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ARTICLE INFO ABSTRACT

Editor: S Aulbach The West Antarctic Rift System (WARS) is one of the world’s largest active rift systems and alkaline magmatic
provinces. The alkaline magmatism crosscuts oceanic and continental lithosphere but maintains generally similar
Sr-Nd-Pb isotope signatures. Here we present new major-, trace- and highly siderophile-element (Os, Ir, Ru, Pt,
Pd, Re) abundances and Sr-Nd-Pb-Os isotope data for a Miocene to recent WARS alkaline basalt suite from a
continental-oceanic transect in the northwest Ross Sea. The samples are geochemically enriched similar to ocean
island basalts, with oceanic lavas having higher absolute incompatible trace element abundances than conti-
nental lavas. The suite exhibits a large range in measured '®’Re/**%0s (1.7 to 1305) and age-corrected
18705,/1880g (0.1254 to 1.055) that has a positive, highly curved relationship with measured 875r/86r
(0.70287-0.70331), but a negative, highly curved relationship with both measured !**Nd/'*Nd
(0.51280-0.51300) and 2°6Pb/2%*Pb (19.237-20.237). These data suggest that contamination by a mafic con-
tinental lithospheric component has occurred to varying degrees and exerts some control on the geochemistry of
the continental lavas. Primitive lavas from the oceanic Adare Basin that have experienced negligible contami-
nation are used to constrain the primary source of northwest Ross Sea alkaline lavas and to assess previously
proposed hypotheses regarding the origin of magmatism. Explanations for the origin of WARS alkaline lavas
range from plume magmatism to partial melting of continental lithospheric mantle metasomatized by subduction
fluids prior to cessation of subduction of the Phoenix Plate underneath the Gondwana margin. Samples from the
continental-oceanic transect, however, neither exhibit classic arc-lava geochemical signatures nor provide any
evidence to support an active mantle plume source. Rather, they are geochemically enriched magmas generated
through partial melting of previously subducted oceanic lithospheric mantle concomitant with continental
lithospheric thinning during the Cenozoic.
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1. Introduction et al., 1990; Smellie and Rocchi, 2021). Alkaline volcanism in the WARS

is particularly remarkable as it occurs from the Antarctic continent in

The West Antarctic Rift System (WARS; Fig. 1), one of the world’s
largest active rifts, underwent two primary periods of extension; an
amagmatic period during the Cretaceous followed by a second extension
phase during the Cenozoic (e.g., Davey and Brancolini, 1995; Salvini
et al., 1997; Cande et al., 2000; Huerta and Harry, 2007; Ji et al., 2018).
The second phase has been the subject of much discussion as it is
accompanied by widespread alkaline volcanism, enabling assessment of
magma sources and partial melting processes. This volcanism has
traditionally been divided into the Hallett, Melbourne and Erebus vol-
canic provinces that all belong to the McMurdo Volcanic Group (Kyle
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northern Victoria Land to the oceanic crust in the northwest Ross Sea
region (Panter and Castillo, 2007; Aviado et al., 2015; Panter et al.,
2018). Only two other locations in the world are known to host a
continent-ocean transect of petrologically and geochemically related
alkaline volcanoes. Magmatism in the East African Rift System, another
large active rift, has also been found quite recently to extend to dome-
like volcanic structures in the Mozambique Ridge in the Indian Ocean
(O’Connor et al., 2019). A long established continent-ocean magmatic
province is the Cameroon Volcanic line (e.g., Fitton and Dunlop, 1985;
Ngwa et al., 2017). The origins of alkaline magmatism in both settings
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remain enigmatic.

The continental to oceanic transition in the WARS has been sampled
through field-based investigations and ship-based dredging operations
(Panter and Castillo, 2007; Aviado et al., 2015; Panter et al., 2018).
Samples from these studies have included lavas erupted onto continental
crust (e.g., northern Victoria Land, Daniell and Adare peninsulas, and
the Melbourne Volcanic Province) as well as forming islands in the Ross
Sea (Coulman and Possession islands) and oceanic crust in the adjacent
Adare Basin. Although not initially described as part of WARS, the Adare
Basin likely represents a contiguous manifestation of Cenozoic extension
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since it is blanketed by a sequence of sedimentary strata that can be
traced to the adjacent Ross Sea sedimentary basins, and overlies a set of
magnetic anomalies striking NNW-SSE, generally orthogonal to the rift
extensional direction (Cande and Stock, 2006; Davey et al., 2006).
Previous studies have indicated that WARS volcanic rocks share similar
geochemical signatures despite differences in the composition of crust
that they pass through. Specifically, WARS samples are characterized by
ocean island basalt (OIB)-like major and trace element compositions and
their Sr-Nd-Pb isotope ratios are similar to OIB with a high p (HIMU)-like
isotopic signature (Hart et al., 1992; Panter et al., 2018; Panter and
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Fig. 1. Regional and sample location maps. a. Subglacial surface elevation map (after Panter et al., 2018) with the approximate boundaries of the West Antarctic Rift
System (WARS) delimited by purple dashed lines. Also shown are locations of oceanic volcanic fields (seamounts and islands) that are compared in this study. NVL =
Northern Victoria Land; MBL = Mary Byrd Land; MB seamounts = Marie Byrd seamounts. b. Regional map of the NW Ross Sea showing the approximate location of
samples from Adare Basin (red circles) in the oceanic setting, Possession Islands (green triangles) in the ocean-continent transition region and Adare Peninsula (cyan
squares) and Hallett and Melbourne volcanic fields (dark green squares) in the continental setting. Sample numbers for the oceanic Adare Basin and seamounts and
continental Hallett and Melbourne volcanic provinces are shown (Adare Peninsula and Possession Islands samples are too close to one another). Data from this study
and Panter et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Martin, 2023). Unlike typical OIB and/or HIMU sensu stricto basalts
with 2°pb,/204pb > 20.5, however, these samples possess only moderate
geochemical and isotopic enrichments similar to the vast majority of
West Antarctic basalts; lavas with a HIMU-type signature are present at
only few localities (Panter et al., 2000). Also, unlike many oceanic,
plume-related HIMU basalt occurrences, the volcanism in the northern
Ross Sea lacks a clear linear age progression and shows only a weak
northward younging, from continental to oceanic crust (Panter and
Castillo, 2007; Panter et al., 2018). The existence of contiguous alkaline
volcanism crossing continental to oceanic lithosphere in the WARS
presents two questions: (1) is this volcanism representative of a common
magmatic source and mechanism for melting, and (2) can some of the
differences in geochemical signatures between continental and oceanic
regimes be accounted for by the interaction of a common magma with
oceanic and continental lithosphere? Addressing these questions has
ramifications for interpreting volcanic rocks erupted in continental and
oceanic settings worldwide.

Previous work in the WARS has suggested several mechanisms to
explain both the timing of volcanism as well as the geochemically
enriched isotopic signatures observed in the alkaline volcanic rocks. One
proposed mechanism for generating the alkaline volcanism is melting of
a Cenozoic mantle plume under Mt. Erebus on Ross Island (Kyle et al.,
1990; Sims et al., 2008; Phillips et al., 2018). Similarly, an older (Late
Cretaceous) and larger mantle plume has been proposed to have
controlled break-up of Zealandia from West Antarctica and the HIMU-
type isotopic signature of mafic magmatism (e.g., Lanyon et al., 1993;
Weaver et al., 1994; Storey et al., 1999). A proposed variant of this
hypothesis has suggested that plumes underplated and accreted to the
base of the Gondwana lithosphere prior to break-up, leading to a fossil
plume source, which then was melted during Cenozoic extension
(Rocholl et al., 1995; Hart et al., 1997; Panter et al., 2000; Kipf et al.,
2014). The other proposed mechanisms can be collectively grouped as
non-plume hypotheses, which argue that the controlling factor on the
similar geochemical signatures of WARS alkaline basalts is the nature of
continental lithospheric mantle (CLM). The CLM is suggested to have
been metasomatized by subduction-related fluids (e.g., Finn et al., 2005;
Aviado et al., 2015; Day et al., 2019), or by carbonate-rich melts from
previously subducted oceanic slabs at the Gondwana margin (Panter
et al., 2018). In these models, WARS magmas are generated from the
metasomatized CLM during rifting or due to the influx of the convecting
Pacific asthenosphere (e.g., Finn et al., 2005; Faccenna et al., 2008;
Nardini et al., 2009; Panter, 2021).

