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iii. Summary: 

 

This thesis details the work undertaken towards and the results obtained from the development 

of a portable and non-destructive technique for the analysis of Australian Aboriginal ochre 

materials. Many of the methods traditionally utilised for analysis are limiting due to their cost, 

lack of portability, the sample requirements and the destructive nature of analysis. This thesis 

explores these traditional methods before developing and optimising a spectroscopy based 

technique that reduces or eliminates many of these and other limitations. 

Chapter one explores the historical context of pigments. It investigates what a pigment is 

chemically and visually, whilst exploring many of the pigments used throughout the ages and 

their evolution over time across the globe. This chapter then discusses early pigments 

commonly utilised in Australia, and focuses on ochre as the main pigment used by Aboriginal 

Australians. This study focuses on the significance of ochre to the Aboriginal culture, the 

chemistry of ochre and the factors that influence its varied colour, and how the structure of 

ochre changes with heat treatments. This chapter investigates previous scientific studies 

conducted on ochre and similar pigments across the globe. It explores the work of others and 

investigates the analytical methods and instrumentation used for analysis, the results obtained 

from this work, and the advantages and disadvantages of each technique utilised.  

Chapter two focuses on the characterisation of ochre samples via the use of commonly utilised 

traditional analytical techniques including X-Ray diffraction analysis, neutron activation 

analysis, infrared analysis, Raman spectroscopy and thermal gravimetric analysis. The 

analysis concentrates on ten samples obtained by the mining commission chosen because 

their colour and composition varied, their province was known, they were from a trusted source 

and they had been used in previous studies thus allowing for accurate comparisons. It details 

the experimental methods used for the work completed for this project. It denotes the sample 

type, locality and province studied, the chemical composition of standards, the instrument 

models used for any analysis, and the modes of operation and specific parameters used. 

These samples are analysed using the traditional methods of analysis discussed in chapter 

one, and results are presented. 

Chapter three is a preliminary study into the use of a newly emerging instrument known as the 

X-Rite i1Pro. This instrument is UV-based, portable and non-destructive, and its application to 

ochre and similar pigments is novel. This chapter discusses the technical aspects of the 

instrument and the experimental setups utilised before exploring the feasibility of such an 

application by studying a range of haematite and goethite standards of known mixture 

compositions. This chapter explores the instruments’ ability to detect colour and distinguish 

between samples of varying colour, before determining the accuracy and reproducibility of 

these measurements. Experiments then move from standards to the mining samples 

discussed previously and this chapter presents the results of their analysis with this new and 

emerging technique. The range of samples is then expanded to include some from an 
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ethnographic collection, and are also analysed utilising a traditional, laboratory lased, bench 

top grade UV-vis, with the results of the two instruments compared. Work expands to establish 

a suitable model for the prediction of sample composition, again centring on a range of 

haematite and goethite standards of known mixture compositions and investigates a number 

of statistical methods of analysis. Studies include single wave length analysis, a model based 

on ∆E, and multiple linear regression analysis. The results of each model are presented here. 

This chapter also investigates the effect of a variety of sample preparation methods to explore 

the suitability of this instrument to artefacts and images of unknown origin. It explores the effect 

of sample thickness, and application method including the use of a variety of binders. 

Statistical analysis is completed in this chapter.  

Chapter four focuses on the effect of the substrate on the i1Pro results, as it is hypothesised 

that factors such as surface roughness and colour may influence the spectra obtained. A 

number of wood and stone based substrates are investigated, and the prediction models 

developed in chapter three are applied.  

Chapter five explores the application of the X-Rite i1-Pro system to a number of well-

provenanced raw ochre materials from well-known sites significant to Aboriginal Australians. 

This chapter aims to determine if the inter-site variation is smaller than the intra-site variation, 

and if the samples analysed from each site can be statistically linked with the hope that 

unknowns could be tested and preliminarily provenanced. This chapter presents background 

information, sample information, experimental methods and the results of the study including 

statistical analysis.  The same raw ochre samples are then analysed utilising neutron activation 

analysis and the results of the two methods are compared.  

Chapter six is a case study focusing on the application of the X-Rite i1-Pro system to toas of 

cultural significant to Aboriginal Australians. This chapter presents background information on 

the significance of the toas, sample information, experimental methods and the results of the 

study. Results include the statistical analysis of the spectra obtained, and comparisons 

between the ochre found on the toas and material identified as possible source material.  

Chapter seven presents the conclusions reached from the research detailed here. It also 

presents hypotheses for ongoing work, and future directions for this and associated projects. 

Appendix A presents a study completed into the formation of haematite via the dehydration of 

goethite. This is culturally significant as many sources and indeed colours of ochre were held 

in higher regard than others by Aboriginal Australians, and an understanding into the chemistry 

of alteration was necessary. This appendix presents background and sample information, as 

well as experimental techniques and results obtained from the use of both thermal gravimetric 

analysis studies and X-Ray diffraction analysis. 

Appendix B presents a case study into the accumulation of a dust-like particle on the surface 

of Aboriginal Rock Art at Arkaroo Rock in the Flinders Rangers South Australia. Background 

information and photographs, experimental techniques and results of the analysis utilising 
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microscopy, X-ray diffraction, thermal gravimetric analysis and colour analysis with the X-Rite 

i1pro is presented here, along with subsequent statistical analysis. The results of this appendix 

were presented at International Symposium on Archaeometry, Tampa, Florida. This work has 

been published in The Open Journal of Archaeometry.  

Appendix C presents supporting data – necessary for the details of the thesis and reference 

but not specifically relevant to each chapter or section.  

