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Abstract: The first occurrence of the lawsonite-kyanite transition is described in the
Ivozio complex eclogites of the central Sesia-Lanzo Zone (Western Austroalpine Do-
main, Italian Alps). The transition from prograde lawsonite to kyanite-bearing eclogites
was recorded during a clockwise subduction-exhumation P-T-t-d path. The P-T-t-d evo-
lution of the Ivozio complex is characterized by an Alpine multistage structural and
metamorphic re-equilibration: D1 deformation, represented by a penetrative foliation,
is the relic of a prograde low-T history, which took place under the epidote-blueschists
facies conditions (T = 350 - 500°C and P ≤ 1.2 GPa). Post-D1a re-equilibration stage is
marked by the growth of Omp and Lws in eclogites: during this stage T was 520 ± 30 °
C at P = 1.4 to 2.2 GPa (eclogite facies conditions). During post-D1b stage the stable
association of Omp + Ky + Ep (in lawsonite-eclogites) developed at T 610 ± 20°C and
P ≥ 2.0 GPa. This assemblage coincided with Tmax-PTmax conditions. During D2 a
penetrative foliation marked by Omp + phengitic/paragonitic white mica + Amp + Ep
in eclogites and amphibole-schists was imprinted. In ultramafics (including serpentin-
ites) S2 is widespread as a planar fabric, marked by serpentine + chlorite + amphibole
± ilmenite ± clinopyroxene ± carbonate ± talc . This stage is characterized by tempera-
tures spanning from 500 to 600°C at P ≤ 2.0 GPa. D3 deformation, developed under
greenschists facies conditions, is associated with a crenulation cleavage or discrete shear
bands.

The early stages of this subduction-exhumation cycle mainly occurred under a low-T
regime (i.e. lawsonite-bearing conditions); subsequently the temperature increased (ky-
anite-eclogite conditions) before the exhumation of the Ivozio complex, marked by the
transition to paragonite-eclogite conditions under a steady state thermal regime.
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Introduction
Lawsonite-bearing rocks have been commonly reported

from the Alps and from many orogenic belts and subduc-
tion complexes as main constituents in the oceanic crust
(igneous and sedimentary protoliths) and in trench-related
metasediments (e.g. Franciscan: Radvanec et al., 1998;
Alps: Bousquet et al., 2004; Reinecke, 1998; Greece:
Schliestedt, 1986; Okay, 2002 and Ballevre et al., 2003 and
references therein). Lawsonite-bearing rocks are seldomly
preserved in the subducted continental crust (Pognante,
1989a; Pognante, 1989b; Pognante et al., 1980; Schwartz
et al., 2000), particularly if related to the P-T prograde sub-
duction stages.

Moreover, the reconstruction of the tectono-thermal
evolution of slices of continental crust that recorded a low
to very low thermal gradient during burial and exhumation,
may disclose information about tectonic mechanisms of
erosion and dragging to depth of slices of the upper plate
continent during active subduction of cold oceanic litho-
sphere.

In this contribution we investigate the tectono-thermal
evolution of lawsonite-bearing metabasics of the Ivozio
complex in the Sesia-Lanzo Zone (Austroalpine domain of
the Western Italian Alps) and describe the metamorphic
reactions leading to the production and breakdown of law-
sonite; we deduce from them the sequence of thermal
regimes characterising the Alpine subduction-collision
stages. The protoliths of the metabasic rocks are pre-alpine
gabbros accreted to the Austroalpine continental crust dur-
ing the Variscan orogenic cycle.

Geological Setting
The Ivozio complex (Pognante et al., 1980) is part of

the Eclogitic Micaschists Complex (EMC) of the Sesia-
Lanzo Zone (SLZ). The SLZ (Fig. 1) is traditionally sepa-
rated in two elements (Compagnoni et al., 1977; Dal Piaz
et al., 1972): an upper element or "II Zona Diorito-Kinzi-
gitica" (IIDK), comprising metapelites and metabasics
with a dominant pre-Alpine metamorphic imprint under
amphibolite/granulite facies conditions, and a lower ele-
ment consisting of polymetamorphic metapelites, meta-
granitoids and metabasics, with Permian igneous bodies
(e.g. Monte Mucrone, Val Sermenza gabbro). The lower
element is further divided in three metamorphic com-
plexes: the "Gneiss Minuti Complex" (GMC), showing a
dominant Alpine metamorphic imprint under greenschist

facies conditions, and the "Eclogitic Micaschists Com-
plex" (EMC), showing a dominant Alpine imprint under
eclogite facies conditions and the Rocca Canavese Thrust
Sheet (Pognante, 1989a; Pognante, 1989b; Spalla and Zul-
bati, 2004) lawsonite-blueschists facies metamorphic im-
print characterizes the P-retrograde exhumation path.

Figure 1. Location Map

a) Tectonic outline of the Alpine chain with the location
of the Sesia-Lanzo Zone;

b) Simplified geological map of the Sesia-Lanzo Zone.

c) Interpretative structural and petrographic map of the
Ivozio mafic-ultramafic complex (Austroalpine domain,
Sesia-Lanzo Zone, Western Alps): field mapping by S.
Racchetti, M.I. Spalla, M. Zucali and F. Zulbati Petrillo.
Stereographic projections of main mesoscopic fabric el-
ements.

The structural evolution of the EMC of the SLZ (Table
1) is accomplished during pre-Alpine times under granulite
to amphibolite to greenschists facies conditions (Lardeaux,
1981; Lardeaux and Spalla, 1991; Spalla et al., 2005; Zu-
cali, 2002; Zucali et al., 2002) and during Alpine times
under prograde blueschists to retrograde greenschists,
through eclogite facies peak conditions.
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Table 1a. Structural evolution of EMC of the SLZ

Refer-
ences

Pre-Al-
pine

Blues-
chists

Eclogite Blues-
chists

Greens-
chists

(1)   D1 D2 D3

(2)  D0 D1 D2 D3

(3) D0  D1 D2 D3+D4

(4) D1 D2 D3 D4 D5

(5) D0  D1 + D2 ----------
> D2

 

(6)   D1 D2 D3

(7)   D1 + D2 ----------
> D2

D3

(8) D0 D1 D2+D3  D4

(9) D0  D1+D2 D3 static

(10) pre-D1 D1 + D2 + D3 D4 D5+D6

Note

Relationships between deformation and meta-
morphism in the EMC of the Sesia-Lanzo
Zone, according to the literature: (1) Gosso,
1977; (2) Pognante et al., 1980; (3) Passchier et
al., 1981; (4) Williams and Compagnoni, 1983;
(5) Hy, 1984; (6) Ridley, 1989; (7) Ildefonse et
al., 1990; (8) Venturini et al., 1991; (9) Inger
and Ramsbotham, 1997; (10) Zucali et al.,
2002.

