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Abstract

In subduction zone environments, the behaviour of metals and other associated elements during
magmatic differentiation has a profound impact on the potential to form magmatic-hydrothermal ore
deposits. Understanding the partitioning of ore metals between the melt, crystal and volatile phases
is of key importance in their removal from, or concentration in, evolving magmas, and hence, the
potential to form economically important mineral deposits.

This study focuses on the partitioning of Cu, Zn, Pb, V, Co and Sc between melts and crystallising
mineral phases in subduction-related magmas from the Hunter Ridge. This locality offers a unique
opportunity to compare calc-alkaline and adakite rock suites. In addition, effects of contamination by
continental material can be excluded due to the intra-oceanic setting of this region.

The main aim of this work is to determine how magma ascent, crystallisation and degassing
can lead either to the enrichment or depletion of ore-forming metals. Furthermore, the common
association between porphyry copper deposits and high Sr/Y (i.e. “adakitic signature”) magmatic
rocks is examined, which may be useful for mineral exploration.

Rocks from the Hunter Ridge calc-alkaline series record a protracted history of magma
evolution from the very earliest stages of fractionation (i.e. before volatile loss) to their subsequent
eruption. Groundmass and glass compositions (rather than whole-rock geochemistry data) together
with a detailed trace-element study, have been used to reproduce the liquid line of descent (LLD)
for the evolution of the calc-alkaline magmas. Subsequently, it has been demonstrated that in the
case of the Hunter Ridge calc-alkaline series, the minerals and melts are genetically related and that
fractional crystallisation of olivine + clinopyroxene + plagioclase + magnetite = amphibole is the
primary process recorded in these rocks. Following the same approach for the adakite magma series,
it was established that the minerals and melts are genetically related and that fractionation of olivine +
clinopyroxene occurred in the more primitive rocks. However, no examples with an MgO wt% lower
than 5.2 are represented in our collection.

Metal partitioning behaviour in the principal magma components (of both adakitic and calc-
alkaline rocks) was examined (i.e. for olivine, clinopyroxene, plagioclase, magnetite, and melt).
Mineral/melt partition coefficients (Ds) for Cu, Zn, V, Pb, Co and Sc used in the modelling were
calculated directly from LA-ICP-MS analyses for phenocryst-groundmass/glass equilibrium pairs.
For comparison purposes, modelling was also conducted using Ds values obtained from the literature
(where available).

Although basaltic rocks from the Hunter Ridge calc-alkaline samples have initial metal
abundances similar to those in mid-ocean ridge basalts (MORB), the contents of chalcophile elements
such as Cu increase early during magma evolution beyond the range found in typical MORB (from
8.3 to 6.5 MgO wt% while Cu contents in the melt increase from ~89 ppm to ~128 ppm). This
behaviour can be linked to the presence of higher water contents and higher oxidation states of arc

magmas compared to MORB, which suppresses the formation of sulphide liquids that might otherwise



scavenge Cu from a silicate magma. Plagioclase saturation occurs at a melt MgO wt% of 6.5, which
is accompanied by a rapid decrease in Cu contents in the magma. This most likely marks the onset of
degassing.

Zinc and V increase during magma evolution (from ~50 ppm and 230 ppm respectively at 8.3
MgO wt% to a maximum of ~66 ppm and 275 ppm respectively at 5 wt% MgO). Similar behaviour is
observed in FeO and TiO, during magmatic fractionation. Once magnetite enters the liquidus at~5 wt%
MgO, Zn and V both decrease within decreasing MgO (falling to ~50 ppm and 20 ppm respectively at
MgO <0.5 wt%). Given that, both D, ™' and D """ are high at 5.7 and 9.8 respectively (at ~ 5 wt%
MgO), this behaviour can be explained by the partitioning of Zn and V into magnetite.

Lead contents increase from ~1 ppm at 8.3 wt% MgO to 4.5 ppm at 0.3 wt% MgO. Modelling
shows that partitioning of Pb into olivine, clinopyroxene and plagioclase is negligible. In addition, it
would appear that Pb does not enter a volatile phase (as with Cu).

In contrast to the above elements, Co and Sc concentrations decrease with decreasing MgO wt%
of the melt (from ~37 ppm at 8.3 wt% MgO to ~2 ppm and ~8 ppm respectively at 0.3 wt% MgO).
This can be explained by the partitioning of Co into olivine and to lesser extent clinopyroxene, and
Sc into clinopyroxene (only), during the early stages of magmatic fractionation (as indicated by the
high D_ """ of 5.6 - 22.2, D ™" of 1.1, D ™" of 2 — 14, measured D_ *"" of 0.1-0.4). Co and
Sc also partition into magnetite once it enters the liquidus, as indicated by D ™" from 6 to 18 and
D, ! from 0.9 to 2.2 (over a MgO range of 5.3 to 2.3 wt%).

These results provide evidence that: 1) Cu partitions into a fluid phase at crustal levels before
sulphide saturation occurs; i1) Zn and V are greatly affected by magnetite saturation; iii) Pb behaves
as an incompatible element during magmatic fractionation and does not enter a fluid phase; iv) Co
behaves as compatible element and partitions into olivine and clinopyroxene (and to lesser extent
magnetite); v) Sc also behaves as compatible element and partitions into clinopyroxene (and to lesser
extent magnetite).

There are notable differences in the crystallisation sequence between the calc-alkaline and
adakitic magmas from the Hunter Ridge. Basalts from both magma series contain olivine and
clinopyroxene as early liquidus phases. In the calc-alkaline series, plagioclase enters the liquidus at
~6.5 MgO wt%, whereas in the adakite series plagioclase saturation is suppressed below 5.2 MgO
wt%. The adakite magmas are, therefore, consistent with differentiation under higher water and/or
volatile contents and at deeper crustal levels than the calc-alkaline magmas. This has an important
effect on the partitioning of metals that have affinity for a volatile phase.

The results show that, at least for the Hunter Ridge adakites, there is no a direct contribution of
slab-derived melts to the metal budget of these magmas. This is evidenced from the Cu, Zn, Pb, Co
and V contents, which in the most primitive adakite samples are comparable (if not lower) than those
from the most primitive calc-alkaline samples (i.e. demonstrating that slab melts were not enriched in
these elements). Even so, adakitic magmas have more potential to generate economically important
ore deposits because they are more likely to exsolve a single-phase fluid at deep crustal levels, which

is considered favourable to the formation of large porphyry deposits.
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Chapter 1

Introduction

This project investigates the behaviour of metals and other associated elements during magmatic
differentiation of intra-oceanic island-arc lavas. Modern and ancient arc settings are linked with large
porphyry and epithermal ore deposits that are a major resource for copper, lead, zinc, gold and silver. A
better understanding of element behaviour during magmatic fractionation will help constrain whether
mineralising ore fluids acquire their metal content directly from a parent magma, or as a consequence
of later processes (i.e. seafloor leaching, presence of pre-existing sulphides, etc).

In order to examine metal enrichment/depletion at different stages of fractionation it is necessary
to know element partitioning behaviour in the major magma components (i.e. olivine, clinopyroxene,
plagioclase, magnetite, melt). Published information on this is scarce and varies between sources.
Thus, another aim of this study is to provide further constraints, on mineral/melt partitioning that can
be used to model igneous processes for arc-related systems.

Recent studies have indicated an association between porphyry copper deposits and high Sr/Y
(i.e. “adakitic signature”) magmatic rocks but the nature of this association remains speculative. An
additional aim of this study is to examine the links between adakitic rocks and porphyry-type deposits,
which may also be useful for mineral exploration.

The Hunter Ridge, (North Fiji Basin, SW Pacific; Fig. 1.1) offers an ideal location to examine
the effects of magma evolution by fractional crystallisation. This region hosts a range of primitive
to evolved subduction-related lava suites (e.g. calc-alkaline, tholeiite, adakite, boninites and back-
arc basin basalts), which are both spatially and temporally associated (all were erupted within
approximately 3 Ma). Furthermore, we can exclude the effects of contamination by continental
material due to the intra-oceanic setting of the region.

Dredge samples collected from the Hunter Ridge include suites of geochemically primitive to
evolved calc-alkaline and adakitic rocks with broad ranges in MgO contents (1-14 and 5-13 wt%.
respectively). Both magma suites contain petrologically primitive members, as represented by the
olivine + clinopyroxene phorphyritic basalts with olivine phenocrysts in the range of Fo 89-95
and clinopyroxene Mg# 86-92. Such samples most likely record the early, pre-eruptive, stages of
magma fractionation. Phenocryst compositions across all the samples analysed range from olivine Fo
79-95, clinopyroxene Mg# 70-92, and plagioclase An 22-92. Similarly, by comparing element and
volatile contents from the two different magmatic series it will be possible to investigate the primary
controlling factors that affect the concentration of metals in primary melts; these could include: 1)
timing of degassing, 2) depth of crystallisation, 3) partial melts derived from adiabatically upwelling
asthenospheric mantle, 4) magma mixing, 5) oxidation state, 6) partial melting of the mantle wedge, 7)
components derived from melting of a subducting slab, and 8) element contributions from subducting

sediments.
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Fig. 1.1. Map of the southwest Pacific, modified after Crawford et al. (2003). Inset showing location of the Hunter Ridge.
NFB — North Fiji Basin; SFB — South Fiji Basin.

1.1 Thesis layout

This thesis is divided into eight main sections:

Chapter 1 — Includes the Introduction and provides a brief summary of the terminology used. Also,
provides general background information on the study location and details of the sampling
sites.

Chapter 2 — Literature review: A summary of findings from previous workers relating to metal
behaviour during magmatic differentiation of arc-related lavas. Particular attention is
focused on the effects of fractional crystallization and the selection of partition coefficients
for petrological modelling.

Chapter 3 — Outlines the techniques used for this study and data processing.

Chapter 4 — Presents detailed petrographic and mineralogical observations made using optical and
SEM microscopy and microprobe.

Chapter 5 — Focuses on the identification of the Hunter Ridge calc-alkaline magma series based on
the results of major and trace element modelling.

Chapter 6 — Investigates the ore metal behaviour during differentiation of the Hunter Ridge calc-
alkaline magma series. This section presents new geochemical data including mineral
chemistry and mineral/melt partition coefficients.

Chapter 7 — Focuses on the Hunter Ridge adakitic suite and ore metal behaviour during the

differentiation of this magma type.
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Chapter 8 — The final section of this thesis summarises the main points and results from each of
the preceding sections into a general discussion on metal behaviour during differentiation
of both calc-alkaline and adakitic magmas. Ideas regarding the main differences in metal
enrichment and concentration between these two magma types, specifically regarding
physical and chemical vectors that may be critical in the formation of porphyry-type ore

deposits.
1.2 Main terminology specific to this study
The following terms are used extensively throughout the text.

. Arc Tholeiites. Characterised by high Fe O,/FeO ratios (Gill, 1981) and enriched in large ion
lithophile elements (LILE) such as Pb, Ba, Cs, K, Rb and Sr compared to MORB with a distinc-
tive Nb anomaly (Macdonald et al., 2000).

. Adakite. A general use of the term ‘adakite’ is given for igneous rocks with extreme light rare
earth element (LREE) enrichment (e.g. La/Yb > 15) and very high St/Y ratios (e.g. Sr/Y > 40).
Martin et al. (2005) divide adakites in 2 sub-groups: 1) high silica adakites (LSA), when the
Si0, percentage is higher than 60 wt%, and 2) low silica adakites (LSA), when SiO, is lower
than 60 wt%.

. Back-arc basin basalts (BABB). BABB are transitional between MORB and arc basalt and
are enriched in volatiles and incompatible elements (Hawkins, 1995). Basalts of this series are
derived from partial melting of asthenospheric mantle with element enrichments derived from
subducting oceanic lithosphere and a mantle wedge component (Taylor et al., 2003).

. Boninite. Boninites are volcanic rocks characterized by relatively high SiO, and H,O but low
TiO, contents compared to tholeiitic suites. Typically, plagioclase is absent in rocks more mafic
than andesite (Taylor et al., 1994), and they often contain very magnesian olivine phenocrysts.
Two broad types of boninite magmas are recognized, the high-Ca and low-Ca boninite series
(Crawford et al., 1989).

. Calc-alkaline. Currently there is little agreement in the definition and use of the term calc-
alkaline. For the purposes of this research, the term is adopted from Kelemen et al. (2003) and
refers to magmas with medium K, enriched in large ion lithophile elements (LILE) such as Pb,
Ba, Cs, K, Rb and Sr compared to MORB with a distinctive Nb anomaly (Macdonald et al.,

2000).
. Cr#. Molar [Cr,0,/(Cr,0,+AL0,)]*100
. “D” or Nernst partition coefficient. Ratio of the concentrations of a trace element in a solid

phase and in the equilibrium liquid.

. Hot subduction. The term “hot subduction” in this work refers to a region where subducting
oceanic lithosphere (i.e. the southern Vanuatu slab) intersects upwelling asthenospheric mantle
beneath a spreading ridge axis (e.g. the North Fiji Basin spreading centre).

e Mg#. Molar [MgO/(MgO+FeO*)] * 100. FeO*=total iron
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. Evolved. Lavas and melts with Mg# < 50

. Primitive. Lavas and melts with Mg# > 60

. High Mg#. Lavas and melts with Mg# from 50 to 60.
. MORB: Mid-ocean ridge basalt

1.3 Geological Setting of the Hunter Ridge and the North Fiji Basin

The geology of the North Fiji Basin, and the Hunter Ridge in particular, has received particular
attention since the late 80’s due to its unique tectonic setting (i.e. spreading-ridge/transform-fault/
subduction interactions). Some researchers have focussed on the tectonic evolution of the NFB (e.g.
Malahoff et al., 1982a; Auzende et al., 1988, 1994, 1996; Crawford et al. 2003, etc.) while others have
turned their attention on the magmatic development of the region, including, among others, those of
Verbeteen et al. (1995), Danyushevsky et al. (2002) and Danyushevsky et al. (2006).

The volcanically active junction between the Vanuatu Trench in the west and the Hunter Ridge
in the southern portion of the North Fiji Basin is thought to be the product of continuous roll-back
of the Vanuatu trench. This unusual tectonic setting has resulted in a unique interaction of upwelling
asthenospheric mantle and subducting oceanic lithosphere below a ‘back-arc’ spreading centre
(Danyushevsky et al., 2006). As a consequence, this region of the North Fiji basin produces a wide
range of lava types whose geochemical signatures include island arc tholeiites, calc-alkaline, adakites

and boninites, all erupted within ~ 3 My and in close proximity to each other.

1.3.1 Location and tectonic evolution of the North Fiji Basin (NFB)

The North Fiji Basin is a mature (~12 Ma), triangular shaped, intra-oceanic, back-arc basin located
at a convergent boundary between the Pacific and Australian Plates (Auzende et al., 1995) (Figs 1.1,
1.2). The basin is bordered to the east by the Fiji Islands-Fiji Platform and the Lau Ridge, to the west
by the Vanuatu arc, to the north by the Vitiaz paleo-trench and to the south by the Hunter Ridge.
Active and fast spreading occurs along several ridges within the basin. South of the Hunter Ridge lies
the currently inactive 31-25 Ma South Fiji Basin (Weissel, 1981; Davey, 1982; Malahoff et al., 1982,
etc) (Fig. 1.2).

Different models for the opening of the NFB have been proposed. However, most authors agree
that this initiated after subduction had ceased along the Vitiaz arc in response to the collision of the
Melanesian Border Plateau (Falvey, 1975; Gill and Whelan, 1989a) and /or the Ontong Java Plateau
(OJP) with the proto Vitiaz trench (Packham, 1973; Falvey, 1975; Kroenke, 1984). Several authors
(i.e. Kroenke, 1984; Yan & Kroenke, 1993; Petterson et al., 1997) report the initial collision of the
OJP with the Vitiaz Arc as early as 25-20 Ma, with collision of the Melanesian Border Plateau east of
Fiji occurring as late as 7.5 Ma (Gill & Whelan, 1989a; Hathway, 1993).

The cessation of SW-directed subduction along the Vitiaz trench led to a reversal of arc polarity
northwest of Fiji along the Vanuatu-New Hebrides segment. This may have occurred between 12 and
8 Ma (e.g. Auzende et al., 1996; Pelletier et al., 1993; Hamburger & Isacks, 1987; Gill & Whelan,



Chapter 1 - Introduction

1989a) (Fig. 1.2). The opening of the NFB is believed to have commenced at around 7 Ma as a result
of the clockwise rotation of the Vanuatu arc (Auzende et al., 1996) and counter-clockwise rotation
of the Fiji Platform (Falvey, 1975, 1978). This anticlockwise rotation of Fiji Platform resulted in
subduction of the South Fiji Basin (SFB) crust along the southern limit of the NFB (i.e. Hunter Ridge)
(Auzende et al., 1996; Taylor et al., 2000; Crawford et al., 2003). The recent evolution of the NFB
(i.e. < 3 Ma to present day) is characterised by an east-west opening direction since 3 to 3.5 Ma and
along a north—south spreading ridge centred on 173° 30’ E (Fig. 1.2) (Auzende et al., 1996).

1.3.2 Hunter Ridge

The Hunter Ridge (HR) is a largely submarine ridge composed of arc crust that extends from the

southern termination of the Vanuatu Trench (Launay, 1982) to the Koro Sea close to Fiji (Leslie,

2004) and strikes approximately NE-SW. The Hunter Ridge was considered by Auzende et al. (1996)

to represent a short-lived intra-oceanic arc that occurred in response to a short period (7-3 Ma) of

NNW-directed subduction of the South Fiji Basin crust under the North Fiji Basin.

A number of research voyages to the region were aimed at mapping the seafloor between 173—
178° E, 20.5-22° S (i.e. “Southern Surveyor” SS10/2004, SS10/2006 & SS03/2009). This mapping
revealed the highly deformed nature of the HR crust. Furthermore, the discovery of active submarine
volcanic centres along the southern margin of the NFB suggests that this region is currently undergoing
extension.

The high-resolution swath mapping (Danyushevsky et al., 2006) (Figs 1.3, 1.4) revealed a number
of features including:

* The western end of the HR has been split into two roughly parallel north and south segments
aligned in a NE-SW direction. Both segments have approximately the same length (~150 km).

* The northern segment is around 20—30 km wide and the southern segment is narrower ~10 km
wide. In this region the mapping discovered a young, volcanically active, rift zone that separates
the two segments (Figs 1.3, 1.4). To the southwest both segments seem to join the southern end
of the Vanuatu arc.

* The Hunter Ridge crust within the rift is cut by multiple generations of cross-cutting faults. Some
of the faults indicate counter-clockwise rotation of the rifted northern segment of the Hunter
Ridge.

* Mapping revealed no clear structural boundary between the northern termination of the submarine
HR and the western end of the Kadavu Island. The southern edge is sharply defined by a steeply
dipping rifted ridge wall.

* There exist a large number of small young volcanic cones on the slopes of the Kadavu Island, on
the Hunter Ridge, and on the seafloor of the North Fiji back-arc basin west of Kadavu.

The field part of the current work was carried out during a four-week voyage aboard the
CSIRO operated research vessel, the ‘Southern Surveyor’, to the Hunter Ridge, southern margin of
the North Fiji basin (SS03/09). The aims of the voyage were to map the seafloor using multibeam
swath bathymetry (hull-mounted Simrad EM300 30 kHz Multibeam system) and to sample volcanic

rocks and glasses by dredging and the deployment of a wax-corer. Fifty-six successful dredges
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Fig. 1.2. Geodynamic evolution of the North Fiji Basin, after Azunde et al., (1995). VA - Vanuatu Arc; FP - Fiji Platform;
NC - New Caledonia; HFZ - Hunter Fracture Zone; FFZ - Fiji Fracture Zone or Hunter Ridge.
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were conducted, three of which were carried out specifically to collect samples for this study (23
samples). Sixty-five additional samples for this project were collected during voyages to the same
region conducted in 2004 and 2006 (SS10/04 and SS08/06) led by Leonid Danyushevsky and Trevor
Falloon. The locations of the dredges specific to this study are shown in Figures 1.3-1.4 and Table 1.1.

1.3.3 Magmatism at the southern end of the North Fiji Basin

Magmatism along the southern end of the NFB has produced a wide range of subduction-related
lava types (Danyushevsky et al., 2006). Five different magma series from three different tectonic
settings/environments of formation are recognized in the area (back-arc basins ‘BAB’, arcs and ‘hot
subduction’). These magmatic suites include: 1) back-arc basin basalts (BABB), ii) calc-alkaline
(arc), iii) arc tholeiites (arc), iv) boninites (arc), and v) adakites (‘hot subduction’). The adakites are
distinctive in this group, and have been shown to be spatially related to the subduction of the southern
portion of the Vanuatu slab into an anomalous hot mantle above it. The mantle above the Vanuatu
slab has an unusually high temperature due to the proximity of the NFB spreading centre to the arc
(Danyushevsky et al., 2006).

Primitive mantle-normalised trace element diagrams for selected rocks from each magma type
are shown in Figure 1.5. BABB from the Hunter Ridge produce trace element patterns typical for
these rock types which are similar to MORB (i.e. relatively flat patterns; Fig. 1.5). The patterns for
the calc-alkaline, arc tholeiite, boninite, and adakite suites display the distinctive characteristics of arc
lavas, such as enrichment in large ion lithophile elements (LILE; K, Rb, Sr, Ba and Pb) and a Nb-Ta

negative anomaly.
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Fig. 1.4. A) SW Hunter Ridge (black inset of Fig. 1.2) showing the approximate location of
the dredges carried out for this study. B) 3D image of the Hunter Ridge central rift volcanoes,
showing the approximate location of the dredges and the spatial relationship between samples.
C) White inset of figure B.
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Fig. 1.5. Primitive mantle-normalised multi-element diagram for the Hunter Ridge magmatic suites.

Table 1.1. Location of the Hunter Ridge dredges used during this study.

Voyage Dredge Latitude Longitude Recovered magma type Recovered rock type
SS10/2004 D1 -22.245 172.966 calc-alkaline basaltic andesite
SS10/2004 D8 -22.303 173.033 calc-alkaline basalt
SS10/2004 D11 -22.229 173.203 calc-alkaline basalt
5510/2004 D12 -22.169 173.148 calc-alkaline dacite
SS10/2004 D13 -22.141 173.152 calc-alkaline dacite, rhyolite
SS10/2004 D15 -22.130 173.214 calc-alkaline, adakite basaltic andesite
SS03,/2009 D67 -22.116 173.182 calc-alkaline basaltic andesite
SS03/2009 D68 -22.161 173.112 calc-alkaline dacite, rhyolite
SS03,/2009 D69 -22.193 173.051 calc-alkaline dacite, rhyolite
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Chapter 2
Literature review

2.1 Aims

This section has three aims:

* To provide a thorough yet concise review of the characteristics of subduction-related magmas.
To do this, we focus on an intra-oceanic island arc environment, where the effects of crustal
contamination by continental material are minimal.

*  To compare our data in this and subsequent chapters to data from other well-constrained primitive
island arc settings and to MORB glasses.

* To summarise the current understanding of metal behaviour during magmatic differentiation of
arc-related lavas. To this aim, a review on the partitioning of trace elements between crystal and

melts is presented.

2.2 Petrogenesis of arc magmas

Magmatism generated within intra-oceanic island arcs is the result of multiple processes with magmas
originating from multiple sources (Hawkesworth & Powell, 1980; Kay, 1984; Arculus & Powell,
1986; Kelemen et al., 2003; Arculus, 1994, 2004; etc.). As a result, most authors typically consider
three principle source components: 1) Peridotite represented by the depleted mantle wedge located
above a subducting slab, ii) Slab fluids derived from hydrated oceanic crust (e.g. metabasalts) and/
or from dehydration of partially serpentinised mantle peridotite and iii) Partial melts derived from
subducted sediments and or basaltic layer of the subducted oceanic crust.

Volatile-rich slab-derived fluids typically contain significant amounts of Cl and S, mobile large
ion lithophile elements (LILE: e.g. K, Rb, Cs, Ca, Sr, Ba and U), and Pb, B and Sb (Tatsumi et al.,
1986; Kogiso et al., 1997; Breeding et al., 2004). Since arc magmas are also found to be enriched
in these components, this is taken as evidence for aqueous fluid metasomatism of the mantle wedge
(Pearce, 1982). Such mantle metasomatism leads to lowering of the peridotite solidus that can promote
partial melting (Arculus, 1994). The depths at which the subducting slab dehydrates extend down to
~100 km, as demonstrated by several experimental studies (Ringwood, 1997, Davies & Stevenson,
1992; Rapp & Watson, 1995; Peacock, 1996; Schmidt & Poli, 1998; Poli & Schmidt, 2002; Forneris
& Holloway, 2003, Gaetani & Grove, 2003).

Subducted sediments are also a potential source of metasomatism of the mantle wedge. Some
authors have argued that water-rich pelitic subducted sediments would undergo partial melting at
a lower temperature than basaltic oceanic crust (Hermann & Spandler, 2008). Other authors have
suggested that sediment dehydration occurs at depths of ~100 km and that melting will occur at
greater depths (Duggen et al., 2007, Dreyer et al., 2010). Nevertheless, Kessel et al., (2005) argue
that at greater depths (>6 GPa) the distinction between aqueous fluids and hydrous silicate melts is

imprecise, and the fluid may more strictly be defined as a supercritical fluid. Evidence of sediment
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contribution to arc magmas comes from i) enrichments in immobile elements (e.g. Th) relative to
light rear earth elements (e.g. Th/La) and ii) enrichments of light/middle REE (Johnson & Plank,
1999; Kelement et al., 2003; Plank, 2005). Further evidence for a contribution of sediments comes
from the observation that some arc basalts have (high) Th/La indistinguishable to the subducting
sediment column, as demonstrated by Plank (2005).

Partial melts derived from melting of the oceanic slab (i.e. basaltic crust) in the presence of garnet
(i.e. under eclogite- or amphibolite-facies conditions) will result in arc magmas with characteristic
trace element signatures [i.e. high St/Y and high La/Yb, low heavy rare earth element (HREE) and
Y concentrations, and unradiogenic Sr isotope ratios (*’Sr/*Sr <0.7040) (see reviews by Deffant &
Drummond, 1990; Rapp et al., 1991, Rapp & Watson, 1995; Kelemen et al., 2003b, etc)]. The high
Sr concentrations reflect the absence of plagioclase at the depth of melting. However, according to
most thermodynamic models, melting of the oceanic slab within a subduction zone environment
is restricted to young hot crust < 5 m.y. (Peacock et al., 1994). Nevertheless several authors have
proposed alternative scenarios that might result in slab melting of older, colder crust, including:
1) shallow subduction angle (Gutscher et al., 2000), ii) slab melting at plate margins or slab tears
(Yogodzinski et al., 2001; Thorkelson et al., 2005), and iii) where subduction occurs into hot mantle
associated with a nearby spreading axis (i.e. “hot subduction”, Danyushevsky et al., 2000).

Another characteristic of arc magmas is that Ta and Nb are depleted relative to REE. Given
that both high field strength elements (HFSE; including Ta and Nb) and REE are considered to be
immobile in aqueous fluids under subduction zone conditions, the most plausible explanation for this
fractionation is melt generation in the presence of residual rutile or sphene. This has been suggested to
occur under eclogite facies (basalt or sediment; i.e. Elliot et al., 1997; Kelemen et al., 2003a; Audétat
& Keppler, 2005).

Arc magmas are also characterised by higher oxidation states than MORB. Oxygen fugacities
range within 2 log units of the Ni-NiO buffer, or up to 2 log units above the fayalite-magnetite-quartz
buffer (AFMQ + 2; Ballhaus, 1993; Brandon & Draper, 1996; Blatter & Carmichael, 1998; Parkinson
& Arculus, 1999; Rowe et al., 2009). The means by which arc magmas acquire their relatively high
oxidation states are debated. Some authors propose that this is the result of metasomatism of the
mantle wedge by fluids derived from altered oceanic crust (Brandon & Drapper, 1996; Mungall, 2002;
Kelley & Cottrell, 2009). Alternatively Lee et al. (2005, 2010) proposed that the high oxidation states
associated with arc magmas could be the result of shallow level magmatic differentiation processes,
and that changes in the redox state of the mantle wedge due to metasomatism (i.e. by oxidized crustal

material) is not necessary.

2.3 Metal behaviour during magmatic differentiation of arc-related lavas

Arc and back-arc settings are believed to be the principal environments associated with VMS deposits,
porphyry systems and associated epithermal deposits (e.g. Sillitoe, 1973, 2010; Skinner, 1983;

Hedenquist & Lowenstern, 1994). However, to date there have been few studies that document the

behaviour of economically important metals in arc lavas or in volcanic rocks in general. It is generally
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accepted that ore metals in porphyry and related epithermal environments are partitioned from the
associated magmas into an exsolving volatile phase upon emplacement in the crust. However there
is no broad agreement regarding the importance of the initial metal content of the melt in forming an
economically important ore deposit. Some authors argue that in the case of economic porphyry copper
mineralisation, neither elevated copper contents nor large volumes of magma are required (Cline and
Bodnar, 1991). These authors suggest that a Cl-bearing fluid phase exsolved from magma towards
the end of crystallisation can extract enough Cu to form an economic deposit, even when the initial
Cu contents are below 100 ppm. Alternatively, Stanton (1994) proposes that some metal-enriched
provinces, such as the Iberian Pyrite Belt and the Northern Appalachians, contain vastly more ore
than other similar provinces, such as the Lachlan Belt (south-eastern Australia), due to variations
of the initial metal content of the parent magmas. Halter et al. (2005) argue that even though metal
distribution is controlled by processes at a site of deposition, ore compositions appear to be inherited
characteristics from the parent magmas (i.e. Cu/Au ratios).

Of special consideration is the case of giant porphyry copper deposits (i.e. El Teniente, Chile;
Bingham Canyon, USA, etc). It is difficult to explain the formation of these deposits by post-magmatic
leaching processes alone (i.e. they require leaching of a geologically unreasonable volume of magma).
Most of the available isotopic, fluid and melt inclusion evidence points toward the predominance
of magma-derived fluids (e.g. Harris et al., 2003; Davidson et al., 2005). Some deposits, however,
cannot readily be explained purely by orthomagmatic models of ore formation and require the input
of external fluids during the mineralisation processes (e.g. Frikken et al., 2005).

