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Cooling History and Exhumation of Lower-
Crustal Granulite and Upper Mantle
(Malenco, Eastern Central Alps)

OTHMAR MÜNTENER∗, JÖRG HERMANN† AND
VOLKMAR TROMMSDORFF
INSTITUT FÜR MINERALOGIE UND PETROGRAPHIE, ETH ZÜRICH, CH 8092 ZÜRICH, SWITZERLAND

RECEIVED JULY 30, 1998; REVISED TYPESCRIPT ACCEPTED JULY 8, 1999

>0·3 GPa and cooling to >500°C, consistent with the pre-The Braccia gabbro of Val Malenco, Italian Alps, intruded 275 My
servation of the olivine+ tremolite+ talc assemblage in ultramaficago during Early Permian lithospheric extension. The intrusion
rocks. Estimated uplift rates of 1–2 mm/year indicate a 15–30 Mytook place along the crust–mantle transition zone and caused
exhumation related to Jurassic rifting. The two-stage retrogradegranulite metamorphism of lower-crustal and upper-mantle rocks.
path of the Malenco granulites separated by >50 My suggests thatThe magmatic crystallization of the gabbro was outlasted by ductile
Permian extension and Jurassic rifting are two independent tectonicdeformation, which is also observed in the other rocks of the
processes. The presence of hydrous, Cl-rich minerals at 600 ±crust–mantle transition. Two stages of retrograde metamorphism
50°C and 0·8 ± 0·1 GPa requires input of externally derivedfollowed. Mineral parageneses in garnet–kyanite gneiss, metagabbro,
fluids at the base of 30 km thick continental crust into previouslyand metaperidotite record a first stage of near-isobaric cooling under
dry granulites at the onset of Jurassic rifting. These fluids wereanhydrous conditions. The stabilized crust–mantle transition then
generated by dehydration of continental crust juxtaposed duringpersisted over a period of about 50 My into the Late Triassic.
rifting with the hot, exhuming granulite complex along a activeExhumation of the crust–mantle complex began with the onset of
shear zone.continental rifting during Early Jurassic. This stage of retrograde

metamorphism is recorded by near-isothermal decompression and
partial hydration of the granulitic mineral assemblages. The whole
crust-to-mantle complex was then exposed in the Tethyan ocean KEY WORDS: subcontinental lithospheric mantle; granulite; continental
near its Adriatic margin. The magmatic assemblage of the Braccia rifting; retrograde metamorphism; Malenco
gabbro formed at 1–1·2 GPa and 1150–1250°C. Microstructures
show that the gabbroic rocks evolved from olivine gabbros through
spinel to garnet granulite whereas the peridotites recrystallized within
the spinel peridotite field and the pelitic granulites remained in the INTRODUCTION
stability field of kyanite. Such an evolution is characteristic of In recent years, a great number of petrologic studies have
isobaric cooling after magmatic underplating. Granulitic mineral been carried out to determine the tectonic environment of
assemblages record cooling from 850°C to 650°C with de- granulite formation (e.g. Bohlen, 1987, 1991; Fountain,
compression to 0·8 ± 0·1 GPa, and dP/dT < >0·15 GPa/ 1989; Harley, 1989; Rudnick & Fountain, 1995). Harley
100°C. During later hydration, Cl-rich amphibole and biotite + (1989) proposed that the origin of granulites can be
plagioclase formed in the gabbros, clinozoisite + phengite + interpreted on the basis of their P–T paths. He dis-
paragonite ± staurolite ± chloritoid in the metapelites and tinguished between isothermally decompressed (ITD) and
olivine + tremolite + chlorite ± talc in the ultramafic rocks at isobarically cooled (IBC) granulites. IBC granulites are
metamorphic conditions of 0·9 ± 0·1 GPa and 600 ± 50°C. regarded as products of mafic underplating (e.g. Bohlen,

1991) and are interpreted as true lower crust (RudnickSubsequent retrograde metamorphism involved decompression of
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& Fountain, 1995). However, many of the granulite study area lies at the Penninic–Austroalpine boundary,
between the Pennine crystalline nappes and the lowerterrains that are considered as true lower crust are not

associated with a large mass of subcontinental upper- Austroalpine Margna nappe, which is composed of base-
ment rocks with their Mesozoic sedimentary cover.mantle rocks. For example, the Ivrea zone in northern

Italy is one of the largest lower-crustal sections in the The lower part of the Malenco–Forno unit consists of
serpentinized peridotite (the Malenco ultramafic rocks),world, but the associated upper-mantle rocks are small

lenses and may not represent the uppermost continental and of minor, less serpentinized, spinel lherzolite, garnet
clinopyroxenite, spinel websterite, dunite and harzburgitemantle (Quick et al., 1995). In this paper, P–T data are

presented for an exposed section from the lowermost (Müntener & Hermann, 1996). The ultramafic rocks are
continental crust to the uppermost subcontinental mantle overlain by continental crust that consists of kyanite–
in the Eastern Central Alps, in which mafic underplating garnet gneisses with local granitoid partial melt se-
occurred in Permian times (Müntener & Hermann, 1996; gregations, minor calcsilicate rocks and marbles. The
Hermann et al., 1997). These exposures provide us with ultramafic and granulite-facies rocks are welded by the
the ability to test tectonic concepts of isobarically cooled Braccia gabbro. The gabbro complex differentiated at
granulites. the transition between continental crust and underlying

Exhumation of granulite-facies lower-crustal rocks and mantle. It evolved from Mg to Fe gabbro to quartz
subcontinental peridotites is an important process, be- diorite and highly differentiated Fe–Ti–P-rich gabbros
cause the presence of such rocks along passive continental and diorites. Several dikes of gabbro within peridotite and
margins potentially provides information about how rift- granulite demonstrate that the Braccia gabbro intruded
ing processes operated in deeper parts of the lithosphere. mantle rocks as well as the lowermost crust (Müntener
The petrologic characterization of exposed lower-crustal & Hermann, 1996; Hermann et al., 1997). Single-zircon
and upper-mantle rocks is crucial for the interpretation U–Pb data from granitoid partial melts within the pelitic
of geophysical data of modern passive continental mar- granulites and the gabbro yield Permian ages that agree
gins, and hence for the development of tectonic models within the limit of uncertainty (Hansmann et al., 1996;
of rifting. Although there is increasing evidence from the Hermann et al., 1997). These data demonstrate that
Alps and from deep-sea drilling studies that sub- the Malenco rock association represents an undisturbed
continental peridotites were exhumed during rifting (Le- lower-crust to upper-mantle section, which was the crust-
moine et al., 1987; Piccardo et al., 1990; Hoogerduijn to-mantle transition in the Permian. The regional geo-
Strating et al., 1993; Trommsdorff et al., 1993; Boillot et logy, field relations, rock types, and a detailed map of
al., 1995; Rampone et al., 1995), the role and importance the study area have been presented by Müntener &
of the exposure of lower crust at passive continental Hermann (1996).
margins remains unclear. This paper presents a case In the western part of the Malenco unit, the ultramafic
study from the Alps (Malenco, Italy; Fig. 1) in which lower rocks are cut by ophicarbonate zones and by mid-ocean-
crust (i.e. mafic and pelitic granulites) and subcontinental ridge-like basaltic dikes of the Forno ‘ophiolite’ suite (Fig.
peridotites have been exhumed. We use microstructures 1). Rodingitization of mafic dikes and ophicarbonate
and thermobarometric data to show that Permian gran- breccias bears a marine stable isotope signature (Burkhard
ulites underwent anhydrous, near-isobaric cooling fol- & O’Neill, 1988; Pozzorini & Früh-Green, 1996) in-
lowed by hydrous, near-isothermal decompression and dicating that metamorphism and metasomatism took
exhumation on the Tethyan sea-floor. Subsequent hy- place in an oceanic environment. The Forno unit itself
dration reactions constrain rifting and uplift models. consists of metamorphosed basalt with locally preserved
Although the study area is much smaller than the Ivrea pillow lavas and breccias (Montrasio, 1973), which are
zone and also more heavily overprinted by Alpine col- overlain by a metasedimentary sequence of presumably
lisional metamorphism, it has preserved some original Jurassic age (Peretti, 1985). In Jurassic time, the Margna,
contacts between mantle and crustal rocks since the Malenco and Forno units formed the transition from the
latest Paleozoic (Trommsdorff et al., 1993; Müntener & Adriatic continental margin to the Piemont Ligurian
Hermann, 1996; Hermann et al., 1997). This feature ocean, with a geometry similar to the present-day margin
is consistent with the observation that granulites and of Galicia (e.g. Boillot et al., 1995). The Malenco ultra-
peridotites followed the same P–T evolution from Early mafic rocks were a denuded subcontinental mantle frag-
Permian on. ment of the Adria lithosphere (Trommsdorff et al., 1993;