In this study, samples from a continental-oceanic transect in the
western Ross Sea embayment (Fig. 1) were analyzed to constrain the
source and petrogenesis of WARS alkaline magmatism. Continental
samples are from the Adare Peninsula and both the Hallett and Mel-
bourne volcanic provinces (Adare, Hallett and Daniell peninsula volca-
nic fields and Mt. Overlord and Malta Plateau volcanic fields that
altogether are herein abbreviated HMp), continent-ocean transition
samples are from the Possession Islands and oceanic samples are from
Adare Basin and seamounts (ABS). Many of these samples were previ-
ously analyzed for their major and trace element abundances and Sr-Nd-
Pb isotopes (Panter and Castillo, 2007; Panter et al., 2018) to constrain
the petrology and geochemistry of the alkaline lavas. In addition to these
geochemical tracers, we present '’Re—!870s and highly siderophile
element (HSE; Os, Ir, Ru, Pt, Pd, Re) abundance systematics in the
previously analyzed and new samples. Since these latter elements are
both siderophile and chalcophile, as well as generally strongly
compatible, they complement the lithophile element abundance and
isotope tracers. Osmium isotopes are sensitive tracers of both conti-
nental crustal contributions, which has highly radiogenic 1870s/!880s
(typically >1) compared to mantle-derived melts (~0.129) and CLM
(typically <0.125) (Day, 2013). The sensitivity of Os isotopes to
contamination has recently been demonstrated during time-series
measurements of recently erupted OIB (Day et al., 2022). This study
therefore offers a new perspective by using combined Sr-Nd-Os-Pb
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isotopes, in conjunction with O isotope data reported previously (Panter
et al., 2018), to more fully assess existing models for the petrogenesis of
alkaline WARS magmas.

2. Geologic background
2.1. Tectonics

Northern Victoria Land is in the westernmost section of the East
Antarctic Craton adjacent to the Ross Sea (Fig. 1). It is comprised of
three continental litho-tectonic blocks fused during the Ross Orogeny in
the Proterozoic as part of the larger Terra Australis orogen (Borg and
Stump, 1987; Boger and Miller, 2004; Di Vincenzo et al., 2016). The
Terra Australis orogen concluded with the formation of Pangaea and
was followed by the Gondwanide orogeny in the Triassic as the Phoenix
Plate subducted beneath the Gondwana margin (Cawood, 2005). Sub-
duction ceased abruptly in the Cretaceous (Bradshaw, 1989). The
mechanism of subduction cessation along this margin is still unresolved;
oblique subduction of the Phoenix-Pacific spreading center (Bradshaw,
1989), slab capture (Luyendyk, 1995), collision with the Hikurangi
Plateau (Davy et al., 2008), and plume upwelling (Hoernle et al., 2020)
have all been suggested as methods by which this abrupt termination
may have occurred. Subduction cessation in the Late Cretaceous marked
a shift from a compressional to extensional tectonic regime that led to
the formation of the WARS (Jordan et al., 2020 and references therein).

The resultant WARS is a region of thinned lithosphere that stretches
from the Antarctic Peninsula to the Ross-Embayment-northern Victoria
Land and separates West Antarctica from the East Antarctic Craton. The
broadest part of the WARS, the Ross Sea, is comprised of a series of N-S
oriented sedimentary basins (e.g., northern Victoria Land Basin,
Northern Basin). The first stage of crustal extension in the region was an
amagmatic lithospheric thinning that led to a 500-1000 km widening of
the Ross Sea during the early Late Cretaceous (Davey and Brancolini,
1995; Salvini et al., 1997; Cande et al., 2000). The second phase was
focused primarily in the western Ross Sea, near northern Victoria Land
and formed the Transantarctic Mountains (Huerta and Harry, 2007; Ji
et al., 2018). This phase further opened the Ross Sea by ~300 km and
was accompanied by alkaline magmatism as well as increased heat flow
(Risk and Hochstein, 1974) and low seismic shear wave velocities
(Lawrence et al., 2006; Lloyd et al., 2020).

The Adare Basin lies immediately east of the Adare Peninsula, at the
northern end of Ross Sea (Fig. 1). It was formed as an arm of a ridge-
ridge-ridge triple junction that accommodated 140-170 km of ENE-
WSW extension during Eocene-Oligocene time (Cande et al., 2000;
Cande and Stock, 2006; Granot et al., 2013). All subsequent separations
were accommodated by normal faulting, creating a rifting graben, the
Adare Trough (Granot et al., 2010, 2013). The Adare Basin is defined by
a set of magnetic anomalies that strike NNW-SSE which constrain its
formation to 43-26 Ma (Cande et al., 2000). These magnetic anomalies
extend into the Northern Basin, the closest continental basin, linking the
Adare seafloor spreading to the extensional tectonics of the western Ross
Sea (Cande and Stock, 2006; Davey et al., 2006). The Northern and
Adare basins are further linked by a continuous Bouguer anomaly and
contiguous sedimentary sequences (Cande and Stock, 2006; Davey et al.,
2006). In general, the geologic evolution of the Adare Basin and adjacent
western East Antarctica from continental block fusion, plate subduction
associated with plate collision and, finally, subduction cessation leading
to tectonic extension provides the backdrop for the continental-oceanic
WARS magmatism.

2.2. Magmatism

The McMurdo Volcanic Group is part of the Western Ross Super-
group (Rocchi et al., 2002) of volcanism that stretches along the entire
western boundary of the Ross Sea and greater WARS (Fig. 1). It is made
up of Cenozoic basaltic shield volcanoes, trachytic or phonolitic
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stratovolcanoes and scattered basaltic cinder cones, lava flows, and
evolved lava domes (Smellie and Rocchi, 2021; Smellie and Martin,
2021). Although it is regionally subdivided into the Erebus, Melbourne,
and Hallett volcanic provinces, the McMurdo Group as a whole can be
described as distinctly silica-undersaturated and alkaline (Kyle et al.,
1990; Panter, 2021).

The Melbourne Volcanic Province extends northward from Mount
Melbourne to the south/southwestern boundary of the Hallett Volcanic
Province and can be subdivided into four major volcanic fields (Malta
Plateau, The Pleiades, Mount Overlord, and Mount Melbourne) with a
series of small basaltic vents and lava flows that are located mainly in
the Transantarctic Mountains (Smellie and Rocchi, 2021). Lava com-
positions range from alkali basalt and strongly Si-undersaturated
basanite to peralkaline trachyte and rhyolite and rare phonolite (Roc-
chi and Smellie, 2021). The oldest lavas (c. 6-11 Ma) along with alkaline
dikes (c. 12 Ma) are found on the Malta Plateau, while Mount Overlord is
the oldest stratovolcano (c. 7-8 Ma) within the Melbourne Volcanic
Province (Smellie and Rocchi, 2021).

Like the Melbourne Volcanic Province, the Hallett Volcanic Province
consists of N-S elongated shield volcanoes that occur at the Adare,
Hallett and Daniell peninsulas and Coulman Island volcanic fields. The
Possession Islands are grouped within the Adare Peninsula Volcanic
Field (Smellie and Rocchi, 2021). The province is composed predomi-
nantly of basanite, alkali basalt and hawaiite lavas although evolved
compositions (e.g., trachyte, phonolite) exist at several locations (Rocchi
and Smellie, 2021). Most of the volcanism ranges in age from c. 13 to 5
Ma (Smellie et al., 2011) with the Possession Islands being significantly
younger (< 1 Ma; Panter et al., 2018; Erratum).

Additional volcanism, herein informally grouped with the Hallett
Volcanic Province, is adjacent to and to the NE of the Adare Peninsula
and covers an area of ~35,000 km? (Fig. 1). The submarine volcanism,
initially identified based on seafloor bathymetry, consists of seamounts
found on the continental shelf, within the Adare Basin and Adare Trough
(Panter and Castillo, 2007). The mostly small volcanic centers exhibit a
N-S orientation, similar to regional faulting and alignment of volcanism
in the Hallett Volcanic Province (Panter and Castillo, 2007; Panter et al.,
2018). Relative ages based on seismic stratigraphic relationships
(Granot et al., 2010) indicate that these volcanic centers are contem-
poraneous and are likely to be a continuation of continental WARS
volcanism. Dating of dredged seamount lavas by the *°Ar/>°Ar method
confirmed their young age (14 samples c. 4.6-0.14 Ma, with one sample
dated at 15.9 + 0.8 Ma; Panter et al., 2018; Erratum). Overall, there is a
slight age-progression in volcanism during the Pliocene to Pleistocene
from volcanic centers on the Daniell Peninsula NE to seamounts on the
continental shelf and into the Adare Basin (Smellie et al., 2011; Panter
et al., 2018).

