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Abstract

Ophiolitic ultramafic rocks play a crucial role in understanding deep geochemical cycling and
the transfer of components associated with slab-mantle interactions. Detailed
geochronological and geochemical analysis of zircon and TiO> polymorphs present within
mantle rocks of the Eocene New Caledonian ophiolite reveal discrete magmatic and
xenocrysts populations amongst harzburgite from Me Maoya and chromitite from Tiébaghi.
Most of the mineral grains examined in this study have a xenocrystic origin and are
concentrated particularly in the harzburgite. They are inferred to have been recycled from the
northern end of the Norfolk Ridge that formed the leading edge of a thin continental slab of
Gondwana affinity which had previously rifted from eastern Australia together with other
elements of Zealandia. The slab was drawn into an intra-oceanic subduction zone beneath the
proto-Loyalty arc immediately prior to emplacement of the forearc ophiolite today
represented by the New Caledonian Peridotite Nappe. The pristine isotopic systems preserved
in the studied minerals indicate they were recycled into the mantle wedge at moderate mantle
depths (above 60 — 80 km depth) within in the subduction channel. In contrast, Eocene U-Pb
ages of zircon and rutile grains that mostly occur within in the Tiebaghi chromitite indicate
formation through magmatic processes, likely associated with late-stage percolation of
enriched fluids and melt. Overlapping ages of the Eocene zircon and rutile grains, Ar-Ar
pargasite ages, and ages of cross-cutting dikes in the Tiébaghi chromitite provide evidence
that it cooled at ca. 47-46 Ma. This study demonstrates the capacity to enhance our
comprehension of forearc mantle wedge evolution by examining geochronological and
thermochronometer minerals within ultramafic rocks. It also highlights the potential for
studying recycled solid mineral phases, tracing their thermal evolution, and characterizing

potential subducted source terranes.

Keywords: Forearc mantle-wedge; Slab-mantle interaction; subduction processes; Ultramafic
rocks; U-Pb dating; trace element geochemistry
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1. Introduction

Subduction zones are the loci of fundamental Earth processes associated with the deep
geochemical cycle and the transfer of components from subducting lithospheric slabs to
overriding shallower levels in the forearc mantle (Pearce et al., 1984; Dilek and Furnes, 2011;
Agard et al., 2020). These processes involve the recycling of solid, fluid, and gaseous
components, and are moderated by geological parameters such as the age and temperature of
the subducting slab and/or thickness of its sedimentary cover (e.g., Yu et al., 2020; Aitchison
et al., 2022). Investigation of supra-subduction ophiolitic mantle-rocks, that develop in the
forearc mantle wedge (Pearce et al., 1984), provides a key approach to fingerprinting
processes associated with subduction zones and slab-mantle interaction (Soret et al., 2016; Yu
et al., 2020). In recent decades, there have been significant advances in the understanding of
forearc systems and ophiolites (Reagan et al., 2010; Dilek and Furnes, 2011). However,
crucial knowledge gaps remain, such as the extent and effects of recycling of components and
the timescale of processes related to mantle wedge evolution. To a certain degree,
uncertainties reflect the rarity of preserved ophiolitic ultramafic sections, as they represent
the most prominent feature to investigate the slab-mantle interaction. Furthermore, the
refractory nature and highly altered state of these materials due to serpentinization and
metasomatism make their investigation challenging.

Until now geochronological data for ophiolitic rocks, such as zircon U-Pb or amphibole
Ar-Ar age determinations have been widely applied to understanding crustal sections or the
timing of formation of high-grade metamorphic sole rocks but less so to mantle lithologies.
Remarkably in recent decades, and somewhat unexpectedly given their refractory nature, the
discovery of zircons and other datable minerals in depleted ophiolitic mantle rocks has
become more common (Yamamoto et al., 2013; Aitchison et al., 2022; Cluzel et al., 2022).
Their occurrence can contribute to a better understanding of the evolution of the forearc
mantle wedge and associated processes.

Among minerals recovered from ultramafic ophiolitic rocks worldwide, those datable
using U-Pb geochronology include both zircon and rutile. Commonly these minerals display
a range of ages that predate the ophiolite formation suggesting they are xenocrystic
(Aitchison et al., 2022; Cluzel et al., 2022). However, in addition to these inherited crystals,
zircons and rutiles ages that are contemporaneous with the hosting ophiolite have also been
reported (Gonzalez-Jiménez et al., 2017; Pujol-Sola et al., 2020; Cluzel et al., 2022).

Previous studies have typically used geochronological data to fingerprint the timing of

ophiolite genesis and obduction. However, as analytical capabilities increase, it is possible to
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glean additional geochemical and isotopic data that specifically characterise individual
mineral species' sources and thermal evolution. Moreover, differences amongst distinct age
populations of the same mineral can also be characterised and investigated, including
geochronometers locked in at different pressures. Thus, we can now move beyond
fingerprinting to understanding the genealogy and evolution of the mineral constituents of an
ophiolite and raise understanding to a new level.

This study presents extensive mineralogical, geochronological, and geochemical
datasets for zircon and two TiO polymorphs, rutile and anatase, extracted from harzburgite
and podiform chromitite of the Peridotite Nappe in New Caledonia. These minerals exhibit
distinct colors and morphologies. They display a wide range of geochemical signatures and
U-Pb ages, providing a comprehensive dataset for understanding the geological history of the
region. Notably, xenocrysts demonstrate a robust affinity to terranes that were subducting
beneath a developing intra-oceanic island arc system. The occurrence and isotopic system of
these xenocrysts provide important information about the depth at which recycling processes
took place within the forearc wedge. Furthermore, the U-Pb zircon and rutile ages,
contemporaneous with the formation of the Peridotite Nappe, reveal unique chemical and
isotopic signatures that contribute crucial insights into the processes involved in the

ophiolite's evolution.

