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Abstract: Pressure–temperature estimates of a xenolith found within a post-obduction granodiorite
in southern New Caledonia provide evidence for subcrustal, granulite facies, peak crystallisation
conditions (ca. 850 ◦C—8.5 ± 1.0 kbar), followed by isobaric cooling to 700 ◦C, and final decompres-
sion with partial rehydration at ca. 650 ◦C—3.5 kbar. The xenolith, dated at 24.7 Ma (U-Pb zircon),
i.e., the same age as the granodiorite host rock, has low SiO2 (35.5 wt%) and high Al2O3 (33.2 wt%)
contents, suggesting that it is the restite of a previous melting episode, while the elevated Ca (Ba and
Sr) contents suggest mantle metasomatism. Although the concentrations of Rb, K, Ca, Ba, and Sr
have been strongly modified, some geochemical (REE patterns and some “immobile” trace element
ratios) and isotopic (Sr and Nd isotopic ratios, U-Pb zircon age) characteristics of the granulite facies
xenolith are similar to those of the xenoliths found in other Late Oligocene intrusions in southern
New Caledonia; therefore, this rock is interpreted to be related to an early magmatic episode. The
rock protolith was emplaced and equilibrated at the base of the crust where it underwent ductile
deformation. Younger ascending magma picked it up and they eventually crystallised together
at a shallow crustal level, near the tectonic sole of the ophiolite. The recrystallisation and ductile
deformation at ~8.5 kbar suggest that a rheological discontinuity existed at about 25–28 km, probably
representing the Moho. It is concluded that a continental crust of normal thickness must have existed
beneath New Caledonia at about 24 Ma, i.e., 10 Ma after obduction.

Keywords: Southwest Pacific; New Caledonia; obduction; subduction; granitoid; xenolith;
granulite facies

1. Introduction

Xenoliths found in igneous rocks are generally representative of either their source
region or the rocks that the magma traversed on its way to shallower levels. The New
Caledonia Ophiolite, commonly referred to as the Peridotite Nappe [1], is a large ultramafic
allochthon [2,3] obducted at the Eocene–Oligocene boundary (ca. 34 Ma) [4,5]. In southern
New Caledonia, the base of the Peridotite Nappe is crosscut by Oligocene post-obduction
granodiorites and granites (Saint Louis and Koum–Borindi complexes) (Figure 1) that
mainly intruded the basement and the serpentinite sole of the ophiolite. The plutons and
dykes contain thermally metamorphosed enclaves of the autochthonous sedimentary cover
of New Caledonia (e.g., Palaeocene limestone found within the St. Louis granodiorite
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and rare inherited zircons) and of the Peridotite Nappe itself, such as listvenite (a talc–
chlorite–magnesite–haematite metaserpentinite), which was dragged up from the base of
the ophiolite. However, no deep-crustal or upper-mantle xenoliths have been described,
and the composition of the deep basement of the ophiolite remains largely unknown. The
present crustal thickness of the northern Norfolk Ridge has been diversely evaluated at
ca. 32 km [6]; in contrast, CRUST2.0 modelling of the Bouguer anomalies resulted in a
calculated thickness of ca. 18 km [7], and seismic tomography has provided an intermediate
value of ca. 25 km [8]. In addition, to explain the positive Bouguer anomaly (ca. +100 mGal)
located in the south of the Grande Terre (Massif du Sud), it has been suggested that the
Peridotite Nappe may overlie previously unroofed upper-mantle rocks [9,10]. However, pre-
obduction-Palaeocene-to-mid-Eocene pelagic limestone that uniformly covers the northern
Norfolk–New Caledonia Ridge suggests a continental crust thickness of about 20–25 km
just prior to obduction. A similar crust thickness and carbonate cover have been established
for the Lord Howe Rise, which was once continuous with the Norfolk Ridge [11,12]. The
occurrence within the Late Oligocene granodiorite of rare inherited zircons coming from
Late Cretaceous sandstones [13] and the xenoliths of Palaeocene pelagic limestone suggest
that the sedimentary cover extends below the ophiolitic allochthon. Alternatively, the local
gravity anomaly has been interpreted as being related to a post-obduction transtensional
graben, along the borders of which the Oligocene granitoids were emplaced [14].
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Figure 1. (a) Geological sketch map of the Tertiary allochthons of New Caledonia, with the locations
of the two main Oligocene granitoid occurrences at St. Louis and Koum–Borindi that crosscut the
ultramafic allochthon (Peridotite Nappe) in the southern part of the island. (b) Sketch map of the SW
Pacific. Dark grey: land; light grey: thinned continental crust areas (submerged); white: oceanic crust
areas. LHR: Lord Howe Rise; NR: Norfolk Ridge; LR: Loyalty Ridge; HP: Hikurangi Plateau.
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This article presents a reappraisal of the granulite facies rock found as a xenolith in
the Koum granodiorite, which has been dated at 24.7 ± 0.2 Ma (U-Pb zircon) and only
superficially described [13]. It is based mainly upon mineral microprobe analyses and a
tentative evaluation of the pressure–temperature path. This is the only record of a high-
grade xenolith from the Late Oligocene granitoids of New Caledonia, and it is of some
importance for our knowledge of the basement of the northern termination of the Norfolk
Ridge, which is otherwise poorly known due to its overall submarine nature. In particular,
an estimate of the crustal thickness beneath the northern Norfolk Ridge is expected. We
investigated the unusual nature of this xenolith found within the Koum–Borindi intrusive
complex (long. 166.3788, lat. −21.7554) along the upper reaches of the Xwe Fachia (river),
55 km to the north of Noumea.