The records of pre-Alpine and Alpine evolutions are
richer within micaschists and gneisses. During pre-Alpine
deformations a penetrative foliation was imprinted within
metapelites marked by Crd + Bt + Pl + Kfs + Sill + Grt +
Ilm and by Opx + Grt + Pl + Amp + Bt + Ilm in basic
granulites (Lardeaux and Spalla, 1991) P - T estimates for
the pre-Alpine evolution indicate 0.6 ≤ P ≤ 0.9 GPa and T
= 700 - 900°C under granulite facies conditions, followed
by an amphibolite facies stage (P = 0.3 - 0.5 GPa and T =
570 - 670 °C) and by a greenschist facies re-equilibration
(P = 0.25 - 0.35 and T < 550°C) (Lardeaux and Spalla,
1991; Rebay and Spalla, 2001).

The Alpine evolution is characterized by polyphasic
deformation under blueschist to eclogite facies conditions
followed by retrogression under blueschist to successive
greenschist facies conditions (Compagnoni, 1977;

Compagnoni et al., 1977; Dal Piaz et al., 1972; Gosso,
1977; Pognante et al., 1980; Tropper et al., 1999; Zucali,
2002; Zucali et al., 2002). The eclogite facies stages oc-
curred at P 2.1 GPa and T 650°C, as inferred by (Tropper
and Essene, 2002) on the basis of Ky-occurrence as arm-
oured inclusions in Grt-bearing amphibolites; during
blueschists to greenschists facies retrogression km-scale
folding of eclogitic foliation occurred, in places associated
with a new penetrative foliation. Large scale shear zones
developed during final stages of greenschists facies re-
equilibration in central SLZ (Handy et al., 2005). Brittle-
ductile faulting also occurred during the final stages of the
Alpine evolution and assisted intrusion of andesitic dykes
and igneous stocks (i.e. Biella-Miagliano and Traversella
in Fig. 1).

Absolute age estimates and field relationships (see Ta-
ble 1b for references and used methods) allowed to attribute
an age 270 Ma to the granulite facies stage, an age 240 Ma
to the amphibolite facies and an age 170 Ma to the greens-
chists facies metamorphism. Mineral ages ranging between
60 and 70 Ma have been related to the Alpine eclogite facies
peak.

The Ivozio complex ( Figure 1 ) includes eclogitic met-
abasics, eclogites, lawsonite-eclogites and scarce ultramaf-
ics that show layers of metapyroxenites and antigorite
serpentinites; a primary igneous layering also exists (Pog-
nante et al., 1980). All lithologies record penetrative Alpine
metamorphic imprints, whereas pre-Alpine assemblages
are scanty. Pognante et al. (1980) described a pre-eclogitic
stage of deformation under blueschists facies conditions
with extensive granular scale deformation; B1 and B2 de-
formation phases developed the main composite foliation
and were associated with the wide development of eclogite
facies assemblages within all lithologies; Lws growth was
doubtfully attributed to B1 structures. B3 large-scale folds
occurred under blueschists facies conditions; the Late Al-
pine evolution ended with a poorly developed stage under
greenschists facies conditions. The metabasic protoliths of
Ivozio complex have been dated by Rubatto (1998) at 355
±9 Ma (see Table 1b). The lithologies of the Ivozio com-
plex are mutually folded during eclogite to blueschist facies
deformation phases, while a greenschist facies deformation
refolds the main contact between the Ivozio complex and
the surrounding paraschists and metagranitoids of the EMC
(B3 deformation phase in Pognante et al., 1980).
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Table 1b. Geochronological data for the SLZ
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Lithologic Types
Five bulk-rock compositions were distinguished at

meso- and microscale: eclogites, eclogitic metabasics,
schists, serpentinites and ultramafics. Eclogites (Fig. 2)
were also distinguished in Type I eclogites (s.s.); Type II,
Lws-bearing eclogites (where Lws is always in lozenge-
shape pseudomorphs); Type III, Amp-bearing eclogites.
Eclogitic metabasics contain more than 50% of Amp,
schists contain mainly Amp- and Chl and ultramafics are
composed of Serp and minor Px, opaque minerals and Cc.

Figure 2. Amphibolite and eclogite structure

(a and b) S1 foliation within amphibole-bearing eclogites,
marked by SPO of amphiboles, defines an angle (from
0 to 90°) with respect to the SL (original magmatic layer-
ing?) between amphibole-bearing eclogites and eclogit-
ic metabasics.

c) S1 foliation is parallel to SL and defined by dark am-
phibole-rich eclogite layers and light epidote-rich eclo-
gite layers. D2 folds bend S1 foliation.

d) Alternated layers of lawsonite-bearing eclogites and
amphibole-bearing eclogites. SL is parallel to S1 . Law-
sonite porphyroblasts, overgrowing S1 foliation, are
characterized by lozenge shape and light colour.

e) D3 metre scale folding within eclogites.

f) Centimetre thick fracture filled by omphacite; millime-
tre thick omphacite porphyroblasts occur in a 30 cm-
thick zone.

Structural evolution
All lithologies are lenticular in shape and elongate par-

allel to the dominant S2 foliation, as shown in Fig. 1.
Six stages of structural evolution have been separated

on the base of overprinting relationships: pre-D1 igneous
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structures; D1, D2 and D3 ductile deformation phases of
Alpine age and fracture systems filled by peculiar mineral
assemblages, ascribed to post-D2 and post-D3 stages.

Pre-D1 planar structures (magmatic layering ) are tens
of centimetres-thick layers of amphibole-bearing eclogites
alternate to tens of centimetres -thick layers of Hbl-Grt or
Hbl-Grt-Zo/Czo metabasics (Figs. 2a and b). These planar
structures are preserved only in metric relict domains.

D1 consists of a S1 foliation; it is a mm to cm-spaced
foliation, preserved only in metre-size eclogites (Fig. 2)
and Amp-schists; S1 is defined by the Shape Preferred Ori-
entation (SPO) of Amp, Ep and Wm.

D2 structures are represented by the S2 foliation, a mm
to cm-size differentiated layering. S2 is marked by SPO of
Amp, Ep, ± Omp, ± Wm and ± Chl in eclogites, metabasics
and schists; it is a differentiated layering of Srp ± Amp in
serpentinites and ultramafics. D2 rootless folds are centi-
metre to m-size relics, better preserved in Amp-schists and
eclogites (Figs. 1 and 2). S2 is the most penetrative planar
structure at the scale of the Ivozio complex. In eclogites
Omp grains, up to cm in size, define a mineral lineation
(L2) within S2. In syn-D2 low strain volumes of eclogites,
randomly oriented cm-size Omp-Lws and Grt grains over-
grow the S1 foliation marked by a SPO of Amp. An internal
foliation, marked by Amp ± Wm, is preserved within Omp
and Grt porphyroblasts (Fig. 2). Locally D3 open folds, re-
fold S1 and S2 foliations and lithological boundaries (Figs.
1, 2).

Four types of veins were distinguished on the basis of
their mineral composition (Fig. 1 Schmidt diagrams):
Omp, Gln, Ep and Grt veins. Overprinting relationships
between veins and above described foliations/folds al-
lowed to infer a relative timing:

Grt-bearing veins are generally massive and up to 1 m-
length; two orientations exist, generally forming an angle
of about 30°. In place Grt-veins display an Omp-rich rim.

