
INTRODUCTION

Serpentinites are ever more considered as key players in 
processes that involve lithosphere subduction and exhuma-
tion. Their structural and metamorphic evolutions are poorly 
explored with respect to those of crustal rocks due to their 
extreme plasticity and generally high compositional homo-
geneity (e.g. Scambelluri et al., 1995; Li et al., 2004; Grigull 
et al., 2012; Rebay et al., 2012a; 2012b). Because of their 
low viscosity, the structural overprinting relationships in Al-
pine serpentinites are often very rich and therefore well-ex-
posed key-outcrops preserving a long tectonic record, such 
as primary lithological heterogeneities, deserve extreme 
analytical care. In localities close to Créton, detailed petro-
structural analysis (Zanoni et al., 2012; 2016) reconstruct the 
deformation history of serpentinites and rodingites and al-
low recognizing primary and metamorphic relic assemblag-
es, often just preserved as single porphyroclasts. Generally 
during field mapping in the axial portion of orogenic belts, 
lithostratigraphic, structural and petrological observations 
are integrated into a modern structural map that reports foli-
ation trajectories over the finite lithostratigraphic framework 
(Gosso et al., 1983; Passchier, 1990; Johnson and Duncan, 
1992; Connors and Lister, 1995; Zucali et al., 2002; Gosso 
and Spalla, 2009; Baletti et al., 2012; Zanoni et al., 2012). 
The goal is therefore to collect the full assemblage of details 
on relative structural chronology, textural types reflecting 
fabric gradients (Gosso et al., 2010; 2015), and mineral as-
semblages marking successive foliations. The representation 
techniques can reveal the sequence of superposed textural 
and metamorphic imprints and allow following the lateral 
continuity of information that is the key for evaluating the 
significance of structural and mineral relics distribution at 
the regional scale. The integrated interpretation of structural 

and petrologic data is basic for the reconstruction of the tec-
tonic evolution (e.g. Spalla et al., 2005) and therefore this 
type of maps permits the recognition of geodynamic settings 
in which mantle and crust portions of orogenic scars have 
been forged during mountain building processes.

This approach is here applied to enclose the structures and 
lithologies within the tectonic framework of the Zermatt-Saas 
serpentinites in the upper Valtournanche and to separate the 
Alpine structures and fabrics from pre-Alpine oceanic relics. 
Finally, mineral assemblages associated with successive fo-
liations are used to constrain the P-T-d-t evolution of the Cré-
ton serpentinites adding a new tile to the Zermatt-Saas Zone 
(ZSZ) tectono-metamorphic puzzle (Luoni et al., 2018).

GEOLOGICAL SETTING

The ZSZ is part of the Piemonte Zone, in the Penninic 
domain of Western Alps (Fig. 1a, b) (Bigi et al., 1990; Dal 
Piaz, 1992; Martin et al., 1994 and reference therein), com-
prising carbonatic and terrigenous metasediments, minor 
quartzites, metabasites, metagabbros, eclogites, rodingites, 
serpentinites, and minor ophicalcites. ZSZ is interpreted as 
a wreckage of the Alpine Tethys that is constituted by an 
ophiolitic suite typical of a slow-spreading setting (Boudier 
and Nicolas, 1985; Nicolas and Boudier, 2003) buried at 
mantle-depths, transposed during Alpine subduction-colli-
sion, and at present marking the oceanic scar in the axial 
zone of Western Alps. ZSZ includes serpentinized perido-
tites (Li et al., 2004; Rebay et al., 2012a; 2012b), metagab-
bros and metarodingites (Li et al., 2004; Rebay et al., 2012a; 
2012b; Zanoni et al., 2016), N-MORB metabasites (Bucher 
et al., 2005 and reference therein), and minor metasedi-
ments as calcschists and quartzites (Bearth, 1967; Ernst and 
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ABSTRACT

Detailed multiscale structural analyses and mapping (1:20 scale) integrated with petrological investigation were used to study a portion of the Zermatt-
Saas serpentinites that crop out in upper Valtournanche (north-western Italy). Results are synthesized in a foliation trajectory map that displays the transposed 
original lithostratigraphy of a serpentinite body exposed at Créton. The serpentinite body comprises magnetite sheets and rare, decimetre-thick, diopsidite 
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pyroxenite are embedded in the serpentinites. Serpentinites and associated rocks record three relative age groups of ductile structures: D1 consists of rare folds 
and S1 foliation; D2 is a group of isoclinal folds and a very pervasive foliation (S2), which is the dominant structure; D3 includes a crenulation and shear zones 
affecting S2. The detailed meso-structural and microstructural analyses allowed individuating the metamorphic environment of successive deformation stages 
and correlating the resulting tectono-metamorphic investigation with those already inferred in surrounding areas. In addition, metre- to submillimetre-sized 
pre-D2 structural, mineralogical, and textural relics have been clearly identified in spite of the strong transposition imposed during the development of S2 high 
pressure - ultra-high pressure foliation. 
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Dal Piaz, 1978; Tartarotti et al., 2017). The serpentinisa-
tion of ZSZ ultramafites was interpreted as mainly due to 
ocean floor metasomatism responsible also for the rodingi-
tisation of the associated gabbroic dykes (Li et al., 2004; 
Rebay et al., 2012a; 2012b; Zanoni et al., 2012; Zanoni et 
al., 2016). The ophiolitic complex locally hosts continental 
rock slices (Dal Piaz et al., 1983; Kienast, 1983; Weber and 
Bucher, 2015). The ZSZ rocks are widely deformed under 
eclogite-facies conditions and successively re-equilibrated 

under blueschist- to greenschist-facies conditions (Bearth, 
1967; Ernst and Dal Piaz, 1978; Cartwrigth and Barnicoat, 
2002). ZSZ rocks are tectonically coupled and sandwiched 
with those of the Combin Zone (CZ) between the Monte 
Rosa and Dent Blanche nappes (Fig. 1b) (Dal Piaz, 1988; 
Polino et al., 1990; Zingg et al., 1990). The Pancherot-Cime 
Bianche Unit (PCB) discontinuously marks the boundary 
between ZSZ and CZ. CZ has been interpreted as derived 
from an ocean-continent transition zone and is affected by 