2. Material and Methods

The mineral composition of the biotite, garnet, plagioclase, hercynite, muscovite, and
chlorite were determined using a Cameca SX50 electron microprobe (15 keV, 20 nA) at the
BRGM-CNRS-University of Orleans analytical pool. Approximately 250 mineral analyses
were performed using four polished, thin sections of the xenolith. Only a few representative
analyses are included in this paper (Table 1); the complete data set is presented in the
Supplementary Materials (Table S2). The mineral formulae presented in the following
section are the averages taken when the variation in the elemental content remains within
the range of analytical errors (±5%). A qualitative chemical analysis of the very fine-grained
accessory phases (zircon, magnetite, ilmenite, allanite, monazite, and xenotime) was carried
out by backscattered electron EDS on a JEOL 6400 SEM at the Polytech’s analytical facility
(University of Orleans, Orleans, France). Whole-rock major (ICP-OES), trace element (ICP-
MS), and Nd-Sr isotope analyses of the granulite facies xenolith BOR5 [13] were carried out
at the Service d’Analyse des Roches et Minéraux (CNRS-CRPG Nancy, Nancy, France); the
analytical procedures, errors, and detection limits can be found at https://sarm.cnrs.fr/
index.html (accessed on 15 June 2006). Whole-rock geochemical and isotopic data for Late
Oligocene granitoids are from [14].

Table 1. Electron microprobe analyses of representative mineral phases. Biotite analyses marked by
an asterisk have been recalculated by integrating the exsolution of Fe-Ti oxides.

Data
Point Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO MgO MnO NiO CoO CaO Na2O K2O Total %

136 biotite I 31.44 2.39 19.21 0.00 21.68 8.30 0.03 0.00 0.20 0.04 0.49 7.35 91.13
136 * recalc 28.30 7.13 17.29 0.00 24.24 7.48 0.09 0.00 0.19 0.03 0.44 6.62 91.81
106 biotite I 33.43 1.54 18.35 0.07 22.20 9.08 0.02 0.09 0.03 0.02 0.67 7.81 93.28

106 * recalc 30.09 6.36 16.52 0.07 24.70 8.18 0.08 0.08 0.03 0.02 0.60 7.03 93.75
3 biotite II 32.66 2.35 19.09 0.00 21.55 8.63 0.15 0.00 0.00 0.05 0.64 7.39 92.50

150 biotite II 32.95 1.76 18.29 0.00 20.31 9.55 0.15 0.17 0.00 0.09 0.81 7.29 91.35
13 Plagio I 43.74 0.03 35.75 0.00 0.12 0.00 0.00 0.05 0.01 19.25 0.27 0.00 99.21

137 Plagio I 43.52 0.00 35.62 0.04 0.12 0.00 0.10 0.00 0.00 19.74 0.12 0.02 99.28
9 Plagio II 44.5 0.00 36.2 0.00 0.00 0.00 0.03 0.00 0.00 19.3 0.45 0.01 100.5
33 Plagio II 44.2 0.00 36 0.00 0.13 0.00 0.00 0.00 0.00 19.5 0.37 0.03 100.2
25 hercynite 0.09 0.00 54.76 0.05 41.98 2.73 0.34 0.00 0.00 0.00 0.04 0.00 99.99

148 garnet 37.88 0.01 21.36 0.00 32.33 3.79 2.03 0.11 0.01 3.37 0.01 0.00 100.90
138 garnet 37.32 0.06 21.44 0.01 32.17 3.71 1.88 0.20 0.00 3.54 0.01 0.01 100.36
46 margarite 30.67 0.00 50.21 0.00 0.61 0.13 0.07 0.04 0.01 12.17 0.65 0.02 94.59

119 margarite 30.38 0.00 50.36 0.00 0.52 0.10 0.00 0.03 0.08 12.86 0.41 0.00 94.75
42 epidote 39.52 0.01 31.27 0.00 1.32 0.01 0.00 0.00 0.06 23.01 0.01 0.05 95.24

120 epidote 38.62 0.00 29.19 0.00 5.62 0.02 0.03 0.00 0.10 22.92 0.04 0.03 96.55
158 K mica 43.25 0.00 35.24 0.00 1.19 0.29 0.07 0.00 0.01 0.01 0.15 10.28 90.50
54 chlorite 24.06 0.00 23.27 0.02 27.47 12.04 0.16 0.00 0.05 0.05 0.01 0.02 87.13

126 Fe chlorite 22.41 0.00 23.68 0.00 34.38 7.33 0.10 0.00 0.00 0.08 0.00 0.00 87.98

https://sarm.cnrs.fr/index.html
https://sarm.cnrs.fr/index.html
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3. Geologic Setting

One of the main geological features of New Caledonia is the ultramafic allochthonous
terrane [2] known as the Peridotite Nappe [1], which was obducted in the latest Eocene or
earliest Oligocene period and thrust over the northern tip of the Norfolk ridge, as the latter
obliquely entered into the subduction zone of the intra-oceanic Loyalty volcanic arc [14].
The ophiolite consists of a strongly depleted harzburgite–dunite suite, 2500 m thick at most,
overlayed by a 200 to 500 m thick dunite transition zone, associated with chromite pods
and mafic–ultramafic cumulate lenses [5,15–17]. As a result of the Eocene subduction being
blocked by continental crust elements, a new subduction started for a period along the west
coast of New Caledonia, producing the Late Oligocene granitoids of St. Louis (west coast)
and Koum–Borindi (east coast) at ca. 24.5 Ma [13,14] (and new unpublished U-Pb zircon
data) (Figure 1). The Oligocene granitoids are intruded in the autochthonous basement
and in the lowermost levels of the Peridotite Nappe. The Koum granodiorite is part of
the Koum–Borindi intrusive complex, which consists of several hecto-to-kilometre-scale
felsic intrusive bodies and dykes emplaced in a fault-crossing zone along the boundary of
a post-obduction transtensional graben containing the cumulate lenses (Figure 1).

The St. Louis and Koum–Borindi intrusive rocks are volcanic-arc granites [18,19],
which show little geochemical variation due to differentiation and/or source diversity
(Supplementary Materials Table S1). However, two main geochemical types have been
distinguished on the basis of their REE contents: a “normal” type (I), comprising about 80%
of the analysed samples from both intrusive complexes, and an HREE-depleted type (II)
restricted to Koum–Borindi (Figure 2) [14].
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to BOR5.

