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Abstract 

 

In the development of the current thesis we have addressed two different 

although very related topics: analyzing and differentiating the microstructural changes 

in the bones due to the heat treatment and/or to diagenesis and fossilization processes.  

During the study of several human skeletal samples, we have observed that some 

bones show modifications in colour, texture and morphology that could be interpreted 

as alterations due to heat exposure. However, colours may also be due to bone 

interaction with environmental materials. After burial, bone may be altered and may 

change colour as a result of soil composition, sediment pH, temperature or moisture, 

and the changes may occur in the bone tissue as ionic substitution 

Thus, we need techniques that permit us to distinguish between diagenesis and 

thermal treatment and, if possible, that differentiate the various partial thermal 

exposures. However, as human skeletal materials showing this kind of treatment are 

unique, these techniques should be as non-destructive as possible. 

To address this type of analysis we used different physico-chemical and 

spectroscopic techniques (XRD, FT-IR) that have produced important results, which 

can be applied in various forensic, archaeological and paleontological contexts. 

In relation to the analysis of burned bones, we can conclude that the analysis of 

different contexts with burned bones permit us to affirm that the physico-chemical 

techniques described here (XRD, FT–IR) can be used as a more accurate determinant of 

crystallite change during heating, thus providing an additional means of determining the 

effects of heat treatment on biogenic hydroxylapatite or tracing burning practices in the 

forensic and archaeological records. 

Therefore, the combined used of XRD, FT–IR and SAXS techniques is a 

powerful tool to assess whether the bones have subjected to fire and, with fairly good 

reliability, to which temperature. The application of these techniques to archaeological 

context is useful to verify if a bone has been burned or not, find explanations to some 

specific funerary rites, get a reasonably precise temperature range across the entire 

body, temperature homogeneity throughout the skeleton and its duration. 
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In spite of the powerful us of these techniques, it is not easily possible to 

distinguish animal and human bones on the basis of powder diffraction patterns. A large 

number of variables have to be taken into proper account. Therefore, any claims to be 

able to distinguish animal and human bones should be treated with caution  

In relation to the analysis of fossil bones, we can conclude that the combined 

investigations and analyses by FT–IR, XRD and XRF techniques supplied detailed and 

to a certain extent satisfactory accounts of the post-mortem integral changes to which 

the fossil bones have been subjected during geological times. The crystallization 

induced by just the time is overlapped by other factors depending on the geological 

formation that may inhibit or enhance the process. The extreme variability of francolite 

average crystallite size values suggests that correlation between crystallisation indices 

and bone age has to be regarded with obvious caution. 

 

 

 

Resum 

 

En el desenvolupament de la present tesi s’han tractat dos temes diferents encara que 

molt relacionats: l’anàlisi i diferenciació dels canvis microestructurals en els ossos a 

causa del tractament tèrmic i /o dels processos de diagènesi i fossilització. 

Durant l'estudi de diferents mostres d'esquelets humans, s'ha observat que alguns 

ossos mostren modificacions en el color, la textura i morfologia que es podrien 

interpretar com alteracions per exposició al calor. No obstant això, el color també pot 

ser degut a la interacció entre l’os i els diversos materials ambientals. Després 

d'enterrament, l'os pot estar alterat i pot canviar de color com a conseqüència de la 

composició del sòl, el pH del sediment, la temperatura o la humitat, i els canvis poden 

ocórrer tant en el teixit ossi com en la substitució iònica. 

Per tant, es necessiten tècniques que ens permetin distingir entre la diagènesi i el 

tractament tèrmic i, si és possible, que diferenciïn les diverses exposicions tèrmiques 

parcials. No obstant això, atès que els materials esquelètics humans que mostren aquest 

tipus de tractament són únics, aquestes tècniques han de ser el menys destructives 

possibles. Per fer front a aquest tipus d'anàlisi es van utilitzar diferents tècniques 
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fisicoquímiques i espectroscòpiques (XRD, FT-IR) que han produït resultats importants, 

que es poden aplicar en diferents contexts forenses, arqueològics i paleontològics. 

En relació amb l'anàlisi d'ossos cremats, l'anàlisi dels diferents contexts amb ossos 

cremats ens permeten afirmar que les tècniques fisicoquímiques descrites aquí (XRD, 

FT-IR) es poden utilitzar per a determinar de manera molt precisa els canvis dels 

cristalls durant l'escalfament, proporcionant així un mitjà addicional de determinar els 

efectes del tractament tèrmic sobre la hidroxiapatita biogènica i detectar pràctiques de 

cremació en els registres forenses i arqueològiques.  

Així doncs la combinació de tècniques de XRD, FT-IR i SAXS constitueix una 

poderosa eina per avaluar si els ossos s'han sotmès al foc i, amb una fiabilitat bastant 

bona, a quina temperatura. L'aplicació d'aquestes tècniques al context arqueològic és útil 

per verificar si un os s'ha cremat o no, trobar explicacions a alguns ritus funeraris 

específics, obtenir un rang de temperatura raonablement precisa, determinar 

l’homogeneïtat de la temperatura en tot l'esquelet i la seva durada. 

Tot i el seu innegable poder en l’estudi dels canvis dels cristalls d’hidroxiapatita, no 

és possible distingir fàcilment els ossos animals i humans sobre la base dels patrons de 

difracció ja que s’han de tenir en compte un gran nombre de variables. Per tant, la 

possibilitat aquesta l’ús d’aquestes tècniques per distingir ossos d’animals i humans s’ha 

de tractar amb precaució 

 
En relació amb l'anàlisi d'ossos fòssils, es pot concloure que les investigacions 

conjuntes i les anàlisis amb FT-IR, XRD i XRF proporcionen informació dels canvis 

post mortem als que els ossos fòssils han estat sotmesos durant els temps geològics. Cal 

tenir en compte que la cristal·lització deguda al temps transcorregut es solapa amb altres 

factors que depenen de la formació geològica i que poden inhibir o potenciar el procés. 

La variabilitat extrema dels valors mitjans dels cristalls de francolita suggereix que la 

correlació entre els índexs de cristal·lització i l'edat òssia s'ha de considerar amb 

precaució òbvia. 

 
 
 
Resumen 
 

En el desarrollo de la presente tesis se han tratado dos temas diferentes aunque 

muy relacionados: el análisis y diferenciación de los cambios microestructurales en los 

huesos debido al tratamiento térmico y / o los procesos de diagénesis y fosilización. 
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Durante el estudio de diferentes muestras de esqueletos humanos, se ha 

observado que algunos huesos muestran modificaciones en el color, la textura y 

morfología que podrían ser interpretados como alteraciones por exposición al calor. Sin 

embargo, el color también puede ser debido a la interacción entre el hueso y los 

materiales ambientales. Después de enterramiento, el hueso puede estar alterado y 

puede cambiar de color como consecuencia de la composición del suelo, el pH del 

sedimento, la temperatura o la humedad, y los cambios pueden ocurrir tanto en el tejido 

óseo como en la sustitución iónica. 

Por lo tanto, se necesitan técnicas que nos permitan distinguir entre la diagénesis 

y el tratamiento térmico y, si es posible, que diferencien las diversas exposiciones 

térmicas parciales. Sin embargo, como los materiales esqueléticos humanos que 

muestran este tipo de tratamiento son únicos, estas técnicas deben ser lo menos 

destructivas posible. Para hacer frente a este tipo de análisis se utilizaron diferentes 

técnicas fisicoquímicas y espectroscópicas (XRD, FT-IR) que han producido resultados 

importantes, que se pueden aplicar en diferentes contextos forenses, arqueológicos y 

paleontológicos. 

En relación con el análisis de huesos quemados, se puede concluir que el análisis 

de los diferentes contextos con huesos quemados nos permiten afirmar que las técnicas 

fisicoquímicas descritas aquí (XRD, FT-IR) se pueden utilizar para determinar de 

manera muy precisa el cambio de cristales durante el calentamiento, proporcionando así 

un medio adicional de determinar los efectos del tratamiento térmico sobre 

hidroxiapatita biogénica y detectar prácticas de cremación en los registros forenses y 

arqueológicas. 

Así pues la combinación de técnicas de XRD, FT-IR y SAXS constituye una 

poderosa herramienta para evaluar si los huesos se han sometido al fuego y, con una 

fiabilidad bastante buena, a qué temperatura. La aplicación de estas técnicas al contexto 

arqueológico es útil para verificar si un hueso se ha quemado o no, encontrar 

explicaciones a algunos ritos funerarios específicos, obtener un rango de temperatura 

razonablemente precisa, determinar la homogeneidad de la temperatura en todo el 

esqueleto y su duración. 

A pesar de su innegable poder en el estudio de los cambios de los cristales de 

hidroxiapatita, no es posible distinguir fácilmente los huesos animales y humanos sobre 

la base de los patrones de difracción ya que se deben tener en cuenta un gran número de 
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variables. Por lo tanto, la posibilidad esta el uso de estas técnicas para distinguir huesos 

de animales y humanos debe ser tratado con precaución. 

En relación con el análisis de huesos fósiles, se puede concluir que las 

investigaciones conjuntas y los análisis con FT-IR, XRD y XRF proporcionan 

información de los cambios post mortem a las que los huesos fósiles han sido sometidos 

durante los tiempos geológicos. Hay que tener en cuenta que la cristalización debida al 

tiempo transcurrido se solapa con otros factores que dependen de la formación 

geológica y que pueden inhibir o potenciar el proceso. La variabilidad extrema valores 

medios de los cristales de francolita sugiere que la correlación entre los índices de 

cristalización y la edad ósea debe considerarse con una precaución obvia. 
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1.1: Chemical bone structure 
 

Bone mineral is a significant biomaterial with a range of uses across a number of 

disciplines such as: Biomedicine, Archaeology, Forensic Sciences, Anthropology and 

Paleontology.  

Bone has a hierarchical structure composed of different structural units at 

different size scales (Weiner and Traub, 1992). These units work in concert to perform 

different functions and especially to impart good mechanical properties to the bone 

(Rho et al., 1998; Weiner and Wagner, 1998; Currey, 2002).  

The material is constituted by both organic (largely collagen, ~30 wt%) and 

inorganic (largely calcium phosphate) components. Macroscopically a typical bone is 

comprised of several different layers (the periosteum, cortical bone, and endosteum) and 

different bone types (compact and cancellous). Microscopically, the mineral phase, 

which accounts for 60-70 weight % (Wang et al., 2010) can be referred to as an impure, 

nonstoichiometric and poorly crystalline form of hydroxylapatite (HA), with a basic 

nanosized apatite structure of Ca10(PO4)6(OH)2 embedded in an organic matrix 

(Weiner and Price, 1986; Wagner and Weiner, 1992; Weiner and Traub, 1992; D’Elia et 

al., 2007; Etok et al., 2007; Mkukuma et al., 2004; Wang et al., 2010).  

However, whereas hydroxylapatite as has a Ca:P ratio of 5:3 (1.67), bone 

mineral itself has Ca:P ratios ranging from 1.37–1.87. This is because the composition 

of bone mineral is much more complex and contains additional ions such as strontium, 

magnesium, zinc and sodium substituting for calcium, and carbonate groups substituting 

for phosphate PO4
3- groups. 
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Fig.1: Structure of the hydroxylapatite mineral (Representation obtained from: 

http://www.minsocam.org/). 

 

Figure 1 shows the arrangement of 4 molecules of hydroxylapatite 

Ca5(PO4)3(OH) that build the unit cell in a crystal. This means that the natural 

bioapatite crystal may be envisaged as an ordered arrangement of such unit cell repeated 

periodically along the three orthogonal spatial directions. Biological apatites of bones 

are made by tiny microcrystals of apatite that have been shown to be of needle-like 

shape having characteristic size length of the order from 50-60 Å to 150–180 Å (1 Å = 

10-8 cm). 