2. Regional context

New Caledonia in the SW Pacific, forms a part of the Norfolk Ridge, the present
configuration of which is attributed to the rift and drift processes that occurred during the
Mesozoic Period, along the Eastern Gondwana margin (Cluzel et al., 2012b; Collot et al.,
2020). The main island, Grande Terre, covers an area of 400 length and 50 km width, and
comprises a diverse range of Permian to Eocene rocks, encompassing igneous, sedimentary,
and metamorphic terranes (Paris, 1981; Aitchison et al., 1995). Across Grande Terre, large
massifs of peridotite and mafic plutonic rocks known as the Peridotite Nappe or New
Caledonia Ophiolite comprise one of the largest exposures of ultramafic bodies on Earth
(Avias, 1967; Collot et al., 1987) (Fig. 1). This nappe is interpreted as a fragment of forearc
mantle and lower crust associated with the proto-Loyalty arc (Cluzel et al., 2012b). During
Eocene arc-continent collision, it was obducted to the SW over the Gondwana margin
continental fragment, which had earlier rifted off eastern Australia as part of Zealandia

(Collot et al., 1987; Aitchison et al., 1995; Cluzel et al., 2001, 2016; Mortimer et al., 2017).
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The ophiolitic rocks are generally undeformed and exhibit a basal contact zone

containing a brecciated serpentinite sole above a tectonic contact with a footwall of oceanic

crustal rocks of the Late Cretaceous-Paleocene Poya terrane (A.Fig. 1) (Collot et al., 1987;

Cluzel et al., 2018; Maurizot et al., 2020b). The nappe is primarily composed of harzburgites

with lenses of dunites, lherzolites, and chromitites. Locally, mafic-ultramafic cumulates such

as dunite, wehrlite, pyroxenite, and gabbro also occur (Pirard et al., 2013; Secchiari et al.,

2016). Typical upper crustal rocks commonly found in other ophiolites, such as pillow basalts

and sheeted dykes are notably absent from the Peridotite Nappe (Avias, 1967).
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Figure 1. Geological map of New Caledonia exhibiting the main tectonic units and sample locations (Adapted
after Aitchison et al., 2022). Cross sections adapted after Maurizot et al. (2020Db).
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The Peridotite Nappe is known for its diverse geochemical, isotopic, and petrological
characteristics, resulting from multi-stage magmatic evolution including melt extraction,
melt-rock interaction, and refertilization (Ulrich et al., 2010; Pirard et al., 2013; Secchiari et
al., 2016). Lherzolites in the northern massifs of Tiébaghi and Poum have REE patterns
resembling abyssal peridotites (Ulrich et al., 2010; Secchiari et al., 2016), while harzburgites,
which dominate the nappe are marked by low REE content and U-shaped REE patterns
similar to modern forearc ophiolites, reflecting high degrees of partial melting (Pirard et al.,
2013; Secchiari et al., 2016). They are also characterized by high Fo olivine (89.5-92.9
mol%), high Mg# orthopyroxene (89.8-94.2), Cr-rich spinel (Cr# 44-72), and a lack of
primary clinopyroxene (Ulrich et al., 2010; Pirard et al., 2013; Secchiari et al., 2020b).
Petrographic elements, such as secondary ortho- and clinopyroxene, are interpreted to have
formed in association with later refertilization in a supra-subduction environment (Ulrich et
al., 2010). Whole-rock isotopic data, with eNdi ranging from -0.80 to +13.32 and *’Sr/*®Sr
from 0.70257 to 0.70770, also suggest a subduction-related influx associated with the melting
of sedimentary rocks (Secchiari et al.,, 2020b). The presence of dikes with adakite-like,
island-arc tholeiites (IAT), and boninitic geochemical signatures cutting through the mantle
section further supports this interpretation (Maurizot et al., 2020b). Together these features
make the Peridotite Nappe a valuable unit for studying the formation and development of
forearc mantle rocks (e.g., Parrot and Dugas, 1980; Aitchison et al., 1995; Ulrich et al., 2010;
Liu et al., 2018).

Geochronological data for the Peridotite Nappe provide information crucial to
understanding its formation, cooling, and Paleogene obduction. U/Pb zircon and Ar/Ar
amphibole ages indicate that granulite-facies mafic rocks formed circa 56 Ma in a
metamorphic sole, which is potentially linked to subduction initiation processes (Cluzel et al.,
2012a; Soret et al., 2016). The main magmatic episode in the forearc is estimated to have
occurred around 53.1 + 0.4 Ma (n=19) based on zircon U/Pb ages from dikes with a supra-
subduction geochemical affinity that intrude the mantle sequence (Cluzel et al., 2006;
Maurizot et al., 2020b). Cooling is estimated to have occurred between 50 and 47 Ma, as
inferred from Ar/Ar ages obtained on boninitic glass (Cluzel et al., 2016). Obduction over
basement rocks associated with the northern extent of the Norfolk Ridge (part of Zealandia)
took place during in the late Eocene circa 37-34 Ma, according to thermochronological (Ar-
Ar K-feldspar and apatite fission track data; Baldwin et al., 1999) and micropaleontological
dating (Maurizot et al., 2020a). This marks the last significant tectonic event related to this

ophiolite.
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3. Samples

Two samples of approximately 500 kg of harzburgite and chromitite were collected
from the Me Maoya and Tiébaghi massifs, respectively, to examine for the rare presence of
zircon and rutile in ultramafic rocks. Unaltered harzburgite boulders were collected from the
bed of the Baraoua River in the Me Moya massif (sample coordinates: 21°27'58.96"S;
165°23'40.11" E). Chromitites were obtained from stockpiles at the Tiébaghi massif chrome
mine wash-plant (GPS 20°26'15.49" S; 164°13'46.02" E) ore mined from circa 300 m below
surface levels.

