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Abstract

Buckland volcanic province lies on lithosphere transitioning from thick > 160 km in the west to
< 110 km thick to the east. Similar intraplate volcanic provinces to the north and south show signs
of a metasomatised lithospheric mantle source assemblage that produced non-four phase peridotite
phases such as amphibole and apatite. This study investigates the role of metasomatism on the
lithospheric mantle source assemblage for Buckland volcanic province. Here both whole rock and
olivine minor and trace element chemistry is used to better indicate the mineralogy and metasomatic
agent of the source assemblage. High whole rock Zi/Hf (range = 50 — 58) and low Ti/Eu (range
= 3071 — 8059) trend towards values for natural carbonatite melts. These carbonatite-like values
are interpreted as being adopted by the subsequent silicate melts generated in regions affected by
carbonatite metasomatism. Three groups of olivines are characterised, peridotitic xenocrysts, alkali
basalt olivines, and basanite olivines. Olivine xenocrysts Sc/Zr and Al/Mn are characteristic of a
spinel lherzolite peridotite assemblage. Olivine phenocrysts Fo73_g7 5 from both the alkali basalts,
and basanites have concentrations of Li, Zn, Ti and Mn/Fe indicating the presence of mica in the
source assemblage. While elevated Ni is characteristic of high modal pyroxene, and Ni/Mg and
Mn/Fe suggest both mica and pyroxene in the source assemblage are mixed with peridotite wall rock
components to produce the Buckland primary melt. It is suggested here that the source assemblage
from the Buckland Volcanic Province is spinel lherzolite veined by a varying amounts of pyroxene-
glimmerite + apatite, for both the alkali basalts and basanites. This suggests mica has a larger role in
intraplate basalt source assemblages, and agrees with literature that metasomatism plays a large role

in the generation of intraplate basalts in eastern Australia.
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Chapter 1

Introduction and previous work

“A primary melt is the melt composition in equilibrium with its source at the time of
extraction.”

— Foley and Pintér (2018)

Primary melts are expressed on Earth’s surface as solidified magma and their chemistry holds clues
that are useful to decipher a mantle source assemblage not expressed on the surface (Kelemen et al.,
1998; Herzberg, 2011). To identify a source assemblage of a melt, the composition of its primary
melt needs to be well understood since they are in equilibrium at the time of extraction (Foley and
Pintér, 2018). Olivine is the first silicate phase to crystallise in a mantle-derived melt, so its minor and
trace element concentrations in primitive (high mg-number (100Mg/(Mg + Fe))) olivines capture the
earliest representation of a primary melt composition with little to no fractionation effects (Sobolev
et al., 2005). In recent years, minor and trace elements in olivine have formed key components for the
argument that mantle source assemblages have non-peridotite components (Foley et al., 2013). This
argues peridotite is not the only relevant rock type melting in the upper and subcontinental lithospheric
mantle (Herzberg, 2011; Sobolev et al., 2005, 2007; Straub et al., 2008).

Eastern Australia represents one of the world’s most extensive intraplate continental volcanic
regions stretching 4,400 km from northern Queensland to southern Tasmania (Figure 1.1; Johnson
and Wellman, 1989; O’Reilly and Griffin, 1987). Fifty differentintraplate volcanic provinces have been
identified in eastern Australia, which have been dated between 65 Ma and 5000 BP, consisting mainly
of mafic rocks, from highly under-saturated leucitites to gz-tholeiites (Wellman and McDougall, 1974;
Johnson and Wellman, 1989), to alkali basalt and basanites with MgO > 7.5 wt. % and high enough to
be considered primary mantle melts (Skae, 1998). Hitherto, no studies have targeted high mg-number
olivines from eastern Australia to identify their mantle source assemblages. However, previous work
on bulk rock compositions has shown metasomatic events underneath eastern Australia (Frey and
Green, 1974; Frey et al., 1978), and the presence of apatite and phlogopite in some mantle source
assemblages (O’Reilly et al., 1988; O’Reilly and Griffin, 2000; Zhang and O’Reilly, 1997). The use of

olivine minor and trace elements may add accuracy to understanding a primary melt composition, and
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help identify non-peridotite components, such as pyroxenite or glimmerite, that may have contribute
to a primary melt.

This thesis uses olivine and whole rock chemistry from the Buckland Volcanic Province (Buckland),
Queensland, Australia, to identify its mantle source assemblage (Figure 1.1). Buckland is the most
southern intraplate volcanic province in central Queensland, and lies on thick continental crust ~125
km in a zone transitioning from thick cratonic crust > 160 km to thinner crust < 110 km towards
the east coast of Australia (Davies et al., 2015). Thick continental crust absorbs incipient melts
which metasomatises the sub-lithospheric mantle creating non-peridotite domains that may contribute
to the formation of subsequent primary melts (Foley and Pintér, 2018; Yaxley and Green, 1998).
Buckland is therefore a prime intraplate volcanic province to investigate if non-peridotite components
contributed to its source assemblage. The combination of bulk rock chemistry with olivine chemistry
will hopefully add new approaches to the emerging field using olivine minor and trace elements to
better identify mantle source assemblages.

The remainder of this chapter is separated into two broad parts that form a holistic foundation
for the overall aim of this thesis. The first part introduces the olivine structure, its chemistry, and
controls on minor and trace element partition into olivine, which is critical to understand its usefulness
as a source assemblage indicator. The second part is an overview of intraplate volcanism in eastern
Australia, previous work on source assemblage identification for eastern Australian intraplate volcanic

provinces and previous work on Buckland.

1.1 Introduction to the olivine structure and its chemistry

Olivine is an orthosilicate mineral with a solid solution between the two end members forsterite
(Mg5Si04; Foqpqgg), and fayalite (Fe,Si04; Fajgg or Fog; Deer et al., 1997). The olivine crystal
structure consists of independent Si04 tetrahedra (T sites) linked by divalent atoms in a six-fold
coordination site (M site); described as a M, TXy (Birle et al., 1968). There are two, non-equivalent
six-fold coordinate positions in an olivine unit cell, which are designated as M| and M, (Burns, 1970;
Deer et al., 1997). Both M sites are distorted, leading to the M site being regarded as a tetragonally
distorted octahedron elongated along the O3-0O3-axis, and the M site being regarded as a trigonally
distorted octahedron, compressed along the a-axis (see Figure 1.2; Burns, 1970). Different distortion
effects on each M site result in the M site being slightly smaller than the M, site (M| = 73 pm; M»
=76.7 pm; see Figure 1.2; Birle et al., 1968).
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Figure 1.1: The distribution and classification of Cenozoic volcanic provinces, scamounts, proposed hotspot tracks, and
rift-related basins in eastern Australia. Adapted from Davies et al. (2015); Johnson and Wellman (1989); Meeuws et al.

(2016); O’Reilly and Griffin (1987).
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The only significant major element variation in olivine lies between the two end-members of
its solid solution, forsterite, and fayalite, which substitute into olivines M sites (Birle et al., 1968;
Deer et al., 1997; Zanetti et al.,, 2004). In a mantle-derived melt, forsterite is the first silicate
mineral to crystallise, as olivine crystallises the melt becomes progressively depleted in Mg, resulting
in subsequent olivine being more fayalite-rich (Birle et al., 1968; Green and Ringwood, 1963).
Whereas olivine xenocrysts from mantle peridotites generally have Fosqq (Bussweiler et al., 2017).
The forsterite molar percentage of olivine is expressed as either mg-number (Mg#) or Fo (Fo mol.

%; Foxx). The Fo mol. % is directly correlated with the Fe-Mg concentrations of the olivines

ol/liq
FeZ*-Mg
and O’Neill (2014) identified primitive mantle values for olivine Fo mol. % from spinel lherzolite

parental melt, with a D = (.30 for most basaltic melts (Roeder and Emslie, 1970). Palme
using a half Gaussian distribution of samples from the Geochemistry of Rocks of the Oceans and
Continents (GEOROC) database (http://georoc.mpch-mainz.gwdg.de/georoc/), finding the primitive
mantle value for olivine Fo mol. % to be Fogg ¢+0.001 for the primitive upper mantle. They also stated
melt infiltration or metasomatism lowers, and melt extraction increasing this value. The ambiguity
of defining between phenocrysts and xenocrysts of olivines with Fosgg ( generally invokes minor and
trace element classifications, with the most widely used being those from either Foley et al. (2013),
or Bussweiler et al. (2017) using Ni, Mn, Ca, Al, Ti, Cr concentrations. To identify mantle source
assemblages olivine with the highest possible Fo mol. % down to either Fogg (Sobolev et al., 2005,
2007), or Foyg (Herzberg, 2011; Herzberg et al., 2016), are generally targeted. This represents olivine
compositions which were the first phase crystallise and olivines which underwent the initial effects of
fractionation Fo< 88 (Bussweiler et al., 2017; De Hoog et al., 2010).

Minor and trace element concentrations vary widely in the olivine structure. Most substitutions
take place on the M sites with divalent ions of similar sizes, however large ions and ions with different
oxidation states may form coupled substitutions, such as (Si**, Mg2*) & (AP, Cr3%), (Si*t, Mg?t)
o (AP, APPY), and 2(Mg2+, Mg?t) & 2(Nat, AI’*) (De Hoog et al., 2010; Matzen et al., 2017;
Taura et al., 1998). Further coupled substitutions have been suggested for trivalent ions, which include
M site vacancies, including Sc3* and the rare-earth-elements (REE), e.g. (ZSC3+ + M site vacancy)
& 3(Mg?* or Fe?*) (Nielsen et al., 1992). The substitution of Ti** in olivine has received special
attention due to its correlation with water content in olivine under experimental mantle conditions
(Berry et al., 2005, 2007a). Under anhydrous conditions Ti can substitute into either the M site, or
T site (Figure 1.2), however under hydrous conditions Ti%* predominately substitutes Si at the T site

forming a Ti-clinohumite-like (Mg, TiO,(OH);) point defect in olivine, which Berry et al. (2007b)
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observed in upper mantle spinel peridotites.

1.2 Analytical methods for olivine minor and trace element mea-

surements

Olivine minor and trace elements have become a topic of discussion due to the development of
techniques which allow low concentration in situ analysis. Sobolev et al. (2005, 2007) used electron-
probe micro analysis with high charges, and has led to the common use of a high-precision electron-
probe micro analysis (HPEPMA) protocol on olivines (Batanova et al., 2015). This development has
produced large datasets of Al, Ca, Cr, Mn, Co, and Ni concentrations in olivine, mainly from ocean
island settings. Later studies optimised laser-ablation inductively-couple-plasma mass-spectrometry
(LA-ICP-MS) to detect more incompatible suites of olivine trace elements (Foley et al., 2011), with
more recent protocols detecting ultra-trace concentrations of rare-earth-elements (REE) in olivine
(Stead et al., 2017). Lower detection limits for improved protocols allow for more trace elements and
even ultra-trace element information becoming detectable, quickly giving rise large datasets on early

magmatic histories and mantle processes. Batanova et al. (2015) discussed the differences between

2 ?
- —{—{fe--B-{- f0---(- f@---
(o] (o]
O O
@) ® ® T“
b
® T:Si M,: Mg*, Fe*
o) O M_: Mg*, Fe*

Figure 1.2: A schematic of an ideal olivine crystal structure viewed along the a axis. This figure emphasises the lattice
distortions of both the M; and Mj sites, showing the M cation further away from its bonding ligands than the M; site.
Adapted from Biedermann et al. (2014)
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HPEMPA and LA-ICP-MS. HPEPMA has smaller spatial resolution, down to 2 um, compared to LA-
ICP-MS with spatial resolution ranging from 20 ym (Veter et al., 2017) - 300 um (De Hoog et al., 2010)
this proves advantageous for small or highly zoned olivines, and may overcome the possible effects
of diffusion. However HPEPMA has much higher detection limits, cannot detect lighter elements,
some of which have geological importance, such as Li, and cannot simultaneously measure as many
elements as LA-ICP-MS protocols (Foley et al., 2011). Recent studies combine both methods, however
measurements on the same grain sometimes differ between the two methods. Fritschle et al. (2013)
explains this is due to the different spatial resolutions of the two methods, HPEMPA has a 2 um beam
which penetrates up to 6 yum at 20 kV (Batanova et al., 2015), while a laser ablation crater results in a
much larger crater with much more vertical extension which varies depending on the protocol. Some
studies such as Neumann et al. (1999), which combine both EPMA and LA-ICP-MS data, have large
variations between the two methods, with the LA-ICP-MS data being unrealistically high, especially
compared to EPMA data. Differences could be due to a number of variables, and with such a rapidly
progressing field care needs to be taken when collecting data to avoid possible contamination and

when reading or collecting literature data.

