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I. Abstract  
 

Many gaps in the understanding of the Martian regolith still exist. A full 

understanding of the history of the Martian climate and geology is important for our 

understanding of the history of the solar system and the evolution of planetary bodies 

and atmospheres. Two future missions to Mars will send Raman spectrometers to the 

surface of Mars in a search for biosignatures, signs of life and important minerals 

which indicate long term liquid water on the surface of the planet.  

A Raman library has been compiled to complement and add to existing 

libraries; this library has subsequently been tested against Mars analogue materials: 

Icelandic tephra and three Australian meteorites. The minerals of these samples were 

also analysed to understand their original magmatic composition and potential 

metamorphism using Raman spectroscopy and other established techniques. This 

library further illustrated the difficulty of obtaining some mineral spectra (clays) that 

are important to the search for hydrated minerals. Testing of the library reinforced the 

strength of Raman spectroscopy in identifying constituent minerals of rocks and 

further inferring their chemistry and metamorphic history. The results of this study 

further illustrated the need for a dual nature to any in-situ research using Raman 

spectroscopy. The Raman spectrometer was able to detect some minerals that other 

techniques did not isolate, but the known fluorescence issues created problems when 

analysing some important minerals. Therefore, it is essential to pair Raman 

spectroscopy with other techniques such as infrared spectroscopy.  

Analysis of our meteorite samples indicated that two of the samples originated 

from a different melt to the other and inferred a different temperature of formation. 

This knowledge is essential to the understanding of the formation history of the 

meteorite parent body. We can now constrain the temperature of formation of these 

meteorites and further work will focus on ascertaining the age of these meteorites 

through study of the baddeleyite grains found in the Binda meteorite.  
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1 General Introduction  

1.1 Rationale for this thesis and background 
Basalts and other volcanic rocks (though in minor proportions) form significant 

parts of the crust of: the terrestrial planets (Mercury, Venus, Earth and Mars), the 

Moon, and of several classes of asteroids from which most of the meteorites found and 

collected on the surface of our planet are derived. A very important aspect of 

comparative planetology involves the comparison of basaltic compositions of samples 

from all these planetary bodies with those on Earth. The principal objective of this 

thesis was a detailed characterisation of minerals found in samples of basaltic and 

volcanic rocks from Earth and a specific class of basaltic asteroids, using both routine 

and new analytical techniques that will be deployed to study the in-situ mineral 

composition of Mars. This project thus aimed to: (a) add to the existing (and growing) 

library of Raman mineral spectra; (b) evaluate and discuss the mineral spectra 

obtained, in the context of the rocks from which the minerals were extracted and 

analysed; (c) provide constraints for the interpretation of future Martian data acquired 

in-situ.  

Two missions are scheduled to land robotic laboratories on Mars in 2020: the 

ESA-Roscosmos ExoMars mission, and the NASA Mars 2020 landing mission. Both 

will carry analytical laboratories which will include Raman spectrometers, as well as 

other instruments (Bazalgette Courrèges-Lacoste, Ahlers & Pérez 2007; Beegle et al. 

2014; Beegle et al. 2016; Bost et al. 2013; Brown 2014; Edwards, Hutchinson & Ingley 

2012; Jehlička, Edwards & Vítek 2009; Rull et al. 2010; Rull Perez & Martínez-Frías 

2006). Fundamental to the success of both missions is the availability of a library of 

reference mineral spectra against which the data acquired by the mission instruments 

can be interpreted. Primary and secondary minerals in basalts and other volcanic rocks 

are particularly important as reference material, given: (a) the surface of Mars is 

entirely covered by basalts; (b) alteration products of basalts have been detected; (c) 

these products and their specific chemistry will provide information on their conditions 

of formation.  

Raman studies of geologically relevant minerals have been undertaken for 

some time. These include, but are not limited, to studies of amphiboles (Apopei & 
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Buzgar 2010; Apopei, Buzgar & Buzatu 2011; Makreski, Jovanovski & Gajović 2006), 

feldspars (Freeman et al. 2008; Harris et al. 1989; Heymann & Hörz 1990; Krbetschek 

et al. 2002; Mernagh 1991; Velde et al. 1989), phyllosilicates (Bishop et al. 2008; Frost 

1997; Frost, Fredericks & Bartlett 1993; Frost & Kloprogge 2000; Frost, Thu Ha & 

Kristof 1997; Jephcoat, Kleppe & Welch 2003; Kloprogge & Frost 2000; Rinaudo et 

al. 2004; Tlili, Smith & Beny 1989; Wang, Freeman & Kuebler 2002), pyroxenes 

(Buzatu & Buzgar 2010; Huang et al. 2000; Wang et al. 2001), olivines (Kolesov & 

Geiger 2004) and zeolites (Goryainov & Belitsky 1995; Kolesov & Geiger 2006; 

Mozgawa 2001; Pechar & Rykl 1983). For the most part these studies have been aimed 

at the characterisation of single minerals and the relation of spectra to crystal structure 

and chemistry, although some of these studies have also considered the implications 

of such data in relation to the interpretation of Raman and other data collected on the 

surface of Mars.  

This thesis adds to existing database of Raman spectra and undertakes 

complementary studies of Icelandic rocks and meteorites to add context to the 

interpretation of future Martian mission data.  

1.2 Basalts, primary and secondary mineralogies, and analytical 

methods 
Basalts are volcanic rocks characterised by 45-55 wt% SiO2 content, formed 

by crystallisation of magmas erupting onto the planetary surface. On Earth, basaltic 

magmas originate from partial melting of mantle peridotite. Depending on the depth 

of formation of the melts, and the tectonic settings in which the magmas reach the 

surface and erupt, their trace element contents and the isotopic ratios of radiogenic 

(e.g., Nd, Rb, U) and stable elements (e.g., O) forming the rock minerals vary, and can 

be interpreted to infer the origin of the basalts. Based on these geochemical 

characteristics, basalts are commonly subdivided into three major groups defined by 

the most representative tectonic setting of each group: mid-ocean ridge basalts 

(MORB), ocean island basalts (OIB), island or continental arc basalts. MORB-like 

basalts have low concentrations of rare earth elements (REE) and other trace elements. 

These compositions arise from partial melting of the upper mantle; OIB-like basalts 

are enriched in REE and other trace elements, and their compositions are indicative of 

deeper mantle; island or continental arc basalts comprise MORB-like basalts and calc-
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alkaline basalts, with geochemical characteristics intermediate between MORB and 

OIB. By determining the compositions of ancient basalts we can infer the tectonic 

setting in which they emplaced.  

The principal primary (magmatic) minerals in basalts are: Ca-rich plagioclase 

[CaAl2Si2O8] and Ca-pyroxene [Ca(Mg,Fe)Si2O6]. Other common primary minerals 

are: olivine [(Mg,Fe)2SiO4], orthopyroxene [(Mg,Fe)SiO3], accessory minerals, such 

as Fe and Ti oxides. These minerals crystallise from the magmas at ranges of 

temperatures and pressures much higher than standard P and T conditions of the 

surface environments. These minerals are therefore thermodynamically unstable at 

surface conditions. Thus, chemical reactions in aqueous environments, or changing P 

and T conditions during burial or metamorphism, cause structural and chemical 

changes of the magmatic rocks and minerals. New minerals (secondary) are formed, 

being stable at the physical and chemical conditions of surface environments. Typical 

metamorphic mineral assemblages of basalts are shown in the P-T diagram of Figure 

1 and reported in Table 1. 

Figure 1 shows how basaltic mineralogies change over different temperature 

and pressure regimes and the different primary systems where these conditions are 

found (Ernst 1993). This type of diagram is defined a “petrogenetic grid”, because it 

links the specific ranges of P-T stability of metamorphic mineral assemblages to the 

chemical reactions that produce typical mineralogies. Assemblages of metamorphic 

minerals can thus be interpreted to reconstruct the post-magmatic history of basalts 

and shed light on how surface planetary environments have evolved. 
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Figure 1 - Petrogenetic grid for metamorphism of basaltic rocks assuming an intermediate oxidation state 
and an aqueous fluid (Figure after Ernst 1993). Numbers indicating P-T ranges of facies as in Table 1. 
The facies are named after the most characteristic mineral of the metamorphic assemblage (zeolite, 
prehnite-pumpellyite), or by rock type (e.g., amphibolite). Dashed lines represent the gradients of 
pressure and temperature of typical tectonic settings. 
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Table 1 – The ten major metamorphic facies of basalt and their minerals (modified after Duff 1993) 
numbers indicate the P-T fields of each facies represented in the petrogenetic grid of Figure 1 

Facies Mineral assemblage Metamorphic conditions 

Greenschist (5) 

Actinolite 

Low grade metamorphism 
Albite 

Epidote 

Chlorite 

Amphibolite (7) 
Hornblende High to middle grade 

metamorphism Plagioclase (high Ca) 

Albite-epidote 
amphibolite (6) 

Hornblende 

Intermediate Greenschist 
and Amphibolite facies 

Albite 

Epidote 

May contain Chlorite 

Pyroxene hornfels 

Clinopyroxene 

High grade metamorphism Orthopyroxene 

Plagioclase  

Sanidinite 

Clinopyroxene 
Very high grade 
metamorphism 

Orthopyroxene 

Plagioclase  

Zeolite (1) Zeolites 
Low grade burial 
metamorphism 

Prehnite-pumpellyite (2) 

Prehnite 

Low grade often high 
pressure 

Pumpellyite 

Chlorite 

Albite 

Granulite (8) 

Clinopyroxene 

Typically high grade Orthopyroxene 

Plagioclase  

Glaucophane schist 

Glaucophane 

Low temp/high pres. Garnet 

Epidote or lawsonite 

Eclogite (4) 
Clinopyroxene High temp/high pres. 

Similar to conditions in 
mantle Garnet 

 

1.3  Basalts and secondary mineral distribution on Mars 
The presence of basalts on Mars was first inferred by visible/near infrared 

spectroscopic data from the ISM instrument aboard Phobos-II (Mustard et al. 1997) 

and was subsequently supported by Thermal Emission Spectrometer (TES) data on 

board Mars Global Surveyor (MGS) (Bandfield, Hamilton & Christensen 2000; 
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Christensen et al. 2000), and other studies (McSween et al. 2004; McSween, Grove & 

Wyatt 2003; McSween, Taylor & Wyatt 2009). 

 

Figure 2 - Distribution of Surface Type 1 and Surface Type 2: red indicates higher concentrations and 
blue indicates lower concentrations of the surface types (Bandfield et al. 2000). 
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The Martian surface is distinguished by an older, highly cratered surface in the 

south and a smoother, younger surface to the north which is covered in many places in 

thick dust. The boundary between these two surfaces is called the dichotomy scarp.  

Initial interpretations of the TES data defined two major lithologies mostly 

bounded by the dichotomy scarp: “Surface Type 1” and “Surface Type 2” (Bandfield, 

Hamilton & Christensen 2000), in the southern and northern hemispheres, respectively 

seen in Figure 2. The first lithology was recognised to be basalt. Of more difficult 

interpretation was the second lithology (in the northern hemisphere) which, eventually, 

has been recognised to be basalt with evidence of chemical weathering (McSween, 

Taylor & Wyatt 2009).  

Mineralogical evidence acquired by the OMEGA and CRISM instruments on 

Mars (Bibring et al. 2006; Mustard et al. 2008; Poulet et al. 2005) has identified the 

presence of hydrated minerals (Carter et al. 2013; Ehlmann et al. 2009; Viviano, 

Moersch & McSween 2013), such as phyllosilicates, in bedrock exposures across the 

planet (Ehlmann et al. 2011) and in sedimentary sequences.  

Fine grained dust on Mars shows evidence of the presence of zeolites and 

carbonates which implies the widespread production of secondary minerals on the 

surface of Mars (Wyatt & McSween 2006). Widespread occurrences (Figure 3) of 

Fe/Mg smectites indicate the existence of low-grade metamorphism and alteration of 

basaltic crust (Ehlmann et al. 2009; Mustard et al. 2008). 

 

Figure 3 - Clay mineral distribution and diversity grouped according to their geological settings (Ehlmann 
et al. 2011). Open diamonds represent CRISM images with no clay detection and filled diamonds 
represent detections of clay minerals. 
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Figure 3 shows the diversity and distribution of clay minerals found on Mars 

(Ehlmann et al. 2011; Ehlmann et al. 2009). The distributions clearly show that the 

majority of clay crustal deposits are mostly found in the southern highlands whereas 

the clays found in stratigraphies and sedimentary clays are mostly exposed along the 

dichotomy scarp. This points to the progressive alteration of clay materials within the 

Martian crust, as the different exposures may represent clay alteration over time. 

Hence, Bibring et al. (2006), informally proposed a new chronological scale for Mars, 

based on the presence of hydrated minerals: the Phyllosian period (the most ancient 4-

4.5 Gya), characterised by conditions conducive to the formation of clays, suggesting 

warmer and wetter climates; the Theiikian period (4-3.5 Gya) characterised by 

conditions conducive to the formation of sulphates; the Siderikian (3.5 Gya to present), 

marked by the presence of Fe oxides (arid conditions). This chronological scale was 

introduced to link composition with formation conditions and thus to the environments 

present on Mars at that time. This is novel as no chronological scale on Earth is based 

on composition. The current most accepted chronological scale for Mars is based on 

postulated age and geologic history of the surface through crater chronology 

(Hartmann & Neukum 2001; Neukum & Hiller 1981).  A comparison of the two 

chronological scales is detailed in Figure 4. 

 

Figure 4 - Comparison of chronologies of Mars developed using crater chronology and mineral 
assemblages. 

