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INTRODUCTION

Drill perforations and remote sensing showed that the oceanic crust at (ultra-)slow spreading ridges is
frequently characterized by km-scale gabbroic bodies intruded into peridotites of mantle origin (e.g., Cannat et
al., 1997; Kelemen et al., 2004). Petrological and geochemical studies on these gabbroic sections revealed
gabbroic lithologies with fairly different compositions (e.g., Dick et al., 2000; Blackman et al., 2006) testifying
the high compositional variability of the lower oceanic crust at (ultra-)slow spreading ridges (see also Dick et al.,
2010). The complex structure of the oceanic lithosphere, agrees several authors to the hypothesis that gabbros
may have been formed from episodic melt intrusions variably intruded into the lithospheric oceanic mantle (e.g.,
Cannat et al., 1997). This process matches the sill-accretion models (Kelemen et al., 1997), which is based on
observations of the Oman ophiolite and is considered to be relevant for the formation of modern fast spreading
ridges. However, the models of the creation of oceanic lithosphere at fast-spreading ridges are not appropriate
for (ultra-)slow spreading ridges (e.g., Dick et al., 2000) and the processes constraining the formation of
km-scale gabbroic sections in a scenario with relatively low melt supply are still controversial.

This thesis is aimed to constrain the processes that control the formation of the lower oceanic crust in
context of low melt supply. In particular, we focused our research on the first phases of the lower crust
generation process investigating the relationships between the lithospheric mantle and the primitive product of
the crystallization of the basaltic melts rising from the asthenosphere. In this study we describe the formation and
evolution of the lower oceanic crust from two different (ultra-)slow spreading settings, the Alpine ophiolites and
the Parece Vela Basin (Philippine Sea).

GEOLOGICAL SETTING

The alpine ophiolites

The ophiolite bodies of the Alpine-Apennine system are lithospheric remnants of the Ligure-
Piedmontaise (or western Tethys) basin. This basin developed in the Middle to Upper Jurassic in conjunction
with the opening of the Central Atlantic Ocean, separating the Europe-Iberia plate to the northwest from the
Africa-Adria plate to the southeast. Many authors advanced the hypothesis that most of the ophiolites from
Alpine-Apennines system may be considered analogues of an ocean-continent transition developed in a magma
poor system (e.g., Marroni et al., 1998). Anyway, several studies showed that a few ophiolitic sequences,
considered to represent oceanward palaeo-geographic domains of the Jurassic Ligure-Piedmontaise basin,
originally formed far from the continent. These successions are essentially represented by the Chenaillet
ophiolite from Western Alps (e.g., Lagabrielle & Cannat, 1990), the Mt. Maggiore mantle section from Corsica
(Rampone et al., 2008) and the Internal Ligurian ophiolites from Northern Apennine (Tribuzio et al., 2004;
Principi et al., 2004) (Fig. 1). Although, the origin of the mantle rocks associated with these gabbros is still
matter of debate (Piccardo et al., 2007; Rampone et al., 2008) there is a general consensus that the gabbros from
the innermost domains of the Ligure-Piedmontaise basin share many lithostratigraphic, structural and
compositional features with modern gabbroic section from (ultra-)slow spreading ridges. These gabbros may
thus be considered relevant to obtain models of accretion and exhumation of oceanic crust at (ultra-)slow-
spreading ridges.
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Fig. 1 - Paleogeographic and present-day
tectonic maps of the Alpine-Apennines system
and position of the studied ophiolite sections.
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The Godzilla Megamullion (Parece Vela Basin)

