinner and Dixon 1973; Abraham and
Schreyer 1976; Chopin 1981, 1983; Chopin et al. 1991;
Sharp et al. 1993; Demény et al. 1997). In addition,
specific Mg-rich, Fe-poor talc—kyanite schists first
studied by Vrana and Barr (1972) were defined by
Schreyer (1973, 1974, 1977) as whiteschists.

Over the past several decades, different origins have
been suggested for the protolith of Alpine magnesian
metapelites: Mg-rich evaporitic sediment (Chopin and
Monié 1984), Mg-metasomatism of gneisses and micas-
chists by metamorphic fluids along shear zones (Sharp
et al. 1993), and metasomatic transformations of granite
along HP shear zones in the Monte Rosa (Bearth 1952;
Dal Piaz 1971; Dal Piaz and Lombardo 1986). More
recently, Pawlig and Baumgartner (2001) have argued
for a pre-Alpine argillitic alteration leading to chlorite-
rich metasomatic alteration of the Monte Rosa granite
from stable isotope constrains on HP magnesian
metapelites.

Magnesian metapelites from the Monte Rosa nappe

The Monte Rosa nappe is one of the three internal
massifs in the Western Alps (Fig. 1). The Monte Rosa
nappe consists mainly of Variscan granites intruded into
the high grade metapelitic basement during the Permian
(2704 Ma, Pawlig and Baumgartner 2001). The
magnesian metapelites occur in shear zones or as bands
in the Variscan granites. Magnesian metapelites are only
recognised in the structural top of the Monte Rosa
nappe. The structural and most westerly top of the
Monte Rosa nappe was selected to help us understand
the exhumation of eclogite facies rocks because it was not
affected by the late-Alpine Barrovian Lepontine meta-
morphic phase (Todd and Engi 1997; Nagel et al. 2002).

Two distinct types of magnesian metapelite (Table 1)
have been found in the Monte Rosa nappe. The first is a
chloritoid-bearing rock with 0.35> FeO/(FeO +MgO)
ratio 2 0.1 and 0.17 £ X5 < 0.35 located in the upper
part of Val d’Ayas (Italy) at the base of the Piccolo
Ghiacciaio di Verra (Dal Piaz 1971; Dal Piaz and
Lombardo 1986; Pawlig and Baumgartner 2001).
Val d’Ayas magnesian metapelites occur as bands up to
1-2 m wide in undeformed granite above the Mezzalama
refuge and above its underlying glacial lake in a shear
zone up to 40 m wide. The core of this shear zone in the
Monte Rosa granite is composed of magnesian metap-
elites up to 10-15 m wide. The second is a talc—kyanite
bearing rock with a FeO/(FeO +MgO) ratio < 0.1 and
0.37 < Xa £0.46 found in layers up to 0.5 m wide
parallel to the foliation of the surrounding gneiss on the



397

a c| b XXk kX XXX N\ x xolx X x ox X >
BERN 8 00E || - Grand St Bernard |- 800E.". <&
RS £ YRR N P
[ ZERMATT / <><> Mattmark lake -
GENEVA // Y S S
/1
/ MACUGNAGA
i —46 00N o /
I s QQ‘ = 2///////// 7/
+ x Vi -~ | Zermatt A
7 «‘E, 13 Monte Rosa nappe N
VN / %flezzalama refuge A
/ ‘Z;:’ ./4’
Y$ -Aé A
& 7 Sesia
- N IR ‘ 5 km
o Combin A ==

— 50 km

Valais basin units

Valais unit
E Antrona unit

European units

European shelf units

El Basement nappes from European
continental margin

Briangonnais units
———————————————

Grand Saint Bernard units
\ - Furgg unit

I:l Internal crystalline basement units : | GP - Gran Paradiso

<> : Magnesian metapelite outcrop

MR - Monte Rosa

DM - Dora Maira

Ligurian basin units Adriatic continental margin units

Combin unit Austro-alpine units
% Zermatt unit Southern Alps unit

Fig. 1 Simplified geological maps of the Western Alps (a) and the
Monte Rosa nappe region (b), adapted from Spicher (1980) and
Escher et al. (1993). Locations of magnesian metapelites studied in
this paper, occurring in the upper part of the Val d’Ayas (Italy) and
around the Mattmark lake (Switzerland) are reported on map (b).
Val d’Ayas magnesian metapelites occur above the Mezzalama

eastern and western shores of the Mattmark lake in the
upper part of the Saas valley (Switzerland). These dif-
ferent magnesian metapelites of the Monte Rosa nappe
show a series of critical assemblages (Fig. 2) including
Cld-Tlc-Phe—Qtz, Ky—Chl-Phe—Qtz, Chl-Ms-Qtz and
Tlc-Ky-Phe-Qtz (Mineral abbreviations after Kretz
1983; Phe = phengite). Microscopic observations reveal
that several breakdown stages occur in the magnesian
metapelites.

The first type of magnesian metapelite, with
0.35 > FeO/(FeO+ MgO) ratio =2 0.1 and 0.17 £ X4 <
0.35, includes one specimen almost free of late meta-
morphic overprint. This rock displays a Cld-Tlc
assemblage (Fig. 2a) where contacts between these two
minerals are preserved. In this type of magnesian
metapelites, chloritoid with 0.45 < Xy, < 0.62 and talc
with 0.94 < Xy, < 0.96 (Table 2) are in many cases
replaced (Fig. 2b—) by a first generation of large chlo-
rite crystals with 0.81 < Xy, < 0.86 and 5.30 < Si
(p.fu) £ 5.67 (Table 2). Sometimes, the large chlorite is

refuge and above its underlying glacial lake (2,750 m asl; swiss co-
ordinates: 625.050/084.143). Magnesian metapelites occurring in
the Mattmark lake area are located on the eastern (2,210 m asl;
swiss co-ordinates: 640.700/099.575) and western (2,750 m asl;
swiss co-ordinates: 639.375/096.875) sides of the lake

associated with tiny grains of kyanite in a foliation made
of quartz and phengite with 6.50 < Si (p.f.u) <6.82
(Table 2). In a later reaction event, the remnants of
chloritoid and talc but also kyanite and large chlorite
broke down to an assemblage of small second generation
chlorite crystals with Xy, ~ 0.97 and 5.36 <Si
(p.f.u) £ 5.42, associated with small flakes of muscovite
(or low-Si phengite) with 6.0 < Si (p.f.u) < 6.1 and with
up to 20 mol% paragonite in solid solution (Fig. 2d,
Table 2).

The second kind of magnesian metapelite that is nearly
iron-free with a FeO/(FeO +MgO) ratio < 0.1, contains
a Tlc-Ky assemblage where talc with Xy, ~ 0.99
(Table 2) is only preserved as inclusions in kyanite
(Fig. 2e). Kyanite is associated with a first generation
of large chlorites with 0.96 < Xy, < 0.98 and 5.49 < Si
(p-fou) £5.52 (Table 2), large phengite crystals and
quartz in the rock foliation. The Si content of the
apparently first generation of phengite ranges between
6.20 and 6.85 p.fu (Table 2). In the quartz-phengitic
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The location of the samples are M R Monte Rosa, FU Furgg unit, GP Gran Paradiso, and DM Dora Maira. The source of the data is (/) this study, (2) Chopin (1979), (3) Chopin

(1981), (4) Chopin and Monié (1984), (5) Tilton et al. (1991)

foliation, kyanite porphyroclasts and phengite were later
replaced by an assemblage consisting of small second
generation chlorite with Xy, ~ 0.98 and 542 <Si
(p.f.u) £ 5.46 and muscovite with 6.0 < Si (p.f.u) £6.15
(Fig. 2e, Table 2).

