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Abstract A Permian (�265 Ma) intrusive complex
which formed as a magmatic feeder reservoir to an im-
mature island-arc volcano is fortuitously exposed in
southern New Zealand. Known as the Greenhills
Complex, this intrusion was emplaced at shallow crustal
levels and consists of two layered bodies which were
later intruded by a variety of dykes. Cumulates, which
include dunite, olivine clinopyroxenite, olivine gabbro,
and hornblende gabbro-norite, are related products of
parent-magma fractionation. Both primary (magmatic)
and secondary platinum-group minerals occur within
dunite at one locality. Using the composition of cumulus
minerals, mafic dykes and melt inclusions, we have de-
termined that the parent magmas of the complex were
hydrous, low-K island-arc tholeiites of ankaramitic af-
finities. Progressive magmatic differentiation of this
parent magma generated fractionated melt of high-alu-
mina basalt composition which is now preserved only as
dykes which cut the Complex. Field evidence and cu-
mulus mineral profiles reveal that the magma chambers
experienced turbulent magmatic conditions during cu-
mulate-rock formation. Recharge of the chambers by
primitive magma is likely to have coincided with erup-
tion of residual melt at the surface. Similar processes are

inferred to account for volcanic-rock compositions in
other parts of this arc terrane and in modern island-arc
systems.

Introduction

Understanding of the geochemistry of island-arc systems
has been determined mainly from studies of volcanic
rocks from modern arc environments. It is now widely
accepted that the majority of island-arc magmatism is
generated by melting of a peridotitic mantle source
which has previously been modified by subduction-re-
lated fluids and/or melts (Arculus and Powell 1986;
Hawkesworth et al. 1993; Pearce and Peate 1995).
However, most arc-related volcanic rocks have relatively
evolved compositions which are not directly compatible
with such a primitive mantle source (Perfit et al. 1980).
This is generally argued to indicate that parental mag-
mas undergo significant differentiation at the sub-vol-
canic level. The intrusive products of such fractionation
processes are expected to comprise many times the vol-
ume of the extrusive rocks of a typical arc (Ito et al.
1983). Nonetheless, relatively little is known about the
sub-volcanic environment of island arcs. Xenoliths from
arc lavas provide some information on cumulates and
magmas formed at depth, but well-preserved, primitive
island-arc intrusives are rarely exposed.

The Greenhills Complex of South Island, New Zea-
land is a small intrusive body which was part of a
Permian intra-oceanic arc system. The Complex consists
of a variety of well-exposed and well-preserved cumu-
lates and crosscutting dykes, and provides an excellent
opportunity to study in detail the magmatic processes
which occur in the early stages of high-Mg island-arc
magmatism. Here, we outline the petrology, mineralogy
and geochemistry of rocks of the Complex, describe
their dynamic magmatic history and determine the
geochemical evolution of the parental magmas during
formation of the cumulates. This work has important
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implications for magma genesis and evolution in arc
environments, the nature of coexisting mineral assem-
blages, crystallisation sequences, and may contribute to
a greater understanding of crustal growth.

Geological setting

The pre-Cainozoic geology of New Zealand consists
largely of a series of unrelated tectono-stratigraphic
terranes which were juxtaposed by the end of the Cre-
taceous (Coombs et al. 1976; Mortimer 1995). The
Brook Street Terrane comprises a 14-km-thick sequence
of Permian volcanic and volcaniclastic (basaltic to
andesitic) rock which is now preserved as a north-south-
trending linear belt which extends the length of the
South Island (Bradshaw 1994). The southern portion of
the terrane is shown in Fig. 1. Sedimentary and geo-
chemical characteristics suggest terrane formation in an
intra-oceanic arc setting (Sivell and Rankin 1983; Frost
and Coombs 1989; Houghton and Landis 1989).
Throughout the Brook Street Terrane, mafic to ultra-
mafic intrusive complexes of Permian to Triassic age
have been emplaced at shallow crustal levels. The
Greenhills Complex is the largest and best exposed of
these complexes.

The Greenhills Complex occupies a broad headland
along the southern shoreline of the South Island, 15 km
south of Invercargill (Fig. 1). It has intruded a sequence
of island arc-derived sediments and tuffs known as the
Greenhills Group (Mossman and Force 1969; Frost and

Coombs 1989), causing a small (<200 m) hornblende–
hornfels contact aureole (Mossman 1973). The regional
metamorphic grade is of prehnite-pumpellyite facies,
constraining the emplacement depth to less than 10 km.
The Complex consists of two layered intrusions
(Northern and Southern) of similar character, which
have a combined area of 14 km2 (Fig. 2). These intru-
sions comprise a concentrically arranged sequence of
ultramafic to mafic cumulate-rock types which we refer
to as the Layered Group. Layered Group rock types of
the Southern Intrusion include dunite, olivine clinopy-
roxenite, olivine gabbro and hornblende gabbro-norite.
Exposures of the Northern Intrusion consist almost
completely of olivine clinopyroxenite and olivine gab-
bro. Structural features are rarely found within the ul-
tramafic rocks. However, ubiquitous layering in the
gabbroic rocks consistently dips towards the core of the
intrusion (Fig. 2), indicating that the gabbros strati-
graphically overlie the ultramafic rocks. We interpret
that both intrusions have funnel or bowl-like shapes.

Intruding the Layered Group are numerous dykes of
varying composition and several smaller cumulate bod-
ies. Field relations indicate that most of the dykes were
emplaced soon after crystallisation of the cumulates.
The most extensive of these is a gabbroic ring dyke
which encloses the Layered Group and forms the outer
margins of the Complex. Exposures of other dykes occur

Fig. 1 Geologic units of southern New Zealand
Fig. 2 Geology of the Greenhills Complex (modified from
Spandler et al. 2000)
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throughout the Complex but rarely exceed 100 m in
length. Small (<50 m in diameter) cumulate bodies of
troctolite to magnetite gabbro-norite intrude the south-
ern margin of the complex. These intrusions generally
display spectacular rhythmic layering, but they clearly
postdate the emplacement of the Layered Group and are
not discussed further here.

Absolute age constraints for the Greenhills Complex
are limited to a single U–Pb date of 265 Ma, obtained
from a hornblende gabbro-norite sample (Kimbrough
et al. 1992). A Sm–Nd date of 270±5 Ma obtained for
the Greenhills Group (Frost and Coombs 1989) is con-
sistent with the early Permian age inferred from the
abundant fossil evidence preserved in these sediments
(Mossman and Force 1969). These dates indicate that
the Greenhills Complex and the Greenhills Group sed-
iments are of similar age and hence, are likely to be of
related tectonic setting.

General geology of the Layered Group

Dunite

The dominant rock type of the Southern Intrusion is
dunite which comprises two massive units, each up to
900 m in outcrop width (Fig. 2). By contrast, outcrops
of dunite from the Northern Intrusion are restricted to
a few small (<5 m) blocks enclosed within olivine
clinopyroxenite. Layering and other structures are
largely absent from all dunite units, although well-de-
veloped cleavage has been observed in several outcrops.
Olivine clinopyroxenite is the only rock type in original
contact with dunite. Most of these contacts are gra-
dational over a few centimetres, indicating that the
transition between rock types formed from original
cumulate processes. An exception is the brecciated and
intermixed contacts (Fig. 3A) which occur in the
Southern Intrusion where dunite overlies olivine clino-
pyroxenite.

There is little variation in the proportions of original
cumulus minerals in the dunites. These include forsteritic
olivine, comprising 98–99% of the rock, and 1–2% in-
terstitial chromian spinel. Clinopyroxene may be present
in trace amounts. Original olivine grain size ranges from
1 to 3 mm whereas chromian spinels are generally less
than 0.5 mm in size. Chromian spinels commonly con-
tain small (<50 lm) olivine, clinopyroxene and multi-
phase inclusions. The multiphase inclusions may contain
olivine, clinopyroxene, spinel, amphibole and residual
melt phases, and are interpreted to have been original
melt which was trapped by the crystallising spinel grains
(Spandler et al. 2000). All of the olivine is fractured and
partially replaced by serpentine and magnetite, although
where olivine is intensely altered, iddingsite, chlorite and
magnetite dominate.

Randomly orientated chromian-spinel schlieren (1 cm
to 1 m in length) occur within dunite in several places in
the Southern Intrusion. These consist almost entirely of
coarse (1–2 mm) chromian-spinel grains and at one lo-
cality, have been found to contain platinum-group
minerals (PGMs).

Olivine clinopyroxenite

Olivine clinopyroxenite is a very coarse-grained rock (up
to 20 mm) which forms excellent outcrops in the more
elevated areas of the Complex. As with the dunite units,
olivine clinopyroxenite is largely devoid of any internal
layering or structure. The Southern Intrusion contains
three crescent-shaped bodies which vary in width from
10 to over 200 m whereas in the Northern Intrusion,
olivine clinopyroxenite comprises a thick (>350 m) unit
which envelops a gabbroic core and occurs as sporadi-
cally distributed bands and blocks within the gabbroic
sequence.

