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Abstract 

Intraplate volcanism across Zealandia, South Eastern Australia, the Ross Sea Embayment 

and Marie Byrd Land in Antarctica define a magmatic province characterised by basalts 

with elevated 
206

Pb/
204

Pb (18.9 – 22.5), 
87
Sr/

86
Sr = ~0.7035, Light Rare Earth enrichment 

[(Ce/Yb)n > 10], and convex-up mantle normalised incompatible multi-element patterns, 

peaking at Nb-Ta, with negative K and Pb anomalies. Moreover, trace element 

abundances and ratios (e.g. Zr/Nb, Y/Zr) resemble those of Ocean Island Basalts (OIB), 

distinct from Mid-Ocean Ridge Basalt (MORB), suggesting derivation from  distinctive 

(OIB-like) reservoirs. Our preferred scenario envisages partial melting across the garnet – 

spinel stability fields involving asthenospheric and lithospheric mantle components. This 

leads to an aggregated melting column where asthenospheric mantle is modelled by 

primitive mantle (PM) and subcontinental lithospheric mantle by depleted MORB mantle 
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(DMM) enriched by addition of 1% carbonatite (DMM+1). Melts  accumulate in a 

column where the deep source is DMM and the shallower source a melange of DMM and 

subcontinental lithospheric mantle (DMM+1) across the lithosphere – asthenosphere 

boundary. Evolution of primary and near-primary magmas is controlled by olivine + 

clinopyroxene, then ol + cpx + plagioclase (pl) ± Fe-Ti oxides. The trachy-basalts, 

trachytes and rhyolites show isotopic evidence for interaction with continental crust.  

 

Introduction 

Auckland Islands (50.6
°
S, 166°E) are an archipelago of islands and sea stacks near the 

southern edge of the Campbell Plateau, ~ 400 km south of New Zealand, and form a part 

of the greater New Zealand lithospheric block of Zealandia (Luyendyk, 1995; Mortimer, 

2008; Mortimer and Campbell, 2014). The islands (Figure 1) comprise the relics of two 

eroded Cenozoic intraplate shield volcanoes: Ross Volcano (Wright, 1966, 1967, 1968, 

1970, 1971) in the north and Carnley Volcano (Speight and Finlayson, 1909, Gamble and 

Adams, 1985; Gamble et al., 1986; Gamble and Thomson, 1990) in the south that were 

active between 12 – 17 Ma before present (Adams, 1983; Hoernle et al., 2006). The rock 

types comprise a suite of mafic (basalt – trachy-basalt) lava flows that were erupted onto 

an eroded Mesozoic basement of biotite granite (Denison and Coombs, 1977) that is 

exposed on Musgrave Peninsula in the core of Carnley Harbour (Gamble and Adams, 

1985). More evolved trachy-andesites, trachytes and rhyolites are present throughout the 

sequence, but are more common lower in the sequence and overall minor in volume. In 

this regard they are broadly similar, but with higher proportions of felsic lavas, to other 

subantarctic islands of the Campbell Plateau, namely Campbell Island (Morris, 1984; 

Gamble and Thomson, 1990), Antipodes Island (Gamble and Thomson, 1990; Scott et 

al., 2013) and the intra-plate volcanoes of the Chatham Rise and Southern New Zealand, 

(Morris, 1984, 1985; Baker et al., 1994; Weaver et al., 1989).  

More recently, a number of researchers (Panter et al., 2000; 2006; 2018; Finn et al, 2005; 

Price et al., 2005; Hoernle et al., 2006; Sprung et al., 2007; Timm et al., 2009, 2010; 

McCoy-West et al., 2010, 2016; McGee et al., 2013; Kipf et al., 2013; Martin et al., 

2013; Scott et al., 2013; 2014a, b; 2016a, b; Price et al, 2014; van Otterloo et al., 2014; 

van der Meer et al., 2017; Dalton et al, 2017) have addressed the regional trace element 
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and isotopic character of intra-plate basalts and their sources from southern Zealandia, 

the Ross Sea – West Antarctica margins of Antarctica and SE Australia that were once 

contiguous parts of the Gondwana margin prior to breakup ~ 105 - 85 Ma. A major 

debate has been the regional distribution of their distinctive geochemical characteristics 

with relatively low 
87
Sr/

86
Sr, high 

206
Pb/

204
Pb and distinctive, convex-upward, mantle 

normalised multi-element incompatible trace element diagrams, with anomalies at K and 

Pb and described as HIMU-like (see Hoernle et al, 2006; Timm et al., 2009; 2010 

McCoy-West et al., 2010 and Scott et al., 2013 for overviews). The debate focuses on 

whether these are melts sourced from a deep mantle plume, asthenospheric mantle, 

subcontinental mantle lithosphere or some combination of these sources. 

Here we report the geochemistry of volcanic rocks and associated intrusions from 

Carnley Volcano in the Auckland Islands, including electron microprobe analyses of the 

major minerals, and whole rock major oxide, trace element and Sr, Nd and Pb isotope 

data. We evaluate the geochemical evolution of the magmas in the context of the volcanic 

stratigraphy and model the crystal fractionation and crustal assimilation pathways of the 

magmas as well as identifying primitive, near primary compositions that we use to 

interrogate possible source partial melting models in the context of the distinctive SW 

Pacific “HIMU-like” signature. 

 

Establishing a regional geodynamic framework 

A major thermal event ~ 180 Ma resulted from or led to the mantle instability that 

generated the massive continental flood basalt provinces of the Parana-Karroo-Ferrar, 

now preserved in Brazil, southern Africa, Antarctica, south eastern Australia and New 

Zealand and may have been a precursor to breakup of the Gondwana supercontinent and 

opening of the Tasman Sea and Southern Ocean, between 84 and 79 Ma (Gaina et al., 

1998; Cande and Stock, 2004; van der Meer et al., 2017). Prior to these events and 

possibly since early Phanerozoic or late Proterozoic times, the continental lithosphere of 

the palaeo-Pacific margin had been subjected to subduction and subsequently to the 

possible effects of an impinging mantle plume. While mantle lithosphere, in its pristine 

form, is refractory and depleted in nature having been produced by partial melting 

processes that yielded basalt, this “lithospheric lid” may have been exposed periodically 
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to transitory melts and fluids that differentiate, mingle, degass and dewater, and variably 

infiltrate and enrich the lithospheric mantle. This is most certainly the case for the SW 

Pacific subduction-related margins of Gondwana and evidence of this process is recorded 

in mantle xenoliths from southern Zealandia (Scott et al., 2013; 2014a,b; 2016a,b; 

McCoy-West et al., 2015; 2016; Dalton et al, 2016), Antarctica (Gamble and Kyle, 1987; 

Gamble et al., 1988; Wysoczanski et al., 1993; Handler et al., 2003; Martin et al., 2014, 

2015) and SE Australia (O’Reilly et al., 1988; Yaxley et al., 1991; McBride et al., 1996). 

