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Abstract 

Clinoenstatite-bearing boninites (CE-boninite) from the serpentinite sole of the Cenozoic 

ophiolite of New Caledonia near Nepoui have been dated by the 
40

Ar/
39

Ar method, yielding 

two plateau ages of 47.4 ± 0.9 Ma and 50.4 ± 1.3 Ma. Coarser grained, geochemically similar 

boninite-series felsic dikes consistently yielded U-Pb zircon ages of ca. 54 Ma. 

Nepoui CE-boninites display whole rock geochemical features similar to that of Cape 

Vogel boninites (Papua-New Guinea). They similarly have been generated by low degree 

hydrous melting of depleted peridotite. High contents in LILE and LREE, and some elemental 

ratios suggest source enrichment by subduction-derived fluids and melts. However, unlike the 

Cape Vogel boninite, moderately depleted MORB-like isotopic signatures (Nd50 = 7.9) rule 

out the role of OIB-like, or E-MORB component that might account for the relatively high 

LREE and LILE contents measured in the rocks. Nd isotopic ratios and positive anomalies in 

Zr and Hf are closely similar to that of the slightly older felsic dikes (55-50 Ma) that crosscut 

the peridotite from the ophiolite in New Caledonia. Most of these magmas have been 

generated by slab melting during the early stages of intra-oceanic subduction. The Early 

Eocene subduction started at or near the “oceanic” ridge  and involved young and hot 

lithosphere; therefore, slab-derived melts may have reacted locally with hot depleted 

peridotites. Finally, water influx into the mantle wedge during the subduction of slightly older 

(cooler and hydrated) lithosphere initiated a low degree partial melting event in the mantle 

wedge and generated the CE-boninite magma.  

Geochemical modeling of hydrous melting of a depleted mantle re-enriched by slab melts 

suggest that the additional slab melt component was derived from the partial melting of a 

BABB-like barroisite-bearing eclogite, similar to some elements of the Eocene HP-LT 

Pouebo terrane. This potential magma source is similar to the BABB-like HT amphibolites of 

the metamorphic sole of the ophiolite, which have the same origin. Geochemical modeling 

also suggests that CE-boninite magma may have been in equilibrium with the enstatite-

bearing gabbro cumulates that crop out in several places of the Massif du Sud.  

However, modeling fails in establishing that harzburgite of the same massif simply 

corresponds to the melting residue of this process. It appears that ultra-depleted supra-

subduction peridotites of the Massif du Sud are probably not directly related to the overlying 

gabbro cumulates. 
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Introduction 

Boninites are supra-subduction high-Mg volcanic rocks (SiO2>52 wt %, MgO>8 wt %, 

and TiO2<0.5 wt %). They can be divided into low-Ca (CaO/Al2O3<0.5) and high-Ca 

(0.7<CaO/Al2O3<1.0) series based on their bulk major element compositions (Crawford et al., 

1989). Previous studies have suggested that boninite magmas can be generated from low-

pressure hydrous partial melting of depleted mantle in anomalously hot mantle wedges. 

However, influx of subduction-derived fluids alone cannot account for all the geochemical 

features of boninites, which generally display high contents of large ion lithophile elements 

(LILE) and light rare earth elements (LREE) compared with their potential source rocks. 

Therefore, source enrichment by small amounts of melt has been advocated (e.g. Crawford et 

al, 1989; Umino and Kushiro, 1989; Van der Laan et al., 1989; Defant and Drummond, 1990; 

Pearce et al., 1992a). Tracking fluid and melt components in the source of boninites reveals a 

diversity in the melt-forming processes that crucially constrain the evolution of mantle 

wedges in nascent volcanic arcs.  

In New Caledonia, the clinoenstatite boninite of Nepoui has been previously described in 

detail by Sameshima et al. (1983), Cameron (1989), Black et al. (1994), Ohnenstetter and 

Brown (1992) and Solovova et al. (2012). Some authors considered the Nepoui boninite as 

part of the Late Cretaceous-Paleocene Poya Terrane and accordingly interpreted it as a 

product of back-arc magmatism (Eissen et al 1998; Crawford et al., 2003). Alternatively, 

other interpretations placed it in the post-obduction period (Black et al, 1994). Therefore, 

there is to date no agreement on the age and origin of these rocks. This article presents a 

synthesis of already published data combined with new geochemical (whole-rock and Nd-Sr) 

and geochronological data (
40

Ar/
39

Ar and U-Pb ages). These comprehensive data sets allow a 

new interpretation to be forwarded. 

 

Geological setting 

New Caledonia corresponds to the emerged northern part of an elongated submarine ridge, 

the Norfolk Ridge, which is connected southward to the large continental plateau that also 

bears New Zealand. This continental fragment has been detached from Australia mainland in 

Late Cretaceous time at the end of Gondwana breakoff. The main island of New Caledonia is 

a mosaic of volcanic, sedimentary and metamorphic terranes, which were assembled during 
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two major tectonic episodes; an Early Cretaceous tectonic collage; and a Paleocene to Late 

Eocene subduction followed by obduction/collision. Both events included periods of high-

pressure metamorphism in connection with plate convergence in subduction zones.As such, 

the geological evolution of New Caledonia comprised three main episodes: 

i) The Gondwanian phase (Permian-Early Cretaceous) is marked by subduction along the 

Southeast Gondwana margin. At that time, proto-New Caledonia was located in a fore-arc 

region in which volcanic-arc detritus accumulated; whilst accretion and subduction of oceanic 

and terrigenous material formed an accretionnary complex metamorphosed into the blueschist 

facies.  

ii) During the Late Cretaceous to Eocene, marginal rifting isolated New Caledonia, and 

after a short period of shallow water terrigenous sedimentation associated with minor volcanic 

activity, only pelagic sediments accumulated. A new northeast-dipping subduction appeared 

to the east of New Caledonia at the Paleocene-Eocene boundary, it generated the eclogite-

blueschist complex of northern New Caledonia, consumed the eastern Australian Plate, and 

eventually ended with Late Eocene obduction, when the Norfolk Ridge blocked the 

subduction zone. 

iii) Finally, during the post-Eocene phase, New Caledonia definitively emerged; this 

episode mainly corresponds to tropical weathering of exhumed rocks, prominent regolith 

development and minor tectonic events. 

