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SCHWEIZ. MINERAL. PETROGR. MITT. 74, 87-104, 1994

The pre Late Ordovician metamorphic evolution of the
Gotthard-Tavetsch massifs (Central Alps): from lawsonite to kyanite
eclogites to granulite retrogression

Dedicated to the memory of Ugo Pognante, Torino 1954 — Mont Blanc du Tacul 1992.

by Giuseppe G. Biino!

Abstract

This study provides regional and thin section scale evidence for a multi-stage metamorphic history in the Gotthard
and Tavetsch massifs. Textural and structural observations yield information on the relative timing of metamorphic
mineral growth and recrystallization. They provide a basis for assessing the significance of P-T data acquired from
petrologic calculations. Coronas are often excluded by petrologists in order to define P or T, but this paper shows
evidence for equilibrium between mineral phases in such domains. Similarly, pseudomorphs are not usually
included in quantitative P-T calculations. Yet, possible chemical compositions are postulated here on theoretical
grounds, and the sensitivity of the constrained P-T-X conditions on such model compositions is evaluated by
performing calculations for different compositions.

The most important information on the first metamorphic (eclogite facies) event is preserved in mafic rocks, but
field evidence (intrusive contacts between eclogitized metagabbros and paragneisses) strongly suggest that the
whole sequence underwent high-pressure metamorphism. An early high-pressure assemblage includes lawsonite as
a key mineral phase. The estimated temperature for this event is below 600 °C. Lawsonite was subsequently
replaced by a higher temperature eclogite assemblage (in the range of 650-700 °C). A down-P, up-T or isobaric
heating (ca. 50 °C) path lead to the formation of the eclogitic temperature peak assemblage. The stable assemblage
at peak temperature is Grt-Omp-Ky-Qtz-Zo-Hbl-Ilm-Mt-Py-Rt. Estimated temperatures and minimum pressures
are 700-750 °C and 1.8 GPa, respectively, at this stage, which is attributed to a subduction event. The dehydration of
sediments in the oceanic slab produced hydration in the overlying underplated terrane, causing the formation of
hornblende. The eclogite rocks preserve rather unique evidence for the T-prograde evolution (pre-relaxed stage of
the thermal evolution). The observed prograde path provides an important link between blueschist and high
temperature eclogite events. The subsequent granulite facies event is characterized by Grt-Di-Opx-Olig-Qtz-Hbl-
Ilm-Mt-Py-Ttn. This assemblage is observed only at the local equilibrium (cm) scale and yields temperatures
ranging from 600 to 700 °C at a pressure of approximately 0.8 GPa. Advection of the isotherms during rapid uplift
was responsible for the granulite event. Subsequent uplift and cooling were accompanied by hydration and partial
melting of the metasediments. The minimum age of the migmatitic overprinting is constrained by the post-orogenic
intrusion of granitoids dated at =~ 440 Ma. The resulting path reflects the style and rate of unroofing.

In terms of regional geology this investigation shows many new features and defines more clearly the impor-
tance of the already documented granulite event. The presented quantitative results are important in order to
understand isotope geochemistry and the Late Ordovician magmatism, and they constrain the thermo-tectonic
evolution of the region. It is concluded that the old geodynamic models considering the formation and closure of
small intracratonic basins or neglecting the Caledonian event in the Alps have to be abandoned since they are
inconsistent with the presented petrologic observations.

Keywords: eclogite facies, granulite facies, metamorphic petrology, geodynamic evolution, pre-Variscan oro-
geny, Central Alps.
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1. Introduction

There is clear evidence in the Alpine belt for poly-
cyclic evolution. In the Central Alps, the Alpine
orogeny was responsible for deformation and
metamorphism both of post-Variscan sedimenta-
ry and igneous sequences and of a pre-Mesozoic
metamorphic basement. The pre-Mesozoic base-
ment (as in a Chinese puzzle) shows Variscan
magmatic and metamorphic events superimposed
on an older already metamorphosed basement,
on magmatic rocks and on a cover (MERCOLLI et
al., 1994).

The Gotthard and Tavetsch massifs (the term
"massif" is used in order to be consistent with the
names occurring in the official maps of Switzer-
land) have a well documented low-grade {pro-
grade from North to South) Alpine metamorphic
evolution (NiGGLI, 1970; FrEY et al., 1980; BAM-
BAUER and BernoTaT, 1982; BERNOTAT and Bam-
BAUER, 1982; MERz et al., 1989), and contain clear
evidence of Variscan tectono-metamorphic
events. In the Gotthard massif, the presence of
pre-Variscan metamorphic relics was document-
ed by ArNoLD (1970) and implicitly suggested by
several earlier authors (e.g. AMBHUL, 1929; WIN-
TERHALTER, 1930; HUBER, 1943; NiGGLI, 1944). The
occurrence of high-pressure metamorphic assem-
blages within the Gotthard and Tavetsch massifs
has been reported only recently (GEBAUER et al.,
1988; ABRECHT et al., 1991a), and a comprehen-
sive description of their polymetamorphic evolu-
tion has not yet been given. Age, metamorphic
grade and tectonic evolution of the pre-Variscan
event(s) are still poorly known. In the following,
the pre-Variscan event(s) are considered to be
Caledonian in agreement with several radiomet-
ric data (GRAUERT and ARNOLD, 1968; ARNOLD,
1970; GEBAUER et al., 1988; GEBAUER, 1990;
ABRECHT et al., 1991a; SCHALTEGGER, 1993, 1994;
SERGEEV and STEIGER, 1993; OBERLI et al., 1993).
The term Caledonian is used for the Lower Pa-
leozoic orogenic event(s) that produced a dia-
chronous mountain belt, the extension and com-
plexity of which can be compared to the Alpidic
belt. Remnants of Caledonian mountain belts are
preserved on all the continents, and several local
names are in use. The term Caledonian is used in
order to be consistent with the term Alpidic (and
also to preserve the traditional euro-centric view
of the universe).

The present paper summarizes the first results
of research (still in progress) done on a regional
scale on the pre-Late Ordovician metamorphic
evolution of the Gotthard and Tavetsch base-
ments. Strong Variscan deformation and a perva-
sive metamorphic overprint make the reconstruc-

tion of the early evolution of the Helvetic base-
ment difficult. Pre-Variscan minerals are hardly
preserved. Details on the regional distribution,
rock associations and parageneses observed in the
mafic and ultramafic rocks of the Aar-Gotthard
and Tavetsch massifs were reported by Biino and
ABRECHT (1994). A detailed description of the
mineral and textural evolution of a metagabbro
stock (Kastelhorn pluton) is given in a companion
paper by ABRECHT and Buno (1994). The present
contribution describes the sequence of metamor-
phic associations that developed in protoliths
composed originally of gabbro and basalt. Meta-
morphic rocks derived from these parent litholo-
gies carry as a main first metamorphic product the
eclogitic assemblage Grt-Omp-Qtz-Aml(a,b)-Rt
(in N-MOR basalt) and Grt-Ky-Omp-Qtz-Zo-
AmI-Rt (in metagabbro). The study of gabbroic
lithologies is particularly helpful in constraining
the eclogitic event since the gabbros are Al-richer
and allow a more complex sequence of events to
be recognized. A few samples show a prograde
metamorphic evolution from lawsonite-bearing
eclogite to Ky-Zo-0tz eclogite (symbols for rock-
forming minerals after Krerz, 1983). In a subse-
quent event (Late Ordovician) the eclogitic as-
semblages broke down to form the classical gran-
ulite index minerals (Opx, Cpx, Pl, Grt). A later
event yet is responsible for garnet amphibolite
facies rocks.