The lithosphere of southern Zealandia comprises 20 – 30 km thick crust, coupled to 

lithospheric mantle whose thickness exceeds 100 km beneath the Southern Alps of New 

Zealand (Okaya et al., 2007; Davey et al., 2007) in broad agreement with estimations 

from mineral thermobarometry, (Scott et al., 2014a,b). For the purposes of this 

contribution, we assume an average crustal thickness of 20 - 25 km and lithospheric 

mantle thickness of 80 ± 10 km, approximating to ~ 2.5 ± 0.1GPa at the boundary with 

convecting mantle. 

 

Geology of Carnley Volcano 

The volcanic geology of Carnley Volcano is described in Gamble and Adams (1985) and 

Ritchie and Turnbull (1985). These papers describe the growth and development of 

Carnley basaltic shield volcano on the eroded Mesozoic basement of the Campbell 

Plateau. In the case of the Auckland Islands, basement comprises a ~ 95 Ma Cretaceous 

granitoid (Denison and Coombs, 1977; Adams, 1983; Pickett & Wasserburg, 1989; 

Adams et al., 2017), that is exposed on Musgrave Peninsula in the core of Carnley 

Harbour (Gamble and Adams, 1985). Here, it is intersected by an intense plexus of dikes 

and sills related to Neogene volcanism (c.f. Gamble and Adams, 1985, Figs 5 and 6). 

Early stages of volcanism were explosive and possibly subaqueous with fine ash and 

pillowed lavas abundant in the basal succession on Musgrave Peninsula which is 

intercalated with thin carbonate sedimentary deposits (Ritchie and Turnbull, 1985) whose 

fossil assemblages indicate late Oligocene – Miocene ages. Overlying lava flows and 

rarely preserved pyroclastic rocks are largely subaerial and individual lava flows and 

packages of flows can be traced over kilometre distances, with some flows up to 15 or 20 

m thick. Potassium - Argon age dating of lava samples from Musgrave Peninsula are 
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reported in Adams (1983) and yield ages between 19 – 26 Ma in close agreement with the 

faunal assemblages. In the lower part of the succession, trachytes and rhyolites are more 

common than higher in the succession, where mafic rocks (basalts and trachy-basalts) are 

predominant. Nevertheless, the felsic rocks comprise < 5% of the volume exposed. The 

entire suite is intersected by a NNE-SSW trending dike swarm (Gamble and Adams, 

1985, see Fig 4 for detailed map of Carnley Harbour region and Figs 5, 6, 10 and 12 for 

field photography) whose compositions span those of the lava flows. In the eroded 

interior of Carnley Harbour, on McClure Head and Circular Head, an intrusive complex 

of coarse grained, biotite-bearing, olivine gabbro and intimately associated minor felsic 

rocks (Gamble and Adams, 1985) has been emplaced into the base of the volcanic series. 

These rocks are genetically related to the overlying volcanic suite and appear to represent 

the cooled and crystallised contents of a shallow magma chamber. 

 

Analytical Methods 

Major and trace elements were determined by X-ray Fluorescence analysis in the 

Analytical Facility of Victoria University of Wellington on rock powders that were 

prepared by first chipping with an hydraulic splitter and then crushing to powder in a 

tungsten carbide grinding barrel. Major elements were determined on fused glass discs 

using this powder and following a modification of the method outlined by Norrish and 

Hutton, 1969. Standard United States Geological Survey and Geological Survey of Japan 

rocks were used for calibration and major oxides were determined to a precision of ± 1%.  

FeO was determined by standard titration protocols. Trace elements were determined on 

undiluted pressed rock powder discs supported by boric acid. Detection limits were of the 

order of 1-2 ppm for most elements and reproducibility (as determined by multiple runs 

on an internal laboratory standard) were better than ±5%. Scandium, Th, U and the rare 

earth elements (REE) were determined by Instrumental Neutron Activation Analysis 

(INAA) in the INAA Laboratory at New Mexico Institute of Mining and Technology, 

using strategies outlined in Gamble and Kyle (1987). Electron Microprobe analyses were 

made with a JEOL JXA-733 Superprobe in the Analytical Facility of Victoria University 

of Wellington fitted with three wavelength dispersive spectrometers. Measurements were 

calibrated against international standards and full ZAF correction protocols were used. 
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Standard minerals (e.g. PX-1) were regularly analysed during an analytical session as a 

monitor of instrumental drift and analytical precision. Analytical precision was generally 

better than 1% for oxides > 10% and between 5-10% for low concentration oxides. 

All isotopes were measured on hand-picked rock chips (~ 5 mm across) that were first 

leached in an ultrasonic bath with dilute HCl, rinsed with distilled water and dried 

overnight at 60°C. Strontium and Neodymium isotopes were determined in the isotope 

facility of the Department of Geology, Royal Holloway University of London. Full 

details of the method used are in Thirlwall et al., (1994). During the time of the analyses 

SRM-987 gave 
87
Sr/

86
Sr = 0.710241 ± 22 (n=63) and La Jolla 

143
Nd/

144
Nd = 0.511857 ± 

7 (n=17), with BCR-1 
143

Nd/
144

Nd = 0.512621 ± 5 (n = 17). Lead isotopes were measured 

by RJW in the Department of Terrestrial Magnetism, Carnegie Institution, Washington. 

Lead isotope ratios were determined using a VG-P54 mass spectrometer with NIST-981 

as an internal standard and correcting for mass fractionation using a 
202

Pb/
205

Pb double 

spike using methods outlined by Todt et al., 1996. 

 

Petrology and Mineralogy 

The rocks are variably porphyritic, containing up to 40% (volume) phenocrysts that 

comprise, in order of relative abundance, clinopyroxene, plagioclase, olivine and iron 

oxides. Olivine and clinopyroxene are more abundant in the mafic (basaltic) lavas, with 

plagioclase increasing in the intermediate (basaltic trachy-andesite) and felsic (trachytes 

and rhyolites) rocks where traces (~1- 2%) of sanidine are recorded. Olivine and 

clinopyroxene often occur as glomeroporphyritic aggregates showing evidence of 

variable resorption. Groundmass assemblages are plagioclase, clinopyroxene and iron 

oxides, with rare olivine, set in glass that is invariably altered. There is no evidence of a 

Ca-poor pyroxene. Composition ranges of representative olivine, clinopyroxene and 

plagioclase are summarised in Table 1, electron microprobe analyses are contained in the 

Supplementary Data. 

 

Table 1 here 
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Olivine 

Olivine compositions range from Fo86–Fo51, and no rocks contain olivine with 

compositions ~Fo90 that would be suggestive of near primary magma status. Typically 

phenocrysts show normal zoning, with Mg-rich cores and more Fe-rich rims (e.g. 82275, 

Fo86- Fo56; 82235, Fo84- Fo67). Groundmass olivine occurs in most rocks and 

compositions of these are typically Fe-rich, and similar to those of phenocryst rims. 

