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Archaeologists consider the ability to control fire a turning point in the genus Homo’s evolution. Combustion 

remains like burnt bone, charcoal, and heated sediments provide clues about the burning intensity of past 

fires, which may relate to use. However, this evidence can be scarce, discreet, or entirely transformed by 

its burial environment and therefore difficult to study. 

Burnt bones are particularly useful to study past fires as they are sensitive to heat and commonly preserve 

in alkaline environments. Previous attempts to characterise burnt bone have focused on visual assessments 

which are imprecise and often influenced by post-burial factors. Fourier transform infrared spectroscopy 

(FTIR) spectroscopy offers a quantitative method of analysis to characterise burnt bone that is sensitive to 

chemical and structural change and underutilised in Australia. 

To assess the application of FTIR spectroscopy in Australian archaeology, bones from four species of 

Australian animals were heated then characterised using the technique. Informative absorbance indices 

were created and statistically interrogated, along with predictive models constructed using partial least 

squares regression (PLSR) analysis. These models were applied to macro- and microscopic burnt bone from 

Boodie Cave and Riwi, two northwest Australian archaeological sites with indications of regular fire activity.  

Bones from Boodie Cave were burnt at low temperatures (100-300°C) consistent with fleshed cooking or 

indirect burning from successive combustion activities. Bones from Riwi were probably indirectly burnt at 

low temperatures (<300°C) before 34,000 years ago and at medium temperatures (300-500°C) after that, 

consistent with the development of new cooking practices that burnt at hotter temperatures. Post-burial 

alteration was apparent (especially at low temperatures) and affected the accuracy of micro-bone results – 

though further experimentation is required to fully characterise its impact. In conclusion, FTIR spectroscopy 

performed extremely well to characterise burning of combustion materials and appeared more reliable than 

colour to discriminate differences in burning extent through time and between sites. 
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Fire encapsulates one of early humans’ first technologies (after stone tools) and likely enhanced the brain 

size, subsistence strategies, and cultural development of these early groups (Gowlett et al. 2012; Sandgathe 

2017). Material evidence, including burnt bone, charcoal, and heated sediments, can provide clues as to 

how fire helped people adapt during past climatic and environmental change. Unfortunately, investigations 

into past combustion activities are difficult as physical evidence is nuanced, scarce, and often transformed 

by its burial environment (Goldberg et al. 2017; Mallol and Henry 2017). New techniques are sorely required 

to address these issues and unravel Homo’s complex relationship to fire. This chapter introduces the 

following topics: 

1. Aboriginal fire use in Australia 

2. The research gap in early fire use 

3. Microarchaeological techniques 

4. Research aims and study sites 

 

Evidence for Indigenous fire use in post-contact Australia is widespread. As Pyne (1998) suggested, the 

Australian environment was built to burn. The genus Eucalyptus, endemic to Australia and proliferated by 

natural fire (Pyne 1998:16-21), dominates the landscape along with Acacia species (Wright and Clarke 

2007). Pyne argues that the ubiquitous, resprouting and fire-resilient nature of these trees may even be 

attributed to the fire regimes of first Australians (1998: Chapters 2-3). 
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The use of fire as a tool for managing landscape has been recorded as early as the 1860s when European 

records noted widespread burning of vegetation that occurred almost daily in the Central and Western 

Desert regions (Kimber 1983). Most of this fire was manmade and seemed to follow travel routes in the 

landscape such as riverbanks and ranges (Kimber 1983:38). These fires might have been used to clear 

growth for camps, ease of travel, to better view an area, drive away snakes, or to fell large trees for 

firewood, as has been documented previously (Gould 1971:16-17; Kimber 1983:40). In Southwest 

Australian regions, Noongar people used fire to protect habitats and vegetation and promote particular 

plant growth (Kelly 1998:11). Modern accounts show that Aboriginal people were able to control the 

intensity of these fires to suit their purpose, incorporating intricate knowledge of wind, rain and weather 

patterns to plan fire spread (Kelly 1998; Kimber 1983). 

Routine fires, those used regularly for domestic purposes, were also common in ancient Australia. Fires 

were lit for cooking, illumination, warmth, signalling, tool-making, ceremonial uses and even repairing 

wooden objects and straightening spears (Gould 1971; Kimber 1983). Previous ethnographic investigations 

have shown that Aboriginal people in the Western Desert, for example, carried firesticks as late as the 1970s 

to light routine or landscape fires more easily (Gould 1971). In fact, fire is central to many Aboriginal rituals 

and myth (Gould 1971:17-18), and often possesses symbolic value (Kimber 1983:38). Distinctions in some 

Aboriginal languages further suggest that Aboriginal Australians maintained, and continue to maintain, a 

complex relationship with fire which may be representative of its many uses in the past (Kelly 1998; 

Monaghan 2007; Walshe 2012). 

Each of these fires, whether domestic or targeting the landscape, contained its own peculiarities. Burning 

intensity, fuel source, duration, location, and the presence of oxygen are characteristics that can affect 

material remains. Once recovered from the archaeological record, these remains can inform past fire use if 

inspected closely (Ward and Friesem 2021). Such investigations may offer insight into how people used fire 

to tackle environmental upheaval in terms of cooking practices, for example, in Pleistocene Australia around 

40,000 to 11,700 years ago, for which archaeologists have found little physical evidence. 
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While recent studies suggest that pre-contact Australia experienced a high diversity of cultural fire use 

(Moody 2016; Vannieuwenhuyse 2016; Ward and Friesem 2021; Whitau et al. 2018), the physical remains 

of these fires have not been sufficiently studied in the archaeological record. This is partly because 

combustion features can be difficult to detect. When dealing with the deep past, evidence for controlled 

use of fire often emerges as scatters of ash, charcoal, heated stones, reddened substrate and burnt bone 

(Goldberg et al. 2017:S176). These ‘features’, even when fire use is certain, can be faint and their origin 

disputed (Aldeias 2017; Barbetti 1986; Goldberg et al. 2017). 

Our inability to discern natural and human controlled fire to a precise degree further complicates the study 

of past fires (McNiven et al. 2018). Macro indicators for fire such as heated substrate, charcoal and ash, or 

calcined bone are produced as easily from natural fires as they are from human hearths (or other 

combustion features such as ground ovens; see Goldberg et al. 2017:S184). Even combustion material 

within a cave could have doubtful origin, as burnt remains may have blown in or washed through from 

regular bushfires that occurred in the past. One archaeological site that exemplifies these difficulties is 

Moyjil in southwest Victoria which controversially contains as a 120,000-year-old fire feature that may or 

may not be of human origin (McNiven et al. 2018). 

Another reason that past fire use has been insufficiently researched in Australia is due to a lack of burnt 

reference collections targeting Australian plants and animals (Dotte-Sarout et al. 2015; Ward et al. 2019). 

Researchers use these collections to identify and study archaeological material. Outside Australia, 

researchers have used visual or microscopic techniques to characterise their collections to help them infer 

the origin of fire activity in the archaeological record, and occasionally, its purpose (Abdel-Maksoud 2010; 

Castillo et al. 2013; Greiner et al. 2019; Koon et al. 2003; Legan et al. 2020; Nicholson 1993; Pérez et al. 

2017; Reidsma et al. 2016; Shipman et al. 1984; Snoeck et al. 2014; Thompson et al. 2009; Wang et al. 2019; 

Wärmländer et al. 2019). Most existing reference collections provide information on plants or material that 

were not present in pre-modern Australia. Equally, visual stages of heat transformation in bone may not 

apply to genera in Australia. Therefore, Australian-specific burnt reference collections are vital to study past 

fire use. 
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This study aims to improve analyses of burning contexts and post-burial alteration by applying 

microarchaeological techniques (such as micromorphology and FTIR spectroscopy) to archaeological 

combustion material in Australia. The study uses the following methodology: 

1. Create a material reference set of Australian animal bone and wood species. 

2. Characterise the effect of burning using traditional means (colour and surface morphology) then 

with FTIR spectroscopy. 

3. Use the resulting data to predict burning intensity in archaeological material. 

The resultant FTIR spectroscopy data will be applied to two case studies in northwest Australia with 

indications of regular fire activity: Boodie Cave and Riwi (see below). It is hoped that improved analyses of 

burning material may help us infer how First Nations people used fire in their day-to-day lives. The next 

section provides background to microanalytical techniques, reviews previous combustion studies in non-

Australian archaeology, and explores the value of empirical analysis as applied to past fire practice. 
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There are numerous benefits to microarchaeological approaches in archaeology (such as using FTIR 

spectroscopy). This section reviews previous analyses of burnt bone and describes limits caused by the 

effects of post-burial alteration. It explores the benefit of micro-analyses and summarises past research into 

combustion activities using spectroscopic methods. The section then reviews two archaeological sites 

located in northwest Australia with pertinent fire remains that will be explored using newly created 

reference spectra. 

 

In Australian archaeology, combustion materials typically undergo low-resolution analyses that offer little 

information regarding the maximum temperature or condition under which material was burnt (Balme et 

al. 2019; Holdaway et al. 2017; Wallis et al. 2004), with recent exceptions (Byrne et al. 2020; 

Vannieuwenhuyse 2016; Ward et al. 2019; Whitau et al. 2018). Previous attempts to characterise burnt 

bone have primarily focused on visual categories like colour, surface features, and crystal structure to 

determine if a bone had been burnt and to what temperature. Even in micro-analyses, intensity of bone 

burning is based on colour and few categories are used (Ward et al. 2019). Colour analyses of burnt bone 

are not only vague but are subject to a range of external factors which early studies flagged (e.g., Nicholson 

1993; Shipman et al. 1984). In addition, much information of past combustion activities is neglected by 

traditional sampling means and may only exist at the micro-scale. 
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Colour change in bone results from changes to the ratio of organic and inorganic components, which are 

altered by heat (Ellingham et al. 2015:182). Bone is about 60-70% inorganic mineral (specifically, carbonate-

hydro-apatite, rather than hydroxyapatite, which Greiner et al. 2019 argue it only recrystallises to after 

heating), 20-30% organic material (mainly collagen), and 10% non-collagenous proteins, lipids, and water 

(Chadefaux et al. 2009:129). The combustion process starts with unheated bone, normally a light ivory 

colour, which then turns brown to black during carbonisation where organic collagen and carbon are 

incinerated. Bone turns grey during pyrolysation as organic compounds decompose, then finally becomes 

white during calcination as all organic compounds are lost and the bone mineral fuses, forming larger 

crystals (Castillo et al. 2013:33; Ellingham et al. 2015:182). Authors have tried to standardize descriptions 

of bone colour using Munsell colour charts and even electronic methods (Ellingham et al. 2015:184; 

Wärmländer et al. 2019), but it remains difficult due to subjectivity and the inherent susceptibility of bone 

colour to many variables like taxa, burial environment, bone size, as well as heating properties like oxygen 

exposure, indirect heating, and duration (Ellingham et al. 2015; Nicholson 1993). 

Early studies also found that a bone’s surface, studied with a light microscope or scanning electron 

microscope (SEM), altered with changes in temperature, similar to colour. Nicholson (1993) compared 

heating between mammalian and non-mammalian bones and identified four stages of distinct surface 

morphologies viewed through a 40x light microscope and an SEM. A more recent analysis targeting human 

bones (Castillo et al. 2013) also identified four stages of morphological change caused by heat (see Table 2 

for a comparison of results). 

Recently, an Honours student from the University of Queensland used bone colour and surface morphology 

to explore fire activities at Madjedbebe, a rock shelter in Arnhem Land, and Boodie Cave, in northwest 

Australia (Moody 2016). She burnt kangaroo bones and brushtail possums using Indigenous techniques and 

applied this data to identify fleshed cooking and post-depositional burning in the archaeological record. 

Moody (2016) concluded that this type of analysis is useful in Australia and should be expanded beyond 

marsupial bone to address differences in colour change and surface features across different species (p. 

60).  
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Figure 5. Examples of quartz grains and bone fragments in plane -polarised l ight (PPL; left)  and 
cross-polarised l ight (XPL; right). Micromorphological slides are samp led from Riwi Cave in the 
southern Kimberley, Western Australia. Scales are 500 µm and 100 µm (s ourced from 
Vannieuwenhuyse 2016; Fig. 5 -23). 

In fact, micromorphology has been used to identify some of the oldest in situ by-products of burning like 

those from the Amudian hearths in Qesem Cave, Israel, which are up to 400,000 years old (Barkai et al. 

