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Abstract 

Heat exposure to bone results in physical and chemical alterations thus making victim 

identification and the circumstances surrounding their death difficult to determine. There is 

conflict in understanding how the expression of macroscopic heat-induced changes relate to 

microstructural heat-induced alterations of collagen with specific reference to burnt bone. The aim 

of this study was to investigate the relationship between heat-induced macroscopic and histological 

alterations at different taphonomic conditions cremated at different temperatures.  

The study was done with incrementally heated (300°C, 400°C and 500°C) bones (N=3, 

experimental n=27; control n=6) at different taphonomic conditions (fleshed, wet/defleshed and 

dry bone) using a muffle furnace. Bone samples were weighed, and analysed for macroscopic 

changes (colour, mass loss, fracturing and fragmentation). Post-cremation, 3mm bone blocks were 

extracted and fixed in 10% neutral buffered formalin, decalcified (10% formic acid) then processed 

and sectioned. Sections were stained with Sirius Red-Fast Green (SFRG) stain to investigate 

collagen presence and distribution. Additionally, 1mm blocks were extracted for ground bone 

sectioning and photomicrographs were taken for micro-fracture assessment.  

Wet and dry bones cremated at 400°C and 500°C were partially calcined and had more 

macroscopic and microscopic fractures compared to fleshed bones. Only fleshed and wet bones 

presented misaligned fragmentation, indicative of plastic deformation. The SRFG stain was shown 

to reveal both collagenous and non-collagenous proteins; however, with polarized light in 

combination with SRFG staining it was possible to identify areas of putative collagen even at 

higher temperatures (400°C and 500°C) in fleshed but not in wet and dry bones. Further studies 

using more specific approaches to identifying collagen degradation are proposed, in order to 

understand the mechanisms of fracturing and bone deformation.  

The present study was able to propose a role for soft tissue and moisture in protecting bone during 

cremation and provide insights into the biomechanics of thermal alterations of porcine bone. 

Before application can be made in a human forensic setting, further research in human bone and 

across more varied conditions is required. This study is seminal to the understanding of both macro 

and microscopic bone heat-induced changes, a relationship rarely assessed in burnt bone studies. 
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Chapter 1: Introduction 

1.1. A brief description of fire  

According to World Health Organisation (WHO), exposure to fire, smoke and flame has been 

found to be the main cause of 2 328 (6.8%) deaths in South Africa in 2016 (WHO, 2016) which 

has increased from 1993 to 2020, on global scale, to approximately 401,000 deaths per year 

(Murray and Lopez, 1996; Brushlinsky et al., 2022). Fire is known to be one of the most destructive 

forces in our society (Correia, 1996), destroying any material ranging from buildings, and vehicles 

to body tissues including bones. Fire is defined as an exothermic oxidation reaction between fuel 

and an oxidizer (most often oxygen) that generates sufficient heat to be self-sustaining and yields 

readily detectable heat and light (DeHaan, 2007). 

Fire as a result of heat can be caused by vehicle accidents (Correia and Beattie, 2002), house fires 

(Dirkmaat, 2002) and mass destruction (Mundorff, 2008). These causes may also include areas 

with dangerously exposed electrical cables, highly explosive liquids and chemicals which can 

result in smoke and/or flames which induce fire (Imaizumi, 2005). Globally, about 2.7 billion 

people lack clean and safe cooking facilities and 1.2 billion have no access to electricity (Byers, 

2004), and therefore, cooking has been reported to be one of the major causes of fire, resulting in 

80% of fires being kitchen-related (Spearpoint and Hopkin, 2021). In South Africa, as a developing 

nation (de Klerk and de Villiers, 2012), there are many low-income settlements where highly 

flammable fuels like paraffin are used due to energy poverty (Gevaart-Durkin et al., 2014) and 

often lead to burn injuries/fatalities (Schwebel et al., 2009; Kimemia et al., 2014; Kimemia and 

Niekerk, 2017). 

Fire is described as a chemical process through which heat and light are generated (Reidsma et al., 

2016) while heat is described as the energy transferred when there is temperature difference, 

moving from regions of higher temperature to lower temperature (Cho et al., 1998). There are 

three types of heat transfer: conduction, radiation, and convection. Conduction is the transfer of 

heat through physical contact. The process of conduction occurs at a molecular level transferring 

energy from more energetic molecules to lower energetic molecules (Cho et al., 1998). Radiation 

is electromagnetic energy emitted by a body at the expense of its internal energy and does not 

require a medium for conduction (Cho et al., 1998). Convection occurs through movement of fluid 
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(including air) due to a density difference between temperatures (Cho et al., 1998). Heat effects 

on bone can occur without inducing fire, through processes such as bone drilling operations which 

cause a rotational speeding (Davidson, 1999). Temperature and thermal damage have been found 

to increase with increasing heat effects such as drilling with rotational speed (Davidson, 1999).  

The heat exposure on bodies results in thermal destruction ranging from damage in physical, 

mechanical, and behavioural functioning of the body as well as destruction of skin, muscle, 

cartilage, and underlying fats and tissues (DeHaan, 2015, 2018). Heat exposure on incomplete 

burnt remains (cremains) is a critical taphonomic challenge as it alters the skeletal remains by 

changing their colour, shape and structure (Correia, 1996). These changes make it difficult to 

identify cremains and thereby complicating the measurements and analysis of the number of 

individuals, sex, age, living stature, and population affinity estimation as well as perimortem 

conditions and trauma (Krogman 1943a, 1943b; Wells, 1960; Liebenberg et al., 2023). Fire can 

also be used to hide evidence, by simulating natural fires (Imaizumi, 2015), making victim 

identification and interpretation of the circumstances surrounding death difficult (Mamede et al., 

2019). Forensic anthropologists can aid in victim identification of burnt remains by constructing a 

biological profile and providing information on trauma and taphonomy (Hackman, 2016). Being 

able to study cremated bone fragments when fire is used as a murder weapon or to hide evidence, 

as opposed to natural fires (e.g., veldt fires), is crucial in order to assess intentionality around death. 

Hence, it is vital for forensic anthropologists to know the bone composition and different 

taphonomic bone conditions (fleshed, wet, and dry) in order to understand the changes that occur 

when skeletal remains are exposed to heat (Galtés & Scheirs, 2019). Fleshed bone taphonomic 

condition refers to the bone that is completely covered by soft tissues (skin, muscles, tendons and 

ligaments) whereas wet bone is covered by minimal or remnants of soft tissues. Dry bones are not 

covered by any soft tissue and they contain little to no organic components (Mahon et al., 2021) 

of the bone such as fats which have a melting point temperature of 45°C - 55°C (Alabdalall et al., 

2021) 

According to Eckert et al. (1988), cremated remains’ composition varies according to tissue 

survival. There is charred cremation where the internal organs are still preserved, followed by 

partial cremation where the soft tissues are still preserved, then incomplete cremation where the 

bone pieces are the only remains and complete cremation where there is only ash left. Cremation 
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research has focused on three categories: analysis of visual characteristics, histological analysis 

and the demographic analysis of cremated remains such as age, sex and population affinity 

estimation (Correia, 1996). Heat exposure can induce macroscopic changes in bone size and 

colour, as well as deformation (warp) and fragmentation (fracture) of bone (Ubelaker, 2009; 

Goncalves et al., 2011). 

1.2. Bone composition and histology 

Bone in vivo, is a specialised connective tissue characterised by cells within a mineralised 

extracellular matrix (Kerr, 2010). Although a hard tissue, bone can contain between 10% and 20% 

water (Currey, 1990; Sanz et al., 2023). Within the extracellular matrix, 65% of the matrix is made 

of an inorganic component, mineral hydroxyapatite (Ca10(PO4)6(OH)2), and 25% is composed of 

organic material (Lowenstam and Weiner, 1989; Currey et al., 2001; Currey, 2003), type I collagen 

and to a lesser extent, type III collagen, bone cells (osteoblasts, osteocytes, and osteoclasts) and 

non-collagenous proteins (Boskey et al., 2001; Lee & Einhorn, 2001; Wang, et al., 2001; 

Thompson, 2015; Ellingham et al., 2016). Osteoclasts, osteoblasts and osteocytes work together 

to balance the resorption and absorption during bone remodelling (Frost, 1996). Osteoclasts 

degrade the bone matrix through enzymatic activity resulting in resorption lacunae, followed by 

programmed cell death of osteocytes where required, once resorption is complete (Ross & Pawlina, 

2006). Osteoblasts secrete collagen and bone matrix proteins forming uncalcified bone matrix 

known as osteoid (Ross & Pawlina, 2006), which then mineralises approximately ten days after 

deposition (Ross & Pawlina, 2006, Stout and Crowder, 2011). Certain developing bones, for 

example long bones, may require a hyaline cartilage scaffold on which to lay osteoid down, known 

as endochondral ossification, as opposed to the process of intramembranous ossification whereby 

bone develops directly from a mesenchyme (intramembranous ossification) (Ross and Pawlina, 

2006). As osteoid is being secreted, the bone begins to mineralise trapping the osteoblasts within 

bone matrix spaces called lacunae and differentiating into osteocytes (Ross & Pawlina, 2006; 

Horocholyn, 2013). Osteocytes maintain and monitor the bone matrix by communicating with each 

other through cytoplasmic processes contained within canaliculi (Ross & Pawlina, 2006; 

Horocholyn, 2013). Immature bone, also termed woven bone, reflects mineralised bone that has 

an irregular arrangement of collagen, with greater hydration and cellular content. Immature bone 

undergoes remodelling with further growth and becomes lamellar (mature layered bone) which 



I n t r o d u c t i o n  | 4 

 

contains orderly layers of collagen and mineralised bone, less water and less cells (Ross and 

Pawlina, 2006; Kerr, 2010; Horocholyn, 2013; Labuschagne, 2020).  Juvenile bones have more 

trabecular bone (low compact bone density) and more organic material such as collagen compared 

to adult mature bones which could alter how bone responds to heat (Waterhouse, 2013). 

Collagen is an extracellular protein consisting of triple helical tropocollagen molecules (Lambri et 

al., 2018). The collagen molecules form fibrils which are arranged to form collagen fibres (Bozec 

and Odlyha, 2011), in which carbonated apatite crystals are embedded during the process of 

mineralisation (Mano, 2005; Lau et al., 2013; Lambri et al., 2016). Collagen provides elasticity 

(Lambri et al., 2018), and is responsible for resisting deformation (Ma et al., 2021) by providing 

structural and mechanical support to the bone through toughness and stiffness (Lee et al., 2001; 

Bozec et al., 2007). As such, the microstructure of bone, specifically collagen, is proposed to be 

highly affected by heat and involved in bone heat-induced alterations (Zioupos et al., 1999; 

Gonçalves et al., 2011, 2015; Vassalo et al., 2016). 

The structural integrity of bone is linked to the presence of orderly layers of bone matrix called 

lamellar bone. Lamellar bone is divided into two: cortical (compact) bone and trabecular (spongy 

or cancellous bone). In humans, cortical bone is arranged in elongated and roughly cylindrical 

structures called osteons or Haversian systems (Frost, 1973; Parfitt, 1994), considered the 

structural units of cortical bone (Brits et al., 2014). Primary osteons form during development, 

particularly with appositional growth whereas secondary osteons are created during bone 

remodelling, a dynamic process (Matsuo et al., 2019). Within the centre of each osteon, there is an 

osteon canal which contains blood vessels, lymphatics and nerve bundles. These neurovascular 

structures are surrounded by concentric lamellae of bone matrix (Ross & Pawlina, 2006). Between 

the osteons, there are remnants of concentric lamellae, reflecting normal bone turnover, called 

interstitial lamellae (Ross & Pawlina, 2006). Trabecular bone in humans, is similarly layered but 

typically lacks the presence of osteons. Trabecular bone, found deep to cortical bone, has a porous 

appearance with thin spicules that make up a bone network forming marrow cavities (Martini et 

al, 2008) that contain blood vessels which nourish the bone and bone marrow (Horocholyn, 2013). 

Red bone marrow is where haematopoiesis occurs, and yellow marrow contains lipids stored in 

adipocytes (Ross & Pawlina, 2006). The arrangement of the bone matrix is different in non-human 

animals (Horocholyn, 2013). 
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Although bones of non-human animals are made up of the same bone constituents as in humans, 

their arrangement and composition proportions differ depending on the species (Horocholyn, 

2013). Domestic pigs are artiodactyls, and their bone microstructure is mainly plexiform 

(Horocholyn, 2013) (Figure 1.2). Plexiform bone is described as primary bone containing a dense 

network of vascular canals that are arranged longitudinally, radially and circumferentially forming 

a brick-wall appearance (Francillon-Vieillot et al., 1990; Enlow, 1996; Horocholyn, 2013; 

Labuschagne, 2020) (Figure 1.2). In pig bone, vascular canal structures identified as canals, similar 

to primary osteons, that are lacking concentric lamellae (Francillon-Vieillot et al., 1990; Hillier 

and Bell, 2007) (Figure 1.2). The primary osteons in plexiform bone are few, small and concentric 

in shape with no clear demarcation of cement line while secondary osteons are large, dense and 

elliptical shaped with a clear demarcation of cement line (Francillon-Vieillot et al., 1990; Hillier 

and Bell, 2007; Labuschagne, 2020). On the cortical bone of artiodactyls, the plexiform structures 

originate near the periosteum while the osteons extend to the endosteum forming osteon banding 

(Francillon-Vieillot et al., 1990; Hillier and Bell, 2007). Osteon banding is described as a distinct 

row of five or more primary and/or secondary osteons (Mulhern and Ubelaker, 2001). Although 

mature pigs (and cows) also contain dense osteon systems, structures such as plexiform, osteon 

banding and resorption lacunae (found between osteons), are the main structures that differentiate 

pig bone from human bone (Martiniaková et al, 2006a; Martiniaková et al, 2006b). These 

resorption lacunae indicate that pigs have a high rate of turnover compared to other artiodactyls 

(Martianikova et al, 2006b). The justification for the use of the selected animal model (i.e. 

domestic pigs) includes similarity to human bone composition and histology (Aerssens et al., 1998; 

Horocholyn, 2013).
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Figure 1.2: Photomicrograph showing unaltered juvenile porcine and human bone histology. 

A) Unaltered juvenile porcine bone showing plexiform morphology (white bracket) with vascular canals (red arrow) arranged in parallel and connecting the osteon 

structures (dashed white circle). The osteon canals (white asterisk) are surrounded by concentric lamella (CnL). In between the osteons there are interstitial lamellae 

(IL) and from the outer (periosteum) side of the bone there is a layer of bone matrix called circumferential lamellae (red bracket - CmL). B) Human bone image showing 

osteon structures (dashed white circle) that are closely packed together with larger and more visible osteon canals (white asterisk) surrounded by concentric lamella 

(CnL). The osteon canals are connected by a transverse (Volkmann’s) canal (white arrow). Image B was sourced from an open access website under CC- BY-SA-NC 

Creative Commons license 4.0, underwent cropping and editing (increased contrast and added labels), however, the original license terms remain unchanged. 

2 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
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1.3. Effects of heat-induced macroscopic changes  

Heat exposure can induce macroscopic changes in bone size and colour, as well as deform (warp), 

fragment and fracture the bone (Ubelaker, 2009; Goncalves et al., 2011). When bone is exposed 

to heat between 100°C and 300°C, dehydration occurs leading to 1-2% reduction in volume 

(Castillo et al., 2013). This dehydration can also be seen as a change in colour, visible as heat lines 

and heat borders, at sites where soft tissues retract during burning (Krap et al., 2017b) exposing 

the bone to heat (Ellingham et al., 2015). Change in colour is affected by temperature, exposure 

duration, position of heat source, distance from the heat source, oxygen availability as well as the 

surrounding medium which influences the degree of combustion (Correia, 1996; Bennett, 1999; 

Walker & Miller, 2005; Imaizumi et al., 2014; Krap et al., 2017a). The blackening of the bone, 

also known as charring, is associated with carbonization of the skeletal material, while grey and 

grey-white is associated with decomposition of the bone organic components and chalk white is 

only associated with final calcination, where the water and organic components of the bone are 

completely lost (Shipman et al., 1984; Correia, 1996; Whyte, 2013; Snoeck et al., 2016). Other 

colours have been associated with inorganic materials surrounding the environment like zinc, 

copper and iron (Shipman et al., 1984). Therefore, Symes et al. (2015) suggest that colour changes 

do not give sufficient information on heat-exposure dynamics, specifically in relation to bone 

without soft tissue shielding. Heat-induced warping and fracturing, however, have been found to 

be reliable indicators of pre-burning taphonomic conditions (fleshed, wet and dry) (Lemmers, 

2012; Ulguim, 2015).  

Warping is described as a severe, irregular change in alignment of the bone resulting in bone losing 

its usual shape and become deformed in appearance (Goncalves et al., 2015). Warping/deformation 

is affected by shrinkage (Christensen et al., 2022). Shrinkage occurs when the bone is reduced in 

size (de Oliveira Coelho, 2015), due to contraction of the polymers (bone collagen) during cooling 

rates (Li et al., 2020), which changes the visual appearance of the bone as stress is applied to the 

bone tissue. The stress experienced by the bone, is the force applied that changes the bone as it 

undergoes elastic deformation (Christensen et al., 2022). This type of deformation is recoverable 

when a force is no longer applied and the bone returns to its original shape (Christensen et al., 

2022). However, as the stress increases, so does the strain on the bone which eventually results in 

the bone reaching the yielding point. The bone will respond by undergoing plastic deformation 
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where the bone shape will permanently change and thereafter resulting in failure or fracture of the 

bone (Christensen et al., 2022). 

Heat-induced fractures in bone can be visualised as fracture lines. There are six common type of 

heat-induced fractures that have been classified and defined by researchers (Krogman, 1939, 1943; 

Baby, 1954; Binford, 1963; Mayne, 1990; Symes et al., 1996, cited by Symes et al., 2008). 

Longitudinal fractures are generally seen on the diaphysis of long bones, running along their long 

axis (Varvares, 2016) and are proposed to occur when the diaphysis of the bone is exposed to heat 

until the protein in the bone matrix collagen dehydrates and denatures reducing the elasticity of 

the bone (Herrmann and Bennett, 1998). Step fractures extend from the margin of the longitudinal 

fracture across the bone shaft to the intersection of another longitudinal fracture (Symes et al., 

2008). Transverse fractures are seen in a horizontal direction on the diaphysis of the long bone and 

are suggested to occur across the grain of the bone (Varvares, 2016) as a result of structural failure 

due to unilateral heat exposure and are common in bodies showing a pugilistic posture (Symes et 

al., 2008). Patina fractures appear as fine cracks on the surface of the bone and are suggested to 

occur as a result of flat areas exposed to increased amounts of heat, following the destruction of 

protective soft tissues and proposed contraction of the cortical bone (Symes et al., 2008). 

Delamination fractures, where the inner cortical bone layers of the compact bone separate from 

outer cortical bone layers, are thought to occur when dry skeletonised bone is exposed to heat 

(Symes et al., 2008; Keough et al., 2015). Curved-transverse, or thumbnail, fractures appear as 

concentric and/or half concentric fractures and have been associated with fleshed bones and appear 

in areas where there is muscle shrinkage during cremation (Symes et al., 2008; Gonçalves et al., 

2015). This suggests an association between thumbnail fractures occurrence and muscle 

attachment sites.  

1.4. Effects of heat-induced microscopic changes 

Despite the heat-induced macroscopic changes occurring as a result of the bones’ physical and 

chemical composition changing (Castillo et al., 2013), few studies tried to associate 

microstructural changes to macroscopic changes (Castillo et al., 2013; Imaizumi, 2015). Heat-

induced bone diagenesis is a process involving a series of stages at which bone breaks down 

(Thompson, 2004). The first stage is dehydration which occurs between 100°C-300°C, there is 

breakage of hydroxyl bonds, with water molecules between adhering bioapatite crystals and 
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organic constituents removed (Marques et al., 2018). In the second stage, organic components such 

as lipids and proteins chemically decompose between temperatures 400°C and 500°C (Marques et 

al., 2018). In the third stage, the carbonate formed is released as the temperature increases to 700°C 

(Marques et al., 2018). Lastly, in the fusion stage (˃ 700°C), bioapatite crystals increase in size 

and fuse around or within the pores created by water and organic component loss (Marques et al., 

2018). These microscopic changes reflect biochemical changes that result in physical and 

mechanical alterations (Thompson, 2004). 

When bone is exposed to heat, assessment of histological parameters show that osteons decrease 

in size (diameter, area, and perimeter), with a corresponding increase in the size of osteon canals 

(Horocholyn, 2013). Carbonisation limited the measurements of the osteons and osteons canals as 

it interfered with the bone tissue, however, Horocholyn (2013) found a significant decrease of 

21318.6 μm2 to 15831.7 μm2 in osteon area while osteon canals had no significant difference. 

When the bone matrix is exposed to increasing heat, it develops microscopic fractures at 

temperatures as low as 100°C-300°C (Castillo et al., 2013). These heat-induced micro-fractures 

have been identified in other studies on burnt bone but not described in detail (Symes et al., 2008; 

Gonçalves et al., 2011, Castillo et al., 2013; Imaizumi et al., 2014; Gonçalves et al., 2015; Vassalo 

et al., 2016). Therefore, there is lack of understanding on the how micro-fractures are identified 

and how they develop. A recent study defines different types of bone micro-fractures resulting 

from high impulse current application (Bacci et al., 2021) based on previous observations in burnt 

bone (Brain, 1991). These micro-fractures include radiating, interstitial, irregular, circumferential 

and circumferential irregular (Bacci et al., 2021). While these micro-fractures have been defined 

in a high impulse current context (Bacci et al., 2021), their definitions could be applied to heat-

induced micro-fracturing considering similarities with respect to thermal and pressure associated 

parameters of trauma propagation.  

Collagen provides elasticity and resistance (Lambri et al., 2018; Ma et al., 2021), in addition to 

providing structural and mechanical support to the bone (Lee et al., 2001; Bozec et al., 2007). As 

such, it has been suggested that a relationship exists between heat-induced microscopic changes 

and macroscopic changes. Several quantitative studies of collagen have been conducted to find the 

relationship between the collagen destruction due to heat and heat-induced bone changes (Zioupos 

et al., 1998; Wang et al., 2001; Gonçalves et al., 2011; Lambri et al., 2018; Marques et al., 2018). 
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Quantification of collagen was conducted by staining the bone sections with Sirius Red-Fast Green 

(SRFG) stain (Houghton et al., 1996; Gopinathan et al., 2020). The SRFG stain stains the collagen 

red and non-collagenous proteins green, subsequent elution of the dye and spectrophotometer 

analysis of the wavelengths of the colours emitted permitted quantification (Houghton et al., 

1996). However, the stain has been found to be more effective when using polarized light as the 

Sirius red stained collagen is birefringent (Lattouf et al., 2014). Birefringence, shown by 

anisotropic structures, can be described as a measure of the difference of refractive indices that 

result from a beam of light splitting into two (Caamaño et al., 2010; Rittié, 2017; Liu et al., 2020). 

