02Secchiari 31 COLORE_Layout 1 05/02/19 12:00 Pagina 31

31

Ofioliti, 2019, 44 (1), 31-42 - doi: 10.4454/ofioliti.v44i1.463

Origin Of the spinel-pyrOxene symplectites
in the harzburgites frOm the new caledOnia peridOtite
arianna secchiari*, alessandra montanini*, *, delphine bosch**, patrizia macera*** and dominique cluzel°
* Dipartimento di Scienze Chimiche, della Vita e della Sostenibilità Ambientale, Università di Parma, Italy.
** Geosciences Montpellier, Université de Montpellier, France.
*** Dipartimento di Scienze della Terra, Università di Pisa, Italy.
° Institut des Sciences Exactes et Appliquées, Université de la Nouvelle-Calédonie, New Caledonia.
*
Corresponding author, email: alessandra.montanini@unipr.it
Keywords: symplectites; spinel-pyroxene clusters; melt-rock reactions; New Caledonia Ophiolite; subduction zones;
harzburgites.
ABSTRACT
The New Caledonia ophiolite (Peridotite Nappe) hosts one of the largest and best-exposed mantle section worldwide, providing an exceptional insight into
upper mantle processes. The Peridotite Nappe is mostly dominated by harzburgites, locally overlain by mafic-ultramafic cumulates, but also includes minor
spinel and plagioclase lherzolites, cropping out in the northern part of the island.
The New Caledonia harzburgites are low-strain tectonites, showing dominant porphyroclastic textures. The main mantle paragenesis is constituted by
olivine (~ 75-85 vol%), orthopyroxene (~ 15-25 vol%) and spinel (< 1 vol%), while primary clinopyroxene is notably absent. An important textural feature of
these mantle rocks is represented by the common occurrence of spinel-pyroxene symplectitic aggregates.
In this work, we present a petrographical, textural and major element chemical characterization of the spinel-pyroxene symplectitic intergrowths occurring
in the New Caledonia harzburgites (Kopeto, central massif, and Yaté, Massif du Sud). Based on textures, size and relationships with the other mineral phases,
these spinel-pyroxene clusters have been divided into two types, named type-A and type-B.
Type-A symplectites occur in the Kopeto harzburgites and are composed of spinel-orthopyroxene (± clinopyroxene) intergrowths. In type-A symplectites,
symplectitic spinel (Spl 2) occurs as abundant vermicular shaped grains, ranging in size from ~ 0.5 to 2 mm. By contrast, spinel of the porphyroclastic assemblage (Spl 1) shows smaller size (in the range of few μm) and notably lower abundances (< 1%). Type-A symplectites develop exclusively on porphyroclastic
olivine, which in turn displays evidence of chemical disequilibrium and corroded outlines.
Bulk major element compositions reconstructed for type-A symplectites rule out a derivation from a pre-existing garnet phase, as the model garnet compositions do not satisfy garnet stoichiometry, being characterized by Si deficiency. By contrast, major element chemical variations of the symplectitic phases,
coupled with the high abundance of Spl 2 and olivine resorption, suggest an origin from reactive percolation of opx-saturated hydrous melts or slab-derived
fluids in a subduction zone setting.
Type-B symplectites are found in Yaté sample and consist of spinel-orthopyroxene (± clinopyroxene). They are characterized by smaller size (few hundreds of μm, i.e. “micro-symplectites”) and different shapes compared to type-A symplectites, growing as vermicular, “myrmekite-like” intergrowths at the
rims of porphyroclastic orthopyroxene. Major element chemical compositions of type-B symplectites are consistent with an origin as “cooling textures”.
These structures may derive from unmixing of a high-T, Al-Cr rich, orthopyroxene due to the decreased solubility of the Cr-Al component (CrMgTs) during
post-melting lithospheric cooling at T < 900°C.

intrOductiOn
Symplectites are complex vermicular (“worm-like”) intergrowths of different mineral phases, often observed in
metamorphic and igneous rocks (Vernon, 2004). In mantle
lithologies, the presence of spinel-pyroxene symplectites
has been widely documented and the origin of these structures was ascribed to various processes (e.g. Smith, 1977;
Field and Haggerty, 1994; Godard and Martin, 2000; Seyler
et al., 2007; Rampone et al., 2008; Shimizu et al., 2008).
On the basis of major element compositions, spinel-pyroxene clusters have been often interpreted as breakdown
products of garnet (e.g. Vannucci et al., 1993; Medaris et
al., 1997; Morishita and Arai, 2003; Rampone et al., 2009).
Different authors have indeed demonstrated that mass balance calculations on bulk symplectites match garnet stoichiometry and hence spinel-pyroxene intergrowths have
been referred as a clue of a pre-existing garnet phase (e.g.
Takahashi, 2001; Shimizu et al., 2008). By contrast, garnet
signature is rarely preserved by trace element chemistry in
symplectitic domains (e.g. Morishita and Arai, 2003).
Another explanation proposed for mantle symplectites
includes origin through melt-rock reactions and precipita-