1.3 Controls for minor and trace element concentrations in olivine

Minor and trace elements energetically prefer to substitute into the M sites in olivine (Taura et al.,
1998). However, few minor and trace elements have a similar ionic radius to the M| and M, sites and
even fewer have the required divalent charge (Figure 1.3 Foley et al., 2013). This restricts the amount
of minor elements to Ni2* (with an ionic radius of 69 pm) and Mn?* (67 pm), and divalent trace
elements are usually restricted to cations which are either slightly bigger or smaller than the olivine
M sites (Shannon, 1976). As mentioned above, the incorporation of a cation with a radically different
ionic radius but similar charge (Ca%*; 100 pm), the incorporation of a cation with a similar ionic size
but different charge (Zr*; 72 pm), and the incorporation of a cation with different size and different
charge (Y3*; 90 pm), require either lattice strain to fit larger cations (Wood and Blundy, 2003), or
coupled substitutions, which are more energetically unfavourable and thus keep concentrations for
these cations low (De Hoog et al., 2010; Foley et al., 2013; Shannon, 1976).

Pressure, temperature, melt composition, and oxidation state affects cation substitutions into olivine
(Beattie et al., 1991; Brey and Kohler, 1990; Foley et al., 2013; Matzen et al., 2017; O’Reilly et al.,
1997; Taura et al., 1998). Temperature effects have been recognised for Ca, Cr, Ti, Al, Na, V, and REE
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to varying degrees (Brey and Kohler, 1990; De Hoog et al., 2010; O’Reilly et al., 1997). Temperature
effects have also been seen in Sc and Cr in spinel peridotites, while pressure effects have been seen
for mono-, tri-, and tetravalent cations Li, Na, Cr, V, Sc, Al, Y, Zr and Ti (De Hoog et al., 2010;
Taura et al., 1998). Both pressure and temperature effects have also been found for Ca (O’Reilly et al.,
1997; Taura et al., 1998), and Al (Taura et al., 1998), which casts some doubt on the Ca in olivine
geobarometer (Brey and Kohler, 1990), and emphasises for the right application for the Al in olivine
geothermometer which is only applicable to garnet lherzolites (De Hoog et al., 2010; Bussweiler et al.,
2017). Vanadium is used a monitor of oxidation state, since it has multiple oxidation states that can
partition into olivine, since it becomes more compatible in reduced conditions where V3* is available
(Foley etal., 2013; Papike et al., 2005; Laubier et al., 2014). V has widely been compared to Sc (Papike
et al., 2005), and recently to Yb (Laubier et al., 2014) in olivine as an oxidation indicator. Both Sc
and Yb, have minor to no effect on partitioning in different oxidation states (Laubier et al., 2014;
Papike et al., 2005), which makes V/Sc and V/Yb useful to describe if a primary melt was oxidised or
reduced. Composition effects have been found most for divalent transitional metals, Ni, Mn, Co, Zn,
Cu, which is thought to be due to crystal field effects that emphasise compositional partitioning more
than pressure and temperature (Burns, 1970). However, elements such as Li, Ti, P, and Sr have also
had their partitioning behaviour related to melt composition, further arguing compositional effects
outweigh pressure and temperature effects on partition depending on the source assemblage (Batanova
et al., 2015; Prelevi€ et al., 2013; Sobolev et al., 2005, 2007; Herzberg, 2011). Recently discussion
on Ni partitioning into olivine has revealed a slight temperature dependency at low pressures which
may lead to variation of olivine Ni concentrations which crystallise underneath thin lithospheric lids
(Matzen et al., 2013, 2017). As more elements become detectable from lower detection limits from
LA-ICP-MS analysis (De Hoog et al., 2010; Foley et al., 2011), arguments for compositional effects are
becoming built on arguments using multiple elements, for example Veter et al. (2017) used multiple
minor and trace element indicators in olivine for a phlogopite-rich source assemblage for ultramafic
lamprophyres in Labrabor.

Different incorporation mechanisms for minor and trace elements in olivine are only useful if
zoning is preserved (De Hoog et al., 2010; Foley et al., 2013). Diffusion in olivine widely varies
depending on the element, from relatively fast (e.g. Li) to extemeley slow (e.g. P and Ti) (De Hoog
et al., 2010; Foley et al., 2013; Prelevi¢ et al., 2013; Mallmann et al., 2009; Cherniak and Liang,
2014). Generally slow diffusing elements are regarded as good source assemblage indicators since

the best preserve minor and trace element concentrations from inital olivine crystallisation Batanova
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Figure 1.3: A schematic of the oxidation state and ionic radii for cations that substitute into the olivine structure.
Reproduced from De Hoog et al. (2010)

et al. (2015); De Hoog et al. (2010); Foley et al. (2013). However, if a mantle source assemblage is
inferred to have formed shortly before eruption, and the olivine phenocrysts are measured relatively
quickly after formation, fast diffusing elements, such as Li may be used (Foley et al., 2013; Jaques
and Foley, 2018). However, further research is needed into poorly studied elements such as P, which
may provide further insight into the preservation of zoning in olivine and which elements preserve the

most appropriate evidence to indicate a mantle source assemblage.

1.4 Using olivine minor and trace elements as source assemblage

indicators

1.4.1 Peridotite assemblages

Minor and trace elements in olivine xenocrysts from four phase upper mantle peridotites can distin-
guish between each peridotite facies (De Hoog et al., 2010). Olivines crystallised in primary melts
derived from an upper mantle four phase peridotite have been widely studied and modelled using
fractional crystallisation and batch melting models based on primitive upper mantle compositions
from McDonough and Sun (1995) (Straub et al., 2008; Herzberg, 2011; Herzberg et al., 2016). De

Hoog et al. (2010) characterised olivine xenocrysts from different peridotite facies and effectively
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discriminated between each facies by comparing concentrations of Zr and Sc, and Mn and Al. Gar-
net peridotite xenocrysts generally contains low concentrations of Sc and Mn, with high Zr and Al
garent-spinel peridotite xenocrysts contain low Sc, Zr, Al, and Mn; and, spinel peridotite xenocrysts
have high Sc, Mn, and Al, with low Zr. Herzberg (2011), and Herzberg et al. (2016) modelled olivine
minor elements which crystallised in a primary melt derived from a peridotite source assemblage
based on primitive upper mantle values from McDonough and Sun (1995), while Straub et al. (2008)
and Herzberg et al. (2016) additionally accounting for peridotite source depletion and magma mixing
events. These models are mainly used to show olivine minor element concentrations deviated from a
primary melt derived from a peridotite source assemblage, and to invoke input from a metasomatised
domain into the primary melt.

Minor and trace element differences between olivine xenocrysts and phenocrysts are useful to
distinguish in situ olivine phenocrysts from mantle xenocrysts (Bussweiler et al., 2017; De Hoog
et al., 2010). Bussweiler et al. (2017) used a major and minor element scheme for identifying mantle
peridotite xenocrysts; Fo<gg, NiO < 0.3 wt. % (< 2350 ppm), MnO < 0.15 wt. % (< 1160 ppm),
and CaO < 0.1 wt. % (~ 715 ppm). While Foley et al. (2013) showed mantle olivine xenocrysts
from peridotite assemblages typically have < 70 ppm Ti, Ni ranging 2200 — 3400 ppm, and ~ 80%
contain < 130 ppm of Al. This is a useful tool when using olivine phenocrysts to identify a mantle
source assemblage since a xenocrysts identified as a phenocrysts may result in a poor identification of
a mantle source assemblage. These schemes are good for identifying peridotite xenocrysts, however
they may be problematic when identifying olivine xenocrysts from depleted or enriched peridotites,

and non-peridotite domains (Palme and O’Neill, 2014).

1.4.2 Recycled oceanic crust components in source assemblages

Peridotite material is usually contributes to a primary melt, and can be diluted by another non-
peridotite component, than may have formed from metasomatism driven by the recycling of oceanic
crust and other down going material (Foley and Pintér, 2018). The influence of eclogite/metasomatised
pyroxenites are the most well studied non-peridotite source assemblage using olivine minor and trace
elements. Sobolev et al. (2005) first used HPEMPA to measure Ni and Fe/Mn concentrations to
argue for an olivine-free metasomatised pyroxenite assemblage for Hawaiian shield basalts. This was
predicated on the idea that the tholeiites material was too SiO,-rich (average = 48.4 wt. %) and Ni-rich
(average = 827 ppm), and contain olivines with high Ni and Fe/Mn, and this could not occur by only

melting peridotite (Sobolev et al., 2005). High-Ni and Fe/Mn olivines crystallise in a melt where
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olivine is either absent or in low modal abundance in the source assemblage so elements which olivine
would have otherwise held back in the residue now contribute to the melt (Sobolev et al., 2005, 2007).
This partial melt meatsomatically enriched in elements compatible in olivine held identify low-olivine
source assemblages. Sobolev et al. (2005) and later Sobolev et al. (2007) used this concept to argue
metasomatic pyroxenites contribute to primary melts for many ocean island basalt settings worldwide
and have been derived from recycled crust entrained in mantle plumes; this idea has been dubbed the
“Sobolev model" throughout the literature.

The Sobolev model describes an adiabatically rising mantle parcel consisting of heterogeneous
peridotite and eclogite domains. The more fertile eclogite domain is the first to extensively melt,
producing a SiO, and Ni-rich partial melt, which reacts with the surrounding peridotite, precipitating
pyroxene and producing zones of olivine-poor and olivine-free metasomatic pyroxenites. Continued
adiabatic up welling drives partial melting of the metasomatic pyroxenite veins preferentially to
peridotite wall-rock material. The derived primary melts consist of both pyroxenite, and depending
on the degree of melting, peridotite wall rock material. Later studies have amended this model for
different geodynamic settings. For example, Straub et al. (2008) modified this for the production of
basalts and andesites in arc settings, from the mixing of pyroxenite and depleted peridotite.

Herzberg (2011), Herzberg et al. (2013, 2014, 2016), and (Straub et al., 2008) reinforce the
Sobolev models use of olivine trace elements for identifying pyroxenite material by modelling trace
element concentrations in olivine at different mg-numbers using partition coefficients from peridotite
and pyroxenite datasets. Herzberg (2011) first pioneered modelling Ni, Fe/Mn, and Ca in olivine
to show the high-Ni Hawaiian olivines from Sobolev et al. (2005) deviate from a primitive upper
mantle assemblage; agreeing there is a good case for a heterogeneous metasomatised pyroxenite and
peridotite wall-rock source assemblage for Hawaiian shield basalts. Straub et al. (2008) showed that
in an arc setting andesites in the Trans Mexican Volcanic Belt are the result of a heterogeneous
pyroxenite/peridotite assemblage in the mantle wedge, by calculating the depletion of the peridotite
component and the mixing between both peridotite and pyroxenite components. However, the subtle
changes in Dyj; and and the large errors involved in minor and trace element modelling can result in
multiple plausible scenarios. For example, Herzberg et al. (2016) showed Ni in olivines from the West
Greenland and Icelandic plumes could be interpreted by Ni enrichment in the source plume from a
core-mantle boundary interaction (see Herzberg et al., 2014), or could be interpreted as an elevation

in D;li/hq from lithospheric under-plating shown by Matzen et al. (2013).
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1.4.3 Other non-peridotite components in source assemblages

Overtime, the subcontinental lithospheric mantle absorbs infiltrating incipient melts that are unable to
reach the surface which drives mantle metasomatism (Foley and Pintér, 2018). The fluxing of these
melts, and the solidification of incipient melts form non-peridotite domains that range from centimetre
veins to large metre scale, blocks, conduits, dikes, or sills of non-peridotite assemblages, some of
which may have never been observed on the surface (Foley and Pintér, 2018). These non-peridotite
components have a lower melting point due to silica and aluminous concentrations, and enrichments
in incompatible elements and volatile components which are likely contained in amphibole + mica +
clinopyroxene + apatite + Cr-spinel (Frey et al., 1978; O’ Reilly, 1987; Yaxley etal., 1998). Significant
H»>O content in the infiltrating melt drives the stability of hydrous phases, primarily phlogopite/biotite
and amphibole, and elevated CO, may lead to dolomite, and magnesite stability (Foley, 1992; Wyllie
et al., 1983). Primary melts derived from these areas in the lithosphere are usually a mixture of non-
peridotite and peridotite domains, with the degree and depth of melting controlling the proportion of
each component (Foley, 1992).

Elevated Ni has been pioneered as an indicator for recycled oceanic floor basalts, however Dy
increases 5-6 times in highly alkaline melts (see Foley et al., 2011; Forster et al., 2018), which can
only be accounted for by melting of an unrealistically depleted (70% depletion) peridotite (Foley et al.,
2013; Straub et al., 2008). The most well studied olivines from alkaline melts are from the eastern
and western Mediterranean lamproites (Ammannati et al., 2016; Foley et al., 2011), and the Labrodor
aillikites, and the Ni, Fe/Mn concentrations in olivine are best explained by phlogopite in the source
assemblage (Veter et al., 2017). Elevated Li (>3 ppm) in olivine together with Li and Sr isotopes
(Prelevic et al., 2013), are best explained by continental crust material recycled in an arc setting from
the Mediterranean (Foley et al., 2013). However, the Labrador aillikites occur at the edge of a rifted
craton, and their olivine minor and trace element concentrations are best explained by crystallising in
a primary melt derived from a source assemblage rich in phlogopite and low modal pyroxene. This
non-peridotite domain was attributed previous lamporitic melts solidifying at the base of the cratonic
lithosphere during a previous stage of igneous activity (Veter et al., 2017).