This birefringence occurs when picrosirius red elongated molecules bind to collagen molecules, 

the picrosirius red molecules thus become oriented parallel to the long axis of the collagen fibres 

(Wolman, 1975; Liu et al., 2021)  

 

1.5. Relationship of macro and microscopic heat-induced changes 

It is suggested that there is a relationship between macroscopic warping and heat-induced fractures 

and microscopic change in the amount of collagen present in bones (Castillo et al., 2013). Bone 

collagen content is proposed to vary between different pre-heating taphonomic condition (fleshed, 

wet and dry) (Zioupos et al., 1999; Gonçalves et al., 2015). Collagen content has been found to 

differ among modern and archaeological bone (Vassalo et al., 2016), biological sexes (Vassalo et 

al., 2016) and ages (Zioupos et al., 1999). Heat-induced warping was seen more commonly in 

modern bones (more collagen) as opposed to archaeological bones (less collagen) (Vassalo et al., 

2016). Other studies also found warping present on fleshed bones and no warping on 

archaeological dried bones (Baby, 1954; Etxeberria, 1994; Vassalo et al., 2019), while another 

study identified warping across fleshed, recently defleshed and dried faunal bones cremated in an 

open-air experiment (Whyte, 2001). These conflicting results highlight the debate on the 

relationship between bone collagen content, subsequent denaturation and loss, the involvement of 

associated fascia and tendon, and thus the mechanisms of heat-induced warping. It is thus 

suggested that collagen content alone may not ensure warping, however, preservation of collagen-

apatite bonds has been suggested as an additional driving force of warping (Gonçalves et al., 2015; 

Vassalo et al., 2016). 
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It is hypothesised that well preserved collagen-apatite bonds result in the development of collagen 

contractile forces when exposed to heat gradually (Zioupos et al., 1999; Gonçalves et al., 2015). 

As a result, the bone will have greater elasticity and will therefore be more likely to deform and 

fracture (Gonçalves et al., 2015; Vassalo et al., 2016). While no study has directly investigated 

fractures in relation to collagen, heat-induced thumbnail fractures are suggested to be common in 

fleshed bones at muscle attachment sites and are thought to occur as the muscles shrink during 

burning (Symes et al., 2008). However, thumbnail fractures were not present on dried bones in 

some studies (Baby, 1954; Binford, 1963), whereas others found thumbnail fractures in both dry 

and wet bone (Spennemann & Colley, 1989; Gonçalves et al., 2011). Thumbnail fractures were, 

however, found more often on bones burnt at lower temperatures in comparison to bones burnt at 

higher temperatures (Gonçalves et al., 2015). It has been suggested that at 800°C, the temperature 

is enough to ensure bone warping (Vassalo et al., 2019). However, shrinkage and warping were 

also found to be positively related to cooling rates of a semi-crystalline polymer (Li et al., 2020), 

such as bone bioapatite (Kroeze et al., 2009). This is due to an increase in crystallinity as the 

cooling rate increases causing recrystallization-induced strain and therefore leading to increased 

warping and shrinkage (Li et al. 2020). Additional proposed factors contributing to heat-induced 

changes are bone shape and weight (Vassalo et al., 2019), but require further testing and 

confirmation. Experimental design differences to induce thermal bone alterations between these 

studies could have contributed to variation and discrepancies of results, with certain studies 

making use of open field fires (Glazewski, 2006; Whyte, 2013; Keough et al., 2015; Carrolla and 

Smith, 2018) and others closed system heating, such as electric ovens or furnaces (Imaizumi et al., 

2014; Gonçalves et al., 2015; Reidsma et al., 2016; Vassalo et al., 2016, 2019). 

The use of muffle furnace makes the experiment more controlled by controlling variables such as 

the cremation temperature and cremation time. To test these relationships, it is important to conduct 

a controlled experimental study that can eliminate as many of the confounding variables such as 

the atmospheric air which may contain different level of gases, wind, humidity as well as different 

weather conditions on different days. Other studies for the most part attempt to recreate realistic 

settings (Walker et al., 2008; Gonçalves et al., 2015; Reidsma et al., 2016), making interpretation 

of results harder. Using a controlled experimental setting, such as a furnace can aid in controlling 

the experimental parameters providing a better understanding on how temperature in isolation may 

have an effect on heat-induced changes in bone. 
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As discussed above, controversy exists around bone collagen content at different taphonomic 

conditions (fleshed, defleshed (wet), or dry (degreased)) and its effect on heat-induced fracturing 

and warping. Despite their controversial findings, Gonçalves et al., (2015) hypothesized that 

warping and fractures occur as a result of the same event of bone contraction depending on the 

preservation of collagen-apatite bonds. Warping and fracturing are thought to occur more often 

when collagen bonds are well preserved, allowing collagen to contract, compared to when fewer 

preserved collagen bonds exist (Gonçalves et al., 2015). There is little to no definitive information 

regarding where the different types of heat-induced fractures are more commonly found on bones 

and how they are affected by different taphonomic conditions, temperature and time exposed to 

heat. Therefore, understanding the relationship between macroscopic and microscopic bone 

changes in relation to temperature, heat exposure time and bone taphonomic conditions would add 

to the dearth of knowledge on this relationship, and aid in a better interpretation of forensic 

anthropology cases of human burnt skeletal remains.  
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Aim and Objectives 

The aim of the study was to investigate the relationships between heat-induced macroscopic and 

microscopic changes of domestic pig (Sus scrofa domesticus) tibiae at different taphonomic 

conditions (fleshed, wet/defleshed, and dry bone) and controlled temperatures. All objectives were 

investigated in relation to the taphonomic conditions and furnace temperature setting. 

The objectives were thus as follows: 

1. To determine, through a pilot study: 

1.1. The effect of nitrogen gas during cremation. 

1.2.The optimal furnace temperatures for subsequent experimentation.  

1.3. The effect of different decalcification solutions on burnt bone structural integrity for 

downstream analysis. 

2. Assessment of associations between heat-induced macroscopic bone fracture patterns, their 

location on the bone and the experimental conditions. 

3. Assessment of associations between heat-induced bone colour changes, fragmentation, and 

physical mass loss across the experimental conditions. 

4. Determination of the relationship between heat-induced microscopic bone fractures and 

the experimental conditions.  

5. Determination of the relationship between bone collagen content, experimental conditions 

and fracture location on the bone. 
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Chapter 2: Materials and Methods  

2.1. Ethics 

Ethical clearance was granted by the Animal Research Ethics Committee under the waiver 04-11-

2021-O for experimental study conducted on commercial porcine bones (Appendix A1) and waiver 

02-08-2022-O for dry pig skeletal material obtained from the School of Anatomical Sciences, 

Faculty of Health Sciences, University of the Witwatersrand (Appendix A2). 

2.2. Sampling  

This study made use of commercially obtained tibiae from juvenile (5 - 8-month-old) domestic pig 

(Sus scrofa domesticus) from Highway Meat Market, Ontdekkers Road, Johannesburg. Pig tibiae 

were selected due to their relative fully fleshed size being able to fit into the muffle furnace 

available, as well as the similar morphology and histological composition to human tibia (Aerssens 

et al., 1998; Horocholyn, 2013). Pigs commercially slaughtered in Gauteng, South Africa are of 

juvenile ages, as such no adult pig bones could be obtained. However, it has been suggested that 

adult pigs contain more distinct and denser plexiform and osteon banding systems than juvenile 

pigs (Martiniaková et al, 2006a; Martiniaková et al, 2006b; Horocholyn, 2013). The study included 

tibiae from both left and right hindlimbs that had been slaughtered less than a week before 

acquisition and did not show any visible pathology or trauma. After acquisition, the tibiae were 

stored in a fridge between 0°C and 4 °C for no longer than 3 days prior to cremation. The sample 

size for the pilot component of the study included 15 tibiae, while for the experimental study a 

total of 33 tibiae were used, with detailed subdivisions described in the sections below. 

2.3. Bone Specimen Groups and Preparation 

Fleshed bones were defined as bones covered with soft tissue (including skin, subcutaneous 

adipose, muscles, ligaments, and tendons) and wet bones were covered by minimal soft tissue 

(terminal muscle, ligament, tendon attachments and periosteum). For the purpose of the study, 

macerated bones were referred to as dry bones. Dry bones were prepared by macerating wet bones 

to mimic skeletonized bones with minimal presence of fat and soft tissues. Maceration was done 

by immersing wet bones in a solution of 2.54% commercial OMO auto detergent in tap water (1.5 

L per bone) (Triaca et al., 2022), heated to 55°C for 24 hours (Triaca et al., 2021). Maceration was 
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checked manually by removing the remnants of soft tissue using forceps under running tap water. 

Where soft tissue remained attached to the bone, the maceration was continued in fresh solution 

for another 24 hours. Thereafter, bones were washed and soft tissue remnants were removed 

manually. The bones were placed on a paper towel on top of a metal tray to dry at room temperature 

for three days in a dedicated sunlit drying room with a ventilation system. After 48 hours, all the 

macerated bones were immersed in 5 L embalming fluid (The Great Supply (Pty) Ltd) for 24 hours 

and thereafter left to dry in the same conditions for two weeks. To prevent sample contamination, 

the dry macerated bones were individually double bagged in resealable plastic bags until they were 

used for experimentation. The experimental study was conducted after carrying out a pilot study 

to test and optimise the experimental parameters (Figure 2.3.1). 

 
Figure 2.3.1: Flow diagram showing the experimental procedure from cremation to analysis including the pilot 
and experimental components of the study. 
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2.4. Weighing and Photography  

Bones were photographed using a Canon EOS 750D camera (lens at 55mm, F10, 1/500 shutter 

speed, ISO-100 and flash on) on a blue grid (5 mm grid squares) background paper with Kaiser 

RS1 camera copy stand. To maintain a consistent angle, distance, and scale before and after 

experimentation, the camera was placed at a distance of 675 mm from the grid paper where the 

bone was placed. The tibiae were photographed from the anterior, posterior, medial, and lateral 

aspects with a specimen label. A 5 mm scale was represented on the photographs by each square 

on the background blue grid paper. The mass of each bone, placed in a resealable plastic bag of 

negligible weight, was measured before and after cremation using an analogue scale in triplicate 

and the average taken. Measurement of mass was taken to observe the difference between mass 

loss before and after cremation at different cremation conditions. The mass for fleshed and wet 

bones included fibula as it was difficult to separate from the tibia without compromising the sample 

integrity. 

2.5. Furnace preparation and Cremation Process 

A 0.6mm hole was drilled into the approximate mid-point of the distal end of each bone to be 

cremated, using a handheld electric drill (Figure 2.5.1.A), in order to insert a thermocouple, which 

was connected to a Key Sight 34972A data logger via LXI Data Acquisition Switch Unit channel 

box. Samples were placed in a muffle furnace (Celsius Scientific, serial number 250/19/918/2) 

fitted with a temperature controller unit (TOHO TTM-P4) (School of Chemical and Metallurgical 

Engineering, University of the Witwatersrand, Johannesburg). The furnace was set to increase at 

10°C/minute to allow a gradual increase in temperature and prevent heat shock. Once the furnace 

reached 100°C, it was set to be on hold for 5 minutes to allow for the insertion of the bone samples 

and thermocouples (Figure 2.5.1. B and C). A maximum of three K-type thermocouples were used 

in each trial: one in the muscle (adjacent to cranial tibial muscle, fibular muscle and digital extensor 

muscle) of fleshed bones, one inside all bone types through the drilled hole on distal end, and one 

inside the furnace to measure the furnace temperature (Figure 2.5.1. C). A J-type thermocouple 

was placed outside the furnace to record the ambient temperature. The wet and dry bones were 

placed on top of a chalk tray while the fleshed bones were placed in a foil tray to avoid the moisture 

dripping into the furnace. The bones were positioned with the proximal end of the bone directed 

deep into the furnace and the anterior side facing the roof of the furnace to keep the testing 
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conditions consistent with heat exposure (Figure 2.5.1. C). After the insertion of thermocouples, 

the furnace temperature increased at a standard 10°C/minute rate until the furnace reached each 

selected heating temperature. Once the target temperature was reached, the furnace was set to hold 

at that specific temperature for 30 minutes. The datalogger recorded the thermocouple 

temperatures every 30 seconds. After the 30 minutes hold, the cremation trial ended and the furnace 

heating elements automatically switched off, allowing for the furnace to cool. 

The door of the furnace was opened immediately after the trial had ended for temperatures at 

400°C and less, allowing the bone to cool before being removed from the furnace. However, for 

temperatures at 500°C and above, the furnace was left to cool to 450°C before the door was opened 

to reduce the risk of combustion that could result from pyrolysis of gases being in contact with 

atmospheric oxygen (Emmons, 1986). Thereafter, the bones were removed from the furnace using 

tongs when the temperature reached 200°C.  The bones were left to cool overnight on a ceramic 

tile.  

 
 

Figure 2.5.1: Image showing the bone prepared for cremation by drilling, inserting thermocouple and 

putting the bone into the furnace. 

 

A) shows a hole being drilled into the distal end of the bone using a drill.  B) shows the thermocouple inserted in 

the drilled hole (white arrow). C) shows the position in which a fleshed bone was inserted into the furnace (superior 

view of the bone went deep into the furnace and anterior of the bone facing the roof of the furnace). Image C also 

shows a thermocouple in the flesh of the fleshed bone, a thermocouple in the distal end of the bone (white arrow) 

and another thermocouple inside the furnace (black arrow). 
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2.6. Pilot Study 

The pilot study took place to confirm the controlled parameters such as cremation temperature 

needed to cause heat-induced changes. The macroscopic heat-induced alteration analysis including 

heat-induced colour scoring criteria and fracture definitions were refined in the pilot study. 

Histology techniques such as decalcification and staining were also optimised. 

2.6.1. Optimising atmospheric composition - nitrogen use 

Fleshed and wet bones were exposed to 600°C heat for 30 minutes with an influx of nitrogen gas 

into the furnace. Nitrogen is an inert gas which does not undergo chemical reaction (Adamus, 

2001; Forster, 2006). Fire extinguishers used in class A, B and C fires, contain Inergen made up of 

52% nitrogen, 40% argon, and 8% carbon dioxide, these gases are considered as a fire suppresent 

by acting as oxygen diluting gases (Taheri, 2015). The temperature 600°C was chosen because it 

was expected to see more fractures and warping (Castillo et al., 2013; Gonçalves et al., 2015; 

Vassalo et al., 2016), while also being the maximum temperature in which to investigate the 

presence of collagen, as collagen is expected to fully denature in bone heated above these 

temperatures (Trebacz and Wojtowicz, 2005; Wang et al., 2016). Nitrogen gas was used in order 

to avoid combustion by diluting the air and reducing the amount of oxygen (Moore and Yamada, 

1998). The following day, both fleshed and wet bone were exposed to the same experimental 

conditions but without nitrogen gas (normal air). The heat-induced changes (colour, fracturing, 

and fragmentation) of both fleshed and wet bones heated with nitrogen influx were similar to bones 

heated without nitrogen and no combustion took place in either trial. Therefore, for the rest of the 

pilot and experimental study, the bones were cremated without the use of nitrogen gas.  

2.6.2. Optimising heating temperatures  

The pilot study sample for temperature optimisation initially consisted of 15 tibiae (Table 2.6.2.1). 

Certain inconsistencies in the sampling procedure for the pilot study resulted from observing the 

samples after each cremation trial and eliminating temperatures that, for example, were too 

destructive or did not present any macroscopic heat-induced changes. 
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Table 2.6.2.1: Pilot study bone sample distribution. 

Temperature Tibia Total 

Fleshed Wet Dry 

200°C 1 1 0a 2 
400°C 0 1 f 1 f 2 
500°C 1 f 1 f 0 2 
600°C 1b 

1c 
 

1b 
1c 
2d 

1 7 

800°C 1 1 0e 2 

Total 5 8 2 15 
a– The fleshed and wet conditions at 200°C did not present change in colour, macro and micro-fracturing, hence no further 

cremations at these temperatures were conducted. 

b – Bones were cremated at the same time with the influx of nitrogen (N) into the furnace. 

c – Bones were cremated at the same time without the influx of nitrogen. 

d – Bones were cremated separately to observe any changes in expected results. 

e – The fleshed and wet bones were highly fragmented at 800°C. Therefore, a dry bone sample was not cremated at this temperature. 

f – The heating temperatures were reduced to 500°C and 400°C due to fragmentation when heated at 600°C and 800°C. The reduced 

temperatures showed less fragmentation and simulated expected results adequately hence, no further cremation of dry bone was 

conducted for optimisation. 
 

2.6.2.1. Selection of temperature parameters 

At the lowest temperature of 200°C for 30 minutes, no heat-induced changes on either fleshed or 

wet bones were identified, therefore this temperature was excluded from the experimental 

parameters. At the highest temperature of 800°C for 30 minutes, both the fleshed and wet bones 

were too fragmented to reconstruct (Figure 2.6.2.1). In addition, during the 800°C cremation trials, 

the furnace consistently short-circuited resulting in inconsistent heating of samples. As such, the 

temperature of 800°C was excluded from the study, and no further testing on a dry bone sample 

was conducted at this temperature. The effects of 600°C were tested for 30 minutes on both fleshed 

and wet bones, which were also too fragmented for analysis. Therefore, 600°C and 800°C were 

excluded as experimental parameters from the study. Cremation trials at 400°C and 500°C were 

then conducted to observe whether expected heat-induced changes would occur without 

destruction of bone beyond analysis. These temperatures yielded macroscopic heat-induced 

changes, with good preservation of bone integrity for analysis. Therefore, for the subsequent 

experimentation, the following temperatures were selected:  300°C, 400°C and 500°C for a 

duration of 30 minutes.
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Figure 2.6.2.1: Image of pre- and post-cremation of pig tibia bones at 200°C, 600°C and 800°C. 
 
At 200°C, there were no heat-induced changes post-cremation. At 600°C, the fleshed bone had an area that was unburnt underneath a mass of burnt tissue (white arrow). The fleshed 
bone showed heat-induced changes and little fragmentation in comparison to wet bone cremated at 800°C; however, wet bone at 600°C demonstrated more fragmentation. Both the 
wet and fleshed bone at 800°C, showed substantial fragmentation and colour changes. Scale: 1 block from the grid background = 5 mm 
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2.6.3. Optimising decalcification solutions  

2.6.3.1. Bone block extraction 

One ≈ 3 mm thick block was extracted using a Dremel rotary multi-tool (4000 Platinum) with cut-

off wheels (size 409), from two sites: a muscle attachment site and a non-muscle attachment site 

(Figure 2.6.3.1). The location of choice for the non-muscle attachment site was the medial midshaft 

and for the muscle attachment site was the extensor groove (attachment site of the long digital 

extensor muscle, lateral digital extensor muscle, and long extensor muscle of the first digit) 

(Leibich et al., 2020).  

All fleshed samples cremated at 300°C and 400°C still had soft tissue covering the bone while at 

500°C and above, the soft tissue had retracted exposing the bone surface which became too fragile. 

Therefore, two methods of extraction were used, a ‘normal’ and ‘delicate’ bone block extraction 

method adapted from Maat et al., 2001. Delicate bone block extraction was applied for the fragile 

cremated wet and dry bones. A normal extraction method was made by cutting through the bone 

using the Dremel rotary tool until the bone block was extracted. For the delicate method, a drop of 

Alcolin super glue (generic cyanoacrylate glue) was applied to the area of interest and once dried, 

a single cut was made using the Dremel. An additional drop of glue was applied after every cut 

until successful extraction to avoid the separation of the compact bone layers. As previously 

mentioned, bones cremated at 800°C were in small fragments. The delicate extraction method also 

resulted in flaking of pieces of the cortical bone, hence this temperature was excluded from further 

experimentation. 
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Figure 2.6.3.1: Left Porcine (Sus scrofa domesticus) tibiae showing block extraction regions.  

 

Image showing bone block extraction sites of 3 mm block (purple) and two 1 mm blocks (blue) on either side of 3 mm block. 

A) extraction on the medial side at the midshaft which is the non-muscle attachment site B) extraction on the lateral side at the 

extensor groove site which is the muscle attachment site. Block size is not to scale. 

 

 

2.6.3.2. Decalcification 

The ≈ 3 mm blocks were fixed in a 10% neutral buffered formalin (NBF) solution (Layton et al., 

2019) (Appendix B1) for 3 days. Thereafter, the fixed blocks were placed in cassettes and then 

placed inside the staining jars filled with 15ml of decalcification solution. Decalcification checks 

were done using a handheld Nomad portable dental X-ray (Aribex Inc., East Orem, USA). The x-

ray showed calcium pockets that were visible as opaque white portions and when decalcification 

was complete, the bone blocks appeared translucent (Figure 2.6.3.2.1). After the first 

decalcification check, the blocks were rinsed for 10 minutes under running tap water and immersed 

in fresh decalcification solution until the bone blocks had completely decalcified. Once 
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decalcified, the bone blocks were rinsed for 30 minutes under running tap water. The bone blocks 

that decalcified earlier than others were stored in 10% NBF after rinsing until the rest of the blocks 

in a given batch had decalcified to be further processed together.  

A total of 71 blocks were decalcified using four types of decalcification solutions, namely formic 

citric acid (FCA), 10% formic acid (FA), 5% nitric acid (NA), and 3% nitric acid (NA) (Appendix 

B1) to test which solution was most suitable for the experimental study. Decalcification was first 

conducted on dry skeletal bones using 10% formic acid (FA) and formic citric acid (FCA) which 

took a maximum of 6 days and 8 days to decalcify, respectively. Therefore, FCA was excluded due 

to taking more time to decalcify. For bones cremated at 500°C and 600°C, the bone blocks 

decalcified after a maximum of 2 days using 5% NA and 4 days using 10% FA. However, more 

bone blocks turned into powder (Figure 2.6.3.2.2) when decalcified with 5% NA than when 

decalcified with 10% FA. The 3% NA was used only on unburnt dry bones to test the effect of 

lower concentration of NA which had similar results as 5% NA.  Therefore, 10% FA was chosen 

as the decalcification solution of the study to ensure preservation of bone tissue and a reasonable 

amount of time to decalcify in comparison to NA and FCA. 

 

 

Figure 2.6.3.2.1: Examples of decalcification checks of dry bone blocks on different days.  