3. Methods

Samples analyzed in this study consist of submarine lavas collected
by dredging from the Adare Basin seamounts and crust during the US
National Science Foundation funded NBP0710 expedition in the north-
ern Ross Sea aboard the icebreaker RV/IB Nathaniel B. Palmer in the
Austral summer of 2006-2007 (Panter and Castillo, 2007; Panter et al.,
2018). Subaerial samples from the volcanic provinces were obtained
from the Polar Rock Repository (PRR), Byrd Polar and Climate Research
Center (http://research.bpcrc.osu.edu/rr/) and were collected during
various prior field expeditions. The samples, including those used by
Panter and co-workers (Panter and Castillo, 2007; Panter et al., 2018),
were crushed in a tungsten carbide-lined jaw crusher into cm-sized
fragments, examined to remove visibly altered chips, and powdered
using a Spex alumina ceramic grinding container. Major element oxide
and some trace element analyses were performed by X-ray fluorescence
(XRF) spectrometry at the GeoAnalytical Laboratory of Washington
State University (WSU) using the procedure described by Johnson et al.
(1999). Trace elements were analyzed at the Scripps Isotope
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Geochemistry Laboratory (SIGL). For the analysis, 50 mg of sample
powder was dissolved and analyzed using an iCAP Qc ICP-MS following
standard analytical procedures outlined in Day et al. (2014). Data
quality was monitored by repeated measurements of international
standards (BHVO-2, BCR-2 and BIR-1) and total procedural blanks
prepared with samples. Reproducibility of the major and trace elements
of reference materials was generally better than 5% (RSD); precision was
c. 2% for most major and c. 5% for most trace elements (see notes under
Supplementary Table 1).

The same powders were also used for all Sr, Nd, and Pb isotope an-
alyses, which were performed at Scripps Institution of Oceanography
(SIO) according to methods described in Janney and Castillo (1996).
Strontium and the rare earth elements (REE) were initially separated
using cation-exchange columns and HCI as eluent. The REE cut under-
went a second separation using hydroxyisobutyric acid as eluent to
isolate Nd for isotope analyses. Lead separation was conducted using
standard anion exchange methods in an HBr medium. All Pb-Sr-Nd
isotope ratios were analyzed using a nine-collector, Micromass Sector
54 thermal ionization mass spectrometer (TIMS). Strontium isotopic
ratios were fractionation-corrected to 6Sr/%8Sr = 0.1194 and are re-
ported relative to 87Sr/%°sr = 0.710254 + 0.000018 (n = 22) for NBS
987. Neodymium isotopic ratios were measured in oxide form, frac-
tionation corrected to **NdO/'**NdO = 0.72225 (***Nd/'**Nd =
0.7219) and are reported relative to **Nd/'*/Nd = 0.511856 +
0.000016 (n = 19) for the La Jolla Nd Standard. Lead isotopic ratios
were analyzed using the double-spike method to correct for mass frac-
tionation during analyses; separate measurements of spiked and
unspiked samples were made on different aliquots from the same
dissolution. During the analysis period, the method produced the
following results for NBS981: 2°°pb/204ph 16.930 + 0.002,
207pp,/204ph = 15.490 + 0.003 and 2°®Pb/2%*Pb = 36.700 + 0.009 (n =
11). Analysis of BHVO-2 yielded 0.703485 + 0.000004 for &sr/%sr,
18.653 + 0.002 for 2°°Pb/2%Pb; 15.510 + 0.002 for 2°’Pb/2**Pb; and
38.160 + <0.001 for 2°°Pb,/2%4pb. Total procedural blanks for Sr and Pb
were 35 ng and 60 ng, respectively.

A set of 27 powders was investigated for Re—Os isotope systematics
at State Key Laboratory of Isotope Geochemistry (SKLIG) at Guangzhou
Institute of Geochemistry. These measurements used a Carius tube
digestion method according to that of Li et al. (2010). Approximately
0.5-2 g of powdered sample was spiked with 185Re and '°°0s and
digested in reverse Aqua Regia in sealed Carius tubes at 240 °C for
twenty-four hours. Osmium was separated using a single solvent
extraction into CCly prior to a back extraction into concentrated HBr.
Finally, samples were microdistilled. Rhenium was then separated from
the residual Aqua Regia using anion column chromatography.

In a later part of the study, a subset of 19 rock powders, free from any
metal preparation, were crushed and powdered in alumina prior to HSE
abundance and '#70s/!880s determination, at the SIGL. Samples with
MgO contents >6 wt% were selected for Os-isotope and highly side-
rophile element (HSE) abundance analyses (n = 19). Approximately 800
mg of homogenized powder was combined with multi-element spikes
(185Re, 106Pd, 194Pt, 191Ir, 99Ru, 190Os) prior to digestion in sealed bo-
rosilicate Carius tubes. The exceptions are A210B; = 204 mg, AW82214
= 381 mg, A233D; = 353 mg, and A232B; = 712 mg, which used the
entirety of the remaining sample. Digestion within the Carius tubes used
a 1:2 mixture of multiply Teflon distilled HCl and Os-purged HNO3
heated to a maximum temperature of 270 °C for 72 h. Osmium was
separated using a triple-extraction of CCly and back-extracted into HBr
(Cohen and Waters, 1996) prior to double microdistillation (Birck et al.,
1997). The other HSE were recovered and extracted using column anion
exchange separation techniques (Day et al., 2016).

Isotopic compositions of Os were measured on a ThermoScientific
Triton thermal ionization mass spectrometer in negative ion mode.
Rhenium, Pd, Pt, Ru and Ir were measured using an Cetac Aridus II
desolvating nebuliser coupled to a ThermoScientific iCAP q ICP-MS.
Offline corrections involved an oxide correction, an iterative
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fractionation correction using 1°20s/!%80s = 3.08271, a °°0s spike
subtraction, and a blank subtraction. Precision for 870s/!®0s, deter-
mined by repeated measurement of the UMCP Johnson-Matthey stan-
dard during the course of the campaign was better than +0.3% (2 St.
Dev.; 0.11371 + 29; n = 5). Measured Re, Ir, Pt, Pd and Ru isotopic
ratios for sample solutions were corrected for mass fractionation using
the deviation of the standard average run on the day over the natural
ratio for the element. External reproducibility on HSE analyses using the
iCAP q was better than 1% for 0.5 ppb solutions and all reported values
are blank corrected. The total procedural blank run with the samples had
18705,/18805 0f 0.157 =+ 0.005, with quantities (in picograms) of 20 [Re],
17 [Pd], 17 [Pt], 17 [Ru], 0.6 [Ir] and 0.23 [Os]. These blanks resulted in
corrections of <5% for Pd, Ir and Os, up to 20% corrections for Re and as
much as 30% blank corrections for Ru and Pt. Data quality was moni-
tored with measurement of BHVO-2 (%70s/'%80s = 0.15467 +
0.00015), which show agreement with published 18705,/1880s values (Li
et al., 2010, Li et al., 2014). The measurements of HSE (Table 1; Re =
0.650 ng/g, Pd = 3.19 ng/g, Pt = 8.01 ng/g, Ru = 0.125 ng/g, Ir =
0.124 ng/g, Os = 0.124 ng/g) are consistent with values from Meisel and
Mosser (2004) and Day et al. (2021).

Twelve samples were analyzed at both the SIGL and SKLIG and, in
general, there is excellent agreement for the Re (R2 = 0.993), Os (R2 =
0.936), '87Re/'880s (R? = 0.931), and '870s/'%80s (R* = 0.986) mea-
surements and calculated yOs; values (R2 = 0.969) between the two labs
(Fig. S1). Hence, although tungsten carbide was used in the processing
of powders used at the SKLIG, there is no evidence for any W interfer-
ence in the SKLIG data and so both datasets are considered without
prejudice.

