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Abstract

Mantle xenoliths from southern Victoria Land have been collected and extensively studied for over a
century. In this chapter, chemical and petrological data are, for the first time, comprehensively
collated and petrogenetic models for the regional mantle are reviewed and assessed. The most
common lithologies are spinel |Iherzolite and harzburgite; plagioclase lherzolite also occurs, and
pyroxenite xenoliths found across the province comprise < 20 % of all mantle xenoliths. The
lithospheric mantle in the region has Palaeoproterozoic stabilization ages, though pockets of
younger mantle may exist. This peridotite mantle comprises a HIMU-component sensu stricto, has
been variably carbonated and has undergone multiple melt-depletion events. Regional variations in
a sedimentary (EMI) component to the west, and iron-rich components to the east, reflect a
complex history of refertilisation and metasomatism. The sources of these fluids are likely to have
been oceanic crust subducted during c. 0.5 Ga and older events. Peridotites have been cross-cut by
pyroxenite veins, probably in multiple episodes, with the geochemistry of some samples reflecting

the involvement of an upper continental crust (EMII) component. Future research directions should
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apply advanced isotopic, noble gas and volatile techniques to better understand the upper mantle

below this dynamic rifting environment.

Introduction

In many alkalic volcanic provinces fragments of the mantle are entrained as xenoliths in the
ascending melts. Such xenoliths record conditions in the upper mantle relevant to understanding
igneous petrogenesis, glacial isostatic adjustment and regional tectonics; they also place boundary
conditions on remotely and geophysically sensed data. At many locations across a continental rift
shoulder in southern Victoria Land, Antarctica, Cenozoic alkalic volcanic rocks are hosts to mantle
xenoliths (Fig. 1). This region is of significant geological and petrological interest because: (a) mantle
xenoliths and their host volcanic rocks have been intensively studied here for more than a century
and, consequently, an extensive petrological and geochemical database can be compiled; (b) the
region is the locus of active volcanism; (c) it is the site of continental rifting; (d) it is at the tectonic
boundary between the West Antarctic Rift System and the Transantarctic Mountains and; (e) itis
accessible from historic and modern Antarctic bases, which means it is an area where many

petrological, geophysical and remotely sensed studies have been, and continue to be, focussed.

Mantle xenoliths were among some of the earliest geological specimens collected from Antarctica.

Prior (1902, p.328) described

A large mass of basalt from Franklin Island is remarkable for the number and large size of the
olivine-enstatite nodules...the olivine-nodules are as large as a fist...and consist of a fairly
coarse-grained aggregate of pale greenish olivine, yellow enstatite showing polysynthetic

twinning, brilliant green chrome-diopside, and pisolite.

The first sketches of microscopic textures of mantle xenoliths from the region were published by
Prior (1907), and the first chapter on mantle xenoliths by Thomson (1916) also contained the first

published thin section photomicrographs. Many early works on mantle xenoliths were descriptive
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(e.g. Smith 1954; Cole & Ewart 1968; Mclver & Gevers 1970; Skinner et al. 1976). Forbes (1963) used
mineral strain fabrics in mantle xenoliths to argue for a non-cognate origin (i.e. not genetically
related to the host magma), but the first extensive overview of mantle xenoliths in the region was
provided by Kyle et al. (1987). This Chapter builds on that seminal work. Since that time, reviews of
specific mantle xenolith occurrences have been published for Foster Crater (Gamble & Kyle 1987;
Gamble et al. 1988), White Island (Cooper et al. 2007; Martin et al. 2014a), Mount Morning (Martin
et al. 2015a), Pipecleaner Glacier (Martin et al. 2014a) and Turtle Rock and Hut Point Peninsula

(Niida 1988, 1990; Warner & Wasilewski 1995; Day et al. 2019).

In this Chapter, data for mantle xenoliths from this region, collected over more than a century, are
collated and interpreted. This mantle setting is discussed and the implications for mantle
petrogenesis are reviewed. The Chapter will not directly consider mantle conditions inferred from
volcanic rocks as this has been the subject of recent reviews (Panter and Martin, this volume; Martin

et al. 2021; Smellie & Martin 2021).

Geological Setting

The West Antarctic Rift System splits Antarctica, with the Transantarctic Mountains marking the rift’s
western shoulder (Fig. 1a; Tessensohn & Woérner 1991; Martin et al. 2015b; Tinto 2019). The
Transantarctic Mountains comprise Precambrian to Cambrian metasedimentary (sedimentary rock
that has been metamorphosed) lithologies cross-cut by mainly Cambrian to Ordovician granitic rocks
of the Granite Harbour Intrusive Complex, which also includes the ultramafic lamprophyres of the
Vanda Dykes (Gunn & Warren 1962; Wu & Berg 1992; Stump 1995; Cox et al. 2012). These older
rocks are overlain by Devonian to Triassic Beacon Supergroup sedimentary-rocks (Barrett 1981) that
are in turn intruded by the Jurassic Ferrar Dolerite (Burgess et al. 2015). Extension in the West
Antarctic Rift System commenced in the Jurassic, with the major crustal-rifting phase occurring with
Late Cretaceous Gondwana breakup (Siddoway 2008). A further extensional phase occurred in the

Cenozoic along the western rift shoulder associated with significant crustal heating events until c.
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100 Ma (Molzahn et al., 1999), coeval with Transantarctic Mountain uplift (Fitzgerald 2002). A third
pulse of Paleogene extension was focussed in the Victoria Land Basin (Fig. 1b), an asymmetric
graben along the western edge of the rift (Fitzgerald 2002; Fielding et al. 2006). Within the Victoria
Land Basin, Neogene rifting has occurred primarily within the Terror Rift (Fig. 1b; Fielding et al. 2006;
Martin & Cooper 2010), with some evidence for Quaternary activity (Hall et al. 2007). The Moho
depth varies across the region from 40 km beneath the Transantarctic Mountains, shallowing
eastwards to 18 km across the rift shoulder under the Ross Embayment (e.g. Wiens et al, this

volume; McGinnis et al. 1985).

Cenozoic, alkalic volcanic rocks and hypabyssal intrusions, known collectively as the McMurdo
Volcanic Group, have been emplaced along the western shoulder of the rift and in the foothills of
the Transantarctic Mountains (Harrington 1958). The McMurdo Volcanic Group extends c. 2000 km
between offshore Cape Adare in the north to Sheridan Bluff and Mount Early in the south (Fig. 1a;
Kyle 1990). It has been sub-divided into three provinces, with the southernmost and the focus of this
work, being the Erebus Volcanic Province in southern Victoria Land (Martin et al., 2021). This
province is further divided into five volcanic fields, which are from north to south, Terror Rift, Ross
Island, Mount Discovery, Mount Morning and Southern Local Suite (Fig. 2; Smellie and Martin, 2021).
The discussion of data in this chapter are subdivided based on in which of the five volcanic fields the
mantle xenoliths were brought to the surface. The volcanic rocks in the Erebus Volcanic Province

were the earliest to be recognised as hosting mantle xenoliths (Prior 1902).

Methods

A compilation of published mineral and whole rock chemistry of mantle xenoliths of southern
Victoria Land is provided in the extra supplementary material (ESM1). The method of analysis and
the original reference is given for every single analysis (ESM1) to which the reader is referred for
specific analysis parameters. For plotting, only data with appropriate totals, i.e. 100 + 1 wt. % were

used. Data with totals < 99 or > 101 wt.% are still included in ESM1 for completeness. The details of
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the standard melting models used on figures in this Chapter and discussed in the text are also

included in the ESM1.

For new analyses in this study, the following methods apply. Whole rock and electron microprobe
analyses were undertaken in the Analytical Facility of Victoria University of Wellington (VUW), New
Zealand. Major oxides and selected trace elements were determined using an Automated Philips
PW-2002 X-ray fluorescence spectrometer with a Rhodium end-window tube. USGS and Japan
samples were used as monitoring standards. Full details of the analytical methods are in Palmer

(1990).

Electron microprobe analyses were undertaken on epoxy mounted, hand-picked mineral grains,
polished and carbon coated and using the VUW Analytical Facility JEOL JXA-733 Superprobe electron
microprobe microanalyser. Mineral analyses were made at 15kv accelerating voltage and a beam
current of 1.2 x 10°® A using synthetic oxides and natural minerals as standards. Analytical precision
is approximately = 1% for elements with an abundance of >10% and *+ 5-10% for elements present in

lower abundance.

