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Structural and paleostress analysis within a fossil slow-spreading ridge: Tectonic
processes involved during ocean expansion

Rémi Magott ™, Carole Berthod ", Francoise Chalot-Prat*

& Centre de Recherches Pétrographiques et Géochimiques, Lorraine University, BP20, 15 Rue Notre Dame des Pauvres, F-54501, Vandoeuvre-les-Nancy Cedex, France
b Laboratoire Magma et Volcans, Clermont - Auvergne University, 6, Avenue Blaise Pascal, F-63178, Aubi’ ere Cedex, France

This study aims to decipher the spatio-temporal chronology of tectonic processes leading to ocean widening at a slow-spreading oceanic ridge axis, involving
mantle and gabbro exhumation and volcanism. Structural and petrographic studies of deformed lithologies were performed on peridotites, gabbros and basalts
from the Chenaillet ophiolite (Alps, France). Inversion of fault-slip data reveals NO30° and NO60° 63 paleostress trends. The dominant NO30° extension, is consistent
with the NNW-SSE direction of volcano feeder-dykes and ENE dipping low-angle normal faults crosscutting the mantle. The N060° extension accords with the
mantle dome structure formation to the east. Low-angle faults intersect roots of volcanoes that thus belong to their hanging walls. Hydrothermalism is
contemporaneous with or postdates low-angle faulting. A feeder-dyke major virgation northwards, synchronous with eruptions, suggests a dextral transform fault
consistent with a N120° 6. Oceanic expansion mechanisms are clarified. At the surface, magma eruption occurs along on-axis active high-angle normal faults, their
footwalls enabling mantle exhumation. At depth, off-axis high-angle faults become low- angle faults as they spread at shallow level. With westward drift of the
lithosphere, the uppermost levels of the ridge shift westward faster, such that volcanoes move to an off-axis position while their roots are cut by low- angle faults.

1. Introduction

Since the concept of oceanic spreading was first developed (Hess,
1962, 1965; Pitman et al., 1968), the process of surface creation along
the mid-oceanic ridge plate boundary has remained rather enigmatic.
For several decades, based on fast-spreading ridge lithological
cross-sections, the surface creation was viewed as originating from
magma injection at the ridge axis (Lonsdale, 1977, 1989; MacDonald,
1982; Whitehead et al., 1984; Detrick et al., 1987, 1993; MacDonald and
Fox, 1988; Lin et al., 1990; Haymon et al., 1991; Scheirer and Mac-
donald, 1993; Perfit et al., 1994; Perfit and Chadwick, 1998). Very large
volumes of magmas were thought to be emplaced both at depth and at
the surface of the ridge axis, inducing surface enlargement with the
lateral shifting of both plates. The underlying lithospheric mantle was
understood to result from uninterrupted accretion of sub-solidus resi-
dues of asthenospheric partial melting producing MORB (Mid-Oceanic
Ridge Basalts). The internal tectonic foliation of the lithospheric mantle
was seen as developing from the fossilization of that acquired during
upwelling asthenosphere up to the surface at the ridge (Rabinowicz
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et al., 1987; Ceuleneer et al., 1988; Nicolas et al., 1988; Nicolas and
Boudier, 1995; Jousselin et al., 1998).

However the discovery in the mid 70’s (FAMOUS expedition;
Heirtzler and Van Andel, 1977) that lithospheric mantle outcropped
extensively on the floor of the Mid-Atlantic ridge, whereas intrusive and
extrusive magmatic rocks were rare or often absent, brought into
question the role of magmas in the process of ocean enlargement.
Indeed, on the seafloor of slow- but also fast-spreading ridges, some-
times over hundreds of kilometers as at the Arctic ridge (Michael et al.,
2003) and in the Marianas back-arc basin (Stern et al., 1996; Ohara
etal., 2002), magmatic products are completely absent, whereas there is
an active widening of the peridotitic ocean floor. In other words, ocean
widening can be significant without magma emplacement whether on
the surface or at depth, and regardless of the spreading velocity.
Nevertheless the scarcity or absence of crustal products on the seafloor
of some active ridges, but also in many fragments of fossil oceanic ridges
referred to as ophiolites, was initially viewed as abnormal until 30 years
ago when it was reported that mantle outcropped almost all along the
Atlantic ridge axis (Lagabrielle and Cannat, 1990).
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Indeed magma genesis, in greater or lesser volumes, is synchronous
with oceanic expansion without being the cause. Ocean enlargement
results from the creation of oceanic floor surface by uninterrupted
lithospheric mantle exhumation at the ridge axis, either directly at the
ocean bottom at slow-spreading ridges, or below thick gabbro sill se-
quences at fast-spreading ridges. The self-consistent numerical model of
Poliakov and Buck (1998) suggests that the creation of surface is due to
continuous lithospheric mantle ascent at the axis from the
Lithosphere-Asthenosphere Boundary (LAB), and lateral stretching of
this mantle material on either side of the axis at large scale.

This process of “vertical uplift and lateral stretching” works even on
a small scale (Fig. 7; in Poliakov and Buck, 1998) and leads to the for-
mation of abyssal hills (hills carpeted with conic volcanoes) at the ridge
axis. This process was proposed by Chalot-Prat (2005) to explain the
construction of “comb volcanic systems” at a hectometric scale, in the
Chenaillet mid-oceanic ridge fragment. These systems define reliefs
where the higher the volcanic edifice, the younger it is relative to the
others, a chronological emplacement mode also described at the
Mid-Atlantic Ridge by Smith and Cann (1999). As volcanoes are built
directly on uplifted mantle and never on top of each other, their suc-
cessive construction traces mantle exhumation along high-angle normal
faults.

On a larger scale, the model of Poliakov and Buck (1998) shows that
on both sides of the ridge axis, both mantle upwelling and stretching
processes lead to the formation of a complex pattern of convex-upward
extensional faults deeply and vertically rooted below the axial valley.
These are the detachment faults recognized and mapped for the past 20
years as low-angle faults at the top of oceanic core complexes (Whitney
et al., 2013 and references therein). These core complexes are composed
of mantle and intrusive gabbro sills exhumed at the surface as footwalls
of detachment faults (Dick et al., 2003, 2019; Cannat et al., 2006;
DeMartin et al., 2007; Escartin et al., 2008; Tucholke et al., 2008;
Macleod et al., 2009; Miranda and Dilek, 2010; Maffione et al., 2013;
Sauter et al., 2013; Parnell-Turner et al., 2018).

Finally, combining geophysical, petrological, and structural data on
oceanic mantle lithosphere, Chalot-Prat et al. (2017) proposed an
alternative oceanic plate spreading model in which detachment faulting
is the major process to create the ocean floor surface leading to the
widening of the ocean. In this last model, detachment faults result from
intra-lithospheric mantle decoupling linked to the westward drift of the
lithosphere (Cuffaro and Doglioni, 2007; Doglioni and Anderson, 2015;
Doglioni and Panza, 2015).

