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EXPERIMENTAL STUDY OF WHITE HEAT LINE FORMATION IN BURNED 

BONE USING FOURIER TRANSFORM INFRARED SPECTROSCOPY 

MEGAN ANNE GOUGH 

ABSTRACT 

In the anthropological analysis of burned bone, the presence of a white heat line 

aids in determining a bone’s physical condition prior to burning, distinguishing between 

those burned fleshed or wet versus dry.  However, while the relationship between this 

thermal signature and a bone’s physical condition has been studied, there is a lack of 

research concerning the chemical composition of white heat lines. 

The present study assessed the composition of white heat lines that form on 

burned bone using Fourier transform infrared spectroscopy (FTIR) with the potassium 

bromide (KBr) pellet method.  The present study examined the effects of soft tissue and 

the retention of bone’s organic material, including naturally-occurring grease and water, 

on the development and appearance of a white heat line.  Experimental remains consisted 

of isolated long bones from white-tailed deer (Odocoileus virginianus), elk (Cervus 

canadensis), sheep (Ovis aries), and pig (Sus scrofa) in five physical conditions – fleshed 

(fresh bones with adhering soft tissue), very wet (recently defleshed bone, greasy), 

partially wet (defleshed, slight grease retention), dry (defleshed, naturally degreased), and 

soaked (formerly dry bone immersed in water).  These bones were burned over a wood 

fire made within a 55-gallon drum. 

After a visual analysis to evaluate white heat line formation, chemical 

composition was analyzed by determining spectral peak heights of the carbonate (CO3) 
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ν3 (1415 cm-1), phosphate (PO4) ν3 (1035 cm-1), and amide I (1660 cm-1) vibrational 

bands.  These thermal signatures appear to form superficially, measuring approximately 

1.5 mm in depth.  Results indicate that white heat lines that formed on fleshed bone 

contain an increased amount of CO3, PO4, and amide I in comparison to their unburned 

controls, while those that formed on very wet bone contain decreased amounts instead. 

These findings further our knowledge of how fire modifies physical remains and 

the effect that bone’s physical condition prior to burning has on the development of a 

white heat line and the resulting compositional changes.  In order to build upon the 

results gained from the present study, continuing research is needed to investigate 

compositional differences between white heat lines that form on fleshed versus very wet 

bone and to assess bone’s fat content as a possible contributing factor.  Additional FTIR 

research is needed to assess the other vibrational bands of CO3, PO4, and amide that are 

present in bone. 
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CHAPTER 1:  INTRODUCTION 

 

Forensic anthropologists often must interpret the sequence of events from the time 

of death until the discovery of skeletal remains (Ellingham et al, 2015; Keough 2013; 

Keough et al., 2015; Ubelaker 2009).  The presence of burned bone poses additional 

concerns, raising questions as to the timing of the burning event and the physical 

condition of the body prior to burning.  Analyzing burned remains is a complicated 

process, for fire is a destructive force that can damage, alter, or destroy physical remains 

and the associated evidence (Dirkmaat et al., 2012; Fairgrieve 2008; Symes et al., 

2008a).  For bodies exposed to fire and heat, the resulting modifications are diverse and 

extensive (Bohnert et al., 1998; Christensen 2002; Pope 2007; Pope and Smith 2004; 

Porta et al., 2013).  Burned bone may become heavily fractured, fragile, and discolored, 

making it difficult to distinguish, and subsequently recover, human remains from other 

burned, nonhuman items (Ubelaker 2009).  Once recovered, reconstruction and 

interpretation of skeletal remains may be problematic due to compound changes in the 

burned bones’ structure, color, and overall size in comparison to their thermally unaltered 

form. 

A variety of events can result in thermally altered remains, including 

transportation accidents, attempts to conceal criminal activity, accidental fires, and 

explosions (Symes et al., 2008a; Ubelaker 2009).  Fire scenes are often complex, as both 

the body (or individual skeletal elements) and the surrounding environment are 

dramatically affected.  Furthermore, fire suppression and extinguishing efforts by first 
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responders typically result in dispersed and additional fragmented remains.  Thus, fire 

scenes pose difficult investigative challenges (Dirkmaat et al., 2012).  In a forensic 

context, these types of events often require a joint effort by individuals from several 

medico-legal fields, including law enforcement and forensic science, to recover and 

analyze the burned remains (Cordner et al., 2011; Park et al., 2009; Ubelaker et al., 

1995). 

In a forensic investigation, skeletal remains provide crucial contextual 

information, especially if the original fire scene has been disturbed (Ellingham et al., 

2015).  Anthropological analysis of burned bone contributes to a more comprehensive 

interpretation of the fire scene (e.g., position and orientation of the body), as well as to 

the reconstruction of events leading to the thermal incident (e.g., condition of the body 

prior to the event) (Dirkmaat et al., 2012; Ellingham et al., 2015).  Depending upon the 

condition of the remains and which skeletal elements are recovered, a forensic 

anthropologist may be able to estimate an individual’s biological profile, including 

biological sex, age-at-death, stature, and ancestry (Thompson 2004), as well as describe 

any potentially individualizing characteristics (e.g., medical device, broken bone, or 

dental work) (Dirkmaat et al., 2012). 

The degree to which remains are burned can be highly variable, as differential 

burning may occur throughout an entire body or on a single skeletal element (Symes et 

al., 2008a).  However, regardless of the extent, the burning process of soft and hard 

tissues proceeds in a consistent, identifiable, and predictable pattern (Adelson 1955; Bass 

1984; Bohnert 1998; DeHaan 2012; Icove and DeHaan, 2004; Pope 2007; Pope and 
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Smith, 2004).  Combustion of a body starts with the superficial soft tissue layers first, 

beginning with the skin, before progressing inwards to the muscles, subcutaneous fat, and 

other deeper tissue layers as the thermal event continues (Pope 2007). 

Once the soft tissues have been consumed by the fire, the underlying bone will 

then undergo heat-induced alterations (Fairgrieve 2008).  When exposed to high 

temperatures, bone’s chemical properties are altered, and its structural integrity is then 

compromised or lost (Symes et al., 2008a).  Research on characteristics of burned bone 

has increased, including descriptive, experimental, and actualistic studies, and it has been 

established that heat exposure causes significant chemical and mechanical changes to 

bone, resulting in dehydration, discoloration, shrinkage, warping, fracture, and 

fragmentation (Bradtmiller and Buikstra, 1984; Buikstra and Swegle, 1989; Goncalves et 

al., 2011; Holden et al., 1995a, 1995b; Nicholson 1993; Quatrehomme et al., 1998; 

Symes et al., 2012; Thompson 2004, 2005; Thompson and Chudek, 2007; Walker and 

Miller, 2005; Wells 1960). 

During a thermal event, the gradual shrinkage and destruction of soft tissues 

causes bone to undergo a series of visible color changes as it dehydrates and becomes 

exposed to the heat source (Buikstra and Swegle, 1989; Nicholson 1993; Pope 2007; 

Pope and Smith, 2004; Shipman et al., 1984).  Heat-induced color changes occur in set 

stages as the burning event progresses and the heat exposure continues to modify and 

reduce bone’s organic material (Bonucci and Graziani, 1975).  These sequential color 

changes remain as a permanent signature of thermal modification and are used to 

distinguish burned bone from unburned (Pope and Smith, 2004).  They also depict the 
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degradation of bony organic material, as well as the location, direction, extent, and 

progression of the burning event (Alunni et al., 2014; Pope 2007). 

Symes et al. (2008a) categorize this color change as initial unaltered bone that 

progresses to a white heat line, heat border, charring, and lastly, calcination.  Initially, 

natural unaltered bone is generally light ivory or beige in color (Mayne Correia, 1997).  

The first area of heat-modified bone is an opaque white heat line, an occasionally 

occurring feature that, when it forms, is the area of initial transition from unaltered to 

thermally altered bone (Keough 2013; Keough et al., 2012, 2015; Symes et al., 1999a, 

1999b, 2008a, 2014a).  Adjacent to the white heat line is the heat border, a translucent 

off-white or yellow boundary that may have been protected from direct contact with the 

heat source by overlying, yet receding soft tissue (Symes et al., 2008a).  The width of the 

heat border is generally broader than that of the white heat line.  Burned bone then 

becomes charred and black in color as a result of the carbonization of skeletal material 

and incineration of organic components, primarily collagen (Buikstra and Swegle, 1989; 

Herrmann 1977; Nelson 1992; Shipman et al., 1984; Symes et al., 2014a).  Calcination is 

a continuation of the combustion process, resulting in bone that is gray with blue tints, to 

gray, and then finally white, indicating a complete loss of all organic compounds and 

moisture (Binford, 1963; Buikstra and Swegle, 1989; Nelson 1992; Shipman et al., 1984; 

Quatrehomme et al., 1998). 

Analysis of thermally altered bone has rapidly increased due to experimental 

studies and forensic cases (Bohnert et al., 1998; Cattaneo et al., 1999; Christensen 2002; 

Correia 1997; Fairgrieve 2008; Holden et al., 1995; Pope and Smith, 2004; Thompson 
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2005; Ubelaker 2009).  While researching circumstances that surround sets of remains at 

the time of burning, several observational and experimental studies have distinguished 

between bones burned in one of three conditions:  fleshed (fresh bones encased in 

adhering soft tissue), green or wet (defleshed shortly before burning, greasy), and dry 

(defleshed and degreased) (Asmussen 2009; Cain 2005; Buikstra and Swegle, 1989; 

Keough et al., 2012; Keough et al., 2015; Pope 2007; Pope and Smith, 2004; Symes et 

al., 2008a; Symes et al., 2014a).  Knowledge of a bone’s prior physical condition 

contributes to anthropological examinations of burned skeletonized remains and 

interpretation of the sequence of events leading to the thermal modification (Ellingham et 

al., 2015; Ubelaker 2009). 

Methods for determining a bone’s physical condition prior to burning can include 

evaluating heat-induced fracture and cracking patterns (Symes et al., 2008b; Symes et al., 

2012), changes in surface texture (Cain 2005), dimensional transformations such as 

shrinkage and expansion (Shipman et al., 1984; Thompson 2005), warping of overall 

bone morphology (Fairgrieve 2008; Goncalves et al., 2011), deformation of bone’s 

microstructural features (Bradtmiller and Buikstra, 1984), and macroscopic gradient color 

changes (Buikstra and Swegle, 1989; Nicholson 1993; Shipman et al., 1984).  Many 

researchers agree that similar thermal characteristics exist among bones burned while 

fleshed or wet that may differentiate them from those burned dry.  However, there are 

fewer physical differences that will reliably distinguish between the former, for bone 

burned fleshed versus wet (Asmussen 2009; Bennett, 1999; Buikstra and Swegle 1989; 

Cain 2005; Pope 2007; Stiner et al., 1995). 
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Recent studies indicate that the formation of a white heat line aids in determining 

a bone’s physical condition prior to burning (Keough 2013; Keough et al., 2012, 2015; 

Symes et al., 2008, 2014).  Notably, experiments suggest that one may differentiate 

between bones burned fleshed or wet versus dry, making the white heat line an important 

source of information in anthropological analysis regarding the relative timing of 

burning.  Symes et al. (2008a) note that a white heat line may form with fleshed burned 

remains as the heat causes muscle and other soft tissues to retract, exposing the bone to 

the heat source.  Other researchers observed similar burn patterns in fully fleshed bodies, 

either fresh or in early decomposition, noting that a white heat line was not present when 

bone burned in the absence of soft tissue (Keough et al., 2012; Pope 2007; Symes et al., 

1999a).  However, Keough (2013) and Keough et al. (2015) found that distinct white heat 

lines formed on remains burned in early to advanced decompositional stages, with bone 

conditions ranging from fleshed or partially fleshed, to wet and lacking extensive soft 

tissue protection. 

However, while the relationship between bone’s physical condition prior to 

burning and white heat line formation has been studied, there is a lack of research 

concerning the chemical or physical composition of this thermal signature.  Due to its 

proximity to the heat source in a burning event, previous research suggests that this area 

of bone has undergone some dehydration and molecular alteration (Symes et al., 2014a), 

resulting in a reduced organic component (Pope 2007; Pope and Smith, 2004; Symes et 

al., 2008a).  The present study will expand upon previous research concerning the 

formation of a white heat line on burned bone in relation to bone’s physical condition 
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prior to burning.  Additionally, this research will be the first to investigate the chemical 

composition of white heat lines. 

 

Research Objectives 

The present study investigates the effects of soft tissue and the retention of bone’s 

organic material, including naturally-occurring grease and water, on the development and 

appearance of a white heat line for bones thermally altered by burning.  Skeletal remains 

for this project consist of 108 isolated long bones from four animal species:  white-tailed 

deer (Odocoileus virginianus), elk (Cervus canadensis), sheep (Ovis aries), and pig (Sus 

scrofa).  Of these 108 long bones, 96 were burned as the experimental samples, while the 

remaining 12 were used as the thermally unaltered controls. 

These long bones were burned over a wood fire while in five physical conditions 

with differing amounts of organic material present: (1) fleshed (fresh bones encased in 

adhering soft tissue); (2) very wet (recently defleshed bone that is still greasy); (3) 

partially wet (defleshed with slight grease retention); (4) dry (defleshed and naturally 

degreased); (5) soaked (formerly dry bone immersed in water).  Ten percent of the bones 

for each sample group were set aside as thermally unaltered controls. 

The goal of the present study is to determine the chemical composition of white 

heat lines.  The hypothesis tested is that a white heat line forms from inorganic minerals 

deposited on or near the bone’s surface, resulting from the evaporation of moisture in 

advance of the expanding carbonized bone.  These lines will manifest under analysis as 

an increase of carbonate (CO3) and phosphate (PO4) (representing the mineral component 
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of bone), as well as a lack of the organic component Amide I (from proteins found in type 

I collagen, the main organic phase), in comparison to thermally unaltered bone and 

burned bone that does not develop a white heat line.   

The quantity of these three components were calculated based on the spectral 

peak heights of the carbonate (CO3) ν3 (1415 cm-1), phosphate (PO4) ν3 (1035 cm-1), and 

amide I (1660 cm-1) vibrational bands using Fourier Transform Infrared Spectroscopy 

(FTIR).  Spectral peak peaks for CO3, PO4, and amide I will then be compared between 

the unburned controls, burned bones that develop a white heat line, and burned bones that 

do not develop this thermal signature for each of the five sample groups.  The current 

study will contribute to forensic anthropological investigations of thermally altered 

remains and further the field’s understanding of how a bone’s physical condition prior to 

burning affects why and/or how a white heat line may form. 

The current study will further the field’s understanding of how fire and heat 

modify physical remains, specifically, with regards to the effect that bone’s physical 

condition prior to burning has on the resulting heat-induced compositional changes.  The 

presence of this thermal signature is utilized in forensic anthropological investigations of 

thermally altered remains regarding the relative timing of burning and yet limited 

research has been conducted to determine why or how it forms.  Assessing the 

composition of white heat lines, or in its absence the junction of unburned and charred 

bone, will further delineate the chemical changes that bone undergoes during the 

beginning and middle stages of a thermal event. 
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CHAPTER 2:  PREVIOUS RESEARCH 

 

Bone Biology 

Bone Composition 

Bone is a composite material consisting of three main components:  an organic 

phase, an inorganic phase, and water (Farlay and Boivin 2012).  The organic component, 

representing approximately 25-30% of bone’s mass, is comprised predominately of 

type 1 collagen (90%), as well as a small percentage of other non-collagenous proteins 

(10%) (Pearson and Lieberman 2004).  Collagen is a fibrous, structural protein and the 

most abundant protein found in the human body (Miller 1984).  In bone, the collagen 

molecules intertwine to form flexible and slightly elastic fibers (White et al., 2012). 

These organic components exist within a dense, inorganic matrix comprised 

mainly of calcium phosphate as a poorly formed crystalline hydroxyapatite 

(Ca10(PO4)6(OH)2) (D’Elia et al., 2007; Etok et al., 2007; Michel et al., 1995; Mkukuma 

et al., 2004; Wopenka and Pasteris 2005; Wright and Schwarcz 1996).  This inorganic 

mineral phase accounts for 60-70% of bone’s mass (Pearson and Lieberman 2004; Wang 

et al., 2010) and contains several major elements:  calcium (Ca2+), phosphate (PO43-), 

and carbonates (CO32-) (LeGeros and LeGeros 1983; LeGeros et al., 1968).  These three 

major elements comprise 40%, 18%, and 6-7% of bone’s mass, respectively.  Minor 

elements are also present, including magnesium (Mg2+) and sodium (Na2+), as well as 

trace elements that can be introduced into the body through one’s diet.  Living bone also 

contains blood vessels, nerve tissue, fats, and other tissues that promote growth and 

enable bone to continually repair and remodel itself throughout life in response to 
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stressors or injury (Currey 2002).  The organic phase contributes to bone’s flexibility and 

elasticity, while the inorganic matrix is responsible for the tissue’s rigidity, hardness, and 

strength (Dirkmaat et al., 2012; Nala et al., 2003; White et al., 2012).  Together, bone’s 

organic and inorganic components create a strong, supportive, yet semi-flexible skeletal 

frame that is capable of withstanding tensile and compressive forces while enabling 

locomotion (Symes et al., 2008a). 

 

Bone Structure 

In the adult skeleton, the gross anatomical structure of mature bones can be 

subdivided into compact and trabecular bone (Hillier and Bell 2007).  Compact, or 

cortical, bone is solid and dense, generally found in the walls of bone diaphyses and on 

external bone surfaces (Bell et al., 2001; White et al., 2012).  In contrast, trabecular, or 

cancellous, bone is spongy, porous, and lightweight with a honeycomb structure.  Formed 

by, and named after, tiny bony spicules called trabeculae, trabecular bone is found in the 

epiphyses of long bones, in short bones, and layered within flat bones.  Both bone types 

have an identical molecular and cellular composition; differences arise in their porosity 

and structural layout. 

During life, the outer surface of bone is covered by a tough, vascularized 

membrane called the periosteum (White et al., 2012).  This tissue layer coats most bone 

surfaces, except for those covered by cartilage and/or in areas of articulation where bones 

connect at a joint.  It is not present on dry bones.  The periosteum serves to nourish the 

bone and helps anchor tendons and muscles.  Within the diaphyses of long bones is a 
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hollow space called the medullary cavity.  This inner bony surface is lined with a 

membrane, the endosteum, and contains yellow marrow in adults. 

Mature bone, both compact and trabecular, is made up of lamellar bone tissue 

(White et al., 2012).  This tissue is named for its orderly and organized structure 

produced by the repeated addition of uniform bone layers, or lamellae, during growth 

(Boyde 1980; Currey 2003; Jowsey 1968).  Compact bone, due to its dense composition, 

cannot be nourished by diffusion from surface-level blood vessels (White et al., 2012).  