Using the same epoxy mineral mounts, trace elements were determined by ArF Excimer Laser
Ablation (Lambda Physik LPX 120i) coupled to a Fisons PlasmaQuad inductively coupled plasma —
mass spectrometer in the Research School of Earth Sciences, Australian National University.
Analytical procedures followed methods outlined in Eggins et al. (1997) NIST-610 glass and BHVO-1

were used as monitoring standards.

Results

Location of mantle xenoliths and other mantle rocks

The locations of all reported occurrences of mantle xenoliths in southern Victoria Land are shown on
Figure 1, with the major references provided and prominent rock types summarised in Table 1. The

locations where only crustal xenoliths have been found are reported in Kyle et al. (1987) and this
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information is not replicated here. Additional information about localities where xenoliths have been
searched for, and not found, is also included in Table 1. For example, no mantle xenoliths have been
observed on Beaufort Island based on field exploration of the southern portion of the island (R. J.
Moscati, pers. comm.), and no mantle-derived xenoliths have been reported in the Taylor Valley
(Allibone et al. 1991). Other areas, such as the Dailey Islands or northern Beaufort Island have only
been explored at a reconnaissance level and further study may reveal new mantle xenolith

occurrences.

Sheridan Bluff and Mount Early (Fig. 1a), to the south of Erebus Volcanic Province, comprise
McMurdo Volcanic Group rocks that have recently been mapped in detail and found not to contain
mantle xenoliths or mantle-derived megacrysts (Panter 2021). The most primitive portions of the
Ferrar Dolerite (e.g. Bédard et al. 2007) and the lamprophyric Vanda Dykes (Wu & Berg 1992) are

beyond the scope of this chapter.

Petrography

Mantle xenoliths in the region are typically less than 10 cm in maximum dimension; however, much
larger specimens (up to 1 m) have been documented (Fig. 3a). Peridotite and pyroxenite type
xenoliths are commonly found together (Fig. 3b). The petrography of several mantle xenolith
localities is summarised in Table 2 and typical hand specimen and thin section photographs are
shown in Figure 4. Garnet is not present in mantle xenoliths of southern Victoria Land, though
mantle clinopyroxene grains high in Na, relative to other mantle clinopyroxene grains from the same
Mount Morning locality, have been interpreted as originating in the garnet stability field (Martin et
al. 2015a). Plagioclase has been identified in some peridotite xenoliths. Amphibole is conspicuously
absent from the Mount Morning Volcanic Field relative to all other southern Victoria Land mantle
xenolith localities. Only a single phlogopite-bearing sample, from Mount Morning, has been
reported. Glass is reported in several xenolith types from Foster Crater but is uncommon elsewhere

in the province. Rare, texturally equilibrated carbonate and FeNi-sulphide grains have been
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described in Mount Morning peridotite xenoliths and carbonate is present in a pyroxenite xenolith

from Foster Crater.

The different peridotite rock types reflect different mantle processes. In a study of Mount Morning
mantle xenoliths, Martin et al. (2015a) found spinel Iherzolite made up 53% of the peridotite
xenoliths collected, spinel harzburgite 35%, plagioclase-bearing spinel lherzolite 7% and spinel
dunite 5%. These abundances are applicable across the wider province, where spinel Iherzolite is
the most common xenolith type, followed closely by spinel harzburgite (Kyle et al. 1987; Table 1;
Table 2). Spinel dunite is uncommon relative to Iherzolite or harzburgite but has been found at every
significant xenolith locality (Table 2). Plagioclase-bearing spinel lherzolite (plagioclase lherzolite
hereafter) is rare, and only reported at White Island, Mount Morning, and several Southern Local
Suite locations, including Roaring Valley, Pipecleaner Glacier, The Bulwark and Foster Crater (Gamble

et al. 1988; Moscati 1989; Cooper et al. 2007; Martin et al. 2014a).

Porphyroclastic describes a heterogranular metamorphic texture characterised by volumetrically
significant amounts of both porphyroclasts and neoblasts. It reflects low-strain plastic deformation
and dynamic recrystallisation relative to other mantle textures (Harte, 1977). In the Erebus Volcanic
Province, the evidence to date suggests peridotite textures are typically porphyroclastic but become
more tabular granuloblastic (i.e. strained) in the Mount Morning Volcanic Field than elsewhere. This
could suggest that the most intense locale of rift-activity is located close to the Transantarctic
Mountains beneath the Mount Morning Volcanic Field (e.g. Martin et al., 2015b). This hypothesis
remains to be tested by more comprehensive fabric studies, including quantitative microstructural

crystallographic preferred orientation work.

Porphyroclasts of olivine and orthopyroxene are common, the latter frequently showing kink
banding or exsolution lamellae of clinopyroxene and containing trails of fluid inclusions.
Clinopyroxene porphyroclasts are rare and smaller (c. 2 mm) than olivine, orthopyroxene or spinel

porphyroclasts (£ 4 mm). Orthopyroxene porphyroclasts are in places observed with exsolution
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lamellae of secondary clinopyroxene. In some cases, spinel oikocrysts poikiloblastically enclose
chadocrysts of clinopyroxene. Neoblasts of olivine, orthopyroxene and clinopyroxene are common
(c. 0.5 mm in maximum dimension). Clinopyroxene neoblasts occur either in textural equilibrium
with adjacent grains, or as late-stage growth along grain boundaries. Feldspar, when present, occurs
only as neoblasts and is always found with spinel. Amphibole occurs as a common accessory mineral.

Grains of carbonate, sulphide and apatite are rare and occur as neoblasts.

Pyroxenite xenoliths have been recorded in each volcanic field, but in all fields their abundance is
low relative to the number of peridotite xenoliths, with one estimate putting the proportions at
80:20 peridotite:pyroxenite (Martin et al. 2015a). A full range of mineralogical variants is present,
including webhrlite, olivine clinopyroxenite and clinopyroxenite of the Al-augite series and
orthopyroxenite, websterite and olivine websterite of the Cr-diopside series. A rare rock type,
glimmerite (phlogopite pyroxenite), is reported from Foster Crater (Gamble et al. 1988). Pyroxenite
Cr-diopside series textures are equant or granuloblastic and pyroxenite Al-augite series textures are

typically equigranular or coarsely porphyritic.

Mineral major element chemistry

Mantle peridotite olivine forsterite content varies between 81.8 and 91.9 %. On a plot of Ni/Fe
versus Fo content (Fig. 5), olivine compositions from the Ross Island Volcanic Field mostly have lower
forsterite contents, at a given Ni/Fe, relative to olivine grains from other volcanic fields in the
province (Fig. 5a). This relationship is also true for olivine grains in pyroxenite xenoliths from the

Erebus Volcanic Province (Fig. 5b).

Pyroxene wt. % Al,O; varies inversely with MgO content in pyroxene from both peridotite (Fig. 6a, b)
and pyroxenite (Fig. 6¢, d) mantle xenoliths. From the available data, there is no systematic variation
in pyroxene chemistry between different volcanic fields. Clinopyroxene compositions are

predominantly diopside with some augite; orthopyroxene is almost exclusively enstatite (ESM1).
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Spinel compositional data are available for mantle xenoliths from the Southern Local Suite, Mount
Morning and Mount Discovery volcanic fields (Fig. 7a). On a Cr# [(100.Cr/(Cr+Al)] versus Mg#
[100.Mg/(Mg + Fe*")] diagram (Fig. 7a), all bar one spinel composition from peridotite xenoliths plot
within the field typical of continental rifts. Four spinel data from pyroxenite xenoliths plot outside
the field typical of continental rifts, with the remaining majority plotting within the field. The data
from Mount Morning Volcanic Field covers a wide range of Mg# and Cr# values (Fig. 7a). The spinel
data from the Mount Discovery Volcanic Field plot in a relatively tight group and can be clearly

distinguished from the Southern Local Suite Volcanic Field data (Fig. 7a).

Feldspars in peridotite xenoliths from Mount Morning Volcanic Field are andesine in composition
(Fig. 7b; anorthite (An)sg4-41.1); those from the Mount Discovery Volcanic Field are labradorite and
bytownite (Ane,.6-75.9) and those from the Southern Local Suite Volcanic Field range in composition
from andesine through labradorite to bytownite (Ans1q_7,.3). Feldspars in pyroxenite xenoliths from
locations in the Mount Morning Volcanic Field are andesine to the low end of labradorite (Fig. 7b;

Ansy1_so9).