The crater chronology scale is based upon crater densities which give an idea 

of the age of the surface and the geological features present in these age groups 

(Hartmann & Neukum 2001; Neukum & Hiller 1981). These periods consist of the 

Pre-Noachian which represents the time post formation till the formation of the Hellas 
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Basin (4.5-4.1 Gya). The Noachian (4.1-3.7 Gya) exhibits heavily cratered terrains and 

extensive evidence for long term activity of water on the surface of the planet through 

widespread river channels and possible ocean features (Baker 2001; McKay & Davis 

1991; Rickman et al. 2018). The Noachian period is often referred to as the “warm and 

wet” period in Mars history where liquid water was present on the surface for long 

periods. The Hesperian (3.7-3 Gya), dominated by volcanic activity and large lava 

plains is considered the transitional period between the relatively warm/wet Noachian 

period and the cold/dry Amazonian. The most recent period, the Amazonian (3 Gya to 

present) is varied and exhibits cratering, evidence of outflow channels and lava flows 

(Hartmann & Neukum 2001; Neukum & Hiller 1981).  

Compositionally the clays found on Mars are Fe/Mg rich, consistent with 

phyllosilicates produced during secondary processes of alteration of basalts in water-

poor environments (Figure 5). These secondary minerals are similar to those found in 

east Australian basalts.  

 

Figure 5 - Compositional ternary diagram depicting chemical and mineral changes caused by aqueous 
alteration of basalts (Ehlmann et al. 2011). Open squares represent the stoichiometry of pure clay mineral 
phases. The position of terrestrial basalts is shown, and the arrows indicate path of alteration in 
conditions of high water/rock ratios (dark purple colour area) or low water/rock ratios (green, red and 
yellow areas). Open triangles represent chemical compositions of martian clays. These compositions are 
characteristic of low water/rock ratios. 
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There have been many different formation models for the secondary minerals 

on Mars. These include hydrothermal activity, acidic weathering and aqueous activity 

(weathering). The presence of Fe/Mg smectites with chlorite and prehnite suggests 

anoxic, alkaline and high-pH environments which led to the conclusion that many of 

the mineral assemblages observed on Mars formed in hydrothermal environments 

(Ehlmann et al. 2011; Viviano, Moersch & McSween 2013). The chlorite-illite 

assemblages identified are typical products of low-grade metamorphism or of 

hydrothermal activity (Ehlmann et al. 2011; Viviano, Moersch & McSween 2013). 

Using Earth analogues from the Pilbara region of Western Australia, Brown et al. 

(2010) interpreted the clay-carbonate assemblages in the Nili Fossae region of Mars 

as evidence of a hydrothermal system. Suggested mechanisms for the crystallisation 

of smectites include diagenesis of sediments following rock erosion and subsequent 

runoff into sedimentary basins, or open system alteration by surface flowing water 

(Ehlmann et al. 2011).  

1.4 Overview of analytical techniques employed in the study of 

basalts and minerals 
The mineralogical composition of basaltic rocks is usually routinely examined 

at various scales, these include: outcrop (field work, sample collection, sample 

mapping); meso-scale (or hand-specimen) observing mm-scale crystals; microscopic 

scale, involving observation of thin sections using a transmitted light microscope, or 

of polished sections using a reflected light microscope. More sophisticated methods 

are used to determine the specific crystal structure and major and minor element 

composition of the minerals. Among these methods are: X-ray diffraction (XRD); 

scanning electron microscopy (SEM); electron probe microanalysis (EPMA). Routine 

bulk major and minor chemical compositions of whole basalts (whole rock analysis) 

are carried out by X-ray fluorescence (XRF) of powdered rock samples. Induction 

neutron activation analysis (INAA) conducted on powdered samples after irradiation, 

an effective method to determine the abundance of trace and REE. Isotope dilution and 

measurements of isotopic ratios can be carried out on small fractions of minerals and 

rocks, but require preliminary extraction of the elements of interest by laborious 

chemical procedures performed in clean labs to prevent contamination by dust or other 

materials. All these routine methods require large initial quantities of rocks and 
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extraction by hand-picking or using other physical procedures (e.g., heavy liquids, 

Frantz magnetic separation) to separate sizeable quantities of minerals for analysis. 

Secondary minerals are often too fine grained to be extracted using standard methods, 

and their abundances in the parent minerals may be negligible. Yet, these minerals 

provide the best record of changes to which the primary magmatic minerals have been 

subjected in the physical environment. It is therefore important to try and specifically 

identify secondary minerals.  

As a result, spectroscopic methods are increasingly being applied to mineral 

analysis. These methods provide information about local mineral structure: site 

symmetry, coordination number, local chemical and crystallographic environment 

(Putnis 1992). The advantage of spectroscopic methods is that they do not require large 

crystal samples, which are almost impossible to find in natural rocks, especially when 

searching for secondary minerals. Although there are many different spectroscopic 

methods, they work on the same basic principle: absorption or emission of radiation 

following changes in the atomic or molecular energy level of a material. Spectroscopic 

techniques are at the experimental core of this project. Among these, Raman 

spectroscopy is especially important.  

1.4.1 Vibrational Spectroscopy  
For many years since its discovery by Sir Chandraesekhra Venkata Raman in 

1928, the Raman effect has been studied and improved as technology has enhanced 

our ability to detect Raman scattering (Ferraro, Nakamoto & Brown 2003; Raman & 

Krishnan 1928). Raman spectroscopy has been used in many fields including (but not 

limited to): archaeology (Daher et al. 2013), history (Vila & Centeno 2013), forensics, 

medicine, pharmacology and palaeontology (Schopf et al. 2002). The use of Raman 

spectroscopy is widespread as it allows the chemical analysis of almost all materials 

in many media including gases, liquids and solids. This variety of forms makes Raman 

spectroscopy incredibly versatile and very relevant for the analysis of geological 

materials including of minerals in situ. As there is very little to no sample preparation 

required (Brody et al. 1999), and is a non-destructive technique it allows researchers 

to analyse the mineralogy of different rocks.  
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Increasingly Raman Spectroscopy is being used in planetary sciences as it is a 

powerful tool for distinguishing minerals and biological compounds both remotely and 

in the laboratory (Angel et al. 2012; Edwards 2010; Edwards et al. 2013; Edwards et 

al. 2004; Edwards et al. 2010; Freeman et al. 2008; Jehlička, Edwards & Vítek 2009; 

Jorge-Villar & Edwards 2010; Popp & Schmitt 2004; Prinsloo et al. 2011; Rull Perez 

& Martínez-Frías 2006; Sharma et al. 2010; Stopar et al. 2005; Tarcea et al. 2008; 

Wang, Haskin & Jolliff 1998; Wang, Jolliff & Haskin 1995; Weber et al. 2012).   

There are several groups working on databases for use in terrestrial and 

planetary sciences to refer laboratory spectra with analogue samples of known 

mineralogy. These include the International Space Analogue Rockstore (ISAR) (Bost 

et al. 2013), RRUFFtm Project database (Downs 2006; Lafuente et al. 2015) and 

Database of Minerals and inorganic crystals (Wang et al. 1994). 

Because Raman Spectroscopy is related to the chemical structure and bonding 

of a material the resulting spectrum is a ‘fingerprint’ of the substance (Wang et al. 

1994). This allows for the fast and reliable identification of unknown minerals. 

However the use of different spectrometers at different resolutions and different 

excitation wavelengths can make the use of spectral databases difficult (Freeman et al. 

2008). Consequently, if a large-scale study is to be undertaken a spectral database of 

known minerals must be acquired and compared to available databases in order to 

calibrate the laboratory set-up. 

Not only is Raman spectroscopy used to determine mineralogy but it is also 

widely used to study the fluid inclusions in rocks (Frezzotti, Tecce & Casagli 2012; 

Mernagh & Wilde 1989; Rosasco & Roedder 1979; Zheng et al. 2011) to determine 

the fluid chemistry at the time of rock formation. This data can also help to constrain 

formation and alteration conditions.  

Issues are known to arise when clay minerals (e.g., kaolinite, saponite) are 

analysed: clay minerals such as kaolinite show large background interference (Wang, 

Haskin & Jolliff 1998) when analysing because of their microcrystallinity. The 

individual grains cause multiple reflections and scattering at the grain boundaries and 

therefore creates a high background signal (Wang, Haskin & Jolliff 1998). This can 
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make the analysis of clays very difficult using Raman spectroscopy, which makes the 

use of complementary techniques (e.g., infrared spectroscopy) particularly important.  

Crystal orientation can affect the Raman spectra of some minerals. Many 

authors have studied the effect of crystallographic orientation on minerals and have 

found significant differences in peak position and intensities (Coleyshaw, Griffith & 

Bowell 1994; Wang et al. 1994). The direction crystal axes, proportional to the 

direction of the exciting laser, effects the strength of the Raman intensity in parts of 

the Raman spectrum (Coleyshaw, Griffith & Bowell 1994). As a result it is often 

preferable to use powdered samples where possible. 

When a mineral does not show diagnostic peaks in Raman it is known to 

potentially have diagnostic peaks in in the infrared spectrum and vice versa (Griffith 

1975). Hence, Raman spectroscopy is often used in conjunction with FTIR. 

1.5 List of methods used in this thesis 

1.5.1 Sample preparation 
Most library samples in Chapter 2 were analysed “as is” with no preparation to 

simulate the environment in which this work would be carried out in the field. Selected 

samples that exhibited high fluorescence were cleaned in an acetone bath and agitated 

to remove any possible organics. These samples were then re-analysed and no change 

to Raman signal was found. Therefore the other samples were not cleaned as they 

already exhibited strong Raman signals comparable to published spectra. 

Samples prepared for FTIR analysis were micronised and then placed in 

sample containers. These were stored in desiccating jars to prevent moisture from 

being absorbed by powders.  

The meteorites in Chapter 4 were cut and thin sections produced by the 

Macquarie University. Thin sections were cleaned using acetone before analyses 

performed.  

1.5.2 Raman Spectroscopy 
Raman analyses were undertaken using a Renishaw inVia Raman spectrometer 

(Gloucestershire, UK). The majority of analyses were performed with the 17 mW 



 

15 

Renishaw Helium-Neon Laser 633 nm laser. Some further analyses were performed 

using a newly acquired laser 785 nm 300 mW Renishaw near infrared diode laser. 

Calibration using a silicon wafer and the internal silicon standard was performed daily, 

and the instrument was realigned routinely before each new analysis (see section 

3.2.4.3 for more detail). Depending on the sample laser excitation, objective and 

sampling range were adjusted and these are detailed in the relevant chapters. See 

sections 2.2.3, 3.2.4.3 and 4.4.1 of this thesis for more information and detail on 

spectral collection.  

1.5.3 Fourier Transform Infrared Spectroscopy 
A Nicolet 6700 FTIR spectrometer equipped with a DTGS detector was used 

to obtain infrared spectra. Sample powders were dispersed in KBr (potassium bromide) 

discs in which 5 mg of sample was mixed with 100 mg of KBr, and all spectra were 

obtained using 4 cm-1 wavenumber resolution and 64 scans at room temperature. The 

spectrometer was interfaced to the analytical software Omnic, which averages the 

spectra obtained over 64 scans. The background from within the spectrometer was 

taken before running each sample. The sample holder with disk was then inserted into 

the spectrometer and a spectrum of the sample collected. The background was 

subsequently subtracted from the sample spectrum. See section 3.2.4.4 of this thesis 

for more information.   

1.5.4 Scanning Electron Microscopy 
The SEM analytical work was carried out at Macquarie University using a 

Zeiss EVO MA 15 Scanning Electron Microscope and AZtec Analysis software. A 

SEM image was acquired for each selected area in the polished sections, and basic 

chemical constituents were analysed in various spots. Multiple acquisition points along 

transects were run across large minerals or where the SEM images showed zoned 

crystals. The AZtec software by Oxford Instruments was used to process the spectra. 

For all oxygen containing minerals the oxide weights were used to obtain percentages 

of each element. For all other minerals (e.g., sulphides) elemental abundances were 

expressed as weight percentage of all measured elements. For more information see 

section 4.4.2 of this thesis. 
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1.5.5 Electron Probe Microanalysis 
Electron probe microanalysis (EPMA) work was carried out at Macquarie 

University using a CAMECA SX 100 Electron Microprobe. Calibration standards 

were: native Cr for Cr, spessartite for Mn, hematite for Fe, synthetic Ni-olivine 

(silicate) and NiS (sulphides) for Ni, orthoclase for K and Si, wollastonite for Ca, rutile 

for Ti, jadeite for Na, 𝐹𝑜88 (silicate) and MgO (oxide) for Mg, kyanite for Al,  

sphalerite for Zn, V2O3  for V, InAs for As, chalcopyrite for Cu, zircon for Zr, and 

bismuthinite for Bi. Full information on the calibration standards and the operational 

probe settings are appended in Appendix 7.3.4, Table 1. For more information see 

section 4.4.3 of this thesis. 
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2.1 Introduction 
A library of Raman spectra including both primary (magmatic) and secondary 

(alteration and metamorphic) minerals commonly found in basaltic rocks was 

compiled. The library is meant to serve as a reference to compare, contrast, and correct 

Raman mineral spectra acquired from rocks of unknown mineral composition. There 

are some significant methodological differences between the acquisition of spectra in 

controlled laboratory environments and those acquired by field spectrometers. When 

working in a clean laboratory, the samples are selected for purity, prepared, and then 

accurately oriented under the beam. Under common operating conditions expected for 

Raman field spectrometers, spectra are acquired from minerals in various orientation 

relative to the beam. The minerals, furthermore, may be altered to various degrees, 

and/or included in a matrix of other rock components that must be also identified. 

Corrections must be also applied to account for the distance of the spectrometer from 

the samples, which is different and usually larger than the operating distance under 

laboratory conditions. In order to understand what corrections are needed, and 

therefore how the spectra of unknown minerals and rocks acquired on the field must 

be interpreted, it is essential to have a reliable library of pure mineral phases and of 

mineral mixtures, whose spectra were acquired in controlled laboratory conditions. 

This is the purpose of the work presented in this chapter.  