 





 

xiii 

iv. Table of contents: 

 
1. INTRODUCTION .................................................................................... 1 

1.1. Pigments ............................................................................................................ 2 

1.1.1. Pigments and their use in artwork throughout history .............................. 2 

1.2. Ochre ................................................................................................................ 14 

1.2.1. The significance of ochre in Australian Aboriginal culture ..................... 14 

1.2.2. The chemistry of ochre and their varied colours .................................... 15 

1.2.3. Structure of ochre .................................................................................. 15 

1.2.4. Factors that influence the colour of ochre.............................................. 16 

1.2.5. The dehydration of goethite to haematite .............................................. 18 

1.3. Analysis of ochre............................................................................................. 18 

1.3.1. Analysis of ochre utilising X-ray diffraction analysis and other X-ray based 

techniques .............................................................................................................. 19 

1.3.2. Spectroscopic and spectrometric analysis of ochre ............................... 25 

1.3.3. Trace element methods ......................................................................... 34 

1.3.4. Analysis of ochre utilising non-traditional or multidisciplinary based 

techniques .............................................................................................................. 36 

1.4. Provenance of ochre ....................................................................................... 40 

1.5. Project scope ................................................................................................... 44 

2. THE ANALYSIS OF OCHRE UTILISING TRADITIONAL METHODS . 47 

2.1. Experimental methods .................................................................................... 48 

2.1.1. X-Ray diffraction .................................................................................... 48 

2.1.2. Raman spectroscopy ............................................................................. 48 

2.1.3. Thermal gravimetric analysis ................................................................. 49 

2.1.4. Infrared .................................................................................................. 49 

2.1.5. Neutron activation analysis.................................................................... 49 

2.2. Sample Selection ............................................................................................. 49 

2.2.1. Natural ochres ....................................................................................... 49 

2.2.2. Standards and reference materials ....................................................... 50 

2.2.3. Sample selection based on techniques ................................................. 50 

2.3. Sample preparation ......................................................................................... 51 



 

xiv 

2.3.1. X-Ray diffraction .................................................................................... 51 

2.3.2. Raman spectroscopy ............................................................................. 51 

2.3.3. Thermal gravimetric analysis ................................................................. 51 

2.3.4. Infrared .................................................................................................. 52 

2.3.5. Neutron activation analysis .................................................................... 52 

2.4. Results and discussion .................................................................................. 52 

2.4.1. X-Ray diffraction .................................................................................... 52 

2.4.2. Raman spectroscopy ............................................................................. 57 

2.4.3. Thermal gravimetric analysis ................................................................. 61 

2.4.4. Infrared .................................................................................................. 65 

2.4.5. Neutron activation analysis .................................................................... 67 

2.5. Conclusions .................................................................................................... 81 

3. A PRELIMINARY STUDY INTO THE SUITABILITY OF PORTABLE 

COLORIMITRY FOR THE ANALYSIS OF OCHRE MATERIALS ............... 85 

3.1. Background instrumental information .......................................................... 86 

3.2. Experimental methods ................................................................................... 88 

3.2.1. Samples ................................................................................................. 88 

3.2.2. Experimental techniques ....................................................................... 89 

3.2.3. Data analysis methods .......................................................................... 90 

3.3. Results and discussion .................................................................................. 90 

3.3.1. Application of the i1Pro to synthetic ochre standards ............................ 90 

3.3.2. Determining the reproducibility of results ............................................... 90 

3.3.3. Detecting colour variations..................................................................... 96 

3.3.4. Comparison of the i1Pro to bench top grade instrumentation ................ 99 

3.3.5. Investigating the effect of varying sample thickness ............................ 100 

3.3.6. Investigating the effect of varying sample application methods ........... 101 

3.3.7. Comparison between ochre made with various pastes ........................ 104 

3.3.8. Use of i1Pro and derivative spectra to determine the composition of 

hematite/goethite mixtures .................................................................................... 104 

3.3.9. Application of the i1Pro to ‘real’ samples ............................................. 110 

3.4. Conclusions .................................................................................................. 112 

4. APPLICATION OF THE I1-PRO AND PREDICTION MODELS TO A 

VARIETY OF SUBSTRATES .................................................................... 113 



 

xv 

4.1. Experimental Methods .................................................................................. 114 

4.1.1. Samples .............................................................................................. 114 

4.1.2. Experimental techniques ..................................................................... 114 

4.1.3. Data analysis methods ........................................................................ 114 

4.2. Determining the instrument accuracy with application to varying substrates

 116 

4.3. Application of the composition prediction models to unknowns on alternate 

surfaces 119 

4.3.1. Single wavelength calibration .............................................................. 121 

4.3.2. Multiple linear regression analysis ....................................................... 124 

4.4. Conclusions ................................................................................................... 129 

5. A STUDY INTO THE INTER-SITE AND INTRA-SITE VARIATION AT A 

NUMBER OF CULTURALLY SIGNIFICANT AUSTRALIAN SITES ......... 131 

5.1. Sample sites .................................................................................................. 132 

5.2. Sample preparation ....................................................................................... 133 

5.3. Colour analysis results ................................................................................. 138 

5.3.1. Moana ................................................................................................. 139 

5.3.2. Wilgie Mia ............................................................................................ 141 

5.3.3. Bookartoo ............................................................................................ 142 

5.3.4. Comparison between all sites .............................................................. 143 

5.3.5. Conclusions ......................................................................................... 153 

5.4. Neutron activation analysis .......................................................................... 154 

5.5. Conclusions ................................................................................................... 164 

6. A CASE STUDY WITH THE APPLICATION OF THE i1PRO SYSTEM 

TO TOAS .................................................................................................. 167 

6.1. Background information ............................................................................... 168 

6.2. Toas investigated .......................................................................................... 169 

6.3. Experimental methods .................................................................................. 170 

6.4. Results and discussion ................................................................................ 171 

6.4.1. Raw ochre samples ............................................................................. 171 

6.4.2. Toas .................................................................................................... 178 

6.4.3. Comparison between the raw samples and the toas ........................... 196 



 

xvi 

6.4.4. Comparison between the raw material from the Reuther collection and the 

Bookartoo, Wilgie Mia and Moana samples studied previously ............................ 202 

