
Accepted Manuscript 

Geological Society, London, Memoirs 

The Subantarctic lithospheric mantle 

Guillaume Delpech, James M. Scott, Michel Grégoire, Bertrand Moine, Dongxu 

Li, Jingao Liu, D. Graham Pearson, Quinten H. A. van der Meer, Tod E. 

Waight, Gilbert Michon, Damien Guillaume, Suzanne Y. O'Reilly, Jean-Yves 

Cottin & André Giret 

DOI: https://doi.org/10.1144/M56-2020-13 

To access the most recent version of this article, please click the DOI URL in the line above. When 

citing this article please include the above DOI. 

Received 9 April 2020 

Revised 11 September 2020 

Accepted 13 September 2020 

© 2021 The Author(s). Published by The Geological Society of London. All rights reserved. For 

permissions: http://www.geolsoc.org.uk/permissions. Publishing disclaimer: 

www.geolsoc.org.uk/pub_ethics 

Supplementary material at https://doi.org/10.6084/m9.figshare.c.5424956 

Manuscript version: Accepted Manuscript 
This is a PDF of an unedited manuscript that has been accepted for publication. The manuscript will undergo copyediting, 

typesetting and correction before it is published in its final form. Please note that during the production process errors may 

be discovered which could affect the content, and all legal disclaimers that apply to the book series pertain. 

Although reasonable efforts have been made to obtain all necessary permissions from third parties to include their 

copyrighted content within this article, their full citation and copyright line may not be present in this Accepted Manuscript 

version. Before using any content from this article, please refer to the Version of Record once published for full citation and 

copyright details, as permissions may be required.

 at Copenhagen University Library on May 17, 2021http://mem.lyellcollection.org/Downloaded from 

https://doi.org/10.1144/M56-2020-13
http://www.geolsoc.org.uk/permissions
http://www.geolsoc.org.uk/pub_ethics
https://doi.org/10.6084/m9.figshare.c.5424956
http://mem.lyellcollection.org/


 

The Subantarctic lithospheric mantle 

Guillaume Delpech1, James M. Scott2, Michel Grégoire3, Bertrand Moine4, Dongxu Li5, Jingao Liu5, D. 

Graham Pearson6, Quinten H.A. van der Meer7, Tod E. Waight8, Gilbert Michon4, Damien Guillaume4, 

Suzanne Y. O’Reilly9, Jean-Yves Cottin4, André Giret4 

1, Université Paris-Saclay, CNRS, GEOPS, 91405, Orsay, France 

2, Department of Geology, University of Otago, Dunedin 9054, New Zealand 

3, Géosciences Environnement Toulouse, OMP; CNRS-CNES-IRD-Toulouse III University, France 

4, Laboratoire Magmas et Volcans; CNRS-IRD-St Etienne and Clermont-Ferrand Universities, St 

Etienne, France 

5, State Key Laboratory of Geological Processes and Mineral Resources, China University of 

Geosciences, Beijing 100083, China 

6 Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta T6G 

2E3, Canada 

7, Nordic Volcanological Center, Institute of Earth Sciences, University of Iceland, Sturlugata 7, 

101 Reykjavık, Iceland 

8, Department of Geosciences and Natural Resource Management (Geology Section), 

Copenhagen University, Øster Voldgade 10, 1350 Copenhagen K, Denmark  

9, Centre of Excellence for Core to Crust Fluid Systems and GEMOC National Key Centre, Earth 

and Planetary Sciences, Macquarie University, Australia 

   

ACCEPTED M
ANUSCRIP

T

 at Copenhagen University Library on May 17, 2021http://mem.lyellcollection.org/Downloaded from 

http://mem.lyellcollection.org/


ABSTRACT 

We present a summary of peridotite in the Subantarctic (46 to 60oS) surrounding the Antarctic Plate. 

Peridotite xenoliths occur on Kerguelen and Auckland islands. Kerguelen islands are underlain by a 

plume whereas the Auckland Islands are part of continental Zealandia, which is a Gondwana-rifted 

fragment. Small amounts of serpentinised peridotite has been dredged from fracture zones on the 

Southeast Indian, Southwest Indian, and Pacific Antarctic Ridge, and represents upwelled 

asthenosphere accreted to form lithosphere. Supra-subduction zone peridotite has been collected 

from two locations on the Sandwich Plate. Peridotites from most Subantarctic occurrences are 

moderately to highly depleted, and many show signs of subsequent metasomatic enrichment. Os 

isotopes indicate that the Subantarctic continental and oceanic lithospheric mantle contains ancient 

fragments that underwent depletion long before formation of the overlying crust.  

 

 

 

 

 

 

 

 

 

 

 

 

‘Supplementary material: [description of material, photomicrographs, mineralogical and geochemical 

data] is available at’. 
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1. INTRODUCTION 

The Subantarctic is an area circumnavigating Earth between 46oS and 60oS (Fig. 1). It encompasses 

seven major tectonic plates (Antarctic, Australian, Pacific, Scotia, South Sandwich, South American 

and African) but, with the exception of the southern tip of South America and the southern portion of 

New Zealand, only small island groups breech the ocean surfaces. The islands, referred to as 

Subantarctic islands, form 13 groups that range in area from 7215 km2 (Kerguelen) to 1.4 km2 

(Bounty) (Fig. 1; Table 1); all are difficult to access and remote, and none have a permanent human 

population. The island groups are typically intraplate volcanoes (Weaver et al., 1987; Barling and 

Goldstein, 1994; Mahoney et al. 1996; Giret et al., 1997; Quilty and Wheller, 2000; Leat et al. 2003; 

Le Roux et al. 2012; Scott and Turnbull 2019) with the exception of the Zealandia granite-dominated 

Snares and Bounty island groups (e.g., Scott and Turnbull 2019), and Macquarie Island, which is a 

slice of exhumed oceanic lithosphere (Kamenetsky et al. 2000; Varne et al. 2000).  

In this contribution, we summarise the characteristics of the Subantarctic lithospheric mantle 

in the Southern Ocean and the southern Atlantic and Indian oceans, as known from mantle peridotite. 

As will be discussed below, peridotite xenoliths have been found on three Subantarctic Island groups: 

Kerguelen and Heard islands in the southern Indian Ocean, and Auckland island in the Southern 

Ocean. Exhumed abyssal peridotite is exposed on Macquarie Island in the Southern Ocean, and has 

been dredged from the Southwest and Southeast Indian and America-Atlantic ridges (Fig. 1), and 

supra-subduction zone peridotite has been dredged and drilled from the South Sandwich arc in the 

Atlantic Ocean. Our synthesis of the Subantarctic lithospheric mantle peridotite is presented in three 

domains: the Indian Ocean, the Southern Ocean and the Atlantic Ocean. A very brief review of some 

locations was given in Nixon (1987). 

Since the oldest oceanic crust surrounding Antarctica is Cretaceous, the fragmentation of 

Australia, India, Zealandia, South America and Africa from Antarctica has led to dispersion of 

continental lithospheres and formation of intervening areas of oceanic lithosphere by asthenosphere 

decompression. Therefore, the composition and evolution of rare fragments of peridotite from under 

the southern portions of the Indian, Southern and Atlantic oceans provides rare insight into the 

evolution of fragments of dispersed Gondwana lithosphere, as well as the upwelled and accreted 
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mantle that formerly resided deep beneath the continents but now represents the intervening oceanic 

lithosphere.  

2.1 SUBANTARCTIC MANTLE UNDER THE SOUTHERN INDIAN OCEAN 

The ~7200 km2 Kerguelen archipelago is the main island of the French Subantarctic island group 

(Terres Australes et Antarctiques Françaises; TAAF) in the Indian Ocean and is located on the 

northern part of the submerged Kerguelen-Heard oceanic plateau (Fig. 2A). This plateau is the 

second largest oceanic Large Igneous Province in the world (25 × 106 km3) after the Ontong Java 

Plateau (Coffin & Eldhom, 1993). The Kerguelen archipelago is the only place where mantle xenoliths 

have been intensively studied in the southern Indian Ocean. Rare peridotite xenoliths occur on Heard 

Island (O’Reilly, pers. observations) but no data are currently available, and the dunite xenoliths 

reported from Crozet by Nixon (1987) are actually igneous cumulates (Table 1).  