Instead, it utilizes Haversian systems, fundamental functional units consisting of 

Haversian canals and their concentrically arranged lamellae and canal networks (Currey 

2003; Enlow 1962).  At its core, each system contains a large, hollow Haversian canal, or 

secondary osteon, that contains blood, lymph vessels, nerves, and marrow (White et al., 

2012).  These main canals are linked by additional, smaller canals, including canaliculi 

and Volkmann’s canals, that radiate outward and create a network to supply nourishment 

to cells throughout the bone.  In contrast, trabecular bone lacks a Haversian system, 

instead receiving nutrition from blood vessels in the surrounding marrow spaces. 

Nonhuman mammalian bone is generally composed of plexiform, or 

fibrolamellar, bone (Enlow and Brown 1956, 1957, 1958; Currey 1960; de Ricqlès 1977; 

Stover et al.,1992).  Commonly found among younger individuals, plexiform bone, 

especially that found under the insertion of strong muscles, may remodel into lamellar 

bone later in an animal’s life (Currey 2002).  This type of bone tissue is characteristic of 

large, fast-growing animals, such as cows, pigs, and sheep, as well as dogs and other 

carnivores (Currey 2003).  It can also be found in the bones of primates, although less 
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frequently, and rarely in humans (e.g., fetal bone) (Hillier and Bell 2007).  In developing 

humans, primary fibrolamellar bone may be laid down initially, but it is soon remodeled 

and replaced by lamellar bone (Currey 2002).  As opposed to the organized and 

concentric Haversian system, plexiform bone exhibits a more disorganized and linear 

brick-shaped structure.  This structure results from the dense arrangement of rectilinear 

vascular spaces that form from alternating layers of parallel-fibered, or woven, and 

lamellar bone tissues (Hillier and Bell 2007).  Plexiform bone may also contain scattered 

Haversian systems, but they lack the concentric and evenly spaced alignment as seen in 

mature human bone. 

 

Bone Functions 

Bones, and the skeletal system that they comprise, serve a variety of functions for 

the human body (Symes et al., 2008a, 2014b).  Structurally, bones act as essential 

components of the musculoskeletal system and help to support the body, give it shape, 

and protect the internal organs (Currey 2002; White et al., 2012).  Mechanically, bones 

assist in movement by providing attachment points for muscles, tendons, and ligaments, 

as well as functioning as levers upon which the muscles act (Currey 2002; Pearson and 

Lieberman 2004).  The skeletal system also functions as production centers of blood 

cells, storage facilities for fat and marrow, and as reservoirs of important elements for the 

body (e.g., calcium) (White et al., 2012). 
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Thermal Alteration 

Fire and Combustion 

In order to interpret more accurately thermal damage caused to biological remains 

from burning, it is important to understand the fundamentals of fire.  Fire is an 

exothermic oxidation reaction occurring between a fuel and an oxidizer, commonly the 

oxygen in the surrounding air (DeHaan 2006).  This process of combustion can generate 

a sufficient amount of heat to be self-sustaining, as well as produce readily detectable 

energy in the form of additional heat and light (i.e., flames).  A fire’s heat output, or heat 

release rate (HRR), is measured in kilojoules per second (kJ/s) or kilowatts (kW) and can 

indicate the size or power of a fire (Icove and DeHaan 2004).  This oxidation reaction has 

four requirements in order for a fire to occur: (1) combustible material (fuel), (2) 

adequate ignition temperature (heat), (3) sufficient oxygen (air), and (4) a suitable 

environment for maintaining these conditions (Holck 2005).  If all four conditions are not 

present, a fire cannot be sustained. 

 

Stages of Fire Development 

 The development of a fire is separated into four phases; these are based largely on 

a fire’s HRR, as well as the timeframe in which they occur (Fairgrieve 2008).  Each 

phase exhibits specific characteristics that can be recognized by fire investigators and 

utilized to evaluate a fire scene.  The first phase, incipient ignition, takes place when heat, 

oxygen, and a fuel source combine and combustion occurs, starting a fire (Icove and 

DeHaan 2004).  Next, additional fuel becomes involved, and in combination with 
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available ventilation, causes the fire to grow and its HRR to increase as greater amounts 

of heat and flame are produced.  Once the fire is fully developed, it reaches a steady state 

wherein the maximum rate of burning is reached (DeHaan 2006).  This hottest stage will 

continue for as long as there is a sufficient amount of oxygen and/or other fuels to 

support the fire’s burning intensity and its heat and flame production.  Lastly, the natural 

decay of a fire occurs when all available sources of fuel are consumed and the 

combustible materials have degraded, resulting in a decreased HRR and the eventual 

extinguishment of the fire. 

 

Fire Types 

Fire is categorized as two basic forms, flaming and smoldering (Han et al., 2016).  

For the former, a flame is the visible product of a gaseous fuel burning in the presence of 

oxygen (Symes et al., 2008a).  It is the result of a gas-gas reaction made visible due to the 

effects of the heat produced.  A flaming fire is the most common type of destructive fire, 

capable of spreading at very high speeds with high rates of heat release.  Smoldering 

occurs due to the oxidation of a solid fuel in direct contact with oxygen.  This solid-gas 

reaction can occur on the surface of fuel and/or within the matrix of a porous solid (e.g., 

charcoal).  Even in the absence of flames, a smoldering fire can produce charring on the 

object burned (Fairgrieve 2008). 
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Fire Temperatures 

Assessment of a fire’s temperature can be problematic; due to the movement and 

‘flicker’ of a flaming fire, it is difficult to measure the temperature of a flame at any one 

point as the temperature fluctuates rapidly (Symes et al., 2008a).  Therefore, it is 

recommended that one measure the average flame temperature instead.  Average flame 

temperatures vary considerably based on the fuel used and their measured ‘heat of 

combustion’.  Generally, the average flame temperature for most fuels when burned in 

the air is in the range of 800-1000ºC.  Common exceptions include methanol, whose 

flame temperatures can be in the range of 1200ºC, charcoal, and some plastics such as 

styrene and polyurethane, which can reach 1400ºC.  Additionally, fires that occur in 

oxygen-enriched atmospheres can produce very high flame temperatures. 

 

Heat Transfer 

When substances ignite in a fire, including soft and hard tissues, it is due to the 

transfer of heat from one object to another (Fairgrieve 2008).  Heat transfer can occur 

through four methods: conduction, convection, radiation, or superimposition (Symes et 

al., 2008a).  Conduction is a process by which thermal energy, specifically heat, passes 

from a warmer area of a solid material to a cooler one through direct physical contact 

(DeHaan 2006).  During convection, heat transfer occurs as the result of liquids or gases 

moving from a warmer location to a cooler one (Fairgrieve 2008).  Radiation is the 

transmission of electromagnetic waves from a warmer to a cooler surface.  Lastly, 

superimposition is a combination of effects from two or more of the aforementioned 
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methods of heat transfer.  Once heat is transferred to an object its temperature rises, 

beginning initially at its heated surface and progressing further into the object as the heat 

penetrates via conduction.  The rate of heat transfer determines how quickly thermal 

damage is inflicted upon the biological tissues affected by a fire. 

 

Soft Tissue Modification 

The degree of heat-induced modifications to soft tissue can be highly variable, as 

differential burning commonly occurs throughout a whole body, or on a single skeletal 

element, highlighting the effects of exposure variability (Symes et al., 2008a).  Burn 

morphology of a body or skeletal element is affected by several factors, including the 

condition of the body or skeletal element prior to burning (e.g., fleshed, decomposed, or 

skeletonized) and its organic composition (Baby 1954; Binford 1963; Keough et al., 

2012, 2015; Symes et al., 1999; Thurman and Wilmore 1980), the position and proximity 

of the body in relation to the fire (Fojas et al., 2011), presence of broken bones, 

dismemberment, restraints or confinement (Fairgrieve 2008), duration of exposure to fire 

(Symes et al., 1999), and intensity of the heat (Bohnert et al., 1998).  Additionally, 

various types of soft tissue respond differently to the thermal event based on relative 

depth and protection within the body or skeletal element, differential thickness of the 

tissue, as well as moisture and organic content (Pope 2007). 

However, while the degree to which remains are burned may vary, the 

combustion process of soft tissues occurs in a recognizable, consistent, and predictable 

pattern (Adelson 1955; Bass 1984; Bohnert 1998; DeHaan 2012; Icove and DeHaan 
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2004; Pope 2007; Pope and Smith 2004).  The burning process affects the most 

superficial soft tissue layers first, before progressing inwards to deeper tissue layers as 

the thermal event continues (Pope 2007).  Initially, the skin is first impacted by the fire, 

leading to the dilation of the dermal and epidermal blood vessels, formation of skin 

blisters, and the eventual slippage and gloving of the epidermis from the dermis 

(Fairgrieve 2008).  During this time, the hair is also affected, becoming charred and 

eventually consumed by the fire.  The heat removes moisture from the skin and alters its 

organic composition and elasticity (Pope 2007), causing the skin to turn black and brittle 

as it chars (Thompson 2003).  At this point in the burning process, heat-induced 

contractures can cause the skin to rupture and split (Fairgrieve 2008), occurring anywhere 

on the body (DeHaan 2006).  Due to the fire’s dehydrating effects, the epidermis and 

dermis contract, causing the ruptured skin margins to pull away, which exposes the 

underlying subcutaneous fat, muscle, ligaments, tendons, and hard tissues (DeHaan and 

Nurbakhsh 2001; Pope 2007; Pope and Smith 2004).  No bleeding occurs at the site of 

these skin ruptures due to the coagulation of blood vessels from the heat (Fairgrieve 

2008). 

As the burning progresses, heat-induced dehydration in the muscle tissues causes 

their proteins to denature, resulting in a shortening of the deeper connective tissues (e.g., 

muscles, tendons, and ligaments) and postmortem muscle contractions (Crow and 

Glassman 1996; Eckert et al., 1988; Ubelaker 2009).  With continued combustion, the 

major, dominant flexor muscles overpower the contractions of the weaker extensor 

muscles, repositioning the body’s extremities in the direction of the more powerful 
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muscle masses (DeHaan 2006; Icove and DeHaan 2004; Thompson 2003).  The body 

may exhibit a general pose of extreme flexion, referred to as the “pugilistic posture” or 

“pugilistic pose” (Adelson 1955; Pope 2007; Symes et al., 2008b; Ubelaker 2009), so-

named as the upper body of a burn victim resembles that of a defensive boxing position 

(Dirkmaat et al., 2012).  This characteristic pose can occur as soon as ten minutes into 

burning (Bohnert et al., 1998; Crow and Glassman 1996), resulting in the increased 

exposure of some anatomical areas and the shielding of others, depending upon the depth 

of the soft tissue and the specific posture assumed by the body (Symes et al., 2008a).  A 

full “pugilistic Pose” may not be attained if the muscles cannot react naturally to the heat 

and are somehow obstructed (e.g., lying against an object or facedown) or if the 

relationship between the muscles and bones has been compromised (e.g., broken bone 

prior to thermal event) (Dirkmaat et al., 2012). 

Once the skin and muscles undergo direct charring, turning black from the 

carbonization of organic materials, there is a loss of tissue mass and burning continues 

deeper, eventually reaching the internal organs and bones (Herrmann and Bennett 1999; 

Pope and Smith 2004; Richards 1977).  As the thermal event progresses, the soft tissues 

and periosteum shrink away from their bony attachments, receding along the diaphysis, 

and gradually exposing the bone to the advancing heat (Pope 2007). 

The differential protection of soft tissues, from the repositioning of the body’s 

extremities in the “pugilistic pose”, contributes to the manifestation of a normal burn 

pattern that forms when a fleshed body is exposed to fire (Symes et al., 1999, 2001, 

2008b, 2014a).  Whole bodies burn first in areas with minimal soft tissue protection and 
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greater exposure before advancing to areas shielded by a greater amount of tissue (Symes 

et al., 2008a).  Thermal damage generally affects the distal ends of limbs first, before 

continuing along bone shafts to the proximal, and better protected, areas of the body 

(Pope 2007).  However, areas of articulation may exhibit “joint shielding” in which the 

tissues are protected from burning (Symes et al., 2014a).  This phenomenon can occur 

anywhere on the body where two bones articulate at a joint, except in cases of 

dismemberment prior to burning.  Areas of the body or skeletal element with the greatest 

amount of soft tissue density and/or those insulated from the fire are the last to be 

consumed (Fairgrieve 2008). 

 

Stages of Heat Modification to Bone 

Once the soft tissues have been consumed by the fire, including the epidermis, 

dermis, adipose, muscle, periosteum, and other connective tissues, the underlying bone 

will begin to undergo heat-induced alterations (Fairgrieve 2008).  The anatomical 

distribution and differential thickness of the body’s soft tissues affect which bones 

become exposed and when during a thermal event (Pope and Smith 2004).  Boney 

surfaces covered by a thicker layer of muscle and other soft tissues are generally 

protected from the heat’s effects longer than bone that is covered with a thinner layer of 

tissue. 

When exposed to high temperatures, bone’s chemical properties are altered, and 

its structural integrity is compromised or lost (Symes et al., 2008a).  The loss of chemical 

and structural properties for both organic and inorganic components is a complex process 
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not yet fully understood (Thompson 2005).  Researchers remain uncertain of the exact 

chemical reactions, as well as the number and timing of transitions, that bone undergoes 

during burning.  However, based on descriptive, experimental, and actualistic studies, it 

has been established that heat exposure causes significant chemical and mechanical 

changes to bone, resulting in dehydration, discoloration, shrinkage, warping, fracture, and 

fragmentation (Bradtmiller and Buikstra 1984; Buikstra and Swegle 1989; Goncalves et 

al., 2011; Holden et al., 1995a, 1995b; Nicholson 1993; Quatrehomme et al., 1998; 

Symes et al., 2012; Thompson 2004, 2005; Thompson and Chudek 2007; Walker and 

Miller 2005; Wells 1960).  These heat-induced changes are variable and can fluctuate 

depending upon the interaction of several factors, including the bone’s intrinsic 

properties, the intensity and duration of the thermal event, and whether the bone comes in 

direct contact with flames (Dirkmaat et al., 2012). 

Bone’s reaction to heat can be described in four stages of a sequential process, 

defined by observed structural and compositional changes, as bone degrades (Thompson 

2005).  The first stage of the heat-induced modifications, dehydration, is characterized by 

the breaking of hydroxyl-bonds and the removal of both loosely-bound water 

(physisorbed) and bonded water (chemisorbed) from the hydroxyapatite mineral.  

Dehydration results in shrinkage of the bone’s overall size, warping of its dimensions, 

weight loss, and fracture patterns at 100 to 600º C.  Next, during the decomposition stage 

the organic components of bone (e.g., amino acids and collagen) are removed through the 

process of pyrolysis, or thermochemical decomposition (Bonucci and Graziani 1975; 

Civjan et al., 1971).  Occurring at 500 to 600º C, decomposition introduces heat-induced 
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color changes, a second phase of mass loss, reduction in mechanical strength, as well as 

changes in porosity (Thompson 2004).  Continued exposure to the heat and fire leads to 

inversion, characterized by the loss of carbonates (CaCO3) around 700 to 1100º C.  

Additionally, the hydroxyapatite recrystallizes and converts to beta-tricalcium phosphate 

(β-Ca3(PO4)2 or β-TCP) (Bonucci and Graziani 1975; Civjan et al., 1971; Grupe and 

Hummel 1991; Harbeck et al., 2011; Herrmann 1977; Munro et al., 2007; Ou et al., 

2013). The final stage, fusion, is characterized by the melting and coalescing of the 

crystal matrix at temperatures of 1000º and higher (Thompson 2005). 

The terms dehydration, decomposition, inversion, and fusion were initially 

applied to burned bone by Shipman et al. (1984), building upon the earlier 

thermogravimetric research of Bonucci and Graziani (1975).  The utility of these phases 

was later supported by Mayne Correia (1997) who added temperature ranges for each 

stage of thermal modification as gathered from her review of previous studies.  

Thompson (2004) modified these ranges based upon his own experimental work, 

proposing that the decomposition stage occurs at 300-800º C, inversion at 500-1100º C, 

and fusion at temperatures above 700º C.  Thompson (2004) also states that these four 

stages do not in themselves fully explain all of the fundamental changes that occur in 

bone as a result of burning.  He does, however, suggest that all heat-induced changes can 

be classified as occurring within one of these stages. 
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Heat-Induced Color Changes 

During a thermal event, bone undergoes a sequence of macroscopic color changes 

as it dehydrates and becomes exposed due to the gradual shrinkage and destruction of soft 

tissues (Buikstra and Swegle 1989; Nicholson 1993; Pope 2007; Pope and Smith 2004; 

Shipman et al., 1984).  Heat-induced color changes occur in constant and set stages as the 

burning event progresses, delineating the advancement of thermal alteration as heat 

modifies and reduces bone’s organic component (Bonucci and Graziani 1975).  Burning 

does not uniformly encompass a bone’s entire surface at one time; instead, it begins 

superficially and proceeds inward as the heat penetrates deeper into the bone (Pope 

2007).  Upon extinguishment of the fire, these sequential color changes remain as a 

permanent, diagnostic signature of thermal modification and are used to distinguish 

burned bone from unburned (Pope and Smith 2004).  They also depict the degradation of 

bony organic material, as well as the location, direction, extent, and progression of the 

burning event (Alunni et al., 2014; Pope 2007).   

Symes et al. (2008a) categorize the color change progression as initial unaltered 

bone, then a white heat line, brown heat border, charring/carbonization, and finally, 

calcination.  Natural unaltered bone is generally light ivory or beige in color (Mayne 

Correia 1997).  The first heat-induced color changes follow the margins of soft tissue as 

heat exposure causes it to withdraw, exposing the bone (Pope and Smith 2004).  

Continued heat then alters the bone, beginning with the denaturation of organic materials, 

including collagen, proteins, water, and lipids (Pope 2007).  This area of modified bone is 

the heat border, a translucent, off-white or yellow boundary that may have been protected 
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from direct contact with the heat source by overlying, yet receding, soft tissue (Symes et 

al., 2008a).  Variable in width, this border likely occurs due to the chemical alteration of 

the bone as organic compounds undergo initial pyrolysis during heat exposure (Pope and 

Smith 2004; Symes et al., 1996).  Adjacent to the heat border is an opaque white heat 

line, an occasionally occurring thermal signature that forms along the junction between 

heat-altered and thermally unaltered bone (Keough 2013; Keough et al., 2012, 2015; 

Symes et al., 1999a, 1999b, 2008, 2014).  When it forms, this macroscopic color change 

characteristic is the area of initial transition from unaltered to thermally altered bone.  

The width of the white heat line is generally narrower than that of the heat border. 

