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HIGHLIGHTS

x Deformation at the basaderpentn.te interface occurred under oceanic extension
X Theinterface acted as a decouling level with bullag@l deformation

X The contact was not reacti.ateu during Alpine overprint

X Fluid-assisted deformat.~n :2d to carbonataf the basalts and serpentinites

X A third type of ocear..c busaderpentinite interface is defined

ABSTRACT

805

The association of mafic extrusive rocks and serpentinized mantle rocks is a common feature

encountered in numerous uHdgstal magmapoor rifted margins as well as in (ultra)stow
spreading oceanic settings where detachment faulting and mantle exhuscatiorAlthough

seismic imaging and higresolution TOBI radar allow imaging this association, the nature of

this interface is poorly understood (e.g. nonconformity vs. tectonic channelized vs. diffuse

fluid flow along the interface). The timing between gmatism and active detachment

faulting is often poorly constrained and it remains difficult to deciphevaific extrusivesre

pre, syn or postexhumation of mantle rocks at the seafloor. In this study, we characterize

the nature of this interface from section of a Jurassic uldistal margin preserved in the



Platta nappe, SE Swiss Alps. We show that the basglentinized mantle contact does
neither correspond to an Alpine thrust system, nor to a nonconformatyliachment plane
exhuming mantlerocks from underneath already emplaced basalts. Rather, the- basalt
serpentinite interface corresponds to a weak decoupling level formed by conjugaieglew
normal faults onto which conjugate highgle normal faults branch. These structures are
diagnosic of co-axial extensional tectonics occurring during and after emplacement of basalts
over a formerly exhumed serpentinized mantle. Carbonate extensional and shear veins and
foliated ophicalcites formed during this Jurassic extensional event. Theibulistn across

and along the basaderpentinite interface demonstrates that this decoupling interface was a
high-permeability layer that channelized high fluid flow responsible for the widespread
hydrothermal alteration. A positive feedback between flind/1.ind extensional deformation

is proposed.

Keywords: extensional tectonics, basakrpentini.> interface, ultdistal magmapoor

rifted margin, fluidassisted deformation, ophicalr.tes, Alpine ophiolites

1.INTRODUCTION

Mafic extrusiverocks(e.g. basaltic 'ava flows, pillow basalts, hyaloclastite®rlying
serpentinized mantlarea commor fecturef oceanic domains where serpentinized mantle
rocks are exhumed to the se=flc~r, either in oceanic areas formsowatto ultraslow-
spreading Nt-Oceanic Ridje.‘MORSs) or in the utraGLVWDO SDUWSRRIUB®PDJP
continental rifted margindn nresemday oceans and margins, the roughly-fijatg (i.e.,
subhorizontal to shallwioping) interface between mafic extrusives and serpentinized
mantle rocks is imay~a vy geophysical data (Canales et al., 2004; Hopper et al., 2004;
Welford et al., 2010; sauter et al., 2013; Gillard et al., 2017) (figc)1aut its nature is

poorly constrained.

In the literature, two contrasting interpretations can hundofor this interface (e.qg.,
Lagabrielle et al., 2015). The first interpretation considers it as equivalent to a nonconformity,
that is, the contact represents a paeafloor surface exposing ultramafic rocks, over which
the volcanic material spreads.de Lagabrielle and Cannat, 1990) (fig. 1d). In this case,
volcanic activity postdates the exhumation of the mantle rocks to the seafloor. The second
interpretation stems from the identification of shaHdipping extensional detachments at the
ultra-distal part of magmaooor rifted margins (e.g., Boillot et al., 1987, 1995) and at slow
spreading MORs (e.g., Karson and Winters, 1992; Cann et al., 1997; Tucholke et al., 1998).



In this context, a roughly flat interface between mafic extrusives and serpedtimantle

rocks may correspond to the detachment itself, the extrusives being part of the hangingwall
EORFN SRVVLEO\ IRUPLQJ LVRODWHG H[WHQVLRQDO DOOR
Karson and Winters, 1992; Cann et al., 1997; Karson ,e2@06) (fig. 1e). In this case, the

contact is tectonic and volcanic activity, while possibly coeval with early stages of mantle

exhumation, precedes the time at which the serpentinized mantle rocks reach the seafloor.

The two types of interpretation allustrated by the case shown in figure 1c, where
HSW\I\SHY SDWFKHV DUH LQWHUSUHWHG DV YROFDQLF PDWH
exhumed in the footwall of an early detachment (i.e., the hypothesis of a nonconformable
FRQWDFW zZK-WWJBBY SMIDXWFK%LYV LOW'USUHWHG DV D UDIW
younger detachment with opposite dip (i.e., the hypothess +f a tectonic contact) (Sauter et al.,
2013). Nevertheless, until now, no oceanic detachrient with mafic extrusives in its
hangingvall has been directly accessed and sar.u:=u. For instance, attempts to drill through
such a presumed detachment, on the flank of the ~tantis Massif oceanic core complex (OCC)
failed (Blackman et al., 2011).

Many studies onlandmostly in .ne Aigine realm) have also focused on geological
sections thought to expose more or les. oreserved examples ofspst@ading MOR and/or
magmapoor ultradistal margins .~ these studies, when mafic extrusives overlie
serpentinized mantle c&s, the contac. is always interpreted as a nonconformity (e.g., Tricart
and Lemoine, 1983; Lagabri2n> and Cannat, 1990; Principi et al., 2004), even in cases where
the existence of a major pusagaenic extensional detachment is also suspected or dstablis
(e.g., Lemoine et al., 1C27, besmurs et al., 2001; Manatschal et al., 2011; Lagabrielle et al.,
2015; Decarlis et ai... .C18). The reason for this interpretation is the local but common
occurrence, at the bac. of the extrusive sequence, of sedimaet@iab containing clasts of
the underlying serpentinites (fig. 1d). Noticeably, the same interpretation is given in the case
of the Platta nappe, in the Central Alps, where the geological section of this study lies
(Manatschal and Nievergelt, 1997; Desmat al., 2001; Epin et al., 2017, 2019; Ribes et al.
2019). Due to this relation implying volcanic activity after mantle exhumation, and because
gabbro bodies hosted by the serpentinized mantle rocks occasionally show evidence of syn
emplacement deformatn, the hypothesis of distinct episodes of mafic magmatism (syn
postmantle exhumation) has emerged (e.g., Lemoine et al., 1987; Desmurs et al., 2001, Epin
et al. 2019). In preseqtay oceans, basaltic cones or patches overlying serpentinized mantle

rocks exhumed by a detachment are sometimes interpreted as being emplaced after



HIKXPDWLRQ H J 7TXFKRONH HW DO W\SHY 6DDMWHRKH W W QD OL
Together with other observations, these features have led to a concept wheretiprexten
magmapoor oceanic environments may proceed through alternated periods of localized
detachmentype faulting associated with the emplacement and progressive exhumation of
gabbro bodies, and more distributed hagigle faulting associated with thenplacement of

dykes and volcanic material (Tucholke et al., 2001; lidefonse et al., 2007; MacLeod et al.,
2009; Manatschal et al., 2011; Lagabrielle et al., 2015; Gillard et al., 2016b). In this frame,
mafic extrusives nogonformably overlying serpentired mantle do postdate an episode of
mantle exhumation but are not necessarily f@dtonic. Instead, they may represent-syn
tectonic deposits emplaced during a later episode ofdnky.> normal faulting, the faults
being used as pathways for the ascemaimagmas (Mana'schal et al., 2011; Decarlis et al.,
2018; Epin et al., 2019; Ribes et al., 2019) (fig. 1f). suc relatively late mafic extrusives are
thus expected to show two types of relation w'th serpentinized mantle rocks, (i) a
nonconformity, where # contact is roughly flai.:~, or (i) a fault where the contact is
steeply or moderately dipping. This dual rele.uv nship seems frequent in oceanic domains (e.g.,
Lagabrielle et al., 1998; Manatschal et al., 20.1; Decarlis et al., 2018; Epin et a)., 2019

Despite the sytectonic nature  * .ne late mafic extrusives, the common view is that,
where their contact with the serpentinized mantle rocks is a nonconformity, they seal the
contact and no significant defor rat un occurred along this interface damidcafter their
emplacement (at least until the subsequent orogeny, in the case of ophiolites emplaced in
orogens). In addition, the ro . sequence underneath the mafic extrusives commonly shows
evidence of pervasive ceahrnation, forming ophicalcites, whitdst for important fluid
FLUFXODWL?CV 7ZR W\SHV RI RSKLFDOFLWHY DUH XVXDOO
et al., 1987). OC1 renresent tectoriig@raulic) breccias formed at the expense of the
ultramafic rocks while OC2, overlying OC1, repeat sedimentary breccias that mark the
base of the nonconformable sequence (e.g., Tricart and Lemoine, 1983; Ribes et al., 2019).
Ophicalcites attest for interactions between ultramafic rocks and seawater (as does
serpentinization, which usually occursfdre carbonation) and are classically considered to
be developed at the seafloor or very close to it (e.g., Bonatti et al., 1974; Bernoulli and
Weissert, 1985; Lemoine et al., 1987; Treves and Harper, 1994; Picazo et al., 2013). As a
result, when ophicalt#s occur at the base of a nonconformable sequence that includes mafic
extrusives, carbonation is thought to predate the emplacement of the extrusives and to be

related to the earlier episode of mantle exhumation (e.g., Lemoine et al., 1987; Desmurs et al.



