
INTRODUCTION

The Zermatt-Saas and Antrona metaophiolites represent
remnants of the oceanic lithosphere of the Mesozoic western
Tethys, now dismembered as tectonic slices in the internal
Pennine domain of the western Central Alps. The Antrona
Unit obtained not much attention in the past, despite its cru-
cial tectonic position within the nappe stack.

This paper presents the results of a geological study car-
ried out on the eastern side of the Antrona Valley, a tribu-
tary of the Ossola Valley (western Central Alps). Despite
the polyphase metamorphic history, the Antrona ophiolite
exhibits all typical lithologies of oceanic lithosphere, i.e., ul-
tramafic and mafic plutonic rocks, mafic volcanic rocks and
deep-sea sediments. This work focuses on plutonic and vol-
canic metabasites. Among the mafic volcanic rocks (com-
monly described in literature as “amphibolites”) several
lithologies, often retaining relict magmatic structures, were
distinguished. Lozenge-shaped porhyroblasts consisting of
epidote+chlorite aggregates were observed for the first time
in amphibolites from the study area. They are interpreted as
pseudomorphs of former lawsonite, thus providing a clue to
discuss the metamorphic evolution of the Antrona ophiolite.
Temperature and pressure conditions were estimated for the
high pressure metamorphic peak, whereas the prograde and
retrograde P-T diagram was deduced from the stability con-
ditions of mineral parageneses. 

GEOLOGICAL SETTING

Regional geology

In the Pennine-Lepontine nappe stack (e.g., Escher et al.,
1987; 1993), the Zermatt-Saas ophiolite nappe mantles the

Monte Rosa Unit and disappears below the Mischabel back-
fold; the Antrona ophiolite is situated on the footwall of the
Monte Rosa Nappe (Fig. 1) and in turn overlays the middle
Penninic Camughera-Moncucco Nappe (Bearth, 1956;
Laduron, 1976; Bigioggero et al., 1981; Keller et al.,
2005b). The Antrona and the Zermatt-Saas metaophiolites
almost completely envelop the Monte Rosa Nappe, with the
exception of the area between Gornergrat and “Passo della
Preja”, where the Furgg Zone is dominant and only thin
slices of ophiolite rocks are present (Fig. 1). 

The Monte Rosa Nappe is a large NW-vergent recum-
bent anticline, strongly refolded by S-vergent backfolds of
supposed Oligocene age (Milnes et al., 1981; Escher et al.,
1997; Steck et al., 1997). The Monte Rosa Nappe, together
with the Gran Paradiso and Dora Maira “massifs”, consti-
tute the inner and upper continental nappe system of the
Penninic Zone in the Western Alps. In the Monte Rosa
Nappe, two main pre-Alpine protoliths have been recog-
nized: a pre-granitic metamorphic complex (Bearth, 1952;
Gosso et al., 1979; Dal Piaz, 1993; Keller and Schmid,
2001; Keller et al., 2005a), consisting of high grade parag-
neiss rich in mid- to coarse-grained pegmatites, and a
granitic complex represented by dominant granitic-granodi-
oritic bodies cut by aplitic and pegmatitic dykes of Late
Carboniferous and Permian ages (Hunziker, 1970; Frey et
al., 1976). During the Alpine orogeny, the pre-granitic com-
plex has been reworked into garnet micaschists and albitic
schists, and the granitic bodies into massive, schistose or
mylonitic orthogneiss. 

In the study area, the Antrona ophiolite is separated from
the Monte Rosa basement by the Furgg Zone (Argand’s
“synclinal de Furggen”, Argand, 1911). The Furgg Zone con-
sists of micaschists, albitic schists, and leucocratic gneisses
(Permian-Carboniferous?) with eclogitic to greenschist-facies
mafic boudins, thin micaceous quartzites and dolomitic mar-
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ABSTRACT 

The Antrona ophiolite (western Central Alps) represents a tectonic fragment of the oceanic lithosphere of the Upper Jurassic - Lower Cretaceous Ligurian-
Piedmont basin, a section of the Western Alpine Tethyan Ocean. The Antrona ophiolite occurs at lower structural levels in the Alpine nappe stack and is sand-
wiched between the overlying continental Monte Rosa Nappe (upper Penninic) and the underlying Camughera-Moncucco continental Unit (middle Penninic).
The Monte Rosa Nappe is overlain by the Zermatt Saas ophiolitic Unit. Despite the tectono-metamorphic reworking, the Antrona ophiolite exhibits all typical
lithologies of oceanic lithosphere: ultramafic and mafic plutonic rocks, mafic volcanic rocks and deep-sea sediments can be recognized. Several rock types were
distinguished among mafic rocks. New findings and inferences are: i) the occurrence of probable relics of magmatic structures in some amphibolites, inferred to
be pillow lavas or pillow breccia; ii) the occurrence of lawsonite pseudomorphs-bearing amphibolites, not described so far in the study area as precursor of the
origin of epidote-amphibolites the Antrona Valley. A qualitative P-T diagram deduced from the stability conditions of mineral parageneses is presented and
compared with published P-T paths for the Antrona and Zermatt-Saas ophiolites. The metamorphic evolution of the studied rocks is characterized by blueschist
prograde path followed by high pressure (eclogitic) metamorphic peak. P-T estimates for the metamorphic peak were calculated by the Na-clinopyroxene garnet
equilibria and the jadeite content in omphacite. T = 372°C for a nominal pressure of P = 1 GPa and T = 386°C for a nominal pressure of 
P = 1.5 Gpa were obtained. Jd30 as maximum Jadeite content suggests P > 1 Gpa. Retrograde path, although not well constrained, is dominated by epidote-am-
phibolite/amphibolite facies conditions, in accord with published data, differing from those inferred so far for the overlying Zermatt-Saas ophiolite.