Methodology
General approach

We will illustrate the relationship between the P and T
of equilibration and observed mineral assemblage, and
examine the influence of water activity and bulk com-
position on the coexisting assemblages in a particular
magnesian metapelite. We approach this problem by
calculating phase—assemblage diagrams for different
average, idealised and representative magnesian metap-
elite bulk compositions, which are expected to develop
the common assemblages. The comparison of the results
of the calculations with the natural samples will test and
validate the modelling.

Phase—assemblage diagrams

Our thermodynamic analyses are based on phase—
assemblage diagrams calculated with the thermody-
namic software DOMINO (de Capitani and Brown
1987; de Capitani 1994; Biino and de Capitani 1995).
This approach uses a minimisation of the total Gibbs
free energy to predict the equilibrium assemblages for
different pressures, temperatures and bulk compositions.
Three types of phase—assemblage diagrams are used to
present the results of this study. The first has P and T as
coordinates. It is a phase—assemblage diagram showing
different mineralogical phases in equilibrium assem-
blages for various pressure and temperature conditions.
The second is phase—assemblage diagram with pressure
or temperature as a function of water activity. The third
is a phase—assemblage diagram, where pressure or tem-
perature is a function of the chemical composition, such
as the FeO/(FeO+ MgO) ratio, and the effective Al
content X,.

Thermodynamic database

We used the updated thermodynamic database JUNE.92
of Berman (1988). The standard state enthalpy of
formation from the elements (4{H°) and entropy (S°)
values of Fe- and Mg-chloritoid, carpholite (Car) and
daphnite (Dap) (Table 3) were retrieved by mathematical
optimisation with the program MINOS by Murtagh
and Saunders (1987) from published experiments or
approximate P-T location of reactions. For Fe- and
Mg-chloritoid, we used the experimental brackets of
Ganguly (1969) and Vidal et al. (1994) for the reactions
3Fe-Cld < Grt + 4Dsp + H,O and 3Fe-Cld &



Fig. 2 Photomicrographs (polarised light) showing some petrolog-
ical relationships in the magnesian metapelites from the Monte
Rosa nappe. a Crystal of chloritoid with inclusions of talc,
coexisting with talc, phengite, quartz (sample 99MRI107, Val
d’Ayas area). b Talc crystals aligned in the quartz—phengitic
foliation. Talc has partially broken down to large first generation
chlorite [Chl (1)] and deformed assemblage of small second
generation chlorite [Chl (2)] and muscovite (sample 99MR107,
Val d’Ayas area). ¢ Chloritoid crystal in a foliation made up of talc,
phengite and quartz partially replaced by large first generation
chlorite [Chl (1)] and tiny kyanite grains and later by a late
undeformed assemblage consisting of small muscovite and small

second generation chlorite [Chl (2)]. Note the breakdown of
kyanite associated with phengite to an assemblage of tiny
muscovite grains (sample 9MR107, Val d’Ayas area). d In the
centre of the photograph, some remnants of chloritoid demonstrate
a nearly complete replacement by an equilibrated undeformed
assemblage of fine-grained second generation chlorite [Chl (2)] and
small muscovite (sample 9MR107, Val d’Ayas area). e Porphy-
roclast of kyanite containing inclusions of talc coexisting with
phengite and quartz. This paragenesis is partially replaced by a
deformed assemblage of small second generation chlorite [Chl (2)]
and small muscovite (sample 9MR56, Mattmark lake area)
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Data sources: (1) A{H® and S° from this study by optimisation, (2) ¥° molar volume from Holland and Powell (1990), (3) V° molar volume from Comodi et al. (1992), (4) Cp
coefficients from oxide sum equation of Berman and Brown (1985), (5) v1—v4 expansivity and compressibility coefficients derived from the thermal expansion and compressibility

coefficients of Holland and Powell (1990), (6) v,—v4 expansivity and compressibility coefficients calculated using the bulk modulus measured by Comodi et al. (1992) and expansivity

) at standard

Source
(1)
(1
1)
(1)
(1)
—1

U4

bar

0
bar

1

v3x 10713
0.00000000
—0.17941454 0
—0.10744986 0
—0.06760000 0
—0.17806935 0

K2 bar!

U2

0
) and V° molar volume (J mol

ox 1013

1 KAI

(notation of Berman 1988). v;—v4 expansivity and compressibility

(modified notation of Berman 1988)

155431.2 2.80636108 0

109991.7 2.72206303 0
120709.2 3.00000000 0

kax10~4

—111530.0 166142.7 2.92728989 0
py (J mol

—122769.8 212150.7 2.76476101

fox 1072
—97484.2
—72198.6
—86244.4
24 T

, S° molar entro

)
ke
2+ 0y(P—1) + vg(P—1)?

1

—4928.62
—4505.05
—3182.81
—2759.24
—10256.49

ki

620.648
601.808
426.537
407.697
1229.233

= ko + kT +

): Cp

1
1+ 0,(T—298.15) + v5(T—298.15)

J mol™! bar™!

10.690
10.590
6.980
6.864
21.340

AIK

Jmol ' K™!
—4422380.00 248.700
—4772855.71 221.100
—3208718.33 162.000
—3556410.00 134.550
—7140116.67 569.500

Ai‘Ho
J mol™!

FeAlzsizoe(OH)4
FC5A12Si3010(OH)8

Formula

Table 3 Thermodynamic properties at 298.15 K and 1 bar of end members used in this study
measured by Ivaldi et al. (1988). A¢H° molar enthalpy of formation from the elements (J mol

state. kog—k3 Cp(T) coefficients for the heat expression (J mol

coefficients for the volume expression: V(P,T)/V°

Mg-carpholite MgAl,Si,Os(OH)4
Fe-chloritoid  FeAl,SiOs(OH),
Mg-chloritoid MgAl,SiOs(OH),

End member
Fe-carpholite
Daphnite
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Alm + 2Crn + 3H,0, and of Chopin and Schreyer
(1983) for the reaction 5Mg-Cld < Cln + 2Crn +
2Ky + H,0. 4(H° and S° for Mg-Car were retrieved
from the experimental results of Chopin and Schreyer
(1983) for the reactions 5Mg-Car < Cln + 4-
Ky + 3Qtz + 6H,0, 14Mg-Car < 3Mg-Tlc + Cln +
13Ky + 21H,0, 3Mg-Car + Qtz <&  Mg-Tle +
3Ky + 5H,O and from the estimated P-T position of
the reaction SMg-Car + 9Qtz < 4Prl + Cln + 2H,O.
The Fe-Car entropy was estimated according to Spear
and Cheney (1989) by adding the FeMg_; exchange
entropy (27.6 J mol™' K™') to S°Me-car- The Fe-Car
enthalpy of formation was retrieved from the approxi-
mate location of the reaction Fe-Car < Fe-Cld + Qtz
+ H,O from Chopin and Schreyer (1983). The enthalpy
of formation and entropy of daphnite were retrieved
from Fe-Mg partitioning for the equilibrium 5Alm +
3Cln < 5Prp + 3Dap by Dickenson and Hewitt (in
Laird 1988) and SPhl + 3Dap < 5Ann + 3Cln from
Laird (1988). Our derived A¢H® and S° of daphnite tend
to be approximate because they are retrieved from
exchange reactions that have Fe-Mg partition coefficient
Kp depending on the accuracy of the Al-, Fe- and
Mg-content of chlorites as well as P and T estimations of
the source data. As the element fractionation for these
two exchange reactions happens to be such that In Kp is
strongly temperature dependent, the entropy and en-
thalpy changes for the exchange reactions (4.S and 4.H)
are large. Consequently, the PTX conditions of these
two exchange reactions are not very sensitive to small
errors in our estimations of S° and A¢H® for daphnite.
The heat capacity functions for daphnite, Fe- and
Mg-——chloritoid and carpholite (Table 3) were estimated
from oxide sum calculations (Berman and Brown 1985),
and their molar volume, thermal expansion and com-
pressibility coefficients were taken from the literature
(References are given in Table 3). Our thermodynamic
data for the Mg-Cld are similar to those recently pub-
lished (Vidal et al. 2001). The estimates of Holland and
Powell (1990) for ferro-talc are used. These data are
consistent within the limits of uncertainty with the
observations of Chopin and Monié (1984), Miller (1986)
and with this study for the reaction 3Mg-Cld +
Fe-Tlc < 3Fe-Cld + Mg-Tlc.