Olivine is the first silicate phase to crystallise from a mantle derived melt, however in a Cr
saturated melt Cr-spinel may crystallise first (Onuma and Tohara, 1983). Foley et al. (2013) showed
Mediterranean lamproites have both low, and high Cr concentrations in high mg-number olivines
(Fogs), low Cr concentrations were explained by Cr-spinel crystallisation prior to olivine. Due to the

high compatibility of Cr in Cr-spinel (Dscprineyliq = 240, Horn et al. (1994) (Table 1.1)), the olivines
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which subsequently crystallised were depleted in Cr. Primary melts with high Cr are therefore inferred

to have source assemblages with high modal Cr-spinel or other Cr-rich minerals.

Table 1.1: Partition coefficients for first row transition elements mantle minerals. Data complied by Foley et al. (2013),
and references therein. Values are for partial mantle melts from peridotite, data is controlled for bulk and melt
compositions, oxygen fugacities, temperatures, and pressures. Cr-spinel Dyj,/Drpe value may vary up to 0.9 depending on
Al»,O3 and Crp O3 contents, measurements here are based on >40% Cr,O3 (Horn et al., 1994; Foley et al., 2013).

Mineral/melt ol opx cpx grt Cr-spl  ol/opx
Sc 0.23 0.64 1.40 2.7 0.6 0.36
Ti 0.0016 0.64 0.363 043 2 0.15
\Y% 0.09 0.80 1.3 1.7 0.8 0.11
Cr 0.96 59 3.8 4.1 240 0.16
Mn 0.89 0.84 1.0 0.65 2.1 1.06
Fe 1.09 0.75 0.80 0.36 4.9 1.45
Co 3.0 1.6 1.4 1.67 54 1.88
Ni 10.3 2.83 2.35 4.0 20 3.63
Cu 0.50 0.22 0.42 0.58 0.42 2.27
Zn 1.1 0.67 0.47 1.21 33 1.64
Mn/Fe pref. 0.82 1.12 1.25 1.81 0.43

Mn/Fe (Le Roux et al., 2011) 0.73 1.12 1.56

Sobolev et al. (2007) used high Ni/Co (>20) in olivine as an indicator for metasomatised pyrox-

Cr—spinel/liq
Ni/Co

crystallisation would suppress an otherwise elevated Ni/Co in olivine form high modal pyroxene

enites, however (Foley et al., 2013) shows D = 4 (Horn et al., 1994), so prior Cr-spinel
contribution to a primary melt. Fritschle et al. (2013) showed phlogopite has Ni/Co up to 35 and
high Cr concentrations that is associated with carbonatite mantle metasomatism, which can also drive
high Ni/Co. The migration of H,O- and/or CO5-rich fluids and melts have been attributed to the
formation of veins containing significant modal pyroxene, phlogopite, amphibole and apatite (Foley,
1992). Olivines that crystallise in a primary melt derived from a non-peridotite assemblage, other than
pyroxenite, may interfere source assemblage indicators. For example, Cr-spinel precipitation prior to
olivine will interfere minor and trace element indicators in olivine; such as, high-Ni, high-Fe/Mn, and
high Ni/Co indicators for low-olivine high-pyroxene pyroxenite assemblages (Sobolev et al., 2005,
2007). This also may be the case for other non-peridotite assemblages which may hold back phases
such as phlogopite in the residue.

The identification of non-peridotite minerals and source assemblages can give unprecedented
insight into mantle metasomatism and the role of mantle heterogeneity in the production of primary
mantle melts. Olivine minor and trace element indicators provide a novel way to investigate possible
mantle metasomatism, and lithospheric mantle composition without the need to sample xenoliths,

of which, usually succumb to sampling bias (Griffin and O’Reilly, 1986). New analytical advances
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continue to improve minor and trace element data from olivine needed to identify key minerals in
mantle assemblages.

Na, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Zn show promising results that may identify diverse
minerals, and may be applied differently depending on a particular different geodynamic settings
(Batanova et al., 2015; Cherniak and Liang, 2014; Mallmann et al., 2009). Along with experiments
representing likely real-world settings, the identification of partition coefficients for elements that occur
in trace and ultra-trace concentrations in olivine may unlock further mineral and mantle metasomatic

indicators.

1.5 Introduction to eastern Australian Intraplate volcanism

Intraplate volcanism forms a 4,400 km band of over fifty volcanic provinces along eastern Australia,
which erupted onto Proterozic to Mesozoic basement material (see Figure 1.1; Davies et al., 2015;
Johnson and Wellman, 1989; Meeuws et al., 2016; O’Reilly and Griffin, 1987). Volcanism began 65
Ma following rifting which opened the Tasman Sea, and became dormant 4,600 BP at Mount Gambier,
southern Victoria (Vasconcelos et al., 2008; Johnson and Wellman, 1989). Wellman and McDougall
(1974) estimated the total volume of intraplate volcanism in eastern Australia at slightly greater than
20,000 km?; which is relatively small when compared to estimates from the Deccan Traps (>1,000,000
km3), and Mouna Loa, Hawaii (~40,000 kms) (data complied by Johnson and Wellman, 1989; Skae,
1998). Wellman and McDougall (1974) separated eastern Australia’s intraplate volcanism into three
provincial types: (1) central volcanoes, where predominately basaltic flows were erupted from a well
defined vent area, with the presence of some felsic flows, and felsic and mafic intrusions, forming
large volcanic complexes. (2) lava fields, extensive and often thin lavas that are exclusively basaltic
material and often categorised by the presence of small amount of scoria, lava cones and maars;
and (3) leucitite volcanism, small well-spaced potassium rich mafic intrusions commonly containing
leucitite, phlogopite, and magnophorite with rare flows of limited extent and small volume.

The understanding of intraplate volcanism in eastern Australia has led to multiple models of
emplacement, with no single model able to explain all Cenozoic provinces. (1) The hotspot model,
which has been successful in accounting for linear age-progressive tracks for the central volcano
provinces (see Figure 1.4; Wellman and McDougall, 1974; McDougall and Duncan, 1980; Sutherland,
1981). (2) Edge-driven convection, which has been proposed to describe isotopic anomalies and

large volumes of lava for many large lava fields, such as the newer volcanic province in southern
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Figure 1.4: Latitude vs. Age plot of the average ages from central volcanoes in eastern Australia. Plotted data from
Wellman and McDougall (1974).

Victoria (Davies and Rawlinson, 2014; Demidjuk et al., 2007; Fishwick and Rawlinson, 2012). (3)
Slab detachment. The least substantiated model, slab detachment from a prior destructive plate margin
occurred ~ 130 — 90 Ma (Gurnis et al., 1998) along the northern margin of eastern Australia, and the
detachment and sinking of subducted cold oceanic material lead to subsequent up-welling of small
local plumes which penetrated weak points in the eastern Australian continental crust forming the lava
field volcanism (Finn et al., 2005).

Hotspot volcanism is widely used as a reference frame for high-resolution plate velocity record
throughout the Cenozoic, and has been used to explain the production of a large quantity of intraplate
igneous rocks in eastern Australia (Cohen et al., 2013). Wellman and McDougall (1974), and a number
of later studies, linked the central volcanoes to age progressive tracks, which has been explained by
hot-spot volcanism. This led to the Wellman-McDougall model, coined by Sutherland (1981), which
describes northward migration of the Australian plate over a fixed mantle hotspot, that is based on
latitude-age plots of central volcanoes (see Figure 1.4). This model neatly explains central volcanoes,
but ignores lava field, and leucitite volcanism formation. However, recently Davies et al. (2015) linked
leucitite volcanism to the age-progressive tracks, and explained their difference in bulk geochemistry
and small volume is due to lithospheric thickness, and established large quantities of lava is associated
with thinner crust.

Continental lithosphere thickness has long been suspected to influence lava volume and bulk melt
composition. Ewart (1989) estimated segregation pressures for different lavas in eastern Australia: 9-

14 kbar, gz-tholieties; 4-16 kbar ol-tholeiites; 16-21 kbar, basanites; 29-31 kbar, nephelinites. Davies
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et al. (2015) work was pioneered by recent tomographic work in eastern Australia, which revealed
lithospheric thickness is a major variable on composition and volume than previously thought (Davies
and Rawlinson, 2014; Davies et al., 2015; Fishwick and Rawlinson, 2012). Davies et al. (2015) linked
central volcanoes and lava fields to regions where lithospheric thickness is <110 km, where lava
compositions range from gz-tholeiites to olivine nephlenites (Wellman and McDougall, 1974), while
leucitite volcanism is restricted to intermediate lithospheric thickness (~135 km), with much smaller
volumes of lava, with potassium-rich olivine leucitites, and gaps in volcanic activity occurring where
the lithosphere exceeds ~150 km thickness. This development ties each category of volcanic province
to a certain lithospheric thickness range.

A single model cannot explain the production of all intraplate volcanism in eastern Australia, and
several different attempts have been made to account for the diverse composition of bulk chemistry
(Duncan and McDougall, 1989). Frey et al. (1978) was the first to apply fractionation and partial
melt models to intraplate basalts to samples from Victoria and Tasmania, and identified that partial
melting of a spinel lherzolite could produce the concentrations seen in compatible elements, but
strong enrichments in incompatible elements 6 - 9 x chondrite values could only be explained by a
prior enrichment. This lead to the idea of two components in the sub-lithospheric mantle in eastern
Australia, the first component being a depleted peridotite, and a the second component a liquid
enriched in incompatible elements, which enriched the first depleted peridotite component (Frey et al.,
1978). This drove the study of mantle xenoliths in eastern Australia, which subsequently identified
the role of mantle metasomatism in eastern Australia (Griffin et al., 1987; O’Reilly and Griffin, 1987;
O’Reilly and Zhang, 1995; Yaxley et al., 1998; Zhang and O’Reilly, 1997). The enrichment of the
sub-continental lithospheric mantle via mantle metasomatism helped explain anomalies in isotope
and trace element chemistry, between different provinces along eastern Australia (Figure 1; Davies
et al., 2015; O’ Reilly, 1987). Rb-Sr, Sm-Nd, and Pb isotope systems, along with whole rock trace
element chemistry from Atherton (Whitehead et al., 2007), Dubbo (Zhang and O’Reilly, 1997), and the
newer volcanic province (Demidjuk et al., 2007), argue for input from multiple metasomatic sources.
Widespread mantle metasomatism in sub-lithospheric mantle beneath eastern Australia has shown the
importance of apatite and amphibole, from both silicate, and carbonate fluids, in explaining isotopic
and trace element variations; which, may influence the source assemblage of Buckland volcanic

province (O’Reilly and Zhang, 1995; O’Reilly and Griffin, 2013).
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1.6 Previous work on Buckland Volcanic Province

Buckland volcanic province is a central volcanic province that lies along the Cosgrove hotspot track
(Davies et al., 2015), and does not deviate from typical central volcano petrology defined by Wellman
and McDougall (1974). Buckland is located ~190 km north-west of Roma, and ~180 km north east of
Charleville (Jessop, 2012; Skae, 1998), and is divided into two distinct areas, with massive eruptions
from the Buckland shield in the north-east, and distal lava flows thought to have erupted from the
shield, which fill Cenozoic topographic depressions (Figure 1.5) (Jessop, 2012). Jones and Verdel
(2015) estimated the total volume of Buckland volcanic province to be ~850 km?, with a lava thickness

of 0.3 km.

Figure 1.5: A map of Buckland volcanic province showing the tectonic setting, and sample locations (see section 2.1 and
3.1 for more details on samples). Red areas are Tertiary basalts, and light blue areas are gabbro intrusions.

Three major studies have focused solely on Buckland; Skae (1998), a Ph.D. thesis, investigated
its petrology, mantle isotope reservoirs, and characterised a possible source assemblage; Waltenburg
(2006), an honours thesis, that preformed Ar-Ar dating to distinguish different two seperate eruption
events separated by 2 Ma; and Jessop (2012), explored its basalts as a potential source for proximal

manganese deposits. A number of other, broader, studies use limited data from Buckland in large
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datasets for general characterisations of eastern Australian intraplate volcanism. The remainder of
this section will overview our current understanding of Buckland, its general petrology, and potential
source assemblages.