tion of mineral phases from a melt (e.g. Seyler et al., 2007;
Suhr et al., 2008; Godard et al., 2008). Similar structures
have been recognized in Mid Atlantic Ridge (MAR) peridotites, where their presence has been ascribed to reactive
percolation of MORB-type or alkaline melts, resulting in
polyphase precipitation of spinel-orthopyroxene-clinopyroxene intergrowths (Seyler et al., 2007; Suhr et al., 2008).
Spinel-pyroxene symplectitic aggregates have also been
interpreted as “cooling textures” generated through unmixing of clino- or orthopyroxene due to decreased solubility of
the Cr-Al component (CrMgTs) in pyroxenes and subsolidus Fe-Mg exchange reactions between pyroxenes and
spinel at decreasing temperature (e.g. Field and Haggerty,
1994; Rampone et al., 2008).
Finally, hybrid origins, including reaction between a former garnet and percolating fluids during post-melting cooling history, have also been invoked for the genesis of complex symplectitic aggregates in mantle rocks (e.g. Godard
and Martin, 2000; Förster et al., 2017).
Spinel-orthopyroxene (± clinopyroxene) symplectites are
an important feature of the New Caledonia residual peridotites. Their presence in the Massif du Sud harzburgites (Yaté
area) has been previously reported by Pirard et al. (2013).
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These authors suggested that spinel-pyroxene symplectites
originated from a precursor garnet phase, explaining the
Cr-rich nature of these clusters as inherited from homogenization of spinel compositions with the surrounding peridotite (Pirard et al., 2013). However, a detailed investigation
of these structures is lacking, thus the genesis of the spinelpyroxene clusters still remains an open issue.
In this work, we describe the symplectitic intergrowths
occurring in harzburgites coming from two different peridotitic massifs: Kopeto, central massif and Yaté, Massif du
Sud. Petrographic and major element chemical investigation
of these spinel-pyroxene clusters has been carried out in order to constrain their origin during the harzburgite evolution.
geOlOgical and petrOlOgical
bacKgrOund
New Caledonia is a NW-SE elongated island located in
the SW Pacific region among the New Hebrides Arc (Vanuatu) and the eastern Australian margin.
The main island of New Caledonia, named Grande Terre,
includes an association of volcanic, sedimentary and metamorphic terranes of Permian to Miocene age (Aitchison et
al., 1995; Cluzel et al., 2001; 2012, Lagabrielle et al., 2013).
These terranes were assembled during two major tectonic
episodes: 1) a Permian to Early Cretaceous W-dipping subduction related to the eastern Gondwana active margin and
2) an Eocene NE-dipping subduction eventually resulting in
the obduction of the ophiolitic units. Both tectonic events
were characterized by high-pressure (HP-LT) metamorphism
and were separated by a phase of oceanic spreading, related
to a Late Cretaceous-Paleocene marginal basin formation.
Following Cluzel et al. (2001) the Island can be subdivided into four main geological domains: (i) the autochthonous
units, including a pre-Late Cretaceous basement and its late
Coniacian to Late Eocene sedimentary cover, (ii) the Eocene
HP-LT metamorphic belt (iii) the dominantly basaltic Poya
Terrane and (iv) a large sheet of obducted mantle rocks referred as to the Peridotite Nappe (Avias, 1967).
The Peridotite Nappe represents the obducted oceanic
lithosphere belonging to the South Loyalty Basin (Collot et
al., 1987), which recorded the Late Cretaceous-Paleocene
marginal basin formation followed by Eocene convergence
and obduction in a NE-dipping subduction zone (Cluzel et
al., 1998).
The Peridotite Nappe represents one of the largest and
best-preserved mantle exposure worldwide, extending approximately for 8000 km2 and reaching a maximum thickness of 2500 m. Several phases of erosion left remnants of
tectonic klippen spread along the west coast, some smaller
lenses in the central ridge and a larger unit (“Massif du
Sud”), which dominates the southern part of the island. The
Peridotite Nappe is bounded at its lower limit by a 20 to 200
m thick highly-sheared serpentinite sole related to the obduction process (Quesnel et al., 2016).
The ultramafic Peridotite Nappe is dominantly formed of
mantle rocks, mostly harzburgites and minor lherzolites (e.g.
Ulrich et al., 2010; Secchiari et al., 2016), locally overlain
by mafic-ultramafic lithologies (Prinzhofer, 1981). The mafic-ultramafic sequence is composed by dunites, wehrlites,
rare pyroxenites and gabbroic rocks. The formation of this
sequence has been ascribed to migration and accumulation
of primitive ultra-depleted magma batches in the lower crust
and Moho transition zone of a nascent arc (Marchesi et al.,