4. Results
4.1. Bulk-rock major element variations

Major element analyses are presented in Supplementary Table S1.
The majority of lavas are basanite, and the remainder consists of alkali
basalt, tephrite, hawaiite, mugearite, trachyandesite, trachyte, and
rhyolite (Fig. 2; see also Fig. 3 in Panter et al., 2018). In detail, the bulk
of continent-ocean transition Possession Islands and oceanic ABS lavas
are highly alkaline, similar to basanites from the seamounts and
Franklin and Beaufort islands in the Terror Rift region within the
southern Ross Sea (Aviado et al., 2015). Moreover, both basanite suites
mainly plot in the field for the Erebus Volcanic Province (Kyle et al.,
1992; Martin et al., 2021). Samples in this study that were erupted on
continental crust plot within the field for the MHp and most are basalts
(Rocchi and Smellie, 2021). However, there are four evolved samples
(Fig. 2), two are from a single isolated seamount in the eastern portion of
the Adare Basin: sample D17-1 classifies as a weakly Si-undersaturated
(0.1 wt% normative nepheline) trachyte (62 wt% SiO2, NayO + Ko0 =
11.8 wt%) and sample D17-5 is a Si-oversaturated (25 wt% normative
quartz) rhyolite (72 wt% SiOy). The other two samples are a Si-
oversaturated (6.5 wt% normative quartz) trachyte (67 wt% SiO2)
from the Adare Peninsula Volcanic Field (PRR-3831) and a Si-saturated
(4 wt% normative hypersthene) trachyandesite (58 wt% SiO3) from the
Possession Islands (PRR-5166; Table S1).

The lavas define generally overlapping negative SiO5, KO and NayO,
and positive TiOy, FeO* and CaO trends with increasing MgO, from c.
0.1 to 13.3 wt% (Fig. 3). These trends are similar to the basaltic to
trachyte-rhyolite fractional crystallization trends of some, though not
all, samples from the WARS volcanic provinces (e.g., Kyle et al., 1990;
Armienti and Perinelli, 2010; Panter et al., 2021). Some of the basaltic
samples (< 52 wt% SiO;) from each lava suite are relatively unfractio-
nated (> 8 wt% MgO) and could be representative of parental liquids to
more differentiated lavas. A subtle difference among the continent-
oceanic lava suites is discernable in the fractionation trends of the
incompatible elements K and Na that are consistent with the relative
alkalinity of the suites (Fig. 2). At >5 wt% MgO, ABS samples have the
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highest K;O whereas Adare Peninsula samples have the lowest, and
Possession Islands and HMp samples have intermediate KO contents
(Fig. 3f). Similarly, the ABS and Possession Islands NayO values on
average are higher than those of Adare Peninsula and HMp lavas
(Fig. 3). Such differences, however, are not displayed by the fraction-
ation trends of TiO5 and CaO (see also Table S1).

4.2. Bulk-rock trace element abundances

All samples are enriched in incompatible trace elements relative to
primitive mantle, similar to OIB (Fig. 4). Their overlapping concentra-
tion patterns partially overlap with, although are in lower absolute
concentration than, southern Ross Sea and northern Victoria Land data
(Aviado et al., 2015). On average, oceanic ABS and transitional
Possession Islands lavas have higher absolute incompatible trace
element abundances than continental lavas, consistent with the subtle
differences in their alkali contents (Figs. 2 and 3). Moreover, ABS lavas
on average have lower Th/La than the other lava suites. There are no
clear differences in Nb/U and Ce/Pb among the lava suites; these ratios
in lavas with >5 wt% MgO (32-93 and 21-94, respectively; Table S1)
are around or above the canonical mantle values for OIB (Nb/U = 45 +
10, Ce/Pb = 25 + 5; Hofmann et al., 1986).

4.3. Strontium, Nd and Pb isotopes

The samples have relatively wide ranges of &7sr/%%sr
(0.70287-0.70331), '*3Nd/"**Nd (0.51280-0.51300) and 2°°Pb/2%*pb
(19.237-20.237) (Table S1; Fig. 5). These ratios are within the range of
isotopic analyses for WARS lavas including those reported in previous
continent-oceanic transect investigations (Panter and Castillo, 2007;
Aviado et al., 2015; Panter et al., 2018). On average, the oceanic ABS
and transitional Possession Islands lavas have slightly higher
143Nd/1**Nd and lower 87Sr/%Sr than the continental Adare Peninsula
lavas; this parallels the more alkaline character of the oceanic lavas
described earlier (Fig. 2). However, their 206pt, /204pt, overlap. The ABS
together with many Possession Islands samples also form linear arrays
on plots of 27Pb/2%4pb and 2°2Pb,/2°*Pb versus 2°°Pb/2%Pb (Fig. 5b and
c) that are slightly lower than the Adare Peninsula lava suite. The two
HMp lavas are split between the two groups, with the basalt from the
Daniell Peninsula volcanic field of the Hallett Province (PRR-3839)
being similar to Adare Peninsula lavas, whereas the basalt from the
Melbourne Province further inland on the Malta Plateau (MA-117) being
similar to ABS lavas.

As a whole, the samples show coherent negative %Sr/%5Sr versus
13Nd/1*Nd array and positive 2°’Pb/2%*Pb and 2°%Pb/2%Pb versus
206pt,/204ph arrays that are typical of many oceanic lavas. They plot in
the “focus zone” (FOZO; see also, Aviado et al., 2015; Panter et al.,
2018), which is similar to “C” in Hanan and Graham (1996), where
oceanic lavas converge in all permutations of the Sr-Nd-Pb isotope di-
agrams (Hart et al., 1992; Hauri et al., 1994). The FOZO component is
considered to be a ubiquitous and most voluminous component in the
OIB source (Hart et al., 1992; Hauri et al., 1994; Hanan and Graham,
1996; Stracke et al., 2005; Jackson et al., 2007; Castillo, 2015).
Importantly, the FOZO component has been considered as young HIMU
and exhibits many compositional features of HIMU (Thirlwall, 1997;
Stracke et al., 2005; Castillo, 2015). In contrast, a number of previous
studies have interpreted such WARS isotopic signature instead as HIMU-
type (Panter et al., 2006; Nardini et al., 2009; Martin et al., 2013; Kipf
etal., 2014; Aviado et al., 2015; Panter et al., 2018). Moreover, the new
analyses have generally higher **Nd/!*‘Nd and lower ®"Sr/%sr,
206pt, /204pp, 207pp /204ph, and 2°8pb/2*Pb than some CVL and EARS
lavas that are also characterized as HIMU-type compositions (Fitton and
Dunlop, 1985; Rooney et al., 2014; Ngwa et al., 2017; Wembenyui et al.,
2020).
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Fig. 2. Total alkalis versus silica (after Le Bas et al., 1986) for the northwest
Ross Sea lavas. Alkalic-tholeiitic line as in Macdonald and Katsura (1964). Light
grey region represents data from Erebus Province (LeMasurier and Rex, 1991;
Kyle et al., 1992); dark grey shaded region shows data from Hallett and Mel-
bourne provinces (LeMasurier and Thompson, 1990; Armienti et al., 1991).
Other symbols used: ABS = Adare Basin seamounts; PI = Possession Islands; AP
= Adare peninsula; HMp = Hallett-Melbourne provinces.

4.4. Rhenium-Os isotopes and HSE abundances

The HSE abundance patterns for the WARS basaltic lavas (MgO = 5.9
to 13.3 wt%) are similar to those of basaltic melts that have experienced
diffiring extents of fractional crystallization (Day, 2013). The most
compatible HSE (Os, Ir, Ru) show decreasing abundance from the
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highest in ABS and Adare Peninsula lavas at ~0.1 x Primitive Mantle
(PM) to the lowest in Adare Peninsula lavas also at 0.001 x PM (Table 1;
Fig. 6). This trend is also evident for Pt. The lowest Os, Ir and Ru con-
centrations are observed in the AP samples (P74833 and A232B), which
also have some of the lowest MgO contents. Compared to Os, Ir, Ru, and
Pt, Pd and Re abundances are higher and show significantly less vari-
ability at ~0.1 to 1 x PM values (Table 1). The HSE abundance patterns
of WARS basaltic lavas are different from those of basanites from Hut
Point Peninsula of Ross Island (Fig. 1a), which show a concave up
pattern with generally higher Os but lower total Re abundances (Day
et al., 2019).

