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TheMacquarie Ridge Complex (MRC), located at the Australian–Pacific plate boundary south of NewZealand, is a
rugged bathymetric ridge comprising a series of submarine seamounts and Macquarie Island, the only subaerial
portion of the complex. Mid-ocean ridge basalts (MORBs) from Macquarie Island show various enrichments in
incompatible elements with compositions ranging from typical normal MORB to enriched MORB. However,
these basalts have isotopic compositions trending towards a high μ-like (μ= 238U/204Pb; HIMU) mantle compo-
nent, which is unusual for MORB-type rocks. The origin of this mantle signature is not understood, and it is un-
clear whether this isotopic signature is characteristic of the entire MRC or unique to Macquarie Island. Here we
report new major and trace element abundances, and Sr, Nd, and Pb isotopes for samples from the MRC sea-
mounts and from new sampling sites onMacquarie Island. The geochemical and isotopic data show that the en-
tire MRC comprises normal to enriched MORB. Mixing modelling indicates that the heterogeneous isotopic
signatures of the MRC basalts are not derived from contamination of the nearby Balleny mantle plume but
have affinities with that of the Cenozoic Zealandia intraplate HIMU-like basalts. We propose that the heteroge-
neous geochemical signatures of the MRC basalts are derived from amphibole-bearing garnet pyroxenite veins,
which is supported by the rare earth element partial melting modelling and strong correlations between Nd
and Pb isotopic ratios vs La/Sm. We posit that the pyroxenite veins were generated in the oceanic lithospheric
mantle, which was metasomatised by hydrous and carbonatitic fluids/melts derived either from delaminated,
metasomatised Zealandia subcontinental lithosphere mantle, or from subducted material in the asthenosphere.
The subductedmaterial could be derived fromancient and/or recent subduction along the former east Gondwana
margin.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Oceanic basalts, including ocean island basalts (OIBs) and mid-
oceanic ridge basalts (MORBs), provide a uniquewindow to understand
the chemical compositions of Earth's mantle. Mid-ocean ridge basalts
sotope Facility, School of Earth
, Australia.
Q. Jiang).
are the most voluminous and widely distributed magmatic products
on Earth (Saunders et al., 1988). Although it is believed that the mantle
source of MORB is depleted by melt extraction and homogenized by
convective stirring (e.g., Hofmann, 1988), an increasing number of stud-
ies have shown that the mantle sources of MORB could be heteroge-
neous (e.g., Borghini et al., 2020; Hofmann, 2003). While mantle
plume contaminations have often been invoked to explain the source
heterogeneity of MORB at a local scale (e.g., Schilling et al., 1994),
other mechanisms may also have played a role, particularly for
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large-scale heterogeneities, such as recycling of oceanic crust and sedi-
ment (Rehkämper and Hofmann, 1997), lower continental crust
(Kamenetsky et al., 2001), or delaminated subcontinental lithospheric
mantle (SCLM; Goldstein et al., 2008).

On the basis of geochemical analyses of samples fromMacquarie Is-
land, previous studies have identified a domain of heterogeneousMORB
in the southwestern Pacific Ocean (Fig. 1). The Macquarie Island basalts
display a large range of incompatible element enrichments varying from
typical normal MORB (N-MORB) to enriched MORB (E-MORB;
Kamenetsky et al., 2000). These basalts have incompatible element pat-
terns showing similarities with HIMU (high μ = 206Pb/238U) OIBs and
isotopic signatures trending towards a HIMU-like (206Pb/204Pb > 19.5;
Stracke et al., 2005) mantle component (Kamenetsky et al., 2000;
Kamenetsky and Maas, 2002). Such mantle signatures are more com-
monly associated with OIBs (e.g., Chaffey et al., 1989), but are rare at
mid-ocean ridges. The origin of the distinct incompatible element pat-
terns and heterogeneous isotopic signatures of the Macquarie Island
MORB is, however, not clearly understood. It has been speculated that
this heterogeneous mantle component was either derived from the
Balleny mantle plume, based on the adjacent position of the hotspot
track to theMacquarie Ridge (Fig. 1a), or that it is a broader regional sig-
nature in the shallow mantle that is characteristic of the SW Pacific
Ocean (Finn et al., 2005; Kamenetsky et al., 2000; Lanyon, 1994; Pyle
et al., 1995).

The ~37 km-long Macquarie Island is the only emerged portion of
the ~1600 km-long Macquarie Ridge Complex (MRC), a NE–SW
trending fossil mid-ocean ridge located along the Australian–Pacific
plate boundary south of New Zealand (Conway et al., 2012; Massell
et al., 2000; Mosher and Symons, 2008). The small size of Macquarie Is-
land relative to the entire MRCmakes any extrapolation along the ridge
difficult, such that it remains unclear whether the heterogeneous man-
tle signature present at Macquarie Island is: (i) evidence of source het-
erogeneity intrinsic to the upper mantle but restricted to the proximity
of the island (Kamenetsky et al., 2000; Kamenetsky and Maas, 2002);
(ii) symptomatic of the entire MRC region; or (iii) a result of direct en-
richment of asthenosphere derived from the Balleny mantle plume
(Lanyon, 1994; Lanyon et al., 1993; Pyle et al., 1995).

In this paper, we report a new data set of major elements, trace ele-
ments and Sr–Nd–Pb isotopic ratios of basalts collected during a new
sampling campaign on Macquarie Island, and previously collected
dredged samples from the ~1600 km long, submarine portion of the
MRC. Using these newdata,we investigate themantle source character-
istics of theMORB of the ~1600 km-longMRC and use the results to de-
velop a new model for the origin of distinctive isotopic signature and
source heterogeneity of mid-ocean ridge basalts in this part of the Pa-
cific Ocean.
2. Geological background

2.1. Macquarie Ridge Complex

The MRC, which is located to the west of the microcontinent
Zealandia, extends from the southern tip of New Zealand to the
Australian–Pacific–Antarctic triple junction (Fig. 1a; Massell et al.,
2000). It can be divided into four segments separated by discontinuities
and changes in orientation. From south to north these are the Hjort,
Macquarie, McDougall and Puysegur segments (Fig. 1b; Massell et al.,
Fig. 1. (a) Bathymetric map of the SW Pacific region showing the location of the Macquarie Rid
AAD—Australian–Antarctic Discordance, AAR—Australian–Antarctic Ridge, FZ—Fracture
(b) Bathymetric map of the Macquarie Ridge Complex showing the locations of the seamounts
during USNS EltainMarine Geology Cruises 16 and 37. Other dredge samples are detailed in Co
arrows show the transformmotions and directions of subduction of theMRC.. (c) Geologicalma
annotated. The red squares indicate the sample locations of Kamenetsky et al. (2000), Kamene
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2000). The MRC formed during relatively rapid plate motions between
the Australian and Pacific plates in three distinct phases. (1) At
~40 Ma, seafloor spreading initiated and oceanic crust was generated
in the proto-Macquarie spreading centre. (2) From 30 Ma, the Mac-
quarie spreading ridge gradually became oblique to the Pacific–
Australian plate boundary due to changes in relative plate motion be-
tween the two plates (Massell et al., 2000). The spreading ridge seg-
ments shortened, and curved fracture zones formed to accommodate
the changes in spreading direction (Mosher and Symons, 2008).
(3) By ~6 Ma, the relative motions of the Pacific and Australian plates
became so oblique that spreading and related magmatism ceased
(Meckel, 2003). The MRC has since transitioned from mid-ocean ridge
spreading to strike-slipmotion in the center (McDougall andMacquarie
segments) and incipient oceanic–oceanic subduction in the southern
(Hjort) andnorthern (Puysegur) segments to accommodate the conver-
gence between the Australian and Pacific plates (Meckel, 2003).

The multi-stage plate–plate interactions left a record of magmatism
represented by mafic extrusive and intrusive rocks on the island and
seamounts, and exhumation of the lithospheric mantle (peridotites)
that are now exposed on the northern part of Macquarie Island. The
age of the seamount basalts has not been investigated so far but will
form part of a subsequent contribution. The basalts on the Macquarie
Ridge were formed during the final stages of seafloor spreading of the
proto-Macquarie spreading center when spreading segments were
still able to sustain active magmatism (Mosher and Symons, 2008;
Wertz, 2003).