The solution models used for the calculation of
phase—assemblage diagrams are summarised in Table 4.
The solution models for garnet and phengite are from
Berman (1990) and Massonne and Szpurka (1997),
respectively. Ideal Fe-Mg mixing on sites was assumed
for biotite, carpholite, chlorite, chloritoid, cordierite,
orthopyroxene and talc. Tschermak’s substitution is
ignored for the talc solution model because of the
extremely low-Al content of talc occurring in magnesian
metapelites (Table 2). A simple solid solution model for
chlorite is based on an ideal Fe-Mg site distribution
between daphnite and clinochlore although the compo-
sitions of measured chlorite are slightly more aluminous
than clinochlore. The activity models proposed for
chlorites by Holland et al. (1998) or more recently by
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Table 4 Solution models used for the calculation of phase—assem-
blage diagrams

Mineral solution Solution model

Biotite Binary (Ann Phl) site m1x1ng ideal
dAnn = (XFe) dpnl = (XM )

Carpholite Binary (Fe Cdr Mg- Cdr) site mlxmg, ideal
AFe-Car (Xl—e)a AMg-Car (XM‘;,)

Chlorite Binary (Dap, Cln) site lelIlg 1deal
ADap — (XFe) dcin — (XM )

Chloritoid Binary (Fe-Cld, Mg-Cld), site mlxlng, ideal

o dge.cld = (XFe), dmgcla = (XMg)

Cordierite Binary (F e- Crd Mg Crd), site mlxmg, ideal
AFe-Crd = (XFC) aMg Crd — (XMg)

Garnet Binary (Alm, Prp) site mixing, nonideal
after Berman (1990)

Orthopyroxene Binary (Fs En) site m1x1n% ideal
aps = (XFe) dgn — (X

Phengite Ternary (Ms, Cel, Fe- Cel) nonideal
after Massonne and Szpurka (1997)

Talc Binary (F e- Tlc Mg Tlc), site m1x1ng, ideal

AdFe-Tic (XFC) aMg-Tle = (XMg)

Cln clinochlore, Cel celadonite, Fe-Cel ferro-celadonite

Ideal is used in the sense of ¢; = (XM)" where a; is the activity of
the end member i in a given crystalline phase for which mixing
occurs over only a single crystallographic site M, X; is the mole
fraction of the end member 7 and # is the site multiplicity of M. All
other solution models are called nonideal

Vidal et al. (2001) cannot be used in a Gibbs free energy
minimisation. These two activity models use end mem-
bers (or proportions) that do not span the compositional
space. In order to reach e.g. Fe-amesite, one of the
proportions becomes negative, which is not supported in
our Gibbs free energy minimisation. Furthermore,
Holland et al. (1998) and Vidal et al. (2001) assume that
there is no Mg or Fe partitioning between M1 and
(M2 + M3) crystallographic sites for the calculation of
the proportions. A G-minimisation will however result
in such a partitioning because (Fe/Mg)y; and
(Fe/Mg)mo+m3 are calculated from the sum of the
contributions of the end members. This contradiction
yields undefined gradients for the minimisation.

Table 5 Model bulk compositions for magnesian metapelites

For any interpretations of our calculated phase—
assemblage diagrams, we estimate that absolute uncer-
tainty for the position of individual phase assemblage
boundaries are +2-3 kbar and +30°C.

Model magnesian metapelites

For the calculations we focussed on magnesian meta-
pelites with bulk composition comprised over 98.5% of
weight percentages of the constituent oxides by the sys-
tem KFMASH. Furthermore, these samples of natural
magnesian metapelites with low TiO,, MnO, CaO, Na,O
and P,Os5 contents were chosen because of the detailed
petrological and geochemical data existing in the litera-
ture and in this study. The selected natural magnesian
metapelites come from the Monte Rosa, Gran Paradiso
and Dora Maira nappes (Western Alps). The whole-rock
chemical analyses for the samples are given in Table 1.
Most major minerals in the magnesian metapelites can be
described within the system K,O-FeO-MgO-Al,Os—
SiO,—H»0, wherecas many of the minor minerals are
stabilised by small amounts of calcium, sodium, man-
ganese, titanium, phosphorus, sulphur, and rare-earth
elements. Our simplified model magnesian metapelites
are all contained within the system KFMASH (Table 5).

The 17 rock compositions investigated in this study
are plotted in an AFM projection (Thompson 1957) in
Fig. 3. Each sample contains quartz and potassic white
mica. From Fig. 3 two main rock-composition popula-
tions may be recognised: one with a high- and one with a
low-Al content. The low- and high-Al average bulk
compositions (LAL and HAL, respectively) were
calculated for both magnesian metapelite population
(Fig. 3, Table 5). The LAL and HAL model composi-
tions have approximately the same FeO/(FeO + MgO)
ratio (0.246 and 0.227, respectively) but different values
for the effective Al content X, equal to 0.2130 and
0.4264, respectively. LAL is representative of the low
effective Al content chloritoid-bearing magnesian

Model LAL LALM LALF HAL HALM HALF
Si0, wt.% Excess Excess Excess Excess Excess Excess
Al,O4 59.24 62.52 52.61 56.71 61.62 48.68
FeO 5.25 0.00 15.86 7.97 0.00 20.99
MgO 17.85 18.84 15.86 24.46 26.57 20.99
K,0 17.66 18.64 15.68 10.87 11.81 9.33
H,O Excess Excess Excess Excess Excess Excess
Total 100.00 100.00 100.00 100.00 100.00 100.00
A = AlLO;-3K,0% 21.30 21.30 21.30 42.64 42.64 42.64
= FeO% 17.89 0.00 39.35 14.10 0.00 28.68
M = MgO% 60.81 78.70 39.35 43.26 57.36 28.68
A+F+M% 100.00 100.00 100.00 100.00 100.00 100.00
FeO/(FeO +MgO) 0.227 0.000 0.500 0.246 0.000 0.500

LAL average of low-Al population, LALM Mg end member of low-Al population, LALF intermediate FeO/(FeO + MgO) ratio (0.5)
model composition for the low-Al population, HAL average of high-Al population, HALM Mg end member of high-Al population and
HALF intermediate FeO/(FeO +MgO) ratio (0.5) model composition for the high-Al population



Table 6 Equilibrated mineral
assemblages shown in Figs. 4,
5, 6, 7 and 8 with H,O and Qtz/
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Mineral assemblage