 

Pyroxene 

Clinopyroxene is ubiquitous as a phenocryst phase and in the groundmass of all the 

studied rocks. Phenocryst and groundmass compositions overlap with regard to Mg-

content, but phenocrysts may show oscillatory compositional zoning and rare sector 

zoning, hinting at more complex petrological evolution.  

 

Feldspar 

Plagioclase occurs as a phenocryst and groundmass phase in all the rocks studied. 

Compositions range from An65 to An14, with the less An-rich compositions representing 

groundmass and outer rims of phenocryst phases. In trachytes and rhyolites, rare sanidine 

occurs together with sodic plagioclase (~ An15). 

 

Fe-Ti oxides 

Titano-magnetite and ilmenite occur as ubiquitous groundmass phases although there are 

sparse microphenocrysts of Ti-magnetite. Much of the Ti-magnetite shows textural 

evidence for subsolidus oxidation with lamellae of ilmenite. 

 

Whole Rock Geochemistry 

Major and Trace elements 

Major and trace elements are shown for representative lava flows, dykes, sills and 

shallow intrusions in Table 2 and the entire data-base is lodged as Supplementary Data 2. 

Whole rock major oxide and trace element data are plotted in Figures 2 and 3. The Total 

Alkali versus Silica (TAS, Le Bas, 1986) diagram (Figure 2a) shows that most rocks are 

mafic and of basalt – trachy-basalt - basaltic trachy-andesite affinity. A composition gap 
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(54.5 – 62% SiO2) separates the mafic samples from more evolved trachyte - rhyolite 

compositions. This bimodality is apparent in lava flows, dikes and sills and the shallow 

intrusions. When plotted in Harker-type diagrams (Figure 2 b – d) the trends of MgO, 

Al2O3, CaO and TiO2 show variations that are also broadly consistent with magmatic 

evolution by fractional crystallisation.  

Trace elements plots (Figure 3) of strongly incompatible elements define linear arrays 

among the basalts and trachy-basalts with ratios (e.g. Zr/Nb, Y/Zr, Ba/Zr) similar to those 

of OIB (5.8, 0.1, ~1.25 respectively, (Sun and McDonough, 1989) but distinct from 

MORB. More felsic rocks, such as the trachytes, rhyolites, and particularly, the felsic 

veins in the gabbro intrusions, deviate from the coherent trend of the basalts. In Figure 4, 

trace element ratios of Nb/Yb versus Th/Nb (Pearce, 2008) are plotted for selected 

primitive basalts from the Auckland Islands, together with representative samples from 

Banks Peninsula (Timm et al., 2009), Lookout Volcanics (McCoy-West et al., 2010), 

Antipodes Island (Scott et al., 2013) and Chatham Islands (Hoernle et al., 2006). The data 

fields overlap and fall in the Ocean Island Basalt (OIB) region of the OIB – MORB 

mantle array, confirming their OIB-like geochemical characteristics. 

In Figure 5, chondrite normalised (Anders and Grevesse, 1989) REE are shown for a 

representative suite of samples. All rocks show light REE enriched patterns with (Ce/Yb) 

ranging from 8 – 15 and generally increasing with increasing SiO2 content. Mafic rocks 

(e.g. #82235) show slight positive Eu-anomalies and evolved samples (e.g. #82254 and 

82215) show distinct negative Eu-anomalies, the extent of the negative anomaly 

increasing with SiO2 content. 

 

Table 2 here 

 

Primitive mantle normalised (Sun & McDonough, 1989) incompatible trace element 

abundances are shown as a series of multi-element plots in Figure 6. The mafic rocks 

(Figure 6a) show convex-up patterns typical of intraplate basaltic rocks with a maxima at 

Nb-Ta and a minor peak at U-Th, and with a relative depletion at K. The evolved rocks 

(Figure 6b) show peaks and troughs typical of felsic igneous rocks that have experienced 

significant degrees of crystal fractionation with peaks at Pb, and troughs at P (apatite), Ti 
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(Fe-Ti oxides), Sr and Ba (feldspar), consistent with extensive crystal fractionation and 

contamination by continental crust. The gabbro intrusion sample (#82285) shows a 

somewhat jagged pattern (Figure 6c), consistent with the cumulus nature of this rock. The 

felsic vein rock (#82289) shows a pattern similar to the evolved lavas of Figure 6b. 

Figure 6d compares multi-element patterns for primitive basalts across Zealandia, 

including the presently active Auckland Volcanic Field. Overall, the samples share many 

distinctive features, with convex-up patterns peaking at Nb-Ta, a K-anomaly and steep 

subparallel slopes to patterns for the less incompatible elements Nd-Lu.  

 

Radiogenic isotopes 

Radiogenic isotopes (Table 3) are plotted in conventional isotope variation diagrams 

(Figures 7 and 8). The Sr and Nd isotope results show the basalts occupying a restricted 

field, distinct from MORB (Figure 7). In detail however, the Auckland Islands suite 

define a curvilinear array extending between basalt and rhyolite at high values of 

87
Sr/

86
Sr and low values of 

143
Nd/

144
Nd. Basaltic trachy-andesite and trachyte samples are 

intermediate between those of basalt and rhyolite.  Basalts from other sub Antarctic 

Islands (Antipodes, Campbell and the Chatham Islands taken from Panter et al., (2006), 

Sprung et al., (2007), Hoernle et al., (2006), together with other data from southern New 

Zealand (Price et al., 2003; Timm et al., 2009, 2010) overlap with the Auckland Islands 

basalt data. The stippled area on Figure 7 shows the general field of New Zealand meta-

sedimentary basement terranes of the Eastern and Western Provinces (data from Adams 

et al., 2005, Adams and Graham, 1996 and Price et al., 2015. Lead isotopes for basalts 

from the Auckland Islands (Figure 8 a,b) plot along the Northern Hemisphere Reference 

Line (NHRL) with 
206

Pb/
204

Pb varying between 19.5 and 20.0. Differentiated lavas (e.g. 

82285, 82250) plot at lower 
206

Pb/
204

Pb. Basalt data for other Zealandia intraplate sites 

(e.g. Campbell Island, Antipodes Island, Chatham Islands) extend to high 
206

Pb/
204

Pb ~ 

20.6 and scatter about the NHRL. Nominal continental crustal values are proxied by 

GLOSS (Plank and Langmuir, 1998) and Average Upper Crust (UCC) (Rudnick and 

Gao, 2003) In plots of Sr- and Nd-isotopes versus 
206

Pb/
204

Pb (Figure 8c,d) the Auckland 

Island suite defines a curvilinear array between basalt and rhyolite consistent with 

magmatic evolution by assimilation with fractional crystallisation (AFC) processes. 
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Discussion 

Establishing P/T equilibria. 

