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ABSTRACT

The Eocene Peridotite Nappe of New Caledonia is a natural laboratory for forearc ophiolite processes and their impact on mantle rocks. The ophiolite
includes highly refractory harzburgite-dunite association (up to 2500 m thick) with minor lherzolites, overlain by mafic and ultramafic cumulates forming a
proto-arc lower crust. The mafic-ultramafic association was obducted during the latest stages of Eocene subduction (~34 Ma). Harzburgites, which constitute
most of the ophiolite, are highly residual and preserve evidence for hydrous melting superimposed on an earlier anhydrous melting event. Their broad isotopic
variability further reflects the evolution of an ultra-depleted fore-arc mantle, variably overprinted by fluid and melt inputs during Eocene subduction. Com-
bined mineralogical, geochemical, and Sr-Nd-Pb isotope data indicate melting accompanied by syn- to post-melting metasomatism driven by slab-derived flu-
ids and melts. Lherzolites, restricted to the northern massifs, may represent the remnants of a pre-Eocene marginal basin located to the east of New Caledonia/
Norfolk Ridge. These moderately depleted rocks show evidence for anhydrous melting and post-melting re-enrichment. The ophiolite is crosscut by a diverse
suite of pre-obduction dikes (55-50 Ma), generated mainly from adakitic slab melts that variably interacted with mantle-wedge peridotites, producing second-
ary melts, which differentiated into boninite-series felsic dikes and rare clinoenstatite boninites. Boninite-like and highly depleted tholeiitic melts interacted
with harzburgites, producing a thick dunite transition zone and associated cumulate lenses composed of wehrlites, websterites, and gabbronorites.

The occurrence of diverse xenocrysts (rutile, zircon, low 8'3C diamond and moissanite) in unserpentinized peridotites and chromite pods documents
fluid-driven solid-phase transfer from subducted sediments into the mantle wedge peridotites.

At lower temperatures, slab-derived hydrous fluids circulation led to the serpentinization of the mantle wedge peridotites, up to 100% near the base of
the ophiolite. The fractures in already serpentinized peridotites were locally infiltrated by Ca(-Sr)-rich hydrous fluids derived from the leaching of felsic dikes
and reactivated in a transcurrent regime. Syntectonic Ca metasomatism resulted in tremolite formation, then antigorite+tremolite and finally antigorite-bearing
crack seals with the exhaustion of Ca-rich fluids. At the end of the episode of forearc magmatism (50-47 Ma), island-arc tholeiitic dikes associated with slab
steepening and mantle upwelling intruded the already cooled forearc peridotites. Subsequent evolution relates to post-obduction supergene evolution (33 Ma-
present), while serpentinization in deep parts of the ophiolite is still moderately active and marked by hydrogen seepage in hyperalkaline springs.

Overall, the New Caledonia ophiolite records a polyphase evolution of the forearc mantle, documenting successive melting events and pervasive metaso-

matic overprint driven by fluid, melt and solid phase transfers from the slab to the mantle wedge and within the mantle wedge itself.

INTRODUCTION

Since the early definition by Alexandre Brongniart (1813),
ophiolites (etymologically “snake rock™ due to the occur-
rence of serpentine thought to cure snake bites in ancient
times) have been a continuous object of attention and debate.
In its modern sense, the concept of ophiolite covers all rock
assemblages that originated from the oceanic lithosphere and
were tectonically emplaced on a continental margin (e.g.
Moores, 1982; Shervais, 2001; Dilek, 2003). An ophiolite
may be emplaced either from downgoing oceanic lithosphere
via subduction-accretion (Cordilleran type) or from the upper
plate in a subduction zone through trench-continent collision
(Tethyan type) (Beccaluva et al., 2004; Dilek and Furnes,
2014). Ophiolites derived from the lower plate by subduc-

tion accretion are generally tectonically sliced at low or mod-
erate temperature, thus strongly deformed and dominated
by oceanic crustal material of MORB affinity. In contrast,
Tethyan or supra-subduction zone (SSZ) ophiolites display
more complete and continuous ultramafic-mafic sequences,
which have been strongly affected by various processes due
to transfers from the downgoing plate into the mantle wedge.
SSZ ophiolites have the geochemical characteristics of is-
land arcs but the structure of oceanic crust and are thought to
have formed by seafloor spreading directly above subducted
oceanic lithosphere. They differ from ‘MORB’ ophiolites
not only in crust geochemistry but also in the more deplet-
ed nature of their mantle sequences and the more common
presence of podiform chromite deposits (Pearce et al., 1984).
Despite the extreme depletion of SSZ mantle rocks in incom-
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patible elements, modern analytical methods and novel iso-
topic approaches highlight various processes that reveal the
complex evolution of the supra-subduction mantle. Thanks to
its rugged topography and man-made outcrops resulting from
nickel mining, New Caledonia preserves excellent exposures
of ophiolitic rocks. Additionally, the Eocene obduction did
not lead to continent-continent collision, so the ophiolite
avoided the tectonic dismemberment that occurs in most col-
lisional orogens.

This article presents a comprehensive review of geologi-
cal, geochemical, and isotopic data published on the New
Caledonia Ophiolite over the past three decades, with the
aim of synthesizing current understanding of melt-fluid-
solid phase transfer processes in a forearc setting. The com-
piled dataset provides key insights into the complex inter-
play between melts, aqueous fluids, and mantle peridotites,
documenting the pathways and mechanisms of material
transfer from the subducting slab to the overlying mantle
wedge, as well as the redistribution and interaction of these
components within the mantle wedge itself. Particular em-
phasis is placed on how these processes control metasoma-
tism, element mobility, and the chemical evolution of the
forearc lithosphere.

GEOLOGIC SETTING

The New Caledonia archipelago in the south-west Pacific
is located within a complex set of marginal basins and con-
tinental or volcanic arc ridges. It comprises several islands
that form part of the parallel New Caledonia/Norfolk and
Loyalty ridges. The main island (known as “Grande Terre”)
belongs to the New Caledonia/Norfolk Ridge, representing

the northern part of the largely submerged Zealandia conti-
nent (Luyendyk, 1995; Mortimer et al., 2017) (Fig. 1a). The
Belep Islands, located north of the main island, and the Isle
of Pines, located south, also belong to the New Caledonia/
Norfolk Ridge.

The New Caledonian ophiolite, also known as the Perido-
tite Nappe (PN), is part of the ultramafic belt, which extends
from Papua New Guinea to New Caledonia (Rodgers, 1975)
and farther south (Patriat et al., 2018). Peridotite Nappe was
first described by Avias (1967) and named by Paris (1981).
It consists mainly of ultra-depleted and strongly foliated har-
zburgites and dunites, a dunitic transition zone and mafic/ul-
tramafic cumulate lenses (in the south). Lherzolites are only
present in northern massifs, closely associated with chro-
mitite pods. The Peridotite Nappe covers an area of about
7,000 km?; it extends 540 km from the Belep Islands in the
northwest to Pines Island in the southeast (Fig. 1b). Addition-
ally, ultramafic rocks were dredged over c. 1,200 km to the
south, establishing a connection with the ophiolites of north-
ern New Zealand (Patriat et al., 2018).

On the main island of New Caledonia (Grande Terre),
the Peridotite Nappe comprises a large unit in the south-
east (Massif du Sud), which extends along the east coast (c.
4,150 km?). Tectonic klippes (25-350 km?) are spread along
the west coast and in the Belep Islands, while a few small
units (3-30 km?) are isolated in the island’s highlands (Fig.
1b). These klippes are erosional remnants of the large alloch-
thonous unit that initially covered most of the island surface
and is interpreted as part of the Loyalty forearc mantle wedge
(Aitchison et al., 1995; Cluzel et al., 2001, 2016). The Perido-
tite Nappe was thrust southwestward over a substrate consist-
ing of sedimentary, volcanic and metamorphic rocks ranging
in age from the Permian to the Latest Eocene (Cluzel et al.,
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2001; Maurizot et al., 2020a,b). Small, upper Oligocene (c.
24.5 Ma) granodiorite intrusions intersect with the Peridotite
Nappe and its substrate, which loosely constrains the timing
of ophiolite obduction to the latest Eocene to upper Oligo-
cene period.

The PN is less than 1,000 meters thick in the massifs along
the west coast and is probably no more than 2,500 meters
thick in the Massif du Sud. The base of the Peridotite Nappe
is made up of a porphyroclastic mylonite layer known as the
“serpentinite sole”. Its variable thickness (20-200 metres) is
due to tectonic replication by shallow-dipping thrusts, as well
as the accumulation of serpentinite breccia in depressions of
the substrate. Except for rare locations (Me Maoya Massif),
the degree of serpentinisation decreases from 100% at the
base to 60-80%, with only a few nuclei completely escaping
serpentinisation (referred to as the “green upper facies” by
nickel mining geologists).

High-temperature amphibolite lenses, which are a few
hundred meters in length and a few tens of meters thick at
most, are pinched beneath the serpentinite and the Peridotite
Nappe substrate. Geochemically, they are similar to the back-
arc basin basalts of the Poya terrane (see below), and it is
thought that they resulted from the HT-LP metamorphism of
basalt lenses that had been scraped off beneath the hot over-
riding lithosphere during the inception of subduction at, or
close to, a spreading ridge. Geochronological evidence (U-Pb
on zircon overgrowths and “°Ar/*°Ar on hornblende) yielded
a metamorphic recrystallization age of approximately 56 Ma,
which is interpreted as marking the timing of subduction in-
ception (Cluzel et al., 2012). The Peridotite Nappe is rooted
in the Loyalty Basin, as evidenced by the presence of a nar-
row positive gravity anomaly (+100 mGal) running parallel
to the east coast of Grande Terre (Collot and Missegue, 1986;
Collot et al., 1988; Auzende et al., 2000) (Fig. 1b). To the
northeast of the root zone, it extends into the gently north-
east-dipping basement of the Neogene to Recent Loyalty Ba-
sin (Fig. 1b) (Shor et al., 1971; Pontoise et al., 1982; Bitoun
and Recy, 1982). The positive gravity anomaly also marks the
300 km extension of the root zone of the ultramafic complex
north of the Belep Islands (Collot et al., 1988). The northeast
dip of the Moho and the fan-like geometry of the seismic re-
flectors at the base of the sedimentary strata (Fig. 1S) indicate
syn-tilt, i.e. syn-obduction infill (Bitoun and Récy, 1982). In
contrast, the upper 80% of the sedimentary strata accumu-
lated horizontally, suggesting post-tilt, i.e. post-obduction
sedimentation. Top to the SW emplacement is revealed by
kinematic indicators from the serpentinite sole (Gautier et al.,
2016; Le Bayon et al., 2023; Maurizot et al., 2023).A variety
of dikes displaying supra-subduction geochemical signatures
crosscut the ophiolite at all levels, though there is a higher
density near the base. These dikes were emplaced during
the lower Eocene (55.5-50 Ma, U-Pb zircon and 50-47 Ma,
YOAr/*¥Ar for basalts) shortly after subduction inception (Clu-
zel et al., 2006, 2024).

Throughout the study area, the Poya Terrane lies beneath
the Peridotite Nappe (Fig. 1b). It is subdivided into two units:
the Poya Terrane Basalts (PTB) and the Koné Formation
(KF). PTB is an allochthonous set of m- to km- thick upright
tectonic slices of pillowed and massive basalt associated with
thin inliers of bathyal sediments (red, black and green argil-
lite and chert). The main body of this unit is located along
the west coast where it is 10 km wide, and extends over a
length of 250 km from Bourail to Koumac; smaller and less
continuous units are located along the east coast and beneath
the front thrust of the Massif du Sud (Fig. 1b). Outcrops of
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the PTB generate a magnetic anomaly, which extends north-
westward over 200 km (up to 18°S) from the northern tip of
the island, marking the northern submarine extension of the
PTB (Collot et al., 1988).

Paleomagnetic evidence suggest that PTB erupted to
form the oceanic floor of the South Loyalty Basin (Cluzel et
al., 2001) to the north-east of New Caledonia, about 300 km
north of its current location (Ali and Aitchison, 2000). Inliers
of bathyal sedimentary rocks, which are closely associated
with pillow basalts, contain Campanian-latest Paleocene or
earliest Eocene radiolarians (Aitchison et al., 1995b; Cluzel
et al., 2001). Poya Terrane basalts are dominantly tholeiitic
and represent remnants of an oceanic or marginal basin crust
(Cluzel et al., 2001, 2017). Subordinate intra-oceanic alka-
line basalts display micritic interpillow material with Late
Paleocene-Early Eocene microfaunas. Minor dolerite dikes
with E-MORB affinities emplaced later in the early Eocene.
Owing to the overall characteristics exposed above, the Poya
Terrane basalts may be considered a cordilleran-type ophiol-
ite (Cluzel et al., 2017).