Whole rock major element chemistry

On a whole rock Al/Si versus Mg/Si plot (Fig. 8), Erebus Volcanic Province mantle peridotite data are
inversely correlated. This suggests variable depletion and (re-) enrichment relative to primitive
mantle. The data overlap with melting modelled at 2 GPa or even greater depths (Fig. 8). The
patterns on the element ratio plot (Fig. 8) are also seen on peridotite and pyroxenite whole rock wt.
% MgO versus Al,O3 plots, where abundances are inversely correlated (Fig. 9a, b). This is related to

increased melting, or higher degrees of refertilisation (Fig. 9a), as seen on Figure 8.

On a wt. % MgO versus Na,0 abundance plot (Fig. 9c), some whole rock peridotite xenolith
compositions overlap with batch and fractional melt model trajectories. Other data for several

samples, however, plot away from these model paths which may be an indication of major element
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refertilisation (Fig. 9c). This is also seen when whole rock La/Sm is plotted against Na/Sm (Fig. 9d).
The pyroxenite data show a weak, inverse relationship between wt. % MgO and Na,O abundances

(Fig. 9e).

The FeO contents of peridotite whole rock samples have been recalculated from the original
analyses assuming all iron is Fe?* on an anhydrous basis (ESM1). The majority of the peridotite
samples have FeO < 9 wt. %, and, on a plot of FeO content versus MgO abundance (Fig. 9f), they lie
on the melting grid of Walter (2003). Some samples from the province have FeO >9 wt. % and these
scatter away from the melting grid, which may indicate major element refertilisation (Fig. 9f). This
pattern can also be seen when whole rock La/Sm versus Fe/Sm is plotted (Fig. 9g). On the wt. % FeO
versus MgO abundance diagram, pyroxenite whole rock compositions are distributed in a series of
arrays, each indicating a particular Mg# value (Fig. 9h). The two amphibolite samples reflect an Mg#
of ~60, wehrlite and olivine clinopyroxenite samples have Mg# of ~80, whereas many

clinopyroxenite, websterite and orthopyroxenite compositions have Mg# of ~90 (Fig. 9h).

Mineral and whole rock trace element chemistry and isotopic data

Trace element chemistry is available for clinopyroxene grains from mantle peridotite xenoliths and
for whole rock samples of mantle peridotite xenoliths from each of the five volcanic fields. On
primitive mantle normalised extended element plots (Fig. 10), clinopyroxene patterns are depleted
in Ti and Pb relative to elements of similar compatibility. In general, large ion lithophile and high field
strength elements are enriched, relative to depleted mid-ocean ridge mantle (Fig. 10). For the
Mount Discovery Volcanic Field, whole rock trace element chemistry is available for only one
plagioclase Iherzolite sample, whereas analyses of spinel harzburgite have been reported for the
other four volcanic fields (ESM1). On a primitive mantle normalised extended element plot, the
whole rock pattern for the Mount Discovery Volcanic Field sample shows Pb enrichment relative to

Ce and Nd (Fig. 10). Normalised whole rock trace element patterns for samples from all other
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volcanic fields are characterised by depletions in Pb and Ti, relative to elements of similar

compatibility; the patterns are comparable to those of clinopyroxene grains (Fig. 10).

Isotopic data for mantle xenoliths from southern Victoria Land are limited. Strontium, Nd and Pb
isotope data are available for samples from Mount Morning (Martin et al. 2015a; n = 6), Sr and Nd
isotope data for southern Victoria Land are presented in a figure in McGibbon (1991) and &Sr/2°sr
data from one sample from Southern Local Suite and five samples from Ross Island Volcanic Field are
reported by Stuckless and Erickson (1976). The isotopic data for peridotite mantle xenoliths plot
close to the HIMU (High-p: enriched in 2°°Pb and *®*Pb and relatively depleted in ®’Sr/%°Sr) field in
875r/%sr versus **Nd/***Nd space (not shown), but radiogenic Pb is never as high as in end-member
HIMU (Martin et al. 2015a). Pyroxenite mantle xenolith isotopic data can be modelled as a mixture
between subcontinental lithospheric mantle (SCLM) and EMI (Enriched Mantle I: low ***Nd/***Nd,
low 2’Sr/®°Sr and high **’Pb/?®Pb and ***Pb/***Pb at a given value of *°°Pb/***Pb) or EMII (Enriched
mantle I1: low **Nd/***Nd, high ¥’Sr/®Sr and high **’Pb/**°Pb and *®®Pb/***Pb at a given value of
206pp /20%ph) The mixing models replicate to a high degree the isotopic compositions of mantle
xenoliths in the Erebus Volcanic Province (Martin et al. 2015a).

Discussion

Geothermobarometry

Using data for lower crustal xenoliths, Berg et al. (1989) calculated a geotherm for southern Victoria
Land. A petrological geotherm was additionally calculated using mineral compositions from mantle
peridotite xenoliths from Mount Morning (Martin et al. 2015a) and elsewhere in the province
(Moscati, 1989). Martin et al. (2014a) recorded that the highest mantle temperatures were from
those samples in southern Victoria Land most recently affected by refertilisation, which they
attributed to entrapment of syn-rift melts in the lithosphere (Fig. 11). The superimposition of hot
peridotite bodies on cold uppermost mantle has also been postulated for northern Victoria Land

(Worner & Zipfel 1996). This can be seen in Figure 11 (hollow diamonds) where plagioclase
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Iherzolites from Martin et al. (2014a) with pressures and temperatures plotting in the plagioclase
mantle stability field are linked (thin dotted line) to relict minerals recording original pressures and
temperatures that equilibrated in the spinel mantle stability field. This also explains the plagioclase
Iherzolite sample (labelled as a relict grain on Fig. 11) plotting in the spinel-bearing mantle stability
field. See Martin et al. (2014a) for further discussion. In this study, geothermobarometry calculated
for selected mantle xenolith samples (ESM 1) from each of the volcanic fields in southern Victoria
Land is summarised in Figure 11. The calculations were made using the temperature-independent
barometer of Putirka (2008) and a thermometer using equilibrated clinopyroxene grains with Mgt >
75 (Putirka 2008): these same equations were used by Martin et al. (2015a) allowing direct
comparison. The geothermobarometry calculations used in Figure 11 are highlighted in the ESM1.
The geothermometer of Brey and Kohler (1990) is also shown in the ESM1 material for comparison
but is not used in plotting Figure 11. Most pressure and temperature estimates obtained on mantle
xenoliths from each of the volcanic fields suggest that the geotherm reported by Berg et al. (1989) is
correct and are consistent with previously published pressure-temperature estimates obtained from
xenoliths (Fig. 11; Moscati 1989). Terror Rift Volcanic Field mantle xenolith samples have some of
the highest pressures of 11.0 and 12.6 kbar and an average temperature of c. 1000 °C. The Ross
Island and Mount Discovery volcanic field xenolith samples chosen for study give lower pressures
(4.0 — 6.0 kbar) relative to the Terror Rift Volcanic Field samples, though a more extensive dataset
may reveal extended ranges. The pressure-temperature data calculated here indicate that the

southern Victoria Land geotherm is relevant to all volcanic fields in the province.

Mantle water content and oxygen fugacity

Water contents have not yet been directly estimated for southern Victoria Land mantle samples, so
other lines of evidence must be considered. lacovino et al. (2016) performed experiments on
volcanic rocks from Ross Island Volcanic Field to show that there was c. 1-2 wt. % H,0 in magmas

represented by the eruptives thought to be connected to their mantle source via a deep mafic
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plumbing system. Studying olivine-hosted melt inclusions, Gaetani et al. (2019) suggested maximum
wt. % H,0 was between 2.12 and 1.84 for the Ross Island Volcanic Field and the Mount Morning
Volcanic Field. This would be consistent with volatile contents calculated for amphibole-bearing
northern Victoria Land mantle of > 1 wt. % H,0 (Coltorti et al. this volume; Giacomoni et al. 2020).
Though there are also relatively dry amphibole-free samples in north Victoria Land that only have
wt. % H,0 < 0.4 (Perinelli et al. 2006). This suggests that, in general, the Victoria Land mantle is
somewhat hydrous relative to, for example, the Antarctic Peninsula where water contents are c. 130

to 80 ppm (Gibson et al. 2020).