In Figure 9a we show results of calculations of P/T equilibration conditions for a suite of 

primitive basalts from the Auckland Islands (MgO > 9.0%, Ni > 200 ppm, Cr > 300 

ppm). These are based on the thermo-barometric models of Wood (2004) and Lee et al., 

(2009). In the Wood (2004) calculations we use the whole rock compositions, 

recalculated to 100% anhydrous, with FeO as total iron. In the Lee et al., (2009) 

calculations, a preliminary step is the calculation of a primary magma by incremental 

addition of olivine until the melt reaches equilibrium with putative mantle olivine (here 

taken as Fo90), and following Tamura et al (2000). On the P/T diagram, the mantle 

solidus is from Hirschman et al (2000), the liquidus from Katz et al (2003) and the 

plagioclase – spinel – garnet – stability fields are from Pearson et al (2005). The Lee et 

al. (2009) results yield pressures between 3.5 and 2.5 GPa and temperatures between 

1550°C and 1500°C. The Wood (2004) determinations range between 2.5 GPa and 0.25 

GPa and 1300° and 1250°C.  The Lee et al., (2009) calculations result in higher pressure 

and temperatures because they calculate an initial primary magma in equilibrium with 

mantle olivine (Fo90). Note how the data define 2 sub-parallel arrays, consistent with a 

polybaric fractionation pathway. Collectively, these results can be compared with the 

same data projected into the quaternary phase system C-M-A-S (O’Hara, 1968), Figure 

9b, that shows data projected from olivine onto the plane CS-MS-A, with experimentally 

determined cotectics for 1GPa and one atmosphere. The Auckland Islands data cluster 

close to the plagioclase – clinopyroxene join at 1 GPa, consistent with phase equilibria 

involving fractionation of olivine + clinopyroxene + plagioclase. Primitive basalt 

compositions from Banks Peninsula (Timm et al., 2009) overlap with the Auckland 

Islands data set, suggesting broadly similar evolutionary pathways. Moreover, there is a 

degree of overlap in the P-T model presented here and the independently constrained 

xenolith model of Scott et al., 2014a. 

Based on these observations, we suggest that the partial melting regime commenced in 

upwelling asthenospheric mantle beneath the trailing edge of the Zealandia lithospheric 
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plate. The melting column therefore commenced in the garnet stability field and moved 

upward into the spinel field in the shallower lithospheric mantle. 

 

Quantification of crystal fractionation 

Few, if any, of the analysed basalt samples in this study show geochemical features 

consistent with primary magmatic status (i.e. olivine >Fo90, whole rock 100.Mg/Mg + Fe 

>70, high Ni and Cr), and we suggest that magmas have experienced varying degrees of 

crystal fractionation during ascent and that this is also allied to varying degrees of 

interaction with continental crust (AFC). To test this, we have performed stepwise least 

squares mixing calculations using iterations from primitive basalt to basalt, and from 

basalt to trachy-basalt and basaltic trachy-andesite, results of which are summarised in 

Table 4. Mineral data are from our database of electron microprobe analyses of minerals 

from the Auckland Islands. The least squares solutions show general agreement with the 

observed petrography with olivine (~Fo70-86) + clinopyroxene ± plagioclase ± Fe-Ti 

oxides more dominant in the mafic rocks and clinopyroxene + plagioclase ± olivine ± Fe-

Ti oxides in the more evolved (basaltic trachy-andesite) compositions. Steps to felsic 

compositions such as trachyte and rhyolite (e.g. #82254, Supplementary Table 3) show 

higher proportions of feldspar and essential involvement of Fe-Ti oxides and apatite. 

Using the mineral proportions from the least squares solutions and trace element partition 

coefficients from the Geochemical Earth Reference Model data base (GERM: 

EarthRef.org at http://earthref.org/), supplemented by values in Rollinson, (1998), we 

have used the Rayleigh equation to calculate normalised REE patterns for several 

evolutionary steps (e.g. basalt > trachy-basalt, basaltic trachy-andesite > trachyte). The 

basalt (82272) – trachy-basalt  (82276) step is shown in Figure 10. Furthermore, the 

similarity of incompatible trace element ratios (Zr/Nb ~ 5, Y/Nb ~ 0.6, Ba/Zr ~ 1.25, 

Ba/Rb ~ 10, Figure 3) over much of the composition range hints at derivation from a 

common source, and magmatic evolution via broadly similar processes. 

While fractional crystallisation offers a viable explanation for the overall within-suite 

variations, successive lava flows from measured sections (Figure 11) on Adams Island 

and the Fleming Plateau show irregular geochemical variations with stratigraphy, 

suggesting a more complex magmatic evolution, possibly sourced from spatially distinct 
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pockets or reservoirs at various depths beneath the volcano. Furthermore, radiogenic 

isotopic measurements imply interaction between ascending melts and shallow 

continental crust, which we examine in the following section. 

 

Removing the veil of crustal contamination - Modelling Assimilation with Fractional 

Crystallisation (AFC). 

The isotopic data show unambiguous evidence for interaction between mantle-derived 

magmas and continental crust during magmatic evolution, with rhyolites and trachytes 

(e.g. #82115) showing elevated 
87
Sr/

86
Sr and low 

143
Nd/

144
Nd. In Figure 12, data for 

trachy-basalt, trachyte and rhyolite compositions define a curvilinear array towards 

higher 
87
Sr/

86
Sr and lower 

143
Nd/

144
Nd, consistent with contamination by assimilation of 

continental crust. In Figure 12, we have modelled assimilation with fractional 

crystallisation (AFC) for Sr and Nd isotopes based on the algorithm of De Paolo, (1981). 

Our starting compositions were taken from the most primitive compositions from this 

work and supplemented by analyses from Panter et al., (2006); Hoernle et al., (2006); 

Sprung et al., (2007). 

Selection of a crustal end-member contaminant is non-trivial. The middle to upper crust 

of the South Island, New Zealand is dominated by the juxtaposed Eastern and Western 

Province tectonostratigraphic terranes of relatively low-grade metamorphic rocks of the 

Torlesse, Rakaia and other Supergroups of the Eastern Province and Western terranes, 

exemplified by Buller Terrane, Greenland Group. They comprise packages of greywacke-

type quartzo-feldspathic sandstones and associated argillites and typically show highly 

radiogenic Sr-isotope and unradiogenic Nd-isotope ratios. The Eastern and Western 

Provinces are separated by igneous rocks that comprise the Median Batholith (Mortimer 

et al., 1999). Paleogeographic reconstructions of van der Meer et al., (2017) indicate that 

Auckland Islands crust is of Western Province affinity although we note the presence of 

the Cretaceous age Musgrave granite in Carnley Harbour and metasedimentary rocks of 

Greenland Group affinity on Campbell Island (Adams et al., 2005). Our “shallow” crust 

contaminant is therefore defined by a composition based on a calculated average of the 

tectono-stratigraphic terranes estimated from the data-bases of Adams, (2005), Wandres 

et al., (2004) and Price et al., (2015).  

Page 13 of 72

URL: http://mc.manuscriptcentral.com/nzjg

New Zealand Journal of Geology and Geophysics



For Peer Review Only

 

Our modelling investigated a number of scenarios with fractionating mineral assemblages 

taken from our least squares models, partition coefficients were taken from the 

Geochemical Earth Reference Model data base (EarthRef.org at http://earthref.org/), and 

“r” values (where r = rate of assimilation/ rate of crystallisation) varied from 0.1 to 0.8. 