The Koné Formation underlies the PTB tectonically. It
consists of Late Cretaceous, fine-grained, passive margin
turbidites, intruded by dolerite sills 10 to 100 m thick. Pale-
ontological evidence and zircon provenance data show that
the KF is coeval to the autochthonous Formation a Charbon
(Cluzel et al., 2017). Large dolerite sills with EMORB affini-
ties were intruded at c. 55 Ma (Lower Eocene, U-Pb zircons)
and developed contact metamorphism (Cluzel et al., 2017).

Except for its northernmost exposure along the east
coast, where blueschist-facies minerals are scarce and oc-
cur with ductile deformation (Meffre, 1995; Cluzel et al.,
2017), the Poya Terrane is not regionally metamorphosed
and shows no ductile deformation. Only a few localities di-
rectly beneath the Peridotite Nappe display a rough schis-
tosity over a few meters below the basal contact. Slices of
Poya Terrane rocks were first scraped off the upper part of
the crust of the South Loyalty Basin (the lower plate) during
NE-dipping subduction (Cluzel et al., 2001). They were then
accreted in a forearc region and thrust onto New Caledonia
during the Late Eocene, as recorded by clinopyroxene-rich
foreland turbidites (Maurizot and Cluzel, 2014; Cluzel et al.,
2025). Basalt accretion, underplating and thrusting over the
New Caledonia/Norfolk Ridge occurred c. 5-6 Ma prior to
the obduction of ultramafic rocks at the end of the Eocene
(Cluzel et al., 2025).

Though not strictly demonstrated, it is generally assumed
that New Caledonia emerged shortly after obduction in the
early Oligocene period. Furthermore, the erosion of regolith
material documented in the Lower Miocene Népoui Forma-
tion (Coudray, 1976; Sevin et al., 2014; Sevin et al., 2020)
suggests that tropical weathering began during the Oligo-
cene. This view is supported by the paleomagnetic dating of
the lateritic iron crusts on the Tiebaghi Massif, which date
to the Late Oligocene (25 Ma) (Sevin et al., 2012) and prob-
ably mark the end of one of the main weathering episodes.
The weathering profile that developed on peridotite typically
consists, from base to top, of bedrock, coarse saprolite, fine
saprolite (yellow and red laterite), a nodular horizon and
discontinuous iron crust. Saprolite is a permeable material
that typically contains high levels of nickel due to the substi-
tution of magnesium for nickel in serpentine by circulating
surface waters. Both the regolith, which bears a world-class
nickel resource, and the bedrock were deeply dissected by
erosion during an episode of uplift, probably due to the late
Oligocene slab break off (Sevin et al., 2014).
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HIGH TEMPERATURE TRANSFER
IN THE SUPRA-SUBDUCTION MANTLE

The harzburgite main body:
petrological and geochemical data

Harzburgites of the New Caledonia Ophiolite are ultra-
depleted rocks, lacking primary clinopyroxene and display-
ing some of the lowest trace element contents reported in
mantle samples worldwide (Prinzhofer and Allegre, 1985;
Bodinier and Godard, 2013). This extreme depletion reflects
a polyphase melting history involving multiple episodes of
melt extraction, possibly mediated by fluids. As a result, their
geochemical characterization long remained challenging, un-
til analytical advances in the 2000s enabled the acquisition of
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high-quality trace element and isotopic data (e.g., Marchesi
et al., 2009; Ulrich et al., 2010; Pirard et al., 2013; Secchiari
et al., 2020a).

To minimize the effects of elemental mobility related to
serpentinization and/or tropical weathering, the geochemi-
cal and isotopic data of New Caledonian harzburgites were
determined from fresh samples with minimal or very low
serpentinization ratios (LOI = 0-3 wt.%). These harzburgites
are spinel tectonites dominated by olivine and orthopyrox-
ene and systematically lack primary clinopyroxene. Mineral
chemistry consistently reflects their highly refractory char-
acter (Ulrich et al., 2010; Marchesi et al., 2009; Secchiari
et al., 2020a). Olivine displays high Fo contents (90.7 to
92.6 mol.%), spinel shows elevated Cr# (0.440-0.715), and
orthopyroxene is both Al-poor (1.30-2.73 wt.% Al,O5) and

10.0 [
95 F
9.0 |
85
% 80F
B r
g C
2 75F
= r
S L
o 70
2 N
u L
6.5 f
6.0 F|{ O Massif du Sud
A Koniambo (] Harzburgite
55 F O Kopeto @ Forearc peridotites
2 '] © Tiebaghi L
F | O Poum (O Abyssal peridotites : :
50— L . L . L . I : i . i ]
36 38 40 42 44 46 48 50
MgO (anhydrous)

A7 1 1 1 I

CaO0 (anhydrous)

36 38 40 42 44 46 48 50
MgO (anhydrous)

Fig. 2 - Bulk-rock abundances (calculated on an anhydrous basis) of SiO,, FeO, Al,O5, and CaO of New Caledonia harzburgites. The calculated melting trends
represent the compositional evolution of a residual peridotite applying the model of Niu (1997). New Caledonia harzburgite data are from Ulrich et al. (2010)

and Secchiari et al. (2019).



characterized by high Mg# (Mg# = 0.914-0.924). Taken to-
gether, all these features are consistent with high degrees of
melt extraction past clinopyroxene consumption.

Bulk-rock compositions display very low Al,O; (0.41-
1.21 wt.%), CaO (0.29-0.66 wt.%) and TiO, (<0.01 wt.%)
contents, coupled to elevated Mg# values (0.917-0.925). The
MgO content ranges from 44.16 to 47.62 wt.%, and it is nega-
tively correlated with SiO, (41.05 to 45.08 wt.%), as well as
Al,O;, as predicted for mantle melting (Fig. 2).

On chondrite-normalized rare earth element (REE) pat-
terns, all samples display extremely low REE contents (Fig.
3a), with concentrations ranging between 0.002 and 0.1 times
chondritic abundances. With only a few exceptions, the harz-
burgites exhibit U-shaped patterns, characterized by strongly
depleted HREE (DyN/YbN = 0.07-0.16) and fractionated
LREE-MREE segments ((La/Sm)N = 2.22-8.30). Such U-
shaped REE patterns cannot be generated by simple fractional
melting, which typically produces concave downward chon-
drite-normalized REE profiles with flat HREE segments and
depleted LREE. By contrast, U shaped REE patterns require
selective LREE re-enrichment over MREE, implying the ad-
dition of an external component. This feature is commonly
attributed to interaction with slab-derived fluids or melts in
supra-subduction zone settings (Parkinson and Pearce, 1998).

Primitive-mantle (PM)-normalized trace element pat-
terns further highlight the extreme depletion of these rocks
(Fig. 3b), with most trace elements lying between 0.001- and
0.1-times PM abundances. Superimposed on these depleted
patterns are small positive anomalies in fluid-mobile elements
(FME; e.g.,Cs,Ba, Sr), along with a pronounced Pb spike (up
to 1000 times PM). Such enrichment patterns are commonly
interpreted as evidence of interaction with slab-derived fluids,
as Pb and other FME are preferentially mobilized during de-
hydration of altered oceanic crust and subducted sediments.
The decoupling between enriched fluid-mobile elements and
depleted high field strength elements is therefore characteris-
tic of fluid-assisted melting in supra-subduction zone settings
(Parkinson and Pearce, 1998; Bizimis et al., 2000).

Melting modeling and post-melting metasomatism

Major element variations (Fig. 2) indicate extremely high
degrees of partial melting. Compared with anhydrous melt-
ing trends (Herzberg, 2004), the New Caledonia harzbur-
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gites display very low AlL,O, contents, consistent with melt
extraction up to 25-30%. Similarly, geochemical modelling
performed on whole-rock and orthopyroxene REE composi-
tions points to very high degrees of partial melting (>25%),
locally exceeding clinopyroxene exhaustion, of a depleted
mantle source within the spinel stability field (Marchesi et
al., 2009; Ulrich et al., 2010; Secchiari et al., 2020a). Such
elevated melt extraction rates are difficult to reconcile with
one single melting event and are best-explained by a two-
stage evolution, involving an initial episode of dry melting,
followed by fluid-assisted melting in a forearc setting (Sec-
chiari et al., 2020a).

Despite their extremely low HREE contents, the New
Caledonia harzburgites exhibit systematic enrichments in
incompatible trace elements, including LREE, MREE, Nb,
Zr, Hf and fluid-mobile elements (FME) such as Ba, Sr and
Pb, both for whole rock (Fig. 3b) and orthopyroxene. These
enrichments cannot be explained by melt depletion alone. In
particular, while HREE abundances are well reproduced by
high-degree melting models, concentrations of LREE-MREE
and some HFSE are significantly higher than predicted for a
purely residual composition. This decoupling indicates that
the mantle residue was subsequently modified by interaction
with supra-subduction zone fluids and melts.

Geochemical modelling shows that FME enrichment can
be accounted by slab input during fluid-assisted melting (Sec-
chiari et al., 2020a), consistent with observations from other
modern and fossil forearc mantle sequences (e.g. Parkinson
and Pearce, 1998; Shervais and Jeans, 2012; Jean and Sher-
vais, 2017). However, additional processes are required to
explain the abundances of the other incompatible trace ele-
ments. In the New Caledonia harzburgites, selective enrich-
ments in incompatible elements, such as MREE, Nb, Zr, Hf,
are closely associated with the occurrence of thin films of in-
terstitial ortho- and clinopyroxenes (Secchiari et al., 2020a)
and spinel-pyroxene symplectitic intergrowths (Secchiari et
al.,2019).

The presence of thin films of orthopyroxene, character-
ized by low Al,O;, CaO and Cr203, has been often docu-
mented in arc xenoliths (Arai et al., 2004; Ishimaru et al.,
2007; Mclnnes et al., 2001). These films are interpreted as
products of mantle wedge metasomatism operated by either
Si0,-rich slab-derived aqueous fluids (containing a dissolved
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Fig - 3. a) Chondrite-normalized REE patterns showing the REE enrichment of moderately serpentinized harzburgites (circle and diamond symbols; Marchesi
et al., 2009; Ulrich et al., 2010) compared to the U-shaped unserpentinized ones (square symbols; Secchiari et al., 2019); b) Extended trace elements patterns
normalized to the Primitive Mantle showing the enrichment in FME relative to REE (Secchiari et al., 2019). The color chart refers to the sampling locations.
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silicate component) or by hydrous silicate melts. Taken to-
gether, these petrographic and geochemical features support
a scenario in which a highly depleted mantle residue was sub-
sequently overprinted by local melt addition during forearc
evolution. Although these subduction-related contributions
are clearly recorded, geochemical modelling indicates that
the addition of incompatible elements was quantitatively lim-
ited (Secchiari et al., 2020a).

Radiogenic Sr-Nd-Pb isotopes further constrain the evo-
lution of the New Caledonia harzburgites. Age-corrected (53
Ma) Sr and Nd isotopic compositions (Fig. 4) display a wide
range of compositions, from depleted MORB-like signatures
to enriched, sediment-like values (Secchiari et al., 2020a). Ini-
tial '*Nd/'**Nd ratios span from 0.51253 to 0.51278, while
87Sr/86Sr ratios range between 0.70257 and 0.70780. This vari-
ability indicates mixing between a depleted mantle source and
an enriched component. The careful selection of fresh samples
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excludes significant alteration effects, ruling out seawater in-
teraction as the cause of the isotopic signatures. Instead, the
enriched component is best explained by contributions from
subducted sediments and/or slab-derived fluids.

Pb isotopes further support this interpretation. Initial
206pp/204ph, 207Pb/2%4Phb, and 2%Pb/?%*Pb ratios range from
18.038 to 18.638, 15.455 to 15.642, and 37.920 to 38.731,
respectively. In the 28Pb/?%Pb vs. 20°Pb/2%*Pb space, the
samples overlap the field of Indian-type MORB and define a
positive trend, with some samples extending into the Pacific
sediment field (Fig. 5). Other samples display intermediate
compositions between DMM and EM2 end-members. In the
206pb/204Ph vs. 207Pb/2%*Pb space (not shown), the data are
more scattered but generally show elevated 2’Pb/?*“Pb ratios,
again consistent with sediment involvement (Secchiari et al.,
2020a). Overall, the isotopic variability indicates incorpora-
tion of a sediment-derived component into the mantle source,
consistent with metasomatic modification in a forearc setting.