The Kerguelen-Heard plateau formed in response to Kerguelen plume magmatism, which is 

closely linked with the Gondwana breakup in the southern hemisphere that started 120 Ma ago 

(Coffin et al., 2002). According to geodynamic reconstructions and geochemical investigations (e.g., 

Royer & Coffin, 1992), the archipelago originated from interaction between the Kerguelen plume and 

the South East Indian Ridge about 40 Ma. The ridge then progressively moved away from the 

hotspot, leaving the plume in its oceanic intraplate position since ~25 Ma. The majority (80 to 85%) of 

the sub-aerial surface of the Kerguelen archipelago is covered by flood basalts that erupted 30 to 25 

Ma and reach > 1000 m thick in places (Giret, 1993). However, small volume disseminated 

Quaternary volcanic centres point to ongoing but limited magmatic activity. The volcanic rocks 

comprise an early tholeiitic-transitional series followed by alkaline and then highly alkaline magmas 

(Doucet et al., 2002, 2005; Frey et al., 2000; Gautier et al., 1990; Weis et al., 1993; Yang et al., 1998). 

The rest of the sub-aerial rocks are made of plutonic rock types (~15%, comprising gabbros, syenites, 

Qz-monzonites and rare granites) associated with the volcanic systems (Lameyre et al., 1976; Dosso 

et al., 1979; Giret, 1983; Scoates et al., 2008) and sedimentary rocks formed by fluvio-glacial erosion.  

2.2 Kerguelen peridotite xenolith characterisation 

The earliest descriptions and collection of mantle xenoliths from Kerguelen were made by Aubert de 

la Rue and Edwards, respectively, in 1932 and 1938. Although xenoliths were subsequently 

mentioned regularly in publications (Talbot et al., 1963; Nougier, 1970; McBirney and Aoki, 1973; 
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Giret, 1983; Gautier, 1987; Leyrit, 1992), systematic study only really began in the early 90’s during 

the Kerguelen cartographic programs initiated by André Giret and the TAAF. The results of these 

studies make Kerguelen one of the best studied off-craton mantle xenolith occurrences on Earth 

(Grégoire et al., 1992, 1994, 1995, 1996, 1997, 1998, 2000a-b, 2001; Mattielli et al., 1996, 1999; 

Schiano et al, 1994; Valbracht et al., 1996; Moine et al., 2000, 2001, 2004; Lorand et al, 2004; 

Delpech et al., 2004, 2012; Bascou et al., 2008; Wasilewski et al., 2017). There are at least 22 mantle 

xenolith localities (Fig. 2B), all occurring within dykes, lava flows and breccia pipes of the youngest 

and most alkaline volcanic rocks. Most xenoliths have sub-rounded shapes, with sizes ranging up to 

60 cm in diameter. Grégoire (1994) and Grégoire et al. (1995) subdivided Kerguelen xenoliths into 

two main groups: Type-I and Type-II. The type-I xenoliths comprise spinel-bearing harzburgite (30%), 

dunite (10%) and associated composite rocks. These are commonly very fresh, except a group of 

moderately serpentinised harzburgites from Lac Michéle (Wasilewski et al., 2017). The type-II 

xenoliths (50%) are metacumulates (peridotites, pyroxenites and metagabbros) recrystallized in the P-

T conditions of the lower crust and upper mantle. The remaining 10% are hornblendites, biotitites and 

amphibole- or biotite-bearing clinopyroxenites with typical cumulative textures. In this contribution, we 

discuss published and new data for Type I xenoliths.  

The Type I spinel-bearing harzburgite xenoliths mostly have coarse-grained textures 

(Supplementary Table 1 and Supplementary Fig. 1) that locally grade into porphyroclastic textures 

comprising fine-grained mosaics of olivine and orthopyroxene neoblasts surrounding elongate 

porphyroclasts. These common “protogranular” harzburgites consist mostly of olivine and 

orthopyroxene with low modal contents of clinopyroxene (< 5 %) and spinel. Accessory phlogopite, 

amphibole, apatite, carbonate and feldspar occur in some samples. Although Cr-diopside is the main 

clinopyroxene (Gregoire, 1994), many harzburgites also display “poikilitic” Mg-augite crystals with 

magmatic twins and/or as spongy rims surrounding orthopyroxene, olivine and spinel, sometimes 

associated with phlogopite and more rarely with amphibole and apatite (Supplementary Fig. 1B, 1C). 

Poikilitic peridotites are often cut by veins of amphibole (pargasite) and/or phlogopite 

(Supplementary Fig. 1D). These two main types of peridotite, protogranular and poikilitic, are 

observed in almost all the xenolith localities among the archipelago but the protogranular samples 

always occur in greater abundance. Very rare clinopyroxene-poor lherzolites are present (Valbracht et 

al, 1996; Grégoire et al., 2000; Schiano et al., 1994; Mattielli et al., 1996) and they are considered to 
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belong to the poikilitic peridotite group. The third sub-group within the Type 1 Kerguelen peridotites - 

dunite - essentially consists of olivine with minor spinel and clinopyroxene. These rocks show 

equigranular or inequigranular textures (Supplementary Fig. 1E, 1F). The spinel and clinopyroxene 

modal contents are sometimes more abundant than in harzburgites (up to 3.5% and 7%, respectively) 

and the clinopyroxene is Mg-augite, as in poikilitic harzburgites. Accessory minerals are primary 

orthopyroxene, with secondary phlogopite, amphibole and carbonate disseminated in the olivine-rich 

matrix (Supplementary Fig. 1G, 1H) or occurring in veins of plagioclase, ilmenite, rutile, sulphides 

and carbonate cross-cutting xenoliths. 

The protogranular harzburgites have olivine Mg# (where Mg# = 100*Mg/(Mg+Fe)) > 91, 

clinopyroxene Mg# > 92, and spinel Cr# ( 40-60; where Cr# = 100*Cr/(Cr+Al)), far more refractory 

than primitive mantle mineral compositions (Fig. 3F). Poikilitic peridotites commonly display olivine, 

clinopyroxene, orthopyroxene and spinel with lower Mg# and higher Fe, Ti, Al, Na in Mg-augite and 

Opx. Most clinopyroxene grains in poikilitic peridotites have major element abundances lower than the 

primitive mantle estimate, especially in Ca, Ti, Al but they have higher Si, Na and Mg# associated with 

higher Mg# in olivine and Cr# in spinel (Fig. 3). Olivine and clinopyroxene in the dunites almost 

always have lower Mg# (~90-85 and ~92-87, respectively) than protogranular harzburgites, and are in 

the range of compositions of poikilitic harzburgites or even lower (Fig. 3). Clinopyroxene grains in 

these rocks have higher contents of Ca, Ti but lower Al compared to primitive mantle. Hydrous 

mineral-bearing dunites have olivine and clinopyroxene with almost similar Mg# as anhydrous 

dunites, but their clinopyroxene has higher Na for similar ranges in Al, Ti, Ca. Spinel in dunites display 

a different range of composition based on the presence or absence of hydrous minerals; in anhydrous 

dunites spinel has lower Cr# ( 17-49) than protogranular harzburgites but similar Mg# ( 82-52), 

whereas hydrous dunites contain spinel with lower Mg# ( 62-37) and higher Cr# ( 31-69) than 

anhydrous dunites.  