6.5. Conclusions .................................................................................................. 202 

7. CONCLUSIONS AND FUTURE WORK ............................................. 205 

7.1. Conclusions .................................................................................................. 206 

7.2. Future work ................................................................................................... 210 

8. REFERENCES ................................................................................... 211 

9. AN INVESTIGATION INTO THE GOETHITE DEHYDRATION 

MECHANISM ............................................................................................ 225 

9.1. Background information and motivations .................................................. 226 

9.2. TGA Studies: Variation of temperature ....................................................... 226 

9.2.1. Experimental methods ......................................................................... 226 

9.2.2. Results ................................................................................................. 226 

9.3. X-Ray diffraction ........................................................................................... 227 

9.3.1. Experimental methods ......................................................................... 227 

9.3.2. Results ................................................................................................. 229 

10. ARKAROO ROCK - A CASE STUDY ................................................ 235 

10.1. Site location .................................................................................................. 236 

10.2. Samples ......................................................................................................... 237 

10.3. Experimental methods ................................................................................. 237 

10.4. Results ........................................................................................................... 239 

10.4.1. Microscopy........................................................................................... 239 

10.4.2. X-ray diffraction .................................................................................... 239 

10.4.3. Thermal gravimetric analysis: .............................................................. 240 

10.4.4. Colour analysis utilising the EFI ES-1000: ........................................... 240 

10.4.5. Statistical analysis ............................................................................... 241 

10.5. Conclusions .................................................................................................. 242 

11. SUPPORTING DATA ......................................................................... 245 

11.1. Results of the XRD analysis of the ten mining samples ........................... 246 

11.2. Results of the analysis of the ten mining samples utilising the i1Pro, both 

raw and normalised...................................................................................................... 248 



 

xvii 

11.3. Results of the analysis of Moana and Bookartoo ochres utilising both the 

i1Pro system and the Perkin-Elmer Lambda 950 bench top grade equipment ....... 251 

11.4. Results of the analysis of the internal standards utilised in neutron 

activation analysis ........................................................................................................ 252 

11.5. Visual comparisons of spectra obtained for samples of various standard 

compositions at four known thicknesses utilizing the i1-Pro ................................... 254 

 





 

xix 

v. List of abbreviations: 

 

AAS – Atomic Absorption Spectroscopy 

ACIR – Autocorrelation Infrared 

ANSTO – Australian Nuclear Science and Technology Organisation 

ATR – Attenuated Total Reflectance 

ATR-FTIR – Attenuated Total Reflectance Fourier-Transform Infrared   

Spectroscopy  

CCDs – Charge-Coupled Devices 

CHNS – Carbon, Hydrogen, Nitrogen, Sulphur 

CSIRO – The Commonwealth Scientific and Industrial Research Organisation 

DRIFT – Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

DSC – Differential Scanning Calorimetry 

DTA – Differential Thermal Analysis 

ED-XRF – Energy Dispersive X-ray Fluorescence 

EDS – Energy Dispersive Spectrometers microanalysis  

EDX – Energy-Dispersive X-rays analysis 

ESEM-EDX – Environmental Scanning Electron Microscope - Energy-Dispersive X-rays 

analysis 

FIR – Far-infrared Spectroscopy 

FTIR – Fourier Transform Infrared Spectroscopy  

GCMS – Gas Chromatography Mass Spectrometry 

HPLC – High Pressure Liquid Chromatography 

ICP-AES – Inductively Coupled Plasma Atomic Emission Spectroscopy  

ICDD – International Centre for Diffraction Data 

ICP-AES – Inductively Couple Plasma Atomic Emission Spectroscopy 

ICP-MS – Inductively Coupled Plasma Mass Spectrometry  

INAA – Instrumental Neutron Activation Analysis 

IR – Infrared  

IRM – Isothermal Resonance and Magnetic Susceptibility 

LA-ICP-MS – Laser Ablation Inductively Coupled Plasma Mass Spectrometry  

LD – Limit of Detection 

Micro-ATR – Micro-Attenuated Total Reflectance 

MEU – Minor Early Use 

MLU – Minor Late Use 

NAA – Neutron Activation Analysis 

NIPALS – Nonlinear Iterative Partial Least Squares 

NRA – Nuclear Reaction Analysis  

PCA – Principal Component Analysis  

PIGE – Particle Induced -Ray Emission  



 

xx 

PIGME – Programmed Inert-Gas Multi-Electrode 

PIXE – Particle Induced X-ray Emission 

RBS – Rutherford Backscattering Spectrometry  

RQPA – Rietveld Quantitative Phase Analysis 

SEM – Scanning Electron Microscopy 

SEM-EDX – Scanning Electron Microscopy Energy Dispersive X-ray Spectrometry 

SR-XRD – Synchrotron Radiation X-ray Diffraction 

TGA – Thermo Gravimetric Analysis  

TOF-SIMS – Time of Flight Secondary Ion Mass spectrometry  

Unc. – Uncertainties 

WD-XRF – Wavelength Dispersive X-ray Fluorescence 

XRF – X-ray Fluorescence 

XRD – X-ray Diffraction 



 

xxi 

vi. List of figures: 

 

Figure 1-1: (a) Example of an early painting utilizing ochre from a cave at Avignon, France 

[1]. (b) Example of the use of Egyptian blue in a wall painting from the antiquity time period. 9 

Figure 1-2: ‘Assumption to Heaven’ artwork from approximately 1518 showing the use of 

Vermilion as the red based pigment. ..................................................................................... 10 

Figure 1-3: (a) Ochre samples from Clearwell Caves, Gloucestershire, showing some of the 

numerous colours that ochres naturally exhibit [63], (b) photographic example of some of the 

toas contained by The South Australian Museum in the Reuther Collection (A) A6301 (B) 

A6308 (C) A6178 and (D) A6477. ......................................................................................... 15 

Figure 1-4: Chemical structure of (a) haematite -Fe2O3,  (b) goethite -FeOOH, (c) jarosite 

