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The Late Jurassic Monviso ophiolite in thedférn  a peridotite-localized oceanic cercomplex, which
Alps is a multiply deformed, eclogite-facies meta- survived both the subduction and continental collision
ophiolite that epresents aemnant of thdlpine ethyan  tectonic stages of thAlpine olgeny Intraoceanic
oceanic lithosphear. The ecent ecognition of a p&- detachment faults and oceanic emomplexes may play
Alpine detachment fault in the Lowegctonic Unit of  a significant ple in subduction initiation, and hence their
this ophiolite has led to the discoyeasf an oceanic cer  recognition in oogenic belts is an imptant step in
complex, which developed during the initial stages ofreconstucting the ecod of ocean basin collapse and
the tectonic evolution of th&lpine Bthys. The NNW  closuee.
striking, 20-25-km-long shear zone (Baracun
Shear Zone) contains ductilely to cataclastically Introduction
deformed b_IOCkS ar_]d clasts of Fe.-é"nd Mg—A.I' Discontinuous exposures of the Late Jurassic, eclogitic ophiolite
metagabbos in a matrix made of mylonitic serpentinite massifs in thavestermlps (Fig. 1) have been widely used in various
and talc-chlorite schist with high Ni—Cr concentrations studies to constrain the paleogeography ofthime Tethys, evolved
and high CI contents. Intensely shedwophicarbonate between Europe ardiria during the Mesozoic (Dilek and Robinson,
rocks and becciated serpentinit ithin this shear zon 2003, and the papers thereifihey, in particular have been well

ocks a cciate Se_ pentnite withi ] '?’ Shear zone iized to determine the PTtrajectories of the Jurassic oceanic
are deformed by thalpine-phase S1 foliation and D2  ¢rystin a subduction-accretion system during the cgewércollision
folds, poviding a critical age constraint for the timing tectonic evolution of this orogenic belt (e.g., Frey et al., 1999).

. . . . . geochemical studies of the seafloor spreading and extensional tectonic
in the hanging wall in@ase in thickness awayin the . . : _

T 4 history of these ophiolites have been scaftgs has been in part
shear zone, characteristic of syn-extension@k  gye to the strong overprint of tAdpine-stage subduction-collision
sequences in supradetachment basiAs.ower related deformation-metamorphic events that obscures the previously
Cretaceous post-extensional sedimeptaequence developed rift-drift and seafloor spreading generated structures and

unconformably cover the syn-extensional strata, the™neral assemblages in these units. -~ . .
In this paperwe document through detailed geological mapping,

detachment shear zone, and the ophiolitic footwall, systematic structural and stratigraphic observations, petrographic and
establishing a stbng stuctural evidence for the geochemical analyses the internal structure, tectonic fabric and
intraoceanic, seafloor spading origin of the tectonic evolution history of the Monviso ophiolite, one of the best preserved
fabric of the Monviso ophiolite, prior to the onset of ophiolites in theNVestermAlps. We show that this ophiolite is an on-

. . . . land exposure of an oceanic core complex, which formed through
subduction zone tectonics in tidpine Tethys. The simple-shear seafloor spreading kinematics during the opening of the
Monviso ophiolite and the Baracun Shear Zagy@asent  Ligurian—Piedmont ocean basin within &ipine Tethys This inferred
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oceanic core complex origin of the Monviso ophiolite is significant been constrained by U/Pb dating of ophiolitic gabbros between 165
in that: (1) it better explains the dismembered and highly attenuatecand 150 Ma (Manatschal and Miinter2009 for a review), and by
crustal architecture of the ophiolites in WesterrAlps; (2) it presents the ages of the initial post-rift sedimentary sequences (i.e. radiolarian
a first coherent documentation of the intraoceanic extensional tectonichert) that overlap with the igneous ages of gabbros (see Bill et al,
history of the Jurassic oceanic lithosphere preserved Wésgern 2001, for a review). Paleo-spreading rates inAlpine Tethys are
Alps, demonstrating that it is possible “to see through” the subduction-inferred to have been slow- to ultraslow (~2 mm/yr) (see Lagabrielle,
collision induced metamorphic overprint in multiply deformed 2009, for a review), forming a Red Sea-type, embryonic ocean
orogenic belts; and (3) it provides a regionally consistent tectonic(Lombardo et al., 2002} his ultraslow-spreading origin interpretation
framework for the rift-drift, seafloor spreading, and contractional is based, in part, on the occurrence of basaltic lava units directly
episodes of the Ligurian — Piedmont ocean basin evolution. Our dataesting on serpentinized peridotitéEhese spatial relationships
and observations from the Monviso ophiolite complement the diversebetween upper mantle peridotites and lavas with sedimentary
datasets available from the modern oceanic core complexes, anthtercalations and cover are well documented from modern oceanic
provide further insights into the geometigternal structure, and  core complexes, rifted continental mius, and some othd@ethyan
stratigraphy of supradetachment basin sequences, which are missingphiolites (Dilek and Delaloye, 1992; Dilek and Ed#i992; Dilek
from in-situ oceanic core complexes. et al., 1998; Miranda and Dilek, 2010; Manatschal et al 1 20dsta
etal., 2015a). Simple-shear extensional deformation in these tectonic

; settings is shown to have exhumed the lithospheric mantle rocks on
Regl onal geol ogy of the Western Al ps the seafloor during the rift-drift and seafloor spreading stages of ocean

and its Tethyan connection basin evolution (Dilek and@hy, 1998; Dilek and Newcomb, 2003,
and the papers therein).