Burned bone then transitions from brown to black in color as a result of the 

carbonization of skeletal material and organic pyrolysis, primarily of collagen (Buikstra 

and Swegle 1989; Nelson 1992; Shipman et al., 1984; Symes et al., 2014a).  Charred 

bone, also referred to as carbonized or smoked, has come in direct contact with heat and 

flames, severely reducing its moisture content (Herrmann 1970).  While the organic 

component of charred bone has been modified extensively (Herrmann 1977), in some 

cases the charred area may appear greasy due to persisting organic material and the 

release of marrow from the inner medullary cavity (Pope 2007).  During this phase the 

periosteum is also destroyed (Fairgrieve 2008).  Calcination is a continuation of the 

combustion process, resulting in bone that is gray with blue tints, to gray, and then finally 

white, indicating a complete loss of all organic materials and moisture (Buikstra and 

Swegle 1989; Nelson 1992; Shipman et al., 1984; Quatrehomme et al., 1998).  Calcined 

bone, therefore, is comprised primarily of inorganic hydroxyapatite crystals and the other 
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mineral components of bone (Pope 2007).  As a result, calcined bone is extremely fragile, 

exhibiting a brittle, glasslike overall structure that is commonly accompanied by 

fracturing, shrinkage, and/or deformation (Binford, 1963; Buikstra and Swegle 1989; 

Nelson 1992; Shipman et al., 1984). 

This full spectrum of color change can occur throughout a set of skeletal remains 

or on a single bone (Symes et al., 2008a; Ubelaker 2009).  Bones exposed to the thermal 

event the longest generally show the greatest amount of heat-induced degradation (Symes 

et al., 1996).  However, if a fire burns long and/or hot enough, the entirety of a set of 

remains, or a single bone, will eventually become charred and calcined (Symes et al., 

2008a).  Thick cortical bone (e.g., diaphysis of the femur) is more durable than thinner 

cortical bone overlying trabecular structures (e.g., skull) and has a higher chance of 

survival (Pope 2007).  Thin cortical layers may be completely destroyed prior to 

discovery. 

 

White Heat Lines 

Recent studies indicate that the presence of a white heat line aids in determining a 

bone’s physical condition prior to burning (Keough 2013; Keough et al., 2012, 2015; 

Symes et al., 2008, 2014).  Notably, experiments suggest that one may differentiate 

between bones burned fleshed or wet versus dry, making the white heat line an important 

source of information in anthropological analysis regarding the relative timing of 

burning.  Symes et al. (2008a) note that a white heat line may form with fleshed burned 

remains as the heat causes muscle and other soft tissues to retract, exposing the bone to 



 

25 

the heat source.  Other researchers observed similar burn patterns in fully fleshed bodies, 

either fresh or in early decomposition, noting that a white heat line was not present when 

bone burned in the absence of soft tissue (Keough et al., 2012; Pope 2007; Symes et al., 

1999a).  However, Keough (2013) and Keough et al. (2015) found that distinct white heat 

lines formed on remains burned in early to advanced decompositional stages, with bone 

conditions ranging from fleshed or partially fleshed, to wet and lacking extensive soft 

tissue protection.  While white heat lines did form on partially fleshed remains or wet 

bone in advanced decomposition, this thermal signature formed most often in fresh 

remains or during the early stages of decomposition, when a combination of soft tissues 

and muscular structures were present (Keough 2013; Keough et al., 2015).  Keough 

(2013) and Keough et al. (2015) suggest that fresh tissue, still adhering to the underlying 

bone, is needed for a white heat line to form.  In advanced decomposition, the nature of 

the soft tissue and denatured periosteum may allow the tissue to burn away with less 

resistance, preventing the creation of a distinctive white heat line. 

The presence of a white heat line can also indicate that a bone is from a forensic 

context, for archaeological remains rarely exhibit this color gradient after being subjected 

to years or decades of taphonomic processes (Symes et al., 2008a).  Archaeological 

burned bone can become stained by the mineral deposits in its burial environment, 

making its appearance different than that of freshly burned bone (Pope 2007).  

Additionally, a white heat line may be the only remaining indication that a bone was 

burned.  Due to taphonomic processes (e.g., burial or prolonged weathering), or 

movement and handing, the more fragile charred and calcined sections of bone may break 
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off, leaving the unburned portion and area of initial transition from thermally unaltered to 

thermally altered bone. 

In their experiments, Keough (2013) and Keough et al. (2015) were the first to 

test the relationship of heat-related signatures, including the white heat line, to bone’s 

physical condition prior to burning.  Previously, other authors had documented, but did 

not quantify, the formation of a white heat line during experimental studies (Pope 2007) 

or forensic cases (Symes et al., 1999a, 1999b).  While the relationship between this 

thermal signature and the physical condition of bone has been studied, there is a lack of 

research concerning the chemical or physical composition of this feature.  Previous 

research suggests that, due to its proximity to the heat source during a burning event, this 

area of bone has undergone some dehydration and molecular alteration, resulting in a 

reduced organic component (Pope 2007; Pope and Smith 2004; Symes et al., 2008a). 

 

Heat-Induced Color Changes and Burning Temperature 

Surface color change is often used to identify thermally altered bone from both 

archaeological and forensic contexts (Ellingham et al., 2015; Gilchrist and Mytum 1986; 

Squires et al., 2011).  Researchers commonly utilize the Munsell Soil Color Chart (2012) 

in order to standardize descriptions when recording the color changes present on bone 

(Bennett 1999; Quatrehomme et al., 1998; Shipman et al., 1984; Thurman and Willmore 

1980).  According to the Munsell Color Theory, each color is comprised of three 

attributes:  hue (color), value (lightness or darkness of a color), and chroma (saturation or 

brilliance of a color).   
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 Earlier research focusing on heat-induced color changes was based predominantly 

on observational studies and developed within an archaeological framework aimed at 

interpreting cultural cremation practices (Baby 1954; Webb and Snow 1945).  More 

recently, systematic studies have been conducted to determine the type of burning 

environments likely to result in certain bone color changes (Buikstra and Swegle 1989; 

Shipman et al., 1984; Walker and Miller 2005).  A key factor investigated is the influence 

of burning temperature.  Previous research indicates that surface color change cannot be 

used as the sole indicator of the maximum temperature to which a bone was exposed, as a 

simple one-to-one correlation does not exist between heat-induced color change and 

burning temperature (Symes et al., 2008a).  The actual temperatures at which these heat-

induced color changes occur, or were concluded by researchers to have occurred, have 

varied greatly among different studies due to differences in the bones’ physical condition 

and the interaction of several environmental factors, including oxygen availability, 

positioning near the heat source, maximum temperature the bone reached, duration of 

exposure time, soil composition, and presence of organic materials or metals in the 

surrounding soil (Devlin et al., 2006; Dunlop 1978; Quatrehomme et al., 1998; Squires et 

al., 2011; Stiner et al., 1995; Walker and Miller 2005). 

While the color of burned bone does not signify an exact burning temperature, it 

can be interpreted in regards to its position along the heat-induced color change gradient.  

The color of burned bone, along with structural modifications and the appearance of 

additional heat signatures, such as a white heat line or heat border, can then indicate the 

degree of burning (Hanson and Cain 2007; Harbeck et al., 2011; Herrmann 1977; Holden 
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et al., 1995a, 1995b; Pope and Smith 2004; Quatrehomme et al., 1998; Stiner et al., 

1995).  Shipman et al. (1984) suggest that changes in the three color components (hue, 

value, chroma) are produced by alterations to the chemical composition of bone due to 

heating and are likely attributable to decomposition of the organic component.  Walker 

and Miller (2005) state that the color of burned bone appears to demonstrate the bone’s 

level of decomposition, as opposed to the temperature of the fire.  Additionally, these 

authors suggest that heat-induced color change may predict the presence and content of 

collagen, and perhaps other biomolecules, in burned bone. 

 

Determining Bone Condition Prior to Burning 

Knowledge of a bone’s physical condition prior to burning contributes to 

anthropological examinations of burned skeletonized remains and interpretation of the 

sequence of events leading to the thermal modification (Ellingham et al., 2015; Ubelaker 

2009).  Much of the initial research on thermal modification to human skeletal remains 

was developed within an archaeological framework, with the objective to interpret 

cultural cremation practices (Symes et al., 2008a).  This early research focused 

predominantly on determining the conditions under which bone was exposed to fire, such 

as the burning methods used, temperatures reached, and whether the physical remains 

were in a dry, defleshed yet fresh, or fleshed state at the time of burning (Baby 1954; 

Binford 1963; Krogman 1943; Thurman and Willmore 1980; Webb and Snow 1945).  

Early archaeological research helped to form the basis of current practices used by 

forensic anthropologists in the analysis of burnt skeletal remains. 
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In one of the first anthropological studies on burned bone, Krogman (1943a; 

1943b) highlighted the role of the physical anthropologist in identifying human skeletal 

remains for forensic contexts.  These articles discussed variation in heat-induced 

alterations to wet and dry bone, examining differences in bone coloration, fracture 

morphology, and surface alteration in relation to the thickness of the overlying soft 

tissues.  Soon after, other researchers applied Krogman’s observations to archaeological 

studies in order to develop cultural interpretations.  Webb and Snow (1945) utilized 

Krogman’s techniques in their study of the cremation practices of prehistoric peoples in 

the Ohio River area, focusing on the Adena and Hopewell people.  After consulting with 

Krogman, Webb and Snow concluded that while some overlap was present, the Hopewell 

cremations predominantly involved defleshed, dry bones while the Adena cremations 

were generally carried out using fleshed bodies. 

Baby (1954) later tested Webb and Snow’s (1945) results, examining cremated 

remains from different Hopewell sites in Ohio.  Baby also incorporated experimental 

research by using a crematory furnace to compare heat alteration patterns between two 

unembalmed cadavers (fleshed and defleshed) and dry bone samples.  Based on the 

patterns present in his experimental work, Baby concluded that the Hopewell practiced 

cremation mainly on fleshed bodies, contradicting Webb and Snow’s (1945) earlier work.  

These two conflicting interpretations represent the necessity for examining multiple 

variables when analyzing thermally-altered bone, as well as the need for continued 

experimental research in this area.  Subsequent cremation studies incorporated the 

analysis of additional factors such as body position, firing temperatures, and 
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characteristics of perimortem versus postmortem fractures (Binford 1972; Krogman 

1949; Stewart 1979; Trotter and Peterson 1995; Wells 1960; Van Vark 1970). 

As research capabilities advanced, quantitative traits of thermal modifications to 

bone began to be investigated (Binford 1963; Van Vark 1970).  Due to a rapidly 

increasing number of both experimental and actualistic studies in this research area, 

several factors for determining a bone’s physical condition prior to burning can be 

utilized.  These methods include evaluating heat-induced fracture and cracking patterns 

(Symes et al., 2008b; Symes et al., 2012; Thurman and Willmore 1980; Whyte 2001), 

changes in surface texture (Cain 2005), bone’s dimensional transformations (e.g., 

shrinkage and expansion) (Gilchrist and Mytum 1986; Shipman et al., 1984; Thompson 

2005; Wells 1960), warping of overall bone morphology (Fairgrieve 2008; Goncalves et 

al., 2011; Kennedy 1996; Spennemann and Colley 1989; Thurman and Willmore 1980), 

deformation of bone’s microstructural features (Absolonová et al., 2012; Bradtmiller and 

Buikstra, 1984), macroscopic gradient color changes (Buikstra and Swegle 1989; 

Nicholson 1993; Shipman et al., 1984), and the appearance of additional thermal 

signatures (e.g., white heat line, heat border, or joint shielding) (Keough 2013; Keough et 

al., 2012, 2015; Symes et al., 1999).  Many researchers agree that similar thermal 

characteristics exist among bones burned while fleshed or wet, enabling one to 

differentiate them from those burned while dry (Asmussen 2009; Bennett, 1999; Baby 

1954; Buikstra and Swegle 1989; Cain 2005; Pope 2007; Stiner et al., 1995; Webb and 

Snow 1945).  However, among the two former bone conditions, researchers have found 
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fewer heat-induced differences that will reliably distinguish between bone that is burned 

while fleshed versus bone that is burned wet. 

 

Perimortem and Postmortem Intervals 

When determining circumstances that surround a set of remains at the time of 

burning, several observational and experimental studies have distinguished between 

bones burned in one of three conditions:  fleshed (fresh with soft tissue), wet (fresh, 

retains organic content, also referred to as green), and dry (defleshed and degreased) 

(Asmussen 2009; Cain 2005; Buikstra and Swegle 1989; Keough et al., 2012; Keough et 

al., 2015; Pope 2007; Pope and Smith 2004; Symes et al., 2008a; Symes et al., 2014a).  

In forensic contexts, this determination of bone condition prior to burning assists in 

assigning a temporal classification when interpreting skeletal modifications (e.g., trauma 

or taphonomic processes) in relation to the time of death (Symes et al., 2008a).  

Establishing whether a skeletal modification took place when the bone was fleshed, wet, 

or dry is used to delineate the defect as having occurred either perimortem, making it 

forensically significant, or postmortem (Dirkmaat et al., 2008). 

Use of these temporal concepts, perimortem and postmortem, differs in various 

medico-legal settings (Dirkmaat et al., 2008).  For members of law enforcement and 

medical examiners, defining the perimortem interval is based solely upon the time 

surrounding the death event.  The term ‘postmortem’ is then utilized in clinical 

environments once somatic death occurs and life functions cease.  In contrast, forensic 

anthropologists use the term ‘perimortem’ in osteological analysis when describing 
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changes that occur to wet or fresh bone, despite somatic death having already occurred 

(Dirkmaat et al., 2008; Symes et al., 2014b).  As applied in the field of forensic 

anthropology, the terms ‘perimortem’ and ‘postmortem’ depend upon the condition of a 

bone when a defect occurred, and may not coincide with the death event (Nawrocki 2009; 

Symes et al., 2008a).  These two classifications are based upon a relative sequence of 

events as bone degrades, transitioning from viscoelastic and fresh to dry and brittle, 

regardless of the chronological time elapsed (Currey 2002; Reilly and Burnstein 1974).  

The perimortem period is not defined by a physiological death or fixed amount of time, 

but rather the changes that occur during the variable process of decomposition.  This 

temporal classification can be quite broad and extends as long as the bone remains moist 

and retains its viscoelastic properties, lasting anywhere from weeks to years after the time 

of death (Symes et al., 2014a; 2014b).  The perimortem interval, as utilized by forensic 

anthropologists, therefore overlaps with the clinical postmortem period. 

After death, when bone starts to decay, its biochemical composition changes over 

time, particularly in regard to the preservation of its organic matrix and loss of moisture 

(Dirkmaat et al., 2008).  This process in which bone transitions from wet to dry, and the 

perimortem to postmortem temporal periods for describing bone tissue response, is 

gradual and continuous, varying greatly in relation to the depositional context (Nawrocki 

2009; Symes et al., 2008a).  There is not a set time period for when bone will lose its 

organic component; this taphonomic change varies in different context, depending upon 

the interaction between the bone and its environment. 
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Fourier Transform Infrared Spectroscopy 

Multiple analytical techniques have been developed that can be used to examine 

the compositional changes that bone undergoes during thermal alteration.  Fourier 

transform infrared spectroscopy (FTIR) is a versatile and well-established analytical 

technique that can be used to characterize a wide range of substances, whether in solid, 

liquid, or gas form (Stuart 2004).  In this method, a FTIR introduces an infrared light 

source to the sample, inciting the molecular bonds to vibrate and rotate at characteristic 

frequencies.  Some of the infrared radiation is absorbed by the sample, while the rest is 

passed through, or transmitted.  The instrument then absorbs and detects these differences 

in the amount of energy, creating a spectrum of these frequencies.  This spectrum is a plot 

of transmittance to wavenumber and represents the molecular absorption and 

transmission of the sample.  Vibrations created correspond to the resulting absorption 

bands shown on the obtained infrared spectrum. 

No two unique molecular structures produce the same infrared spectrum.  The 

specific frequencies that a given molecule absorbs is distinct due to its chemical makeup 

and vibrational modes which differ from other molecules (Griffiths and de Haseth 2007).  

One notable exception is enantiomers, two compounds whose molecular structures have a 

non-superimposable, mirror-image relationship to each other.  Therefore, FTIR can be 

used to identify said molecule when characterizing known or unknown materials.  

Positive identification of a sample can be accomplished through manual interpretation of 

the spectrum and/or computer-assisted comparison with appropriate reference spectra 

from a library or database. 
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Transmission Sample Preparation Technique 

A commonly used sample preparation technique for examining solids is 

transmission FTIR (Stuart 2004).  For this technique, the sample is prepared for analysis 

using alkali halide discs, mulls, or films, depending up on the nature of the sample.  The 

use of alkali halide discs involves mixing dry alkali halide powder with the sample, 

before grinding the mixture into a powder using an agate mortar and pestle.  This mixture 

is then placed into a hydraulic or hand press and subjected to pressure, causing it to 

coalesce and producing a clear, transparent disc.  For this method, potassium bromide 

(KBr) is the most commonly utilized alkali halide.  To prepare a sample for analysis, a 

ratio of 1:100 of sample to KBr should be followed.  Approximately 2 mg of sample 

mixed with 200 mg of KBr is sufficient to form a disc. 

 

Advantages of FTIR 

Fourier transform spectroscopy has two fundamental benefits in comparison to 

other infrared techniques, the Fellgett (multiplex) and Jacquinot (throughput) advantages 

(Griffiths and de Haseth 2007).  The Fellgett advantage results from the FTIR 

spectrometer’s ability to measure spectral information from all wavelengths 

simultaneously.  A complete spectrum can be collected rapidly, with multiple scans 

averaged, in the time it would take a dispersive infrared instrument to conduct a single 

scan (Stuart 2004).  This ability to take multiplex measurements versus direct 

measurements observed sequentially leads to an improved signal-to-noise ratio (SNR) 



 

35 

due to the accumulation of successive scans.  The Jacquinot advantage results from the 

total source output being passed through a sample continuously.  FTIR spectrometry does 

not require the use of a slit or restricting device like dispersive infrared instruments, 

instead utilizing a circular aperture with a larger area.  This enables a higher throughput 

of radiation, and the resulting substantial gain in energy at the instrument’s detector leads 

to higher signals and improved SNRs, allowing absorbances to be measured more 

accurately.  The combination of the Fellgett and Jacquinot advantages leads to higher-

quality results obtained by FTIR (Griffiths and de Haseth 2007). 