ble of pre-Mesozoic (?) age (Bearth, 1954). In the upper part,
it includes layers (tectonic transposition) of Mesozoic
metasediments (tabular quartzites, dolostone, carnieule, calc-
schists) and tectonically transposed ophiolite rocks of the un-
derlying Antrona Unit (Blumenthal, 1953; Bearth, 1957;
1964; Dal Piaz, 1966; Wetzel, 1972;). According to Dal Piaz
(Dal Piaz, 1964; 1966), the Furgg Zone exposed in the south-
ern Monte Rosa has a pre-granitic protolith, free of Mesozoic
rocks and was affected by eclogitic to greenschists facies
Alpine metamorphism. More recently, the Furgg Zone has
been interpreted as cover portions of the Monte Rosa base-
ment (Jaboyedoff et al., 1996; Escher et al., 1997; Steck et
al., 2001) or of the continental Portjengrat Unit (Keller and
Schmid, 2001). Alternatively, the Furgg Zone has been con-
sidered as the suture of the Valais basin (Froitzheim, 2001),
or a tectonic mélange interposed between the continental
Monte Rosa-Portjengrat Units and the Zermatt-Saas and
Antrona ophiolites (Kramer, 2000). Based on SHRIMP
analyses, Liati et al. (2001) interpreted the Furgg Zone as a
tectonic mélange with a strongly heterogeneous composition
including Variscan and pre-Variscan basement (510 ± 5 Ma)
as well as post Variscan rocks (272 ± 4 Ma), which were af-
fected by Alpine metamorphism (87 ± 20 Ma is the age of
metamorphism determined in an amphibolitized eclogite

boudin from the Andolla area in the upper Antrona Valley). 
The Zermatt-Saas and Antrona metaophiolites, the Monte

Rosa Nappe, the Furgg Zone, and the Camughera Moncucco
Unit have all experienced regional subduction-related high-
pressure metamorphism during the Alpine orogeny. The Zer-
matt-Saas ophiolite subduction history is attested by the oc-
currence of lozenge-shaped pesudomorphs of lawsonite and
other prograde relics followed by peak eclogitic to UHP
mineral assemblages (Ernst and Dal Piaz, 1978; Oberhänsli,
1980; Barnicoat and Fry, 1986; Martin and Tartarotti, 1989;
Reinecke, 1991; 1998). Eclogite rocks in the Antrona ophio-
lite have been described by Colombi and Pfeifer (1986). In
the Monte Rosa Nappe, the Alpine eclogitic imprint has been
recognized in both the pre-granitic complex (Dal Piaz and
Lombardo, 1986; Borghi et al., 1996; Michard et al., 1996;
Keller et al., 2005a) and in the orthogneisses (Dal Piaz and
Gatto, 1963; Dal Piaz and Lombardo, 1986). More recently,
eclogite mineral assemblages have been recognized also in
the Camughera-Moncucco Nappe (Keller et al., 2005b).

During decompression accompanying exhumation, the
Zermatt-Saas and upper Monte Rosa Units were re-equili-
brated under greenschist facies conditions (Frey et al., 1974;
Ernst and Dal Piaz, 1978; Keller et al., 2005a). The lower
parts of Monte Rosa and the Antrona ophiolite underwent
epidote-amphibolite facies metamorphism (Pfeiffer et al.,
1989).

The Antrona Nappe

The Antrona Nappe is exposed in the Antrona-Loranco-
Anzasca Valleys, on the Italian side, and in the Laggintal -
Simplon area, on the Swiss side (Fig. 1). In Italy, the
Antrona ophiolites are also exposed in the Bognanco Valley
(north-east of Antrona) and can be followed to the Vigezzo
Valley east of Domodossola. In the lower Bognanco Valley,
rocks interpreted as belonging to the Antrona ophiolite de-
fine the contact between the Camughera-Moncucco and
Monte Leone Nappe (Keller et al., 2005b). The main
lithologies in the Antrona area (Antrona and Anzasca Val-
leys) were described by Laduron and Merlin (1974),
Laduron (1976), Colombi and Pfeifer (1986), Colombi
(1989), Pfeifer et al. (1989). The typical Antrona ophiolite
suite includes serpentinized ultramafites, metagabbros and
metabasic rocks. In the nearby Bognanco Valley, Carrupt
and Schlup (1998) described a detailed ophiolitic section
consisting of N-MORB to T-MORB-type metabasalts and
minor serpentinite and gabbros. This ophiolite is covered by
(from bottom to top) garnet-micaschists, metaquartzites,
calcschists and intercalated metabasite, sedimentary breccia,
pure calcschists, marbles, and graphitic marbles. The
Antrona ophiolite is dominated by a Tertiary amphibolite fa-
cies metamorphism. Mafic eclogites containing garnet, sym-
plectites, amphibole and relict omphacitic clinopyroxene
have been described by Colombi and Pfeifer (1986) in the
Antrona-Anzasca area. Minimum pressures of 14-16 kbars
at 480-720 °C were suggested for the high pressure stage of
these rocks by these authors.

FIELD RELATIONSHIPS OF OPHIOLITE ROCKS
IN THE ANTRONA VALLEY

The study area is located in the upper Antrona Valley,
between Alpe Pasquale, to the north, and the village of
Antronapiana, to the south (Fig. 1); it was mapped in detail
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Fig. 1 - Tectonic map (a) and cross-section (b) of the Pennine Alps in the
western Central Alps (modified after Milnes et al., 1981). The inset shows
the location of the study area in the central-western portion of the Alpine
chain.



at the scale of 1: 5000 by Turco (2004). In this area, meta-
morphosed ophiolites are exposed along the eastern side of
the Antrona Valley. The main rock types are ultrabasic
rocks, metagabbros and metabasalts. Ultrabasic rocks are
mostly serpentinized and make up a 35 km2 body extended
from Antronapiana to Pizzo Ciapé, near the tectonic contact
with the Camughera-Moncucco Unit. Serpentinite structures
range from massive to mylonitic. Mylonitic serpentinites are
interlayered within metabasites. Dark green fine-grained
amphibolite dikes are interlayered within massive serpen-
tinites near Antronapiana. The contact between serpentinites
and metabasalts at the northern border of the massif is com-
monly marked by actinolite-schists. To the south of Antron-
apiana, serpentinites are in tectonic contact with Mg-
metagabbros. This contact does not show any reaction zone.
Outcrops of metagabbros are rare and restricted to m-scale
layers associated with metabasalts. A body of Mg-metagab-
bro up to 50 m in thickness crops out at Pizzo Ciapé, near
the divide with the Bognanco Valley. Metagabbro has tran-
sitional contacts with prasinite and their macroscopic dis-
tinction is usually based on structure and grain size .