It is critical to develop a better understanding of the tectonic pro-
cesses acting during oceanic spreading. Deciphering these processes is
less difficult at slow-spreading ridges, where the volumes of intrusive
and extrusive magmas remain rather low. Over the past 30 years,
oceanic prospecting campaigns have described large scale extensional
structures and oceanic core complexes, especially along the Mid-Atlantic
Ridge (MAR) and on the Southwest Indian Ridge (SWIR), (Karson, 1990;
Tucholke and Lin., 1994; Tucholke et al., 1998; Blackman et al., 2008;
Escartin et al., 2008; Macleod et al., 2009; Reston and Ranero, 2011;
Hansen et al., 2013; Maffione et al., 2013; Dick et al., 2019 and refer-
ences therein). However, knowledge of small-scale tectonic character-
istics remains limited. Observed striations on convex-upwards surfaces
of core-complexes are reported without any detailed description, mak-
ing it difficult to develop an accurate idea of the stress associated with
oceanic expansion. Moreover, the off-axis geometric and chronological
relationships between the footwalls of low-angle faults, capping mantle
and gabbroic basement, and their hanging walls supporting the volcanic
cover and its underlying basement remains unknown.

This is why our study is focused on the description at different scales
of brittle deformation structures within the mantle basement including
gabbro sills and its volcanic cover from the Chenaillet ophiolite, a very
well preserved fossil oceanic ridge fragment (Chalot-Prat, 2005;
Chenaillet Ophiolite). We combined fault slip data, paleostress analysis,
and field observations to develop a model for how this axial ridge

fragment accommodated seafloor spreading. According to the field re-
lationships between the three main lithologies, volcanic edifices were
first built on a mantle basement experiencing uplift and exhumation in
an on-axis position. At a larger scale, still on-axis but at shallow depth,
low-angle faults developed crosscutting the roots of volcanoes that as a
result are found in the hanging walls of low-angle faults. We finally
establish a link and a clear timing between small-scale mantle exhu-
mation synchronous with volcanic eruptions and large-scale mantle and
gabbro exhumation related to low-angle normal fault activity. Hydro-
thermal deposits clearly post-date volcano building, and are contem-
poraneous with or postdate low-angle faulting.

2. Geological setting

The Chenaillet ophiolite (Franco-Italian Alps) is an undeformed
fragment of an axial volcanic ridge of a slow-spreading ocean, active
during the middle to upper Jurassic times (Chalot-Prat et al., 2003;
Chalot-Prat, 2005; Chenaillet Ophiolite; Manatschal et al., 2011; Li
et al., 2013). This oceanic ridge fragment was part of the Alpine Tethys
ocean active between the European and Adriatic plates (Lemoine et al.,
1987). It was obducted during ocean closure, thus escaped subduction
and only recorded oceanic seafloor metamorphism (Chalot-Prat et al.,
2003 and references therein).

It is preserved as a thrust sheet framed by 2 major faults SW-NE
(Gidon, 1977; synthetic maps on the Gidon website Carte du
Brianconnais septentrional). In Chalot-Prat (2005) and Chalot-Prat
et al. (2006 Chenaillet Ophiolite), a 1:25,000 geological map, six
related cross-sections, and many detailed observations of the lithological
units, especially on volcano architectures, enable to identify the 3D
geometry of a 30 km? portion including an abyssal hill, 18 km? in area,
below and at the periphery of which is exposed a mantle basement
intruded by gabbro sills (Fig. 1). On the whole, this small segment of an
on-axis ocean floor is quite comparable to that described at the rift axis
of the MAR (Mid-Atlantic Ridge).

In addition major element geochemistry confirmed that the whole
basalts are tholeiitic. Their trace element signature was shown to be
similar to Indian Enriched Mid-Oceanic Ridge Basalts (E-MORB).

The oceanic expansion was decrypted in studying the architecture of
the volcanic cover (5-50 m thick) that looks like an abyssal hill with
numerous hummocky ridges and hundreds of hummocks (small conic
edifices) as described at the MAR. Mapping at 1:12,500 of volcanoes
(5-50 m large and high, with conic or cascade shapes, with a central or
lateral dyke) allowed identifying comb and stair volcanic systems, the
first being largely dominant (90% of volcanoes). These comb systems
(Fig. 14; in Chalot-Prat, 2005) define elongated reliefs (some hundreds
of meters long and 100-150 m in elevation) where the higher the vol-
canic edifice, the younger it is relative to the others. Based on the
relative chronology of setting up conic volcanoes and the 3D geometry
of the comb systems, it was demonstrated that combs formed on a
basement in uplift and exhumed progressively along high-angle
detachment faults serving as magma conduits at depth and as a
conveyor belt for hummocks on the seafloor to a limited extent (<500
m). Their building was, thus, synchronous with seafloor widening.

Furthermore, the undulated top of the mantle basement is capped
with cataclasite horizons tracing the existence, at a kilometric scale, of
low-angle detachment faults responsible for the exhumation of mantle
core-complex on the eastern side of the abyssal hill, as detailed later by
Manatschal et al. (2011). Apart from the fact that the only cross-section
of this paper presents the pillow basalts as thick sedimentary deposits,
only one mantle exhumation event is suggested before emplacement of
the volcanic cover. Chalot-Prat (2005) suggested 2 successive exhuma-
tion events, before then synchronous with the building of comb systems.
Indeed in many places, fine-grained clastic sediments, which consist
exclusively of clasts deriving from erosion of mantle and gabbro base-
ment, form lenticular and dislocated deposits below the bottom (the
oldest volcanoes) of comb systems. These observations attest that mantle
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exhumation was already going on before initiation of the on-axis vol-
canic activity.

3. Results
3.1. Field observations

3.1.1. Structural analysis

This study focuses on the brittle deformation at the scale of the
Chenaillet fossil oceanic ridge (Fig. 1a). In order to obtain the most
accurate results, the studied area was divided in two main zones: a
western zone, consisting of a mantle derived basement composed of
serpentinized peridotite including gabbro sills, largely covered by
basaltic volcanoes; an eastern zone with the same type of serpentinized
peridotite/gabbro basement, but very partially covered with volcanoes
and quite rich in hydrothermal deposits. Hereafter, we will use the term
“basement” to qualify the mantle part of the Chenaillet unit. Each zone
was subdivided in four sub-zones (1-4 in the western part and 5 to 8 in
the eastern part) in order to obtain more accurate data in terms of
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(continued).

lithology and geographic location.

The highlighted faults display a number of similarities. Most of them
crosscut mantle rocks. Those who crosscut the volcanic edifices or only
some pillow basalts, although present, are rarer and have always a small
offset which never exceed several centimetres.