Two-pyroxene geothermometry (Brey and Köhler 1991) from co-existing pyroxenes indicates 

the protogranular harzburgites equilibrated at between 845-1005°C (assuming a pressure of 1.5 GPa; 

Grégoire et al., 2000a). These temperatures are lower than those of the Lac Michèle harzburgites 

(1050-1200°C Waslilewski et al., 2017) and the poikilitic peridotites (1015-1135°C). The range of 

calculated equilibrium temperatures in the dunites is difficult to determine due to the general absence 
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of orthopyroxene but, where this mineral occurs with clinopyroxene, the temperature estimates are 

940-1090°C.  

Bascou et al. (2008) interpreted the lattice-preferred orientations (LPO) of olivine and 

orthopyroxene in harzburgites to reflect a deformation regime in axial compression or transpression. 

They also showed that the fabric strength of olivine progressively decreases from protogranular 

harzburgite to poikilitic peridotite to dunite, in response to prolonged melt-rock reactions. The 

petrophysical parameters (Vp, density) of one type I poikilitic harzburgite xenolith (harzburgite GM92-

453), representative of the average major element compositions of peridotite mantle xenoliths from 

Kerguelen, were determined by Grégoire et al. (2001). The measured and calculated Vp at 0.9 GPa 

were 8.45 km/s and 8.29 km/s, respectively. The seismic properties calculated from the LPO of 

minerals indicate that metasomatism at high melt/rock ratio lowers the P-wave velocities, and that the 

most significant difference between harzburgites and dunites corresponds to the distribution of S 

wave anisotropy. Thus, metasomatism by the Kerguelen Plume may have induced seismic 

heterogeneities in the lithospheric mantle (Bascou et al., 2008). The measured and calculated 

densities (3.30 and 3.34 g/cm3, respectively) indicate that the lithospheric mantle beneath Kerguelen 

Archipelago, assuming it is dominated by harzburgite as indicated by the xenoliths, should therefore 

be relatively buoyant and corroborates geophysical studies that interpret the occurrence of relatively 

low-density material down to a depth of about 80 km (e.g. Charvis et al., 1995). 

2.3 Kerguelen xenolith major and trace element geochemistries 

As the main and most common host of trace elements, clinopyroxene has been analysed by LA-ICP-

MS in most Kerguelen peridotites types. Clinopyroxene grains in protogranular harzburgites have 

heterogeneous rare earth element (REE) element patterns that range from spoon-shaped patterns 

with heavy REE (HREE) and middle REE (MREE) contents of  0.2 times Chondrite to light REE-

enriched (LREE) > 100 times CI-Chondrite (Fig. 4A). Clinopyroxenes in some Lac Michèle 

protogranular harzburgites have even lower MREE and LREE down to 0.05 X CI-Chondrite (Fig. 4B). 

Most protogranular clinopyroxene grains display spoon-shape REE patterns (Fig. 4A and B), and are 

accompanied by pronounced enrichments in Rb, Th, U, Pb + Sr but depletions in Ba, Nb, Zr and Ti 

(not shown). In contrast, clinopyroxene grains in poikilitic peridotites display similar REE patterns that 

are enriched in LREE (Fig. 4C) as well as in other very incompatible elements (Th, U, HFSE; see 

ACCEPTED M
ANUSCRIP

T

 at Copenhagen University Library on May 17, 2021http://mem.lyellcollection.org/Downloaded from 

http://mem.lyellcollection.org/


Grégoire et al., 2000a). These clinopyroxenes are also more enriched in the most incompatible 

elements (LREE, Fig. 4C; HFSE or LILE; see Grégoire et al., 2000a) compared to the protogranular 

harzburgites. Clinopyroxene trace element contents in anhydrous dunites are similar to those in 

hydrous dunites (Fig. 4D) and, as a whole, the LREE and MREE-enriched clinopyroxenes in dunites 

resemble those in poikilitic peridotites. Some clinopyroxenes in anhydrous dunites have flat REE 

patterns or show depletions in the most incompatible elements compared to MREE and HREE 

(LREE, Fig 5D; also LILE, HFSE, see Grégoire et al., 2000 for details). Other samples show REE 

patterns with large enrichments in LREE associated with high Th, U and low Rb, Ba and HFSE. 

Clinopyroxene in the phlogopite-amphibole-bearing dunite MG91-143 shows the highest enrichment 

in the most incompatible elements (Th, U) and large depletions in HFSE (Nb, Ta, Zr, Hf, Ti). 

Clinopyroxene associated with carbonates in dunite GM92-140 displays lower enrichments of MREE 

over LREE and HREE, and high contents of Th, U associated with low HFSE contents (Moine et al., 

2004).  

Due to their large size, bulk rock major and trace elements have been measured in most 

Kerguelen peridotite types (Supplementary Tables 2B and 2C). The protogranular, poikilitic and Lac 

Michèle peridotites have refractory bulk rock major element compositions (Fig. 5), with low CaO 

(<1·35 wt %), Al2O3 (<1·5 wt %) and Na2O (<0·25 wt %). The Mg# of the protogranular (91.5–92.0) 

and Lac Michèle (92.0-93.0) harzburgites are commonly higher than those of poikilitic peridotites 

(88.0 to 91.5). Protogranular harzburgites have low REE and display spoon-shaped-REE patterns 

characterized by (La/Sm)N = 3.5-15 and (Sm/Yb)N as low as 0.2 (subscript N; measured values 

normalized to primitive mantle values of McDonough&Sun, 1995). Some of those harzburgites, which 

display modal metasomatism by carbonate-rich melts, also show LREE-enriched patterns [La/Sm]N 

varying between 2 and 6 similar to the poikilitic harzburgites (Fig. 4B; Delpech et al., 2004). Poikilitic 

harzburgites have enriched LREE and MREE contents compared to HREE and their total REE 

contents are higher than protogranular harzburgites (Fig. 4C; see Grégoire et al., 2000a) with 

(La/Sm)N = 1.7-10.9 and (Sm/Yb)N = 2.5-4.3.  

Dunite samples tend to exhibit low SiO2 for a similar range in MgO compared to harzburgites 

(Fig. 5A) and low CaO (0.18–1·6 wt %), Na2O (< 0.27 wt %), Al2O3 (0·15–1·91 wt %; Fig. 5B), TiO2 

(0·03–0·09 wt %) contents, but their Mg# (85–89, average of 88) is lower than most of the 
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harzburgites (Fig. 5C). Dunite CaO and Al2O3 contents are sometimes higher than those in 

harzburgites (Fig. 5C), which reflects the relatively high modal content of clinopyroxene and spinel 

(Grégoire, 1994). The dunites are characterized by variable REE shapes compared to harzburgites, 

with a combination of almost flat REE patterns, LREE-enriched patterns and upward convex REE 

patterns (not shown, see Grégoire et al., 2000a). 

2.4 Kerguelen peridotite Isotopic compositions 

Bulk rock Os isotopic compositions from restricted suite of harzburgite, lherzolite and dunite xenoliths 

(187Os/188Os = 0.1189-0.1383; n=19; Hassler, 1998; Hassler & Shimuzu, 2000) extend from 

unradiogenic values (0.1189) with rhenium-depletion model ages (TRD) as old as 1.36 Ga to 

compositions more radiogenic than PUM (0.1296; Meisel et al. 2001). The radiogenic values are 

similar to Os isotope compositions of Kerguelen basalts, and may therefore represent the signature of 

mantle accreted by the Kerguelen plume (Weis et al., 2000).  