Re-Os systematics add a further dimension to this evolu-
tion (Secchiari et al., 2020b). The harzburgites display sub-
chondritic to variably radiogenic initial '8’Os/!'380s ratios, de-
fining two distinct highly siderophile elements (HSE) groups
and yielding model ages locally exceeding 1 Ga. These sig-
natures indicate that portions of the mantle experienced an-
cient melt depletion events, predating the Eocene evolution,
and that this long-lived depleted signature was only partially
overprinted by later subduction-related processes.

Taken together, these observations are consistent with
the geodynamic evolution of the SW Pacific region, which
involved marginal basin opening during the Late Cretaceous-
Paleocene followed by intra-oceanic subduction during the
Eocene (e.g., Cluzel et al., 2001, 2012, 2016). The relatively
limited enrichment in fluid-mobile elements is consistent
with subduction of young oceanic lithosphere, characterized
by low sediment input.

Near-ridge and suprasubduction melt re-enrichment
of the Tiebaghi lherzolite

Lherzolites constitute a volumetrically minor yet petro-
logically critical component of the New Caledonia Perido-
tite Nappe, whose mantle section is otherwise dominated by
strongly depleted harzburgites. Their geological significance
has been progressively clarified over the last four decades,
evolving from early models of sequential melting to recent
multi-isotope constraints revealing the involvement of an-
cient mantle domains. Collectively, these studies document
a complex evolution including melting at a mid-ocean ridge
setting, localized melt-rock interactions, and subsequent in-
corporation into a forearc setting during subduction initiation.

Early investigations emphasized the structural and strati-
graphic context of lherzolite bodies within the northern klip-
pes of the Peridotite Nappe (Fig. 1). Mapping of peridotite
massifs and chromite-bearing sequences (Moutte, 1982; Leb-
lanc and Violette, 1983) has shown that lherzolites system-
atically overlie dunites and harzburgites with their contacts
commonly marked by transitions enriched in Cr-rich spinel.
These observations highlighted their fertility relative to the
dominant harzburgites but did not firmly establish their man-
tle origin. A first explanatory framework emerged from petro-
structural and petrochemical studies: Seicher (1981) identi-
fied a large-scale shear zone extending from Belep Island to
the Tiébaghi Massif, interpreted as a paleo-oceanic transform
fault. In this context, Nicolas and Dupuy (1984) proposed that
the New Caledonia lherzolites represent a secondary facies



derived from harzburgitic protoliths through melt percolation
and local melt trapping. In parallel, Prinzhofer and Allegre
(1985) introduced a polybaric, sequential melting model to
explain the REE patterns of New Caledonia peridotites. Their
model invokes progressive melting of a mantle column from
the garnet to the plagioclase stability fields, producing a verti-
cal sequence in which strongly depleted harzburgites overlie
more fertile lherzolites. In this framework, they interpreted
the lherzolite-harzburgite association as reflecting spatial
variations in melting degree within a mantle section.

A major conceptual shift occurred with the work of Ulrich
et al. (2010), who demonstrated that the New Caledonia lher-
zolites originated as abyssal peridotites formed at a spread-
ing ridge and subsequently modified by limited, near-in situ
refertilization. Their major-element systematics, and clino-
pyroxene trace elements compositions, together with spoon-
shaped REE patterns — reflecting partial melting followed
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by limited re-equilibration with percolating melts —, indicate
moderate degrees (5-15%) of MOR-type melting during the
Late Cretaceous. These features further imply subsequent
interaction with MORB-like melts responsible for the for-
mation of plagioclase-lherzolite facies. The study of Ulrich
et al (2010) established the now widely accepted interpreta-
tion that the New Caledonia lherzolites represent pre-forearc,
ridge-derived mantle, in marked contrast to the harzburgites,
which record supra-subduction hydrous melting associated
with Eocene subduction initiation.

High-resolution geochemical and isotopic studies con-
ducted in the 2010s further refined this interpretation. Sec-
chiari et al. (2016) showed that the lherzolites display mod-
erately depleted abyssal-type signatures, consistent with
residues of moderate melting, as indicated by the presence of
7-8 vol.% clinopyroxene and relatively low bulk-rock Al,O;
and CaO contents (Fig. 6).
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Clinopyroxene compositions vary systematically with fa-
cies: spinel-facies porphyroclasts contain higher Na,O (~0.50
wt.%) and lower Cr,O; (<1 wt.%) than those of plagioclase-
facies lherzolites (Na,O ~0.3 wt.% and Cr,0; ~1.3 wt.%).
These compositional differences reflect variations in melting
conditions and subsequent melt-rock interaction during litho-
spheric evolution.

In particular, the REE patterns (Fig. 7a) indicate that
spinel-lherzolites formed after ~8-10% partial melting initi-
ated in the garnet stability field (Secchiari et al. (2016). These
authors further showed that plagioclase lherzolites record
cryptic melt entrapment, involving infiltration of strongly
depleted MORB-type melts into the shallow lithospheric
mantle. Sr-Nd isotopic compositions indicate derivation from
an asthenospheric mantle source that underwent a MORB-
like depletion event, followed by only limited subsequent
re-enrichment shortly before the Eocene in a marginal-basin
setting.

The lherzolites exhibit subchondritic to slightly supra-
chondritic initial '¥’0s/'%80s (0.1273-0.1329) and PM-nor-
malised HSE abundance diagrams characterised by gently
sloping patterns showing increasing depletion towards Re-
Au, consistent with low to moderate melt extraction in a MOR
setting (Liu et al., 2019; Secchiari et al., 2020a). Late-stage
seawater-rock reactions also led to high and variable sulfur
contents (202-1268 ppm) in the lherzolites (Secchiari et al.,
2020a). These signatures sharply contrast with the extreme
HREE depletion and heterogeneous Os isotopes observed in
the New Caledonia harzburgites (Secchiari et al., 2020b), re-
inforcing the distinction between these two mantle domains
and implying the juxtaposition of mantle blocks with differ-
ent depletion histories.

A further conceptual advance came from mineral-scale
Lu-Hf isotope analyses. Xu et al. (2022) showed that some
lherzolites have highly radiogenic initial Hf isotope ratios
coupled with unradiogenic Os signatures, implying ancient
depletion ages (0.5-1.5 Ga), despite their relatively young
Nd isotopic compositions. Such decoupling indicates that Hf
and Os preserved ancient depletion signatures, whereas Nd
isotopes and trace-element characteristics were reset during
more recent melt-rock interactions, reflecting the different
sensitivities of these isotope systems to melting and metaso-

matic processes. These results suggest that the New Caledo-
nia lherzolites incorporate fragments of ancient, pre-Eocene
depleted asthenosphere that were subsequently involved in
forearc formation during subduction initiation.

In a recent contribution, Cai et al. (2025) provide min-
eralogical and geochemical constraints that further support
this interpretation. Their study of platinium group elements
(PGE) systematics reveals pronounced enrichment in Pt-Pd
relative to Os-Ir-Ru as well as elevated (Pt/Ir)n and (Pd/Ir)
n ratios in the lherzolites from the Tiébaghi massif. Such
signatures cannot be produced by partial melting alone and
instead require the addition of PGE-enriched, S-saturated
melts, which introduced interstitial sulfides and chalcophile
elements and overprinted the primary abyssal HFSE signa-
ture. The major advance of Cai et al. (2025) is the first set of
Ca isotope measurements on these peridotites, which provide
strong constraints on the nature of the metasomatic agent. The
lherzolites display a restricted range of */%°Ca values sys-
tematically lower than those typically assumed for the upper
mantle (Chen et al., 2018, 2019). Because serpentinization
does not fractionate Ca isotopes and partial melting produces
only minimal isotopic effects, these light 6*/*°Ca values,
systematically lower than typical upper mantle values, must
be inherited from an infiltrating melt. Carbonate-rich melts
derived from subducted marine carbonates — characterized by
intrinsically light Ca isotope compositions (Fantle and Tip-
per, 2014a, b) — therefore represent the most plausible source.
Positive correlations between 6*4/*°Ca and CaO, as well as
between &*/%°Ca and Ce/Eu ratios, further support mixing
between the mantle residue and a Ca-rich, carbonate-bearing
melt, providing strong evidence for carbonate-derived meta-
somatism during the earliest stages of subduction initiation.

Taken together, the New Caledonia lherzolites represent
pre-forearc mantle residues formed by moderate degrees of
MOR-type melting, subsequently modified by shallow melt
infiltration, and incorporated into a forearc setting during
rapid Paleocene-Eocene subduction initiation. Thermal mod-
elling (Secchiari et al., 2022a) is consistent with this evolu-
tion: high closure temperatures (>1200 °C based on REE
thermometry; Secchiari et al., 2022a; Xu et al., 2022) and
rapid cooling rates (~107 °C/yr) indicate that the lherzolites
were accreted from upwelling asthenosphere into a nascent
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forearc lithosphere and cooled rapidly enough to preserve
their magmatic REE signatures. Combined elemental, iso-
topic and PGE heterogeneities attest to the juxtaposition of
young MORB-source asthenosphere, ancient depleted mantle
domains, and forearc-related metasomatic imprints, thereby
providing an exceptional record of mantle processes operat-
ing during the transition from oceanic (forearc) spreading to
incipient subduction.

The mantle-crust transition zone and crustal section
of the New Caledonia ophiolite

Prinzhofer et al. (1980), Nicolas and Prinzhofer (1983)
and Pirard et al. (2013) described in details the structure of
the mantle-crust transition zone (MTZ) and crustal section of
the New Caledonia ophiolite, which crop out in several areas
of the Massif du Sud (Naoué, Montagne des Sources, Col de
Mouirange, Riviere des Pirogues, Plum, Prony and Ile Ouen)
(Fig. 8).

In this massif, the mantle section consists of harzburgi-
tes locally interlayered with dunite and orthopyroxene-rich
lenses, or cut by pyroxenite, diabase and gabbroic dikes.
The transition from mantle tectonites to the MTZ is irregular
and progressive in the field, extending over about ~300 m
in thickness. Up-section within the tectonites, dunite bands
become increasingly abundant and thicker, eventually isolat-
ing bodies of orthopyroxene-poor harzburgites with sharp
contacts and interfingering relationships with the surround-
ing dunites. From bottom to top, the MTZ consists of massive
dunites locally enclosing small chromitite pods, followed by
clinopyroxene/plagioclase-bearing dunites, wehrlites and py-
roxenites, in contact with upper gabbronorite and gabbro sills
(Fig. 9). These upper mafic lithologies constitute the lower
oceanic crust, whereas middle and upper crustal rocks are
absent, possibly due to deep erosion or tectonic detachment
(Cluzel et al., 2001).

Compared to harzburgites, dunites have higher Al,O;
(0.54-0.88 anhydrous wt.%) and CaO (0.27-0.87 anhy-
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drous wt.%) contents reflecting local precipitation of small
amounts of clinopyroxene and plagioclase. (Marchesi et al.,
2009). Wehrlites are significantly more enriched in these
components (Al,0; =0.93-4.59 wt.%, CaO = 1.40-4.06 wt.%
anhydrous) and display a well-defined positive correlation
between Al,O; and CaO, consistent with increasing modal
abundances of these phases (Marchesi et al., 2009).

Dunites have similar LREE-MREE and higher HREE
contents than harzburgites (~ 0.02-0.2 x chondrite). They
show flat to concave-upward LREE segments, positive Eu
anomalies (Eu*= 3.0-4.7) and less fractionated HREE seg-
ments (Marchesi et al., 2009). Wehrlites have higher REE
than dunites (~ 0.02-0.2 for LREE and 0.1-1 for HREE x
chondrite) and normalized patterns with positive Eu anom-
alies (Eu*= 1.0-2.8) (Marchesi et al., 2009). Their REE
variability reflects the heterogeneous modal ratios between
olivine and clinopyroxene, along with the occurrence of pla-
gioclase. PM-normalized incompatible trace element pat-
terns of dunites generally have prominent Pb and Sr positive
anomalies (Marchesi et al., 2009). Wehrlites are richer in
incompatible trace elements than dunites, and their normal-
ized patterns normally show negative anomalies of HFSE and
positive anomalies of Pb and Sr (Marchesi et al., 2009).