Keith et al. (1997) studied partially decomposed sulphide globules from the Bingham mining
district (USA). Their conclusion was that sulphide minerals were re-dissolved into a magmatic
hydrothermal phase, which produced the ore fluids responsible for the mineralisation. Similarly,
at the Bajo de la Alumbrera Cu-Au porphyry deposit, Argentina, Cu/Au ratios were found to be
similar in sulphide melt inclusions, fluid inclusions and bulk ore samples (Ulrich et al., 1999, 2001).
More recently, Keller (2008) concluded that the highly oxidized character of arc magmas results in
the resorption of pre-existing sulphides and, hence, an increase in the concentration of chalcophile
elements in the melt. Similarly, Nadeau et al (2010) proposed that the magmatic hydrothermal fluids
responsible for the formation of porphyry and epithermal deposits acquire their metal content due to
interactions with sulphide melts.

Jenner et al. (2010) studied lavas from the Pual Ridge (Eastern Manus region of the Manus
back-arc basin) that range in composition from basalt to rhyolite, which they believe evolved by
fractional crystallisation. Their study suggests that bornite accompanies the appearance of magnetite
on the liquidus (at ~60 wt % SiO,). The amount of magnetite fractionation involved is believed to be
sufficient to convert most of the S, originally as sulphate (SO,*), to sulphide (S*) thereby triggering
the saturation of a Cu-rich sulphide phase the authors tentatively identified as bornite. The authors
further state that this is the critical first step in the enrichment of Cu, Ag and Au in subduction-related
settings.

From the above it is clear that understanding the behaviour of ore minerals (i.e. Cu, Zn, Pb, V

and Co) during different geological processes (i.e. magmatic differentiation leading to the selective
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concentration of metals) is not straightforward. Several factors need to be considered: 1) a metal-
bearing source region, ii) a mechanism for scavenging metals from the melt phase and partitioning
them in another phase (melt/volatile/mineral). Of special importance is the role/composition of the
volatile phase (e.g. Cl', sulphide phases and CO,), the crystal/melt & melt/fluid partition coefficients,
sulphur saturation and the oxidation state of arc magmas, iii) a mechanism for concentrating and
retaining the metal-enriched phase within a given area. The latter is mostly controlled by late-stage

magmatic and shallow crustal processes.

2.3.1 The significance of sulphide saturation for chalcophile element behaviour

It is generally understood that chalcophile and siderophile elements are highly compatible in
immiscible sulphide liquids, and that these liquids form at some point in response to fractional
crystallisation of silicate melts (Campbell & Naldrett, 1979; Peach et al., 1990; Jugo et al., 1999). In
normal arc settings, it is therefore essential that, in order to form magmatic hydrothermal ore deposits,
sulphide saturation does not occur prior to exsolution of a volatile phase (Candela, 1989b; Richards
& Kerrich, 1993; Candela & Piccoli, 1995, 2005; etc). In the case of reduced basaltic melts (i.e.
MORB), extensive formation of magmatic sulphides occurs during differentiation, which leads to a
rapid decrease in chalcophile and siderophile elements in residual silicate melt (Czamanske & Moore,
1977; Doe, 1994, 1995, etc). As outlined in Section 2.2, arc magmas are more oxidized relative
to average MORB, hence sulphur is predominantly present in the melt as sulphate (SO, ) rather
than sulphide (S*) (Carroll & Rutherford, 1985; Metrich & Clocchiatti, 1996). In these magmas,
Cu and other chalcophile elements will be retained in the melt due to the lack of sulphide formation,
which will lead to their progressive enrichment in the silicate melt during differentiation. However,
the presence of sparse sulphide inclusions in silicate phenocrysts in arc volcanic rocks and lower
crustal arc cumulates suggests that sulphide saturation does occur at some point during evolution of
arc magmas (e.g. Hattori, 1997; Stavast et al., 2006; Jenner et al., 2010; Li & Audédat 2012; etc.).
Oxygen fugacities in arc magmas range within 2 log units of Ni-NiO buffer, or up to 2 log units above
the fayalite-magnetite-quartz buffer (AFMQ + 2; Ballhaus, 1993; Brandon & Draper, 1996; Blatter
& Carmichael, 1998; Parkinson & Arculus, 1999; Rowe et al., 2009).Li & Audédat (2012) carried
out a series of high pressure experiments in order to determine which sulphide phase can be expected
to separate from arc magmas, and to calculate partition coefficients between monosulphide solid
solution (MSS), sulphide liquid (SL) and silicates melts. These authors have suggested that MSS is
likely to be the dominant sulphide phase to precipitate from arc magmas. Conversely, Tomkins &
Mavrogenes (2003) proposed that small sulphide droplets or crystals may be entrained in the magmas
during their ascent through the crust (i.e. xenocrysts and or xenomelts).

To date, there is no consensus regarding the exact role of magmatic sulphides. Some authors
argue that pre-concentration of ore metals in magmatic sulphides is an important first step in porphyry
metallogenesis (e.g. Richards et al., 2009; Jenner et al., 2010). Other authors have proposed that
direct partitioning from the silicate melt to an exsolving hydrothermal fluid is the critical mechanism
for metal concentration in magmatic-hydrothermal systems (e.g. Cline & Bodnar, 1991; Cline, 1995,
Candela & Piccoli, 2005; Sun et al., 2004b; etc.).
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2.3.2 The significance of partitioning of metals into exsolving hydrothermal fluids
Subduction-related magmas are commonly rich in water and other volatile elements (Johnson et al.,
1994; Arculus, 2004). Since water solubility is proportional to pressure, on ascent, decreasing pressure
will lead the exsolution of a H,O-rich magmatic fluid. This is corroborated by several melt and fluid
inclusion studies (e.g. Stix & Layne, 1996; Wallace et al., 1999, Webster & De Vivo, 2002; Webster
et al., 2003, 2005; Webster, 2004). The onset of exsolution is believed to start relatively early during
evolution of arc magmas, where the quantity of fluid increases, progressively as crystallization occurs
and/or during magma ascent and cooling (Blundy et al., 2001; Wallace et al, 2005). The composition
of the exsolved magmatic fluid depends largely on depth and the magma composition (i.e. alkali
content and initial magmatic CI/H,O ratio; Cline & Bodnar, 1991; Webster, 1992; Candela & Piccoli,
2005, Webster, 2004). If the fluid is exsolved at depth (~5—-10 km) this is likely to be a single-phase
supercritical fluid (Burham, 1997; Norton & Dutrow, 2001; Coumou et al., 2008). This will be an
aqueous-dominated fluid containing additional CO,, NaCl, KCI, HCI, sulphur species and metal
chlorides (Arculus, 2004; Richards, 2011). Conversely, if the exsolution of a volatile phase occurs at
shallow level, this is likely to be in the form of a two-phase vapour-liquid (i.e. a low salinity vapour
and high salinity brine). Some authors have proposed that the vapour phase will transport certain ore
metals more efficiently than the denser and more viscous saline brine (e.g. Henley & McNabb, 1978;
Lewis & Lowell, 2009).

The partitioning behaviour of Cl and sulphur species is of particular importance as these are key
ligands for metals in fluid phases (e.g. Candela, 1989a; Candela & Holland, 1986; Candela & Piccoli,
2005; Audédat et al., 2008, Zajacz et al., 2008; Simon & Ripley, 2011). A number of factors are
thought to control the solubility of sulphur and chlorine in a silicate melt including, melt composition,
temperature and pressure. For chlorine, the largest influence is melt composition (e.g. CI/H,O ratios;
Webster, 2004), though Na and Fe contents also affect its solubility. Increasing Fe and Na increases Cl
solubility in a melt (Webster & De Vivo, 2002). Similarly, Zajacz et al. (2010) found that decreasing
the FeO/(K,0+Na,O) and increasing K O/Na,O ratios leads to increases in both D and D fluid/
melt. Melt composition (i.e. FeO and SiO, contents) also exerts a marked influence in S solubility in
silicate melts and its partitioning between melt and fluids. It is broadly accepted that sulphur solubility
is higher in mafic and intermediate melts than in granitic ones (e.g. Carroll & Rutherford, 1985;
Botcharnikov et al., 2004, Liu et al., 2007, etc.). More recently, Webster et al. (2009) found that D,
and D fluid/melt increase with increasing Cl and S in the system and that Cl more readily partitions
into the fluid phase in presence of S. Decreasing temperature decreases S, and to lesser extent, Cl
solubility (Carroll & Webster, 1994). Pressure is thought to have a strong effect on solubility of Cl
and S in a silicate melt; both decrease with decreasing pressure (Scaillet & Pichavant, 2003; Webster
et al., 2009). Traditionally, it has been suggested that the solubility of chalcophile elements in an
exsolved fluid phase is due mainly to the formation of chloride complexes. More recently however,
Simon et al. (2006), Seo et al. (2009) and Zajacz et al. (2008, 2011) propose that the solubilities of Au

and Cu in magmatic volatiles are enhanced by the presence of sulphide species and not by chloride
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complexes alone. Ultimately, the presence of chloride and sulphur species will exert a greater control
on the formation of metal complexes than whether the fluid is a single-phase supercritical fluid or a
two-phase vapour-liquid fluid (Klemm et al., 2007; William-Jones & Heinrich, 2005).

2.4 Review of trace element partitioning between crystals and melts

In order to constrain metal enrichment/depletion processes it is necessary to understand element
partitioning behaviour between crystals and silicate melts. One way to achieve this is to investigate
the changes in mineral-melt partition coefficient values (D, the ratio of the concentration of an element
in the solid phase divided by its concentration in the equilibrium melt) during different stages of

evolution of arc-lava suites.

2.4.1 Selection of partition coefficients for petrological modelling

Although more data have become available in the last 20 years with the development of spatially
resolved, in-situ micro-analytical techniques based on mass spectrometry, which allow better precision
and better detection limits, there is not a comprehensive understanding of trace element partitioning
and how the intensive parameters affect this partitioning. Some authors attribute the variations of Ds
predominantly to variations in crystal compositions (e.g. Blundy & Wood, 1994 and 2003b; Wood
& Blundy, 1997, 2001, 2002, 2003) while others state that D variations are due mainly to changes in
temperature and melt composition (e.g. Nielsen, 1985; Nielsen & Drake, 1979).

In order to select appropriate D values for the element used for modelling, it is necessary to be
aware of how D values change with parameters such as pressure, temperature, fO, and mineral and melt
composition. In general, there are two parallel options to get the correct partition coefficients to model
a certain geochemical processes: 1) to choose a set of D values from experimental determination done
at the same physical conditions (i.e. pressure and temperature, etc) and/or on the basis of the melt of
composition being “similar” to the magmatic suite being investigated; ii) To use one of the available
theoretical models that predict trace element partitioning (e.g. the lattice strain model, Blundy and
Wood; 1994) to calculate D values. In reality, the first approach is problematic because it is unlikely
to find a set of partition coefficients for all elements of interest from an experiment that would match
the exact conditions of pressure, temperature and composition presented by a natural sample set.
Additionally, few bulk compositions have been studied in enough detail, so the variation of Ds with
changing pressure, temperature and composition would still not be accounted for. These effects are
to some extent interdependent, which results in most approaches being partly empirical or ultimately
only accurate for processes that are isobaric and isothermal. Furthermore, geochemical modelling
of fractional crystallisation requires knowledge of partitioning at different stages of fractionation.
Therefore it is not appropriate to assume that a certain D is constant because significant compositional
effects during fractional crystallisation will be ignored. This in turn will lead to misinterpretations
about the roles played by the different phases crystallising or in equilibrium with the silicate melt
(Blundy & Wood, 1991).

Given that the final goal of this study is to model the behaviour of metals during fractional
crystallisation, it is essential to choose appropriate D values for the different stages of magma
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evolution. Although several experimental and natural studies can be found in the literature, which
report trace element contents in plagioclase, clinopyroxene, olivine, magnetite and amphibole
determined by micro-analytical techniques, it was not possible to use a set of Ds that would allow
us to model crystallisation processes in our rock suites. In order to compare the measured D values
obtained during this thesis using LA-ICP-MS, two different approaches to determine D were chosen
based on theoretical studies/models that predict trace element partitioning: 1) The lattice strain models
after Brice (1975) and Blundy & Wood (1994) and ii) the parameterisation method of Bédard (2005
and 2007). The results of these calculations are compared to measured values and are presented in
Table 5.5 of Chapter 5.

It is worth noting that, due to the LA-ICP-MS capability to determine extremely low abundance
elements in different materials, this technique has been used successfully in the determination of
trace element concentrations in silicate minerals and natural glasses during the last two decades. This
has been shown by several natural experimental studies (e.g. Jeffries et al., 1995; Foley et al., 1996;
Gregoire et al., 1999; Sattari and Brenan, 2002; Brenan et al., 2003, 2005; Bea et al., 2006; Jochum
et al., 2006; Guillong et al., 2007; Bouhifd et al., 2013; etc).

2.4.2 The lattice strain model (LSM)

The lattice strain model of Blundy & Wood (1994) is based in the Brice model (1975) that postulates
that the principal factor controlling the incorporation of a cation that is too large to fit into a lattice site
is the elastic strain energy required to displace the surrounding atoms. The Blundy & Wood (1994)

expression is:
Di= D, exp (-4nEN ((r,/2)(r-r,)* + 1/3 (rr,)*)/RT)

Where D, is the strain compensated partition coefficient, r, is the ionic radius of the cation of interest,
r, is the radius of the substituent cation, E is the Young’s modulus of the host site, N, is the Avogadro’s
number; R is the gas constant and T is temperature in Kelvin degrees.

The elastic strain energy is inversely correlated with the logarithm of the partition coefficient
(log D), which for a specific lattice site follows a semi-parabola distribution as a function of the ionic
radius (Onuma et al., 1968). The optimum radius, (i.e. that for which D is largest), is close to the ionic
radius of the host cation.

The LSM suggests that because crystals are characterised by a regular arrangement of ions in
relatively rigid lattices, they are less tolerant to accommodating misfit cations than silicate melts which
have disordered and flexible structures. Thus no melt composition-related term appears in their equation.

Blundy & Wood (1994) and Wood & Blundy (2001) found that, in the case of homovalent
substitution (i.e. where trace ion and host ion have the same charge) E * and E,'* in plagioclase
lie close to the bulk crystal Young’s moduli for anorthite and albite respectively, while E >
in clinopyroxene was similar to the bulk crystal Young’s modulus of diopside. Blundy & Dalton
(2000) found that for plagioclase and clinopyroxene the partitioning parabola becomes tighter (E,, "

increases) and is displaced to lower r, " as charge increases.

0(M)
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Blundy & Wood (1994) and Wood & Blundy (1997) also found that values for the optimum

site radius, rO(M)“*, are not the same as the radius of the cation normally resident at the site of interest.

For example, for clinopyroxene Tona)

normally occupies that site. They proposed that rO(M)“+ is closely related to the known metal-oxygen
bond lengths (dM-O) in the host minerals, taken to be 1.38A (Shannon, 1976), i.e. dM-O = Toon
™ 4+ 1.38 A. Additionally, Blundy and Wood (2002) observed a decrease in 0™ with charge and

suggested that a highly charged cation (i.e. net positive charge at the site of interest) draws in the

" is slightly smaller than the radius of Ca**, the ion which

oxygen anions reducing the optimum radius, with r0™ ,  being nearly constant at high charge of the
site. Contrarily, a low-charged cation (with net negative charge) repels the oxygens, thus increasing
the optimum radius of the site.

Blundy et al. (1996) concluded that D (the strain-compensated partition coefficient) depends
on activity-composition relationships in both crystal and melt phases, and might be sensitive to
melt composition as well as to pressure and temperature. Similarly, Hill et al. (2011) found that
partition coefficients for cations with charge greater than 2* decrease as a result of increasing P and T.
These findings further corroborate a dependence of clinopyroxene-melt partitioning on pressure and
temperature.

Blundy & Wood (1994, 2003a, b) and Wood & Blundy (1997, 2001, 2003) used the LSM
to rationalise a large data set of lanthanide, yttrium and other elements partition coefficients for a
range of minerals. They obtained values of D rjand E for several hundred experiments and then
parameterised them as a function of chemical composition (of the melt and crystals), P and T. Their
approach has been used to calculate Ds for REE, Y and when applicable for the metals of interest for
this study.

For elements partitioning into clinopyroxene, the majority of the elements that we studied are
3" ions (i.e. REE, Y, V and Sc) or 2 ions (St, Ba, Cu, Zn, Co and Pb), with the exception of copper
which could also be 1*. These elements are thought to partition mostly into the M2 clinopyroxene site
(Blundy & Wood 1994, 2003a, b; Wood & Blundy 1997, 2001, 2004; Hill et al., 2011). The equations
used for D clinopyroxene/melt calculations can be found in Wood & Blundy (2003) and Hill et al.,
(2011).

Plagioclase has only one single large cation site (M) into which all the elements that we studied
partition. This site is normally occupied by Ca and Na. Equations used for the calculation of D and
D, can be found in Blundy & Wood (1991). Equations to calculate Ds for REE and metals of interest
can be found in Wood & Blundy (2003). However, because the parameters for 3* cations (e.g. REE)
are difficult to derive due to r03+(M) values being larger than La** (Wood & Blundy 2003 and references
therein) we have not used the obtained values for our geochemical modelling. These authors also do
not recommend using their equations for cations with lone pair of electrons (i.e. Pb).

Olivine has two octahedral sites (M1 and M2) but because they have a similar size and geometry,
most authors refer to it simply as M site. The equations used to calculate Ds for 17, 2* and 3 cations
can be found in Wood & Blundy (2004). While using the equations to calculate Ds for 1" and 3" D,
values in the range of 0.3-0.5 and D values of 0.1-0.2 have been assumed, as recommended by the

authors. Currently there are no LSM formulations to predict element partitioning into magnetite.
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2.4.3 Parameterisation method of Bédard

The parameterisation method is a semi-empirical approach that provides mathematical expressions
for changes in the D values for a range of elements (e.g. REE and HFSE)that partition into olivine
(Bédard, 2005) and orthopyroxene (Bédard, 2007). The author compiled a large amount of published
natural and experimental D values for olivine and orthopyroxene with the aim of examining
covariations of D with pressure, temperature, and changes in melt and mineral compositions. An
advantage of this method would be that it provides a large compilation of natural and experimental
mineral/melt partitioning studies, which allows a wide range of intensive parameters to be taken into
account. Nevertheless, it would also provide several sources of error and uncertainties.

Given that modelling for orthopyroxene is not necessary for this study, the following section
will only review the work of Bédard (2005) which studies element partitioning between olivine and
silicate melt.

Bédard (2005) found that titanium was the element with most reported D values and used this
advantage to constrain the different effects that changes in temperature, pressure, H,O, olivine Fo,
MgO and SiO, content of the melt have on element partitioning. After calculating regressions for all
the parameters mentioned above, Bédard (2005) found that regressions against both MgO content of
the melt and temperature yielded reasonable trends. However, he suggested that MgO would provide
more practical correlations as MgO contents can be calculated from microprobe mineral analyses
whereas temperature is difficult to deduce in natural systems. Consequently, the MgO content of the
melt was used to parameterise Ds for all trace elements.

Bédard (2005) also compares his Delivinliavid reoressions to calculations using the lattice strain
model of Blundy and Wood (1994). He found that using a constant r, value of 0.807A, MgO shows
good correlation with D and E **. This suggests that it is possible to use the parameterisation equations
in conjunction with the LSM to calculate D for most 3* cations (e.g. Sc and REE).

The equations listed in Table 2 of Bédard (2005) have been used to calculate Ds for all the
elements of interest for this study. Additionally, Jean Bédard provided us with a number of regression
equations to calculate Ds for Cu and Zn partitioning into clinopyroxene, plagioclase and magnetite.
The results of these calculations are presented in Table 2.1 along with the results obtained by using
the lattice strain model of Blundy & Wood (1994).

2.4.4 Metal partitioning behaviour between magnetite and silicate melts.
Magnetite is an important crystallising phase during differentiation of island arc rocks, therefore
understanding metal partitioning into magnetite is important to constrain the behaviour of metals
during fractional crystallisation of these magma types. Unfortunately, very little magnetite/melt
partitioning data have been published to date and it was also not possible to calculate Ds (for most
elements partitioning into magnetite) using either of the above described theoretical models. Two
studies have been found that report partitioning data between magnetite and silicate melts relevant
for this study.

Nielsen et al. (1994) reports experimental D values for HFSE, Sc, and V, amongst other elements,

between magnetite-rich spinels and a range of mafic to intermediate composition silicate melts. The
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authors found a mildly positive correlation between D and increasing Ti content of magnetite, and a
negative correlation of D, with D_.. Reported values of D varies between 0.67-5.76 and D, between
0.02-6.85. However, these authors further state that their experiments did not provide sufficient details
about V partitioning and their results are most likely to be applicable in low fO, systems. Hanger
(2009) analysed two magnetite-bearing samples containing 67 and 68 wt% SiO,, and reported strong
partitioning of Mn and Zn into the oxide phase with D values up to 30 for Mn and up to 100 for Zn.
Though magnetite/melt partitioning data are sparse, element partitioning into this oxide phase
cannot be ignored when modelling fractional crystallisation processes. In order to accurately model
the partitioning behaviour of metals, we use Dmaetiemelt yalyes measured during this study. Partition
coefficients for Cu, Zn, V, Pb, Co and Sc between magnetite and host magma were calculated from
LA-ICP-MS and microprobe analyses (magnetite grains and glass) in samples with an MgO range
from 0.4 wt% to 2.3 wt%. From this, the D values were extrapolated for magmas up to 5.0 wt% MgO.
For comparison purposes (where available), modelling was also conducted using D values obtained

by the parameterisation method of Bédard (i.e. for Cu and Zn).

2.5 Summary

Table 2.1 summarises the D values obtained by using the lattice strain model after Blundy & Wood
(1994) and the parameterisation of Bédard (2005). Selected D values are compared in Figures 2.1-2.3

with the measured values obtained from LA-ICP-MS measurements (see Chapters 5 and 6 for details

about the methodology).
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Table 2.1. Olivine-clinopyroxene-plagioclase-magnetite/melt partition coefficients for a range of trace
elements calculated using the LSM model of Blundy & Wood (1994), and for selected elements (where
equations are available) using the parameterisation method of Bédard (2005).

Olivine Ds using LSM Ds using Parameterisation

Fo # 88 84 81 79 88 84 81 78
MgO melt 8.35 6.12 5.21 2.41 8.35 6.12 5.21 2.41
D Cu 0.40 0.40 0.40 0.39 0.06 0.06 0.07 0.08
DZn 5.12 6.35 6.72 8.31 1.33 1.65 1.84 3.06
DV 0.15 0.15 0.15 0.15 - - - -
D Co 5.08 6.30 6.67 8.25 3.89 5.15 5.96 11.79
D Sc 0.01 0.02 0.04 0.19
Clinopyroxene Ds using LSM Ds using Parameterisation

Cpx Mg# 90 85 83 75 90 85 83 75
MgO melt 8.35 6.12 5.21 2.41 8.35 6.12 5.21 2.41
D La 0.12 0.14 0.13 0.14 - - - -
D Ce 0.18 0.21 0.21 0.23 - - - -
D Nd 0.35 0.42 0.42 0.47 - - - -
DSm 0.51 0.63 0.63 0.71 - - - -
D Eu 0.56 0.71 0.70 0.80 - - - -
DGd 0.61 0.77 0.76 0.87 - - - -
D Dy 0.64 0.81 0.81 0.93 - - - -
D Er 0.60 0.77 0.77 0.88 - - - -
DYb 0.54 0.69 0.68 0.78 - - - -
D Lu 0.50 0.64 0.64 0.72 - - - -
DY 0.63 0.81 0.80 0.92 - - - -
D Cu 0.00 0.00 0.00 0.00 0.03 0.04 0.05 0.02
D Zn - - - - 0.71 0.77 0.83 1.35
D zr 0.23 0.25 0.27 0.20 - - - -
D Hf 0.40 0.46 0.49 0.34 - - - -
DTi 0.50 0.53 0.54 0.47 - - - -
Plagioclase Ds using LSM Ds using Parameterisation

An # 87 85 70 31 87 85 70 31
MgO melt 8.35 6.12 5.21 2.41 8.35 6.12 5.21 2.41
D La 0.14 0.14 0.16 0.22 - - - -
D Ce 0.13 0.13 0.15 0.20 - - - -
D Nd 0.10 0.10 0.11 0.15 - - - -
D Sm 0.07 0.07 0.07 0.10 - - - -
D Eu 0.06 0.06 0.06 0.08 - - - -
D Gd 0.04 0.04 0.04 0.06 - - - -
D Dy 0.03 0.03 0.03 0.04 - - - -
D Er 0.01 0.01 0.01 0.02 - - - -
DYb 0.01 0.01 0.01 0.01 - - - -
D Lu 0.01 0.01 0.01 0.01 - - - -
DY 0.02 0.02 0.02 0.03 - - - -
D Cu 0.57 0.58 0.65 0.90 0.01 0.03 0.01 0.80
D Zn - - - - 0.05 0.06 0.07 0.19
DV 0.00 0.00 0.00 0.00 - - - -
D Pb 0.08 0.09 0.21 1.84 - - - -
D Co - - - - - - - -
D Sc 0.00 0.00 0.00 0.00 - - - -
D Sr 1.38 1.44 2.12 5.86 - - - -
D Ba 0.13 0.13 0.22 0.84 - - - -
Magnetite Ds using Parameterisation

MgO melt 2.71 0.30 0.27

D Cu 1.4

D Zn 15.6-16.0 26.5-32.7 26.7-31.2
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Chapter 3

Sample preparation, analytical methods and data processing

3.1 Sample preparation

Laboratory work described in the following section relates to 60 volcanic rocks recovered from 10
dredges (see Figs 1.3, 1.4). These comprise vesicular, mostly phyric, rocks (including pillows) many
with glassy rims of variable thickness. The majority of the samples are fresh, although a small number
are slightly to moderately altered.

Polished thin sections were prepared from all the rocks to allow detailed petrographic
observations.

Whole-rock analyses were carried out using X-ray fluorescence (XRF). Low-level element
analyses on thirty-three representative samples were obtained by inductively coupled plasma mass
spectrometry (ICP-MS). Mineral, phenocryst and groundmass analyses on thirty nine representative
samples were acquired from polished thin sections by electron microprobe. From these samples,
polished grain mounts of mineral separates (phenocrysts), together with their co-existing groundmass
and glass, on eighteen samples, were prepared and analysed by laser ablation-inductively coupled
plasma mass spectrometry (LA-ICP-MS). Mineral separates were prepared by crushing and sieving
before careful hand picking under a binocular microscope. Where fresh glassy rims were present,
these were carefully chiselled off and mounted in epoxy. Table 3.1 summarises all the studied rocks
and analyses performed on them during this work.

Details on each individual technique, including operating parameters and standardisation are

given below.

3.2 Analytical methods and data processing

3.2.1 Electron microprobe (EMP).

A Cameca SX100 electron microprobe based at the Central Science Laboratory (CSL), University of
Tasmania, was used to analyse major elements (Na, Mg, Al, Si, Ca, K, Fe, Ti, Cr and P) and volatiles
(S and Cl) in glasses, groundmass and phenocrysts (olivine, pyroxenes, plagioclase, amphibole, and
oxides) on polished thin sections and grain mounts.

International standards from Jarosewich et al. (1980) were run at the beginning and at the end
of each analytical session (a total of 6 spots per mineral). These include: USNM 111240/2 (Juan de
Fuca basaltic glass ‘VG2’), USNM 122142 (Kakannui — augite), USNM 115900 (Lake County —
plagioclase), USNM 111312/444 (San Carlos — olivine), USNM 143965 (Kakannui — hornblende),
USNM 104021 (Durango — apatite) and USNM 117075 (Tiebaghi mine — chromite).

The following conditions were used:

» Silicates were analysed at 15kV, 20nA with beam sizes of 5 or 10pm depending on the phe-

nocrysts size. An average of 15 grains was analysed for each mineral type present in a sample,
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with measurements taken on both core and rims on each grain.

*  Glasses were analysed at 15 kV, 20 nA and a beam size of 5 um with an average of 10 points per
sample.

* Groundmasses analyses were carried out at 15 kV, 20 nA with a defocused beam of 20 pm. On
average, 10 points per sample were measured.

Analytical standard deviations for major and minor elements are in the order of 0.34-0.02%
and 0.36-0.01 % respectively.

Analyses of chlorine and sulphur in glasses and groundmass were performed at 15 kV, 40 nA
with a beam size of 10 um using counting times of 60 and 30 seconds for Cl and S, respectively. Tug-
tupite was used as the standard for chlorine and Marcasite for sulphur. Detection limits for Cl and S
are 24 ppm and 285 ppm respectively with a standard deviation in the order of 0.02—-0.04%. Analyses
of zinc in magnetite were performed at 20 kV, 40nA with a beam size of 5 pm using a counting time
of 60 seconds to assure high precision. The detection limit for Zn is 50 ppm at 1 sigma precision.

Gahnite was used as the standard for Zn.

3.2.2. X-Ray Fluorescence (XRF)

Whole-rock major and trace element analyses on glasses were performed at CODES, the University
of Tasmania using a Philips PW1480 X-Ray Spectrometer.

Major elements concentrations are determined on glass discs made by fusing a small amount (~1 g) of
powdered rock at 1100 C° diluted with lithium metaborate and tetraborate fluxes. Trace element con-
centrations were obtained by analyses of pressed pellets composed of 10 grams rock powder mixed
with a binder (see Robinson, 2003 for details regarding the method and Watson et al., 1996 for more

information regarding sample preparation).

3.2.3 Solution Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Whole-rock trace element analyses were obtained by solution ICP-MS at CODES, the University of
Tasmania on an Agilent 7700 X Series quadrupole mass spectrometer.

Samples were dissolved by a high pressure acid digestion on a PicoTrace unit using a
combination of sulphuric, hydrofluoric (HF-H,SO,) and perchloric (HCIO,) acids. This dissolves all
resistant (accessory) minerals such as zircon in silica rocks. After evaporation, samples are dissolved
in 2% nitric acid (HNO,). International standards AGV-1 and GSD-12 were run and also “in-house”
standard TASBAS (basalt) and TASGRAN (granite). See Yu et al. (2001) for details regarding this
method.

3.2.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS)

A Resolution 193nm excimer laser ablation system coupled to an Agilent7500cs Series quadrupole
mass-spectrometer at CODES, University of Tasmania, was used to measure trace element abundanc-
es in glasses, groundmass and phenocrysts (olivine, pyroxenes, plagioclase, amphibole, and magne-
tite).
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The following elements were measured: "Li, »*Na, Mg, ’Al, #°Si, ¥K, #Ca, *Sc, *'Ti, *'V, >Cr,
SMn, 'Fe, %Co, ©Ni, ©Cu, Cu, *Zn, “Ga, "'Ga, %Sr, ¥Y, *Zr, *'Zr, >*Mo, *’Mo, *Mo, '?Ru, '"Ag,
HniCd, 15Sn, 37Ba, ¥La, 4°Ce, %Nd, '“Sm, 'S*Eu, ''Gd, '®Dy, '®Er, 12Yb, "Lu, *Hf, '’Au, 2?Hg,
208pp 2098, 232Th and 238U.