Seven of the eleven seamounts on theMRC have been sampled dur-
ing a RV Tangaroa voyage (TAN0803) in 2008 (Fig. 1b; Conway et al.,
2012). The vast majority of dredged volcanic rocks are alkaline to
subalkaline basalts and preliminary major elemental geochemistry
analyses indicate that they are enriched MORB (Conway et al., 2012).
2.2. Macquarie Island

Macquarie Island is a ~ 37 km long and ~ 3–5 kmwide elongated is-
land on the Macquarie Ridge formed at ~11 Ma (Duncan and Varne,
1988). It is the only portion of the ridge that is above sea level uplifted
by compressive stresses. Lithospheric mantle and oceanic lower crustal
lithologies, including peridotites, sheeted dolerite dykes, gabbros and
troctolites, occur in the northern quarter of the island whereas the cen-
tral and southern parts of the island are dominated by oceanic upper
crustal assemblages including basaltic pillow lavas andmassive to tabu-
lar basaltic lavas (Fig. 1c; Dijkstra et al., 2010; Varne et al., 2000).

The chemical compositions of Macquarie Island basaltic glasses
have been previously investigated (Kamenetsky et al., 2000;
Kamenetsky and Maas, 2002). Most of the analyzed samples are
subalkaline basalts (tholeiitic) with a few alkali basalts, and show a
range of enrichments in incompatible elements, with characteristics
that vary from N-MORB to E-MORB. Isotopic data indicate that the
Macquarie Island basalts show great affinity with Pacific MORB, but
they have more radiogenic Pb isotopic ratios trending towards
HIMU OIBs (Kamenetsky et al., 2000; Kamenetsky and Maas, 2002).
The heterogeneous geochemical and isotopic characteristics of the
Macquarie Island glasses were proposed to be produced by fractional
‘dynamic’ melting of a spinel peridotite source, which is isotopically
heterogeneous at the grain scale (Husen et al., 2016; Kamenetsky
et al., 2000; Kamenetsky and Maas, 2002).
ge Complex. The red line indicates the path of Balleny hotspot track (Lanyon et al., 1993).
Zone, PAR—Pacific–Antarctic Ridge, SEIR—Southeast Indian Ridge, Smt—Seamount.
and dredge samples used in this study. Samples MRC-2, –3, –4 (underlined) were dredged
nway et al. (2012). Segmentations of the MRC are after Massell et al. (2000). The magenta
pofMacquarie Island, after Varne et al. (2000). New sample locations (dark blue circles) are
tsky and Maas (2002) and Husen et al. (2016).
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2.3. Balleny Plateau, Tasman seamounts and Scott Plateau

In the vicinity of the MRC, several seamounts in the south Tasman
Sea have been suggested to form the track of a hotspot now located be-
neath the Balleny Islands on the Antarctic plate, ~1000 km SE of Mac-
quarie Island (Fig. 1a; Lanyon et al., 1993). Earlier activity of the
Balleny hotspot produced the twin Heemskirk and Zeehan Seamounts
with eruption ages estimated at ~70–60 Ma, the Janszoon Seamount at
~60–50 Ma in the south Tasman Sea and the Soela Seamount at
~40Ma (Fig. 1a; Lanyon et al., 1993). The Balleny Plateau, including sev-
eral islands, isolated reefs, and rock pinnacles, are interpreted as the
most recent expression of the Balleny hotspot (Hart et al., 1997;
Lanyon et al., 1993). The rocks from the Balleny province (Balleny Pla-
teau and Tasman Seamounts) are mostly silica undersaturated rocks
such as basanite, alkaline basalt, and trachybasalt. According to their
enriched incompatible element patterns and isotope compositions
(206Pb/204Pb up to 20.727), these rocks are HIMU-like OIB (Lanyon
et al., 1993).

A predominantly submarine plateau, which includes Scott Island, is
located ~600 km to the east of the Balleny Islands and forms another
volcanic edifice on the Antarctic Plate that could have been generated
by a mantle plume (Fig. 1a; Lanyon et al., 1993). Dredged rocks from
the submarine plateau are dominated by highly evolved rocks such as
tephriphonolites and phonolites,with slightlymore enriched incompat-
ible element patterns and similar Sr, Nd and Pb isotopic compositions
compared with rocks from Balleny Islands (Lanyon, 1994).

3. Sampling and analytical methods

3.1. Sampling strategy

Samples analyzed in this study include previously dredged rocks
from seamounts from the submarine portion of theMRC and newly col-
lected rocks from Macquarie Island (Fig. 1b, c). The dredged samples
from the MRC seamounts were collected during the TAN0803 voyage
in 2008 (Conway et al., 2012) and the USNS Eltanin Cruises 16 and 37
in 1965. The sampling locations encompass seven unnamed seamounts
along the entire MRC, from Seamount 3 in the Puysegur Segment in the
north (~50.1°S) to Seamount 10 in the Hjort Segment towards the south
(~59.1°S; Fig. 1b). Samples were dredged using an epibenthic sled. We
only chose rocks that were not rounded, showed limited alteration
and no evidence of glacial transportation (e.g., striations) for further
analyses as these were likely to have been sampled in situ. Samples
from the MRC seamounts include basalts, glassy breccia, dolerite and
gabbroic rocks (Conway et al., 2012).

A total of 23 rock samples were collected during an expedition to
Macquarie Island in November 2017 from which a subset of ten basalt
samples was selected for this study (Fig. 1c). Few samples have been
collected from the southern parts of the island because promising sam-
pling sites are remote (>30 km) from the base campANARE (Australian
National Antarctic Research Expedition) located at the northern end of
Macquarie Island, and are accessible only by foot over rugged terrain.
Our sampling campaign focused on rocks from the upper oceanic
crust, which covers three-quarters of the island (Fig. 1c). These rocks in-
clude basaltic flows, pillow lavas, rare tabular flows, and dykes found
from the northernmost tip to the southern end of the island (Fig. 1c).
Detailed petrographic descriptions of the samples are provided in the
Supplementary Material.

3.2. Analytical methods

A total of 36 samples were selected for major and trace element
analyses and 27 samples were selected for Sr–Nd–Pb isotope analyses.
Major and trace elements were analyzed by X-ray fluorescence (XRF)
and inductively coupled plasma mass spectrometry (ICP-MS), respec-
tively. Strontium, Nd and Pb isotopic ratios were measured using a
4

Thermo Neptune PLUS Multi-Collector ICP-MS at the University of Ge-
neva. Detailed description of analytical methods are provided in the
Supplementary Material.

4. Analytical results and observations

The newmajor and trace elements for theMacquarie Island samples
andMRC seamount samples are reported in Supplementary Table 2, and
the new Sr, Nd and Pb isotope data are reported in Table 1. Published
geochemical data for the MRC, the Balleny Province, the Scott Plateau,
and Deep Sea Drilling Project (DSDP) Sites 278 and 279 were compiled
for comparative purposes (Supplementary Table 3).

Submarine basaltic rocks are susceptible to seawater alteration that
is evidenced by high loss-on-ignition (LOI). Specifically, many major
and few trace elements are likely mobilized by seawater when LOI is
higher than 3 wt% (e.g., Caroff et al., 1995). The major and trace ele-
ments of the MRC seamount and Macquarie Island samples do not
show obvious trend with LOI (Supplementary Fig. 2). However, the rel-
atively mobile elements (e.g., K, Sr, Ba) of some samples that have high
LOI (e.g., >2.5 wt%; Supplementary Fig. 2) show anomalously high
values, indicating the influence of alteration. Tomake sure that only an-
alytical data obtained from relatively fresh samples are used for geo-
chemical interpretation, we only consider samples that have LOI
<2.5 wt%. Plots of Nd and Pb isotopes vs LOI show no co-variation
(Fig. 2). However, for Sr isotopes, there is a slight increase in Sr isotopic
ratios with increasing LOI for the least radiogenic samples, which indi-
cates that the Sr isotopic ratios could have been slightly affected by sea-
water alteration (Fig. 2), as Sr is relativelymobile during rock–seawater
interactions (e.g., Mahoney et al., 1998). The lack of correlations be-
tween LOI and Nd and Pb isotopic ratios confirm that these elements
are rather immobile during interactions with seawater. Therefore, we
will rely on Nd and Pb isotopes in the discussion of the mantle source
of the MRC samples.