Hermann & Müntener, 1996).
The geological background provides rigid boundary

conditions on the pre-Alpine retrograde metamorphic
GEOLOGICAL BACKGROUND evolution of the studied rocks: (1) the rocks represent a

former crust-to-mantle transition and thus peridotites,The Malenco area is located at the boundary between
southeastern Switzerland and northern Italy (Fig. 1). The gabbros and pelitic granulites must have a common
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Fig. 1. Outline tectonic map of the Penninic–Austroalpine boundary in Val Malenco (northern Italy). Inset in the upper right corner shows
the location of the study area in the Eastern Central Alps. Frame outlines Fig. 2, where rocks with pre-Alpine parageneses are exposed.

evolution; (2) the Permian crystallization age of the Brac- distinction of assemblages produced by Alpine meta-
morphic overprinting of pre-Alpine assemblages. Pre-cia gabbro (Hansmann et al., 1996) indicates that the
Alpine minerals are found within areas of minor Alpineretrograde metamorphism is younger than Permian; (3)
deformation and hence minor fluid access (Fig. 2).the rocks were exhumed in Jurassic time and were situated

at the Adriatic continental margin.
During the Alpine orogeny, the Malenco unit was

Textures related to the retrogradeincorporated into the Alpine nappe stack during the
metamorphism of the Braccia gabbroUpper Cretaceous (Müntener et al., 1997), and most of the
The major primary minerals of the Braccia gabbro aresamples recrystallized under Alpine epidote–amphibolite-
two pyroxenes and plagioclase, with minor and variablefacies conditions (about 0·5–0·7 GPa and 450–500°C:
amounts of olivine, Ti-pargasite, spinel and ilmenite.Guntli & Liniger, 1989; Hermann, 1997). Despite this
Retrograde reactions were initially anhydrous, but wereAlpine metamorphism, several lenses around Mt Braccia
followed by hydrous recrystallization. Coronas with an-(Fig. 2) preserved pre-Alpine, high-grade assemblages
hydrous assemblages are consistently developed betweenthat allow study of the pre-Alpine metamorphic evolution
olivine and plagioclase. However, because olivine is aof the Malenco rocks.
minor phase, there are only a few samples with well-
developed anhydrous coronas. Coronas with hydrous
assemblages occur in all gabbros and are found between
ilmenite and plagioclase, and pyroxene and plagioclase,PETROGRAPHY OF PRE-ALPINE respectively.

METAMORPHIC ASSEMBLAGES
Granoblastic equilibrationThe succession of pre-Alpine mineral assemblages shows

a clear order of decreasing metamorphic grade (Tables After crystallization the magmatic assemblage of the
Braccia gabbro underwent ductile deformation and1–3). Textures and mineral compositions allow a clear

177



JOURNAL OF PETROLOGY VOLUME 41 NUMBER 2 FEBRUARY 2000

Fig. 2. Simplified geologic map of the study area, modified after Müntener & Hermann (1996). Pattern for pre-Alpine mineralogy refers to
areas with granulite-facies rocks. Locations of samples reported in this study are indicated by dots.

recrystallization under granulite-facies conditions. Most Garnet–two-pyroxene coronas
of the minerals now form polygonal granoblasts which Two-pyroxene + spinel corona structures show over-
partly replaced magmatic textures (Fig. 3a). Granoblasts growths of two-pyroxene + garnet corona structures.
lack compositional zoning, which is evidence for equi- Garnet grains occur either as subidioblastic single grains,
librium during granulite-facies metamorphism. which are in contact with orthopyroxene and clino-

pyroxene next to plagioclase, or as anhedral–poikilitic
grains that enclose vermicular spinel (Fig. 3b). Such

Spinel–two-pyroxene coronas coronas are typical of many metagabbros and mafic
Typical features of the coronas between olivine and granulites and are thought to be formed by solid-state
plagioclase are: (1) small neoblasts of orthopyroxene, reactions along retrograde, near-isobaric cooling paths
clinopyroxene and spinel, which are found between ol- (e.g. Griffin & Heier, 1973; Whitney & McLelland, 1973;
ivine and plagioclase grains (Fig. 3b); orthopyroxene, the Johnson & Carlson, 1990).
most abundant phase, borders the olivine grains; (2)
pyroxene grains contain abundant, micrometer-scale in-

Garnet amphibole coronasclusions of wormy spinel (Fig. 3b), which formed by
subsolidus co-precipitation of spinel and pyroxene, rather In some olivine gabbros, the anhydrous coronas are
than by exsolution of spinel from Al-rich pyroxene. In overgrown by ones that contain amphibole + garnet
gabbros with olivine and ilmenite, spinel + pyroxene- (Fig. 3b). These coronas are found at the contacts between

spinel + garnet coronas and plagioclase that containsbearing coronas are also present around ilmenite.
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Table 1: Mineral assemblages in the Braccia gabbro; numbers refer to different

generations of minerals given in Table 4

acicular inclusions of clinozoisite. Amphibole needles which form a continuous network along former grain
boundaries of pyroxene and plagioclase (Fig. 3d). Somehave clearly overgrown clino- and orthopyroxene. Idiom-

orphic garnet, which is rarely found in the corona am- olivine grains have been replaced by tremolite and talc.
In rocks with only weak Alpine deformation, fine-grainedphibole matrix, shows straight grain boundaries (Fig. 3b).
amphibole is surrounded by amphibole grains that are

Biotite amphibole coronas aligned in the Alpine foliation. This is evidence of the
pre-Alpine nature of pseudomorphic replacement of pyr-Coronas of amphibole + biotite separate plagioclase
oxenes by amphibole.from ilmenite, Ti-pargasite and biotite in Fe-rich me-

tagabbros. The corona minerals are in textural equi-
librium with plagioclase and clinozoisite. In gabbros that
display garnet+ amphibole coronas, some garnet grains