The samples show a large range in measured 870s/'%80s,, (0.1255
to 1.166) and %"Re/'%%0s (1.7 to 1305; Table 1) and show significant
scatter on a 187Re/18805-18705/18805m diagram (Fig. 7). Samples with
low Os content (<0.10 ppt) have generally more radiogenic
1870/ 18808m, consistent with previous studies of OIB lavas (Day, 2013).
However, the highest and lowest 18705,/1880s,, values are not from low
Os samples and both SIGL and SKGIL laboratories generated consistent
duplicate analyses of such samples. Moreover, the '870s/1%80s, data
show some systematic patterns. Adare Peninsula samples have the
widest range in 18705/18805111 (0.1433 to 1.166) followed by ABS sam-
ples (0.1290 to 0.7979). Possession Island and HMp samples fall within
this range. Adare Peninsula sample A210B and ABS sample D4-1 with
the highest MgO (both at c. 13 wt%) have low 187Os/18805m of 0.1465
and 0.1255, respectively, that overlap with the 870s/1®0s,, of ultra-
mafic xenoliths (0.1279-0.1374), slightly lower than those of basanites
(0.1432-0.1595), from the Hut Point Peninsula (Day et al., 2019). Adare
Peninsula sample RRR 3872 and ABS samples D7-1 and D3-1 with the
lowest MgO (<5 wt%) have a large range of 18705,/1880s,,, (0.1844,
0.3405 and 0.7979, respectively). In general, 870s/'®0s does not
correlate well with MgO content, but samples with radiogenic values
tend to have low Os and MgO contents. Moreover, age-corrected
1870s/1880s; has a positive, but highly curved relationship with
879r/80Sr, but a negative, but highly curved relationship with both
143Nd/1*Nd and 2°°Pb/2%*Pb (Fig. 8).
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Fig. 3. MgO versus other oxides for lavas from the northwest Ross Sea region. Data from this study and Panter et al. (2018).
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Rudnick and Gao, 2014). Data from Table S1. The shaded are in b) represents
the total range of ABS and PI lavas and in c) represents all the lava samples.

Symbols as in Figs. 1 to 3.

5. Discussion

Panter et al. (2018; see also Panter and Castillo, 2007) showed sys-
tematic compositional variations of WARS lavas from the same
continent-oceanic transect. Their model to explain these variations,
based primarily on whole-rock geochemical and Sr-Nd-Pb isotopes as
well as O isotopes of olivine, rules out shallow-level crustal contami-
nation. Instead, they invoked melting of metasomes followed by melt-
peridotite reaction that decreases oceanward within the progressively
thinned lithosphere that was developed in several extensional phases
over a period of c. 90 Ma. The new results compliment and extend their
existing data and also show new systematic compositional variations
from the continent to ocean transition.

5.1. Fractional crystallization and crustal contamination

To constrain the origin of the compositional variations of the transect
lavas, it is first necessary to consider whether magmatic differentiation
and/or crustal contamination processes have modified parental melt
compositions. The systematic behavior of major oxides and trace ele-
ments with decreasing MgO contents of lavas (Figs. 3 and 6) indicate
fractional crystallization is most likely responsible for some of the
geochemical and lithological variations observed in WARS lavas (see
also, e.g., Nardini et al., 2009; Martin et al., 2013; Aviado et al., 2015;
Panter et al., 2018). As the HSE are compatible elements, their con-
centrations in the continental-oceanic transect lavas are affected by
fractional crystallization. For instance, the decrease in HSE
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Fig. 5. a. '®Nd/*Nd versus %Sr/%°sr diagram, b. 2°°Pb/2**Pb versus
206pp,/294ph diagram and c. 2°7Pb/2**Pb versus 2°°Pb/?**Pb diagrams for the
northwest Ross Sea (NWRS) lavas. Shown for reference are mantle source
components DMM (Workman and Hart, 2005), EM1 and EM2 (Salters and
Sachi-Kocher, 2010), HIMU (Stracke et al., 2003) and FOZO (Hauri et al., 1994;
Stracke et al., 2005) and fields for the East African Rift System (EARS; Castillo
et al., 2020; Rooney, 2020 and references therein) and the Cameroon Volcanic
Line (CVL; darker shades of grey in b. and c. represent the most continental
crust contaminated Bamoun Plateau lavas; Asaah et al., 2015; Atouba et al.,
2016; Wembenyui et al., 2020 and references therein) lavas. Sources of other
data and symbols as in Figs. 1 to 3.

concentrations from the most primitive (i.e., MgO >10%) to the most
evolved (i.e., MgO <5 wt%) lavas, such as the sharp decrease in Os
content with decreasing MgO (Fig. 7b), can be modeled through
increasing degrees of fractional crystallization of likely silicate, oxide
and sulfide phases (Fig. 6).

Melts undergoing fractional crystallization, however, can also be
further modified by crustal assimilation as they rise towards the surface,
especially from hydrous or silica-rich continental crust. Although HSE
abundances are usually controlled by fractional crystallization, crustal
assimilation has a generally dilutional effect on HSE abundances that
will disproportionately increase radiogenic %70s/1%0s (e.g., Fig. 7;
Day, 2013). Continental crust '8”0s/'880s is typically in the range of 1.1
+ 0.2 (Peucker-Ehrenbrink et al., 2003), much higher than primary
melts of the primitive mantle 18705/18805 of 0.1296 (Meisel et al.,
2001). Hence, assimilation of continental crust by a fractionating
primitive melt with a low concentration of radiogenic Os will severely
increase its 170s/!®80s. This makes the Re—Os isotope system a highly
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Fig. 6. Primitive mantle-normalized HSE abundance patterns of the northwest
Ross Sea lavas. Shown in the shaded grey field is a crystallization model
assuming sulfide precipitation, using D-values noted beneath the individual
elements; also shown in blue field is the abundance pattern of all basanites from
the Hut Point Peninsula of Ross Island (Fig. la; Day et al., 2019). Primitive
mantle normalization from Day et al. (2017). Small numbers on the right side of
the diagram are MgO contents of the samples analyzed for HSE. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

sensitive indicator of crustal contamination in evolving basaltic
magmatic systems.

Oxygen isotopes are also sensitive tracers of crustal contamination
and the type of crustal lithology, as O is a major component of silicate
rocks (c. >46 wt%). Various igneous reservoirs reveal that increasing
SiO, content of rock correlates with increasing '20/'°0 typically
expressed relative to a standard (or as 6180), but that hydrothermal
alteration by meteoric water at higher latitudes can lead to a significant
depletion in 580 values of rocks and minerals (Craig, 1961; Muehlen-
bachs et al., 1974), especially of hydrothermally altered lavas. Antarctic
precipitation has been well-established to have strongly negative 5'0
(as low as —35%o; Gonfiantini and Picciotto, 1959; Stewart, 1975; Kel-
logg et al., 1991; Antibus et al., 2014), but typical lithologies in conti-
nental crust, such as those found within the Transantarctic Mountains
have highly positive 5'80 values (c. +10%o; Molzahn et al., 1996). Such
a wide range of §'%0 for potential assimilants, combined with
1870s,/1880s data, can be used to assess the type of crustal contamination
in the high-latitude WARS setting.

Continental Adare Peninsula lavas have some of the lowest HSE
abundances (especially Os, Ir, Ru) and the largest range in 1870s/!%80s,,
relative to the remainder of our sample suite (Figs. 6 and 7). The olivine
grains in Adare Peninsula samples also have relatively low Fo contents
(Panter et al., 2018; Fig. 10a) and although the Adare Peninsula lavas
have a large range of MgO contents, the sample with the highest MgO
has more radiogenic age-corrected '870s/180s, (i.e., A210B = 13.1 wt%
MgO, 1870s/1880s = 0.1382) than typical mantle values. Similarly, the
high MgO (>9 wt%) HMp continental lavas have elevated 1870s/ 188Ost
(0.1311-0.1574), and their olivine grains have low Fo contents (Figs. 7
and 10a). By comparison, the most primitive ABS oceanic lava (D4-1,
MgO = 13.3 wt%) has the highest Os abundance (on average ~ 0.46 ng/
g), unradiogenic '¥0s/*®%0s, (0.1254-0.1294) and olivine grains with
the highest Fo content (up to Fogp) among the sample suite. These
indicate that, although the continental lavas are mostly differentiated, to
a first order they have more radiogenic ®”0s/!%80s than the oceanic
samples.