Mineral assemblage

Cs (Cs = coesite) 1 Prl + Chl + Phe
2 Tlc + Car + Chl + Phe
3 Cld + Tlc + Car + Phe
4 Cld + Tlc + Ky + Phe
5 Cld + Car + Chl + Phe
6 Cld + Chl + Ky + Phe
7 Tlc + Chl + Ky + Phe
8 Cld + Chl + Phe
9 Crd + Bt + Phe
10 Crd + Chl + Phe
11 Chl + Ky + Bt
12 Chl + Sil + Bt
13 Crd + Sil + Bt
14 Tlc + Sil + Bt
15 Grt + Tle + Ky + Bt
16 Grt + Tle + Sil + Bt
17 Tlc + Ky + Phe
18 Sil + Phe + Bt
19 Kfs + Sil + Bt
20 And + Phe + Bt
21 Tlc + Ky + Phe + Bt
22 Chl + And + Bt
23 Crd + Opx + Kfs
24 Chl + Sil + Phe
25 Tlc + Car + Ky + Phe
26 Car + Phe
27 Tlc + CId + Chl + Phe
28 Prl + Cld + Chl + Phe

Chl + And + Phe
Opx + Crd + Bt

Opx + Grt + Crd + Bt
Opx + Grt + Ky + Phe
Opx + Grt + Sil + Bt
Opx + Ky + Phe

Opx + Sil + Bt

Opx + Tlc + Ky + Phe
Opx + Crd + Tlc + Bt
Opx + Grt + Ky + Bt
Crd + And + Bt

Crd + Kfs + Bt

Crd + Tlc + Bt

Grt + Chl + Ky + Phe
Grt + Cld + Chl + Phe
Grt + CId + Tlc + Phe
Grt + Crd + Tlc + Bt
Grt + Chl + Ky + Bt
Grt + Ky + Phe + Bt
Grt + Ky + Kfs + Bt
Grt + Opx + Ky + Phe
Grt + Opx + Ky + Kfs
Grt + Ky + Kfs

And + Kfs + Bt

Opx + Ky + Kfs
Opx + Ky + Bt
Grt + Sil + Bt

Chl + Kfs + Phe

metapelites of the Monte Rosa nappe. Four additional
model compositions—LALM, LALF, HALM and
HALF—are also defined (Table 5). These are used, in
conjunction with the LAL and HAL compositions, to
examine the effect of whole-rock FeO/(FeO +MgO)
ratio on the sequence of mineral assemblages. LALM
and HALM are the Mg end member model composi-
tions for the low- and high-Al magnesian metapelites.

LALF and HALF are the intermediate FeO/(FeO+
MgO) ratio (0.5) model compositions for the low- and
high-Al magnesian metapelites. Model compositions
HALF and HALM are similar to the high-Al magnesian
metapelite bulk compositions of the high-Fe sample
7-20b (Table 1) from the Gran Paradiso nappe and
the Mg-rich sample 17641 (Table 1) from the coesite-
bearing unit of the Dora Maira massif.

Fig. 3 Mineral, whole-rock Kfs, Prl, Kin

(Table 1) and model (Table 5) Ky, And, Sil

compositions used in this study

and plotted in the Thompson Al,05-3K,0 Al,0;-3K,0

AFM (+ K-mica + SiO, +
H,O) projections. HAL (grey
star) and LAL (grey diamond)
refer to the model compositions
(Table 5) used for high-Al and
low-Al magnesian metapelites,
respectively. HALM (white
star) and LALM (white
diamond) are the Mg end
member model compositions
for HAL and LAL. HALF
(black star) and LALF (black
diamond) are the intermediate
FeO/(FeO + MgO) ratio (0.5)

SiO, and H,O in excess
Projected from muscovite

High-Al magnesian metapelites

Car/Cld

Low-Al magnesian metapelites

SiO, and H,O in excess
Projected from muscovite

e Monte Rosa
o Gran Paradiso

a Dora Maira

Tle/Opx -

0.246 0.227 MgO

model compositions for HAL 0.246 0.227 0.5
and LAL FeO MgO
FeO/(FeO+MgO) FeO/(FeO+MgO)
-« «—
Y HAL % HALF ¢ HALM
model compositions
¢ LAL 4 LALF O LALM
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Model calculations have also been carried out for
several samples of natural magnesian metapelite of the
Monte Rosa, Gran Paradiso and Dora Maira nappes in
order to compare the mineral assemblages predicted for
a specific bulk rock composition with mineral assem-
blages actually observed in the rock.

Petrologic particularities highlighted
by phase-assemblage diagrams with a(H,0) = 1

Phase—assemblage diagrams calculated with a(H,O)=1
for the bulk compositions of the Monte Rosa magnesian
metapelites with SiO, and H,O in excess do not show
any of the typical assemblages occurring in natural
magnesian metapelites such Cld-Tlc—Phe-Qtz (e.g.
99MR107—Fig. 2a) and/or Tlc-Ky—Phe-Qtz (e.g.
99MRS56—Fig. 2e) at any geologically valid P-T con-
ditions. Two reasons may be advanced to explain the
absence of such typical assemblages. The first reason is
that the water activity is much lower than 1. High
pressure aqueous fluid involved in dehydration reactions
is commonly assumed as pure H,O. Hydration reactions
are usually shifted down-temperature with decreasing
a(H,0). A reduced water activity at HP conditions in
magnesian metapelites has been shown by Chopin
(1984), Chopin and Moni¢ (1984) and by Sharp et al.
(1993). The second reason is that the bulk compositions
used for the calculations do not correspond to the
effective bulk composition of the rock. The magnesian
metapelites have a wide range of bulk compositions
(Table 1) and the observed minerals are not always
homogeneous (Table 2). The effects of the water
activity and bulk composition variations on the mineral
assemblage stability are discussed in the following.

Effects of variable a(H,0)

Phase diagrams of temperature and pressure versus
water activity at 24 kbar and 500°C, respectively, are
shown for the LAL model in Fig. 4. A list of labelled
assemblages is given in Table 6. The minimum temper-
ature of 450°C was chosen because lower temperature
conditions are unrealistic at such high pressure condi-
tions.

Figure 4 shows that a(H,O) has a major effect on the
calculated stabilities of the mineral assemblages at spe-
cific P-T conditions in magnesian metapelites. Quanti-
tative data are discussed here only for the characteristic
HP assemblage Cld-Tlc—Phe—Qtz, occurring in the
Monte Rosa magnesian metapelites for which LAL is
representative, to illustrate the dependency of its sta-
bility on a(H,0).

With reducing a(H,O) at 500°C and 24 kbar (Fig. 4a)
the mineral sequence with excess SiO, and H,O is:
Chl-Car—Phe/Chl-Cld-Phe/Cld-Tlc—Phe/Cld-Tle—Ky—
Phe/Grt-Tlc—Ky-Phe/Grt-Ky-Phe + Bt.

With reducing a(H,O) in the LAL model at pressures
between 20 and 25 kbar and at 500°C (Fig. 4b), the
progressive appearance of chlorite, carpholite, chlori-
toid, talc, kyanite, garnet and biotite is associated
with the following sequence (with excess SiO, and H,0):
Chl-Car—Phe/Chl-Cld—Phe/Cld-Tlc-Phe/Cld-Tlc-Ky-
Phe/Grt-Tlc-Ky—Phe/Grt—-Ky-Bt—Phe. At pressures
between 10 and 15 kbar the mineral sequence with
decreasing a(H,O) consists of Chl-Phe/Chl-Ky—Phe/
Chl-Ky-Tlc-Phe/Ky-Bt—Phe/Ky-Bt-Kfs/Ky—-Opx—Kfs.
With reducing a(H,O) at 500°C and below 5 kbar
Chl-Bt-Phe is replaced by Crd-Bt—Kfs and then by
Crd-Opx—Kfs.