Textures related to the retrogradeare overgrown by biotite, which indicates that the latter
metamorphism of the Malenco peridotitemineral is part of a later-stage corona. However, biotite,

amphibole and garnet appear to be in textural equi- The Malenco peridotite equilibrated under conditions of
librium in some coronas in ilmenite-rich metagabbros the spinel peridotite facies before the intrusion of the
(Fig. 3c). Braccia gabbro (Müntener, 1997). Its early retrograde

mineral assemblages are mainly anhydrous. With the
Pseudomorphic textures related to low-grade hydration ingress of fluid, original contacts among olivine, spinel

and pyroxene have been overgrown and partly replacedPseudomorphic replacement of pyroxene by a fine-
by coronas that contain hydrous phases, which are de-grained aggregate of amphibole is pre-Alpine, but it post-

dates the formation of biotite + amphibole coronas, scribed in this section.
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Table 2: Mineral assemblages in the Malenco peridotite; numbers refer to different

generations of minerals given in Table 5

Table 3: Mineral assemblages in pelitic granulite; numbers refer to different

generations of minerals given in Table 6
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Fig. 3. Photomicrographs and back-scattered electron (BSE) images of gabbro microstructures. Mineral abbreviations are after Kretz (1983).
(a) ‘Primary’ texture of clinopyroxene (cpx), orthopyroxene (opx), plagioclase (pl), ilmenite (ilm), spinel (spl) and olivine (ol) in sample L-F 107.
(b) Polyphase corona between olivine (lower right corner, outside the image) and plagioclase. The first corona consists of orthopyroxene,
clinopyroxene and vermicular spinel (spinel granulite). Spinel has been replaced by garnet (grt) and two pyroxenes (garnet granulite). Between
garnet+ two-pyroxene coronas and plagioclase, idiomorphic garnet (grt) is in equilibrium with pargasite (garnet amphibolite). The latter always
has overgrown pyroxene. Small clinozoisite (czo) needles occur within plagioclase. Sample B-F7. (c) Ilmenite is partly bordered by garnet, which
shows equilibrium textures with a mixture of biotite (bt) and amphibole (am). Sample B-F219. (d) Pseudomorphic amphibole after orthopyroxene.
It should be noted that the hornblende–biotite corona has been preserved. Plagioclase (An50) contains clinozoisite needles. Sample Fed 25.
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transmission electron microscopy (HRTEM) study of ValGranoblastic equilibration
Malenco antigorite. The chrysotile may represent low-Small neoblasts of olivine, orthopyroxene, clinopyroxene,
temperature, ocean-floor metamorphism.spinel and Ti-pargasite form mortar structures around

large, preexisting mantle minerals (Fig. 4a). No peridotite
sample appears to have been completely recrystallized
during the granoblastic equilibration. Most grain bound- Textures related to the retrograde
aries among the neoblasts are straight (Fig. 4b), and metamorphism of metapelites
neoblastic minerals vary little in their compositions. The granulite-facies paragenesis of the metapelites con-

sists of garnet, kyanite, plagioclase, quartz, ilmenite and
Chlorite–amphibole coronas and pyroxene pseudomorphs minor biotite (Fig. 5a). Subsequent anhydrous re-

crystallization is characterized by: (1) pseudomorphs ofThe transition from anhydrous to hydrous parageneses
fibrous kyanite after large kyanite grains (Fig. 5b); (2) theis best recorded in the corona structures of undeformed
formation of rutile rims around ilmenite coexisting withperidotites. Depending on the microstructural site, three
garnet and plagioclase; (3) the large (up to 2 cm) homo-different corona parageneses are observed:
geneous garnets that formed during granulite-facies meta-(1) orthopyroxene, olivine and spinel have been re-
morphism, which display a composite retrograde rimplaced by radial chlorite, by chromite and by amphibole
of >0·2 mm thickness. Rarer small (0·2 mm diameter)in three zones (Fig. 4c). Near Al-rich spinel, a small zone
idiomorphic garnet grains also formed during anhydrousof symplectitic intergrowth of chromite and chlorite (zone
recrystallization.A) lies within a radial, monomineralic corona of chlorite

Many pelitic granulites show evidence for subsequent(zone B). Close to orthopyroxene, chlorite occurs along
hydrous recrystallization. In kyanite-bearing rocks, pla-with acicular tremolite (zone C).
gioclase has been replaced by clinozoisite, paragonite(2) Chlorite + amphibole coronas have been found
and minor phengite (Fig. 5c). Contacts between garnetalong grain boundaries between ortho- and clino-
and kyanite have been overgrown by a fine-grainedpyroxene. Olivine is absent. In more hydrated rocks,
aggregate of chloritoid, paragonite and rare staurolite.these amphibole + chlorite coronas connect in a three-
Rare chloritoid forms idiomorphic needles that coexistdimensional network around pyroxene grains.
with kyanite and paragonite (Fig. 5d). These hydrous(3) Pseudomorphic replacement of orthopyroxene by
parageneses are found only in rocks without Alpineolivine + talc ± tremolite ± chlorite (Fig. 4d) post-
deformation and differ from the parageneses that formeddates the formation of amphibole + chlorite coronas.
during Alpine metamorphism (Table 3).Talc is found in intergrowths with minor tremolite and

chlorite.
Strongly recrystallized and deformed samples show

an assemblage of olivine + amphibole + chlorite +
MINERAL CHEMISTRYferrichromite± ilmenite (Fig. 4e). Symplectites of chro-
From a total of about 40 samples studied by electronmite + colorless clinochlore have been replaced by
microprobe, 5–11 samples per rock type were chosen forferrichromite and pale brown, Cr-rich pennine. Pseudo-
detailed mineral chemistry. They were selected on themorphic replacement of pyroxene by olivine + am-
basis of textural relationships in which pre-Alpine min-phibole post-dates the formation of chlorite+ amphibole
erals clearly could be distinguished from Alpine meta-coronas, which are arranged in a network along the
morphic assemblages. Representative analyses are givenformer grain boundaries of clino- and orthopyroxene.
in Tables 4–6, together with analytical procedures and
mineral calculation schemes.

Pseudomorphic textures related to low-grade hydration

During Alpine metamorphism, most of the peridotite
was replaced by antigorite serpentinite. However, some

Braccia gabbroundeformed parts of the peridotite unit preserve a texture
typically found in hydrothermally altered peridotite. In Clino- and orthopyroxene show a systematic decrease of

Al and Na, and a concomitant increase in mg-number,such rocks, olivine has been replaced by a mesh of
serpentine (Fig. 4f ). Fibrous serpentine veins partly cut which are correlated with the transition from granular

granulite through spinel to garnet granulite coronas (Fig.completely altered orthoyproxene. The centers of most
such veins are filled with oxide minerals. The serpentine 6). Garnet varies considerably in its composition, both

between different grains and, in many cases, within single± Fe-oxide assemblage was evidently recrystallized to
antigorite during Alpine metamorphism (Fig. 3f ). Relics grains. For example, garnet in textural equilibrium with