The mantle peridotite whole rock data plotted onto a parts per million (ppm) Yb versus V diagram,
overlaps with the fields for oxygen fugacity relative to the fayalite-magnetite-quartz (FMQ) buffer
calculated by Parkinson and Pearce (1998) between FMQ -0.5 and FMQ +1 (Fig. 12a). Specific
localities have been studied further to refine oxygen fugacity estimates. At Mount Morning, oxygen
fugacity calculated from Mossbauer spectroscopy measurements on spinel and pyroxene in mantle
xenoliths showed a median value of -0.6 Alog fO, relative to FMQ (Martin et al. 2015a). This is
reduced relative to FMQ 1.3 to 1.8 Alog fO, calculated from experiments for the deep plumbing
system of primitive magma from the Ross Island Volcanic Field (lacovino et al. 2016). Globally, Alog
fO, in rift settings varies between FMQ -4.1 to 0.5, with a median rift setting value of -0.9 + 0.1 Alog
fO, (Frost and McCammon, 2008; Martin et al., 2015). In north Victoria Land, ALog fO, varies
between -0.2 and -1.5 in anhydrous xenoliths and between -1.32 and -2.52 in amphibole-bearing
(hydrous) xenoliths (Coltorti et al, this volume; Bonadiman et al., 2014; Perinelli et al., 2012). This
shows the fO, values for the Erebus Volcanic Province overlap with the values typically expected

within rift settings in Antarctica, and globally (Martin et al., 2015).

Origin of peridotite xenoliths

Melt depletion
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Negative trends on wt. % MgO versus Al,03; abundance plots for clinopyroxene (Fig. 6a),
orthopyroxene (Fig. 6b) and whole rock data (Fig. 8, 9a) are commonly interpreted to reflect melt
depletion in mantle xenoliths (e.g. Johnson et al. 1990; Niu 2004). Southern Victoria Land mantle
clinopyroxene data plot adjacent to an equivalent melt trend and indicate up to 25% melting (Fig.
6a). The Mount Morning and Southern Local Suite volcanic fields have the most clinopyroxene data
and these indicate a wide range of melt depletion values (1 - 25 %). There are fewer clinopyroxene
data available for the three other volcanic fields and these indicate a more restricted range of melt
depletion of between c. 10 and 25%. The plagioclase Iherzolite data from Mount Morning and White
Island are interpreted to show less melt depletion than is the case for spinel Iherzolite or harzburgite
xenoliths from the same localities. These comparisons also apply to the Mount Morning

orthopyroxene in peridotite data (Fig. 6b).

Application of a model melting grid to wt. % FeO versus MgO abundance data for whole rock
samples indicates that southern Victoria Land peridotites could be residues from the equivalent of
10 to 35% melting (Fig. 9f). This agrees with a simple melt model applied to a wt. % MgO versus
Al,03 abundance plot, which indicates up to 30% melt depletion (Fig. 9a). On both plots, spinel
harzburgite and spinel dunite xenoliths can be argued to have undergone more melt depletion than
spinel Iherzolite or plagioclase lherzolite xenoliths. Similar melt depletion trends are derived when
trace element data are compared with calculated models. For example, < 25% melting is suggested
for a model applied to Yb versus V abundance data (Fig. 10a), 1 to > 25% melting is calculated for
trends ona Yb (ppm) versus Dy/Yb diagram (Fig. 10b) or <5 to c. 20% melting as shown on a

clinopyroxene mantle normalised Yb versus Y plot (Fig. 10c).

Melting was modelled in both the spinel and garnet stability fields of the mantle (Fig. 10b), assuming
anhydrous conditions. All the southern Victoria Land compositions overlap with the spinel stability
field model. Melting pressures modelled for peridotite whole rock wt. % MgO versus FeO abundance

plot (Fig. 9f) indicate final melting pressures of 10 — 30 kbar, equivalent to the spinel facies or spinel-
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garnet facies of the mantle. This is similar to the 2 GPa or greater pressures estimated from melting
models on Figure 8. In summary, the mantle peridotite xenoliths of southern Victoria Land may have

undergone up to c. 25% melt depletion in the spinel mantle facies.

Evidence for refertilisation

On a wt. % MgO versus Na,0 abundance plot, several whole rock mantle xenoliths from southern
Victoria Land have compositions that can be explained by fractional or batch melt models (Fig. 9c).
However, other samples have elevated wt. % Na,O at a given MgO concentration, relative to the
melt models (Fig. 9c), or elevated Na/Sm at a given La/Sm (Fig. 9d), consistent with major element
refertilisation. This pattern is also observed on a whole rock wt. % MgO versus FeO abundance plot,
with one sample from the Southern Local Suite, two samples from Mount Morning and several
samples from the Ross Island Volcanic Field having elevated wt. % FeO relative to calculated melting
grids (Fig. 9f). This can also be seen on a La/Sm versus Fe/Sm plot (Fig. 9g). Re-enrichment of Na and
Fe in peridotite xenolith samples is decoupled and are not interpreted to form part of the same
event. Similar FeO enrichments documented in abyssal peridotites have been attributed to olivine
addition by melt migration through previously depleted mantle residues (e.g. Niu 1997; Rampone et
al. 2008), which would be consistent with the olivine-rich spinel dunite assemblages of samples from
the Ross Island Volcanic Field recording the most elevated FeO abundances (Fig. 9f). Another striking
feature of Ross Island Volcanic Field mantle xenoliths is that olivine grains have lower Ni/Fe and
lower forsterite contents than olivine grains from other volcanic fields in the province (Fig. 5). This is
the case for olivine in both peridotite and pyroxenite xenoliths (Fig. 5a, b). Another notable feature
is the high FeO content (11.19 wt. % average) of Ross Island Volcanic Field spinel Iherzolite samples
relative to spinel dunite xenoliths (10.35 wt. % FeO average). The Mg# is lower in spinel Iherzolites
(88.5 versus 89.4). These features distinguish mantle xenoliths of the Ross Island Volcanic Field from

those of other volcanic fields in the province (Fig. 5).
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The primitive mantle normalised rare earth element (REE) patterns of mantle clinopyroxene and
whole rock peridotite xenoliths from southern Victoria Land are shown in Figures 13a and b. Total
REE abundances are elevated relative to those of primitive mantle. Plotted for comparison are
modelled melt depletion curves (Fig. 13b; black solid lines). The mid-REE and heavy-REE patterns of
the peridotite xenoliths match reasonably well with the melt extraction models; however, the light-
REE values are elevated above the modelled curves (Fig. 13b), which can be explained by light-REE

refertilisation (e.g. Miintener et al. 2004; Martin et al. 2015a).

Sources of refertilisation

A unique volcanic lineage from the Ross Island Volcanic Field is the Enriched Iron Series (Kyle et al.
1992), which is distinguished by elevated whole rock FeO abundances relative to other volcanic rock
series in the Erebus Volcanic Province (Martin et al. 2021). In the Ross Island Volcanic Field, elevated
FeO abundances occur in rocks representing primitive magmas, in peridotite and pyroxenite
xenoliths and in mantle olivine. High FeO concentrations in the mantle have been attributed to
recycling of iron-rich crust (Kellogg et al. 1999; Sobolev et al. 2007), exchange of iron across the core-
mantle boundary (Garnero 2000; Humayun et al. 2004) or primordial sources (Rubie et al. 2004).
Martin et al. (2021) have hypothesised that an eclogitic component is more significant in the mantle
beneath the Ross Island Volcanic Field, than is the case in the fields to the west. This would be
consistent with recycling of iron-rich crust. Alternatively, some workers have suggested that a
mantle plume is present beneath the Ross Island Volcanic Field (Kyle et al. 1992; Phillips et al. 2018),
which would be more consistent with the core-mantle boundary model for excess FeO. We propose
that both the source of the enriched-iron series magmas and mantle xenoliths with elevated FeO
have been refertilised by similar melts. Further study of these samples could hold the key to

differentiating between a recycled crust and mantle plume origin.

Martin et al. (2015a) have proposed up to 5 wt. % alkalic melt refertilisation in peridotite xenoliths

from Mount Morning. The effect on REE behaviour of adding alkalic melt to a depleted mantle
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source is modelled in Figure 13b (black dashed line). The REE data for southern Victoria Land whole
rock mantle xenoliths can be explained by models in which depleted mantle is refertilised by the
addition of < 5 wt. % alkalic melt. Martin et al. (2014a) have also shown that the chemistry of
clinopyroxene in plagioclase lherzolite xenoliths from the Mount Discovery, Mount Morning and
Southern Local Suite volcanic fields is consistent with up to 6 wt. % addition to the mantle of a

normal mid-ocean ridge basalt melt.