Zircon and tantalite were used to monitor for isotopic interferences for TaO on '”’Au and HfOH
on "7Au. No corrections were found to be necessary.

Data acquisition for elements other than Au, Ag, Bi in phenocrysts, were performed using a 30
second background with 60 seconds of acquisition. Spot sizes of 120—-80 um-diameter and 10 Hz
laser pulsing rate were used. A separate method was developed for key, extremely low abundance ele-
ments, Au, Ag and Bi, employing longer counting times and larger spot sizes of 150—120 pm. Glasses
and groundmass were analysed using spot sizes of 80 and 110 um-diameter respectively and 10 Hz.

NIST SRM 612 glass was used as the primary calibration standar and GSD-1G glass as the sec-
ondary standard (Table 3.2). Both primary and secondary standards were analysed at the beginning
and end of each batch to correct for instrument drift. Data from each session were normalized to
GSD-1G to compensate for instrument variability. Values for NIST SRM 612 and GSD-1G are from
the GeoReM website (Jochum and Stoll, 2008) and listed in Table 3.2.

MgO wt% concentrations derived by EMP were used as the internal calibration for olivine and
orthopyroxene, FeO for magnetite and CaO wt% was used for plagioclase, clinopyroxene, amphi-
bole, glasses and groundmass. Data quantification was performed with the SILLS program. SILLS
is a MATLAB based program for the reduction of LA-ICP-MS data of homogeneous samples and
inclusions (Guillong et al., 2008).

3.2.5 Fourier transform infrared (FTIR) spectroscopy

The water content of selected glasses was measured using a Bruker Opus/IFS 66 spectrometer with
an attached optical microscope. Samples were mounted in epoxy and doubly polished. A complete
description of the method can be found in Thinger et al. (1994), and details on the calibration and

procedures used in Danyushevsky et al. (1992) and in Dayushevsky et al. (2000).

3.2.6 Data Comparison: EMP vs LA-ICP-MS

Minor element analyses from olivine, clinopyroxene and plagioclase obtained using the electron mi-
croprobe are compared to those obtained using LA-ICP-MS. The results are shown in:

* Figure 3.1 for olivine (CaO, MnO and NiO vs Fo).

* Figure 3.2 for clinopyroxene (TiO,, MnO, Na,O, and Cr,0, vs Mg#).

* Figure 3.3 for plagioclase (FeO, MgO and K O vs An).

The results for both analytical techniques are in close agreement (taking analytical errors into con-
sideration) even though it was not possible to collect data on the exact same position within the min-
erals being investigated. Minor element data presented in the mineralogy chapter (Chapter 4) were

acquired using LA-ICP-MS, since this technique offers higher precision and lower detection limits.
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Table 3.1. List of all samples analysed during this study and analyses performed on them.

Voyage Dredge Sample TS* WR (XRF) ICP-MS EMP LA-ICP-MS FTIR Isotopes
5510/2004 D1 D1-1 X X X X X X
5510/2004 D1 D1-2 X X

5510/2004 D1 D1-3 X X X

5510/2004 D8 D8-1 X X X X

5510/2004 D8 D8-2 X X X X
5510/2004 D8 D8-3 X X
5510/2004 D11 D11-1 X X X

5510/2004 D11 D11-2 X X X X X X
5510/2004 D11 D11-6 X X X
5510/2004 D11 D11-8 X X X

5510/2004 D12 D12-1 X X

5510/2004 D12 D12-2 X X

5510/2004 D12 D12-3 X X

5510/2004 D12 D12-4 X X

5510/2004 D12 D12-5 X X

5510/2004 D12 D12-6 X X

5510/2004 D13 D13-2 X X

5510/2004 D13 D13-3 X X X

5510/2004 D13 D13-4 X X X

5510/2004 D13 D13-5 X X

5510/2004 D13 D13-6 X X

5510/2004 D13 D13-7 X X

5510/2004 D13 D13-8 X X X X

5510/2004 D13 D13-9 X X X

5510/2004 D13 D13-11 X X

5510/2004 D13 D13-12 X X X

5510/2004 D13 D13-13 X X

5510/2004 D15 D15-1 X X X X X

5510/2004 D15 D15-2 X X X

5510/2004 D15 D15-3 X X X

5510/2004 D15 D15-4 X X X X X X
5510/2004 D15 D15-5 X X X X

5510/2004 D15 D15-6 X X X

5510/2004 D15 D15-7 X X

5510/2004 D15 D15-7a X X X X X X
5510/2004 D15 D15-8 X X

5503/2009 D67 D67-2 X X

5503/2009 D67 D67-3 X X X X

5503/2009 D67 D67-4 X X X

5503/2009 D67 D67-5 X X X X
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Table 3.1. cont.

Voyage Dredge Sample TS* WR (XRF) ICP-MS EMP LA-ICP-MS FTIR Isotopes
5S03/2009 D67 D67-6 X X

5503/2009 D68 D68-2 X X X X
5503/2009 D68 D68-3 X X

5503/2009 D68 D68-4 X X

5503/2009 D68 D68-5 X X

5503/2009 D68 D68-6 X X X X X
5503/2009 D68 D68-7 X X X
5503/2009 D68 D68-8 X X X
5503/2009 D68 D68-9 X X X

5503/2009 D68 D68-10 X X X
5503/2009 D68 D68-11 X X X

5503/2009 D69 D69-2 X X X
5S03/2009 D69 D69-3 X X X X X
5503/2009 D69 D69-4 X X

5503/2009 D69 D69-5 X X

5503/2009 D69 D69-6 X X X

5503/2009 D69 D69-7 X X

5S03/2009 D69 D69-8 X X

5503/2009 D69 D69-9 X X

5503/2009 D69 D69-10 X X X X

* TS - thin section
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Table 3.2. List of values for NIST SRM 612 and GSD-1G used for calibration of LA-ICP-MS data
after Jochum & Stoll (2008).

Element |NIST SRM 612 GSD-1G Element |NIST SRM 612 GSD-1G
Li 42.0 43.0 Ag 21.4 23.0
Be 38.0 46.0 Cd 28.3 18.0
B 33.0 50.0 In 37.0 38.0
Na 103704.0 26706.8 Sn 35.6 29.0
Mg 64.0 21709.3 Sb 314 43.0
Al 11166.9 73300.8 Cs 42.0 32.0
Si 336114.4 248675.4 Ba 39.7 67.0
P 51.0 860.0 La 35.8 39.1
S 350.0 Ce 38.7 41.4
K 66.3 25300.0 Pr 37.2 45.0
Ca 85263.8 51456.6 Nd 35.9 44.7
Sc 41.0 52.0 Sm 38.1 47.8
ITi 44.0 7431.9 Eu 35.0 41.0
v 39.0 44.0 Gd 36.7 50.7
Cr 36.0 42.0 Tb 36.0 47.0
Mn 38.0 220.0 Dy 36.0 51.2
Fe 51.0 103381.5 Ho 38.0 49.0
Co 35.0 40.0 Er 38.0 40.1
Ni 38.8 58.0 Tm 38.0 49.0
Cu 37.0 42.0 Yb 39.2 50.9
Zn 38.0 54.0 Lu 37.2 51.5
Ga 36.0 54.0 Hf 37.9 39.0
Ge 38.0 320 Ta 35.9 40.0
As 32.6 27.0 w 38.1 43.0
Se 15.0 2.0 Re 6.6 -
Rb 314 37.3 Ir 0.0 12.0
Sr 78.4 69.4 Pt 2.5 6.0
Y 38.0 42.0 Au 4.5 4.0
Zr 37.7 42.0 Tl 14.8 0.9
Nb 40.0 42.0 Pb 38.6 50.0
Mo 33.0 39.0 Bi 30.0 35.0
Rh 0.9 - Th 37.8 41.0
Pd 1.1 - u 37.4 41.0
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Chapter 4

Petrography and mineral chemistry of the Hunter Ridge magma series

4.1 Introduction

As discussed in Chapter 1, the active magmatism and the particular tectonic setting of the southern
tip of the North Fiji Basin results in a wide range of arc-related magma types within the Hunter Ridge
area. Samples from the Hunter Ridge selected for this study include rocks from the calc-alkaline and
adakite magma series. This chapter focuses on the petrographical and mineralogical characteristics of
both calc-alkaline and adakitic rocks. Detailed petrographic analyses were carried out in all samples
recovered from the different dredges. EMP and LA-ICP-MS analyses were performed in selected

representative samples from each dredge. Details of the sample locations can be found in Chapter 1.

4.2 Petrography of the Hunter Ridge calc-alkaline rocks

Calc-alkaline rocks from the Hunter Ridge range in composition from basalt to rhyolite. All samples
are typically porphyritic rocks, containing three to seven mineral phases (plagiolclase + clinopyroxene
+ olivine + Fe-Ti oxides + orthopyroxene + amphibole + apatite). Crystal abundances were determined

by point counting across petrographic thin sections.

4.2.1 Basalts

Basaltic rocks are poorly to highly vesicular (up to 30 volume %) pillow lavas with glassy rims.
Vesicles range in size from ~1 to 6 mm, small vesicles are sub-spherical and/or irregular and become
highly irregular with increasing size, showing at times coalescence. (Fig. 4.1).

The groundmasses are generally glassy or consist of partially devitrified glass displaying
hyalopilitic texture, and sometimes spherulitic texture. These groundmasses contain numerous small
(<0.02 mm) lath-shaped plagioclase crystallites and less abundant, very small (<0.025 mm) pyroxene
and olivine grains. Oxides are very rare and occur as individual grains of up to 0.15 mm. Groundmass
makes up to 65% by volume of the samples.

Phenocrysts represent on average ~20% by volume of the samples. Olivine (~15 volume %) and
clinopyroxene (4% volume) are the dominant phenocryst phases and occur throughout the groundmass
as large clusters of small to large phenocrysts or as single small to large grains that are typically
subhedral or euhedral. The clusters range in size from 1 mm to 7 mm and the individual olivine and
pyroxene phenocrysts range from 0.5 to 5 mm. Olivine and clinopyroxene commonly have melt and
mineral inclusions (i.e., inclusions of pyroxene in olivine and vice versa, and oxide inclusions). Some
of the olivine phenocrysts have resorbed rims. Plagioclase phenocrysts and microphenocrysts (0.1-1
mm) occur in some samples; when present these are rare and represent less than 1% on average.

Photomicrographs in Figure 4.1 show the petrographic features described here.
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4.2.2 Basaltic andesites

All basaltic andesite rocks from the Hunter Ridge calc-alkaline series are petrographically similar,
although the modal proportion of minerals can vary. Most rocks are moderately to highly vesicular
(up to 25 volume%) pillow lavas with glassy rims. Vesicles range in size from ~0.1 to 6 mm; with the
smaller ones being subspherical with irregular borders. Larger vesicles display a range of different
shapes (e.g., irregular, subspherical, elongated, etc) and some show coalescence (Fig. 4.2).

The groundmasses generally consist of partially devitrified glass, which often has hyalopilitic
textures. Similar to basalts, these groundmasses contains numerous small (< 0.02 mm) lath-shaped,
randomly arranged plagioclase crystallites, and rare very small (<0.025 mm) pyroxene and olivine
grains. Oxides are very rare and occur as individual grains of up to 0.2 mm. Groundmasses represent
up to 80% by volume of the sample.

Phenocrysts represent approximately 15% by volume of the samples. Plagioclase (~13 volume
%) is the dominant phenocryst phase and occurs as discrete, 0.5 to 3.5 mm long, generally euhedral,
grains, and as clusters comprising small to large grains. Clusters range in size from 1 to < 8§ mm.
Melt inclusions are common in most plagioclase grains and in addition to zoning textures, some
phenocrysts display corroded rims. In some of the samples, plagioclase phenocrysts containing
numerous melt inclusions are extremely common, though others in the same sample contain few
if any. Clinopyroxene and olivine phenocrysts (~2 volume %) are also present and occur mostly
as euhedral to subhedral single grains, or as resorbed and skeletal crystals. In some of the samples,
clusters containing clinopyroxene+olivine£plagioclase are present. The clusters range in size from
1 to 5 mm and the individual olivine and pyroxene phenocrysts range from 0.5 to 4 mm. Olivines
commonly contain melt inclusions, whereas clinopyroxene have both melt and mineral inclusions
(i.e., of olivine, oxides and plagioclase). Photomicrographs in Fig. 4.2 show the petrographic features

described above.

4.2.3 Dacites
Dacite samples are moderately vesicular (up to 20 volume %) and moderately porphyritic rocks.
Vesicles range in size from ~0.1 to 5 mm and, in some samples the smaller vesicles are spherical and
become elongated with increasing size. In other samples, the smaller ones are mostly subspherical with
irregular borders and the larger ones display a range of different shapes (e.g., irregular, subspherical,
elongated, etc.) (Fig. 4.3).

The groundmasses generally consist of fresh to partially devitrified glass, which sometimes
have a trachytic texture. These groundmasses can contain numerous (up to 40 %) small (< 0.02 mm)

lath-shaped plagioclase crystallites and rare (up to 1%) very small (<0.025 mm) ferromagnesian

Fig. 4.1 (opposite). Petrographic features of basalts from the Hunter Ridge cal-alkaline series. A) Subhedral-euhedral
olivine (ol) and clinopyroxene (cpx) phenocrysts in a glassy groundmass of a highly vesicular rock (Sample No. D11-1).
B) Olivine phenocrysts displaying various sizes and shapes (i.e., subhedral, euhedral and skeletal) in a glassy groundmass
containing plagioclase crystallites (Sample No. D8-1). C) Large olivine and clinopyroxene phenocrysts in a partially
devitrified groundmass containing numerous plagioclase crystallites (Sample No. D8-2). D) Crystal cluster containing
clinopyroxene and olivine and large olivine grains displaying skeletal texture in a fresh glassy groundmass (Sample No.
D11-1).
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Fig. 4.2. Petrographic features of basaltic andesites from the Hunter Ridge cal-alkaline series. A) Crystal clot containing
plagioclase phenocrysts (pl) that display numerous melt inclusions in a glassy groundmass with plagioclase crystallites
(Sample No. D1-1). B) Euhedral-subhedral plagioclase phenocrysts in a glassy partially devitrified groundmass containing
numerous plagioclase crystallites (Sample No. D15-7A). C) Crystal cluster containing large plagioclase and clinopyroxene
(cpx) phenocrysts (Sample No. D15-7A). D) Plagioclase, clinopyroxene and olivine (ol) grains in a glassy groundmass
containing small plagioclase crystallites (Sample No. D15-7A). E) Olivine phenocryst showing resorption features in a
glassy groundmass containing numerous plagioclase crystallites displaying trachytic textures (Sample No. D67-3). Scale
bars represent 1 mm.
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vesicles

Fig. 4.3. Petrographic features of dacites from the Hunter Ridge cal-alkaline series. A) plagioclase (pl), clinopyroxene
(cpx) and amphibole (amp) phenocrysts in a glassy groundmass of a highly vesicular dacite (Sample No. D12-1). B)
Euhedral-subhedral plagioclase phenocrysts in a glassy groundmass of a moderately vesicular dacite (Sample No. D13-
8). C) Amphibole phenocryst being replaced by magnetite (mt) (Sample No. D12-2). D) Olivine (ol) grains displaying
disequilibrium textures in a glassy groundmass (Sample No. D13-8). E) Crystal clot containing clinopyroxene and
plagioclase (Sample No. D13-8). F) Orthopyroxene (opx) phenocryst with Fe—Ti oxides along its rims (Sample No. D12-
2). Scale bars represent 1 mm.
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minerals. Oxides occur as individual grains (of up to 0.2 mm) sparsely disseminated throughout the
groundmass. Groundmasses represent around 90 % by volume of the sample.
Phenocrysts represent approximately 10 % by volume of the samples. Plagioclase (~9 volume
%) is the dominant phenocryst phase and occurs as single small to large grains and in lesser amounts
in large clusters of small to large phenocrysts. The clusters range in size from 1 to 4 mm and the
individual phenocrysts from 0.5 to 3 mm and are typically euhedral to subhedral. Two textural groups
of plagioclase can be recognised, and both can occur in a single thin section. The first group forms
euhedral, blocky crystals up to 2.5 mm in size with little or no visible zoning and few inclusions
(mineral and melt inclusions). The second group occurs as subhedral to anhedral (sometimes spongy)
grains up to 3 mm in size that typically contain numerous inclusions and exhibit oscillatory zoning.
This group also displays disequilibrium textures with embayments and other evidence for resorption.
Clinopyroxene, orthopyroxene and amphibole (~1 volume %) are also present and occur mostly
as single grains that range in size from 0.5 to 2 mm and are mostly subhedral. Many clinopyroxene
grains are embayed and exhibit resorption features. Amphibole grains display strong cleavage and
birefringence and are rimmed by oxides. Dacites mark the first occurrence of amphibole. Oxides
minerals (less than 0.5 volume %) occur either as individual grains (< 0.15 mm) or associated with
pyroxene and amphibole, either partially replacing these minerals or aligning along their edges.
Oxides range in size from 0.5 to 0.2 mm. Apatite inclusions are present in some plagioclase and
pyroxene phenocrysts. These occur as very thin needles that range in size from 0.005 to 0.02 mm in
length. Although extremely rare, small (< 0.008 mm) sulphide inclusions occur in some oxide grains.
One of the dacite samples contains rare phenocrysts and clots of olivine within a glassy matrix
containing oriented microlites of plagioclase (i.e. trachytic texture). The olivines have a grain size of
~1-2 mm and commonly show a reaction halo, which suggests that these are not in equilibrium and
therefore may have crystallised from a more primitive melt and were subsequently entrained during

magma ascent. Photomicrographs in Fig. 4.3 show the petrographic features described here.

4.2.4 Rhyolites

Rhyolite samples are moderately vesicular (up to 15 volume %) and phenocrysts-poor lavas (maximum
phenocrysts content ~ 10%). The vesicles range in size from ~0.1 to 5 mm, the smaller ones are
subspherical with irregular borders and become highly irregular in shape with increasing size (Fig.
4.4).

The groundmasses generally consist of very fresh to partially devitrified glass, having
sometimes trachytic or vitrophyric textures. When the groundmasses show trachytic texture, these
contain numerous (up to 40 %) small (< 0.02 mm) lath-shaped plagioclase crystallites. Oxides occur
as individual grains (of up to 0.3 mm) throughout the groundmass. Groundmasses represent up to ~90
% by volume of the sample.

Phenocrysts represent approximately 10 % by volume of the samples. Similar to dacites, the
main phenocryst phase in these rocks is plagioclase (~8 % volume) and occurs as single small to large
grains and sometimes in large clusters of small to large phenocrysts. The clusters range in size from 1

to 3 mm and the individual phenocrysts from 0.5 to 2.5 mm and are typically subhedral to euhedral.
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Fig. 4.4. Petrographic features of rhyolites from the Hunter Ridge cal-alkaline series. A) plagioclase (pl), orthopyroxene
(opx) and amphibole (amp) phenocrysts in a glassy groundmass (Sample No. 68-8). B) Orthopyroxene phenocryst
showing Fe-Ti oxides along its edges and resorbed plagioclase phenocrysts in a groundmass containing abundant
plagioclase crystallites (Sample No. D69-3). C) Subhedral-anhedral plagioclase phenocrysts and clinopyroxene (cpx)
being replaced by Fe-Ti oxides in a glassy groundmass of a moderately vesicular rhyolite (Sample No. D68-10). D)
Subhedral amphibole and plagioclase phenocrysts in a groundmass containing plagioclase crystallites (Sample No. D69-
3). E) Plagioclase grain displaying disequilibrium border in a groundmass with abundant plagioclase crystallites (Sample
No. D69-3). F) Orthopyroxene (opx) phenocryst with a Fe-Ti oxides grain along its left rim and a plagioclase grain
displaying disequilibrium features (Sample No. D68-8). Scale bars represent 1 mm.
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Plagioclase phenocrysts can exhibit a wide variety of optical zoning characteristics, from mostly
unzoned, to grains showing oscillatory and rare sieved textures. Melt and mineral inclusions typically
occur in most plagioclase phenocrysts. The amounts and distribution of clinopyroxene, orthopyroxene
and amphibole (~1.5 volume %) are also similar to those in dacites. These minerals occur mostly as
single grains that range in size from 0.5 to 2 mm. Clinopyroxene and orthopyroxene are mostly
subhedral to euhedral, and many clinopyroxene grains are embayed and exhibit resorption features
whereas orthopyroxene mostly presents faceted forms. Amphibole grains show strong cleavage and
birefringence and are rimmed by oxides. Oxides minerals, although slightly more abundant than in
dacites represent less than ~1 volume % of phenocrysts. These can occur as individual grains (> 0.15
mm) or associated with pyroxene and amphibole, either partially replacing these minerals or aligning
along their edges. Oxides range in size from 0.5 to 0.2 mm. Apatite inclusions are present in some
plagioclase and pyroxene phenocrysts. These occur as very thin needles that range in size from 0.005

to 0.02 mm in length.

4.3 Mineral Chemistry of the Hunter Ridge calc-alkaline rocks

This section documents the variation of mineral chemistry with magma fractionation (i.e.,decreasing
MgO and increasing SiO, contents) of the Hunter Ridge calc-alkaline samples. To this aim, mineral
analyses are presented as both a series of histograms of Fo contents of olivine, Mg# 100*Mg/(Mg+Fe)
for clino- and ortho-pyroxene and An for plagioclase, and a series of variation diagrams of minor
elements. All mineral analyses presented as histograms in this section were obtined using a Cameca
SX-100 electron microprobe (EMP). Analyses of minor elements for olivine, clinopyroxene and
plagioclase were obtained using LA-ICP-MS and analyses of orthopyroxene, amphibole, oxides and

apatite were obtained using EMP (see Chapter 3 for details on the analytical methods)

4.3.1 Olivine
Olivine (Table 4.1; Figs 4.5, 4.6) occurs in basalt, basaltic andesites and occasionally in some dacite
samples. Cores of 183 and rims of 60 grains (from 8 samples) were analysed to characterise the
compositional range of olivine in the Hunter Ridge calc-alkaline lavas. Cores exhibit a wide range
of composition from Fo 75-94, with a mode of Fo 82 (Fig. 4.5). Rim compositions range from Fo
82-93, which is within the range measured for the cores (Fig. 4.5). The more restricted range in
composition of the rims is likely due to the lack of rim analyses of the more evolved olivine grains.
Most olivine crystals present none or normal zoning (i.e., within two forsterite units).

Olivine core compositions range from Fo 80-94 in basalts, Fo 79-91 in basaltic andesites
and from Fo 75-89 in dacites. Rim compositions vary between Fo# 82-93 in basalts and Fo 82-91 in

basaltic andesites. No olivine rims were analysed in dacites (Fig. 4.6).

Minor elements in olivine
Plots of MnO, CaO and NiO wt% versus Fo content for olivine cores from the calc-alkaline rocks are
shown on Figure 4.7. MnO ranges from 0.1 to 0.4 wt% and shows a strong negative correlation with

Fo. CaO concentrations vary from 0.02 to 0.24 wt% and do not display a coherent trend with changing
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Fig. 4.7. Minor element contents plotted against Fo# for olivine phenocrysts from the Hunter Ridge calc-alkaline rocks
compared to olivine from MORB (blue shaded field) and to olivine from calc-alkaline rocks from the Vanuatu arc (grey
hatched field). Triangle symbols represent basalts, diamonds represent basaltic andesites, circles represent dacites and
square symbols represent rhyolites. Data for MORB and data for the Vanuatu arc are from Danyushevsky (umpublished).

Fo content. Furthermore, olivine grains from basalt samples D11 contain lower CaO contents (> 0.1
wt%) than grains from other samples at a similar Fo. NiO shows a weak positive correlation with Fo.
Overall NiO values range from 0.06 to 0.37 wt%. However, at Fo 90-92, NiO varies from 0.12 to 0.37
wt%, which is almost the entire range displayed by these phenocrysts.

4.3.2 Clinopyroxene
Clinopyroxene phenocrysts are present in all calc-alkaline rocks, but decrease in abundance from
basalt to rhyolites. (Table 4.1, Figs 4.8, 4.9). Analyses of 264 cores and 93 rims (from 15 samples)

were carried out to document the large compositional range of clinopyroxene in the Hunter Ridge calc-
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alkaline lavas. Clinopyroxene phenocrysts in these samples display an overall range in compositions
between Mg# 72-92 (Fig. 4.8). Core compositions cover the entire range and display a bimodal
distribution with the two main populations of crystals having Mg# 76 and Mg# 84 (Fig. 4.8). Rim
compositions range from Mg# 72-91, which is within the range measured for the cores (Fig. 4.8).
Most phenocrysts are augites, although diopside sometimes occurs as phenocrysts in basalts and
dacites. In all rock types, clinopyroxene is largely unzoned, however, grains displaying minor normal
and reverse zoning patterns (up to 2—3 units of Mg#) are also present and commonly observed in a
single sample.

In basalts, clinopyroxene core compositions vary between Mg# 83-92 and rims between Mg#
84-89 (Fig. 4.9). Most phenocrysts (73%) are augites in the range of En,, . Fs, ,Wo,, . and in lesser

45-49 FSG—9 W04547'

In basaltic andesites, clinopyroxene core compositions vary from Mg# 81-92 and rims from

amount diopside (27%) in the range of En

Mg# 81-91 (Fig. 4.9). The phenocrysts are augites in the range of En,,  Fs, - Wo,_ ..

In dacites, clinopyroxene core compositions range between Mg# 72-91 and rims from Mg#
72-88 (Fig. 4.15). The majority of the dacite samples studied contain two groups of clinopyroxene
phenocrysts: 1) relatively low-Mg clinopyroxene (Mg#< 78) which generally represents ~ 65% of
the total clinopyroxene, and ii) high-Mg phenocrysts (Mg# >80) which represents ~ 35% of the total

clinopyroxene content. The clinopyroxenes are augites (En,, ;, Fs, . Wo, ) and diopside (En

42-51 45-50

Fs, ;Wo,. ,.). Modally these account for 83 and 17% respectively.
In rhyolites, clinopyroxene core compositions vary from Mg# 74—78 and rims from Mg# 74—77

(Fig. 4.9). These phenocrysts are mostly augites in the range En,, , Fs . Wo
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Fig. 4.8 Histogram showing the total distribution of clinopyroxene Mg#
for the Hunter Ridge calc-alkaline rocks. Black coloured bars indicate
core compositions and grey coloured bars indicate rim compositions.
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Minor elements in clinopyrexene

TiO,, MnO, Na,O and Cr,O, contents of the clinopyroxene phenocryst cores are shown on Figure
4.16. TiO, contents in phenocrysts with high Mg# (i.e. >81) display a negative correlation with Mg#.
TiO, in these phenocrysts range from 0.07 to 0.38 wt%. TiO, contents in phenocrysts with Mg# <81)
do not display a coherent trend. MnO ranges from 0.08—0.83 and shows an exponential increase with
decreasing Mg#. Na, O contents vary from 0.13 to 0.62 wt% and show negative correlation with Mg#.
Overall, Cr,0, varies from 0.03 to 1.28 wt%, with phenocrysts with Mg# < 81 having contents below
detection limits. However Cr,O, values scatter and display considerable variations between samples.
In samples D67-5, D8-1 and D13-8, Cr,O, values decrease with decreasing Mg#, whereas in samples
DI1-1, D15-7a and D11-2, Cr,0O, does not show any correlation with Mg#. It is also worth noting that
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Fig. 4.10. Minor element contents plotted against Mg# for clinopyroxene phenocrysts from the Hunter Ridge calc-alkaline
rocks compared to clinopyroxenes from MORB (blue shaded field) and to clinopyroxenes from calc-alkaline rocks
from the Vanuatu arc (grey hatched field). Triangle symbols represent basalts, diamonds represent basaltic andesites,
circles represent dacites and square symbols represent rhyolites. Data for MORB and data for the Vanuatu arc are from
Danyushevsky (unpublished)

sample D11-2 generally contains phenocrysts with higher TiO, and Na,O than grains from other

samples at similar Mg#.

4.3.3. Orthopyroxene

Orthopyroxene (Table 4.1, Figs 4.11, 4.12) is only present in dacites and rhyolites. Cores of 108
and rims of 53 grains (from 10 samples) were analysed to illustrate the compositional range of
orthopyroxene in the Hunter Ridge calc-alkaline lavas. Core compositions range from Mg# 68—

74 and show a uni-modal distribution, with the majority of cores having Mg# 71 (Fig. 4.11). Rim
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Fig. 4.11. Histogram showing the total distribution of orthopyroxene Mg#
for the Hunter Ridge calc-alkaline rocks. Black coloured bars indicate core
compositions and grey coloured bars indicate rim compositions.

compositions range from Fo# 67-74, with a mode of 70 (Fig. 4.11). The orthopyroxenes are mostly

unzoned (up to 2-3 units of Mg#) clino-enstatite in the range of En . __Fs _ .. Wo , although weakly

65-72 25 37 1-4°

normally or reversely zoned grains could be found within a single rock.
Dacites and rhyolites show a similar range in orthopyroxene compositions. In dacites,
orthopyroxene core compositions range between Mg# 70—73 and rims between Mg# 70-74. In

rhyolites, core compositions vary from Mg# 68—74 and rims from Mg# 67-72 (Fig. 4.12).

Minor elements in orthopyrexene

Plots of TiO, wt%, Al,O,wt%, MnO wt%, and CaO wt% versus Mg# for orthopyroxene cores are
shown on Figure 4.13. Orthopyroxenes from dacites and rhyolites from the calc-alkaline series display
an overall range in TiO, from 0.13 to 0.36 wt%, Al,O, from 0.3 to 1.81 wt%, MnO from 0.56 to 1.42
wt%, and CaO from 0.97 to 1.7 wt%. TiO,, AL,O, and CaO contents are scattered and do not show any

correlation with Mg# whereas MnO displays an overall negative correlation with Mg#.

4.3.4. Plagioclase

Plagioclase (Table 4.1; Figs 4.14, 4.15) is the most abundant phenocryst phase in basaltic andesites,
dacites and rhyolites. Plagioclase phenocrysts do not occur in basaltic samples, in basalts plagioclase
typically occurs as microlites. Cores of 337 and rims of 164 grains (from 17 samples) were analysed
to characterise the wide compositional range of plagioclase in the Hunter Ridge calc-alkaline lavas.
Cores exhibit a wide range of composition from An 27-92, and display a bimodal distribution with
two peaks at An 48 and An 7680 (Fig. 4.14). Rim compositions range from An 22-91 (Fig. 4.14).
Within a single thin section, some plagioclase crystals display complex compositional zoning patterns
(e.g. normal, reverse, and patchy), whereas others display little or no zoning.