Godzilla Megamullion is an extremely large megamullion, which extends for 55 km along and 125 km
perpendicular to the axis of the central Parece Vela Basin (Philippine Sea). This basin is an extinct backarc basin
located between the Kyushu-Palau Ridge and the West Mariana Ridge (Fig. 2). The Godzilla Megamullion is
exposed on the southwestern flank of segment S1. Similar to the oceanic core complexes exposed along (ultra-)
slow spreading ridges, the Godzilla Megamullion is characterized by topographic corrugations which extend
parallel to the spreading direction from the axial valley of the ridge towards the breakaway area. The Godzilla
Megamullion has large lateral heterogeneity in the crust, varying from regions dominated by mantle peridotite,
overlain by a carapace of diabase and basalt, to regions with a massive gabbroic section (e.g., Ohara & Snow,
2009). The samples studied in this thesis were collected during the dive 6K-1147 located ~ 15 km from the
breakaway area of the Godzilla Megamullion. This area is considered to represent the zone where the
detachment fault initially nucleated and in is clearly marked by linear and low-relief abyssal hills parallel the
strike of the spreading axis at the south-west edge of the complex. The studied samples consist of troctolites and
olivine-gabbros.

™

s, .4,} .W’él-.kal:‘.._
g :
7
/!

| =
5| WestPriippre 3 Parece
\ Basin & Vel
1 = Basn
T g

Fig. 2 - The inset map shows the major bathymetric
features of the Western Pacific (after Ohara et al.,
2003). The red square shows the location of the
Godzilla Megamullion into the Parece Vela Basin.
The main map is a bathymetry map of the Godzilla
Megamullion showing the locations of dredge sites
and dives that recovered the gabbroic rocks studied so
far (Ohara et al., 2003; Harrigane et al., 2008). The
location of dive 1147 is shown by the white star. The
inactive spreading segments S1 and S2 are marked by
thick red lines. The names of the topographic features
in the Godzilla Megamullion are also shown.
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THE MANTLE EVOLUTION IN THE INNERMOST DOMAINS OF THE JURASSIC LIGURE-
PIEDMONTAISE BASIN (INTERNAL LIGURIAN OPHIOLITES)

The Mantle Sequence Scogna-Rocchetta Vara Ophiolite

The studied ophiolite is exposed for ~ 15 km? and consists mainly of two tectonic successions, namely the
Scogna and Rocchetta VVara. The Scogna succession consists mostly of an altered gabbroic section that is locally
overlain by gabbroic breccias. The Rocchetta Vara succession is characterised by a gabbro-peridotite basement
overlain by a sedimentary cover made up of gabbroic breccias, Middle-Upper Jurassic radiolarian cherts and
Cretaceous shaly pelagites (Principi et al., 2004). The Rocchetta Vara mantle sequence mostly consists of
peridotites commonly showing extensive serpentinization. The original fabric is generally preserved and the
peridotites show porphyroclastic to tectonitic foliation, characterised by alignment of porphyroclastic
orthopyroxene and spinel. The peridotites locally include up to 3 cm thick pyroxene-rich layers that are generally
boudinaged and elongated nearly concordantly with respect to the foliation of the host rocks. The peridotites
frequently contain subparallel plagioclase-rich veinlets (up to 2 mm thick and up to 2 cm long) that broadly
follow the foliation of the host rocks.

The Rocchetta Vara mantle sequence locally also includes dunite bodies that are up to metre-scale in
thickness. These bodies are elongated nearly parallel to the tectonitic foliation and include mm-scale aggregates
made up of euhedral spinel. The peridotite foliation and the dunite bodies are locally crosscut by troctolite to
olivine-gabbro dikes. These dikes are up to metre-scale in thickness and commonly show diffuse contacts with
the host rocks. In one sector of the Rocchetta Vara succession, a gabbroic intrusion (up to 400 m thick) is
exposed below a ~ 150 m thick mantle sequence. In particular, the mantle sequence overlying the gabbroic
intrusion contains sills up to 3 m thick. These
gabbroic sills display sharp planar boundaries to the | o ™
host peridotites, without grain size reduction and
commonly crosscutting the gabbro dike at a high
angle (~ 70°).
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geochemical characterization and we cannot
discriminate between these two different origins by the chemistry of the rock. However, our study shows that all
the event of melt-rock interaction and deformation suffered by the studied mantle are compatible with those
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described in some modern (ultra-)slow spreading center. We recognized a series of melt/peridotite interaction
events, either diffuse or channeled, which modified the composition of the precursor mantle. Localized
infiltrations of MORB-type melts gave rise to formation of spinel websterite layers close to the lithosphere-
asthenosphere boundary. The peridotite-websterite association was involved in a spinel facies deformation
attributed to emplacement of asthenospheric material at the base of the lithosphere. The successive exhumation
of the mantle section from spinel to plagioclase facies conditions was accompanied by the injection of depleted
melt leading to the formation of replacive dunites and plagioclase impregnation. These events constitute the
“hot” lithospheric evolution of the mantle sequence. The cooling of the mantle sequence leads to the
crystallization of gabbroic material within the mantle and the formation of the km-scale gabbroic plutons.