Metasomatism

Evidence for metasomatism in the mantle beneath southern Victoria Land includes the presence in
peridotite xenoliths of grains of amphibole, phlogopite, carbonate and sulphide. Spinel mineral
chemistry is also consistent with metasomatism in some mantle peridotites (Fig. 7a); as has been
seen also in spinel grains in peridotite xenoliths from northern Victoria Land (Perinelli et al. 2008).
Primitive mantle-normalised extended element patterns of clinopyroxene and most xenolith whole
rock samples have negative Nb and Ti anomalies (Fig. 10) that are difficult to reconcile solely with
melt depletion and refertilisation processes. An average primitive mantle-normalised trace element
pattern for subducted sediment calculated by Plank and Langmuir (1998) is characterised by
depletions in Ti and Nb relative to mafic melt and this Ti and Nb depletion is similar to those
observed in southern Victoria Land peridotite specimens (Fig. 10). Lead enrichment is also seen in
the subducted sediment average (Plank & Langmuir 1998), but this feature is rare in the normalised
trace element patterns of southern Victoria Land peridotites. However, it is seen in the Mount
Discovery Volcanic Field whole rock plagioclase lherzolite data (Fig. 10) and has been reported in
whole rock mantle xenolith data from Mount Morning Volcanic Field (Martin et al. 2015a). To
further examine the role of a sedimentary component, the southern Victoria Land whole rock data
are plotted onto Nb/U versus Ce/Pb discrimination diagram (Fig. 14). A common interpretation of
trends on this type of diagram is that whole rock Ce/Pb < 9 reflects a sedimentary component (e.g.

White 2010). Mount Morning Volcanic Field data have the lowest Ce/Pb values in the province, i.e. <
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the mantle array (Fig. 14), with many values equal to or less than bulk continental crust (Fig. 14). The
trace element ratios (Fig. 14) have elsewhere been interpreted as reflecting fluid (with a
sedimentary component) metasomatism and this is most obvious in data for the Mount Morning
Volcanic Field (Fig. 14). A hint regarding the nature of this sedimentary component can be obtained
from ®'Sr/2°Sr and *Nd/***Nd isotope data (Fig. 15), which indicate that one of the Mount Morning
spinel harzburgite xenolith compositions is on a mixing line with the EMI isotope end member.
Mixing of c. 80% HIMU and c. 20% EMI isotopic compositions can generate the isotopic composition
of this harzburgite specimen. End-member EM1 is commonly equated with lower continental crust,
ancient pelagic sediment or delaminated subcontinental lithosphere (Hofmann 2004). Xenolith data
from northern Victoria Land also plot along this modelled mixing line (e.g. Melchiorre et al. 2011;

Perinelli et al. 2011; Fig. 15).

Rare carbonate neoblasts, weak Zr/Sm depletion relative to average subducted sediment (Fig. 10)
and strong U/Th fractionation in the whole rock and clinopyroxene data (Fig. 10) for the Southern
Local Suite, Mount Morning and Mount Discovery volcanic field data, can be interpreted to be
related to carbonatite metasomatism (e.g. Yaxley et al. 1991; Pfander et al. 2012; Ackerman et al.
2013). Martin et al. (2015a) calculated that some aspects of volcanic and peridotite xenolith whole
rock trace element behaviour can be explained by < 0.1 wt. % carbonatite addition to the Mount
Morning mantle. Clinopyroxene and whole rock data from Ross Island and Terror Rift volcanic fields
show little U/Th fractionation (Fig. 10), but studies of primitive volcanic rocks and mantle xenoliths
at Franklin Island have suggested a possible carbonatite component in their source (Aviado et al.

2015; Doherty 2016).

Source characteristics and timing

On primitive mantle normalised extended element plots, trace element patterns for southern
Victoria Land peridotite samples are comparable with those of SCLM or depleted mid-ocean ridge

mantle (Fig. 10). Spinel harzburgite and spinel dunite samples have Sr and Nd isotopic compositions


http://mem.lyellcollection.org/

Downloaded from http://mem.lyellcollection.org/ by guest on May 6, 2021

similar to those of the HIMU mantle end member (Fig. 15), though the Pb isotope composition
(whole rock °°Pb/***Pb: 18.21 to 19.69; ESM1) is less radiogenic than HIMU sensu stricto. The
peridotite isotopic compositions are comparable to those of primitive volcanic rocks from Victoria
Land and the southwest Pacific [Diffuse Alkaline Magmatic Province (Finn et al. 2005) on Fig. 15, area
defined by yellow field]. There is an ongoing debate in the literature whether isotopic and chemical
source characteristics in Cenozoic DAMP volcanic rocks come exclusively from the asthenosphere or
reflect a lithospheric contribution (Lanyon et al., 1993; Panter et al. 2006; Timm et al. 2009; Martin
et al. 2015; Martin et al. 2021). One of the spinel lherzolite samples in this study is isotopically more
similar to depleted mid-ocean ridge mantle (Fig. 15), and mantle source characteristics for southern
Victoria Land have been explained in terms of mixing between depleted mid-ocean ridge mantle and
HIMU (Cooper et al. 2007; Sims et al. 2008; Day et al. 2019). It is our favoured interpretation that
there is a HIMU component in the lithospheric mantle that has mixed with a depleted mid-ocean
ridge mantle component. We can not discount the presence of a HIMU component also in the
asthenosphere. To this depleted, HIMU peridotite mantle, various components were added at
various times, including sedimentary and carbonatite fractions, and there is also evidence for
refertilisation by various other melts including normal mid-ocean ridge basalt and alkalic

compositions, and, beneath the Ross Island Volcanic Field, an iron-rich melt.

A two-stage model lead age for volcanic rocks from Ross Island Volcanic Field yields a 1500 Ma
isochron, which was interpreted by Sun and Hanson (1975) as the time at which chemical
heterogeneity developed in the mantle source. This age agrees with Palaeoproterozoic
aluminachron stabilisation ages determined for the southern Victoria Land mantle (Doherty et al.
2012, 2013), but contrasts with young (< 250 Ma) ages interpreted for Hut Point Peninsula mantle
xenoliths from Re-Os isotopes (Day et al. 2019). Martin et al. (2021) favoured an ancient (> 0.5 Ga)
age for in situ development of HIMU in the mantle source of Erebus Volcanic Province rocks. It is our
favoured interpretation that the mantle stabilised during the Palaeoproterozoic, allowing in situ

development of the HIMU isotopic signature (see van der Meer et al. 2017 for an example from
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Zealandia). Melts were added, possibly at < 250 Ma beneath Hut Point Peninsula, and alkalic melts

have been added since the onset of magmatism in the region at c. 25 Ma (Martin et al. 2010).

Origin of pyroxenite xenoliths

Pyroxenite xenoliths are reported from all volcanic fields in the province. Detailed pyroxenite
xenolith studies have been undertaken at Foster Crater (Gamble & Kyle 1987; Gamble et al. 1988;
McGibbon 1991) and Mount Morning (Martin et al. 2015a). McGibbon (1991) used whole-rock Rb-Sr
isochrons to yield a 439.2 + 14.5 Ma formation age on a clinopyroxenite xenolith from Foster Crater.
Gamble et al. (1988) identified a number of processes that they believed had affected the pyroxenite
assemblage at Foster Crater including potassium metasomatism, dynamic recrystallisation, melt
generation and infiltration and oxidation. A carbonate grain has also been described in one
clinopyroxenite from Foster Crater (Table 2). Martin et al. (2015a) concluded that Mount Morning
pyroxenite xenoliths have formed from melts derived from, or modified by, fluids derived from
subducted, eclogitic oceanic crust. North Victoria Land cumulates and pyroxenite xenoliths are

discussed in detail, for example, by Woérner et al. (1993) and Perinelli et al. (2011).