A range of basaltic minerals and samples of known origin and classification 

were processed by Raman Spectroscopy and FTIR Spectroscopy, and a mineral 

reference library was thus prepared and published. The results were presented at the 

13th Australian Space Science Conference held at the University of New South Wales 

in 2013, and subsequently published in the peer reviewed paper proceedings (Bathgate 

et al. 2014), which follows in this chapter. The full reference for this paper is: Bathgate, 

E., Caprarelli, G., Xiao, L., Shimmon, R. & Pogson, R. 2014, 'Raman characterisation 

of the products of alteration and low-grade metamorphism of volcanic rock minerals: 

preliminary results and implications for Martian studies', Proceedings from 13th 

Australian Space Science Conference, 2013, pp. 97-108.  

The FTIR analyses in this study were performed on powdered samples which 

were ground with KBr and compressed into thin discs before FTIR analysis. The 

equipment used was a Thermo Scientific, Nicolet 6700 utilising the OMNIC software, 
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with the following setting: 64 scans, resolution of 4 cm-1, bench detector DTGS KBr, 

XT-KBr beamsplitter, and a range of 4000-400 cm-1.  

Appendix 7.1 and Supplementary Material 7.1 reports the full database. Within the 

database is section 7.1.1 which contains all images taken of samples. Section 7.1.2 

contains all Raman spectra obtained for each mineral in plain text files and excel 

(where the spectra obtained were of high quality). Section 7.1.3 contains all FTIR 

results, both raw data and text files. Supplementary Material 7.1.4 contains the final 

files for the mineral library. A composite excel file has been created for each mineral 

which includes sample images, relevant references, 633 nm Raman spectra, 785 nm 

Raman spectra and FTIR data. All relevant data acquired for each mineral is also 

compiled in the Mineral Library Data.docx in 7.1. A separate file (Supplementary 

Material 7.1.5) contains the results of complementary Laser Ablation Inductively 

Coupled Mass Spectroscopy (LA-ICPMS) analysis of the minerals identified.  
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2.2   Published Paper 

Raman characterisation of the products of 
alteration of volcanic rock minerals: preliminary 

results and implications for Martian studies 
Emily Bathgate1-2*, Graziella Caprarelli1, Linda Xiao2, Ron Shimmon2, Ross Pogson3 

1. School of the Environment, Faculty of Science, University of Technology, Sydney.
PO Box 123, Broadway, NSW 2007, Australia. 

2. School of Chemistry and Forensic Science, University of Technology,
Sydney, PO Box 123, Broadway, NSW 2007, Australia. 

3. Research and Collections, Geosciences and Archaeology, Australian
Museum, 6 College St, Sydney, NSW 2010 

* Corresponding Author: Emily.Bathgate@student.uts.edu.au

2.2.1 Summary 
Hydrated minerals outcrop in several Martian locations and have been 

interpreted as formed by aqueous deposition or alteration of basalts. Hydrated minerals 

support interpretations of past wetter and warmer Martian climates. Many studies are 

aimed at generating libraries of mineral spectra using the analytical techniques that 

will be employed on planned future missions to Mars.  

Here we present our preliminary results of a Raman spectroscopy study of 

primary magmatic minerals and secondary minerals typically found in altered basalts. 

We used a Renishaw inVia Raman spectrometer equipped with a 17 mW Renishaw 

Helium-Neon Laser 633 nm, silicon reference standard, and a Leica DMLB 

microscope. We acquired the spectra of the minerals along different crystallographic 

orientations, to account for differences in mineral structures.  The results of our 

research highlight challenges for future exploration and sample recovery missions. 

Keywords: Raman spectroscopy, alteration minerals, Mars. 
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3.1 Introduction 
The Martian surface is covered by basalts and the products of their 

differentiation and alteration. In addition to volcanic processes, we know that 

secondary processes, such as wind-related erosion and deposition, mass wasting, 

glacial and subglacial processes, and long-lived (albeit ephemeral) fluvial and 

lacustrine activity, have taken place throughout Mars’s geological history (Ansan et 

al. 2008; Baker et al. 1991; Carr & Head Iii 2003, 2010; Carter et al. 2015; Chapman 

1994; Dehouck et al. 2010; Ehlmann et al. 2011; Fassett & Head Iii 2008; Haskin et 

al. 2005; Head Iii & Hiesinger 1999; Head Iii et al. 1998; Mangold 2012; McKay & 

Davis 1991; Rickman et al. 2018; Wilson et al. 2004).  

Iceland is a particularly attractive region as a terrestrial analogue of Martian 

geology and environmental conditions. Due to the remoteness of Iceland, lack of 

significant anthropogenic impacts and similar geological features and processes, it is 

a unique and excellent site to test robotic missions to Mars (Amador et al. 2015). Its 

land is formed by volcanic rocks erupted through the northern reaches of the Mid-

Atlantic Ridge, and is covered by glaciers. Sub-ice volcanism is widespread, and gives 

origin to particularly recognisable volcanic edifices that have also been observed on 

Mars (Baker et al. 1991; Bathgate 2010; Carr & Head Iii 2010; Chapman 1994; 

Chapman et al. 2000; Pedersen, Head & Wilson 2010). Icelandic basalts have often 

been used as analogues of Martian rocks, both for their primary and altered 

mineralogies (Bishop, Schiffman & Southard 2002; Chapman 1994; Cousins et al. 

2013; Ehlmann et al. 2012; Farrand et al. 2018; Kapui et al. 2018; Keszthelyi et al. 

2004; Thorpe, Hurowitz & Dehouck 2016; Warner & Farmer 2010). Iceland has 

fluvio-lacustrine and hydrothermal environments that are highly relevant to the study 

of analogue environments that may hold clues to life on Mars and possible 

biosignatures (Cousins 2015). Other glaciovolcanic environments on Earth are also 

used, these include the Cascades Range, USA (Rutledge et al. 2018); Spitsbergen, and 

specifically the Sverrefjell volcano (Treiman et al. 2002; Yesavage et al. 2015); Arctic 

Canada (Osinski et al. 2006) and Antarctica (Edwards et al. 1999; Wynn-Williams & 

Edwards 2000). 

Palagonite especially, is thought to be the ideal Martian analogue (Ackiss et al. 

2017). Palagonites have been studied as analogues for ‘classic’ Martian rock and 
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Icelandic palagonites are often used as there are abundant palagonite outcrops (Ackiss 

et al. 2017; Mason 1967). For this project, basaltic and silicic tephra from Iceland were 

analysed by X-ray diffraction, Raman and FTIR spectroscopy, and the results 

published in: Bathgate, E.J., Maynard-Casely, H.E., Caprarelli, G., Xiao, L., Stuart, 

B., Smith, K.T. & Pogson, R. 2015, 'Raman, FTIR and XRD study of Icelandic tephra 

minerals: implications for Mars', Journal of Raman Spectroscopy, vol. 46, no. 10, pp. 

846-55. 

 The published paper in its entirety is included in this chapter with a copy of 

the final published work available in the Supplementary Material 7.2 Icelandic Tephra. 

All spectral fitting results for the Raman spectra are included in Supplementary 

Material 7.2.2 Raman Analyses and the FTIR results for samples available in the 

Supplementary Material 7.2.3 FTIR.  
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3.2 Published Paper 

Raman, FTIR and XRD study of Icelandic tephra 
minerals: Implications for Mars 

Emily J. Bathgate1, Helen E. Maynard-Casely2, Graziella Caprarelli3, Linda 

Xiao1, Barbara Stuart1, Kate T. Smith4 and Ross Pogson5 

1 School of Chemistry and Forensic Science, University of Technology 

Sydney, PO Box 123, Broadway, NSW 2007, Australia. 
2 Bragg Institute, Australian Nuclear Science and Technology Organisation, Locked 

Bag 2001, Kirrawee DC, New South Wales, 2232, Australia. 
3 Division of IT, Engineering and the Environment (DITEE), University of South 

Australia, City East Campus, BJ3-49, Frome Road, Adelaide SA 5001, Australia. 
4 Geography, College of Life and Environmental Science, University of Exeter, Penryn 

Campus, Treliever Road, Penryn, Cornwall, TR10 9FE, UK 
5 Research and Collections, Geosciences and Archaeology, Australian Museum, 6 

College St, Sydney, NSW 2010. 

3.2.1 Abstract 
Essential to the success of proposed planetary Raman spectroscopy missions 

will be the preparation of comprehensive libraries of spectra and a greater 

understanding of the current limitations of Raman spectroscopy. Seven samples of 

Icelandic Tephra were analysed using XRD, Raman spectroscopy and FTIR as an 

analogue for Martian rocks. The results from these three spectroscopic techniques were 

compared with the success of mineral identification of each method differing. Some 

minerals such as ilmenite and flouroapatite were identified using XRD and not found 

in the Raman spectra. Olivine, hematite and anatase were detected by Raman 

spectroscopy but were not observed in the XRD patterns. The FTIR results gave 

essential information on the presence of H2O in the samples. The impact of 

fluorescence on Raman spectra of some minerals is still a major concern as this is the 

most likely reason for some of the diagnostic mineral peaks not showing in the Raman 

spectra.  

Keywords:  Mars, Iceland, Volcanic minerals, XRD, Raman spectroscopy 
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4.1 Introduction 
This chapter presents and discusses the results from the analytical work carried 

out on three specimens of eucritic meteorites: Binda, Camel Donga, and Millbillillie 

(all named after the Australian localities in which they were found), from the collection 

held at the Australian Museum in Sydney, NSW, Australia. Eucrites are probably 

representative samples of the basaltic crust of asteroid IV Vesta, and are therefore 

interesting in this analytical investigation of planetary analogue materials. 

Furthermore, eucrites are also interesting topics of investigation in their own right 

because, like all meteorites, they give us a picture of the early solar system, and their 

compositions and mineralogies provide us with insights into the formation and 

evolution of early planetary bodies.  

Eucrites are a specific group of meteorites belonging to the Howardite, Eucrite, 

and Diogenite (HED) clan, thought to represent different types of materials ejected 

from minor-planet IV Vesta following at least one major catastrophic collision with a 

smaller asteroid (Section 4.1.1 of this chapter). Eucrites are basaltic in mineralogy 

(pyroxene and plagioclase being the dominant mineral phases), and their textures can 

resemble either volcanic rocks (basalt) or intrusives (gabbro), with ophitic or sub-

ophitic textures (e.g. McCall 1973). They are classed as cumulate, non-cumulate and 

polymict depending on their mineralogy and textures. Polymict eucrites are polymict 

breccias containing mostly basaltic eucritic meteorite material with up to 10% 

diogenite material. Noncumulate eucrites are the most common form of eucritic 

material and are similar to the rocks of fast cooling of lava flows on Earth, these are 

considered “unequilibrated noncumulate eucrites” (Davis, Holland & Davis 2005). 

Most of noncumulate eucrites have been metamorphosed and are considered 

“equilibrated noncumulate eucrites”. The pyroxenes of unequilibrated noncumulate 

eucrites are zoned as a result of their rapid cooling. Equilibrated noncumulate 

meteorites lack this zoning and exhibit homogenous low-calcium pigeonite with small 

amounts of high-calcium pyroxene (Davis, Holland & Davis 2005). Cumulate eucrites 

are represented by a very small fraction of eucrites which are course-grained 

orthopyroxene rich gabbros (Davis, Holland & Davis 2005).   

Diogenites are orthopyroxene-rich cumulates (Mittlefehldt 2015) similar to 

terrestrial orthopyroxe-rich peridotites, and may therefore have originated in the 
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Vestan deep crust or mantle. Howardites have usually been considered to be polymict 

breccias composed of eucrite and diogenite fragments in various proportions (Duke & 

Silver 1967). In howardites the pyroxene is typically hypersthene (𝐸𝑛𝑥𝐹𝑠1−𝑥) with 

minor amounts of pigeonite (𝐸𝑛𝑎𝑊𝑜𝑏𝐹𝑠𝑐), and in the eucrites it is typically pigeonite 

with minor amounts of hypersthene (Mason 1962). Other minerals such as olivine or 

ilmenite can be present but in minor amounts or as accessories.  

The HED meteorites are approximately 4.5 billion years old, although a higher 

level of precision is precluded by the fact that there are many different age ranges 

recorded for the HED (e.g., Figure 15, published ages of selected eucrites). The variety 

of ages is partly due to the use of different geochronological techniques (both bulk and 

single analyses), but it also stems from the fact that these meteorites are highly 

heterogeneous, leading to subtle differences in the material analysed in different 

laboratories. Furthermore, there is still significant discussion around whether some of 

the ages are magmatic or metamorphic, and whether alteration, space weathering and 

impact have caused a resetting of the geochronological systems. Figure 15 illustrates 

ages for both single meteorites and bulk analyses using different dating methods. 

These dates show that both single meteorites and bulk analyses can give wide ranging 

results in ages.  

 

Figure 15 - Ages of eucrites. Summary of key dates obtained from eucritic meteorites using different 
dating systems (Bogard & Garrison 2003; Boyet, Carlson & Horan 2010; Manhes, Allegre & Provost 
1984; Misawa, Yamaguchi & Kaiden 2005). Sm/Nd ages of Binda, U-Pb and Pb isotope ages of various 
eucrites, U-Th-Pb age of JUVINAS (a representative eucrite) and Ar isotope ages of various eucrites. 
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Fragments of Binda, Camel Donga and Millbillillie have been analysed and 

discussed in many previous studies (e.g. Garcia & Prinz 1978; Walker et al. 1978; 

Takeda & Mori 1985; Takeda 1997; Miura et al. 1998; Barrat et al. 2000; Boyet et al. 

2010; Bouvier et al. 2015; Hopkins et al. 2015; Touboul et al. 2015), but because the 

splits are notoriously heterogeneous, it is important that all existing fragments are 

described and analysed in order to gain a full picture of the petrology and evolution of 

these eucrites. This project is the first systematic in-depth investigation of the 

specimens stored in the Australian Museum.  