THE FORMATION OF A KM-SCALE LOWER CRUSTAL SEQUENCE FROM CORSICA OPHIOLITES
(PINETO GABBROIC SEQUENCE)

The Large Scale Structure of the Pineto Gabbroic Sequence

The Pineto gabbroic sequence outcrops in Northern Corsica; the sequence is situated at the top of the
Alpine tectonic stack and is unaffected by the Alpine-related metamorphic re-crystallization under high
pressure/low temperature conditions. It mostly consists of layered troctolites, olivine-gabbros and clinopyroxene-
rich gabbros, whose whole-rock compositions indicate a process of fractional crystallization from MORB-type
melts (Beccaluva et al., 1977; Saccani et al., 2000). The gabbroic sequence is covered to NW by a meter scale
thick MORB-type basalt flow, in turn followed by a sedimentary cover consisting of Middle-Upper Jurassic
radiolarian cherts and Lower Cretaceous shaly pelagites (Durand-Delga et al., 2005).

The Pineto gabbroic sequence may be subdivided into two main portions displaying different bulk
compositions: the upper portion of the sequence, toward the sedimentary cover, mainly consists of
clinopyroxene-rich gabbros locally interlayered with troctolite lenses containing olivine-rich (Ol ~ 80 vol%)
troctolite bodies. The stratigraphically lower portion is mostly made up of troctolites and Ol-gabbros. The
modal/grain-size layering is concordantly NW-deeping throughout the Pineto gabbroic sequence, thereby
allowing us to evaluate its thickness in ~ 2 km. Notably, the estimated thickness exceeds the maximum depth
reached by drill perforations at (ultra-)slow spreading ridges (Dick et al., 2000; Blackman et al., 2006). Several
bodies of serpentinized mantle peridotites (up to 100 m in thickness) were also found within the gabbroic
sequence. The Hole U1309D at Mid Atlantic Ridge (Blackman et al., 2006) drilled rock types those are
structurally and compositionally similar to those constituting the Pineto gabbroic sequence. For instance, olivine-
rich troctolite bodies and slices of serpentinized peridotites of mantle origin were collected in both Hole U1309D
(see also Suhr et al., 2008) and Pineto gabbroic sequence. The large-scale structure of the Pineto gabbroic
sequence is mainly distinct from Hole U1309D in the high proportion of troctolites in its lowermost sector.

Model for the growth of the lower crustal sequence

Petrological variations of mineral cores (plagioclase olivine and clinopyroxene) and cooling rate
estimates using Ca in olivine geospeedometer (see Coogan et al., 2005) document that the complex architecture
of the studied gabbroic sequence is produced by the association of variably evolved sill-shaped intrusions that
were derived from the different primitive melt injections, similar to the sill accretion model proposed for the
gabbroic pluton exposed at (ultra-)slow spreading ridges (e.g., Grimes et al., 2008).

For the sake of simplicity, it deals with the building of a gabbroic sequence formed by two different
primitive melt injections. In the first stage, the gabbroic sequence started to grow through the sill accretion
model proposed by Kelemen et al. (1997) for the Oman ophiolite. A primitive melt is intruded within a
lithospheric mantle that is cooled by active hydrothermal circulation and crystallizes in situ, thereby forming sills
consisting of primitive troctolites. The melts residual after the formation of the troctolites migrate through
focused flow and develop sills that are progressively more evolved upward. In the second stage, a new primitive
melt injection involves the lithospheric section. This primitive melt may intrude the lithospheric mantle below
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the first stage primitive troctolites, thereby forming primitive troctolites at deeper levels. Alternatively, the new
primitive melt injection dissects the sills derived from the first primitive melt injection and develop primitive
troctolites at shallower levels. In both cases, the melts, residual after the formation of the second stage primitive
troctolites, migrate upward and yield a series of variably evolved sills intruding the first stage sill series. Evolved
gabbroic sills derived from different primitive melt injections may therefore be physically associated.

