Contrib Mineral Petrol (2007) 153:669-687
DOI 10.1007/s00410-006-0169-1

ORIGINAL PAPER

Intraplate volcanism in New Zealand: the role of fossil plume
material and variable lithospheric properties

Peter Sprung - Stephan Schuth - Carsten Miinker -
Leonore Hoke

Received: 14 July 2006/ Accepted: 23 November 2006/ Published online: 6 January 2007

© Springer-Verlag 2007

Abstract The geologic evolution of the New Zea-
land microcontinent was characterised by intermittent
Cretaceous to Quaternary episodes of intraplate vol-
canism. To evaluate the corresponding mantle evolu-
tion beneath New Zealand with a specific focus on the
tectonic evolution, we performed a combined major
and trace element and Hf, Nd, Pb, Sr isotope inves-
tigation on a suite of representative intraplate volca-
nic rocks from both main islands and the Chatham
Islands. Isotopically, the data set covers a range be-
tween “HIMU-like” end member compositions
(*°°Pb/**™Pb:  20.57, 2"Pb/*™Pb: 15.77, ¥'Sr/*Sr:
0.7030, eHf: + 3.8, eNd: + 4.2), compositions tending
towards MORB (**°Pb/2%*Pb: 19.01, **’Pb/>**Pb: 15.62,
87Sr/%8r: 0.7028, ¢Hf: + 9.9, ¢éNd: + 7.0) and compo-
sitions reflecting the influence of subducted sediments
(*°Pb”%Pb:  18.99, 2O7Pb/2*Pb: 15.67, ¥'Sr/*°Sr:
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0.7037, eHf: + 4.4, ¢eNd: + 3.9). Whereas volcanism on
the Chatham Islands constitutes the HIMU end
member of our data set, intraplate volcanic rocks
from the North Island are dominated by MORB-like
compositions with relatively radiogenic **°Pb/**Pb
signatures. Volcanic rocks from the South Island form
a trend between the three end members. Assuming a
polybaric melting column model, the primary melt
compositions reflect variations in the degree of melt-
ing, coupled to variable average melting depths. As
the three isotope and trace element end members
occur throughout the volcanic episodes, the “HIMU-
like” and the sediment influenced signatures most
likely originate from a heterogeneous subcontinental
lithospheric mantle, whereas an asthenospheric origin
is inferred for the MORB-like component. For the
South Island, affinities to HIMU wane with decreas-
ing average melting depths whereas MORB and
sediment-like signatures become more distinct. We
therefore propose a polybaric melting model involv-
ing upper asthenospheric mantle and a lithospheric
mantle source that has been modified by subduction
components and veins of fossil “HIMU-like”
asthenospheric melts. The proportion of astheno-
spheric versus lithospheric source components is
controlled by variations in lithospheric thickness and
heat flow, reflecting the different tectonic settings and
rates of extension. Generally, low degree melts pref-
erentially tap enriched vein material with HIMU
signatures. The widespread occurrence of old
Gondwana-derived lithospheric mantle beneath
intraplate volcanic fields in East Gondwana is sug-
gested by overall similarities between New Zealand
intraplate volcanic rocks and volcanic rocks in East
Australia and Antarctica. The petrogenetic model
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proposed here may therefore serve as a general model
for the petrogenesis of Cretaceous to Recent intra-
plate volcanic rocks in former East Gondwana.

Introduction

Despite the widespread occurrence of continental
intraplate volcanism, its origin and the nature of po-
tential source regions are still contentious. A key
question is whether the source regions are dominated
by the hydrous subcontinental lithospheric mantle
(SCLM) (e.g. Gallagher and Hawkesworth 1992;
Hawkesworth and Gallagher 1993) or by the astheno-
spheric mantle with only minor contributions from the
SCLM (e.g. McKenzie and Bickle 1988; White and
McKenzie 1989). Lithospheric extension, shearing and
transtensional decompression or heating by rising
asthenospheric plumes are generally accepted mecha-
nisms causing melting in intraplate regimes (e.g. Tur-
cotte and Emerman 1983; White and McKenzie 1989;
Vaughan and Scarrow 2003). For the generation of
melts, metasomatised, heterogeneous lithospheric
mantle with veins that are highly enriched in incom-
patible elements and have a low solidus temperature
may play a significant role (Foley 1992; Mitchell 1995).

In the Cenozoic geological record of the New Zea-
land continental fragment (‘‘Zealandia”, Luyéndyk
1995), both volcanism related to subduction and
intraplate volcanism are common (Weaver and Smith
1989). A variety of models explain the origin of intra-
plate volcanism in Zealandia and the broader SW pa-
cific area. For the South Island of New Zealand and the
Chatham Islands, models involving active plumes
(Adams 1981), plumelets (e.g. Weaver et al. 1994),
metasomatised source regions (Gamble et al. 1986), or
lithospheric sources (e.g. Weaver et al. 1994; Finn et al.
2005) with fossil plume signatures (Weaver et al. 1994)
have been proposed. The intraplate provinces on the
North Island have been related to ascending mantle
plumes (Heming 1980a, b; Rafferty and Heming 1979),
spatially distinct lithospheric sources (Cook et al.
2005), ascending mantle convection behind the active
trench-arc complex (Heming and Barnet 1986) and
spatially distinct source regions within the upper
mantle (Huang et al. 2000).

As for Zealandia, a number of models have been
used to explain the origin of geochemically diverse
continental and oceanic intraplate volcanic fields that
are common in the SW Pacific area. Both, lithospheric
and asthenospheric sources, including plumes and
layered mantle regimes have been proposed (e.g.
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Lanyon et al. 1993; Storey et al. 1999, Rocholl et al.
1995; Zhang et al. 2001; O’Reilly and Zhang 1995; Hart
et al. 1995, 1997; Panter et al. 2000; Sprung et al. 2005).
In an integrated geophysical and geochemical ap-
proach, similarities between these intraplate volcanic
provinces have been attributed to the presence of old,
metasomatised Gondwana SCLM in the source regions
(Finn et al. 2005).

Here, we present a coherent major, trace element
and Hf-Nd-Sr-Pb-isotope dataset obtained for mafic
end members of intraplate volcanic fields throughout
Zealandia. Our data are used to constrain the source
regions of the volcanic fields, to assess potential re-
gional variations, and to evaluate the control of the
plate tectonic setting on the compositional diversity of
the volcanic fields. A regional comparison corroborates
the widespread occurrence of Gondwana SCLM in the
source regions of volcanic fields throughout former
East Gondwana.

Geological setting

Only about 10% of the New Zealand microcontinent
(Fig. 1) are raised above sea level. The continental
basement of New Zealand was formed during nearly
continuous Cambrian to early Cretaceous convergence
and subduction along the East Gondwana margin (e.g.
Mortimer 2004). Since the breakup of East Gondwana
in the Cretaceous that was linked to subduction of the
Phoenix ridge and mantle plume activity (Storey et al.
1999; Weaver et al. 1994), Zealandia is separated from
present day Australia. Rifting is inferred to have
commenced by ~110 Ma (Waight et al. 1998), culmi-
nating in the formation of the Tasman Sea between ~85
(e.g. Li and Powell 2001) and ~60 Ma to ~53 Ma
(Weissel and Hayes 1977; Kamp 1986). Zealandia’s
separation from present day Antarctica happened
stepwise, ranging from ~120 to ~80 Ma along the
Chatham Rise and ~83 to ~79 Ma in the Campbell
Plateau area (e.g. Eagles et al. 2004).