In basalts, microlite plagioclase compositions vary from An 66—79 (Fig. 4.15). In basaltic
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andesites, plagioclase core compositions range between An 64-92 and rims from An 64 to 91 (Fig.
4.16).

In dacites, core compositions vary from An 37-91 and rims from 37 to 87 (Fig. 4.15). Dacite
samples contain two populations of plagioclase phenocrysts: 1) relatively low-An phenocrysts (An
<64), which typically represent ~90% of the total of plagioclase phenocrysts, and ii) more calcic
phenocrysts (An >68), which represent ~10% of the total plagioclase (Fig. 4.15). This latter group
often display disequilibrium textures (i.e., resorption and embayments).

In rhyolites, core compositions vary from An 27-58 and rims from 22-53 (Fig. 4.15).
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Table 4.1 Average mineral compositions (wt%) for the Hunter Ridge calc-alkaline samples.

Sample Sio, TiO, ALO, FeO MnO MgO CaO Na,O K,0 P,O, Cr0, NiO Total
Olivine Fo
D8-1 40.38 0.00 0.01 1020 0.19 4850 020 0.00 0.00 0.00 0.00 0.26 99.76 89
D11-1 40.23 0.00 0.00 1270 0.25 4659 020 000 0.00 0.01 0.00 025 10021 87
D11-2 40.26 0.00 0.00 11.86 0.21 47.18 0.16 0.00 0.00 0.00 0.01 0.28 99.96 88
D67-3 39.89 0.00 0.01 13.26 0.17 46.57 0.18 0.00 0.00 0.00 0.00 0.13 100.22 86
D67-5 4090 0.00 0.02 1022 0.18 489 021 0.00 0.00 001 002 021 100.73 90
D1-1 39.53 0.00 0.00 1649 0.28 4351 022 000 000 001 0.00 012 100.17 82
D1-3 39.48 0.00 0.00 16.50 0.29 4371 0.21 0.00 0.00 0.00 0.00 0.13 100.34 83
D15-7a 39.45 0.00 0.00 17.03 0.28 4298 0.19 0.01 0.00 0.00 0.00 0.12 100.06 82
Clinopyroxene Mg#
D8-1 5238 030 333 463 014 16.87 2203 020 000 000 0.55 0.01 10044 87
D11-1 52.02 0.37 3.69 491 0.14 16.57 21.82 0.28 0.00 0.00 0.64 0.01 100.45 86
D11-2 52.74 0.32 3.00 4.53 0.14 16.93 22.06 0.25 0.00 0.00 0.63 0.00 100.61 87
D67-3 53.05 0.25 2.62 422 0.06 17.71 2247 022 000 0.00 040 0.00 100.99 88
D67-5 53.00 0.28 2.65 5.03 0.18 17.57 21.15 0.21 0.00 0.00 0.26 0.00 100.33 86
D1-1 53.41 0.35 2.74 6.09 0.23 1791 20.06 0.27 0.00 0.00 0.26 0.00 101.32 84
D1-3 53.32 0.34 2.64 6.19 0.20 18.00 19.77 0.28 0.00 0.01 0.23 0.00 100.98 84
D15-7a 53.66 029 209 6.08 0.22 1843 1937 023 001 000 014 0.00 10051 84
D12-1 51.56 0.49 1.62 8.84 0.50 15.40 20.82 0.38 0.00 0.00 0.00 0.00 99.62 76
D12-3 52.79 0.45 1.51 8.76 0.51 15.50 20.37 0.37 0.00 0.00 0.00 0.00 100.26 76
D12-5 52.73 0.48 1.61 9.08 0.52 15.60 19.86 0.37 0.00 0.00 0.00 0.00 100.25 75
D13-3 52.78 0.53 161 898 050 1553 2033 041 0.00 0.00 0.00 0.00 10069 76
D13-4 53.54 0.41 1.42 8.41 0.40 15.28 21.60 0.35 0.00 0.00 0.00 0.00 101.41 76
D13-5 53.39 0.47 1.38 8.81 049 15.75 20.22 0.37 0.00 0.00 0.00 0.00 100.87 76
D13-8 52.84 0.44 2.25 6.99 0.30 1643 2093 0.31 0.00 0.00 0.15 0.00 100.63 81
D69-2 53.01 0.49 164 854 038 1524 2131 036 000 001 0.00 0.00 10098 76
D69-3 52.93 0.42 1.53 8.47 0.55 15.13 2136 0.43 0.00 0.00 0.00 0.00 100.82 76
D68-8 52.19 0.32 1.18 8.96 0.58 15.30 20.89 0.37 0.00 0.00 0.00 0.00 99.80 75
D69-9 53.14 0.45 167 866 050 1578 20.28 040 0.00 0.00 0.00 0.00 10087 76
D69-10 53.07 0.43 146 891 047 1556 2040 037 0.00 0.00 0.00 0.00 100.68 76
Orthopyroxene Mg#
D12-1 53.18 0.24 0.61 1798 0.84 2558 1.36 0.00 0.00 0.00 0.00 0.00 99.77 72
D12-3 5437 026 080 1822 092 2566 131 001 000 0.00 0.00 0.00 10154 72
D12-5 5403 0.25 0.88 18.02 0.88 2561 134 001 000 0.00 0.00 0.00 101.03 72
D13-3 54.55 0.27 0.80 1790 0.87 25.82 1.36 0.01 0.00 0.00 0.00 0.00 101.57 72
D13-5 54.56 0.27 0.76 1795 0.75 25.89 1.33 0.01 0.00 0.00 0.00 0.00 101.51 72
D13-8 5488 025 0.68 1792 088 2576 135 000 000 0.00 0.00 0.00 10172 72
D69-2 5419 026 090 1774 069 2530 137 000 000 0.00 0.00 0.00 10045 72
D69-10 54.45 0.23 0.79 1883 0.85 25.52 1.19 0.01 0.00 0.00 0.00 0.00 101.86 71
D68-2 53.04 0.63 201 17.70 1.03 23.25 3.03 0.42 0.04 0.00 0.00 0.00 101.15 70
D69-3 5445 021 071 1828 1.09 2504 116 000 000 0.00 0.00 0.00 10094 71
D68-8 53.25 021 0.75 19.05 1.07 2442 129 000 000 000 0.00 0.00 100.04 70
D69-9 54.50 0.22 0.72 1866 129 2541 1.09 0.02 0.00 0.00 0.00 0.00 101.90 71
Amphibole

D13-4 4537 298 978 11.81 031 1520 11.14 241 024 0.03 0.00 0.00 99.26

D68-2 45.29 2.40 7.71 1255 047 1494 1090 2.18 0.20 0.01 0.00 0.00 96.65

D68-8 45.09 2.80 9.02 1236 035 1533 11.01 2.38 0.21 0.02 0.00 0.00 98.56

D69-3 44.47 2.88 9.63 13.18 0.34 1465 11.05 2.42 0.18 0.06 0.00 0.00 98.85

D69-9 4367 2.56 1035 13.97 0.26 14.08 1096 2.42 0.18 0.10 0.00 0.00 98.56
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Table 4.1 cont.

Sample SiO, TiO, Al,O, FeO Fe,0O, MnO MgO CaO Na,0 KO PO, Cr,0, NiO Total
Plagioclase An#
D8-1* 49.48 000 3198 0.73 0.00 0.00 0.27 1536 2.68 0.06 0.00 0.00 0.00 100.56 76
D11-1* 49.01 0.01 32.15 0.63 0.00 0.00 0.15 15.29 2.76 0.06 0.00 0.00 0.00 100.05 75
D11-2* 49.60 0.02 31.76 062 0.00 0.00 0.17 1499 297 0.06 0.00 0.00 0.00 100.18 74
D67-3 4558 0.00 3447 046 000 0.00 0.12 18.05 1.26 0.02 0.00 0.00 0.00 99.97 89
D67-5 4597 0.00 3427 049 0.00 0.00 0.14 17.76 1.40 0.02 0.00 0.00 0.00 100.06 88
D1-1 4985 001 3167 058 000 0.00 0.17 1488 285 0.07 0.00 0.00 0.00 100.09 74
D1-3 50.08 0.02 31.52 0.59 0.00 0.00 0.17 14.69 298 0.07 0.00 0.00 0.00 100.11 73
D15-7a 49.18 0.01 32.08 052 0.00 0.00 0.16 1533 262 0.06 0.00 0.00 0.00 99.95 76
D12-1 5711 0.04 27.08 0.53 0.00 0.00 0.05 9.27 6.09 0.16 0.01 0.00 0.00 100.34 46
D12-3 55.98 0.03 27.77 0.54 0.00 0.00 0.05 9.88 5.54 0.15 0.01 0.00 0.00 99.95 50
D12-5 57.18 0.04 27.02 0.52 0.00 0.00 005 896 6.04 0.16 0.00 0.00 0.00 99.98 45
D13-3 5757 0.04 26,51 055 0.00 0.00 004 878 605 0.16 0.00 0.00 0.00 99.70 45
D13-4 55.21 0.03 2845 0.52 0.00 0.00 0.05 10.70 5.17 0.12 0.00 0.00 0.00 100.24 53
D13-5 5749 0.03 26.71 055 0.00 0.00 0.04 884 622 0.15 0.00 0.00 0.00 100.04 44
D13-8 56.52 0.04 2747 0.57 0.00 0.00 0.06 9.76 5.65 0.14 0.00 0.00 0.00 100.19 49
D13-12 57.43 0.04 2686 055 000 0.00 0.05 9.03 6.02 0.15 0.00 0.00 0.00 100.13 45
D69-2 56.20 0.03 27.27 049 0.00 0.00 005 953 581 0.14 0.00 0.00 0.00 99.53 48
D68-2 5948 0.01 2548 0.38 0.00 0.00 000 7.23 7.29 0.18 0.00 0.00 0.00 100.05 35
D68-8 58.77 0.01 26.77 042 0.00 0.00 003 840 6.61 0.14 0.00 0.00 0.00 101.17 41
D69-3 57.69 0.03 2644 046 0.00 0.00 0.02 839 6.48 0.14 0.02 0.00 0.00 99.67 42
D69-9 57.17 0.02 26.87 045 0.00 0.00 003 9.00 616 0.12 0.01 0.00 0.00 99.83 45
D69-10 57.21 0.02 26.84 048 0.00 0.00 0.03 9.07 6.07 0.14 0.00 0.00 0.00 99.86 45
limenite

D12-3 0.00 3879 0.34 5511 0.00 053 255 0.00 0.00 0.00 0.00 0.00 0.00 97.31
D12-5 0.08 40.03 030 5440 000 069 216 0.00 0.00 0.00 0.00 0.00 0.00 97.67
D13-8 0.00 39.37 0.36 5437 0.00 049 261 0.00 0.00 0.00 0.00 0.00 0.00 97.21
D69-2 0.00 3990 0.33 5393 000 046 246 0.00 0.00 0.00 0.00 0.00 0.00 97.08
D69-10 0.00 4043 031 5382 000 057 235 0.02 0.00 0.00 0.00 0.00 0.00 97.50
D68-2 0.00 41.03 0.24 5362 000 0.82 232 0.00 0.00 0.00 o0.00 0.00 0.00 98.04
D69-3 0.00 3985 0.24 5420 000 0.81 220 0.00 0.00 0.00 0.00 0.00 0.00 97.30
D69-9 0.00 3946 0.29 54.77 0.00 0.66 2.32 0.00 0.00 0.00 0.00 0.02 0.00 97.52
Magnetite

D12-1 0.10 10.72 2.06 3838 46.59 0.72 160 0.00 0.00 0.00 0.00 0.03 0.00 100.19
D12-3 0.11 9.91 211 48.29 36.63 0.63 2.28 0.00 0.00 0.00 0.00 0.03 0.00 99.98
D12-5 0.10 9.95 2.17 4834 36.63 061 229 0.00 0.02 0.00 0.00 0.04 0.00 100.14
D13-8 0.08 10.54 235 46.80 37.14 055 235 0.00 0.00 0.00 0.00 0.02 0.00 99.84
D69-2 0.07 10.17 235 4734 3701 055 2.18 0.00 0.00 0.00 0.00 0.03 0.00 99.71
D69-10 0.05 9.97 2.06 47.92 37.07 057 193 0.00 0.00 0.00 0.00 0.02 0.00 99.60
D68-2 0.04 9.08 1.84 50.78 36.60 0.72 182 0.01 0.00 0.00 0.00 0.00 0.00 100.89
D69-3 0.09 9.01 1.75 4991 36.73 0.78 145 0.00 0.00 0.00 0.00 0.02 0.00 99.74
D69-9 0.00 9.24 2.07 4995 3589 0.73 220 0.00 0.00 0.00 0.00 0.00 0.00 100.08
Spinel Crit
D8-1 0.08 031 138 7.19 16.09 0.54 1162 0.01 0.00 0.00 0.00 5021 0.12 10002 71
D11-2 0.04 039 13.26 836 1580 0.57 1142 0.04 0.00 0.00 0.00 4866 0.12 98.67 71
D67-5 0.05 0.29 1460 6.65 1242 0.50 14.02 0.00 0.00 0.00 0.00 51.04 0.12 99.68 70
Apatite

D69-2 0.24 0.00 0.00 043 0.00 0.12 0.26 5381 0.17 0.02 40.03 0.00 0.00 95.08
D69-3 0.23  0.00 0.00 0.38 0.00 0.16 0.24 5410 0.17 0.00 40.61 0.00 0.00 95.89

* Plagioclase microlites
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Minor elements in plagioclase
Covariations of FeO wt%, MgO wt% and K, O wt% versus An for plagioclase cores (from phenocrysts
only) are shown on Figure 4.16. Plots of FeO and MgO depict two groups of plagioclase phenocrysts,
whereas KO seems to record a wide compositional continuum from 0.25 wt% at An 27 to 0.01 at An 92.
In calcic plagioclase (An >65), FeO do not display a coherent trend with changing An and
ranges from 0.43 to 0.66 wt%. MgO shows a weak negative correlation with An and its contents vary
from 0.08 to 0.21 wt%. In less calcic plagioclase phenocrysts (An <64), FeO does not display any
correlation with An and its contents vary from 0.37 to 0.60 wt%. MgO wt% shows a weak positive

correlation and varies from 0.02 to 0.06 wt%.

4.3.5 Amphibole

Amphibole (Table 4.1) is the less abundant of all phenocryst phases (less than 0.5% of the total
phenocrysts content) and is only present in dacites and rhyolites. Folowing the nomenclature of Leake
(1978), compositions are tschermakite hornblende and magnesio-hornblende in dacites and ferri-

titanian-magnesio-hornblende and ferri-titanian-tschermakitic hornblende in rhyolites.

4.3.6 Oxides

Where present, oxide minerals include Cr-spinel, titanomagnetite and ilmenite (Table 4.1). Cr-spinel
typically occurs in basalts and basaltic andesites as 1) inclusions in phenocrysts (e.g., olivine), i1) as
individual grains (>0.15 mm) sparsely disseminated throughout the groundmass, and iii) in rare cases
also associated with pyroxene and olivine often along their margins. Spinel compositions range from
Cr# 53 to Cr# 85 (Table 4.1). Titanomagnetite and ilmenite commonly occur together in dacites and
rhyolites. Typically they occur as 1) individual grains (>0.15 mm) sparsely disseminated throughout
the groundmass, and 1) relatively large grains (0.2—0.5 mm) associated with pyroxene and amphibole,
either along their edges or partially replacing them. In dacites, the TiO, content of magnetite varies
between 9.7-10.7 wt%, and in ilmenite between 38.8-40.6 wt%. In rhyolites, the TiO, content of

magnetite varies between 8.8-9.2 wt%, and ilmenite from 39.3—41.2 wt%.

4.3.7 Apatite
Apatite is only present in dacite and rhyolite samples. These occur as 0.005-0.02 mm long needle-shape
inclusions in phenocrysts of low-calcic plagioclase and low-magnesian pyroxene, and occasionally as

small <5 micron-sized crystals in magnetite (Table 4.1).
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4.4 Summary of the petrography and mineralogy of the Hunter Ridge calc-
alkaline rocks

The petrographic and mineralogical study suggests that the Hunter Ridge calc-alkaline series formed
largely as a result of fractional crystallisation and crystal accumulation processes, coupled with some
degree of magma mixing. This is not surprising as magma mixing processes are widely recognised in
subduction-related rocks.

Samples with high MgO wt% contents (>9 wt%) contain abundant high-Fo olivine and high-Mg#
clinopyroxene phenocrysts that are not in equilibrium with their groundmasses (see Chapter 5 for
more detail). The groundmasses are commonly relatively evolved containing less than 6.5 wt% MgO.
Therefore, the high overall MgO wt% contents of these samples is most likely due to accumulation of
high-Fo olivine and high-Mg# pyroxene phenocrysts rather than representing true primitive magma
compositions.

Additional evidence for entrainment of pre-existing material (e.g. either phenocrysts phases, or
crystals derived from disruption of pre-existing rocks (i.e. wall-rock of the plumbing system) includes
1) the presence of glomerocrysts (olivine and pyroxene) and ii) the phenocrysts with primitive
compositions that display varying degrees of disequilibrium. Interaction between new batches
of magma and pre-existing cumulate material within the plumbing system is a typical feature of
subduction-related volcanic systems (e.g. Danyushevsky et al., 2002, 2004; Dungan & Davidson,
2004; Davidson et al., 2005; Reubi & Blundy, 2008).

For the more evolved rocks with low MgO (<3.5 wt%; e.g. dacites), the plagioclase and
clinopyroxene phenocrysts span a wider range in composition than those in basalts, basaltic andesites
and rhyolites. In addition, the dacites contain bimodal populations of plagioclase and clinopyroxene
(Figs 4.9, 4.15). These samples also contain olivine with a wide range in compositions (Fo# 74—
89) that commonly display disequilibrium textures (i.e. resorption features, embayments). Although
some of the textural features displayed by the high calcic- plagioclase (i.e. hollows inside the crystals)
could be explained through rapid crystallisation of evolved hydrous magmas, the calculated partition
coefficients for Sr and Ba are not (see Chapter 5). As we show later, trace elements in plagioclase
indicate that they were not formed from the melt corresponding to groundmass in composition.

Thus, the mineral chemistry, along with textural observations for the dacites point to some form of
mixing combined with dissolution-reaction—mixing processes (DRM; Danyushevsky et al., 2004), in
which crystals of different provenance are found in the same rock. DRM processes occur within the
plumbing system, at the margin of primitive magma bodies, where the magma is in contact with cooler
rocks (i.e. wall rocks or mush zones). This interaction of a hot magma body with cooler material leads
to partial dissolution of mineral phases than are not in equilibrium with the ascending hotter magma,
and mixing will inevitably occur. If this pre-existing material comes from within a mush zone, the
crystals and melts are likely to be comagmatic. Mush columns are recognised to contain phenocrysts
and residues formed during fractionation of earlier magmas of the same magma type (e.g. Davidson
& Tepley, 1997; Danyushevsky et al., 2004; Smith et al., 2009).

In summary, the broad range in compositions of the main mineral phases in these samples
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record prolonged histories of magma evolution from the very earliest stages of fractionation to their
subsequent eruption. This is an important concept, which will be used to reconstruct the crystallization
history of these rocks in the next chapter.

4.5 Petrography of the Hunter Ridge adakitic rocks

Adakite samples from the Hunter Ridge are moderately vesicular (~20-30 volume %) pillow lavas
with glassy rims. All samples used for this study are porphyritic basaltic andesites where phenocrysts
represent approximately 15% by volume of the sample. Olivine (~8 volume %) and clinopyroxene
(7% volume) are the dominant phenocrysts phases and occur throughout the groundmass as large
clusters of small to large phenocrysts or as single small to large grains. The clusters range in size from
I mm to 5 mm and the individual olivine and clinopyroxene phenocrysts from 0.5 to 3.5 mm. Some
clinopyroxene and olivine crystals display melt and mineral inclusions (e. g., spinel inclusions and/
or olivine inclusions in clinopyroxene and vice versa). Oxides are very rare and occur as individual
grains of up to 0.1 mm or as small inclusions (<0.05 mm) in phenocrysts.

Groundmasses represent up to 65% by volume of the sample and are generally glassy or
consist of partially devitrified glass displaying hyalopilitic texture. In the latter, these can contain
numerous small (<0.025 mm) pyroxene and olivine grains, representing up to 5% of the groundmass.

Photomicrographs in Fig. 4.17 show the petrographic features described here.

4.6 Mineral Chemistry of the Hunter Ridge adakitic rocks

4.6.1 Olivine

Cores and rims of olivine phenocrysts (74 and 23 respectively) were analysed to document the
compositional range of olivine in the Hunter Ridge adakitic lavas. Core compositions range from Fo
8692 and display a unimodal distribution with the majority of cores having Fo 88-89 (Fig. 4.18).
Rim compositions range from Fo 8690, which is within the range measured for the cores (Fig. 4.18).

Most olivine grains are unzoned.

Trace elements in olivine

Minor and trace elements such as MnO, CaO and NiO show some variations among the analysed
olivine phenocrysts from adakite magma suites. Plots of MnO wt%, CaO wt% and NiO wt% versus Fo
content for olivine cores from these rocks are shown on Figure 4.19. CaO and NiO concentrations are
scattered and do not show any coherent trend with changing forsterite content. %. CaO concentrations
in these olivines range from 0.13 to 0.20 wt% and NiO from 0.18 to 0.41 wt%. . MnO shows a

negative correlation with Fo# and varies between 0.13 and 0.22 wt%.

4.6.2 Clinopyroxene
Cores and rims of clinopyroxene grains (72 and 18 respectively) were analysed to characterise their

compositional range in the Hunter Ridge adakites. Core compositions range from Mg# 81-92 with a
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Fig. 4.17. Petrographic features of basaltic andesites from the Hunter Ridge adakite series. A) Large olivine (ol)
phenocryst showing resorption features and smaller subhedral olivine grains in a glassy groundmass containing very small
olivinezclinopyroxene grains (Sample No. D15-1). B) Crystal cluster containing euhedral-subhedral clinopyroxene (cpx)
phenocrysts in a glassy groundmass containing of a moderately vesicular sample (Sample No. D15-2). C) Crystal cluster
containing large olivine and clinopyroxene phenocrysts and subhedral-anhedral olivine grains in a glassy groundmass
(Sample No. D15-2). D) Crystal cluster containing subhedral clinopyroxene grains and two olivine phenocrysts showing
resorption features in a glassy groundmass of a highly vesicular rock (Sample No. D15-4).
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near uni-modal distribution with a mode of 89 (Fig. 4.20). Rim compositions range from Mg# 85-91
with a mode lower than that of the cores at 87 (Fig. 4.20). Clinopyroxene is augite with a range from
En, . Fs,  Wo

5056 Most phenocrysts are unzoned, however, grains displaying minor normal and

38-43°
reverse zoning patterns (up to 2—3 units of Mg#) are also present and are commonly observed within

a single sample.

Minor elements in clinopyroxene

TiO,, MnO, Na,O and Cr,O, contents of the clinopyroxene phenocryst cores are shown on Figure
4.21. TiO, shows a weak negative correlation with Mg# and varies from 0.08 to 0.21 wt%. MnO
and Na,O do not display a large range in values and do not show any coherent trend with Mg# (MnO
ranges from 0.12 to 0.17 wt% and Na,O from 0.22 to 0.29 wt%). Cr,O, contents are scattered and vary
from 0.04 to 1.04 wt%.

4.6.3 Oxides
Oxide minerals are Cr-spinel, typically occurring as inclusions in phenocrysts (e.g., olivine), in rare

cases also associated with pyroxene and olivine often along their margins. Spinel compositions range
from Cr# 70 to Cr# 85 (Table 4.2).

4.7 Comparison to the Hunter Ridge calc-alkaline rocks

Table 4.3 shows a generalised comparison for the calc-alkaline and adakitic basaltic andesite lavas
from the Hunter Ridge. The primary difference is the presence of significant plagioclase phenocrysts
in the calc-alkaline lavas. Basaltic andesites in both magma series contain olivine and clinopyroxene,
although these minerals are universally more abundant in the latter. Fo contents in olivine phenocrysts
from adakite samples display a narrower range than in the calc-alkaline samples, with the former
having more primitive compositions (Fo 86-92 vs 79-91). Overall, clinopyroxene phenocrysts
display the same range in Mg# in both magmatic suites (Figs 4.18, 4.20). However, in the adakite
samples, the clinopyroxene phenocrysts tend to have more primitive compositions. Minor element
compositions in both olivines and clinopyroxenes overlap with those of the calc-alkaline minerals
(Figs 4.19, 4.21).
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Fig. 4.18. Histogram showing the total
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Fig. 4.19. Minor element contents plotted against Fo for olivine phenocrysts from the Hunter Ridge adakites compared to
olivines from the Hunter Ridge calc-alkaline series (grey shaded field).
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Table 4.2. Average mineral compositions (wt%) for the Hunter Rudge adakites.

Sample SiO, TiO, AILO, FeO Fe, 0O, MnO MgO CaO NaO KO PO, Cr0, NiO Total
Olivine Fo
D15-1 40.17 0.00 0.00 1095 0.00 0.21 48.44 0.18 0.00 0.00 0.00 0.01 0.00 99.96 89
D15-2 4040 0.00 0.00 1291 0.00 0.24 46.32 0.19 001 0.00 0.00 0.00 0.16 100.25 86
D154 40.24 0.00 0.00 1092 0.00 0.22 47.73 0.20 0.00 0.00 0.00 0.00 0.21 99.52 89
D15-5 40.22 0.00 0.00 1295 0.00 0.25 46.54 0.19 000 0.00 0.00 0.01 0.17 100.33 87
Clinopyroxene Mgt
Dp15-1 53.88 0.15 1.73 405 0.00 0.15 19.27 20.26 0.24 0.00 0.00 0.76 0.00 99.74 89
D15-2 53.88 0.18 2.03 5.04 000 0.19 1839 2034 0.21 0.00 0.00 0.52 0.00 100.80 87
D15-4 53.87 020 222 468 0.00 0.17 1809 20.19 031 0.04 0.01 048 0.01 100.28 87
D15-5 53.73 0.19 216 5.17 0.00 0.19 18.72 19.72 0.21 0.00 0.00 0.63 0.00 100.72 87
Spinel Cr#
D15-2 0.00 0.46 9.17 13.12 16.98 0.56 1044 0.00 0.00 0.00 0.00 48.76 0.09 99.58 78
D15-4 0.07 0.41 9.74 10.76 1590 0.52 11.18 0.03 0.00 0.00 0.00 50.58 0.10 99.29 78
D15-5 0.02 043 09.00 13.11 1747 0.55 10.14 0.03 0.00 0.00 0.00 48.98 0.07 99.80 78
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Table 4.3. Comparison between the Hunter Ridge calc-alkaline and adakitic basaltic andesites.

Rock Series Phyric (Y/N) Phenocryst phases Approximate abundance
Calc-Alkaline Plagioclase 85%
(basaltic andesite) Y Olivine 5%
Cpx 10%
Adakite v Olivine 60%
(basaltic andesite) Cpx 40%




Chapter 5

Identification of the calc-alkaline fractionation series

5.1 Introduction

Calc-alkaline rocks from the Hunter Ridge display a wide compositional range from picritic basalts
(510, ~50 wt%, MgO ~13 wt %) to rhyolites (SiO, ~73 wt%, MgO ~0.3 wt %) reflecting an example
of magmatic evolution by fractional crystallisation.

The main aim of this chapter is to reconstruct the crystallisation history of these rocks. This relies
on the rocks being genetically related and, therefore, belonging to a single magma fractionation series.

In the first part of this chapter, major element data are used to model the fractional crystallisation
processes. As magmas crystallise, their major and trace element compositions evolve along lines
determined by their phase equilibria (i.e. liquid lines of descent ‘LLD’). Identifying a single liquid
line of descent establishes a common genetic relationship between the rocks, and that they therefore
belong to a single magma series (or are closely related). As with most arc magmas, rocks from the
Hunter Ridge are affected to some extent by magma mixing and crystal accumulation.

In the second part of this chapter, trace element data are presented that allow the effects of magma

mixing and crystal accumulation to be recognised and accounted for during subsequent modelling.
5.2 Modelling of fractional crystallisation: Major elements

Before attempting to explain the crystallisation history of the Hunter Ridge calc-alkaline rocks, it
is necessary to ascertain which samples or what portions of these samples (e.g. quenched glass,
groundmass) represent melts and what minerals are in equilibrium with these melts.

As outlined in the previous chapter, most of the primitive samples from the Hunter Ridge are
phyric lavas with a large proportion of high-Fo olivine phenocrysts, high Mg# clinopyroxene and
high-An plagioclase. The large range of compositions of unzoned phenocrysts in these rocks (see
Chapter 4) implies that most of the phenocryst population is not in equilibrium with the groundmass of
the samples, which is interpreted as being a record of the composition of the melt phase in the erupted
magma. These compositional features suggest that the rocks have undergone crystal accumulation,
and therefore their bulk compositions are not representative of the compositions of melts which
existed in the plumbing system. Where quenched glass rinds were present, their compositions were
considered representative of the composition of the melt phase of the erupted magmas. Where
possible, groundmasses were analysed by electron microprobe and LA-ICP-MS for samples which
did not have quenched glass rinds. Where this was not possible, groundmass compositions were
calculated using a mass-balance method. Whole-rock data for the Hunter Ridge calc-alkaline samples
are presented in Table 5.1., major element compositions of glasses and groundmass are presented in

Table 5.2 and shown in Figure 5.1.
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5.2.1 Estimation of groundmass composition by mass-balance calculations

Where direct measurements of the groundmass were not possible, these were calculated from the
whole-rock data using a mass-balance approach. This method uses the average composition of the
mineral phases, which are then subtracted from the whole-rock data in accordance with their modal
proportions (Tables 5.2, 5.6). For the calculations, all compositions were recalculated to 100 wt%
(anhydrous). To account for the differences in density between the groundmass (2.4-2.8 g/cm?®) and the
ferromagnesian minerals (i.e. clinopyroxene: 3.19-3.56 g/cm?; olivine: 3.22—3.37 g/cm?; amphibole:
3.02-3.59 g/cm’®; Deer, Howie and Zussman, 1966) the volume proportions of the minerals were
adjusted to mass proportions. This is not required for plagioclase since its density is similar to that of
the groundmass. The results of the calculations are shown in Tables 5.2, 5.3 and 5.6 and in Figure 5.1.