orthopyroxene is richer in pyrope and lower in grossularof chrysotile overgrown by Alpine antigorite were re-
ported by Mellini et al. (1987) in a high-resolution content than garnet that shows textural equilibrium with
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Fig. 4. Photomicrographs and BSE images of peridotite microstructures. (a) Porphyroclastic texture, in which large porphyroclasts of olivine,
clinopyroxene, orthopyroxene and spinel are surrounded by small neoblasts of the same minerals in sample L-UM 216. (b) Textural equilibrium
of olivine, orthopyroxene and clinopyroxene. Amphibole and chlorite have partly replaced neoblasts in sample L-UM 216. (c) Chlorite corona
between spinel and orthopyroxene. The outermost opaque rim consists of symplectitic intergrowth of chromite and chlorite. Tremolitic amphibole
has replaced orthopyroxene. It should be noted that the former orthopyroxene–spinel contact is indicated by two varieties of chlorite. Sample
L-UM 112. (d) Breakdown of orthopyroxene to olivine + talc (tlc) ± chlorite ± tremolite (tr). Talc and chlorite show poorly polished surfaces.
Sample L-UM 226. (e) Equilibrium texture among olivine, amphibole, chlorite and ilmenite. The coexistence of olivine and ilmenite should be
noted. Sample Or-UM 224. (f ) Radial antigorite (atg) that has overgrown low-grade (oceanic) serpentine (serp). Sample P-UM 103. The small
oxide mineral trails included in antigorite grain should be noted (mg-numberatg > mg-numberserp).
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Fig. 5. Photomicrographs and BSE images of metapelite samples. (a) Granulite-facies paragenesis in metapelites. Large kyanite (ky1) coexists
with garnet (grt1), biotite (bt) and quartz (qtz) in sample P-FS 108. (b) Kyanite has been replaced by fibrous kyanite (ky2) in sample G-FS 302.
(c) Textural equilibrium among kyanite, chloritoid (ctd), and paragonite (pg) in sample G-FS 208. (d) Decomposition of plagioclase (pl) to
paragonite, clinozoisite (czo) and phengite (phe) in sample G-FS 207.

clinopyroxene (Fig. 7). Garnet that appears to coexist and that which has overgrown olivine is an almost Al-
free tremolite. Most analyzed amphibole and biotitewith amphibole is richest in almandine content (Fig. 7).

The Ca/Mg ratio of that garnet varies according to its grains contain significant amounts of Cl, which is highest
in the texturally earliest corona amphibole of only weaklypredecessor pyroxene.

Apart from a variation in mg-number of amphibole retrogressed granulites (Table 4). Amphibole and biotite
in completely hydrated metagabbros show much lowerrelated to bulk-rock chemistry, there is an overall trend

of decreasing Al and alkali content (Fig. 8) within a single Cl contents.
The composition of pre-Alpine amphibole differssample from garnet + amphibole coronas to biotite

+ amphibole coronas to amphibole pseudomorphs of clearly from amphibole formed during Alpine meta-
morphism (Fig. 8). Some tremolite that has replacedpyroxene. The microstructural site strongly controls the

chemical composition of pseudomorphic amphibole. Am- olivine shows prograde zoning towards barroisitic horn-
blende, which is typical of peak Alpine metamorphismphibole that has replaced clinopyroxene displays TiO2

and Al2O3 contents similar to those of its predecessor (Guntli & Liniger, 1989). This provides evidence that the
corona amphibole formed during pre-Alpine hydration(Table 4). In contrast, amphibole that has replaced

orthopyroxene displays low TiO2 and Al2O3 contents, of the gabbros.
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Fig. 6. Mineral composition of clinopyroxene and orthopyroxene in sample B-F 7. The Al content of pyroxene (cations per formula unit)
decreases with increasing mg-number.Φ, coarse granular (primary) pyroxene; Ο, pyroxene related to spinel–two-pyroxene corona;Β, pyroxene
related to garnet–two-pyroxene corona.

Fig. 7. Garnet composition in sample B-F 7. Mg-rich garnet grains Fig. 8. Compositional variation of amphibole, after Laird & Albee
are in textural equilibrium with orthopyroxene (Ο ), whereas garnet (1981). The fields of ‘high-pressure amphiboles’ (hp, dashed line),
grains in textural equilibrium with clinopyroxene (Χ) show higher Ca ‘medium-pressure amphiboles’ (mp, dashed–dotted line) and ‘low-
contents. Garnet grains that coexist with amphibole (Φ) have a higher pressure amphiboles’ (lp, dotted line) are indicated. Amphiboles from
almandine component and correspondingly lower Ca and Mg. Con- different retrograde stages (Φ, garnet amphibolite coronas; Η, biotite
tinuous line connects points from probe traverses through corona amphibolite coronas;Β, pseudomorphic textures) plot in the plagioclase
garnet: (1) garnet between clino- and orthopyroxene; (2) garnet between field. Amphibole grown during Alpine metamorphism (•) is given for
orthopyroxene and amphibole. Isotherms are calculated with the Ellis comparison. The ‘oligoclase isograd’ (Laird & Albee, 1981) separates
& Green (1979) thermometer using clinopyroxene Cpx3 (Table 4) for pre-Alpine from Alpine amphibole. +, Amphiboles grown during
the garnet granulites (EG, long-dashed lines). Garnet amphibolite Oligocene contact metamorphism.
isotherms are calculated with the Graham & Powell (1984) thermometer
using Am1 (Table 4) as coexisting amphibole (GP, short-dashed
lines).

(Müntener, 1997). Orthopyroxene shows a two-fold
decrease in Al with respect to its mantle counterpart.

Malenco peridotite Iron/magnesium ratios vary with bulk-rock composition,
coexisting minerals and temperature. For example, theMetamorphic clinopyroxene exhibits a two-fold decrease
KD

Fe–Mg between olivine and clinopyroxene increasesin Al and a two- to four-fold decrease in Cr and
Ti compared with the primary mantle assemblages from spinel peridotite assemblages to granulite-facies
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Fig. 10. Compositional variation of amphibole in Malenco ultramafic
rocks. Open crosses, Mg-hornblende interstitial to olivine and pyr-
oxenes; half-shaded diamonds, tremolite pseudomorphs after clino- and
orthopyroxene; Β, dynamically recrystallized tremolite in pressure
shadows of clinopyroxene porphyroclasts. Arrow indicates core-to-rimFig. 9. Distribution of Mg and Fe between olivine and coexisting Ca
zoning. (See text for discussion.)phases during pre-Alpine retrograde metamorphism of the Malenco

ultramafic rocks. Ε, Olivine and clinopyroxene porphyroclasts; Ο,
olivine II and clinopyroxene granoblasts; Χ, olivine III and tremolite;
Α, olivine and diopside of Alpine metamorphic assemblages
(Trommsdorff & Evans, 1972). Dashed lines are third-order polynomial
fits, which pass through the origin and the point (1,1). Minerals from
the same sample are connected with a line. Samples L-UM 112, 212,
216 and 400 are ‘granular’ peridotites with little pre-Alpine retrograde
recrystallization, and sample Or-UM 224 is a porphyroclastic peridotite,
strongly recrystallized to amphibolite-facies parageneses.

neoblasts (Fig. 9). During the transition from clino-
pyroxene to amphibole, the Fe/Mg of associated olivine
remains constant.