A) shows the decalcification check of a dry bone block treated with 10% NBF for 3 days visible as an opaque white 

calcified tissue block (white arrow). B) shows a decalcified bone block after 4 days appearing as a semi-translucent 

block (white arrow) illustrating the progress of the decalcification process. The scale shows that one small square 

of the cassette is ≈ 1 mm.   
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Figure 2.6.3.2.2: Example of undecalcified and decalcified cremated bone block damage. 

 

A) shows the undecalcified bone block cremated at 600°C fixed with 10% NBF only and B) showing the decalcified 

bone block that turned into powder during decalcification. The scale bar shows that one small square of the cassette 

is ≈ 1 mm. 

 

Following the completion of the pilot study and optimisation of the parameters for cremation 

(including air and furnace temperature) as well as determining the appropriate decalcification 

solution for histological analysis of fragile burnt bone, the experimental study was then conducted 

as below.  

 

2.7. Experimental Study 

2.7.1 Sampling 

The experimental study included a sample size of 33 juvenile pig tibiae which were divided into 

three groups of fleshed, wet, and dry tibiae with each group consisting of three repeats for each 

cremation temperature group (300°C, 400°C and 500°C), including three wet and three dry bone 

controls (Table 2.7.1). As mentioned in section 2.3, fleshed bones were defined as bones covered 

with soft tissue (including skin, subcutaneous adipose, muscle, ligaments and tendons), wet bones 

were covered by minimal soft tissue (terminal muscle, ligament, tendon attachments and 
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periosteum) and dry bones were prepared by macerating wet bones. Due to obtaining the bones 

commercially, almost half of the distal ends in all the bone samples were cut off. The bones were 

prepared as per section 2.4 and section 2.5. Thereafter bones were exposed to heat at three different 

temperatures, previously chosen during the pilot study (section 2.6.2.1) namely 300°C, 400°C, and 

500°C for a period of 30 minutes (Table 2.7.1). The control bones were retained at room 

temperature (25°C). 

2.7.2. Macroscopic analyses 

Photography, weighing bones, and cremation was conducted as described in section 2.4 and 2.5. 

The pre-cremation and post-cremation physical mass (bone and soft tissue), macro-fracturing, 

heat-induced colour changes, and fragmentation were recorded in Microsoft Excel. The 

thermocouple temperature readings were also recorded in a Microsoft Excel spreadsheet and the 

data presented as heat line graphs. However, the data for all fleshed bones cremated at 400°C, one 

trial of fleshed at 500°C and one trial of wet at 300°C were lost due to an error with the data logger. 

Table 2.7.1: Total bone sample for each bone condition and cremation temperature. 

Type of Bone Bone Condition Controls Cremation Temperatures Total 

300°C 400°C 500°C 

 
Tibia 

Fleshed 0 3 3 3 9 
Wet 3 3 3 3 12 
Dry 3 3 3 3 12 

 Total 6 9 9 9 33 
a – The fleshed and wet bones were bought and had same microscopic bone composition material. The difference was the tissue 

covering the bone which was minimal on wet bones hence there were no controls for fleshed bones. 

2.7.3. Heat-induced fragmentation 

At all temperatures employed, there was no heat-induced warping identified. Warping is described 

as a severe, irregular change in alignment of the bone resulting in bone losing its usual shape and 

become deformed in appearance (Goncalves et al., 2015).  However, heat-induced fragmentation 

was present. Fragmentation was scored based on whether the bone fragments could be aligned in 

their original position. The scores were defined as follows: (0) No fragments; (1) fragments were 

present and could be aligned; (2) fragments were present and could be partially aligned, and (3) 

fragments were present but could not align. When fragments were not aligned, or partially aligned 

this was considered an indicator of plastic deformation of the bone. 
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2.7.4. Heat-induced colour changes 

Heat-induced colour changes were assessed based on a progression from heat lines to heat borders 

followed by charring and then calcination using an adjusted colour scale (based on: Schafer, 2001; 

Symes et al., 2008; Iscan and Steyn, 2013; Ellingham et al., 2015; Keough et al., 2015; Reidsma 

et al., 2016; Rosa et al., 2023) (Table 2.7.4.1 and Figure 2.7.4.1). Heat lines are described as thin 

white lines marking the initial transition from unburnt to burnt area of the bone (Keough et al., 

2015). A heat border is a thick off-white or light brown band between the burnt and unburnt area 

of the bone (Keough et al., 2015). Charring appears as the black colouring of the bone surface 

sometimes with a tint of blue, orange, and green colours (Keough et al., 2015). Calcination appears 

as a wide range of colours varying from grey, milky white, white and ash-brown (Keough et al., 

2015).  

Table 2.7.4.1: Scoring system of heat-induced colour changes. 

Score Definition Definitions adapted from 

0 Natural bone colour 

Colour - yellowish-white 

Schafer, 2001 

1 Heat lines: a thin line on the periphery of the heat border 

marking the transition from unburnt to burnt bone. 

Colour – thin white or black line 

 Symes et al., 2008; Iscan and Steyn, 2013; Ellingham et al., 
2015; Keough et al., 2015 

2 A thin line on the periphery of an off-white/brown thick 

band marking the transition from unburnt to burnt bone 

Colour – white/black thin line on periphery of thick brown 

band 

Symes et al., 2008; Iscan and Steyn, 2013; Ellingham et al., 
2015; Keough et al., 2015 

3 An off-white colour transition to a black colour with the 

presence of a thin line and brown border in between. 

Colour - white/black thin line on periphery of thick brown 

band transitioning to black 

 Ellingham et al., 2015; Reidsma et al., 2016; Rosa et al., 
2023 

4 Less than half of the bone is black and the rest appears off-

white 

Colour – light brown black with yellowish-white 

Ellingham et al., 2015; Rosa et al., 2023 

5 More than half of the bone is black and the rest appears off-

white 

Colour – dark brown-black with yellowish-white 

Reidsma et al., 2016; Rosa et al., 2023 

6 The bone is entirely black sometimes with a tint of blue, 

orange, and green colours 

Colour – black with a tint of blue, yellow 

Ellingham et al., 2015; Keough et al., 2015; Reidsma et al., 
2016; Rosa et al., 2023 

7 Less than half of the bone is grey and the rest appears black 

Colour – bluish-black patched with varying shades of grey 
Ellingham et al., 2015; Rosa et al., 2023 

8 More than half of the bone is grey and the rest appears black 

Colour – light brown with varying shades of grey  
Ellingham et al., 2015; Rosa et al., 2023 

9 The bone is entirely white-grey. 

Colour – chalk white/grey - white 
Keough et al., 2015; Rosa et al., 2023 
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Figure 2.7.4.1: Images showing heat lines, heat border, charring and calcination colour change. 

A) showing the heat border (thick white arrow) and heat lines (thin white arrow) on a fleshed bone cremated at 500°C 

with complete charring (white arrowhead). B) Complete charring was seen on wet bones cremated at 600°C. C) The 

dry bone cremated at 400°C presented different shades of calcination (dashed black arrow). D) Dry bone cremated at 

600°C showed complete calcination.  Scale: 1 block from the grid background = 5 mm 

 

2.7.5. Heat-induced fracturing 

Macroscopic fractures were recorded in order starting from the anterior side then lateral side 

followed by posterior side and lastly the medial side. For each side, fractures were recorded on 

three separate locations namely: proximal metaphysis, diaphysis, and distal metaphysis (Figure 

2.7.5.1). For each side and each location, fractures were recorded from left to right. Fractures that 

were extending to different sides or locations were only recorded on the side and location on which 

they first appeared. The number and type of fracture (Table 2.7.5.1) were recorded based on their 

locations, whether on a muscle attachment site (e.g., extensor groove) or non-muscle attachment 

site (e.g., medial midshaft). Photographs for each side and each location were taken for 

macrofracture (Figure 2.7.5.2) inter-observer analysis. 
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Figure 2.7.5.1: A left dry macerated treated dry tibia bone with labelled location. 

A) Shows the anterior view of a dry tibia while image B) shows the lateral side. The upper section of the bone is 

proximal metaphysis which houses the muscle attachment site known as extensor groove. The middle section is the 

diaphysis (shaft) of the bone which houses the non-muscle attachment site known as medial diaphysis on the medial 

side of the bone. Lastly, the distal metaphysis which had its distal end cut out for all the experimental samples. 

 

 

Table 2.7.5.1: Refined heat-induced macroscopic fracture types and their descriptions 

(adapted from Krogman, 1939, 1943a,b; Baby, 1954; Binford, 1963; Mayne, 1990; Symes et al., 

1996, cited by Symes et al., 2015): 

 
Fracture Definitions 

Longitudinal Deep fracture in the cortical bone and appears to be parallel to the longest/longitudinal axis. 

May also appear as oblique fractures that are closer and/or approximately less than 45° to 

the longitudinal axis of the bone. 

Transverse Deep fracture in the cortical bone that appears to be perpendicular to the longitudinal axis 

of the bone. May also appear as oblique fractures that are closer and/or approximately less 

than 45° to the transverse axis of the bone. 

Step  Irregular fracture where two longitudinal fractures merge with a transverse fracture in 

between them.  

Curvilinear/Thumb-

nail fracture 

Deep fracture through the cortical bone forming a single or multiple concentric half-rings 

with relatively equal proportion of width to length.  

Delamination Separation of cortical bone layers from trabecular bone and/or the exposure of cancellous 

bone on epiphysis or metaphysis. 
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Patina Superficial fine narrow linear cracks on the bone that does not cut deep into the cortical 

bone. They may appear irregular like a mosaic or mimicking the characteristics of other 

fractures. They can be further subdivided into:  

● Patina longitudinal – a patina fracture in the longitudinal axis and may also appear 

as oblique superficial fractures that are closer and/or approximately less than 45° 

to the longitudinal axis of the bone. 

● Patina transverse – a patina fracture in perpendicular to the longitudinal axis and 

may also appear as oblique superficial fractures that are closer and/or 

approximately less than 45° to the transverse axis of the bone. 

● Patina curvilinear – a patina fracture that forms a single or multiple concentric 

half-rings with relatively equal proportion of width to length. 

● Patina step – appears as patina longitudinal fractures that merge with patina 

transverse fracture forming a step fracture made of patina fractures only, or either 

patina transverse or patina longitudinal merging with a longitudinal or transverse 

fracture to form a step fracture that is not entirely made of patina fractures only. 

● Patina mosaic – appear as very small fine mosaic superficial cracks in large 

numbers around one area. 

 

 

 

Figure 2.7.5.2: Types of heat-induced macroscopic fractures on cremated bones. 

A) A curvilinear fracture (thick white arrow) merging with a longitudinal fracture (thick black arrow). B) A 

transverse fracture (thick red arrow) extending from longitudinal fracture. C) Patina longitudinal and patina 

transverse fractures merging to form a patina step fracture (black circle) and mosaic patina fractures (thick blue 

arrows). D) A step fracture as result of transverse fracture merging with two longitudinal fractures on either side 

(white circle). E) A patina step fracture (black circle) due to a patina transverse (thin red arrow) merging with two 

patina longitudinal fractures (thick black arrow) on either side. F) The white arrowhead indicates the separation of 

cortical bone layers as a result of heat forming a delamination fracture. Scale: 1 block from the grid background = 

5 mm 
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2.8. Microscopic Analysis 

2.8.1. Bone block extraction and decalcification. 

Bone blocks were extracted using the same method as conducted in section 2.6.3.1. The ≈ 3 mm 

bone blocks were flanked by ≈ 1 mm bone blocks that were used for ground bone sectioning 

(Figure 2.6.3.1). The same methods of normal and delicate bone block extraction were used under 

similar conditions. All the ≈ 3 mm bone blocks were decalcified using 10% formic acid using the 

same method presented in section 2.6.3.2.  

2.8.2. Decalcified bone tissue processing, cutting, and staining 

Decalcified bone blocks were processed using a standard tissue processing machine (Thermo 

Scientific Citadel 2000) with a series of graded alcohols and chloroform, following which they 

were embedded in paraffin wax (Tissue-Tek Console, Miles Scientific) for subsequent serial 

sectioning using a rotary microtome (Leica RM2125 RTS). A series of 5μm sections were cut from 

each bone block and deparaffinised with xylene, rehydrated through a graded series of alcohols 

and distilled water to enable staining. Half of the sections were stained with Haematoxylin and 

Eosin (H&E) stain and the other half with a Sirius Red-Fast Green (SRFG) stain, mounted on glass 

slides coated with 3% 3-aminopropyltriethoxysilane (APES) (Appendix B2). The H&E stains the 

cell nuclei basophilic (purple-blue) while the cytoplasm stains eosinophilic in varying shades of 

pink (Bancroft and Layton, 2019).  The SRFG was expected to stain collagen red and non-

collagenous protein green (Houghton et al., 1996; Segnani et al., 2015). For confirmation of 

staining of collagenous and non-collagenous proteins, sections from two muscles (cranial tibial 

muscle and long digital extensor muscle) and two tendons (tendon of gastrocnemius 

muscle/Achilles tendon and patellar tendon) were dissected from a fully fleshed pig tibia and 

histologically processed as negative and positive controls, respectively. As a negative control, 

muscle was expected to show greater green stain due to the presence of contractile proteins, with 

only connective tissue sheaths staining red (Ross and Pawlina, 2016). Tendon, conversely, made 

up of primarily type I collagen fibres, was expected to stain more red.  

When collagen fibres are stained SRFG, they birefringe under polarized light (Lattouf et al., 2014). 

Birefringence is a measure of the difference of refractive indices that result from a beam of light 
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splitting into two (Caamaño et al., 2010; Rittié, 2017; Liu et al., 2021). The polarised 

photomicrographs of tendon were expected to birefringe yellow, yellowish-orange, yellowish-red, 

and red associated with type I collagen, and green to greenish-yellow which are colours associated 

with type III collagen (Montes and Junqueira, 1991; Hirshberg et al., 1999; Allon et al., 2006). 

Muscles were not expected to be birefringent on contractile proteins, with only connective tissue 

sheaths being birefringent. Fleshed bones were expected to birefringe at lower temperatures, with 

the intensity of birefringence decreasing as temperature increases. The wet and dry controls were 

expected to be birefringent with colours associated with collagen, which decreases with intensity 

as cremation temperature increases. 

2.8.3. Ground bone sectioning  

For preparation of normal ground bone sections, 1 mm blocks were ground down on 220-grit 

waterproof carborundum paper lubricated with distilled water, until sections were thin and smooth 

on both sides. Thereafter, a Frost’s gripping device was applied by folding a slip of abrasive paper 

across the glass slide and using rotational motion with moderate pressure on the section, the section 

was ground further (Appendix C1). The thickness was monitored using light microscopy until 

histological features could be resolved (Maat et al, 2001; Bacci, 2016). For the delicate bones burnt 

between 300°C - 500°C, one side of the block was ground down on 220 grit paper until it become 

flat and smooth then the block was rinsed in soapy water (Sunlight liquid detergent).  After the 

block had dried, it was placed onto a drop or two of cyanoacrylate glue that had been applied to a 

glass slide and left to dry for 2 hours, while weighed down. Thereafter, the unfinished side was 

ground down lubricated with distilled water by applying moderate pressure using the index and 

middle finger. Finished sections were then rinsed with distilled water three times and placed in 

fresh distilled water to prevent dehydration prior to mounting and analysis (Maat et al, 2001). 

2.8.4. Histological analysis of stained and ground bone sections 

All stained and ground bone sections were mounted with Entellan and photomicrographs were 

taken using Zeiss Axioskop 2 plus with a Zeiss Axiocam 208 colour (Zen 2010) at 5x 

magnification. Polarised images were also taken 5x magnification using the same microscope but 

changed the lighting to polariser. For both stained and ground bone sections the slide section was 

divided into 5 parts and photomicrographs were taken from the first, the third, and the fifth block 
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sections of the slide (Figure 2.8.4.1). Microfractures were classified according to the extent at 

which they fractured (Table 2.8.4 and Figure 2.8.4.2). The photomicrographs included sections of 

which the morphology of the tissue was present and visible, and excluded sections where more 

than 80% of the tissue was not present. 

Table 2.8.4: Proposed microfracture definition criteria  

Extent of Micro-

fracturing 

Description Examples 

No micro-fracturing No visible micro-fractures present. Other 

artefacts, such as superficial scratches and 

vascular canals may be seen, but these are 

distinct from fractures.  

 

Low The micro-fractures are few, individual 

and generally visible throughout the bone 

tissue.   

 
Moderate Micro-fractures are visible throughout the 

bone section and may form few networks 

of merging fractures while other fractures 

are individual.  

 
High Micro-fractures are arranged in complex 

networks with multiple merging micro-

fractures across large areas of the visible 

tissue morphology (crazing-like patterns) 

(Pol and Gosavi, 2014).  
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Figure 2.8.4.1: Image showing the division of slide section. 

 

The slide section was divided into five areas and the photomicrographs were taken from the second, the third, and 

the fourth block represented by the bracket above the sections. 

 

 2.9. Data analysis 

Data was managed in Microsoft Excel and statistical analyses undertaken using Statistical Package 

of Social Sciences (SPSS) (IBM Corporation, 2020, IBM SPSS Statistics for Windows, Armonk, 

New York, Version 27). 

All the repeatability tests were conducted on a subset of 10 bone samples. For intra-observer, the 

data collection was repeated three times by the primary investigator with a waiting period of two 

weeks in between repeats. The inter-observer error data was collected by two additional observers 

and their data was compared with the first set of intra-observer data. Inter- and intra-observer error 

was assessed using intraclass correlation coefficient for macroscopic data (heat-induced colour, 

and the number, type, and location of heat-induced fractures). The intra- and inter-observer error 

for the extent of micro-fracturing was assessed using Fleiss’s Kappa test.  

The pilot (optimisation) study was only qualitatively assessed to confirm if the controlled 

parameters and experimental variables caused heat-induced changes that could be analysed 

downstream. Descriptive statistics of the macroscopic heat-induced fractures (number, location 

and type), colour and fragmentation were presented in a frequency table. 
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For experimental data, normality was determined using the Shapiro-Wilk test for continuous 

variables (pre- and post-cremation mass, mass loss percentage and total number of 

macrofractures). A Fisher-Freeman-Halton Exact test was conducted for heat-induced colour, 

fragmentation, macro-fracture type and location, and micro-fracturing, followed by a pair-wise 

Fisher’s exact post hoc test to confirm where significant associations between those variables and 

experimental conditions were found. The difference between the pre- and post-cremation mass 

measurements was non-parametric, hence, Wilcoxon signed-rank tests was used to test for 

differences. The mass loss percentage across different temperatures and bone conditions were 

parametric and an ANOVA, followed by Dunn’s post hoc test with Bonferroni correction was used 

to test differences. The relationship between total number of macrofractures and cremation 

temperature was non-parametric, thus the Kruskal Wallis ANOVA by ranks was used and followed 

by a pairwise Mann Whitney U post hoc test. However, the relationship between total number of 

macrofractures and bone taphonomic condition was parametric, thus an ANOVA followed by 

Dunn’s post hoc test with Bonferroni correction was used to test for differences.
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Chapter 3: Results 

3.1. Pilot study: Optimisation of heating experimental parameters 

Optimisation was done on 15 tibiae (5 fleshed, 8 wet and 2 dry) to confirm the control parameters 

that were used for the experimental study.  Optimisation was conducted to test the use of nitrogen, 

cremation temperatures (200°C, 400°C, 500°C, 600°C and 800°C) and decalcification solutions. 

Data recorded included pre-cremation and post-cremation mass, heat-induced colour change, 

fragmentation, macrofracture prevalence, and thermocouple temperature readings. 

3.1.1. The use of nitrogen gas during cremation  

Two cremation trials were conducted on fleshed and wet tibia bones at 600°C, with and without 

the influx of nitrogen. Both trials had similar heat-induced colour change (charring) with heat lines 

and heat borders on fleshed bones (Appendix D2.1) and similar prevalence of macrofracture types 

(Appendix D1). Importantly, there was no physical sign of combustion in both trials with and 

without nitrogen gas. As a result, experimental cremations were conducted without nitrogen gas. 

3.1.2. Optimising the cremation temperature 

The cremation temperatures were optimised to check if there were heat-induced changes and 

ensure sample preservation for further analyses. Cremation on both fleshed and wet bones at 200°C 

did not present any heat-induced macroscopic changes, while at 400°C, 500°C, 600°C and 800°C 

there were changes in colour, fragmentation and fracturing. There was a high prevalence of 

longitudinal, patina and delamination fractures (Appendix D1), at 600°C and 800°C, the fracture 

patterns were difficult to assess due to fragmentation (Appendix D2.2).  Bones cremated at 800°C 

showed excessive fragmentation which prevented further analysis. Dry bones cremated at 400°C 

and 600°C did not fragment (Appendix D2.2). However, most of the fleshed and wet bones 

cremated at 600°C fragmented. These bone fragments were only partially aligned and too fragile 

to carry out the microscopic part of the experiment. As a result, the temperatures 200°C, 600°C 

and 800°C were excluded from the experimental study, with 300°C, 400°C and 500°C being the 

temperatures selected for subsequent experimentation (the experimental study). 

Thermocouples allowed for monitoring of temperature within the furnace, the bone (and/or flesh), 

and the external environment. The ambient temperature remained relatively constant between 
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19°C - 30°C throughout the cremation processes whereas the furnace temperature and bone sample 

showed changes (Figure 3.1.2.1. A). The dry cremated bones showed a similar trend of gradual 

increase in temperature as the furnace temperature increased (phase I), followed by a plateau phase 

II, then increasing to approximately the specific maximum temperature for the trial (Figure 3.1.2.1 

A phase III). While the furnace temperature was on hold for 30 minutes, the bone temperature 

continued to increase minimally, slowly plateauing until the trial end (Figure 3.1.2.1 A phase IV). 

When the cremation trial ended, after the 30 minutes hold, and the furnace was turned off, both 

the furnace and bone sample temperatures started decreasing (Figure 3.1.2.1 A phase V). The dry 

bone showed a tendency to increase in temperature beyond the maximum input temperature of 

cremation at 400°C (Figure 3.1.2.1 A) and 600°C (Figure 3.1.2.1 B) during phase IV. The wet bone 

followed a similar temperature trend as dry bones, but the wet bone increased above the input 

temperature of cremation less than dry bone did (Figure 3.1.2.1 B). However, fleshed cremated 

bone started with a slower gradual increase before the plateau phase I compared to wet and dry 

bones (Fig 3.1.2.1 B). The fleshed bone was increasing slowly to the specific maximum 

temperature (phase III) and kept on increasing during the 30 minutes hold (phase IV). In addition, 

the fleshed bones did not reach the maximum input temperature of cremation (Fig 3.1.2.1 B). The 

thermocouple readings were precise with a standard error of measurement of ±5°C (Appendix D3 

A). Furthermore, the fleshed bone cooling rate after the cremation trial (phase V) was very slow 

compared to dry and wet bones. The cremation trials of fleshed and wet tibiae at 800°C were 

interrupted by the short circuiting of the furnace thus creating inconsistent spikes on the graphs 

(Appendix D3 B). The furnace could not hold both 800°C cremation trials for a longer period when 

the power came back and therefore the cremation trial was ended. 
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Figure 3.1.2.1: Graphs showing the cremation temperatures of samples, furnace, and the ambient temperature during cremation 

for 30 minutes at different maximum temperatures.  