2009; Pirard et al., 2013; Secchiari et al., 2018).
Notably, the upper oceanic crust is completely missing in
the ophiolite (Prinzhofer et al., 1980; Prinzhofer and Allègre, 1985). According to Cluzel et al. (2001) the crustal sequence was most likely eroded or tectonically detached before, during and/or after obduction. However, basaltic rocks
with different geochemical features, ranging from back-arc
basin basalts (BABB) to E-MORB compositions (e.g.
Cluzel et al. 2001), can be found in the Poya Terrane, which
tectonically underlies the Peridotite Nappe.
Clinoenstatite-bearing boninitic lava blocks of Early
Eocene age are found in the serpentinite sole of the Peridotite Nappe. The origin of the boninites has been attributed
by Cluzel et al. (2016) to hydrous melting of a depleted
mantle source re-enriched by slab melts.
Recent geochemical works focused on the peridotitic
lithologies have significantly improved our knowledge on
the ophiolitic complex (e.g. Marchesi et al., 2009; Ulrich et
al., 2010; Pirard et al., 2013; Secchiari et al., submitted).
The New Caledonia harzburgites are ultra-depleted rocks, as
indicated by the complete lack of primary clinopyroxene
(Prinzhofer and Allègre, 1985) and the exceedingly low
trace element concentrations. According to Marchesi et al.
(2009) and Ulrich et al. (2010), the evolution of the harzburgites was linked to the development of the Eocene subduction system, where high degree of fluid-assisted melting (up
to 25%) occurred. A more complex evolution, starting from
melting depletion to late stage metasomatism, has been reconstructed by Secchiari and coauthors (submitted). In this
scenario, the harzburgites record a multi-stage history including melt extraction under dry conditions (15% degree of
fractional melting of a DMM source), followed by hydrous
melting in supra-subduction zone environment (up to 18%
degree of fractional melting) and, finally, late stage metasomatism operated by slab-derived fluids bearing small fractions of dissolved silicate melt. This evolution was likely related to the onset of a rifting phase in a marginal basin and
the following convergence after tectonic inversion.
petrOgraphy and mineral chemistry
For this work we selected four samples of harzburgite
from two localities: Kopeto, central massif and Yaté, Massif
du Sud (see Fig. 1).
The harzburgites are low-strain tectonites showing porphyroclastic textures (Fig. 2a, b), locally grading into protomylonite. A protogranular texture has been observed for the
sample YA1. Recrystallized domains exhibiting equigranular mosaic-type textures are commonly found in all the analyzed samples.
The main mineral assemblage consists of olivine (~ 7585 vol%), orthopyroxene (~ 15-25 vol%) and spinel (< 1
vol%), while primary clinopyroxene is remarkably absent.
Secondary phases include rare serpentine (YA1), chlorite
and tremolitic amphibole, often in association with talc.
Olivine occurs as elongated and kinked porphyroclasts
(Fig. 2a), defining a well-developed foliation in association
with orthopyroxene and spinel. In the Kopeto samples
olivine has high Mg# (0.909-0.933) coupled with low CaO
concentrations (< 0.10 wt.%), while NiO contents ranges
between 0.22-0.72 wt.%. In Yaté harzburgite, olivine shows
a narrow range of values for Mg# (0.914-0.918), slightly
higher CaO (up to 0.10 wt.%) and similar NiO concentrations (0.33-0.64 wt.%).
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Fig. 1 - Simplified sketch map of New Caledonia showing the distribution of the Peridotite Nappe, Poya Terrane and autochtonous
units. Stars represent main sampling locations
of this study: Kopeto, central massif, coordinates: 21° 11′ 50.95′ S, 165° 04′ 31.45′ E) and
Yaté, Massif du Sud, coordinates: 22° 09′
25.2′ S, 166° 49′ 07.8′ E). Modified after
Cluzel et al. (2012).