This rock type consists of 60–95% clinopyroxene and
5–40% olivine. Other than trace amounts of chromian
spinel, no other primary minerals are present. All sam-
ples examined have adcumulate textures, although the
cumulus minerals have subhedral forms due to diffusive
creep (Hunter 1996). Zoning is absent from clinopy-
roxene, except in the easternmost unit of the Southern
Intrusion where strong, continuous zoning is ubiquitous.
This zoning is suggested to be the result of prolonged
cumulus growth without removal of intercumulus liquid.

Fig. 3 A Intermixed contact between olivine clinopyroxenite (dark)
and dunite (light), Southern Intrusion. B Strongly folded block of
interlayered olivine gabbro (light) and olivine clinopyroxenite
(dark), Northern Intrusion. C Block of interlayered olivine gabbro
(light) and olivine clinopyroxenite (dark) which has been brecciat-
ed, Northern Intrusion. Hammer handle length is approximately
one metre

705



Volume increase associated with olivine alteration has
caused radial fracturing of the surrounding clinopyrox-
ene grains. Clinopyroxene has also undergone mild
alteration to amphibole.

Olivine gabbro

Olivine gabbro comprises all of the gabbroic rocks of the
Northern Intrusion, but it occurs only as a thin dis-
continuous band which separates olivine clinopyroxenite
from hornblende gabbro-norite in the Southern Intru-
sion. In all cases, the contact between olivine gabbro and
the underlying olivine clinopyroxenite is gradational
over distances of between 5 and 50 m. The olivine gab-
bro sequences are characterised by rhythmically inter-
layered, plagioclase-rich and plagioclase-poor bands,
each of which is only a few centimetres in thickness.
Layering is intensely brecciated, folded and slumped at
several localities (Fig. 3B, C). These structures are
common close to olivine clinopyroxenite units, and we
interpret deformation to have resulted from instability
of cumulates during solidification due to seismic activity,
thermal erosion or magma chamber recharge and vent-
ing.

Due to the layering, modal mineral abundances are
highly variable. Cumulus phases include clinopyroxene
(15–60%), olivine (10–35%) and calcic-plagioclase
(5–70%). Cr-rich or Cr-poor titano-magnetite is invari-
ably present in trace amounts. The texture of this rock
type is always adcumulate except in the highest levels of
the Northern Intrusion where cumulus orthopyroxene
and postcumulus hornblende are present, giving the rock
a mesocumulate texture. Alteration of olivine and clin-
opyroxene is identical to that of olivine clinopyroxenite,
with radial fractures also apparent in plagioclase grains.
Fine grains of anhedral pyrite and chalopyrite are also
present but they are rare.

Hornblende gabbro-norite

The core of the Southern Intrusion is composed of
hornblende gabbro-norite. Contacts between olivine
gabbro and hornblende gabbro-norite are not observed,
and we believe that the transition between rock types is
manifest as a progressive change in rock mineralogy and
texture. In outcrop, hornblende gabbro-norite has many
heterogeneous features. Rhythmic layering similar to
that observed in the olivine gabbros occurs in many
places, and irregular wispy veins of fine-grained mafic
melt have invaded the hornblende gabbro-norite host. In
some cases, veining comprises up to 40% of the rock and
may represent residual melts which were inefficiently
extracted from the cumulate pile.

The hornblende gabbro-norites are mostly coarse-
grained orthocumulate rocks which display clear
poikilitic textures. Primary cumulus minerals include
clinopyroxene (10–35%), calcic-plagioclase (30–60%),

orthopyroxene (2–10%) magnetite-ilmenite intergrowths
(<5%) and minor olivine. Brown hornblende comprises
10–40% of the rock and is the major postcumulus phase.
Anhedral pyrite and chalcopyrite are disseminated
throughout the rock but are found only in trace
amounts. Alteration manifests as amphibole and chlo-
rite replacement of pyroxene, and pseudomorphing of
olivine by magnetite and chlorite.

General geology of the dykes

Gabbro ring dyke

The ring dyke which encloses the Layered Group varies
in thickness between 50 and 200 m. Overall it is gabbroic
in composition but shows great variation in mineralogy,
grain size and texture across the Complex. In all samples,
plagioclase and augite are the dominant phases, although
olivine, magnetite, orthopyroxene, hornblende, and pri-
mary pyrrhotite and chalcopyrite may also be present.
Most outcrops consist of equigranular rocks, although
porphyritic and cumulate textures are not uncommon.
The dyke contains an abundance of xenoliths of horn-
felsed country rock and is cut by numerous, smaller mafic
dykes. We suggest that the ring dyke was emplaced fol-
lowing cooling and sinking of the Layered Group, and
may be analogous to ring dyke complexes exposed in
other arc terranes (Clemens-Knott and Saleeby 1999).

Hornblende-anorthite pegmatites

Hornblende-anorthite pegmatite dykes are present
throughout the Complex but are most prominent in the
ultramafic rocks. They typically manifest as chaotic
swarms, forming a network with no preferred orienta-
tion, width or grain size. Many dykes exhibit postcu-
mulus textures and banding of plagioclase-rich and
hornblende-rich zones. Others contain megacrysts of
crescumulate hornblende which may be up to 40 cm in
length. These features indicate that melt stagnation and
slow cooling occurred during formation of the dykes.
Similar dykes have been reported from other arc-related
intrusive complexes (Findlay 1969; James 1971; Irvine
1974; Sisson et al. 1996; Clemens-Knott and Saleeby
1999) and are suggested by the current authors to have
formed from intercumulus melt which was squeezed out
of the ultramafic cumulate pile at a relatively late stage.
Due to the heterogeneous and coarse nature of these
dykes, a representative bulk sample of their composition
could not be taken.

Dolerite and basalt

Dolerite and basalt dykes are present throughout the
Complex. All display sharp contacts with their hosts, are
typically 0.5 m wide, and are continuous along strike for
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up to 400 m. Dyke orientations vary but many have a
strike length perpendicular to the gross layering of the
Layered Group. Most are equigranular and consist of
actinolite and plagioclase in roughly equal proportions,
although in some dykes primary clinopyroxene is pre-
served. Anhedral magnetite, pyrite, chalcopyrite and
pyrrhotite are present as minor phases.

Several of the dykes contain plagioclase phenocrysts
which vary in grain size from 2 to 10 mm and comprise
10 to 20% of the rock. Although variation in phenocryst
composition is evident from oscillatory zoning along the
rims, the cores of the crystals are highly calcic (An 91–
94). Other phenocrysts are found in the dykes, but their
original mineralogy is unknown as they have been
completely replaced by secondary amphibole.

Ankaramite

Ankaramite dykes from the Greenhills Complex have
been described in detail by Mossman et al. (2000) and
are therefore only briefly discussed here. These dykes
have intruded the Layered Group, the gabbro ring dyke
and the surrounding sediments. All samples studied
contain large, euhedral Cr-diopside phenocrysts which
have been variably altered to hornblende and tremolite.
Phenocrysts of olivine, hornblende and zoned plagio-
clase are also present in some cases. The groundmass
is similar to that of the basaltic dykes, consisting of
amphibole and plagioclase.

Other dykes

A small number of trondhjemite and wehrlite dykes cut
the ultramafic rocks of the Southern Intrusion. The
trondhjemite dykes outcrop in an irregular, anastomo-
sing pattern, are often highly altered and largely consist
of oscillatory zoned sodic plagioclase, prehnite, chlorite
and quartz. These dykes are likely to have formed from
multiple influxes of highly fractionated hydrous melts
from the Layered Group. By contrast, the wehrlite
dykes are thought to represent primitive magma feeder

channels. We interpret the composition and cumulate
texture of these dykes to have resulted from interaction
of primitive magma with the host dunite.

Mineralogy of the Layered Group

More than 300 analyses of cumulate minerals were made
using a JEOL 6400 scanning electron microscope (SEM)
equipped with an energy-dispersive spectrometer (EDS),
housed at the Research School of Biological Sciences,
Australian National University (ANU). Accelerating
voltage and counting time were set at 15 kV and 100 s
respectively. Additional PGM analyses were conducted
with a WDS-equipped Cambax microprobe at the Re-
search School of Earth Sciences, ANU. Fe2+ and Fe3+

contents for chromian spinel, magnetite, ilmenite and
hornblende were calculated assuming stoichiometry.

Olivine

Although rare in hornblende gabbro-norite, olivine is
present in all rock types of the Layered Group. All
grains are unzoned, but all have been partly altered to
serpentine minerals and magnetite or, at higher degrees
of alteration, to iddingsite and chlorite. Compositions
are forsteritic throughout the cumulate sequences,
ranging from Fo92–86 in dunite, Fo86–77 in olivine clin-
opyroxenite, Fo78–72 in olivine gabbro, to Fo71–67 in
hornblende gabbro-norite (Table 1). The progressive
decrease in forsterite content through the cumulate se-
quences and the absence of significant compositional
gaps between rock types are consistent with the hy-
pothesis that the sequences were formed by fractionation
and differentiation of similar parent magmas.