The 1870s/'880s, of all of the samples analyzed range from 0.1254 to
1.055, and this can be produced by mixing between a primary depleted
mantle melt and continental crust with '870s/!880s values of ~0.1245

Chemical Geology 641 (2023) 121780

and 3.5, respectively (Molzahn et al., 1996; Day et al., 2021. The 5%
values of the samples, however, have a limited range of 5.2 to 5.4%o, well
within the average 5.2 4 0.25%o for olivine grains from northwest Ross
Sea basalts (Panter et al., 2018) and similar to expected mantle values
for olivine (Mattey et al., 1994). Based on such Os and O isotope con-
straints, our model calculations identify a contaminant with a 580
value similar or close to that of primary mantle melt that is typically 5.3
=+ 0.3%o (King et al., 1998). Moreover, the alkaline lavas have distinctive
positive Nb and Ta but negative Pb and Rb concentration anomalies that
are the opposite of typical old, differentiated and geochemically
enriched continental crust (Fig. 4). The Nb/U and Ce/Pb ratios of
primitive lavas (MgO >5 wt%) additionally plot around or above ca-
nonical mantle values for OIB (Fig. 9c and d), unlike the continental
crust that plots below such mantle values. The amount of contamination
in the model is also up to c. 100%, and such a significant quantity of
continental crust should have modified the elemental and Sr-Nd-Pb
isotope compositions of contaminated samples. Since this is not
observed, particularly in sample P78433 with the highest 1870s/1%%0s,
value of 1.055 (i.e., with MgO = 8 wt%; %Sr/%sr = 0.7038;
143Nd/1*Nd = 0.51281), the contaminant must have been mafic and
geochemically depleted relative to the bulk silicate Earth (BSE; 87Sr/®sr
c. 0.7045; 143Nd/1*“Nd = 0.51264). The contaminant, therefore, is most
likely to be a ~ mafic component representing a modified and relatively
young (juvenile) Antarctic lithospheric component with high Re/Os
(Fig. 10b). The trace element composition of this component is also most
likely enriched in incompatible trace elements, similar to that of WARS
alkaline lavas. Along similar lines, Day et al. (2019) have proposed that
the CLM beneath West Antarctica was melt-modified prior to WARS
formation based on the Os and He isotopic and elemental data and
petrology of a suite of xenoliths and lavas from the Hut Point Peninsula,
suggesting similar sources for radiogenic Os. That is, the CLM beneath
WARS was partially replaced and is, thus, relatively younger than that
beneath the Transantarctic Mountains and Marie Byrd Land.

It must also be noted that the transitional Possession Islands lavas
and oceanic ABS sample D4-1 have lower 5180 values (down to +4.7%o)
and wide ranges of 1870s/'880s, (0.1254-0.1919), suggesting that a few
transect lavas may have additionally assimilated a limited quantity (<
20%) of hydrated oceanic crust (HOC curve) similar to the altered
mugearite sample MB32.11 with a low §'%0 value of +1.8%o (Panter
et al., 2018).

5.2. Additional evidence for a continental lithospheric mantle
contribution

Many of our continental-oceanic transect samples were previously
analyzed by Panter et al. (2018), who rejected crustal assimilation as a
mechanism to explain the geochemical trends of the samples in favor of
melt and modified CLM reaction. Our new HSE and Re—Os isotope data,
combined with previously published O isotope data, indicate that
contamination by a melt-modified CLM indeed plays a role in the
petrogenesis of the northwest Ross Sea lavas. The new data also high-
light that the first order Sr-Nd-Pb isotope variations in WARS lavas are
due to juvenile CLM contamination.

In general, 8Sr/%0Sr increases while **Nd/**Nd and 2°°Pb/2%*pPb
decrease from an oceanic to a continental setting, suggesting two
separate sources (Fig. 9). Lanthanum/Sm ratio decreases in the same
direction, indicating that ABS lavas are derived from a more geochem-
ically enriched source than HMp lavas, or are generated through a
smaller degree of partial melting of the same source. Most of the samples
also plot between the two model isochrons showing the decay of the
187Re—1870s system in potential contaminant reservoirs suggesting
Proterozoic to Cretaceous aged contaminant crustal sources (Fig. 7). As
the continental-oceanic samples do not form a single isochron that
would be consistent with an intermediate crystallization age, we suggest
that mixing between a primary melt and juvenile CLM to varying de-
grees is the likely cause of these variations.
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The highly curved relationships between age-corrected '870s/!880s;
and Sr-Nd-Pb isotopes indicate crustal contamination or mixing between
a primary melt and juvenile CLM (Fig. 8). The extreme curvature of the
mixing arrays (Langmuir et al., 1978) restricts the Sr and Nd isotopic
ratios of primary melt to be more geochemically depleted than BSE, and
more so than the juvenile mantle contaminant. These inferences are
consistent with the model inferred from Os and O isotopes that addi-
tionally requires the contaminant to be mafic (Fig. 10b). This component
most likely originated from, for example, an asthenospheric mantle that
had also been previously enriched (Hole, 1988; Finn et al., 2005; Kosler
et al., 2009; Panter et al., 2000, 2021), perhaps in the same manner that
the transect lavas were generated; this will be discussed in more detail in
the next section. It is noteworthy that this is the primary reason why
Panter et al. (2018), despite the absence of the more definitive, conti-
nental crust-sensitive Os isotopes, proposed that the primary melt
interacted with a modified CLM instead of typical continental crust.

Mixing calculations reveal that the curved '®”0s/'880s; versus Sr-Nd-
Pb isotope arrays of the transect lavas can be modeled using a primary
melt similar to that of FOZO (Hauri et al., 1994; Stracke et al., 2005) and
juvenile CLM (FOZO-jCLM curve; Fig. 8) component represented by
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post-subduction alkaline lavas along the Antarctic Peninsula (Hole,
1988; Kosler et al., 2009; Panter et al., 2023). Least contaminated are
the primitive (>10 wt% MgO), alkaline and incompatible trace element
enriched ABS oceanic lavas such as ABS basalt D12-1 with high
143Nd/14Nd and 2°°Pb/?%Pb but low 87Sr/%0Sr (see also Panter et al.,
2018). Note that the Sr-Nd-Pb isotope variations of some ABS lavas
generally indicate direct mixing (ABS-jCLM curve) between ABS sample
D12-1 and the same component (< 30% contamination) although both
Sr and Pb isotopes of a couple of ABS samples are not consistent with
such a mixing scenario. Note that the Sr—Pb isotope systematics are
sensitive to seawater alteration (see also, Fig. 10b). An alternative pos-
sibility is that the primary melt coming from the mantle is inherently
heterogeneous. Notably, the age-corrected 1870s/'8%0s; of both basan-
ites and mantle xenoliths from the juvenile CLM beneath the Hut Point
Peninsula indeed have a much more restricted range (0.1279-0.1575;
Day et al., 2019) than those of the transect lavas. Thus, Adare Peninsula
continental lavas with the highest 8Sr/%°Sr but the lowest **Nd/***Nd
among northwest Ross Sea lavas (Nardini et al., 2009; Martin et al.,
2013; Aviado et al., 2015; Panter et al., 2018) that are the most
contaminated in our model (> 90%) are alternatively proposed to trend
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Stracke et al., 2003 and 2005) or ABS sample D12-1 with Os = 0.061 ppb; Sr =
1007 ppm; Nd = 48.4 ppm; Pb = 2.01 ppm; '¥70s/'%0s = 0.1830; &7Sr/*°sr =
0.70278; **Nd/**'Nd = 0.51300; 2°°Pb/?**Pb = 20.11 (from Tables 1 and 2)
and juvenile continental lithospheric mantle (jCLM) represented by post-
subduction alkaline basaltic dike JR-16 with Os = 0.01 ppb; Sr = 672 ppm;
Nd = 24.9 ppm; Pb = 3.86 ppm; '%70s/'%80s = 3.5; 87Sr/%°Sr = 0.70395;
143Nd/"*Nd = 0.51282; 2°°Pb/***Pb = 18.857 (data after Molzahn et al., 1996;
Kostel et al., 2009). Symbols as in Figs. 1 to 3. The bulk of data generally follow
or plot between two model mixing curves FOZO — jCLM and ABS — jCLM. See
text for discussion.