Field and petrographical data suggest that the
metasedimentary rocks are cofacial within the ec-
logite and granulite facies, and that the metamor-
phic evolution outlined above affected the whole
basement.

2. Geological setting

The External Massifs of the Alps belong to the
European domain (e.g. TrOMPY, 1980; vown
RAUMER et al., 1993). In the Central Alps, these
massifs have been regarded as parautochthonous
(i.e. nappes without imprimatur) units (PFIFFNER,
1986; Escrer et al., 1987), and has been exposed
by the Cenozoic Alpine denudation tectonic
(TrUMPY, 1969; PEiFFNER, 1986). The parautoch-
thonous basement was subdivided into three main
(Helvetic) basement units: Aar, Tavetsch, and
Gotthard (Fig. 1).

The Gotthard is the southernmost Helvetic
basement nappe. It measures approximately
70 km by 10 km and extends along the strike of
the Alpine mountain belt. The pre-Variscan part
of the Gotthard nappe is a composite basement
formed by a polymetamorphic basement, Late Or-
dovician granitoids, and a cover (MERCOLLI et al.,
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Fig. I Geological outline of the Aar-, Tavetsch- and Gotthard massifs; only the larger mafic lenses (or a group
formed by several lenses) are shown. The oldest metamorphic assemblage still preserved is given. In all occurrences
of eclogite or symplectitic eclogite, garnet-bearing amphibolite and amphibolite occur, too. Ultramafic rocks are

also always associated with the mafic rocks.

1994). All of these were deformed and metamor-
phosed during the Variscan orogeny (TRUMPY,
1980; von RAUMER et al., 1993; MERrcor11 et al.,
1994). The polymetamorphic basement is formed
by metapsammite, metasemipelite and metapelite
enclosing subordinate marble and mafic-ultramafic
bodies of medium and high metamorphic grade
(ABRECHT et al., 1991a; voNn RAUMER et al., 1993;
PreIFER et al., 1993). The mafic-ultramafic rocks
form two genetically and chronologically distinct
groups (Bono and MEISEL, 1993). The oldest group
is made up of E- and N-MOR metabasalt and
abyssal peridotite with minor metagabbro. This
group is interpreted as an ophiolite sequence tec-
tonically emplaced in an accretionary wedge
(ABRecHT et al., 1991a; Buno and MEISEL, 1993).

Metagabbro and cumulitic ultramafic make up
the younger group (ABRECHT et al., 1991 a, 1991 b;
ABRECHT and BiNo, 1994). Isotopic and geochem-
ical data suggest that these younger metagabbros
originated in an island arc (IA) environment. Af-
ter the emplacement of the younger metagabbros
the Gotthard basement was metamorphosed at
eclogite- and then at granulite- and garnet amphi-
bolite-facies conditions (ABrRECHT et al., 1991 a,
b). The migmatite event observed in the metased-
iments is younger than or coeval with the granu-
lite event in the mafic rocks (ArNoLD, 1970;
ABRECHT et al., 1991a; MErcoLLI et al., 1994). Af-
ter the migmatitic event another deformation
phase occurred, during which the mafic rocks re-
crystallized under garnet amphibolite facies.
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Single-crystal U-Pb ages from abraded zircons
in retrograded eclogitized LA gabbro yield ages of
ca. 464 Ma (OBeruLI et al., 1993, 1994). This age
may be interpreted either as an intrusive or as a
metamorphic age. In the first case, the magma
intrusion, high-pressure metamorphism and sub-
sequent uplift must have occurred within 30 Ma,
since the whole sequence is cut by a Late Ordovi-
cian intrusive (SERGEEV and STEIGER, 1993). Al-
ternatively, this age gives the time of metamor-
phic recrystallization. Regardless, the intervening
time between magmatism and metamorphism was
short because older components are not observed
in the zircons. The latter scenario looks like the
most probable.

GEBAUER (1990) and GEBAUER et al. (1988)
investigated zircon grains with an ion probe from
a garnet-bearing mafic rock collected in Val
Nalps. The protolith of the mafic rocks is gabbro-
ic, and this rock possibly underwent HP meta-
morphism, though no petrographic description of
the rock was given by these authors. Zircons from
this rock preserve ages from 460 Ma to 3.17 Ga.
Gebauer suggested that the middle Riphean ages,
measured for some of this zircons (=~ 8§70 Ma),
should be related to the emplacement of the
magma and that the Ordovician age corresponds
to the HP metamorphism.

The Gotthard basement was intruded (AB-
RECHT et al., 1991a; MERCoOLLI et al., 1994) by Late
Ordovician granitoids (ArRNOLD, 1970; BossART et
al., 1986; SERGEEV and STEIGER, 1993). The Late
Ordovician granitoids show epiplutonic features,
such as local porphyritic textures, sharp and dis-
cordant intrusive contacts, fine-grained marginal
facies, pegmatite and aplite dikes. Aplitic dikes
from the Late Ordovician plutons cut the fold axis
that folded the leucosomes in the paragneisses.
The main lineation and the compositional band-
ing formed during the garnet amphibolite event
are cut discordantly by the Late Ordovician plu-
tonic rocks. These plutons were strongly de-
formed by the main Variscan and possibly by a
late Caledonian phase of deformation (syn-tec-
tonic intrusives?).

The Tavetsch nappe forms a wedge shaped
basement outcropping east of Andermatt (be-
tween Aar and Gotthard). In the following this
nappe is considered as the intervening basement
between Aar and Gotthard (i.e. including the
Goms basement and other minor lenses of base-
ment). The pre-Alpine evolution of the Tavetsch
basement is poorly characterized due to its qua-
ternary cover and a strong Alpine retrogression
and deformation. According to NiGGLI (1944) it is
possible to recognize several lithostratigraphic
analogies between Gotthard and Tavetsch base-

ments. Recent investigations confirm the suggest-
ed analogies (ABRECHT et al., 1991a). Bnno (in
prep.) suggested that the Tavetsch basement
shared the major part of the pre-Alpine meta-
morphic evolution with the Gotthard basement.
Therefore, the two basements are considered
part of the same pre-Alpine unit. The name
Gotthard and Tavetsch massifs refers to the Al-
pine structuration. During Alpine cycle the two
units were clearly distinct. In order to avoid con-
fusion, in the following the Gotthard and Ta-
vetsch massifs (GTM) refers to a unique pre-
Alpine terrain, and the post Caledonian evolution
is not considered.

3. Petrography of the mafic rocks
3.1. GENERAL REMARKS

Mafic and ultramafic bodies form several linear
arrays concordant with the regional SW-NE foli-
ation, in the GTM. The lenses and intrusive stocks
are from a few meters to several hundred meters
thick.

Garnet-bearing polymetamorphic mafic rock
types outcrop both as fine- and coarse-grained
rocks. The protolith of the fine-grained mafic
rocks is probably a basalt. They are probably
part of the sequence characterized by an oce-
anic affinity. Relics of magmatic textures suggest
that the coarse-grained mafic rocks derived from
gabbros (both with oceanic and island arc affini-
ty).