 

FTIR and Osteological Analysis 

For the analysis of bone, FTIR allows for the simultaneous examination of all 

tissue components, as both mineral and organic constituents produce distinctive 

absorption peaks (Carden and Morris 2000; Donnelly 2011; Ellingham et al., 2015; 

Gamsjäger et al., 2009; Paschalis 2009; Paschalis et al., 2011).  FTIR is a well-

established method that has been utilized for quantitative and qualitative analysis of bone 

in a variety of research areas, including to assess variations in health and disease (Boskey 

and Camacho 2007; Boskey and Mendelsohn 2005; Morris and Finney 2004), calculate 

and compare bone compositional parameters (e.g., mineral-to-matrix, carbonate-to-

phosphate, and carbonate-to-amide ratios) (Gadaleta et al., 1996; Gourion-Arsiquad et 

al., 2013; Isaksson et al., 2010; Paschalis et al., 1996, 1997), and determine crystallinity 

indices (Surovell and Stiner 2001; Wright and Schwarcz 1996).  This analytical technique 

has also been used to identify the composition of bone material, both inorganic (Álvarez-
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Lloret et al., 2006; Bigi et al., 1997; Kuhn et al., 2008; Rey et al., 1989; Tanasescu et al., 

2015; Turunen et al., 2011, 2014; Walters et al., 1990) and organic (D’Elia et al., 2007; 

Nakada et al., 2010; Pestle et al., 2014; Salesse et al., 2014; Weiner and Bar-Yosef 

1990).  A typical FTIR spectrum of fresh bone is shown in Figure 2.1. 

 

 
Figure 2.1. Typical FTIR spectra of fresh bone (adapted from Lebon et al., 

2010:2267). 

 

Archaeologically, FTIR has been applied to numerous sites in order to evaluate 

diagenesis of skeletal materials (Beasley et al., 2014; Howes et al., 2012; Reiche et al., 

2003), distinguish between modern and archaeological remains (Nagy et al., 2008; 

Patonai et al., 2013), reconstruct settlement behavior, including the use of burning bones 

as fuel and seasonal habitation of sites (Butler and Dawson 2013), and determine 

depositional processes and distribution of bones (Schiegl et al., 2003; Stiner et al., 2001; 

Weiner et al., 1993). 
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FTIR and Analysis of Burned Bone 

For burned and cremated bones, FTIR has been used in experimental studies to 

assess heat-induced compositional changes (Figueiredo et al., 2010; Mkukuma et al., 

2004; Piga et al., 2016; Snoeck et al., 2014; Wang et al., 2010; Younesi et al., 2011) and 

modifications to the crystalline microstructure (Munro et al., 2007; Olsen et al., 2008; 

Stiner et al., 1995; Thompson et al., 2011, 2013) in relation to the degree of burning.  

This analytical technique has utility in both modern and archaeological contexts, helping 

researchers to identify burnt bone in archaeological assemblages (Stiner et al., 1995), 

differentiate burning effects from black mineral oxide staining, notably that of manganese 

(Schiegl et al., 2003; Shahack-Gross et al., 1997), interpret funerary cremation practices 

(Piga et al., 2010; Squires et al., 2011; Van Strydonck et al., 2015), and compare 

diagenetic and thermal-alteration modifications (Lebon et al., 2010) and determine if a 

bone deposit was an in situ accumulation or had been moved to a secondary dump site 

(Schiegl et al., 2003). 

Previous research suggests that FTIR also yields information that may potentially 

be used to reconstruct burning events, including oxygen availability (Walker and Miller 

2005) and the presence of fuel (Snoeck et al., 2016).  Ellingham et al., (2016) utilized 

this technique to investigate the effect of soft tissue and varying exposure times on the 

prediction of burning temperatures for burnt bone.  Additionally, researchers have used 

FTIR to characterize high versus low intensity burnings for archaeological remains 

(Butler and Dawson 2013; Piga et al., 2015; Snoeck et al., 2014; Thompson et al., 2009). 
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 Determining the composition of white heat lines contributes to previous studies 

on thermally altered bone and enables new avenues of research in this field.  This new 

research can expand on topics such as the reconstruction of thermal events; interpretation 

of the circumstances surrounding the death and/or physical condition of a fire victim; and 

further delineation of bone’s altered chemical properties as it undergoes burning.  

Increased research on the development and formation of white heat lines has implications 

for numerous fields including forensic anthropology, taphonomy, zooarchaeology, and 

the medico-legal community. 
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CHAPTER 3: MATERIALS AND METHODS 

 

In order to investigate the effects of soft tissue, naturally-occurring grease, and 

water retention on the formation and appearance of a white heat line, osteological 

remains in five physical conditions (fleshed, very wet, partially wet, dry, and soaked) (see 

below) were utilized in this study.  Experimental samples consisted of isolated long bones 

from white-tailed deer (Odocoileus virginianus), elk (Cervus canadensis), sheep (Ovis 

aries), and pig (Sus scrofa).  The four animal species selected for this research all belong 

to the Order Artiodactyla, even-toed ungulates, and share similar bone structures. 

 

Animal Models as Human Analogues 

Animal remains are often utilized as human analogues in experimental research 

due to the difficulties associated with acquiring and using human cadaveric material 

(Marceau 2007; Thompson 2003).  These difficulties include a paucity of human 

cadaveric material, legal and ethical complications attached to the use of human remains 

in experimental work, and legal constraints outlining their involvement in destructive 

studies.  In contrast, animal remains are usually more accessible, with the capability to 

select for certain variables such as developmental age and limb type, as well as fewer 

restrictions and regulations regarding their use (Pope 2007). 

Animal analogues have been used in a variety of research areas, including 

cremation or burning studies (Buikstra and Swegle 1989; DeHaan and Nurbakhsh 2001; 

Thompson 2003, 2005; Thompson et al., 2009, 2011), investigations of decomposition 



 

40 

rates (Schotsmans et al., 2012, 2014), thanatochemistry (Dekeirsschieter et al., 2009), 

weathering (Marceau 2007), entomological activity (Grassberger and Frank 2004), and 

effects of different burial microenvironments (Forbes et al., 2005a, 2005b, 2005c; Stuart 

et al., 2005; Wilson et al., 2007). 

Animal species frequently used as human analogues include pig, sheep, white-

tailed deer, and goat (Capra hircus) (Thompson 2002, 2003, 2005; Mayne 1990).  Pig is 

most common in forensic experiments due to its many physical similarities with humans 

(de Gruchy and Rogers 2002; DeHaan 1997; DeHaan and Nurbakhsh 2001; DeHaan et 

al., 1999; Herrmann and Bennett 1999), such as the fat-to-muscle ratio, body mass, and 

general physiology (France et al., 1992; Rodriguez and Bass 1985; Schoenly et al., 

1991).  Additionally, porcine soft tissue size and composition, relative hairlessness, skin 

structure, and subcutaneous fat layer are also comparable to that of humans (Aerssens et 

al., 1998; Schotsmans et al., 2012, 2014). 

For the investigation of burning on hard tissues, animal models are useful for 

replicating and examining differential heat-induced modifications to bone, including 

color changes (Buikstra and Swegle 1989; Pope 2007).  Mayne (1990) suggests that 

sheep are the most appropriate choice for cremation or burning research, because their 

bone density and microstructure are more comparable to humans than that of other 

accessible species.  Multiple researchers have incorporated sheep bone into their thermal-

alteration studies, generally burning the long bones or ribs (Abdel-Maksoud 2010; 

Ellingham et al., 2015, 2016; Koon et al., 2003; Thompson 2005; Thompson et al., 2009, 

2011, 2013; Thompson and Chudek 2007). 
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In addition to sheep, Marceau (2007) concludes that both deer and pig bone can 

serve as suitable models in forensic experiments due to their geometric and densitometric 

similarities to human bone.  Of these two species, Marceau (2007) also found that deer 

bone responds to subaerial weathering in a manner more similar to human bone than pig 

bone.  Although less frequently, cervid bone has been utilized in several thermal-

alteration studies (Bennett 1999; Horocholyn 2013; Munro et al., 2007, 2008; Whyte 

2001).  Therefore, it was concluded that white-tailed deer, elk, sheep, and pig long bones 

would serve as suitable models in the current research to investigate heat-induced 

modifications to bone. 

 

Osteological Samples 

The first sample group consists of eight sheep and ten pig metapodials, fleshed 

and encased in soft tissue with the hide and hair present.  The author obtained these 18 

fleshed animal specimens from Krehbiels Specialty Meats, a processing plant in 

McPherson, Kansas, a few days after the animals were butchered.  These bones were 

shipped frozen, and once received, they were placed in a facility freezer at Boston 

University School of Medicine (BUSM) until the experimental work could be performed.  

The bones were then allowed to thaw for several days prior to burning.  This sample 

includes both adult and subadult individuals, as some of the distal metapodial epiphyses 

are not fused. 

The second sample group consists of 30 isolated, very wet elk femora previously 

purchased by the Forensic Anthropology Program under the Department of Anatomy and 
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Neurobiology at BUSM.  These bones were greasy with minimal amounts of soft tissue 

adhering but with the marrow intact.  They had been manually processed prior to the 

program acquiring them, with a majority of the soft tissue removed with hand tools, but 

no additional thermal alteration (e.g., boiling).  These bones were stored in a facility 

freezer at the Boston University Outdoor Research Facility (ORF) located in Holliston, 

Massachusetts until the experimental work could be performed.  The bones were then 

allowed to thaw for several days prior to burning. 

The third sample group consists of 30 partially wet white-tailed deer metapodials.  

These bones were already defleshed and partially dry from undergoing decomposition in 

a forested environment for approximately 1.5 years after deposition at the ORF.  This 

sample includes both adult and subadult individuals, as some of the distal metapodial 

epiphyses are not fused. 

The fourth sample group consists of 15 dry white-tailed deer metapodials.  These 

bones were already defleshed and dry from undergoing decomposition in a forested 

environment in eastern Massachusetts.  This sample includes both adult and subadult 

individuals, as some of the distal metapodial epiphyses are not fused. 

The fifth sample group consists of 15 soaked white-tailed deer metapodials. These 

bones were immersed in tap water and placed in plastic tubs to soak for three days prior 

to burning.  The soaked bones were selected from the dry sample group, and as such, 

were already defleshed and dry from undergoing decomposition in a forested 

environment in eastern Massachusetts.  This sample includes both adult and subadult 

individuals, as some of the distal metapodial epiphyses are not fused. 
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The partially wet, dry, and soaked bone samples underwent decomposition in 

similar forested environments and were all in Weathering Stage 0 following 

Behrensmeyer (1978).  Bone surfaces did not exhibit cracking, flaking, or sun bleaching 

due to weathering, and there was sometimes slight dried soft tissue and fur still adhering. 

 

Experimental Burning 

Ten percent of the bones in each sample group, approximated when necessary, 

were set aside as thermally unaltered controls for the burned experimental bones.  Three 

controls were used for the very wet and partially wet sample groups, and two controls 

were used for the fleshed, dry, and soaked sample groups.  Thermal experimentation of 

all bone samples took place at the ORF.  This 32-acre facility offers a secure area away 

from most human disturbances in which to conduct research.  Prior to burning, each bone 

was given a label identifying its sample group and its individual number within that 

group.  The partially wet, dry, and soaked samples were labeled using black permanent 

marker directly on the bone.  For the fleshed and very wet samples, aluminum tags, 

etched with the identifying information, were attached to the unburned end of the bone 

using stainless steel wire.  Due to the presence of subadult samples lacking distal 

epiphyses, the fused proximal end was burned for all bones.  Each bone was also 

photographed prior to and following burning. 

Burning of all experimental bones for this project took place at the Holliston Fire 

Department Training Facility, located near the ORF.  In order to contain the fire, the 

experimental bone samples were placed on stainless steel wire mesh and burned over a 
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wood fire made within a 55-gallon drum.  The bones were burned by sample group with 

the fire rebuilt between each group, and during burning if necessary, using wood 

available from the area.  Due to space constraints with the 55-gallon drum, the very wet 

bones were burned in three groups, the fleshed and partially wet bones in two groups 

each, and the dry and soaked bones in one group each.  Bones remained on the fire until 

they exhibited charring, allowing enough time for a white heat line to form potentially.  

Approximately halfway through burning, they were flipped over to ensure a more even 

exposure to the heat source. 

In order to record the maximum temperature that each bone and the fire reached, a 

ThermoTech TT1610 Non-Contact Digital Infrared Laser Temperature Thermometer 

(Thermo Fisher Scientific Inc., Waltham, MA) was used before the bones were placed on 

the fire, once the bones were flipped partway through, and when they were removed from 

the steel wire mesh at the end of burning.  Additionally, the total burn time for each 

sample group was also noted and whether the fire needed to be rebuilt during burning, 

and if so, at what time.  Once removed from the fire, the burned bones were then allowed 

to cool at the ORF for several hours to ensure safe handling before being placed in 

individual plastic bags and transported to BUSM, along with the controls, for storage and 

processing. 

 

Visual Analysis 

After burning the experimental bone samples, a subsequent macroscopic visual 

analysis was conducted to assess the formation and appearance of a white heat line.  In 
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order to conduct this analysis, the fleshed and very wet experimental bones, as well as 

their unburned controls, were first defleshed using a dermestid beetle (Dermestes 

maculatus) colony available through the Department of Anatomy and Neurobiology at 

BUSM.  The partially wet, dry, and soaked bones did not require additional processing 

prior to the visual analysis.  For each of the experimental bones from all five sample 

groups, the formation of a white heat line was then scored using a binary system, as either 

present (1) or absent (0).  If present, the maximum and minimum widths of the white heat 

line were measured, as well as its depth into the bone’s surface.  Additionally, the 

percentage of the bone’s burned diaphyseal circumference exhibiting a white heat line 

was classified as ≤ 25%, 25-50%, 50-75%, or 75-100%.  Visual analysis of all bone 

samples for the current study was completed in laboratory facilities available through the 

Forensic Anthropology program at BUSM. 

 

FTIR Analysis 

FTIR Sample Preparation 

Fourier transform infrared spectroscopy (FTIR) was used to analyze the chemical 

composition of white heat lines in comparison to the experimental burned bones that do 

not develop this thermal signature, as well as the unburned controls.  Specifically, the 

transmission method was used in which the sample is prepared into a pellet before being 

placed directly into the path of the infrared beam.  As the infrared beam passes through 

the sample, the transmitted energy is measured and an infrared spectrum is generated.  

Since white heat lines appear to form only on the outer surface of bone, superficial 
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samples for all osteological materials were obtained using a WEN 2305 Rotary Tool Kit 

(WEN Products, Elgin, IL) with a grinding attachment.  In order to prevent contamination 

between samples, a new grinding attachment was used for each bone.  For the 

experimental bones, samples were taken directly from the white heat line, and if not 

present then an area from the junction of charred and thermally unaltered bone was 

obtained.  The middle of the diaphysis was used as the sampling site for the unburned 

controls.  Ground bone samples were collected using wax paper and stored in individual 

glass vials prior to FTIR analysis. 

In order to prepare each bone sample for FTIR analysis, approximately 2 mg of 

bone powder was manually ground with 200 mg of infrared spectroscopic grade KBr 

using a mortar and pestle.  The KBr powder was stored in a desiccator, with working 

portions removed as needed.  This mixture was then placed into a Thermo ScientificTM 

hand press (Thermo Fisher Scientific Inc., Waltham, MA), using a 7 mm die set, and 

applying pressure for 30 seconds to form a transparent pellet.  In order to prevent 

contamination between samples, the laboratory equipment used to create the pellets was 

cleaned between each bone sample with alcohol preparation pads. 

 

FTIR Spectral Analysis 

All bone samples, the experimental burned and their controls, were analyzed 

using FTIR and the transmission method.  FTIR absorbance spectral data was obtained 

using a Thermo ScientificTM NicoletTM 6700 FT-IR Spectrometer and Thermo 

ScientificTM OMNICTM Spectra Software (Thermo Fisher Scientific Inc., Waltham, MA).  
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Interferences from the KBr and environment were removed by collecting background 

spectra of a homogenous KBr pellet and subtracting it from all bone sample spectra.  

Spectra for the background scans and each bone sample were recorded between 2000 cm-

1 and 400 cm-1, at a resolution of 4 cm-1, and an averaging of 64 scans.  An automatic 

baseline correction and smoothing were performed on each of the spectra in order to 

ensure a level baseline and to decrease the noise level, respectively. 

The resulting infrared spectra obtained from the experimental and control bone 

samples were compared to previous authors’ research in order to identify the presence of 

CO3, PO4, and amide I (Butler and Dawson 2013; Garvie-Lok et al., 2004; Koon et al., 

2003; Lebon et al., 2010; Nagy et al., 2008; Olsen et al., 2008; Thompson et al., 2009, 

2011, 2013; Wright and Schwarz 1996).  Spectral peak heights of these three components 

were determined for each bone at the ν3 CO3 (1415 cm-1), ν3 PO4 (1035 cm-1), and amide 

I (1660 cm-1) vibrational bands using the OMNICTM Spectra Software (Thermo Fisher 

Scientific Inc., Waltham, MA).  The mean spectral peak heights were then calculated for 

ν3 CO3, ν3 PO4, and amide I, subdivided by bone condition prior to burning, unburned 

control versus burned experimental, and whether an experimental bone developed a white 

heat line after burning. 

For the current study, the ν3 modes for carbonate and phosphate were chosen, as 

they represent the strongest infrared bands of these minerals in bone (Rey et al., 1989; 

Wright and Schwarz, 1996).  Additionally, Amide I was selected as it represents the main 

band of bone’s organic matrix and is commonly used to assess the presence of organic 

material through the infrared analysis of bone (Álvarez-Lloret et al., 2006; Butler and 
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Dawson 2013; Camacho et al., 1995; Lebon et al., 2010; Pienkowski et al., 1997).  

Preparation and processing of all bone samples for FTIR analysis was completed in 

laboratory facilities available through the Biomedical Forensic Sciences program at 

BUSM. 

 

Statistical Analysis 

 Several statistical analyses were calculated to assess the data collected in the 

current study.  These analyses were performed using the Statistical Package for the Social 

Sciences (SPSS), version 20 (SPSS Inc., Chicago, Illinois). 

 

Test for Normality 

The statistical normality of the data collected was assessed using a Shapiro-

Wilk’s W test. 

 

Correlation of Bone Condition and White Heat Line Formation 

 A Chi-Squared (X2) Test of Independence was performed to evaluate if there is a 

relationship between bone’s physical condition prior to burning (fleshed, very wet, 

partially wet, dry, soaked) and white heat line formation.   

 

Multivariate Correlation 

 A multivariate analysis of variance (MANOVA) test was used to compare the 

effect of bone’s physical condition prior to burning (fleshed, very wet, partially wet, dry, 
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soaked) on the formation of a white heat line and the spectral peak heights of ν3 CO3, ν3 

PO4, and amide I. 

 

Post-Hoc Test 

 Following the MANOVA, a Bonferroni post-hoc test was conducted to compare 

subgroups of the data set in order to determine which, if any, subgroups differ 

significantly.  
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CHAPTER 4: RESULTS 

 

Burning Observations 

 Table 4.1 lists the observations recorded when the experimental bones were 

burned.  The author documented the temperature of each bone and the fire three times 

during the burning process: (1) initially, before the bones were placed on the fire; (2) 

when the bones were flipped partway through; and (3) at the end of burning.  