The best fit calculations were those in which r-values were > 0.6, suggesting relatively 

high input from mid-upper crustal rocks in the genesis of the evolved felsic rocks.  

 

Modelling of partial melting 

A number of recent papers (e.g. Finn et al., 2005; Panter et al., 2006; Sprung et al., 2007; 

Hoernle et al., 2006; Timm, 2009, 2010; McCoy-West et al., 2010, 2016; Scott et al., 

2016, 2014a, b; Dalton et al., 2017) have addressed the matters of source versus process 

in the origin of the distinctive geochemical signatures of southern New Zealand 

continental intra plate basalts. In this regard, primitive basalts of the Auckland Islands 

carry the distinctive signature of HIMU-like mantle-derived basalts, with high U/Pb, light 

REE enrichment (Ce/Yb)n = 8 - 15, strongly convex upward multi-element patterns, 

peaking at Nb-Ta, and negative anomalies at K and Pb. Moreover, incompatible trace 

element ratios show characteristics of derivation from enriched OIB-like sources with 

Zr/Nb, Ba/Zr, Y/Zr, Rb/Zr similar to OIB, but distinctive from MORB (c.f. Figure 3). 

There is considerable geochemical and petrological evidence from the study of mantle 

xenoliths from S.E. Australia (O’Reilly et al., 1988; Griffin et al., 1988; Yaxley et al., 

1991; McBride et al., 1996), southern Zealandia (Scott et al., 2014, 2016a,b; McCoy-

West et al., 2013, 2015, 2016, Liu et al., 2016; Dalton et al., 2017) and Antarctica 

(Gamble and Kyle, 1987; Handler et al., 2003; Martin et al, 2015; Panter et al, 2018) that 

the subcontinental lithospheric mantle is geochemically and mineralogically 

heterogeneous and has been variably metasomatised. Moreover, for Zealandia, Sm-Nd, 

Lu-Hf , U-Th-Pb and Re-Os model age calculations (McCoy-West et al. 2016; Scott et al. 

2014, 2016b; Liu et al., 2015) have demonstrated depletion-enrichment events that extend 

from Palaeo-Proterozoic to late Phanerozoic times and have suggested mantle sources 

enriched by carbonatite as recently as 120 - ~100 Ma (Scott et al., 2014a,b; McCoy-West 

et al., 2016). Accordingly, for our modelling, we have selected Primitive Mantle (Sun & 
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McDonough, 1996, PM) for the convecting asthenospheric mantle source and depleted 

MORB mantle (Workman and Hart, 2010, DMM) enriched by addition of 1% calci-

carbonatite (Hoernle, 2002) for lithospheric mantle (DMM+1%).  

 

We have calculated aggregated partial melts using non-modal batch and fractional 

melting equations for selected trace elements, including REE, with residual garnet at high 

pressures and spinel at lower pressures, in keeping with a melting column traversing from 

garnet- to spinel-stability regions and from asthenospheric- to lithospheric-mantle. Partial 

melting through the asthenospheric mantle - lithospheric mantle boundary produces 

aggregated melts that show geochemical traces of both components (PM and DMM+1%) 

and agree with primitive melt compositions from Carnley Volcano. In our favoured 

model, partial melting commences in the asthenospheric mantle, modelled by PM in the 

garnet stability field and moves upward into shallower spinel-bearing metasomatised 

mantle in the lithosphere. The aggregated melts therefore carry signatures from both 

components. In Figure 13a, we show REE patterns for partial melts formed by small 

volume melting (~2%) of PM in the garnet stability field, followed by spinel or garnet 

melting of DMM+1%. The aggregated melts comprises a blend of 2% melt of 

asthenospheric mantle (PM) origin and up to 10% melt of lithospheric mantle (DMM+1) 

in the proportions 50:50 (Figure 13a) and 2% melt of asthenospheric mantle and 10% 

melt of lithospheric mantle (DMM+1), also with traces of residual amphibole, but in the 

proportions 70:30 (Figure 13b).  

Lithospheric dimensions for the Campbell Plateau are reported by Davy et al., 2006, 

2008; Grobys et al., 2008, 2009; Pysklywec et al., 2010; Ball et al., 2016. Significantly, 

Grobys et al., (2009) conclude that continental crust thins from around 33 km in the 

southern South Island, to 21 km beneath the Great South Basin, thickening again to ~27 

km under the central Campbell Plateau. Moreover, three dimensional modelling by 

Pysklywec et al., 2010 suggest appreciable and abrupt thickness variations across the 

lithospheric mantle of southern Zealandia and this is further supported by results of the 

South Island Geophysical Transect (SIGHT) project (Davey et al., 2007; Okaya et al., 

2007) that show thickened lithosphere to the SW of the South Island and fractures 

penetrating deep crust into lithospheric mantle. We therefore suggest that the lithosphere 
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– asthenosphere boundary beneath southern Zealandia is likely to be uneven and locally 

stepped. 

In Figure 14, we present a cartoon model for the petrogenesis of the Auckland Islands 

basalts showing the trailing edge of the Zealandia Plate comprising continental crust and 

coupled lithospheric mantle moving westward at ~37mm yr
-1
 over asthenospheric mantle. 

In the absence of convincing structural, geophysical or tectonic evidence for impingment 

of any mantle plume body, and the apparent scattered distribution of volcanic centres and 

their age and duration in southern Zealandia, we are drawn to the concept of “edge-

driven” convection of King and Anderson (1998). Using this theory, as developed by 

Demidjuk et al., (2007) for young intraplate volcanism in SE Australia, where a key 

parameter to establishing “edge driven” convective flow was identified as the existence 

of thickness variations (or “step” changes) at the lithosphere – asthenosphere boundary. 

We suggest that these necessary “steps” exist in southern Zealandia lithospheric mantle 

thickness and are suggested in the work of Grobys et al., 2009; Pysklywec et al., 2010 

and Ball et al., 2016 with the boundary between lithosphere and asthenosphere likely to 

be locally irregular. 

Motion of the southern Zealandia plate, coupled to the irregularity of the asthenosphere – 

lithosphere boundary, combines to establish conditions necessary for edge driven 

convective flow. Upwelling of asthenospheric mantle, thermo-mechanical erosion and 

entrainment of the lithospheric mantle into asthenospheric mantle produces conditions 

conducive to small volume partial melting and partial melts aggregate across a boundary 

that includes both lithospheric and asthenospheric mantle. Partial melts may be focussed 

and channelled via deep fractures or discontinuities similar to those identified in the 

SIGHT project. There is therefore no need for a mantle plume, the process is a 

consequence of plate tectonics. 

 

Conclusions 

Intraplate volcanism in Carnley Volcano results from partial melting along the trailing 

edge of the Zealandia lithospheric plate. 
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The primary melts are a result of polybaric decompression melting and melt aggregation 

across the garnet and spinel stability fields spanning asthenospheric and lithospheric 

mantle. 