At present, Zealandia is truncated by the obliquely
convergent plate boundary between the Pacific Plate
on the eastern side and the Indian-Australian Plate on
the western side (Fig. 1). The new plate boundary
evolved by ~45 Ma, when an oblique spreading zone
propagated into Zealandia, possibly along a pre-exist-
ing Palaeozoic zone of lithospheric weakness (Suther-
land 1999a; Sutherland et al. 2000). The spreading zone
had evolved into a zone of oblique convergence by
~23 Ma (e.g. King 2000). Prior to ~6 Ma, when the
major episode of compression forming the Southern
Alps began, movement along the plate boundary was
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predominantly dextral strike-slip (e.g. Sutherland
1999b). Since ~12 Ma, the plate boundary links two
inversely directed oblique subduction zones via the
Alpine Fault, a zone of almost pure strike-slip motion
truncating the South Island (e.g. King 2000; Sutherland
1999b).

A specific feature of the New Zealand microcon-
tinent is the close temporal and spatial association of
arc volcanism and intraplate volcanism. Ongoing
westward subduction of the Pacific Plate along the
Hikurangi subduction zone since ~30 Ma to the east
of the North Island led to intermittent subduction
related volcanism on the North Island since ~25 Ma
(e.g. King 2000). For the area west of the recent arc
chain, active back-arc spreading and rifting have been
postulated (Hodder 1984; Sporli 1980; Stern 1985). On
the South Island, no subduction related volcanism has
been reported. Adakites on Solander Island south of
the South Island (Reay and Parkinson 1997) are the
northernmost extension of volcanism related to the
eastward subduction of the Indian—Australian plate
along the young (~12 Ma) Puysegur and Fjordland

subduction zones (e.g. Lebrun et al. 2000; Sutherland
1995).

Intraplate volcanic and intrusive rocks occur
throughout Zealandia (e.g. Weaver and Smith 1989,
Hoke et al. 2000). On the South Island, intraplate
volcanism was spatially diffuse, intermittent (mid-
Cretaceous - Pliocene), and is characterised by rela-
tively low volumes of erupted magma (e.g. Baker
et al. 1994; Hoke et al. 2000; Weaver and Smith
1989). As volumetrically largest centres of volcanic
activity, the Miocene Banks Peninsula (~11-5.8 Ma,
~1,800 km®) near Christchurch and the Dunedin
Volcano (~13-10 Ma, 80-150 km?) at Dunedin stand
out (e.g. Weaver and Smith 1989). In contrast,
intraplate volcanism on the North Island is confined
to two major extensional domains located behind the
active volcanic arc (e.g. Hodder 1984; Sporli 1980;
Weaver and Smith 1989). Within the Northland
Volcanic Province, volcanic activity occurred between
9.7 Ma and 13 ka (Smith et al. 1993). The Auckland
volcanic field (2.69 Ma-500 a) consist of a series of
volcanic fields that decrease in age towards the north
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(Briggs et al. 1989, 1994). The volcanic activity has
been related to membrane stress (Hodder 1984) and
propagating fractures in the lithospheric mantle
(Cook 2002), similar to models proposed for oceanic
intraplate volcanism that is not related to hotspots
(e.g. Hieronymus and Bercovici 1999, 2000). The
Chatham Islands on the eastern margin of Zealandia
display three major episodes of mafic, highly under-
saturated alkaline intraplate volcanism (Gamble et al.
1986; Grindley et al. 1977) between 85-82 Ma, 41—
35 Ma, and ~5 Ma (Panter et al. 20006).

Sampling and analytical methods

Mafic samples of ten volcanic fields throughout New
Zealand and the Chatham Islands have been sampled
in order to obtain a temporally and spatially repre-
sentative sample suite. Fresh samples were taken,
avoiding alteration rims, veins, and xenoliths. Any
remaining visible signs of alteration were removed. All
samples were ground in an agate mill.

Based on thin section observation, a set of 23 fresh
samples with negligible signs of alteration was chosen
for analysis. Whole rock major element compositions
and concentrations of V, Cr, Co, Ni, Rb, Sr, Zr and
Nb were determined by X-ray fluorescence spec-
trometry (XRF) using a Philips PW-1480 at Univer-
sitit Bonn. Fe®'/Fe** was determined by titration
(Heinrichs and Hermann 1990) at an external repro-
ducibility of 5%. A subset of the 16 most primitive
samples was additionally analysed for their trace
element contents by quadrupole inductively coupled
plasma mass spectrometry (ICP-MS) at Universitit
Kiel using an AGILENT 7500cs (see Schuth et al.
2004) with typical external reproducibility of 5-10%
for most elements of interest. Differences between
two separately digested duplicates of one sample (NZ
560A) were below 2% for all elements of interest.
Measured concentrations for the BHVO-1 standard
were generally within 10% of literature values for
most elements of interest (Hf, Nb, Ta, Zr: Miinker
et al. 2003; Ba, Rb, Sr: Pin 2003; all other elements:
Govindaraju 1994). For V, Cr, Co, Ni, Rb, Sr, Zr and
Nb, most XRF- and ICP-MS-data agree to within
<20% which is within the typical external reproduci-
bilities of both methods. Major and trace element
data are given in Table 1 of the electronic supple-
mentary material.

Whole rock Hf-Nd-Sr-Pb isotope compositions
were obtained for the 16 most primitive samples at
Universitdt Miinster. Hafnium, Nd, and Sr composi-
tions were determined on the same split of ~ 150 mg
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rock powder. Lead isotope analyses were performed
on small handpicked rock chips that were treated with
ultrasound in deionised H,O and leached for 1 h in hot
3 N HCI and 6 N HCI, respectively. For two samples
with eruption ages of ~80 Ma, corrections for radio-
genic ingrowths have been applied. The respective Pb
isotope data were corrected using a typical u of 8. For
concentration measurements by isotope dilution
(ID), mixed spike-solutions (*’Rb-3*Sr, *°Sm-'*Nd,
176 u-"%Hf) were added to the two samples prior to
digestion. Digestions followed a method described in
Miinker et al. (2001). An aliquot of the sample solution
was taken for Hf and Lu separation using Eichron Ln-
Spec resin (Miinker et al. 2001). Rubidium, Sr, Sm and
Nd were separated in a sequential column chemistry
using cation-exchange resin (Dowex AG 50W x 8§,
200-400 mesh) to extract Rb, Sr, and the REE fraction
and a HDEHP based resin for Sm and Nd (Richard
et al. 1976). For Pb separation, an HCI-HBr column
chemistry using Dowex 1-X8 resin was applied (Man-
hes et al. 1984; Mattinson 1986; Tilton 1973). Lutetium
and Hf isotope analyses were run on a Micromass
Isoprobe (MC-ICPMS). Neodymium, Sm, Sr were
analysed on a Finnigan Triton (MC-TIMS), Rb on the
Micromass VG Sector 54 (MC-TIMS). Lead isotope
compositions were determined both with a Finnigan
Triton and a Micromass VG Sector 54. All analyses
were run in static mode. An external correction for
mass bias using repeated runs of NBS 982 that were
normalised to accepted values (Todt et al. 1996) was
applied to all Pb isotope data (~0.1% per amu). The
external reproducibility deduced from our NBS 982
runs was ~0.05% per amu (2 RSD). Hafnium, Nd and
Sr isotope values were internally corrected for mass
fractionation using the exponential law and the fol-
lowing normalising  values:  *°Sr/*®Sr = 0.1194,
MONd/'**Nd = 0.7219, and "’Hf/"”’Hf = 0.7325. For
fractionation correction of Lu, "°Lu/!”’Lu was nor-
malised to the measured '*’Re/'®Re of doped Re
(Scherer et al. 1999). No analytically significant frac-
tionation correction was required for Rb measure-
ments (external reproducibility +1%). All '"°Hf/'""Hf
values are given relative to a °Hf/'”’Hf value of
0.282160 for the JMC-475 standard at a long-term
external reproducibility of +50 ppm. For Nd isotope
analyses, a long-term external reproducibility of
+30 ppm is achieved with the Finnigan Triton at
Miinster. Repeated measurements of the La Jolla
standard (n =5) gave a '"Nd/"*Nd of 0.511839 +
0.000014 (20). The long-term external reproducibility
for ¥Sr/%Sr with the Finnigan Triton at Miinster is
+40 ppm. Repeated runs of NBS 987 (n = 7) yielded a
878r/%°Sr of 0.710253 = 0.000032 (2¢). The external
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precision for Lu/Hf and Rb/Sr is +1 and +0.2% for Sm/
Nd. Average deviations of the concentrations deter-
mined by ICPMS from isotope dilution data are gen-
erally below 5% except for Sr concentrations (~9.5%).
Blanks determined in the course of analyses were
12 pg for Hf, 115 pg for Nd, 165 pg for Sm, and ca.
400 pg for Pb. Strontium blanks are typically ~50 pg.
All procedural blanks are negligible with respect to the
sample concentrations.