Spinel

Chromian spinel is ubiquitous in the dunites but largely
absent from all other rock types of the Complex. The
compositional range of 100Cr/(Cr+Al) is 79 to 57

Table 1 Composition of
olivine from the Greenhills
Complex

aCompositions used for frac-
tionation modelling (Table 8)

Sample 31110a 50606 40112 31123a 50504 40204
Rock type Dunite Dunite Ol. cpxite Ol. cpxite Oliv. gab. Hble. gab.
Intrusion Southern Southern Northern Southern Northern Southern

SiO2 41.27 40.84 40.73 39.74 38.47 38.01
FeO 8.84 10.68 13.85 17.01 22.88 28.95
MnO 0.20 0.26 0.26 0.25 0.28 0.52
MgO 49.37 48.37 45.51 42.94 38.21 33.20
CaO 0.03 0.03 0.02 0.01 0.02 0.03
Total 99.71 100.28 100.37 99.95 99.86 100.71

Molecular formula (based on four oxygens)
Si 1.01 1.00 1.01 1.01 1.00 1.01
Fe 0.18 0.22 0.29 0.36 0.50 0.64
Mn 0.00 0.01 0.01 0.01 0.01 0.01
Mg 1.80 1.77 1.68 1.62 1.49 1.32
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Fo content 90.87 88.98 85.42 81.82 74.85 67.15
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(Table 2), and is typical of spinel from island-arc cu-
mulate complexes (Fig. 4) and primitive island-arc vol-
canic rocks (Barsdell and Berry 1990; Eggins 1993). By
contrast, 100Fe3+/(Cr+Al+Fe3+) signatures, although
higher than those of mid-ocean ridge basalts (MORB),
range to lower values than many other arc-spinel suites.
The Mg# (100Mg/(Mg+Fe2+)) ranges from 20 to 60,
but it is expected to have been affected by subsolidus Fe–
Mg exchange during cooling (Ozawa 1984). TiO2 and
MnO were detected in all analyses, but the abundance of
these components rarely exceed 0.5 wt%.

Primary magnetite is present within all of the gabb-
roic cumulates. In the olivine gabbros, it ranges from Cr-
rich (9–14 wt% Cr2O3) to Cr-poor titano-magnetite
which contains up to 5.5 wt% TiO2 and 4.7 wt% Al2O3,
and rarely coexists with ilmenite. By contrast, the mag-
netite found in hornblende gabbro-norite is very pure in
composition and is usually associated with small
amounts of ilmenite.

Pyroxenes

Pyroxene compositions (Table 3) compare closely with
pyroxenes from other island-arc cumulate complexes
(Fig. 5). Clinopyroxene ranges from Cr-rich diopside
(Mg# 83–91) in olivine clinopyroxenite to Fe-rich
diopside and Mg-rich salite (Mg# 76–85) in the gabbroic
cumulates. All are low in Na2O (<0.3 wt%), TiO2

(<0.5 wt%) and Al2O3 (1.2–3.6 wt%). Orthopyroxene is
relatively rare in the Greenhills Layered Group and only
occurs as a minor phase within the hornblende gabbro-
norites and some olivine gabbros. Compositions are

more primitive in the olivine gabbros (Mg# 75–78) than
the hornblende gabbro-norites (Mg# 57–72). Small
amounts of CaO (0.6–1.8 wt%), MnO (0.3–0.9 wt%)
and Al2O3 (0.6–1.6 wt%) are also present. Pigeonite has
not been found.

Plagioclase

Although absent from the ultramafic rocks, plagioclase
is a major phase in the gabbroic rocks of the Layered
Group. Most grains have subhedral forms and are
mildly altered along albite or carlsbad twinning planes.
Compositions range from An96–88 in the olivine gabbros
to An91–82 in the hornblende gabbro-norites (Table 4)
and are typical of island-arc cumulates (Fig. 6). Factors
commonly argued to be responsible for crystallisation of
such calcic-plagioclase include high magmatic water
contents (Arculus and Wills 1980; Sisson and Grove
1993; Panjasawatwong et al. 1997), high melt Ca/
(Ca+Na) contents (Panjasawatwong et al. 1997), and
low crystallisation pressures (Panjasawatwong et al.
1997). We favour elevated water contents of the parent
magma and low crystallisation pressures, as prior crys-
tallisation and fractionation of clinopyroxene would
have substantially decreased the Ca/(Ca+Na) ratio of
the parental melt.

Amphibole

The presence of magmatic amphibole in some ankara-
mite dykes (Mossman et al. 2000) and as the principal

Table 2 Composition of Cr-spinel, magnetite and ilmenite from the Greenhills Complex

Sample 33108 33111b 33119 32701 33120 50606 50501 40702 50503 51604 40202 51604 51605
Rock
type

Dunite Dunite Dunite Dunite Dunite Dunite Oliv.
gab.

Oliv.
gab.

Oliv.
gab.

Hble.
gab.

Hble.
gab.

Hble.
gab.

Hble.
gab.

Mineral Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr-spinel Cr Ti-mag Cr Ti-mag Ti-mag Mag Mag Ilmenite Ilmenite

TiO2 0.35 0.40 0.59 0.22 0.35 1.04 3.47 5.39 3.54 0.93 0.26 50.12 50.39
Al2O3 9.67 10.41 12.85 9.30 11.06 20.50 4.16 4.64 1.45 1.60 0.3 0.15 0.08
Cr2O3 52.18 51.22 43.16 49.49 48.52 39.55 10.58 13.30 0.46 0.16 – – –
Fe2O3

a 7.26 6.82 11.81 7.80 8.43 6.47 45.43 37.84 57.17 61.27 66.62 2.74 1.8
FeO 22.95 23.52 25.27 21.61 22.42 22.54 32.59 34.36 32.56 29.93 29.93 41.89 42.48
MnO 0.69 0.38 0.46 0.63 0.10 0.24 0.41 0.41 0.16 0.08 0.10 0.94 0.92
MgO 6.57 6.41 5.66 6.51 7.09 8.49 0.90 0.48 0.34 0.24 0.35 1.29 1.13
Total 99.67 99.16 99.80 95.56 97.97 98.83 97.54 96.42 95.68 94.21 97.56 97.13 96.80

Molecular formula (based on four oxygens and Fe3+-corrected) (based on three oxygens)
Ti 0.01 0.01 0.02 0.01 0.01 0.03 0.10 0.15 0.11 0.03 0.01 0.97 0.98
Al 0.39 0.42 0.51 0.39 0.45 0.78 0.19 0.21 0.07 0.08 0.01 0.00 0.00
Cr 1.41 1.38 1.16 1.39 1.32 1.01 0.32 0.39 0.01 0.01 0.00 0.00 0.00
Fe3+ 0.19 0.18 0.30 0.21 0.22 0.16 1.30 1.10 1.71 1.86 1.97 0.05 0.05
Fe2+ 0.65 0.67 0.72 0.64 0.64 0.61 1.03 1.11 1.08 1.01 0.98 0.90 0.92
Mn 0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.02
Mg 0.33 0.33 0.29 0.34 0.36 0.41 0.05 0.03 0.02 0.01 0.02 0.05 0.04
Mg# 33.80 32.69 28.53 34.94 36.03 40.17 4.69 2.30 1.83 1.41 2.04 5.26 4.17
Cr# 78.35 76.75 69.26 78.12 74.64 56.41 63.05 65.22 17.55 6.29 – – –
Fe3+/S3+ 9.40 8.87 15.28 10.49 10.99 8.07 72.04 64.64 95.40 95.82 – – –

aBased on AB2O4 stoichiometry for spinel and ABO3 stoichiometry for ilmenite
bComposition used for fractionation modelling (Table 8)
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postcumulus phase in the hornblende gabbro-norites
also indicates that the parental melts contained signifi-
cant water contents. All analysed amphibole grains are
magnesio-hornblende in composition (Table 4), with
very little octahedral aluminium but significant Fe3+

(0.5–1.3 atoms per formula unit). As with pyroxene,
hornblende from olivine gabbros (Mg# 90–95) is more
primitive than from hornblende gabbro-norites (Mg#
71–86). Detectable levels of Cr2O3 (0.04–0.4 wt%) may
have been sourced from the breakdown of nearby

clinopyroxene, but they are more likely to reflect prim-
itive magma compositions.

Platinum-group minerals

The occurrence of platinum-group minerals (PGMs)
from the Greenhills Complex has already been docu-
mented (Spandler et al. 2000) and is only briefly de-
scribed here. PGMs have been identified only from one
locality along the southern shoreline of the Complex
(Fig. 2) where they are hosted by chromian-spinel
schlieren within dunite. Most PGM grains are platinum-
iron alloys, very close to pure isoferroplatinum (Pt3Fe)
in composition, although significant levels of Rh and Ir
are also present (Table 5). All of these grains are euhe-
dral and are completely enclosed within unzoned chro-
mian spinels. They are interpreted to have crystallised
directly from the parent magma in response to a re-
duction of platinum-group element (PGE) solubility in
the magma due to differentiation or variation in oxygen
fugacity (Spandler et al. 2000). The only other PGM
species identified is sperrylite (PtAs2), of which few
grains have been found. These are also very pure in
composition, although containing minor Rh and Fe
(Table 5). The sperrylite grains occur along chromian-
spinel grain boundaries, are anhedral in form, and are
suggested to have precipitated during hydrothermal
alteration of the host rocks.