TheWesterrAlps (Fig. 1) developed due to the collision between
Adria (upper plate) and Europe (lower plate) as the intervening oceaniq\/| oNnviso 0ph|0| ite
lithosphere of the Jurasgipine Tethys Ocean was consumed (see
e.g. Coward and Dietrich 1989; Laubscher 1991; Dilek, 2006). The Monviso ophiolite occurs in the southern part oftlestern
collision zone (i.e. the axial section of tAlpine belt) involves an Alps (Fig. 1), and is tectonically sandwiched between the Dora Maira
exhumed fossil subduction complex bounded by the Penninic frontUnit (Internal Cristalline Massifuct), which represents part of the
and the Insubric and Canavese lines (Fig. TAgtonic units of this subducted-exhumed European continentalgina(e.g., Dal Piaz et
subduction complex are overthrlgNW onto the European foreland  al., 2003) and the Queyras Schistes Lustrés Complex (Lemoine, 1971;
(Ricou and Siddans, 1986; Platt et al. 1989; Schmid and KisslingLombardo et al., 1978; Lemoine ahdcart, 1986)The carbonate-
2000; Butler et al. 2013). Odrent meta-ophiolite units (i.e. the rich metasedimentary sequencesdiistes lusts hosts lage bodies
Piedmont Zone; see e.g. Dal Piaz et al., 2003) are tectonicallyof ophiolites, which comprise ophicarbonates and metaperidotites
sandwiched between the European Addatic continental mayin with gabbroic intrusionsThis metasedimentary sequence includes
units (see Bigi et al., 1990), and display varying metamorphic faciesdiscontinuous exposures of Middle-Late-Jurassic metachert horizons
conditions ranging from high-pressure (HP) to ultra high-pressureand laterally continuous Upper Jurassic marble layers covering the
(UHP) (Frey et al., 1999 and reference ther@ihg Piedmont Zone  entire igneous basement (eTgicart and Lemoine, 199Tricart and
is distinguished by eclogite-facies units (i.e. the Zermatt-Saas ZoneSchwartz, 2006).
auct;Bearth, 1967) and blueschist-facies ones (i.e. the Combin Zone The Monviso ophiolite consists mainly of serpentinized
auct.,Fig. 1A). metaperidotites hosting lge bodies of both Mg-Al and Fe-T

The orogenic structural architecture of WesterrAlps as seen metagabbrosThese metagabbros have Middle—Late Jurassic
in the field today (Fig. 1) was built up during three main phases ofcrystallization ages (163+ 2 Ma; Rubatto and Hermann, 200&).
deformation-metamorphism events: (1) E-dipping subduction zoneupper mantle rocks are composed of Iherzolite and minor harhur
tectonics and eclogite-facies metamorphism in the Paleocene to middland are overlain along tectonic contacts by tholeiitic pillow metalavas,
Eocene, during which contractional deformation (D1) structures, and an Upper Jurassic — Lower Cretaceous meta-sedimentary sequence
mainly S1 foliation, were developed; (2) Continental collision (Balestro et al., 2013Yhe Monviso ophiolite has been divided into
tectonics in the late Eocene—early Oligocene that catéseeigent two major tectonic units on the basis of theifetfiéntAlpine-stage
folding and thrusting (D2). Blueschist- to greenschist-facies P-T metamorphic peaks (Fig. 10)he Lower Ectonic Unit(LTU)
metamorphic re-equilibration took place during this event, producingincludes the metaperidotites, metagabbros, metabasalts, and a shear
S2 foliation; (3) Crustal exhumation (D3) and deep crust/mantle zone made of mylonitic serpentinite and talc-chlorite schist. Overlying
indentation in the middle Oligocene to Neogene. Updoming of thethis unit along &/ SW-dipping tectonic contact is tiépper Ectonic
partially subducted European continental giar the UHPDora Unit (UTU), which is composed mainly of metabasaltic lavas and
Maira, and the tilting of the Monviso ophiolite to the west (Fig. 1B) metagabbro intrusionhe LTU lithologies display peak metamorphic
occurred during this lat#lpine stage evolution of thé/esternAlps P-T conditions of 2.5 GPa — 550°C (Groppo and Castelli, 2010;
(see e.g. Lardeaux et al., 2006). Angiboust et al., 2012; Balestro et al., 20I#)e UTU lithologies

The meta-ophiolites in thé/esternAlps are the remnants of the  show on the other hand, peak metamorphic Eenditions of
Alpine Tethyan oceanic lithosphere, which developed as a result 0f2.2 GPa —480°C (Angiboust et al., 20T)us, the ophiolite exhibits
its rift-drift and seafloor spreading evolution (EJt2871; Dal Piaz a major tectonic discontinuity separating twdetiént metamorphic
et al., 1972; Lemoine antricart., 1986; &ampfli and Marthaler domains in itAnother major tectonic discontinuity occurs within the
1990; Michard et al., 1996; Dilek, 2003; Dilek and Furnes1201 Lower Ectonic Unit(LTU), in which a NNWstriking, >20-km-long
2014, Saccani et al., 2019)e timing of drifting and spreading has shear zone (Baracun Shear Zone, BSZ) separates the serpentinized
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Figure 1 — (A) Tectonic map of theNesternAlps and the NorthernrApennines (modified from Bigi et al., 1990; Bousquet et al., 2012;
Fantoni et al., 2003, 2004; Funicello et al., 1981; Ghibaudo et al., 2014; Ghielmi et al., 2013; Manzotti et al., 2014;etedt, 2015b,
2015c; Perrone et al., 2015). (Be€tonic cross-section across thi¢esternAlps (modified from Lardeaux et al., 2006). The box shows the
westward titled Monviso ophiolite, enlarged in Figure 1C. (C) Simple structural cross section of the Monviso ophiolite, sandwiched between
the UHP Dora Maira Unit and the Queyras Schistes Lustrés, and showing twizdkht meamorphic domains (modified fromngiboust et

al., 2012).
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Figure 2. Geological map and structural cross-sections (At#rough C-C”) of the Lower Ectonic Unit (LTU) of the Monviso ophiolite
(MO) (modified from Balestro et al., 21 2013, 2014, 2015), depicting the geometry of the Baracun Shear Zone (BSApriging wall