The chondritic parameters and decay constants used
for calculations of ¢éNd and ¢Hf values and age cor-
rections are: 'Nd/'Nd = 0.512638, ¥'Sm/'*Nd =
0.1967 (Jacobsen and Wasserburg 1980; Wasserburg
etal. 1981)), 2'*’Sm = 6.54 x 107'? (Lugmair and Marti
1978), YSHf/V"Hf = 0.282772, 7°Lu/'"’Hf = 0.0332
(Blichert-Toft and Albaréde 1997), 2'7°Lu = 1.865 x
10" a™! (Scherer et al. 2001), 2Rb = 1.42 x 107" a™!,
27U = 155125 x 1071027, 77U = 9.8485 x 10702,
and /?Th = 4.9475 x 107'" a7! (Steiger and Jiger
1977). All isotope data are given in Table 1, concen-
tration determinations and age corrected data are
given in Table 2 of the electronic supplementary
material.

Results

Petrography

All samples are volcanic or shallow intrusive rocks. In
thin section, most samples display a microcrystalline

to vitric matrix with phenocrysts of clinopyroxene,
plagioclase and subordinate magnetite or ilmenite.

Minor iddingsite rims on olivine crystals have been
observed in some cases. Two samples (NZ 553,
NZ 557) contained peridotitic mantle xenoliths, which
were carefully removed. Xenocrystic olivine showing
kink bands is present in three samples (NZ 58 CH,
NZ 570 A, D 113). One sample shows abundant idi-
omorphic clinopyroxene (NZ 560 A). Hornblende is
only present as partially resorbed, metastable xeno-
crysts in one sample from the Chatham Islands (NZ
39 CH B).

Geochemistry
Major and trace elements: whole data set

Following the TUGS classification scheme for igneous
rocks (Le Maitre et al. 1989) sample compositions vary
between basanitic, andesitic and mugearitic (not
shown). Basanites and basalts are the dominant rock
types. Major element contents used in plots and re-
ported in the text are recalculated on a volatile-free
basis. MgO-contents vary from ~4.0 to 13.5 wt.-%, Mg#
from ~52 to 75. The overall range for Ni- and Cr-
contents is 37-364 ppm and 30-605 ppm, respectively,
both showing positive correlations with MgO and Mg#
for the whole data set as do V and Co (not shown).
Total iron contents (Fe,Ost) vary between 8.1 and
13.8 wt.-%, CaO/Al,O3 ranges from 0.51-0.88. Both,
Fe, O3t and CaO/Al,O5 display negative trends with
SiO, (Fig. 2) and a broad positive trend with MgO (not
shown). Generally, incompatible major and trace ele-
ment contents display negative correlations with SiO,
(Fig. 2).

Table 1 Hf-Nd-Pb-Sr isotope data obtained by TIMS and MC-ICPMS analyses

Sample S/ THE eHf  3Sr/%sr 143N d/MNd eNd  2°PbPMPb  2Pb/%Pb  208pb2™Pb
NZ39 CHB 0282997 =6  +7.9 0703465 +13 0512885+ 15  +48 2051 15.75 40.43
NZ58 CH 0282830 +5  +3.8 0702969 +15 0512750 =11  +42  20.57 15.77 40.14
NZ64 CH 0282834 +5  +40 0703038 + 14 0512775+ 9 +4.6 19.93 1575 39.73
NZ552 0.282895+7  +44 0703704 +16 0512838 =12 +3.9 18.99 15.67 38.96
NZ555 0282896 +8  +4.4 0703400 + 15 0512863 =12 +4.4 19.18 15.69 38.97
NZ553 0282988 +5  +7.6 0702887 +14 0512921 =10  +55 19.90 15.68 39.48
NZ557 0282980 +7  +7.4 0702841 +14 0512890 =10  +49  20.28 15.69 39.81
NZ560 A 0282944 +6  +61 0703330 13 0512849 =10  +4.1 19.52 15.66 39.24
D113 0282988 +6  +7.7 0703611 + 14 0512884 =12 +4.8 19.16 15.65 39.02
D117 0283036 +7  +93 0703096 + 13 051294210  +5.9 19.63 15.65 39.46
NZ568 0282987 +6  +7.6 0703154 +15 0512915+ 12  +5.4 19.11 15.60 38.80
NZ569 0282988 +7  +7.6 0702782 +13 0512973+ 10  +6.5 19.37 15.60 38.98
NZ570 A 0282987 +6  +7.6 0702889 + 14 0512970 =11 +6.5 19.31 15.62 39.02
NZ566 0283052 +6  +9.9 0702811 +16 0512996 =15  +7.0 19.01 15.62 38.73
NZ573 0283003 +6  +82 0702836 +16 0512972 +9 +6.5 19.28 15.61 38.90
NZ575 0283006 +9  +83 0702758 + 14 0512971 + 9 +6.5 19.34 15.60 38.95

Isotope data for NZ 58 CH and NZ 64 CH are corrected for radiogenic ingrowths as presented in Table 2 of the electronic supple-
mentary material, Pb isotope data for both samples are recalculated assuming a p-value of 8
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Fig. 2 Major and trace
element variations with SiO,.
Solid symbols: subset of most
primitive samples analysed by
ICP-MS; open symbols: other
samples analysed by XRF.
Triangles: North Island,;
squares: South Island;
diamonds: Chatham Islands.
Light grey filled circles are
data for the Chatham Islands
from Panter et al. (2006). Gd
concentrations of the Panter
et al. data are extrapolated
from the geometrical mean of
neighbouring elements on a
PM normalised multi element
diagram
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Major and trace elements: subset of most primitive
samples