In order to assess the accuracy of this approach, groundmass compositions calculated using a
mass-balance method are compared, where possible, to direct measurements from the microprobe
(results shown in Table 5.3). This was possible for samples D1-1, D15-7a, D69-3, and D69-10 and
the results show good agreement between the calculated and measured compositions for all major
oxides (Table 5.3).

Groundmass compositions define an evolutionary trend from basalt (represented by sample D8-
1-groundmass; SiO, 52.8 wt%, MgO 8.4 wt%) to rhyolite (represented by samples D68-8-groundmass
and D69-3-groundmass; SiO, ~75 wt%, MgO ~0.3 wt%). Major element trends displayed for these
samples are shown in Figure 5.1. These are shown together with fields for i) MORB, ii) a suite of
arc-related rocks from the Pual Ridge, Eastern Manus Basin (from Jenner et al., 2010), and iii) a
suite of back-arc basin rocks with arc signature from the Fonualei Rift, Lau Basin (from Keller,
2009). samples from the Vanuatu arc, the Pual Ridge and the Fonulaei Rift because rocks from these
locations represent arc lavas or have a typical arc signature. Analyses reported for these locations
show a similar range in composition to the Hunter Ridge calc-alkaline samples and provide good
comparison examples. Our data show that the calc-alkaline rocks from the Hunter Ridge display
major element behaviour similar to those of the arc-related suites from Pual Ridge and Fonualei
Rift. All the arc-related rock suites show coherent trends of increasing SiO,, K O and Na,O with
decreasing melt MgO contents. SiO, and K, O contents in arc rocks are higher than those in MORB
at similar melt MgO contents. In contrast, Na,O contents overlap with the field for MORB. For the
Hunter Ridge samples, FeO and TiO, increase to their maximum values at ~5 wt% MgO content of
the melt and thereafter markedly decrease. The abundances of these two major oxides in all arc rocks
are lower than those in MORB at similar melt MgO contents. Similarly, CaO contents initially rise
with decreasing MgO from 8.3—7 wt%, then rapidly fall. CaO contents in all arc rocks overlap those in
MORB at a similar MgO content. AL,O, content in samples from the Hunter Ridge and the Pual Ridge
show initial behaviour similar to CaO and decreases with decreasing MgO. Conversely, samples from
the Fonualei Rifts do not show a coherent trend. MORB samples show a more pronounced decrease

in A1, O, with decreasing melt MgO content compared to the arc-related samples.
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5.2.2 Establishing mineral/melt correspondence

The compositions of minerals in equilibrium with the groundmass (calculated or measured) were
derived using Petrolog v3 (Danyushevsky & Plechov, 2011), which uses published models of mineral-
melt equilibrium. For olivine, models by Ford et al. (1983) are used, for clinopyroxene and plagioclase
those by Ariskin et al. (1993), and for magnetite, Ariskin and Barmina (1999). These estimate pseudo-
liquidus temperatures and liquidus mineral compositions. The mineral(s) present on the liquidus for
a given melt composition is that with the highest calculated pseudo-liquidus temperature. Minerals
are considered to be on the liquidus simultaneously (i.e. cotectic crystallisation) when the difference
in their calculated pseudo-liquidus temperatures is <+ 20°C (Danyushevsky & Plechov, 2011). It is
worth noting that the errors in the calculated mineral compositions using the models listed above
are within +1-3 mol% for clinopyroxene, plagioclase and magnetite, and +1 mol% for olivine. The
results of the calculations are shown in Table 5.4. All calculations were done for water-saturated
conditions with an oxygen fugacity Ni-NiO+2 log units, which is typical for arc magmas (Blatter
and Carmichael, 1998; Brandon and Draper, 1996; Gill, 1981; Arculus, 1985; Parkinson and Arculus,
1999; Kelemen et al., 2003).

Sample D8-1-groundmass (the most primitive melt composition) has both olivine (Fo ~88)
and clinopyroxene (Mg# ~90) as liquidus phases (Table 5.4). These are in good agreement with the
mineral compositions obtained by microprobe from sample D8-1, in which olivine compositions
range from Fo 83-93 and clinopyroxene from Mg# 84-92.

Melt-liquidus calculations for samples D1-1-glass and D1-1-groundmass result in extremely
similar liquidus compositions for olivine (Fo ~81), clinopyroxene (Mg# ~82) and plagioclase (An ~59)
(Table 5.4). For olivine and clinopyroxene, the modelled compositions closely match measurements
made on phenocrysts from sample D1-1 (olivine Fo 82—84 and clinopyroxene Mg# 81-91). For
plagioclase, the difference in the calculated An (~59) and the lower end of the measured An (63—83)
is close when the errors are taken into consideration (i.e. £1-3 mol%).

Melt liquidus calculations for samples D15-7a-glass and D15-7a-groundmass produce slightly
different liquidus compositions for olivine (Fo 80 and 83 respectively), clinopyroxene (Mg# 80 and
84 respectively) and plagioclase (An 57 and 55, respectively) (Table 5.4). Similar to sample D1-1,
only the compositions for olivine and clinopyroxene are similar between the calculated and measured
values in sample D15-7a, where olivine varies between Fo 82—85 and clinopyroxene between Mg#
75—89. Measured compositions for plagioclase are significantly more calcic and range from An 65-84.

Melt liquidus calculations for sample D13-8-groundmass, produce olivine (Fo ~78), clino-
pyroxene (Mg# ~75), orthopyroxene (Mg# ~79) and plagioclase An 22 (Table 5.4). The calculated
compositions for olivine and clinopyroxene are a close match to those measured in sample D13-8,
though both minerals display a wide range of compositions (olivine Fo 75-89 and clinopyroxene
Mg# 71-88). Conversely, calculated orthopyroxene and plagioclase compositions do not match those
measured in this sample. The most magnesian orthopyroxene has an Mg# of 74, and even the least
calcic plagioclase has an An of 40.

Sample D68-8-groundmass (the most evolved melt) has calculated compositions for
clinopyroxene (Mg# ~44), orthopyroxene (Mg# ~61) and plagioclase (An ~3) (Table 5.4). These

66



Chapter 5 - Identification of the calc-alkaline fractionation series

calculated compositions are not consistent with those measured from clinopyroxene, orthopyroxene
and plagioclase phenocrysts in this sample. The least magnesian clinopyroxene and orthopyroxene
both have Mg# of 70, whereas even the least calcic plagioclase has An 27 (i.e. significantly higher
than predicted from the modelling).

It is worth noting that, currently, there are no models available in Petrolog for amphibole and
there is a recognised issue for plagioclase. The software in its current version does not accurately
model plagioclase within hydrous (e.g. arc) magmas, with errors thought to be around 10 mol% An
(see end of Section 5.3.3).

5.2.3 Modelling fractional crystallisation using a least-squared regression method

Major element concentrations were modelled using the ‘MIXING’ application in IgPet (Carr, 2001).
The approach uses a least square regression to calculate the proportions of crystallising phases
between any two given melt compositions.

The parental melt composition (P) represents the most primitive melt of the calc-alkaline
magma series present in our rocks (sample D8-1-Groundmass; Table 5.3). The chosen daughter (D)
composition is the most differentiated melt, which in our samples is represented by sample ‘D68-8-
Groundmass’ (Table 5.3).

The goal of the modelling is to explain the major element changes between points P and D
assuming this is due to fractional crystallisation, and modelling of the differentiation trends were
divided in four stages/steps. The crystallising phenocryst phases (i.e. olivine, clinopyroxene,
plagioclase, magnetite and amphibole) are considered to be in equilibrium with their melts at a
given stage of fractionation. For each step of the modelling, the mineral compositions used for the
calculations reflect an intermediate (equilibrium) value between the start and end of the run. This
approach produced a better fit with lower errors than using mineral compositions in equilibrium with
either the initial or final melt compositions. The major element trends displayed by the Hunter Ridge
calc-alkaline magmas are shown in Figure 5.1.

During the first step of modelling (8.4-6.12 wt% MgO), we assume that olivine, clinopyroxene
and plagioclase crystallise during the initial 20% of fractionation (modal proportions: 26, 33, and
41 % respectively). In the second step (6.12-5.2 wt% MgO), olivine, clinopyroxene and plagioclase
continue to crystallise but their modal proportions change substantially (modal proportions: 5, 43, and
52 % respectively). During the third step (5.2-2.4 wt% MgO), magnetite joins the liquidus assemblage
together with olivine, clinopyroxene and plagioclase (modal proportions: 8, 5, 31, 56 % respectively).
During the fourth and last step of the modelling, the crystallising assemblage becomes magnetite,
clinopyroxene, plagioclase and amphibole (modal proportions: 9, 16, 56 and 19% respectively). The
fourth step of fractionation has also been modelled including orthopyroxene (Mg# 70—74) as part of
the crystallising assemblage. According to IgPet, orthopyroxene will not precipitate from the chosen
start composition for this step. Mineral compositions, as well as results for each stage, are listed in
Table 5.5 and shown in Figure 5.2.

The model explains the steady increase in SiO, from 52.8 to 75.4 wt%, Na,O from 2.5 to 5.5
wt%, and K, O from 0.5 to 2 wt% (Fig. 5.1). CaO contents generally fall, though there is a slight rise
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from 8.3—7 wt% MgO, due to a small amount of olivine-only crystallisation before clinopyroxene
appears on the liquidus. The modelling also explains the trends displayed by TiO,, AL,O, and FeO.
Early crystallisation of olivine and clinopyroxene leads to an increase in Al,O,, FeO, and TiO, with
decreasing MgO wt%. This initially incompatible behaviour results in their enrichment in the melt.
The concentration of AL O, rises at first (composition range 8.3—6 MgO wt%; Fig. 5.1), after which
it falls due to the onset of plagioclase crystallisation (Fig.5.1). Similarly, TiO, and FeO contents
increase between 8.3—5.5 MgO wt%, and then fall due to onset of magnetite crystallisation (Fig. 5.1).

Modelling calculations in Petrolog were carried out with two main objectives: i) to corroborate
whether the mineral proportions obtained using IgPet are consistent with the expected mineral
proportions during crystallisation of these lavas, and ii) to identify the LLD for the calc-alkaline
magmas. The models used to calculate the compositions of the phases crystallising along the LLD are
the same as those described in Section 5.2.2. Some of these models include the effects of pressure and
water content on mineral-melt equilibrium. Alternatively, Petrolog offers the option of a user-defined
correction to account for the effects of pressure and/or water-content. This does not alter the mineral
composition, only the temperature of crystallisation for a given mineral. A customised correction for
magnetite was developed as none of the available models are designed for hydrous magmas. The
pressure correction was set at 5 °C /Kbar. The water correction was modified from the equation by
Falloon and Danyushevsky (2000) and follows: dT (°C) = -45*(H,O wt%)"0.352. The use of —45 as
opposed to —76 in their original equation was determined after considering the trends displayed by
FeO and TiO, (both of which plummet at a melt MgO content of 5 wt%). A higher water correction
factor will delay magnetite saturation.

The same parent melt composition (i.e. D8-1-groundmass) was used in both IgPet and Petrolog
calculations (results listed in Table 5.5). The degree of fractionation was tracked by changes in melt
MgO content. The crystallising assemblage after 20% of fractionation (i.e. from MgO 8.4 to 6.12
wt%, corresponding to the first of modelling using IgPet) is olivine, clinopyroxene and plagioclase
(modal proportions: 21, 40, and 39% respectively). From 6.1 to 5.2 wt% MgO (corresponding to
the second step of modelling using IgPet) the mineral assemblage consists of olivine, clinopyroxene
and plagioclase (modal proportions: 5, 45, and 50% respectively) and the degree of fractionation
attained at this point is 35%. From 5.2 to 2.4 wt% MgO (corresponding to the third step of modelling
using IgPet) the crystallising assemblage is olivine, clinopyroxene, plagioclase and magnetite (modal
proportions: 2, 37, 51, and 11% respectively) and the degree of fractionation is ~ 70%. At this point
we have stopped the modelling of crystallisation, as the current version of Petrolog does not consider
amphibole. Consequently, comparison of IgPet and Petrolog modelling has been done only for the
first 3 steps of the IgPet modelling. Similar to the calculations carried out in IgPet, Petrolog does not
indicate orthopyroxene crystallisation from the starting composition P at the conditions established
for the modelling.

Unlike IgPet, Petrolog takes into account pressure, temperature, water contents and oxygen
fugacity, and calculates the composition of the minerals being removed. Figure 5.1 shows the
crystallisation trends (LLD) modelled using Petrolog with a thick black line. This LLD was defined

using a polybaric crystal fractionation path with 1.5 wt% H,O in the parental melt and an oxygen
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fugacity of Ni-NiO+2. The value of 1.5 wt% H,O is a starting value, by setting a polybaric fractionation
path, the software allows H,O to change along the LLD, rising as a result of fractionation and falling
as a result of degassing. The initial pressure was set at 0.6 Kbar and the final pressure at 0.05 Kbar.
Decompression along the crystallisation path is necessary to reproduce water saturation and the onset
of plagioclase crystallisation. The value used of 1.5 wt% H,O matches water contents measured using
FTIR on the most primitive glasses from the calc-alkaline series (dredge D8, Table 5.3). The magma
is initially H,O-undersaturated and reaches saturation after ~ 10 % crystallisation at a pressure of 0.3
Kbar. When the modelling is done at water contents below 1.5 wt% or above 2 wt% the match to the
differentiation trend displayed by Al O, is poor. In the former case, plagioclase appears earlier in the
crystallisation sequence and the proportion of plagioclase relative to the Fe-Mg silicates increases. In
the latter case, higher water contents cause a delay in plagioclase saturation (i.e. plagioclase appears
on the liquidus at MgO contents < 6.5 wt%). Specifically, the more H,O is in the magma, the more
plagioclase saturation will be delayed and the higher the Al O, contents in the melt will become. Since
the observed Al,O, contents start decreasing at ~6.5 wt% MgO, this is supporting evidence for water
contents in the parental melt of around 1.5-2 wt%. Water also plays an important role on the onset of
magnetite crystallisation; Petrolog modelling predicts that at the same range in oxygen fugacity (fO,
= Ni—NiO +2) lower water contents (i.e. <2 wt%) would delay magnetite saturation.

Oxygen fugacity has the most significant effect on magnetite crystallisation, affecting also the
Mg# of the melt and minerals. Oxygen fugacities of Ni-NiO +2 are required to trigger magnetite
saturation at a MgO content of 5 wt%. This value is typical for magmas of most arcs and many back
arcs (Blatter and Carmichael 1998; Brandon and Draper, 1996; Gill, 1981; Arculus, 1985; Parkinson
and Arculus, 1999; Kelemen et al., 2003). At higher oxygen fugacities (fO, > Ni-NiO +2) magnetite
crystallises earlier and this contradicts the FeO trend displayed by the Hunter Ridge calc-alkaline
rocks, in which FeO starts decreasing at ~ 5 wt% MgO.

The primary discrepancies between the results of the Petrolog modelling and what is observed
occurs with TiO, and Na,O. The models predict higher TiO, contents in the more evolved end members
than what is observed. This could be due either to the presence of an unaccounted phase containing
Ti (e.g. rutile or ilmenite, or ulvospinel/titanomagnetite exsolution from the magnetites), or that the
model does not accurately predict Ti in evolved rocks. The amount of ilmenite required to explain
quantitatively the discrepancy in TiO, contents is around 1.5-2 wt% (calculated using mass balance).
However there is also a problem with the magnetite model in Petrolog which underestimate the TiO,
content of the magnetite from the moment magnetite first appears in the liquidus. Small ulvospinels
were observed in many of these samples. Conversely, Na O contents are predicted to decrease more
rapidly than the melt geochemical data shows for the more evolved rocks. This could be due to
the fact that Petrolog in its current version does not accurately model plagioclase in hydrous (e.g.
arc) magmas; the associated errors are thought to be around 10-11 mol% An. Evidence to support
this comes from modelling using IgPet, which more accurately reproduces the proportions of the
crystallising phases for a given melt composition when using plagioclase An values +10 (i.e. Y r*>
0.2, 0.6 and 1.5 for Steps 1 to 3 respectively using original Petrolog plagioclase An values, vs 0.04,
0.3 and 0.2 respectively using plagioclase An +10; Table 5.5).

Trace element partition coefficients were used to further investigate the discrepancy between the
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observed and calculated An content of plagioclase. To this end, the method of Blundy and Wood (1991)
was used to calculate Kd‘s for Sr and Ba which are known to be strongly dependent on plagioclase
molar An content. The results for our samples indicate there is a systematic discrepancy of ~10 An units
between the expected plagioclase An values and those calculated by Petrolog. For example, using the
method of Blundy and Wood (1991), a plagioclase of An~87 (i.e. the most anorthitic composition used
in our modelling) is expected to have D_P*¢™!" and D, P*¢"™"of 1.4 and 0.13 respectively. These values
are in close agreement with the D P and D, P*¢"" obtained from LA-ICP-MS measurements in
groundmass/phenocrysts equilibrium pairs (1.5 and 0.10 respectively). Petrolog, however, calculates
the plagioclase in these samples to be less calcic by approximately —10 An units.

5.2.4 Summary of the major-element modelling

The crystallisation sequence for the Hunter Ridge calc-alkaline rocks is shown in Figure 5.1 and
Table 5.5. The geochemical data measured from groundmasses analyses (recalculated to 100%
anhydrous) closely correspond to the model liquid-line-of-descent from Petrolog (black lines on
Fig. 5.1). Furthermore, the modal proportions for the main crystallising phases from Petrolog are
a close match to the mineral proportions calculated with IgPet (Table 5.5). Modelling in Petrolog
provides information on the compositions of the crystallising phases (Fig. 5.2), and these compare
closely to those measured from the samples (once the systematic ~10 mol% An offset is taken into
consideration).

The trends displayed by the major elements can be summarised in four main steps: i) from 8.4
to 6.5 wt% MgO in melt, crystallisation of olivine is followed closely by clinopyroxene, as shown
by the slight increase in CaO from 8.3 to 7.0 wt% MgO. The Fo and Mg# of the first olivine and
clinopyroxene to appear on the liquidus are 90 and 88, respectively, ii) at ~6.5 wt% MgO plagioclase
starts to crystallise, as evidenced by the decrease in Al,O, The composition of the early plagioclase is
An 87, 1i1) magnetite saturation can be traced back to ~5 wt% MgO as evidenced from the plummet
in FeO contents, and iv) below ~2.5 wt% MgO, amphibole + apatite will join the crystallisation
sequence (this agrees with our petrographical observations where amphibole and apatite are present
only in the more evolved samples). An important point to emerge from the modelling is that both
IgPet and Petrolog fail to consider orthopyroxene as a liquidus phase. This does not agree with our
petrographic observations where orthopyroxene is present in the dacites and rhyolites. Consequently,
either the modelling software does not fully consider the mechanics of orthopyroxene crystallisation,
or the orthopyroxene crystals observed are xenocrysts that did not crystallize from these melts.
Orthopyroxene present in the dacite samples display more evolved compositions (Mg# ~70-75)
than those predicted using the “melt-liquidus association” tool in Petrolog (Mg# ~79). Similarly,
the orthopyroxenes present in the rhyolites display more primitive compositions (Mg# ~68—74)
than those calculated with Petrolog (Mg# ~61). It is also worth noting that the modal proportion of
orthopyroxene phenocrysts in the dacites and rhyolites is less than 0.5 % and, consequently, their

influence on the major element compositions is negligible.
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The broad range in the phenocryst compositions analysed in many of the samples indicates
disequilibrium between the crystals and the melt. This could reflect some degree of mixing, either
of evolved crystals with a more primitive melt, or of primitive crystals in a more evolved melt,
though it does not necessarily mean the samples belong to different magmatic suites (see Chapter 4).
Nevertheless, in the next section we present trace element and isotopic data that shows that magma
mixing is not the dominant process operating in the magmatic systems.

In summary, as evident from Table 5.5 and Figures 5.1 and 5.2, the models produced in IgPet
and Petrolog are in good agreement. Thus, the evolution pathways generated using these software
packages are considered to be a reasonable approximation of fractional crystallisation in these

magmas.
5.3 Modelling of fractional crystallisation: Trace elements

The aims of the second part of this chapter are: i) to use detailed trace element geochemistry to
confirm that fractional crystallisation is the main controlling factor for magma evolution, and ii) to
establish mineral/melt correspondence using quantitative modelling of REE, Ba, Zr and Hf using
partition coefficients. This will allow us to distinguish samples affected by magma mixing and crystal

accumulation.

5.3.1 Trace element composition

Trace element concentrations in phenocrysts, glasses and groundmass are presented in Table 5.6. The
concentrations of these elements in phenocrysts and glasses were measured directly using LA-ICP-
MS (spot analysis). Where possible, groundmasses were also analysed using LA-ICP-MS, where this
was not possible, trace element concentrations in the groundmasses were calculated using a mass-
balance method (see 5.2.1 for explanation of the mass balance method).

All glasses and groundmasses display similar negative Nb anomalies and similar ratios of
incompatible trace elements regardless of their MgO contents (e.g. Nb/U, La/Sm, Dy/Er, La/Yb,
and Ba/La; Fig. 5.5). This indicates that all samples have experienced the same relative enrichment/
depletion in subduction-related components and same degree of partial melting.

Trace elements can also be a useful tool to corroborate the order of crystallisation suggested
from modelling software such as Petrolog or IgPet. For example, Eu contents in clinopyroxene can
help to establish when plagioclase starts crystallising. Olivine and clinopyroxene crystallisation do
not fractionate Eu from other REE, whereas plagioclase with its high partition coefficient for Eu will.
Hence, once plagioclase begins to crystallise the Eu content in the melt will decrease, which will lead
to lower Eu contents in the clinopyroxene that crystallises from the melt. This is shown in a plot of
Euw/Eu* [Ew/Eu* = Eu/(Sm x Gd)*°] against clinopyroxene Mg# (where Eu* represents the expected
value if thre was no Eu anomaly; Fig. 5.4). Our data suggests that plagioclase saturation occurred at
a clinopyroxene Mg# of 87 (at ~6.5 wt% MgO), which is in good agreement with the values obtained

from the Petrolog modelling.
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Fig. 5.4. Europium anomaly in clinopyroxene. Note that the appearance of
plagioclase is consistent with the crystallisation order established using major
element modelling. The cpx Mg# is ~87 when plagioclase appears on the
liquidus.

Similarly, trace elements can be used to determine melt-mineral correspondence. To do this,
the model of Blundy & Wood (1991) was used to calculate D, and D, as a function of plagioclase
compositions, where the concentrations of Sr and Ba in the groundmass or glass from pillow rims are
taken to be the liquid values. According to this, plagioclase crystallising with An of ~90 should have
D, and D, of 1.3 and 0.12 respectively. The D and D calculated from LA-ICP-MS measurements
in the plagioclase phenocrysts, with measured compositions of An 90, are 2.7 and 0.05 respectively.
Calculations for partition coefficients assume that the plagioclase is in equilibrium with the host
(dacite) melts. Clearly this is not the case. On the basis of this, we can say that the plagioclase is not in

equilibrium with, and therefore did not crystallise from, the evolved magmas that formed the dacite.

5.3.2 Selection of partition coefficients
In order to model the fractional crystallisation of the Hunter Ridge lavas, bulk distribution coefficients
or D values (ratio of the concentration of an element in the solid phase divided by its concentration in
the equilibrium melt) were estimated by three methods (see Chapter 2 for a more extensive description
and discussion of the methods).
1) The parameterisation method of Bédard (2005) to calculate D values appropriate for most of
the trace elements used in this study. This provides mathematical expressions for changes in
the D values for the REE and most of the HFSE as a function of changes in melt composition

that are consistent with experimental observations and data from natural systems.
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Fig. 5.5. Covariation of a) Nb/U, b) La/Sm, ¢)Dy/Er and d) La/Yb. All samples show indistinguishable REE ratios,
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(2012) and data for the Fonualei Rift (FR) from Keller (2008).
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2) The lattice strain model (LSM) of Blundy and Wood (1994). This method is based on the
Brice (1975) model and postulates that log D values for a trace element follow a parabolic
distribution around the ionic radius and apparent Young’s modulus of the crystallographic

sites into which they substitute. The Blundy and Wood (1994) expression is:

Di= D exp (-4nEN  ((r,/2)(ri-r,)* + 1/3 (r—,)’)/RT)
Where D, is the strain compensated partition coefficient, r; is the ionic radius of the cation of
interest, E is the Young’s modulus of the host site, N is the Avogadro’s number; R is the gas

constant and T is temperature in degrees Kelvin.

3) The third method is to calculate D values directly from high-precision trace element data for
phenocryst-groundmass/glass pairs in equilibrium (i.e. from LA-ICP-MS analyses). This
approach is necessary particularly for those elements where the first two methods produce
unreliable results. Our preferred method (number 3) is valid as our samples provide an ideal
(natural) sample set that cover a range of bulk compositions. Consequently, our empirical
approach, combined with establishing phenocrysts and groundmass/glass pair equilibrium,
is robust. Table 5.7a—d lists melt-mineral partition coefficients calculated using methods 1,
2, and 3.

5.3.3 Results from trace-element modelling

Results of the trace element modelling are listed in Table 5.6 and selected incompatible elements are
shown in Figure 5.3. The modelling approach used in this study considers the effects of changing Ds on
the crystallisation path, where D values are independently (LSM) or semi-independently established
(calculated). All of these coefficients are within the experimental range for basalts, basaltic andesites,
dacites and rhyolites (GeoReM website) and are consistent with phenocrysts-groundmass pairs for
the Hunter Ridge lavas calculated for this study. Figure 5.2 shows plots of Zr, Ba, Sm and Hf against
melt MgO contents. Modelling of these incompatible elements was done using Ds obtained by the
LSM (dashed balck line) and D values calculated for this study (continuous black line) (Table 5.6).
These lines show the path of liquid evolution resulting from fractional crystallisation of the initial
composition D8-1-groundmass. From these plots, we can observe that both differentiation trends are
nearly identical, conveying that the modelling of fractional crystallisation accounts for the trends
display by the data using either set of Ds.

Zirconium is found to be moderately incompatible in clinopyroxene as indicated by the
measured D, ®™" of 0.05-0.21 and the calculated D, ®™" of 0.20-0.27 (using LSM). D, c/met
increases with decreasing clinopyroxene Mg# within the measured range (Mg# 75-90). Zr values
in olivine, plagioclase and magnetite are largely below detection, therefore, we can assume that its
partitioning into these minerals is negligible. In the melt, Zr increases from ~52 ppm at 8.3 wt% MgO
to a maximum value of ~250 ppm at 0.3 wt% MgO (Fig. 5.3).

Similarly to zirconium, hafnium is found to be moderately compatible in clinopyroxene as
indicated by the measured D, ™" 0f 0.1-0.37 and the calculated D ™" 0f 0.34-0.49 (using LSM).

D, ¥™tincreases with decreasing clinopyroxene Mg# within the measured range (Mg# 75-90). Hf
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values in olivine, plagioclase and magnetite are largely below detection, therefore, we can assume
that its partitioning into these minerals is negligible. In the melt, Hf increases from ~1 ppm at 8.3 wt%
MgO to a value of ~5 ppm at 0.3 wt% MgO (Fig. 5.3).

Barium is slightly to moderately compatible in plagioclase as indicated by the measured
D, ™" of 0.1-0.61 and the calculated D ™" of 0.13-0.84 (using LSM). D P/ increases with
decreasing plagioclase An within the measured range (An 31-87). Ba values in olivine, clinopyroxene
and magnetite are largely below detection, therefore, we can assume that its partitioning into these
minerals is insignificant. In the melt, Ba increases from ~74 ppm at 8.3 wt% MgO to a value of ~285
ppm at 0.3 wt% MgO (Fig. 5.3).

Samarium is found to be mildly incompatible to compatible in clinopyroxene as evidenced from
measured D ™! of 0.21-1.40 and the calculated D" of 0.50-0.70 (using LSM). D__cPv/met
increases with decreasing clinopyroxene Mg# within the measured range (Fo 75-90). Samarium is also
slightly partitioned into plagioclase as indicated by D P! of 0.02-0.06 and the calculated D, ™" of
0.07-0.01 (using LSM). Sm values in olivine and magnetite are mostly below detection, therefore, we
can assume that its partitioning into these minerals is negligible. In the melt, Sm increases from ~2.4
ppm at 8.3 wt% MgO to a maximum value of ~6.2 ppm at 0.3 wt% MgO (Fig. 5.3).

The results of the trace-element modelling described above suggest that the mineral assemblages
and proportions modelled using Petrolog and IgPet can also explain the observed trace-element

variations, as well as major-element trends.
5.4 Discussion

Geochemical modelling alone cannot identify all the processes and parameters, such as temperature,
pressure and water content, that vary or operate during fractional crystallisation. However, the major
and trace element trends displayed by the Hunter Ridge calc-alkaline rocks can be explained as a
product of olivine-clinopyroxene-plagioclase-magnetite-amphibole fractionation as shown by the
modelling performed using Petrolog and IgPet. Using Petrolog, the temperature of the initial magma
is estimated at ~1125 °C, which was used for the liquidus of our Stage-1 parent melts (Table 5.5).
The other parameters used were 1.5 wt% H,O at 0.6 Kbar and an oxygen fugacity of Ni-NiO+2.
Our fractional crystallisation modelling considers pressure and water content variations along the
crystallisation path, and allows degassing to occur as would be expected in natural systems. Accordingly,
we believe that degassing occurs at ~ 6.5 wt% MgO, which correlates with the maximum Al O,
reached by the calculated LLD (Fig. 5.1). Parman et al., (2011) found that H,O contents estimated
using the ALLO, LLD method corresponds to the maximum H,O measured in non-degassed, glassy
melt, inclusions in lavas from the Mariana Arc. In our case, this value is in good agreement with FTIR
water measurements on the most primitive glass samples from the Hunter Ridge calc-alkaline series.
However, we are aware that this water content represents the H,O of the magma under low pressure
fractionation, and not the initial water content of the melt. We also cannot be sure of the exact melt
composition at which plagioclase enters the liquidus based on our samples. We used the highest Al,O,

measured from groundmass compositions, which may be an underestimation of the true value.
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Isotopic data (i.e. "*Nd/'"*Nd, ¥Sr/*6Sr and **Pb/***Pb) for samples D8-2 (basalt) and D15-7a
(basaltic andesite) are very similar (Table 5.8). Had considerable isotopic variation been present, this
would be an indication for magma mixing processes rather than fractional crystallisation alone. This
would invalidate any subsequent LLD modelling, though no such isotopic variations were observed.
Consequently, the isotope data suggests that the phenocrysts and their host magmas are genetically
related.