 

A) Representative graph of a burning trial of a dry bone at a maximum temperature of 400°C. Both the furnace and the bone sample with 

thermocouples were placed into the furnace when it had reached 100°C. Once the furnace temperature reached 400°C, the furnace was set 

to hold the temperature for 30 minutes. The trial was ended after the 30 minutes hold.  B) Representative graph of cremation trials of bones 

in different taphonomic conditions (fleshed, wet and dry) cremated at a maximum temperature of 600°C.   

 

3.1.3. Determination of optimal decalcification solution 

Optimisation of decalcification solutions was done to test which solution was best suited for the 

study, being able to decalcify bone but particularly for burnt bone, maintain structural integrity for 

subsequent analysis. The unburnt (25°C) dry bone blocks had a mean decalcification time of 13 

162 minutes (9 days, 15 hours and 40 minutes), when using formic citric acid (FCA), which took 

more time to decalcify than other decalcification solutions of interest and therefore it was 

eliminated. The rest of the decalcification solutions took less than half the time in comparison to 

FCA. The mean decalcification time for bone blocks decalcified with 10% formic acid (FA), 5% 

nitric acid (NA) and 3% nitric acid (NA) were 4 741 minutes (3 days and 7 hours), 4 218 minutes 

(2 days and 22 hours) and 2 163 minutes (1 day and 12 hours), respectively (Figure 3.1.3.1.). The 

3% NA was used only on few unburnt dry bone blocks to test the effect of a lower NA concentration 

solution and had similar decalcification time as 5% NA.  

Only 10% FA and 5% NA were further trialled to decalcify burnt bone blocks. About 60% of the 

burnt bone blocks decalcified with 5% NA and 40% burnt bone blocks decalcified with 10% FA 
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turned into powder during decalcification and/or during the tissue processing. Most of the blocks 

that turned into powder during decalcification were extracted from bones cremated at 500°C and 

600°C while blocks from bones at 800°C could not be extracted due to being too fragmented and 

delicate (Appendix D4). Most of the bone blocks that were successfully embedded were 

decalcified with 10% FA (Appendix D4). Therefore, 10% FA was the decalcification solution 

chosen for the study. 

 

  

 

Figure 3.1.3.1: Decalcification time in relation to acid decalcification solutions and successful embedding of blocks. 

 

Image showing the median of decalcification time, in minutes, of bone blocks decalcified using different decalcification 

solutions. 
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Following the completion of the pilot study and optimisation of the parameters for cremation 

(including air and furnace temperature) as well as determining the appropriate decalcification 

solution for histological analysis of fragile burnt bone, the experimental study was then conducted.  

3.2.  Experimental study - Macroscopic Results 

The experimental study was conducted on a total of 33 tibiae bones at different taphonomic 

conditions (dry, wet, fleshed) at 300°C, 400°C and 500°C (Table 2.7.1). Thermocouple data 

demonstrated that the cremation trials of bone followed the same trend as during optimization 

where dry bone exceeded the maximum temperature while wet bones reached the maximum 

temperature, and the fleshed bones did not reach maximum temperature (Appendix E). 

Macroscopic heat-induced changes in colour, fragmentation and macrofractures were recorded and 

analysed. 

3.2.1. Repeatability 

Intra-observer repeatability was good to excellent (κ = 0.7 – 0.9) for most variables (colour change, 

total number of fractures per bone, number of fracture type present on each bone and number of 

fractures per location) (Appendix H1). Inter-observer agreement was poor for total number of 

fractures per bone location (ICC = 0.480) and only moderate (ICC = 0.555 and ICC = 0.517) for 

most variables (total number of fractures per bone and number of fracture type present on each 

bone) (Appendix H1), with the exception of colour changes which was good (ICC = 0.783) 

(Altman, 1999 adapted from Landis and Koch, 1977). 

 

3.2.2. Heat-induced macroscopic colour change and fragmentation 

A significant difference in heat-induced colour was identified between unburnt controls and 

experimental cremation temperatures (χ2 = 34.929, p < 0. 001) (Appendix, F1.2). This difference 

in heat-induced colour was found for each tested temperature (300°C, 400°C and 500°C) compared 

to the unburnt controls (p < 0.001, Appendix F1.3), which retained the beige colour (Appendix 

F1.1). Heat lines and heat borders were present in all cremation temperature while charring was 

mostly present in bones cremated at 300°C and calcination was present in bones cremated at 400°C 

and 500°C (Appendix F1.1). There were significant differences in colour changes found between 
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bones cremated at different taphonomic conditions (χ2 = 61.757, p < 0. 001) (Appendix F1.5). This 

difference in heat-induced colour was found across all the cremated bones at taphonomic 

conditions (fleshed, wet and dry) (p < 0.001) while the wet and dry controls did not have a 

statistical outcome (Appendix F1.6) as they retained beige colour (Appendix F1.4). Heat-induced 

colour change across bone taphonomic conditions showed that all fleshed bones presented with 

heat lines and heat borders, and only wet and dry bones presented charring and calcination 

(Appendix F1.4). There was no significant difference found across all the bones at different 

taphonomic conditions when cremated at different temperatures (p = 0.100, Appendix F1.8). In 

addition, there was no statistical outcome between wet and dry control, dry 400°C and dry 500°C, 

wet 400°C and wet 500°C, fleshed 300°C, fleshed 400°C and fleshed 500°C (Appendix F1.8). A 

qualitative analysis showed that regardless of cremation temperatures, all fleshed bones presented 

with the same colour change, heat lines and heat borders with partial charring (Appendix F1.7). 

The wet bones cremated at 300°C presented more charring with partial beige colour while wet 

bones cremated at 400°C and 500°C had less calcination with partial charring colour (Appendix 

F1.7). All the dry bones cremated at 300°C were completely charred while the dry bones cremated 

at 400°C and 500°C presented more calcination with partial charring colour (Appendix F1.7)     

Qualitative analysis showed that as temperature increased, there were more fragmentation seen on 

both fleshed and wet bones. The fleshed and wet bones cremated at 400°C and 500°C had aligning 

fragments while one of the wet bones had fragments that aligned partially, nevertheless, there was 

no significant difference between different categories of fragmentation and cremation temperatures 

(300°C, 400°C and 500°C) (χ2 = 8.546, p = 0.339) (Appendix F2.2) (p ˃ 0.0083, Appendix F2.3), 

or bone taphonomic conditions (χ2 = 11.083,  p = 0.746) (Appendix F2.5) (p ˃ 0.005, Appendix 

F2.6). Moreover, only two of the fleshed bones cremated at 500°C had fragments that did not align. 

All the dry bones cremated at different experimental temperatures did not fragment. 

3.2.3 Heat-induced mass loss 

The pre- and post-cremation test results showed that there was a significant decrease in the mass 

of bones after cremation irrespective of taphonomic condition (Z = -4.542, p < 0.001, Appendix 

G1). There was no significant difference on mass loss percentage of bone cremated at different 

taphonomic conditions (F = 1.131, df = 26, p = 0.339, Appendix G3). Greater mass loss 

percentage was seen at higher temperatures (F = 7.312, df = 26, p = 0.003, Appendix G2); 
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however, when combined, no significant difference was found between mass loss of bones at 

different taphonomic conditions across different cremation temperatures (F = 1.131, df = 26, p = 

0.339, Appendix G3 and G4), increased temperatures appeared to have a greater effect in mass 

loss percentage over taphonomic condition. The greater difference in mass loss percentage was 

found between bones cremated at 300°C and 500°C (p = 0.003, Appendix G2). There was less 

mass loss at lower temperatures and more mass loss at higher temperatures (Figure 3.2.3.2). Dry 

bones had the least mass loss followed by wet bones, while fleshed bones had the greatest mass 

loss.  

 

 
Figure 3.2.3.2: Pre- and post-cremation mass of bone cremated at specific temperature under different bone 

conditions. 

 

Figure showing the mean pre-cremation mass (grey) and mean post-cremation mass (light pattern) for each 

taphonomic condition and cremation temperature group. The mean mass is clustered with different bone conditions 

(dry, fleshed, and wet bones) at different cremation temperatures to demonstrate the amount of mass loss. There 

error bars represent standard error of mean at a 95% confidence interval. 

 

3.2.4. Heat-induced macroscopic fracturing 

There was a significant increase in the total number of macro-fractures observed as the 

temperatures increased (Kruskal-Wallis H = 23.023, df (n=33) = 3, p < 0.001, Appendix H2). 
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Bones cremated at 400°C and 500°C had a significantly higher number of fractures compared to 

unburnt controls (25°C) (p < 0.001 and p = 0.023, respectively, Appendix H2). Bones cremated at 

500°C had significantly higher number of fractures than those cremated at 300°C (p = 0.004) 

(Appendix H2). The significant increase in total number of macro-fractures at higher temperatures 

was found between some bone taphonomic condition groups (F = 8.516, p < 0.001, Appendix H3). 

There was a significant increase in number of macro-fractures on cremated dry bones compared 

to the fleshed bones (p = 0.010, Appendix H3), wet control (p = 0.002, Appendix H3) and dry bone 

control, (p = 0.032, Appendix H3). Wet bones also had a significantly greater number of total 

fractures compared to wet controls (p = 0.032, Appendix H3) and dry controls (p = 0.032, 

Appendix H3).  

The most prevalent fracture types were patina, followed by delamination then longitudinal (Figure 

3.2.4.1. A).  There were more macrofractures on the anterior side, followed by posterior and medial 

with lateral side having the least number of macrofractures (Figure 3.2.4.1. B). The prevalence of 

macro-fracture types on each of the four different sides of the bone was similar to that in Figure 

3.2.4.1. A, where patina fractures were more prevalent followed by delamination then longitudinal.  

The least prevalent fracture type, curvilinear, appeared twice and was only present in fleshed bones 

cremated at 500°C (Table 3.2.4.1) on the lateral (muscle attachment site) and medial (non-muscle 

attachment site) surfaces (Figure 3.2.4.1. B). Overall, there was a greater number of total fractures 

in dry bones followed by wet bone and the least in fleshed bones (Table 3.2.4.1). There were more 

patina fractures at 500°C in dry bone followed by fleshed bones and the least in wet bones. There 

was a higher prevalence of delamination fractures at 300°C in dry and wet bones than at 500°C. 

Transverse fractures were only present in wet and dry bone, while step fractures were the least 

numerous outside of curvilinear fractures. There were more longitudinal fractures on fleshed bones 

than in dry and least on wet bones. 
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Figure 3.2.4.1: Macrofracture type prevalence and location across all experimental parameters (taphonomic conditions and 

temperatures).  

 

A) Pie chart showing the prevalence of macrofracture types and B) the mean number of fractures present on the anterior, lateral, 

posterior and medial sides of the bone across all experimental bone samples, irrespective of taphonomic condition and temperature.  
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Table 3.2.4.1.: Frequency of fractures and fracture type for bones at different taphonomic 

conditions cremated at different temperatures. 

Condition Temperature Longitudinal Transverse Step Curvilinear Delamination Patina Total 

Controls 

 
25°C No fractures 0 

Fleshed 

300°C No fractures 0 

400°C 2 0 0 0 0 5 7 

500°C 15 0 4 2 12 19 52 

Wet 

300°C 0 0 0 0 21 9 30 

400°C 6 8 2 0 14 11 41 

500°C 12 7 4 0 5 17 45 

Dry 

300°C 3 1 1 0 22 5 32 

400°C 11 4 0 0 20 12 47 

500°C 13 4 2 0 11 41 71 

 

3.3. Experimental study - Microscopic Results 

Post-cremation, two bone blocks were extracted from three groups (total of 66 bone blocks), 

decalcified, and processed for haematoxylin and eosin (H&E), and Sirius Red-Fast Green (SRFG) 

staining. There were sections that detached from the microscopic slides during the staining process, 

mainly the sections extracted from wet bones cremated at 400°C and 500°C, and some dry bones 

cremated at all three temperatures. In these cases, only a few pieces of scattered section fragments 

remained attached to the slide. Regarding ground bone sections, several sections were destroyed 

during the sample processing. Therefore, only sections that had more than a qualitatively assessed 

of 80% of the bone tissue morphology clearly visible were included for micro-fracture analysis. 

As a result, the histological sample was incomplete, hence, conducting any quantitative statistical 

analysis would be inaccurate and not truly representative of the expected outcomes of the study. 

As such, a qualitative evaluation of the micro-fracturing and collagen presence was conducted 

instead. 
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3.3.1. Repeatability 

The analysis of microfractures was conducted on ground bone sections based on presence (none; 

low, medium and high extent of fracturing) and arrangement of microfractures (Table 2.8.4). Intra-

observer agreement was good (κ = 0.685) and inter-observer agreement was moderate (κ = 0.541) 

(Appendix I1) (Altman, 1999, adapted from Landis and Koch 1977). 

3.3.2. Histological Morphology of bone, tendon and muscle 

In haematoxylin and eosin (H&E) stained tendon sections, collagen fibres stained light 

eosinophilic with the flat fibroblast nuclei staining basophilic (Figure 3.3.2.1 A-B). Muscle fibres 

stained more intensely eosinophilic, with striations evident, and the nuclei staining basophilic 

(Figure 3.3.2.1 C-D). The collagen fibres in the connective tissue sheaths stain light eosinophilic 

compared to muscle fibres (Figure 3.3.2.1 C-D). H&E staining of decalcified bone showed the 

nuclei of the osteocytes in the lacunae stained basophilic while the rest of the bone tissue stained 

eosinophilic (Figure 3.3.2.2 A-D). In many sections osteocytes were lost and lacunae appeared 

empty. Osteons, which were evident by concentric lamellae surrounding an osteon canal, stained 

more intensely eosinophilic compared to the interstitial lamellae (Figure 3.3.2.2 C-D). Plexiform 

bone was identified by a band of vascular canals forming rows of bone matrix (Figure 3.3.2.2 A-

B). Internal borders of the areas surrounding resorption lacunae and vascular canals stained more 

intensely eosinophilic (Figure 3.3.2.2 A-D).  
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Figure 3.3.2.1: Representative photomicrographs of tendon and muscle stained with Haematoxylin and Eosin  

 

A) Representing transverse section while B) representing longitudinal section of long digital extensor tendon showing the tendon collagen fibres (white arrow) 

with flat fibroblasts (white dashed arrow). C) Representing transverse section and D) representing longitudinal section of long fibular muscle showing muscle 

fibres (black thin arrow) surrounded by muscle connective sheaths, endomysium (black thin dashed arrow), perimysium (black thick dashed arrow) and 

epimysium (black solid arrow) with the nuclei of muscle cells (red thin arrow). Photomicrographs were taken at 5x magnification except image B that was 

taken at 10x magnification. 
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Figure 3.3.2.2: Representative photomicrographs of bone stained with Haematoxylin and Eosin  

 

A) and B) represents dry control (unburnt) bones; C) and D) fleshed bone cremated at 300°C showing the osteons (black double arrowhead), osteocytes (thin 

white arrow) and resorption lacunae (thick white arrow) surrounded by interstitial lamellae (IL).  Plexiform structures (white bracket) with vascular canals (thin 

black arrow). Photomicrographs A and B were taken at 5x magnification, C and D were taken at 10x magnification. 
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3.3.3. Qualitative assessment of collagen 

The Sirius Red-Fast Green (SRFG) stains was used for qualitative analysis of collagen by staining 

collagen red and non-collagenous proteins green.  Muscle was used as negative control, SRFG 

stained the muscle contractile fibres green and the surrounding connective sheaths red (Figure 

3.3.3.1.B). The tendons, as positive controls being comprised primarily of collagen stained red, 

however, there were some areas of the tendon that stained green in between the red collagen fibres 

(Figure 3.3.3.1. A). The polarised photomicrographs showed birefringent colours which are all 

associated with collagen. Specifically, the colours yellow, yellowish-orange, yellowish-red, and 

red are associated with type I collagen while the colours green to greenish-yellow are associated 

with type III collagen (Montes and Junqueira, 1991; Hirshberg et al., 1999; Allon et al., 2006). 

The tendon birefringence presented the colours yellow, pink and blue-green (Figure 3.3.3.1. A2). 

The polarised images of muscle tissue also presented the pink birefringent colour which is 

associated with collagen within the connective sheaths (Figure 3.3.3.1. B2). However, the muscle 

fibres have shades of birefringence in blue-green colour, although this was difficult to discern 

(Figure 3.3.3.1. B2). 

The SRFG stain on decalcified sections from dry control bones stained more red and less green, 

reflecting greater collagen content (Figure 3.3.3.2. A and B). The green staining on sections from 

dry controls mostly appeared around osteons, in the concentric lamellae and the red staining in the 

interstitial lamellae. Interestingly, the two dry bone controls showed different birefringent colours 

(Figure 3.3.3.2. A2) of blue-green and pink or blue-green and yellow, indicating more variation 

than had been expected (Figure 3.3.3.2. B2).  Under polarised light, the histological structure was 

difficult to discern.  

The cremated bones stained with SRFG showed similar staining to bone controls for sections 

obtained from fleshed bones cremated at lower temperatures. The interstitial lamellae of the 

fleshed bone cremated at 300°C stained red-pink and the osteons stained lighter green (Figure 

3.3.2.2. A). However, the green staining around osteons was more consistent than in controls bones 

that were not cremated (Figure 3.3.3.3 A). The polarised images of sections obtained from fleshed 

bone cremated at 300°C showed the birefringent colours (pink and blue-green) (Figure 3.3.3.3 A2). 

Similar to muscle fibres, the green staining on the concentric lamellae of some osteons birefringed 

blue-green colour (Figure 3.3.3.3 A2). As the cremation temperatures increased, sections obtained 
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from the fleshed bones cremated at 400°C and 500°C stained primarily red with no green staining 

(Figure 3.3.3.3. B), meanwhile the areas that were intensely red staining had matched yellow 

birefringent colour, indicating type I collagen. The polarised image of sections obtained from the 

fleshed bones cremated at 400°C and 500°C showed little to no red-pink birefringent colours but 

more yellow with shades of blue-green associated with collagen, respectively (Figure 3.3.3.3 B2 

– C2). In addition, sections from the fleshed bone cremated at 500°C had brighter yellow 

birefringence (Figure 3.3.3.3. C2) compared to samples obtained from fleshed bone cremated at 

400°C (Figure 3.3.3.3. B2) while at 300°C there was no yellow birefringence (Figure 3.3.3.3. A2). 

Most of the sections from wet bone cremated at 300°C detached from the slide, a limitation noted 

that requires further optimisation, however, the remnants stained red only (Figure 3.3.3.4. A), while 

the matched polarised image showed few areas of the section that are birefringent with yellow and 

pink colours (Figure 3.3.3.4. A2). Increase in temperature, at 400°C and 500°C, for both wet and 

dry bones, where bone sections appeared charred with carbon deposition within the tissue, resulted 

in no staining (Figure 3.3.3.4. B and C) or birefringence (Figure 3.3.3.4. B2 and C2). 
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Figure 3.3.3.1: Representative photomicrographs showing sections of tendon and muscle stained with Sirius Red – Fast Green  

 

A) SFRG stained tendon, and B) muscle under bright field microscopy.  A2) - B2): Matched SFRG stained sections under polarised light microscopy showing the 

birefringence. A) and A2) Showed the Achilles tendon where some areas stained red (blue arrow) and birefringed red-pink (dashed blue arrow), while the some 

areas that stained green (white arrow) and birefringed blue-green (white dashed arrow). B) and B2) Showed the cranial tibial muscle where the muscle contractile 

proteins stained green (grey arrow) and appear dark with shades of blue-green (dashed grey arrow) birefringence, while the connective tissue sheath stained red 

(orange arrow) and birefringed red-pink (dashed orange). Photomicrographs were taken at 5x magnification with 50µm scale bar. 
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Figure 3.3.3.2: Representative photomicrographs showing Sirius Red – Fast Green stained sections of decalcified unburnt bone (control). 

A) - B): Photomicrographs of SRFG stained sections under light microscopy from bone blocks extracted from two separate dry bone on the medial midshaft, 

decalcified with 10% FA. A2) - B2): Photomicrographs of SRFG stained sections under polarised light microscopy showing the birefringence of staining colours 

from light microscopy. A) and B) showed the concentric lamellae of osteons staining green (solid white arrow) which birefringed blue-green (dashed white arrow), 

in between them is the interstitial lamella which stained red (solid blue arrow) and birefringed red-pink on A2) and blue-green on B2) (dashed blue arrow). The 

resorption lacunae (solid orange arrow) appear black (dashed orange arrow) due to polarised light. Photomicrographs were taken at 5x magnification with 50µm 

scale bar. 
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Figure 3.3.3.3: Representative photomicrographs of Sirius Red – Fast Green stained decalcified bone sections obtained from fleshed bones cremated at 

different temperatures. 

 

A)-C): Photomicrographs of stained sections under light microscopy. A2)-C2): Sections under polarised light microscopy. Sections originated from fleshed bones 

cremated at 300°C A), 400°C B) and 500°C C). The osteons (solid white arrow) stained in varying faint shades of green and birefringed blue-green (dashed white 

arrow) while the interstitial lamellae (blue arrow) stained red and birefringed red-pink (dashed blue arrows). B) and C) Some areas of the interstitial lamellae stained 

intensely red (solid yellow arrow) and birefringed yellow (dashed yellow arrow). The spaces in the sections (solid orange arrow) appeared black (dashed orange 

arrow) due to polarised light. Photomicrographs were taken at 5x magnification with 50µm scale bar. 
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Figure 3.3.3.4: Representative photomicrographs showing the Sirius Red – Fast Green staining of decalcified sections from wet and dry bones cremated 

at different temperatures. 

 

A)-C): Photomicrographs of stained sections under light microscopy. A2)-C2): Sections under polarised light microscopy. Photomicrographs showing A) and 

(B) wet bone cremated at 300°C and B) at 400°C, and C) dry bone cremated at 400°C. A) shows different areas of the bone staining red (solid blue arrow) with 

different birefringence colours, yellow (dashed white arrow) and red-pink (dashed blue arrow). B) and C) sections lifted off during staining and the remnants 

did not stain (solid green arrow) or show birefringence. Photomicrographs were taken at 5x magnification with 50µm scale bar.  
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3.3.4. Micro-fracture assessment 

Descriptive qualitative histological micro-fracturing assessment of ground bone sections prepared 

as per Section 2.8.3 was also conducted. In brief, ground bone sections obtained from bones in all 

taphonomic conditions showed discernible osteon and plexiform structures coexisted in most of 

the bone sections, with osteons appearing as concentric lamellae around a canal (Figure 3.3.4.1. 