Based on major element compositions, a representa-
tive subset of the 16 most primitive samples (Mg# > 62,
MgO > 7 wt.-%, Ni >80 ppm, and Cr > 230 ppm)
from the different intraplate volcanic fields was chosen
to characterise source compositions. Despite its low
MgO-, Ni, and Cr- contents (~ 4 wt.-%, 43 and 34 ppm
respectively), sample NZ 64 CH was included in order
to extend the isotope data set for the Chatham Islands.
Furthermore, despite showing some effects of frac-
tionation and crustal assimilation, the data of Panter
et al. (2006) for the Chatham Islands have been in-
cluded. Within this subset, negative correlations of
Fe,O5t, CaO/Al,O5 and incompatible element con-
centrations with SiO, are even more pronounced both
on a regional and a Zealandia wide scale (filled sym-
bols in Fig. 2). Incompatible trace element and LREE
concentrations  display large variations (Lay/
Yby = 2.7-22.4; normalised to chondritic values of
Boynton (1984)) and show clear negative correlations
with silica contents as do La/Yb, La/Sm, and Gd/Yb
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(Fig. 2). Our samples from the Chatham Islands and
some samples from the South Island are most enriched
in incompatible elements (Fig. 3). There are consi-
derable variations in the degree of trace element
enrichment within the South Island subset. Even the
most enriched samples from the North Island display
lower concentrations of incompatible elements than
enriched samples from the South Island and the
Chatham Islands. Primitive mantle normalised multi
element diagrams of the highly enriched samples
strongly resemble those of HIMU-OIB (Fig. 3). Gen-
erally, there are maxima for Nb-Ta and Th-U. Within
the South Island subset, Nb-Ta gets increasingly de-
pleted relative to U-Th with decreasing degree of trace
element enrichment, resulting in a positive trend of
Nb/Th with La/Yb. All samples show distinct negative
anomalies for K and Pb relative to elements of similar
incompatibility. K/Ce, K/K* and Pb/Pb* are negatively
correlated with La/Yb (Fig. 4). To a lesser extent, Hf
displays negative anomalies, resulting in highly frac-
tionated values of Zr/Hf (35-55). For the South Island
data set, Zr/Hf show a positive trend with La/Yb

(Fig. 4).
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Fig. 3 Primitive Mantle (McDonough and Sun 1995) normalised
multi element variation diagrams. From top to bottom: North
Island: NZ 569, NZ 575, NZ 570A, NZ 568, NZ 573, NZ 566;
Chatham Islands: NZ 39 CH B, NZ 58 CH, NZ 64 CH; South
Island: NZ 553, NZ 557, D 117, NZ 560 A, D113, NZ 555, NZ
552

Hf-Nd-Pb-Sr Isotope compositions

Within our dataset, there are distinct regional varia-
tions in the isotope composition of Hf, Nd, Sr, and Pb
(Figs. 5, 6). The North Island subset is relatively
homogeneous. North Island data plot close to or within
the enriched ends of the depleted mantle field in
¢Hf vs. eNd, 2°7Pb/?**Pb vs. 2°°Pb/?*Pb and 37Sr/*°Sr
vs. 2%°Pb/™Pb diagrams. Chatham Island data
(including the data of Panter et al. (20060)) cluster
around the field of the HIMU mantle end member

(Zindler and Hart 1986). The radiogenic *°°Pb/***Pb-
signature (up to 20.5) is persistent over the whole time
span of volcanic activity on the Chatham Islands
(~80 Myrs) (Fig. 7). Within the South Island subset,
isotope compositions are less homogeneous. In
87Sr/%0Sr versus 2°°Pb/>™Pb space, the data fall on a
trend ranging from HIMU into the field of the depleted
mantle, but also show an influence of a component with
distinctly radiogenic *’Sr/**Sr. A similar trend is ob-
served in 2°’Pb/?**Pb versus 2°°Pb/**Pb space, where
two samples yield *°’Pb/***Pb values even beyond the
field for the EM-2 mantle end member (Zindler and
Hart 1986), pointing towards the direction of GLOSS
(Global Subducting Sediments, Plank and Langmuir
1998). Notably, these two samples are the youngest and
the oldest sample of the South Island subset (Fig. 7). A
trend to less radiogenic 2°°Pb/?**Pb with decreasing age
exists for the South Island samples that are younger
than ~20 Ma. In ¢Hf versus ¢Nd space, all samples fall
within the range of HIMU (e.g. Stracke et al. 2003).
Only the South Island subset displays clear correlations
of isotope compositions with silica contents and La/Yb
(Fig. 4). The samples that are the lowest in silica con-
tent and the most enriched in incompatible elements
are isotopically closest to HIMU. Notably, Zr/Hf also
display a distinct positive trend with 2°°Pb/***Pb (not
shown). No systematic variations of isotope composi-
tions with MgO-contents (Fig. 1 electronic supple-
mentary material) or Mg# (not shown) have been
observed for our data set. Samples from the Chatham
Islands constitute a suitable end member to the trends
defined by the South Island subset.

Discussion
Fractional crystallisation and crustal assimilation

Constraining the mantle source characteristics of vol-
canic rocks relies on the near primary nature of the
analysed samples, for which low silica contents
(<55 wt.-%), MgO contents above 6 wt.-%, Mg# above
68 and Ni and Cr contents significantly above 100 ppm
are frequently used as criteria. Yet, considerable vari-
ations in Ni and Cr contents can be produced by melting
of a metasomatically enriched mantle peridotite or by
melting of a drastically depleted mantle peridotite (e.g.
McKenzie 1989; Halliday et al. 1995; Hirschmann et al.
2003; Kogiso et al. 2003, 2004, Bogaard and Wdrner
2003). In particular, melting of pyroxenite veins can
generate primary basanitic to dacitic melts with Mg#
varying from 75 to 60 and less (Kogiso et al. 2004).
Hence, variable silica contents and Mg# as observed for
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Fig. 5 Plot of 2°°Pb/?**Pb vs. 3’Sr/*®Sr and ¢Hf vs. ¢eNd. Fields for
volcanic provinces in the SW Pacific and Eastern Australia are
from the compilation of Finn et al. (2005); mantle end members
and MORB from an updated compilation of Stracke et al. (2003,
2005) approximate e¢Hf and ¢Nd compositions of ‘Marine

our dataset not necessarily need to be the result of
crystal fractionation or crustal assimilation. A lack of
negative Eu-anomalies, decreasing Ni, Cr, and V con-
tents with decreasing Mg# and MgO contents, and
increasing Al,O5; contents with decreasing MgO con-
tents (not shown) are in principle in agreement with
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Sediments” (Vervoort et al. 1999) and EM-1 (after Stracke
et al. 2003) are indicated by arrows. A & T is “Australia and
Tasmania”; GLOSS is “Global subducting sediment” (Plank and
Langmuir 1998). Symbols are the same as in Fig. 2

fractionation of olivine and clinopyroxene. In contrast
to this, the observed negative correlations of incom-
patible trace elements with silica contents are incon-
sistent with typical fractional crystallisation trends
(Fig. 2), as confirmed by the subset of primitive sam-
ples, where these trends are even more pronounced.
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Fig. 7 2°°Pb/***Pb versus approximate eruption age (in Ma) for
all samples analysed. Detailed age informations and references
are given in Table 1 of the electronic supplementary material.
Symbols are the same as in Fig. 2

Several lines of evidence argue against crustal con-
tamination as a controlling factor of the elemental and
isotopic composition of our subset of samples. If the
elevated silica contents were the consequence of crus-
tal assimilation, this mechanism would also have to
account for the concomitant decrease in incompatible
trace element concentrations (Fig.2). Given the
incompatible trace element enriched composition of
the continental crust (e.g. Rudnick and Gao 2003;
Taylor and McLennan 1985), such a scenario is
impossible, even for highly enriched intraplate mag-
mas. Moreover, crustal contamination would have
produced correlations of radiogenic isotope composi-
tions with MgO contents, which is not observed for our
data set (Fig. 1 electronic supplementary material).