Various hypotheses have been put forward about the origin of these granites: (1) sub-
duction related [14], (2) delamination of the lithosphere [20], and (3) slab melting [21].
Although none of these interpretations is entirely satisfactory, and some are based on
limited, not to say erroneous, data, this article is not intended as a reappraisal of granitoid
origin. Rather, because of the diversity of processes involved in granitoid genesis [22,23],
we have used the occurrence of the granulite facies xenolith as a supplementary constraint
on the existing model.

Only 13% of the Late Oligocene granitoid samples have Sr/Y > 40 and could, therefore,
be recognized as adakites, s.s., according to the original definition [24]; however, according
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to a less restrictive classification [25], up to ~78% of the samples could be considered as
adakite-like rocks (Sr/Y > 20) (Figure 3a).

The relatively high Sr/Y ratios and HREE depletion could be viewed as a consequence
of the variable amounts of garnet in their source [26]. The HREE depletion ((La/Yb)N > 40)
of some of the rocks in the Koum–Borindi complex (Type II granitoids) (Figure 3b) suggests
the involvement of the lower crust in magma genesis [27]. Overall, such features may
be due to the interaction between slab melts, the supra-subduction mantle wedge, and
a mafic garnet-bearing lower crustal source [25,28]. It is worth noting that the intrusion
period (24.5 Ma) coincided with a pronounced uplift of New Caledonia, as indicated by
regolith erosion and rapid granitoid uplift and/or cooling at c. 24–22 Ma (zircon U-Th/He)
(Zhou R. Univ. of Queensland pers. comm.), which can be interpreted as a result of slab
break off [29]. Despite granitoid intrusion within the basement rocks of the Norfolk ridge,
no noticeable geochemical or isotopic contamination by continental crust rocks has been
detected [14] (see isotope data below).
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Figure 3. (a) Sr/Y vs. Y diagram [24] showing the relatively low Sr/Y ratios of most Oligocene
granitoids. (b) Sr/Y vs. (La/Yb)n diagram [24,27] showing the similarity of the St. Louis and
Koum–Borindi granitoids, except for the HREE-depleted type, which was strongly influenced by
lower crust melts. The restitic xenolith SL3 from St. Louis shows an unchanged Sr/Y ratio, in
contrast to the strong Sr (Ba and Ca) metasomatism of the granulite BOR5, which is also evident from
multi-elements patterns.

4. Analytical Results
4.1. Mineralogy and Petrography

The studied granulite facies xenolith is a dark granular rock; 20 cm × 10 cm in size;
lacking any mineral shape-preferred orientation; and composed of plagioclase, garnet,
biotite, and hercynite as the primary phases; and margarite, epidote, “sericite”, chlorite,
minor calcic amphibole, calcite, and celsianite as the secondary phases. The accessory
minerals include zircon, magnetite, ilmenite, allanite, monazite, and xenotime.

• Plagioclase is the major mineral phase, consisting of 1–3 mm unzoned and inclusion-
free grains. The larger grains display sub-grains of 200 µm on average, with the same
optical orientation, giving them a mottled appearance (e.g., Figure 4j). This sub-grain
texture is probably due to annealing.

• The biotite consists of 2–4 mm globular, sometimes gently kinked crystals and smaller
decussate flakes, averaging 50–400 µm, interspersed within plagioclase grains. The
larger biotite crystals (biotite I) contain 10%–15% small, granular opaque minerals
(predominantly ilmenite) forming concentric aureoles (Figure 4a), and ilmenite exso-
lution needles geometrically arranged along the crystallographic directions. As with
the smaller flakes, the outer rim of the large biotite grains is typically free of opaque
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inclusions (biotite II) (Figure 4a,b). Hercynite never occurs as inclusions in biotite
I, but small garnet grains do; occasionally, minute hercynite grains may be found
within biotite II flakes. Within hercynite–biotite aggregates, biotite II is often replaced
by chlorite.

• The garnet consists of typically poikiloblastic almandine grains with a few plagioclase,
biotite, hercynite, and Fe oxide inclusions (Figure 4c,d). The low pyrope content
(Mg/Fetot = 0.2) is probably due to the low Mg bulk rock composition (see below).
Some garnet grains contain sinuous trails of elongated, opaque mineral inclusions
(Fe oxide, Figure 4c) and are, therefore, similar to synkinematic garnets developed
in regionally metamorphosed rocks. However, no other mineral in the rock shows
similar syntectonic features, and post-kinematic recoil is likely.

• The hercynite (Fe-Al spinel) occurs as irregular aggregates 2 to 4 mm in size, consisting
of 50–250 µm subhedral, dark-green grains, with interstitial biotite (50 µm) often
destabilised into chlorite (Figure 4e). Irregular hercynite aggregates are likely to have
come from the destabilisation of an older mineral phase, but no relics were found
and the existence of an earlier paragenesis remains conjectural. The boundary of
hercynite aggregates with plagioclase is formed by a microgranular destabilisation
aureole formed of corroded plagioclase grains, margarite, epidote, K-rich white mica
(“sericite”), chlorite, and minor calcite (Figure 4e–h).

• Anorthite-rich plagioclase I, garnet, and biotite I display inclusions of each other, have
no reaction boundary (Figure 4d) and, therefore, appear likely to be paragenetic.

• Colourless acicular crystals of margarite are organised in sheaf-like aggregates (Figure 4g).
In the distal part of some aggregates (toward the plagioclase), the margarite transitions
into and is intergrown with poorly crystallized muscovite (sericite) (Figure 4g,h and
Figure 5d). At the boundary between the margarite and plagioclase grains, anorthite-
rich plagioclase I is locally altered to a lower Ca plagioclase (plagioclase II, An 90%),
together with the crystallisation of small calcite intergranular blobs. Tiny celsianite
grains (Ba [Si2Al2O8]) also appear within the destabilisation aureoles and are probably
due to Ba exsolution from the Ba-bearing primary plagioclase I.