These primitive magmas evolve by fractional crystallisation and assimilation with 

fractional crystallisation (AFC) to form evolved felsic rocks such as rhyolite and trachyte. 

These rocks are minor in volume relative to the volumetrically dominant mafic melts and 

are concentrated lower in the stratigraphic succession, perhaps because in the early stages 

of volcanism, shallow (quartzo-feldspathic) crust was susceptible to partial melting and 

AFC by transiting mafic melts. As volcanism became established, melt channels became 

were lined by earlier melts and the ascending melts shielded from interaction with 

country rock. 

Our preferred model favours a mechanism that is unrelated to a mantle plume, but in 

which the distinctive geochemical characteristics (e.g. OIB-like Zr/Nb, Y/Zr, Th/Yb, 

Nb/Yb, high Nb -Ta, low-K and HIMU-like Pb isotopes) are related to an edge-driven 

convective flow model (Demidjuk et al., 2007) in which convecting asthenospheric 

mantle and metasomatised lithospheric mantle interact to produce melts with OIB-like 

and HIMU-like characteristics. In this scenario, the lithospheric mantle carries the 

HIMU-like signature. This offers an explanation for the modern day geographic 

dispersion of geochemically similar intraplate magmas around the SW Pacific rim. 
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Captions to Figures 

Figure 1 Location map showing Auckland Islands with Carnley Volcano to south and 

Ross Volcano to north (modified from Gamble and Adams, 1985).  The inset map shows 

the central area of Carnley Harbour, with Cretaceous granite basement on Musgrave 

Peninsula and a shallow gabbroic intrusion on Circular Head and McClure Head. Dykes 

of the NNE-SSW trending dyke swarm are stylized. K-Ar age data from Adams, 1983 are 

in boxes. 

 

 

Figure 2 Major oxide variation diagrams (in weight %), including: (a) Total Alkali 

(Na2O+K2O) v SiO2 (TAS, Le Bas et al, 1986) and (b) MgO v CaO/Al2O3 for lava flows, 

dikes and sills and shallow intrusions from Auckland Islands. Fractionation vectors are 

shown for olivine, clinopyroxene and Ca-plagioclase; fractionational crystallisation of a 

nominated phase produces a trend in the direction of the arrow. Note the strong 

coherence of the array for mafic rocks and the bimodality between the mafic suite and the 

felsic samples. 

 

Figure 3 Selected trace element variation diagrams (in parts per million) for Carnley 

Volcano rocks. OIB and MORB values are from Sun and McDonough, 1989. Note the 

coherency of highly and moderately incompatible elements Zr, Nb, Y, Ba and Rb in the 

mafic rocks and the apparent decoupling (crustal assimilation?) in the felsic rocks.  

 

Figure 4 Nb/Yb versus Th/Yb (Pearce, 2008) for intraplate basalts from Auckland 

Islands, with data from Banks Peninsula (Timm et al., 2010), Lookout Volcanics, 

Marlborough (McCoy-West et al., 2010), Chatham Islands (Panter et al., 2006) and 

Antipodes Island (Scott et al., 2013) for comparison. MORB values are from Arevalo and 

M
c
Donough (2010), continental crust from Rudnick and Gao (R&G) (2003) and Rudnick 

and Fountain (R&F) (1995), GLOSS from Plank and Langmuir (1989). 

 

Figure 5 Chondrite normalised (Anders and Gevresse, 1989) Rare Earth Element (REE) 

diagrams for basalt, trachy-basalt, trachyte and rhyolite from Carnley volcano. Note the 

enriched LREE patterns and the Eu-anomaly in the trachyte and rhyolite. 

 

Figure 6 Mantle normalised (Sun and McDonough, 1989) multi-element plots of strongly 

and moderately incompatible trace elements for selected (a) basalts, (b) evolved rocks 
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and (c) shallow intrusives from the Auckland Islands. Figure 6(d) shows comparative 

plots for data from Zealandia, West Antarctica, Marie Byrd Land. All the data show a 

maximum convexity at Nb, Ta and a negative anomaly at K. 

 

Figure 7 Combined strontium and neodymium isotope variation for the Auckland 

Islands suite. BSE is bulk silicate earth (Rollinson, 1993). Comparison with data from 

Chatham Islands, Campbell Island, Antipodes Island and Dunedin volcano (PCB 

samples), data from Panter et al, 2006; Hoernle et al., 2006 and Price et al, 2003. New 

Zealand Continental Crust (NZ) is a nominal “average” for quartzo-feldspathic 

metasediments from compilations by Price et al., 2015, Adams et al., 2005.  

 

Figure 8 Lead isotope data from Auckland Islands rocks compared with data from other 

sub Antarctic islands and Dunedin volcano. Evolved trachy-basalt, trachyte and rhyolite 

samples from Auckland Islands are indicated in Figure 8a, c and d. Nominal averages for 

continental crust (GLOSS and UC) from Plank and Langmuir (1998) and Rudnick and 

Gao (2003) are shown. NHRL is the Northern Hemisphere Reference Line (Hart, 1984) 

HIMU and EM II are mantle reservoirs from Zindler and Hart (1986). 

 

Figure 9 (a) P-T cross section of lithosphere and convecting upper mantle beneath 

Auckland Islands. Calculations based on selected high Mg (MgO > 9.0%) lavas from 

Auckland Islands using P/T calibrations of Wood (2004) and Lee et al. (2009). Mantle 

solidus from Hirschman, (2000) and liquidus from Katz et al., (2000). Stability fields of 

peridotite assemblages from Pearson et al (2003). Dashed arrows are adiabats for 

potential temperatures of 1500°C and 1400°C and are for reference. Note that the Lee et 

al., (2009) formulation, first calculates a “primary” magma by addition of olivine until 

the liquid is in equilibrium with olivine of Fo90. The Wood (2004) model uses input 

whole rock data. 

 

Figure 9(b) CMAS (O’Hara, 1968) olivine projection onto the plane CS-MS-A for Mg- 

rich (>9.0% MgO) basalts from Auckland islands. The experimentally determined 

stability fields and peritectic points for 1 atmosphere and 1 Gpa are shown. Note that all 

basalts plot in the cpx stability field at ~1Gpa in agreement with observed phenocryst 

assemblage of olivine + clinopyroxene ± plagioclase petrography. The dashed field 

includes selected primitive samples from Banks Peninsula (Timm et al., 2009) and the 

Lookout Volcanics (McCoy-West et al. 2010). 

 

Figure 10. Modelled REE for crystal fractionation calculations, based on results from 

least squares modelling from basalt (82272) to trachy-basalt (82276). 