(KFe3(SO4)2(OH)6) and (d) natrojarosite (NaFe3(SO4)2(OH)6) where sodium polyhedra (A site) 

are light gray, iron octahedra are dark gray (B site) [67]. ...................................................... 16 

Figure 1-5: Particle diameter of four ochre samples of varied colours as presented by 

Mortimore et al.  .................................................................................................................. 17 

Figure 1-6: The pathways of two beams of X-rays demonstrating the different distances 

travelled based on atom interactions. .................................................................................... 19 

Figure 1-7: A simple schematic of a two-beam absorption infrared spectrometer. ............... 30 

Figure 1-8: Infrared spectroscopy correlation table showing the bands over which peaks are 

present and the functional groups responsible within the structures studied. ....................... 31 

Figure 1-9: ATR-FTIR spectra showing the variations observed as a result of altering the pH 

of the aqueous malonate solutions [121]. .............................................................................. 32 

Figure 1-10: Schematic diagram of Raman spectroscopy. Image from [128] ....................... 33 

Figure 1-11: LA-ICP-MS spectra obtained for two ochre samples showing their variation. .. 40 

Figure 1-12: Location of ochre sources utilised by Mooney et al. [144]................................ 42 

Figure 1-13: IRM acquisitions of various ochre samples from significantly different 

geographical provenance [144] ............................................................................................. 43 

Figure 2-1: Photograph of selected mining samples pressed prior to analysis showing the 

distinct differences in colour. ................................................................................................. 50 

Figure 2-2: Map of Australia showing the locations of the mining samples (see Table 2-1 for 

key).  .................................................................................................................. 51 

Figure 2-3: XRD Analysis of Ochre 1286 with overlay ICDD Patterns. ................................ 53 

Figure 2-4: XRD Analysis of Ochre 1286 at low intensities with overlay ICDD Patterns. ..... 53 

Figure 2-5: XRD Analysis of Ochre 1323 with overlay ICDD Patterns. ................................. 54 

Figure 2-6: Spectra obtained for the Raman analysis of the ochre standards. ..................... 57 

Figure 2-7: Spectra obtained for the Raman analysis of the visually yellow ochre samples. 58 

Figure 2-8: Spectra obtained for the Raman Analysis of the visually yellow ochre samples at 

low wavenumbers. ................................................................................................................ 58 

Figure 2-9: Spectra obtained for the Raman analysis of the visually red ochre samples. .... 60 



 

xxii 

Figure 2-10: Spectra obtained for the Raman analysis of the visually red ochre samples at 

low wavenumbers. ................................................................................................................ 60 

Figure 2-11: TGA weight loss spectra (shown in green) and derivative (shown in blue) of 

goethite to a maximum of 900°C, showing a transformation temperature of 303.43°C. ....... 61 

Figure 2-12: TGA weight loss spectra (shown in green) and derivative (shown in blue) of 

haematite to a maximum of 900°C, showing no significant weight loss. ............................... 62 

Figure 2-13: TGA weight loss spectra (shown in green) and derivative (shown in blue) of ochre 

1285 to a maximum of 900°C, showing a transformation temperature of 305.90°C. ............ 63 

Figure 2-14: TGA weight loss spectra (shown in green) and derivative (shown in blue) of ochre 

3696 to a maximum of 900°C, showing a transformation temperature of 298.50°C, and a 

secondary weight loss peak at 118.57°C.............................................................................. 63 

Figure 2-15: TGA weight loss spectra (shown in green) and derivative (shown in blue) of ochre 

3742 to a maximum of 900°C, showing a transformation temperature of 294.81°C, and a 

secondary weight loss peak at 508.01°C.............................................................................. 64 

Figure 2-16: TGA weight loss spectra (shown in green) and derivative (shown in blue) of ochre 

1286 to a maximum of 900°C, showing a transformation temperature of 298.50°C, a secondary 

weight loss peak at 505.55°C, and a small secondary peak at 114.88°C ............................. 64 

Figure 2-17: Results of near-IR analysis for the ten raw ochre mining samples. ................. 66 

Figure 2-18: NAA results for elements detected in all ochre samples at concentrations not 

exceeding 100mg/kg. ........................................................................................................... 79 

Figure 2-19: NAA results for elements detected in all ochre samples at concentrations greater 

than 50mg/kg in at least one sample, but not exceeding 1000mg/kg. .................................. 79 

Figure 2-20: NAA results of all elements detected in all ochre samples at concentrations not 

exceeding 1000mg/kg. ......................................................................................................... 80 

Figure 2-21: NAA results for elements detected in all ochre samples at concentrations not 

exceeding 60000mg/kg. ....................................................................................................... 80 

Figure 2-22: NAA results for elements detected in all ochre samples at concentrations not 

exceeding 60000mg/kg. ....................................................................................................... 81 

Figure 2-23: NAA results for elements detected in all ochre samples at concentrations not 

exceeding 60000mg/kg, with ochre 1293 omitted for scaling reasons.................................. 82 

Figure 3-1: The EFI ES-1000 hand-held spectrophotometer. .............................................. 86 

Figure 3-2: (a) Diagram showing a cross section of the internal schematics of the i1 pro 

instrument, with only the functionally essential elements shown, and (b) an oblique view of the 

opto-electronic measurement arrangement of the handheld colour measurement device. .. 87 

Figure 3-3 : Reflectance Spectra obtained for goethite (yellow) and haematite (red) standards 

utilising the i1Pro system. ..................................................................................................... 91 

Figure 3-4: Average Spectra obtained for five separate Goethite Standard samples, each 

measured twenty times, with the average spectra shown in green....................................... 95 

Figure 3-5: Average Spectra obtained for five separate haematite standard samples, each 

measured twenty times, with the average spectra shown in green....................................... 95 



 

xxiii 

Figure 3-6: Absorbance and derivative spectra of a Gaussian band highlighting the effect of 

first and higher order derivative calculations on the spectra. ................................................ 96 