The southern shoreline of South Island has long been
known for its alluvial PGE mineralisation (Cowden
et al. 1990; Mitchell 1995), yet primary sources for the
mineralisation remain enigmatic. The alluvial PGM

Fig. 4 Composition of chromian spinel (shaded dots) and magne-
tite (closed dots) from the Greenhills Complex. Data and fields for
other intrusions are from Burns (1985), Jan and Windley (1990),
and Himmelburg and Loney (1995)

Table 3 Composition of pyroxenes from the Greenhills Complex

Sample 33121b 40112 40116 40119 50501 50503 40110 51605 50504 50506 51604 51605
Rock type Ol. cpxite Ol. cpxite Ol. cpxite Ol. cpxite Oliv. gab. Oliv. gab. Oliv. gab. Hble. gab.Oliv. gab. Oliv. gab. Hble. gab.Hble. gab.
Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Opx Opx Opx Opx

SiO2 53.29 53.03 53.28 54.44 52.31 51.08 51.60 52.62 54.01 54.21 53.19 52.41
TiO2 0.24 0.16 0.17 0.15 0.26 0.68 0.26 0.44 0.41 0.22 0.15 0.23
Al2O3 1.77 1.53 1.09 1.06 2.77 3.13 3.34 2.55 1.43 1.47 1.64 1.30
Cr2O3 0.28 0.43 0.69 0.70 0.53 0.07 0.43 0.11 0.06 0.12 0.01 0.02
FeOa 4.38 3.29 3.77 2.99 5.00 7.41 6.11 8.00 14.42 13.28 17.89 20.43
MnO 0.05 0.02 0.29 0.08 0.00 0.36 0.10 0.33 0.41 0.3 0.61 0.70
MgO 17.32 16.85 17.64 17.73 15.95 14.79 15.34 14.42 27.16 27.84 24.75 22.67
CaO 22.69 23.63 23.13 23.4 22.99 21.92 23.61 22.96 1.13 1.25 1.18 1.83
Na2O 0.00 0.00 0.01 0.03 0.20 0.32 0.02 0.39 – – – –
Total 100.02 98.94 100.07 100.58 100.01 99.76 100.81 101.82 99.03 98.69 99.42 99.59

Molecular formula (based on six oxygens)
Si 1.95 1.96 1.95 1.97 1.92 1.90 1.89 1.93 1.96 1.96 1.96 1.95
Ti 0.01 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01
Al 0.08 0.07 0.05 0.05 0.12 0.14 0.14 0.11 0.06 0.06 0.07 0.06
Cr 0.01 0.01 0.02 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe 0.13 0.10 0.12 0.09 0.15 0.23 0.19 0.24 0.44 0.40 0.55 0.64
Mn 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.02
Mg 0.94 0.93 0.96 0.96 0.87 0.82 0.84 0.79 1.47 1.50 1.36 1.26
Ca 0.89 0.93 0.91 0.91 0.90 0.87 0.93 0.90 0.04 0.05 0.05 0.07
Na 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.03 – – – –
Mg# 87.58 90.13 89.29 91.36 85.04 78.06 81.74 76.26 77.05 78.89 71.15 66.42

aTotal Fe as FeO
bComposition used for fractionation modelling (Table 8)

709



Fig. 5 Pyroxene compositions
from the Greenhills Complex
and island-arc cumulate com-
plexes. Data for other com-
plexes are from James (1971),
Murray (1972), Irvine (1974),
Sivell and Rankin (1983), Burns
(1985), Jan and Windley (1990),
Kepezhinskas et al. (1993), and
Himmelburg and Loney (1995).
Trends for other layered intru-
sions are from Irvine (1974)

Table 4 Composition of plagioclase and amphibole from the Greenhills Complex

Sample 40110 50503 50505 50506 51604 51605 40204 50506 40203 40202 51605
Rock type Oliv. gab. Oliv. gab. Oliv. gab. Oliv. gab. Hble. gab. Hble. gab. Hble. gab. Oliv. gab. Hble. gab. Hble. gab. Hble. gab.
Mineral PlagioclasePlagioclasePlagioclasePlagioclasePlagioclasePlagioclasePlagioclaseHorn-

blende
Horn-
blende

Horn-
blende

Horn-
blende

SiO2 44.53 45.00 45.32 45.26 45.22 47.38 46.00 48.55 48.65 49.17 48.65
TiO2 0.00 0.06 0.00 0.00 0.00 0.00 0.03 0.95 0.65 1.23 1.40
Al2O3 35.08 34.97 34.44 34.40 34.63 33.90 34.46 8.64 6.56 6.80 6.24
Cr2O3 – – – – – – 0.39 0.04 0.09 0.07
Fe2O3

a – – – – – – 6.62 8.36 3.37 11.65
FeO 0.35 0.22 0.48 0.19 0.28 0.00 0.20 1.61 7.76 9.58 4.90
MnO – – – – – – 0.12 0.26 0.19 0.15
MgO – – – – – – 17.74 13.18 15.03 14.01
CaO 19.99 18.71 18.71 17.65 18.19 17.23 18.46 12.18 11.01 11.75 10.44
Na2O 0.63 0.80 1.00 1.26 1.08 1.80 1.42 1.63 0.86 0.00 1.05
K2O 0.01 0.00 0.07 0.07 0.03 0.00 0.03 0.13 0.22 0.00 0.13
Total 100.59 99.76 100.02 98.83 99.43 100.31 100.60 98.56 97.55 97.21 98.70

Molecular formula (based on eight oxygens) (based on 23 oxygens)
Si 2.05 2.08 2.10 2.11 2.10 2.17 2.11 6.90 7.20 7.16 7.14
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.07 0.13 0.15
Al 1.91 1.91 1.88 1.89 1.89 1.83 1.87 1.45 1.14 1.17 1.08
Cr – – – – – – 0.04 0.00 0.01 0.01
Fe3+ – – – – – – 0.70 0.91 0.37 1.25
Fe2+ 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.19 0.94 1.16 0.59
Mn – – – – – – 0.01 0.03 0.02 0.02
Mg – – – – – – 3.76 2.91 3.26 3.07
Ca 0.99 0.93 0.93 0.88 0.90 0.84 0.91 1.85 1.75 1.83 1.64
Na 0.06 0.07 0.09 0.11 0.10 0.16 0.13 0.45 0.25 0.00 0.30
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.02
An# 94.60 92.82 91.18 88.56 90.27 84.10 87.78
Mg# 95.17 75.16 73.81 83.59

aBased on A0–1B2C5T8O22(OH)2 stoichiometry

Fig. 6 Composition of coexis-
ting olivine and plagioclase for
cumulate rocks of the Green-
hills Complex (closed dots).
Fields of arc cumulates, tholei-
itic layered intrusions, and
MORB and OIB cumulates are
from Beard (1986)
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grains from the eastern beaches occur in very similar
modal proportions (Mitchell 1995) and have similar
compositions (Table 5) to the PGMs from the Greenhills
Complex, indicating that these specific alluvial deposits
were sourced from the Greenhills Complex.

Cumulate mineral profiles

Cumulate mineral profiles were constructed to help de-
termine the structure and magmatic evolution of both
the Northern and Southern intrusions of the Complex.
Data for the profiles were obtained from cumulate
samples collected during composite traverses from the
margin to the centre of each intrusion and are presented
in Fig. 7 (for the Northern Intrusion) and Fig. 8 (for the
Southern Intrusion). The total exposed thickness of the
Northern Intrusion consists of approximately 350 m of
olivine clinopyroxenite overlain by approximately 750 m
of olivine gabbro, although the upper 200 m was not
examined. The variations in the olivine and clinopy-
roxene trends through the olivine clinopyroxenite and
lower parts of the olivine gabbro sequences are consis-
tent with progressive, in-situ fractional crystallisation
and evolution of the parent magma in the magma
chamber. The slight trend reversal in the olivine clino-
pyroxenite may be due to a small influx of more primi-
tive (higher Mg#) magma. Approximately 200 m above
the olivine clinopyroxenite–olivine gabbro boundary,
there is a pronounced and continuous trend reversal
which correlates with the change from Cr-rich to Cr-
poor titano-magnetite and the appearance of orthopy-

roxene. These features cannot be explained by continued
fractional crystallisation of the parental magma to the
underlying cumulates, and are difficult to reconcile with
repeated influx of primitive magma. Instead, we inter-
pret the rocks above the reversal zone to have accumu-
lated from the roof of the magma chamber, i.e.
downwards. The differences in mineralogy between the
roof and main cumulate sequences indicate that the
parental magma underwent compositional stratification
after pooling in the chamber. From the composition of
magnetite and presence of orthopyroxene, the magma in
the roof zone is suggested to have been relatively
evolved, and may have been contaminated with residual
melts expelled from the main magma reservoir below.
However, the dominance of adcumulate textures in the
roof cumulate sequence indicates that they also failed to
retain residual liquids. The residual liquid may have
migrated upwards to be erupted at the surface as vol-
canic rock. Plagioclase compositions are highly calcic
and show little variation throughout the sequence, which
we attribute to high water contents in the melt.

Studies of magma chamber dynamics (Marsh 1988,
1995) suggest that the most fractionated rock types in
many layered intrusions and sills occur between 65 and
80% of the way up through the cumulate stratigraphy.
This would indicate that the total cumulate thickness of
the Northern Intrusion exceeded 1.5 km, of which at
least several hundred metres remain buried.