The pyroxenite clinopyroxene data used in this study can be interpreted to suggest that the Al-augite
series xenoliths (websterite and olivine websterite) are less fertile than the Cr-diopside series
xenoliths (Fig. 6¢). The spinel data obtained from pyroxenite xenoliths are consistent with a degree
of metasomatism (Fig. 7a). Olivine grains from xenoliths of the Ross Island Volcanic Field have lower
Ni/Fe abundances and Fo contents than is observed in olivine in pyroxenite or peridotite xenoliths
from elsewhere in the region (Fig. 5). Isotopic data for several Southern Local Suite Volcanic Field
xenoliths overlap with the field for the Diffuse Alkaline Magmatic Province, isotopic compositions of
spinel harzburgite and spinel dunite from southern Victoria Land, and with the HIMU mantle field
(Fig. 15). Several other Southern Local Suite Volcanic Field and Mount Morning Volcanic Field
samples have high #’Sr/%°Sr and low *Nd/***Nd relative to other xenoliths (Fig. 15) and these have

isotopic compositions on a mixing line with the EMII mantle end-member. A mixing model between
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sub-continental lithospheric mantle and upper continental crust indicates that the high 'sr/®sr
values may be explained by up to 20% mixing with a crustal component, and this is our preferred

hypothesis.

The clinopyroxenite xenoliths with HIMU isotopic compositions are likely to be ancient (> 0.5 Ga) to
allow in situ growth of the HIMU component in a manner similar to that envisioned for the
peridotite xenoliths. At least some of the southern Victoria Land pyroxenite xenoliths formed in the
Ordovician-Silurian (439.2 + 14.5 Ma; McGibbon 1991). A sedimentary component (EMII), likely to
have been derived from the upper continental crust, has influenced the chemistry of some
pyroxenite xenoliths. We favour a hypothesis whereby pyroxenite xenoliths formed from fluids
derived from (or modified by) a subducting slab, possibly with an eclogitic component. The
variability in trace element and isotope chemistry may indicate that modification happened more

than once.

Petrogenesis and regional variability

The cross-section drawn in Figure 16 for south Victoria Land and cross-sections drawn for north
Victoria Land across the rift shoulder, for example by Worner (1999), share a high degree of
similarity suggesting commonality in processes along significant stretches of the West Antarctic Rift
System. The lithospheric mantle beneath southern Victoria Land stabilised sometime in the
Palaeoproterozoic, but since that time it has undergone a complex history of multiple melt
depletions, refertilisation and metasomatic events (Fig. 16). There may also be pockets of younger (<
250 Ma) mantle beneath Hut Point Peninsula. In some mantle xenoliths, up to 25% melt extraction
occurred in the spinel mantle facies. The HIMU component in the southern Victoria Land mantle
must be ancient (> 0.5 Ga) to allow for in situ growth. All volcanic fields have undergone some
degree of alkalic melt refertilisation, probably since at least 25 Ma, and this may be contributing to
high heat flow in the province (Worner & Zipfel 1996; Martin et al. 2014a). The plagioclase Iherzolite

samples show evidence of mixing of depleted mantle with up to 6 wt. % of a normal mid-ocean ridge
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basalt component. In addition, the mantle beneath Ross Island Volcanic Field has been refertilised by
an iron-rich melt that may also be responsible for the Hut Point Peninsula Enriched Iron Series
volcanic lineage, emplaced at c. 1.3 Ma (Kyle 1981; Smellie & Martin 2021). We attribute this iron-
rich mantle source to metasomatism by a fluid from (or modified by) a subducted slab. We suggest
the regional variation in iron is real as it is recorded in mantle peridotite xenoliths, pyroxenite
xenoliths and primitive magma compositions in the Ross Island Volcanic Field. A carbonatite mantle
component is inferred to be present in the mantle beneath all volcanic fields, but a sedimentary
component, which can be modelled as lower continental crust (EMI), is more significant in the
Mount Morning Volcanic Field mantle. It cannot be discounted that the lower continental crust
component variability is attributed to selective sampling or temporal variation. Water and oxygen

fugacity may be up to c. 2 wt. % and -0.6 Alog fO,.

Cross-cutting the southern Victoria Land peridotite mantle are pyroxenite veins, which were
probably emplaced at multiple times: one set has to be ancient (> 0.5 Ga), again to allow for in situ
growth of the HIMU isotopic signature, and another occurred during the Ordovician-Silurian. The
pyroxenite samples have undergone up to 25% melt depletion and at Foster Crater potassium
metasomatism has also occurred. The data for olivine from pyroxenite xenoliths in the Ross Island
Volcanic Field record the effects of an iron-rich fluid, which is also inferred to have affected the
compositions of peridotites from the same locality. A sedimentary component can be identified in
mantle samples from the Southern Local Suite Volcanic Field and Mount Morning Volcanic Field, and
these compositions can be modelled by mixing of depleted mantle with up to 20% of an upper

continental crust (EMII) component.

Summary & Conclusions

Mantle xenoliths from southern Victoria Land have been collected and analysed for over one
hundred years. Key objectives of this chapter have been to provide a synthesis of the petrography of

all xenolith samples collected and analysed over the decades (Table 2) and to collate and interpret
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all the chemical data available (ESM 1). Spinel lherzolite and spinel harzburgite are the most
common xenolith types, followed by spinel dunite. A rare type of plagioclase lherzolite is found in
several localities. A wide range of pyroxenite xenolith types occur in each volcanic field. The
peridotite and pyroxenite xenolith samples indicate that the geochemistry and petrogenetic
evolution of the mantle beneath southern Victoria Land is complex and dynamic. The lithospheric
mantle stabilised in the Palaeoproterozoic but subsequently these depleted peridotitic compositions
have been modified by a sequence of further melt depletion and metasomatic (melt and/or fluid)
enrichment events. An ancient (>0.5 Ga) depleted, HIMU sensu stricto mantle has undergone
carbonatite metasomatism and multiple melt-depletion events. Ross Island Volcanic Field mantle has
an iron-rich component relative to other areas in the province, and there may be a component of
young (< 250 Ma) mantle beneath Hut Point Peninsula. This southern Victoria Land mantle is cross-
cut by pyroxenite bodies emplaced probably at multiple times and the compositions of some
pyroxenite xenoliths can be modelled to have been affected by an upper continental crust (EMII)

component.

Despite such a long history of research, there is a limited amount of published age constraints,
radiogenic isotope data or volatile data on the southern Victoria Land mantle samples, and
consequently it is difficult to rigorously constrain the petrogenetic history. There is a complete
absence of H,0 measurements on mantle xenoliths, despite the importance of this parameter to
mantle viscosity calculations and melting models. Some localities, for example Mount Discovery,
northern Beaufort Island and the Dailey Islands, have not been mapped in sufficient detail to exclude
the possibility that mantle xenoliths may be present. Furthermore, in other areas, for example
Minna Bluff, the mantle xenoliths collected have ultimately not been analysed. There are many
localities yet to be visited, and many more mantle xenoliths to be documented and analysed. Thus
mantle xenolith studies will continue to be an important research area in southern Victoria Land for

decades to come.
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Figure Captions

Figure 1 A locality diagram for mantle xenoliths of southern Victoria Land. a. The continent of
Antarctica, divided geographically into East Antarctica and West Antarctica by the Transantarctic
Mountains (thick black line). The location of panel b. is indicated by the red rectangle. McMurdo
Volcanic Group rocks occur between Cape Adare in the north and Mount Early / Mount Sheridan in
the south. b. Southern Victoria Land with alkalic igneous rocks of the Erebus Volcanic Province
shown in black. Key mantle xenolith localities are shown (red circles) with numbers equating to line
entries in Table 2. Major eruptive centre names are shown in blue. Details for localities 7-16 and

localities 26-35 are shown in panels c. and d. DVDP: dry valleys drilling project.

Figure 2 A diagram showing the location of the five volcanic fields that make up the Erebus

Volcanic Province (Martin et al. 2021; Smellie and Martin, 2021).

Figure 3 Examples of mantle xenoliths in the field. a. A large peridotite xenolith from Franklin
Island. The hammer is c. 1 m long. Photo: R. J. Moscati. b. Mantle xenoliths in outcrop at Mount
Morning, including a spinel Iherzolite xenolith (beneath hand lens), a spinel harzburgite xenolith with
a strong lineation fabric (bottom right), a clinopyroxene megacryst (upper right, black) and a

wehrlite xenolith (middle). The hand lens is c. 6 cm long. Photo A. F. Cooper.

Figure 4 Typical petrographic features of mantle xenoliths from southern Victoria Land. Left
panels in each pair of columns are hand specimen photographs with the maximum dimension of

each hand specimen provided. The accompanying thin section photographs (right hand panels in
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each pair of columns) are typical fields of view (4 mm across), taken under crossed-polarised light.

Textures are: dunite = coarse; harzburgite = tabular granuloblastic; lherzolite = porphyroclastic.