In summary, neither crystal fractionation nor crustal
contamination are mechanisms capable of producing
the isotopic and trace element composition of our
primitive subset of volcanic rocks. Although both
processes cannot entirely be ruled out, significant
effects on the sample compositions can be excluded.

MORB are from Graham (2002); He data for our analysed
samples from the South Island and the Chatham Islands are
from Hoke et al. (2000), data for North Island locations are from
Patterson et al. (1994); symbol in brackets: He data from
xenoliths. A & T is “Australia and Tasmania”. Symbols are
the same as in Fig. 2

Melting depths and melting degrees

The observed negative correlations of incompatible
elements and Fe,Ost with SiO, (Fig. 2) can be attrib-
uted to varying degrees of melting, caused by variable
melting depths. Generally, low degree melts are gen-
erated at greater depths and show lower silica contents,
higher total iron contents and a stronger enrichment in
incompatible trace elements than higher degree melts
(e.g. Langmuir et al. 1992). Additionally, as observed
for our data set, CaO/Al,Oj3 that are negatively corre-
lated with SiO, (Fig. 2) indicate increasing melting
depths in the presence of garnet (Herzberg 1995; Wal-
ter 1998). Since the source regions of intraplate volca-
nism have been suggested to contain both, volatiles and
mafic lithologies (e.g. Dasgupta et al. 2006; Gallagher
and Hawkesworth 1992), it is of importance to note,
that for primary melts of hydrous peridotite and car-
bonated eclogite (Asimow and Langmuir 2003; Asimow
et al. 2004; Dasgupta et al. 2006) comparable compo-
sitional trends result from changing melting depths.

The relationship between melting depth and degree
of melting can further be tested using the LREE
enrichment as an indicator for varying degrees of
melting and HREE depletion as an indicator for the
impact of residual garnet (e.g. van Westrenen et al.
2001a, b). As the effect of garnet on REE partitioning
is relatively insensitive to the presence of H,O (Wood
and Blundy 2002), the observed negative correlations
of La/Sm, La/Yb, and Gd/Yb with SiO, (Fig.2)
strongly argue for varying melting depths in the pres-
ence of garnet as the controlling factor for the degree
of melting independent from the potential source
characteristics.
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Further constraints on the melting depth and the
influence of residual garnet can be made from the
different behaviour of Sm/Nd and Lu/Hf during mantle
melting (Fig. 8). Due to the high compatibility of Lu in
mantle garnet (e.g. van Westrenen et al. 2001a, b),
partial melting in the garnet stability field fractionates
Lu/Hf stronger than Sm/Nd. In contrast, Sm/Nd and
Lu/Hf in the spinel stability field are largely controlled
by clinopyroxene, resulting in a strong coupling of both
ratios (cf. Chauvel and Blichert-Toft 2001). Minor
volatile rich phases in the lithospheric mantle such as
phlogopite or amphibole either (phlogopite) do not
have sufficiently high partition coefficients to affect
both element ratios significantly or (amphibole) do not
differ significantly from clinopyroxene in their respec-
tive fractionation behaviour (e.g. LaTourrette et al.
1995; Tonov et al. 1997; Hart and Dunn 1993). Calcu-
lated melting curves for Lu/Hf and Sm/Nd, assuming
accumulated fractional melting (Shaw 1970), for the
spinel and the garnet stability field bracket all of our
data for intraplate samples from New Zealand. Hence,
pooling of polybaric melts originating from both the
spinel and garnet stability fields is a viable mechanism
(cf. Chauvel and Blichert-Toft 2001). Consequently,
the variation in melting depths inferred for our data set
can be interpreted in terms of a melting column model,
reflecting variable average melting depths (Langmuir
et al. 1992).
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Fig. 8 Plot of measured Lu/Hf versus Sm/Nd with modelled
melting curves for accumulated fractional melting within the
spinel (long dashed lines) and the garnet stability field (short
dashed lines). Starting compositions are trace element contents
for the primitive mantle (McDonough and Sun 1995) and the
depleted mantle (Workman and Hart 2005). Source mineralogy,
melting modes and selection of partition coefficients are from
Chauvel and Blichert-Toft (2001). Melting steps are at 0.1, 2, 5, 1,
15, 20 and 25%. Symbols are the same as in Fig. 2. Using other
proposed depleted mantle values (e.g. Salters and Stracke
(2004)) does not change the result significantly
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Lithospheric versus asthenospheric sources

Two lines of evidence, both relying on distinct com-
positional differences between the asthenospheric and
the lithospheric mantle, indicate that the New Zealand
intraplate magmas are in part derived from the litho-
spheric mantle. These are (1) the presence of residual
hydrous phases and (2) the long term persistence of
distinct isotopically ‘“‘enriched” source components.
While volatile-rich mineral phases such as amphibole
or phlogopite are stable at conditions of the litho-
spheric mantle (Wallace and Green 1991; Foley 1992;
Class and Goldstein 1997) and have been described in
xenoliths (e.g. Ionov et al. 1997), they are not stable in
the convecting asthenosphere or in thermally anoma-
lous plumes (Wallace and Green 1991; Class and
Goldstein 1997). The observed negative anomalies of
K and negative correlations of K/K* and K/Ce with
La/Yb (Fig. 4) are in perfect agreement with the
presence of a buffering residual K-rich (lithospheric)
mineral phase during partial melting (Class and
Goldstein 1997; Le Roex et al. 2001; Spith et al. 2001).
Such buffering K-rich phases cause (1) K to behave less
incompatibly during partial melting than elements of
similar incompatibility and (2) nearly constant K con-
tents at different degrees of partial melting (Spith
et al. 2001). A decrease in K contents of partial melts
buffered by K-rich phases will not happen until the
complete consumption of the phase (Spéth et al. 2001),
which is hard to achieve due to solid solution melting in
the presence of F (Foley 1991, 1992). As implied by the
co-variation of K/K* and Pb/Pb*, K-Richterite may be
the predominant volatile-rich mineral in the sources of
the New Zealand magmas (Grégoire et al. 2002).

