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This research conducted a two-pronged approach to study the effects of 

taphonomic processes by conducting analysis of experimental burials of porcine 

femora and parallel analysis of ancient human archaeological remains from 

geologically distinct cemeteries.  The aim of this study was to identify the major 

degradative factors from depositional environments that affect the bone 

composition and the retention and retrieval of nucleic DNA from archaeological 

bone.  Four different experimental burial environments of clay, compost, lime and 

sand were designed, displaying different properties of soil type, pH, water content 

and organic content.  Analysis of the burial mediums and bones were conducted at 

regular intervals over an 18 month period.  Observations of changes in the burial 

medium, comparisons of the rates and degree of soft tissue decomposition, bone 

diagenesis from compositional assessment, and bone colour change were made 

and analysed in correspondence with  the different environments.  The analytical 

data collected on the diagenesis of the archaeological bone from both studies, was 

compared to the DNA profiling success rates. 

The research and optimisation of sample preparation and DNA analysis enabled 

the most cost-effective and appropriate methods to be identified and utilised in 

accordance with the preservation state of the bone samples.  This allowed the 

analysis of ancient archaeological bone to be analysed in-line with forensic 

protocols, to enable a uniform accessible approach to produce comparable results 

across different laboratories.  

Drawing together the results from the various analytical techniques made it 

possible to identify the variables that affect bone diagenesis and the survival of 

nuclear DNA, and provide evidence that the rate of decomposition and bone 

degradation is affected more significantly by the burial environment than duration 

of burial, as stated in the research hypothesis.  The presence of water, sand and the 

level of organic content were found to be the most degradative variables within the 

experimental burial conditions; causing changes in bone crystallinity, and 

infiltration of contaminants into the bone.  The presence of lime, chalk or limestone 
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in an environment was found to have preserving properties in both the porcine 

and human burials, by retarding the rate and degree of soft tissue decomposition, 

and reducing the diagenetic changes in bone composition evident from the other 

environments. 

Despite previous reports of success using analytical techniques as predictive 

models for DNA and bone preservation, no correlations with DNA survival could be 

established.  However the use of a multi-disciplinary approach enabled the 

detection and identification of soil contaminants affecting the bone structure and 

the ability to amplify DNA, in relation to burial environments.  This research 

highlighted the importance of utilising multiple analytical techniques, such as 

colourimetry, ATR-FTIR, XRF and genetic analysis in order to avoid 

misinterpreta tion and false reporting of the state of bone diagenesis or 

preservation and the survival of DNA, due to environmental contaminants within 

the hard tissue. 

The research confirms the idea that in order to establish optimised sampling and 

DNA analysis of archaeological bone, it is imperative that certain protocols are 

adhered to.  Precautions must be implemented from excavation through to 

laboratory analysis to avoid contamination; and correct recording of burial 

environment is essential to enable consideration of extrinsic factors and 

contaminants when reporting results. 
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 ).42/$5#4)/. Chapter 1:

1.1 Background  

As DNA technology advances the possibility of profiling samples which were 

previously too small in quantity, too degraded or too contaminated by inhibitors to 

analyse, has increased.  These improvements in technology have allowed 

information to be gained from not only trace forensic samples (Fattorini et al., 

1999; Prinz et al., 2007; Senge et al., 2011) but also more generally from skeletal 

remains ɀ both forensic (Prado et al., 1997; Alonso et al., 2001; Bille et al., 2004) 

and archaeological (Colson et al., 1997; Paabo et al., 2004; Schotsmans et al., 2011). 

The term archaeological can be defined as the excavation and the study of past 

populations through human remains, artefacts and sites (Stevenson, 2010). 

The ability to analyse trace samples in forensic cases has improved the 

investigative powers of the police allowing a higher number of positive 

identifications of victims and perpetrators to be made, from analysis of biological 

stains or trace evidence left at crime scenes (Mann and Ashworth, 2006).  In cases 

where human skeletal remains are present, information that can now be gained 

from the analysis of samples enables identifications to be made from minute or 

damaged DNA (Jeffreys et al., 1992; Gill et al., 1994; Edson et al., 2009; Ambers et 

al., 2013; Maeda et al., 2013).  The development of these DNA techniques has also 

enabled researchers to study ancient DNA from hard tissue samples revealing 

information on phylogenetics, migration, pathological conditions and familial 

relationships providing a new perspective on the history of our ancestors (Salo et 

al., 1994; Mays et al., 2001; Kaestle and Horsburgh, 2002). 

Extensive research has been carried out into the process of decomposition of 

human remains (Gill-King, 1997; Haglund et al., 2002; Dent et al., 2004; Wilson et 

al., 2007; Adler et al., 2011; Schotsmans et al., 2011) but there are still unanswered 

questions about the interactions between the hard tissues, their  burial 

environments and the effect on DNA survival.  Pokines (2014a) in particular has 

highlighted the need for in-depth investigations of these processes in order to 

develop a better understanding of these interactions. 
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Cranfield Forensic Institute accommodates an extensive collection of analytical 

equipment, so by utilising various technology, as discussed later, it was possible to 

conduct a multi-disciplinary investigation into the different aspects of bone 

diagenesis and the effect on biomolecules. 

1.2 Applications of research  

The results from this research can be used across the disciplines of archaeology, 

anthropology, forensic science, ancient DNA research and archaeological history.   

1.2.1 Forensic applications  

In the majority of murder and coronial cases, the identity of the deceased is 

already known, but in cases where this is under dispute, establishing the identity is 

at the forefront of the investigation (National Centre for Policing Excellence, 2006).  

In cases where the remains of an unknown individual are found there can be 

limited resources available to attempt an identification of the deceased, depending 

on the state in which the remains are recovered.  Whether a body is subjected to 

burial or exposure, decomposition of the soft tissue occurs as one of the first 

processes.  Depending on the deposition environment, the post-mortem interval at 

the time of discovery and recovery, and more importantly ɀ the state of decay, it is 

possible that fingerprinting, facial recognition, odontology (Cattaneo et al., 2006, 

Stavrianos et al., Hartman et al., 2011) or identification by clothing, tattoos and 

personal effects may not be successful, due to a lack soft tissue, or ante-mortem 

records for comparison.  If soft tissues are still present, these are generally the 

preferred choice to attempt the recovery of DNA, due to the complicated and time 

consuming preparation required for bone or teeth extraction.  If the presence of 

pink, deep muscle tissue is evident at post-mortem examination, this is generally 

the sample of choice (Zehner, 2007).  However in cases of multiple interments, or 

in situations where a number of bodies are stored together such as mass disasters, 

contamination can occur within both the bone marrow and soft tissue due to the 

infiltration of putrefaction fluids from surroun ding bodies (Zehner, 2007).  In cases 

where this type of contamination is possible, no soft tissue is present, or where soft 

tissue has already undergone degradation via cellular autolysis or formation of 
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adipocere; it is necessary to attempt identification by the analysis of DNA extracted 

from the bones and teeth. 

The fragile nature of decomposing soft tissue is a commanding reason why 

improvements to the analysis of hard tissue are vital in forensic investigations for 

the identification of unknown individuals; however hard tissue profiling causes a 

challenge for forensic providers due to the differences in methodologies from trace 

forensic samples.  The majority of forensic samples submitted to laboratories 

consist of trace samples suitable for automated processes, however this process is 

not suitable for the most part of DNA extraction from hard tissues.  At present it is 

a commonly held belief in forensic science that when profiling from hard tissue, a 

tooth is best for analysis (Gaytmenn and Sweet, 2003; Higgins and Austin, 2013) 

however this is not always possible, especially within an archaeological context.  If 

a tooth is found loose at the bottom of a grave it may not be possible to 

conclusively assign to a particular individual therefore cannot provide a positive 

identification .  This problem is compounded still further in the case of multiple 

interments such as mass graves, where association of skeletal elements may be 

difficult, or remains may be incomplete due to trauma, secondary deposition or 

scavenging (Haglund, 2002; Ubelaker, 2009; Moraitis and Spiliopoulou, 2010; 

Hines et al., 2014).  However, with technical advancements in DNA analysis and 

more comparative studies being conducted, recent research shows that femurs 

provide a better yield of nuclear DNA than teeth, even from degraded skeletal 

remains (Johnston and Stephenson, 2016). 

A better understanding of the decomposition processes in relation to individual 

skeletal elements from different environments, enable relationships between 

variables and degradation factors to be identified.  Acknowledgement of these 

factors will enable practitioners to be better informed when it comes to sample 

selection depending on the nature of the burial, and could subsequently result in a 

higher number of positive identifications through the use of DNA from 

archaeological bone for both forensic purposes, and provide better results for 

interpretation from anthropological and historical contexts.  
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1.2.2 Archaeological applications  

Whilst osteoarchaeological techniques have traditionally been used to estimate the 

sex of remains, there are instances where this is not possible.  For example, the 

absence of grave goods in Christian burials, indeterminate morphological traits 

such as where the pelvis and skull are missing, or infant/juvenile  remains make 

this estimate challenging if not impossible.  Current methods for the sex estimation 

of juvenile remains such as the base of the skull, long bones and vertebrae 

elements are possible but these bones can be missed during excavations due to the 

small size from lack of fusing and failure to recognise incomplete elements.  Other 

methods include elements that are sexually dimorphic in adults such as the sciatic 

notch in the pelvis, the shape of the cranium, and the shape of the mandible, but 

these tend to only be useful around the adolescent period (Dirkmaat and Sienicki, 

1995). 

Anthropological methods to assess the sex of skeletal remains have also been 

found to be subject to cognitive bias (Nakhaeizadeh et al., 2014).  For these 

reasons, it has recently become necessary to turn to DNA analysis to provide 

answers (Colson et al., 1997; Faerman et al., 1998; Fregel et al., 2011; Seidenberg 

et al., 2012; Bauer et al., 2013). 

At the beginning of the project, it was hoped that information obtained from 

analysing Iron Age remains from Fin Cop Hill Fort in Derbyshire would shed light 

on the nature of this non-normative deposition and associated events that 

occurred on the site by providing sex identification and possible familial 

relationships between the remains. 

It was hoped that analysis of the skeletal remains from the Eriswell Anglo-Saxon 

cemetery at RAF Lakenheath, Suffolk would provide information for the 

investigation into the historical burial practises, and identification of any familial 

relationships.  In addition, the nature of the geology of the Eriswell cemetery, 

discussed later, offered an unparalleled opportunity to consider DNA survival over 

a range of deposition environments.  The dramatic contrast between sand and 
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chalk burial environments at Eriswell, provide an opportunity to contrast DNA 

survival in hard tissue. 

1.3 Aims, objectives and hypothesis  

This section provides the overall aims of the research in order to answer the 

research question of whether different  burial environments affect the taphonomic 

changes that result in bone diagenesis, and changes in the biomolecules contained 

within.  The objectives set out how the research will be conducted in order to 

answer this question. 

1.3.1 Aims of the  research  

The overall aims of this research project is to improve the understanding of the 

chemistry of the degradation of nuclear DNA (nDNA) by investigating differences 

in environmental taphonomic effects on specific skeletal elements from different 

burial sites.  In so doing this research hoped to discover the best practises to 

improve success rates of nDNA from degraded hard tissue samples, and produce 

sampling strategies for nDNA extraction across a range of environments and 

skeletal remains.  By implementing the use of analytical techniques in the 

investigation of diagenesis of the bone, considering aspects such as composition, 

colour change, and compromise of outer cortex, it was hoped that possible 

predictors of DNA survival can be identified and studied, ultimately providing 

techniques that might triage and optimise archaeological DNA research. 

1.3.2 Objectives of the project  

1. To collect information on the degradation of nuclear DNA, and identify 

which variables affect this process.  

2. To determine how the degradation of nuclear DNA is related to the mineral 

and organic components of the bone. 

3. To measure the interactions between different burial environments and 

various skeletal elements by quantifying colour change, collagen content 

and DNA survival.  

4. To improve sampling strategies for the best DNA recovery from hard tissue. 
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5. To quantify and consider the utility of predictive modelling when related to 

success rates of nuclear DNA extraction. 

6. To suggest a triage system for bone sampling and analysis, in relation to the 

burial environment, that could be utilised by archaeologists to optimise 

nuclear DNA extraction success from recovered human remains. 

1.3.3 Research hypotheses  

The hypotheses of the research for the porcine samples, and human samples stated 

prior to commencement of the work are detailed in the following section. 

1.3.3.1 Null hypothesis  

1.a. There will be no significant difference in the quantity and quality of 

amplifiable DNA in bones buried in different environments. 

1.b.  There will be no significant difference in the quantity and quality of 

amplifiable DNA from different skeletal elements of femur and metatarsal 

from the human burials. 

1.c. There will be no significant difference in the quantity and quality of 

amplifiable DNA in bones buried for different durations. 

1.d. There will be no quantifiable relationship between the nature of physical 

characteristics observed in bone and the survival of DNA. 

1.3.3.2 Alternative hypothesis  

2.a. The bones buried in alkaline soil will retain more amplifiable DNA than 

those buried in acidic soil.  Bones buried in the lime environment will show 

the best preservation of DNA.  Bones buried in the sand environment will 

show the worst level of preservation of DNA. 

2.b. There will be differences in the quantity of DNA retained by the human 

femora in comparison to the metatarsals.  

2.c. The longer the burial duration of the bones, the lower the quality and 

quantity of amplifiable DNA. 
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2.c. There will be a quantifiable relationship between the nature of physical 

characterisation observed in bone and the survival of DNA. 

1.4 Project overview  

The purpose of this section is to introduce the project, with an overview of what 

each chapter contains.  This project took a two-pronged approach to encompass 

information from both human remains and human analogues from different burial 

environments, in an effort to improve the understanding of how burial 

environments affect decomposition rates, diagenetic alterations of bone, and the 

preservation of biomolecules.  The results from controlled burials of porcine bones 

in containers of clay, compost, lime or sand over varying durations were compared 

to results from analysis of ancient human remains from similar burial 

environments to identify any correlations found due to the burial environment.  By 

examining the manner in which decomposition and diagenesis occur within 

different environments, a comparison with similar environments over an 

exaggerated timescale such as ancient remains, enable patterns to be identified. 

This chapter provides an introduction to the research, with the aims and 

objectives, and the application of the completed project.  The two-pronged 

approach of using human archaeological remains and human analogue burials is 

explained, with a brief introduction to the analysis conducted.  

The current understanding of bone biology and diagenesis is detailed in chapter 

two, with an introduction to bone structure and how it differs between elements, 

and a literature review on the presence of DNA in bone.  The section concludes 

with a discussion on taphonomy ɀ encompassing the decomposition process, both 

in terms of human remains and biomolecules. 