Additionally, the length of time for which each sample group was burned, when the 

bones were flipped, and whether the fire was rebuilt, and if so when, during burning were 

also noted.  Photos of the experimental bones burning on the 55 gallon drum can be 

found in Appendix A (Figures A.1-A.5). 

Due to space constraints with the 55-gallon drum, the experimental fleshed bones 

were burned in two groups, divided by species.  In the first group, the sheep metapodials 

ranged in initial temperature from 58.0ºF to 69.0ºF (14.4ºC to 20.6ºC) prior to being 

placed on the fire, between 245.1ºF and 333.6ºF (118.4ºC to 167.6ºC) halfway through 

burning, and from 163.0ºF to 183.8ºF (72.8ºC to 84.3ºC) once removed from the steel 

wire mesh at the end of burning.  Additionally, the fire temperature was 1,005.1ºF 

(540.6ºC) in the beginning, 1,090.0ºF (587.8ºC) halfway through burning, and 1,010.9ºF 

(543.8ºC) when the bones were removed.  The sheep metapodials burned for ten minutes, 

were flipped at six minutes, and the fire was not rebuilt due to its consistently high 

temperature.  For the second group of fleshed bones, the pig metapodials ranged in initial 

temperature from 58.0ºF to 69.5ºF (14.4ºC to 20.8ºC) prior to being placed on the fire, 
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between 239.5ºF and 334.5ºF (115.3ºC to 168.1ºC) halfway through burning, and from 

145.4ºF to 174.3ºF (63.0ºC to 79.1ºC) once removed from the steel wire mesh at the end 

of burning.  Initially, the fire temperature was 1,170.0ºF (632.2ºC), then 998.4ºF 

(536.9ºC) halfway through burning, and 860.3ºF (460.2ºC) once the bones were removed.  

The pig metapodials burned for a total of twenty-three minutes and were flipped halfway 

at twelve minutes with the fire rebuilt in order to ensure that each bone became partially 

carbonized. 

The experimental very wet bones were burned in three groups, and their initial 

temperatures prior to being placed on the fire ranged from 57.9ºF to 66.2ºF (14.4ºC to 

19.0ºC), 62.0ºF to 69.8ºF (16.7ºC to 21.0ºC), and 61.7ºF to 66.9ºF (16.5ºC to 19.4ºC).  

Halfway through burning, the very wet bone temperatures varied from 247.7ºF to 308.3ºF 

(119.8ºC to 153.5ºC), 252.8ºF to 316.4ºF (122.7ºC to 158.0ºC), and 272.3ºF to 328.6ºF 

(133.5ºC to 164.8ºC).  Once removed from the fire, the bones cooled to between 165.9ºF 

and 208.0ºF (74.4ºC to 97.8ºC), 142.7ºF to 178.1ºF (61.5ºC to 81.2ºC), and 154.4ºF to 

221.1ºF (68.0ºC to 103.1ºC) for the three groups.  The fire’s temperature was initially 

recorded as 922.1ºF to 984.0ºF (494.5ºC to 528.9ºC), then 888.0ºF to 998.4ºF (475.6ºC to 

536.9ºC) once the bones were flipped, and lastly as 620.9ºF to 763.3ºF (327.2ºC to 

406.3ºC) when the bones were removed.  Total burning time for the very wet bones was 

23 minutes, 28 minutes, and 21 minutes for the first, second, and third bone groups, 

respectively.  The very wet bones were flipped approximately halfway through burning, 

with the fire rebuilt for each group, at 18 minutes, 14 minutes, and 8 minutes. 
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The partially wet experimental bones were burned in two groups, and prior to 

being placed on the fire their temperatures ranged from 67.5ºF to 74.3ºF (19.7ºC to 

23.5ºC) and 71.6ºF to 75.5ºF (22.0ºC to 29.1ºC).  Halfway through burning, the bones 

were heated to between 204.6ºF and 258.9ºF (95.9ºC to 126.1ºC) and 233.1ºF to 291.4ºF 

(111.7ºC to 144.1ºC).  Once removed from the fire, they cooled from 121.8ºF to 213.1ºF 

(49.9ºC to 100.6ºC) and 148.2ºF to 219.1ºF (64.6ºC to 103.9ºC).  The fire’s temperature 

was initially recorded as 987.2ºF to 1,208.0ºF (530.7ºC to 653.3ºC), then 784.9ºF to 

973.1ºF (418.3ºC to 522.8ºC) once the bones were flipped, and lastly as 518.9ºF to 

924.6ºF (270.5ºC to 495.9ºC) when the bones were removed.  Total burning time for the 

partially wet bones was 31 minutes and 26 minutes for the first and second groups, 

respectively.  The bones were flipped at 12 and 15 minutes, and both fires were rebuilt at 

8 minutes. 

The dry experimental bones were burned in one group and ranged in initial 

temperature from 67.4ºF to 73.2ºF (19.7ºC to 22.9ºC) prior to being placed on the fire, 

between 203.5ºF and 241.3ºF (95.3ºC to 116.3ºC) halfway through burning, and from 

116.9ºF to 146.6ºF (47.2ºC to 63.7ºC) once removed from the steel wire mesh at the end 

of burning.  Additionally, the fire temperature was 956.2ºF (513.4ºC) in the beginning, 

708.2ºF (375.7ºC) halfway through burning, and 572.2ºF (300.1ºC) when the bones were 

removed.  The dry bones burned for twelve minutes, were flipped at six minutes, and the 

fire was not rebuilt. 

The soaked experimental bones were burned in one group, and prior to being 

placed on the fire their temperatures ranged from 62.2ºF to 68.0ºF (16.8ºC to 20.0ºC).  
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Halfway through burning, the bones were heated to between 201.3ºF and 241.4ºF (94.1ºC 

to 116.3ºC).  Once removed from the fire, they cooled to between 102.0ºF and 168.6ºF 

(38.9ºC to 75.9ºC).  Additionally, the fire temperature was initially 878.5ºF (420.3ºC), 

734.6ºF (390.3ºC) halfway through burning, and 685.4ºF (362.9ºC) when the bones were 

removed.  The soaked bones burned for twelve minutes, were flipped at six minutes, and 

the fire was not rebuilt. 
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Table 4.1. Temperatures and burning times for experimental burned bones. 

 

Sheep 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

Fleshed Notes: #1-8 (sheep) burned in first group; #9-18 (pig) burned in second group 

F1 
63.2ºF 

17.3ºC 

332.9ºF 

167.2ºC 

174.5ºF 

79.2ºC 

1,005.1ºF 

540.2ºC 

 

 

 

 

 

 

 

1,090.0ºF 

587.8ºC 

1,010.9ºF 

543.8ºC 

 

 

Not rebuilt 

 

 

 

 

 

 

 

10 min.  

total 

 

 

F2 
58.0ºF 

14.4ºC 

247.2ºF 

119.6ºC 

163.0ºF 

72.8ºC 

F3 
61.0ºF 

16.1ºC 

298.9ºF 

148.3ºC 

178.3ºF 

81.3ºC 

F4 
69.0ºF 

20.6ºC 

271.4ºF 

133.0ºC 

171.7ºF 

77.6ºC 

F5 
59.0ºF 

15.0ºC 

245.1ºF 

118.4ºC 

165.4ºF 

74.1ºC 
Flipped 

at 6 min. 

 

 

 

 

F6 
64.0ºF 

17.8ºC 

333.6ºF 

167.6ºC 

183.8ºF 

84.3ºC 

 

F7 
66.0ºF 

18.9ºC 

269.7ºF 

132.1ºC 

167.9ºF 

75.5ºC 

F8 UNBURNED CONTROL (SHEEP) 

F9 
65.9ºF 

18.8ºC 

239.5ºF 

115.3ºC 

168.1ºF 

75.6ºC 

1,170.0ºF 

632.2ºC 

 

 

 

998.4ºF 

536.9ºC 

 

Flipped 

at 12 

min. 

860.3ºF 

460.2ºC 

 

 

Once, at 12 

min. 

 

 

23 min. 

total 

F10 
68.4ºF 

20.2ºC 

303.3ºF 

150.7ºC 

168.7ºF 

75.9ºC 

F11 
68.5ºF 

20.3ºC 

331.0ºF 

166.1ºC 

172.5ºF 

78.1ºC 

F12 
59.1ºF 

15.1ºC 

286.5ºF 

141.4ºC 

165.2ºF 

74.0ºC 
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Pig 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End When (min.) # Min 

F13 
58.0ºF 

14.4ºC 

268.4ºF 

131.3 

145.4ºF 

63.0ºC 

1,170.0ºF 

632.2ºC 

 

 

 

998.4ºF 

536.9ºC 

 

Flipped 

at 12 

min. 

860.3ºF 

460.2ºC 

 

 

Once, at 12 

min. 

 

 

23 min. 

total 

 

 

F14 
69.5ºF 

20.8ºC 

284.8ºF 

140.4ºC 

161.7ºF 

72.1ºC 

1,170.0ºF 

637.2ºC 

 

 

 

 

998.4ºF 

536.9ºC 

 

Flipped 

at 12 

min. 

860.3ºF 

460.2ºC 

 

 

 

Once, at 12 

min. 

 

 

 

23 min. 

total 

 

 

 

F15 
63.6ºF 

17.6ºC 

334.5ºF 

168.1ºC 

174.3ºF 

79.1ºC 

F16 
60.0ºF 

15.6ºC 

273.7ºF 

134.3ºC 

159.5ºF 

70.1ºC 

F17 
62.2ºF 

16.8ºC 

306.2ºF 

152.3ºC 

169.8ºF 

76.6ºC 

F18 UNBURNED CONTROL (PIG) 

Elk 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Femora Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

Very Wet Notes: Bones burned in groups - #1-9, #10-20, #21-27 

W1 
61.3ºF 

16.3ºC 

293.6ºF 

145.3ºC 

165.9ºF 

74.4ºC 922.1ºF 

494.5ºC 

 

 

 

 

888.0ºF 

475.6ºC 

 

Flipped 

at 18 

min. 

621.3ºF 

328.4ºC 

 

 

 

 

Once, at 

18 min. 

 

 

 

23 min. 

total 

 

 

 

W2 
66.2ºF 

19.0ºC 

301.1ºF 

149.5ºC 

183.5ºF 

84.17ºC 

W3 
60.6ºF 

15.9ºC 

247.7ºF 

119.8ºC 

190.0ºF 

87.8ºC 
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Elk TEMPERATURE (BONE) 
TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Femora Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

W4 
63.8ºF 

17.7ºC 

292.2ºF 

144.6ºC 

193.4ºF 

89.7ºC 

922.1ºF 

494.5ºC 

 

 

 

 

888.0ºF 

475.6ºC 

 

Flipped 

at 18 

min. 

621.3ºF 

328.4ºC 

 

 

 

 

Once, at 

18 min. 

 

 

 

 

23 min. 

total 

 

 

 

 

W5 
64.2ºF 

17.9ºC 

276.4ºF 

135.8ºC 

182.8ºF 

83.8ºC 

W6 
57.9ºF 

14.4ºC 

308.3ºF 

153.5ºC 

206.9ºF 

97.2ºC 

W7 
63.1ºF 

17.3ºC 

272.8ºF 

133.8ºC 

208.0ºF 

97.8ºC 

W8 
62.4ºF 

16.9ºC 

290.1ºF 

143.4ºC 

182.3ºF 

83.5ºC 

W9 
58.1ºF 

14.5ºC 

284.6ºF 

140.3ºC 

173.9ºF 

78.8ºC 

W10 
64.4ºF 

18.0ºC 

257.1ºF 

125.1ºC 

148.7ºF 

64.8ºC 

970.7ºF 

521.5ºC 

 

 

 

 

998.4ºF 

536.9ºC 

 

Flipped 

at 14 min 

 

620.9ºF 

327.2ºC 

 

 

 

Once, at 

14 min. 

 

 

 

 28 min. 

total 

 

 

W11 
63.3ºF 

17.4ºC 

294.6ºF 

145.9ºC 

170.5ºF 

76.9ºC 

W12 
68.0ºF 

20.0ºC 

252.8ºF 

122.7ºC 

166.8ºF 

74.9ºC 

W13 
66.7ºF 

19.3ºC 

265.8ºF 

129.9ºC 

153.6ºF 

67.6ºC 

W14 
63.1ºF 

17.3ºC 

304.7ºF 

151.5ºC 

178.1ºF 

81.2ºC 

W15 
62.0ºF 

16.7ºC 

316.4ºF 

158.0ºC 

162.7ºF 

72.6ºC 

W16 
63.3ºF 

17.4ºC 

312.9ºF 

156.1ºC 

174.9ºF 

79.3ºC 
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Elk TEMPERATURE (BONE) 
TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Femora Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

W17 
62.1ºF 

16.7ºC 

282.0ºF 

138.9ºC 

159.1ºF 

70.1ºC 

970.7ºF 

521.5ºC 

 

 

 

 

998.4ºF 

536.9ºC 

 

Flipped 

at 14 min 

 

620.9ºF 

327.2ºC 

 

 

 

Once, at 

14 min. 

 

 

 

 28 min. 

total 

 

 

W18 
65.1ºF 

18.4ºC 

287.4ºF 

141.9ºC 

154.3ºF 

67.9ºC 

W19 
63.7ºF 

17.6ºC 

291.2ºF 

144.0ºC 

142.7ºF 

61.5ºC 

W20 
69.8ºF 

21.0ºC 

306.2ºF 

153.3ºC 

159.8ºF 

71.0ºC 

W21 
65.4ºF 

18.6ºC 

325.6ºF 

163.1ºC 

221.1ºF 

105.1ºC 

984.0ºF 

528.9ºC 

 

 

 

957.1ºF 

513.9ºC 

 

Flipped 

at 8 min. 

763.3ºF 

406.3ºC 

 

 

 

Once, at 

12 min. 

 

 

 

 

21 min. 

total 

 

 

 

 

W22 
63.8ºF 

17.7ºC 

307.2ºF 

152.9ºC 

165.9ºF 

74.4ºC 

W23 
66.9ºF 

19.4ºC 

272.3ºF 

133.5ºC 

173.8ºF 

78.3ºC 

W24 
61.7ºF 

16.5ºC 

328.6ºF 

164.8ºC 

183.2ºF 

84.0ºC 

W25 
65.1ºF 

18.4ºC 

318.1ºF 

158.9ºC 

172.9ºF 

78.3ºC 

W26 
62.0ºF 

16.7ºC 

306.8ºF 

152.7ºC 

156.0ºF 

68.9ºC 

W27 
65.2ºF 

18.4ºC 

313.1ºF 

156.2ºC 

154.4ºF 

68.0ºC 

W28 UNBURNED CONTROL 

W29 UNBURNED CONTROL 

W30 UNBURNED CONTROL 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

 Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

Partially 

Wet 
Notes: Bones burned in groups - #1-11, 12-20, 21-27 

P1 
67.5ºF 

19.7ºC 

223.4ºF 

106.3ºC 

121.8ºF 

49.9ºC 

1,208.0ºF 

653.3ºC 

 

 

 

 

 

 

784.9ºF 

418.3ºC 

 

 

Flipped 

at 12 

min. 

 

518.9ºF 

270.5ºC 

 

 

 

 

Once, at 15 

min. 

 

 

 

 

 

31 min 

total 

 

 

 

 

P2 
68.2ºF 

20.1ºC 

241.9ºF 

116.6ºC 

183.4ºF 

84.1ºC 

P3 
73.7ºF 

23.2ºC 

206.0ºF 

96.7ºC 

146.3ºF 

63.5ºC 

P4 
73.0ºF 

22.8ºC 

226.0ºF 

107.8ºC 

124.7ºF 

51.5ºC 

P5 
71.7ºF 

22.1ºC 

247.5ºF 

119.7ºC 

198.5ºF 

92.5ºC 

P6 
72.1ºF 

22.3ºC 

218.1ºF 

103.4ºC 

164.1ºF 

73.4ºC 

P7 
74.3ºF 

23.5ºC 

207.3ºF 

97.4ºC 

154.3ºF 

67.9ºC 

P8 
73.7ºF 

23.2ºC 

258.9ºF 

126.1ºC 

200.1ºF 

93.4ºC 

P9 
69.9ºF 

21.1ºC 

204.6ºF 

95.9ºC 

142.9ºF 

61.6ºC 

P10 
73.4ºF 

23.0ºC 

220.0ºF 

104.4ºC 

149.4ºF 

65.2ºC 

P11 
72.1ºF 

22.3º 

256.2ºF 

124.6ºC 

213.1ºF 

100.6ºC 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

P12 
75.5ºF 

24.2ºC 

251.6ºF 

122.0ºC 

203.5ºF 

95.3ºC 

987.2ºF 

530.7ºC 

 

 

 

973.1ºF 

522.8ºC 

 

Flipped 

at 8 min. 

924.6ºF 

495.9ºC 

 

Once, at 8 

min. 

 

 

 

26 min. 

total 

 

 

P13 
72.1ºF 

22.3ºC 

279.5ºF 

137.5ºC 

148.2ºF 

64.6ºC 

P14 
75.5ºF 

24.1ºC 

243.4ºF 

117.4ºC 

151.3ºF 

66.3ºC 

P15 
73.7ºF 

23.2ºC 

233.1ºF 

111.7ºC 

166.4ºF 

74.7ºC 

P16 
73.4ºF 

23.0ºC 

289.9ºF 

143.3ºC 

153.6ºF 

67.6ºC 

P17 
73.4ºF 

23.0ºC 

258.2ºF 

125.7ºC 

181.3ºF 

82.9ºC 

P18 
74.8ºF 

23.8ºC 

284.9ºF 

140.5ºC 

152.6ºF 

67.0ºC 

P19 
73.2ºF 

22.9ºC 

291.4ºF 

144.1ºC 

192.8ºF 

89.3ºC 

P20 
71.6ºF 

22.0ºC 

254.6ºF 

123.7ºC 

219.1ºF 

103.9ºC 

P21 
74.1ºF 

23.4ºC 

271.9ºF 

133.3ºC 

171.3ºF 

77.4ºC 

870.9ºF 

466.1ºC 

 

 

 

 

 

1,060.7ºF 

571.5ºC 

 

Flipped 

at 10 

min. 

 

732.0ºF 

388.9ºC 

 

 

Once, at 10 

min. 