The constructed mineral profile for the Southern In-
trusion (Fig. 8) includes the entire 2.5-km thickness of
the Layered Group, except for the thin olivine clinopy-
roxenite unit in contact with the gabbroic ring dyke in

Table 5 Composition of platinum-group minerals from the Greenhills Complex and regional placer deposits. Analyses 1–8 are from the
Greenhills Complex, analyses 9–11 from regional placer deposits (Mitchell 1995). B.d. Below detection limit

No. 1a 2a 3b 4b 5b 6a 7a 8a 9 10 11
Mineral Pt–Fe alloy Pt–Fe alloy Pt–Fe alloy Pt–Fe alloy Pt–Fe alloy Sperrylite Sperrylite Sperrylite Pt–Fe alloy Pt–Fe alloy Sperrylite

Wt%
Pt 88.26 83.87 89.07 88.15 89.67 56.20 55.06 55.15 89.87 90.20 56.90
Pd 0.61 0.46 0.28 0.42 0.07 0.09 0.18 b.d. 0.56 0.78 –
Rh 1.90 1.82 1.83 1.59 1.50 0.51 1.04 0.24 0.44 1.17 0.28
Ir 1.85 1.35 0.73 1.60 0.57 b.d. b.d. b.d. 0.72 1.49 –
Os 0.13 0.21 0.40 – 0.42 b.d. b.d. b.d. b.d. 0.58 –
Fe 8.50 8.27 8.45 8.72 8.94 0.73 0.76 0.72 7.78 4.96 –
Cu 0.39 0.35 – – – b.d. 0.02 b.d. 0.58 0.57 b.d.
S b.d. b.d. – – – 0.34 0.46 0.33 – – –
As b.d. b.d. – – – 42.33 41.39 40.85 – – 43.70
Total 101.64 96.33 100.76 100.48 101.17 100.20 98.91 97.29 99.95 99.75 100.88

Atomic
Pt 0.70 0.70 0.72 0.71 0.72 0.33 0.32 0.33 0.74 0.78 0.33
Pd 0.01 0.01 0.01 0.01 0.00 0.00 0.00 – 0.01 0.01 –
Rh 0.03 0.03 0.03 0.02 0.02 0.01 0.01 0.00 0.01 0.02 0.00
Ir 0.02 0.00 0.01 0.01 0.00 – – – 0.01 0.01 –
Os 0.00 0.01 0.00 – 0.00 – – – – 0.01 –
Fe 0.24 0.24 0.24 0.25 0.25 0.01 0.02 0.02 0.22 0.15 –
Cu 0.01 0.01 – – – – 0.00 – 0.02 0.01 –
S – – – – – 0.01 0.02 0.01 – – –
As – – – – – 0.64 0.63 0.64 – – 0.67
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

aAnalysed by EDS microprobe
bAnalysed by EDS-equipped scanning electron microscope (SEM)
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the east of the Complex. It is unclear whether this unit
formed as part of the Layered Group or during intrusion
of the ring dyke. The easternmost (lower) dunite se-
quence consists of highly primitive cumulus minerals
(high Cr# and low TiO2 of spinel, and high Fo contents)

and represents the earliest-formed cumulates of the
Complex. The large thickness and absence of fraction-
ation trends through this unit is interpreted to be due to
small but periodic influxes of primitive magma into the
chamber. These small melt influxes must have ceased by

Fig. 7 Exposed cumulate stra-
tigraphy and mineral chemistry
trends for the Northern Intru-
sion of the Greenhills Complex.
Patterns in the key column
correlate to the rock-type key of
Fig. 2. Mineral abbreviations:
oliv olivine, cpx clinopyroxene,
plag plagioclase, mag magne-
tite, horn hornblende, opx
orthopyroxene, Cr-sp Cr-spinel

Fig. 8 Exposed cumulate stra-
tigraphy and mineral chemistry
trends for the Southern Intru-
sion of the Greenhills Complex.
Patterns in the key column
correlate to the rock-type key of
Fig. 2. Mineral abbreviations
are as in Fig. 7
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the time the central olivine clinopyroxenite unit was
accumulating, as this unit consists of more evolved
mineral compositions. However, an abrupt change to
highly primitive mineral compositions at the base of the
overlying dunite unit indicates that the magma chamber
was replenished by a large volume of hot, primitive
magma. Turbulent mixing of the primitive and residual
melts, and thermal erosion of cumulates at the base of
the chamber are evident from the complex, intermixed
contact between the central olivine clinopyroxenite and
upper dunite units. Progressive magmatic differentiation
with minimal further melt recharge during formation of
the upper cumulate sequences is reflected through trends
of increasing TiO2 and decreasing Cr# of chromian
spinel, decreasing Fo content of olivine (for the upper
dunite and upper olivine clinopyroxenite units), and
decreasing Mg# of orthopyroxene (in the gabbroic
rocks). The orthocumulate texture of the hornblende
gabbro-norites and zoning of minerals in the upper oli-
vine clinopyroxenite unit indicate that residual melts
were not effectively removed during crystallisation and
compaction of these cumulates.

Summary

The crystallisation sequence and mineral compositions
of the Layered Group are typical of mafic to ultramafic
cumulate blocks reported from island arcs. The Mg and
Ca-rich composition of the minerals indicates that the
parent magmas were derived from a primitive source.
Highly calcic plagioclase and the abundance of horn-
blende in some gabbroic rocks and dykes (Mossman
et al. 2000) are consistent with high water contents in the
magmas (Sisson and Grove 1993). High chromium and
low aluminium contents of chromian spinel, clinopy-
roxene, hornblende and some magnetite suggest that the
parent magma remained relatively primitive, despite
significant in-situ fractionation. Field relations and cu-
mulate mineral profiles for each intrusion reveal a
complex history of magmatic differentiation, magma
mingling and cumulate formation within the magma
chambers. The Northern Intrusion is suggested to con-
sist of two separate cumulate sequences (main and roof)
which formed after ponding and magma stratification in
the chamber. Both of these sequences effectively expelled
residual melts, some of which may have erupted to form
volcanic rock. The Southern Intrusion formed as a single
cumulate sequence, but it was subject to many influxes
of primitive magma at the early stages of cumulate
production. The mineralogy and texture of the most
fractionated rock types of this intrusion indicate that
residual melts were inefficiently removed.

Cumulate and melt geochemistry

Many of the dykes of the Greenhills Complex are sug-
gested to represent magmas which were responsible for

formation of the Layered Group (Spandler et al. 2000).
Therefore, the composition of 24 cumulates and nine
mafic dykes were determined in order to evaluate the
chemical evolution of the parent magmas and cumulates
of the Complex. Major and trace elements for the cu-
mulates, and major elements, Cr, Ni, and Pb for the
dyke samples were determined in duplicate using a
Philips PW2400 wavelength-dispersive X-ray fluores-
cence (XRF) spectrometer and a Spectro X-Lab energy-
dispersive XRF (for Pb), both housed at the Department
of Geology, ANU. Major elements were measured using
30-mm-diameter, Li borate glass fusion discs. Trace-el-
ement analysis was conducted on a pressed disc con-
taining 5 g of rock powder and a small amount of 2%
PVA solution. All other trace-element concentrations
were determined by laser ablation, inductively-coupled
plasma mass spectrometry (LA ICP-MS) at the Re-
search School of Earth Sciences, ANU. The LA ICP-MS
employs an ArF (193 nm) Excimer laser and a Fisons
PQ2 STE ICPMS. A spot size of 100 lm was used, and
counting time was set at 70 s. Instrument calibration was
against NIST 612 glass, and background analysis time
was 60 s. 43Ca was employed as the internal standard
isotope, based on CaO concentrations previously mea-
sured by XRF. Loss-on-ignition (LOI) values were cal-
culated from the mass difference to 2 g of powdered
sample after heating to 1,010 �C for one hour.

The spinel-hosted, multiphase inclusions are believed
to represent samples of primary or near-primary magma
which was parental to the Layered Group (Spandler
et al. 2000). Therefore, knowledge of their composition
is also important for determining the magmatic evolu-
tion of the Complex. Prior to analysis, melt inclusion
samples were homogenised following the procedures
outlined by Spandler et al. (2000). The inclusions were
then analysed for major elements by EDS-equipped
SEM, and for trace elements by LA ICP-MS. A spot size
of 35 lm and counting time of between 30 and 90 s were
used for the LA ICP-MS analyses.

Representative analyses of the cumulates and dykes
and melt inclusions are presented in Tables 6 and 7 re-
spectively. Samples of similar lithology from both in-
trusions do not have significant compositional
differences, implying both intrusions crystallised from
common parent magma. The melt inclusions have an-
karamitic affinities (1<CaO/Al2O3; Della-Pasque and
Varne 1997) and are very similar in composition to the
ankaramite dykes, with the notable exception of Na2O,
MgO, FeO and MnO contents. We cannot account for
the differences in Na2O but suspect problems associated
with analysing such small melt inclusions. The melt in-
clusions are likely to have suffered subsolidus Fe–Mg–
Mn exchange with their host spinel during cooling, and
therefore have lower MgO and higher FeO and MnO
contents than expected. Most of the other dykes have
major-element characteristics of high-alumina basalts
(HAB) as defined by Crawford et al. (1987). The cu-
mulates have compositions which reflect their primary
mineralogy, except in the case of dunite which has high
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LOI values due to serpentinisation. However, serpen-
itinsation is not expected to have significantly altered the
relative proportions of most major and minor elements
(Coleman and Keith 1971). The LOI values calculated
for most of the other samples are less than 2 wt%, in-
dicating that metamorphic and hydrothermal alteration
was limited. Therefore, we use LOI-excluded data nor-
malised to 100% for construction of element variation
diagrams in Fig. 9. These diagrams plot elements against
MgO in log scale to illustrate geochemical trends with
magmatic differentiation and progressive cumulate for-
mation.