2017). Outside of Australia, micromorphology has been used to identify bones used as fuel, differentiate 

dumping sites rather than in situ hearths based on weak microstratigraphy (Schiegl et al. 2003), identify 

hearth-cleaning activities, and suggest the use of grass matting in a Palaeolithic site based on ash lenses and 

phytolith evidence (Goldberg and Berna 2010). An Australian study used microstratigraphy to identify 

distinct combustion features at Riwi Cave, Western Australia, including flat, dug, and residue features made 

of ash, charcoal, and non-burnt vegetal parts (Whitau et al. 2018). Another study attempted to identify 

post-combustion processes such as rake-out, dumping or trampling of hearth remains using an 

experimental approach that found these activities have signatures on the microscopic scale visible using 
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It is not surprising that Australian archaeology has so far struggled to capture the unique diversity of fire 

use that existed in the Quaternary period, with some exceptions (Byrne et al. 2013; Campanelli et al. 2018; 

Holdaway et al. 2017; Martin 2011; Moody 2016; Vannieuwenhuyse 2016; Ward and Friesem 2021; Whitau 

et al. 2018). Previous methods of investigation have relied on subjective interpretation and general 

reference sets that ignore the nuanced effects of heating condition on bone and wood as well as differences 

in chemistry of Australian taxa. Weiner (2010) argues for the use of alternate information, beyond what is 

seen by the human eye, to benefit the study of complex combustion remains and better integrate the 

macro- and microscopic records. Access to this information requires quantitative methods, yet the practice 

of archaeology as a quantitative or ‘natural’ science has been previously shunned by some (Martinón-Torres 

and Killick 2013:3; Shanks and Tilley 1992). 

The role of ‘science’ in archaeology has been hotly debated since the early 1960s (Martinón-Torres and 

Killick 2013:3). Post-processual archaeologists (including Ian Hodder, Michael Shanks, and Christopher 

Tilley) emerged on the back of sociologist Bruno Latour’s criticism that ‘scientific facts’ were being used as 

unquestioned ‘black boxes’ by scientists. This meant that even in archaeology, scientific methods were 

being used to form theories on culture and material that were impenetrable to most social researchers due 

to difficult jargon and intimidating science (Martinón-Torres and Killick 2013:3). Thus, in the last three 

decades, archaeology has partly drifted from a ‘natural science’ towards more relativistic and subjective 

interpretations. Martinón-Torres and Killick (2013:3-4) argue that this divide exists because post-processual 

theorists gravely misunderstood the point that sociologists were trying to make: they were not 

reinterpreting science but critiquing the self-importance of certain scientists. 

Scientific models and large empirical datasets still exist in archaeological research, especially internationally, 

but are limited in scope and hindered by poor multidisciplinary collaboration (Smith et al. 2012; Wallis 

2020:288). This may be seen as a consequence of the ‘growing divide’ between the humanities and science, 

which continue to draw on each other’s data but lack an understanding of the limitations of each (Wallis 

2020:288). As a result of this divide and increased specialisation within the discipline, scientific data or ‘facts’ 
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are often transferred in isolation, usually from the scientist to the archaeologist. Yet it is not the sole 

privilege of the archaeologist to interpret these ‘facts’; the creation of empirical information itself requires 

knowledge of archaeological theory and context.  

Although scientific language carries the risk of separating cultural heritage from its owners (McNiven and 

Russell 2008:428), there is little justification to develop archaeological theory without empirical data. 

Archaeological theory has been greatly informed by scientific theories, contributing concepts of materiality, 

‘technological choices,’ models of technological change, and development of theories regarding diffusion 

and independent invention (Martinón-Torres and Killick 2013:5-9). Smith (2017:251), for instance, believes 

that archaeology theory is devoutly scientific in its application. He views archaeology as a ‘social science,’ 

that partakes in both ‘instrumental’ knowledge (used in natural science) and ‘reflexive’ knowledge (common 

to humanitarian schools of thought) (Burawoy in Smith 2017:522). In fact, both types of knowledge require 

an interpretive approach and must be refined through a theoretical lens. ‘Natural’ science, often considered 

‘objective,’ is now understood as a product of its socio-cultural and historical context, much like Indigenous 

knowledge. Atalay (2020) argues that as part of decolonisation practices, Indigenous methods of knowledge 

production, theory, and data about the natural work (which she terms ‘Indigenous science’) should be 

braided together to protect archaeological research from a ‘post-truth’ world, in which few interpretations 

would require an empirical basis. 

There is no doubt that archaeology – a pursuit of careful, supported observations, interpreted in terms of 

consistency or inconsistency with other well-established observations – is ‘good science’ (Weiner 2010:3). 

Scientific data is necessary in archaeology for the following reasons: 

• to promote comparative analyses 

• to improve sampling and measurements for archaeological interpretation 

• to better integrate social and historical sciences 

• to help produce relevant, concrete, data about human societies that are more useful to 

policymakers than abstract concepts (see Smith 2017:526) 

Yet archaeology is a broad science that benefits from wider multidisciplinary research targeted towards 

social outcomes and is informed by Indigenous knowledge. To further this collaboration, empirical 
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A recent trend among FTIR spectroscopy studies has been the use of Attenuated Total Reflectance (ATR), 

an attachment used to provide easier analyses that are only micro-destructive. It works by pressing a 

material against a crystal with a high refractive index like diamond which returns an absorbance spectrum 

of that material. However, organic materials such as bone and charcoal which lack a homogenised structure, 

often require the sample to be powdered (Monnier 2018:817). Within FTIR-ATR literature, there is a lack of 

standardisation regarding sample preparation, which is important for bone as excessive grinding can affect 

the extent of bone mineral crystallinity (Kontopolous et al. 2018). Kontopolous et al. (2018) recommend 

grinding and sieving the bones to isolate a particle size that avoids changes to crystallinity, whereas other 

authors (Thompson et al. 2013; Squires et al. 2011) suggest simply scraping off part of the burnt bone with 

a scalpel or grinding without sieving (Ellingham et al. 2016; Snoeck et al. 2014). However, there is a 

consensus to preference FTIR-ATR over the traditional potassium bromide (KBr) preparation method, which 

poses health risks, is highly prone to inter-user error, and is labour intensive (Ellingham et al. 2015:185; 

Thompson et al. 2009) 

After preparing and scanning samples, the user must decide how to process and interpret FTIR spectroscopy 

data. For bone, many different indices have been used to quantify the intensity of past heating, with 

inconsistent results. The first and most popular index is the Crystallinity Index (CI), or Splitting Factor (SF or 

IRSF), a measure of bone mineral recrystallisation that increases with heat and degradation (Thompson et 

al. 2013). CI focuses on the separation of absorption peaks 603 and 565 cm-1 (Stiner et al. 2001; Weiner and 

Bar-Yosef 1990) and has been studied extensively for application in bioarchaeology (see Thompson et al. 

2011). However, some authors argue that CI is an arbitrary measure of heating (Piga et al. 2008) that is 

unable to distinguish between heated and diagenetically-altered bone (Thompson et al. 2013) and hasn’t 

been sufficiently applied to real archaeological sites (Piga et al. 2016). As such, recent studies have branched 

out to explore other indices including the carbonate to phosphate ratio (C/P), a value which decreases with 

burning, and the carbonyl to carbonate ratio (C/C), which tracks structural changes in burnt bone 

(Thompson et al. 2009). 
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Thompson et al. (2009) showed that in a controlled experiment, both C/P and C/C, along with CI, were able 

to distinguish, in general, between high- and low-intensity burning; however, the C/C ratio could not be 

used above 700°C due to loss of collagen in bone. Additionally, CI was ‘greatly influenced’ by the sampled 

area of bone. In response, Thompson et al. (2013) identified 5 new indices to better measure heat-induced 

crystallinity change in bone. These were identified by analysing the variance between a reference set of 

bones heated at 100°C intervals. The new ratios were then statistically interrogated using Principal 

Component Analysis (PCA), after which, Linear Discriminant Analysis (LDA) was used to create a model to 

predict the temperature at which bones were burnt (Thompson et al. 2013). When tested against a set of 

known burnt bones, these new indices obtained a better classification rate than CI on its own. Partly in 

response to these new measures, Piga et al. (2016) argued that changes to the inorganic apatite component 

of bone are less predictable than previously thought and therefore FTIR spectroscopy heating indices should 

not be used alone and instead form part of a multidisciplinary approach (Piga et al. 2016:2). 

Recognizing the tribulations of past studies, FTIR spectroscopy offers a way to quantify the past heat 

exposure of organic materials. Equally important, is the technique’s ability to assess the effects of burial on 

bone structure and chemical composition, for organic materials do not exist unchanged in the 

archaeological record; to interpret their original condition, it is necessary to unravel their taphonomic 

history. 

 

Perhaps the most significant problem confronting a burning analysis of archaeological bone is diagenesis – 

the transformation of skeletal material after deposition. If an experimental study is to interpret how bone 

and charcoal were heated in the past, it must be able to distinguish deterioration due to heat, from the 

effects of time and burial on that same material. 

After bone is discarded, it undergoes chemical transformations that depend on the makeup of the burial 

matrix and groundwater conditions (Canti 2018). Kendall et al. (2018) argue that diagenetic trajectory is 

somewhat predictable and leads to either a bone’s preservation or destruction but may speed up or change 
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as the depositional environment evolves over time (p. 26). Bone diagenesis in soil is most affected by pH, 

Eh (measure of the redox state) and the presence of water, as well as the breakdown of vegetable matter. 

Although bone collagen is more susceptible to degradation in alkaline environments, the initial impact of 

bone diagenesis affects a bone’s mineral apatite, which is most stable in a slightly alkaline environment and 

starts to dissolve at a pH below 6.0 (Canti 2018:3; Kendall et al. 2018:26). Bones are stained brown or black 

in anoxic environments as they adsorb manganese and iron oxides into their pore structures, which can 

mimic the appearance of char or low-temperature burning (Kendall et al. 2018:26; Nicholson 1993). In 

addition to redox and pH values, bone preserves best when there is little net movement or change of water 

(Kendall et al. 2018:26). When water flows through bone, as in rainfall through sandy soils, it leaches the 

mineral that promotes collagen decay through microbial action, which can destroy the whole bone (Kendall 

et al. 2018:26). Sheltered environments like Boodie Cave therefore reduce water-based destruction but 

may still be subject to salt spray from the coast or dripping water from its roof. The breakdown of vegetable 

matter in a soil can also produce reactive humic substances that may form ‘cross-links’ with bone collagen 

and demineralise a bone (Kendall et al. 2018:27). 

Some staining – such as manganese staining, resulting from diagenesis – can mimic the effect of heat 

exposure on bone (Ellingham et al. 2015:184; Kendall et al. 2018:26; Nicholson 1993:425). Similarly, loss of 

bone mineral or collagen, as identified through FTIR spectroscopy analysis, does not necessarily indicate 

heating, but may relate to natural decomposition. Therefore, it is important to differentiate characteristics 

of heat exposure from diagenesis. 

Previous studies have attempted to infer the extent of post-burial change using bone crystallinity and 

carbon-to-phosphate (C/P) indices, which measure the increase in bone crystal size resulting from collagen 

decomposition and carbonate loss (Beasley et al. 2014a, 2014b). Unfortunately, the same indices are often 

used to determine a bone’s exposure to heat (Thompson et al. 2013), since both relate to the decomposition 

of bone. This is problematic since the processes can be confused. Other techniques have been applied to 

identify diagenesis such as X-ray diffraction (XRD), small angle X-ray scattering (SAXS), scanning and 

transmission electron microscopy (SEM/TEM), and Raman spectroscopy, but also use crystallinity as a proxy 

for these effects (Lebon et al. 2014:110), which makes it hard to distinguish them from heated bones. 



23 

 

 

 

 

A temporary solution may be to cross-check FTIR temperature predictions with bone colour to help identify 

diagenesis, however, bone colour has its own flaws (see Section 2.1). As diagenetic effects are assumed to 

increase with age, linear trends towards higher temperature predictions from material in older stratigraphic 

units may reflect diagenesis and be roughly calibrated. Secondary mineral formations in the sediment may 

also indicate post-depositional processes at the site (Canti 2018:3). 