Figure 3-7: Derivatives of the average spectra obtained for five separate goethite and five 

separate haematite Standard samples, each measured twenty times, with the overall average 

goethite spectra shown in yellow and haematite spectra in red. ........................................... 97 

Figure 3-8: Average spectra obtained for varying goethite and haematite composition samples 

utilising the EFI ES-1000. ...................................................................................................... 98 

Figure 3-9: First derivatives of the average spectra obtained for varying goethite and 

haematite composition samples utilising the EFI ES-1000. ................................................... 98 

Figure 3-10: Comparison of the derivatives of the spectra obtained for (a) Bookartoo ochre 

076 and (b) Moana ochre 037 utilising both the i1Pro system (shown in green) and the Perkin-

Elmer Lambda 950 (shown in blue). ...................................................................................... 99 

Figure 3-11: The i1Pro results obtained for the (a) haematite standard, (b) standard containing 

a 25/75% w/w mixture of goethite and haematite, (c) a 50/50% w/w mixture of goethite and 

haematite, (d)  a 75/25% w/w mixture of goethite and haematite and (e) the goethite standard 

at four various thicknesses with 20mg shown in blue, 15mg in red, 10mg in green and 5mg in 

orange.  ................................................................................................................ 101 

Figure 3-12: Derivatives of the spectra obtained for samples of various goethite/haematite 

composition when applied to paper as (a) a water based paste, (b) an emu oil based paste, 

and (c) an orchid sap based paste. ..................................................................................... 103 

Figure 3-13: Derivatives of the normalised spectra obtained for samples of (a) haematite 

standard, (b) 25/75 goethite/haematite (w/w%) sample, (c) 50/50 goethite/haematite (w/w%) 

sample, (d) 75/25  goethite/haematite (w/w%) sample and (e) goethite standard when applied 

to paper as a water based paste (shown in blue), an emu oil based paste (shown in black), 

and an orchid sap based paste (shown in purple). .............................................................. 105 

Figure 3-14: The intensity of the derivate of the spectra at 530nm for each sample site with 

respect to sample composition. ........................................................................................... 106 

Figure 3-15: The ΔE value for each sample site with respect to sample composition. ....... 108 

Figure 3-16: Predicted Vs Reference data from the multiple linear regression model........ 109 

Figure 3-17: Results obtained for the ten mining samples utilizing the i1Pro. .................... 111 

Figure 3-18: Derivatives of the results obtained for the ten mining samples utilizing the i1Pro.

  ................................................................................................................ 111 

Figure 4-1: Derivatives of the spectra obtained for samples of various goethite/haematite 

compositions when applied as a water based paste to (a) pine, (b) Australian oak, (c) natural 

jarrah, (d) natural sandstone, (e) synthetic sandstone, (f) natural slate and (g) synthetic pavers 

The legend for these figures is presented in (h).. ................................................................ 118 

Figure 4-2: Normalised and derivitised i1Pro reflectance spectra obtained for a water based 

paste when applied to paper (bright blue), pine (black), jarrah (pink), oak (purple), natural 

sandstone (yellow), synthetic sandstone (deep blue), natural slate (green) and synthetic 

pavers (red) for the (a) goethite standard, (b) 25/75 goethite/haematite (w/w%) sample, (c) 



 

xxiv 

50/50 goethite/haematite (w/w%) sample, (d) 75/25  goethite/haematite (w/w%) sample and 

(e) haematite standard. ...................................................................................................... 120 

Figure 4-3: Variation between the actual %goethite and the calculate %goethite for the 

samples of undisclosed composition using the 530nm prediction model. ........................... 123 

Figure 4-4: Variation between the actual %goethite and the calculate %goethite for the 

samples of undisclosed composition using the MLR model on paper. ............................... 127 

Figure 4-5: Predicted Vs Reference data from the Multiple Linear Regression model on Slate.

  ................................................................................................................ 128 

Figure 5-1: Map of Australia showing the location of the three sites used in this study. 

Bookartoo is labelled as site 1, Wilgie Mia as site 2 and Moana as site 3. ......................... 133 

Figure 5-2: The normalised and derivative spectra for each colour classification for all Moana 

samples. The error bars represent a single standard deviation of the average spectra. .... 140 

Figure 5-3: Results of principle component analysis for PC1 vs PC2 performed on all Moana 

samples.  ................................................................................................................ 140 

Figure 5-4: The normalised and derivative spectra for each colour classification for all Wilgie 

Mia samples. The error bars represent a single standard deviation of the average spectra..... 

  ................................................................................................................ 141 

Figure 5-5: Results of principle component analysis for PC1 vs PC2 performed on all Wilgie 

Mia samples.  ................................................................................................................ 142 

Figure 5-6: The normalised and derivative spectra for each colour classification for all 

Bookartoo samples. The error bars represent a single standard deviation of the average 

spectra.  ................................................................................................................ 143 

Figure 5-7: Results of principle component analysis for PC1 vs PC2 performed on all 

Bookartoo samples. ............................................................................................................ 144 

Figure 5-8: The normalised and derivative spectra for each colour classification for all Wilgie 

Mia, Bookartoo and Moana samples. The error bars represent a single standard deviation of 

the average spectra. ........................................................................................................... 145 

Figure 5-9: Results of principle component analysis for PC1 vs PC2 performed on all Wilgie 

Mia, Bookartoo and Moana samples. ................................................................................. 146 

Figure 5-10: Loadings plot corresponding to the principal component analysis results 

presented in Figure 5-9. ..................................................................................................... 146 

Figure 5-11: Results of principle component analysis for PC1 vs PC3 performed on all Wilgie 

Mia, Bookartoo and Moana samples. ................................................................................. 147 

Figure 5-12: Loadings plot corresponding to the principal component analysis results 

presented in Figure 5-11. ................................................................................................... 147 

Figure 5-13: The normalised and derivative spectra for the ochres classified red in colour for 

Wilgie Mia (shown in green), Bookartoo (shown in red) and Moana (shown in red) samples. 