The SCLM does not take part in mantle convection
and thus can act as a rigid and chemically isolated
entity over geological time (e.g. Hawkesworth and
Gallagher 1993; Wilson et al. 1995). Accordingly, as
shown by isotope and trace element compositions of
xenoliths from the SCLM (e.g. Handler et al. 2003,
2005; Ionov et al. 2006; McBride et al. 1996; O’Reilly
and Zhang 1995; Zhang et al. 2001), the SCLM can
preserve distinct geochemical heterogeneities such as
those induced by subduction or by infiltration by
asthenospheric melts (e.g. Hawkesworth et al. 1990;
McKenzie 1989; Foley 1992). Despite the significant
lateral transport of Zealandia since the Late Creta-
ceous (e.g. Weissel et al. 1977; Kamp 1986; Eagles et al.
2004; Panter et al. 2006), our new data together with
previous studies (e.g. Baker et al. 1994; Panter et al.
2005, 2006; Sprung et al. 2005) demonstrate the re-
gional persistence of “HIMU-like” isotope and trace
element signatures throughout ~100 Ma of intermittent
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volcanic activity (Fig. 7). Thus, these “HIMU-like”
source components, identified by highly radiogenic
206pb/2%Ph, have to reside within the lithospheric
mantle. Likewise, isotope signatures that tend towards
those of subducted sediments (high *’Sr/**Sr and high
207pb/2%4Pb) can be observed over the whole time span
of volcanic activity on the South Island covered by our
data set (Fig. 7). Similar to models for the East Aus-
tralian SCLM (e.g. Zhang et al. 2001), the observed
sediment-like signatures are best explained by a
metasomatic enrichment of the SCLM with subduction
components originating from the Paleozoic to Meso-
zoic history of subduction beneath East Gondwana. An
increasing contribution from fossil subduction compo-
nents is also confirmed by the decrease of Nb/Th (low
in subduction components) with decreasing La/Yb
displayed by the South Island samples (Fig. 4). Fur-
thermore, the two samples with Pb and Sr composi-
tions closest to those of pelagic sediments, in
agreement with the smaller mobility of Nd and espe-
cially Hf in subduction components (e.g. Kogiso et al.
1997), display no shift from the HIMU field in ¢Hf
versus ¢Nd space.

Altogether, these systematics imply a lithospheric
origin of the enriched signatures in the New Zeland
magmas (cf. Cook et al. 2005) and argue against an
asthenospheric origin. Furthermore, EM-2 type mantle
that also bears pelagic sediment-like signatures is less
radiogenic in **’Pb/***Pb (e.g. Hofmann 1997) and is
expected to display significantly higher *He/*He (e.g.
Graham 2002) than the Zealandia rocks. Although an
increase in *He/*He with decreasing 2°°Pb/”**Pb is
observed for the South Island subset (Fig. 6; Hoke
et al. 2000), the temporal variation of He-isotope
compositions does not support a plume involvement
(Hoke et al. 2000).

The third isotopic end member that is particularly
present in the North Island samples and that shows
increasing influence with increasing degree of melting
for the South Island data resembles the depleted
mantle composition. Although the K contents in all
magmas are buffered by hydrous phases of the litho-
spheric mantle, there is a general decrease in K with
increasing degree of melting Zealandia wide (not
shown). This feature can be explained by a mixed
asthenospheric and lithospheric source region (cf. El-
lam and Cox 1989; 1991; Gallagher and Hawkesworth
1992; Hawkesworth and Gallagher 1993), where the
K-poor asthenospheric melts dilute the lithospheric
components. According to the veined lithosphere
model of Foley (1992), the trace element signatures of
highly enriched lithospheric veins will still dominate
the trace element inventory of melts, even if the

degrees of melting and, accordingly, the astheno-
spheric contribution are high.

Relationship between melting depth
and magma compositions

Whereas the base of the SCLM is in thermal equilib-
rium with the underlying asthenosphere (e.g. McKen-
zie et al. 2005), the temperature decreases rapidly with
decreasing depth (e.g. Hawkesworth and Gallagher
1993). Hence, melting is restricted to the base of the
SCLM where the geothermal gradient intersects the
solidus (Wilson et al. 1995). Consequently, the average
depth of a melt column that reaches into the SCLM
provides an approximation of the lithospheric thick-
ness. For the South Island subset, a distinct relationship
between melting depth and isotope compositions can
be documented by our data set. Negative correlations
of *”’Pb/*?Pb, ***Pb/**Pb, and ¥'Sr/*Sr with La/Yb
(not shown) as well as a strong positive correlation of
206pp/2%ph  with La/Yb (Fig. 4) indicate that the
strongest affinities to HIMU are displayed by those
samples that are derived from the greatest average
melting depths. With decreasing melting depth,
“HIMU-like” signatures are less pronounced and get
replaced by depleted-mantle-like and sediment-like
signatures. Sediment-like signatures are strongest in
those samples that are derived from the shallowest
average melting depth. As the lithospheric mantle is
partly enriched in volatiles (e.g. Wilson et al. 1995), its
solidus temperature is generally lower than that of dry
asthenospheric peridotite (Green 1973; Olafsson and
Eggler 1983, Falloon and Green 1990). Veins of frozen
low degree asthenospheric melts highly enriched in
incompatible elements (e.g. McKenzie 1989) are prone
to melt prior to the surrounding lithospheric wall-rock
(Foley 1992). Thus, the presence of frozen melt veins
of “HIMU-like” compositions in the base of the
lithospheric mantle that is modified by subduction
components with sediment-like signatures, can explain
the range of compositions found in the New Zealand
magmas. The almost undiluted “HIMU-like” compo-
sitions of the Chatham Islands and South Island sam-
ples originate from low melting degrees at great
average melting depths (i.e. largest lithospheric thick-
ness). Melts with more pronounced sediment-like or
asthenospheric signatures originate from shallower
melting depths in regions where the lithosphere is less
thick.

Despite clear variations in melting depth and the
degree of melting, all compositions of the North Island
samples resemble compositions of the depleted mantle
and do not display major isotopic variations with
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varying melting depths. This pattern implies a rela-
tively constant proportion of melts derived from
asthenospheric and lithospheric sources and a general
predominance of depleted mantle sources. As further
discussed below, this observation can be related to the
tectonic setting of the North Island with elevated
asthenospheric heat flow and high degrees of exten-
sion.

The evidence for a three component model is sum-
marised by Nb/Th versus La/Sm systematics (Fig. 9).
The model assumes mixing of typical melts derived
from the three proposed source end members. The
trend displayed by our South Island subset in Nb/Th
versus La/Sm space cannot be explained by binary
mixing between two of the pure end members, whereas
mixing of the three components with varying propor-
tions is a suitable process. Our interpretations inferred
from Nb/Th versus La/Sm systematics are confirmed by
modelling of trace element patterns (Fig. 9) where
three source components can explain the observed
patterns.

Petrogenetic model

Isotope and trace element variations in the New Zea-
land intraplate samples require an interplay of at least
three components involving lithospheric and astheno-
spheric sources. The three components are: (1) Trace
element enriched “HIMU-like” veins frozen in (2) a
lithospheric mantle modified by old subduction com-
ponents and (3) the depleted upper asthenospheric
mantle. Following previous models (e.g. Gallagher and

Hawkesworth 1992; Hawkesworth and Gallagher
1993), melting in the SCLM dominates at a large
lithospheric thickness and very low extension rates.
With decreasing lithospheric thickness, elevated rates
of extension and a lower asthenospheric potential
temperature, asthenospheric sources tend to dominate.
For melting of a veined lithospheric mantle, the “Vein-
Plus-Wall-Rock” melting model (Foley 1992) predicts
an increasing impact of the lithospheric wall-rock and
increasing asthenospheric contributions at high degrees
of melting. These models can be applied to our melt
column approach for the New Zealand intraplate
rocks, thus requiring regionally different lithospheric
thicknesses and different stress regimes in Zealandia.
In combining magma compositions and tectonic set-
ting, the Chatham Island samples, originating from a
non-extensional regime far off the present plate
boundary, show the strongest affinities to HIMU.
These small degree melts are derived from great depth
and predominantly tap the lithospheric vein assem-
blage, implying a large lithospheric thickness (Fig. 10).
Signatures that resemble those of the depleted
asthenosphere combined with more dilute “HIMU-
like” trace element signatures are observed for the
North Island subset. Including previously published
data (Cook 2002; Cook et al. 2005; Huang et al. 1997,
2000), a minor contribution from subduction modified
lithospheric wall-rock can also be observed. The
lithospheric and asthenospheric source proportions
appear to be relatively constant for the North Island,
reflecting a tectonic regime with elevated heat flow
behind the active trench-arc complex and an exten-
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Fig. 9 Primitive mantle normalised multi element diagrams (a)
and plots of Nb/Th versus La/Sm for the South Island and the
North Island subsets (b), both illustrating three component
mixing between typical N-MORB (Hofmann 1988), HIMU-type
end member (sample NZ 553), and a primitive subduction
related arc basalt (P35 of Briggs and McDonough 1990). Nb/Th
versus La/Sm mixing lines in (b) have been calculated at constant
contributions from N-MORB (0, 2%, 40%.,...). NZ 552 and
NZ 553 in (a) bracket the overall range of the South Island
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La/Sm