and footwall units and the post-extensional nasedimerdry sequence. The index map shows the location of the Monviso geological map
and the geography of theé/esternAlps.
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metaperidotites and metagabbros in its footwall from metabasalt andithological units in its hanging wall. It corresponds to the Lower
syn-extensional metasedimentary rocks in the hanging wall (Fig. 2).Shear Zone oAngiboust et al. (201) and to the Lago Superiore
Both the footwall and hanging wall units are unconformably overlain Shear Zone of Balestro et al. (2013).
by the Lower Cretaceous, post-extensional metasedimentary rocks In its type locality at Colle del Baracun, the BSZ includes a talc-
(Festa et al., 2015a). chlorite schist matrix with distinct chlorite-, talc-, and amphibole-
rich domains (Fig. 3C) he chlorite-rich domains consist of chlorite,
. p magnetite, pistacite, and accessory apatite, magnetite, allanite and
Structur al ar ChlteCtur e and strati gr aphy zircon, and mainly occur in rootless hinges of D2 folds, which folded
of theLTU the S1 foliation (Fig. 3M). Pre-D1 talc and chlorite lamellae are also
included in apatite grain$alc-rich domains in the talc-chlorite schist
Different lithologies and the BSZ in th&WU are pervasively matrix are composed of talc and fine-grained magnetite, and occur in
folded during D2 deformation (see Balestro et al., 2014, 2015; Festawo different modes. In the first one, fine-grained aggregates of talc
et al., 2015a for major details; Fig. 2), forming tight to isoclinal folds and magnetite appear within the D2 fold hinges. In the second mode,
accompanied by a SWo W-dipping axial planar foliation (i.e. the  coarse-grained talc lamellae are oriented in the S2 foliation plane.
S2 foliation).These D2 folds deform the earlier formed S1 foliation Talc-rich domains are commonly folded together with chlorite-rich
and the primary surfaces (i.e. the SO sedimentary bedding andlomains or form anastomosing crenulation cleavages with
magmatic foliation). Extensional normal faults, representing the D3 microlithons of the rock that contain S1 and S2 foliations (Fig. 3M;
stage of deformation, are commonly localized along lithological see also Fig. 3NAmphibole-rich domains include fine-grained, light-
contacts and the attenuated limbs of the D2 folds. green amphibole and minor chlorite. Calcite locally occurs between
We describe below the structural architecture of the BSZ and thethese diferent mineral domains in the matrix. In the Célkenoine
stratigraphy and structure of various tectonostratigraphic units in itsand Colle di Luca sections, the matrix consists of dm- to m-thick
footwall and hanging wall block§Ve also define and describe the layers of talc-chlorite schist, which is interbedded within mylonitic
post-extensional metasedimentary sequence that onlap all thesserpentinite (Figs. 3D and 3HJhe serpentinite consists mainly of
tectonic entities in theTU. These descriptions are basedéy on antigorite and magnetite, with minor brucite, talc and carbonate.
our detailed structural work and observations in the Colle del Baracun, Blocks of Fe-Tmetagabbro and Mg-Al metagabbro, ranging in
Colle Armoine, and Colle di Luca (Fig. 2) sections of the Monviso size from few dm to several meters, widely occur within the talc-

ophiolite. chlorite schist and in the mylonitic serpentinite matrix throughout
the shear zone (Figs. 2#d 3D) These gabbro blocks are also folded
Baracun Shear Zone (BSZ) by D2 folds, and locally occur as rootless fold hinges of D2 folds

(Fig. 3B). Fe-T metagabbro blocks display a fine-grained, banded
The BSZ is tens of meters thick and includes talc-chlorite schisttexture defining the S1 foliation and consisting of a mineral
and mylonitic serpentinite, containing blocks of metagabbro assemblage of garnet-omphacite-rutile eclogite with minor chlorite,
displaying a scale-independent block-in-matrix fabric (Figs. 3A-L; Na-amphibole, albite, talc and quartz. Omphacite porphyroblasts
sensuresta, 201; Festa et al., 2012). Due to the macroscopic-scalelocally preserve relics of the magmatic pyroxene and retain fine-
folding (D2), the BSZ occurs at €#frent structural levels within the  grained integrowths of quartz and amphiboléhe amphibole is
ophiolite (Fig. 2). It does not contain any material derived from the represented by Mg-hastingsitic hornblende replacing primary igneous

Figure 3. Images of the Baracun Shear Zone (BSZ) and structures dfedént scales: (A) Panoramic view of the BSZ at the Colle del
Baracun, showing i$ block-in-matrix fabric.White arrows point tothe blocks of Fei@nd Mg-Al meagabbros, and to some rare blocks of
mefarenite embedded in a matrix cdlc-chlorite schistYellow arrows indicate the younging direction of the primary sedin@ytsequence,

now folded byAlpine deformation. Post-extensional sedimang rocks rest unconformably (dotted blue line) on both the syn-extensional
sequence and thealc-chlorite schist of the BSZ; (B) Close-up photo of one of the largeragebbro blocks embedded within the BSZ
matrix (location in Fig. 3A).The shape of the block corresponds to the fold hinge of a D2 fold, which deformed the previously formed
foliation S1. Note the mafic mabreccia enveloping the block (see also Figs, 3§ 3I, 3L). Hammer for scale; (C) Close-up of the
structural fabric of the alc-chlorite schist matrix at Colle del Baracun (hammer as scale); (D) Close-up of of the block-in-matrix fabric of
the BSZ at Colle di Luca. Rounded to elongated blocks of gabbro (black arrows) are embedded within a mylonitic serpentinite matrix
affected by D2 foliation (dashed white lines); (E§IE-chlorite schist matrix of the BSZ at Colle di Luca,; (F) Close-up of a FenTetagabbro

block within the BSZ, enveloped by a dm-thick horizon of a clast-supported mafialmetcia outcrop (black arrows), with clasbf the

same composition as in the main block (Colle del Baracun); (G) Close-up of theacbitetween the clast-supported mafic ateeccia
enveloping the metgabbro blocks and thelc-chlorite schist matrix, embedding rounded blocks of aggbbro, centimeters to decimeters