The faults cross-cutting the mantle-derived rocks can be grouped in
two families. The first family corresponds to large low-angle faults, or
detachment faults, at the scale of the unit. They are mainly oriented in a
N-S axis with strikes between N160° and N175° and a weak dip which
never exceeds 15°E (Figs. 1 and 2). These faults are commonly under-
lined by breccia horizons, 80 cm to 1 m thick, including angular to
rounded serpentinite clasts embedded in a fine-grained serpentinite
matrix. These breccias can locally be associated to calcite and serpen-
tinite veins. Macroscopic kinematic indicators, like striated slickenside
and C-S-like microstructures in cataclastic bands, always indicate a top-
to-the-east sense of shear (Fig. 3). These detachment faults crosscut all
other structures, including doleritic and basaltic dykes, especially in the
sector 8.

The second family of faults has lowest extension, is rarely underlined
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by breccia horizons and have more important dip angles (20°-85°,
Fig. 2a and b). Their strikes and dips are more diversified than these of
detachment faults. In the vast majority of cases, they have a normal
kinematic, are rooted in the detachment faults or are conjugate faults of
these low-angle faults. The largest faults can therefore display a
noticeable deformed zone including breccia and/or fluid circulation
indices. For example, in the sector 5 north-eastwards, the serpentinite —
gabbro contact corresponds to a large rather high-angle fault (Fig. 4A, B
and 4C). The many plans of faults measured allow determining two
groups of plans (Fig. 2). The dominant group corresponds to the main
fault, strikes N120° to N130° and dips around 50°S. Striation, close to
N200°, is always associated with normal faulting. Near the main
displacement plane, its conjugate faults strike N110° to N120° and dip
35° to 44°N. Striations are NO50° to N150° and indicate also normal
faulting.

Let note that although the vast majority of faults have normal ki-
nematics, the eastern part of the Chenaillet unit (sector 7) is crosscut by
faults that indicate two stages of faulting. The first stage normal faults
strike N095° to N145° and dip 45°-70° NE. Related striation is N030° to
NO50° (Fig. 2). The second stage faults indicate a reverse kinematic
crosscutting the kinematic indicators of the normal displacement. These
two stages of faulting were observed mainly in gabbro, and in a lesser
extent in mantle rocks.

Finally, a third family of faults crosscuts the volcano edifices. Our
data come mainly from the sector 3, in the western part of the ocean
fragment where outcrops a lot of adjoining conic volcanoes belonging to
comb systems (Fig. 1a). Pillow-basalts are crosscut by metric scale faults
(Fig. 2) forming two groups, the second one being a conjugate of the
first: 1- striking N100° to N140° and dipping 54° to 80°NE. Striation is
rather homogeneous N055° to N065° associated with a top-to-the-north;
2- striking N095° to N160° and dipping 15° to 40°SW. Striation, N220 to
N250°, is associated with normal faulting. All displacements along these
faults are short and never exceed centimetres to decimetres.

In addition to the observation of the brittle deformation structures,
this study focused on the attitude of the basaltic to doleritic dykes within
the basement. These dykes (n = 137) are striking N0O90° to N130° and
clustered in two groups according their dip and the direction of the dip
(Fig. 2; Table 1): 1- dipping 30°-65° NE; 2- dipping 40°-55° S. It is worth
to note that vertical dykes within the basement remain rare whatever
the sector studied, while volcano feeder dykes (same diameter and
composition than those within the basement) within all the volcanic
edifices are always vertical or close to the vertical (Chalot-Prat, 2005;
Chenaillet Ophiolite).

3.1.2. Hydrothermalism and fluid-rock interactions

Several sites testify to hydrothermal circulations in the Chenaillet
mid-oceanic ridge section (Figs. 1a and 5). Most of them occur in the
eastern zone, mostly along or close to fault contacts between gabbro and
serpentinized peridotite (Clot de la Gravie to Colle Bercia), or close to
main branch (=feeder dykes) of comb systems (Cima le Vert and Serra
Grossa). With only a single site along a detachment fault (Col du
Souréou), the western part mostly covered with volcanoes is devoid of
any hydrothermal circulation witness. In the eastern zone, two types of
hydrothermalized sites (Fig. 5) are identified either with siliceous veins
or only whitish and deeply weathered. The siliceous type results from
the circulation of Si-rich fluid along high-angle fault planes (Figs. 5 and
6). Centimeter-scale corrugated quartz veins, located along the fault
plane, are concentrated in the most deformed zone of the fault system
and crosscut all microstructures of brittle deformation, especially the
gabbro breccia, but also basaltic dykes (Fig. 6A and B). Noticeable
pervasive silicification occurs on 2-3 m thick on each side of the fault
plane, permeating both foliated serpentinite and cataclastic gabbro.
These veins are parallel to fault planes at N110°; 78° N. However un-
deformed gabbro remains well preserved. Besides, some quartz thin
veins underline the contact between serpentinite and the wall of a
basaltic dyke (sector 8 on Fig. 1a). These veins crosscut sometimes the
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Fig. 3. Observation of kinematic indicators and
cross-cutting relationships in thin sections within
highly deformed rocks sampled along e E-dipping
low angle fault (Sector 1) and a W-dipping fault
(Sector 5). (A) Ultracataclasite S-C microstruc-
tures indicating a top-to-the-NE embedded in a
cataclasite shear band (Sector 1). (B) Ultra-
cataclasite S-C microstructure along sector 1
low-angle fault indicating a top-to-the-NE
displacement? (C) Cataclastic zone reworked by
a top-to-the-NE micro-fault (sector 1). (D) S-C
microstructure indicating a top-to-the-SW in
highly deformed silicified serpentinite fault zone
(Clot de la Gravie fault — sector 5). (E) S-C

deformation indicating a top-to-the-SW in the
cataclastic gabbro (Clot de la Gravie fault —
sector 5) Late hydrothermal vein crosscutting the
deformation. (F) Crosscutting relationships be-
tween cataclastic deformation in the sector 1
gabbro and late hydrothermal circulation.

basaltic dyke on a few centimeters. Siliceous veins are also observed in
sector 5 and the western part of sector 8 through small extension veins
(<10 cm) crosscutting basaltic dykes (Fig. 1a). The second type of sites
mainly outcrops within sector 8. The mantle host-rock and pillow-lavas
underwent hydrothermal alteration identified by a whitish color linked
to a strong weathering of primary minerals transformed into white to
clear brown clay minerals (Fig. 6C). These alterations superpose each
time to fault systems. The weathering is pervasive and homogeneous on
5 m thick of the hanging wall and less than 2 m thick of the footwall. On
Cima le Vert (Fig. 1) strikes and dips are N042°; 62° W to N060; 55° N.
Moreover in the western zone of the oceanic fragment, another and
unique type of Ca-rich hydrothermal site outcrops within the uppermost
part of the serpentinized mantle at the Col du Souréou (sector 4; Fig. 1a).
This site is located at the intersection of a major east-dipping low-angle
fault and a conjugate high-angle fault (Fig. 1a) and was identified as a
tectonic-sedimentary breccia oriented N020° to N030°; 50° E (Chalot--
Prat, 2005 and references therein). The rock, named ophicalcite, con-
sists of a brecciated serpentinized peridotite associated with authigenic
calcite within a matrix composed of fine-grained calcite (Lafay et al.,
2017). The breccia is also crosscut by late-stage dolomite micro-veins.
This ophicalcite of Le Souréou would represent a larger volume of hy-
drothermal fluid while being unique within this oceanic ridge fragment.
This context is rather different from this observed in the eastern zone
where hydrothermal deposits are rather common but scattered,

suggesting circulation of weak hydrothermal fluid volumes.