Based on field structures, textures, and mineral composi-
tions, both Nicolas and Prinzhofer (1983) and Pirard et al.
(2013) interpreted the well-developed dunite section of the
New Caledonia ophiolite as reflecting either magmatic accu-
mulation or melt-rock interaction processes. Field relation-
ships strongly support a replacive origin for the lowermost
dunite layers in contact with mantle tectonites: their abun-
dance increases progressively upward and they locally en-
close harzburgite blocks with the same orientation od folia-
tion, consistent with dunite formation by melt percolation and
reaction (Nicolas and Prinzhofer, 1983). However, the dunite
section is internally heterogeneous, with systematic varia-
tions in texture and mineral chemistry around the middle part
of the MTZ. Up-section, textures evolve from porphyroclas-
tic to equigranular, evidence of plastic deformation decreases,
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olivine grains become more polygonal, and spinel habit shifts
from vermicular to rounded, sub-idiomorphic forms. In addi-
tion, olivine Fo contents (89.5-90.7 mol.%) and Ni, V, and Cr
concentrations, as well as spinel Cr#, are lower in the upper
MTZ compared to deeper levels (where olivine Fo contents =
90.6-93.2 mol.%).

Pirard et al. (2013) interpreted these variations as record-
ing a transition between two distinct genetic domains within
the MTZ (each domain ~200-300 m thick). In their model,
dunites in the lower half formed by percolation of orthopy-
roxene-undersaturated melts through mantle tectonites, in-
ducing syntectonic recrystallization, olivine precipitation,
and pyroxene dissolution (Kelemen, 1990). In contrast, du-
nites in the upper MTZ are interpreted as cumulates formed
by crystallization of olivine and spinel from melts that inter-
acted only minimally with the surrounding peridotites, as also
inferred by Xu and Liu (2026). The boundary between these
two domains is thus considered to represent the petrological
paleo-Moho. Within this framework, clinopyroxene- and pla-
gioclase-bearing dunites, together with associated wehrlites
and pyroxenites in the upper MTZ (Fig. 9), are interpreted as
products of magmatic accumulation of minerals precipitated
from primitive, hydrous arc melts in the crust.

An alternative interpretation emphasizes the dominant
role of melt-rock interaction throughout most of the MTZ.
Nicolas and Prinzhofer (1983), while not excluding a cumu-
late origin for the uppermost ~200 m of the Montagne des
Sources section, argued that the observed structural and tex-
tural features primarily reflect pervasive melt-rock reaction,
with dunites forming through orthopyroxene dissolution in
mantle tectonites. In this scenario, subsequent melt impreg-
nation of these replacive dunites would account for the de-
velopment of clinopyroxene- and plagioclase-bearing dunites
and wehrlites. Consistently, Marchesi et al. (2009) interpreted
wehrlites as products of melt-rock interaction, whereby dis-
rete batches of different ultra-depleted, high-SiO, (boninite-
like) melts percolated through pre-existing dunites and harz-
burgites, inducing olivine dissolution and the crystallization
of clinopyroxene + orthopyroxene + plagioclase.

The lower crustal rocks (gabbronorites and orthopyrox-
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ene-gabbros) are uniformly primitive and refractory, with
whole-rock Mg# values of 86.3-92.6 (Marchesi et al., 2009;
Secchiari et al., 2018) and TiO, invariably <0.10 wt%. A
large gap divides wehrlite from gabbronorite and orthopy-
roxene-gabbro compositions in terms of Al,O; and CaO
contents (Al,O; = 13.61-23.92 and CaO = 12.61-18.44, on
anhydrous basis in wt.%). Mineral compositions reinforce
their primitive character, with extremely calcic plagioclase
(An90-96 mol%), high-Mg# and Al-poor clinopyroxene, and
olivine with forsterite contents between 87-89 mol %. The
application of different geobarometers and geothermometers
constrains the conditions of mineral precipitation in gab-
bronorites at P = 0.2-0.4 GPa and T = 1100-1300 °C (Pirard
et al., 2013; Secchiari et al., 2018; Secchiari et al., 2022a).

Chondrite-normalized whole-rock REE patterns are
strongly depleted in LREE, exhibiting concave-upward
LREE segments, very low absolute REE abundances, nearly
flat HREE distributions and low Yby (0.10-1.10 x chondrite).
All samples display pronounced positive Eu anomalies (Eu*
= 1.6-3.3), reflecting plagioclase accumulation. Clinopyrox-
ene trace element patterns closely mirror the whole-rock de-
pletion (Marchesi et al., 2009; Secchiari et al., 2018). Extend-
ed incompatible trace element patterns further highlight this
geochemical signature with concentrations mostly between
0.01 and 1 x PM, coupled with enrichments in fluid-mobile
elements (Cs, Rb, Ba) and pronounced positive Pb and Sr
anomalies. These features point to a composite geochemical
signature recording both extreme melt depletion and selective
enrichment by slab-derived fluid-mobile components.

Secchiari et al. (2018) analyzed the whole-rock Sr-Nd-Pb
isotopic compositions of gabbronorites from different locali-
ties. They report age-corrected (53 Ma) *Nd/'**Nd ranging
between 0.51299 and 0.51324 (8.16 < eNdi < 13.13), and
87S1/%%Sr between 0.703115 and 0.704443. Initial 2°°Pb/204Pb
span from 17.857 to 18.632, 2’Pb/?Pb from 15.468 to
15.601, and 2°Pb/?**Pb from 37.608 to 38.540 (Fig. 4 and
Fig. 5). These values generally overlap with those of Pacific
and Indian MORB.

Mineral and whole-rock compositions of gabbronorites
and orthopyroxene-gabbros located above wehrlites/pyrox-



enites (Fig. 9) indicate that they were produced by accumula-
tion of pyroxenes and plagioclase from mantle-derived melts.
However, major and trace element signatures of minerals and
whole-rocks are more depleted in REE and HFSE compared
to gabbroic cumulates from both mid-ocean ridges and island
arcs (Marchesi et al., 2009; Secchiari et al., 2018). These au-
thors interpreted the New Caledonia gabbronorites as lower
crustal cumulates formed from primitive, ultra-depleted
melts. These melts resemble the peculiar, Amami Sankaku
Basin basalts erupted during the early development of the
Izu-Bonin Mariana Arc (Li et al., 2021). The inferred mantle
source was a depleted MORB mantle (DMM) that had previ-
ously undergone significant melt extraction. This mantle was
subsequently metasomatized by slab-derived fluids, which
introduced fluid-mobile elements (e.g., Ba, Sr, Pb) (Secchiari
et al. 2018). Although the gabbronorite-forming melts share
some features with boninites (high Mg#, strong depletion in
REE, fluid-mobile element enrichment), they differ from bo-
ninites by having lower LREE-MREE abundances and lack-
ing typical Nb depletion or Zr-Hf enrichment. Importantly,
these rocks did not form from a large, homogenized magma
reservoir. Instead, they represent the emplacement of small,
non-aggregated magma batches, preserving the chemical
variability and depletion of individual melt pulses (Secchiari
etal., 2018).

Opverall, the MTZ and lower crustal section of the New
Caledonia ophiolite record a complex interplay between
melt-rock interaction and magmatic accumulation processes
during the earliest stages of subduction initiation. The MTZ
documents the progressive evolution from replacive dunite
formation in mantle tectonites to magmatic, cumulate as-
semblages upward, marking the transition to crustal condi-
tions. Crystallization of hydrous, boninite-like melts occurred
during the early stages of the arc igneous activity when ex-
tensional tectonics dominates the forearc region similar to
regimes at mid-ocean ridges (Stern, 2004). The overlying
gabbronorites and orthopyroxene-gabbros are products of the
crystallization of primitive, ultra-depleted melts derived from
a highly refractory mantle source variably modified by slab-
derived fluids. Their geochemical signatures — combining
extreme REE depletion with selective enrichment in fluid-
mobile elements — highlight the role of small, non-aggregated
melt batches and provide key insights into the generation of
nascent fore-arc crust in a supra-subduction setting.

The Lower Eocene dikes (55-50 Ma): melt variability
during hot subduction initiation

Dikes and sills with supra-subduction characteristics are
found at any level of the New Caledonia ophiolite, i.e., within
the main harzburgite-dunite body, but also in the cumulate
layers, and as blocks in the tectonic sole made of mylonitic
serpentinite. In the latter, the dikes are severely fractured
and display boudinage, while they are well preserved in the
rest of the ophiolite. Geochemically similar blocks of mag-
matic rocks with 55-50 Ma U-Pb zircon ages are also found
in serpentinite mélanges of the HP-LT belt in northern New
Caledonia(Cluzel, 2020). Most mafic and felsic intrusive
rocks are medium- to coarse-grained and locally display
pegmatitic texture; in contrast, boundary features such as the
chilled margins of the dolerite dikes and the thin, low-temper-
ature reaction aureoles (comprising tremolite, talc, chlorite,
and serpentine) developed around some felsic dikes unam-
biguously indicate that magma intruded into peridotite and
cumulates that were progressively cooling. Some dikes un-
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derwent internal ductile deformation (i.e., mineral boudinage,
mineral preferred orientation, flow folding or microfolding,
mylonitization), which is not observed in the peridotite host.
A compositional layering parallel to dike walls is locally de-
veloped, thus suggesting high-temperature shearing and mag-
ma injection into active faults (Cluzel, 2020).

Dikes are prominently diverse and their mineral modes
vary from ultramafic (pyroxenite) to mafic (gabbro, diorite,
hornblendite, dolerite, boninite) to felsic (leucogabbro, leu-
codiorite, granite). Post-magmatic alteration is evidenced in
some rocks by the variability of mobile elements and occur-
rence of secondary mineral phases (tremolite, chlorite, etc).
Winchester and Floyd’s (1977) classification diagram based
on “immobile” elements shows a relatively wide array (Fig.
3S), which precludes a single differentiation trend. Two main
types of pyroxenites intruded into the New Caledonia perido-
tites: one single kilometer-sized intrusion (Plum pyroxenite)
and centimeter-thick dikelets in the whole unit (e.g., Bogota
peninsula harzburgites).

Plum pyroxenite intrusion

The Plum composite intrusion in the Massif du Sud
consists of a subcircular pyroxenite body about 2 km wide
and some smaller elliptical bodies intruded in strongly ser-
pentinized harzburgites near the base of the ophiolite. It
forms roughly concentric envelopes with dunite, wehrlite,
and websterite inwards. The pyroxenite is in turn intruded
by hornblende-gabbronorite dikes oriented either parallel to
the curved shape of the intrusion or perpendicularly crosscut-
ting it. Some dikes are sheared and mylonitized. The overall
Z-shaped structure, with directions changing eastward from
E-W to N-S and E-W, and partitioned internal foliation, sug-
gests synkinematic intrusion in a dextral transcurrent setting
(Cluzel et al., 2024). The main petrographic and geochemi-
cal features of the Plum pyroxenite have been investigated in
detail by Secchiari et al. (2022b), and will only be summa-
rized here. The pyroxenite body consists of medium-grained
websterites mainly composed of orthopyroxene (~ 30-75 vol
%) and Al,O, and TiO2-poor clinopyroxene (~ 20-50 vol.%),
coupled to variable amounts of amphibole (~ 2-20 vol.%) and
minor plagioclase (up to 9 vol.%) with highly calcic compo-
sition (An88-An96). Gabbronorite dikes show variable grain
size. Mineral modes of the dikes are characterized by lower
pyroxene contents (Opx ~ 3-40 vol %; Cpx ~ 5-25 vol %)
together with higher amphibole and plagioclase abundances
(~20-30 vol % and ~10-55 vol %, respectively) compared to
the main pyroxenite body. Pale green amphibole mainly oc-
curs as an interstitial phase texturally associated with clinopy-
roxene. Abundant amphibole blebs, with rounded or irregular
margins, are commonly found within clinopyroxene, often
in optical continuity with the interstitial amphibole. The am-
phibole may also form rims on clinopyroxene. According to
Secchiari et al. (2022b), the amphibole crystallization may be
ascribed to replacement reactions involving the early-crystal-
lized clinopyroxene in a crystal mush environment. Despite
the slightly different mineral modes, in situ major element
investigation revealed similar compositional features for the
pyroxenite core and the crosscutting dikes. The pyroxenite
intrusion and the associated dikes register similar equilibrium
temperatures, thus implying a common cooling history (Sec-
chiari et al., 2022 a, b).