Brownish orthopyroxene appears as coarse-grained crystals (up to 2 mm in size, Fig. 2b), showing evidence of deformation (i.e. kink bands and undulous extinction) and exsolution lamellae of clinopyroxene. Orthopyroxene porphyroclasts frequently display irregular grain boundaries and
embayments filled with undeformed olivine crystals (Fig.
2c). Small crystals of orthopyroxene are also found together
with vermicular spinel, as the main component of the symplectitic intergrowths. Orthopyroxene is also present in the
Kopeto samples as small, exsolution-free and undeformed
crystals, in close association with thin films of secondary
clinopyroxene (Fig. 2d).
Porphyroclastic orthopyroxene is enstatite with high Mg#
(Table 1: 0.918-0.923 and 0.920-0.924, for Kopeto and Yaté
samples, respectively). Al2O3 contents are low and cover the
range between 1.76-2.73 wt.% (Kopeto) and 1.26-1.42 wt.%
(Yaté). Cr2O3 contents vary between 0.66-1.12 wt.% and
0.53-0.76 wt.% for the two localities. Both Al2O3 and Cr2O3
display core-to-rim decreasing values. CaO concentrations of
porphyroclast cores range between 0.98-1.49 wt.% and 0.861.03 wt.% for Kopeto and Yaté harzburgites. By contrast,
metasomatic orthopyroxene has Al2O3 (0.88-1.12 wt.%),
Cr2O3 (0.55-0.88 wt.%) and CaO-poor (0.31-0.56 wt.%)
compositions, akin to metasomatic orthopyroxenes precipitated from slab-derived fluids (e.g. Arai and Ishimaru, 2008).
Symplectitic orthopyroxene shows Mg# values similar to
porphyroclastic orthopyroxene (0.915-0.922 for Kopeto and
0.919-0.924 for Yaté). All the studied samples show lower
Al2O3 contents compared to porphyroclastic orthopyroxene
(1.21-2.19 wt.% for Kopeto and 0.80-1.20 wt.% for Yaté),

while Cr2O3 ranges between 0.41-0.74 wt.% and 0.45-0.59
wt.% for Kopeto and Yaté harzburgites, respectively. Coreto-rim decreasing concentrations are observed for Al2O3 in
all the investigated samples, whereas Cr2O3 displays the opposite behaviour. CaO is relatively low and varies between
0.43-0.93 wt.% (Kopeto) and 0.50-0.62 wt.% (Yaté).
Small clinopyroxene crystals have been detected as secondary phase in some of the studied samples (KPT1, KPT5,
YA1). Clinopyroxene can occur as rounded grains (c. 100
μm) in association with secondary orthopyroxene or as thin
films around olivine porphyroclasts (Fig. 2d). Clinopyroxene crystals are sometimes also present in the symplectitic
intergrowths (samples KPT1 and YA1).
Secondary clinopyroxene (Table 2) displays high Mg#
values (0.944-0.950) and low Al2O3 and Cr2O3 contents
(0.69-0.96 wt.% and 0.33-0.64 wt.%, respectively). Na2O is
generally below the detection limit (< 0.10 wt%) Symplectitic
clinopyroxene exhibits slightly different major element composition compared to metasomatic clinopyroxene, showing
higher Al2O3 for KPT1 (0.96-1.78 wt.%) or lower Al2O3
(0.44-0.52 wt.%) and higher Cr2O3 (0.66-0.68 wt.%) for YA1.
Chromian spinel occurs as reddish-dark brown crystals,
showing rounded or holly leaf shape (Spl 1), or as symplectitic intergrowths (Spl 2) with orthopyroxene (± clinopyroxene). Spl 2 generally exhibits elliptical shapes with major axes size varying between ca 0.5-2.0 μm (Kopeto samples) or
in the range of few tenths or hundred of mm (Yaté sample).
On the basis of Spl 2 morphology and geometric relationships among Spl 2 and the other mineral phases, the symplectites can be classified into two different sub-types:

Bdl= below detection limit; Pfc= porpyroclast; Nb= neoblast; Sec= secondary; Sympl= symplectitic.
Major element mineral analyses were performed at the Dept. of Chemistry, Life Sciences and Environmental Sustainability in Parma using a JEOL-6400 electron microprobe equipped with a LINK-ISIS energy dispersive
microanalytical system. The electron beam was produced at an accelerating voltage of 15 kV and probe current of 0.25 nA; both natural minerals and synthetic coumpounds were used as standards.

Table 1- Representative orthopyroxene major element compositions (wt.%) of the New Caledonia harzburgites.
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Fig. 2 - a) kinked and exsolved orthopyroxene and olivine porphyroclasts in foliated tectonite KPT1; b) strongly deformed orthopyroxene porphyroclast in
olivine + orthopyroxene + spinel matrix (KPT3); c) orthopyroxene embayment filled with undeformed olivine (YA1); d) interstitial films of metasomatic
clinopyroxene (Cpx2) and orthopyroxene (Opx2) developing along olivine porphyroclasts boundaries (KPT5).

Table 2 - Representative clinopyroxene major element compositions (wt.%) of the New
Caledonia harzburgites.