30—

750 R |
a . LAL
700 KFMASH
Si0, + H,0
~ 650 Grt Ky Phe Bt in excess
g P=24 kbar
8
g 600
é‘ Grt Tle Ky Phe
& 550
d
0,8,
500
Phe 43
: Cld S
450 he
0.00 0.25 0.50 0.75 1.00
4(H,0)

25

20

Pressure (kbar)
o

SiO, + H,0
in excess
10 \ T=500°C
5
0 = I T T T T I T T T T I T T T T I
0.00 0.25 0.50 0.75 1.00
4(H,0)

Fig. 4 a T-a(H,0) phase—assemblage diagram calculated for LAL at a pressure of 24 kbar with SiO, and H,O in excess. b P-a(H,O)
phase—assemblage diagram calculated for LAL at a temperature of 500°C with SiO, and H,O in excess



According to the phase—assemblage diagrams
(Fig. 4), the occurrence of the Cld-Tlc—Phe-Qtz assem-
blage is restricted to an a(H,O) between 0.59 and 0.66 at
24 kbar and 500°C. This characteristic assemblage, typ-
ically present in magnesian metapelites (e.g. in the Monte
Rosa nappe), is shown to be very sensitive to a(H,0). Itis
suggested that its appearance in natural rocks is due to
the reduction of a(H,O). This is supported by the work of
Chopin and Monié (1984) who have measured a(H,O)
equal to 0.6 at HP in magnesian metapelites from the
Furgg unit (Monte Rosa massif, Western Alps). Sharp
et al. (1993) have also shown in an isotopic study that
a(H,O) must be reduced and lie between 0.4 and 0.75 at
700-750°C and 34 £ 2 kbar for the coesite-pyrope-
bearing magnesian metapelites from the Dora Maira
massif (Western Alps). These authors concluded that a
decrease of water activity could result from a slab-de-
rived fluid interacting with the surrounding gneiss. They
compare this fluid with the K, Mg, Si-rich fluids/partial
melts forming at high pressures and low temperatures
described by Schreyer et al. (1987) and Massonne (1992).
These fluids were observed in the experimentally studied
breakdown reactions of phlogopite in the presence of K-
feldspar and/or SiO, in the synthetic system KMASH.
An average a(H,O) of 0.6 is used for further calculations
of phase—assemblage diagrams in the following sections.

P-T phase-assemblage diagrams with a(H,0) = 0.6
for LAL and HAL

P-T phase—assemblage diagrams for LAL (low-Al model
composition) and HAL (high-Al model composition)
have been calculated with fixed a(H,O) of 0.6 (Fig. 5)
with excess SiO, and H»O.
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At low to medium P-T conditions, the higher effec-
tive Al content of HAL stabilises the mineral associa-
tions Prl-Chl-Phe, Chl-And-Phe, Chl-Ky-Phe, and
Car—Chl-Phe rather than Chl-Kfs—Phe, Chl-Bt-Phe
and Chl-Phe, which occur in LAL. The high-X, content
of HAL stabilises the Prl-Chl-Phe assemblage at LP-LT
and increases the stability field of the Car—Chl-Phe and
Chl-Ky-Phe assemblages towards lower pressures.
These three mineral associations are replaced by the
Chl-Phe assemblage in LAL at low temperature and low
to medium pressure conditions. At medium tempera-
tures, the stability field of the Chl-Ky—Phe assemblage
expands to lower pressures in HAL replacing the Chl-
Phe and Chl-Bt—Phe assemblages occurring in LAL. At
LP-MT, the low-X, content of LAL stabilises the
mineral associations Chl-Kfs—Phe and Chl-Bt-Phe ra-
ther than Chl-And-Phe that is stable in HAL. At LP-
HT, the Crd-Bt—Kfs assemblage occurs for both model
compositions. The difference between LAL and HAL in
the sequence of mineral assemblages at medium to high
pressure and temperature conditions is the appearance
in HAL of talc and then garnet in a Ky-Bt bearing
assemblage during prograde metamorphism, while in
LAL phengite is still stable in a mineral assemblage
consisting of Ky-Bt-Phe. In contrast, the predicted
mineral associations at high pressure are less dependent
on the X variations as LAL and HAL show a similar
sequence of mineral assemblages. Above 20 kbar, the
prograde sequence of mineral assemblages is: Car—Chl—
Phe — Chl-Cld—Phe — Cld-Tlc-Phe — Cld-Tlc-
Phe-Ky — Tlc-Grt-Ky-Phe — Grt—Ky—Phe +Bt.

LAL corresponds roughly to the average composition
of the low effective Al content magnesian metapelites
found in the Monte Rosa. While the phase—assemblage
diagram calculated for LAL with a reduced a(H,O)
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Fig. 5 P-T phase—assemblage diagrams calculated for LAL (a) and HAL (b) with fixed a(H,O) of 0.6 with SiO, and H,O in excess
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displays, at high pressures, the observed assemblage
Cld-Tlc—Phe, the phase—assemblage diagram calculated
for HAL with a reduced a(H,O) does not display any
other typical assemblages found in natural magnesian
metapelites such as Tlc—Ky—Phe or Chl-Ms. The Tlc—
Ky—Phe assemblage is only stable in very magnesium rich
systems for which HAL and LAL are not representative.
The Chl-Ms assemblage occurs in both low- and high-Xa
natural magnesian metapelites of the Monte Rosa nappe.
Because the Chl-Ms assemblage is predicted to be only
stable for LAL, part of the Al bound in kyanite is sus-
pected to be isolated from a more Al-poor effective bulk
composition. In order to investigate how strong the Fe
and Al contents influence the stable assemblages, phase—
assemblage diagrams were calculated for different Al
contents and varying Fe/(Fe + Mg) ratios.

Effects of FeO/(FeO+Mg0) ratio and X, content

In order to focus attention on the changes in equilibrium
mineral assemblages with variations in P, T and X,
phase—assemblage diagrams were calculated for an
effective Al content X, at constant temperature with
pressure versus FeO/(FeO + MgO). Calculated diagrams
using original LAL and HAL model compositions at
500°C, 650°C and a(H,O) = 0.6, are shown in Figs. 6
and 7. The range of the FeO/(FeO +MgO) is defined by
the different model compositions LALF, LALM, HALF
and HALM (Table 5).

In both 500°C diagrams of P versus FeO/(FeO+
MgO) (Fig. 6a, b), critical whole-rock MgO contents are
required to stabilise Cld—Chl-Phe, Cld-Tlc—Phe, Cld—
Tlc—Ky-Phe and Tlc—Ky-Phe assemblages with SiO,

Cld Chl Phe

Chl Ky Phe

KFMASH

Sio, + H,0
in excess

a(Hzo):0.6
T=500°C

Pressure (kbar)

Chl Phe

Chl Phe Bt

0-""I"@":I""I""-

and H,O in excess at high pressures. The Tlc—Ky—Phe
assemblage only appears in a nearly iron-free system.
The whole-rock FeO/(FeO + MgO) ratio plays a critical
role in determining the pressure at which chloritoid and
talc first appear in magnesian metapelites during meta-
morphism (Fig. 6). In contrast, the first appearance of
andalusite, phengite, chlorite, kyanite or the disappear-
ance of potassic feldspar, cordierite, biotite with
increasing pressure at 500°C are relatively independent
of whole-rock FeO/(FeO + MgO) ratio (Fig. 6).

In the P versus FeO/(FeO + MgO) diagram at 650°C
(Fig. 7), a critical FeO/(FeO + MgO) ratio is required to
stabilise Grt—Ky—Phe, Grt-Tlc-Ky—Phe and Tlc-Ky—
Phe assemblages at high to very high pressures. The Tlc—
Ky—Phe assemblage is restricted to nearly iron-free bulk
compositions. At medium pressures the stability fields of
Grt-Ky-Phe-Bt, Ky—Phe-Bt, Grt-Ky-Bt and Tlc-Ky—
Bt are strongly dependent on the FeO/(FeO+ MgO)
ratio of the rock. At low pressures the stability field of
the Crd-Kfs—Bt assemblage is not affected by FeO/
(FeO +MgO) variations.