In summary at the scale of this oceanic lithosphere fragment, hy-
drothermal sites are always located along normal low-angle or/and
high-angle faults within mantle rocks. Most of them are located in zones
mostly devoid of any volcanic activity. In many cases, these fluid cir-
culations crosscut basaltic dykes when they exist, and thus postdate the
volcanic eruptions.

3.2. Paleostress analysis

3.2.1. Materials and methods

The structural study concerns two main zones within the Chenaillet
axial ridge fragment (Fig. 1a). Each of them includes 4 measurement
sectors: a western zone with the sectors 1 to 4 and an eastern zone with
the sectors 5 to 8. Each zone includes the best outcrops of mantle and
gabbro basement on these very steep (800 m height difference from
1850 to 2650 m above sea level) slope where the Chenaillet unit was
mapped. The different sectors concern separate studying sites adjoining
each other. Data include more than 300 striated fault planes, which
crosscut serpentinized peridotites, gabbros, and pillow basalts. The wall
direction of basaltic lava dykes crosscutting gabbro and serpentinized
peridotite was also measured and their dip as well. The slip direction is
determined by striation and associated sense of slip, which was estab-
lished by conventional kinematic analysis of brittle microstructures
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Fig. 4. (A) Respective orientation of 63 (pointing outward) and ¢1 (pointing inward) from tensors calculated on the geological map of the Chenaillet ophiolite. The
tensors at left were calculated from faults in the western part of the unit and the tensors at right were calculated from faults located on the eastern part of the unit. (b)

Tensor calculated from all faults at the scale of the entire unit.

(Hancock, 1985; Petit, 1987; Passchier and Trouw, 2005). Kinematic
along faults is established with two methods at different scales: 1- at a
macroscopic scale, the observation of indicators (offsets, S-C like mi-
crostructures, plowing and Riedels micro-faults) along the fault zones
are observed and measured; 2- at a microscopic scale, the observation of
kinematic indicators in thin section made perpendicularly to the
displacement plane and parallel to the striation or lineation, within
highly deformed rocks sampled along fault zones.

The striated fault planes were used to determine the paleostress axis
with the inversion principle initially developed by Wallace (1951) and
Bott (1959) and improved by several authors (Angelier, 1975, 1979,

1990, 1991; Célérier, 1988; Etchecopar et al., 1981; Dupin et al., 1993;
Delvaux and Sperner, 2003). Inversion of fault slip data in stress tensor
implies that the maximum computed shear stress along a fault plane is
parallel to the slip direction observed in the outcrop. Furthermore, a
fault plane has an orientation that allows the relative magnitudes of
shear stress T and normal stress ¢ on this plane to fit the Mohr-Coulomb
yield criterion: T = ¢ + po (c: shear strength; p: coefficient of friction).
According to these mechanical laws, stress inversion techniques search
for the state of stress that best accounts for a given fault-slip dataset by
iteratively adjusting the theoretical slip pattern associated with a known
stress state until it fits the slip pattern observed at the outcrop (Angelier,



Table 1
Main parameters of the dykes measured in sectors 1 to 8 (with both our data and those of Coco and Bastien (Master dissertation - ENSG-CRPG/CNRS, 2003;
unpublished).

Sector 1 Sector 2 Sector 2 Sector 2
(Continued) (Continued) (Continued)
Azimuth Dip Dip Azimuth Dip Dip Azimuth Dip Dip Azimuth Dip Dip
direction direction direction direction

Coco and Bastien data

0 20 E 100 40 NE 80 10 NW 80 40  SE
0 15 E 90 30 N 20 85 NW 80 70  SE
100 20 NE 90 35 N 90 60 S 80 70  SE
110 55  NE 90 40 N 90 70 S 160 90 W
110 40 NE 100 40 NE 30 50 SE 320 76 E
110 80 NE 100 40 NE 30 50 SE 340 30 E
120 20 NE 100 65  SW 35 15  SE 275 55 N
130 60 NE 100 50  SW 50 40  SE 160 75 W
160 50 NE 100 30 NE 80 40  SE
100 20 NE 100 20 NE 80 70 SE Sector 4
160 60 NE 100 40  Sw 100 40  sSw Azimuth Dip Dip
direction
170 50 NE 100 50 SW 100 30 Sw Our data
40 40 NW 100 40  Sw 110 40 sw 350 40 E
80 30 NW 100 20 SwW 110 40  SwW 120 60 S
25 60  NW 110 30 NE 110 40  sw 195 55 W
60 70 NW 110 30 NE 110 60  SW 215 78 W
60 60  NW 110 30 NE 120 40 sw 6 52 E
20 40  SE 110 30 NE 120 60  SW 134 62 S
70 70  SE 110 50 NE 150 50  sw 344 40 E
80 30 SE 110 30 Sw 160 60  SW 322 40 E
30 50 SE 110 30 NE 180 70 W 240 62 N
30 50 SE 110 50 NE 180 70 W 282 25 N
60 80  SE 110 50 SW 90 20 N
130 75 SW 110 50 SW 90 50 N Sector 5
130 70 SW 110 30 Sw 90 50 N Azimuth Dip Dip
direction
135 80  SW 120 80  Sw 90 60 N Coco and Bastien
data
150 10 SW 120 50 NE 100 30 NE 180 80 E
150 10 SW 130 45 Sw 110 40 NE 120 50 NE
0 90 130 10 NE 110 40 NE 120 50 NE
Our data 130 40 NE 120 80 NE 120 30 NE
315 65 N 130 45 NE 160 20 NE 140 40 NE
30 39 E 140 65 NE 50 30 NW 30 15 NW
18 32 E 140 80  SwW 80 40 NW 30 60  NW
150 40 NE 80 10 NW 60 80  NW
Sector 2 150 75 NE 90 60 S 60 70 NW
Azimuth Dip Dip 150 50 NE 90 70 S 80 30 NW
direction
Coco and Bastien 150 50 NE 30 50 SE 40 60 SE
data
20 20 SE 160 20 NE 30 50 SE 140 40  SW
30 50 SE 160 50 NE 50 40  SE 140 80  SW
40 20 SE 170 60 NE 100 40  Sw 140 60  SW
40 40  SE 180 35 W 100 30 sSw 170 60  SW
40 40  SE 180 30 E 110 40  sw Our data
40 40  SE 90 200 N 110 40  sSw 160 65 W
40 70 NW 90 50 N 110 40 Sw 310 64 N
40 50 NW 90 50 N 110 60  SW 230 76 N
50 70 NW 90 200 N 120 40  sw
50 60  SE 90 60 N 120 60  SW Sector 7
60 25 NW 100 30 NE 150 50 sw Azimuth Dip Dip
direction
70 25 NW 110 40 NE 160 60  SW Our data
80 50 SE 110 40 NE 180 70 W 245 63 N
80 60  NW 120 80 NE 180 70 W
90 30 N 160 20 NE 90 20 N Sector 8
90 30 N 10 40 NW 10 40 NW Azimuth Dip Dip
direction
90 45 N 50 30 NW 20 85 NW Our data
90 30 N 80 40 NW 35 15 SE 55 8 S
1979; Etchecopar et al., 1981; Angelier et al., 1982). stress and the measured slip direction for a fault plane.
Considering these parameters, the orientation of the principal stress In this study, the “TENSOR’’ software (Delvaux and Sperner, 2003)
axes 01, 62 and o3, with 67 > 63 > o3 (in positive compression) and the was used to perform the stress inversion and determine the paleostress.
stress ratio R=(02-63)/(01-03) are adapted for minimize the o angle or This program, for a given set of fault slip data, enables to compute the
misfit angle. This is the angle between the maximum calculated shear best fitting stress tensor. The process consists of a rotational