The new samples from the MRC seamounts and Macquarie Island
plot in the subalkaline series, close to the boundary with the alkaline
series, in the total alkali–silica diagram (Fig. 3; Le Bas et al., 1986). Mac-
quarie Island and the MRC seamount samples have similar composi-
tions to samples from DSDP Sites 278 and 279 (Fig. 3; Pyle et al.,
1995), which were also produced by the proto–Macquarie spreading
ridge, but are different to the alkaline rocks of the Balleny province
and Scott Plateau (Fig. 3).

Primitive mantle-normalized incompatible element patterns of new
data fromMacquarie Island and theMRC seamounts display continuous
variation from a composition that is more enriched than N-MORB to a
highly enriched MORB end-member that is more enriched than typical
E-MORB (Fig. 4a, b). The MRC samples show positive anomalies in
HFSE (high field strength elements: Nb, Ta, Zr) as well as strong nega-
tive K and Pb anomalies and moderate negative anomalies in Sr. The
new data from theMRC samples display incompatible element patterns
that show similarities with HIMU OIB from Cook–Austral Islands
(Fig. 4a), as well as regional OIB of the Tasman Seamounts, Balleny
Islands and Scott Plateau (Fig. 4b). However, different from those OIB-
type basalts, the MRC samples show relatively flat heavy rare earth ele-
ment (HREE) patterns (Fig. 4a, b).

Chondrite-normalized rare earth element (REE) patterns of the new
MRC samples (except for the gabbro sampleMRC-11) show flat tomod-
erately enriched light vs heavy rare earth element (LREE/HREE) pat-
terns, e.g., (La/Sm)CN = 0.95–3.11, where CN = normalized to C1
chondrite (Sun and McDonough, 1989), and relatively flat HREE pat-
terns (e.g., [Dy/Yb]CN = 1.04–1.34). The La/Sm gradients are steeper
than N-MORB and less steep than OIB, but the HREE slopes are similar
to N-MORB and E-MORB and much flatter than those observed in OIB
(Fig. 4c).

The seamount gabbro sampleMRC-11 shows overall depletion in in-
compatible elements and relative enrichment in Sr and Eu (Fig. 4a, c),
which is typical of plagioclase accumulation in oceanic gabbro



Table 1
Isotope analyses of basaltic rocks from the Macquarie Ridge Complex.

Sample Sample typea 143Nd/144Nd 2SEb 87Sr/86Sr 2SEb 206Pb/204Pb 2SEb 207Pb/204Pb 2SEb 208Pb/204Pb 2SEb

Seamount 3
MRC-5 Basalt 0.513028 0.000002 0.702953 0.000003 19.541 0.005 15.594 0.004 38.982 0.010
MRC-7 Basalt 0.513041 0.000002 0.702928 0.000003 18.991 0.005 15.524 0.004 38.502 0.010
MRC-8 Basalt 0.513034 0.000005 0.703172 0.000005 19.060 0.013 15.549 0.010 38.673 0.026

Seamount 5
MRC-2 Basalt 0.513112 0.000003 0.702969 0.000005 18.547 0.009 15.456 0.008 38.042 0.019
MRC-9 Basalt 0.513030 0.000002 0.702925 0.000004 19.218 0.008 15.529 0.006 38.756 0.015
MRC-10 Basalt 0.513003 0.000003 0.702985 0.000005 19.084 0.008 15.587 0.007 38.758 0.017
MRC-11 Gabbro 0.513114 0.000011 0.703508 0.000007 18.252 0.018 15.504 0.015 37.867 0.037

Seamount 6
MRC-12 Basalt 0.513050 0.000003 0.703026 0.000004 19.078 0.009 15.511 0.007 38.525 0.018
MRC-13 Basalt 0.513060 0.000003 0.703303 0.000004 19.095 0.004 15.529 0.004 38.568 0.009
MRC-14 Basalt 0.512964 0.000002 0.703258 0.000004 19.081 0.005 15.518 0.004 38.871 0.011

Seamount 7
MRC-15 Basalt 0.513066 0.000003 0.703042 0.000004 18.958 0.009 15.516 0.007 38.545 0.017
MRC-16 Basalt 0.513079 0.000003 0.703054 0.000005 18.938 0.013 15.547 0.010 38.547 0.025
MRC-17 Basalt 0.513089 0.000003 0.703062 0.000005 18.904 0.010 15.495 0.008 38.511 0.020

Seamount 8
MRC-18 Dolerite 0.513056 0.000003 0.703029 0.000004 18.847 0.019 15.408 0.016 38.212 0.039
MRC-19 Dolerite 0.513039 0.000003 0.703134 0.000004 18.946 0.034 15.592 0.028 38.587 0.071

Seamount 9
MRC-22 Basalt 0.513092 0.000004 0.702927 0.000004 18.401 0.010 15.449 0.009 38.034 0.021

Seamount 10
MRC-4 Dolerite 0.513069 0.000003 0.704173 0.000005 18.603 0.017 15.487 0.014 38.048 0.035

Macquarie Island
MQ17-06 Basalt 0.513033 0.000004 0.704387 0.000003 19.228 0.011 15.560 0.008 38.783 0.020
MQ17-07 Basalt 0.513034 0.000003 0.703103 0.000003 19.282 0.006 15.559 0.005 38.820 0.013
MQ17-08 Basalt 0.513028 0.000002 0.703196 0.000003 19.295 0.006 15.584 0.005 38.866 0.012
MQ17-09 Glassy breccia 0.513063 0.000004 0.702867 0.000006 18.916 0.010 15.502 0.008 38.484 0.020
MQ17-10 Dolerite 0.513036 0.000002 0.703122 0.000004 19.378 0.012 15.563 0.010 38.896 0.024
MQ17-11 Dolerite 0.513012 0.000013 0.703024 0.000005 18.798 0.018 15.520 0.015 38.357 0.036
MQ17-12 Basalt 0.513092 0.000004 0.703159 0.000007 18.658 0.008 15.499 0.006 38.220 0.016
MQ17-13 Basalt 0.513069 0.000006 0.703743 0.000005 18.488 0.014 15.465 0.012 38.050 0.028
MQ17-14 Basaltic dyke 0.513045 0.000003 0.703112 0.000004 19.021 0.003 15.547 0.003 38.583 0.006
MQ17-15 Basaltic dyke 0.513084 0.000004 0.702798 0.000006 18.802 0.035 15.430 0.029 38.332 0.072

a Elemental concentrations of Rb, Sr, Sm, Nd, U, Th and Pb are available in Supplementary Table 3.
b Errors in 2 standard deviation.
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(Coogan et al., 2001). In thin section, it is composed of plagioclase
(60 vol%) and pyroxene (40 vol%) with a holocrystalline texture (Sup-
plementary Fig. 1, Supplementary Table 1). Therefore, MRC-11 is a cu-
mulate rock comprising of accumulations of plagioclase and pyroxene
phenocrysts.

The new MRC samples show 87Sr/86Sr ranging from
0.70280–0.70417 and 143Nd/144Nd ranging from 0.51296–0.51311
(Fig. 5a, Table 1). The new samples have generally similar Sr isotopic ra-
tios and Nd isotopic ratios to those previously analyzed in Macquarie
Island glasses (87Sr/86Sr: 0.70257–0.70329, 143Nd/144Nd: 0.51300–
0.51306; Kamenetsky et al., 2000; Kamenetsky and Maas, 2002). In
terms of Nd isotope ratios, the MRC basalts are similar to rocks from
the Scott Plateau but are more radiogenic than rocks from the Balleny
Plateau. Compared with MORB between the Pacific–Antarctic Ridge
west of Udintsev Fracture Zone (~146°W) and the Southeast Indian
Ridge east of Australian–Antarctic Discordance (~128°E; Fig. 1a, Supple-
mentary Table 4), the MRC samples generally overlap in Sr and Nd iso-
tope space, but also trend towards less radiogenic Nd isotopic
compositions (Fig. 5a, b).