Leucocratic veins and pods are commonly ob-
served in association with the eclogitized meta-
gabbros. They have preserved magmatic textures
and structures. Similar rock types are observed in
other high-pressure terrains (NiccOLET and
LevreLour, 1978; LEARDI et al., 1984: GODARD,
1988; KienasT et al., 1991). These rock types may
represent either leucocratic magmatic differenti-
ates or products of partial melting of the Ky-Zo
eclogites.

Several lenses of garnet-bearing polymeta-
morphic mafic rocks show eclogitic assemblages
partially retrograded to symplectitic eclogite
(Fig. 1). Mafic rocks without omphacite, but con-
taining both Na-Di + Pl symplectites and the relic
assemblage Grt + Rt + Qtz + Zo + Ky, are inter-
preted to represent altered eclogite (symplectite
eclogite). Mafic rocks containing recrystallized
symplectite are made up by Am + Pl, but contain
relics of an older assemblage made up of Grt + Rt
+ Qtz + Zo + Ky are also considered to be altered
eclogite (eclogitic amphibolite). These interpreta-
tions are based firstly on field observation (i.e. a
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Fig. 2 Textural and mineralogical evolution of a fine
grained eclogite step 4 was drawn from a photo {sample
Vn3, Alpe Toma, Val Nalps) and steps 1, 2, and 3 are
interpretation. The protolith is of N-MORB type affini-

ty.

few cases where continuous transitions from ec-
logite to symplectite eclogite to eclogitic amphib-
olite was observed). Secondly, to this author's
knowledge the assemblage Grt + Rt + Qtz + Zo +

Ky is stable only under high-pressure conditions.
The microstructural evolution of a fine-grained
eclogite is proposed in figure 2. In the mafic xe-
noliths included in the Late Ordovician granites
(Bino and ABRECHT, 1994), only relics of garnet
are preserved of the pre-Variscan mineral assem-
blages.

It 1s difficult to distinguish the Variscan from
the Late Caledonian overprint, since both
reached amphibolite facies conditions. Tentative
criteria based on field observation are proposed
by Bino and ABREcHT (work in progress). Ac-
cording to these criteria the extensive amphiboli-
tization and the regional foliation are considered
to be Variscan. Metamorphic recrystallization in
Late Variscan dikes and plutons helps in distin-
guishing the Alpine from the pre-Alpine events.

In the following sections the most important
stages during both prograde and retrograde paths
will be presented.

3.2. LAWSONITE BREAKDOWN DURING
THE BURIAL PATH

Centimeter-long pseudomorphs of rhombic shape
(Fig. 3a) characterize a Mg-rich metagabbro
(sample FP53). This metagabbro is outcropping at
Fuorcla da Paradis (Val Nalps) and was formed in
contact with abyssal peridotites. In order to un-
derstand the rhombic pseudomorphs the entire
textural and mineralogical evolution has to be
considered.

Large parts of the rock matrix are made up of
very pale, coarse-grained Hbl + Pl intergrowths
(up to 0.5 millimeter). Locally, Hbl recrystallized
in sub-millimeter idioblasts. These pseudomor-
phic textures are interpreted as replacement of
magmatic mafic phases by Na-Am and Na-Cpx,
analogies to the eclogite facies minerals described
in the following.

Pseudomorphs of a few millimeters length are
formed by P1 + Zo + Qtz. Zoisite forms character-
istic spray or sheaf aggregates, and probably is a
relic of the assemblage Jd + Otz + Zo. Plagioclase
makes up polycrystalline aggregates that include
the zoisite crystals. Quartz is rare and forms drop-
shaped blasts. The rim of the pseudomorphs is
formed by a corona of polycrystalline plagioclase
aggregates similar to those described from the
Kastelhorn metagabbro (ABRECHT and BiNo,
1994). This pseudomorphic replacement is remi-
niscent of the breakdown of Jd + Qtz + Zo (after
primary plagioclase) during amphibolite facies
metamorphism (Buno and CompaGNONT, 1992).

Dodecahedral aggregates made up of Pl + Bt +
Am are interpreted as former Grt.
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Rhombic pseudomorphs are formed by a
texturally homogeneous core and a thin corona
aggregate (Fig. 3b). The cores of the pseudo-
morphs are made up of twinned Zo idioblasts
with minor and variable amount of Pg + Ms and
seldom Rt. Kyanite blasts are very seldom ob-
served in association with Zo. Zoisite blasts are
rimmed by Czo. The external corona aggregate is
formed by Pl + Pg + Ms = Zo. The shape of the
pseudomorphs, the inferred bulk composition
and the product phases all suggest that Lw was the
phase replaced. A prograde metamorphic reac-
tion would have produced Zo + Ky from Lw, and
these products were then partially replaced by
Czo and by Pg + Ms = PI. This evolution, suggest-
ed by microstructural observation, is also sup-
ported by thermobarometry and the inferred P-T
path (see below).

The presence of pseudomorphs both after Lw
and Pl in the same rock calls for an explanation.
With increasing (water-) pressure, plagioclase
breaks down following the continuous reaction

Pl + H,O => Lw + (NaSiCa Al ,)PI (1)

which renders the Pl composition to more and
more albitic. At higher pressure the Ab-rich pla-
gioclase also breaks down, and the discontinuous
reaction

Pl + H,O =>Jd + Qtz + Ky = Zo = Grt (2)

takes place according to the scheme proposed
by FyrE et al. (1978, pag. 134).

Pseudomorphs formed by Zo =+ Qtz, and
rimmed by Pg + Ms = PL, are observed in the mafic
rocks outcropping at the Grossmutterhorn
(Furkapass area), Alpe Toma (Val Nalps), Piz
Senderi (Val Lavaz) and Gurschen (Andermatt
area; ABRECHT and Bino, 1994). The symplectitic
intergrowth of Qtz + Zo (or Czo) is very fine
grained (1-2 wum wide) and probably replaced Lw.
The pseudomorphs are deformed, though in the
above localities there is no evidence for a syn- or
post-eclogite deformation phase. This suggests
that a phase of deformation occurred between Lw
breakdown and the peak temperature of the ec-
logite recrystallization phase.

3.3. THE HIGH-PRESSURE CLIMAX

The prograde metamorphic evolution resulted in
the formation of high-pressure high temperature
assemblages. The eclogites outcrop in an area of
hundreds of km?, and the definition of an eclogite
belt is justified in the author's view (Fig. 1).

The eclogitic mineral assemblage is made up
by Grt-Omp-Qtz-AmI-Rt (in the N-MOR basalt)

Fig. 3 a: Deformed rhombic pseudomorphs after law-
sonite (sample FP53, Metamagnesio gabbro from Fuor-
cla da Paradis, Val Nalps; scale: coin @ = 2.3 cm).
b: Zoisite aggregate makes up the core of the rhombic
pseudomorphs. White micas, Pl and Zo make up the rim
(detail from the same sample: scale: longer side of the
photo is 2.0 cm).

and Grt-Ky-Omp-Qtz-Zo-AmI-Rt (in the IA me-
tagabbro). Qtz-Ky-Zo eclogite 1s seldom de-
scribed in crustal sequences, and this assemblage
represents a high temperature eclogite facies
overprint.

Solid inclusions in garnet (Omp, Zo, Am Ia,
Otz, Rt) are concentrated mainly in the core. In
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coronitic metagabbro, Ky inclusions in garnet
show an asymmetric distribution, being concen-
trated in proximity of magmatic plagioclase sites.
Kyanite is mainly acicular in the core and idio-
morphic in the rim of garnet.