The P versus FeO/(FeO +MgO) diagram calculated
for LAL and HAL at 500°C (Fig. 6) may also be used to
estimate the influence of the effective Al content on the
mineral assemblages. As already predicted in the P-T
phase—assemblage diagrams (Fig. 5), the stability of the
assemblages Chl-Phe—Bt, Chl-Phe, Chl-Ky-Phe with
SiO, and H,O in excess is very sensitive to the bulk Xa.
The pressure dependence of the Chl-Bt-Phe and
Chl-Phe stability on whole-rock effective Al content is
shown by the marked expansion of the Chl-Ky-Phe
field towards low pressures in HAL compared to LAL.
On the other hand, the high pressure assemblages are
less sensitive to X4 variations.
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Fig. 6 Binary P versus FeO/(FeO + MgO) phase—assemblage diagrams calculated around LAL (a) and HAL (b) with fixed a(H,O) of
0.6 at 500°C with SiO, and H,O in excess. LAL and HAL are indicated by the dashed vertical line
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The results presented in Figs. 6 and 7 emphasise the
importance of the bulk-rock composition on the
appearance of typically observed mineral assemblages in
magnesian metapelites.

Phase-assemblage diagrams for HALF and HALM

As illustrated above, FeO/(FeO+ MgO) ratio and Xa
content in the bulk-rock composition are critical for the
development of the naturally occurring mineral assem-
blages under given P-T conditions. Phase—assemblage
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diagrams for the samples 7-20b (from the Gran
Paradiso nappe) and 17641 (from the Dora Maira
nappe) are calculated with fixed a(H,O) of 0.6 in order
to document how phase relations respond in the high
effective Al magnesian metapelites to FeO/(FeO + MgO)
ratio and variation in pressure and temperature (Fig. 8).
The bulk compositions of the samples 7-20b and 17641
are very similar to HALF and HALM, respectively.

The phase diagram calculated for the composition
7-20b (Fig. 8a) is similar to HAL (Fig. 5b) except at
LP-HT conditions where the Crd—Bt—Opx and Crd-Bt—
Tlc assemblages replace the Crd-Bt—Kfs assemblage.
The higher Fe content in 7-20b expands the Grt-Ky—
Phe assemblage towards lower P-T conditions at the
expense of the Tlc—Grt—Ky—Phe and Grt—Ky-Bt-Phe
assemblages at HP-HT and stabilises the Grt-Tlc—Ky—
Bt assemblage at MP-HT. The Cld-Tlc-Phe + Ky
assemblage occurring in HAL at HP-MT (Fig. 5b) is
replaced by the Grt—Cld-Tlc—Phe and Cld—Chl-Phe
assemblages in 7-20b (Fig. 8a). In addition, the stability
field of the Cld—Chl-Phe assemblage at HP-MT expands
compared to HAL (Fig. 5b) towards lower P and T at
the expense of the Car—Chl-Phe and Chl-Ky-Phe
mineral assemblages.

For the sample 17641 (Fig. 8b), the mineral assem-
blages at low to medium temperatures are similar to the
HAL composition. As already predicted in the binary
phase—assemblage diagram P versus FeO/(FeO + MgO)
ratio (Fig. 6), the Tlc-Ky—Phe assemblage is only stable
in iron-free systems with SiO, and H,O in excess. Con-
sequently, the stability field of the Tlc—-Ky—Phe assem-
blage appears at moderate to high P-T conditions in
sample 17641 at the expense of the chloritoid—talc—
phengite association and the chloritoid—phengite and
kyanite—phengite bearing assemblages associated with

1
Dora Maira

17641/

Pressure (kbar)

KFMASH
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Fig. 8 P-T phase—assemblage diagrams calculated for the samples 7-20b from the Gran Paradiso (a) and 17641 from the Dora Maira (b)

with fixed a(H,O) of 0.6 with SiO, and H,O in excess
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chlorite, garnet and biotite occurring in HAL. Toward
higher temperatures, phengite occurring in the Tle-Ky—
Phe assemblage breaks down to phlogopite in a mineral
assemblage consisting of Tlc—Ky—Bt. Above ~700°C,
talc is predicted to be replaced by enstatite in the
Opx—Ky-Bt assemblage at moderate to high pressures.
With increasing P-T conditions, talc occurring in the
Tlc—-Grt—Ky—Phe assemblage at UHP-HT breaks down
to enstatite in the Opx—Grt—Ky-Phe assemblage or
garnet in the Grt—Ky—Phe assemblage at higher pres-
sures.

Comparison and application to natural magnesian
metapelites from the Western Alps

Well-documented geological observations on natural
magnesian metapelites from the Gran Paradiso, Dora
Maira and Monte Rosa nappes are compared with
phase—assemblage diagrams for magnesian metapelites.
The applicability of the calculated phase—assemblage
diagrams lies in the ability to account for observed
mineral parageneses and to help explain their textural
relations.

Magnesian metapelites from the Gran Paradiso nappe

The Gran Paradiso internal massif consists of ortho-
and paragneisses interbedded with metabasites and pe-
litic schists and intruded by porphyritic granites all of
which were subjected to an Alpine high pressure meta-
morphic event (Chopin 1981; Vearncombe 1983; Dal
Piaz and Lombardo 1986). Because of their structural
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Fig. 9 Compilation of calculated P-T phase—assemblage diagrams
and proposed P-T path for different investigated magnesian
metapelites of the Monte Rosa nappe with fixed a(H,O) of 0.6 at
high pressure and of 1.0 at low pressure with SiO, and H,O in
excess

and petrographical similarities, the Monte Rosa and
Gran Paradiso nappes are commonly assumed to have
the same origin. Using whole-rock compositions given
by Chopin (1979, 1981), phase—assemblage diagrams
have been calculated in order to compare them with the
natural assemblages and to provide P-T data for the
high pressure event occurring in the Gran Paradiso
nappe. In sample 7-37 (Chopin 1981), a chloritoid—talc—
phengite—quartz assemblage and in samples 7-20b and
6-298a (Chopin 1979) a chloritoid—garnet—talc—pheng-
ite—quartz assemblage are reported in magnesian
metapelites which were found in the Gran Paradiso
basement. For the reasons explained above, a(H,O) is
fixed at 0.6 and the small amounts of MnO, CaO, Na,O
and TiO, are neglected. In our phase—assemblage dia-
gram calculations for sample 7-20b (Fig. 8a), a small
high pressure stability field for the observed natural
assemblage Cld-Tlc-Grt-Phe-Qtz is found around
24 kbar and 525°C. This is considered to be the Alpine
peak of high pressure metamorphism in the Gran
Paradiso massif. The phase diagrams confirm the
importance of specific mineral assemblages to constrain
P and T and show a good agreement between our
thermodynamic prediction and the observed mineral
assemblages.

Magnesian metapelites from the coesite-bearing unit
of the Dora Maira massif

For further tests on the validity of our thermodynamic
database, calculations were done with the coesite-bear-
ing magnesian metapelites from the Dora Maira nappe
(Western Alps) equilibrated under very high pressure
conditions. Phase relations involving garnet, talc, kya-
nite, phengite and SiO, in the system KFMASH have
been described by Chopin (1984, 1991) and Schertl et al.
(1991) for a pyrope-coesite-quartzite of the Dora Maira
massif. To compare our calculated modelling with
the natural mineral assemblages and with previous
P-T-a(H,0O) data (Chopin 1984; Sharp et al. 1993), a
phase—assemblage diagram has been calculated using the
whole-rock composition of sample 17641 from Tilton
et al. (1991) and a(H,O) = 0.6 (Fig. 8b). Modelling
predicts a similar mineral sequence to the one observed
by Schertl et al. (1991) at HP with increasing tempera-
ture and pressure. This sequence is (with SiO, and H,O
in excess): Chl-Ky-Phe — Tlc-Ky—Phe — Tlc—Ky-
Grt-Phe — Ky-Grt—Phe.