Chapter three provides a literature review on burial environments, and the current 

understanding on how different variables such as pH, water content and soil type 

can affect decomposition and the taphonomic processes of bone.  The two 

archaeological sites studied during the research are then presented, with 
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archaeological and geological information pertaining to the environments in which 

the human remains were buried. 

A literature rev iew of past and current methods used within archaeological 

science, and DNA analysis ɀ both forensic and ancient, are presented in chapter 

four with critical reviews of their use within this research.  The chapter continues 

with a section on the optimisation of current established methods conducted, in 

which protocols, and methods were tailored to meet the objectives set out in 

chapter one.  The concluding section of chapter four presents the selected methods 

used to analyse the human archaeological remains, and the experimental 

procedures conducted with the human analogue samples, and subsequent analysis 

of the bones and burial environments. 

Chapter five is separated into two parts presenting the results from this research.  

Part A presents the results from the buried human analogue samples, with data 

from the soil analysis, colour determination, composition information and DNA 

analysis.  The results are presented independently according to environment in 

order to allow detailed investigation, prior to comparison between all burials at 

the end of each section.  Part B presents the human archaeological results, 

beginning with the results of analyses conducted on skeletal elements from the 

Iron Age burial site at Fin Cop in Derbyshire; and secondly the Anglo-Saxon site at 

Eriswell in Suffolk.  The colour, composition and DNA analysis results are 

presented for each site, prior to a cross-comparison at the end of the chapter.  

Interpretation of the DNA results in relation to sex determination, familial 

relationships or burial practise are also discussed. 

Chapter six discusses the results from the research, encompassing information 

from both approaches to the investigation, and identifies the different 

environmental variables responsible for the diagenetic alterations to bone, and the 

DNA degradation. 

The conclusions from the research are detailed in chapter seven, along with details 

of the contribution to science that this research has provided.  Details of future 

work are also described. 
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Supplementary information is provided in Appendix A for the human analogue 

data, and Appendix B for the human archaeological data. 

1.5 Chapter summary  

This chapter has detailed the necessity for a better understanding of the 

taphonomic processes in relation to burial environment in order to optimise 

sampling and analysis of bone.  The applications of the research for both forensic 

and archaeological contexts have been presented, and the research hypothesis and 

objectives have been outlined. 
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The previous chapter detailed the introduction to the research, and outlined the 

necessity for a better understanding of taphonomic processes in relation to 

changes observed in human bone.  This chapter provides an introduction to DNA, 

bone biology, and taphonomy, detailing previous research that has contributed to 

the understanding of bone diagenesis.  Bone diagenesis by definition means the 

alteration of bone after burial, including chemical, physical and biological changes 

due to intrinsic and extrinsic factors (Lyman, 2001). 

2.1 Cell biology and DNA 

Each human body contains billions of cells, which with the exception of red blood 

cells, all contain genetic material in the nucleus, called deoxyribonucleic acid 

(DNA).  Due to the location of this DNA, it is referred to as nucleic DNA, as opposed 

to mitochondrial DNA which is contained with the mitochondria of the cell, outside 

of the nucleus (Butler, 2001; Alberts and Johnson, 2014) as shown in Figure 2-1. 

 

Figure 2-1: Diagrams depicting: a) a cell containing a nucleus and nuclear DNA from 

Heintzman (201 3) ; b) a cell showing the location of mitochondrial DNA from Heintzman 

(2013);  c) a double stranded DNA helix with complementary base pairs from Pray (2008)  

a) b) c) 
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DNA is responsible for storing information for cell replication and development, 

and also provides a genetic program to be passed on to future generations.  

Nuclear DNA (nDNA) is found within chromosomes which reside in the nuclei of 

cells in the body, providing the genetic information for the living organism which is 

passed down from both parents.  Along the length of the chromosome are genes 

ÆÏÕÎÄ ÁÔ ÓÐÅÃÉÆÉÃ ÐÏÉÎÔÓ ÏÒ ȬÌÏÃÉȭȢ  At any given locus, the coding region of DNA is 

referred to as an allele.  It is the location of these alleles that can be used to 

determine genotypes and population statistics used in forensic DNA studies 

(Cattaneo et al., 2006; Prinz et al., 2007; Jakovski et al., 2010). 

Mitochondrial DNA (mtDNA) is located outside the nucleus, in the cells cytoplasm 

and is present in abundance compared to nDNA.  This larger quantity of genetic 

information , and therefore higher survivability rate, means mtDNA is used more 

commonly in archaeological analysis where DNA degradation is likely, and nDNA 

may be limited.  Despite this, cases have been reported of the successful 

amplification of nucleic DNA from archaeological samples that did not yield any 

mitochondrial DNA (Chilvers et al., 2008).  The natural repetition of mtDNA within 

the cell means that whilst copies might suffer damage and degradation just as 

nDNA might, they are unlikely to be damaged in the same locations, allowing 

ÒÅÓÕÌÔÉÎÇ ȬÇÁÐÓȭ ÔÏ ÂÅ ÆÉÌÌÅÄ ÁÎÄ Ôhe ultimate effect to be one of greater resilience 

and longevity.  

Despite these advantages of mtDNA over nDNA, the limitations also need to be 

acknowledged.  Due to its location, mtDNA generates free radicals, which leads to 

advanced degeneration of the DNA (Hochmeister et al., 1991) due to oxidative 

damage, and the analysis is a laborious process lacking the automation of the 

forensic nDNA system.  As mtDNA is passed to the offspring solely by the mother, 

its analysis is useful for tracing maternal lineage, which can be useful for 

archaeologists and forensic practitioners, but it is inadequate for discriminating 

identification of individuals due to the wide-scale homogeneity across population 

groups (Biesecker et al., 2005). 
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As the aim of this research was to facilitate forensic investigations of unidentified 

individuals rather than familial lines, the focus was on nDNA rather than mtDNA, 

but an understanding of the archaeological literature drawing on mtDNA analysis 

remains apposite to this work where the effect of environmental factors coincide 

in its survival. 

2.2 Bone biology and structure  

Bone is composed of an organic matrix (20-40% total live mass), an inorganic 

mineral component (50-70%), cellular elements (5-10%) and lipids (3%).  The 

organic matrix of the bone consists of different types of collagen that are 

interwoven to stabilise the matrix, whilst hydroxyapatite is the predominant 

molecule of the inorganic mineral component which provides rigidity (Li and Jee, 

2005) as illustrated in Figure 2-2. 

 

Figure 2-2:  The structure of bone, illustrating th e collagen and 

hydroxyapatite bone crystals matrix  (Rho et al., 1998)  

Research has shown that there is a significant difference between the composition 

of modern and archaeological bone due to the effects of diagenetic changes (Reiche 

et al., 1999).  These changes occur to bones of the skeleton during decomposition, 

in the form of exchange of ions between the bone and surrounding soil, an uptake 

of ions and circulating organics, a breakdown of collagen, an alteration of mineral 

matrix, infill of mineral deposits and microbiological attack (Hedges, 2002).  

However, due to the physical and chemical barrier properties of the 

protein/ mineral matrix of bone, it can be the most efficient biological tissue to 
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attempt DNA extraction because of the protection it provides from environmental 

and biological deterioration and attack (Loreille et al., 2007). 

2.2.1 Skeletal elements  

When choosing skeletal elements for targeted extraction, the general process of 

skeletonisation should be considered as different bones have different decay rates, 

both in terms of soft tissue loss and diagenetic bone loss.  Generally, the first 

element to be defleshed and reduced to hard tissue is the cranium, followed by 

clavicles and sternum; cervical vertebrae; arms and hands; thoracic and abdominal 

region, vertebral column, ribs; and lastly legs and feet (Rolsandic, 2002).  This 

suggests lower regions of the body may yield a higher quantity/quality of DNA as 

they have been subjected to environmental degradation less than other elements 

of the skeleton.   

This research focusses on DNA in bone, however, researchers and practitioners 

conducting both forensic and ancient DNA analyses have also used teeth as a 

source of DNA - particularly with archaeological or badly degraded human remains 

due to the good survival rate in archaeological conditions due to the protective 

qualities of the enamel and position in the jaw from extrinsic contaminants 

(Alonso et al., 2001; Gaytmenn and Sweet, 2003; Ricaut et al., 2005; Rohland and 

Hofreiter, 2007; Kitayama et al., 2010; Adler et al., 2011; Higgins and Austin, 2013; 

Higgins et al., 2015; Hughes-Stamm et al., 2016).  Other incidences where teeth 

may be more beneficial for analysis than bone include human remains that have 

been subjected to fires or explosions (Sweet and Sweet, 1994; Williams et al., 

2004).  However, femurs have been known to survive fires, better than other 

skeletal elements in the body, and one case reports the ability to obtain an 

identifying DNA sample from a decomposed and charred femur from a major forest 

fire in Galicia, Spain (Fondevila et al., 2008). 

Researchers have been comparing the DNA content in different skeletal elements 

for many years, as discussed in this section.  Perry et al (1988) who found that 

when comparing the DNA degradation in a clavicle bone with a rib bone from the 

same individual, the DNA in the clavicle had degraded slower.  However these 
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bones were not from an archaeological context, instead were incubated in a 

laboratory setting using humidity as the environmental factor, as a means of 

assessing the DNA degradation in relation to the time interval since death.   The 

quality and quantity of DNA recovered from a bone can also be affected by the 

state of putrefaction (Hochmeister et al., 1991) as the accumulation of body fluids 

can affect specific bones or aspects of bone depending on the body position or 

deposition type. 

The distribution of cortical and cancellous bone differs between different bones in 

the body:  Short bones such as carpals, and irregular bones such as vertebrae are 

blocky in shape and consist of cancellous bone surrounded by cortical bone;  Flat 

bones such as scapulae are flat and tabular consisting of cancellous covered by 

cortical bone; Long bones such as femora consist of a shaft of tubular medullar 

cavity surrounded by compact bone, whilst the ends are cancellous bone which is 

covered by cortical bone (Parsons and Weedn, 1997).  These differences in bone 

structure also affect the level of DNA contained within.  Cortical bone contains high 

ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔ ɉ(-7Ɋ $.!ȟ ÕÐ ÔÏ ρʈÇ ÐÅr gram of bone, whereas cancellous 

bone can yield 10-20 times greater DNA quantities, but does not survive over long 

periods of time (Hochmeister et al., 1991). 

Another aspect to consider is the structural strength of the element, and how this 

may affect the integrity and subsequent preservation.  The cranium and scapulae 

are often fractured in the context of a burial (Moraitis et al., 2009) most likely due 

to the inability to withstand force due to the hollow sphere or plate-like structure 

and the associated pressure of soil overlying the burial.  However the petrous 

bone, part of the temporal bone in the cranium, is a very dense bone and shows 

good survival rates in archaeological contexts (Pinhasi et al., 2015).  Fractures and 

post-mortem breaks allow further degradation to occur due to the penetration of 

the surface and therefore most likely affect the survival of DNA.  Long bones 

display a weakness of a different kind, due their hollow rod structure (Currey, 

1984).  By contrast, elements such as carpals and tarsals are more compact and 

structurally denser so can withstand a greater force, although phalanges which 

display a rod-like shape are relatively easily broken (Darwent and Lyman, 2002). 
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With regards to archaeological skeletal remains, or those subject to surface 

deposition, factors may affect the availability/presence and feasibility of the 

recovery and collection of certain bones.   

The action of scavengers can affect by the rate of decomposition by consuming soft 

tissue, and can affect skeletal remains by disarticulating, dispersing, damaging and 

destroying skeletal elements (Moraitis and Spiliopoulou, 2010; O'Brien et al., 

2010).  Interference from scavengers can be affected by the depth of burial, degree 

of clothing and also the location of the body in relation to human presence 

(Kjorlien et al., 2009).  Skeletal components which are small in size and those rich 

in marrow are also more likely to be subject to scavenging by animals (Pokines, 

2014b) whereas flat bones could be lost due to the movement of water through the 

remains (Gill-King, 1997).  Taking these factors into account, although tarsals may 

appear to be a good element to target for DNA extraction, it is possible they will 

not be present at deposition sites (Janjua and Rogers, 2008).  In addition to loss of 

elements from single burials, disassociation of elements such as phalanges within 

an internment of multiple individuals, may be misidentified and be hard to 

individuate, resulting in the potential for multiple profiles of the same individual.  

The absence of target elements may often be an issue when sampling from 

archaeological sites, and highlights the necessity to target several skeletal elements 

for analysis, subject to cost and authorisation for destructive analysis. 

In addition to the variables discussed, a host of other factors can potentially affect 

the preservation or degradation of soft and hard tissue such as the depth of the 

burial  (Campobasso et al., 2001), the presence or absence of a coffin (Dent et al., 

2004), and possible root action which disturb the remains (Tibbett and Carter, 

2009). 

2.3 Genetic material  in bone  

Currently we lack a definitive understanding of the location of DNA in bone, and 

different researchers have posed counteracting hypotheses.  Brundin et al. (2013) 

concluded the survivability of DNA in bone is due to its affinity to hydroxyapatite; 

whilst Campos et al. (2012) detailed the importance of considering both the 
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collagen, and the hydroxyapatite for bound DNA for analysis.  Research on the use 

of sodium hypochlorite as a means of eliminating exogenous contaminants from 

bone, proposes that the DNA binds to the hydroxyapatite ɀ the component which 

provides rigidity to the bone structure (Kemp and Smith, 2005), a belief shared by 

others (Parsons and Weedn, 1997).  Therefore, bones containing high levels of 

hydroxyapatite should yield the highest levels of intrinsic DNA. 

One commonly held belief is that compact bone it is thought the majority of the 

DNA present resides in the osteocytes which saturate the matrix at 20,000 to 

26,000 cells present per cubic millimetre, higher than that in cancellous bone, 

therefore providing adequate DNA for extraction (Hochmeister et al., 1991).  For 

this reason, compact bone is often regarded the preferential sample for DNA 

analysis (Parsons and Weedn, 1997; Milos et al., 2007; Latham and Madonna, 

2013). 

Recent research by Pinhasi et al. (2015) investigated endogenous DNA content in 

the dense part of the temporal bone, the petrous bone.  The results showed even 

when poor yields were found from other skeletal elements, the dense petrous bone 

could still yield high levels of endogenous DNA from the same skeleton.  Different 

areas of the bone were also found to contain different levels of DNA, showing the 

location of sample site is just as important as the element itself. 