 

The Paleogene geology of New Caledonia is characterized by a Eocene high-pressure 

metamorphic belt, exposed in the northernmost part of the island, and two large allochthonous 

terranes, emplaced during the Eocene, referred to as the Poya Terrane and the Peridotite 

Nappe (Fig 1).  

The HP-LT belt comprised mafic blueschist and eclogite facies rocks and minor 

metasediments, crosscut by retrograde greenschist facies shear zones (albite schists). All these 

rocks recrystallised in a northeast-dipping subduction zone and now form a melange 

embedded in a metaserpentinite (talcschist) matrix (Cluzel et al., 2001). Maximum Pressures 

of ca. 24 kbar and temperatures of ca. 650°C are recorded by relict eclogite-facies 

assemblages (Clarke et al., 1997; Carson et al., 2000; Vitale-Brovarone and Agard, 2013). 

Peak metamorphic conditions have probably been reached during the Lower Eocene (ca. 44 

Ma, U-Pb on metamorphic zircon overgrowths; Spandler et al., 2005). Mafic eclogites have 

Late Cretaceous to Eocene protolith ages and share geochemical affinities with the mafic 

Poya terrane (Cluzel et al., 2001; Spandler et al., 2005).  
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The lower allochthonous unit, termed Poya Terrane (or Nappe) (Cluzel et al, 1994, 1995), 

is an extensive mafic unit mainly exposed along the west coast of the island. The mafic Poya 

Terrane comprised sliced upper oceanic crust (basalt and dolerite), slightly metamorphosed 

(zeolite to lower greenschist facies) by ocean floor metamorphism. Variably colored (red, 

green, black) abyssal sediments appear in interpillows and upright lenses a few metres thick, 

which yield Campanian to Late Palaeocene radiolarians (c. 90-55 Ma; Aitchison et al, 1995; 

Cluzel et al, 2001).  The Poya Terrane rocks are dominantly enriched MORB (E-MORB, ~80 

%) with minor back-arc (BABB) and alkaline intraplate basalts (OIB), and cannot be 

genetically related to either enstatite-bearing gabbro cumulates, or ultra-depleted harzburgites 

of the Peridotite Nappe (Prinzhofer, 1987). Some Poya Terrane basalts display the 

geochemical features of oceanic plateaus and had been interpreted as such (Cluzel et al, 

1997). However, their constant association with bathyal argillite suggests eruption at depth 

not less than 3,000 m and they cannot have formed a massive plateau such as Ontong Java 

(Kroenke, 1972). The Poya Terrane resulted from off-scrapping and slicing of lower plate 

crust in front of the intra-oceanic Loyalty Arc (Cluzel et al, 2001), forming a cordilleran-type 

ophiolite (Wakabayashi and Dilek 2003, Cluzel et al, 2012b). This mafic complex was thrust 

over autochthonous rocks of the Norfolk Ridge during the Late Eocene as recorded by 

syntectonic sedimentation (Maurizot and Cluzel, 2014). The Poya Terrane was in turn 

overthrust by the Peridotite Nappe in latest Eocene time (Cluzel et al., 1998).  

 

The Peridotite Nappe (Avias, 1967), one of the World’s largest ultramafic allochthons, 

originally covered most of the island. However, several phases of erosion left tectonic klippes 

spread along the west coast and a larger unit called “Massif du Sud” in the south of the island. 

Serpentinised peridotites (up to 100% serp.) exist at all levels of the Peridotite Nappe, 

independently of their distance to the base and may be related to several pre-obduction 

serpentinisation events (off ridge axis, fore-arc, …). Partly serpentinised peridotites are 

affected over more than 200-500m from the basal thrust by upward decreasing cataclasis, 

which is clearly related to obduction. Kinematic indicators in the highly sheared serpentinite 

sole, 0-200 m thick, generally indicate top to the southwest thrusting. 

The Peridotite Nappe is dominantly composed of harzburgite (>80%), dunite and minor 

lherzolite (in northernmost massifs only) that represent a prominently depleted supra-

subduction mantle lithosphere (Prinzhofer, 1981). Owing to their depletion in incompatible 

elements compared to primitive mantle composition, residual harzburgites underwent over 20-

30% partial melting (Prinzhofer and Allègre, 1985; Marchesi et al., 2009), possibly followed 
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by post-melting diffusion of incompatible elements that may account for extreme depletion 

(Prinzhofer, 1987; Pirard et al., 2013). They are overlain by dunite, pyroxenite, wehrlite and 

gabbro cumulates (Prinzhofer, 1987). Cumulate wehrlite and orthopyroxene-gabbro probably 

crystallized in equilibrium with boninite-series ultra-depleted melts (Marchesi et al., 2009; 

Pirard et al, 2013). These have almost certainly been eroded and are not preserved in the 

present geological record on the island. Whole rock and mineral chemical constraints allow a 

complex evolution to be drawn, from re-enrichment by circulating melts during oceanic 

accretion to mantle metasomatism during subduction (Marchesi et al., 2009; Ulrich et al., 

2010; Spandler and Pirard, 2013; Secchiari et al., submitted). The timing of the inception of 

intra-oceanic subduction that eventually led to obduction, is constrained by high-temperature 

amphibolites of the metamorphic sole, dated at 56 Ma (
40

Ar/
39

Ar; Cluzel et al., 2012a).  

The Peridotite Nappe is crosscut by a series of dikes emplaced at ca. 55-50 Ma (Early 

Eocene; Cluzel et al., 2006), which are not present in the Poya Terrane. These dikes comprise 

minor basalt (dolerite) and a variety of medium to coarse grain rocks, the compositions of 

which vary from ultramafic (pyroxenite and hornblendite) to felsic (diorite, leucodiorite and 

granite). Basalt dikes display supra-subduction affinities (island arc tholeiites), and likely 

represent the product of partial melting of “normal” mantle wedge. In contrast, the majority of 

felsic dikes are interpreted to be slab melts formed by partial melting of diverse oceanic mafic 

rocks including gabbro cumulates. Some of the felsic dykes have geochemical affinity with 

boninites and have been referred to as “boninite-series” (Cluzel et al., 2006). These “boninite-

series” dikes will be compared with CE-boninite to address a possible common origin and 

provide additional constraints on the timing of boninite magmatism.  