2001; Ribes et al., 2019; Epin et al., 2019). Therefore, the above statement may be extended
as follows: in oceanic domains, when mafic extrusives overlie serpentinized mantle rocks
through a flatlying nonconformity, the common view is that neither gigant deformation

nor pervasive fluid circulation occurred along this interface during and after the emplacement

of the extrusives.

In contrast with this view, Coltat et al. (2019a) recently argued that carbonation along
such an interface can develop dgynematically in the aftermath of the emplacement of the
extrusive rocks, at temperatures around 100°C. Hence, it appears that a nonconformable
interface between mafic extrusives and serpentinized mantle rocks is not always a static
contact since signifemt deformation and fluid circulation may accur along it during oceanic

extension

In this study, we describe a 350-long gec ogiedl section that encompasses the
outcrop studied by Coltat et al. (2019a). The di<trib.'tion of deformation and the interactions
between fluids, rocks, and deformation are desc.ibed in detail, which allows to document how
the interface between mafic extrusives anc se.pentinized mantle rocks behaved during and
after the emplacement of the volca e seies. At the scale of the seatipattern of
symmetrical extension is observed, wr.~h contrasts with the pattern that would be expected
from the development of a large exte"sional detachment. We discuss the tectonic setting that
could have led to this situation ar.d infer that mechanieakening due to fluidock
interactions is the process the' allowed the previous nonconformable interface to become a
decoupling level along which strain localized (i.e. a sort of décollement, though without a
steady sense of sheal™..s, unis study ks to the identification of a third type of interface
between mafic extraz™e. and serpentinized mantle rocks in oceanic domains, which is neither
a static nonconformit, nor an extensional detachment, but a nonconformity reactivated as a

decoupling level.
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Figure 1. a) to c) Presentlay Ycecnic domains showing the direct superposition of mafic

extrusive rocks onto serpenu.ized mantle rocks, either inftne-distal part of a magma

poor continental margin (a, b}, or at ultraslespreading miebceanic ridg (c).On (c), A and

B areas correspon? tu vricanic eruptions on the exhumed detachment surface and rafted
blocks, respectivelya, b and ¢ adapted from Hopper et al. (2004), Gillard et al. (2017), and
Sauter et al. (2013), respectively. d) to f) Sketdlestrating the different interpretations
found in the literature for the interface between mafic extrusivessamuentinizednantle

rocks. d, e, and f adapted from Lagabrielle and Cannat (1990), Karson et al. (2006), and
Manatschal et al. (2011), resgtevely.

2. GEOLOGICAL SETTING

2.1. The Platta nappe

The Platta nappe is locatedsoutheastern Switzerland@ithin the Central Alps, and is part of
the Piemonte.iguria units that show an oceanic affin{fyg. 2a). The Platta nappeelongs to



the UpperPenninic nappe system, which underlies the Lower Austroalpine nappes, the latter
exposing remnants of the distal margin of the Adriatic continent (e.g., Trimpy, 1975; Mohn et
al., 2011). The dominant lithologies in the Platta nappe are serpentinizedtipesidmd
basalts (massive lava flows, pillow basalts and hyaloclastites, Dietrich, 1969), together with
minor gabbro bodies. Two main structural units are distinguished (Desmurs et al., 2001,
2002). The Upper Platta unit, almost entirely made of serptsins restricted to the eastern

part of the nappe (fig. 2b) and correlates further north and south with two other Upper
Penninic nappes, the Totalp unit and Malenco nappe (e.g., Mlntener et al., 2010). In the
Lower Platta unit, mafic magmatism is mora@espread (fig. 2b). This rock association may
correspond to either an oceanic seafloor formed at aghkwv2ding MOR or/and the most
distal part of a magmpoor continental margin (Epin *t a. 2019). The Platta nappe is
separated from the continentalhliogies of the overlyii g Err unit (one of the Lower
Austroalpine nappes) by an Alpine thrust, which ¢~commodated an unknown amount of
shortening. Therefore, in principle, the lower F.>tt4 unit may have formed as an oceanic
seafloor at some distance frometmargin (Eru. et al. 2019). However, its initial proximity
with the margin is testified by two featwres. Firstly, the unit includes a few slivers of
FRQWLQHQWDO PDWH''LDO LQ SXUSOH LQ 1ILJ E WKDW
assemblage beferthe Alpine orog~ny (Fioitzheim and Manatschal, 1996; Manatschal and
Nievergelt, 1997; Epin et al., 207/ 2019). Secondly, as for the bulk of the Piebnguntie

units, the geochemical character:~tics of the ultramafic rocks are not those of a tygécet oc
lithosphere (Muntener et al.. 20.0; Picazo et al., 2016). The Upper and Lower Platta units
rather correspond to a oreserved subcontinental mantle and a refertilized (through the
infiltration of astheno:pheric melts) subcontinental mantle, respact{klintener et al.,
2010).

In spite of the Alpine orogenic overprint, several extensional detachments dating from
the establishment of the continental margin of Adria in the Jurassic have been identified in the
Lower and Middle Austroalpine nappes situatsst of the Platta nappe (Froitzheim and
Eberli, 1990; Froitzheim and Manatschal, 1996; Manatschal and Nievergelt, 1997; Mohn et
al., 2011, 2012; Epin and Manatschal, 2018). All these detachments displaythepvest
kinematics. In the Platta nappe, additional westdipping extensional detachment dating
from the late stages of rifting was recently reported (Epin et al., 2019). By analogy with
observations made in Piemotitguria units located further to the northeast (Tasna and
Totalp; Manatschal etl., 2006; Picazo et al., 2013), this large detachment within the Platta



nappe is tracked through the local occurrence of zones of high strain showing a vertical
distribution of fault rocks (from serpentinite cataclasites to serpentine gouges) thatsaggest
progressive exhumation of the mantle rocks during deformation (Epin et al., 2017, 2019). The
fault sequence is locally capped by sedimentary breccias containing clasts of the fault rocks
while the breccias themselves are overlain by basaltic flowselagic sediments, which
supports the fault zone being related to rifting (Epin et al., 2017, 2019; Ribes et al., 2019).
Furthermore, the ubiquitous development of ophicalcites at the top of the fault sequence is
interpreted as marking the ultimate exposofethe detachment at the seafloor, before
deposition of the volcanrsedimentary series (see also Lemoine et al., 1987; Picazo et al.,
2013). However, in at least one case in the Platta nappe, pervasive carbonation demonstrably
occurred at depth after tleenplacement of the extrusive rcks (Coltat et al., 2019a), showing
that caution is required before including ophicalcites in the typical rock sequence of

detachments that exhume the mantle.

Time constraints for the episode of rifting n. the Platta nappepaovided by (i) the
age of mafic intrusions (among which (1@bkros that show evidence okirsymatic
emplacement, Desmurs et al., 2001) d-ted at ~160 M2b(kircon ages, Schaltegger et al.,
2002), and (ii) Late Jurassic radiolan.>7, and latest Jurkssig Cretaceous limestones and
shales that form a homogeneous dstblanket across the paleomargin (Dietrich, 1970;
Weissert and Bernoulli, 1985; Mariawschal and Nievergelt, 1997; Epin et al., 2017; Ribes et
al., 2019).

In the Platta nappe and adjatdrower Austroalpine nappeshe Alpine orogeny
involved several deforr..tio., phases (e.g., Froitzheim et al., 1994; Handy, 1996; Handy et al.,
1996; Manatschal a1 TJevergelt, 1997; Mohn et al.,, 2011). The first phase, named the
Trupchun or D1 phac: of letCretaceous age, is considered to have produced the main
structures within the Platta nappe and at its eastern contact with the Err nappe (Manatschal
and Nievergelt, 1997; Epin et al., 2017). These structures consist of skeakéaipping
thrusts with atop-to-thewest, or locally togo-the-northwest, sense of shear. Hence, Late
Cretaceous thrusts and the extensional detachments associated with Jurassic rifting had

similar kinematics, making their distinction in the field difficiilonly kinematic dea is used

The second phase of deformation, named the DHtanor D2 phase of latest
Cretaceous age, was identified in the Austroalpine nappes located northeast and southeast of
the Platta nappe (Froitzheim et al., 1994; Handy, 1996). It produced |lawgalent folds
and lowdipping normal fault with a topto-the-eastto southeassense of sheareactivating



D1 thrusts. In contrast, the impact of D2 within the Platta nappe seems limited. At the
northeastern margin of the nappe, east of the site oMM X G\ WKH 33L] Gf(UU IURC
kilometerscale nortifacing anticline that was attributed to the D2 phase (Froitzheim et al.,

1994; Manatschal and Nievergelt, 1997) is now interpreted as resulting from the D3
compressional phase (see below; Epid 8Manatschal, 2018). Tejp-the-east ductile shear

fabrics within gabbros located east of the Marmorera Lake were used to infer the existence of

a D2 extensional shear zone cutting down into the Platta nappe (Manatschal, 1995;
Manatschal and Nievergelt, 98). However, as discussed by Desmurs et al. (2001), this

deformation is far more likely tberelatal to Jurassic rifting.