Figure 5 Olivine mineral chemistry, Ni/Fe versus forsterite (Fo) content for a. peridotite
xenoliths and b. pyroxenite xenoliths. The data plotting with the lowest Ni/Fe and Fo content are
interpreted to reflect refertilisation. Legend abbreviations are as follows: D: spinel dunite; H: spinel
harzburgite; Ls: spinel lherzolite; Lp: plagioclase Iherzolite; W: wehrlite; Oc: olivine clinopyroxenite;
C: clinopyroxenite; Wb: websterite; Ow: olivine websterite; M: mixed xenolith with multiple rock

types; O: orthopyroxenite; Am: amphibolite.

Figure 6 Pyroxene major element mineral chemistry plotted on wt.% MgO — Al,O; diagrams
for a. clinopyroxene from peridotite xenoliths, b. orthopyroxene from peridotite xenoliths, c.
clinopyroxene from pyroxenite xenoliths and d. orthopyroxene from pyroxenite xenoliths. Primitive
mantle (PM) values for clinopyroxene (Cpx) and orthopyroxene (Opx) are from McDonough and Sun
(1995) and the theoretical residual trends (solid lines labelled with % melt extraction) follow Upton
et al. (2011) using equations from Workman and Hart (2005). The legend abbreviations are as in

Figure 5. North Victoria Land data (black squares) after Pelorosso et al. (2016).

Figure 7 Spinel and feldspar mineral chemistry for southern Victoria Land mantle xenoliths. a.
Spinel Mg# [100Mg/(Mg + Fe**)] versus spinel Cr# [(100Cr/(Cr+Al)]. The field of spinel facies
peridotite xenoliths from continental rift settings (dashed line) is from Martin et al. (2014b).
Peridotite and pyroxenite data are shown here on the one figure. b. Feldspar mineral chemistry in
peridotite and pyroxenite xenoliths. An: anorthite; Ab: albite; Or: orthoclase. The legend

abbreviations are as in Figure 5.
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Figure 8 A whole rock Al,03/Si0O, versus MgQ/SiO, plot showing southern Victoria Land data
relative to northern Victoria land (Coltorti et al. this volume) and Marie Byrd Land data (Handler et
al. this volume). Melt extraction curves of Herzberg (2004) are also shown for 2 GPa melt depletion
(dashed line) and 1 GPa (solid line) with indications of expected residual composition after 20% melt
extraction. Black square is primitive mantle (McDonough and Sun, 1995). The legend abbreviations

are as in Figure 5.

Figure 9 Whole rock wt. % Al,03, Na,0 and FeO abundances plotted against MgO content for
mantle xenolith samples from southern Victoria Land. a, c and f show data for peridotite and b, e
and h for pyroxenites. Whole rock peridotite xenolith data for La/Sm versus Na/Sm (d) or Fe/Sm (g)
are also shown for comparison. All iron was calculated as Fe?* assuming anhydrous conditions. The
melting residues in panels a. and c. were calculated assuming polybaric near-fractional melting
between 25 and 15 kbar (black curved lines) or isobaric batch melting between 20 and 10 kbar (grey
line) after Niu (1997). Primitive mantle (PM) values are from McDonough and Sun (1995). Whole
rock Mg# are shown as dashed lines for comparison in panels e. and f. Panel e. shows the melting
grid of Walter (2003) as a function of pressure (kbar) and batch melt extraction (%). Trends expected

for refertilisation are indicated by arrows. The legend abbreviations are as in Figure 5.

Figure 10 Primitive mantle (McDonough and Sun 1995) normalised extended element plots for
clinopyroxene (left column) and whole rock (right column) data. From left to right, the elements are
arranged in order of decreasing incompatibility with respect to peridotitic residue. Note that data
from plagioclase Iherzolite were used for the Mount Discovery Volcanic Field and spinel harzburgite

for other volcanic centres, reflecting the availability of data. The data represent individual analyses
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from the ESM1 and are not amalgamated totals. Plotted for comparison are typical values for
subcontinental lithospheric mantle (SCLM; McDonough 1990); depleted mid-ocean ridge basalt
mantle (DMM; Workman & Hart 2005); normal mid-ocean ridge basalt (N-MORB; Gale et al. 2013); a
high-u pattern (sample M-11) from Mangaia, Austral Islands (HIMU; Woodhead 1996) and; average

global subducted sediment (GLOSS; Plank & Langmuir 1998).

Figure 11 A temperature—pressure plot showing values calculated using pyroxene
compositions in mantle xenoliths (ESM 1) from southern Victoria Land (Putirka 2008). Plotted for
comparison are spinel peridotite xenolith data from Mount Morning (hollow circles; Martin et al.
2015a) and plagioclase Iherzolite data from Pipecleaner Glacier, Mount Morning and White Island
(hollow diamonds; Martin et al. 2014a). The mantle fields for plagioclase (Pl), spinel (Spl) and garnet
(Grt) peridotite and the dry solidus follow Borghini et al. (2011). Geotherms for southern Victoria
Land (SVL; Berg et al. 1989), northern Victoria Land (NVL; Perinelli et al. 2006) and an idealised

dynamic rift (Chapman 1986) are shown for comparison. The legend abbreviations are as in Figure 5.

Figure 12 Whole rock vanadium (V) abundance (a) and Dy/Yb ratio (b) plotted against Yb
content for southern Victoria Land mantle xenoliths. Clinopyroxene Yb vs Y normalised to primitive
mantle (McDonough and Sun, 1995) are also shown (c). The model in a. shows predicted melt
extraction paths (degree of melting in %) relative to the fayalite-magnetite-quartz (FMQ) oxygen
fugacity buffer (Parkinson & Pearce 1998). In b., data are compared with a model for fractional
melting of primitive mantle (PM; McDonough and Sun 1995) using the melting modes and partition
coefficients of Johnson et al. (1990) for anhydrous garnet and spinel facies conditions. The percent

melt fraction data are shown. The pyroxenite field (dashed line) is from this study (ESM1). In c., the
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melt model shows between <5% and c. 20% melt extraction. See ESM1 for modelling details. The

legend abbreviations are as in Figure 5.

Figure 13 Primitive mantle normalised rare earth element data (McDonough and Sun 1995)
for: a. clinopyroxene and b. xenolith whole rock data. Samples are the same as used in Figure 8.
Idealised melt extraction models are shown (thin black lines) for spinel facies peridotite calculated
using the melting modes from Kinzler (1997) and element distribution coefficients from Liu et al.
(2012) and Kelemen et al. (1995). Melt fractions (%) are shown in the boxes. A mixing model was
also calculated between an initial peridotite composition (grey dashed line; sample OU78521) and
host basalt (sample OU78540; Martin et al. 2013), using the mineral-melt coefficients of lonov et al.

(2002). The 5 wt. % melt proportion model is shown (circled number on black dashed line).

Figure 14 Niobium/U versus Pb/Ce diagrams for peridotite mantle xenoliths. Mantle array
values of Nb/U (47 £ 10) and Ce/Pb (25 + 5) are from Hoffman et al. (1986). Global peridotite data is
from Pearson et al. (2003). OIB: ocean island basalt; BCC: bulk continental crust. The legend

abbreviations are as in Figure 5.

Figure 15 A Nd/**Nd versus ¥’Sr/%8Sr diagram for mantle xenoliths from southern Victoria
Land. The Southern Local Suite data is after McGibbon (1991). North Victoria Land (NVL) data is after
Melchiorre et al. (2011) and Perinelli et al. (2011). DMM: depleted mid-ocean ridge mantle; HIMU:
high-y; EMI: enriched mantle I; EMII: enriched mantle Il; UCC: upper continental crust. Yellow field
represents volcanic rock data (Martin et al. 2013) from the diffuse alkaline magmatic province (Finn
et al. 2005) and the dashed field represents typical subcontinental lithospheric mantle values

(Jourdan et al. 2007). Two melt models have been calculated and plotted for comparison. Melt
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fractions (%) for both models are shown. The mixing curve (thick black line) between EMI and HIMU
uses the equations of Faure (1986) and the compositions of Rolland et al. (2009), using EMI:
(®’Sr/%°Sr) = 0.705, 513 ppm Sr; (***Nd/**Nd) = 0.5122, 33 ppm Nd; HIMU: (¥’sr/®sr) = 0.703, 120
ppm Sr; (***Nd/**Nd) = 0.51285, 6.5 ppm Nd. The mixing curve between subcontinental lithospheric
mantle (SCLM) and UCC (thin black line) uses the values and equations in Jourdan et al. (2007),
including SCLM: (¥’Sr/°Sr) = 0.7043, 50 ppm Sr; (***Nd/***Nd) = 0.51244, 2 ppm Nd; UCC: (3’Sr/?°Sr) =
0.73847, 159 ppm Sr; (***Nd/***Nd) = 0.511800, 26 ppm Nd. The legend abbreviations are as in Figure

5.