 

 

34 min. 

total 

 

 

P22 
71.9ºF 

22.2ºC 

269.4ºF 

131.9ºC 

152.1ºF 

66.7ºC 

P23 
73.2ºF 

22.9ºC 

283.5ºF 

139.7ºC 

190.4ºF 

88.0ºC 

P24 
73.9ºF 

23.3ºC 

276.1ºF 

135.6ºC 

183.5ºF 

84.2ºC 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start  Flipped End 
When 

(min.) 
# Min 

P25 
71.6ºF 

22.0ºC 

287.9ºF 

142.2ºC 

197.1ºF 

91.7ºC 870.9ºF 

466.1ºC 

 

 

 

1,060.7ºF 

571.5ºC 

 

Flipped 

at 10 

min. 

732.0ºF 

388.9ºC 

 

 

 

Once, at 10 

min. 

 

 

 

34 min. 

total 

 

 

 

P26 
71.0ºF 

21.7ºC 

273.2ºF 

134.0ºC 

168.7ºF 

75.9ºC 

P27 
74.1ºF 

23.4ºC 

284.8ºF 

140.4ºC 

195.2ºF 

90.7ºC 

P28 UNBURNED CONTROL 

P29 UNBURNED CONTROL 

P30 UNBURNED CONTROL 

Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

Dry Notes: Bones burned all at once, #1-13. 

D1 
67.4ºF 

19.7ºC 

203.5ºF 

95.3ºC 

127.3ºF 

52.9ºC 

956.2ºF 

513.4ºC 

 

 

 

 

 

708.2ºF 

375.7ºC 

 

Flipped at 

6 min. 

 

 

572.2ºF 

300.1ºC 

 

 

Not rebuilt 

 

 

 

 

12 min. 

total 

 

 

 

D2 
68.1ºF 

20.1ºC 

211.7ºF 

99.83ºC 

116.9ºF 

47.2ºC 

D3 
72.8ºF 

22.7ºC 

223.9ºF 

106.6ºC 

129.8ºF 

54.3ºC 

D4 
71.5ºF 

21.9ºC 

231.4ºF 

110.8ºC 

146.6ºF 

63.7ºC 

D5 
70.1ºF 

21.2ºC 

217.8ºF 

103.2ºC 

139.0ºF 

59.4ºC 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

D6 
71.0ºF 

21.7ºC 

208.6ºF 

98.1ºC 

121.9ºF 

49.9ºC 

956.2ºF 

513.4ºC 

 

 

 

 

 

708.2ºF 

375.7ºC 

 

Flipped at 

6 min. 

 

 

572.2ºF 

300.1ºC 

 

 

Not rebuilt 

 

 

 

 

12 min. 

total 

 

 

 

D7 
69.6ºF 

20.9ºC 

221.7ºF 

105.4ºC 

128.9ºF 

53.8ºC 

D8 
70.1ºF 

21.2ºC 

241.3ºF 

116.3ºC 

138.9ºF 

59.4ºC 

D9 
70.7ºF 

21.5ºC 

219.0ºF 

103.9ºC 

129.0ºF 

53.9ºC 

D10 
71.7ºF 

22.1ºC 

234.2ºF 

112.3ºC 

119.5ºF 

48.6ºC 

D11 
69.2ºF 

20.7ºC 

217.9ºF 

103.3ºC 

129.9ºF 

54.4ºC 

D12 
73.2ºF 

22.9ºC 

224.6ºF 

107.0ºC 

136.7ºF 

58.2ºC 

D13 
72.8ºF 

22.7ºC 

230.5ºF 

110.3ºC 

128.5ºF 

53.6ºC 

D14 UNBURNED CONTROL 

D15 UNBURNED CONTROL 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

 Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

Soaked Notes: Bones burned all at once, #1-13. 

S1 
64.4ºF 

18.0ºC 

207.4ºF 

97.4ºC 

108.6ºF 

52.6ºC 

878.5ºF 

470.3ºC 

 

 

 

734.6ºF 

390.3ºC 

 

Flipped at 

6 min. 

685.4ºF 

363.0ºC 

 

 

 

Not rebuilt 

 

 

 

 

 

12 min. 

total 

 

 

 

 

S2 
66.3ºF 

19.1ºC 

201.3ºF 

94.1ºC 

102.0ºF 

38.9ºC 

S3 
64.4ºF 

18.0ºC 

213.8ºF 

101.0ºC 

121.8ºF 

49.9ºC 

S4 
64.0ºF 

17.8ºC 

231.5ºF 

110.8ºC 

151.1ºF 

66.2ºC 

S5 
66.2ºF 

19.0ºC 

221.9ºF 

105.5ºC 

127.7ºF 

53.2ºC 

S6 
68.0ºF 

20.0ºC 

236.9ºF 

113.8ºC 

152.8ºF 

67.1ºC 

S7 
66.2ºF 

19.0ºC 

231.4ºF 

110.8ºC 

148.6ºF 

64.8ºC 

S8 
64.9ºF 

18.3ºC 

229.1ºF 

109.5ºC 

142.1ºF 

61.2ºC 

S9 
66.7ºF 

19.3ºC 

226.3ºF 

107.9ºC 

140.1ºF 

60.1ºC 

S10 
65.4ºF 

18.6ºC 

237.8ºF 

114.3ºC 

168.6ºF 

75.9ºC 

S11 
66.7ºF 

19.3ºC 

231.9ºF 

111.1ºC 

152.2ºF 

66.8ºC 

S12 
64.4ºF 

18.0ºC 

239.8ºF 

115.4ºC 

163.0ºF 

72.8ºC 
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Deer 
TEMPERATURE 

(BONE) 

TEMPERATURE 

(FIRE) 
REBUILT 

BURN 

TIME 

Metapodials Start Flipped End Start Flipped End 
When 

(min.) 
# Min 

S13 
62.2ºF 

 

241.4ºF 

 

167.3ºF 

 

878.5ºF 

 

 

 

734.6ºF 

 

Flipped at 

6 min. 

685.4ºF 

 

 

 

Not rebuilt 

 

 

 

 

12 min. 

total 

 

 

 

S14 UNBURNED CONTROL 

S15 UNBURNED CONTROL 

 

Visual Analysis 

 The observations recorded for each experimental burned bone assessing the 

formation of a white heat line are shown in Table 4.2.  In the soaked, dry, and partially 

wet sample groups, none of the experimental burned bones developed a white heat line 

(Figures 4.1-4.6).   For the very wet sample group, 8 out of 27 bones (29.6%) developed a 

white heat line, compared to 8 out of 16 bones from the fleshed sample group (50.0%).  

For these eight very wet bones, none of the white heat lines that developed were present 

throughout the entire circumference of the bone.  Where present, their maximum widths 

ranged from 3 mm to 12 mm, with an average maximum width of 6.75 mm.  

Additionally, the diaphyseal circumference exhibiting this thermal signature varied 

among the very wet bones from less than 25% (n = 3) to between 75-100% (n = 1).  

Images of the burned very wet bones that developed a white heat line are presented in 
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Figures 4.7-4.14.  The very wet bones that did not develop this thermal signature in 

presented in Figures 4.15-4.16. 

For the fleshed bone samples that developed a white heat line, only one bone 

exhibited this thermal signature throughout its entire circumference, with a minimum 

width of 2 mm.  Where present, maximum widths ranged from 4 mm to 12 mm, with an 

average maximum width of 8 mm.  The diaphyseal circumferences of fleshed bones 

exhibiting a white heat line varied from 25-50% (n = 2) up to 75-100% (n = 3), with 50-

75% (n = 3) and 75-100% (n = 3) occurring most frequently.  Images of the burned 

fleshed bones that developed a white heat line are presented in Figures 4.17-4.24.  The 

fleshed bones that did not develop this thermal signature in presented in Figures 4.25-

4.26. 

For both the fleshed and very wet samples, the shape and width of white heat lines 

varied among the bones.  Generally, the white heat lines that formed on the fleshed 

samples were sharply defined, with a greater contrast to the surrounding bone, and 

exhibited a more uniform width.  Conversely, the white heat lines that formed on the very 

wet samples were more irregular in shape, variable in their width per bone, and often 

presented with an adjacent heat border.  For both bone sample groups, the white heat 

lines appear to form superficially, as they measure approximately 1.5 mm in depth, and 

do not penetrate deeply into the bone’s surface.  Their depths were measured using a ruler 

after the ground bone samples for FTIR analysis had been removed.  The area of bone 

underneath the white heat lines was light ivory in color, likely indicating that it had not 

been significantly modified by the heat. 
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Table 4.2. Visual analysis of white heat line (WHL) formation on burned bone. 

Sheep and 

pig 
WHL FORM 

WHL WIDTH 

(mm) 
Diaphyseal Circumference with WHL 

Metapodials Yes (1) No (0) Max Min  < 25%  25 - 50%  50 - 75%  75 - 100% 

Fleshed 
Notes: #1-8 are sheep metapodials; #9-18 are pig metapodials 

F1  No (0) - - - - - - 

F2  No (0) - - - - - - 

F3  No (0) - - - - - - 

F4  No (0) - - - - - - 

F5  No (0) - - - - - - 

F6  No (0) - - - - - - 

F7  No (0) - - - - - - 

F8 UNBURNED CONTROL (SHEEP) 

F9 Yes (1)  8 mm 0 mm   50 - 75%  

F10 Yes (1)  6 mm 0 mm  25 - 50%   

F11 Yes (1)  7 mm 0 mm    75 – 100% 

F12 Yes (1)  8 mm 0 mm    75 – 100% 

F13 Yes (1)  
10 

mm 
0 mm   50 – 75%  

F14 Yes (1)  9 mm 2 mm    75 – 100% 

F15  No (0) - - - - - - 



 

66 

Sheep and 

pig 
WHL FORM 

WHL 

WIDTH (mm) 
Diaphyseal Circumference with WHL 

Metapodials Yes (1) No (0) Max Min  < 25%  25 - 50%  50 - 75%  75 - 100% 

F16 Yes (1)  4 mm 0 mm  25 - 50%   

F17 Yes (1)  12 mm 0 mm   50 – 75%  

F18 UNBURNED CONTROL (PIG) 

Elk WHL FORM 
WHL WIDTH 

(mm) 
Diaphyseal Circumference with WHL 

Femora Yes (1) No (0) Max Min  < 25%  25 - 50%  50 - 75% 75 - 100% 

Very Wet 
Notes: None 

W1 Yes (1)  7 mm 0 mm   50 - 75%  

W2  No (0) - - - - - - 

W3  No (0) - - - - - - 

W4  No (0) - - - - - - 

W5  No (0) - - - - - - 

W6  No (0) - - - - - - 

W7 Yes (1)  3 mm 0 mm < 25%    

W8  No (0) - - - - - - 

W9 Yes (1)  7 mm 0 mm    75 - 100% 

W10  No (0) - - - - - - 

W11  No (0) - - - - - - 
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Elk WHL FORM 
WHL WIDTH 

(mm) 
Diaphyseal Circumference with WHL 

Femora Yes (1) No (0) Max Min < 25% 25 – 50%  50 – 75% 75 – 100% 

W12 Yes (1)  5 mm 0 mm < 25%    

W13 Yes (1)  7 mm 0 mm    50 – 75%  

W14  No (0) - - - - - - 

W15  No (0) - - - - - - 

W16  No (0) - - - - - - 

W17 Yes (1)  10 mm 0 mm   25 – 50%   

W18  No (0) - - - - - - 

W19  No (0) - - - - - - 

W20 Yes (1)  3 mm 0 mm < 25%    

W21  No (0) - - - - - - 

W22  No (0) - - - - - - 

W23  No (0) - - - - - - 

W24  No (0) - - - - - - 

W25  No (0) - - - - - - 

W26  No (0) - - - - - - 

W27 Yes (1)  12 mm 0 mm   25 – 50%   

W28 UNBURNED CONTROL 
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Elk WHL FORM 
WHL WIDTH 

(mm) 
Diaphyseal Circumference with WHL 

Femora Yes (1) No (0) Max Min < 25% 25 – 50%  50 – 75% 75 – 100% 

W29 UNBURNED CONTROL 

W30 UNBURNED CONTROL 

 

 

Figure 4.1. Soaked bone 1, burned deer metapodial that did not develop a white heat 

line. Scale is in mm. 

 

 

Figure 4.2. Soaked bone 2, burned deer metapodial that did not develop a white heat 

line. Scale is in mm. 
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Figure 4.3. Dry bone 7, burned deer metapodial that did not develop a white heat 

line. Scale is in mm. 

 

 
 

Figure 4.4. Dry bone 11, burned deer metapodial that did not develop a white heat 

line. Scale is in mm. 

 

 
 

Figure 4.5. Partially wet bone 4, burned deer metapodial that did not develop a 

white heat line. Scale is in mm. 
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Figure 4.6. Partially wet bone 14, burned deer metapodial that did not develop a 

white heat line. Scale is in mm. 

 

 
 

Figure 4.7. Very wet bone 1, burned elk femur with white heat line (arrow) 

(maximum width of 7 mm). Scale is in mm. 
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Figure 4.8. Very wet bone 7, burned elk femur with white heat line (arrow) 

(maximum width of 3 mm). Scale is in mm. 

 

 
 

Figure 4.9. Very wet bone 9, burned elk femur with white heat line (arrow) 

(maximum width of 7 mm). Scale is in mm. 
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Figure 4.10. Very wet bone 12, burned elk femur with white heat line (arrow) 

(maximum width of 5 mm). Scale is in mm. 

 

 
 

Figure 4.11. Very wet bone 13, burned elk femur with white heat line (arrow) 

(maximum width of 7 mm). Scale is in mm. 
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Figure 4.12. Very wet bone 17, burned elk femur with white heat line (arrow) 

(maximum width of 10 mm). Scale is in mm. 

 

 
 

Figure 4.13. Very wet bone 20, burned elk femur with white heat line (arrow) 

(maximum width of 3 mm). Scale is in mm. 
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Figure 4.14. Very wet bone 27, burned elk femur with white heat line (arrow) 

(maximum width of 12 mm). Scale is in mm. 

 

 
 

Figure 4.15. Very wet bone 3, burned elk femur that did not develop a white heat 

line. Scale is in mm. 

 



 

75 

 
 

Figure 4.16. Very wet bone 4, burned elk femur that did not develop a white heat 

line. Scale is in mm. 

 

 
 

Figure 4.17. Fleshed bone 9, burned pig metapodial with white heat line (arrow) 

(maximum width of 8 mm). Scale is in mm. 
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Figure 4.18. Fleshed bone 10, burned pig metapodial with white heat line (arrow) 

(maximum width of 6 mm). Scale is in mm. 

 

 
 

Figure 4.19. Fleshed bone 11, burned pig metapodial with white heat line (arrow) 

(maximum width of 7 mm). Scale is in mm. 
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Figure 4.20. Fleshed bone 12, burned pig metapodial with white heat line (arrow) 

(maximum width of 8 mm). Scale is in mm. 

 

 
 

Figure 4.21. Fleshed bone 13, burned pig metapodial with white heat line (arrow) 

(maximum width of 10 mm). Scale is in mm. 
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Figure 4.22. Fleshed bone 14, burned pig metapodial with white heat line (arrow) 

(maximum width of 9 mm). Scale is in mm. 

 

 
 

Figure 4.23. Fleshed bone 16, burned pig metapodial with white heat line (arrow) 

(maximum width of 4 mm). Scale is in mm. 
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Figure 4.24. Fleshed bone 17, burned pig metapodial with white heat line (arrow) 

(maximum width of 12 mm). Scale is in mm. 

 

 
 

Figure 4.25. Fleshed bone 1, burned sheep metapodial that did not develop a white 

heat line. Scale is in mm. 
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Figure 4.26. Fleshed bone 15, burned pig metapodial that did not develop a white 

heat line. Scale is in mm. 

 

 

FTIR Spectral Analysis 

 Results from the FTIR analysis are listed in Table 4.3 with spectral peak heights 

of the ν3 CO3 (1415 cm-1), ν3 PO4 (1035 cm-1), and amide I (1660 cm-1) vibrational 

bands per individual bone, for the unburned controls, burned experimental bones that 

developed a white heat line, and the burned experimental bones that did not develop a 

white heat line. 
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Table 4.3. Spectral peak heights of ν3 CO3, ν3 PO4, and amide I per bone. 