Harzburgite from the Me Maoya massif (Fig. 2a) is exceptionally fresh and composed
of olivine, orthopyroxene, and chromium-rich spinel (Fig. 2b), with clinopyroxene appearing
as a late-stage exsolution phase. This spinel-harzburgite is primarily formed of high-
temperature mineral assemblages (Pirard et al, 2013), as suggested by various
geothermometers. Ca-in-orthopyroxene estimates temperatures of approximately 1020°C
(range: 903-1185°C), while the Ca-in-olivine (average Tor-in-ca = 842°C) and olivine-spinel
(average Toi-sp = 924°C) geothermometers suggest slightly cooler conditions (Secchiari et al.,
2020b, 2022). Based on olivine-spinel oxy-barometers ranging from 0.35 to 0.92 (Secchiari et
al., 2020a) the harzburgites generally exhibit oxygen fugacity values (AFMQ), similar to
peridotites from the Izu-Bonin forearc (Parkinson and Pearce, 1998), consistent with a likely
subduction-related origin.

At the now inoperative Tiébaghi chrome mine, one of the largest and richest chrome
deposits on Earth, irregular pods of chromitite occur enveloped by dunite and surrounded by
diopside harzburgite on top and harzburgite at the base (Moutte, 1982). Chromitite pods dip
steeply (60-70° SW) parallel to the high-temperature foliation amongst the surrounding
peridotite (Cassard et al., 1981). They comprise primary Cr-rich spinel (Cr203 wt % >40%),
olivine and orthopyroxene with serpentinization occurring as a later phase. The collected
sample is a massive chromitite (Fig. 2c), with olivine and orthopyroxene as minor phases,
and serpentine filled cracks between chromite grains. Rocks from the Tiébaghi massif also
exhibit chromitite with distinct textures, which include small nodular chromitite interlayered
with dunite that is cross-cut by hydrous silicate venules (Fig. 2d), pargasite dominant sample
encompassing Cr-spinel crystals (Fig. 2e), and Cr-rich rock cut by small nodular chromitite
veins crosscut by hydrous silicate venules (Fig. 2f). These different textural relationships
indicate that several phases of melts and fluids were involved in the formation of Tiébaghi
massif, commonly revealing the presence of hydrous silicates (e.g., pargasite, Na-rich

phlogopite, and tremolite), previously described by Moutte (1982) and dated at ca. 47 Ma
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(**Ar/*Ar in pargasite; Cluzel et al., 2022). In addition, boulders of mafic and intermediate
magmatic rocks can be observed in the stockpile and throughout the massif suggesting that

more evolved melts likely percolated the massif.

‘Cr-spinel®
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Figure 2. Harzburgite a) hand sample and b) thin section under parallel and cross-polarized light from the Me
Maoya massif. b) Hand sample of chromitite collected from the Tiébaghi massif. Other textures observed in the
old Tiébaghi chrome mine: ¢) small nodular chromitite interlayered with dunite crosscut by venules, d)
pargasite-rich peridotite, f) Cr-rich rock crosscut by small chromitite nodules and hydrous silicates venules. Fig.
2e, fand g are photographs of the Museum collection at the Tiébaghi Village.

4. Methods
Both samples were sent for mineral separation at the Institute of Multipurpose
Utilization of Mineral Resources (Chinese Academy of Geological Sciences in Zhengzhou).

The ultraclean mineral separation workflow, which included gravimetric, magnetic, and
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electrostatic separation, was designed to recover rare mineral occurrences found in ophiolites
such as rutile and zircon (Appendix A). To prevent contamination, all equipment and
worksites were thoroughly cleaned prior to processing. For further information on the mineral

separation workflow refer to Appendix A.

4.1.  Mineral characterization
Minerals of interest were picked and photographed with a Leica EZ4HD stereo

microscope in a glass petri-dish.

4.1.1. Raman

Minerals were characterized using the Renishaw inVia confocal Raman microscope and
spectrometer at The University of Queensland's Centre for Microscopy and Microanalysis.
The system was calibrated with a silicon wafer (520.5 cm™) at the start and end of each
session. Raman spectra were collected using a 514.5 nm laser and 50x objective, with a range

of 100 to 2000 cm™!, at room temperature (refer to Appendix A for Raman spectra).

4.1.2. Scanning Electron Microscopy (SEM) and energy dispersive X-ray (EDX) mineral
analysis

Mineral grains were mounted in 2.54 cm epoxy resin discs and polished to reveal their
crystal cores. Backscatter and CL SEM images and EDX data were obtained using a
TESCAN Integrated mineral analysis (TIMA) Field Emission SEM at the Central Analytical
Research Facility (Queensland University of Technology) or a Hitachi SU3500 at the Centre
for Microscopy and Microanalysis (UQ). These data were used to examine mineral
morphology, texture, fractures, and inclusions. CL images were obtained with a 10 Kv
acceleration voltage and 12 nA beam current (Refer to Supplementary Material 1 for CL
images). For identification of mineral phases on the TESCAN TIMA, the dot mapping
approach was employed with 25 KV acceleration voltage, 1 um/pixel spacing for backscatter
imaging, 3 um/pixel EDS dot spacing, and 1000 counts per spectrum per pixel analyzed.
Mineral phases were identified based on EDX data using the TIMA software, and each
assignment was verified to ensure correct overlap between the acquired data and the software

database.