A number of different factors can alter this mineral composition. One of the 

more significant changes to the microstructure of bone (i.e. to its spatial extension) 

occurs when this material is heated. Heated bone is one of the most challenging 

osteological materials to study, since the process of heating produces a range of 

complicated changes within the material already complex by itself.  

Changes involving the structure and chemical composition of bones may also 

occur during the fossilization process.  

The full description of those two processes will be presented separately. 
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1.2: Burned bones 

 

The study of burned human remains is of considerable importance in 

Archaeology, Forensic Science, Forensic Anthropology and crime scene investigation. 

The ability to identify burning and burned bone in the forensic and archaeological 

records has long been an important and contentious issue. 

The presence of burnt bones in an archaeological site may be the result of 

different anthropogenic behaviors. Their study provides information in broader areas 

such as the use of space in prehistoric settlements (Bellomo, 1993), combustion 

technology (Laloy, 1981; Théry Parissot, 1998; Costamagno et al., 1999), burial 

practices (Susini 1988; Piga et al., 2010a; 2010b), taphonomy and knowledge of the 

environment (Person et al., 1995, Shahack-Gross et al., 1997, Bennett, 1999).  

Thermal treatment is, of course, related to multiple variables associated with 

anthropological research; in other words, incineration of the body as a means of 

disposing of the dead (López et al., 1976; Carpenter et al., 2003), the incineration of dry 

human bones found during an inhumation, or the roasting of body parts in the course of 

a ritual or an act of cannibalism. The previously described alterations are related to 

structural changes in the bone, associated with changes of texture and bone colour 

(Pijoan et al., 2004). 

Several techniques to determine burning or heating regimen used in archaeology 

have been derived, with varying levels of success (Perinet, 1964; Shipman et al., 1984; 

Parker, 1985; Chandler, 1987; Brain and Sillen, 1988; Nicholson, 1993; Stiner et al., 

1995). Determination of the temperature and duration of burning, as well as the 

background noise of potential diagenetic effects (Bennett, 1999) would shed light on the 

origin of early use of fire and cooking practices, cremation as a burial rite, and other 

archaeological and paleoanthropological contexts (Enzo et al., 2007; Piga et al., 2008a; 

2010a; 2010b) 

More precisely know the temperatures at which a bone was subjected is an index 

to better understand the modifications suffered by bone structures due to combustion 

(March, 1996), to promote the differentiation between natural and anthropogenic 

phenomena and to better interpret the techniques used by the people who use fire for 

symbolic or funerary reasons. 
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For example it appears particularly interesting to be able to assess the 

temperature reached by the pyres used by civilizations within their funerary practices 

and to estimate a possible time scale for the fire treatment of bodies (Piga et al., 2012). 

This also represents useful information concerning the fire and materials technology 

used in the past. In addition to this, an investigation of fire temperatures seems 

advisable in order to confirm or reject the possibility of occasional non-ritualistic fires 

in civilizations where the use of funerary rites has never been verified in depth (Piga et 

al, 2008a).  

Further, the effects of burning on bone specimens and the determination of the 

techniques used are crucial in the resolution of forensic cases where cremation or other 

fire damage to remains is present (Owsley, 1993; Murray and Rose, 1993; Holden et al., 

1995; Kennedy, 1996; Cattaneo et al., 1999). 

An understanding of the changes that the body has undergone as a result of 

burning can provide significant information regarding the context and conditions of the 

burning event itself. Such crime scene information can include the temperature of the 

fire, the position of the body in respect to fire and the eventual presence of accelerants. 

Unfortunately, the act of burning also causes a number of substantial changes within the 

skeleton, which in turn can affect attempts to provide an identification of the deceased. 

Research has shown that both morphological and metric methods of anthropological 

assessment are affected (Thompson, 2002; 2004), in addition to methods of dating 

(Olsen et al., 2008), DNA extraction and stable isotopic analysis (an analytical 

techniques of increasing importance in the forensic field) (Munro et al., 2007; Ubelaker, 

2008).  

Traditionally, a macroscopic inspection of the remains has been used to suggest 

whether the bones have been subjected to fire (Holck, 1986; Eckert et al., 1988; 

Etxeberria, 1994), and beyond this, associations have been made between bone colour 

and fracturing with fire temperature and presence of soft tissues (McKinley, 2000; 

Mayne Correia, 1997; Fairgrieve, 2008; Schmidt and Symes, 2008). Shipman et al. 

(1984) devised five distinct groups based on the heating stages of bone tissue and the 

resulting colours at different temperatures ranging from pale yellow through brown, 

black, bluish grey, light grey and white. 
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Nonetheless, it has been noted by a number of authors that colour is a poor 

criterion in judging the degree of incineration and the examination of colour alone 

cannot determine the attained temperature of a cremation pyre as heat varied throughout 

the structure (Herrmann, 1977; Thompson, 2004). Furthermore the colour of bone may 

have changed after deposition in the ground (Taylor et al., 1995). In fact, many 

infiltrations are possible into the ground. An example would be the dark brown bones, 

whose colour is due to manganese in the soil in which they were buried (Greenlee and 

Dunnell, 1992; Shahack-Gross et al. 1997), but also the presence of iron, calcium 

carbonate can color a bone. Brain and Sillen (1988) have used the carbon/nitrogen ratio 

by examining a series of modern bones whose combustion temperature is known and 

archaeological bones in which the surface is obscured by the CaCO2 and from MnO2. 

Comparing the results, they were able to differentiate the coloration due to heat and the 

coloring due to the presence of manganese. 

Stiner et al. (1995) investigated the relationship between four factors: the visible 

changes of the color, changes in organic and mineral matter, alterations of the 

mechanical properties of bone and the soil effects of on the buried bones. Shipman et al. 

(1984) also studied four types of changes that occur during the combustion of the bones: 

the change of color, the microscopic morphology, crystal structure and the reduction of 

dimensions of the bones. 

Nicholson (1993) applied the method of Shipman et al. (1984) on a series of 

bones of mammals and non-mammals and compared the results obtained on 

archaeological bones. Nicholson (1996; 1998) also studied experimentally the 

diagenesis of unburned bone and of cooked or boiled bone. Person et al. (1996) 

conducted an experiment of burnt bones, although in a different perspective, which 

concerns the diagenesis of bone rather than combustion. 

Bonucci and Graziani (1975) examined the effects of physical variables that could be 

related to the color of fossil and sub-fossil bones (IVth–Vth century B.C). They defined 

the temperature at which a bone has been exposed between of 200 and 650° C (± 50° 

C). 

On the other hand, fragmentation, scratches and cracks are often due to thermal 

treatments, but may also result from taphonomic processes. According Shipman et al. 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 8

(1984), 645°C is the temperature, above which a bone becomes calcined, loses its 

coherent structure and increases the hydroxylapatite crystals size. 

However, between the various experimental studies, the conditions are not 

similar. For the experiments are often used bones of mammals belonging to common 

species (goat, sheep or cow). This is the case of Shipman et al. (1984), Brain and Sillen 

(1988) and Shahack–Gross et al. (1997); Stiner et al. (1995) and Nicholson (1993) 

instead of using organic bones addressed the study of several species of recent 

mammals and non-mammalian bones (birds and fish). After being burned at the same 

temperature, they concluded that the same thermal alteration process take place on bone 

structure. 

In addition there are significant variations between the color of bones of 

different species burned at the same temperatures. Susini (1988) studied the thermal 

behavior of the cortical bone of human adults calcined up to 1400°C. In this work, the 

temperature and the duration of combustion varies greatly and thus can give different 

results. 

Furthermore, it has also been shown both experimentally and statistically that 

the most important changes in bone that can predict burning contexts involve changes 

within the skeletal microstructure (Thompson, 2005). At this microscopic scale, there 

are two key features influenced by heating that are worth exploring: changes to the 

elemental composition and changes to the crystalline structure of the bone. Although 

changes to the elemental composition of bone have been successfully used to examine 

heat-induced change (e.g.: Bergslien et al., 2008; Schurr and Hayes, 2008), more 

information is known generally about the structure of bone than the elemental 

composition, and therefore it makes most sense to focus efforts here at this current time. 

In addition, understanding and manipulating heat–induced changes to the crystalline 

structure of bone is important for a number of reasons: clinically to ensure that 

biomaterials to be placed within the body have a similar crystalline structure to natural 

bone (Nakano et al., 2002; Wang et al., 2010), and to understand the nature of 

pathologies and diseases (Mkukuma et al., 2004). 

Within the material sciences, crystallinity is related to solubility (Nakano et al., 

2002). Heating the biomaterial is one way to influence the degree of bone mineral 

crystallinity. More generally an understanding of the influence of heating on 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 9

crystallinity can be important for understanding diet, hunting practices and funerary 

custom within archaeological contexts (Schiegl et al., 2003; Piga et al., 2010a; Piga et 

al., 2010b; Squires et al., 2011; Thompson et al., 2011) or for determining whether 

criminal activity has occurred and to aid in the identification process in forensic 

scenarios (Thompson 2004; 2005). Note that other techniques such as mechanical 

grinding can also be used to influence bone mineral crystallinity (Nakano et al., 2002; 

Surovell and Stiner, 2001). 

In recent decades, research and experience of cases have greatly increased the 

ability to recognize and interpret the burnt bones. The ability to distinguish between 

burned human remains and other materials, and the determination of the combustion 

temperature, time duration and intensity distribution throughout the body after focusing 

on microscopic changes in the bone may be important in various situations such as 

accidents, suicides/homicides and studying the crime scene. Thus, new experimental 

methods are needed to clarify the variety of factors that lead to varying levels of thermal 

effects. 

In addition to traditional research methods, the application of chemical and 

physical techniques such as X-ray diffraction (XRD) and Fourier transform infrared 

spectroscopy (FT-IR) is increasingly accepted in forensic contexts. X-ray diffraction 

and FT-IR analysis have several significant advantages which are complementary for 

our full understanding of the firing process whether in anthropological and forensic 

contexts. 

 

 

1.3: Fossil bones 

 

Hard tissues such as bones and teeth are often the only direct fossil remains of 

animals and humans and hence represent valuable archives for palaeoecology and 

palaeoenvironment. 

If the bones are not subjected to microbial or biotic erosion or the processes are 

affected by drastic physical or chemical changes, fossilization may occur soon after 

burial (Trueman and Martill, 2002; Pfretzschner, 2004; Farlow and Argast, 2006). Some 

processes may occur to preserve rather than degrading fossils, particularly the 
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incorporation of new ions into the crystal structure and/or recrystallisation of skeletal 

apatite (Elorza et a., 1999; Hedges, 2002; Trueman and Tuross, 2002; Wings, 2004; 

Farlow and Argast, 2006). These processes are mainly controlled by abiotic, physical 

and chemical environmental soil conditions, particularly groundwater chemistry around 

the buried bone material (Trueman et al., 2004; Wings, 2004; Tütken et al., 2008). 

The bone and tooth microstructure is often well-preserved down to the μm-scale 

in fossil specimens recording growth marks and other histological features that are often 

used for life history reconstructions of extinct animals or humans (e.g., Erickson, 2005; 

Smith, 2008). 

The chemical composition of both the mineral phase bioapatite and the protein 

phase, predominantly collagen, yields important information about the palaeobiology 

and palaeoecology of fossil vertebrates (Overviews in: Kohn and Cerling, 2002; Hedges 

et al., 2006; Koch, 2007; LeeThorp, 2008). Especially tooth enamel is least affected by 

diagenetic alteration and able to preserve original element and isotope compositions 

over geological time scales of millions of years (e.g., Sponheimer and Lee-Thorp, 2006; 

Fricke et al., 2008; Heuser et al., 2011).  