4.2 Meteorite classification  
Meteorites provide a window into the formation and evolution of the solar 

system and of planets (Edgerley & Rowe 1979). They have different compositions, 

formation ages, sources, and length of exposure to cosmic rays in space. This has led 

to a complex system of classification which began in the 1860s at the University 

Museum of Berlin, with G. Rose’s classification of their meteorite collection, and at 

the British Museum, where Maskelyne classified their collection (Weisberg, McCoy 

& Krot 2006).  These systems have since evolved into the classification system we use 

today (Figure 16). 

 

Figure 16 - Simplified Meteoritic Classification (modified from Weisberg, McCoy & Krot (2006). 
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Meteorites are subdivided into three main groups: irons, stones and stony irons. 

Irons are meteorites almost exclusively composed of Fe-Ni alloys with traces of other 

elements. They are thought to represent the remains of cores from early planets that 

underwent catastrophic disintegration, either because of orbital collisions or because 

of tidal forces. Stony meteorites are broadly similar to terrestrial igneous mafic rocks, 

comprising silicates and some minor abundances of accessory minerals. As suggested 

by their names, stony irons have intermediate characteristics between stony and iron 

meteorites. Within these broad groups additional subdivisions exist, based on specific 

mineralogy, petrology, whole-rock chemistry, oxygen and strontium isotopes 

(Weisberg, McCoy & Krot 2006), as well as other geochemical characteristics. Stony 

meteorites are further subdivided into chondrites and achondrites.  

Chondrites are thus termed because they contain mm-scale chondrules, i.e., 

spherules composed of minerals, typically olivine and pyroxene, with possible minor 

quantities of Fe-sulphide or oxides, and Fe-Ni alloys, crystallised from droplets of 

primitive melt. A feldspathic glass may also surround the chondrule primary mineral 

assemblage. Because chondrules show no trace of differentiation such as one would 

expect from the formation of planetary cores and mantles, chondrites are generally 

thought to be the space material from which the planetesimals accreted to form 

protoplanets. They thus represent the most primitive form of planetary material in the 

solar system, especially because, in addition to chondrules, they also contain refractory 

Ca-Al-rich inclusions (CAI), the oldest dated material in the solar system. An African 

chondrite (NWA 2364) yielded a Pb-Pb age of 4568.22 ± 17 Ma (Bouvier & Wadhwa 

2010), placing it at the very beginning of the formation of the planetary system. 

Chondrites are further classified as: Carbonaceous Chondrites, Enstatite Chondrites, 

and Ordinary Chondrites. Carbonaceous chondrites contain complex carbon 

compounds, such as amino-acids, abundant CAIs, and may display traces of aqueous 

alteration (e.g., the Australian Murchison meteorite), indicating that their parent bodies 

were volatile-rich. This places their formation farthest from the primitive Sun among 

all chondrites (Greenwood et al. 2010; Kallemeyn, Rubin & Wasson 1991; Weisberg, 

McCoy & Krot 2006). Enstatite chondrites are the rarest found on Earth, and are 

characterized by the presence of the orthopyroxene enstatite 𝑀𝑔𝑆𝑖𝑂3 (Norton & 

Chitwood 2008). Most of the iron contained in enstatite chondrites is in a reduced state 
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(e.g., Brett and Sato, 1984), indicating that they must have formed in a region of space 

poor in oxygen (e.g. Baedecker & Wasson 1975) very likely inside the proto-solar 

system snow line (Ebel & Alexander 2011). Ordinary chondrites are among the most 

common meteorites in collections, often constituting over 85% of observed falls 

(Weisberg, McCoy & Krot 2006). These meteorites show a wide range of petrologic 

types and some show evidence of hydrous alteration which may have taken place 

mainly in the matrix of the meteorite (Hutchison, Alexander & barber 1987; Weisberg, 

McCoy & Krot 2006). 

Of all meteorites that fall to Earth, approximately 3% are achondrites (Macke, 

Britt & Consolmagno 2011). As their name indicates, achondrites do not contain 

chondrules, hence they are considered to be evolved planetary products, possibly 

representing the mantle or primitive crust of early protoplanets which underwent 

catastrophic destruction owing to strong tidal forces or collisions in a crowded region 

of space. Stony achondrites were originally thought to be sourced uniquely from the 

Moon (Duke & Silver 1967), but we now know that most achondrites originated from 

the surface of other terrestrial planets (e.g., Mars), from destruction of planetesimals 

in the asteroid belts, or from the crust of asteroid IV Vesta (Binzel & Xu 1993; 

Consolmagno & Drake 1977; McCord, Adams & Johnson 1970). Achondritic 

meteorites are further subdivided into 5 distinct groups: Martian, Lunar, HED, 

Primitive and Others (Figure 16). Martian meteorites have come from Mars as 

products of large impacts which ejected rock materials into space. They are often 

referred to as the SNC (Shergotty-Nakhla-Chassigny) group and are volcanic and 

plutonic rocks which are often studied to identify alteration mineral assemblages and 

traces of life on Mars (Bridges et al. 2001; Cooney et al. 1999; Hallis et al. 2012; 

Kuebler 2013a, 2013b; Papike et al. 2009; Steele et al. 2012; Velbel 2012; Weisberg, 

McCoy & Krot 2006).  Lunar meteorites have come from the Moon and are classified 

by their texture, mineralogy and petrology. These meteorites bear many similarities to 

the Lunar samples from Apollo but are from different areas of the Moon and represent 

many different rock types of mainly basaltic composition (Weisberg, McCoy & Krot 

2006). Howardites, Eucrites and Diogenites represent a “clan” of achondrites 

collectively known by the acronym “HED”, generally thought to originate from the 

crust of asteroid IV Vesta (Drake 2001), one of the largest bodies in the asteroid belt, 
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usually classified as a minor planet (HED are discussed in detail in the following 

sections).  

Primitive achondrites are olivine-pyroxene rich, most of which are monomict 

(i.e., composed of a single mineral species) and a few are polymictic (containing 

multiple types of materials) breccia. Their petrological characteristics indicate they 

come from an achondritic parent body that bears some resemblance to chondrites 

(Weisberg, McCoy & Krot 2006). The other achondritic meteorites are sourced from 

unidentified solar system differentiated planetary bodies.  

The stony – irons are subdivided into: Pallasites and Mesosiderites. The latter 

are formed by silicate and metallic Ni-Fe alloys in approximately equal proportions. 

The pallasites are characterised by the presence of cm-size olivine in a metallic matrix.  

4.2.1 Asteroid IV Vesta  
Asteroid IV Vesta in the second largest body in the asteroid belt and has 

previously been termed the “Smallest Terrestrial Planet” (Keil 2002). It was 

discovered in 1807 by Wilhelm Olbers (Cunningham 2017; Pilcher 1979). Vesta was 

first postulated as the HED parent body in 1970 through the study of spectral 

reflectivity of main belt asteroids and the Nuevo Laredo meteorite (McCord, Adams 

& Johnson 1970). Since then, abundant data from the HED meteorites have confirmed 

an extremely strong link to asteroid IV Vesta as the parent body of the HED group 

(Binzel & Xu 1993; Keil 2002; Takeda 1997). Specifically, Vesta’s reflectance 

spectrum matches the composition of the HEDs (Gaffey 1997), and dynamical models 

confirmed that these meteorites originated from Vesta’s orbital region of space (e.g. 

Burbine et al., 2001). In 2007 the Dawn spacecraft was launched and reached asteroid 

IV Vesta in 2011: observations by the instruments on board Dawn consolidated our 

knowledge of both the asteroid and the HED meteorites, strengthening earlier 

hypotheses of their link (McSween et al. 2011; McSween et al. 2012; McSween et al. 

2013; Russell & Carol 2012).  

Asteroid IV Vesta is roughly ellipsoidal in shape, with radii of 289±5 km, 

280±5 km, and 229±5 km (Stickle, Schultz & Crawford 2015). Its shape is deformed 

in the south polar region by the presence of two large impact craters, respectively 
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known as Rheasilvia, and Veneneia. Cross-cutting relations indicate Veneneia to be 

older than Rheasilvia.  

 

Figure 17 - Images of Asteroid IV Vesta taken from the Dawn Spacecraft's framing camera. These 
images illustrate the varied surface of the asteroid with striations along the surface around the equator, 
numerous impact craters and mountainous regions. Image resolution: ~ 500 m/pixel. Image credit: 
NASA/JPL-Caltech/UCLA/MPS/DLR/IDA. 

Images acquired by the camera on board the Dawn spacecraft, with a resolution 

of 260 m/pixel, clearly show two sets of troughs on the asteroid surface (Figure 17): 

one set, comprising 86 linear structures, is subequatorial; the other, comprising 7 

observed structures, is oriented at an angle of approximately 30° from the equatorial 

set (Jaumann et al. 2012), and has subdued morphologies, suggesting an age older than 

the equatorial structures. The stereographic poles of the sets emerge roughly in the 

centers of Rheasilvia and Venenenia, respectively (Buczkowski et al. 2011; 

Buczkowski et al. 2012; Jaumann et al. 2012). Models suggest that the troughs were 

produced by crustal deformation in response to the impacts that formed the two craters 

(Stickle, Schultz & Crawford 2015). 

Asteroid IV Vesta’s mass is approximately 2.7 ∙ 1020𝑘𝑔, resulting in a bulk 

density of approximately 3.8 ∙ 103𝑘𝑔 𝑚−3 (Michalak 2000). It has a basaltic crust and 

iron core similar to those of the rocky planets (Binzel & Xu 1993; De Sanctis et al. 

2014; De Sanctis, Ammannito, et al. 2012; Gaffey 1997; McSween et al. 2011; 

Peplowski et al. 2013; Prettyman et al. 2013). The mineral pyroxene has been mapped 

on the surface and distinct regions of the regolith show the locations where diogenite 

and eucrite material exist (De Sanctis et al. 2013). Three known V-type (or Vestoid) 
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near-earth asteroids with diameter of approximately 1-4 km, may have originally come 

from Asteroid IV Vesta (Binzel & Xu 1993). This may also account for the mass of 

HED material that has reached Earth (e.g. Park & Nagao 2005).  

Two contrasting models of the planetary formation and evolution of the HED 

are currently discussed (e.g. Barrat et al. 2000): the first model postulates that igneous 

activity on Vesta generated a variety of primary liquids, from which cumulates and 

evolved liquids would have descended, thus producing the large range of products 

represented in the HED clan. The second model has recently gained more traction 

thanks to experimental work by Mandler & Elkins-Tanton (2013): according to this 

model, a global magma ocean was linked to an early melting event in the history of 

Vesta, with eucrites the residual liquids produced after formation of the diogenitic 

cumulates (Figure 18).  

The Vestan surface displays a significant range in albedo, with the brightest 

areas indicating fresh rock outcrops, and the darkest areas covered by a thick blanket 

of material originating from smaller asteroids crushing on the surface of Vesta 

throughout its history.  One such collision was responsible for the ~ 500 km diameter 

Rheasilvia crater, probably formed less than 1 billion years ago (Binzel et al. 1997). 

Such large impact must have penetrated through the Vestan crust, exposing the mantle. 

It is therefore entirely plausible that the impact that produced the Rheasilvia crater 

ejected also the variety of petrological types represented in the HED clan of meteorites 

(McSween et al. 2013). There is however a discrepancy between the mineralogical 

composition of the deep crust and mantle, as expected from petrological models, and 

the data obtained through spectroscopic observations by the Dawn spacecraft: 

specifically, olivine is conspicuously absent from the mineralogical spectra obtained 

by the Visible and Infrared Spectrometer (VIR; De Sanctis et al. 2012) on board Dawn. 

It is possible that the spectrum of olivine is obscured by that of orthopyroxene (a much 

more abundant mineral phase) but, while spectral corrections are possible, these have 

thus far yielded inconclusive results (McSween et al. 2013). Thus, new observations 

and analyses of samples of HED meteorites are important to acquire additional data to 

aid in ongoing interpretations of spectral data.  
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Figure 18 - Proposed model for the formation of Asteroid IV Vesta and the origin of eucrites (Figure from 

Mandler & Elkins-Tanton 2013). 

 

4.3 Samples 

4.3.1 Binda 
This eucrite was found in 1912 near Binda, Crookwell NSW (Figure 19) (34° 

19' S / 149° 23' E) and 5.4 kg of the meteorite was collected (Grady 2000). Binda was 

originally classified as a howardite achondrite (Hey 1966) but was then reclassified as 

a monomict breccia in the eucrite group by Duke & Silver (1967). However the 

meteorite is still officially classified as a howardite (Grady 2000). It has been further 

described as a orthopyroxene cumulate eucrite by Garcia & Prinz (1978).  
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Figure 19 - Map of locations where meteorites were found and collected 

Described as fine grained with mainly grey coloured ground mass with thin 

veins black in colour (Yanai 1996) most likely pyroxene, Binda has a recognisable and 

interesting fusion crust which can be seen in Figure 20 and has been analysed by Genge 

& Grady (1999). The major mineral constituents of Binda are pyroxene (~75%) and 

plagioclase (Duke & Silver 1967) with minor accessories such as chromite, ilmenite, 

troilite and metals (Boctor, Tera & Carlson 1989). Descriptions of the textures of 

Binda by Carter, Raleigh & DeCarli (1968) imply fracturing and kink bands within the 

pyroxene, classifying Binda as a moderately to heavily shocked rock (Carter, Raleigh 

& DeCarli 1968). Bulk chemistry and major elemental abundances are discussed in 

detail by Schmitt et al. (1972) and Takeda (1979). Other elements studied include 

sulphur, uranium, antimony, thorium and noble gases (Edgerley & Rowe 1979; 

Ehmann & Tanner 1966; Fisher 1973; Gibson & Moore 1983; Gibson et al. 1985; 

Miura et al. 1998; Morgan & Lovering 1964). 