Fig. 1 - a) Simplified tectonic sketch of the Western Alps with the location of the studied area (in the white square). TP- Tertiary plutons; PL- Periadriatic 
Line; SL- Sesia-Lanzo Zone. b) interpretative tectonic map of the upper Valtournanche (modified after De Giusti et al., 2003). The white star localises Créton, 
the white rectangle circumscribes Fig. 1c. ZSZ- Zermatt-Saas Zone; CLU- Cignana Lake Unit (redrawn after Forster et al., 2004); PCB- Pancherot-Cime Bi-
anche Unit; CZ- Combin Zone; DB- Dent Blanche nappe; c) outcrop structural map, modified after Rebay et al. (2018) and by Zanoni (unpublished: original 
mapping at 1:5000 scale) with the foliation trajectories in the meta-ophiolites of the upper Valtournanche (ZSZ). The double square localises Créton outcrops. 
Relative chronology of successive foliation trajectories and rock types are specified in the legend. Topography redrawn from the technical map of the Val 
d’Aosta Regional Administration, without hydrography.
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a dominant metamorphic imprint under greenschist-facies 
conditions, with poorly preserved blueschist facies rel-
ics (Dal Piaz, 1974; Dal Piaz and Ernst, 1978; Ring, 1995; 
Cartwrigth and Barnicoat, 2002). PCB has been described 
as a continental affinity unit and consists of Permian to 
Cretaceous sedimentary protoliths (Dal Piaz, 1988; 1999). 
The tectonic contact between ZSZ and CZ has been repeat-
edly reworked during the Alpine convergence (Ballèvre and 
Merle, 1993; Pleuger et al., 2007). Radiometric data assign 
an age to ZSZ protoliths of oceanic metagabbros and me-
tabasites between 164 and 153 Ma in the Swiss portion (Ru-
batto et al., 1998) and MORB percolations in serpentinites 
between 168 and 162 Ma in the Italian upper Valtournanche 
(Rebay et al., 2018).

High pressure - ultra-high pressure peak conditions have 
been inferred in different localities of the ZSZ. Metabasites 
of Saas-Fee experienced peak conditions spanning from 1.9-
2.2 GPa and 530-600 °C (Dale et al., 2009) and 2.3-2.5 GPa 
and 530-555 °C (Angiboust et al., 2009) to 2.5-3.0 GPa and 
550-600 °C (Bucher et al., 2005). Metagabbros in the ZSZ 
Swiss portion registered peak conditions at 1.75-2.0 GPa and 
550-600 °C (Barnicoat and Fry, 1986), 2.5 GPa and 650 °C 
(Meyer, 1983) and 2.5 GPa and 610 °C (Bucher and Grapes, 
2009). Reinecke (1991) deduced an ultra-high pressure peak 
of 3.0 GPa and 550-600 °C for quartzites at Lago di Cignana 
(Cignana Lake Unit = CLU). More recent estimates in CLU 
indicated conditions from 2.7 to over 3.2 GPa for tempera-
tures between 590 and 630 °C (van der Klauw et al., 1997; 
Reinecke, 1998; Groppo et al., 2009) and microdiamonds 
have been discovered in CLU oceanic meta-sediments (Frez-
zotti et al., 2011) shifting the peak-conditions at P ≥ 3.2 GPa 
and T = 600 °C. High pressure at the limit with ultra-high 
pressure peak conditions are also reported in few studies 
on serpentinites in the Swiss portion of ZSZ, up to 2.0-2.5 
GPa and 600-650 °C (Li et al., 2004), and in Valtournanche, 
where serpentinites experienced 2.2-2.8 GPa and 580-620 
°C (Rebay et al., 2012a; 2012b) similarly to the associated 
rodingites that re-equilibrated at 2.3-2.8 GPa and 580-660 
°C (Zanoni et al., 2016). Peak conditions of 2.2-2.3 GPa and 
515-645 °C were estimated in a continental slice tectonically 
embedded in ZSZ ophiolitic rocks at Trockener Steg, in the 
upper Zermatt valley (Weber and Bucher 2015). In the Créton 
serpentinites (upper Valtournenche) mapped in this study, Ti-
chondrodite relic assemblages allowed to infer 2.8-3.5 GPa 
and 600-670 °C, indicating that ultra-high pressure assem-
blages are definitely recorded also in serpentinites (Luoni et 
al., 2018). Although these Ti-humites bearing assemblages 
indicate UHP conditions, according to isotopic compositions 
Gilio et al. (2019) infer a gabbroic origin for their protolith, 
which was successively metasomatized and recrystallized 
during subduction. 

High pressure peak in ZSZ was dated between 70 and 38 
Ma, but ages for prograde metamorphic imprints are assessed 
at least at 80 Ma (Bowtell et al., 1994; Rubatto et al., 1998; 
Dal Piaz et al., 2001; Skora et al., 2009; 2015; Springer et al., 
2009; de Meyer et al., 2014; Weber et al., 2015; Rebay et al., 
2018). Syn-D2 mineral associations in serpentinites from up-
per Valtournanche post-date the ultra-high pressure humite-
bearing assemblage and have been dated at 65.5 ± 5.6 Ma 
(Rebay et al., 2018). This wide range of ages and metamor-
phic conditions is consistent with a heterogeneous tectonic 
evolution of different portions of the ZSZ meta-ophiolites 
that recorded diachronic pressure peaks under different P-T 
conditions.