subset on multi element variation diagrams. Calculated trace
element patterns represent proportions (HIMU end member:
Subduction related basalt : N-MORB ) of 1:1:0 (dashed and
dotted line) and 4:6:15 (dotted line). Mixing at proportions of
7:7:6 yields a good approximation for the composition of sample
NZ 560 A, a mixing proportion of 2:11:40 approximates NZ 552.
Note, that even at relatively high contributions of subduction
related components, no typical negative troughs of Nb and Ta
are developed
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Fig. 10 Schematic sketch illustrating the proposed petrogenetic
model for the generation of intraplate magmas on the South
Island and the Chatham Islands. Black boxes represent different
polybaric melting columns

sional stress field (Fig. 11). For the South Island, two
tectonic periods can be distinguished. The oldest
sample (NZ 555, ~34 Ma) was derived from relatively
shallow depth (Fig. 10) and erupted during a period of
oblique extension (e.g. Sutherland 1999a). The
important role of both, lithospheric wall-rock and an
asthenospheric component, is evident from a strongly
diluted “HIMU-like” trace element pattern and a
distinct Pb and Sr isotope composition. Younger sam-
ples from the South Island all erupted during a period
of oblique transpression with major dextral strike slip
motion and lithospheric shearing (<23 Ma; e.g. King
2000). The youngest sample (NZ 552, ~2.52 Ma)
erupted when compression had culminated (e.g. King
2000). With decreasing age, the inferred lithospheric
thickness and affinities to HIMU decrease while the
influence of the lithospheric wall-rock assemblage and
the asthenosphere increase. The dimishing lithospheric
thickness with time probably reflects transtension and
shearing in the lithospheric mantle due to ongoing

North Island TVZ
Intraplate volcanic fields
A & A A
Backarc-Spreading Indian-Australian
G Plate

SCLM metasomatized by
subduction zone {luids

Lithospheric veins
with HIMU signature

Upper Asthenosphere

Fig. 11 Schematic sketch illustrating the proposed petrogenetic
model for the generation of intraplate magmas on the North
Island. Black boxes represent different polybaric melting
columns. TVZ is “Taupo Volcanic Zone”, the active arc chain
on the North Island

strike slip motion (e.g. Vaughan and Scarrow 2003). In
support for such a model, Molnar et al. (1999) and
Stern et al. (2000) argued for the presence of a cold
slab of lithospheric material sinking beneath the plate
boundary, potentially causing extension in the adjacent
lithospheric mantle. Furthermore, as previously shown
by Little et al. (2002), the deformation of the litho-
spheric mantle beneath New Zealand extends well into
the area beneath the Cenozoic volcanic fields and can
even be observed in mantle xenoliths (Duclos et al.
2005). A further thermal erosion of the lithospheric
mantle may have been triggered by a delamination
induced ascent of asthenospheric material (Tanton and
Hager 2000) and increased convection due to an
evolving topography at the base of the SCLM (e.g.
King and Anderson 1998). Thus, the observed rela-
tionship between melting depth and isotope signatures
can be explained by a decrease in lithospheric thick-
ness that was triggered by continuous shearing of the
SCLM along the New Zealand plate boundary.

As proposed earlier (e.g. Panter et al. 2000; Storey
et al. 1999; Weaver et al. 1994) the infiltration of the
lithospheric mantle by “HIMU-like” melts can possi-
bly be related to the involvement of a HIMU-type
plume in the late Cretaceous breakup of East
Gondwana. Although a detailed discussion of the ori-
gin of “HIMU-like” signatures in the SW Pacific would
be beyond the scope of this paper, some new contri-
butions can be made on the basis of our New Zealand
data. In recent models (Finn et al. 2005; Panter et al.
2006), the SW Pacific HIMU signatures have been
explained with metasomatism by subduction compo-
nents following models of chromatographic metaso-
matism (e.g. Ionov and Hofmann 1995; Stein et al.
1997) with a subsequent dehydration. In these models,
trace element enriched fluids released from the sub-
ducting slab precipitate vein assemblages containing
amphibole and phlogopite at the cold base of the
mantle wedge. Subsequently, due to buoyancy con-
trolled convection, this material gets transported to the
base of the lithospheric mantle, where according to
Finn et al. (2005) and Panter et al. (2006) it partly
dehydrates, creating elevated U-Th/Pb and low Rb/Sr
that can evolve to “HIMU-like” signatures if isolated
over geological time spans. Although this model is
appealing because of its link to the regional geologic
history, it may not be consistent with the observed
isotope compositions for two reasons. First, the ex-
tremely elevated ““Pb/’Pb and *"°Pb/***Pb of
“HIMU-like” samples cannot be explained by a rela-
tively young (Palacozoic to Mesozoic) formation age
from a MORB-like isotopic starting composition. The
high 2°’Pb/***Pb would require an earlier (Proterozoic)
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formation age. Secondly the distinct “HIMU-like”” Hf-
Nd isotope compositions plotting off the mantle array
towards lower ¢Hf (Fig. 5) is inconsistent with a deri-
vation from subduction zone fluids.

The high Zr/Hf in the New Zealand rocks (up to ca.
55), displaying a positive trend with 2°°Pb/?**Pb for the
South Island data and a negative trend with ¥’Sr/%°Sr
(not shown), lend further support to a model, where
the enriched lithospheric vein component is derived
from a HIMU-type source. Similar to our observation
for the South Island subset, elevated Zr/Hf in OIBs
and intraplate volcanic rocks have been reported (e.g.
David et al. 2000; Dupuy et al. 1992) and Geldmacher
et al. (2006) also reported a positive coupling of Zr/Hf
with 2°°Pb/?**Pb. The elevated Zr/Hf are unusual for
mafic rocks, where Zr/Hf typically scatter around the
chondritic value of 34.2 + 0.3 (Weyer et al. 2002).
Previous explanations of this feature include carbon-
atitic metasomatism (Dupuy et al. 1992), fractionation
by residual clinopyroxene during partial melting
(David et al 2000), and melting of an eclogite source
(Klemme et al. 2002). Carbonatitic metasomatism can
be excluded for our data set because there are no
negative troughs of Nb and Ta on mantle normalised
multi element diagrams (Fig. 3), a feature that is typ-
ical for carbonatitic metasomatism (Ionov et al. 1993).
Fractionation by residual clinopyroxene is not capable
of generating such highly fractionated Zr/Hf values.
Tapping of an eclogite-rich residuum is therefore the
most plausible model. This is because Zr is enriched in
the residuum relative to Hf by melt extraction in the
presence of Ca-rich garnet that is typical for eclogitic
assemblages (Green et al. 2000; Klemme et al. 2002;
van Westrenen et al. 2001a). Consequently, recycled
oceanic crust should display high Zr/Hf, high U/Pb and
low Rb/Sr (due to fluid extraction during subduction).
Combined evidence from Zr/Hf, 2°°Pb/>**Pb, and
87Sr/%Sr therefore provides additional support for a
HIMU-type origin of the lithospheric vein component
in the source of the New Zealand magmas. Moreover,
the unusually radiogenic ¢Nd for a given ¢Hf in the
New Zealand rocks are typical for HIMU (e.g. Stracke
et al. 2003) and further corroborate a derivation of this
component from recycled oceanic crust. This is be-
cause Dr/Dy¢ in Ca-rich garnet is ~1.3 and Dg,,/Dng
is ~4-7.7, resulting in a larger fractionation of Sm/Nd
than Lu/Hf during partial melting (van Westrenen
et al. 1999, 2001a, Nd partition coefficients calculated
after van Westrenen et al. 2001b). Because of its ex-
tremely dehydrated nature (Dixon et al. 2002) melts
derived from a HIMU-type mantle do not necessarily
display highly elevated Rb/Sr and low U/Pb and are
thus supposed to preserve their distinctive isotopic
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composition even if stored in the lithospheric mantle
over geologic time. The evolution of the Hf-Nd sys-
tematics in lithospheric veins highly depends on their
time of storage (Jung et al. 2005).