Metabasites are the most abundant rock type in the stud-
ied ophiolite suite. These rocks are characterized by fine
grain-size and dark blackish-green colours. On the basis of
mineral components and structure, we differentiated the fol-

lowing types: amphibole-eclogites, garnet-amphibolites,
lawsonite (pseudomorphosed)-bearing amphibolites, epi-
dote- amphibolite, pale green microboudin-bearing amphi-
bolites. Amphibole-eclogites are very scarce (one main m-
scale layer near the Fornalino Pass). The high-pressure min-
eral assemblage consists of garnet-Na-clinopyroxene-rutile
and amphibole ± quartz. 

Amphibolites are the dominant rock type in the working
area. Garnet-rich amphibolites are fine-grained dark green
rocks characterized by the strong mineral lineation of am-
phibole crystals. Lawsonite (pseudomorphosed)-bearing
amphibolites (see next section) are macroscopically recog-
nizable for the occurrence of whitish, centimetric lozenge-
shaped crystals (Fig. 2). So far, lawsonite (now pseudomor-
phosed)-bearing rocks have not been documented in the
study area. Epidote-amphibolites are typically characterized
by the presence of millimetric yellow-green epidote-rich
layers alternating with dark green amphibole-rich layers.
One rock type commonly grades into the other (Figs. 2a,
2c). The structural evolution from one type to the other is
marked by increasing stretching of the cm-sized and
lozenge-shaped pseudomorphs on lawsonite, followed by
crystallization of epidote in planar, mm-thick layers (Figs.
2d, 2f). A further rock type recognized in the field (best out-
crops along the right side of the Alpe Cavalli Lake in the
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Fig. 2 - Photographs of lawsonite (pseudomorphed)-bearing amphibolites
(a, b) and epidote-amphibolite (c). d-e-f) Cartoons showing the microstruc-
tural evolution and mineral changes from lawsonite-bearing amphibolite to
epidote-amphibolite. a, d) Lozenge-shaped pseudomorphs (lws-ps) consist-
ing of epidote, chlorite, and carbonate. b, e) Pseudomorphs are deformed
by stretching. c, f) Stretched pseudomorphs evolve to mm-thick layers,
mostly consisting of epidote. 

Fig. 3 - Simplified lithostratigraphic column of the ophiolite suite in the
Antrona valley.



Loranco Valley) is characterized by the occurrence of dm-
scale boudins of pale green amphibolite inside dark green
amphibolite. Lawsonite pseudomorphs, epidote-rich layers
and boudins within amphibolites show a preferential orien-
tation parallel to the regional main schistosity.

Metasediments of the ophiolite suite in the Antrona Val-
ley are mostly represented by garnet-quartzites, micaschists,
marbles and calcschists.

A representative lithostratigraphic column of the ophio-
lite suite mapped in the Antrona Valley is shown in figure 3.

PETROGRAPHY

Rock types and microstructural features of the investigat-
ed samples are summarized in Table 1. In the studied rocks
four main foliations were recognized, related to ductile de-
formation phases D1-D4. S1 is the oldest foliation, locally
preserved inside garnet; S2 corresponds to the regional folia-
tion seen in the field, and is mostly marked by amphibole
and garnet; S3 and S4 are younger foliations cutting S2, and
are commonly defined as crenulation cleavage or S-C struc-
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Table 1 - Lithologies and petrographic features of the studied metaophiolite in the Antrona valley.

Rock Micro-structure Eo-Alpine mineralogy Meso- and Neo-Alpine 
mineralogy

Metagabbro Flaser to mylonitic (Na-clinopyroxene? zoisite?), 
amphibole 

Amphibole, chlorite, clinozoisite, 
pistacite

Amphibole Eclogite Massive polygonal to interlobate Garnet, Na-clinopyroxene, 
amphibole core, rutile

Amphibole rim, amph-plag 
symplectites, titanite

Garnet amphibolite Nematoblastic-porphyroblastic Garnet, amphibole, feldspar, quartz Chlorite, clinozoisite,  amphibole

Lawsonite -bearing amphibolite Nematoblastic (Laws), amphibole, garnet, rutileAmphibole, chlorite, biotite, plag, 
epidote, titanite

Epidote amphibolite Nematoblastic Amphibole, (laws?, garnet?), Pistacite, chlorite, amphibole

Microboudin-bearing amphibolite Nematoblastic- symplectitic? Amphibole,  garnet, (Na-
clinopyroxene?), rutile

Amphibole-plag symplectite, 
amphibole around garnet, 

clinozoisite 

Prasinite Granoblastic to schistose no relics Amphibole (Actinolite), plag, 
chlorite, epidote, quartz

Serpentinite Porphyroclastic to schistose to 
mylonitic Olivine, serpentine, spinel  Serpentine, magnetite

Quartzite  Granoblastic to schistose Quartz, white mica, garnet Quartz, white mica, brown biotite

Micaschist Schistose-porphyroblastic White mica, garnet, chloritoid, 
quartz White mica, brown biotite, chlorite

Marble Granoblastic Carbonate, quartz, biotite, white 
mica Chlorite, epidote

Calcschist Schistose-granoblastic Carbonate, quartz, white mica,  Clinozoisite, biotite



tures marked by chlorite and albite. All ductile structures are
cut by veins filled with prehnite-pumpellyite facies minerals.
Four stages of mineral crystallization (B1-B4) were recog-
nized in the studied mafic rocks (see Fig. 9 and Discussion).

Ultrabasic rocks

Ultrabasic rocks consist largely of serpentine (antig-
orite), magnetite, and minor diopside and talc. Olivine can
be found in more massive rock types, where it is present in
coarser-grained (mm) stretched grains (olvine I) and fine-
grained neoblast (olivine II). This texture suggests that
olivine I underwent grain-size reduction by recrystalliza-
tion during the Alpine deformation (Fig. 4a). Coarse-
grained olivine exhibits undulatory extinction and sub-
grains. The shape of subgrains reminds the microstructure
of porphyroclastic olivine in mantle peridotites (Mercier
and Nicolas, 1975; Nicolas and Poirier, 1976). Amphibolite
dikes interlayered with massive olivine-bearing serpen-
tinites consist of amphibole (85-90%), plagioclase (5-10%),
titanite (5%), epidote (1%). They exhibit a fine-grained
granoblastic texture. 