Omp-bearing veins are scarce. They cut across the S1

foliation marked by Amp ± Wm (Fig. 2); close to the Omp
fractures (up to 20 cm) Amp underlying the S1 foliation are
replaced by randomly oriented Omp. Omp may be rimmed
by aggregates of Gln.

Gln-bearing veins display three principal orientations at
about 30° (Fig. 1). They cross cut both S1 and S2 foliations.
In place Gln may also be rimmed by Omp. These observa-
tions lead to the interpretation that at least one generation
of Gln veins predate the Omp-bearing veins development.

Ep-bearing veins are characterized by fibrous growth of
Ep grains perpendicular to the vein wall. Ep veins may be
up to 3 cm in thickness. Locally Ep is intergrown with Gln
and may also display rims of Gln and/or Omp.

In places veins filled by Grt, Omp and Gln are reoriented
during D3 folding.

Microstructural evolution
In Fig. 3 the relationships between microstructural evo-

lution and mineral growth have been reported. The record
of the multi-stage transformations is more complete in
eclogites than in serpentinites, ultramafics and schists.

Figure 3. Deformation scheme

Schematic evolution of fabrics and mineral assemblag-
es in eclogites, schists, ultramafics and sepentinites.

Eclogites

Pre-D1

Undeformed volumes of TypeIII eclogites preserve the
oldest microstructural and mineralogical features, which
are brownish Rt-rich cores within Amp and Omp porphyr-
oblasts; Amp Rt-rich cores are rimmed by blue-Amp while
the smaller interstitial Omp grains enclose thin aggregates
of Rt and oxides in the cores. Brown Amp and interstitial
Cpx microstructural site may be interpreted as pre-Alpine
remnants according to Compagnoni (Compagnoni, 1977).
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D1 is preserved in TypeIII eclogites as a mineral layer-
ing defined by alternate Amp-rich and Ep-rich domains.
Amp-rich domains are characterised by SPO of AmpI and
WmI defining the S1 foliation; GrtI porphyroblasts also
occur within these layers and the boundaries between Am-
pI, WmI and GrtI are rational. In places the cores of GrtI
porphyroblasts are rich of Qtz + Amp + Rt inclusions. Ep
and Wm grains, showing SPO parallel to the mineral layer-
ing, constitute Ep-rich domains. Ep grains are elongate and
no undulose extinction occurs within these grains. AmpI
are large inequant porphyroblasts characterised by slight
undulose extinction. In the matrix Rt occurs as isolate
grains or aggregates of grains slightly oriented parallel to
the S1 foliation. Qtz is mainly interstitial and is gently ori-
ented parallel to the foliation, showing undulose extinction
and deformation lamellae.

The microstuctural relationships allow defining the
metamorphic assemblage stable during D1:

AmpI + GrtI + WmI + Rt + Ep ± Qtz
Post-D1a The coronitic growth of Omp (Figs. 3, 4), Grt

and Lws, overprinting the pre-existing S1 foliation, char-
acterizes this intermediate stage of the mineral growth.
Omp are large grains (up to 3 cm) showing an angle with
S1 foliation and displaying inclusions of AmpI, Ep, Rt and
Wm, oriented parallel to the external S1 foliation. Omp
grains do not show undulose extinction, deformation twins
or lamellae. GrtII porphyroblasts also grew in close rela-
tions with Omp. Large (up to 3 cm in size) GrtII poikilo-
blasts include the S1 foliation, marked by SPO of AmpI and
Ep; Grt rims also include a few randomly oriented Omp
grains.

The microstructural features described above allow re-
lating mineral growth to metamorphic reactions in TypeII
eclogites:

AmpI + Ep + GrtI = OmpI + GrtII
WmI (Pg) + Ep = Lws + OmpI
leading us to define the new mineral phases growing

during post-D1a as:
OmpI + GrtII + Lws

Post-D1

Lws euhedral porphyroblasts, containing the S1 folia-
tion marked by SPO of AmpI, Ep and Wm, are completely
replaced by pseudomorphs of Ky + Ep (Fig. 3, 4). Ky and
Ep do not show any preferred orientation; the inferred
breakdown reaction of Lws is therefore:

Lws = Ky + Ep

during this stage the stable metamorphic assemblage is
defined by:

Omp + Ky + Ep + Rt ± Qtz

Figure 4. Microstructural relationships within
eclogites

Microphotographs showing microstructural relation-
ships within eclogites.

a) Ep + Ky replacing Lws in contact with Omp and Grt in
Lws-eclogites; Ep and Ky do not show any shape pre-
ferred orientation. Plane polarised light.

b) Large Omp porphyroblast overgrows at an high angle
S1, underlined by AmpI SPO. Plane polarised light.

c) Pg-Ep aggregate, replacing Lws porphyroblast, is flat-
tened in S2. Crossed polars.

d) Syn-D3 aggregates of Pl, Wm and AmpIII rims AmpI/
II; boundaries between Pl and AmpIII are rational sur-
face of either phase. Crossed polars.

e) Syn-D3 micro-fracturing of Omp porphyroblast; an
aggregate of AmpIII and Pl fills the micro-fracture neck.
Crossed polars.

D2 is characterised by the development of a penetrative
foliation, mainly marked by SPO of Omp, AmpII and Rt
or fine-grained Rt aggregates. Omp are elongate grains up
to 1 cm in size, showing undulose extinction and deforma-
tion bands. S2 is marked also by AmpII + Ep + Wm; syn-
S2 mineral association is also defined by Grt grains, which
show rational boundaries with Omp and AmpII. AmpII
show undulose extinction and deformation bands, or occur
as small strain-free grains at the rims of the large AmpI
porphyroblasts. Ep aggregates mark S2 , while single Ep
grains with undulose extinction may occur either parallel
or with an angle with respect to S2. Aggregates of Wm +
Ep, replacing Lws porphyroblasts, are in general re-orien-
ted and flattened parallel to the S2 foliation (Fig. 3, 4)
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suggesting that the replacement occurred early in the S2

development. Wm occurring along the S2 foliation is char-
acterized by slight undulose extinction.