Bdl= below detection limit; Sec= secondary; Sympl= symplectitic.
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1) Type-A (Kopeto samples: KPT1, KPT3, KPT5) consists of symplectites formed of Spl 2 with vermicular shapes
(Fig. 3a) + orthopyroxene (± clinopyroxene). They generally grow along porphyroclastic olivine, which in turns displays evidence of chemical disequilibrium (i.e. irregular
shapes and corroded profiles, Fig. 3b, c). Spl 2 generally
seals small orthopyroxene (± clinopyroxene) grains, which

may bear evidence of recrystallization (i.e. polygonal shapes
and triple junctions, Fig. 3b);
2) Type-B (sample YA1, see Fig. 3d, e) encompasses
symplectitic intergrowths with smaller size (“micro-symplectites”, see Piccardo et al., 2007) composed of vermicular spinel + orthopyroxene (± clinopyroxene) forming
“myrmekite-like”, aggregates. Type-B symplectites develop

Fig. 3 - a) type-A spinel-orthopyroxene symplectitic intergrowths, crossed polars microphotograph, (KPT1 sample); b) spinel-orthopyroxene symplectitic
structures in KPT3 harzburgite developing along corroded boundaries of olivine. Note minute symplectitic orthopyroxene (black arrow) showing evidence of
recrystallization, i.e. straight boundaries and triple junctions; c) crossed polars image showing symplectitic spinel (Spl 2) growing along olivine porphyroclasts; d) type-B symplectites in YA1 sample; dark brown vermicular spinel (Spl 2) extends on olivine-orthopyroxene outline; e) spinel-orthopyroxene intergrowths developing along orthopyroxene porphyroclast (YA1); f) plane-polarized light microphotograph showing spinel of the porphyroclastic assemblage
(Spl 1) in Kopeto harzburgites.
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along grain boundaries on large orthopyroxene porphyroclasts or at orthopyroxene-olivine interface (Fig. 3d).
Spl 1 has homogeneous compositions within each sample, but exhibits some variability among harzburgites from
the different localities (Table 3). Al 2O 3 varies between
24.55-30.48 wt.% (Kopeto) and 17.45-17.84 wt.% (Yaté)
and shows core-to-rim increasing values. It is negatively
correlated with Cr2O3 (41.45-47.99 wt.% for Kopeto and
52.44-52.95 wt.% for Yaté samples), which in turn displays
core-to-rim decreasing values. Cr# (= Cr/(Cr+Al)) of Spl 1
in Kopeto (0.477-0.564) and Yaté samples (0.441-0.529) are
remarkably high, in agreement with the highly refractory
nature of these rocks.
Spl 2 is lower in Al2O3 compared to Spl 1 for KPT3 and
KPT5 harzburgites (27.56-29.96 wt.%). By contrast, Spl 2 in
YA1 sample exhibits slightly higher Al2O3 contents (18.1720.79 wt.%) compared to Spl 1. Cr2O3 concentrations of
Spl 2 ranges between 43.28-47.05 wt.% for Kopeto harzburgites and 49.28-51.70 wt.% for Yaté sample. Accordingly,
the corresponding Cr# values overlap those of Spl 1 for
Kopeto (0.483-0.554) or are shifted to slightly higher values
(0.614-0.664) for Yaté (Fig. 4).

~ 810°C. In addition, single clinopyroxene thermometer of
Nimis and Taylor (2000) provides consistent values of 865°C
and 815°C for the two set of samples. Olivine-spinel geothermometry (Li et al., 1995) testifies cooling at T of 890-940°C
for Kopeto and 865°C for the Yaté sample.
As a whole, all these temperatures are lower compared to
those obtained for porphyroclastic orthopyroxene cores of
the two localities (T (BK) = 1050-1165°C and 1025°C for
Kopeto and Yaté, respectively). Notably lower temperature
estimates have been also calculated for metasomatic orthopyroxenes from Kopeto (T (BK) = 810-920°C).
discussiOn
The petrological and compositional variability displayed
by the New Caledonia spinel-pyroxene clusters suggest that
various processes have to be invoked in the formation of
type-A and type-B symplectites. In the next paragraphs the
origin of the different symplectitic intergrowths in the New
Caledonia harzburgites will be discussed.
Origin of type-a symplectites: Kopeto harzburgites

geOthermOmetry
In order to constrain the physical conditions of the symplectite formation, equilibrium temperatures have been computed by conventional thermometry on the basis of major element mineral composition. Ca-in-orthopyroxene (Brey and
Kohler, 1990, i.e. T(BK)) and Ca-Mg exchange between
clinopyroxene-orthopyroxene following Brey and Kohler
(1990) and Taylor (1998) were applied to estimate the equilibrium temperatures of the symplectitic intergrowths for an
assumed confining pressure of 1.5 GPa. The equilibrium temperature obtained by Ca-in-orthopyroxene formulation for the
Kopeto and the Yaté harzburgites show core-to rim variation
from 1030°C to 950-920°C, whereas the Yaté sample yields
distinctly lower values (~ 880°C). Temperatures estimated using Ca-Mg exchange between clinopyroxene and orthopyroxene rims for Kopeto are ~860 °C, with a good agreement between Brey and Kohler (1990) and Taylor (1998) methods.
The Yaté clinopyroxene-orthopyroxene T estimates yields

Fig. 4 - Compositional variations (Cr# vs. Mg#)
of Spl 1 and Spl 2. Field for abyssal and fore-arc
peridotites are taken from Dick and Bullen
(1984) and Ishii et al. (1992), respectively.