However, chemical in vivo signals are often altered during the fossilisation 

process of bones and teeth.  

These chemical, mineralogical and histological changes during diagenesis 

themselves are a valuable source of information in their own right. They enable us to 

characterize the post mortem history, diagenetic milieu, taphonomic processes and the 

timing of fossilization (Berna et al., 2004; Pfretzschner, 2004; Trueman et al., 2006; 

Kohn, 2008; Tütken et al., 2008; Turner-Walker and Jans, 2008; Herwartz et al., 2011).  

Understanding, characterising and quantifying diagenetic processes in fossil skeletal 

remains are important to decipher to which degree the original chemical information 

stored in the bioapatite has been altered or retained. To characterize and quantify 

diagenetic processes and their influence on the structural and chemical integrity of fossil 

bones and teeth different chemical (IRMS, ICPMS), mineralogical (XRD, XRF), optical 

(light microscopy, CL, TEM), and spectroscopic (Raman, FT-IR) techniques can be 

applied. 

Diagenesis of bones and teeth is however always a complex process that is very 

site specific, not linearly related with burial time and controlled by different external 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 11

factors such as microbial attack, temperature, humidity, hydrology, pH, redox 

conditions of the burial environment but also the skeletal tissue itself (e.g., Hedges and 

Millard, 1995; Hedges et al., 1995; Hedges, 2002; Pfretzschner, 2004; Berna et al., 

2004). 

Diagenetic alteration of bone starts immediately post-mortem (e.g., Bell et al., 

1996) and significant alteration occurs even before burial (e.g., Trueman et al., 2004; 

Fernández-Jalvo et al., 2010).  

The degradation of the collagen by microbial attack and/or hydrolysis (Collins et 

al., 2002) is one of the early and most fundamental alteration steps during bone 

diagenesis. The collagen molecules themselves, however, are fairly robust until a 

critical point in fibril denaturation due to hydrogen bond breaks is reached (Koon, 2006; 

Koon et al., 2010). 

Collagen loss causes an exposure of the thermodynamically instable, nm-sized 

bioapatite crystals with a large and reactive surface area, leading to dissolution and/or 

recrystallisation and hence increasing apatite crystal size (e.g., Person et al., 1995; 

Berna et al., 2004; Trueman et al., 2004). During these fossilization processes an intense 

chemical and isotope exchange of the bone with the environment is possible either by 

adsorption of ions, diffusion, ion exchange in the apatite lattice or precipitation of 

secondary minerals in pore space (e.g., Nelson et al., 1986; Trueman and Tuross, 2002; 

Lee-Thorp, 2002; Kohn 2008). 

Microbial attack by bacteria and fungi occurs rapidly post-mortem and is 

commonly observed in archaeological bone, resulting in characteristic tunnelling and 

destruction of the bone microstructure causing collagen loss and a spatial redistribution 

of bone material (Hedges et al., 1995; Bell et al., 1996; Jans et al., 2004; Turner-Walker 

and Jans, 2008; Jans, 2008).  

In contrast, most palaeontological bones older than Middle Pleistocene do not 

show microbial alteration (Hedges, 2002; Trueman et al., 2002) and often a have 

perfectly preserved bone microstructure making them valuable archives for 

palaeohistology (Erickson, 2005). This highlights the importance of the early bone 

diagenesis (~103-104 years) for the fate of fossil bones of which many, especially those 

weakened by microbial attack, were dissolved and do not survive into the fossil record 

if stability conditions (appropriate soil pH) are not met in the burial environment (Berna 
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et al., 2004). Those fossil bones surviving in the burial environment were stabilized and 

in the long term lithified by the diagenetic processes. 

Bone apatite crystallite size already begin to increase a few years post-mortem 

(Trueman et al., 2004), further increases when the collagen is lost, creating pore space 

for apatite crystal growth and may last up to ~5 Ma until Pliocene times (Piga et al., 

2009a).  

In the hypothesis that the post-mortem and burial changes (diagenesis) are 

associated to crystallinity of apatite from XRD analysis, it was suggested to relate this 

index to the age. This correlation was found by Bartsiokas and Middleton (1992) after 

examining 15 bony specimens, two of which were rejected from the analysis because of 

their “state of histological conservation”. In the hypothesis of a first-order kinetics 

process, the relationship was expressed by a linear regression between the crystallinity 

index (CI) and logarithm of age.  

Soon after, Person et al. (1995, 1996) defined a slightly different CI after 

considering a larger number of specimens of various provenance and age. They did not 

observe any significant correlation between the increase in the CI and the age of the 

sample, even in bones from the same locality. More recently (Farlow and Argast, 2006) 

it was reported further data consistent with the results of Person et al. (1995, 1996) in 

showing no relationship between bone crystallinity and age. However, for late 

Pleistocene and younger specimens, their data were consistent with the observations of 

Bartsiokas and Middleton (1992) and Sillen and Parkington (1996) for mammalian 

bone.  

The apatite crystal size in ancient fossil bones is quite variable and some 

dinosaur specimens can even retain some crystallites similar in size to modern bone 

(Dumont et al., 2011). However, most fossil bones have larger average apatite crystallite 

sizes than modern bones but the crystal size in fossil bones remains in the few 100 nm-

range (Piga et al., 2009a).  

Thus fossilization processes of the phosphatic bone tissue predominantly take 

place at the sub-μm scale, explaining why the bone microstructure with histological 

features in the μm-range is usually so well preserved. On the other hand, the bone 

macro porosity such as blood vessel canals or bone cell voids as well as diagenetic 

cracks are often filled with secondary mineral infillings such as pyrite, calcite, quartz, 
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manganese- or iron(hydr)oxides and others. These minerals form at different stages 

either early or late during diagenesis and allow inferring the physicochemical milieu 

prevailing within the bone and in its burial environment during their formation and thus 

to trace taphonomic conditions (Barker et al., 1996; Hubert et al., 1996; Pfretzschner, 

2000, 2001a,b, 2004).  

 

 

1.4: Physicochemical techniques applied for bone microstructure 

analysis 

 

1.4.1: X-ray diffraction (XRD) 

 

Powder X-Ray Diffraction (XRD) is actually one of the most widely used 

techniques to characterize the state of condensed, inorganic, organic materials, and 

sometimes biological molecules. It is a useful tool in different fields such as: solid state 

Chemistry, Pharmaceuticals, Natural Sciences, Metallurgy, Archaeometry, Archeology, 

Physical Anthropology and Forensic Sciences. In all these areas most of the crystallized 

matter that we can investigate are in fact in polycrystalline state; each crystal is the size 

of a few microns or even just a few nanometers. 

The major breakthrough of the powder diffraction as a quantitative tool in 

material sciences happen in 1969 with the introduction of the so called Rietveld method 

(Rietveld, 1969) or whole pattern fitting profile refinement, a technique for crystal 

structure refinement which, for the first time, made use of the entire powder pattern 

instead of analyzing individual non-overlapped Bragg reflections. This method 

permitted an extension of the diffraction technique on polycrystalline compounds, from 

structural refinement to quantitative and structural and microstructural characterization. 

In the Rietveld’s approach the experimental powder diffraction data are utilized 

without extraction of the individual integrated intensities, and all structural, 

microstructural and instrumental parameters are optimized by a least-squared 

refinements method until to carry out the best fit between the experimental data and 

calculated pattern.  
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Figure 2: Two examples of fossil bones multiphase patterns a) the XRD pattern (data points) and Rietveld 

fit (full line) of Molì del Baró (Isona i Conca Dellà, Lleida, Spain) dinosaur specimen shows a rather 

complex phase constitution of four phases, with the notable presence of the celestite structure SrSO4. b) 

the XRD pattern of IPS 35594 Seimuromorpha specimen (Middle Triassic, 245 Ma) also highlights a 

complex five phase constitution. 
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Full profile refinement is computationally intense and requires a reasonable 

starting structural model and a good set of experimental data for the analysis success.  

An important application of the Rietveld’s method in powder material field is on 

multiphase samples (see figure2a and 2b). 

The knowledge of the spatial arrangement of atoms and molecule inside the unit 

cell and the fraction composition of different phases present in the polycrystalline 

compound under investigation, are complemented with the possibility to determine the 

microstructural information, such us dimension, orientation of crystallites and lattice 

disorder. The knowledge of these details can allow to determine or to hypothesize 

possible properties of such analysed materialWith all this in mind, it has been argued 

that a better and more reliable means of addressing the microstructural study of burned 

and fossil bones is the X-ray diffraction (XRD) approach, possibly combined with other 

types of physico-chemical and spectroscopic approaches (Shipman et al, 1984; 

Newesely, 1988; Stiner et al., 1995; Ravaglioli et al., 1996; Rogers and Daniels, 2002), 

with a particular view to the hydroxylapatite mineral phase, which is the main inorganic 

component of bones.  

The hydroxylapatite phase is made of tiny micro- (or nano-) crystals with 

average size dimension around ca. 17 nm, that are subjected to growth changes when 

stimulated by the temperature of fire. Broadly speaking, higher temperatures result in 

larger average sizes of hydroxylapatite nano-crystals, more ordered crystal structures 

and sharper XRD peak profiles. These heat-induced crystal changes are akin to those 

resulting from standard bone diagenesis, and therefore we acknowledge that in the 

absence of important thermal effects, bone material decomposing for millions of years 

may undergo to a similar crystal growth mechanism, which can be suitably detected and 

accurately measured with help of the XRD patterns (Bartsiokas and Middleton, 1992; 

Person et al., 1995; Farlow and Argast, 2006). 

In 1926, De Jong (In Susini, 1988) connects the small crystals with diffuse 

diffraction lines and noted that the cremated bones patterns have finest lines. According 

to Payne (1937), refinement of lines observed is due to a mechanism of recrystallization 

of the bones. In the same way, Baud et al. (1954) reported that this refinement was due 

to the increase in crystal size. 
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The XRD technique was first applied to archaeological subjects in 1964 (Perinet, 

1964) to study burnt bones at different temperatures. Perinet (1964) found no changes in 

the mineral before 550°C. According to him, an abrupt change occurs when tricalcium 

phosphate is converted into a little crystalline hydroxylapatite between 550 and 600°C.  

At 700° C, crystallization improves revealing refinement of the diffraction peaks. 

Finally, at high temperature, there would be no change in the diagrams. In addition 

Perinet (1964) observed that at 600°C the hydroxylapatite mineral is very little 

crystalline and only at 650°C improves his crystalline state. From 700°C, the crystalline 

phase is stable. On the basis of this work, there is no difference between bones and the 

bones as they are burned at least 600°C. 

Later Bonucci and Graziani (1975) demonstrated that high temperatures of fire 

treatment induce a growth of the average crystallite size of hydroxylapatite, which can 

be appreciated relatively well from the line broadening/sharpening analysis of 

diffraction peaks. Since then, XRD has become a standard tool in anthropological work, 

although its adoption in forensic anthropology has been slow. 

However, subsequently Bartsiokas and Middleton (1992), with the aim of 

characterizing and dating recent and fossil animal and human bones, suggested 

measuring a so-called crystallization index from their diffraction patterns, which can be 

mainly ascribed to the presence of natural apatite phase. The crystallization index, 

which is strictly related to the peak sharpening effects, was actually defined as the 

intensity ratio of (300)/(202) line profiles of hexagonal apatite, which normally occur as 

shoulder of the most intense (211) line in the 2θ angular range from 31° to 35° when 

using CuKα radiation (Person et al., 1995; 1996). A linear correlation between 

crystallinity index and bone age was reported over a period length of more than 106 

years. It should also be noted that another crystallinity index was almost concomitantly 

defined by Person et al. (1995) using more peaks belonging to the same angular range. 