In contrast to plagioclase I, biotite I, garnet, and hercynite, which occur as primary
phases, plagioclase II, biotite II, margarite, sericite, chlorite, calcite, celsianite, and epi-
dote are secondary lower-grade phases within reaction aureoles 200–400 µm thick around
hercynite aggregates. Hercynite and plagioclase appear to have reacted together dur-
ing a lower-grade event, resulting in margarite, chlorite, and K-mica. It is noteworthy
that these retrograde minerals are closely associated with allanite–monazite intergrowths
(Figures 4i and 5a–c). The destabilisation aureoles around the hercynite aggregates also con-
tain a few xenotime grains associated with sericite, epidote, calcite, and chlorite (Figure 5d).

The epidote and chlorite show complex textural relationships with other phases,
being associated either with garnet–plagioclase I–biotite I–hercynite (without reaction
features) or with margarite–plagioclase II–sericite assemblages. However, the mineral
compositions of the chlorites involved in these two main assemblages are different. It has
been shown that variations in chlorite composition can be explained in terms of FeMg−1
substitution (between the daphnite and clinochlore end-members), Tschermak substitution
(between clinochlore/daphnite and amesite), and di-trioctahedral substitution (between
daphnite/clinochlore and sudoite) [31–33]. In particular, the amount of evolution towards
the sudoite end-member is indicative of the intensity of retrograde evolution. It should be
stressed that several generations of chlorite (resulting from several recrystallization events)
may have occurred within the same thin section, but in different microstructural settings.
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Figure 4. Photomicrographs of the representative textures of the granulite xenolith. Aln: allanite;
Bt: biotite; Cal: calcite; Chl: chlorite; Ep: epidote; Gt: garnet; Hc: hercynite; Mrg: margarite; Ms:
sericite (fine-grained muscovite); Pl: plagioclase; Zrn: zircon. Mineral abbreviations are from [30].
(a) A large poikilitic biotite I crystal showing a concentric arrangement of ilmenite and magnetite
grains due to Fe and Ti exsolution with decreasing temperature; (b) coexisting biotite I (poikilitic)
and biotite II (inclusion free); (c) a representative sector of a poikilitic garnet grain containing sinuous,
opaque inclusion trails underlined by the dotted line; (d) in-equilibrium garnet and biotite I (note
the small-sized inclusions of biotite and hercynite); (e) shapeless hercynite aggregate containing
light-coloured plagioclase and biotite intergrowths; (f) poorly crystallised epidote, chlorite, margarite,
sericite, and calcite reaction rim around hercynite aggregate and against anorthite II plagioclase;
(g) sheaf-like margarite aggregate with sericite and epidote at the end surrounded by hercynite
grains and plagioclase; (h) detail of a margarite aggregate showing the complex intergrowth of
sericite, chlorite, epidote, and calcite; (i) a large (250 µm) lacunar allanite enclosed in a biotite II flake;
(j) decussate aggregate of biotite II flakes associated with an automorphic zircon crystal.
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Figure 5. SEM pictures of REE-bearing minerals. (a) Allanite and monazite intergrowths associated
with plagioclase and biotite; (b,c) enlarged parts of (a) showing details of allanite and monazite
intergrowths; (d) xenotime grain in the distal part of a margarite and sericite sheaf.

4.2. Mineral Compositions

Two generations of plagioclase have been distinguished on the basis of the textural
relationships (see above), the first forming the bulk of the rock and belonging to P1.
Plagioclase I is an almost pure anorthite (An 99%) with no chemical zoning. The second
generation (plagioclase II) occurs in reaction zones associated with margarite, calcite,
and celsianite; it is, nonetheless, an anorthite, but with a lower Ca content (An 90%)
(Supplementary Materials Table S1).

The biotite compositions ((K0.78Na0.09)(Fe1.43Mg1.05)(Al0.36Ti0.12)[Al1.4Si2.6O10](OH)2)
are close to the siderophyllite (Fe-rich) pole of the siderophyllite–eastonite aluminous solid
solution [34]. There is no difference in chemical composition between the larger biotite
grains and the smaller flakes; however, given the importance of ilmenite exsolution within
the larger grains, a more Ti-rich biotite probably formed at an early stage of crystallisa-
tion (P1) and released Fe-Ti oxides during recrystallization at lower temperatures, while
second-generation biotite flakes appeared (P2). A recalculation of the chemical composi-
tion of biotite I based on modal composition using image analysis (10% modal ilmenite)
and microprobe data suggests that biotite I was originally a titaniferous siderophyllite
((K0.69Na0.09)(Fe1.63Mg0.92)(Al0.02Ti0.43)[Al1.62Si2.36O10](OH)2) (Figure 6a,b), which may be
stable in granulite facies conditions (see below). In contrast, biotite II probably represents
the re-equilibration of biotite I at lower temperatures and newly crystallized material [35].

The garnet grains are not zoned and typically consist of almandine (Alm 78.7%, Pyr
16.6%, Spes 4%, on average; or (Fe2.12Mg0.45Mn0.12Ca0.30)[Al2Si3O12]) (Figure 6c). A low
pyrope content (Mg/Fetot = 0.2) is due to the low Mg bulk rock composition (2.65 wt%
MgO; see below).

The hercynite shows very constant chemical composition close to the ferrous end-
member (Fe0.87Mg0.12Mn0.01)(Al1,90Fe3+

0.14)O4.
With only a few exceptions of very Fe-rich flakes, the chlorites plot at the boundary

between the Corundophyllite and Pseudothuringite domains (Figure 6d is due to the high
Fe/Mg ratio of the original biotite mother mineral.
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The margarite is an almost pure calcic end-member ((Ca0.9Na0.1)Al2[Al1.97Si2.03](OH)2)
with less than 10% Ca-Na substitution; its composition shows no variation either along the
c axis of the prisms, nor from one aggregate to another.
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in the domain of re-equilibrated biotites; (c) garnet triangular classification diagram; (d) FeMg-Si
classification diagram for chlorites [36].