Type-A symplectites are characterized by elongated
shapes, with vermicular spinel being irregularly spaced and
showing different lengths, from ~ 0.5 up to 2 mm (Fig. 3a c). These shapes are different compared to those observed,
for instance, in Horoman or Tallante symplectites, which
were interpreted as a textural heritage of pre-existing garnet.
The latter, in fact, often form rounded fine grained aggregates hosted in large orthopyroxene porphyroclasts, where
spinel occurs as tiny dispersed crystals (e.g. Takahashi,
2001; Morishita and Arai, 2003; Shimizu et al., 2008).
Type-A symplectites extend along porphyroclastic
olivine showing evidence of chemical disequilibrium, as indicated by irregular symplectite-olivine contacts and corroded olivine profiles (see Fig. 3b, c). This suggests that Kopeto
symplectites originated at the expense of olivine, which
should represent the reactant mineral. Hence, such structures
may possibly indicate the breakdown of a high-pressure stabilized garnet through the reaction: Olivine + Garnet →
Clinopyroxene + Orthopyroxene + Spinel.

Bdl- below detection limit; Pfc- porpyroclast; Nb- neoblast; Sympl- symplectitic.

Table 3 - Representative spinel major element compositions (wt.%) of the New Caledonia harzburgites.
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In order to test this hypothesis, bulk major element compositions for two symplectitic domains in KPT3 and KPT5
samples have been calculated following the methods of Obata et al. (1997) and Morishita and Arai (2003). First, 2D
modal proportions of the mineral phases present in the symplectitic intergrowths have been obtained through image
analysis. After, bulk composition for each symplectitic domain has been computed by mass balance calculations. Then,
the model garnet composition has been obtained by subtracting an adequate amount of olivine component (~ 14% for
KPT3 and 5% for KPT5) from the composition of the bulk
symplectites, until the rest approaches ideal garnet stoichiometry, i.e. the total cation numbers become eight for O = 12.
Bulk major element contents for the analyzed symplectites are reported in Table 4. As a whole, the calculated compositions are broadly similar to some sub-calcic Cr-pyrope
garnets documented for deep mantle rocks and xenoliths
(e.g. Griffin et al., 1999; Pearson et al., 2014). The occurrence of these garnets has been reported for relatively cold
(T = 900-1100°C) sub-continental lithospheric mantle sampled beneath Archean terrains, in frequent association with
diamond, at depths between ~ 130-180 km (e.g. Gurney and
Switzer, 1973; Sobolev et al., 1973; Griffin et al., 1999)
However, some lines of evidence make a derivation from
a Cr-pyrope garnet highly unlikely. First, the chemical formula calculated for the model garnet reveals stoichiometric
deficiency for Si (see Table 4). Second, clinopyroxene does
not occur in all the analyzed symplectites and, where present, is very scarce. Third, garnets with similar features have
been exclusively documented in Archean cratonic mantle
sections (Griffin et al., 1999), which is not consistent with
the envisaged geodynamic scenario of the New Caledonia
peridotites. In fact, these mantle rocks are believed to record
relatively recent geological events affecting former convective mantle evolving from Cretaceous marginal rifting to the
Eocene convergence (e.g. Aitchison et al., 1995; Cluzel et
al., 2001; 2012).
Table 4 - Major-element compositions (wt.%) of bulk
spinel-pyroxene clusters and calculated major-element compositions of the model garnet.

Modal proportions used for model garnet calculation are 42% Spl and 58%
Opx (KPT3); 34% Spl and 66% Opx (KPT 5).