4.2.  U-Pb age determination
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U-Pb isotopes for zircon, rutile, and anatase grains were determined using the Thermo
Fisher iCAP RQ quadrupole ICP-MS with an ASI RESOlution SE 193 nm laser (LA-ICP-
MS) at the Centre for Geoanalytical Mass Spectrometry (CGMS) at the University of
Queensland. U/Pb age analyses for zircons were conducted using 91500 zircon as the primary
standard (Wiedenbeck et al., 1995) and Temora 2 grains (Black et al., 2003) as the secondary
standard to monitor precision and accuracy, which was found to be better than 0.3%
(Appendix A). Crystals were ablated using a 38 pum spot size beam in 22 cycles of 1s, with a
repetition rate of 7Hz and fluence of 6J/cm>. Only zircons with U/Pb ages with concordance
between 90 — 110 % (*%Pb/28U vs 27Pb/?3U) were used for age calculations. Tera-
Wassenburg and Kernel density diagrams were plotted with 2[1] error using the Isoplot-R
software (Vermeesch, 2018).

For U-Pb isotope measurements, rutiles and anatases were ablated using a 38 um spot
size beam in 22 cycles of 1s, a repetition rate of 8Hz and fluence of 3J/cm> The primary and
monitoring standards were R632 (Axelsson et al., 2018) and DXK rutiles (Shi et al., 2012),
respectively, and the precision and accuracy of these standards was less than 1% (Appendix
A). Raw data were processed using lolite software (Paton et al., 2011). Common Pb was
corrected using the R632 standard and the “VizualAge UcomPbine” package (Chew et al.,
2014) with the 2°®Pb (no Th) correction. Out of the 230 grains analyzed, only 11 displayed Th
values above 1 ppm, and most grains contained Th abundances below the detection limit.
Consequently, the °Pb measured in these grains was assumed to be non-radiogenic (Zack et
al., 2011).

Common Pb correction of unknown samples was achieved by grouping the samples
based on their 2°°Pb/?®U ages and plotting them in Tera-Wasserburg diagrams using
233U/2%Pb and 2°7Pb/**°Pb ratios (20 propagated error) with Isoplot-R software (Vermeesch,
2018). Rutile ages presented in this study plots near the concordia line, indicating low levels
of common lead in these grains. Concordia and lower intercept discordia ages exhibit a
concordance rate of over 97%, facilitating age calculations. Final regression lines in the Tera-
Wasserburg plots were unanchored for common Pb. To validate the common lead correction,
three methods - nominal (0.9), Stacey-Kramer, and Isochron - were tested. Results showed
that the isochron method was more consistent with low intercept ages calculated with
unanchored common Pb. As a result, the isochron method was employed for age calculations

and to plot data in kernel density plots.

4.3. Trace element abundance
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Analyses of zircon trace element isotopes (°'Zr, **Sc, *Ti, 3¥Sr, Y, *Nb, 1*'La, 4°Ce,
Hpy 146N, 147Sm, 153y, 157Gd, 1Dy, !”2Yb, 'SLu, 7SHE, 2%4Pb, 26Pb, 207Pb, 208ph, 232Th,
28U) were performed within the same analytical session as those for U/Pb isotopes
measurements. NIST612 glass standard was used as the primary standard, with NIST614
glass measured for quality control. Raw data were reduced using the Iolite software (Paton et
al., 2011) with Zr as internal normalization standard.

Rutile and anatase were analysed for specific elemental abundances (**Mg, 2’Al, **Sc,
9Ty, Sy, 53Cr, 5Mn, Fe, %Co, Ni, BCu, Sr, ¥Y, 9Zr, ©Nb, 11Sn, 12ISb, 137Ba, 1L,
140Ce, 141py, 146Nd, 47Sm, S'Eu, '97Gd, @Dy, 172Yb, Lu, SHE, 18'Ta, 12W, 20Hg, 20pp,
207pp, 298pp, 232Th, 2*8U) with the same Thermo Fisher iCAP RQ quadrupole ICP-MS with an
ASI RESOlution SE 193 nm laser, but in a different analytical sessions as those for U/Pb
isotope analyses. Trace element abundances of rutile and anatase grains were acquired using a
50 um spot size beam that overlapped the U/Pb laser holes. Measurements were performed in
29 cycles of 1s at a frequency of 6 Hz and fluence of 3J/cm®. NIST 612 and NIST 614 were
used as primary and monitoring standards, respectively. Raw data were processed using the
Iolite software (Paton et al., 2011) with Ti as the internal normalization standard. Trace
elemental data of the primary standard (R632 rutile) display good agreement with the values
obtained by Axelsson et al. (2018), indicating an accurate analytical session. For more
information on analytical procedures, data acquisition, reduction, and validation, refer to

Appendix A. Data are presented on a spreadsheet in Appendix B.

5. Results

Grains of zircon and the TiO; polymorphs rutile, and anatase were recovered from both
the Me Maoya harzburgite and Ti¢baghi chromitite (Fig. 3), each exhibiting unique
characteristics depending on their host rock (Appendix A: A.Figs. 4-12; A.Table 1-2).
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Figure 3. a) Homogenous zircon grains extracted from the Tiébaghi chromitite and b) heterogenous and rounded
zircon grains from the Me Maoya harzburgite under binocular microscope. Red rutile grains extracted from c)
Tiébaghi chromitite and d) Me Maoya harzburgite. €) rounded dark grey rutile and f) anatase grains recovered
from the harzburgite.

5.1. Zircons

5.1.1. Morphology

Recovered zircons display a broad spectrum of colours and shapes, ranging from
rounded to prismatic, with varying length:width aspect ratios (1-4) and CL properties. Grains
extracted from the chromitite sample (approximately 60) are generally transparent and
prismatic in shape, with low length-to-width ratios (2.5-1) and weak oscillatory or sector
zoning CL. These zircons are commonly associated with serpentine, which occurs either
filling cracks or surrounding the grains, as well as with Ca-Ti-bearing amphibolite
(kaersutite), chromite, diopside, and enstatite (A.Fig. 11). In comparison, zircon grains from
the harzburgite sample (approximately 280) are more diverse, showing varying colours (clear,
yellow, red, dark red), shapes (rounded, subrounded, and prismatic double terminated) (Fig.
3), elongation (1-5), and CL (ranging from strong and fine oscillatory, weak to faint, and

sector zoning). Additionally, the harzburgite zircon grains reveal mineral associations with
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distinct crustal minerals, such as inclusions of quartz, rutile, diopside, and xenotime (A.Fig.
12).