4.3. Thermobarometry

The BOR5 sample is obviously not a common granulite, as it has an atypical bulk com-
position that precludes the use of classical geothermometers (e.g., garnet–clinopyroxene,
garnet–hornblende) or geobarometers (e.g., garnet–plagioclase–hornblende–quartz). Fur-
thermore, in the six-components system K2O-CaO-MgO-Al2O3-SiO2-H2O, seven solid
phases are needed to obtain an invariant assemblage if each solid phase is modelled as a
single phase component (or end-member). The sample contains a large number of com-
ponents, but only a few phases are shown to coexist at equilibrium due to incomplete
recrystallisation. Overall, SiO2 is not in excess in this sample, and this infers that quartz
cannot be involved in phase equilibria. For these reasons, most of the parageneses observed
are divariant. However, the ability to resolve pressures and temperatures can be improved
by increasing the number of end-members used to express the compositional variability
of the phases in a given paragenesis (multi-equilibrium calculation) [37,38]. Calculations
involving such models provide a simultaneous estimate of pressure and temperature (even
for high-variance parageneses), which can be interpreted in terms of P-T conditions at
equilibrium for a given paragenesis (i.e., P-T conditions of crystallization). This approach
has been successfully used by various researchers [32,33,38–41]. The end-member standard-
state thermodynamic properties and solid–solution models (except for chlorite) are from the
JUN92 database associated with TWEEQU 1.02 software [37]. The chlorite solid–solution
model, as well as the internally consistent standard-state thermodynamic properties for
daphnite, Mg–amesite, and Mg–sudoite, are from [31]. The activity of epidote was calcu-
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lated according to [42]. The activities of hercynite and H2O were assumed to be unity, as
discussed below.

Parageneses were selected using classical petrographic criteria, i.e., the habit of the
minerals, their textural relationships (straight grain boundaries between minerals, no evi-
dence of reaction between mineral phases), and their microstructural setting (site where
minerals are believed to have crystallized simultaneously). In addition, the following
criterion derived from the multi-equilibrium thermobarometric method was used. The dis-
equilibrium between minerals used to make a P-T estimate result in a significant scatter of
the intersections between the equilibrium reactions (σP and σT calculated with IntersX [37]).
It was suggested [32] that the maximum allowable scatter (σPmax, σTmax) of any P-T esti-
mate (although paragenesis dependent) is σPmax = 800 bars, σTmax = 25 ◦C. If σP < σPmax
and σT < σTmax, the scatter could be due to microprobe imprecision. Alternatively, if
σP > 800 bar or σT > 25 ◦C, the minerals are considered to be out of equilibrium, and the
P-T estimate is rejected. The calculated scatter (σP and σT) is, therefore, the final criterion
used to assess the state of equilibrium achievement for a given mineral assemblage. Several
studies have highlighted that the textural and chemical (quality of the microprobe analyses)
criteria for equilibrium correlate quite well with the results of P-T calculations, in which
equilibrium is inferred from the convergence of the intersections in the P-T field [32,33,38].

In the BOR5 sample, we have identified the paragenesis P2 (garnet–plagioclase II–
biotite II–hercynite–epidote–chlorite) as suitable for multi-equilibrium calculations. In
the seven-component system K2O-CaO-FeO-MgO-Al2O3-SiO2-H2O, using eleven phase
components (daphnite, amesite, clinochlore, phlogopite, almandine, pyrope, anorthite,
annite, clinozoisite, hercynite, and water), we can calculate thirty-nine reactions, four of
which are independent. Similar calculations made for the same paragenesis, found at
different locations of the BOR5 sample, gave similar results in the range of 695 to 683 ◦C
and 8.4 to 7.4 kbar (e.g., Figure 7).

Minerals 2024, 14, x FOR PEER REVIEW  11  of  19 
 

 

 

Figure 7. An example of multi‐equilibrium thermobarometric calculation for metamorphic assem‐

blages identified as (equilibrium) parageneses in thin section. Thirty‐nine reactions were calculated 

and four of them are independent. The calculation results show little scattering of the different P‐T 

intersections,  suggesting equilibrium between minerals, and are  consistent with  the  textural ob‐

servations. The molar fractions of the cations per site in the plagioclase, chlorite, garnet, and biotite 

(see text for solid–solution models) used in the calculations are shown below. 

PLAG  [‐An‐]  [‐Ab‐]  [‐Or‐]              Borindi 82 

PLAG  0.968  0.032  0.000               

CHL  [‐xsi]  [‐xAl]  [‐xMg]  [‐xFe]  [‐xAl]  [‐xV]  [‐xMg]  [‐xFe]  [‐xAl]  Borindi 74 

CHL  0.286  0.713  0.250  0.274  0.431  0.045  0.466  0.509  0.023   

GARN  [‐Gr‐]  [‐Py‐]  [‐Alm]  [‐Sp‐]            Borindi 75 

GARN  0.096  0.141  0.725  0.038             

BIOT  [xMg‐]  [xFe‐]  [‐xTi]  [‐xAl]  [‐xK‐]  [xOH‐]        Borindi 76 

BIOT  0.339  0.484  0.045  0.164  0.760  0.999         

The peak paragenesis P1 (garnet–plagioclase I–biotite I) cannot be used to estimate 

the P and T  conditions,  even using multi‐equilibrium  calculations. However,  the  tem‐

perature can be calculated from the garnet–biotite equilibrium. High Fe and Ti concen‐

trations can  increase  the  temperature stability of biotite  in near‐granulite  facies condi‐

tions [43,44]. We used image analysis to estimate the amount of magnetite and ilmenite 

exsolution within the biotite I crystals. A subsequent recalculation of the biotite I com‐

position suggested an increase in Ti from 0.03 to 0.09 atoms per formula unit. Thermo‐

barometric calculations using the recalculated compositions of biotite, for garnet + biotite 

(I) associations found at several sites within the thin section, led to temperature estimates 

in the range of 800–900 °C at P > 8 kbar. 