In addition, textural preservation of former garnet-bearing
domains after two melting events seems quite unlikely. In
particular, incongruent melting reactions in garnet peridotites
(e.g. Walter, 1998) should lead to early garnet consumption
at pressures compatible with the inferred geodynamic setting. Finally, REE geochemistry of the studied rock-types
does not support a similar origin, as bulk rock REE fractionation is not indicative of melting in the garnet stability field
(see Secchiari et al., submitted). We therefore exclude that
the spinel-pyroxene clusters could bear witness of a pre-existing Cr-rich garnet in the New Caledonia mantle.
By contrast, the excellent preservation of these structures
and their peripheral location along irregular or corroded
olivine boundaries may be clues of a post-melting origin.
A remarkable feature of the Kopeto symplectites is represented by the very high modal concentration of symplectitic spinel (up to 36%) in these structures, in contrast with
the low bulk abundances (< 1 vol%) of primary spinel in
both symplectite-bearing and symplectite-free harzburgites.
Such high modal proportions are not consistent with the
melting history of the Kopeto harzburgites, as spinel is expected to be almost exhausted in a mantle residue that experienced the high melting degrees inferred for these rocks
(Kinzler, 1997; Gaetani and Grove, 1998). Moreover, symplectitic spinel shows absolute larger sizes (up to 1-2 mm
vs. few μm for primary spinel) and different shapes in the
symplectitic domains compared to primary spinel. While
primary spinel is often constituted by tiny, rounded or,
more rarely, by holly leaf shaped crystals (Fig. 3f) located
in intergranular position, symplectitic spinel bears vermicular or “fluidal”, “magmatic” shapes growing along corroded
olivine boundaries (Fig. 3b, c). The aforementioned observations hint that symplectitic spinel cannot represent a
residual phase, but a rather a newly formed phase, possibly
derived from a melt. Major element chemical variation displayed by symplectitic spinel, i.e. core-to-rim increasing
Al2O3 and decreasing Cr2O3 values (see Table 3), are consistent with such an origin.
Remarkably, analogous structures have been recognized
in modern abyssal peridotites and gabbroic rocks from arc
setting, where their genesis has been related to melt-rock interactions (De Haas et al., 2002; Seyler et al., 2007; Suhr et
al., 2008; Helmy et al., 2008).
In the investigated harzburgites, the crystallization of
new orthopyroxene (+ Cr-spinel ± clinopyroxene) at the expense of olivine, requires that the melt involved in the symplectite-forming reaction was an orthopyroxene-saturated
melt. Orthopyroxene saturation may be reached in olivinesaturated high-P partial melts that reacted during their ascent with host peridotites forming olivine at the expense of
orthopyroxene, as frequently observed in abyssal and ophiolitic peridotites (e.g. Seyler et al., 2007; Piccardo et al.,
2007; Rampone et al., 2008). However, considering the geodynamic setting of this study, a more realistic hypothesis
may take into account relatively silica-rich, low-P hydrous
melts formed by partial melting of a depleted peridotite, in
equilibrium with a clinopyroxene-free residue. Interaction
among the depleted harzburgite and SiO2-saturated, hydrous
melts in supra-subduction zone setting is in fact testified for
the lithologies of this study by the frequent occurrence of
Al2O3-, Cr2O3- and CaO-poor metasomatic orthopyroxene,
associated with thin films of Al2O3-, Cr2O3- and Na2O-poor
clinopyroxene (Secchiari et al., submitted). Secondary pyroxene with similar major element chemical variations has been
documented in arc peridotite xenoliths, where its presence has
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been attributed to circulation of hydrous fluids containing
small fractions of dissolved silicate melts (i.e. hydrous
melts, Arai and Ishimaru, 2008).
Notably, in the New Caledonia ophiolite, the occurrence
of high-SiO2 melts with a depleted geochemical signature
has been testified in the mafic-ultramafic cumulitic sequence overlying the tectonite harzburgites by Marchesi et
al. (2009).
Estimates of crystallization temperatures indicate that the
Kopeto symplectites formed in a relatively cold system, not
exceeding 1030°C, before being partially re-equilibrated at
T < 950°C. The general lack of exsolution textures in orthopyroxene prevents to infer a previous higher temperature
stage, unless we assume that the tiny clinopyroxenes occurring in the symplectites are the product of unmixing from a
CaO-rich orthopyroxene. The relatively low temperatures of
formation for the symplectites, which are close to the wet
peridotite solidus (e.g. see Schmidt and Poli, 1998), suggest
that the symplectites may have either originated by interaction with a hydrous silicate melt or with a slab-derived (silicate-bearing?) aqueous fluid, as proposed for the genesis of
replacive arc-related orthopyroxenites from the Solomon islands (Berly et al., 2006).
Notably, major element composition of ortho- and
clinopyroxene occurring in the symplectites are comparable
to those of interstitial, metasomatic pyroxenes (Table 1-2).
An alternative explanation may involve interaction between harzburgites and slab-derived adakitic melts, as supported by a recent experimental work of Corgne et al.
(2018). According to these experiments, which were conducted at at 1.5 GPa, hydrous adakitic melts which have
previously interacted with peridotite are predicted to produce olivine dissolution and crystallization of orthopyroxene + Cr-spinel + clinopyroxene at relatively low T (10001100°C).
Whether Type-A symplectites are the result of interaction
with melts or slab-related fluid, such interaction did not significantly affect the whole rock budget in terms of trace element content, as no significant variations can be identified
among symplectite-bearing and symplectite-free harzburgites
(Secchiari et al., submitted). By contrast, a slight SiO2 enrichment in whole rock has been recognized for two symplectitebearing samples from the Kopeto, central massif (45.0844.10 wt.% vs. 41.05-43.65 wt.% for the symplectite-free
harzburgites). We propose that this feature may be the result
of pyroxene addition by melt-or fluid-rock interaction.
genesis of type-b symplectites: yaté harzburgite
The sample from Yaté contains spinel-pyroxene symplectitic intergrowths displaying different texture, location
and chemical composition compared to those belonging to
the Kopeto harzburgites (Fig. 3). These features indicate
that another process has to be taken into account in order to
explain the genesis of type-B symplectites. In particular,
Type-B symplectites develop as small (up to a few hundred
of μm) “myrmekitic-like” or vermicular structures along the
outer border of orthopyroxene porphyroclasts (Fig. 3e, f).
No evidence of instability nor corroded profiles have been
observed at symplectite-orthopyroxene boundaries. This
suggests that spinel-pyroxene clusters do not derive from reactive melt percolation. By contrast, type-B symplectites resemble spinel-pyroxene symplectitic intergrowths reported
for some Alpine peridotites (e.g. Piccardo et al., 2007; Rampone et al., 2008).