STRUCTURAL MAP

Heterogeneously deformed metamorphic terrains can pro-
vide high quality material for laboratory studies after field 
structural analyses that infer the chronological sequence 
of structural and metamorphic imprints (e.g. Hobbs et al., 
1976; Passchier, 1990; Spalla and Zucali, 2004; Gosso et 
al., 2015). Indeed, the studied rocks consist of serpentinites 
that enclose diopsidite and olivine-rich layers and lenses, 
issued from thoroughly evolved rheological environments. 
Our structural map reports the grid of superposed foliations 
and the related transposition of the lithostratigraphy in ad-
jacent outcrops, integrating also the micro-scale results in 
the definition of grain-scale layering. To show the reworking 
of lithostratigraphy in detail, a mapping scale of 1:20 was 
chosen. The recognition of relic structures and textures and 
the identification of the oceanic lithostratigraphy was pos-
sible despite the strong transposition imposed during the per-
vasive mylonitization. In the map plate a synthetic scheme 
(1:200 scale) is reported to locate the outcrops mapped at 
1:20 scale. This map was drawn using aerial photos from 
the Geo-Portal of Valle d’Aosta regional administration 
(http://geoportale.partout.it/). The legend reports lithotypes 
and fabric elements. Structural orientation data are shown 
in equal area Schmidt projections (lower hemisphere) sepa-
rated according to relative chronology. Detailed outcrop 
maps are georeferenced and the related data are stored into 
a geodatabase set within a Geographic Information System 
(GIS) platform. Interpreted 1 m-spaced contour lines have 
been added on the detailed maps to show the intersection of 
structures and topography and render the three-dimensional 
polydeformed lithostratigraphy.

LITHOSTRATIGRAPHY

In upper Valtournanche, serpentinites are dominant and 
host hectometre-sized metagabbro bodies and metre-sized 
rodingite dykes and boudins; a pervasive S2 foliation domi-
nates in serpentinites (Rebay et al., 2012a; 2012b; 2018). 
Créton alpages are located on a ledge over the western slope 
of Valtournanche. Here outcrops show whaleback surfaces, 
which, after a patient iron brushing of mosses and lichens, 
display a great wealth of structures. Créton serpentinites are 
located in the structurally uppermost part of ZSZ, close to the 
tectonic contact with the overlying CZ calcschists and metab-
asites (Fig. 1c). Two types of serpentinites were distinguished 
on the basis of textural and mineral features: white porphy-
roclasts serpentinites and olivine-rich serpentinites. Both 
serpentinite types contain Ti-chondrodite + Ti-clinohumite 
veins and olivine. Furthermore, all the serpentinites enclose 
olivine-rich layers, diopsidites, and pyroxenites. Primary re-
lationships between different rocks are synthesized in Table 
1 (row “lithostratigraphy”). Modal amounts were quantita-
tively evaluated using optical microscope. 

The white porphyroclasts serpentinites (Fig. 2a, b; outcrop 
1 and 2, on the map plate) consist of antigorite (60-90%), 
magnetite (10-15%), olivine/clinopyroxene (5-10%), calcite 
+ dolomite (< 5%), and locally Ti-clinohumite, chlorite and 
apatite (<5%). Generally, an altered surface with white and 
pale grey oval (up to) centimetre domains in an aqua-green 
matrix, characterizes this very fine- to fine-grained rock, 
which is affected by a pervasive mylonitic foliation.
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Olivine-rich serpentinites (Fig. 2c, d; outcrop 1, on the 
map plate) appear as ochre, yellow to brownish rocks at the 
altered surfaces. They contain fine-grained antigorite (50-
80%), olivine (20-30%), magnetite (5-15%), chlorite (< 5%), 
and are rich in millimetre- to submillimetre-thick olivine 
veins. Also in the olivine veins a mylonitic foliation is the 
dominant fabric (Fig. 2d).

Both serpentinite types are rich in magnetite layers (Fig. 
2a, c; outcrop 1, on the map plate) constituted by magne-
tite (50-90%), antigorite (10-30%), and locally olivine (10-
20%). Layer boundaries are fuzzy due to the transposition 
produced during the development of the dominant S2 folia-
tion. The metre to decimetre alternation of these two serpen-
tinite types, streaked by magnetite layers, could represent an 
original compositional layering, transposed during Alpine 
tectonics.

Fine- to coarse-grained Ti-Chondrodite + Ti-Clinohumite 
veins, with Ti-chondrodite + Ti-clinohumite reddish in co-
lour (Fig. 2b, d, e; outcrop 2, on the map plate), occur in 
almost all the mapped outcrops and are often rimmed by a 
centimetre whitish antigorite aggregate. They are composed 
by Ti-chondrodite + Ti-clinohumite (70-80%), olivine (10-
20%), antigorite (5-10%), magnetite ± ilmenite (5-10%), 
chlorite (< 5%). 

Diopsidites (Fig. 3a, b; outcrop 1 and 6, on the map plate) 
are constituted by diopside (whitish crystals) (70-80%), an-
tigorite ± chlorite (10-20%), tremolite + actinolite (5-20%), 
ilmenite ± titanite (5%) and locally contain magnetite, calcite, 
and apatite (< 5%). They are fine- to coarse-grained and form 
grey and ochre layers to lenses parallelized into the dominant 
foliation. Diopsidites preserve more than one mineral-scale 
foliation, their boundaries with serpentinites are sharp, and 
often are rimmed by chlorite schists. 