It is clear that the two above mentioned lines of work may be conflicting 

especially if the bones were subjected simultaneously to both physical effects of 

burning and blackening across very long periods of time. This is further complicated but 

the fact that there have been very few studies exploiting this technique in the twenty 

years since it is first serious adoption.  
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Studies by Newesely (1988), Holden et al. (1995), Stiner et al. (1995), and 

Rogers and Daniels (2002) have superficially investigated this source of information, 

but lack the cohesive nature necessary to allow one to overcome this sort of conflicts.  

However, in a sufficiently short period of time it seems that the two effects can 

be assumed well distinct. As a matter of fact, the time period investigated by Bartsiokas 

and Middleton (1992) requires some millions of years to observe significant changes in 

the crystallization index, which is a quantity determined with a small percentage error. 

This means that the crystallinity index may be regarded virtually unchanged in a period 

in the order of ten thousand years, that is, in a period that comprise archaeological and 

forensic times. 

In the first critical study of its kind, Shipman et al. (1984) investigated the 

microscopic morphology of various osteological materials and used X-ray diffraction in 

order to assess whether specimens of unknown taphonomic history were burnt and the 

maximum temperature reached by those specimens. Like the previously cited studies, 

these investigations were based on the fact that heating of bone causes a sharpening of 

diffraction patterns, attributed to increased crystallite size and decreased lattice strain 

(i.e. increased organisation of the crystal structure) of osteological phases. Holden et al. 

(1995), Rogers and Daniels (2002) and other recent works (Thompson, 2005; Kalsbeek 

and Richter, 2006) have also recorded key crystalline changes within the temperature 

range of 700-1100° C. The potential for XRD to associate crystal change to burning 

context is therefore not in doubt. The heat-induced (H-I) changes in bone have been 

categorised by Mayne Correia (1997) and modified by Thompson (2004). All heat-

induced changes (colour change, weight loss, fracture formation, changes in strength, 

recrystallisation, porosity change, dimensional change) can be placed within one of the 

four stages of H-I degradation (Dehydration, Decomposition, Inversion, Fusion). These 

four stages in themselves do not explain all of the fundamental causal changes occurring 

within hard tissues, and to date are entirely theoretical (Thompson, 2004). 

In Physical Anthropology perspective, the temperature range 700–1100°C is 

significant because it is during this transition that the size of the bone alters to a 

statistically significant degree (Shipman et al, 1984; Thompson, 2005). This in turn will 

not only impact on microstructural studies of bone, but also on macroscopic analysis 

with a view to determining a biological profile (sex determination, age-at-death 
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estimation etc) of the burned individual. The accuracy of such biological or osteological 

profiles is dependent on the use of unmodified bone. This is true for both metric and 

morphological anthropological techniques. Therefore it is essential that we understand 

the osseous changes during this temperature range so that it is possible to create either 

new techniques devised specifically for burned bone or new methods of statistically 

correcting the output of current anthropological techniques when used on burned bone 

(Thompson, 2005).  

Furthermore, a more solid appreciation of these changes will allow 

archaeologists to differentiate burned bone from non-burned bone using XRD as has 

been attempted so infrequently (Stiner et al, 1995). 

In order to further extend the validity of XRD methodologies that appear in the 

literature, Piga et al. (2008b; 2009b) did a calibration for bones and teeth as a function 

of a range of temperatures of burning (200°C–1000°C), while simultaneously noting the 

effect of duration of burning (0, 18, 36 and 60 min). This would enable a more general 

account of a real firing process. In fact, with this approach it will be possible to make an 

accurate estimation of both temperature and likely time duration of the firing process 

involved. In particular, Piga et al. (2008b; 2009b) analysed the behaviour of the bone 

sample for some intermediate temperatures (650, 750, 775, 825, 850°C) to closely 

investigate and describe the two-stage growth regime of hydroxylapatite previously 

observed around 700°C (Enzo et al, 2007). This is not possible with current 

macroscopic approaches. 

The kinetics of crystallite growth is followed in relation to the temperature and 

time duration in order to quickly and reliably evaluates the various aspects involved in 

the cremation process. In fact, with this approach it will be possible to make an accurate 

estimation of both temperature and likely time duration of the cremation rite. 

 

 

1.4.2: Fourier Trasform Infra-Red Spectroscopy (FT-IR) 

 

The Crystallinity Index (CI), or Splitting Factor (SF) is a measure of the crystallinity, or 

microscopic structural order, of osseous material. It is an arithmetic determination based 

on spectral data, and can be applied to both bone and teeth, although judging by 
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comments made by the few studies that have used it on teeth (Piga et al., 2009b) it is 

unlikely that the two apatite structures can be directly compared. This structural order is 

reflected by the splitting of the phosphate absorption peaks as seen in these spectra 

(Brock et al., 2010; Lebon et al., 2010). In fresh, unaltered bone, the crystal structure is 

poorly ordered, contains small crystals and as a consequence has a greater strain; 

unaltered bone therefore has a low CI value. Altered bone, whether that is due to age-

related diagenesis or heat-induced transformation, has an increasingly ordered crystal 

structure with larger crystals and less strain, which therefore results in a measurably 

higher CI value. Naturally, the reality is more complicated. There is some debate as to 

whether CI values increase due to an increase in crystal size or a removal of more 

soluble, less ordered crystals (Wright and Schwarcz, 1996). Rogers and Daniels (2002) 

argue that their X-ray Diffraction data support the increase in crystal size, but they also 

add the caveat that the change could be due to the redistribution of existing crystals. 

Hiller et al. (2003) concur with the increase in crystal size as recorded by small-angle 

X-ray scattering (SAXS) but note that crystal shape and thickness also change with 

burning. Person et al. (1996) argue for the importance of the organic phase in protecting 

the inorganic phase from change and therefore has an influence on CI although this will 

only occur up until the point that the organic phase is lost. Trueman et al. (2008) and 

Lebon et al. (2010) concur, but explain this more specifically by arguing for the 

significance of the organic phase in reducing bone porosity and therefore crystal surface 

area exposure to the environment.  

CI can be measured with both X-ray Diffraction (XRD) and Fourier Transform 

Infrared Spectroscopy (FT–IR). Although both methods have been used in the literature 

(e.g: Piga et al., 2010a) the Crystallinity Index values created using XRD cannot be 

directly compared to those created using FT–IR (Chakraborty et al., 2006; Rogers and 

Daniels, 2002; Thompson et al., 2009), although attempts at calibration have been made 

(e.g. Munro et al., 2007; Pucéat et al., 2004). This is because the XRD method utilises a 

volume averaging approach while the FT–IR method uses an area average approach 

(Rogers and Daniels, 2002). Both methodologies are complementary, but FT–IR does 

allow for the examination of CO3
2− content and fluorine substitution, for the detection of 

trace components within the analysed material, has the potential for being portable into 

the field, can be cheaper to use and has been shown to be more accurate at lower 
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burning temperatures (Munro et al., 2007; Weiner et al., 1993; Wright and Schwarcz, 

1996). However FT-IR approach is not free of criticisms; in this sense Pucéat et al. 

(2004) stated that it is overly sensitive to CI changes at low crystallinities and that 

carbonate content has more influence on FT–IR results than XRD. In addition, Rogers 

et al. (2010) argue that it does not provide necessary information on crystal shape and 

orientation. 

The earliest examples of CI were provided by Shemesh (1990) and Weiner and 

Bar-Yosef (1990) and can be calculated using FT–IR by adopting the following 

equation: 

CI = A565 + A605 / A595 

the heights of the absorptions at about 605 and 565 cm-1 were added and then divided 

by the height of the minimum between them, where Ax is the absorbance at given 

frequency x (see Fig. 3a). 
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Figure 3: a) a FT–IR spectra of unburned bone, shown in the range of 500-700 cm-1, corresponding to the 

phosphate group PO4
3-characteristic of the hydroxylapatite. The dimensions factor CI are calculated 

numerically in this group of peaks. b) The asymmetric bending to which the two most intense lines are 

referred have a physical counterpart evidenced by the circle in the left hand side scheme of motions 

available for the phosphate group  
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Both A565 and A605 correspond to the two anti-symmetric bending vibration 

bands of phosphate (ν4 PO4) (Lebon et al., 2010) (see Fig. 3b). It is assumed that the 

value of the CI is related to crystal size or structural order.  

As crystal size increases, A565 and A605 both also increase whilst A595 decreases. 

This has the effect of CI increase. This CI determination has been followed with 

remarkable consistency by those who have attempted to apply this methodology in 

bioarchaeological contexts. Unfortunately for osteoarchaeologists, the changes to 

crystallinity resulting from burning mirror those caused through natural ageing, and 

unpicking these two signals from CI values is problematic. 

Bartsiokas and Middleton (1992) argue that such time-based changes take tens 

of millennia. The reality is far from clear, although Rogers et al. (2010) have noted 

differences in crystal shape and orientation as a result of the two forms of change. 

Nonetheless it has been successfully, if not widely, adopted by the archaeological 

community. 

Another index useful to make the difference is the Carbonate/Phosphate ratio. 

The Carbonate (CO3) gives absorption peaks at 710, 874 and 1415 cm-1 whereas PO4 

gives absorption peaks at 565, 605 and 1035 cm-1. The carbonate absorption peak at 710 

cm-1 is characteristic of CaCO3 and can therefore be used to detect absorbed CaCO3 

contaminants. 

As the absorption peak height at 1415 cm-1 and 1035 cm-1 is proportional to the 

content of carbonate and phosphate, the Carbonate/Phosphate ratio is given by the 

equation below:  

 

C/P = A1415 / A1035 

 

where Ax is the absorbance at given wavelength x. (Shemesh, 1990; Wright and 

Schwarcz,1996; Koon et al., 2003; Olsen et al., 2008; Thompson et al., 2009, 2011; 

Piga et al.,2010a).  

Note that some publications use a slightly different definition for this ratio 

(Pucéat et al., 2004). Since these peaks correlate to the amount of carbonate and 

phosphate, this ratio allows one to comment upon changes to the carbonate content bone 

following burning (Thompson et al., 2009). Combination of both CI and CP has been 
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used to successfully show differences in cremation and funerary practices (Squires et 

al., 2011). 

 

 

1.4.3: Applications of the FT-IR Cristallinity index in Bioarchaeology and 

Anthropology 

 

Generally, when the CI has been applied to bioarchaeological contexts it has 

been from one of three main perspectives. 

First, it has been used to distinguish bone samples from one contextual sequence 

from another one. The underlying principle is that bone from context A will have 

undergone different diagenetic changes than bone from context B.  

Generally these contexts differ as a result of chronological age. Work using real 

samples has shown that actually, there is a great deal of variation in the CI values of 

specimens within the Holocene period alone (Sillen and Morris, 1996). In terms of 

relating CI to the age of a sample, there seems to be many complicating factors which 

influence the rate of CI increase. These are highly related to the specific burial 

environment, and include both hydrology and geology (Piga et al., 2009a; Sillen and 

Morris, 1996).  

Furthermore it is worth noting that burial environments do not remain static over 

time (Zapata et al., 2006). Cave environments in particular are noted as being 

particularly problematic in terms of diagenetic pathways (Sillen and Morris, 1996). 

Regardless of the specific deposition environment, separating samples into different age 

periods will always be more accurate with samples that are spatially located closer to 

each other (Sillen and Morris, 1996). Nevertheless, the difference between younger and 

considerably older samples is great enough to allow separation of samples into different 

contexts. Sillen and Morris (1996) demonstrated this by placing bone samples from 

unknown contexts into one of two specific sequences (modern or Middle Stone Age) at 

Border Cave, South Africa.  