A simplified view of the geometrical relationships of autochthonous rocks, Poya Terrane, 

metamorphic sole, and Peridotite Nappe is presented on Fig. 2 

 

The only known occurrences of clinoenstatite-bearing boninite in New Caledonia are 

located 10-13.5 km to the NW of village of Nepoui (Fig 1). In the main outcrop in a small 

quarry of the Plaine des Gaïacs (Fig  3 & 4a), boninite crops out in lenses or brittle boudins, a 

few metres thick, at the base of Peridotite Nappe, within the serpentinite sole. Boninite is 

generally massive and displays vitrophyric, locally vesicular texture. Angular (pillow ?) 

breccia is occasionally found (Fig 4b). Devitrification nodules 0.5-2 cm in diameter, occur 

sporadically and are generally altered into smectite. Cameron et al. (1983) have reported 

boninite floats on the upper slopes of Riviere Rouge watershed and in alluvium of this river 

near RT1 (main road). A well-crystallized and coarser grained boninite (dike ?) is overthrust 
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by serpentinite on the bank of RT1 a few tens metres to the northwest of Rivière Blanche 

bridge, and sub-rounded clasts of boninite are present in alluvium of the same river 

(Sameshima et al., 1983; Cameron, 1989) (Fig 3). The floats and some outcrops are generally 

slightly weathered and appear as rounded boulders with onion-peel structure. However, fresh 

dark-colored glassy boninite blocks have been found in the quarry of Plaine des Gaïacs 

(164.911°E; 21.237°S).  

These outcrops have been given a considerable attention in spite of their small size, and 

have been diversely interpreted as: i) post-45 Ma dike, lava flows and pillow-lavas (Cameron 

et al., 1983); ii) lava flows, pillow-lavas and dike of unknown age (Ohnenstetter and Brown, 

1992; Solovova et al., 2012); iii) Miocene (i.e. post-obduction) intrusive rocks (Black et al., 

1994); iv) rocks forming an integral part of a Late Cretaceous-Paleocene unit named West 

Coast Basalts (now renamed Poya Terrane) (Paris, 1981; Sameshima et al., 1983; Ulrich et al., 

2010); v) rocks tectonically picked up during peridotite obduction (Eissen et al., 1998; 

Crawford et al., 2003).  

However, the geological setting of the Poya Terrane and Peridotite Nappe rule out some 

of the previous interpretations. There are no lenses or slivers of Poya Terrane rocks within the 

serpentinite sole of the ophiolites in New Caledonia, and no boninite have been observed 

within the Poya Terrane. In addition, there are no clasts of boninite in the Eocene turbidites 

that record overthrusting of the Poya Terrane (Cluzel et al, 2001; Maurizot and Cluzel, 2014). 

Therefore, a direct connection of the Nepoui Boninite with the dominantly tholeiitic Poya 

Terrane is not supported by field, geochemical or isotopic evidence (Cameron, 1989). The 

porphyroclastic serpentine mylonite that surrounds the boninite also contains decimetre to 

metre-size sub-rounded boulders of diorite and leucodiorite, which have similar 

characteristics to the Early Eocene dike system that crosscuts the Peridotite Nappe, some of 

which with boninitic affinities (Cluzel et al, 2012a; this study). 

For these reasons we follow Cameron’s conclusions (except for the age) and interpret 

Nepoui boninite as dike and lava flows, tectonically enclosed in the serpentinite sole of the 

ophiolite. These rocks together with the Early Eocene dikes that cross-cut the Peridotite 

Nappe, belong to the upper plate of the subduction/obduction system; in contrast, Poya 

Terrane rocks are derived from the lower plate (Cluzel et al, 2001). Due to the lack of 

stratigraphic contacts, the timing of boninite emplacement cannot be constrained by field 

evidence. 

Mineralogical and geochemical features of Nepoui boninite have already been described 

in detail by previous authors (Sameshima et al., 1983; Cameron et al., 1983; Cameron, 1989; 
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Ohnenstetter and Brown, 1992; Solovova et al., 2012) and are only briefly outlined in this 

article. The Népoui boninite displays hyaloporphyritic texture with some 50-60% dark glassy 

groundmass enclosing poly-synthetically twinned clinoenstatite, orthopyroxene (bronzite) and 

olivine microphenocrysts, and accessory clinopyroxene, hornblende and chrome-spinel 

(chromite). Clinoenstatite laths 1-4 mm long, contain minute chromite grains and appear as 

decussate aggregates (Fig 5a & 5b).  

The mineralogy, the high compatible elements and the very low TiO2-K2O contents, make 

the CE-boninite of Nepoui similar to other low-Ca boninites worldwide (Crawford et al., 

1989). These have been interpreted to result from high temperature hydrous melting of a 

depleted peridotite (e.g., Cameron, 1989; Ohnenstetter and Brown, 1992; Eissen et al., 1998). 

Considering the high content in compatible elements, this interpretation can reasonably be 

maintained; however, it fails to explain the prominent LILE (large ion lithophile elements) 

contents.  

 

Dating of boninitic magmatism 

40
Ar/

39
Ar dating results on Nepoui CE-boninite 

Two samples (PLGA2 and PLGA3) of glassy clinoenstatite boninite from the Plaine des 

Gaïacs quarry have been selected, carefully avoiding devitrified zones. Both samples yielded 

well behaved 
40

Ar/
39

Ar age spectra and define two plateaus, each including 100% of the 
39

Ar 

total gas release. PLGA2 gave an age of 47.4 ± 0.9 Ma (2σ; MSWD = 1.1; P =0.38) whereas 

sample PLGA3 yielded a slightly older age of 50.4 ± 1.3 Ma (MSWD = 0.70; P = 0.75) (Fig 

6). Both samples show identical K/Ca spectra with a bimodal distribution of compositions and 

with values ranging from 0.15 for low temperature steps to 0.02 for high temperature steps. 

The invariance of the age of each individual step over such a variable K/Ca composition 

demonstrates that the samples did not contain secondary minerals. No inverse isochron age 

could be calculated due the cluster of the data near the 
40

Ar*/
39

ArK radiogenic axis. 