Chlorite schists, constituting 1 to 10 cm thick rims be-
tween serpentinites and diopsidites (Fig. 3a, outcrop 1, on the 
map plate), are made of chlorite (60%), clinopyroxene (au-
gite + diopside) (20%), antigorite (10-15%), ilmenite (10%), 
tremolite and magnetite (2-3%). Locally Ti-clinohumite oc-
curs within these layers. 

In serpentinites, boudins and layers of dark pyroxenites 
occur (Fig. 3c, d; outcrop 3 and 5, on the map plate) and 
are constituted by clinopyroxene (augite + diopside) (70-
80%), antigorite ± chlorite (10-20%), ilmenite ± magne-
tite (5%), Ti-chondrodite + Ti-clinohumite (5%), tremolite  
(< 2%). Grain size varies from centimetre clinopyroxene 
porphyroclasts to the submillimetre grains of diopside, chlo-
rite, and antigorite in the matrix. Locally (outcrop 5, on the 
map plate), pyroxenite layers or lenses are rimmed by Ti-
chondrodite + Ti-clinohumite aggregates with minor oxides.

Yellow very fine- to coarse-grained Olivine rich-layers are 
well exposed in outcrops 2, 3, and 5 (map plate) and occur in 
1 to 20 centimetres thick layers and decimetre-sized lenses. 
They are rich in olivine (60-90%) and contain antigorite (10-
20%), magnetite ± Cr-magnetite (10%), chlorite (< 5%), Ti-
chondrodite + Ti-clinohumite (< 5%), dolomite (< 2%) and 
diopside (< 1%).

A few millimetre-thick ochre-yellow olivine veinlets are 
composed by coarse- to fine-grained olivine (90-95%), anti-
gorite (10-15%), and magnetite (5%). Veins show different 
lengths, from few centimetres to more than 1 metre and are 
wrapped, parallelized, and boudinaged by the dominant folia-
tion (Fig. 2a; outcrop 1, on the map plate).

Calcite-bearing veins are undeformed, usually at a high 
angle with respect to the dominant foliation and constituted 
by calcite (90%) and minor oxides (10%).

STRUCTURAL RELATIONSHIPS

Three groups of superimposed ductile structures, indi-
cated as pre-D2 (comprising pre-D2 mineral micro-aggregates 
and rare D1 mesoscopic fabric elements) D2, and D3, and a 
fourth group of brittle structures affect serpentinites and the 
interlayered rocks. In Table 1 the main relationships between 
structures and rocks are schematically reported.

Table 1 - Schematic representation of meso-structures de-
tected in serpentinites and associated rocks. 

The structural setting of rock assemblages in each field reflects the present-
day arrangement, whereas bold traces indicate structures related to the 
described stage (pre-D2, D2, D3).
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All the rocks exposed at Créton record a dominant fo-
liation that according to structural features, orientation, and 
mineral composition is identified as the same regional S2 rec-
ognized by Rebay et al. (2012a; 2012b), Zanoni et al. (2012; 
2016). Like in Valtournanche, at Créton S2 is the structure 
that mostly affects the lithostratigraphic boundaries.

In places, primary mineralogical layering and boundaries 
between the different serpentinite types and between serpen-
tinites and the embedded lithotypes (e.g. Fig. 3d: serpenti-
nite - olivine-rich layers’ contact) escaped the transposition 
during successive deformation stages. Primary foliations 
(SL) corresponding to lithological boundaries between white 

Fig. 2 - Créton area meso-structures: a) Magnetite layer in serpentinites. The magnetite layer is isoclinally folded during D1 and crenulated and foliated dur-
ing D2. S2 mantles pale, lenticular porphyroclasts. In the upper part of the outcrop olivine-bearing veins are parallel to S2 (outcrop 1); b) detail of outcrop 2a 
(see the map in table 1 for location): the contact between white porphyroclasts serpentinites (W.P. serpentinites) and olivine-rich serpentinites is folded by D2. 
Furthermore, Ti-chondrodite + Ti-clinohumite veins are folded by D1 and transposed, crenulated, and foliated by D2; c) relationships between S2 and mineral 
layering in olivine-rich serpentinites (outcrop 1 in the map of table 1); d) Ti-chondrodite + Ti-clinohumite vein that marks a D1 fold hinge and is transposed 
during D2 (outcrop 2 in the map); this structure is included in Fig. 2b; e) Close-up on Ti-chondrodite + Ti-clinohumite lenses (Fig. 2d) intersected by S2 with 
Ti-clinohumite2 in the pressure shadows.
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Fig, 3 - Créton area meso-structures: a) decimetre-thick layer of diopsidite with rims of chlorite schists parallel to S2 (outcrop 1 in the map); 
b) detail of outcrop 6a: magnetite layers, olivine-rich layers and a layer of diopsidite, embedded in olivine-rich serpentinites, are transposed 
and parallelised into S2. A magnetite layer is crosscut by the diopsidite and some of the magnetite layers are crosscut by D3 shear zones (leg-
end between Fig. 3b and d); c) layer of aligned lenses of dark pyroxenite intersected by the composite S-C D2 fabric (outcrop 1 in the map); 
d) detail map of outcrop 5, olivine-rich layers, enclosed in white porphyroclasts serpentinite (W.P. Serp.), mark D2 fold hinges, whose flanks 
are folded by D3. S2 is the axial plane foliation. A layer of pyroxenite is boudinaged by D2 and parallelized into S2. Calcite veins crosscut S2 
foliation (legend between Fig. b and d); e) olivine-rich layer isoclinally folded and boudinaged during D2 and intersected by S2 foliation; the 
layer is displaced along a D3 shear zone. Note the porphyroclast of pre-D2 Ti-chondrodite + Ti-clinohumite affected by syn-D2 boudinage with 
necks filled by olivine2 (outcrop 5 in the map).
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porphyroclasts serpentinites and olivine-rich serpentinites are 
locally blurred. Where sharp, SL is folded by or parallel to the 
dominant foliation. 