More recently Stiner et al. (2001) utilised CI to examine stratigraphic layers 

from Hayonim Cave in Israel. Examination of apatite crystallinity using FT–IR has also 

been used to distinguish between natural and synthetic calcium hydroxylapatite 
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(Chakraborty et al., 2006). It has also been noted that natural, geological apatite, as 

opposed to bioapatite has an inherently more ordered crystalline structure (Bergslien et 

al., 2008) and the two are therefore distinguishable. Whilst there seems to be great 

potential in relating crystallinity or crystal size to age (Bartsiokas and Middleton, 1992; 

Piga et al., 2009a) or depositional sequence, it is tempered by the fact that some studies 

have found little or no correlation between CI and the age of a bone sample (Person et 

al., 1996; Schwarz et al., 2009; Shemesh, 1990). 

Second, CI has been used as a proxy for preservation, or rather as a means of 

determining the degree of degradation of an osseous sample. This is used prior to more 

expensive and complicated analyses, such as DNA extraction. Generally within 

Bioarchaeology, “no simple, or single, method has yet been proposed that is a reliable 

measure of bone integrity, i.e. one that is capable of predicting whether any biological 

information is retained” (Trueman et al., 2008; 160). As such, there is great interest in 

the CI since it may have the potential to be this method.  

States of preservation have been correlated to CI on a number of occasions 

(Bartsiokas and Middleton, 1992; Sillen and Morris, 1996; Wright and Schwarcz, 

1996). Other more recent studies have found no relationship between crystallinity or 

degree of preservation and quality of biomolecules contained within the bone (Brock et 

al., 2010; Lebon et al., 2010; Misner et al., 2009; Pucéat et al., 2004; Schwarz et al., 

2009; Trueman et al., 2008). This may be due to the continued change in crystallinity 

after the loss of the organic material, thus negating the relationship between the two 

(Brock et al., 2010; Trueman et al., 2008).  

Third, the CI has been used within the burned bone powders as a means of 

commenting on the severity of burning experienced. This can begin, as with Shahack-

Gross et al. (1997) and Piga et al. (2008b), with simply determining if burning took 

place on dark coloured bones; but this can be extremely difficult with low intensity 

heating events (Koon et al., 2003). Oftentimes CI is applied with the aim of predicting 

the temperature of burning event. This is of value in itself, but it has also been argued 

that changes at microscopical level of bone need to be understood fully if we want to be 

able to reconstruct the pre-burning conditions and dimensions of bones, and therefore 

create corrections for our osteological profiling techniques (Thompson, 2004, 2005). 

Different works have consistently shown that the relationship between crystallinity and 
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temperature of burning is non-linear (Enzo et al., 2007; Person et al., 1996; Piga et al., 

2008b; Surovell and Stiner, 2001; Thompson et al., 2009). This may be the result of the 

protection of the crystal structure by the organic phase as suggested by Person et al. 

(1996) with a subsequent increase in CI change after the organic phase is lost resulting 

in the non-linear relationship. Indeed Munro et al. (2007) noted that even a loss of 25% 

of the organic content does not seem to affect the CI values. Unfortunately the sample 

sizes of these studies are often small, which results in the burning temperature 

prediction equations being of use only on samples from the same context. Even then, 

some blind studies are quite inaccurate (see Thompson et al., 2009). A significantly 

larger collection of data will help to resolve this problem, and may result in more 

universal formulae. 
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2: AIMS OF THE THESIS 
 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 28



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 29

The main aim of this thesis is to found some objective methods to evaluate the 

most extreme states of alteration of bone due to cremation and fossilization processes.  

The investigators were already aware of the dramatic changes occurring in the 

bone structure since the last three decades. Archaeological, Anthropological, 

Paleontological and Forensic issues required specific studies to solve some puzzling 

questions arising either from examination of archaeological and crime scene and 

specific digging contexts. In these sense, applications of physico-chemical techniques 

seems to be very useful, especially X-Ray Diffraction (XRD) and Fourier Transform 

Infrared Spectroscopy (FT–IR). 

To reach these objectives, we have considered various sub-objectives at least in 

two different situations in the following: 

 

2.1: Burned bones: 

 

a) evaluating the applications of physico-chemical techniques in Forensic 

Sciences. 

b) evaluating the possibility of a multi-technique approach by XRD, SAXS and 

FT–IR for the analysis of burned archaeological bones. 

c) applying physical-chemical analysis to different archaeological contexts in 

order to verify if a bone has been burned or not; finding explanations to 

some specific funerary rites, getting a reasonably precise temperature range 

and its duration across the entire body; checking temperature homogeneity 

throughout the skeleton. 

d) assessing whether the lattice parameters of bioapatite obtained by XRD data 

are helpful when trying to distinguish human bones from animal bones. 

 

2.2: Fossil bones:  

a) applying the physical-chemical analysis to evaluate the diagenesis of fossil 

bones. 

b) evaluating the use of average crystallite size as dating method. 
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3: METHODS 
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3.1. Diffraction data collection and analysis 
 

Exactly 0.5 grams of each bone was ground in an agate jar for one-minute using a 

SPEX mixer-mill model 8000. Our sample holder for XRD analysis has a circular 

cavity of 25 mm in diameter and 3 mm in depth, and can hold 420 mg of pressed 

powder bone. 

Given the high number of specimens to be examined, the XRD patterns were 

recorded overnight using Bruker D8 (see figure 4), Philips PW-1050 and Siemens D-

500 diffractometers in the Bragg–Brentano geometry with CuKα radiation (λ = 1.54178 

Å). 

 

 
Figure 4: Bruker D8 diffractometer 

 

The instruments were employed in the Bragg-Brentano geometry using fixed 

wavelength CuKα radiation and a graphite monochromator in the diffracted beam. The 

patterns were collected with a scintillation detector in the 2θ angular range from 9 to 

140°, with a step-size of 0.05°; the counts at each data point being accumulated for 40s 
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in order to ensure accurate statistics for the intensity data and to reduce the uncertainty 

associated with the determination of lattice parameters.  

The X-ray generator worked at a power of 40 kV and 40 mA and the resolution of 

the instruments (0.5° divergent and 0.1 mm antiscatter slits) was determined using α-

SiO2 and α-Al2O3 standards which were free from the effect of reduced crystallite size 

and lattice defects (Enzo et al., 1988).  

The precision and accuracy of lattice parameters depends largely upon the number 

of peaks assessed and the relative location in the 2θ scale with respect to the whole 

angular range investigated (Masciocchi and Artioli, 1996; Petersen, 2005). Note that the 

use of position sensitive detectors for faster data collection may speed-up the data 

collection, the configuration used here (with a monochromator in the diffracted beam) 

has the advantage of controlling the background due to specific fluorescence effects. 

This will increase the time taken for data collection, and we are aware that the 

laboratory high-resolution conditions may be overtaken by accessing synchrotron 

radiation facilities for powder XRD. 

Starting with some basic information on the sample (e.g., the alleged constituent 

elements, the space group of phases) it is possible to obtain qualitative information 

(type of phase, crystal habit and quantity -by weight or volume fraction of the phases 

present- unit cell size, crystallite size, microstran). 

The phase content, the lattice parameters of the elementary cell, the degree of 

occupancy of atomic sites, the size of the coherent diffracting domains and the degree of 

deformation of the crystallites can be refined using the Rietveld approach with some 

precision that depends significantly on the experimental quality of the pattern, 

Practically, each crystalline phase leads to a characteristic diffractogram that 

corresponds to a fingerprint of the substance. The presence of several phases obviously 

complicates the spectra interpretation. 

However, it is commercially available a series of programs of automatic recognition 

of phases sufficiently reliable that makes use of the archive of the diffractograms of all 

substances hitherto qualified with the diffraction. Unfortunately it can happen that the 

spectra of diffraction can not be always collected with the necessary signal to noise ratio 

because of the lesser amount of available substance. In addition, not all spectra 

catalogued in the database have been resolved correctly.  
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Under these conditions, the automatic assignment of phases is unlikely to be 

successful, providing results that may be unreasonable. Obviously, this method of 

recognition is valid when our patterns refer to phases that had been previously resolved 

with adequate accuracy. 

The Rietveld method (Rietveld, 1967; Young, 1993) is based on an iterative best-fit 

strategy of experimental data. We have made use of the MAUD programme (for: 

Material Analysis Using Diffraction) which simulates the pattern by incorporating the 

instrument function and convolving the crystallographic model based on the knowledge 

of chemical composition and space group with selected texture and microstructure 

models (Lutterotti and Bortolotti, 2003).  

The programme MAUD permits a selection of variables for the least squares 

minimization such as lattice parameters of the unit cell, atomic positions, temperature 

factors, occupancy of the sites, an/isotropic size and strain broadening. 

Concerning the structure of bones, it is known that they are made mainly by the 

bioapatite phase, in particular circumstances accompanied by other secondary phases 

like calcite or others. There is a debate in the literature whether the monoclinic P21/b 

rather than hexagonal P63/m choice of the space group is more suitable to describe the 

bioapatite structure of bone. Extensive comparisons of the use of these two 

representations for the symmetry properties were missing in the literature. In particular 

it was not assessed whether such choice may have direct consequences for determining 

the values of the lattice parameters. The success of the procedure is generally evaluated 

throughout a combination of integrated agreement factors (Rwp is the most considered) 

and distribution of residuals (Young, 1993). 

 

 

3.2: FT–IR analysis 

 
Infrared spectroscopy is an extremely reliable and well recognized fingerprinting 

method. Many substances can be characterized, identified and also quantified. One of 

the strengths of IR spectroscopy is its ability as an analytical technique to obtain spectra 

from a very wide range of solids, liquids and gases.  
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A few milligrams of each sample were ground with an agate mortar and pestle to 

obtain a grain size smaller than 5 μm. 7-mm Pellets were prepared by mixing 2.5 ± 0.1 

mg of bone powder with ca. 300 mg of KBr. This mixture was compressed at 11 

ton/cm-2 for 1.5 min following the protocol described by Fröhlich (1989). Infrared 

spectra were collected using a Bruker Vertex 70V spectrometer (see figure 5) by 

accumulation of 128 scans with a resolution of 2 cm-1. 

 

 
Figure 5: Bruker Vertex 70V spectrometer. 

 

The mineral composition was monitored using carbonate and phosphate vibration 

bands. Relative carbonate content was estimated from the ratio between the absorbance 

of the ν3CO3 band at 1415 cm-1 and the ν3PO4 band around 1045 cm-1 (Wright and 

Schwarcz, 1996). The splitting factor (SF) was measured from the two anti-symmetric 

bending vibration bands of phosphate (ν4PO4) at 565 and 605 cm-1 following the method 

of Weiner and Bar-Yosef (1990) between 495 and 750 cm-1. 

The peaks were processed using standard non-linear least squares fitting procedures 

incorporated in the Origin® software assuming for the transmitted line shape a 

symmetric Pearson VII type function and a polynomial background of order 1 or 2. 

 

3.3: XRF analysis 
 

XRF measurements have been carried out using portable equipment composed 

of an X-ray tube (molybdenum anode, Oxford Instruments) working at 25 kV and 0.1 

mA. For the analysis we pressed ~ 200 mg of powdered bone tissue to form a pellet 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 37

with a diameter of 10 mm and a thickness of 1 mm. An aluminium collimator 1 cm long 

and with an internal hole of 1 mm in diameter permits irradiation of an area of the 

object of about 0.2 cm2 to be analysed, at a distance tube window-sample of about 2 cm. 