These microstructures indicate that the assemblage sta-
ble during D2 was:

OmpI + AmpII + Wm + Ep + Rt ± Qtz
and that the disappearing of Ky + Omp assemblages

may be explained by the reaction:
Omp + Ky = Amp + Pg + Ep
During D3 microfolds develop. S1 and S2 foliations are

gently bent and aggregates of Chl, blue-green AmpIII, Pl
and Ep occur (Fig. 4d). In places SPO of AmpIII, Ep and
Chl-rich aggregates underline a S3 axial plane foliation.
S3 also defines discrete shear bands within eclogites, main-
ly marked by AmpIII and Ep. AmpIII develops as corona
of Omp, AmpI and AmpII or grows within Omp syn-D3

microboudin and microfracture necks associated with Pl
(Fig. 4e). Pl also occur as large grains within Pg aggregates.
Ttn develops as corona of Rt grains or underlines the S3

foliation.
These microstructural relationships may be used to sug-

gest the stable assemblage during D3:
AmpIII + Chl + Pl + Ep + Ttn
due to the interactions of several metamorphic trans-

formations such as
Omp + Qtz + H2O = Ab + AmpIII
Omp + H2O = AmpIII + Ep
Cpx + Rt + Wm = Ab + Chl + Ttn +Qtz
Pg = Ab + Qtz + H2O

Eclogitic metabasics

D1 is characterized by the S1 foliation marked by SPO
of Amp + Ep + Rt. Grt occur both as porphyroblasts (Fig.
5) and aggregates of small grains. Grt-rich layers are par-
allel to S1 . AmpI are large inequant grains, showing
undulose extinction and deformation bands. Large AmpI
individuals are partially rimmed by an aggregate of smaller
strain-free grains (AmpII). AmpII also show SPO parallel
to S1 . Ep grains show slight undulose extinction and their
SPO defines S1 : where Ep occurs at an angle with respect
to S1 , it shows undulose extinction and deformation bands.
Rt occurs as isolated grains with SPO slightly parallel to
S1 . Grt is associated to AmpI and Ep within S1 foliation.

Figure 5. Microstructural relationships within
ultramafites

Microphotographs showing microstructural relation-
ships within ultramafites (a-b), serpentinites (c-d), eclo-
gitic metabasics (e).

a, b) Di porphyroblasts rimmed by Amp aggregates.
Plane polarised light (a) and crossed polars (b).

c) SPO of Chl aggregates, within serpentinites, defining
the S2 foliation. Plane polarised light.

d) Cpx porphyroblast wrapped by Srp+Chl+Carb aggre-
gates. Plane polarised light.

e) S2 foliation marked by AmpI and Chl SPO in Eclogitic
metabasics. Crossed polars.

The microstructural relationships allow defining the
stable assemblage during D1:

Amp + Grt + Ep + Rt ± Wm ± Qtz
During post-D1 stage the coronitic growth of large in-

equant Omp grains occurs. Omp porphyroblasts contain an
internal foliation marked by SPO of AmpI and Rt aggre-
gates parallel to S1 . Grt is also included within Omp
porphyroblasts (up to 1 cm in size). Omp lies at a high angle
with respect to the S1 foliation and it is only slightly affec-
ted by undulose extinction.

The S2 foliation is rare within hornblende-rich metaba-
sics; it is defined by AmpII SPO associated with Ep and
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Omp. Here Omp shows an intense undulose extinction, de-
formation bands and, in places, sub-grains. AmpII mainly
consist of aggregates of small grains, occurring at the AmpI
rims or defining the newly formed foliation. Wm may also
occur as single grains showing SPO parallel to S2 and Am-
pII.

These microstructural relationships allow defining the
stable assemblages during post-D1 and D2 :

Amp + Grt + Ep + Omp + Rt ± Wm ± Qtz
During D3 coronitic transformation widely occur: Chl

partially replaces Grt; microboudinaged Omp and Amp are
partially substituted by aggregates of Pl + green Amp; Ttn
rims Rt. Where S1 and S2 are bent Ep occurs within micro-
hinges. Micro-shear planes, marked by SPO of Pl + Wm +
Chl + Ep crosscut the pre-existing S1 and S2 foliations.

The assemblage inferred to be stable during D3 is:
Green Amp + Pl + Ttn + Wm + Chl + Ep ± Qtz

Amp and Chl-schists

Pre-D1: The oldest features preserved are brownish Rt-
rich cores within Amp porphyroblasts. These relict cores
are preserved only in small less deformed volumes of
schists.

D1 is recorded as large inequant AmpI porphyroblasts
showing undulose extinction, deformation bands and a
shape fabric at an angle (up to 20 degrees) with respect to
the dominant S2 foliation.

The penetrative S2 foliation is marked by SPO of AmpII
+ Mg-Chl + Ep + Rt ± Omp . AmpII are strain-free grains
characterized by blue-violet pleochroism. Aggregates of
Mg-Chl define the S2 foliation. The boundaries among
Amp, Chl and Carbonates are straight. Omp grains are
wrapped by AmpII aggregates within Amp-rich domains;
Omp shows undulose extinction and deformation bands.
Aggregates of carbonates also occur within the S2 foliation.

The inferred stable assemblage during D2 is:
Amp + Mg-Chl + Ep + Rt ± Carb ± Wm ± Omp
D3 is characterised by a gentle folding of S2; Fe-Chl, Pl

and Ttn occur within microfold-hinges.

Ultramafics and serpentinites

Ultramafics are mainly constituted by fine-grained
Amp and Cpx, associated with Chl, Rt, carbonates and
scarce Tlc and Srp. Brownish cores of Chl and Amp char-
acterise the relict microstructures in ultramafics. Ultramaf-
ics do not record D1 microstructures.

The S2 penetrative foliation is defined by alternate lay-
ers of Chl + Tlc + Srp and Amp + Cpx. Amp and Chl show
SPO parallel to the S2 foliation. Chl has a Fe-Mg-rich core
while rims are colourless or with pale-green pleochroism.
Cpx (Di) also occur within Amp-rich domains. Amp in-
cludes Chl grains without any preferred orientation. Car-
bonates are interstitial with respect to Amp and Chl. Grain
boundaries between Amp, Chl and carbonates are rational.

Serpentinites display a penetrative foliation (S2)
marked by alternate Amp + Cpx + Chl + Carb (layerI) and
Srp + Carb + Chl + opaque layers (layerII). Amp and Cpx
within layerI show undulose extinction and subgrains but
no SPO parallel to the S2 foliation. Chl within layerI shows
a penetrative SPO parallel to S2 and undulose extinction.
Within layerII S2 is defined by SPO of Chl, Carb and opa-
que trails; in layerII Srp and Cpx show SPO mainly parallel
to S2 .

The stable assemblage in ultramafics during D2 is:
Amp + Cpx + Chl + Tlc + Srp
while in serpentinites it is defined by:
Srp + Chl + Carb + opaque ± Amp ± Cpx

Mineral Chemistry
Minerals were analysed with an ARL-SEMQ electron

microprobe and natural silicates were used as standards;
matrix corrections were calculated with ZAF procedure.
The accelerating voltage was 15kV, the sample current 20
nA and beam current 300 nA. Representative mineral com-
positions are shown in Table 2.

Mineral formula calculations and classifications have
been made following the general scheme of Deer et al.
(1994), the IMA nomenclature schemes after Leake (Leake
et al., 1997) for amphiboles and Yavuz (Yavuz, 2001) for
pyroxenes. In Fig. 6 and Table 2 compositional diagrams
and mineral analyses for selected mineral phases and bulk
rock compositions are reported.