Given the constraints outlined above, the cumulates,
melt inclusions and dykes define general trends which
are consistent with progressive removal of cumulate
phases from magmas which are represented by the melt
inclusions and dykes. For example, highly compatible
element trends (Cr and Ni) decrease in smooth, linear
fashion with differentiation on the log–log plots, as ex-
pected for layered intrusions formed by fractionation of
evolving mafic magma. The influence of clinopyroxene
and plagioclase crystallisation on magma evolution can
be seen in the CaO and Al2O3 trends. Early depletion of
Ca from the melt is due to extensive clinopyroxene
crystallisation, which accumulated to form olivine clin-
opyroxenite. Arrested Ca depletion from the melt at
lower MgO contents (<7 wt%) is inferred to be due to
plagioclase saturation and a decreased proportion of
clinopyroxene crystallisation. The relatively late crys-
tallisation of plagioclase also accounts for the low Al
contents of the ultramafic rocks and pronounced en-
richment of Al in the melts. This enrichment appears to

have continued even after plagioclase saturation, as the
most evolved dykes have Al contents which exceed val-
ues observed in the cumulates. Incompatible oxides,
represented by the TiO2 and K2O plots, have trends of
enrichment with differentiation, as may be expected for
cumulate complexes. The lack of TiO2 depletion also
suggests that the large-scale magnetite crystallisation
and accumulation did not occur at Greenhills. Retention
of residual liquids in the hornblende gabbro-norites is
further supported by the fact that their compositions are
similar to those of the melt samples. However, all melt
samples have significantly higher K2O contents than the
hornblende gabbro-norites, indicating that the latter
have lost some of their residual melt.

Trace-element characteristics of the melt inclusions
and dykes are presented in Fig. 10. The melt inclusions
and ankaramite dykes have very similar trace-element
signatures, and are suggested to represent the composi-
tion of primitive parent magmas of the Complex. They
have elevated large-ion lithophile element contents rel-
ative to high field strength elements, have slightly light
REE-depleted REE patterns, and are classified as low-K
island-arc tholeiite magmas (Spandler et al. 2000). This
is consistent with the assemblage and chemistry of the
cumulate minerals, as outlined above, and the inferred
regional geological setting (Frost and Coombs 1989;
Houghton and Landis 1989).

More evolved mafic dykes (Fig. 10B) have higher
trace-element contents but retain a similar geochemical
signature to the melt inclusions and ankaramite dykes.
This supports a direct genetic relationship between all of
the melt samples, and indicates that most trace elements

Table 6 Major-element oxide (in wt%) and trace elements (in ppm) for cumulate rock from the Greenhills Complex. The number of
decimal places indicate the appropriate level of precision

Sample 33006 51606 51602 51607 40107 40119 40115 40110 50506 33002 40603 51604 51605
Rock
type

Dunite Dunite Ol. cpxiteOl. cpxiteOl. cpxiteOl. cpxiteOl. gab. Ol. gab. Ol. gab. Hble.
gab.

Hble.
gab.

Hble.
gab.

Hble.
gab.

Intrusion Southern Southern Northern Southern NorthernNorthernNorthernNorthernNorthern Southern Southern Southern Southern

SiO2 38.70 37.37 49.99 47.41 50.95 50.29 44.99 43.97 45.69 46.88 47.44 46.73 46.06
TiO2 0.09 0.04 0.16 0.13 0.24 0.13 0.20 0.11 0.27 0.91 0.87 0.42 1.13
Al2O3 1.50 0.41 2.01 1.72 3.26 1.51 11.15 22.23 8.80 10.12 20.96 22.96 17.88
Fe2O3

a 12.28 11.67 6.81 9.28 7.70 7.13 8.80 5.65 11.50 16.69 11.26 9.66 13.78
MnO 0.19 0.18 0.14 0.17 0.17 0.15 0.16 0.09 0.21 0.27 0.24 0.20 0.21
MgO 41.53 44.03 21.08 25.51 18.40 20.91 17.80 10.50 18.86 13.11 6.29 7.62 7.37
CaO 1.21 0.38 18.19 14.33 18.35 18.55 14.34 15.60 13.62 11.56 11.09 12.19 12.16
Na2O 0.08 0.00 0.12 0.10 0.42 0.11 0.47 0.51 0.41 0.79 1.38 0.75 1.43
K2O 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.02 0.03 0.06 0.09 0.03 0.09
P2O5 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.03 0.00 0.02
S 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
LOI 4.87 6.52 2.00 2.32 – 1.71 2.81 1.66 1.66 0.10 0.88 0.32 0.47
Total 100.46 100.61 100.51 100.99 99.54 100.50 100.74 100.35 101.07 100.52 100.54 100.88 100.61
Cr 2,300 2,580 2,240 1,850 1,920 2,220 985 396 830 339 11 38 88
Ni 1,170 1,100 288 410 158 252 257 110 188 91 28 50 36
Sc 12 8 74 84 77 74 53 30 76 87 34 24 64
V 38 22 120 108 160 119 111 61 132 396 280 182 440
Sr 14.0 0.7 13.5 9.1 27.0 9.5 87 160 79 89 281 254 193
Y 1.0 0.7 5.3 3.9 7.0 3.0 4.0 2.0 7.2 9.0 4 2.3 10.0
Zr 2.0 0.5 3.3 3.7 7.0 1.0 4.0 2.0 9.1 15.0 18 3.3 16.3
Ba 1.0 1.1 1.2 1.6 0.1 0.0 0.2 0.0 5.7 10.0 28 13.3 27.5

aTotal Fe as Fe2O3
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are not strongly fractionated relative to each other
during magmatic differentiation. An exception is the
progressive enrichment of light REEs relative to heavy
REEs. This is most likely due to fractionation of olivine
and clinopyroxene, both of which preferentially incor-
porate heavy REEs over light REEs (Rollinson 1993;
Green 1994), and may in part account for the light-REE
enrichment observed in some arc lavas.

As outlined above, the Greenhills magma chambers
were likely to have been periodically recharged with
primitive magma, causing expulsion and eruption of
residual melts to form volcanic rocks. The evolved mafic
dykes may be representative of such volcanic rocks, but
there are no known volcanic sequences which can be

directly correlated with the Greenhills Complex. Fortu-
nately, well-preserved volcanic and volcaniclastic se-
quences of Brook Street Terrane affinities are located
within the region (Fig. 1). Interbedded pillow basalts
and tuffs are well exposed along the Riverton Peninsula,
25 km north-west of the Greenhills Complex (Challis
and Lauder 1977), and a thick succession of mafic to
intermediate lavas and volcaniclastic sediments com-
prises the Takitimu Mountains, a further 60 km to the
north (Houghton 1981). For comparative purposes, we
have determined the composition of representative
samples of aphyric pillow basalts from the Riverton
Peninsula and basalt flows from the southern Takitimu
Mountains, following the same analytical procedures

Table 7 Major-element oxide (in wt%) and trace-element (in ppm) data for melt inclusions and dykes from the Greenhills Complex and
basalts from the Takitimu Mountains and Riverton Peninsula. The number of decimal places indicate the appropriate level of precision

Location South.
Int.

South.
Int.

South.
Int.

South.
Int.

North.
Int.

North.
Int.

North.
Int.

North.
Int.

South.
Int.

South.
Int.

South.
Int.

Taki-
timu

Taki-
timu

Riverton

Sample
type

Melt inclusions Ankaramites Dolerite Basalt Dolerite Dolerite Basalt Basalt Basalt Basalt

Sample
no.