Metagabbro

Metagabbro samples consist of amphibole (50-60%), epi-
dote (15-30%), plagioclase (10-20%), quartz (5-10%), chlo-
rite (2-10%), opaque (1%), ± biotite, carbonate. Their mi-
crostructure varies from weakly schistose with relics of mag-
matic microstructures, to flaser and mylonitic. In flaser
metagabbro, the foliation (S2) is spaced and defined by am-
phibole films alternating with lithons made of epidote and
plagioclase (Fig. 4b). Amphibole, epidote and plagioclase
crystallization pertains to B3 stage. Foliation wraps around
mm-sized, sigmoidal or stretched porphyroclasts of former
clinopyroxene now replaced by coarse-grained amphibole
grains. Strain shadows are commonly filled with fine-grained
amphibole, quartz, ± epidote, chlorite (stages B3, B4).

Amphibole-eclogite

This rock consists of medium-grained, inequigranular
garnet (35-40%), amphibole (20-45%), Na-clinopyroxene
(10-20%), amphibole + plagioclase symplectites (2-10%), ±
quartz, rutile (Fig. 4c). Microstructure ranges from polygo-
nal to interlobate. Garnet is present in subhedral to euhedral
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Fig. 4 - Photomicrographs of selected ophiolite samples from the Antrona valley. a) Ultrabasic rock: coarse-grained (ol1) and fine-grained neoblasts (ol2) of
olivine, cut by veinlets filled with antigorite (left side of the picture). Crossed polars. b) Flaser metagabbro: porphyroclasts of former clinopyroxene now re-
placed by coarse-grained amphibole grains (amp*). Strain shadows are filled with fine-grained amphibole, quartz, ± epidote, chlorite. Crossed polars. c) Am-
phibole-bearing eclogite: garnet (gar), partially replaced by subhedral Ca-amphibole (amp), is in contact with both winchite-rich amphibole (win) and Na-
clinopyroxene (Na-cpx). Plane polarised light. d) Microboudin-bearing amphibolites: aggregates of acicular crystals with “dendritic”-like or “sheaf”-like
structure occurring in a microboudin (see also backscattered picture in Fig. 6b). Plane polarised light. 



porphyroblasts or poikiloblasts (scattered inclusions of am-
phibole). Amphibole occurs either as nematoblasts in textur-
al equilibrium with both garnet and Na-clinopyroxene, or
subhedral grains replacing garnet. Amphibole nematoblasts
commonly have uncoloured cores and blue-green rims,
which correspond to chemical zoning (see next section and
Fig. 6b). The core of these amphibole crystals, together with
garnet and Na-clinopyroxene, are inferred to pertain to the
HP mineral paragenesis (stage B2). Na-clinopyroxene oc-
curs as greenish nematoblasts showing textural equilibrium
with garnet and amphibole. The contact between garnet and
clinopyroxene is almost always marked by a very thin (µm
scale) rim of green amphibole (stage B3) as a reaction prod-
uct of the two HP mineral phases. Amphibole + plagioclase
symplectites were produced by the break-down of Na-
clinopyroxene, reacting with quartz to form amphibole +
sodic plagioclase through hydration reactions with adjacent
minerals during retrogression. 

Garnet-amphibolite

The rock consists of amphibole (30-45%), plagioclase

(10-25%), epidote (18-20%), carbonate (0-10%), white mica
(0-10%), opaque minerals (3-5%), garnet (1-2%), ± quartz,
chlorite, titanite. Garnet poikiloblasts are up to 5mm in di-
ameter and include epidote, amphibole, opaque minerals.
Garnet may be either partially replaced by green amphibole
at the rim of porphyroblasts, or completely overgrown by
breakdown products such as amphibole, epidote, plagio-
clase, and opaque minerals, still retaining the shape of the
original mineral. The foliation (S2) of the rock is defined by
shape preferred orientation (SPO) of green or blue-green
amphibole and epidote (stage B3).

Lawsonite (pseudomorphed)-bearing amphibolite

The rock consists of amphibole (40-60%), epidote (20-
30%), plagioclase (15-25%), garnet, chlorite (5%), carbon-
ate (0-5%), rutile-titanite (1%), ± opaque, biotite, quartz.
The main foliation (S2) is defined by amphibole SPO (stage
B3). Millimetric lozenge-shaped porphyroblasts made up of
epidote (clinozoisite and pistacite) + chlorite, titanite ± car-
bonate aggregates were identified (stages B3-B4). The
shape of these porphyroblasts range from lozenge to sig-
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Fig. 5 - Photomicrographs of lawsonite (pseudomorphed)-bearing amphibolite. a) General view of the rock showing millimetric lozenge-shaped to sigmoidal
porphyroblasts inferred to replace former lawsonite (lws-ps) and garnet porphyroblast (gar) partially replaced by amphibole. Foliation (S2) defined by amphi-
bole (amp) wraps around porphyroblasts. Plane polarised light. b) Detail of a lozenge-shaped porphyroblast consisting of epidote + chlorite, titanite ± carbon-
ate. Minerals exhibit a slight preferential orientation oblique to the matrix foliation (S2). Plane polarised light. c) Lozenge-shaped porphyroblasts (lws-ps) oc-
curring together with fresh or partially altered garnet in the same sample. Plane polarised light. d) Lozenge-shaped porphyroblasts (lws-ps) consisting of
pistacite are boudinaged and include a sigmoidal aggregate of rutile (rt) near the neck between boudins. Plane polarised light.



moidal, according to the intensity of shearing affecting the
rock (Figs. 5a, 5b). In general, the porphyroblasts show a
preferential shape orientation; their forming minerals exhibit
a slight preferential orientation almost oblique to the matrix
foliation (Fig. 5b). Lozenge-shaped porphyroblasts may oc-
cur together with fresh or partially altered garnet in the same
sample (stage B2?; Fig. 5c). In some samples the lozenge-
shaped aggregates are deformed by boudinage or are
stretched to form mm-thick layers parallel to the foliation.
In one sample, microboudins consisting of pistacite include
a sigmoidal aggregate of rutile near the neck of boudins
(Fig. 5d). This texture suggests that lawsonite and rutile co-
existed before or during boudinage affecting the foliation
(S2) defined by epidote + amphibole.