The new Pb isotope data from Macquarie Island and the MRC sea-
mounts (206Pb/204Pb = 18.252–19.541, 207Pb/204Pb = 15.408–15.594,
208Pb/204Pb = 37.867–38.982) generally overlap with previous data
from the Macquarie Island glasses, but also extend towards less radio-
genic compositions (Fig. 5b–d). There is no obvious difference between
samples from the island (basalt and glass) and samples from the
5

seamounts in termsof isotopic compositions. Overall, no systematic var-
iation in isotopic ratios exists along the MRC (Supplementary Fig. 4).

In 207Pb/204Pb vs 206Pb/204Pb space, the new data from the MRC are
more scattered than previous data, with a distribution towards lower
207Pb/204Pb and 206Pb/204Pb (Fig. 5c). However, the MRC samples
show a strong positive correlation on the 208Pb/204Pb vs 206Pb/204Pb
plot with a slope slightly shallower than that of the NHRL (Fig. 5d).
Our new data show a strong affinity with the samples from DSDP Sites
278 and 279 (Fig. 5; Pyle et al., 1995), although the number of data
from the two drilling sites are limited. Someof theMRC samples overlap
with the Pacific–Indian MORB (MORB from the Pacific–Antarctic Ridge
west of Udintsev Fracture Zone, and the Southeast Indian Ridge east of
Australian–Antarctic Discordance; Figs. 1, 5), but the majority of them
differ with lower 207Pb/204Pb at given 206Pb/204Pb (Fig. 5c), and higher
208Pb/204Pb and 206Pb/204Pb (Fig. 5d). The MRC samples together with
the Macquarie Island glasses form a trend towards HIMU compositions
similar to those of the Cook–Austral HIMU OIB (Fig. 5d). Such a trend is
also observed for the Balleny Islands and Scott Plateau samples (Lanyon,
1994; Lanyon et al., 1993).

The MRC samples show a positive covariation between (La/Sm)CN
and 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb (R2 = 0.85, 0.50 and
0.80, respectively; Fig. 6a–c) and negative covariation with
143Nd/144Nd, which is not as well defined as the other correlations
(R2 = 0.38; Fig. 6d). However, (Dy/Yb)CN do not show any covariation
with any isotope ratios (R2 = 0.08, 0.06, 0.06 and 0.14 for 206Pb/204Pb,
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207Pb/204Pb, 208Pb/204Pb and 143Nd/144Nd, respectively; Fig. 6e–h). The
MRC basalts show different patterns of REE ratios vs isotope ratios com-
paredwith the Balleny province samples (Fig. 6). Indeed, contrary to the
MRC samples, the Balleny province samples have (La/Sm)CN and (Dy/
Yb)CN that do not vary significantly regardless of the Pb and Nd isotopic
ratios. Only three Sr–Nd–Pb isotope data are available from Scott Pla-
teau, and they show limited variation of the isotopic ratios.

5. Discussion

5.1. Involvement of a mantle plume component in the MRC basalts?

Several lines of evidence suggest that MORB from the Macquarie
Ridge Complex were not sourced from depleted and homogeneous
upper mantle. These include: (i) Nd isotopes ratios mostly less radio-
genic than those of N-MORBs; (ii) Pb isotopes extending beyond the
MORB field towards a HIMU-like mantle component (Fig. 5); and (iii)
similarities of the incompatible elements to those of regional HIMU
OIB from the Balleny and Scott plateau samples, except for the relatively
flat HREE patterns (Fig. 4). Therefore, the key issue to explain the geo-
chemical and isotopic signatures of the MRC basalts is to determine
whether these chemical features were caused by the contamination of
a depleted upper mantle source by deep plume material, or they reflect
heterogeneity of the upper mantle in the MRC region.

When a rising mantle plume encounters upwelling upper mantle at
a spreading ridge, the isotopically-enriched plumematerial is entrained
in the asthenosphere and the final melt isotopic compositions are inter-
mediate between the plume and depleted asthenosphere and a chemi-
cal continuum can be observed between the depleted asthenosphere
and enriched mantle plume endmembers. Such phenomenon has
been observed, for example, at Iceland (e.g., Peate et al., 2010). The het-
erogeneous enrichment in incompatible elements (Fig. 4) and the ob-
served trend formed by the MRC data from depleted MORB mantle
(DMM) towards a HIMU-like component (Fig. 5), may suggest the in-
volvement of a mantle plume and asthenospheric component in differ-
ent proportions in the mantle source.

If a mantle plume component was responsible for the enriched na-
ture of MRC melts, the purported Balleny mantle plume is the most
probable plume source due to the relative geographical proximity be-
tween the MRC and the Balleny hotspot track (Fig. 1a), and the geo-
chemical similarity between the MRC and Balleny basalts (Figs. 4, 5).
Although the MRC basalts also show geochemical similarity to the
Scott Plateau samples, which may have been produced by a mantle
plume (Lanyon, 1994), the influence of an alleged Scott plume on the
MRC is less likely due to a significant separating distance (> 1500 km,
Fig. 1a). Moreover, there are only three isotopic data points from the
Scott Plateau (Fig. 5), making any links to the MRC tentative at best.

We model the isotopic compositions of binary mixed melts derived
from a depleted Pacific–Indian MORB source (DMM) and the Balleny
plume source (Fig. 7a, b, c) to test whether the MRC basalts could
have been produced by suchmixedmantle source components. The iso-
topic compositions of the DMM and Balleny plume are heterogeneous
to some extent (Fig. 5), so using just one ‘representative’ composition
from each end-member in the mixing modelling would be inadequate
to represent the isotopic characteristics of these end-members. To mit-
igate simplistic end-member compositions, we simulated 1000 possible
compositions for each end-member to account for the range of their
natural isotopic variations (Merle et al., 2017). To do this, one isotopic
composition of each end-member was chosen and given a standard de-
viation (Gaussian) able to encompass the complete isotopic variations
Fig. 4. (a) Primitivemantle normalized incompatible element patterns for theMRC samples. Th
for Cook–Austral Islands are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/
MRC, Tasman Seamounts, Balleny Islands and Scott Island. (c) Chondrite normalized rare earth
normalization values, are from Sun and McDonough (1989). The data have been filtered for lo
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of basalt samples that has currently been studied for the mixing end-
members (Fig. 7, Table 2). Then, using a Mersenne Twister random
number generator associated with Monte Carlo simulations performed
in QuantumXL, 1000, possible compositions that are normally distrib-
uted around the chosen mean composition are simulated. In each
mixing simulation calculation, two isotopic compositions were ran-
domly selected from each of the two theoretical end-member composi-
tions, and were mixed in a random proportion (between 0 and 100%).
This Monte Carlo simulation process was repeated for 1000 times and
thus, 1000 mixed theoretical compositions were generated. The mixed
theoretical isotopic compositions are more representative of the isoto-
pic heterogeneity of mantle components that can be produced by solely
mixing two ‘representative’ compositions from the end-members.

Ourmodelling results show that, in terms of Pb isotopes, the compo-
sitions of mixed melts derived from the Balleny mantle plume and the
DMM have 208Pb/204Pb that are slightly too high to account for the
MRC samples (Fig. 7b). Samples produced by the Balleny mantle
plume have relatively high 208Pb/204Pb at given 206Pb/204Pb and lie
close to the NHRL, while the majority of the MRC samples lie below
the NHRL (Fig. 5d). These results suggest that the Balleny mantle
plume was probably not involved in the generation of the MRC basalts.