The two types of serpentinite constitute alternating and 
tectonically interlayered metre-thick bands. Millimetre- to 
centimetre-thick and centimetre- to metre-long magnetite 
layers in serpentinites are strongly transposed (see for ex-
amples outcrop 1 in which all the variably sized-layers exist).

Diopsidite lenses and layers are parallel to the dominant 
foliation of serpentinites. Diopsidite layers locally crosscut 
magnetite thin layers (Fig. 3b; outcrop 6a). Also the dark py-
roxenite layers (outcrops 1, 3, 5 and 6) are parallelized and 
boudinaged into the dominant foliation. Boudins are normal-
ly oblate. Locally, isolated centimetre-sized lenses of pyrox-
enites occur (outcrop 2c). Olivine-rich layers and lenses are 
mainly parallelized into and wrapped by the dominant folia-
tion (outcrop 2 and 3).

Ti-chondrodite + Ti-clinohumite veins are wrapped and 
boudinaged within the S2 foliation and locally veins at high 
angle with S2 are variably transposed. Olivine veins are most-
ly parallel to S2 (see outcrop 1) whereas Ti-chondrodite + Ti-
clinohumite vein orientations are more variable with respect 
to the same foliation.

D1 stage affected serpentinites, magnetite layers, olivine-
rich layers, a diopsidite layer, and Ti-chondrodite + Ti-clino-
humite veins, as shown by the D1 fold hinges and S1 folia-
tion recorded in localized layers and lenses of diopsidite and 
olivine-rich layers.

In outcrop 1 (see map plate), magnetite layers are often 
isoclinally folded during D1 (Fig. 2a), whereas an olivine-rich 
layer marks a D1 isoclinal fold in outcrop 5. Rare S1 folia-
tion marked by antigorite and magnetite constitutes D2 fold 
hinges in serpentinites. In outcrop 2a (see map plate), a Ti-
chondrodite + Ti-clinohumite vein materializes an isoclinal 
D1 fold hinge (Fig. 2d): the axial plane is sub-vertical and 
forms an angle of 10° with S2 (outcrop 2a in map plate).

The olivine-rich boudinaged layers in outcrop 2b (see map 
plate) preserve a very rare pre-D2 (S1) foliation marked by 
layers of granoblastic olivine aggregates. In outcrop 6a, also 
diopsidite preserves a pre-D2 (S1) foliation, which is marked 
by the SPO of diopside porphyroclasts, at high angle with 
respect to S2 in serpentinites.

D2 structures consist of folds and S2 foliation. S2 is a my-
lonitic, locally composite, foliation and is the dominant fabric 
element in the Créton outcrops. S2 dips W-WNW/14°- 65° in 
all the lithotypes.

D2 folds deform the contact between the white porphy-
roclasts and the olivine-rich serpentinites (outcrops 1 and 
2a; see map plate) with isoclinal decimetre folds associated 
with S2 axial plane foliation. In both serpentinite types, S2 is 
mylonitic, pervasive, and affects all the embedded lithotypes. 
Locally S-C foliations occur (outcrop 1, Fig. 3c), with mil-
limetre- to centimetre-spaced C planes.

In magnetite layers, S2 is marked by films of magnetite 
and antigorite. D2 is evidenced also by an asymmetric crenu-
lation (outcrop 1; see map plate). Generally, in these levels S2 
is marked by trails of magnetite grains (S2 thin films). D1 fold 
limbs are parallel to and intersected by S2 (Fig. 2a). Because 
of its pervasiveness, S2 obliterated S1 axial plane foliation.

Diopsidite layers and lenses are parallel to S2 that wraps 
also around them. The diopsidite layer and the associated 
chlorite schist rims in outcrop 1 (see map plate and Fig. 3) 
are pervasively foliated by S2, which is mylonitic in the rim.

Olivine-rich layers and lenses are enveloped by S2 and the 
same layers are affected by isoclinal to open D2 folds with 
centimetre to decimetre hinges (Fig. 3d, e; outcrop 5 in map 
plate). Syn-D2 boudins of olivine-rich layers occur. Locally, 
also Ti-chondrodite + Ti-clinohumite lenses in olivine-rich 
layers are boudinaged during D2 development and their necks 
are filled with olivine.

Dark pyroxenite layers are transposed, parallelized, and 
boudinaged into S2 foliation (Fig. 3c; outcrops 3 and 5; map 
plate). Where S2 is an S-C composite fabric, pyroxenite lens-
es are often aligned along S-planes.

Ti-chondrodite + Ti-clinohumite veins are parallelized 
into S2 mineral layering of the serpentinites, and are locally 
boudinaged and wrapped by S2 (outcrops 2 and 4; map plate). 
Veins at a high angle with S2 are foliated and crenulated. Iso-
lated aggregates of Ti-chondrodite + Ti-clinohumite grains 
are elongated into S2 and display pressure shadows bounded 
by thin anastomosed layers of Ti-clinohumite (Fig. 3e) mark-
ing S2 (outcrop 2a; map plate).