Amphibole formed during retrograde metamorphism
varies from Mg-hornblende to tremolite (Fig. 10). It is
present as corona grains, as pseudomorphs after pyroxene
or as dynamically recrystallized grains in the pressure
shadows of pyroxene porphyroclasts. In the last case it is
Na-rich, Al-poor tremolite (Table 5). The high calculated
Na(M4) of dynamically recrystallized amphibole is not

Fig. 11. Spinel composition in the ternary diagram Al, Cr and Fe3+.balanced by trivalent octahedral cations, but by extra
Spinel composition changes from Al rich to Cr rich during the transitionNa+ K on the A-site (Fig. 10), indicative of a richterite
from granulite (spinel peridotite) facies to upper amphibolite facies

substitution NaANaM4CaM4
–1, and possibly recording rel- conditions. During further retrograde metamorphism ferrichromite is

stable with olivine, amphibole and Cr-rich chlorite. Magnetite formedatively high pressure during retrograde metamorphism.
at low-grade conditions, and during Alpine, greenschist-facies meta-The compositions of spinel correlate with decreasing
morphism.

metamorphic grade. The granulite to amphibolite trans-
ition is dominated by the exchange FeCr(MgAl)–1 (Fig.

and shows an antithetic variation with Cr content (Table11), but TiO2 and MnO increase and NiO decrease
5).(Table 5), as a result of equilibrium with chlorite. With

more complete retrogression the spinel is ferrichromite,
and coexisting chlorite becomes richer in Cr. Chlorite

Metapelitesthat coexists with chromite is distinctly higher in Al2O3

than chlorite that coexists with amphibole (Table 5). The Part of the mineral compositions of metapelites have
already been published by Hermann et al. (1997) andAl content of chlorite decreases with metamorphic grade,
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are reported here for completeness of the retrograde in Ca towards the rim (grt4). In the hydrous corona
between kyanite and garnet, rare grains of staurolite andmetamorphic evolution (Table 6). The change in garnet
chloritoid record mg-numberctd > mg-numbergrt > mg-composition is the best documentation for retrograde
numberstau.metamorphism in the metapelites. High-pyrope garnets

(Py37) have composite rims of grt2 and grt3. Grt2 is
characterized by a decrease in Mg at constant grossular
content. The transition to grt3 is marked by a significant

Summary of microstructures and mineralCa increase. Small neoblastic garnets in the matrix have
chemistrygrt3 composition and are also zoned, with an increase
Combining all petrographic and mineral chemistry data,
the microstructures suggest that anhydrous re-
crystallization in all rock types preceded widespread
hydrous recrystallization, and that the Malenco rocks
underwent two successive metamorphic P–T paths. The
first of these was dominated by near-isobaric cooling
under anhydrous conditions, which is best documented
in the gabbros and granulitic metapelites. Pyroxene com-
position is related to the transition from olivine gabbro
through spinel to garnet granulite, which is characteristic
of isobarically cooled gabbros (e.g. Whitney & McLelland,

Fig. 12. P–T diagrams for the mafic, ultramafic and pelitic rocks of
the Malenco area. Estimated errors are±50°C,±0·1 GPa for exchange
thermometers and barometers, and ±25°C for net transfer reactions.
(a) Compiled P–T diagram for the Braccia gabbro. Temperatures: (1)
Caroll Webb & Wood (1986); (2) Wood & Banno (1973); (3) Wells
(1977); (4) Ellis & Green (1979); (5) Graham & Powell (1984); (6)
Pownceby et al. (1987). Pressures: (7) Newton & Perkins (1982); (8)
Moecher et al. (1988); (9) Kohn & Spear (1989) (Mg); (10) Kohn &
Spear (1989) (Fe); (11) Herzberg (1978); (12) Ito & Kennedy (1971).
The reaction curves A and B qualitatively show the transition from ol
+ pl through spinel to garnet granulite. (b) Petrogenetic grid for a
portion of the system CaO–FeO–MgO–Al2O3–SiO2–H2O, calculated
with Vertex (Connolly 1990), using the database of Berman (1988) for
the minerals antigorite (Atg), olivine (Ol), enstatite (En), anthophyllite
(Ath), talc (Tlc), chlorite (Chl), anorthite (An), diopside (Di), tremolite
(Tr) and spinel (Sp). (Note different scale on T axis.) Water activity
was assumed to be unity. Additional calculations (not shown) with a

H2O = 0·5 result in a temperature decrease of >50°C for reactions
involving H2O, but leave the topology unchanged. Dashed curves
correspond to olivine-absent reactions. Phase relations involving garnet
are not shown. Curves are labeled by the appropriate reaction equations,
with the high-temperature assemblage on the right. mg-numbers used
in the calculation as listed in Table 5. The mg-number of anthophyllite
is 0·88, typical of retrogressed ultramafic rocks from the Central Alps.
The arrow corresponds to retrograde metamorphism of the Malenco
ultramafic rocks. The breakdown of orthopyroxene to olivine + talc
± chlorite ± tremolite instead of anthophyllite indicates relatively
high pressure during retrograde hydration. (c) P–T diagram for Malenco
metapelites, modified after Hermann et al. (1997). Temperatures: (1)
Grt–Ilm (Pownceby et al., 1987); (2) Grt–Bt: (a, Hodges & Spear, 1982;
b, Ferry & Spear, 1978); (3) Grt + Ky + H2O → Ctd + St + Qtz
and (4) Pl + Ky + H2O → Pg + Czo + Qtz, both calculated with
Vertex (Connolly, 1990) with database of Holland & Powell (1990).
Pressures: (5) Ky–Sil (Holdaway, 1971); (6) Fe–Mg in Grt (Spear &
Cheney, 1989); (7) GASP (Ghent, 1976) with parameters of Newton &
Haselton (1981); (8) GRIPS (Bohlen & Liotta, 1986) with parameters
of Hodges & Spear (1982) and Hodges & Royden (1984); (9) stability
field of czo+ pg, calculated with Vertex (Connolly, 1990) with database
of Holland & Powell (1990). Grt 1–4 as given in Table 6. Shaded band
outlines stability field for the paragenesis Czo + Pg. Shaded arrow
indicates P–T path of metapelites.
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1973; Bohlen, 1987; Johnson & Carlson, 1990). Near- temperature difference of more than 300°C between the
formation of ‘primary’ minerals and of anhydrous coronaisobaric cooling is also documented in the metapelites

by recrystallization of kyanite, the increase of grossularite grains, the Braccia gabbro maintained the five-phase
assemblage ol+ pl+ cpx+ opx+ spl. This assemblagecontent of garnet that coexisted with plagioclase and

kyanite, and the transition of ilmenite to rutile (Bohlen has a limited pressure stability of 1·0–1·35 GPa (e.g.
Green & Ringwood, 1967). At lower pressures, olivine& Liotta, 1986). The ultramafic rocks recrystallized from

spinel to chlorite peridotite, above the spinel- to pla- and plagioclase are stable instead of clinopyroxene, or-
thopyroxene and spinel, and at higher pressures, garnetgioclase-facies transition, which is consistent with cooling

at only a moderate pressure decrease. The subsequent + olivine should be present, which is not the case.
retrograde metamorphism is characterized by near-iso- This suggests that between the temperatures of intrusion
thermal decompression under hydrous conditions. Hy- (>1150–1250°C) and of spinel + pyroxene corona
dration reactions in all rocks partly overprinted the formation (>800–850°C), the olivine gabbros cooled
anhydrous assemblages. Variations in composition of nearly isobarically within the five-phase stability field.
amphibole in the presence of plagioclase (An30–40) in mafic Pyroxene and spinel compositions changed towards
rocks (Laird & Albee, 1981), and the stability of olivine CMAS and MAS end members, respectively (Fig. 6),
+ tremolite in ultramafic rocks (see Fig. 12b below) which is also consistent with isobaric cooling.
are the most reliable indicators for decompression at Orthopyroxene–spinel–olivine (Caroll Webb & Wood,
temperatures of the amphibolite facies. 1986) and two-pyroxene thermometry (Brey & Köhler,