The third phase of deformation, named the Blaisi'n ¢ D3 phase, occurred during the
Cenozoic and resulted from renewed orogenic shory, ir a nortksouth direction. It
produced easwesttrending folds with steepidipping a.-ial planes and a few nosthrgent
thrusts(Froitzheim et al., 1994; Epin et al., 2017)

Alpine metamorphism had a variable ir.pririi across the Platta nappe higitar
grade conditions prevailing in the south (e.o . Dietrich, 1969; Dietrich et al., 1974; Mohn et
al., 2011). In the northern part of t.ie nappe, where the site of this study lies, Alpine
metamorphism occurred at temperatuics of ~XBPC as inferredrém the mineralogical
record in the Late Jurasditarly Cretaceous posift sediments (Ferreiro Mahlmann, 1995,
2001). In line with these findings, 11¢ mafic extrusive rocks show typical pumpédibateng
assemblages (Dietrich, 196%; Nietrich et al.74 In this lowgrade northern part of the
nappe, syrkinematic green.~hist facies (albépidotechlorite) assemblages are also found
at the base of some of ...~ e«trusive bodies, within deformed basalts that overlie serpentinites,
like at the Marmorciouw:op (Epin et al., 2019) and on the site of this study (Coltat et al.,
2019b) (Fig. 2b). Togcther with other arguments, this spatial coincidence pleads for the
development of such assemblages as a result of hydrothermal alteration during the rifting
episode (Epin et al., 2019; Coltat et al., 2019a, b, see also this work). Similarly, some gabbros
display a progressive evolution from syragmatic to greenschist facies deformation that

must relate to rifting (Desmurs et al., 2001).
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et al., 2002). Location of the Falotta outcrop (figui® @n the northern side of theppe.

Red stars point out the location of established Jurassic detachment plane juxtaposing basalts
onto serpentinitevhere carbonation has been obser{gdin et al, 2019 Coltat et al.,

201%D). (c) Roughly EW oriented section d@he Falottaareacorresponding to a ~1500m in

length of almost continuous crest. On the most eastern part of the landscape, the Upper Platta
unit is visible. The studied area corresponds to the eastern part of the crest and is exposed on
~400m long continuous section along whizasalts lie on the serpentinized mantle rocks

(thin whitelines). On the western part of the section, a kaglyle normal fault, likely active

during Jurassic stretching (thidlackline), suggest that the Falotta outcrop corresponds to

a horst.



2.2.The Falotta outcrop, previous data

The Falotta outcrop (fig. @ is a continue section along the Falotta cre8gyq 2b, c)
preserving dasaltserpentinite interface. It is roughly\® oriented over 0 meters laterally

and over 100 meters high (figa)3 Two sliding blockgblocks which have slipped from the

main cliff) are presenin the western part of the sectiffig. 3a) Three distinct lithologies can

be distinguished that are from bottom to top: serpentinites showing a progressive enrichment
in carbonates; forming the smlled ophicalcites and then basalts immediately above €jg. 3

The outcrop represents a key section described in several previous studies and the target of
classical excursions to visit the Oce@antinent Transition i *halps. Indeed, lte top of the
serpentinizedmantle rocks €xcluding some patches ode.n. entary brecciasy currently
interpreted tobe a remnant of regionalscale exhur.ciiu thenreworked detachment
surface inherited from Jurassic extension (Epin .et?l, z019, Coltat et al., 2019a; Ribes

et al., 2019 This statement is based on the se‘uei ce of deformation in the serpentinites of
Falotta, which resembles the one observed in 7 asna (Manatschal et al., T209@)cludes
serpentinite cataclasites the base with A ~vs.em of anastomosing shear planes, which
evolves towards serpentinite gouges zm»euding rounded serpentine clasts at the top. The top
of the sequence is made of tectesgalime.~tary breccias (Desmurs et al., 2001) inferred to be

the resul of the reworking of serpen.nizetkrived material at the seafloor. Basalts spread
onto this level of tectonsedimen ary breccias (i.e. the top of the exhumed detachment
surface) and therefore pedd‘e *he main phase of detachrasgisted mantle exhwation

and its subsequent reworkn .1 ai the seafloor.

Previous studiedave i1vestigated the nature of the interface between the basalts and the
serpentinites and proposed that at Falotta, this surface was reactivatédtbdd@ine thrust
(Desmurs et al.2001; Epinet al, 2017 2019). This interpretation was based on the foliated
nature of the rocks along the interface. However, Coltat et al. (2019a), based on petro
geochemical and structural data, recently reinterpreted this interface as inheritddraseic
extensional tectonics without evidence for a significant Alpine overprint. The present study
provides new data supporting this reinterpretation. The whole set of arguments will be

presented and discussed below.



Figure 3.All field pictures displayed are-B/ oriented when unspecifig@) Panorama of the

the Falotta outcropthedashedwhitelines define the upper and lower limits of the



ophicalcites (b) At the base of the section, dark serpentinite catackesitewing anetwork

of anastomosinghear planeswhichenclosesindeformed serpentinite lenses. Dark
serpentinites are crosscut by shear planes and veins filled with late green fibrous serpentine
(Srp) locally forming pubapart structures.d) Upwards,calcite veingCc veins) cut through
serpentinitegorming fracturefilling ophicalcites below the sharp contact with the overlying
foliated ophicalcitesThis contactbecomes more gradual towards the e@ftFoliated

basalts and then massive basaltssscut by greeschist type assemblage veins (Ep veins)
lying ontothefoliated ophicalcites corresponding to the typical contact between mafic and
ultramafic rocks along the section (upper white dashed linkgoa). Note that, as a
consequence of alteration, basalisplay a light to dark gree...sh or orangish col(#)
Dismembered mafic dyke in the foliated ophicalcites. (f) Dist xembered mafic sill in the
foliated ophicalcites. The mafic intrusion is crosscut L v celcite veins that propagate into the

foliated ophicatites.

3. LITHOLOGIES OF THE FALOTTA GUTCROP

At the base, the section is maded-fk .crpentinized peridotites showing advanced
serpentinization (fig 3a, b). The men erpentine species is lizardite, which is locally
crosscut by green fibrous serpertine ve.ns (fig. 3b). Locally, mafic intrusions crosscut the
serpentinized mantle rocks. Prici ‘o2 carbonation, during late stages of serpentinization, a
deformationgradient is observ.u i the serpentinite unit. Those structures and textures (e.g.
cataclastic shear bands, peian veins filled with green serpentine, gouges) are inherited
from a former Jurassic nie honation exhumation related to the activity ofadement
systems (see above). rhis early stage has been described in Epin et al. (2017) and Coltat et al.
(2019a) and is not the focus of this study. Mineralogical and structural details about those
former stages of extensional tectonics are given in appén

At the top of the serpentinite unit,Icie veins crosscut the serpentinite gouges and
the different serpentine species (fig).3The veinsarecm-thick andmostlyfilled eitherwith
rhombohedral orelongated calcitggrains. The internal texture®f theses veins show no
medium zones, frequent slices of wall rocks, inclusion fluid bands and sawtwgtkd
contours of elongated grains. According to Bons et al. (2012), most of these veins are
stretching veins with stretched calcite crystals formexdngua crack and seal mechanism.
Then, in the following sections, we use the term stretched crystal rather than fiber to qualify

those elongated calcite grains. Sparsely, blocky and elongate blocky textures are sometimes



encountered also suggesting syrdxeins at some placé&his vein network affects the basal

part of the ophicalcite uniand refers toas fracturdilling ophicalcites (Weissert and
Bernoulli, 198). Within the fracturdfilling ophicalcites, apart from veins, thin shdznds

and thickerfault zones are also carbonat&tie amount of calcite veinscreases towards the
eastof the outcrop There, the matrix becomes pervasively carbonated. Abové&dbrire

filling ophicalcites thefoliated ophicalcite displays higher carbonate contéfigs 3c). This
contact is sharp in the western part of the outcrop (6gaBd is more transitional towards the
east. Thdoliated ophicalcitegre made of serpentinite lenses of various sizes (centinugters

to severalmeters) wrapped in a foliated cdic matrix, with late calcite veins (fig. 3f)
Dismembered mafic dykes and sills are locally preserved .. the foliated ophicalcites (fig. 3e,
f). This foliated ophicalciteunit correspondsW Rhe3tectc nesi:dimentary breccia XQLW R
Desmurs et al.(2001). Noteworthy, at Falotta, secimenitary breccias and debris flows
reworking serpentinite and ophicalcite clasts beiny embedded within a serpentinite sandy
matrix have been identified (Epin et al., 20Rihese: 2.., 2019). Those sedimentary breccias
are also affected by pervasive carbonatior: -.nd form reeted lenses embedded within

foliated ophicalcites.