Rare D3 centimetre-wide crenulation affects S2 in serpen-
tinites. D3 fold axial surfaces dip at medium angle towards 
WNW and fold axes dip at a low angle towards WSW (Fig. 
4a). Locally, olivine-rich layers parallel to S2 and S2 are devi-
ated by syn-D3 decimetre-long sinistral shear zones (see out-
crop 5 in map plate; Fig. 3d, e).

The Créton serpentinites are finally affected by D4 sub-
vertical E-W dilatant fractures, mostly filled by calcite (out-
crop 5) or by perpendicular to oblique serpentine fibres. 
Where fibres are oblique, fractures are actually small sinistral 
strike-slip faults with an offset of 5-10 cm (outcrops 1and 6 
in map plate; Fig. 4b).

MICROSTRUCTURES  
AND METAMORPHIC EVOLUTION

In the following, we describe the main microstructural 
features used to infer the mineral assemblages marking the 
superposed fabrics, and therefore the timing of the succes-
sive metamorphic and deformation events affecting them. 
Pre-D2 relicts include D1 structures and mineral and textural 
domains. D1 structural relics are scarce, with surfaces never 
exceeding one metre. Their marked re-orientation by transpo-
sition and discontinuity inhibits direct correlation of D1 struc-
tures even in the same outcrop. Due to D2 intense transposi-
tion, mineral relics occurring as porphyroclasts or polygonal 
lenticular aggregates, wrapped by S2, are described as part 
of pre-D2 assemblages, not being univocally relatable as D1 
fabrics as is the case for S1 relic foliation.

In the white porphyroclasts serpentinites, S2 is mylonitic, 
locally characterized by S-C planes and is marked by antig-
orite + magnetite and locally by diopside/olivine + Ti-clino-
humite + chlorite. S2 wraps millimetre-sized porphyroclasts 
of magnetite, olivine/clinopyroxene, Ti-clinohumite, lenses 
of antigorite flakes, often rimmed by a thin magnetite corona 
(Fig. 5a), either iso- or randomly-oriented. Locally, porphy-
roclasts of pre-D2 dolomite, with dolomite2 rims, and apatite 
are enveloped by S2. Calcite veins occur at high angle with 
respect to S2. Occasionally, D3 folding is associated with 
an incipient S3 axial plane foliation marked by antigorite + 
magnetite.
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Fig. 4 - Créton area meso-structures: a) D3 crenulation affecting S2 foliation in serpentinites (outcrop 2 in the map); b) sinistral fault, mineralized by antigorite 
fibres (outcrop 6 in the map), displacing a magnetite layer.

Fig. 5 - Créton area microstructures: a) completely serpentinized white lenticular domain wrapped by S2, made of antigorite2 and olivine2 (crossed polars) 
from outcrop 1; b) olivine-rich serpentinites with S2 marked by antigorite2, olivine2, and magnetite2 from outcrop 1; S2 wraps around pre-D2 olivine porphy-
roclasts (crossed polars) partly recrystallized, as evidenced by sub-grains and new grains; c) a porphyroclast of Ti-chondrodite mantled by Ti-clinohumite 
(core mantle structure) from a Ti-chondrodite + Ti-clinohumite vein in outcrop 2a (crossed polars); d) pre-D2 to early D2 Ti-chondrodite + Ti-clinohumite 
+ ex-spinel occupying lenticular domains and pre-D2 olivine porphyroclasts wrapped by olivine2 + antigorite2 + Ti-clinohumite2, and magnetite2 along S2 
(outcrop 2a in map plate); e) Diopsidite from outcrop 1. Pre-D2 diopside porphyroclast mantled by polygonal new grains of diopside2; f) Ti-chondrodite + Ti-
clinohumite filling fractures and cleavages of a pre-D2 clinopyroxene porphyroclast (crossed polars; outcrop 2c); g) olivine-rich layers with S2 at the contact 
with serpentinites (layers rich in antigorite, outcrop 4); S2 wraps around porphyroclasts of pre-D2 olivine and polygonal olivine grains and is marked by antig-
orite2 and magnetite2; crossed polars; h) olivine porphyroclast, from a boudinaged olivine veinlet, with Ti-clinohumite tapering lamellae, mantled by S2 (from 
outcrop 1), crossed polars.
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In the very fine-grained olivine-rich serpentinites olivine2 
and antigorite2 mark the S2 continuous and mylonitic perva-
sive foliation, wrapping pre-D2 magnetite + olivine porphyro-
clasts (Fig. 5b). Locally, micro-layers of magnetite mark D2 
microfold hinges and scattered aggregates of Ti-clinohumite2 
occur in the matrix.

In both serpentinite types, D3 shear zones and S3 axial 
plane foliation are marked by antigorite3 + magnetite3 ± 
tremolite3. 

The millimetre-thick magnetite layers within the hosting 
serpentinites comprise pre-D2 magnetite porphyroclasts and 
submillimetre grains of magnetite2 parallel to S2. These lay-
ers may have recorded a strong transposition during D2 de-
velopment.

The Ti-chondrodite + Ti-clinohumite veins preserve por-
phyroclasts of red-orange twinned pre-D2 Ti-chondrodite 
(Fig. 5c), olivine, and spinel (currently replaced by ilmen-
ite + magnetite) that are mantled by polygonal aggregates 
of Ti-chondrodite + Ti-clinohumite + ilmenite + magnetite 
+ olivine + chlorite (related to the pre-D2 to early D2 stage, 
Luoni et al., 2018). In the veins these core-mantle structures 
are wrapped by S2 underlined by Ti-clinohumite2 + olivine2 
+ antigorite2 + magnetite2 + chlorite2 (Fig. 5d).