Sr-Nd + Pb isotopes analysed for bulk rock (n=13) and clinopyroxene separates (n=10) from 

harzburgites, dunites, two lherzolites and one clinopyroxenite show very heterogeneous compositions 

(Fig. 6; Mattielli et al., 1996, 1999; Hassler, 1999). Most of the peridotite xenoliths have isotopic 

compositions in the range of 87Sr/86Sr = 0.7050-0.7065, 143Nd/144Nd = 0.5123-0.5127 and 206Pb/204Pb 

= 18.0-18.5; 207Pb/204Pb = 15.50-15.65; 208Pb/204Pb = 38.5-39.2. These values are distinct from 

basalts of the Southeast Indian Ridge and rather similar to those of Kerguelen Archipelago lavas or 

even more enriched compositions (Mattielli et al., 1996, 1999; Hassler, 1998). Peridotites showing 

fingerprints of metasomatism by carbonatitic melts seem to extend to more enriched Sr-Nd isotopic 

compositions than those metasomatized by alkaline basaltic silicate melts. Their Sr-Nd isotope 

signature is similar to young (< 10 Ma) Kerguelen volcanic rocks and is comparable to the least 

evolved Heard Island lavas (Barling et al., 1994) (Fig. 6). A few samples show extreme Sr-Nd isotopic 

compositions; the most “depleted” end of the spectrum is represented by one little-metasomatized 

harzburgite that has clinopyroxene with unradiogenic 87Sr/86Sr of 0.70329 (OB93-78; Hassler, 1999), 

which falls in the field of Indian MORB (Fig. 6). Two samples (one anhydrous dunite and one Phl-

bearing clinopyroxenite; Mattielli et al., 1999; Hassler, 1999) show very radiogenic 87Sr/86Sr (0.70730 

and 0.70869) and unradiogenic 143Nd/144Nd (0.51215 and 0.51199) and are isotopically very different 

from the Kerguelen basalts, as they extend towards Sr-Nd isotopes found in continental crust material 
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recovered at Elan Bank (Fig. 6; Frey et al., 2002; Ingle et al., 2002) or volcanics highly contaminated 

by continental crust material (Site 738, Fig. 6). Such Sr-Nd isotope signatures indicate that some 

xenoliths interacted with or were formed from very evolved metasomatic melts or fluids percolating in 

the lithospheric mantle ; either of plume origin or by interaction with recycled continental lithosphere 

(Mattielli et al., 1999). It has been argued in the literature that the typical EM1 isotope signature of the 

Kerguelen basalts reflect that of melts produced by the Kerguelen plume (Weis et al., 1993).  

2.5 Synthesis of the Kerguelen peridotitic mantle lithosphere 

The type-I Kerguelen xenoliths show the peridotitic lithospheric mantle beneath this archipelago to 

largely be a refractory domain. The very low clinopyroxene vol.%, olivine Mg# up to 92 and Cr-rich 

spinel (Cr# > 38), low HREE contents and MREE in some clinopyroxenes, and high bulk rock MgO 

and low CaO, Al2O3, Na2O, Fe2O3, S and platinum group elements indicate that the underlying mantle 

experienced partial melting in excess of 15 to 25%, close to or beyond the exhaustion of 

clinopyroxene (Fig. 4; Grégoire et al. 1997 and 2000, Lorand et al., 2004). Clinopyroxenes with 

moderate HREE contents in Fig. 4A and 4B are consistent with melting in the spinel stability field at 

low P (< 2 GPa), however clinopyroxenes in Fig. 4A and 4B with low (HREE/HREE) ratios (eg. 

Dy/Yb) and the lowest HREE (Er, Yb, Lu) contents, lower than those predicted by 24% melting at low 

P, may be explained by polybaric melting initiated at higher P (> 2 GPa). Based on bulk-rock trace 

element modelling using melting equations of Walter (1998), Hassler (1999) showed that the REE 

abundances of a residual clinopyroxene after polybaric melting starting at 3 GPa and terminating at 

low P in the spinel facies is similar to those of clinopyroxenes in protogranular samples with the 

lowest HREE contents (Fig. 4A). The most depleted clinopyroxenes in the Lac Michèle harzburgites 

(Fig. 4B), characterized by low (HREE/HREE; eg. Dy/Yb) ratios and low HREE contents, can also be 

explained in a similar way. This idea is supported by Wasilewski et al. (2017), who also interpreted 

the more refractory bulk compositions of the Lac Michèle harzburgites to record evidence of polybaric 

decompression fractional melting between 5 and 3 GPa, initiated at high pressure in the garnet 

stability field (Fig. 5B, 5D). The Kerguelen peridotites have petrographic, mineralogical and 

geochemical compositions are different from abyssal peridotites (Fig. 5B) or the local Indian oceanic 

lithosphere (Fig. 3, 6) but are comparable to oceanic island peridotites worldwide (Fig. 5; Simon et 

al., 2008). Those authors suggested that depleted and therefore buoyant peridotite domains (Ol1-u 
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peridotites from Simon et al. (2008)) such as Kerguelen peridotites, were accreted to the oceanic 

lithosphere from the convecting mantle by the ascending plume. Simon et al. (2008) proposed that 

reworking of older oceanic or subduction-related mantle domains from the convecting mantle is also 

consistent with the occurrence of some rhenium-depletion model ages far older than the Kerguelen 

lithosphere. Conversely, Hassler & Shimizu (1998) interpreted these Proterozoic rhenium-depletion 

model ages as an evidence for the occurrence of fragments of old subcontinental mantle domains that 

were incorporated into the Indian oceanic lithosphere during Gondwana breakup. Based on their 

modal and bulk major element compositions that resemble cratonic peridotites (Fig. 5A, B, D), the 

Lac Michèle harzburgites were also considered by Wasilewski et al. (2017) in the same manner as 

Hassler & Shimizu (1998). However, the low Mg# in olivine (91-92) for a given Cr# in spinel (Fig. 3F; 

or modal olivine contents in bulk rocks-not shown) compared to cratonic peridotites (Fig. 5) and lack 

of Os isotopes data on these peridotites do not yet allow a definite interpretation on their origin, 

especially considering that the existing Os isotopes data on Kerguelen are within the overall range of 

data found in modern oceanic lithospheric mantle (Pearson et al. 2007; Chatterjee and Lassiter, 2016; 

Day et al. 2017) or in oceanic plume settings (Simon et al., 2008).  

The mineralogy and geochemistry of Kerguelen type-I peridotite xenoliths also require that the 

refractory mantle has experienced extensive post-depletion melt-rock reaction between ascending 

magmas (e.g. Grégoire et al. 1997; 2000a,b, Mattielli et al., 1996; 1999; Delpech et al., 2004; 2012; 

Moine et al., 2001; 2004; Schiano et al., 1994; Lorand et al., 2004). For instance, the occurrence of 

metasomatic minerals in peridotites (amphibole, phlogopite, carbonate, apatite), the enrichment in 

LREE (and very incompatible trace elements), Na, Fe, Ti, Al in some clinopyroxenes are indicative of 

melt-rock reactions (Fig. 3, 4). The metasomatic fingerprints of Kerguelen protogranular harzburgites 

and poikilitic peridotites may result from circulation within the upper mantle of primary CO2-bearing 

alkaline to high-alkaline silicate melts closely linked to the magmatic activity of the Kerguelen plume 

(Grégoire et al., 2000; Lorand et al., 2004; Delpech et al., 2012). The Sr-Nd-Pb isotopic 

characteristics of the mantle xenolith suite, similar to Kerguelen basaltic lavas (Mattielli et al., 1996; 

1999, Hassler, 1999), indicate metasomatism by ascending plume-derived magmas on their way to 

the surface. Mantle wall-rock interaction with such ascending magmas at low to high melt/rock ratio 

resulted in the different xenolith types (Grégoire et al., 1997; 2000a). Cryptic metasomatism at low 

melt/rock ratios affected the refractory protogranular harzburgites and caused slight enrichment in the 
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most incompatible trace elements (e.g. Fig. 4A, 4B). Poikilitic peridotites, however, experienced 

metasomatism at a higher melt/rock ratio, causing olivine and Mg-augite precipitation at the expense 

of orthopyroxene. As a result of interaction with Fe-bearing alkaline silicate melts at high melt/rock 

ratio, minerals in poikilitic rocks have lower Mg# and their clinopyroxene higher contents of Al, Ti, Na 

and incompatible trace elements but commonly less Ca than those of protogranular harzburgites (Fig. 