 

U-Pb on zircon dating of boninite-series dikes 

Four representative samples, three leucodiorites and one granite, have been selected for U-

Pb zircon dating among 10 boninite-series rocks sampled from various parts of the Peridotite 

Nappe in New Caledonia (for sample locations in the WGS 84 reference grid, see Table 4, 

online appendix). All dated samples have yielded ages that are within error of each other. All 

four samples cluster at 53.7±0.7 Ma (Fig. 7). No inherited cores have been noted in the 

analysed zircons (Fig. 8) and preclude any contamination by continental crust-derived melts.  
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Geochemistry, major and trace elements  

Geochemistry of Nepoui CE-boninite 

In total, eleven new analyses have been included in this study. Four boninite samples from 

the quarry of Plaine des Gaïacs, (two of them having also been used for dating purpose), one 

sample from a boulder in the Riviere Rouge (river; Fig 3), and four samples from the 

unpublished data of  M.A. Audet’s PhD (2008) (Table 2, online appendix). These new 

analyses are compared and discussed with that from the previously published data sets 

(Cameron, 1989; Sovolova et al., 2012). 

Nepoui boninites have andesitic major elements contents (SiO2 = 55.5 wt%, Al2O3 = 10.0 

wt% on av. for 10 samples). They have low CaO (3.8 wt% on av.) and FeO contents (7.6 

wt%) and characteristically have low CaO/Al2O3 (0.4 wt% on av.), very low K2O (0.6 wt%) 

and TiO2 (0.2 wt%); in contrast, they display high compatible elements contents (MgO= 11-

15 wt%, Cr= 486-1371ppm, Ni= 190-1640 ppm) (Table 1, online appendix).  

The abundance of crystals (see Figure 5) as well as the major and trace element variations 

(low CaO, high Cr and Ni) in most of the lavas are consistent with an origin by crystal 

accumulation. The lavas with the highest CaO concentrations (RRG1 and 2917) also have the 

lowest Cr and Ni values, and could most closely represent a liquid composition. 

The Nepoui boninites generally display high whole-rock water contents (1.8-7.6 wt%H2O) 

and  6-8 wt %H2O in groundmass glasses (Solovova et al, 2012); in contrast, melt inclusions 

only contain up to 4 wt% H2O. A significantly different H2O content in groundmass and 

inclusions without formation of secondary minerals may record either seawater-melt 

interaction (Solovova et al, 2012); or alternatively, melt rehydration by magmatic waters 

coming from already crystallised rock.  

The compositions of Nepoui boninite very closely resemble the average boninite of the 

Bonin Islands (Crawford et al., 1989) and Cape Vogel (König et al., 2010). Slightly concave 

“spoon-shaped” REE patterns of most boninite samples do not significantly differ from one 

sample to another. However, one of the samples reported by M.A. Audet (2008; #2915) 

displays bulk LREE enrichment with a negative Ce anomaly (dotted pattern on Fig 8a). REE 

enrichment may be due to downward input of supergene REE from the weathering profile of 

peridotites where Ce
4+

 accumulates with Fe oxide (Braun et al., 1990) and this sample will not 

be considered further. Nepoui boninites are REE-rich (10 to 20 times the chondrite), and 

display significant LREE enrichment ((La/Sm)n= 2.2). Compared with the data of literature, 
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the REE patterns of Nepoui boninites very much resemble that of Cape Vogel (König et al, 

2010) with higher average bulk REE content though (Fig 8a).  

On the expanded REE and trace elements spiderdiagram (Fig 9a), Nepoui and Cape Vogel 

boninites display similar patterns, although Nepoui rocks are richer in incompatible elements 

and at first sight seem less depleted in HREE and HFSE. LILE vs. HFSE fractionation may be 

due to source mineralogy (HFSE-retaining refractory minerals); or alternatively, due to 

enhanced LILE and bulk REE enrichment; these alternative interpretations will be discussed 

below. Nepoui and Cape Vogel boninites both display a well-defined negative anomaly in Nb 

and Ta and a positive anomaly in Zr and Hf (Fig 9a) and most probably have been generated 

in a similar way. 

 

Geochemistry, major and trace elements of boninite-series dikes 

Some dikes that crosscut the Peridotite Nappe, which are generally referred in the field to 

as leucodiorites or diorites depending on their amphibole content, are to some extent 

geochemically similar to CE-boninites. The dikes are generally a few cm to a few metres 

thick and extend over several metres or tens metres. They are dominantly coarse grained felsic 

rocks with minor ferromagnesian minerals (orthopyroxene, hornblende, biotite), and develop 

reaction rims (anthophyllite) against the peridotite wall rock. Some others with similar 

compositions and textures are metre-scale porphyroclasts or brittle boudins enclosed in the 

serpentinite-mylonite sole of the Peridotite Nappe. In spite of some scatter, dike orientations 

cluster around ENE-WSW and WNW-ESE directions. Boninite-series dikes cannot be 

distinguished in the field from the other types of felsic intrusive rocks and a geochemical 

discrimination is necessary. On the basis of their total alkali and silica contents, they may be 

referred to as syenites and syeno-diorites. On the TAS diagram (Le Bas, 1986, not 

represented), they do not form one single differentiation trend with CE-boninites due to their 

higher alkali content. In general the incompatible elements contents are 1 to 10 times greater 

than that of CE boninite, consistent with the higher alkali contents. They display “spoon-

shaped” REE patterns similar to that of CE-boninite with higher REE contents though (Fig 

8b). Positive and negative Eu anomalies irrespective of the bulk REE or SiO2 contents may be 

an effect of plagioclase fractionation; or alternatively, result from a source feature (Cluzel et 

al, 2006). On the expanded REE and trace elements spiderdiagram, the patterns of boninite-

series rocks display the same negative anomalies in Nb and Ta, and positive anomalies in Zr 

and Hf (Fig 9b). Elemental ratios Nb/Ta and Zr/Hf (with some exceptions probably due to Hf 

analytical issues) are consistent with that of CE-boninites. The comparison between the 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

11 

 

Nepoui boninites and the boninite-series dikes shows that although they have small 

differences in chemistry and ages they also have strong geochemical similarities reinforcing 

the links between the two Early Eocene magmatic events . 

 

Sr and Nd isotope geochemistry 

The already published Sr and Nd isotope data on Nepoui boninite reported high Nd 

isotope range of values compared to other boninite localities (Cameron et al, 1983; Cameron, 

1989). To check this feature, two new CE-boninite samples have been analyzed at the CNRS 

isotope laboratory of Clermont-Ferrand (France).  