Zircon grains can be grouped based on their U/Pb ages (A.Table 1). In general, those
within the same age group exhibit similar features, such as Late Cretaceous zircons (90-120
Ma) that are characterized by subrounded morphology, low elongation, and prominent
oscillatory zoning. While some grains display distinct characteristics within each different
age group, the dominant features are presented in A.Table 1 for the purpose of

characterization.

5.1.2. U-Pb ages

Amongst the 59 zircon grains from the Tiébaghi chromitite, 57 yielded concordant
U/Pb ages (*°°Pb/?*8U vs 27Pb/*3U; 90-110% concordance) spanning from 45 to 546 Ma
(Fig. 4a). Most (n = 46) have an Eocene age (ca. 46.84 £ 0.22 Ma; MSWD = 0.92) and
median Th/U ratio of 0.63. Other zircon grains yield the following ages: ~150 Ma (n = 6;
Th/U*® = 0.73), ~240 Ma (n = 2; Th/U = 0.38 and 0.49), ~405 Ma (n = 1; Th/U = 0.38), and
~560 Ma (n=2; Th/U =0.51 and 1.1).

Analyzed zircons grains from the Me Maoya harzburgite (n=276) yield 243
concordant U/Pb ages (**Pb/?*U vs 2°Pb/?*°U) ranging from 50 to 2764 Ma. U/Pb age
populations can be visualized in kernel density plots (Fig. 4c, d). Phanerozoic ages
predominate, with the most prominent age populations being Late Cretaceous (90-120 Ma;
Th/U*¢=0.87), Early Jurassic to Cretaceous (125-170 Ma; Th/U*® = (0.58), Late Permian to
Early Triassic (225-260 Ma; Th/U*# = 0.61), and Late Ordovician to Early Devonian (405-
465 Ma; Th/U*'® = (.38). Some rare zircons have ages dating from the Neo-, Meso-, and
Paleoproterozoic eras, and one Archean zircon is noted. The largest Proterozoic age cluster
lies within the Stenian-Tonian periods (ca. 945 Ma). A single zircon from the harzburgite
yielded an Eocene age (49.9 = 1.4 Ma; Th/U = 0.7), which is similar to the young age cluster

observed in zircons from the chromitite.

5.1.3. Trace element abundances

Individual age populations have distinct chemical signatures. Eocene zircons are
characterized by lower Ti (13 ppm), Nb (1.1 ppm), U (182 ppm) and higher Sc (94 ppm), Y
(4105 ppm), Gd (55 ppm), Dy (295 ppm), Yb (1683 ppm), and Lu (1683 ppm) median
values. In contrast, other Phanerozoic populations display median trace elemental values in

the range of (in ppm): Ti 16-58, Nb 2.5-5, U 404-720, Sc 59-70, Y 1500-2000, Gd 27-37, Dy



352
353
354
355
356
357
358
359
360
361

362
363

364
365
366
367

14

135-163, Yb 500-685, and Lu 82-130. Phanerozoic zircons are comparable to those from
continental arc or mid-ocean ridge settings (Grimes et al., 2015; Figs. 5a, b). In contrast, the
Eocene population plots outside the mantle zircon array and differs from zircons analyzed
from other tectonic setting fields (Fig. 5). This younger population is characterized by
significant depletion in Nb and anomalously high Yb values, leading to low U/Yb, Gd/Yb,
Sc/Yb, and Nb/YDb ratios. This distinction is also evident in the trace and rare-earth element
chondrite-normalized plots (Fig. 5c, d) on which Eocene zircons exhibit marked depletion in
U, Pb, Nb, La, and enrichment in middle to heavy rare-earth elements (Eu, Gd, Dy, Y, Yb,

Lu) and Sr as compared to other zircon age groups.
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Figure 4. Zircon U-Pb age determinations. a) Kernel density plot exhibiting distribution of U238/Pb206 zircon
ages and b) Tera-Wasserburg plot showing youngest zircon population from the Tiébaghi chromitite sample. c)
Kernel density plot showing distribution of U238/Pb206 zircon ages from Me Maoya harzburgite and inset d)
zircon showing populations <600 Ma. Diagrams were plotted using IsotplotR (Vermeesch, 2018) and the ages
of the peaks were calculated using the software Density plotter (VVermeesch, 2012)
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369 Figure 5. Plots of trace element abundances in zircons differentiating potential tectono-magmatic sources and
370  settings. a) U/Yb vs Nb/Yb diagram and b) Sc-Nb/Yb plot (diagrams and fields are after Grimes et al., 2015 and
371 references therein). Trace element (c) and REE chondrite-normalized (d) diagrams (chondrite values are after
372 Sun and McDonough, 1989) for zircons. Lines display the median values of each zircon population grouped
373  according to their ages.

374

375 5.2.  TiO: polymorphs

376

377 5.2.1. Morphology

378 Red rutile grains from both samples are relatively uniform under both reflective light

379  and backscatter imaging (Appendix A). They exhibit length (c-axis) of 50 to 250 um and
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prismatic to rounded morphology. These rutile grains generally show homogenous zoning
and massive textures, but partial to pervasive dissolution features are also present. Those
extracted from the chromitite exhibit common mineral association with serpentine, which
appears encompassing (A.Fig. 11) or filling fractures. Other associations include biotite and
garnet at the rim and micro- to nanometer-sized ilmenite exsolutions. In contrast, red rutile
grains recovered from the harzburgite exhibit less common associations with serpentine but
exhibit a diverse range of inclusions and mineral associations, such as titanite, albite,
ilmenite, amphibole, corundum, plagioclase, diopside, and quartz (A.Fig. 12).