Previous studies have tried to solve the problem of diagenesis through experimentation – usually burying 

material for some time under controlled conditions, then characterising that material using visual or 

spectroscopic means. McAdams et al. (2021), for example, endeavoured to replicate the long-term effects 

of guano on faunal remains. Con Moong Cave is a site in North Vietnam with heavily altered archaeological 

material due to the tropical conditions, the effects of which have been improperly addressed regarding 

Pleistocene cave sediments (McAdams et al. 2019). Using a combined geochronological, 

micromorphological and sedimentary analysis, the researchers identified a major deposition phase that 

consisted of ‘guano-dominated sediments’ under humid conditions that were the cause of much diagenetic 

alteration (McAdams et al. 2019:88). As such, McAdams et al. (2021) buried a selection of bones, bamboo 

and charcoal in acidic, guano-rich sand to understand the effect and rate of diagenetic change in that type 

of burial environment (Figure 7). Samples were excavated monthly over two years and characterised using 

visual analysis, SEM, and FTIR spectroscopy to measure bone crystallinity using Weiner and Bar-Yosef’s 

(1990) splitting factor. The results revealed specific patterns of bone degradation and discolouration 

whereas bamboo stem and wood charcoal experienced some yellow discolouration and crystalline deposits, 

respectively (McAdams et al. 2021:5; see Figure 7). The mineralogical signal achieved by these experiments 

closely matched that of Con Moong Cave and allowed a more confident interpretation of the diagenetic 

pathways that likely affected the bone, charcoal and sediment collected from the cave. This case study 

represents the need for further regional and site-specific investigations into burial environments and their 

effect on the interpretation of human history. 
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Figure 7. Experimental archaeological samples pictured before guano added (a), and effects of guano 
on mammal bone (b, c) and bamboo charcoal (d , e) (sourced from McAdams et al. 2021; Figures 1 -
2). 

Similar to Con Moong Cave, two archaeological sites in northwest Australia contain evidence of human 

occupation across the Pleistocene and Holocene, complete with presumably heat-affected bone and 

charcoal, modified by varying levels of post-burial alteration that have made early analyses difficult. A 

microarchaeological approach, complete with FTIR spectroscopy, micromorphology and a set of relevant 

reference spectra, may inform how occupants of these caves used fire in the deep past. 

 

Luminescence, as well as radiometric dating of charcoal and shell from Boodie Cave returned a human 

occupation sequence starting 50,000 years ago which spanned three major phases (Veth et al. 2017a) – the 

full sequence of which is depicted in Figure 8. The dominance of coastal trees, evidence from tooth enamel 

and speleothem records, as well as stalagmite dating, support the presence of a fluctuating shoreline and 

increased aridity after the Last Glacial Maximum (LGM) (Veth et al. 2017a:26). As sea levels rose following 

the LGM, diets at Boodie Cave expanded to include 40 molluscan and 13 terrestrial taxa, likely foraged by 

family groups. Around 7000 years ago, the isthmus connecting Barrow Island to the Montebello Islands was 

flooded, creating an archipelago off the mainland. At this time, the site was abandoned (Veth et al. 

2017a:25-26). The organic assemblage reveals that occupants targeted molluscs for dietary and practical 

purposes about 42,000 years ago but mainly relied on terrestrial fauna for food. This has been interpreted 
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as indicating that the site was used as a temporary camp for hunting parties. Marine bone formed a larger 

part of the assemblage after the LGM, which may affect how bone temperature predictions are applied, 

and justifies the inclusion of marine bone in the burnt reference collection. 

Utilizing micromorphology, Ward et al. (2017) investigated the formation and depositional history of Boodie 

Cave to better interpret its changing environmental context. They identified nine major SUs and described 

“uniformly alkaline” sediments (pH 8.5) grading from 

quartz-rich, moist silty sands to carbonate sands (Ward et al. 

2017:347). This alkaline environment makes bone apatite 

more likely to preserve. In terms of post-depositional 

alteration, they noted some reddened sediment that may 

relate to heating or more likely the rubefaction (iron oxide 

coating) of the sediments over time. There was also 

evidence of bone decalcification, which could influence the 

comparisons to infrared spectra from fresh bone in the 

reference collection. While the authors identified some 

bioturbation (sediment disturbance by insects and root 

channels) particularly in excavation square A103 (Ward et al. 

2017:347-348), the deposits contained clear interfaces 

between stratigraphic units with high integrity (Veth et al. 

2017a:23). The authors also sampled micromorphological 

sections representative of SUs 1-7 to analyse grain size, 

identify features and microstratigraphic units, and map 

major minerals using automatic X-ray spectrometry via 

QEMSCAN® analysis (Ward et al. 2017:348-349). 

The greatest proportion of bone fragments (and teeth) in thin section occur in SU5 (~7,000 – 22,000 years 

ago), while SU3 has the highest abundance of bone in the macroscale record, which is extremely well 

Figure 8. Stratigraphic profile of A103 of 
Boodie Cave containing human 
occupation units up to 50,000 years old 
(Veth et al. 2017a).  
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preserved (Manne et al. 2017). Most of the bone fragments in thin section are unburnt, but those that are 

burnt are orange in plane polarised light (PPL), with little ash and sometimes occurring with charcoal – also 

more abundant in SU5. The macro bone assemblage is also primarily unburnt; however, of the burnt 

portion, most is dark brown or charred black (Moody 2016), which usually indicates low levels of burning 

(up to 400°C according to Ellingham et al. 2015). Iron (Fe) and manganese (Mn) oxide impregnation, a type 

of post-depositional diagenesis, could also be misinterpreted as carbonisation, though this is less likely with 

bone in cross-section. Additionally, the authors noted carbonate encrustations on bones (Ward et al. 

2017:353), which is indicative of soil moisture that could decrease bone preservation (as described in the 

previous section by Kendall et al. 2018). The authors found potential evidence of trampling in fractured 

macro and micro bones, but suggested minimum transport and weathering based on their relatively sharp 

edges (Ward et al. 2017:354). 

The authors explain that the scarcity of ash could be caused by low-temperature burning conditions or by 

smothering a fire with sediment or water (Mentzer in Ward et al. 2017:354). However, poor preservation 

may have also been a factor due to reworking by insects (which were also evident from burrows, channels, 

or faecal pellets) or by dissolution, for which there is evidence and is thus likely (Mallol et al. 2017; Ward et 

al. 2017:354). There is an obvious need for more resolved analytical techniques such as infrared 

spectroscopy to overcome some of the difficulties of estimating combustion temperature and bone 

diagenesis based on visual reference. These thin sections, especially those representing SU5, are prime 

subjects for FTIR-microspectroscopic analysis. 

While cave occupation usually occurs at the entrance, which explains the stratigraphic differentiation 

deeper within Boodie Cave, the authors expressed concerns that the excavation squares might have been 

positioned away from the area where most fire activities occurred (Ward et al. 2017:362). Thus, research 

results may not be wholly representative of the site in terms of its fire activities which might explain the 

lack of ash or in situ hearths. However, as some debris is likely to travel, any evidence of high-temperature 

burning in the site could be represented by bone fragments in the excavation area. While preservation 

conditions and combustion evidence vary between sites, this reference collection will also be applied to 

characterise burning at another site, to determine how well it may be applied generally to the Australian 

Pleistocene record. 
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Evidence of human occupation in Riwi Cave spans about 45,000 years ago to the present, with several 

hiatuses in the upper levels of the sequence (Vannieuwenhuyse 2016; Wood et al. 2016). This chronology 

is partly based on 33 charcoal fragments, sourced primarily from hearth features, dated by two laboratories 

and pre-treated using acid-base-acid or ABOx-SC methods (Wood et al. 2016). The charcoal results returned 

ages generally consistent with the stratigraphy. In addition, 37 OSL samples were collected to provide a 

reliable age from ~7,000 years ago, in the second most recent stratigraphic unit, to ~50,000 years ago, near 

the base of the deposit (SU12) (Wood et al. 2016). Thus, Wood et al. (2016) established a combined 

chronology that begins with a hearth feature about 45,000 years ago, succeeded by rapid sedimentation 

and relatively continuous occupation (containing hearths, lithics and bone) until around 30,000 years ago. 

Following that, several gaps occur in the chronology between 30-21, 21-7, and 7-1 thousand years ago – 

likely caused by slowing sedimentation as the cave filled. The question remains whether this arid zone site 

was occupied during the LGM, but the preservation of a single hearth feature dating to this period hints 

that occupation might have indeed occurred within these gaps (Wood et al. 2016). 

A combination of macro and micro-samples were obtained to understand site formation processes and past 

occupation of Riwi Cave. The Holocene layers contain the greatest diversity of archaeological material 

including stone artefacts, charcoal, bone, and pigments (Balme et al. 2019:40). Vegetal remains and 

charcoal were found frequently towards the top of the sequence while bones, coprolites and shells were 

scattered throughout the profile. In addition, Vannieuwenhuyse (2016) obtained fifteen thin sections that 

targeted sediment boundaries in excavation squares 1 and 4. Geogenic (naturally derived) quartz and sand 

grains dominate the Riwi deposit, based on sediment analysis (Vannieuwenhuyse 2016). The Pleistocene 

layers also contain large and micro aggregates of gypsum which indicate a lack of water movement through 

the deposit – a contributing factor to the preservation of organics. In addition, alkaline sediment between 

SUs 1-8 (pH 9) and a slightly alkaline environment below SU8 (pH 7.5-8) also helped preserve bone (Balme 

et al. 2019:40). 
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chemical differences in the heated organics may point to specific behavioural practices that may be applied 

to other Australian sites where evidence is scarce. 

The site is situated on the northern edge of the Great Sandy Desert with skeletal soils that support a base 

of hummock grass (Triodia bitextura), bloodwood trees (Corymbia dicromorphia/Corymbia opaca) and 

snappy gums (Eucalyptus brevifolia) (Whitau et al. 2018). Anthracological analysis of charcoal provided 

some idea of the fuel woods that may have been commonly used in the cave and whether preference 

changed depending on fire use. Analysis revealed that Type A combustion features were dominated by 

Erythrophleum sp. with Corymbia sp. was most common in the remaining feature types (Whitau et al. 2018). 

Type A and B features also contained small fractions of Eucalyptus sp. while Type C contained the highest 

proportion of combustion residues along with some non-burnt vegetal parts (Whitau et al. 2018). While 

macro and micro-charcoal associated with combustion features are assumed to be anthropogenic in origin, 

some charred vegetal remains (such as elongated microcharcoal fragments with similar appearance to burnt 

spinifex) may have blown into the cave or derived from natural or human-lit bushfires, as Vannieuwenhuyse 

(2016) points out. In this case, the use of FTIR spectroscopy may provide information as to the burning 

intensity of the fragments and whether this information better matches a controlled or natural heating 

event. 

Concentrations of burnt bone at Riwi Cave closely match with distributions of charcoal and other cultural 

remains, with the largest volume occurring between XUs 5-10 associated with dug combustion features 

(Type B) and thick ashy accumulations (Type C) (Balme et al. 2019:44). Bones and teeth are relatively well 

preserved with some evidence of digestion by carnivores, but no evidence of microbial degradation in the 

unburnt bones (Balme et al. 2019). Burning intensity was measured using a three-level colour system (Balme 

et al. 2019); bones were recorded as unburnt, charred/partially-calcined, or completely calcined. A more 

detailed analysis of burning intensity, with the aid of Australian-specific reference material, could offer 

better understanding of fire practices that occurred at the site. Balme et al. (2019:45) found that highest 

intensity burning occurs between XUs 4-11, which contain most combustion features and charcoal. Before 

this period, bones are largely unburnt with some charring. An FTIR spectroscopy analysis comparing bones 
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Bone material was ethically sourced and approved for use for research purposes (see Figure 10). The 

kangaroo samples were obtained from Kate Moody who had previously defleshed and incrementally burnt 

large portions of the macropod femurs in a kiln for her Honours thesis (Moody 2016). Her research used 

bone colour and surface texture to characterise the effects of cultural heating in different Australian 

ethnographic contexts. The bones were heated for 30 minutes each at 100°C increments from 300 to 900°C. 

Two red snappers were purchased from a shop and defleshed raw, after which the spine was segmented 

into eight pieces, 3.5 cm long, with remaining bones used as backup. Two green turtle long bones were 

sourced from Barrow Island by the Department of Biodiversity, Conservation and Attractions (approximately 

six months deceased) and sawed into samples approximately 3x2x1 cm in size then dried in an oven to 

prevent rot (less than 50°C). The emu tibiotarsi had been previously hot water macerated to remove all 

flesh then sawed into pieces approximately 3x2x0.5 cm in size. The marrow was removed before heating to 

prevent combustion. Both the emu tibiotarsi and kangaroo bones were sourced from Aussie Game Meats, 

a game meat processing farm in Queensland. Although it would have been useful to macerate the fish bones 

to obtain more standardised results, the presence of flesh might have reflected better the actual condition 

of archaeological bones when burned and deposited, although this variable was not fully researched here. 