3). Additionally, some of these Mg-augite grains also have trace element contents in near-equilibrium 

with alkaline basaltic silicate magmas erupted at the surface, supporting a genetic link with such 

magmas.  

 The dunites are considered to represent end-products of reaction of harzburgite with fluids at 

high melt/rock ratio, causing total resorption of orthopyroxene and crystallization of olivine and 

secondary clinopyroxene (Grégoire et al., 1997; 2000a). The common occurrence of composite 

xenoliths where dunite is the wall-rock of small dykes of websterite, clinopyroxenite or hornblendite 

attest to a genetic relationship between dunite formation and magma percolation. Dunites with or 

without veins have a similar range of compositions suggesting that all the Kerguelen dunites are end 

products of such reaction processes between a former harzburgitic protolith and basaltic silicate melt 

(Grégoire et al., 1997; 2000a). This evolution is indicated in Figure 3 by the progressive decrease of 

Mg# of minerals in anhydrous or hydrous dunites, associated with increasing modal olivine contents, 

and the enrichment in Al, Ti, Na in clinopyroxene (Grégoire et al., 1997; 2000a). Some clinopyroxenes 

in dunites have trace element contents (Fig. 4) which are in near-equilibrium with various type of 

magmas erupted at the surface; ranging from early tholeiitic-transitional magmas to younger alkaline 

or highly alkaline magmas (see Grégoire et al. 1997, 2000a; Moine, 2000; Hassler, 1999). This is 

supported by their very variable Sr-Nd isotopes (Fig. 6) which cover a large spectrum of the 

Kerguelen volcanics but also extend well outside the field for Kerguelen volcanics (30-0 Ma) towards 

very evolved Sr-Nd isotopic compositions for a few samples. Mattielli et al. (1999) argued that the 

evolved Sr-Nd (and low Pb) signature of dunite MG91-114 (Fig. 6) reflects mixing of plume melts with 

melts derived from recycled continental crustal material. The radiogenic Os isotopes compositions of 

wherlitic dunites (Hassler & Shimizu, 1998) are however similar to Os isotope of Kerguelen basalts. 

Hence, dunite bodies probably formed in the lithospheric mantle at different times in the history of the 

Kerguelen Islands as the geodynamic setting changed; their mineralogical and geochemical 

compositions show they essentially equilibrated with metasomatic melts/fluids derived from the 
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Kerguelen plume. The occurrence of hydrous minerals in dunites such as phlogopite and/or 

amphibole, as in some harzburgites, has been attributed to younger metasomatic events by small 

volumes of fluid-enriched-alkaline or highly alkaline magmas, such as those forming the young 

lamprophyres at the surface (Grégoire et al. 2000a; Moine et al, 2001b; Hassler, 1999). For instance, 

Moine et al. (2001b) showed that disseminated amphibole in dunitic wall-rocks of hornblendite veins 

have geochemical compositions genetically related to those in the hornblendite veins, the later having 

trace element composition similar to young ultramafic silica-undersaturated highly alkaline lavas from 

Kerguelen (Moine et al., 2001). The occurrence of interstitial Mg-bearing calcites in pockets 

disseminated in some dunites (GM92-140; Fig. 4D; Supplementary Fig. 1G; Moine et al., 2004) that 

are very enriched in the most incompatible trace elements, may reflect metasomatism by small melt 

fractions of carbonate-rich melts shortly before eruption of the xenoliths. In some metasomatized 

harzburgites, carbonate-rich, alkaline silicate-rich and CO2 inclusions have been found physically 

connected forming trails along fracture planes, and this led Schiano et al. (1994) to suggest a genetic 

relationship between both types of metasomatic fluids. It may be postulated that the original fluid-

bearing alkaline basaltic silicate melts formed by the Kerguelen plume that metasomatized the 

lithospheric mantle and formed poikilitic peridotites and dunites, evolved into small volumes of 

volatile-rich melts following extensive percolation-reaction-crystallization processes. In this view, 

carbonate-rich melts/fluids may be formed by continuous reaction of an originally volatile-bearing 

alkaline silicate melt and do not require melting of a specific mantle source. 

The Kerguelen lithospheric mantle record a complex and multi-stage evolution. The peridotite 

xenoliths indicate that they were formed by a high degree of melting, possibly in the garnet stability 

field. Their mineralogical and geochemical compositions were later sometimes strongly modified by 

the circulation of metasomatic fluids originating from the Kerguelen plume. 

3.1 SUBANTARCTIC MANTLE UNDER THE SOUTHERN OCEAN 

There are three known occurrences of Subantarctic mantle material exhumed in the Southern Ocean:  

the Auckland Islands, Macquarie Island and Campbell Island (Fig. 1, Table 1, Supplementary Table 

3). The Auckland Islands comprise two intersecting glaciated early to middle Miocene intraplate shield 

volcanoes, the Ross and Carnley volcanoes, located just east of the steep descent to the adjacent 

oceanic lithosphere-floored Eocene-Oligocene Emerald Basin (Fig. 7) (Scott and Turnbull 2019). The 
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island group is dominated by Early Miocene basaltic to rhyolitic lava flows, tuffs, dykes and basaltic 

and gabbroic plugs that erupted through the Zealandia continental crust (Wright 1967, 1968, 1969; 

Gamble et al. 2018; Scott and Turnbull 2019). Peridotite xenoliths have been collected and analysed 

from one location, Mt Eden, in the northern Ross Volcano (Scott et al. 2014b, 2019). Macquarie 

Island, on the other hand, is a slice of exhumed Miocene oceanic lithosphere located on the 

southwest of the Emerald Basin on the transform boundary separating the Australian and Pacific 

plates (Fig. 7). It represents young oceanic lithosphere that formed after the 84 Ma Cretaceous 

separation of Zealandia and Australia. It is dominated by gabbro and mafic dikes, with serpentinised 

peridotite occurring in the northern portion (Goscombe & Everard, 1998; Wertz, 2003; Dijkstra et al., 

2009). No peridotite has been found on the Campbell Island volcano, although coarse detrital 

xenocrystic zircon grains have been panned from clays. Trace elements, oxygen isotopes and U-Pb 

and Hf isotopes indicate these grains were derived from metasomatised mantle (van der Meer et al. 

2019).  

3.2.1 Auckland Islands peridotites 

The inspected Auckland Islands mantle xenoliths are very fresh lherzolite and harzburgite, with the 

spinel textures, mineral chemistries and calculated equilibration indicating there to be two prominent 

types herein referred to as Type 1 and Type 2. The Type 1 xenoliths have coarse textures 

(Supplementary Fig. 2) except for the porphyroclastic AMED-3. Average olivine compositions for 

Type 1 peridotites range from Mg# = 89.8 to 90.7. Their spinel grains form blebs or holly-leaf shapes 

(e.g., Supplementary Fig. 2A) and have Cr# = 10.4-16.1 (Supplementary Table 3A). In contrast to 

the Type 1 rocks, Type 2 xenoliths have higher olivine Mg# with average compositions ranging from 

90.7-91.3. Spinel grains also have higher Cr# (22.9-31.5) than the Type 1 peridotites and form 

symplectitic textures with pyroxene (Supplementary Fig. 2B). There is one exception that does not fit 

either the Type 1 or Type 2 classification: AMED-11, which has olivine Mg# of ~87.5. Orthopyroxene 

in all Auckland Island peridotites is zoned, with MgO decreasing and Al2O3 and CaO increasing 

towards the rims. Clinopyroxene CaO and Al2O3 decrease towards the rims whereas MgO and FeO 

tend to increase. The rim-core trends in the Type 2 xenoliths are not quite as clear in clinopyroxene 

but nonetheless there is an increase in CaO (AMED-4, 5) and Al2O3 (AMED-5,6). Water contents 

measured by Fourier transform infrared spectrometry for olivine (calculated to be 6 to 26 ppm), 
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clinopyroxene (60 to 264 ppm) and orthopyroxene (28 to 125 ppm) indicate the peridotites to be fairly 

dry (Li et al. 2018).  