The ophicalcitaunitis overlain by - nafic extrusiveunit composed, from its base to its
top, of foliated hyaloclastites, a *oliated sole and then massive basdhs some
epidote+chlorite+albite+quartz g.ein:s associated with late calcite Y&gns3d, app. 1y
Hyaloclastitesare foliated and ispiay a reddish to greenish color. They occur sponadicall
the western and eastern o<t of the outcnepth a maximal thicknesof 10 meters
Mineralogically, hey cotai: ~fine-grained matrix of chlorite and Heydroxides(app. 1e)
Locally, ghosts of f,0o.=r2 phenocrysts and vesicles are Wikbdchlorite or an assemblage
of chlorite and calciterespectively(app. 1le).Thefoliated basaltic soles 50 cm to 1 rthick
(figs. 3d, 4a, b) and displays a sharp contact with the massive basalts (figs. 3dBath)
hyaloclastites and the foliated sole contdiscrete veins made of calcite and chlorite (app.
le), the latter generally present at the rims of the veins. Massive lmasattede of epidote,
chlorite, albite andninor quartz, actinolite, titanitand preserved plagioclagapp. 1g, h)
This assemldge points to &igh-temperaturéhydrothermal alteration eve(#250°C) likely
during the basalt emplacememtd was followed by a late carbonation event of about 100°C
(Coltat et al., 2018).



4. STRUCTURES AND FAULT ROCKS

The structures, fault rocks, kinematics and mtroictural features of the Falotta outcrop are
shown in figures 4, 5 and 7. The orientation of the structures, their dips and the associated

lineations are shown in figure 6.
4.1. The basaltophicalcite contact

The nature of the basadphicalcite contact can be bettsessed from the eastern part of the
Falottaoutcrop(fig. 4a). The contact is sharp and is strongly tectonized (figs. 4b, c). As such,
this contact constitutes a stbrizontal decoupling ieel between basalts and serpentinized
mantle rocksNo evidence of ductile strain (e.g. dynamic iecrystallization, pressure solution
creep, crystal plasticity) has been documented along t.e contact. Rather, cataclastic flow is
the dominant mechanism. Théree, we consider the ctructures occurring at the decoupling
level aslow-angle faultgather tharshear zonesThe<~ \c'wangle faults show a normal sense

of shear with locally opposite kinemati¢igg. 4a). 1~"cse structures are associated with an

intensefluid circulation(e.g. numerous veingrs 4h, c).
4.2.Structures in the basalts

Within the foliated basalt snléhe 1uliation ismarkedby a pervasiveassemblage of
chlorite and actinolitedefining a p.~nar fabric. This flat foliation is not homogeunsy
distributed laterally as some arc2s . epresent massive basalts (fig. 4c¢), which prtyperakd
volcanictextures such as spaerdlitegpp. 1j. The discrete calcite+chloritgeins are folded
with axial fold planegaraller ‘o thebulk foliation in the basaltsLocally, axial planesre
underlined bya chlorite rici axial foliation with elongated chlorite grainsrossing the vein

(fig. 7d). Elongated ch.rite and calcite grains do not present internal strain (fig. 7d).

The whole basalt unit is affected bygh-anglefaults in apparent conjugate systems
(figs. 4b-d). Theylocally present several orientateaf slickensidegfig. 4c). Where present,
slickenlineshave high pitch values, indicatirsgsmall amount of obliquslip (fig. 4c). Dip
valuesof fault planes, slickensides kinematic criteria and offsets indicate normal faulting
unequivocally. Downwardshése normal faultsranch into the lowangle normal fault zones,
rooting within the foliated ophicalcites and thenossing and offsetting (with a normal sense

of-shear) the foliated basaltic sole (figs. 4b, c).

In massive basalts,eins are steeplglipping andlocally branch on the higlangle
normal faults (fig. #). Locally, veins form either oriented stockworks (fig G RU D 3PRVDLF



hydrothermal cataclasite, where the vein frequency is higher. Some core zbigisaigle
normal faultsare made ofhydrothermal gouges (fig. & whereas the damage zone
corresponds to a mosaic hydrothermal catacla3itee gouge made of crushed basaltic
materials is intensively replace@nd cementedby an assemblagef tiny grains (~ 56300
pum) of calcite, hydroandradite, actinolite and tada internalfoliation oblique to the wall

rock is definedby the phyllosilicatesind indi@ates a normal sensé-shear(fig. 4d).

Figure 4. @) General view of the eastern part of the Falotta sectiime contacbetween
foliated ophicalcites and basalts underlined by thelashed white lineMost of thehigh
angle normal faults aresyntheticwith respect to the underlying leangle normal fault(b)

N-S oriented top-to-thewesthigh-angle normal faults cutting through massive and foliated
basaltsand rooting into the foliated ophicalcites. Greenschist type assemblage veins (Ep
veins)are connected to fault planes and their dip and orientation are compatible with fault
kinematics. €) N-S oriented, top-to-thewesthigh-angle normal fault cutting through massive
basalts and rootingin a topto-thewest low-angle normal fault within the foliated

ophicalcites. Two generations of slickenlines are observd)l. Hydrothermal gouge



developed in theore of a roughly NNESSW orientedtop-to-thewest to northweshigh-
angle normalfault affecting the chloritized basalts (location fig. 4a). $tural data are
written using the strike and dip representation.

4.3.Syn-carbonation structuresand fault rocks within ophicalcites

In the ophicalcite unit (fig. 5), three main structures are observed: i) the foliated bands
(figs. 3c, 4b, 5b) which are dominant structures in the upper part of the unit. In contact with
the overlying basalts, they define anastomosed and foliated thaite¢ach (up to 70 % vol.)
zones embedding millimeteto tens of centimetdong preserved clasts of serpentinite; and
i) calcitic shearbands corresponding to thin bands o¢. carbonated fault rocks, locally
associated with veins and frequently distrézlin conjugqte cystems (figs. 5a, b, e, f); the
shear bands confer the anastomosed pattern of the .nicer foliated bands; and zgriesilt
which are thick zones of carbonated fault rocks bc*ween two wall rocks (figs. batheg.
ophicalcites, the ehsity, the thicknessand the c.."bor.ate conteot these three structures
increasaupwards from the basal carbonation f-ant (fig. Jdie fault rock material immade of
a foliated matrix containing tiny grains of caic*2 (~8@um) and minor hydroandradittalc,
actinolite and preserved clasif crushe dse rpentiniteor isolated rhombohedral calcitapp.
1d). The serpentiite clasts are then surrc edby a calcitic cement and alecally crosscut
by calcite veins.Commonly, rer.rans of serpentirgartidly chloritized and primary

peridotitederived mineral phaszre >!30 present in the matrix.

Downwards, in the fic~tusiilling ophicalcites, calcite veins eithepot into or are
crosscut by calcitishear.anc's(figs. 5e, f). Calcite grains present itnd veinsare either
blocky (coarse grains up teeveral centimeters size) or stretched crystals. Offsets and
geometry relationships detween calcite stretched crystals and vetroelaldllow to define
two types of veins: i) extensional veins (figg, .hode I) and ii) hybrid shear extensional veins
(figs. 5d-f, mode Il). There is no relationship between a particular habit and a type of vein.
Veinsalso contaiminor chlorite which is present at the rims replacing serpeniite 59).
In the eastern paof the outcropthe conjugate calciteein pattern associated with conjugate
shear bands results in individualization of rounded serpentinite clasts surrounded by calcite
YHLQV WKXV GHILQLQJ 3FRFNDGHV™ H J %HUJ$seDQG +HL
crack and shear cockade bredeature(fig. 5f). Calcite shear veinare thinboth above and
below the clast and thicker laterallhere vein segments correspond to pure extensional veins
(i.e. calcite stretched crystals are géypendicular towall rocks) This crack and shear

cockade brecciapattern is also expressed at a microscopic scale fracturefilling



ophicalciteswhere discrete calcite veingith stretched crystalsurround serpentinite clasts
(fig. 5g).
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Figure 5. Main structures observed into the ophicalcites, all photographs aie dklented
and subvertical, see location on fig.a3 (a) Enlargementon the middle part of the Falotta
outcrop where ophicalcites are overlain by basalts) Horizontal thick foliated bands
affected byconjugatecalcitic shear bands surrounding a serpentinite clast in the foliated
ophicalcites. Calcite veins develop parallelsioear bandsind also crosscut the serpentinite
clast. €) Meterthick carbonated fault zone at the transitioetweerthe foliated ophicalcites
and the underlying fracturefilling ophicalcites; ¢l) Topto-thewest calcié shear vein in the
fracturefilling ophicalcites which appears to be a relay zone between s$lightly folded
extensional veins;ef Network ofcalcite extensional veins and caleishear veins truncated
by subhorizontal calcitic shear bands into the fracttfiing o icalcite subunit. () Typical
cockade patternVeins root inside a suborizontal calciiic shear band.g Microscopic
views @ the fracturefilling ophicalcites presenting the coc <ade pattern observed at a larger
scale in(f). Calcite (Cc) veins with minor chlorite/C.1.\ wrap around serpentinite clasts.
Hydro-andradite (Adr) accompanies carbonau>n of the serpentiniteSc=calcite,
Srp=serpentine.