The two new CE-boninite samples provided Nd(50) of +7.9 , and (
87

Sr/
86

Sr)i of 0.704232 

(±7)  and 0.702359 (±5)  respectively (Table 2, online appendix; Fig 10). These Nd ratios are 

within the range of moderately depleted mantle sources and strikingly differ from that of the 

nearby E-MORB basalts of the Poya Terrane (+3<Nd(80) <+6; Cluzel et al., 2001), In contrast, 

Nd isotopic ratios are similar to that of BABB of the Poya Terrane (+7<Nd(80) <+8.3; Cluzel 

et al., 2001). It is worth noting that the isotopic signature of Nepoui CE-boninite also differs 

from that of Cape Vogel, which display “enriched” signatures in spite of some compositional 

(REE and trace elements) similarity. Only one Nd-Sr isotope analysis of a boninite-series dike 

is available. The leucodiorite MeM2 provided Nd(54) of +8.7, and (
87

Sr/
86

Sr)i of 0.702782 (±7) 

(Table 2; Fig 10). This data confirms that although the CE-boninite and boninite-series felsic 

dikes are not genetically related by a simple differentiation process the two suites have been 

similarly generated by moderately depleted mantle sources.  

 

Source of Nepoui CE-boninite ; the role of  additional components. 

The partial melting of a depleted peridotite alone cannot account for the geochemical and 

isotopic features of Nepoui CE-boninite. LREE- and more generally, LILE enrichment is a 

common feature of boninites, which has been explained by invoking source re-enrichment by 

either an OIB-type component (Macpherson and Hall, 2001) or, a subduction component 

(fluid and/or melt) (Hickey and Frey, 1982; Tiepolo et al., 2000, 2002; König et al., 2010; 

Spandler and Pirard, 2013). Involvement of a subduction component is also suggested by 

prominent Zr and Hf positive anomaly (Kamenetsky et al., 2002; König et al., 2010) (Fig 9a).  

Discrimination between fluid and melt enrichment has been attempted using Ba/Th-Th 

diagram (König et al., 2010) (Fig 11). Compared to MORB composition (Sun and 

McDonough (1989), relatively high Ba/Th ratios (150-300) suggest the role of a subduction-
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derived fluid for some Nepoui boninite samples; however most of them bear the signature of a 

melt-enriched source (Ba/Th < 100; Th= 0.2- 0.7 ppm), very similar to that of Cape Vogel 

boninites (Fig 11).  

In order to better constrain the possible source of a slab melt component, the approach 

developed by König et al. (2010) for the Cape Vogel boninites has been undertaken on 

Nepoui boninite. Melting metamorphic rocks generates fractionation of some element ratios, 

which depend upon source mineralogy (e.g. metamorphic grade in a subduction zone) because 

residual minerals strongly control the budget of some trace elements. Assuming that the 

source rock had a MORB composition, it may be suggested that similarly to Cape Vogel 

boninite, shift toward higher Zr/Sm ratios (Fig 12) and lower Nb/Ta (Fig 12a) and Nb/La (Fig 

12b) denotes the presence of residual amphibole in the solidus. In contrast, the increase of 

Zr/Sm compared to MORB compositions suggests that rutile was not present in the source as 

a refractory phase (König et al, 2010). Strong positive anomalies in Zr and Hf (Fig. 9b) 

suggest that zircon was not residual in the source of CE-boninites and could not account for 

the Zr/Sm ratio. The occurrence of a small amount of residual garnet is also suggested by 

some HREE fractionation (1.1<Gdn/Ybn<1.4; Fig 12c) (Tiepolo et al., 2000; Foley et al., 

2000, 2002). Therefore, Nepoui boninites bear the signature of MORB-derived slab melts, 

which were likely formed by partial melting of rutile-free, garnet-amphibole bearing mafic 

rock. It is worth noting that BABB-like barroisitic eclogites of the Eocene metamorphic 

complex of northern New Caledonia and high-grade BABB-like HT amphibolites of the 

metamorphic sole share some of the geochemical and isotopic signatures of Eocene dikes (7.1 

< Nd < 8.3; Cluzel et al., 2001; 2012), and thus are possible candidates for slab melt sources. 

This assumption will be used in the modeling presented below. 

 

Genesis of Nepoui CE-boninite ; a modeling approach. 

Melting models used in oceanic-ridge settings are unable to account for the complex 

processes that occur in supra-subduction zones, particularly because some parameters, e.g. 

partition coefficients are highly sensitive to fluid circulations and/or temperature variations. In 

order to establish the processes responsible for CE-boninite genesis, a model has been 

developed, which shows that CE-boninites have been likely generated from a three-step 

evolution. This evolution includes: (i) initial melt extraction and peridotite depletion in a ridge 

setting; (ii) partial slab melting in a subduction zone and mantle wedge re-enrichment by slab 

melts; and (iii) hydrous melting of the re-enriched mantle wedge (Fig. 14). All parameters 

used in this model are listed in Table 3 (online appendix).  
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It is well established that boninites come from the melting of a highly refractory mantle 

source that has previously experienced melt extraction. The first step of melt extraction may 

have occurred in a mid-ocean ridge (e.g. Cameron, 1983; Crawford et al., 1989; Arndt, 2003; 

König, 2010); or more likely, a marginal basin, which would account for the geodynamic 

setting of the basins that opened during the Late Mesozoic break-off of the SE-Gondwana 

margin. The first melting stage is assumed to generate a depleted mantle. Melt and residue 

compositions have been computed using a model of anhydrous non-modal fractional melting 

(Shaw, 1970; McDade et al., 2003a) of a primitive mantle source (McDonough and Sun, 1995; 

Robinson et al., 1978) (Fig. 14a). The resulting residue represents the assumed composition of 

pre-subduction mantle wedge (Table 4, online appendix). 

The second step aims at modeling the trace element composition of the slab melts that have 

been formed during or shortly after subduction inception. The subduction that eventually gave 

birth to obduction in New Caledonia started at (or near) the ridge of the South Loyalty (or 

East New Caledonia) Basin (SLB) at ~56Ma (Cluzel et al, 2012a). At subduction inception, 

when the spreading center changed into a subduction zone, the thermal gradient was as high 

as 40°/km, and generated the high-temperature amphibolites of the metamorphic sole (Cluzel 

et al, 2012); thus, at the time of boninite genesis (~50-47Ma; this article) the tip of the 

subducted slab was 6-9My-old, and still hot. Therefore, the PTt path of a slab of about the 

same age (Thorkelson and Breitsprecher, 2004) has been used in the model (Fig. 13). On the 

basis of this PTt path and the wet basalt solidus of Harry and Green (1999), slab rocks are 

unlikely to melt above 65 km depth (~2 GPa). At a pressure of 2.0 GPa, a rock of basalt 

composition is metamorphosed into eclogite, thus providing constraints on source mineralogy. 