 

Figure 11 Nb and TiO2 measurements from two measured stratigraphic section of lava 

flows on Adams Island and the Fleming Plateau (see Fig 1). Note there is no clear 

chemical variation with height in the section, implying that there is no simple or 

continuous variation with time. 
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Figure 12 
87
Sr/

86
Sr versus 

143
Nd/

144
Nd for Auckland Island lavas with calculated AFC 

curves (De Paolo, 1979) with ticks at 5% intervals, and where r is the ratio of the rate of 

assimilation to crystallisation. 

 

Figure 13 Results of partial melting calculations for basalt (82272) for batch and 

fractional partial melting, with accumulated aggregated melts. Further details of the 

partial melting experiments are contained in the diagrams and in Supplementary 

Materials.  

 

Figure 14. Cartoon cross section of Zealandia lithosphere in the context of “edge driven 

convection” (after King and Anderson, 1998; Demidjuk et al., 2007 and Price et al., 

2014) showing location of intraplate volcanoes and thermo- mechanical erosion (stylised) 

of base of lithosphere into upwelling asthenospheric mantle leading to magmatism and 

focusing through deep cross-lithosphere fractures. 
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Table 1 Summary of compositions of major rock forming minerals in Auckland Islands, 

Carnley Volcano volcanic rocks. Mineral analyses are contained in Supplementary Data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample olivine clinopyroxene Plagioclase 

30175 

(82275) Fo 86 - 56 Mg 90 - 73 An 65 - 22 

30163 

(82263) Fo 74 - 26 Mg 76 - 67 An 58 - 50 

30135 

(82235) Fo 84 - 67 Mg 82 - 74 An 56 - 51 

30190 

(82290) Fo 54 - 52 Mg 70 - 66 An 59 - 46 

30162 

(82262) Fo 68 - 61 Mg 76 - 73 An 59 - 52 

30186 

(82286) Fo 72 - 60 Mg 83 - 77 An 78 - 50 

30185 

(82285) Fo 66 - 61 Mg 77 - 75 An 80 - 56 
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Table 2 Chemical analyses of representative samples from Carnley Volcano, Auckland Islands. Note Fe2O3 (italics) is total iron determined by XRF; FeO and 

Fe2O3 were determined by titration. Trace elements in italics were determined by INAA. The entire Auckland Islands data set is contained in Supplementary 

Data.  

 

VUW no. 30135 30162 30164 30154 30172 30176 30115 30150 30185 30189 

Field no. 82235 82262 82264 82254 82272 82276 82215 82250 82285 82289 

Occurrence flow flow flow flow flow flow flow sill shallow intn shallow intn 

SiO2 46.34 45.85 46.36 66.23 48.93 52.73 72.06 68.86 46.26 64.72 

TiO2 2.75 3.12 2.8 0.54 2.44 2.18 0.4 0.59 1.76 0.78 

Al2O3 11.88 14.59 12.48 14.59 12.01 16.43 14.46 13.86 17.66 16.19 

Fe2O3 3.18 3.43 4.02 1.6 3.72 4.34 1.38 2.15 2.62 1.72 

FeO 8.99 9.4 8.39 4.52 7.99 5.5 0.28 2.53 5.69 1.96 

Fe2O3* 13.17 13.88 13.34 6.62 12.6 10.45 1.69 4.96 8.94 3.9 

MnO 0.15 0.19 0.17 0.06 0.17 0.13 0.01 0.04 0.12 0.06 

MgO 8.93 7.95 9.99 0.37 9.58 2.8 0.08 0.37 7.57 0.96 

CaO 9.77 9.6 9.64 0.69 9.99 6.45 1.24 0.45 14.97 1.7 

Na2O 2.78 2.74 2.67 3.08 2.4 3.59 3.87 3.94 1.8 4.46 

K2O 0.8 1.04 0.85 5.12 1.21 2.53 5.09 4.83 0.35 5.91 

P2O5 0.47 0.59 0.52 0.11 0.42 0.79 0.05 0.16 0.09 0.16 

LOI 2.52 1.39 1.16 2.4 0.93 1.72 0.7 1.56 0.13 0.54 

Total* 99.56 100.94 99.98 99.81 100.68 99.80 99.65 99.62 99.65 99.38 

Sc 24 22 25 13 27 14 10 10 35 4 

V 222 268 250 3 241 158 <2 12 232 26 

Cr 305 222 410 2 490 9 <2 3 158 2 

Ni 201 149 223 29 150 11 <2 4 91 11 

Cu 64 65 74 4 41 14 2 <2 114 26 

Zn 121 114 112 160 114 123 148 168 50 55 

Ga 19 21 20 29 21 26 28 27 20 25 

Rb 13 21 19 182 34 77 196 193 9 257 

Sr 495 670 496 161 457 583 227 197 630 185 

Y 29 33 26 59 32 43 64 63 14 45 

Zr 183 229 175 631 232 392 590 577 93 645 

Nb 42 61 44 105 48 74 106 104 17 75 

Cs <0.1 0.1 0.05 1.43 0.25 0.98 3.18 0.5 0.14 3.51 

Ba 206 322 244 766 276 513 754 764 89 512 

La 23.8 35.5 25.3 84.4 35.3 56.9 113.6 82.7 8.72 76.1 

Ce 50.4 72.8 50.3 180.1 71.6 120.3 237.4 170.7 18.3 157.6 

Page 31 of 72

URL: http://mc.manuscriptcentral.com/nzjg

New Zealand Journal of Geology and Geophysics



For Peer Review Only

Nd 24.4 40.8 37.4 78 36.9 58.5 108.2 76.7 13.2 62 

Sm 6.5 7.64 5.88 15.25 7.47 11.42 18.78 14.09 2.84 9.92 

Eu 2.13 2.4 2.039 3.338 2.169 3.15 3.61 2.995 1.092 1.992 

Tb 0.96 1.01 0.81 2.04 0.98 1.5 2.42 2.08 0.38 1.3 

Yb 1.78 1.83 1.52 4.81 2.15 3.28 4.19 5.04 0.77 3.58 

Lu 0.25 0.27 0.206 0.732 0.303 0.46 0.582 0.761 0.102 0.54 

Hf 4.7 5.3 4.11 16.58 5.41 9.4 15.86 14.9 2.44 17.76 

Ta 2.4 3.5 2.49 6.18 2.67 4.09 6.43 6.16 1 5.16 

Th 2.4 3.9 2.57 18.11 5.29 10.06 20.17 18.22 0.95 18.55 

U 0.5 0.8 0.65 4.2 1.26 2.2 5 5.19 0.18 3.54 

 

Total* = analytical total based on Total Fe2O3*; FeO and Fe2O3 determined by titration, LOI = Loss on ignition at 1000°C 

Trace elements in italics by instrumental Neutron Activation, all others by XRF. 