Nine archaeological bone fragments from the Boodie Cave 4-mm assemblage were also heated to 

characterise the effects of burning on previously buried bone. The samples derived from SU7 in excavation 

square E101, towards the front of the cave, and were most likely marsupial bones (Manne, pers. comm. 

2020) heated to low temperatures based on their cream colour.  
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Figure 10. Whole and segmented pieces of emu tibiotarsus (top), snapper vertebrae (middle), and 
green turtle leg bones (bottom)  to be burned as reference samples.  
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Samples of bone were heated at 100°C increments in a conventional oven up to 300°C, then in an electric 

muffle furnace (Figure 11) for temperatures between 400 to 900°C. Access to the electric muffle furnace 

was provided by the UWA School of Molecular Science. A duration of one hour was chosen as a middle 

ground between Moody’s (2016) half-an-hour heating time of the kangaroo bones, dominated by partially 

carbonised and calcined bone, and Greiner et al.’s (2019) two-and-a-half-hour heating time, which was 

overly time-consuming. Bone samples were cut to smaller size to ensure they were fully heated through 

and that physical processes, such as calcination or charring, were complete, rather than partial. 

Temperatures were tracked using a thermocouple with the wire placed inside the furnace beside the 

crucible containing the sample. Temperatures occasionally fluctuated up to 50°C beyond their target, after 

which, the sample was declared a ‘fail’ and the process restarted using fresh bone or sediment. 

  

Figure 11. Muffle furnace used to heat bone and clay ( left) , thermocouple to monitor 
internal temperature (top), crucible and fish bone (bottom), and outdoor muffle 
furnace used to heat wood (r ight).  
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Stages of surface morphology were identified for each heated reference bone based on previous 

descriptions by Castillo et al. (2013) and Nicholson (1993): 

100-300°C Micro-fractures, parallel compact collagen, and a glassy char at 300°C. 

400-600°C An irregular surface with polygonal cracking and cubical crystals. 

700-800°C A heterogenous surface with larger crystals in nodular and rod-like forms. 

Greater than 900°C A smooth chalky surface with spherical crystals. 

Bone surfaces were analysed using surface microphotographs captured with a Nikon Eclipse LV100ND 

microscope (2.5x, 5x and 20x objectives) and mounted camera. These stages were compared across taxa 

with additional surface features described. 

 

Following traditional methods of analysis, burnt bones were scanned using FTIR spectrometers to discern 

structural and chemical changes via infrared spectra (see Appendix A). These reference spectra were used 

to create a series of heating indices and PLSR models, refined by statistical analyses, to predict the heat 

exposure of unknown archaeological bones. 

Heated samples of bone were scanned using a Bruker VERTEX 70 FTIR spectrometer fitted with a platinum 

ATR accessory (Figure 12). Data was collected in collaboration with, and supported by, Senior Research 

Scientist, Dr Bobby Pejcic, at the CSIRO Australian Resources Research Centre in Kengsington, Perth. The 

scans collected spectral data between 4000 and 400 cm-1 in the mid-infrared region at 2 cm-1 resolution. 

Initial scans were obtained with a smaller Agilent Cary 630 FTIR spectrometer which was limited to 650 cm-

1 with a lower 8 cm-1 resolution. Scans were obtained in triplicates to ensure consistency, account for 

sampling error, and create a more reliable PLSR model. The ATR accessory allowed direct contact with the 

diamond crystal which was cleaned with ethanol before each scan. Atmospheric background was also 

regularly scanned to reduce noise in the sample spectra.  
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Figure 14. Simplif ied workflow of the PLSR analysis applied to reference bone and w ood (provided 
by James Kelly).  

To create the PLSR models, FTIR spectroscopy data was separated into training sets (that were used to 

construct models) and test sets. These test sets were made up of 30 known bone samples and used to 

validate the predictive accuracy of the models. This method also requires the user to choose the number of 

components (extracted latent variables) to construct the model with, which affects the applicability of the 

model to new data. In this case, the fewest number of components with a low root-mean-square error 

based on cross validated predictions was chosen to construct an accurate model, without overfitting the 

data. 

Multiple prediction models were constructed using different combinations of species from the reference 

sample data, as well as different regions of the infrared spectrum, to further improve the model strength. 

To assess their accuracy, each PLSR model was used to predict bone temperatures of the known test set 

samples. These predicted values were then compared to the corresponding measured values of the test set 

samples and a correlation coefficient for the predicted and measured values was determined for each 

model. Various prediction models were created that isolated different regions of the infrared spectrum 

(800-1200 cm-1, 1350-1750 cm-1 and 800-1750 cm-1 for bone, which relate to complex fingerprint regions) 

as well as different combinations of taxa as some spectra were less clear and skewed the models’ overall 

predictability. 
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Archaeological bones were cleaned in an ultrasonic cleaner to remove excess sediment and concretions. 

Their primary colour was then recorded using a Munsell Colour Chart and each bone was assigned a burn 

colour code (adapted from Stiner et al. 1995) with an additional ‘brown’ category. 

Bone colour was also recorded for the in situ fragments of each micromorphological slide. Colour was 

initially recorded based on the divisions visible in the micromorphological slides (Figure 18). These colours 

were then converted to Stiner et al. (1995) burn colour codes so that burning intensity in the macro and 

micro-assemblages could be compared. This tally reflects variety of colour in each micromorphological slide, 

rather than overall volume, as each fragment represents a single count. For more reliable estimations, only 

bone fragments larger than 200 μm2 were recorded. As yellow bone was easier to spot, results may indicate 

a slight bias towards unheated bone. Similarly, some dark brown bone may have been dismissed as soil 

aggregates of the same colour. Areas with high concentrations of bone or variation in burning intensity were 

recorded for later analysis using Synchrotron FTIR-microspectroscopy. 
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much larger than the other bones and only heated for 30 minutes as opposed to one hour (Moody  

2016:24). Unheated bones were generally tan or light brown in colour but snapper bone was white and 

archaeological bone was light reddish brown. 

Many bones also experienced secondary colours:  

• Inner surfaces of the emu bones often appeared darker than the outer (Figure 21 a-b), possibly 

relating to fatty organic concentrations on the inside of the bone shaft. 

• The presence of flesh affected the overall colour of low-temperature burnt bones. Organic char 

around 200-400°C sometimes masked a lighter brown colour on deeper bone surface (Figure 21 c-

d), though this variable was not investigated further. 

• Blue or pink highlights were visible on some calcined bones (Figure 21 e-f), indicating α-tricalcium 

phosphate according to Legan et al. (2020:22). 

In these cases, the colour that covered the largest surface area was recorded. However, in the cases of char 

or flesh, the prominent colour may not reflect what is identified at an archaeological site (due to organic 

decomposition or other diagenetic factors). In addition, small bone fragments may only reflect one of these 

colours in an archaeological assemblage. Secondary colours and surface removal exemplify one of the 

complications of using colour as a determinant of heating extent. 

In addition to bone, samples of clay from Boodie Cave were heated and analysed to explore supplementary 

measures for burning intensity in the past. Colour analysis showed only slight changes between low- and 

high-temperature baked clay. The FTIR spectra showed notable differences in peaks, especially at high 

temperatures, that may be useful for measuring burning temperature of in situ hearths. 

Along with clay, four types of wood were incrementally heated and analysed using FTIR spectroscopy. 

Differences in peaks were identified between Acacia and Eucalyptus species and at temperature intervals 

of 100-200°C. In addition, PLSR models were created to automatically predict past temperature exposure. 

Only three stages of visual transformation were discerned (wood, charcoal and ash) so no additional colour 

or surface analyses were performed. Further information on clay and wood analyses can be found in 

Appendix A. 
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Figure 21. Example of burnt reference bones containing secondary colours . 
Some bones contained darker inner surfaces  (a-b; emu diaphysis 100°C and 
kangaroo femur 400°C)  or lighter colours beneath the outer char surface (c-d; 
snapper 400°C and emu epip  epiphysis 300°C), while some high-temperature 
burnt bone revealed blue and pink highlights (e -f;  archaeological bone 700°C 
and emu diaphysis 900°C).   
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archaeological burnt bone, it is useful to understand why certain taxa or heating conditions stray from the 

expected burning progression of bone set out by Ellingham et al. (2015) and Shipman et al. (1984), for 

example. 

Shipman et al. (1984:312) describe unheated and low-temperature bones as neutral white or yellow in 

colour. The unheated Australian taxa sampled here ranged from white to yellow to brown. These 

differences likely reflect the age and presence or removal of organic matter prior to heating. Snapper bone, 

for example, was fresh (white) and still contained much of its organic content. The emu bone, however, had 

been macerated to remove its external flesh and left for some months before heating, which helped develop 

its darker tan/brown colour. The unheated archaeological bone was darker yet, as it had been stained by 

the clay in which it was buried. Therefore, when interpreting archaeological material, unheated bone may 

display a wider range of colours than has been previously published (Ellingham et al. 2015:182). 

During heating, some bone taxa (snapper and turtle) experienced prolonged carbonisation, or black 

colouring, although all carbonisation occurred within the characteristic temperature range (300-600°C) 

described by Ellingham et al. (2015) and Shipman et al. (1984). This extended carbonisation likely resulted 

from the higher organic/fat or lower mineral content of marine animals compared to terrestrial animals like 

emu, which experienced only brief carbonisation (Kendall et al. 2018:22; Nicholson 1993). The implications 

are that when dealing with marine assemblages, using colour may skew results to interpret lower 

temperature burning as marine bones remain black (carbonised) at higher temperatures. Alternatively, a 

hearth feature with a high ratio of carbonised (black) to pyrolysed (grey) bone may indicate marine species 

were burnt, or that terrestrial bones such as kangaroo (which also experienced delayed onset of 

carbonisation, pyrolysation and calcination) were burnt briefly at a high temperature. This variability 

highlights the need for additional analyses like surface morphology and FTIR, in addition to species 

identification where possible. 

The strongest deviation from previous descriptions of bone colour change were the archaeological bones 

that experienced no carbonisation. This indicates that much of the bones’ organic content had been lost 

through post-depositional processes (like microbial action or water leaching). Therefore, secondary heating 
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of buried bones, as might occur during seasonal visits to sites where hearths are lit, might not be captured 

using colour analysis alone. Compact and spongey emu bone also showed some differences in carbonisation 

extent. The spongey epiphyseal bone began to pyrolise (turn grey) at a lower temperature than compact 

bone, likely due to its larger surface area that burnt up organic matter quicker. 

An additional sample of fleshed snapper bone was heated at 200°C for about an hour as part of the 

reference collection. It produced a white colour as opposed to a dark brown hue from the de-fleshed 

snapper bone. This light colour is likely a result of differential burning in oxic (oxygen-rich) rather than anoxic 

(oxygen-free) environments, in this case, provided by the insulation of the snapper’s flesh (Reisdma et al. 

2016). Based on this, fleshed bones cooked for consumption may produce colour reminiscent of lower 

temperatures. In addition, its FTIR spectra correlated with de-fleshed snapper bone that had been heated 

to only 100°C. This indicates that fleshed, indirect heating may provide lower temperature estimates (100°C, 

in this case) than have actually occurred. To summarise, beside some variation in marine and terrestrial taxa 

and heating condition, stages of colour change displayed by the reference bones are generally consistent 

with international literature (Ellingham et al. 2015; Shipman et al. 1984).  

Some morphological features also varied between taxa heated under the same conditions and duration. As 

with colour, snapper bones experienced a prolonged period of carbonisation, identified under the 

microscope as a glassy black char. This again is likely due to the higher organic content present on the fish 

vertebra before heating. During the same stage (Stage 2; 200°C), emu diaphysis displayed prominent ridges 

which may be characteristic of long bone exteriors, but otherwise passed briefly through carbonisation as 

previous maceration had likely removed all external organic flesh. 

The appearance of polygonal cracking at high temperatures also varied between taxa. Most bones displayed 

polygonal cracks at Stage 3 temperatures (300-600°C) that were infilled above 700°C due to bone 

recrystallisation. However, only snapper bones displayed cracks above 700°C which could be due to the 

more irregular shape of the vertebrae bones as opposed to flatter emu long bones. The presence of these 

polygonal cracks in fish bone is therefore useful as a general indicator of heating above approximately 700°C 

rather than a discrete stage between 300-600°C. 
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bones. It is hoped that correlation between FTIR indices, PLSR models and perhaps visual analyses (colour 

and morphology) will help determine the accuracy of these new methods and highlight their limits. 