A, B, and F) and plexiform appearing as brick-like layering of the bone tissue (Figure 3.3.4.1. A 

and D). The vascular canals were found across the bone tissue extending in both osteons and 

plexiform structures (Figure 3.3.4.1. A and D). As the temperature increased, micro-fractures 

began to appear. Micro-fractures were similar in appearance to vascular canals, and thus caution 

in identification was noted (Figure 3.3.4.1. B and G). As temperature increased, bone tissue began 

to change in colour (Figure 3.3.4.1. A, D and G) appearing brown at lower cremation temperatures 

(Figure 3.3.4.1. B), and brown-black at higher temperatures (Figure 3.3.4.1. H). As the temperature 

increased, the colour intensity increased and covered more bone tissue (Figure 3.3.4.1. D-F) thus 

making the morphology and micro-fracture patterns less visible (Figure 3.3.4.1. G-I). Most of the 

tissue on the sections of wet and dry bones at higher temperatures were lost during ground bone 

section preparation (Figure 3.3.4.1. H-I) thus, further limiting the visibility of the sections in 

addition to black colouration.  

These limitations are identified as caveats for assessing the extent of micro-fracturing, described 

as absent, low, moderate, or high (Table 2.8.4). Sections obtained from wet and dry control bones 

had a high frequency of sections with no micro-fractures, although some sections presented with 

few microfractures (low extent of micro-fracturing) (Figure 3.3.4.2). Exposure to furnace 

temperatures showed an increase in the extent of micro-fracturing observed.  

The majority of ground bone sections obtained from fleshed bones cremated at 300°C presented 

with no or low extent of micro-fracturing. As the temperature increased, more sections from 

fleshed bones started showing micro-fracturing. Specifically, a greater number of sections 

presented with low -moderate micro-fracturing (400°C), and at 500°C, a few sections also showed 

evidence of a high extent of micro-fracturing (Figure 3.3.4.2). This suggests a temperature-

dependent pattern of micro-fracturing.  

When assessing other taphonomic conditions, the majority of ground sections obtained from wet 

bones even at 300°C, contrastingly presented with high extent of fracturing, with the frequency of 
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low and moderate micro-fracturing evident. At 400°C, there was an equivalent frequency of 

moderate and high fracturing evident, with an increase in temperature to 500°C showing only an 

increase in the frequency of sections with a high extent of micro-fracturing present (Figure 

3.3.4.2). Dry bones followed a similar trend to wet bones (an increase in the presence of moderate 

and high extent of fracturing); however, in dry bones there was more high fracturing at 400°C than 

at 500°C (Figure 3.3.4.2). The results indicate that the extent of micro-fracturing observed was 

influenced not only by the temperature, but also by the taphonomic condition of the bone, with 

flesh perhaps having a protective effect.  
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Figure 3.3.4.1: Representative photomicrographs of ground bone sections at different temperatures and taphonomic conditions showing micro-fracturing. 

 

Images represent fleshed, wet and dry bone conditions by column arrangement and different temperatures (300°C, 400°C and 500°C) by rows arrangement. The images show 

vascular canals (thick arrows) extending from the osteons (arrowheads) and plexiform structures (right bracket). the distinction between micro-fractures (thin arrows) and 

artefactual superficial scratches from ground bone preparation (thin dashed arrows) was visible in the images. Photomicrographs were taken at 5x magnification. 
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Figure 3.3.4.2: Graph showing the micro-fracturing extent on bones at different taphonomic condition 

cremated at different temperatures. 

The graph indicates the percentage frequency of each category of micro-fracturing extent absent (black); low 

(blue); moderate (purple); high (beige) across bone sections from each taphonomic condition and cremation 

temperature. All sections categorised as absent micro-fracturing (black bars) total to 100%; all low extent of 

micro-fracturing sections (blue bars); all moderate micro-fracturing sections (purple bars) come to 100%; all high 

extent of micro-fracturing sections (beige bars) total 100%. 
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Chapter 4: Discussion 

Fire as a result of heat can lead to burn injuries/fatalities, altering the critical morphological 

indicators used in forensic anthropometric analysis of sex, age, stature, and trauma and pathology 

interpretations. Hence, it is crucial for biological and forensic anthropologists to understand the 

macro and microstructural changes to the composition of bone and associated taphonomic 

conditions (fleshed, wet and dry) of the bone prior to heat exposure. Heating can result in 

macroscopic (colour, fracturing and warping) and microscopic (micro-fracturing, osteon size and 

bone matrix rearrangement) changes of bone (Imaizumi et al., 2014; Gonçalves et al., 2015; 

Reidsma et al., 2016; Vassalo et al., 2016, 2019). Moreover, it is postulated that the underlying 

organic and inorganic molecular structure of bone plays a role in microscopic and macroscopic 

changes (Zioupos et al., 1998; Wang et al., 2001; Gonçalves et al., 2011; Horocholyn, 2013; 

Lambri et al., 2018; Marques et al., 2018). The results of the current closed-system study 

demonstrate an association between heat-induced colour changes in bone and cremation at 

different temperatures (300°C, 400°C and 500°C) across different taphonomic conditions (fleshed, 

wet and dry), whereas a larger extent of heat-induced fragmentation was associated with cremation 

but no direct significant difference was identified between the actual temperatures tested. 

Interestingly, mass loss was more strongly associated with higher cremation temperatures 

irrespective of bone taphonomic condition. There was a significant increase in total number of 

fractures when bones were exposed to greater temperatures (400°C and 500°C) across different 

taphonomic conditions, with dry bones showing significantly more macro-fracturing than wet and 

fleshed bones. Through qualitative analysis, the results showed that there was an increase in the 

macro-fracturing and extent of micro-fracturing as the temperature increased across different bone 

taphonomic conditions. Control tendon sections, rich in collagen, stained with Sirius Red- Fast 

Green (SRFG) and viewed under standard light microscopy showed red staining. In decalcified 

bone sections the red staining was variable, and the blue-green staining, indicative of non-

collagenous proteins, more so. However, with the aid of polarised light, colours indicating both 

type I and type III collagen were identified even in sections cremated at higher temperatures 

(400°C and 500°C) obtained from fleshed bones, while sections from cremated wet and dry bones 

did not stain clearly, likely due to tissue carbon depositions. 

4.1. Cremation trials in closed and open systems 
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Conducting representative actualistic experimentation to mimic cremation conditions of a real-

world setting of fire affecting skeletal remains is difficult and different to accidental or natural 

occurring fires. Natural and accidental fires occur in an open system with no control of variables 

such as oxygen flow, duration and temperature of heat exposure. These factors mainly depend on 

where the fire occurs and how it started. The present study conducted cremation trials in a closed 

system using a muffle furnace thus limiting the amount of oxygen, maintaining a consistent 

temperature (Moore and Yamada, 1998), controlling heating rate, duration and direction of heating, 

during cremation. A closed system like this, while permitting control of the temperature to obtain 

repeatable data, may not accurately reflect realistic scenarios. This is particularly the case when 

considering that in these controlled trials combustion generally does not occur due to limited 

oxygen availability within the furnace (Raja et al., 2023). Certain studies conducted cremation 

trials in open systems attempted controlling some variables (oxygen flow) and mimicked certain 

settings (archaeological) (Carrolla and Smith, 2018) (modern) (Glazewski, 2006; Keough et al., 

2015), while others did not control any variables and used realistic fuel samples (Glazewski, 2006; 

Keough et al., 2015). However, studies that conducted cremation trials in a closed systems using 

an oven (Reidsma et al., 2016) or furnaces (Shipman et al., 1984; Walker et al., 2008) also 

presented similar heat-induced changes. Each of these systems has its own limitations. In an open 

system, increase in wind speed increases the oxygen supply to the cremation process (Huang and 

Rein, 2017). Oxygen is crucial in starting and sustaining fire spread (Howell and Belmont, 2023; 

Raja et al., 2023). An increase in oxygen concentration results in more fuel molecules being able 

to oxidise, therefore accelerating the combustion reaction and enhancing complete combustion, 

while lower concentration of oxygen results in incomplete combustion (Raja et al., 2023). 

Increased oxygen concentration also increases thermal intensity, described as the total amount of 

energy radiated in a specific area during a fire (McGrattan et al., 2013), increasing peak cremation 

temperature (Raja et al., 2023). Hence the cremation trials conducted in an open system can easily 

reach temperatures above 800°C (Raja et al., 2023; Howell and Belmont, 2023). Closed systems 

allow for better control of unpredictable variables (e.g., oxygen and temperature fluctuations) in 

order to establish baseline data on the thermodynamic effects of bone and their biological 

implications, at the expense of mimicking real world settings. Without baseline data to understand 

what occurs in bone during heating, isolating which changes are caused by additional variables 

becomes impossible.  
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4.2. Bone heat transfer 

When bone is exposed to heat, thermal energy is absorbed through heat transfer (Reidsma et al., 

2016), hence, there is a slow increase in temperature when the bones are inserted inside the furnace 

during phase I. Thermocouple data allowed visualisation of how much heat can be absorbed by 

the bone (fleshed, wet and dry) at different temperatures. The short period of plateau on phase II 

that occurred reflected heat radiation transfer, as the bone material absorbs heat causing the bone 

temperature to increase (Braadbaart et al., 2007; Reidsma et al., 2016). During this plateau phase, 

there was balance in heating temperature due to bone absorbing and releasing heat at the same 

time (US Energy Information Administration, 2014). Lipids inside the bone marrow cavity, can 

serve as a source of fuel hence, the steep increase in bone temperature has been postulated to occur 

as a result of the rising temperature and melting and/or evaporating of lipids (Rendina-Ruedy and 

Rosen, 2020). In the current study’s system a steep increase in temperature over shorter duration, 

phase III, was evident in dry bone, while wet bone required a greater time to reach similar 

temperatures and fleshed bone, with presumably more bone marrow, showed a gentler slope 

compared to both dry and wet bones. During the second plateau, phase IV, the temperature was 

constant due to the controlled furnace temperature and the bones matched the furnace temperature 

suggesting that it was releasing a similar amount of heat as it was receiving (US Energy 

Information Administration, 2014). We propose that marrow, fat (and flesh) takes time to heat 

explaining why the first phase of plateau in dry bones was short compared to wet and fleshed 

bones. Porcine marrow fat from the tibia has a melting point ranging between 30°C – 45°C (Morin 

et al., 2022). This temperature was exceeded during maceration of dry bones (55 °C for 24-48 

hours), suggesting that dry bones would have little to no fat left in the marrow cavity. 

However, dry bone temperature exceeded beyond the set furnace temperature during the second 

plateau phase and further increased towards the end of the cremation trial. If fat was acting as a 

fuel to rapidly increase temperature (Rendina-Ruedy et al., 2020) dry bones should have had the 

lowest temperature considering that fat content would be absent or reduced. Since fleshed bones 

were protected by soft tissue and an unaltered water content, potentially delaying the heating of 

fat, it is possible that they would have a lower temperature while the boiling point of water and 

soft tissues (including fats) was not yet reached (Holman, 2011; Su et al., 2020). This suggests that 
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the overlying soft tissue and water content protective effect play a bigger role than lipids melting 

and increasing heat transfer into the bone.    

4.3. Heat-induced bone macroscopic changes and proposed associated microstructural 

mechanisms 

4.3.1 Colour changes 

The heat-induced colour change in all fleshed bones cremated at 300°C, 400°C and 500°C 

presented heat lines and heat borders with partial charring colour change. These results occurred 

due to diagenesis where heat alters the bone chemically and physically resulting in thermal 

decomposition of the organic materials of the bone (Book, 2014; Ellingham et al., 2015). 

Dehydration first occurs at temperatures between 25°C and 250°C where the water in the bone 

structure is lost (Ellingham et al., 2016) followed by water in between the hydrogen bonds holding 

the molecules that bind the crystalline structures together, as well as molecules that hold the 

collagen bonds together (Ellingham et al., 2016; Etok et al., 2007; Reidsma et al., 2016). This 

results in weakening of the molecular bonds as the hydrogen bonds stabilise the collagen molecules 

thus leading to triple helix structure collapsing (Bozec and Odlyha, 2011). Collagen is one of the 

most abundant proteins in the extracellular matrix and it is made up of triple helical structures held 

together by hydrogen bonds (Mandal, 2023; Exposito et al., 2002; Myllyharju, and Kivirikko, 

2004). The helical structure is less susceptible to processes such as proteases compared to non-

collagenous proteins (Franc et al., 1995; Wick et al., 2001), as non-collagenous proteins denature 

at temperatures between 40°C - 80°C (Ishiwatari et al., 2013) while the collagen begins to denature 

at temperatures between 120°C - 150°C (Wang et al., 2001; Lambri et al., 2018). As the cremation 

temperature increases reaching 236.85°C (510K), conformational changes of the collagen triple 

helix structure begin to occur (Lambri et al., 2018).  

In bone, heat-induced changes such as shrinkage occurs as a result of the combination of losing 

collagen (Fredericks et al., 2015; Fredericks et al., 2012) and recrystallisation of hydroxyapatite 

which increases crystallinity (Fairgrieve, 2008; Fredericks et al., 2012). As fleshed bone is exposed 

to more heat, shrinkage and retraction of the tissue occurs thus exposing the bone surface to heat 

(Shipman et al., 1984; DeHaan, 2018). This results in the separation of tissue from shielding the 
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bone thus causing heat lines and heat borders formed clearly delineating between burnt and 

unburnt bone (Keough et al., 2015).   

When bone is exposed to heat for longer periods, the dehydration of bone tissue further results in 

colour gradients (Symes et al., 2008; Reidsma et al., 2016). At 300°C, the chemical reactions begin 

to occur gradually changing the nature of the organic materials of the bone (Braadbaart et al., 

2007). Thermal alterations occur faster at lower temperatures on wet and dry bones as heat transfer 

is no longer impeded by moisture and soft tissue presence. Hence, the degradation of the molecular 

bonds led to decomposition of the organic molecules at a faster rate (Keough et al., 2015). This is 

deposited on the surface of the bone, appearing as darkening of the bone to a black colour as the 

decomposed organic materials carbonise in an oxygen deprived environment, also known as 

charring process (Herrmann, 1970; Reidsma et al., 2016). Wet bones had similar bone composition 

as fleshed bones with the exception of the overlying soft tissue and underwent the same process 

of breaking fat and molecular bonds when exposed to heat compared to dry bones. Dry bones lost 

fat and moisture from maceration which altered how they responded to heat. Hence the dry bones 

cremated at 300°C presented with complete charring colour, as did the distal ends of fleshed bones 

that were exposed to heat due to retraction of soft tissues while wet bone mostly presented charring 

but with the presence of beige colour.  

This charring process occurs at lower temperatures of heating that is followed by combustion of 

organic materials where the chemicals of the molecules begin to react as they are being heated 

(Reidsma et al., 2016; Marques et al., 2018). Further heating at 400 and 500°C resulted in different 

shades of colour such as brown, blue and grey as the carbon is beginning to deplete (Shipman et 

al., 1984; Correia, 1996) corresponding to the partial calcination and more charring seen on wet 

bones at those temperatures. More heat led to grey-white colour that is known as calcination, where 

the organic components are lost and the bone crystals fuse, (Shipman et al., 1984; Buikstra and 

Swegle, 1989) seen in dry bones cremated at 400°C and 500°C. However, there was no complete 

calcination because it usually occurs at higher temperatures (800°C), mostly in open system where 

carbon from organic materials is able to react with oxygen more freely (Correia, 1996). 

The significant difference between colour and cremation temperature, as well as across different 

bone taphonomic conditions suggests that colour may be evident of heat-induced changes in 
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estimating the suspected cremation temperatures and the pre-burning conditions of the deceased 

(Shipman et al., 1984; Walker et al., 2008; Whyte, 2013; Keough et al., 2015; Reidsma et al., 

2016). In addition, this method of heat-induced change in colour assessment was found to be 

repeatable as indicated by the good to excellent agreement in both inter and intra-observer. 

However, until further testing and refinement in real-world scenarios it cannot be used as a reliable 

factor as bone colour changes are known to be affected by a variety of factors including contact 

with materials surrounding the remains (clothing, metals such as bronze and zinc from the coffins 

having colours red, yellow and pink) (Gejvall, 1969; Lisowski, 1968; Corriea, 1996), duration of 

heat exposure, position of heat source, distance from the heat source, oxygen availability as well 

as the surrounding medium which influences the degree of combustion (Correia, 1996; Bennett, 

1999; Walker & Miller, 2005; Imaizumi et al., 2014; Krap et al., 2017a). 

4.3.2 Mass changes 

The presence of soft tissue (skin, muscle, tendons and ligaments) covers and protects the bone 

from heat (Ellingham et al., 2016). As the soft tissue of the fleshed bones is exposed to more heat, 

the skin separates and burns quickly exposing the subcutaneous fat beneath (Ubelaker, 2009; Spitz 

et al., 2005; Ellingham et al., 2015). The fat acts as a good thermal insulator and good fuel which 

can sustain flaming combustion (Correia, 1996; Spitz et al., 2005; Ellingham et al., 2015). The 

thermal insulation of the soft tissue explains the slow increase in temperature in the beginning of 

the trial graph on figure 3.1.2.1 phase I followed by a steep increase in temperature as the fat has 

melted and evaporated in phase III.  

As temperature increases, during the 400°C and 500°C fleshed bones cremation trials, a greater 

amount of soft tissue shrinks and retracts as tissues and components denature or undergo phase 

changes and are removed from the sample (lipids ≈ 30-45°C, water ≈ 100°C, myosin ≈ 180°C) 

(Agafonkina et al., 2019; Szpicer et al., 2023), thus the samples lost mass. Considering that even 

300 °C are above the denaturation temperature of myosin (Agafonkina et al., 2019), this suggests 

that 30 minutes of heating at that temperature, may not be enough time to transfer enough heat into 

the sample to denature and reduce protein in the overlying soft tissues in order for the heat to have 

an effect on the underlying bone. This process explains the significant increase in mass loss as 

temperature increases, specifically between bones cremated at 300°C and 500°C. The wet and dry 
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bones are covered with minimal to no presence of soft tissue resulting faster and greater thermal 

alteration than fleshed bones covered with more soft tissues (Symes et al., 2013). This faster heat 

transfer occurs as a result of the dehydration process occurring quicker in bones with less moisture 

and earlier in the stages of burning. Although there was no significant difference in mass loss 

across different bone conditions, the presence of soft tissue has been found to have a significant 

impact on heat-induced changes of the bone matrix at both lower (< 300°C) and higher (˃ 800°C) 

temperatures (Ellingham et al., 2016). Due to minimal covering of soft tissue on the wet and dry 

bones, there was less total mass difference compared to fleshed bones. Furthermore, the cremated 

dry bones experienced the least mass difference due to being macerated which resulted in loss of 

fat and water that was initially present in the bone before maceration (Triaca et al., 2022). 

However, mass loss percentage was associated to temperature, suggesting that temperature overall 

played a bigger part in the ratio of mass lost, irrespective of initial sample mass. 

4.3.3 Fragmentation and fracturing  

The relationship between a force and deformation (warping) is one of the main primary principles 

in understanding bone fracture mechanics (Christensen et al., 2022). Different materials are 

arranged based on ability to deform and absorb energy (Christensen et al., 2022). Bone is made up 

of brittle material, which is the bioapatite mineral, a biologically composed variant of 

hydroxyapatite, and collagen with acts as a ductile material thereby balancing brittleness with the 

needs for overall strength (Christensen et al., 2022). The material’s reaction to loading force is 

visualised as loading-deformation curve, which is a function of stress and strain, where stress is 

the load per unit area and strain is the change in dimension of the loaded body while the slope 

represents elastic modulus (Christensen et al., 2022 Martin et al., 1998). The load and deformation 

are proportional for materials such as bone until it reaches a yielding point, where plastic or 

permanent deformation occurs (Christensen et al., 2022). However, heat alteration in 

hydroxyapatite crystals affect the change in shape and size of the bone which further affects the 

stress and strain (Waterhouse, 2013; Symes et al., 2008; Correia, 1996; Thompson, 2005). In 

addition, dehydration as a result of heating results in decreased bone toughness due to loss of water 

in the collagen, and the loss of water is also associated with bone mineral which decreases both 

the bone strength and toughness (Nyman et al., 2006). This is notwithstanding heats effects on the 

molecular parameters of bone, including reduction in water content and the breakdown of collagen 
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fibres which in turn (Nyman et al., 2006) causes substantive changes in the bone’s capacity to 

respond to stress and strain (Correia, 1996; Christensen et al., 2022).  

In a pig study, juvenile bones have more trabecular bone (low compact bone density) and a greater 

amount of organic material (e.g., collagen) compared to mature adult bones which could alter how 

bone responds to heat (Waterhouse, 2013). Juveniles would require longitudinal growth as well as 

growth in mass over time, rates of which vary in different skeletal elements. This growth is 

reflected as greater cellular activity and matrix remodelling in juvenile bone, under the effects of 

growth hormone (Bachrach, 2005; Kawai and Rosen, 2012; Stagi et al., 2013). In the present study, 

decalcified sections stained with H&E, showed the presence of intense eosinophilic on the 

resorption pits between the osteon systems and the lamellae surrounding the vascular canals in the 

plexiform bone, as result of the cellular activity reflecting the high turnover of bone development 

in comparison to other artiodactyls (Martiniaková et al., 2006a; Martiniaková et al., 2006b).  Bone 

fragility is affected by the loss of collagen, which occurs particularly in later adulthood, which 

reduces elasticity and thus the ability to withstand pressure as well as change in shape and size 

(Waterhouse, 2013). The high level of collagen content in juveniles provides more tolerance to 

elastic and plastic deformation resulting in better resistance to fragmentation (Waterhouse, 2013).  