Major element chemical features can provide additional
highlights in order to unravel the genesis of type-B symplectites. Orthopyroxene in YA1 harzburgite records systematic decrease in Al2O3 and Cr2O3 contents from porphyroclast cores to porphyroclast rims and small grains in the
symplectitic aggregates (Table 1). Likewise, Mg# shows decreasing core-to-rim values, while symplectitic orthopyroxene bears similar Mg# values compared to those shown by
porphyroclastic rims. Spl 1 displays major element variations consistent with those observed in porphyroclastic orthopyroxene, i.e. core-to-rim decreasing Al2O3, Cr2O3 and
Mg# values. By contrast, Spl 2 is slightly enriched in Al2O3
compared to Spl 1 (see Table 3; 18.17-20.79 wt.% vs. 17.7117.74 wt.%, respectively).
Similar major element chemical features have been documented in the spinel-pyroxene clusters of Monte Maggiore
(Rampone et al., 2008), Erro Tobbio (Piccardo and Vissers,
2007) and South Lanzo peridotites (Piccardo et al., 2007)
from the Alpine ophiolitic sequences. These structures have
been interpreted as “cooling textures”, formed from orthopyroxene with higher Al and Cr contents, which experienced significant cooling from asthenospheric conditions in
the spinel stability field. Cooling resulted in unmixing of
Cr-Mg-Tschermakitic components in form of spinel, due to
decreased solubility of the Cr-Al component (CrMgTs,
Klemme and O’Neill, 2000) and subsolidus Fe-Mg exchange reactions between pyroxenes and spinel at decreasing temperature.
The frequent occurrence of spinel-pyroxene micro-symplectites in the harzburgite from Yaté records cooling and
re-equilibration at relatively low temperatures (< 900°C).
We thus propose that the symplectitic stage registered by
YA1 reflects post-melting cooling and re-equilibration during lithospheric incorporation.
cOnclusiOns
An important feature of the New Caledonia harzburgites
is represented by spinel-orthopyroxene (± clinopyroxene)
symplectitic intergrowths. Such structures, despite being
previously described for the New Caledonia harzburgites,
have never been studied in detail. In this work, we have reported a textural, petrographical and major element chemical investigation of the spinel-pyroxene clusters occurring in
the harzburgites from Kopeto, central massif and Yaté, Massif du Sud, areas.
Kopeto and Yaté symplectites, named type-A and type-B
symplectites, display different shapes, textures and locations, indicating that different processes have to be taken into account for their genesis.
Textural features and bulk major element composition of
type-A symplectites preclude an origin of these clusters as
products of a pre-existing garnet phase. By contrast, their
textural and compositional characteristics suggest derivation
from melt- or fluid-rock interaction. Type-A symplectites
originated from a relatively low temperature (T ~ 1030°C)
post-melting event, in which localized interactions of the
depleted harzburgite with orthopyroxene-saturated hydrous
melts or slab-derived fluids generate spinel-pyroxene intergrowths through olivine dissolution.
Type-B symplectites occur as small (“micro-symplectites”) spinel-pyroxene clusters growing on large orthopyroxene porphyroclasts. Yaté symplectites closely resemble
in shape and major element contents some spinel-pyroxene
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intergrowths documented in Alpine peridotites, i.e. Monte
Maggiore, Erro Tobbio and South Lanzo peridotites. These
structures record a low temperature (T < 900°C) re-equilibration of a Cr-Al richer, high-T, mantle orthopyroxene, resulting in unmixing of the CrMgTs component and precipitation of spinel-pyroxene symplectites.
The example of the New Caledonia symplectites indicates that spinel-pyroxene clusters in mantle rock-types can
bear memory of geological processes that are not unambiguously testified by whole rock geochemistry.
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