Skae (1998) identified two distinct groups of lavas, one group consisting of alkali basalts to olivine
tholeiities, and the second group consisting predominately of basanites. The MgO content of the
two groups overlap, however there are inconsistencies comparing their isotopic compositions, spider
diagram patterns, incompatible trace element ratios, and major element chemistry. The basanites
were found to contain higher CaO, and MgO, with lower Al;O3 and SiO5 than alkali basalts, and a
single basanite sample suggested a minor magma mixing event occurred. Skae (1998) argued that
the most primitive basanite material was sourced from a volatile-bearing lherzolite source assemblage
with XH20 < 0.2 and H»>O and CO; > 0.5 wt.%, with a HIMU-like arc component, and . Skae
(1998) noted that the subduction-accretion history of eastern Australia, since the Palaeozoic, which
could have emplaced arc-derived material into the lithospheric mantle, which subsequently produced
the Buckland melts during the Oligocene. Lower MgO basanites contained a more enriched Sr-Nd
signature which overlaps with lava-field signatures seen in eastern Australia (O’Reilly and Zhang,
1995). The alkali basalt to olivine tholeiite groups are consistent with plume related volcanism, and
decompression melting of lherzolite (garnet — spinel), under assimilation fractional crystallisation in
the crust, with the possibility of some lithospheric and crustal interaction (Skae, 1998). An interesting
argument made by Skae (1998) and earlier by Griffin et al. (1987) is that the basanites are similar
in isotopic ratios to surrounding lava fields, and that it may be the basanites were erupted during a
separate event than the more alkali material to the north-east.

Waltenburg (2006) investigated the idea of separate events for Buckland, describing two distinct
volcanic ages in the Buckland volcanic province. The first event erupted between 30.7 Ma + 0.5 Ma
to 29.8 Ma + 0.4 Ma, followed by a 2 Myr hiatus in which little to no lavas were erupted, and was
proceeded by a second eruption event between 27.6 + 0.6 to 27.3 + 0.8 Ma (Table 1.2). The first
episode of eruptions deposited thin lavas ~100 m thick, with an estimated eruption rate of 108 km?>
Myr_l. The second eruption episode was much larger depositing ~200 m of lava, at a rate of 900 km?
Myr_l. Waltenburg (2006), similar to Skae (1998), noted two chemically distinct signatures in major
element data. The first episode was described as mildly alkaline, higher in Fe,O3 and MgO, and
lower in Al O3, NayO, and TiO, than the second volcanic episode. Waltenburg (2006) subdivided the
second volcanic episode into two sections, based on two separate chemical signatures. The lower unit

of the second episode was described as basanite-type lavas with lower Fe,O3 and MgO, and higher
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Table 1.2: Ages from Buckland volcanic province. Data Complied by Jessop (2012)

Paper Location Method Age (Ma)

Elliot (1973) Springwood K-Ar 26.5+0.5
Sutherland (1985) Mt Moffat Zr fission track 27.6 + 1.0
Sutherland (1987) Boowinda Creek K-Ar 273+04
Sutherland (1989) The Steeple K-Ar 25.1+04
Waltenburg (2006) Carnavorn Gorge Ar-Ar 30.7 £ 0.5
Waltenburg (2006) Carnavorn Gorge Ar-Ar 274+ 1.0
Cohen et al. (2007) The Steeple Ar-Ar 27.3+04
Cohen et al. (2007) 4.5 km East of Mt Rugged Ar-Ar 27.77+04
Cohen et al. (2007) 3.4 km South-West of Mt Rugged Ar-Ar 27.7+0.5
Cohen et al. (2007) 0.5 km South-West of Mt Black Ar-Ar 29.6 = 0.5
Sutherland et al. (2012) Mt Yanalah K-Ar 299+ 34

Al O3, NayO, and TiO, compared to other lavas with similar silica content in the province. The upper
section of the second episode was described as a trachybasalt, consistent with a fractionated version
of the lower unit (Waltenburg, 2006).

A handful of studies have collected and described xenoliths from Buckland, and these provide a
more direct way to describe the lithospheric mantle beneath the volcanic province (Skae, 1998). Griffin
et al. (1987) described two spinel lherzolite samples from Buckland in a large central-east Queensland
xenolith dataset. Compared to worldwide averages, Buckland xenoliths have greater abundances of
Al,O3, Ca0, NayO, MgO, MgO/Mg+Fe, and Cr/Cr+Al. Opx-spinel thermometry was carried out,
yielding a temperature of 900-1050 °C, with an estimated pressure of 9-16 kbar (26-50 km). Kennett
et al. (2011) places the Moho depth underneath Buckland between 38 — 40 km and (Davies and
Rawlinson, 2014) places the lithospheric-asthenospheric boundary (LAB) ~ 125 km placing these
xenolith samples in the lowermost crust to lithospheric mantle. Skae (1998) sampled 14 anhydrous
xenoliths from Buckland, at Rewan, Battleship Spur, and Mt. Tabor, which were exclusively sampled
from basanite hosts. 13 of the samples collected were spinel lherzolites, with mineral proportions of
olivine > orthopyroxene > clinopyroxene > spinel. Both Griffin et al. (1987) and Skae (1998) argue

the source assemblage of Buckland to be spinel lherzolite.

1.7 Aims

This study aims to investigate and identify the source assemblage for primitive alkali basalts and

basanites from Buckland Volcanic Province and the possible role of mantle metasomatism. To do
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this, whole rock and olivine minor and trace element chemistry from primitive samples (MgO > 7.5
wt. %) will be combined to indicate minerals present in the source assemblage, and to possibly
indicate and identify a metasomatic agent. It is hypothesised the source assemblage for Buckland has
undergone metasomatism which has produced phase not typically found in the primitive upper mantle
or lithospheric mantle, which will be indicated in either whole rock or olivine chemistry. It is hoped
this approach will form preliminary work for a broader investigation into the source assemblages for
more eastern Australian intraplate volcanic provinces, and identifying how metasomatism may have

altered the lithospheric mantle.



Chapter 2

Methods

2.1 Sample Selection

Fifty-two basalt samples, collected throughout Buckland, were made available for this study by Dr.
Kim Jessop, Department of Earth and Planetary Sciences, Macquarie University, Australia. These
samples were collected for the Jessop (2012) Master thesis. Twelve primitive samples containing
suitable olivines for EPMA and LA-ICP-MS analysis were selected. Whole rock data was available
for nine samples (75207, 75222, 75225, 75226, 75235, 75238, 75240, 75242, and 75244) which were
filtered for MgO > 7.5 wt. %, while three samples (75115, 75116 and 75119) had no previous data
available and were selected based on hand sample identification. Figure 1.5 shows where samples

were collected from Buckland volcanic province.

2.2 Petrography

Three 100 um thick sections were made at Macquarie University for samples 75115, 75116, and
75119, and were added to the nine sections already available from Jessop (2012). Individual olivines
were selected for EPMA and LA-ICP-MS analysis based on a large enough surface area for a laser
ablation spot-size up to 85 um away from iddingsite alteration, any cracks or fractures, and any crystal

heterogeneity.

2.3 Electron probe micro-analyser

For this study, the EPMA was used twice. The first analysis was a preliminary survey to select samples
with high Fo mol. % for LA-ICP-MS analysis. The second EPMA analysis spots were measured next
to LA-ICP-MS craters for internal standardisation to quantify the LA-ICP-MS results.

Prior to both analyses all thick sections were cleaned, polished, and desiccated to reduce sample
contamination and topographic effects on back-scattered electrons. For the second analysis all thin

sections were re-cleaned, polished and desiccated to reduced material ejected from the laser ablation
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craters during the LA-ICP-MS analysis. For both analyses all thick sections were carbon coated to 20
nm thickness using a Quorum Q150T Turbo-Pumped Carbon Coater. Coated sections were inserted
on a thin section slide holder, olivine grains were preselected, and tracked on the thick sections using
cross polar images.

EMPA analysis was carried out on a CAMECA SX100, at Macquarie University, Australia.
Operating conditions were set to 20 kV acceleration voltage, with a 20 nA electron beam current, a
2 um beam diameter, on a 3 minute 40 second measuring time per run. The WSD with long count
times to acquired major elements Mg, Fe, and Si and minor elements Al, Ca, Cr, Mn, and Ni (Table
2.1). Points were pre-selected during petrographic analysis to best represent the unaltered chemistry

the olivines, see Section 2.2 Petrography for more details.

Table 2.1: Wavelength dispersive spectrometer (WDS) element conditions for quantitative analysis of olivine major and
minor element compositions for EPMA. SCO, San Carlos Olivine

Element Mg Al Si Ca Cr Mn Fe Ni
WDS Channel 4 4 2 1 1 5 5 3
WDS Crystal TAP TAP TAP LPET LPET LLIF LLIF LLIF
Line Ka Ka Ka Ka Ko Ka Ka Ka
Standard SCO Al,O3 SCO CaSiO3 CrpO3 Mngarnet Fe,O3  Ni
Measuring time (s) 40 80 60 60 60 80 40 120
Detection limit (ppm) 90 30 60 40 50 80 120 54

2.4 Laser ablation - inductively coupled plasma - mass spectrom-
etry

Concentrations of 'Li, 1B, 23Na, 2*Mg, Mg, 20Mg, 27Al, 29si, 30si, 31p, 43Ca, *Ca, P Sc,
47Ti, 49Ti, 51V, 53Cr, SSMn, 59C0, 60Ni, 62Ni, 63Cu, 66Zn, 6774 8851.’ 89Y, QOZI‘, 93Nb, 135Ba,
137Ba, 139La, 140Ce, 157Gd, and 172Yb were measured using an Aligent 7700cx Quadrupole LA-
ICP-MS, at Macquarie University. This study used a 193 nm ArF excimer laser for the laser ablation
introduction system, and argon was used as a carrier gas. The total count time for each analysis
was 180s, which included a 120s background, and a 60s dwell time for 600 laser shots at 10 Hz
with a fluence of 5 J/cm?. National Institue of Standards and Technology (NIST) 612 and 610
glasses (Jochum et al., 2011), BCR-2G (Jochum et al., 2007), and San Carlos Olivine (Batanova
et al., 2015), were used as standard reference materials with recommended GeoReM values (http:

//georem.mpch-mainz.gwdg.de/start.asp?dataversion=current), and 298, measured as Si by EPMA,


http://georem.mpch-mainz.gwdg.de/start.asp?dataversion=current
http://georem.mpch-mainz.gwdg.de/start.asp?dataversion=current
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was used as an internal standard. The laser spot size was 85 um, or occasionally 65 um if an olivine

was too small, the larger spot was too close to cracks, zonation boundaries, or iddingsite alteration.

2.4.1 Interference Corrections and Data Reduction

There are two main types of interferences when using LA-ICP-MS, which are polyatomic and isobaric
interferences. Polyatomic interferences are avoided by careful selection isotopes which do not have
overlap. However isobaric interferences on 8¢, 93Cu, %Zn and 7Zn are potentially present.
Scandium is a monoisotopic element, with an interference from 29Si160, which needs correction.
Foley et al. (2011) and De Hoog et al. (2010) corrected for 295100 interference on *Sc by measuring
43Ca and **Ca, **Ca is interfered by 28160, assuming 288 and 27Si natural isotopic ratios apply,

the amount of 2°S

il%0 interference on *>Sc can be inferred. This was applied to this study with
no success. However since Si is a major element in olivine and obeys olivine stoichiometry, and
285i/29si obey natural isotopic proportions, interference values should be consistent between studies.
This is seen in the literature De Hoog et al. (2010) calculated an interference of 0.2 ppm of 293160
on*Sc, and Foley et al. (2011) calculated an interference of 0.25 ppm. This study uses the correction
calculated by Foley et al. (2011) for 295160 interference on *Sc of 0.25 ppm. 63Cu is interfered by
23Na*OAr, which is no issue considering the low concentration of Na in olivine, however using NIST
612 for standardisation may be an issue since it contains 14 wt. % NayO. To navigate this issue, an
extra data reduction run was made to standardise ®3Cu using BCR-2G, which only contains 3.6 wt.
% Na,O (Foley et al., 2011). Foley et al. (2011) found the interference for BCR-2G was negligible,
and fell below the 2-sigma error of the measurement for ©3Cu. %©Zn may be interfered by 2Mg*0Ar,
whereas ©7Zn only has an abundance of 4% and an interference from 2T AI*YAr, which provides a
similar situation for 22Na*Ar on ©3Cu. (De Hoog et al., 2010) showed ®0Zn had limited 26Mg*'Ar
production in the plasma, and Foley et al. (2011), showed a rate of production between 667n and 7Zn
that only differed by 0.5%. The astonishingly similar rate of production of 667n and 67Zn, very limited
interference of 27 Al, and limited argide production in the plasma, led to 667n being used in this study
since it has a higher natural isotope abundance. Data reduction was carried out using the Glitter™
software package (Griffin et al., 2008). Homogeneous sections of signal were selected in Glitter™
to control for inclusions, and fractionation variables down the laser ablation hole on the olivine grain.
Results of replicate measurements on NIST 612 and BCR-2G compared to preferred GeoRem values
are given on Table 1 in the Appendix. All NIST612 average values fall within 1SD of GeoRem values.

Most individual outlier values that fall outside 1SD of GeoRem values align when the 1SD of the
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measurement is taken into account apart from a single 907r measurement. All measurements for ©3Cu

fall within 1SD for BCR-2G.