A Si-PIN detector from AMPTEK was employed with a thickness of about 300 μm and 

characterized by an energy resolution of about 200 eV at 5.9 keV. 30 minutes was 

dedicated for each sample pattern without use of any standard. 
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4: RESULTS 
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Chapter 4.1: Aplicaciones de técnicas químicas-físicas en Antropología 

Forense 
Authors: Giampaolo Piga, Assumpcio Malgosa. 

Cuadernos de Medicina Forense 18 (1), 9–17. 

 

In recent decades, research and experience of cases have greatly increased the ability 

to recognize and interpret the burnt bones. The ability to distinguish between burned 

human remains and other materials, and the determination of the combustion 

temperature, time duration and intensity distribution throughout the body after focusing 

on microscopic changes in the bone may be important in various situations such as 

accidents, suicides/homicides and studying the crime scene. Thus, new experimental 

methods are needed to clarify the variety of factors that lead to varying levels of thermal 

effects. 

In addition to traditional research methods, the application of chemical and physical 

techniques such as X-ray diffraction (XRD) and Fourier transform infrared spectroscopy 

(FT–IR) is increasingly accepted in forensic contexts. X-ray diffraction and FT–IR 

analysis have several significant advantages which are complementary for our full 

understanding of the firing process whether in anthropological, forensic or 

palaeontological contexts. 
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Chapter 4.2: A multi-technique approach by XRD, FT-IR and SAXS 

for the analysis of burned archaeological bones 
Authors: Giampaolo Piga, Assumpcio Malgosa, Stefano Enzo. 

 “Stones, Bones and Thoughts - festschrift in honor of Milton Núñez”. Book edited by 

Sirpa Niinimäki, Anna-Kaisa Salmi, Jari-Matti Kuusela and Jari Okkonen. Milton 

Núñez’s festschrift committee Publisher 

 

A more nuanced understanding of how the analysis of heat-induced change in bone 

can provide valuable information about pyre technology and the funerary process is 

given by a multi techniques approach of physico-chemical and spectroscopic methods, 

that would allow a greater insight of the cremation process and its effects on human 

bones as has been demonstrated by studies on skeletal material from various 

archaeological periods and from forensic contexts.  

X–ray diffraction employed to illustrate that heating causes an increase in the crystal 

size of hydroxylapatite in cremated bone (Rogers and Daniels, 2002; Hiller et al., 2003; 

Piga et al., 2008, 2009). Small angle X-ray scattering (SAXS) determines the crystal 

size, shape, and orientation within bone, independent of crystal lattice perfection at 

different temperatures (Hiller et al., 2003) and Fourier Transform Infrared Spectroscopy 

(FT–IR) employed to examine changes to the Crystallinity index or Splitting Factor 

(SF); carbonate to phosphate ratio (C/P) and carbonate to carbonate ratio (C/C) 

(Shahack-Gross et al., 1997; Stiner et al., 2001; Surovell and Stiner 2001; Chakraborty 

et al. 2006; Nagy et al. 2008; Thompson et al. 2009; Thompson et al., 2010). 

Five archeological burned bones with different intensities of burning, belonging to 

the necropolis of S’Illot des Porros (Majorca, Spain), were investigated in order to 

evaluate the thermal treatment which samples underwent. Mineralogical nature and 

extension of crystalline domains were evaluated by applying the Rietveld method to the 

X–ray diffraction patterns.  

To evaluate the temperature to which the bones were subjected, a method has been 

applied to the XRD data, based on our calibration of the heat treatment as a function of 

temperature and time by following the average cristallite size evolution of 

hydroxylapatite biomineral phase (Piga et al., 2008b; 2009b).  
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Fourier transform infrared (FT–IR) spectra are dominated by the typical 

hydroxylapatite bands apart from weak components typical of carbonates. Our data 

confirm findings about the thermal treatment samples undergo, in fact, the shoulder at 

ca. 630 cm-1 for the less “crystalline” specimens is replaced by a further peak in the 

specimens which appeared to have been treated at higher temperature.  

Small Angle X–ray Scattering (SAXS) data analysis supplies a further point of view 

of the same process allowing to obtaining some information on the morphologies of 

samples. Crystal shape evolves as a function of the physical-chemical modification, 

diagenesis or thermal treatments that bones have undergone. Particles turn out to be 

composed at a nanoscopic level by small inhomogeneities defined with sharp interface 

that agglomerate to form bigger clusters of fractal geometry. The fractal index of the 

powdered system decreases on increasing the temperature of thermal treatment. The 

XRD/SAXS data of small particle size are in a very good agreement. 

Thus, the combined used of those techniques is a powerful tool to assess whether 

the bones have subjected to fire and, with fairly good reliability, to which temperature. 

The applications of these methods to archaeological or forensic scenarios can 

contribute to archaeologists and forensic doctors’ understanding of the efficiency of 

these techniques, especially with regards to archaeological and modern material from 

unknown contexts.  
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Chapter 4.3: Cremation practices coexisting at the S’Illot des Porros 

Necropolis during the Second Iron Age in the Balearic Islands (Spain) 

Authors: Giampaolo Piga, Jordi Hernández-Gasch, Assumpciò Malgosa, Maria 

Luisa Ganadu, Stefano Enzo. 

Homo 61, 440–452. (http://dx.doi.org/10.1016/j.jchb.2010.09.003). 

 

The combined use of macroscopic examination, XRD and FT–IR analysis is 

rarely incorporated in studies examining various aspects of the burning process, such as 

duration and temperature of the funerary pyre or the temperature uniformity throughout 

the skeleton, and it could provide a great amount of informations. For this reason the 

context of the necropolis of S’Illot des Porros (Maiorca, Spain) is particularly 

interesting.  

The necropolis of S’Illot des Porros is one of the most important prehistory 

funerary sites of the Balearic Islands and certainly the better documented in terms of 

anthropological studies. The archaeological site presented three sepulchral areas called 

“chambers A, B and C” excavated in the rock-bed. In all three chambers have been 

found inhumations and remains of burnt bones at various levels of burning. The 

cremated bones were attributed at least to 67 individuals (out of a whole of 285). 

The aim of our paper is to assess whether the funerary chambers in S’Illot des 

Porros were specifically devoted to inhumation, rather than cremation or uncompleted 

body combustion due to purification activities and to determine for the first time in the 

Balearic prehistory when the funerary practices involving fire were introduced in 

relation to specific events.  

The availability of bone samples of a relative accuracy in terms of dating allows 

to place quite precisely in time the period when these practices took over and, thus, to 

attempt an historical explanation. So far evidences of cremations in the Balearic Islands 

have been underlined without undergoing any further research, even less around their 

social meaning.  

In order to achieve these goals we investigate the structure and microstructure 

properties of all the cremated remains from the site using X–ray diffraction (XRD) 

partially supported by Fourier Transform Infrared (FT–IR) spectroscopy which have 
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been demonstrated able to discriminate the degree of fire treatment to which the bones 

were possibly subjected. 

The combined use of these techniques pointed out to the simultaneous use of 

inhumation and cremation funerary rites at various levels of burning, probably due to 

existing social differences. 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 69
 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 70
 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 71
 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 72
 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 73

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 74  



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 75

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 76

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 77

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 78

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 79

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 80

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 81

 
 

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 82



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 83

 

Chapter 4.4: A unique case of prone position in the primary cremation 

Tomb 252 of Monte Sirai necropolis (Carbonia, Sardinia, Italy). 
Authors: Giampaolo Piga, Assumpciò Malgosa, T.J.U. Thompson, Michele 

Guirguis, Stefano Enzo. 

International Journal of Osteoarchaeology (DOI: 10.1002/oa.2270). 

 

Another extremely interesting case concerns the Phoenician-Punic Necropolis of 

Monte Sirai (Carbonia, Sardinia, Italy). In this necropolis there is a wide archaeological 

documentation about different and peculiar funeral rites (Guirguis, 2011). This paper 

presents the case of Tomb 252 that contained the cremated remains of an individual, 

probably male. Comparison of the excavation records alongside reconstruction of the 

bone material itself makes clear that the individual was cremated in a prone position. 

This is the first case of prone cremation reported in the literature.  

The exceptional state of preservation of almost the entire skeleton allows the 

distribution of temperature on representative parts of the whole body to be assessed, and 

determination of the possible existence of a central focus.  

Macroscopic examination of bones is useful to gain a general idea of 

temperature, though more advanced techniques, in the form of XRD and FT–IR analysis 

are required to gain a more precise temperature range across the entire body. The 

combined use of these methods can contribute to our understanding of cremation 

temperature, its homogeneity throughout the skeleton and its duration. 

Both the X-ray crystallinity and the SF value of the ν4  phosphate band converge 

to similar values of temperature, which is further supported by those deducible from 

C/P of ν3 CO3 2- and ν3 PO4 3-   

Data obtained with the two techniques are almost concordant, except in a few 

cases (vertebrae 1 and 2, left ulna and both femurs) where the temperatures obtained 

with the analysis of X-ray diffraction are a little higher. These differences do not exceed 

100°C and are not worthy of further interpretation since they may be thought to 

coincide within their experimental uncertainty. 

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 84

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 85

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 86

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 87

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 88

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 89

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 90

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 91

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 92

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 93

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 94

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 95

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 96

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 97

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 98

 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 99

Chapter 4.5: Is X-Ray Diffraction able to distinguish between animal 

and human bones? 
Authors: Giampaolo Piga, Giuliana Solinas, T.J.U Thompson, Antonio Brunetti, 

Assumpcio Malgosa, Stefano Enzo. 

Journal of Archaeological Sciences (http://dx.doi.org/10.1016/j.jas.2012.07.004) 

 

The separation of animal from human bone is an important component of any 

archaeological or forensic osteological and histological analysis (Cattaneo et al., 1999; 

Cuijpers, 2006; McKinley, 1994; Whyte 2001). It can be important for a range of 

reasons, from determining the minimum number of individuals present, to 

understanding funerary behavior, to comprehending human-faunal relations. This is also 

true of burned skeletal material, but this work is greatly complicated by the range of 

heat-induced changes that bone undergoes when burned (Thompson, 2005). Thus 

studies which focus on the separation of different species of bone, especially if 

fragmented, are extremely valuable. With this in mind, Beckett et al. (2011) reported in 

a recent paper the possibility of determining the human rather than animal origin of 

bone from the lattice parameters of the inorganic bioapatite phase from the diffraction 

patterns of bones subjected to a high temperature heating treatment. 

In our work, first we address the problem of whether the monoclinic P21/b vs 

hexagonal P63/m space group can make a substantial difference in terms of lattice 

parameter values for the bioapatite of bones. Then we evaluate the most evident 

structural changes involved after high-temperature treatment. Finally we discuss the 

lattice parameter values of 42 (belonging to 25 species) heat-treated animal bones and 

53 human bone samples from various Spanish and Italian necropolises. 

The bones of were treated in a furnace at 1100°C for 36 minutes and compared to 53 

cremated human bones collected from a range of ancient Spanish and Italian 

necropolises.  

Our results clearly show that in terms of lattice parameters the variability of 

human specimens are completely overlapped by the non-human variability making the 

use of XRD in order to distinguish animal from human bones questionable values. 
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Chapter 4.6: A multi-technique approach by XRD, XRF, FT-IR to 

characterize the diagenesis of dinosaur bones from Spain 
Authors: Giampaolo Piga, Andrés Santos-Cubedo, Antonio Brunetti, Massimo 

Piccinini, Assumpciò Malgosa, Emilio Napolitano, Stefano Enzo. 

Palaeogeography, Palaeoclimatology, Palaeoecology 310, 92–107.  

(http://dx.doi.org/10.1016/j.palaeo.2011.05.018). 

 

Diagenetic changes are induced in bones over palaeontologist times mainly by 

complex mineralogical and physico-chemical processes.  