In diopsidites pre-D2 diopside porphyroclasts are parallel 
to S2 and often rimmed by a corona of polygonal diopside2 
(Fig. 5e). They include single grains of magnetite, antigorite, 
and chlorite. Porphyroclasts of pre-D2 ilmenite, rimmed by 
titanite2, and apatite also occur. S2 is marked by diopside + 
antigorite + chlorite ± ilmenite. Calcite2 is locally interstitial 
between diopside porphyroclasts. Randomly oriented needles 
of tremolite3 and actinolite3 overgrew S2 foliation. 

In chlorite schists, continuous and mylonitic S2 foliation 
is marked by SPO of chlorite, diopside, and antigorite and 
wraps porphyroclasts of clinopyroxene, chlorite, ilmenite, 
and magnetite. Locally relic Ti-clinohumite grains occur. 
Chlorite3 and tremolite3 locally overgrew S2.

In pyroxenites pre-D2 clinopyroxene porphyroclasts are 
deformed, often kinked and rich in inclusions of antigorite, 
ilmenite, magnetite, chlorite, Ti-clinohumite, and Ti-chon-
drodite. Occasionally they preserve inclusion-free augitic 
cores. Some clinopyroxene porphyroclasts are extensively 
to completely re-crystallized in sub-grains or new grains of 
diopside2 or replaced by chlorite2. Diopside2 inclusion-free 
rims also occur around some pre-D2 clinopyroxene porphy-
roclasts. Locally, spinel (currently ilmenite + magnetite) oc-
curs in aggregates within Ti-clinohumite and Ti-chondrodite 
polygonal aggregates. Ilmenite + magnetite + Ti-chondrodite 
+ Ti-clinohumite polygonal aggregates rim pre-D2 clinopy-
roxene and spinel (Fig. 5f). Pre-D2 clinopyroxene is wrapped 
by a S2 foliation that is marked by diopside + antigorite + Ti-
clinohumite + magnetite + chlorite. 

In olivine-rich layers (Fig. 5g), millimetre-sized porphy-
roclasts of pre-D2 olivine (with magnetite, antigorite, and 
rare diopside inclusions) and Cr-magnetite, rimmed by mag-
netite2, are mantled by sub-millimetre pre-D2 to early D2 po-
lygonal aggregates of olivine + antigorite + magnetite (Luoni 
et al., 2018), locally with dolomite and Ti-clinohumite. Rare 
pre-D2 millimetre Ti-chondrodite twinned crystals, surround-
ed by Ti-chondrodite + Ti-clinohumite polygonal aggregates, 

have been observed. S2 is marked by olivine + antigorite + 
magnetite ± Ti-clinohumite. 

The olivine veinlets consist of rows of pre-D2 millimetre-
sized olivine porphyroclasts (Fig. 5h) that are wrapped by 
antigorite2 aligned within S2 foliation. Olivine porphyro-
clasts contain antigorite + magnetite inclusions, Ti-clinohu-
mite tapering lamellae, and are rimmed by olivine2. Towards 
the veins, sub-millimetre grains of olivine2 occur in the an-
tigorite + magnetite matrix and an olivine2 SPO marks S2 
foliation.

In Table 2, a summary of the mineral assemblages marking 
the successive fabric elements is shown for each rock type.

Metamorphic evolution
The inferred parageneses, coupled with chemical analy-

ses of selected microstructural domains (Rebay et al., 2012a; 
2012b; Luoni et al., 2018), allowed constraining PT condi-
tions under which pre-D2, D2 and D3 fabrics developed. Re-
sults are synthesized in Fig. 6. Luoni et al. (2018) constrained 
pre-D2 development conditions at 2.8-3.5 GPa and 600-670 
°C (Ti-chondrodite + antigorite + chlorite + spinel + olivine) 
and the conditions for the transition from pre-D2 to early D2 
at 2.1-3.0 GPa and 570-670 °C. Rebay et al. (2012) proposed 
that mineralogical foliation S2, marked by clinopyroxene + 
olivine + antigorite + chlorite (± Ti-clinohumite + magne-
tite and ilmenite) developed at 2.2-2.8 GPa and 580-660 °C 
at 65 ± 5.6 Ma (Rebay et al., 2018) and successively was 
overprinted by the D3 metamorphic assemblages (antigorite + 
tremolite) developed at 0.6-1.4 GPa and 500-600 °C. Proto-
liths are dated in the same area at 165±3.2 Ma (Rebay et al., 
2018). These results highlight the occurrence of an ultra-high 
pressure peak recorded in the ZSZ earlier than 65±5.6 Ma.

DISCUSSION

The structural observations of the Créton outcrops are 
summarized in a geological map showing the superposed suc-
cessive Alpine structures overprinting the primary lithostrati-
graphic sequence.