The error bars represent a single standard deviation of the average spectra. .................... 149 



 

xxv 

Figure 5-14: Results of PCA for PC1 vs PC2 performed on all Wilgie Mia (shown in black), 

Bookartoo (shown in bright red) and Moana (shown in dark red) samples classified to be red 

in colour.  ................................................................................................................ 150 

Figure 5-15: Loadings plot corresponding to the PCA data shown in Figure 5-14. ............ 150 

Figure 5-16: Ratio calculations for derivative spectral instensity for Bookartoo (shown in red), 

Moana (shown in blue) and Wilgie Mia (shown in green). The error bars represent a standard 

deviation.  ................................................................................................................ 152 

Figure 5-17: Results of principle component analysis for PC1 vs PC2 performed on all Wilgie 

Mia (shown in black), Bookartoo (shown in bright red) and Moana (shown in dark red) samples 

classified to be red in colour using only wavelengths 530-700nm. ...................................... 152 

Figure 5-18: Loadings plot corresponding to the PCA data shown in Figure 5-17. ............ 153 

Figure 5-19: Results of principle component analysis for PC1 vs PC2 performed on the NAA 

data of all Wilgie Mia (shown in black), Bookartoo (shown in bright red) and Moana (shown in 

dark red) samples. .............................................................................................................. 155 

Figure 5-20: Loadings plot corresponding to the PCA results given in Figure 5-19............ 155 

Figure 5-21: Results of principle component analysis for PC1 vs PC2 performed on the NAA 

data of all Wilgie Mia (shown in black), Bookartoo (shown in bright red) and Moana (shown in 

dark red) samples classified to be red in colour. ................................................................. 156 

Figure 5-22: Loadings plot corresponding to the PCA results given in Figure 5-21............ 156 

Figure 5-23: Results of principle component analysis for PC1 vs PC2 performed on the NAA 

data of all Wilgie Mia (shown in black), Bookartoo (shown in bright red) and Moana (shown in 

dark red) samples classified to be red in colour using a reduced number of elements. ...... 163 

Figure 5-24: Loadings plot corresponding to the PCA results given in Figure 5-23............ 164 

Figure 6-1: Map showing the location of the toas collection with respect to Australia and 

(insert) map of the Lake Eyre region. .................................................................................. 168 

Figure 6-2: Photographic example of some of the toas studied (A) A6301 (B) A6308 (C) A6178 

and (D) A6477.  ................................................................................................................ 170 

Figure 6-3: Photographic example of some of the toas studies (A) A40876 (B) A40862 (C) 

A6190 and (D) A6172. ........................................................................................................ 170 

Figure 6-4: The average normalised derivative spectra for each of the six raw ochre samples 

collected by Reuther at the same time as the Toas representing possible source material. ..... 

  ................................................................................................................ 172 

Figure 6-5:  The ratio between the average normalised and derivatised spectra of the six raw 

ochre samples collected by Reuther at the same time as the toas representing possible source 

material at 590 and 650nm. ................................................................................................ 172 

Figure 6-6: Graphical representation of the average spectra obtained for the raw materials 

studied with a range and single standard deviation shown. ................................................ 176 

Figure 6-7: Principle component analysis results of the six raw materials studied. ............ 177 

Figure 6-8: Loadings plot generated in conjunction with the PCA results for the six raw 

materials studied. ................................................................................................................ 177 



 

xxvi 

Figure 6-9: Each series represents the normalised and derivatised average of a the five 

measurements taken at a single sample site on Toa A40862, with all four series showing good 

agreement and allowing for an average to be used for this toa. ......................................... 179 

Figure 6-10: Series representing the normalised and derivatised average of a the five 

measurements taken at a single sample site on each of these toas are shown below in Figure 

H (a), representing toa A6477, H (b), representing toa A40876, and H (c) representing toa 

A6190.  ................................................................................................................ 180 

Figure 6-11: Series representing the normalised and derivatised average of all the 

measurements taken on each toa, except where statistical averaging was not applicable and 

multiple series exist per toa. ............................................................................................... 185 

Figure 6-12: Graphical representation of the average spectra obtained for the yellow areas 

studied with a range and single standard deviation shown. ................................................ 184 

Figure 6-13: The ratio of the intensities of the peak at 560nm and the minima at 470nm where 

the spectra underwent normalisation and derivitisation before being averaged to give a single 

spectra per toa where statistically appropriate. .................................................................. 185 

Figure 6-14: The normalised, derivitised and then averaged spectra for each site for two toas, 

A6477 shown as (a) and A6195 shown as (b), demonstrating good agreement between all 

sites studied on each individual toa. ................................................................................... 187 

Figure 6-15:  Photographic image of toa A40862 and the seven sites studied on this toa. 188 

Figure 6-16: The normalised, derivitised and averaged spectra for each site on toa A40862, 

where the number corresponds to the location shown visually in Figure M. ....................... 188 

Figure 6-17: The normalised, derivitised and then averaged spectra for the red areas of all 

toas studied.  ................................................................................................................ 189 

Figure 6-18: Graphical representation of the average spectra obtained for the red areas 

studied with a range and single standard deviation shown. ................................................ 193 

Figure 6-19: Principle component analysis results of the red material on the toas. ........... 195 

Figure 6-20: Loadings plot generated in conjunction with the PCA results for the red material 

on the toas.  ................................................................................................................ 196 

Figure 6-21: The ratio of the peak intensities at 590/650nm of the normalised, derivitised and 

then averaged spectra for all toas studied. ......................................................................... 196 

Figure 6-22: Normalised derivative i1Pro spectra for the toas and raw material, overlayed, 

with the toas all represented in black and the individual raw materials spectra highlighted.197 

Figure 6-23: The 590/650nm ratios for the toas (shown in colours) and the toas (shown in 

pink/purple), with three of the raw materials falling within the range of the toas and three 

distinctly outside the range. ................................................................................................ 198 

Figure 6-24: Principal component analysis on the red material on the toas and the raw 

samples collected as possible sources with the individual sample numbers shown. .......... 199 

Figure 6-25: Principal component analysis on the red material on the toas and the raw 

samples collected as possible sources with the toas shown in red and the sources in blue. ... 