One of the most serious drawbacks for a quantitative 1990) for the peridotites record a temperature of 750±
determination of retrograde metamorphism is the lack 50°C, which is about 200°C lower than the temperature
of complete re-equilibration of the rocks. Despite this, obtained from large porphyroclastic mantle minerals
chemical equilibrium was probably approached at con- (Müntener, 1997). This temperature overlaps with those
tacting grain boundaries in coronas that show textural estimated for the granulite-facies metamorphism of me-
equilibrium, but obviously not at the scale of a whole tapelites (Hermann et al., 1997), but is slightly lower than
thin section. This is shown by the chemical zoning those obtained from the gabbros.
of garnets in metagabbros (Fig. 8) as discussed below. At temperatures of 800 ± 50°C, pressure estimates
However, Johnson & Carlson (1990) have shown that for the granulite-facies metamorphism are constrained
coronas probably maintain local equilibrium, and there- by the presence of kyanite and the composition of garnet
fore P–T estimates on the basis of corona mineral chem- in the pelitic granulites to about 0·9–1·1 GPa (Hermann
istry can be obtained. In the following discussion, we et al., 1997).
present P–T estimates by combining relevant mineral (3) The P–T estimates for the last anhydrous equi-
chemistry information with conventional therm- libration are based on mineral equilibria in metapelites
obarometers from all three rock types. and metagabbros and are estimated as 550–650°C and

0·7–0·9 GPa. For the garnet + clinopyroxene coronas
in the metagabbros, the Ellis & Green (1979) thermometer
yields temperatures between 660 and 600°C (Fig. 7)

P–T ESTIMATES FROM MINERAL within one sample. Although the garnets display a large
CHEMISTRY compositional variation depending on the microstructural

site, calculated temperatures cover a restricted rangeThe following P–T estimates for the Malenco rocks were
(Fig. 7). From this we suggest that local equilibrium wasobtained and are compiled in Fig. 12a–c (see caption for
achieved. A similiar temperature of 580–640°C has beenreferences):
calculated for sample L-F 107, which has a higher bulk(1) the gabbro crystallized at 1·0–1·2 GPa and
mg-number. Because the amount of Fe3+ in clinopyroxene1150–1250°C. This estimate is based on the magmatic
was not determined, calculated temperatures might beassemblages of plagioclase, pyroxenes, Al-rich spinel and
several tens of degrees on the high side (i.e. >20°Colivine. The temperatures are close to the dry solidus of
for Fe3+/Fetot = 0·1). Olivine–spinel thermometry inbasalt (1200–1300°C; Green & Ringwood, 1967).
peridotites yields equilibration temperatures of 600 ±(2) Granulite-facies conditions are recorded by all three
50°C, which overlap with those obtained from me-rock types, and are estimated as 750–850°C and 0·9–1·1
tagabbros.GPa. Temperature estimates in the gabbros are based

In the metapelites the assemblage garnet–on spinel–pyroxene coronas and coexisting pyroxenes.
kyanite–plagioclase–quartz (GASP, Ghent, 1976) in-Orthopyroxene–olivine–spinel thermometry (Caroll
dicates pressures of 0·8–1·0 GPa at 600°C, using grt4, pl2,Webb & Wood, 1986) yields a temperature of >850°C,
and unit activity for kyanite and quartz. The formation ofabout 300°C lower than that for ‘primary’ grains. Two-
garnet–pyroxene coronas in mafic rocks is consistentpyroxene thermometry, applied to both groundmass and

corona grains, yields values around 800°C. Over the with the pressures obtained from the metapelites. The
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equilibrium among garnet, plagioclase, orthopyroxene by the assemblage garnet–amphibole–plagioclase–quartz
(Kohn & Spear, 1989), which indicates a maximumand SiO2 can be used here to estimate only maximum

pressures because the activity of SiO2 is <1. The cal- pressure of 0·6 ± 0·2 GPa. Despite the large un-
certainties, the P–T data are at least good qualitativeibrations of Newton & Perkins (1982) and of Moecher et

al. (1988) both give similar maximum pressures of about indications for the P–T evolution. The coexistence of
plagioclase and amphibole indicates that retrogression0·8 ± 0·15 GPa, at 650°C.

(4) Isotherms calculated for garnet + amphibole co- occurred under amphibolite-facies conditions. The
change of amphibole composition reflects decompressionronas in metagabbros (Graham & Powell, 1984) yield a
(Fig. 8). Compositions of amphibole from garnet am-temperature of 600 ± 20°C, somewhat lower than for
phibolite samples overlap with values for the ‘medium-the garnet+ pyroxene coronas. A temperature of 610°C
pressure field’ of Laird & Albee (1981), whereas thosefor the hydration in the metapelites was calculated from
from biotite amphibolite samples are lower in Na(M4)the equilibrium involving garnet, kyanite, chloritoid, stau-
and overlap the ‘low-pressure field’ of Laird & Albeerolite and quartz, which is univariant in FMASH. A
(1981). The presence of plagioclase indicates that tem-temperature of >600°C, for the equilibrium reaction of
peratures are higher than >520°C (the ‘oligoclase iso-kyanite, plagioclase, clinozoisite, paragonite and quartz,
grad’), and thus exceed the maximum temperatures thatwas calculated for the hydration of plagioclase in kyanite-
were reached during Alpine metamorphism under whichbearing metapelites.
albite was stable (Fig. 8). In ultramafic rocks olivine andA temperature estimate of >600°C is consistent with
tremolite were stable during the retrograde evolution,olivine + talc replacement of orthopyroxene in ultra-
which is consistent with decompression at temperaturesmafic rocks. These temperatures are considerably lower
of 500–600°C (Fig. 12b).than those calculated for ol + en + spl → chl and opx

+ cpx→ ol+ tr in Fig. 12b. Olivine–spinel thermometry
(e.g. O’Neill & Wall, 1987), on the other hand, indicates
that cooling under anhydrous conditions reached Conclusions from thermobarometry
>600°C, consistent with data from metagabbros and The estimate of absolute pressure and temperature con-
metapelites. We conclude that major hydration in the ditions of the Malenco rocks involves errors that might
Malenco peridotite took place at temperatures of less be large for a single calculation. However, the com-
than >600°C, within the stability of olivine + talc. bination of several thermobarometers from different rock

The pressure of formation of the first hydrous as- types shows a systematic retrograde metamorphic evolu-
semblage is constrained by the paragenesis clinozoisite tion from granulite-facies to low-grade conditions (Fig.
+ paragonite in metapelites, which indicates a minimum 13). Combining all available data, the following values
pressure of 0·85 GPa (Fig. 12c). The compositions of represent the most likely P–T conditions of the Malenco
garnet, staurolite and chloritoid coexisting with kyanite rocks:
and quartz are consistent with 0·8–1·0 GPa for the (1) intrusion of gabbro: 1·0–1·2 GPa, 1150–1250°C;
hydration, in agreement with the stability of clinozoisite (2) granulite-facies equilibration: 0·9–1·1 GPa,
and paragonite. A maximum pressure in the meta- 750–850°C;
gabbros was estimated with the garnet– (3) end of near-isobaric cooling: 0·7–0·9 GPa,
amphibole–plagioclase–quartz barometer (Kohn & 550–650°C;
Spear, 1989). Both Fe and Mg end-member calibrations (4) first hydration: 0·8–1·0 GPa, 550–650°C;
give maximum pressures of about 0·85 ± 0·1 GPa (5) decompression: 0·8 → 0·4 GPa, 500–600°C;
(again, aSiO2 <1). However, a similar aSiO2 can be con- (6) exhumation: <0·1 GPa, <300°C.
sidered for garnet–pyroxene and garnet–amphibole co-
ronas in olivine gabbros, because the minerals involved
display contacts with each other. This results in similar

DISCUSSIONpressure estimates for garnet–pyroxene and garnet–
amphibole coronas. In summary, the P–T data for the The microstructures, mineral chemistry and the derived
first hydration are constrained at>600°C, 0·8–1·0 GPa P–T paths reported here allow us to place some con-
and overlap with those of the last anhydrous re-equi- straints on the cooling history and exhumation of the
libration [point (3) above]. deep crust and continental upper mantle. The transition

(5) Indications of near-isothermal decompression are from anhydrous to hydrous parageneses is a crucial point
based on mineral equilibria in biotite–amphibole– in the petrogenesis of the Malenco rocks. The P–T data
garnet–ilmenite coronas. A temperature for this event indicate that the metamorphic conditions of the last
was calculated by garnet–ilmenite (Pownceby et al., 1987) anhydrous equilibration overlap with those of the first
and garnet–amphibole (Graham & Powell, 1984) ther- hydration. Anhydrous, near-isobaric cooling provides an

insight into the thermal evolution of the Adriaticmometers as 525± 50°C. The pressure was constrained
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after a major period of igneous activity in the Southern
and Eastern Alps during the Permian (e.g. Handy &
Zingg, 1991; Dal Piaz, 1993; Vavra et al., 1996, 1999).
Near-isobaric cooling ended during the Permian, and
the resultant conditions at the base of the continental
crust persisted into Triassic times.