Amphiboles

In eclogites, AmpII and AmpIII were analysed (Fig. 6).
AmpII is a Na-Ca amphibole while AmpIII are mainly ac-
tinolites (Fig. 6 and Table 2); the Natot content in AmpII
is 0.702 a.p.f.u., while it varies from 0.153 to 0.341 a.p.f.u.
in AmpIII. The AlVI and NaB contents are higher in AmpII
than AmpIII, respectively 0.782 and 0.552 a.p.f.u. in Am-
pII, from 0.262 to 0.439 a.p.f.u. (AlVI) and from 0.134 to
0.244 a.p.f.u. (NaB) in AmpIII.
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Table 2a. Amphibole compositions

Sam
ple

eclo
gite

eclo
gite

ul-
tra-
ma-
fite

ul-
tra-
ma-
fite

ul-
tra-
ma-
fite

schi
sts

schi
sts

schi
sts

schi
sts

Na
me

Na-
Ca
amp
(Am
pI)

Ac-
ti-
no-
lite
(Am
pIII
)

Tre
mo-
lite

Tre
mo-
lite

Tre
mo-
lite

Ede
nite

Ma
gne-
sio-
hor
nble
nde

Ma
gne-
sio-
hor
nble
nde

Tre
mo-
lite

SiO
2

55.6
9

57.3
7

57.8
8

57.6
1

57.1
5

47.7
0

50.2
5

53.6
9

55.2
7

TiO
2

0.10 0.03 0.00 0.00 0.01 0.18 0.21 0.07 0.05

Al2
O3

6.87 1.58 0.01 0.04 0.02 7.91 7.33 2.76 1.33

Cr2
O3

0.02 0.01 0.17 0.03 0.07 0.11 0.13 0.36 0.03

Mn
O

0.06 0.21 0.10 0.08 0.11 0.14 0.12 0.11 0.11

Fe2
O3

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 6.83 9.55 4.51 3.14 4.98 8.71 8.09 5.01 4.97

ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg
O

16.6
2

16.7
9

22.8
1

22.7
9

21.3
4

16.2
8

18.2
1

21.1
7

22.2
2

CaO 9.81 12.3
9

12.8
7

12.7
9

12.9
2

11.2
1

11.5
9

11.8
2

12.0
4

Na2
O

2.63 0.56 0.29 0.18 0.28 2.32 2.39 1.32 0.84

K2
O

0.10 0.02 0.08 0.03 0.05 0.51 0.53 0.18 0.03

To-
tal

98.7
3

98.5
1

98.7
2

96.6
9

96.9
3

95.0
7

98.8
5

96.4
9

96.8
9

TO-
TA
L

98.7
3

98.5
1

98.7
2

96.6
9

96.9
3

95.0
7

98.8
5

96.4
9

96.8
9

Ox 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

Si 7.67 8.07 7.85 7.94 7.96 6.97 7.01 7.50 7.62

Al
(IV)

0.33 0.00 0.00 0.01 0.00 1.03 0.99 0.45 0.22

Ti
(IV)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01

sum
T

8.00 8.07 7.85 7.95 7.97 8.00 8.00 7.96 7.84

Al
(VI)

0.78 0.26 0.00 0.00 0.00 0.34 0.22 0.00 0.00

Ti
(VI)

0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00

Cr 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.04 0.00

Fe3
+

0.00 0.00 0.46 0.28 0.12 0.38 0.50 0.58 0.57

Mg 3.41 3.52 4.53 4.68 4.43 3.55 3.79 4.39 4.42

Fe2
+

0.79 1.12 0.00 0.03 0.44 0.69 0.44 0.00 0.00

Mn 0.01 0.03 0.00 0.00 0.00 0.02 0.01 0.00 0.00

sum
C

5.00 4.93 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Mg 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.02 0.14

Fe2
+

0.00 0.00 0.06 0.05 0.02 0.00 0.00 0.01 0.00

Mn 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01

Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ca 1.45 1.87 1.85 1.89 1.93 1.76 1.73 1.77 1.78

Na 0.55 0.13 0.00 0.05 0.04 0.24 0.27 0.19 0.06

sum
B

2.00 2.00 2.00 1.99 2.00 2.00 2.00 2.00 2.00

Ca 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.15 0.02 0.08 0.00 0.04 0.41 0.38 0.17 0.16

K 0.02 0.00 0.01 0.01 0.01 0.10 0.10 0.03 0.01

su-
mA

0.17 0.02 0.11 0.01 0.05 0.51 0.47 0.20 0.17

Figure 6. Compositional variations

Compositional variations in the amphiboles (A) and cli-
nopyroxene (B) from eclogites, ultramafics, serpentin-
ites and schists. Pyroxene compositions plotted into the
Na-pyroxene triangular representation, after Morimoto
(1988). C) Compositions of Grt from eclogites. A, B and
C are the fields in which plot garnet from different eclo-
gite types according to Coleman (1965). Large ellipses
correspond to the composition of Grt synthesised during
experiment on basaltic system at 650°C and 2.0-2.2-2.6
GPa from Poli (1993). D) Epidote compositions from
eclogites and schists.

In Amp-Chl schists AmpII are mainly magnesio-horn-
blendes; Natot contents vary from 0.26 to 0.67 a.p.f.u.,
while CaB varies from 1.70 to 1.78 a.p.f.u.. The differences
in Amp composition shown in Fig. 6 most likely corre-
spond to original chemical differences within the wider
group of Amp-Chl schists.

In ultramafites Amp are tremolites; Natot content is
0.10 a.p.f.u. CaB content from 1.82 to 1.93 a.p.f.u. and Mg
from 4.51 to 4.68 a.p.f.u.

Pyroxenes

OmpI within eclogites show different XJd content with
respect to the microstructural site and to the Fe3+ content
(Fig. 6) from 0.18 to 0.44 and Fe3+ 0.06 a.p.f.u.. The large
OmpI porphyroblasts in eclogites show the highest XJd

values, corresponding to lowest Fe3+ content; OmpI
porphyroblasts within Lws-bearing eclogites show the

Journal of the Virtual Explorer, 2004
Volume 16

Paper 4

http://virtualexplorer.com.au/

Prograde LWS-KY Transition During Subduction Of The Alpine Continental Crust Of The Sesia-Lanzo Zone: The Ivozio Complex Page 12



highest Fe3+ contents where OmpI is in contact with Grt
and Ep (Fig. 6). OmpI of the Lws-eclogites show the high-
est Mg contents, ranging from 0.3 to 0.94 a.p.f.u., and the
lowest Ca and Na contents (Table 2) with respect to other
omphacites in eclogites.

In Amp-Chl schists, Cpx are Ca-rich pyroxenes, with
the Na content varying from 0.02 to 0.18 a.p.f.u., Ca from
0.81 to 0.94 a.p.f.u. and Altot from 0.06 to 0.10 a.p.f.u..

In ultramafites and serpentinites Cpx are Di with Ca
content from 0.94 to 0.96, Na 0.01 a.p.f.u. and Altot always
below 0.01 a.p.f.u..