2.5 X-ray florescence (XRF)

Sample fractions between 2-10 mm, leftover from thin section block cuttings were powdered in an
tungsten carbide mill in preparation to make glass discs for XRF analysis. The volatile content was
determined by the weight loss-on-ignition at 1100°C. Glass discs were prepared in a platinum crucible
with a flux of 12:22 lithium borate:lithium metaborate. Each sample was place in a rocking furnace
for 20 minutes at 1050°C. Analysis was carried out using a PANalytical Axios WDXRF, at Macquaire

University, using the U.S.G.S. Hawaiian Basalt BHVO-2 as a standard reference material.

2.6 Solution — inductively coupled plasma — mass spectrometry

(ICP-MS)

Whole-rock digestions for solution ICP-MS analysis were prepared using the following method: 0.1
g of sample powder was weighed into clean 15 mL Savillex Teflon beakers and the mass recorded to
four decimal places. Samples were digested using a 1:1 mixture of concentrated HF (Merck, Suprapur
grade) and singly distilled concentrated HNO3 (Merck, Analar grade) at 150°C for 24 hours, then
dried down and repeated. This step was followed by adding 2 mL of perchloric acid HC1O4 (Merck
Suprapur) and refluxing at 170°C. The prechloric acid solution was then dried down at 150°C, 170°C,
and then 190°C to remove any fluorides that may have formed. A few millilitres of 6N HCI was added
and dried down at 190°C to remove any residual perchloric acid left in the sample. Finally, 6N HNO3
was added and heated at 150°C for 24 hours, which was not allowed to fully dry and then made up in 10
mL of 2% HNOj3 and 0.25% HEF. Each sample solution was diluted with up to 100 mL with 2% HNO3
and 0.25% HF. 5.0 mL of each sample solution was spiked with 0.02 mL of a 6Li, As, Rh, In, Tm and
Bi solution in order to correct for instrument drift during analysis. The spiked samples were run on an
Agilent 7500cs quadrupole ICP-MS at Macquarie GeoAnalytical at Macquarie University, Earth and
Planetary Sciences. The calibration standard used was BCR-2. 1:1000 and 1:5000 spiked solutions
of standards BIR-1, BHVO-2, and BCR-2 were run throughout the day as a check for accuracy and

checked against reported values along with blanks of HNOj.
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Results

3.1 Petrographic observations

Petrographic analysis was carried out for all 12 samples. Table 3.1 summarises general petrographic
observations of each selected sample, Figure 3.1 and 3.2 show representative slides. The majority
of samples used in this study were fresh, with little to no alteration. Some samples show significant
alteration of olivine to iddingsite and some minor groundmass alteration, with 75226 being the most
severe. Olivine phenocryst are typically subhedral to anhedral, however some larger grains in the
basanites are subhedral to euhedral and are assumed to be xenocrysts. Most olivines have rims visible

in birefringence, with minor to no reaction rims.

Table 3.1: Petrographic descriptions of thick section observations. Rock type is based on the total alkali vs. silica (TAS)
classification scheme of Le Maitre et al. (2004), see Figure 3.1.

Sample # Rock type Texture Phenocryst  Groundmass Comments

75115 Basanite porphyritic  ol, opx, cpx  ol, cpx, opx, ne, ox Bimodal ol phenocrysts

75116 Basanite porphyritic  ol, opx, cpx  plg, ne, ox some ol is fragments of larger grains

75119 Basanite porphyritic  ol, cpx ol, cpx, ox Bimodal ol phenocrysts. Altered groundmass.
75207 Alkali Basalt  trachytic ol ol, cpx, plg, fs, mag, il, ap, ox  Alteration of ol to idd. Spi inclusions in ol.

75222 Basanite porphyritic  ol, opx, cpx  ol, cpx, ne, mag, pal Amygdules present. Possible ol, cpx, and plg xeno.
75225 Basanite porphyritic ol ol, cpx, ne, mag, pal, ap Large >500pum mag grains. Some ol alteration to idd.
75226 Basanite porphyritic ol plg ol, cpx, plg, mag, py Most oli is altered to idd.

75235 Basanite porphyritic  ol, opx, cpx ol cpx, mag, glass, pal Clusters of ol and cpx, maybe small xenoliths.
75238 Basanite porphyritic ol ol, cpx, plg, il Bimodal size of ol phenocrysts, possibly xeno.
75240 Alkali Basalt  trachytic ol, cpx, plg ol cpx, plg, fs, mt, il Ol phenocrysts show strong zoning in biofringence.
75242 Basanite porphyritic  ol, opx, cpx  ol, opx, cpx, plg, mt, ap, glass ~ Amygdales present.

75244 Basanite porphyritic  ol, opx, cpx  ol, opx, cpx, mt, ap, ne, glass Some alteration of ol to idd.

ol = olivine; opx = orthopyroxene; cpx = clinopyroxene; plg = plagioclase; spi = spinel, ap = apatite; fs = feldspar; mt = magnetite; pal= palygorskite;
ox = oxide; ne = nepheline; idd = iddingsite; il; ilmenite; py = pyrite; xeno = xenocryst.

3.2 Whole rock chemistry

3.2.1 Major elements (Figure 3.3 & 3.4a-i)

Major element data for the whole rock samples is given in Table 3.2, and displayed in Figures 3.3 and
3.4. Figure 3.3 is a total-alkali vs. silica diagram, a useful tool to characterise basalts, which classifies

samples 75207 and 75240 as alkali basalts, while all other samples are classified as basanites.
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Figure 3.2: A representative thin section of the basanites. Sample is 75244, refer to Table 3.1 for a description.

Figure 3.4a-i shows alkali basalts contain lower K»,O, MnO, P,0Os, FeO, and TiO,, and contain
higher SiO,, and Al, O3 than the basanites. Distinct negative trends are seen in SiO,, Al,O3 compared
to MgO, with other trends possible in other oxides, but natural variation and limited sampling seems

to convolute any other observable trends.
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Figure 3.3: A TAS diagram of whole rock data. 75207 and 75240 both plot as alkali basalts, while all other samples plot
as basanites. 75115, 75116, and 75119 are from this study, with all other data collated from (Jessop, 2012). Fields from
Le Maitre et al. (2004) and Irvine and Baragar (1971).

3.2.2 Minor and trace elements (Figure 3.5)

Figure 3.5 shows a incompatible element variation diagram of results from this study (75155, 75116,
and 75119) and trace element data from (Jessop, 2012). The two alkali basalt samples 75207 and 75240
have less enriched incompatible element signatures compared to those of the basanites. 75244, and
75115 show relative similar enrichments in incompatible elements, with the only discernible difference
being 75115 does not have a P depletion; however, 75115 has a similar compatible element pattern to
the alkali basalts, whereas 75244 has similar compatible element pattern to the basanites. Compared
to the basanites, the alkali basalts are depleted in incompatible elements. Basanites, excluding 75115,
have OIB-like trace element patterns, with peaks at Nb and Ta, and gradually decreasing in normalised
patterns towards Rb and Yb (Sun and McDonough, 1989). Samples 75207, 75240, and 75115 have
incompatible element patterns where there is an increase from Th to Rb. Common depletions are seen

in K, Pb, P (except for 75115), and Ti (except for 75207).
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Figure 3.5: Incompatible element variation diagram of whole rock analyses. 75115, 75116, and 75119 are from this
study, with all other data collated from (Jessop, 2012), showing whole rock trace element variations for all samples
olivine was analysed from. 75207 and 75240 are alkaline basalts and all other samples are basanites.
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Results

Table 3.2: Whole rock chemistry data. Major elements in wt.% in oxides and trace elements in ppm.

Sample 75115 75116 75119
SiOy (wt.%)  41.52 43901  42.08
TiO, 2.36 2.56 223
Al,O3 1233 1385  13.16
Fetor 13.85 1287  13.76
MnO 0.21 0.18 0.20
MgO 171 1033  10.16
CaO 9.57 9.20 9.59
Na,O 4.05 3.43 433
K,0 1.65 2.00 1.31
P,0s 1.34 0.92 1.40
LOI 1.11 0.93 1.58
Total 99.74  100.17  99.80
Mg* 64.01  62.80  60.83
Li (ppm) 72 6.9 59
Be 2.13 3.21 3.05
Sc 24.9 18.1 22.0
Ti 13177 13843 15864
v 207 150 192
Cr 226 289 207
Mn 1413 1431 1348
Co 86.6 92.6 102.2
Ni 217 300 239
Cu 79 57 71
Zn 98 121 141
Ga 17.3 18.8 20.2
Rb 29.1 26.9 38.6
Sr 964 1000 839
Y 24.0 27.6 26.1
Zr 169 309 298
Nb 62 87 81
Mo 2.0 5.1 2.8
Cd 0.08 0.06 0.05
Cs 0.49 0.39 0.33
Ba 406 405 484
La 335 76.5 60.1
Ce 61.7 142 114
Pr 7.2 16.0 13.1
Nd 273 59.6 48.1
Sm 5.5 10.6 8.6
Eu 1.82 3.21 2.65
Tb 0.74 1.22 1.05
Gd 5.1 8.7 7.3
Dy 3.8 5.5 5.0
Ho 0.72 0.95 0.89
Er 1.91 2.33 2.27
Yb 1.48 1.53 1.57
Lu 0.21 0.20 0.21
Hf 2.92 5.89 5.83
Ta 2.97 438 427
Th 3.25 7.82 7.17
U 0.85 2.03 1.82
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3.3 Olivine chemistry

Averaged olivine chemical data for each sample are given in Table 3.3. For clarity, olivine results have
been divided into their host rock type; alkali basalt, basanite (see Figure 3.3 for TAS classification),
or peridotite xenocrysts. Peridotitic xenocrysts are classified using minor element criteria from
Bussweiler et al. (2017). Olivine grains are considered xenocrysts with Fo >90, Ni > ~2350 ppm,
Mn > ~1160 ppm, Mn > ~750 ppm.

There are notable differences in the results, with higher values, up to ~ 100 ppm, for LA-ICP-MS
values compared to EPMA. This is well explained by Fritschle et al. (2013) who noted higher Cr
and Ba concentrations in LA-ICP-MS on phlogopite using the two techniques. This difference is due
to the different spatial resolution of the two measurements. EMPA analyses are only about 2 um in
size, whereas LA-ICP-MS craters are much wider and have a much greater vertical extension. Results

presented here will use minor and trace elements obtained from LA-ICP-MS for consistency.

3.3.1 Major and minor elements (Figure 3.6, 3.7a-f, 3.8a-d, & 3.9)

The Fo content of the basanite olivine phenocrysts range between Fog_75, with a mean of Fog7, alkali
basalts have a range of Fogg_73, with a lower mean of Fogy, and xenocrysts range between Fog_g(),
with a mean of Fog;. SiO; shows a positive linear correlation with Fo content (Figure 3.6), with an

R2 =0.97.
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Figure 3.6: A bivariate plot showing SiO, (wt. %) against Fo. Si is structural component of olivine
which is shown by the almost linear (Ry = 0.97) correlation with Fo.

Figure 3.7a-f shows a core-to-rim line analysis of Fo, Ni, Si, and Ca, on an olivine grain from
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75115. This shows remarkable homogeneity in the core of the phenocryst. Ca line shows some
random high peaks in an otherwise low concentration phenocryst core, which may be interpreted as
zoning or a heterogeneous core. However, these peaks are from surface contamination, seen in Figure
3.7b which shows spots of dust approximately in same location as peaks on the Ca line profile. Fo

shows a uniform core with a step like feature towards the rim.
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Figure 3.7: A line profile of a representative olivine phenocryst (sample 75115) from the Buckland Volcanic
Province. (a) an electron backscattered image showing zoning, and a dashed blue line were profile was taken; (b) a
secondary electron image, showing relief where dust and other material contaminated the sample surface, high
spikes in Ca occur where relief is seen on the sample surface, so these high peaks are interpreted as sample
contamination and should be disregarded. (c) the Fo content of the olivine, which shows a homogeneous core, and
a step like fractionation trend. The step is likely a phenocryst overgrowth on a xenocryst core; (d) Ni (wt. %)
content; (e) Si (wt. %) content;, and (f) Ca (wt. %) content. Error for the measurements were taken before and
after the profile was measured, MgO +0.2 (wt. %), FeO +£0.1 (wt. %), NiO £0.01 (wt. %), CaO +0.01 (wt. %),
SiO +0.13 (wt. %) Images a, and b, and the line profile measurements were obtained with a CAMECA SX100
EPMA, at Macquaire University.

Figure 3.8a-d shows quantitative elemental maps of Fe (Figure 3.7a), Ca (Figure 3.7b), Mg (Figure

3.7¢), and Si (Figure 3.7d). Fe, and Ca show low concentrations in the core, that increase towards the
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rim of the grain. Conversely, Mg, and Si show high concentrations in the core, and low concentrations
towards the rim on the grain. Fe concentrations become particularly low closer to the cracks, and Ca,

Si, and Mg all have sharp increases in composition on the cracks.

Figure 3.8: A quantitative elemental map showing distributions of Fe wt. % (a), Ca wt. % (b), Mg wt. % (c), and
Si wt. % (d). Measurements obtained with a CAMECA SX100 EPMA, at Macquaire University. Core and rim of
the olivine grain labelled in Figure 3.6¢c, with the rim outlined in a white dashed line in each image.