In terms of identifying appropriate sites on the bone for analysis, it has been 

highlighted by several researchers over an extended period that there is a lack of 

information regarding the relative amounts of DNA contained within different sites 

on bone (Perry et al., 1988; Adler et al., 2011).  This presents difficulties  in the 

estimation of quality and quantity of potential DNA to be retrieved, and how 

different sampling techniques could affect the results. 

2.3.1 Predictors of DNA in bone  

Due to the expensive, laborious, destructive, and sometimes less than successful 

process of DNA analysis, many researchers have tried to establish procedures to 

predict whether a bone sample will yield DNA.  These indicators include gross 

morphology, nitrogen and collagen content. 
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There is evidence that suggests observations of the surface of the bone can be 

utilised as predictors of DNA integrity in that sample (Haynes et al., 2002).  If 

cracks, surface pitting and poor histology are visible then it is probable that no 

DNA can be profiled due to the degradation of the biomolecules (Al-enizi et al., 

2008).  Bollongino et al (2008) suggested estimating the presence of well-

preserved DNA, by checking physical signs of the bones that can be characteristic 

to those of good samples; stating that heavy and hard compact bones, that have no 

or few cracks, and no signs of microbial activity yield the best results. 

Microscopy has been used as a common method for histological examination of 

preservation state of DNA (Hedges and Millard, 1995; Richards et al., 1995; Colson 

et al., 1997) where a fragment of bone is embedded in epoxy resin, polished and 

viewed at 100x magnification.  However, this method is both destructive and time 

consuming. 

Other methods to assess the state of bone preservation include assessing the 

quantity of collagen survival within the bone via measurement of the nitrogen 

content by the use of mass spectrometry (Hedges and Millard, 1995; Colson et al., 

1997).  Research indicated that high levels of nitrogen, similar to those seen in 

modern bone, could be used as an indicator to the level of DNA in archaeological 

bone (Hiller et al., 2004), however more recent research has shown that the 

nitrogen content in bone cannot be used as a predictor in bone as it is a poor 

indicator of the preservation state of the molecules (Al-enizi et al., 2008). 

Bone mineral is considered an important factor in the preservation of 

biomolecules within archaeological bone and over time screening methods have 

been developed to investigate this further.  Fourier-Transform Infrared (FTIR) can 

be used to calculate changes in crystal indices (Lebon et al., 2010; Squires et al., 

2011; Hollund et al., 2013; Grunenwald et al., 2014), PIXE (Particle-Induced X-ray 

Emission) examines any chemical changes within the mineral structure(Elliott and 

Grime, 1993; Reiche et al., 1999), and XRD (X-ray Diffraction) can be used to 

identify  the composition of the crystal (Stathopoulou et al., 2008; Adamiano et al., 

2013). 
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Further research into the collagen content in bone has shown that there is a clear 

correlation between the high content and thermal stability of the organic phase 

and the successful amplification of DNA (Hiller et al., 2004; Gilbert et al., 2005; 

Koon et al., 2008; Fredericks et al., 2012a) which suggests that the assessment of 

collagen can be used as an indicator for successful profiling of archaeological 

samples.  However, due to the exchange of ions that occurs during the 

recrystallization of bone, compounds from surrounding burial environments and 

groundwater, such as calcium, phosphate and carbonate can be incorporated into 

the bone mineral (Wright and Schwarcz, 1996; Hollund et al., 2013) which can 

affect the results of the diagenetic analysis. 

Other methods used to assess molecular preservation include amino acid 

racemization and is commonly within ancient DNA research to screen bones prior 

to conducting DNA analysis (Bada et al., 1994; Poinar et al., 1996; Kolman and 

Tuross, 2000; Hofreiter et al., 2001).  However this technique is not cost effective 

in terms of time or equipment (Haynes et al., 2002) 

In order to interpret how the post-mortem duration affects the bone structure and 

DNA content it is necessary to first understand the taphonomic processes which 

lead to the diagenetic changes in bone. 

2.4 Taphonomy  

Taphonomy was first conceptualised as a scientific discipline by Efremov (1940) 

and can be described as the study of the processes which occur to an organism 

from the moment of death to the point of detection.  The interest in taphonomy 

first began with the analysis of fossils, and the investigation into processes of 

preservation by geologists and palaeontologists (Pokines, 2014a).  Focus turned to 

the decomposition and preservation of remains from bone depositions and post-

mortem changes in bone structure was identified (Jans et al., 2004).  The 

taphonomic processes which occur are all affected by a number of factors to be 

discussed later in this section, such as the rate and progression of decomposition 

of soft tissue (Damann and Carter, 2014), differences in the structure/size of 

skeletal elements (Lyman, 2014), environmental influences, (Pokines and Baker, 
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2014) and any interference by animal or human activity (Pokines, 2014b).  In a 

forensic context, taphonomic processes, decay, and depositional environments are 

all studied for information which may assist investigations (Pokines, 2014a) 

collated with information provided by the anthropologists and archaeologists. 

Traditionall y human analogues such as pigs are used in order to study the 

taphonomic effects, due to the similar composition of soft tissue and fat 

composition.  Other animal analogues that have been used include sheep, dogs, 

rats, deer and bison all of which have been shown to display differences in the 

manner and rate of decomposition when compared to human cadavers (Stokes et 

al., 2013).  

Although porcine bone is close to human bone in a structural sense, there are 

differences in the micro-structure (Pearce et al., 2007) and therefore may be 

different interactions within burial environments so this needs to be considered 

when analysing results.  Research has highlighted these differences and shown 

that in an archaeological context bacterial attack is twice as likely to occur within 

human bone, than it is in animal bone (Lee-Thorp and Sealy, 2008), which is most 

likely due to the de-fleshing of the animal bone, whereas human burials are 

generally whole bodies (Bell et al., 1996).  Despite these differences, pig cadavers 

ÁÒÅ ÏÆÔÅÎ ÕÓÅÄ ÉÎ ÔÁÐÈÏÎÏÍÉÃ ÓÔÕÄÉÅÓ ÄÕÅ ÔÏ ÔÈÅ ÅÁÓÅ ÏÆ ÁÖÁÉÌÁÂÉÌÉÔÙ ÁÎÄ ÔÈÅ ȬÓÔÅÒÉÌÅȭ 

nature of the animal due to its presence in the food chain. 

More recently, these taphonomic processes are being investigated at taphonomic 

facilities containing human cadavers, such as the Anthropological Research Facility 

at the University of Tennessee (Bass and Jefferson, 2003) therefore eliminating the 

problem of differences in composition, and the structure of bone that exists 

between species.  These facilities provide a means of obtaining vital information to 

develop understanding and knowledge in taphonomy, by studying the different 

stages of decay and decomposition, and identifying the variables which affect these 

processes. 
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2.4.1 Decomposition  

Decomposition of a human body begins as a sequence of events shortly after death, 

the rate  and order of which are dependent on the surrounding environmental 

conditions, and can cause exceptions such as peat-bog bodies (Painter, 1991) and 

mummification (Weitzel, 2005).  Different authors suggest variants to the stages of 

decomposition but generally the process of decay has been identified as four 

different stages: fresh, bloat, decay and dry, although some researchers refer to a 

fifth stage in regards to buried remains of disintegration between decay and dry 

(Tibbett and Carter, 2009).  The first stage begins with the break-down of cells 

within the body, due to a process referred to as autolysis.  This involves the action 

of intrinsic enzymes digesting cells, causing the rupture and subsequent release of 

cellular fluids.  This action marks the beginning of the putrefaction stage, where 

intrinsic bacteria residing within the intestinal tracts breaks down surrounding 

soft tissue (Parkinson et al., 2009).  Gases are produced due to the bacterial action, 

which lead to bloating of the body, and subsequent rupture, releasing gas and 

decomposition fluid into the surrounding environment.  Active decay is the next 

stage in the sequence which involves the decomposition of soft tissue due to 

ÂÁÃÔÅÒÉÁ ÁÎÄ ÉÎÓÅÃÔ ÁÃÔÉÖÉÔÙȢ  4ÈÅ ÆÉÎÁÌ ȬÄÒÙȭ ÓÔÁÇÅ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÓËÅÌÅÔÁÌ ÓÔÁÔÅ ÏÆ ÔÈÅ 

remains, from which the bone diagenesis will continue (Pokines and Baker, 2014) 

and will subject the bone to staining, weathering and fragmentation (Dupras and 

Schultz, 2014; Junod and Pokines, 2014). 

In terms of the sequence of skeletonisation, again this is dependent upon the 

surrounding environment, general observations were published by Dirkmaat and 

Sienicki (1995) from decomposition of human remains from an open air 

deposition.  Due to the accessibility for flies and insects into orifices, the cranium is 

the first element to skeletonise, followed by the clavicle and the sternum, the 

vertebrae, the pelvis and ribs, and lastly the legs and the feet.  

In some cases, and dependent of surrounding conditions, soft tissue may survive in 

the form of desiccation or adipocere.  Soft tissue desiccation can be identified as 

dark and leathery in texture, which are formed due to the rapid drying of tissue, 

due to a dry environment or exposed to airflow  (Aturaliya and Lukasewycz, 1999).  
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The formation of adipocere occurs in anaerobic conditions where sufficient 

moisture is available for bacteria to convert subcutaneous fat into a grey-white 

lip id solution, which can progress into a shell covering the remains (Schotsmans et 

al., 2011; Forbes et al., 2005).  

2.4.2 Diagenetic changes in archaeological bone 

The term diagenesis in anthropology refers to any post-mortem changes that occur 

affecting the physical, chemical and composition of the bone, (Jans et al., 2004) 

which alters the bone from its original ante-mortem state.  Such changes include 

adsorption, mineral replacement, and precipitation and dissolution (Elliott and 

Grime, 1993).  The presence of these changes and the extent to which they occur 

will depend on not only the intrinsic factors, but also extrinsic factors provided by 

the surrounding burial environment (Fernández-Jalvo et al., 2010). 

The intrinsic changes that take place in the post-mortem interval, are subject to the 

morphology of the bone, in terms of size, shape and structure.  The diagenesis of 

the organic matrix of the bone involves the decomposition of proteins into amino 

acids due to the hydrolysis of the proteins and subsequently the peptides.  The 

inorganic phase of the bone also undergoes changes in structure, becoming more 

crystalline which in turn weakens the protective matrix.  This alteration leaves the 

bones vulnerable to ion substitution, infiltration of soil contaminants from the 

environment, and loss of proteins and minerals (Henderson, 1987). 

The extrinsic factors that affect the bone diagenesis involve water movement, soil 

type and soil pH.  Collagen is thought to be most stable within a pH of 3-7.5, but 

any changes in this level can increase or decrease the rate of naturally occurring 

hydrolysis.  The mineral component can also be affected by any pH change 

deviating from its optimal survival level of pH 7-8 (Turner -Walker, 2007). 

The importance of more detailed research into the degradation of bone is 

imperative for the ability of researchers to identify which skeletal elements have 

the potential to provide DNA (Adler et al., 2011). Researchers have concluded that 

the organic content of ancient bone is significantly lower than that in modern bone 
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(Ariffin et al., 2007) which may relate to the abundance of DNA. But it remains 

unclear whether this is a simple association or a more complex relationship. 

2.4.3 The breakdown of DNA   

Ȱ!Ó Á ÈÉÇÈÌÙ ÒÅÁÃÔÉÖÅ ÃÈÅÍÉÃÁÌ ÒÅÓÉÄÕÅȟ $.! ÉÓ ÔÈÅ ÔÁÒÇÅÔ ÏÆ ÓÅÖÅÒÁÌ ÐÈÙÓÉÃÁÌ ÁÇÅÎÔÓ 

ÁÎÄ ÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎÓȱ (Alaeddini et al 2010, p.149).  These processes involve 

those of a chemical nature which break down the helical spines of the DNA 

molecule leading to the loss or alteration of nucleotide bases (Campos et al., 2012).  

In life the process of cell growth and regeneration limit the degradation of DNA, 

and in bone the action of osteoblasts and osteoclasts ensure a homeostatic 

ȬÔÕÒÎÏÖÅÒȭ ÏÆ ÓËÅÌÅÔÁÌ ÍÁÔÅÒÉÁÌȢ  !fter death there are no mechanisms to repair the 

DNA therefore the actions of endogenous and exogenous nuclease activity, 

oxidative nucleotide modifications and hydrolytic cleavage result in strand 

breakage and the DNA degrades into short fragments of linked base pairs (Martín 

et al., 2006a; Adler et al., 2011). 

2.4.4 Ancient DNA  

The investigation of ancient DNA (aDNA) can be used in association with other 

techniques to provide information about sex estimation, pathology, population 

migration, community interaction and interbreeding and genetic analyses of our 

ancestors (Faerman et al., 1998; Hofreiter et al., 2001; Götherström et al., 2002; 

Adachi et al., 2004; Bollongino et al., 2008; Gamba et al., 2008; Haile et al., 2010; 

Adler et al., 2011; Hanna et al., 2012; Hofreiter et al., 2012; Kirsanow and Burger, 

2012).  

The field of ancient DNA analysis stemmed from an interest in our ancestors and 

the manner in which they lived.  This diverse field now includes on-going research 

and advances in scientific knowledge regarding bioarchaeology, human and animal 

evolution and even forensic identification.  The first article to be published in 

ancient DNA regarded animal evolution and detailed the cloning of DNA of an 

extinct equid known as a Quagga (Higuchi et al., 1984) followed a year later by 

Svente Paabo who reportedly cloned human DNA from a 2,400 year old Eqyptian 

mummy (Pääbo, 1985).  After DNA previously reported to be that from a dinosaur 
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and a dinosaur egg (Woodward et al., 1994) was later reported to be human DNA 

due to contamination (Hedges and Schweitzer, 1995), the field of ancient DNA 

attracted stricter controls and precautions to confirm authenticity of findings. 

Studies with aDNA have continued to develop and have allowed the analysis of 

samples previously stored such as natural history specimens (Mulligan, 2005), 

have attempted to shed light on familial relationships within burial grounds 

(Chilvers et al., 2008), to corroborate historical records of people and animal 

movements (Haile et al., 2010) and to solve the puzzle of multiple skeletons used 

to construct one individual (Hanna et al., 2012).  Most recently, aDNA analysis has 

been used to determine the origins of those buried in previously undocumented 

cemeteries (Ozga et al., 2016; Santana et al., 2016).  

Ancient DNA has also been used within forensic science since 1991 when DNA 

extracted from bone was used to identify a murder victim (Hagelberg et al., 1991).  