Therefore, we conclude that in the case of the Hunter Ridge calc-alkaline series, the minerals and
melts are genetically related, the system was largely closed, and the samples represented by composition
DI (most evolved) can be derived from P (most primitive) by fractional crystallisation (Table 5.3).

Our study also suggests that mixing processes do not entirely obscure the differentiation trends
that result from fractional crystallisation. Detailed petrographic and geochemical studies can be used
to identify samples in which mixing processes have occurred. Once it has been established that the
melts, and the minerals that crystallise from them, are from the same magma series, we can trace the

evolution of ore metals during differentiation.
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Table 5.1. Major-element composition (wt% ) of the Hunter Ridge calc-alkaline rocks (XRF whole-rock geochemistry).

Sample Sio, TiO, ALO, FeO MnO MgO Cao Na20 K,0 PO, Total LOI

D1-1 54.63 0.79 17.54 7.46 0.13 5.28 9.67 3.63 0.67 0.19 100 0.41
D1-2 54.46 0.78 17.78 7.29 0.13 5.29 9.70 3.75 0.66 0.17 100 0.26
D1-3 54.24 0.81 17.54 7.56 0.20 5.32 9.67 3.82 0.66 0.18 100 0.65
D8-1 52.00 0.49 15.04 7.54 0.13 10.95 10.89 2.34 0.51 0.11 100 0.48
D8-2 51.89 0.49 14.78 7.56 0.13 11.46 10.75 2.31 0.51 0.12 100 0.52
D11-1 50.47 0.60 14.76 8.14 0.15 12.18 9.86 3.20 0.52 0.13 100 0.19
D11-2 50.03 0.57 13.99 8.31 0.15 13.77 9.68 2.96 0.41 0.13 100 -0.08
D11-6 50.30 0.59 14.47 8.18 0.15 12.72 9.83 3.14 0.50 0.13 100 0.16
D11-8 50.67 0.60 14.73 8.28 0.15 11.61 10.22 3.06 0.53 0.14 100 0.31
D12-2 68.16 0.71 15.08 3.89 0.10 1.32 3.34 5.67 1.56 0.17 100 0.72
D12-3 68.16 0.69 14.99 4.31 0.10 1.32 3.38 5.33 1.55 0.17 100 0.11
D12-4 68.26 0.70 14.93 4.28 0.10 1.26 3.34 5.39 1.58 0.16 100 0.86
D12-6 68.24 0.70 15.14 3.86 0.13 1.29 3.29 5.63 1.56 0.17 100 0.69
D13-5 69.95 0.77 15.08 2.95 0.07 0.92 2.87 5.70 1.57 0.12 100 1.34
D13-6 66.39 0.79 15.33 4.47 0.10 1.91 4.28 5.21 1.36 0.16 100 0.92
D13-7 72.73 0.79 15.37 1.29 0.02 0.33 2.37 5.60 1.44 0.07 100 1.49
D13-8 64.41 0.78 15.48 5.20 0.11 2.48 5.09 5.00 1.26 0.20 100 0.59
D15-7 56.15 0.68 17.22 7.32 0.12 5.10 8.98 3.64 0.65 0.13 100 0.41
D15-7a 56.57 0.69 17.46 6.60 0.12 5.03 9.05 3.66 0.68 0.13 100 0.53
D15-8 56.68 0.69 17.40 6.60 0.12 5.00 8.98 3.72 0.68 0.14 100 0.33
D67-2 53.29 0.52 16.93 6.42 0.12 8.05 11.36 2.73 0.51 0.09 100 0.69
D67-3 53.31 0.52 16.78 6.44 0.12 8.19 11.34 2.72 0.49 0.09 100 0.58
D67-4 53.04 0.50 16.90 6.34 0.12 8.38 11.38 2.78 0.48 0.09 100 0.66
D67-5 53.21 0.51 17.38 6.24 0.11 7.73 11.50 2.74 0.47 0.09 100 0.49
D67-6 53.30 0.53 17.15 6.37 0.12 7.85 11.38 2.71 0.51 0.09 100 0.56
D68-2 71.30 0.49 14.73 2.63 0.09 0.78 2.24 6.04 1.61 0.09 100 1.30
D68-3 71.48 0.51 14.62 2.63 0.09 0.77 2.21 5.99 1.60 0.10 100 1.25
D68-4 71.42 0.50 14.66 2.62 0.09 0.80 2.22 5.97 1.62 0.10 100 1.46
D68-5 71.45 0.50 14.61 2.65 0.09 0.80 2.19 6.01 1.60 0.10 100 1.64
D68-8 71.57 0.50 14.56 2.62 0.09 0.78 2.16 6.04 1.58 0.09 100 1.31
D68-9 55.77 0.69 17.92 7.14 0.14 4.57 9.18 3.87 0.60 0.11 100 0.27
D68-10 71.25 0.50 14.62 2.65 0.09 0.82 2.23 6.09 1.65 0.10 100 1.99
D68-11 71.37 0.50 14.67 2.66 0.09 0.78 2.22 6.00 1.62 0.10 100 1.56
D69-2 68.81 0.73 15.24 3.49 0.08 1.09 3.06 5.71 1.62 0.17 100 1.29
D69-3 71.09 0.52 14.91 2.60 0.09 0.79 2.32 6.14 1.44 0.10 100 1.29
D69-4 70.53 0.61 14.82 3.03 0.08 0.87 2.65 5.69 1.58 0.13 100 1.37
D69-5 71.33 0.52 14.80 2.59 0.09 0.77 2.29 6.05 1.44 0.11 100 1.43
D69-6 68.88 0.71 15.32 341 0.08 1.07 3.05 5.62 1.68 0.17 100 1.63
D69-7 71.19 0.52 14.85 2.62 0.09 0.78 2.31 6.09 1.44 0.11 100 1.51
D69-8 71.04 0.53 14.88 2.63 0.09 0.80 2.33 6.13 1.46 0.11 100 1.44
D69-9 71.33 0.51 14.83 2.57 0.09 0.77 2.26 6.06 1.48 0.10 100 1.54
D69-10 70.66 0.61 14.73 3.02 0.08 0.86 2.59 5.68 1.64 0.13 100 1.56
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Table 5.2. Measured and calculated groundmass and average mineral compositions (wt%) and modal proportions of the
Hunter Ridge calc-alkaline rocks.

Sample Sio, TiO, ALO, FeO MnO MgO Ca0 Na20 K,0 PO, Total %
D8-1-calculated 52.77 0.52 16.14 7.38 0.13 8.35 11.53 2.52 0.55 0.12 100

D8-1-ol 40.59 0.00 0.01 10.25 0.19 48.75 0.21 0.00 0.00 0.00 100 0.06
D8-1-cpx 52.44 0.30 3.34 4.64 0.14 16.89 22.06 0.20 0.00 0.00 100 0.01
D1-1-probe 55.84 0.93 15.77 8.42 0.16 5.31 8.97 3.69 0.73 0.19 100
D1-1-calculated 55.64 093 15,61 8.42 0.15 5.47 8.98 3.82 0.78 0.23 100

D1-1pl 49.81 0.01 31.64 0.58 0.00 0.17 14.87 2.85 0.07 0.00 100 0.14
D1-1-ol 39.46 0.00 0.00 16.46 0.28 43.44 0.22 0.00 0.00 0.01 100 0.01
D1-1-cpx 52.71 0.35 2.70 6.01 0.23 17.67 19.80 0.27 0.00 0.00 100 0.00
D15-7A-probe 58.59 0.89 15.53 7.74 0.13 4.44 7.86 3.85 0.81 0.15 100
D15-7a-calculated 5789 0.80 1581 7.30 0.14 5.03 8.23 3.89 0.78 0.15 100
D15-7a-ol 39.48 0.00 0.00 17.04 0.28 43.00 0.19 0.01 0.00 0.00 100 0.01
D15-7a-cpx 53.46 0.29 2.08 6.06 0.22 18.37 19.30 0.23 0.01 0.00 100 0.01
D15-7a-pl 49.20 0.01 3210 0.52 0.00 0.16 1534 263 0.06 0.00 100 0.12
D13-8-calground 65.57 0.87 14.37 5.63 0.12 2.41 4.36 5.02 1.41 0.23 100
D13-8-cpx 52.58 0.43 2.24 6.96 0.30 16.35 20.83 0.30 0.00 0.00 100 0.01
D13-8-opx 53.95 0.25 0.67 17.62 0.86 25.33 1.32 0.00 0.00 0.00 100 0.01
D13-8-pl 56.41 0.04 2742 0.56 0.00 0.06 9.74 5.63 0.13 0.00 100 0.10
D69-10-probe 73.27 0.46 14.40 2.00 0.00 0.41 1.99 5.29 211 0.07 100
D69-10-calculated 72.22 0.67 13.81 3.08 0.08 0.61 1.84 5.74 1.80 0.14 100
D69-10-cpx 52.72 0.43 1.46 8.85 0.46 15.46  20.26 0.36 0.00 0.00 100 0.01
D69-10-opx 53.45 0.23 0.77 18.48 0.83 25.05 1.17 0.01 0.00 0.00 100 0.01
D69-10-pl 5729 0.02 26.88 0.48 0.00 0.03 9.08 6.07 0.14 0.00 100 0.09
D69-3-probe 74.80 0.38 13.79 1.60 0.06 0.27 1.54 5.72 1.78 0.06 100
D69-3-calculated 73.52 0.59 13.30 2.75 0.09 0.58 1.20 6.18 1.67 0.12 100
D69-3-cpx 52.50 0.42 1.52 8.41 0.54 1501 21.18 0.43 0.00 0.00 100 0.01
D69-3-opx 5394 0.21 0.70 1811 1.08 24.81 1.15 0.00 0.00 0.00 100 0.01
D69-3-pl 57.88 0.03 26.52 0.46 0.00 0.02 8.42 6.50 0.14 0.02 100 0.14
D69-3-amph 44.99 2.91 9.74 13.34 0.34 14.82 11.18 2.45 0.18 0.06 100 0.00
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Table 5.3. Glass and groundmass major element and volatile compositions (wt%) of the Hunter Ridge calc-alkaline
rocks used for the geochemical modelling. *=Calculated groundmass using a mass-balance approach.

Sample Si0o, TiO, AlLO, FeO MnO MgO CaO Na20 K0 PO, Total H,0 cl
D1-1-groundmass 55.84 0.93 15.77 842 0.16 531 897 3,69 0.73 0.19 100
D1-1-glass 55.85 0.92 1566 8.67 0.15 521 9.00 358 0.74 0.22 100 0.97 0.15

D8-1-groundmass*(P) 52.77 052 16.14 738 0.13 835 1153 252 055 0.12 100

D8-3-glass 54.27 0.65 16.15 828 0.15 6.03 1092 277 063 014 100 150 0.14
D12-3-groundmass 73.28 0.52 1398 250 007 046 179 536 195 0.08 100
D13-5-groundmass 72.09 0.60 1452 254 004 046 211 521 234 0.08 100
D13-8-groundmass 65.05 0.65 1543 415 0.12 271 572 476 119 0.22 100
D13-8-groundmass™ 65.57 087 1437 563 012 241 436 502 141 023 100
D15-7A-groundmass 5859 0.89 1553 774 0.13 444 786 385 081 0.15 100

D15-7a-groundmass* 5769 0.78 1582 730 0.14 525 826 385 0.77 0.15 100

D15-7-glass 5863 091 1568 772 0.13 452 7.88 351 086 0.16 100 0.85 0.17
D15-7A-glass 5873 091 1569 763 0.13 443 793 356 083 0.17 100 0.78 0.14
D67-5b-glass 55.40 0.70 16.13 7.70 0.14 584 1044 293 060 0.12 100 0.14

D68-8-groundmass(D) 75.44 0.40 1328 176 0.05 030 123 549 198 0.08 100
D69-3-groundmass 7480 0.38 13.79 160 0.06 0.27 154 572 178 0.06 100

D69-10-groundmass 73.27 0.46 1440 200 0.00 041 199 529 211 0.07 100

P = parental melt composition.
D = most differentiated melt.
a H,0 determined by FTIR.

Table 5.4. Calculated melt-liquidus association for groundmass compositions for the Hunter Ridge calc-
alkaline rocks.

Sample Fo T(°C) An# T(°C) Mgt Cpx T(°C) T(°C) Mg# Opx
D8-1-groundmass 88.37 1099 77.45 990 89.61 1075

D8-3-glass 83.35 1039 76.62 995 84.85 1044

D1-1-groundmass 81.50 1040 58.83 948 82.32 1029

D1-1-glass 80.62 1035 59.47 948 81.59 1027

D15-7A-groundmass 83.27 1054 55.17 939 83.85 1033

D15-7A-glass 79.58 1025 57.24 938 80.16 1017

D13-8-groundmass 78.29 1034 21.85 895 74.68 993 996 79.07
D68-8-groundmass 69.24 1016 3.12 885 44.32 913 873 60.72
D69-3-groundmass 66.45 953 5.04 889 43.21 903 840 61.74
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Table 5.7a. Melt-mineral partition coefficients for clinopyroxene using three different methods: Calculated Ds (this
study by phenocrysts-groundmass equilibrium pairs). LSM (lattice strain model) is the method of Blundy & Wood

(1994) and parameterisation is the method of Bédard (2005).

Clinopyroxene Measured Ds Ds using LSM Ds using Parameterisation
Cpx Mg# 90 85 83 75 90 85 83 75 90 85 83 75
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241 8.35 6.12 5.21 2.41
Dla 0.02 0.05 0.06 0.23 0.12 0.14 0.13 0.14 - - - -
D Ce 0.05 0.11 0.13 0.52 0.18 0.21 0.21 0.23 - - - -
D Nd 0.11 0.26 0.30 1.23 0.35 0.42 0.42 0.47 - - - -
D Sm 0.21 0.48 0.54 1.40 0.51 0.63 0.63 0.71 - - - -
D Eu 0.24 0.48 0.54 1.83 0.56 0.71 0.70 0.80 - - - -
D Gd 0.30 0.65 0.73 2.42 0.61 0.77 0.76 0.87 - - - -
D Dy 0.33 0.75 0.85 2.62 0.64 0.81 0.81 0.93 - - - -
D Er 0.32 0.73 0.81 2.40 0.60 0.77 0.77 0.88 - - - -
DYb 0.28 0.62 0.71 2.10 0.54 0.69 0.68 0.78 - - - -
D Lu 0.26 0.60 0.70 2.04 0.50 0.64 0.64 0.72 - - - -
DY 0.33 0.71 0.86 2.57 0.63 0.81 0.80 0.92 - - - -
D Cu 0.01 0.02 0.03 0.04 0.00 0.00 0.00 0.00 0.03 0.04 0.05 0.02
DZn 0.30 0.56 0.66 1.67 - - - - 0.71 0.77 0.83 1.35
DV 0.68 0.97 1.45 0.84 - - - - - - - -
D Pb 0.01 0.01 0.01 0.02 - - - - - - - -
D Co 0.94 1.43 2.25 1.95 - - - - - - - -
D Sc 1.93 3.22 4.95 12.55 - - - - - - - -
D Sr 0.05 0.06 0.10 0.09 - - - - - - - -
Dzr 0.05 0.10 0.10 0.21 0.23 0.25 0.27 0.20 - - - -
D Hf 0.10 0.19 0.16 0.37 0.40 0.46 0.49 0.34 - - - -
DTi 0.28 0.39 0.38 0.31 0.50 0.53 0.54 0.47 - - - -

Table 5.7b. Melt-mineral partition coefficients for plagioclase using 3 different methods: Calculated Ds (this study by
phenocrysts-groundmass equilibrium pairs). LSM (lattice strain model) is the method of Blundy and Wood (1994) and

parameterisation is the method of Bédard (2005).

Plagioclase Measured Ds Ds using LSM Ds using Parameterisation
An 87 85 70 31 87 85 70 31 87 85 70 31
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241 8.35 6.12 5.21 241
Dla 0.04 0.03 0.06 0.29 0.14 0.14 0.16 0.22 - - - -
DCe 0.03 0.03 0.04 0.18 0.13 0.13 0.15 0.20 - - - -
D Nd 0.03 0.03 0.03 0.11 0.10 0.10 0.11 0.15 - - - -
D Sm 0.02 0.02 0.02 0.06 0.07 0.07 0.07 0.10 - - - -
D Eu 0.16 0.15 0.25 1.41 0.06 0.06 0.06 0.08 - - - -
D Gd 0.02 0.01 0.02 0.04 0.04 0.04 0.04 0.06 - - - -
D Dy 0.01 0.01 0.01 0.01 0.03 0.03 0.03 0.04 - - - -
D Er 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 - - - -
DYb 0.01 0.01 0.01 0.01 - - - -
D Lu 0.01 0.01 0.01 0.01 - - - -
DY 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 - - - -
D Cu 0.03 0.02 0.07 0.04 0.57 0.58 0.65 0.90 0.01 0.03 0.01 0.80
D Zn 0.05 0.05 0.07 0.11 - - - - 0.05 0.06 0.07 0.19
DV 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 - - - -
D Pb 0.08 0.07 0.09 0.34 0.08 0.09 0.21 1.84 - - - -
D Co 0.02 0.02 0.04 0.01 - - - - - - - -
D Sc 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 - - - -
D Sr 1.50 1.38 2.38 3.50 1.38 1.44 2.12 5.86 - - - -
D Ba 0.09 0.14 0.16 0.61 0.13 0.13 0.22 0.84 - - - -

* bdl - below detection limit
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Chapter 5 - Identification of the calc-alkaline fractionation series

Table 5.7c. Melt-mineral partition coefficients for olivine using three different methods: Calculated Ds (this study by
phenocrysts-groundmass equilibrium pairs). LSM (lattice strain model) is the method of Blundy & Wood (1994) and
parameterisation is the method of Bédard (2005).

Olivine Measured Ds Ds using LSM Ds using Parameterisation

Fo 88 84 81 78 88 84 81 79 88 84 81 78
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241 8.35 6.12 5.21 241
D Cu 0.04 0.03 0.05 0.20 0.40 0.40 0.40 0.39 0.06 0.06 0.07 0.08
DZn 1.40 2.00 2.26 2.12 5.12 6.35 6.72 8.31 1.33 1.65 1.84 3.06
DV 0.01 0.02 0.03 0.06 0.15 0.15 0.15 0.15 - - - -

D Co 4.70 6.27 9.75 19.39  5.08 6.30 6.67 8.25 3.89 5.15 5.96 11.79
D Sc 0.12 0.18 0.26 0.39 0.1-0.2 0.01 0.02 0.04 0.19

Table 5.7d. Melt-mineral partition coefficients for magnetite: Calculated Ds (this study by
phenocrysts-groundmass equilibrium pairs) and calculated Ds using the parameterisation method

of Bédard (2005).
Magnetite Measured Ds Ds using Parameterisation
MgO melt 2.41 0.30 0.27 2.71 0.30 0.27
D Cu 0.53 0.63 0.72 1.4
D Zn 9.07 14.50 13.96 15.6 - 16.0 26.5-32.7 26.7-31.2
DV 27.21 68.77 76.11 equation not available
D Co 12.39 32.92 39.63 equation not available
D Sc 1.57 2.98 3.19 equation not available

Table 5.8. Isotope data for selected calc-alkaline rocks from the Hunter Ridge.

Sample VSr/Sr  19Nd/"Nd  2Pb/2Pb 27Pb/?Ph 2%Pb/™Pb
D15-7a 0.703 0.513 18.826  15.535 38356
D11-2 0.703 0.513 18.803 15526  38.328
D8-2 0.703 0.513 18.876  15.528  38.360
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Chapter 6

Metal behaviour during differentiation of the Hunter Ridge
calc-alkaline magma series

6.1 Introduction

Ore formation in porphyry and related epithermal environments is thought to be dependent on the
partitioning of metals from the magma into an exsolving magmatic—hydrothermal fluid phase. Thus,
understanding the behaviour of ore metals during magmatic differentiation is of prime importance
to constrain the efficiency of their separation from evolving magmas and hence the potential to form
economically important ore deposits.

This chapter will focus on the partitioning of Cu, Zn, Pb, V, Co and Sc between melts and
crystallising mineral phases during the evolution of the Hunter Ridge calc-alkaline magma series.
The partitioning of these ore metals between evolving melts and the main crystallising minerals (i.e.
olivine, clinopyroxene, plagioclase and magnetite) was modelled in order to determine how magma
ascent, crystallisation or degassing can led either to their enrichment or depletion in evolving melt.

Mineral/melt partition coefficients (Ds) for Cu, Zn, V, Pb, Co and Sc used in the modelling
were calculated directly from LA-ICP-MS analyses for phenocryst-groundmass/glass equilibrium
pairs. Olivine/melt, clinopyroxene/melt and plagioclase/melt partition coefficients for Cu, Zn, V, Pb,
Co and Sc were determined for the following range of phenocrysts compositions: olivine Fo 89-79;
clinopyroxene Mg# 90-75 and plagioclase An 87-31, and melt MgO content between 2.4 wt% and
8.3 wt%. Partition coefficients for Cu, Zn, V, Pb, Co and Sc between magnetite and host magma were
calculated from LA-ICP-MS and microprobe analyses (magnetite grains and glass) in samples with a
MgO range from 0.4 wt% to 2.4 wt%. From this, the D values were extrapolated for magmas up to 5.0
wt% MgO. For comparison purposes, where available, modelling was also conducted using D values
obtained from the literature or calculated using the LSM and the parameterisation method of Bédard.

A comparison of the calculated metal partition coefficients obtained during this study with
published data is listed in Table 6.1, and Figures 6.1-6.3.

6.2 Copper

Copper is found to be incompatible in silicate minerals and in magnetite as indicated by the measured
D ™" of 0.03-0.20 (Fo 89-79), D ™" of 0.01-0.04 (Mg# 90-75), D P*¢"" of 0.02-0.07 (An
87-31) indicating that Cu partitioning into silicates is negligible (Fig. 6.4). D_ ™" was calculated to
vary from 0.39 to 0.53, between a MgO range of 5.3 to 2.4 wt%. D ™""increases with decreasing
MgO wt% (Fig. 6.4).

In the melt, Cu initially behaves incompatibly (i.e increasing with decreasing MgO) between

8.3 and 6.5 wt% MgO. Cu contents increase from ~89 ppm at 8.3 wt% MgO reaching a maximum
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Table 6.1. Metal melt-mineral partition coefficients for olivine, clinopyroxene, plagioclase and magnetite using three
different methods: Calculated Ds (this study by phenocrysts-groundmass equilibrium pairs). LSM (lattice strain
model) is the method of Blundy & Wood (1994a, b) and parameterisation is the method of Bédard (2005).

Olivine Measured Ds Ds using LSM Ds using Parameterisation
Fo 89 84 81 78 89 84 81 79 89 84 81 78
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241 8.35 6.12 5.21 241
D Cu 0.04 0.03 0.05 0.20 0.40 0.40 0.40 0.39 0.06 0.06 0.07 0.08
DZn 1.40 2.00 2.26 2.12 5.12 6.35 6.72 8.31 1.33 1.65 1.84 3.06
DV 0.01 0.02 0.03 0.06 0.15 0.15 0.15 0.15 equation not available
D Co 4.70 6.27 9.75 19.39 5.08 6.30 6.67 8.25 3.89 5.15 5.96 11.79
D Sc 0.12 0.18 0.26 0.39 0.1-0.2 0.01 0.02 0.04 0.19
Clinopyroxene Measured Ds Ds using Parameterisation
Cpx Mg# 90 85 83 75 85 90 83 75
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241
D Cu 0.01 0.02 0.03 0.04 0.03 0.04 0.05 0.02
DZn 0.30 0.56 0.66 1.67 0.71 0.77 0.83 1.35
DV 0.68 0.97 1.45 0.84 equation not available
D Pb 0.01 0.01 0.01 0.02 equation not available
D Co 0.94 1.43 2.25 1.95 equation not available
D Sc 1.93 3.22 4.95 12.55 equation not available
Plagioclase Measured Ds Ds using Parameterisation
An 87 85 70 31 87 85 70 31
MgO melt 8.35 6.12 5.21 241 8.35 6.12 5.21 241
D Cu 0.03 0.02 0.07 0.04 0.01 0.03 0.01 0.80
D Zn 0.05 0.05 0.07 0.11 0.05 0.06 0.07 0.19
DV 0.01 0.01 0.01 0.00 equation not available
D Pb 0.08 0.07 0.09 0.34 equation not available
D Co 0.02 0.02 0.04 0.01 equation not available
D Sc 0.01 0.01 0.02 0.02 equation not available
Magnetite Measured Ds Ds using Parameterisation
MgO melt 241 0.30 0.27 241 0.30 0.27
D Cu 0.53 0.63 0.72 1.4
DZn 9.07 14.50 13.96 15.6- 26.5- 26.7-
16.0 32.7 31.2
DV 27.21 68.77 76.11 equation not available
D Co 12.39 3292 39.63 equation not available
D Sc 1.57 2.98 3.19 equation not available
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Fig. 6.1. Partition coefficients for Cu, Zn, Co, V and Sc in olivine as a function of Fo.
LSM is the method of Blundy & Wood (1994). For the parameterisation method of
Bedard R2 (Cu) =0.26, R2 (Zn) = 0.97, R2 (Co) =0.80 and R2 (Sc) =0.92. For the LSM:
R2 (Zn) =0.74, R2 (Co) = 0.74, and R2 (V) =0.93. For this study: R2 (Cu) =0.75, R2
(Zn) = 0.85, R2 (Co) =0.86, R2 (V) = 0.88 and R2 (Sc) = 0.93.
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value of ~130 ppm at 6.5 wt% MgO. After this, Cu plummets as MgO decreases further, reaching
values of ~10 ppm at MgO values < 0.5 wt% (Fig. 6.4).

6.3 Zinc

Zinc is found to be compatible in olivine as indicated by the measured D, *™" of 1.40-2.26. D, "
melt range from 1.40 to 2.26 increasing with decreasing Fo content in olivine (Fo 89-79) (Fig. 6.5).
At lower Fo contents (i.e., Fo ~78), D, /™" has been calculated as ~2.12. In clinopyroxene, D, ¥
melt a]so increase from 0.30 to 1.67 with decreasing Mg# (Mg# 90-75) (Fig. 6.5). Zn is compatible
in magnetite; D, ™™ was calculated to vary from 5.00 to 10.55, between a MgO range of 5.3 to
2.4 wt%. D, ™™ increases with decreasing MgO wt%. Conversely, Zn is found to be incompatible
in plagioclase where D, P/"range from 0.05 to 0.11, increasing with decreasing An content of the
plagioclase (An 87-31) (Fig. 6.5).

In the melt, Zn initially behaves incompatibly (i.e increasing with decreasing MgO) between 8.3
wt% and 5 wt% MgO. Zn contents increase from ~53 ppm at 8.3 wt% MgO to a maximum value of
~75 ppm at 5 wt% MgO. After this, Zn decreases as MgO wt% decreases further, reaching values of
~60 ppm at MgO values of < 0.5 wt% (Fig. 6.5).

6.4 Vanadium

Vanadium is found to be incompatible in olivine as indicated by the measured D *'"" of 0.01-0.06.
D "™increases with decreasing Fo content in olivine within the measured range (Fo 89-79) (Fig.
6.6). Vanadium concentrations in the melt and clinopyroxene are close, resulting in D values close
to 1. D ®™increases from 0.68 to 1.45 with decreasing Mg# (Mg# 90-83) (Fig. 6.6). At Mg# =75,
D, ™! has been calculated to be ~1. V is found to be extremely incompatible in plagioclase where
D P'!range from 0.006 to 0.011, increasing with decreasing An content of plagioclase (An 87-70)
(Fig. 6.6). At lower An contents of plagioclase (i.e., An ~33), D _P"" has been calculated as ~0.002.
Vanadium is compatible in magnetite; D ™" was calculated to vary from 7.40 to 27.21, between a
MgO range of 5.3 to 2.4 wt%. D ™™"increases with decreasing MgO wt%.

In the melt, V initially behaves incompatibly (i.e., increasing with decreasing MgO) between
8.3 wt% and 5 wt% MgO. V contents increase from ~232 ppm at 8.3 wt% MgO to a maximum value
of ~295 ppm at 5 wt% MgO. After this, V decreases as MgO wt% decreases further, reaching values
of ~20 ppm at MgO values of < 0.5 wt% (Fig. 6.6).

6.5 Lead

Lead is found to be almost perfectly incompatible in clinopyroxene as indicated by the measured D,
epx/melt o (0.01-0.02 indicating that Pb partitioning into clinopyroxene is negligible (Mg# 90-75) (Fig.

6.7). Lead values in olivine and magnetite are largely below detection, therefore, we can assume that

93



Chapter 6 - Metal behaviour during differentiation of the Hunter Ridge calc-alkaline magma series

Zn ppm

94

200

40

\ \
60 80

An

14 R2n] gl g 1 g |

D8-1

D8&-3

D11

D11

D15-7a

D15-7a

D13-8

D68-8

De8-8

D69-3

D69-3

LLD (Ds this study)
LLD (Ds Bedard)

160 —

MgO wt%

Fig. 6.5. Covariation diagrams showing variations in A) Zn
vs Fo, B) Zn vs Mg#, C) Zn vs An, and D) Zn vs MgO
wt% for the Hunter Ridge calc-alkaline rocks and minerals
compared to MORB, samples from the Pual Ridge (PR)
and samples from the Fonualei Rift (FR). Coloured dots
in plots A, B and C, represent mineral compositions for
the different studied samples. In plot D, triangle symbols
represent glass compositions, diamonds represent measured
groundmasses and square symbols represent calculated
groundmasses. Black line shows the LLD using partition
coefficients (Kds) calculated during this study and dashed
black line shows the LLD using Kds from Bedard (2012,
personal communication). Data for MORB are after Jenner
& O’Neill (2012), data for the Pual Ridge are from Jenner
et al., (2012) and data for the Fonualei Rift from Keller
(2008).