“Ar/*Ar ages have been obtained for magnesio-horn-
blendes from a websterite and a gabbro dike. The hornblendes
from websterite yield a well-defined plateau age of 52.3 +0.6
Ma while those from the gabbro sample have a much older
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apparent age (70 to 60 Ma) due to excess argon; however an to N-S, dipping 35° to 65°; a stretching lineation marked by

isochron array yields an age of 53.9 £ 0.6 Ma. These isochron chromite streaks and elongated/boudinaged orthopyroxene
dates are within the range of U-Pb zircon ages of hornblende- grains with a pitch of about 45° in any direction is also ob-
bearing gabbro and diorite dikes (55.6-50.0 Ma) (Cluzel et served. The moderately dipping layering connects to, or is
al., 2006; 2024). crosscut by, high-temperature dextral shear zones defined by

The Plum pyroxenites are depleted in incompatible ele- steep mylonitic foliation bearing a shallow dipping lineation.
ments and display negative Nb, Zr, Hf, Ta and Ti anomalies The main shear zone was interpreted as an ancient oceanic
on MORB-normalized trace element diagrams (Fig. 10). The transform fault and referred to as Bogota Transform Fault
associated dikes are slightly more depleted and display Eu- (BTF) (Prinzhofer and Nicolas, 1980; Titus et al., 2011).
positive anomalies that suggest plagioclase segregation. Geo- BTF is about 2 km wide around the Ouassé Village, while
chemical modelling based on whole-rock and clinopyroxene narrower high-strain zones are found elsewhere; a secondary
trace element compositions indicates that putative melts in shear zone was also described 20 km to the NW near Koua-
equilibrium with the Plum intrusives have a geochemical sig- oua Village (Titus et al., 2011). However, this interpretation
nature strongly recalling those of the clinoenstatite-bearing was challenged in view of the overall tectonic characteris-
(CE) boninites of Népoui (west coast of New Caledonia; Clu- tics of New Caledonia and shear zone repartition during the
zel et al., 2016; Secchiari et al., 2022b) (Fig. 10a, b). Eocene and a model of transcurrent syn-subduction tectonics

was suggested instead (Cluzel et al., 2021).
A number of ultramafic-mafic dikes are distributed

Pyroxenite dikelets from the Bogota Peninsula throughout the peninsula. Although they are widely spaced,
The Bogota Peninsula ultramafic rocks represent the NW often preventing crosscutting relationships from being ob-
extension of the Massif du Sud along the northeastern coast served, the relative timing from earliest to latest was suggest-
of New Caledonia (Fig. 1b). The orientation of the peridotite ed to be pyroxenite, plagioclase-bearing pyroxenite, horn-
layering varies throughout the Bogota Peninsula from E-W blende gabbro and dolerite/basalt (Prinzhofer and Nicolas,
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1980). Such relative chronology is consistent with decreasing
grain size from pyroxenites to basalts, thus suggesting dike
emplacement during the cooling of the host peridotite.

Depending on their orientation and location within the
high-strain domain, pyroxenite dikelets are generally unde-
formed, post-dating ductile shear deformation of the perido-
tite. However, some pyroxenite dikes display ductile shear-
ing or boudinage when parallel to foliation in high strain
domains, or ptygmatic folding when perpendicular to it (Titus
etal.,2011). Sheared or folded pyroxenite dikes are therefore
contemporaneous with the late stages of transcurrent motion.
The orientations of hornblende-gabbro dikes cluster around
N5°E, N40°E and N130°E, broadly consistent with the orien-
tation of dikes in the rest of the ophiolite (Cluzel et al., 2021),
bearing no direct relationship to BTF. Finally, undeformed
basalt dikes display straight boundaries and cluster around
N30°E (Titus et al., 2011). They were seemingly channelized
in already cold foliated rock.

In the Ouassé bay, the pyroxenites occur as 5-15 cm thick
dikelets that typically intersect the host peridotite foliation at
variable angles. Rare concordant layers of orthopyroxenites
occur as well, and some are boudinaged. Pyroxenites mainly
consist of amphibole-bearing (Amp ~5-40 vol. %) websterites
and minor orthopyroxenites containing ~5 vol. % of olivine or
clinopyroxene. Pyroxenite textures are highly variable, rang-
ing from cumulitic to porphyroclastic or granoblastic-polygo-
nal (Ferrari, 2022). Hornblendes from two websterite samples
were dated by the “*Ar/*Ar method yielding a cooling age of
56.01 £0.19 Maand 56.05 +£0.17 Ma respectively, without any
evidence for partial degassing or excess argon. The dated am-
phiboles are magnesio-hornblendes chemically analogous to
those from the Plum pyroxenite intrusion (Cluzel et al., 2024).

Xu et al. (2021) proposed that the websterites from the
Ouassé bay resulted from migration of boninitic melts into
the host harzburgite. However, trace element composition of
the calculated melts in equilibrium with clinopyroxene are
distinctly enriched in incompatible elements with respect to
boninitic melts and are similar to high-Mg adakites, thus tes-
tifying the involvement of a distinct slab-derived component
in the genesis of these pyroxenites (Fig. 11) (Ferrari, 2022).
By contrast, the orthopyroxenite-forming liquids have a bo-
ninitic affinity.
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The two studied pyroxenite occurrences (Plum and Ouas-
sé) partly differ by chemical composition, structure, size and,
to some extent, their timing. The geochemistry of these py-
roxenites shows that they were likely generated from hydrous
melting of moderately depleted harzburgite previously modi-
fied by slab melt inputs, similar to the parental magma of the
CE-boninite.

The Ouassé samples are measurably older than the Plum
samples at the 2s confidence level and they are associated
with the HT Bogota shear zone. Here, the emplacement of
different types of pyroxenite-forming liquids (boninites and
high-Mg adakites) was contemporaneous or closely followed
ductile deformation. The age of 56 Ma places the genesis of
Ouassé pyroxenites and ductile shearing at the onset of sub-
duction. The apparently younger Plum pyroxenites occurred
in much larger bodies and were dominated by more depleted
parental magmas, yet they were also associated with large-
scale transcurrent tectonics.

Nepoui clinoenstatite-boninite and boninite-series dikes

Boninite outcrops from Plaine des Gaiacs, referred to as
Nepoui clinoenstatite (CE)-boninite, have been extensively
studied since their discovery (Sameshima et al., 1983). Re-
assessment of these outcrops has shown that Nepoui CE-
boninite consists of blocks enclosed within the serpentinite
sole of Peridotite Nappe together with other dismembered
magmatic rocks (Cluzel et al., 2016). The Nepoui boninite
displays hyaloporphyritic texture with some 50-60% dark
glassy groundmass including poly-synthetically twinned
clinoenstatite, orthopyroxene (bronzite) and olivine micro-
phenocrysts, and accessory clinopyroxene, hornblende and
chromite. Clinoenstatite laths, a diagnostic component of
boninites, 1-4 mm long, contain minute chromite grains and
appear as decussate aggregates.

The Nepoui boninites have andesitic major elements com-
position (SiO, = 55.5 wt.%, Al,O, = 10.0 wt.% on av. for 10
samples) with low CaO (3.8 wt.% on av.) and FeO contents
(7.6 wt.%), low CaO/Al,O; ratio (0.4 on av.), very low K,O
(0.6 wt.%) and TiO, (0.2 wt%). In contrast, they display high
MgO (11-15 wt.%) and high contents in compatible elements
(Cr = 486-1371 ppm, Ni = 190-1640 ppm) (Cluzel et al.,
2016). In contrast with the classical U-shaped REE pattern
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Fig. 11 - a) Chondrite-normalized REE patterns and b) extended REE and trace elements patterns for Ouassé pyroxenite dikelets to show the large difference
between the modeled melts and Nepoui CE-boninite. Data from Cluzel et al. (2024) and Ferrari (2022).
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of boninites of the type locality (Bonin islands; Crawford et
al., 1989; Shervais et al., 2021), Nepoui CE-boninites display
slightly concave “spoon-shaped” REE patterns with signifi-
cant LREE enrichment ((La/Sm)N=2.2), which are similar to
those of the less REE-depleted boninites from Cape Vogel
(Walker and Cameron, 1983; Konig et al., 2010; Kamenetsky
et al., 2002; Cluzel et al., 2016) (Fig. 4Sa). According to the
classification scheme of Pearce and Reagan (2019), they plot
in the domain of high-silica boninites. On the expanded in-
compatible trace elements diagram normalized to N-MORB,
they exhibit a well-defined negative anomaly in Nb, Ta and
Ti and a positive anomaly in Zr and Hf, very similar to the
patterns of Cape Vogel boninites (Fig. 4Sb).

Based on multi-element geochemical modeling, Cluzel et
al. (2016) proposed that Nepoui CE-boninites derived from a
moderately depleted peridotite that reacted with low degree
partial melts from a slab source similar to the amphibolites
of the metamorphic sole. Remarkably, the calculated melt-
ing residue strongly differs from the ultra-depleted harzbur-
gites of Peridotite Nappe, ruling out that these harzburgites
represent the mantle residue left after boninite extraction.
YOAr/PAr dating of glassy fragments yielded Early Eocene
cooling ages (474 + 0.9 Ma and 504 + 1.3 Ma) (Cluzel
et al., 2016). Considering the glassy character of the rock
and possible argon loss, the older age is likely to approach
the emplacement age. Numerous dikes within the Perido-
tite Nappe show geochemical features akin to those of the
Nepoui CE-boninites, i.e., similar REE contents, high-MgO,
negative Nb, Ta and Ti anomalies, positive Zr and Hf anom-
alies (Fig. 4Sc, d), and were referred to as boninite-series by
Cluzel et al. (2016). However, none of them are sensu stricto
boninites and they dominantly plot in the domain of high-Mg
andesites on the classification diagram of Pearce and Rea-
gan (2019). Although no modeling was performed for these
rocks, a process similar to that of CE-boninites may be pos-
tulated for their origin; i.e., slab melting or partial melting
of a mantle source modified by slab melts (e.g., Wood and
Turner, 2009). U-Pb zircon dating of these rocks provided
a narrow age range between 54.5+0.7 Ma and 53.2+0.6 Ma
(Cluzel et al. 2016), within the age range of the other dikes
of the Peridotite Nappe.

Hornblende-bearing dikes and hornblendites

Hornblende-gabbro and diorite dikes are common in ophi-
olites from various tectonic settings. In New Caledonia, they
occur at all levels of the ophiolite but decrease in frequency
from the base to the top of the Peridotite Nappe. Their compo-
sitions vary from hornblendite (with less than 5% plagioclase)
to leucocratic anorthosite (less than 5% hornblende) through
hornblende gabbro/diorite (Fig. 5Sa). Many hornblende-bear-
ing dikes display structures that record high- to medium-tem-
perature deformation compatible with transcurrent kinematics
(Cluzel etal.,2021,2024). Hornblendite samples display slight
LREE depletion with hook-shaped patterns typical of amphi-
bole-dominated modal compositions (Fig. 5Sb) (Henderson,
1984). The chemistry of hornblende-gabbro/diorite dikes
shows higher incompatible elements abundances compared to
hornblendites, with positive and negative Eu anomalies, sys-
tematic negative Nb, Ta and Ti anomalies, and Zr-Hf positive
anomalies (Fig. 5Sd). Variable depletion in high-field strength
elements (HFSE) in many hornblendites and hornblende gab-
bro/diorite samples suggests the occurrence of residual garnet
in their sources. U-Pb dating of zircons from 12 samples pro-
vides crystallization ages from 55.7+1.3 Ma to 52.3+0.9 Ma
with an average of ca. 54 Ma (Cluzel et al., 2006, 2024).