Table 2b. Pyroxene compositions

Table missing

Garnets

Garnets were analyzed only in eclogites. They show an
XCa content varying from 0.19 to 0.23, XMg (where XMg

=Mg/(Ca+Fe2+ Mg+Mn)) from 0.28 to 0.41, XFe from 0.40
to 0.51 and XMn 0.04. Grt from Lws-bearing eclogite show
compositional variations with an increase of the Fe2+ and
Ca content from core to rims (Fig. 6).

Table 2c. Garnet and White Mica compositions

Sam
ple

eclo-
gite

lws-
eclo-
gite

lws-
eclo-
gite

lws-
eclo-
gite

lws-
eclo-
gite

lws-
eclo-
gite

eclo-
gite

lws-
wclo
gite

Min-
eral

grt grt grt grt grt grt whit
e mi-
ca

whit
e mi-
ca

SiO2 41.1
7

39.7
5

38.5
4

38.6
3

39.2
8

40.5
9

47.9
6

47.0
8

Cr2
O3

0.01 0.02 0.02 0.03 0.00 0.02 0.00 0.03

Na2
O

0.01 0.00 0.00 0.01 0.00 0.00 7.92 7.29

MgO 8.02 10.8
6

7.10 8.19 9.96 9.20 0.16 0.23

FeO 21.4
5

19.9
8

23.4
0

21.2
6

20.4
3

20.7
7

0.19 0.30

Al2
O3

22.0
4

22.9
4

21.6
0

21.7
9

22.2
3

22.2
4

41.6
1

42.4
8

K2O 0.01 0.00 0.00 0.00 0.00 0.00 0.32 0.73

CaO 8.61 6.93 6.74 7.14 6.65 7.41 0.44 0.52

TiO2 0.04 0.04 0.06 0.04 0.04 0.03 0.01 0.18

MnO 0.62 0.25 1.24 1.31 0.24 0.33 0.01 0.03

         

Calc
Total

102.
01

100.
77

98.7
6

98.4
2

98.8
6

100.
62

98.6
3

98.8
7

Ox-
Num

12.0
0

12.0
0

12.0
0

12.0
0

12.0
0

12.0
0

22.0
0

22.0
0

         

Si 3.07 2.96 3.01 3.00 3.00 3.05 5.92 5.81

Al 1.94 2.02 1.99 1.99 2.00 1.97 6.05 6.18

Fe3 0.00 0.06 0.00 0.01 0.00 0.00 0.00 0.00

Fe2 1.34 1.19 1.53 1.37 1.30 1.30 0.02 0.03

Mg 0.89 1.21 0.83 0.95 1.13 1.03 0.03 0.04

Ca 0.69 0.55 0.56 0.59 0.54 0.60 0.06 0.07

Na 0.00 0.00 0.00 0.00 0.00 0.00 1.90 1.74

K 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.12

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02

Mn 0.04 0.02 0.08 0.09 0.02 0.02 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Chlorites

Chlorites in ultramafics (Table 2) are characterized by
Mg content ranging from 9.14 to 9.72 a.p.f.u., Fetot from
1.07 to 1.61 a.p.f.u., Al from 2.63 to 2.99 a.p.f.u. and Cr
from 0.28 to 0.30 a.p.f.u. In serpentinites Mg content varies
from 9.78 to 10.09 a.p.f.u., Fetot from 0.79 to 0.81 a.p.f.u.,
Al from 2.99 to 3.11 a.p.f.u and Cr from 0.08 to 0.10 a.p.f.u.
In Amp-Chl schists the Mg content in Chl varies from 6.40
to 8.33 a.p.f.u., Fetot from 1.55 to 3.30 a.p.f.u, Al 3.94 to
4.64 a.p.f.u. and Cr from 0.04 to 0.23 a.p.f.u.

Other minerals

Serpentine shows an Mg content varying from 9.40 to
9.61 a.p.f.u. Fetot from 1.87 to 2.01 a.p.f.u.; the Cr content
is always negligible. White micas in eclogites are paragon-
ites: Pg (=Na/(Na+K)) content is higher than 0.93. Fetot
and Mg contents are below 0.04 a.p.f.u.. In serpentinites
carbonates are characterized by Mg content from 2.69 to
2.88 a.p.f.u. and Fetot from 0.22 to 0.25 a.p.f.u.. In serpen-
tinites the composition are similar to those of serpentinites:
Mg content varies from 2.69 to 2.78 a.p.f.u. and Fetot from
0.24 to 0.29 a.p.f.u. Chemical compositions of Wm, Ep,
Ky, Oxides, Ttn and Pl are also reported in Table 2.

Table 2d. Epidote compositions

Sample lws-eclogite eclogite schists

Mineral epidote epidote epidote

SiO2 39.67 41.84 37.45

TiO2 0.03 0.05 0.09

Al2O3 33.41 32.94 23.44

Cr2O3 0.02 0.00 1.27

Fe2O3 1.42 2.11 11.21

MnO 0.03 0.00 0.15

MgO 0.06 0.06 0.06

CaO 23.38 24.75 23.06

Na2O 0.00 0.00 0.00

K2O 0.00 0.00 0.00

Totals 98.05 101.78 96.75

Si 3.00 3.06 3.01

Ti 0.00 0.00 0.01

Al 2.98 2.84 2.22

Cr 0.00 0.00 0.08

Fe3 0.08 0.12 0.68

Mn 0.00 0.00 0.01

Mg 0.01 0.01 0.01

Ca 1.90 1.94 1.99

Na 0.00 0.00 0.00

K 0.00 0.00 0.00

Al2Fe 7.64 12.16 75.50
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Table 2e. Mineral compositions

Sam
ple

ul-
tram

eclo eclo lws-
eclo-
gite

lws-
eclo-
gite

serp serp schis
ts

Min-
eral

di-
op-
side

om-
pha-
cite

om-
pha-
cite

om-
pha-
cite

om-
pha-
cite

di-
op-
side

di-
op-
side

di-
op-
side

K2O 0.00   0.26 0.26 0.00 0.00 0.01

CaO 24.3
4

14.6
1

14.4
8

8.50 8.70 24.2
4

24.7
5

22.4
8

TiO2 0.01 0.11 0.11 0.14 0.40 0.05 0.00 0.03

Cr2
O3

0.16 0.01 0.00 0.09 0.05 0.00 0.01 0.09

MnO 0.01 0.01 0.02 0.05 0.03 0.32 0.08 0.15

FeOt 2.31 2.86 2.91 4.97 4.86 3.93 1.92 5.48

NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2
O

0.17 6.54 6.51 3.51 3.75 0.22 0.13 1.20

SiO2 55.0
2

58.0
4

57.0
4

51.9
2

52.7
0

53.4
3

56.0
3

53.8
8

Al2
O3

0.00 10.6
0

10.8
5

11.6
6

11.4
8

0.00 0.01 1.62

MgO 18.0
0

8.95 8.99 17.5
0

15.5
7

16.0
4

18.2
8

14.7
0

TO-
TAL

100.
02

101.
73

100.
91

98.6
0

97.8
0

98.2
3

101.
21

99.6
4

Si 1.99 2.02 2.00 1.85 1.90 1.99 2.01 1.98

Al.I
V

0.00 0.00 0.00 0.15 0.10 0.00 0.00 0.02

Al.V
I

0.00 0.44 0.45 0.34 0.39 0.00 0.00 0.05

Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+ 0.02 0.00 0.00 0.06 0.00 0.03 0.00 0.05