  ................................................................................................................ 199 



 

xxvii 

Figure 6-26: Loadings plot for principal component analysis on the red material on the toas 

and the raw samples collected as possible sources. ........................................................... 200 

Figure 6-27: Principal component analysis on the red material on the toas (excluding toa 

A6153b) and the raw samples collected as possible sources with the individual sample 

numbers shown.  ................................................................................................................ 200 

Figure 6-28: Principal component analysis on the red material on the toas (exluding toa 

A6153b) and the raw samples collected as possible sources with the toas shown in red and 

the sources in blue. ............................................................................................................. 201 

Figure 6-29: Loadings plot for principal component analysis on the red material on the toas 

(excluding toa A6153b) and the raw samples collected as possible sources. ..................... 201 

Figure 6-30: Principal component analysis on the raw material collected from the Reuther 

Collection and the Moana, Bookartoo, Wilgie Mia samples. ............................................... 203 

Figure 6-31: Loadings plot for the principal component analysis on the raw material collected 

from the Reuther Collection and the Moana, Bookartoo, Wilgie Mia samples. .................... 203 

Figure 9-1: TGA results obtained from the heating of pure goethite to 900°C in air. .......... 227 

Figure 9-2: XRD pattern of as-received Hattrick goethite Y163.......................................... 229 

Figure 9-3: XRD pattern of as-received Fluka goethite 71063. .......................................... 230 

Figure 9-4: XRD patterns of Hattrick goethite Y163 heated at 105ºC (shown in black), 150ºC 

(shown in red), 200ºC (shown in blue), 250ºC (shown in purple) and 300ºC (shown in green) 

for 24 hours in air. ............................................................................................................... 230 

Figure 9-5: Weight loss of Hattrick goethite Y163 after heating. Heating was in air for a time 

of 24 hours unless otherwise indicated. The data is plotted on two scales to better show the 

measured weight loss at temperatures below 250ºC. ......................................................... 231 

Figure 9-6: Spectra obtained (offset) from the heating of goethite, with the original spectra 

shown in red obtained at room temperature, the second spectra shown in orange obtained as 

the temperature reached 300°C, and each following spectra being an additional one hour into 

heating.  ................................................................................................................ 232 

Figure 9-7: Spectra obtained (offset) from the heating of Goethite, with the original spectra 

shown in red obtained at room temperature, the second spectra shown in orange obtained as 

the temperature reached 300°C, and each following spectra being an additional one hour into 

heating, with only theta angles 35 to 45 shown. .................................................................. 233 

Figure 9-8: Spectra obtained (offset) from the heating of Goethite, obtained at room 

temperature (shown in black), as temp reached  300°C (shown in red), with one and two hours 

heating (shown in blue and purple), and 16 hours heating (shown in green).  Only 2-theta 

angles 35 to 45 are shown. ................................................................................................. 234 

Figure 10-1: Map showing the location of Arkaroo Rock relative to South Australia’s capital 

city, Adelaide.  ................................................................................................................ 236 

Figure 10-2: Photograph showing the dust- like particles collecting on the surface of the 

artwork, and the areas where samples were collected both from the rock surface (samples 1-

6, 12) and from ground within the protective fence (samples 7-11)..................................... 238 



 

xxviii 

Figure 10-3: Photograph taken on medium magnification utilizing a Lietiz orthopol 12 

petrographic microscope showing a number of the species present in sample number 5 of the 

dust like particulate removed from the rock surface. .......................................................... 239 

Figure 10-4: Results of the TGA analysis of the fine particles collected from Arkaroo Rock. 

The plot shows the derivative weight (percent) as a function of temperature. .................... 240 

Figure 10-5: The derivative of the spectra obtained for all samples collected from both the 

surface of the rock and the ground within the caged area, using the EFI ES-1000 hand-held 

spectrophotometer.............................................................................................................. 241 

Figure 10-6: Dendrogram from statistical analysis using the MINITAB software of the 

derivatives of the spectra obtained for the samples collected (numbering shown in figure 2) 

and analysed using the EFI ES-1000. ................................................................................ 242 

Figure 11-1: XRD analysis of mining sample ochres with ICDD overlap of goethite (green), 

haematite (purple) and quartz (blue). Samples (a) – (h) appear yellow in colour and (i) - .. 248 

Figure 11-2: Results of i1Pro analysis of the ten mining samples measured at three spots five 

times consecutively. ........................................................................................................... 250 

Figure 11-3 : Comparison of the derivatives of the spectra obtained for Bookartoo and Moana 

ochres utilising both the i1Pro system (shown in green) and the Perkin-Elmer Lambda 950 

(shown in blue).  ................................................................................................................ 252 

Figure 11-4: Results of the analysis of various composition goethite/haematite standard at 

four various sample thicknesses, 20mg (shown in purple), 15mg (shown in yellow), 10mg 

(shown in green) and 5mg (shown in red). Spectra are normalised but not derivitised. ..... 256 



 

xxix 

vii. List of tables: 

 

Table 1-1: Examples of many of the naturally occurring and synthetic pigments, their colours 

and their chemical compositions. The pigments presented here are listed based on their 

chronological order beginning with antiquity though the ages to modern times. This list is 

indicative and not exhaustive. ................................................................................................. 3 

Table 1-2: A summary of the use of various synthetic and natural pigments throughout time, 

where MEU represents minor early use and MLU represents minor late use. ...................... 12 

Table 1-3: Measured content of the major components of four tested ochre samples. Table 

reproduced from [64] ............................................................................................................. 17 

Table 1-4: Summary of current research into the analysis of ochre utilizing X-ray based 

techniques [19, 57, 58, 65, 71, 84-97]. .................................................................................. 21 