Anorthosite dikes

Light-colored rocks sharply contrasting in the field with
the host peridotite form cm- to m-thick coarse to medium-
grained dikes that represent the leucocratic (amphibole-poor)
endmember of the hydrous rock suite. They typically show
variable REE contents with flat or slightly U-shaped patterns,
some of which are very depleted, and most show a prominent
Eu positive anomaly that suggests plagioclase accumulation
(Fig. 6Sa). They show prominent enrichment in mobile ele-
ments and negative Nb anomaly without Ta anomaly; some
but not all show a positive Zr-Hf anomaly (Fig. 6Sb). Plagio-
clase, and in counterpart, hornblende enrichment likely results
from solid-state mineral segregation within crystal mushes.
The occurrence of compositional layering, hornblendite and
anorthosite enclaves within the same gabbro dike is evidence
of their cogenetic character (Cluzel et al., 2024). Due to the
low Zr content (2-100 ppm) zircons are rare in these rocks;
however, one sample with Zr>60 ppm yielded an U-Pb age of
52.6+0.4 Ma ; i.e., within the age range of the bulk of lower
Eocene dikes.

Granite dikes

Biotite and quartz-bearing felsic dikes are not uncom-
mon in the Peridotite Nappe and similarly to other dike types
display various textures, from granular to pegmatitic, due
to relatively slow cooling. They typically contain 71-78.7
wt% SiO,, 12.3-15.3 wt% Al,0;, 3.7-6.7 wt% Na,0+K,O,
low K,O (0.1-2 wt%) and low FeO and MgO contents. On
the REE diagram normalized to the chondrite C1 (Evensen
et al., 1978) two kinds of patterns are distinguished: type 1)
spoon-shaped patterns, and type 2) slightly U-shaped patterns
(Fig. 7Sa). The type 1 samples display an extreme depletion
in HREE and a prominent Eu positive anomaly. On the REE
and trace elements diagram normalized to N-MORB, the type
1 granites display variable Nb-Ta negative anomalies and Zr-
Hf positive anomalies (Fig. 7Sb).

Type 1 granites display trace-elements patterns typical of
adakite series and their similarities with hornblende-bearing
dikes likely denote a similar origin, possibly through a lower
melting degree and/or fractionation. In contrast, the U-shaped
REE patterns of type 2 granites strongly recall that of bo-
ninite series rocks, although they are not boninites sensu
stricto. Similarly to the other dikes, their U-Pb zircon ages
define a narrow range between 54.2 Ma and 53.1 Ma (Cluzel
et al., 2024).

Dolerite dikes

Dolerite dikes 1-10 m thick are relatively rare in the Peri-
dotite Nappe, and a crosscutting relationship with other dikes
was never observed; however, microcrystalline texture and
occurrence of chilled margins suggest intrusion in an already
cold peridotite and late emplacement compared to other dike
types. Dolerite dikes are oriented N20°E on average (Titus
et al., 2011; Cluzel et al., 2021), suggesting brittle NW-SE-
directed extension at the time of dolerite intrusion.

The dolerite dikes have basalt or basaltic andesite compo-
sitions and show LREE depletion similar to N-MORB (Fig.
8Sa). They also have variable but prominent negative anom-
alies in Nb and Ta and weakly negative Ti anomalies (Fig.
8Sb). These characteristics allow a classification as island arc
tholeiites (IAT). A K-Ar age of 50 Ma was previously report-
ed for a dolerite crosscutting a gabbronorite cumulate lens at
Montagne des Sources (Massif du Sud) (Paris, 1981). One IAT
dolerite dike from the Boulinda Massif (west coast) yielded
a “°Ar/*Ar cooling age of 50.420.2 Ma (Cluzel et al., 2021).



Summary and geodynamic implications

The geochemistry of the pyroxenite dikes shows that they
were likely generated from hydrous melting of moderately
depleted harzburgite previously modified by slab melt inputs,
similar to the parental magma of the CE-boninite. The local
New Caledonia harzburgites are too depleted to be the melt-
ing residue of these melts (Cluzel et al., 2016; Secchiari et al,
2022b) indicating a different mantle source.

The diversity of dikes generated during subduction initia-
tion in the New Caledonia ophiolite reveals a complex inter-
play of melt sources and petrogenetic processes including:

— slab-derived melts produced by low-degree partial melt-
ing of high-temperature amphibolites (hornblende gab-
bro-diorite series), variably interacting with an ultramafic
component.

— boninite-like melts (CE-type) derived from depleted man-
tle wedge peridotites metasomatized by slab melts.

— hydrous mantle melts generated by partial melting of
mantle wedge peridotites previously modified by CE-bo-
ninitic melts, forming hornblende-pyroxenites and webst-
erites.

— tholeiitic (IAT) melts sourced from relatively fertile man-
tle domains and emplaced into an already cooled litho-
sphere as doleritic dikes.

The volumetrically predominant hornblende-gabbro/dio-
rite dikes are likely to have been mostly slab-sourced and
were intruded during the whole episode of forearc magma-
tism (55.5 Ma to 50 Ma). The end of this episode of slab
melting that recorded slab cooling at ~50 Ma coincided with
the occurrence of mantle-sourced IAT dolerites. Therefore,
the ophiolite of New Caledonia belongs to a minor group of
supra-subduction ophiolites in which the magmatic activity
is dominated by adakite-like rocks that resulted from partial
melting of the subducting slab (Furnes and Dilek, 2017).
Melts generated during the early stages of subduction east of
New Caledonia record a complex and short-lived magmatic
evolution, dominated by slab-derived components. At the
onset of subduction, the system was characterized by high-
temperature conditions, and the earliest melts were produced
before significant sediment input into the subduction zone.
Magmatic rocks that erupted or intruded in the forearc soon
after subduction inception in the interval 56-50 Ma gener-
ally do not display any discernable evolution through time
except an increase of the Th/Ta ratio and negative Nb (and
Ta) anomaly, which possibly record an increasing influence
of amphibole (i.e., hydration) in the source rock.

Geochronological and geochemical data indicate that
melting occurred over a relatively brief time interval but in-
volved multiple sources, with a predominance of slab melts.
This diversity is comparable to observations from other sub-
duction systems, such as SW Japan (Kimura et al., 2014),
where forearc magma variability is attributed to interac-
tions between slab-derived melts and heterogeneous mantle
sources. Similar conclusions have been drawn for the West
Philippine ophiolites (Yu et al., 2020), where early magmatic
products range from normal to enriched MORB-like compo-
sitions without significant boninite production. These obser-
vations challenge the so-called “subduction initiation rule”
(SIR; Whattam and Stern, 2011), which is largely based on
the Izu-Bonin-Mariana (IBM) system and predicts a char-
acteristic sequence of forearc basalts followed by boninites
prior to arc magmatism. Likewise, the magmatic evolution of
the New Caledonia ophiolite does not conform to the classi-
cal supra-subduction ophiolite sequence (N-MORB — IAT
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— boninite) described by Dilek and Furnes (2011).

The discrepancy between the New Caledonia and IBM
systems reflects fundamentally different subduction initia-
tion mechanisms. In the IBM case, subduction began within
an old, cold oceanic plate, promoting the early generation of
forearc basalts. In contrast, subduction in New Caledonia ini-
tiated in proximity to a spreading center and involved young,
hot, and buoyant oceanic lithosphere (Cluzel et al., 2012,
2020). Under such conditions, the thermal structure of the
slab and mantle wedge was not conducive to the formation of
typical forearc basalts at the earliest stages.

Tholeiitic (island arc tholeiite, IAT) basalt dikes were
emplaced several million years after subduction initiation,
once the downgoing plate had cooled sufficiently to stabilize
eclogite. The resulting increase in slab density likely induced
slab steepening and possibly the onset of slab retreat. This,
in turn, would have facilitated asthenospheric upwelling and
partial melting in the mantle wedge, leading to IAT magma-
tism. Subsequently, magmatic activity appears to have mi-
grated away from the forearc toward the developing volcanic
arc (the Loyalty Arc), marking the cessation of significant
melt generation in the forearc domain.

MODERATE TO LOW-TEMPERATURE PROCESSES

Solid phase transfer into ophiolitic mantle: evidence
from New Caledonia and global analogues

Occurrences of zircon, rutile and titanite within mantle
harzburgites and podiform chromitites provide sensitive re-
cords of crust-mantle interaction in supra-subduction set-
tings. Although metasomatic addition via fluids and melts
has long been assumed to explain these phases, recent stud-
ies have demonstrated that mechanical entrainment of solid
mineral grains represents a fundamental and previously un-
der-recognized mechanism. The Peridotite Nappe of New
Caledonia offers one of the clearest examples of this process.
Thus, it forms the basis for a revised model of crustal material
transfer into the forearc mantle.

Evidence for Solid-Phase Transfer in New Caledonia

Aitchison et al. (2022) established that rutile and zircon
hosted in unserpentinized forearc harzburgites and chro-
mitites of the New Caledonian Peridotite Nappe include pop-
ulations of inherited xenocrysts with U-Pb ages much older
than the Eocene subduction event.

The xenocrystic zircon and rutile display Proterozoic to
early Phanerozoic ages with a predominant population of Al-
bian zircons (c. 100 Ma) (Fig. 12) that correspond to detrital
age provinces of sedimentary rocks in the downgoing slab
rather than any source within the overlying mantle wedge.
Their rounded morphologies, lack of reaction coronas, and
inclusion within chromite support a model in which grains
were transferred mechanically, rather than precipitated from
melts. Preservation of rutile U-Pb systematics indicates
transfer and residence at temperatures below ca. 600-650 °C.
These grains were likely liberated from metamorphosed slab
materials beneath an Eocene forearc at depths of ~40-60 km.
They were subsequently transported into the overlying man-
tle via the subduction channel.

Building on this foundation, Patias et al. (2024) combined
zircon U-Pb-Hf isotope data with TiO, polymorph geochem-
istry for mantle peridotites and the Tiébaghi chromitites.
They demonstrated the coexistence of (i) inherited zircon
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Fig. 12 - Age comparison of zircons extracted from the Me Maoya harzburgite (a) and detrital zircon population of subducted Late Cretaceous sediments (b)
with emphasis on the predominant Albian (c. 100 Ma) zircon population. Data from Aitchison et al. (2022).

and rutile xenocrysts, mechanically introduced from the slab,
and (ii) Eocene magmatic zircon and rutile that constrain the
timing of forearc melt activity and chromitite formation. To-
gether with the petrographic evidence, these data document
a multistage “genealogy” for accessory minerals in the Peri-
dotite Nappe.

Accessory minerals in ophiolitic mantle as a global
phenomenon

The New Caledonian example forms part of a growing
global dataset showing that xenocrystic zircon and rutile are
common components of mantle sections in supra-subduc-
tion ophiolites. Chromitites and mantle peridotites from the
Tethyan Luobusa and Donggiao ophiolites (Tibet) contain
zircon, rutile, kyanite, corundum, coesite, diamond and mois-
sanite with age spectra ranging from Archean to Mesozoic
(e.g., Bai et al., 1993; Griffin et al., 2016; McGowan et al.,
2015; Yamamoto et al., 2013; Yang et al., 2014, 2021). The
Kermanshah ophiolite, part of the Zagros suture in Iran, con-
tains mantle peridotites and chromitites with inherited zircon
populations. Moghadam et al. (2022) demonstrated that zir-
cons in the Neyriz-Kermanshah mantle section include Neo-
proterozoic-Paleozoic xenocrysts, interpreted as transported
crustal material from the northern margin of Gondwana re-
cycled into the supra-subduction mantle during Neotethyan
subduction. Other Tethyan ophiolites in Albania, Greece and
Turkey (e.g., Mirdita, Pindos, Vourinos, Aladag) contain re-
cycled zircon-rutile assemblages reflecting continental mate-
rial introduced into the mantle wedge (Fu et al., 2015; Kapsi-
otis et al., 2016; Lian et al., 2018, 2020; Xiong et al., 2017).
Similarly, Cuban ophiolites host xenocrystic zircon, rutile
and monazite with age signatures compatible with distal con-
tinental terranes (Proenza et al., 2018; Rojas-Agramonte et
al.,2016). These global occurrences show consistent patterns
with accessory minerals within peridotites and chromitites
commonly preserving inherited age spectra incompatible
with in-situ mantle processes.

Taken together, observations from New Caledonia, sup-
ported by those from other global ophiolite belts, confirm that
solid-phase transfer of zircon, rutile, titanite and related min-
erals is a widespread process during early subduction. Grains
liberated from metasedimentary and metabasic rocks in the

downgoing plate are mechanically entrained within the sub-
duction channel, transferred into the forearc mantle wedge,
and preserved through encapsulation in chromitite and refrac-
tory harzburgite. These accessory minerals record both the
provenance of recycled crustal components and the timing of
melt focusing, chromite saturation and forearc magmatism.
The New Caledonian ophiolite also contains rare diamond
and moissanite xenocrysts (Aitchison et al. 2025) with a light
carbon isotope composition similar to that in Tethyan exam-
ples cited above. Work on these unusual mineral occurrences
is on-going in an attempt to understand the complexities of
mineral genesis. The New Caledonia Peridotite Nappe, there-
fore, represents a key natural laboratory for understanding the
role of solid-state transfer in the petrogenesis and metallog-
eny of supra-subduction mantle.