The precise understanding of diagenetic and taphonomic processes to which 

paleontological bones were subjected requires a multidisciplinary approach, taking into 

account the potentialities and limitations of each analytical technique employed. 

Particularly, we have used combined X–ray diffraction, X–ray fluorescence and FT–IR 

analysis to investigate a collection of 60 Spanish dinosaur bone specimens being 150 to 

65 Ma to characterize the fossilization in terms of chemical and mineralogical 

composition, crystallite size, precipitation and infiltration, exchange reactions involving 

atomic and molecular ion species. 

From the crystal lattice parameters of the apatite phase determined by powder 

XRD, it emerged that these fossil bones invariably underwent a post-mortem 

transformation from bioapatite (hydroxylapatite) to authigenic francolite (fluorapatite) 

structure.  

Concerning the phases constituting the fossil bones, a high variability can be 

pointed out among the various samples. The diffraction approach assessed in all 

specimens the presence of fluorapatite at various levels of percentage as the mineral 

phase constituting the dinosaur bones. Multiple secondary mineral phases, mainly 

calcite and quartz but also goethite, dolomite and several other minor phases were 

detected. They occurred as pore space infillings in most dinosaur bones only three out 

of 60 bones were single phase (fluorapatite) specimens. 

The apatite crystal size was variable (from 183 Å to 2100 Å) and varies 

unpredictably in the analysed specimens, inhibiting a correlation with fossil age. In our 

previous study (Piga et al., 2009b), we have, however, observed a positive correlation 
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between average bone apatite crystal size and specimen age in another set of fossils 

ranging in age from the Middle Triassic (around 245 Ma) to present. 

Increasing significantly the sampling of a relatively restricted time range (150 to 

65 Ma), no systematic trend of crystal size with age of the specimen or taphonomic 

setting was found (see figure 11). From the present data it seems that the crystallization 

induced by just the time is overlapped by other factors depending on the geological 

Formation that may inhibit (e.g., 4ANA3 sample) or enhance the process.  

The infrared spectra of fossil bones show significant changes in the phosphate 

and carbonate band intensity with respect to a non-fossil bone. 

The XRF spectra collected in the energy range from 1.5 to 18 keV supplied analysis 

profile spectra with the expected presence of Ca and P as major elements. In addition, 

the presence of carbonate groups substituting for the phosphate group in the 

hydroxylapatite-like structure was definitely assessed for the single-phase specimens by 

FT–IR spectroscopy.  

In all the fossils examined, varying levels of Fe were detected by XRF that may 

be present in the goethite phase FeOOH. However, no presence of other Fe-bearing 

phases such as pyrite, hematite or magnetite was observed. For the specimens that 

displayed considerable amount of Fe but absence of any Fe-bearing phase in the XRD 

spectra, the analysis suggested that Fe divalent cations may have substituted for divalent 

Ca cations in the francolite structure even at a considerable concentration level (up to 12 

%) and without significant changes in the unit cell volume. Frequently the major 

elements Ca and P were also accompanied by varying amounts of transitional elements 

such as Ti, V, Mn, Cu, As, Rb, Y, Sr and Nb, to list the most frequently encountered.  
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5: DISCUSSION  
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In the development of the current thesis we have addressed two different 

although very related topics: analyzing and differentiating the microstructural changes 

in the bones due to the heat treatment and/or to diagenesis and fossilization processes.  

During the study of several human skeletal samples, we have observed that some 

bones show modifications in colour, texture and morphology that could be interpreted 

as alterations due to heat exposure. However, colours may also be due to bone 

interaction with environmental materials. After burial, bone may be altered and may 

change colour as a result of soil composition, sediment pH, temperature or moisture, 

and the changes may occur in the bone tissue as ionic substitution. 

Thus, we need techniques that permit us to distinguish between diagenesis and 

thermal treatment and, if possible, that differentiate the various partial thermal 

exposures. However, as human skeletal materials showing this kind of treatment are 

unique, these techniques should be as non-destructive as possible. 

To address this type of analysis we used different physico-chemical and 

spectroscopic techniques that have produced important results, which can be applied in 

various forensic, archaeological and paleontological contexts. 

 

 

5.1: Burned bones 

 

5.1.1: evaluating the applications of physico-chemical techniques in Forensic Sciences. 

 

The ability to distinguish between cremated human remains (cremains) and other 

materials of similar appearance can be of great importance in a variety of forensic 

situations. The Tri-State Crematorium incident in Noble, GA, USA (Markiewicz, 2005) 

is a most leading and meaningful example.  

In early 2002, it was discovered that rather than performing the cremations 

contracted, the owner of Tri-State was dumping bodies unceremoniously around the 

property. More than 330 bodies were eventually recovered, while the urns many 

families had received often contained cement dust, silica, rock or other materials. To 

confuse matters, most bodies received prior to a certain date were actually cremated, 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 130

and later on, some bodies may have been sent to other facilities for proper cremation. 

Hundreds of families were uncertain as to the contents of the urns in their possession.  

In particular forensic scenarios non-skeletal inclusions, such as surgical 

materials, dental restorations and identification tags can survive to cremation and it can 

be very useful for identification (Murray and Rose, 1993; Schultz et al., 2008). 

Therefore, other methods are needed for this inspection.  

X–ray diffraction (XRD) spectrometry is one of the most powerful analytical 

tools available for identifying unknown crystalline substances (Jenkins, 1996). since 

each crystalline structure compound has a unique diffraction pattern, XRD is able to 

identify the crystalline compounds present in the sample,  

By comparing the positions and intensities of the diffraction peaks against a 

library of known crystalline materials, samples of unknown composition and mixtures 

of materials can be identified and quantified. 

Crystallographically, apatite is easily distinguished from the commonly used 

filler materials, such as concrete or sand. X–ray diffraction has several advantages to 

many of the other methods currently employed for cremains identification. It is not 

destructive, which means that the same sample can be examined several times by 

various laboratories, if necessary, and little to no sample preparation is required. If the 

sample is identified as being cremated remains it can be returned to a family in 

essentially its original condition. 

There are cases in which a heat treatment is not particularly clear, which may 

entail an erroneous line in the investigation of the events. In these circumstances it is 

particularly useful to analyze the possible structural changes occurring in the bones 

through of spectroscopic (FT–IR) and physico-chemical techniques (XRD). 

Bone structure is altered when exposed to heat. Some physico-chemical 

methodological approaches have been advanced specifically for burned remains (e.g: 

Rogers and Daniels, 2002).  

A means to estimate the temperature and duration of a forensic burning event, 

focussing on the microscopic changes in bone and teeth and using powder X–Ray 

diffraction has been developed (Piga et al., 2008b; 2009b). This technique is particularly 

appropriate for events within the temperature range 200°C–1000°C for a variety of 

burning times. This range includes most forensic scenarios, although it should also be 
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noted that this range would also include most archaeological scenarios too and this 

methodology, supported by other chemical-physical and spectroscopic techniques, 

would be applied in those contexts. 

The growth process undergone by the hydroxylapatite crystallites in the 

mineralogical phase of the bone samples follows a logarithmic sigmoid trend with a 

characteristic temperature around 850°C, as was determined with the four duration of 

burning times adopted here. This can be used not only to determine whether hard tissues 

have been burned, but also to suggest the temperature and duration of that burning 

event. In the thermal treatment of 0 min, the growth rate parameter p seems to be higher 

than in the results from increased periods of exposure. Thermal treatments for 60 min 

anticipate about 100°C the growth effects that are otherwise observed after treatments 

for 0 min.  

In the case of teeth, the growth phenomena induced by firing are again described 

with a logistic type function with a characteristic temperature of 841°C, very close to 

that of bones, in spite of typical fragmentation induced in the temperature range 700°C-

750°C. However, the average crystallite size of hydroxylapatite in untreated teeth (224 

Å) is significantly larger than in untreated skeletal bones (ca. 170 Å),. Alternatively, the 

average size of hydroxylapatite crystallites from burning above 900°C is larger in bones 

than teeth. This suggests that the two types of natural bioapatite need to be compared to 

their specific calibration curves when the precise estimation of a fire temperature is 

desired, and that one curve for all hard tissues is not advised.  

Also FT–IR technique can distinguish non-burned from low intensity and high 

intensity burnings (Thompson, 2009; Piga et al., 2010a). It is clear that the Crystallinity 

Index or Splitting factor (SF) can make a useful contribution to the study and 

interpretation of burned bones from archaeological and forensic contexts (Thompson, 

2009). The combined use of these techniques provided much more information 

regarding the changes to the crystal and elemental structure of bone during the process 

of burning, and it is these changes (dubbed primary-level changes: Thompson, 2004) 

that have been shown statistically to provide the greatest chance of predicting the 

specifics of the forensic burning event (such as, temperature of fire, duration of burning, 

etc.) from the remains themselves (Thompson, 2005). 
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We are confident that the techniques described here can be honed for use as a 

more accurate determinant of crystallite change during heating, thus providing an 

additional means of determining the effects of heat treatment on biogenic 

hydroxylapatite or tracing burning practices in the forensic and archaeological records. 

 

 

5.1.2: evaluating the possibility of a multi-technique approach by XRD, SAXS and FT-

IR for the analysis of burned archaeological bones. 

 

The Fourier transform infrared spectroscopy (FT–IR), small-angle X–ray 

scattering (SAXS) and X-ray diffraction (XRD) techniques are important tools for the 

in-depth study of bones whose structure has been modified by heat exposure or 

diagenesis. They are non-destructive complementary physical techniques that can 

identify crystalline compounds, provide the morphology of the bone constituents on 

Ångstrom scale, and determine the morphology as well as the fractal dimension on the 

nanometre scale.  

We have made a combined use of these three techniques on six bones with 

different intensities of burning, belonging to the necropolis of S’Illot des Porros 

(Majorca, Spain), in order to evaluate the thermal treatment which samples underwent. 

Our results show that: 

a) The peak broadening and average crystallite size of XRD patterns are 

indicative of the different thermal treatment to which the bones were subjected. On the 

basis of a previous calibration (Piga et al., 2008b; 2009b) it was shown that similar 

apatite crystallinity changes can be related to a fire treatment to which presumably the 

bodies were subjected and the possible temperature.  

b) Infrared spectroscopy is an efficient tool to access the composition and 

structure of bone mineral matter modifications during heating. The splitting factor (SF) 

calculated on FT–IR spectra allow the evaluation of hydroxylapatite crystallinity. Our 

data confirm findings about the thermal treatment samples undergo; the shoulder at ca. 

634 cm-1 for the less “crystalline” specimens is replaced by a further peak in the 

specimens which appeared to have been treated at higher temperature. In fact in our 

previous calibration of FT–IR spectra it was established that the appearance of the 
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shoulder at ca 634 cm-1 indicates fire temperature between ca 700 and 800°C and 

persists until 1000°C (Piga et al., 2010a). Estimates temperatures obtained with the two 

techniques, according to our previous calibrations (Piga et al., 2008b; 2009b) are almost 

concordant, except in a few cases. These differences do not exceed 100°C and are not 

significant. These differences do not exceed 100°C and are not worthy of further 

interpretation since they may be thought to coincide within their experimental 

uncertainty. 

c) SAXS provides evidence complementary to that generated by XRD in the 

characterisation of heated bone. Fine-scale changes in crystallite size and shape that are 

not measured directly using XRD are readily elucidated using SAXS, however, and 

therefore changes in the crystal structure that may not be readily apparent otherwise 

become more clear. 

Thus, the combined used of those techniques is a powerful tool to assess whether 

the bones have subjected to fire and, with fairly good reliability, to which temperature 

(Piga et al., 2010b). 