Based on major and trace element analytical work of eucrites (including Binda) 

Barrat et al. (2000) argue that the magma ocean scenario represents the model that best 

accounts for most of the observed compositional range of these meteorites. Many other 

authors have used Binda’s chemical composition, elemental partitioning and ratios to 
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understand the formation and evolution of the HED parent body (McCarthy, Erlank & 

Willis 1973; Pun & Papike 1995; Pun, Papike & Layne 1997; Usui & McSween 2007). 

Analyses of metallic grains are reported by Lovering (1964) with accurate 

measurements of Fe, Ni and Co, focussing on the Ni/Co ratio with comparisons to 

terrestrial rocks. It was postulated that the metallic phases in these meteorites have 

formed due to partial reduction of the basaltic magmas of the HED parent body 

(Lovering 1964).  

Binda has a grain density of 3.32 g cm-3, porosity of 10.6% and a magnetic 

susceptibility of 3.18 log  (Macke, Britt & Consolmagno 2011). 

Cosmic exposure ages have been obtained 81Kr-K giving an exposure age of 

21.0  1.6 Ma (Miura et al. 1998). Other ratio systems have been used to calculate the 

potential ages of formation of Binda 244Pu-Xe, 147Sm-144Nd, 143Nd-144Nd, Rb – Sr 

(3450 ± 340 Ma), Pb (4.5 Ga), 147Sm-143Nd (4.81  0.35 Ma), 176Lu-176Hf (4615  39 

Ma) (Birck & Allegre 1979; Boctor, Tera & Carlson 1989; Bouvier et al. 2015; Boyet 

& Carlson 2005; Boyet, Carlson & Horan 2010). The ages returned have placed Binda 

in the range of 3.45 Ga to 4.5 Ga. Due to the nature of Binda being a cumulate eucrite 

this variation of age information is not unexpected. Spectral information such as 

thermoluminescence measurements (Batchelor & Sears 1991) has also been obtained.  

4.3.2 Camel Donga 
Camel Donga was found in 1987 in Kybo Station, Nullarbor Plain WA (30° 

19' S / 126° 37' E, Figure 19) and is classified as a noncumulate eucrite (Grady 2000). 

Twelve stones in total were recovered and ranged in weight from 15 to 504 g, although 

it is possible that more samples may still be found (Cleverly, Jarosewich & Mason 

1986). Before discovery the rocks may have rested on the ground for 7.6 to 32 years 

(Jull et al. 2010). 

Sawn surfaces of the meteorite show a fine-grained grey matrix with numerous 

clasts exhibiting doleritic or gabbroic textures (Cleverly, Jarosewich & Mason 1986). 

The mineralogy of this meteorite is mostly Ca-plagioclase [𝐴𝑛77−93] and pyroxene 

(average composition: 𝐸𝑛35𝑊𝑜16𝐹𝑠49) as pigeonite and ferroaugite. Troilite, ilmenite 

and silica are also present in the matrix (Cleverly, Jarosewich & Mason 1986; Palme 

et al. 1988). The Camel Donga meteorite is considered unique for eucritic meteorites 
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as it was originally shown to contain up to 2% metal (Cleverly, Jarosewich & Mason 

1986) however subsequent studies have found some fragment to contain as little as 

1.4% metal (Palme et al. 1988), and it generally is considered to be one of the most 

metal-rich eucrites to be found (Palme, Wlotzka & Spettel 1986; Warren & Isa 2015; 

Warren et al. 2017). The fusion crust on Camel Donga is well formed and has 

elemental abundances close to those of the whole rock (Palme, Wlotzka & Spettel 

1986). Warren et al. (2017) also argue that Camel Donga should be reclassified as a 

Polymict eucrite due to it pure Fe metal in the groundmass and scattered fine-grained 

nodules containing different elemental ratio’s. 

Camel Donga has a grain density of 3.2 g cm-3, porosity of 11.37% and a 

magnetic susceptibility of 4.17 Logχ (Macke, Britt & Consolmagno 2011). Magnetic 

susceptibility has also been measured by Smith et al. (2006) to be 4.26 ± 0.20 Logχ.  

The impact history of Camel Donga and other HED meteorites has been studied 

using the 40Ar/39Ar, 81Kr-Kr ratios, and other noble gases (Eugster & Michel 1995; 

Kennedy et al. 2013; Miura et al. 1998; Schultz & Franke 2004; Shukolyukov & 

Begemann 1996). The 81Kr-Kr ratio exposure ages calculated range from 34.8  5.5 to 

38.9  4.8 Ma with an average value of 36.6  1.4 Ma (Miura et al. 1998). 26Al–26Mg 

dating has provided an age of 4564.6  0.4 Ma (Schiller, Baker & Bizzarro 2010). 

Other dating systems include 244Pu-Xe ages (Miura et al. 1998). SIMS Zircon dating 

by Hsu, Wang & Zhang (2013) found a 207Pb-206Pb age of  4558  10 Ma and a U-Pb 

concordia age of 4565  24 Ma. Other U-Pb Concordia ages have found an age of 4512 

 11 Ma (Zhou, Yin, et al. 2013). Spectral information such as Mössbauer spectra 

(Cadogan et al. 2013) has also been obtained. Cathodeluminescence of quartz grains 

have been studied by Chennaoui Aoudjehane & Jambon (2007) and found at least two 

silica polymorphs illustrating that silica in eucrites may not be homogenous.  

4.3.3 Millbillillie 
Millbillillie fell in October 1960 in the Wiluna district (26° 27' S / 120° 22' E) 

of WA (Figure 19) and a mass of 25.4 kg was recovered (Grady) ten years after it fell 

(Morden 1992). The original classification of Millbillillie was as a Ca-rich 

noncumulate eucrite (Mason, Jarosewich & Nelen 1979).  
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Millbillillie was originally described as fine grained, texturally sub-ophitic, but 

also displaying prominent shock features evident in all fragments (Yamaguchi et al. 

1994). Studies of silica polymorphs in Millbillillie have Overall grey coloured 

groundmass, large and fine grained clasts of pyroxene and plagioclase evident 

(Morden 1992). The meteorite contains approximately 57% pyroxene, 37% 

plagioclase and small amounts of accessory minerals including chromite, ilmenite and 

troilite (Cloutis, Izawa, et al. 2013; Kitts & Lodders 1998; Yamaguchi et al. 1994). 

The pyroxenes are mostly clinopyroxenes (of augitic and pigeonitic compositions), 

although low-Ca pyroxenes (orthopyroxene) may also be present (Yamaguchi et al. 

1994). This eucrite has been classified as a mixture of granulitic breccias and impact 

melts by Yamaguchi et al. (1994). Ammannito et al. (2007) performed early work 

using UV-VIS-NIR spectroscopy and divided their sample analysis into three different 

areas: course grained, fine grained and matrix.  They estimated the iron content in the 

matrix to be approximately 50% escalating to 90% in fine and course grained areas 

(Ammannito et al. 2007). Silica polymorphs of Millbillillie have been studied using 

Raman, EBSD, SEM and EPMA by Ono et al. (2017) and found two distinct phases 

of silica: quartz and monoclinic tridymite. The presence of monoclinic tridymite 

indicate a slow cooling rate after high temperature thermal metamorphism (Ono et al. 

2017).   

The elemental composition of Millbillillie has been published by many, 

including: Sn (De Laeter, McCulloch & Rosman 1974)  REE U, Pu and Th (Ebihara 

et al. 2000), Cl (Garrison, Hamlin & Bogard 2000), S (Gibson et al. 1985), Mo and 

isotopes (Burkhardt et al. 2014; De Laeter & Hosie 1978), Ce, Nd isotope ratios and 

REE (Magna, Šimčíková & Moynier 2014), Ba (De Laeter & Hosie 1978), trapped 

noble gasses (Busemann & Eugster 2002), isotopic composition of Lu and Yb 

(McCulloch, De Laeter & Rosman 1976), Pd (Mermelengas, De Laeter & Rosman 

1979), Li (Murty, Shukla & Goel 1983), Hg isotopes (Kumar & Goel 1992), N 

(Sugiura et al. 1995), Zr, Hf (Patzer, Pack & Gerdes 2010) and other major and trace 

elements (Barrat et al. 2000). The REE contents of zircon in several meteorites 

including Millbillillie has been reported by (Roszjar, Whitehouse & Bischoff 2014). 

Oxygen isotopes have also been obtained to provide evidence for rapid mixing of the 

HED parent body (Wiechert et al. 2004). To further understand the formation of the 
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original melt of the eucrite meteorites the solubilities of Fe, Ni, Co, Mo, and W were 

examined (Holzheid & Palme 2007). Molybdenum isotope fractionation has been 

studied for Millbillillie and other meteorites to further constrain fractionation in the 

early solar nebula and during planetary formation. Erbium and Yb fractionation of 

Millbillillie, lunar materials, chondrites and Earth rocks has provided greater 

understanding of the Moons formation (Albalat, Telouk & Albarède 2012).  

Millbillillie has a grain density of 3.2 g cm-3, porosity of 11.26% and a 

magnetic susceptibility of 2.59 log  (Macke, Britt & Consolmagno 2011). Magnetic 

susceptibility has also been measured by Smith et al. (2006) to be 2.67 ± 0.06 Log χ. 

An extensive study of the magnetic properties of the Millbillillie meteorite has been 

completed showing that the meteorite has a stable, unidirectional remanence (Morden 

1992). 

Various ages have been reported for Millbillillie, including: 244Pu-Xe ages 

4.566  0.024 Ga (fine grained) and 4.507  21 Ga (coarse grained) (Miura et al. 1998) 

and  26Al-26Mg dating 4564.4  0.5 Ma (Schiller, Baker & Bizzarro 2010). 81Kr-Kr 

exposure ages and other noble gas ratios have also been measured in an attempt to 

constrain the timings of impact on the HED planetary body, wth the 81Kr-Kr at 20.8  

0.5 Ma (Aylmer et al. 1988; Cabrol & Grin 2001; Eugster & Michel 1995; Herpers et 

al. 1990; Kennedy et al. 2013; Miura et al. 1998; Yamaguchi et al. 1994). 147Sm-143Nd 

and 176Lu-176Hf systematic ages  were obtained for the eucrite group using Millbillillie 

and other important eucrites and obtained ages of 4.81  0.35 Ga  and 4615  39 Ma 

respectively for the eucrite meteorite group (Bouvier et al. 2015). Timing of melt of 

the HED parent body has been studied using the 182Hf-182W ratio of Millbillillie and 

other meteorites (Kleine et al. 2004; Quitté, Birck & Allègre 2000). Quitté, Birck & 

Allègre (2000) obtained a time interval of 11.1  1.1 Myr between the formation of 

the eucrites and their chondritic value for an undifferentiated body. Zircon ages have 

also been constrained with a core age of  4555 ± 17 Ma using U-Pb dating and a second 

age domain postulated at 4531 ± 20 Ma (Hopkins et al. 2015). SIMS zircon dating by 

Hsu, Wang & Zhang (2013) found a 207Pb-206Pb age of  4542  6 Ma. Early thermal 

events in the eucritic parent body have been constrained through depth profile dating 
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in zircon crystals using the U-Th-Pb ratios. Dates ranging from  4561 ± 13 Ma to  4524 

± 9 Ma were recorded (Hopkins & Mojzsis 2012).  

Various spectral artefacts have been collected for the Millbillillie meteorite 

including: VIS-NIR spectrum (Ammannito et al. 2007; Beck et al. 2011), Reflectance 

spectra (Beck et al. 2012; Cloutis, Izawa, et al. 2013; Cloutis, Mann, et al. 2013), 

Reflectance and emissivity in vacuum (Maturilli et al. 2016), NIR Spectroscopy 

(Ruesch et al. 2015) and Visible to near infrared (up to 2.5 m) reflectance spectra 

(Ruesch et al. 2015). 

  



 

75 

4.4 Methodology 
Centimetre-scale fragments of the three meteorites were photographed using a 

Canon 350D Rebel 8 megapixels camera.  Then, the fragments were sectioned, and 

polished mounts were prepared at Macquarie University. The polished sections were 

examined though a transmitted light Nikon Eclipse polarising microscope to select the 

spots to be further observed and analysed by scattered electron microscopy, electron 

probe microanalysis, and Raman spectroscopy. Microphotographs were taken using a 

Nikon photographic suite by Ross Pogson and are all recorded in the Supplementary 

Material 7.3.1: Sample Images.  

4.4.1 Raman Spectroscopy 
The areas of interest identified in each polished section were analysed by 

Raman spectroscopy at UTS, using a silicon reference standard for a Renishaw inVia 

Raman spectrometer (Gloucestershire, UK) equipped with a Leica DMLB microscope 

(Wetzlar, Germany). The majority of analyses were performed with the 17 mW 

Renishaw Helium-Neon Laser 633 nm. Calibration using a silicon wafer and the 

internal silicon standard was performed daily, and the instrument was realigned 

routinely before each new analysis. Each sample was analysed in spot and mapping 

mode. Analyses performed using spot analysis were done at 50x and at 100% laser 

power over the selected 120-1800 cm-1 range or the entire range of 120-3800 cm-1 

depending on the spectrum returned. Laser power was also adjusted depending on the 

specific mineral being analysed. Raman maps were performed mostly at 20x 

magnification with only a few at 50x magnification. These settings were used to gain 

the most information as possible on the area in question. Laser settings were 

determined by performing a few spot analyses to define general mineralogy. The 

spectra acquired in spot mode were smoothed using the Renishaw software Wire 3.4 

which also remove the background. The spectra thus corrected were then passed 

through the CrystalSleuth software, and then compared to spectra contained in the 

RRUFFtm Project database (Downs 2006; Lafuente et al. 2015) and the Bathgate et 

al.’s (2014) database (Chapter 2, this thesis). Analyses of the maps were carried out 

using the Wire 3.4 using intensity at point analysis. A peak of interest was chosen after 

careful consideration of the map. This then created a “heat map” of the locations where 

this peak was strongest (intense) or weaker. 
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4.4.2 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) is a standard procedure in petrological 

analyses, used to: image samples at high magnification (backscattered electron images 

- BSE); identify minerals that are too small to be correctly identified through a 

polarising microscope (typically < 10 𝜇𝑚 in dimension); highlight changes in 

elemental abundances within single mineral crystals, and to carry out semi-quantitative 

point-analyses of the chemical composition of minerals (energy dispersive 

spectroscopy - EDS). The SEM analytical work was carried out at Macquarie 

University using a Zeiss EVO MA 15 Scanning Electron Microscope and AZtec 

Analysis software. A SEM image was acquired for each selected area in the polished 

sections, and basic chemical constituents were analysed in various spots.  Multiple 

acquisition points along transects were run across large minerals or where the SEM 

images showed zoned crystals. The AZtec software by Oxford Instruments was used 

to process the spectra. For all oxygen containing minerals the oxide weights were used 

to obtain percentages of each element. For all other minerals (e.g., sulphides) elemental 

abundances were expressed as weight percentage of all measured elements. 