in size (Colle di Luca). Hammer as scale; (H and ) Close-up of the maficaimetccia enveloping blocks of gabbro. Note that irregularly
shaped clag, centimeters to decimeters in size, preserve an earlier formed foliation, S1, folded by D2 deformation (Colle di Luca and Colle
del Baracun, respectively); (L) Photomicrograph showing the clast/matrix relationship within the mafiabretcia of Figure 31 (modified

after Balestro et al., 2015). The matrix and the irregularly shaped clast (dashed blue line) teeted by S1 foliation (dashed red line),
which is defined by an eclogite-facies mineral assemblage (i.e. garnet, omphacite, and rutile); (M) Photomicrograitrilorite schist

in the BSZ at Colle del Baracun, showing amphibole- (Amp), chlorite- (Chl) aalt-rich (Tlc) domains folded by tight to isoclinal D2
folds. Note the folded S1 foliation (dashed white lines); (N) Close-up of a polished hand sample afdtehlorite schist matrix (Colle del
Baracun), showing rootless D2 fold hinges in chlorite-rich (Chl) domains, overprinting the early S1 foliation (dashed white lines). S2 axial
planar foliation (dashed black lines) occurs imlc-rich (Tlc) domains.

December 2015



271

Colle del Baracun

N
L=

post-extensional sediments
b |

l

S

Episodes ®. 38, no. 4

Matrix-supported /
metabreccia |

g




272

pyroxene, and is a result of the pre-Alpine alteration of gabbroic rocksare overprinted by S1 foliation and deformed by D2 folds, cons-
Mg-Al metagabbro blocks are coarse-grained and more pervasivelyraining the timing of hydrothermal activity that was responsible for
deformed in comparison to the Fe+hietagabbrosThe mineral the formation of ophicarbonates to a pre-Alpine stage (Festa et al.,
assemblages in these Mg-Al metagabbros include: (ajrphacite 2015a).
accompanied by actinolite, tremolite and chlorite, and replacing
magmatic pyroxene, (b) aggregates of clinozoisite and albiteBSZ hanging wall unit
pseudomorphs after the original plagioclase, and (c) aggregates of
rutile and titanite pseudomorph after iimenomagnetite. The hanging wall block of the BSZ includes metasedimentary
Differently from the metagabbros in the footwall (see below), the and metabasaltic rocks spatially associated with minor metagabbro
metagabbro blocks embedded in the BSZ do not show metasomatioccurrences (Figs. 2 and 4). Metasedimentary units consist of
rims (i.e. rodingitic reactions) against the serpentinite wallrock and calcschist layers interbedded with decimeters to sub-decameter thick
the talc-chlorite schist matrix. But, they are enveloped by dm-thick horizons of mafic metasandstone and metabreccia (Figs. 2 and 4).
layers of a clast-supported metabreccia (Figs. 3F-I), in which clastsThe type locality of these rocks is at Colle del Baracun (Figs. 6A-C),
are made of the same gabbroic rocks as in the blBlelssmetabreccia ~ where calcschist layers onlap the BSkhe thickness of the entire
envelope around the metagabbro blocks within the BSZ occurscalcschist unit increases from zero to 70 meters away from the shear
throughout the entireTU, and is overprinted by S1 foliation and D2  zone (Figs. 2 and 4; see also Balestro et al., 2015; Festa et al., 2015a
folds (Figs. 3H and 3I)Ve observe these mesoscopic structures andfor details).At a regional scale and across the whole ophiolite, the
deformation fabrics at microscopic scales, as well; both micro-claststhickness of the metasedimentary unit gradually decreases toward
and the matrix are foliated along the S1 foliation planes (Fig. 3L). the south (i.e. between Cokemoine and Colle di Luca sections).
These observations indicate that brecciation, fragmentation of blocksTo the SWof Colle di Luca, a tens of meters — thick mafic metabreccia
and embedding of micro-clasts within a matrix must have occurredrepresents the syn-extensional unit.
before théAlpine-stage deformation and the associated metamorphic ~ The calcschist consists of subparallel layers of carbonate minerals

overprint (see, Balestro et al., 2015, for details). (i.e. calcite, minor dolomite and ankerite), quartz and white mica,
with subordinate chloritoid, Mg-Fe chlorite, zoisite, and textural relics
BSZ footwall units of lawsonite with graphite flakesA matrix-supported mafic

metabreccia unit is interbedded with calcschist layers, and shows a
The footwall block of the BSZ consists of serpentinized fining-upward texture with sub-angular to angular clasts of gabbroic
metaperidotites and metagabbros (Figs. 2 an@h®.serpentinized  rocks (Fig. 6B)The metabreccia is laterally gradational into tens of

metaperidotites derive from lherzolite and minor hargher(Fig. meters — thick metasandstone, containing similar composition but
5A), and consist of oriented aggregates of antigorite and magnetitenuch smaller size clasts (Figs. 4 and 60)e matrix of the mafic
(S2 foliation) with minor diopside, Mg-chlorite, tremolite amnd metabreccia and metasandstone is made of angular to irregularly