The detailed P–T–t evolution of the Malenco fossil
crust-to-mantle transition allows us to contrast isobarically
cooled (IBC) and isothermally decompressed (ITD) gran-
ulites (Harley, 1989). On the basis of thermal models,
Bohlen (1987) proposed that IBC granulites were caused
by magmatic underplating and subsequent cooling be-
neath continental crust. Later he pointed out that the
granulite genesis is typically unrelated to exhumation
(Bohlen, 1991). IBC granulites have therefore been in-
terpreted to be true lower crust (Rudnick & Fountain,
1995). The Malenco granulites fulfill all the requirements
for true lower crust that is in contact with the uppermost

Fig. 13. Schematic P–T–t diagram for the Malenco crust–mantle
continental mantle. The metamorphic conditions (P =complex. Underplating and thermal relaxation are separated by Early

Jurassic exhumation and late Jurassic emplacement at the Tethyan 0·8 ± 0·1 GPa, T = 600 ± 50°C) would correspond
ocean floor. During Cretaceous convergence the crust–mantle transition to a surface heat flow of >70 mW/m2 [thermal model
was integrated into the Alpine nappe pile. Final exhumation occurred of Chapman (1986)]. Such a heat flow is slightly higherwithin the Tertiary and exposed the Permian crust-to-mantle interface.

than the average value of 60 mW/m2 measured todayNumbers correspond to age determinations (in Ma). The Braccia
gabbro intrusion and the leucosomes in the pelitic granulites have been (Pollack & Chapman, 1977), but may be typical for young
dated by the U–Pb method in zircons (Hansmann et al., 1996; Hermann continental crust. It is worth while to note that, at
et al., 1997). Rifting and exhumation of the crust–mantle transition is

the end of the near-isobaric cooling, the metamorphicconstrained by 40Ar/39Ar dating of pargasite (Müntener et al., 1997;
Villa et al., 2000). Alpine P–T–t path: both peak metamorphic pressure conditions are of the amphibolite facies. The only reason
and later peak metamorphic temperature are of Cretaceous age, as why some of these rocks remained granulites and spinel
indicated by Ar–Ar ages of amphibole (Müntener et al., 1997; Villa et peridotites is probably low H2O activity. If H2O activityal., 2000). The last P–T–t point is given by the intrusion of the Oligocene

was high, the uppermost subcontinental mantle in regionsBergell tonalite at 31·9 ± 0·09 Ma (Von Blanckenburg, 1992).
of <60 mW/m2 should be retrogressed to chlorite-
(±amphibole)-bearing peridotite.

lithosphere after magmatic underplating in the Permian,
whereas the hydrous P–T evolution illustrates exhumation
metamorphism of the lower crust and upper mantle
during continental rifting in Late Triassic–Early Jurassic Exhumation of lower crust and uppermost
time. continental mantle

Near-isothermal decompression and hydration (Fig. 13)
occurred while the Malenco complex was exhumed. The

Thermal state of the Adria lithosphere decompression was characterized by high dP/dT, with
about 0·4 GPa between 600°C and 500°C (Figs 12 andThe field relations, U–Pb geochronology, and meta-
13). P–T paths modeled for extension (Chapman &morphic history of the Malenco area reported here
Furlong, 1992) suggest the rates and duration of thisindicate the following: (1) underplating of the Braccia
unroofing event. Adopting the estimated continental geo-gabbro and granulite formation are unrelated to later
therm for the Malenco complex at the end of isobarichydration and exhumation (Fig. 13), which occurred
cooling, decompression probably took place in 15–30 My.after a time span of >50 My; (2) the Malenco rocks
This implies that once rifting started, the exhumation ofrepresent the lowermost crust and upper mantle in late
lower crust and uppermost mantle to upper-crustal levelsPermian and Triassic times; (3) granulite-facies meta-
can occur at exhumation rates of 1–2 mm/year. Suchmorphism in the lower-crustal rocks was caused by the
rapid exhumation is qualitatively consistent with theintrusion of the Braccia gabbro (Müntener & Hermann,
sedimentary record of the Austroalpine margin. Syn-rift1996; Hermann et al., 1997); (4) the end of near-isobaric
sediments of lower Jurassic age formed within a timecooling approached conditions (P = 0·8 ± 0·1 GPa,
period of about 20 My (Froitzheim & Eberli, 1990).T = 600 ± 50°C) that correspond to a thermally
Hydration during Jurassic rifting is supported by 40Ar/undisturbed, stable continental crust. The moderate pres-

sure decrease of>0·2± 0·1 GPa may reflect relaxation 39Ar analyses of amphibole, which indicate minimum
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ages of 190–225 Ma (Müntener et al., 1997). The 40Ar/ faster than thermal equilibration, and thus a thermal
39Ar data and age results of pre-Alpine and Alpine gradient existed across the shear zone. Heating of the
amphiboles have been discussed in detail by Villa et al. hanging wall would partly dehydrate its rocks. The fluids
(2000). released by such a process could enter the shear zone

and partially hydrate its footwall.
The alternative for fluid infiltration requires fluid trans-

port down shear zones to the base of the crust (0·8–1·0Do hydration reactions at the base of the
GPa). Seismic (or dilatancy) pumping (e.g. Sibson et al.,continental crust trigger the formation of
1975; Fricke et al., 1992; Morrison, 1994) could provideCl-rich fluids?
such a mechanism for migration of fluid. It might occur