Ti-chondrodite + Ti-clinohumite veins crosscut both 
magnetite layers and olivine-rich layers and lenses, while 
no intersection has been observed between the olivine veins 
and the other rocks. As the olivine veins are crosscut by S2, 
they predate the transition from UHP to HP exhumation. Di-
opsidite, pyroxenite, and olivine-rich layers locally crosscut 
magnetite layers, indicating that magnetite layering predates 
their development. No structural relationships indicate a 
relative chronology between olivine-rich layers and pyrox-
enite. In particular, the locally preserved porphyroclastic 
texture in olivine-rich layers, with millimetre-sized olivine 
porphyroclasts and new grains, is similar to that described by 
Mercier and Nicolas (1975) in deformed lherzolite xenoliths, 
and could suggest that olivine-rich layers may have formed 
before the Alpine subduction, even if we cannot exclude that 
they may also be related to brucite (and serpentine) break-
down during prograde evolution. In the serpentinite outcrops 
adjacent to those of Créton, Rebay et al. (2018) obtained Ju-
rassic ages (165±3.2 Ma) on zircons associated with augitic 
clinopyroxene derived from percolation of evolved gabbro 
melt, as suggested by trace element composition. These data 
suggest us a magmatic origin of pyroxenites in an oceanic 
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environment (Luoni et al., 2018) and allow to exclude other 
possible interpretations for the origin of pyroxenite layers 
(see Borghini et al., 2016 for a discussion). The most ancient 
feature at Créton is the association of white porphyroclasts 
serpentinite, olivine-rich serpentinite, and magnetite lay-
ers. This layering was successively affected by magmatic or 
metasomatic processes as testified by discordant diopsidites 
and olivine-rich layers.

Three phases of ductile deformation, affecting the 
lithostratigraphy, have been recognized at the meso-scale: D1, 
D2, and D3, with S2 representing the dominant foliation. Pre-
D2 relics display up to metric surfaces and consist of rootless 
fold hinges and lenticular crystal aggregates. S2 is mylonitic 
and decimetre- to metre-sized D2 folds are mostly isoclinal. 
D3 is testified by the crenulation of S2, rarely associated with 
a differentiated axial plan S3 foliation. During the last brittle 
D4 stage serpentine or calcite filled fracture sets, locally dis-
play a centimetre-scale dislocation. 

The kinematic, orientation and style compatibility, cou-
pled with the marking assemblages, allow the correlation 
of D2 Créton stage with the D2 syn-high pressure stage pro-
posed for the adjacent serpentinites, which is dated at 65±5.6 
Ma (Rebay et al., 2012a; 2012b; 2018). PT conditions in-
ferred for D2 development suggest a T/depth ratio of 7-11 
°Ckm-1. The ultra-high pressure assemblage marking pre-D2 
fabric (Ti-chondrodite + antigorite + chlorite + spinel + oliv-
ine for estimated T of 600-670 °C and P of 2.8-3.5 GPa after 
Luoni et al., 2018) indicate a T/depth ratio of 6-8 °Ckm-1. Also 
D3 structures can be related to the D3 described by Rebay et 
al. (2012a; 2012b), contemporaneous to amphibole-epidote 
facies conditions; here physical conditions of metamorphism 
during D3 indicate a T/depth ratio comprised between 21 and 
26 °Ckm-1. D4 developed at shallow structural level at the 
end of the exhumation history. Moreover, structural and 
metamorphic evolution and radiometric ages obtained for 
D2 development indicate that ultra-high pressure conditions 
where reached before at least 60 Ma. As shown in Fig. 6, 
pre-D2 and D2 conditions are close to those of cold subduc-
tion zones (Cloos, 1993), with a P-climax characterized by 
a considerably lower thermal state with respect to the earlier 
stages of ZSZ serpentinite exhumation (D2). Latest stages of 
decompression occurred under higher temperatures, close to 
the intraplate normal thermal state (Cloos, 1993), compatible 
with continental collision. 

The detection of ultra-high pressure rocks at Créton in-
dividuates another UHP unit that must be added to that of 
Cignana Lake Unit (Reinecke, 1991; Groppo et al., 2009; 
Frezzotti et al., 2011). Both these oceanic lithosphere crustal 
slices occur close to the tectonic contact between CZ and 
ZSZ. Since UHP Ti-Chn-bearing assemblages in serpenti-
nites, have been exclusively detected in upper Valtournanche 
(Créton and Cignana: Luoni et al., 2018; Gilio et al., 2019), 
they are not sufficient to infer UHP conditions to the serpen-
tinites of the whole ZSZ. Indeed, the detection of UHP rocks 
at Créton individualizes another UHP unit that must be added 
to that of Cignana Lake Unit, already identified on the ba-
sis of coesite- and diamond-bearing assemblages in oceanic 
metasediments (Reinecke, 1991; Groppo et al., 2009; Frez-
zotti et al., 2011). Both these oceanic slices occur close to 
the tectonic contact between CZ and ZSZ. In addition, the 
heterogeneous and diachronic tectono-metamorphic evolu-
tions recorded in different portions of the ZSZ (see Rebay 
et al., 2018 and references therein) suggest that this domain 
can be considered a tectono-metamorphic puzzle rather than a 
homogeneous subducted and exhumed coherent slab.Ta
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CONCLUSION

In conclusion, the type of multiscale structural analyses 
(from 1:200 to 1:20 to microscale) here used may open pos-
sibilities of describing and deciphering more complex evolu-
tions in apparently monotonous rocks such as serpentinites, 
which are usually considered to display weak variations in 
mineral assemblages. 

Créton serpentinites represent a heterogeneous oceanic 
peridotite slice with magnetite layers, in which layers and 
lenses of scarcely preserved pyroxenites and olivine-rich lay-
ers, and completely re-equilibrated diopsidites are embedded. 
These rocks reached and heterogeneously recorded ultra-high 
pressure peak conditions, testified by Ti-chondrodite and Ti-
clinohumite bearing pre-D2 assemblages (Shen et al., 2015; 
González-Jiménez et al., 2017; Luoni et al., 2018) under 
highly depressed thermal regime before Palaeocene, and were 
exhumed up to D2 PT conditions (Rebay et al., 2012a; 2012b) 
still in a depressed thermal state, typical of cold subduction 

zones. On the contrary, the last stages of exhumation (D3-D4) 
occurred under considerably higher thermal state suggesting 
the contemporaneity with the Alpine continental collision.
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