In metagabbro, the rare Bt flakes were re-
placed by Ms + Grt + Rt.

A brown-green amphibole (Am Ia: Mg-horn-
blende, ferrian Mg-hornblende and ferri-subcal-
cic Mg-hornblende) formed during the eclogite
event. A younger, randomly oriented, dark green
amphibole generation (Am Ib: Mg-hornblende,
ferrian barroisite and edenite, all of them with
TiO, >1.3 wt% ) partially replaced omphacite. Am
Ib possibly grew while temperature increased
during the high-pressure event (see below).

Rutile defines fine-grained clouds, preserving
the shape of an elongate Ti-rich Cpx or Am.
Rutile is also present in the eclogite matrix
where it forms small disseminated grains associ-
ated with ilmenite and pyrite. Zircon usually has
xenomorphic shapes in fine grained eclogite, but
is idiomorphic in the metagabbro. In the meta-
gabbro outcropping at Zignau (Rheintal) two dif-
ferent types of zircons are observed. Those in-
cluded in garnet are idiomorphic, whereas zircons
are rounded in the rock matrix (OBERLI et al.,
work in progress).

The absence of complete high-pressure as-
semblages in the metasediments is not surprising,
owing to their higher susceptibility to deforma-
tion and fluid availability from internal reactions.
However, kyanite (ArRNoLD, 1970) and coronitic
garnet + muscovite around biotite are observed in
the paragneiss of Val Nalps. Primary contacts be-
tween metagabbros in eclogite facies and meta-

Fig. 4 Back-scattered electron (BSE) image of sodic
diopside (up to 15 mole % of Jd; pale gray) and oligo-
clase (Aby,An,—Abg,An,y; black) symplectite after om-
phacite (sample Ua36, Unteralptal).

sediments (Unteralptal, N-W of the Kastelhorn)
also suggest that the country rocks underwent
high-pressure conditions and did not come into
contact with the eclogite much later at some shal-
lower depths.

3.4. OMPHACITE BREAKDOWN DURING
UNROOFING

During uplift, Omp was partially replaced by two
different symplectite types. One type is made up
of Na-Di + Olig (Fig. 4; Olig = oligoclase), the other
type of Am II + Olig. Am II also forms coaxial
rims around Am Ib crystals (Am II: Mg horn-
blende and edenitic hornblende, all of these have
TiO, < 1.3 wt%). Both types of symplectite grew
with complex random- or dendritic-like patterns on
Omp (sieve symplectite). Omphacite is usually
fringed by growing inwards from the margin allotri-
omorphic symplectitic intergrowth (concave to-
wards the omphacite). Even where Omp is no
longer present, symplectite intergrowth has inherit-
ed the texture of eclogitic rocks, and former grain
boundaries are still recognizable. Recrystallization
(globularization after Joanny et al., 1991) of the
symplectite and coarsering (boardering of the la-
mellae after Joanny et al., 1991) are locally ob-
served. The Am- and Di-bearing symplectites are
in textural equilibrium. Whether the formation of
the two different types of symplectites was con-
trolled by the availability of fluid or by different
intensive parameters will be addressed in a forth-
coming contribution. The volume fraction of Pl and
Na-Di in the symplectite has been defined by elec-
tron microscope image processing. It turns out that
the Omp breakdown was isochemical with the ex-
ception for silica,

Omp + SiO,,,, = Di + Olig (3).

The classical evolution of the symplectites to-
ward a crypto-crystalline felt (aphyric-brownish
matrix under the microscope), as usually de-
scribed in B-type eclogite (BoLanDp and vaN
RoOERMUND, 1983; Goparb, 1988; KiENAST et al.,
1991) has not been observed here.

2(aq

3.5. THE GRANULITE EVENT

The eclogite assemblage is replaced by a garnet
granulite assemblage (Grt + Na-Di + Opx + Olig
+ Am II + Qtz + Ilm + Rt).

In the fine grained eclogites Opx (EnsFes)
usually forms a continuous monomineralic corona
around Qtz. This corona is transitional to an ex-
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Fig. 5 Back-scattered electron image of orthopyrox-
ene (EngFss; in white) and diopside (dark gray) inter-
growth. Quartz is black (sample Vn3).

ternal rim made up by two pyroxenes = Olig. Lo-
cally the two pyroxenes form lamellar inter-
growths (Fig. 5). Opx possibly formed according
to the reaction

Omp + Otz = Opx + Di + Olig (4).

In addition to the corona structures, Opx oc-
curs in granoblastic textures in metasediments
and metagabbros from Val Nalps (ArNoLD, 1970;
Bino, in prep.). Characteristic pseudomorphs
after Opx were also observed by ABRECHT and
Bmno (1994) in a few samples from the Kastel-
horn metagabbro. At the regional scale, the gran-
ulite event is poorly constrained because Opx was
typically replaced by amphibole. Only three Grt-
bearing amphibolites (out of approximately one
thousand investigated) still preserve Opx.

The garnet granulite assemblage is replaced by
a Di + Ab + Am III = Opx assemblage (Am III:
ferroan pargasitic hornblende and pargasitic
hornblende). The breakdown of Na-rich diopside
started at the contact with Qtz. Plagioclase of the
symplectite changed composition from Olig to
Ab. The following reactions possibly occurred at
this stage of the metamorphic evolution:

Grt + Qtz + Omp = Pl + Opx + Di (5),
Grt + Qtz = An + Opx (6).

Granulite assemblages were then replaced to
garnet amphibolite assemblages, consisting of
Grt + green Hbl + Ab/Olig. The two pyroxenes
and the older amphibole are replaced by Am IV
(Am IV: edenitic hornblende and Mg horn-
blende) or by Am IV + Olig = Ep intergrowth. In
the intergrowth amphibole forms needle-like
idioblasts in clear textural contrast with the older
symplectites (Fig. 6).

Ll
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Fig. 6 a: Amphibole (Mg-hornblende and edenitic
hornblende; gray) albite (black) intergrowth. b: Amphi-
bole (Mg-hornblende and edenitic hornblende; gray)
albite (black) intergrowth replacing diopside (pale gray
cores in the Am) and oligoclase (not visible) symplectite
after omphacite (BSE image; sample Vnl0 from Alpe
Toma, Val Nalps).

3.6. KYANITE AND HIGH-PRESSURE
MUSCOVITE BREAKDOWN DURING
UNROOFING

In the metagabbro matrix, Ky shows rims of
micas + PI, and Zo is corroded. The micas pro-
duced by decomposition of Ky and Zo are sodic
margarite and muscovite solid solutions. The
solubility between Ms and Pg is limited (up to
25 mol% Pg in Ms), but Mrg may contain up to
50 mol% of Pg (submicroscopic intergrowth can-
not be excluded).

The corona formation strongly infer growth of
micas at the expense of Ky according to an overall
reaction of the following type:

Ky + Zo + [K] + [Na] =Ms + Mrg + An (7).

It is proposed that the fluid phase carried [K]
and [Na] (complexed with unknown chemical ele-
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ments) to the reaction site, both Ms and Mrg in-
clude Pg in solid solution. A reaction such as (7)
would have occurred after the granulite event, but
before the intrusion of the Late Ordovician plu-
tons (because in the paragneiss sillimanite formed
during the migmatitic event; ARNoLD, 1970).
Since the pressure was probably higher than
0.5 GPa, it is not possible to define the speciation
and the dominant complexes. No attempt was
made, therefore, to compute a proper mass bal-
ance calculation for reaction (7).