 

In order to estimate the heating temperature of zooarchaeological samples, a reference collection was 

compiled, containing bones from a variety of relevant taxa. The specimens were heated at a range of 

temperatures and characterised using traditional (colour and surface morphology) and spectroscopic 

means (FTIR indices and PLSR models) to compare Australian taxa and identify their general stages of 

heating. Four stages of colour and morphological change were identified with some physical differences 

between terrestrial and marine species. Differences in organic content were also apparent in FTIR 

spectroscopic analysis, resulting in a bias towards lower temperature estimations when targeting marine 

species. The FTIR heating indices and PLSR models showed high predictability of past bone temperature 

exposure, though accuracy slightly reduced as the reference dataset grew. Temperature stages were 

prepared for application to archaeological bone and appropriate FTIR models were selected, keeping in 

mind that predictability was based on reasonably fresh, and mostly de-fleshed reference bones while 

archaeological bones have been exposed to certain sedimentary effects for millennia. The next section uses 

this data to measure the intensity of bone burning in Boodie Cave, northwest Australia, and to assess the 

performance of new FTIR spectroscopic methods. 
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Microscopic bone fragments from Boodie Cave were tallied into six visible colour categories: cream, yellow, 

orange, brown, black, grey, and white and represented by percentage amounts for each thin section. The 

majority of bone fragments in thin section were unheated (Figure 29), though represented slightly hotter 

levels of burning than the 4-mm bone assemblage. 

Interpreting cream and yellow colours as evidence of non-heating, 57% of bone fragments in thin section 

were unheated. While all thin sections contain heated bone, SU4 contains the largest portion of high-

temperature carbonised and potentially calcined bone. SU5 and SU8 also contained mostly heated bones 

but almost exclusively low-temperature brown-coloured fragments. 

Slide 108 (SU8) contained the largest number of fragments (n=854) with the majority indicating they had 

been heated to less than 400°C showing orange and brown colour, without the black appearance of char. 

This lack of charring may be an aspect of light penetration making black appear brown, a result of 

weathering, or of heating after organic matter had been removed, similar to the macroscopic bones. The 

presence of cream-coloured bone indicates that brown bones were indeed heated rather than stained by 

the sediment (as in some of the macro bones). The lack of staining could be due to the production of 

micromorphological slides that cuts through features to reveal their cross-section rather than outer 

appearance that results in a more accurate colour identification. 

Bones from SU4 (Slide 310) contained the most variation in bone colour and the highest percentage of 

black, grey and white high-temperature burnt bones (Figure 29). Therefore, this occupation layer has 

preserved a greater range of possible combustion activities including possible windblown material from 

natural fires as this excavation square (E101) was located close to the cave entrance. 

The mean number of bone fragments was 536 per slide. Slides representing SUs 1-3 fell below the mean 

and represent the period of abandonment after sea-level rise (Ward et al. 2017). The majority of these 

bones are unburnt or show colours indicative of heating to very low temperatures, which is in keeping with 

site abandonment 6500 years ago. The presence of brown bones, possibly burnt, could indicate natural 

heating from bushfires (though unlikely due to their interior location in the cave), or heating by modern 

visitors in the most recent occupation layer (Slide 306).  
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Figure 29. Distr ibution of micro bone fragment colours in Boodie Cave thin 
sections. The graphs depict bone from SU1 (Slide 306), SU2 (Slide 307), 
SU3 (Slide 309), SU4 (Slide 310), SU5 (Slides 311 and 312), SU6 (Slide 106), 
SU8 (Slide 108) and SU9 (Slide 110).   

Many of the fragments identified as grey are probably diagenetically altered rather than burned (Figure 30). 

This is supported by the lesser number of black (carbonised) fragments that would be more abundant in 

such high-temperature burning. Also, many of the bones identified as ‘white’ may in fact be cream or yellow 

bone that appear white due to their transparency. 
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The FTIR heating indices estimated that the 4-mm macro bones were heated in the low-temperature range 

as suggested by colour and morphological analyses. However, micro-FTIR spectroscopy results indicated 

that most micro-bone fragments were heated to around 600°C, a significantly higher estimate than from 

other analytical results. This supports the idea that micro bone fragments are the result of increased 

fragmentation of high-temperature burnt bones, while macro bones are those that were burnt at lower 

temperatures and are thus less fragmented.  

  

 

Figure 34. Mean temperature predictions of  the Boodie Cave 
micro bone assemblage using the C/P ratio. ‘N’ is the number 
of measurements obtained per stratigraphic unit.  Excavation 
square CI II represents a possible rake out or dump site.  
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However, this may indeed be culturally burnt bone; either moved through the sediment from later units, or 

is evidence of cultural occupation in SU9 (dated to ~77,000 years before present). To explore the possibility 

of diagenesis, these results will be compared with data from Riwi cave to identify temperature trends with 

age. As was indicated by the FTIR heating index analyses, temperature predictions of macro bones trended 

higher in the earlier units.  

 

Temperature estimates using traditional (colour and morphology) and spectroscopic (FTIR heating indices 

and PLSR modelling) methods were generally consistent in showing that the majority of the Boodie Cave 

bone assemblage had been heated at low temperatures. However, analyses of the micro-assemblage 

produced temperature estimates consistently higher those of the macro bones. Trends between SUs also 

varied between colour and spectroscopic analyses which showed burning temperatures increase with age. 

The effects of diagenesis may account for some of these trends. 

Two general heating patterns emerged through the Boodie Cave sequence. Visual analyses (colour and 

morphology) indicated highest temperature heating in the following SUs: 

• SU1, the latest period post-Aboriginal occupation 

• SU8, the earliest occupation layer characterised by large macropod bones (Veth et al. 2017a:25) 

• SUs 4-5 that contained the highest volume of dietary shell 

The FTIR spectroscopy analyses concurred that SU8 contained some of the highest-temperature burnt bone 

material but measured overall highest temperature burning in the earliest SUs – including SU9 that 

contained no apparent cultural material. Therefore, highest temperature burning occurred in conjunction 

with periods containing a wide variety of vertebrate taxa (SU4) and large macropod species (as in SU8) such 

as the ‘spectacled hare wallaby’ and ‘euro’ that may have been targeted for hunting (Veth et al. 2017a:24). 

Veth et al. (2017a) also note the presence of large mangrove habitats throughout both these periods and 
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These differences in representation highlight the need for multi-scalar approaches in combustion studies 

especially where fragile burnt bone and charcoal may be crushed through frequent site use or dissolved by 

running water. Pyrolysed and calcined bone are less likely to be captured by excavation sieves, and thus 

may remain in the micro-record. In these cases, careful and more widespread micromorphological sampling 

may capture these traces and alter interpretations of fire and even site use. 

However, while the colour analysis of micro bones indicated the presence of unheated bones, the FTIR 

spectroscopy analyses estimated all bones to have been heated above 500°C, which is unlikely, especially 

when compared to the macro-assemblage which returned lower temperature estimates using the same 

FTIR heating indices. As equipment and indices were kept consistent between reference and archaeological 

bone, these high-temperature estimates are more likely the result of diagenesis. 

The FTIR heating indices analysis of macro bones revealed a trend towards higher temperature burning in 

older SUs. This trend also occurred in the PLSR analysis, which rules out the possibility of user error caused 

by the manual measurement of peak absorbances for the heating indices. Therefore, this trend either 

represents an actual pattern of heating (which suggests high-temperature bone burning occurred in SU9 

with no associated cultural remains) or is a result of bone decomposition with time (which may be detected 

using heating indices due to mineral recrystallisation being a symptom of both heating and degradation – 

see Thompson et al. 2013). However, bone from the topmost units (SUs 1-5), which represent a period of 

21,000 years, did not trend toward higher-temperature burning with age. Thus it may be that the burial 

environment in early units favoured bone decomposition (e.g., presence of water) instead of decomposition 

being a factor of time. This conclusion is supported by the SEM analysis, which showed that fracturing and 

bacterial action in bone did not correlate with time, although morphological analysis showed that surface 

weathering was more common in older layers. 
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Thus, at least one form of diagenesis was present within Boodie Cave – bacterial action – as well as 

microfractures in some bones, which may have contributed to fragmentation of high-temperature burnt 

bones. Initial analysis of FTIR spectra revealed that organic peaks were absent from sampled bone, 

indicating bone collagen and protein had either been lost through their burial environment or through 

animal digestion – though no visual evidence of digestive corrosion has been found (see Fernández-Jalvo et 

al. 2010). Weathered bone surfaces also affected morphological analyses. Additionally, staining (possibly a 

result of the burial environment) made temperature estimations difficult for the 4-mm sieved macro bones. 

Results showed that diagenesis may have had increased impact on smaller bone fragments. Temperature 

estimates from Boodie Cave FTIR-microspectroscopy analyses were significantly higher than those from 

larger, macro bones, and with a narrower temperature spread (more consistent). One possibility is that 

larger surface area relative to volume of microscopic bones increased their decomposition (including 

penetration of exogenous carbonates into bone mineral), which resulted in higher temperature estimates. 

Of course, these high temperature estimates may reflect real burning, but a reference collection of 

differentially heated bone fragments in thin section measured with the same micro-FTIR equipment would 

increase the reliability of temperature estimates and eliminate potential bias from using ATR-FTIR spectra 

to calculate heating in micro-bones. A helpful way to recognise bias in the micro-FTIR temperature 

estimates would be to compare macro and micro results in the Riwi Cave assemblage, too (see Section 7). 

 

In conclusion, Boodie Cave exhibited low-temperature burnt bones with about 60% of bones being 

unheated according to colour analysis. While temperature estimates varied according to method, SUs 4 and 

8 generally contained the highest temperature burnt bones. Microscopic bone fragments in thin section 

exhibited a larger percentage of burnt bones with more intense burning, though the presence of bacterial 

action and high-temperature trends in early units made accurate temperature predictions difficult. 

Behavioural interpretations of these temperature measures including causes of burning will be discussed in 

Section 7. The next section focuses on bone temperature results from Riwi Cave. 
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larger dataset analysed by Balme et al. (approx. 2600g, compared to 270g here) or by selective sampling of 

primarily burnt bones for this study. This difference may also illuminate the limits of a 3-tiered visual 

assessment system as opposed to the more informative 8-tiered Stiner et al. (1995) colour system used 

here, which allows for more mixed colours and interprets based on percentage.  

Micro bone burning extent was compared through several SUs representing time periods between 5,500 to 

45,000 years ago (Balme et al. 2019:40). Compared to the macro assemblage, only 35% of microscopic bone 

fragments in thin section were reliably burnt (burn code 3 or above; see Figure 38), though with the 

inclusion of brown bones, this number increases to 85%. Twenty percent of bones revealed some 

calcination, but majority were coloured brown. The extent of burning appears quite consistent through 

time. 

Thin sections targeted combustion features previously identified by Vannieuwenhuyse (2016) and Whitau 

et al. (2018). Slide 101 sampled an ashy accumulation from SU2 and contained mainly brown and grey 

bones. Slides 102 and 103 sampled a dug combustion feature from SU6, which contained a larger number 

of black bones, and few calcined bones, indicating medium-temperature burning. Slides 105-107 largely 

consisted of brown bones, indicating lower-temperature burning, as well as charcoal and burnt sediment 

that characterised the flat combustion features. Although the remaining slides could not be attributed to 

combustion features, slide 104 contained no unburnt bone, though this may reflect its comparatively low 

bone count (n=22). 
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The extent of burning between three XUs was compared at macro and micro scales using colour information 

from the 5-mm sieved and micromorphological bone assemblage. The results indicate that the macro 

assemblage underwent a higher degree of burning in all three cases (Figure 39). 

XU 7 contained bone from the Holocene period that featured an ashy combustion layer (Balme et al. 2019). 

When compared, the macro bones contained a greater portion of calcined and carbonised bone than the 

micro bones, which better represents the high-temperature combustion activities indicated by the 

abundance of ash. XUs 10 and 13 probably represent Pleistocene deposits in Squares 1 and 3. In these units, 

the macro assemblage again contained a majority of carbonised and calcined bone whereas the micro bone 

assemblage was largely unburnt or contained medium-temperature burnt bone. 

 

Figure 39. Comparison of burning extent between macro (Square 3) and micro (Square 1) bone 
assemblage of XUs 7, 10 and 13. Macro bone weigh ts are 6.0, 42.1, and 2.0g, and micro bone counts 
are 68, 73, and 9 for XUs 7, 10 and 13, respectively.  