Dark grey rutile grains occur in the Me Maoya samples and have lengths of 75 to 220
um and subrounded to rounded morphology. They variably display homogenous to poikilitic
textures, with the most common mineral associations being zircon and quartz (A.Fig. 12).

Anatase grains occur in the Me Maoya samples and are 75 to 210 pm in length and
have subrounded to rounded morphology (A.Fig. 10). They exhibit massive to poikilitic
textures and mineral associations with zircon, quartz, muscovite, and titanite (A.Fig. 12). The

characteristics of the Ti-oxide phases are summarized in the Appendix A (A.Table 2).

5.2.2. U-Pb ages

Ages of red prismatic rutiles from both chromitite and harzburgite samples have been
reliably determined and range from Devonian to Eocene. U-Pb age determinations for red
rutile grains (n = 82) from the chromitite sample exhibit well-defined populations, including
an Eocene cluster at ~47 Ma (as determined by the lower intercept age; Fig. 6a, c), Late-
Triassic to Early-Jurassic grains peak around 200 Ma, and an older Early-Devonian
population occurs at approximately 400 Ma. Similar age clusters are also observed amongst
the analyses of red rutile grains (n = 150) from the harzburgite, without any Eocene ages. A
more refined age distribution near 200 Ma is seen in rutile grains from the harzburgite
(Figure 6b), however, this may be an artifact of data clustering. Therefore, the cluster at 205
Ma, is considered to overlap with rutile U/Pb ages from the Tiebaghi chromitite, providing a
more consistent and reliable age for geological interpretations.

In contrast, anatase and dark grey rutile grains exhibit higher Th and common Pb
concentrations, making data reduction and age estimation more challenging. Despite these
difficulties, a lower intercept discordia age of approximately 230 Ma can be estimated for the
dark-grey rutiles and although it should be interpreted with caution it may have geological
significance (Appendix A - A.Fig 15). In contrast, U-Pb data obtained from anatase grains did

not yield any reliable ages due to the high and non-linear concentration of common Pb.
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Figure 6. U-Pb age determinations for red rutiles calculated using 2%U/2%Pb vs 207Ph/?%Ph ratios. Ages are
corrected for common Pb using the Isochron method. Kernel density plots exhibiting U-Pb rutile ages from a)
chromitite and b) harzburgite. ¢) Tera-Wasserburg plot showing the youngest rutile population (only observed in
the chromitite sample). Diagrams were plotted using IsotplotR (Vermeesch, 2018) and the ages of peaks were
calculated using the software Density plotter (Vermeesch, 2012).

5.2.3. Trace element abundances

Red rutile populations can be further differentiated according to their trace element
abundances (Fig. 7, 8). Eocene grains exhibit a distinct chemical composition, characterized
by higher Sc (3 ppm), Cr (4000 ppm), Zr (1200 ppm), and Hf (55 ppm), and lower V (1480
ppm), Al (131 ppm), and Fe (590 ppm) values compared to other age groups. Red rutile
clusters ca. 205 and 400 Ma ages have mean elemental contents ranging from Sc 0.4 - 0.9
ppm, Cr 265 - 2293 ppm, Zr 272 - 380 ppm, Hf 12 - 17 ppm, V 2300 - 3700 ppm, Al 180 -
370 ppm, and Fe 1500 - 3500 ppm. In contrast, dark grey rutile and anatase grains reveal

significantly higher abundances of Ta, Nb, and REEs in comparison to all red rutile grains.
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and dark grey rutile. Fields and trend arrows for diagrams b, ¢ and d are after Sciuba and Beaudoin (2021).
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Figure 8. Chondrite-normalised trace element (a) and REE (b) median values (chondrite values are from Sun
and McDonough, 1989). c) Crystallization temperatures of rutile and anatase grains calculated according to the
Zr in rutile thermochronometer (Tomkins et al., 2007) (bottom and top of the box = Q3 and Q1, respectively;
black dot — mean; line — median).

6. Discussion

6.1.  Origin of zircons

6.1.1. U-Pb age constraints

The largest (80% of concordant analyses) and youngest population of zircons comes
from the Tiébaghi chromitite sample and yields an Eocene age (ca. 46.84 + 0.22 Ma; MSWD
= 0.92) with 2] error of the 48 Ma age reported for zircons from the same sample that were
analysed by SHRIMP at Australian National University (Aitchison et al., 2022). A solitary
zircon grain from the Me Maoya harzburgite also yielded an Eocene age (49.9 + 1.4 Ma) that
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is again within 2[] error of the 48 Ma age reported from Tiébaghi chromitite by Aitchison et
al. (2022). These younger ages are interpreted as approximating the last magmatic event
during which the collected samples were exposed.

Accordingly, zircons older than the Eocene population recovered from both the
chromitite and harzburgite samples are interpreted as xenocrysts. These inherited grains are
relatively rare in the chromitite sample (n = 10), but they are more abundant in the
harzburgite (n = 246). Their ages tend to cluster within discrete populations in the
Phanerozoic and are more dispersed in the Precambrian. Late-Cretaceous grains (120-90 Ma)
are generally rounded, have low elongation, and fine oscillatory zoning, suggesting a likely
derivation from terrigenous sediments. Their ages are similar to zircons from the Formation a
charbon (Aitchison et al., 1998; Adams et al., 2008; Cluzel et al., 2011), and partially
overlaps with those of from the Kone Facies within the Poya terrane (Cluzel et al., 2018) and
Boghen terrane (Adams et al., 2009) in New Caledonia (Fig. 9).