If repeated injections of primitive mantle-derived melts occur, this process will lead to a km-scale
gabbroic sequence characterized by: i) primitive troctolite lenses at different depths, and ii) a high proportion of
primitive and evolved gabbroic rocks in its lower and upper portion, respectively. The increasing thickness of the
cumulate pile may produce compaction of the lower sills, thereby enhancing the separation of the interstitial
evolved melts and leading to minor diffuse melt flow. It is worth to note that the growth of the gabbroic section
from Hole U1309D at Mid Atlantic Ridge was attributed to different episodes of sill intrusive activity on the
basis of U/Pb zircon geochronology (Grimes et al., 2008), thereby matching the proposed conceptual model for
the Pineto gabbroic sequence.
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Fig. 4 - Sketch representing the proposed conceptual model for the growth of the Pineto gabbroic
sequence. Sills lack or have black boundaries to represent sills derived from the first and the second
mantle-derived batch, respectively.

MELT-PERIDOTITE INTERACTIONS DURING THE FIRST PHASES OF THE FORMATION OF THE
GABBROIC PLUTONS: EVIDENCE FROM THE TROCTOLITES OF THE GODZILLA MEGAMULLION

Troctolites and olivine-gabbros from Godzilla Megamullion

Troctolites are subdivided into OI- and PI-troctolites (olivine or plagioclase > 60% respectively).
Ol-troctolites are the most abundant variety, with high Fo, rounded polygonal olivine (up to 0.5-5 mm).
Plagioclase is subhedral to rarely oikocrystic, whereas coarse-grained Cpx oikocrysts (up to 30 mm) are common
and locally may reach up to 10 vol% (Fig. 3a). Cpx films, intergranular to olivine, are optically continuous with
nearby Cpx oikocrysts. Commonly, Cpx shows planar crystal faces against the plagioclase and irregular
embayed morphologies against olivine. Similar textures and compositions have been documented in other
Ol-rich troctolites from U1309D at Mid Atlantic Ridge (i.e., Drouin et al., 2009; Suhr et al., 2008) and from
Alpine ophiolites (i.e., Renna & Tribuzio, 2011). In particular, these authors interpreted these rocks as the
products of partial dissolution and impregnation of a dunite matrix. The dunite having, itself, been formed by
melt-rock reaction between MORB and mantle peridotite. In this study we show that a similar process can
explain the texture and the composition of the Ol-troctolites from Godzilla Megamullion. However, the different
composition of the olivine from Godzilla Megamullion Ol-troctolites reflects a different environment of
formation. The PI-troctolites have anhedral to oikocrystic olivine in a plagioclase matrix. Olivine oikocrysts
occur in all sections, reaching 30 mm in size. Plagioclase chadacrysts are commonly present within olivine
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oikocrysts, where they frequently have rounded boundaries, subhedral habits and irregular shape. These textures
indicate the local dissolution of the plagioclase during olivine crystallization. Note that the grain boundaries
between olivine oikocrysts and plagioclase are always curved and that inverse zoning of the resorbed plagioclase
chadacrysts within olivine indicates partial re-equilibration of the plagioclase with a more primitive exotic melt.
Cpx in the Pl-troctolites varies from interstitial grains to coarse-grained oikocrysts. The Ol-gabbro has euhedral
to subhedral plagioclase (0.5-7 mm), subhedral to interstitial olivine (0.5-2 mm) and granular to poikilitic Cpx.
Note that high Mg# and Cr in Cpx oikocrysts from the Ol-troctolites, the Pl-troctolites and the Ol-gabbros
indicate crystallization through dissolution of high Fo olivine (see also Lissenberg & Dick, 2008) rather that
crystallization at high pressures (Elthon, 1987).