These results indicate that there may have been much less trampling at Riwi than Boodie Cave. Evidence 

includes the small number of micro bones identified in thin section, the fact that the micro assemblage 

contained very few high-temperature burnt bones (which are more prone to fragmentation, see Mentzer 

and Manne 2006), and the presence of undisturbed, complete combustion features in profile. These 

features indicate the degree of trampling at Riwi Cave was low (though this may be expected of areas 

containing combustion features), and as such, at the location sampled, the macro assemblage is more 

representative of heating activities. 
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Figure 40. Mean temperature predictions of 5-mm sieved Riwi bones using C/P and CO3/P 
heating indices. Bones sampled  from XUs 1-22. Error bars represent standard error.  

 

Figure 41. Percentage of outlying temperature predictions of Riwi Cave macro bones using 
C/P and CO3/P heating indices. Bone sampled from XUs 1 -22. Percentage of outliers 
increases with age.  
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Previous studies have shown that colour can be affected by post-burial alteration to bone surface, sediment 

staining, calcium encrustations and even manganese staining, which can darken bone and mimic charring 

(Ellingham et al. 2015:184; Kendall et al. 2018:26; Nicholson 1993:425). In this case, staining of possibly 

calcined bone and secondary colouring have affected the accuracy of colour temperature predictions, 

though this was not investigated in this paper. As a consequence, colour analyses frequently estimated a 

lower burning temperature than was indicated using FTIR spectroscopy. The FTIR spectroscopy analyses 

had the added benefit of scanning homogenised, crushed, samples of bone rather than outer surfaces, 

which can be misleading. 

C/P index was used (instead of CO3/P) as it seemed to be less affected by diagenesis (see comparison of 

outliers Figure 41). However, heating indices seemed to produce less reliable temperature estimates than 

PLSR models, which more often agreed with colour temperature estimates. Therefore, PLSR models may be 

a more accurate method of measuring past temperature exposure. 
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Table 10. Temperature estimates of 10 macro bones from XU 12 of Riwi Cave. Temperature 
estimates are derived from colour (top), C/P heating index (middle) and PLSR model targeting 
800-1200 cm - 1 infrared region (bottom). Scale is centimetres.  

XU12_01 XU12_02 XU12_03 XU12_04 XU12_05 

 50°C  550°C  300°C  300°C  50°C 

C/P 426°C C/P 310°C C/P 239°C C/P 426°C C/P 325°C 

PLSR 365°C PLSR 245°C PLSR 199°C PLSR 216°C PLSR 215°C 

 

XU12_06 XU12_07 XU12_08 XU12_09 XU12_10 

 300°C  50°C  550°C  50°C  50°C 

C/P 192°C C/P 575°C C/P 557°C C/P 585°C C/P 659°C 

PLSR 178°C PLSR 435°C PLSR 331°C PLSR 746°C PLSR 322°C 
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These results correspond with Balme et al.’s (2019) three-category burn analysis that identified the highest 

extent of burning (calcined bones) between XUs 1-13. However, heating indices applied to small bone 

fragments in thin section displayed much higher heating temperatures in XUs associated with surface hearth 

features (600-700°C) that were not found in the macro bones – though this may be a result of diagenetic 

effects mimicking high-temperature burning. 

Burning estimates between the ashy Holocene combustion layers and dug combustion features of the 

Pleistocene showed similar results when using heating indices. The PLSR analysis, however, revealed 50-

100°C lower mean temperature estimates between XUs 7-13, mainly characterised by dug combustion 

features. The ashy accumulation, therefore, seems to represent the period of highest temperature burning, 

as may be expected due to the complete combustion of wood. 

Sedimentary staining may have been one diagenetic effect that led to discrepancies in temperature 

estimates of Riwi macro bone, as observed in standard deviations between colour and FTIR spectroscopic 

estimates when comparing results for individual bones (see Figure 44; though the effects of bone staining 

have not been investigated in this paper). Many calcined bones were stained cream-coloured or brown 

while apparent manganese staining (as identified in Balme et al. 2019:44) and white mineral deposits also 

affected the accuracy of colour temperature predictions (assuming PLSR results provided a more accurate 

account of past burning temperature). Balme et al. (2019:44) note the presence of orange and red ochre 

distributed through the deposit below XU 11 that may have also contributed to misleading temperature 

predictions through staining. 

Potential diagenetic effects were also noted in heating index trends. CO3/P temperature predictions of 

macro bones likely became less accurate in units below XU 14. Interestingly, instead of mimicking high-

temperature burning, as had possibly occurred in Boodie Cave, CO3/P temperature predictions decreased 

with older bone. Percentage of outlier temperature predictions also increased with age (up to 100% for 

some later XUs, but these only sampled two bones), supporting the facts that the predictions were 

inaccurate. Therefore, different diagenetic effects may alter the same spectral regions differently (for 









107 

 

 

 

 

their function, and their effect on bone (Aldeias 2017; Bentsen 2012; Brodard et al. 2016; Gould 1971; 

Kimber 1983; Moody 2016; Ward and Friesem 2021). 

The FTIR spectroscopy results from Boodie Cave indicate that bones were burnt at low temperatures (100-

300°C) between 1,700-42,600 years ago and at slightly higher temperatures (300-400°C) between 42,600-

51,100 years ago (calibrated) when larger macropod species dominated the assemblage. Although colour 

analysis generally indicates heating below 200°C in the overall assemblage, microscopic bones showed 

evidence of higher temperature burning (including a small number of potentially calcined bones). 

One possible activity that would explain this type of low-temperature burning is cooking. Although Moody’s 

(2016) earth oven experiments and data adapted by Ward and Friesem (2021:17) indicate that earth ovens 

burn at medium-to-high temperatures (from ~200-600°C for shallow pit hearths and up to 900°C for 

earth/rock ovens), the majority of bone heated this way would have been insulated by flesh (‘fleshed’ 

reference bone cooked at 200°C is considered in Appendix A, Table A-2, though the effect of fleshed cooking 

was not fully investigated in this thesis). Fleshed bones may therefore display characteristics of lower-

temperature burning, as recorded in the Boodie Cave assemblage. Moody (2016; et al. 2022) found that 

majority of bones of whole, fleshed possums cooked in two 

experimental earth ovens were cream-coloured, with partial or 

complete carbonisation only affecting extremities like phalanges, 

carpals and tarsals (Figure 47). Previous studies described 

carbonisation as the dominant type of bone burning that occurred at 

Boodie Cave (Ward et al. 2017:354), though this may not suggest it was 

abundant, rather it was the maximum burning intensity observed. 

Partial carbonisation was also the maximum burning intensity recorded 

using colour in the Boodie Cave bones (Figure 46). Therefore, burning 

that occurred during the most recent 42,600 years at Boodie Cave most 

likely reflects a practical dietary purpose.  

Figure 46. Partially  carbonised possum bones represent atitive of 
a whole f leshed animal cooked in an earth oven  (Moody 
2016:31). 
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Another possibility is that bones were burnt indirectly after burial by successive combustion activities. To 

explore the effects of hearths on underlying sediment, Brodard et al. (2016) and Bentsen (2012) constructed 

several experimental combustion features. Brodard et al. (2016) measured temperatures at successive 

substrata (sedimentary layers below surface) beneath constructed hearths and found that when surface 

temperatures measured around 600-800°C, subsurface temperatures could reach between 100°C (10 cm 

below surface) to 300°C (6 cm below surface) for sandy sediments (and slightly less for clay sediments) after 

multiples fires had been lit. Additionally, the organic bone component in Boodie Cave bones was lost 

according to FTIR spectra, which Pérez et al. (2017) argue indicates indirect, post-burial burning as opposed 

to burning soon after deposition (in which some organic matter would still remain). However, Brodard et 

al.’s (2016) experimental fires used chestnut fuel wood as opposed to Acacia, Eucalyptus, Ficus and 

Brachychiton genera identified in Boodie Cave (see Ward et al. 2017:354). Wood species affects the depth 

of underlying heat penetration according to Bentsen (2012:100) who found that Eucalyptus sp. fires 

produce much shallower hearths than Acacia wood, even when bone is added as fuel. Regardless, both 

experiments showed that, in conjunction with anoxic conditions that inhibit pyrolysis (Kendall et al. 2018), 

low-temperature heating of bone at Boodie Cave may have resulted from overlying hearths that impacted 

previously buried bones that were perhaps discarded after eating. 

The behavioural interpretation of these fire activities in Boodie Cave is that people were probably cooking 

and eating animals, disposing of bones in their living area, and lighting surface fires for other purposes, too. 

Alternatively, the decrease in fire intensity after 42,600 years may reflect a changing fuel preference. 

Palaeoclimatic evidence indicates that Barrow Island transformed to arid conditions over time, and after 

about 42,600 years ago, coastal and mangrove trees were targeted for fuel wood, as indicated by charcoal 

evidence (Veth et al. 2017a:26). These wood species may have burnt at a lower temperature and thus 

lessened the degree of bone burning. 

Figure 47. Partially 
carbonised bone from SU1 
( left)  and SU3 (r ight)  from 
Boodie Cave. 
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Although no intact hearths have yet been discovered, charcoal analyses indicate that hearths were present 

at some time in the cave (Ward et al. 2017:354), the evidence of which may have been raked out or 

distributed through water movement. Another explanation is that combustion features were located nearer 

to the front of the cave or the back wall (in areas that have not been excavated) for reasons of smoke or air 

circulation, as Kedar and Barkai (2019) explain was common in their survey of Palaeolithic sites in Africa, 

Europe and Asia. 

The FTIR spectroscopy results from Riwi Cave indicate that bones were burnt at medium temperatures (300-

500°C) in the most recent 34,000 years, which contained dug combustion features as well as ashy 

accumulations. In contrast, between 34,000 and 45,000 years ago, bones were burnt at lower temperatures 

(approx. <300°C, according to PLSR results). These strata contained almost exclusively flat combustion 

features. Colour analysis of macro bones supported the fact that the most intense burning occurred from 

34,000 years ago, though micro bones showed little variation across the entire occupation sequence. 

As it is unknown whether macro bones were sampled from combustion features or associated sediment, 

an interpretation based solely from bone burning temperature suggests that bones from the upper layers 

(more recently than 34,000 years ago) may have been disposed of in combustion features while lit, or soon 

after fires were extinguished. Based on the residual temperatures of experimental fires (and assuming 

bones were in direct contact with fuel wood/charcoals), these type of combustion features may have been 

earth ovens or shallow pit hearths, which typically burn at hotter temperatures than surface fires (Ward 

and Friesem 2021:17; Moody 2016:30-32). These types of fires are often used for cooking (including 

steaming, roasting, broiling), but also for light and warmth and may have been used to dispose of bones 

after cooking. Similar to the interpretation of bones from Boodie Cave, however, bones from the period 

between 34,000 and 45,000 years ago in Riwi Cave may have been indirectly burnt by overlying combustion 

features or heated to low temperatures as a result of cooking. Colour analysis of macro bones from the 

period (primarily brown, partially, or completely carbonised) supports this conclusion, but the percentage 

of carbonised bones may be too large to indicate cooking; Moody (2016; et al. 2022) found that cooking 

primarily only carbonised extremities (see Figure 47), while at Riwi, up to 50% of analysed bones were 

completely carbonised in XUs 15-22. 
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Due to the inclusion of preserved combustion features, bone burning activities at Riwi can be interpreted 

in the context of these structures’ shape (assuming bones were heated by these features), bone burning 

intensity and fuel selection. Aldeias (2017) notes how variables such as size, shape, location and fuel 

selection of combustion features may give clues to their purpose (see Figure 48). Additionally, limited choice 

of fuel woods and the circumstances of a lived-in place may influence other choices such as cooking 

methods and maintenance practices, which need to be considered when interpreting fire use. 

Anthracological analyses at Riwi determined that the fuel used for flat combustion features (associated with 

lower-temperature burnt bones, <300°C) were primarily Erythrophleum (legume) sp. with the addition of 

Corymbia (eucalypt) sp. for features closer to 34,000 years ago (Whitau et al. 2018:756). Based on their 

structure, these flat fire features were interpreted by Vannieuwenhuyse (2016) as single-event, in situ fires 

lit on the ground. The lower intensity burnt bone in layers associated with these features supports their 

interpretation as single-use surface hearths. Similarly, Bentsen (2012) found that single-use fires are shallow 

in profile, and of the three combustion types at Riwi, flat features displayed the thinnest lens. 