 

 

5.1.3: applying physical-chemical analysis to different archaeological contexts in order 

to verify if a bone has been burned or not; finding explanations to some specific 

funerary rites, getting a reasonably precise temperature range and its duration across 

the entire body; checking temperature homogeneity throughout the skeleton. 

 

One of the major goals of this thesis concerns the application of physico–chemical 

techniques in archaeological and anthropological contexts of particular interest. In this 

sense the necropolis of S’Illot des Porros (Majorca, Spain) represent an emblematic 

example of how the physico-chemical approach can be useful and appropriate. 

All the cremated bones have been found in three different funerary chambers of 

the necropolis and were attributed at least to 67 individuals (out of a whole of 285). The 

bones differ in texture and colour, and seem to have been exposed to different thermal 

degrees.  

Our results allowed us to: 
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a) Describe all the burnt bones structurally using the X–ray diffraction (XRD) 

partially supported by Fourier Transform Infrared (FT–IR) techniques that differentiated 

the various degrees of thermal exposure. 

b) Give a ritual interpretation of the results obtained; more specifically: the C 

chamber, the most ancient and with the largest number of inhumated individuals, 

contains the smallest number of remains that were exposed to fire and just in one case it 

seems possible to attribute a real high-temperature cremation. Chamber A appears to 

have lodged high-temperature cremations, while the cremations in chamber B appeared 

to be carried out at lower temperature. 

In these chambers cremations at high and low temperature appear to belong to 

the lower layers together with some inhumated bodies that matches with a cleaning 

ritual at low temperature. Thus, the basic distinction between cremations at high and 

low temperature allows us to suggest very distinct rites, the first one involving a special 

treatment of the body during the funerary rite, the second likely following a treatment to 

the chamber rather than to the bodies themselves.  

c) Determine for the first time in the Balearic prehistory when the funerary 

practices involving fire were introduced in relation to specific historical events. 

 

Another extremely interesting case concerns the Phoenician-Punic Necropolis of 

Monte Sirai (Carbonia, Sardinia, Italy). In this necropolis there is a wide archaeological 

documentation about different and peculiar funeral rites (Piga et al., 2010a; Guirguis et 

al., 2010, 2011). 

The case of grave 252 is particularly important for two reasons: the individual 

was cremated in a prone position (this is the first case of prone cremation reported in the 

literature) and the exceptional state of preservation of almost the entire skeleton. This 

allowed us to apply a combined use of FT–IR/XRD techniques on representative 

samples of the whole body in order to analyze the distribution of temperature and to 

determine the possible existence of a central focus. 

The results obtained through the techniques of XRD/FT–IR, according to the 

methodology established by Piga et al. (2008b, 2009b, 2010a) and Thompson et al. 

(2009, 2010) for both techniques and their application on burnt remains (Piga et al., 

2010b; Squires et al., 2011) converge to similar values of temperature. Data obtained 
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with the two techniques are almost concordant, except in a few cases where the 

temperatures obtained with the analysis of X-ray diffraction are a little higher.  

We conclude that the skeletal remains of Monte Sirai have been treated with fire 

in a temperature range of 1000°C, across the whole of the body, while some specific 

parts may have been subjected to lower temperature values (e.g. 700°C) because of 

uncompleted combustion processes related to insufficient oxygen that would have 

created a reducing, rather than oxidizing atmosphere and/or to a dynamics of the fire 

influenced by the contact of the body with the wood branches (McKinley, 2000). 

 

 

5.1.4: assessing whether the lattice parameters of bioapatite obtained by XRD data are 

helpful when trying to distinguish human bones from animal bones. 

 

Our work addresses an important archaeological and forensic question i.e. 

whether animal and human bones may be distinguished by powder X–ray diffraction 

following heating. Beckett et al. (2011) reported in a recent paper the possibility of 

determining the human rather than animal origin of bone from the lattice parameters of 

the inorganic bioapatite phase subjected to a high temperature heating treatment. 

Our large availability of animal and burned human bones supplies an excellent 

opportunity to exploit this topic thoroughly. 

The study addresses a number of important points: 

a) Bones typically give broad XRD lines unless heated so it is only possible to 

compare human and animal bones that have had substantial pre-treatment.  

b) The a-axis and c-axis values of bioapatite are not biased by the use of a P21/b 

monoclinic rather than P63/m hexagonal unit cell. 

c) The chemistry of bone material changes significantly on heating.  

d) The apatite unit cell axis can be affected by ion exchange reactions occurring 

post-mortem such fluorination during diagenesis or chlorination during boiling the 

bones in salted water for cleaning.  

All of these factors mean that there are a large number of variables to consider 

and strongly support our conclusion that it is not easily possible to distinguish animal 
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and human bones on the basis of powder diffraction patterns, and any such claims to be 

able to distinguish animal and human bones should be treated with caution. 

 

 

5.2: Fossil bones:  

 

5.2.1: applying the physical-chemical analysis to evaluate the diagenesis of fossil bones. 

 

Over the last 30 years, many research articles have focused on the 

microstructural study of fossil bones and in particular those of dinosaurs (e.g Elorza et 

al., 1999). 

Using different techniques, a number of studies have dealt with the fossil 

diagenetic features of bones, especially the diagenetic changes that transformed 

biogenic bone tissue to francolite (carbonate fluorapatite) crystals while preserving μm-

scale organic structures (see Zocco and Schwartz, 1994; Hubert et al., 1996; Kolodny et 

al., 1996).  

The precise understanding of diagenetic and taphonomic processes to which 

dinosaur bones were subjected requires a multidisciplinary approach, taking into 

account the potentialities and limitations of each analytical technique employed. 

Accordingly we have investigated the microstructural features and the 

mineralogical diagenetic changes, as well as the chemical fingerprint, of 60 Spanish 

dinosaur samples from Upper Jurassic/Lower Cretaceous to Upper Cretaceous age. 

On the basis of our study we draw the following conclusions: 

a) From the crystal lattice parameters of the apatite phase determined by XRD, it 

emerged that these fossil bones invariably underwent a transformation from bioapatite 

(hydroxylapatite) to authigenic francolite (fluorapatite) structure. 

b) The most frequent phases in the samples studied are mostly fluorapatite, 

quartz and calcite, but we have also determined several other phases such as kaolinite, 

goethite, celestite, gypsum, dolomite, and berlinite. It is clear that also the presence of 

these phases may be ascribed to the mineralogical features of the sediment. 



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences. 

 

 
 

 137

c) The average crystallite size of the apatite-like phase ranges from 183 Å to 

2107 Å and varies unpredictably in the analysed specimens, inhibiting a correlation with 

fossil age. 

d) The ν4 phosphate band envelope of FT–IR spectra for selected dinosaur bones 

specimens emphasizes how fossilization involves a band sharpening; we note a decrease 

of the two intensity bands around 570 cm-1 and the absence of any band at 635 cm-1, 

probably on account of the OH group disappearance following fluorination.  

e) The XRF spectra show the presence of major elements such as Ca and P, also 

accompanied by varying amounts of transitional elements such as Ti, V, Mn, Cu, As, 

Rb, Y, Sr and Nb. In particular, the level of Sr was occasionally found in relatively 

elevated concentrations. Likewise Fe ions, in the absence of specific Sr-based phase it is 

possible that a considerable amount of Sr substitutes for Ca ions in the structure of 

francolite. 

f) XRF invariably shows the presence of Fe ions that may be ascribed to a 

substitution of this element for Ca in the francolite structure when it is not involved in 

specific iron-based phases. 

 

 

5.2.2: evaluating the use of average crystallite size as dating method. 

 

The apatite crystallinity is used to differentiate the degree of diagenesis in fossil 

specimens. Compared with “fresh” modern bone, fossil bone shows increased 

crystallinity (Schoeninger et al., 1989; Sillen, 1989; Hedges and Millard, 1995; Sillen 

and Parkington, 1996; Elorza et al., 1999; Lee- Thorp, 2002; Reiche et al., 2002; Farlow 

and Argast, 2006) reflecting changes in apatite crystallite size and strain, as well as 

incorporation of F into, and loss of CO3
2- from the apatite crystal structure. Crystallinity 

can increase in bones exposed on the surface of the ground for several years (Tuross et 

al., 1989), but a time scale of millennia is generally necessary for much crystallinity 

change in buried bone (Sillen, 1989). We have recently estimated that fluorination of 

bone apatite is taking place in about 4-5 Ma after examining by XRD the unit cell 

volume change of biogenic apatite vs. geological age. (Piga et al., 2009a).  
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Warmer burial temperatures probably result in increased crystallinity, as do 

other diagenetic modifications of bone (Hedges, 2002). Tooth enamel shows less 

change in crystallinity between modern and fossil specimens than does bone (Ayliffe et 

al., 1994; Michel et al.,1996).  

Crystallinity is frequently quantified by X–ray diffraction and infrared 

spectroscopy as these methods are sensitive to structural order (Rogers et al., 2010). 

Bartsiokas and Middleton (1992) suggested that numerical indices of bone 

crystallinity could be used to determine the relative ages of archaeological and 

paleontological bone samples up to ages of about one million years. Sillen and 

Parkington (1996) likewise found a relationship between bone crystallinity and age, but 

only for bones up to about 20,000 years old. Over a time scale of thousands to millions 

of years, Person et al. (1995, 1996), however, found no relationship between bone 

crystallinity and age (also see: Hedges and Millard, 1995), and argued that crystallinity 

changes occur in the earliest phases of inorganic diagenesis. 

In our previous study (Piga et al., 2009), we have observed a positive correlation 

between average bone apatite crystal size and specimen age in a set of fossils ranging in 

age from the Middle Triassic (around 245 Ma) to present.  

The average crystallite size for apatite of this dinosaur samples collection as a 

function of age in the range 150–65 Ma, ordered according to their geological age, 

showed the absence of correlation between crystallization process and age. From the 

present data it seems that the crystallization induced by just the time is overlapped by 

other factors depending on the geological formation that may inhibit (e.g., 4ANA3 and 

Camino samples) or enhance the process.  

The unpredictable change of the average crystallite size values suggests that 

correlation between crystallisation indices and bone age has to be regarded with obvious 

caution. 
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In relation to the analysis of burned bones, we can conclude that: 

 

1. The analysis of different contexts with burned bones permit us to affirm that the 

physico-chemical techniques described here (XRD, FT–IR) can be used as a more 

accurate determinant of crystallite change during heating, thus providing an additional 

means of determining the effects of heat treatment on biogenic hydroxylapatite or 

tracing burning practices in the forensic and archaeological records. 

 

2. The combined used of XRD, FT–IR and SAXS techniques is a powerful tool to 

assess whether the bones have subjected to fire and, with fairly good reliability, to 

which temperature. 

 

3. The application of these techniques to archaeological context is useful to verify if a 

bone has been burned or not, find explanations to some specific funerary rites, get a 

reasonably precise temperature range across the entire body, temperature homogeneity 

throughout the skeleton and its duration. 

 

4. It is not easily possible to distinguish animal and human bones on the basis of powder 

diffraction patterns. A large number of variables have to be taken into proper account. 

Therefore, any claims to be able to distinguish animal and human bones should be 

treated with caution  

 

In relation to the analysis of fossil bones, we can conclude that: 

 

5. The combined investigations and analyses by FT–IR, XRD and XRF techniques 

supplied detailed and to a certain extent satisfactory accounts of the post-mortem 

integral changes to which the fossil bones have been subjected during geological times. 

 

6. The crystallization induced by just the time is overlapped by other factors depending 

on the geological formation that may inhibit or enhance the process. The extreme 

variability of francolite average crystallite size values suggests that correlation between 

crystallisation indices and bone age has to be regarded with obvious caution. 
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