5.2. Heterogeneous mantle source involving a mixture between DMM and
HIMU components

The absence of evidence for direct contributions of plume material
agrees with earlier interpretations on the mantle source of the Mac-
quarie Island glasses (Kamenetsky et al., 2000). To account for the geo-
chemical and isotopic heterogeneity of the Macquarie Island glasses,
Kamenetsky et al. (2000) and Kamenetsky and Maas (2002) proposed
amodel involving the fractional ‘dynamic’melting and efficientmelt ex-
traction of a single spinel-peridotite source, which itself is isotopically
heterogeneous at the grain scale. The proposedperidotitemantle source
was supported by the study of trace element compositions of olivine,
clinopyroxene and melt inclusions in basalts and glasses from
Macquarie Island (Husen et al., 2016), but was not supported by
experiment-based modelling, which indicated that a mantle source
richer inDi (diopside) and JCL (jadeite+ calcium Tschermak'smolecule
+ leucite) is required to generate the composition of the Macquarie Is-
land glass (Varne et al., 2000). It is possible that the proposed peridotite
mantle (Kamenetsky et al., 2000; Kamenetsky andMaas, 2002) is capa-
ble of preserving the Nd isotopic heterogeneity considering that grain-
scale Nd isotopic heterogeneity can be preserved in plagioclase and
clinopyroxene in lower crustal gabbros (Lambart et al., 2019) due to
the extremely slow diffusion of Nd in these minerals (Van Orman
et al., 2001). However, it is not clearwhether these isotopic heterogene-
ities can be preserved at the solidus temperature of a peridotite. Even if
the peridotite could retain the Sr, Nd and Pb isotopic heterogeneities,
the proposed grain-scale isotopic heterogeneity of the peridotite
makes it inconceivable to extract the melt in chemical isolation, and
melt–solid diffusion can also modify the isotopic signatures (Lambart
et al., 2019). Thus, fractional dynamic melting of a single spinel perido-
tite source (with efficient melt extraction) would be impossible to pro-
duce the isotopically enriched MORB-like basalts observed for the MRC
samples.

Basalts from the two proximal Oligocene to Miocene DSDP Sites 278
(~26 Ma) and 279 (~15 Ma; Pyle et al., 1995; Fig. 1b) have similar ele-
mental and isotopic compositions to the MRC (Figs. 1a, 5), with Site
279 having slightly more radiogenic isotopic compositions than Site
278. On isotope vs incompatible element ratio plots, Sites 278 and 279
eMacquarie Island glasses data are from Kamenetsky et al. (2000) andWertz (2003). Data
georoc/Start.asp). (b) Primitive mantle normalized incompatible element patterns for the
element patterns for the new MRC samples. Data for N-MORB, E-MORB and OIB, and all

ss-on-ignition (LOI <2.5%).

http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp
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the plotted symbols.

Q. Jiang, R.E. Merle, F. Jourdan et al. Lithos 380–381 (2021) 105893
lie on the trends defined by the MRC (Fig. 6). Considering that basalts
from these two sites are earlier products of the proto–Macquarie
spreading ridge, this may suggest that the chemical composition of
themantle source underneath the spreading centre has not significantly
changed since the inception of the proto-Macquarie spreading ridge at
~40 Ma, although more age and isotope data are still needed. Thus, the
isotopic signature of theMRC basalts is,most likely, not a small chemical
heterogeneity localized to a specific region, but rather a long-term and
large-scale chemical anomaly in the vicinity of the Australian–Pacific
(−Antarctic) plate boundary (Fig. 1).

Widespread Cretaceous–Cenozoic intraplate volcanism on the
Zealandia continent generatedmagmatismwith HIMU-like isotopic sig-
natures, including continental basaltic volcanism on the South Island of
New Zealand, and oceanic volcanism on the submarine Campbell Pla-
teau (including Auckland, Antipodes and Campbell Islands), Chatham
Rise, Challenger Plateau, and seamounts on the Hikurangi Plateau
(Fig. 5, Supplementary Table 4; Hoernle et al., 2010; Hoernle et al.,
2020; Hoernle et al., 2006; McCoy-West et al., 2010; Timm et al.,
2010; Van der Meer et al., 2017). The chemical characteristics of the
9

Cretaceous Zealandia intraplate HIMU-like basalts have been
interpreted as derived from a deep-seated mantle plume (Hoernle
et al., 2020) while the Cenozoic lavasmay have been formed by decom-
pressionmelting of upwelling asthenosphere triggered by delamination
of small portions of cool and dense subcontinental lithospheric keel in
response to gravitational instabilities along the lithospheric–
asthenospheric mantle boundary (Hoernle et al., 2006; Timm et al.,
2010). The isotopic compositions of the MRC basalts seem to trend to-
wards that of the Cenozoic series of the Zealandia HIMU-like basalts,
and are different from the Cretaceous lavas in having lower
207Pb/204Pb at given 206Pb/204Pb (Fig. 5c). Therefore, it is likely that
there is a shared origin inmantle components between theMRC basalts
and the Cenozoic Zealandia HIMU-like basalts considering their geo-
chemical similarities and close proximity (Fig. 1a).

We model the isotopic compositions of mixed melts derived from a
DMM and a Cenozoic Zealandia HIMU-like mantle source (Fig. 7d–f). A
similar Monte Carlo simulation was applied to this modelling as
outlined in section 5.1. Considering that there is significant regional het-
erogeneity in the compositions of the HIMU-like basalts in Zealandia

http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp
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(Fig. 5), we use the compositions of basalts from the nearest part of
Zealandia to theMRCas theHIMU-like component in themixingmodel-
ling, specifically fromAuckland Island, Campbell Island and Pukaki Bank
from the western Campbell Plateau (Figs 1a, 5, Table 2, Supplementary
Table 4). Themodelling results show that both Nd and Pb compositions
of the MRC samples can be generated by mixing a depleted MORB
mantle component with a Cenozoic Zealandia HIMU-like component.
We note that there are few MRC samples having relatively low
10
143Nd/144Nd (n = 1) or high 143Nd/144Nd (n = 2) at given 206Pb/204Pb
which cannot be satisfactorily modelled (Fig. 7f). This suggests that
the actual HIMU-like mantle source component could be slightly more
heterogeneous than what was currently sampled from basalts on the
western Campbell Plateau. However, these few outliers do not affect
the implications of themodelling that theMRC basalts and the Cenozoic
Zealandia (particularly the western Campbell Plateau) HIMU-like ba-
salts may thus share similar mantle source components.



0.5128

0.5129

0.5130

0.5131

0.5132

0.5133

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5

14
3

14
4

N
d/

N
d

206 204Pb/ Pb

37.0

37.5

38.0

38.5

39.0

39.5

40.0

40.5

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
20

8
20

4
P

b/
P

b
206 204Pb/ Pb

15.3

15.4

15.5

15.6

15.7

15.8

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5

20
7

20
4

P
b/

P
b

206 204Pb/ Pb

206 204Pb/ Pb206 204Pb/ Pb

20
7

20
4

P
b/

P
b

206 204Pb/ Pb

Macquarie Island - new data

MRC Seamount
Macquarie Island - reference

DMM + Balleny
DMM + Scott

Binary mixing between DMM and Cenozoic Zealandia HIMU

Binary mixing between DMM and Balleny plume

(a) (b) (c)

15.3

15.4

15.5

15.6

15.7

15.8

17 18 19 20

(d) (e) (f)

DMM

Balleny
Balleny

Balleny

DMM

DMM

DMM DMM

DMM
Cenozoic
Zealandia

Cenozoic
Zealandia

Cenozoic
Zealandia

36.5

37.5

38.5

39.5

40.5

17 18 19 20
14

3
14

4
N

d/
N

d

20
8

20
4

P
b/

P
b

0.5128

0.5129

0.5130

0.5131

0.5132

0.5133

17 18 19 20

Fig. 7. Numerical modelling of binary mixing between the depleted MORB mantle (DMM) source and the (a, b, c) Balleny plume, and (d, e, f) Cenozoic Zealandia HIMU. The possible
isotopic compositions of the source of the MRC basalts were calculated using a Monte Carlo simulation approach and 1000 trials were conducted for each simulation. The compositions
and uncertainties of the mixing source components are in Table 2.