Sharp et al. (1993) estimated the temperatures for the
observed assemblage Tlc—Ky-Grt—Phe to be between
700 and 750°C based on 6'®0 quartz-garnet-rutile
fractionation. Our thermodynamic calculations predict
this assemblage at temperatures about 100°C lower.
Besides uncertainties in thermodynamic data, this dis-
crepancy may stem from uncertainties in the effective
bulk composition because of partial equilibrium (e.g.
Loomis 1983; Spear 1988; Hetherington and Le Bayon
2005). Because most of the Fe is fractionated into gar-



net, it does not take part in later equilibria and thus the
effective bulk composition becomes almost iron-free.
Figure 7 demonstrates that the transition between the
assemblages Tle-Ky—Grt—Phe and Ky—Grt-Phe depends
strongly on the FeO/(FeO+ MgO) ratio. Fractionation
of Fe in garnet will lower the effective FeO/(FeO+
MgO) ratio and thus stabilise the assemblage Tlc—Ky—
Grt—Phe rather than the assemblage Grt—Ky—Phe at the
UHP-HT conditions in the magnesian metapelites of the
Dora Maira massif.

With the exception of possible Fe fractionation in
garnet, the modelling produces results compatible with
the mineral assemblages observed in the Dora Maira
samples during the prograde metamorphism (Fig. 8b).

Magnesian metapelites from the Monte Rosa nappe

Magnesian metapelites from the roof of the Monte Rosa
nappe provide an ideal opportunity to compare calcu-
lated predictions with observed mineral assemblages in
natural rock samples and to reconstruct their P—7 his-
tory.

The whole-rock composition is used to calculate a
phase—assemblage diagram with a(H,O) = 0.6 for the
high pressure part of the metamorphic evolution
assuming that the rock was completely and homoge-
neously equilibrated. Several phase—assemblage dia-
grams were calculated for different magnesian
metapelites and are compiled in a single P-7 diagram
showing the stability fields of common mineral assem-
blages (Fig. 9). The stability field of the characteristic
assemblage talc-magnesiochloritoid associated with
phengite, given a water activity of 0.6, is constrained to
approximately 24 kbar and temperatures around
505 + 30°C. This is considered to be the peak of Alpine
eclogite facies metamorphism in this area. The upper
pressure limit (at ~26 kbar) is given by the quartz—
coesite transition. The lower pressure limit is estimated
at around 20 kbar considering absolute pressure uncer-
tainty of 2-3 kbar for the position of individual phase
assemblage boundaries.

For the intermediate pressure assemblages resulting
from the breakdown of high pressure mineral assem-
blages, it is less reliable to use the original bulk com-
position because the high pressure mineral relics, which
did not react during post-HP peak of metamorphism,
affect the effective bulk composition. To calculate the
stability field of the assemblage Ky—Chl-Phe, only the
Mg-rich and nearly iron-free metapelite whole-rock
compositions were used because they preserved com-
pletely re-equilibrated intermediate pressure assem-
blages. A common P-T stability field (Fig. 9) is located
at pressures and temperatures ranging between 11—
21 kbar and 430-540°C. The talc inclusions in kyanite
crystals demonstrate that talc in the matrix is com-
pletely consumed during decompression (Fig. 9).
Chlorite appears as a result of talc breakdown.
This demise constrains the decompression path between
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an approximate P-T range of 21 kbar/480°C and
13 kbar/540°C.

The late metamorphic assemblage of Chl-Ms occurs
in completely re-homogenised rocks and as small sub-
systems like pressure shadows or breakdown locations
of high pressure metamorphic minerals. For rocks
showing a complete late re-equilibration, their whole-
rock compositions were used. In other cases we
measured bulk compositions of the equilibrated late
assemblage in local breakdown locations by EDS anal-
ysis with the electron microprobe. These late retrograde
assemblages made of chlorite-muscovite with excess
quartz replaced chloritoid, talc, chlorite and kyanite
(Fig. 2b—e). As some of the Chl-Ms assemblages occur
in pressure shadows and are aligned in the foliation
(Fig. 2e) and some others are undisturbed by the
deformation (Fig. 2c—d), they are labelled in Fig. 9 as
“Chl-Ms (deformed)” and “Chl-Ms (undeformed)”.
Because water-rich fluid inclusions are observed in
phases of the late recrystallisation, a(H,O) is fixed to
unity to calculate phase—assemblage diagrams for the
late metamorphic event. The compiled results are shown
in Fig. 9. The magnesian metapelites experienced a
decompression below ~8 kbar and ~ 475°C with con-
comitant cooling during a further retrogression when the
late chlorite-muscovite assemblage locally grew or
completely obliterated high pressure minerals.

A complete P-T exhumation path of the Monte Rosa
nappe is obtained from the succession of P-T stability
fields for mineral assemblages in the magnesian meta-
pelites (Fig. 9). The path is divided in two parts: a first
near-isothermal decompression from around 24 kbar
and 505°C to 8 kbar and 475°C, followed by a second
decompression with concomitant cooling. The P-T path
reveals two different exhumation regimes where different
tectonic deformations occurred (R. Le Bayon et al., in
preparation). Considerable insight into the P-T path of
the Monte Rosa nappe is gained using the method of
phase—assemblage diagram calculations. The funda-
mental similarity of the Alpine high pressure metamor-
phic climax of the Monte Rosa and Gran Paradiso
nappes supports the possible structural connection
between these two internal massifs. Furthermore, they
may have the same palinspastic origin as suggested by
lithologic, structural and deep seismic arguments (Dal
Piaz and Lombardo 1986; Schmid and Kissling 2000). In
the present study, we did not detect any Barrovian
overprint by the late Lepontine metamorphism in the
western roof of the Monte Rosa nappe.

Conclusions

Calculations of phase—assemblage diagrams can ade-
quately model typical assemblages in ultra-high, high,
medium and low pressure and temperature conditions
for Mg-rich metapelites in the system KFMASH. The
expected uncertainties of the equilibrium assemblage
boundaries are +3 kbar and +30°C. Results reported
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here emphasise the importance of a(H,0), effective bulk
composition (FeO/(FeO+ MgO) ratio and X, con-
tent), as well as physical environment (pressure and
temperature) on the stability of mineral assemblages.
The mineral assemblages predicted in the calculated
phase—assemblage diagrams are consistent with the
well-established petrological observations. Taking into
account the effective bulk composition and a(H,0) in-
volved in the metamorphic history, phase—assemblage
diagrams similar to those presented in this study may be
calculated for any magnesian metapelites with compo-
sition bounds in the system KFMASH.