Other zircons with older Mesozoic ages (Early Jurassic to Cretaceous; 170-125 Ma)
exhibit similarities within the age range of the population known from the Boghen terrane
(Cluzel and Meffre, 2002; Adams et al., 2009). Late Permian-Early Triassic (260-225 Ma)
zircon ages overlap most closely with those of detrital zircons from volcaniclastic sediments
of the Téremba and Koh-Central terranes (Adams et al., 2008; Campbell et al., 2018; Fig 9).
However, some of these and older zircon xenocryst populations appear to slightly deviate
from the depositional or magmatic ages observed in the basement terranes of New Caledonia
(Fig. 9). For example, zircons of Late Ordovician to Early Devonian age predate the oldest
rocks in New Caledonia. Potentially, however, these grains represent inherited components of
the detrital zircon populations within clastic units amongst these younger terranes. Indeed,
similar ages have been reported from Koh-Central and Téremba terranes (Aitchison et al.,
1998; Adams et al., 2008; Campbell et al., 2018).

To gain a comprehensive understanding of detrital inheritance, it is essential to
examine New Caledonia within the paleogeographic context of the eastern Gondwana
(Australian) margin before the Zealandia rifting and the opening of the Tasman and Coral
seas. Previous studies have established correlations between Permian to Mesozoic rocks in
the New Caledonian basement and those along the Eastern Gondwana margin (Aitchison et
al., 1998; Cluzel et al., 2012b; Campbell et al., 2018). Zircon detrital studies conducted on
Late Permian to Early Triassic units of the Murihiku, Caples (New Zealand) and Gympie
terranes (Eastern Australia) reveal closer similarities with the corresponding zircon xenocryts

found within the New Caledonia ophiolite. Additionally, presence of Late Permian-Early
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Triassic zircon xenocrysts, falling within the Devonian to Triassic age range of widespread
felsic magmatic rocks along the New England Orogen in eastern Australia (Murray et al.,
1987; Glen, 2005; Rosenbaum et al., 2020), suggest this possible correlation with eastern
Australian Gondwana margin. This correlation is further supported by matching ages of Late
Ordovician-Early Devonian (465-405 Ma) zircon xenocryst ages and the occurrence of
extensive S- and I-type granite intrusions in the Lachlan Fold Belt of NSW (Kemp et al.,
2009). Thus, input of sediments into the basins that developed on the Zealandia continent
prior to its separation from eastern Australia, supported by extensive zircon U-Pb detrital
studies in New Caledonia and New Zealand (Aitchison et al., 1998; Adams et al., 2008, 2022;
Cluzel et al., 2011; Campbell et al., 2018), may contribute as sources of these xenocryst.
Moreover, these findings highlight the capability of such xenocrysts to elucidate

paleogeographic constraints associated with the development of the ophiolite.

6.1.2. Trace element geochemistry constraints

Zircon geochemical analyses offer a promising approach for identifying the sources of
xenocrysts together with their U-Pb ages. Examination of zircon trace elements reveals that
the majority of xenocrysts originate from crustal sources. Notably, the trace element
signatures of Late Permian-Early Triassic zircon xenocrysts exhibit similarities to those
observed in rocks derived from continental arcs. This resemblance aligns with the
volcanoclastic rocks discovered in the Téremba terrane, which are interpreted as sediments
resulting from the deposition in a continental margin forearc basin associated with arc
magmatism (Aitchison et al., 1998; Adams et al., 2009b), or zircon trace elemental data from
rocks of the Murihiku terrane in New Zealand (Campbell et al., 2020b) thus providing
support for these rocks being plausible xenocryst sources. Moreover, trace element analysis
of zircon xenocrysts from the Early Paleozoic, which display similarities to continental rocks,
coupled with their positive §'*0 values and negative eHf(; values, are consistent with zircons
found in S-type granites of similar ages documented in the Lachlan orogen (Kemp et al.,
2009).

Furthermore, comparing the geochemical characteristics of Eocene zircons from the
chromitite with xenocryst populations and zircons formed in different tectonic settings (Fig.
5) highlights distinct processes responsible for the formation of the younger zircon
population. These mechanisms likely entail intricate interactions between the depleted host
rock and new melt injections. Throughout this process, specific elements may have been

selectively distributed among other coeval phases, leading to the atypical geochemical
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attributes observed in these Eocene zircons (e.g., Nb depletion attributed to higher

partitioning into contemporaneous rutile phases).
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Figure 9. Kernel density plot of age distributions for zircon and rutile recovered from harzburgite and chromitite
samples compared to possible sources in New Caledonia and Eastern Australia. Peritotite Nappe zircon (U-Pb,
¢Hf and 8'80) and U-Pb rutile ages after Aitchison et al. (2022); Detrital zircon compilation: Boghen terrane
(Adams et al., 2009); Kone Facies (Cluzel et al., 2018); Formation a charbon (Adams et al., 2008; Cluzel et al.,
2011); Koh-Central terrane (Adams et al., 2008; Campbell et al., 2018); Teremba terrane (Adams et al., 2009b;
Campbell et al., 2018); Gympie terrane (Rosenbaum et al., 2020); Muhiriku terrane (Adams et al., 2007;
Campbell et al., 2020a); Caples terrane (Adams et al., 2009a).
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6.2.  Origin of TiO: polymorphs

Red rutiles recovered from both harzburgite and chromitite yield U-Pb ages that
cluster in the Eocene (ca. 47 Ma) and Late Triassic-Early Jurassic (ca. 205 Ma), with less
prominent peaks at 171, 247 and 401 Ma. Red rutile xenocrysts (> 53 Ma) exhibit
geochemical signatures similar to those of mafic-ultramafic rocks and were likely originated
through magmatic processes. These findings indicate these xenocrysts were likely recycled
from mafic units within the subducting slab. In contrast, anatase and dark grey rutiles are
similar to those of metapelitic rocks of intermediate composition that crystallized in
metamorphic/hydrothermal conditions (Fig. 7). Furthermore, their anomalous REE
abundances provide additional evidence for distinct sources or crystallization processes
compared to the red rutile samples. Although reliable U-Pb ages could not be obtained for
dark rutile and anatase grains, their geochemical signatures suggest the involvement of
sedimentary rocks in the forearc mantle wedge.