Ca is the only element outside of the first row transition elements present in minor element
concentrations. Figure 3.9 plots minor elements against Fo from potential peridotite xenocrysts,
and phenocrysts from the alkali basalts, and basanites. Xenocrysts, which have a narrow Fo range
(Fog1_90), have a narrow range of concentration, and low Ca concentrations (374 - 179 ppm), that
scatter close together. Alkali basalts, have a larger range of Ca concentration (838 - 1700 ppm), at
lower Fo contents than the xenocrysts. The basanites have two populations of Ca, separated by Fo
content, Fog;_gg and Fog7_73. The Fog_gg population has the largest range (142 - 2321 ppm), while
the Fog7_73 range has a narrower range (151 - 1848 ppm).

Mn, Co, and Ni are first row transition metals present in minor element concentrations. These
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elements are also plotted against Fo in Figure 3.9. Mn and Co have negative correlations with Fo,
while Ni is positively correlated with Fo. Xenocrysts have small ranges for Mn (1071 - 1157 ppm), Co
(146 -156 ppm), and Ni (3020 - 3223 ppm). Alkali basalt phenocrysts have a large range for Mn (1477
- 2429 ppm), and Ni (1482 - 2549 ppm), while Co (182 - 197 ppm) has a narrow range. Basanite
phenocrysts have the largest ranges with Mn (1151 - 3080 ppm), Co (142 - 208 ppm), and Ni (1402 -
3292 ppm). The mean of each transition element is also different for each classification, xenocrysts
have the lowest mean for Mn and Co , and the highest mean for Ni (3138 ppm). Alkali basalt olivines
have the highest mean for Mn (1892 ppm) and Co (188 ppm), and the lowest mean for Ni (2050 ppm).
The basanite olivines have a lower mean of Mn (1460 ppm) and Co (162 ppm) than the alkali basalts,
but a much higher mode for Ni (2753 ppm) than alkali basalt olivines.
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Figure 3.9: Olivine minor elements plotted against Fo concentration.

3.3.2 Trace elements (Figures 3.10 - 3.15)

Trace, and ultra trace element abundances in Buckland olivines are described here in terms of their
range, and mean, and the concentrations are compared to compared to their Fo mol. %. Two Fo groups
will be described here, the high Fo group, Fog7 5_9o, and the low Fo group Fo.g7 5. Averaged sample

concentrations are given in Table 3.3, and individual grain concentrations are given in the appendix.
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Non metals

B and P are non-metals present in detectable trace element concentrations in Buckland olivines. B has
a similar range for all olivine classifications, with the largest ranges of concentration seen in xenocrysts
(4.1 - 10.6), then basanites (2.9 - 9.5 ppm), and then alkali basalts (5 - 9.8 ppm), however each group
has similar means (xenocrysts (6.3 ppm), alkali basalts (5.8 ppm), and basanites (5.4 ppm)). P has
much larger differences in between each group, xenocrysts (24.4 - 56.6 ppm), alkali basalts (73.6 -
219.4 ppm), and basanites (21.3 - 333.7 ppm), which is also seen in large differences in the mean for
P, xenocrysts (36.8 ppm), alkali basalts (124.9 ppm), and basanites (73.6 ppm). Both xenocrysts and
basanites have a consistent scattering of olivines over a large range in the high Fo group for B. While
the concentrations of P in the high olivine are low, and closely scattered. While the low Fo group has

a lower range, with alkali basalts having a higher average concentration of B than basanites.
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Figure 3.10: Non metals B and P concentrations plotted against Fo concentration for Buckland olivines.

Alkali & alkali earth metals

Li, Na, Sr, and Ba are detectable trace elements present in the Buckland olivines. Figure 3.11 plots Li,
Na, Sr, and Ba concentrations against Fo for Buckland olivines. Alkali basalts have the highest mean
concentration for Na (55 ppm), followed by xenoliths at (11 ppm), and then basanites (6.93), these
elements have a large range compared to other alkali and alkali earth metals. Li concentrations are
consistent among each classification, xenocrysts show the smallest range (1.63 - 5.52 ppm), followed
by alkali basalts (2.49 - 6.46 ppm), and basanites have the largest range (1.82 - 6.46 ppm). However,
alkali basalts have the largest mean (4.3 ppm), followed by basanites (3.5 ppm), and xenocrysts have
the lowest mean (3.2 ppm). Sr and Ba have much larger differences between the classifications. Sr
has a large range in basanites (1.82 - 6.46 ppm) and the largest mean (0.543 ppm), alkali basalts

have a smaller range (0.14 - 1.86 ppm), and a smaller mean (0.341 ppm), and xenocrysts have the
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smallest range, below the mean (0.017 - 0.278), with the smallest mean (0.115 ppm). Ba has low
concentrations with 47 grains measured below detection limit, most measurements below detection
were in the alkali basalts. The mean between each classification is consistent (xenocrysts, 0.200 ppm);
alkali basalts, 0.221, however after removing an outlier the mean falls to 0.097; and basanites, 0.224),
although the ranges differ between each classification (xenocrysts, 0.023 - 0.65 ppm; alkali basalts,
0.026 - 1.33 ppm, however after removing an outlier the upper limit of the range falls to 0.026 - 0.24;
and basanites, 0.019 - 1.94 ppm). Sr, and Ba each have large, consistently scattered trend in the high
Fo group. While the low Fo group has lower for Sr, and Ba concentrations. While Li has an almost

random scatter for all groups.
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Figure 3.11: Alkali metal & alkali earth metals Li, Sr, and Ba concentrations plotted against Fo concentration for
Buckland olivines.

Transition metals

First row transition metals Sc, Ti, V, Cu, and Zn are all present in trace element concentrations in
Buckland olivines. Element has similar proportions for each olivine classification group with the high
in the alkali basalts > basanites > xenocrysts. Zn has the highest concentrations for each classification,

followed by Ti, V, Sc, and Cu. Titanium has the highest ranges (xenocrysts, 4.15 - 23.75 ppm; alkali
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basalts, 7.41 - 89.61 ppm; basanites 1.17 - 112.65 ppm). The >50 ppm group is a mixture of basanite
and alkali basalt olivines, while the <50 ppm group is almost all, aside from one alkali basalt olivine,
basanite olivines. The high Fo group shows a scatted trend of basanite, and xenocryst olivines between
0 and 50 ppm. Zinc has the highest mean values in each group, with the highest concentrations in the
low Fo group. Zn has a negative correlation, in both basanite and alkali basalt olivines, with Fo in the
low Fo group, while there is a scatter between 40 - 140 ppm in the high Fo group of both basanite
and xenocryst olivines. Scandium and vanadium behave similarly for the low Fo group. Alkali basalts
contains higher V and Sc concentrations than the basanites. The high Fo group has a small range of
concentrations for V in the xenocryst and basanites olivines, while Sc has a relatively similar range
for basanites and xenocrysts compared to low Fo basanites. Copper has the smallest concentrations,
but the high Fo basanite olivines have a larger range than the low Fo olivines, with xenocrysts in the
high Fo showing similar scatter to the basanites in the low Fo group. The low Fo alkali basalts, and
basanites overlap ranges, with the alkali basalts showing slightly higher concentrations.

Second row transition metals all have ultra trace element concentrations in Buckland olivines, and
are shown in Figure 3.13. Yttrium mean proportions for each classification are the same as first row
transition elements, alkali basalts > basanites > xenocrysts. However, zirconium and niobium mean
proportions are different to the rest of the transition metals. Y has a negative correlation with Fo in
the low Fo group, with concentrations higher in the alkali basalts than basanite olivines. Niobium
has similar ranges for xenocrysts (0.002 - 0.037 ppm), and alkali basalts (0.003 - 0.031 ppm), while
basanites are marginally higher ( 0.002 - 1.14, however after taking out an outlier, the upper limit of
the range fell to 0.002 - 0.5 ppm). The higher range for Nb in basanites is due to some olivines in the
high Fo group with high concentrations. Zr concentrations for basanite and xenocryst olivines have
large ranges in the high Fo group, while the low Fo group olivines have a smaller ranges, with alkali

basalts, and basanites classification overlapping.

Post transition metals

Post transition elements Al, and Ga were detected in trace (Al), and ultra trace (Ga) concentrations,
shown in Figure 3.14. Both, Al and Ga mean proportions behaviour similarly between each classi-
fication, with Al means roughly an order of magnitude more concentrated in Buckland olivines than
Ga. Xenocrysts have the lowest means (Al, 53.7 ppm; Ga, 0.046 ppm), followed by basanites (Al,
111 ppm; Ga, 0.100 ppm), and alkali basalts have the largest concentrations (Al, 208 ppm; Ga, 0.233

ppm). The similar means are also reflected in similar ranges for each classification (Al - xenocrysts,
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Figure 3.12: First row transition metals Sc, Ti, V, Cr, Cu, and Zn concentrations plotted against Fo concentration for

Buckland olivines.
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29.4 - 80.7 ppm; alkali basalts, 35.0 - 262 ppm; and basanites 27.4 - 502 ppm; Ga - xenocrysts, 0.018
- 0.086 ppm; alkali basalts - 0.06 - 0.312 ppm; and basanites 0.020 - 0.465 ppm). Both Al, and Ga

behave similarly when plotted against Fo. The high Fo group have ultra trace concentrations, however

a few basanite olivines Al and Ga concentrations comparatively higher than other olivines with similar

Fo. For the low Fo group, two groups are present, a low Al and Ga concentration group is present,

mostly of basanite olivines, and a higher concentration group split between alkali basalt and basanite

olivines.
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Figure 3.13: Second row transition metals Y, Zr, and Nb concentrations plotted against Fo concentration for Buckland
olivines. Note the Zr is plotted on a logarithmic axis.
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Figure 3.14: Post transition metals Al, and Ga concentrations plotted against Fo concentration for Buckland
olivines.

Rare earth elements

Rare earth elements are restricted to ultra trace abundances. La, Ce, and Yb were detectable in the
majority of the olivines, however Gd was only detected in 8 of 101 olivine grains, with only one
measurement on the xenocrysts for Gd of 0.018 ppm. Basanites have the highest mean for La (0.029
ppm), and Ce (0.030 ppm), Gd (0.030 ppm) whereas the alkali basalts have the highest mean for Yb
(0.043 ppm). Ranges vary widely, with the largest ranges in La (xenocrysts, 0.003 - 0.029 ppm; alkali
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basalts, 0.003 - 0.107 ppm; basanites, 0.003 - 0.199 ppm), then Ce (xenocrysts, 0.003 - 0.032 ppm;
alkali basalts, 0.004 - 0.035 ppm; basanites, 0.002 - 0.628 ppm), then Yb (xenocrysts 0.012 - 0.023
ppm; alkali basalts, 0.019 - 0.084 ppm; basanites 0.011 - 0.050 ppm), with Gd having the smallest
ranges (alkali basalts, 0.020 - 0.035 ppm; basanites, 0.021 - 0.044 ppm). However, the ranges for Gd
are less reliable since they are close to detection limit, and only have 8 values spread across three
classifications. La, and Ce are more concentrated in the high Fo olivines, and are restricted to lower
concentrations in the low Fo group (aside from a few La outliers in the low Fo group.) Yb has a small

range, but comparatively has lower concentrations in the high Fo group, than the low Fo group.
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Figure 3.15: Rare earth elements La, Ce, Gd, and Yb concentrations plotted against Fo concentration for
Buckland olivines.



Chapter 4

Discussion

This section separates plots into either EPMA data or LA-ICP-MS data, unless otherwise stated, and
avoids comparing data from the two measurements. Subtle differences are seen between each method,
for example EMPA mean for Ni is 2386 ppm, and Ca is 536 ppm, while LA-ICP-MS means for Ni is
2674 ppm, and Ca is 691 ppm. The LA-ICP-MS means is higher by 289 ppm for NI, and 155 ppm for
Ca. This is due to the often subtle differences in the spatial resolution of both measurements (Fritschle

et al., 2013), and is addressed in Chapter 1.