Fe2+ 0.05 0.08 0.09 0.09 0.15 0.09 0.06 0.11

Mg 0.97 0.47 0.47 0.93 0.84 0.89 0.98 0.80

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Ca 0.95 0.55 0.54 0.32 0.34 0.97 0.95 0.88

Na 0.01 0.44 0.44 0.24 0.26 0.02 0.01 0.09

K 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00

Xjd
(hol-
land)

- 0.44 0.44 0.18 0.26 - - -

Table 2f. Ultramafites

Sample Ultramafite Ultramafite Serpentinite

Mineral Opaque Opaque Opaque

SiO2 0.07 0.07 0.07

Cr2O3 15.25 8.21 5.27

Na2O 0 0 0

MgO 0.07 0.17 0.09

FeO 77.05 82.86 87.56

Al2O3 0 0 0

K2O 0 0 0

CaO 0.12 0.13 0.17

TiO2 0.28 0.15 0.29

MnO 0.37 0.15 0.13

CalcTotal 93.23 91.77 93.6

OxNum 32 32 32

Si 0.02 0.02 0.02

Al 0.00 0.00 0.00

Fe3 12.08 13.85 14.54

Fe2 7.91 7.89 7.95

Mg 0.03 0.08 0.04

Ca 0.04 0.04 0.06

Ti 0.07 0.04 0.07

Mn 0.10 0.04 0.03

Cr 3.74 2.04 1.28
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Table 2g. Serpentinites

Sample Serpentinite Serpentinite

SiO2 41.34 41.05

Cr2O3 0.05 0.05

Na2O 0.00 0.00

MgO 31.92 32.52

FeO 11.86 11.38

Al2O3 0.66 1.13

K2O 0.00 0.01

CaO 0.04 0.02

TiO2 0.01 0.01

MnO 0.19 0.15

CalcTotal 86.14 86.37

Si 8.17 8.07

Fe2 1.96 1.87

Mg 9.40 9.54

Ca 0.01 0.00

K 0.00 0.00

Ti 0.00 0.00

Mn 0.03 0.03

Cr 0.01 0.01

Thermo-barometric Estimates
Mineral assemblages stable during successive defor-

mations and classical thermo-barometrical estimates have
been used in order to define the physical conditions of the
evolving metamorphism. Thermo-barometers were only
applied to mineral pairs in mutual contact and with rational
boundaries.

Pressure and temperature stability fields of metamor-
phic assemblages or reaction equilibria were calculated
using Thermocalc (Holland and Powell, 1990) and Perplex
(Connolly, 1990). Activities for Thermocalc calculations
were obtained using Ax (Holland and Powell, 2000).

T - estimates have been obtained using the calibrations
of the Grt-Cpx thermometer (Ai, 1994; Ellis and Green,
1979; Krogh, 1988; Krogh, 2000; Powell, 1985; Sengupta
et al., 1989) widely applied also to eclogite facies rocks
(see Carswell and Harley, 1990). Grt-Cpx thermometer,

applied to the post-D1a , post-D1b and syn-D2 pairs of Grt-
OmpI, in eclogites and Lws-bearing eclogites, yields a T
interval of 550 ± 80°C for P from1.5 to 2.0 GPa; according
to Phillippot and Kienast (Philippot and Kienast, 1989) the
large interval of temperature, obtained using Grt-Cpx ther-
mometer, may be due to the dependence of the estimated
temperature with respect to Fe3+ content in OmpI. The
thermometer based on the Ti content in amphiboles (Otten,
1984) has been applied to Amp-Chl schists, giving results
spanning between 570 ± 10°C. Minimal P can be estimated
applying the barometer calibrated on the basis of the XJd

content of omphacites in eclogites (Carswell and Harley,
1990; Holland, 1980). This calibration applied to the Omp
underlying the S2 foliation of eclogites gives a P of 1.5 ±
0.1 GPa.

T and P of the superposed metamorphic assemblages
are also constrained by the comparison with existing pet-
rogenetic grids and recalculated grids using internally con-
sistent datasets (Connolly, 1990; Holland and Powell,
1990): the pressures attained during the D1 stage can be
constrained by the omphacite-in reaction reported by Poli
(Poli, 1993; Poli and Schmidt, 1995) in basaltic system
(Fig. 7).

The univariant reactions AmpI + Ep + GrtI = OmpI +
GrtII + Pg + Qtz, Omp + Ep + Grt = Lws + Grt and WmI
(Pg) + Ep = Lws + OmpI constrain the post-D1a stage, as
well the Lws break-down reactions Lws = Ky + Ep and Pg
= Omp + Ky + V (Fig. 7).

The post-D1b metamorphic assemblage Omp + Amp +
Wm + Ky + Ep + Rt ± Qtz is also constrained by the uni-
variant curves Lws = Ky + Ep and Pg = Omp + Ky + V at
P2.0 GPa and T600°C

The D2 stage is constrained by the univariant reactions
Omp + Ky ± V = Pg ± Ep ± Amp, Lws = Ep + Ky and by
the general omphacite-in reaction in eclogites: in figure 7
the reactions defining the stability field for D2 paragenesis,
and their references, are reported.

The reactions Ank + Amp + H2O = Chl + Cpx + CO2

and Dol + Amp + H2O = Chl + Cpx + CO2 (calculated using
Thermocalc) for ultramafites also agree with the P-T in-
terval of the syn-D2 assemblages.

Syn-D3 retrograde evolution can be well constrained in
eclogites by the breakdown of OmpI (aJd=0.4) following
the reactions Jd + Qtz = Ab, Omp + Grt = Amp + Grt + Ep
and by the Grt-in reaction after Liu et al. (1996).
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Figure 7. P-T-d-t path

A) P-T-d-t path of the Ivozio complex rocks where col-
oured boxes represent P-T conditions estimated with
respect to successive deformation stages (e.g. D1, post-
D1a and post-D1b ). The reactions of amphibole decom-
position (Amp-out), of plagioclase disappearance (Pl-
out) and of garnet appearance (Grt-in) and the wet
solidus are after the experiments of Liu et al. (1996) on
the olivine-normative basalt-H2O system at the amphib-
olite to eclogite transition; Amp, Zo/Czo and Lws stability
fields are after Poli and Schmidt (1995) and Schmidt and
Poli (1998). Ky = Sil, And = Sill and And = Ky are after
Spear (1993); Omp-in are after Poli (1993) and Schmidt
(1993) respectively for experiments on basaltic and to-
nalitic systems; the reaction (a) Cpx + Ep + Grt = Lws +
Grt after Poli and Schmidt (1997), the reaction Pg = Omp
+ Ky + V and Lws + Omp = Pg + Zo + Qtz are after Poli
(1993). Equilibria Amp + GrtI + Ep = Omp + GrtII and Ab
= Jd + Qtz for eclogites have been recalculated using
Thermocalc (Holland and Powell, 1990); equilibria Chl +
Ttn + Qtz + Wm = Cpx + Rt + Wm + V for schists, Dol +
Cpx + Atg + Rt = Ilm + Di + V(COH) for serpentinites and
Dol + H2O = Chl + Cpx +CO2 , Ank + Amp + H2O = Chl
+ Cpx +CO2 for ultramafites have been calculated using
Peprlex (Connolly, 1990). Dashed lines correspond to
the T and P intervals inferred with thermo-barometers
(see text).