Fig. 5. Description of La Gravie high-angle
fault system. (A) Tectonic contact, along a
high-angle fault, between gabbro and ser-
pentinite units (site 5; Clot de la Gravie). (B)
Sketch of the outcrop showing cataclasites or
foliated-cataclasites in the gabbro. (C) Cross-
section of the fault zone and deformed fault
zone in the gabbro and serpentinite blocks.
(D) Serpentinite breccia highlighting the
deformation along large low-angle fault in
sector 4 between gabbroic footwall and ser-
pentinite hangingwall. (E) Serpentinite
breccia associated to the low-angle fault
crosscutting the sector 5.
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optimization, an iterative procedure by which the best result is deter-
mined by an incremental rotation of the stress tensor until obtaining the
best solution relatively to the observed fault slip data. The value of the
final computed stress tensor reflects the number of data, their quality,
and the value of the misfit angle a. It is important to underline that no
hypothesis is made on the attitude of fault planes relative to stress axes.
Whether a fault plane is newly created, or is instead a reactivated
pre-existing discontinuity, has no consequence for the calculation of the
paleostress tensor.

Inversion was then computed on consistent individual sub-sets, and

the quality of the results was checked through the misfit criteria previ-
ously mentioned. All incompatible data with a given stress tensor (a >
30°, for example) were associated with another data sub-set or, if
incompatible with any stress tensor, moved to the waste database. The
process was repeated until a unique and stable stress tensor was ob-
tained to give a consistent sub-set. All stress tensors are associated with a
relative chronology of fault slips and associated with major structures
when crosscutting relationships between kinematic indicators can be
observed.



Fig. 6. Fluid circulation imprints on rocks.
(A) Centimetre-scale corrugated quartz
veins, located along the La Gravie fault
(Sector 5). (B) Basaltic dykes crosscut by
quartz veins along La Gravie fault. (C)
Weathered pillow. (D) Polished hand sample
of weathered basalt. Most of primary min-
erals are substituted by clay minerals and
serpentine. (E) Ophicalcite observed at the
Col du Souréou (site 4; east of the Chenaillet
peak). (F) Polished hand sample of ophi-
calcite crosscut by late stage dolomite micro-
veins.

3.2.2. Results

Approximately 270 fault-slip data were collected from the 8 sectors
(1-8; Fig. 1la) and more precisely in 41 punctual measurement sites,
together with striations, conjugate faults, and basaltic dykes. In several
locations, especially in the eastern zone (sectors 6 and 7), overprinted
slickensides were observed.

The stress tensors were calculated for the entire western and the
eastern zones. All paleostress data computed with the numerical pro-
gram stress ‘TENSOR’ (Table 2) are reported in Figs. 2 and 4. The large
majority of studied sites include a sufficient number of data to compute
paleostress for each sector, leaving few isolated data.

All tensors were firstly calculated from fault data set subdivided by
lithology and measurement site. For the sake of precision, the colored
arrow on the map of Fig. 4 represents the main direction of 63 for each
sector (1-8) with consideration for lithology. Then, all tensors were
calculated from fault data independently of the lithology and site
(Fig. 4b and Table 3).

On the western part, four tensors have been obtained from the fault
data. A first subset of mostly neoformed faults striking NO75° to N125°
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and deep 10°N to 30°S yields a NNE — SSW direction of o3 at NO11°
associated to striation between N005° and N050° or N155° to N210°
(Fig. 4a). A second extensional stress tensor considers neoformed faults
striking N125° to N175° and dipping 30°E to 30°W (Fig. 4a). Calculation
indicates a direction of o3 at NO56° associated to striation between
NO55° and NO70° (Fig. 4a). These two extensional stress tensors
concentrate the majority of the data.

The two other tensors involve less data (Fig. 4a). The third subset of
reactivated faults striking N110° to N135° and deep 60°N to 50°S yield
an extensional stress tensor with the o3 oriented N039°. However, stri-
ation associated to these faults strike mainly N060° (between N050° and
NO070°). The last extensional stress tensor indicates a o3 striking N030°.
It was calculated from reactivated faults striking N140° to N150° and
dipping 30°E to 40°E with striation close to N030° (between N025° and
NO030°).

In the eastern part of the unit, six stress tensors could be calculated
from the structural data. Four of them indicate a main sub-horizontal
extension stress and two indicates compressional stress. The first of
them have been obtained from neoformed faults striking between N080°
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to N135° and dipping 20°N to 45°S. The associated o3 is calculated at
NO020°. Striation observed in these faults is close to the direction of o3
with direction between N355° and N040°, and between N170° to N210°.
A second subset of neoformed faults striking N130° to N190° and deep
25°E to 40°SW, associated to striation between N050° and N075°, yield
an extensional stress tensor with the o3 oriented NO55° (Fig. 4a).