PR //
n ////////////////////
/g—A\‘\fB_/;



Chapter 6 - Metal behaviour during differentiation of the Hunter Ridge calc-alkaline magma series

8 350 —
| O
| 300
6 — i
250 —
g- —
4 S 200
> ]
150 —
2 — i
100 —
0 N B B A L | 50 | | | | | |
72 76 80 84 88 92 96 72 76 80 84 88 92 96
Fo Mg#
37 600 —
o
i | MORB
PR
2 — _
400 %
=
> ///////
0 7% -
1 200 —| FR
o
| Kd=0.002 m l
° O'ﬁ ,
0 N B B | 0 L I R |
20 40 60 80 100 0 2 4 6 8 10
An MgO wit%
H D81 Fig. 6.6. Covariation diagrams showing variations in
A D8-3 A) V vs Fo, B) V vs Mg#, C) V vs An, and D) V vs
) MgO wt% for the Hunter Ridge calc-alkaline rocks and
. D1-1 minerals compared to MORB, samples from the Pual
A D1-1 Ridge (PR) and samples from the Fonualei Rift (FR).
] D15-7a Coloured dots in plots A, B and C, represent mineral
AN D15-7a compositions for the different studied samples. In plot
[ | D13-8 D, triangle symbols represent glass compositions,
[ | D68-8 diamonds represent measured groundmasses and
& DE8-8 square symbols represent calculated groundmasses.
] DE9-3 Black line shows the LLD using partition coefficients
¢ D69-3 (Kds) calculated during this study. Data for MORB are
LLD (Ds this study) after Jenner & O’Neill (2012), data for the Pual Ridge
______ LLD (Ds Bedard Y are from Jenner et al., (2012) and data for the Fonualei
( ) Rift from Keller (2008).

95



Chapter 6 - Metal behaviour during differentiation of the Hunter Ridge calc-alkaline magma series

0.1+ 16 —
° \e
0.08 — ° R o\
12 - ,» Kd=0.34
po;
° °
£ 0.06 8 £ |
! o ‘o _
s %, Kd=0.02 . 3 “ .
[} o o o Q. os — )
£ £ 3
0.04 °
° o ° 4 ..&
L
Kd=0.01 @ . 04 ‘.’
0.02 o’ Kd=0.01 Kd=0.09
X o, Kd=0.01 ] ° ey  Kd=0.08
0 T T T T 0 T
72 76 80 84 8 92 96 20 40 60 80 100
Mg# An
8 —
[ | D8-1
6 PR A D8-3
] D1-1
£ | A D1-1
o |@ O D15-7a
Q 4-¢ A D15-7a
f [} D13-8
1 O D68-8
S D68-8
2 ] D69-3
&> D69-3
LLD (Ds this study)
0 | S R —
0 2 8 10

4 6
MgO wt%

Fig. 6.7. Covariation diagrams showing variations in A) Pb vs Mg#, B) Pb vs An, and C)
Pb vs MgO wt% for the Hunter Ridge calc-alkaline rocks and minerals compared to MORB,
samples from the Pual Ridge (PR) and samples from the Fonualei Rift (FR). Coloured dots in
plots A, B and C, represent mineral compositions for the different studied samples. In plot D,
triangle symbols represent glass compositions, diamonds represent measured groundmasses
and square symbols represent calculated groundmasses. Black line shows the LLD using
partition coefficients (Kds) calculated during this study. Data for MORB are after Jenner &
O’Neill (2012), data for the Pual Ridge are from Jenner et al., (2012) and data for the Fonualei
Rift from Keller (2008).

its partitioning into these minerals is insignificant. D P*™" varies between 0.07-0.34 (An 87-31)
and increases with decreasing plagioclase An (Fig. 6.4).

In the melt, Pb behaves incompatibly (i.e increasing with decreasing MgO) during the entire
studied MgO range. Pb contents increase from ~1.2 ppm at 8.3 wt% MgO to 4.5 ppm at 0.3 wt% MgO
(Fig. 6.7).

6.6 Cobalt

Cobalt is found to be compatible in olivine as indicated by the measured D °"™" 0f 4.70-19.39. D _ °
melt increases with decreasing Fo content in olivine within the measured range (Fo 89-79) (Fig. 6.8).
Cobalt is also compatible in clinopyroxene; D ™! increases from 0.94 to 2.25 with decreasing

Mg# (Mg# 90-83). At lower Mg contents (i.e., Mg 75), D_ ™! has been calculated as ~1.95 (Fig.
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6.8). Cobalt behaves compatibly in magnetite; D_ ™" was calculated to vary from 2.97 to 12.39,
between a MgO range of 5.3 to 2.4 wt%. D ™™"increases with decreasing MgO wt%. Conversely,
Co is found to be incompatible in plagioclase where D _ P! initially increases (from 0.02 to 0.04)
with decreasing An content of the plagioclase (An 87-70). At an anorthite content of ~30, D P/™! is
~0.01 (Fig. 6.8).

In the melt, Co behaves compatibly (i.e decreasing concentration with decreasing MgO wt%)
throughout the entire studied MgO range. Co contents decrease from ~37 ppm at 8.3 wt% MgO to ~2
ppm at 0.3 wt% MgO (Fig. 6.8).

6.7 Scandium

Scandium is found to be incompatible in olivine as indicated by the measured D */"" of 0.12-0.39.
D /""increases with decreasing Fo content in olivine within the measured range (Fo 89-79) (Fig.
6.9). Scandium is also incompatible in plagioclase where D /""" ranges from 0.01 to 0.02; it in-
creases slightly with decreasing An content of the plagioclase (An 87-31) (Fig. 6.9). Contrarily, Sc
behaves compatibly in clinopyroxene, D ™" increase from 1.93 to 12.55 with decreasing Mg#
(Mg# 90-75) (Fig. 6.6). In magnetite, Sc behaves mildly compatibly, showing increasing compat-
ibility with decreasing MgO wt%. D ™™ was calculated to vary from 0.64 to 1.57, between a MgO
range of 5.3 to 2.4 wt%.

In the melt, Scandium behaves compatibly (i.e decreasing with decreasing MgO) for the entire
studied MgO range (8.3—5.0 wt%). Sc contents decrease from ~37 ppm at 8.3 wt% MgO to ~8 ppm

at 0.3 wt% MgO (Fig. 6.9).
6.8 Discussion

The most primitive glasses from the Hunter Ridge calc-alkaline magma series (i.e. with the highest
MgO wt% content) have Cu, Pb, Zn, Co, V and Sc contents similar to those in primitive mid-ocean
ridge basalt (MORB). This rules out the possibility that the mantle wedge above the subducted slab,
with which the ascending magmas interact, was enriched in these elements.

Primitive MORB (molar Mg# > 60 wt %) have ~70 ppm Cu (Kelemen et al., 2003). Copper in
the Hunter Ridge calc-alkaline samples shows initial incompatible behaviour during magma evolution
(i.e. decreasing MgO content of the melt). From 8.3 to 6.5 MgO wt%, Cu contents in the melt increase
from ~89 to ~128 ppm, which is beyond the range found in typical MORB (Fig. 6.4).

Cu behaviour depends on the presence of immiscible sulphide (Jugo, 2009), during magmatic
differentiation as Cu is highly compatible in sulphide phases. It is noteworthy that the partitioning of
Cu during fractional crystallisation of arc-magmas and MORB is different. During differentiation of
MORB-type melts, Cu contents decrease with continued fractional crystallisation. This decrease is
attributed, by many authors, to the partition of Cu into a Fe-Ni-rich sulphide phase (e.g., Czamanske
& Moore, 1977; Doe, 1995, Yi et al., 2003, Barnes et al., 2009, etc). In most arc magmas, Cu initially

behaves incompatibly, increasing with decreasing MgO wt% until a maximum value is reached, after
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which Cu becomes increasingily compatible and plummets as MgO wt% further decreases. The initial
increase in Cu concentration in the melt would, therefore, require suppression of sulphide formation
(Lee et al., 2012). This is expected under the high fO, conditions typical of arc magmas, where
sulphur would be expected to be stable as sulphate (SO,*) rather than a sulphide phase. As for the
subsequent decrease in Cu in arc magmas, some authors have suggested that the observed decrease
is evidence that the melts have ultimately reached sulphide saturation (Jenner et al., 2010; Lee et al.,
2012; Li & Audetat, 2012, etc). It is worth noting that sulphur contents in the calc-alkaline samples
are below the detection limit, which indicates that S was lost via degassing during eruption.

Our data shows that plagioclase saturation occurs at 6.5 MgO wt% content of the melt, which
most likely marks the onset of degassing (water suppresses the plagioclase crystallisation and initiation
of degassing expands the plagioclase stability field triggering plagioclase crystallisation). Degassing
is the result of a pressure drop and decrease in H,O solubility as magmas ascent, and is also dependent
on the initial H,O contents of the melt. Following plagioclase saturation, the Cu content of melt
rapidly decreases. Given that Cu is not compatible in the mineral phases investigated and that sulphide
is unlikely to be present, the implication is that copper is being partitioned into a volatile (i.e. fluid)
phase. The most likely explanation for the abrupt decrease in Cu is that this element is being removed
from the magma during degassing. This is supported by the steady decrease shown by the ratios of Cu
and other elements of similar incompatibility during crystallisation (i.e. Cu/La ratios). Furthermore,
there is a notable absence of sulphide globules in the glass and groundmass, though in extremely
rare cases sulphides occur as small (< 80 um) mineral inclusions in magnetite in the most evolved
samples (i.e., dacites and rhyolites), other phenocrysts occurring in these samples (e.g., plagioclase,
amphibole, clinopyroxene) do not contain suphide inclusions. Several authors have reported that Cu
partitions into a volatile phase upon hydrous fluid saturation from a magma (D ™" >1; Candela
& Holland, 1984; Williams et al., 1995; Simon et al., 2006). Similarly, Zajacz et al., (2011) proposed
that the solubility of Cu in magmatic volatiles increases with decreasing temperature. Furthermore,
Cu-chloride complexes are predicted to be the dominant species in most magmatic volatiles (Keller,
2008; Zajacz et al., 2008 and 2009). Consequently, we believe that the most likely explanation for our
observations is that Cu is preferentially entering a volatile phase, most likely as a chloride complex.

The initial fractionating crystalline assemblage (olivine-clinopyroxene-plagioclase) causes Zn
and V contents to increase in the melt (from ~50 ppm and 230 ppm at 8.3 MgO wt% to a maximum
of ~66 ppm and 275 ppm, respectively, at 5 wt% MgO). At this point (5 wt% MgO), magnetite
saturation occurs, which results in a decrease in FeO,, and TiO, in residual melt. Following magnetite
saturation, Zn and V both decrease as MgO further decreases, reaching values of ~50 ppm and 20
ppm respectively at MgO values of < 0.5 wt% (Figs 6.5, 6.6). The similar behaviour of Zn and V
during magmatic fractionation can be explained by our modelling by their partitioning into magnetite
(Figs 6.5, 6.6). Both D, ™™ and D """ are high (5.0 and 7.4 respectively at ~5 wt% MgO) which
indicates that Zn and V are extremely compatible in magnetite. The amount of magnetite required
to account for the observed Zn partitioning has been estimated to be approximately 6—8 %. This is
similar to the amount of magnetite calculated from modelling using IgPet and Petrolog (8—11%).

The discrepancy between the observed and modelled Zn trends could be due to the calculated D, ™
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ml values used for the modelling being too high. This is difficult to assess due to problems associated
with measuring Zn contents within small magnetite grains (i.e. <40 um), such as those present in the
more primitive samples (MgO from 3 to 5 wt%). Nevertheless, partitioning of Zn into magnetite is
the most likely explanation for the marked decrease in Zn within the melt at ~5 wt% MgO. The same
mechanism was proposed by Mavrogenes et al. (2008) to explain the behaviour of Zn in a suite of
glasses from the Manus Basin, in which Zn initially increases from 50 to 60 wt% SiO, then decreases
with higher SiO, contents.

The abundance of Pb increases with decreasing MgO wt% content of the melt. Lead contents
increase from ~1 ppm at 8.3 wt% MgO to 4.5 ppm at 0.3 wt% MgO. Our modelling shows that
Pb partitioning into olivine, clinopyroxene, magnetite and plagioclase is negligible, which causes
Pb to remain in the melt during magmatic differentiation (Fig. 6.7). In addition, it would appear
that Pb does not enter a high-T water-rich fluid (as with Cu), as previously suggested by Stanton
(1991) and Beaudoin and Scott (2009). In the presence of an immiscible sulphide liquid, Pb will be
strongly partitioned into it, as evidenced from the high DPbSL/melt values that range from 348,
reported by several authors (Li & Audédat, 2012; Lagos et al., 2008; Wood et al., 2008). Therefore the
incompatible behaviour of Pb provides further evidence that the magmas have not reached sulphide
saturation.

The concentration of Co decreases with decreasing MgO wt% of the melt (from ~37 ppm at
8.3 wt% MgO to ~2 ppm at 0.3 wt% MgO). Our modelling shows that Co is partitioned into olivine
and to lesser extent into clinopyroxene early during magmatic fractionation (as indicated by the high
D ™" of 4.7 — 19.3 over Fo 89 — 79, and D_ *¥™" values of 0.9 to 2.3 over Mg# 90-82; Fig. 6.8).
Co also partitions into magnetite as indicated by D_ ™™" values of 6 to 18 over a MgO range of
5.3 to 2.3 wt%. As a consequence, the melt is being depleted in cobalt and therefore Co behaves as
a compatible element. The fact that we can model the Co evolution trend very well by taking into
account its partitioning to the silicate/oxide minerals only (Fig. 6.8) is another argument in support of
the lack of sulphide saturation during evolution of these magmas.

The concentration of Sc decreases with decreasing MgO wt% content of the melt (from ~37
ppm at 8.3 wt% MgO to ~8 ppm at 0.3 wt% MgO) (Fig. 6.9). Our modelling shows that this can
be explained as a result of Sc partitioning into clinopyroxene, as indicated by the high D_ ™ of
1.9-12.6 (Mg# 90-75). As magma evolution progresses, Sc also partitions into magnetite as indicated
by D ™™ of 0.6 to 1.6 over a MgO range of 5.3 to 2.3 wt%. The amount of magnetite required
to account for the observed Sc partitioning has been estimated to be approximately 6—8%. This is
slightly lower than the amount of magnetite calculated from modelling using IgPet and Petrolog
(8-11%). Similarly to Zn, the discrepancy between the observed and modelled Zn trends could be due
to the calculated D, ™™ values used in the modelling being too high.

In summary, the behaviour of all metals, but copper, can be explained by fractionation of the
main silicate minerals and magnetite. The behaviour of copper requires an additional factor that
decreases its content in the melt during fractionation. Our data suggest that copper is likely lost to
the fluid phase from the onset of degassing, as there is no evidence for sulphide saturation during

fractionation of these magmas.
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Chapter 7

Identification of the adakite fractionation series

7.1 Introduction

Adakites are often associated with large porphyry-style deposits (e.g. Baldwin & Pearce, 1982;
Thiéblemont et al., 1997; Oyarzun et al., 2001; Sun et al 2011) and epithermal gold mineralisation
(Sajona & Mauri, 1998; Chiaradia et al., 2004).

Although adakites are linked to subduction-zone magmatism, not all subduction zones seem
capable of generating them. Recent adakite formation is very sparse and reduced to a certain number
of continental and oceanic arcs, such us the Philippines, Ecuador, Kamchatka, and Hunter Ridge,
amongst others (e.g. Sajona & Mauri, 1993; Beate et al., 2001; Bourdon et al., 2002; Yogodzinski et
al., 2001; Danyushevsky et al., 2008). Adakites are classified mainly on the basis of trace element
abundances, notably high St/Y (e.g. St/Y >40), high La/Yb (e.g. La/Yb >15) and unradiogenic Sr
isotopes ratios (*’Sr/%Sr <0.7040) (Kay, 1978; Defant & Drummomnd, 1990; Kelemen et al., 2003b;
Martin et al., 2005; Richards & Kerrich. 2007). Distinct petrogenetic models have been proposed to
explain the genesis of adakites and, to date, there is little agreement towards their origin and formation.
Some authors proposed that adakites represent partial melts generated from subducting oceanic crust
under eclogite and/or amphibolite facies conditions (e.g. Drummond et al., 1996 and Martin et al.,
2005). Such a model is only thought to be possible where the subducting oceanic lithosphere is hot
and young (i.e. <5 Ma) (Peacock, 1996). This has been proposed for the origin of the adakites in the
Austral Volcanic Zone in South America, with the subduction of segments of the Chile Ridge beneath
the South American Plate close to the Chile Triple Junction (Guivel et al., 2003), and in the Northern
Volcanic Zone of South America, with the subduction of the Carnegie Ridge beneath Ecuador (i.e.
‘shallow-subduction’ of Gutscher et al., 2000). However, more recently it has been recognised that
slab-melting could also occur in older, colder crust, for example where subduction occurs into hot
mantle associated with a nearby spreading axis (Danyushevsky et al., 2006). This model, called “hot
subduction”, is used to explain the low-Mg/high-Si adakites found in western Kadavu, Fiji. Another
mechanism proposed with a similar result is in the region of a slab-tear, where hot, convecting,
asthenospheric mantle is brought into contact with older, cold, oceanic crust leading to partial melting
of the slab component (Yogodzinski et al., 2001).

Some adakites contain high Cr and Ni concentrations, which has been attributed to interaction
between peridotide and slab-derived melts during their ascent through the asthenosphere (Sen and
Dunn, 1994; Martin, 1999). Conversely, a number of researchers have argued that some adakites
are not the result of slab melting, but are instead generated either by 1) low-pressure assimilation—
fractional-crystallization (AFC) processes (Castillo et al., 1999; Chiaradia, 2009; Chiaradia et al.,
2009), or ii) reflect high-pressure crystallization of typical subduction-related magmas that formed

garnet (Macpherson et al., 2006). Some other workers have even argued that adakites reflect melting
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of crustal material in the upper plate overlying a mantle wedge (Atherton and Petford, 1993). Finally,
it has been noted that some high-Mg/low-silica adakites possess enrichments in certain incompatible
trace elements (e.g. Sr, La). This has been explained in a two-stage process involving partial melting
of a mantle wedge previously metasomatised though the addition of slab-derived melts (Stern &
Kilian, 1996; Martin et al., 2005). A similar model is invoked in the genesis of the high-Mg/low-Si
adakites in the east Kadavu islands, Fiji, with melting of hot mantle wedge previously metasomatised
by adakitic slab-derived melts (Danyushevsky et al., 2008).

From the above discussions it is evident that the formation of adakites can be explained by
multiple models and to try to come up with a solution to this is beyond the scope of this research.
Furthermore, given the possible range in environments that are likely to occur at different subduction
zones, many of the above models may be valid on a case-by-case basis.

For the adakites found at the Hunter Ridge, we favour the two-stage model involving partial
melting of a mantle wedge initially metasomatised by adakitic melts generated in a ‘hot subduction’
type setting. Crucially, this does not require any interaction with continental crust.

Our study focuses on whether adakite rock suites are more prospectively attractive for porphyry
mineral systems than associated calc-alkaline suites. A link between porphyry deposits and “adakite-
like magmas” has been known for some time. Some authors like Baldwin & Pearce (1982) realised
that intrusions associated with porphyry deposits in northern Chile have large negative anomalies for
Y, Mn, Th, and HREE relative to barren ones, and proposed that these might be the result of high-
pressure differentiation of hydrous arc magmas. Similarly, other researchers noted that porphyry-
related intrusions from Arizona, northern Chile and northern Argentina display high Sr/Y ratios
and depletions in HREE and attributed these effects to magmatic fractionation of amphibole and/or
deep-crustal garnet (Cornejo et al., 1997; Ossandon & Zentilli, 1997; Lang & Titley, 1998; Kay et
al., 1999; Kay & Mpodozis, 2001; Richards et al., 2001; Richards et al., 2006). Other authors (e.g.
Thiéblemont et al., 1997; Sajona & Maury, 1998; Oyarzun et al., 2001) have suggested a direct link
between adakite-like rocks and the formation of porphyry deposits but attribute this to the adakites
being the product of direct melting of the subducting plate. Sajona & Mauri (1993) attributed adakitic
magmatism of the Luzon Central Cordillera and eastern Mindano (Philippines) to subduction of
young hot oceanic crust (Philippine Sea plate) beneath eastern Mindanao. More recently, Sajona and
Mauri (1998) suggested a direct association between adakites and the porphyry copper-gold, copper-
molybdenum, and epithermal gold deposits in the Philippine islands (e.g. Tampakan, Lepanto-Far
South East, Baguio district). Similarly, Oyarzun et al. (2001) proposed that shallow subduction of the
Farallon Plate beneath the South America Plate during the late Eocene-Early Oligocene led to melting
of the subducting slab to form plutonic rocks of adakitic affinity. Subsequently, the same authors
argued that the giant porphyry deposits in northern Chile (i.e. Chuquicamata) that formed during the
same geological period are a direct result of adakitic magmatism.

The authors that favour slab melting as a direct factor for the fertility of adakitic rocks have
cited various explanations including: i) high S contents (Oyarzun et al., 2001), ii) high water content
(Sajona and Maury, 1998), and iii) high oxidation state of slab melts from oxidative sea-floor alteration

(Mungall, 2002). However, high water contents and high oxidation states are characteristic of most
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arc magmas and the factors that control the abundance and speciation of S are also the same for
typical calc-alkaline arc magmas with which adakites are often associated.

In the subsequent sections, adakites from the Hunter Ridge are described in terms of major and
trace elements and metal contents. These are compared to spatially and temporally associated calc-
alkaline rocks. By comparing rocks from these two different magma series we can examine the links

between slab melts and the potential for porphyry mineralisation.
7.2 Major elements

Adakitic rocks from the Hunter Ridge cover a range of compositions from basalt to andesite, with MgO
contents from 5.2 to 13.2 wt% and SiO, contents between 54.3 and 58.0 wt%. Major element data for
whole-rock and glass analyses are shown in Figure 7.1 and Table 7.1. SiO,, TiO,, AL,O,, Na,O and
K, O display good negative correlations with MgO, whereas CaO and FeO do not show any correlation
with MgO. The variation in major element contents can be explained by continuous fractionation of
olivine and clinopyroxene. This is confirmed by the absence of plagioclase phenocrysts in the adakitic
samples studied, which is a common feature of primitive, high Mg# lavas. It is widely understood
that this is caused by relatively high dissolved water contents in the melt (Tatsumi, 1981; Tatsumi and
Ishizaka 1982; Hirose, 1997; Carmichael 2002). Supporting evidence comes from the progressive
increase in AL,O, contents with decreasing MgO wt% contents, which shows that plagioclase is
not entering as a liquidus phase. The magnitude of the Al O, peak and corresponding SiO, contents
are indicative of the H O content of the parent magma and the pressure of crystallization. For the
Hunter Ridge adakites, the amount of dissolved H,O in the melt led to the suppression of plagioclase

crystallisation across the studied MgO range (13.2-5.17 wt%).

Table 7.1. Major element composition (wt%) of the Hunter Ridge adakites ( XRF whole-rock geochemistry and
glass compositions).

Sample Sio, TiO, ALO, FeO MnO  MgO Cao Na,0 K,0 PO, Total
D15-1 54.43 043 1154 7.23 0.13 13.19 9.0 2.35 1.09 0.20 100
D15-2 5481 048 1266 7.54 0.14 1133 943 2.43 0.98 0.20 100
D15-3 5431 043 1159 7.22 0.13 13.19 948 2.38 1.06 0.19 100
D15-4 5469 043 12.07 6.99 0.12 12.84 9.4 2.59 0.97 0.17 100
D15-5 54.45 045 1202 7.54 0.13 1236 9.4 2.52 0.90 0.19 100
D15-6 5436 046 1221 7.57 0.14 12.18 931 2.62 0.95 0.20 100
D15-4* 5797 054 1569 6.80 0.12 5.17 9.08 3.07 1.32 0.24 100

* = Glass sample.
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Fig. 7.1. Major element composition of the Hunter Ridge adakitic rocks compared to the Hunter
Ridge calc-alkaline samples (black dots). Triangle symbols represent glass compositions, circles
represent whole-rock data and square symbols represent calculated groundmass compositions.
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7.3 Trace elements

The mantle-normalised trace element patterns for the adakites are shown in Figure 7.2. All of the
samples display similar patterns characterised by: 1) enrichment in large-ion lithophile elements
(LILE), i1) enrichment in mobile elements (Ba, K, Pb and Sr), iii) negative anomalies for Nb and
Ta, and 1v) enrichment of light rare earth elements (LREE) over heavy rare earth elements (HREE).
Additional distinguishing characteristics include: a) La and Yb concentrations from 17-26 ppm and
~1 ppm, respectively, with (La/Yb), ratios between 12 and 18, and b) Sr and Y concentrations from
700-1000 ppm and 10-12 ppm, respectively, with (St/Y), ratios close to 16. Bulk Ni and Cr contents
range from 187-250 ppm and 580757 ppm, respectively (Figs 7.3, 7.4).

High whole-rock St/Y ratios are most likely to be an inherited characteristic of the parental melt.
This is because crystallisation of olivine and clinopyroxene will not fractionate Sr from Y. Additionally,
neither plagioclase (which preferentially partitions Sr) or amphibole (which preferentially partitions
Y and HREE) are present in these rocks. Similarly, the strong enrichment in LREE over HREE
displayed by these rocks is difficult to explain by fractional crystallisation alone (Fig. 7.2). Although
clinopyroxene and hornblende preferentially partition HREE over LREE (D, #™" ~0.02-0.03 and
D, mel~is 0.21-0.91, in basaltic to andesitic melts: this study), this would require the crystallisation
of an unrealistic amount of clinopyroxene (~10% observed) or >40% amphibole (none observed
in the samples). These samples also possess (Dy/Yb), ratios >1.5 (i.e. enrichment in MREE over
HREE). Melting in the presence of garnet would produce the observed patterns and enrichment in
LREE over HREE and (Dy/Yb), ratios >1.5 (Kelemen et al., 2003). It seems most likely, therefore,
that the adakitic rocks in the Hunter Ridge were formed from melts generated in the presence of
garnet in the source region (i.e. eclogitic rocks), as evidenced by the high Sr/Y, high La/Yb and high
Dy/Yb ratios (Fig 7.4).

7.4 Establishing mineral/melt correspondence

Due to the presence of large numbers of microlite crystals it was not possible to directly obtain element
concentrations on groundmasses. To overcome this, a mass-balance approach was used to calculate
the groundmass composition (see Chapter 5 for more detailed explanation on the methodology).
Average mineral composition and proportions are listed in Tables 7.2 (major-element data) and in
Table 7.4 (trace-element data).

The compositions of minerals in equilibrium with the glass and/or groundmass were derived
using Petrolog v3 (Danyushevsky & Plechov, 2011). These calculations were carried out using
the same parameters and models as those described in Section 5.2.2 of Chapter 5. Sample D15-4-
groundmass (most primitive melt composition, i.e. 10.7 wt% MgO) has both olivine (Fo ~92) as a
liquidus phase and clinopyroxene (Mg# ~93) as pseudo-liquidus phase (Table 7.3). These are in good
agreement with the mineral compositions obtained from sample D15-4, in which olivine compositions
range from Fo 86-92 and clinopyroxene from Mg# 86-92. For sample D15-1-groundmass (8.4 wt%
MgO), melt-liquidus calculations predict olivine (Fo ~89) and clinopyroxene (Mg# ~91) as liquidus
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Fig. 7.2. Primitive mantle-normalised trace element patterns for the Hunter Ridge adakites (orange) compared to the
Hunter Ridge calc-alkaline rocks.
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Fig. 7.3. A) Plots of St/Y vs Y (modified after Defant and Drummond, 1993), and B) (La/Yb)N vs YbN (modified after
Martin et al., 1999), showing fields for adakites and typical island arc lavas. Hunter Ridge adakites are shown as orange
dots (rocks) and orange crosses (glass). Calc-alkaline rocks are shown as black dots.

108



Chapter 7 - Identification of the adakite fractionation series

16 — 25
| % 1 +
@ 20
12 - ‘J ‘ °
1 Z 15—
Z Y o) ®
Z 8- > XY
() ©
S d .. \_'_, 10 =
4 -
5
Jd : . ' L ... ¢
0 — T T T T 1 0 T T
0 4 8 12 16 0 4 8 12 16
MgO wt% MgO wt%
1.8 — 50 —
1.6 — : 40
§ 1 + e a 30
1.4 — < @
zZ °e G %
[ 20 — ®
L L .
1.2 oo
10
1S . J M . 4 e =
1 T { o T ] T T ]
0 4 8 12 16 0 1 2 3 4
MgO wt% Yb ppm
300 800 —
o}
o
¢ o
¢ e 600 °
200 — o o
= g e O
g Q 400
— | -
pzd O
100 .
200 ¢
’ -
L J
. r 3
0o 0 £+ - : 1
0 4 8 12 16 0 4 8 12 16
MgO wt% MgO wt%

O Adakite (whole rock)
b Adakite (glass)
o Calc-alkaline

Fig. 7.4. Plots of A) (St/Y)N vs MgO wt%, B) (La/Yb)N vs MgO wt%, C) (Dy/Yb)N vs MgO, D) La/Yb vs Y, E) Ni ppm

vs MgO wt%, and F) Cr vs MgO wt% for the Hunter Ridge adakites, compared to the Hunter Ridge calc-alkaline samples
(black dots).

109



Chapter 7 - Identification of the adakite fractionation series

Table 7.2. Calculated groundmasses and mineral compositions (wt%) and modal proportions of the Hunter Ridge
adakitic rocks. g = groundmass.

Sample SiO, TiO, ALO, FeO MnO MgO CaO NaO KO P,0, Total %

D15-1-g 56.18 0.50 13.76 7.05 0.12 8.43 9.59 2.82 131 0.24 100 0.830
D15-1-ol 40.19 0.00 0.00 10.96 0.21 48.46 0.18 0.00 0.00 0.00 100 0.100
D15-1-cpx 54.03 0.15 1.74 4.06 0.15 1932  20.32 0.24 0.00 0.00 100 0.070
D15-2-g 55.39 0.51 13.54 7.43 0.14 9.75 9.37 2.60 1.05 0.21 100 0.930
D15-2-ol 40.37 0.00 0.00 12.90 0.24 46.28 0.19 0.01 0.00 0.00 100 0.035
D15-2-cpx 53.73 0.18 2.03 5.03 0.18 18.34  20.29 0.21 0.00 0.00 100 0.035
D15-4-g 55.49 0.46 13.13 6.86 0.12 10.69 9.18 2.82 1.06 0.19 100 0.913
D15-4-ol 40.52 0.00 0.00 10.99 0.22 48.06 0.21 0.00 0.00 0.00 100 0.050
D15-4-cpx 53.98 0.20 2.23 4.69 0.17 18.13  20.23 0.31 0.04 0.01 100 0.037
D15-5-g 56.97 0.56 15.33 6.94 0.11 5.77 9.67 3.24 1.16 0.25 100 0.770
D15-5-ol 40.16 0.00 0.00 12.93 0.25 46.47 0.19 0.00 0.00 0.00 100 0.130
D15-5-cpx 53.68 0.19 2.16 5.17 0.18 18.70  19.70 0.21 0.00 0.00 100 0.100

Table 7.3. Calculated melt-liquidus association for groundmass and glass
compositions for the Hunter Ridge adakitic rocks.