In 1992 aDNA analysis of buried remains was able to positively identify the 

suspected grave of The Angel of Death, Josef Mengele in Brazil (Jeffreys et al., 

1992), and analyses conducted in 1994 and 2007 positively identified the remains 

of the Romanov family (Gill et al., 1994).  Some forensic protocols are now using 

techniques designed by the aDNA community for the purpose of DNA repair from 

degraded forensic samples (Hall et al., 2016). 

But the study of aDNA comes with both more and greatly exacerbated problems 

compared with the analysis of modern DNA.  DNA from recent remains which has 

not been subject to the extremes of environmental damage, can be found saturated 

within soft tissue and bone alike, whereas aDNA is less abundant and also 

irregularly distributed due to diagenetic changes and degradation.  In addition, the 

survival of archaeological soft tissues is rare and is practically unheard of without 

the action of physical and cellular alteration (Turner -Walker and Peacock, 2008).  

These changes can not only lead to base modifications in the DNA sequence but 

ÁÌÓÏ ×ÉÌÌ ÓÈÏÒÔÅÎ ÔÈÅ $.! ÆÒÁÇÍÅÎÔÓȟ ÂÒÅÁËÉÎÇ ÔÈÅ ȬÌÁÄÄÅÒÓȭ ÏÆ ÐÒÅÓÅÒÖÅÄ ÌÉÎËÅÄ 

base pairs still further (Kirsanow and Burger, 2012).  
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The most significant issue concerned with that of aDNA analysis is the risk of 

contamination of samples with modern DNA as detailed previously.  

Considerations of this problem and precautions required to limit the probability of 

this occurrence is discussed later in section 4.1.3. 

In addition to overcoming the potential complications it is also necessary to prove 

the authenticity of the aDNA.  This links to the consideration of contamination, and 

the importance of obtaining reference/elimination  samples.  In a forensic context, 

the process of taking and analysing reference samples from individuals who have 

processed the sample, from the scene to the laboratory, is common place.  

However, in a historical archaeological context, when the number or identity of 

indiv iduals that have had contact with the skeletal remains is unknown, the 

process of eliminating reference DNA from a potentially contaminated piece of 

evidence is difficult.  Without taking proper precautions, archaeological DNA 

analysis runs the risk of extracting, amplifying and sequencing the modern DNA of 

all individuals involved in the process of excavation, storage and osteological 

analysis. 

In an effort to limit the risk of incorrectly reporting contaminant DNA as aDNA,  

Cooper and Poinar (2000) ÐÒÏÐÏÓÅÄ Á ȬÃÒÉÔÅÒÉÁ ÏÆ ÁÕÔÈÅÎÔÉÃÉÔÙȭ in order to establish 

guidelines for researchers working with ancient DNA, however these guidelines 

have been deemed unreasonable by many due to the multiple extractions and PCR 

reactions expected when dealing with minute samples (Chilvers et al., 2008).  

There is no definitive timeline for the differentiation between aDNA and modern 

DNA in forensic situations as the categorisation refers to the state of the 

biomolecules, rather than a set period of time.  This is not dissimilar to the 

ÄÉÓÔÉÎÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÒÅÍÁÉÎÓ ÄÅÅÍÅÄ ÆÏÒÅÎÓÉÃ ÏÒ ȬÏÆ ÃÏÒÏÎÉÁÌ ÉÎÔÅÒÅÓÔȭȟ ÏÒ Ôhose 

regarded as archaeological, which varies country to country.  As interest increases 

in archaeology of World War I and II with the inevitable recovery of remains, the 

discipline of forensic and archaeological DNA analysis form a continuous spectrum 

distinguished by cellular survival rates, rather than set periods of time. 
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Parsons and Weedn (1997) state that DNA preservation is more dependent on the 

interactions between the sample and its environment rather than time elapsed, 

and therefore the age of the sample will not dictate the quality or quantity of the 

DNA within .  As protocols differ between aDNA and modern DNA, this statement 

suggests it is more important to base the differences of protocols on the 

preservation state of the bone rather than the age of it, again, this refinement of 

understanding tows a similar line to archaeology, where concepts of time-derived 

degradation (Ascher, 1968) were replaced with a more complex understanding of 

site formation processes (Schiffer, 1983).  Therefore the development of a reliable 

method of preservation identification needs to be established, to enable 

researchers to select the most relevant protocol for the sample. 

2.5 Chapter summary  

This chapter has int roduced the structure of DNA and bone, and how diagenetic 

alterations enable analytical techniques to be applied in order to establish 

information of taphonomic changes. 

In historical archaeological contexts, the capability of DNA investigation can 

provide an insight into the burial practises of previous populations, offer 

information regarding the migration and lifestyles of the past, and provide 

supporting evidence for human evolution hypotheses.  

The ability to detect and interpret DNA in bone has advantageous effects on the 

positive identification of unknown individuals in a forensic context.  Whether the 

circumstances are down to mass fatalities or single deaths, the emphasis on 

identifying the individual(s) is paramount.  Improvements and advances in DNA 

technologies are enabling increasing success with degraded samples, but 

knowledge surrounding the decomposition and diagenesis processes are still not 

understood. 
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Where the last chapter detailed decomposition, the taphonomic effects on DNA 

degradation and bone diagenesis, this chapter introduces the ways in which burial 

environments affects those taphonomic changes. 

When bodies are subjected to burial, environmental conditions change the 

elemental composition of bone by processes of degradation due to uptake of 

chemical components or erosion as a consequence of contamination from soil 

(Reiche et al., 1999). 

Initial taphonomic variables relate to the manner of disposal of the remains ɀ 

whether they were buried, scattered, surface, submerged or frozen (Gill-King, 

1997) these variations make a huge difference in the nature and extent of 

decomposition, the long term preservation of tissues that comprise the remains, 

and ultimately the abundance of extractable DNA.  Burials conducted in air-tight 

coffins or wrapped in clothing have been found to slow the rate of decomposition 

(Ross and Cunningham, 2011) by creating a barrier between the soft tissues and 

the burial environment.  But by the same token, a coffin will retain decomposition 

fluids, and produce an increase in temperature and microbial activity in the 

environment due to the decomposition and fermentation of the wood. 

If the remains are buried, the environment will affect the preservation of the bone 

and therefore the denaturation of the DNA contained.  The environmental factors 

which may affect the preservation of the bone and in turn that of DNA, include the 

available oxygen, the pH and type of soil, the presence and movement of water, and 

the activity of soil microbes (Burger et al., 1999; Campos et al., 2012).  It has been 

suggested that the environmental conditions surrounding skeletal remains have 

more of an influence on the DNA preservation than time elapsed (Burger et al., 

1999).  Despite the findings of published research in this area, Pokines (2014a) 

stated there is still an absence of a comprehensive study of taphonomic processes 

across different environment conditions that identifies and explains the variables 

which cause the alterations. 
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Research conducted to date has identified the main environmental variables as 

temperature, water and oxygen, pH, soil type and content, and microbial activity. 

3.1 Temperature  

Temperature plays a fundamental role in the preservation of DNA in 

archaeological bone, which will vary depending on location, season, and depth of 

burial.  An increased temperature in the surrounding environment encourages the 

development of microorganisms, in the form of bacteria and fungi, which 

metabolise the collagen and DNA; and also accelerates the chemical decomposition 

of the bone (Bollongino et al., 2008).  Consistently  low temperatures of 

approximately 8oC in the surrounding burial environment, have been shown to 

preserve DNA exceptionally well (Burger et al., 1999), whereas a 10oC increase can 

double the rate of chemical reactions (Henderson, 1987). 

3.2 Water and oxygen  

The presence and movement of water in the deposition site of the body has long 

been thought to be the main degradative factor and influence on survival for bone, 

due to the leaching effect.  Water is known to dissolve bone apatite, encourage the 

growth of microorganisms and supports their metabolism, and can lead to damage 

caused by hydrolytic and oxidative reactions (Turner -Walker, 2007; Bollongino et 

al., 2008).  The existence of water in soil provides a medium for the majority of 

chemical reactions that occur (Turner -Walker, 2007), however its presence is also 

thought to act as a buffer between tissue and the acidity/alkalinity of the 

environment, and has a stabilising effect on the surrounding temperature so 

therefore can also reduce the rate/intensity of decomposition (Gill-King, 1997).  

In the context of assessing survival over archaeological durations, it is important to 

separate considerations of water and oxygen. Whilst free-draining soils might be 

subject to high levels of oxygenated water, other environments such as standing 

bodies of stagnant water are likely to feature different chemical effects.  This 

variation in preservation states due to chemical effects of mineral-rich and 

mineral-poor groundwater was reported by (Turner -Walker and Peacock, 2008) 
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×ÈÅÎ ÉÎÖÅÓÔÉÇÁÔÉÎÇ ÔÈÅ ÄÉÁÇÅÎÅÔÉÃ ÃÈÁÎÇÅÓ ÉÎ ÂÏÎÅ ÏÆ ÔÈÅ ȬÂÏÇ ÂÏÄÉÅÓȭ ÆÒÏÍ 

Scandinavian bogs.  

It is not just the presence or absence of water that will affect the survival rate of 

bone, but also the fluctuation of that water that will lead to either poor 

preservation or permanent saturation of the skeletal material.  Burials that are 

below the water table, will result in permanent submersion of bones in water, 

which once the bones become porous, will  allow the penetration of calcium and 

potassium ion saturated water.  Once these ions have saturated the pores of the 

bones, they will resist any water flow out (Turner -Walker, 2007).  This submersion 

can be beneficial for the preservation of the bone, as long as the water level is 

stable, the water and contained ions will remain in the pores.  In free-draining 

environments such as sand and gravel, once the soil dries, hydraulic potential 

occurs drawing the water, and associated ions from the bone (Hedges and Millard, 

1995).  If this process is repeated with the rising and receding water levels leading 

to reoccurring submersion and drying, total leaching of the bone will occur with 

the removal of all ions from the bone itself and possible total disintegration of 

ÓËÅÌÅÔÁÌ ÍÁÔÅÒÉÁÌ ÁÓ ÓÅÅÎ ÉÎ ÔÈÅ ȬÓÁÎÄ ÂÏÄÉÅÓȭ ÁÔ 3ÕÔÔon Hoo (Carver, 2000). 

In respect of the oxygen content in burials, the depth of the burial will affect the 

level of not only temperature but also aeration of the remains.  Higher levels of 

oxygen in an environment will encourage a faster rate of decay than burials in a 

deeper and less aerated environment.  This effect can also be seen depending on 

the aeration of the soil type ɀ light porous soils with a higher oxygen content are 

more likely to provide an environment conducive to decomposition, in contrast 

with dense soils such as clay.  In this instance, it is also necessary to consider the 

difference in pressure between a heavy clay soil and light porous soil, and how it 

may affect the preservation of the bone (Henderson, 1987). 

3.3 pH 

When considered in the context of soil science, the term pH refers to the level of 

hydrogen ions (H+) in relation to concentration of hydroxide ions (OH-) in the soil 

composition.  The more H+ ions present, the lower the concentration of OH- ions, 
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therefore a lower pH and an acidic soil.  The opposite is true for alkaline soils ɀ a 

higher pH due to a higher quantity of OH- ions in comparison to H+ ions. 

The pH of the soil in which a burial is contained makes an impact on the erosion of 

the bone surface (Fernández-Jalvo et al., 2010) and decomposition of bone, with 

preservation thought to be best in neutral or slightly alkaline pH (Henderson, 

1987).  Acidic soils are known to destroy the bone apatite by dissolving the 

calcium phosphate, whilst alkaline soils stabilise the apatite by acting as a buffer 

against the effects on carbonic acid of rainfall in a permeable groundsoil or in the 

event of it being a surface deposition (Bollongino et al., 2008).  The optimal 

conditions for the preservation of DNA are thought to be neutral or slightly 

alkaline, cool, dry, anaerobic conditions (Burger et al., 1999; Bollongino et al., 

2008). 

The pH of any water present is also a factor when discussing bone diagenesis, as 

this will ascertain the level and type of ions that are present, and also the function 

capability of soil bacteria (Schotsmans et al., 2012).  The type of ions present in 

water in burials will affect the bone mineral due to the ability of providing ion 

exchange (Turner -Walker, 2007). 

3.4 Soil type and content  

The presence of humic and fulvic acid in the surrounding soil, found naturally due 

to the decomposition of organic material, can result in a decreased success rate of 

DNA typing from bone as these substances infiltrate the bone matrix and act as 

inhibitors during PCR (Burger et al., 1999).  Humic substances also affect the 

properties of soil, providing aeration, microbe support, water holding capacity, ion 

exchange and the reduction of contaminant metals (Lovley and Coates, 1997).  

Urea present in the soil has also been found to encourage DNA damage by reducing 

its stability wi thin the bone matrix (Burger et al., 1999). 

Research conducted into bone diagenesis in bogs concluded that soil content can 

play a significant role in the degradation of bone.  Bones submerged in a peat-rich 

environment displayed rapid demineralisation and considerable loss of calcium 
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and phosphorous (Turner -Walker and Peacock, 2008).  DNA analysis conducted on 

degraded skeletal remains from a lime burial environment also stated evidence of 

degradation, detailing the inability to identify and amplify DNA within (Parsons et 

al., 2007).  The term lime refers to an alkaline calcium containing substance 

derived from limestone or chalk (Oates, 1998). 

3.5 Microbial activity  

If the deposition site is in an area of cultivation, it is likely that increased organic 

material and bacteria will be present in the soil which will lead to accelerated 

decomposition of the soft tissue (Haglund et al., 2002), depending on the chemicals 

used this could also have a detrimental effect on the preservation state of the hard 

tissues.  Soil contaminants may affect the ability to amplify the DNA from a sample, 

although if the bone is intact and well-preserved the contaminant should not 

penetrate the surface of the bone (Bollongino et al., 2008).  Bones may also be 

dispersed from their original deposition site or damaged due to the use of 

machinery.  If the remains are deposited on the surface, or partially buried in 

shallow graves rather than securely interred in deep ones, decay will tend to be 

more rapid due to the exposure to insects and scavengers (Rolsandic, 2002).  In the 

past it has been known for forensic cases to show curious processes of degradation 

due to bacterial action from depositions in manure and potting composts, but this 

information is currently unpublished.  In contrast, Child (1995) ÓÔÁÔÅÓ ÉÔȭÓ ÎÏÔ ÔÈÅ 

microbiology that affects bone preservation, but rather the soil chemistry. 