clinohumite.The original mineral assemblage is partly preserved in shaped micro-clasts and grains, composed of omphacite and
low-strain domains (e.g. in the cores of D2 folds exposed to the easaggregates of chlorite, €ich white mica, and epidote (pistacite).
of ColleArmoine), as evidenced by the relics of clinopyroxene and All these grains are in turn embedded in a groundmass of zoisite,
orthopyroxene porphyroclasts, and by olivine and spinel grains whichlight-green amphibole, epidote, albite, chlorite, sphene, quartz and
are partially to entirely replaced by aggregates of antigorite andwhite mica.These textural relationships at various scales indicate the
magnetite. detrital sedimentary nature of the protoliths of the mafic metabreccia
Metagabbro intrusions in the serpentinized metaperidotites formand metasandstone.
meters to hectometers thick and decameters to sub-kilometer long The metabasaltic unit in the hanging wall of the BSZ is well
bodies.They range in texture from poorly foliated, coarse-grained exposed in the Coll&rmoine section. It gradually decreases in
pegmatitic gabbros (e.g. South of CoRemoine; Fig. 5B) to thickness from this locale both toward Colle del Baracun and Colle
pervasively foliated, anisotropic gabbros (Fig. 5C) (e.g. East of Colledi Luca (Figs. 2 and 4), and tapers out near Colle di Luca in the
del Baracun andVest of Colle di Luca). Compositionallyhey south. Mg-Al metagabbro outcrops with fine-grained metabasaltic
represent two sub-groups: Mg-Al and HealetagabbrosThe Mg- dikes are in contact with metabasalts north of Colle di Liuibe.
Al metagabbros are characterized by the occurrence@fiphacite primary breccia texture is still visible and well preserved in the
that replaced magmatic pyroxen@tie Fe-T metagabbros have a metabasalt (Fig. 6D) despite the strong overprint of a well developed
well-preserved garnet-omphacite-rutile eclogitic assemblage, whichS2 foliation, defined by alternating layers of light green-yellow albite,
defines the S1 foliation. Contacts between the serpentinizedepidote, clinozoisite with minor white mica, and dark-green layers of
metaperidotites and metagabbros are generally marked by rodingitidNa-Ca amphibole, garnet and chlorite.
reaction rinds.
Serpentinite laced with irregular calcite vein networks (i.e., meta- Pgst-extensional mesedimendry sequence
ophicarbonate) is exposed along the contact between the footwall
unit and the BSZ (Figs. 5D and 5E). Both in the Colle del Baracun  The footwall and hanging wall lithological units (syn-extensional
and ColleArmoine sections, meta-ophicarbonate is few meters thick metasedimentary and metabasaltic rocks) of the BSZ are
and shows a progressive transition from massive serpentinite taunconformably overlain by a calcschist unit, which contains dm-thick
brecciated serpentinite with a white carbonate matrix, and up to amarble beds (Figs. 2, 4, 7A and 7B), passing upward into layered-
highly sheared meta-ophicarbonate rock (Fig. 5F). In the Colle difoliated quartz-schist devoid of any ophiolite-derived detrital material.
Luca section, the meta-ophicarbonate occurrence is no more tha®n the basis of a regional correlation of this calc schist-marble-quartz
30 m in thickness. Calcite veins in the meta-ophicarbonate rockschist unit with other metasedimentary rocks in\testernAlps,
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Figure 4 — Simplified stratigraphic columnar sections, showing the tectono-stratigraphic relationships between the hanging wall — footwall
units and the BSZ (traces are shown in the simplified geological map).

Lagabrielle (1994) established the age of the calcschist and thevas determined by majoand trace element chemistry analyses of
overlying syn-extensional rocks as the Lower Cretaceous. Festa et akelected rock samples, and by electron microprobe mineral analyses.
(2015a) defined these metasedimentary rocks in the hanging wall oThe bulk rock geochemistry of the talc-chlorite schist was then
the BSZ as post- extensional depositional ufiite thickness of the ~ compared with the compositional fields of the spatially associated
post-extensional metasedimentary sequence within the Monviscserpentinite and metagabbro (Fig. 8). Compared to the serpentinite,
ophiolite is irregular (Fig. 2) and ranges from few meters to tens ofthe talc-chlorite schist rocks have higher values of, S\00O, and
meters. CaO, show lower values of MgO, and are characterized by particularly
The calcschist unit consists of calcite, and minor dolomite with strong enrichment iifiO,. On the other hand, compared to the
ankerite, quartz and white mica, whereas the marble and quartzmetagabbro, the talc-chlorite schist is depletedil j©,, CaO, total
rich schist are made of calcite and quartz, respectiVhly contact Fe and NzO, enriched in MgOThe talc-rich rock also shows high
between the post-extensional metasedimentary units and both thabsolute concentrations of @\ andV.
syn-extensional sedimentary sequence and the talc-chlorite schist Electron microprobe mineral chemistry analyses reveal that
of the BSZ is sharp and rugged (Figs. 7C-F), and corresponds tehlorite in the talc-chlorite schist predominantly has a penninite
an original depositional surface as inferred from the lack of any(i.e., a Mg-rich solid solution between serpentine and amesite)
mylonitic structure associated with it (Figs. 7E and 7H)is composition (XMg=[0,83-0,89]), with minor pycnochlorite (XMg=
unconformity is folded together with the BSZ and the hanging wall 0,79) and clinochlore (XMg= 0,84-0,85) components. Some zoned
and footwall units as seen atfdifent structural levels in the field chlorite grains are significantly enriched in Cr and in Ni in their

(Fig. 2). centers. Chlorite also has relatively high chlorine content (up to
500 ppm).
Geochemistry and mineral Ogy of theBSZ Electron microprobe mineral chemistry analyses have shown that

talc in the talc-chlorite schist is characterized by a negligible
The composition of the talc-chlorite schist rocks within the BSZ substitution of Mg by Fe (XFe=[0,04-0,09]), and that it contains high
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Figure 5. Field images of various lithologies and structures in the BSZ footwall unit: (A) Medium-grained, massive serpentinite with a
Iherzolitic protolith (East of Colle del Baracun); (B) Close-up of a pegmatitic, coarse-grained Mg-Ahgadibro (South of Collérmoine).
Hammer head as scale; (C) Close-up of a foliated, Mg-Al agetbbro with reddish Fe-Tlayers (Wof Colle di Luca); (D) Sheared mat
ophicarbonate with light-brown carbonate layers, deformed by D2 folds (East of @oit®ine); (E) Sheared matophicarbonate marking

the contact between the footwall sequence and the BSZ. Ophicarbonate rocks con$isérpentinite (dark green) meshed with white, cm-

to mm-thick hydrothermal calcite veins (South of Colle di Luca); (F) Close-up view of the overturned tectoniaatdrgtween the massive
serpentinite in the footwall unit and thetc-chlorite schist within the BSZ at the Colle del Baracun. Note the progressive transition from the
massive serpentinite to the pervasively sheaggd-thlorite schist.