Q. Jiang, R.E. Merle, F. Jourdan et al. Lithos 380–381 (2021) 105893
5.3. Origin of the enriched mantle component

The models discussed above indicate the presence of an isotopically
enriched component in the mantle source of the MRC basalts, possibly
sharing an origin with the HIMU-like component found in the western
Campbell Plateau portion of the Zealandia microcontinent. The origin
of the isotopically enriched mantle signature presented in the Mac-
quarie Island glasses remains unclear. The formation of HIMU basalts
has generally been attributed to recycling of altered, subducted oceanic
crust within mantle plumes rising from the deep mantle (e.g., Stracke
et al., 2005). However, a recycled oceanic crust component in the man-
tle source of MRC basalts was not supported by the MORB-like 3He/4He
and high Br/Cl of the Macquarie Island glasses (Kendrick et al., 2012),
while a plume component from the Balleny mantle plume is unsup-
ported by the Monte Carlo mixing modelling results (Fig. 7).
Table 2
The mean and standard deviations of isotopic compositions of melts derived from the end-me

End-members Nd (ppm)a 143Nd/144Ndb Pb (p

Depleted MORB (P) 14.0 ± 3% 0.513144 ± 0.005% 0.68
Balleny plume (B) 33.7 ± 10% 0.512822 ± 0.005% 4.0 ±
Zealandia HIMU (Z) 46.34 ± 3% 0.512937 ± 0.004% 2.80

a Average values of basalts produced by the end-member mantle sources (compiled data ar
b Note that the isotopic compositions and uncertainties are not froma specific sample of the e

the variations of the endmember components.

11
Alternatively, HIMU-like isotopic and geochemical signatures of
oceanic basalts could be generated by metasomatised continental or
oceanic lithospheric mantle (e.g., Homrighausen et al., 2018; Scott
et al., 2016). The Monte Carlo mixing modellings reveal affinity in
the isotopically enriched component between the MRC basalts and
Cenozoic Zealandia HIMU-like basalts (Fig. 7). Given that the HIMU-
like signatures of the Cenozoic Zealandia basalts have been attributed
to partial melting of metasomatised sub-continental lithospheric man-
tle (Hoernle et al., 2006; McCoy-West et al., 2010; Panter et al., 2006;
Timm et al., 2010), we explore in the following section whether such a
component could also contribute to the source of the heterogeneous
mantle signature of the MRC basalts.

The new data for the MRC basalt samples and previous data for the
Macquarie Island glass samples show significant variation in the abun-
dance of REE (e.g., [La/Sm]CN = 0.95–5.07) and other incompatible
mber mantle sources.

pm)a 206Pb/204Pbb 207Pb/204Pbb 208Pb/204Pbb

± 1% 18.152 ± 1% 15.453 ± 0.15% 37.596 ± 0.3%
2% 19.799 ± 0.2% 15.639 ± 0.24% 39.619 ± 0.2%

± 1% 19.655 ± 0.4% 15.597 ± 0.07% 39.244 ± 0.1%

e available in Supplementary Tables 3–4).
ndmember components, but are used to generate isotopic compositionfields to encompass



Q. Jiang, R.E. Merle, F. Jourdan et al. Lithos 380–381 (2021) 105893
trace elements (Fig. 4). Slight enrichment in the LREE andMREE toHREE
ratios, such asDy/Ybor Sm/Yb, has often been attributed to thepresence
of residual garnet in a MORB source (Hirschmann and Stolper, 1996;
Waters et al., 2011). Global compilations of (Sm/Yb)DM (DM = normal-
ized to depleted mantle; Hirschmann and Stolper, 1996) of N-MORB
range from 1.31–1.49 (Hofmann, 1988). The (Sm/Yb)DM of theMRC ba-
salts range from1.36–3.79 (average=2.15), which are higher thannor-
mal MORB values and may indicate the existence of residual garnet in
the mantle source of MRC basalts. This is also supported by the (Tb/
Yb)CN of the MRC basalts (1.01–1.59; average = 1.27; Supplementary
Table 2), which is higher than that of typical N-MORB and E-MORB
((Tb/Yb)CN = 1.0; Sun and McDonough, 1989; Wang et al., 2002).

The negative anomalies of alkali elements (e.g. Ba, K) of the new
MRC samples (Fig. 4) may require the presence of phlogopite or amphi-
bole in the mantle source because, relative to normal anhydrous min-
eral melting, the involvement of amphibole or phlogopite during
partial melting would result in the retention of alkali elements and
water (Adam et al., 1993). The trends towards lower K/La for higher
La contents and higher La/Yb, and a lack of trend in the Ba/La vs La
and Ba/La vs La/Yb plots (Supplementary Fig. 5) indicate amphibole
rather than phlogopite was the dominant hydrous mineral in the man-
tle source (Haase et al., 2004). The presence of amphibole-bearingman-
tle has been proposed as the source of HIMU-like basalts for Zealandia,
including the Lookout Volcanics (McCoy-West et al., 2010), the Anti-
podes, Campbell and Chatham Islands (Panter et al., 2006), and
lamprophyre dikes from Westland (Van der Meer et al., 2017).

Previously, a garnet-free, spinel peridotite was proposed to be the
mantle source of the Macquarie Island glasses due to the relatively
unfractionated HREE compositions (Kamenetsky and Maas, 2002),
and the La/Sm vs Gd/Yb of the Macquarie Island glasses were subse-
quently used to define a garnet-free melting trend for MORB (Fig. 4 of
Kamenetsky and Eggins, 2012). However, the modelling results of
Waters et al. (2011) suggested that large proportions (>95%) of melts
of N-MORB composition mixed with small proportions (<5%) of garnet
pyroxenitemelts are able to produce the incompatible element patterns
of E-MORB (with relatively flat HREE patterns; Fig. 12 of Waters et al.,
2011). The relatively flat HREE of the MRC basalts could be explained
by the co-existence of residual garnet and amphibole in the mantle
source. While garnet strongly partitions HREE, amphibole is the only
common mantle-bearing mineral where MREE are preferentially incor-
porated over LREE and HREE (Dalpé, 1994; Tiepolo et al., 2007).

Wemodel the REE ratios of theMRC bymelting three possible man-
tle sources: spinel lherzolite, garnet lherzolite and amphibole-bearing
garnet pyroxenite. As fixed parameters of the partial melting model,
we used the REE partition coefficients of McKenzie and O'Nions
(1991), and the equations of Shaw (1970), which quantitatively
Table 3
Parameters used in the partial melting modelling.

Spinel lherzolite Garnet lherzolite

Modal composition Melting mode Modal composition

Olivine 0.578 −0.167 0.658
Orthopyroxene 0.27 0.466 0.211
Clinopyroxene 0.119 0.652 0.115
Spinel 0.033 0.049
Garnet 0.02
Amphibole
References Thirlwall et al., 1994 Niu, 1997 Thirlwall et al., modified

REE compositions
La (ppm) 0.687 0.70
Sm (ppm) 0.444 0.34
Eu (ppm) 0.172 0.162
Gd (ppm) 0.596 0.54
Yb (ppm) 0.4 0.53
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described trace element fractionation during fractional melting. Other
parameters required in the modelling include the REE compositions
and modal compositions of the mantle source, and the melting modes
(proportions of the melting phases; Table 3). The peridotites exposed
on Macquarie Island show highly refractory signatures suggesting
they are residues after high degree of partial melting (Dijkstra et al.,
2010; Wertz, 2003). Conversely, the basalts on Macquarie Island show
enriched characters and require low overall degrees of partial melting
of the mantle source and thus cannot be generated from the refractory
peridotites on the island. In addition, no mantle xenolith has been
found in the MRC basalts. Therefore, the lithology and geochemical
composition of the source of theMRC basalts, as well as the proportions
of the melting phases, are uncertain. In spite of the source uncertainty,
we chose theoretical compositions and melting mode from the litera-
ture for the spinel peridotite (Niu, 1997; Thirlwall et al., 1994), garnet
peridotite (Thirlwall et al., 1994; Walter, 1998) and amphibole-
bearing garnet pyroxenite (McCoy-West et al., 2010).