5. DEFORMATION ANALY &S

5.1. Structure strikes and dips

In the ophicalcitesfig. 6), e<tar sionalveins(EV) and hybridshear extensionaleins
(SV) are roughly NS orientec 't4c° of dispersion around this valu&enerally, EVare
steeplydipping ranging from 0° to 90° with an average around\@@éreas SV are more
gentlydipping In the frac.reiilling ophicalcites, veins either dip towards the east or the
west. Calcitestretch>d crves@ls these veinslisplay ENEWSW orientations and are almost
horizontalto gentlydipp ng (average around 20° with a full range from 0° to 60f)the
foliated ophicalcites, the veins are generally more gehfping. The flattening of the calcite
veins towards the basalt unit is consistent waitstrain localization along loangle faults. In
the eastern part of the section, the veins do not show any preferential dip direction while they
preferentially dip towards the west or the east in the western and central part of the section,
respectivelyThe changes of preferential dip directions of veins in the foliated ophicalcites is
also indicative and coherent with opposite kinematics alongalogle faults at the basalt
ophicalcite interface. Calcitishearbands(SB) are roughly NS oriented (x40° of dispersion
around this value) and are shbrizontalto gentlydipping (up to 509. In thefracturefilling

ophicalcitesmost of theSB are subhorizontal makingit difficult to determine a preferential



dip direction. Inthefoliated ophicalcite$rom thewesternand easterpart of the outcrop, the
SBroughly diptowards the eastyhereas they dip towards the west in its central part. Those
changes of preferential dip directions of SB are coherent with the changesmobkics along

the lowangle faults at the basalphicalcite interface.

In the basaltsEV display NNESSW orientations and are steeplipping (average
around 80°). SV from the western part of the section are roughly-SI8\& oriented. Two
populations ca be distinguishedlipping eithertowards thenorthwestor the southeastSV
from the central part of the section dip unequivocally towards#stsoutheastThesedip
directions are consistent with those reported for the veins in the underliphgted
ophicalcites SV have not been reported in the eastern r~rt of the ouféobption planes
(FP) measured inthe foliated basaltic solare sukhorizo.tul to lowdipping along the
outcrop Stretching lineatiommeasured ofP display EW ~rentations in the western part of
the outcrop andre more dispersed eastwarB@a'iy, fault planes measured in the eastern
part of the outcrop show NNMBSE to NNESS'W -rientations and are steeplpping

towards the west. Striations meesaion these riaes are roughly along dip direction.

We collected structural data 7.on) a cross section through the northern face of the
Falotta outcrop (i.e. behind the southern face presented in this paper, fig. 6). Along the cross
section, most of the utcrops #:~ .omposed of basalts with basal reddish foliated
hyaloclastites. EV and SV are :~ugtlySNoriented and are steeglipping or more gently
dipping towards the east, re_nectively. FP are-dgpping towards the north. These
orientations measuredlong ."e cross section are coherent with those reported along the

Falotta southern face.



Figure 6. Falotta outcrop linedrawir o with structural analysis plotted in stereograms (equal
area, lower hemisphere, numhu*measurements indicated for each stures). Stereograms

at the top inthebasalts: exte.~siunal vein planes (EV, btueveg, shear vein planes (SV, red
curvey, fault planes anu cthwons (grey curveswith grey dot), foliation planes and lineation
(FP, dark green grve_anu dots). Stereogms at the bottom in the ophicalcites: extensional
and hybrid sheaexter.cional vein planes (EV+SV, orangewes, calcite stretched crystals

in EV+SV (1L E Hted/ dots), shear bands and lineatso{tB, green urves and dots). The
stereogram on the lendrawing corresponds to data (foliation planes and EV+SV) collected
in the basalts along theorthernface of the Falotta creshcluding the western and eastern

edges of the cliff
5.2. Kinematics and micro-structural data along the basaltserpentinite interface

In the basalts,rbm the western part of the outcramechelon arrays of extensional
veins rooting in the foliated basaltsole displaya top-to-thewest sense of shear (figb)7

Similar kinematics have been deduced friv@ internal obliquéoliation of the hydrothermal



gouge in higkhangle normalfault cutting through massive basalfsg. 4d). The same
kinematics can be deducedtlhé microscale from sigma clasin the hyaloclastites (fig.cJ.
Converselyjn the central part of the outgrpall structuregpresenta top-to-the-east sense of
shear. Typical emchelon veinarrays show distinct togo-the-east sense of shear in the
massive basaltdig. 7a). Similar kinematicarededuced from thehear bands in the foliated
basaltqfig. 7e). Also, discretdybrid sheaiextensional/eins encountered in this zone shaw
topto-the-east sense of shear (figd)7 In the eastern part of the outcrogelationships
betweenhigh-angle and lowangle normal faults indicate a tej-thewest sense o$hear
(figs. 4b, c).

In the ophicalcite unit, kinematics can be deducer framitic shear banddigs. 5b,
7f, h), fault zones (fig. 5c)calcite pull-apart (fig. ) or o.!~.te shear veins (fig 5d, Q).
Along the lowangle fault zones, the foliated aphl.it.~ show coherent kinematics with
those observed in the overlying basalts: ifha ceanucl part of the outcrop, at the interface
with the basalts, both pedlpart structures (fig.gj «nu-alcitic shear banddig. 7h) show a
top-to-the-east sensef sheay and (ii) from the eastern part of the outcrop, a changeeirse
of sheatris visible passing taop-to-thew . tk.nematis deduced from thahear bandgfig.
7f). Downwards in the lovangle normas faults, the sense of shear criteria is rather diagnostic
of co-axial strain: i) the foliated oph.-~alcites present conjugate normal shear bands (fig. 5b);
and ii) below in the fracturélling cphicalcites, a dominant kematic is difficult to establish.
For instance, most &fense of ¢ "eaniteria indicate togio-the-westkinematics(figs. 5¢, d, g

while topto-the-east kinemctico are equally expressed (i.e. from SB displayed in fig. 6).

At the scale of t'ie cutcrop, tkbanges ofhe sense of shedefine aconjugatesystem
with major structureg.c 10w-angle normal faults at the basaéirpentinite interfacedipping
either towards the east or the wésiur mainsegments of lovangle normal faults have been
recognizd; two dipping towards the east and two others dipping towards the west.
Nevertheless, it is difficult to assess theersionpoint of sense okhearalong this lowangle
fault systemand hence the crosscutting relationships betweetotte-east anddp-to-the-
west structures since they are rare. However, from the main structures, it appdaystthat
the-weststructures are crosscut tmp-to-the-eaststructures. This is inferred by the fact that at
alarge scalethe main topto-the-west structuredo notcontinue laterallywhereas theop-to-

the-eaststructures are visible amqfopagatento the basaltsfigs. 6 and &



Figure 7. Kinematics at thébasaltsserpentiniteinterface alongconjugatesystems of low
angle normal faults at Falotta; all photographs are vertical aneEV@riented, location on
fig. 3a. (a) Typical erechelon array of extensional veins filled with epidote and late calcite
affecting epidotized and chloritized massive basalg;to-the-east sense of shear(b)
Similar erechelon vein array rooting into the chloritized foliated basaltic sole with @dop
thewestsense of shea(c) Porphyroclast replaced by chlorite with a topthe-westsense of
shear in the hyaloclastitest the base of the basaltic unit) Discrete calcite (Cc)+chlorite

(Chl) vein from the foliated hyaloclastites with a waveloped chloriteich schistosity



passing through the vein in which elongated chlorite grains crystallRedsy @lcite does

not present textural evidence of dynamic recrystallizatienTop-to-the-eastsense of shear
deduced from relationships between gedifyping shear bands and foliation at the basaltic
sole. The transition with overlying massive basalts is sh@neensclst type extensional
veins with late calcite in the massive basalts root into the foliated gpl&hear bands
foliation relationship in the foliated ophicalcites and geometrical relations with the overlying
basalts. Togo-thewestsense of sheafg) Top-to-theeastsense of shear deduced from a
calcite pull-apart relaying calcitic shear bands in foliated ophicalcitets about 30 cm
beneattthe contact with thébasalts (h) Calcitic shear bandoliation relationships showing a

top-to-the-eastsense oflsear in the foliated ophicalcites.