In all samples, the matrix foliation wraps around the
lozenge-shaped porphyroblasts, as well as garnet porphy-
roblasts (see Figs. 5a) indicating that both porphyroblasts
growth took place before or during the ductile deformation
generating the foliation. Based on the shape of porphyrob-
lasts and on their forming minerals, we interpret the por-
phyroblasts as pseudomorphs after former lawsonite. Epi-
dote + chlorite represent the main products of lawsonite
breakdown. 

Epidote amphibolite

The common mineral assemblage includes epidote (40-
60%), amphibole (20%) plagioclase (5-15%), carbonate (0-
10%), chlorite (5-20%), brown biotite (5-10%), opaque min-
erals (1-12%), titanite (1-2%), and quartz (1-2%). Foliation
(S2) is defined by compositional layering marked by mm- to
cm epidote-rich layers alternating with amphibole-rich lay-
ers, and by SPO of epidote and amphibole crystals (stage
B3). In one sample, S2 foliation marked by green amphibole
is cut by mm-scale veins filled with prehnite (later than B4).

Microboudin-bearing amphibolites

The host rock consists of amphibole (35-50%), micro-
crystalline plagioclase + amphibole symplectites (20-30%),
plagioclase (15-29%), epidote s.l. (20-25%, carbonate (0-
5%, opaque minerals (ca. 1%) ± garnet, white mica, rutile.
Microstructure is characterized by mm- to cm compositional
layering of symplectites (undetermined under the micro-
scope) alternating with layers of amphibole + epidote + pla-
gioclase. Boudins (cm-scale) have a microcrystalline sym-
plectitic structure, similar to that of symplectite layers in the
host rock. Some portions of symplectites in the boudin con-
sist of aggregates of acicular crystals arranged in a “dendrit-
ic”-like or “sheaf”-like structure (see Fig. 4d; see also
backscattered picture in Fig. 6a). It is inferred that micro-
crystalline symplectites (stage B3) correspond to the break-
down of former Na-clinopyroxene, whilst aggregates with
“sheaf”-like structure are due to recrystallization of sym-
plectites (B4?). Petrographic and microstructural analysis
suggest that the microboudin-bearing amphibolites represent
transposed micropillow or pillow-breccia basalts.

MINERAL CHEMISTRY 
AND THERMOBAROMETRY

Analytical methods

Mineral analyses of selected samples of the Antrona

ophiolite rocks were performed at CNR-IPDA in Milano by
using a SEM Cambridge System Stereoscan 360, equipped
with an Energy Dispersive Spectrometer (EDS). The correc-
tion program is ZAF4 (Pouchou and Pichoir, 1985). Operat-
ing conditions were: accelerating voltage = 20kV, working
distance = 25 mm, probe beam = 400 picoampere, count
time = 50s. Selected SEM-EDS analyses are reported in
Table 2. 

Only eclogite samples were analysed also at CNR-IGG
in Padova with a Cameca SX50 electron microprobe,
equipped with four WDS spectrometers. Operating condi-
tions: 15 KeV acceleration voltage and 15 nA sample cur-
rent; count time = 10 sec at peak, 5 sec at background. The
correction program is PAP (Kato, 2005). Natural and syn-
thetic standards were used. 

SEM-EDS analyses

SEM-EDS technique is particularly useful for revealing
detailed microstructures, such as symplectites or inter-
growths, chemical heterogeneity, etc., providing at the same
time (although semi-quantitative) chemical compositions of
the observed mineral phases (e.g., Vernon, 2004 and refs.
therein). In this study, SEM-EDS was utilized for analyzing
the chemical heterogeneity in eclogite amphibole and the
fine-grained “symplectites” in the pale green microboudins
occurring in amphibolites (see photomicrographs in Figs. 4c
and 4d, respectively). 

Backscattered images revealed chemical heterogeneities
of amphiboles in eclogite (Fig. 6a). SEM chemical composi-
tions of amphibole in eclogites are plotted in Fig. 7; selected
analyses are reported in Table 2. Amphibole in the eclogite
groundmass is zoned with a core of winchite and rim of Mg-
katophorite, taramite, and Fe-tschermakite (Figs. 7d, 7c and
7b, respectively). Amphibole coronas in contact with garnet
range from barroisite to Fe-pargasite and Fe-tschermakite
(Figs. 7d, 7a). In eclogites, amphibole is also included in
garnet; its composition ranges from actinolite and Fe-parga-
site to barroisite (Figs. 7a, 7b, 7d ).

Backscattered images show that microboudins in amphi-
bolites are characterized by granoblastic structure (Fig. 6b).
Mineral phases constituting this fine-grained rock are acti-
nolite, clinozoisite-pistacite, and albite (Table 2).

Representative compositions of amphibole crystals from
amphibolites and metagabbro are plotted in Fig. 8. A selec-
tion of these analyses is reported in Table 2. Most amphi-
boles are Ca-amphiboles, ranging in composition from acti-
nolite to Mg-hornblende (Figs. 8a, 8d), and from edenite to
Fe-pargasite (Fig. 8b). Barroisitic amphibole was found in
almost all amphibolite samples (Fig. 8c). 

Plagioclase of all the analyzed amphibolites and
metagabbro shows a wide composition ranging from Ab =
70-99%, An = 1-30%.

Microprobe analyses of eclogite minerals

Mineral compositions of amphibole, clinopyroxene, and
garnet from amphibole-eclogites are reported in Tables 3
and 4. These quantitative analyses were used for thermome-
try calculation (see next paragraph).

Amphibole in the groundmass of eclogite samples is not
homogeneous. Chemical zoning from core to rim revealed
by backscattered images (see Fig. 6a) and SEM-EDS analy-
ses seems to be not confirmed by electron microprobe
analyses that provide either actinolite or winchite compos-
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tions at the core as well as at the rim of crystals (Table 3).
Amphibole inclusions in garnet are glaucophane (Table 3).

Clinopyroxene from eclogite shows compositions rang-
ing from omphacite to aegirine-augite (Table 3), according
to Morimoto’s (1989) classification.

Garnet in eclogite is characterized by chemical zoning
with grossular-rich cores and pyrope-rich rims (Table 4). 