 

FLESHED WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Sheep and pig 

metapodials 
Yes (1) No (0) - - - 

Unburned 

Controls 
- - - - - 

F8 N/A 0.151 0.258 0.21 

F18 N/A 0.172 0.327 0.237 

Experimental 

Burned 
- - - - - 

F1  No (0) 0.175 0.277 0.218 

F2  No (0) 0.129 0.237 0.187 

F3  No (0) 0.083 0.127 0.123 

F4  No (0) 0.072 0.107 0.109 

F5  No (0) 0.151 0.262 0.214 

F6  No (0) 0.095 0.163 0.133 

F7  No (0) 0.127 0.195 0.159 

F9 Yes (1)  0.183 0.352 0.230 

F10 Yes (1)  0.142 0.186 0.201 

F11 Yes (1)  0.174 0.276 0.233 

F12 Yes (1)  0.186 0.402 0.271 

F13 Yes (1)  0.138 0.252 0.189 

F14 Yes (1)  0.141 0.257 0.189 

F15  No (0) 0.091 0.146 0.110 

F16 Yes (1)  0.215 0.435 0.318 

F17 Yes (1)  0.223 0.369 0.314 
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VERY WET WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Elk 

Femora 
Yes (1) No (0) - - - 

Unburned 

Controls 
- - - - 

W28 N/A 0.210 0.535 0.278 

W29 N/A 0.212 0.522 0.273 

W30 N/A 0.178 0.383 0.226 

Experimental 

Burned 
- - - - 

W1 Yes (1)   0.106 0.168 0.164 

W2   No (0) 0.111 0.182 0.138 

W3   No (0) 0.138 0.237 0.212 

W4   No (0) 0.217 0.303 0.255 

W5   No (0) 0.102 0.198 0.142 

W6   No (0) 0.093 0.150 0.132 

W7 Yes (1)   0.103 0.216 0.142 

W8   No (0) 0.106 0.205 0.145 

W9 Yes (1)   0.106 0.191 0.139 

W10   No (0) 0.079 0.133 0.109 

W11   No (0) 0.091 0.163 0.118 

W12 Yes (1)   0.146 0.378 0.206 

W13 Yes (1)   0.112 0.217 0.148 

W14   No (0) 0.117 0.146 0.159 

W15   No (0) 0.114 0.207 0.146 

W16   No (0) 0.111 0.092 0.211 

W17 Yes (1)   0.116 0.239 0.138 

W18   No (0) 0.088 0.116 0.110 

W19   No (0) 0.088 0.129 0.108 

W20 Yes (1)   0.114 0.274 0.150 

W21   No (0) 0.071 0.116 0.110 

W22   No (0) 0.087 0.100 0.134 

W23   No (0) 0.116 0.197 0.184 

W24   No (0) 0.115 0.208 0.158 

W25   No (0) 0.175 0.403 0.237 
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VERY WET WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Elk 

Femora 
Yes (1) No (0) - - - 

W26   No (0) 0.101 0.132 0.124 

W27 Yes (1)   0.131 0.279 0.176 

PARTIALLY 

WET 
WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Deer 

Metapodials 
Yes (1) No (0) - - - 

Unburned 

Controls 
- - - - 

P28 N/A 0.269 0.563 0.365 

P29 N/A 0.302 0.628 0.408 

P30 N/A 0.297 0.425 0.339 

Experimental 

Burned 
- - - - 

P1   No (0) 0.153 0.346 0.212 

P2   No (0) 0.362 0.853 0.482 

P3   No (0) 0.366 0.816 0.486 

P4   No (0) 0.204 0.441 0.273 

P5   No (0) 0.245 0.535 0.313 

P6   No (0) 0.178 0.417 0.238 

P7   No (0) 0.276 0.581 0.394 

P8   No (0) 0.245 0.548 0.319 

P9   No (0) 0.173 0.344 0.229 

P10   No (0) 0.184 0.387 0.247 

P11   No (0) 0.318 0.629 0.421 

P12   No (0) 0.228 0.567 0.309 

P13   No (0) 0.267 0.618 0.347 

P14   No (0) 0.200 0.345 0.242 

P15   No (0) 0.185 0.387 0.246 

P16   No (0) 0.202 0.555 0.281 

P17   No (0) 0.266 0.601 0.230 

P18   No (0) 0.180 0.419 0.230 
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PARTIALLY 

WET 
WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Deer 

Metapodials 
Yes (1) No (0) - - - 

P19   No (0) 0.166 0.353 0.206 

P20   No (0) 0.284 0.694 0.388 

P21   No (0) 0.205 0.461 0.269 

P22   No (0) 0.130 0.305 0.161 

P23   No (0) 0.357 0.679 0.444 

P24   No (0) 0.163 0.324 0.222 

P25   No (0) 0.105 0.290 0.159 

P26   No (0) 0.173 0.394 0.262 

P27   No (0) 0.136 0.265 0.177 

DRY WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Deer 

Metapodials 
Yes (1) No (0) - - - 

Unburned 

Controls 
- - - - 

D14 N/A 0.315 0.704 0.403 

D15 N/A 0.512 1.003 0.708 

Experimental 

Burned 
- - - - 

D1   No (0) 0.348 1.100 0.453 

D2   No (0) 0.260 0.729 0.369 

D3   No (0) 0.338 0.697 0.453 

D4   No (0) 0.498 0.850 0.694 

D5   No (0) 0.351 0.724 0.483 

D6   No (0) 0.421 0.906 0.611 

D7   No (0) 0.253 0.490 0.384 

D8   No (0) 0.360 1.021 0.478 

D9   No (0) 0.550 1.069 0.727 

D10   No (0) 0.389 0.793 0.535 

D11   No (0) 0.328 0.582 0.453 

D12   No (0) 0.405 0.784 0.573 

D13   No (0) 0.484 1.090 0.687 
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SOAKED WHL FORM 

CO3 

PEAK 

HEIGHT 

PO4 

PEAK 

HEIGHT 

AMIDE I 

PEAK 

HEIGHT 

Deer 

Metapodials 
Yes (1) No (0) - - - 

Unburned 

Controls 
- - - - 

S14 N/A 0.485 0.981 0.667 

S15 N/A 0.407 0.830 0.563 

Experimental 

Burned 
- - - - 

S1  No (0) 0.418 0.844 0.568 

S2  No (0) 0.400 0.782 0.529 

S3  No (0) 0.508 0.982 0.638 

S4  No (0) 0.388 0.691 0.510 

S5  No (0) 0.302 0.570 0.401 

S6  No (0) 0.351 0.759 0.493 

S7  No (0) 0.304 0.674 0.411 

S8  No (0) 0.311 0.596 0.416 

S9  No (0) 0.385 0.826 0.548 

S10  No (0) 0.337 0.666 0.449 

S11  No (0) 0.232 0.526 0.329 

S12  No (0) 0.551 0.867 0.629 

S13  No (0) 0.208 0.409 0.276 

 

Figures 4.27-4.31 display the range of spectral peak heights of ν3 CO3, ν3 PO4, 

and amide I for the burned bones in each sample group, subdivided by whether a white 

heat line formed.  A sample was considered an outlier if its spectral peak height was 

lower than 1.5 multiplied by the interquartile range (3rd quartile subtract the 1st quartile) 

and subtracted from the 1st quartile, or higher than 1.5 multiplied by the interquartile 

range and added to the 3rd quartile. 
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Figure 4.27. Range of spectral peak heights for carbonate (CO3), phosphate (PO4), 

and amide I in burned, fleshed bone. 

 

 

Figure 4.28. Range of spectral peak heights for carbonate (CO3), phosphate (PO4), 

and amide I in burned, very wet bone. 
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Figure 4.29. Range of spectral peak heights for carbonate (CO3), phosphate (PO4), 

and amide I in burned, partially wet bone. 

 

 
 

Figure 4.30. Range of spectral peak heights for carbonate (CO3), phosphate (PO4), 

and amide I in burned, dry bone. 
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Figure 4.31. Range of spectral peak heights for carbonate (CO3), phosphate (PO4), 

and amide I in burned, soaked bone. 

 

 

Mean spectral peak heights were then calculated for ν3 CO3, ν3 PO4, and amide I, 

subdivided by bone condition prior to burning (fleshed, very wet, partially wet, dry, 

soaked), unburned control versus burned experimental, and whether an experimental 

burned bone developed a white heat line after burning.  The mean spectral peak heights 

for each bone subgroup are listed in Table 4.4.  For the unburned controls, the mean ν3 

CO3, ν3 PO4, and amide I peak heights are greatest in the soaked samples (  = 0.446, 

0.9055, 0.615) and the least in the fleshed samples (  = 0.1615, 0.2925, and 0.2235).  

Among the burned bones that did develop a white heat line, the mean ν3 CO3, ν3 PO4, 

and amide I peak heights are greater in the fleshed samples (  = 0.17525, 0.316125, 

0.2235) than in the very wet (  = 0.11675, 0.24525, 0.157875).  For the burned bones 
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that did not develop a white heat line, the mean ν3 CO3, ν3 PO4, and amide I spectral 

peak heights are greatest in the dry samples (  = 0.383, 0.833, 0.531) and the least in the 

very wet (  = 0.112, 0.180, 0.154).  

 

Table 4.4. Mean spectral peak heights of ν3 CO3, ν3 PO4, and amide I by bone 

subgroup. 

 

 
MEAN CO3 

PEAK HEIGHT 

MEAN PO4 

PEAK HEIGHT 

MEAN AMIDE I 

PEAK HEIGHT 

FLESHED - - - 

Unburned 

Controls 
0.162 0.293 0.224 

Experimental 

Burned 
- - - 

WHL 

Formed 
0.175 0.316 0.243 

No WHL 0.115 0.189 0.157 

VERY WET - - - 

Unburned 

Controls 
0.200 0.480 0.259 

Experimental 

Burned 
- - - 

WHL 

Formed 
0.117 0.245 0.158 

No WHL  0.112 0.180 0.154 
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MEAN CO3 

PEAK HEIGHT 

MEAN PO4 

PEAK HEIGHT 

MEAN AMIDE I 

PEAK HEIGHT 

PARTIALLY 

WET 
- - - 

Unburned 

Controls 
0.289 0.539 0.371 

Experimental 

Burned 
- - - 

WHL 

Formed 
N/A N/A N/A 

No WHL 0.220 0.487 0.288 

DRY - - - 

Unburned 

Controls 
0.414 0.854 0.556 

Experimental 

Burned 
- - - 

WHL 

Formed 
N/A N/A N/A 

No WHL 0.383 0.833 0.531 

SOAKED - - - 

Unburned 

controls 
0.446 0.906 0.615 

Experimental 

Burned 
- - - 

WHL 

Formed 
N/A N/A N/A 

No WHL 0.361 0.707 0.477 

 

 

Figures 4.32-4.36 show the mean spectral peak heights of ν3 CO3, ν3 PO4, and 

amide I for the burned bones in each sample group (fleshed, very wet, partially wet, dry, 

oaked), subdivided by unburned control versus burned experimental, and whether an 

experimental burned bone developed a white heat line after burning.  
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Figure 4.32. Mean spectral peak heights for carbonate (CO3), phosphate (PO4), and 

amide I in fleshed bone. 

 

 
 

Figure 4.33. Mean spectral peak heights for carbonate (CO3), phosphate (PO4), and 

amide I in very wet bone. 

0

0.1

0.2

0.3

0.4

0.5

M
ea

n
 S

p
ec

tr
al

 P
ea

k
 H

ei
g
h
t

CO3 PO4 Amide I

Very Wet Bone

Controls Burned (no WHL) Burned (WHL)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

M
ea

n
 S

p
ec

tr
al

 P
ea

k
 H

ei
g
h
t

CO3 PO4 Amide I

Fleshed Bone

Controls Burned (no WHL) Burned (WHL)



 

92 

 

Figure 4.34. Mean spectral peak heights for carbonate (CO3), phosphate (PO4), and 

amide I in partially wet bone. 

 

 

Figure 4.35. Mean spectral peak heights for carbonate (CO3), phosphate (PO4), and 

amide I in dry bone.  
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Figure 4.36. Mean spectral peak heights for carbonate (CO3), phosphate (PO4), and 

amide I in soaked bone. 

 

Statistical Analysis 

 These statistical analyses were performed using the statistical software program 

SPSS, version 20 (SPSS Inc., Chicago, Illinois).  For all of the statistical analyses 

conducted, a 5% level of significance (α = 0.05) was utilized.  

 

Test for Normality 

Statistical normality of the data collected was assessed using a Shapiro-Wilk’s W 

test.  Spectral peak heights of ν3 CO3, ν3 PO4, and amide I for the fleshed, partially wet, 
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CO3 [p < 0.003], ν3 PO4 [p < 0.001], and amide I [p < 0.004] spectral peak heights for the 

very wet bone sample group do not have a normal distribution. 

 

Correlation of Bone Condition and White Heat Line Formation 

 A Chi-squared (X2) test of independence was performed to evaluate if there is a 

relationship between bone’s physical condition prior to burning (fleshed, very wet, 

partially wet, dry, soaked) and white heat line formation.  Results of this test are 

statistically significant [p < 0.001], indicating that bone’s physical condition prior to 

burning and white heat line formation are not independent, but rather, that a relationship 

exists between these two variables.  

 Since a Chi-squared (X2) test of independence only proves the existence or 

nonexistence of an association between variables, a Cramer’s V was utilized in order to 

measure the strength of the relationship.  The Cramer’s V value is 0.527, indicating a 

strong relationship between bone’s physical condition prior to burning (fleshed, very wet, 

partially wet, dry, soaked) and the formation of a white heat line. 

 

Multivariate Correlation 

 Using a multivariate analysis of variance (MANOVA) test, statistically significant 

differences were found between groups, indicating the effect of bone’s physical condition 

prior to burning (fleshed, very wet, partially wet, dry, soaked) on the formation of a white 

heat line [F(4, 91) = 8.750, p < 0.001], as well as on the spectral peak heights of ν3 CO3 
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[F(4, 91) = 57.327, p < 0.001], ν3 PO4 [F(4, 91) = 67.599, p < 0.001], and amide I [F(4, 91) = 

64.565, p < 0.001]. 

 

Post-Hoc Test 

 Following the MANOVA, a Bonferroni post-hoc test found statistically 

significant differences in the formation of a white heat line between bones in the fleshed 

and partially wet sample groups [p < 0.001], fleshed and dry sample groups [p < 0.001], 

fleshed and soaked sample groups [p < 0.001], and the very wet and partially wet sample 

groups [p < 0.012].  The Bonferroni post-hoc test also found statistically significant 

differences in the spectral peak heights of ν3 CO3 between bones in the fleshed and 

partially wet sample groups [p < 0.006], fleshed and dry sample groups [p < 0.001], 

fleshed and soaked sample groups [p < 0.001], very wet and partially wet sample groups 

[p < 0.001], very wet and dry sample groups [p < 0.001], very wet and soaked sample 

groups [p < 0.001], partially wet and dry sample groups [p < 0.001], and the partially wet 

and soaked sample groups [p < 0.001]. 

For the spectral peak heights of ν3 PO4, the Bonferroni post-hoc test found 

statistically significant differences between bones in the fleshed and partially wet sample 

groups [p < 0.001], fleshed and dry sample groups [p < 0.001], fleshed and soaked 

sample groups [p < 0.001], very wet and partially wet sample groups [p < 0.001], very 

wet and dry sample groups [p < 0.001], very wet and soaked sample groups [p < 0.001], 

partially wet and dry sample groups [p < 0.001], and the partially wet and soaked sample 

groups [p < 0.001]. 
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The Bonferroni post-hoc test also found statistically significant differences 

between bones in the spectral peak heights of amide I between bones in the fleshed and 

partially wet sample groups [p < 0.012], fleshed and dry sample groups [p < 0.001], 

fleshed and soaked sample groups [p < 0.001], very wet and partially wet sample groups 

[p < 0.001], very wet and dry sample groups [p < 0.001], very wet and soaked sample 

groups [p < 0.001], partially wet and dry sample groups [p < 0.001], and the partially wet 

and soaked sample groups [p < 0.001] (Figures 4.37-4.43). 

 In conclusion, results from the statistical analyses indicate that a strong 

relationship exists between bone’s physical condition prior to burning and the subsequent 

formation of a white heat line.  Bone’s physical condition prior to burning also has a 

statistically significant impact on the spectral peak heights of ν3 CO3, ν3 PO4, and amide 

I.  Specifically, statistically significant differences are present for the spectral peak 

heights of these three components between each of the five bone sample groups. 
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Figure 4.37. FTIR spectrum of burned, fleshed bone number 12 (white heat line 

formed). 

 

 

Figure 4.38. FTIR spectrum of burned, fleshed bone number 6 (white heat line did 

not form). 
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Figure 4.39. FTIR spectrum of burned, very wet bone number 25 (white heat line 

formed). 

 

 

Figure 4.40. FTIR spectrum of burned, very wet bone number 15 (white heat line 

did not form). 
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Figure 4.41. FTIR spectrum of burned, partially wet bone number 4 (white heat line 

did not form). 

 

 
 

Figure 4.42. Spectrum of burned, dry bone number 10 (white heat line did not 

form). 
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Figure 4.43. FTIR spectrum of burned, soaked bone number 6 (white heat line did 

not form). 
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CHAPTER 5: DISCUSSION 

 

The present research examined the composition of white heat lines that may form 

on burned bone.  Through the use of FTIR, it was determined that white heat lines 

contain CO3, PO4, and amide I, although their spectral peak heights vary between sample 

groups.  These results do not fully support the hypothesis presented at the beginning of 

this project that a white heat line forms from inorganic minerals deposited on the bone’s 

surface, resulting from the evaporation of moisture and the incineration of organic 

material.  However, the presence of amide I may result from the inadvertent inclusion of 

thermally unaltered bone in the ground bone samples, and therefore, may not solely 

represent the composition of white heat lines. 

Contrary to the hypothesis, amide I was found to make up part of the composition 

for all bone sampled from areas of white heat lines that formed, regardless of the bone’s 

physical condition prior to burning, indicating that this thermal signature does not form 

from a total incineration of organic material.  While amide I was present in all white heat 

line samples, the intensity varied depending on the bone sample group.  For the very wet 

bones, while still present, the intensity of amide I decreased between the unburned 

controls (  = 0.259) and the white heat lines that formed on the burned, experimental 

bones (  = 0.158).  The opposite is true of the fleshed bone samples, as the intensity of 

amide I increased between the unburned controls (  = 0.224) and the burned 

experimental bones that developed a white heat line (  = 0.243). 
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A similar pattern exists for the intensities of CO3 and PO4.  While all of the white 

heat lines that formed were composed, in part, of these two minerals, the intensity for 

each varied between the fleshed and very wet bone samples.  The very wet samples 

exhibited a relative decrease of both CO3 and PO4 between the unburned controls (  = 

0.200, 0.480) and the burned experimental bones that developed a white heat line (  = 

0.117, 0.245), contradicting the hypothesis.  However, among the fleshed bone samples 

that developed a white heat line, the intensity of CO3 and PO4 increased from the 

unburned controls (  = 0.162, 0.293) to the burned experimental samples (  = 0.175, 

0.316), supporting in part the hypothesis that a white heat line forms from inorganic 

minerals deposited on the bone’s surface.  Given these differences present between the 

fleshed and very wet bone samples, no definitive statement can be made for the 

composition of white heat lines. 

In the present study, the white heat lines appeared on both fleshed and very wet 

bones and only formed on the outer surface of the bone.  For both bone sample groups, 

the white heat lines appear to form superficially, as they measure approximately 1.5 mm 

in depth and do not penetrate deeply into the bone’s surface.  The bone samples taken of 

the white heat lines revealed bone underneath that did not appear to be thermally altered.  

For both the fleshed and very wet burned bones, the amide I content attributed to the 

white heat lines may instead originate from the organic content of the underlying 

unaffected bone.  If so, the white heat lines that formed on fleshed bone may be an area 

of enriched mineral content relative to the nearby bone. 
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 Within the fleshed sample group, which consisted of both sheep and pig 

metapodials, the eight bones to develop a white heat line were all pig.  Aerssens et al., 

(1998) researched interspecies differences in bone composition and found that, on 

average, pig cortical bone has a greater overall amount of proteins (124.6 µg/mg) than 

that of sheep (120.1 µg/mg).  The authors divided this total amount into collagenous and 

non-collagenous proteins.  For the collagenous proteins, which include amide I, sheep 

bone (25.9 µg/mg) contains a greater amount than pig bone (22.8 µg/mg).  However, the 

opposite is true of the non-collagenous proteins, as they are present in a greater amount in 

the pig bone (101.8 µg/mg) than sheep bone (94.2 µg/mg).  For the present study, the 

spectral peak heights of amide I, from proteins found in type I collagen, represent the 

intensity of collagenous proteins present.  Since white heat lines only formed on the 

fleshed pig bone tested and not the sheep, this suggests that the amount of non-

collagenous proteins or perhaps the total amount of proteins present in a bone may affect 

the formation of this thermal signature.  A white heat line may be more likely to form 

with higher amounts of non-collagenous proteins present in the bone, or an overall 

greater amount of both types of proteins. 