Geothermometric calculations reveal a complex cooling history and a stratification to the 

Auckland Islands mantle. Using the Taylor (1998) Fe-Mg exchange geothermometer (with 

temperatures calculated assuming 15 kbar, although varying the P by 5 kbar makes < 30oC 

difference) on the cores of adjacent orthopyroxene and clinopyroxene grains shows the Type 1 

peridotites to yield temperatures < 950oC whereas the Type 2 peridotites have temperatures (> 

1050oC) (Supplementary Table 3B). AMED-10, which has Type 1 chemistry, yields an intermediate 

temperature (1023oC), and the chemically anomalous AMED-11 has a high temperature (1134oC). If 

the Auckland Island xenoliths were extracted along a single geotherm, then 1) the Type 1 peridotites 

are from shallower than the Type 2 peridotites and 2) the large (~ 300oC) spread temperatures for 

rocks that all belong to the spinel facies requires a heat flow of ~70 mW m-2 (Fig. 8). This is similar to 

the Late Oligocene-Miocene heat flow calculated for elsewhere in Zealandia (Scott et al. 2014a, b). 

However, since clinopyroxene incorporates more CaO and less MgO with higher temperatures 

(Bertrand and Mercier, 1985), the orthopyroxene Ca-rimward increase and clinopyroxene Ca-rimward 

decrease in adjacent grains in the Auckland Island suite indicates the mantle column also 

experienced a small temperature increase. Orthopyroxene analyses that fall within the compositional 

bounds of the Witt-Eickschen & Seck (1991) Cr-Al-orthopyroxene geothermometer (AMED-6 and 

AMED-7; the other samples tend to have too much Al in the M1 site) indicate that the pyroxene rims 

record a temperature rise of up to 80oC. Although the changes could be due to heating of the 

xenoliths in the host magma, this would not have promoted such large diffusion profiles since element 

exchange of Ca in clinopyroxene is slow (e.g., a 0.15 mm wide profile at 1000oC would take ~ > 1000 

years; Zhang et al., 2010; Dalton et al., 2017). 

Trace elements from the cores of clinopyroxene grains also support the interpretation of a 

stratified mantle beneath the Auckland Islands. The Type 1 clinopyroxenes form a tight compositional 

cluster with HREE concentrations around 10*chondrite but low concentrations of LREE (Fig. 9A). 

When compared with theoretical compositions calculated for different degrees of melting (Scott et al. 

2016), the Type 1 data deviate little from the area of low degree melting. In comparison, the 

clinopyroxenes from hotter Type 2 xenoliths have distinctly lower HREE contents, with the middle and 
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LREE showing dramatic departure from the melting curves consistent with enrichment of depleted 

residues by a LREE-bearing fluid (Fig. 9B). Elsewhere in Zealandia, this type of enrichment, coupled 

with Ti/Eu ratios has been interpreted to result from Mesozoic carbonatitic or CO2-rich silicate fluids 

(Scott et al. 2014a, b; McCoy-West et al. 2015, 2016; Scott et al. 2016; Dalton et al., 2017).  

In an adiabatic melting column, the most depleted residues should be those that undergo the 

most decompression melting and are thus the shallowest in the end process of melting. This logic 

makes the configuration of a less-depleted mantle domain (Type 1) residing above a highly-depleted 

mantle domain (Type 2) unusual and would require some form of tectonic juxtaposition. An added 

complication is that the pyroxenes from both appear to record a slight temperature increase that likely 

predates the xenolith entrainment. This thermal increase may be due to the rifting and formation of 

oceanic lithosphere in the adjacent Emerald Basin (Fig. 7), which occurred in the Eocene-Oligocene 

before the intraplate Auckland Islands formed.  

3.2.2 Macquarie Island peridotite 

In contrast to the fresh Auckland Island peridotites, the freshest Macquarie Island peridotites at best 

retain up to 60% primary minerals and most are thoroughly serpentinised (Wertz, 2003; Dijkstra et al. 

2009) (Supplementary Fig. 2C). Olivine and orthopyroxene are commonly partially to totally altered 

to serpentine or bastite, respectively, with abundant magnetite, and minor talc, amphibole and 

carbonate occurring as secondary phases. Although Dijkstra et al. (2009) show images with relict 

olivine grains amongst serpentine, they provided no chemical analyses and our own samples and 

those of Wertz (2003) have no olivine preserved. However, the Cr-rich nature of spinel (Cr# = 39 to 

49; Wertz, 2003; Dijkstra et al. 2009) indicates that these underwent moderate levels of melt 

extraction, which is consistent the very low clinopyroxene modal percentage (< 2 %); the peridotites 

were therefore likely harzburgitic prior to alteration. This interpretation is supported by the HREE 

concentrations of clinopyroxene grains (Dijkstra et al., 2010), which when compared to theoretical 

depleted clinopyroxene compositions indicate that the peridotite experienced 20 to > 25% partial melt 

depletion (Fig 9C). However, the clinopyroxene analyses also reveal that the Macquarie Island mantle 

has been subsequently enriched in LREE, with compositions varying widely within single samples 

(Wertz, 2003; Dijkstra et al. 2009) (Fig 9C). Equilibrium temperatures have not been calculated for the 

Macquarie Island peridotites as it is not clear if the clinopyroxene and orthopyroxene grains are in 
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equilibrium. Nonetheless, the rimward decrease in Al2O3 in orthopyroxene (Dijkstra et al. 2010) and 

diffusion rates of Al in opx may mean that the mantle experienced slow cooling.    

3.3 Auckland Island and Macquarie Island isotopes 

3.3.2 Os isotopes 

Osmium isotopes are reported for 15 Auckland Island peridotites, for which 7 were reported by Scott 

et al. (2019) and 8 are new (all are summarised in the Supplementary Table 3B). The Auckland 

Island Type 1 peridotites have 187Os/188Os of 0.1222 to 0.1299 with Re-depletion modal ages (TRD) 

ranging up to 0.87 Ga but clustering at ~ 0.4 Ga (Fig. 10A). The Type 2 peridotites extend to slightly 

less radiogenic Os values than the Type 1 xenoliths, with 187Os/188Os = 0.1183 to 0.1248 and Re-

depletion Os model ages of 0.68 to 1.58 Ga. These results overlap with the Os isotope and model 

ages of other suites of peridotite erupted through the Zealandia continental lithosphere (Fig. 10A) 

(McCoy-West et al., 2013; Liu et al., 2015; Scott et al., 2019), although both Auckland Island suites 

are at the more fertile Al2O3 end of the Zealandia spectrum (Fig. 10B). The Auckland Island 

187Os/188Os data are very similar to the oceanic lithospheric mantle associated with Kerguelen, the 

Dun Mountain Ophiolite Belt and modern abyssal peridotite (Fig. 10A). Platinum group elements 

(PGE) show that many of the Auckland Island Type 1 xenoliths and one of the Type 2 xenoliths have 

higher Pd/Ir than PUM (Supplementary Table 3B; Fig. 10C), which indicate that the PGE in these 

samples have been disturbed via metasomatism. These Type 1 data are, however, similar to the 

ultramafic portion of the Dun Mountain Ophiolite Belt (Fig. 10A, B) (Scott et al. 2019), which is a 

Permian oceanic lithosphere accreted to Zealandia.  

Despite Macquarie Island having a Miocene lithosphere stabilisation age, the peridotites have 

187Os/188Os = 0.1194 to 0.1227 and ancient Re-depletion Os model ages of 0.73 to 1.23 Ga (Fig. 