Sample Fo T(°C) Mgt T(°C)
D15-4-groundmass 91.67 1187 92.87 1115
D15-1-groundmass 89.15 1131 90.66 1093
D15-5-groundmass 84.77 1052 86.14 1051
D15-4-glass 83.25 1038 84.48 1039

and pseudo-liquidus phases (Table 7.3). These are a close match to those measured in sample D15-1,
in which olivine compositions range from Fo 88-90 and clinopyroxene from Mg# 87-92. For sample
D15-5-groundmass (second most evolved melt composition, i.e. 5.8 wt% MgO) the melt-liquidus
calculations produce olivine (Fo 85) and clinopyroxene (Mg# 86) as liquidus phases (Table 7.3).
These are in good agreement with the mineral compositions obtained by EMP, in which olivine
compositions range from Fo 86—-89 and clinopyroxene from Mg# 85-90. For sample D15-4-glass
(most evolved melt composition, i.e. 5.2 MgO), the melt-liquidus calculations produce olivine (Fo
83) and clinopyroxene (Mg# ~84) as liquidus phases (Table 7.3). No phenocrysts large enough to

analyse were found in the sample.

7.5 Metal behaviour during differentiation

In order to study the partitioning of Cu, Zn, Pb, V, Co and Sc during differentiation of the Hunter Ridge
adakite magmas, mineral/melt partition coefficients (Ds) were calculated. These were determined

directly from LA-ICP-MS analyses of phenocrysts and groundmass/glass equilibrium pairs.

Olivine/melt and clinopyroxene/melt D values were determined for melt MgO contents between 5.2
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to 10.7 wt% and mineral compositions across olivine Fo 86-93 and clinopyroxene Mg# 83-90. A
comparison of the calculated metal Ds obtained for the adakitic samples with those obtained for the

calc-alkaline samples is listed in Table 7.5 and shown in Figures 7.5-7.10.

Table 7.4. Rock, glass, and average mineral trace element compositions (ppm) of the Hunter Ridge adakitic rocks.

Sample Sc Ti Y Cr Co Ni Cu Zn Rb Sr
D15-1 30.40 2498.00 174.00 757.00 46.02 250.00 74.00 58.00 11.30 803.00
D15-2 31.30 2772.00 188.00 580.00 4431 187.00 89.00 60.00 10.60 792.00
D15-3 29.70 2496.00 176.00 752.00 46.96 254.00 75.00 58.00 10.50 788.00
D15-4 27.56 257258 182.00  493.00 42.54 228.32 71.10 57.58 10.38 757.82
D15-5 32.90 2655.00 183.00 702.00 45.46 212.00 67.00 55.00 10.00 734.00
D15-6 30.60 2677.00 133.00 635.00 46.23 209.00 83.00 60.00 9.81 715.00
D15-4* 25.18 3263.02 211.52 62.83 25.81 33.86 118.24 51.54 13.31 1020.95
D15-1-cpx  65.19 766.91 95.43  5466.98 37.61 254.54 2.90 23.65 - 60.70
D15-1-ol 4.62 12.06 2.17 204.89 163.51 1598.92 5.24 96.46 - 0.01
D15-4-cpx 88.73 1100.76 ~ 188.24 3931.59 39.60 194.44 1.34 18.52 - 31.97
D15-1-ol 4.78 12.95 2.52 243.98 168.56 1750.73 4.62 93.87 - 0.01
Sample Y Zr Nb Cs Ba La Ce Nd Sm Eu
D15-1 11.40 68.60 1.79 0.15 299.00 23.90 47.60 24.50 4.84 1.37
D15-2 11.00 64.70 1.78 0.12 238.00 17.80 36.00 18.50 3.55 1.05
D15-3 11.10 67.40 1.79 0.13 293.00 23.40 46.90 24.30 4.69 1.35
D15-4 10.49 67.94 1.56 0.15 262.04 20.78 44.19 22.75 4.50 1.26
D15-5 10.60 60.80 1.69 0.11 224.00 16.90 33.90 17.60 3.41 1.01
D15-6 10.30 61.20 1.70 0.10 222.00 17.10 33.90 17.50 3.39 0.99
D15-4* 12.32 84.18 2.04 0.18 345.85 26.23 56.95 27.00 5.05 1.49
D15-1-cpx 4.84 3.85 - - - 0.91 4.04 4.36 1.34 0.42
D15-1-ol 0.05 0.01 - - - - - - - -
D15-4-cpx 4.78 3.77 - - - 0.21 1.18 1.71 0.69 0.26
D15-1-ol 0.05 0.02 - - - - - - - -
Sample Gd Dy Er Yb Lu Hf Ta Pb Th U
D15-1 3.52 2.34 1.11 0.96 0.14 1.78 0.09 3.42 3.25 1.12
D15-2 2.83 2.18 1.16 1.05 0.16 1.70 0.10 3.09 2.55 0.96
D15-3 3.45 2.31 1.09 0.93 0.14 1.71 0.09 3.38 3.14 1.12
D15-4 3.52 2.25 1.16 1.02 0.15 1.78 0.08 3.06 3.05 1.02
D15-5 2.73 2.09 1.11 1.02 0.15 1.62 0.09 3.03 2.39 0.88
D15-6 2.62 2.05 1.11 1.00 0.15 1.61 0.09 2.77 2.33 0.87
D15-4%* 3.82 2.50 1.26 1.15 0.17 2.16 0.11 3.92 3.79 1.30
D15-1-cpx 1.32 1.00 0.51 0.41 0.06 0.19 - 0.02 - -
D15-1-ol - - - 0.02 - - - - - -
D15-4-cpx 0.90 0.96 0.54 0.42 0.06 0.21 - 0.01 - -
D15-1-ol - - - 0.02 - - - - - -

*glass composition

111



Chapter 7 - Identification of the adakite fractionation series

Table 7.5. Calculated mineral-melt partition coefficients for olivine and clinopyroxene for the Hunter
Ridge adakitic and calc-alkaline rocks.

Olivine Adakites Calc-alkaline

Fo 92 89 86 88 84 81 78
MgO melt wt% 10.69 8.43 5.77 8.35 6.12 5.21 2.41
DCu 0.04 0.06 0.06 0.04 0.03 0.05 0.20
D Zn 1.19 1.67 2.28 1.40 2.00 2.26 2.12
DV 0.01 0.01 0.01 0.01 0.02 0.03 0.06
D Co 4.26 4.57 7.23 4.70 6.27 9.75 19.39
D Sc 0.09 0.16 0.17 0.12 0.18 0.26 0.39
Clinopyroxene Adakites Calc-alkaline

Cpx Mg# 91 86 84 90 85 83 75
MgO melt wt% 8.43 5.77 5.17 8.35 6.12 5.21 2.41
DlLa 0.03 0.05 0.02 0.02 0.05 0.06 0.23
D Ce 0.06 0.10 0.05 0.05 0.11 0.13 0.52
D Nd 0.12 0.24 0.17 0.11 0.26 0.30 1.23
DSm 0.18 0.41 0.37 0.21 0.48 0.54 1.40
D Eu 0.20 0.44 0.41 0.24 0.48 0.54 1.83
D Gd 0.24 0.53 0.63 0.30 0.65 0.73 2.42
D Dy 0.24 0.55 0.91 0.33 0.75 0.85 2.62
D Er 0.25 0.51 1.03 0.32 0.73 0.81 2.40
DYb 0.21 0.46 0.91 0.28 0.62 0.71 2.10
DLu 0.21 0.44 0.93 0.26 0.60 0.70 2.04
DY 0.23 0.52 0.95 0.33 0.71 0.86 2.57
DCu 0.03 0.04 0.02 0.01 0.02 0.03 0.04
D Zn 0.34 0.56 0.62 0.30 0.56 0.66 1.67
DV 0.37 0.53 1.08 0.68 0.97 1.45 0.84
D Pb 0.01 0.01 0.01 0.01 0.01 0.01 0.02
D Co 1.06 1.60 1.77 0.94 1.43 2.25 1.95
D Sc 1.64 2.36 3.68 1.93 3.22 4.95 12.55
D Sr 0.07 0.06 0.05 0.05 0.06 0.10 0.09
DZr 0.03 0.07 0.14 0.05 0.10 0.10 0.21
D Hf 0.05 0.14 0.27 0.10 0.19 0.16 0.37
DTi 0.19 0.28 0.47 0.28 0.39 0.38 0.31
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7.5.1 Copper
As described in Chapter 6.2, copper is found to be incompatible in silicate minerals as indicated by
the measured D, °/™" of 0.04-0.06 (Fo 93-86) and D_ ™™ of ~ 0.02-0.03 (Mg# 90-83) indicating
that Cu partitioning into silicates is negligible. Cu contents in clinopyroxene range between 2 and 5
ppm and do not display any clear trend with decreasing clinopyroxene Mg# (Fig. 7.5). In olivine, Cu
contents vary between 3 and 6 ppm and seem to slightly increase with decreasing olivine Fo content
(Fig. 7.5)

In the melt, Cu behaves incompatibly (i.e increasing with decreasing MgO) throughout the
entire studied MgO range (i.e. 10.7 — 5.2 wt% MgO). Cu contents increase from ~70 ppm at 10.8 wt%
MgO to 118 ppm at 5.2 wt% MgO (Fig. 7.5).

7.5.2 Zinc
Zinc is found to be compatible in olivine as indicated by the measured D, ®™"of 1.19-2.28. D, "
melt increases with decreasing Fo content in olivine within the measured range (Fo 93-86). Zinc
contents in olivine increase from 66 ppm at olivine Fo 93 to 125 ppm at olivine Fo 86 (Fig. 7.6). In
clinopyroxene, D, ®*™'slightly increases from 0.34 to 0.62 with decreasing Mg# (Mg# 90-83). Zn
contents in clinopyroxene vary between 19 ppm and 32 ppm with clinopyroxene Mg# 90 and Mg#
83, respectively (Fig. 7.6).

In the melt, Zn behaves compatibly (i.e decreasing with decreasing MgQO) across the entire
studied MgO range, from ~52 ppm at 10.7 wt% MgO to 45 ppm at 5.2 wt% MgO. (Fig. 7.6).

7.5.3 Vanadium
Vanadium is incompatible in olivine as indicated by the measured D ™" of ~0.01 within the
measured range (Fo 93—-86). Vanadium contents in olivine range between 1 and 3 ppm, increasing
with decreasing Fo content (Fig. 7.7). Vanadium behaves almost compatibly in clinopyroxene, D ¥
melt increase from 0.37 to 1.08 with decreasing Mg# (Mg# 90-83) (Fig. 7.7). Vanadium contents in
clinopyroxene vary between 74 to 229 ppm, increasing with decreasing Mg# (Fig. 7.7).

In the melt, V behaves incompatibly (i.e increasing with decreasing MgO). V contents increase
from 174 ppm at 10.7 wt% MgO to 212 ppm at 5.2 wt% MgO (Fig. 7.7).

7.5.4 Lead
Lead is almost perfectly incompatible in clinopyroxene and olivine. This is indicated by the measured
D, ¥ of 0.007-0.005 (Mg# 90-83), and the extremely low contents of Pb in olivine (which are
close to, or below detection ~0.1 ppb) (Fig. 7.8).

In the melt, lead values increase slightly during differentiation from ~3 ppm at 10.7 wt% MgO
to ~4 ppm at 8.4 wt% MgO, after which it remains constant (Fig. 7.8).
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Fig. 7.5. Covariation diagrams showing variations in A) Cu vs Fo, B) Cu vs Mg#, and C) Cu vs MgO wt% for the
Hunter Ridge adakites compared to the Hunter Ridge calc-alkaline samples (black dots). Triangle symbols represent glass
compositions, square symbols represent calculated groundmasses and circles represent whole-rock compositions. LLD

calc-alkaline trend was calculated using D values from this study.
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7.5.5 Cobalt
Cobalt is extremely compatible in olivine as indicated by the measured D_ °/™" of 4.26 — 7.23. D_ *
meltincreases with decreasing Fo content in olivine within the measured range (Fo 93—86). Co contents
in olivine increase from 139 ppm at olivine Fo 93 to 184 ppm at olivine Fo 86 (Fig. 7.9). Cobalt is
also compatible in clinopyroxene, D _ ™! increases from 1.06 to 1.77 with decreasing Mg# (Mg#
90-83). Co contents in clinopyroxene slightly increases with decreasing Mg# from 33 ppm at Mg#
90 to 46 ppm at a Mg# 83 (Fig. 7.9).

In the melt, Co behaves compatibly across the entire range in MgO. Co contents decrease from
~32 ppm at 10.7 wt% MgO to a minimum value of ~26 ppm at 5.2 wt% MgO (Fig. 7.9).

7.5.6 Scandium
Scandium is incompatible in olivine as indicated by the measured D ™" of 0.09-0.17. D °/m"
increases with decreasing Fo content in olivine within the measured range (Fo 93—86). Sc contents in
olivine vary from 3 ppm at Fo 92 to 6 ppm at Fo 86 (Fig. 7.10). Scandium behaves very compatibly
in clinopyroxene, D_ **™"increase from 1.64 to 3.68 with decreasing Mg# (Mg# 83-90). Sc contents
in clinopyroxene increase from 51 ppm (Mg# 90) to 83 ppm (Mg# 83) (Fig. 7.10).

In the melt, Sc contents initially increase from 24 ppm at 10.7 wt% MgO to 31 ppm at 8.4 wt%
MgO, after which they decrease to values of ~25 ppm at a MgO content of 5.2 wt% (Fig. 7.10).

7.6 Comparison to the Hunter Ridge calc-alkaline magma series

In this section, we compare the compositions of the Hunter Ridge adakitic rocks with those of the
Hunter Ridge calc-alkaline lavas (also see Chapter 4) in terms of major and trace element systematics

and metal content and behaviour (Figs 7.1-7.10).
7.6.1 Major elements

We examine the differences in major elements between these the adakite and calc-alkaline magma
series as a function of MgO wt% contents. The calc-alkaline samples studied range from basalt (SiO,
~50 wt%, MgO ~13 wt%) to rhyolite (SiO, ~73 wt%, MgO ~0.3 wt%). The adakites range from
basalt (SiO, ~54 wt%, MgO ~13 wt%) to andesite (SiO, ~58 wt%, MgO ~5 wt%) (Fig. 7.1). One of
the main differences between these two magma suites is the higher SiO, contents of the adakites for
a given MgO wt%. For example, the SiO, contents for the adakites and the calc-alkaline rocks are
57 and 53 wt%, respectively, at the same MgO content of ~8 wt% (Fig. 7.1). In turn, the high-Mg
character of the adakites is reflected in the composition of the crystallising minerals. For example, at
~8 wt% melt MgO, the expected olivine and clinopyroxene compositions for the adakites are Fo 89
and Mg# 91, whereas for the calc-alkaline rocks these are Fo 88 and Mg# 89.

Another significant difference is observed from the trend displayed by Al,O,, which increases

progressively with decreasing MgO contents. This is opposite to the Hunter Ridge calc-alkaline rocks,
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in which AL O, initially increases (composition range 8.3—6 MgO wt%), then falls dramatically at the
onset of plagioclase crystallisation (Fig. 7.1). TiO, and CaO contents of adakitic rocks are slightly
lower than in the calc-alkaline rocks, FeO and Na,O contents are similar and K, O contents are slightly
higher (Fig. 7.1).

7.6.2 Trace elements

Calc-alkaline and adakitic rocks share many characteristics in terms of their trace element
concentrations. Thus they are enriched in LILE, together with LREE, Pb, K and Sr, and all lavas
present Nb-Ta depletions (Fig. 7.2). However, there are also some differences; the middle to heavy
REE ratios, La/Yb and St/Y ratios are higher in all adakitic rocks. These features are observed globally,

even in the most primitive adakitic lavas (Figs 7.2, 7.3, 7.4).

7.6.3 Metal content

The most primitive samples from the Hunter Ridge adakite series (i.e. highest MgO wt%) have Cu,
Zn, V, Pb, Co and Sc contents comparable (if not less) than those of the more primitive calc-alkaline
samples (Fig. 7.4).

As noted previously, clinopyroxene and olivine crystallising from adakitic melts are predicted
to be more magnesium-enriched than those crystallising from calc-alkaline melts at same melt MgO
contents (Section 7.5.1). This leads to a small, but noticeable, offset in the metal contents for the
same clinopyroxene Mg# and olivine Fo (i.e. the same Mg# and Fo reflect different degrees of melt
evolution; Figs 7.5-7.10). In turn, this will affect the D values calculated for metals (i.e. Cu, Zn, V,
Pb, Co and Sc) at a given melt MgO content (Table 7.5). This will be insignificant for metals that are
incompatible in clinopyroxene and olivine (D values <<I; e.g. Cu and Pb), whereas metals that are
compatible (D values >1; e.g. Zn in olivine and Sc in clinopyroxene) show subtly different D values
for the adakite and calc-alkaline melts at the same melt MgO contents.

Copper contents in the Hunter Ridge adakitic samples increase during fractional crystallisation
(i.e. over the range observed from 10.8-5.2 wt% MgO). This is unlike the trends of the calc-alkaline
samples, which record an initial increase in Cu with decreasing MgO content (8.3—6.5 MgO wt%)
followed by a decrease (6.5-0.5 MgO wt%; Fig. 7.5). As discussed previously, we believe this
behaviour reflects the partitioning of Cu into a fluid phase that exsolves from the silicate melt at an
MgO wt% of approximately 6.5 (Chapter 6).

Zinc contents in the adakites decrease slightly across the entire range in MgO studied, from ~52
ppm at 10.8 wt% MgO to 45 ppm at 5.2 wt% MgO. This decrease in Zn during fractionation is best
explained as a result of partitioning of Zn into olivine, and to lesser extent clinopyroxene. In contrast,
V contents in the adakites increase from 174 ppm at 10.8 wt% MgO to 212 ppm at 5.2 wt% MgO.
This is most likely caused by its generally incompatible behaviour in the crystallising phases. In the
calc-alkaline rocks the Zn and V contents show an initial increase during fractionation (8.3—5.0 wt%
MgO) followed by a decrease (5.0-0.5 MgO wt%; Fig. 7.4). The initial increase in Zn and V contents

in the melt can be explained as a result of the crystallisation of assemblages comprising olivine-
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clinopyroxene-plagioclase. Given that neither of these elements are compatible in plagioclase, its
crystallisation will be the dominant factor controlling the Zn and V contents in the melt during the
early stages of fractionation. The subsequent decrease in Zn and V contents after 5.0 MgO wt% is
the result of the appearance of magnetite on the liquidus as both these elements have high D values
in this phase.

In the adakite samples, Sc contents initially increase from 24 ppm at 10.8 wt% MgO to 31 ppm
at 8.4 wt% MgO, after which they decrease to reach values of ~25 ppm at a MgO content of 5.2
wt%. The initial increase of Sc in the melt can be attributed to its incompatibility into olivine, which
is most likely the principle phase crystallising during the early stages of fractionation. Conversely,
in the calc-alkaline samples Sc behaves compatibly over the MgO range studied and progressively
decreases during fractionation.

Lead contents in the adakites initially increase slightly from ~3.3 ppm at 10.8 wt% MgO to 4~
ppm at 8.4 wt% MgO, after which they remain constant. In the calc-alkaline rocks, Pb behaves as an
incompatible element during the entire studied MgO range.

In both the adakitic and calc-alkaline rocks, Co behaves as a compatible element, leading to

progressive decreases in their concentration in the melt during fractionation.

7.7 Discussion

In summary, in the case of the Hunter Ridge adakites it is probably right to state that these rocks
are the result of slab melts that interacted with a metasomatised mantle wedge. This is evidenced
by two important facts: 1) there is no crustal contamination involved in the genesis of these lavas as
shown by unradiogenic Sr isotopes compositions (*’Sr/**Sr ~ 0.70289) and ii) there is no fractionation
of “normal” phenocrysts assemblages (hornblende-garnet-titanite) that could also produce adakitic
geochemical characteristics such as high La/Yb and St/Y ratios.

As shown in the previous section, the most primitive samples from the Hunter Ridge adakite
series have Cu, Zn, Pb, Co and V contents comparable (if not less) with those in primitive calc-
alkaline samples (Fig. 7.4), demonstrating that slab melts were not enriched in these elements.

The results emphasize that there are major differences in the crystallisation sequences of the
calc-alkaline and adakitic magma types. This is due to the fact that the physical conditions under
which the Hunter Ridge adakite lavas formed, were distinct from those which created the Hunter
Ridge calc-alkaline magmas. Basalts in both magma series are initially saturated with olivine and
clinopyroxene, but the absence of plagioclase phenocrysts from the adakitic basaltic andesitic lavas
contrasts with that of the plagioclase-phyric basalts and basaltic andesites from the calc-alkaline
series.

From the above observations, it is suggested that magmas that crystallise at deeper levels (e.g.,
Hunter Ridge adakites) will exsolve a hydrothermal fluid containing higher Cu contents, thereby
maximizing the efficiency of Cu partitioning into the fluid phase. In the opposite case, when vapour
exsolution happens at shallower depths (e.g., Hunter Ridge calc-alkaline rocks) the released fluids

will not likely contain enough metal concentrations to form economic Cu deposits. This is in good
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agreement with models that favour large porphyry deposit formation by a single-phase fluid (vapour
or supercritical) exsolved at deep crustal levels (Sillitoe, 2010; William-Jones & Heinrich, 2005;
Cloos, 2001; etc.).
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Chapter 8

Summary and conclusions

The behaviour of key ore-forming metals during magmatic differentiation of typical island-arc lava
suites from the Hunter Ridge (i.e. calc-alkaline rocks and adakites) has been investigated using
the geochemistry of minerals and glass/groundmass, petrographic observations, and quantitative
geochemical modelling. Calc-alkaline rocks record a protracted history of magma evolution from the
very earliest stages of fractionation (i.e. before volatile loss) to eruption on the sea floor. However, as
with most arc magmas, these have been affected to some extent by crystal accumulation and magma
mixing. Using groundmass and glass compositions (rather than whole-rock geochemistry data)
together with detailed trace-element compositions using LA-ICP-MS, we were able to reproduce
the LLD along which the magmas evolved. This is crucial, since the geochemical modelling relies
on the rocks being genetically related. We can demonstrate that the minerals and melts in our calc-
alkaline series are genetically related, and therefore belong to a single magma fractionation series,
and that fractional crystallisation of olivine + clinopyroxene + plagioclase + magnetite = amphibole
is the primary process that operated during the evolution of these rocks. Our study also suggests that
mixing processes do not entirely obscure the chemical trends imparted by crystal fractionation, and
that detailed petrographic and geochemical studies can be used to identify these processes in order to
filter out the most affected samples. Together, these steps allow us to define well-constrained LLD
from which information about initial metal contents in the magmas, and metal behaviour during their
differentiation, can be extracted.

The main objective of this work is to show how magma ascent, crystallisation and degassing
can lead to either enrichment or depletion of key ore-forming metals and other chalcophile elements
during arc magma differentiation. To this aim, we calculated mineral/melt partition coefficients (Ds)
for Cu, Zn, V, Pb, Co, Sc and a suite of other trace elements using LA-ICP-MS data acquired from
phenocryst-groundmass/glass equilibrium pairs. Olivine/melt, clinopyroxene/melt and plagioclase/
melt partition coefficients for Cu, Zn, V, Pb, Co and Sc were determined for the following range of
phenocrysts compositions: olivine Fo 89—79; clinopyroxene Mg# 90-75 and plagioclase An 87-31,
and melt MgO contents between 2.4 wt% and 8.3 wt%. Partition coefficients for Cu, Zn, V, Pb, Co
and Sc between magnetite and host magma were calculated from LA-ICP-MS and EMP analyses
(magnetite grains and glass) in samples with a MgO range from 0.4 wt% to 2.3 wt%. From this, the
D values were extrapolated for magmas up to 5.0 wt% MgO. For comparison, modelling was also
conducted (where possible) using D values obtained from the LSM and the parameterisation method
of Bédard (2005).

Our data show that although basaltic rocks from the calc-alkaline samples have initial ore
metal abundances similar to those in mid-ocean ridge basalts (MORB), the contents of chalcophile
elements such as Cu increase early during magma evolution beyond the range found in typical MORB

(from 8.3 to 6.5 MgO wt% Cu contents in the melt increase from ~89 ppm to ~128 ppm). This
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behaviour can be linked to the presence of higher water contents and higher oxidation states of arc
magmas compared to MORB, which suppresses the formation of sulphide liquids that might otherwise
scavenge Cu from a silicate magma. Our data also show that plagioclase saturation occurs at a melt
MgO wt% of 6.5, which is accompanied by a rapid decrease in Cu contents in the magma. We believe
this most likely marks the onset of degassing. These results provide evidence that Cu partitions into a
fluid phase at crustal levels before sulphide saturation occurs. This is consistent with a model whereby
Cu-enriched hydrous fluids can be generated directly from mafic-intermediate magmas, in addition
to other proposed mechanisms such as remobilisation of pre-existing sulphides. Furthermore, our
results confirm that arc magmas may exsolve a magmatic-hydrothermal fluid before they are able to
segregate an immiscible sulphide liquid, due to their higher oxidation states and volatile contents.

Zinc and V increase during magma evolution (from ~50 ppm and 230 ppm respectively at 8.3
MgO wt%, to a maximum of ~66 ppm and 275 ppm respectively at 5 wt% MgO). Once magnetite
enters the liquidus at ~5 wt% MgO, melt contents of Zn and V both decrease within decreasing MgO
(falling to ~50 ppm and 20 ppm respectively at MgO <0.5 wt%). Given that, both D, ™™ and D ™
melt are high at 5.7 and 9.8 respectively (at ~ 5 wt% MgO), their behaviour can be explained by the
partitioning of Zn and V into magnetite.

Lead contents increase from ~1 ppm at 8.3 wt% MgO, to 4.5 ppm at 0.3 wt% MgO. Our modelling
shows that partitioning of Pb into olivine, clinopyroxene and plagioclase is negligible. In addition, it
would appear that Pb does not enter a volatile phase (as with Cu) as previously suggested by Stanton
(1991) and Beaudoin and Scott (2009). Lead will be strongly partitioned into any immiscible sulphide
liquid present, as shown by the high D, >“**"values that range from 3 to 48 reported by several authors
(Li & Audédat, 2012; Lagos et al., 2008; Wood et al., 2008). The apparent incompatible behaviour of
Pb, therefore, provides further evidence that the magmas did not reach sulphide saturation before the
onset of degassing.

In contrast to the above elements, Co and Sc concentrations decrease with decreasing MgO
wt% of the melt (both metals from ~37 ppm at 8.3 wt% MgO, to ~2 ppm and ~8 ppm respectively
at 0.3 wt% MgO). This can be explained by the partitioning of Co into olivine and to lesser extent
clinopyroxene, and Sc into clinopyroxene (only), during the early stages of magmatic fractionation
(as indicated by the high D_ °™" of 5.6-22.2, D_ ™" of 1.1, D ™" of 2—14, measured D_ /" of
0.1-0.4). Co and Sc can also partition into magnetite once it enters the liquidus, as indicated by D_ ™
melt from 6 to 18 and D ™™ from 0.9 to 2.2 (over a MgO range of 5.3 to 2.3 wt%).

There are some notable differences in the crystallisation sequences of the calc-alkaline and
adakitic magmas from the Hunter Ridge. Basalts from both magma series contain olivine and
clinopyroxene as early liquidus phases. In the calc-alkaline series, plagioclase enters the liquidus at
~6.5 MgO wt%, whereas in the adakite series plagioclase saturation is suppressed below 5.2 MgO
wt%. The adakite magmas are, therefore, consistent with differentiation under higher water and/
or volatile contents and at deeper crustal levels than the calc-alkaline magmas. This will have an
important effect on the partitioning of metals that have affinity for a volatile phase.

There are also some notable differences in some metallic element behaviour between calc-

alkaline and adakitic magmas. The calc-alkaline samples that show an initial increase in Cu with
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decreasing MgO from 8.3 and 6.5 MgO wt%, followed by a decrease between 6.5 and 0.5 MgO wt%.
This is unlike that of the adakitic samples where Cu contents progressively increase during magma
evolution (i.e. from 10.8-5.2 wt% MgO). Zinc and V contents in the calc-alkaline rocks also show an
initial increase with decreasing MgO content (between 8.3 and 5.0 wt% MgO) followed by a decrease
between 5.0 and 0.5 MgO wt%. Zinc contents in adakites remain fairly constant (~50 ppm) and V
contents decrease across the entire studied MgO range (i.e. 10.8-5.2 wt% MgO). Scandium in the calc-
alkaline samples behaves compatibly over the MgO range studied, whereas Sc in the adakite samples
does not show any significant variation during fractionation. In both calc-alkaline and adakitic rocks,
Pb behaves as an incompatible element whereas Co behaves as a compatible element.

Adakites from the Hunter Ridge possess high La/Yb, high Sr/Y and high Dy/Er signatures as a
result of interaction between slab-derived melts and metasomatised mantle wedge. However, these
slab melts were not enriched in chalcophile elements. This is evidenced by the fact that the most
primitive samples from the Hunter Ridge adakites display Cu, Zn, Pb, Co and V contents comparable
(if not less) with those in the most primitive calc-alkaline samples.

Even so, adakitic magmas have more potential to generate economically important ore deposits
because they are more likely to exsolve a metal-enriched (e.g. Cu) single-phase fluid at deep crustal
levels, before sulphide saturation occurs in the magma. This is considered favourable to the formation

of large porphyry deposits.

Concluding Remarks

A critical step in forming magmatic/hydrothermal ore deposits is concentrating and removing
metals (i.e. Cu) from a magma before saturation of an immiscible sulphide liquid occurs. As Cu
is incompatible in any of the early crystallizing silicates and oxides, it’s concentration in the melt
will progressively increase and it will be available to partition into an aqueous fluid phase.
« No direct links were found between slab-derived melts and the enrichment in Cu contents of the
parental melts.
It was demonstrated that:
-Zn and V are strongly controlled by magnetite fractionation.
- And that Co and Sc partition into olivine and clinopyroxene from the early stages of fractionation,
and magnetite once it enters the liquidus. These metals are therefore removed from the system and
are not incorporated in a volatile phase.
- Pb behaves incompatibly and is concentrated in the melt during magmatic differentiation.
+ The Hunter Ridge samples used during this study provide a well-constrained, natural sample set
that cover a wide range of bulk compositions. Furthermore, mineral/melt partitioning data acquired
from high precision laser ablation ICP-MS can be used to model igneous processes in arc-related

systems.
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