The greater amount of non-collagenous proteins present in both the pig and sheep 

bone, in comparison to the amount of collagenous proteins, may also explain why the 

spectral peak heights of amide I for the fleshed bones in the present study are lower than 

that of the non-fleshed bone (very wet, partially wet, dry, soaked).  The non-collagenous 

proteins were not represented by the spectral peak heights measured for amide I. 
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An additional factor that may contribute to the formation of a white heat line is a 

bone’s fat content.  In the present study, white heat lines did not form on the partially 

wet, dry, and soaked experimental burned bones.  All of the bones in these three sample 

groups were in Weathering Stage 0 following Behrensmeyer (1978) for bone surfaces did 

not display cracking, flaking, or sun bleaching due to subaerial weathering after 

undergoing decomposition in a forested environment.  Although bone surfaces did not 

exhibit these physical modifications, it is possible that the weathering process had begun 

to affect the bones, but was not yet visible.  Behrensmeyer (1978:153) defines weathering 

as “the process by which the original microscopic organic and inorganic components of a 

bone are separated from each other and destroyed by physical and chemical agents 

operating on the bone in situ, either on the surface or within the soil zone”.  The physical 

effects of subaerial weathering on bone include the loss of organic material 

(Behrensmeyer 1978; Brain 1967; Cutler et al., 1999) and grease content (Junod and 

Pokines 2014).  Prior to burning, the partially wet, dry, and soaked bones were noticeably 

less greasy to the touch and exhibited fewer areas of superficial fat leaching than that of 

the fleshed and very wet bones. 

Among the burned experimental fleshed bones, differing fat content may also 

have contributed to white heat line formation on only the burned experimental pig 

metapodials and not the sheep.  Field et al. (1974) investigated bone composition of 

several domestic animals, including pigs and sheep, using fresh cervical and lumbar 

vertebrae, ribs, and femora.  The authors determined that fresh pig bone contained a 

larger percentage of fat, in relation to dry matter, than that of sheep bone.  In their study, 
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fat composition for pig bone ranged from 17.61 to 27.86 percent across all of the bone 

types utilized.  In contrast, the fat composition of sheep bone was lower, ranging from 

9.35 to 22.75 percent of total osseous composition.  Within each bone sample group 

(cervical vertebrae, lumbar vertebrae, ribs, and femora), the pig bones contained a higher 

fat percentage than that of their sheep counterparts.  While Field et al. (1974) did not 

incorporate metapodials in their research, this trend suggests that the pig metapodials 

used in the present study contained a higher fat content than that of the sheep.  Since 

white heat lines appeared on the fleshed pig bone and not the sheep, a white heat line may 

be more likely to form on fleshed bones with greater fat composition. 

Output from the MANOVA test highlights the effect that bone’s physical 

condition prior to burning (fleshed, very wet, partially wet, dry, soaked) has on the 

formation of a white heat line, as well as on the resulting spectral peak heights of CO3, 

PO4, and amide I.  This variability of bone composition is seen in burned bones that did 

develop a white heat line and those that did not.  The Bonferroni post-hoc test found 

statistically significant differences between most of the bone sample groups for the 

spectral peak heights of CO3, PO4, and amide I. 

Results from the present study also support previous research in which the 

presence of a white heat line aids in determining bone’s physical condition prior to 

burning (Keough 2013; Keough et al., 2012, 2015; Symes et al., 2008, 2014).  For the 

present study, a Chi-Squared (X2) Test of Independence confirms that a bone’s physical 

condition prior to burning and white heat line formation are not independent, but rather a 

relationship exists between these two variables.  Specifically, a Cramer’s V value of 
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0.527 indicates that the relationship between bone’s physical condition prior to burning 

(fleshed, very wet, partially wet, dry, soaked) and the formation of a white heat line is a 

strong association. 

Previous research suggested that one may differentiate between bones burned 

fleshed or wet versus those burned while dry (Keough 2013; Keough et al., 2012, 2015; 

Symes et al., 2008, 2014).  In the present study, white heat lines formed on fleshed and 

very wet bones, but not on the partially wet, dry, or soaked (although earlier research has 

not included the latter sample group).  The development of this thermal signature on 

fleshed bone samples is in keeping with Symes et al. (2008a), who noted that a white heat 

line may form with fleshed burned remains, possibly occurring as the heat causes muscle 

and other soft tissues to retract, exposing the bone to the heat source.  However, Symes et 

al. (2008a) made their observations while working with fully fleshed remains, and it is 

not apparent whether they also encountered bones that were burned while very wet but 

not fleshed.  Since this thermal signature can also form on unfleshed bone, their 

reasoning does not explain how a white heat line manifests under other circumstances.  

Other researchers observed similar burn patterns in fully fleshed bodies, either fresh or in 

early decomposition, noting that a white heat line was not present when bone was burned 

in the absence of soft tissue (Keough et al., 2012; Pope 2007; Symes et al., 1999a). 

The formation of a white heat line on both fleshed and very wet bone samples has 

been found previously (Keough 2013; Keough et al., 2015).  These studies found that 

distinct white heat lines formed on remains burned in early to advanced decompositional 

stages, with bone conditions ranging from fleshed or partially fleshed, to wet but lacking 
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extensive soft tissue protection.  Results from the present study indicate that while this 

thermal signature may form on bones burned in either physical condition, it was found to 

occur more often on fleshed (50.0%) than on very wet bone (29.6%).  Additionally, the 

white heat lines that formed on fleshed bone had, on average, greater maximum widths (8 

mm) and extended along more of the bone’s burned diaphyseal circumference (n=3 for 

both 50-75% and 75-100%) than those that formed on very wet bone (6.75 mm) (n=3 at 

less than 25%).  Keough (2013) and Keough et al. (2015) report similar results: while 

white heat lines did form on partially fleshed remains or wet bone in advanced 

decomposition, they formed most often in fresh remains or during the early stages of 

decomposition when soft tissues, including muscular structures, were present.   

The present study supports the conclusion of Keough et al. (2015) that fresh soft 

tissue, still adhering to the underlying bone, may be the most significant factor affecting 

whether a white heat line will form.  This is in contrast to advanced decomposition, when 

the nature of degraded soft tissue and denatured periosteum may allow the tissue to burn 

away with less resistance, preventing the creation of this thermal signature.  However, the 

appearance of a white heat line on very wet bone in the absence of external soft tissue, 

evidenced in the present study and in research conducted by both Keough (2013) and 

Keough et al. (2015), indicates that a bone’s internal organic matter may also affect the 

formation of this thermal signature. 

The present study examined the composition of white heat lines that form on 

burned bone.  However, there are certain variables and limitations that may have affected 

the resulting findings.  Due to difficulties in obtaining the osteological materials for this 
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investigation, including the number of bone samples and their requisite physical 

conditions, bone samples from four animal species were utilized.  Ideally, in order to 

control for intrinsic and compositional differences, bone samples from only one animal 

species would be included in an experimental study.   

Additionally, the use of animal models as human analogues has its own 

limitations.  While it is common practice in experimental research due to the difficulties 

associated with acquiring and using human cadaveric material (Marceau 2007; Thompson 

2003), one should be cautious before applying experimental results directly to situations 

involving human remains.  Overall, animal models are useful in attempting to replicate, 

examine, and predict basic characteristics of heat-induced modifications in bone (Pope 

2007).  However, animal models cannot accurately answer questions specific to the 

human body.  Their utility may be less useful, or even misleading, when applied at will to 

forensic casework because of their differential anatomy and morphology. 

Another variable to consider is the use of a regulated burn, utilized in the present 

study, as opposed to an uncontrolled fire.  Symes et al., (2008a) stated that while most 

observations from controlled studies are also present in real-case scenarios, deviations 

from the normal burn pattern can occur in the former.  Said deviations depend upon body 

orientation and limb positioning during burning, as well as the presence of obstructing 

material, such as debris covering a body, that shields portions of the body from burning 

and/or prevents the “pugilistic pose” from forming.  Additional abnormalities may result 

from individual differences such as weight, muscle and fat composition, and pathological 

conditions. 
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The presence of a white heat line is an important source of information for 

forensic anthropological investigations of burned skeletal remains regarding the relative 

timing of burning.  However, their chemical or physical composition has not been 

investigated, and limited research has been conducted to determine why or how white 

heat lines form.  The present study assessed the chemical composition of this thermal 

signature using FTIR and found that it is comprised of CO3, PO4, and amide I.  These 

findings build upon previous research, in which other authors suggest that this area of 

bone has undergone some dehydration and molecular alteration, resulting in a reduced 

organic component, due to its proximity to the heat source during a burning event (Pope 

2007; Pope and Smith 2004; Symes et al., 2008a).  While a conclusive statement cannot 

be made about white heat line composition due to variations between bone samples in the 

present study, these initial results further the field’s understanding of how fire and heat 

modify physical remains, specifically, with regards to the effect that bone’s physical 

condition prior to burning has on the resulting heat-induced compositional changes.  

Additionally, assessing the composition of white heat lines, or in their absence the 

junction of unburned and charred bone, further delineates the chemical changes that bone 

undergoes during the beginning and middle stages of a thermal event. 

Future FTIR studies could assess the other vibrational bands of CO3, PO4, and 

amide that are present in bone.  While the present study utilized the amide I and ν3 

vibrational bands for CO3 and PO4, other researchers have used the amide II (Boskey and 

Camacho 2007; Paschalis et al., 1997, 2001), ν2 CO3 (Boskey and Camacho 2007; 

Camacho et al., 1995; Gourion-Arsquaud et al., 2013; Paschalis et al., 1996; Pienkowski 
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et al., 1997; Stiner et al., 1995, 2001; Turunen et al., 2010, 2014), ν1ν3 PO4 (Alvarez-

Llortet et al., 2006; Boskey and Camacho 2007; Camacho et al., 1995; Paschalis et al., 

1996; Pienkowski et al., 1997; Turunen et al., 2010, 2014), and the ν4 PO4 vibrational 

bands (Lebon et al., 2010; Piga et al., 2016) to analyze bone composition.  These other 

vibrational bands should be assessed to determine if additional amounts of CO3, PO4, and 

amide, those not represented by the spectral peak heights measured for in the present 

study, make up the composition of white heat lines.  
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CHAPTER 6: CONCLUSION 

 

Forensic anthropologists are frequently confronted with the need to interpret 

burned skeletal remains.  Fire can be the cause of death, through either criminal or 

accidental means, or a method used to conceal a crime and destroy physical evidence 

(Symes et al., 2008a).  The presence of burned bone raises additional analytical concerns 

as to the sequence of events leading from the time of death until discovery, including the 

relative timing of the thermal event and physical condition of the body prior to burning 

(Ellingham et al, 2015; Keough 2013; Keough et al., 2015; Ubelaker 2009).  Regardless 

of the nature of the thermal event, bodies exposed to fire and heat undergo a wide array 

of postmortem effects and may become heavily fractured, fragile, and discolored 

(Bohnert et al., 1998; Christensen 2002; Pope 2007; Pope and Smith 2004; Porta et al., 

2013). 

The burning process of soft and hard tissues proceeds in a consistent, identifiable, 

and predictable pattern (Adelson 1955; Bass 1984; Bohnert 1998; DeHaan 2012; Icove 

and DeHaan 2004; Pope 2007; Pope and Smith 2004).  Combustion of physical remains 

starts with the superficial soft tissue layers, beginning with the skin and progressing 

inwards to the subcutaneous fat, muscles, and other deeper tissue layers, and lastly the 

underlying bone as the thermal event continues (Pope 2007).  During a thermal event, the 

gradual shrinkage and destruction of soft tissues causes bone to undergo a series of 

visible color changes as it dehydrates and becomes exposed to the heat source (Buikstra 

and Swegle 1989; Nicholson 1993; Pope 2007; Pope and Smith 2004; Shipman et al., 
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1984).  Heat-induced color changes occur in set stages as the burning event progresses 

and the heat exposure continues to modify and reduce bone’s organic material (Bonucci 

and Graziani 1975).  Symes et al. (2008a) categorize this color change as initial unaltered 

bone that progresses to a white heat line, heat border, charring, and lastly, calcination.  

An opaque white heat line, the first area of heat-modified bone, is an occasionally 

occurring thermal signature that, when it forms, is the area of initial transition from 

unaltered to thermally altered bone (Keough 2013; Keough et al., 2012, 2015; Symes et 

al., 1999a, 1999b, 2008a, 2014a). 

Recent studies indicate that the formation of a white heat line aids in determining 

a bone’s physical condition prior to burning (Keough 2013; Keough et al., 2012, 2015; 

Symes et al., 2008, 2014).  Notably, experiments suggest that one may differentiate 

between bones burned fleshed (fresh bones encased in adhering soft tissue) or wet 

(defleshed shortly before burning, greasy) versus dry (defleshed and degreased) (Keough 

et al., 2012; Keough 2013; Keough et al. 2015; Pope 2007; Symes et al., 1999a).  

Knowledge of a bone’s prior physical condition contributes to anthropological 

examinations of burned skeletonized remains and interpretation of the sequence of events 

leading to the thermal modification (Ellingham et al., 2015; Ubelaker 2009).  However, 

while the relationship between bone’s physical condition prior to burning and white heat 

line formation has been studied, there is a lack of research concerning the chemical or 

physical composition of this thermal signature. 

The present study investigated the effects of soft tissue and the retention of bone’s 

organic material, including naturally-occurring grease and water, on the development and 
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appearance of a white heat line for bones thermally altered by burning.  Skeletal remains 

for the present project consisted of 108 isolated long bones from four animal species:  

white-tailed deer, elk, sheep, and pig.  The purpose of the present investigation was to 

assess the chemical composition of white heat lines that form on burned bone using FTIR 

and by analyzing the spectral peak heights of the ν3 CO3 (1415 cm-1), ν3 PO4 

(1035 cm-1), and amide I (1660 cm-1) vibrational bands. 

For both the fleshed and very wet samples, the shape and width of white heat lines 

varied among the bones.  Generally, the white heat lines that formed on the fleshed 

samples were sharply defined, with a greater contrast to the surrounding bone, and 

exhibited a more uniform width.  Conversely, the white heat lines that formed on the very 

wet samples were more irregular in shape, variable in their width per bone, and often 

presented with an adjacent heat border.  For both bone sample groups, the white heat 

lines appear to form superficially, measuring approximately 1.5 mm in depth, and do not 

penetrate deeply into the bone’s surface.  After the white heat lines were ground and 

removed for FTIR analysis, the underlying bone was light ivory in color, likely indicating 

that this area had not been significantly modified by the heat (Mayne Correia, 1997). 

Results from the Chi-Squared (X2) test of independence confirm that a bone’s 

physical condition prior to burning and white heat line formation are not independent, but 

rather, that a relationship exists between these two variables.  This statistical analysis 

supports findings from previous research in which the presence of a white heat line aids 

in determining bone’s physical condition prior to burning (Keough et al., 2012; Keough 

2013; Keough et al. 2015; Pope 2007; Symes et al., 1999a).  Specifically, one can 
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differentiate between bones burned fleshed or very wet, versus those burned partially wet, 

dry, or soaked (although earlier research does not include the last sample group). 

Results from the present study indicate that while this thermal signature may form 

on bones burned in either physical condition, white heat lines formed more often on 

fleshed than on very wet bone.  For both fleshed and very wet bone, white heat lines 

consisted of CO3, PO4, and amide I, although their spectral peak heights varied between 

the two sample groups.  White heat lines that formed on fleshed bone had an increased 

intensity of CO3, PO4, and amide I in comparison to their unburned controls.  Conversely, 

white heat lines that formed on very wet bone were composed of a decreased intensity of 

CO3, PO4, and amide I in comparison to their unburned controls.  The white heat lines 

that formed on fleshed bone also exhibit larger maximum widths and cover more of the 

bone’s burned diaphyseal circumference than those that developed on very wet bone.  

Statistical analysis shows that bone’s physical condition prior to burning (fleshed, very 

wet, partially wet, dry, soaked) affects not only the formation of a white heat line, but 

also the resulting spectral peak heights of CO3, PO4, and amide I.  This variability of 

bone composition is apparent through the FTIR analysis of burned bones that did develop 

a white heat line and those that did not. 

At the beginning of the present study, it was hypothesized that a white heat line 

forms from inorganic minerals deposited on or near the bone’s surface, resulting from the 

evaporation of moisture and the incineration of organic material.  However, the results do 

not fully support this hypothesis.  Given the differing spectral peak heights of CO3, PO4, 

and amide I present between the fleshed and very wet bone samples that developed this 
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thermal signature, no definitive statement can be made for the origin or composition of 

white heat lines at this time. 

 There are certain variables and limitations that may have affected the resulting 

data.  Due to difficulties in obtaining the osteological materials for the present 

investigation, including the number of bone samples and their requisite physical 

conditions, bone samples from four nonhuman animal species were utilized.  Ideally, 

bone samples from only one animal species would be included in an experimental study 

in order to control for species-dependent compositional differences.  Additionally, one 

should be cautious before applying experimental results directly to situations involving 

human remains for animal models cannot accurately answer questions specific to the 

human body.  Their utility may be reduced, or even misleading, when applied at will to 

forensic casework because of their differential anatomy and morphology. 

 An additional variable to consider is the use of a regulated burn instead of an 

uncontrolled fire.  Symes et al., (2008a) state that while most observations from 

controlled studies are also present in real-case scenarios, deviations from the normal burn 

pattern can occur in the former. 

The present study is the first to investigate the chemical composition of white heat 

lines that form on bone thermally altered by burning.  These findings further our 

knowledge of how fire and heat modify physical remains with regards to the effect that 

bone’s physical condition prior to burning, including the presence of soft tissue and 

naturally-occurring organic material, has on the development and appearance of a white 

heat line and the resulting heat-induced compositional changes.  The presence of this 
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thermal signature is utilized in forensic anthropological investigations of thermally 

altered remains regarding the relative timing of burning and yet limited research has been 

conducted to determine why or how it forms.  Assessing the composition of white heat 

lines, or in their absence the junction of unburned and charred bone, further delineates the 

chemical changes that bone undergoes during the beginning and middle stages of a 

thermal event. 

Continuing thermal alteration research is needed in order to build upon the initial 

results gained from the present study.  Specifically, further research is necessary to 

determine compositional differences between white heat lines that form on fleshed versus 

very wet burned bone.  Future studies should also investigate a bone’s fat content as a 

possible contributing factor to the formation of a white heat line.  Furthermore, additional 

FTIR research is needed to assess the other vibrational bands of CO3, PO4, and amide that 

are present in bone.  Analyzing these added vibrational bands will enable a more 

thorough determination of the mineral and organic content of this thermal signature 

relative to thermally unaltered bone and burned bone that do not develop a white heat 

line. 
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APPENDIX A 

 

 
 

Figure A.1. Fleshed sheep metapodials burning on the 55-gallon drum. 
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Figure A.2. Fleshed pig metapodials burning on the 55-gallon drum. 
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Figure A.3.  Very wet elk femora (third group) burning on the 55-gallon drum. 
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Figure A.4. Partially wet deer metapodials (second group) burning on the 55-gallon 

drum. 
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Figure A.5. Dry deer metapodials burning on the 55-gallon drum. 
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