10A) (Dijkstra et al. 2010; Supplementary Table 3B). These data are similar to Kerguelen, Auckland 

Islands Type 2 and abyssal peridotite data. An implication of the Auckland Island, Kerguelen and 

Macquarie Island Os isotope data is therefore that Subantarctic mantle probably contains significant 

amounts of peridotite that is 100s of millions to billions of years older than the overlying crust. Since 

peridotite on Macquarie Island represents decompressed asthenosphere accreted to form lithosphere, 

these anomalies must also be present in the convecting mantle in the Subantarctic.  
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Sr-Nd-Pb and Hf isotopes on the Auckland Islands or Macquarie Island are restricted to 

reconnaissance studies. A small dataset of 4 clinopyroxene 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb, 

207Pb/204Pb and 208Pb/204Pb, and two 176Hf/177Hf analyses was described from the Auckland Islands by 

Scott et al. (2014b). The lowest 87Sr/86Sr (0.70231) and highest 143Nd/144Nd (0.51332) occurs in the 

Type 1 AMED-7 (Supplementary Table 3B), whereas the three analysed Type 2 xenoliths have 

slightly more radiogenic 87Sr/86Sr (0.70282 to 0.70293) and variable 143Nd/144Nd (0.51294 to 0.51325). 

Due to the low concentrations, Pb isotopes have only been obtained from clinopyroxene separates in 

the Type 2 rocks. These yielded 206Pb/204Pb = 19.5 to 20.2, 207Pb/204Pb = 15.6 to 15.7, and 208Pb/204Pb 

= 39.1 to 40.0. εHf data show Type 1 AMED-7 to have εHf(16 Ma) = +22 and Type 2 AMED-5 to have 

extremely radiogenic εHf = +85, with this latter value being decoupled from the Nd and Sr isotopic 

record but within the range of abyssal peridotites from modern oceanic lithosphere (e.g. Stracke et al., 

2011). The clinopyroxene Sr and Nd isotopes for clinopyroxene from 6 Macquarie Island peridotites 

fall between 87Sr/86Sr of 0.70256 to 0.70322 and 143Nd/144Nd of 0.51314 to 0.51305 (Dijkstra et al. 

2010) and overlap with most of the Auckland Island data (Supplementary Table 3B). Furthermore, 

the data are also comparable to Sr-Nd-Pb-Hf data collected from peridotites erupted though 

continental lithosphere elsewhere in Zealandia (Scott et al., 2014a, b; McCoy-West et al., 2016; 

Dalton et al., 2017), which represent a combination of variable depletion ages overprinted by 

carbonatitic or related metasomatic melts.  

4. SUBANTARCTIC LITHOSPHERIC MANTLE UNDER THE ATLANTIC OCEAN 

Mantle peridotite xenoliths have not been found on Bouvet, South Georgia or the South Sandwich 

island groups in the Atlantic Ocean (Fig. 1, 11). However, samples of peridotite have been dredged 

from along the trench wall of South Sandwich Arc and at the intersection of the South Sandwich 

trench with the South American and Antarctic plates (Pearce et al. 2000), as well as along fracture 

zones along Subantarctic portions of the Southwest Indian Ridge and South America-Antarctic Ridge 

(e.g., Johnston et al.,1990; Jaroslow et al., 1996; Hellebrand et al., 2001; Snow and Dick, 1995; 

Brunelli et al. 2003; Warren et al., 2009) (Fig. 11). Since these occurrences have already been 

described in detail by other workers and we have no new information to complement existing data, the 

reader is guided to the aforementioned publications and Warren (2016) for detailed information, and 

only a brief summary is given here. The abyssal peridotites, in all cases are moderately to extensively 

serpentinised, with most estimated to have been harzburgite prior to hydration. Trace elements 
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collected from abyssal peridotite clinopyroxene grains indicate the rocks to have mostly underdone 

moderate depletion consistent with decompression melting (Hellebrand et al., 2001; Brunelli et al. 

2003; Warren, 2016). Many of the clinopyroxenes also show some re-enrichment of light rare earth 

element abundances. The South Sandwich peridotites represent supra-subduction zone mantle and 

therefore a distinct geodynamic setting to the peridotites found at mid-ocean ridge fracture zones. 

These perisotites are, in general, more melt-depleted than the abyssal peridotites and are 

characterised by having spinels with very high Cr# at variable Ti contents, thought to indicate “up-

grading” of the Cr# in spinel by melt-rock reaction with a variety of melts including those of boninitic 

composition. Like the abyssal peridotites, the supra-subduction zone peridotites appear to have been 

harzburgites prior to extensive serpentinisation, and the clinopyroxene trace elements show moderate 

depletion variable overprinted by LREE enrichment (Pearce et al. 2000).  

Osmium, Sr, Nd and Pb isotopes from abyssal peridotite sulphide and pyroxene minerals 

indicate that portions of the mantle beneath the Subantarctic Southwest Indian Ridge were depleted 

billions of years before present-day (Warren et al. 2009; Warren and Shirey 2012; Day et al., 2017). 

Thus, like the Southern Ocean and Kerguelen occurrences discussed above, the modern convecting 

mantle beneath the southern Atlantic in the Subantarctic must contain ancient domains embedded 

within younger mantle, that stabilised as lithosphere during Mesozoic and more recent times. 

5. CONCLUSIONS 

Mantle peridotite occurs as xenoliths in intraplate basalts in the Subantarctic (between 46 and 60oS) 

Kerguelen and Heard islands in the Indian Ocean and on Auckland Island in Southern Ocean and 

represent samples of the lithospheric mantle from beneath these locations. Little is known about the 

Heard Island mantle lithosphere, but the Kerguelen and Auckland Island xenoliths were derived from 

lithosphere associated with the Kerguelen Plateau and Zealandia, respectively. The peridotite 

xenoliths are variably depleted, some to quite refractory levels especially from beneath Kerguelen and 

the South Sandwich Islands, and commonly contain complex metasomatic histories. The Auckland 

Islands mantle is distinctive as a result of it being chemically stratified, with apparently a fertile cooler 

and shallower layer underlain by a more depleted but metasomatised hotter domain – although further 

work elsewhere may find this to be a common occurrence. Osmium + Hf isotopes point to some of the 

Kerguelen and Auckland Island mantle fragments having undergone depletion 100s of millions to 
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billions of years before formation of the overlying and much younger crust. These ancient depletion 

events – as with those documented in abyssal peridotites from modern oceanic mantle – therefore 

cannot explain the timing of lithosphere formation as it currently is represented beneath these 

locations but more likely record evidence for more ancient events that produced residual mantle or 

minerals then incorporated into younger lithosphere.  

Abyssal peridotite has been dredged from fracture zones along the Subantarctic portions of 

the South America-Antarctica and Southwest and Southeast Indian Ridges in the southern Atlantic 

and Indian Oceans. Although these abyssal peridotites are typically very serpentinised, most appear 

to have harzburgite protoliths. Serpentinised oceanic lithospheric peridotite has also been found 

exposed on Macquarie Island, which is an exhumed fracture zone that now forms part of the plate 

boundary separating the Pacific and Australian plates in the Southern Ocean. Like the Subantarctic 

mantle lithosphere associated with Kerguelen and Zealandia, Os isotopic analyses show the modern 

Subantarctic oceanic upper mantle must have embedded ancient peridotite fragments that have 

histories that long-predate the formation of the lithosphere.   
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Figure captions 

Figure 1. Map illustrating the Subantarctic and the tectonic plates and oceans within this area. Mantle 

xenoliths occur on the Auckland Islands, Crozet Island, Heard Island and Kerguelen. Abyssal 

peridotite outcrops on Macquarie Island, and has been dredged from the Southwest Indian Ridge and 

the America-Antarctica Ridge. Supra-subduction zone peridotite occurs on South Sandwich arc. AAR 

= America-Antarctica Ridge; SP = Sandwich Plate 

Figure 2. Bathymetric map showing the Indian Ocean Subantarctic area and features discussed in 

the text. Red circles indicate locations of sites ODP (Ocean Drilling Project)1137, 747 and 738 where 

material with continental crust affinities have been found (see text for details). The lower satellite 

image is of the Kerguelen archipelago with known peridotite xenolith occurrences after Wasilewski et 

al. (2017).  