3.6 Burial e nvironments of case studies  

The archaeological human skeletal remains used in this research were excavated 

from two different sites in the UK, an Iron Age burial ground in Derbyshire and an 

Anglo-Saxon cemetery in Suffolk.  These sites were chosen due to the difference in 

time scales since burial of the human remains, the dissimilar burial environments, 

and the authorisation to use destructive techniques for the purpose of DNA and 

compositional bone analysis.  An introduction to the sites and the burial 

environments are presented in the following section. 
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3.6.1 Fin Cop 

Ȭ&ÉÎ #ÏÐȭ ÃÏÍÅÓ ÆÒÏÍ /ÌÄ %ÎÇÌÉÓÈ ÍÅÁÎÉÎÇ Á ÈÉÇÈ ÐÏÉÎÔ ÉÎ ÔÈÅ ÌÁÎÄÓÃÁÐÅȟ ÁÎÄ ÉÓ ÔÈÅ 

location of the remains of an Iron Age hillfort situated on a hilltop overlooking 

Monsal Dale in Derbyshire.  Radiocarbon dating suggests that the hillfort was 

constructed 440-390 BC and the destruction of the site occurred less than two 

hundred years later (Waddington et al., 2011). 

Evidence of burial practice through the Iron Age shows a diverse practice of 

cremation burials, and inhumations in single graves, together in cemeteries, or 

placed in barrows (Hedeager, 1992).  It  is believed that the comparative lack of 

human burials as seen from other time periods is because rather than burial in a 

grave, bodies were left to decompose on the surface, or discarded in pits (Bradley, 

1984).  Towards the end of the Iron Age, there was a change in rituals, and 

cremation burials and inhumations wit h grave goods became more common place.  

Figure 3-1 shows the ditch burial of Skeleton 8 from the 2010 excavation season at 

Fin Cop. 

 

Figure 3-1:  Skeleton 8 from th e 2010 excavation at Fin Cop 

(Waddington, 2011)  
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Since 2009, three seasons of excavations have been conducted at Fin Cop, and to 

date remains have been found representing a minimum of thirteen individuals.  

The interpretation of these findings and anthropological assessment suggests that 

these individuals are women and children that have been deposited in the ditch of 

the hillfort wi th rocks from the wall placed on top.  Information pertaining to the 

depth of the burials and the body positions of the individuals was not available. 

The underlying geology at Fin Cop is Carbonifierous Limestone bedrock with 

overlying loamy base-rich fertile soils which are mostly humose, sometimes 

calcareous with relatively shallow topsoil (Waddington et al., 2011).  This 

environment would provide an alkaline pH, which would suggest the preservation 

state of the bones from this site may be fairly good, but more than likely 

contaminated with humic substance.  The preservation of the bones and the degree 

of fragmentation is discussed in Chapter 4.  

3.6.2 Eriswell  

FÏÕÒ %ÁÒÌÙ 3ÁØÏÎ ÃÅÍÅÔÅÒÉÅÓ ×ÅÒÅ ÆÉÒÓÔ ÅØÃÁÖÁÔÅÄ ÉÎ ÔÈÅ ÌÁÔÅ ρωψπȭÓ ÁÔ 2!& 

Lakenheath, Suffolk, and have uncovered 426 inhumations and 17 cremation 

burials. Analytical techniques have dated these remains between 475AD and 

625AD, with many of the burials also containing grave goods that were 

characteristic of that era (Caruth and Anderson, 2005). 

Prior to the migration of the Germanic people from Angeln, Saxony and Jutland on 

the North Sea coast of modern day Germany and Denmark, the post-Roman 

populations of the eastern UK tended towards cremation as the dominant form of 

mortuary practise. With the arrival of Saxon influence, either through 

displacement of incipient native populations or through the dispersion of new 

mortuary rites, the balance of practice altered to Saxon inhumation at first pagan 

in character with associated grave goods, and later markedly Christianised with 

graves orientated east-west largely devoid of any other items (Härke, 1990). 

From the 6th Century the Anglo-Saxon society burial Ȭruleȭ is thought to have been 

ȬÁÓ ÉÎ ÌÉÆÅȟ ÓÏ ÉÎ ÄÅÁÔÈȭ (Brown, 1978) with  the burial style being associated with the 

social class of the individual, (Härke, 1990; Williams, 1998) for the men: the 
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swordsman, the spearman and the unarmed man.  The swordsmen would have 

been members of the aristocracy, buried with swords and shields and were the 

least common of all the burials.  The spearmen were average men in society buried 

with spears, knives, and furnishings of the belt, and these were the most common 

type of burials found.  The unarmed men would have been slaves with an absence 

of weapons in the grave (Thurlow, 1913).  The social class of the women could also 

be suggested by the burial style.  All women were buried with iron knives tucked in 

a waist belt, with beads and brooches around their neck.  The average woman 

would have two brooches and beads, more than this would indicate the burial of an 

aristocrat (Brown, 1978).  The design of the brooch suggests the age and origin of 

the deceased (Thurlow, 1913). 

The start of the 8th Century saw the open country Pagan cemeteries being mainly 

abandoned as the Church took control over the burial of the dead with acceptance 

of Christianity across the country (Brown, 1978; Thurlow, 1913).  Whilst some 

open burials still continued, they did so without the deposition of grave goods 

(Thurlow, 1913).  The orientation of the human remains could also be used as an 

indicator of the religion of the deceased.  As Anglo-Saxons accepted the Christian 

faith, the remains were buried with the head to the west and feet to the east, 

although there is evidence for mis-aligned burials alongside (Thurlow, 1913; 

Williams, 1998).  The orientation of the burials at Eriswell cemetery can be seen in 

Figure 3-2 which illustrates the different areas of the burials. 
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Figure 3-2:  The burial site at Lakenheath showing the different areas of 

Eriswell cemetery, with the location of the human burials  (Caruth and 

Anderson, 2005)  

Soil analysis at RAF Lakenheath shows three distinct contexts.  The lowest 

excavated context displays calcareous sands and chalk, topped with a sub-soil of 

non-calcareous sandy loam with chalk, and a topsoil of non-calcareous loamy sand.  

The variation of the soil type throughout the site at Lakenheath suggests a varying 

state of preservation of the skeletal remains depending upon the context it was 

excavated from, with remains from the calcareous sands and chalk expected to 

have the best preservation. 

3.7 Chapter summary  

This chapter has presented the different aspects involved within a burial 

environment and how those variables may affect human remains.  A brief 

introduction to the human archaeological sites at Fin Cop and Eriswell have also 

been presented. 
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The previous chapters have introduced and discussed published research 

regarding archaeological remains, and the general taphonomic effects associated 

with burial environments.  This chapter focusses on the materials and methods 

that are currently being used, how they were optimised for this research, and 

finally the methodologies selected for the research and analysis. 

Preliminary reading at the beginning of this research exposed the wide variety of 

techniques and methods used by researchers, for the identification of human 

remains, and the investigation into decomposition and diagenesis.  This literature 

review highlighted the necessity for researchers around the world to be able to 

compare results, especially with ancient DNA, and therefore it is necessary to 

establish optimisation of methods in order to standardise the manner in which 

they are reported. 

This chapter sets out the process of research into different methodologies and 

techniques available for the analysis of forensic and ancient archaeological human 

remains.  The optimisation of the chosen techniques are reported in this project, 

which allow effective, economical and time-saving methodologies that will allow 

data to be compared, and collaborative research to be produced to achieve a 

common goal.  The methods chosen for this project are detailed at the end of this 

chapter in section 4.3. 

4.1 Method research  

Many different processes and techniques are currently used on archaeological 

bone for DNA extraction, screening methods and compositional analysis, although 

it is still unclear how these may affect the recovery of DNA.  Adler et al., (2011) 

conducted a trial examining the common techniques used to recover DNA and 

concluded many of the methods are damaging to the genetic material. These 

findings underlined the need to research and choose the right methods for this 

project, in order to gain informative data. 
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It is the intention of this research to provide a better understanding of the 

taphonomic and diagenetic processes that human remains undergo during burial 

in relation to different environments, in the hope that the knowledge will lead to 

improved results for human identification and forensic investigation. 

4.1.1 Ethical considerations  

Prior to selecting and sampling of any skeletal elements, the factor of ethics must 

be considered.  Recommendations for the destructive sampling and analysis of 

archaeological human remains for the purpose of scientific research has been 

published by the Advisory Panel on the Archaeology of Burials in England, in an 

attempt to curb any unnecessary work and provide guidance to guardians of 

skeletal collections.  The main recommendations include a weighing up of the 

scientific knowledge that will be gained in contrast to the destruction of the 

remains; the consideration of whether any other non-destructive techniques could 

be used instead; how the destructive methods could prevent future research of the 

material; and the experience and competence of those conducting the work (Mays 

et al., 2013).  

These guidelines were used during the planning and sampling phase of this 

research, and affected the decisions that were made.  Small window cuts were 

sampled from the bone, taking as less material as possible for the analysis; areas 

on the bone that displayed any pathology, trauma or of anthropological interest 

were avoided; the cutting and use of tools was first conducted on animal bone to 

ascertain a suitable method prior to sampling of human bone; and methods were 

chosen based on small sample size (FT-IR) and non-destructive techniques 

(colourimetry).  

4.1.2 Sample selection  

At present there is no standard protocol that is used by all researchers that has 

been peer reviewed regarding which skeletal element is best for obtaining a DNA 

profile.  The standard operating procedure produced by International Commission 

on Missing Persons (ICMP) presents a list of preferred bones to be sampled 

(Vennemeyer et al., 2015) however no information pertaining to the research or 
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process of how this list was generated is provided.  Skeletal sample selection for 

the identification of soldiers who died in the Battle Of Fromelles 1916, states two 

samples should be taken from each individual ɀ a tooth and a bone.  Priority is 

given to the selection of whole bones to reduce contamination issues, and 

metacarpals and metatarsals are listed first for ease of transportation due to the 

small size.  Femurs are listed as last resort after fibula and other long bones (Loe et 

al., 2014).  A study of past and present literature regarding DNA extraction from 

forensic or archaeological bone shows that a majority of researchers use long 

bones, especially the femur for analysis (Kaestle and Horsburgh, 2002; von 

Wurmb-Schwark et al., 2003; Gilbert et al., 2005) however there is no justification 

by any author as to why this is used in preference to other bones.  Much of the 

research examined does not state which bone was used stating simply ȬÈÕÍÁÎ 

ÂÏÎÅ ÆÒÁÇÍÅÎÔÓȭ (Alonso et al., 2001; Alonso et al., 2004; Bille et al., 2004) 

therefore no conclusions can be made about the success in terms of individual 

bones. 

Some researchers have named long bones as the most successful bones from which 

to retrieve DNA, but not mentioned which other elements were tested, whereas 

Anðelinoviæ et al (2005) goes into more detail regarding the identi fication work 

conducted on skeletal remains in Bosnia, Croatia and Herzegovina from the 

conflicts during 1991-1995.  The majority of the analysis was conducted on long 

bones with the results showing the femoral bones giving the best DNA result, with 

good results also from the fibula.  Alonso et al., (2001) also stated preferential use 

of long bones after finding the quality of DNA obtained is higher than that 

extracted from skulls or ribs. 

Conflicting information was reported by Desmyter and Greef (2008) who 

described a significantly higher DNA yield from the os coxae, as compared to the 

femur, fibula, phalanges, humerus, and scapula. Nevertheless, full profiles were 

obtained from all skeletal elements. Prado et al., (1997) also reported the success 

of DNA extraction from the pelvis with the successful amplification of nine 

microsatellite loci from the iliac bone. 
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Bollongino et el (2008) stated that in order to obtain a good quality DNA profile, 

the analysed bone needs to possess a compact structure (cortical)  such as the 

diaphysis of long bones; as opposed to the porous spongy structure (trabecular) of 

skeletal elements such as the vertebrae, scapulae, pelvis and parts of the skull.   

Use of compact bone, as opposed to cancellous bone, was also recommended by 

Imaizumi et al., (2005) and Anðelinoviæ et al (2005).  

Zoledziewska et al. (2003) obtained high quality DNA samples from human rib 

bones, but the samples were not from an archaeological collection, so had not 

suffered the damage and fragmentation frequently found from burials.  

Research conducted over the last decade shows greater robusticity of comparative 

analyses between skeletal elements in relation to DNA recovery.  Imaizumi et al., 

(2005) analysed the femur, humerus, rib, parietal, talus, tibia, proximal foot 

phalange and mandible, and succeeded in extracting and sequencing DNA from all 

the elements.   

Staiti et al. (2008) investigated the analysis of degraded DNA and found the highest 

DNA quantities were obtained from the femur, tibia, humeral epiphyses and the 

cranial theca.  The ischial tuberosity of the pelvis gave fairly good profiles, whereas 

only partial profiles were obtained from the glenoid cavity of the scapula, distal 

epiphysis (styloid process) of the radius, olecranon of the ulna, body and tranverse 

process of the cervical vertebra, lateral side and transverse process of the thoracic 

vertebra, body of the lumbar vertebra, rib shaft, acromial end of the clavicle, 

diaphysis of the fibula, and articular process surface and anterior side of the sacral 

bone.  

A selection of the elements researched for the suitability for DNA analysis over the 

last 15 years is presented in Table 4-1.  While the skeletal terms listed are not 

presented in standard anthropological nomenclature the elements are described as 

per the original publications. 
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Table 4-1:  Table of skeletal elements used by other researchers for DNA 

analysis  
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Skull           X X X         X 

Mandible             X     X    X 

Clavicle            X X        X X 

Scapula            X         X X 

Humerus  X         X X X      X   X 

Ulna            X X        X X 

Radius            X X    X   X X X 

Metacarpal            X     X   X X X 

Rib      X     X  X        X X 

Sternum                      X 

Vertebrae            X     X   X X X 

Pelvis  X          X         X X 

Sacrum                     X X 

Femur X   X X    X X X X X    X X X X X X 

Patella             X         X 

Fibula         X   X         X X 

Tibia           X X X    X X  X X X 

Tarsal           X          X X 

Metatarsal            X X        X X 

Phalanges           X           X 

Not stated   X    X X      X X

X 

X       

 

Milos et al. (2007) highlighted the need for a more in-depth analysis and examined 

15 different skeletal elements for success rates.  The results obtained are displayed 

in Table 4-2, alongside the positive identification rates from DNA analysis on 
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different fragmented elements as reported by Mundorff (2009) when analysing a 

subset of samples from the World Trade Centre Human Remains Database. 