4.4.3 Electron Probe Microanalysis (EPMA) 
Electron probe microanalysis (EPMA) work was carried out at Macquarie 

University using a CAMECA SX 100 Electron Microprobe. Calibration standards 

were: native Cr for Cr, spessartite for Mn, hematite for Fe, synthetic Ni-olivine 

(silicate) and NiS (sulphides) for Ni, orthoclase for K and Si, wollastonite for Ca, rutile 

for Ti, jadeite for Na, 𝐹𝑜88 (silicate) and MgO (oxide) for Mg, kyanite for Al,  

sphalerite for Zn, V2O3  for V, InAs for As, chalcopyrite for Cu, zircon for Zr, and 

bismuthinite for Bi. Full information on the calibration standards and the operational 

probe settings are appended in Appendix 7.3.4, Table 1.  
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4.5 Results 

4.5.1 Binda  
The examined fragment of Binda meteorite is approximately 8 cm long along 

its largest dimension (Figure 20). The hand-specimen presents a light grey groundmass 

with a few small and large (approximately up to 2 mm) phenocrysts of plagioclase 

(light colour) and some small crystals of pyroxene (dark green-brown). There is 

evidence of small inclusions in the groundmass of metallic looking minerals. The 

sample is highly fractured with well-preserved ablation flow on the fusion crust, which 

is thin where the ablation flow is visible and thick on the side where the melted material 

has accumulated. Thumbprint-like impressions (regmaglypts) caused by ablation of 

the surface of the meteorite while crossing the Earth’s atmosphere are also visible.  

 

Figure 20 - Photographs of the whole Binda meteorite specimen from the Australian Museum, note the 
fusion crust with observable ablation flow.  

Examination of the thin section under the polarizing microscope showed that 

plagioclase and pyroxene are the principal primary minerals (Figure 21). Pyroxene 

crystals, presenting well developed cleavage and second order interference colours, 

generally show oblique extinction, and are rich in exsolution lamellae visible in all 

larger crystals. Point-analysis by EPMA shows them to be mostly clinoenstatite, with 

augitic and pigeonitic exsolutions (Table 7).   
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Figure 21 - Plain polar image (left) and crossed polar image (right) of Binda at 50x showing large 
pyroxene crystal and surrounding matrix. Field of view: 4.75 x 3.05 mm. 

Measurements of the maximum extinction angle in symmetric zone (~45°) 

indicate the plagioclase is highly calcic [𝐴𝑛70−90], which is confirmed by the EPMA 

point-analyses results (Table 6)  

Table 6 - Representative analyses of plagioclases 

 

 

Work by SEM highlighted the presence of high concentrations of Cr, Al and 

Fe, as well as that of a mineral containing Zr (Figure 22). Raman spectroscopy on the 

same spots confirmed the presence of magnetite (𝐹𝑒3𝑂4) (Figure 23) and of the 

zirconium oxide: baddeleyite (𝑍𝑟𝑂2) (Figure 24).  
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Table 7 - Composition of Binda pyroxenes 

 

 

Figure 22 - SEM image of Binda meteorite, showing baddeleyite (bright), surrounded by pyroxene. The 
relevant EDS spectra are labelled 126-170, and are included in Appendix 7.3.4.  
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Figure 23 - Raman result for magnetite from Binda meteorite Area 4 matched to RRUFFtm Project 
database R061111. 

 

 

Figure 24 - Raman baddeleyite (a zircon mineral) from Binda meteorite Area 4. Baddeleyite spectrum 
was compared to the RRUFFtm Project database spectrum with main diagnostic peaks at 178, 189, 223, 
307, 381, 476, 501, 539, 558, 617 and 638 cm-1 matching the RRUFFtm Project database spectrum 
R060016. All peaks in the spectrum match the library spectrum for baddeleyite except the two 
highlighted. We obtained a strong peak at 334 cm-1 whereas the library spectrum contained two weaker 
peaks in this area. We also obtained a strong peak at 688 cm-1 whereas the library spectrum contained 
a very weak peak ~700 cm-1. These differences may be due to slight compositional differences or other 
compounding minerals.  

Full image of spectral fit available in Appendix 7.3.2.  
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Raman mapping of the location where baddeleyite was observed seen in Figure 

25, demonstrated the subtle changes in chemical compositions in the sample minerals 

(Figure 26 and Figure 27). Two distinct structures of pyroxene were observed 

identified through the RRUFFtm Project database as enstatite and diopside. Spectra of 

the glues used in slide preparation were also found in many instances, including in the 

map where there are gaps between crystals this spectrum is illustrated in Appendix 

7.3.2 and exhibits many confound peaks that could mask constituent minerals.  

 

 

Figure 25 - Raman map of Binda meteorite Area 4 illustrating baddeyleite, magnetite and two different 
structures of pyroxene.  
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Figure 26 - Raman result for pyroxene (1) (matched to RRUFFtm Project database enstatite R040093 or 
diopside R060861) visible in Raman map from Binda meteorite. 

 

 

 

Figure 27 - Raman result for pyroxene (2) (Matched to RRUFFtm Project database R040097) visible in 
Raman map from Binda meteorite. 
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4.5.2 Camel Donga 
The Camel Donga fragment studied has a well-preserved, thin fusion crust on 

the outer surface with contraction fractures visible (Figure 28). The sample is 

approximately 2 cm in length with regmaglypts present on the surface and no ablation 

flow visible. The meteorite has a grey groundmass with many large white phenocrysts 

(plagioclase) and some very small dark masses of pyroxene present. Large (1 mm) and 

small (<1 mm) masses of free metal are visible, surrounded by rust.  

 

Figure 28 - Photograph of whole Camel Donga meteorite specimen from the Australian Museum.  

The texture of the rock is holocrystalline, with phenocrystals embedded in a 

microcrystalline matrix illustrated in Figure 29. The section examined contained two 

fragments of what appeared to be cumulates composed of an assemblage of plagioclase 

and pyroxene. No preferred orientation of the phenocrysts or in the matrix was 

observed. The examined specimen displayed several microfractures, and some of the 

plagioclase phenocrysts showed wavy twinning, likely resulting from impact shock. 

The phenocrysts identified by transmitted light microscopy were: orthopyroxene 

(mode: approx. 40%) – identified based on straight angle cleavage, and plagioclase 

(mode: approx. 40%). The composition of the plagioclase and pyroxenes were 

determined by EPMA, and are respectively [𝐴𝑛89] (Table 6), and hypersthene 

[𝐸𝑛37−41𝑊𝑜3.0−4.2𝐹𝑠56−59] and pigeonite [𝐸𝑛38−39𝑊𝑜5.4−8.6𝐹𝑠53−56] (Table 8).  
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Table 8 - Composition of Camel Donga pyroxenes 

 

 

Multiple structures for pyroxene have also been highlighted in the Raman 

results for pyroxene in Figure 33 and Figure 34. The plagioclase compositions were 

confirmed in Table 6 to be highly calcic. Raman results for plagioclase in Camel 

Donga corroborate these results with labradorite being one of the plagioclase minerals 

identified in the Raman results (Figure 32). No olivine has been found through SEM, 

EPMA or Raman analysis.  

 

Figure 29 - Plain polar image (left) and crossed polar image (right) of Camel Donga at 100x illustrating 
breccia like material. Field of view: 2.33 x 1.53 mm. 

The mafic minerals exhibit secondary alteration, with yellow-orange thin 

patches of sericite or chlorite surrounding the oxides included in the primary minerals. 

Under transmitted light the oxides were opaque and could not be further identified 

(Figure 30). They had a rounded shape, and appeared to cluster, although some smaller 

opaque minerals were also visible in the matrix, where they appeared to be randomly 

distributed (Figure 29). The work by SEM demonstrates that these are metallic iron 

and Fe-sulphide, as well as oxide (Figure 31), such as hematite and magnetite (Raman 

spectra from Area 1: Figure 35 and Figure 36).  
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Figure 32 - Raman of labradorite or anorthite from Camel Donga Area 2 matching RRUFFtm Project 
database labradorite (R060221) and anorthite (R040059) with main diagnostic peak at 505 cm-1. 

 

 

 

Figure 33 - Raman result for pyroxene diopside or ferrosilite from Camel Donga Area 1. Matched to 
RRUFFtm Project database diopside (R060861). 
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Figure 34 - Raman result for pyroxene diopside from Camel Donga Area 1, matched to RRUFFtm Project 
database diopside (R060861). 

 

 

 

 

Figure 35 - Raman result for iron oxides. Mixed spectrum of magnetite (main peak at 678 cm-1) and 
hematite (main peaks at 219 cm-1 and 278 cm-1) from Camel Donga Area 1. Magnetite matched to 
RRUFFtm Project database (R061111). 
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Figure 36 - Raman result of iron oxide mineral hematite (main peaks at 225 cm-1 and 293 cm-1) from 
Camel Donga Area 1. Hematite matched to RRUFFtm Project database (R050300). 

 

 

 

Figure 37 - Raman from Camel Donga Area 1 showing two products of preparation, diamond (1329 nm) 
and quartz (464 nm). Matched to RRUFFtm Project database diamond (R050206) and quartz (X080016). 
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4.5.3 Millbillillie 
 

Our sample of the Millbillillie meteorite is approximately 5 cm in length along 

the longest axis. It has no visible free metals in the groundmass samples and no obvious 

fusion crust on the outer surface. It has a grey groundmass with large and small 

accumulations of light plagioclase and dark pyroxene as seen in Figure 38.  

 

Figure 38 - Whole Millbillillie specimen from the Australian Museum.  

The rock is holocrystalline hypidiomorphic. Intergranular texture was 

observable in some portions of the thin section, with plagioclase laths forming 

triangular scaffolding with the empty spaces occupied by smaller size mafic minerals. 

These mostly appeared to be pyroxene. This can be seen in Figure 39 with long needle 

like laths of plagioclase and smaller crystals filling in the spaces. Large pyroxene 

crystals cut perpendicular to the z-axis direction, with two sets of cleavage planes at 

approximately 90° showing, presented symmetric cleavage, and were therefore 

categorised as orthopyroxene. Exsolutions of clinopyroxene are also visible. 

Microprobe analyses show the orthopyroxene is hypersthene, and the exsolution 

lamellae are pigeonite and Ca-rich augite [𝐸𝑛30−32𝑊𝑜30−40𝐹𝑠28−38]. (Table 9). Some 
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of the exsolutions are chloritised, suggesting metamorphism or secondary alteration of 

the sample. Oxides (possibly chromite) have formed reaction aureoles around some of 

the pyroxenes. The plagioclase is bytownitic-anorthitic [𝐴𝑛85−92] (Table 6). 

 

Figure 39 - Plain polar image (left) and crossed polar image (right) of Millbillillie at 50x, illustrating 
pyroxenes, opaque material (oxides) and fractured plagioclase illustrative of impacts. Field of view: 4.75 
x 3.05 mm. 

The pyroxene in the sample exhibited similarities to the other meteorites 

studied but also provided slight differences as can be seen in the Raman results. The 

spectrum of pyroxene in Figure 40 is similar to that of Camel Donga in Figure 34 and 

Binda in Figure 26, however the 325 cm-1 is not as strong. The pyroxene in Figure 41 

is similar to that of Binda in Figure 27, with the peak at 668 cm-1 occurring in the same 

location but weaker in the Camel Donga spectrum. The main peak at 995 cm-1 for 

Camel Donga and 1011 cm-1 for Binda illustrates a shift on other parts of the spectrum. 

This is also seen with the doublet at 324 cm-1 and 380 cm-1 for Camel Donga and 326 

cm-1 and 390 cm-1 for Binda. The SEM results from Area 1 have shown that the opaque 

areas are various Fe Ti oxides and Fe Cr oxides (Figure 42). A Raman map of a chosen 

opaque area was performed and showed a gradual change in structure of the oxide as 

well as products of preparation at gaps (Figure 43, Figure 44 and Figure 45). Figure 

44 highlights the distribution of hematite using the diagnostic peak at 280 cm-1. The 

other diagnostic peak at 216 cm-1 was run but due to confounding factors of the other 

two main constituent minerals having peaks in the area the map was not a good 

representation of the mineral’s location (Appendix 7.3.2). The distribution of ilmenite 

is shown in Figure 45 using the strong diagnostic peak at 677 cm-1. Figure 43 illustrates 

the intensity at point map of the diagnostic peak of quartz at 464 cm-1. 
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Table 9 - Composition of Millbillillie pyroxenes 

 

 

 

Figure 40 - Raman result for pyroxene from Millbillillie meteorite Area 1 matching RRUFFtm Project 
database ferrosilite (R070386) 
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Figure 43 - Mapping results from Millbillillie meteorite. Intensity at point map, bright red illustrates areas 
where the peak at 464 cm-1 occurs and darker areas show where it does not occur. The peak at 464 cm-

1 is the diagnostic peak of quartz. The bright red areas show where the gaps in the minerals are located. 
The plain light image behind shows context of the location of the oxide.  