NiO concentrations (highest NiO= 0,32 wt% in talc lamellae included Qceanic core complex origin of the Monviso
in apatite).Talc also has relatively high chlorine contents (up to T
patite) y o (up ophiolite and the BSZ

900 ppm).
The structural, textural and mineralogical evidence collectively
Discussion indicate that the BSZ played a significant role in accommodating
high-magnitude extension in young oceanic lithosphere and in the

In this section, we discuss in a regional tectonic framework the exhumation of lower crustal gabbros and upper mantle peridotites to
significance of our structural, mineralogical and geochemical data,the seafloor within the Ligurian-Piedmont ocean baHhis simple-
field observations, and interpretations from the Monviso ophiolite shear extensional tectonics produced a Late Jurassic oceanic core
for: (1) its oceanic core complex origin, (2) the timing of this complex, which is now represented by the multiply deformed Monviso
extensional tectonic episode and core complex development, and (3)phiolite in theWesternAlps (Figs. 9 and 10B)Ve infer that the
the maturation of the Ligurian—Piedmont basin as a supradetachmennafic metabreccia within the BSZ and the talc-chlorite schist and
depocenter within thalpine Tethys. mylonitic serpentinite matrix surrounding the metagabbro blocks
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i in? v ki Zalr A S e e
Figure 6 — Field images of various lithologies, cat relationships and structures in the BSZ hanging wall unit: (A) Panoramic view of
the overturned mantle rocks and the cover sequence to the South of Colle del Baracuasédenerary rocks consist of intercalations
of mafic metbreccia and metsandstone horizons (dashed white lines), decimeters to several meters thick, that are interbedded with medium-
to coarse-grained calcschist; (B) Close-up photo of the daltriexture of a matrix-supported mafic malreccia layer characterized
by rounded clast, centimeters in size, embedded in the coarse-grained mafic matrix (NE of Colle del Baracun); (C) Close-up image of a
fining-upward, matrix-supported, mafic mabreccia passing upward into a natandstone rock (overturned sequence). Note the rounded
shape of clagt (Colle del Baracun); (D) Metbasaltic rock with a relict brecciated texture (hammer for scalefiof ColleArmoine).

represent a Late Jurassic intra-oceanic detachment Taigtlow- gabbroic intrusions in the serpentinized peridotites. In a peridotite-
angle detachment fault, which is now exposed along a 20-25-km-ocalized core complex, gabbroic intrusions in the footwall peridotites
long (Fig. 2), NNWstriking andW-to SW-dipping shear zone  are less abundant in comparison to those in gabbro-localized core
(Baracun Shear Zone), controlled the seafloor spreading tectoniceomplexes, and the crystal-plastic deformation fabrics occur both in
and the exhumation of upper mantle peridotites on the seafloor as aperidotites and gabbros with increasingly more abundant low-T°C
oceanic core complex (Fig. 9he kinematics of detachment faulting fabric elements &cting the serpentinized peridotites. Detachment
and the mode of the inferred uplift and exhumation of the upper mantlefaulting appears to have nucleated mainly in the peridotites in which
rocks in the footwall of the BSZ (Figs. 9 and 10B) are analogous tostrain partitioning and formation of talc-amphibolite-chlorite schists
those documented from the in-situ core complexes along the slowswere taking place at temperatures more than 500°C, following the
(Atlantis Massif, Mid-Atlantic Ridge — MAR) and ultraslow-spreading emplacement of dispersed gabbréke internal structure of the
(Atlantis Bank, Southwest Indian Ridge — SWIR) ridges (Cannat, Monviso ophiolite and the BSZ detachment fault is more akin to that
1993;Tucholke et al., 1998; Boschi et al., 2006; Karson et al., 2006; of a peridotite-localized oceanic core complex, such aétthatis
Dick et al., 2008; Miranda and Dilek, 2010). Massif along the Mid-Atlantic Ridge (30° Latitud&)le posit that
Based on the results of the drilling and submersible studies of theemplacement of the Fe-dhd Mg-Al gabbros in the Monviso ophiolite
Atlantis Bank (SWIR) and th&tlantis Massif (MAR), Miranda and  and serpentinization of the peridotites along syn-kinematic fracture
Dilek (2010) defined gabbro-localized and peridotite-localized networks promoted rheological weakening of the ultramafic rocks
oceanic core complexes, respectivdly a gabbro-localized core  and the development of the low-angle BSZ (MacLeod et al., 2002).
complex, high-temperature, crystal-plastic deformation fabrics  The upper mantle peridotites and oceanic lower crustal units
concentrate in the gabbros, and granulite-grade mylonitic rocks angxposed on the seafloor along the MAR commonly occur in the
shear zones appear to have formed the nucleation of detachmenteotwalls of detachment faults, which are characterized by tens to
related deformation in the presence of melt (Miranda and Dilek, 2010, hundreds of meters thick, ductile to cataclastic shear zones (Figs.
and the references therein). In this type of oceanic core complex (suchOA, 10C, and 10D; Boschi et al., 2006, and reference thefeede
as SWIR), the footwall of the detachment fault includes widespreadstructural fabrics represent the artifacts of hydrothermal fluid flow
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X

BSZ
fault rocks

Panoramic view of the post-extensional sequence in the Colle del Baracun section, consisting of calcschist alternating with dm-thick
marble layers; (B) Close-up of the outcrop A showing a dm-thick marble layer interbedded with calcschist (hammer for scale); (C, D, E)
Different views of the post-extensional sequence, unconformably resting on the BSZ at Colle del Baracun. Note that the sequence is
overturned in E; (F) Close-up photo of the overturned primary cacit (black arrows) between a natasalt and a white marble in the post-
extensional sequence (hammer for scale)gWof ColleArmoine).