B) P-T-t path of the Ivozio complex compared with suc-
cessive T/depth ratios and a standard stable geotherm
(Vi ; Spear, 1993). Absolute age data referred to suc-
cessive deformation-metamorphic re-equilibration
stages are deduced from literature as discussed in the
text.

Metamorphic Evolution
The Alpine structural and metamorphic evolution of the

Ivozio complex is reported in Fig. 7. The evolution is char-
acterized by a multistage structural and metamorphic re-
equilibration during Alpine time:

a) the D1 deformation phase represents the relic of the
prograde history and is characterized by the development
of a penetrative foliation within most of the rocks. D1 de-
veloped at T 500°C at depths below 30 km, in the epidote-
blueschists facies conditions. P/T and T/Depth ratios are
respectively 2.5*10-3GPa°C-1 and 13°Ckm-1 showing
that the during burial of Ivozio complex at depth, the ther-
mal regime was compatible with cold oceanic lithosphere
subduction.

b) Post-D1a stage is characterized by the static growth
of Omp and Lws in eclogites. During this stage tempera-
tures were 520 ± 30°C at depths from ≍ 50 to 70 km. The
post-D1a evolution completely developed under eclogite
facies conditions and P/T was 4*10-3GPa°C-1, while T/
Depth 8°Ckm-1. During this P-prograde stage the thermal
regime is lower, if compared with D1.

c) During the post-D1b stage the eclogite facies meta-
morphic association of Omp + Ky + Ep (in Lws-eclogites)
was stable at P above 2.0 GPa and T = 610 ± 20°C. P/T
ratio was 3*10-3GPa°C-1 while T/Depth 8°C km-1. Ex-Lws
pseudomorphs consists of Omp + Ky. This re-equilibration
stage testifies a slight increase in T/P ratio, attaining at this
stage the higher P conditions.

d) During D2 a penetrative foliation underlined by eclo-
gites facies association (e.g. Omp + Wm + Amp + Ep in
eclogites and Amp-schists) developed. During this stage
Ky-Ep pseudomorphic replacement of Lws is substituted
by Pg + Ep. In ultramafics and serpentinites S2 is the wide-
spread planar fabric and is underlined by Srp + Chl + Amp
± Ilm ± Cpx ± Carb ± Tlc. This stage is characterized by T
= 550 ± 50°C at depths from 48 to 70 km. P/T ratios were
between 2 up to 4*10-3GPa/°C and T/Depth ratios 12°C/
km, testifying that during decompression the thermal re-
gime is still low.

e) D3 took place under greenschists facies conditions
and corresponds to the local development of a crenulation
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cleavage or to discrete shear bands; in low strain domains,
newly grown corona aggregates are contemporaneous with
syn-D3 mineral growth in foliated rocks. During D3 tem-
peratures were 580°C at depths 22 km. P/T ratios were
1*10-3GPa/°C and T/Depth 26°C/km. With respect to the
P-prograde path, the temperature values, at same pressure,
are slightly higher, even if the T/Depth ratio keeps lower
than a standard stable geotherm (e.g. Spear, 1993).

Conclusions
In summary the microstructural investigations on the

Ivozio mafic-ultramafic rock complex, based on a detailed
foliation trajectory map, allow to re-define the deforma-
tion-metamorphism relationships as synthesised in Fig. 3.
In particular the Lws-growth has been attributed at the
D1a stage, which according to the thermobarometric esti-
mates, occurred during final stages of P-prograde path at T
550°C. The Ky ± Omp syn D1b assemblage marks Tmax-
PTmax conditions experienced by the Ivozio rocks,
reached as a consequence of quasi-isobaric T-increase. P-
T estimates indicate that these rocks belonging to the
continental Austraolpine basement were buried at a high
depth (≍70km) at T ≤ 630°C. Following this stage a decrease
of P and T is recorded, during the exhumation under low-
T conditions, by the development of Pg - Ep syn-D2 as-
semblage replacing Ky + Omp + Ep. Syn-D3 greenschists
retrogradation marks the transition to a higher T/Depth ra-
tio during the final stage of exhumation. To unravel the
uplift-rate of this SLZ portion, at the end of its Alpine evo-
lution, we need to relate the inferred successive P-T re-
equilibration stages to the geochronological data, available
in the literature (see Fig. 7 and Table 1b for references). All
the available radiometric ages, obtained by minerals or
mineral assemblages re-equilibrated under eclogite facies
conditions, have been interpreted as age of P - T peak con-
ditions. In this light we can attribute the age interval of 60
and 70 Ma to the post-D1b stage. On the other hand the

greenschists syn-D3 retrogradation in the EMC predates the
emplacement of Oligocene intrusives (e.g. Lanza, 1979;
Scheuring et al., 1973; Zucali, 2002). Therefore the Ivozio
complex accomplished its exhumation path during a time
interval of 30-40 Ma, indicating minimal uplift rate of
1.8-2.4 mm year-1.

The P-T prograde evolution (D1 , post-D1a and post-
D1b ) and the P-retrograde (D2 ) stage are characterised by
a thermal state compatible with the subduction of cold (i.e.
old) oceanic materials (Cloos, 1982; Cloos, 1993; Peacock,
1996), suggesting that the regime might have been already
in a steady state during the prograde stages of subduction,
or at least not characterized by a higher T/depth ratio. Ef-
fective mechanisms able to subduct the continental lito-
sphere during active oceanic subduction are tectonic
erosion and ablative subduction (Gerya et al., 2002; Lalle-
mand, 1999; Tao, 1996), both already invoked to justify the
very low thermal regime characterising eclogites devel-
oped in continental crust units of the Alps (e.g. Polino et
al., 1990; Spalla et al., 1996). The syn-D3 transition to a
higher T/depth ratio may represent the thermal signature of
the Alpine collision.

Finally it may be noted that P-T paths inferred for Lws-
bearing rocks of the SLZ are quite heterogeneous in shape
and versus (Pognante, 1989a; Pognante, 1989b; Pognante,
1991; Spalla and Zucali, 2004): this heterogeneity may in-
dicate that the EMC of SLZ is composed by different
tectonic metamorphic units or is the result of strong later
thermal heterogeneities in the subduction channel.
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