Serpentinization in the New Caledonia Ophiolite

The extensively serpentinized New Caledonia Perido-
tite Nappe offers a rare opportunity to examine processes of
mantle-fluid interaction from oceanic spreading and subduc-
tion initiation to forearc evolution and late-stage exhumation.
Over recent decades, serpentinization within the New Cale-
donia ophiolite has received increasing attention, with a se-
ries of studies collectively outlining a multi-scale, polyphase
serpentinization history spanning from the Late Cretaceous
to the Quaternary.

Orloff (1968) provided the earliest assessment of serpen-
tinization in the New Caledonia ophiolite, documenting a
systematic decrease in the degree of serpentinization from the
base to the top of the peridotite massifs. Subsequent studies
by Gautier et al. (2016) and Quesnel et al. (2016) examined
serpentine-bearing fault zones, characterizing their kinemat-
ics and clarifying the mechanisms of ophiolite emplacement
onto the continental basement. These studies identified three
distinct structural levels corresponding to variations in ser-
pentinization degree and the development of specific syn-
deformation serpentine assemblages. They emphasized the
key role of the serpentinite sole, which comprises massive
tectonic breccias overlying a mylonitic serpentinite layer, in
localizing strain during ophiolite emplacement over the con-
tinental margin.
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Other studies have used New Caledonian serpentinized
peridotites as a case study to reconstruct the evolution and
redox conditions during progressive serpentinization (Frost
et al., 2013), as well as the fluid-rock interactions involved
(Mothersole et al., 2017). These studies have also evaluat-
ed the reliability of ophiolitic serpentinites as analogues for
abyssal seafloor serpentinization and subduction fluxes. Frost
et al. (2013) reconstructed the sequence of serpentinization
and the physicochemical conditions in New Caledonian du-
nites. These authors distinguished three generations of ser-
pentine veins and also showed how increasing fluid involve-
ment and magnetite formation progressively sequestered
Fe from early serpentine-brucite assemblages. Their results
demonstrate a shift from rock-dominated to fluid-dominated
serpentinization. Magnetite growth drove higher XMg in lat-
er serpentine generations and released H,. Comparisons be-
tween New Caledonia and abyssal serpentinites (Mothersole
et al., 2017) reveal that although the reaction sequences and
serpentine polymorphs are similar, New Caledonia serpenti-
nites generally have lower concentrations of Cl, S, and C and
more reduced Fe than their oceanic counterparts. These dif-
ferences reflect different fluid sources (i.e., slab- versus sea-
water-derived) and varying degrees of post-serpentinization
weathering. This indicates that New Caledonia serpentinites
primarily document subduction-related hydration rather than
seafloor alteration.

Through a comprehensive petro-geochemical study, Ul-
rich et al. (2020) determined the paragenetic sequence of
serpentinization in New Caledonia to be lizardite-1 — liz-
ardite-2 — antigorite — chrysotile — polygonal serpentine.
Lizardite accounts for approximately 80% of the total serpen-
tine. Trace-element systematics indicate that the transition
from primary peridotite minerals to lizardite-1 was nearly
isochemical. Later serpentine generations, however, record
open-system behavior marked by progressive Fe depletion,
increasing Fe3*/Fe,, ratios, and systematic enrichment in flu-
id-mobile elements (Cs, Rb, Ba, U, and LREE), coupled with
strong Ce negative and U positive anomalies (Fig. 13).

Monte Carlo modeling of 8'80-0D compositions shows
that the main serpentinization fluids came from the dehydra-
tion of altered oceanic crust (AOC) during the initial stages
of subduction, at temperatures between 250 and 350°C, with
possible contributions from fluids derived from sediment
and/or serpentine from the descending plate (Fig. 14).

Building on this framework, Raia et al. (2022) investi-
gated serpentinites exposed within the HP-LT metamorphic
complex of northwestern New Caledonia and identified two
distinct groups. One group displayed trace-element and iso-
topic signatures indistinguishable from those of the overlying
New Caledonia Ophiolite (Ulrich et al., 2020) and was inter-
preted as mantle-wedge derived. The second group had ele-
vated 0'80 values and was interpreted as an exhumed portion
of the downgoing plate. This dual provenance makes New
Caledonia one of the few known examples that preserves
both slab-derived and mantle-wedge serpentinites within the
same subduction complex.

AOC-derived fluids were not the only contributors to
serpentinization. Ulrich et al. (2020) proposed the existence
of a low-temperature (~100°C) meteoric component to ex-
plain the formation of the youngest serpentine generation that
comprises the serpentinite sole. Corre et al. (2023) confirmed
this hypothesis by documenting Quaternary serpentinization
events younger than 2 Ma based on (U-Th)/He magnetite
ages. These events occurred at temperatures of ~95°C, which
is consistent with earlier thermal estimates. These results
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demonstrate that serpentinization is active at shallow struc-
tural levels under present-day conditions through the circula-
tion of hyperalkaline fluids similar to those discharged at Pro-
ny Bay. There, emitted gases (H,, CH,, and N,) show a linear
H,-CH, relationship, which is indicative of low-temperature
methanogenesis during serpentinization (Barnes et al., 1978;
Deville and Prinzhofer, 2016; Monnin et al., 2014; Pisapia et
al., 2017; Corre et al., 2023).

Corre et al. (2023) documented natural carbonation occur-
ring simultaneously with Quaternary serpentinization. They
demonstrated that, at relatively high temperatures (~95°C),
reactions between olivine, (Mg Fe)-serpentine, and CO,-rich
fluids produce a distinctive mixture of dolomite, Fe-poor
serpentine, magnetite, Fe-brucite, and H,. The major carbon-
ation event affecting New Caledonian serpentinites mainly
developed at the base of the ophiolite (in the serpentinite sole)
and has been extensively examined in terms of mineralogy
(Ulrich et al., 2014) and stable oxygen-carbon (O-C) isotope
compositions (Quesnel et al., 2016a, 2013). These studies
demonstrated the meteoric origin of carbonation and its rela-
tionship to lateritization at the top of the peridotite nappe. In
this context, carbonates are dominated by magnesite and are
commonly associated with amorphous silica. Both are inter-
preted as having formed contemporaneously at substantially
lower temperatures (~30°C) than the dolomite identified by
Corre et al. (2023). Based on the synkinematic character of
magnesite veins, Quesnel et al. (2013) proposed that tectonic
activity during laterization enhanced meteoric water infiltra-
tion. This promoted Mg-Si removal and drove widespread
carbonation and silicification along the serpentinite sole.
Carbonation developed in two main modes: (1) a per descen-
sum process forming magnesite-silica veins concentrated in
fractures and (2) pervasive dissolution-precipitation replac-
ing serpentine with magnesite and amorphous silica without
obliterating the primary serpentinite textures. The latter is the
dominant carbonation mechanism.

Overall, evidence from mineralogy, microstructures, iso-
topes, tectonics, and fluid chemistry confirms that serpenti-
nization in the New Caledonia ophiolite is polyphasic, long-
lived, and spatially heterogeneous. Early AOC (slab)-derived
fluids hydrated the mantle wedge during the initiation of sub-
duction, while later meteoric fluid circulation during and after
obduction generated low-temperature serpentinization, mag-
netite formation, and H,/CH, production. These processes
continue today and generate hydrogen seepage. These mete-
oric fluids also induced pervasive carbonation and associated
silicification along the serpentinite sole.

Slab-derived melts and fluids at the origin
of antigorite-tremolite veins

The harzburgites, lherzolites and dunites of the Perido-
tite Nappe of New Caledonia are crosscut by joints, through
which the rocks have been pervasively serpentinized at rela-
tively low temperature, producing lizardite, brucite, magne-
tite and minor chrysotile in a near-static environment (see
previous section). In a next step, already serpentinized joints
were re-opened to produce tension and shear cracks sealed
by higher temperature synkinematic fibrous minerals. Most
veins only contain fibrous antigorite but some display trem-
olite-antigorite intergrowths or even pure tremolite. Locally,
tremolite-bearing veins and pockets, which do not display
evidence for void infill, were generated by metasomatic re-
placement of the wall rock peridotite. The veins yield high
contents of Ca and incompatible elements, which contrast
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with the overall depletion of the peridotite host rock and sug-
gest contribution of an external source. These characteristics
raise questions about temperature increase and the influx of
calcium (Cluzel et al., 2019).

In general, fibrous crack seals are nucleated on wall rock
and the nature of minerals that fill the progressively opening
spaces depends strongly on the composition of the host rock.
There is a consensus on the fact that synkinematic minerals,
which form the crack seals, come from pressure or shear solu-
tion and are in equilibrium with pore fluids. Thus, synkine-
matic mineral growth is at least partly fed by dissolved ele-
ments that were carried over short distances (e.g., Baghat and
Marshak 1990; Beach 1974, 1977; Bons and Jessell 1997,

Durney 1972, 1976; Pollard and Segall 1987; Rutter 1983).
Accordingly, only serpentine minerals (antigorite, lizardite,
chrysotile, polygonal serpentine, depending upon P-T con-
ditions) are expected to be in equilibrium with the more or
less deeply serpentinized peridotite wall rock (Andreani et al.
2007; Kurat et al. 1993).

Ultramafic rocks of the Peridotite Nappe contain up to ~
0.7 wt.% CaO in harzburgites and ~ 2.5 wt.% CaO in lherzo-
lites, yet fractures filled with tremolite, a calcium-rich amphi-
bole, are widespread except within unserpentinized nuclei.
The input of calcium can hardly be attributed to mobiliza-
tion from the peridotite itself; therefore, an external source
is needed without taking into account the rise in temperature.



Tremolite crystallization may result from the interaction
of serpentinite with Ca-rich metasediments in mélanges
(e.g.,nephrite jade; Adams et al., 2007; Adams and Beck,
2009), with mafic rocks in subduction zones (Marocchi et al.,
2010; Laborda-Lopez et al., 2020), from the recrystallization
of dikes that crosscut serpentinites (e.g., rodingites; Bach and
Klein, 2009; Harlow and Sorensen, 2005; Koutsovitis et al.,
2013; Sivell and Waterhouse, 1986), from the mobilization
of Ca from pyroxenes during serpentinization (Python et al.,
2011), or from the “hydrothermal” mobilization of Ca from
calcite veins originating from seawater at shallow depths
(Agrinier et al., 1996). In New Caledonia, tremolite also ap-
pears locally in greenschist-facies mylonitic gabbronorite cu-
mulates (Ouen Island “jade”; Maurizot and Lesimple, 2012).
However, in these rocks, tremolite displays a strong preferred
orientation, yet never exhibits an asbestiform texture. In con-
trast, the tremolite occurrences discussed here are always
found in cracks in serpentinized peridotite, far from any mafic
crustal rock.

The 37Sr/®Sr ratio in harzburgites and lherzolites of the
Peridotite Nappe, which are the most common wall rocks
of antigorite and tremolite-bearing veins, covers a relatively
large range (0.7049-0.7077) (Secchiari 2016; Secchiari et al.
2019) and a certain role of “primary” serpentinization may
be suspected. However, there is no correlation between the
LOI, which represents the degree of primary serpentinization,
and the Sr isotope ratio of unserpentinized lherzolites and
harzburgites (LOI = 0-0.7wt%; (¥Sr/%Sr); = 0.7077-0.7054)
and moderately serpentinized ones (LOI = 6.0-10.7wt%;
(¥’Sr/36Sr), = 0.7075-0.7049) (Secchiari 2016, 2019). A mod-
erate degree of primary serpentinization does not appear to
have significantly modified the Sr isotopic composition of the
peridotites. Therefore, serpentinization alone cannot account
for the radiogenic character and variability of the 37Sr/3¢Sr
ratios observed in the New Caledonia peridotites, which are
more plausibly attributed to the incorporation of slab-derived
components (Secchiari et al., 2019).
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As far as shear- or pressure-solution origin is consid-
ered, the Sr isotope composition of antigorite would reflect
that of the peridotite wall rock, pending some influence of
circulating fluids. However, the 87Sr/%Sr of antigorite veins
is much higher than that of peridotites (up to 0.7117), close
to the present ocean water composition and even much
higher than that of lower Eocene waters (Fig. 15) (Murthy
and Beiser 1968; Elderfield 1986; Veizer 1989; McArthur et
al. 2012). These values are slightly lower than that of hemi-
pelagic terrigenous sediments (e.g., McLennan et al. 1990;
Hemming et al. 2007) and point to sediment-water mixing/
leaching. Thus, the highly radiogenic ®’Sr/*Sr ratios from
antigorite veins reflect some influence of subducted sedi-
ments on the fluids released by the slab, which infiltrated
the supra-subduction mantle and were involved in antigorite
crystallization.