Determination of the sources of TiO» xenocrysts remains challenging given the
limited dataset for rutile U-Pb ages amongst potential source rocks in New Caledonia or other
units along the Eastern Gondwana margin. These xenocrysts could have originated from the
extensive mafic and intermediate rocks present in New Caledonia (Maurizot et al., 2020b) or
other unidentified metasedimentary rocks. Their ages correlate with known metamorphic
episodes affecting New Caledonian basement terranes (Aitchison et al., 2022) and New
Zealand (Adams, 2003).

Additionally, these grains also display distinctions related to their crystallization
temperature (Sc/Y vs Zr/Ba diagram — Fig. 7d), with higher temperatures indicated for red
rutiles in comparison to anatases and dark rutiles. This is further supported by estimations of
the crystallization temperature using the Zr-in-rutile thermometer (pressure = 15 Kbar and -
quartz field), with the Eocene cluster showing a pronounced mean crystallization temperature
of 818 °C, compared to other minerals and age populations (Fig. 8c).

It is worth noting that Eocene red rutile grains (ca. 47 Ma) exhibit distinctive
geochemical signatures. These rutiles display notable concentrations of high field strength
elements (HFSEs), specifically Ta, Nb, Hf, and Zr (Fig. 8a), as well as higher abundances of
rare earth elements (REEs) compared to the older red rutile clusters (Fig. 8b). These unique
geochemical characteristics, combined with elevated Cr contents (4000 ppm), suggest that
these grains likely formed within their chromitite host rock through percolation of late and

geochemically enriched melts or fluids. Chromitite from the Tiebaghi massif, which displays
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abundant evidence for fluid percolation in its petrography (Fig. 2), provides further support

for this interpretation.

7. Conclusions

Zircon and the TiO, polymorphs, rutile and anatase, occurring within the ultramafic

rocks of the Peridotite Nappe ophiolite exhibit unique textural, chemical, and isotopic

features. These mineral phases serve as valuable indicators for exploring the evolution of the

forearc mantle-wedge and associated geodynamic processes, including:

Eocene zircon and rutile grains recovered from the Tiébaghi chromitite are both likely to
be of magmatic origin and associated with a late stage of melt or fluid percolation, as
evidenced by their association with alkali-hydrous silicate phases. Overlap between
Eocene U-Pb zircon and rutile ages, and Ar/Ar ages reported from pargasite (Cluzel et
al., 2022) indicates that the Tiébaghi chromitite had already cooled considerably by ca.
47-46 Ma, providing important constraints on the cooling period of ultramafic rocks
from the northern section of the Peridotite Nappe.

Zircon grains older than the ophiolite crystallization age are interpreted as xenocrysts and
those as old as Permian exhibit similarities with units amongst the New Caledonian
basement terranes. Other older zircon populations are consistent with multi-cycle
derivation from the eastern Australian and New Zealand margin against which New
Caledonia was juxtaposed prior to Zealandia dispersal.

The sources of rutile xenocrysts, which have U-Pb ages clustered in the Late Triassic-
Early Jurassic cannot be directly confirmed and likely fingerprint metamorphic event
within the regional geology evolution.

The occurrence of zircon and rutile xenocrysts with pristine isotopic systems in mantle
rocks supports a hypothesis invoking recycling from the subducting lithospheric slab into
the mantle wedge occurring at shallow levels. To avoid thermal resetting of the U-Pb
radiometric clock, rutile xenocrysts must have been transferred at depths above 60-80 km
(Fig. 10). This likely occurred in combination with the dewatering of the subducting slab
and the release of fluids that hydrate the mantle wedge and trigger recycling processes.
Mantle recycling process involving xenocrysts originating from the subducting slab are
considered to have occurred shortly during the initial stages of the ophiolite exhumation.
Xenocrysts were likely incorporated into the over-riding mantle wedge by fluid

percolation in between rock and mineral fractures.
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The findings of this study have implications on the understanding of mantle recycling

processes. Furthermore, they indicate the potential for detailed characterization of the wide

variety of minerals that are present in ultramafic rocks rather than just zircon alone to

investigate the evolution of forearc mantle wedge systems.
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Figure 10. a) Geotherms of an intra-oceanic subduction system (adapted after Syracuse et al., 2010) b) Intra-
oceanic model exhibiting the location and dynamics of a subduction channel (adapted after Gerya et al., 2002) c)
Detailed model showing interpretation of how zircon, rutile and other materials are transferred and recycled into
a forearc mantle-wedge; corrugations between the subducting material and the hydration front depict slab
dehydration associated to metamorphic reactions (adapted after Gerya, 2011).
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Appendices

Appendix A: Samples location, mineral characteristics and imaging, detailed analytical

procedures and Dark-grey rutile U-Pb dating plots.

This appendix provides extra information that support the manuscript, including: (i)
Geological map and schematic stratigraphic column of the study area; (ii) mineral processing
workflow; (iii) Raman spectra of studied TiO> polymorphs; (iv) tables detailing zircon and
TiO2 polymorphs characteristics (v) CL and SEM images, and EDX mapping of minerals of
interest; (v) Zircon and TiO» polymorphs U-Pb dating and trace element analysis data

processing and validation.

Appendix B: Excel spreadsheet containing Zircon and TiO; polymorphs U-Pb and trace

element isotopes data.
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