 

Table 4-2:  Success rates in percentage of DNA amplification and 

identification  from DNA extracted from human bone , with the sample 

size of each skeletal element displayed within brackets  

Skeletal element Amplification success rate 

Milos et al., 2007 

Positive identification rate 

Mundorff., 2009 

Skull 40% (757) 47% (494) 

Mandible Not analysed 65% (46) 

Clavicle 26% (128) 54% (97) 

Scapula 57% (35) 54% (92) 

Humerus 46% (2415) 61% (110) 

Ulna 23% (444) 61% (87) 

Radius 25% (469) 60% (120) 

Metacarpal 61% (18) 44% (211) 

Hand phalanx Not analysed 57% (83) 

Rib Not analysed 64% (1301) 

Vertebrae 62% (146) 61% (72) 

Pelvis 53% (185) 63% (62) 

Sacrum Not analysed 59% (27) 

Femur 87% (11356) 71% (143) 

Patella Not analysed 80% (83) 

Fibula 63% (160) 60% (159) 

Tibia 76% (1329) 70% (125) 

Tarsal Not analysed 51% (37) 

Metatarsal 33% (120) 72% (257) 

Foot phalanx Not analysed 80% (25) 

 

Results from Milos et al. (2007) showed the femur, tibia and fibula as the top three 

for the best success rates, followed by vertebrae, metacarpals, scapulae, 

mandibular body, and illium; with the metatarsals, arm bones and clavicle showed 

the lowest success rates.  Whereas Mundorff (2009), reported the patella, foot 

phalanx and metatarsal providing the highest percentage of positive identification 

from DNA analysis, followed by the femur and tibia at 71% and 70% respectively.  

Remaining elements were between 50-70% successful, with the lowest 

identi fication success rate from metacarpals at 44%. 
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The results reported by numerous researchers appear contradictory on the 

success rates of amplification and the obtaining of full profiles , but this is expected 

due to the varying nature of the samples.  For example, Milos et al. (2007) reports 

on skeletal elements from different geological locations from mass graves resulting 

from the conflicts in the former Yugoslavia in the 1990s; whereas Mundorff (2009) 

reports on fragmented skeletal remains recovered after the World Trade Centre 

disaster in 2001.  

As previously discussed at the beginning for this section, details of which bone the 

researcher has used is often omitted from publications, therefore limited the case 

studies with ancient DNA studies that can be compared for methodologies and 

skeletal element success.  However, the following case studies all include detailed 

information of samples used.  Ancient and forensic DNA analyses were used to 

confirm the removal and deposit of human remains from the tomb of Francesco 

Petrarca.  Confirming the anthropological assessment, the DNA results from the 

skull and ribs confirmed the skull belonged to a female, and the rest of the skeletal 

remains belonged to a male (Pilli et al., 2008).  Another case of utilising ancient 

DNA analysis to confirm the sex of a skeleton comes from an archaeological site in 

Pompeii. A selection of eight femora, four tibia and one humerus were used for 

amplification of the sex marker amelogenin and a Y-specific sequence which only 

DNA from males would display - DNA results were obtained from all elements 

(Cipollaro et al., 1998). 

Despite the apparent differences, there appears to be a trend in the success of 

lower limbs for positive DNA amplification.  It is possible that these weight-bearing 

bones provide a higher amount of DNA than non-weight bearing bones.  This 

would explain why the lower limbs especially the femur tend to contain more DNA 

than the humerus, even though they have similar bone structures of compact bone.  

Femurs also tend to survive better than most other bones due to its stronger 

composition of compact bone (Mays, 2010).  The foot bones can also in some 

circumstances, be better protected from degradative elements and fracturing due 

to the covering of boots or shoes (Cox et al., 2007).  By this rationale, the femur and 
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foot bones are likely to provide an optimal DNA sample for successful amplification 

and analysis. 

In conclusion, when choosing skeletal elements to analyse, the factors that need 

consideration are: the preservation state of the bone ɀ the best samples need to be 

heavy, hard and show little evidence of microbial activity; the elements need to 

contain a high percentage of compact bone; the selected elements need to be those 

that survive well in a burial environment to ensure the samples are as intact as 

possible; and if using skeletal remains from a museum collection or similar, 

samples need to be of low anthropological interest (avoiding the skull and pelvis) 

and sampling needs to be discreet. 

After considering all the factors discovered in the relevant literature regarding the 

successful amplification of DNA from skeletal elements, the two skeletal elements 

chosen to be analysed in this project are femora and metatarsals.  These elements 

have been chosen based on the criteria ment ioned earlier: heavy, hard and show 

little evidence of microbial activity; contain a high percentage of compact bone, 

and need to have good survivability in a burial environment.  Although metatarsals 

can be absent in archaeological contexts, a main reason for this is the excavation 

methodology ɀ small bones can be lost if the grave sides cannot be found or the 

appropriate level of care and attention is not applied to the process (Tuller and 

MÕÒÉçȭȟ ςππφɊ.  By choosing the largest metatarsal, it is hopeful that the majority of 

skeletons to be investigated will have a metatarsal present and therefore 

comparative data can be obtained. 

4.1.3 Contamination precautions  

Due to the fragile nature of ancient DNA molecules, anti-contamination controls 

need to be tightly monitored or modern DNA may infiltrate the sample and 

overpower the original ancient DNA sequence in the sample.  These potential 

contamination risks make the extraction of ancient DNA from archaeological bone 

very challenging, and depending on the stage of decay of the bone and the 

denaturation of DNA, the process of obtaining a profile is a complicated and not 

always successful one. 
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These contamination issues also exist with forensic DNA samples where strict 

guidelines need to be followed in order to eliminate the risk of contamination and 

provide results that are admissible in court (von Wurmb-Schwark et al., 2008).  

By acknowledging and understanding the factors of the contamination associated 

with ancient DNA, in particular those associated with bone analysis these 

challenges can be addressed.  Table 4-3 outlines the contamination issues affecting 

ancient DNA analysis, and methods that can be used to mitigate the risks. 
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Table 4-3:  Contamination issues affecting aDNA analysis (after (Kirsanow and Burger, 2012)  

Contamination source  Manner of contamination  Mitigating methods  

Excavation , transportation , 

washing  and 

anthropological assessment  

Close contact between personnel and the skeletal 

material. 

Contamination can be transferred via touching, 

breathing, shedding of cellular components or 

washing with water. 

Ensure all personnel are aware of the risks. 

Protective clothing to be worn ɀ clothes, lab 

coats/suits, gloves, face masks. 

Use brushes to remove dirt. 

Sampling of the bone  Drilling / sawing of the bone, and removal of the 

bone surface exposes previously protected areas of 

the bone to the environment. 

Cleaning of the bone surface and using a 

decontamination process on the bone surface. 

Laboratory equipment and 

consumables 

Any piece of equipment / workspace/ consumable 

in the lab has potential to become contaminated 

with modern of sample DNA. 

All equipment needs to be assigned to a particular 

process and thoroughly cleaned before and after 

each use. 

Blank controls to be run to pinpoint any 

contamination occurring. 

General environment  and 

storage environment  

Movement of people in the laboratory causing a 

build-up of molecular material. 

Restricted access to the laboratory and storage sites. 

Storage bags / boxes clean of DNA. 

Amplification products  The cross over between previously amplified 

products and new samples. 

0ÒÏÃÅÓÓÅÓ ÓÐÌÉÔ ÂÅÔ×ÅÅÎ Á ȬÃÌÅÁÎ ÒÏÏÍȭ ÁÎÄ ȬÄÉÒÔÙ 

ÒÏÏÍȭ ÔÏ ÃÏÎÔÁÉÎ 0#2 ÐÒÏÄÕÃÔÓȢ 
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4.1.4 Sample preparation  

In order to process bone samples it is necessary to cut, drill, or powder the 

samples, however these physical methods can be detrimental to the quality and 

quantity of DNA recovered due to the associated increase in temperature (Adler et 

al., 2011).  In order to combat these difficulties, precautions were taken with the 

preparation of bone samples. 

Researchers (Adler et al., 2011) have investigated the effects of physical sampling 

methods on the recovery of DNA and concluded that providing the build-up of heat 

is kept to a minimum by drilling at a maximum speed of 100 RPM, excess DNA 

damage can be avoided. One way of reducing the temperature is to use a water 

coolant system but this can introduce more contaminants to the sample, especially 

in the case of archaeological bone where the surface may be compromised. 

Many protocols for DNA extraction use bone powder (Colson et al., 1997; 

Götherström et al., 2002; Hartman et al., 2011) however powdering of bone can 

lead to airborne contamination between samples (Kitayama et al., 2010). Instead 

of powdering the bone for analysis, thin slices can be used in order to decrease the 

amount of physical preparation (Caputo et al., 2013).  However, by not powdering 

the bone, there is a risk that the sample may not be homogenous and by not using a 

uniform method it will be harder to produce comparable results between samples.  

When the archaeological human skeletons in this study were excavated, DNA 

analysis was not considered, therefore no precautions were in place to limit DNA 

contamination.  By not enforcing anti-contamination measures, the possibility of 

contamination of exogenous DNA from archaeologists and anthropologists on the 

bone surface is high, and therefore is a critical issue for this study.  Importantly 

though, this manner of unprotected excavation and handling of skeletons is 

common place within archaeology, so therefore an important aspect of this 

research.  

A literature r eview was conducted on the impact of DNA contamination on bone 

samples which showed that providing an adequate cleaning protocol of the bone 
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surface was followed, contamination from individuals touching the bones did not 

reproduce any STR signals (von Wurmb-Schwark et al., 2008).  Therefore choosing 

the appropriate cleaning method for this research is imperative. 

4.1.4.1 Bone cutting vs drilling  vs milling  

The cutting, drilling or milling of bone sections all have their advantages and 

disadvantages as described in Table 4-4.  Methods that result in the generation of 

bone dust must be carefully contained with suitable apparatus and PPE. Although 

heat will unavoidably be produced which can lead to denaturation of DNA and 

changes to the bone structure and composition, measures can be taken to minimise 

this effect.  

Table 4-4:  Advantages and disadvantages of different sample 

preparation techniques  

 Advantages Disadvantages 

Bone cutting  Less preparation time 

Lower risk of contamination 

Heat and dust generation 

Longer analysis period 

Bone drilling  Homogenous sample 

Less destructive for bone 

Contamination risk 

Heat and dust generation 

Bone milling  Homogenous sample 

Quicker analysis period 

Contamination risk 

Heat generation 

 

4.1.4.2 Surface decontamination vs surface removal  

Many researchers have used the addition or submersion of bones into water or 

chemical solutions in order to remove the possible exogenous DNA and other 

contaminants from the surface (Richards et al., 1995).  Amory et al., (2012) found 

that extensive testing of soaking bone samples in 10% bleach (0.5% sodium 

hypochlorite) to remove surface contaminants proved that this method does not 

damage the DNA residing within the internal matrix of compact bone, but whilst 

some methods of soaking have been shown to remove contaminants, these 
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methods also provide a medium of transportation, and risk conveying impurities 

into the bone cortex from the surface, or in cases of bone with bad preservation, 

could cause irreparable damage to the biomolecules themselves.  For this reason, 

this method may not be possible on highly degraded archaeological samples due to 

the fragility of their structure.  

Other researchers chose to remove the surface of the bone, (Lambert et al., 1990; 

Gamba et al., 2011; Ambers et al., 2013) either as an alternative to sodium 

hypochlorite submersion or as a pre-cursor (Bauer et al., 2013). Bouwman et al., 

(2006) intentionally contaminated ancient bone with modern DNA and found that 

by removing the top 1-2 mm of the bone surface the contaminants were removed. 

Surface removal can be achieved with a sander that can be cleaned and de-

contaminated between each sample to ensure there is no carry-over of bone 

material, and can achieve removal of contaminants without the addition of harsh 

chemicals or by providing a method of passage for water to possibly damage 

biomolecules or the bone.  Although heat will be generated using this method, by 

using for short durations, any damage by heat can be minimised. 

The removal of the bone surface not only removes contaminates in a safer manner, 

but also enables colourimetric analysis of the bone cortex to be conducted, 

therefore this method was chosen to be implemented in this research. 

4.1.5 Demineralisation  

Demineralisation of a bone sample is essential due to the mineral properties acting 

as a physical barrier to extraction reagents, which therefore prevents the release of 

DNA molecules.  By digesting the mineral fraction of the bone, more DNA will be 

accessible, and the DNA bound to the hydroxyapatite mineral matrix of bone will 

also be made accessible (Götherström et al., 2002; Amory et al., 2012).  

Loreille et al. (2007) proposed a protocol for DNA extraction from bone involving 

complete demineralisation of the sample by full physical dissolution of the sample.  

Results showed this method produced significantly higher DNA yields in 

comparison to standard extraction methods, and produced adequate DNA 
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quantities from small amounts of material. This is vital  for obtaining profiles from 

degraded skeletal elements. 

In order to ascertain to what degree of demineralisation would be suitable for the 

biological material in this research, tests were conducted on both porcine and 

human archaeological bone samples. 

4.1.6 Extraction  

There are many variations on detergents, chemicals, methodologies, and available 

commercial kits for DNA extractions, however there is a general protocol that 

many adhere to. These steps are detailed in Table 4-5. 

Table 4-5:  General DNA extraction protocol  

Stage Description  

1 
Tissue is sectioned, ground or sonicated to break open cells in order to 

expose contained DNA 

2 Various detergents are added in order to remove the membrane lipids 

3 The enzyme Proteinase K is added to remove proteins 

4 DNA is precipitated in alcohol to form a pellet for analysis 

 

Desmyter and Greef (2008) tested the efficiency of the extraction methods 

mentioned previously by Loreille et al. (2007) and a method by Rohland and 

Hofreiter (2007), on eight human bone fragments derived from forensic casework.  

The bone fragments used included femur, fibula, os coxae, phalanges, humerus and 

scapula.  Results suggested that the complete decalcification of bone in the 

presence of the detergent SDS (sodium dodecyl sulphate) resulted in the recovery 

of more DNA from standard protocols but also enabled full STR profiling for all 

samples.  By contrast, decalcification without the addition of SDS yielded even 

higher quantities of DNA and STR profiling was still of high quality.  The addition of 

the bond cleaver PTB (N-phenacylthiazolium bromide) decreased DNA yield and 
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resulted in incomplete or absent STR profiles.  The highest yield of DNA was 

recovered from the os coxae, but full profiles were obtained from all samples after 

the decalcification of the bones.  This suggests that all skeletal elements mentioned 

above are worth considering for extraction even though long bones and teeth are 

the most commonly recommended. 