Given the mineralogical compositions of the Koum–Borindi intrusive rocks, which 

contain  the minimal  ten mineral phases  that allow  for  the use of  the Al‐in‐hornblende 

empirical  barometer  [45], we  estimated  the  crystallisation  pressure  (i.e.,  emplacement 

depth) of the host rock of the granulite facies xenolith. Based on the hornblende micro‐

probe analysis of five granodiorite samples  from  the Koum–Borindi  intrusive complex 

(Supplementary Materials Table S3), we obtained a relatively wide range of pressures for 

amphibole crystallisation, averaging at ca. 3.5 ± 1.5 kbar (Figure 8). 

Figure 7. An example of multi-equilibrium thermobarometric calculation for metamorphic assem-
blages identified as (equilibrium) parageneses in thin section. Thirty-nine reactions were calculated
and four of them are independent. The calculation results show little scattering of the different
P-T intersections, suggesting equilibrium between minerals, and are consistent with the textural
observations. The molar fractions of the cations per site in the plagioclase, chlorite, garnet, and biotite
(see text for solid–solution models) used in the calculations are shown below.
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PLAG [-An-] [-Ab-] [-Or-] Borindi 82
PLAG 0.968 0.032 0.000
CHL [-xsi] [-xAl] [-xMg] [-xFe] [-xAl] [-xV] [-xMg] [-xFe] [-xAl] Borindi 74
CHL 0.286 0.713 0.250 0.274 0.431 0.045 0.466 0.509 0.023

GARN [-Gr-] [-Py-] [-Alm] [-Sp-] Borindi 75
GARN 0.096 0.141 0.725 0.038
BIOT [xMg-] [xFe-] [-xTi] [-xAl] [-xK-] [xOH-] Borindi 76
BIOT 0.339 0.484 0.045 0.164 0.760 0.999

The peak paragenesis P1 (garnet–plagioclase I–biotite I) cannot be used to estimate the
P and T conditions, even using multi-equilibrium calculations. However, the temperature
can be calculated from the garnet–biotite equilibrium. High Fe and Ti concentrations can
increase the temperature stability of biotite in near-granulite facies conditions [43,44]. We
used image analysis to estimate the amount of magnetite and ilmenite exsolution within
the biotite I crystals. A subsequent recalculation of the biotite I composition suggested an
increase in Ti from 0.03 to 0.09 atoms per formula unit. Thermobarometric calculations
using the recalculated compositions of biotite, for garnet + biotite (I) associations found at
several sites within the thin section, led to temperature estimates in the range of 800–900 ◦C
at P > 8 kbar.

Given the mineralogical compositions of the Koum–Borindi intrusive rocks, which
contain the minimal ten mineral phases that allow for the use of the Al-in-hornblende
empirical barometer [45], we estimated the crystallisation pressure (i.e., emplacement
depth) of the host rock of the granulite facies xenolith. Based on the hornblende micro-
probe analysis of five granodiorite samples from the Koum–Borindi intrusive complex
(Supplementary Materials Table S3), we obtained a relatively wide range of pressures for
amphibole crystallisation, averaging at ca. 3.5 ± 1.5 kbar (Figure 8).
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Hornblende compositions were obtained from 5 representative samples (dykes and main body) of
the Koum–Borindi complex (Supplementary Materials Table S3).

This result, combined with the P-T geometry of a composite granodiorite–tonalite H2O-
saturated solidus [46–49], provides a rough underestimate of the crystallisation temperature
of the intrusion (e.g., [50]), and allows for tentative P-T paths to be constructed, pending a
temperature correction to account for H2O undersaturation (Figure 9). The BOR5 xenolith
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was probably first equilibrated in granulite facies (P1) at P ≥ 8 kbar and underwent
ductile deformation, as indicated by the inclusion trails in the garnet. These pressures
correspond to a depth of about 28 ± 3 km to 24.5 ± 2.5 km, depending on the average
volumetric mass of the overlying rocks, i.e., the ratio of continental crust to obducted
upper-mantle peridotite. The first stage of the retrogression path is characterized by an
almost isobaric cooling, from about 850 ◦C to 700 ◦C. The second stage is characterized
by a pronounced decompression path, from ~8 kbar and 700 ◦C to ~3.5 kbar and 650 ◦C.
From the present results, it is not possible to rigorously assess whether the exhumation
path involved cooling, or alternatively, reheating during decompression, but these results
provide additional constraints on the origin of the Borindi granodiorite.
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Figure 9. Tentative P-T path derived from the P and T calculated for the granulite facies xenolith BOR5,
computed pressure for the host rock (Koum–Borindi granodiorite), crystallisation and granodiorite–
tonalite hydrous solidus with a shift towards higher temperatures in the case of a water-unsaturated
solidus. The temperature range at the origin takes into account the uncertainty due to Fe-Ti exsolution
in the analysed biotite I.

The geological relationships between the xenolith and its host rock suggest that the
granodioritic melt originated at depths well below 30 km and ingested lower crustal rocks
during its ascent. The xenolith, which initially equilibrated at temperatures ~700 ◦C at the
base of the crust, was cooled and partially rehydrated at ~650 ◦C during its ascent to the
final emplacement depth of 3–5 km. This is consistent with the geochemical characteristics
of the granodiorite, which indicate a volcanic-arc mantle source and only weak subsequent
contamination by (Late Cretaceous?) terrigenous sediments [13,14].