Two other extensional stress tensors imply less data. The third stress
tensor includes reactivated faults striking between N130° to N150° and
dipping 30°N to 40°S. The associated o3 is calculated with fault data at
N40°, but striation is clustered between N050° to N070° indicating an
extensional direction at N60°. Conversely, the fourth tensor is calculated
from a subset of reactivated faults striking N125° to N150° and dipping
30°E to 50°E with striation direction between N010° to N035°. This
indicates a first o3 direction at N062° during the formation of the faults
followed by a reactivation with a o3 at N30° as attested by the orien-
tation of the striations.
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Finally, two tensors indicate the horizontal compressional regime
after the first extensional regime. A first well documented tensor,
localized only in the sector 5 and 7, indicates a 61 at NO26° compression
phase postdating all extensional stages. It was calculated from faults
striking between N090° to N165° and dipping 20°NE to 40°SW. Stria-
tions are between N345° to N030°, and N190° to N230° (Fig. 4a). A
second tensor, with less data, indicates a compressive tectonic phase,
only in the sector 8, with 6; at N123° from faults striking between N010°
and N050° and dipping between 40°E to 60°E. All striation is clustered
around N290°.

At the scale of the entire unit, four tensors were calculated as shown
on Fig. 4b. The first tensor includes faults striking N060° to N130° and
dipping 15°-85° north or south. Striations are between N350° to N45° or
N150° to N210°. The main extensional direction 63 is NO20°. The second
tensor displays a o3 striking N060° with faults striking N125° to N175°
and dipping 20°-80° NE or 35° to 85°SW. Striations is between N040°



Table 2

Paleostress tensors computed from fault data. NF (normal fault) and TF (thrust fault) stand for normal and thrust fault regimes. R = (62 - 63)/(c1 - 62). AD (angular
deviation) between each data and all the calculated nuclei. QRw and QRt are quality estimators, ranging from A (best) to E (worst), of paleostress orientations and of

the R ratio, respectively.

Site Lithology Stress regime Strike/dip sigma 1 Strike/dip sigma 2 Strike/dip sigma 3 R AD QRw QRt n/nt
Sector 1 Basalte NF N306/83° N104/06° N194/03° 0.5 27 C C 26/38
Gabbro NF N359/77° N110/05° N201/12° 0.5 23.4 D D 15/29
Gabbro NF N343/70° N178/19° N086/05° 0.44 23.6 D D 10/29
Sector 2 Gabbro NF N048/81° N305/02° N215/09 0.42 23.2 C C 34/39
Sector 3 Basalte NF N170/84° N298/04° N028/05° 0.5 21.6 C C 10/21
Sector 4 Basalte NF NO025/57° N022/05° N215/33° 0.5 12.3 E E 7/11
Sector 5 Gabbro/serpentinite Detachment NF N277/88° N109/01° N019/01° 0.5 19.1 C C 24/37
Gabbro/serpentiniteDetachment TF N205/10° N295/04° N044/79° 2.5 18.1 D D 7/37
Serpentinite NF N352/70° N125/14° N218/15° 0.57 16.6 E E 5/13
Serpentinite NF N178/59° N356/31° NO087/01° 0.34 28.9 D D 6/13
Sector 6 Serpentinite NF N206/79° N317/04° N048/11° 0.5 15.3 C E 10/13
Sector 7 Serpentinite NF NO081/72° N343/03° N252/18° 0.46 13.4 E E 6/6
Gabbro NF NO050/79° N292/05° N201/10° 0.5 23.4 C C 16/38
Gabbro TF N030/21° N291/22° N159/59° 2.5 21.4 C C 14/38
Sector 8 Serpentinite NF N045/88° N157/01° N247/02° 0.52 15.6 D D 6/9
Dolérite NF N284/79 N179/03° N089/10° 0.5 24.3 E E 4/12
Dolérite TF N123/05 NO033/00° N303/85° 2.5 11.6 D D 7/12
Table 3
Paleostress tensors computed from fault data independently of the lithology.
Site Lithology Stress regime  Strike/dip sigma 1  Strike/dip sigma 2  Strike/dip sigma3 R AD QRw  QRt n/nt
Sectors 1 -4  Basalte and gabbro NF NO011/78° N101/00° N191/12° 0.5 21 C C 52/
266
Basalte and gabbro NF N025/82° N145/04° N236/07° 0.5 203 C C 33/
266
Basalte and gabbro NF N032/61° N127/03° N219/29° 0.5 16.2 E E 5/266
Basalte and gabbro NF N242/80° N121/05° N030/08° 0.67 21 D D 9/266
Sectors 5 - 8 Gabbro, serpentinite and dolerite NF N193/89° N290/00° N020/01° 0.5 19.4 C C 37/
266
Gabbro, serpentinite and dolerite NF N249/88° N145/00° N055/02° 0.5 17.8 D D 7/266
Gabbro, serpentinite and dolerite ~ NF N003/73° N128/10° N221/14° 0.62 202 E E 5/266
Gabbro, serpentinite and dolerite ~ NF N087/78° N333/05° N242/11° 046 152 C C 12/
266
Gabbro, serpentinite and dolerite ~ TF N026/11° N292/16° N150/71° 0.5 238 C C 21/
266
Gabbro, serpentinite and dolerite ~ TF N123/05° N033/00° N303/85° 0.5 116 D D 7/266
All sectors All lithologies NF N015/84° N105/00° N195/06° 0.5 212 C C 89/
266
All lithologies NF N023/83° N145/04° N236/06° 0.5 20.1 C C 40/
266
All lithologies NF N022/68° N127/06° N220/21° 0.6 197 D D 10/
266
All lithologies NF N122/86° N318/04° N228/01° 0.54 235 C C 21/
266

and N085°. The third tensor indicates a o3 striking NO50° with faults
striking N135° to N180° and dipping 30° to 45°NE or 50 to 88°SW.
Striations are oriented N010° to N030°. The last and fourth tensor in-
dicates a 63 at NO50° calculated from faults striking N110° to N175° and
dipping 30° to 60°N or 35° to 55°S. Striation orientations are clustered
between N045° and N070°.

4. Discussion
4.1. Paleostress interpretations

The microtectonic study indicates a dominant o3 paleostress direc-
tion close to N030° (Fig. 4b) within the whole ocean fragment. A sec-
ondary extension is computed close to NO60°. No chronology clue is
observed between the kinematic indicators associated with each of
them.

Nevertheless, the presence of faults formed under a N0O30° extension
regime, but reactivated by a NO60° extension regime as evidenced by the
strike of striations around N060°, suggests a change in the stress field
from NO30° to N0O60°. However other faults, formed under a NO60°

extensional regime but displaying NO30° striations, suggest, conversely,
a change in the stress field from NO60° to NO30°. That suggests that both
paleostress trends were active successively, considering that the N060°
o3 would have induced the formation of the dome structure capped by a
curved and upward convex low-angle fault (Fig. 1 b A and 1 b B; Fig. 7a
and b). The intermediate o3 directions (N30/50/70), computed on
localized parts of the map and represented by arrows in Fig. 4a, within
this area support that assumption. That confirms that the whole “Clot de
la Gravie - Serra Granet” area is a small oceanic core-complex (~3 km?),
as already suggested by Chalot-Prat (2005) and Manatschal et al. (2011).