 

 

Figure 44 - Mapping results from Millbillillie meteorite. Intensity at point map, bright red illustrates areas 
where the peak at 280 cm-1 occurs and darker areas show where it does not occur. The left hand side of 
the opaque material is mostly hematite.  
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Figure 45 - Mapping results from Millbillillie meteorite. Intensity at point map, bright red illustrates areas 
where the peak at 677 cm-1 occurs and darker areas show where it does not occur. The right hand side 
of the mapped area is mostly ilmenite with the transition area spectra exhibiting peaks from both end-
member oxides.   
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4.6 Discussion 
The results of this mineralogical investigation of the Australian eucrites are 

consistent with previously published studies. The samples studied for this project are 

characterised by a basic basaltic mineralogy, with pyroxene the most abundant major 

mineral, and bytownitic-anorthitic plagioclase as the dominant felsic phase.  

Secondary minerals, such as chlorite and quartz, were detected by 

microanalysis. The presence of hydrated minerals replacing primary phases, as well as 

of ferric oxides bounding primary Fe-oxides and sulphides, and the fact that all the 

rocks are shocked and fractured, suggests these phases to have formed by secondary 

alteration processes probably while the meteorites were resting on our planet. It cannot 

be excluded, however, that at least some of the chloritisation may reflect metamorphic 

conditions, and to ascertain this, additional specific investigations of the secondary 

mineral phases will need to be carried out. 

For the first time the Zr mineral baddeleyite has been observed in Binda. This 

is an important discovery, because this mineral is an ideal candidate for U-Pb 

geochronology (Haba et al. 2014; Li et al. 2010; Moser et al. 2013; Zhou, Herd, et al. 

2013; Zhou, Yin, et al. 2013) and could be dated in the future to establish the timing 

of crystallisation of this meteorite.  

A variety of primary (i.e., magmatic) Fe-, Zr-, Ti- and Cr-oxides, metallic 

elements, and sulphides, were detected by SEM and Raman spectroscopy. Differences 

in the incidence of such minerals in the three meteorites, with Camel Donga being the 

one with the largest observed metal content, suggest that the conditions of oxidation 

of the magmas from which the rocks crystallised were different, with Camel Donga 

recording more reducing conditions.   

Differences in the histories of crystallisation of the three meteorites are also 

inferred from the chemical compositions of the pyroxenes. Binda’s pyroxenes are 

much more magnesian (Table 7), than those of Camel Donga and Millbillillie (Table 

8 and Table 9). The latter has much higher proportions of clinopyroxene exsolutions - 

principally pigeonite, but also augite - than Binda and Camel Donga, suggesting the 

Millbillillie magma to have higher Ca contents than the magmas from which the other 

two eucrites crystallised, an interpretation further corroborated by the (slightly) higher 
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anorthitic proportion of Millbillillie’s plagioclase relative to Binda and Camel Donga’s 

(Table 6). Sequences of magmatic crystallisation are however very complex, involving 

histories of solid segregation and liquid fractionation that change the composition of 

magmas dramatically during their evolution. Furthermore, magmatic evolution occurs 

over broad ranges of temperature and pressures, affecting the stability fields of the 

principal mineral phases, their chemical compositions, and their order of 

crystallisation.  

The compositions of pyroxenes can be used to estimate the physical conditions 

(pressure and temperature) of crystallisation. The cation contents from the chemical 

analyses of the pyroxenes were recast using Lindsley & Andersen (1983) projection 

scheme (to correct for abundances of Na and Al in the pyroxene compositions), and 

the Wo, Fs and En proportions thus recalculated were plotted in the pyroxene 

compositional quadrilateral, which includes the two-pyroxene 1 bar isotherms after 

these authors (Figure 46). No corrections for pressure have been considered, because 

lithostatic pressure differences on small asteroids (with very little gravity) at the 

(relatively shallow) depths of formation of eucritic magmas, were probably too small 

to significantly affect the pyroxene geothermometer calculations.  

 

 

Figure 46 - Pyroxene quadrilateral. Data points corresponding to the pyroxene quadrilateral components 
corrected for Na and Al contents are plotted, together with Lindsley and Anderson’s (1983) 1 bar 
isotherms (dashed lines). 
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The diagram highlights significant differences in the temperatures of 

crystallisation of the Binda pyroxenes relative to those of Camel Donga and 

Millbillillie, with Binda pyroxenes plotting distinctly away from the data points of the 

other two eucrites. Binda pyroxenes are furthermore split into three groups: one 

represented by four data points that plot roughly along the 1100℃ isotherm; one 

cluster characterised by En contents > 60% and Wo < 5%; and one cluster with En ~ 

50% and Wo < 5%, plotting about half way between Binda’s enstatite-rich pyroxenes 

and the ferrosilite-rich Camel Donga and Millbillillie pyroxenes, plotting at En 

contents < 40%. The high-Ca pyroxenes for Camel Donga and Millbillillie record a 

range of crystallisation temperature, from a higher value of 1100℃ (one data point) to 

temperatures <900℃.  

Overall, the thermal path of Camel Donga and Millbillillie pyroxenes suggests 

changes in pyroxene compositions consistent with decreasing magmatic liquid 

temperatures (as expected during solidification of magmas). It is therefore plausible to 

infer that the mineralogical compositions of these two eucrites reflect equilibrium 

conditions typical of low-pressure basaltic magma evolution. The thermal evolution 

and compositional range of Binda pyroxenes appears to be more complex. The data 

points plotting on the 1100℃ isotherm suggest these specific pyroxenes crystallised 

at equilibrium with a relatively hot basaltic magma. However, the two low-Ca 

pyroxene (with Wo content < 5%) subgroups cannot be explained by the progressive 

crystallisation of pyroxenes during magmatic cooling, and the most plausible 

interpretation of the data at this stage is that these pyroxenes were probably removed 

from the evolving magma after crystallisation. This explanation is consistent with 

textural observations of this eucrite (both in this study and in previous studies), which 

suggest this to be a highly heterogeneous meteorite. It is possible that the specimen 

investigated here represents a mechanical mixture of solid phases (e.g., pyroxenes) 

possibly accumulated at two different stages of evolution of a primary magma or in 

two different magmatic reservoirs, incorporated into a basaltic liquid from which other 

pyroxenes were progressively crystallising under equilibrium conditions. It is not 

possible to define the sequence of magmatic and crystallisation events or the nature of 

the mixing any better based solely on the data presented in this thesis. Further 

microanalytical work aimed at determining the trace element composition of the 
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pyroxenes is necessary to provide constraints on interpretations of the magma sources 

and their evolution. The work carried out in this project has nonetheless provided 

greater understanding of the possible formation and evolution of the fragments of 

Australian eucrites stored at the Australian Museum. This provides clear directions for 

the future studies needed to clarify the origin of these eucrites, as well as providing 

significant new insights into reconstructions of the provenance and evolution of HEDs 

and their parent asteroid IV Vesta.  

4.6.1 A discussion of analytical procedures and result comparisons 
The analysis of these three meteorites using Raman spectroscopy was novel 

and provided insight into the mineralogical composition and structure of the 

meteorites. Even though the presence of zircon in Binda was inferred by the SEM 

results, the confirmation of the presence of baddeleyite has been extremely important. 

This has led to further understanding of the Binda meteorite and a path forward for 

further work to contribute to our understanding of the Binda meteorite and the history 

of the asteroid IV Vesta.  

Our EPMA results clearly indicated a variety of pyroxene compositions for all 

of the meteorites and this was further illustrated in the Raman results. Multiple 

pyroxene compositions and Raman spectral patterns have been identified and 

compared to library spectra. The map of the Binda zircon has also illustrated the 

structural changes throughout a single crystal of pyroxene. This further highlights the 

useful application of Raman to further understand zonation in single mineral crystals.  

The fact that we are seeing products of preparation such as the glue, diamond 

and glass in our spectra lends to the sensitivity of Raman spectroscopy as a technique. 

It also illustrates the many difficulties that can be encountered when analysing spectra. 

Many of the peaks of these substances can mask the mineral spectrum we are looking 

for which could negatively affect the results. This is especially true for minerals that 

do not have strong diagnostic peaks or are highly fluorescent such as plagioclase as 

many of these minerals can be masked by strong signals from unwanted materials. 

Products such as the glues used in slide preparation are not easily removed from the 

creation of a thin section and other methods of sample preparation could be proposed 

and implemented for Raman spectroscopy work.  
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5.1 Summary 
This thesis had three main aims (a) to add to existing libraries of Raman 

spectra; (b) evaluate and discuss the mineral spectra obtained in the context of the 

rocks from which minerals were sourced and analysed; (c) provide constraints for the 

interpretation of future Martian data acquired in-situ. 

The library successfully provided spectra for nearly all important minerals. The 

clay minerals were the only difficulty, and this was an acknowledged issue from the 

start. Given the known prevalence of clay minerals on Mars this will be an issue that 

will need to be contended with. The design of the planned spectrometer for NASA is 

a UV resonance Raman instrument, which was specifically chosen as this region 

allows for the easy detection of organics, aromatic compounds and clay minerals. In 

the field on Mars the same issues that we faced should be reduced by the chosen 

wavelength and dual nature of the SHERLOC instrument (Beegle et al. 2014; Beegle 

et al. 2016). A similar design will be implemented in the RLS instrument on the 

ExoMars Rover. This instrument will be dual natured with the ability to provide 

Raman analyses at both 532 and 1064 nm (Fernando et al. 2017). The need to reduce 

fluorescent effects in the spectra against the need to detect as many different important 

compounds as possible had to be compared. When combined with the IR spectrometer 

ISEM, the ExoMars rover will be an incredibly powerful tool for searching for life and 

biomarkers on the surface of Mars. The findings of this work have highlighted that 

even though Raman spectroscopy is an incredibly powerful technique, it needs to work 

in tandem with other techniques in order to provide the full picture.  

Chapter 2 of this thesis discusses how further work will investigate how lack 

of information on the precise chemical composition of mineral species may affect 

geological interpretations, using terrestrial samples as analogues of Martian rocks. The 

analysis of tephra from Iceland and meteorites has illustrated both major successes and 

weaknesses in the analysis of Raman spectra. For the tephra samples we did not have 

specific information on chemical composition of the rocks and therefore could not 

make direct inference to the exact mineral species, only the major group such as 

plagioclase and pyroxene. There are many different chemical compositions of these 

minerals and only inferences made due to peak position could give us a general idea 

of mineral chemistry. On the surface of Mars this may initially be of less importance 
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as the general mineral group can give us important information on metamorphic 

history of the rock. However, this can be further constrained and with greater accuracy 

if the exact mineral species can be identified.  

This body of work has also documented important differences in pyroxene 

composition of eucritic meteorites. The data for Camel Donga and Millbillillie 

pyroxenes suggests changes in pyroxene compositions consistent with decreasing 

magmatic liquid temperatures. We have classified the Millbillillie and Camel Donga 

meteorites as having come from typical low-pressure basaltic magma, whereas Binda 

appears to have been formed from a much hotter and high-pressure melt.  We have 

inferred that these melts had also undergone a different temperature range illustrating 

a varied planetary body with a differentiated core, mantle and crust. This corroborates 

current knowledge about the HED planetary body, asteroid IV Vesta (Gupta & 

Sahijpal 2010; Neumann, Breuer & Spohn 2014; Righter & Drake 1997). The use of 

Raman spectroscopy for the first time on these meteorites has highlighted the power 

of Raman spectroscopy as an analytical technique in the study of mineralogy.  

5.2 Future Applications and Research 
The discovery of zircon in Binda has led to future work opportunities to add to 

the published data on the dates of the eucritic meteorites. Constraining the age of 

formation of these rocks is complex due to impact metamorphism. Therefore, any dates 

obtained can assist in constraining the ages of formation and rework that these 

meteorites have undergone. High precision LA-ICPMS will be performed on the 

baddeleyite crystal to attain U - Pb isotopes for dating. We also plan to constrain the 

Fe/Ti ratios of the oxides within the three meteorites to magma oxygen fugacities.  
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7 Appendix  

7.1 Mineral Library 
All data available in supplementary material 7.1 Raman Mineral Library.  Word 

document Mineral Library Data contains a summary of all data for mineral library 

summarised. The excel files in 7.1.4 contain the library information summarised by 

mineral.  

7.1.1 Sample Images  
See supplementary material 7.1.1 

Appendix - Supplementary Files\7.1 Raman Mineral Library\7.1.1 Sample Images. 

7.1.2 Raman Analyses 
See supplementary material 

 Appendix - Supplementary Files\7.1 Raman Mineral Library\7.1.2 Raman Analyses 

7.1.3 FTIR Spectra 
See supplementary material  

Appendix - Supplementary Files\7.1 Raman Mineral Library\7.1.3 FTIR Spectra 

7.1.4 Mineral Library Summary 
Excel files containing all library data in supplementary material. 

Appendix - Supplementary Files\7.1 Raman Mineral Library\7.1.4 Mineral Data 

Composites 

7.1.5 LA-ICPMS 
Data available in supplementary material: 

Appendix - Supplementary Files\7.1 Raman Mineral Library\7.1.5 LA-ICP-MS 

 

7.2 Icelandic Tephra 
All data available in supplementary material 7.2 Icelandic tephra. Summary of 

important material below.   
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7.2.1 Sample Images 
Images of all samples available in supplementary material 7.2.1 Sample Images.  

Appendix - Supplementary Files\7.2 Icelandic Tephra\7.2.1 Sample Images 

7.2.2 Raman Analyses 
Results from analysed sample available in supplementary in text file. Fits for all 

Raman spectra are available in the fits folder for each day. 7.2.1 Sample Images.  

Appendix - Supplementary Files\7.2 Icelandic Tephra\7.2.2 Raman Analyses 

7.2.3 FTIR 
Results from FTIR spectroscopy available in folder: Appendix - Supplementary 

Files\7.2 Icelandic Tephra\7.2.3 FTIR 

 

7.3 Meteorites 
All data available in supplementary material 7.3 Meteorites. Summary of important 

material below.  