4.4. Age Constraints

The age of the main granodiorite body (Grand Koum pluton) host rock of the xenolith
was accurately determined to be 24.4 ± 0.1 Ma by U-Pb ID-TIMS on zircons [13]. A new
redetermination of the age of another sample of Koum granodiorite by LA-ICPMS gave an
identical age of 24.7 ± 0.1 Ma (unpublished data, pers. com. Zhou R. Univ. of Queensland).

The BOR5 xenolith also contains abundant zircons, and four zircon fractions were anal-
ysed, giving an identical ID-TIMS age of 24.7 ± 0.2 Ma [13], and none showed evidence of
inherited Pb. The complete melting of inherited zircons is only possible in high-temperature
magmas, especially those of alkaline composition; in contrast, in calc–alkaline magmas
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generated from zircon-bearing rocks, partially melted zircons generally form the core of
newly formed grains. Similar U-Pb ages for the zircons of the xenolith and its host rock,
and the absence of inherited cores, suggest that the zircons all crystallised at the same
time. This, and similar Sr and Nd isotopic ratios indicate that the xenolith was isotopically
equilibrated before being raised to the final emplacement level of the pluton.

4.5. Geochemical and Isotopic Features

The chemical composition of the xenolith (Supplementary Materials Table S1) is quite
unusual, and many of its geochemical features are somewhat contradictory (see below),
reflecting its complicated evolution. Its most prominent whole-rock chemical features are
low SiO2 (35.5 wt%), high Al2O3 (33.2 wt%), low K2O content (1.7 wt%), and very low
Na2O (0.3 wt%) compared to the host rock. The very high Ca (12.6 wt%), Ba (8028 ppm),
and Sr (4277 ppm) contents are also unusual. Although it may resemble certain calc–silicate
metasedimentary rocks, a sedimentary protolith can be ruled out for the following reasons:
(i) such a high Al content is unexpected in calc–silicate metasediments; (ii) the Nd and
Sr isotopic ratios (see below) are clearly outside the range of sedimentary rocks; (iii) the
abundance of zircon, which is an important accessory mineral phase of the rock, is far
too high for a calc–silicate metasediment; and (iv) the zircon population completely lacks
rounded or recrystallised grains, and all the grains are idiomorphic and of the same age.

Alternatively, high Al and low Si and alkali contents are common in the restites
of felsic magmas and, indeed, the very high Al content is within the range of restitic
granulites formed by repeated dehydration and partial melting of the lower continental
crust (e.g., [51]). Given the “refractory” nature (Si poor and Al rich) of the granulite facies
xenolith, it could be considered as a restite of an underplated source rock. However, the
very high Ca, Ba, and Sr contents are not consistent with such a simple interpretation;
moreover, such refractory rocks generally have much lower concentrations of incompatible
elements (e.g., REE, etc.).

When compared with the Koum–Borindi rocks for their REE and trace elements
composition, the multi-element diagram normalised to the primitive mantle [52] of the
xenolith (Figure 10) remains close to that of the more evolved granitoids for the LILE-
incompatible elements (except Ba and Sr), and three times higher for the HFSE (HREE and
Y). The higher content of incompatible elements and the absence of a positive Eu anomaly
rule out the cumulate origin of this rock.

A comparison with the SL3 xenolith found in the Late Oligocene St. Louis granodiorite
(Noumea area, Figure 1) [13,14] suggests an alternative interpretation. This fine-grained
rock has the characteristics of a subvolcanic igneous rock and appears very similar to the
xenoliths commonly found in the St. Louis granodiorite. However, unlike other xenoliths
that are obviously co-magmatic [14], its geochemical characteristics are clearly different
from that of the host rock. In particular, its SiO2 content (55%) is lower than that of the
enclosing St. Louis rocks, which all have SiO2 contents close to 65%. Its bulk REE content
is on average two times higher, while its C1-normalised REE pattern shows less HREE
fractionation (Cen/Ybn = 7) compared to the St. Louis rocks’ range (8.5–14.5). The REE
patterns of the two xenoliths are parallel (Cen/Ybn = 6.5 and 7, respectively), while differing
from that of their host rocks. Strikingly, the bulk REE content of BOR5 is twice that of SL3,
despite its much lower SiO2 content (Figure 2). It can be assumed that these xenoliths are
both of restitic (igneous) origin, although SL3 appears less refractory than BOR 5 on the
basis of the SiO2 and Al2O3 contents alone. On the multi-elements diagrams normalized to
the primitive mantle [52], the two patterns also run parallel, but the BOR5 xenolith shows
strikingly contrasting features. Its Rb and K contents (and Na, not shown) are strongly
depleted, whereas Ba and Sr (and also Ca, not shown) show prominent positive anomalies,
and are enriched 5 to 10 times relative to the expected concentrations (Figure 10). The
contrasting behaviour of these initially similar rocks can be interpreted as follows. The
SL3 protolith was generated at a relatively shallow crustal level and later preserved as a
xenolith within the St. Louis granodiorite; in contrast, the BOR5 protolith probably formed
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near the base of the crust where it was mineralogically equilibrated in a granulite facies
environment, and subsequently incorporated into a younger granodiorite melt.
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Figure 10. Rare earths and trace elements multi-elements diagram of the Koum–Borindi granitoids
(24 sample analyses; [14]) normalised to the primitive mantle [52]. The patterns of the granulite facies
xenolith (BOR 5) and the restitic xenolith SL3 (St. Louis) parallel to the “normal” pattern are shown
for comparison. Note the relative enrichment of both xenoliths in REE and incompatible elements,
and the prominent Ba- and Sr-positive anomalies of the granulite xenolith BOR5.