and associated metasomatism, greenschist to sub-greenschist facisear zoneTalc-rich rocks may form at early stages of faulting by
metamorphism (Escartin et al., 2008), and strain partitioning in interaction of hydrothermal fluids with upper mantle rocks exhumed
heterogeneously distributed rocks below the detachment suffage.  to shallow depths on their way to the seaflddris metasomatic
ubiquitous occurrence of talc-chlorite schist provides a weakeningprocess is critical in rheological weakening and strain localization,
mechanism to allow a low-angle normal fault to initiate and to localize and facilitates the propagation of deformation farther down into the
strain over long periods of time (Escartin et al., 2008). footwall rocks beneath the detachment surface, resulting in thickening
Our observations in the Monviso ophiolite indicate a progressive of the detachment-induced shear zone (Fig. 10). Further propagation
transition from massive serpentinites to meta-ophicarbonate rocksof brittle faults and fractures into the peridotites and gabbros in the
and higher up to a talc-chlorite schist shear zone, which represent®otwall must have provided preferential pathways for seawater
the Late Jurassic detachment fault (Figs. 10B, 10E and 10F). Lowjpenetration and attendant hydration and serpentinization of the
angle faulting in this case was accompanied by extensive hydrothermalltramafic rocksThis serpentinization process was likely to have
metasomatism. Our mircrostructural observations and mineralcontributed to the footwall uplift and exhumation, as documented
chemistry data suggest that the talc-chlorite schist along the BSZ waffom the MARK (Mid-Atlantic Ridge at Kane Fracture Zone) area in
a result of rock—fluid interactions between the gabbros andthe modern oceanic lithosphere (Dilek et al., 1997).
serpentinite, and seawaierived hydrothermal fluids. High Ni and
Cr concentrations in this schist rock are compositionally similar to Timing of oceanic lithosphere formation in the
those of chlorite and talc documented from detachment zone fault . . .
rocks in both the modern (Boschi et al., 2006) and ancient (Manatscha Igurian — Piedmont Ocean
et al., 201) oceanic core complexeBhe relatively high chlorine Diachronous crystallization ages of gabbros in the ophiolites of
contents in the talc-chlorite schist along the BSZ highlight the role of theWesterrAlps have been widely used for reconstructing the tectonic
seawatederived hydrothermal fluids percolating along—across the history of the Ligurian — Piedmont ocean basin (e.g., Lombardo et
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. Chenalliet ophiolite massif (153+3 Ma, Costa and Cab01) likely
S represent a late-stage,f-afxis magmatic episode in the igneous
o . | accretion history of the Ligurian — Piedmont oceanic lithosphere (see
] - (}j ] % - Lombardo et al., 2002Jhis latest pulse of magmatism in the Monviso

: LIS ophiolite predated the unconformable deposition of the Lower
Cretaceous post-extensional sediments overlying the intraoceanic
20 8 Baracun detachment fault zone (BSZ).

b O The unconformity surface at the base of the Lower Cretaceous
post-extensional sedimentary sequence seals the BSZ and onlaps both
m = its hanging wall and footwall blockEhese stratigraphic relationships
indicate that the structural architecture documented fromTtbleof
20 ] the Monviso ophiolite and the BSZ predates the deposition of these
i i post-extensional rock3hus, the structural fabric elements and the

- primary mineral assemblages recorded in the rock units of the ophiolite
;1 ° § and the BSZ reflect the rift-drift and seafloor spreading tectonic
be CP T T . processes that took place during the opening of the Ligurian —
Piedmont ocean basin prior to the Early Cretaceous.

The exhumation of the upper mantle peridotites in the footwall
and the deposition of the syn-extensional sediments in the hanging
wall of the BSZ occurred during the Late Juraséie.can constrain
the specific timing of this extensional phase as between post 163+2
Ma (Middle Callovian), which is the crystallization age of the gabbroic
intrusions in the peridotites (Rubatto and Hermann, 2003) and the
Early Cretaceous, which is the depositional age of the post-extensional
sedimentary sequence above the unconforivigga-radiolarite rocks

. | 7 - L in the Queyras Schistes Lustrés Complex (Caby et al., 1987) represent
<)

0 45 0 55 0 2 3 40 the stratigraphic base of the post-extensional sequence and reveal a
Sio, wt% MgO wt% middle-late Oxfordian age for their deposition that is consistent with
Figure 8 — Harker-type (SiQand MgO) and major-element the age bracket we consider for the timing of simple-shear extension
variation diagrams of theaic-chlorite schist (red square) of the ~ and detachment faulting.
BSZ matrix. Green, red and light blue shaded areas show the The lack of any material or blocks within the BSZ derived from
compositional ranges of serpentinitalt-chlorite schist and gabbro  the hanging wall metasedimentary units or metabasaltic rocks also
from theAtlantis Massif, respectively (modified from Boschi et al., indicates that the main phase of detachment faulting must have
2006). Green and light-blue lines show the compositional ranges occurred before th&lpine stage deformatioAlthough subduction-
of serpentinized maperidotites and mefyabbros from the Monviso 10 exhumation-related tectonic reworking of the Ligurian — Piedmont
ophiolite, respectively (modified from Lombardo et al., 1978, Lafay oceanic lithosphere and the associated metamorphic overprints partly
etal., 2013). obliterated the seafloor spreading history of the BSZ, its pre-Alpine

stage record can be well constrained by several lines of meso- to
al., 2002; Piccardo, 2009; Manatchal and Minte2@39) Assuming micro-scale structural evidencd) (ophicarbonate rocks resting on
that the igneous ages of the ophiolitic gabbros reflect the magmatithe massive serpentinite indicate that the upper mantle peridotites
accretion of oceanic lithosphere, the seafloor spreading and thavere already exhumed on the seafloor prior to the onset of subduction
extensional tectonic history of the Ligurian-Piedmont oceanic zone tectonics within the ocean basif) pre-D1 metabreccia
lithosphere can be quantified temporalljre zircon U/Pb ages of  enveloping the metagabbro blocks within the BSZ represents a fault
the gabbro bodies within thesterrAlps ophiolites (Fig. 1) range rock that formed during detachment faulting and the associated
from 166+1 Ma (in Gets) to 155+1.2 Ma (Antrona) (see, e.g., cataclastic deformation3) talc-chlorite schist matrix in the BSZ
Lombardo et al., 2002 and Manatschal and Minte2@p9, and represents a metamorphic assemblage, which typically develops along
reference therein), showing a close overlap with the biostratigraphidntraoceanic detachment fault zones (see e.g., Boschi et al., 2006,
ages of the metaradiolarites spatially associated with the metabasaltand reference therein) due to syn-kinematic alteration at the contact
These ages collectively suggest that the oceanic lithosphere in thbetween serpentinized peridotites and gabbros.
northern part of the Ligurian — Piedmont Ocean (Gets, 1661 Ma)
and in the Zermatt-Saas (Allain gabbro, 163+5 Ma) meta-ophiolites\]ature Ligurian_Piedmont ocean basin as a