4.1.7 Amplification  using polymerase chain reaction (PCR)  

The choice of technique available for the extraction and subsequent analysis of the 

DNA is dictated by the quantity and quality of the DNA available.  For this reason 

and the fact that many if not all of the samples for this project were degraded or 

minute, techniques such as RFLP (Restriction Fragment Length Polymorphisms) 

was not  possible. Polymerase Chain Reaction (PCR) is a technique used to amplify 

a DNA segment by the use of numerous cycles of denaturing and annealing of DNA 

and primers which results in replication of the target DNA (Parsons and Weedn, 

1997). Using PCR is an obvious choice and often stated as essential (Ariffin et al., 

2007). 

The concept of the PCR technique was established in 1983 by Kary Mullis by the 

amalgamation of the synthesis of oligonucleotides (single strands of DNA) and 

using target-specific synthesis to amplify the region between them on 

complementary opposite strands of DNA (Bartlett and Stirling, 2003).  Advances in 

the technique have improved dramatically and PCR is now routinely used in all 

forensic DNA laboratories to amplify small traces of DNA. However, the use of PCR 

does require care as the prevalent risk of contamination can easily be moved 

around a workspace and contaminate pre-PCR samples.  For this reason it is 

essential to restrict all PCR work to a designated room and control the personnel 

and workflow from this space. 

In order to recover DNA from bone with a sufficient quality and quantity to 

produce a profile, STR (short tandem repeat) system markers can be used. Due to 

their ability to improve results from low template (LT) DNA they are used 

extensively in forensic DNA analysis (Lopes et al., 2009).  The multiplex STR typing 

kits simultaneously amplify up to 17 loci, generating amplicon sizes from 100-450 
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base pairs (bp).  In cases of severe DNA degradation, even STR profiles may only be 

a partial, or exposed to stochastic effects (Pizzamiglio et al., 2006). This problem 

can be overcome or improved by using mini-STRs ɀ primers which use smaller 

amplicons of less than 150bp by implementing markers closer to the coding 

region, allowing for additional genetic information to be retrieved (Martín et al., 

2006b). 

In cases where STRs and mini STRs fail to analyse autosomal DNA samples, mtDNA 

analysis can be conducted in order to gain information (Catelli et al., 2008). SNPs 

(single nucleotide polymorphisms) can be used in forensic DNA typing for 

amplicons ranging from 40-50bp. SNP analysis looks at the variations of specific 

single points in the genome and are therefore very useful for degraded DNA 

samples (Senge et al., 2011). 

4.1.8 PCR inhibitors  

One of the most complex problems with aDNA extraction from bone is the large 

presence of PCR inhibitors. These inhibitors if not removed, can interfere with the 

amplification of the aDNA (Rohland and Hofreiter, 2007) by binding or competing 

with reaction components, or inactivating the polymerase (Eilert and Foran, 2009). 

These inhibitors can be present in the burial environment, occur due to intrinsic 

processes or as a result of the laboratory techniques. The most common PCR 

inhibitors are calcium ions, Maillard products, molecular damage, humic 

substances and chelating agents such as EDTA (Simón et al., 2012). 

Maillard products are the result of a Maillard reaction of an amino acid and a 

reducing sugar, such as glucose, which can cause breakage of the DNA strands 

(Hiramoto et al., 1995). These products cause cross-linking of the DNA molecules 

which act as PCR inhibitors by obstructing the PCR reaction (Simón et al., 2012). 

As discussed earlier in section 2.4.3, molecular damage occurs when the organism 

dies, due to oxidation and hydrolysis which degrades the DNA. 

Humic substances that act as PCR inhibitors include humic acid, fulvic acid and 

tannin ɀ all which are components of soil.  The presence of humic substances in the 
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excavated archaeological bone samples can be indicated by colour, and depending 

on the concentration, can lead to total inhibition of the PCR reaction (Simón et al., 

2012). 

Chelating agents such as EDTA are introduced to the bone during the 

demineralisation process, but act as PCR inhibitors if not completely removed 

(Simón et al., 2012). 

Calcium ions can be found in acidic soil and in the human remains themselves, and 

can act as PCR inhibitors by precipitating with DNA (Simón et al., 2012). 

4.1.9 DNA separation methods  

After amplification, the DNA sample consists of many copies of different lengths 

and areas of genetic code, depending on the primers used. In order for the 

amplified PCR products to be meaningful, the DNA needs to be separated into mini-

STR fragments enabling each allele to be identified.  It is the differences in these 

alleles that differentiate individuals from one another. 

In order to achieve separation by the size of the target fragments, a method called 

electrophoresis is used.  This method applies an electrical charge to negatively 

charged DNA molecules, causing them to migrate from a negative electrode 

(cathode), towards a positive electrode (anode) (Butler, 2001).  As the smaller 

molecules will migrate faster than large molecules, separation of the DNA 

fragments is achieved. 

During this research, two types of electrophoresis were used - slab gel 

electrophoresis and capillary electrophoresis, both of which will now be discussed. 

4.1.9.1 Slab gel electrophoresis  

Slab gels are composed of a solid matrix, agarose gels were used in this case, which 

contain pores through which the DNA molecules pass during electrophoresis.  For 

this research agarose was used, which is presented in powder form, but when 

added to a buffer solution such as TBE (Tris/Borate/EDTA) and heated, the 

agarose dissolves into the solution, enabling the mixture to be poured into a tray to 

set.  Toothed combs are placed into the molten liquid in order to generate wells in 
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the set gel upon removal.  The gel is then submerged into a tank containing 

running buffer such as TBE, which provides a cooling system once the current is 

applied.  DNA is loaded into the wells in a solution containing a dye enabling 

visualisation of the DNA, and sucrose to ensure the samples remain at the bottom 

of the well.  Positive and negative controls are run alongside the samples to 

provide confidence that the technique is working and the absence of 

contamination; and DNA of known molecular weight is injected into lanes either 

ÓÉÄÅ ÏÆ ÔÈÅ ÓÁÍÐÌÅÓ ÔÏ ÐÒÏÖÉÄÅ Á ȬÌÁÄÄÅÒȭ ÔÏ ÃÏÍÐÁre lengths of unknown DNA to. 

Following the loading of the samples, a lid is placed onto the tank, and electrodes 

are attached at either end to enable the flow of current through the gel and 

migration of DNA.  The size of the DNA molecules and pore size of the agarose gel, 

as well as the level of voltage applied will dictate the duration that the electric 

current is applied in order to achieve separation of DNA. 

Once the electrophoresis is complete, the gel is removed from the tank and placed 

under a ultra -violet light in order to visualise the dye attached to the DNA.  

Photographs can then be taken for analysis purposes and record keeping. 

This technique was used throughout this research to confirm the absence or 

presence of DNA in the porcine samples, and also provide an indication into the 

length of remaining DNA fragments.  However, a major drawback to this technique 

with determining the quantity of aDNA is that the quantity will be very low and 

therefore may not be visible by using the standard dye of ethidium bromide, other 

dyes such as SYBR Green or SYBR Gold may need to be used (Rohland and 

Hofreiter, 2007).  Therefore, for the ancient human DNA samples, capillary 

electrophoresis was used to separate the DNA molecules and identify the alleles 

present. 

4.1.9.2 Capillary electrophoresis  

Capillary electrophoresis works on the same principle to that of slab gel 

electrophoresis, with the application of electric current to separate DNA molecules 

by causing migration from a cathode to an anode.  However, instead of samples 
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passing through a gel, this is replaced by a polymer which runs through a capillary 

between two buffers. 

PCR products are added to a loading cocktail of internal lane standard which will 

ÐÒÏÖÉÄÅ ÔÈÅ ȬÒÕÌÅÒȭ ÏÆ $.! ÓÔÒÁÎÄ ÓÉÚÅȟ ÁÎÄ (É-Di formamide which re-suspends the 

DNA and assists with the denaturation of the DNA required for separation. The 

samples are loaded onto the auto-sampler tray along with a negative and positive 

ÃÏÎÔÒÏÌ ÁÎÄ ÁÎ ÁÌÌÅÌÉÃ ÌÁÄÄÅÒ ÔÏ ÖÅÒÉÆÙ ÔÈÅ ÃÁÌÉÂÒÁÔÉÏÎ ÁÎÄ ÃÏÒÒÅÃÔ ȬÃÁÌÌÉÎÇȭ ÏÆ alleles. 

One at a time, the samples are automatically injected into the capillary, and 

migrate past an oven heated to 60oC, which heats the samples facilitating the 

separation of the PCR products. These products are then separated by mobility and 

pass through a detection window in size order.  The fluorescent dyes which were 

added during the PCR process to label the STR markers are excited by a laser, at a 

primary excitation wavelength of 488 nm. The light emitted by this excitation is 

separated by a diffr action grating into a colour spectrum which illuminates the 

CCD (charge-coupled device) camera. When each photon of light hits the millions 

of pixels in the CCD, it is converted to an electron, of which the intensity is 

recorded by data collection software which converts the signal intensity to a value 

known as the Reflective Fluorescence Unit (RFU). Analysis software such as 

GeneMapper, displays these RFUs of the STR PCR products as colour-separated 

peaks on an electropherogram, which can then be analysed for the interpretation 

of the biological profile. 

4.1.10 Electropherogram interpretation  

Due to the combination of hardware components, chemicals and dye-labelled 

fragments within a capillary electrophoresis system such as the ABI 310, artefacts 

and noise are generated which can appear on the electropherogram as pull-up 

peaks and electrical spikes.  It is not possible to remove this background noise so 

careful interpretation of the data must be undertaken.  Figure 4-1 shows a typical 

electropherogram of a full profile from a single source, showing heterozygous 

alleles at all loci apart from D22S1045 which has a homozygous peak.  The peaks 

show good morphology with -4 and +4 stutter peaks.   
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Figure 4-1:  Electropherogram showing a characteristic full DNA profile  

from a single source , with alleles displaying at each loci.  

Figure 4-2 shows an example of pull-up from peaks in vWA into D18S51, and 

electrical spikes caused by fluctuations in the equipment. 

         

Figure 4-2:  Electropherograms displaying a) pull -up of peak signal, and 

b) electrical spikes displaying on all dyes.  

a) b) 
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One way to discriminate between real allelic peaks and noise is to set a RFU 

threshold, so the data collection software will only detect peaks above a certain 

value, hence ignoring the baseline noise. The manufacturers default setting is 50 

RFU, and this is the level many laboratories adhere to.  In cases of degraded DNA 

analysis where it may be necessary to look below the 50 RFU threshold for true 

peaks, peak height can be used to calculate a ratio ɀ where peak height of alleles 

should be at least three times greater than the background noise. 

The nature of PCR amplification, the addition of primers, and the process of 

capillary electrophoresis can result in the production of signal which can appear 

on the electropherogram as artefacts, such as stutter, pull-up, spikes and dye blobs.  

By recognising these artefacts they can be eliminated from the analysis, leaving 

just true alleles to be identified.  

One way to determine true heterozygous peaks is to perform a Peak Height Ratio 

(PHR) calculation, which compares the heights of peaks to provide an estimate of 

heterozygosity.  A common equation used for this calculation is shown below: 

(Leclair et al., 2004). 

 

ὒέύὩίὸ ὍὲὸὩὲίὭὸώ ὃὰὰὩὰὩ ὙὊὟ

ὌὭὫὬὩίὸ ὍὲὸὩὲίὭὸώ ὃὰὰὩὰὩ ὙὊὟ
 ρππ 

(4-1) 

 

The value of the cut-off of the PHR value to determine whether a peak is 

heterozygous or not, varies from researcher to researcher (Butler, 2015) and when 

analysing DNA in low concentration and quality, preferential amplification can 

occur causing peak imbalance between heterozygous sister peaks.  Due to the 

degraded nature of the samples involved in this research, performing PHR 

calculations may not be useful, due to this phenomenon and therefore tests were 

performed to establish whether a suitable PHR threshold could be set. 
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4.1.11 Analytical techniques  

In addition to DNA analysis the bones involved in this research were also assessed 

using colourimetry to determine any staining on the bone, and to approximate the 

depth at which contamination may have occurred.  Additionally compositional 

analysis was performed using FT-IR to identify diagenetic changes. 

4.1.11.1 Colourimetry  

Determination of colour has been used for decades by using human visual 

perception in many industries (Ansorena et al., 1997; Wilson et al., 2008; Korifi et 

al., 2013; Sharifzadeh et al., 2014) including its application in soil analysis to 

determine composition (Viscarra Rossel et al., 2009; Aitkenhead et al., 2013) and 

in archaeology with the use of Munsell Colour charts for the colour determination 

of soil (Hester et al., 1997). 

The determination of bone colour has been used previously as an interpretative 

tool in the investigation of distinguishing human cremated bone from animal 

origins (Devlin and Herrmann, 2008), and estimating the maximum temperatures 

reached on heated bone (Shipman et al., 1984).  Previous research has also found it 

a useful technique to indicate the presence of Maillard reactions and cross-linking 

which will affect the amplification and profiling of DNA samples (Koon et al., 

2008). 

The problem with using human colour perception is that everyone perceives 

colours differently, and slight differences may not be detectable (Wilson et al., 

2008).  Hence for this research a colourimeter was used in order to record colours 

in a numerical form, by using one of the most common colour spaces: CIE L*a*b*.  

The colourimetric system converts colours into coordinates in a colour space as 

detailed in Figure 4-3. 
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Figure 4-3: The CIE L*a*b* colour space, showing the three axis of 

lightness, hue and chroma after  Williams (2002)  

L* represents the lightness variable of a colour, with an axis white to black, where 

0 corresponds to black and 100 corresponds to white.  The other axis represent the 

hue and the chroma of the colour, where: a* defines the red (+127) and green (-

128), and b* represents the yellow (+127) and blue (-128). 

By using the CIE L*a*b* colour coordinate system, not only can numerical values of 

colours be recorded, but it is also possible to calculate the colour differences and 

changes that occur to the samples, by using the equation (4-2): 

 

ЎὉ  z Ўὒz  Ўὥz Ўὦz  (4-2) 

7ÈÅÒÅ В ÉÓ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÁÍÐÌÅ and the standard of the 
particular coordinate. 

 

 

The use of the CIE L*a*b* system for this project will enable the overall differences 

in colour due to the burial conditions of the porcine bone to be calculated, and also 

variations in bone colour from the human archaeological samples.  These 

documented colour changes and differences in lightness, chroma and hue allow 

another aspect of comparison to the compositional and structural changes 

detected by the other techniques mentioned in this section. 
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4.1.11.2 Fourier Transform Infrared Spectroscopy  

As this research seeks to document variables of the bone that have changed in 

relation to burial environment, it is necessary to assess the structural state of the 

bones in order to determine the state of diagenesis. 