4.1 Petrogenesis of alkali basalts and basanites

The Mg# for whole rock data ranges from 60.31 to 65.56, Ni content is high (185-300 ppm), and
Cr content is low (110-289 ppm) suggesting these samples are primary melts. Although high Fo
olivines (Fosg7 5) are too high for the whole rock Mg#, they are entrained in, suggesting a large
proportion of high Fo mol. % olivine phenocrysts are xenocrysts, and do not match the xenocryst
criteria of Bussweiler et al. (2017). Figure 3.5c in the previous chapter shows a line profile of an
olivine phenocryst from sample 75115, which has a remarkably homogeneous core with a high Fogg
with a step-like trend, showing this is a phenocryst rim overprinting a xenocryst core. The line profile
suggests no significant diffusion has effected the site where the LA crater is for the LA-ICP-MS data,
satisfying the xenocryst data has not been significantly altered by diffusion. From a small dataset it
is hard to constrain correlations, but slight correlations between TiO, and MgO (Figure 3.2b), and
the slight correlation and tight clustering of P,Os5 and MgO (Figure 3.2i), suggest there is no early
crystallisation of apatite and Ti-Fe oxides during fractionation. There is no correlation in the Nb/Rb
and K/Rb (not shown), the large variation of LREE and large ion lithophile elements between samples
suggest there is a somewhat common source for all the magmas with subtle differences. However,
olivine phenocryst (Fo.g7 5) cores represent olivines which have formed in near-primary mantle melts,
or soon after fractionation processes occurred and are useful for distinguishing a source assemblage.
Also, similar depletions in the whole rock analysis, particularly K, P, Hf, and Ti are consistent across

all samples (excluding P for sample 75115, and Pb was not measured for samples 75115, 75116, and
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75119), which is likely due to similar mineral occurrences in the source assemblage, however the

variation in Pb suggests it is the result of fractionation processes (Figure 3.3).

4.2 Source assemblage indicators

4.2.1 Peridotite component

Peridotite is usually a component of a source assemblage, the amount of peridotite component is
hard to constrain without isotope data (Sobolev et al., 2005; Herzberg, 2011), however it is important
to identify a peridotite facies for the source assemblage (Veter et al., 2017). De Hoog et al. (2010)
and Bussweiler et al. (2017) both analysed olivine trace elements from different peridotite facies to
calibrate an Al-in-olivine-thermometer. A subsequent finding of these studies were neat outlines of
how to discriminate between xenocryst and phenocryst olivines. Using olivine xenocryst parameters
outlined by Bussweiler et al. (2017), and peridotite facies boundaries outlined by De Hoog et al.
(2010), Figure 4.1 shows xenocryst olivines plot as spinel lherzolites. There is a minor overlap in the
Sc vs. Zr plot to garnet-spinel peridotite facies, however, De Hoog et al. (2010) noted minor overlaps
between these boundaries, which are greater than the overlap present here. Bussweiler et al. (2017)
also used an Al vs. V bivariate plot to determine a peridotite facies from, but these two variables
together were particularly susceptible to metasomatic effects, and was not used for this reason. Olivine
trace elements determine the host peridotite to be a spinel lherzolite, so the Al-in-olivine-thermometer
could not be applied since it is only calibrated for garnet peridotites. A spinel lherzolite facies for
Buckland agrees with the findings from Skae (1998), and agrees with the current consensus that it
forms most of the sub-continental lithospheric mantle beneath eastern Australia (Griffin and O’Reilly,

1986; O’Reilly and Griffin, 1987; O’Reilly et al., 1997; Zhang and O’Reilly, 1997).

4.2.2 Non-peridotite components and their origin
Mantle metasomatic agent

Figure 3.3 shows a primitive mantle normalised trace element spider diagram of whole rock chemistry,
with notable depletions in Ti, Hf, P, Pb, and K. The Zr/Hf ratios of the Buckland alkali basalts and
basanites ranging for 50-57.9, with the alkali basalts both having Zr/Hf 50, and the basanites range
between 51.9-57.9, suggesting mantle heterogeneity in the source assemblage. High Zr/Hf ~ 36, and

elevated ratios (> 48) along with Ti/Eu depletions in continental intraplate basalts have been shown to
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Figure 4.1: Log Zr plotted against Sc, and Mn plotted against log Al. Sp = spinel; gt = garnet; per = peridotite; lhz
= lherzolite; and, hrz = harzbergite. Fields reproduced from De Hoog et al. (2010).

be associated with carbonatite metasomatism in the source assemblage (Dupuy et al., 1992; Rudnick,
1994). These could have formed from fractionation effects, but seem to be buffered similarly across
all samples suggesting carbonatite metasomatism effects in the source assemblage.

A common measure for low degree partial melts in the mantle is sinusoidal rare-earth element
patterns, which has been shown as a way carbonatite melts move through the sub-lithospheric mantle
(Navon and Stolper, 1987; Yaxley et al., 1991). Figure 3.13 shows the REE concentrations from
Buckland olivines, only La, Ce, Gd, and Yb were measured since most were assumed to be too low to
measure in olivine. Gd is mostly present below the detection limit, is assumed to be Gd>Yb, which
reflects normal partitioning trends of REE into olivine (Evans et al., 2008; Stead et al., 2017; Taura et al.,
1998). Light REE are much more incompatible than heavy REE in olivine (Stead et al., 2017; Taura
etal., 1998), however La and Ce both show spikes in concentration in high Fo> 88 greater than Gd and
Yb concentrations. La>Ce, but for some olivines Ce>La, and can be described as La>Ce>Yb>Gd or
Ce>La>Yb>Gd, which indicates sinusoidal patterns than have been related to chromatographic effects
from low degree partial melts (Navon and Stolper, 1987). The grouping of basanite and xenocrysts
was based on criteria from Bussweiler et al. (2017), however this can mischaracterise xenocrysts as
phenocrysts, especially if they have experienced chromatographic effects (Neumann et al., 2002), so
these phenocrysts are likely peridotite xenocrysts. Neumann et al. (2002) argued chromatographic
sinusoidal rare earth patterns in peridotite xenocysts are the result of a passing carbonatite melt, which
was entrained into the melt.

High Fo—> 87.5 olivines with sinusoidal patterns have low V/Sc indicating the metasomatic agent
was present in an oxidised environment (Figure 4.2). The Sc was chosen over Yb to compare to V
since Yb is systematically low in the basanites, which may indicate a past garnet signature (Figure

3.13), also Evans et al. (2008) showed that REE partitioning into olivine is greatly decreased in low
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silica content in a melt, which is expected for a carbonatite metasomatic agent. The V/Sc is low
across all groups, and low (V/Sc => 1) for the high Fo> 88 group, indicating an oxidised carbonatite

metasomatic agent, and for the peridotite xenoliths.
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Figure 4.2: Olivine V/Sc plotted against Fo. The arrow at the top show low V/Sc indicates an oxidised setting and
high V/Sc indicates a reduced setting. V/Sc data was acquired by LA-ICP-MS, and the Fo content was acquired
by EPMA.

Non-peridotite mineral indications

Whole rock K»O range is restricted (1.22-2.11), and high compared to other eastern Australia basalts
(Zhang and O’Reilly, 1997). Figure 3.5 shows an incompatible element variation diagram, and K
appears to show a depleted trough for all samples, which is likely buffered by mica (Tappe et al.,
2006). Trace elements in olivine have identified phlogopite in non-peridotite source assemblages that
have been affected by carbonatite metasomatism (Ammannati et al., 2016; Veter et al., 2017). But
phlogopite stability lies between 41 to 96 kbar (Kushiro et al., 1967), which is much deeper than
the 16-21 kbar estimates for basanite segregation in eastern Australia (Ewart, 1989). The Mn/Fe and
Ni/Mg in olivine is characteristic of phlogopite in the source (Figure 4.3), lending towards the idea
phlogopite may be stable at shallower depths (Kushiro et al., 1967). In Figure 4.3, the basanites plot
closer towards the red phlogopite star from (Veter et al., 2017), indicating they likely have higher

modal phlogopite in the source assemblage. Rosenthal et al. (2009) showed that in a non-peridotite
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mantle assemblage containing phlogopite may be stable at depths shallower than 100 km, and as
shallow as 70km, leading to the idea phlogopite may be stable in non-peridotite domains within the
Buckland source assemblage. If phlogopite is not stable in the Buckland source assemblage, there
is the possibility biotite is and gives a mica signature similar to phlogopite. Veter et al. (2017) also
suggested phlogopite associated with carbonatite metasomatism is rich in V and Sc, and could scatter
the V/Sc of some basanite, and alkali basalt olivines in Figure 4.2 towards a more reduced setting.
The V/Sc, and Ni/Mg, and Mn/Fe lend towards the idea of the source assemblage containing high

mica, likely a glimmerite.
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Figure 4.3: Mn/Fe plotted against Ni/Mg to discriminate between peridotite, pyroxenite, and phlogopite source
components. The legend for Figure 4.3a can be found on Figure 4.2. Figure 4.3b shares the same shapes as 4.2 and
4.3a, but the shades of blue indicate Fo, ranging from Fog; 33_73 .27 light blue high Fo and dark blue indicates low
Fo. The legend shown is for Figure 4.3c. Mg and Fe, for all plots are EPMA data, Ni and Mn on Figure 4.3a and b
are LA-ICP-MS data, and Figure 4.3 Ni and Mn are EPMA data. The purple fields are pyroxenite, the green fields
are peridotite from Foley et al. (2013) and Veter et al. (2017). The red star is the average of phlogopite xenocrysts
from Mediterranean lamproites from Veter et al. (2017). Fractionation affects Ni/Mg, so the black arrow in Figure
4.3b indicates low Fo olivine would be higher without fractionation effects. The Buckland olivines xenocryst plot
just outside the peridotite field, in a similar location to Hawaii. The Buckland alkali basalts, and basanites plot
from a depleted peridotite to towards the phlogopite red star, however basanites are closer to the star than the
alkali basalts, possibly indicating they have higher phlogopite content. The Ni/Mg trend is high for the Buckland
olivines, and moves towards the pyroxenite field, this likely indicates a pyroxene component. Hawaii, and MORB
from Sobolev et al. (2007), Ol inclusions in diamond from Sobolev et al. (2009), OIB from Neumann et al.
(1999), Kimberlite from , and Lamproite and Olivine meliltite data from Ammannati et al. (2016).

Li is enriched in the crust (30 + 3.6 ppm) compared to the mantle (~1.5 ppm) (McDonough and
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Sun, 1995), with typical peridotite mantle derived olivines containing between 1-2 ppm, pyroxenites
up to 3 ppm, and elevated Li in olivine associated with metasomatism (Seitz and Woodland, 2000).
Li in Buckland basalts range from 1.63 to 6.46 ppm with Li up to 6.46 ppm in both the alkali basalts
and basanites, which overlaps, and significantly exceeds, mantle values (Figure 3.9 in the previous
chapter). Post collisional lamproites, from the western Mediterranean olivines have concentrations
of Li up to 45 ppm, which was correlated to continental material from whole rock Sr and Li isotope
signatures (Prelevié et al., 2013; Ammannati et al., 2016). Jaques and Foley (2018) noted, enriched Li
in the western Mediterranean is likely preserved since the sources were imbricated together at shallow
depths, avoiding interactions with fluids which may have carried Li away. Jaques and Foley (2018)
also argued that low Li (~5 ppm; low only compared to the post collisional lamproites that contain
Li up to 45 ppm, but still well above the mantle average of 1 —2 ppm) Li enrichment in olivine was
likely higher in the past, and it either diffused back into other mantle domains, or was carried away by
passing fluids. However, in the West Kimberley Jaques and Foley (2018) did not able to correlated Pb
isotope signatures with continental material. Skae (1998) preformed Pb isotope analysis on basanites
from Buckland and reported an HIMU-like arc signature, and elevated Sm and Nd isotope signatures
in the alkali basalts, which could be the result of an interaction with a crustal component. It may be
possible Li was more concentrated up to 20-30 ppm in the past from subducted continental material
and diffused back into the mantle, leaving behind elevated Li concentrations in the source assemblage
much lower than those found in the Mediterranean, but still elevated well above mantle values. Figure
4.4 shows Li plotted against Ti and Zn with phlogopite trends from Foley et al. (2013), this figure may
indicate that possible continental material has produced mica, possibly biotite or phlogopite agreeing
with the V/Sc, Ni/Mg, and Mn/Fe signatures for a glimmerite.

Some elements have partitioning behaviours into olivine that vary with pressure, making it possible
for relative pressure estimates between the basanites and alkali basalts. However, some olivines found
in the basanites contain low Fo mol. Y% consistent with the whole rock Mg#, but show minor and
trace element signature that significantly overlap with the xenocryst group (Figure 3.12), and are
not consistent with elements that have pressure sensitive partitioning behaviours in olivine. Elements
known to have high pressure sensitivity partition behaviour include Ca, Na, Cr, V, Sc, Al, Y, and Ti ((see
element vs. Fo mol. % bivariate plots in the previous chapter) Brey and Kohler, 1990; O’Reilly et al.,
1997; Taura et al., 1998; Beattie et al., 1991). Brey and Kohler (1990) shows lower concentrations
of Ca at higher pressures, Taura et al. (1998) shows Na and Al also decrease concentrations with

increased pressure. These elements indicated the basanites formed deeper than the alklai basalts, and
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Figure 4.4: Li and Zn, and Li and Ti plotted against each other. The grey band covers peridotite and pyroxentite Li
mantle concentrations. All data is from LA-ICP-MS. The alkali basalts, basanites, and xenocrysts are from this
study, while lamproite and leucitite data is from (Ammannati et al., 2016), and olivine melilities is from Day et al.
(2014). If Li concentrations have diffused back into the mantle, there may be a similar trend to phlogopite from
(Foley, 1992), at shallower depths this could be biotite in peridotite, or phlogopite/biotite in non-peridotite
domians.

agrees with past literature (Ewart, 1989; Foley, 1992). Melt infiltration, driving metasomatism, may
lower the Mg# of a domain within the lithospheric mantle, which is correlated to lower Fo olivines
(Palme and O’Neill, 2014). Due to the depleted nature of this group of olivines, it is possible they are
residual xenocrysts of a metasomatised lithospheric mantle domain.