P-T conditions of metamorphism

Temperature and pressure conditions of the Alpine
metamorphic peak were estimated on amphibole-bearing
eclogite samples from the study area. P-T values are con-
strained by the garnet-Na-clinopyroxene equilibria and the
jadeite content in Na-clinopyroxene. Temperature was
evaluated as the average of the four more recent calibra-
tions for the garnet-clinopyroxene thermometer (Powell,
1985; Ai, 1994; Krogh, 1998; Ravna, 2000). Six garnet-
clinopyroxene pairs were analised and temperatures of T =
372 ± 50°C for a nominal pressure of P = 1 GPa and T =

386 ± 50°C for a nominal pressure of P = 1.5 Gpa were
obtained. We found pyroxenes with Jd30 as the maximum
jadeite content (see Table 3) suggesting P > 1 GPa (Hol-
land, 1983).

DISCUSSION

Rock assemblage and lithostratigraphy

The ophiolite suite exposed in the Antrona Valley con-
sists of serpentinized (mantle) peridotite, metagabbro,
metabasalt and metasedimentary cover, largely represent-
ing the typical “Penrose”-type ophiolite (Anonymous,
1972). On the basis of field data and petrography, a new
recognition of the ophiolite rock types was performed, in
order to define the stratigraphy of this portion of oceanic
lithosphere. More detailed informations would be obtained
by integrating the present results with bulk rock analyses
(Tartarotti et al., in prep.). Metabasaltic rocks, defined so
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Table 3 - Selected electron microprobe analyses of amphibole and clinopyroxene from eclogite samples of the Antrona ophiolite. 
ab e 3

AMPHIBOLE CLINOPYROXENE

SAMPLE C1 C1 C1 C1 C1 SAMPLE C1 C1 C1 C1 C14

Analysis C1AN3 C1CAN1 C1CAN2 C1CAN3A C1CAN4 Analysis C1APX2* C1APX4* C1EPX1* C1EPX2* C14BPX1

Occurrence incl. in gar rim/gar core core rim/gar Occurrence rim core rim rim rim

SiO2 wt% 57.61 56.12 56.22 54.57 54.34 SiO2 wt% 55.05 54.82 54.76 54.71 56.26

TiO2 0.01 0.01 0.01 0.00 0.00 TiO2 0.03 0.03 0.02 0.06 0.07

Al2O3 7.81 3.26 2.71 4.85 3.81 Al2O3 4.53 2.98 3.96 4.18 7.20

Cr2O3 0.00 0.00 0.01 0.00 0.00 Cr2O3 0.00 0.03 0.00 0.06 0.00

FeOt 14.72 11.64 12.61 13.20 14.07 FeOt 10.18 10.74 10.94 10.41 6.76

MnO 0.00 0.00 0.01 0.01 0.01 MnO 0.00 0.07 0.02 0.04 0.02

MgO 10.18 15.59 15.97 14.54 14.82 MgO 9.32 10.09 9.54 9.84 9.22

CaO 1.47 8.00 8.64 8.47 8.70 CaO 15.70 16.79 15.27 16.14 14.55

Na2O 6.19 2.60 2.07 2.57 2.23 Na2O 5.67 4.55 5.38 5.05 6.43

K2O 0.00 0.01 0.01 0.00 0.00 K2O 0.00 0.00 0.00 0.00 0.00

Tot 97.99 97.23 98.26 98.21 97.98 Tot 100.48 100.09 99.88 100.48 100.51

Si 8.010 7.900 7.877 7.645 7.665 Si 1.990 2.005 1.998 1.986 2.003

Al 0.000 0.100 0.123 0.355 0.335 Al4 0.010 0.000 0.002 0.014 0.000

SumT 8.010 8.000 8.000 8.000 8.000 tet 2.000 2.005 2.000 2.000 2.003

Al 1.281 0.441 0.325 0.447 0.299 Al6 0.183 0.129 0.169 0.164 0.302

Cr 0.000 0.000 0.001 0.000 0.000 Fe2 0.086 0.137 0.121 0.115 0.063

Fe3 0.367 0.364 0.356 0.606 0.646 Fe3 0.222 0.192 0.212 0.200 0.138

Ti 0.001 0.001 0.001 0.000 0.000 Mg 0.502 0.550 0.519 0.533 0.490

Mg 2.109 3.271 3.335 3.036 3.115 Mn 0.000 0.002 0.000 0.001 0.001

Fe2 1.242 0.923 0.983 0.911 0.940 Ti 0.001 0.001 0.000 0.002 0.002

Mn 0.000 0.000 0.000 0.000 0.000 Cr 0.000 0.001 0.000 0.002 0.000

Ca 0.000 0.000 0.000 0.000 0.000 Oct 0.994 1.011 1.023 1.017 0.995

SumC 5.000 5.000 5.000 5.000 5.000 Xoct 0.000 0.011 0.023 0.017 0.000

Mg 0.000 0.000 0.000 0.000 0.000 Ca 0.608 0.658 0.597 0.628 0.555

Fe2 0.103 0.084 0.139 0.029 0.074 Na 0.398 0.323 0.381 0.355 0.444

Mn 0.000 0.000 0.001 0.001 0.001 M2 1.006 0.991 1.000 1.000 0.998

Ca 0.219 1.207 1.297 1.271 1.315

Na 1.669 0.710 0.562 0.698 0.610 Jd 18.3 12.9 16.9 15.9 30.0

SumB 1.990 2.000 2.000 2.000 2.000 Ac 22.2 19.2 21.2 19.5 13.8

Ca 0.000 0.000 0.000 0.000 0.000 Wo 30.3 33.2 29.9 31.8 28.1

Na 0.000 0.000 0.000 0.000 0.000 En 25.0 27.8 26 27.0 24.7

K 0.000 0.002 0.002 0.000 0.000 Fs 4.3 6.9 6.1 5.8 3.2

SumA 0.000 0.002 0.002 0.000 0.000

tot cat 15.000 15.002 15.002 15.000 15.000

15-K Glaucophane Winchite Actinolite Winchite Actinolite

Amphibole structural formula recalculated using the method of Richard and Clark (1990), based on 23 oxygens. Total number of cations = 15 excluding K.
Nomenclature after Leake et al. (1997). Clinopyroxene formula based on 6 oxygens.



far simply as “amphibolites” are tentatively subdivided in-
to different types, on the basis of their mineral composi-
tion and microstructural features. New findings are: i)
relics of magmatic structures in some amphibolites, in-
ferred to be pillow lavas or pillow breccia; ii) lawsonite
pseudomorphs-bearing amphibolites; iii) that epidote-am-
phibolite of the Antrona Valley derived from lawsonite-
bearing amphibolite. 