Conversely, dug and ashy combustion features (interpreted as possibly for cooking, with ash representing 

a more complete fire event, see Vannieuwenhuyse 2016) contained predominately Corymbia (eucalypt) sp. 

and subsidiary dry rainforest taxa (Whitau et al. 2018:756-757). These fuel woods probably burnt at a hotter 

temperature than earlier, flatter combustion features containing Erythrophleum sp. (legume), as they had 

a lower moisture content. Therefore, combustion features in the most recent 34,000 years of occupation 

burnt hotter, or at least longer, than earlier combustion features, which is supported by bone burning 

intensity measures. These changes in fire type may be explained as a response to fuel wood availability; dry 

rainforest species may have become dominant and forced cooking practices to change in response to 

hotter-burning firewood (raw food was buried in temperature-controlled, heated sediment rather than 

cooked above flames). However, rainforest environments were present in northern Australia at time of 

human arrival in Sahul (Dilkes-Hall et al. 2020) and thus, selection of this fuel wood after 34,000 years ago 

may instead have been a response to development of new cooking practices in the region. Regardless, 

bones would still have been burnt indirectly when these fires were lit and the increased burning intensity 

after 34,000 years reflects a transition to fuel wood that burned at hotter temperatures.  
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Figure 48. Summary of impacts in the construction, use, and 
post-depositional pathways of combustion features that 
should be considered when interpreting f ire use. Diagram by 
Aldeias (2017:S192).  

Although these interpretations are primarily based on ‘burning temperature’ recorded from experimental 

hearths, David (1990) explains that temperature, as it is often recorded (i.e., the ‘reaction zone’ where 

pyrolysis products interact with surrounding oxygen in the air), should not be used as an indicator of burning 

intensity (p. 66). Rather, temperatures near ground level, or convective temperatures surrounding surface 

hearths, are usually the temperatures impacting bone (David 1990:66). As these temperatures are variable 

and difficult to replicate, sole reliance on temperature as an indicator of burning activity is not encouraged. 

Thus, a combination of bone colour, surface morphology, and other variables that inform the conditions 
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under which a bone was burnt, were used to form an interpretation of burning history, though these can 

be improved in the future. 

 

Fire is a persistent actor in the Australian natural environment. When associated with cultural material, its 

causes are often anthropogenic, but can also be natural. To better characterise anthropogenic burning 

signatures, this research developed its own reference set of burnt Australian animal bones (and charcoals) 

and sampled bushfire-burnt materials to characterise natural versus human-made burning signals better. 

Burning was also analysed at the macro and micro scale to identify the effect of sampling method on 

interpretation. 

International fire studies have shown that site-specific or region-specific reference samples of bone (and 

fuel wood) allow more precise temperature predictions as well as confidence that results from one study 

are applicable to bone from other animal groups around the world (see Abdel-Maksoud 2010; Greiner et 

al. 2019; Koon et al. 2003; Legan et al. 2020; Nicholson 1993; Pérez et al. 2017; Reidsma et al. 2016; Shipman 

et al. 1984; Snoeck et al. 2014; Thompson et al. 2009; Wang et al. 2019; Wärmländer et al. 2019). Where 

archaeological species are unknown, burnt reference collections may also aid identification via 

spectroscopic methods by measuring differences in collagen, water and mineral ratios (Kendall et al. 2018). 

Colour changes in bone, for example, are the result of changes in bone structure and composition (Snoeck 

et al. 2014:56). These changes, however slight, already exist between animal bones from different regions 

and groups. For example, differences between marine and terrestrial bone colour were observed in this 

study (see Section 4) and influenced the development of FTIR models and regression indices to predict 

exposure of bone to past firing intensities. Where bone could be identified taxonomically, predictability 

improved by up to 48% (PLSR model targeting 1350-1750 cm-1 – all species, R2=0.658, versus emu only, 

R2=0.973) when using data from that specific reference. 

The FTIR peak analysis of Australian faunal remains in this research found differences in location and 

number of organic amide peaks between the bones of Australian and non-Australian taxa. Much of the bone 
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from Boodie Cave was able to be matched with FTIR peaks identified in reference macropod species. 

Additionally, burnt wood references also revealed distinctions in genera (Acacia sp., Eucalyptus sp. and 

Xanthorrhoea sp., see Appendix A); wood species identification could be useful to interpret past fire uses 

and to conduct palaeoenvironmental reconstructions where large pieces of charcoal for anthracological 

analyses are scarce. Thus, the use of local burnt bone samples, especially in Australia (where 

experimentation with fire is underdeveloped) has been helpful to understand that variability between bone 

species chemistry exists, and may affect burning interpretation, as previous authors have agreed (Nicholson 

1993, for example). 

Differences in macro- and micro-bone assemblages from both study sites have shown that burning evidence 

can manifest itself differently depending on the analytical scale. High-intensity burnt bone from Boodie Cave 

appears to be concentrated only in the micro-assemblage, whereas at Riwi, the micro-assemblage contains 

fewer and lower-intensity burnt bones that have been more greatly affected by diagenetic effects. 

Several authors have previously argued that microcontexts can assist interpretation of past fire activities 

and are necessary to interrogate the biases that exist in macro-scale remains (Goldberg and Berna 2010; 

Mentzer 2014; Miller et al. 2010; Weiner 2010). The effects of trampling on visibility of combustion remains 

are apparent at Boodie Cave where a single-scale approach to bone analysis may have dismissed burning 

within the site altogether (assuming larger carbonised bones had not been found) due to fragmentation of 

burnt bones, and their stronger resistance to chemical alteration. Estévez et al. (2014) document such 

preservation issues at a series of open-air sites that support a ‘regional to geomorphological’ (macro to 

micro) scale approach to faunal assemblages, as is applied when studying site formation processes (p.7).  

Furthermore, one of the main drivers behind the development of micromorphology, which was used to 

analyse micro-bone and charcoal remains in this study, is the belief that ‘many single, discrete events are 

recorded not at the site- or event meso-scale, but occurred at and are recorded within the micro-scale’ 

(Miller et al. 2010:26). This is especially relevant for fire studies as many features represent single-use 

events. However, while many fire events might only be recorded at the micro-scale, natural post-

depositional events such as bacterial degradation, water or sedimentary erosion might be acting beyond 

the site, at a local or regional scale. In the case of Boodie Cave and Riwi, micro-scale analysis enabled by 
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micromorphology illuminated the larger impact of diagenesis on smaller fragments of bone (<2 mm), 

disproportionate effect of trampling on higher-intensity burnt bone, and the need for micro-scale analysis 

where reworking is evident (as in Boodie Cave). A wider analyses of sedimentary effects on bone in coastal 

northwest Australian rockshelter deposits, as well as those in the southern Kimberley, would help determine 

whether bones are impacted differently by post-depositional effects at a site-to-site level.  
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types of combustion experiments are useful and, in conjunction with FTIR spectroscopy, have to potential 

to differentiate anthropogenic and natural burning as well as better resolve differences in bone taxa than 

by visual methods. 

  

Figure 49. Typical change in temperature caused by a passing (10m) 
f lame. Measured using a 3m thermocouple tower during an 
experimental f ire of a dry eucalypt forest (Wotton et al. 2012:275).  

 

 

Fourier transform infrared spectroscopy has proven to be a useful tool to characterise burnt reference 

material, quantify burning intensity, and begin to identify signatures of diagenetic change in archaeological 

bones. The technique provides more structural and chemical information and more precise and accurate 

temperature estimates than colour assessment (according to freshly heated reference bones) but is less 

accurate for micro bones (<2 mm in size). The slew of empirical data derived from this initial exploration 

into spectroscopic methods offers insight into the potential advantage of other geoscientific analytical 

techniques in archaeology such as XRD or electron spin resonance, which can determine heating extent of 

bones, and SEM-EDS, luminescence or magnetic measurements that target heated rocks or sediments, as 

well as measurements of stable isotopes to determine heating degree via recrystallisation of wood ash 
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of empirical techniques to archaeology has been that due to increased specialisation within both disciplines, 

scientific data is transferred to archaeologists in isolation and without a proper understanding of its 

interpretive limitations (Wallis 2020:288). One of the many benefits of FTIR spectroscopy, as revealed in 

this study, is its ease of use. This means that an archaeologist can be present at every step of the way – 

from inception of a research question, to the scanning of preliminary samples, to assessment of final 

archaeological data – to avoid the impenetrable ‘black box’ of scientific data that has previously 

overshadowed more qualitative data due to an ignorance or misunderstanding of its limits. This pilot study 

has shown that a multi-proxy approach, that considers both spectroscopic data and qualitative information 

like bone colour or sedimentary inclusions, is more effective in reconstructing past bone-burning activities, 

as these techniques can tackle the varied factors affecting the heating and decomposition of bone, of which 

Ellingham et al. (2016:158) conclude there are more than currently comprehended. 

 

Interpretations of past fire activity (see Section 7.1) are based on archaeological data that has been affected 

to an unknown extent by taphonomic factors. Due to the use of a modern burnt reference set to construct 

these predictive models, these taphonomic or diagenetic factors (summarised in Figure 50) have not been 

sufficiently accounted for. 

The decomposition of organic and mineral elements of bone as a result of diagenesis can affect past 

temperature estimates (as FTIR spectroscopy methods often target the same characteristic regions – see 

Beasley et al. 2014; Thompson et al. 2013). Bone from Boodie Cave, for example, showed an increasing 

burning temperature trend with age (based on FTIR analyses of the 5-mm sieved assemblage), which 

disagreed with estimates based on colour. One potential explanation that may account for this trend is the 

impact of hydration on buried bones. Water flow through the Boodie deposit has been previously indicated 

by the presence of flowstones and stalactites (Placzek et al. 2016), and the poor preservation of charcoal 

fragments (Ward et al. 2017:354). Furthermore, during excavations, moisture was found to increase 

towards the bottom of the deposit which was likely related to the presence of water-retaining clay that also 
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and mineral compounds of the bones, which resulted in a higher temperature estimate. The impact of 

diagenesis on the results in this study is very likely, though the extent of its impact cannot be certain without 

further experimentation. However, some changes were made to the methodology to identify or try to 

reduce the impact of diagenetic factors. 

Previous studies have tried to account for diagenetic variables using controlled, short term bone burial 

experiments (such as McAdams et al. 2021) to assess the specific impacts of burial environment on bone 

temperature prediction. These studies are based on the idea that early diagenesis is crucial to the 

preservation of bone in the long term and so is the period in which most transformations occur (Fernández-

Jalvo et al. 2010). McAdams et al. (2021) found patterns of bone degradation and discolouration specific to 

their guano-rich burial matrix that helped determine the diagenetic pathways that likely affected 

archaeological bone from that cave. In this study, several possibilities were explored to explain the 

differences between burning extent derived from visual and spectroscopic methods. 

The bone burial experiment described in Appendix C revealed that unburnt bone underwent the most 

significant changes after 5 months of burial in both neutral and alkaline pH sediment. Unburnt bone 

contained the largest amount of organic material and appeared to be more susceptible to bacterial action 

or dissolution, which targeted organic collagen. Therefore, low-temperature burning would be harder to 

identify using FTIR spectroscopy because organic peaks are reduced first. Interestingly, the colour of the 

bone was not largely impacted. These results explain the unburnt appearance of the majority of Boodie 

Cave bones and their low-temperature burnt spectral prediction that was likely a result of organic collagen 

loss due to burial environment. The long-term effects of this burial experiment will continue to be studied, 

but this was one avenue that helped interpret confusing bone burning results. 

Another issue encountered with FTIR-microspectroscopy scans of burnt bone fragments was the consistent 

~600°C temperature prediction across stratigraphic units, and even across the Boodie Cave and Riwi 

assemblages. To determine whether these predictions might have been influenced by instrumentation 

(micromorphological slides were scanned with a germanium crystal rather than a diamond crystal, which 

has been shown to impact spectra, albeit only mininally), fish bones from the reference collection were re-
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scanned using a germanium crystal and their predictability re-evaluated. The FTIR spectra were practically 

unchanged between both crystals and FTIR heating indices were unaffected. Therefore, it was more 

appropriate to conclude that <2 mm bone fragments were disproportionately impacted by diagenesis due 

to their size, which resulted in consistently poor temperature estimates, rather than by differences in 

sampling technique. 

In the next section, the potential for acid pre-treatment experiments to remove exogenous carbonates in 

bone and charcoal is discussed, and recommendations are made for future work. However, this thesis 

showed that targeted diagenetic experiments can improve or help unravel archaeological bone data, and 

illuminate the impact of burial environment on past bone temperature predictions. 