The available data for the Malenco rocks suggest that if rocks in shear zones could absorb fluid as a consequence
the P–T conditions of the last anhydrous and the first of dilatancy induced by microcracking.
hydrous events overlap. Our study also suggests that the In both cases the introduction of an external fluid
lowermost crust and the uppermost continental mantle and the formation of hydrous phases would favor Cl
can act as fluid sinks. One of the most surprising features enrichment in the fluid and strain localization along
is that the first hydration occurred at 0·8–1·0 GPa, which shear zones.
corresponds to the base of a ‘normal’ continental crust.
After a near-isobaric cooling period, the rocks were nearly
dry. Later hydration reactions require an external source
for fluid. Constraints on the fluid composition are given Implications for rifting
by phase equilibria in retrogressed peridotite and garnet Many have proposed that in the Alps, late Permian
clinopyroxenite (Müntener, 1997), and retrogressed ol- extension and concomitant magmatism evolved to con-
ivine marble (Hermann, 1997), that indicate an XCO2 tinental rifting in the Mesozoic (e.g. Dal Piaz et al., 1977;
<0·05. Cl contents of amphibole and biotite from coronas Piccardo et al., 1990; Dal Piaz, 1993; Trommsdorff et al.,
in metagabbros vary from 0·2 to 0·63 wt % (Table 4). 1993; Rampone et al., 1995). However, a P–T path
Because of the high fluid–solid partition coefficient for with near-isobaric cooling, followed by Jurassic near-
Cl (Volfinger et al., 1985), the crystallization of Cl-rich isothermal decompression, is incompatible with con-
phases during the earliest stage of hydration (P= 0·8–1·0 tinuous crustal extension from the Permian to the middle
GPa, T= 600± 50°C) indicates the presence of highly Jurassic. Permian extension and Jurassic rifting must
saline brines in the lowermost crust (and possibly the have been two clearly different tectonic events. This has
uppermost continental mantle) during the initial stages important implications for the retrograde metamorphism
of retrograde amphibolite-facies hydration. Irrespective of the peridotitic rocks. In the Alpine realm, a non-
of the mechanism for enrichment of Cl in metamorphic adiabatic high-temperature evolution of subcontinental
fluids, for example ‘fluid unmixing’ (Trommsdorff & peridotite has been interpreted to represent the incipient
Skippen, 1986) or ‘desiccation’ (Kullerud, 1996; Markl rifting that culminated in the emplacement of lithospheric
& Bucher, 1998), Cl-rich hydrosilicates may be common mantle on the floor of the Tethyan ocean (Vissers et al.,
in granulite terrains that have been partly retrogressed 1991; Hoogerduijn Strating et al., 1993; Rampone et al.,
to amphibolite facies. 1995). Our data indicate that rifting is recorded by the

retrograde hydration of peridotites, whereas the an-
hydrous high-temperature reactions in peridotite reflect

Hydration mechanisms one or several older events.
Metagabbros and pelitic granulites that were exhumedTwo alternative external fluid sources seem possible

together with subcontinental mantle may help us to better(Fig. 14): (1) lower-crustal fluids could be generated by
understand the significance of granulite-facies rocks alongdehydration reactions in the hanging wall of a major
passive continental margins. The P–T estimates for theshear zone; (2) fluids might migrate down shear zones
Malenco granulites before rifting correspond to am-from higher levels in the crust, where free fluid phase is
phibolite-facies conditions. They are granulites only be-present.
cause of mafic underplating >50 My before continentalThe base of the continental crust could become hy-
rifting. However, in areas without mafic underplating, thedrated if such rocks were exhumed along a lithosphere-
lowermost continental crust may consist of amphibolite-scale shear zone system (e.g. Lemoine et al., 1987; Vissers
facies rocks that are indistinguishable from upper-crustalet al., 1991; Trommsdorff et al., 1993; Hermann & Münt-
basement rocks. On the other hand, as pointed out byener, 1996). The almost anhydrous, hotter rocks of the
Harley (1989) and Rudnick & Fountain (1995), not allfootwall of the shear zone would be progressively brought
exhumed granulites represent the lowermost continentalinto contact with cooler, hydrous hanging wall. The near-

isothermal decompression indicates that exhumation was crust. For example, zircon fission track ages of granulites
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Fig. 14. Schematic model for the hydration of the lithospheric mantle and associated lower crust. (a) Hydration caused by dehydration reactions
in the hanging wall. (b) Hydration caused by fluid ingress along detachment faults. (See text for discussion.)

from the continent–ocean transition of the Galicia margin displays a two-stage metamorphic history in post-Va-
indicate that these rocks were already at upper-crustal riscan, pre-Alpine time. During the first, Permian, stage
levels before rifting (Fügenschuh et al., 1998) and most the crust–mantle transition was stabilized. In the second,
probably do not represent true lower crust. Granulite- Jurassic, stage it was exhumed. First-stage, anhydrous,
facies rocks from the Valpelline series and the Sesia zone granulite-facies mineral assemblages formed in ultra-
in the Western Alps (Lardeaux & Spalla, 1991; Gardien mafic, mafic and metapelitic rocks as a response to
et al., 1994) show a P–T path with near-isothermal Permian, mafic magma underplating. These assemblages
decompression at much higher temperature than the then cooled isobarically to 600–650°C at the base of an
Malenco granulites. Because Gardien et al. (1994) favored >30 km thick crust. As a consequence of reduced H2O
a late Variscan formation of the Valpelline granulites as activity, the granulitic mineral assemblages remained
a result of post-collisional thinning, the exhumation of stable at temperature conditions normally assigned to
these granulites is not related to Jurassic passive rifting. the amphibolite facies. The Malenco crust–mantle suite
These examples demonstrate that the presence of gran- remained at these conditions for >50 My.
ulite-facies rocks alone is not proof of exhumation of the The onset of the second stage of metamorphism is
lowermost crust during rifting, even though these rocks characterized by the formation of Cl-rich amphibole and
are in an Alpine tectonic position similar to the Malenco other hydrous phases triggered by external fluid input.
granulites. This stage started with strong decompression at tem-

The hydration of the studied rocks at great depth can peratures of 600–500°C and successive hydration of
best be explained by a shear zone cutting across the whole the Malenco rocks. Fluid for hydration was generated
continental crust (Fig. 14). The presence of mylonites in through juxtaposition of relatively hot granulite with
pre-Alpine high-grade rocks exposed in the Alps (Liguria: dehydrating cooler continental crust, or was infiltrated
Vissers et al., 1991; Ivrea zone: Hodges & Fountain, 1984; by seismic pumping. Both mechanisms were facilitated
Handy & Zingg, 1991; Malenco–Margna: Hermann & by shear zones that may cut through the entire continental
Müntener, 1996) suggests localized deformation in the crust into the uppermost continental mantle, for which
lower crust and upper mantle during Jurassic rifting. evidence has been presented by Trommsdorff et al. (1993)
The Malenco lower-crust and upper-mantle rocks were and by Hermann and Müntener (1996).
probably exhumed along localized shear zones rather It appears that the Austroalpine margin of the Alps is
than by ductile stretching of the lower crust (e.g. an excellent case study for non-volcanic passive rifting,
Froitzheim & Manatschal, 1996). because both metamorphic constraints on the ex-

humation of lower-crust and mantle rocks and sed-
imentological and kinematic data (e.g. Froitzheim &
Eberli, 1990; Froitzheim & Manatschal, 1996) are avail-

CONCLUSIONS able for the same margin. Estimated uplift rates of
1–2 mm/year for the Malenco complex strongly supportThe Malenco rocks are unique in representing an intact
sedimentologic investigations of the Austroalpine marginfossil crust–mantle transition (Hermann et al., 1997). The
that indicate rifting was a fast process and possibly actedsection consists of, from bottom to top: ultramafic mantle;
no longer than >15–30 My. A continuous extensionala metagabbro complex; melt-depleted, metapelitic low-
evolution from the Permian to the Middle Jurassic isermost continental basement rocks of sub-Moho densities;

and normal density crustal rocks. The Malenco complex unlikely.
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MÜNTENER et al. COOLING AND EXHUMATION OF GRANULITES AND SUBCONTINENTAL MANTLE

Herzberg, C. T. (1978). Pyroxene geothermometry and geobarometry: Müntener, O. (1997). The Malenco peridotites (Alps). Petrology and
experimental and thermodynamic evaluation of some subsolidus geochemistry of subcontinental mantle and Jurassic exhumation
phase relations involving pyroxenes in the system CaO– during rifting. Ph.D. Thesis, ETH Zürich.
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