Partialmeltingmodelling results of the threemantle sources are pre-
sented in Fig. 8. Although some of the MRC basalts can be adequately
modelled by partial melting of spinel peridotite source, the majority of
the MRC basalts have excessively high La/Yb and La/Sm that cannot be
generated by melting spinel-bearing peridotite alone. Small amounts
of garnet are required in the mantle source to yield the observed
LREE/HREE (e.g., La/Yb) and MREE/HREE patterns (e.g., Eu/Yb, Gd/Yb).

Partial melting modelling of a garnet-bearing peridotite shows that
most of the MRC basalts cannot be produced by such a source due to
their relatively low Gd/Yb (Fig. 8). In addition, if partial melting begins
in the garnet peridotite field (~70–90 km depth), the oceanic crust pro-
duced would be greater (>10 km; cf. Fig. 1 in Hirschmann and Stolper,
1996) than the normal thickness of 7 ± 1 km (2σ) formed entirely
within shallow crustal depths associated with MORB production
(e.g., Klein and Langmuir, 1987). Using the 1 × 1° global crustal thick-
ness model CRUST1.0 of Laske et al. (2013), we calculate a thickness of
7.2 ± 0.7 km (2σ) for the oceanic crust generated by the proto-
Macquarie spreading centre (from 154.5°E to 162.5°E and − 51.5°S to
−58.5°S), indicating that there is no anomalously thick oceanic crust
in this region. This also suggests that the MRC basalts were not pro-
duced bymelting in the garnet peridotite stability field at depths greater
than ~70–90 km.

The MRC samples lie close to the partial melting curves of
amphibole-bearing garnet pyroxenite (Fig. 8). To account for the pres-
ence of garnet but the lack of anomalously thick oceanic crust, we
argue that the MRC basalts were derived from a predominantly spinel
peridotite source, with small amounts of amphibole-bearing garnet py-
roxenite. Although MORBs are believed to be derived from relatively
shallow source regions (<70 km) in the stability field of spinel
Amphibole–garnet pyroxenite

Melting mode Modal composition Melting mode

0.07 0.04 0.025
−0.16 0.70 0.20
0.68 0.11 0.205

0.25 0.04/0.02 0.25
0.08 0.315

Walter, 1998 McCoy-West et al., 2010, modified McCoy-West et al., 2010

0.69
0.32
0.168
0.56
0.515
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(O'Hara et al., 1971), garnet is stable at lower pressures in pyroxenite
than in peridotite (Hirschmann and Stolper, 1996). Pyroxenite has a
lowermelting temperature than peridotite and begins tomelt at greater
depths than the surrounding peridotite (Hirschmann and Stolper, 1996;
Ito andMahoney, 2005; Lambart et al., 2009). Thus, early stages ofmelt-
ing will melt pyroxenite preferentially. If this pyroxenite entrained into
dominantly peridotitic mantle has HIMU isotope characteristics
(e.g., Hamelin and Allègre, 1988; Morgan, 1999), then it would be ex-
pected that basalts produced by lower degrees of partial melting
would have higher proportions of HIMU toMORBmelts (i.e., higher py-
roxenite to peridotite melts, respectively). The (La/Sm)CN acts as a good
proxy for partial melting degree, with higher ratios indicative of smaller
degrees ofmelting. (La/Sm)CN could also vary as a result of directmixing
between enriched and depleted melts, but this would also generate co-
variations between (Dy/Yb)CN and isotope ratios, which are not ob-
served (Fig. 6e–h). In the MRC basalts, positive covariations between
(La/Sm)CN and Pb isotopes, and negative correlations between (La/
Sm)CN and Nd isotopes (Fig. 6a–d) therefore support the presence of
fertile HIMU-like pyroxenitic components in a dominantly peridotitic
source. At shallower depths in themelting column, the spinel peridotite
would begin to melt and the ratio of peridotite to pyroxenite would in-
crease with increasing degrees of partial melting. The less radiogenic
but significantlymore voluminous peridotiticmeltswould then obscure
the geochemical signature of the smaller amount ofmore radiogenic py-
roxenite melts, yielding overall lower Pb isotopic ratios with increasing
degrees of partial melting. Thus, the incorporation of small proportions
of pyroxenite, potentially present as veins in a dominantly peridotitic
mantle, is supported by trace element vs isotopic ratio plots (Fig. 6).

The presence of small portions of pyroxenite within largely perido-
titic mantle also circumvents the issue of the dynamic melting model
previously proposed for the Macquarie Island glasses (Husen et al.,
2016;Kamenetsky et al., 2000 ; Kamenetsky and Maas, 2002). The
main issuewith dynamicmelting of a grain-scale heterogeneousmantle
source (Kamenetsky et al., 2000; Kamenetsky andMaas, 2002) is that it
cannot satisfactorily explain how the isotopically enriched melts (gen-
erated by isotopically enriched ‘grains’) were extracted in chemical iso-
lation with isotopically depleted melts (generated by isotopically
13
depleted ‘grains’) to form isotopically enriched glass samples.Moreover,
this model also does not explain how the grain-scale heterogeneity of
the mantle source managed to survive melt–solid diffusion (Lambart
et al., 2019). In our pyroxenite-veined mantle model, pyroxenite and
peridotite can generate their own network of channels and experience
limited magma mixing inside the channels (Lambart et al., 2019). The
melt–rock reaction between pyroxenite-derived melts and the sur-
rounding peridotite is also limited and thus the pyroxenite-derived
melts are able to preserve their geochemical and isotopic characteris-
tics en route to the lower crust (Lambart et al., 2012). Various pro-
portions of pyroxenite-derived melts and peridotite-generated melts
can then be mixed together to form geochemically and isotopically
heterogeneous basalts. Again we note that the limited amount of
amphibole-bearing garnet pyroxenite (<5%) will not cause an obvious
rise in the Dy/Yb and Gd/Yb ratios for the MRC samples based on our
modelling results (Fig. 8b) and that of Waters et al. (2011). This model
is consistent with the recent finding that the variations in the isotopic
compositions of MORB are caused by the different proportions of
recycled material in the aggregated magma (Lambart et al., 2019). A
similar pyroxenite-veined peridotite mantle source has previously
been proposed to explain the elongate tube-like field in isotopic
space of OIB (Morgan, 1999).

5.4. Origin of pyroxenite veins in the shallow mantle

Previous studies have demonstrated that pyroxenite veins could be
formed within the metasomatised lithospheric mantle (e.g., Niu and
O'Hara, 2003) and that amphibole in the pyroxenite veins could be
formed by infiltration of carbonatitic or hydrous fluids, or low-degree
partial melts of subducted oceanic lithosphere, into a peridotitic mantle
(Yaxley et al., 1991). Considering that amphibole is not stable and can
break down easily at the temperature of the convecting asthenospheric
mantle (Yaxley and Kamenetsky, 1999), the pyroxenite veins most
likely reside in the oceanic lithospheric mantle.