In the same rocks, fine grained biotite-plagio-
clase intergrowths are commonly observed and
are interpreted to be pseudomorphs after phen-
gitic muscovite (ABRECHT and Bino, 1994). Mi-
croscopic observation suggests that mica breaks
down by the reaction:

Ms + Grt + [Na] = Pl + Bt = Qtz + [K] (8).

The mode fraction of biotite is significantly
less than that of Ms, therefore [K] was transport-
ed away from the reaction site. Sodium was car-
ried to the reaction site.

Replacement of Ky by Crn + Sp as in the ec-
logites of the Black Forest (KLEIN and WIMME-
NAUER, 1984) has not been observed here.

3.7. GARNET BREAKDOWN DURING COOLING

Green amphibole and biotite are common in the
more retrograded parts of mafic lenses. These
phases define either curved sub-millimeter thick
planes (marking fluid infiltration paths?) or
mesoscopically visible kelyphitic rims around Grt.
In the mafic rocks, centimeter-size quartz veins
only occur when completely amphibolitized. Maf-
ic rocks with strong retrograde alteration and de-
formation show the development of a composi-
tional banding, and a lineation is defined by am-
phibole. Metasomatic biotite rims are common
along the contact of the mafic rocks with the
gneisses (this process may be either Variscan or
Late Caledonian).

Garnet is rimmed by a kelyphitic Am V richer
in Al (Am V: alumino ferroan pargasitic horn-
blende, alumino ferro tschermakite). The kelyph-
itic Am V is zoned and shows a deeper green-
bluish color at the contact with garnet (Fe—Al
zoning), whereas at greater distance from garnet,
Am is actinolitic hornblende or actinolite. Plagio-
clase + Ep + Bt also replaced Grt. Biotite grew in
complete disequilibrium with Grt, as suggested by
the Kd of the Fe-Mg exchange (T = 1000 °C).
Plagioclase is strongly zoned, changing from
anorthite to andesine over a few microns.

Rutile and Ilm are rimmed by Ttn, but micro-

structural criteria do not allow to correlate this
reaction to the previously described sequence of
events. The high Al content in Ttn suggests a
formation under still HP conditions (FrRaNz and
SPEAR, 1985).

In the Wittenwassertal, submillimeter size
idiomorphic garnet formed at the expense of Pl +
Ep + Bt (pseudomorphs after older garnet). The
new generation of garnet may be considered ei-
ther Alpine or Variscan, but lamprophyres from
the same locality preserve a magmatic appear-
ance and neither plagioclase nor biotite are re-
crystallized.

4. Phase relations

4.1. THEORETICAL ASSUMPTIONS AND
METHODOLOGY

In polymetamorphic rocks the evaluation of the
P-T conditions is hampered by the calibrations
used for thermobarometry, and some segments of
the P-T path may be artifacts of the thermody-
namic inconsistencies between the different cali-
brations (e.g. different thermometers may yield a
systematic shift, and hence the constrained path
may show false segments). If furthermore, ther-
mo-barometric calibrations are selected using ar-
bitrary criteria (or the necessity to fit an author's
prejudices), the approach leads to largely prede-
termined thermobarometric results without much
meaning. The approach to consider all the possi-
ble calibrated thermobarometers (e.g. SCHULZ,
1993) is meaningless. The problem is approached
using the UBC database (BErMan, 1988; 1990;
aragonite thermodynamic data after MADER and
BerMAN, 1991). All possible equilibria are com-
puted using the internally consistent set of ther-
modynamic data mentioned earlier and PTAX
program (release 1991, University of Bern). Sev-
eral aspects of this approach are still under scru-
tiny (e.g. HoLbAWAY and MUKHOPADHYAY, 1993),
and erroneous activity-models may lead to unreal
P-T conditions.

Before evaluating calculated P-T-X condi-
tions, the sensitivity of the applied solution mod-
els should be considered. A problem of the data-
base used is the absence of activity models for
several of the considered phases. Omphacite ac-
tivities are estimated assuming ideal molecular
mixing between Di-Hed-Jd. This approach yields
only approximate results. Several authors have
shown that the Jd-Di solution is non-ideal (HoL-
LAND, 1990; with references therein), and Omp
(Jd4,Dis,) is an effective end-member that is struc-
turally different from both Di and Jd (Rossi,
1988); in the Gotthard-Tavetsch massifs, om-
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phacite composition is variable since it is control-
led by the availability of Na in the system. Garnet
activities were calculated with the solution model
proposed by BERMAN (1990). The uncertainties of
the thermodynamic data and the activity-models
for Zo and Pg are likely to influence the P-T-X
estimates (see below). Amphiboles are not taken
into account in the present contribution.

Since all of the metamorphic stages are pre-
served in the same outcrop or even in the same thin
section, the relative sequence of events is based on
microstructural observations. This helps to clarify
the chronology of the metamorphic events, howev-
er, the obvious disequilibrium hampers the assess-
ment of P-T values since it is not clear which of the
coexisting phases reached equilibrium. In order to
attack this problem, probe sections were subdivid-
ed into several reaction domains and metamorphic
P-T conditions were calculated for each of these.
Where texturally and mineralogically similar do-
mains define similar P-T conditions, local equilib-
rium is assumed to have been reached and pre-
served. If thermobarometry yielded comparable
results for one type of reaction domain, these P-T
values were considered representative of specific
metamorphic conditions. In this way, metamorphic
paths were reconstructed from the different por-
tions of the same rock. This approach is time con-
suming, but it may help to reduce possibility of P-T
artifacts.

Three different approaches have been used in
order to constrain the P-T-t path:

(1) The high-pressure event is constrained to a
rather large field by presence/absence of key
minerals. This is the classical approach developed
by Bowen (1940) and THompsoN (1955), but the
curves are calculated directly from the measured
or inferred mineral compositions using an inter-
nally consistent database. The univariant equi-
libria constitute a useful first look at the meta-
morphic evolution of the investigated rocks, and
serve to restrict the P-T-X field of the high-pres-
sure metamorphism.

(ii) The trajectory in P-T space during the
high-pressure event is constrained by the Cpx-Grt
thermometry.

(iii) The granulite event is constrained by the
approach of BErMaN (1991) applied with success
by LiEBERMAN and PETRAKAKIS (1991).

4.2. RESULTS

The eclogite facies stage. Metamorphic conditions
during the eclogitic event were constrained by
taking into account the mineral assemblages and
the presence (or absence) of critical minerals

3.0
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Fig. 7 P-T conditions defined for the high-pressure
event (field A delimited by metamorphic reactions, the
numbers correspond to the reaction numbers in the
text). The two dashed lines, delimitning field B, corre-
spond to the lower and higher temperature averages
calculated for the Fe-Mg exchange between Cpx and
Grt (samples collected in Unteralptal, Val Maighels and
Val Nalps are considered).

(field A in Fig. 7). The following equilibria were
computed:

Qtz = Coe 9),
4Lws=27Zo0o+Ky~+Qtz+7H,0 (10),
Pg=1Jd + Ky + H,O (11),
Ab=1Jd + Qtz (12),

melting of Ky + Grt + Cpx + Qtz + H,O (13).