Metamorphic evolution

Petrographic observations and mineral analyses give in-
formation about the Alpine tectonometamorphic evolution
for the studied ophiolite rocks, summarized in Fig. 9. By in-
tegrating microstructural features and structures observed at
the meso-scale, at least four Alpine ductile deformation
phases (D1-D4) were recognized. These phases produced
four metamorphic foliations (S1-S4). Four stages of mineral
crystallization (B1-B4) were recognized. 

D1 is related to relict microstructures older than D2 (re-

sponsible for the main foliation S2). Such microstructures
are represented by glaucophane inclusions (B1) inside gar-
net in the amphibole-eclogite samples. Glaucophane inclu-
sions, however, are scattered and do not define an internal
foliation within garnet. Internal foliation marked by rutile
and quartz was instead observed inside garnet poikiloblasts
in micaceous metaquartzites (Turco, 2004). We infer that
glaucophane inclusions and rutile + quartz foliation repre-
sent relict of the prograde Alpine metamorphic path likely
occurred under blueschist facies conditions. D2 is responsi-
ble for the main regional foliation S2 recognizable in the
field, mostly defined by Ca-Na- and Ca-amphibole. Before
the onset of D2, step B2 (eo-Alpine stage) is responsible for
the crystallization of high pressure mineral assemblages in-
cluding Na-clinopyroxene + winchite + garnet + rutile in
mafic rocks (Fig. 9). Step B3 (meso-Alpine stage) produced
Ca-Na amphiboles at winchite rims in eclogite and Ca-am-
phibole + epidote + biotite + plagioclase in amphibolites,
marking the S2 foliation. B4 (neo-Alpine stage) is charac-
terized by the growth of actinolite + chlorite + epidote + al-
bite defining the S3 and S4 foliations under greenschist fa-
cies conditions. In some samples, chlorite and epidote are
not associated with a foliation, when replacing garnet. S3
and S4 foliations are not pervasive and are defined as crenu-
lation cleavage or S-C structures. Finally, B4 was followed
by growth of prehnite filling veins cutting through all previ-
ous structures. 

Microstructural evidence regarding the first appearance
of lawsonite in the studied rocks is scarce: relics of (pseudo-
morphed) lawsonite inside garnet were not observed. Evi-
dence of Na-clinopyroxene-lawsonite coexistence is lacking
(Na-clinopyroxene was found in eclogites and not in amphi-
bolites bearing pseudomorphs after lawsonite). Indeed, bulk
rock chemistry, in addition to pressure, temperature and
volatile components in the system, are among the main fac-
tors controlling lawsonite formation (e.g., Pognante, 1989
and refs. therein; Bucher et al., 2005). Such scarce textural
evidence prevents a correct definition of the relative
chronology of deformation vs. metamorphism. On the basis
of textural relations, we infer that the growth of lawsonite
porphyroblasts in amphibolites took place before or during
D2 which produced S2 foliation defined by (B3) Na-Ca and
Ca-amphibole. Consequently, lawsonite (± rutile; see Fig.
5d) is inferred to grow before the onset of the amphibolite
or epidote-amphibolite facies conditions. 

A qualitative P-T diagram showing the metamorphic evo-
lution the Antrona ophiolite rocks as deduced from the sta-
bility conditions of the observed mineral parageneses is illus-
trated in Fig. 10. The peak P-T condition as estimated in the
eclogite samples is also reported (see “B2” in Fig. 10). The
prograde event (B1) likely occurred under blueschist facies
(as attested by glaucophane inclusions in garnet from eclog-
ite samples) followed by high pressure (eclogitic) metamor-
phic peak, attested by the omphacite-garnet pair (B2). A pos-
sible coexistence of the omphacite-lawsonite pair under
eclogite facies conditions cannot be ruled out, if we consider
the P-T values obtained by thermobarometric calculation in
the eclogite samples. In fact our results (T = 372 ± 50°C for
P ≥ 1 Gpa) are compatible with the stability field of law-
sonite (low-T side of the reactions 1 and 2 in Fig. 10). Previ-
ous works on eclogites in the studied area suggested that
metabasic rocks were equilibrated under P = 1.4 - 1.6 GPa
and T = 480-720°C (Colombi and Pfeiffer, 1986). These re-
sults have been obtained on garnet - omphacite pairs, follow-
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Fig. 6 - BSE images of amphibolite and eclogite samples. a) Chemical zon-
ing in eclogite amphibole: Na-Ca amphibole (win = winchite) corresponds
to darker core; lighter Ca-amphibole (Ca-Amp) forms the rims; gar = gar-
net. b) Detail of the “sheaf”-like structure observed in light green boudins
of the microboudin-bearing amphibolites. amp= amphibole; ep = epidote;
ab = albite. 



ing the Ellis and Green (1979)’s thermometric calibration.
Nevertheless, the suggested temperature span appears to be
unreasonably large. In addition, no microchemical analyses
or other arguments have been provided by Colombi and
Pfeiffer (1986) to explain such a large temperature span.
Many analyses (e.g. Lardeaux et al., 1986) suggested that the
temperature span obtained with this method may consider-
ably be reduced with a careful textural selection of the
analysed sites. Moreover, the Ellis and Green (1979)’s cali-
bration for the garnet-clinopyroxene thermometer probably
overstimates temperature (e.g. Green and Adams, 1991) and
thus it was not utilised in the present study. 

According to Pfeifer et al. (1989), the peak metamor-
phism of the Antrona metabasic rocks was followed by am-
phibolite facies conditions, estimated at T = 550°C in
metasediments, and then by greenschist facies conditions.
According to Carrupt and Schlup (1998), the retrogressive
greenschist stage was followed by an increase in tempera-
ture, inferred from the compositional zoning of amphibole
and plagioclase in mafic rocks. In the present study, the ret-
rograde metamorphic evolution may be inferred from the in-
cipient breakdown of high pressure minerals in the eclogite

samples and from the amphibolites samples, that are charac-
terized by epidote-amphibolite/amphibolite facies mineral
assemblages (step B3 in Figs. 9 and 10). These mineral as-
semblages were overprinted by greenschist facies minerals
(B4), followed by prehnite-pumpellyite facies mineral as-
semblages (prehnite-filled veins). Our petrographic observa-
tions and mineral chemistry data are consistent with Pfeifer
et al. (1989)’s estimates for the retrogressive evolution of
the Antrona ophiolite.