Figure 16 A schematic interpretive diagram, not to scale, showing structures and composition
of the southern Victoria Land mantle. The proposed lithospheric mantle has evolved through mixing
between depleted mantle and HIMU with varying degrees of carbonatite metasomatism and
multiple melt extraction events. It is cross-cut by pyroxenite bodies, and the west is enriched in a
sedimentary component relative to the east which has iron-rich melt. Plagioclase facies mantle is
restricted to Mount Discovery Volcanic Field and further west. The crustal section of the cross-

section follows seismic data interpretations made in Naish et al. (2007).
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Tables

Table 1

numbers (column labelled #) correspond to locations on figure 1.

Southern Victoria Land locations where mantle xenoliths have been recorded, including relevant references and rock types observed. The

Volcanic Field Location # Reference(s) Xenolith types
1 2 3
Terror Rift Franklin Island - 1 19 7 This Study harzburgite, dunite, wehrlite
Beaufort Island - - - - - Reconnaissance only. Further examination may show xenoliths
submarine volcanic rocks - - - - - No xenoliths reported to date
Ross Island Mount Bird Cape Bird 2 3 - - clinopyroxenite
Mount Terror Conical Hill 3 7 This Study - harzburgite
"Coastal Cliffs" 4 4 8 22 dunite, harzburgite, lherzolite, wehrlite
The Knoll 5 19 7 This Study lherzolite, harzburgite
Mount Erebus Summit area - - - - Area examined but no xenoliths reported
Dellbridge Islands - - - - Area examined but no xenoliths reported
Hut Point Peninsula Turtle Rocks 6 19 7 This Study dunite, wehrlite, clinopyroxenite
"Sulphur Cones" 7 21 7 This Study dunite, harzburgite, lherzolite
Half Moon crater 8 22 12 - harzburgite, Iherzolite, wehrlite, clinopyroxenite
"Ski Field" 9 21 12 - dunite
"McMurdo" 10 19 22 6 harzburgite, clinopyroxenite
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Mount Discovery

Mount Morning

Southern Local Suite

White Island

Black Island
Minna Bluff
Mount Discovery
Brown Peninsula
Dailey Islands

Mount Morning

Mason Spur

Royal Society Range

"North Twin Crater"
Twin Crater
Crater Hill
"Eroded Volcanic Neck"
Hut Point
DVDP
Mount Hayward and Camp

Crater

Discovery Saddle

Hurricane Ridge

Lake Morning

Riviera Ridge

Windscoop Bluff
Anniversary Bluff
Hooper Crags
Foster Crater
Roaring Valley

The Bulwark

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

21

22

19

23

18

12

11

13

12

13

12

12

20

24

25

12

12

21

12

21

12

14

12

15

13

15

13

13

12

10

12

12

12

12

15

15

15

17

17

dunite

peridotite

dunite, peridotite

dunite, harzburgite, wehrlite

dunite, clinopyroxenite

dunite

dunite, harzburgite, lherzolite, pllherzolite, wehrlite,
websterite, clinopyroxenite, pyroxene

peridotite, clinopyroxenite, wehrlite

peridotite

dunite, wehrlite

Area examined but no xenoliths reported
Reconnaissance only. Further examination may show xenoliths
dunite, harzburgite, lherzolite, wehrlite, clinopyroxenite
dunite, harzburgite, lherzolite, wehrlite, clinopyroxenite
dunite, harzburgite, lherzolite, pllherzolite, wehrlite,
clinopyroxenite

dunite, harzburgite, lherzolite, wehrlite, clinopyroxenite
dunite, harzburgite, lherzolite, wehrlite, clinopyroxenite
dunite

dunite, clinopyroxenite, wehrlite, websterite, glimmerite
dunite, peridotite, clinopyroxenite

harzburgite, Iherzolite, pllherzolite
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10

11

Pipecleaner Glacier
Walcott Valley
Chancellor Lakes

Heald Island

Brandau Crater

Howchin Glacier

Taylor Valley

30

31

32

33

34

35

25

25

26

25

16

12

14

12

12

12

22

26

lherzolite, pllherzolite, wehrlite

peridotite

peridotite, clinopyroxenite

peridotite

dunite, harzburgite, Iherzolite, wehrlite, websterite,
clinopyroxenite

lherzolite, wehrlite

Area examined but no xenoliths reported

1. (Allibone et al. 1991); 2.(Armstrong 1978); 3.(Cole & Ewart 1968); 4.(Cole et al. 1971); 5.(Cooper et al. 2007); 6.(Day et al. 2019); 7.(Doherty 2016); 8.(Ferrar 1907);

9.(Forbes & Banno 1966); 10.(Gamble et al. 1988); 11.(Kyle et al. 1979); 12.(Kyle et al. 1987); 13.(Martin 2009); 14.(Martin et al. 2014a); 15.(Martin et al. 2015a);

16.(Mclver & Gevers 1970); 17.(Moscati 1989); 18.(Panter et al. 2011); 19.(Prior 1907); 20.(Skinner et al. 1976); 21.(Smith 1954); 22.(Stuckless & Ericksen 1976);

23.(Treves & Kyle 1973); 24.(Wright 1979a); 25.(Wright 1979b); 26.(Wright 1979c).
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Table 2 Typical petrography of mantle xenoliths from southern Victoria Land.

Volcanic Field Location Other Texture Size
Terror Rift Franklin Island - apatite
Ross Island Mount Bird
peridot ol
Mount Terror
Hut Point
Peninsula
wehrlite
megacrysts Ol + Cpx
Mount anorthoclase
White Island protogranular 15-25cm
Discovery megacrysts
olivine
rare
clinopyroxenite
olivine websterite vein 8 mm-wide
wehrlite band 1.3 cm-wide
pyroxene
kaersutite
Black Island -
clinopyroxenite
wehrlite
Minna Bluff -

kaersutite
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Mount

Morning

Southern Local

Suite

Mount Discovery

Mount Morning

Mason Spur

Hooper Crags

Roaring Valley

webhrlite

orthopyroxenite

olivine websterite

websterite

webhrlite

clinopyroxenite

clinopyroxene

clinopyroxenite

megacrysts

clinopyroxenite

megacrysts

Cb

Ol + Cpx

tabular
granuloblastic
equant
granuloblastic
equant
granuloblastic
equant
granuloblastic
equigranular
coarsely

porphyritic

tabular

granuloblastic

porphyroclasti

<50 cm

<30cm

<30cm

<30cm

<30cm

<30cm

5cm

<15cm

1-50cm
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The Bulwark
Pipecleaner

Glacier

Walcott Valley

Chancellor

Lakes

Heald Island

Brandau Crater

Howchin

Glacier

Foster Crater

webhrlite

clinopyroxenite

webhrlite
websterite
clinopyroxenite

clinopyroxene

wehrlite

clinopyroxenite

webhrlite

amphibolite

megacryst

glass £ Ol

glass

glass

porphyroclasti

poikilitic
igneous

cumulus

20 cm

8cm
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websterite Opq t Phl cumulus
Cpx+Spl+0l+ | porphyroclasti
glimmerite
Ttn £ Cb c

D: dunite; H: harzburgite; L: Iherzolite; Ol: olivine: Cpx: clinopyroxene; Opx: orthopyroxene; Spl: spinel; Pl: plagioclase; Amp: amphibole; Phl: phlogopite; Ttn;
titanite; Cb: carbonate. Black squares indicate dominant mineralogy and grey squares indicate minor mineralogy that is variably present.
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Figure 1 (Intended width 180 mm)
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Figure 2 (Intended width 140 mm)


http://mem.lyellcollection.org/

Downloaded from http://mem.lyellcollection.org/ by guest on May 6, 2021

Figure 3 (Intended width 90 mm)
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Figure 7 (Intended width 80 mm)
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Figure 9 (Intended width 130 mm)
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Figure 10 (Intended width 160 mm)
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Figure 11 (Intended width 90 mm)
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Figure 12 (Intended width 160 mm)
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Figure 15 (Intended width 90 mm)
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Figure 16 (Intended width 140 mm)
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