Reactions (9)-(12) have been calculated using
the database of BerMaN (release feb89.rgb) for
the analyzed chemical compositions of mineral
phases. Quartz, Ky, Coe and Zo were considered
as pure end members. The Cpx rich in jadeite
(Jds,) was used for the calculation of reactions
(11) and (12). The composition of the PI reacting
with Cpx and Qtz (reaction 12) is unknown. A
composition AbgAn,, was chosen as a reasonable
approximation for the P-T-X calculation. Indeed,
there is microchemical and theoretical evidence
that Olig is the highest-pressure plagioclase in
equilibrium with Qtz and Jd (FyrE et al., 1978,
RuBlig, 1990). In the literature there is evidence
that under high-pressure conditions PggMs,,
should be the most probable Pg composition.
Paragonite was considered in terms of an ideal
solid solution between Ms and Pg. An activity of
0.90 was used for the calculation. One effect of
reducing a(Pg) is to shift reaction (11) to higher
temperatures, an effect that turns out to be partic-
ularly pronounced at low pressure (Tab. 1). Reac-



METAMORPHIC EVOLUTION OF THE GOTTHARD-TAVETSCH MASSIFS 97

Tab. 1 Reaction Pg = Cpx + Ky + H,O (reaction 11 in
the text) computed for different activities of paragonite,
using different routines for the equation of state. The
activities for Cpx and Ky are equal to 0.5 and 1.0, re-
spectively. The reported values are rounded to the next
multiple of 5.

H,O routine after Kerrick and Jacoss (1981)

activity 25GPa 20GPa 15GPa
ey = 1.0 450 °C 690 °C 905 °C
opg =0.9 485 °C 730 °C 950 °C
H,O routine after HAAR et al. (1984)
activity 2.5 GPa 20GPa 15GPa
apy =10  410°C 635 °C 840 °C
Ay =09 440 °C 665 °C 885 °C
H,O routine after HoLiLanp and PoweLL (1991)
activity 2.5GPa 2.0GPa 1.5GPa
Qpy = 1.0 425 °C 650 °C 870 °C
e,y =09 450 °C 690 °C 915 °C

tion (13) is after GReeN (1982). The eclogitic as-
semblages correspond to pressures greater than
1.8 GPa (assuming a(H,O) = 1) at a temperature
of approximately 600-750 °C. However, a lower
H,O activity expands the stability field of the ec-
logitic assemblages to lower pressures. Reaction
(12) is independent of a(H,0) and constrains
both the minimum pressure to 1.6 GPa. Reactions
(11) and (12) constrain the maximum possible
a(CO,) to approximately 0.25 at 705 °C and
1.7 GPa. Better constraints on fluid composition
are provided by the eclogitic assemblage ob-
served in the metagabbros (see below). Ideal
mixing is considered for Zo in the following, a
sufficient approximation here because the ana-
lyzed Zo are close to end-member composition.
The location of reaction (10) in P-T-X space is a
function of three variables (aLw, aZo and aH,0),
but reaction (10) reached completion, and Cpx-
Grt thermometry defines temperatures higher
than maximum Lw stability field.

Temperature estimates using Cpx-Grt ther-
mometry (Fe-Mg exchange) are consistent with
the P-T field constrained by phase relations, and
help to reduce the T field for eclogite recrystalli-
zation (field B, Fig. 7). Cpx-Grt thermometry was
applied by using near rim analyses from two dif-
ferent microstructural domains, the first of which
is formed by Omp included in Grt. These pairs
yield temperatures of ca. 650-700 °C. The second
microstructural domain is formed by Omp dis-
persed in the rock matrix, but in contact with Grt.
The latter Cpx-Grt pairs indicate that a down-P
up-T (700-750 °C), or isobaric heating (ca. 50 °C)

path occurred during the eclogite facies event.
During the heating event the pressure path is not
well constrained since the eclogite assemblages
are not sufficiently sensitive to pressure changes,
but the eclogites were still in the kyanite stability
field (field B, Fig. 7). The calculated difference in
temperature between the two sites is large enough
to separate the two steps.

The unroofing path. High pressure and high
temperature retrogression is suggested by the
presence of coarse-grained Na-Di-Olig symplec-
tite after Omp. The jadeite content of the Cpx
(10% of Jd molecule; Cpx is stable with Pl and
Qtz) constrains the pressure to 1.0-0.8 GPa (at
temperatures between 700 and 600 °C). Activity
coefficients for Ab-rich plagioclase and Na-bear-
ing Di are inadequately known, and this pressure
estimate should be considered with caution.

The application of the Cpx-Pl thermobarome-
ter (JoanNy et al., 1991) to P1-Di symplectites yields
suspiciously high temperatures (= 800 °C). These
authors concluded that lamellar width is much
more sensitive to temperature than to time. There-
fore, they did not consider the kinetics of the pro-
cess. In the author's view, symplectite formation
depends strongly on kinetics. Recrystallization of
the symplectite in the eclogites from the Gotthard-
Tavetsch massifs did not produce changes in chem-
ical composition of Na-Di or Pl. This suggests that
the recrystallization occurred under P-T conditions
similar to those of the earlier symplectite forma-
tion. The widespread retrogression and the ab-
sence of crypto-crystalline symplectite after Omp
cannot be compared to that of other high-pressure
terrains with similar P-T paths (e.g. Brossasco
Isasca unit Kiénasr et al., 1991). A reason for the
absence of crypto-crystalline symplectite and the
surprisingly high (apparent) temperatures may be
the longer persistence of high temperature condi-
tions or larger fluid availability.

The granulite facies event is observed only in
microdomains of a few centimeters size. Or-
thopyroxene is in apparent equilibrium with Grt,
Cpx, Pl and Qtz. This mineral association defines
granulitic conditions. Calculation of several of the
possible equilibria involving minerals of the gran-
ulite metamorphic paragenesis yields (exchange
equilibrium) temperatures ranging from 600 to
700 °C and pressures of approximately 0.8 GPa
(Fig. 8). The convergence of all the mineral equi-
libria in one relatively small volume of the P-T-X
space may be used to argue that the Gibbs free
energy minimum was reached, because the close
spacing of the equilibria in a thermodynamically
consistent approach is not considered to be an
artifact of the data calculations. This result sug-
gests that the granulite assemblage represents a
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Fig. 8 P-T conditions defined for the granulite event
(see text for explanations). The elliptical field corre-
sponds to the intersections of the equilibria reported in
the inset, but a statistical distribution of the intersec-
tions inside the field is not considered (sample Vn3;
calculated from analysed compositions of the solid
phases).

real metamorphic event and is not a product of
disequilibrium.

It is not clear when Rt, Ilm and Ttn formed.
They have low modal abundance and, based on
relative diffusivities and small size, these phases
most likely were modified by retrograde reac-
tions. For all of these reasons they are excluded
from the evaluation of the P-T conditions.

The inferred P-T conditions suggest that both
the high-pressure event and the isothermal uplift
occurred close to the onset of melting for fluid-
saturated basic rocks. At high-pressure the fluid-
present solidus curve for basaltic rocks is rather
insensitive to fluid composition. In the field, evi-
dence for melt formation was ambiguous. Leuco-
cratic pods in the metagabbros may be either pri-
mary differentiated magma phases or partial
melts. Apatite (of several millimeters length)
rimmed by garnet and the presence of primary
PI-Am-Bt suggest that these pods are low pres-
sure magmatic rocks (ABREcHT and Buno, 1994).
Nevertheless, the absence of melting in high tem-
perature and high-pressure terranes still remains
a puzzling problem.