6. INTERPRETATION: A CO-AXIAL DeE_OUPLING LEVEL
BETWEEN BASALTS AND SERPENT\MITES

Based on thospetrological and structural gunlogicddta we presenh figure 8an

interpreted crossection of the Falotta outcro .

Thefirst result is that all the stn .ctLres of the basaltpentinite interface at Falotta are
subtractive and therefore characterize «. horizontal stretciminibe basalt unit, bottop-to-
thewest and togio-the-eastlow-anc!e .:armafaults zones are assiated to steephgipping
normal faults, forming &onjugates,<stem at some plae€figs. 4c, 7c, 8). Thosehigh-angle
normal faults branch into tHew-cngle normal faultat the basalserpentinite interfaceither
with a listric cune without c*sct of he foliated basaltic sole (fig.ch or crosscutting the
foliated basaltic sole inuu~iny a small offset (fidh)4In both caseshesehigh-anglenormal
faults aremostly synu: 2uc tothe underlying lowangle normal faults even thougtocally,
antitheticfaultsmay be observedownwards, the ophicalcites preseit similar subtractive
structures with a normal senséshear as shear veins, shear bands, fault zones, and (ii)

extensional veins, atliagnostic of horizontal stretchirfig. 5).

The second result is that this horizontal stretching is usually dviented. Alsothe
important overlap between th@ientationof the structuresn the ophicalcites anth the
basalts(fig. 6) suppor$ that both units underwent the sard¢-E horizontal #etching.
Driving forces of this deformation (e.g. crustal extension vs. gralityen processes) are

discussed below.



A third result is that WWE horizontal stretching is achieved though bulkazal
deformation. Indeed, along the bassdtpentinite iterface at least four segments of low
angle normal faults with alternating sense of shear have been identified (fig. 8). The
corresponding changes of sense of shear of&igie normal faults branching into these {ow
angle fault segments have also beetaldshed, resulting in a conjugate system of normal
faults with grabens and horsts. Those-amgle normal faults represent zones where maxima
of nonco-axial strain is localized. In the ophicalcites, the strain is more distributed and
corresponds to comgate top-to-thewest and togio-the-eastshear bands and shear veins
associated with and relaying subrtical extensional veins (figs. 5, 6). Therefore, with
exception of the uppermost part, the ophicalcites recordae.obW-E horizontal stretching.
Below the intersection of lovangle normalfaults the fol atet! ophicalcite footwall forms
dome OLNH XQRBEO " VWU XRMIKdd lhdérn ida.tern of conjugate anastomosing
shear banddt appears thatop-to-the-eastlow-angle ncrmafaults crosscuttop-to-the-west
ones (fig. 8) However, we do not interpret those \ ~l=idonships in terms of polyphase tectonic
deformation and propose thidiiey rather forrm. . conjugate system (geasi synchronogys
Downward within serpentinites, the rootng wrese lowangle normalfault zones is not

directly observable; a point discusds 2w

Consequently, the roughly 12t interface between basalts and serpentinites of the
Falotta outcrop corresponds tc a-wdal decoupling level during an-W horizontal
stretching. This deformation v.3s assisted by important fluid flow responsible for greenschist
faciestype hydrothermal al*erction and subsequent carbonation. As represented in the figure
8, this decoupling level ~a,> ;e viewed as the core of a deformed zomesed of foliated
ophicalcites and f.'ia.>d basalts (including foliated hyaloclastites) separating an upper
damage zone (veined and massive basalts) from a lower damage zone {fthoture

ophicalcites).

Finally, since higkangle normal faults and leangle faults develop at and truncate
the basalserpentinite interface, this system postdates mantle exhumation at the seafloor.
Also, it has to be synto postspreading of mafic extrusives onto the Jurassic seafloor.
Therefore, as the top of serpentidzmantle rocks at Falotta is currently interpretede a
remnant ofa regionalscale exhumed detachment surface inherited from Jurassic extension
(Epin et al., 2017 2019), from our data we infer that during magmatism, this Jurassic
detachment surface $ibeen reactivated as a decoupling level assisted by important fluid flow

responsible for hydrothermal alteration of serpentinized mantle rocks and basalts.



Figure 8 Raw @) and interpreted lf) crossserticns oi the Falotta outcrop. The system is
roughly symmetric and shows-agial deforncticn marked by the development of opposite
vergent lowand highangle normal far.ut : ones. Thieughly flat interface between basalts
and mantle rocks (foliad basaltic sole a. 1 ophicalcites) acts as eag@l decoupling level
during WE oriented horizontal strotci.'ngNote that in (b) the top of the basalts represents

the seafloor even though the m~xi,~».um basalt pile thickness remains unconstrained.

7.DISCUSSION

7.1.Preservation of the s rassic oceanic system in an Alpine ophiolite

The following points air.ow to constrain the tectonic setting responsible for the deformation
structures observed at Falotta: (1) all structures (extensional veins, shear Viaies, f@nds,

high- and lowangle normal faults) point to a horizontal stretching coeval with fluid
circulation along the basaderpentinite interface (fig. 6§2) some ofthe high-anglenormal

faults crosscutting the basaltsoot into the zone of flatying foliations, with similar
kinematics (i.e. thdow-angle normal faults, fig. 4c);(3) other highangle normal faults
crosscut and sometimes deflect (drag folding) the zone d¥iieg foliations (fig. 4b), which
confirms that this dliation was not formed during a later tectonic evddj; no additive
structures (i.ethruss, reverse shear planesfaults) are observed. Gentlgipping shear veins
never preserd reverse sense of sheand(5) the overallconjugatesystemdefined ly low-

angle normal faultsvith opposite sense of shear (fig. i8)indicative ofco-axial horizontal



stretching during extensional tectomicather than thickening controlled by thrusts which
mostly generate necc-axial strain patterns. Altogether, thesgyuments are diagnostic of
extensional tectonics. This precludes the compressional D1 and D3 Alpine phases to be

responsible for the observed structures along the bses@iéntinite interface.

The development of extensional structures may relate tosiur#fting or to the D2 Alpine
phase, although D&lated structures are known in the Austroalpine units east of the Platta
nappe but not in the nappe itself (see geological setting).-fetchemical data from the
Falotta outcrop, discussed by Coltaakt(2019a), allow to decide between these two options:
(1) isotopicsignaturesof carbonate forming fracturefilling and foliated ophicalcites and
veins in basaltare compatible with typical preseday ocea~i~ Lnhicalcite signatur@hese
signaturesare very homogenous throughout basaltserp~n.ie interfagavhich isunlikely

in the case ofe-equilibrium conditions durin@ long-livel regional metamorphic even)
greenschist type alteration of thdeformed basai.z (chlorite, epidote and a#)i is
symptomatic ofmarine metasomatism under ten pe.~tusgsabout 250400°C in divergent
oceanic contexts and (3) hydro-andradite ¢soiatedith calcite either into high-angle
normal faults crosscutting the basdfig. =) v~ in ophicalcites (fig. 5g, app. 1®typical of

a lowT hydrothermal circulation dui.-g marinenetasomatism.These three arguments
indicate that fluidassisted deformction recorded at Falotta are the result of Jurassic
extensional tectonics. Also, tNg-E 'i01zontal stretching, documented in the Falotta outcrop,
is coherent with the Jurassic exwension direction reported from the Alpine Tethys rifted

margin (Froitzheim and Mena.>chal, 1996).