Low Fo olivines show higher concentrations of elements that favour low pressure conditions,
indicating they crystallised in a magma chamber closer to the surface (De Hoog et al., 2010; Taura
et al., 1998). Particularly, low Fo olivines show high Ni in both alkali basalts and basanite groups.
High Ni has been associated with pyroxenite in the source assemblage (Sobolev et al., 2005, 2007),
however, these Ni concentrations at lower Fo are similar to mixing trends between pyroxenite and
peridotite components calculated by Straub et al. (2008), and unrealistically high for mixing between
two peridotite end-members (Figure 4.5; Herzberg et al., 2016). Yaxley et al. (1991) showed that
an infiltrating carbonatite melt would react with the surrounding peridotite wall rock consuming
orthopyroxene and spinel, and crystallising clinopyroxene with secondary reactions producing minor
orthopyroxene and apatite (Yaxley etal., 1991). Experiments by Wallace and Green (1988) equilibrated
a carbonatite melt in a amphibole lherzolite at 21-30 kbar, which is unrealistically high for the
segregation depth of Buckland basanites that are estimated to be 16-21 kbar for eastern Australia
basanites (Ewart et al., 1988), resulting in the melt reacting with the spinel lherzolite wall rock
similarly to how Yaxley et al. (1991) outlined. Figure 4.3 shows 100Ni/Mg plotted with 100Mn/Fe,
the olivine grains also trend towards the phlogopite star from Veter et al. (2017), however the Ni/Mg

number is elevated slightly offsetting it towards the pyroxenite fields from higher Ni concentrations,
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driven by high modal pyroxene, and low modal olivine in the source assemblage, but mica retains the
highest modal proportion (Sobolev et al., 2005, 2007; Herzberg, 2011).

Garnet is stable in pyroxene rich mantle xenoliths from eastern Australia at shallower depths than
peridotite, driving a shallower garnet-spinel transition for pyroxenites in eastern Australia, estimated
to be ~12 kbar (Griffin et al., 1987). So lower Yb in basanites may indicate a greater garnet signature
from non-peridotite pyroxene-mica veins, than in the alkali basalts.

Apatite is also a known metasomatic mineral, and has been reported in mantle xenoliths throughout
eastern Australia (O’ Reilly, 1987; O’Reilly and Griffin, 2000). The formation disseminated, and
veined apatite has been associated with metasomatism in the lithospheric mantle by both silica and
carbonatite metasomatic agents with a hydrous component (Ionov and Hofmann, 1995). An apatite
signature can been seen in the whole rock Sr enrichment and P trough (Figure 3.3), and in the
elevated P,Os5 (0.37-1.73 wt. %), which is marginally higher than P,O5 content found in Dubbo,
which identified apatite in the source assemblage (Zhang and O’Reilly, 1997). The U depletion
seen in Figure 3.3 may also a result of apatite or possibly zircon in the source assemblage, however
apatite is favoured here since it has been documented in other eastern Australian intraplate provinces
unlike zircon (O’Reilly and Griffin, 2000; Ionov and Hofmann, 1995; Prowatke and Klemme, 2006).
Metasomatic apatite is capable of sequestering CO, and H,O, which may provide a mechanism to
sequester the volatiles noted by Skae (1998) in primitive Buckland basanites (O’Reilly and Griffin,
2000). But, currently there are no useful olivine minor or trace element indicators for apatite, but there
are promising signs for high Ce/La ratios. High Ce/La ratios are present in both high (Fo.g7 5) and
low Fo olivines (Fo.g7 5) from Buckland. But, at the time of writing there is no way of discriminating
whether they are apatite indicators, or from some other process. Other potential indicators are P and
Sr, however these elements are also enriched in other peridotite and non-peridotite mantle minerals,

and are affected from fluid infiltration and depletion (Batanova et al., 2015).

The scale dilemma

The minerals in a non-peridotite veined component of a source assemblage have lower solidi than
the peridotite wall components, so the scale of a partial melting event, along with the scale of a
metasomatic event is important since the non-peridotite veined material will enter a primary melt
before peridotite wall material (Foley, 1992). Small degrees of partial melting will preferentially
incorporate the non-peridotite component, whereas higher degrees of partial melting will incorporate

more peridotite wall material. Vice versa, if there is a large scale of mantle metasomatism percolating
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Figure 4.5: Ni plotted against Fo concentrations in olivine. Ni is from LA-ICP-MS and Fo data is from EPMA.
The purple field is where olivines in a primary melt from a pyroxenite source would crystallised, while the green
field represents olivine is a primary melt from a peridotite source. The small black arrows indicate where olivines
would crystallised depending on the degree of depletion in the source. The purple and green lines show
fractionation pathways for olivines between 0 and 20% depetion in the pyroxenite (purple), and peridotite (green).
The blue line shows a mixing trend between the peridotites and pyroxenites. The source fields, fractionation
pathways, and mixing lines are from Straub et al. (2008). The alkali basalts, basanites, and xenocrysts are from
this study, while lamproite and leucitite data is from (Ammannati et al., 2016), and olivine melilities is from Day
et al. (2014). High Fo olivines from xenocrysts and basanites plot in the peridotite field. Fo,gg has a flat
fractionation line, which follows the mixing trend from Straub et al. (2008), and likely is from the involvement of
pyroxene in non-peridotite veins, and peridotite wall rock melting together.

through a peridotite there will be more veined non-peridotite material with depth. This study does not
perform any geothermometry or geobarometry on the samples, however elements which are substituted
into olivine favourably at higher pressures indicate that some olivines crystallised in a melt at greater
depth, likely the carbonatite metasomatic agent. However, they also suggest the basanites segregated at
greater depth than the alkali basalts. The Yb in basanites is also lower, which also may indicate garnet
in the non-peridotite domains of the source, whereas this may have tranistioned to spinel at shallower
depth in the alkali basalts. Higher Ni and higher Mn/Fe indicates the basanite source assemblage
has higher proportions of pyroxene and mica in the source assemblage, likely a result of more vein

material with depth.



Chapter 5

Conclusions

5.1 Source assemblage model for Buckland Volcanic Province

Whole rock and olivine chemistry data present here suggests the source assemblage Buckland Volcanic
Province is a spinel lherzolite veined by varying amounts of olivine-clinopyroxene-glimmerite +
apatite. The non-peridotite component to the source assemblage was emplaced by an oxidised
carbonatite metasomatic agent that formed underneath cratonic Australia. The carbonatite melt brought
up phlogopite and fractionated during its accent, which produced olivine with high concentrations of
pressure dependant elements and stabilised phlogopite. At ~20 kbar the carbonatite metasomatism
reacted with the spinel lherzolite wall material producing veins of olivine-clinopyroxene-glimmerite +
apatite (Figure 5.1). During hot-spot induced melting the basanites were produced and segregated first,
followed by the alkali basalts. The deeper basanites have a higher proportion of vein material compared
to wall spinel lherzolite than the alkali basalts, resulting in the basanites retaining a more significant
phlogopite/mica, and pyroxene signature than the alkali basalts. The olivine peridotite xenocrysts
with sinusoidal REE patterns could have been entrained either as the carbonatite metasomatic agent

rose, or as the basanite or alkai basalt melt rose to the surface.

5.2 Future directions

Analysing olivine minor and trace elements for source assemblage identification is a relatively new,
and rapidly changing field, that needs further development. More experiments, like those of Forster
et al. (2018) which combine peridotite and non-peridotite components are essential to better constrain
partitioning behaviours of elements able to identify source components. More robust identification
of peridotite xenocrysts is needed, especially since assemblages are heterogeneous between peridotite
and non-peridotite components. Establishing protocols for olivine to routinely identify minor and
trace isotopic signatures (Tanimizu et al., 2013), interference free trace and ultra trace element
concentrations in situ with tandem quadrupole LA-ICP-MS/MS (Balcaen et al., 2015), and further

development of protocols which allow for better comparisons between LA-ICP-MS and EMPA data.
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Figure 5.1: Schematic cross section of the lithosphere and upper aesthenosphere underneath Buckland Volcanic
Province. Moho depth is based on Kennett et al. (2011), and LAB is based on data from Davies et al. (2015). Dark green
area represents where a carbonatite metasomatic agent has reacted with spinel-peridotite forming the glimmerite veining,
with the dark shading representing higher vein to wall rock ratios.
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Appendix

On the following pages the standards used for LA-ICP-MS, XRF, and Solution ICP-MS analysis are
compared with GeoRem preferred values (http://georem.mpch-mainz.gwdg.de/start.asp?dataversion=

current).


http://georem.mpch-mainz.gwdg.de/start.asp?dataversion=current
http://georem.mpch-mainz.gwdg.de/start.asp?dataversion=current
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Appendix

Table 1: LA-ICP-MS data for NIST612 and BCR-2G compared to GeoRem preferred values. Used for acquiring olivine trace element concentrations.

Sample LA-ICP-MS
Lithology NIST612 GeoRem BCR-2G GeoRem
n=29 lo lo n=29 lo lo
Li (ppm) 40.5 14 402 1.3 9.0 0.2 9 1
Al O3 203 004 203 004 134 0.3 134 0.4
p* 46.6 25 466 69 037 001 037 0.01
v 39.0 09 388 1.2 426 8 425 18
Cr 36.5 05 364 1.5 17 0.4 17 2
Mn 38.8 06 387 09 1551 19.2 1550 70
Co 35.6 04 355 1 38 0.5 38 2
Cu 37.8 08 378 1.5 21 0.6 21 5
Zn 39.5 1.8 39.1 1.7 125 3.1 125 5
Ga 36.9 04 369 1.5 23 1.7 23 0.1
Sr 78.7 1.7 784 02 342 7.6 342 4
Y 38.4 09 388 1.4 35.0 1.2 35 3
Zr 383 37 379 1.2 184 5.8 184 15
Nb 39.1 08 389 21 12.5 0.3 12.5 1
Ba 39.5 1.1 393 09 684 157 683 7
La 36.2 0.9 36 0.7 24.7 0.7 24.7 0.3
Ce 38.6 09 384 07 53.4 1.2 53.3 0.5
Gd 375 09 373 09 6.72 0.2 6.71  0.07
Yb 39.3 09 392 09 34 0.1 339  0.03
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Table 2: XRF, and solution ICP-MA data for BHVO-2 compared to GeoRem preferred values. Used for acquiring whole rock chemistry concentrations.

Sample XRF Soltuion ICP-MS
Lithology BHVO-2 GeoRem BHVO-2 GeoRem
n=10 +20 lo n=3 lo lo
Si0; (wt.%)  49.9 0.13 49.3 0.1
TiO, 2.75 0.01 2.79 0.02
Al O3 13.71 0.08 13.6 0.1
FeOyot 1248  0.01 11.3 0.1
MnO 0.18  0.001  0.17 0.03
MgO 7.34 0.03 3599  0.02
CaO 11.53  0.01 7.13  0.075
Na,O 2.27 0.02 2.4 0.1
K,O 0.51 0.01 0.51 0.02
P,05 0.28 0.01 0.29 0.02
Li (ppm) 4.5 0.05 44 0.8
Be 1.5 0.01 1.3 0.2
Sc 35.2 0.5 33 2
Ti 17722 296 16300 900
\% 327 6.24 308 19
Cr 240 3.56 293 12
Mn* 0.17 0.002 0.17 0.03
Co 454 1 44 2
Ni 1335 4 116 7
Cu 157.4 2 127 11
Zn 105.9 1 102 6
Ga 21 0.4 22 3
Rb 9.3 0.14 9.2 0.04
Sr 381 2 396 1
Y 27 0.26 26 2
Zr 175 2 170 7
Nb 18.4 0.2 18.3 0.8
Mo 3.6 0.1 3.8 0.2
Cd 0.1 0.001 0.1 0.01
Cs 0.1 0.001 0.1 0.02
Ba 126 3 131 2
La 14.8 0.28 15.2 0.2
Ce 35.4 0.61 37.6 0.2
Pr 5.0 0.04 5.35 0.22
Nd 229 0.07 24.5 0.2
Sm 5.8 0.01 6.1 0.03
Eu 1.9 0.01 2.07 0.01
Tb 0.9 0.01 0.92 0.04
Gd 59 0.02 6.16 0.05
Dy 4.9 0.04 5.28 0.05
Ho 0.9 0.01 0.98 0.04
Er 2.4 0.04 2.56 0.02
Yb 1.8 0.01 2.01 0.02
Lu 0.3 0.001  0.279  0.003
Hf 39 0.04 4.32 0.18
Ta 1.0 0.01 1.15 0.1
Th 1.1 0.02 1.22 0.05

8] 0.4 0.01 0.403  0.003
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