These diagrams are useful tools for elucidating the
P-T path of magnesian metapelites-bearing tectonic
terranes. In the present study the P-T conditions of the
exhumation path for the top of the Monte Rosa nappe
have been derived from such magnesian metapelites. The
exhumation shows first a near-isothermal decompres-
sion from the alpine eclogite peak conditions around

24 kbar and 505°C down to approximately 8 kbar and
475°C followed by a second decompression with
concomitant cooling. Furthermore, the derived meta-
morphic history strengthens the lithological, structural
and deep seismic arguments that the Monte Rosa and
Gran Paradiso nappes are the same tectonic unit.
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Appendix

Table 7 Experimental and approximate brackets used for deriving 4;H® and S° of Fe-chloritoid, Mg-chloritoid, Mg-carpholite and Fe-carpholite

by optimisation

Label P T Reaction Label P T Reaction

(bar)  (°C) (bar)  (°C)
CADWII152 32,400 574 3 Fe-Cld < Alm+4 Dsp+H,0 CS-al99 20,400 534 5Mg-Car<3 Qtz+4 Ky+Cln+6 H,O
CADWII53 33,400 620 3 Fe-Cld>Alm+4 Dsp+H,0 CS-al90 18,500 569 SMg-Car>3 Qtz+4 Ky+Cln+6 H,O
CADWII154 32,400 529 3 Fe-Cld <Alm+4 Dsp+ H,O CS-al77 18,200 512 S5Mg-Car>3 Qtz+4 Ky+Cln+6 H,O
CADWII157 32,400 571 3 Fe-Cld<Alm+4 Dsp+H,0 CS-al75 17,000 554 SMg-Car>3 Qtz+4 Ky+Cln+6 H,O
CADWIT23 29,500 575 3 Fe-Cld < Alm+4 Dsp+ H,O CS-al50 14,500 513 SMg-Car>3 Qtz+4 Ky+Cln+6 H,O
CADWIT26 29,500 585 3 Fe-Cld <Alm+4 Dsp+ H,0 CS-a065 6,000 435 5Mg-Car>3 Qtz+4 Ky+Cln+6 H,O
CADWIT52 29,500 595 3 Fe-Cld <Alm+4 Dsp+H,0 CS-c190 19,500 530 14Mg-Car <3Mg-Tlc+ 13 Ky +Cln+21 H,O
CADWIT21 29,500 610 3 Fe-Cld <Alm+4 Dsp+ H,O CS-c191 18,600 562  14Mg-Car>3Mg-Tlc+ 13 Ky+Cln+21 H,O
CADWITS6 30,500 640 3 Fe-Cld>Alm+4 Dsp+H,0 CS-c300 30,500 564 14Mg-Car <3Mg-Tlc+ 13 Ky +Cln+21 H,O
CADWIT24 30,500 653 3 Fe-Cld>Alm+2 Co+3 H,O CS-c299 29,400 592  14Mg-Car>3Mg-Tlc+ 13 Ky +Cln+21 H,O
CADWITS58 30,500 655 3 Fe-Cld>Alm+2 Co+3 H,O CSd20543 20,500 537 3Mg-Car+Qtz<Mg-Tlc+3 Ky+5 H,O
CADWIT57 30,500 655 3 Fe-Cld>Alm+2 Co+3 H,O CSd20561 19,500 566 3Mg-Car+ Qtz>Mg-Tlc+3 Ky+5 H,O
CADWITS50 27,500 575 3 Fe-Cld<Alm+2 Co+3 H,O CSd20560 30,600 555 3Mg-Car+Qtz<Mg-Tlc+3 Ky+5 H,O
CADWIT54 27,500 615 3 Fe-Cld<Alm+2 Co+3 H,0 CSd20580 29,600 585 3Mg-Car+Qtz>Mg-Tlc+3 Ky+5 H,O
CADWIT31 26,500 585 3 Fe-Cld<Alm+2 Co+3 H,O CSd25000 25,500 548 3Mg-Car+Qtz<Mg-Tlc+3 Ky+5 H,O
CADWIT32 25,500 575 3 Fe-Cld<Alm+2 Co+3 H,O CSd25001 24,500 572 3Mg-Car+Qtz>Mg-Tlc+3 Ky+5 H,O
CADWIT47 25,500 585 3 Fe-Cld<Alm+2 Co+3 H,0 CS-eaal 9,600 400 5Mg-Car+9 Qtz<4 Prl+Cln+2 H,0
CADWIT33 25,500 610 3 Fe-Cld<Alm+2 Co+3 H,O CS-caa2 7,600 400 5Mg-Car+9 Qtz>4 Prl+Cln+2 H,O
CADWIT37 24,500 640 3 Fe-Cld>Alm+2 Co+3 H,O CS-ebbl 9,460 350 S5Mg-Car+9 Qtz<4 Prl+Cln+2 H,O
CADWIT38 24,500 647 3 Fe-Cld>Alm+2 Co+3 H,O CS-ebb2 7,460 350 SMg-Car+9 Qtz>4 Prl+Cln+2 H,O
CADWIT34 24,500 660 3 Fe-Cld>Alm+2 Co+3 H,O CS-eccl 9,300 300 5Mg-Car+9 Qtz<4 Prl+Cln+2 H,O
CADWIT35 24,500 680 3 Fe-Cld>Alm+2 Co+3 H,O CS-ecc2 6,300 300 SMg-Car+9 Qtz>4 Prl+Cln+2 H,O
CADWITS7b 24,500 685 3 Fe-Cld>Alm+2 Co+3 H,O CS-22a 22,000 358 Fe-Car<Qtz+ Fe-Cld + H,O
CACWI-12 13,000 565 3 Fe-Cld<Alm+2 Co+3 H,0 CS-22b 22,000 408 Fe-Car> Qtz+ Fe-Cld + H,0
CACWI-11 12,000 600 3 Fe-Cld>Alm+2 Co+3 H,O CS-19a 19,000 358 Fe-Car <Qtz+ Fe-Cld + H,O
CACWI-22 20,500 607 3 Fe-Cld <Alm+2 Co+3 H,O CS-19b 19,000 408 Fe-Car> Qtz+ Fe-Cld + H,0
CACWI-14 19,500 645 3 Fe-Cld>Alm+2 Co+3 H,O CS-15a 15,000 356 Fe-Car<Qtz+ Fe-Cld +H,0
CS-1828a 18,785 575 5Mg-Cld<2 Co+2 Ky+CIln+H,0O CS-15b 15,000 406 Fe-Car>Qtz+ Fe-Cld + H,0
CS-1828b 17,785 575 S5Mg-Cld>2 Co+2 Ky+Cln+H,O CS-115a 11,500 350 Fe-Car <Qtz+ Fe-Cld + H,O
CS-1921a 19,715 600 5Mg-Cld<2 Co+2 Ky+CIln+H,0O CS-115b 11,500 400 Fe-Car > Qtz+ Fe-Cld + H,O
CS-1921b 18,715 600 5Mg-Cld>2 Co+2 Ky+CIln+H,0O CS-09a 9,000 343 Fe-Car <Qtz+ Fe-Cld + H,0O
CS-2034a 20,840 625 SMg-Cld<2 Co+2Ky+Cln+H,O CS-09b 9,000 393  Fe-Car > Qtz+ Fe-Cld + H,O
CS-2034b 19,840 625 5Mg-Cld>2 Co+2 Ky+Cln+H,O CS-07a 7,000 333  Fe-Car <Qtz+ Fe-Cld + H,O
CS-2157a 22,070 650 S5Mg-Cld<2 Co+2Ky+Cln+H,O CS-07b 7,000 383 Fe-Car> Qtz+ Fe-Cld + H,O
CS-2157b 21,070 650 5Mg-Cld>2 Co+2 Ky+Cln+H,0
CS-2315a 23,650 675 5Mg-Cld<2 Co+2 Ky+Cln+H,0
CS-2315b 22,650 675 S5Mg-Cld>2 Co+2 Ky+Cln+H,0
CS-2330a 25,300 700 5Mg-Cld<2 Co+2 Ky+Cln+H,0
CS-2330b 24,300 700 S5Mg-Cld>2 Co+2 Ky+Cln+H,0

For each reaction, assemblages on the left-hand side of the ““ <’ sign are stable, and vice-versa. CACWI: Ganguly (1969); CADWIT and CADWI:
Vidal etal. (1994); CS: Chopin and Schreyer (1983)
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