towards enriched mantle 1 and 2 components (EM1 and EM2, respec-
tively; Fig. 5). Although our preferred model highlights the FOZO-like
composition of alkaline lavas, a compositionally heterogeneous partial
melt from the previously subducted slab sensu lato is permissible. This is
because FOZO is the most voluminous, common component in such a
melt and it can be produced through mixing or homogenization of the
various mantle end-components with different “flavors” (e.g., Hart et al.,
1992; Hauri et al., 1994; Stracke et al., 2005; Hofmann, 2014; Castillo,
2015). Such homogenization process most likely occurs when deep up-
welling mantle melts encounter the thick and relatively cold continental
lithosphere. The DMM component may also be involved but is not
required as the main source of FOZO, the previously subducted oceanic
lithospheric mantle, is simply a metamorphosed portion of DMM (Cas-
tillo, 2015). In any case, the ranges of 878r/80sr, 143Nd/'*Nd,
2°6Pb/2°4Pb, and 187Os/wsOst of the Possession Islands, HMp and
differentiated ABS lavas fall between the two extremes.
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5.3. The mantle source of WARS alkaline lavas

Kipf et al. (2014) proposed two distinct sources for the alkaline lavas
from seamounts in the Amundsen Sea, off the West Antarctic margin
(Fig. 1a). They proposed an ancient plume material that was initially
accreted to the base of continental lithosphere for the HIMU isotopic
signature of Marie Byrd Land seamount lavas and a recycled continental
raft for the EM2 signature of Peter I Island lavas. As discussed previ-
ously, however, a continental crust source for our alkaline lavas is not
supported by the trace element and combined Os and O isotopic data.
Instead, models for the origin of WARS alkaline magmatism can be
generally summarized into a question of whether the magmas come
from either a mantle plume or a subduction fluid-metasomatized CLM
source.

As noted earlier, the Sr-Nd-Pb isotope and incompatible trace
element signatures of WARS lavas have been interpreted as indicative of
a HIMU-type mantle plume source (Kyle et al., 1992; Rocholl et al.,
1995; Sims et al., 2008; Kipf et al., 2014; Phillips et al., 2018). However,
some studies have shown that both geochemical and geophysical in-
dicators of an upwelling plume or fossilized plume are lacking in the
Ross Sea region (Nardini et al., 2009; Aviado et al., 2015; Panter et al.,
2018; Day et al., 2019; Panter and Martin, 2023). For example, Cenozoic
lavas from the McMurdo Volcanic Group have 2He/*He values from
5.7-7.2Rp, which are quite low to be indicative of a deep, non-degassed
plume source (Nardini et al., 2009; Day et al., 2019). Furthermore,
despite the presence of a low-velocity thermal anomaly beneath Ross
Island (Lloyd et al., 2020), its shallow depth and broad extent (Lloyd
et al., 2020) are inconsistent with the dimensions and extent of the deep-
sourced plume proposed by Kyle et al. (1992) and other proponents of
the plume model (e.g., Phillips et al., 2018).

The alternative hypothesis posits that the CLM source of WARS
alkaline volcanism was metasomatized by fluids dehydrated from the
Mesozoic Phoenix Plate that was subducted beneath the Gondwana
margin. It argues for the creation of metasomes by such slab-derived
fluids (i.e., aqueous fluids, silicate melts and/or supercritical silicate-
aqueous fluids; Aviado et al., 2015). Fertilization of CLM by LILE-
enriched fluids and subsequent radiogenic decay of 8’Rb, 22°U, 238y,
and 2%2Th could explain the geochemically enriched signature of HIMU-
like Sr and Pb isotopic ratios of WARS lavas (Finn et al., 2005; Panter
et al., 2006).

In detail, however, the metasomes are most likely not created by
typical fluids derived from the subducted Phoenix Plate (Panter et al.,
2006, 2018). Plate subduction and concomitant slab-dehydration asso-
ciated with plate convergence are no longer active during the Cenozoic
extension regime whence the alkaline magmas are being generated
(Mortimer et al., 2019; Jordan et al., 2020; van de Lagemaat et al.,
2022). Also significant is that arc magmas generated from a mantle
metasomatized by such aqueous slab-derived fluids are distinctively
depleted in high field-strength elements (HFSE), particularly Nb, and
enriched in Pb (e.g., Wilson, 1989). In contrast, WARS alkaline lavas are
generally enriched in the HFSE or display the so-called positive TITAN
(Ti-Ta-Nb) concentration anomaly (Jackson et al., 2007; Peters and Day,
2014) and negative Pb concentration anomaly that are typically
possessed by OIB (Fig. 4). Lavas from WARS also exhibit mantle-like or
higher Ce/Pb and Nb/U in contrast to the characteristically low Ce/Pb
and Nb/U ratios of arc lavas generated from a subduction fluid-
metasomatized mantle (Fig. 9c and d; Hofmann et al., 1986). These
lavas also do not have the high 8Sr/%Sr for given 1**Nd/***Nd values of
arc lavas that are due to the greater mobility of Sr relative to Nd in slab-
derived fluids (Zindler and Hart, 1986). Similarly, the heavy 5180 values
of subducting slab materials (e.g., sediments, carbonates, hydrated
upper oceanic crust) are not possessed by the WARS samples (Binden-
man et al., 2005 and references therein).

As previously discussed, the least-contaminated transect lavas are
the primitive ABS alkaline lavas that have a depleted '®0s/'%80s; (as
low as 0.1254) that trends towards the primitive mantle 18705/18805
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mixing models using a primary melt coming from the mantle with Os = 2.0 ppb,
18705/1880s = 0.1296, §'%0 = 5.7 °/4, and O concentration of 40% (Molzahn
et al.,, 1996) and two crustal contaminants: juvenile continental lithospheric
mantle (jCLM) with Os = 50 ppt Os; 18705/1880s = 3.5; §'%0 = 5.2 °/,, and O
concentration of 48% as inferred from the data and from Molzahn et al. (1996)
and a hydrothermally altered oceanic crust (HOC) represented by the altered
mugearite sample MB32.11 (Panter et al., 2018) with Os = 10 ppt, *870s/'%80s
= 3.5, 5'%0 = 1.8 °/,, and O concentration of 48%. Symbols as in Fig. 9.

value and modestly radiogenic 2°°Pb/2%4Pb (up to 20.24; Fig. 8). Their
8751/865r and 1%3Nd/***Nd ratios also indicate a long-time integrated
history of geochemical depletion as they plot roughly between the BSE
values and the depleted mantle source of MORB (DMM,; Fig. 5). Their
model mantle source has the compositional features similar to those of
FOZO (Panter et al., 2018; Panter and Martin, 2023). The CLM beneath
West Antarctica was therefore melt-modified or metasomatized by
partial melts originating from previously subducted and already
generally dehydrated subducted oceanic slab (Panter et al., 2018; Day
et al., 2019). For instance, based on the mixing relationship between
basanites and the mantle xenoliths from the Hut Point Peninsula, the
radiogenic 870s/1880s; of the juvenile CLM (Figs. 8 and 10) could be
generated through assimilation of pre-existing lithospheric peridotite by
melts with high Re/Os (e.g., 187Re/1880s = 1305 in sample D7-1;
Table 1) in a relatively short period of time (Day et al., 2019). Ulti-
mately, the metasomes in the CLM would be more susceptible to small-
degree partial melting due to rifting and/or heat associated with
concomitant intraplate volcanism in the Cenozoic (Panter et al., 2018;
Day et al., 2019).

The similarity of the mantle source of WARS alkaline lavas to that of
alkaline intraplate lavas in the oceanic environment such as oceanic
seamount lavas and the global OIB is key to the origin of WARS alkaline
magmatism. Alkaline OIB, in particular, most likely come from mantle
plumes containing recycled crustal materials that had already gone
through subduction dehydration (e.g., Zindler and Hart, 1986; Castillo
and Batiza, 1989; Stracke et al., 2005; Hofmann, 2014). The most vol-
uminous component of such recycled material indeed could not have
been due to a recent fertilization by subduction-derived fluids as the
bulk of OIB are erupted away from active or recently active subduction
environments. Instead, FOZO most likely comes from the most volumi-
nous recycled slab material that represents an ancient oceanic litho-
spheric mantle fertilized through equilibration and remixing (Day et al.,
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2010), or spiked with subducted marine carbonates that also induce
partial melting in the deep mantle (Dasgupta and Hirschmann, 2010;
Castillo, 2015).