In archaeological science, the possible relationship between diagenetic indicators 

such as the ratios of the mineral and organic portions, and the splitting factor, in 

relation to burial environments have been studied intently (Hedges and Millard, 

1995; Wright and Schwarcz, 1996; Lozano et al., 2002; D'Elia et al., 2007; Trueman 

et al., 2008).  Wright and Schwarcz (1996) concluded using FTIR permitted 

alterations in bone carbonate, and crystallinity to be detected and used as a 

screening tool for diagenesis.  Trueman et al (2008) did not find any correlations 

with carbonate, but summarised that differences were observed in the splitting 

factor between the surface and sub-surface of weathered bone, which increased in 

severity the longer the post-mortem duration. 

The technique chosen to assess this diagenesis is Fourier Transform Infrared 

Spectroscopy (FTIR) as it provides structural  information about molecules in a 

sample, by passing infrared radiation through the sample and collecting the 

absorbance and transmission data that is produced.  As different bonds and groups 

of bonds within molecular compounds vibrate at different frequencies, energy will 

be absorbed at different frequencies depending on the compound and a spectrum 

is produced that can be compared to known molecules in a library.   

An example of an FTIR spectrum of bone is shown in Figure 4-4, with the 

identification of major peaks and vibration bands, and functional groups reported 

in Table 4-6 with approximate wave numbers. 
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Figure 4-4:  FTIR spectra of a typical bone sample with major peaks and 

characteristic vibration bands identifi ed (Chaumat et al., 2011)   

 

Table 4-6:  Wavelength and functional group of major bone components 

(after Thompson et al., 2013)  

Approximate wave number   Functional group  

565 V4PO4 phosphate 

605 V4PO4  

632-650 OH group 

874 V2CO3
2- group 

960 V1(PO4) apatite 

1028-1100 V3(PO4) apatite 

1400-1550 CO3
2-

 groups (lattice carbonate) 

1630-1660 Organic tissue and water 

3400 OH water 

3573 OH group 
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FTIR analysis is used widely across many disciplines, but for the purpose of this 

research, the main areas to be investigated are the integrity, maturity and content 

of collagen in a bone, by assessing the mineral and the matrix components.  

Researchers have used FTIR in the past to estimate the carbonate content by 

assessing the ratio of carbonate to phosphate peaks, and assessed the crystallinity 

of hydroxyapatite in phosphate as an estimate of diagenetic change (Weiner and 

Bar-Yosef, 1990; Wright and Schwarcz, 1996; Nielsen-Marsh et al., 2000; 

Fredericks et al., 2012b).  In addition to using FTIR to establish diagenetic 

information from crystallin ity, it can also be used to identify contamination such as 

humic acid (D'Elia et al., 2007), carbon minerals such as calcite (Lee-Thorp and van 

der Merwe, 1991; Trueman et al., 2008), and francolite (Shemesh, 1990; Wright 

and Schwarcz, 1996) and can be used as a screening tool for the likelihood of DNA 

success from heated bone (Fredericks et al., 2012b). 

Over the last few years, ÒÅÓÅÁÒÃÈÅÒÓ ÓÕÃÈ ÁÓ $ȭ%ÌÉÁ ÅÔ ÁÌ (2007) have been using a 

combination of FTIR and ATR (attenuated total reflectance), which is the addition 

of an ATR unit in the form of a crystal, to an FTIR.  As the infra-red beam 

penetrates the surface of the sample, the ATR measures the intensity loss as the 

sample absorbs the energy (Thompson et al., 2011; Hollund et al., 2013).  This 

provides a higher sensitivity due to the direct contact between the crystal and the 

sample (Hollund et al., 2013) therefore a better identification of the presence of 

collagen, and an improved ability to identify contaminants present in the bone 

sample.  Other advantages over using standalone FTIR include the reduced sample 

preparation time (Thompson et al., 2011) by negating the need for pellet 

preparation, eliminates the risk of damage the preparation can do to the sample, 

which affects the splitting factor (Surovell and Stiner, 2001) and a smaller sample 

mass is required. 

It is due to these advantages over standard FTIR, that ATR-FTIR was chosen to be 

used to analyse the archaeological samples in this research. 
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4.1.11.3 X-ray Fluorescence Spectrometry (XRF) 

The fundamental principles of XRF are founded on the interactions of atoms with 

radiation and how this affects their behaviour.  When radiation is applied to a 

material, it becomes ionised due to the energy of X-rays, which when high enough, 

will displace electrons making the atom unstable.  This is achieved by the 

movement of tightly bound inner shell electrons, which are replaced by outer 

electrons, causing radiation emission.  It is the measure of this release of energy, 

also known as fluorescent radiation or fluorescence that identifies the 

compositional nature of a sample by comparing the energy differences to a library 

from known elements (Shackley, 2010). 

The use of XRF within the archaeological community has increased over the years 

for elemental composition analysis, due to its non-destructive nature, minimum 

preparation of samples, and ease of use. 
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4.2 Method optimisation  

Due to the numerous techniques and methods currently used, the lack of detailed 

methodologies discussion in published material, and the limited samples available, 

it was necessary to thoroughly investigate, develop and ascertain methods that 

would not only work for this study, but could also provide assistance and guidance 

to other researchers. 

After the method research had been conducted, as discussed in section 4.1, the 

optimisation of chosen methods began in order to identify the most successful, 

time effective, and possible due to tight resources and available equipment.  The 

results from this method optimisation section led to the selection of protocols to be 

used on the research material.  This optimisation process is detailed in the 

following section. 

4.2.1 Colourimetry tests  

As discussed in section 4.1.11.1, colour analysis was used to assess bone colour in 

comparison to different burial environments, identify areas of possible soil 

contamination, and investigate any correlations with DNA survival and bone 

diagenesis. 

Where possible, colour tests would be performed on the flattest part of the bone, 

however tests were performed on a pipe section of similar curvature to that of 

bone, in order to calculate the possible error limits associated with a curved 

surface. 

Tests were performed using two different masks in order to optimise the best 

results with the lowest standard deviation, and conducted 10 times, using 10 

measurements per reading.  The results from the tests are shown in the following 

tables: Table 4-7 and Table 4-8. 
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Table 4-7:  Colourimetry error  tests on a flat surface 

  SAV mask (6 mm) on a flat surface   MAV mask (11 mm) on a flat surface 

  SCI SCE   SCI SCE 

  L* a* b* L* a* b*   L* a* b* L* a* b* 

1 95.12 1.49 -6.60 95.06 1.62 -7.11  94.88 1.38 -6.64 94.81 1.51 -7.18 

2 95.08 1.52 -6.69 95.02 1.64 -7.20  95.13 1.40 -6.49 95.06 1.53 -7.03 

3 95.02 1.46 -6.73 94.96 1.58 -7.25  95.09 1.39 -6.43 95.02 1.52 -6.97 

4 95.08 1.49 -6.71 95.02 1.61 -7.22  94.93 1.39 -6.71 94.86 1.51 -7.25 

5 95.07 1.48 -6.71 95.01 1.60 -7.22  94.91 1.39 -6.72 94.84 1.51 -7.25 

6 94.96 1.48 -6.92 94.90 1.60 -7.44  94.85 1.37 -6.68 94.77 1.49 -7.21 

7 94.88 1.44 -6.87 94.83 1.56 -7.38  94.98 1.37 -6.63 94.90 1.49 -7.16 

8 94.96 1.48 -6.84 94.90 1.61 -7.35  94.88 1.38 -6.69 94.80 1.51 -7.23 

9 94.94 1.48 -6.85 94.88 1.60 -7.36  94.99 1.42 -6.61 94.91 1.54 -7.14 

10 94.89 1.44 -6.85 94.84 1.56 -7.36   94.93 1.40 -6.71 94.86 1.52 -7.25 

Mean 95.00 1.48 -6.78 94.9 1.60 -7.29  94.96 1.39 -6.63 94.88 1.51 -7.17 

St. Dev. 0.09 0.02 0.10 0.08 0.03 0.10   0.09 0.02 0.10 0.09 0.02 0.10 

 

As the table shows, there is negligible difference between using the SAV mask and 

MAV mask on a flat surface.  The standard deviation is the same for the SCI 

readings, and only slight differences with the SCE readings.  

 

Table 4-8:  Colourimetry error tests on a curved surface 

  SAV mask (6 mm) on a curved surface   MAV mask (11 mm) on a curved surface 

  SCI SCE   SCI SCE 

  L* a* b* L* a* b*   L* a* b* L* a* b* 

1 94.84 1.30 -6.45 94.73 1.41 -6.95  94.63 1.24 -6.24 94.54 1.35 -6.73 

2 94.83 1.32 -6.47 94.76 1.42 -6.95  93.73 1.33 -6.35 93.67 1.44 -6.81 

3 94.82 1.30 -6.40 94.75 1.40 -6.89  94.45 1.22 -6.19 94.39 1.33 -6.66 

4 94.85 1.34 -6.42 94.80 1.45 -6.89  94.59 1.23 -6.19 94.51 1.34 -6.67 

5 94.74 1.32 -6.18 94.67 1.42 -6.64  94.73 1.26 -6.18 94.65 1.37 -6.67 

6 94.14 1.36 -6.45 94.04 1.46 -6.91  93.22 1.26 -6.15 93.10 1.36 -6.59 

7 93.26 1.35 -6.26 93.18 1.45 -6.82  94.20 1.26 -5.99 94.11 1.36 -6.45 

8 93.48 1.34 -6.18 93.26 1.44 -6.61  94.77 1.21 -6.06 94.37 1.31 -6.55 

9 92.62 1.40 -6.07 92.38 1.50 -6.48  93.72 1.25 -6.05 93.59 1.35 -6.51 

10 94.08 1.35 -6.22 93.95 1.45 -6.67   92.14 1.25 -5.94 91.99 1.34 -6.37 

Mean 94.17 1.33 -6.31 94.05 1.44 -6.78  94.02 1.25 -6.13 93.89 1.36 -6.60 

St. Dev. 0.80 0.03 0.14 0.85 0.03 0.17   0.84 0.03 0.12 0.84 0.03 0.13 
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The variation observed from the measurements taken from the curved surface 

versus the flat surface show an increase, especially on the L* coordinate, however 

deviation is still minimal. 

Colourimetry readings were taken on the flattest part of the bone in order to 

reduce this error.  As the error levels between the SAV mask and the MAV mask are 

negligible, the SAV mask was used in order to accommodate some of the smaller 

bone samples to be used, without the issue of background incorporation. 

For the purpose of this research, the SCE readings were measured, as this excludes 

the reflectance from the sample, and therefore resembles the way the human eye 

perceives a colour, better than SCI. 

4.2.2 Sample prepar ation and DNA extraction  

In order to decide upon the best sample preparation and extraction method that 

would provide the highest yield of DNA, and also keep the contamination risk to a 

low level, research was conducted into the available commercial extraction kits .  

The two kits that were chosen for comparative tests were Genial First-DNA all-

tissue DNA-extraction kit due to the successful reported by Fredericks (2011) and 

PrepFiler® BTA Forensic DNA Extraction Kit (Applied Biosystems®) due to their 

proposed ability to extract DNA from degraded hard tissue in the presence of 

inhibitors , whilst using less tube transfers than comparable kits ɀ reducing the risk 

of contamination.  

Due to the limited availability of human bone, porcine bone was used to conduct 

the tests.  Variables were changed and tested in order to ascertain the most 

optimal method for extraction from the archaeological bone.  For all conditions 

tested, the surface of the bone had been removed in order to reduce any inhibitors 

associated with soil contact, or potential DNA contamination.  The variables and 

samples tested are listed in Table 4-9. 
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Table 4-9:  Preparation and  extraction kit samples  

Sample number  Extraction kit  Physical state  Demineralised?  

1. Prepfiler Powder No 

2. Prepfiler Powder Yes 

3. Prepfiler Shavings Yes 

4. Genial Powder Yes 

5. Genial Shavings Yes 

 

Bone samples were sectioned with a Dremel hand tool and a diamond cutting 

wheel, which was decontaminated prior to, and after each sample, with 10% 

bleach. 

Samples that were to be de-mineralised were then placed into 50 mL tubes, and 

submerged in EDTA.  Tubes were placed onto a roller mixer with the EDTA which 

was changed daily for 5-7 days.  When the bones had become pliable, they were 

rinsed repeatedly with distilled water and cut into slithers with disposable forceps 

and scalpels and placed 100 mg was placed into labelled sterile 2 mL Eppendorf 

tubes. 

The remaining samples were milled using a Retsch mixer mill, running two 

minutes at a time, with a two minute break to ensure there was no detrimental 

effect from any heat generated.  100 mg powdered bone sample was weighed into 

labelled sterile 2 mL Eppendorf tubes for extraction. 

Individual manufacturerȭÓ extraction protocols were followed for both the 

Prepfiler and the Genial kits.  Once extracted these samples were stored at 4oC 

overnight to be amplified the next day. 

Amplification was performed using the PCR technique as detailed in section 

4.3.8.2, and were separated and visualised by gel electrophoresis as stated in 

section 4.3.9.  The results are shown in Figure 4-5. 
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Figure 4-5:  Extraction kit test results  

The results of the extraction kits showed Prepfiler to be more effective compared 

to Genial for the skeletal material, and that demineralising the sample prior to 

extraction provided a higher yield of DNA.  Lanes 2 and 3 showed a similar 

quantity of DNA, despite different preparation methods, resulting in the decision to 

use shavings of bone rather than powdered due to the lower contamination risk. 

Based on these findings, the chosen method for the extraction of the porcine 

samples is detailed in Table 4-10. 

Tests were also run on ancient human archaeological samples, using the Fin Cop 

skeletal samples. Preparation for extraction was conducted using two different 

methods ɀ demineralisation and non-demineralisation.  

Due to the structural differences of ancient human archaeological bone compared 

to modern porcine bone, the results from demineralisation were significantly 

different.  The ancient samples disintegrated in the EDTA resulting in difficulty in 

the changing of the EDTA, and increasing the risk of loss of material.  Due to the 

fragile nature of the bones, milling was not necessary, as the bones could be 

powdered with a pestle and mortar.  This not only reduced the risk of heat damage 

from the millers, but also limited the risk of contamination, as the equipment could 

be thoroughly decontaminated and dried between each sample. 

 

1.Prepfiler/Powder/Non -demin 

 

2.Prepfiler/Powder/Demineralised  

 

3.Prepfiler/Shavings/Demineralised 

 

4.Genial/Powder/Demineralised 

 

5.Genial/Shavings/Demineralised 

 Ladder     1        2         3         4       5      +ve      -ve    Ladder 
































































































































































































































































































































































































































































































































































































