Melt-mantle interactions: modelling the formation of the Ol-rich troctolites and their influences on the
composition of evolved gabbros

Located in a mantle outcrop 15-km from the breakaway zone of Godzilla Megamullion, the Dive
6K-1147 troctolites and olivine gabbros reflect sub-axial melt evolution in the shallow cold lithosphere of the
ancient backarc Parece Vela Ridge. Their composition was controlled by melt-rock reaction with the enclosing
mantle, reflecting solidification by reaction and conductive cooling of ascending melts. They are distinguished
by lower olivine nickel contents from olivine-rich troctolites found enclosed in the thick gabbro sequence at
Atlantis Massif (Drouin et al., 2009; Suhr, 2008). Modelling the formation of these rocks in the forsterite versus
NiO space, we found that the nickel content of olivine has strong importance in constraining the environment of
formation of olivine-rich rocks in the lower crust and mantle, the extent and nature of the processes by which
they form, and the magma budget involved.
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Fig. 5 - Variation of forsterite content in olivine and Mg# in Cpx versus anorthite content in plagioclase for mineral cores
from the gabbros and troctolites of the Godzilla Megamullion (Ohara et al., 2003; Harigane et al., 2008; this study).
Abyssal gabbros from Dick et al., 2002; Suhr et al., 2008; Lissenberg & Dick, 2008; Drouin et al., 2009; Dick et al., 2010.

Furthermore, these mantle-melt reaction processes produced differentiated melts that then followed a
crystal-line of descent parallel (but at lower An) to that found for large abyssal gabbro massifs, such as Atlantis
Bank and Atlantis Massif, where the influence of the mantle on evolving liquids was minimal, and melts
generally more closely follow a simple fractional crystallization trend (Fig. 5). Troctolites similar to those
reported here were recovered in gabbroic segregations drilled in dunite crosscutting residual harzburgite at Hess
Deep (East Pacific Rise) mantle (see Fig. 12f in Dick & Natland, 1996). Trace element analyses of Cpx in these
channels documented for the first time that fully aggregated MORB forms in the mantle prior to intrusion to
crustal levels (Dick & Natland, 1996), consistent with our interpretation of the Godzilla troctolites. It is
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noteworthy that our data, along with that from Hess Deep, show that melt stagnation and mantle-melt reactions
are present across the range of the ocean ridge spreading rate spectrum.

GENERAL CONCLUSIONS

In this study we emphasized the similarities between two sections of the Ligurian and Corsica ophiolites
and some abyssal section from (ultra-)slow spreading ridges. We thus propose a model for the generation of the
oceanic lithosphere of the Ligure-Piedmontaise basin, which resembles the models of proposed for the slow-
spreading ridges. In the mantle sequence of Scogna-Rocchetta Vara ophiolite, we recognized a series of
melt/peridotite interaction events, either diffuse or channelled, which modified the composition of the precursor
mantle. Localized infiltrations of MORB-type melts at high pressures forming spinel websterite layers; a spinel
facies deformation attributed to emplacement of asthenospheric material at the base of the lithosphere; the
exhumation of the mantle section from spinel to plagioclase facies conditions was accompanied by the formation
of replacive dunites and plagioclase impregnation. This constitutes the “hot” lithospheric evolution of the mantle
sequence. The cooling of the mantle sequence leads to the crystallization of gabbroic material within the mantle
and the formation of the km-scale gabbroic plutons. In particular, the study of the Pineto gabbroic sequence
allowed us to obtain a model for the formation of the lower crust through a process of accretion of sill-shaped
intrusions derived from different primitive melt injections.

Then, we focused our research on the first phases of the formation of the pluton studying the primitive
crystallization products of the melt rising from the mantle, studying the troctolites and associated gabbros from
the breakaway area of the Godzilla Megamullion (Parece Vela Basin, Philippine Sea). We showed that the melt-
rock interaction widely occur within the mantle lithosphere forming hybrid rocks containing high amount of
mantle material. Modelling the formation of these rocks we inferred that the mantle-melt reaction processes may
affect the chemistry of the entire lower oceanic crust.
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