In our proposed model, the Early Mesozoic Phoenix Plate and its
Cretaceous remnants were being subducted beneath the Gondwana
margin up until c¢. 100 Ma (Fig. 11a; Mortimer et al., 2019; van de
Lagemaat et al., 2022), generating typical arc magmas (Jordan et al.,
2020 and references therein). At this late stage of convergence, most of
the arc lavas and the forearc sediments were accreted to the Zealandia
Plate above the subducting Hikurangi Plate (e.g., Hoernle et al., 2020;
Scott et al., 2021). Plate convergence from the Late Neoproterozoic to
Cretaceous (Bradshaw, 1989; Cawood, 2005) also likely placed frag-
ments of the previously subducted oceanic slabs beneath the region
(Bredow et al., 2021). The movement of Zealandia away from Gond-
wana and towards the western Pacific at c. 85 Ma (Fig. 11b) initiated the
extension process that includes the formation of the Southern Oceans
and, eventually, WARS. The termination of convergence and onset of
extension processes were accompanied by a change from arc volcanism
erupting sub-alkaline lavas in the Late Cretaceous (Fig. 11a) to intra-
plate volcanism erupting mostly alkaline OIB-like lavas in the Cenozoic
(Figs. 11b and c; Storey et al., 1999; Mukasa and Dalziel, 2000; Hoernle
et al., 2020). The FOZO-like signature of alkaline intraplate lavas most
likely comes from deep upwellings of small degree partial melts from the
fertilized or spiked, previously subducted oceanic lithospheric mantle
(or FOZO) beneath the region (Figs. 11b and c) instead of fluids dehy-
drated from the previously subducted Phoenix Plate (Panter et al., 2006,
2018; Panter and Castillo, 2007; Day et al., 2019) recycled within the
mantle wedge (Fig. 11a). The compositional variations of the continent-
ocean transect lavas resulted from the interactions of such melts with the
juvenile CLM beneath WARS (Panter et al., 2018), which has similar
alkaline OIB-like composition as it was generated from a portion of the
pre-existing Gondwana lithospheric mantle that was melt-modified (i.e.,
metasomatized) by similar melts (Day et al., 2019).

6. Implications for other continent-ocean volcanic transects

The alkaline nature and OIB-like isotopic signatures of basalts from
the northwestern Ross Sea are, by and large, similar to those of the bulk
of lavas from the East African Rift System (EARS) and Cameroon Vol-
canic Line (CVL) and, therefore, likely linked by a common geologic
process. Compared to the WARS, the EARS has >45 Ma of volcanism
along structural rifts of various stages of tectonic development and
cutting across different geologic terranes amalgamated during the Pan-
African Orogeny; these greatly affected the composition of its lavas. To
briefly summarize, however, such EARS volcanism has been attributed
to either partial melting of the metasomatized CLM due to thermobaric
perturbations of the lithosphere or to decompression melting of con-
vecting asthenosphere due to lithospheric thinning (e.g., Rogers, 2006;
Furman, 2007; Rooney et al., 2012; Rooney, 2020 and references
therein). Some EARS lavas, particularly those from the western branch
of the rift system, are clearly contaminated by continental crust. Similar
to those in the northwest Ross Sea region of the WARS, however, the
bulk of more recent EARS lavas from the more tectonically developed
eastern branch of the rift system, save for older ones (Early Miocene)
that tend to be more isotopically extreme, are alkaline and OIB-like.
Offshore magmatism in southern Mozambique is an extension of that
associated with the eastern branch of the EARS (O’Connor et al., 2019).
Similar to those in the northwest Ross Sea, proposed models for the
source of such EARS alkaline magmas favor hydrated metasomes
generated by partial melts from upwelling mantle plumes or by slab-
derived fluids during a Neoproterozoic subduction event associated
with the Pan-African orogeny (Rooney et al., 2014; Rooney, 2020 and
references therein).

Importantly, it has also been suggested that the bulk of EARS alkaline
lavas are generated through the long-term (at least, up to c. 500 Myr)
metasomatism of the CLM by small-degree partial melts coming from
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referred to the web version of this article.)
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previously subducted oceanic lithospheric mantle beneath eastern Af-
rica; such melts have a common, FOZO-like composition (Castillo et al.,
2014, 2020). The petrogenesis of EARS alkaline magmas, therefore, may
be akin to that of northwest Ross Sea alkaline magmas. Unlike in the
later, however, the previously subducted oceanic slab beneath the EARS
is associated with the Neoproterozoic Pan-African orogeny, more
geophysically coherent and connected to the African Large Low Velocity
Province (LLVP) centered in the lower mantle beneath southern Africa
(Hansen et al., 2012; Castillo et al., 2014, 2020; Rooney, 2020). Notably,
the LLVP beneath southern Africa, together with that in south-central
Pacific, have been considered as graveyards of subducted oceanic slab
(e.g., Hofmann, 2014; Castillo, 2015).

In the CVL case, magmatism consists of a c. 1800 km long linear
series of plutonic and volcanic centers from the island of Pagalu through
Cameroon and originates from the boundary between the West African
and Congo cratons (e.g., Ngwa et al., 2017; Wembenyui et al., 2020 and
references therein). The widely accepted model for its origin posits
mantle upwelling along a SW-NE ‘hot line’ due to reactivation of Pan-
African lineaments between the cratonic blocks. Repeated motions be-
tween the cratons generated low-degree partial melts from the
asthenospheric mantle that ponded beneath the lithosphere, but later
mixed and metasomatized the compositionally heterogeneous CLM
source of CVL lavas. The alternative model that the hotline was created
by a mantle plume or series of plumes appear inconsistent with existing
data, particularly the lack of systematic volcanic age progression (e.g.,
Asaah et al., 2015; Ngwa et al., 2017). As a whole, CVL lavas are also
alkaline but definitely more compositionally diverse than both EARS
and WARS lavas due to variable contributions from EM1, EM2 and DMM
mantle end-components (Fig. 5; Asaah et al., 2015 and references
therein). Lavas with radiogenic 206py, /204pp, (up to 20.5) indicating a
HIMU end-component source also occur in Mount Cameroon although
the HIMU-like signature of the lavas diminishes with time (Wembenyui
et al., 2020 and references therein). Lavas with a FOZO-like composition
are generated through mixing of all the source components (e.g., Asaah
et al., 2015). Additionally, some of CVL lavas with low Pb and Nd but
high Sr isotopic signature, particularly the Bamoun Plateau lavas, are
clearly contaminated by continental crust and/or the CLM beneath
western Africa (Atouba et al., 2016; Fig. 5).

Current geophysical models indicate significantly thinner litho-
sphere beneath the CVL relative to adjacent areas and the low velocity
mantle structures beneath the CVL are restricted to the upper mantle
(Adams, 2022 and references therein). These have been generally
interpreted to support the above notion that the CVL magma source is
confined to a hot line in the upper mantle plus CLM and not connected to
mantle plumes and/or the deep mantle. However, most recent high-
resolution P-wave velocity images of the mantle structure developed
using the most extensive collection of travel-time residuals recorded
across Africa to date and an adaptive model parameterization show that
the CVL magmatism most likely results from the northwestward flow of
seismically slow material from the LLVP in southern Africa beneath the
Congo Craton (Saeidi et al., 2022). Based on these new geophysical re-
sults, therefore, it can be argued that the alkaline lavas in CVL and EARS
share a common, subducted oceanic lithospheric mantle source and that
the enhanced compositional diversity of CVL lavas is simply due to the
inefficacies of mixing among the various source components from the
LLVP and CLM beneath western Africa. Thus, it is possible that the
alkaline magmas in northwest Ross Sea, EARS and CVL have common-
alities in their origins; their compositional variations represent the di-
versity of melts coming from different periods and stages of recycling of
previously subducted oceanic slab and interactions of such melts with
the overlying asthenosphere and continental lithosphere.

7. Conclusions

Results of this study indicate that the primary alkaline magmas of
continental-oceanic transect lavas in the northwest Ross Sea region can
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be best inferred from primitive oceanic lavas; they come from upwelling
small degree partial melts with characteristic features of the FOZO
mantle component. Such a component most likely originates from pre-
viously subducted oceanic lithospheric mantle. The new Re—Os and
HSE abundance data clearly suggest that contamination by continental
lithospheric mantle is an ancillary process that strongly affects partial
melts infiltrating the thicker continental lithosphere, and is largely
responsible for creating the continental-oceanic geochemical trends of
the transect lavas. Furthermore, the compositional similarities among
the northwest Ross Sea, CVL and EARS continent-oceanic transect lavas,
particularly their alkaline nature and OIB-like isotopic signatures, are
most likely linked by a common geologic process.
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