 

This research served as a pilot study to explore the usefulness of FTIR spectroscopy in measuring bone 

burning extent and cause. Spectroscopic results concluded that bone from Boodie Cave was likely heated 

during cooking of animals and indirectly burnt by successive hearths after burial. Bones from Riwi Cave may 

have been similarly burnt but increased in intensity more recently as hotter-burning wood came to 

dominate the environment. Spectroscopic results identified variability between faunal bone from different 

Australian species, as well as bone that had been burnt by bushfires as opposed to human action (which is 

useful for open-air archaeological sites). Additionally, FTIR spectroscopy’s ease-of-use addressed one of the 

main criticisms of empirical data’s impact to archaeological interpretation by allowing the researcher to 

gather, analyse and interpret the empirical FTIR data themselves, considering its limits. Some of these limits 

included the degradation of buried bones and conflicting temperature results between techniques. 

Experiments helped to interpret some of these results but also indicated that several contextual links are 

missing between the purposeful heating of bone and the condition in which it is recovered by 

archaeologists. Furthermore, additional data is required to compare the intensity of these impacts at a site-

to-site and regional level, though based on a limited comparison, diagenetic changes appear to be largely 

site-specific. The next section reviews the intended aims of the study and suggests avenues to improve its 

future application. 
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of similar temperature that appeared visually identical in colour or texture, and provide alternate 

temperature predictions for some archaeological bone where visual results were misleading. 

However, in this specific application, archaeological results were likely impacted by diagenesis. It is useful 

to note, however, that FTIR spectroscopy contains the ability to explore these impacts and the infrared 

regions they most affect. Additionally, the technique offers a way to potentially eliminate these factors 

through careful experimentation and enhanced reference collections. Oftentimes, FTIR spectroscopy did 

not produce quality scans of material in micromorphological slides as bone and charcoal were found to be 

too porous, and more intensely impacted by diagenetic factors. However, differences in sample preparation 

may improve this application. In conclusion, this pilot study proved the potential for FTIR spectroscopy to 

improve measures of burning of archaeological material in Australia, if research into diagenetic signatures 

continues. 

 

As a preliminary study, this research has uncovered many avenues that can improve the technique and 

sample collection methods of future combustion studies, as well as diversify its application to other 

materials in conjunction with parallel techniques. 

Aldeias (2017) discussed the diversity of pathways that may produce burnt bone in an archaeological site. 

Additionally, the FTIR models in this study showed that predictive accuracy can improve with an expanded 

reference collection (see Section 4). Therefore, to capture the diversity of fire use and improve the 

application of temperature prediction models for future research, burnt reference collections should be 

greatly expanded. This involves burning bone and wood from a greater variety of animal and plant taxa to 

improve applicability of PLSR models, burning specimens at smaller temperature intervals and at higher 

maximum temperature to increase precision, and burning material under different oxidising conditions 

(buried vs exposed) to replicate theorised methods of burning. The models also highlight the importance of 

zooarchaeological and archaeobotanical analyses for species identification purposes to improve the 

application and accuracy of FTIR temperature prediction models. 
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More bushfire material should also be sampled to better differentiate the structure of this material from 

domestic fires. In addition to bone and charcoal (which have proven successful as measures of burning 

temperature), associated material such as shell, termite mounds, and dung should also be incrementally 

burnt and characterised to provide supporting data in sites where this burnt material is found (see Brockwell 

2006 and Villagran 2014). The nature of PLSR modelling means that additional spectral data can be added 

easily to improve temperature predictability and applicability to bones of varied, unidentified taxa. Finally, 

experimental fires, similar to studies like Moody et al. (2022) and based off the diversity of fire use 

presented in Ward and Friesem (2021), should be burnt to characterise combustion remains from different 

traditional fire practices. These fires would reveal different maximum temperatures, structures and 

inclusions, and a comparison of burning temperatures of different would species may offer a potential 

explanation for changing fire intensity through time. 

Many combustion studies emerge as an afterthought once an interesting deposit containing burnt material 

has already been dug with material provenance only captured up to the excavation/stratigraphic unit level. 

Studies that aim to capture combustion material from their conception have an advantage and often choose 

to capture a higher level of spatial data to allow approximate reconstruction of features after material has 

been analysed for burning intensity. Sites with combustion structures present (such as Riwi) should aim to 

capture more detailed spatial data of combustion material if they intend a follow-up study. Such methods 

may include recording artefacts’ distance from the centre of combustion structures when in association, 

which would allow the construction of a ‘heat distribution map’ (Figure 51) by predicting burning intensity 

of nearby material due to direct or radiant heat (see Alperson-Afil 2017; Haaland et al. 2017). This would 

provide an indication of the size and spread of these features and help determine function. If such recording 

is not practical, simply separating material that was found within a combustion structure as opposed to the 

surrounding matrix would improve interpretation greatly. 
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crystallinity due to heating. Though previously explored, these techniques may be improved with the use of 

PLSR analysis which is able to capture subtler changes within resultant spectra, and should be applied to 

other combustion material like charcoal, sediment, or burnt shell. 

Historic pottery fragments have also been subject to geophysical analysis to determine maximum firing 

temperatures (see Mangueira et al. 2011; Mejia-Bernal et al. 2020). These techniques, which include 

electron spin resonance (ESR) and electron paramagnetic resonance (EPR), could theoretically be applied 

to heated sediment surrounding combustion features in indigenous occupation sites. These measures 

consider the intensification of the iron signal (Fe3+) which is a consequence of Fe2+ oxidation influenced by 

heating time and temperature. The prevalence of iron-rich soils in Australia give hope to mineral magnetic 

approaches of fire studies in the future. 

To summarise, FTIR spectroscopy offers a fruitful avenue for the analysis of organic archaeological 

combustion material. Historical bone analysis may help test the applicability of the technique on 

archaeological bone while acid pre-treatment could improve spectral results. Archaeological application 

would also benefit from greater burning variety in reference material and more provenantial information 

from deposits to reconstruct past fire sizes. Finally, alternate methods have been theorised to quantify the 

burning extent of organic remains with species prediction another viable goal in the spectroscopic field.  
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Table A-1. Summary of burning analyses applied to bone, clay and wood samples throughout the 
production of the thesis. Time and resource constraints prevented application of al l techniques to 
archaeological and reference material; only the most informative measures were pursued.  

 

Bone samples 
Colour 

analysis 
Surface 
analysis 

SEM 
analysis 

FTIR analysis 

    
 Indices PLSR 

Peak 
picking 

R
e

fe
re

n
ce

 

Fish ✓ ✓ - ✓ ✓ ✓ 

Turtle ✓ ✓ - ✓ ✓ ✓ 

Kangaroo ✓ ✓ - ✓ ✓ ✓ 

Emu ✓ ✓ - ✓ ✓ ✓ 

Archaeological ✓ ✓ - ✓ ✓ ✓ 
        

A
rc

h
ae

o
lo

gi
ca

l Boodie Macro ✓ ✓ ✓ ✓ ✓ - 

Boodie Micro ✓ - - ✓ - - 

Riwi Macro ✓ - - ✓ ✓ - 

Riwi Micro ✓ - - ✓ - - 

 

       

 
Other samples 

      

 
Clay ✓ - - - - ✓ 

 
Bushfire burnt wood ✓ - - ✓ - - 

 
Eucalyptus spp. wood ✓ - - - ✓ ✓ 

 
Acacia spp. wood ✓ - - - ✓ ✓ 

Munsell colour codes for the reference collection of burnt bones are listed in Table A-2. This data includes 

a fleshed snapper vertebra that was cooked at 200°C for one hour. Figures A-1 to A-5 show changes in 

spectra of Brownstripe red snapper, Eastern grey kangaroo, green turtle, emu and archaeological bone after 

being heated between 100°C and 900°C in a muffle furnace. Figure A-6 compares FTIR peaks between taxa 

from the reference collection. 
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Table A-2. Munsell colour codes and colour descriptions for heated snapper, turtle, emu, kangaroo and unidentif ied ( likely macropod) 
archaeological bones. Primary (secondary).  

Temp. Snapper Green Turtle Archaeological Emu (compact) Emu (spongey) Kangaroo  
Munsell 

Code 

Description Munsell 

Code 

Description Munsell 

Code 

Description Munsell 

Code 

Description Munsell 

Code 

Description Munsell 

Code 

Description 

Unburnt N 9.5/N 

(10YR 7/4) 

White (very 

pale brown) 

10YR 8/2 Very pale 

brown 

7.5YR 

7/4 

Pink 2.5Y 8/3 

(5YR 4/6) 

Pale brown 

(yellowish 

red) 

5YR 5/3 

(7.5YR 

4/6) 

Reddish brown 

(strong brown) 

- - 

100°C 2.5Y 9.5/1 

(7.5YR 

5/8) 

White (strong 

brown) 

10YR 7/3 Very pale 

brown 

7.5YR 

7/4 

Pink 2.5Y 8/3 

(5YR 4/6) 

Pale brown 

(yellowish 

red) 

2.5Y 8/3 

(7.5YR 

3/3) 

Pale brown 

(dark brown) 

- - 

200°C 7.5YR 3/4 

(10YR 2/1) 

Dark brown 

(black) 

2.5YR 3/1 

(5YR 

2.5/1) 

Dark reddish 

grey (black) 

7.5YR 

7/4 

Pink 5YR 4/2 Dark reddish 

grey 

2.5Y 2.5/1 

(5YR 4/4) 

Black (reddish 

brown) 

- - 

300°C 10YR 2/1 Black 10YR 3/2 Very dark 

greyish brown 

5YR 5/4 Reddish 

brown 

10YR 6/1 Grey 10YR 5/1 

(10YR 

2/1) 

Grey (black) 10YR 6/4 Light 

yellowish 

brown 

400°C 10YR 2/1 

(7.5YR 

3/4) 

Black (dark 

brown) 

10YR 4/2 

(10YR 2/1) 

Dark greyish 

brown (black) 

7.5YR 

8.5/2 

Pinkish white 10YR 7/2 Light grey 10YR 6/1 Grey 10YR 3/2 Very dark 

greyish 

brown 

500°C 10YR 2/1 

(10YR 5/1) 

Black (grey) 10YR 7/1 

(10YR 8/2) 

Light grey 

(very pale 

brown) 

7.5YR 

7/1 

Light grey 10YR 7/2 Light grey 10YR 5/1 Grey 10YR 2/1 Black 

600°C 10B 6/1 

(N 2.5/N) 

Bluish grey 

(black) 

2.5Y 8/1 White 7.5YR 

8/1 

White N 6/N Grey 10YR 6/1 Grey 10YR 2/1 Black 

700°C N 9.5/N 

(5B 5/1) 

White (bluish 

grey) 

N 9.5/N 

(N 7/N) 

White (light 

grey) 

N 9/N 

(5G 8/1) 

White (light 

greenish grey) 

N 8.5/N 

(10B 6/1) 

White (bluish 

grey) 

N 9.5/N 

(10YR 

7/1) 

White (light 

grey) 

5Y 3/1 Very dark 

grey 

800°C N 8/N (5B 

5/1) 

White (bluish 

grey) 

N 9.5/N White N 9/N White N 9.5/N White N 9.5/N White 10YR 2/1 Black 

900°C N 9.5/N White N 9.5/N White N 9/N 

(5R 8/2) 

White (light 

pink) 

N 9.5/N 

(5R 8/3) 

White (light 

pink) 

N 9.5/N 

(10R 8/2) 

White (pinkish 

white) 

2.5Y 7/1 Light grey 

Cooked 

(200°C) 

N 9.5/N 

(10YR 8/6) 

White 

(yellow) 
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In February 2021, intense bushfires devastated Perth’s northeast region, destroying 10,900 hectares of land 

and at least 86 properties (ABC Perth 2021; DFES 2021). This disaster, however, provided the opportunity 

to sample material that had been freshly affected by natural fire for comparison with kiln-heated and 

culturally heated organics. 

Bulk soil samples were collected at surface to 50 cm depths, as well as micromorphological samples from 

bushfire affected sands and soils at Walyunga National Park. Additionally, samples of wood, charcoal, shells, 

termite mound and bones from a bushfire-burnt Western grey kangaroo (Macropus fuliginosus) carcass 

were collected to be characterised (Figure B-1). Bone types included rib, phalange, caudal and thoracic 

vertebrae, a tibia fragment and two molars (M2 and M3) (bone identification provided by Carly Monks, 

UWA). The bones were burned at various intensities causing browning to complete calcination. 

All samples were scanned and characterised using ATR-FTIR spectroscopic methods (as described in Section 

3.3). Bones were analysed using colour and FTIR heating indices for temperature predictions and to better 

differentiate heating intensity and variability between bushfire-affected and culturally-burnt bones. Wood, 

charcoal and termite mounds were characterised using FTIR methods though time restrictions did not allow 

for temperature estimates. 
