The Monte Carlo mixing modelling revealed isotopic affinity be-
tween the MRC basalts and the Cenozoic Zealandia HIMU-like basalts
(Fig. 7d–f). The HIMU-like isotopic and geochemical signatures of the
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Cenozoic Zealandia basalts are believed to be derived from a SCLM that
was metasomatised by melts or fluids originated from subducted slabs
along the east Gondwana subduction margin (Fig. 9; McCoy-West
et al., 2010; Panter et al., 2006; Timm et al., 2010; Van der Meer et al.,
2017). We posit that the bottom of the oceanic lithospheric mantle
under the Macquarie Basin (Figs. 1b, 9) was similarly metasomatised
by melts and/or fluids derived from subduction-related material in the
asthenosphere, which is supplied by ancient and/or recent subduction
along the Pacific margin before the breakup of East Gondwana
(Larter et al., 2002). Alternatively, if not directly metasomatised by
Ampgarnet 
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subduction-related material, the Macquarie Basin oceanic lithospheric
mantle could be influenced by the fluids or partial melts of the
delaminated Zealandia metasomatised SCLM (Fig. 10; Hoernle et al.,
2006). The fluids or melts of the metasomatised SCLM could be trans-
ferred to the base of theMacquarie Basin oceanic lithosphere by the lat-
eral and vertical flow of warm Pacific mantle, which was triggered by
Rayleigh–Taylor instabilities due to the sudden detachment and sinking
of subducted slabs along the former Gondwana margin (Fig. 9; Finn
et al., 2005), or by the upper mantle instability induced by the strike-
slip motion of the Macquarie Ridge (Massell et al., 2000; Mosher and
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Symons, 2008). This is supported by the observation that metasoma-
tism in the Zealandia peridotite xenoliths possess a large range of
ages, with numerous ages <20 Ma despite the HIMU signature being
added before 100Ma (McCoy-West et al., 2016). Therefore, there is on-
going metasomatism in the Macquarie Basin oceanic lithosphere, prob-
ably as the result of remobilization of the Zealandia HIMU-like mantle
components since the metasomatic event of the Zealandia lithospheric
mantle at ~115–110 Ma (McCoy-West et al., 2016).
15
5.5. Possible links between MRC and other HIMU-like basalts in SW Pacific

Our new data support the hypothesis that the chemical characteris-
tics of the MRC basalts were produced by melting of a heterogeneous
mantle source, which consisted of a peridotitic asthenospheric mantle
and pyroxenite veins. It is still unclear whether the distribution of the
isotopically enriched component identified in the MRC rocks is re-
stricted to the MRC and Zealandia areas, or if it occurs over a more
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widespread portion of the mantle further west, east and south in the
SW Pacific.

Indeed, forMORBs from furtherwest and south in the Indian and Pa-
cific Oceans (between the Australian–Antarctic discordance and the
Udintsev Fracture Zone; Fig. 1a), relatively high Pb isotopic ratios and
low Nd isotopic ratios similar to that of the MRC basalts have also
been recorded from the Southeast Indian Ridge (SEIR) to the east of
the Australian–Antarctic discordance, and two segments of the
Pacific–Antarctic Ridge (Fig. 10; Park et al., 2019). This indicates that
the HIMU component in the mantle source of the MRC basalts may ex-
tend both south andwest beyond theMRC in the SWPacific Oceans.We
note that the HIMU-like isotope signature of the Pacific–Antarctic Ridge
MORBwas attributed to deepmantle upwelling related to the Balleny or
Ross mantle plumes (Park et al., 2019). However, geochemical and iso-
topic evidence for the existence of deepmantle component in the man-
tle source of the Pacific–Antarctic RidgeMORB is lacking, and thismodel
is not able to explain the generally higher Pb and lower Nd isotopic ra-
tios of the MRC samples compared to the Pacific–Antarctic Ridge MORB
(Fig. 10), which are closer to the Antarctic plumes (Figs. 1a, 9b).

Further south in Antarctica, HIMU-like basalts have been found in
the Crary Mountains (Panter et al., 2000), Hobbs Coast (Hart et al.,
1997) and the NW Ross Sea (Panter et al., 2018) in the West Antarctic
Rift System (WARS), the Marie Byrd Seamounts (Kipf et al., 2014) and
Ross Island (Phillips et al., 2018). Although the HIMU-like signatures
of basalts from Hobbs Coast, Marie Byrd Seamounts and Ross Island
were possibly derived from HIMU-type mantle plumes (Hart et al.,
1997; Kipf et al., 2014; Phillips et al., 2018), the role of metasomatised
Gondwana lithosphere has also been recognized (Panter et al., 2000;
Panter et al., 2018). Metasomatic hydrous mineral phases have also
been found in the Marie Byrd Land and Transantarctic mantle xeno-
liths (Gamble et al., 1988; Handler et al., 2003). We hypothesize that
while some of these basalts could be derived from mantle plumes, at
least portions of the west Antarctic lithospheric mantle were similarly
affected by metasomatism from the subduction system that affected
Zealandia, and thus contributed to the formation of the HIMU-like ba-
salts across the region (Finn et al., 2005; McCoy-West et al., 2016;
Panter et al., 2006).

On the periphery of the Antarctic lithosphere, the Scott Plateau and
Balleny Plateau also have HIMU-like affinities and may also share this
same pyroxenitic source. The Scott Plateau, in particular, shares
geochemical and isotopic affinities with theMRC basalts (Figs. 5, 6, Sup-
plementary Fig. 3). To explain the more isotopically radiogenic compo-
sitions of the Scott Plateau, a higher proportion of pyroxenite to
peridotitic melt is required, which is consistent with the formation of
highly alkaline rocks by low-degree partial melting under thick as-
thenospheric melts distal from the spreading centre (Fig. 1a, Fig. 9b).
Conversely, the HIMU-like signatures of the Balleny province are differ-
ent from those of the MRC (Fig. 7a–c). The generally higher 208Pb/204Pb
and lower 143Nd/144Nd at given 206Pb/204Pb of the Balleny samples re-
quire higher time-integrated Th/Pb and lower time-integrated Sm/Nd
source(s) compared with that of the MRC mantle source. Basalts from
Balleny Plateau also have generally higher 143Nd/144Nd and lower Pb
isotopic ratios than those of the south Tasman Seamounts (Fig. 1) but
are similar to the Scott Plateau andMRC basalts (Figs. 5b, 6a–d). Assum-
ing the Balleny province rocks are all from the samemelting regime, the
relatively recentmagmatic products of the Balleny plume— the Balleny
Plateau—mayhave entrained somepyroxenitemelts,which could have
caused the difference between the Balleny Plateau and the earlier south
Tasman Seamounts, and similarities with the MRC and Scott Plateau
(Fig. 9). Thus, the mechanisms that caused the heterogeneous isotopic
signatures in the MRC and HIMU-like signatures in the Balleny Plateau
and Scott Plateaumay reflect a broadermantle anomaly rather than dis-
tinct plume-related signatures. The pyroxenitic component in theman-
tle source of the Balleny and Scott HIMU-like basalts could be derived
from metasomatised oceanic lithospheric, or partial melts of the
metasomatised Antarctic SCLM that were transported to the oceanic
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lithosphere by edge-driven convective mantle flow during the exten-
sion of the WARS (Fig. 9b; Panter et al., 2018).

6. Conclusions

New geochemical and Sr–Nd–Pb isotopic data from samples from
the entire latitudinal length of the Macquarie Ridge Complex reveal
similar N-MORB-like to E-MORB-like geochemical characteristics and
isotopic ratios to that of Macquarie Island, which extend from depleted
MORB towards a HIMU-like mantle component.

Mixingmodels usingMonte Carlo simulations show that the isotopi-
cally enriched mantle component of the MRC basalts was not provided
by the Balleny mantle plume, instead showing affinity with that of the
HIMU-like basalts from Zealandia. Partial melting modelling indicates
that the enriched component in theMRC basalts was produced bymelt-
ing of small proportions of amphibole-bearing garnet pyroxenite in a
dominantly peridotitic mantle. The correlations of partial melting prox-
ies (e.g., [La/Sm]CN) and Nd–Pb isotopic ratios indicate that low degree
partial melts show higher proportions of isotopically enriched mantle
signatures derived from the more fertile pyroxenitic component. The
pyroxenite veins were likely generated in an oceanic lithospheric man-
tle affected by melts derived from delaminated metasomatised
Zealandia SCLM, or affected by hydrous and carbonatitic fluids/melts
derived from subducted material in the asthenosphere. The subducted
material could be derived from ancient and/or recent subduction
along the former Gondwana margin. This is consistent with the fact
that the isotopically enriched mantle signature is found across the SW
Pacific Ocean and adjacent continents affected by subduction along
East Gondwana.
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