The lower stability for Zo + Ky is approxi-
mately 0.8-1.0 GPa in the temperature range con-
sidered. In figure 8 the reaction

Zo + Ky + Qtz = An + H,O (14)

is computed for pure phases. The curve shifts
to significantly lower temperatures (and higher

pressures) with decreasing An activity (Tab. 2).
Reaction (7) cannot be easily computed, but the
reaction

2Z0+5Ky+3H,0=4Mrg+3Qtz (15)

may give a safer indication on the Zo + Ky
breakdown. Considering activities equal to one
for for all the phases, reaction (15) occurs at P and
T conditions corresponding to the end of the
granulite event (700 °C, 0.67 GPa; 600 °C,
(.83 GPa), but this reaction is very sensitive to
Mrg activities. Assuming ideal mixing between Pg
and Mrg, the analyzed Mrg compositions are
responsible for a shift in the equilibrium to ap-
proximately 1.3 GPa (in the temperatures range
of 600 to 700 °C).

The conditions computed for reactions (14)
and (15) suggest that in mafic rocks the Zo + Ky
breakdown occurred at the beginning of the gran-
ulite event, probably in association with the Omp
breakdown.

5. Fluid composition during the
high-pressure event

The question of whether or not a free fluid phase
is present during high-pressure metamorphism
has received considerable attention in the past.
The definition of the aqueous speciation, the ef-
fect of electrolytes and aqueous complexes and
their thermodynamic data are unknown under
high-pressure conditions. Therefore, a crude
simplification of the problem is necessary. In the
following, the fluid phase is considered to consist
of CO, and H,O only. At the temperatures of
interest, CO,-H,O mixing has been considered
ideal (see LABOTKA, 1991). Non-ideality is present
at lower temperatures and should have an effect
at higher temperature, but the experimental
and theoretical data presently are insufficient
(MADER, 1991). The effects of uncertainties in so-
lution models are evaluated by calculating the rel-
evant reactions with several different solution
models.

In high-pressure rocks of similar setting (Hot-
LAND, 1979; JAMTVEIT et al., 1990) there are sever-
al examples in which the heterogenous phase
equilibrium (11) and

Dol + Otz = Di + CO, (16),

(observed in mafic and carbonate-bearing
rocks, respectively) were used in order to con-
strain the fluid phase composition during high-
pressure events. The resulting two divariant sur-
faces define a univariant curve in P-T-X space,
and fluid composition is confined to a small range.
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Tab.2 Reaction Zo + Ky + Otz = An + H,O (reaction
14 in the text). The reported values are rounded to the
next multiple of 5.

0.8 GPa oy =1.00  ogay =0.80  argay = 0.60;
T =620°C T =585°C T =545°C

LOGPa oy =100 gy =080  aay = 0.60;
T =710°C T =670°C T =625°C

This approach is not exactly correct. In a system
governed by local equilibrium the fluid-rock reac-
tions are faster than transport, i.e. the chemical
reactions are considered instantaneous, and trans-
port is the factor controlling the evolution of the
system. A fluid percolating through two different
rock types has a constant composition only in the
case where the down-flow rock type or both rock-
types define an indifferent state system with the
fluid. It follows that the mineral assemblages
buffer the fluid composition or part of it, and the
fluid in contact with the carbonate-bearing rock
has a composition that does not necessarily corre-
spond to that of the fluid in the carbonate-free
assemblage.

The composition of the eclogite-forming fluid
can be estimated from heterogeneous phase equi-
libria occurring in each rock type. The high-pres-
sure assemblage in the metagabbros constrains
the maximum amount of CQO, in the fluid based
on the following reactions:

2Z0o+4CO,=

4 Arg + 3Ky + 3 Qtz + H,0O 17,
27Z0+3Jd+4CO,+2H,0=

4 Arg +3Pg +3 Otz (18),

combined with reactions (9), (10), (11) and
(12).

At equilibrium, the activity of H,O is con-
strained by the mineral assemblage to a small
P-T-X field (Fig. 9). The equilibrium Ab =Jd +
Qtz is independent of fluid composition and con-
strains the maximum activity of CO, by intersec-
tion with reactions (17) and (11) (Fig. 9). The
intersection of four surfaces representing reac-
tions (10), (11), (17) and (18) (all dependent on
fluid composition) limit the maximum activity of
CO, at low temperatures (Fig. 9). The presence of
Ky + Zo suggests a relatively low X, in the
metamorphic fluid (X0, < 0.25). Close to the
high-pressure limit the activity of CO, is even
lower (Xco, < 0.04). The Fe-Mg exchange be-
tween Cpx-Grt defines P-T conditions that are
consistent with the constructed P-T-X space and
helps to reduce the possible P-T-X space. Eclogite
assemblage formation is thus estimated to have
occurred under conditions of low Xco,.

In the absence of direct calibrations of the
reactions considered and despite experimental in-
consistencies (reviewed by MADER, 1991) com-
puted phase relations are used to explore the
P-T-X uncertainties. BRopiioLT and Woob (1993)
suggested that H,O under high-pressure is less
compressible than predicted by the HAAR et al.
(1984) equation of state. The standard state ther-
modynamic data in the database produced by
BERMAN and coworkers were retrieved using the
HaaARr et al. (1984) equation of state. Calculation
of the mineral reactions using other equations of
state obviously introduces discrepancies in the lo-
cation of the calculated equilibria and between
calculated and experimental curves, too. In order
to evaluate the influence of the models on the
P-T-X estimate, reaction (11) was computed as-
suming constant activities for all the phases ex-
cept H,O. Volumetric properties of water were
calculated both with a modified Redlich-Kwong
equation of state (KErrICk and Jacoss, 1981 and
with equations of Horranp and PoweLr, 1990,
1991; and HaAR et al. (1984). The maximum tem-
perature difference between the models is ~ 60 °C
at the given pressures (Tab. 1) and decreases to-
ward both lower and higher pressures, but Hor-
LAND and PoweLL (1990, 1991) and the HaAr et al.
(1984) equations give comparable results. Reac-
tion (17) was also computed in this way. The dif-
ferences are significant, but the HAAR et al. (1984)
equation shifts the equilibrium far away from the
other the two models (Tab. 3). The Kerrick and
Jacoss (1981) and HorLaND and PowgLL (1990,
1991) equations plot the equilibrium at too high a
temperature (otherwise Arg should be stable).
The influence of Zo activities on reaction (17)
was tested for a range of activities (from «,, = 1.0
to a,, = 0.8). The shift of the curve location in the
P-T-X space is negligible, and the thermodynamic
properties of the fluid phase have a more impor-
tant effect (Tab. 3).

The inferred results are considerably influ-
enced by the proposed solution models and equa-
tion of states, and a precise definition of the
P-T-X conditions is not possible. The high-pres-
sure fluid phase (already simplified to only two
components) introduces a degree in complexity
that should suggest caution before reaching con-
clusions concerning equilibria between solid and
fluid phases.