The lack of compressionc! structuresay besurprising The exellent mineralogical and
structural preservatio:. ane Falottaoutcropmay be due tohie moderate buriaturing the

main D1 Alpine phase. This led to a very heterogeneous Alpine overprint, leaving large areas
where Alpine tectong and metamorpbm are alsent (Epin et al., 2017)In addition,
serpentinites of the Upper Platiait likely acted as a soap layavhich accommodated the

main deformation during nappe stacking. This likely prevenbed Lower Platta unito

undergo a strong overprint.
7.2.Fluid -rock-deformation interactions

In the basalts,most of the structures record an intense fluid circulation leading to
epidotization and chlorization of the rock (fig. 9a). Noticeably, the foliated sole was altered

to chlorite and actinolite where#lse upper part wasiostly epidotized(fig. 9b). Based on the



petrographic investigation, the primary feldspars do not indicate any alignment suggesting
that this fabric was nanherited andacquired under suolidus hot conditions when basalts
were emplaed onto theseafloor. Therefore at the scale of the outcropluid-assisted
deformation likely occurred during solstate conditions when basalts were already spread
and cooled onto the seaflo@uring thisgreenschist facies type metasomatitime upger part

of the basalts was moreompetent than the base and broke in responskotzontal
stretching This rheologicallimit between the chloritech foliated sole and the overlying
epidoterich damage zone may be very sharp (figs. 7e, 9a) and is pyrotxaftrolled by
complex feedback reactions between deformation reactiorinduced permeabilities.ugh
mineralogical zonatiorhas beenreported in other magmrah ophiolites (e.g. Troodos;
Richardson et al., 1987

A late hydrothermal fluid evolutiors recorded throuch *.arbonationof the rockswith a
reopeing of the former veingfig. 9b) andthe ca.punation of the fault rocks and gouges
within the fault zones (fig. d. The successive »ai>genesis of those veinsaipeimary
chlorite+epidote+albitequartzassemblage fo 'cwet:d kyre-opening with late calcite fillings,

see Coltat et al., 204P indicates that ="' norizontal stretchmg lasted from conditions of
marinegreenschist faels metasomatisi,: (> 250°C) llmwver temperatwes of carbonation (~
100°C, see Coltat et al., 20489In the 2ined damage zone, veins define conjugate sets of en
echelon extensional veins in cicse relation with conjugate shear veins (e.g horse tail
termination, fig. 9b), indicating tha. the bulk detdeformation within basalts was-eaial,

even above a necoaxial sexmant of lovangle normal faults (fig. 9a). In the foliated basaltic
sole,folded calciteveins'w,: <jongatedchlorite grainsggrowing parallel to therock foliation

in axial planesattest thafliid circulation wassynchronougo extensional deformatiors a
consequence, eins forraed and folded synchronously withon-going E-W horizontal
stretching and associated vertical flattening leading to this noticeatiiee (fig. @d). Such
parWLFXODU IHDWXUHV ZHUH OLNHO\ IDYRUHG E\ WKH 3VRIW

chloritization and subsequent flattening and foliation development.

Within the foliated ophicalcites, raughly asymmetrical deformation is visible at the interface
with the basaltic unit (fig. &. This is visible one to two meters below the contith the
basalts and it is pointemlit by bothshear bandoliation relationships and pulpart structures
(fig. 7). Downwards, the deformation becomemighly co-axial (fig. 9a) leading to a
symmetrical anastomosed strain pattérhere, the carbonate content of the rockdigh

(>70%) and attests that the maximum of fluid flow was channelialoggthis level. The



foliated calcitic cement surrounding serpentinitestdadoes not show any traces of dynamic
recrystallization. Together with multiscale calcitdilled veining, this argues for a
deformation achieved througtataclastic flow.From this mechanical aspect, the foliated
ophicalcites correspond to a thick lewélcarbonated gougeshis is consistent with the fact
that theserocks were at shallow deptl{several tens to hundreds of meters below the paleo

seafloor)during the deformation event.

The transition with the fractwidling ophicalcites is marked bgarbonated and conjugate
normal fault zones (figs. 5¢, 9a). Downwards, fracfilieg ophicalcites present a broad
regular NS oriented set of extensional and shear veins (fia. 6). Taxieb strain regime is
expressed through conjugate shear veins simehr band< lecding to the formation of a
particular ophicalcite breccia facies, here nhamed crar" «~u shear cockade bfigsCigls, (

C).

Crack and shear cockade breccias are informalve about fluid pressures, differential stresses
and the role of prexisting anisotropies durine tlie acivity of the decoupling level (fig. 9d).
,QGHHG ZLWK UHVSHFW W? KRUL]JRQWDO WKH VWUHWFKHC
segments surrounding serpentinite c'ast; (figs. 9c¢, d) such brecciated patteatse WE
horizontal stretching. Vertical and horizo: tal symmetry of stretching calcite veins surrounding
the clasts indicate a conjugate anz ~u. sed extensional to hybridestieasional vein system.

This vein pattern cannot be e':nla~ed without invokivithin the serpentinites the role of
inherited anastomosed co.juyate shear bands (withcoloesive gouges) separating
elongated lenses of more cuhesive serpentinites. In a Mohr circle graphic representation, such
crack and shear cocka e reccias fornilimthe tensional field (extensional and shear veins,
point 1 and 2, figs. Qa, e) and in the compressional field by reactivation of existing
cohesionless shear planes at kagigle with the vertical main principal stress (i\&, point 3

on fig. 9d, e).Therefore, we propose that the inherited pattern of conjugate shear bands
containing crushed serpentinite matrix (i.e. {womesive gouges) was reactivated during syn
carbonation deformation and led to the crack and shear cockade breccias. Tensilésfailure
thus possible in cohesive serpentinite lenses between the conjugate setohesine shear

bands. This interpretation implies low differential stresses and fluid pressures overcoming the
horizontal main principal stress (i.8tective 3 = VI dcpse to the tensile strength of
serpentinites, see fig. 9e). In such a shallow crustal context (mafic extrusives overlying
exhumed serpentinized mantle rocks below sea level), low differential stresses are expected.

Assuming reasonable water depths (2®n) above a porous basalt pile (500ntk at first



approximation) conditions, the resulting fluid pressure at 2500 m (i.e. at the decoupling level
depth) is of about 25 MPa and the lithostatic pressure\{i= \ obtained by addition of

2000 m water @lumn plus 500 m of hydrated basalts with a density of*%@0ni®) is of

about 35 MPa. The effective vertical stress is then of about 10 Mpa (fig. 9e). In these pressure
conditions, synchronous modes 1, 2 and 3 cracking are coherent with publisheal failur
envelopes for massive serpentinites and cohesionless serpentinite gouges (fig. 9e).
Consequently, significant water depth and basalt thickness in ardigitah rifted margin

yield favorable mechanical and hydraulic conditions for the reactivationf@iveer mantle

gouge overlain by a submarine basaltic pile. Noteworthy, this mechanical solution does not

require necessary supra hydstatic fluid pressures.



Figure 9. (a) Schematic sketch presenting the strainantitioning across the caxial
decoupling level between basalts and serpentinites from the Falotta auficydpicture of



the veined damage zone withilne basaltunit with conjugateshear veins and associated-en
echelon extensional veingc) Crack and shear cockade brecsian the fracturefilling
ophicalcites isolating rounded serpentinite clag$) Schematic sketch illustrating calcite
stretched crystals 21 L E H ld \éktensional and shear veins associated with-gxisting
reactivated shear bands in crack and shear cockade l@®c() Mechanical model
explainingthe formation of crack and shear cockade breccias in ophicalcites. See text for
details.

7.3. A fluid -assisted tectonanagmatic model for basaltserpentinite decoupling

During Jurassic activity, the decoupling basatpentinite 1~-erface was at shallow depths
under a volcansedimentary pile in construction (~2000r1 be low sea level). In the context of
ultra-distal rifted margins, slope variations and rapid ov. rload®dirtk the construction of
volcanic edifices are common features (as in OCC ~long (ultrajgtosading ridges, fig. 1).
Therefore, extensional structures and decouplii. le sels caused throughitimed gravity
driven processes are likely and have to br"euted at Falotta with respect to processes
implying thick-skinned extension accomriou~*ed by normal faulting within serpentinized

mantle rocks.

Two main gravitydriven processe. may be distinguished and combined in such context
triggering thinskinned deoupling ‘e't! (see Brun and Fort, 2011 for a review and references
therein): i) the spreading of ac :ui:ulating overburdens (sediments and/or volcanics) ever low
strength rock horizons that «.~commodate differential loading with lateral flows. Spreading is
also identified during the couapse of volcanic edifices on weak basement horizons (e.g.
Borgia et al., 1992; Bcrgia, 199AVithin decoupling level, such a mechanism induces shear
regimes and stretching directions fully dependent on the initial geometriilese boundaries.