In the present study, the amount of fragmentation seen on wet and fleshed bones at higher 

temperatures (400°C and 500°C) suggests that there likely was heat-induced alteration of 

bioapatite and collagen. These microstructural thermochemical changes to the bone material 

would, hence, explain the fleshed and wet bones experiencing a greater extent of fragmentation 

with partial alignment and no alignment. The possible recrystallisation of hydroxylapatite at higher 

temperatures may have caused strengthening of the bone (Thompson, 2004). In addition, moisture 

loss and shrinkage continue after the bone has lost mass, even at higher temperatures, resulting in 

collagen becoming stiffer (Nyman et al., 2006) thus making the bone to be harder, and therefore 

more brittle (Imaizumi, 2015). This may have caused all dry bones cremated (300°C, 400°C and 

500°C) to not deform to the same extent. Fragments that resulted tended to align when present, 

highlighting cremated dry bones becoming more brittle superficially, where most of the heat 

transfer would have occurred, resulting in a high number of delamination and patina (minimal 

superficial cracking) macro-fractures.  
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In comparison to humans, pigs are artiodactyls with shorter and thicker bones adapted for 

quadrupedal weight bearing (Arifakis et al., 2021). Long bone circumference scales isometrically 

with body mass meaning larger animals have more robust limb bones (Campione and Evans, 2012; 

Hutchinson, 2021). Therefore, the degree of bone warping and fragmentation are also affected by 

the body mass and locomotion, reflected in the bone architecture as insertions of collagen fibres, 

and the arrangement thereof. In the present study, it is thus possible that these factors of porcine 

bone led to the lack of identified warping. However, warping has been primarily seen in human 

bones cremated at temperatures exceeding 800°C (Castillo et al., 2013; Vassalo et al., 2019), a 

temperature not tested or reached by the experimental samples in the current study. As warping 

and shape changes have been observed to alter interpretation of forensic anthropological 

techniques such as age, sex and stature (Corriea, 1996; Gonçalves et al., 2011, 2015; Vassalo et 

al., 2019), it is noteworthy that at lower cremation temperatures, standards and techniques used in 

forensic anthropology may not be as affected. 

A material’s ability to absorb energy, also known as toughness, is an important bone biomechanical 

property, that depends on tensile strength (Nyman et al., 2006; Christensen et al., 2022) and 

ductility that permits resistance to fracturing (Christensen et al., 2022). In the present study it is 

postulated that macro-fractures and micro-fractures increased as the cremation temperature 

increased, since bone moisture was lost, resulting in collagen stiffens, thereby reducing the tensile 

strength and ductility, effectively decreasing the bone toughness (Nyman et al., 2006). The number 

of macro-fractures across different taphonomic conditions increased as the cremation temperature 

increased (Table 3.2.4.1). The high number of delamination and patina macro-fractures points to 

these fractures being associated with dry bones in the current study. This is in agreement with 

Reidsma et al. (2016) findings that bones that are in early to complete skeletonization undergo the 

same type of fracturing when heated. This further explains why on fleshed bones, the delamination 

and patina macro-fractures appear at 400°C as a result of shrinkage and soft tissue retraction 

exposing the bone surface. There were more delamination and patina fractures on dry and wet 

bones indicating that the bones were skeletonized and brittle, due to dehydration and increased 

crystallisation causing the bone surface cracks (patina) and cortical layers to flake off 

(delamination) (Symes et al., 2008; Işcan and Steyn, 2013). Additionally, both the delamination 

and patina fractures occurred on all sides (anterior, lateral, posterior and medial) supporting that 

the whole sample had skeletonised evenly. The prominent presence of delamination fractures on 
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wet and dry bones early at lower temperatures is suggested to be due to dehydration occurring 

early in the cremation process.  

Curvilinear macro-fractures, also known as thumbnail fractures, were only present on fleshed 

bones specifically on the lateral and medial sides. The lateral side of tibia, specifically the extensor 

groove, has multiple muscle attachment sites that contain collagen fibres inserting into to the bone 

while the medial side has no muscle attachments. This shows that the macro-fracturing, 

specifically curvilinear, does not only occur due to muscle attachments, as has been proposed in 

biological anthropology studies (Baby, 1954; Binford, 1963; Symes et al., 2008). Curvilinear 

fractures have been associated with the preservation and contraction of collagen-apatite bonds at 

the enthesis (Zioupos et al., 1999; Gonçalves et al., 2011, 2015; Vassalo et al., 2016), a complex 

interface at which tissue microstructure alters to permit the transfer of forces to the bone itself. 

This tissue gradient considers the change from organic, unmineralized connective tissue to 

mineralised bone matrix. In the present study, fleshed bone was protected by soft tissue while, wet 

and dry bones were directly exposed to heat thus collagen-apatite bonds were less protected, and 

thus potentially broken at lower temperatures, through heat and dehydration (Bartsiokas, 2000; 

Gonçalves et al., 2011). The fact that these fractures did not appear on the posterior aspect of the 

bones, that has more pronounced muscle attachment sites, may suggest that muscle attachments in 

themselves may not be the only factor involved in curvilinear fractures formation. 

Longitudinal fractures are thought to occur along the longitudinal axis very early in the heating 

process in dry (macerated) bone (Varvares, 2016). In the present study, longitudinal fractures were 

found on all sides of the wet and dry tibia but mostly on the non-muscle attachment sides (medial 

and anterior). On the fleshed bones, most longitudinal fractures were at 500°C while there were no 

fractures at 300°C and at 400°C, only two longitudinal fractures were present on the distal 

metaphysis of the medial side. Transverse fractures have been found to occur late in the cremation 

stage or during cooling stage where the soft tissue has been retracted (Varvares, 2016), in the 

present study they were found on wet and dry bones but not on fleshed bones.  

Fractures propagate along weak interfaces (a point where two systems or objects meet) providing 

low energy path of fracturing (Hull, 1999). While lamellar bone is tough, by virtue of the 

arrangement of the bone matrix, collagen fibres and mineralisation, this is also balanced by the 
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need as a dynamic tissue to contain a distinct blood supply (Ross and Pawlina 2016; Sanz et al., 

2023). Specifically, in lamellar compact bone, collagen fibres are arranged circumferentially 

around the periphery of the bone (Ross and Pawlina 2016), with more intricate arrangements 

around osteons (Sanz et al., 2023). In cross-section this appears as a circular arrangement around 

the canal and moving into the interstitium the fibres also run longitudinally and obliquely (Ross 

and Pawlina 2016). It has been proposed that such varied arrangements permit collagen to respond 

to the forces generated by load (i.e., tension, compression and shear forces), in different planes 

(Leng et al., 2013; Sanz et al., 2023). Elastic modulus and yield strength are also affected by fibre 

orientation and may thus explain, why most fractures propagate longitudinally instead of 

transversely (Pope and Outwater, 1972; Morgan et al., 2018) resulting in more longitudinal 

fractures compared to transverse fractures. The presence of less transverse fractures would explain 

why there were less step fractures (a combination of transverse fractures extending between two 

longitudinal fractures) (Symes et al., 2008). The stronger interfaces in the transverse plane and the 

deviation of force longitudinally (Christensen et al., 2022) likely resulted in less transverse 

fractures and therefore less step fractures.  

Overall, most fractures were found on the anterior side, followed by posterior and medial with 

lateral side having the least number of macro-fractures. It is suggested that the lateral side of the 

bone in this study is more protected from fracturing, due to the muscle attachment sites and 

therefore the enthesis (Ross and Pawlina, 2006), the structure of which is specific to transmitting 

load. The anteromedial side of the bone used in this study, is a non-muscle attachment region and 

least protected making it easily exposed to heat and subsequently macro-fractures. In addition, in 

the current experimental set-up, the furnace heating elements are located on the sides and at a 

higher placement than the sample within the furnace, as such the heat would emanate towards the 

bone from these locations affecting the anterior aspects of the bone more (placed facing the ceiling 

of the furnace), with an expected greater exposure to direct heat. 

The development of both macro and micro-fracturing in bone are less understood. However, other 

biological material such as teeth and geological material (soil sediments, rocks and coal) show 

similar patterns of micro-fractures (Boskey, 2007; Saiang and Miskovsky, 2012; Siratovich et al., 

2013). All these biological materials contain bioapatite and semi-crystalline structures which are 

made up of different materials, including geological materials (soil sediments, rocks and coal), and 
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they all react similarly to heat providing a better understanding on how heat-induced micro-

fractures are formed. 

Bones and teeth are both made up of similar bioapatite and extracellular matrix proteins (Boskey, 

2007). Bioapatite is carbonated hydroxyapatite and consist of calcium phosphate nanocrystals 

formed in spaces between collagen (Vallet-Regi and Navarrete, 2015) The physical and chemical 

properties of teeth and bone bioapatite crystals are slightly similar to those found in geological 

hydroxyapatite (de Jong, 1926; Reidsma et al., 2016). One of the main differences between these 

materials is that, in bone (remodelling is done by cellular activity while geologic hydroxyapatite 

is modified by physiochemical processes such as dissolution, precipitation and incorporation of 

foreign ions (Boskey, 2007). When these materials (such as rock and coal) are exposed to heat, 

they also undergo dehydration where water loss occur between crystals which decreases the 

strength of the minerals by breaking the covalent bonds (Boskey, 2007; Saiang and Miskovsky, 

2012). This has similarly been seen in bone, where as a result of thermal expansion, collagen fibrils 

are denatured in bone (Bozec and Odlyha, 2011), affecting the mechanical behaviour reducing the 

strength and increasing stiffness therefore leading to micro-fracturing.  

The present study showed that there were more macro and micro-fractures as the cremation 

temperature increased which was a consistent pattern throughout different bone taphonomic 

conditions. The increase in micro-fracturing extent is postulated to be due to the development of 

more and larger microfractures which increased the porosity within bone and decreasing the matrix 

density (Siratovich et al., 2013), as well as the increase in oxidation processes that occur at higher 

temperatures (Kus and Misz-Kennan, 2017). These micro-fracturing process can be equated to 

studies done on geological materials, despite the lack of specific criteria for defining different 

types of micro-fractures. In teeth, micro-fractures were identified by length, width, range and depth 

(Dumbryte et al., 2022) while in coal they were identified as micro-fissures that had a width of < 

1 µm and microcracks which had a width of ˃ 1µm (Kus and Misz-Kennan, 2017). 

In bone research, there was a recent study by Bacci et al. (2021) that defined and provided clear 

descriptions on different type of micro-fractures, which were modified from Brain (1991). The 

study defined the fractures as interstitial, circumferential, irregular circumferential, radiating and 

irregular fractures which had specific descriptions on how to identify each fracture. Moreover, the 
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study was conducted on adult human bones that were treated with high impulse current mimicking 

lightning impact on bone. The bones were not damaged, to the extent that the present study did, 

by the impulse current nor did the samples have the same level of damage to the microstructure, 

making it easier to visualize the different types of micro-fractures; however, the interobserver 

repeatability of the study was low, indicating the difficulty in identifying and classifying micro-

fractures. This method of micro-fracture analysis was initially applied to this study but porcine 

bones firstly, have a different histological organisation to human bone (Horochlyn, 2013; Brits et 

al., 2014) and when heated presented complex networks of micro-fractures which made 

identifying each micro-fracture type reliably, difficult. Hence, using this method of micro-fracture 

analysis (Bacci et al., 2021, derived from Brain, 1991) led to good inter-observer but poor intra-

observer agreement in heat-induced bone (Appendix I3). Since this method could not be applied 

on a burnt bone analysis, the current study used a broader approach of rating the extent of micro-

fracturing instead which had a moderate to good repeatability rate. As a result, this micro-

fracturing extent approach, may be more applicable in forensic anthropology when conducting 

analyses of more destructive contexts, such as with burnt remains, than more specific methods like 

the one used by Bacci and colleagues (2021). However, more testing is required at greater 

variations of heating temperatures to ensure relationships between micro-fracturing extent and 

cremation temperature. 

The fracture patterns observed in our study showed that some micro-fractures were radiating 

through vascular canals separating the bone tissue while other micro-fractures were propagating 

from the vascular canals to the interstitial lamellae. It is proposed that the presence of plexiform 

structures and vascular canals have an effect on the propagation patterns of micro-fracturing, which 

is different in humans as they do not possess plexiform structures (Horocholyn, 2013; Brits et al., 

2014). Despite that, the current study’s results highlight the importance of microstructure to 

fracture propagation. The present study showed that the fleshed bones cremated at 300°C and 

400°C, from both muscle and non-muscle attachment sites, had little to no micro-fractures, and 

this is suggested to be due to being protected by soft tissues, including the muscle, periosteal tissues 

or tendons. However, the retraction of soft tissue at higher temperatures (500°C) led to direct 

exposure of the diaphysis and distal metaphysis to heat, resulting in moderate to high extent of 

micro-fracturing on non-muscle attachment sites (midshaft). The bone blocks extracted from non-

muscle attachment sites (medial side) presented a higher level of micro-fracturing compared to 
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bone blocks extracted from muscle attachment site. This relationship was observed across all bone 

taphonomic conditions (fleshed, wet and dry bones), suggesting that once a threshold of heat is 

absorbed by the bone, moisture and other protective factors are eliminated, bone responds similarly 

irrespective of location. This could justify why moderate to high micro-fracturing was seen in wet 

bones cremated at 300°C, and a further increase to moderate-high and high micro-fracturing at 

400°C and 500°C, respectively. The resistance to micro-fracturing is determined by covalent and 

ionic bonds between molecules (Domanski and Webb, 1992), and the resulting change in 

mechanical behaviour dependent on different temperatures (Saiang and Miskovsky, 2012). The 

general relationship of micro-fractures showed that the extent of micro-fracturing increased with 

increasing temperature. This relationship is also seen in wet and dry bones cremated at 400°C and 

500°C which had moderate to high extent of micro-fractures.  

Bone colour at the histological scale also changes as the organic components of the bone are being 

decomposed (Hanson and Cain, 2007). The bone appeared brown at lower temperatures (300°C) 

in wet bones then as the temperature increased (400°C and 500°C), they turned brown-black, while 

the dry bones at 300°C began by changing to brown-black. Some areas of the wet bones at 400°C, 

and dry bones at both 400°C and 500°C had turned completely black while the rest of the area on 

wet bone sections remained brown-black and the dry bone sections became pale. The fleshed bone 

sections at 300°C had no change in colour while the 400°C bone sections began to have shades of 

brown colours and the entire area of the sections at 500°C were brown-black. The presence of soft 

tissue appeared to have a strong effect in protecting the bone tissue from carbonisation as the 

presence of brown carbonisation only appeared at 400°C, with less intensity and brown-black at 

500°C. These change in colours are specifically associated with heat exposure specifically, 

indicated by carbon deposition on the bone surface. Although other forms of taphonomy such as 

weathering may also induce diagenesis on bone, carbonisation of microstructure is specific to heat-

induced changes (Brain, 1993; Hanson and Cain, 2007). The extent of carbonisation has been 

found to have an impact on the ability to visualise the bone tissue morphology and heat-induced 

micro-fracturing and change in osteon dimensions (Brain, 1993; Hanson and Cain, 2007; 

Horocholyn, 2013). Unlike these studies which identified different arrays of colour changes at a 

histological level (from tan, to red, to brown and black) (Brain, 1993; Hanson and Cain, 2007; 

Horocholyn, 2013), the only colours identified in the present study included brown, black and pale. 

However, these studies were conducted in an open system (e.g., campfire) with small sample sizes 
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(Hanson and Cain, 2007; Horocholyn, 2013) or from observations of archaeological sites (Brain, 

1993) and not representative of the multiple variables that could have affected their findings. In 

Hanson and Cain (2007) brown and black were primarily seen in greasy and non-greasy bone 

burned between ≈480 and ≈620 °C, which roughly correspond to the higher temperatures where 

wet and dry bone of the current study found these colours. In the present study, some of the unburnt 

dry bone blocks were scored to have low extent of micro-fracturing meaning that there were few 

individual fractures observed. The process firstly of removing the bone block with a Dremel and 

then ground bone preparation on carborundum paper might have caused the control dry unburnt 

bones to develop micro-fractures. It has been found that drilling rotational speed can cause thermal 

impact (Davidson, 1999). Micro-fracturing, likely as a result of the ground bone preparation, was 

also found in another study in potentially pathologically weakened but experimentally untreated 

bone (Bacci, et al., 2021). It is thus a possibility that processing of samples may compounded the 

fractures present on the burnt bone sections.  

Sections of burnt bone were also decalcified and stained with H&E and the SRFG stain to identify 

the general architecture and assess collagen changes during cremation. Collagen is a tropocollagen 

molecules consisting of triple helix of polypeptides (Zioupos et al., 1999; Lambri et al., 2018) 

which are stabilised by hydrogen bonds (Zioupos et al., 1999). The triple helical structure forms 

the fibrils which are arranged to form collagen fibres (Bozec and Odlyha, 2011), in which 

carbonated apatite crystals are embedded during the process of mineralisation (Mano, 2005; Lau 

et al., 2013; Lambri et al., 2016). Collagen consists of crosslinks which are produced by maturation 

of intermolecular bonds of the tropocollagen molecules (Eyre et al., 1988; Zioupos et al., 1999). 

These crosslinks can be affected by factors such as age and heat exposure (Zioupos et al., 1999). 

Collagen molecules are rich in amino acids which strongly react with acidic dyes such as Sirius 

Red (Montes et al. 1984; Montes and Junqueira 1991; Gopinathan et al., 2020). 

Picrosirius red is an elongated molecule that has anisotropic organization that binds along the great 

collagen fibres axis via acidic sulfonic groups, enhancing the birefringence under polarized light 

(Lattouf et al., 2014; Gopinathan et al., 2020). Birefringence occurs in anisotropic structures as a 

measure of the difference of refractive indices that result from a beam of light splitting into two 

(Caamaño et al., 2010; Rittié, 2017; Liu et al., 2020).  There are different colours that birefringe 

where yellowish orange represents thick collagen type I (Montes and Junqueira,1991; Hirshberg 
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et al., 1999; Allon et al., 2006) while green to greenish yellow represents collagen type III 

(Hirshberg et al., 1999; Allon et al., 2006). Other studies suggested that the birefringence is 

affected by the thickness and arrangement of collagen fibres (Pierard, 1989; Dayan et al., 1989; 

Rich and Whittaker, 2005; Coleman, 2011) where the loosely packed arrangement birefringe 

green-greenish to yellowish while the tightly packed fibres birefringe orange-red (Lattouf et al., 

2014; Lambri et al., 2018; Liu et al., 2021). These colours are present under polarized light due to 

fibre size, alignment and packing, cross linking of fibres, interstitial ground substance and water 

content (Gopinathan et al., 2020). However, this study showed some inconsistencies of the SRFG 

staining under light microscopy where some areas of tendon fibres stained green. Tendon which 

contains type I and III collagen (López De Padilla et al., 2021), was used as a positive control to 

assess SRFG staining. Tendon stained red with SRFG but green staining was also evident, 

indicating other matrix proteins such as proteoglycans, proteases, and other proteins involved in 

cross-linking, were also present (Nielsen et al., 1997), albeit in greater proportions than expected 

(López De Padilla et al., 2021. SFRG staining of muscle as the negative control stained green 

where the contractile proteins were expected to be seen, while the connective sheaths that are made 

up of collagen fibres stain red as expected (Houghton et al., 1996).   

Bone contains primarily collagen type I (90%) and smaller amounts of collagen Type III, V, XI 

and XIII (Ross and Pawlina, 2006). The SFRG stain stained the interstitial lamella and the osteons 

primarily red, with green staining, indicative of non-collagenous proteins evident particularly 

around the osteons. Non-collagenous proteins (such as calcium-binding proteins, multiadhesive 

glycoproteins) are secreted by osteoblasts, along with collagen, as the bone is being laid down and 

calcifying (Ross and Pawlina, 2006). However, the birefringence was difficult to visualise, with 

the amount of collagen and non-collagenous proteins variable between samples. Visualisation of 

collagen birefringence is also dependent on the plane in which the sections are taken (Liu et al., 

2021).  

Moreover, in normal brightfield microscopy, there was little to no presence of green staining on 

cremated bones stained with SRFG, which may be because of non-collagenous proteins denaturing 

at temperatures between 40°C – 80°C (Ishiwatari et al., 2013) while collagen, due to its triple 

helical structure and cross-linkage with fibrils (Zioupos et al., 1999),  begins to denature at 

temperatures between 120°C – 150°C (Wang et al., 2001; Lambri et al., 2018). Notably, sections 
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obtained from dry bones cremated 300°C – 500°C, where collagen was expected to have denatured 

still stained with SRFG, as visualised under bright-field microscopy. This may be because SFRG 

is still capable of binding to amino acids within peptides, despite the degradation of the fibres. 

While it can be suggested that SRFG staining could also be due to some small amount of collagen 

being still present and in a good condition at lower temperatures, the intensity of the red staining 

is indicative of high levels of collagen arrangement and thickness (Dayan et al., 1989). At 400°C 

and 500°C; however, the matrix constituents birefringed more yellow as opposed to red.  This may 

be due to collagen degrading as conformational changes had occurred at 236.85°C (Lambri et al., 

2018) thus altering the arrangement of collagen which results in weak birefringence that may also 

birefringe greenish in colour (Lattouf et al., 2014). The weak birefringence has been explained by 

immature type III collagen fibres which are arranged in a disorderly manner thus causing decreased 

anisotropy (Puchtler et al., 1973). Meanwhile, most of the wet and dry bone sections were lost 

during the staining process but those that had remnants did not pick up the stain. This is possibly 

due to the complete charring of the sections, where sections appeared black, or the resulting change 

in ion composition, reflecting an inability to bind to the dye. Overall, we suggest that these 

inconsistencies in the bone SRFG staining may be because of the picrosirius red stain binds to 

amino acids (Montes et al., 1984; Montes and Junqueira, 1991) that may be part of peptides in 

denatured collagen, and which may also be present in non-collagenous proteins. This postulation 

is supported by a study where they also found Sirius Red staining proteins other than collagen 

(Puchtler et al., 1988; Nielsenl et al., 2009). Nielsen et al. (2009) suggested that the presence of 

molecules other than collagen should be considered when using picrosirius red for quantification 

of collagen. The histological finds of the present study highlight the importance of visualising the 

SRFG stain, without which quantification alone may overestimate the integrity of the collagen 

present. It is suggested that picrosirius red stain should not be used to quantify the amount of 

collagen since it is not specific enough, but other avenues sought to identify and validate collagen 

denaturation.  
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Chapter 5: Conclusion - limitations and findings  

This study used a controlled, closed-system setting to investigate the relationship between bone 

macroscopic and microscopic heat-induced changes on bones at different taphonomic conditions 

(fleshed, wet and dry) cremated at different temperatures (300°C, 400°C and 500°C).  

This study does not have immediate translational value in forensic anthropology; however, we 

have identified a definitive lack of studies on the effects of temperature on bone fracture patterns 

that present experimental data that is repeatable. Moreover, few studies have tested the underlying 

mechanisms that may be responsible for these fracture patterns. This study provided a controlled 

setting, using porcine bone, and demonstrated that macroscopic and microscopic heat-induced 

changes were related to one another as well as the taphonomic conditions and heating 

temperatures. The use of thermocouple data allowed the tracking of temperature changes during 

the cremation process. The data obtained suggests a protective role of soft tissue regarding heat 

transfer during bone burning and that the profile of heat-induced change may deviate, notably, 

based on the composition of cremated remains. Factors such as bone mineral composition, lipid 

and water content also have an effect on how heat is transferred which was seen as decreased 

damage suggestive of decreased heat transfer in fleshed bones. These postulations require further 

experimentation for validation. This study’s implications for cremain analysis and further research 

specifically relate to the awareness and understanding of the complex and understudied 

biomechanic and histochemical changes that bone undergoes during heating.  