Isotopic signatures could indicate possible contamination by radiogenic isotopes dur-
ing the recrystallization of the xenolith. The Nd and Sr isotopic ratios back-calculated at the
time of crystallisation (see above) of the granodiorite (εNd24 = +5.1; (87Sr/86Sr)24 = 0.70438)
lie within the mantle array and are closely similar to those of the host granodiorite (+4.8
< εNd24 < +5.2; 0.70366 < (87Sr/86Sr)24 < 0.70438; Supplementary Materials Table S4) [14],
and suggest that the isotopic compositions were re-equilibrated at a high temperature, a
result difficult to achieve without a complete remelting of the rock, and inconsistent with
its present mineral composition. More simply, the xenolith probably had the same initial
isotopic composition as the host rock. A slightly higher 87Sr/86Sr ratio plotted on the high-
87Sr/86Sr side of the array formed by the Late Oligocene host rocks (Figure 11) suggests
that only very weak contamination by hydrothermal fluids occurred during low-grade
recrystallisation and rehydration.

These isotopic features are consistent with the restitic origin of the xenolith proposed
above, but do not explain the prominent changes in bulk chemical composition that have
occurred. Exploring the conditions of this lower crustal metasomatism is beyond the
scope of this article; however, the unchanged isotopic ratios and REE fractionation are
inconsistent with a prominent metasomatic input unless the metasomatic source had the
same isotopic composition, i.e., that of the moderately enriched mantle. The remarkable
amount of REE-bearing accessory minerals associated with secondary parageneses suggests
that the REE input occurred synchronously with a moderate pressure drop.
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Figure 11. Sr and Nd isotopic ratios of the granulite facies xenolith and host rocks of the Koum–
Borindi intrusive complex [14], which emphasise their close similarity and the unchanged 87Sr/86Sr
ratio of the granulite facies xenolith (mantle domains after those in [53]).

This unusual xenolith cannot be considered representative of the lower crust of the
Norfolk Ridge, but it could provide evidence for crustal thickness at a given time. Thus, it
appears that the crust of the northern Norfolk Ridge was probably ca. 25–28 km thick during
the Late Oligocene (c. 24 Ma), which is not greatly different from the pre-obduction thick-
ness in the Palaeocene–Middle Eocene periods (65–42 Ma) inferred from sedimentary facies
(see introduction). The hypothesis of significant crustal thinning due to post-obduction
gravitational collapse must, therefore, be ruled out, at least in southern New Caledonia.
Additional geological evidence, such as the development and preservation of nickel-bearing
regoliths by the supergene alteration of peridotite after ca. 25 Ma suggests that the ophi-
olitic rocks were well above sea level, but did not undergo significant uplift during the
Neogene. The development of multiple erosion levels is likely to be due to gentle epirogenic
movements and sea level variations [54,55]. It is worth noting that shallow-water marine
limestones were deposited during the mid-Miocene along limited coastal areas of western
New Caledonia, and did not undergo significant uplift (<50 m). Thus, Neogene extensional
exhumation in southern New Caledonia appears to have been gentle, very short lived, and
dominated by the break off of the Eocene slab.

5. Summary of Evolution

From c. 56 Ma to c. 34 Ma, the South Loyalty Basin, originally located to the east
of the Norfolk Ridge, subducted northeastward and generated the HP-LT metamorphic
belt of northern New Caledonia. Subduction blockage by the northern Norfolk Ridge at
the end of the Eocene period (Figure 12a) provoked the back jump and initiation of the
subduction of the New Caledonia Basin (NCB) (Figure 12b), which accompanied the 60◦

counterclockwise rotation of the northern Norfolk Ridge [56]. During the NCB subduction,
the Late Oligocene granodiorite melts were produced in the mantle wedge, which was
variably modified by slab melts. This event probably provoked the underplating of some
mafic material, which recrystallized under granulite facies conditions (Figure 12c). Slightly
younger granodiorite melt picked up the granulite xenolith and transported it to the lower
boundary of the Peridotite Nappe. The subduction of the NCB was eventually blocked by
a collision with the Lord Howe Rise, while the continuous downward pull of the Eocene
slab provoked its breakoff (Figure 12d). The subsequent delamination of New Caledonia’s
lithosphere was responsible for moderate uplift, and provided the heat flow necessary to
melt already underplated material and form the HREE-depleted granitoids.
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Figure 12. Conceptual model (no scale) for the evolution of New Caledonia during the 32–24 Ma
interval. (a) Subduction blockage at the Eocene–Oligocene boundary. (b) Jump back and onset of
New Caledonia Basin (NCB) subduction. (c) NCB subduction, intrusion of Oligocene granitoids, and
underplating of mafic material. (d) Blocking of subduction by the edge of the Lord Howe Rise, picking
up of granulite xenolith, Eocene slab break off, uplift and genesis of HREE-depleted granitoids (lower
crust melting). Colour legend: green: mantle lithosphere; blue: oceanic crust; white: continental crust;
yellow: post-obduction sediments; red: granitoids; black: underplated mafic material.

6. Conclusions

The granulite facies xenolith BOR5 is probably a restitic magmatic rock that was first
equilibrated at subcrustal depth, and thereafter incorporated into the ascending magma.
The xenolith shows geochemical evidence for mantle metasomatism, i.e., an increase in
Ca, Ba, Sr, REE, etc., without a change in the Nd and Sr isotopic signatures. Such features,
and the occurrence of coeval HREE-depleted lower crustal magmas, are consistent with the
previously formulated slab-break and mantle-delamination hypothesis. The emplacement
depth of the Koum–Borindi granodiorite (c. 9 km), as assessed by the Al-in-hornblende
geobarometer, suggests rapid exhumation rather than shallow emplacement. The pressure
assessment of the metamorphism that affected the xenolith suggests that the Moho was at a
depth of 25–28 km; hence, the crust was of normal thickness, ruling out any pre-obduction
unroofing of the upper mantle, as well as long-term post-obduction crustal collapse.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14050466/s1, Table S1: whole rock geochemical data; Table S2:
microprobe mineral data; Table S3: microprobe mineral data of amphiboles from granodiorite host
rock used for pressure evaluation; Table S4: Nd−Sr isotope data for BOR5 xenolith and granodiorite
host rock.
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