Table 1-5: Summary of current research into the analysis of ochre utilizing Raman and infrared 

spectroscopy based techniques [19, 52, 53, 55, 64, 66, 69, 70, 101-111] ............................ 26 

Table 1-6: Summary of current research into the analysis of ochre utilizing a number of 

techniques where trace element analysis is the primary aim [58, 84, 87-89, 91, 94, 138]. ... 35 

Table 1-7: Summary of current research into the analysis of ochre utilizing multidisciplinary 

techniques [60, 61, 93, 97, 99, 140-145]. .............................................................................. 37 

Table 1-8: Oxygen Isotope ratios in quartz in a number of ochre samples. The table is 

reproduced from reference [60] ............................................................................................. 41 

Table 1-9: Summary of the elemental composition of eight red ochre samples from Western 

North America.  .................................................................................................................. 43 

Table 2-1: A description of the ten Australian mining samples used in this study, their 

corresponding image number and map location. .................................................................. 50 

Table 2-2: Results of XRD analysis showing identified sample components. ....................... 55 

Table 2-3: Results of quantitative phase analysis using Rietveld refinement on a sample of 

known composition. ............................................................................................................... 56 

Table 2-4: Results of XRD analysis showing calculated sample compositions, expressed as a 

%weight. X suggests that analysis was unsuccessful. .......................................................... 56 

Table 2-5: Results of autocorrelation analysis on various mining samples. .......................... 65 

Table 2-6: NAA data obtained for ochres 1323, 1337, 3742, 1293 and 1139 for all elements 

investigated. Data is reported as supplied by ANSTO. ......................................................... 68 

Table 2-7: NAA data obtained for ochres 1137, 1150, 1286, 3696 and 1285 for all elements 

investigated. Data is reported as supplied by ANSTO. ......................................................... 72 

Table 2-8: NAA results for all ochres, showing only the elements detected. ........................ 76 

Table 3-1: Series of standard goethite and haematite samples varying in composition by 

approximately 5%. ................................................................................................................. 89 

Table 3-2: Results obtained for two hundred measurements of standard Goethite utilising the 

EFI ES-1000.  .................................................................................................................. 92 



 

xxx 

Table 3-3: Results obtained for two hundred measurements of standard haematite utilising 

the EFI ES-1000.  .................................................................................................................. 94 

Table 3-4: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, using the 530nm prediction model, with values expressed as the 

percentage of goethite in each sample. .............................................................................. 107 

Table 3-5: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, using the ΔE prediction model, with values expressed as the percentage 

of goethite in each sample. ................................................................................................. 108 

Table 3-6: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, with values expressed as the percentage of goethite in each sample.110 

Table 4-1: Series of standard goethite and haematite samples varying in composition by 

approximately 5%. .............................................................................................................. 115 

Table 4-2: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, with values expressed as the percentage of goethite in each sample, with 

samples applied to wood and stone surfaces, using the 530nm prediction model. ............ 121 

Table 4-3: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, with values expressed as the percentage of goethite in each sample, with 

samples applied to wood and stone surfaces. .................................................................... 124 

Table 4-4: Results of analysis of samples of undisclosed composition, with comparison to 

known composition, with values expressed as the percentage of goethite in each sample, with 

samples applied stone surfaces, calculated utilising a MLR model created on slate. ......... 128 

Table 5-1: Table showing the ochre samples utilised in this study, including their database 

number, site location, a description of their colour and the corresponding L/A/B colour space 

values. A description of the sample type is also given where raw stones samples are described 

based on their sizes with samples less than 2cm in diameter are considered very small, 

between 2-5cm in diameter small, 6-9cm in diameter medium, 10-15cm in diameter large, and 

greater than 16cm in diameter extra-large. ......................................................................... 134 

Table 5-2: Table showing the ochres utilised in NAA analysis including their database 

classification number, sample site and visual colour. ......................................................... 157 

Table 5-3: Descriptive statistics obtained from the NAA analysis of the ochres given in Table 

5-2.  ................................................................................................................ 158 

Table 5-4: Elemental average detected and standard deviations (population) for the 34 red 

samples studied.  ................................................................................................................ 160 

Table 6-1: Table showing the toas used in this study including their museum reference number 

and the colour components studied. ................................................................................... 169 

Table 6-2: Preliminary statistical analysis performed on the average normalised derivative 

spectra for each of the six raw ochre samples collected by Reuther at the same time as the 

Toas representing possible source material. ...................................................................... 173 



 

xxxi 

Table 6-3: Preliminary statistical analysis performed on the average normalised derivative 

spectra for each of the six raw ochre samples collected by Reuther at the same time as the 

Toas representing possible source material. ....................................................................... 174 

Table 6-4: The Toas containing a yellow pigment as decoration that were examined, the 

number of unique sites on each toa studied, and the number of groups identified from spectral 

and statistical analysis. ....................................................................................................... 179 

Table 6-5: Preliminary statistical analysis on the yellow material used to decorate a selection 

of toas based on the normalised and derivatised average spectra per toa where statistically 

appropriate.  ................................................................................................................ 181 

Table 6-6: Descriptive statistics on the yellow material used to decorate a selection of toas 

based on the normalised and derivatised average spectra per toa where statistically 

appropriate.  ................................................................................................................ 182 

Table 6-7: The Toas containing a red pigment as decoration that were examined, the number 

of unique sites on each toa studied, and the number of groups identified from spectral and 

statistical analysis. .............................................................................................................. 186 

Table 6-8: Statistical analysis on the normalised, derivitised and then averaged spectra for 

the red areas of all toas studied. ......................................................................................... 190 

Table 6-9: Descriptive statistics for the normalised, derivitised and then averaged spectra for 

the red areas of all toas studied. ......................................................................................... 191 

Table 9-1: Weight loss of Hattrick goethite Y163 after heating at the shown temperatures for 

the shown times.  ................................................................................................................ 231 

Table 11-1: Results of NAA on the NIST internal standards. .............................................. 252 