5.1. Limitations  

The use of porcine bone is a limitation to translational studies due to differences in bone maturity, 

composition, morphology (macroscopic and microscopic) and locomotory behaviour. Pigs are 

artiodactyls walking on their distal phalanges while humans are plantigrades, weight bearing on 

their entire foot. The difference in locomotion affects the morphology of the bone and muscle 

attachments that likely lead to different arrangement of collagen. This will therefore affect how 

heat-induced changes in collagen may result in different types, and propagation of fractures. In 

addition, the presence of vascular canals and plexiform arrangement of bone might influence both 

micro-fracture and micro-fracture distribution throughout the bone, which might be different in 
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humans with primarily osteonic bone. Nevertheless, the present study has provided an avenue to 

understand fracture pattens and heat-induced changes by creating an experimental system that can 

later incorporate the use of human bone.  

While a muffle furnace allowed for definitive temperature control and the use of thermocouples to 

track temperature changes in the bone, a limitation for the study included it short-circuiting when 

cremating bones at higher temperatures thus making high temperature (600 and 800 °C) trials non-

viable. This furnace limitation led to a smaller experimental temperature range thus limiting the 

observation of heat-induced changes such as warping, colour, and fragmentation as some of these 

changes occur at a higher temperature (400°C and 500°C). Future studies could make use a larger 

well-insulated furnace that protects the heating elements from the samples. This will allow to 

increase the temperature range to study heat-induced changes in a closed system more holistically. 

Sampling cremated bone also proved challenging. During extraction of blocks from bones 

cremated at higher temperatures using a Dremel resulted in separation of cortical bone layers and 

damaged extracted blocks, making sampling inconsistent and thus led to caution on interpretation 

of microscopic data. Future studies should attempt extracting bone blocks using an EXACT 

diamond bladed saw, employ resin embedding and undecalcified bone sectioning to prevent tissue 

damage from tissue processing. Ensuring that the resin-embedded bone sections adhere 

appropriately to microscopic slides would allow to better observe histological changes occurring 

at higher temperatures. Lastly, since SRFG was found not specific enough to collagen, future 

studies should investigate alternative methods of studying collagen content and type distribution, 

by utilising, for example higher magnification microscopy that can visualise collagen fibrils (e.g., 

scanning electron microscopy, atomic force microscopy) or immunohistochemistry techniques. 

The repeatability results of both macrofracture and microfracture were affected by several factors 

including observer variability and fracture complexity. Despite the training provided, the observers 

were not experienced enough to accurately differentiate between each type of fracture which 

further became more interconnected and superimposed as the cremation temperature increased. 

Thus, hindering the ability to isolate and identify each fracture pattern. The study carried out a 

controlled cremation environment while forensic cases maybe be a result of uncontrolled 

environment which have higher temperatures and even more complex fractures. In addition, the 

irregular cutting of the distal end of the distal metaphysis could have contributed to being bias 
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during the assessment. It is suggested that future studies should focus more on classifying the rate 

at which fractures extend at different temperatures in different cremation conditions in a clear and 

concise manner. 

5.2. Findings  

From this study, the assessment of heat-induced changes such as colour change and fracturing 

(both macro and micro) can broadly provide baseline information in forensic anthropology or 

archaeology cases, in relation to soft tissue presence and cremation temperatures. This was seen 

by the presence of heat lines and heat borders on fleshed bones while the bone that was exposed 

to heat, as a result of tissue shrinkage and retraction at 400°C and 500°C, became completely 

charred. Meanwhile, the wet and dry bones that were not covered with soft tissue experienced 

these heat-induced changes (complete charring) at lower temperatures (300°C) as a result of 

dehydration and other process of diagenesis occurring at an earlier stage. This is further evidenced 

by the suggested protective effect of soft tissues identified at lower temperatures on most heat-

induced changes (colour, fracturing, fragmentation). At higher temperatures, however, the soft 

tissues and moisture were lost, as shown by the mass loss percentage being associated to heating 

temperature across all bones, irrespective of condition. Once lost, greater heat transfer into the 

bone was allowed and a higher extent of damage from temperatures of 400°C - 500 °C. Hence 

bones cremated a higher temperature, would likely display more extensive heat-induced damage 

and changes, irrespective of soft tissue presence, provided enough heat transfer over the time 

occurred. Yet bones with soft tissues and moisture may demonstrate some changes in heat-induced 

change patterns as certain processes occur at different times in the burning process.  

In addition, there were more macroscopic and microscopic fractures, with presence of 

carbonisation and less visibility of the tissue, on wet and dry bones compared to fleshed bones. An 

increase in fractures as temperature increased was also noted irrespective of bone taphonomic 

condition. Curvilinear fractures, although rare, were only seen on fleshed bones, on both muscle 

and non-muscle attachment site, suggesting that they are not dependent on the presence of soft 

tissue insertions as suggested in the scientific literature. Greater number of delamination and patina 

fractures at higher temperatures were found in all bone conditions. Transverse fractures and step 

fractures were not as prevalent. This is suggested to be due to the strong histological and structural 
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interface at the transverse plane, therefore resulting in fractures propagating through the 

longitudinal axis, as a less resistant path, potentially explaining the greater number of longitudinal 

fractures.  

The tensile strength and ductile properties of collagen have been associated with the macroscopic 

changes to withstand pressure from warping and fragmenting as seen in dry bones where there 

were no misaligned fragments across all cremation temperatures. Dehydration that led to loss of 

water associated with collagen molecules further resulted in shrinkage and loss in bone matrix 

integrity and thus decreased the bone’s ability to resist microstructural changes. The decreased 

ductility and increased fragility are suggested to be expected in cremated archaeological remains, 

if they were exposed to heat after significant viable collagen loss. Moreover, the presence of 

curvilinear fractures in fleshed bones supports the hypothesis of the preservation and gradual 

contraction of collagen; however, these were few and also found in association with sites that were 

not associated with enthesis, contrary to propositions by other studies. Moreover, in understanding 

the mechanisms of microstructural change, it has been identified in other studies that the breaking 

of the hydrogen bonds in collagen compromises its helical structure. In the present study, as the 

temperature increased and the complete chemical decomposition of collagen and other organic 

components occurred, visualisation of the bone histomorphology was negatively impacted. 

Moreover, while the SRFG stain under brightfield and polarised light microscopy showed collagen 

staining in positive controls (red), a significant amount of green was also evident, indicating 

staining of non-collagenous proteins. The decreased birefringence of the SRFG stain in higher 

temperature cremated samples is suggested to reflect the degradation of collagen. However, the 

birefringence while evident as more intense and larger areas of birefringence of greenish-yellow, 

and yellow-red colour as temperature increased, showed variation between samples. Given than 

non-collagenous proteins also birefringed green, the specificity of the SFRG stain in identifying 

collagen and collagen degradation remains to be established with additional techniques. Giving 

these concerns, the SFRG was not quantified using spectrophotometric analysis; however, it is 

suggested that both qualitative, spectrophotometric and other more targeted techniques to visualise 

and track collagen fibril degradation (such as scanning electron microscopy, atomic force 

microscopy or immunohistochemistry techniques to identify collagen and other bone matrix 

proteins), be explored to understand the mechanisms of collagen degradation on microstructural 

changes, and how these lead to macroscopic fractures. Such technical advances would permit a 
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greater understanding of heat-induced changes to bone that would ultimately assist in forensic 

anthropology.  
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Appendix A: Waiver from Animal Ethics Research Committee 

 

A1: Waiver for using commercial pig bones.  

 

 

   ANIMAL RESEARCH ETHICS COMMITTEE 

Registration number: AREC-101210-002 

 

 

Date: 04/11/2021  

 
Certificate reference: Waiver 04-11-2021-O 
Category: O 
Applicant: Thato Rathokane 

Department: School of Anatomy  
Tel: 011 717 2660; Email: 1689581@students.wits.ac.za 
 

Re: Waiver from the Animal Research Ethics Committee of the University of the 

Witwatersrand 

This letter is to confirm that Thato Rathokane, MSc (Med) #1689581 at the School of Anatomy 

under the supervision of Drs Nicholas Bacci, Tanya Augustine and Brendon Billings, does not 

require full Animal Research Ethics Committee clearance to undertake the work titled ‘Heat-

Induced Changes on Bone at Different Taphonomic Conditions’. 

Reason for waiver 

The project is using commercially available pig bones. 

Details of the study 

Lot of controversy exists around how heat-induced fracturing and warping is affected by different 
taphonomic conditions (fleshed, wet, or dry) of cremains and the amount of collagen present on bones. 
The aim of the study is to investigate the relationships between heat-induced macroscopic fractures, 
bone warping and histological alterations at different taphonomic conditions (fleshed, wet and dry 
bone) and temperatures. The study will make use of domestic pig (Sus scrofa domesticus) tibiae. The 
tibia is selected due to its availability at butchers, as well as similar size and histology than human tibia. 
A total of 81 bones (n = 81) with different taphonomic conditions will be exposed 30 or 60 min to heat 
(200 to 800°C). Micro and macroscopic changes will then be determined. 
 
The individuals covered by the waiver are Thato Rathokane and Drs Nicholas Bacci, Tanya Augustine 
and Brendon Billings. 
 
Please contact me should you require further information.   
 
Yours sincerely 

 
Ass Prof Frederic Michel 
Chair: Animal Research Ethics Committee 
University of the Witwatersrand 

mailto:1689581@students.wits.ac.za
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A2: Waiver for using dry pig skeletal remains.  

 

 

 

   ANIMAL RESEARCH ETHICS COMMITTEE 

Registration number: AREC-101210-002 

 

 

 

 

Date: 02/08/2022  

 
Certificate reference: Waiver 02-08-2022-O 
Category: O 
Applicant: Nicholas Bacci  

Department: School of Anatomical sciences (WITS) 

Tel: 011 717 2660; Email: nicholas.bacci@wits.ac.za 
 

Re: Waiver from the Animal Ethics Research Committee of the University of the 

Witwatersrand 

 

This letter is to confirm that Dr Nicholas Bacci (School of Anatomical Sciences), does 

not require full Animal Ethics Research Committee clearance to train his MSc 

candidate, Thato Rathokane - student #1689581, on the proposed bone histology 

methods. 

 

Reason for waiver 

The project is using historic pig skeletal material available from the School of 

Anatomical Sciences. 

 

Details of the study 

Bone samples will be sectioned into 3mm and 1mm blocks using Dremel rotary multi-tool 
(4000 Platinum) with cut-off wheels (n. 409). The 3mm bone block samples will be fixed in 
10% neutral buffered formalin (Layton et al., 2019) and decalcified using different acid 
decalcification solutions (3% and 5% nitric acid, and 10% formic acid). The decalcification 
endpoint will be checked using a handheld Nomad portable dental X-ray (Aribex Inc., East 
Orem, USA) by monitoring calcium pockets initially visible as opaque white portions in the X-
ray and when decalcification is complete, the bone will appear translucent. Only the preferred 
decalcifying solution will be used for the MSc study (Waiver No.: 04-11-2021-O). The samples 

mailto:nicholas.bacci@wits.ac.za
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will then undergo tissue processing (Thermo Scientific Citadel 2000) followed by embedding 
into paraffin wax (Tissue-Tek Console, Miles Scientific) to enable 5µm thin-sectioning using a 
rotary microtome (Leica RM2125 RTS).  The thin sectioned samples will be stained with a Sirius 
Red-Fast Green stain, which stains the collagenous protein red and non-collagenous protein 
green (Segnani et al., 2015). These stained sections will be firstly photographed using Zeiss 
Axioskop 2 plus with a Zeiss Axiocam 208 colour (Zen 2010) microscope. The stained sections 
will then be eluted using 1ml of 0.1N NaOH (sodium hydroxide) and absolute methanol 
solution for 20 minutes and transferred into a 96-well microplate for analysis using a 
spectrophotometer (Promega GloMax Explorer) (Houghton et al., 1996). The 
spectrophotometer will be used to record optical density at 540 nm and 600 nm wavelengths 
for collagen and non-collagenous proteins, respectively (Houghton et al., 1996). The 1mm 
blocks will be processed following Maat’s et al. (2001) ground bone sectioning method using 
distilled water and 220-grid waterproof carborundum paper to obtain bone thin sections. The 
thickness will be monitored using a light microscope until histological features are resolved 
(Maat et al, 2001; following modification by Bacci, 2016). The sections will then be rinsed in 
distilled water thrice and placed in fresh distilled water prior to mounting to prevent 
dehydration (Maat et al, 2001). Photomicrographs of the ground bone sections will then be 
taken and used for training on how to measure microscopic fractures (Brain, 1991; Bacci et 
al., 2021) and osteon dimensions (area, length, and diameter) (Horocholyn, 2013) using 
ImageJ (v 1.53m) (Schneider et al., 2012). 
 
The individuals covered by the waiver are Dr Nicholas Bacci and Thato Rathokane (School of 
Anatomical Sciences, WITS).  
 
Please contact me should you require further information.   
 
Yours sincerely 
 

 
Prof Frederic Michel 
Chair: Animal Research Ethics Committee 
University of the Witwatersrand 



A p p e n d i c e s  | 103 

 

 

 

APPENDICES B: Solutions 

 

B1: Solution Constitution 

 

10% Neutral Buffered Formalin Fixative Solution 

The following recipe was taken from Bancroft’s Theory and Practice of Histological Techniques 

8th edition by Suvarna, S. K., Layton, C. and Bancroft, J. D. (2019): 

For a 1-liter solution: 

• 100 ml formaldehyde (40%) 

• 900 ml distilled water 

• 4g sodium phosphate, monohydrate, monobasic (Sodium dihydrogen orthophosphate ~ 

NaH2PO4) 

• 6.5g sodium phosphate, dibasic, anhydrous (di-Sodium hydrogen orthophosphate ~ 

Na2HPO4) 

 

Making Decalcification Solutions 

The recipe for 100 ml solutions were taken from Theory and Practice of Histology Techniques by 

Bancroft, J., Stevens, D. and MRC Path, A. 2nd edition (1982): 

1. 3% Nitric Acid 

• Nitric acid       3ml 

• Distilled water       97ml 

2. 5% Nitric Acid 

• Nitric acid       5ml 

• Distilled water       95ml 

3. 10% Formic Acid 

• 90% Formic acid      10ml 

• Distilled water       90ml 

4. 10% Formic Citric Acid 

• 20% aqueous solution of trisodium citrate   65ml 

• 90% Formic acid      35ml 
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B2: Coating and Staining Solution  

 

Coating slides with 3% 3-aminopropyltriethoxysilane (APES) in acetone  

• Put microscopic slides in glass staining rack in a glass staining dish with 3% 3-

aminopropyltriethoxysilane (APES) (6 ml) and 194 ml of acetone for 30 minutes. 

• Dip slides 10 times in 200 ml acetone (repeat in a second clean dish of acetone) 

• Dip slides 10 times in dish with distilled water. 

• Let slides dry overnight and store in incubator (38 °C) for 2 days. 

Hematoxylin and Eosin Stain for Bone  

Hydration 

1. Dewax in xylene for 10 minutes x 2 

2. Immerse in 100% ethanol for 1 minute x 2 

3. Immerse in 95% ethanol for 1 minute 

4. Immerse in 70% ethanol for 1 minute 

5. Wash in water for 1 minute 

Nuclear Staining 

1. Stain with Meyer’s haematoxylin for 10 minutes 

2. Wash in running tap water for 5 minutes 

3. Differentiate in 1% acid alcohol (2 dips) 

4. Wash in running tap water for 5 minutes 

5. Stain in Scott’s tap water for 5 minutes 

6. Wash in running tap water for 5 minutes 

Cytoplasm Staining 

1. Stain in Eosin for 2 minutes 

2. Rinse in tap water 

Dehydration and Mounting 

1. Immerse in 70% ethanol for 1 minute 

2. Immerse in 95% ethanol for 1 minute 

3. Immerse in 100% ethanol for 1 minute x 2 

4. Immerse in xylene for 10 minutes x 2  

5. Mount in Entellan 

Results 

Nuclei: Blue 
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Muscle fibers: deep pink-red 

Cytoplasm: Varying shades of pink 

 

Sirius Red-Fast Green Staining  

After mounting, drying and incubating the slides, the following procedure from Houghton et al. 

(1996) will be done to stain the slides with Sirius Red-Fast Green dye: 

All steps are done by moving slides in a metal slide rack through staining dishes filled with 

respective solutions for the time specified: 

1. Deparaffinized slides:  

Xylene 15 minutes  

Xylene 15 minutes 

Hydrate slides  

2. Hydrate slides: 

100% Ethanol 6 minutes  

100% Ethanol 6 minutes  

 95% Ethanol 6 minutes 

 95% Ethanol 6 minutes  

 70% Ethanol 6 minutes  

 Tap water 6 minutes 

Distilled water 1 minute 

3. Stain slides with Sirius red and fast green dye mixture for 2 hours. 

4. Wash slides with fresh water for each rack of slides: 

Distilled water 15 minutes  

Distilled water 15 minutes  

  Distilled water 15 minutes 

5. Let slides dry at room temperature overnight.  
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Appendix C: Ground Bone Sectioning and other methods (Maat et al, 2001; Bacci, 2016) 

For preparation of ground bone sections of 1 mm blocks. Vaseline was applied on the back of the 

sandpaper then stuck to the glass sab so that it is stable during the ground bone sectioning. A drop 

of water was applied on the grid paper then ground down using index and middle finger. Once the 

section was thin and smooth, the Frost’s gripping device was applied.  Frost’s gripping device is 

the section holder where a slip of fresh abrasive paper was folded, with its abrasive side outward, 

transversally across the central part of one side of a glass microscope slide. The two free ends of 

the slip were used to hold both the glass slide and abrasive paper tight during the grinding. This 

was done by putting the index finger in between the free ends on the center of the glass slide, and 

by positioning the thumb and middle finger of the same hand on the outward side of the same ends. 

Monitoring the visibility of microscopic structure under the microscope was done often to avoid 

destruction of the section. Once the light was passing through the section under the microscope 

and all the microscopic structures were clearly visible, then the sectioning was complete. 

 For the delicate bones burnt from 300°C-500°C, one side of the block was ground down on 220 

grid paper until the section was flat then block was rinsed with sunlight liquid detergent and left 

to dry.  The smooth side of the block was then placed onto a drop or two of Alcolin super glue that 

had been applied to a glass slide. The glue was permitted dry for 2 hours, with weight on its flat 

smooth side down directly on top of it. When sectioning, the microscopic slide was used as the 

holder to grind the section. Rotation movement was done by moistening the index and middle 

fingers with water and place them onto the centre of the glass slide to hold down the slide. The 

sectioned was also monitored under the microscope until microstructures were visible.  
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Appendix D: Optimisation Results 

D1: Table showing the number of fractures and the fracture type from the bones cremated. 

Tibial 

Bone 

Condition 

Number 

of 

cremation 

trials 

Temperature 

(C°) 

Fracture Types 

   Longitudinal Transverse Step Curvilinear Delamination Patina Total 

Fleshed 1 200 0 0 0 0 0 0 0 
0 400 0 0 0 0 0 0 0 
1 500 3 0 0 0 0 2 5 
2 600 15 3 3 0 5 11 37 
1 800 0 0 0 0 0 0 0 

Wet 1 200 0 0 0 0 0 0 0 
1 400 2 1 0 0 0 2 5 
1 500 2 2 2 2 0 15 23 
4 600 16 11 9 2 22 46 106 
1 800 2 3 0 0 0 11 16 

Dry 1 400 2 1 1 0 0 0 4 

0 500 0 0 0 0 0 0 0 

1 600 2 1 0 0 0 8 11 

0 800 0 0 0 0 0 0 0 

Total 15 - - - - - - - - 

 

 

Appendix D2: Heat-induced colour change and fragmentation 

D2.1: Table showing the level of heat-induced colour change across different bone condition 

cremated at different conditions. 

 

 

Heat-induced colours  Bone Condition 

Temperature °C 

Total 200 400 500 600 800 

Beige Fleshed 1 0 0 0 0 1 

Wet 1 0 0 0 0 1 

Heat line and heat borders with partial charring Fleshed 0 0 1 0 0 1 

Completely charred  Fleshed 0 0 0 2 0 2 

Wet 0 1 0 2 0 3 

Less than half calcined and rest charred Dry 0 1 0 0 0 1 

Fleshed 0 0 0 0 1 1 

Wet 0 0 1 1 0 2 

More than half calcined and rest charred Dry 0 0 0 1 0 1 

Wet 0 0 0 1 1 2 

Total 2 2 2 7 2 15 
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D2.2: Table showing the heat-induced fragmentation on bones cremated at different 

temperatures. 

 

D3: Thermocouple temperature graphs from optimisation 

 
Figure D3: Graphs showing the cremation temperatures of bone samples for 30 minutes at different maximum 

temperatures.  

A) The cremation trials of bones at different taphonomic conditions cremated at a maximum temperature of 500°C. The 

graph shows +/- 5°C error that could have been recorded by the thermocouple. B) shows the burning trial of wet and 

fleshed bones cremated at 800°C while the furnace was short circuiting. 

 

 

 

 

 

Fragments Alignment Bone Condition 

Temperature (C°) 

Total 200 400 500 600 800 

No fragments Dry 0 1 0 1 0 2 

Fleshed 1 0 1 0 0 2 

Wet 1 1 1 3 0 6 

Fragments are present and aligned Wet 0 0 0 1 0 1 

Fragments are present and partially aligned Fleshed 0 0 0 2 0 2 

Wet 0 0 0 0 1 1 

Fragments are present and do not align Fleshed 0 0 0 0 1 1 

Total 2 2 2 7 2 15 
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D4: Decalcification graph 

 
Figure D4: Decalcification time in relation to acid decalcification solutions and successful embedding of 

blocks. 

Image showing the frequency at which bone blocks were successfully embedded (grey), turned into powder during 

decalcification (black) or tissue processing (pattern) based on the different decalcification solutions (10% FA, 5% 

NA and 3% NA) they were treated with. 
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Experimental Results Appendix 

Appendix E: Thermocouples temperature graph 

 

 

Figure E1: Graphs showing the cremation temperatures of the bone samples, furnace, and the ambient temperature during 

cremation for 30 minutes at different maximum temperatures.  

 

A) Representative graph of a cremation trial of a wet bone at a maximum temperature of 300°C, 400°C and 500°C. B) Representative 

graph of cremation trials of fleshed, wet and cremated at a maximum temperature of 500°C. 

 

 

 

Appendix F: Heat-induced colour change and fragmentation. 