In addition, some element ratios in Nepoui CE-boninite indicate a significant influence of slab 

melts derived from an amphibole-bearing source (see “role of additional components” section 

above). Therefore, to account for the composition of resulting rocks, the average chemical 

composition of BABB-like eclogites of Northern New Caledonia (Cluzel et al., 2001; 

Spandler et al, 2005) has been used to represent the source of slab melts (Fig. 14c). 

Considering these rocks as a melt source makes sense because (i) they have recrystallized in 

the same Eocene (Spandler et al, 2005) subduction zone, (ii) they yield isotopic ratios 

consistent with Nepoui boninite (in contrast with E-MORB-like eclogite of the same terrane; 

Cluzel et al, 2001), and (iii) they contain a significant amount of amphibole (barroisite; Clarke 

et al, 1997). Considering the PTt path of a 5 Ma-old slab and the stability field of hornblende, 

slab melting is likely to occur in a small PT window, as illustrated in Figure 13. Slab melting 
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has been modeled using 6 % batch melting of BABB-like eclogite computed with 

temperature-dependent hydrous partition coefficients of Kessel et al. (2005) using 

temperature-dependent relationship from Kimura et al. (2009, 2010) at 820°C (temperature at 

the slab surface). Modeling results in a felsic melt composition (Fig 14b), which is strikingly 

similar to that of some slightly older dikes (55-50 Ma U-Pb on zircon) that cross-cut the 

ophiolite (Cluzel et al, 2006). It is worth noting that a sediment contribution has not been 

considered because the young age of the oceanic crust and intra-oceanic character of the 

subduction most probably prevented significant amounts of bathyal sediments to be involved. 

The low 
87

Sr/
86

Sr ratio of Nepoui boninite is consistent with this assumption. 

The formation of boninites occurred during a third stage that involved a fore-arc, refractory 

mantle wedge (i.e. the residual pre-subduction mantle formed during the first stage) 

contaminated by the slab-derived melts. The melting process is modeled using a non-modal 

batch melting model (Shaw, 1970) (Fig. 14c). The mineral mode is from McDade et al. (2003b), 

and partition coefficients are after Kessel et al. (2005), using temperature-dependent relationship 

from Kimura et al. (2009). The best-fit results suggest that the melting ratio of the supra-

subduction mantle was 25% at a temperature of 1350°C, with a slab-melt contribution to the 

boninite source of ~3%. These results are consistent with that of literature (Crawford et al., 

1989; Pearce et al., 1992b; Sobolev and Danyushevsky, 1994; Arndt, 2003; Leng et al., 2012; 

Li et al, 2013). 

Testing a possible genetic link between CE-boninite magma, gabbro cumulates and 

refractory harzburgite of the Peridotite Nappe. 

Several cumulate “lenses”, a few km wide, occur in the Massif du Sud (Ouen Is; Prony 

Bay; Mouirange and Montagne des Sources) (Fig 1), all have ultramafic rocks at the base and 

gabbros on top. Extremely depleted orthopyroxene gabbros are thought to have crystallized 

from boninite magma in a fore-arc setting (Marchesi et al, 2009; Pirard et al, 2013), but the 

corresponding boninitic crust if any, has been eroded out, thus preventing any check of this 

hypothesis. Considering the age of Nepoui boninite situated between subduction inception 

and final obduction, a genetic link should be searched between boninite magma injected 

along/across the subduction zone and those who possibly erupted in the fore-arc. This 

hypothesis has been tested by applying a fractional crystallization process to the modeled 

boninite from Figure 14c (Table 4, online appendix). Using the average mineral modes given 
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in Marchesi et al. (2009), it appears that gabbroic cumulates may derive from 30% fractional 

crystallization of a magma compositionally similar to Nepoui CE-boninite (Fig 14d). 

A possible genetic link between boninites and the highly refractory harzburgite, which 

underlie cumulate gabbros has been already postulated (e.g. Eissen et al, 1998; Crawford et 

al., 2003; Ulrich et al. 2010; Pirard, 2013). This hypothesis has also been tested by comparing 

the modeled residue of boninite production with new accurate geochemical data on NC 

harzburgite (Secchiari A., work in progress). The residual mantle composition calculated after 

boninite extraction is shown on Figure 15 (Table 4, online appendix). Although the modeled 

result shares some features with NC harzburgites, i.e. general outline of trace element 

patterns, U, Pb, Sr, Zr and Hf positive anomalies, it fails to reproduce the extreme depletion 

that characterizes these rocks. Therefore, it appears that New Caledonia’s harzburgites were 

not formed as a direct consequence of CE-boninite melt extraction. Instead, they may result 

from a more complex polyphase evolution involving several melting events followed by 

fluids and/or melts circulations.  

Timing of Nepoui CE-boninite emplacement 

The two Nepoui boninite samples yielded plateau ages at 50.4 ± 1.3 Ma and 47.4 ± 0.9 

Ma. The robust age spectra show no sign of perturbation and therefore, may be interpreted as 

emplacement ages. The two ages are very close, but not indistinguishable at the 2σ level; 

however, the apparently younger sample yields slightly higher LOI (5.2 vs. 4.4 wt%). Late-

magmatic rehydration inferred from the comparison of crystal and glass phases (Solovova et 

al., 2012) and variable (
87

Sr/
86

Sr)i as well, may also induce some elemental mobility and 

hence, apparent age discrepancy. The similarity with some “boninite-series” Early Eocene 

dikes suggest that they have been emplaced during two magmatic episodes that are very close 

in terms of timing and tectonic setting. 