CONCLUDING REMARKS 
AND REGIONAL IMPLICATIONS

Field data and petrographic observations allow a new de-
finition of the ophiolite rock types exposed in the Antrona
Valley. New findings are: 
• relics of magmatic structures in some amphibolites, in-

ferred to be pillow lavas or pillow breccia;
• lawsonite pseudomorphs-bearing amphibolites; 
• the epidote-amphibolites of the Antrona Valley derived

from lawsonite-bearing amphibolite;

217

Fig. 7 - Compositions of eclogite amphiboles
analysed by SEM-EDS. Nomenclature after
Leake et al. (1997). Filled and open circle 
= core and rim of crystal, respectively; cross
= amphibole inclusion in garnet; filled square
= amphibole in garnet corona.

Fig. 8 - SEM-EDS compositions of amphi-
boles in amphibolites and metagabbro.
Nomenclature after Leake et al. (1997). Sym-
bols: cross = amphibole inclusion in garnet;
diamond = amphibole on S2 foliation; trian-
gle = amphibole on S3 foliation; filled and
open circle = core and rim of crystal, respec-
tively; asterisk = amphibole in symplectite;
filled square = amphibole in corona around
garnet.



• the P-T evolution is characterized by a prograde
blueschist-facies stage and by an eclogitic peak occurred
at T = 372 ± 50°C and P ≥ 1 GPa. This P-T condition is
consistent with the stability of lawsonite, that was ob-
served as pseudomporphs in amphibolites, but not in om-
phacite-garnet-bearing rocks. The retrograde evolution of
the Antrona metabasites occurred under epidote-amphi-
bolite/amphibolite facies overprinted by greenschist fa-
cies conditions. Late minerals associated with brittle de-
formation grew under prehnite-pumpellyite facies condi-
tions.
The inferred metamorphic evolution for the Antrona Unit

may be compared, at least in part, to that suggested for the
Zermatt-Saas metaophiolite (e.g., Ernst and Dal Piaz, 1978;
Barnicoat and Fry, 1986; Fry and Barnicoat, 1987; Bucher
et al., 2005): both units exhibit prograde Alpine blueschist
mineral assemblages followed by an eclogitic peak, typical
for subduction-related metamorphism. However, the P-T
condition of the eclogitic peak in the two units are not easily

comparable, due to the large span of P-T estimates obtained
so far for the Zermatt-Saas eclogites, ranging from 450-
780°C and from 1-2.2 GPa (e.g., Ernst and Dal Piaz, 1978;
Oberhänsli, 1980; Barnicoat and Fry, 1986; Fry and Barni-
coat, 1987; Cartwright and Barnicoat, 2002). 

The retrograde path of the Antrona ophiolite differs from
those proposed by Barnicoat and Fry (1986) and Fry and
Barnicoat (1987) for the Zermatt-Saas Unit. This latter is
characterized by an initial rapid cooling to the lawsonite-
eclogite field, before the onset of blueschist (glaucophane
growth) and then greenschist facies conditions. Although
not well contrained in its initial part, decompression path of
the Antrona ophiolite is dominated by epidote-
amphibolite/amphibolite facies mineral assemblages. Con-
sequently, even if a common prograde path may be envis-
aged for the Zermatt-Saas and Antrona ophiolite, their re-
spective exhumation histories probably became different,
accounting for their different tectonic positions in the
Alpine nappe pile.
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Table 4 - Selected electron microprobe analyses of garnet from eclogite samples of the
Antrona ophiolite.

SAMPLE C1 C1 C1 C1 C1 C1 C1

Analysis C1CGT1 C1CGT3 C1CGT4 C1AGT2* C1AGT3* C1EGT1* C1EGT2*

Occurrence rim int rim core rim rim rim/cpx int rim/cpx

SiO2 wt% 38.56 38.17 37.96 38.39 38.09 38.40 38.08

TiO2 0.09 0.06 0.14 0.07 0.11 0.05 0.09

Al2O3 20.51 20.61 20.46 20.89 20.44 20.43 20.60

Cr2O3 0.00 0.00 0.00 0.04 0.02 0.00 0.00

FeOt 31.74 30.82 28.96 32.12 30.67 31.54 30.86

MnO 1.21 0.23 1.47 0.13 1.28 0.47 0.16

MgO 3.82 2.02 1.47 2.46 1.28 2.73 2.13

CaO 5.95 9.29 11.17 7.87 10.29 7.40 8.83

Na2O 0.00 0.00 0.00 0.01 0.06 0.07 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tot 101.88 101.21 100.43 101.97 101.23 101.10 100.76

Si 3.008 3.007 3.008 3.004 3.008 3.022 3.011

Ti 0.005 0.004 0.008 0.004 0.007 0.003 0.005

Al 1.886 1.914 1.911 1.927 1.902 1.895 1.920

Cr 0.000 0.000 0.000 0.003 0.001 0.000 0.000

Fe3 0.109 0.083 0.081 0.067 0.090 0.102 0.075

Fe2 1.961 1.947 1.839 2.035 1.936 1.974 1.966

Mn 0.080 0.016 0.018 0.009 0.019 0.031 0.011

Mg 0.444 0.238 0.174 0.286 0.151 0.321 0.251

Ca 0.497 0.784 0.949 0.660 0.871 0.624 0.748

Na 0.000 0.000 0.000 0.001 0.009 0.011 0.000

Tot 7.990 7.991 7.987 7.995 7.993 7.982 7.987

Pyrope 14.89 7.96 5.83 9.58 5.06 10.87 8.44

Almandine 65.76 65.25 61.73 68.07 65.05 66.91 66.05

Grossular 11.18 22.12 27.79 18.59 24.67 15.99 21.37

Spessartine 2.68 0.52 0.59 0.29 0.63 1.06 0.36

Andradite 5.48 4.15 4.06 3.34 4.52 5.17 3.77

* utilised for thermobarometric calculations. Structural formula calculated on the basis of 12 oxygens.
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