 

F1: Heat-induced colour change. 

 

F1.1: Frequencies of bones with each heat-induced colour change in relation to cremation 

temperature 

 

 

 

 

 

 

 

 

 

Colour 

Temperature (°C) 

Total 25 300 400 500 

Beige 6 0 0 0 6 

Heat lines and heat borders with partial charring 0 3 3 3 9 

More than half charred and rest beige 0 3  0 0 3 

Completely charred 0 3 0 0 3 

Less than half calcined and rest charred 0 0 3 3 6 

More than half calcined and rest charred 0 0 3 3 6 

Total 6 9 9 9 33 
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F1.2: Table showing Fisher-Freeman-Halton Exact test results of heat-induced colour in 

relation to temperature. 

 Value Exact p-value (2-sided) 

Fisher-Freeman-Halton Exact Test 34.929 < 0.001 

N of Valid Cases 33  

 

F1.3: Table showing pairwise Fisher’s Exact test of heat-induced colour in relation to 

temperature. 

Temperature Pairwise Fisher’s Exact test (Bonferroni corrected) * 

25 - 300 P < 0.001* 

25 - 400 P < 0.001* 

25 - 500 P < 0.001* 

300 - 400 P = 0.016 

300 - 500 P = 0.016 

400 -500 P = 1.000 
*Significant values based on the Bonferroni adjusted alpha of p = 0.0083 

F1.4: Frequencies of bones with each heat -induced colour change in relation to bone 

condition. 

Colour Taphonomic Condition Total 

Fleshed Wet Dry Wet control Dry control 

Beige 0 0 0 3 3 6 

Heat lines and heat borders with partial charring 9 0 0 0 0 9 

More than half charred and rest beige 0 3 0 0 0 3 

Completely charred 0 0 3 0 0 3 

Less than half calcined and rest charred 0 6 0 0 0 6 

More than half calcined and rest charred 0 0 6 0 0 6 

Total 9 9 9 3 3 33 

F1.5: Table showing Chi-squared test of heat-induced colour in relation to bone condition. 

 Value Exact Sig. (2-sided) 

Fisher-Freeman-Halton Exact Test 61.757 < 0.001 

N of Valid Cases 33  

F 1.6: Table showing pairwise Fisher’s Exact test of heat-induced colour in relation to bone 

condition. 

 Colour Pairwise Fisher’s Exact test (Bonferroni corrected alpha = 0.005) 

Wet Control – Dry Control . 1 

Wet Control - Wet P = 0.005  

Wet Control - Fleshed P = 0.009  

Wet Control - Dry P = 0.009  

Dry Control - Wet P = 0.005  

Dry Control - Fleshed P = 0.009  

Dry Control - Dry P = 0.009  

Wet - Fleshed P < 0.001* 

Wet - Dry P < 0.001* 

Fleshed- Dry P < 0.001* 
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1 - There was no statistical outcome on SPSS 

*Significant values based on the adjusted alpha of p = 0.005 

 

F1.7: Frequencies of bones with each heat -induced colour change cross tabulation in 

relation to both colour and temperature. 

 

Taphonomic Condition  

Fleshed Wet Dry Wet control Dry control 

25 300 400 500 25 300 400 500 25 300 400 500 25 300 400 500 25 300 400 500 

Beige 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 3 0 0 0 

Heat lines 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Heat lines and heat borders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Heat lines and heat borders with partial charring 0 3 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Less than half charred and rest beige 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

More than half charred and rest beige 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Completely charred 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 

Less than half calcined and rest charred 0 0 0 0 0 0 3 3 0 0 0 0 0 0 0 0 0 0 0 0 

More than half calcined and rest charred 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 0 0 0 

Completely calcined 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

F1.8: Table showing pairwise Fisher’s Exact test of heat-induced colour in relation to 

taphonomic condition and temperature. 

Test Significance Test Significance Test Significance 

Wet Control – Dry Control . 1 Wet 300°C – Wet 400°C P = 0.100 Wet 500°C – Dry 400°C P = 0.100 

Wet Control – Wet 300°C P = 0.100 Wet 300°C – Wet 500°C P = 0.100 Wet 500°C – Dry 500°C P = 0.100 

Wet Control – Wet 400°C P = 0.100 Wet 300°C – Fleshed 

300°C 

P = 0.100 Fleshed 300°C - Fleshed 

400°C 

. 1 

Wet Control – Wet 500°C P = 0.100 Wet 300°C – Fleshed 

400°C 

P = 0.100 Fleshed 300°C - Fleshed 

500°C 

. 1 

Wet Control – Fleshed 

300°C 

P = 0.100 Wet 300°C – Fleshed 

500°C 

P = 0.100 Fleshed 300°C – Dry 300°C P = 0.100 

Wet Control – Fleshed 

400°C 

P = 0.100 Wet 300°C – Dry 300°C P = 0.100 Fleshed 300°C – Dry 400°C P = 0.100 

Wet Control – Fleshed 

500°C 

P = 0.100 Wet 300°C – Dry 400°C P = 0.100 Fleshed 300°C – Dry 500°C P = 0.100 

Wet Control – Dry 300°C P = 0.100 Wet 300°C – Dry 500°C P = 0.100 Fleshed 400°C - Fleshed 

500°C 

. 1 

Wet Control – Dry 400°C P = 0.100 Wet 400°C - Wet 500°C . 1 Fleshed 400°C - Dry 300°C P = 0.100 

Wet Control – Dry 500°C P = 0.100 Wet 400°C - Fleshed 
300°C 

P = 0.100 Fleshed 400°C - Dry 400°C P = 0.100 

Dry Control - Wet 300°C P = 0.100 Wet 400°C - Fleshed 

400°C 

P = 0.100 Fleshed 400°C - Dry 500°C P = 0.100 

Dry Control - Wet 400°C P = 0.100 Wet 400°C - Fleshed 
500°C 

P = 0.100 Fleshed 500°C - Dry 300°C P = 0.100 

Dry Control - Wet 500°C P = 0.100 Wet 400°C – Dry 300°C P = 0.100 Fleshed 500°C - Dry 400°C P = 0.100 

Dry Control - Fleshed 

300°C 

P = 0.100 Wet 400°C – Dry 400°C P = 0.100 Fleshed 500°C - Dry 500°C P = 0.100 

Dry Control - Fleshed 
400°C 

P = 0.100 Wet 400°C – Dry 500°C P = 0.100 Dry 300°C - Dry 400°C P = 0.100 

Dry Control - Fleshed 

500°C 

P = 0.100 Wet 500°C – Fleshed 

300°C 

P = 0.100 Dry 300°C - Dry 500°C P = 0.100 

Dry Control - Dry 300°C P = 0.100 Wet 500°C – Fleshed 

400°C 

P = 0.100 Dry 400°C - Dry 500°C . 1 

Dry Control - Dry 400°C P = 0.100 Wet 500°C – Fleshed 

500°C 

P = 0.100   

Dry Control - Dry 500°C P = 0.100 Wet 500°C – Dry 300°C P = 0.100   

1 – There was no statistical outcome on SPSS 
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F2: Heat-induced fragmentation 

F2.1: Frequencies of bones with each heat -induced fragmentation cross tabulation in 

relation to temperature 

 

 

Temperature 

Total 25 300 400 500 

No fragments     6 9 7 6 28 

Fragments align 0 0 1 1 2 

Fragments align partially 0 0 1 0 1 

Fragments do not align 0 0 0 2 2 

Total 6 9 9 9 33 

 

F2.2: Table showing Chi-squared test of heat-induced fragmentation in relation to 

temperature. 

 Value Exact Sig. (2-sided) 

Fisher-Freeman-Halton Exact Test 8.546 0.339 

N of Valid Cases 33  

 

F2.3: Table showing paired-wise Fisher’s Exact test of heat-induced fragmentation in 

relation to temperature. 

Fragmentation Paired-wise Fisher’s Exact test1  

25 - 300 . 2 

25 - 400 p = 1.000 

25 - 500 p = 0.486 

300 - 400 p = 0.471 

300 - 500 p = 0.206 

400 -500 p = 0.718 

1 – The adjusted alpha from the paired-wise Fisher’s Exact test p = 0.0083 

2 - There was no statistical outcome on SPSS 

F2.4: Frequencies of bones with each heat -induced fragmentation cross tabulation in 

relation to bone condition 

 

Condition Code 

Total Fleshed Wet Dry Wet control Dry control 

No fragments 6 7 9 3 3 28 

Fragments align 1 1 0 0 0 2 

Fragments align partially 0 1 0 0 0 1 

Fragments do not align 2 0 0 0 0 2 

Total 9 9 9 3 3 33 

 

F2.5: Table showing Chi-squared test of heat-induced fragmentation in relation to bone 

condition. 

 Value Exact Sig. (2-sided) 

Fisher-Freeman-Halton Exact Test 11.083 0.746 

N of Valid Cases 33  
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F2.6: Table showing pairwise Fisher’s Exact test of heat-induced fragmentation in relation 

to bone condition. 

 Fragmentation Paired-wise Fisher’s Exact test 1 (sign p = 0.005) 

Wet Control – Dry Control . 2 

Wet Control - Wet P = 1.000 

Wet Control - Fleshed P = 1.000 

Wet Control - Dry . 2 

Dry Control - Wet P = 1.000 

Dry Control - Fleshed P = 1.000 

Dry Control - Dry . 2 

Wet - Fleshed P = 0.718 

Wet - Dry P = 0.206 

Fleshed- Dry P = 0.471 
1 – The adjusted alpha from the paired-wise Fisher’s Exact test p = 0.005 

2 - There was no statistical outcome on SPSS 

 

F2.7: Frequencies of bones with each heat -induced fragmentation cross tabulation in 

relation to temperature and bone condition. 

 

Condition Code 

Fleshed Wet Dry Wet control Dry control 

25 300 400 500 25 300 400 500 25 300 400 500 25 300 400 500 25 300 400 500 

No fragments 0 3 2 1 0 3 2 2 0 3 3 3 3 0 0 0 3 0 0 0 

Fragments align 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Fragments align partially 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fragments do not align 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

 

F2.8: Table showing paired-wise Fisher’s Exact test of heat-induced fragmentation in 

relation to temperature and bone condition. 

 
Test Significance Test Significance Test Significance 

Wet Control – Dry Control . Wet 300°C – Wet 400°C P = 1.000 Wet 500°C – Dry 400°C  

Wet Control – Wet 300°C . Wet 300°C – Wet 500°C P = 1.000 Wet 500°C – Dry 500°C  

Wet Control – Wet 400°C P = 1.000 Wet 300°C – Fleshed 300°C . Fleshed 300°C - Fleshed 400°C P = 1.000 

Wet Control – Wet 500°C P = 1.000 Wet 300°C – Fleshed 400°C P = 1.000 Fleshed 300°C - Fleshed 500°C P = 0.400 

Wet Control – Fleshed 300°C . Wet 300°C – Fleshed 500°C P = 0.400 Fleshed 300°C – Dry 300°C . 

Wet Control – Fleshed 400°C P = 1.000 Wet 300°C – Dry 300°C . Fleshed 300°C – Dry 400°C . 

Wet Control – Fleshed 500°C P = 0.400 Wet 300°C – Dry 400°C . Fleshed 300°C – Dry 500°C . 

Wet Control – Dry 300°C . Wet 300°C – Dry 500°C . Fleshed 400°C - Fleshed 500°C P = 0.400 

Wet Control – Dry 400°C . Wet 400°C - Wet 500°C P = 1.000 Fleshed 400°C - Dry 300°C P = 1.000 

Wet Control – Dry 500°C . Wet 400°C - Fleshed 300°C P = 1.000 Fleshed 400°C - Dry 400°C P = 1.000 

Dry Control - Wet 300°C . Wet 400°C - Fleshed 400°C P = 1.000 Fleshed 400°C - Dry 500°C P = 1.000 

Dry Control - Wet 400°C P = 1.000 Wet 400°C - Fleshed 500°C P = 0.400 Fleshed 500°C - Dry 300°C P = 0.400 

Dry Control - Wet 500°C P = 1.000 Wet 400°C – Dry 300°C P = 1.000 Fleshed 500°C - Dry 400°C P = 0.400 

Dry Control - Fleshed 300°C . Wet 400°C – Dry 400°C P = 1.000 Fleshed 500°C - Dry 500°C P = 0.400 

Dry Control - Fleshed 400°C P = 1.000 Wet 400°C – Dry 500°C P = 1.000 Dry 300°C - Dry 400°C . 

Dry Control - Fleshed 500°C P = 0.400 Wet 500°C – Fleshed 300°C P = 1.000 Dry 300°C - Dry 500°C . 

Dry Control - Dry 300°C . Wet 500°C – Fleshed 400°C P = 1.000 Dry 400°C - Dry 500°C . 

Dry Control - Dry 400°C . Wet 500°C – Fleshed 500°C P = 0.400   

Dry Control - Dry 500°C . Wet 500°C – Dry 300°C    

1 – There was no statistical outcome on SPSS 
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Appendix G: Heat-induced mass loss  

 

G1: Pre- and post-cremation mass 

 

                                        Wilcoxon Signed Ranks test 
 N Mean Rank Sum of Ranks 

Post-Cremation Mass - Pre-

Cremation Mass 

Negative Ranks 

Positive Ranks 

Ties 

Total 

27 

0 

6 

33 

14.00 

0.00 

378.00 

0.00 

 

 
Wilcoxon Signed Ranks Test Statistics 

 

Post-Cremation Mass - 

Pre-Cremation Mass 

Z 

Asymp. Sig. (2-tailed) 

-4.542 

p < 0.001 

G2: Mass loss percentage in relation to temperature 

 
ANOVA 

Mass Loss Percentage   

 Sum of Squares df Mean Square F Sig. 

Between Groups 

Within Groups 

Total 

4477.724 

7348.761 

11826.485 

2 

24 

26 

2238.862 

306.198 

7.312 0.003 

 

 
Multiple Comparisons 

Dependent Variable:   Mass Loss Percentage   

 

(I) Temperature (J) Temperature 

Mean 

Difference (I-

J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Bonferroni 300 400 -11.07506 8.24888 0.576 -32.3047 10.1546 

500 -31.11671* 8.24888 0.003 * -52.3464 -9.8870 

400 300 11.07506 8.24888 0.576 -10.1546 32.3047 

500 -20.04166 8.24888 0.069 -41.2713 1.1880 

500 300 31.11671* 8.24888 0.003 * 9.8870 52.3464 

400 20.04166 8.24888 0.069 -1.1880 41.2713 
*-Significant values based on adjusted alpha 

G3: Mass loss percentage in relation to bone condition 

 
ANOVA 

Mass Loss Percentage   

 Sum of Squares df Mean Square F Sig. 

Between Groups 

Within Groups 

Total 

1018.294 

10808.191 

11826.485 

2 

24 

26 

509.147 

450.341 

1.131 0.339 
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G4: Mass loss percentage in relation to temperature and bone condition 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Adj. p-valuea 

Fleshed 400-Dry 300 .167 6.480 .026 1.000 

Fleshed 400-Fleshed 300 1.000 6.480 .154 1.000 

Fleshed 400-Wet 300 5.000 6.480 .772 1.000 

Fleshed 400-Dry 400 -5.667 6.480 -.875 1.000 

Fleshed 400-Dry 500 -10.500 6.480 -1.620 1.000 

Fleshed 400-Wet 500 -12.333 6.480 -1.903 1.000 

Fleshed 400-Wet 400 14.667 6.480 2.263 0.850 

Fleshed 400-Fleshed 500 -19.667 6.480 -3.035 0.087 

Dry 300-Fleshed 300 .833 6.480 .129 1.000 

Dry 300-Wet 300 4.833 6.480 .746 1.000 

Dry 300-Dry 400 -5.500 6.480 -.849 1.000 

Dry 300-Dry 500 -10.333 6.480 -1.595 1.000 

Dry 300-Wet 500 -12.167 6.480 -1.878 1.000 

Dry 300-Wet 400 -14.500 6.480 -2.238 0.909 

Dry 300-Fleshed 500 -19.500 6.480 -3.009 0.094 

Fleshed 300-Wet 300 4.000 6.480 .617 1.000 

Fleshed 300-Dry 400 -4.667 6.480 -.720 1.000 

Fleshed 300-Dry 500 -9.500 6.480 -1.466 1.000 

Fleshed 300-Wet 500 -11.333 6.480 -1.749 1.000 

Fleshed 300-Wet 400 -13.667 6.480 -2.109 1.000 

Fleshed 300-Fleshed 500 -18.667 6.480 -2.881 0.143 

Wet 300-Dry 400 -.667 6.480 -.103 1.000 

Wet 300-Dry 500 -5.500 6.480 -.849 1.000 

Wet 300-Wet 500 -7.333 6.480 -1.132 1.000 

Wet 300-Wet 400 -9.667 6.480 -1.492 1.000 

Wet 300-Fleshed 500 -14.667 6.480 -2.263 0.850 

Dry 400-Dry 500 -4.833 6.480 -.746 1.000 

Dry 400-Wet 500 -6.667 6.480 -1.029 1.000 

Dry 400-Wet 400 9.000 6.480 1.389 1.000 

Dry 400-Fleshed 500 -14.000 6.480 -2.161 1.000 

Dry 500-Wet 500 1.833 6.480 .283 1.000 

Dry 500-Wet 400 4.167 6.480 .643 1.000 

Dry 500-Fleshed 500 9.167 6.480 1.415 1.000 

Wet 500-Wet 400 2.333 6.480 .360 1.000 

Wet 500-Fleshed 500 -7.333 6.480 -1.132 1.000 

Wet 400-Fleshed 500 -5.000 6.480 -.772 1.000 

 

 

Appendix H: Heat-induced macro-fracturing 

 

H1: Inter- and intra-observer intra-class correlation coefficient test results. 

 ICC Test 95% Confidence Interval 

  ICC Sig. Lower 
Bound 

Upper 
Bound 

Inter-
observer 

Colour change 0.783 <0.001 0.130 0.973 

Total number of fractures per bone 0.555 <0.001 0.108 0.853 
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Number of fracture types present per bone 0.517 <0.001 0.353 0.660 

Number of fractures present on each location 0.4801 <0.001 0.222 0.681 

Intra-
observer 

Colour change 0.978 <0.001 0.740 0.977 

Total number of fractures per bone 0.839 <0.001 0.605 0.953 

Number of fracture types present per bone 0.757 <0.001 0.657 0.837 

Number of fractures present on each location 0.749 <0.001 0.619 0.848 

1-The ICC value less than 0.5 indicating that it is less than a good repeatability value. 

 

H2: Total number of macrofractures in relation to temperature 

 
Kruskal Wallis Test Statistics 

 Total Number of Fractures 

Kruskal-Wallis H 23.023 

df 3 

Asymp. Sig. p < 0.001 

 

Mann Whitney U Post Hoc Test Pairwise Comparisons of Temperature (C°) 1  

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Adj. Sig 

25-300 -7.167 5.033 -1.424 0.927 

25-400 -14.444 5.033 -2.870 0.025* 

25-500 -22.389 5.033 -4.449 0.000* 

300-400 -7.278 4.502 -1.617 0.636 

300-500 -15.222 4.502 -3.382 0.004* 

400-500 -7.944 4.502 -1.765 0.466 
1-The adjusted alpha based on Mann Whitney U Post Hoc test pairwise p = 0.050 

*-Significant value based on the adjusted alpha 

 

 

H3: Total number of macrofractures in relation to bone condition 

 
ANOVA 

Total Number of Fractures   

 Sum of Squares df Mean Square F Sig. 

Between Groups 1163.616 4 290.904 8.516 p < 0.001 

Within Groups 956.444 28 34.159   

Total 2120.061 32    

 

Post Hoc Multiple Comparisons Test 1 
Dependent Variable:   Total Number of Fractures   

 (I) Bone 

Condition 

(J) Bone 

Condition 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

Bonferroni Fleshed Wet -6.000 2.755 0.380 -14.39 2.39 

Dry -10.111 2.755 0.010 * -18.51 -1.72 

Wet Control 6.556 3.896 1.000 -5.32 18.43 

Dry Control 6.556 3.896 1.000 -5.32 18.43 

Wet Fleshed 6.000 2.755 0.380 -2.39 14.39 

Dry -4.111 2.755 1.000 -12.51 4.28 

Wet Control 12.556 3.896 0.032 * 0.68 24.43 

Dry Control 12.556 3.896 0.032 * .68 24.43 

Dry Fleshed 10.111 2.755 0.010 * 1.72 18.51 

Wet 4.111 2.755 1.000 -4.28 12.51 
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Wet Control 16.667 3.896 0.002 * 4.79 28.54 

Dry Control 16.667 3.896 0.002 * 4.79 28.54 

Wet 

Control 

Fleshed -6.556 3.896 1.000 -18.43 5.32 

Wet -12.556 3.896 0.032 * -24.43 -0.68 

Dry -16.667 3.896 0.002 * -28.54 -4.79 

Dry Control 0.000 4.772 1.000 -14.54 14.54 

Dry 

Control 

Fleshed -6.556 3.896 1.000 -18.43 5.32 

Wet -12.556 3.896 0.032 * -24.43 -0.68 

Dry -16.667 3.896 0.002 * -28.54 -4.79 

Wet Control 0.000 4.772 1.000 -14.54 14.54 
1-The adjusted alpha based on Bonferroni Correction post hoc p = 0.050 

*-Significant values based on adjusted alpha 

 

Appendix I: Experimental microfracture 

 

I1: Microfracture Intra-observer repeatability  

 
Overall Agreement 

 Kappa 

Asymptotic 

Asymptotic 95% Confidence 

Interval 

Standard Error z Sig. Lower Bound Upper Bound 

Overall Agreement 0.685 0.107 6.407 <0.001 0.475 0.894 

 

I2: Micro-fracture Inter-observer repeatability  

 
Overall Agreement 

 Kappa 

Asymptotic 

Asymptotic 95% Confidence 

Interval 

Standard Error z Sig. Lower Bound Upper Bound 

Overall Agreement 0.541  0.108 4.992 <0.001 0.329 0.754 

 

I3: Repeatability test for total number of micro-fractures based on definitions adapted 

from Bacci et al., 2021. 

 Tests ICC Test 95% Confidence Interval 

ICC Sig. Lower Bound Upper Bound 

Inter-
observer 

Trial 1-Trial 2 0.703 < 0.001 0.588 0.790 

Trial 1-Trial 3 0.745 < 0.001 0.643 0.821 

Trial 2-Trial 3 0.721 < 0.001 0.612 0.803 

Intra-
observer 

Observer 1- Observer 2 0.259 0.002 0.073 0.429 

Observer 1- Observer 3 -0.002 0.509 -0.144 0.154 

Observer 2- Observer 3 0.013 0.431 -0.121 0.161 
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