Figure 3. Major element compositions of minerals in Kerguelen peridotite xenoliths (data after 

Grégoire, 1994; Moine, 2000; Grégoire et al., 1997; 2000a-b; Moine et al., 2004; Delpech et al., 2004; 

Bascou et al., 2008; Wasilewski et al., 2017; Schiano et al., 1994; Hassler, 1999; this study). Ol; 

olivine, Cpx; clinopyroxene, Sp; spinel. Mg#(Ol, Cpx) and Cr# (Sp) are molar ratios of 

100*Mg/(Mg+Fe2+) and 100*Cr/(Cr+Al). Indian abyssal cpx data from Dick&Bullen (1984) and Dick 

(1989). PUM = Primitive Upper Mantle estimates. Hydrous dunites contain hydrous minerals such as 

amphibole and/or phlogopite. Samples from this study are available in Supplementary Table 3. Carb-

M samples refer to samples metasomatized by carbonatitic metasomatism (Delpech et al., 2004; 

Moine et al., 2004; Wasilewski et al., 2017). Error bars for some carbonate-rich samples show the 

extreme compositional major element variability in highly metasomatized samples. Spinel Cr# versus 

olivine Mg# and various fields updated plot from Scott et al. (2019). 

Figure 4. Trace element and REE patterns of clinopyroxene in Kerguelen peridotite xenoliths. Data 

from Mattielli, 1994; Grégoire et al., 2000a-b; Mattielli et al., 1996; 1999; Moine et al., 2004; Delpech 

et al., 2004; Bascou et al., 2008 ; Wasilewski et al., 2017; Schiano et al., 1994; Hassler, 1999 ; this 

study). Samples from this study are reported in Supplementary Table 3A. Each REE spectrum is the 

average of several clinopyroxene (Cpx) core analyses, except a few individual analyses from Hassler 

(1999). Carb-M samples refer to samples metasomatized by carbonatitic metasomatism (Delpech et 
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al., 2004; Moine et al., 2004; Wasilewski et al., 2017). Melting curves are taken from Scott et al. 

(2016) and CI-Chondrite values from McDonough & Sun (1995). 

Figure 5. Major element variations in bulk-rock peridotites xenoliths from the Kerguelen Islands (after 

Grégoire, 1994; Grégoire et al., 1997; 2000a; Moine et al., 2000; Hassler; 1999; this study). Samples 

from this study are available in Supplementary Table 3. Carb-M Lac Michèle harzburgites refer to 

samples metasomatized by carbonatitic metasomatism (Delpech et al., 2004; Wasilewski et al., 

2017). PM estimate from McDonough and Sun (1995) and DMM estimate from Workman et al. 

(2005). Grey field; Horoman peridotites (Takazawa et al., 2000). Continuous black lines are residues 

of polybaric fractional melting at 2–0, 3–0, 5–1 and 7–2 GPa (Herzberg, 2004); thick dashed black 

lines correspond to 30 and 38% of polybaric fractional melting. Abyssal (n=446) and cratonic (n=250) 

peridotite density contours from Wasilewski et al. (2017). Siberian cratonic peridotites are fertile off-

craton garnet and spinel peridotite xenoliths from central Asia (see Wasilewski et al., 2017 for details). 

Average for Ol1-u bulk peridotites (ultra-refractory oceanic island peridotites) from Simon et al. 

(2008). 

Figure 6 : Present-day Sr-Nd isotopic compositions for the Kerguelen xenolith suite. Analyses 

correspond either to bulk-rock or clinopyroxene separates (Mattielli et al., 1996, 1999; Hassler, 1999). 

The fields for Kerguelen type-II xenoliths (granulites) is from Mattielli et al. (1996, 1999) and Hassler 

(1999). Fields for Kerguelen and Heard volcanic rocks and ODP LEG 183 (site 1137-Elan Bank), 120 

(site 747) and 119 (site 738) after http://georoc.mpch-mainz.gwdg.de/georoc/. Fields for sites 1137, 

747 and 738 indicate plume-derived Cretaceous Kerguelen plateau volcanics with trace element and 

isotopic compositions indicative of contamination by continental lithosphere derived-magmas, these 

geochemical fingerprints have not yet been found in Kerguelen Islands basalts. Acronyms: MORB; 

Mid Ocean Ridge Basalt; SEIR MORB; South East Indian Ridge MORB; HIMU; High  (high time-

integrated U/Pb material) EM I and EM II are Enriched Mantle components I and II, BSE; Bulk Silicate 

Earth, see Zindler & Hart (1986) for details. 

Figure 7. Bathymetric map showing the Southern Ocean Subantarctic and features discussed in the 

text.  
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Figure 8. Auckland Island peridotite equilibration temperatures, projected onto the 70 mWm-2 

geotherm of Hasterock and Chapman (2011). The spinel-garnet transition is for lherzolite (Klemme 

and O’Neil 2000) and a more Cr-rich bulk composition would increase the P of the transition. The 

column on the right indicates the inferred lithosphere thickness underneath the Auckland Islands at 

the Miocene time of xenolith entrainment.  

Figure 19. Auckland Island Type 1 (9A) and Type 2 (9B) and Macquarie Island (9C) peridotite 

clinopyroxene REE data plotted against theoretical clinopyroxene compositions for different 

percentages of bulk peridotite melting. Auckland Island data are from Scott et al. (2014b) and 

Macquarie Island are from Dijkstra et al. (2010). Theoretical clinopyroxene compositions are from 

Scott et al. (2016). CI chondrite is from Sun and McDonough (1989). 

Figure 10. Summaries of TRD ages for Subantarctic mantle peridotites. 10A. Histograms for different 

locations. B. Auckland Island and Macquarie Island osmium versus bulk rock Al2O3 and/or Pd/Ir. The 

Zealandia data are from McCoy-West et al. (2013), Liu et al. (2013) and Scott et al. (2019); the 

Kerguelen data are from Hassler (1998) and Hassler and Shimuzu (1998); the Dun Mountain 

Ophiolite Belt (OB) data are from Scott et al. (2019); Macquarie Island data are from Djikstra et al. 

(2010); and the abyssal peridotite data are from Day et al. (2017). PUM; Primitive Upper Mantle value 

from Meisel et al. (2001). 

Figure 11. South Atlantic Ocean Subantarctic features, with locations of mantle samples. Bathymetric 

depth decreases from red to green. Blue circles on the South Sandwich arc indicate locations of 

dredged and drilled peridotite (Pearse et al. 2001). 
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Table 1. Summary of Subantarctic Islands and mantle occurrences.  

Subantarctic Island Group Ocean Latitude 
Area 

(km2) 
Administrator Mantle peridotite xenoliths? 

South Georgia and South Sandwich Atlantic 54oS 3903 Britain No, but peridotite dredged and drilled 

Bouvet Atlantic 54oS 49 Norwegian No 

Heard and McDonald Indian 53oS 368 Australia 

Yes, but only on Heard Island.  

(S. O’Reilly unpublished data) 

Crozet Indian 46oS 352 French No. Dunites reported are cumulates 

Kerguelen Indian 49oS 7215 French Yes 

Prince Edward and Marion Indian 46oS 335 South Africa No 

Macquarie Southern 55oS 128 Australia No, but exhumed oceanic mantle 

Antipodes Southern 49oS 21 New Zealand No 

Auckland Southern 51oS 626 New Zealand Yes 

Bounty Southern 47oS 1.4 New Zealand No 

Campbell Southern 52oS 113 New Zealand No 

Snares Southern 48oS 3.5 New Zealand No 
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