Furthermore, as observed on the N-S cross-sections (Fig. 1b), the
base of the Chenaillet ocean fragment is itself upward-convex, thus
merges with a detachment fault at around 400-500 m depth below the
seafloor (Chalot-Prat, 2005). So the Chenaillet ophiolite is itself a mantle
slice, some tens of km? of surface, belonging to the hanging wall of this
basal major detachment fault.

A synthetic 3D-reconstitution of the northern half of the ocean
fragment (Fig. 7a) shows that the peridotitic and gabbroic basement of
this ocean fragment is crosscut by a bundle of major low-angle faults
dipping to the east, fairly tight between them (not more than 30 m
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between each). They are observed in both orthogonal directions as
shown by the SW-NE cross-sections (Figs. 1b and 7a). Several conjugate
faults of these detachment faults (Figs. 1a and 7) are at the origin of
preserved cliffs (up to 50 m high on 300 m to 2.5 km long) within the
mantle, as at the mantle-gabbro contact west of Clot de la Gravie, and as
north of Col du Souréou. Here tectono-sedimentary breccia (Lagabrielle
and Cannat, 1990) are witnesses to the activity of one of these conjugate
faults.

Rather thin gabbro sills (up to 50 m thick on 1 km long) were
exhumed from place to place either at surface eastwards or below vol-
canic edifices westwards. The volcanic edifices and their related mantle
basement always belong to the hanging wall (up to 200 m thick only) of
detachment faults.

Furthermore as described in Chalot-Prat (2005), at large scale west
and north to the Loubatiere peak (northern central part of the Chenaillet
unit; Fig. 1a), a large virgation (elbow-shaped curvature) in the align-
ments of feeder-dyke networks is observed from N060° to N140°. This
eastward virgation was contemporaneous of basaltic eruptions, because
of the preservation of original shapes of volcanic edifices (tongues and
cones of tubes and pillows). It could be linked to a strike-slip fault
located north of the unit (Fig. 7b) and oriented around N060° (+20°)
with a dextral kinematic, implying the opening of feeder-dykes syn-
chronously with the formation of the strike-slip fault. The assumed
NO60° strike of this major fault is consistent with the N0O30° o3 direction
and an assumed o5 direction around N120 (Fig. 7b) considering the
regional paleostress calculations. Similar volcanic system organizations
were already observed close to transform faults on the North Atlantic
mid-oceanic ridge (Gudmundsson, 1995; Beutel, 2005). Notice that
previous mapping results (Gidon, 1977 and Gidon website Carte du
Brianconnais septentrional) show, both north and south of the Che-
naillet ophiolite, two strike-slip faults with a similar strike than that
northern transform fault evidenced in this study. This would mean that
another transform fault would exist south of this oceanic fragment
(outside the map Fig. 1a). These faults would have facilitated the indi-
vidualization, without any deformation, of the obducted oceanic frag-
ment during the ocean closure. Let note that accounting for the
reconstruction of the western Tethyan region (Turcot et al., 2012), this
fossil ocean fragment would have rotated approximately 45° counter-
clockwise from its initial position.

In addition, two convergent paleostress directions at N020° (pre-
dominant) and N120° (less frequent) are computed only in the eastern
zone (Fig. 4a). All associated striations and slickensides always post-date
extensional regime kinematic indicators. In the absence of any paleo-
stress analysis in the units underlying the Chenaillet ophiolite, it remains
difficult to associate these fault reactivations with a special event.
However regarding the crosscutting relationships between normal ki-
nematic indicators, late compressive indicators, and the weakness of the
offsets, this convergent event could be reasonably related to the
obduction of the oceanic ridge fragment.

The southern part of this ridge fragment has not yet been the subject
of a detailed structural analysis and should bring interesting results on
the N-S spreading process accounting for the W-E numerous feeder-
dykes of the mapped comb systems.

4.2. Volcanic edifices and mantle-gabbro core complexes are tracers of
spreading both on and off-axis; how does seafloor enlargement occur?

As evidenced in Fig. 7a showing the relationships between major
tectonic structures, the feeder-dykes of both comb and tongue volcanic
systems are always crosscut at depth (down to 50-150 m) by low-angle
faults. The presence of basaltic clasts within cataclasite breccia along
these faults supports this conclusion. So all volcanic activity was
definitively stopped when detachment faults progressively developed at
shallower depth, laterally to the ridge axis, preventing any ascent and
eruption of basaltic magma up to the seafloor.

However, from detailed observations of sharp to plastic contacts of
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numerous basaltic feeder-dykes crosscutting gabbro bodies (Chalot-Prat,
2005; Manatschal et al., 2011), it is demonstrated that basaltic magma
was injected within gabbro bodies either while gabbroic rocks were still
plastic and even still incompletely crystallized at rather great depth, or
close to the surface while gabbro bodies were completely crystallized,
rigid, and often strongly foliated.

That means that at the ridge axis, during the permanent upwelling of
mantle and intrusive gabbroic bodies, basaltic magma could be injected
through these host-rocks at any time and any level between the base of
the lithosphere and the seafloor. This also suggests that tectonic con-
straints, enabling upwards transfer and foliation of peridotite and gab-
bro, could coexist with those inducing cracking of these more or less
rigid host-rocks and injection of basaltic magma from below the base of
mantle lithosphere (>30 km mini.; Chalot-Prat et al., 2010, 2013) up to
the oceanic bottom. Only the development of the curvature of detach-
ment faults at shallow depth laterally to the ridge axis (Chalot-Prat et al.,
2017) could prevent any basaltic melt progression to the surface and
stop any volcano building.

At the same time as these low-angle faults lead to mantle and gabbro
exhumation in their footwalls, they induced the renewal of the basement
of previously formed mantle reliefs (up to 500 m thick) covered with
volcanoes, but without any spreading effect. In return in the north-
eastern part of the oceanic fragment (Clot de la Gravie to Serra Granet),
where volcanic edifices were very rare, detachment faults induced
mantle and gabbro sills exhumation forming a core-complex on the
bottom of the ocean, thus seafloor enlargement on some km2.

At this stage of the demonstration, it is worth remembering that the
emplacement of volcanoes in comb volcanic systems (90% of volcanic
systems; Fig. 1a) is itself strictly linked to mantle exhumation (Cha-
lot-Prat, 2005). Indeed, conic volcanoes formed on slopes, and the
higher the edifice the younger it is relative to the others. Combs formed
on a basement in uplift and in the process of denudation along
high-angle detachment faults serving first as magma conduits beneath
the ocean floor, then as a conveyor belt for volcanoes on the seafloor to a
limited extent (<500 m) (Fig. 14, in Chalot-Prat, 2005). By the fact, the
seafloor enlargement accompanied the building of volcanic edifices, the
basement of which was the newly created surface by mantle exhuma-
tion. That creation of surface during the volcanic activity was linked to
upwards then lateral mantle transfers operating at a small scale at the
axis of the ridge and inducing the formation of new rather small elon-
gated reliefs covered by conic volcanoes organized in comb systems. The
whole relief, capped by a few hundred volcanic edifices, is the abyssal
hill that represents most of the Chenaillet ophiolite.