As a consequence, Nepoui CE-boninite can no longer be considered as a post-obduction 

dike; or part of the Poya Terrane, which has been shown to be older than 55 Ma, and 

obviously comes from different mantle and slab sources (Cluzel et al., 2001). Alternatively, 

40
Ar/

39
Ar apparent ages at 47-50 Ma and some geochemical similitude allow it to be 

chronologically and partly genetically correlated with the Early Eocene dike complex of the 

Peridotite Nappe although it seems to be slightly younger. Considering the age of Nepoui 

boninite situated between subduction inception and final obduction, a genetic link between 

CE-boninite found in the serpentinite sole and those erupted in the fore-arc and formed 

enstatite gabbro cumulates is most likely. 
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Source of Nepoui CE-boninites 

As most boninites, Nepoui rocks have been formed by hydrous partial melting of a 

depleted peridotite re-enriched by additional components that may account for LILE contents 

of the resulting melt. It is worth noting that in the case of ultramafic source re-enriched by 

melts, the bulk of trace elements Rb, Sr, Nd and Sm come from the additional component. As 

a consequence, the isotopic signature is strongly (not to say dominantly) influenced by the 

source of additional melts; therefore, isotope ratios are good tracers of metasomatic material. 

Nd values for Nepoui boninites (+7.9), which are in the range of “moderately depleted 

MORB sources”, contrast with the undepleted Cape Vogel boninites (3.9 < Nd < 5.2) (Fig 

10), and question the involvement of an asthenospheric component (OIB-like, or E-MORB-

like), which would result in lower values of Nd. Alternatively, source contamination by slab 

melts derived from BABB-like crust would result in such isotopic signature.  

Nd isotopic ratios of Nepoui boninite (Nd(50)=7.9) are in the same range of values than 

that of Early Eocene dikes (8.7<Nd(53) <6.0; 7.5 on average; Fig. 10) (Cluzel unpubl. data). 

Therefore, the component that re-enriched the peridotite source is most probably a small 

amount of melt formed by partial melting of subducted oceanic crust; thus resulting in 

moderately depleted MORB-like isotopic signature. This added component shares most of the 

geochemical and isotopic features of Early Eocene felsic dikes, which at least partly come 

from partial melting of the lower plate of the subduction system; e.g., high-temperature 

amphibolite or eclogite-facies rocks.  

 

Pacific-scale correlations 

There is some age similarity between boninites from New Caledonia and those of the Izu-

Bonin-Mariana arc (IBM; ca 51-52 Ma; Ishizuka et al. 2006, 2011; Reagan et al., 2008, 2013) 

and a long distance correlation is tantalizing. Such correlation has already been proposed 

between IBM and Tonga-Kermadec (TK) arcs because fore-arc magmatism started at about 

the same time (Stern et al, 2012). Recently, a further correlation has been made possible by 

the discovery of Eocene inherited zircons in Western Vanuatu Arc volcanics (Buys et al, 

2014), a part of the Vitiaz Arc rifted at ca 10Ma. This discovery confirms the existence of a 

continuous Eocene west-dipping subduction in the western Pacific (Fig 16). Synchronous 

subduction inception over such a distance suggests one single Pacific-scale event, which 

could involve New Caledonia as well. However, subduction inception in New Caledonia is 
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constrained by the age of the metamorphic sole of the ophiolite, which recrystallised at ca. 57 

Ma, e.g. 4-5My before IBM-TK, with an opposite polarity (Fig 16). In addition, fore-arc 

magmatism of the IBM arc includes thick basalt series underlying the boninites, which are 

absent in New Caledonia. Therefore, a different mechanism of subduction inception should be 

advocated and correlation of Eocene events in New Caledonia at a regional scale probably 

needs some additional exploration. 

 

Conclusion 

Owing to its overall features, Nepoui CE boninite may be interpreted as volcanic rocks and 

shallow dikes emplaced during the Early Eocene. Boninite magma possibly circulated along 

the serpentinised hanging wall of the subduction zone that eventually formed the tectonic sole 

of Peridotite Nappe. REE and other trace elements contents, source modeling and isotopic 

signatures as well suggest that the depleted peridotite source was re-enriched by felsic melts 

formed by partial slab melting during the early stage of intra-oceanic subduction at 55-50 Ma 

(Fig 17a & b). Water influx into the mantle wedge due to subduction of slightly older (cooler 

and hydrated) lithosphere was responsible for low degree partial melting of the re-enriched 

mantle wedge, and generated boninitic magma (Fig 17c). It is suggested that enstatite-bearing 

gabbro cumulates formed the base of a (discontinuous?) fore-arc crust dominantly formed of 

CE-boninite; whilst only minor amounts of CE-boninite magma were injected along the 

subduction zone. Thereafter, the fore-arc was frozen and a “normal” mantle wedge 

established that generated the yet poorly investigated Loyalty Arc (Fig 17d). Finally, the 

northern tip of the Norfolk Ridge reached the subduction zone and blocked it. As a result, two 

successive obductions occurred during the Late Eocene (mafic Poya Terrane), and latest 

Eocene (ultramafic Peridotite Nappe) respectively (Fig 17e). During the latter event, CE-

boninite lenses were pinched and wrapped in serpentinite-mylonite near the base of the 

ultramafic allochthon. Meanwhile, the bulk of the uplifted fore-arc boninitic crust was eroded 

out and only leaved cumulate remnants. Considering the bulk evolution of the Southwest 

Pacific during the Late Cretaceous-Eocene period, it may be suggested that the upper mantle 

rocks that now form the Peridotite Nappe have been inherited from a first phase of marginal 

(back-arc?) basin opening during the Late Cretaceous Gondwana breakoff. These older and 

already depleted peridotites; again evolved in a fore-arc setting and were metasomatised by 

slab-related fluids and melts during the Eocene subduction.  
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Figure captions 

 

Figure 1: Geological sketch map showing the location of Nepoui CE-boninite in the 

framework of mafic and ultramafic allochthons of New Caledonia. 

 

Figure 2: Geological map of Plaine des Gaiacs area (Maurizot and Vendé-Leclerc, 2009) (see 

location on Fig. 1). The bold line locates the cross section Fig 3. 

 

Figure 3: Sketch cross section (scale is only approximative) to show the geometrical 

relationship of autochthonous and allochthonous terranes of New Caledonia and location of 

CE-boninite and boninite-series dikes. 

 

Figure 4: Outcrop features of Nepoui boninite. 4a: boninite boulder wrapped by serpentinite 

of the Plaine des Gaïacs quarry; 4b: vesicular boninite breccia (same location). 