M1 M2 M4 M5 32802 40102 40701 40117 40404 40302 33009 51301 51302 32910A

SiO2 46.54 46.94 47.40 47.93 48.94 49.17 48.99 49.47 51.36 49.04 49.58 45.95 51.50 49.75
TiO2 0.80 0.51 0.72 0.47 0.41 0.45 0.84 0.65 1.13 0.95 0.92 0.81 0.92 0.99
Al2O3 10.27 8.38 9.24 9.11 9.55 10.05 19.23 14.04 17.16 16.56 17.96 17.42 16.98 15.57
Fe2O3

a 10.16 10.29 11.12 9.98 11.80 10.75 10.66 10.27 9.10 10.74
FeOb 12.85 12.85 9.72 12.75
MnO 0.40 0.52 0.34 0.46 0.19 0.19 0.19 0.18 0.19 0.19 0.17 0.17 0.15 0.15
MgO 12.18 12.02 12.57 12.75 16.18 15.87 4.59 9.77 5.05 5.96 6.72 8.36 4.23 7.47
CaO 14.19 16.04 15.92 14.89 12.37 11.52 10.62 10.98 9.73 9.71 10.04 11.12 8.40 7.45
Na2O 3.01 2.32 3.11 2.52 1.09 1.20 2.81 2.28 2.52 3.17 2.84 2.39 2.52 4.16
K2O 0.22 0.18 0.31 0.17 0.22 0.32 0.78 0.46 0.35 0.92 0.40 0.37 1.48 0.8
P2O5 – – – – 0.03 0.03 0.061 0.06 0.08 0.12 0.08 0.11 0.20 0.132
S – – – – 0.02 0.01 0.06 0.00 0.03 0.01 0.02 0.01 0.16 0.01
LOI – – – – 1.09 1.10 0.55 2.42 0.73 2.87 0.62 3.86 4.90 –
Total 100.46 99.76 99.33 101.05 100.25 100.20 99.85 100.30 100.12 100.25 100.01 100.82 100.53 97.22
Cr – – – – 950 880 9 120 16 124 35 98 42 52
Ni – – – – 254 270 8 82 8 50 33 74 22 46
Sc – – – – 54.41 50.04 49.15 56.57 43.66 38.81 35.36 33.65 23.31 39.05
Ti 3,602 2,159 2,887 2,022 2,396 2,702 4,901 3,856 6,615 5,555 5,386 4,176 4,597 5,811
V – – – – 228 217 324 268 370 319 283 247 222 316
Rb 3.25 2.68 5.58 4.16 4.00 6.00 45.27 68.45 41.23 87.16 53.06 4.04 19.55 91.92
Sr 94.6 77.4 101 89.8 91.7 113 209 350 206 422 271 348 823 468
Y 12.20 8.66 19.07 7.98 10.38 11.83 21.23 16.06 19.27 20.95 16.69 15.86 19.63 21.90
Zr 15.89 11.11 17.53 10.20 14.92 17.99 30.97 35.40 34.54 57.73 35.24 37.65 75.89 63.55
Nb 0.33 0.25 0.31 0.24 0.49 0.53 0.66 0.80 1.32 1.37 0.96 1.41 1.89 1.54
Cs 0.21 0.27 0.86 0.60 0.60 1.13 1.82 0.80 0.54 1.11 0.76 0.22 0.25 0.31
Ba 36.3 29.9 55.1 44.0 43.0 61.2 94.3 120 57.5 197 54.1 43.8 141 115
La 0.83 0.87 0.78 0.69 1.06 1.20 2.03 2.95 3.17 4.87 3.01 3.87 7.03 4.06
Ce 2.29 2.92 2.63 1.91 2.37 2.83 4.74 6.65 7.87 11.25 6.65 8.65 16.09 10.25
Nd 2.50 2.81 3.38 1.90 2.46 2.72 4.72 5.07 6.28 8.73 5.61 6.89 12.05 8.58
Sm 1.15 0.63 1.46 0.68 0.83 1.00 1.77 1.80 2.00 2.48 1.84 2.15 3.20 2.66
Eu 0.39 0.23 0.60 0.27 0.32 0.43 0.71 0.59 0.82 0.92 0.69 0.75 1.03 0.97
Gd 1.68 1.00 2.13 0.95 1.43 1.52 2.68 2.28 2.73 3.26 2.41 2.42 3.36 3.21
Dy 2.44 1.59 3.55 1.44 1.79 1.94 3.58 2.64 3.33 3.58 2.84 2.65 3.26 3.88
Er 1.43 0.93 2.47 0.88 1.16 1.35 2.29 1.74 2.02 2.34 1.86 1.65 1.92 2.39
Yb 0.99 0.68 2.10 0.61 1.14 1.31 2.37 1.66 1.95 2.19 1.69 1.58 1.96 2.37
Lu – – – – 0.19 0.21 0.39 0.24 0.31 0.36 0.28 0.25 0.32 0.34
Hf – 0.55 0.84 – 0.54 0.65 1.11 1.10 1.36 1.74 1.14 1.18 2.04 1.96
Ta – – – – 0.05 0.06 0.06 0.08 0.13 0.12 0.08 0.10 0.11 0.12
Pb 1.87 3.74 3.00 3.63 2.30 10.25 3.0 3.7 4.5 4.7 2.7 4.2 6.0 1.8
Th 0.09 0.08 0.06 0.08 0.14 0.18 0.25 0.63 0.42 1.23 0.52 0.50 0.65 0.22
U 0.02 0.04 0.04 0.02 0.09 0.11 0.14 0.17 0.22 0.44 0.23 0.26 0.52 0.13

aTotal Fe as Fe2O3
bTotal Fe as FeO

715



used for dykes from the Greenhills Complex. Data for
three of these samples are presented in Table 7. The
lavas are comparable to the mafic dykes from Greenhills
for most major elements, although there are some no-
table exceptions. Of the Takitimu samples, one is low in
silica and both are inferred to be volatile-rich from high
LOI values. All of the Riverton pillow basalts have high
Na2O contents, which is attributed to seawater altera-
tion during and after eruption (Staudigel et al. 1996).
Trace-element characteristics (Fig. 11) are remarkably
similar for samples from all three areas, consistent with a
genetic relationship. The differences in Cs, Rb, and Ba
and relatively high LOI values (for the Takitimu sam-
ples) are attributed to mobilisation of these elements
during low-grade metamorphism or hydrothermal al-
teration. Nonetheless, it is clear that the mafic dykes
cutting the Greenhills Complex are likely to be analo-
gous to volcanic rocks which erupted above the Com-
plex. Furthermore, we suggest that the volcanic rocks of
the Riverton Peninsula and Takitimu Mountains were

formed after significant magmatic differentiation in
magma chambers similar to those of the Greenhills
Complex.

Discussion

The field evidence, petrography and whole-rock geo-
chemistry presented above indicate that early and pro-
gressive fractionation of olivine (+ Cr-spinel) and
clinopyroxene from an ankaramitic parent melt may
generate derivative HAB. As cumulus minerals of the
ultramafic rocks have limited compositional variation,
simple forward modelling was conducted based on the
composition and proportions of cumulus minerals in
the cumulates (Table 8). Using an ankaramite dyke as
a starting composition (Table 7) and representative
cumulus minerals (Tables 1, 2, and 3), we have calcu-
lated the composition of the residual liquid after 10%
fractionation of olivine and spinel (proportions 99:1),

Fig. 9 Selected major- and
trace-element variation dia-
grams for cumulate rocks,
dykes and melt inclusions from
the Greenhills Complex. The
shaded arrows represent inferred
trends of magmatic differentia-
tion

716



followed by a further 42% fractionation of olivine and
clinopyroxene (proportions 20:80). The resulting liquid
is remarkably similar to the average composition of the
HAB dykes from the Greenhills Complex (Table 8). As a
further test, we have also employed the petrologic pro-
gram MELTS (Ghiorso and Sack 1995) to model low
pressure (0.3 GPa) fractionation of ankaramite. Using
MELTS, clinopyroxene saturation is reached after
�12% crystallisation of olivine and spinel (99:1) from

the melt. This is comparable with our own estimates for
the point of clinopyroxene saturation. Furthermore,
calculated liquid compositions at clinopyroxene satura-
tion are also very similar using the two methods. Prob-
lems were experienced with further fractionation
modelling using MELTS, as unreasonable olivine-clin-
opyroxene proportions are calculated. Nonetheless, after
a further 45% crystallisation (of mostly clinopyroxene),
a comparable HAB residual liquid is produced (Table 8).

Fig. 10A, B Normalised trace-
element diagrams for A melt
inclusions (shaded field; after
Spandler et al. 2000) and anka-
ramite dykes, and B melt inclu-
sions (shaded field) and other
mafic dykes from the Greenhills
Complex. Primordial-mantle
and chondrite normalisation
data are taken from Sun and
McDonough (1989), and Taylor
and McClennan (1981) respec-
tively

Fig. 11 Normalised trace-ele-
ment diagram for basalts from
the Takitimu Mountains and
Riverton Peninsula and evolved
mafic dykes from the Greenhills
Complex (shaded field). Data
for normalisation are as in
Fig. 10
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The excellent correlation between modelled melt evolu-
tion using MELTS and cumulate mineral composition
and the Greenhills HAB dykes supports our suggestion
that ankaramitic magmas may evolve to HAB through
progressive fractionation (�50% crystallisation) of oli-
vine and clinopyroxene, with dunite and olivine clino-
pyroxenite cumulates forming from concentration of the
fractionating phases. One discrepancy is the difference
between the apparent relative proportions of dunite and
olivine clinopyroxenite in the complex (�1:1) compared
with the proportion of the rock types which is expected
from the modelling (�1:4). We propose two reasons to
account for this discrepancy. Firstly, true proportions of
rock types in the Complex are difficult to estimate, as
only two dimensions are generally observable. Secondly,
fractionation modelling does not account for magma
recharge, magma mixing and magma stratification, all
processes which have influenced the formation of the
Complex. Most notably, the broad and disproportionate
thickness of the lower dunite unit of the Southern
Intrusion has already been suggested to result from
repeated influxes of primitive magma.