Appendix - Supplementary Files\7.3 Meteorites\ 

7.3.1 Sample Images 
See supplementary material 7.3.1. Photographs of whole meteorites and thin sections 

under crossed polar and plain polarised light. 

Appendix - Supplementary Files\7.3 Meteorites\7.3.1 Sample Images 

7.3.2 Raman Analyses 
All Raman data available in text files in Supplementary material 7.3.2 
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Figure 1A - Image of RRUFFtm Project database baddeleyite (blue) against our obtained spectrum from 
Binda (Green and Black)  

 

 

Figure 2A - Raman spectrum of product of preparation from Binda meteorite. Glue used in slide 
preparation. 
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Figure 3A Raman mapping results from Millbillillie. Map illustrates the intensity at point at peak 216 nm 
of the strong diagnostic peak on hematite.  

 

7.3.3 Scanning Electron Microscopy 
Excel files: SEM_result_summary050315Oxide Values_EDIT and 

SEM_result_summary240215Oxide Values_EDIT provide summary of all minerals 

identified using SEM. Explanation of site locations. High resolution images available 

in supplementary material 7.3.3. 

Meteorites_24_2_2015 

• Site 2 – Binda area 2  
• Site 3 – Binda just left of area 2  
• Site 6 – Binda just left of area 2 (same as Site 3)  
• Site 7 – Binda area 1  
• Site 8 – Binda area 3 
• Site 9 – Binda area 4 (centre of area)  
• Site 10 – Binda area 4 (whole area) 
• Site 11 – Camel Donga area 1  
• Site 12 – Camel Donga area 2 
• Site 13 – Camel Donga area 2 (closer detail) 
• Site 14 – Camel Donga area 3  
• Site 16 – Camel Donga area 4  
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Meteorites (05/03/15) 

• Site 2 – Binda Area 1  
• Site 3 – Binda area 1   
• Site 4 – Binda area 4  
• Site 5 – Binda area 4 (close up of ZrO surrounded by quartz) 
• Site 6 – Millbillillie area 1  
• Site 7 – Millbillillie area 2  
• Site 8 – Millbillillie area 3 (SE1 Image)  
• Site 9 – Millbillillie area 3 BSD image of same area as site 8 
• Site 10 – Millbillillie area 4  

 

7.3.3.1 SEM Images 
 

 
Figure 4A - Site 2 (24/02/15) 
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Figure 5A - Site 3 (24/02/15) 

Figure 6A – Site 6 (24/02/15) 
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Figure 7A - Site 7 (24/02/15) 

 
Figure 8A - Site 8 (24/02/15) 
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Figure 9A - Site 9 (24/02/15) 

 
Figure 10A - Site 10 (24/02/15) 

Site 11 (24/02/15) – Image in main text of Chapter 4.  
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Figure 11A - Site 12 (24/02/15) 

Figure 12A - Site 13 (24/02/15) 
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Figure 13A - Site 14 (24/02/15) 

Figure 14A - Site 16 (24/02/15) 
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Figure 15A - Site 2 (05/03/15) 

Figure 16A - Site 3 (05/03/15) 
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Figure 17A - Site 4 (05/03/15) 

Site 5 (05/03/15) – Image in main text of chapter 4  

 
Figure 18A - Site 6 (05/03/15) 
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Figure 19A - Site 7 (05/03/15) 

Figure 20A - Site 8 (05/03/15) 
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Figure 21A - Site 9 (05/03/15) 

 
Figure 22A - Site 10 (05/03/15) 
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7.3.3.2 SEM Tables 
Table 1A - Summary of Minerals in Binda Area 4 from SEM image Site 5 

Spectrum Label Preliminary Mineral Identification 

Spectrum 126 Zircon 

Spectrum 127 Zircon 

Spectrum 128 Zircon 

Spectrum 129 Zircon 

Spectrum 130 Zircon 

Spectrum 131 Zircon 

Spectrum 132 Zircon 

Spectrum 133 Zircon 

Spectrum 134 Zircon 

Spectrum 135 Zircon 

Spectrum 136 Zircon 

Spectrum 137 Zircon 

Spectrum 138 Zircon 

Spectrum 139 Zircon 

Spectrum 140 Zircon 

Spectrum 141 Zircon 

Spectrum 142 Zircon 

Spectrum 143 Zircon 

Spectrum 144 Zircon 

Spectrum 145 Zircon 

Spectrum 146 Zircon 

Spectrum 147 Pyroxene - Diopside or Augite 

Spectrum 148 Pyroxene - Diopside or Augite 

Spectrum 149 Pyroxene - Diopside or Augite 

Spectrum 150 Pyroxene - Diopside or Augite 
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Spectrum 151 Pyroxene - Diopside or Augite 

Spectrum 152 Pyroxene - Diopside or Augite 

Spectrum 153 Pyroxene - Pigeonite 

Spectrum 154 Pyroxene - Pigeonite 

Spectrum 155 Pyroxene - Pigeonite 

Spectrum 156 Pyroxene - Pigeonite 

Spectrum 157 Pyroxene - Pigeonite 

Spectrum 158 Pyroxene - Pigeonite 

Spectrum 159 Pyroxene - Pigeonite 

Spectrum 160 Pyroxene - Diopside or Augite 

Spectrum 161 Pyroxene - Pigeonite 

Spectrum 162 Pyroxene - Pigeonite 

Spectrum 163 Pyroxene - Pigeonite 

Spectrum 164 Fe cr oxide 

Spectrum 166 Pyroxene - Diopside or Augite 

Spectrum 167 Pyroxene - Diopside or Augite 

Spectrum 168 Pyroxene 

Spectrum 169 Pyroxene 

Spectrum 170 Pyroxene 

 

 

Table 2A - Summary of minerals in SEM image from Camel Donga Area 1 site 11 

Spectrum Label Preliminary Mineral Identification 

Spectrum 159 Iron 

Spectrum 160 Pyroxene - hedenbergite  

Spectrum 161 Quartz 

Spectrum 162 Fe Ti oxide 

Spectrum 163 Pyroxene - augite or hedenbergite 
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Spectrum 164 Quartz 

Spectrum 165 Quartz 

Spectrum 166 Iron 

Spectrum 167 Pyroxene - augite or hedenbergite 

Spectrum 168 Pyroxene - clinoferrosilite 

Spectrum 169 Quartz 

Spectrum 170 Pyroxene - augite or hedenbergite 

Spectrum 171 Mixture - Fe oxide and pyroxene 

Spectrum 172 Pyroxene - augite or hedenbergite 

Spectrum 173 Pyroxene (augite or hedenbergite) 

Spectrum 174 Fe Ti oxide 

Spectrum 175 Pyroxene - augite or hedenbergite 

Spectrum 176 Pyroxene - augite or hedenbergite 

Spectrum 177 Pyroxene - augite or hedenbergite 

Spectrum 178 Iron 

Spectrum 179 Pyroxene - hedenbergite  

Spectrum 180 Pyroxene - pigeonite 

Spectrum 181 Iron and iron oxide 

Spectrum 182 Pyroxene (hedenbergite) 

Spectrum 183 Iron and quartz or ferrosilite 

Spectrum 184 Iron and quartz or ferrosilite 

Spectrum 185 Pyroxene (hedenbergite) 

Spectrum 186 Pyroxene – augite or hedenbergite 

Spectrum 187 Iron suphide 

Spectrum 188 Quartz 

Spectrum 189 Pyroxene - augite 

Spectrum 190 Iron sulphide 

Spectrum 191 Fe Ti oxide 
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Spectrum 192 Plagioclase (anorthite or bytownite) 

Spectrum 193 Plagioclase (anorthite) 

Spectrum 194 Pyroxene (augite) 

Spectrum 195 Pyroxene - augite 

Spectrum 196 Pyroxene - augite 

Spectrum 197 Pyroxene – clinoferrosilite? 

Spectrum 198 Pyroxene - augite 

Spectrum 199 Plagioclase – bytownite or anorthite 

 

 

 

Table 3A - Summary table of minerals identified in Millbillillie Area 1 site 6. 

Spectrum Label Preliminary Mineral Analysis 

Spectrum 171 Fe Ti Oxide 

Spectrum 172 Fe Ti Oxide 

Spectrum 173 Fe Ti Oxide 

Spectrum 174 Fe Ti Oxide 

Spectrum 175 Fe Ti Oxide 

Spectrum 176 Fe Ti Oxide 

Spectrum 177 Fe Ti Oxide 

Spectrum 178 Fe Ti Oxide 

Spectrum 179 Fe Ti Oxide 

Spectrum 180 Fe Ti Oxide 

Spectrum 181 Fe Cr oxide 

Spectrum 182 Fe Cr oxide 

Spectrum 183 Fe Ti Oxide 

Spectrum 184 Fe Ti Oxide 

Spectrum 185 Fe Ti Oxide 
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Spectrum 186 Fe Ti Oxide 

Spectrum 187 Fe Cr oxide 

Spectrum 188 Fe Cr oxide 

Spectrum 189 Fe Cr oxide 

Spectrum 190 Fe Cr oxide 

Spectrum 191 Plagioclase 

Spectrum 192 Plagioclase 

Spectrum 193 Plagioclase 

Spectrum 194 Plagioclase 

Spectrum 195 Plagioclase 

Spectrum 196 Plagioclase 

Spectrum 197 Plagioclase 

Spectrum 198 Plagioclase 

Spectrum 199 Pyroxene 

Spectrum 200 Pyroxene 

Spectrum 201 Pyroxene 

Spectrum 202 Pyroxene 

Spectrum 203 Pyroxene 

Spectrum 204 Pyroxene 

Spectrum 205 Pyroxene 

Spectrum 206 Pyroxene 

Spectrum 207 Pyroxene 

Spectrum 208 Pyroxene 

Spectrum 209 Pyroxene 

Spectrum 210 Pyroxene 

Spectrum 211 Pyroxene 

Spectrum 212 Pyroxene 

Spectrum 213 Pyroxene 



 

155 

Spectrum 214 Pyroxene 

Spectrum 215 Pyroxene 

Spectrum 216 Pyroxene 

Spectrum 217 Pyroxene 

Spectrum 218 Pyroxene 

Spectrum 219 Pyroxene 

Spectrum 220 Pyroxene 

Spectrum 221 Pyroxene 

Spectrum 222 Pyroxene 

Spectrum 223 Pyroxene 

Spectrum 224 Pyroxene 

Spectrum 225 Pyroxene 

Spectrum 226 Pyroxene 

Spectrum 227 Pyroxene 

Spectrum 228 Pyroxene 

Spectrum 229 Pyroxene 

Spectrum 230 Pyroxene 

Spectrum 231 Pyroxene 

Spectrum 232 Pyroxene 

Spectrum 233 Plagioclase 

Spectrum 234 plagioclase 

Spectrum 235 plagioclase 

Spectrum 236 Fe Cr oxide 

Spectrum 237 Fe Cr oxide 

Spectrum 238 Plagioclase 

Spectrum 239 Plagioclase 

Spectrum 240 Pyroxene 

Spectrum 241 Pyroxene 
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Spectrum 242 Pyroxene 

Spectrum 243 Pyroxene 

Spectrum 244 Pyroxene 

Spectrum 245 Pyroxene 

Spectrum 246 Plagioclase 

Spectrum 247 Plagioclase 

Spectrum 248 Pyroxene 

Spectrum 249 Pyroxene/ fe Ti Oxide? 

Spectrum 250 Pyroxene/ fe Ti Oxide? 

 

 

7.3.4 Electron Microprobe 
 

Table 4A - Table of calibration standards used in the EPMA analysis using the Cameca SX100 at 
Macquarie University and their known % weight to at various accuracies.   

Standard Known Chemistry 

InAs In : 60.5139%, As : 39.4861%  

ZnS Zn : 67.0977%, S  : 32.9023%  

CuFeS2 Cu : 34.6275%, Fe : 30.4322%, S  : 34.9403%  

mngarn Mn : 31.65%, O  : 38.66%, Al : 10.92%, Si : 16.85%, Ca : 0.33%, Ti : 0.02%, 
Fe : 1.29%, Sn : 0.08%  

NiS  Ni : 63.19%, S  : 35.27%, Fe : 1.35%, Co : 0.14%  

Zr Zr : 100.%  

Fe2O3 Fe : 69.9426%, O  : 30.0574%  

Ni-Olivine O  : 30.548%, Si : 13.406%, Ni : 56.046%  

OR-1  O  : 45.88%, Al : 9.85%, Si : 29.99%, K  : 12.33%, Ca : 0.01%, Fe : 0.02%, Sr 
: 0.03%, Ba : 0.78%, Mg : 0.03%, Na : 0.85%  

Wollastonite  O  : 41.37%, Mg : 0.042%, Al : 0.09%, Si : 24.15%, Ca : 34.384%, Fe : 
0.07%  

TiO2  Ti : 59.95%, O  : 40.05%  
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 adeite O  : 47.51%, Na : 11.32%, Mg : 0.06%, Al : 13.26%, Si : 27.78%, Ca : 0.04%, 
Fe : 0.15%  

Fo88 O  : 42.88%, Mg : 28.62%, Si : 18.84%, Mn : 0.2%, Fe : 8.85%  

Orthoclase O  : 45.88%, Na : 0.7%, Al : 9.02%, Si : 30.22%, K  : 12.79%, Fe : 1.31%, Rb : 
0.037%, Ba : 0.046%  

Kyanite O  : 49.32%, Mg : 0.01%, Al : 33.18%, Si : 17.3%, P  : 0.02%, Cr : 0.02%, Fe : 
0.13%  

Cr Cr : 100.%  

V2O3 V  : 67.9751%, O  : 32.0249%  

MgO Mg : 60.3028%, O  : 39.6972%  
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