6. The P-T path and geological consequences
The proposed P-T-t path is affected by uncertain-

ties due to analytical errors, errors in solution
models and errors in the standard state thermody-
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Fig. 9 P-T-X CO, diagram for the eclogite assemblage observed in the Ky-Zo-bearing eclogites.

namic data, but a P-T-t trajectory can reasonably
be reconstructed for the GTM. The path is an
estimate of burial and unroofing processes and
appears compatible with present geological
knowledge (Fig. 10). The resulting P-T-t path im-
poses important constraints on the thermal struc-
ture of the lithosphere and the geodynamic evo-
lution of Central Europe. :

The only constraint on the burial path are
given by the prograde pseudomorphs after law-
sonite. They suggest that the pressure peak was
approached with a positive dP/dT slope. As in
other high-pressure terranes this slope is = 300-
350 °C/GPa. Zo-Ky-Qtz eclogites represent the

high-pressure  high-temperature assemblage.
Most probably the dehydrating sediments in the
subducted oceanic slab caused hydration in the
eclogites. Helium isotopes (work in progress) ex-
clude the possibility that mantle fluid flow was
responsible for the formation of Am Ia,Ib.

The increase in temperature during the eclo-
gite event suggests the end of the subduction
phase, followed by thermal relaxation. Increasing
temperatures during eclogitic metamorphism
have also been documented in the Silvretta nappe
(MaGGETTI and GALETT], 1988) and in Western
Norway (JamrvEerr, 1987). The subsequent heat-
ing probably caused a gravity instability that may
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Tab.3 Reaction2Zo+4C0O,=4 Arg+3Ky+3Qtz+
H,O (reaction 17 in the text) computed for different
activities of zoisite, using different routines for the
equation of state and fluid mixing models. The activities
for all the other solid phases are equal to 1.0. The mole
fraction of H,O is equal to 0.90 and the mole fraction of
CO, is equal to 0.10 (these values are arbitrary, but
consistent with the estimated fluid composition). The
reported values are rounded to the next multiple of 5.

3.0
P f‘:oa
(GP:S 470-460 Ma ////ﬁ
T s &
?: /
2.0

H,0, CO, and mixing model routines after KERRICK

and Jacoss (1981)
activity
OL(ZO) = 1.0

2.0 GPa
735 °C

1.5 GPa
645 °C

2.5 GPa
830 °C

H,O after Haar et al. (1984), CO, calculated for a

modified Redlich-Kwong equation for ideal mixing

of H,0O- CO,
activity
a(Zo) = 1.0

2.5GPa
770 °C

2.0GPa
660 °C

1.5 GPa
560 °C

H,0O, CO, and mixing model routine after HoLLAND
and PoweLL (1991)

activity
Q(ZO) = 1.0

2.5 GPa
820 °C

2.0 GPa
745 °C

1.5 GPa
670 °C

H,0,CO, and mixing model routines after KErRRICK
and Jacoss (1981)

activity 2.5 GPa 20GPa 1.5GPa
Ay =09  825°C 1251°C 640 °C
e =08  820°C 720 °C 635 °C

H,O after Haar et al. (1984), CO, calculated for a
modified Redlich-Kwong equation for ideal mixing of
H,0- CO,

activity 2.5 GPa 20GPa 1.5GPa
gy =09  765°C 655 °C 550 °C
Qze =08 760 °C 655 °C 545 °C

H,O, CO, and mixing model routine after HoLLAND
and PowerL (1991)

activity 2.5GPa 20GPa 15GPa
ez = 0.9 810 °C 740 °C 665 °C
Qg = 0.8 805 °C 730 °C 660 °C

have contributed to decompression of the Gott-
hard-Tavetsch massifs (GTM). The calculated

P-T conditions quantify the unroofing trajectory..

Pressure dropped by approximately 1.0 GPa
along a quasi-isothermal path, therefore the un-
roofing was rapid and tectonic processes are be-
lieved responsible for. The granulite event may
have been driven substantially by advective heat
generated by rapid uplift of the root of the colli-
sional belt.

The P-T conditions prevailing during the
granulite re-equilibration went far towards re-
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Fig. 10 P-T-t path of the Gotthard-Tavetsch massifs.
The granulite facies and migmatic event are marked by
the letters C and D, respectively. The garnet amphibo-
lite facies deformation event is evidenced by E and the
Late Ordovician intrusions by F. The last two events
may be in part coeval. The ages are from OBERLI et al.
(1993 a, b) and SErRGEEV and STEIGER (1993).

establishing a stable geothermal gradient. The
thermal instability suggests that the post granulite
unroofing occurred at the end of the same oro-
genic cycle. Nevertheless, the fact that in general
equilibrium was reached during the granulite
event suggest a temporary halt of the GTM in the
lower crust. The granulite event was coeval with
or was followed by migmatization of the metased-
iments. There is evidence that the partial melting
occurred in the high-pressure part of the silli-
manite field, since both sillimanite and kyanite
are described in migmatitic gneiss (ARNOLD,
1970). The unusual presence of kyanite in mig-
matitic gneiss supports the proposed evolution.
After solidification the leucosomes were folded
(garnet amphibolite facies conditions in the mafic
rocks), and crosscut by the Late Ordovician gran-
itoids, i.e. the intrusives are partially coeval with
this phase of deformation.

Thermal, tectonic and petrogenetic processes
are obviously aspects of the same geological
event. The presence of magmatism of supra-sub-
duction (island arc) affinity and the described in-
situ middle- to high-temperature eclogites suggest
that a rather large ocean was consumed. This
conclusion is in contradiction with several geody-
namic models (voN RAUMER and NEUBAUER, 1993
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with references therein) that consider opening
and closure of intracratonic sedimentary basins
and/or small intervening oceanic basins.

7. Conclusion

Mafic rocks occurring in the Helvetic basement
are useful tools in the reconstruction of the geo-
dynamic evolution of this part of the European
basement. The evidence discussed above strongly
suggest that it is possible to distinguish several
metamorphic events in the pre-Late Ordovician
history of the GTM. The strong retrograde over-
printing does not prevent the precise definition of
the regional P-T gradients during burial and sub-
sequent unroofing. Initial subduction is responsi-
ble for the formation of Lw-bearing eclogite.
Thermal relaxation produced middle- (to high-)
temperature eclogites. Rapid uplift generated the
granulite recrystallization and possibly caused
partial melting of the metasediments. Equilibrium
was achieved during the granulite event at scales
smaller than few centimeters. Therefore, P-T
conditions were derived only from phase compo-
sition measured at reaction sites. Deformation in
the garnet amphibolite facies also occurred dur-
ing the Ordovician, and orthogneiss intrusion (ca.
440 Ma) concluded the metamorphic cycle.

Blueschists and high-temperature eclogitic
terrains have long been considered related to dif-
ferent tectonic setting (COLEMAN et al., 1965;
SmuLikowskl, 1968). The evolution documented
here suggests that a continuous burial path linked
the two terranes. In several basements high-pres-
sure granulite relics (P = 0.8-1.1 GPa; T = 650
850 °C) are commonly observed as witnesses of the
oldest metamorphic event. The tectonic process re-
sponsible for such a metamorphism is still puzzling,
and the metamorphic evolution of the GTM may
suggest only one of the possible scenarios.

The integration of traditional field and micro-
structural observations with modern petrologic
techniques allowed to reconstruct the P-T-t path
of this metamorphic terrane. The applied tech-
nique looks quite promising in order to under-
stand complex polymetamorphic evolutions. This
approach offers a fundamental advantage over
the traditional approach, because the agreement
observed in the P-T-X conditions defined by dif-
ferent microstructural assemblages cannot be re-
lated to the thermodynamic data, but to the pres-
ence of equilibrium between the phase. The fast
and easy method available for P-T-X grid calcula-
tions makes it possible to test the inferred mineral
compositions. Therefore pseudomorphs may help
to reduce the P-T-X field of equilibration.
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