Notice in the eastern zone of the oceanic ridge fragment (Fig. 1a), the
juxtaposition between sites where mantle exhumation, thus creation of
surface, occurred southwards along high-angle normal faults associated
with the construction of volcanoes (Costa via Vecchia - Serra-Grossa), and
northwards along low-angle normal faults (Serra Granet - Clot de la
Gravie). The directions of high- and low-angle faults are in continuation
of each other, while their respective dips are so different. Nevertheless,
to the north, gabbroic sills (Colle Bercia) that belong to the hanging wall
of a low-angle normal fault, were transferred to the east, whereas to the
south, volcanoes were sliding east during the construction of comb
systems. This coherence in both the fault directions and the relative
movement along the faults on both sides suggests a contemporaneity of
fault activity within the same stress context. However from either side,
the mode of mantle exhumation is radically different. It implies the
existence of an ENE-WSW rather deep vertical fault between both,
parallel to that of the transform fault to the north. This reinforces the
hypothesis of the major role of the N030° direction of 63 implying a
N120° direction of 65, for initiating and controlling the activity of these
faults (Figs. 1a & 7b).

The numerical model of Poliakov and Buck (1998) gives very inter-
esting ideas both on the surface and depth effects, at small and large
scales, of mantle mass transfer processes: on one hand at the ridge axis
with the coeval formation of small mantle reliefs as abyssal hills on-axis,
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and on another hand farther laterally of mantle core-complexes. Indeed,
below the small reliefs on-axis, it shows that mantle transfers coming
from the base of the lithosphere remain vertical till the surface, then
laterally develop at the surface on both sides of the relief. At large scale,
mantle transfer paths progressively curve outward away from the axis at
any level from the base to the top of mantle lithosphere. In the brittle
domain at shallower depth, major faults become individualized while
overlapping the curved paths of mantle transfer. The curvature of these
mantle transfer paths would be induced both by spreading and
intra-mantle decoupling linked to the westward drift of the lithosphere
(Chalot-Prat et al., 2017).

Hydrothermal circulations were active during and after low-angle
fault emplacement, never during the volcanic eruptions. That could be
linked to the slowness of the low-angle fault activation process, strictly
linked to upward and lateral mantle mass transfer process, the rate of
which is the half-spreading one (hS); for instance, for hS = 2 cm/yr and a
mantle residue initial depth of Di = 40 km, the mantle residue takes t1 2
Ma (t1 = Di/hS) to ascend and to be exhumed at the surface (Chalot-Prat
et al., 2017), which gives time to fluids to be extracted from the mantle
in process of serpentinization from about 8 to 10 km depth (Mallows and
Searle, 2012; Whitney et al., 2013). This slowness of propagation of
low-angle faults from an on-to off-axis position, explains why all the
basaltic dykes within the basement are all tilted while the feeder-dykes
inside the volcanic edifices are all more or less vertical.

Finally, the major result of this study is to emphasize the possible
relationships in space and time between high- and low-angle detach-
ment fault individualization, mantle exhumation, volcanic system for-
mation, and core-complex development. Comb volcanic systems form
along high-angle faults at the ridge axis, are then transferred laterally
whereas their roots are crosscut by low-angle faults. These low-angle
normal faults first renew the mantle basement from a few hundred
meters under the volcanoes, then outcrop at the surface where the vol-
canic edifices are absent and create themselves surface giving birth to
core complexes. This would explain why at active mid-oceanic ridges,
most of core complexes are found on the outskirts of the volcanic ridge
axis, and sometimes at the axis when volcanic systems are absent.

5. Conclusions

The detailed structural and paleostress analysis within the fossil
slow-spreading ridge fragment of the Chenaillet ophiolite leads us to
greatly deepen our knowledge not only of the tectonic structure of this
oceanic ridge fragment, but also of the combination of processes oper-
ating at the ridge axis and the timing of events to create seafloor.

The mantle basement of this ridge fragment appears to be crosscut by
a bundle of low-angle normal faults dipping eastwards. A thin volcanic
cover (up to 50 m) on its basement caps the uppermost one. The deepest
and the most extensional one is the basal thrust fault of the Chenaillet
ophiolite. Their arch shape in N-S direction suggests that when
spreading was active, this ocean fragment (5 km in width) was isolated
between two transform faults north- and south-wards. The existence of
the one in the north is constrained by the nearby large virgation of
basaltic feeder-dykes synchronous with eruptions and by our structural
analysis. Conjugate high-angle normal faults are rather frequent and
determine active cliffs, sometimes associated with tectono-sedimentary
breccia deposits.

Combining all the fault data, two paleostress trends of 63, N030° and
NO060° are emphasized (Fig. 4b). The dominant o3 striking NO30° is
consistent with the general organization of both the feeder-dykes of
volcanic systems and all of the low-angle faults. It fits also with the
existence of the transform fault to the north, itself parallel to a fault
separating the Cima Le Vert unit from the Serra Granet unit. The subor-
dinate o3 striking N060°, identified only in the eastern part of the ocean
fragment, is associated with the formation of the dome structure of the
Clot de la Gravie - Colle Bercia - Serra Granet core complex. All these
deformations occurred within the same extensional paleostress context,
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which induced ocean spreading.

Furthermore in this slice of the upper oceanic mantle represented by
the Chenaillet ophiolite, at one hundred meters deep, low-angle normal
faults intersect everywhere roots of volcanoes, which thus belong to
their hanging wall. So the end of the volcanic activity coincided with the
westward off-axis emplacement of low-angle faults. In addition both the
volcanic abyssal hill and the eastward peridotitic and gabbroic core
complex have been slightly laterally transferred off-axis westwards to
become the hanging walls of deeper detachment faults. This would be
the effect of the permanent westward drift of the lithosphere, whose
shifting velocity decreases from top to bottom due to the asthenospheric
mantle eastward flowing, which induces in turn the internal mantle
decoupling and the detachment fault genesis at all scales at shallow level
(Chalot-Prat et al., 2017).

Notice that activity of the low-angle faults did not disturb at all the
coherence of the numerous volcanic systems with respect to each other
within the abyssal hill, while hundreds of conic and in cascade volcanoes
retained their original geometry (Chalot-Prat, 2005). This suggests that
the block movement along any detachment fault concerns mainly its
footwall, leading to the lateral transfer of the mantle to the west and its
exhumation to the ocean seafloor when the volcanic cover is absent.
Thus this laterally exhumed basement has not the same age as the vol-
canoes above and is much older, because the migration ridge velocity Vr
is always higher than the half-spreading one hS.
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