formed nearly 10 m.ybefore than the oceanic lithosphere, now
preserved in th@ntrona section (155+2 Ma) to the north. Farther to supradeachment depocenter

the south in theVestermlps, the igneous ages of the gabbros (163+2 The lateral and vertical facies variations in the meta-sedimentary
My, Rubatto and Hermann, 2003; and Lanzo massif, 162+2 Ma;sequences of the Monviso ophiolite and the structural relationships
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Kaczmarek et al., 2008) are nearly coeval with those &fdhig and of these sequences with the mantle peridotites provide important clues
Corsica ophiolite units (see, e.g., Piccardo, 2009; Hig.Ybunger for the nature of their depocenter within the Ligurian-Piedmont ocean
zircon U/Pb ages obtained from plagiogranites (FiQ. ih the basin. Development of this depocenter and its accommodation space

Monviso ophiolite (152+2 Ma, Lombardo et al., 2002) and in the was strongly controlled by asymmetric extension and tectonically
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Figure 9 — Interpretive reconstruction of the Monviso ophiolite oceanic core complex, constrained by the analysis of Heedieterdry
sequence and by the observed structural relationships between the hanging wall and footwallofinite extensional dathment fault
(Baracun Shear Zone). Thick vertical blue lines (and related acronyms) indicate the approximate locations of the stratigraphic columnar
sections shown in Figure 4.
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Canales, 201), and (B) the inferred Monviso oceanic core complex developed within the Jurassic Ligurian-Piedmont Ocean. (C-F) Close-
up cross sections of a dathment fault system (location in Figs 10dnd 10B) and associated nasomatic and tectonic- processes in
modern (C-D; modified from Boschi et al., 2006) and ancient oceanic (E-F) settings, respectively
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Figure 11 — Interpretive block diagram depicting the inferred paleogeography of the Monviso ophiolite ridge segment (MO) in the Ligurian-
Piedmont Ocean in the Late Jurassic (Oxfordian, 160 Ma). Frahtross-section modified from Dilek and Furnes (201 Piccardo et al.
(2009), Peron-Pinvidic and Manathal (2009). @ble in the lower lefside displays the known age ranges of mafic rocks, Mn-rich
metasedimendry rocks, and met-radiolarite from the Ligurian—Piedmont oceanic lithosphere (degources: Borsi et al., 1996; Caby et al.,
1987; Cosh and Caby2001; DeNever and Beumagartefi995; Kaczmarek et al., 2008; Liati et al., 2005; Lombardo et al., 2002; Mzt

et al., 2006; Rubatto and Hermann, 2003; Rubatto et al., 1998kEet al., 2003). Geological map of thdps and the NortherrApennines
shows the present-day location of the tectonostratigraphic simged in the entire figure.

controlled subsidence in the hanging wall of the low-angle Baracun  The irregular thickness of the post-extensional sequence and its
detachment shear zone (Fig. Bhe Upper Jurassic syn-extensional unconformable deposition on top of the footwall and hanging wall
sedimentary succession with abundant ophiolitic material onlaps thmetabasalts and metasediments) sequences and the BSZ rocks
shear zone and its talc-chlorite schist rocks, and has a wedge shapeggests an irregular seafloor bathymetry within the basin that was
geometry with its thickest section corresponding to the distal likely controlled by basement faulting and tectonic segmentation (Fig.
depocenter of the supradetachment basin. 9). The thinner and incomplete sections of this sequence occur in the
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eastern part of the ophiolite where the Lower Cretaceous carbonatezomplex in the Monviso ophiolite is globally significant for two
rich calcschists directly overlie the BSZ (Fig. Qe interpret these  reasons: (1) Despite the strong overprint of subduction zone
bathymetric anomalies and the associated stratigraphic variations adeformation and metamorphism, the simple-she#raoceanic
tectonically controlled structural highs within a basin, which was extensional tectonic fabric is well preserved in the Late Jurassic
deepening to the west (in the present coordinate system). oceanic lithospher@his case study clearly demonstrates that not all
The initial input of continentally derived sediments within this shear zones, brittle-ductile and cataclastic structures, and highly
basin did not occur until the deposition of the uppermost part of thedismembered ophiolites in high-pressure collisional belts generally
post-extensional sequence that contains quartz-rich intercalationsepresent the products of a subduction channel and subduction zone
within the carbonate-rich calcschisf§e postulate that this stage of tectonics, as has been widely assumed in the literature pertaining to
deposition coincided with significant terrigenous input into the basin. the WesternAlps (i.e., Guillot et al., 2009Angiboust et al., 2Q0).
In comparison with the analogous post-extensional sequenceg2) Oceanic core complexes and their lithospheric-scale asymmetric
preserved in the unmetamorphosed Ligurian Units of the Northernshear zones (detachment faults) may be ideal tectonic settings for the
Apennines (see, e.g., Decandia and E1t872; Marroni et al., 2010;  localization of subduction initiation, as has been proposed from some
Festa et al., 2013, and references therein), we interpret these posttherTethyan ophiolites (i.e., Mafne et al., 2015)We think that
extensional deposits to represent distal carbonatic and mixednversion of extensional detachment faults into intraoceanic
siliciclastic-carbonatic turbidites (i.e., Calpionella Limestone and/or subduction zones under favorable geodynamic conditions provides a
Palombini Shale) which reworked a continental girasource area.  viable mechanism for basin collapse and closure without invoking
other external driving forces in a given region.
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