 

Figure 5: Texture of Nepoui boninite. 5a, sample of hyaloporphyritic boninite showing 

decussate aggregates of clinoenstatite. 5b, Microphotograph to show the micro-porphyritic 

texture. 

 

Figure 6: 
40

Ar/
39

Ar step heating ages and K/Ca spectra of boninite glasses extracted from 

samples PLGA2 and PLGA3 (Plaine des Gaïacs quarry). All ages are given at 2σ and include 

all sources of uncertainties. 

 

Figure 7: Reverse concordia diagram showing the U/Pb isotopic ratios of zircons for four 

representative samples of boninite-series felsic dikes. The majority of the data is concordant 

clustering at 54 Ma. Solid line entitled “common Pb” and 54 Ma isochron (calculated by the 

isoplot program of Ludwig 2003) are anchored to single stage Pb at 54 Ma (Stacey and 

Kramer, 1978).  

 

Figure 8a & b: Chondrite-normalised REE patterns after Pearce (1982) (data from Table 1). 

8a: the data of Early Eocene Nepoui boninite (plain lines) is from Cameron (1989), Audet 

(2008), Solovova et al. (2012; dark grey pattern), and this study. The dashed line pattern 

corresponds to the sample 2915*, probably REE-enriched by supergene fluids. Fields of 

boninites of Cape Vogel (light grey pattern) (König et al. (2010) and Bonin Islands (Ishizuka 
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et al. 2006, 2011; striped pattern) are shown for comparison. 8b: REE patterns of boninite-

series felsic dikes of the Peridotite Nappe. The dotted lines represent samples that have been 

dated by the U-Pb on zircon method. The normalisation value (C1) is from Evensen et al. 

(1978).  

 

Figure 9a&b: Rare-earth and trace elements expanded spider diagram normalised to the 

primitive mantle (PM, after Hofmann, 1988). 8a: spiderdiagrams of Nepoui boninite, the dark 

grey area depicts the compositional field of boninites from Solovova et al. (2012), and the 

light grey pattern represents the field of compositions of Cape Vogel boninites. 9b: 

spiderdiagrams of boninite-series felsic dikes of the Peridotite Nappe. Data has the same 

provenance as Fig. 8 (Table 1). 

 

Figure 10: 
87

Sr/
86

Sr versus 
143

Nd/
144

Nd plot of Nepoui boninite corrected for in situ decay at 

50 Ma, and one boninite-series felsic dike (MeM2) corrected at 54Ma, compared to the fields 

of Cape Vogel boninites (grey pattern; König et al., 2010), Poya Terrane basalts (criss-crossed 

pattern; Cluzel et al., 2001), and Early Eocene dikes (stripped pattern; Cluzel et al., 

unpublished data). Shift toward higher values of 
87

Sr/
86

Sr probably denotes moderate 

elemental mobility in sample PO42 and in certain Early Eocene dikes. Bulk Solid Earth (BSE) 

and Depleted MORB Mantle (DMM) data are from Workman & Hart (2005). 

 

Figure 11: Ba/Th versus Th plot of Nepoui boninites compared to Cape Vogel boninites. Data 

for N-MORB are from Arevalo & McDonough (2010); BABB from PETLAB data base 

(http://pet.gns.cri.nz/#/). 

 

Figure 12: Plot of representative trace-element ratios used in discriminating the mineralogy of 

the source of slab melts (König et al, 2010) 

 

Figure 13: Pressure–temperature and phase-stability diagram for 5 My-old subducted slab 

(Poli and Schmidt, 2002; Thorkelson and Breitsprecher, 2004, and references therein). The 

orange area indicates PT conditions where the young and hot South Loyalty Basin slab is 

expected to melt.  

 

Figure 14: Results of CE-boninite modeling. A complete set of the parameters used in this 

model is given in Table 3. a) Primitive mantle-normalized trace element composition of the 
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residual mantle after MORB-type melt extraction, i.e. pre-subduction depleted mantle of the 

SLB. b) Trace element concentration of slab-derived melt resulting of the melting of the 

eclogitized SLB oceanic crust. The latter has been computed using the average chemical 

composition of BABB-like Eocene eclogites of Northern New Caledonia from Spandler et al. 

(2005). c) Trace element composition of NC boninites modeled as the result of the melting of 

pre-subduction depleted mantle (Fig 13) contaminated by slab derived melts (b). d) Fractional 

crystallization of modeled CE-boninites compared to enstatite gabbro cumulates of Montagne 

des Sources (Marchesi et al., 2009). Mineral modes used in this simulation are an average 

from Marchesi et al. (2009): Cpx: 41%, Opx: 13%, Plg: 42%, Ol: 4%. Best fit is obtained with 

F=30%. Partition coefficients for Cpx, Opx and Ol are from Kessel et al. (2005), using 

temperature-dependent relationship from Kimura et al. (2009) at T = 1000°C. 

 

Figure 15: Comparison of the computed refractory residue (from the model Fig 14d) with NC 

harzburgite compositions (Secchiari A., PhD thesis in progress). The modeled residue is 

obviously much less depleted than the average harzburgite (Table 4) and allows ruling out a 

direct genetic relationship of the latter with gabbro cumulates. 

 

Figure 16: West Pacific sketch map to show the continuous Eocene continent-ward dipping 

subduction zone that possibly extended from Japan to New Zealand, through Vitiaz and 

Tonga-Kermadec arcs; and in contrast, the Pacific-ward dipping subduction of New 

Caledonia and its possible extension to New Zealand (modified from Stern et al, 2012 and 

Cluzel et al, 2001). 

 

Figure 17: Geodynamic model for boninite genesis in the framework of New Caledonia 

evolution during the Eocene (modified from Cluzel et al, 2012a). 
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Fig. 9 
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Fig. 11 
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Fig. 17 
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Highlights 

 

CE-boninite and boninite-series felsic dikes of New Caledonia yield Early Eocene 

40
Ar/

39
Ar and U-Pb zircon ages respectively. 

Geochemical and isotopic features and geochemical modeling suggest source enrichment 

by subduction-derived fluids and MORB-like melt component. 

Modeling also suggests that CE-boninite magma may have been in equilibrium with 

enstatite-bearing gabbro cumulates of the Peridotite Nappe that formed in the fore-arc region 

of the nascent Loyalty Arc 