Tremolites from veins and pockets display low and con-
stant 87Sr/%Sr (0.7042-0.7045) (Cluzel et al., 2019) that clear-
ly differ from that of lherzolite and harzburgites wall-rock
(Fig. 15); thus, a direct origin of Ca by leaching of perido-
tites is unlikely. Alternatively, tremolite seems to have been
in equilibrium with “magmatic” fluids, a feature consistent
with 8'80 and OH values (see below), even though a certain
influence of ocean-like water cannot be excluded. The “sedi-
mentary” signature of antigorite veins, possibly derived from
subduction-related fluids, was probably diluted in tremolite-
bearing veins, which contain 100-1000 times more Sr than
antigorite. It is unlikely that tremolite formed by direct reac-
tion of felsic magma with serpentinized wall rock because in
all observed reaction rims around dikes, anthophyllite and/or
Mg-chlorite are formed instead of tremolite. In the frequent
absence of direct contact between felsic dikes and tremolite
veins or pockets, it may be suggested that tremolite merely
formed by reaction between hydrous fluids released by sub-
duction and having leached the still hot felsic dikes and the
serpentinized wall rocks of active shears or tension cracks
(Cluzel et al., 2019).
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The 6'80 and 8D of hydrous minerals result from the bal-
ance of the isotopic composition of the wall rock, water/rock
ratio, mineral-water fractionation coefficients, isotope ratios of
circulating water, and temperature. In this study, a probable
temperature of tremolite-antigorite formation can be estimated
in the range of 300-450°C. Under these temperatures, tremo-
lite and serpentine minerals should display comparable §'%0
values as an equilibrium isotopic fractionation of about 6'380
Trem-Serp = — 0.3%c is expected (Zheng 1993). The mean
0180 values of 6.8%0 and 6.4%o for tremolite and antigorite,
respectively (Fig. 16) (Cluzel et al., 2019), correspond to 630
Trem-Serp = + 0.4%o, and are somewhat at variance with the
theoretical equilibrium. In fact, in the crystallizing sequence
we argue for a slight temperature decrease at the end of tremo-
lite crystallization. All other factors equal, this should imply a
small increase of the isotopic fractionation between tremolite
and water, and thus an increase in the 8'%0 value of tremolite.

The fact that tremolite is actually slightly enriched (8'%0
= 6.8%0) in %0 relative to antigorite (6'%0 = 6.4%c) is con-
sistent with a small temperature decrease. At first order,
both minerals likely crystallized in equilibrium with a single
aqueous reservoir. Assuming that fluid was in excess at the
time of vein formation (i.e., the fluid/rock ratio is isotopi-
cally infinite), the 6'%0 value of the invading fluid can be
estimated between 6.5%0 and 8.5%o (using the fractionation
factors between H,O and antigorite between 300 and 450°C
from Zheng, 1993). These values are consistently expected
for the fluids involved in supra-subduction contexts, like the
one prevailing for the formation of the studied veins. Indeed,
these fluids, originally derived from seawater, underwent sig-
nificant isotopic exchange with crustal and mantle rocks, as
shown by the Sr isotope and REE systematics of vein miner-
als, which resulted in increasing their initial, low 6'30 value.
A magmatic contribution to the fluid budget that would add
a high-0'80 component (about 7%o) to the fluid is permitted
by the data. Lizardite formed during the primary serpentini-
zation did not significantly recrystallize when the rock went
into the antigorite stability field. Lizardite and antigorite may
coexist at low pressure depending upon serpentine composi-
tion (e.g., Caruso and Chernosky, 1979; O’Hanley et al. 1989;

Schwartz et al. 2013); however, antigorite fibers considered
here are nucleated on lizardite “blackwalls” and partly origi-
nated from the destabilization of lizardite as shown by the ac-
cumulation of iron oxide at the lizardite-antigorite interface.
However, the pervasive replacement of “primary” lizardite
by antigorite would require an unlikely large water-rock ratio
given the relative impermeability of lizardite coatings and re-
striction of fluid circulation along open fractures.

The formation of tremolite- and antigorite-bearing veins
recorded a temperature increase; a heat source is therefore
needed as well as a source for Ca. This event was associated
with shear/tensile reactivation of pre-existing joints already
coated by lizardite. The widespread antigorite-bearing low-
Ca veins have highly radiogenic ¥’Sr/%6Sr signatures, which
testify some influence of subducted sediments. In contrast,
this “sedimentary” signature is diluted in high-Ca tremolite,
which probably comes from Ca input of direct or indirect
magmatic origin. The Sr isotope signature of tremolite, its
REE abundances, the 6'%0 and 0D values, all suggest that
the Ca source was the supra-subduction Early Eocene felsic
dike system and thus, indirectly, the subducted slab. Euro-
pium-positive anomaly and paradoxically high contents of
some compatible elements (Cr) suggest that Ca was carried
by oxidized hydrothermal fluids that leached the dikes and
interacted with Cr-rich wall rock (serpentinized peridotite).
These characteristics provide a constraint on the timing of
tremolite crystallization, because supra-subduction dikes
intruded peridotites within a narrow span of time at ca. 55-
50 Ma (U-Pb zircon; Cluzel et al. 2006). Since these dikes
mostly crystallized from slab melts and boninite series mag-
mas that formed shortly after subduction inception (Cluzel et
al. 2012, 2016), already existing fractures were reactivated
in an oblique-extensional regime under relatively high fluid
pressure and gave way to magma and laterally/upward to
Ca-bearing fluids when the young and buoyant slab had to
force its way beneath the nascent fore-arc lithosphere. The
heat required for the crystallization of tremolite and antig-
orite after lizardite was most likely supplied by the injection
of supra-subduction slab-derived melts (Cluzel et al., 2019).
The coexistence of tremolite and antigorite within the same
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fracture fillings, followed by the crystallization of antigorite
alone, may reflect the progressive exhaustion of magmatic
fluids, while synkinematic crystallization associated with
small-scale faulting and tension cracks continued. This rela-
tionship suggests that tremolite-antigorite veins formed dur-
ing the same tectonic event, with only the fluid composition
varying over time. Therefore, irrespective of the upward de-
crease in primary serpentinization, the development of tremo-
lite-antigorite veins may be related to: (1) static development
of low-temperature serpentine minerals along cooling joints,
(2) injection of slab-derived supra-subduction magmas and
Ca-metasomatic fluids at subduction inception (latest Paleo-
cene), and (3) exhaustion of Ca-metasomatic fluids in a glob-
ally cooling mantle wedge (Cluzel et al., 2019).

CONCLUSIONS

The New Caledonia ophiolite provides a comprehensive
record of melt, fluid, and solid transfer during the initiation
and early evolution of a supra-subduction forearc. Integrat-
ed geological, geochemical, isotopic, and geochronological
evidence shows that it formed through the superposition of
pre-existing mantle domains and short-lived but diverse sub-
duction-related processes.

The harzburgitic main body represents an extremely re-
fractory mantle wedge formed by high degrees of melt extrac-
tion, generally beyond clinopyroxene exhaustion. However,
U-shaped REE patterns, fluid-mobile element enrichments,
Pb anomalies, and radiogenic isotopic signatures indicate later
overprinting by slab-derived fluids and minor melts. Isotopic
systematics further demonstrate that this Eocene supra-subduc-
tion signature was imposed on mantle previously depleted dur-
ing older melting events. These harzburgites thus represent an-
cient mantle reworked by hydrous melting and metasomatism.
In contrast, the northern lherzolites preserve a moderately de-
pleted abyssal mantle signature, characterized by greater fertil-
ity, distinct REE patterns, and different isotopic compositions.
These rocks formed in a MOR setting and were later modified
by melt infiltration and refertilization, representing pre-forearc

mantle fragments incorporated during subduction initiation.

The mantle-crust transition zone (MTZ) and lower crust
document the progression from mantle tectonites to magmatic
cumulates. The lowermost dunites formed largely by reactive
porous flow, involving orthopyroxene dissolution and olivine
precipitation within mantle tectonites. Up-section, clinopy-
roxene- and plagioclase-bearing dunites, wehrlites, pyroxe-
nites, and gabbronorites record increasing melt impregnation
and/or cumulate crystallization. Although the balance be-
tween replacive and cumulate processes remains debated, all
interpretations agree that the MTZ reflects intense interaction
between highly depleted mantle and primitive hydrous melts
during the earliest construction of the forearc crust. The lower
crustal gabbronorites and orthopyroxene-gabbros are crystal-
lization products of primitive, ultra-depleted melt batches de-
rived from refractory mantle sources variably metasomatized
by slab-derived fluids. Their extreme REE depletion, com-
bined with enrichments in fluid-mobile elements, indicates
that the earliest forearc lower crust in New Caledonia was
built not by large, homogenized magma chambers, but by re-
peated injections of small, chemically distinct melt pulses.

The Lower Eocene dike swarms constitute one of the
clearest records of melt diversity during hot subduction initia-
tion. Their age range, between 55.5-50 Ma, closely brackets
the earliest stages of subduction and shows that forearc mag-
matism was both short-lived and compositionally diverse.
Several melt types are represented: slab-derived hornblende
gabbro-diorite magmas, boninite-like melts, hydrous pyroxe-
nite-forming melts derived from mantle wedge sources modi-
fied by slab melts, felsic slab-related melts, and later tholei-
itic IAT dolerites derived from more fertile mantle sources.
The predominance of slab-derived and slab-influenced melts
distinguishes New Caledonia from better-known subduction-
initiation systems such as Izu-Bonin-Mariana, where forearc
basalts precede boninites. In New Caledonia, subduction be-
gan near a spreading ridge and involved young, hot, buoyant
lithosphere; consequently, slab melting was favored at the
onset, whereas basalt generation was delayed until the slab
cooled, densified, and steepened enough to induce astheno-
spheric upwelling and IAT magmatism (Fig. 17).
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Importantly, material transfer from the slab was not lim-
ited to fluids and melts. Accessory minerals such as zircon
and rutile, with inherited ages, indicate mechanical transfer of
solid phases from the downgoing slab into the mantle wedge.
A special mention should be made of the formation of dia-
mond and moissanite from C-rich sediments in the subduc-
tion zone and their transfer into the mantle wedge, a process
seemingly common to many supra-subduction ophiolites.
This provides strong evidence for solid-state recycling in
supra-subduction environments.

The New Caledonia ophiolite also records prolonged
hydration and fluid circulation. The serpentinization of ul-
tramafic rocks was a polyphase process that left only a few
serpentine-free nuclei. There is no identifiable trace of pre-
subduction serpentinization. Subduction-related serpentini-
zation likely began in relatively cool peridotites (ca. 300 °C)
shortly after subduction initiation and has continued to the
present day, driven by the circulation of meteoric waters,
albeit to a limited extent. These processes led to magnetite
formation, hydrogen and methane production, and carbon-
ation, and continue today, as shown by active hyperalkaline
springs.

Heat transfer and Ca-Sr metasomatism peripheral to dike
emplacement generated metasomatic tremolite pockets and
syntectonic tremolite-antigorite veins in already serpen-
tinized peridotites. This event was associated with oblique
shallow-dipping subduction. Antigorite-tremolite veins link
high- and low-temperature processes, recording infiltration of
slab-derived fluids and melts, fracture reactivation, and local-
ized metasomatism during early subduction.

Overall, the New Caledonia ophiolite reveals that forearc
lithosphere formed during hot subduction initiation is highly
heterogeneous, shaped by multiple interacting processes. This
ophiolite stands as a key natural example for understanding
material transfer across the slab-mantle interface and the evo-
lution of supra-subduction lithosphere preserved in ophiolites
worldwide.
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