Recent studies have shown that radiogenic
206pp2%ph  (<20.5) which usually also have been
attributed to “HIMU-like” mantle components are
also present in FOZO-type mantle domains, i.e. iso-
lated trace element enriched domains in the upper
asthenospheric mantle (e.g. Stracke et al. 2005). Hence,
some of the less radiogenic 2*°Pb/***Pb signatures of
the New Zealand volcanic fields might be explained by
tapping of a widespread FOZO-like asthenospheric
component. Such a model, however, is clearly incon-
sistent with the presence of residual hydrous K-rich
mineral phases in the magma sources, a feature re-
stricted to the lithospheric mantle. Furthermore, the
trend displayed by the South Island subset implies the
existence of a more extreme isotopic “‘end member”
probably resembling the composition of the Chatham
Island samples.

SW Pacific and SE correlations

There are several striking similarities between compo-
sitions of intraplate volcanic rocks in Zealandia (e.g.
Cook 2002; Cook et al. 2005; Huang et al. 1997, 2000;
Panter et al. 2006) and those of intraplate volcanic rocks
elsewhere in the SW Pacific realm (e.g. Lanyon et al.
1993; Storey et al. 1999; Rocholl et al. 1995; Zhang et al.
2001; O’Reilly and Zhang 1995; Hart et al. 1995, 1997,
Hole et al. 1993; Panter et al. 2000; Finn et al. 2005).
These similarities include trace element signatures
similar to HIMU-OIB as well as highly radiogenic
206pp/204ph, As reported previously (e.g. Finn et al.
2005; Weaver et al. 1994), the strongest affinities to
HIMU occur in areas that were juxtaposed to each
other prior to the breakup of East Gondwana (i.e.
Marie Byrd Land, South Island, Chatham Rise,
Campbell Plateau). However, in most cases “HIMU-
like” components alone are insufficient to explain the
observed compositional variations and additional en-
riched mantle components were proposed. A variety of
models were suggested for the origin of these compo-
nents and their location in the mantle (e.g. Cook 2002;
Zhang et al. 2001; Panter et al. 2000; Rocholl et al. 1995;
Hart et al. 1995, 1997; Hole et al. 1993). Most models
either invoke a distinct spatial distribution, mostly with
melting depth (e.g. Rocholl et al. 1995; Huang et al.
2000, Hole et al. 1993; Zhang et al. 2001, Hart et al.
1997). A similar relationship between tectonic setting
and magma compositions has been reported for parts of
Antarctica (e.g. Hart et al. 1995, 1997; Hole et al. 1993;



Contrib Mineral Petrol (2007) 153:669-687

683

Rocholl et al. 1995). Furthermore, hydrous lithospheric
mantle appears to be widespred beneath Zealandia and
the SW Pacific as suggested by K-anomalies in most
intraplate magmas (e.g. Finn et al. 2005; Gamble et al.
1986). It therefore appears plausible, that the litho-
spheric fragments in former East Gondwana probably
share a similar history.

Previous studies on SW Pacific intraplate volcanics
frequently argued for the presence of an EM-2-like
asthenospheric mantle reservoir in the magma sources
(e.g. Hart et al. 1995; Huang et al. 2000; Storey et al.
1999; Zhang et al. 2001). Our model proposing a
SCLM modified by subduction components has the
advantage to tie the observed signatures to the well-
documented geologic record. The model can further-
more explain systematic regional variations of magmas
throughout the SW Pacific area. Volcanic fields in East
Australia, for example, display less radiogenic
206ph/204ph and distinctly higher 3’Sr/*°Sr values than
volcanic fields in New Zealand and Antarctica. South-
eastern Australia was accreted earlier to the Gondw-
ana margin than present day New Zealand and was
located in a paleogeographic position further inland
from the active Mesozoic continental margin (e.g.
Sutherland 1999a). This older history of subduction
and a larger distance from the postulated Late Creta-
ceous Plume can account for a longer period of
radiogenic ingrowths at higher Rb/Sr and lower U/Pb
ratios and a weaker imprint of HIMU-type melts in the
lithospheric mantle beneath East Australia. Collec-
tively, the similarity of the New Zealand rocks to other
intraplate volcanic rocks in East Gondwana confirms
that old Gondwana-derived lithospheric mantle is
present in all source regions (Finn et al. 2005).

Conclusions

A petrogenetic model assuming pooling of polybaric
melts from mixed lithospheric and asthenospheric
source regions can explain the compositions of mafic
volcanic rocks from intraplate volcanic fields through-
out Zealandia. Three compositional end members are
distinguished: (1) The hydrous SCLM that was meta-
somatised by subduction components during the Pal-
aeozoic to Cretaceous; (2) frozen “fossil” melt veins
within the SCLM that possibly originate from a Cre-
taceous HIMU-type plume; (3) an upper astheno-
spheric component similar to the depleted mantle.
The different tectonic regimes present in New
Zealand result in variations of lithospheric thickness,
lithospheric strain, and asthenospheric heat flow. Be-
neath the North Island, the asthenospheric component

dominates due to higher rates of extension, resulting in
more diluted lithospheric signatures. For the South
Island, an increase in the portion of HIMU-type
component is observed with increasing average melting
depth. The higher average melting depth reflects a
larger lithospheric thickness. Shallower melting depths
are coupled to greater degrees of melting and a thinner
lithosphere. The decrease in melting depth beneath the
South Island is attributed to pervasive shearing and
possible delamination of the SCLM. Temporal and
spatial variations in the New Zealand rocks argue
against the presence of active mantle plumes. Given
the regional similarities, in particular the evidence for
the widespread presence of hydrous lithospheric man-
tle, our proposed model may also be applicable to
other volcanic fields in former East Gondwana. In a
general context, our results emphasize the importance
of the SCLM as a distinct geochemical reservoir that
significantly contributes to the trace element and iso-
tope inventory of intraplate magmas. Certain domains
in the SCLM may preserve geochemical signatures of
previous tectonomagmatic events. Regional structural
dynamics appear to play a significant role in controlling
the properties of continental intraplate volcanism.
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