The occurrence of ankaramitic melt inclusions and
dykes in the Greenhills Complex adds to the growing
body of evidence suggesting that highly calcic, subduc-
tion-zone magmas may represent true melt compositions
(Barsdell and Berry 1990; Della Pasqua and Varne
1997; Sisson and Bronto 1998; Schiano et al. 2000).

Nonetheless, the origin of this magma type remains
controversial. Some authors have favoured fusion of
lower-crustal wehrlites or clinopyroxenites (Barsdell and
Berry 1990; Sisson and Bronto 1998; Schiano et al. 2000)
and others invoke melting of mantle peridotite which
was previously metasomatised by slab-derived carbon-
atite melt (Green and Lus 2000) or CO2-rich fluids
(Della Pasqua and Varne 1997). There is no record of
calcareous nanoplankton or Foraminifera prior to the
Triassic (Lipps 1970), indicating that carbonates were
not a major component of the sedimentary material
drawn into subduction zones. Furthermore, mobilisa-
tion of inorganic carbonate from deeper levels of the
subducting slab is unlikely to significantly contribute to
arc magmatism. As a consequence, the source of the
Greenhills parent magmas would not have been altered
by carbonatite melt or CO2-rich fluids. Therefore, we
suggest that the Greenhills parent magmas were formed
from high-percentage melting of a very primitive,
clinopyroxene-rich source which was not affected by
CO2-bearing fluids or melts. Under these conditions, the
relatively low trace-element contents of the Greenhills
parent magmas are unexpected, as clinopyroxene is the
principal host for many trace elements (including REEs)
in mantle peridotites (Eggins et al. 1998). However,
clinopyroxenite or wehrlite which have previously
formed as cumulate assemblages at the base of an island
arc may be relatively depleted in trace elements and

Table 8 Crystal fractionation modelling

Starting comp. Calc. melt at cpx saturation Calc. HAB melt Average HAB dyke

32802a Cumulus mins. MELTS Cumulus mins. MELTS Greenhills Complex
Temp. (�C) 1,250 1,150
F 0 0.1 0.125 0.52 0.57
Min. crystallised Oliv, Cr-sp Oliv, Cr-sp Cpx, oliv Cpx, oliv
Proportions 99:1 99:1 80:20 97:3

(wt%)
SiO2 49.72 50.69 50.53 50.77 51.33 50.24
TiO2 0.42 0.46 0.47 0.66 0.65 0.95
Al2O3 9.70 10.77 10.97 17.54 17.33 18.12
Cr2O3 0.13 0.09 0.1 0.00 0.03 0.00
Fe2O3 2.06 2.29 2.30 3.94 2.02 2.24
FeO 7.43 7.25 6.92 7.51 6.74 8.06
MnO 0.19 0.19 0.18 0.27 0.31 0.19
MgO 16.44 12.81 11.72 5.83 6.49 6.29
CaO 12.57 13.96 14.16 10.93 9.84 10.51
Na2O 1.11 1.23 1.25 2.12 2.40 2.82
K2O 0.22 0.25 0.25 0.43 0.52 0.58
H2O – – 1.15 – 2.35 –

(ppm)
Ni 254 72–176 15–150 8–50
Sr 91 101 146 206–422
Ba 43 48 82 54–197
Y 10.38 12 15 16–21
Zr 14.92 16 28 31–58

aAnkaramite dyke sample 32802 (Table 7) is used as the starting
composition. The cumulus minerals model uses representative cu-
mulus mineral composition (Tables 1, 2, 3) and mineral propor-
tions from the ultramafic cumulates. For MELTS modelling
(Ghiorso and Sack 1995), pressure was set to 0.3 GPa, starting
oxygen fugacity to FMQ +2, and starting melt water content to

1 wt%. Fe3+:Fe2+ ratios were set to 1:4. All compositions are
normalised to 100% major-element oxides. Trace-element calcula-
tions utilise olivine-melt and clinopyroxene-melt partition coeffi-
cients from Rollinson (1993). Mineral abbreviations are as in Fig. 7.
F, total fraction of the starting melt crystallised
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hence a viable source for such magmas. High-percentage
melting of such rocks is also expected to produce mag-
mas which contain elevated PGE contents, accounting
for the magmatic PGMs which occur in the Complex.
We note that the discovery of PGMs in cumulates re-
lated to tholeiitic arc magmas represents a new prove-
nance for these types of mineral assemblages. However,
it is clear that only the most mafic parts of comparable
cumulate sequences are likely to contain PGMs.

The origin of HAB is also highly controversial. These
are a common rock type found in island arcs, yet it is
unclear whether they represent primary magmas formed
from melting of the subducted slab (Brophy and Marsh
1986; Myers and Johnston 1996) or are products of
fractionation of a primitive basaltic parent melt (Murray
1972; Perfit et. al. 1980; Crawford et. al. 1987; Sisson
and Grove 1993). The rocks of Greenhills Complex
provide convincing evidence that high-Mg parent mag-
mas (in this case, of ankaramite affinities) can evolve
to HAB through progressive crystallisation of olivine
(+ Cr-spinel), and olivine and clinopyroxene. This
fractionation trend is compatible with those suggested
from experimental work on HAB genesis (Crawford et
al. 1987; Sisson and Grove 1993), although the HAB
dykes from Greenhills lack the high water contents and
phenocryst abundance predicted from experiments. It is
clear that the parent magmas were hydrous, so we sug-
gest that volatile components were lost during dyke
emplacement, preventing phenocryst growth.

Many of the world’s exposed ultramafic/mafic
island-arc cumulate complexes are concentrically zoned,
Alaskan-type intrusions. These intrusions have mineral
assemblages and compositions similar to those described
for the Greenhills Complex, except that they typically
contain more hornblende and magnetite (Murray 1972;
Himmelburg and Loney 1995). These differences indi-
cate that the Greenhills parent magmas were less hy-
drous, less oxidised and less alkaline than the parent
magmas of typical Alaskan-type complexes. The un-
usual concentric structure of Alaskan-type intrusions
has been attributed to rapid vertical magma flow in ex-
tensional tectonic environments or along major crustal-
scale fault zones (Snoke et al. 1982; Johan et al. 1989;
Kepezhinskas et al. 1993; Tistl et al. 1994). These tec-
tonic conditions may have favoured post-emplacement
unroofing of the arc and may account for the relative
abundance of Alaskan-type complexes exposed at the
present time.

Other well-documented arc cumulate complexes oc-
cur within the Kohistan Terrane of North Pakistan (Jan
and Windley 1990; Khan et al. 1993) and in the Border
Ranges Mafic/Ultramafic Complex of southern Alaska
(Burns 1985; DeBari and Coleman 1989). Again, these
complexes share many similarities to Greenhills, but are
interpreted to have been emplaced at very deep levels of
predominantly mature island arcs (DeBari and Coleman
1989; Khan et al. 1993).

We suggest that the Greenhills Complex represents
the crystallised product of relatively shallow-level,

low-K tholeiitic magma reservoirs which supplied a
primitive island-arc volcano. The crust is expected to
have been relatively thin with elevated geothermal gra-
dients, allowing the primitive parent magmas to ascend
to high levels without significant differentiation. Magma
stratification is expected to have occurred after ponding
of melt in the chambers. Therefore, periodic recharging
of these chambers by primitive melt most probably co-
incided with expulsion of residual melts and their erup-
tion to form volcanic rocks at, or near, the surface.
Recharge, venting and associated seismic activity would
have caused turbulent magmatic conditions resulting in
thermal erosion, dislocation of cumulates and episodic
convection within the magma chambers. We expect
similar processes to occur in magma reservoirs which
feed modern island-arc volcanoes. The overall lack of
exposures of cumulate bodies similar to the Greenhills
Complex may be due to delamination and recycling of
dense cumulates into the mantle wedge (Arculus 1999)
or dismemberment of these bodies during evolution or
accretion of the arc system.

Conclusions

The Greenhills Complex consists of two, small layered
intrusions which formed as feeder reservoirs to an im-
mature island-arc volcano. From the mineralogy and
geochemistry of rocks of the Complex, we have deter-
mined the initial parent magmas to have been hydrous,
low-K tholeiites of ankaramitic affinities which were
produced by melting of a very primitive, clinopyroxene-
rich source. Differentiation of the parent magma pro-
duced a layered series consisting of dunite, olivine
clinopyroxenite, olivine gabbro and hornblende gab-
bro-norite. This sequence of cumulate-rock types is
distinctively arc-like, reflecting the late (relative to
MORB or IOB) appearance of plagioclase in the
crystallisation sequence of comparably hydrous mafic
magma. Evolved melts were of HAB composition and
are now only preserved as dykes which cut the Layered
Group. Mineralogical profiles and outcrop features
indicate that turbulent magmatic conditions, magma
stratification and episodic magma recharge occurred
while the Complex was forming. Magma recharge was
probably coincident with the expulsion and eruption of
residual melt. Geochemical similarities between the
evolved melt samples from Greenhills and volcanic
rocks from neighbouring regions indicate that the
aforementioned processes of magmatic differentiation
were not restricted to the Greenhills Complex, but
operated throughout this ancient island-arc terrane and
may commonly take place in modern island-arc sys-
tems.
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