For instance, in the case of a volcanic cone, spreading creates radial grabens with a concentric
horizontal stretching (Merle and Borgia, 1996); with fuytindric geometries of volcanic
edifices and lavas flow, variations in stretchdigection are expected. Thus, the regulaVE
horizontal stretching observed in the decoupling level of Falotta does not favor such a pure
spreading mechanism; ii) the gliding of rocks over -&tvength slightlydipping horizons
implies dominant simple glar in the decoupling level, which is not in accordance with the
co-axial regime highlighted at Falotta. Therefore, the extensional structures associated with
the coeaxial decoupling interface are unlikely explained by gradityen processes and then

do QRW SDUWLFL S BkhHedNeRtohBxX UH"~ WKL Q



Accounting for the recognition of higéingle normal faults affecting the serpentinite basement
(Epin et al., 2017 and e.g. west of Falotta outcrop, fig. 2c), we propose that the decoupling at
the basaksepentinite interface occurred in response to basemegotved normal faulting in
serpentinized mantle rocks (fig. 1ucha tectonicpatternand decoupling mechanism are
well characterizedn association with rheological weak levels (esgl) and areresponsible

for horsts grabes and draping structures formatioMgurin, 1985; Vendeville, 1988;
Withjack et al., 1990; Nalpas and Brun, 1993; Vendedeville et al., 1995; Withjack and
Calloway, 2000; Jackson and Hudec, 2017 However, a constant digirection for
serpentiniterooted normal faults (e.g. all normal faults are-topphe-west in serpentinites) is
unable to explain the opposite kinematics ofdawgle norme, faults and more generally the
observed caxial regime along the decoupling level. Hai ttre.ison, we propose that during

the Jurassic rifting, Falotta was a horst flanked wit tw) active serpestiotied normal

faults (fig. 10). The eastern normal fault on the fig.re 10 is speculative since we have no
evidence for it. The scale of therBbstructure is th.< approximative. However, Jurassic top
to-the-east normal faults have been interprzi-.d in the exhumed Platta domain (Epin et al.,
2017; Epin et al., 2019). It is difficult to ¢'>tennine where these normal faults root at depth.
They couldeither branch onto a decciplng level corresponding to the 15% serpentinization
rheological interface (Gillard et al., 2019) or onto a level of mafic underplating at the- brittle
ductile transition (Manatschal et 7u. 2011).

This proposed model is fuii’ pendent on the coupling degree between basalts and
serpentinites, i.e. the abilit’ o basalts to slip and deformed rather than to be directly cut by
fault propagating upwara ‘~m the major normal fault in the serpentinite basement. The
controlling factorsof cauplivg during active normal faulting beneath a weak rheological layer
have been studied through analogue modeling by Withjack and Calloway (2000). Decoupling
and distributed deformation in the overburden are favored bg:High thickness of viscous
decoupling levelsand (ii) a low thickness of the overburdeAt Falotta, because basalts are

not covered by posgift sediments and due to Alpine tectonics and glacial erosion, it is
difficult to estimate their initial thickness (which is originally highly variable as expected for
all volcanic constructs). Therefy we have no constraints on the thickness ratio between the
overburden material and the rheological weak layer; @iihigh cohesive strength or
SGXFWLOLW\" Rl RYKHHUEXK UGHOWURENM"- UHIHUV WR WKH DE
material to accomodate offset of underlying normal fault by flexure and folding (i.e. drap

folding). There are several lines of evidence supporting the fact that the basaltic piles of this



part of the Platta nappe might have accommodated such a flexure during Jurasgic rift
Firstly, the pervasive chloritization of the basalts was likely responsible for an important
softening during and shortly after basaltic lavas spread. Secondly, as shown by logs along
thicker basaltic piles in the Platta domain (Epin et al., 2019)erak sedimentary (e.qg.
radiolarian cherts) and hyaloclastites horizons are intercalated between basaltic lava flows. At
Falotta, the basaltic pile is not homogenous. Rather it presents horizontal layering and
anisotropies that are able to accommodatexeufe by flexural slip for example; (g low

offset along the normal faults in the basemestpnstructions do not show important offsets

(no more than ~300m in the fig. 7 of Epin et al., 2017)a(lQw viscosity of the decoupling

layer; high fluid flows are likely responsible for lowering the ~ulk viscosity of the interface by
decreasing the friction of previous serpentinite bre:cia; and softening rocks through
carbonation and chloritization. Thus, even thotgh some coupling controls remain
unquantifidle, the qualitative evaluation presented >ere argues for the likelihood of such a

normalfault-induced decoupling level.

The effects of the mafic pile load on the reiunal normal fault pattern needs to be evaluated.
Indeed, if the basement contains de-. ye:s, volcanic piles in rift settings may trigger
densification, deflection and capture . aormal faults through their own mass (Van Wyck de
Vries and Merle, 1997). In the Plaw.® domain it is difficult to recognize individual volcanic
edifices, but gdogical and structuriu maps indicate that mafic extrusives are abundant
especially westward (fig. 2b). Thus, once initiated, basaltic piles might have exerted a spatial
control on the distribution ¢f 1.armal faults within serpentinites, enhancing thevedasti of

the interface below volrar.i~ flows. Thus, normal faulting would have efficiently controlled
the localization of '.~w mugma plumbing systems that would have fed in turn the volcanic
pile. In that case, it resulted in a positive genetical feedbatkeen normal faulting and
magmatic systems. A major result of such an effect of volcanic loading on normal fault
pattern distribution may be the spatial coincidence of volcanic piles with underlying
basemeninvolved normal faults controlling the localtean of graben and horst structures

(fig. 10c).

Finally, the integrated amount of slip along theaxtal decoupling level we depict at Falotta
was probably low as it is inferred from the small offsets visible along thehmle normal
faults. However, tis does not prevent situations where volcanic piles are located above major

normal faults (fig. 10c, left cartoon). In that case, the amount of slip and strain along the



decoupling level would be larger and achieved through mosthco@xial regime, a diinct

case from what we see at Falotta.

At a larger scale, the decoupling level pointed out at Falotta represents a shallow rheological
weak interface. Deeper roughly flging rheological interfaces have been imaged through
geophysical methods at the mtl@-crust boundary in distal margins (Pef®aissinye and
Reston, 2001; Reston, 2009) or directly in ultramafic rocks in-digtl rifted margins or in
oceanic settings. There, they would correspond to the peridetipentinized mantle
interface (Esartin et al., 2003) or the 15% serpentinization front (Gillard et al., 2019). Hence
this shallow decoupling level should be viewed as an im»ortant reflector on seismic profiles
and likely would help to recognize the interface betweer <einentinized nmaokteand the

overlying basalts.



Figure 10. Fluid-assi..ed tectormagmatic model explaining the -eaial decoupling
observed at the basaderpentinite interface at Falotta. The shaded areas on (a) and (b) are
putative.(a) Magmatic stage. Basaltic lavas spread over serpentinite breccias and gouges.
Magma feeding systems are localized by incipient conjugate normal faulting. {&)i&o
decoupling at the basa#ferpentinite interface in response to-going basementvolved

normal faulting. Feeder dykes are dismembered and hydrothermal fluids are channelized
along the active interface. Greenschist facies metasomatism of basalts and hot carbonation of
serpentinite breccias and gouges (ophicalcites) occurred during this sfeg®roposed

geometry of the Falotta system highlighting theag@l regime during the Jurassic time



documented here. To the left, a sketch illustrating a distinctcoeaxial deformation related

to a major exhumation normal fault.
8. CONCLUSIONS

Thebasaltserpentinite interface of a preserved utlrstal part of a magmpoor rifted
margin in the Alpine Tethys realm is well exposed at the Falotta outcrop (Platta nappe). Our
study allowed to depict deformation mechanisms and synchronous fluid éooubahich
occurred during extensional tectonic processes. Several points have been highlighted in this

study:

(1) The foliated nature of the interface between cerpentinites and basalts does not
correspond to an Alpine contact. Rather it was wnerited froasdier extensional
tectonics during mantle exhumation but a’te. »asalt emplacement.

(2) After the deposition of basalts onto the: e,"humed detachment surface, the interface
was reactivated during egoing extensis.na: tectonics as a roughly flat decoupling
level showing bulk ceaxial deforme tion.

(3) The deformation at the reac*..te ™ interface between basalts and serpentinites was
fluid-assisted as shown by ."e greenschist type alteration of the basalts and late
carbonation.

(4) Syntectonic fluid circulation allowed tooften the interface with a positive

feedback between {. tid circulation and extensional deformation.

By inference to what has be ~n highlighted at Falotta, it can be emphasized that, in the Alpine
realm the nature of the 1 'iaed interface between mafiusixtes and serpentinites does not
necessarily correspoi. w an Alpine contact. Also, in prefnbceanic settings, a roughly

flat tectonic contact bewween mafic extrusives and serpentinites is not necessarily indicative of
faulting activity cutting thraugh a former mafic crust (i.e. rafted block) but may signify-syn
magmatic deformation once mafic extrusives have spread on serpentinites after mantle
exhumation at the seaflodrhe existence of this third type of relation at the interface between
basaltsand serpentinizednantle rocks (i.e. after rafted blocks amohconformity shown in

fig. 1) should be kept in mind when examining (i) geophysical images in preéagrdceanic
domains (e.g.fig. 1ac) and (ii) onland rock exposures that underwent a stoyngenic

overprint, like in blueschist facies units
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HIGHLIGHTS

x Deformation at the basaderpentinite interface ocru.er, under oceanic extension
x Theinterface acted as a decoupling level with v.'%&@l deformation

X The contact was not reactivated during Alpin~: o erprint

X Fluid-assisted deformation led to carbonatior of the basalts and serpentinites

X A third type of oceanic basaerpent. ‘e . ~terfee is defined