Sample numbers are VUW 30xxx and field numbers 822xx. 
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Table 3 Sr, Nd and Pb isotopic data for representative samples from Carnley Volcano, Auckland Islands. Details of analytical methods are in text 

 

VUW no Field no Sr Rb 87Sr/86Sr 87Sr/86Sr(12Ma) Nd Sm 143Nd/144Nd Pb 206Pb/204Pb 

30135 82235 508 13 0.702965 ±8 0.702953 24.4 6.49 0.512424 ±2 2 19.535 

30150 82250 197 193 0.708216 ±8 0.707749 76.7 14.1 0.512594 ±31 31 18.798 

30158 82258 257 131 0.705856 ±9 0.705613 85.5 15.3 0.512631 ±17 17 18.81 

30162 82262 698 21 0.70348 ±10 0.703466 40.8 7.64 0.512893 ±1 <2 19.62 

30162-r 82262-r <2 19.622 

30163 82263 640 21 0.703539 ±9 0.703523 38.8 8.61 0.512905 ±3 3 19.499 

30164 82264 496 19 0.703593 ±7 0.703575 37.4 5.88 0.512893 ±1 <2 19.465 

30172 82272 457 34 0.704303 ±6 0.704267 36.9 7.47 0.512761 ±2 2 19.067 

30177 82277 536 16 0.703261 ±8 0.703247 18.1 7.31 0.512894 ±1 <2 19.883 

30185 82285 630 9 0.703298 ±8 0.703291 13.2 2.84 0.512865 ±1 <2 19.716 

30115 82215 227 196 0.709296 ±8 0.708884 108.2 18.78 0.512562 ±25 25 18.798 
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Figure 1 Location map showing Auckland Islands with Carnley Volcano to south and Ross Volcano to north 
(modified from Gamble and Adams, 1985).  The inset map shows the central area of Carnley Harbour, with 
Cretaceous granite basement on Musgrave Peninsula and a shallow gabbroic intrusion on Circular Head and 

McClure Head. Dykes of the NNE-SSW trending dyke swarm are stylized. K-Ar age data from Adams, 1983 
are in boxes.  
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Figure 2 Major oxide variation diagrams (in weight %), including: (a) Total Alkali (Na2O+K2O) v SiO2 (TAS, 
Le Bas et al, 1986) and (b) MgO v CaO/Al2O3 for lava flows, dikes and sills and shallow intrusions from 

Auckland Islands. Fractionation vectors are shown for olivine, clinopyroxene and Ca-plagioclase; 

fractionational crystallisation of a nominated phase produces a trend in the direction of the arrow. Note the 
strong coherence of the array for mafic rocks and the bimodality between the mafic suite and the felsic 

samples.  
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Figure 3 Selected trace element variation diagrams (in parts per million) for Carnley Volcano rocks. OIB and 
MORB values are from Sun and McDonough, 1989. Note the coherency of highly and moderately 
incompatible elements Zr, Nb, Y, Ba and Rb in the mafic rocks and the apparent decoupling (crustal 

assimilation?) in the felsic rocks.  
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Figure 4 Nb/Yb versus Th/Yb (Pearce, 2008) for intraplate basalts from Auckland Islands, with data from 
Banks Peninsula (Timm et al., 2010), Lookout Volcanics, Marlborough (McCoy-West et al., 2010), Chatham 
Islands (Panter et al., 2006) and Antipodes Island (Scott et al., 2013) for comparison. MORB values are 

from Arevalo and McDonough (2010), continental crust from Rudnick and Gao (R&G) (2003) and Rudnick 
and Fountain (R&F) (1995), GLOSS from Plank and Langmuir (1989).  
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Figure 5 Chondrite normalised (Anders and Gevresse, 1989) Rare Earth Element (REE) diagrams for basalt, 
trachy-basalt, trachyte and rhyolite from Carnley volcano. Note the enriched LREE patterns and the Eu-

anomaly in the trachyte and rhyolite.  
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Figure 6 Mantle normalised (Sun and McDonough, 1989) multi-element plots of strongly and moderately 
incompatible trace elements for selected (a) basalts, (b) evolved rocks and (c) shallow intrusives from the 
Auckland Islands. Figure 6(d) shows comparative plots for data from Zealandia, West Antarctica, Marie Byrd 

Land. All the data show a maximum convexity at Nb, Ta and a negative anomaly at K.  
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Figure 7  Combined strontium and neodymium isotope variation for the Auckland Islands suite. BSE is bulk 
silicate earth (Rollinson, 1993). Comparison with data from Chatham Islands, Campbell Island, Antipodes 
Island and Dunedin volcano (PCB samples), data from Panter et al, 2006; Hoernle et al., 2006 and Price et 

al, 2003. New Zealand Continental Crust (NZ)  is a nominal “average” for quartzo-feldspathic 
metasediments from compilations by Price et al., 2015, Adams et al., 2005.  
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Figure 8 Lead isotope data from Auckland Islands rocks compared with data from other sub Antarctic islands 
and Dunedin volcano. Evolved trachy-basalt, trachyte and rhyolite samples from Auckland Islands are 
indicated in Figure 8a, c and d. Nominal averages for continental crust (GLOSS and UC) from Plank and 

Langmuir (1998) and Rudnick and Gao (2003) are shown. NHRL is the Northern Hemisphere Reference Line 
(Hart, 1984 ) HIMU and EM II are mantle reservoirs from Zindler and Hart (1986).  

 
111x157mm (300 x 300 DPI)  

 

 

Page 41 of 72

URL: http://mc.manuscriptcentral.com/nzjg

New Zealand Journal of Geology and Geophysics



For Peer Review Only

  

 

 

 

 

209x297mm (150 x 150 DPI)  

 
 

Page 42 of 72

URL: http://mc.manuscriptcentral.com/nzjg

New Zealand Journal of Geology and Geophysics



For Peer Review Only

  

 

 

 

 

105x86mm (150 x 150 DPI)  

 

 

Page 43 of 72

URL: http://mc.manuscriptcentral.com/nzjg

New Zealand Journal of Geology and Geophysics



For Peer Review Only

  

 

 

Figure 10. Modelled REE for crystal fractionation calculations, based on results from least squares modelling 
from basalt (82272) to trachy-basalt (82276).  
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Figure 11 Nb and TiO2 measurements from two measured stratigraphic section of lava flows on Adams 
Island and the Fleming Plateau (see Fig 1). Note there is no clear chemical variation with height in the 

section, implying that there is no simple or continuous variation with time.  
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Figure 12 87Sr/86Sr versus 143Nd/144Nd for Auckland Island lavas with calculated AFC curves (De Paolo, 
1979) with ticks at 5% intervals, and where r is the ratio of the rate of assimilation to crystallisation.  
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Figure 13 Results of partial melting calculations for basalt (82272) for batch and fractional partial melting, 
with accumulated aggregated melts. Further details of the partial melting experiments are contained in the 

diagrams and in Supplementary Materials.  
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Figure 14. Cartoon cross section of Zealandia lithosphere in the context of “edge driven convection” (after 
King and Anderson, 1998; Demidjuk et al., 2007 and Price et al., 2014) showing location of intraplate 

volcanoes and thermo- mechanical erosion (stylised) of base of lithosphere into upwelling asthenospheric 

mantle leading to magmatism and focusing through deep cross-lithosphere fractures.  
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